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Recently, all-inorganic perovskite semiconductors have received widespread attention due to their
excellent thermal stability. Among them, CsPbls with a suitable band gap (<1.73 eV) has achieved a
power conversion efficiency (PCE) of more than 19%. However, at room temperature, its black phase
easily turns into a yellow non-perovskite phase, which limits its commercial application. Particularly,
among the three black phases, the cubic phase usually can be obtained at high temperature, and the
preparation conditions are harsh, which limits its development in other regions. On the other hand, the
metastable phases (B, vy phase) are relatively stable due to lower dissociation and formation energy, and
lower phase transition temperature. Therefore, in this review, we mainly talk about the CsPbls perovskite

Received 28th September 2020,
Accepted 10th November 2020

solar cells (PSCs) based on the metastable phase. First, we introduce the crystal structure and electronic
structure of the inorganic CsPbls perovskite. Then, the reasons for the thermodynamic instability of
DOI: 10.1039/d0gm00756k CsPbls are analyzed. Next, we focus on the latest progress in improving the performance and stability of
CsPbls PSCs based on the metastable phase. Finally, the challenges and prospects for the future

rsc.li/frontiers-materials development of efficient and stable CsPbls perovskite solar cells are proposed.

as a visible light sensitizer for dye-sensitized solar cells, and
achieved a power conversion efficiency (PCE) of 3.8%." After just

1. Introduction
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The depletion of traditional non-renewable energy sources and
global warming caused by the use of these energy sources
urgently demand the application of new renewable energy
sources. Among them, photovoltaics, as a clean and endless
energy source, are drawing people’s attention. In 2009, Miyasaka
et al. first used methylammonium (MA") lead triiodide (MAPbL,)
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ten years of development, in 2020, the PCE of perovskite solar cells
(PSCs) has increased to 25.5%, which is close to that of the
champion silicon solar cells (26.7%), and its growth rate is
unprecedented and extremely encouraging.”™®

Among various photovoltaic devices, organic-inorganic hybrid
PSCs have shown excellent performance. However, due to the
hygroscopicity and volatility of organic cations, water, oxygen,
light and high temperature can cause chemical instability and
make it easy to decompose, and thus seriously hinder their
commercial applications.’®*” In order to solve this problem,
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the inorganic cesium (Cs) cation is used to replace organic
cations to improve stability."®>* In the all-inorganic cesium-
lead halide perovskite (CsPbX;, X = Cl, Br, I), the cubic phase
(o-phase) CsPbl; has excellent stability, and will not decompose
even at a high temperature of 400 °C. In addition, it has the most
suitable band gap (<1.73 eV) as the top cells for perovskite/
silicon tandem solar cells.>**> However, because the radius of Cs"
is so small that the tolerance factor (f) deviates from the ideal
value, a-CsPbl; usually can be obtained at a high temperature
(>320 °C).”*?% At room temperature (RT), although its quantum
dot (QD) structure is thermodynamically stable, its thin film is
very unstable that CsPbl; would spontaneously transform into
the non-perovskite yellow phase (3-CsPbl;).>*"

Therefore, how to improve its phase stability has been
extensively explored.*** The main strategies are ion doping,
introducing metastable phases, developing low-dimensional
PSCs, and introducing steric hindrance. In particular, the
metastable phases (tetragonal (B) and quadrature (y)) are more
stable than the o phase due to their lower dissociation and
formation energy, and lower phase transition temperature.**~’
However, there are a few summaries on the metastable phase,
and most of them are based on the overall CsPbl;. Therefore, in
this review, we mainly discuss the research and progress of
CsPbl; PSCs based on the metastable phase. In the first part,
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we introduce its crystal structure and electronic structure.
In the second part, we give the reasons for its thermodynamic
instability. The third part focuses on the latest developments in
the performance and stability of CsPbl; PSCs based on the
metastable phase. Finally, we give our own opinions on the
future development of efficient and stable CsPbl; PSCs.

2. Crystal/electronic structure

In order to understand the photophysical properties and com-
position stability of the CsPbl; semiconductor, we first analyze
its crystal structure and electronic structure, starting from the
most basic point, and exploring the source of its instability.

2.1 Crystal structure

In the CsPbX; perovskite structure, Cs™ occupies the cubic
cavity of the [PbX¢]'~ octahedron, and the Pb atom fills
the octahedral voids.*® The formation and stability of the
perovskite structure are mainly determined by the following
parameters: Goldschmidt tolerance factor ¢ and octahedral
factor p:*%*°

ra +rx

T s ) W
p="2 2)
rx

Here r,, g and rx are the ionic radii of the Cs, Pb and X
positions, respectively. Generally, the three-dimensional (3D)
perovskite structure is formed when ¢ is 0.8-1, and when ¢ is
0.9-1, a cubic structure can be obtained, as shown in
Fig. 1a.*"*> However, as ¢ decreases below 0.9, the 3D perovskite
structure deforms due to the inclination of the octahedron. In
addition, when the radius of the A-site cation is too large and
t > 1 the 3D structure is destroyed. The chemical bonds
between the octahedral layers are opened, and large-sized
organic cations connect two adjacent octahedra through inter-
molecular forces to form two-dimensional (2D) PSCs. This
causes steric effects by introducing long-chain organic cations
to prevent phase change, which is beneficial to improve the
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Fig. 1 (a) The relationship between tolerance factor and crystal structure. Reproduced with permission.** Copyright 2016, American Chemical Society
Publications. (b) The phase transition of the crystal structure in CsPbls changes with temperature. Reproduced with permission.>® Copyright 2018,
American Chemical Society Publications. (c) A schematic diagram of APbXsz bonding/antibonding orbitals, showing how the valence band (VB) and
conduction band (CB) are formed. Reproduced with permission.*® Copyright 2016, American Chemical Society Publications.

stability of CsPbl,.**** If the A-site cation is too small and ¢ < 0.8,
it is not conducive to the formation of the 3D perovskite.

At the same time, for a typical stable 3D perovskite structure,
its ¢ should be greater than 0.875 and u should be greater than
0.41. However, for CsPbl;, the Cs' is not large enough to
accommodate the [PbX¢]'~ octahedron, resulting in a ¢ of
approximately 0.8472 and a p of approximately 0.47. Hence,
CsPbl; shows instable structure.*” Meanwhile, due to its small
t, CsPbl; tends to be a yellow non-perovskite phase at RT.

For CsPbl;, there are four phases with different structures:
cubic (o), tetragonal (B), orthogonal (y) and non-perovskite
phase (3), as shown in Fig. 1b.** Among them, the yellow &
phase is composed of a non-corner-sharing [Pblg]'~ octahe-
dron, while the other three black phases are composed of a
corner-sharing [Pblg]'” octahedron. However, the Pb-I-Pb
bond angle (¢) of the three black phases is also different from
each other. Specifically, the ¢ of the cubic phase is 180°. The f
phase and y phase are generated by twisting the bond angle,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

the ¢ of which is about 170° and 150°, respectively.*® In general,
the transformation from o phase to B and y phase is through
the distortion of the [Pbls]*~ octahedron without destroying the
3D Pb-I network. Meanwhile, the phase transition of CsPbl;
PSCs is a reversible process. The § phase transforms into the o
phase at high temperature (>350 °C). During the cooling
process, it undergoes an o to B phase transition at 260 °C, then
transforms to the y phase at 175 °C. When the y phase is placed
at ambient air, it immediately transforms into the d phase,
which mainly ascribes to its own thermodynamic instability
(internal reasons).*® Besides, when encountering polar solvents
(external causes), such as 4-tert-butylpyridine (tBP) and ethanol,
it also tends to transform into the & phase.*”*®

2.2 Electronic structure

The theoretical calculation of the electronic structure by density
functional theory (DFT) is very necessary to analyze the photo-
electric properties of CsPbl; semiconductors. For CsPbXj;, its

Mater. Chem. Front., 2021, 5,1221-1235 | 1223
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valence band maximum (VBM) is mainly composed of anti-
bonding hybridized Pb 6s and X np (dominant) orbitals, and
the conduction band minimum (CBM) mainly consists of
antibonding mixing of Pb 6p (dominant) and X np orbitals,
as shown in Fig. 1c¢.*® In addition, compared to CsPbBr; and
CsPbCl;, due to the large iodine radius, the geometric structure
and electronic structure of CsPbI; change significantly,
especially with respect to the band gap.’® For example, the
band gaps of the four different phases are cubic (a): 1.73 eV,
tetragonal (B): 1.68 eV, orthorhombic (y): 1.75 eV, and non-
perovskite yellow phase (8): 2.82 eV.>

3. The causes of CsPblz instability

Generally, at RT, the black phase (o, f and y) of the CsPbl;
perovskite is metastable relative to the & phase. Through
analysis, we believe that the main reasons are as follows.

First, because the ¢ of CsPbl; is too low (0.8472), it is close to
the lowest limit of the perovskite structure, which is not
conducive to phase stability.*” Therefore, increasing the ¢ can
effectively improve the stability. Through the formula of ¢ in
Section 2.1, it can be found that increasing the radius of the A
ion and reducing the radius of the B ion and X ion are effective
measures.

Secondly, the Cs' has a very strong ionic bond with the
[PbXe]*~ octahedron. This strong ionic bond can lead to crystal
disorder and defect formation, so it is prone to cause phase
transition and poor efficiency.

Third, CsPbl; is highly sensitive to polar solvents and
moisture.”> Once CsPbl; is exposed to a humid environment
or encounters polar solvents, its black phase would convert to
the yellow § phase.” Tang et al. speculate that water molecules
flow into the perovskite matrix and react to form intermediate
hydrates, driving the phase transition.>® Zhao et al. believe that
the polar solvent tBP is not easy to volatilize and stay on the
surface of the film due to its high boiling point, and that the
nitrogen atoms on it and Pb>* can form a strong coordination
interaction, thereby inducing phase transition.'® Therefore,
stabilizing the CsPbl; perovskite is the top priority in the
future.

4. Metastable phase based CsPblz
PSCs

Among all the black perovskite phases, though the o phase has
a good band gap, it is usually obtained at high temperature
(>320 °C). And the high temperature conditions are relatively
harsh, which limits its development in other fields, such as
flexible substrates. In addition, in a humid environment, it is
easy to transform into the 6 phase. Although many measures
have been taken to improve stability and optimize performance,
the current optimal PCE is based on the metastable phase.
Compared with the o phase, the f and y phases can be
realized at less than 200 °C or 100 °C.>' The low-temperature
preparation conditions expand its application in flexible solar

1224 | Mater. Chem. Front., 2021, 5,1221-1235
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cells, and its stability is relatively satisfying. Snaith et al. used
the generalized gradient approximation (PBE) to calculate the
formation energies of the four phases and analyze the reasons
for better stability. They pointed out that due to the low
formation energy of the y phase, it is the most stable structure
in the black phases, while the stability of the B phase is between
that of the o phase and the y phase, which is sub-stable.>® Then,
Huang et al. and Even et al. also used dissociation energy and
density functional perturbation theory (DFPT), respectively, to
conclude that the y phase is the most stable phase in the black
phase.>®® Huang et al. showed that the lower the dissociation
energy is, the more stable the structure is. For the o, ¥ and &
phases, the dissociation energies are 0.04, —0.09 and —0.16 eV
respectively, so the y phase is more stable than the o phase.
Even et al. calculated the phonon dispersion of the y phase
without any virtual mode at the I' point, and no unstable
phonons at other high symmetry points were found. And its
total free energy was the lowest, further confirming the above
statement. In addition, these phases can be analyzed and
judged by X-ray diffraction (XRD). In XRD, relative to the single
diffraction peak of the o phase, the metastable phase has split
diffraction peaks, which indicates lower symmetry, as shown in
Fig. 2a and b.>”"®

In recent years, metastable phases have received extensive
attention. Researchers have used different methods to improve
performance and stability, and have made great progress. The
photovoltaic parameters and preparation temperature are
shown in Table 1. In this chapter, we will separately introduce
the research and progress based on B and y-CsPbI;.

4.1 p-Phase

Compared with o-CsPbl;, B-CsPbl; is formed by the deforma-
tion of the [PbXe]'~ octahedron, which can be prepared
through various routes, as shown in Fig. 2c.*” Among all black
CsPbl; phases, B-CsPbl; does not have the best stability but it
has a strong defect tolerance, which is conducive to obtaining
higher performance. Recently, Chu et al studied the non-
radiative recombination process caused by native point defects
in B-CsPbl;.”° They found that both shallow traps and deep
traps are beneficial to inhibit charge recombination. And in the
presence of defects, the soft inorganic lattice would deform,
causing the separation of trapped charge and free charge, and
allowing low-frequency motion to interact with electrons and
holes. However, in experiments, there are still challenges in
depositing stable B-CsPblI; PSCs, and research on the 3 phase is
not much as well.

In 2017, Fu et al. prepared B-CsPbl; by using long-chain
ammonium additives (phenylethylammonium (PEA)) at 120 °C,
which acted as surface cap ligands to bind to the crystal
surface, stabilize the perovskite structure, and further prevent
grain growth and aggregation, as shown in Fig. 2d.?° Finally,
they obtained PSCs with a PCE of 6.5% and good phase stability
at RT. Next, Zhao et al. spin-coated a precursor solution con-
taining Pbl,-DMAI (dimethylammonium iodide) and CslI,
and then prepared B-CsPbl; by annealing at 210 °C, and finally
obtained a PCE of 15.1% with a significant hysteresis.>” In order to

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 2 (a) The XRD pattern of the CsPbls film and the powder scraped from the film, the brown line is the XRD of B-CsPblz determined by Marronnier
et al. Reproduced with permission.>” Copyright 2019, Science Publishing Group. (b) The XRD pattern of the brown and yellow areas of the sample.
Reproduced with permission.®® Copyright 2019, Wiley-VCH Publications. (c) Thermal phase relationship of CsPbls (left), crystal structure and phase
transition of different phases (right). Reproduced with permission.>” Copyright 2019, Science Publishing Group. (d) Schematic diagram of the PEA
stabilized y-CsPbls perovskite. Reproduced with permission.2® Copyright 2017, American Chemical Society Publications. (e) Schematic diagram of the
crack-filled interface. Reproduced with permission.>” Copyright 2019, Science Publishing Group.

improve the PCE, they proposed a crack interface engineering
method of using choline iodide (CHI), as shown in Fig. 2e. Unlike
the conventional interface engineering that only passivates the
upper surface of the perovskite, the crack interface engineering
can not only treat the upper surface of $-CsPbl;, but can also fill the
holes and defects in the initial B-CsPbl; film. Through these
microchannels, CHI is uniformly distributed on the upper and
lower layers and inside of B-CsPbl, which can realize all-round
modification of the perovskite. This omnidirectionally distributed
CHI not only fully passivates the defects of the f-CsPbl; layer, but
also optimizes the energy level matching between B-CsPbl; and the
charge transport layer, thereby greatly improving the photovoltaic
performance of the device. Finally, the B-CsPbl; PSCs based on
defect repair and energy level optimization achieved a PCE of
18.4%. In the same year, they also used the same method to
prepare B-CsPbl;, and obtained the current best PCE of 19.03%.%
Due to the different content of DMAI, y-CsPbl; can also be
produced, and we will focus on its mechanism in the next chapter.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

4.2 vy-Phase

v-CsPbl; can be prepared in two ways. One is to prepare o-
CsPbI; at high temperature, and then rapidly cool in dry air to
form the y-phase, as shown in Fig. 3a. The other is to prepare
the black phase at a temperature below 423 K by adding
additives, usually hydride acid (HI). Compared with B-CsPbl;,
the Pb-I octahedron of y-CsPbl; shows a higher degree of
distortion, but it is the most stable structure in the black
phases according to the above analysis, as shown in Fig. 3b.>*

In general, the current research mainly bases on the following
five aspects to improve the stability of y-CsPbl;:

(i) HI and its derivatives;

(ii) optimizing the tolerance factor;

(iii) improving the utilization of the solar spectrum;

(iv) low-dimensional perovskite;

(v) optimizing the preparation methods.

4.2.1 HI and its derivatives. HI is added as an additive to
the perovskite precursor solution and has been extensively

Mater. Chem. Front., 2021, 5,1221-1235 | 1225
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Table 1 Summary of the progress of CsPbls solar cells based on the metastable phase
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Annealing Jsc Voc FF PCE
Material ~ Methods Configuration temperature (°C) [mA cm %]  [V] [%] [%] Ref.
v-CsPbl; HI and its FTO/TiO,/CsPbl;/P3HT/Au 100 16.53 1.040 65.70 11.30 64
derivatives FTO/TiO,/CsPbl;/PTAAAu 150 18.95 1.059 75.10 15.07 65
FTO/PEDOT:PSS/Cs, ;DMA, sPbI,/ 100 16.65 0.990 76.49 12.62 63
Ceo/BCP/Ag
Optimizing the FTO/TiO,/CsPby ,5Cayg »515/Spiro/Au 60 16.37 0.840 66.91 920 70
tolerance factor FTO/TiO,/CsPbl, ¢sBr, 15/PTAA/Au — 19.75 1.135 76.60 17.17 71
FTO/TiO,/CsPbl;:Cly o3/PTAA/Au 150 19.58 1.084 75.70 16.07 72
Solar spectrum N-CQDs EDS/FTO/TiO,/CsPbI;/PTAA/Au 150 19.15 1.106  75.60 16.02 24
FTO/TiO,/CsPbl;/UCNP-doped PTAA/Au 150 19.17 1.113 74.33 15.86 75
Low-dimensional FTO/TiO,/(PEA),Cs,,_1Pb,I;,.,/PTAA/AU 180 19.51 0.993 70.46 13.65 82
perovskite FTO/TiO,/CsPbl;-0.5%PZDI,/carbon 200 15.76 0.910 66.00 9.39 83
ITO/PTAA/CsPbl; QNC/Cg,/BCP/Cu 100 17.10 1.120 70.01 13.40 85
Optimization of FTO/NiO,/STCG-CsPbl;/ZnO/ITO 100/150/200/ 18.29 1.090 80.50 16.04 86
preparation methods 250/300/350
FTO/c-TiO,/CsPbl;/P3HT/Au 100/330 17.40 1.020 79.40 14.10 87
ITO/PTAA/CsPbI,/Ceo/BCP/Cu 60 17.80 0.960 73.00 12.50 58
B-CsPbl;  Additives ITO/PEDOT:PSS/CsPbl;/PCBM/Al 120 15.00 1.060  41.00 6.50 26
FTO/c-TiO,/CsPbl;/Spiro/Ag 210 20.23 1.110  82.00 18.40 57
FTO/TiO,/CsPbl;/Spiro/Ag 210 20.23 1.137 82.70 19.03 60

studied. Its effects are summarized as follows: (i) improving the
solubility of the precursor material; (ii) reducing the phase
transition temperature by inducing strain; (iii) forming small
crystals and inducing high microstrain in the lattice to stabilize
the CsPbl; perovskite;>® (iv) high concentration of HI can adjust
the content of iodide (I) and fill the I vacancies.®’ In addition,
HI can also react with Pbl, in DMF solution to generate
intermediate HPbI;. It avoids the water in the HI solution and
can effectively improve the crystallinity of the perovskite.®* Later
someone said that because DMF hydrolyzes in HI solution, it is
actually a compound of DMAPbI,.* In addition, if only HI reacted
with pure DMF, the result would be DMAI. Recently, Bian et al.
used XRD, thermogravimetric analysis (TGA) and Fourier trans-
form infrared reflectance (FTIR) spectra to explore in detail the HI
hydrolysis derivative intermediate composed of DMAI/DMAPbI,..*
This intermediate compound can not only optimize the quality of
the perovskite film, but also improve the humidity and thermal
stability. And the CsPbl; film prepared after annealing is
inorganic, with only a small amount of DMA" interacting with
Pb”* on the surface of the film, which has a passivation effect and
reduces the recombination rate. The final PCE increased to
17.3%. In general, HI and its derivatives have been extensively
studied due to their excellent properties in improving the perfor-
mance of CsPbI;.

For HI additives, in 2018, Zhao et al. prepared a stable y-CsPbl;
film by adding a small amount of H,O to the CsPbl; precursor
solution containing HI, in which the water molecules changed the
size of the perovskite crystal through the proton transfer reaction,
obtaining a PCE of 11.3%, as shown in Fig. 3c.** And through DFT
calculations, it is found that y-CsPbl; has a lower surface free
energy than §-CsPbl;, so the thermodynamic stability has been
improved, with no obvious loss in the performance of the device
under an ambient environment for several months.

For its derivatives, in 2018, Wang et al. added HI and
phenylethylammonium iodide (PEAI) additives to the precursor

1226 | Mater. Chem. Front., 2021, 5,1221-1235

solution to prepare stable black y-CsPbl; PSCs.*> Here, HI
induced the formation of the HPbI;,, intermediate, and PEAI
optimized crystallization and blocked the phase transition
through steric effects, as shown in Fig. 3d. Finally, a PCE of
15.07% was obtained, with the stability being improved. After
being stored at RT for 2 months it still maintained 92% of its
PCE. In the same year, Ke et al. reported that since DMAPbDI;
has a larger ¢ (1.026), the ¢ of the compound (Cs;_,DMA,PbI;)
could be adjusted by mixing DMA" and Cs" to reach the ideal
value, as shown in Fig. 4a.%® They also pointed out that this is
an organic-inorganic hybrid perovskite and showed that the
introduction of quantitative DMA" cations can achieve better
performance than adding HI to the perovskite solution. This is
mainly due to the addition of HI to the perovskite precursor,
which makes it difficult to control the amount of DMA in the
final film, and the performance improvement is mainly attri-
buted to the better morphology and the incorporation of
DMA" cations. Finally, the PSCs based on Cs,;DMA,;Pbl;
achieved a PCE of 12.62%. Next, Zhao et al. spin-coated a
precursor solution containing Csl, Pbl,, and xDMAI (x = 0.5,
0.7, 1.0, 1.5) to prepare CsPbl;. As a result, when x = 0.5, 0.7,
v-CsPbl; was formed, and when x = 1.0, 1.5, B-CsPblI; was
formed. Through time-of-flight secondary ion mass spectro-
metry and nuclear magnetic resonance, it was proved that the
DMAI additive did not participate in the CsPbl; lattice, which
was of all inorganic composition.®® DMAI was used as a volatile
additive to control the crystallization process of different crystal
phases and morphologies of the CsPbl; film, as shown in
Fig. 4b. In addition, under an optimal amount of DMAI (x = 1.5),
phenyltrimethylammonium chloride (PTACI) was added as a
passivation agent. First, the organic cationic PTA" containing
hydrophobic phenyl groups can improve the humidity stability
and passivate surface defects. Secondly, since I defects appear on
the surface of the film, and the chemical properties of chlorine
(Cl) are very stable, it is difficult to oxidize it, so Cl can improve

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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the stability by replacing I on the surface of the film. As a result,
a device with good stability was obtained. After 500 hours of
continuous light, 90% of the initial PCE was still retained.
4.2.2 Optimizing the tolerance factor. Since the ¢ of CsPbl;
is small, in addition to the DMAPbI; hybridization method
mentioned above, ¢ can also be optimized by the A-position,
B-position, and X-position doping to improve the stability from
its source. In CsPbl;, Cs' is the largest one of the inorganic
monovalent positive ions. The optimization of it is challenging
with few research studies on this. The research is mainly about
replacing Pb with some transition metals (such as Sn, Bi, Sr,
Ge).°*%” For example, Zhang et al. used Bi*" to partially replace
Pb>" to distort the crystal lattice and generate micro-strain in
the crystal lattice, thereby improving stability.>® In addition,
though X-site substitution increases the band gap, ¢ can be

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

optimized and different X-site elements can also increase
carrier mobility and inhibit non-radiative recombination.®®®°
Next, we will focus on the research of B-site and X-site doping.

For the B-site doping, Zhao et al. used calcium ions (Ca*")
with a small ion radius (100 pm) to partially replace Pb** (ion
radius = 119 pm) to prepare stable y-CsPbl; PSCs, as shown
in Fig. 4c and d.”® As a result, since Ca®" was incorporated into
v-CsPbl;, it resulted in a lower cohesive energy and a more
suitable t. Therefore, the y-CsPbl; formed at 60 °C was more
stable than o-CsPbl; formed at >320 °C. Moreover, Ca**
doping improved the morphology of the film and inhibited
the recombination of carriers, and finally a PCE of 9.20%
without hysteresis was obtained.

For the X-site doping, in 2019, Wang et al. achieved a
record PCE of 17.17% by adding a small amount of Br~ to
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the CsPbl, film.”" In this process, the addition of Br~ not only
accelerated the entire crystallization process, helping to form
a highly crystalline and uniform perovskite layer, but also
improved the phase stability by effectively suppressing bulk
trap-assisted nonradiative recombination and lattice strain
relaxation. In the same year, they also added 3 mol% CI™ to
the y-CsPbl; film and obtained a PCE of 16.07%. The incor-
poration of Cl~ can optimize the crystallization kinetics to
obtain films with good surface morphology and crystal
orientation.”” In addition, it can also passivate the bulk and
surface trap states to minimize the trap density and enhance
the stability of the black phase. After being stored in an
environment of RH ~ 30% for 60 days, it still maintained
94% of its initial PCE.

4.2.3 Improving the utilization of the solar spectrum. The
solar spectrum ranges from 300 to 2500 nm, starting from
ultraviolet (UV) to infrared (IR), but CsPbl; can only use visible
light, and its utilization rate is relatively low, accounting
for 49% of sunlight energy.”””’> Reasonable development
of UV light and IR light, converting them into useful visible
photons, and further increasing the photocurrent are feasible
ways to improve the performance of PSCs. Especially
for CsPbl;, its band gap (<1.73 eV) is not the most ideal
value. Recent studies have focused on reducing the band
gap to increase the collection rate of sunlight, and the

1228 | Mater. Chem. Front., 2021, 5, 1221-1235

energy-down-shift (EDS) layer can convert harmful ultraviolet
rays into visible light.

In 2019, Jin et al. deposited nitrogen-doped graphene quan-
tum dots (N-GQDs) on top of y-CsPbl; PSCs, as shown in
Fig. 5a.>* As a result, N-GQDs with a photoluminescence
quantum yield of 80% could form an EDS layer and converted
ultraviolet light (<350 nm) that is harmful to the perovskite
into useful visible light photons. At the same time, the short-
circuit current density (Jsc) increased from 18.67 mA cm ™ to
19.15 mA cm 2, and the PCE increased from 15.53% to 16.02%.
Next, they introduced the core-shell structure NaLuF,:Yb,Er@
NaLuF, upconversion nanoparticles (UCNPs) into the hole
transport layer, and obtained y-CsPbl; PSCs with a Jsc of
19.17 mA cm 2 and a PCE of 15.8%.”> As a result, they found
that the upconversion effect of UCNPs was very small, mainly
because UCNPs enhanced light scattering and reflection, increased
the optical path length and reabsorption of the perovskite layer,
which led to reabsorption of visible light and more photoelectric
current, and also reduced the loss of solar energy.

4.2.4 Low-dimensional perovskite. Reducing the dimen-
sionality and developing low-dimensional perovskites is
another way to improve the stability of CsPbl;. The restriction
of structural instability caused by small ¢ is applicable to 3D
perovskites, but useless for low-dimensional PSCs (no restriction
on the ionic radius of positions A, B and X).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021


https://doi.org/10.1039/d0qm00756k

Published on 11 2020. Downloaded on 14.08.2024 11:44:00.

Materials Chemistry Frontiers

L

() veanness (D)

Glass/FTO

CsPbl,

Au electrode <n>=1

(c)

shell ligand

(d) dlva\enf ion

divalent ion (Mn?* (%)) doping
i 3

View Article Online

Review

v/"/frcrancus on (106) Rl

core doping

b .

H,Pbl,

|

,J. control
/| PRV, | Pk

‘ P\ EE
HPbI, .
Al \ —
J O 60 =
‘ aH Pbl ||
g oS

10 20 30 40 S0 142 144
20 (degree) 20 (degree)

Intensity (a.u.)

Fig. 5 (a) Schematic diagram of PSCs coated with N-GQDs. Reproduced with permission.?* Copyright 2019, The Royal Society of Chemistry. (b)
Schematic diagram of y-CsPbls in various dimensions. Reproduced with permission.®2 Copyright 2019, Wiley-VCH Publications. (c) Bonding interaction
between nanocrystals limited by OAI and FPEAI ligands. (d) Based on HPbls and excessive addition of H,Pbl,4 divalent ion (Mn?*) doping process; the inset
shows the XRD patterns of samples based on HPbls, 0.6% and 2.4% Mn?* doped samples and the same amount of H,Pbl,. Reproduced with permission.®®

Copyright 2019, Wiley-VCH Publications.

Low-dimensional perovskites mainly include the following:
(i) 2D and quasi-2D structure: the layered structure composed
of long hydrophobic cationic chains can not only be used as
barrier molecules to prevent water erosion, component decom-
position, phase change and oxidation, but also inhibit ion
migration, thereby improving stability.”®”” (ii): 2D/3D mixed-
phase: combining the stability of 2D perovskites with the
excellent charge transport characteristics of 3D perovskites to
prepare efficient and stable CsPblz.”® (iii) 0D quantum dots
(QDs)/nanocrystals (NCs): reducing the crystal size can lead to
more surface accommodation of organic groups, which can
cause surface strain. At the same time, due to the strong
quantum confinement effect and the high surface Gibbs energy
contributed by the large surface/volume ratio, CsPbl; QDs
themselves are thermodynamically stable. And the most suita-
ble a-phase for its band gap is very stable, and it is worthy of
further investigation.”™®' In this part, we will focus on the
progress of CsPbl; based on 2D and QD structure.

In 2019, Wang et al. introduced the 2D Ruddlesden-Popper
(PEA),(CS),_1Pb,, I5,, structure in y-CsPbl;.** Adding different
amounts of PEAI to the DMAPDI; precursor solution can adjust
the size of the y-CsPbl; film from a 2D structure to a quasi 2D
and 3D structure, as shown in Fig. 5b. As a result, as the content

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

of PEAI increased, crystal orientation, film morphology and
water resistance were improved. Moreover, the film with n = 40
exhibited charge extraction and carrier lifetime similar to that
of 3D samples, and its stability was greatly improved with the
best PCE of 13.65%. Then, Chen et al. first used a new type of
piperazine-1,4-diium iodide (PZDI,) as the intermediate layer,
which was inserted between the layered perovskites to form
2D RP CsPbl;.** Finally, the device achieved a PCE of 9.39%
without any degradation in performance after being placed at
RT for 1200 h.

In addition to 2D PSCs, for the self-stable QDs, we will
briefly introduce the progress of how they form films to help
readers further develop CsPbI; QD PSCs. In 2018, Pradhan et al.
prepared stable CsPbl; NCs at a high temperature (260 °C) by
adding appropriate amounts of oleylamine (OLA) and hydro-
iodic acid (HI) to the reaction system.®* And through NMR
analysis, it was revealed that under high temperature condi-
tions, the introduced OLA" replaced Cs" to firmly passivate the
surface and prevent the phase change of the NCs. Although
stable CsPbl; NCs have been successfully prepared, it was
difficult to assemble these NCs into thin films. The essential
problem was the unfavorable shell ligands and unstable core
lattices in the NCs. In order to solve this problem, Choi et al
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proposed a reasonable core-shell design.®® They first adopted a
new 4-fluorophenylammonium iodide (FPEAI) to enhance the
bonding force and charge coupling between the ligand and the
NCs, as shown in Fig. 5c. In addition, they used the new
compound H,Pbl, to assist the doping of divalent ions (Mn>")
into the perovskite lattice, as shown in Fig. 5d. Mn>" was used
as a doping agent because its higher formation energy can
prevent the formation of other non-perovskites. As a result, they
prepared CsPbl; PSCs with the highest PCE of 13.4%, and their
stability had been greatly improved. After the unpackaged
device was exposed to ambient air for 500 h, it still maintained
92% of its original PCE.

4.2.5 Optimizing preparation methods. In addition to the
conventional solution method mentioned above, the optimiza-
tion of the preparation method can also further improve the
stability of CsPbl;. In 2020, Cheng et al. proposed a simple soft

100C
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template controlled growth (STCG) method.*® They used
(Adamantan-1-yl) methylammonium (ADMA) as a soft template,
adsorbed this on the surface of the CsPbI; crystal, and increased
the nucleation rate as much as possible at the beginning, and then
adjusted the growth rate by adjusting the annealing temperature,
as shown in Fig. 6a. As a result, a pinhole-free and high-quality
v-CsPbl; film with a PCE of 16.04% was obtained.

Then Lau et al. also proposed a simple cation exchange
growth (CEG) method to prepare y-CsPbl;.*” Specifically, they
first prepared the MAPbI; perovskite template, and then
replaced the organic MA" with Cs" at high temperature to form
a dense film without pinholes. Finally, they obtained a PCE
of 14.1%, which is much higher than that obtained by the
traditional method (8.9%), as shown in Fig. 6b.

In addition to the above two methods, Becker et al. also
proposed to prepare y-CsPbl; by co-evaporating CslI and Pbl, at
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Fig. 6 (a) Preparation of CsPbls films using the STCG method. Reproduced with permission.8® Copyright 2020, Wiley-VCH Publications. (b) Preparation
of CsPbls crystals using the cation exchange growth method. Reproduced with permission.®” Copyright 2019, Wiley-VCH Publications. (c) Schematic
diagram of co-evaporation deposited film. (d) The relationship between the atomic ratio of [Cs]/[Pb] and the position perpendicular to the phase
boundary. Reproduced with permission.>® Copyright 2019, Wiley-VCH Publications.
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a substrate temperature of 50 °C without post-deposition
annealing treatment, as shown in Fig. 6¢.>® They found that
under CsI-rich conditions, y-CsPbl; can be directly prepared,
while PblI-rich conditions are beneficial to the formation of a
non-perovskite, as shown in Fig. 6d. As a result, a device with
efficiency exceeding 12% and stability (over 1200 hours) was
obtained.

5. Challenges and outlook

In summary, though CsPbl; PSCs based on metastable phases
have achieved a PCE of beyond 19% which is a great progress,
their efficiency still lags behind that of PSCs based on organic-
inorganic hybrid perovskites, and their stability is unsatisfac-
tory for commercial requirements. Therefore, in this section,
we summarize the current problems and challenges faced
by CsPbl; PSCs, and put forward our own suggestions and
prospects.

5.1 Challenges

e Although many measures have been taken to optimize the
performance and improve stability, CsPbl; still undergoes a
phase change when it encounters a polar solvent and its
stability is not good enough as well. In particular, water
molecules in the air also accelerate the collapse of the perovs-
kite structure, leading to a phase change. This thermodynamic
instability hinders its practical application and is currently the
biggest challenge that needs to be solved urgently.

e The best PCE of CsPbl; is only 70% of the efficiency limit
of Shockley-Queisser (S-Q), and its open circuit voltage (Voc) is
1.137 V, which is about 0.5 V loss from the ideal value.***° This
may be due to energy level mismatch, high defect density and
short carrier lifetime, which also limit the further improvement
of efficiency.

e The way of judging the metastable phase is not clear.
Recently, studies have shown that the previous o phase is
actually the y phase.®®®° But there is no good explanation for
this phenomenon. At present, most judgments rely on XRD. For
B-phase and y-phase, it can be judged from the size of the
essential Pb-I-Pb bond angle. Therefore, it is challenging
to explore more identification methods to distinguish the
metastable phase.

e The scalable fabrication of CsPbl; PSCs faces many
challenges such as low PCE, poor long-term stability, and high
production costs.”® Specifically, compared with organic-
inorganic hybrid PSCs, although the thermal stability of CsPbl;
PSCs is better, their PCE is lower. In addition, they are prone to
phase change, which requires better packaging technology for
industrial development, which will increase the cost.

5.2 Future outlooks

At present, the research on metastable phases has been widely
carried out, but there are still many valuable issues worthy of
discussion. The following are the directions that we think are
worth studying in the future.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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e The essence of CsPbl; is thermodynamically unstable,
so we can improve the stability by the following methods. For
example, the introduction of steric hindrance inhibits the
inclination of the [PbXg]'™ octahedron and then prevents its
transformation into the § phase. In addition, reducing the
crystal size and developing low-dimensional perovskites can
also improve stability. Current research mostly bases on 3D
perovskites.>® There are few studies on QDs, 2D B-CsPbl; and
v-CsPbl;. Compared with 3D perovskites, they have better
stability, but due to the introduction of long molecular chains,
they have low carrier transport and a limited PCE.”"*> Therefore,
in the future, low-dimensional perovskites could be developed
with increasing carrier transport to prepare stable and efficient
CsPbl; PSCs.

e Optimizing crystallization to improve chemical stability.
The quality of the CsPbl; film plays an important role in
optimizing the performance of the device. There are a large
number of defects on the surface and inside of CsPbl;, which
can be used as charge recombination centers, reducing the
carrier lifetime and causing energy loss.”® Therefore, the pre-
paration of a dense, pinhole-free CsPbl; film with fewer defects
and exploring new additives for grain boundary passivation are
good ways to improve stability in the future.

e Developing stable charge transport materials and electrode
materials. The easy phase transition of the CsPbl; perovskite is
partly due to the promotion of moisture in the air. If a stable
pure inorganic transport layer and a low-cost moisture-proof
carbon electrode are developed on the upper layer of the
perovskite, these not only optimize charge extraction and the
energy level position, but also play the role of encapsulation to
prevent moisture from entering and improve stability.”**°

e The current standards for determining B-phase and
v-phase are too few. In the future, other methods, such as
in situ electron microscopy, can be combined with cooling
conditions to observe, in real time, the degree of distortion of
each phase during the phase transition. Establishing a criterion
for the judgment of metastable state is worthy of more
exploration.

e Most of the current scalable fabrication methods are based
on organic-inorganic hybrid PSCs. There is little research on
Cs-based PSCs, and there is a lot of room for development. The
precursor solution, preparation method, and component
design suitable for large area Cs-based PSCs are worthy of
research and exploration.’”

In general, a lot of efforts have been made to improve the
performance and stability of CsPbl;, but there remains a lot of
room for the S-Q limit, which is worth exploring.®® Besides, the
suitable band gap (1.73 eV) of CsPbl; makes it suitable for the
top cell of perovskite/silicon tandem solar cells.”® But the high
band gap CsPbl; PSCs have a large Vo loss, and the lowest
value is 0.41 V, resulting in a poor efficiency.'® In addition, the
phase stability is poor, and it is easy to become & phase under
environmental conditions, so the current research is still in its
infancy and it is worth exploring. In any case, we should treat
CsPbl; PSCs with an optimistic attitude and propose better
methods to solve the current problems.
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