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Inorganic halide perovskites have attracted significant attention in the field of photovoltaics (PV) in recent
years due to their superior intrinsic thermal stability and excellent theoretical power conversion
efficiency (PCE). CsPblz with a bandgap of ~1.7 eV is considered to be the most potential candidate for
PV application. However, bulk CsPbls films exhibit poor phase stability. The substitution of some iodide
ions with bromide/chloride in CsPbls results in the formation of mixed-halide CsPbX3z perovskites, which
exhibit a good balance between phase stability and efficiency. The halogen-tunable mixed-halide
inorganic perovskites have a bandgap matching the sunlight region and show great potential for
application in multi-junction tandem and semitransparent solar cells. Herein, the progress of mixed-
halide CsPbX3 PSCs is systematically reviewed, including CsPbl,Br,Clz_,_,- and CsPblBr,-based IPSCs. In
the case of CsPblIBr, IPSCs, we introduce the low-temperature deposition of CsPblBr, films, doping

methods for the preparation of high-quality CsPblIBr; films and strategies for improving the performance
Received 3rd September 2022 f solar cells. Furth the mechanism of crystaliization/interf. ineering for th tion of
Accepted 3rd November 2022 of solar cells. Furthermore, the mechanism of crystallization/interface engineering for the preparation o
high-quality CsPbIBr, films and efficient solar cells devices is emphasized. Finally, the development

DOI: 10.1039/d2ra05535] direction of further improving the PV performance and commercialization of mixed-halide IPSCs are
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1 Introduction

Halide perovskites have received increasing attention in the
past few years as bright new stars in optoelectronic devices. In
the case of thin-film photovoltaic (PV) devices, halide perovskite
materials exhibit excellent photophysical properties such as
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Fig.1 (a). Champion PCE of IPSCs with time. The devices are divided into
different IPSCs compared with the SQ limit.

high extinction coefficient/carrier mobility, long carrier diffu-
sion length, high defect tolerance, small exciton binding energy
and tunable bandgaps.'” Strikingly, since Miyasaka et al. first
adopted the halide perovskite material as a light absorber in
a PV device and reported a power conversion efficiency (PCE) of
3.8% in 2009,® organic-inorganic hybrid perovskite solar cells
(OIH-PSCs) have obtained a PCE of more than 25%,**® which is
comparable to that of the silicon-based solar cells currently
dominating the PV field. The general chemical formula of
organic-inorganic hybrid perovskite (OIHP) materials is ABX;,
where A is a monovalent organic cation (methylammonium
(CH3NH;" and MA"), formamidinium (HC(NH,)," and FA") or
their mixture), B is a divalent cation (Pb*>" and Sn®") and X is
a halogen ion (I", Br~, and CI™ or their mixture). However, due
to the presence of volatile organic components, i.e., MA" or FA",
OIH-PSCs undergo some compositional and structural degra-
dation under persistent attack from heat, humidity, oxygen and
light.*”>* Thus, to realize the commercialization of perovskite
PV devices, the instability issues of OIH-PSCs have attracted
great attention.**>*

Inorganic cesium (Cs") ions completely occupy the A-sites in
the general chemical formula of ABX;, forming inorganic
cesium lead halide perovskite materials (CsPbX;). Due to the
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lack of volatile and hygroscopic organic cations, these materials
show robust resistance to high temperature and moisture.>*°
In 2015, Hodes's group revealed that organic components are
not essential components to achieve efficient inorganic perov-
skite solar cells (IPSCs).** They also demonstrated that the
CsPbBr; perovskite material has better thermal stability than
organic-inorganic hybrid MAPDbBr; perovskite, and the
CsPbBr;-based PV devices exhibit better thermal stability.?* In
2016, the PCE of mixed-halide IPSCs based on the first CsPbIBr,
and the first CsPbI,Br was 4.7%> and close to 10%,*" respec-
tively. Since then, the efficiency and stability of IPSCs have been
rapidly improved by referring to the research experience of OIH-
PSCs and the exploration of inorganic perovskite, as illustrated
in Fig. 1a. However, compared with the Shockley-Queisser (SQ)
efficiency limits and the requirements of practical PV applica-
tions,**¢ there is still much room to improve the efficiency and
long-term stability of IPSCs (Fig. 1b).

At present, the commonly used light absorption layers in
IPSCs include CsPbBr;, CsPbIBr,, CsPbl,Br and CsPbl;. CsPbl;
with a bandgap (E;) of about 1.7 eV is considered the most
potential candidate for PV application. Unfortunately, bulk
CsPbl; exhibits poor phase stability, which rapidly converts to
a non-perovskite orthorhombic phase (E, = 2.82 eV).*”** The
large bandgap of CsPbBr; (E; = 2.25 eV) limits the light
collection, consequently reducing the device efficiency.*"*
Alternatively, the substitution of some of iodide ions with
bromide/chloride ions in CsPbl; to form mixed-halide CsPbX;
perovskites can provide a good balance between phase stability
and efficiency. Mixed-halide inorganic perovskites such as
CsPbIBr, have attracted significant attention due to their
increased Goldschmidt's tolerance factor ¢, thus stabilizing the
black phase by partially substituting I with the smaller Br .
Furthermore, cubic-phase CsPbIBr, and CsPbI,Br perovskites
show great potential in multi-junction tandem and semi-
transparent solar cells owing to their suitable optical bandgap
of 2.05 eV* and 1.92 eV,* respectively. Importantly, mixed-
halide inorganic perovskites can remain as a photoactive
black phase at room temperature (RT), but inevitably convert to
a non-perovskite phase when exposed to a humid environment.
This phase transformation process is reversible when heated to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Summary and strategies for the preparation of high-performance mixed-halide CsPbXs IPSCs.

350 °C in a dry environment.** To overcome the problems of
environmental instability and achieve high-performance IPSCs,
composition engineering and interface engineering play very
important roles. For instance, Li" doping can improve the
optical, morphological and electronic properties of CsPbIBr,
films. Doping Mn>" or Sn** in CsPbIBr, can narrow its bandgap
and enlarge its light response region. The introduction of the
smaller F~ in the X-site of CsPbI,Br can induce the formation of
an a/d-phase heterojunction, which facilitates efficient exciton
dissociation and charge transport. Interfacial strategies
between the perovskite film and the ETL or HTL can provide
more suitable energy level alignments and passivate defects,
and then effectively suppress the interfacial recombination.

In this review, as outlined in Fig. 2, we systematically
summarize the reported mixed-halide CsPbX; IPSCs. Firstly, the
recent progress on the replacement of non-halogen or halogen
anions in CsPbX; IPSCs will be introduced. Then, we discuss
and analyze the progress on CsPbIBr,-IPSCs. The section on
CsPbIBr,-IPSCs covers the preparation of CsPbIBr, films at low
temperature, doping methods for the fabrication of high-quality
CsPbIBr, films and strategies for improving the PV performance
of solar cells. The effective methods for the preparation of high-
quality CsPbIBr, films and the mechanism of crystallization/
interface engineering for high-performance solar cells devices
are emphasized. Finally, we present a summary and prospect on
promising directions for further promoting the PV performance
and realizing the commercialization of mixed-halide CsPbX;
solar cells.

2 Basic properties of CsPbX3
perovskites
2.1 Crystal structure

Regarding crystal-based thin film optoelectronic devices, it is
important to deeply understand their crystal structure to obtain
high-performance halide perovskite PV devices with long-term
stability. Halide perovskites are generally represented by the
chemical formula ABX;, where the monovalent cation A-site
such as MA", FA", and Cs" occupies the corner positions (0, 0,
0), the bivalent cation B-site such as Pb*>", Sn>*, and Ge*" is
located at the central positions (1/2, 1/2, 1/2), and the anion X
suchas I, Br~ and Cl™ is located at the center of the six planes

© 2022 The Author(s). Published by the Royal Society of Chemistry

(1/2, 1/2, 0), forming the crystal structure of three-dimensional
(3D) perovskites with corner-sharing BXs octahedra (Fig. 3a).
According to the environmental conditions, CsPbX; inorganic
perovskite can form 4 types of crystal structures including cubic
phase (o-, Pm3m), tetragonal phase (B-, P4/mbm), orthorhombic
phase (-, Pbnm), and non-perovskite orthorhombic phase (3-,
Pnma).*® The optoelectronic properties and crystal stability of
the CsPbX; perovskite are significantly influenced by the
different tilting angles of the PbXs octahedra, and therefore the
type of CsPbX; perovskite phase is closely related to its PV
properties and device long-term stability.

The formation and geometric stability of the crystal structure
of ABX; compounds can be empirically determined using
Goldschmidt's tolerance factor (¢) and the octahedral factor (u),
which allow researchers to pre-screen the formation of suitable
components of a stable perovskite lattice. To maintain the
perovskite cubic crystal structure, t: ¢t = (Ry + Rx)/v/2(Rg + Rx)
(ref. 47 and 48) and u(Rp/Rx) (ref. 49) should be satisfied in the
range of 0.9 to 1 and 0.4 to 0.9,%° where R,, Rg, and Ry are the
ionic radii of the corresponding cation and anion, respectively.
The BX¢ framework can only contain certain ions to achieve the
geometric stability of halide perovskites. A ¢ factor below 0.9
leads to a distorted perovskite structure due to the tilting of the
PbX, octahedra. A t factor between 0.9 and 1.0 leads to the
formation of symmetric cubic-phase perovskite. When ¢ is
greater than 1, a hexagonal structure with a face-sharing octa-
hedron is formed. Meanwhile, with a ¢ factor at the required
lower or upper limit, a too small or large A cation generally leads
to a non-perovskite phase. The u assesses whether the B atoms
will tend to octahedral coordination of the X atoms. When it is
greater than 0.4, a stable BX, octahedron can be formed. Thus,
because the requirements of ¢ and u must be satisfied simul-
taneously, only a limited number of combinations of A, B, and X
ion types can form 3D perovskites.

Cs' has been identified as the preferred inorganic ion to
substitute the organic MA'/FA" in the perovskite structure. In
the case of CsPbX; perovskite compounds, Cs* completely
occupies the A-site. The photoactive black phase of CsPbl;
perovskite is easily converted to the undesirable yellow 3-CsPbl;
at room temperature (RT) due to the small ionic radius of Cs',
which makes it difficult to support the [PbIg]*~ octahedron. The
partial replacement of I" by Br~ can reduce the size of the Cs-X

RSC Adv, 2022, 12, 32925-32948 | 32927
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(a). Polyhedron models of crystal structures of cubic, tetragonal, and orthorhombic. Reprint with permission.®” Copyright 2018, the

American Chemical Society. (b). Schematic representation of bonding/antibonding orbitals of APbXs exhibiting the formation of the VB and CB.
Reproduced with permission.®® Copyright 2016, the American Chemical Society. (c). CsPbXs crystal structures as a function of the iodine/
bromine ratio. Reproduced with permission.s* Copyright 2018, Wiley-VCH. Calculated defect formation energy as a function of the Fermi energy
Er of Pb-rich (d) and Pb-poor (e) films of cubic CsPbls. (f). Intrinsic point defect transition energy levels in cubic CsPbls. (d-f) Reproduced with

permission.®* Copyright 2017, the American Institute of Physics.

coordination polyhedron, enabling Cs" to retain the [PbX,]*~
octahedron structure, and then adjust the values of ¢ and u to
a more desirable range.** Due to the partial replacement of I
with the smaller Br™, mixed-halogen inorganic perovskites such
as CsPbI,Br and CsPbIBr, exhibit excellent stability, and thus
have attracted much attention. Furthermore, the bandgaps of
the cubic-phase CsPbI,Br and CsPbIBr, perovskites are 1.92 eV**
and 2.05 eV,* respectively, showing great potential in tandem
and semitransparent solar cells. More importantly, the mixed-
halogen CsPbX; perovskites can maintain a photoactive black
phase at RT, but inevitably transform to a non-perovskite phase
when exposed to a humid environment. Given that the distor-
tion degree of the [PbIg]*” octahedron will seriously influence
the transition between different phases, its distortion degree
can be controlled by introducing steric hindrance or external
disturbances, which will help CsPbX; to remain in the desired
black phase.

2.2 Optoelectronic properties of CsPbX; perovskites

The excellent optical and electrical properties of semiconductor
perovskites greatly depend on the nature of their electronic
structures. For typical CsPbX; perovskites, their conduction
band minimum (CBM) is composed of a combination of lead 6p
orbital and halogen np orbitals with the main contribution
from Pb 6p (Fig. 3b), while their valence band maximum (VBM)
mainly consists of mixed lead 6s orbitals and halogen np
orbitals with the dominant contribution from X np.** The

32928 | RSC Adv, 2022, 12, 32925-32948

contribution of the element to each band strongly depends on
the perovskite stoichiometry. It is well known that the high
efficiency of PSCs is related to direct their bandgap transition,
high absorption coefficient, etc., while the optical absorption of
perovskite materials is related to their electronic band
structure.

To gain deeper insight into the relationships between the
structure and perovskite PV performance, theoretical investi-
gations are conducive to acquiring a comprehensive under-
standing of CsPbX; perovskites and serve as a guidance to
accurately design and develop new component materials with
advanced optoelectronic properties. Adopting Pbl, as an initial
structural model, polymorphs of alkali metal lead halide
perovskites with the cubic structure have been studied, indi-
cating that while the Pb>* 6s lone-pairs are stereochemically
inert, the presence of proximal instabilities can have implica-
tions in the functional properties of these materials.>® Thus, the
excitation and recombination of electrons and excitons are
confined to the octahedron, similar to the widely studied
OIHPs.*** According to density functional theory (DFT) and
considering relativistic corrections and spin-orbit interactions,
the electronic structures of cubic-phase CsPbCl;, CsPbBr;, and
CsPbl; perovskites have been calculated.® It is evident that the
energy band structures of CsPbX; perovskites are not affected by
their halide composition apart from the difference in their
bandgap values, and thus all the CsPbX; perovskites exhibit
direct bandgaps, demonstrating numerous potential applica-
tions in the field of optoelectronics.>%°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A continuous change in halide composition from I to Br to Cl
leads to systematic changes in the optical bandgap of halide
perovskites (Fig. 3c).* It is worth noting that the Urbach
parameter (E,), which is a measure of the sub-bandgap tail
absorption and associated with static disorder in semi-
conductors, is abnormally low for halide perovskites. Most
importantly, the optical absorption coefficients («) of Pb-based
halide perovskites are quite high and their absorption onsets
are very sharp, indicating that only a very thin film can absorb
all photons above their bandgap.

In CsPbX; perovskites, data on the diffusion lengths and
their related parameters (carriers mobilities and lifetimes) are
limited. Obviously, perovskite films obtained under different
conditions show different charge carrier lifetimes. Using the
time-resolved microwave conductivity technique, Hutter et al.
reported that the charge carrier lifetimes exceeded 10 ps in
vapor-deposited CsPblIz;, while the carrier lifetimes of spin-
coated black-phase CsPbl; films were less than 0.2 ps.*> For
the same CsPbl; perovskite fabricated by solution deposition,
the lifetime of the film was over 20 ns.® In addition, the lifetime
value was around 14 ns for a solution-deposited CsPbI,Br film.**
Values of 2-7 pus were reported for CsPbBr; macroscopic single
crystals.

Given that defects can significantly change the electronic
properties of perovskite materials, thus affecting the perfor-
mance of PSCs, it is imperative to have a deep understanding of
the defect characteristics to obtain efficient PV devices. In an
ideal crystal structure, each atom is located in a specific posi-
tion. However, due to the defective lattice arrangement at
extended distances or the addition of foreign atoms, perovskite
polycrystalline films grown and post-processed by solution
processes at low temperature will inevitably have some defects.

The crystallographic defects in CsPbX; show at least three
types of different point defects. Fig. 3d and e show the forma-
tion energies of CsPbX; intrinsic point defects calculated in Pb-
rich and Pb-poor films.**®® There are three types of intrinsic
point defects, as follows: (1) vacancies (atoms missing in the
lattice: Vg, Vpp, and Vy), (2) interstitials (atoms occupying the
space between atoms in the lattice: Cs;, Pb;, and [;), and (3) anti-
site substitutions (atoms occupying the wrong site in the lattice:
Cspp, Csy, Pbgs, Pby, Ics, and Ipp,), where Ag means that A is
replaced by B. According to the energy sites of the point defects
in the bandgap, they can be divided into shallow and deep-level
states. The activation energy of shallow-level defects is lower,
while deep-level defects are far away from the CBM and VBM
and close to the center of the bandgap, as shown in Fig. 3f.*
Shallow defects, such as Vg, Vi, Vpp, Cs;, I;, and Cspp, have a low
formation energy, while deep defects, such as Pby, Pb;, Iy, and
Ics, have a high formation energy. Electrons or holes are
captured by deep defect states and are difficult to detrap.

3 CsPbXs (X: non-halogen or halogen
mixed ions)-based IPSCs

Vacuum thermal deposition is mature technology used in
industry at present, which can easily prepare multilayer films in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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large areas, and the resultant films have good uniformity.
However, the vacuum deposition method requires precise
control of the stoichiometric ratios of the precursor, and it is
usually difficult to control the crystal structure. Thus, the
solution-processed methods are usually adapted to prepare
CsPbX; perovskite films owing to their simple preparation and
low energy cost, especially given that most perovskite films only
require low-temperature annealing. Generally, perovskite
deposition can be divided into two solution processing
methods, i.e., one-step and two-step sequential deposition. In
a two-step process, PbX, is first deposited on the substrate, and
then coated with CsX, allowing the two precursors to react to
form a CsPbX; film. In a typical one-step process, the perovskite
film is directly deposited from a solution containing all the
precursors.

The replacement of non-halogen or halogen anions in the X-
site is an effective strategy to improve the structure stability of

View Article Online
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inorganic CsPbX; perovskite. Thus far, halogen ions of C1™ and
F~ and non-halogen ions of Ac™ and SCN™ have been used to
dope CsPbX; to finely tune its crystal structure and phase
stability. For example, Fu et al. introduced F~ into the X-site of
CsPbI,Br to adjust its phase heterostructure and ¢.°®* It was
proven that incorporating the smaller F~ could induce the
formation of an «/3-phase heterojunction, which is beneficial
for the efficient dissociation of excitons and charge transport. In
another study, Ac™ doping in the CsPbI,Br perovskite produced
multiple benefits including lower trap densities, longer carrier
lifetime, and fast charge transportation, thus resulting in a PCE
of 15.56% and ultrahigh V,. of 1.30 V for CsPbl,_,Br(Ac),-based
IPSCs.*® Recently, using the one-step ultrasonic spray deposi-
tion method, Liu's group prepared Ac -doped CsPbI,Br perov-
skite.” Combining the vacuum extraction during processing,
they obtained a CsPbI,Br film with improved quality, full
coverage and long carrier lifetime. Also, a PCE of 10.06% was
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Fig. 4

(a). XRD patterns of y-CsPbls:Cl, films. Reproduced with permission.”? Copyright 2019, Elsevier. (b). Schematic diagram for Br-driven

crystalline grain growth. J-V characteristics (c) under both the reverse and forward scan directions with an active area of 0.09 cm?; (d) on a glass
substrate with an area of 1 cm?; and (e) on a PET/ITO/TiO, substrate with an area of 0.09 cm?. (b—e) Reprinted with permission.”® Copyright 2019,
the American Chemical Society. (f). Proposed schematic diagram of defect-regulation processes. (g). Schematic illustration of energy levels and
V. (h). J-V characteristics measured in the forward and reverse directions under AM1.5G illumination. (f-h) Reproduced with permission.”®

Copyright 2021, Wiley-VCH.
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obtained for n-i—p IPSCs with good thermal stability due to the
reduced defect density and nonradiative recombination loss.
Table 1 summarizes the PV performance of non-halogen or
mixed-halogen ion-based CsPbX; IPSCs.

3.1 CsPbI,Cl;_,-based IPSCs

The regulation of the halide component by introducing Br and
Cl has been proven to be a feasible route to improve the stability
of IPSCs. For example, appropriate Cl doping in CsPbX; can
improve the stability of the black phase.”” Surface Cl-doped
CsPbI; IPSCs with PTACI passivation treatment exhibited
a PCE of 19.03% with high stability.” Dastidar et al. co-
deposited colloidal NCs of pure CsPbCl; and CsPbl; to ensure
high Cl doping levels and nanometer-scale mixed film, which
exhibited improved stability in humid conditions compared to
the undoped state.” In another study, a stable black-phase -
CsPbl; was fabricated by doping Cl ions (Fig. 4a), in which the
incorporation of Cl decreased the trap density and improved the
electron and hole mobilities.”” Consequently, the Cl-treated vy-
CsPbl; IPSCs yielded a PCE as high as 16.07% and exhibited
slight degradation after continuous light soaking or long-term
exposure in dry air. A small amount of lead chloride (PbCl,)
additive was introduced in the CsPbI;_,Br, perovskite precursor

View Article Online

Review

to suppress the recombination in the perovskite film.” Conse-
quently, CsPbl;_,Br, IPSCs with a bandgap of 1.77 eV exhibited
an exciting PCE of 18.64% and V,. as high as 1.25 V with the V.
loss as low as 0.52 V, which showed excellent photostability with
less than 6% efficiency drop under continuous 1 sun equivalent
illumination over 1000 h.

3.2 CsPblBr;_,-based IPSCs

The incorporation of small amount of Br can also adjust the ¢,
while the mixing of I/Br can improve the stability of the CsPbl;
perovskite.” By incorporating 5% Br ions in CsPbl; (Fig. 4b), the
mixed-halide CsPbl, g5Br, 15 IPSCs achieved a PCE of 17.17%
and stabilized PCE of 16.83% with low Ej,s of 0.58 eV and
delivered a PCE of 12.28% and 13.14% for large areas (1 cm?)
and flexible substrates, as shown in Fig. 4c-e, respectively.”®
CsPby 4Sny 1, 4Bros perovskite with a narrow bandgap of
1.35 eV was developed and the corresponding IPSCs exhibited
a PCE of 12.34%.”” The defect concentration of aged CsPbl;_,-
Br, polycrystalline films was about 2-orders of magnitude lower
than that of the freshly synthesized films due to the self-
digested anti-site defect pairs, in which the origin of the
defect annihilation is intimately associated with the strain in
the CsPbl; ,Br, film (Fig. 4f and g).”* The assembled
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(a). Schematic illustration of device fabrication process. (b). Device configuration of HTM-free carbon-based IPSCs. (c). Energy level

diagram of IPSCs. (a—c) Reproduced with permission.t® Copyright 2021, Wiley-VCH. (d). Schematic illustration of interaction in the precursor

solutions. Reproduced with permission.®® Copyright 2020, Wiley-VCH
perovskite film-formation procedures. (g). TRPL decay curves. h. Steady-
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. (e). Schematic of in situ GIWAXS characterization. (f). Schematic of

state PL. (e—h) Reproduced with permission.®* Copyright 2021, Elsevier.
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CsPbI;_,Br, IPSCs acquired a PCE of 18.43% after self-
regulation treatment, which was higher than that of the
device with the fresh film (17.29%), as illustrated in Fig. 4h.
Meanwhile, the hysteresis was suppressed owing to the reduced
strain.

Currently, Wu et al. systematically studied the working
mechanism of the light soaking (LS) effect in CsPb(I;_,Bry)s
IPSCs.” They found that LS can promote the migration of
halogen ions, effectively giving rise to defect passivation. Based
on these understandings, a PCE of 18.14% for CsPb(I, ¢Br5)3
IPSCs was achieved by fine-tuning the amount of excessive Pbl,
in the precursor. Composition engineering strategy was
proposed to achieve high-quality perovskite films with a large
grain size of over 1 um and fabricate carbon-based IPSCs by
incorporating a certain amount of bromide in the CsPbl;
perovskite (Fig. 5a).*° It was found that the incorporation of
bromide induced a high-quality intermediate phase and
contributed to the formation of a smooth perovskite film, thus
leading to a longer carrier lifetime and lower band edge
disorder. Finally, carbon electrode-based CsPbl, 33Br,6; IPSCs
(Fig. 5b and c) exhibited a PCE of 12.40% and retained 84% of
their initial value after storage for 200 h in the ambient envi-
ronment (RH 15-20%).

3.3 CsPbLBr,Cl;_,_,-based IPSCs

Several studies have demonstrated that the phase stability of
CsPbX; perovskites can be effectively improved by combining
different halogens.*** To investigate the influence of ternary
mixed-halides on the film crystallization mechanism and phase

View Article Online
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evolution of inorganic perovskite CsPbX; (X = I, Br, Cl) under
spin-coating, Ma et al. adopted the state-of-art in situ grazing-
incidence wide-angle X-ray scattering (GIWAXS) technique, as
shown in Fig. 5e.** They found that the Br component not only
can regulate the crystallization kinetics and affect the formation
of the film, but also promote the photoactive phase formation
and suppress the unwanted yellow phase transition, as shown
by the mechanism presented in Fig. 5f. Moreover, the intro-
duction of Cl can improve the crystallinity and orientational
order of the bulk film, which helps to prolong the charge carrier
lifetime and suppress the non-radiative recombination (Fig. 5g
and h). Hence, with the assistance of Cl doping, the optimized
composition CsPb(I, gBry);:Cl IPSCs obtained a record high
PCE of 17.14% with the small V. Ej,s of 0.6 €V. Another
example reported a PCE of 19.65% with V,. of 1.23 V, corre-
sponding to Ej.ss of 0.48 eV for triple halide-mixed CsPb(I, g5-
Bry.149Clg.001) IPSCs deposited in the ambient atmosphere using
an in situ hot oxygen cleansing strategy.** It was found that the
hot oxygen treatment not only effectively removed the organic
residues, but also passivated the halogens vacancies to reduce
the trap states and non-radiative recombination losses in the
perovskite layer.

The coordination interaction of the precursor solution plays
a key role in regulating the crystallization of perovskites. For
example, an effective interaction tailoring strategy was devel-
oped for the CsPbl;_,Br, perovskite by adopting the ionic liquid
solvent MAAc.* The results showed that oxygen with lone pair
electrons (C=0) on Ac~ had strong interaction with Pb*>" and
the N-H---I hydrogen bonds, which enabled the formation of
a stable perovskite precursor solution and allowed the high-
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(a). Schematic illustration of the IPE process. The real-space distribution of difference charge density at the interfaces for (b)

CsPb(lg 75Brg 25)3/TiO5 and (c) Csg 5FAq sPb(lg75Brg 25)3/TiO,. (a—c) Reproduced with permission.®¢ Copyright 2020, Elsevier. (d). Top view of the
four types of surface defects and the corresponding DFT. Theoretical models of perovskite with molecular surface interaction of V| with HA: (e) —
NH, with V;; (f) imidazole ring with V,; (g) synergetic effect of both —NH, and imidazole with V,. (h). Energy diagram of a complete IPSC passivated

by HA. (i). J-V curves of the devices with and without HA passivation measured at 100 mW cm™

Reproduced with permission.® Copyright 2021, Wiley-VCH.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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quality production of pinhole-free, large grain size, flat inor-
ganic perovskite films by retarding the crystallization (Fig. 5d).
By controlling the ratio of I and Br, a series of IPSCs with a one-
step, without the necessity for anti-solvent treatment, air-
processing approach regardless of humidity, showed a PCE of
13.82% (CsPbI, sBr,;), 15.82% (CsPbI,Br), and 17.10%
(CsPbl, 5Br, 5), respectively.

An intermediate-phase engineering strategy was developed
to obtain robust interfacial contact by utilizing volatile organic
salts, as shown by the mechanism in Fig. 6a.*® The introduction
of organic cations doped in the perovskite lattice led to the
formation of an organic-inorganic hybrid perovskite interme-
diate phase in the initial film and promoted high-quality
interfacial contact through hydrogen bonding (Fig. 6b and c).
In addition, CsPbl, g4Brj 16 films with small grain sizes were
achieved by utilizing cesium trimethylacetate (CsTa) organic
salt as an additive, in which the large steric hindrance effects of
the Ta~ anions efficiently prevented the tilt of the [Pbls]*~

View Article Online

Review

octahedra to inhibit the phase transition process from the
corner-shared perovskite to the edge-shared non-perovskite
structure.®” Furthermore, the Ta™ groups firmly bonded onto
the surface of the CsPbI,g,Brq 6 crystal at the X-site and
increased the energy barrier for X-site vacancy generation (from
0.816 eV to 1.217 eV). Finally, the 0.1-CsTa HPbI;-prepared
IPSCs exhibited a PCE of 16.59% and retained 80.88% of their
initial efficiency after more than 1200 h in air (relative humidity
(RH): 20%).

Interfacial modification has been proven to be an effective
method for improving the perovskite phase stability, passiv-
ating defects and enhancing the performance of IPSCs.
According to their DFT investigation, Gu et al. disclosed that the
iodine vacancies (V;) on the surface of CsPbl; ,Br, perovskite
films were the predominant defects trapping free charge
carriers.®® To intentionally passivate V; in the perovskite films
and prohibit the nonradiative recombination in devices, the
histamine (HA) molecule was adopted, which could effectively
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(a). Left: device structure of all-inorganic perovskite/organic 2T TSC. Right: crystal structure of front all-inorganic perovskite CsPbl; gBry »

and the molecular structures of the donor and acceptor materials in the rear cell. (b). Normalized absorption spectra of CsPbl; gBr; , and PM6:Y6
films and the AM1.5G spectrum. (c). J-V curves of 2T TSC, front and rear solar cells under AM1.5G 100 mW cm™~2 illumination. (d). Schematic
illustration of the TACL and IPA synergistically induced SR processes. (a—d) Reproduced with permission.®® Copyright 2022, Wiley-VCH. (e).
Pristine perovskite solution (left) and perovskite/FITC hybrid solution (right). (f). Schematic illustration of the interaction between FITC and
perovskite. (g). Energy level diagram constructed from UV-vis and UPS measurements. (e—g) Reproduced with permission.®* Copyright 2021,
Wiley-VCH.
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interact with V; on the surface of the perovskite film via syner-
getic effects from both Lewis-base-acid reaction and hydrogen
bond formation, and thus significantly reduced the number of
uncoordinated Pb** and Pb clusters, as the mechanism illus-
trated in Fig. 6d-g. Moreover, the energy level position was also
regulated to facilitate hole transfer at the heterojunction
contact between the perovskite and HTL, as shown in Fig. 6h.
Consequently, by optimizing the concentration of HA, the
CsPbl;_,Br, IPSCs delivered an outstanding PCE of 20.8%
(Fig. 6i) and stabilized value of 20.4%, corresponding to 72% of
the SQ efficiency limit. Recently, a surface reconstruction (SR)
strategy was developed by post-treating a CsPbl, gBr; , film with
the organic ammonium halide salt trimethylammonium chlo-
ride (TACI) to reduce the surface defect states (Fig. 7d).*® The
repaired CsPbl, gBr; , surface effectively inhibited nonradiative
recombination and promoted hole transport, providing effi-
cient charge recombination in the interconnecting layer in the
two-terminal tandem SCs (2T-TSCs) (Fig. 7a and b). Conse-
quently, the CsPbl, gBr, , perovskite/organic 2T-TSCs yielded
a PCE of 21.04% with an ultrahigh V. of 2.05 V, as shown in
Fig. 7c.

Besides, some other small molecules, such as the m-conju-
gated Lewis base 6TIC-4F, which contains a strong electron-
donating core and 2 electron-withdrawing units, were dis-
solved in the anti-solvent to passivate uncoordinated defects on
the surface/grain boundaries via the direct coordination of N
atoms possessing lone pair electrons with the lead ion through
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the formation of Lewis adducts, thereby suppressing the non-
radiative recombination and further increasing the PV perfor-
mance.”® Later, Zhang et al. fabricated efficient and stable
CsPbl, sBr; 5 IPSCs (Fig. 7g) with a PCE of 14.05% and V. of
1.29 V by incorporating an organic dye, ie., fluorescein iso-
thiocyanate (FITC), as a passivator in the perovskite precursor
(Fig. 7e).** The carboxyl and thiocyanate groups of FITC not only
minimized the trap states by forming interactions with the
uncoordinated Pb** ions, as illustrated by the mechanism in
Fig. 7f, but also significantly increased the grain sizes and
improved the crystallinity of the perovskite films during
annealing.

4 CsPblBr,-based IPSCs

Inorganic CsPbIBr, perovskite as the light absorber has attrac-
ted tremendous attention due to its high-temperature stability
at more than 460 °C and low phase transition temperature of
about 100 °C. Ma et al. first studied CsPbIBr, IPSCs and adopted
a dual source thermal evaporation process to deposit the
CsPbIBr, perovskite light-absorber.*® The CsPbIBr, films with
an optical bandgap of 2.05 eV displayed a stable PL emission at
2.00 eV. No low-energy PL feature was observed in the CsPbIBr,
perovskite film, suggesting there is no halide segregation in the
Cs mixed-halide perovskites, as depicted in Fig. 8a. The
CsPbIBr, IPSCs without the use of an HTL obtained a PCE of
4.7% under reverse scan and 3.7% under forward scan, showing
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Fig. 8 (a). Absorption coefficient and steady-state PL spectrum of CsPblBr, sample. (b). J-V curves of the best-performing CsPblIBr; cell. (a and
b) Reproduced with permission.** Copyright 2016, Wiley-VCH. (c). PL peak position as a function of time for CsPb(Br,l;_,)s materials under ~l sun
illumination. Reprinted with permission.** Copyright 2016, the American Chemical Society. (d) Secondary electron SEM image and (e) CL PMT
mapping o