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DMSO Dimethyl Sulphoxide

MQWs Multi-quantum wells

QWs Quantum wells

LP-VASP Low-Pressure Vapor-assisted Solution Process
FF Fill factor

WBH Wide-bandgap halide

FESEM Field emission scanning electron microscopy
RH Relative humidity

Voe Open circuit voltage

GIXRD Grazing Incidence X-ray diffraction

FTO Fluorine-doped tin oxide

15.1 Introduction

In the era of the Internet of Things, artificial intelligence, machine learning, and the
rapid development of the world, the use of electronic devices relentlessly demands
alternative, renewable, and carbon—neutral energy sources. In recent years, the world
storage of coal, crude oil, natural gas, and other non-renewable energy sources are
impacting climate change and the environment’s global warming issue. With time,
the problem of energy shortage is becoming more severe for the development of
the global economy. Against this background, most countries continuously focus
on harvesting energy using alternative sources like wind, geothermal, photovoltaics,
hydrogen generation, solar thermal power plants, etc. All these types of renewable
energy sources could effectively promote economic growth, enhance energy secu-
rity, increase energy access, and reduce carbon footprint (Satapathi 2022). Among
different renewable energy sources, solar energy is the largest available source that
has the potential for scaling up to meet future energy demands. The solar energy
supply to the earth’s surface is gigantic: 3 x 10?* J per year (Gritzel 2001). In prin-
ciple, the complete conversion of solar energy that strikes the surface of the globe
in 1 h into electricity can fulfill the current global energy consumption of an entire
year required for humanity. It is predicted that harvesting less than 0.02% of the solar
energy that falls on the earth’s surface would satisfy the present needs (Hammarstréom
and Hammes-Schiffer 2009). Solar cells can straightforwardly transform light into
electricity through the photovoltaic effect, and currently, silicon solar cell is the most
sophisticated commercialized technology. Nevertheless, because of the complexity
of the fabrication technique and the excessive cost of silicon materials, it remained a
bottleneck for the absorption of the technology to ground level. Despite this present
Si-based photovoltaic technology, finding alternative cost-effective materials and
methods to fabricate economical solar cells is necessary. The dye-sensitized solar
cells (DSSCs), CZTS-based solar cells, organic solar cells, and quantum dot solar
cells are some of the alternative types of solar cells, which are focused on for the
last couple of decades. However, even after the success so far achieved with solar



15 Dimensional Engineering of 2D/3D Perovskite Halides for Efficient ... 433

cells, their low photo conversion efficiency (PCE) and lack of low-cost solution
processing techniques still remain a bottleneck. In the last decade, hybrid perovskite
halide-based solar cells have developed as an emerging era of promising low-cost
solution-processed photovoltaic technologies.

The most studied inorganic—organic hybrid perovskites like MAPbI;, FAPbI;,
and CsPbl; and their compositions have attracted considerable attention due to their
superior electronic and optoelectronic properties resulting in spectacular successes in
solar cell applications. Various strategies are used to improve the PCE of PSCs from
3.8% to 25% through the optimization and processing of various device architec-
tures (Cell-Efficiency n.d.). The PSCs are the first category based on ultra-low-cost
fabrication via low-temperature solution processing techniques with high efficiency
close to commercial Si solar cells of 25% and have a high potential for integrated
photovoltaics (Liang et al. 2021; Gangadharan and Ma 2019). Unfortunately, these
conventional hybrid perovskite materials are sensitive to humidity, thermal cycling,
ultraviolet radiations, and ion migration due to the volatile nature of the organic
group (Schileo and Grancini 2020; Sheikh et al. 2015, 2017). This instability of 3D
perovskite halides under extreme ambient conditions like moisture, heat, oxygen,
and a significant roadblock remains to be the ultraviolet light for the commercializa-
tion of perovskite-based photovoltaic technology. Therefore, even after surpassing
the photoconversion efficiency of PSCs, issues regarding ambient stability need
to be resolved. Over the past decade, the PCE of PSCs performance and stability
was improved by numerous strategies employed by the researchers including device
encapsulation techniques (Ma et al. 2022), compositional and solvent engineering
(Jeon et al. 2015, 2014a), dopant/additive incorporation (Ugur et al. 2017), selection
and modification of charge transporting materials/layers (Haque et al. 2017), imple-
mentation of novel metal electrodes (Lee et al. 2019), and dimensional engineering of
perovskite film (Krishna et al. 2019; Zhang et al. 2018). Among these, the research on
engineering of low-dimensional perovskite materials has drawn tremendous interest
because of the remarkable progress made in both device efficiency and the stability
of PSCs.

This chapter is focused on the fundamental understanding of dimensional engi-
neering of perovskite halides and explored recent advances reported in the literature.
In the dimensional engineering strategy, one can modify the size and shape of the
material at the nanoscale by tuning the processing parameters and precursors. Further,
introduced the basics of 3D perovskite and 2D perovskite materials and elaborated
on their use in PSCs. Recent research demonstrated that 2D perovskite materials are
more stable as compared to 3D perovskite materials under the influence of oxygen,
light, and humidity. Attaining high solar cell efficiency and ambient stability simul-
taneously with a mixed dimensional strategy necessitates a delicate balance in the
composition of 2D and 3D perovskite along with the structural motifs for achieving
optimized contribution from each of the 2D and 3D perovskite phases. Two major
protocols are envisaged for the combination of 2D and 3D perovskites viz. mixed
2D + 3D perovskite, i.e. incorporation of 2D perovskite in bulk 3D perovskite and
bilayer 2D/3D thin films, i.e. surface treatment with 2D perovskite phase on a 3D
perovskite film. However, depending on the type of synthesis techniques, segregation
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of the 2D and 3D perovskite phase in thin films, and type of 2D and 3D perovskite
materials, there is a significant influence on the PCE and ambient stability of 2D/3D
PSCs.

15.2 Introduction to Perovskite Halides

Gustav Rose in 1839 first coined the term “perovskite” for the CaTiO3 mineral, named
after the Russian nobleman and mineralogist Count Lev Alekseyevich von Perovski.
Victor Goldschmidt in the year 1926, first used as a general term for describing
the crystal structure group (Akkerman et al. 2018). The perovskite crystal lattice is
defined as a network of corner-sharing BXg octahedra that crystallize with a general
ABXj stoichiometry (where A = CH3NH;3*, FA*, and Cs; B = Pb, Sn, and X =
I, Br or Cl). The standard depiction of the aristo-type cubic perovskite represented
either with all the atoms (up) or the BXg octahedral network only and the A atoms
(down) as depicted in Fig. 15.1a. The typical lattice structure of perovskite material
lies in the 3D-perovskite category (Akkerman and Manna 2020). Hybrid perovskites
halide were first reported in 1893, but it took around 100 years for researchers to use
this material for light-emitting devices and transistors due to their intriguing optical
and electronic properties (Shamsi et al. 2019). In the year 2009, the real potential of
these materials was tested and discovered for the first time in the field of solar cells
(Kojima et al. 2009). Here afterward, the family of PSCs showed promising PCE in
a short period.

15.2.1 Dimension-Dependent Types of Perovskite Halides

The dimensionality of perovskite materials engineered by adding/substituting alter-
native A-site cations, which can modify the 3D perovskite lattice structure either to
2D (layered), 1D (columnar), or OD (quantum dots) nanostructures. The dimensional-
dependent schematic depiction of the crystal structures of perovskite halides to (i)
3D, (ii) layered (2D), (iii) 1D nanorods/nanotubes, and (iv) 0D colloidal nanoparti-
cles is demonstrated in Fig. 15.1b. Among these various nanostructures, this chapter
is focused on 2D perovskite halide structures for solar cell applications. Therefore,
it is introduced here about the 2D perovskite in detail for the reader’s reference.
Most commonly employed 2D halide perovskite is fabricated by slicing analo-
gous 3D perovskite in the (100) plane, resulting in the formation of 2D perovskites
with different numbers of organic layers as depicted in Fig. 15.2. (Ma et al. 2018).
Depending upon the type of large chain organic cations selected, 2D perovskites are
categorized into three, i.e. Ruddlesden-Popper (RP), Dion-Jacobson (DJ), and alter-
nating cations in interlayer (ACI) (Soe et al. 2018, 2017). Weak van der Waals gaps
are observed between each bilayer of monovalent cations and adjacently located two
lead halide sheets in the RP-phase 2D perovskites. The difference between the crystal
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(b)

Fig. 15.1 a The lattice structure of ABX3 perovskite structure with two different approaches.
b Dimensional-dependent classification of perovskite halides into (i) 3D hybrid organic—inorganic
metal halides, (ii) Layered (2D) hybrid organic—inorganic metal halides, (iii) 1D metal halides, and
(iv) OD hybrid organic—inorganic metal halides. [reprinted with permission from Akkerman and
Manna 2020; Copyright 2020 American Chemical Society)

structures of 3D to quasi-2D to 2D perovskite is shown in Fig. 15.2. The composi-
tions of RP are generally described by Ly A, 1By X344+1, (Mao et al. 2018) where L
is a long-chain organic cation (spacer) examples include phenyl-ethyl-ammonium
(PEAY) and butylammonium (BA™), A is a short-chain organic cation that is typi-
cally Methyl ammonium (CH3NH3*) ion (MAY), or Formamidinium (HC(NH;),")
ion (FA%), B is a divalent metal cation like Sn** or Pb**, X is a halide anion I, Br~,
or CI~ and n defines the number of inorganic layers held together. Typical PSCs
employ 3D ABX3 structures, where a monovalent “A-site” cation in the cubocta-
hedral site bonds with the BX¢ octahedra. It is worth noting that when the number
of inorganic layers held together n = oo represents a 3D perovskite, when n = 1,
it represents the perovskite of pure 2D, and when n = 2 to 5, it represents a quasi-
2D perovskite. A blend of 3D perovskite and lower-n phases (n < 3) or higher-n
phases (n = 30-60), can lead to the formation of a quasi-3D perovskites (Mei et al.
2014). The parameter “n” in the general formula is equal to the number of octahedral
layers. There will be one octahedral layer between two organic layers when n = 1.
Whereas the inorganic layers contained in this structure behave as a quantum well
for the charge carriers while the organic layers act as the barrier (Younis et al. 2021).
An alternative to 3D perovskites is quasi-2D perovskites for solar cell application.
The quasi-2D perovskites address critical issues of stability faced by the 3D PSCs
with high PCE performance. The inspiring achievement sprouted from the develop-
ments in the scientific understanding of synthetic chemistry of 2D perovskites and
the advancements in the fabrication of stable PSC devices.
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3D Perovskite AMX; 2D Perovskite L,A _,M X, .,

n=3 (quasi-2D)

@ A=Small chain cation: CH,;NH,*, (NH,),CH*, Cs* = metal: Pb?*, Sn?*

L=Large chain organic cation @® X =Halide: I, Br-and CI-
Ex: Phenylethyl ammonium (PEA') and Butyl ammonium (BA") ’

Fig. 15.2 Schematic representation of crystal structure transformation from 3D perovskite to 2D
perovskite with the different values of n

15.3 Synthesis of Perovskite Halides and PSCs

Solution-based methods for the deposition of 2D-layered perovskites suffer due to
the formation of multiple quantum wells mixtures having a good width (n number)
in a random distribution. These factors have substantially hindered the progress in
the field of 2D-layered perovskites (Quan et al. 2016; Tsai et al. 2018). Therefore,
the deposition of quasi-2D-oriented thin films is still a critical challenge on the
thermodynamics of the stability compounds in a solution state.

The perovskite halide materials with 3D, 2D, and mixed dimensional 2D-3D can
be synthesized with the most common synthesis process, which is schematically
summarized in Fig. 15.3a. They include spin coating, deep coating, screen printing,
slot-die coating, and vapor deposition techniques. The hybrid method represents
the synthesis method involving intermixing among these techniques. Similarly, the
deposition of the electron transporting layer (ETL) and hole transporting layer (HTL)
was carried out by deposition techniques including, spin-coating, spray-pyrolysis,
hydrothermal, sputtering, and hybrid, which is a combination of these methods. The
synthesis methods for the deposition of ETL and HTL are summarized in Fig. 15.3b.
In general, perovskite films prepared using vacuum deposition have several advan-
tages such as films with high phase purity, uniformity, pin-hole free and smooth as
compared to the films that are processed through solutions. However, this method has
disadvantages like a slow deposition process and the requirement of a meticulously
controlled vacuum environment. This could be one of the reasons for the few studies
reported on the vapor deposition of perovskite and ETL/HTL as compared to the solu-
tion processes. As the present chapter is devoted to the engineering of dimensional
perovskite halides, the following section covered the synthesis of low-dimensional
perovskite in detail. The synthesis protocols for the synthesis of 2D perovskite and
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Fig. 15.3 Summary of various synthesis techniques used for the deposition of a perovskite halide
thin films and b electron transport layers (ETL)/hole transport layers (HTL). ¢ The important steps
involved in the fabrication of perovskite solar cells

different processing strategies for the combination of 2D and or 3D perovskites in
PSCs for improved PCE and robust stability are discussed in the following sections.

15.3.1 Synthesis of 2D Perovskite Thin Films

There are several processing strategies by which scientists explore 2D perovskite
thin films for application in solar cells. Some of the techniques based on litera-
ture are discussed herewith. As demonstrated by Tsai et. al. in (BA),(MA)3;Pbyl;3;
where, n =4; (BA = butan-1-ammonium), the 2D perovskites were deposited by hot-
casting method (Tsai et al. 2016). In the described method, the initial hot precursor
is deposited using a spin-coater on a pre-heated substrate, which is called the hot
casting method. They observed that better crystallinity was achieved by hot-casting
film at an optimized temperature of 110 °C, further confirmed by Grazing Incidence
X-ray diffraction (GIXRD) patterns. However, the hot-casting method suffers from
reproducibility because of the difficulty in maintaining a uniform temperature for
the deposition in large-area substrates. The method is further modified by Zuo et.
al. (2019) and demonstrated a process of substrate-heated drop-casting to deposit
2D perovskite. They also achieved the deposition of the 2D perovskite film in large
area by developing a method of slot-die coating. A slightly modified method was
also proposed by Wu et. al. through slower post-annealing process for the deposition
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of the (BA),(MA);Pbyl;3; where, n = 4 (BA = butan-1-ammonium) 2D perovskite
(Wu et al. 2019a). 2D perovskite with structure (PEA), MA4Pbsl6, (n = 5) synthesis
is reported by Hu et. al. using vacuum poling treatment which resulted in uniform
nucleation during crystallization for obtaining the arranged inorganic sheets (Zhang
etal. 2019a). The synthesis of (PEA), MA4Pbs] ;¢ perovskite thin films is reported by
Gao et. al., which uses a simple spin-coating process. In this method, the growth of
highly orientated 2D perovskite films under optimized solvent parameters resulted in
improved optoelectronic properties. The optimized solvent composition was (5:5) a
mixture of dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO) compared
to the film prepared in pure DMF (Gao et al. 2019). Zhang et. al. (Zhang et al. 2017a)
explored a single-step spin coating technique for the deposition of a highly crystalline
vertically oriented perovskite thin-films of 2D layered (BA),(MA),_1Pb,I5,+1 (BA
= CH3(CH;,)3NH3, MA = CH3NHj3, n = 3, 4) with the additive, ammonium thio-
cyanate (NH4SCN). Further, as lead (Pb) is a toxic element, Cao et. al. (2017) have
reported the synthesis of 2D RP (CH3(CH;)3;NH3),(CH3NHj3), 1 Sny I3, perovskite
using a single step spin-coating method. In brief, the perovskite precursor solu-
tion was prepared using 1 mL of DMF over a magnetic stirrer with constant stir-
ring having either 0.2 M of (BA);(MA),Snsl;p (0.367 g, 0.2 mmol) or 0.2 M
of (BA);(MA),;Sngl;3 (0.474 g, 0.2 mmol) mixed with 0.2 M of SnF, (0.031 g,
0.2 mmol) at 70 °C for 1 h. For the triethylphosphine, 5 pL corresponding to 0.034 M
was directly added to the perovskite solution mixture of 1 mL DMF. Spin-coating
process for the deposition of the perovskite solution on mesoporous TiO, substrates,
which was preheated at 120 °C at 3000 rpm for 30 s resulted in the 2D films. The
films were then annealed at 75 °C for 5 min. and subsequently allowed to cool to
room temperature.

15.3.2 Synthesis of 2D + 3D Mixed Perovskite Layer

The 2D 4+ 3D mixed perovskite layer is also known as the bulk incorporation
method. This method involves the incorporation of the spacer organic cationic
compounds in the identical precursor solution containing the components of the 3D
perovskite (Pbl,, PbCl,, MAI, FAI, CsI, Rbl, etc.). This single precursor containing
the cations and anions of both 2D and 3D perovskite is spin-coated on the substrate
followed by annealing to get the desired thin film of 2D + 3D perovskite phases.
Therefore, several parameters like length of organic cation, solvent, concentration,
annealing temperature, and annealing time need to be optimized for the high quality
of 3D bulk-incorporated 2D perovskite film. A mixed dimensionality perovskite of
BA.05(FA(.83Cs0.17)0.95sPb(I9 8B1¢ )3 is reported by Wang et. al. with the addition of
BA* into FA( g3Csg.17Pb(IyBri.y)3 3D perovskite (Wang et al. 2017).

A low-pressure vapor-assisted solution deposition process also known as LP-
VASP method was applied by Li et. al. for the first time. It was used for the preparation
of several 2D/3D hybrid perovskite films. The method uses a low-pressure heating
oven to spin coat the substrate with phenyl ethyl-ammonium iodide (PEAI)-doped
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lead iodide (Pbl,) followed by a reaction with methyl-ammonium iodide (MAI)
vapor. In this process, the authors investigated PEAI/PbI, ratio ranging from 2 to 0
to realize the effect of the ratio of doping PEAI in MAI-vapor-treated perovskites as
plays a significant role on the crystallinity, morphology, optical absorption, and the
resultant device performance (Li et al. 2018).

In another report, Chen et. al. incorporated 2D PEA,Pbly; [PEA =
Ce¢Hs(CH,),NH3] in 3D MAPbI; [MA = CH3;NH3] fabrication through the Lewis
acid-base adduct method. They termed this mixed dimensionality perovskite as
(PEA;Pbl4)g.017(MAPbI3)g0s3 thin films. According to the authors, this thin film
contains a structure of nanolaminate, which is made up of layered MAPbI; nanobricks
produced in the presence of 2D PEA;Pbl, (Chen et al. 2017). For increasing the
stability of a-CsPbl;, EDAPbl, (EDA = ethylenediamine) was used by Zhang et. al.
to obtain 2D perovskite In this method, authors reported the a-CsPblj is stabilized by
the ethylenediamine (EDA) cation using a little amount of 2D EDAPbI, perovskite
for avoiding the undesirable formation of the non-perovskite phase (Zhang et al.
2017b). Further, deposition of (MAPbI3);x[(PED),Pbls]x 3D/2D mixed perovskite
films through spin coating process is also reported by Yao et. al. (2015). In the
two-step deposition, Pbl, was initially deposited along with precursor solution of
PEI-HI (polyethyleneimine hydroiodide) followed by the deposition of CH3;NH;1.
The formation of (PEI),Pbl, in the first step lowers crystallization rate of the 3D
perovskite and promotes the growth of the 2D perovskite phase among the grains
of the 3D perovskite phase. A dip coating with two-step approach was proposed
by Koh et. al., which lead to the formation of (IC;H4NH3),(CH3NH3),—1PbyI5441
(Koh et al. 2016). Briefly, the first step involved spin-coating of a pure 2D perovskite
(n = 1) with a precursor solution containing Pbl, and IC,H4NHj31 in a particular stoi-
chiometric ratio, which was subsequently followed by the dipping of the substrate
in the MALI solution for different time intervals, i.e. varying from 1 min. to 5 min.

Mohite and co-workers in 2016 reported the hot-casting method, which is a new
and efficient approach. In the hot casting technique, the substrate consisting of FTO/
poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT: PSS) was heated
at ~150 °C before the spin coating process of the perovskite. A superior quality
thin film having favored out-of-plane alignment of (BA),(MA);Pbyl;3 was achieved
(Stoumpos et al. 2017). The authors observed that the PSCs prepared using this
method had improved the stability and efficiency of the 2D/3D PSCs.

Grancini et. al. have proposed a method for possible engineering of the inter-
face between the composite of AVA,Pbls 2D perovskite and MAPbI; 3D perovskite
halides (Get and al. 2017). Authors prepared 2D-3D perovskite thin films of different
compositions through the mixing of different quantities of 1.1 M solution of
AVAILPbI, in the ratio of 2:1 and MAI: Pbl, precursor solution molar ratio of 0,
3, and 5%, respectively. These mixed solution blends are infiltrated in a mesoporous
oxide scaffold using a one-step deposition process. The authors observed that the slow
drying process allowed the restructuring of the 2D and 3D perovskite phase compo-
nents in the mixed AVA,Pbls/MAPbIj; film before solidification. Finally, according to
the authors, a high PCE is obtained for the devices prepared with 3% AVAI perovskite
film.
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15.3.3 Synthesis of 2D/3D Perovskite Layer

Generally, for the preparation of 2D/3D perovskite bilayers, the two individual
precursors containing components of 2D perovskite and 3D perovskite are deposited
separately to form individual layers of 2D/3D perovskite thin films. Enhanced
stability, along carrier lifetime, and lower trap density were achieved in 2D perovskite
films upon application on the surface of the 3D perovskite film which is further
sandwiched to other charge-collecting layers in multi-stacked PSCs (Koh et al.
2018). Spin-coating process of the long-chain alkyl ammonium halides dissolved
in isopropanol was used for the deposition at the surface of 3D perovskite film. The
presence of water-resistant bulky organic groups at the top of the 3D perovskite
films promotes the formation interfacial layer of 2D perovskite for an enhanced
stability (Liu et al. 2019a). Deposition of PEA;Pbl, 2D perovskite film on the top of
Cso.1FA974MA( 13Pbl; 48Brg 39 device was achieved by Nazeeruddin et. al. having an
efficiency of 20.1% (Cho et al. 2018). The fabricated device had long-term stability as
proven after 800 h under the ambient condition at 50 °C sustaining 85% of the initial
efficiency. A post-deposition treatment of 3D perovskite by applying an isopropanol
solution of penta-fluorophenyl-ethyl ammonium iodide (FEAI) was achieved by Liu
et al. (2019b). In another work, the deposition of 2D perovskite film on the top of
3D perovskite film using a mixed solvent o-dichloro benzene and iso-propanol in
the 97:3 v/v ratio with n-hexyl trimethyl ammonium bromide (HTAB) as demon-
strated by Jung et. al. (2019a). A transparent 2D perovskite deposition on the top
of 3D perovskite film was achieved using the dissolution of precursor strategy with
alkylammonium bromide dissolved in chloroform by Yoo et. al. (2019). A synthetic
approach for the fabrication of a bilayer structure of the type 2D PEA,Snl, along
with 3D MASnI; perovskite (PEA = phenethylammonium; MA = methylammo-
nium) is reported by Choi et. al. The formation of the bilayer structure was achieved
through a sequential vapor process combined with vacuum deposition and followed
by vapor reaction. The advantage of the vapor process lies in ensuring the deposition
of the uniform upper layer of the 2D perovskite thin film layer without damaging
the lower 3D perovskite thin film layer (Choi et al. 2020). But later Joker et. al.
(2021) reported a solution processing-based sequential method of deposition using
hexafluoro-2-propanol as a solvent for the on the top of the 3D layer deposition of
eight bulky ammonium cations to form a 3D/quasi-2D layer preventing the moistures
and acting as a protecting layer of the tin perovskite grains.

Yukta et. al. (2022) recently reported the synthesis of 3D MAPbI; perovskite
passivated by NH4SCN followed by the deposition of the capping layer of 2D
perovskite with organic xylylene diammonium iodide cation. For the deposition
of 3D perovskite + NH4SCN, an adequate amount of NH4SCN was added to the
3D perovskite precursor solution and stirred for 12 h at 60 °C before use. This
mixed precursor solution was spin-coated with chlorobenzene drip @ 1000 rpm for
10 s. and continuously at 6000 rpm for 30 s. which was followed by annealing at
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100 °C. For fabrication of a 3D/2D heterojunction, 100 wL of p-xylylene diammo-
nium iodide/isopropyl alcohol solution was spin-coated on the 3D perovskite +
NH4SCN perovskite surface at 3000 rpm for 30 s and annealed at 100 °C for 10 min.

The synthesis of 2D-3D graded perovskite was reported by Garai et al. (2021).
The 2D-3D graded perovskites use a multifunctional 4-(aminomethyl)benzoic acid
hydrogen bromide (ABHB) molecule synthesized strategically for the treatment
surface in the fabrication process. Briefly, MAPbI; precursor solutions consisting
of dissolved MAI and Pbl; in 1:1 ratio in a mixed solvent system containing Gamma
butyrolactone (GBL)/Dimethyl Sulphoxide (DMSO) (7:3, v/v) were spin-coated at
750 rpm for 20 s and 4000 rpm for 60 s with 160 ml anhydrous Toluene dripped
after 20 s as antisolvent and annealed at 80° C for 10 min. Different concentrations
of ABHB solution in isopropanol containing 1, 2, and 3 mg/mL were spin-coated
at 4000 rpm for 30 s above the perovskite layer. The ABHB-treated perovskite film
was annealed further at 80° C for 5 min. This could effectively form 2D perovskite
thin film over MAPbI; 3D perovskite thin films for solar cell applications.

With the above examples, it can be concluded that different processing approaches
are used for only 2D, 2D + 3D mixed, and 3D/2D bilayer perovskite thin film
depositions for solar cell applications. However, it has been observed that in all
these types of thin films, the growth of 2D and 3D perovskite is different, and an in-
depth analysis of growth mechanisms needs to be explored. This is because synthesis
techniques play a key role in the formation of perovskite layers with different crystal
structures, different lattice orientations, and the distribution of 2D and 3D perovskite
material. All these changes in the perovskite thin films affect the charge transport
mechanism and in turn, decide the photovoltaic performance of the solar cell devices.
It is also important to note that the synthesis is also sensitive to the type of initial
precursors like the size of organic cations, additives, solvents, humidity, and substrate
temperature.

15.4 Fabrication of PSCs with Different Perovskite Phases

The in-depth procedure for the fabrication of a general perovskite solar cell is elab-
orated as follows. The important steps involved during the fabrication of perovskite
solar cells are schematically depicted in Fig. 15.3c. The step-by-step process for
fabricating perovskites solar cells is discussed herewith. Zinc metal powder and 2 M
HCI were utilized for etching FTO-coated glass substrates followed by washing
with deionized (DI) water. Further, the etched substrate was subjected to ultra-
sonic cleaning using detergent, DI water, acetone, and ethanol, which was then dried
finally using dryer. The hydrophilicity of the substrate surface was enhanced by UV-
ozone treatment for a few minutes. The electron transporting material (ETM) can be
deposited with any suitable method mentioned in Fig. 15.3. In general, techniques
like spin-coating and/or spray-coating followed by annealing of thin films were used
to deposit ETM thin films. The popular metal oxide-based electron transporting mate-
rials are TiO;, SnO,, and ZnO (Haque et al. 2017), whereas (Gangadharan and Ma
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2019; Gangadharan and Ma 2019)-phenyl C61 butyric acid methyl ester (PCBM)
(Xiao et al. 2014), C60 and their derivatives (Liang et al. 2014) have been used as
n-type type charge carriers. In the next step, depending upon the type of perovskite
materials, a precursor solution discussed in the previous section needs to be prepared
separately. This precursor solution can be deposited on the ETM layer-coated FTO
substrates. Here, note that depending upon the type of perovskite thin film, i.e. pris-
tine 2D, pristine 3D, mixed 2D + 3D, or 2D/3D bilayer thin films, the precursor
solution can be prepared as discussed in the above sections. Again, the perovskite
layer can be deposited with any solution processing techniques or physical vapor
deposition methods discussed in the above sections. This perovskite layer is required
to deposit in the inert and controlled humidity conditions, which were found in the
glove box. The fabrication of high-quality perovskite thin films depends on many
processing parameters and hence is highly sensitive to the photovoltaic performance
of perovskite solar cells. The various methods investigated in the literature for 2D,
2D + 3D, and 2D/3D perovskite layers have been discussed in this chapter later.

Next, the perovskite layer was covered by the deposition of the HTL, which could
consist of either organic or inorganic materials. The most common way of deposi-
tion of HTL is again the spin coating technique for all types of organic materials.
For inorganic materials, physical vapor deposition techniques were also used. One
precaution required to take during the HTL deposition is to protect the perovskite
thin film layer. The most efficient and widely used organic hole transport mate-
rials are poly(3,4-ethylenedioxythiophene) polystyrene sulphonate (PEDOT:PSS)
(Xiao et al. 2014; You et al. 2014), 2,2,7,7'-tetrakis(N,N-pdimethoxyphenylamino)-
9,9"-spirobifluorene (spiro-OMeTAD) (Sheikh et al. 2015, 2017, 2019), poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) (Jeon et al. 2014b; Yang et al. 2015),
and poly(3-hexylthiophene-2,5-diyl) (P3HT) (Conings et al. 2014) in PSCs. Finally,
metals like gold or silver thick layers were deposited using the thermal evaporator
on the top of HTL, which acts as the top electrode.

In the early work, the device design of PSCs is based on solid-state DSSCs. The
two most promising device architectures include mesoporous electron transporting
layer-based PSCs and planar PSCs, which were initially focused on the optimization
of the efficiency of the PSCs. In mesoporous perovskite solar cells, the mesoporous
(scaffold) layer of inorganic metal oxides like TiO,, Al,O3, SnO,, SrTiO;, etc. was
deposited on a FTO substrate with a compact TiO, thin film-coating. The perovskite
layer was deposited on this mesoporous layer followed by the HTL layer. In the case
of planer perovskite solar cells, the perovskite thin film was deposited directly on
the compact TiO; thin film-coated FTO substrate followed by deposition of the HTL
layer. More details about the device architecture can be found in a recent review
article (Ge et al. 2020).

This part is focused on the dimensional engineering of the perovskite layer and its
impact on the performance of the device and ambient stability. It was observed from
the literature that researchers explored various combinations of 2D and 3D perovskite
materials for optimizing the device performance with higher stability. Some of the
most common device architectures are schematically represented in Fig. 15.4, which
will be discussed in this chapter. As observed apart from 3D perovskite, 2D, 2D
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Fig. 15.4 Schematic representation of the device structure for a 3D perovskite solar cell, b 2D
perovskite solar cell, ¢ 2D + 3D mixed perovskite solar cells, and d 2D/3D layered perovskite solar
cells

+ 3D mixed perovskite, and 2D/3D layered perovskite-based solar cells have been
fabricated and tested in the literature. As denoted in Fig. 15.4, only the perovskite thin
film with its different dimensional phases has been changed and all other layers are
required to complete the solar cell device. The photovoltaic properties of the PSCs
having a similar structure shown in Fig. 15.4 are discussed in the section below.

15.5 Photovoltaic Properties of 3D, 2D, 2D + 3D, and 3D/
2D-Based PSCs

The following section has reviewed the recent work on the key issues that affect
enormously the performance of 3D, 2D, 2D + 3D, and 3D/2D perovskite-based solar
cells. First, the device configuration structures and properties of 3D, 2D, 2D + 3D,
and 3D/2D perovskites will be introduced briefly and the photovoltaic performances
are summarized.

15.5.1 3D Perovskite Halide-Based Solar Cells

The journey of hybrid perovskite halide-based solar cells has started with the 3D
perovskite halide materials for sunlight harvesting due to their excellent optoelec-
tronic properties. The first report on 3D PSCs has been published by Miyasaka and



444 A. D. Sheikh and K. K. K. Sharma

co-workers in the year 2009 with modest PCE of 3.8% (Kojima et al. 2009). As a
breakthrough in the field was observed when the PCE of PSCs was improved from
10 to 20% in a short period (Saliba et al. 2016; Li et al. 2016). Over the past few
years, PSCs have undergone a miraculous journey, showing continuous and rapid
progress the PCE of PSCs reached a recent record value of 25% (Green et al. 2020).
This indicates that the PCE achieved in 3D PSCs, which are competing with the
commercial silicon solar cells. However, the PSC technology faces the most crucial
issue of ambient long-term atmospheric instability. In addition to solar cells, the
perovskite halides have shown promising applications in light-emitting diodes (Kim
et al. 2022), photocatalysis (Deshpande et al. 2021), and gas sensors (Sheikh et al.
2022; Bhosale et al. 2023).

Several attempts (Sheikh et al. 2015, 2017; Ugur et al. 2017; Haque et al. 2017)
to explore the impact of atmospheric moisture, atmospheric oxygen, atmospheric
UV light, and temperature have been made for understanding the degradation of
PSCs. Despite the innovations for improving PSC stability under various environ-
mental conditions, the stability of 3D perovskite halide materials against moisture and
temperature is still the focus of researchers working in the area of PSC development.

15.5.2 2D Perovskite Halide-Based Solar Cells

According to recent studies, the 2D perovskite halides have higher ambient condition
stability as compared to those 3D perovskite halides. The presence of bulky organic
spacer in the 2D perovskite structure contributes to more hydrophobicity. Further,
highly oriented lattice structures and compact packing density lead to the reduction in
the grain boundary density, minimizing the direct contact of water molecules with the
2D perovskite layer. (Ortiz et al. 2019) In addition to this, the layered 2D perovskites
structure shows higher thermal stability and larger cations hamper internal ionic
motion which further improves the stability (Smith et al. 2014a). However, the wide
optical bandgaps and limitations in the charge transport of the 2D perovskites, the 2D
perovskite-based solar cell shows limited performance. The PCE of 2D perovskite
material is required to be enhanced compared to the performance of 3D perovskite-
based solar cells. The multi-functional role of the 2D perovskites in a solar cell
is as a capping layer, as a passivating layer, as a prime cell absorber and as an
absorber in the hybrid 3D/2D perovskite-based solar cells. Recently, the production
by a spatially disconnected 3D structure with a “protective” species, incorporation of
emerging 2D-layered perovskites, provides a promising solution to the environmental
stability issue of 3D PSCs (Gangadharan and Ma2019). Therefore, 2D-layered metal-
halide perovskites have generated the highest research interest and as one of the
best materials for the fabrication of long-term, operationally stable with high-
performance PSCs because of their desirable optoelectronic properties (Quintero
et al. 2018; Zhou et al. 2017).

The most relevant works of literature on the fabrication of 2D/quasi-2D PSCs are
tabulated in Table 1. Some significant points are briefly summarized as follows. The
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first quasi-2D perovskites (PEA;MA;,Pbsl;j) were demonstrated by Karunadasa et.
al. in mesoscopic PSCs with an efficiency of 4.73% in 2014 (Smith et al. 2014b).
A hot-casting method by Tsai et. al. was the first method reported for the prepara-
tion of 2D perovskite (BA),(MA);Pbsl 3 (n = 4), achieving a PCE = 10% for the
first time (Tsai et al. 2016). Zuo et. al. have achieved a PCE of 14.9% for the solar
cell based on self-assembled 2D (BA),(MA);Pbyl3 perovskite films with uniform
and oriented, deposited using the drop-casting method on hot substrates (Zuo et al.
2019). A slow post-annealing process was proposed by Wu et. al. for the deposition of
BA;MA;Pbyl 3-based 2D PSCs having PCE of 17.26%, a favorable bandgap energy
alignment within the 2D perovskite was achieved owing to the vertical distribution of
different perovskite phases in gradient (Wu et al. 2019b). According to the authors,
these slow post-annealing processed devices exhibit satisfactory stability with less
than 4.5% of degradation after 2000 h in N, environment without encapsulation.
Similar efforts have been carried out to improve the performance and stability of
2D PSCs (Cheng et al. 2018; Lai et al. 2018; Yao et al. 2016). Another strategy
reported by Zhang et. al. uses vacuum poling treatment for arranging variable-n-
value nanoplates, enforcing homogenous nucleation in the process of crystalliza-
tion (Zhang et al. 2019b). This approach yielded (PEA);MA4Pbs];¢-based PCE of
18.04%. As observed different reports focused on various growth mechanisms of
2D perovskite and observed different PCE values. Thus, insight mechanistic studies
of the crystallization process of hot-casting or solvent processing are emphasized
for deeper understanding (Zhang et al. 2020). Soe et. al. (Soe et al. 2018) reported
deposition of highly oriented 2D RP perovskite (n-butyl-NH3),(MeNH3)4PbsI¢ thin
films from dimethyl formamide/dimethyl sulfoxide mixture solvents using the hot-
casting method. As per the data, the PSC prepared with this method shows a PCE
of 10% with an open-circuit voltage of &~ 1 V. The photovoltaic devices based on
(BA)>,(MA),Pbslp and (BA),(MA)3Pbygli3 perovskite using the precursor’s BAI:
methylammonium iodide: Pbl,: NH4SCN molar ratio composition of 2:2:3:1 showed
average PCE of 6.82% and 8.79%, respectively, as reported by Zhang et. al. (2017a).
Both the devices without shielding performed with excellent stability with a constant
PCE during the time span of the storage in a glove box purged with purified N,. The
lead-free 2D perovskite-based PSCs were reported by Cao et. al. (2017), however,
the PCE is found to be 2.5% and needs more investigation to further increase the
PCE.

According to Liang et. al. and co-workers (Liang et al. 2021), the 2D thin films
deposited using the conventional halide spacers result in thin films having a mixture
of random well with width (n number) distribution and multiple quantum wells,
which are treated as multi-quantum wells (MQWs). They have designed a strategy
that can deposit phase-pure metal-halide perovskite quantum wells (QWs), which
have highly oriented lattices. The schematic representations of the structure of the
multi-phase and the pure-phase 2D perovskite film are shown in Figs. 15.5a, b,
respectively. Figure 15.5¢, d shows the XRD patterns of the pure phase 2D perovskite
film deposited using BAI and BAAc, respectively. In multi-phase 2D perovskite
film deposited using BAI, clear periodic 2D crystallographic planes (001) and (010)
are observed for n = 1 and n = 2 film, respectively. However, according to the
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authors, for the largely mixed-phase films with n > 3, the 2D crystallographic planes
disappear. In contrast, all the deposited films having n = 2, 3, 4, 5 with BAAc show
a clear periodicity of the 2D crystallographic planes (0k0), which confirms the high
phase purity. The authors analyzed surface morphologies of the films, which were
characterized using SEM as shown in Fig. 15.5e, f. These results indicate to obtain,
smooth surface having a controlled large average grain size of ~10 wm a phase-pure
QW films should be used, while for smaller grains of ~1-2 pwm and recognizable
pinholes, the MQW films should be used. A cross-sectional SEM demonstrates the
architecture of the device: ITO/SnO, (~50 nm)/layered perovskite (~500 nm)/spiro-
OMeTAD (~200 nm)/MoOj3 (~5 nm)/Au (~80 nm) is shown in Fig. 15.5g. The J-V
characteristics of the best-performing PSCs are shown in Fig. 15.5h. As observed
the PCE of the phase pure QW-based PSC and the MQW-based PSC, as 16.25% and
13.81%, respectively. Further authors claim that these solar cells are stable for 4,680 h
after keeping at 65 £ 10% humidity. Only less than 10% efficiency degradation was
reported after keeping them for 1100 h in a continuous light illumination condition.
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Fig. 15.5 Schematic structure of the multi-phase (a) and the pure phase (b) 2D perovskite film.
The XRD patterns of the multi-phase (¢) and pure phase (d) 2D perovskite films. The SEM images
of the multi-phase (e) and pure phase (f) 2D perovskites thin films and (g) cross-section SEM image
showing the device architecture. (h) Comparative current density vs voltage measurements of the
best-performing PSCs with multi-phase and the pure phase 2D perovskite film. (Reprinted with
permission from Ref. 79; Copyright 2020 Springer Nature)
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15.5.3 Halide-Based 2D/3D Perovskite Solar Cells

The 3D perovskite-based solar cell is more advantageous than the 2D perovskite-
based solar cell. The 2D perovskite-based solar cell shows a lower efficiency as a
result of hindrance in the charge carrier transport because of the presence of bulky
organic cations in the crystal structure. On the other hand, the highly efficient 3D
perovskite solar cell suffers from low environmental stability. The incorporation of
2D perovskite into the 3D perovskite structures together can lead to balancing of
the problems of a solar cell device, i.e. stability and efficiency (Krishna et al. 2019;
Manjunath et al. 2022; Kim et al. 2021). The integration of 2D and 3D perovskite
can be done in two main types either by blending/mixing the precursors of 2D and
3D or by layer-by-layer sequential method of deposition to obtain an engineered 2D/
3D bilayer structure. The progress of combining 3D perovskite and 2D perovskite
strategies reported in the literature has been explored in the following sections.

15.5.3.1 2D + 3D Perovskite-Based Solar Cells

The disadvantage of 2D perovskite as compared to 3D perovskites is the limitation in
the performance of pure 2D perovskite-based solar cells. Some of them are mentioned
herewith. After the transformation of 3D perovskite to 2D perovskite, the organic
spacers used in such solar cells, form thin insulating layer sandwiched between the
two slabs of conductive metal halide, leading to a reduction in conductivity of the
current in the 2D perovskite films and impedes the extraction of charge as compared
to 3D perovskites. Similarly, in comparison to 3D perovskite, 2D perovskite has a
relatively higher optical band gap (=2.5 eV), which requires a shorter spectral range
for light absorption. Also, the binding energy of 2D perovskite is higher than that
of 3D perovskite. Therefore, to overcome these issues of 2D perovskite, mixed 2D-
3D or 2D + 3D perovskite films are preferable for fabricating PSCs, which could
offer both high photovoltaic performances from 3D perovskite and superior device
stability due to 2D perovskite.

In 2014, mixed 2D/3D multidimensional perovskite-based PSCs were conceptu-
ally achieved for the first time by Smith et. al. wherein MA cations were mixed with
a large amount of PEA to produce a Ruddlesden—Popper structure with a compo-
sition: (PEA),(MA),[Pbs] o] (Smith et al. 2014a). Despite the low PCE of 4.73%),
the mixed 2D + 3D perovskite of (PEA),(MA),[Pbsl;¢] composition-based device
showed a high V. of 1.18 V. The work also achieved long-term stability of 46 days
of air exposure subjected to relative humidity (RH) of 52%, for the 2D/3D mixed
perovskite film while the PSCs prepared with MAPbI; completely degraded. Li et.
al. (2018) proposed a device that consists of FTO/C-TiO,/m-TiO,/PEAI-MAPbI/
Spiro-OMeTAD/Ag prepared with the LP-VASP method. In this device, according
to the authors, it is proposed the MAPbI; perovskite grain is surrounded by the
PEAI-containing perovskite grain, which improves their grain growth. The fabri-
cated device based on (PEAI/Pbl, = 0.05) was able to achieve the PCE of 19.10%
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with a Ji. of 21.91 mA/cm?, V. of 1.08 V along with a excellent fill factor (FF) of
80.36%. However, the authors have not reported their ambient device stability. Simi-
larly, Hu et. al. used an antisolvent engineering method for the PEA incorporation
in the 2D/3D Pb-Sn alloyed perovskite solar cell and observed the highest PCE of
15.93% for the device of 2D/3D PEAMA | «Pbg sSng 513 (Zhang and Hu 2020).

Kohet. al. reported a perovskite solar cell based on 2D + 3D perovskite with excel-
lent stability in the air at a controlled relative humidity of 70-80% for both encapsu-
lated and non-encapsulated are observed for the perovskite thin films obtained within
5 min. of dipping time. An outstanding 9% (J,. = 14.88 mA/cm?, V. = 0.883 V,
and fill factor (FF) = 0.69) power conversion efficiency under AM 1.5G condition
was achieved (Koh et al. 2016). Stoumpos et. al. reported a solar cell device in which
hot casting of (BA),(MA);Pbyl;3 was done on PEDOT: PSS coated FTO substrate
(Stoumpos et al. 2017). This work demonstrated a major advancement in the device
PCE of 12.5% for the first time. The 2D material incorporation for stability is also
validated in this work, as the non-encapsulated device fabricated using a mixed-
dimensional perovskite was found to retain 60% of the initial efficiency up to 2250 h
at room temperature in a continuous incident light exposure condition. Further, this
work also reports an improved tolerance to 65% relative humidity compared to 3D
perovskites.

Grancini et. al. reported a highly stable and robust device based on mixed 2D
(HOOC(CH;)4NHj3),Pbly and 3D CH;3;NH;Pbl; perovskite thin films (Get and al.
2017). A schematic representation of PSC with and without HTM is shown in
Fig. 15.6a. As observed authors prepared one device consisting of regular spiro-
OMeTAD-based HTL followed by the metal electrode and in the other PSC device
the conducting carbon was used, which works as an efficient hole transporting layer
and no need for the metal electrode. Figure 15.6b shows the J-V plot and charac-
teristics of 2D/3D perovskite solar cell with an optimized 3% AVAI mixture and
Spiro-OMeTAD/Au. The device with HTM shows PCE of 14.6% for mixed 2D/3D
perovskite and 15% for 3D perovskite thin film. The comparative time-dependent
variation of normalized PCE of the PSC devices with standard 3D and with the mixed
2D/3D perovskite is shown in Fig. 15.6¢c. The PSCs with mixed 2D/3D perovskite
exhibit a better performance in the stability of the device as compared to the pristine
3D CH3;NH;3Pbl; cells as observed in Fig. 15.6c. The stability study carried out by
the authors indicated the PCE of mixed 2D/3D perovskite halide achieved 60% of
the initial value in argon atmosphere even after 300 h of continuous illumination
and is more stable as compared to the standard 3D perovskites. Further, the PCE of
PSC prepared with this optimized mixed perovskite in a carbon-based architecture
observed a yield of 12.9% efficiency. The authors demonstrated the up-scaling by
fabricating a solar module of the dimension 10 x 10 cm? using an industrial-scale
printable process. The solar module delivered 11.2% efficiency and a stability of
410,000 h. Further, it observed under controlled standard conditions a zero loss in
the performances as shown in Fig. 15.6d.
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Fig. 15.6 a Schematic representation of PSC with and without the HTM b J-V curves for the 2D/3D
PSCs with 3% HOOC(CH;)4NH31, AVATI hereafter, with device statistics and picture of the cell in the
inset. ¢ Comparative stability curves of PSCs with the standard 3D and the mixed 2D/3D perovskites.
d Typical module stability test under 1 sun AM 1.5 G conditions at a stabilized temperature of 55 °C
and short circuit conditions. [Reprinted with permissions from Ref. 44; Copyright 2017 Springer
Nature under Creative Commons License]

15.5.3.2 2D/3D Bilayer Perovskite-Based Solar Cells

In this strategy, the 2D perovskite layer was deposited over the top of a 3D perovskite
layer, which ultimately protects the 3D perovskite from moisture. This section elab-
orated on recent work so far conducted on 2D/3D bilayer perovskite-based solar
cells.

As developed by Cho et. al. (2018), a two-step deposition method was used to
fabricate perovskite solar cells of 3D MAPbI3/2D PEI,Pbly bilayers (Grancini and
Nazeeruddin 2019). The dynamical spin deposition of isopropanol solution of PEAI
over the mixed halide 3D perovskite with excess Pbl, induced layer-by-layer growth.
Segregation of the excess Pbl, was observed over the top of the 3D perovskite. Thus,
the in-situ reaction of PEAI with Pbl, at the top surface leads to the deposition of a
thin layer of 2D on the top of the 3D layer. Thus, the 2D perovskite lies at the interface
with the hole transporting material (HTM) forming the top surface which reduces the
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interfacial charge-carrier recombination leading to the rise PCE over 20%, which is
retained even after 800 h exposure at 50 °C using 1 Sun illumination under suitable
environmental conditions. Significantly, these results provide encouraging develop-
ments toward achieving significantly improved stability without compromising the
PCE. Further, the base surface of n—i—p devices architecture can be developed using
2D perovskite anchored on the TiO, surface. In a recent development, an ultrathin
wide-bandgap halide (WBH) was used to achieve a double-layered halide architec-
ture by Jung et. al., i.e. 2D perovskite halide stacked on a narrow band-gap light
absorbing halide layer resulting in a 3D perovskite halide, prior to HTM deposition.
The insertion of the WBH layer was found to effectively reduce the charge recom-
bination at the interface of perovskite and P3HT. Therefore, an enhanced PCE of
around 23% with long-term (1370 h) operational stability with 1 Sun illumination
with 95% of the initial efficiency at room temperature was achieved (Jung et al.
2019b).

Garai et. al. (2021) reported the 2D ABHB-3D MAPbDI; graded perovskite
heterostructure-based perovskite solar cells. The authors observed that after precise
treatment with ABHB, the surface of MAPbI; 3D perovskite converted into a supe-
rior quality 2D/3D perovskite heterojunction film with a reduced grain boundary
and better surface coverage. The ABHB-dependent variation in the J-V character-
istic of the solar cell is shown in Fig. 15.7a. A PCE of 15.14% was observed for the
device without modification while the device after 2 mg/mL ABHB treatment shows
improved efficiency of 21.18%. The reproducibility of the process was checked with
15 fabricated devices using the process and plotting of all the parameters of the
device in the form of a box chart. The histogram plot, Fig. 15.7b shows the optimum
distribution of the device parameters for 15 individual cells with and without ABHB
treatment. The images of the films with and without ABHB treatment captured by
FESEM are shown in Fig. 15.7¢c, d. From the images, it was observed that ABHB
treatment helps to improve the average grain size and compactness of the thin film
morphology. Therefore, better surface coverage, higher quality perovskite films with
a reduction in the grain boundary are achieved by ABHB treatment. These factors
are responsible for the increase in the PCE of ABHB-treated films as compared to
pristine films. In addition to this, the authors claim the role of carboxylic acid and
amino groups for effective reduction in the trap states while the halide vacancies
are filled by the bromide ions incorporated into the perovskite lattice of 3D MAPbI3
thin film surface. This type of 2D-3D perovskite-based solar cells is able to minimize
effectively the carrier recombination, enhances charge transport and a higher genera-
tion rate as compared to pristine 2D or 3D perovskite-based solar cells. As expected,
the 2D layer on top devices showed improved stability in ambient conditions owing
to better hydrophobicity as shown in Fig. 15.7e. Finally, the device stability was
measured by authors for PSCs with and without treatment of ABHB measured at
different time spans as shown in Fig. 15.7f. The storage of the devices was main-
tained at room temperature at a relative humidity range of 40-50%. The improved
environmental stability was co-related with the hydrophobicity of the ABHB-treated
perovskite.
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Fig. 15.7 a J-V curves, b histogram, ¢, d SEM images of pristine and varying concentrations
of ABHB treated devices, e measured contact angle of pristine and ABHB treated films, f time-
dependent normalized V., Jsc, FF and efficiency of pristine and ABHB modified devices. (Reprinted
with permission from Ref. 87; copyright 2021 The Royal Society of Chemistry)

The NH4SCN passivated 3D MAPbI; perovskite active layer with a further 2D
perovskite capping layer using xylylene diammonium iodide organic cation thin films
was used for the fabrication of perovskite solar cells by Yukta et. al. (2022). The
NH4SCN passivated MAPbI; perovskite-based solar cell device has shown 19.6%
PCE, which is higher as compared to pristine MAPbI; perovskite solar cells (PCE
= 17.18%). Further, the author reported the highest PCE of 20.74% for the 2D/3D
perovskite heterojunction-based solar cells. According to the authors, reduced defect
density and most significantly inhibition of losses due to nonradiative recombination
attributed to the improved PCE of the 2D/3D PSCs. Additionally, the exceptional
ambient stability of the as compared to pristine 3D perovskite-based PSCs is because
of the hydrophobic 2D capping layer on the 2D/3D heterojunction perovskites. The
above discussion identifies that the top 2D perovskite layers improve the surface
robustness of the 3D perovskite layer by passivating the surface defects, inducing
hydrophobicity, and reducing surface charge recombination (Bouduban et al. 2019).
This improvement could ultimately improve the photovoltaic performance of the 2D/
3D perovskite-based solar cell devices.
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15.6 Conclusions

In conclusion, the present chapter provides in-depth knowledge about the funda-
mental concepts of not only perovskite solar cells but also to engineer the perovskite
materials at mixed dimensionality successfully. This chapter explored the intro-
duction to dimensional-dependent structural properties of perovskite halides. The
various synthesis methods explained how to prepare the devices with different solar
cell device architectures. The summary of the chapter is schematically illustrated
in Fig. 15.8. This figure indicates that the 3D perovskite halide materials are most
promising to provide high efficiency but are highly sensitive to environmental param-
eters. As aresult, as far as commercialization of the 3D PSC-based technology, there
is no balance of PCE and stability (Fig. 15.8a). Further, by reducing the 3D perovskite
to 2D perovskite, the properties of the 2D materials get changed significantly. More-
over, there is a significant increase in the band gap and exciton binding energy due
to which pristine 2D-based PSC performance is limited. However, the large organic
spacers in the 2D perovskite allow higher hydrophobic surface, which makes them
more robust compared to 3D perovskite. This is schematically presented in Fig. 15.8b,
where, the stability of the 2D perovskite gained more weight compared to its PCE
performance. The mixed halide strategy provides a promising opportunity where the
balance between the ambient stability and PCE of the PSC could be obtained. As
depicted in Fig. 15.8c, the combination of 2D and 3D perovskite could synergistically
provide high efficiency and high stability.

Overall present chapter attracts the attention of readers towards dimensionality
tuning of the perovskite in particular the low-dimensional perovskites with greater
stability against moisture as compared to their standard three-dimensional native
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Fig. 15.8 Graphical Illustration of the summary of the PCE and stability of perovskite solar cells
prepared with a pristine 3D, b 2D, and ¢ mixed-dimensional 2D/3D perovskites
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structures. Thus, a deeper understanding of the fundamental relationship of structure—
property of different 2D perovskite phases in combination with 3D perovskite phases
is necessary for developing new strategies to design and fabricate a durable, high-
performing photovoltaic device. The diversity in the composition of 2D perovskites
along with property-dependent choice of novel organic spacer cations provides a
huge scope for further scientific exploration. Understanding the mechanism of the
organic spacer cations influencing the structures and properties relationship of the
2D perovskites is the necessary step in the advancement of designing better mate-
rials for high performance with decisively high stability for optoelectronic applica-
tions. The investigation of novel HTLs for inverted PSCs could influence leading
to a wider range of new developments with significant improvements in the device
performances. Moreover, the proposed studies based on the development and opti-
mizations of novel materials remain important to use cost-effective HTLs for further
improvement in the stability of the quasi-2D PSCs.

It has been observed that the robustness of 2D PSCs is higher but has limited
PCE. However, the dimensional engineering of perovskite materials plays a multi-
functional role in the field of solar cells, like the capping layer, passivating layer,
hydrophobic layer, absorbers, and high PCE. This chapter explores recent devel-
opments and accomplishments involved in combining 3D and 2D perovskites for
improving both the device efficiency along with ambient stability. This approach will
provide the way ahead for research in the field of mixed 3D and 2D perovskite-based
solar cells and their commercialization.
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