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ARTICLE INFO ABSTRACT

Artic{e history: Owing to its nice performance, low cost, and simple solution-processing, organic-inorganic hybrid per-
Recefved 6 August 2019 ovskite solar cell (PSC) becomes a promising candidate for next-generation high-efficiency solar cells.
Received in revised form 9 August 2019 The power conversion efficiency (PCE) has boosted from 3.8% to 25.2% over the past ten years. Despite

Accepted 10 August 2019

Available online 16 August 2019 the rapid progress in PCE, the device stability is a key issue that impedes the commercialization of

PSCs. Recently, all-inorganic cesium lead halide perovskites have attracted much attention due to their
better stability compared with their organic-inorganic counterpart. In this progress report, we summa-
rize the properties of CsPb(I,Br;_x)s and their applications in solar cells. The current challenges and cor-
Cesium lead halide perovskites responding solutions are discussed. Finally, we share our perspectives on CsPb(I,Br;_); solar cells and
Power conversion efficiency outline possible directions to further improve the device performance.

Stability © 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have
attracted great attention because of their excellent optoelectronic
properties, such as high absorption coefficients [1], tunable optical
+ Corresponding authors, bandgaps [2], high carrier mobility [3], long charge-carrier
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reached 25.2% (NREL Best Research-Cell Efficiency Chart, https://
www.nrel.gov/pv/cell-efficiency.html, Accessed August 2019),
starting from 3.8% in 2009 [6]. Despite much great effort has been
made in photovoltaic (PV) performance [7-11], organic-inorganic
hybrid PSCs still suffer from poor long-term stability, which is
due to the intrinsic volatility and thermal instability of the organic
components [12]. By replacing the organic cation with cesium (Cs),
all-inorganic cesium lead halide perovskites may lead to stable
high-efficiency devices. Owing to their excellent stability and opto-
electronic properties, all-inorganic CsPb(I,Br;_y)3 solar cell is a hot-
spot in the field of perovskite solar cells and exhibit a dramatic
increase in PCE (from 2.9% [13] in 2015 to 17.06% [14] in 2018)
in the last few years (Fig. 1).

In this progress report, we first discuss the properties of CsPbX5,
including crystal structure, stability, and dielectric properties.
Then, we systematically review the recent progress on
CsPb(I,Br;_y)3 solar cells in four aspects: phase stability, crystalliza-
tion control, low-temperature preparation, and defect passivation.
Finally, we propose some important issues and future research
directions for developing stable high-efficiency CsPb(I,Br;_x)s solar
cells.

2. Properties of CsPbXj3

Although CsPbXj3 (X is halogen) perovskites were first reported
in 1893 [15], their crystal structure and photoconductivity were
not investigated until 1958 [16]. CsPbls solar cells were first
reported in 2015, giving a PCE of 2.9% [13]. CsPbX3 has four crystal
structures [17]: cubic phase (o), tetragonal phase (B), orthorhom-
bic phase (y), and non-perovskite phase (3) (Fig. 2a). For CsPbls,
the black cubic perovskite phase (a-CsPblsz) has a direct bandgap
(Eg) of 1.73 eV, which is suitable for PV applications and especially
desirable for tandem solar cells with crystalline silicon [20]. Unfor-
tunately, o-CsPbls is only thermodynamically stable at tempera-
tures above 300 °C, and easily transforms to an undesirable non-
perovskite 8-phase (Eg=2.82eV) under ambient conditions. The
highly symmetric o-CsPbl; can distort to a tetragonal phase,
followed by a further change to orthorhombic phase, when the
temperature decreases [17]. Considering the formation energies
of the four crystals, orthorhombic phase is the most stable one
among the perovskite polymorphs, and it is less stable than
the non-perovskite §-phase (Fig. 2b) [18]. The bandgap of the
non-perovskite phase is too wide for obtaining good photovoltaic
performance. Thus, one of the key challenges in making highly
efficient all-inorganic CsPb(I,Br;_,)3 solar cells is to improve their
phase stability under ambient conditions.

20
17.06%
164 16.2%
£ 12- 10.88%
L
8 n 10.6%
—o— CsPbl,
n —a— CsPbl,Br
—a— CsPbiBr,
0 =@= CsPbBr;
2014 2015 2016 2017 2018 2019 2020

Year

Fig. 1. Progress for CsPbls, CsPbl,Br, CsPbIBr;, and CsPbBr3 solar cells.

The phase transition, the exciton binding energy (R*), the
effective mass (u), and the effective dielectric constant (e.g) are
important factors determining the photovoltaic performance of
all-inorganic perovskites. These factors were systematically stud-
ied by Yang et al. in 2017 [19]. Temperature-dependent transmis-
sion spectra of CsPbX3; were measured in a wide temperature range
(4.2 - 270K) (Fig. 2c). The bandgaps of CsPbXs increased with
temperature monotonically (4.2 - 270K). This indicates that
all-inorganic perovskites do not make phase transitions in this
temperature range, which is quite different from that for
organic-inorganic hybrid perovskites. In addition, the bandgap
increases from CsPbls to CsPbl,Br and CsPbBrs, suggesting that
the halogen in CsPbX; crystal can tune their bandgaps. R* and u
were obtained from low-temperature magneto-transmission
spectroscopy [19], and they both increased with bandgap
(Fig. 2d). &efr for CsPbX3 was calculated from R* and p. Compared
with the corresponding values of organic-inorganic hybrid
counterparts, &g did not change very much for a given lead halide
cage, but decreased with decreasing halogen mass.

3. Progress of CsPb(I,Br;_,)s; solar cells

3.1. Phase stability

A key issue for CsPb(I,Br;_,)3 solar cells is the phase stability of
o-CsPbls, since the black phase (a-CsPbls) can easily transform to
non-perovskite yellow phase (3-CsPbls) at room temperature. To
solve this problem, several approaches were used, such as reducing
the crystal size or dimensionality, adding additives, and doping
element.

When the crystal size or dimensionality is reduced, CsPbls tends
to convert to a more symmetric crystal structure (cubic phase).
Swarnkar et al. [21] developed stable o-CsPbl; quantum dots
(QDs) and demonstrated that the cubic phase could be maintained
for months under ambient conditions. The solar cells based on
o-CsPbl; QDs gave a PCE of 10.77% with an open-circuit voltage
(Voe) of 1.23V (Fig. 3a). Later, Liu et al. [26] made high-quality
CsPblz QDs by using Pbl,/Gel, mixture, which showed improved
chemical stability and ~100% photoluminescence quantum yield
(PL QY). The solar cells based on CsPbl; QDs gave a PCE of
12.15%, and could maintain 85% of its original PCE after being
stored in dry air for more than 90 days. However, the fabrication
process for QDs cells is complex, thus it is difficult to make scalable
production. By incorporating a small amount of large cation into
CsPb(I,Br;_); to form quasi-2D perovskites or mixed 2D/3D per-
ovskites, a-CsPbl; phase can be stabilized. Large cations such as
butyl ammonium (BA) [27], phenylethylammonium (PEA)
[28,29], diethylenetriamine (DETA) [30], and ethylenediamine
(EDA) [31] were used. Jiang et al. [22] successfully obtained
quasi-2D  perovskites  PEA;Cs,_{Pb,l3,+; by  introducing
phenylethylammonium iodide (PEAI) into CsPbl; (Fig. 3b). The
solar cells delivered a PCE of 12.4% and the phase transition was
significantly suppressed.

Adding additive is another effective method to stabilize
o-CsPbl; phase, since the additive could tailor the surface energy,
reduce the grain size, and passivate surfaces. Wang et al. [23]
added a small amount of sulfobetaine zwitterion into CsPbls pre-
cursor solution and obtained CsPbl; films with grain size of
~30 nm. The stability of a-CsPbl; phase was improved. Because
of the steric effect of the zwitterion long ligands, and the electro-
static interaction between zwitterion and Pbl,-DMSO colloids, the
zwitterions can suppress CsPbls crystallization, thus reducing the
grain size (Fig. 3c). The resulting solar cells gave a PCE of 11.4%.
Polymers can be effective additives. Recently, Li et al. [24] demon-
strated that polyvinylpyrrolidone (PVP) played an important role
in stabilizing o-CsPblz phase (Fig. 3d). The CsPbl; films showed


https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html

1534

(a)

a-CsPbl3

Y L 2ol e

5-CsPbI3
L

v-CsPbl3 B-CsPbI3

f-ﬁmnealed 2380
Non-annealed| Cst<Br}r sPbB L0
2W0K—— 20K gag0l 0’
5 .
2101 80 ,".‘
2340} o .
""""
2320} 4 + Non-annealed ]
¥,
2300
2300 2400 2500
34
1940+ CsPblBr ,.°
c S o
S 3 oot
2 E1920 &
E > 4
g Sig00] o
=l & o
L
1880 |
1850 1900 1950 2000
<8
o oK CsPbl L] CsPbl,  o°
.
[~ .
WX 1780} e R
90K
<z ol 1760
0K 180K
\A/_\ 120K 1740
42K 90K
A - E 3 1720 1 1 1 1 1
1700 1750 1800 1850 0 50 100 150 200 250

Energy (meV) Temperature (K)

X. Jia et al. /Science Bulletin 64 (2019) 1532-1539

(b)

Formation energy (meV/atom)

CsPbBr,

x ]

_--_-_*_-___.._____-_ ﬂ-----.----.

CsPbl,Br

1 1 1

1400 1600 1800 2000 2200 2400
Eg (meV)

Fig. 2. (a) Phase transitions of CsPbls;. Reproduced with permission [17], Copyright 2018, American Chemical Society. (b) Theoretical formation energies for 4 type crystals of
CsPbls, the red circles correspond to density functional theory (DFT)/Perdew-Burke-Ernzerh (PBE) calculations, while the blue dots correspond to DFT/local density
approximation (LDA) calculations. Reproduced with permission [18], Copyright 2018, American Chemical Society. (c) Temperature-dependent transmission spectra and
energy of the 1s transition as a function of temperature for CsPbBrs, CsPbl,Br, and CsPbls. (d) R*, g, and &g for CsPb(I,Br;_,)s; brown, red, and yellow stars indicate the
parameters for CsPbls, CsPbl,Br, and CsPbBrs3, respectively. (c) and (d), reproduced with permission [19], Copyright 2017, American Chemical Society.

long carrier lifetime (338.7 ns) and long diffusion length (>1.5 pm),
and the solar cells gave a PCE of 10.74%.

The low structural stability of CsPbls; is mainly due to its low
Goldschmidt’s tolerance factor t (~0.81), which results from the
small size of Cs*. Partially substituting B-site cation (Pb%*) with
smaller ions or X-site anion (I") with smaller halogen ions (Br—,
Cl7) can increase t and stabilize CsPbls. The partial substitution
of Pb?* with different metal ions could stabilize a-CsPbl; at room
temperature by increasing t and improve thermal stability of
CsPbBr; (Fig. 3e) [25]. Recently, various metal ions, such as Bi**
[32], Sr?* [33], Mn?" [34,35], Ge?" [36], Ca®" [37], and Eu?* [38],
were used for improving phase stability.

3.2. Crystallization control

Another challenge for CsPb(I,Br;_,)3 solar cells is to control the
crystallization process to obtain high-quality perovskite films. The

energy barrier for inserting Cs* into PbX, frameworks is low. Csl
can react with PbX, quickly, thus leading to many pinholes in
the films and small grain size. Dimethyl sulfoxide (DMSO) has a
high boiling point (189 °C) and a strong coordination capability,
when it is introduced into N,N-dimethylformamide (DMF) as co-
solvent, the crystallization could be somehow suppressed. The
residual DMSO could improve the film quality. Zhang et al. [39]
used mixed solvent (DMF + DMSO), then used hot air flow to
improve the crystallization. The CsPblI,Br solar cells gave a PCE of
12.52% and a high V. of 1.32 V. Wang et al. [40] developed a sim-
ple solvent-controlled growth (SCG) method to prepare high-
quality o-CsPbls films (Fig. 4a). The annealed CsPbls film showed
smooth surface with large grain size (>5 pm). The resulting solar
cells gave a PCE of 15.7% and a certified PCE of 14.67%.
Anti-solvent (ATS) treatment could also help to control the crys-
tal growth. Recently, Chen et al. [41] used a synergetic process con-
sisting of gradient thermal annealing (GTA) and ATS treatment to
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control the crystal growth, leading to a high-quality o-CsPbl,Br
film with grain size of ~1 pm and a smooth surface (Fig. 4b). The
GTA process slowed down the evaporation rate of the residual
DMSO, thus reducing the nucleation and growth rate, and ATS
method could improve the film uniformity. The resulting
o-CsPbI,Br solar cells delivered a PCE of 16.07% and a stabilized
PCE of 15.75%. Other strategies for controlling crystallization to
improve film quality were reported, such as all-vacuum
co-deposition technique [43], and hot spinning of the precursor
solution [44]. Though much efforts have been made to control
crystallization, further work is needed to obtain high-quality
CsPb(I,Br;_y)s films with large grain size and low trap density.

3.3. Low-temperature preparation

The third challenge is to make high-quality CsPb(I,Br;_,)s films
via a low-temperature process. In general, CsPb(I,Br;_)s films are
prepared at high temperatures (>250 °C) to get a black perovskite
phase, while that is energy-consuming and would limit their appli-
cations in flexible and tandem solar cells. Eperon et al. [13] suc-
cessfully made black o-CsPbl; film at 100 °C by adding a small
amount of HI into precursor solution (Fig. 4c). HI could decrease
the phase transition temperature. Recently, Wang et al. [45] devel-
oped a facile method to make CsPbl,Br films at 100-130 °C. They
prepared a new precursor by using the reaction between Pbl,
and HI in DMF. And then compact and pinhole-free films were
obtained. Reducing crystallization energy barrier favors to form
o-CsPbl,Br phase. The solar cells gave a PCE of 10.56%. Later, Rao
et al. [42] prepared uniform and pinhole-free CsPbl,Br films by

using a room-temperature solvent annealing (RTSA) method
(Fig. 4d). With further post-annealing at 120 °C, the CsPbl,Br solar
cells gave a PCE of 10.4%. Besides, they first made flexible CsPbl,Br
solar cells, giving a PCE of 7.3%. More recently, Jiang et al. [46]
obtained high-quality CsPbl,Br film at 120 °C with Pbl,(DMSO)
and PbBr,(DMSO) as precursors. These DMSO adducts could not
only slow down the crystal growth, but also reduce the formation
energy of CsPbl,Br. The solar cells delivered a PCE of 13.54%, and
the flexible CsPbI,Br solar cells gave a PCE of 11.73%. Zai et al.
[47] made high-quality CsPbl,Br films at 100 °C by adjusting
DMSO/DMF ratio in the precursor solution and the solar cells
offered a PCE of 14.3%. Interestingly, partially substituting Pb with
Sr could also help to make high-quality CsPbI,Br films at low tem-
perature (100 °C) [33]. The above results demonstrate that high-
quality CsPb(I,Br;_)3 films could be prepared at low temperature,
making all-inorganic CsPb(I,Br;_,)3 perovskites promising for flex-
ible device applications.

3.4. Defect passivation

The fourth challenge is to passivate the defects to improve
the performance and stability of CsPb(I,Bri_x)s solar cells. The
defects at the grain boundaries (GBs) and perovskite film surface
could become deep traps, which act as the charge recombination
centers. The defects not only cause non-radiative energy loss,
leading to V,. reduction, but also form the channels for the
permeation of oxygen and moisture, harming device stability.
Therefore, defect passivation is very important for enhancing
device performance.
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B-site ionic dopants (Mn?* and Zn?* etc.) could passivate the
charge traps, improving device performance. Bai et al. [34] demon-
strated that Mn?* doping to CsPbl,Br could passivate the surface
and GB defects, enhancing hole extraction efficiency. The best cells
gave a PCE of 13.47% and a V,. of 1.17 V. Recently, Sun et al. [48]
found that Zn?* had similar passivation function, and the GB
defects were passivated by forming Cs-Zn-I/Br compound. Further-
more, Zn>* could slow down the crystallization, leading to larger
grain size (Fig. 5a). CsPbpgZngI,Br solar cells gave a PCE of
13.6%. Zeng et al. [49] successfully made efficient and stable
CsPbI,Br solar cells by adding lead acetate Pb(Ac), into CsPbl,Br
precursor solution. Pb(Ac), distributed at the GBs, and in situ
decomposed and produced PbO under high-temperature annealing
(Fig. 5b). PbO at the GBs could effectively passivate the traps,
reduce non-radiative recombination, favoring charge transport in
CsPbl,Br films. The PCE was increased from 8.5% to 12%.

Surface post-treatment on as-cast perovskite films is another
effective method for defect passivation. The surface defects can be
passivated by depositing a thin poly(3-hexylthiophene) (P3HT) film
on top of CsPbl,Br layer [50]. According to density functional theory
(DFT) calculation, sulfur (S) atoms can passivate non-coordinated
Cs* via bonding with Cs. S atoms can also bond with Pb, passivating
the defects. A PCE of 12.02% was obtained, with a V. of ~1.32 V and
an Ej.ss of ~0.5 eV. Wang et al. [14] used phenyltrimethylammo-
nium bromide (PTABr) for the post-treatment on CsPbls films.
PTABr could passivate surface defects and make gradient Br doping
into CsPbl; films (Fig. 5c). The solar cells delivered an impressive
PCE of 17.06%, the record to date for CsPb(I,Br;_,)3 solar cells. PEAI
was also used for surface defect passivation [51].

4. Conclusions and perspectives

Owing to their excellent optoelectronic properties and thermal
stability, CsPb(I,Br;_y)3 solar cells are regarded as a promising
alternative for organic-inorganic hybrid PSCs. Although much pro-
gress have been made since 2015 [13,14,52-54], the performance
of CsPb(I,Br;_y)3 solar cells is still lower than that of organic-
inorganic hybrid counterparts. It is predicted that the PCEs of
CsPbls, CsPbl,Br, and CsPbIBr, solar cells can reach 21.7%, 19.0%,
and 16.6%, respectively [55]. The reported PCEs are still much
lower than the theoretical values. Some crucial issues have to be
addressed to further improve the device performance. The issues
are as follows (see Fig. 6):

(1) Phase stability. Although CsPb(I,Br;_y); perovskites present
good thermal stability, they still suffer from a low phase
stability especially under ambient conditions. To obtain
efficient and stable CsPb(I,Br;_x); solar cells, this issue
should be first resolved.

(2) Crystallization control. It is very difficult to control
CsPb(I,Br;_y)s crystal growth and film quality, which affect
device performance greatly. Additives engineering, solvents
engineering, and processing conditions should be exten-
sively explored to realize it.

(3) Interface engineering. Choosing suitable hole transport layer
(HTL), electron transport layer (ETL) and interfacial layer is
crucial for facilitating charge transport and reducing energy
loss. Optimal choice can help to get high V., high fill factor
(FF), and high PCE.
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Fig. 5. (a) Nucleation and crystal growth for CsPbl,Br and CsPbggZng ;1,Br. Reproduced with permission [48], Copyright 2019, Wiley-VCH. (b) Schematic for CsPbl,Br (1 1 0)
surface without and with Ac™ interaction. Reproduced with permission [49], Copyright 2018, Wiley-VCH. (c) PTABr passivation on CsPbl; surface and gradient Br doping into

the film. Reproduced with permission [14], Copyright 2018, American Chemical Society.
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Fig. 6. Challenges and potential for CsPb(IBr;_); solar cells.

(4) Low-temperature preparation. Generally, high temperature
is required to make high-quality CsPb(I,Br;_,)s films, while
this will lead to high fabrication cost and impede their appli-
cations in flexible and tandem solar cells. New approaches
enabling low-temperature preparation is desired in the
future.

(5) Tandem and integrated devices. CsPb(I,Br;_x)s have rela-
tively wide bandgaps (Eg of CsPbls is 1.73 eV), and they are
suitable for the front cell of perovskite/silicon tandem solar
cells and for integrated device applications [56]. This is an
important research direction.
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