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Abstract

In the past decade, hybrid organic—inorganic perovskites (HOIP) have emerged
as the exotic materials for the futuristic photovoltaics. The viability of low-
temperature, solution-processed manufacturing and a unique blend of electronic
and optical properties that has further indicated its goal towards a potential com-
mercialization. This article clearly articulates the emergence of HOIPs and various
challenges such as toxicity, hysteresis in these devices. Additionally, this chapter
also makes an effort to highlight the advancements made in the perovskite materials
for solar cells in the recent years, that include the Ruddlesden-Popper (RP) phase
that has enabled us reach the power conversion efficiency of 28%. This phase is
reportedly a lower dimensional structure than the conventional HOIP and exhibit
better stability than the latter. This chapter also focuses to elucidate a few challenges
of these RP phased HOIPs such as its synthesis, stoichiometry and process-ability in
integrating the organic and inorganic entities.

Keywords: Ruddlesden-Popper, 2D perovskite, photovoltaics

1. Background

In the early 1990s, David Mitzi at the IBM Watson Research Centre extensively
explored the structural dynamics of methylammonium lead iodide perovskite
(MAPBI;) material engineered for niche applications such as electronics, thin film
transistors, photovoltaics (PV) and light emitting diodes [1-5]. Today, the hybrid halide
perovskites are treated as the emerging semiconductor materials, as the past decade
witnessed their successful application in highly-efficient photovoltaics [6]. Compounds
based on this particular hybrid arrangement of organic and inorganic molecules has
emerged in an unprecedented manner by the participation of over 1000 institutes across
the globe and over 8000 published articles in its decade-old research efforts [7]. This
article outlines a detailed overview about these materials advancements and challenges.

In the past decade, the lead (Pb)-based HOIP have attracted a great deal of interest
for applications in high-performance optoelectronics and efficient photovoltaics
[8-13] due to their ability to tune optical band-gaps from the violet to near infrared
[14], as well as their higher absorption coefficients [15, 16] and potential for long-
range electron and hole transport [17]. Furthermore, it is widely understood that
perovskites exhibit a plethora of functionalities such as dielectric [18, 19], ferroelec-
tric [5, 15, 20, 21], magnetoresistive [21], thermoelectric [22], electro-optic [23],
semiconducting [24], conducting [21, 25], and superconduction [5, 26].
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2. Perovskite structure

A three-dimensioned (3D) perovskite structure usually adopts a stoichiometry
of ABXj; cubic structure where A is an organic cation (menthylammonium), B is
a metal cation (Pb** or Sn**), and X is a halide (C1~, Br™ or 7). Dieter Weber first
reported the three-dimensional (3D) perovskite structure of methylammonium
lead iodide (MAPBI;) in 1978 [27]. There were a few other researchers who were
investigating the optical properties of these materials and its feasibility for transis-
tors and other electronics [1, 28-30]. The material was further brought to light
in 2009, when Miyasaka reported a 3.81% efficient dye-sensitized solar cell with
MAPBI; coated on TiO, surface [16]. This material was later heavily reported by
various research groups across the globe due to its potential to transform photovol-
taic technology and replace silicon [22, 31-34]. By natural disposition, they could
potentially transform the PV technology.

The hybrid organic-inorganic perovskites (HOIP) have strong intermolecular
hydrogen bonds between the amino and halide group ions, whereas the weak
Vander Waals exists among the organic ions. The divalent metal ions function as the
best metal cations for organic-inorganic framework. Among these combinations,
those belonging to group 14 (including Sn**, and Pb**) attracted more interest due
to their good optoelectronic properties and potential for low-temperature device
fabrication [25, 35, 36]. The employment of least electronegative halide anions
improves the perovskite structures for strong absorption over wide band gaps. The
HOIPs, with a stoichiometry of perovskite crystal, have some excellent properties
such as long electron-hole diffusion lengths (>100 nm) and carrier lifetimes, direct
bandgap with large absorption coefficients, and low-cost solution based processing
capabilities that made them best functional materials for solar cells [37, 38].

3. Perovskites for photovoltaics

HOIPs that inherit a diversified set of properties such as stronger and broader
absorption, ultra-fast charge transportation, high dielectric, and swift charge
recombination makes it the best suitable candidate material for PV [39, 40]. Also,
its ease of fabrication, stability, cost, efficiency, and performance rivals the best
thin-film PV technologies.

Perovskite materials exhibit excellent optoelectronic properties and superior device
performance via two key device architectures—mesoscopic and planar—as illustrated
in Figure 1. The ultimate goal of the proposed summer project is to study how the
contact/electrode interfaces impact the mechanism of charge collection and investigate
the role of ionic motion on electronic charge carriers. In the recent years, the MAPBI;
has attracted a great deal of interest for applications in high-performance optoelectronic
devices [41, 42] due to their ability to tune optical band-gaps from the violet to near
infrared [14], as well as their higher absorption coefficients [15, 16] and potential for
long-range electron and hole transport [17]. Moreover, the optical and electrical proper-
ties of HOIP single crystals are far superior to their thin film counterparts
[43, 44]. So far, researchers have been able to grow perovskite structured single crystals
of methylammonium lead triiodide (CH;NH;Pbl;) and methylammonium lead tribro-
mide (CH;NH;PbBr;) with both size and shape controlled capabilities [45, 46].

These materials potential has increased the power conversion efficiencies of
solar cells from 1 to 24.2% [47, 48]. Despite these materials were gaining efficiencies
but were losing on the stability and durability side due to the anomalous hysteretic
effects that is typically exhibited by ferroelectric materials. So, it became critical to
understand the significance of hysteresis in these materials.
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Figure 1.
Typical architectures of PSCs—mesoporous (left), conventional planar (middle) and inverted planar (right);
HTL—hole transport layer, ETL—Electron transport layer, TCO—transparent conductive oxide (e. g. Indium
tin oxide).

4. Hysteresis in perovskites

This unusual property of hysteresis in the J-V characteristics [49-52] of perovskites
is understood to originate from various factors impacted by the various electronics
parameters used to operate or test device based on these materials, such as the scan
rate, sweep direction, thickness of CH;NH;Pbl; and TiO,. Some researchers report
that the abnormal behavior is more extreme in planar structures than the mesoporous
architectures [51, 53-56]. Moreover, the presence of anomalous J-V hysteresis makes it
difficult to reliably quantify the device performance, which could postpone the timely
commercialization of this technology. It was found that the presence of large crystal
grain sizes in the perovskite layer and the use of mp-TiO, layer can significantly
reduce the ]-V hysteresis. Recently, Yang et al. reported that hysteresis highly depends
on the type of perovskite material used, and device architecture (n-i-p or p-i-n) [47].
The devices with n-i-p architecture and formamidinium lead iodide (FAPbI;) as the
absorber material did not show any hysteresis, whereas devices with p-i-n architec-
ture (FTO/NiO/perovskite/PCBM/LiF/Al) showed strong hysteresis.

You et al. [57] reported that their devices with ITO/NiO, or PEDOT:PSS/
CH;3;NH;PbI;/ZnO or PCBM/AI (p-i-n) architecture were shown to exhibit negligible
hysteresis (Figure 2), which is consistent with some other earlier reports [58, 59].

It was speculated that n-type PCBM layer diffuses into the perovskite layer through
pin-holes and grain boundaries during processing, and mobile ions in the perovskite
film may interact with PCBM, forming PCBM halide radicals. This was assumed to
result in stable electrostatic properties and reduced or no hysteresis [56, 60]. On the
other hand, if the PCBM is used as the bottom electron transport layer (n-i-p archi-
tecture), no such inter-diffusion occurs, and the unusual ion movement causing
hysteresis cannot be suppressed. More recently, Xu et al. reported the fabrication

of hysteresis-free PSCs with conventional architecture using a perovskite-PCBM
hybrid solid thin film as the absorber [60]. The devices without PCBM, i.e., FTO/
TiO,/perovskite/spiro-OMeTAD/Au, exhibited hysteresis, whereas devices with a
perovskite-PCBM hybrid layer showed significantly reduced or no hysteresis. Here,
PCBM was shown to neutralize Pbl; defects, traps, and perovskite grain boundar-
ies. It also reduced non-geminate recombination, and increased carrier lifetime.
This study showed that incorporating a small amount of PCBM into the perovskite
layer, or using a thin PCBM layer at the interface of TiO,/perovskite, significantly

3



Perovskite Materials, Devices and Integration

I
IS
e & ¢ T
e 8 (004)
o ) - B
y ® P ' E (0086)
N H
1 ® [(002)
o o © © I (011) (141)(021)
A

§ 10 15 20 25 30 35 40 45 50 55
. I
@ s @ 8r,c A MA 26 (degree)

(a) (b)

(a) Schematic of MBIl perovskite structure (b) XRD studies of solution grown (CH;NH,);Bi,l, crystal.

reduces device hysteresis, while improving the device stability. However, these
observations are not consistent with the hypothesis that PCBM reduces hysteresis
by preventing the diffusion of ionic defects along grain boundaries. In addition to
demonstrating the role of interfacial recombination in the presence of mobile ions
in a semiconductor, our study targets the demonstration of the viability of control-
ling this ionic migration. These measurable consequences of ion migration suggests
interesting possibilities of exploiting these effects for other electronic applications
(e.g. sensing) where a memory of previous operating conditions could enable novel
device behavior.

The majority of investigations indicate, that an electronic alignment at the inter-
face between the perovskite absorber and transport layer is likely to become a key
ingredient for designing next-generation devices, which can overcome the current
performance limits [61, 62]. Considering these various sources potentially contrib-
uting to hysteresis, further investigation into device architectures and materials
design is required to understand the dominant sources of this unusual behavior.

Further, the architecture of PSCs is also found to affect the level of J-V hyster-
esis. Planar PSCs on cp-TiO, often show more severe hysteresis than mesoporous
PSCs based on a mp-TiO, scaffold [50]. For mesoporous/planar hybrid PSCs with
a perovskite capping layer on top of mp-TiO,, the grain size and thickness of the
capping layer influences the J-V response. As ionic migration was identified as a
possible cause of PV current-voltage hysteresis in hybrid perovskite solar cells, it
was concluded that the quality of materials and crystal growth kinetics are vital in
improving electronic, optoelectronic and PV applications for these classes of hybrid
organic-inorganic semiconductors. Apart from hysteresis, another drawback that
was hindering these devices into the commercial markets was the toxicity of lead.

5. Bismuth-based perovskites

The HOIP class of materials have displayed promising results for advanced
and efficient photovoltaics. However, some of the urgent issues associated with
these materials such as lead toxicity, poor stability, and atmospheric impacts are
yet to be resolved. So, the focus of research shifted to replace toxic lead with other
cations such as Sn**, Ge**, Mg2+, Mn?*, Ni**, and Co®* [63-65]. Many proposed the
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replacement of Pb by tin (Sn) in order to render perovskite light absorbers less toxic
or even nontoxic [66, 67]. Yet, compared to their Pb-based counterparts, Sn-based
perovskites so far show inferior device performance, and they are even more sensi-
tive to degradation because of self-oxidation [24]. In addition, Sn is also listed as a
harmful chemical, raising concerns regarding its suitability as a more environment
friendly alternative to lead in perovskite solar cells [68]. The most obvious route to
replacing Pb in this compound is via substitution of other group-14 elements, such
as Sn which tend to undergo oxidation, for example, from Sn”* to Sn**, leading to a
rapid degradation of the corresponding halide perovskites [69].

Germanium (Ge) has received relatively little attention as a replacement to lead,
in part due to its strong lone pair effect, which acts to produce lower dimensional-
ity structures with poor conductivities [70]. The series of perovskite-structured
CsGeX; compounds, where X is chlorine (Cl), bromine (Br), and lodine (I) have
been known for some time for their nonlinear optical properties [71, 72]. These
compounds are stable up to 150°C, and have bandgaps correlated with the A-site
cation size [73]. However, the relative stability of the +4 oxidation states decrease
and the relative stability of the +2 oxidation states increase down the group IV ele-
ments. As this effect is even more prominent for the case of Ge™, it is presumptive
why no successful Ge-based hybrid perovskites have been developed.

These reports indicate that neither Pb nor Sn nor Ge can steer the scientific com-
munity to a roadmap for stable and non-toxic optoelectronic devices. Thus, more
out-of-the-box approaches such as blending and splitting the anions and cations is
required to stimulate the research in these niche areas. Fundamentally, many of the
excellent properties seen in hybrid perovskites are thought to be derived from the
6 s [2] electronic configuration of lead, a configuration seen in a range of post-tran-
sition metal compounds [74]. Typically, materials containing post-transition metals
with an zs [2] electronic configuration (i.e. an N-2 oxidation state) possess large
dielectric constant, small effective masses, a valence band maximum composed of
antibonding states, and high levels of band dispersion properties due to their soft
polarizability—leading to high Born effective charges and large spin—orbit effects,
which act to increase the bandwidth of the conduction band.

One promising alternative is to incorporate Bismuth (Bi) into the perovskite
structure. Its size is similar to lead and the impact of steric effects on the optoelec-
tronic properties of the material. Bismuth (III) (Bi**) compounds are attractive
reagents and catalysts in organic synthesis because of their low toxicity, low cost
and ease of handling. Preliminary investigations on organic-inorganic methylam-
monium bismuth iodide (MABIiI) shows its advantages of non-toxicity, stability in
ambient air and low-temperature solution-processibility, which may address both
the toxicity issue of lead-based perovskites and instability concern of tin-based ones
[75]. Typically for methylammonium bismuth halides, a Goldschmidt tolerance
factor (t) of 0.85-0.87 (Bi** = 1.03A°) is observed for a suitable perovskite structure
and to further compliment it an octahedral factor (x) Of 0.46 justifies a stable octa-
hedron perovskite structure [76]. Another study reports that compounds formed
with 6p block cations show a significantly larger contribution of spin-orbit coupling
in the conduction band, vs. those formed from the 5p block. This implies that the
Bi** compounds show a much stronger spin-orbit contribution than the In, Sn, and
Sb compounds. This further reiterates that Bi based compounds are the most suit-
able for achieving similar shallow vacancy levels as observed in MAPBI; [77].

Organic-inorganic bismuth iodide based hybrid materials have attracted interest
because of their potential semiconducting character, rich structural diversity and
interesting electronic and optical properties, for which the 6 s [2] lone pair of the
Bi** plays an important role in the various material properties [78, 79]. In early
1990’s, researchers conducted extensive studies on the phase transitions of various
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MBH primarily to investigate its application as scintillators in radiation detectors
[80, 81]. Recently, several research groups reported methylammonium bismuth
iodides ((CH3NHj;)3Biylo) as a stable and lead-free light absorber for PV applications
with an efficiency of less than 1% [75, 82-85]. Our basic studies on Bi based single
crystals of (CH3NHj3)3Bi,ls were successful and in agreement with the literature
(publication pending). Figure 2a illustrates a typical schematic of MABII structure
comprising of bioctahedral (Bilg)*>" clusters that are surrounded by methylammo-
nium cations. The MABII crystal was solution grown at ambient room temperatures
with good hexagonal crystalline structural phase and X-ray diffraction as shown

in Figure 2b is in agreement with the literature [75, 83]. The red single crystals
suitable for single crystal X-ray diffraction were grown using a layer crystallization
technique by separating the two starting solutions of methyl ammonium iodide and
bismuth(IlI)iodide with dichloromethane. In our preliminary study, all of the peaks
in the XRD pattern can be indexed to a hexagonal structure, with no traces of any
impurities. There are reports on XRD patterns of thin films, prepared via spin coat-
ing techniques recorded in Bragg-Brentano geometry and show good agreement
when compared with the pattern calculated from single crystal data demonstrating
a high degree of phase purity in the new material [79, 82]. A recent study on Cs;Bi,lo
perovskite crystal, revealed it had a hexagonal structure and its space group is P65/
mmc(194) which also has a monoclinic phase with space group C12/c1 [15] [83].
However, there are no reports for Bi based single crystal nanostructures.

As the research was plateauing on the lead alternatives and the observed hysteresis,
the scientific community has identified a new breakthrough for these materialsi.e.,
alower dimensional perovskite- halide based two dimensioned organic-inorganic
perovskite.

Recently, Benabdallah et al., have reported on the advantages of MABII over
lead-based perovskites [86]. The first principle calculations based on DFT have
revealed that the Bi-based perovskites could be engineered to better bandgaps and
have superior absorption coefficients than its lead counterparts. Separately, Sanders
et al., have also reported on a novel chemical vapor deposition method to fabricate
Bi-based perovskite solar cells that could potentially pave way for large scale and
cost-effective commercial markets [87].

6. Transition from 3D to 2D crystal structures

Lately, these materials have unlocked a new stoichiometry-two-dimensional
(2D), that features improved stability against atmosphere than the 3D materials.
This process of lowering the dimensionality is gaining momentum and potentially
serve the needs of specific applications such as solar cells, light emitting diodes
(LEDs) and other optoelectronic devices. Although, there are various techniques
to obtain this exotic and new 2D material, there has been significant interest for a
specific kind of perovskites, namely Ruddlesden-Popper (RP) which was discov-
ered in 1957 [88]. These perovskites have Vander Waals crystal structure carrying
a general chemical formula of L,A,, B, X3, , 1, where L is a large molecular chained
cation, A is a regular cation, B is an inorganic metal cation, X is the halide anion
and n = 1, 2, etc., this arrangement of alternating organic-inorganic layers develops
an ordered and ideal 2D quantum well. Additionally, these 2D structured quantum
wells play a vital role in neutralizing the higher exciton binding energies formed due
to contrasting dielectric constants. A simple structure is illustrated in Figure 3.

The insulating nature of the organic spacer cations creates a competitive advan-
tage of greater atmospheric stability for the 2D HOIPs when compared to their 3D
counterparts. It was rightly indicated by Mao et al. that the discovery of these 2D
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(a) An illustration of the evolution from 2D perovskite to 3D perovskite with key components.

(b) Representation of a 2D quantum well structure. “Reprinted with permission from Mao et al. [6].
Copyright (2019) American Chemical Society.”
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Table 1.
Key requivements of 2D HOIPs.

HOIPs could possibly be a solution to stabilize a few metastable phases that are
found in the form of perovskite nanocrystals. As Spanopoulos et al., has rightly
observed that the room-temperature PXRD measurements of these 2D perovskites
have indicated that there are no residual low-angle peaks (<13° 26) which would be
an indication of coprecipitation of more than one inorganic layer in each case [89].
Although there has been significant progress in the [90], (110) and (111)-oriented
perovskites, there has been undivided attention for the (100)-oriented HOIPs due
to their dimensional variability. Furthermore, this particular orientation is the most
favored geometry to tune the layer thickness. A few researchers have expanded the
tamily of 2D RP perovskites by increasing the organic spacer molecules (n = 1-5) and
concluded that for n values higher than 5 does not exhibit sufficient thermodynamic
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Figure 4.

(a) High-resolution PXRD of (BA),(MA), _Pb,L;, ., (n = 1-5). (b) PXRD plotted in d-spacing. (c) Structure
of (BA),(MA)Pb,L, with the illustration of vespective diffraction planes. “Reprinted with permission from
Mao et al. [6]. Copyright (2019) American Chemical Society.”

stability [6]. Separately, other study indicated that these materials have demon-
strated unique optical characteristics with high air, heat and light stability especially
for n = 4. Additionally, other discoveries such as the stability increases with increas-
ing layer thickness and the need for crystalline substrates for improved orientation
and long-term air stability [89]. So, a plethora of permutations are to be considered
to build an effective, stable and functional 2D HOIP. Table 1 delineates key features
about individual elements of these HOIPs.

As aresult of its ability to dimensionally customize the n-layer, the [90] oriented
2D HOIPs are paving way for a precise tailoring of the quantum well electronic
structures. A simple X-ray diffraction analysis as shown in Figure 4 would help us
track the number of perovskite layers. This particular orientation exhibits a level
of resistance to the thermodynamic phase. For example, this phase is more evident
in the 2D perovskites at n = 2 versus a non-perovskitic phase in a 3D perovskite [6].
This further reinforces the belief that these 2D materials can further emerge with
unexplored photophysics and optoelectronic properties.

7. 2D perovskites for photovoltaics

Despite the fact that, these Vander Waal layered 2D structure of RP
perovskites has complicated the growth kinetics of thin 2D perovskites, yet the
mechanical exfoliation process of inserting the long organic cation into a 3D
perovskite structure was investigated by various research groups [6, 91, 92].

A few other groups have explored other methods such as colloidal synthesis
[6, 74, 93], chemical vapor deposition (CVD) [94] and solution-based methods to
obtain these 2D perovskites.

Another key feature that distinguishes 2D perovskites with their 3D counter-
parts is its superior susceptibility towards atmospheric moisture. By far, this is
believed to be the single largest factor holding its foray into commercial markets.
Apart from photoinduced oxidative degradation, 3D perovskites react with water,
leading to collapse of the structure and to formation of either a 0D hydrated phase
or to irreversible decomposition into the precursors, for example, MAPBI3 starts to
decompose at a relative humidity of 55%, which induces a color change from dark
brown to yellow owing to conversion into a lead iodide [95]. Separately, other fac-
tors such as localized UV heating and light induced ion movement has also acceler-
ated the perovskite degradation [90, 96-98].
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Although, there are various synthesis methods for these 2D perovskite materials
such as CVD, liquid and mechanical exfoliation, solution and colloidal based methods
that have shown promise. But, there seem to be a critical need for controlled growth
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Solar cell architecture and charvacterigation. (a) Experimental (ved line) and simulated (black dashed line)
current-density—voltage (J-V) curves under an AM.1.5G solar simulator for planar devices. (b) External
quantum efficiency (EQE; ved circles and line) and integrated shovt- civcuit curvent density (JSC; blue dashed
line) as a function of wavelength. (c¢) and (d) J-V curves for hysteresis tests under AM1.5G illumination
measured with the voltage scanned in opposite divections and with varying voltage delay times. (e), histogram
of (BA),(MA);Pb,I; device power conversion efficiency (PCE) over 50 measuved devices, fitted with a
Gaussian distribution (ved line). (f), C-V curves for a typical device detected by a small-amplitude a.c. field
(peak-to-peak voltage Vpp = 20 mV) at an AC frequency of 100 kHz. Reprinted with permission from

Tsai et al. [99].
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monitoring especially the thickness and lateral crystal sizes is still a challenge [92]. So,
new synthesis methods that warrant controlled thickness and large lateral sizes are
highly preferred to institute a seamless pathway towards commercial markets.

Tsai et al., have reported a uniform and thin layered films for planar PV
applications as shown in Figure 5. These hot-casted films of 2D (BA),(MA);Pb,l;;
perovskite was reproducible and highly efficient with 12.51% with an open circuit
voltage of 1.01 V, short circuit current density of 16.76mAcm > and a fill factor of
74.13% [99]. Also, from Figure 5c it can be noticed that the J-V curves for hysteresis
tests under AM1.5G illumination measured with the voltage scanned in opposite
directions were observed to be no effects.

8. Conclusions

With the least scope for degradation and hysteresis, these 2D HOIPs have reju-
venated the scientific community at large and paved the way for a larger role in the
commercial markets. Contrarily, as many consider that the dimensional transition
of perovskite materials from 3D to 2D clearly outlines the scope of these materials
and applications that it could create, there are equally concerning challenges such
as complex growth mechanism, low thermal conductivity and high exciton binding
energies. So, a reproducible and scalable fabrication mechanism is highly required
to lock its potential. Also, the emergence of 2D nanostructures of HOIPs could be
leading the research and evaluate the potential of these materials to its fullest. So, a
methodology that can create a scalable and efficient PV devices with longer stability
and improved functionalities could change the dynamics of these materials.
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