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Perovskite solar cells (PSCs) have attracted tremendous interest because of their rapid improvement in
power conversion efficiency (PCE) from the initial PCE of 3.8% for the first prototype to the certified PCE
of 25.2% in 2019. However, the inherent chemical instability of organic—inorganic hybrid perovskite
halides influenced by moisture, heat and ultraviolet light is still a critical issue for them to meet
application-specific requirements owing to the weak-bonded organic components in the hybrid crystal
structure. The use of all-inorganic perovskites CsPblz_,Br, (x = 0, 1, 2, and 3) as light-harvesters by
completely substituting organic species with inorganic Cs* ions has been recently regarded as
a promising solar conversion technology. Since the initial efficiency of 2.9% achieved in 2015, the highest
PCE record for inorganic PSCs has risen to 18.4% through structure optimization, compositional
engineering, interfacial engineering, solvent control and surface passivation, etc. This article is dedicated
to providing an up-to-date review on the development of inorganic PSCs tailored by various inorganic

perovskite materials with gradually changed optical properties and stability, as well as the film-making
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mechanisms are also predicted with a detailed balance model. Finally, we focused on the state-of-the-
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1. Introduction

Solar radiation releases enormous solar energy, accounting for
almost 99% of the total energy in the earth. Therefore, the har-
vesting of solar energy by energy-conversion devices (i.e., photo-
voltaics or solar cells) is regarded as a promising solution to
address the energy and environmental problems. It has been
always a hot topic to convert solar energy into electricity by
complicated photoelectrical or photoelectrochemical principles
since the discovery of the first solar panel in 1954.%* To date,
photovoltaics can be divided into three categories according to
the photovoltaic materials: (i) crystalline silicon solar cells, (ii)
thin-film technologies, and (iii) the emerging solar cells. As
emerging photovoltaics in recent decades, dye-sensitized solar
cells (DSSCs),*" organic solar cells (OSCs),"** quantum dot-
sensitized solar cells (QDSCs),?*™ and perovskite solar cells
(PSCs)***” are regarded as promising candidates due to their
remarkable power conversion efficiency (PCE) enhancement and
low production costs. Since 2009, organic-inorganic hybrid
perovskite light-harvesters have been well-studied in theory,
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experiment and module production, and the corresponding PSCs
have seen a rapid rise in PCE from 3.8% to 25.2% within ten
years.>** These hybrid PSCs are always highlighted by some
superiorities: (1) the bandgap of CH;NH;PbI; (MAPbI;, 1.55 €V) or
CH(NH,),Pbl; (FAPbI;, 1.43 eV) is highly suited for wide-spectral
photovoltaics;***° (2) the hybrid perovskites present high extinc-
tion coefficient and incident-photon-to-current conversion effi-
ciency (IPCE) in devices;* (3) the carrier diffusion length is long in
perovskite films.**** Science Daily said “There is now an urgent
need to tackle the threat of climate change resulting from
humanity's overreliance on fossil fuel, and the rapid development
of new solar technologies must be part of the plan.” Large area,
improved stability, high efficiency, and good reproducibility are
the critical competitive elements to assess the commercial
application of PSCs. Although the state-of-the-art organic-inor-
ganic hybrid PSCs have comparable PCEs to silicon solar cells,
organic-inorganic hybrid perovskite films generally suffer from
compositional degradation and crystallization destruction under
persistent attack by heat, moisture, or ultraviolet (UV) light,>>*
mainly arising from the inherent instability of organic volatile
components, such as MA" and FA", in thermal and UV conditions.
Furthermore, organic MA" and FA" species are prone to react with
water molecules or under sunlight and thermal conditions to
form intermediate hydrates, which can lead to serious perovskite
degradation and therefore poor device lifetime.***”

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The best efficiencies for various inorganic PSCs.

In recent works, the substitution of organic counterparts
with inorganic cesium cations (Cs') is considered an effective
approach to improve the environmental tolerance of perovskite
films under harsh conditions.”®*® Full-cesium perovskites have
been demonstrated to possess high hole mobility (~520 cm* V
s~ ') and electron mobility (~530 cm® V s~ ') when obtained
from the cold-pressed pellets of annealed CsSnl; polycrystalline
material, while an electron lifetime of 2.5 pus and an estimated
electron mobility of ~1000 cm® V s~ were obtained for CsPbBr;
halide single-crystals.®>** Based on these properties, it can be
predicted that inorganic perovskites may be another candidate
as a light absorber. Since the initial report for fully inorganic
cesium lead halides in 1893 and subsequent systematic studies
in this field,**° these perovskite halides have been successfully
assembled into inorganic PSCs in 2015. To date, enormous
efforts have been made to advance the PCE of inorganic devices,
Fig. 1 plots the maximized PCEs of inorganic PSCs with CsPbl;,
CsPbI,Br, CsPbIBr,, or CsPbBr; as light absorbers, where the
initial PCEs are all lower than 5% but the maximized value to
date is more than 18%, thus demonstrating the great potential
for their application in the future. In this review, we summarize
the recent advances of all-inorganic PSCs by emphasizing their
structural phase transformation, tunable optoelectronic prop-
erties, environmental stability, film-making methods, interfa-
cial engineering, and their limited efficiency, as well as the
challenges still faced by scientists and their future outlooks.

2. Fundamental background

2.1 Crystal structures of inorganic perovskites

The chemical formula ABX; [A (+1), B (+2), X (—1)] is always
designated for perovskite-structured materials with a similar
crystal structure to the mineral CaTiO;. The recently emerging
all-inorganic perovskites can also be described by a similar
chemical formula CsMX; (M = Pb®" or Sn**, X = I" or Br ),
where Cs* occupies a corner of a unit cell with 12-fold coor-
dination, M is a divalent metal cation in general sitting in
a body-centered position with 6-fold coordination, and X is
a halogen with a face-centred position, as depicted in Fig. 2.7°

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Unit cell structure of an inorganic CsMX3z perovskite.”
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There is a lower energy barrier for the intercalation of CsX
into PbBr, frameworks during perovskite formation,”™ arising
from the smaller ionic radius of Cs* (1.81 A for Cs*) than 2.70 A
for MA" and 2.79 A for FA*. The crystal structure of the perov-
skite is adjustable in terms of its composition by controlling the
tolerance factor (¢) and octahedral factor (u), as proposed by
Goldschmidet, in a rational range. Here, ¢ indicates the state of
distortion and stability of perovskite structures, and this value
can be obtained according to the following formula:”
t = (ra +1x)/V2(rs + 1¢), where r represents the ionic radius of
atoms of A, B, and X sites, respectively, u is defined as a rp/rx
ratio, which is directly correlated to the formation of a BXg
octahedron.>”*7* Both ¢t and u are used to predict the form-
ability of a perovskite structure. Typically, stable 3D halide
perovskite crystals can be formed under the condition of 0.81 <t
< 1.0 and 0.44 < u < 0.90, an ideal cubic perovskite structure at
0.9 < ¢ < 1.0, and a tetragonal or orthorhombic structure in the
range of 0.81 < ¢ < 0.9, respectively.””® When ¢ > 1.0, a NH,CdI;-
type crystal structure is usually favored. When ¢ < 0.8, a CsNiBr;-
type crystal structure is most likely to form.”” Taking the crystal
restrictions, such as the ¢ range and ionic radius of the
commonly used Pb?* (1.2 A), Br™ (1.96 A) and I™ (2.2 A) ions into
considerations, the ionic radius of the A-site ion should be
limited to 2.9 A. Otherwise, the cubic structure will be distorted
and the crystal symmetry will be reduced, leading to forming an
unsatisfactory crystal with notorious photovoltaic performance
or long-term stability. So the inorganic cations with Cs" or Rb*
cations could lead to a more favorable tolerance factor to
facilitate the stabilization of the photoactive perovskite phase in
a broader temperature range and to improve their thermal and
light soaking stability.

2.2 Stability of inorganic perovskites

The degradation mechanisms of organic-inorganic hybrid
perovskites have been widely explored during the past several
years. Organic cations, such as MA" in MAPbI;, have acidic
protons; therefore, the perovskite degradation will be initiated
by the reaction between the superoxide and methylammonium
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moiety under light and oxygen conditions.” In this fashion, the
use of all-inorganic perovskites free of organic species can
improve the tolerance of the perovskite crystal to oxygen and
light. Unfortunately, such inorganic perovskites have been
demonstrated to be not stable enough under external stimuli,
such as moisture, light, heat, and oxygen. To the best of our
knowledge, CsPbBr; has the most superior stability among the
different inorganic perovskites, while the I-containing perov-
skites display inferior long-term stability. Different from hybrid
perovskites, the inorganic perovskites are free of hygroscopic
organic cations, which are responsible for the hydration-
induced degradation. Therefore, polymorphic transition,
decomposition, oxidation, or their combinations may be the
intrinsic origins of their instability properties.”” For the state-of-
the-art CsPbl; inorganic perovskite, the phase instability is
mainly due to transitions between the desirable photoactive
perovskite black phase and the undesirable non-perovskite
yellow phase, although transition to the yellow phase is
reversible, attributed to the undesirable tolerance factor.
Although the polymorphic transition can be significantly sup-
pressed via increasing the Br dosage (producing a more stabi-
lized structure with ¢ > 0.8 and u > 0.4), halide segregation may
be another issue for the performance degradation under light or
an electron beam, especially for perovskites with an I dosage
lower than 40%. Based on the above-mentioned discussion, it
can be seen that the phase instability of CsPbX; can be mainly
attributed to the polymorphic transition. There are also other
inorganic perovskite materials, such as CsSnX; and CsGeX3,
where the facile oxidation of Sn**/Ge** to Sn**/Ge*" in ambient
air results in a sluggish efficiency and rapid performance
degradation, which will be discussed in the following part.

2.3 Inorganic PSC architectures

Similar to hybrid PSCs, the state-of-the-art all-inorganic devices
are generally constructed in a regular n-i-p or inverted p-i-n
architectures, as shown in Fig. 3a and c, in which both perov-
skite layers are sandwiched between an n-type electron-
transporting layer (ETL) and a p-type hole-transporting layer
(HTL). A mesoporous scaffold, either semiconducting or insu-
lating, is also generally included, as shown in Fig. 3b. In
physics, the light absorption of a perovskite is a light-matter
interaction process, in which the electrons in the interacting
materials resonate with the electric field of the irradiating
optical signal and induce polarization. The working principle of

View Article Online
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a typical PSC is based on the photovoltaic effect of a p—n junc-
tion, and the built-in potential is formed at p—n junctions. Upon
sunlight irradiation, the atoms in an inorganic perovskite
absorb photons to release electrons and subsequently generate
electron-hole pairs. The photo-induced electrons are driven to
an n-type region and holes are driven to a p-type region under
this barrier electric field, and therefore, a photogenerated
electric field opposite to the direction of the barrier electric field
is formed near p-n junctions. Part of the photogenerated elec-
tric field counteracts the barrier electric field and the rest causes
electromotive force in the thin layer between the n-type and p-
type regions to realize electric power output through an
external circuit. In this fashion, the intrinsic mechanism for
regular n-i-p or inverted p-i—n architectures is identical except
for the charge-carrier transfer direction.

Considering the morphology of a transparent conductive
oxide (TCO)-attached charge-contact layer, a mesoporous or
planar architecture can be visibly distinguished. To date, both
structured PSCs have achieved a high efficiency over 20% based
on a hybrid perovskite layer, demonstrating great potential in
real application.”® The choice of whether to fabricate a meso-
porous or planar architecture is highly dependent on the
perovskite film quality and properties. For mesoporous PSCs
derived from dye-sensitized solar cells,** the perovskite layer
can be infiltrated within the scaffold via the interconnected
channels, resulting in a facile and reproducible device fab-
rication.?®*» The concept of a planar device originates from
TiO,- or Al,0;-based mesoporous PSCs.* In detail, a planar
architecture is implemented on a compact charge-transfer layer
without pores, on which it is more facile to deposit a perovskite
film through vapor-based technologies, which will be discussed
in Section 5. Compared to mesoporous devices, the high-quality
and smoother perovskite layer plays an important role in
obtaining a satisfactory solar-to-electric conversion efficiency.
In fact, a much higher photocurrent or photovoltage can be
realized based on a planar architecture, but it will suffer from
much worse hysteresis, which may arise from insufficient
charge extraction rates, therefore leading to charge
accumulation.

3. Inorganic perovskites solar cells

Are organic cations essential for high-efficiency PSCs? This
urgent question was analyzed by Hodes and Snaith in 2015,
although the first report on inorganic CsPbX; crystal data can be

<€— Au/Ag/AlVCarbon Au/Ag/Al —>|

€« HTL ETL

< Inorganic .
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«— ETL —_> HTL —>
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Fig. 3 Device structures of typical PSCs.
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traced back to 1893.°%%*** Hodes et al. demonstrated that the
organic cations are not indispensable for high open-circuit
voltage (V,.) PSCs through comparing hybrid organic-inor-
ganic methylammonium lead bromide (MAPbBr;) and all-
inorganic cesium lead bromide (CsPbBr;) with different
HTLs.** Through identifying the possible fundamental differ-
ences in their structural, thermal, and electronic characteris-
tics, they found that a large V,. profits from the presence of
a direct optical bandgap of around 2.3 eV. Simultaneously, the
CsPbBr; halide had higher thermal stability than MAPDbBT;.
However, its large bandgap limited the PCE enhancement of
this type of device. Snaith and co-workers fabricated a CsPbI;-
based PSC for the first time via a low-temperature phase tran-
sition process at room temperature, achieving a PCE of 2.9%.%
Those works identify that the organic cation is not necessary
and this paved the way for further developments of much more
thermally stable inorganic perovskites as light absorbers. In this
section, the state-of-the-art advances of all-inorganic PSCs
engineered from compositional, doping, interfacial, and spec-
tral aspects are systematically demonstrated, and the photo-
voltaic parameters of typical devices based on various inorganic
perovskites are summarized in Table 1.

3.1 Pb-based perovskites

CsPbX; (X = Br, I, with stoichiometric ratios of 0:3,1:2,2: 1,
and 3 : 0) materials can generally form a cubic phase perovskite
structure with intrinsic Goldschmidt's values for the tolerance
factor ¢ = 0.83-0.84. Inorganic perovskites possess ambipolar
behaviors, accompanying unique crystal structures, high
absorption coefficients, large exciton diffusion lengths, and
excellent charge-transporting properties, indicating that they
can cumulatively work as light absorbers and carrier conduc-
tors."* According to the above-mentioned properties, perovskite
films with a thickness of several hundreds of nanometers are
enough to realize efficient solar-to-electric conversion.
CsPbBr;- and CsPblz-based solar cell models are two types of
devices that were first fabricated in the early stage of all-
inorganic PSCs development. However, CsPbBr; is limited by
its narrow absorption range and CsPbl; has thermodynamic
phase instability in high-humidity (even in low temperature
with zero humidity) and/or high-temperature conditions. To
pursue a long-time prosperity for devices, scientists pay great
attention and made many innovations to try to overcome these
weakness, including tuning the Br : I ratio and doping foreign
elements by compositional engineering to modulate the crystal
structure, absorption range, and durability."*"**>*** These find-
ings have led to the further exploration of many new configu-
rations and derivative materials for CsPbX;.*>*** Fig. 4a shows
the absorption spectra evolution of CsPbl; ,Br, perovskites
with various Br dosages, referring to an absorbance onset
changing from 540 nm for CsPbBr; to 718 nm for CsPbl;.*" In
detail, there is a linear relationship between the absorption
onset values and Br concentration in inorganic perovskites, as
shown in Fig. 4b. In this fashion, the light-harvesting ability of
CsPbl;_,Br, perovskite can be precisely predicted, giving
a possibility to obtain an ideal inorganic perovskite material

146-148
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with considerable long-term stability and photovoltaic proper-
ties. To date, CsPbl;, CsPbI,Br, CsPbIBr,, and CsPbBr; films are
the main four types of state-of-the-art inorganic perovskites and
their Shockley-Queisser (S-Q) limit efficiencies are 28.9%,
24.4%, 22.1%, and 15.9% in photovoltaic devices, respectively.
As shown in Fig. 4c, all the perovskites can form a typical
perovskite phase with diffraction peaks at around 14.62°,
20.65°, and 28.94°, corresponding to the (100), (110), and (200)
planes, respectively. These characteristic peaks shift to higher
angles with increasing the Br dosage owing to the contraction of
the crystal lattice upon the partial substitution of I atoms with
Br atoms. From the external quantum efficiency (EQE) charac-
terizations (Fig. 4d), it can be seen that the light response range
can be extended to 620 nm (2.05 eV for CsPbIBr,), 700 nm
(1.9 eV for CsPbI,Br), and then 740 nm (1.73 eV for CsPbl;) from
540 nm (2.3 eV for CsPbBr3), in accordance with the absorption
spectra. It should be noted that the high trap-state density from
the thermal dynamical instability of the black a-CsPbl; perov-
skite phase to the 3-CsPbl; non-perovskite phase delivers the
lowest PCE and EQE values in the early stage.'™*

A high PCE and improved stability are equally significant to
promote the commercialization of all-inorganic PSCs. However,
the light-harvesting ability and their tolerance to the environ-
ment of these inorganic perovskites in ambient conditions is
dramatically adverse. As shown in Fig. 4e, the normalized
photovoltaic performance of the corresponding device degrades
significantly following the order of CsPbl; > CsPbI,Br >
CsPbIBr, > CsPbBr;, demonstrating the incompatible power out
ability and long-term stability. While CsPbBr; perovskite is
relatively stable without changes in either color or shape in 40%
RH and 25 °C over 3 h as shown in Fig. 4f, CsPbIBr,, CsPbl,Br,
and CsPbI; present rapid decomposition by moisture attack.
Therefore, how to simultaneously compromise the light-
harvesting ability and stability is a great challenge in the field
of inorganic PSCs.

To better understand the properties of light absorbers, which
is crucial for the fabrication of high-performance inorganic
PSCs, we summarize various Pb-based inorganic perovskite
materials that have been used as photoactive layers in this
section.

3.1.1 CsPbBr;. Early work on CsPbBr;, which presents an
orthorhombic phase at room temperature and transforms to
a tetragonal phase at 88 °C and to the “orange” cubic perovskite
phase at 130 °C, was pioneered by Wells in 1893,°> but did not
attract much more concerns until the early 21st century. Its
estimated electron mobility was reported to be as high as ~1000
cm? V s7! with an electron lifetime of 2.5 ps,** which were also
cross-checked by Ghosh.*** From those excellent parameters, it
is clear that the charge carrier within CsPbBr; has great
potential to obtain long diffusion or drift lengths to ensure
a sufficient thickness of perovskite film to suit photovoltaic
devices.

One of the outstanding properties of inorganic CsPbBr;-
based PSCs is their high open-circuit voltage owing to pos-
sessing a semiconductor bandgap of 2.3 eV (optical absorption
range of 300-540 nm), as shown in Fig. 5a. Hodes et al
employed CsPbBr; as a light harvester to fabricate a typical
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Table 1 Summary of device performances for various inorganic PSCs
Formula Device structures PCE Operation conditions Ref.
CsPbBr; FTO/m-TiO,/CsPbBr;/Au 5.47% Ambient 84
FTO/m-TiO,/CsPbBr3;/Spiro-OMeTAD/Au 4.98% Ambient 84
FTO/m-TiO,/CsPbBr;/CBP/Au 4.92% Ambient 84
FTO/m-TiO,/CsPbBr;/PTAA/Au 5.72% Ambient 84
FTO/m-TiO,/CsPbBr;/C 5.0% Ambient 86
FTO/c-TiO,/m-TiO,/CsPbBr;/C 5.38% Ambient 87
FTO/c-TiO,/m-TiO,/CsPbBr;/C 6.7% Ambient 88
FTO/c-TiO,/m-TiO,/GQDs/CsPbBr;/C 9.72% Ambient 89
FTO/c-TiO,/m-Ti0,/CS¢.9;Rbg 4oPbBr3/C 9.86% Ambient 90
FTO/c-TiO,/m-Ti0,/CQDs/CsPbBr,/C 7.86% Ambient 91
FTO/c-TiO,/m-TiO,/CsPbBr;/CulnS,-ZnS QDs/C 8.42% Ambient 92
FTO/c-TiO,/m-TiO,/CQDs/CsPbBr;/PQDs/C 7.93% Ambient 93
FTO/c-TiO,/m-Ti0,/CQDs/CsPbBr;/RPQDs/C 8.2% Ambient 94
FTO/c-TiO,/m-TiO,/CsPbBr;/CsSnBr;_,I, QDs/C 9.13% Ambient 95
FTO/c-TiO,/m-TiO,/CsPbBr;—CsPb,Brs/Spiro-OMeTAD/Ag 8.36% Ambient 96
FTO/c-TiO,/m-TiO,/CsPb, o;Sm, o3Brs/carbon 10.14% Ambient 97
FTO/TiO,/CsPbBr;/MoS,/carbon 6.8% Ambient 98
FTO/c-TiO,/m-TiO,/CsPbBr;/CsMBr;/C 10.6% Ambient 99
FTO/c-TiO,/m-TiO,/CsPbBr;/ZnS:SnS/C 10.26% Ambient 100
FTO/c-TiO,/CsPbBr;/CsPbBr;-CsPb,Br;/CsPbBr;-Cs,PbBrg/carbon 10.17% Ambient 101
FTO/c-TiO,/m-TiO,/CsPbBr;/MnS/C 10.45% Ambient 102
FTO/c-TiO,/CsPbBr;/Spiro-OMeTAD/Ag 10.91% Ambient 103
CsPbIBr, FTO/m-TiO,/CsPbIBr,/Au 4.7% Glovebox 104
FTO/bl-TiO,/mp-TiO,/CsPbIBr,/Spiro-OMeTAD/Au 6.3% Ambient 105
FTO/NiO,/CsPbIBr,/MoO,/Au 5.52% N, 106
FTO/c-TiO,/m-TiO,/CsPbIBr,/C 8.25% Ambient 70
FTO/c-TiO,/m-Ti0,/CsPb, oSn, 1IBr,/C 11.33% Ambient 70
ITO/SnO,/CsPbIBr,/Spiro-OMeTAD/Ag 9.68% Ambient 107
FTO/TiO,/CsBr/CsPbIBr,/C 10.71% Ambient 108
ITO/Sn0O,/C60/CsPb; _,Sn,IBr,/Spiro-OMeTAD/Au 11.53% Glovebox 109
CsPbI,Br ITO/SnO,/CsPbl,Br/PTAA/Mo0O;/Al 13.8% N, 110
FTO/c-TiO,/CsPbl,Br/Spiro-OMeTAD/Ag 10.99% N, 111
FTO/c-Ti0,/CsPbI,Br/Spiro:Li-TFSi-tBP/Ag 10.3% N, 112
FTO/c-Ti0,/m-Ti0,/CsPby 45ST¢.0,I,Br/P3HT/Au 11.3% N, 113
FTO/bI-Ti0,/CSy,055K0.075PbI,Br/Spiro:Li-TFSi-tBP/Au 10.0% 20 °C, RH < 20% 114
ITO/Ca/Cgo/CsPbl,Br/TAPC/TAPC:M0O;/Ag 11.8% Vacuum 115
FTO/Ti0,/CsPby gMny o1,Br/CsPbI,Br QDs/PTAA/Au 13.47% N, 116
ITO/SnO,/ZnO/CsPbl,Br/Spiro-OMeTAD/MoO;/Ag 14.6% N, 117
ITO/c-TiO,/CsPbBI1,/Spiro-OMeTAD/Ag 10.34% N, 118
FTO/TiOZ/CSPbIZBr(SD—ZD—OD)/PTAA/Au 12.39% Ambient 119
FTO/NiO,/CsPbI,Br/ZnO@Ceo/Ag 13.3% Ambient 120
ITO/c-TiO,/CsPbl,Br/Spiro-OMeTAD/Au 9.08% N, 121
ITO/c-TiO,/CsPbI,Br/P3HT/Au 12.02% Ambient 122
FTO/TiO,/CsPbl,Br/CsPbl; QDs/PTAA/Au 14.45% Ambient 123
ITO/c-TiO,/CsPbl,Br/Spiro-OMeTAD/Au 16.07% Glovebox 124
FTO/c-TiO,/m-TiO,/Bal,:CsPbl,Br/P3HT/Au 14.85% Ambient 125
FTO/c-Ti0,/CsPb, 9Zn, 11,Br/Spiro-OMeTAD/Ag 13.6% N, 126
ITO/SnO,/CsPbl,Br/CsBr/Spiro-OMeTAD/Au 16.37% N, glovebox 127
CsPbl; FTO/c-TiO,/CsPbl; QDs/Spiro-OMeTAD/MoO,/Al 10.77% Dry ambient condition 128
FTO/c-TiO,/CsPbl;/Cul/Au 13.21% N, 129
FTO/c-TiO,/CsPbl,/P3HT/Au 10.5% N, 130
FTO/bl-TiO,/mp-TiO,/CsPbl;/P;HT/MoO;/Au 4.68% N, 131
FTO/c-Ti0,/CsPbl;/0.025EDAPbI,/Spiro-OMeTAD/Ag 11.8% N, 132
FTO/TiO,/a-CsPbl;/Spiro-OMeTAD/Ag 4.13% Ambient 133
ITO/PTAA/CsPbI,;/PCBM/Cqo/BCP/Al 11.4% Glovebox 134
FTO/bI-TiO,/m-TiO,/Cs, yPEA, ,PbI;/Spiro-OMeTAD/Au 5.7% Ambient 135
ITO/Sn0O,/quasi-2D CsPbl;/Spiro-OMeTAD/Au 12.4% Ambient 111
FTO/c-TiO,/BA,CsPb,l,/Spiro-OMeTAD/Au 4.84% Ambient 136
FTO/c-TiO,/CsPbl;/Spiro-OMeTAD/Ag 13.5% Ambient 137
FTO/c-TiO,/CsPbl;/Spiro-OMeTAD/Au 2.9% Vacuum 85
FTO/c-TiO,/m-TiO,/CsPbl;-PVP/Spiro-OMeTAD/Au 10.74% Glovebox 138
ITO/SnO,/CsPbl;/Spiro-OMeTAD/Au 15.7% Glovebox 139
FTO/c-TiO,/PTABr-CsPbl;/Spiro-OMeTAD/Ag 17.01% Glovebox 140
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Formula Device structures PCE Operation conditions Ref.
Glass/FTO/c-TiO,/a-CsPbl; QDs/Spiro-OMeTAD/Au 11.87% — 141
Glass/FTO/TiO,/CsPbl; QDs/PTAA/MoO,/Ag 14.10% N, glovebox 142
FTO/c-TiO,/m-TiO,/v-CsPb, ,Ca,l;/Spiro-OMeTAD/Au 9.20% — 143
FTO/c-TiO,/B-CsPbl;/Spiro-OMeTAD/Ag 18.4% N, glovebox 144

a TR ;;3 application of a CsPbBr;-based device under real operating
H i gzz y=1.73+058x conditions, the stability was characterized under a temperature
¢ % cycle between —22 °C and 100 °C without encapsulation (see
§ ;‘:3 Fig. 5f), where it demonstrated a superior stable crystal lattice
“ 1 compared to other hybrid species. According to previous
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Fig. 4 ) Absorbance spectra for inorganic CsPbls_,Br, perovskite
films. (b) Plots of the optical bandgap of CsPbls_,Br, as a function of
bromide composition. (c) XRD patterns of the CsPbls, CsPbl,Br,
CsPblIBr,, and CsPbBrs films. (e) The EQE spectra of the corresponding
PSC devices™ (f) Images of CsPbls_,Br, perovskite films in ambient
atmosphere (25 °C, 40% RH).

mesoporous device with the architecture of FTO/c-TiO,/m-TiO,/
CsPbBr;/HTM/Au for the first time, obtaining a PCE of 5.95%
with a V,. of 1.28 V, which were comparable to the organic
cation MA-containing device.** Subsequently, Jin and co-
workers fabricated an all-inorganic CsPbBr; PSC with
a similar device structure of FTO/c-TiO,/m-TiO,/CsPbBr;/
carbon (Fig. 5b and c¢) in an ambient environment without
humidity control, demonstrating excellent moisture- and
thermal tolerance even in 95% RH and 100 °C respectively, as
shown in Fig. 5d and e.*® Furthermore, to estimate the

This journal is © The Royal Society of Chemistry 2019

PbBr, is around 0.25 eV, which is much higher than the hybrid
MAPDBr; of 0.19 eV, which is undoubtedly an origination of
their excellent stability.

To date, the overall solar-to-electric conversion efficiency of
this proof-of-concept photovoltaic is still lower compared to I-
containing devices, mainly arising from the substantial
defects and broad tail absorption. A key parameter for a high-
efficiency CsPbBr; PSC is a minimal defect state in order to
trap photo-induced carriers. Within the CsPbBr; film, most of
the intrinsic defects induce a shallow transition level, while
a few defects with high formation energy will lead to deep
transition levels, demonstrating that the CsPbBr; is a defect-
tolerance semiconductor and has superior optoelectric proper-
ties.”™* The corresponding charge-transition levels induced by
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Fig. 5 (a) Absorbance spectra for inorganic CsPbBrs perovskite films.
(b) Schematic structure and (c) energy level diagram of inorganic
CsPbBrz PSCs. The long-term stability of inorganic CsPbBrs PSCs
under: (d) 90-95% RH, 25 °C, (e) 100 °C, and (f) temperature cycles
between —22 °C and 100 °C without encapsulation.®®
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calculations.®>*

charge-transition levels from first-principles

various defects are summarized in Fig. 6 according to theoret-
ical calculations, and only Pb;, Pbg,, and Brpy, defects produce
unwanted deep transition levels (trapping the carrier by way of
non-irradiative recombination). Therefore, controlling the
growth conditions (under moderate or Br-poor conditions) is
crucial to obtain high-quality perovskite films. Aiming to resolve
this issue, Tang's group conducted enormous efforts on
CsPbBr;-based solar cells, including improving the perovskite
film quality, interfacial engineering, and spectral engineering
as well as compositional engineering (will be discussed in
Sections 4 and 6), boosting the efficiency to 10.6% from an
initial 6.7%.5%9>%7:9%1% These works open a new era for devel-
oping all-inorganic CsPbBr; PSCs for cost-effective and stable
thin-film photovoltaics. The low cost, simplified device config-
uration, solution-processable technique, and excellent dura-
bility in harsh conditions make all-inorganic CsPbBr; PSCs
promising candidates for large-scale production.

During the study in CsPbBr; crystals, several all-bromide
perovskite derivative phases, such as PbBr,-riched CsPb,Br;
and CsBr-riched Cs,PbBrg, have been discovered in the interior
of CsPbBr; film.*»**>*** The dimensionality of the Cs-Pb-Br
structure can be evolved along with a gradual change of the
stoichiometry, from 3D to OD. Previous reports found that the
presence of such a non-perovskite phase can passivate the
interfaces and grain boundaries, whereas excess amounts will
degrade the overall photovoltaic performance owing to the
introduction of defects.”*'*” Recently, Tong et al. developed
a graded heterojunction device by introducing the perovskite
derivative phase into all-inorganic PSCs. Arising from the
boosted hole-extraction ability and reduced recombination,
a device with the architecture of FTO/c-TiO,/CsPbBr;/CsPbBr;-
CsPb,Br5/CsPbBr;—Cs PbBrs/carbon achieved an enhanced PCE
of up to 10.17%, opening the window for a perovskite derivative
phase.*** Furthermore, by optimizing the crystal growth proce-
dure induced by phase transition, the grain size of CsPbBr;
perovskite films and the surface potential barrier existing
between the crystals and grain boundaries have been success-
fully tuned, leading to a recorded PCE of up to 10.91% for an n-
i-p structured PSC.'™ Similarly, binary CsPbBr;—CsPb,Brs
perovskites-based solar cells also show much higher power
output capacity, which is mainly attributed to the decreased
intrinsic Br vacancies on CsPbBr;. Actually, the CsPb,Brs in
CsPbBr; film cannot be totally eliminated even with careful
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control of the precursor ratio owing to its transformation from
CsPbBr; to CsPb,Brs under elevated temperature.*** Following
this line of thought, precisely tuning the film quality of the
perovskite layer is crucial for high-efficiency platforms.

According to the above-mentioned discussion, it can be seen
that CsPbBr; PSCs stand out for their excellent long-term
stability, while the great challenge for them is overcoming
their relatively lower efficiency in spite of their efficiency being
around 11%. How to take the advantage of their stability and
improve their efficiency is an urgent need. Integrating this kind
of device with wider light absorbance materials, such as Si, PbS,
and ZnS:SnS heterojunction, may be a promising path for the
further development of CsPbBr;-based PSCs.

3.1.2 CsPbIBr,. Mixed halide CsPbIBr, perovskites have
a narrower bandgap of 2.05 eV, which allows them to be
potentially applied in a three-junction tandem cell. Compared
to other inorganic perovskites, the research on CsPbIBr,-based
devices has stagnated. Ho-Baillie and co-workers pioneered and
fabricated an HTM-free planar glass/FTO/c-TiO,/CsPbIBr,/Au
solar cell using a dual source thermal evaporation method,
achieving an initial PCE of 4.7% (Jc = 8.7 mA cm 2, V. =
959 mV, FF = 56%) under reverse scan as well as a PCE of 3.7%
(Joc = 8.7 mA cm 2, V,. = 818 mV, FF = 52%) under forward
scan for the first time.'* Subsequently, a spray-assisted
solution-processed technology was further employed to fabri-
cate a CsPbIBr, film, overcoming the solubility problem of Br
ions in the precursor.’® To improve the efficiency of CsPbIBr,
PSCs, researchers began to create new strategies for dense and
pinhole-free CsPbIBr, films with a high crystalline
quality.'***%#1%° To date, a champion PCE as high as 11.53% in
the field of CsPbIBr,-based PSCs was obtained by partially
substituting Pb>* with Sn>* cations, which is similar to the PCE
of hybrid perovskite films.'” The further red-shift and higher
absorbance of CsPb, ¢Sn, ;IBr, than both CsPbBr; and CsPbIBr,
indicated the substitution of I” and Sn*' ions reduces the
bandgap of inorganic perovskites, as shown in Fig. 7.7° The
bandgap of CsPb, ¢Sn, ;IBr, was determined to be 1.79 eV, close
to the 1.73 eV for CsPbl;."?%13013316L162 Ay optimal PSC with
a device structure of FTO/c-TiO,/m-TiO,/CsPby oSngIBr,/
carbon presented more favorable energy band levels, as shown
in Fig. 7d, achieving a higher integrated J;. of 10.15 mA cm 2.
Through incorporating Sn>" ions into host CsPbIBr,, all the
photovoltaic parameters of CsPbgoSn, IBr,-tailored PSCs
including V,., Jsc; and FF displayed significant increases.
Intriguingly, the V. of 1.26 V for the CsPb, ¢Sn, 1IBr,-based all-
inorganic PSC was higher than the 1.08 V of CsPbIBr, or 1.25V
of CsPbBr; devices due to the deep VBM of the CsPb, ¢Sng ;IBr,
(0.13 eV) being closer to the CBM of the electron acceptor.
Similarly, Wang et al. systematically investigated the morphol-
ogies and optoelectronic properties evolution of CsPb, ,Sn,IBr,
films along with changing the Sn*>* dosage from x = 0 to x = 1,
realizing tunable bandgaps from 2.04 eV to 1.64 eV.'” Finally,
a remarkable PCE of 11.53% with a high V,. of 1.21 V was
achieved. The advantages of high thermal stability, superb
energy band position, and tunable bandgap demonstrated that
mixed Pb/Sn- and I/Br-tailored CsPbgoSn,IBr, perovskites

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) Absorption spectra and (b) corresponding (Ahv)? vs. energy
(hv) curves of perovskite films by partially substituting Pb2* with Sn*.
(c) PL spectra of CsPbBrs, CsPblBr,, and CsPbggSngIBrs films. (d)
Energy level diagram of the all-inorganic PSCs.”®

were promising candidates for advanced photovoltaics and
optoelectronic applications.

As for photovoltaic cells, the larger energy loss (Eioss = Eg —
€Voc, in which Eg, e, and V,,. represent the bandgap, elementary
charge, and open-circuit voltage, respectively) in inorganic PSCs
is conspicuous compared to hybrid devices, which is mainly
attributed to the non-radiative recombination related to the
defect states.”'®* Cheng et al. discovered that “iodide-rich”
CsPbI(yyBr;_y) phases will be formed at grain boundaries as
well as will segregate as clusters inside the CsPbIBr, film under
light and electron beam illumination as ion migration “high-
ways”, resulting in an enhanced PCE as well as serious hyster-
esis and sluggish performance/stability.’** In particular, the
two-step solution-processed film generally involve I-rich
species, which can accelerate the phase segregation. To effec-
tively address these issues, an intermolecular exchange route to
fabricate the desired CsPbIBr, film was proposed by Zhu et al.
involving spin-coating CsI onto the surface of CsPbIBr,
precursor films, as shown in Fig. 8.*° As a result, the HTM-free,
carbon-based CsPbIBr,-based PSC achieved an enhanced effi-
ciency of up to 9.16%, with a stabilized PCE of 8.46%, which was
mainly attributed to the optimized crystallinity and reduced
defects. Furthermore, they also made great efforts to enhance
the performance of this kind of photovoltaic device by opti-
mizing the ETL/perovskite or/and HTL/perovskite inter-
faces.'®1%¢1%” For example, upon successfully incorporating
CsBr clusters into the TiO,/CsPbIBr, heterojunction, a benefi-
cial upper level of the conduction band of TiO, from —4.00 to
—3.81 eV and the lowering of the work function from 4.11 to
3.86 eV were realized. As a result, the CsPbIBr, solar cell
exhibited a PCE of 10.71% with an efficiency enhancement of
20%, mainly attributed to the optimized band alignment and
suppressed charge recombination.'*®

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) Schematic of the intermolecular exchange strategy. SEM
images of CsPblBr; films obtained by: (b) intermolecular exchange and
(c) conventional route *¢®

However, the hysteresis in a device still occurs in spite of the
greatly reduced defect states by means of doping or tuning
crystallization kinetics. To further improve the efficiency of
CsPbIBr, PSCs, significantly reducing the grain boundaries and
increasing the grain size are crucial for efficient carrier extrac-
tion and transfer, especially for reducing the energy loss
(increased V).

3.1.3 CsPbI,Br. To advance the application of inorganic
PSCs, developing tandem solar cells is a promising way to
increase the efficiency of existing solar cell technologies at
a relatively low cost.**®*”° Viable top cell materials for use with
a Si bottom cell should have an optical bandgap of ~1.8 eV,
which should be resistant to photo-induced phase segregation
and stable under 150 °C, a typical curing temperature for
ethylene-vinyl acetate (EVA) and many other commercial
encapsulants. The bandgap of CsPbBrI, thin films are reported
to be ~1.9 eV (630 nm), while their lattices are significantly
more structurally stable in the cubic phase than their fully
iodide counterparts, demonstrating their potential application
in multi-junction solar cells. Snaith's group systematically
compared the absorption and XRD spectra of CsPbI,Br and
MAPbDL,Br films in 2016, as shown in Fig. 9a-d.'** Obviously,
CsPbI,Br showed both phase and compositional stability when
heated at 85 °C in 20-25% RH, while MAPDI,Br showed
compositional instability under the same conditions.

Although CsPbI,Br was demonstrated as escaping from
thermal degradation at high temperatures within the process-
ing and operational window, the light-induced instability is
a crucial issue for CsPbl,Br-based photovoltaics. Halide deal-
loying in CsPbBrlI, perovskite solar cells was clearly proven
under solar light irradiation, and this process is reversible."”* As
shown in Fig. 9e, the PL peaks of CsPb(I; ,Br,); presented slight
fluctuations under one sunlight persistent irradiation when x <
0.4, and adverse fluctuations upon 0.4 < x < 1, attributed to the
formation of iodine-rich and bromine-rich phases, respectively.
What the impact of halide dealloying on solar cell performance
was first demonstrated by Choi et al., who attempted to increase
the efficiency of the corresponding device inspired by “light-
induced self-poling” in a MAPbI;-based device.'*® In their
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Fig. 9 Absorbance spectra of (a) CsPbl,Br and (b) MAPDbI,Br films by
heating at 85 °C in 20-25% RH for different times. Arrows indicate the
direction of increasing heating time. Insets represent absorption
intensity over time at the peak of onset (627 and 670 nm; arrow
positions in the main plot). XRD profiles before and after 270 min of
heating at 85 °C in 20—-25% RH for (c) CsPbl,Br and (d) MAPbI,Br.*** (e)
PL peak position as a function of time for CsPb(l;_,Br,)s materials
under one sun illumination.*”*

findings, the hole-collection ability could be significantly
enhanced owing to the phase segregation and formation of I-
rich regions, leading to average and champion device PCEs as
high as 9.22 + 0.64% and 10.34%, respectively.

In fact, the light-induced effects in perovskites, such as
phase segregation, ion migration, and defect formation, are
responsible for the light degradation of hybrid perovskite solar
cells. Following this line of thought, whether the above-
mentioned light-induced instability of the all-inorganic
CsPbL,Br film will reduce the device long-term stability is
important to consider under solar irradiation. Later, Zhao et al.
especially studied the light-enhanced ion migration effect in
inorganic CsPbL,Br and hybrid MAPDI;, revealing the light-
independent ionic transport mechanism on the stability
improvement by inorganic cation substitution in a perovskite-
based optoelectronic device.'”> By monitoring the CsPbI,Br
film during the poling process in ambient air at 25 °C, they did
not find a dendritic structure in CsPbI,Br film under illumi-
nation (5 and 25 mW cm™?) for 20 s, indicating the CsPbI,Br
perovskite film was much more stable under illumination
compared to MA'-based perovskite film. To better understand
the ionic-transport behaviors in inorganic and hybrid
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perovskites, the energy barrier of ion migration (ES™) can be
derived from eqn (1):*7

Gion(T)T = ne, Zie#NaCoDy exp( G, )exp( Es )
ion = neu = T
kg Vi SkgT kg T

Eoff
= 0y exp ( B 4 T)
B

where Z; is the ionic charge, N, is Avogadro's constant, Cy is the
intrinsic defects concentration, D, is the diffusion coefficient,
Vm is the molar volume of perovskite, G, is the vacancy defects
formation energy, and K is Boltzmann's constant. Gottesman
and co-workers demonstrated the light-enhanced ionic migra-
tion in MAPDI; films could be mainly attributed to the weaker
binding between MA" and inorganic species upon exposure to
solar light irradiation.'” Meanwhile, the activation energy for
ion migration of MAPDI; film could be reduced to 0.07 eV from
0.62 eV when tuning the light intensity from 25 to 0.1 mW cm 2,
On the contrary, the activation energy was nearly unchanged
around 0.45 eV for CsPbI,Br, an indicator of its excellent
stability in spite of the presence of phase segregation. A similar
conclusion was also reached for the all-bromine perovskite
system.”*

According to the above-mentioned discussion, the light-
induced halide segregation is still unclear regarding whether
it is beneficial for improving the PCE of the corresponding
devices. The effects of phase segregation enhanced ionic
movement and accelerated hole extraction along with increased
injection barriers or hysteresis are fuzzy in studies pf all-
inorganic perovskites, with no consensus. Therefore, further
exploration focusing on this point should be conducted in the
future.

As the most popular research topic in inorganic PSCs other
than CsPbl; (thermodynamic instability) and Br-rich CsPbIBr,
or CsPbBr; (larger optical bandgaps), another crucial issue on
the way toward commercialization is the high-temperature
annealing process to obtain an ideal black phase, which is
undesirable for flexible devices. The phase conversion temper-
ature is highly dependent on the fabrication technology. A
recent investigation on the crystal behavior of phase-pure
CsPbI,Br via a one-step method indicated that the effective
phase conversion can only be realized when the annealing
temperature is over 260 °C."® Sutton and co-workers demon-
strated that a much higher crystallization temperature was
required when employing a two-step method to fabricate an all-
inorganic perovskite film. Furthermore, gas-vapor assisted
technologies elevated the temperature to >300 °C.*** To signif-
icantly reduce the energy-consumption, incorporating I-excess
precursors of HPbIz,, (x = 0.1-0.2) to replace Pbl, and
substituting traditional DMF with dimethylsulphoxide (DMSO,
a stronger coordination solvent) were tested, resulting in the
successful phase conversion even at room temperature.'’® The
possible mechanism behind these phenomena is mainly
attributed to the formation of an intermediate phase, acceler-
ating the room temperature conversion of the cubic CsPbl,Br,
which has also been observed in the CsPbl; system.*> Owing to
the much higher coordination interaction between DMSO and

This journal is © The Royal Society of Chemistry 2019
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PbI, than that of DMF, a longer Pbl, interplanar distance could
be formed, which is beneficial for the subsequent intercalation
of CslI species. Subsequently, a CsI-Pb[I/Br],-DMSO interme-
diate phase was spontaneously formed. Upon the solvent
escaping from this intermediate concept, a perovskite phase
could be obtained.'””

The CsPbIBr film quality, defect-free crystallinity, and
thickness dominate the photovoltaic performance of the cor-
responding device. To date, by the precise growth controlling
and post-treatment of CsPbI,Br film has demonstrated
considerable advantages for efficiency enhancement, yielding
an enhanced efficiency of over 16%."* Utilizing the post-
treatment of evaporating CsBr to passivate the CsPbI,Br/HTL
interface and reduce the energy loss, a recorded efficiency of
up to 16.37% was obtained."” Compared to hybrid perovskites,
inorganic CsPbI,Br with superior long-term stability and a high
light absorbance ability shows great potential for application in
photovoltaics, especially tandem solar cells, by allowing devel-
oping a novel fabrication technology and stabilizing the lattice
to facilitate a simple assembly process and eliminating phase
segregation.

3.1.4 CsPbl;. When completely removing the Br atom in
cesium lead halides, a triiodide CsPbl; with a bandgap of
1.73 eV was formed, which is much more appropriate as
a photovoltaic candidate among all the all-inorganic perov-
skites. However, in early research, the CsPbl;-based PSCs pre-
sented sluggish efficiency because the black cubic perovskite
phase is thermodynamically preferred only above 330 °C and
converts into a photoinactive orthorhombic d-phase (yellow
phase) at lower temperature.®>'”® The mechanism behind this
phenomenon is that the tolerance factor of CsPbl; was calcu-
lated as 0.80 according to the ionic radii of Cs*, Pb**, and I~
which is relatively lower and easier to maintain the ‘black’
polymorph structure and to easily transfer to its ‘yellow’ non-
perovskite polymorph, which is thermodynamically more stable
at ambient temperature. This is the biggest challenge in the
pursuit of high-performance platforms. Actually, based on the
recent study by Zhao's group, most of the previously reported
results on the CsPbl; phase with a 1.73 eV bandgap correspond
to y-CsPbl; not to the a-CsPbl; phase. In 2013, CsPbl; was
experimentally formed by substituting the organic MA" cation
in MAPbI; with Cs® ion, and this was then used as a light
absorber for a solar cell application for the first time.*® By
careful processing control (with the addition of HI into the
precursor, which is similar to the above-mentioned conclusion
in Section 3.1.3) and the development of a low-temperature
phase transition route, Snaith et al stabilized the CsPbI;
halide in its black perovskite phase and finally obtained an
efficiency of up to 2.9% for a planar heterojunction architec-
ture.® Thereafter, ever-increased strategies have been launched
to improve the environmental stability of perovskite-structured
CsPbl;, such as controlling the grain size,”” composition
engineering (e.g., PEA",****** gulfobetaine zwitterion,'** PVP,**
bication 2D-quasi perovskite,"*> and external cations/anions
doping®®) and solvent control.

Grain refinement has been demonstrated to be a promising
strategy to stabilize the crystal lattice owing to the higher

This journal is © The Royal Society of Chemistry 2019
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contribution of surface energy. In 2016, Luther and co-workers
synthesized o-CsPbl; QD films (Fig. 10a and b), which were
stable for months in ambient air."*® When assembling into
a photovoltaic device with the architecture of FTO/TiO,/QDs/
Spiro-OMeTAD/Mo0O,/Al, a recorded efficiency of 10.77% with
an open-circuit voltage of 1.23 V was achieved (Fig. 10c),
providing a path to assemble high-performance devices.
However, the short-circuit current density and fill factor were
limited by charge transportation to a certain extent.'”*'*
Therefore, they further developed a novel avenue via AX (A =
FA', MA', Cs"; X = I, Br™) treatment to improve the charge
transportation of a-CsPbl; QD-based perovskite solar cells,
leading to a record certified QD solar cell efficiency of 13.43%
(Fig. 10d)."” In detail, the CsPbl; QD film for this work was
deposited by layer-by-layer spin-coating; next, each QD layer was
immersed into a saturated lead(u) nitrate [Pb(NO3),] solution in
methyl acetate (MeOAc) to partially remove the native ligands
and to allow for further layers to be deposited without re-
dispersing the existing layers; after forming a sufficiently
thick CsPbI; QD film (200-400 nm), the film was immersed into
a saturated AX salt solution in ethyl acetate (EtOAc) for around
10 s, as illustrated in Fig. 10e. Recently, an efficient surface
passivation method for CsPbl; perovskite QDs using a variety of
inorganic cesium salts has been also reported by Ma et al., as
shown in Fig. 10g, with not only filling the vacancy at the CsPbl;
perovskite surface but also improving the electron coupling
between QDs. As a result, an impressive efficiency of 14.10% for
CsPbI; QD solar cells was obtained.*** This method has also
been applied to fabricate CsPbBr; QDs based films, which has
been discussed as following. Likewise, Huang and coworkers
added sulfobetaine zwitterions into a CsPbl; precursor solution
(Fig. 10f) to impede CsPbl; crystallization via electrostatic
interaction with the ions and colloids in the CsPbl; precursor
solution to form small-grained films with an average size of
30 nm, thus resulting in enhanced o-phase stability.”** As
shown in Fig. 10h, during spin-coating of the precursor solu-
tion, the process of Cs" ions entering the octahedral sites of
[PbI¢]*~ octahedra to form a CsPbl; perovskite is quick, leading
to larger grains with the orthorhombic phase. Upon introducing
sulfobetaine zwitterions into the system, the above process will
be suppressed owing to the collapse of the layered structure of
the colloids; therefore, leading to a decreased colloid size.
Furthermore, the molecules will be expelled to the grain
boundaries and will impede the grain growth continuously.
Finally, the device could maintain 85% of its initial efficiency
after storage in air for over 30 days, demonstrating the great
potential to stabilize the crystal by reducing the grain size.
However, for all the methods mentioned here, the inferior
interfacial charger-transfer behavior is still a major issue to
solve to further improve the efficiency of solar cells. Zhang et al.
employed oleic acid, oleylamine, octanoic acid, and octylamine
as capping ligands for synthesizing high-quality CsPbI; QDs
(Fig. 10i).*** Although an enhanced efficiency from 7.76% to
11.87% was obtained owing to the reduced charge-transfer
resistance induced by the shorter ligands, substantial recom-
bination was still present. With the aim to resolve this problem,
Liu's group used high-mobility pGR sheets to react with the
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Fig. 10 (a) Schematic and (b) cross-sectional SEM image of a CsPblz-tailored solar cell.**® Current density—voltage curves of the corresponding
devices with (c) and without (d) surface treatment.*?27° Schematic of the perovskite film deposition processes of (e) AX salt post-treated QDs'"®
and (f) zwitterions-assisted technology.”* (g) Schematic illustrations of CsPblz QD film deposition and CsX post-treatment process.**? (h)
Mechanism of a-phase CsPbls stabilization by zwitterions.*** (i) Schematic of CsPbls a-phase stabilization mechanism due to the presence of
shorter ligands.*** (j) Chemical structure of the nGR and CsPblz QDs, and their cross-linking mechanism. Schematic illustration of the charge-
transport process and stabilization mechanism for the pGR/CsPbls film-based PSCs.*8°

CsPbl; QDs to accelerate charge transfer and extraction, as
depicted in Fig. 10j. They proved that intermolecular hydrogen
bonds cross-linked two materials together through Fourier
transform infrared spectroscopy (FT-IR) determination,'®®

21046 | J Mater. Chem. A, 2019, 7, 21036-21068

inhibiting the self-healing induced accumulation and aggrega-
tion of QDs. Therefore, the phase transition induced degrada-
tion from the a-phase to the 3-phase was suppressed, which in
turn increased the environmental tolerance. Meanwhile, uGR
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can also protect QDs from being attacked by water molecules
due to its hydrophobic group.*®*** Arising from the stabilized
lattice and effective charge-transport dynamics, an enhanced
PCE of up to 13.59% has been obtained.

Another strategy to significantly enhance the stability of the
CsPbI; crystal lattice is to increase the moisture resistance and
decrease the dimension structure of perovskite materials by
introducing a long-chain polymer and large cations. Li and co-
workers incorporated polymer polyvinylpyrrolidone (PVP) into
the perovskite precursor solution to stabilize inorganic perov-
skite CsPbl; with a cubic crystal structure via a reproducible
solution-chemistry reaction process."*® Owing to the interac-
tion between the acylamino group in PVP and CsPbl;, as shown
in Fig. 11a, the grain boundaries could be effectively passiv-
ated, resulting in an enhanced efficiency of 10.74% with
excellent thermal and moisture stability. The corresponding
conclusions have been also explored in hybrid perovskite
devices similar to PEG polymer incorporation. Unlike the
organic cation in organic-inorganic hybrid perovskites, the Cs*
cation in the CsPbl; crystal lattice is highly stable and therefore
a quasi-2D perovskite layer would be formed upon substituting
Cs" with a large radius cation, such as phenylethylammonium
(PEA"),3%7 ethylenediamine (EDA"),"*2 triple cation dieth-
ylenetriamine (NH;'C,H,NH, C,H,NH;"),*®** and phenyl-
trimethylammonium (PTA")."® Especially, Liu and Zhao et al.
introduced PEA" to form a defect-passivating organic cation
terminated surface to improve the phase stability and moisture
resistance.®”*®* The mechanism is depicted in Fig. 11b and c.
Through forming the intermediate hydrogen lead iodide
(HPbI;,,) before the distorted black phase as an avenue to
lower the crystallization temperature and stabilize the lattice
according to previous reports, a solar cell efficiency as high as
15.07% and negligible efficiency loss after 300 h light soaking
without encapsulation were obtained. Almost simultaneously,
Chen's group adopted cesium acetate (CsAc) and hydrogen lead
trihalide (HPbX;) as a new precursor pair to form high-quality
CsPbX; films by introducing a trace of PEAI into the new
precursor system, which could reduce the dimension of the
perovskite and thereby significantly suppress the undesirable
phase transition."* Strikingly, following a one-step spinning
method, they were able to fabricate mirror-like CsPbl; films
with an area as high as 9 x 9 em?, providing a possibility for
realizing large-area commercialization device fabrication.
More recently, Zhao et al. mitigated the effects of cracks and
pinholes in the perovskite layer by surface treatment with
choline iodide (CHI), as shown in Fig. 11d, which increased the
charge-carrier lifetime and improved the energy-level align-
ment between the -CsPbI; absorber layer and carrier-selective
contacts. As a result, a recorded efficiency reaching 18.4%
under 45 + 5 °C ambient conditions was obtained, demon-
strating that the inorganic perovskites are promising as light
absorbers."**

According to aforementioned discussion, two main avenues
to stabilize a-phase CsPbI; can be concluded: (1) reduce the
crystal size, no matter whether 2D or quantum dots; (2) surface-
terminated protection, no matter by solvent control or by the
introduction of organic groups. Besides, doping smaller ions to
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substitute the Cs" and realizing lattice contraction (which will
be discussed in the following part) is also an effective method to
stabilize the CsPbI; phase. All these various strategies to reduce
the surface energy to enhance the phase stability and the long-
term performance of state-of-the-art devices based on various
stabilization strategies are summarized in Table 2.

3.2 Pb-free perovskites

Lead-based inorganic perovskites are the most studied mate-
rials in all-inorganic perovskite devices, which have achieved
PCEs of over 10% with the highest value of 18.4%. In this
review, we mainly focus on depicting the progress of Pb-based
inorganic perovskite solar cells. However, with an aim to
better understand the development situation of this emerging
class of photovoltaics, Pb-free perovskite assembled devices are
also discussed in this part.

Actually, the first all-inorganic perovskite solar cell was
based on Sn-containing materials by completely substituting
Pb** with Sn>" in 2012, achieving an efficiency of 0.88%.'%¢
Unfortunately, compared with Pb-based inorganic perovskite,
Sn-based inorganic perovskites are more susceptible to
moisture-mediated degradation, oxygen-mediated oxidation of
Sn** to Sn**, and even to beam damage, leading to severe
decomposition of the original structure.'®”'*® Subsequently,
Kumar et al. fabricated a common photovoltaic device with the
configuration FTO/TiO,/CsSnl;/HTM/Au, showing an improved
PCE up to 2.02% by introducing SnF, into the lattice of CsSnl;
to reduce the intrinsic defects, such as Sn-cation vacancies.'® A
corresponding conclusion was also demonstrated in CsSnBr;
PSC."™ Hodes et al. reported that the addition of SnF, could
slightly raise the work function and Eygy of CsSnBr; and
increase stability against electron beam damage. After carefully
controlling the dosage of SnF,, the PCE could be increased to
over 2% from an initial 0.01%. Further, Mai's group introduced
SnF, and hypophosphorous acid (HPA) additive to improve the
phase stability of a Sn-based perovskite during long-term
thermal treatment, as shown in Fig. 12a and b.**° Arising from
the inhibition of the formation of Sn*" during the formation
process of CsSnlBr, films, the long-term stability could be
significantly enhanced. Finally, PCEs of around 3% were ob-
tained by CsSnIBr, with the mesoscopic PSC architecture. All
the above-mentioned results demonstrate the promising
application of Pb-free perovskites as photoactive layers in cor-
responding devices.

Similar to CsPbX;, as shown in Fig. 12c¢ and d, when
increasing the Br doping dosage, the optical bandgap of CsSnX;
increases from 1.27 eV for CsSnl; to 1.37, 1.65, and 1.75 eV for
CsSnl,Br, CsSnIBr,, and CsSnBr;, respectively.’* Meanwhile,
the photovoltaic performances and stability are highly depen-
dent on the composition. An obvious improvement in V,. and
decrease in J,. could be detected upon incorporating Br
element, as shown in Fig. 12e, which was mainly attributed to
the reduced Sn-cation vacancies. By adding SnF, to further
optimize the film quality, an optimal PCE of 1.76% was ob-
tained for CsSnl, ¢Br,; PSCs. By adding SnCl, into the CsSnl;
perovskite precursor, Hatton's group formed a low pin-hole
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density and highly stable CsSnI; perovskite film, achieving
a high PCE of 3.56%.'%

Apart from the Sn-based Pb-free perovskites, employing Ge
element to substitute Pb or forming perovskite derived mate-
rials, such as A,BX; (2-1-6), A3B,X, (3-2-9), and A,B*"B**X; (2-1-
1-6) are another two strategies to obtain Pb-free perovskites. The
typical compounds contain CsGeCl;, CsGeBr3, and CsGels, with
bandgaps of 3.67, 2.32, and 1.53 eV, respectively."® To date,
their efficiency as well as stability are still much lower compared

21048 | J. Mater. Chem. A, 2019, 7, 21036-21068

to Pb-containing devices, mainly attributed to the easily
oxidized behavior of Ge** to Ge*'. Efficient stabilizing of the
lattice of CsGe(Sn)X; is a great challenge to realize high-
performance Pb-free PSC devices. For perovskite-derived mate-
rials, including Cs,Snls, Cs;Biyle, Cs3Sb,ly, Cs,BiAgClg, Cs,-
BiAgBrs, and so on, although theoretical calculations have
predicted that those derived perovskites have ideal bandgaps to
achieve high solar-to-electric conversion efficiency, the PCEs of
photovoltaics assembled based on these materials are generally
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Table 2 Phase stability of CsPbls modified by various strategies under
various conditions

Type Phase stability Ref.
CsPbl; (HI) planar <1 day 85

CsPbl; QDs >60 days (dry) 128
PVP-passivation CsPbl; >500 h 138
PEA" >100 h (dry) 135
PEA" >200 h (dry) 137
CsPbl;-0.025EDAPbI, >35 days (dry) 132
Sulfobetaine zwitterions >30 days 134
PEA" >40 days 111
2D BA,CsPb,I, >30 days 136
SCG-CsPbl, >500 h 139
WGR/CsPbl; QDs >30 days (Ny) 180
CHI/CsPbI, >500 h (N,) 144
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Fig.12 XRD pattern of SnF,-doped CsSnIBr; prepared: (a) without and
(b) with HPA. (c) Tauc plots, (d) the bandgap, and (e) J-V curves of
CsSnls_,Br, and corresponding devices with different x values.*°01%*

around 3%, even after optimizing the element ratio of X site and
when improving the film quality.”**** All in all, great break-
throughs may be achieved by developing suitable synthetic
routes to fabricate these novel materials in the future.

After comparing various inorganic PSCs, it can be seen that
the advantages and deficiencies are typically concomitant.
Taking CsPb(I,_,Br,); into consideration, generally, when x <
0.2, the I-rich phase is preferred insulating the § phase at room
temperature; when x > 0.4, the light-induced segregation
dominates under irradiation. To date, the best recorded effi-
ciency of inorganic PSC device that has been achieved is 18.4%
for CsPbl; perovskite, and 16.37% for CsPbI,Br perovskite, and
10.91% for CsPbBr; perovskite. For Pb-free devices, the photo-
voltaic performance is still unsatisfactory. Taking all
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parameters together, CsPbI,Br films may be regarded as the
best choice for inorganic PSCs by balancing the stability and
efficiency.

4. Compositional engineering

Although cesium lead halide perovskite is regarded as an
alternative light absorber, the nonuniform film coverage, high
trap state density, and phase instability still degrade the
photovoltaic performances of the corresponding devices fabri-
cated with this material. Doping inorganic perovskites with
a smaller ion leads to a reduction of the lattice constants and
thus to the contraction of the cubic volume, which has been
proved to be an efficient strategy to further enhance the overall
photovoltaic performance of inorganic PSCs. Fig. 13 summa-
rizes the radii of ions that have been used in doping engineering
and the inner mechanism of A-site and B-site substitutions.

4.1 A-site substitution

A general recognized mechanism involves adjusting the A-site
cations to contract the sizes of the octahedral voids, with an
aim to obtain an ideal cubic perovskite phase with a Gold-
schmidt's tolerance factor (z) of 1, and thus stabilizing the
perovskite phase.****® Therefore, the composition of the A-site
is crucial for effective PSC devices. Incorporating alkali metal
cations has also been systematically studied in hybrid perov-
skite system, displaying a positive effect on the final photovol-
taic performance. Liu's group systematically demonstrated that
A-site substitution with alkali metal ions could dramatically
improve the perovskite quality by enlarging the grain sizes,
reducing the defect state density, passivating the grain bound-
aries, and increasing the built-in potential (V};)."*® Various alkali
metal ions with smaller ionic radii have been discovered to
substitute for Cs', as shown in Fig. 13b, with an aim to enhance
the photoelectric properties of inorganic perovskite solar cells.
The first group to kick off the alkali metal doping way was Park's
group in inorganic PSCs by means of incorporating potassium
cations (K') into the CsPbI,Br lattice.'* After optimizing the
doping dosage, as shown in Fig. 14a and b, the largest shift of
the XRD characteristic peak position to a higher angle was

a Lit (OA76) K* (138) Rb (1.52)

l Bii’il,OS)l | l l lon radius\(»&)

1 >
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Fig. 13 (a) The ion radii of various metal ions. Illustrated crystal
structure for (b) A-site and (c) B-site substitutions.
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layer 114

observed upon a closer look for the (100) peak of Csg 925Ko.075
PbI,Br, which could be correlated with a significant decrease in
the lattice constant from 6.0341 A to 6.0137 A, resulting in the
contraction of the cubic volume and a significant stabilization
of the perovskite phase.’”” Furthermore, the increased XRD
peak intensity indicated an increase in the crystallinity, whereby
the preferred orientation was arranged. The binding energy for
Pb 4f and Br 3d shifted from 137.8 to 138.2 eV and 67.95 to
68.35 eV owing to the changed interaction between the
elements (see Fig. 14c-f) after doping with K', respectively.
Arising from the smaller ion radius of potassium (1.38 A) than
cesium (1.67 A), the volumetric ratio between PbX, octahedra
and A-site cations for Csg g,5Kg.¢75PbI,Br could be well-tuned,
leading to an enhancement of the phase stability of perov-
skites. A significant increase in absorbance intensity and the
enhancement of charge extraction could also be viewed from
Fig. 14g-i, which were highly dependent on the optimization of
the as-prepared perovskite film.

According to the passivation effect of potassium cations, the
defect state density could be significantly reduced, such as the
halide vacancy in the grain boundaries or in the interior of the
perovskite film."® The non-radiative losses could be dramati-
cally eliminated owing to the suppressed recombination,
thereby enhancing the external photoluminescence quantum
yield as well as the corresponding photovoltaic conversion
efficiency. Finally, a device with the architecture of FTO/bl-TiO,/
CS0.925K0.075PbI,Br/Spiro-OMeTAD/Au yielded an enhanced
efficiency as high as 10.0%, demonstrating the feasibility to
regulate the lattice and defect state density.

More recently, Tang's group comprehensively studied
a series of alkali metal ions (Li", Na*, K', and Rb") with smaller
ionic radii as dopants to modulate the film quality of all-
inorganic CsPbBr; perovskite films.*® As shown in Fig. 15, the
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Fig. 15 (a) XRD patterns for Cs;_,R,PbBr3 films. (b) XPS spectra of Cs
3d for various alkali metal cations-doped perovskite films. (c) Enlarged
comparison of the (100), (110) and (111) diffraction peaks. Top-view
SEM images of the (d) CSPbBr3, (e) CSo_geLio_ozpbBr3, (f) C50_94Nao_06—
PbBrs, (g) Csg.02Ko.08PbBrs, and (h) Csg91Rbg 0oPbBr3 films. (i) Grain
statistical distribution of five different films based on the top-view
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characteristic peaks shifted to higher binding energy and the
diffraction angle could also be discovered, confirming the
contraction in the perovskite cubic volume. By optimizing the
doping amount, the grain size could be enlarged to 820 nm
from the pristine 360 nm size, as shown in Fig. 15d-i, leading to
the reduction of the grain boundaries, which would induce
shallow states near the valence band edge and hinder hole
diffusion. In this fashion, the recombination in perovskite films
could be suppressed.” An unprecedented PCE of 9.86% and
the long-term stability of the HTL-free Csg.91Rbg 0oPbBr; solar
cell guarantee its further application.

4.2 B-site substitution

Can the partial substitution of Pb** (B-site) with other metal
ions (from an extent of doping to alloying) stabilize the desired
phase of CsPbX; (X = Cl, Br, I) perovskites without changing
their optoelectronic properties? Considering the toxicity of Pb**
in typical perovskite crystals, various bivalent nontoxic metal
ions (such as Mn*", Zn**, Cd**, Co**, Sr**, Sn**, and alkaline
earth metal ions)’®"13116:126:197200:202 apd multi-valent nontoxic
metal (such as Bi**, In*", Y**, Nb>*, and lanthanide rare earth
ions)®7129205207 haye been introduced into the perovskite lattice
to partially substitute Pb*", realizing the optimization of the
finally perovskite films. According to previous reports, the
reduction of the bond length between B** and X~ can signifi-
cantly enhance the stability of CsPbX; perovskites as well as the
corresponding performance of photovoltaic devices owing to
the optimized tolerance factor and enhanced formation energy
for a-CsPbl; at room temperature and for the orthorhombic
CsPbBr3;, respectively, as shown in Fig. 16a.>® Zou et al. proved
that Pb>" substitution with Mn>" could result in lattice
contraction and enhance the formation energy by means of

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9ta06674h

Published on 30 August 2019. Downloaded by Zhejiang University on 10/3/2019 11:50:33 AM.

Review
Partial B-site cation substitution of CsPbX, o - ®
a CsPbl, ¢ e ¢ e e CsPOBr, b ® ¢ ? - hg ‘k.“ﬂ .
ey g DT g 5
2 \.L. N Bstin S
SISt
(3 . '}.

et o

N Less stable
s WS 5CPI(RT) | copppr,  More Stable
a-Cs(PbeM)X, (RT) Cs(PbsM)Br,

TR TS

g CsPh

®© © o o
A 1OA A LA
line Coiom  Lead Biomuth

Stable forless than 24h at RT in air

<<<<<<

il B
LR

g, VNN
D:5:D:4

aedd ™

2403 RT inair

Py Zn 1B

CsPb1AYAL:Br precursor solution

Fig. 16 (a) Schematic representation showing the effect of doping
various ions into an inorganic perovskite lattice, such as increasing the
tolerance factor and formation energy.2°® The characterization and
crystallization processes of; (b) Mn?*-16 (c) Sr2*- 13 (d) Zn2*- 126 (e)
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theoretical calculations, thus fundamentally stabilizing the
perovskite lattices.'” Besides, by inserting Mn>" ions into the
interstices of the CsPbI,Br lattice, the aspect ratio of the
CsPbI,Br crystalline grains could be enhanced as high as 8, as
developed by Liu's group (Fig. 16b). Arising from the reduced
trap density, when the MnCl, concentration was increased to
2%, the PCE reached a maximum of 13.47% (as well as a V. of
1.172 V, a J,. of 14.37 mA cm 2, and an FF of 80.0%).'° In
theory, the valence band maximum is mainly determined by the
antibonding hybridization B 6s and X np orbitals with domi-
nant contributions from X np, while the conduction band
minimum is mainly determined by the antibonding mixing of B
6p and X np orbitals with the dominant contribution from B
6p.>* Following this line of thought, B>" doping can tune the
band structure of all-inorganic perovskites. Indeed, upon
introducing Mn>"* into the CsPbIBr, lattice, the valence band
maximum values of perovskite films could be regulated from
pristine —5.39 eV to —5.22 eV, reducing the energy barrier for
effective photogenerated holes extraction. When assembling
into a carbon based device, an enhanced efficiency of up to
7.36% could be achieved, with an increase of 19.9% in PCE
compared to a control device.>*®

Partially substituting Pb with Sr has also proved to be an
effective strategy to optimize the perovskite film quality. The
PCE of CsPby ¢5Sry.0.I,Br solar cells increased from 6.6% (for
CsPbL,Br) to 11.3%, with a V,. of 1.07 V, a J. of 14.9 mA cm 2,
an FF of 0.71, and a stabilized efficiency of 10.8%. Sr-doped
CsPbI,Br showed better thermal stability and a large grain
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size (Fig. 16¢)."*® This was the first demonstration of a low-
temperature-processed CsPbI,Br perovskite solar cell that had
comparable efficiency to the high-temperature-processed Cs
perovskite cells. Meanwhile, Ca®>" displayed a similar effect on
enlarging the perovskite grain size and reducing the film
roughness.””> According to previous reports, incorporating iso-
valent small ions to increase the stability and suppress the
formation of atomic vacancies has been proved to be an effec-
tive strategy in hybrid perovskite systems.?'® Zn®', which has
a stronger interaction to halide ions, can effectively manipulate
the crystal growth and enlarge the grain size of CsPbI,Br with
enhanced growth orientation, resulting in reduced grain
boundaries and accelerated charge transfer. The mechanism
behind this phenomenon is mainly attributed to the controlled
nucleation and crystalline growth processes, as shown in
Fig. 16d. Arising from the interaction between Zn>" and the
adjacent I and Br~, the formed crystals easily coalesce and
grow together into bigger domains.** Similarly, Tang's group
explored the alkaline earth metal ions, such as Mg”*, Ca>", Sr**,
Ba*", as dopants to modulate the CsPbBr; crystal structure, and
found they could improve the PCE up to 9.68%.>"* By charac-
terizing the recombination within the device, it was discovered
that the defect state density could be significantly reduced,
demonstrating that doping B> ions in CsBX; film is effective at
enhancing the photovoltaic performance of all-inorganic PSCs.

Many works have reported that doping appropriate ions can
further stabilize the perovskite lattice owing to the increased
formation energy, which will in turn improve the solar-to-
electric conversion ability. For example, in order to avoid the
undesirable phase degradation from o-CsPbl; to the non-
perovskite yellow phase 8-CsPbl; at room temperature,
Zhang's group incorporated 4 mol% Bi*" ions into a CsPbl,
precursor solution, obtaining a controlled «-CsPbI; film with
the typical cubic structure (Pm3m)."** Along with the increase in
doping dosage, the grain size was gradually decreased, similar
to the Eu**-doped CsPbI,Br system,”** which was beneficial for
the enhancement of the long-term stability (Section 3.1.4). After
systematically optimizing the doping dosage, a recorded effi-
ciency up to 13.21% with excellent stability was obtained. The
mechanism behind this phenomenon was similar to HI addi-
tion or IPA treatment. As shown in Fig. 16e, with the increase in
the Bi** component, a small microstrain (distorted cubic
structure) will be induced in the crystals owing to the smaller
ionic radius, hindering the transition from o-CsPbl; to 3-
CsPbl;. Different from Bi*" ions doping, recently, it was found
that yttrium ions (Y**), as a dopant, could expand the Pbl,
interlayer, allowing DMOS molecules into the PbI, planes as
a result of the interaction between Y*" and DMSO, which in turn
suppressed DMSO evaporation and tuned the film growth
process (Fig. 16f).>” As a result, a much enhanced power
conversion efficiency (PCE) of 13.25% could be achieved.
Besides the efficiency, the long-term stability of the corre-
sponding device could also be well enhanced owing to the stable
crystal lattice. The corresponding stabilities of various ions-
doped devices are summarized in Table 3.

For trivalent metal ions as dopants, it should be noted that
trivalent metal ions are more difficult to substitute for Pb**
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Table 3 Phase stability of doped perovskites with various metal ions
under various conditions

Sample Phase stability Condition Ref.
CsPby o6Big.04l3 >6 days Ambient 129
CsPby.9ST¢.021,Br >30 days Encapsulated 113
CsPby_oSng {IBr, >100 days Encapsulated 70

CS0.925K0.075PbI,Br >6 days Ambient 114
CSg.91Rbg goPbBr3 >30 days Ambient 90

CsPbI,Br(Mn*") >35 days Ambient 116
CsPby_y,Smg 3Br3 >60 days Ambient 97

CsPbyg.osEU o51,Br >300 h Light 205
CsPby oZn, 1 1,Br >400 h N,, 65 °C 126

owing to their unequal electric valence. Therefore, during the
formation of the perovskite film, more highly ionic metal cations
are believed to be predominantly expelled to the surface and
grain boundaries, such as AI*" and lanthanide ions (Ln®*).972"
Various Ln** ions, including La**, Ce**, Nd**, sSm**, Eu**, Gd*",
Tb**, Ho**, Er’*', Yb**, and Lu’*, have been successfully incor-
porated into the CsPbBr; perovskite lattice to further increase
the performance of the corresponding device. By optimizing the
doping amount and Ln*" ion species, a device with the archi-
tecture of FTO/c-TiO,/m-TiO,/CsPby 97;Smy o3Br3/carbon yielded
a champion efficiency as high as 10.14% with a superior open-
circuit voltage of 1.594 V, mainly attributed to the enlarged
grain size and reduced recombination within solar cells.
However, not all Ln*" ions display a positive effect on enhancing
the photovoltaic performance. Among them, Lu**, Gd**, La®*",
Ce**, Nd*', or Eu®" have a nearly unchanged effect on device
performance, even dragging the PCE down. Therefore, there may
be other mechanism behind Ln*" doping of perovskite films
owing to their unique multi-energy level construction.

To date, employing compositional engineering to dope an
impurity into the all-inorganic perovskite lattice is reported to
be an effective strategy to relax the lattice strain and passivate
defects. However, no matter whether replacing the A-site or B-
site, the doping amount should be carefully controlled. Exces-
sive impurities will destroy the lattice construction of the
perovskite, leading to a degradation of the final device
performance.

5. Film-making methods

Perovskite film is the heart of an efficient PSC device; therefore,
how to make a high-quality perovskite layer with a large grain
size and high film coverage is a prerequisite to enhance the PCE
output and the stability of inorganic PSCs. Considering the
radiative and non-radiative recombination in perovskite films,
tremendous studies are emerging concerning perovskite-
making pathways. One basic principle is to combine two inor-
ganic components, ie., Pbl,/PbBr, and CsI/CsBr, to form
CsPbl;_,Br, perovskite films. In general, the as-developed
methods can be divided into three categories according to the
film-formation process: one-step, two-step, and multi-step
deposition methods. In this section, we discuss the develop-
ment and advantages of these methods.
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5.1 One-step deposition method

Similar to the organic-inorganic hybrid perovskite films, the
inorganic CsPblI;_,Br, perovskite films can also be made by
a classical one-step method through directly depositing
precursor sources, including via the spin-coating technique and
physical vapor deposition (co-evaporation) technique.

Among the different film-making techniques, the solution-
processable technology represents the mainstream method
owing to its low-cost, facile processes, and scalable space in
producing high-quality perovskite films and therefore high-
performance PSCs. To the best of our knowledge, the one-step
solution deposition method was first proposed by Snaith and
Gritzel to form a film of an organic-inorganic perovskite.***
Later in 2015, Snaith and co-workers successfully prepared
a black phase CsPbl; film by spin-coating a CsI : Pbl, solution
(1:1 in a molar ratio) in N,N-dimethylformamide (DMF) at
a heating temperature of 335 °C, and the as-prepared inorganic
CsPbI; film maintained its stability for a period of a few weeks.*
However, the heating temperature of 335 °C is relatively high for
practical photovoltaic applications. They subsequently
proposed an additive method by adding a small amount of
hydroiodic acid (HI) to the precursor solution to enhance the
solubility of perovskite precursors, allowing for the growth of
pinhole-free perovskite layers at only 100 °C for 10 min.
However, its ambient instability still remained, limiting the
fabrication and application of CsPbl; in an air atmosphere.
Aiming to resolve the issue of stabilizing black perovskite
CsPbl;, Lu et al. modified the one-step spin-coating method by
adding a subsequent solvent engineering process with iso-
propanol (IPA) treatment, achieving a novel low-temperature
phase-transition route from a new intermediate Cs,Pbls to
stable a-CsPbI; for the first time in an air atmosphere.*** So far,
this one-step spin-coating technique has been considered
universally applicable to fabricate uniform thin films of Cs-
based perovskites with a high iodide content, such as CsPbl;
and CsPbI,Br.'"* Later, Mai et al. modified the one-step spin-
coating method by adding a gradient thermal treatment
process: first, the spin-coated film was placed on a hotplate at
30 °C to form the stable transition film; second, the temperature
was increased to 160 °C for 20 min to remove the surplus solvent
and to improve the crystallization quality, as shown in Fig. 17a
and b. Though the PCE was inferior than that of other inorganic
PSCs, it indeed demonstrated that a post-annealing procedure
was essential to reduce the Schottky barrier and interface defect
state.'’® Subsequently, they used the same film-making method
to fabricate all-inorganic CsPbI,Br PSCs with an inverted FTO/
NiO,/CsPbI,Br/ZnO@Ceo/Ag structure by introducing ZnO@Cso
bilayer electron transfer layer, achieving a PCE of over 13.3%
and a remarkably stabilized power output of 12% within 1000 s.
Importantly, the device free of encapsulation exhibited long-
term thermal stability, with only 20% of the PCE quenched
after being heated at 85 °C for 360 h."*’

During the growth of perovskite films, two processes deter-
mine the film quality: the first nucleation step and the crystal
growth step, which are highly dependent on the solubility of the
perovskite precursor and the solvent evaporation rate,
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respectively. Following this line of thought, the precursor
solution temperature is another crucial parameter for sup-
pressing the formation of too many nuclei and for increasing
the crystallization rate. Liu's group systematically studied the
relationship between crystallization and the fabrication
temperature, and found that a precursor solution temperature
fixed at 100 °C could dramatically enlarge the grain size of
a CsPbI,Br film.*”® When assembling into a planar architecture
device, a maximum PCE of up to 14.81% was achieved,
demonstrating the importance of temperature in one-step spin-
coating technology.

According to the above-mentioned discussion, precise
control of the crystal growth plays a crucial role in obtaining
high-quality perovskite films. Therefore, gradient thermal
annealing (GTA) was further developed by Chen et al., in which
the phase conversion was conducted under 50 °C for 1 min,
100 °C for 1 min, and then 160 °C for 10 min, as shown in
Fig. 17c.”** When further processing the film with anti-solvent
(ATS) treatment, such as toluene (Tol) and isopropanol (IPA),
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a high-quality CsPbI,Br film with increased average grain sizes
and reduced defect density could be obtained, which was
mainly attributed to the rapid extraction of the residual solvent
by isopropanol. Finally, a record efficiency of up to 16.07% was
achieved. Strikingly, You's group further improved the one-step
spin-coating method with an intermediate solvent-controlled
growth, called SCG, to obtain CsPbl;-perovskite films free of
pinholes and a crystal size above 5 um."* SCG, in detail, refers
to the process whereby the precursor films were stored in
a nitrogen glove box for several tens of minutes before anneal-
ing on a hotplate (Fig. 17d). This stagnation allowed the
residual DMSO to improve the film quality by enhancing the
mass transport and diffusion, achieving the champion PCE
(15.7%) of CsPbl; perovskite solar cells; further, there was no
change in the XRD patterns or absorption spectra after 7 days of
storage.

In summary, there are dozens of reports about depositing
high-quality perovskite films with a large grain size by a one-
step method. The growth of perovskite film follows the
“Volmer-Weber” growth mode, accompanied with a classic
“heterogeneous” nucleation process and grain growth theory. In
detail, the number of grains per unit area (Z) is determined by
the nucleation formation rate (v,) and the crystal growth rate
(ve), following the formula: Z « (v,/v.), where Z is inversely
proportional to the grain size. Therefore, retarding the nucle-
ation process and accelerating the grain growth process are two
strategies to increase the film quality. To date, the one-step
method has been applicable to most cesium perovskites, such
as CsPbl;, CsPbI,Br, and even CsPbIBr,, but not for CsPbBr;,
owing to its inferior solubility.

Although the solution-processable method provides great
advantages to establish an ideal perovskite film, the environ-
mental conditions during perovskite film formation, such as
temperature, precursor solubility, atmosphere, annealing time,
and so on, lead to an inferior repeatability. In order to overcome
these issues, the physical co-evaporation technique was further
attempted to obtain an inorganic perovskite light-harvesting
layer by Ho-Baillie et al.*** As is well known, a dual source
thermal evaporation technique was first employed in a hybrid
perovskite system.”** In detail, an equal molar of CsX and PbX,
were simultaneously evaporated onto an FTO glass substrate
supported electrode, leading to the successful crystallization of
a CsPbX; perovskite film. This physical process did not involve
any solvents, therefore, there was no solvent residue left in the
film and so this technology is applicable to deposit insoluble
materials. Troshin and co-workers prepared CsPbl; films by
thermally co-evaporating CsI and PbI, precursors under
a vacuum environment for planar heterojunction inorganic
PSCs (Fig. 18a).”*® Different from spin-coated films, the low-
temperature brown perovskite phase of CsPbl; is a particular
feature for vacuum thermal co-evaporation processes, as it is
unstable and undergoes an irreversible transformation to
a yellow phase under heating at temperatures above 60 °C. On
the contrary, when heated up to 320 °C, the yellow phase
undergoes a phase transition back to the black phase, which is
depicted in Fig. 18b. Film annealing at 320 °C offers the best
optimal light absorbance, which is consistent with the phase
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Fig. 18 (a) Illustration of the dual-source co-evaporation technique.
(b) Optical images and absorbance spectra of CsPbls films under
various temperatures, and colorimetric observation of the color
change from brown to yellow and then to black phase at higher
temperatures.t3°

transition temperature from the orthorhombic yellow phase to
the cubic black phase. After annealing, the film quality can be
significantly optimized, with an increased grain size up to 1-3
pum. In this fashion, it is obvious that the annealing temperature
is still necessary for fabricating a high-quality perovskite film.
The perovskite films prepared by the co-evaporation method
present few impurity defects and a dense and uniform surface.
However, this method requires a high vacuum and high-
strength equipment as well as large energy consumption.
Vacuum co-deposition is the third technique to make inor-
ganic perovskite films; for example, Lin et al. prepared CsPbl;
and CsPbI,Br films with the aid of the physical vapor behavior
of sublimed cesium-based perovskite precursors.'® Since the
smooth CsI surface dramatically changes to a rough and diffu-
sive appearance when exposed to air, a vacuum chamber with
observation and measurement windows is utilized to avoid air
exposure during the formation of the perovskite phase.
Through tuning the annealing time, the best CsPbI,Br solar cell
showed a promising PCE of 11.8%, with a V. of 1.13 V, J,. of
15.2 mA cm ™2, and FF of 0.68. This method has advantages of
a precise deposition rate and accurate molar ratio of precursor
materials, as shown in Fig. 19, which are critical for device
performance, leading to small hysteresis and superior stability.
Meanwhile, taking the different solubilities of components
into consideration, especially for double perovskites with
a complex composition, vapor-deposited technology shows
great potential for high-quality perovskite films as well as for
fabricating lead-free semiconductors. Liu's group successfully
developed a sequential-vapor-deposition method to fabricate an
all-inorganic double perovskite Cs,AgBiBrs film, and
a maximum PCE of 1.37% was achieved.””® Compared to
solution-processable = methods, physical-vapor-deposition
demonstrates universal applications in photovoltaic areas.

5.2 Two-step deposition method

In general, the development of inorganic perovskite films
follows the same steps as organic-inorganic hybrid perovskites,
in which a two-step spin-coating technique has been widely
employed for fabricating a high-quality perovskite layer. To
date, the two-step or multi-step deposition method (will be
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Fig. 19 Top-view scanning electron microscopy images of CsPbl,Br
films annealed at different times at 260 °C. Scale bar: (a) 100 um and (b)
2 um. (c) Corresponding J-V curves and (d) EQE spectra measured
under one sun AM 1.5G illumination. (e) Photocurrent density and PCE
as a function of time of the champion CsPbl,Br solar cell under the bias
of 0.88 V.***

discussed in the following part) has been mainly employed to
fabricate Br-rich all-inorganic perovskites owing to the solu-
bility limitations of Br~ ions in conventional solvent, which
leads to perovskite films with B-rich compositions being diffi-
cult to be obtained. Hodes et al. proposed that the two-step spin-
coating technique can be used to form cesium lead halide
perovskites.®* In detail, the first step is to spin-coat lead
bromide solution in DMF onto a mesoporous TiO, scaffold and
to then dry at 70 °C. Subsequently, these lead bromide films are
dipped in a heated solution of the cesium halide salt(s) in
methanol for 10 min, thereby realizing the successful perovskite
formation. Meanwhile, Jin's group also employed this method
to assemble a carbon-based device with the architecture of FTO/
¢-TiO,/m-TiO,/CsPbBr;/carbon, obtaining an efficiency of 6.7%
together with excellent long-term stability.®® However, the
uncontrollable dipping process drags down the reproducibility
and high-quality film formation. To address these issues, Chen
et al. systematically explored the relationship between the
CsPbBr; film quality and dipping time as well as the reaction
temperature, demonstrating tat the morphology and composi-
tion was highly dependent on the two parameters. Finally, the
PCE could be increased to 3.9% from the pristine 1.3% after
optimizing the reaction time and temperature.*® In fact, the
phase of the perovskite film obtained by this method is
complicated. Therefore, Yu and coworkers modified this two-
step method by introducing a face-down dipping process to
restrict the decomposition of the unwanted precursor films in
solution and to fabricate high-quality CsPbBr; perovskite films
with an average grain size of 860 nm.**® Fig. 20 illustrates the
differences in depositing perovskite films, and therefore inor-
ganic perovskite film structures, between the face-up dipping
and face-down dipping process.

Most reported CsPbBr; films are prepared by a solution
process; however, the rapid liquid-phase reaction is hard to
control, resulting in an inferior perovskite film with enormous
pores and notorious efficiency. Therefore, employing an inter-
mediate phase to modulate the final perovskite quality is an
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effective strategy. Inspired by the rapid reaction between
MAPDI; and gaseous Br, and HBr,*® Sun et al. fabricated
a CsPbBr; perovskite film with a Br,-vapor-assisted CVD
method, as shown in Fig. 21a, in which fast anion exchange
from CsPbI; to CsPbBr; could be realized owing to the effective
incorporation of Br~ into CsPbl; inorganic perovskites in a few
of seconds.”” First, the CsPbl; precursors were spin-coated onto
the FTO/c-TiO,/m-TiO, substrates, and then transferred into
a quartz tube furnace. After pumping the quartz tube for 5 min,
the CsPbl; precursors were heated to 150 °C and then Br, vapor
was injected into the hot quartz tube for reaction. Finally, the
perovskite films were taken out and rinsed with isopropanol,
and annealed in ambient air to obtain a bright yellow CsPbBr;
layer. Finally, a relatively high PCE of up to 5.38% (Fig. 21b) was
achieved based on this CsPbBr; all-inorganic perovskite solar
cell with carbon as the back electrode. The perovskite layer
made by the vapor-assisted method always features high
coverage, a smooth surface, and tiny grain size, thus reducing
the surface recombination rate during carrier transportation
and thereby achieving a high V,. output. Moreover, the vapor-
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conditions.1%®

assisted technique does not need special requirements, it is
economical and environmental compared to the co-evaporation
or solution-processable spin-coating methods.

Perovskite-structured quantum dots (QDs) have also been
applied to assemble perovskite films for photovoltaic applica-
tions, and are beneficial for eliminating the inconclusive self-
assembly crystallization processes as determined by different
factors including the precursor ratio, solvent, processing addi-
tives, substrate roughness and surface energy, atmospheric/
environmental conditions, annealing temperature, and treat-
ment time. To the best of our knowledge, CsPbl; QDs have
recently been utilized to stabilize the crystal phase for the first
time, which was discussed in Section 3.1.4."** By spin-coating
QDs onto the surface of TiO, film, a high V,. of 1.23 V and
efficiency of 10.77% were obtained, demonstrating the great
potential for enhancing the overall photovoltaic performance of
all-inorganic PSCs. Subsequently, a CsPbBr; QDs “ink” was
developed to fabricate fully air-processed and stable solar cells,
exhibiting an efficiency over 5% with high V,. values.'?”*'7>18
This strategy may provide a new path to resolve the dissolution
issue of the CsPbBr; precursor.

The uniform deposition and reliable anchoring of perovskite
precursors in larger sizes often requires specific conditions, but
spray-assisted deposition is regarded as a straightforward, fast,
and cost-effective way to pattern substrates on a large scale. Ho-
Baillie et al. demonstrated the feasibility of spray-assisted
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deposition to overcome the poor solubility of the bromide ion in
one-step and two-step solution methods.*® In this method, CsI
was sprayed onto a spin-coated PbBr, layer under ambient
conditions (see Fig. 21c). The substrate temperature during the
spraying of CsI and the annealing temperature were found to be
the most crucial parameters for the quality of the perovskite
film. As depicted in Fig. 21d, the main peaks at 14.82°, 21.05°,
and 29.94° corresponding to the (100), (110), and (220) planes of
the CsPbIBr, perovskite orthorhombic phase could be clearly
detected. With a much higher substrate temperature, the
segregation of CsI (27.5°) became prominent. Fig. 21e demon-
strates the crystallization of CsPbIBr, perovskite after annealing
at 275 °C, 300 °C, 325 °C, or 350 °C for 10 min in atmospheric
conditions, suggesting that a good annealing temperature
range is from 275 °C to 350 °C. Using the optimized spray-
assisted method, the best-performing inorganic FTO/bl-TiO,/
mp-TiO,/CsPbIBr,/Spiro-OMeTAD/Au PSC achieved a stabilized
PCE of 6.3% with negligible hysteresis.

5.3 Multi-step deposition method

To date, the multi-step technology is generally employed to
fabricate all-brominated CsPbBr; perovskite films. During the
fabrication process of CsPbBr; perovskite films, CsPb,Brs or
Cs4PbBrg will be formed when employing the traditional two-
step solution-processed film-making technique. To effectively
resolve this issue, a novel multi-step method to form a high-
purity cesium lead bromide film with vertical and monolayer-
aligned largest grains were proposed by Tang's group, leading
to maximizing the charge transportation kinetics and therefore
an increased PCE from 6.7% to 9.72% after incorporating
GQDs.®

A schematic diagram of multi-step deposition technology is
shown in Fig. 22a-d, involving a single PbBr, layer and the
multi-step spin-coating of a CsBr layer. By tuning the number of
deposition cycles with the CsBr solution, the components,
crystal structure, and morphological alignment of the as-
prepared perovskite films could be well controlled. From the
SEM images, it could be seen that the film coverage and grain
size were insufficient when the deposition number was low.
Along with increasing the deposition number, an ideal perov-
skite film could be obtained when the deposition number was
controlled at 4 times. The mechanism behind this phenomenon
can be explained by the gradual phase conversion and crystal
growth processes. Through characterizing the phases of as-
prepared perovskite films with various deposition numbers of
CsBr solution, the crystalline phase conversion during the
multi-step process can be summarized into three reactions as
follows:

2PbBr, + CsBr — CsPb,Br;s (n < 3) (1)
CsPb,Brs + CsBr — 2CsPbBr; (n = 4) (2)
CsPbBr; + 3CsBr — Cs4PbBrg (n = 5) (3)
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Fig. 22 (a) The steps of depositing c-TiO,, m-TiO,, and PbBr,. (b)
Multi-step solution-processed deposition of CsBr. (c) Top-view and (d)
cross-sectional SEM images of the all-inorganic lead halide film. (e)
Crystal structure of the cesium lead bromide halide.®®

In this fashion, fewer CsBr coating cycles generally lead to
the formation of a PbBr,-rich CsPb,Brs-dominant film, while
a higher number of CsBr coating cycles will accelerate the
reaction of the CsPbBr; phase with CsBr to form a CsBr-rich
Cs,PbBrg-dominant film. Therefore, by a precise control of the
amount of CsBr, a high-purity inorganic perovskite film with
a minimized mixed phase can be obtained. The thin film with
vertical and monolayer-aligned grains has a lower density of
defect states and fewer grain boundaries, and therefore the
absorption layer is expected to further improve the device
performance upon assembly into a photovoltaic device.

Similarly, spray-coating technology has been widely used in
industrial processes due to its advantages in scaling up for large
area cella.**?* Inspired by the above-mentioned conclusion,
a multi-step spraying method was further developed to fabricate
large-area solar cell devices by Tang's group.”® Their studies
revealed an identical phase conversion from PbBr,-rich CsPb,-
Brs to perovskite-structured CsPbBr; and further to CsBr-rich
Cs,PbBrg by spraying CsBr multilayers sequentially, which was
in accordance with a previous report.** Following the above-
mentioned discussion, an evaporation-assisted solution
method was further developed, as shown in Fig. 23a. Based on
their conclusion, the corresponding phase conversion from
CsPb,Br; to CsPbBr; and then to Cs,PbBr, was also confirmed.
By optimizing the CsBr deposition time and accelerating the
charge transfer, a high efficiency of up to 10.45% was ob-
tained.'*> Obtaining a high-purity CsPbBr; film provides a new
avenue for making high-performance inorganic PSCs by multi-
step spray-assisted method besides the commonly used one-
step and two-step techniques, which require a high-
temperature annealing process.
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Fig. 23 Illustration on evaporation-assisted deposition and phase
transition induced methods of CsPbBrs perovskite film 102103

To further improve the efficiency of inorganic PSCs, many
modifications have been developed recently. Liu et al. devel-
oped a facile and modified multistep spin-coating strategy,
wherein the PbBr, film was first immersed into CsBr solution
(two-step deposition method), with a subsequent spin-coating
of a multi-layer of CsBr to realize a highly crystalline CsPbBr;
film. Upon interfacial modification, a remarkable efficiency as
high as 8.79% was obtained.”*® Meanwhile, Tong et al. con-
structed a gradient bandgap architecture of CsPbBr;/CsPbBr;—
CsPb,Br;/CsPbBr;-Cs,PbBrs via thermal evaporation and
spin-coating technology, achieving an enhanced efficiency of
up to 10.17%.'** Furthermore, they developed a strategy to
fabricate high-efficiency CsPbBrs;-based PSCs by forming
perovskite derivative phases (CsPb,Brs and Cs,PbBre) via
a vapor growth method. During the post-annealing process,
the derivative phases as nucleation sites are transformed to
the pure CsPbBr; phase accompanied by crystal rearrange-
ment and a retardation in the rapid recrystallization of
perovskite grains. As shown in Fig. 23b, the phase transition-
induced (PTI) method is beneficial for eliminating the
internal stress and for lowering the surface potential barrier.
Owing to the improved film quality, a PCE of 10.91% was
achieved for n-i-p structured PSCs with silver electrodes, and
a PCE of 9.86% for hole-transport-layer-free devices with
carbon electrodes.'® To date, it is obvious that a key advantage
of halide perovskites among the various different high-
performance semiconductors is their processability. As dis-
cussed in this section, a wide variety of strategies can be
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employed to fabricate all-inorganic perovskite films, providing
more options on the path of commercialization.

6. Interfacial engineering
6.1 Theoretical analysis (the detailed balance model)

The detailed balance model is an indispensable tool for pre-
dicting the efficiency limit of solar cells.?”**** The model only
considers the detailed balance between absorbed photons and
emitted photons. The current density of a solar cell is calculated
as the difference between the photons radiating and the
photons absorbed by the cell:

J:Je(V)_Jph (2)

where V is the applied voltage, J. represents the radiative
recombination current, and J,, is the photogenerated current
due to the absorption of incident light in inorganic perovskite
materials, ie.,

< Ir(A)a

Joh = qJO a(A, L) o dAa (3)

where ¢, is the speed of light in air, I" is the global AM 1.5G
spectrum of the Sun, A is the wavelength, and g is the elemen-
tary charge, and a(A,L) is the absorptivity of the inorganic
perovskite solar cell with an active perovskite layer thickness of
L.

The absorptivity a is the ratio of power absorbed by the active
layer over the power of incident sunlight, which depends on the
thickness of the perovskite layer L, the refractive indices of the
materials adopted, and the light-trapping structures. For solar
cells having a planar front surface with a perfectly reflecting
mirror on the rear, we have:

a(AL) = 1 — exp[—2a(N)L] (4)

Here, we ignore the reflection from the front surface, and « is
the absorption coefficient of the active material. For solar cells
having a randomly textured front surface with a perfectly
reflecting mirror on the rear, the absorptivity can be written

a5:224.225
a(4)

a(d) + sin 49m(2A)
4(n:(2))°L

a(A,L,0,) = (5)

where n, is the real part of complex refractive index of the active
material, and 6, is the maximum angle of emission (with
respect to the normal of the front surface), i.e., light escapes out
of the solar cell within a cone with a solid angle of 6,,. For
complex nanostructures, the absorptivity can be obtained by
numerically solving Maxwell's equations. For the limiting effi-
ciency (Shockley-Queisser limit) case,

1A=,
a(2) = { 01>, (©)
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where A, is the bandgap wavelength of the inorganic perovskite
material. An ideal cell will absorb all the photons with energy
above the bandgap energy.

According to the detailed balance theory and Boltzmann
statistics, the radiative recombination current j. can be

expressed as:
qV
Jo = Joe {exp (k—B ) — 1} (7)

where Jy. is the radiative saturation current, which is the
minimum of the (reverse) saturation current. jo. can be calcu-
lated by the blackbody radiation law:

- To(2, T)A
JOE:qJ a(A,L)io(’ 245
0 hey

o Om(2)
Iy(A,T)= J d(p[ S(2, T)cos(6)sin(4)dé
0 0

2
= 1 sin? On (NS, T) S(A,T) = 2/1050 1 (8)
P oexp(h0 )
P ks T

where I'o(1,7) is the blackbody emission spectrum of the solar
cell operated at the temperate T, and S(A,T) is the corresponding
thermal radiance of the cell.

For a solar cell system, the dominated thermodynamic loss is
caused by the non-radiative recombination, including the
Shockley-Read-Hall (SRH) recombination (monomolecular
recombination) and Auger recombination. The defects, impu-
rities or deep-level traps at the bulk and interface will induce the
SRH recombination, while the high carrier density by injection
or generation will induce the Auger recombination, which
always occurs in heavily doped inorganic semiconductors.
Consequently, to describe the electrical response of a practical
inorganic perovskite solar cell, the non-radiative recombination
current should be introduced. Thus, eqn (2) should be modified
as:

J = Jn,srh(V) + Jn,aug(V) +Je(V) - Jph

V
Jn‘srh( V) = JOn,srh (eXp <2ZB T) - 1> 5 J()n,srh = quthni

©)

3qV
Jmaug(V) = JOn,aug (eXp (2:?> - 1)7 JOn.aug = quaugLni3

where Jnon and Jyaue are the non-radiative recombination
currents for the SRH and Auger recombination, respectively,
Csh and Cyye are the SRH and Auger recombination rates,
respectively, and Jonrh and Jonaug are the non-radiative satu-
ration currents for the SRH and Auger recombination,
respectively.

One may approximate eqn (9) as a more compact form given
by:

J=J(V) = Jy

J(V)=Jo (exp (M‘ZT) _ 1) (10)

where J is the total recombination current including the radia-
tive and nonradiative ones and m is the ideality factor, and J, is
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the dark current or saturation current, which should be the
superposition of the radiative saturation current Jo. and the
non-radiative saturation currents Jo, ¢h and Jonaug- From eqn
(10), we can obtain the expression of V,. for the inorganic
perovskite solar cells:

ks T (J h)
Voo = m— log| = 11
. o2\ (11)

Thus, we can extract the ideality factor m to understand the
recombination mechanism of the inorganic perovskite solar
cells by investigating the light-intensity-dependent V,. curve.
Fig. 24 shows the V,c-log(Jpn) curve for a CsPbBr; system, and m
is approximate to 2. Therefore, the dominant recombination in
inorganic PSCs is the SRH recombination.

Also, we can split the saturation current into radiative and
non-radiative ones, ie.,

JO = J()e + JOn,srh + J()n.aug = J()e + JOn = JOe/nELQE
e (12)
TELQE = Ton

where ngor is the external luminescence quantum efficiency
(ELQE).>* The ELQE is the number of photons emitted into
free space over the number of electron-hole pairs generated by
light absorption, which is a figure of merit for the photon
recycling of inorganic perovskite solar cells.?”” Finally, we
consider two circuit quantities involving the series resistance
R, describing the ohmic loss from the interfaces and elec-
trodes, and the shunt resistance Ry, describing the shunt
current resulting from the voids and defects. The two circuit
parameters are essential to the fill factor of the inorganic
perovskite solar cells. Incorporating the series and shunt
resistances into the detailed balance model, the modified
model can be written as:**®
V — JR,

J = R—+Jn,srh(V_ JRS) +J1Lzlug(V - JRS)
sh

+J(V —JR;) — Jpn (13)
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Fig. 24 The V,c—log(Jpn) curve for an all-inorganic CsPbBrsz PSC.
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here, eqn (13) is the modified detailed balance model to capture
the current density-voltage characteristics of the inorganic
perovskite solar cells.

From the detailed balance theory and eqn (2), it is easy to
predict the limiting efficiency of inorganic PSCs. Table 4 lists
the calculated results for the commonly-used inorganic perov-
skite materials, with organic-inorganic halide perovskite
materials also presented as references. Regarding the worst
CsSnBr; and CsSnl; systems, they show giant J,. losses and V.
losses due to their low internal quantum efficiency and non-
radiative recombination, respectively.'®”'*>?*** The most prom-
ising system is CsPbI,Br, which shows the lowest PCE loss
(40.6%) in all the inorganic perovskite systems. Therefore,
accelerating the charge extraction at the interface is crucial for
high-performance all-inorganic perovskite solar cells.

6.2 Interfacial modification

Inorganic perovskites have advantages in terms of their
ambient phase stability compared to organic-inorganic perov-
skites; however, the serious energy barrier at the interface
between the perovskite and HTL and/or ETL limits the charge
extraction and therefore drags down the device performance.
Thus, interfacial engineering is a prerequisite to eliminate
interfacial structural and electronic mismatches, lowing the
charge transfer barrier for maximized charge transfer dynamics,
including ETL/perovskite and HTL/perovskite interfaces.

In a typical perovskite solar cell, free electrons (photo-
generated electrons) are usually injected into the TiO, layer and
then in to the external circuit under an electric field. Although the
transfer rate can be up to 10° s, substantial charge is still lost
when crossing the interface owing to the presence of the energy
barrier as well as defects.*® To better address this issue, enor-
mous efforts have been conducted to boost the charge extraction.
Highly conductive materials with a matchable energy structure to
the ETL and perovskite (such as graphene QDs, carbon QDs, or
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Cso) have been incorporated in an attempt to accelerate charge
transfer.**"*° Upon introducing graphene QDs into the TiO,/
CsPbBr; interface, the charge-extraction time could be shortened
from 116.2 ns to 99.3 ns.** Furthermore, by combining the Cgo
with ZnO to form a ZnO@Cge, bilayer as an electron-transporting
layer, the recombination reaction could be suppressed, owing to
the higher driving force of 0.34 eV for C60 than 0.04 eV for ZnO
layer, as shown in Fig. 25a and b. Consequently, the all-inorganic
CsPbI,Br perovskite solar cell yielded a PCE as high as 13.3% with
excellent long-term stability."*® Besides, TiO,/SnO, and SnO,/ZnO

a . ) 3 1f
ooo-k‘ o 00t bg o Perovskite
5 : Pz,
n0 T 2 ® = Perovskite/ZnQ
mm.m;\:g/‘h i 8G=0.34 eV “ 8 2 o Perovskite/C,,
E 01
. o %
e 00-E a N R
- < o A
P e
0@y 20.01
5 10 15 20
Time (ns)

Perovskite

Sn0,/ZnO
ITO

Fig. 25 (a) Charge-transfer mechanism and time-resolved PL decay
spectra of Zn@C60/perovskite film.*2° (c) Device architecture of the
all-inorganic CsPbl,Br PVSC and the corresponding energy diagrams.
(d) Cross-section SEM image of a CsPbl,Br perovskite film on SnO,/
ZnO.”

Table 4 Efficiency limit of inorganic perovskite solar cells. The losses of the device characteristics (Jsc, Voc, FF, and PCE) compared to their

Shockley—Queisser limiting values are also listed

Formula Jse (MA cm™?) Voe (V) PCE (%) FF Bandgap (eV) Ref.
CsPbBr; 8.12 1.458 9.72% 0.82 2.3 89
Limit 8.99 1.98 16.54% 0.93 2.3

Loss 9.6% 26.3% 41.2% 11.8% —

CsPbyg oSn 11Br, 14.3 1.26 11.33% 0.63 1.79 70
Limit 19.89 1.50 27.33% 0.92 1.79

Loss 28.1% 16% 58.5% 31.5% —

CsPbI,Br 15.0 1.23 14.6% 0.79 1.82 117
Limit 16.45 1.62 24.57% 0.92 1.82

Loss 8.8% 24.1% 40.6% 22.8% —

CsPbl, ~18 ~1.08 15.7% 0.81 1.73 139
Limit 21.66 1.45 28.55% 0.91 1.73

Loss 16.9% 37.2% 45.0% 10.9% —

CsSnBr; 9.1 0.42 2.17% 0.57 1.75 187
Limit 21.06 1.46 28.15% 0.92 1.75

Loss 56.8% 71.2% 92.3% 38.0% —

CsSnl, ~9.08 ~0.4 3.56% 0.62 1.3 192
Limit 35.81 1.04 33.13% 0.89 1.3

Loss 71.5% 50% 89.2% 30.3% —
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bilayered electron-transporting layers have also been developed
to provide a buffer area for charge transfer.'”’”** As shown in
Fig. 25c and d, ZnO displayed a desirable cascade energy level
alignment between the perovskite and SnO, ETL, resulting in
suppressed interfacial non-radiative recombination and a high
PCE of 14.6%. In this work, the effects induced by the different
interfacial ETLs were determined by steady-state photo-
luminescence (PL) measurements and time-resolved PL decay,
demonstrating the beneficial effect on modulating the electron-
extraction processes.

Another strategy to realize the rapid transfer of electrons to
the ETL layer and to reduce recombination is to tune the elec-
tronic state or to increase the conduction band minimum
(CBM) of the window layer. A simple interfacial engineering
process by passivating SnO, with SnCl, could significantly
reduce the energy loss for a high V,. device, which may be
associated with the interaction between CI™ and SnO, according
to previous reports in hybrid perovskite solar cells.®"*** It
should be noted the interfacial engineering is universal in all
types of photovoltaics. Therefore, enormous works have
employed this strategy in organic-inorganic perovskite solar
cells, such as with lead-doped mesoporous TiO, and nano-
fibers,** Sb,S3,>** MgO,** or Y,0; (ref. 236) as interfacial
modification materials, to increase the performance of all-
inorganic perovskite solar cells.

The large interfacial energy differences at perovskite/HTL
interfaces is another reason to depress the charge-extraction
kinetics. One promising solution to this impasse is to narrow
the energy differences by tuning the energy band edge of cell
layers or by setting intermediate energy levels at interfaces.
Quantum dots (QDs) with tunable bandgaps, high absorption
coefficients, and small size have attracted great interest as
interfacial modifiers in PSCs to increase electron-hole separa-
tion.*®” Aiming to realize the successful fabrication of this
physical-of-proof concept graded bandgap construction, perov-
skite films and QDs films should be exhibited using orthogonal
solvents, allowing the subsequent coating of upper multilayers.
Especially for perovskite QDs, upon perovskite QDs covered
onto the surface of perovskite active layer, anion exchange is
inevitable at the interface, resulting in a component-graded
heterojunction, as shown in Fig. 26. Liu's group integrated
bulk-nanosheet-quantum dots to optimize the energy align-
ment between CsPbBrI, and the hole-transport layers, achieving
a PCE of 12.39%. This was the first designation of a 3D-2D-0D
multiple graded interface based on CsPbBrl, material via
a solution process.”® Later on, optical and energy-band
manipulation were further employed to enhance the CsPbl,Br
device performance. A stable and high-mobility CsPbI; QDs film
was obtained through Mn>* substitution, SCN capping, and
[(NH,),CH]" treatment, achieving a PCE of 10.97% based on this
CsPbl; QDs film. Subsequently, a halide-ion-profiled hetero-
junction was designed at the CsPbBrI,/CsPbl; QD interface to
improve the carrier collection. Arising from the extended light
absorbance range and minimal charge recombination loss, as
a result, the device achieved a PCE of 14.45%.'**

For CsPbBr; perovskite solar cells, the hole-extraction barrier
is a more serious issue due to their larger bandgap, which
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Fig. 26 (a) Schematic structures of inorganic PSC devices without and
with a graded interface. (b) Energy-level diagram of multi-graded
CsPbBrl, PSCs. (c) Schematic of the carrier-transport mechanism in
multi-graded CsPbBrl, PSCs. (d) Schematic structure and (e) energy-
level diagram of the charge-collection process of photogenerated
charge carriers 119123

achieves a barrier value of 0.6 eV in carbon-electrode-based
devices. Therefore, modulating the interfaces of CsPbBr;/
carbon provides huge room for efficiency improvement. Tang
et al. synthesized a series of p-type and bandgap-tunable QDs,
such as CulnS,/ZnS,** CdZnSe@ZnSe,*** CsSnBr;_,I, (ref. 95)
and red phosphorus QDs,”*** to bridge the large gap at the
perovskite/carbon interface, setting an intermediate energy
level between the perovskite and back electrode for the sake of
hole transportation from the perovskite, as shown in Fig. 27. By
optimizing the species and energy levels of QDs, the efficiency
of all-inorganic CsPbBr; perovskite solar cells could be

b ® (D
342 346 -3.44

4.2

CsPbBrs
¢-Ti0OYm-TiOz

Fig. 27 Cross-sectional SEM images (a, c) and energy diagrams (b, d)
of a typical inorganic PSC device with an architecture of glass/c-TiO,/
m-TiO,/CsPbBrs/carbon by modifying the perovskite/carbon interface
with CulnS,/ZnS and CsSnXs QDs.%2°
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enhanced to around 10%, which is much higher than that of the
control device. Recently, organic materials, including P3HT,**®
P3HT/zinc phthalocyanine composition,>* polythiophene, pol-
ypyrrole, and polyaniline, as well as organic small molecule BT-
BTH**' were also employed to modify the CsPbBrz/carbon
interface to enhance the overall performance of corresponding
devices, demonstrating the importance of reducing the energy
loss and recombination by interfacial engineering.

Lowering the work function (WF) of a carbon electrode is
another path to accelerate charge transfer. Tang's group devel-
oped a novel method to tune the WF of a carbon electrode by
doping alloyed PtNi nanowires to accelerate hole extraction
from CsPbBr; halides (Fig. 28).”* The WFs of metallic Pt and Ni
are —5.65 eV and —4.6 eV, respectively. After alloying, PtNi
nanowires with a WF of —5.5 eV could be obtained. Upon
combination with carbon paste, the WF of carbon/PtNi
composition electrode could be well-tuned ranging from —5.1
to —5.5 eV through controlling the PtNi dosage (1-7 wt%). The
preliminary results demonstrate a maximized PCE of 7.17% (/.
= 6.54 mA cm %, Vo, = 1.431 V, FF = 76.6%) at 3 wt% PtNi
nanowires. Although the WF of —5.5 eV was more matchable at
7 wt% PtNi to —5.6 eV (the VB value of CsPbBr; film), the poor
adhesion of carbon/PtNi to the perovskite layer caused serious
charge transfer resistance. This research indicated that the
matching WF and good adhesion of the carbon back electrode is
beneficial to hole extraction and electron-hole separation.
Meanwhile, carbon nanotubes were also introduced to adjust
the WF of the carbon electrode, whereby the performance of
solar cells could also be improved.**

As discussed above, inserting an intermediate energy level
and lowering the WF of the charge-contact layer are effective
ways to improve charge separation and extraction. Aiming to
further improve the efficiency, a dual interfacial design for
efficient CsPbI,Br perovskite solar was developed by applying an
amino-functionalized polymer (PN4N) as a cathode interlayer
and a dopant-free hole-transporting polymer poly[5,5"-bis(2-
butyloctyl)-(2,2'-bithiophene)-4,4’-dicarboxylate-alt-5,5'-2,2'-
bithiophene] (PDCBT) as the anode interlayer.*** Apart from
providing a better energy-level matching, both theoretical and

Fig. 28 (a) Schematic illustration and (b) cross-sectional SEM image of
the carbon-based inorganic PSC configuration. (c) Crystal structure of
perovskite-structured CsPbBrs halide. (d) TEM image of PtNi NWs. (e)
Top-view SEM image of 3 wt% alloy-controlled carbon back-electrode
and mapping images of C, Pt, and Ni elements.**

This journal is © The Royal Society of Chemistry 2019
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experimental results revealed that the organic materials could
couple with perovskite crystals, passivating the surface-region
defects and suppressing the photo-induced halide segregation
of CsPbI,Br films. With these positive effects, the optimal device
achieved an enhanced efficiency of up to 16.2%, mainly attrib-
uted to the reduced trap-assisted nonirradiative recombination
and increased charge-extraction ability.

Considering “devices are interfaces,” fully understanding the
interfacial atomic and electronic structures is essential for
interface design. After introducing functional materials, the
lattice stability and charge transfer are two crucial parameters
to evaluate the feasibility of interfacial engineering. Overall,
new interface modifiers and heterojunction device designs still
need to be developed in the future.

7. Challenges and outlook

The birth of PSCs in 2009 undoubtedly heralded a new frontier
for the third-generation photovoltaics. PSCs have experienced
a great change from liquid to solid junctions and from spatial
three-dimensional to planar two-dimensional structures, and
the maximized PCE has increased from an initial 3.8% to now
25.2% within these past ten years. As a promising candidate,
inorganic PSCs, due to their much more stable phase, have
inevitably attracted more and more attention on the basis of the
existing technology. However, several challenges still need to be
resolved, such as reducing the costs, improving the efficiency
and stability, to push their industrialization. Here, some brief
aspects are enumerated in the following:

(1) Research on a deep insight into the photophysics
mechanism:

At present, although much research is focused on improving
the film synthesis methods or material properties, the physical
mechanism of inorganic perovskite solar cells is still lacking. A
deeper understanding and in-depth study on the mechanism of
interfacial charge recombination and regarding the stability of
materials would be useful for finding new structures and for
further improving the perovskite solar cell performance.

(2) Broadening the absorption spectrum:

Commercial Si solar cells can absorb light from 300 nm to
1200 nm. However, the inorganic CsPbl; perovskite film can
only absorb light to nearly 700 nm, not to mention the maxi-
mized 540 nm for CsPbBr; perovskite; such a narrow light
response causes serious solar energy loss. Therefore, how to
broaden the light absorption of inorganic PSCs is an inevitable
course to achieve champion PCE outputs. Compared to hybrid
perovskites, the inorganic perovskite is a promising material for
tandem solar cells owing to their relatively larger bandgap.
Therefore, developing tandem solar cells with inorganic PSCs
and Si or CIGS solar cells may be a focus in the future.

(3) Enhanced stability:

Inorganic CsPbBr; perovskite is regarded as having high
stability under UV light, water, and/or heat attacks; however,
other I-containing inorganic PSCs still suffer from light- and
steam-induced phase degradation, even with encapsulation
technology. So, manufacturing a long-time working PSC device
with a high PCE is still an urgent issue to be implemented.
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Doping CsPbX; with smaller radius ions has recently been
highlighted as a promising way to achieve phase stability and
reduce the trap density of the perovskite layer. Other strategies,
such as solvent controlled film growth, alloying a 2D perovskite
component into host perovskite, polymer-induced surface
passivation, and interfacial engineering, all pave the way to
stabilize CsPbl;.

(4) Environmentally friendly issues:

Lead is a widely-used heavy metal element but is extremely
harmful to the human body, especially to children. A lead
amount more than 10 pg dl™* in blood can cause irreversible
damage to the mental development of children, so avoiding the
usage of lead in perovskite solar cells is a significant work.
However, to date, highly efficient perovskite solar cells are all
based on toxic metal Pb, or on the partial substitution of Pb with
other elements. In this regard, developing lead-free perovskite
light-absorbing layers is an important direction in the future.
Although some researchers have made great efforts with lead-
free perovskite solar cells, their photoelectric conversion effi-
ciency is still low compared to Pb-based devices. Thus, further
in-depth systematic research on materials and structures and
the preparation methods of new lead-free perovskite solar cells
is essential.

(5) Research on large-area devices:

Scale-up and large-area processing technology has become
a tricky problem that must be resolved before commercializa-
tion. Although some researchers have focused on large-area
devices, their film uniformity is still poor as is their efficiency.
So how to get high-efficiency large-area devices is still a great
challenge. Tremendous progress has already been made in
enhancing the performance of small-area cells (typically =< 0.1
cm?). However, many of the film-making techniques (such as
spin-coating and drop-casting) used in the laboratory do not
suit large-scale production. Spin-coating is currently the most
common film-making strategy for inorganic perovskite layers
but not for large-area processing (=1 cm?). Besides, much
material may be wasted during the process. Spraying and
printing methods seem to be promising methods for scale-up.
However, clearly, scaling up the size of perovskite solar cells
without significant efficiency loss is a remaining challenge to be
resolved.

(6) Flexible perovskite solar cells:

With an aim to achieve the building of integrated photo-
voltaics, there have been many reports on organic-inorganic
flexible perovskite solar cells. However, insufficient studies on
all-inorganic perovskite solar cells have been undertaken.
Recently, Liu's group improved the quality of the perovskite
absorber layer by adding dimethyl sulfide, enhancing the
efficiency of the flexible perovskite solar cell.>** Zhao's group
demonstrated a facile method to fabricate a high-
performance all-inorganic CsPbI,Br perovskite solar cell
through a one-step method under 100-130 °C low-
temperature annealing process, which was beneficial for
assembly on flexible substrate."”® Therefore, more research
should be done to promote the development of flexible inor-
ganic perovskite solar cells.
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8. Conclusions

The tremendous progress made in the development of inor-
ganic perovskite solar cells convinces that inorganic perovskites
is a promising alternative to organic-inorganic perovskites, due
to their low-cost facile fabrication process and long-time
stability. This review systematically summarizes the develop-
ments of inorganic halide perovskite solar cells in respect of
compositional engineering, film-making methods, and inter-
facial engineering methods. It also covered predicting their
limited efficiency using the modified detailed balance model
and discussed the recombination mechanism. Finally, by
identifying new challenges, several outlooks are provided for
further research and potential development in this area.
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