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The intriguing optoelectronic properties, diverse applications, and facile fabrication techniques of perovskite
materials have garnered substantial research interest worldwide. Their outstanding performance in solar cell
applications and excellent efficiency at the lab scale have already been proven. However, owing to their
low stability, the widespread manufacturing of perovskite solar cells (PSCs) for commercialization is still far
off. Several instability factors of PSCs, including the intrinsic and extrinsic instability of perovskite materials,
have already been identified, and a variety of approaches have been adopted to improve the material
quality, stability, and efficiency of PSCs. In this review, we have comprehensively presented the significance
of band gap tuning in achieving both high-performance and high-stability PSCs in the presence of various
degradation factors. By investigating the mechanisms of band gap engineering, we have highlighted its
pivotal role in optimizing PSCs for improved efficiency and resilience.
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1. Introduction

The demand for renewable energy has greatly expanded globally
due to the need for sustainable and environmentally acceptable
energy sources. Photovoltaic technology is intriguing and has
enormous potential since solar energy is abundant, free, and
renewable. In contrast to finite fossil fuels, solar energy is inher-
ently renewable and environmentally friendly, which make it
a desirable energy source.'” An approximate calculation suggests
that the sun emits solar radiation at a rate of 3.8 x 10> kW per
second, of which around 1.8 x 10" kW per second is being
utilized by Earth.? The daily influx of solar energy onto the earth is
abundant enough for consumption by the existing global pop-
ulation for 27 years.* Recently, renewable energy sources have
generated around 30% of the total 29000 TW h of worldwide
electricity output in 2022 (https://www.statista.com/statistics/
270281/electricity-generation-worldwide/), to which solar energy
contributed 4.5% (https://www.iea.org/energy-system/renewables/
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solar-pv); this contribution was only 1.6% in 2019.° Thus,
photovoltaic technology is gaining popularity owing to its
massive potential for capturing solar energy. This photovoltaic
industry encompasses various generations of solar cells with
their own sets of advantages and challenges. First-generation
cells based on monocrystalline and polycrystalline silicon wafers
offer high power conversion efficiency (PCE) and stability;
however, the drawback is their high manufacturing cost.
Second-generation cells based on thin-film technologies,
including CdTe and CIGS, have low manufacturing costs, can
use flexible substrates, and broaden the possible application
sectors, but they usually have lower efficiency and stability.
Third-generation and/or emerging PV technologies, such as
CZTS, DSSCs, PSCs, organic photovoltaics, and quantum dot
solar cells, are cost-effective and hold promise for higher PCEs
with novel applications but face challenges regarding stability
and scalability.

As emerging photovoltaics, PSCs stand as a leading-edge
innovation considering their higher PCE, low cost, and easy
manufacturing process.® In addition, perovskite materials
retain distinctive characteristics such as tunable band gaps, low
exciton binding energy, high absorption coefficients, ambipolar
charge transportation, and long charge carrier diffusion
lengths.”*® These valuable features make it possible for
researchers to optimize PSCs in ways that are challenging for
other types of solar cells. In recent years, there has been
remarkable growth in the PCE of PSCs, increasing from 3.8% to
an impressive 26.1%."** Furthermore, the PCE of perovskite-
based tandem solar cells (PBTSCs) has achieved a notable
milestone with a PCE of 33.9%." Fig. 1 demonstrates the recent

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra01640h&domain=pdf&date_stamp=2024-05-16
http://orcid.org/0000-0001-7899-180X
http://orcid.org/0000-0003-3772-294X
https://www.statista.com/statistics/270281/electricity-generation-worldwide/
https://www.statista.com/statistics/270281/electricity-generation-worldwide/
https://www.iea.org/energy-system/renewables/solar-pv
https://www.iea.org/energy-system/renewables/solar-pv
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01640h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014023

Open Access Article. Published on 16 May 2024. Downloaded on 2/27/2026 7:26:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances

Review
35
. 33.9% £
—— Perovskite solar cells :
—&— Perovskite/Si tandem solar cells Emerglng PV
30 —A— Perovskite/CIGS tandem solar cells 29.1%
—¥— Organic tandem solar cells :
—— Organic solar cells
25 4 —— Inorganic solar cells(CZTSSe) 26.1°
—P— Quantum dot solar cells (Various types) 24.2% S
—@— Dye sensitized solar cells '
o0  —® Perovskite/Perovskite tandem solar cells 18.1% 19.2%
w
O =
o 14.9%
15 - 4
10 H
5 4
0 T T T T T T
1990 1995 2000 2005 2010 2015 2020

2025

Year

Fig. 1 The recent progress of emerging photovoltaic solar cells. Data extracted from NREL (https://www.nrel.gov/).

advancements in the PCE of various categories of emerging
solar cells.

This rapid improvement implies significant progress in the
photovoltaic industry. However, one of the key aspects influ-
encing the performance and applicability of PSCs is stability,
which determines their capability to sustain performance over
time under various environmental conditions. Stability in PSCs
is a multidimensional challenge. These PSCs are naturally
vulnerable to moisture, oxygen, heat, and light, which can cause
deterioration and loss of performance over time.'®* Their
performance and stability are also affected by crystal defects,
ion migration, hysteresis and hydrophobicity.”**® Band gap
tuning through structural modification is a critical aspect of
overcoming some of the aforementioned limitations and the
optimization of PSCs for high performance and better stability.
The band gap governs the range of energy of light that the
perovskite materials can absorb efficiently. In an ideal world,
the band gap should be modified to match the wavelength of
solar energy to maximize light absorption and thus enhance the
performance of the PSCs. The common techniques for band gap
tuning in perovskite materials are compositional engineering,
doping, interface engineering, dimensional modification, and
pressure or strain.”*** Fig. 2 shows the major approaches of
band gap tuning towards the enhancement of the PCE of PSCs.
By modulating the composition and structure of perovskite
materials, researchers aim to modify their optical and electronic
properties to achieve optimal performance from PSCs. In
addition, by modifying the band gap, along with photovoltaic
performance, stability against extrinsic and intrinsic degrada-
tion factors can be obtained.**?*

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig.2 Major processes of band gap tuning towards the enhancement
of the PCE of PSCs.

This review extensively delves into the impact of band gap
engineering on performance and stability, highlighting the
influence and significance of cations, anion replacement in
the perovskite structure, dimensional reduction and mixing of
the dimensions, and pressure-induced bandgap modulation
on material properties. By scrutinizing the structural changes
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and compositional variations, the review aims to provide
a comprehensive understanding of how band gap engineering
contributes to advancements in solar cell technology for
achieving high performance and stability of PSCs. Specifically,
this review makes it possible to comprehend the many tactics
used in detail, as well as how well they work to improve the
stability and performance of PSCs. It is expected that this
review will open the door for a focused study to overcome the
existing obstacles and constraints that still need to be
addressed towards the maximum potential of perovskite solar
cells, as it offers a critical appraisal of the existing level of
knowledge.

2. Photon absorption management

When photons interact with a semiconducting material, they
can have three possible outcomes: (a) they may be reflected
from the surface depending on the difference in refractive
index between the material and surroundings, (b) they may be
absorbed within the material depending on its extinction
coefficient, or (c) it may be transmitted through the material.
In the context of photovoltaic devices, both reflection and
transmission are typically considered losses since photons are
not absorbed and do not contribute to power generation.
However, when a photon is absorbed, it can raise one electron
from the valence band to the conduction band. The energy
level of photons that will be absorbed can be estimated by
using eqn (1):

oV o)

Ep =

where E;, represents the incident photon's energy and A is the
wavelength of the corresponding photon. Here, 1240 nm is the
wavelength of a photon that contains 1 eV of energy. This
incident photon will be absorbed if Ej, = E,, where E, repre-
sents the band gap of the material. Generally, at the edge of the
band gap of semiconducting materials, the highest absorption
or emission occurs.

This band gap plays a crucial role in dictating which portion
of the solar spectrum can be absorbed by a photovoltaic cell.>* A
semiconductor will not absorb photons of lower energy than its
band gap; a lower energy photon than the band gap energy will
not be able to create enough excitation of the valence band
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Multiple absorber layers with different band gaps

(a) Photon absorption and loss; (b) photon absorption management adopting multiple absorber layers with various band gaps.

electron to reach the conduction band. On the other hand,
photons of higher energy than the band gap mostly generate
heat by making a transition to the conduction band edge,
offering no contribution to the solar cell's performance. For
clearer comprehension, the incident photons can be frag-
mented into three categories based on their energy relative to
the semiconductor band gap, and the absorption process is
shown in Fig. 3.

(a) If the incident photon energy E;,, is smaller than the band
gap energy Eg, only minimal interactions with the semi-
conductor will occur (and such an interaction will not
contribute to the photovoltaic process) and will pass through
the material as if it is transparent.

(b) For Ej, = E,, the incident photons have just enough
energy to produce an electron-hole pair and consequently, the
valence band electron can just reach the conduction band.

(c) If the incident photon energy Ej, is larger than the band
gap energy E,, strong photon absorption occurs and the elec-
tron now stays on the conduction band with some excess
energy. However, in photovoltaic applications, additional
photon energy with respect to the band gap is lost by the quick
non-radiative transition of electrons to the conduction band
edge. This non-radiative transition leads to heat generation.

As an example, it is well known that the AM 1.5G sunlight
has a wide range of useable energy from ~0.5 eV to 4.4 eV
(wavelengths from 280 nm to 2500 nm).*” The active perovskite
materials used in PSCs typically have energy band gaps between
1.48 eV and 1.62 eV, where the optimum bandgap of the best-
performing PSCs is almost pinpointed in the range from
1.53 eV to 1.56 e€V.>** It has been reported that the PSCs with
a bandgap of ~1.5 eV can utilize incident photons in the 300-
800 nm region and photon absorption over 800 nm has been
reported to be less.”"*” This suggests that a significant portion of
the solar energy over the near-infrared region cannot be utilized
by the most recognized perovskites. The underutilization of
high-energy photons is mainly related to hot carriers.

To address these issues, according to eqn (1), the photon
management concept can be employed.*® This approach
involves modifying the band gap to align with the solar visible
spectrum (shown in Fig. 4), which can tune the absorption
profile of the solar-sensitive material, thereby optimizing its
performance. In addition, the band-gap fine-tuning optimizes
semiconductors for use as bottom or top cell absorbers in

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01640h

Open Access Article. Published on 16 May 2024. Downloaded on 2/27/2026 7:26:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Advances

Increasing Wavelength

Increasing energy (Frequency)

Frequency in Hertz

}024 1022 1020 1018 }016 1014 1012 1010 108 106 1I04 102
| | | | | | | | |
D
Gamma X- 044 Infrared § Radio | Long Radio
rays rays |rays rays S vV Waves
=

T T T T
1016 10-4 1012 1

Fig. 4 Solar energy spectrum.

PBTSCs for harnessing whole solar spectrum energy.***
Various research groups have implemented diverse approaches
including compositional engineering, dimensionality reduc-
tion, mixing of dimensions, and pressurized tactics to modulate
the band gap in materials to align them with the solar spec-
trum.>*?>** These efforts have resulted in improved absorp-
tion, offering enhanced performance and heightened structural
stability in solar energy conversion technologies.>

Depending on the electronic band structure, there are two
types of solar materials, namely, direct and indirect band-gap
materials.***” The indirect band gap materials showcase
weighty challenges when applied in solar cell applications. In
contrast to direct band gap materials, where electron transi-
tions occur without momentum modification, indirect band
gap materials necessitate the participation of a phonon to
conserve momentum during electronic transitions, as shown in
Fig. 5.*** This additional requirement may meaningfully
decrease the efficiency of photon absorption and the rate of
electron-hole pair production, thereby controlling the perfor-
mance of solar cells based on that material.’* Moreover, the
phonon-assisted transitions launch additional non-radiative
recombination corridors for the generated electron-hole
pairs.*"**> These non-radiative routes can significantly degrade
the overall performance of solar cells based on indirect band
gap materials.® Several research groups have undertaken
initiatives to transform indirect band gaps into direct band gaps
and adjust band structures to better match the solar spectrum.>*
The goal of these efforts is to enhance the performance of solar
energy conversion technologies by improving the absorption of
sunlight and facilitating more efficient charge carrier
generation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Structural properties of perovskite
materials

Perovskite is the term used to describe any ABX; stoichiometric
structure. This name originated from the discovery of CaTiO; in
1839 by a German mineralogist Gustav Rose, who named it in
honor of a Russian mineralogist Count Lev Alekseyevich von
Perovski.*® In the ABX; stoichiometric structure, A stands for
a monovalent inorganic-organic cation, B represents a divalent
metal cation and X denotes a halide anion.*® Furthermore,
halogens can be replaced by oxygen, nitrogen, and carbon, etc.
For example, A and B are often represented as divalent and

RSC Adv, 2024, 14, 15876-15906 | 15879
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tetravalent ions, respectively, when oxygen is utilized instead of
halogen for charge neutrality.”” The cubic perovskite structure is
comprised of corner-sharing BXs octahedra, which form a 3D
network with A-site cations in the 12-fold coordinated (cuboc-
tahedral) vacancies to ensure charge neutrality (shown in
Fig. 6).>** Conversely, the perovskite material may be viewed as
a cubic close-packed AX; sublattice with divalent B-site cations
inside six-fold coordinated (octahedral) cavities.

The Goldschmidt tolerance factor is a dimensionless
parameter and is used to predict the geometrical distortion and
stability of perovskite structures based on the sizes of the
cations and anions in ABX;. The Goldschmidt tolerance factor is
defined by t = (Ra + Rg)/v/2(Rx + Rg), where Ry, Ry and Ry are
the effective ionic radii for A, B, and X atoms respectively. It
should be within the range of 0.80 < ¢ < 1.0 to sustain the 3D
structure.® The tolerance factor of a given ABX; not only serves
as an indicator for evaluating its probability to adopt a 3D
structure but also serves as a predictive tool for determining
whether it will demonstrate a cubic phase (¢ = 1) or deviate
towards tetragonal (0.9 < ¢ < 1.0), or tilted towards orthorhombic
(0.8 < ¢ < 0.9) phases.®* Additionally, non-perovskite structures
form when the tolerance factor is larger than one or less than
0.8.°> Another crucial parameter known as the octahedral factor,
u, is used to forecast the formation of the BXg octahedral and
the stability of the perovskite structure. This factor is defined as
the ratio of the ionic radius of the divalent cation Ry to the ionic
radius of the anion Ry. This octahedral factor needs to be within
the range of 0.414 < u < 0.732 to facilitate the formation of the
BX, octahedral.®® Sustaining this 3D crystal structure is vital for
easing the charge transport within the system, ensuring the
efficient accumulation of photo-generated charges.**

3.1. The role of tolerance factors on phase stability

Crystal-structure changes can impact the stability of perovskite
materials. A central measure for assessing the phase stability of
perovskite structures is the Goldschmidt tolerance factor (),
which is based on the effective ionic radii of the elements in the
ABX; or mixed perovskite formula. In Section 3, it has been
remarked that the tolerance factor should be in the range of
0.80 < t < 1.0 for a stable perovskite structure.® In addition,
tolerance factor values greater than 1 or less than 0.8 tend to
result in non-photovoltaic perovskite structures. Fig. 7 shows
the dependence of tolerance factors on the radius of the cation.
According to Fig. 7, CsPbl; and FAPDI; perovskites are situated

Fig. 6 The basic structure of ABXsz with corner-sharing BXg
octahedral.
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on the boundary of the perovskite region.® It has also been
observed that by adopting different size cations, tolerance
factors can be balanced for a suitable range in photovoltaic
applications.

Depending on the tolerance factors, perovskite crystal pha-
ses can be categorized into cubic (¢ = 1), tetragonal (0.9 <t <1.0)
and orthorhombic (0.8 < ¢ < 0.9) structures. The a-phase of the
perovskite structure is more stable than others. This phase has
a cubic or tetragonal crystal structure, which is highly
symmetrical and allows for effective charge transport. In
comparison to the a-phase, the d-phase exhibits less stability
and symmetry. It does not have the desired perovskite structure
and is frequently seen at lower temperatures. Its structure can
drastically degrade the material's performance in devices such
as solar cells since it doesn't allow charge movement as effec-
tively. For example, there are two phases of FAPbI;, namely the
photoactive a-phase with a large tolerance factor and the non-
photoactive d-phase. The 3-phase of FAPbI; is converted to the
stable perovskite a-phase at temperatures higher than room
temperature.®® The impressive optical properties and record
performance of MAPbI; are overshadowed due to its phase
instability.®” This material undergoes a structural shift from the
tetragonal to cubic phase at 54-57 °C, which leads to various
issues.®®® These include the formation of defects, reduced
mobility of charge carriers, shorter diffusion lengths, alter-
ations in the band structure, and increased recombination
losses within the absorbing material.”””* An effective method to
control phase stability is the balancing of the tolerance factors
by compositional engineering. Some reports’”* have suggested
that the performance and the thermal/moisture stability of
perovskites can be improved by adjusting the tolerance factors
by adopting compositional engineering.

The prominent research group led by F. Valipour systemat-
ically investigated the influence of compositional engineering
on performance and stability.”* They incorporated Cs* into
FAPDbI; and observed a change in tolerance factor along with
phase. The introduction of Cs" into the perovskite structure
resulted in a reduction in the lattice constant and tolerance
factor, consequently affecting the band gaps of the perovskite

© 2024 The Author(s). Published by the Royal Society of Chemistry
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material by altering it from 1.47 eV to 1.53 eV for FAPDI; to
FA, sCs, ,Pbl; respectively. The XRD analysis demonstrated the
elimination of non-photovoltaic phases and the transformation
of the trigonal black phase into a tetragonal structure. Due to
the introduction of Cs* into FAPbI;, the transformation of the a-
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phase peak to higher 26 values and the trigonal phase into
a tetragonal phase reflects the decrease in the tolerance factor.
The incorporation of 15% Cs* led to notable enhancements,
with the average efficiency reaching 7.41% and the highest
efficiency peaking at 11.78% at high temperatures. In Fig. 8, the
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Fig. 8 (a) The XRD outlines of the pure FAPblz and the Cs*-doped perovskite, and (b) the gradual shifting of the a.-phase peak location toward
higher 26 values. (c) XRD analysis revealed the elimination of the yellow phase (3-phase) after 100 minutes of heating at 150 °C. (d) Comparison of
XRD patterns before and after the moisture stability test under 90% humidity. J-V curves during the moisture stability test: (e) FAPblz and (f)
FAo.85Cs0.15Pbls. Reproduced from ref. 74 with permission from IOP Publishing Ltd, copyright 2020.
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analysis of the XRD patterns of the pure FAPbI; and the
FA, 35Cs0.15PbI; films showed that the peaks of Pbl, appeared
after exposure to 150 °C temperature, which indicated the
destruction of the perovskite film. However, more pinholes were
observed in the FAPbI; than in FA, g5Csg 15Pbl; perovskite films.
To compare the thermal stability of MAPbI; and FA, g5Csg.15Pbl;
perovskite solar cells, both kinds were exposed to 120 °C over
seven successive stages, each lasting 20 minutes. The J-V curves
demonstrated that FA, gsCsg.15PbI; perovskite solar cells were
more stable as compared to FAPbI; and MAPbI;. The MAPbI;
perovskite exhibited a 50% decrease in performance after the
first phase, whereas the FA,gsCsg15Pbl; perovskite showed
a comparable loss after all seven steps of the test. To test
moisture stability, samples were subjected to 90% humidity for
100 minutes and photovoltaic characteristics were assessed at
20 minutes intervals. The device with FA( g5Cs¢.15PbI; was more
stable than FAPbI;, maintaining around 85% of its performance
even after five steps. Thus, compositional engineering aids in
achieving compatible tolerance factors for the structural
stability of perovskites.

4. Band-gap tuning

The band gap is the energy difference between the valence band
maximum and the conduction band minimum of a material.
Because of its direct influence on optoelectronic characteristics,
band-gap adjustment in perovskite materials is crucial. It
specifies the range of light wavelengths that a substance may
absorb and convert into an electrical signal. The ability to
modify the band-gap from low to high range has made perov-
skites appealing for a diversity of applications including
photovoltaics, lasing, light-emitting devices, photodetectors,
high energy, and particle detection.” Metal halide perovskites
are an encouraging family of materials for highly efficient PSCs
for their tunable band-gap aligning with solar energy. In this
section, compositional engineering, pressure-induced band gap
modulation, and dimensional reduction and mixing
approaches have been discussed.

4.1. Compositional engineering

One of the most appealing aspects of perovskites for photovol-
taics is the capability to adjust their energy band gap by simple
compositional exchange. The perovskite semiconducting
materials utilized in high-performing PSCs typically have energy
band gaps between 1.48 eV and 1.62 eV.****® The semi-
conducting materials with lower band gaps are essential for
capturing more of the visible solar spectrum. Utilizing different
perovskite materials with varying band gaps enables the
formation of PBTSCs, permitting the absorption of a wider
spectrum of light. This approach has the potential to exceed the
Shockley-Queisser PCE limit observed in single-junction
PSCs.”® As an extensively used and high PCE-possessing mate-
rial, the energy band-gap of methylammonium lead iodide
(MAPDI;) may be adjusted from 1.6 eV to 2.3 eV by replacing
iodine with bromine at different ratios.>® A similar technique
may adjust the band gap of formamidinium lead tri-halide
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(FAPbX;) from 1.48 eV to 2.23 eV.* The compositional band-
gap fine-tuning optimizes metal halide perovskites for usage
as bottom or top cell absorbers in tandem or single junction
solar cells. A-site substitution has a relatively less direct impact
on the edge of the band structure, i.e., E; in comparison with B
and X-site substitutions in the ABX; phases.”” However, A-site
cations can influence the lattice constant, which might indi-
rectly influence the band structure. These A-site cations can also
affect the dielectric characteristics, hydrogen bonding interac-
tions (with halide anions), and/or alter the BXy octahedral
framework. We have outlined the following three factors
involved with the compositional changes, which may facilitate
the readers’ understanding of the band gap engineering of the
perovskite materials.

(i) The first aspect is related to electronegativity, where E, is
increased when the electronegativity difference between the B-
site metal and the X-site halide increases, but the A-site atoms
have an indirect effect on E,.”*”®

(ii) The second factor linked to the E, is the B-X-B angle.
Particularly, E, increases with the B-X-B angle decreases.®*

(iii) The third factor is the distance between X and B atoms,
where E, is reduced as the distance between the X and B atoms
decreases.”®*>%

In general, the influence of the B-X-B angle changes when
the E, tuning is greater than that of the inter-atomic distance. In
a simplified manner, it can be asserted that the A-site replace-
ment modifies the distance between the B-centered octahe-
drons by changing the lattice constant; however, it is
anticipated that the B-X-B angle and B-X atomic distance will
be relatively less affected by indirect lattice distortion. Only
substituting halides does not offer a means to reduce the band-
gap energy, especially below 1.48 eV. To attain lower band gaps,
more effective strategies involve substituting A, and B cations,
especially the B cations. For example, replacing lead cations on
the B-site with tin may work as the most effective means for
reducing the band-gap energy.***® Additionally, while the frac-
tional replacement of halide allows for larger band gaps, several
of these mixtures are not photo-stable and exhibit the Hoke
effect (specifically in hybrid organic-inorganic perovskites), or
segregate into Br-rich and I-rich domains when exposed to
light.*”®* This phenomenon makes it challenging for high-band-
gap semiconducting perovskite materials to get large open
circuit voltage (V,.) in PSCs. Therefore, alternative band-gap
tuning procedures are crucial for wide-ranging band-gap
perovskite materials. It is essential to emphasize that when
replacing atoms at various sites within the ABX; structure,
careful attention must be given to maintaining the Goldschmidt
tolerance factor and octahedral factor in order to achieve and
preserve the 3D crystal structure. It is generally well-known that
the characteristics of a semiconducting material are substan-
tially governed by its crystal structure; hence, geometric
distortion considerably contributes to the modifications in the
features of perovskite semiconducting materials. Various
approaches for achieving high performance and stability of
PSCs by band gap alteration are described in the following sub-
sections.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.1.1. Band-gap tuning by substituting A-site cations. In
ABX; with a 3D structure, the A-site cation performs as a struc-
turing agent for the BX, octahedral skeleton, shifting the overall
symmetry of the crystal configuration. For a BXs octahedral
framework, the proper size of an A-site cation in ABX; with
tolerance factor =1 results in a perfect a-phase (cubic). A
smaller A-site cation than the ideal one tends toward the BXg
octahedral framework, resulting in B-phase (tetragonal) or vy-
phase (orthorhombic) crystal phases. When A-site cations
surpass the ideal size, the perovskite structure loses its 3D
structure and forms a lower-dimensional structure. In lower-
dimensional structures, the BXs octahedral layers are retained
together by coulombic and hydrophobic forces from massive A-
site cations, which act as spacers and maintain the structure's
integrity.* It is generally known that a semiconductor material's
characteristics are primarily governed by its crystal structure,
hence the geometric distortion of the structure has a significant
impact on metal halide perovskite qualities and properties.
Specifically, the deformation of the BXys octahedral framework
can affect the B-X overlap and spin-orbital coupling in the ABX;
structure, which offers to change the optoelectronic character-
istics. Compositional engineering at the A-site of ABX; is one of
the research efforts to modulate the bandgap, providing desir-
able optoelectronic properties for ensuring a wider absorption
of the solar spectrum. It is known that A-site atoms have less
impact on the frontier band structure of the materials than B-
site and X-site atoms.”*"*> However, sometimes replacing A-site
components can contribute to enhancing the stability of the
structure. It has been reported that substituting the A-site with
formamidinium (FA) leads to a lower band-gap and improved
stability.*>*** For example, the band-gap of MAPbI; was
changed from 1.55 eV to 1.47 eV, ensuring large absorption of
the solar spectrum by replacing MA" with FA" along with
boosting its thermal stability up to 150 °C.***” A flip side was
also observed in the case of the material FA,_,MA,SnBr;.
Starting with FASnBr;, there was a gradual decrement in the
band gap from 2.4 eV (for x = 0) to around 1.92 eV (for x = 0.82).
This represents a substantial energy variation of approximately
0.5 eV owing to the replacement of A-site cations.”® M. Pazoki
and his research group conducted both theoretical and experi-
mental examinations of band-gap engineering for the base
material of Cs;Bi,lo.°® The theoretical and experimental results
revealed a calculated direct band gap with values of 2.17 eV and
2.2 eV of the mother material, respectively. When cesium was
substituted by MA at the A-site, theoretically, the same band gap
was observed; however, the experimental results indicated
a shift from 2.2 eV to 2.4 eV. Another renowned research group,
comprised of A. J. Lehner and his colleague, conducted an
experiment on band-gap engineering by substituting A-site
atoms with different-sized cations.”” Specifically, they synthe-
sized three structures including K;BiIs Rb;Bi,lq and Cs;Bisl,
and obtained band-gaps of 2.1 eV, 2.1 eV and 1.9 eV, respec-
tively. The prominent research group led by Ziru Huang aimed
to enhance the PCE of PSCs by employing A-site partial substi-
tution in CsPbl; with dimethylammonium (DMA) and guani-
dinium (Gua) with radii of 272 pm and 278 pm, respectively.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Upon substituting 30% of Cs with DMA and Gua, the tolerance
factor of each structure shifted towards a more phase-stable
structure along with values of 0.903 and 0.907 from 0.851,
respectively. Substituting 30% of Cs with Gua led to a noticeable
enhancement in the band gap from 1.7 eV to 1.79 eV in the
mother structures of CsPbl;, but remained the same for DMA.
In the case of DMA, the upper edge of the valence band and
lower edge of the conduction band changed their positions in
the same direction with equal energy by fixing the bandgap.
More detailed information is available in the literature.'*®
Finally, they fabricated two PSC devices to test their solar energy
conversion performance. The obtained PCE for DMA and Gua
with a device configuration of ITO/c-TiO,/perovskite/spiro-
OMeTAD/Ag were 15.2% and 3.65%, respectively. The lower
performance of the Gua-based device may be the reason for less
absorption of the solar spectrum due to the high band-gap. A
renowned research group in the field of PSCs, led by M. Saliba,
employed a strategy to heighten the PCE of the PSC.*** The
approach involves introducing a mixture of cations at the A-site.
Specifically, they utilized Rb, Cs, MA, and FA mixed cations at
the A-site within the structure of APbI;. The architecture
employed for the PSC includes glass/FTO/c&m-TiO,/perovskite/
spiro-OMeTAD/Au. The results showed that the quadruple-
cations perovskite RbCSMAFA confirmed outstanding PCE at
21.6% along with a V. of 1.24 V and a band-gap of 1.62 eV. The
stability test of a mixed-cation (Rb", Cs', MA", FA")PbI; device
revealed that it kept 95% of its initial performance after 500
hours of aging under steady AM 1.5G illumination at 85 °C in
a nitrogen environment. The device performance metrics are
shown in Fig. 9.

Researchers have employed a strategy to heighten the
stability and photovoltaic performance of perovskite materials
by incorporating Bi into their structures. However, the
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Reproduced from ref. 101 with permission from Science, copyright
2016.
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performance is compromised due to less absorption of light,
which is linked to their higher band gap. As an illustration,
B. W. Park et al. developed two devices with the A;Bi,I, structure
by utilizing Cs and MA in the A-sites.’® They achieved band
gaps of 2.2 eV and 2.1 eV, respectively, which exceed the energy
range of the visible solar spectrum. The fabricated solar cells
had the structure Ag/spiro-OMeTAD/A;Bi,lo/TiO,/FTO. The
resulting PCE was 1.09% for Cs;Bi,Is and 0.12% for MA;Bi,l.
The Sb-based solar cell, containing the A;Sb,I, structure,
revealed a similarly modest performance. Specifically, the
devices incorporating Rb;Sb,Iy and MA;Sb,I; demonstrated
efficiencies of 0.66% and 0.49%, respectively, accompanied by
relatively high band-gaps of 2.24 eV and 2.14 eV.'%*'%*

The renowned research team led by J. Xu successfully proved
the efficacy of mixed-cation engineering by introducing both
organic MA and inorganic Cs cations at the A-sites in meso-
porous Sb-based PSCs.** By changing the quantity of MA used to
replace Cs cations at the A-site, they discovered an optimal
composition, MA; 5Cs; 5Sb,13Clg, which had an equal amount of
Cs and MA cations. Surprisingly, despite this modification, the
band structure of the optimized material remained almost the
same as pristine Cs3Sb,I5Clg (~2.1 eV). This modified material
displayed superior characteristics, allowing for enhanced light
absorption, reduced series resistance (by a factor of 2.2), and
increased shunt resistance (three times higher) as compared to
the pristine structure. The configured PSC architecture was
FTO/c&m-TiO,/MA,Cs;z_,Sb,I3Cle/spiro-OMeTAD/Au. The
device with MA; 5Cs, 5Sb,I;Cls demonstrated an 81% boost in
PCE as compared to single-cation devices (Cs3Sb,I3Clg).
Furthermore, the optimized mixed double-cation MA; 5Cs; 5-
Sb,I;Cl cells presented exceptional shelf-life, holding 90% of
their initial PCE (1.53%) after 1800 hours of aging without light
with a RH of about 30-55% with no encapsulation (a 60%
improvement over the Cs;Sb,I;Clg-based solar cell) and sus-
tained 70% of their initial PCE after 650 hours of aging at 85 °C,
demonstrating impressive thermal stability. The performance
metrics are displayed in Fig. 10.

The prominent research group led by Zhen Li studied the
correlation between the perovskite crystal structure and the
tolerance factor in lead halide perovskites, specifically FAPbI;
and CsPbl;."” They observed that unfavorable yellow phases,
such as dx-FAPbI; and do-CsPbl;, arise due to large and small
tolerance factors, respectively. By the partial substitution of FA*
in FAPDI; by Cs" to tune the tolerance factor, the stabilization of
the desirable a-phase in mixed perovskites was attained. They
obtained 15% of Cs as the optimized amount and a 0.95 toler-
ance factor for improved performance and device stability as
compared to their FAPbI; counterparts. Adding Cs to FAPbI;
produced FA; ,Cs,PbI; compounds with lower &-to-o. phase
transition temperatures as compared to pure FAPbI; and
CsPbl;. High humidity caused the o-to-8y phase transition in
FAPDI; films, but not in Cs-doped FA, g5Cs¢ 15Pbl; films, which
reflects the significance of the tolerance factor on phase
stability. The photovoltaic performance is tabulated in Table 1
and the graphical representation of the performance and
stability of devices are depicted in Fig. 11.
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Fig.10 (a) J-V curves for the reverse scan (solid line) and forward scan
(dashed line) of the device FTO/c&m-TiO,/MA,Csz_,Sb,l3Clg/spiro-
OMeTAD/Au. (b) Absorption spectra for the (a) Cs3Sb,lsClg and (b)
MA; 5Cs; 5Sb,I5Clg perovskite-inspired films. (c and d) Ambient and
thermal stability tests for MA,Csz_,Sb,1sClg (x = 0 and 1.5) PSCs with no
encapsulation. Reproduced from ref. 25 with permission from ACS,
copyright 2024.

Table 1 Performance parameters of FA;_,Cs,Pbls alloy solar cells

Band-gap
Compound Jse (MA cm™2) V. (volt) FF (%) PCE (%) (eV)
FAPDI; 19.69 1.06 68 14.2 1.47
FA¢ g5CSo.15PbI;  20.39 1.06 74 16.1 1.52
FAy.70CSo.30PbI; 19.46 1.04 73 14.8 —
FA.55CSo.45PbI; 18.09 0.94 56 9.60 —
FA.30CSo.,0PbL; 18.08 1 56 10.2 —
3o-CsPbr® 0.22 0.9 61 0.12 2.7
4.1.2. Band-gap tuning by substituting B-site cations. B-site

substitution tends to have more control over the band gap in
comparison with A-site substitution. Introducing substitutions
on the B-site provides a means to directly modify the band
structure, specifically the conduction band.’*® Within the
domain of perovskite material-based solar cells, Pb-based PSCs
exhibited amazing performance in photovoltaic applications.
More specifically, Min et al. achieved a photovoltaic efficiency of
25.8% using PSCs based on FAPbI;."” Unfortunately, lead,
a very poisonous chemical, poses a significant environmental
danger and is capable of causing catastrophic harm to water,
soil, and other valuable natural resources.'”® There is a shortage
of reports on the substitution of Pb** with other divalent species
with the same charge. Until now, only Sn** has been convinc-
ingly proven to take the place of a portion of Pb>* cations at the
B-sites in the structure ABX;, which offers a reduction in the
band gap.'**** Recently, perovskites with mixed cations at the
B-site maintaining a 3Pb:2Sn molar ratio have demonstrated
promising efficiency, reaching 15.1%."* It is necessary to note
that Sn(u) shows lower chemical stability within an octahedral
environment."*"** The oxidation of Sn(u) to Sn(iv) has been

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.11 Photovoltaic parameters of FA;_,Cs,Pblz-based solar cells. (a) J—-

V curves of FA;_,Cs,Pbls-based solar cells with different concentrations

of Cs™. (b) J-V curves of a champion device with composition FAg g5Cs15Pbls. (c) IPCE spectrum and the integrated photocurrent of the
champion device. A comparison of the stability of FAPbls and FAg g5Csg 15Pbls solar cells. (d) J-V curves of FAPbls and (e) FAq gsCsg 15Pbls solar
cells at 0—-15 days of storage under 15% RH. Normalized (f) Jsc and (g) PCE of FAPblz and FAg g5Csq.15Pbls solar cells with different storage times.

Reproduced from ref. 105 with permission from ACS, copyright 2016.

associated with suboptimal performance and increased carrier
concentrations in Sn halide perovskites. The distinguished
research group comprised of Straus and Cava transformed the
band-gap of CsPbBr; by introducing Sr atoms at the B-site in
place of Pb. By replacing as much as 75% of Pb with Sr, they
attained a gradual increment in the band gap from 2.29 eV in
pure CsPbBr; to 2.64 eV in CsPby 55t ;5Br;.'* In addition, the
well-known research group led by N. Ito prepared a PSC using
the FAj 7;5MAq 2550, ,Ge,I; hybrid organic-inorganic structure.
They adjusted the value of x from 0% to 20%, which led the
band gap to shift from 1.40 eV to 1.53 eV. According to their
findings, x = 0.05 (band-gap 1.4 eV) was the optimal value for
the PSC with the structure ITO/PEDOT:PSS/FA 75sMAg 255N~
Ge,I;/PCBM/Cgo/Ag. Their findings indicate that device perfor-
mance was V,. = 0.42 V, short circuit current density (Js.) =
19.50 mA cm 2, FF = 0.55%, PCE = 4.48%, R, = 4.01 ohm cm 2,
and R, = 227.96 ohm cm 2. It should be noted that the stability

© 2024 The Author(s). Published by the Royal Society of Chemistry

of the replacement of Pb by Ge(u) was further compromised due
to its inferior binding energy associated with 4s> electrons,
which makes it an odd contender for solar materials. The
prominent research group led by M. T. Klug delved into exten-
sive band-gap engineering for the MAPbI; material (initial
band-gap of 1.56 eV) to optimize the performance of PSCs.'*
The investigation discovered that the lattice structure of MAPbI;
displays remarkable tolerance to various extrinsic homo-valent
species. The compositions, such as those involving Co, Cu,
Sn, and Zn, were identified for enhancing photovoltaic perfor-
mance without causing complete disruption. To be more
specific, their systematic approach involved selectively
substituting Pb with Co in MAPDI;. By varying the Co percentage
from 0% to 6.3%, they effectively reformed the band structure
and Fermi level without varying the material's band gap. The
PSCs were constructed using the configuration Ag/BCP/PCBM/
doped perovskite/spiro-OMeTAD/ITO. Precise performance

RSC Adv, 2024, 14, 15876-15906 | 15885
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Table 2 Photovoltaic performance of MAPbIs-based PSCs with
different concentrations of Co and Pb at the B-site

Co (%) Pb(%) Je(mAcm™>) V. (volt) FF (%) PCE (%)
0 100 21.2 0.99 78.6 16.6
0.8 99.2 21.1 1.02 77.4 16.7
1.6 98.4 21.1 1.05 77.7 17.2
3.1 96.9 17.5 1.08 75.1 14.2
6.3 93.7 13.1 0.94 67.4 8.3

metrics, especially PCE, were meticulously documented and
presented in Table 2. Noteworthily, the device incorporating
1.6% of Co displayed the highest performance with a PCE of
17.2%, aligned with a corresponding band-gap of 1.56 eV.

The renowned research group led by J. Zhang conducted an
extensive investigation into band-gap engineering to optimize
the PSC performance."*® Their tactic involved the systematic
partial substitution of Pb with Sb in the MAPbI; material. By
changing the parameter x from 1% to 100% in the MAPb,; _,Sb,,,
313 material, they efficiently modified the band gap from 1.55 eV
to 2.06 eV. The PSCs were made up using the configuration FTO/
TiO,/MAPb, _,Sb,,/;13/spiro-OMeTAD/Ag. The performance
metrics, particularly in PCE, were precisely recorded and are
presented in Table 3. Notably, the device with Sb-1% demon-
strated the best performance with the highest PCE of 15.6%
along with its corresponding band-gap of 1.57 eV. The perfor-
mance metrics are revealed in Fig. 12.

In double perovskites, the B-site undergoes substitution by
two alio-valent ions, one with a higher oxidation state and
another with a lower oxidation state. One obvious method is
replacing Pb(u1) with Bi(m), and Ag(r) with TI(1), which is expected
to lessen the electrical band gap. This reduction is ascribed to
the inferior binding energy of Bi (6p orbitals) and the variations
in electrostatic potential rising from the mixture of mono-valent
and tri-valent ions."”” A notable benefit of this tactic is the
capability to selectively influence n-type carrier concentrations
(with excess Bi) or p-type carrier concentrations (with excess Ag,
TI) through controlled replacements beyond the 1:1
stoichiometry.

The well-known research team led by Y. Liu has demon-
strated a bandgap modulation of Cs,AgBiBrs by incorporating

Table 3 Photovoltaic parameters of PSCs employing MAPb; _,Sb,,/zl3
as the absorber layer with respect to the Sb-X% (0.956 sun, AM 1.5)

Band-gap

X (%)  Jee(mMAcm ™) Vo (volt) FF (%) PCE (%) (eV)
0 21.53 0.89 65.2 13.1 1.55
0.5 22.0 0.945 62 13.5 —

1 21.82 0.985 69.2 15.6 1.57
4 20.5 0.968 60 12.4 —

10 17.37 0.937 55.7 9.48 —

25 1.53 0.700 63.6 0.712 1.59
50 1.68 0.648 71.8 0.818 1.61
75 0.72 0.587 33.2 0.147 1.95
100 0.465 0.513 45.4 0.113 2.06
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Sb to substitute Bi using a flexible solution-processing tech-
nique in dimethyl sulfoxide at a temperature of 180 °C."** The
resulting structures of Cs,AgSb,Bi; _,Brg (x = 0, 0.25, 0.50, 0.75)
thin films displayed excellent crystallinity and thermal stability.
Furthermore, the substitution of Sb led to an observable less-
ening in bandgap from 2.22 eV to 1.97 eV by 0.25 eV. Employing
the Cs,AgSby »5Big 75Bre thin film in PSC fabrication with the
configuration FTO/c&m-TiO,/Cs,AgSby »5Big 75Bre/spiro-
OMeTAD/Au resulted in improved performance as compared
to the reference Cs,AgBiBr¢. Specifically, the Cs,AgSbg ,5Bi 75
Brg-based PSC showed significant enhancement over the Cs,-
AgBiBre-based solar cell, with the average V,,. increasing by 64%
from 0.39 V to 0.64 V and PCE increasing by approximately 31%
from 0.19% to 0.25%.

4.1.3. Band-gap tuning by substituting X-site anions. Anion
changes at the X-site in the ABX; structure play a crucial role in
influencing the band structure. The various halide anions,
including Cl, Br, and I, have different atomic radii and elec-
tronegativities. As we advance down the halide group, electro-
negativity decreases while the atomic radius increases. This
difference in electronegativity influences the orbital overlap of
metal and halide ions. Moreover, the weaker electronegative
anions result in a smaller metal-halide orbital overlap. The
strength of these interactions influences the energy edge of the
conduction and valence bands, more dominantly the valence
bands. Substituting chlorine with bromine or iodine at the X-
site in the ABX; leads to a redshift in the light absorption
spectrum, which indicates that the band gap is narrowing, and
vice versa."**° In some cases, mixed halide perovskites strate-
gies at the X-site with specific ratios of these halides can offer
precise control over the band gap for optimal PSC perfor-
mance."*® More specifically, perovskites with tunable band gaps
can be constructed to target certain segments of the solar
spectrum, possibly leading to increased efficiency. Further-
more, X-site substitution is likely to have a greater influence on
the band gap than A-site replacement. In the case of MAPDI;,
the valence band energy is influenced by the anion (X-site), and
changes in the band gap due to halide substitution are attrib-
uted to the electronic states of the anion. More specifically, the
transition from Cl to Br to I results in a shift in the valence band
composition from 3p to 4p to 5p, which leads to a consistent
decrement in electron binding energy, indicating a lower ioni-
zation potential. The variation in valence band energy can be
significant and can reach 0.6 eV between methylammonium
chloride and iodide perovskites. This trend applies to other
perovskite materials as well. For example, by substituting Br
with Iin FAPbX; areduced band gap from 2.23 eV to 1.48 eV can
be obtained.” D. M. Jang and colleagues systematically
changed the band gap of MAPbX; by substituting different
amounts of halide at the X-site."*® Their research showed that
they changed the band gap between 1.54 eV and 2.44 eV.
Specifically, in the MAPbBr;_,Cl, structure, the band gap was
changed from 1.93 eV to 2.44 eV when x was increased from 0 to
3. The band-gap adjustments were accompanied by changes in
the materials’ optoelectronic characteristics. S. A. Kulkarni et al.
employed a strategy to adjust the band structure by completely
or partially substituting halide anions with bromine anions at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MAPb; _,Sb,,/3l3. Reproduced from ref. 116 with permission from ACS, copyright 2016.

Table 4 Photovoltaic performances of MAPb(l;_,Br,)s

-based PSCs with respect to the value of x

Band-gap
Devices with perovskite materials Jse (MA cm™?) Voe (volt) F (%) PCE (%) (eV)
MAPDI; 17.45 0.977 61.13 10.64 1.56
MAPD(I g5Br0.12)3 13.89 0.890 65.31 8.13 1.62
MAPD(T 74Br.26)3 10.39 0.936 61.95 6.13 1.69
MAPb(I, 55Bro.42)s 8.20 0.898 65.84 4.63 1.79
MAPD(To 41 Bro 50)3 6.35 0.834 52.40 2.80 1.96
MAPD(I55B10 72)3 3.18 0.940 48.54 1.39 2.01
MAPD(Iy 05Br0.05)3 2.38 0.832 49.81 1.03 2.23

the X-site iodine in the structure of MAPbI;.**° They effectively
modified the band gap of the material from 1.56 eV to 2.23 eV
through this approach. Additionally, they synthesized PSCs
using these modified materials and provided a comprehensive
report on their performance metrics, which are presented in
Table 4.

The distinguished research team led by M. ]J. Wu developed
PSCs by using a composition of MA, g5Cs¢15Pb(I; _,Br,); and
explored their performance by substituting iodine with bromine
at the X-site.”” The device configuration was ITO/PEDOT:PSS/
perovskite/PCs;BM/BCP/Ag. Their research revealed that the
band gap varies as follows: 1.59 eV for x = 0, 1.66 eV for x = 0.15,
1.71 eV for x = 0.25, and 1.78 eV for x = 0.35. The most optimal
performance was observed at x = 0.15, with reported photo-
voltaic parameters of V,. = 1.07 V, J;. = 15.43 mA cm ™2, FF =
61.76%, and PCE = 12.47%. The performance data of the
devices are illustrated in both Fig. 13 and Table 5.

F. Hao and research team undertook a study focusing on
band-gap tuning within the structure of MASnI; _,Br, to identify
the optimal configuration for PSC applications.””® They
methodically increased the Br content at the X-site and
observed corresponding modifications in the band structure
alongside photovoltaic performance. The most promising
results were accomplished with the MASnIBr, structure, which
exhibited a PCE of 5.73% along with a band gap of 1.75 eV.
Detailed performance metrics of other structures are provided
in Table 6 and Fig. 14.

The renowned research group led by J. Ma conducted an
exploration into bandgap tuning within the CsPb(I;_,Br,);

© 2024 The Author(s). Published by the Royal Society of Chemistry

structure, where x varied from 0% to 66% (x = 0%, 20%, 33%,
50%, 66%), to optimize the structure for PSC applications.***
Their optimization efforts led them to identify the most suitable
composition at x = 20%. By integrating chlorine into the
structure, they revealed that the CsPb(I,goBro20)3:Cl film
exhibited the best performance. The PSC device developed with
the configuration of ITO/ZnO/CsPb(I, goBrg.0)3:Cl film/spiro-
OMeTAD/Au accomplished notable results, including a PCE of
17.14%, a V,. of 1.21 V, a Ji. of 17.57 mA cm™ 2, and a FF of
80.36%. Z. Fang and colleagues pioneered the development of
successful all-inorganic PSCs based on a 50-50% mixing halide
approach in their groundbreaking work."” Their approach
utilized CsPbl, 5sBr; 5 as the active material within the PSC
structure, which was configured as Ag/MoO;/spiro-OMeTAD/
SMH/perovskite/SnO,/ITO layers. Remarkably, the champion
device combining SMH realized a remarkable PCE of 14.11%.
This attainment represents the highest reported PCE to date for
all inorganic CsPbl, 5Br; s-based PSCs, representing the poten-
tial of their innovative design. Notably, even after 1000 hours of
storage without encapsulation, the device sustained an
impressive 85% of its initial efficiency, displaying not only high
performance but also robust stability. Furthermore, H. Wang
and his research team recently fabricated a PSC device utilizing
mixed halide CsPbIBr,."”® Their efforts resulted in an impressive
efficiency of 12.57%. Their exploration involved testing these
PSCs under 1 m of water. Despite the challenging situations,
they witnessed a minor degradation in the green and blue
spectrum (400-600 nm) of the incident light. Nevertheless, the
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Table 5 The performance of the devices with the MAg gsCsg 15Pb(l;_,Br,)s active layer

Devices with perovskite materials Jse (MA cm™?) Voe (volt) FF (%) PCE (%) Band-gap (eV)
MA g5CS0.15PbI3 16.39 0.99 76 12.44 1.59
MA, g5CS0.15Pb(I0.85Br0.15)3 15.43 1.07 76 12.47 1.66
MAy.85CS0.15Pb(Io.75B0 25)3 13.16 1.09 73 10.39 1.71
MAO.SSCSO_15Pb(Io.55Br0_35)3 11.27 1.11 69 8.56 1.78

PSCs sustained a high PCE of 14.18%, exhibiting the robustness
of their design even in underwater settings.

PBTSCs are a novel approach to photovoltaics that blends the
unique features of perovskite materials with conventional solar
cell technologies such as silicon and CIGS. In PBTSCs, two or
more sub-cells with differing bandgaps are layered on top of one
another, resulting in more efficient light absorption and higher
PCEs than single-junction cells. A PBTSC normally consists of
a bottom cell, which is commonly built from silicon/CIGS owing
to its well-established technology and high efficiency, and a top
or top and middle cell composed of a perovskite material.
Sometimes all sub-cells can be made of perovskite materials.
The perovskite materials have benefits such as adjustable
bandgaps aligned with the solar spectrum, high absorption
coefficients, and low-cost production processes, making them
a good choice for PBTSCs.

15888 | RSC Adv, 2024, 14, 15876-15906

Very recently, the eminent research group led by M. Hey-
darian developed a multi-absorber layer perovskite—perovskite—
silicon tandem solar cell by adopting compositional engi-
neering to adjust the band gaps of the top and middle cells
made from perovskite materials in the tandem structure.’® In
their design, the top perovskite absorber was Csg 5(FAo.55-
MAy 45)0.05Pb(Io.55BT0.45); With a band gap of 1.83 eV. Mean-
while, the middle perovskite absorber was a triple-cation with
a composition Csg g5(FAg.oMAg 1)0.05sPb(Io.05Bro.05)3, Which
exhibited a band gap of 1.56 eV. The bottom cell consisted of
a silicon heterojunction. Their champion cell accomplished
a PCE of 20.1% with a FF of 78.1%, a Js. of 8.9 mA cm™2, and
a V. of 2.87 V. These impressive structures demonstrate the
potential of PBTSCs as a feasible technique for producing high-
efficiency photovoltaic devices by combining the complemen-
tary light absorption capabilities of multiple materials with
a suitable band gap inside the tandem structure. Recently,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Photovoltaic performances of MASnls_,Br,-based solar cells
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Devices with perovskite

materials Jse (MA cm™?) Voe (voIt) FF (%) PCE (%) Band-gap (eV)
MASNI; 16.60 0.68 48 5.23 1.30
MASNI,Br 13.96 0.77 50 5.48 1.56
MASNIBr, 11.73 0.82 57 5.73 1.75
MASnNBr; 7.93 0.88 59 4.27 2.15
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Fig. 14

(a) Band-gap modulation; (b) absorbance; and (c) performance with respect to the variation of bromine in the X-site of MASNn(l;_,-

Br.)s perovskite. Reproduced from ref. 123 with permission from Springer Nature. Copyright 2014.

Wang et al. reported the development of the first certified all
perovskite layer-based triple-junction PBTSCs."® They modu-
lated the band gap of the perovskite materials by compositional
engineering. The three different perovskite absorbers were
Rby 15Cs0.g5Pbl; 75Bry 55 with a bandgap of 2.00 eV, Csgs-
FAj.90MAg.05Pb(I9.00Bro.10)3 With a bandgap of 1.60 eV, and
Cso.05FAp.70MA¢ 25Pbg 50510 5013 With 5% SnF, with a bandgap of
1.22 eV. Their certified PBTSC exhibited remarkable perfor-
mance metrics, including a PCE of 23.3%, a J,. of 9.6 mA cm 2,
a V. of 3.20 V, and a fill FF of 76.2%. The encapsulated device
confirmed excellent stability by retaining 80% of its original
PCE after 450 hours of measurement in an ambient atmo-
sphere. This groundbreaking accomplishment represents
a significant advancement in the field of perovskite photovol-
taics by demonstrating the viability of utilizing all perovskite
materials in the PBTSC configurations with high efficiency and
stability. Another research group formed by Isikgor and his co-
workers developed a perovskite tandem solar cell where they
utilized compositional engineering to modify the band gaps of
the top cell and middle perovskite layers.”* Their modified
perovskite absorber layers were Csg15MAg15FAq 70Pb(Io.15
Brogs)s with a band gap of 2.05 eV, and Csg15MAq 15FAq 70-
Pb(I.g5Bro.15)3 with a band gap of 1.62 eV. For the bottom cell,
they used a ternary organic bulk heterojunction comprised of
PM6:BTP-eC9:PC,,BM with a band gap of 1.33 eV. Their PBTSC
device with perovskite-perovskite—organic structure attained
a PCE of 19.4%, with V,. of 3.03 V, a J,. of 9.1 mA cm ™2, and FF
of 70.4%. The cell revealed satisfactory stability, as measured
for 600 seconds at the maximum power point in a nitrogen
environment.

© 2024 The Author(s). Published by the Royal Society of Chemistry

4.2. Band-gap tuning by pressure

Pressure-driven bandgap engineering in perovskite materials is
another potential approach for modifying their band-gap,
which leads to manipulation of the optoelectronic characteris-
tics.'*® By subjecting perovskite structures to controlled external
pressure, researchers can induce structural distortions and alter
the electronic band structure. This phenomenon has important
consequences in various applications, including photovoltaics,
light-emitting diodes, and sensors. The capability to modulate
the bandgap via pressure manipulation allows for the manu-
facture of perovskite devices with improved performance and
stability over wide-ranging operating conditions. Under-
standing the multifaceted interactions between pressure-
induced structural modifications and the consequent elec-
trical features provides vital insights into the underlying physics
of perovskite materials. As progress in both experimental
approaches and theoretical modeling continues, pressure-
driven bandgap engineering has shown enormous potential
for opening new paths in the development of novel optoelec-
tronic devices.

To efficiently transform the bandgaps of perovskite materials,
researchers usually apply satisfactory hydrostatic pressure using
a diamond anvil cell (DAC). This approach is reasonable due to
the relatively low bulk modulus of most perovskites in their
ambient stages, typically under 30 GPa.*** Specifically, organic-
inorganic hybrid perovskites like FAPbI; have a bulk modulus of
almost 14.66 GPa, which makes them particularly flexible to
pressure-induced reform.” Different findings on pressure-
induced bandgap engineering in various perovskites provide

RSC Adv, 2024, 14, 15876-15906 | 15889
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several key points: firstly, high pressure can induce significant
modifications in the band structure of perovskites, however, the
exact behavior varies depending on the substance. Secondly, for
most perovskites, changes in the bandgap occur continuously
under pressure, which leads them to both blue shifts and red
shifts in their absorption spectra.”*>*** Lastly, high pressure often
results in amorphization in perovskite crystals.”** Remarkably,
this disorder is normally reversible upon decompression.”** Some
representative works are revealed in Fig. 15.

The influence of cell volume on the semiconductor bandgap
may be represented by the deformation potential «, as shown
in eqn (2).
0K,
T dlnV

(2)

ay

E, and V denote bandgap energy and cell volume, respectively.
Initial findings specified that in the majority of ambient-phase
perovskites, ay exhibits a positive trend.™*® This positive trend
results in a lowering of the bandgap energy initially, followed by
a decrease in the crystal lattice constant or cell volume.** This
phenomenon closely aligns with experimental observations,
primarily due to the increment of orbital overlap resulting from
the shortened bonds.'** After a phase transition caused by
increasing pressure, a blue shift in the bandgap may occur due
to possible decreases in orbital overlap caused by crystal
deformation or its tilt. The behavior of perovskite materials
under compression is complex and highly reliant on their
individual features. For example, in the case of MAPbI;, the
bandgap initially shifted slightly red to 1.507 eV at 0.3 GPa and
after that, it increased to 1.63 eV.**> Meanwhile, Li et al

View Article Online
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discovered a substantial 22.3% decrement in the bandgap of the
double perovskite Cs,AgBiBrg.'**

The renowned researcher H. Zhu and team conducted
a comprehensive study on pressure-induced band-gap engi-
neering.'** Their investigation inquired into the reasons behind
the occurrence of red shifts, blue shifts, and amorphization
under pressure. Their research focused on analyzing the optical
properties of FAPDbI; perovskite materials under varying pres-
sure conditions. Employing in situ absorption and photo-
luminescence measurements, they perceived a close
relationship between changes in optical properties and
pressure-driven phase transitions and amorphization of FAPbI;
nanocrystals. Initially, as pressure escalated from 0 to 2.3 GPa,
both absorption and PL spectra exhibited continuous red shifts
(PL spectra from 1.51 eV to 1.42 eV and absorption from 1.57 eV
to 1.44 eV), which indicated a contraction of the Pb-I bonds and
a consequential reduction of the band-gap due to increased
orbital wave function overlap.**>**® However, after 5 GPa, further
compression resulted in a blue shift in both the absorption
band and the PL peak, as well as a significant fall in PL intensity
caused by pressure-induced band-gap widening and the
appearance of non-radiative relaxation pathways (deep intra-
band trap states).**”**® During decompression, the absorption
band continued to blue-shift until it reached 0.9 GPa and
a broad PL peak emerged around 2.1 eV, indicating the onset of
an amorphous phase in the FAPbI; NCs. The genesis of this
amorphous state in PL is unknown but it is likely linked to
a short-range order of strongly tilted [Pbls]'~ octahedra inside
the amorphous FAPbI; NCs. Releasing pressure below 1.0 GPa
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Fig. 15 Pressure-induced band-gaps for MAPbBrs, CsPbBrs CsYbCls and KCaCls.***-**¢ (a) Reproduced from ref. 135 with permission from ACS.
copyright 2015. (b) Reproduced from ref. 136 with permission from ACS. copyright 2017. (c) Reproduced from ref. 137 with permission from
Elsevier, copyright 2022. (d) Reproduced from ref. 138 with permission from RSC, copyright 2021.
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alleviates strain on the NC surface, resulting in fewer defects
and shallower surface-related exciton trap states, which leads to
enhanced emission from the amorphous state."*™* Upon
further pressure release, reversible red shifts were witnessed in
both the absorption and PL spectra, with the PL peak center
reverting to its initial position of 1.56 eV once pressure was
totally removed. Although the compression typically increases
charge carrier lifetime in most perovskite crystals by reducing
shallow defect states in the vicinity of the valence band
maximum, the atomic distortion owing to the mismatch among
the crystal constants of perovskite films and substrates can
generate additional defects, resulting in a significant increase
in non-radiative carrier recombination.'** They also reported
the carrier life by analyzing PL data. The PL profile displayed
a higher energy level (approximately 50 meV), a wider linewidth
(around 100% broader), and shorter-lived charge carriers (with
a lifetime of 57.0 compared to 79.1 ns) compared to the initial
PL of the FAPbI; nanocrystals before pressurization (shown in
Fig. 16). These findings can be attributed to the reduced crys-
tallinity, less organized surface atoms, and the presence of
ligand states in the final nanocrystals following pressure
treatment.

The pressure-induced transitions from indirect to direct
bandgaps represent an alternative method applicable to
semiconductors.”>*** Different research groups theoretically
investigated how indirect band-gaps are transformed into direct
band-gaps.*»'*>**” For example, M. A. Haq et al. conducted
a theoretical study on KCaCl; perovskite materials, revealing
that under 120 GPa, the indirect bandgap was transformed into
a direct one by reducing its band-gap from 4.75 eV to 2.17 eV.*®
Although the hybrid perovskite MAPDI; is typically considered
a direct bandgap semiconductor, it has been confirmed to
retain a slightly indirect bandgap nearly 60 meV below the
direct gap. This slight indirectness arises from the Rashba-
splitting of the conduction band induced by the local electric
field produced due to the deficiency of inversion symmetry
around the lead site. Pressure can change the Pb framework
structure, which is governed by the order of MA cations in the
tetragonal phase. Wang et al. applied pressure exceeding
325 MPa to modify the Pb framework structure, transitioning
the somewhat indirect bandgap into a highly direct one.**® This
resulted in a nearly 30 meV redshift in the bandgap under
325 MPa pressure. However, this alteration was reversible even
after the phase change, indicating the process's reversibility.
Additionally, pressures higher than 325 MPa for MAPbI; led to
bandgap widening. Furthermore, there is limited experimental
data on the effects of applied pressure on the position of the
valence band maximum and conduction band minimum in the
k-space for perovskites, necessitating further investigation to
understand the potential indirect-to-direct transition. This is
because the features observed under high pressure are typically
reversible upon decompression. As a result, when using this
approach in photovoltaics, substrates with matching crystal
constants and moduli are required. The complete device may
need to be stored at high pressure to retain its performance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.3. Band-gap tuning by reducing dimension

Reducing the dimensionality of perovskite materials has enor-
mous potential for bandgap engineering, which leads to
altering their electrical and optical characteristics.?® Quantum
confinement effects become more prominent when perovskite
structures are limited to two, one or even zero dimensions,
resulting in tunable bandgaps and distinctive electrical char-
acteristics.” Quantum dots, nanowires, and 2D perovskite
layers have size and thickness-dependent bandgaps, which
allows for fine control over light absorption and emission
spectra.’®® The capability to modify the bandgap of the perov-
skite via dimensionality reduction opens up new possibilities
for applications comprising solar cells, photodetectors, and
LED, where precise control of optical and electronic properties
is critical for device performance.

In perovskite structures, the normal 3D framework is dis-
rupted if the A-site cation is larger in comparison to the optimal
size required by the tolerance factor.** This size mismatch
results in the formation of a 2D layered structure, where the
large A-site cation acts as a spacer and divides the crystal along
a specific direction. The octahedral BX,'™ units provide inor-
ganic layers that alternate with layers of bigger organic cations
in this modified 2D structure. The electrostatic forces hold
these layers together and ensure a stable 2D perovskite struc-
ture.* The existence of massive organic ions in the structure of
2D layered perovskites improves their stability. Even though
these bulky cation layers might inhibit carrier transportation
within the 2D layer, these layers play an important role in
modulating the electrostatic forces acting on electron-hole
pairs. Due to both quantum and dielectric confinement effects,
the layered perovskites possess high exciton binding energy.'**
In these 2D structures, the organic cation layers that function as
dielectric spacers are mentioned as barriers while the semi-
conductor inorganic layers comprising numerous perovskite
plates are denoted as wells.'**'** The dielectric confinement is
developed inside the 2D structure due to the difference in
dielectric constants between barriers and wells.'**'*> The band
gaps of these materials are influenced by the 2D confinement
effect and vary with the number of perovskite layers (), which is
crucial for their optical properties.*® The electronic structure of
various quantum wells is produced by alternating organic and
inorganic layers with variable formation energies.'**'®” The
exciton binding energy in 3D perovskites is substantially lower
than in quasi-2D perovskites, which has a substantial impact on
exciton dissociation in electric fields.'*®® The massive organic
cations in the insulating interlayer control charge trans-
portation among the inorganic layers, which leads to limited
carrier mobility and a relatively high band gap; therefore the
performance of quasi-2D PSCs remains poor.'* The trans-
portation mechanism is deeply dependent on electronic
coupling between nearby quantum wells, hence modifying
spacer cations is an effective way to enhance carrier trans-
portation in 2D perovskites for efficient PSCs.

Researchers are investigating the 2D-3D mixed perovskite
heterojunctions to address the issue of instability in 3D perov-
skites while making use of their inherent high efficiency. This

RSC Adv, 2024, 14, 15876-15906 | 15891
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(A) Snapshots of FAPbls NCs in a DAC at various pressures. (B) Absorption and (C) PL spectra under pressure. (D) PL peak intensity

evolution before complete amorphization. (E) PL peak position evolution before complete amorphization. (F) PL lifetime decay curves of the
FAPbIs NCs before and after pressure. Reproduced from ref. 144 with permission from ACS, copyright 2018.

approach assimilates the strengths of both 2D and 3D perov-
skites, in which the 3D component ensures efficient absorption
across a broad spectrum of light, and the 2D structure enhances
the longevity of PSCs in harsh environments.'** Picking the
right organic cations to form mixed 2D-3D perovskites is
essential for making the compatible energy level alignment
between the perovskite and the charge transport layers for
enhancing charge transportation through layers. With illumi-
nation by sunlight, the perovskite layer produces charge carriers
that move towards the electrodes and establish a current in the
external circuit. The efficient transportation of electron-holes at
these interfaces strongly depends on how well the alignment of
the energy levels at these interfaces match. This matching
directly impacts the efficiency of charge collection and conse-
quently influences the overall PCE of the devices. According to
various reports, the inclusion of a 2D perovskite layer can
expand the band gap at the interface of a 3D perovskite and thus

15892 | RSC Adv, 2024, 14, 15876-15906

fine-tuning of the energy levels can be done. Moreover, a thin 2D
capping layer can inhibit electron recombination by putting its
conduction band energy lower than that of the 3D. The research
group led by Ma reported that a 2D capping layer containing
conjugated cations improves carrier extraction efficiency due to
better energy level matching."”® Furthermore, increasing the
maximum valence band on the cation surface through multi-
functional capping layer modifications substantially lowers the
energy disparity between the perovskite and the HTL. This
reduction decreases the barrier for hole extraction at the
interface of the HTL/perovskite, which significantly boosts the
hole extraction efficiency. Thus, cations with conjugated struc-
tures are frequently chosen to adjust the energy level matching
in 2D-3D mixed PSCs. Large organic cations on the surface may
migrate into the bulk perovskite film, where a gradient distri-
bution of 2D perovskites is formed inside the 3D structure. This
gradient can lead to a gradual narrowing of the bandgap as it

© 2024 The Author(s). Published by the Royal Society of Chemistry
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approaches the bulk perovskite and forms a smooth energy level
gradient rather than a linear change. This alignment reduces
surface recombination and boosts the open-circuit voltage of
the PSCs.""*

Grain boundaries and surfaces within 3D perovskites assist
as the primary pathways for ion migration. Additionally, ion
migration at interfaces between the perovskite and carrier
transport layers can initiate irreversible chemical reactions with
the charge transfer layer or metal electrode that can lead to the
degradation of the device. For instance, the migration of I ions
from the bulk perovskite to the HTL interface can cause an
irreversible chemical reaction with the oxidized spiro-OMeTAD"
to form the neutral spiro-OMeTAD-iodine. The formation of the
conjugated spiro-OMeTAD-iodine gradually reduces the
conductivity of HTL. Furthermore, mobile I-ions can react not
only with organic HTL but also with metal electrodes even in
well-sealed devices, which leads to corrosion. Fortuitously,
research has confirmed that the incorporation of a 2D perov-
skite layer with large organic ligands into a 3D perovskite can
reduce cross-layer ion migration in PSCs."”>'”® The well-known
research team of Chen et al. found that the inclusion of a 2D
perovskite layer in a 3D perovskite layer can minimize ion

FAPDI, NCs
104 (@) smal Large  pgufilm
)
LS
=
2
o 0.5
£
|
o
0‘0 L ' l/ T T T
700 750 800 850
Wavelength (nm)

- Monolayer —u
= 1.0 1 -
S 0 (C) —n=2
2

2 0.8 1 —n=38
.q-, ——n=4
=

() 0.6 1

Qo

C

[

@ 0.4 1

()

£

5 02

2

2

a 0.0

450 500 550 600 650 700 750

Wavelength (nm)

Band gap (eV)

Bandgap energy (eV)

View Article Online

RSC Advances

migration by introducing fluorine atoms into the benzene
structure.”” This stimulates parallel 7 interaction and
decreases ion migration. Moreover, the formation of 2D
perovskites at the grain boundaries of 3D perovskites can
effectively passivate ion diffusion channels by boosting the
potential barrier for I-ion migration and hindering migration to
both the hole transport layer and the metal electrode. This
greatly improves the internal stability of perovskite solar cells.

The quantum confinement effect causes a low-dimensional
perovskite's bandgap energy to rise relative to its bulk equiva-
lent. This is followed by altering the geometrical size of perov-
skite nanostructures, which will further modify the bandgap. As
demonstrated in Fig. 17(a and b), PL emission wavelengths were
continually modified by gradually reducing the size of FAPbI;
NCs (7.5-13 nm edge length). The estimated bandgap energy
was enlarged from 1.5 eV in the bulk to over 1.7 eV for perov-
skite NCs with ~8 nm edge length."” Different researchers also
confirmed a wide modulation in the bandgap of the represen-
tative MAPDbX;, CsPbl;, and CsPbBr; NCs and quantum
dots.’”**7° The 2D perovskites that have recently attracted much
study interest have several distinct optical and electrical
features compared to the bulk perovskites and other 2D
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Fig. 17 Bandgap engineering by modifying the dimensionality. (a) Size-dependent PL spectra of FAPbIs NCs. (b) Bandgap versus edge length of
FAPbls NCs. Reproduced from ref. 175 with permission from Springer Nature, copyright 2018. (c) PL spectra of exfoliated monolayers for 2D
BA>(MA),,_1Pb,l,.1 Ruddlesden—Popper perovskites of n = 1 to 4 homologues. Reproduced from ref. 187 with permission from Springer Nature,
copyright 2018. (d) The bandgap of PEA,A; sPb, sBrg s (A = MA and Cs) perovskites with different numbers of layers. Reproduced from ref. 44 with

permission from Springer Nature, copyright 2018.
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materials.'®**# 2D perovskites use ionic bonding in their crystal
lattice, whereas inorganic 2D materials like TMDCs use covalent
bonds. Organic molecules sandwiching a 2D hybrid perovskite
crystal plane provide extra functionality, including the ability to
alter the quantum well shape by adjusting the length and type of
the organic chains."® % Fig. 17(c) demonstrates the layer
number-dependent PL spectra of 2D BA,(MA), 1Pb,l3,4;
perovskites. These perovskites have a significant wavelength
fine-tuning range of ~520 nm to 650 nm (<130 nm difference,
corresponding to a ~0.47 eV shift).”” In another study, it was
found that the bandgap energy gradually decreases with
increasing layers in 2D perovskites with organic (MA, PEA) and
inorganic (Cs) cations, as shown in Fig. 17(d). The energy
difference between one unit cell and five unit cell crystals
reached ~0.6 ev.*

The prominent research group led by Y. Xia successfully
made a thermally stable quasi-2D perovskite by employing 3-
(trifluoromethyl)benzylammonium iodide (3-TFMBAI) as
a novel fluorinated spacer in Csg17FA¢ g3Pb(Iy.g3Bro.17)3.2* By
integrating 3-TFMBAI, researchers were able to form molecular
planes with significant hydrophobic characteristics, thereby
protecting the perovskite phase from hydrolysis and degrada-
tion in ambient air. Furthermore, the introduction of 3-TFMBAI
spacers promoted the formation of the Ruddlesden-Popper
perovskite phase with quantum well structures, allowing trap
states to be passivated and ionic mobility to be inhibited inside
the perovskite lattice. Additionally, the inclusion of Cs' ions
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enhanced the bandgap and improved the thermal stability of
the resulting perovskite sheets. The resultant (3-
TFMBA),(Cs0.17FA0.83)n—1Pbn(lo.83Br0.17)3n_11»  layer showed
different band-gaps with respect to the variation of n, which are
shown in Fig. 18. The champion devices, (3-
TFMBA),(Cs0.17FA¢.83)n—1Pbn(10.83Br0.17)3n—11-based PSCs, have
an extraordinary PCE of 20.89% and a high V,. of 1.22 Vatn =
40. Notably, these quasi-2D PSCs without encapsulation
revealed amazing thermal and moisture durability, retaining
90.7% of their initial PCE even after 1000 hours of continuous
exposure to 60 °C and 60% RH.

In a recent study, H. Jiao et al. introduced a molecule known
as tributyl(methyl)phosphonium iodide (TPI) into the FAg ;-
Csg.0oPbI; perovskite precursor solution, which has the
remarkable ability to transform conventional perovskite mate-
rials into 1D highly stable, mechanically robust, and water-
insoluble forms.'®® When TPI was combined with the perov-
skite precursor solution, the researchers noticed a novel grain-
wrapping behavior during the perovskite film development.
This wrapping efficiently turned both grain surfaces and
boundaries into thin 1D TPPbI;, increasing moisture resistance
and lowering iodine leakage under light exposure. The resultant
perovskite films with wrapped grains exhibited outstanding
stability under a variety of stressors including heat, light, and
moisture. Surprisingly, the best-performing device retained
92.2% of its peak PCE even after 1900 hours of exposure to 1-sun
illumination at 55 °C. Furthermore, the grain wrapping method
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Fig. 18 Film properties: (a) (Ahv)? vs. hv curves, (b) steady PL spectra, and (c) TRPL spectra of (3-TFMBA),(Cso17FA0.83)n—_1Pbn(lo.83Bro.17)3n_1l2
perovskite films. Device performance: (d) The corresponding energy level alignment diagrams of glass/FTO/SnO,/perovskite/spiro-OMeTAD/Au.
(e) Typical J-V plots: (f) Normalized PCE retentions of different PSCs with no encapsulation under continuous heating at 60 °C and simultaneous
exposure to an RH of 60%. Reproduced from ref. 24 with permission from Elsevier, copyright 2023.
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considerably decreased iodide-related defect production,
resulting in higher stability and performance. Specifically, the
devices made utilizing this method attained a PCE of 22.9%
along with a V, of 1.150 V, J,. of 24.70 mA cm ™2 and FF of 81%,
and maintained an 80% efficiency even after 3783 hours of light
soaking.

The well-known research group formed by B. Zhao et al
introduced a novel approach to interface modification in PSCs
by focusing on the utilization of fluorinated CsPbl; perovskite
quantum dots (PQDs).*®* They also modified CsPbI; PQDs by
adding perfluorooctanoic acid (optimal 20% molar ratio) with
oleic acid, designated as F-CsPblI; PQDs. These F-CsPblI; PQDs
demonstrated superior performance compared to the tradi-
tional oleic acid (OLA)/oleylamine (OAm) ligand-capped PQDs
due to their enhanced binding affinity and hydrophobic nature.
The synthesis process of F-CsPbl; PQDs involves optimization
to reduce surface defect states, enhance PL quantum yields, and
improve stability. Both CsPbI; PQDs and F-CsPbl; PQDs serve
as interface engineering layers in n-i-p PSCs with the mixed
CS0.05FA¢.85MAg.10PD(I.00Bro.10)s perovskite absorber. The
devices incorporating F-CsPbI; PQDs achieved a significantly
higher efficiency of 23.42% compared to the control devices
with CsPbl; PQD (21.99%) and 3D CsPblI; (20.37%). Moreover,
the F-CsPbl; PQD-based devices revealed outstanding ambient
storage stability, holding over 80% of their initial PCE after 1500
hours of aging at 25 °C and an RH of 35-45%. Recently, H. Liu
and colleagues successfully introduced 0D-Cs,Pb(IBr)s into 3D
CsPbl; ,Br, perovskite films, forming mixed-dimensional
structures of 0D-3D.™° This was attained by integrating excess
n-CsBr into the precursor solution at low temperatures (120 °C).
The incorporation of Cs,Pb(IBr)s boosted the crystallinity of the
CsPbl;_,Br, film and passivated grain boundary defects, which
offered increased photovoltaic performance of the all-inorganic
perovskite. In addition, the inclusion of Cs,Pb(IBr)s perovskites
converted tensile stress into compressive stress in the perov-
skite film, successfully preventing crack expansion and signifi-
cantly enhancing the mechanical ductility of CsPbl;_,Br, PSCs.
Due to the addition of different amounts of CsBr to the solution,
the band-gaps of the 3D structure were changed as follows:
2.710 eV for CsPbl; (0 M CsBr), 1.771 eV for CsPbl, o3Bry o7
(0.3 M CsBr), 1.788 eV for CsPbl, g;Bry 199 (0.5 M CsBr), and
1.801 eV for CsPbl, ;,Bry,50 (0.7 M CsBr). Among these, the
CsPbl, g,Br, 19-based PSCs achieved the highest PCE of 14.25%
with a J. of 18.47 mA cm 2, V.. of 1.09 V, and FF of 70.67%. The
fabricated devices confirmed excellent mechanical durability,
holding over 97% of their original PCE, even after 60000
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bending cycles at a radius of curvature R = 5 mm. For bending
cycles of R = 3 mm, the devices sustained over 97% of their
original PCE after 15000 cycles, underlining exceptional
mechanical robustness. The incorporation of all-inorganic
lower-dimensional perovskites excellently enhanced the
bending durability of the PSCs, suggesting a promising avenue
for enhancing the mechanical durability of all-inorganic PSCs.
The photovoltaic performance metrics are presented in Table 7.

5. Relative discussion on various
approaches to band gap tuning

This review investigates the various methods for modifying the
band gap to better utilize the solar energy spectrum. It discusses
compositional engineering, dimensional approaches including
dimension reduction and mixing dimensions, and pressure-
induced band gap modification. Compositional engineering
involves replacing elements in different sites in ABX;, where B
and X-site modifications have more pronounced effects on the
electronic band gap structure as compared to A-site replace-
ment. While A-site replacements mainly influence the spatial
arrangement of octahedral structures, B and X-site replace-
ments directly impact the conduction and valence bands of the
perovskite materials, respectively. Consequently, strategies
focusing on B and X-site modifications are more effective for
attaining desired band gap adjustments. One of the renowned
research groups efficiently modified the band gap and power
PCE of MAPbDI; by swapping lead cations with antimony.**® They
systematically varied the amount of inserted antimony and
observed a significant 33% modification in band gap and 99%
variation in PCE with complete substitution of Pb by Sb. This
highlights the substantial influence of B-site replacements on
the electronic band structure and performance metrics. One
prominent research group attained improved efficiency of
14.1% and stability by mixing halides at the X-site, where they
employed a 50% iodine and 50% bromine composition in
CsPbl, 5Br; 5.*** Their approach confirmed promising stability
by maintaining efficiency at 85% after 1000 hours of storage
without encapsulation, which reflects not only high-
performance metrics but also ensures stability. However, it
has been reported that great performance, in terms of PCE and
stability by adopting the multiple cations approach at the A-site,
has been accomplished.'* Another prominent report by Wang
et al. indicated the development of the first certified all perov-
skite layer-based triple-junction PBTSCs."*® They modulated the
band gap of the perovskite materials by compositional

Table 7 Photovoltaic performances of 0D-Cs4Pb(IBr)s/3D CsPbls_,Br, perovskite film-based PSCs

Concentration

of CsBr (M) Device with perovskite materials Jse (mA em™?) Voe (volt) FF (%) PCE (%) Band-gap (eV)
0 Cs,Pb(IBr)s/CsPbI, 11.12 0.76 52.91 4.48 2.710

0.3 Cs,Pb(IBr)s/CsPbI, o3Brg o7 15.96 1.06 59.67 10.12 1.771

0.5 Cs,Pb(IBr)s/CSPbI, g;Bry 100 18.47 1.09 70.67 14.25 1.788

0.7 Cs,4Pb(IBr)g/CsPbI, 5By 250 15.88 0.99 59.81 9.41 1.801
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Table 8 A comparative overview of the bandgap tuning approaches at a glance
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Compositional engineering

Dimensional approaches

Pressure-induced band gap tuning

Principle Compositional engineering involves Dimensional approaches involve
modifying the chemical adjusting the dimensionality of
composition of perovskite materials perovskite materials to exploit
by replacing different appropriate quantum confinement effects to
ions within the structure of ABX; to control optoelectronic
control the band structure and properties.?>**91%° This can be
optoelectronic properties®>'122 achieved by fabricating perovskite

materials into 0D, 1D, and 2D
perovskites, which can exhibit
quantum size effects and bandgap
modulation'”®'7°

Advantages This technique is relatively facile. It This method exploits quantum
offers precise control over the confinement effects for precise
bandgap and other material bandgap modification and confined
properties, including charge carrier specific light absorption®*"%.
transportation, defect and Specifically, it provides size-
stability.>>*°"'1¢ 1t also enables the dependent absorption and
optimization of the material for emission.>*'”® 1t also provides
specific solar spectrum regions increased surface area and

interfaces for efficient charge
extraction and reduced
recombination losses."®®'%° As

a result, lower-dimensional
material-based PSCs show better
stability and performance®®***

Challenges It requires precise control over the Fabrication methods for lower-
synthesis process to attain the dimensional perovskites often
desired composition and avoid involve intricate processing stages
phase segregation.'®>™%® and may suffer from reproducibility
Introducing new elements or concerns.?’° %" However, the
modifying the composition can increase in surface-to-volume ratio
impact material stability and long- in low-dimensional structured
term device performance.'**'* perovskites can lead to higher
Comprehensive characterization densities of surface defects and
techniques and equipment are affect device performance and
needed to fully comprehend the stability
effects of compositional changes

Accomplishment It was reported that by modulating One research team adopted CsPbl;

A-site cations of (Rb'Cs"MA'FA")
PbI; perovskite, a high PCE of
21.6% and high thermal stability
was achieved.'®" The device
revealed that it maintained 95% of
its initial performance after 500
hours of aging under steady AM
1.5G illumination at 85 °C in

a nitrogen environment

PQDs to attain a higher efficiency of
23.42% compared to the control
device with 3D CsPbl; (20.37%).'%°
The CsPbl; PQD-based devices
revealed outstanding ambient
storage stability, holding over 80%
of their initial PCE after 1500 hours
of aging at 25 °C and an RH of 35-
45%

Pressure-induced band gap tuning
involves applying external uniform
pressure to perovskite materials to
modify their optoelectronic
properties."*"*°> This can alter the
interatomic distances, bond angles,
and electronic configurations,
leading to changes in the bandgap
and other material properties'*°

This approach is a reversible and
non-destructive technique for
bandgap tuning. It delivers up to
a certain level of modification of
optoelectronic features; however,
after a certain pressure,
modification is linked with
amorphization, which is not
desirable for photovoltaic
applications™4* 1477131

It involves specialized equipment
(DAC) capable of applying pressure
accurately and uniformly.?°>2%¢
Characterization techniques are
needed to fully understand the
effects of pressure on material
properties and device performance
Practical implementation in solar
cell devices may be challenging due
to the requirement of storing the
complete device under appropriate
pressure conditions

By adopting pressure-induced band
gap tuning, one research group
modified the bandgap of FAPbI;
perovskite materials from 1.57 eV to
1.44 eV by applying pressure
ranging from 0 to 2.3 GPa."**
However, it should be mentioned
that beyond 5 GPa, an amorphous
nature was observed in the material

engineering. The three different perovskite absorbers were
Rby 15Cs0.85Pbl; 75Br; 55 with a bandgap of 2.00 eV, Csgs-
FAp.00MAy 05Pb(I5.00Bro.10)s With a bandgap of 1.60 eV, and
Cso.05FAg.70MAg 25Pbg 50510 5013 With 5% SnF, with a bandgap of
1.22 eV. Their certified PBTSC exhibited a remarkable PCE of
23.3%. The encapsulated device confirmed excellent stability by
retaining 80% of its original PCE after 450 hours of measure-
ment in an ambient atmosphere. As shown in Fig. 17 and 18,
various research groups have employed dimensional modifica-
tions to achieve a size-dependent band gap alignment with the
solar energy spectrum. Specifically, one eminent research group
successfully modified the band gap by 35%, which led to

15896 | RSC Adv, 2024, 14, 15876-15906

a substantial increase in efficiency from 4.48% to 14.25%."*°
This dimensional approach not only enhanced the efficiency
but also demonstrated remarkable mechanical durability by
retaining over 97% of the original PCE even after undergoing 60
000 bending cycles at a radius of curvature of 5 mm. Another
research team developed n-i-p PSCs with the mixed Csg gs-
FAj gsMA, 10Pb(I0.00BIo.10)3 perovskite absorber, where they
adopted CsPbl; PQDs as interfacial layers.'® The devices
incorporating CsPbl; PQDs achieved a significantly higher
efficiency of 23.42% as compared to the control device with 3D
CsPbl; (20.37%). Moreover, the CsPbl; PQD-based devices
revealed outstanding ambient storage stability, holding over

© 2024 The Author(s). Published by the Royal Society of Chemistry
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80% of their initial PCE after 1500 hours of aging at 25 °C and
an RH of 35-45%. By adopting another innovative method
called pressure-induced band gap tuning, renowned researcher
H. Zhu modified the bandgap of FAPbI; perovskite materials
from 1.57 eV to 1.44 eV by applying pressure ranging from 0 to
2.3 GPa."** However, it is noteworthy that beyond 5 GPa, an
amorphous nature was observed in the material. This pressure-
induced bandgap modification approach offers an alternative
route for tuning the properties of perovskite materials in
photovoltaic applications. However, for maintaining optimal
device performance, it might be necessary to store the complete
device under appropriate pressure conditions.

From our perspective, compositional engineering, particu-
larly concentrating on B-site and X-site compositions, has
significant potential to influence the band structure of perov-
skite materials. This compositional tuning can be deliberately
utilized to align the bandgap with the solar energy spectrum,
thereby offering better performance metrics and stability in
photovoltaic applications. Dimensional approaches, including
dimension reduction and mixing dimensional strategies,
provide an encouraging contemporary avenue for improving the
stability and performance of perovskite solar cells. However,
although pressure-induced bandgap tailoring effectively
modifies the bandgap of perovskite materials, there are issues
connected with maintaining a consistent pressure during the
device's application to attain optimal performance levels. This
drawback raises concerns about the practical viability and long-
term stability of devices relying solely on pressure-induced
modulation.

In summary, composition engineering and dimensional
approaches offer promising routes for optimizing band gaps
with the alignment of the solar energy spectrum for tuning the
performance and stability of PSCs. These methods provide
paths for tailoring material properties to better suit photovol-
taic applications. However, careful attention must be given to
the practical challenges linked with certain band gap tuning
techniques, such as pressure-induced bandgap tuning, to
confirm the long-term feasibility and trustworthiness of
perovskite-based solar devices. A comparative overview of the
reviewed bandgap tuning approaches has been tabulated in
Table 8.

The stability and high performance of PSCs are intricately
dependent on multifaceted factors ranging from material
engineering to fabrication techniques, post-treatment
processes, and device design.”*”**® Material engineering plays
a fundamental role in tailoring the composition, structure, and
properties of perovskite materials to accomplish desired opto-
electronic features; this has been explained in detail in this
study.”® Precise control over fabrication procedures, including
solution processing, vapor deposition, and printing methods,
affects film morphology, crystallinity, and defect density, which
are crucial aspects that determine device performance.”**>"
Moreover, post-treatment techniques, including thermal
annealing and solvent engineering, further polish film quality
and optimize the perovskite layer for enhancing charge trans-
portation and light harvesting.****"” Device architectures, which
include the selection of charge transport layers, interfacial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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engineering, and passivation strategies, are essential for
reducing the losses due to recombination and increasing the
charge extraction efficiency.”***'® Effective encapsulation strat-
egies shield PSCs from environmental degradation factors like
moisture, oxygen, and light exposure, which preserve their
stability and prolong their operational lifetime.***** The inter-
play of these factors, spanning from film morphology to
encapsulation, ultimately determines PSC stability and long-
term high performance, which make them attractive
contenders for widespread utilization in renewable energy
applications.

6. Conclusions

We have conducted a comprehensive study on bandgap tuning
and a critical review of existing research to identify strategies
and approaches employed to mitigate degradation and enhance
the overall performance of PSCs. More specifically, this review
has investigated the impact of band gap engineering on
performance and stability, emphasizing the role of cation and
anion replacements in perovskite structures, dimensional
mixing and reduction, and pressure-induced band gap modu-
lation on the optoelectronic properties of materials. In brief, the
composition engineering and dimensional approaches offer
promising routes for optimizing band gaps with the alignment
of the solar energy spectrum for enhancing PSC performance
and stability. These approaches provide routes for tailoring
material properties to better suit photovoltaic applications.
However, careful attention must be given to the practical chal-
lenges linked with certain band gap tuning techniques, such as
pressure-induced bandgap tuning, to confirm the long-term
viability and reliability of perovskite-based solar devices. In
order to advance the mass production and commercialization of
the PSC, it is imperative to achieve stability against extrinsic and
intrinsic issues along with photovoltaic performance. Several
remarkable approaches have been demonstrated to accomplish
stable and highly efficient PSCs, signaling promising paths for
future research and development in this field.
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