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Efficient and Stable All-Inorganic Perovskite Solar Cells

Jiangzhao Chen* and Wallace C. H. Choy*

The large-scale commercial application of organic—inorganic hybrid perovskite
solar cells (PSCs) based on organic hole transport material (HTM) is still hindered
by poor long-term operational stability, although a certified record power con-
version efficiency (PCE) as high as 25.2% can be achieved. In the recent several
years, all-inorganic PSCs have received tremendous attention due to their superb
thermal and moisture stability and considerable progresses have been witnessed.
Herein, the recent advancements of all-inorganic PSCs are reviewed compre-
hensively. First, the recent progresses of the strategies for stabilizing the black
phase of inorganic perovskites through either increasing tolerance factor or
enhancing the energy barrier of phase transition from black to yellow phase are
summarized and discussed. Second, the deposition and growth techniques of
inorganic perovskite films are discussed. Third, the effective inorganic HTMs in
normal all-inorganic PSCs are described. Fourth, HTM-free normal all-inorganic
PSCs are discussed. Afterward, the effective inorganic electron transport

The organic-inorganic hybrid perovskite
absorbers usually possess a chemical
formula of ABX;, where A is a monovalent
cation (e.g., methylammonium [MA™], for-
mamidinium [FA*], Cs*, Rb*, etc.), Bis a
divalent metal cation (e.g., Pb** and Sn**),
and X is a monovalent anion such as 17,
Br~, ClI", SCN, and BF, . Presently, all
high-efficiency PSCs with PCEs exceeding
20% were fabricated based on organic—
inorganic hybrid perovskite compositions.
However, the organic-inorganic hybrid
perovskites often suffer from poor thermal
stability because of volatilization of organic
cations (like MA™ and FA™) in perovskite
compositions.™**! It was reported that
CH;3NH, can be released from MA-based

materials in inverted all-inorganic PSCs are discussed. Subsequently, the
advancements of interface engineering for increasing the PCE and stability of all-
inorganic PSCs are reviewed. Finally, a brief summary and outlook are presented
to push up the PCE of all-inorganic PSCs to over 20% in the near future.

1. Introduction

Since the pioneering report on unstable liquid perovskite solar
cells (PSCs) with a power conversion efficiency (PCE) of 3.8%
based on the liquid-state electrolyte! and the first report on
all-solid-state PSCs with a PCE as high as 9.7% based on solid
hole transport material (HTM) Spiro-OMeTAD,” PSCs have
attracted tremendous attention®'? and have achieved a certified
record PCE of 25.2% up to now,!"*) which has approached that of
monocrystalline silicon solar cells and has been regarded as one
of the promising next-generation photovoltaic technologies.
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perovskite films at 80°C,[% which can’t
meet the fundamental stability require-
ments of international photovoltaics. To
address the problem of the organic cation-
induced instability, other monovalent
inorganic cations have been attempted.
The partial incorporation of Cs* at A-site
has been demonstrated to be able to signif-
icantly improve light, moisture, and thermal stability of perov-
skite films.'”?”) Nevertheless, partial substitution of organic
cations with Cs™ still can’t completely solve the poor long-term
operational stability problem induced by volatilization of organic
cations. Consequently, it is imperative to develop all-inorganic
perovskite compositions for the fabrication of efficient and
stable PSCs.

To date, various Cs-based all-inorganic perovskite composi-
tions have been developed and applied into PSCs, such as
CsPbl;, CsPbl,Br, CsPbIBr,, CsPbBrs;, etc.!*?! In the past
few years, extensive attention has been focused on CsPbl; due
to its appropriate bandgap (E; = 1.73 eV). High temperature is
usually necessary to sustain its cubic a-phase, which is easy to
convert into a yellow orthorhombic (§) nonperovskite phase
with E; of 2.82 eV at room temperature (RT) and in humid
environment.”’] Meanwhile, several methods have been devel-
oped to stabilize the phase of CsPbl;, mainly including additive
engineering, quantum dots (QDs), dimension engineering, and
composition engineering. Regarding additive engineering, it is
worth noting that Wang et al. obtained a stable tetragonal
p-CsPbl; phase with a E; of 1.68eV instead of a-phase and
y-phase through incorporating dimethylammonium iodide
(DMALI) into the perovskite precursor solution. In combination
with choline iodide surface treatment, the best-performing
device achieved a high PCE of 18.4%.!"" Subsequently, the same
group achieved a PCE of 19.03% using DMAI as an additive
and phenyltrimethylammonium chloride (PTACI) as a surface
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passivator. To the best of our knowledge, this efficiency is the
highest PCE reported for PSCs based on inorganic perovskites
(Figure 1).””) They revealed that DMAI additive was released
from perovskite films instead of being incorporated into the
perovskite crystal lattice. The earlier work indicates that synergis-
tic engineering of additive and surface passivation molecules is
crucial to prepare high-quality inorganic CsPbl; films and thus
realize efficient and stable CsPblI;-based all-inorganic PSCs. In
addition, the reduction of grain size by preparing QDs has been
demonstrated to be an effective approach to stabilize the black
phase of CsPbl;. For example, Luther and coworkers found that
CsPbI; QD films can be stable for several months in ambient
conditions, which shows that the phase transition temperature
of QD films is much lower than that of bulk counterpart.**!
The same group developed an A-site cation halide salt (AX) treat-
ment method to tune the surface chemistry of CsPbl; QD films
and coupling between QDs. By this method, the carrier mobility
of perovskite films increased twice. As a result, a record certified
efficiency of 13.43% was achieved for the AX-treated device.**!
Although great progresses have been achieved in stabilizing
the black phase of CsPbI; by additive engineering and reducing
grain sizes, the realization of long-term phase-stable CsPbl;
remains a huge challenge. It is well known that grain boundary
(GB) density would increase as grain sizes reduce, which leads to
serious nonradiative charge recombination losses. Except for the
additive strategy and QD film, dimension engineering also
shows great potentials in stabilizing a-phase of CsPbls. Zhao
et al. demonstrated that a small amount of 2D EDAPDbI,
(ethylenediamine (EDA)) can effectively stabilize the a-phase
of CsPbl;.%*! The PSCs delivered a PCE of 11.8% upon the incor-
poration of EDAPDI,. It was revealed that 2D EDAPbI, can sig-
nificantly enhance the phase stability of a-CsPbls;, improve
electron transfer, and passivate surface defects. Finally, compo-
sition engineering is also an effective and important strategy
used for stabilizing the black phase of CsPbI; film and improving
its crystallization and morphology. To stabilize black phase and
improve optoelectronic properties of CsPbls, A-site, B-site, and
X-site in CsPbl; were substituted partially by other alkali metal
ions (i.e., LiT, Na™, KT, and Rb™),??” other divalent metal ions
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(e.g., Sn** 28 G [P g2t B Ca?t BY etc.), and other halide
anions (like I” and C17),?? respectively. Among them, substitu-
tion of Br is very successful in stabilizing a-phase of CsPDbI;.
Widely used inorganic perovskite absorbers (CsPbI,Br,
CsPbIBr,, and CsPbBr;), which are much more stable than
CsPbI; at ambient conditions, can be obtained by introducing
an appropriate amount of Br in CsPbls. You and coworkers intro-
duced a small amount of Br into CsPbl; to fabricate CsPbI;_,Br,-
based PSCs. Combining with the LiF surface modification of
Sn0O,, the champion device achieved a PCE of 18.64%.3
Although these inorganic compositions (CsPbI,Br, CsPbIBr,,
and CsPbBr;) containing a large amount of Br are much more
stable than CsPbl;, the corresponding PSCs based on these
Br-containing inorganic compositions showed much lower
PCEs than CsPbls-based PSCs because of enlarged E,.*"!
Consequently, a good balance between phase stability and
light-harvesting ability is key to achieve both high efficiency and
excellent stability. Despite great advancements that have been
obtained for inorganic PSCs, currently, its PCE is far behind that
of hybrid PSCs. Itis highly desirable to increase PCE and stability
through stabilizing the black photoactive phase of inorganic
perovskites and systematically optimizing the device.

It is well known that the long-term operational stability of
PSCs is closely associated with each functional layer and
interface. Presently, all high-efficiency inorganic PSCs were fab-
ricated based on unstable organic HTMs (like Spiro-OMeTAD),
which still suffer from poor long-term operational stabil-
ity.'#2233] Therefore, developing all-inorganic PSCs is critical
to completely address the poor long-term operational stability
of inorganic PSCs based on organic HTMs. Here it should be
stressed that each functional layer instead of only the perovskite
layer in all-inorganic PSCs mentioned in this Review is inorganic
material. All-inorganic PSCs generally can be classified into
normal all-inorganic PSCs and inverted all-inorganic PSCs. As
for the normal all-inorganic PSCs, the development of high-
performance solution-processable inorganic HTMs is a huge
challenge. To date, some inorganic HTMs have been attempted,
such as Cul,P¥ Cu,ZnSnS, QDs,*® Cu(Cr,M)0O, (M = Ba’",
Ca®", or Ni’") nanoparticles,?”) Co0;0,* MnS,*? PbS

" {—— Hybrid/organic HTM

19.03%{ —o— Hybrid/inorganic HTM
16.1%
/j ]—— Inorganic/organic HTM
3.21%
13.13%{
{—— HTM-free all-inorganic PSCs (normal)

Inorganic/inorganic HTM (normal)

—o— |norganic/inorganic ETM (inverted)

Figure 1. Representative efficiency advancements of various PSCs. Hybrid/organic HTM stands for the device with a structure of TCO/inorganic ETM/
organic inorganic hybrid perovskites/organic HTM/Au or Ag. Hybrid/inorganic HTM stands for the device with a structure of TCO/inorganic
ETM/organic inorganic hybrid perovskites/inorganic HTM/Au or Ag. Inorganic/organic HTM stands for the device with a structure of TCO/inorganic
ETM/inorganic perovskites/organic HTM/Au or Ag. Inorganic/inorganic (normal) stands for the device with a structure of TCO/inorganic ETM/inorganic
perovskites/inorganic HTM/Au, Ag or carbon. HTM-free all-inorganic PSCs (normal) stand for the device with a structure of TCO/inorganic ETM/
inorganic perovskites/carbon. Inorganic/inorganic ETM (inverted) stands for the device with a structure of TCO/inorganic HTM/inorganic
perovskites /inorganic ETM/metal electrode. TCO represents a transparent conductive metal oxide.
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QDs,[4°] CuPc,*Y etc. Hu et al. demonstrated a PCE of 13.21%
based on the normal all-inorganic PSCs with the structure of
FTO/c-TiO5/CsPby o6Big.04l3/Cul/Au (Figure 1).°% After that,
no further improvement in PCE was obtained. To reduce cost
and simplify the procedure of device fabrication, numerous
efforts have been dedicated to develop hole-conductor-free
all-inorganic PSCs especially for the carbon electrode (CE) and
optimize its performance.?**? It is worth noting that Liang et al.
achieved a PCE of 12.04% based on the device configuration of
FTO/c-TiO,/m-TiO,/CsPbl;:Br:Inl;/CE.1** In addition, Liu et al.
achieved a PCE of 12.19% based on the structure of FTO/SnO,/
CsPbl,Br/CE where excess PbI, was incorporated into perovskite
precursor solution.*?! Recently, Yang and coworkers demon-
strated a promising PCE as high as 13.13% based on hole-
conductor-free all-inorganic PSCs (Figure 1). Consequently,
hole-conductor-free all-inorganic PSCs exhibit great potentials
in achieving a high PCE and high stability relative to all-inorganic
PSCs with HTMs (Figure 1). Regarding inverted all-inorganic
PSCs, the development of effective inorganic electron transport
materials (ETMs) plays a key role in realizing high efficiency and
long-term stability. To this end, the applications of various inor-
ganic ETMs in inverted all-inorganic PSCs have been explored,
such as MoO,,*! Cg, 140 Zn0O/Cgo bilayer,w"w] Ce0,,B%
carbide-TiO, (C-TiO,),°" etc. A PCE as high as 16.1% was
reported for inverted all-inorganic PSCs with the structure of
ITO/NiO,/CsPbl,Brs_,/Zn0/Ceo/Ag.*! To the best of our
knowledge, this efficiency is the reported highest efficiency in
normal and inverted all-inorganic PSCs up to now (Figure 1).
The earlier obtained achievements confirm the great potentials
of all-inorganic PSCs in achieving a high PCE and excellent
operational stability simultaneously. However, the PCEs of
all-inorganic PSCs are still much lower than those of hybrid
PSCs and those of inorganic PSCs with organic HTMs.
Consequently, it is of great significance and urgent to further
improve PCEs of all-inorganic PSCs.

In the recent two years, several reviews have been reported to
summarize the research advancements of inorganic PSCs
instead of all-inorganic PSCs. In view of the rapid development
in the field of all-inorganic PSCs, a timely review is urgently
needed. This Review aims at providing a guide for readers to
further improve the PCE and stability of all-inorganic PSCs.
In the present Review, we first summarize and discuss the
progresses of strategies used for stabilizing the black phase of
inorganic perovskites and improving their crystallization.
Subsequently, we summarize and discuss effective inorganic
HTMs in normal all-inorganic PSCs and HTM-free normal
all-inorganic PSCs. After that, effective inorganic ETMs in
inverted all-inorganic PSCs are summarized and discussed.
Then, we summarize and discuss the advancements of interface
engineering strategies for optimizing the PCEs of all-inorganic
PSCs. Finally, an outlook of challenges and possible solutions
for all-inorganic PSCs is proposed.

2. Strategies for Improving Phase Stability of
Inorganic Perovskites

It is well known that inorganic perovskites usually possess
several phases. Taking CsPbl; as an example, four phases were
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reported, including cubic (), tetragonal (), and two orthorhom-
bic phases (a non-perovskite yellow phase [§] and a black
phase [7]).°? Among them, a, #, and y phases are black phases
and photoactive. In contrast, § phase is yellow phase and nonpho-
toactive. Consequently, the stabilization of black phase is key to
achieve efficient and stable all-inorganic PSCs. The phase
and structural stability can be predicted and evaluated by
Goldschmidt’s tolerance factor value (t), which can be described
ast=(ra+ rB)/[Zl/z(rB + rx)], where ra, rp, and rx are radii of A,
B, and X ions, respectively.®** It is widely recognized that ABX;
perovskites can be stabilized when ¢ is located in the range of
0.8—1.1>21>4 According to the ionic radii of alkali metal ions,
as shown in Table 1, t of APbI; (A is alkali metal ion) is calculated
to be 0.62 for Li*, 0.67 for Na*, 0.75 for K*, 0.78 for Rb*, and
0.81 for Cs™, respectively.?” Therefore, t of only Cs™ is in the
range of 0.8-1 among all alkali metal ions but still a little small,
which is the origin of unstable black phases of CsPbI;.
Subsequently, we will summarize and discuss strategies used
for stabilizing the black phase of inorganic perovskites from
the perspective of B-site substitution, X-site substitution,
intermediate with hydroiodic acid (HI), organic cations, additive
engineering, and QDs, respectively. In a word, black phases of
inorganic perovskites can be stabilized by either increasing
the Goldschmidt tolerance factor value or enhancing the activa-
tion energy barrier of phase transition (black phase to yellow
phase) (Table 2).

2.1. B-Site Substitution

As the ionic radius of Cs" is the largest among all alkali metal
ions, it is a big challenge to further enhance ¢ of inorganic
perovskites through increasing the size of A-site cation.
Consequently, it is expected to increase ¢ and thus phase stability
by substitutional doping for B- and X-sites with other metal and
halide ions, respectively. It is well known that decreasing the
radii of B-site cations can effectively increase the t of CsPbl; from
0.81 to 0.9-1.0. Considering that Sn and Pb belong to the same
group in the periodic table of elements, Sn as a promising metal
element was attempted by Liang et al.?® to partially take place of
Pb** in CsPbIBr, to obtain CsPbg gSng ;1Br,. The corresponding
all-inorganic PSC based on CE showed much improvement in
PCE from 8.25% for control device to 11.33%. The incorporation
of Sn not only improved the phase stability of CsPbIBr, but also
reduced bandgap from 2.05 to 1.79eV, which resulted in
improved stability and PCE. In addition, improved band align-
ment also should be responsible for enhanced PCE. In addition,
Li et al®% used Sn to partially substitute Pb to prepare

Table 1. Radii of possible elements for A-, B-, and X-sites in ABX;
inorganic perovskites.[2°'34'55]

Assite [A] B-site [A] X-site [A]
Cst 1.69 Pb2* 1.20 Mn?* 0.66 I~ 2.16
Rb™ 1.48 Sr2t 1.13 Bi** 1.08 Br~ 1.95
K+ 1.33 Ca’t 0.99 Eu®* 0.95 dn 1.81
Na* 0.95 Sn** 0.93 Sb** 0.92

Li* 0.76 Ge?™ 0.73 In** 0.81
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Table 2. Summary of progresses on strategies for stabilizing black phases in inorganic PSCs.

Strategies Device configuration Jse [MAcm™] V.. [V] FF  PCE [%] Stability condition Ref.
B-site substitution FTO/c-TiO2/m-TiO,/CsPbg oSN 11Bry/carbon 14.30 126  0.63 11.33 >2 weeks, at 100 °C, Encapsulated ~ [28]
ITO/SnO,/Ce0/CsPbo 7550 251Br2/Spiro-OMeTAD/Au 12.57 121 0758 11.53 Under illumination, ~50-60% [56]
RH RT, unencapsulated
FTO/SnO,/CsPbg sGeg 21,Br/P3HT/Spiro-OMeTAD/Au 12.15 127 0701 108 7h, 50-60% RH [29]
FTO/c-TiO,/m-TiO,/CsPbo.sBio 06713/ Spiro-OMeTAD/Au 16.66 105 0.680 11.90 28 days under 40% RH [57]
FTO/c-TiO,/CsPbg 96Big 0413/ Cul /Au 18.76 0.97 0.726 13.21 Maintained 68%, 55% average [35]
RH at 25 °C
FTO/c-TiO,/m-TiO,/CsPbg 96Sbo 04!3/carbon 14.65 0.73 0500 531 37 days, stored in ambient condition [58]
FTO/c-TiO,/CsPbo.sZno.11,Br/Spiro-OMeTAD/Ag 15.8 118 0727 136 65°C, 400h in N, [59]
FTO/TiO,/CsPbg.9sMng 021,Br/PTAA/Au 14.37 1172 0.80 13.47 25-35% RH and RT, [60]
unencapsulated
FTO/c-TiO,/m-TiO,/CsPbg 99sMno 00s!1.01Br1 .99/ 13.15 099 0.57 7.36 Over 300 h, ambient atmosphere, [67]
Spiro-OMeTAD/Au encapsulated
FTO/c-TiO,/mp-TiO,/CsPbg o5Cag osl3/P3HT/Au 17.9 0.945 0.80 13.5 2 months, encapsulated 37]
FTO/c-TiO,/mp-TiO,/CsPbg 9Sro.0212Br/P3HT/Au 15.3 1.04 0.699 11.2 30 days, encapsulated [30]
FTO/c-TiO,/mp-TiO,/CsPbg 97Sr0.03Brs/carbon 7.71 1.54 0.811 9.63 800 h, 80% RH, RT, unencapsulated  [62]
FTO/c-TiO,/mp-TiO,/Bal,:CsPbl,Br/P3HT/Au 15.45 1.210 0.795 14.85 Over 400 h, 85 °C, unencapsulated  [63]
FTO/c-TiOy/mp-TiO,/CsPbg 97Smg o3Br3/carbon 7.48 1.594 0.851 10.14 110 days under 80% RH or 60 days  [64]
at 80 °C, unencapsulated
FTO/c-TiO,/CsPbl,Br(Eu(Ac);) /Spiro-OMeTAD/Au 15.44 125 079 1525 30days, 35-40% RH, unencapsulated [65]
FTO/c-TiO,/m-TiO2/CsPbo,gsEu.0sl2Br/Spiro-OMeTAD/Au 14.63 122 0766 13.7 370h in N, [66]
X-site substitution ITO/c-TiO,/CsPbl,Br-GTA-ATS-IPA/Spiro-OMeTAD/Au 16.79 123 0778 1607  100mWcm2 UV irradiation, N, [67]
unencapsulated
ITO/SnO,/PN4N/CsPbl,Br/PDCBT/MoO;/Ag 15.3 1.30 0.815 16.2 Continuous one sun equivalent [68]
illumination
FTO/TiO,/SmBrs/CsPblIBr,/PTAA/Au 12.75 107 073 1088 - 69]
ITO/SnO,QD/CsPbBr;/CsSnBr;/carbon 7.80 1.610 0.844 10.60 80°C and N, [70]
FTO/c-TiO,/m-TiO,/CsPbBrs;/CulnS,/ZnS QDs/LPP-carbon 7.73 1.626 0.863 10.85 80% RH, or 80°C, or solar [71]
irradiation
FTO/TiO,/CsPbBr;/Spiro-OMeTAD/Ag 9.78 1498 0745 1091 ~45% RH or 100°C (72]
ITO/SnO,/LiF/CsPbls_,Br,+10%PbCl,/Spiro-OMeTAD/Au 18.3 1.234 0826 18.64  Over 1000h under 100mWcem ™2  [33]
illumination, N, unencapsulated
Intermediate with FTO/TiO,/CsPbl;-PTABr/Spiro-OMeTAD/Ag 19.15 1.104 0.806 17.06 Continuous illumination in N, [73]
hydroiodic acid ITO/SnO,/CsPbl;_Br,+10%PbCl,/Spiro-OMeTAD/Au 183 1234 0826 18.64  Over 1000 h under 100mWcm™  [33]
illumination, N, unencapsulated
Organic cations ITO/PTAA/CsPbl;.94Clo 0-NDSB201/PCBM/Cgo/BCP/Cu 14.9 1.08 070 11.4 Ambient condition, unencapsulated  [32]
FTO/TiO,/CsPbl;-0.025EDAPbI,/Spiro-OMeTAD/Ag 14.53 105 071 1186 Dark and dry box [25]
ITO/SnO,/PEA,Cs59PbgoX151/Spiro-OMeTAD/Au 16.59 1.07 070 12.4  Ambient atmosphere without sealing [74]
ITO/SnO,/LiF/CsPbl,Br;_,-GA,Pbl,/Spiro-OMeTAD/Au 18.01 127 079 18.06 40% RH [75]
FTO/TiO,/CsPbls-PEAI/PTAA/Au 18.95 1.059 0.749 15.07 20-30% RH [76]
FTO/TiO,/CsPbl;-PTABr/Spiro-OMeTAD/Ag 19.15 1.104 0.806 17.06 Continuous illumination in N, [73]
FTO/c-TiO,/m-TiO,/DMAg 15Cso.55Pbl3/Spiro-OMeTAD/Ag 19.4 105 075  15.3 . (77]
FTO/TiO,/DMAI-CsPbl;-CHI/Spiro-OMeTAD/Ag 20.23 111 0.82 18.4 Continuous illumination under [12]
100 mW cm ™2
FTO/TiO,/DMAI-CsPbl;-PTACI/Spiro-OMeTAD/Ag 20.23 1.137 0.827 19.03 10 £ 5% RH and 20-25°C [22]
Additive engineering FTO/TiO,/CsPbl;_,Br,+CsBr/Spiro-OMeTAD/Au 15.52 1.10 0.765 13.09 - [78]
FTO/TiO,/CsPbl,Br-+Pb(Il)propionate/poly(DTSTPD- 15.66 105 081 1458 - [79]
r-BThTPD)/Au
FTO/PTAA/CsPbl;+OTG3/PCBM/BCP/Ag 15.81 1021 0752 13.32 Less than 10% RH 80]

Sol. RRL 2020, 2000408 2000408 (4 of 34) © 2020 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

Table 2. Continued.

www.solar-rrl.com

Strategies Device configuration Jse [PAcm™] V. [V] FF  PCE [%] Stability condition Ref.
QDs FTO/TiO,/CsPbl; QD/Spiro-OMeTAD/MoO;/Al 13.47 123 065 1077 Months in ambient air [23]
FTO/TiO,/AX-coated CsPbl; QD/Spiro-OMeTAD/MoOs/Al 14.37 120 078 134 - [24]

FTO/TiO,/CsPbl; QD/PTB7/MoO;/Ag 12.39 127 080 12.55 - 187]

FTO/TiO,/CsPbl; QD-cesium salts/PTAA/MoOs/Ag 14.96 1.248 0.756 14.10 - [82]

FTO/TiO,/CsPbl; QD /PTAA/MoOs/Ag 15.84 1243 076  14.90 - 183]

CsPb;_,Sn,IBr, perovskite alloys by the one-step antisolvent
(ATS) method. As shown by steady-state photoluminescence
(PL) spectra in Figure 1a, the PL emission peak gradually red-
shifted as the increase in the substitution amount of Sn occurred.
After systematic optimization of Sn content, the optimal device
performance was achieved when x in CsPb; ,Sn,IBr, was equal
to 0.25, as shown in Figure 1b. The optimized device based on
CsPby.75Sng »51Br, exhibited a PCE of 11.53%, which was much
higher than 7.34% of device without doping. In addition,
significantly reduced hysteresis was demonstrated upon Sn
doping. The moisture stability under illumination at about
50-60% relative humidity (RH) showed that the unencapsulated
CsPbg 75Sn¢ 25IBry-based device degraded less than 10% after
120 min illumination whereas CsPbIBr,-based device decayed
completely just after 40 min (Figure 1c). Improved stability
was ascribed to improved phase stability due to enhanced
t induced by incorporation of smaller Sn. The earlier works
indicate that Sn is an ideal candidate to replace Pb in inorganic

perovskites because the introduction of Sn can improve film
quality, narrow bandgap, and conquer phase instability.
However, instability originating from the oxidation of Sn** to
Sn*" by oxygen should be investigated carefully in inorganic
perovskite alloys in the future research work. In the hybrid
PSCs, various strategies have been made to conquer the above
instability through suppressing the oxidation reaction of Sn*"
to Sn*".B4 It is highly desirable to overcome the instability of
Sn-containing inorganic perovskites by either learning from
hybrid PSCs or developing novel and effective strategies.
Similar with Sn, Yang et al.*” reported doping of germanium
(Ge) for inorganic perovskite CsPbI,Br and demonstrated that
Ge (0.73 A) with a much smaller radius than Pb*" (1.20 A) can
stabilize the cubic phase, which was confirmed by the
disappeared diffraction peak at 10.0° corresponding to an ortho-
rhombic phase (Figure 2d). After optimization, CsPby gGeg ,1,Br-
based PSCs produced the highest PCE of 10.8% among all the
investigated doping ratios, which is much higher than 5.3% of
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Figure 2. a) Steady-state PL spectra of CsPb;_,Sn,IBr, films. b) J-V curves of champion devices based on CsPb,_,Sn,IBr, films. c) Stability of
unencapsulated devices based on CsPblIBr, and CsPbg 75Sng,sIBr, under illumination measured in the ambient condition with a RH of around
50-60%. Reproduced with permission.® Copyright 2018, Wiley-VCH. d) XRD spectra of CsPb;_,Ge,l,Br perovskite films. e) J-V curves of champion
devices based on CsPb,_,Ge,l,Br. f) Stability of unencapsulated devices based on CsPbl,Br and CsPbg gGeg ,l,Br at 50-60% RH ambient atmosphere.

Reproduced with permission.?’! Copyright 2018, Wiley-VCH.
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the device based on pristine CsPbI,Br, as shown in Figure 2e.
As a result of improved phase stability of perovskite
films, a remarkably enhanced stability was observed for
CsPby gGey ,I,Br-based PSCs as compared with a control device
under 50-60% RH ambient atmosphere without encapsulation.
This work suggests that the ambient fabrication of inorganic
perovskites can be realized by improving phase stability via
adopting chemical doping. Considering that bismuth (Bi) is close
to Pb in the same period, Bi*" could be an effective candidate to
replace Pb*" in inorganic perovskites. Hu et al.®>® for the first
time demonstrated that partial substitution of Pb*" by Bi*"
(.08 A) can stabilize the a-phase of CsPbl; at RT. X-ray
diffraction (XRD) results showed that the black phase of
CsPbl; can be stabilized when a suitable amount of Bi** is
incorporated into CsPbl;. The &-phase thoroughly disappeared
upon the incorporation of 4 mol% Bi**. As shown in Figure 3a,
they proposed a possible mechanism of improved phase stability
of a-CsPbls. The doping of the proper amount of Bi*" (4 mol%)
can lead to strong microstrain in the crystal of CsPbl; and accord-
ingly slight distortion of the cubic structure as well as improved
phase stability. After 4 mol% Bi*" doping, the PCE of the device
based on Cul as HTM was increased from 8.07% to 13.21%
(Figure 3b). The CsPbg.96Big.04I3-based device exhibited a much

(@)

Cubic

Orthorhombic \
‘ov"\ 2207
X
0 RO Todine
° .\\\ \(@
\
- ° o Stable for less than 24h at RT in air

www.solar-rrl.com

improved ambient stability compared with the control device
based on pristine CsPbl; (Figure 3c). In addition, Huang
et al.”” revealed that Bi*" doping not only can stabilize the black
phase of CsPbl; but also improve its film quality by reducing trap
states. The PCE was improved from 10.09% for the control device
to 11.90% for the doped device, which was mainly as a conse-
quence of significantly increased V,. The synergistic strategy
of nonstoichiometry and antimony Sb doping for CsPbl; was
developed by Xiang et al.’® to improve the phase stability and
film morphology. The CsPbggsSboo4l3-based device achieved
a PCE of 5.18% based on CE and maintained 93% of its
initial PCE after 37 days of storage in ambient condition.
Sun et al.”® introduced Zn*" to partially substitute Pb*" in
CsPbI,Br inorganic perovskites and achieved a PCE improve-
ment from 11.8% for the CsPbI,Br-based device to 13.6% for
CsPbg.oZng 11,Br-based device, which was put down to improved
crystallization and markedly enlarged grain sizes along with the
highly orientated crystallites. The stronger interaction of Zn*"
with Br~ and I™ anions due to its higher chemical activity than
Pb*t resulted in the suppressed crystallization process of
inorganic perovskites. In addition, this work proposed that
Cs—Zn-Br/I compound could effectively passivate GBs.
A slightly widened absorption spectrum was because of

(b)
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Figure 3. a) Possible mechanisms for stabilizing a-CsPbls by introducing HI or Bi*" in the precursor solution. b) J-V curves of the best-performing
devices based on a-CsPbl; and CsPbg g¢Big 04l3. c) PCE evolution as a function of explosion time in air condition for devices based on a-CsPbl; and
CsPby.9¢Big.04!3. Reproduced with permission.ps] Copyright 2017, American Chemical Society. d) Schematic diagram of roles of MnCl, in driving
crystalline grain growth and passivating surface defects. e) Stability of unencapsulated device based on 2% of MnCl, stored at 25°C and 25—35%
RH. Reproduced with permission.l®” Copyright 2018, American Chemical Society.
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Zn4s-I5p states. After Zn®" doping, improved ambient and
thermal stability was testified.

The transition metal manganese (Mn) was attempted to par-
tially substitute Pb in inorganic perovskites.*®!! The former
(0.66 A) possesses a much smaller radius than the latter
(1.20A), as shown in Table 1. Liang et al. found that Mn®*
can be successfully inserted into the crystal lattice of CsPbIBr,
to form novel Mn-doped CsPb;_ Mn,I;,,Br, 5.1 Improved
crystallinity and morphology as well as improved energy-level
alignment was achieved upon x=0.005. A promising PCE of
7.36% was obtained for the CsPbgg9sMnyg gos5l1.01B11.99-based
device using CE, which was higher than 6.14% of the reference
device. Finally, the encapsulated CsPbgg9sMng 0osli.01Br1.99-
based device dropped only 8% of its initial value after ambient
exposure for over 300 h. This work highlights the importance
of the development of all-inorganic PSCs in achieving long-term
stability. Different from the above work, Bai et al. demonstrated
that Mn?" lay in the interstices of CsPbI,Br instead of crystal
lattices of Pb through introducing additional MnCl, into precur-
sor solutions containing equivalent molar amounts of PbI, and
CsBr.l® The excellent solid solution between CsPbI,Br and
MnCl, was formed and the structure of perovskite host was
retained, as confirmed by XRD results. Scanning electron
microscopy (SEM) results indicated that grain sizes of perovskite
films were gradually enlarged with the gradual increase of Mn®*,
which was attributed to suppressed crystallization. As shown in
Figure 3d, possible mechanisms of CsPbl,Br formation with and
without Mn were proposed. A small amount of Mn*" was incor-
porated into interstices of CsPbI,Br lattices and excess Mn** was
aggregated at GBs of perovskite films which can passivate trap
states at GBs, leading to the decreased nonradiative recombina-
tion losses. By the doping of Mn*", the PCE increased from
11.88% for the reference device to 13.47% for the device with
Mn?*. The device doped by Mn?" slightly degraded to 97% of
its initial value at 25°C under 25—-35% RH (Figure 3e).
Except for Mn”", transition metal Ni*" was utilized to partially
substitute Pb?" in CsPbl,Br, and the inverted PSC with a
structure of ITO/P3CT/CsPbI,Br with or without Ni** doping/
PCBM/Cgo/BCP/Ag was assembled.®> The best-performing
device with CsPbg9gNig o,1,Br yielded a PCE of 13.88%, higher
than 11.97% of the reference device, which was attributed to
improved crystallinity and reduced trap states and thus sup-
pressed nonradiative recombination reaction. More importantly,
ambient and light stabilities were improved for Ni-doped devices
as compared with control devices. The earlier research results
show that transition metal doping is very promising in stabilizing
the black phase and improving film quality, which should receive
more attention in future research work.

In the past few years, alkaline earth metals have been
developed to stabilize the black phase of inorganic perovskites
and improve their optoelectronic properties.®*%2%3 Calcium
(Ca, 0.99A) with a smaller ionic radius was used to partially
replace Pb in CsPbI3.*Y The more uniform films with larger
grains were obtained due to reduced colloidal sizes in the
precursor solution after Ca®' doping, which resulted in
improved interface contact between perovskite and hole trans-
port layer (HTL). It was demonstrated that surface defects can
be passivated by a Ca-rich oxide layer. The optimized device
based on 5% Ca®" substitution delivered a promising PCE of

Sol. RRL 2020, 2000408

2000408 (7 of 34)

www.solar-rrl.com

13.5% in reverse scan (RS). The encapsulated device maintained
85% of its initial PCE after two months. To find out the optimal
alkaline earth metal used for doping inorganic perovskites, the
effect of alkaline earth metals (including Mg*", Ca*", Sr*T,
and Ba*™) on CsPbBr;-based all-inorganic PSCs was systemati-
cally investigated.®” It was found that all investigated doping
metals can increase the PCE of devices but Sr** was the most
effective. They concluded that the incorporation of divalent hard
Lewis acids was beneficial for grain size enlargement along with
reduced GB density and thus PCE improvement. In addition, the
enhanced formation energy of vacancy defects led to suppressed
carrier recombination. Although the effect of different alkaline
earth metals on device performance was compared in this work,
why the Sr*"-doped device exhibited the highest PCE among all
the investigated doping metals is not revealed. Apart from
CsPbBr;, Sr*" was also reported to dope the CsPbI,Br to form
CsPb, _,Sr,I,Br and the doped device based on the optimal con-
centration (x = 0.02) gave a 11.2% PCE which was much higher
than 7.7% of the reference device with pristine CsPbI,Br.*”
It was revealed that Sr*" at the surface of perovskite films can
effectively passivate the defects at GBs and/or surface of perov-
skite films. To further increase the PCE of inorganic PSCs with
Sr** doping, it should be stressed that doping of Sr** for CsPbls
is worth attempting due to its more favorable bandgap as com-
pared with CsPbI,Br. Mali et al.®*! developed an effective syner-
gistic strategy that the partial substitution of Pb*" with Ba*" was
implemented in typical CsPbI,Br and the dynamic hot-air (DHA)
casting process was used to prepare high-quality inorganic
perovskite films in ambient condition. Through this synergistic
strategy, the device based on Bal,:CsPbI,Br presented a high
PCE of 14.85% for a small active area of 0.09 cm” and 13.78%
for a large area of 1 cm?, respectively. The DHA casting method
provides an opportunity for upscaling all-inorganic perovskite
photovoltaics at a wide processing window. Much improved
thermal stability was demonstrated for DHA-processed Bal,:
CsPbI,Br-based devices compared with control device without
Bal, doping.

To maximize the potentials of B-site metal doping, lanthanide
metal elements were used to partially substitute Pb in inorganic
perovskites.**%! Duan et al. investigated the effect of different
lanthanide ion doping (Ln** =La**, Ce**, Nd**, Sm*", Eu*™,
Gd**, Tb**, Ho®**, Er’*, Yb**, and Lu**) on CsPbBrs-based
all-inorganic PSCs.*" They found that some Ln** ions (e.g.,
Ce**, Nd**, Eu’", etc.) showed a negative effect on perovskite
film quality and thus photovoltaic performance but a positive
effect for some other ions (i.e., Sm*", Tb*>", Ho*", Er’", and
Yb*"). The lattice constants gradually decreased by obeying an
order of Sm*"—CsPbBr; > Tb*"—CsPbBr; > Ho*"—CsPbBr; >
Er’**—CsPbBr; > Yb*'—CsPbBr;, which confirmed the successful
incorporation of Ln*' ions into crystal lattices of CsPbBr;
(Figure 4a). It was inferred that the improved grain size and crys-
tallinity occurred due to the change in surface energy for crystal
growth. Improved crystallization and grain size facilitated charge
transfer dynamics and suppressed the carrier nonradiative
recombination process. The PCEs of devices were improved after
Sm*", Tb**, Ho*", Er’™, or Yb*" doping and the Sm’**-doped
device exhibited a much higher PCE of 10.14% than 6.99%
for the control device, as shown in Figure 4b. The slightly
enhanced thermal stability was observed for the device
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Figure 4. a) The lattice constants of CsPbBrs crystals doped by different Ln**

ions. b) J-V curves of devices based on perovskite absorbers without doping

and with doping by different lanthanide ions. c) Long-term stability of unencapsulated devices without and with Sm** doping at 80 °C and 0% RH.

Reproduced with permission.[®* Copyright 2018, Wiley-VCH. d) XRD pattern

s of CsPbl,Br perovskite films doped by different concentrations of Eu(Ac)s.

e) J-V curves of devices based on CsPbl,Br perovskite films doped with different concentrations of Eu(Ac);. f) Ambient stability of unencapsulated PSCs
without and with 0.5 mol% Eu(Ac); doping. Reproduced with permission.®! Copyright 2019, Wiley-VCH.

with Sm** doping relative to reference device (Figure 4c).
Yang et al.l®®! developed a europium and acetate codoping
strategy for CsPbI,Br and found that shift of peaks at 29.5° cor-
responding to (200) crystal plane of a-phase CsPbl,Br perovskite
was indicative of successful insertion of Eu** (0.95 A) and Ac™
(1.62A) into crystal lattices of CsPbI,Br, as shown by XRD
results in Figure 4d. As shown in Figure 4e, the optimal doping
concentration of Eu(Ac); was determined to be 0.5 mol% and the
optimized device delivered a promising PCE of 15.25%, which
was higher than 14.26% of the reference device without doping.
Moreover, much improved ambient stability was revealed for the
doped device in comparison with the control device (Figure 4f).
Improved film quality and phase stability should be responsible
for improved PCE and stability. The research works indicate that
lanthanide ion doping shows great potentials in stabilizing the
black phase of inorganic perovskites and improving film quality,
which remain to be explored especially for narrow-bandgap
CsPbl; for the purpose of a higher PCE.

2.2. X-Site Substitution

Apart from B-site doping, X-site doping is an effective approach
to stabilize the black phase of CsPbl; because of increased t.
Regarding X-site doping, partial or complete substitution of I~
by Br~ was extensively investigated in the past several years.
A PCE of 6.5% was reported by 33% replacement of I with

Sol. RRL 2020, 2000408 2000408 (

Br~ in CsPbI;. Improved light, thermal, and phase stabilities
were achieved after Br doping.®*® Snaith and coworkers®”!
achieved a PCE of 9.8% based on CsPbI,Br through tuning
the substitution ratio of Br in CsPbl; based on the two-step
method. They found that the CsPbI,Br-based device showed
excellent structural stability at 85°C under high 30-40% RH,
which was much better than the pure iodide inorganic
perovskite-based device. Since then, huge attention has been
devoted to investigate CsPbI,Br-based PSCs.[*/¢7798891 [t ig
well known that high-quality perovskite films are prerequisites
to achieve efficient and stable inorganic PSCs. Chen et al.*”!
precisely controlled the crystal growth by developing a synergistic
strategy of gradient thermal annealing (GTA) and ATS and
demonstrated a PCE as high as 16.07%, accompanied with a sta-
bilized efficiency of 15.75%.

Moisture stability and UV light stabilities were both improved
by obeying an order of GTA-based device < GTA-ATS-
Tol-based device (Tol: toluene) < GTA-ATS-IPA-based device.
The improved stability was ascribed to a much improved film
quality. Tian et al.®®! developed an amino-functionalized polymer
(PN4N) to modify SnO,/CsPbI,Br interface, which resulted in an
improved band alignment. It was revealed that the PN4N inter-
face layer can promote the crystal growth of perovskites by tuning
the surface wetting property, as reflected by increased grain sizes
from SEM results (Figure 5a,b) and improved crystallization
from XRD results (Figure 5c). Most importantly, it was proved
that PN4N and PDCBT can interact strongly with perovskite
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Figure 5. Top-view SEM images of CsPbl,Br films on a) SnO, and b) SnO,/PN4N. c) XRD patterns of CsPbl,Br films deposited onto SnO, and
SnO,/PN4N substrates. d) Charge density distribution plots of CsPbl,Br (110) surface possessing an antisite defect. e) Passivation of PN4N for surface
antisite defects of CsPbl,Br (110). f) Passivation of PDCBT for surface antisite defects of CsPbl,Br (110). g) J-V characteristics of devices based on
different HTLs and ETLs. h) Stability of PSCs based on different HTLs and ETLs under 1 sun equivalent illumination. Reproduced with permission.!*®

Copyright 2019, Wiley-VCH.

crystals and accordingly passivate surface defects as well as
suppress photoinduced halide segregation (Figure 5d-f).
As shown in Figure 5g, the PCE was increased after modification
of PN4N for SnO,/CsPbl,Br interface or after substitution of
Spiro-OMeTAD by PDCBT. Finally, the optimized device with
PN4N interface modification in conjunction with PDCBT as
the dopant-free HTM produced a high PCE of 16.2% and showed
excellent photostability, which maintained over 90% of its initial
value under continuous 1 sun equivalent illumination for 400 h
(Figure 5h). Except for CsPbI,Br (1.92eV), CsPbIBr, with a
bandgap of 2.05eV much larger than 1.73eV of CsPbl; was
believed to be very promising for light-harvesting materials,
especially for tandem solar cell applications, due to its much
better phase stability in comparison with CsPbl3.*? Enormous
efforts have been made to optimize the PCE of CsPbIBr,-based
devices.”*”1 To overcome interfacial nonradiative recombina-
tion, ETL/CsPbIBr, interface modification was implemented
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by inserting a SmBr; interfacial layer. It was demonstrated that
improved crystallization and morphology of perovskite films
were realized after interface modification.*”) In addition, a
gradient energy band alignment was achieved, which effectively
suppressed the interfacial and bulk nonradiative recombination.
The device based on interface modification of SmBr; demon-
strated a PCE of 10.88% under 1sun illumination, which
increased by 30% as compared with its counterpart without mod-
ification. To explore potentials of Br substitution for stabilizing
the black phase of CsPbl;, CsPbBr; with a bandgap of 2.3 eV is
obtained after thorough replacement of 1™ with Br™. Excellent
thermal, light, and moisture stabilities have been demonstrated
for CsPbBr; films and CsPbBr;-based devices especially for all-
inorganic PSC based on CE.?”7%729%9] I the recent two years,
PCEs of 10.5-11% have been achieved for CsPbBr3-based devices
even based on CE.’”7%72 1t is worth noting that a PCE as high as
10.85% was realized for all-inorganic CsPbBrs-based devices
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using inorganic materials as HTMs,”" and a PCE up to 10.91%
was demonstrated for CsPbBrs-based devices based on organic
Spiro-OMeTAD HTM."? Although the very impressive stability
has been testified for CsPbBr;-based devices, its low PCE still
hinders its further commercial application, mainly originating
from insufficient light harvesting due to the wide bandgap of
up to 2.3 eV and serious back contact interfacial recombination
losses as well as a large energy barrier. Consequently, further
minimizing interfacial recombination losses is imperative to
maximize the PCE of CsPbBr;-based devices.

In organic-inorganic hybrid perovskites, Cl~ ion is usually
introduced into perovskite precursor solution through organic
ammonium salt containing Cl~ (like MACI) to prepare high-
quality perovskite films with large grain sizes and less defects.
A few works have demonstrated that an extremely small
amount of Cl” ion was incorporated into crystal lattices of
perovskites.'?®1%1 Nevertheless, most works indicated that
Cl™ ion was not finally incorporated into the crystal lattices of
perovskites and it left from films during high-temperature
annealing."**'%) In a word, it still remained unclear whether
Cl” ion was inserted into the crystal lattices. However, it was
widely revealed that Cl™ ion can effectively improve perovskite
crystallization, increase grain sizes, passivate defects at GBs,
and enhance carrier lifetimes.*'"'"'%! Learning from hybrid
perovskites, incorporation of CI™ ion was also attempted by sev-
eral groups to prepare high-quality and phase-stable inorganic
perovskite films.?** You and coworkers prepared efficient
and stable inorganic CsPbl;_,Br,-based PSCs through interface
and compositional engineering simultaneously.?*! As shown in
Figure 6a, LiF interfacial layer was used to modify SnO,/
perovskite interface. LiF modification upshifted the conduction
band minimum (CBM) of SnO, from 4.3 to 4.01 eV, which was
better matched with the CBM (3.94 eV) of CsPbl; ,Br,
(Figure 6b). In addition, LiF interface layer can effectively passiv-
ate interfacial defects. As a result, the PCE of the device was
enhanced from 13.54% to 17.08%. In this work, PbCl, was
introduced into perovskite precursor solution to improve further
film quality. It was found that the crystallinity of perovskite films
was remarkably improved and charge recombination was signif-
icantly suppressed after addition of PbCl,. It is worth noting that
the black phase stability of CsPbl;_,Br, dramatically improved
after PbCl, addition. As shown in Figure 6¢, the PCE of device
was further increased from 16.96% to 18.22%, which was mainly
a result of enhanced V. due to the reduced nonradiative recom-
bination losses. The best-performing device with LiF modifica-
tion in combination with PbCl, addition achieved a promising
PCE as high as 18.64%. Over 94% of its initial PCE was retained
for the CsPbl;_,Br,-based device with interfacial and composi-
tional engineering under continuous 1 sun equivalent illumina-
tion for over 1000 h, as shown in Figure 6d. The earlier work
highlights the importance of synergistic engineering strategy
in realizing efficient and stable inorganic PSCs.

Apart from Br™ and Cl™ doping, acetate anion (Ac™) was also
developed to partially replace I" in the CsPbI,Br framework to
obtain CsPbl,_,Br(Ac),.'*" Compared with pristine CsPbI,Br
films, Ac™ doping reduced trap states, increased carrier lifetimes,
and improved charge transportation. The device based on
CsPbI, ,Br(Ac), exhibited excellent reproducibility and a PCE
of 15.56%, along with a high V. of 1.30 V. The much enhanced
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moisture stability was demonstrated for CsPbI,_,Br(Ac),-based
devices compared with the control device without doping.

2.3. Intermediate with Hydroiodic Acid

To increase the activation energy barrier of phase transition from
black phase to yellow phase, the strategy that HI or hydrogen lead
iodide (HPDbI3) was added into perovskite precursor solution to
improve film quality and phase stability was first attempted in
2015.1'%! The phase stability was improved due to the formation
of small perovskite crystals and generation of lattice strain when
a small amount of HI was incorporated. As a result, a PCE of
2.9% was reported for CsPbl;-based PSCs. After that, HI or
HPDI; intermediate strategy has been extensively adopted to
prepare high-quality and phase-stable inorganic perovskite films
for solar cells. It was reported that the crystallization temperature
of a-CsPbl; was prominently reduced from 330 to 200 °C when
HPbI; was used to take the place of Pbl,. Furthermore, a-CsPbl;
was stabilized for several days in dry air. However, a-CsPbl; is
unstable and would spontaneously convert into yellow phase in
ambient condition with over 20% RH. Consequently, a-CsPbl;
film is difficult to fabricate in ambient atmosphere with high RH.
Chen and coworkers used HPbI; to prepare a-CsPbl; and found
that highly stable a-CsPbl; can be acquired by one-step deposi-
tion solution method.'% Tensile lattice strain led to a reduced
bandgap from 1.72 to 1.68 eV. A PCE of 9.5% was achieved for
the all-inorganic PSCs based on CE and over 90% of its original
value was retained after storage in dry air for 3000 h. To conquer
phase instability under relative high humidity, a low novel
low-temperature phase transition route was developed by
Luo et al.,**”! where the perovskite film that consisted of inter-
mediate Cs,Pbl¢ phase was dipped into the hot IPA solution,
annealed at 100 °C for 5 min, and then gradually converted into
a dark brown a-CsPbl; film. The device prepared by this method
showed a PCE of 4.13% and almost no degradation in ambient
condition with less than 30% RH after 72 h. The present work
proves that the fabrication of a-CsPbls-based PSC in fully
open-air conditions with high humidity is feasible if an appropri-
ate approach is adopted. It is worth mentioning that Zhao and
coworkers used HPbI;,, (¥x=0.1-0.15) to prepare precursor
solution and wused phenyltrimethylammonium bromide
(PTABT) to post-treat perovskite films.”*) Based on this method,
improved phase stability was realized. Due to improved phase
stability and film quality along with effective defect passivation
by PTABEr, a high PCE of 17.06% was obtained, accompanied
by a stable output of 16.3%. You and coworkers achieved an
appealing PCE of 18.64% through introducing PbCl, and using
HPbI; ., to prepare perovskite precursor solution in conjunction
with adopting LiF interfacial modification.”*’!

As we mentioned previously, -CsPbl; and y-CsPbl; phases
are also photoactive appropriate for the absorber of solar cells
except for a-CsPbl;. The much lower phase transition tempera-
ture (260 °C for f-CsPbl; and 175 °C for y-CsPbI;) was reported
as compared with 360 °C of a-CsPbl;, which implies that lower-
symmetry f-CsPbl; and y-CsPbl; phases could be suitable for
fabricating highly stable PSCs.** Similar with a-CsPbl,, HI
or HPDbI; was also demonstrated to be effective in stabilizing
y-CsPbl;.7¢1%) For example, Hu and coworkers introduced a
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Figure 6. a) The schematically illustrated architecture of inorganic PSC with LiF interface modification. b) Energy band diagram for each layer in inorganic
PSC. c) J-V characteristics for devices with different concentrations of PbCl,. d) Photostability of unencapsulated CsPbl;_,Br,-based device with LiF
interlayer and PbCl, additive measured under continuous white light LED illumination (100 mW cm™2) in a nitrogen glovebox. Reproduced with per-

mission.*®! Copyright 2019, Wiley-VCH.

small amount of H,O and HI into perovskite precursor solution
to stabilize y-CsPbl; through a proton transfer reaction and dem-
onstrated a PCE of 11.3%.'%® Theoretical and experimental
results revealed that y-CsPbl; was thermodynamically preferred
in comparison with 5-CsPbl; due to the much lower surface free
energy of the former than the latter. Liberated H* and 1~ from
the ionization of HI from DMF-xHI complexes contributed to
improved phase stability through reducing the sizes of Pbl, col-
loids which were made of lead polyiodide complexes. Then the
corner-sharing [Pblg],~ octahedra intercalated by Cs* ions was
formed and finally was converted into perovskite polymorph with
a decreased size after thermal annealing. In addition, phenylethy-
lammonium iodine (PEAI) and HI were incorporated by Liu et al.
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into CsPbI; precursor solution. It was found that much better
phase stability was realized by the synergistic use of PEAI and
HI.7® The unencapsulated device with PEAI and HI displayed
a PCE of 15.07% and exhibited a negligible decay after light
illumination for 300h. A total of 92% of its initial efficiency
was maintained after being stored for 2 months under ambient
conditions. To further understand the mechanism of stabilizing
the black phase of CsPbl; by HI or HPbI;, Ke et al. revealed
that the real intermediate by incorporating HI was DMAPDI;
(DMA = dimethylammonium, (CH3),NH, ") rather than HPbI3,
where DMA was the decomposition product of HI and DMF by
acidic hydrolysis.!' They thought that the final perovskite was
a-Cs;_,DMA,PbI; (x = 0.2-0.5) cubic perovskite instead of (a, y)
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CsPbI; phase. However, Zhao and coworkers demonstrated
that DMAI completely escaped from the final CsPbl; perovskite
films rather than being incorporated into its crystal lattices, and
p-CsPbl; was obtained by this additive strategy.””! They proposed
that proper humidity was helpful for DMAI removal from
final films. The device based on DMAI and phenyltrimethylam-
monium chloride (PTACI) passivation delivered a record PCE
of 19.03%.

2.4, Organic Cations

In the past few years, organic cations were demonstrated to be
one of the most effective and feasible approaches to stabilize the
black phase of inorganic perovskites. Huang and coworkers
stabilized the black phase of CsPbl; via incorporating
sulfobetaine zwitterion into perovskite precursor solution.[*”
The mechanisms of CsPbls perovskite formation without and
with zwitterion molecules were proposed. For the formation
of CsPbl; perovskite without zwitterion molecules, crystallized
PbI,-DMSO colloid was formed through the coordination
between PbI, Lewis acid in precursor solution (Figure 7a) and

(@) SIS (b)

@) o O

DMSOO

www.solar-rrl.com

DMSO Lewis base, and then coordination of I~ ions with
Pb*" generated corner-sharing [Pbl]*~ octahedra during spin
coating (Figure 7b). Finally, CsPbI; perovskites were formed
by occupying the octahedral sites with Cs™ (Figure 7c). As for
the formation of CsPbl; perovskites with zwitterion, the layered
structure of the colloid PbI,-DMSO was broken because of elec-
trostatic interaction between zwitterion and Pbl,-DMSO colloids,
resulting in a reduced colloid size and amorphous phase in the
spun film before annealing (Figure 7d,e). Zwitterion molecules
were expelled to GBs and the grain surface during the CsPbl;
grain growth process (Figure 7f). In a word, phase stability
was significantly enhanced after the introduction of zwitterion
molecules, which was due to prominently suppressed crystalliza-
tion and reduced grain sizes. As a result, a stabilized PCE of
11.4% was obtained for the devices stabilized by zwitterion.
Inspired by the excellent moisture stability of 2D perovskites
demonstrated in hybrid perovskites, dimensional engineering
strategy was attempted to stabilize the black phase of inorganic
perovskites.[2>74+7> 1011 Eor instance, Zhao and coworkers first
added a small amount of 2D perovskite EDAPbI, based on
bication into CsPbl; perovskite precursor solution to stabilize
the a-phase of CsPbl;*®! As shown in Figure 7gh, the
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Figure 7. Schematic representation of CsPbl; crystal formation from precursor solution without a—c) or with d—f) the zwitterion. Reproduced with
permission.®?l Copyright 2017, Elsevier Inc. g) Ambient stability of the devices based on CsPbl;-0.025EDAPbI, in a dark dry box. h) XRD pattern
and images of the CsPbl;-0.025EDAPbI, film before and after aging at 100°C in a dry box for 1 week. Reproduced with permission.?”
Copyright 2017, American Association for the Advancement of Science (AAAS).
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EDAPDI -based devices delivered a PCE of 11.8% and ambient
and thermal stability, which were ascribed to the unique (110)
layered structure of 2D perovskite EDAPbI,. In addition,
Jiang et al.”*! used commonly used large-sized organic cation
PEA*" to fabricate quasi-2D perovskite PEA,Cs,_1Pb, X, 1.
It was found that the larger n was, smaller the decomposition
energy and poorer the phase stability. This suggested that
as-prepared quasi-2D perovskites suppressed undesirable phase
transition from black phase to yellow phase (Figure 8a). The opti-
mized PEA,CssoPbgoXig1-based device showed a 12.4% PCE
(Figure 8b) and excellent ambient stability (Figure 8c). Zhu
and coworkers!”®! developed a spontaneous interfacial manipula-
tion (SIM) method, where 2D GA,Pbl, was formed on the
surface 3D CsPbl,Br;_, through adding guanidinium bromide
(GABr) into CsPbI,Br;_, precursor solution. It was revealed that
spontaneously formed ultrathin 2D perovskite cannot only effec-
tively passivate interfacial defects but also effectively protect 3D
perovskite films from moisture. Finally, the markedly enhanced
PCE from 13.64% to 18.06% was demonstrated for the devices
with 2D modification as well as improved moisture and phase
stability (Figure 8d,e). In addition, Daoud and coworkers!"'*! also
demonstrated that the 2D GA,Pbl, interface layer can effectively
passivate defects on the surface of Cs;_,RDb,PDbI,Br films and

www.solar-rrl.com

improve device stability. The PSC with 2D interface layer yielded
a PCE of 15.6% much higher than 12.9% of the reference device.
The remarkably enhanced moisture, thermal, and light stability
were demonstrated. Lu and coworkers''*! demonstrated that
GA™ doping can stabilize the cubic phase of CsPbI,Br via
releasing the lattice strain and forming strong hydrogen bonds.
GA-doped devices produced a PCE as high as 14.34% fabricated
at 140 °C without ATS and maintained around 94% of its initial
PCE after being stored for 1000 h.

Different from the earlier research results, some groups dem-
onstrated that it was difficult to form 2D or quasi-2D perovskites
through incorporating large-sized organic cations into inorganic
perovskite precursor solutions or post-treating the surface of
inorganic perovskite films.”>7¢1*5] I the case of precursor
incorporation, Liu and coworkers”® achieved a PCE of 15.07%
by introducing PEAI into CsPbl; perovskite precursor solution
based on the device configuration of FTO/TiO,/CsPbls/
PTAA/Au. They found that HI and PEAI can effectively stabilize
the black phase of CsPbl;. The mechanism of stabilization of HI
and PEALI for the black phase of CsPbl; was proposed as follows.
First, the distorted black-phase CsPbl; was formed through the
reaction between HI and Pbl, during annealing. Second, PEAI
participated in the nucleation and growth of CsPbl; films, which
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Figure 8. a) Unit cell structure and decomposition energetics of PEA,Cs,,_1Pb,X3,,,1 using first-principles density functional theory (DFT). b) J-V curves
of devices based on PEA,Cs,,_1Pb,l3,,, 1. c) PCE evolution of unsealed devices based on PEA,Cs,,_1Pb,l3,,, 1 under ambient atmosphere. Reproduced with
permission.” Copyright 2018, Elsevier Inc. d) J-V curve of the PSCs with and without SIM. e) Stability of devices based on pure CsPbl,Brs_, and
CsPbl,Brs_, + 2% v/v GABr in air or N, atmosphere. Reproduced with permission.”*! Copyright 2020, Wiley-VCH.

Sol. RRL 2020, 2000408

2000408 (13 of 34)

© 2020 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ERRL

www.advancedsciencenews.com

resulted in oriented crystal growth. The electrostatic interaction
between PEAI and CsPbl; crystal as well as steric effect can
hinder the phase transition from black phase to yellow phase.
The PEAI-based CsPbl; films maintained black color after being
aged at 80 °C for 120 h while yellow spots appeared for the ref-
erence films after only 40 h aging. Furthermore, the improved
thermal stability was also confirmed by thermogravimetric anal-
ysis (TGA) and differential scanning calorimeter (DSC).
Compared with precursor incorporation, more attention has
been paid to post-treatment of inorganic perovskite films by
organic large-sized cations.'2#%7>14115] Eor example, Zhao and
coworkers!"' reported a post-treatment of PEAI for inorganic
CsPbl; films and demonstrated a PCE of 14.3% much higher
than 11.2% of the reference device, which was ascribed to the
effective passivation for defects/trap states at the GBs and/or
surface of inorganic CsPbl; films as reflected from the reduced
carrier recombination by transient photovoltage (TPV) decay
measurement. As shown in Figure 9a, they proposed that
PEA* and ™ in PEAI salts would passivate Cs* and I~ vacancies,
respectively. Meanwhile, some Cs* ions could be substituted by
PEA™. They thought that 2D PEA,PbI, was difficult to generate
but formed PEA™ functional organic layer can effectively stabi-
lize the black phase of CsPbl;. As shown in Figure 9b, the
improved moisture stability of films proved that PEAI post-
treatment really can enhance the phase stability of perovskite
films. As a result of improved film moisture stability, the device
with PEAI post-treatment showed a prominently improved mois-
ture stability as compared with the reference one without post-
treatment, as shown in Figure 9c. Through simultaneous
judicious design of anion and cation in organic salts, Liu and
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coworkers post-treated the CsPbI,Br films with PEACI and
demonstrated a much improved moisture stability along with
a comparable PCE relative to control device."*! It was found that
the hydrophobic aromatic group PEA" was located in edge-on
orientation at the surface of CsPbI,Br films and doping of
Cl™ into the CsPbI,Br crystal lattice led to lattice shrinking. In
addition, Zhao and coworkers!”® designed a bifunctional organic
large-sized salt phenyltrimethylammonium bromide (PTABr),
achieving gradient Br doping and surface passivation. A cham-
pion PCE of 17.06% and a stable output of 16.3% were achieved
for the devices with PTABr post-treatment. As shown in
Figure 9d, no impurity peaks were observed in the PTABr-based
CsPbl; film after being annealed at 80°C in N, glovebox for
72 h whereas CsPbl; film without surface modification almost
completely degraded into yellow § phase. As shown in
Figure 9e, the control CsPbI; film turned yellow after being
exposed to 80 + 5% RH at =35°C for 0.5h, whereas the
PTABr-CsPbl; thin film still retained pure black phase under
the same condition. The earlier results indicated that moisture
and thermal stabilities were enhanced significantly after PTABr
surface modification. This work suggests that the simultaneous
rational design of anion and cation is of extreme importance for
fabricating efficient and stable inorganic PSCs, which deserves
more attention. Recently, Liu et al.l"'® reported a gradient
grain-sized (GGS) CsPbI; bilayer to stabilize the black phase
of CsPbl; through the upward migration of (adamantan-1-yl)
methanammonium (ADMA), together with a hot-casting
technique. It was demonstrated that the large grain-sized
CsPbl; layer was located at the bottom site, along with the tiny
grain-sized CsPbl; layer at the surface site. It showed that the
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Figure 9. a) Schematic illustration of CsPbl; modified by PEAI showing that PEA™ and I~ can passivate the PEA™ and |~ vacancies, respectively.
b) XRD patterns and photographs of CsPbl; films without and with PEAI modification before and after being exposed to ambient condition with
85-90% RH at RT for 0.5 h. ¢) PCE as a function of storage time in a dark and dry box with less than 20% RH at RT for the devices without and with
PEAI post-treatment. Reproduced with permission.""! Copyright 2018, Elsevier Inc. XRD patterns of CsPbl; films without and with PTABr modification
before and after d) being heated at 80°C in a N, glovebox for 72 h and e) after being exposed to 80 & 5% RH at ~35 °C for 0.5 h. Reproduced with

permission.I”?! Copyright 2018, American Chemical Society.
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large-sized perovskite layer had a high carrier mobility and low
trap-state density whereas the small-sized perovskite layer can
ameliorate phase stability due to high surface energy. Based
on this strategy, a promising PCE of 15.5% was obtained.
Similar to MACI additive commonly used for preparing high-
quality hybrid perovskite films, dimethylamine iodide (DMAI)
was demonstrated to be very effective in stabilizing the black
phase of CsPbl; and improving film quality in recent two years.
As we discussed previously, Ke et al. demonstrated that the
intermediate was DMAPDbI; when HI was added into inorganic
perovskite precursor solution and found that DMAI has
been incorporated into crystal lattices of CsPbl; to obtain
a-Cs;_,DMA,PbI; (x = 0.2-0.5) cubic perovskite.'*” Similarly,
Jin et al. also revealed that high-quality intermediate compounds
were DMAI/DMAPbI, rather than HPDbI; after incorporating HI
into precursor solution.'”) Tt was shown that most of DMA™ was
lost during high-temperature annealing and only an ultrasmall
amount of DMA™ was doped into the crystal lattices of
CsPbl;. In addition, they found that excess DMA" can form
Lewis acid-base adducts with Pb*" at the surface of CsPbI;.
Finally, the device with HI delivered a high PCE of 17.3%.
As the intermediate phase was DMAPbI; or DMAI/DMAPDI,
after HI was introduced, Pang and coworkers!””! directly incor-
porated DMAI into CsPbI; precursor solution to prepare
phase-stable and high-quality perovskite films. As shown in
Figure 10a, it was revealed that DMAPDI; and Cs,Pbl were first
formed when films were annealed at 100 °C for 10 min and then
converted into mixed-cation perovskite phase DMA, 15Csg gsPbI3
upon annealing at 180°C for 15 min. DMA, ;5Csg gsPbl; was
thermodynamically stable and possessed a bandgap of 1.67 eV.
When the annealing time further extended, DMA ;15Cs gsPbls
was directly transformed into y-CsPbls and then was spontane-
ously converted into 5-CsPbl;. It means that the thermodynami-
cally stable DMA, 15Csg g5Pbl; was obtained through adopting
appropriate annealing temperature and time, as confirmed by
XRD results in Figure 10b—d. The corresponding device based
on more symmetrical perovskite DMAg 15Csgg5Pbl; reached a
PCE of 15.3%, which was markedly higher than 10.7% of the
reference device based on pristine y-CsPbl;. Wang et al.’? also
directly introduced DMALI into CsPbl; perovskite precursor con-
taining a stoichiometric ratio of CsI:PbI,:xDMAI (x = 1.1-1.2). It
was found that the bandgap (1.68 eV) of as-prepared CsPbl; was
much narrower than 1.73 eV previously reported. They con-
cluded that B-CsPbl; instead of (@, y) CsPbl; was obtained by
the addition of DMAI, which was confirmed by XRD results
in Figure 10e. To further improve film quality, choline iodide
(CHI) quaternary ammonium salt was used to post-treat
as-prepared films. The carrier lifetime of perovskite films was
substantially increased after CHI post-treatment, as shown in
Figure 10f. Finally, a PCE enhancement from 15.1% to 18.4%
was demonstrated after CHI treatment (Figure 10g). Moreover,
the excellent photostability was achieved for the device with the
synergistic use of CHI and DMAI, which maintained 92% of its
original PCE under continuous illumination at the maximum
power point (MPP) after 500h, as shown in Figure 10h.
In consideration of the significant role of DMAI in improving
film quality and stabilizing black phase of CsPbls, the same
group further investigated the role of DMAI as an additive or
dopant” As shown by the crystal phase evolution in
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Figure 10i, peaks at 11.6° and 12.0° assigned to DMAPbI; and
the possible intermediate phase were found in the precursor film
annealed less than 5 min weakened gradually as annealing time
increased and thoroughly disappeared in the final film when
annealing time was increased to 5 min. As shown in Figure 10j,
the growth mechanism was proposed as follows. The intermedi-
ate phase between DMAI and PbI, was first formed. DMAI would
sublimate and Cs™ would enter the crystal lattice position during
the annealing process. They proposed that y-CsPbl; was obtained
due to fast crystallization when x was equal to 0.5 and 0.7 in
PbI,:xDMALI but a slightly distorted f-CsPbl; was obtained due
to slow crystallization when x was increased to 1.0 and 1.5.
Taking XRD, UV absorption, time-of-flight secondary ion mass
spectrometry, NMR, and TGA measurements together, it was
revealed that DMAI was a volatile additive to CsPbl3 inorganic
perovskite crystallization instead of the dopant. Combined with
PTACI, the device delivered a remarkably enhanced PCE from
16.62% to 19.03% as compared with the reference device without
PTACI post-treatment. They demonstrated that the residue of
DMALI was detrimental to device stability. However, the influence
mechanism of DMAI residue for device stability was not revealed
in this work, which remains investigated deeply in the subse-
quent research work. Although huge progresses have been
achieved on DMAI, inconsistent conclusions were obtained on
its role of DMAI as an additivel'??%1171 or dopant,[77’1°9] which
could be ascribed to different annealing temperatures and
times along with different amounts of DMAI and preparation
condition (e.g., humidity, oxygen, etc.).

2.5. Additive Engineering

It was widely demonstrated that additives play a crucial role in
stabilizing the Dblack phase of inorganic perovskites and
improving film quality. The nonstoichiometric method is usually
adopted to achieve the earlier purposes. For example, excess
CsBr was added into CsPbl; precursor solution.'’ The
improved stability of the cubic CsPbl; phase at a low temperature
was demonstrated after introducing excess CsBr, which was put
down to produced microstrain in the lattice. The device with
excess CsBr yielded a PCE of 10.92%. In addition, Yao and
coworkers.”® also incorporated excess CsBr into CsPbl;
precursor solution and the intermediate product Csl;_,Br,/
CsPblI;_,Br, was obtained. The moisture treatment led to
structural evolution from CsI,_,Br,/CsPbl;_,Br, to uniform
CsPbl;_,Br, layer. Due to improved homogeneity of the stoichi-
ometry and crystallinity, the PCE of the device was increased
from 10.89% to 13.09% after moisture treatment. Unold and
coworkers prepared y-CsPbl; films through the coevaporation
method."**! Tt was found that excess CsI can lead to distorted
perovskite CsPbI; whereas Pbl,-rich growth conditions resulted
in nonperovskite yellow phase. A PCE of 12.5% was obtained for
the inverted structure of ITO/PTAA/CsPbl3/Cgo/BCP/Cu based
on perovskite films with excess Csl. The device showed good
shelf stability of over 1200 h. Miyasaka and coworkers prepared
a-CsPbl; via introducing Pb(II) propionate additive in the
CsPbI,Br precursor and achieved a 14.58% PCE using dopant-
free HTM.”? It was found that Pb(II) propionate can passivate
defects within perovskite films, which was possibly due to the
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Figure 10. a) Crystal structure and phase evolution during the fabrication of DMAg 15Cs0g5Pbl; film. b—d) XRD patterns of the DMAI/CsPbl; films
annealed at different temperatures. Reproduced with permission.’””! Copyright 2020, American Chemical Society. e) XRD patterns of CsPbls thin film
and powders scratched from the films. The standard -CsPbl; XRD pattern calculated for Cu Ka1 radiation for the tetragonal perovskite structure is given.
f) Time-resolved photoluminescence (TRPL) decay curves of CsPbls films without and with CHI post-treatment. g) J-V characteristics of devices based on
CsPbl; and CHI-CsPbl; measured under simulated AM 1.5G solar illumination of 100 mW/cm? in RS. h) Stability of the unencapsulated CHI-CsPbls
device under continuous white light LED illumination (100 mW cm™2) at their MPP in N, glovebox. Reproduced with permission.' Copyright 2019,
American Association for the Advancement of Science. (i) XRD patterns of Cs-1.5 DMAI films at different annealing times. j) Schematic mechanism of
black-phase CsPbl; formation with the aid of DMAI additive. Reproduced with permission.”?! Copyright 2019, Wiley-VCH.

coordination between propionate ion and undercoordinated
Pb®* at the surface or GB of perovskite films. Pang and
coworkers™®® used MA gas to improve the morphology and
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quality of CsPbI,Br in conjunction with incorporating a certain
amount of MAX (X=1I or Br) into the precursor solution.
It proved that excess MAX can improve the interconnection
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between the perovskite film and the MA gas. Using this method,
the PCE of the device was improved from 10.1% to 13.1%.
Han et al.®% developed a novel strategy where a series of organic
molecules with different surface organic terminal groups were
incorporated into precursor. It was found that these organic
molecules can effectively suppress the octahedral tilting of
[Pblg]*™ units in cubic CsPbls. It was demonstrated that steric
hindrance can effectively hinder the lattice distortion and
accordingly enhance the energy barrier for phase transition from
black phase to yellow phase. Moreover, organic additive mole-
cules can passivate surface defects of perovskite films. Finally,
the device with molecular modification gave a PCE of 13.2%
and maintained 85% of its initial efficiency value under ambient
conditions after 30 days.

www.solar-rrl.com

2.6. Quantum Dots

It is widely accepted that many physical properties between
nanometer-sized materials and bulk crystalline materials are
different for the same chemical compound. Luther et al.”**! dem-
onstrated that a-CsPbI; QD films can be stabilized in ambient air
for months. The device based on a-CsPbI; QD films showed a
high V. 0f 1.23 V and a PCE of 10.77%. To further improve film
quality of CsPbI; QDs and increase PCE, the same group devel-
oped a surface modification strategy where the A-site cation
halide salt (AX: FAI, MAI, FABr, MABr, and Csl) was used to
treat CsPbl; QD films.** Figure 11a schematically shows the
QD film deposition process and AX post-treatment process.
CsPblI; QD films were prepared by the layer-by-layer way by spin
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Figure 11. a) Schematic illustration of CsPbl; QD film preparation process and AX salt post-treatment. b) J-V curves of devices based on CsPbl; QD films
post-treated by different AX salts. Reproduced with permission.!**l Copyright 2017, American Association for the Advancement of Science. ) Schematic
illustrated diagram of deposition process of CsPbl; QD film post-treated by CsX (upper part) and filling Cs vacancies by CsX salts and thus defect
passivation (bottom part). d) J-V curves of the champion PSCs based on CsPbl; QD films without and with CsAc post-treatment. Reproduced with
permission.’®?l Copyright 2019, Wiley-VCH. e) Energy-level diagram of MeOAc-treated CsPbl; QDs and dopant-free polymeric HTMs. Reproduced
with permission.®'l Copyright 2018, Elsevier Inc.
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coating as-synthesized CsPbl; QDs in octane. The QD films were
immersed into a saturated lead(II) nitrate [Pb(NOs),] solution in
methyl acetate (MeOAc) after each QD layer to further deposit
the next layer. Finally, as-prepared QD films with sufficient
thicknesses were treated by immersing them into a saturated
AX salt solution in ethyl acetate (EtOAc) for around 10s. As
shown in Figure 11b, the FA-treated device showed the highest
PCE of 13.4% among all the investigated devices, which outper-
formed 8.5% of the control device treated by only neat EtOAc.
The improved PCE was attributed to significantly increased
carrier mobility and thus carrier transport of CsPbl; QD film
after FAI post-treatment. The AX treatment strategy reported
in this work provides an effective method for tuning the elec-
tronic properties of CsPbl; QD films. Apart from organic cation
halide salts, Ma et al.®? developed an efficient surface passiv-
ation strategy where a variety of inorganic cesium salts (cesium
acetate [CsAc], cesium carbonate [Cs,CO;], cesium nitrate
[CsNO;), and cesium iodide [CsI]) were used to treat the surface
of CsPbl; QD films. It was found that all the Cs salts can increase
device performance. In the present work, CsAc was chosen to
investigate the effect of surface treatment on device performance
because of its highest performance. The corresponding schemat-
ically illustrated diagram of CsAc post-treatment is shown in
Figure 11c. First, CsPbl; QD films with long native insulating
ligands were obtained by the spin-coating process. Subsequently,
MeOAc orthogonal solvent was used to wash the film to prepare
conductive films by removing insulating capping ligands. Finally,
as-prepared QD films were treated by saturated CsAc and resid-
ual organic ligands were further removed. It was proposed that
Cs cations can fill the Cs vacancies and effectively passivate the
surface trap states of CsPbl; QD films. After CsAc treatment,
the Vo loss (Eg — Vo) was reduced from 0.525 to 0.505 eV, indi-
cating a successful defect passivation by CsAc. Moreover, the free
carrier lifetimes, mobility, and diffusion lengths of QD films
were enhanced simultaneously. In a word, the PCE of the device
was enhanced from 12.59% to 14.10% after CsAc treatment,
which was mainly as a result of improved ] along with a slightly
increased FF, as shown in Figure 11d. To improve the quality of
inorganic perovskite nanocrystals (NCs), surface ligand modula-
tion was implemented by a facile hexane/ethyl acetate (MeOAc)
solvent treatment method."*"! It was demonstrated that the
quality and electric properties of the films were significantly
improved by this surface ligand management strategy. As a
result, a PCE of 12.2% was delivered for the device based on
perovskite CsPbI,Br NCs treated by hexane/MeOAc. More
recently, Ma and coworkers demonstrated a PCE of 14.90%
through surface ligand modulation and management.®’!
It was found that the secondary amine (di-n-propylamine
[DPA]) was the optimal among the investigated primary, second-
ary, and tertiary amine ligands. To overcome the poor carrier
transport properties of inorganic perovskite QDs, Liu and
coworkers'?? used micrometer-sized graphene (uGR) sheets
with a high mobility (800 cm®V~'s™") to crosslink the CsPbl;
QDs (denoted as CsPbI; QDs-uGR) for normal PSCs using
PTAA as HTM. The resultant CsPbl; QDs-uGR films showed
not only improved carrier transport but also enhanced stability
(including moisture and thermal stability). The device based
on CsPbl; QDs-pGR exhibited an improved PCE of 11.40% com-
pared with 10.41% of the control device and maintained over
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98% of its original PCE after storage in N, for 1 month.
Apart from enhancing quality of QD films, the PCE of the device
based on QD films was increased by the rational energy-level
alignment modulation strategy where different polymeric
dopant-free HTMs (including P3HT, PTB7, and PTB7-Th) were
used to modulate band alignment with inorganic perovskite
QDs.®Y The device based on PTB7 HTM achieved a PCE of
12.55% along with an extremely low V. loss up to 0.45eV.

3. Deposition and Growth Techniques of
Inorganic Perovskite Films

Similar to organic inorganic hybrid perovskites, inorganic perov-
skite films are fabricated by either solution processing or vacuum
processing techniques. Regarding solution deposition technique,
one-step or two-step solution deposition method is usually
adopted. It is well known that proper deposition techniques
are key to fabricate large-sized, defect-less, and compact high-
quality inorganic perovskite films.

3.1. Solution Deposition Techniques

One-step solution deposition has been extensively used to
prepare inorganic perovskite films for solar cells.'#*%%3 For
the one-step approach, perovskite precursor solution is prepared
by dissolving the stoichiometric amount of precursor composi-
tions (PbX, and CsX) into polar organic solvents (e.g., dimethyl-
formamide [DMF] or dimethyl sulfoxide [DMSO]). Perovskite
films were prepared through spin coating the as-prepared precur-
sor solution on the substrates and annealing as-prepared wet
films. For the purpose of fabrication of high-quality perovskite
films, fabrication conditions (humidity, spin-coating conditions,
annealing temperature, substrate temperature, etc.) should be
optimized. Compared with one-step deposition method, two-step
solution deposition method has received much less attention. As
for the two-step method, the first step is to prepare PbX; films by
spin coating the solution of PbX, in DMF or DMSO and the wet
films are annealed at an appropriate temperature. In the second
step, as-prepared PbX, films are dipped into the solution of CsX
in poorly polar solvents or the solution of CsX is spin coated on
the as-prepared PbX, films, which is followed by an additional
annealing process to obtain phase-pure highly crystalline inor-
ganic perovskite films. Compared with the one-step deposition
method, the thickness of perovskite films is easy to increase
to harvest sufficient light to guarantee high J,. for the two-step
method. Currently, the two-step deposition approach was usually
used for preparing CsPbIBr, and CsPbBr; films due to the
extremely limited solubility of PbBr, and CsBr.['2*-1%%!

3.2. Vacuum Deposition Technique

Vacuum deposition makes it possible to precisely control
the thickness of inorganic perovskite films according to our
requirement. This technique can improve reproducibility of devi-
ces by removing artificial uncertain factors. Generally, several
vacuum deposition methods have been attempted to prepare
inorganic perovskite films, such as sequential evaporation,!*?®!
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coevaporation,'**12712 double-layer evaporation,*% alterna-

tive evaporation,% etc. Li et al.'®® prepared CsPbBr; films
through sequential evaporation for solar cells and demonstrated
a PCE of 8.34% by incorporating CsPb,Brs at the interface of
CsPbBr; crystals. It was revealed that the derivative phase can
increase the grain size, passivate grain defects, and reduce carrier
recombination. Superior stability was reported for the device
without any degradation. In the past few years, more efforts have
been contributed to optimize the coevaporation approach as com-
pared with other vacuum deposition methods. For example,
Troshin and coworkers obtained a PCE of 10.5% based on
PSCs with CsPbl; films prepared by the coevaporation of Csl
and Pbl,, which was comparable with 12.1% of MAPbI; coun-
terpart.'?®! Unold and coworkers™? fabricated y-CsPbl; films
by means of the coevaporation method and achieved a PCE of
12.5% based on inverted PSCs. Lin and coworkers!'*”! prepared
all-vacuum-deposited CsPbl; and CsPbI,Br solar cells and
achieved a PCE of 9.4% and 11.8% by combining these films with
vacuum-sublimed ETL and HTL, respectively. Taima and
coworkers!"*% developed an alternate vacuum deposition method
of two double layers to prepare CsPbl; films and demonstrated a
PCE of 6.79%. It proved that alternating vacuum deposition can
promote the intercalation control of inorganic CsPbl; films and
accordingly improve reproducibility of devices.

3.3. Solvent-Controlled Growth Technique

Nucleation and growth of inorganic perovskites play a critical role
in preparation of high-quality inorganic perovskite films and thus
efficient and stable solar cells. Rational engineering of precursor
solvents and ATSs is key to effectively modulate the nucleation
and growth of inorganic perovskites. Regarding precursor sol-
vents, strongly polar solvents (DFM and DMSO) are usually cho-
sen to dissolve the precursor compositions. Poor film quality and
small grain size are usually obtained for adoption of pure DMF
because easy volatilization of DMF and weak interaction between
DMEF and Pb*" result in fast crystallization. It was reported in
hybrid perovskites that a certain amount of DMSO was usually
added into DMF-based perovskite precursor solution to slow
down the crystallization of perovskites due to the formation of
Lewis acid-base adduct Pbl,-DMSO and high boiling point
(189 °C).32132 Chen and coworkers!"**) investigated the effect
of the volume ratio of DMF and DMSO on the morphology
and crystallinity of CsPbl,Br film and accordingly the corre-
sponding device performance. The intermediate phase of
CsI-PbX,-DMSO was demonstrated to be formed during the
spin-coating process, which slowed down the perovskite crystal-
lization process. When excess DMSO was used, the quality of
as-prepared films was very poor, which was due to large surface
tension and significant volume shrinkage during annealing.
It indicated that an appropriate amount of DMF was helpful
for adjusting the surface energy of the precursor solution and
volume change. After optimization, 2:1 of DMF to DMSO was
found to be optimal for film quality and device performance.
They also revealed that a part of DMSO was beneficial for mass
transport. It was proposed that mass transport in the direction
perpendicular to the substrate was remarkably affected by solvent
evaporation. Considering the prominent effect of spin-coating
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time on mass transport parallel to the substrate, the effect of
spin-coating time on film and device performance was also stud-
ied and then the optimal spin-coating time was found to be 120 s.
The optimized device with a ratio of DMF and DMSO and 120's
spin-coating time produced a PCE of 14.30%, which maintained
90.33% of its initial PCE after continuous illumination for 500 h
and retained 83.58% of its original PCE after heating at 85 °C for
500 h. In addition, You and coworkers!'**! adopted the solvent
engineering strategy to prepare high-quality and stable a-CsPbl;
films and applied it into solar cells, which achieved a 15.7% PCE
and withstood continuous light soaking for over 500 h without
any decay. Yang and coworkers found that uniform and
[100]-oriented CsPbI,Br films with large grain sizes can be
obtained through the synergistic effect of H,0 and DMSO.!***!
It was demonstrated that H,O molecules were beneficial for
desorbing the DMSO molecules and thus the formation of the
cubic phase. Finally, the optimized champion device yielded a
PCE of 16.47% as well as excellent stability. Except for precursor
solvents, ATSs are of great importance to modulate the perov-
skite crystallization process. It is well known that ATSs can affect
nucleation and growth of perovskites through influencing the
evaporation rate of DMSO and the appropriate interaction
strengths between precursor compositions and ATSs. To date,
several ATSs have been developed to prepare inorganic perov-
skite films, including diethyl ether, chlorobenzene (CB), anisole,
ethyl acetate (EtOAc), methyl acetate (MeOAc), toluene, and IPA.
Song and coworkers!"**! reported a 9.17% PCE based on the
CsPbIBr,-based device through the synergistic adoption of
ATS (diethyl ether) and organic ion (guanidinium: GA™) surface
passivation strategies. High-quality inorganic perovskite
CsPbIBr, films with an average size of 950 nm were obtained,
which showed few GBs and high hydrophobic properties.
Excellent moisture and thermal stability were achieved for the
devices, which maintained 100% of its original PCE after aging
at 100 °C for 100 h. To reduce the toxicity of ATSs and improve
further film quality, Dong et al.l'*”) used a green solvent EtOAc to
prepare high-quality CsPbI,Br films with large grain size and
improved surface morphology. All-inorganic PSCs were fabri-
cated through using low-cost stable CEs in combination with
removal of unstable and expensive organic HTM, achieving a
PCE of 10.0% and an outstanding long-term stability. This work
provides an effective strategy for preparing efficient and stable
all-inorganic PSCs by low-cost materials and green manufactur-
ing procedures. Chen et al. developed a precise crystal growth
control strategy were GTA and ATS were synergistically used
to precisely control the crystal growth of CsPbI,Br.[”) This strat-
egy led to a uniform and high-quality CsPbI,Br films. As shown
in Figure 12a, a plausible mechanism of the synergistic effect of
GTA and ATS was proposed. The transparent films were
acquired after spin coating. Without ATS in the spin-coating
step, the evaporation rate of DMSO was very slow, resulting
in severe nucleation aggregation, solvent edge effects across
the entire film, and irregular crystals and stripes along the edge.
In contrast, the use of ATS would lead to uniform CsPbI,Br films
because of fast evaporation of DMSO during spin coating. GTA
was favorable for obtaining phase-pure a-CsPbI,Br films. In a
word, synergistic use of GTA and ATS was crucial to fabricate
high-quality, compact, and large-sized CsPbl,Br films. The PCE
of the device based on GTA was increased from 12.65% to

© 2020 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ;RRL

www.advancedsciencenews.com

(a) CsPbLBr precursor
in DMSO

~ =\

’ Ay ’ Ay
a4 /T
/<« 4 <, Pre-annealing / JJ °
\ A

.
s¢04

‘ Subsequent annealing‘

5

A e

www.solar-rrl.com

Tol or TPA

- ~

Slow volatilization rate
Fast volatilization rate

Transition phase
of CsPbl.Br

‘ a-CsPbIL,Br

‘ Nucleation aggregation

\ S\ Stripes
;

S -

S

. Compact and large grain )
=)  © Uniform film
\. Negligible grain boundary

GTA film GTA-ATS film
(b)
= 0 (c)
E «2=GTA i
o «9=GTA-ATS-Tol : 0-—0-0<
< | ==GTA-ATS.IPA 0
T 5 Qog _°—°'-o~—o
= 7
2 06) =4=6TA
2 40/ Tl oo
4] Qe GTAATSIPA e
3 g™ N, atmosphere, 100 mWicm’ UV irradiation
- 502
: :
5.15" 0.9 T T T T T T T
o ! 0 2 40 0 Ll 100 120
0.0 0.3 0.6 0.9 1.2 Time (h)
Voltage (V)

Figure 12. a) Schematically illustrated diagram of CsPbl,Br perovskite crystallization process based on GTA or GTA-ATS processing. b) J-V curves of
devices based on the GTA, GTA-ATS-Tol, and GTA-ATS—IPA. c) UV stability of unencapsulated PSCs based on the GTA, GTA-ATS-Tol, and GTA-ATS-
IPA perovskite films in N, atmosphere. Reproduced with permission.®”! Copyright 2019, Elsevier Inc.

13.82% for the device with GTA-ATS-toluene and 16.07% for
the device with GTA-ATS-IPA, as shown in Figure 12b.
As shown in Figure 12c, the GTA-ATS-IPA device retained
90% of its original value after UV light irradiation for 120h
whereas 63% and 77% of their original PCEs were maintained
for GTA and GTA-ATS—toluene devices, respectively. Zhang
et al. developed a mediator—ATS strategy where MAI was intro-
duced into CsPbl; precursor solution and PCBM was added into
CB ATS."*® Tt was shown that the incorporation of PCBM in
ATS can stabilize the black phase of CsPbl; by reducing grain
sizes. In addition, the added MAI improved the quality of
CsPDbl; films through acting as the mediator. Finally, the device
based on this strategy exhibited a PCE of 16.04%, which retained
95% of its initial PCE after 1000h of aging. Moot et al.l'*”!
investigated the effect of different ATSs (including CB, toluene,
diethyl ether, anisole, EtOAc, and MeOAc) on the photovoltaic
performance of the devices based on CsPbI;. The large difference
in PCE was observed for the devices based on different ATSs.
The adoption of MeOAc was demonstrated to be the most
beneficial for the fabrication of high-quality CsPbl; films, which
was ascribed to the strongest interaction between CsI and
MeOAc as compared with the other investigated ATSs. As a
result, the best-performing device showed a PCE of 14.4%.
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This work suggests that interactions not only between perovskite
components and precursor solvents but also between perovskite
components and ATSs play key roles in perovskite nucleation
and crystallization. Consequently, it is highly desirable to fabri-
cate high-quality inorganic perovskite films via the synergistic
engineering of precursor solvents and ATSs.

4. Effective Inorganic HTMs in Normal All-
Inorganic PSCs

Although the current record PCE was achieved by normal PSCs,
the device was fabricated based on organic HTMs. First, the
typically used high-performance HTMs (e.g., Spiro-OMeTAD
and PTAA) are much more expensive than inorganic HTMs
(e.g., CuSCN, NiO,, Cul, MnS, etc.). Second, organic HTMs
themselves were difficult to withstand high temperature
(> 85°C).% Finally, hygroscopic dopants (e.g., LiTFSI and
t-BP), which were used to increase the conductivity of organic
HTMs, endowed the corresponding PSCs poor moisture stabil-
ity. Consequently, high cost, poor thermal, and moisture stability
induced by use of organic HTMs impede their commercial
application. It is important to develop low-cost stable inorganic
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HTMs with high hole mobility and well-matched energy levels
with perovskite layers to fabricate efficient and stable normal
all-inorganic PSCs. To date, a variety of inorganic HTMs have
been developed for organic—inorganic hybrid PSCs but their
applications in all-inorganic PSCs were extremely scarce.*!!
In the past several years, some inorganic HTMs were developed
and applied for normal all-inorganic PSCs, such as Cul,
Cu,ZnSnS, QDs, CulnS,/ZnS QDs, Cu(Cr,M)O, NCs, Co30y,
MnS, PbS, PEI-CNT, Ti;C,~MXene, etc. The normal all-
inorganic PSCs based on different inorganic HTMs are shown in
Table 3. Zhang and coworkers!* prepared normal all-inorganic
PSCs based on Cul HTM and CsPbgosBigo4l; absorber
(Figure 13a), achieving a PCE of 13.21% along with good ambi-
ent stability. It was found that Cul possessed a well-matched
energy band alignment with perovskites and Au electrode
(Figure 13D). In this work, mixed solvents of diisopropyl sulfide
and CB were utilized to dissolve Cul to avoid destroying pure
diisopropyl sulfide underneath perovskite films. Cu,ZnSnS,
(CZTS) widely used for light harvesting materials in thin-film
photovoltaics is promising as an alternative HTM due to its
high-hole-mobility, low-cost, Earth-abundant, and nontoxic
elemental constituents. Wu and coworkers®® prepared CZTS
QDs and USED it as HTM in normal all-inorganic PSCs using
CsPbBr;, realizing a PCE of 4.84%, which was comparable with
5.36% of the device based on Spiro-OMeTAD. The device based
on CZTS QDs showed excellent air stability without degradation
for even over 2500 h whereas about 80% of its initial PCE was
retained for the device with Spiro-OMeTAD after only 800 h
under the same condition. However, it should be noted that
CBM (—4.1eV) of CZTS QDs was much lower than —3.3 eV
of CsPbBr;, which was not beneficial for suppressing electron
back transfer from perovskite to CZTS and thus could result
in serious nonradiative recombination. In addition, a large
energy offset (up to 0.7eV) between the CBM (—3.3eV) of
CsPbBr; and —4.0 eV of TiO, was still nonbeneficial for electron
injection. Therefore, the imperfect energy-level alignment
should be overcome for CZTS QDs by the chemical doping
strategy. Compared with CZTS QDs, CulnS,/ZnS QDs with
wider bandgaps were synthesized as HTMs in carbon-based
all-inorganic PSCs based on CsPbBr; absorber.!'*3! Bandgaps
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of CulnS,/ZnS QDs can be tuned from 1.68 to 1.81 eV by adjust-
ing temperatures. The PCE of the device was improved from
6.01% for the control device to 8.42% for 1.81eV QDs-based
device, 7.79% for 1.71eV QDs-based device, and 6.66% for
1.68 eV QDs-based device. The 1.81eV QDs showed a better
band alignment with the perovskite layer as compared with
1.71eV QDs and 1.68 eV QDs, which was consistent with its
better photovoltaic performance. In addition, the same group
achieved a PCE of 9.43% based on CsPbBr; and carbon-based
all-inorganic PSCs, where graphene quantum dots (GQDs) were
utilized to modify the TiO,/CsPbBr; interface and CulnS,/ZnS
QDs was used as HTM.'4 Although band alignment was
improved as compared with CZTS QDs, very close CBM between
CulnS,/ZnS QDs and CsPbBrs still would lead to electron back
transfer and thus nonradiative recombination. Therefore, it is
highly desirable to develop wider-bandgap inorganic HTMs.
To this end, Tang and coworkers®”! prepared M-substituted
delafossite materials Cu(Cr, M)O, NCs (M =Ba*", Ca*", or
Ni**) to increase the electrical conductivity of CuCrO,. As shown
in Figure 13c, the PCE of devices increased gradually abiding by
the order of without CuCrO, < with CuCrO, < with Cu(Cr,Ni)O,
< with Cu(Cr,Ca)O, < with Cu(Cr,Ba)O,, which was opposite to
the energy offset between VBM of HTMs and VBM of CsPbBr;
following the order of without CuCrO, > with CuCrO, > with
Cu(Cr,Ni)O, > with Cu(Cr,Ca)O, > with Cu(Cr,Ba)O, (Figure 13d).
This indicated that much improved PCE was ascribed to
improved band alignment and electrical conductivity. Based on
pure CsPbBr;, the device with Cu(Cr,Ba)O, demonstrated a
PCE of 10.18%, which was much higher than 7.39% of the control
device without HTM. The PCE of device with Cu(Cr,Ba)O, was
further improved to 10.79% after doping Sm*>" in CsPbBr;. As
shown in Figure 13e,f, excellent moisture (25°C and 80% RH)
and thermal stability (80°C and 0% RH) were demonstrated
for both control and target device with Cu(Cr,Ba)O, as reflected
by almost unchanged PCEs. The earlier research results show that
wide-bandgap delafossite materials are promising in preparing
high-efficiency and highly stable all-inorganic normal PSCs,
which should be paid more attention to in future.

Apart from Cu-based inorganic HTMs, Wu and coworkers!*®!
prepared Co3O4 NCs as HTMs for the all-inorganic PSCs of

Table 3. Summary of normal all-inorganic PSCs based on different inorganic HTMs. The CBM, VBM, hole mobility, and processing techniques of

inorganic HTMs are also summarized.'*"!

Perovskites Inorganic HTMs ~ CBM [eV]  VBM [eV]  Hole mobility Processing PCE [%] Stability condition Ref.
[em?V s7'] methods
CsPbo.o6Bio.0al3 Cul —2.1 —-5.2 9.30142 Spin coating 13.21 Ambient condition 135]
CsPbBr; CuyZnSnS, QDs —4.1 —5.4 6-30 Spin coating 4.84 Ambient environment, unencapsulated [36]
CsPbBr; CulnS,/ZnS QDs —3.42 —5.23 - Spin coating 8.42 80% RH and RT, unencapsulated [143]
CsPbBr; CulnS,/ZnS QDs —3.42 —5.23 - Spin coating 9.43 80% RH and 25°C [144]
CsPby_,Sm,Br;  Cu(Cr,Ba)O, NCs 2.1 —5.45 - Spin coating 10.79 25°C and 80% RH or 80°C and 0% RH [37]
CsPbl,Br Co30,4 -1.5 -53 - Spin coating 11.21 - [38]
CsPbBr; MnS —1.60 —5.25 450x 107" Thermal evaporation 8.16 85°C and 80% RH [39]
CsPbls PbS QDs —3.83 —5.10 - Spin coating 7.07 Dry cabinet [40]
CsPbls PEI-CNT - - - Spin coating 10.55 70% RH and 80°C [145]
CsPbBr; N-CQDs - - - Spin coating 10.71 85% RH and RT [146]
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Figure 13. a) The schematically illustrated structure of all-inorganic PSC based on Cul as HTM. b) The schematically illustrated energy-level alignment
diagram of all-inorganic PSC based on Cul as HTM. Reproduced with permission.>) Copyright 2017, American Chemical Society. c) J-V curves of
all-inorganic PSCs without and with different HTMs. d) Schematically illustrated energy band diagram of all-inorganic PSCs showing charge transfer
processes. The stability of unencapsulated devices without and with Cu(Cr,Ba)O, at e) 25°C and 80% RH and f) thermal stability at 80°C and
0% RH. Reproduced with permission.?”! Copyright 2019, Wiley-VCH. g) The energy-level diagram of the materials used in all-inorganic PSCs based
on Co;04 as HTM. h) Schematically illustrated energy diagram of devices without and with Co;0, HTM showing carrier injection and transfer.

Reproduced with permission.*® Copyright 2019, Wiley-VCH.

ITO/Sn0O,/CsPbl,Br/Co304/carbon. As shown in Figure 13g,
the VBM (=5.3eV) of Co3;0, NCs matched well with
—5.58eV of CsPbI,Br and work function (—5.0eV) of CE.
Meanwhile, the CBM (—1.5 eV) of Co30, NCs was much higher
than —3.76 eV of CsPbl,Br, which can effectively suppress or
block back electron transfer. In a word, the relatively perfect band
alignment was established after the incorporation of Co3;04 NCs
HTM between perovskite and CE, which facilitated hole extrac-
tion and collection as well as reduced charge recombination at
the perovskite/carbon interface. More effective charge separation
was confirmed by larger contact potential difference (CPD) both
in the dark and under illumination for the CsPbI,Br/Co3;0,
sample as compared with the CsPbI,Br sample. As shown in
Figure 13h, both electrons and holes can be collected by CEs
for HTM-free all-inorganic PSCs. By contrast, only holes can
be collected by CEs and the electrons were hindered effectively
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for all-inorganic PSCs with Co;0, NC HTM. Finally, the device
with Co304 NCs produced a PCE of 11.21%, which was much
higher than 9.27% of the control device without Co;0, NC
HTM (Figure 13i). Yang and coworkers> thermally evaporated
a layer of MnS HTM on the CsPbBr; to fabricate normal
all-inorganic PSCs. The VBM (—5.25 eV) of MnS matched well
with the VBM (—5.6 eV) of CsPbBr3 and work function (—5.0 eV)
of CEs, leading to a cascade band alignment which was favorable
for hole extraction and collection. At the same time, the back
electron transfer process was effectively suppressed due to a
much higher CBM (—1.60eV) of MnS compared with —3.3 eV
of CsPbBrs. They used an evaporation-assisted solution method
to fabricate CsPbBrj; films. Namely, PbBr, layer was prepared by
spin coating its solution in DMF and then a different thickness of
CsBr was thermally evaporated on the as-prepared PbBr, films.
It was found that CsBr with a thickness of 250 nm gave the best
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performance among the investigated thicknesses (100, 150, 200,
250, and 300nm). The optimized device based on the CE
delivered a PCE of 10.45%, which far outperformed 8.16% of
the HTM-free device. Moreover, 80% of its initial efficiency
was maintained for the device with MnS HTM at 80% RH at
85 °C after 90 days. To reduce the nonradiative recombination
at perovskite/carbon interface, Yang et al. developed a polyethy-
leneimine-functionalized carbon nanotube (PEI/CNT) to modify
this interface and demonstrated a PCE of 10.55% outperforming
7.41% of the reference device without the incorporation of
PEI/CNT, which was ascribed to enhanced charge extraction
and transfer."*) Moreover, improved stability was demonstrated
for the device with PEI/CNT HTM. It was proposed that the coor-
dination interaction between perovskite and PEI molecules prob-
ably should be responsible for the increased stability. Dai and
coworkers!*” prepared PbS QDs and inserted them between
CsPbI; and Au counter electrode. The VBM (—5.10 eV) of PbS
was slightly higher than —5.35 eV of CsPbl; and was identical
to —5.10eV of Au, which indicated that holes can be extracted
by PbS and further collected by Au. The black phase maintained
for at least 30 days after introduction of PbS QDs. The device
without HTM yielded a PCE of 0.55%. In contrast, a PCE
of 7.07% was achieved by the device with PbS as HTM.
Compared with Spiro-OMeTAD-based devices, markedly
improved moisture stability was demonstrated for PbS-based
devices. Although great advancements have been obtained for
the development of HTMs available for normal all-inorganic
PSCs, the currently obtained PCE is still much lower than that
of inorganic PSCs with organic HTMs (e.g., Spiro-OMeTAD and
PTAA). Consequently, further efforts should be made to opti-
mize the PCE of normal all-inorganic PSCs based on already-
reported inorganic HTMs and develop novel high-performance
inorganic HTMs. In addition, in the past, a large amount of atten-
tion has been contributed to CsPbBr;-based normal all-inorganic
PSCs. However, its efficiency was limited by the wide bandgap
(2.3eV) of CsPbBr;. Consequently, more attention should be
devoted to further increase PCE and stability of CsPbls-based
normal all-inorganic PSCs due to its much more appropriate
bandgap (1.73 eV). Tang and coworkers*® prepared monolayer-
aligned and large-grained CsPbBr; perovskite films via precise
control of crystallization temperature of PbBr, films and
achieved a PCE of 10.2% based on HTM-free carbon based
all-inorganic PSCs. They proposed that residual-stress-induced
GBs and defect-induced carrier recombination were minimized
due to enlarged lattice volume by 2.18 times. When nitrogen-
doped carbon quantum dots (N-CQDs) was inserted between
CsPbBr3 layer and carbon counter electrodes, the PCE was
further increased from 10.2% to 10.71% with an ultrahigh V.
of 1.622 V, which was attributed to suppressed interfacial
nonradiative recombination at perovskite/CE interface. The
outstanding long-term moisture stability at 85% RH was demon-
strated for the devices with N-CQDs interface modification. The
earlier results suggest that carbon-based conductive materials
show great potentials in acting as HTMs in normal all-inorganic
PSCs. Precise control of chemical interaction between inorganic
perovskites and carbon materials is of great importance for
further enhancing PCE and stability through chemical doping
and functionalization for carbon materials.
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5. HTM-free Normal All-Inorganic PSCs

To simplify device fabrication procedure and reduce the device
cost, normal HTM-free all-inorganic PSCs based on CEs are
fabricated, where absorber materials mainly include CsPbBrs3,
CsPbIBr,, CsPbI,Br, and CsPbl;. Among them, CsPbBr; was
used the most extensively in HTM-free all-inorganic PSCs based
on CEs because of its best stability (Table 4). For example, Chen
and coworkers fabricated HTM-free all-inorganic PSCs based on
CsPbBr; films, which were prepared by two-step deposition.*”!
After the optimization of reaction time and annealing tempera-
ture, the device produced a PCE of 5.0%. After 250 h at 80 °C and
30-50% RH, the CsPbBrs-based device degraded by 11.7%
whereas the MAPDI;-based device degraded by 59%. Liang
et al.'*¥ also prepared HTM.-free all-inorganic PSCs based on
CE in conjunction with CsPbBr; absorber and demonstrated a
promising PCE of 6.7%. The holes can be extracted effectively
by CEs due to proper energy band alignment, as shown in
Figure 14a. It was worth noting that no degradation was found
for the unencapsulated device based on CsPbBr; under 90-95%
RH for exceeding 90 days whereas both MAPDI;/carbon-based
and MAPDI;/Spiro-OMeTAD-based devices degraded to around
10% of their initial PCEs within 30 days and 20 days, respectively
(Figure 14b,c). To improve the quality of CsPbBr; films, Zhong
and coworkers!'*’! developed a novel precursor engineering strat-
egy where cesium acetate (CsAc) and ionic liquid methylammo-
nium acetate (MAAc) were used to increase the concentration
of CsPbBr; precursor solution. Due to the improved light-
harvesting capacity and reduced trap states, the champion
CsPbBrs-based HTM-free all-inorganic PSC delivered a PCE of
7.37% accompanied by negligible decay upon being attacked
by 30-50% RH after 1500 h. Tang and coworkers!'**! developed
a multi-step solution-processed method to prepare CsPbBrs;
films. CsPb,Brs (n < 3), CsPbBr3 (n=4), and Cs4PbBrs (n>5)
were obtained through tuning the deposition cycle (n) of CsBr
solution. The device with CsPbBr; (n=4) gave the highest
PCE of 7.54% among all cycle times. In addition, GQDs were
used to modify the TiO,/perovskite interface, resulting in
enhanced electron extraction and reduced charge recombination.
The best-performing device achieved a PCE as high as 9.72%.
Moreover, 87% and 95% of their initial PCEs were maintained
for the HTM-free all-inorganic PSCs after being aged under 90%
RH at 25 °C for 130 days and 80 °C at 0% RH for 40 days, respec-
tively. This work implies that the phase purity of inorganic
perovskite films plays an important role in the realization of
high-efficiency and stable all-inorganic PSCs. Tang and
coworkers">® prepared all CEs (multiwalled carbon nanotubes
[MWCNT] and carbon black [CB]) for fabricating all-inorganic
PSCs. The highest PCE of up to 7.62% was obtained for the
device based on 75:25 wt% of MWCNT : CB as HTM. The device
degraded by 5% upon being attacked by 80% RH air atmosphere
over 1100 h. The polyaniline/graphite (PANi/G) composites were
introduced into CE. It was revealed that improved energy-level
alignment and hole extraction resulted in reduced energy loss
and charge recombination.'*" After the incorporation of 5 wt%
of PANi/G, the work function of CE was lowered from —5.001 to
—5.229 eV, which matched well with the VBM (—5.6eV) of
CsPbBrs;. As a result, the HTM-free device based on CsPbBr;
yielded a PCE of 8.87%, which was higher than 6.17% of the
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Table 4. Summary of HTM-free normal all-inorganic PSCs.
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Device configuration Jse [MAcm ™7 Voe V] FF PCE [%)] Stability condition Ref.
FTO/c-TiO,/mp-TiO,/CsPbBrs/Carbon 5.70 1.29 0.68 5.0 80°C and 30-50% RH [147]
FTO/c-TiO,/mp-TiO,/CsPbBr;/Carbon 7.40 124 0.73 6.7 90—95% RH and 25°C or 100°C, [148]
unencapsulated
FTO/c-TiO,/mp-TiO,/CsPbBrs/Carbon 7.40 1.22 0.841 7.37 20-25°C and 30-35% RH [149]
FTO/c-TiO,/mp-TiO,/GQDs/CsPbBr;/Carbon 8.12 1.458 0.821 9.72 90% RH and RT °C or 80°C and 0% RH  [125]
FTO/c-TiO,/mp-TiO,/CsPbBr;/MWCNT/CB 6.84 1.431 0.78 7.62 809% RH and 25°C [150]
FTO/c-TiO,/mp-TiO,/CsPbBrs/Carbon-PANi/G 6.87 1.59 0.812 8.87 80% RH and 25°C [151]
FTO/c-TiO,/ (mp-TiO,/ZrO,/Carbon) /CsPbBrs 7.75 1.44 0.735 8.19 - [152]
FTO/c-TiO2/mp-TiO,/CsPbi 975r0.03Brs/Carbon 7.7 1.54 0.811 9.63 80% RH and 25°C 62]
FTO/c-TiO/mp-TiO,/CsPbg a95ZNo.00sBr3/Carbon 7.30 1.560 0.806 9.18 809% RH and 25°C [153]
FTO/c-TiO,/CsPblBr,/Carbon 9.11 1.142 0.63 6.55 85°C [154]
FTO/c-TiO,/CsPblIBr,/Carbon 10.66 1.245 0.69 9.16 85°C [93]
FTO/c-TiO,/CsPblBr,/Carbon 11.19 1.253 0.65 9.12 - [155]
FTO/c-TiO,/CsBr/CsPblBr,/Carbon 11.61 1.258 0.62 9.06 - [156]
FTO/c-TiO,/CsPbg 99sMng gosl1.01Br1 99/ Carbon 13.15 0.99 0.57 7.36 ambient atmosphere, encapsulated [61]
FTO/c-TiO,/mp-TiO,/CsPbg oSng 11Bry/Carbon 14.30 1.26 0.63 11.33 100 °C, encapsulated [28]
FTO/ZnO/CsPblBr,/Carbon 11.60 1.03 0.63 7.60 - [157]
ITO/SnO,/CsPbl,Br/Carbon 15.46 1.23 0.64 12.19 100°C and 45—-60% RH, [43]
unencapsulated
ITO/SNO,/CsPbg 995Nbo 005!, Br/Carbon 12.06 1.20 0.72 10.42 - [158]
FTO/c-TiO,/mp-TiO,/CsPbl;/Carbon 18.5 0.79 0.65 9.5 20—30°C and 10—20% RH, [106]
unencapsulated
FTO/c-TiO2/mp-TiOz/mp-Al,03/CsPbyg 9¢Sbg 04l3/Carbon 14.65 0.73 0.50 5.31 Air atmosphere at RT [58]
FTO/c-TiO,/mp-TiO,/CsPbls:Br:Inl;/Carbon 15.68 1.20 0.64 12.04 Ambient atmosphere [42]
FTO/c-TiO,/mp-TiO,/CsPbl,Br/CB/Carbon 14.94 1.210 0.73 13.13 - [44]

control device. Furthermore, the device retained 93.5% of its
original efficiency value after being exposed to air with a RH
of 80% at 25 °C for more than 50 days. The earlier results show
that the modulation of CEs is critical to achieve efficient hole
extraction and collection by reducing energy loss. Screen printing
technology has widely been used to fabricate fully printable hole-
conductor-free triple-layer mesoporous PSC-based CEs, which is
appropriate for large-scale commercial production.’***! In view
of this, Cameron and coworkers!"*? fabricated HTM-free all-inor-
ganic PSCs FTO/c-TiO,/(m-TiO,/m-ZrO,/m-carbon)/CsPbBr;
using screen printing technology. The effect of annealing tem-
peratures (100, 200, 300, and 400 °C) of CsPbBr; films on device
performance was systematically investigated. It was found that
high annealing temperature was beneficial for the complete con-
version from PbBr, to CsPbBr; and reducing carrier nonradiative
recombination. Finally, the device with 400 °C annealing exhib-
ited the highest PCE of 8.19% among the investigated annealing
temperatures. Apart from the optimization of the preparation
procedure of CsPbBr; and CEs, B-site doping of CsPbBr; was
also demonstrated to be effective in improving the photovoltaic
performance of CsPbBrj-based HTM-free all-inorganic PSCs.
For instance, Tang et al.[®! reported a compositional engineering
strategy that divalent hard Lewis acids (Mg”", Ca*", Sr** and
Ba’") were employed to partially substitute the Pb*" in
CsPDbBr;. It proved that all doping metals can increase PCE
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but the increase amplitude was different. The authors proposed
that improved PCE was due to enlarged grain sizes and inhibited
the formation of point defects in perovskite films. The champion
CsPDyg 97S1¢.¢3Brs-based device demonstrated a PCE of 9.63%,
which was much higher than 7.25% for the control device based
on pristine CsPbBr;. Over 95% of its initial PCE was retained for
the CsPbyg.97S1¢,03Br3-based device under 80% humidity at 25 °C
after 800 h. The same group reported a PCE of 9.18% for the
all-inorganic CsPbg 995219 gosBr; PSC based on compositional
engineering strategy where divalent transition metal ions
(Mn*", Ni**, Cu*", and Zn>") were used to partially replace
Pb*" in CsPbBrs.["*! It was demonstrated that enlarged grain
sizes and reduced defect density should be responsible for
improved PCE.

Except for CsPbBr;, CsPbIBr, with a wider bandgap is also
used as an absorber in HTM-free all-inorganic PSCs, which is
expected to obtain higher J,.. Zhang and coworkers*** demon-
strated that the crystallization kinetics of CsPbIBr, film prepared
by the one-step solution deposition method was greatly affected
by the aging time of precursor solution. They found that PCE
gradually increased from 0 week to 3 weeks. The annealing tem-
perature was reduced from about 300-100 °C. It was proposed
that more CsI—PDbBr, clusters can be formed and act as nucle-
ation sites of CsPbIBr, grains because more DMSO molecules
are pushed out from PbBr, interlayers of CsI—PbBr,—DMSO
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Figure 14. a) Energy-level diagram of the components in the HTM-free all-inorganic PSCs. b) Moisture and c) thermal stability of CsPbBrs;/carbon based
all-inorganic PSCs, MAPbl;/carbon-based, and MAPbI;/Spiro-OMeTAD-based hybrid PSCs at 90-95% RH at 25 °C and 100 °C, respectively. Reproduced
with permission.["® Copyright 2016, American Chemical Society. d) Schematic illustration of intermolecular exchange strategy in this work. SEM images
of CsPblBr, film prepared by e) conventional route and f) intermolecular exchange strategy. g) J-V curves of devices fabricated through conventional route
and intermolecular exchange strategy measured under simulated AM 1.5 G illumination in forward scan (FS) and RS, respectively. h) PCE evolution of the
unencapsulated device based on intermolecular exchange strategy upon the persistent attack of around 85 °C. Reproduced with permission.1®! Copyright

2018, Wiley-VCH.

complexes upon prolonging the aging time of precursor solution.
The all-inorganic PSC based on CsPbIBr, film and prepared by
precursor solution aged for 3 weeks delivered a PCE of 6.55%
along with excellent thermal and moisture stability. To improve
quality of CsPbIBr, films, Zhang and coworkers developed an
intermolecular exchange strategy to prepare high-quality
CsPbIBr, films.”®! In this strategy, DMSO in DMSO-PbBr,
can be exchanged by Csl. Figure 14d schematically shows the
formation process of CsPbIBr, films based on the intermolecular
exchange strategy. First, the wet films which were composed of
CsI-PbBr,~DMSO complexes were obtained by spin-coating
precursor solution containing 1 M CslI and 1 M PbBr, in DMSO.
Second, the intermolecular exchange of DMSO by CsI would
take place during the spin coating of CsI solution onto
as-prepared wet films, which was due to the higher affinity of
Csl for PbBr, than DMSO. Finally, the annealing process at
280 °C for 10 min was required to acquire phase-pure and highly
crystalline CsPbIBr, films. The large voids and poor surface cov-
erage were observed in CsPbIBr, films with small-sized grains
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prepared by the conventional route, which was possibly due to
extremely slow perovskite crystallization (Figure 14e). In con-
trast, uniform and compact CsPbIBr, films with large-sized
grains were obtained based on intermolecular exchange strategy
(Figure 14f). The significantly improved perovskite crystallinity
was found for CsPbIBr, films prepared by the intermolecular
exchange strategy as compared with those by the conventional
route, as confirmed by XRD results. As shown in Figure 14g,
the device based on the intermolecular exchange strategy pre-
sented an improved PCE from 5.49% to 9.16% in comparison
with the control device with the conventional route. The device
based on the intermolecular exchange strategy presented supe-
rior thermal stability because 97% of its original PCE was
retained after being thermally aged at 85 °C in a glovebox with
water content less than 1ppm for over 7 days, as shown in
Figure 14h. Generally, the pinholes in perovskite films are
thought to be detrimental to device performance. However,
Zhang and coworkers!"*® came to a different conclusion in
all-inorganic PSCs based on CE where pinholes were favorable
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for suppressing carrier nonradiative recombination through
forming desirable crystalline grains, The device based on
CsPbIBr, films with benign pinholes yielded a PCE of 9.06%,
which was much higher than 6.19% of the reference device
without pinholes. Zhang and coworkers!*>*! developed a recycle
strategy which enabled the simultaneous achievement of PCE
enhancement and cost saving. The champion device based on
this recycle strategy produced a PCE of 9.12% due to the sup-
pressed halide separation and reduced defects.

CsPbL,Br with a narrower bandgap as compared with
CsPbIBr, and CsPbBr; was also attempted in normal all-
inorganic PSCs.**'*® Zhang and coworkers*’! revealed that
intermediate CsBr was easy to form in CsPbI,Br films due to
its low solubility, which had a great effect on the crystalline
quality of CsPbl,Br films. They proposed a lead-excess strategy
(like excess Pbl,, PbBr,, PbCl,, and Pb(SCN),) to solve the earlier
issue. Based on the nonstoichiometric strategy, significantly
improved crystallinity and grain size were obtained compared
with the stoichiometric one. In the end, the all-inorganic
PSC based on the nonstoichiometric CsPbl,Br film achieved a
PCE of 12.19%, which much outperformed 9.50% of the
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reference device with the stoichiometric one. Meanwhile, much
better long-term stability was also demonstrated for the
nonstoichiometric-based device relative to control device. In
addition, Ma and coworkers!"*®! incorporated niobium (Nb°*)
into CsPbI,Br and found that the phase stability of CsPbI,Br
can be remarkably improved by Nb>" incorporation. The device
based on CsPbg.g9sNbg osI;Br films and CE delivered a high
PCE of 10.42%, which was much higher than 9.05% of the
control device.

CsPbI; with the most suitable bandgap was also applied into
HTM-free all-inorganic PSCs.*?°%'% Chen and coworkers.[*%¢!
stabilized the black phase of CsPbl; through the adoption of
HPDI; as precursor composition instead of Pbl,. The bandgap
of CsPbl; prepared by HPbI; was reduced from 1.72eV for
CsPbI; processed by Pbl, to 1.68 eV, which was due to the exis-
tence of tensile lattice strain. As shown in Figure 15a, a PCE of
9.5% was achieved for the device based on CsPbl; prepared by
HPbI;, which retained over 90% of its initial PCE after being
stored in dry air for 3000 h. In contrast, the very poor stability
was observed for reference device based on PbI, under the same
conditions, as shown in Figure 15b. Apart from the use of HPbI;,
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Figure 15. a) /—V curves of the devices based on Pbl, and HPbls. b) PCE as a function of aging time for the devices based on Pbl, and HPbl; when being
exposed to dry air with RH of 10-20% at 20-30 °C. Reproduced with permission.l" Copyright 2018, American Chemical Society. ) (Ahv)? versus hv
curves and d) TRPL decay of CsPbls, CsPbls:Br, and CsPbls:Br:Inl; films. e) J-V characteristics of the devices based on CsPbl;, CsPbl;:Br, and CsPbls:Br:
Inl; films. f) Normalized PCEs of the devices based on CsPbl; and CsPbl;:Br:Inl; depending on aging time in ambient conditions. Reproduced with

permission.[*?l Copyright 2019, Wiley-VCH.
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compositional engineering was also implemented for CsPbl; to
improve phase stability and film quality. Chen and coworkers®®®
conducted doping of Sb** for CsPbl; and phase stability along
with film morphology were improved. As a result, the normal
HTM-free all-inorganic PSCs based on CsPbg gsSbgo4l3 pro-
duced a PCE of 5.18% coupled with a nonstoichiometric strategy
and maintained 93% of its original PCE after storage in air con-
ditions for 37 days. In addition, Lou and coworkers!*?! developed
a defect engineering strategy where Br and Inl; were simulta-
neously incorporated into CsPbl; to obtain CsPbl;:Br:Inl;.
As shown in Figure 15¢, the bandgap of perovskite films was
increased from 1.73eV for pristine CsPbl; to 1.89eV for
CsPbl3:Br and to 1.74 eV for CsPbl;:Br:Inl;, which was indica-
tive of the effective balance of bandgap after the simultaneous
introduction of Br and Inl;. After incorporation of Br and
Inl; carrier nonradiative recombination was markedly sup-
pressed as revealed by prominently increased carrier lifetimes
for both fast decay lifetime and slow decay lifetime
(Figure 15d). As shown in Figure 15e, the PCE of the device
was increased from 4.12% for the control device to 7.22% as a
result of much increased V,. along with slightly reduced J.
for the device with Br and further to 12.04% as a consequence
of the significantly enhanced V,. and J, for the device with Br
and Inl;. More importantly, remarkably, improved ambient
stability was demonstrated for the device incorporating Br~
and In*" in comparison with the control device (Figure 15e).
Yang et al. achieved a high PCE of up to 13.13% through
incorporating CB at perovskite/CE interface. It was revealed that
CB-CsPDbI,Br bulk heterojunction was formed after its diffusion
from CB or CE layer to the perovskite layer, which facilitated hole
extraction.

As discussed earlier, narrow-bandgap CsPbl; and CsPbl,Br
can achieve slightly higher PCEs because of higher J;. as com-
pared with wide-bandgap CsPbIBr, and CsPbBr;, as shown in
Table 4. Nevertheless, a much worse stability was demonstrated
for the HTM-free inorganic devices based on CsPbl; and
CsPbI,Br compared with CsPbIBr, and CsPbBr;, which
was ascribed to the very poor phase stability of the former.
Consequently, improving phase stability of CsPbI; and CsPbI,Br
is key to maximize the potentials of J;. and thereby maximize the
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potentials of PCE as well as stability. Considering their preferable
bandgaps, it is an important research direction to further
increase the PCE of CsPbl; and CsPbI,Br-based HTM-free all-
inorganic PSCs through stabilizing the black phase and improv-
ing film quality via defect passivation. Finally, it should be
pointed out that inorganic HTMs are probably needed to improve
hole extraction, overcome large energy barrier at perovskite/CE
interface, and suppress interfacial nonradiative recombination.

6. Effective Inorganic ETMs in Inverted
All-Inorganic PSCs

To fabricate NiO,-based inverted all-inorganic PSCs, the organic
functional layers (PCBM ETL and BCP cathode interlayer) in typ-
ical NiO,-based inverted PSCs should be removed. In this device
structure, the development of available inorganic ETMs is critical
to achieve efficient and stable NiO,-based inverted all-inorganic
PSCs. For this purpose, some inorganic ETMs have been devel-
oped and attempted in NiO,-based inverted all-inorganic PSCs,
as shown in Table 5. Mai and coworkers!**! prepared inverted
ETLfree all-inorganic PSCs with a structure of FTO/NiO,/
CsPbIBr,/Au, achieving a low PCE of 1.3%, which was consid-
ered to be due to poor interface contact between perovskite layers
and Au electrodes. To address the poor contact issue, MoO,
buffer layer was inserted between perovskite layers and Au elec-
trodes. It was proposed that CsPbIBr,/Au Schottky barrier hin-
dered the electron extraction. The incorporation of the proper
thickness of MoO,, buffer layer can improve electron extraction
and increase built-in electric field. As a result of the reduced
interfacial nonradiative recombination, the best-performing
device exhibited a significant PCE enhancement up to 5.52%
as compared with the device without ETL. However, a large
hysteresis was observed for the device with MoO,, buffer layer.
Yuan and coworkers®” developed a wide-bandgap CeO, ETL
for inverted NiO,-based inverted all-inorganic PSCs. The energy
band alignment and accordingly electron extraction were
improved after using CeO, ETL in comparison with the com-
monly used PCBM ETL. A PCE of 5.60% was demonstrated
for the device with CeO, ETL. Apart from MoO, and CeO,,

Table 5. Summary of inverted all-inorganic PSCs based on various inorganic ETMs. The CBM, VBM, electron mobility, and processing techniques of

inorganic ETMs are also summarized.

Perovskites ETMs CBM (eV) VBM (eV) Electron mobility Processing methods PCE (%) Stability condition Ref.
[em?V s
CsPblIBr, MoO, —4.0 -7.8 - Thermal evaporation 5.52 160°C and 30-40% RH [45]
CsPblBr, CeO, —4.02 —7.52 - Spin coating 5.60 40-45°C and 45-50% RH [50]
CsPbl,Br C-TiO, —3.63 —7.25 - Spin coating 14.0 One sun, 45°C and N, encapsulated [51]
CsPbl,Br Ceo —4.501%9 —6.21°% - Thermal evaporative 10.4 - [46]
CsPbl,Br ZnO@Cqo - - - Spin coating 13.74 60°C and ~50% RH [47]
CsPbl,Br ZnO@Cqo - - - Spin coating 133 85°Cin N, [48]
CsPbl,Br ZnO@Ceo - - - Spin coating 15.19 60°C in N, [160]
CsPbl,Br ZnO@Ceo - - - Spin coating 12.6 - [161]
CsPbl, gBrg» ZnO@Cqgo —4.25% —7.419 - Spin coating 16.10 - [49]

AThe CBM and VBM are from pure ZnO instead of ZnO@Ceo.
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Chen and coworkers prepared carbide-metal oxides (C-MOXs: C-
TiO,, C-In,03, C-Sn0O,, and C-ZnO) and applied them into
inverted NiMgLiO-based inverted all-inorganic PSCs with a
structure of FTO/NiMgLiO/CsPbl,Br/C-MOX/Bi/Ag.”" It was
found that C-ZnO can destroy the CsPbI,Br layer via the reaction
between C-ZnO and CsPbI,Br layer. The devices delivered an
average PCE of 13.71% for C-TiO,, 11.34% for C-SnO,,
10.67% for C-In, 03, and 6.24% for C-ZnO. The champion device
based on C-TiO, gave the highest PCE of 14.0%, which was
attributed to its optimal band alignment and appropriate conduc-
tivity. Furthermore, the C-TiO,-based device demonstrated an
excellent thermal and light stability, which maintained 92.1%
and 95.1% of their initial PCEs after aging at 85 °C in N, or under
1 sun and 45°C in N, for 1000 h, respectively. Bian and cow-
orkers!*®! developed a RT solvent (DMSO) annealing treatment
method to prepare CsPbI,Br for the inverted structure of
ITO/NiO,/RT-CsPbl,Br/Cso/BCP/Ag. As a result, PCEs of
6.4% and 10.4% were achieved for the devices based on
CsPbI,Br films prepared at RT and 120°C, respectively.
Finally, the flexible CsPbl,Br-based device was fabricated and
a PCE of 7.3% was realized.

In the past few years, ZnO@Csg bilayer ETL was demon-
strated to be the most effective in inverted all-inorganic PSCs.
For example, Mai and coworkers!*®! fabricated an inverted all-
inorganic PSC with a device configuration of FTO/NiO,/
CsPbI,Br/ZnO@Cgo/Ag, where ZnO@C bilayer acted as effec-
tive ETL. The device showed a champion PCE as high as 13.3%
and a stabilized power output of about 12%. The unencapsulated
device retained 80% of its initial value after being heated at 85 °C
for 360 h. Subsequently, the same group developed an effective
strategy to stabilize the black phase of CsPbI,Br by inhibiting the
formation of yellow-phase (8-phase) perovskite.*”) They demon-
strated that the improved phase stability was ascribed to the
structural reconstruction of CsPbI,Br perovskite induced by
codoping of In** and CI". Taking a novel thermal radiation heat-
ing method together, the best device yielded a PCE of 13.74% for
an active area of 0.09 cm*and 11.4% for an active area of 1.0 cm?.
The device with codoping of In** and Cl~ presented improved
moisture and thermal stability compared with the control device.
The same group developed a codoping strategy where tris(penta-
fluorophenyl)borane (TPFPB) and nonhygroscopic lithium salt
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(LiClOy4) were introduced to dope Cgo ETL.I*%% First, the effect
of TPFPB concentrations on device performance was investi-
gated. The device based on 4 wt% of TPFPB doping produced
a PCE of 15.0%, much higher than that of control device without
doping, which was mainly as a result of significantly increased
Voc (Figure 16a). The improved PCE was largely due to improved
electron extraction after TPFPB doping, as shown in Figure 16b.
Upon the further doping of LiClO,, the champion device
achieved a promising PCE of 15.19% along with slight hysteresis
(Figure 16¢) and exhibited excellent ambient stability, which
maintained about 91.8% of its original PCE after storage in
nitrogen environment. A PCE of 12.6% was achieved for the
all-inorganic CsPbI,Br PSCs with a configuration of FTO/
NiO,/CsPbI,Br/ZnO@Cso/Ag, where the NiO, layer was pre-
pared by direct current (DC) reactive magnetron sputtering.!*®"
Jen and coworkers!*”! prepared high-quality CsPbBr,I;_, films
based on a defect passivation strategy where 6TIC-4F Lewis base
molecules were incorporated into ATS CB. The electrons can be
allowed to transfer from perovskite to ZnO through 6TIC-4F
because of favorable energy band alignment. It was proposed
that C-N groups in 6TIC-4F molecules were expected to interact
with undercoordinated Pb®* (halide vacancies), which can
effectively reduce defect density of perovskite films and thereby
suppress nonradiative recombination. As a result, the PCE was
increased from 13.90% for the control device to 16.10% for the
device with 6TIC-4F passivation. It has to be highlighted that
long-term stability data were not given in this work. Although
a much higher PCE was achieved based on CsPbl, gBr,, with
low Br content as compared with CsPbI,Br or CsPbIBr, with
high Br content, the poor device stability resulting from poor
phase stability still hinders the further development of the cor-
responding all-inorganic PSCs based on CsPbBr,I;_, containing
a low content of Br. Except for the poor phase stability of
perovskites, the unavoidable chemical reaction between perov-
skite and ZnO is possibly one of the important reasons of poor
device stability although all-inorganic PSCs were fabricated.!*”)
Consequently, the phase stability of CsPbBr,I;_, containing a
low content of Br and unexpected interfacial chemical reaction
of perovskite and ZnO should be addressed urgently in future
research work to achieve highly efficient and stable inverted
all-inorganic PSCs.
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Figure 16. a) J-V curves of the devices based on different concentrations of TPFPB dopant. b) TRPL spectra of the perovskite films when were contacted
with different ETLs. c) J-V curves of the champion all-inorganic PSC based on Cgo doped by 4 wt% TPFPB and 0.01 wt% LiClO,. Reproduced with

permission.l"®% Copyright 2020, Wiley-VCH.
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7. Interface Engineering for Optimizing Efficiency
of All-Inorganic PSCs

Interfaces in all-inorganic PSCs are closely associated with PCE
and stability.** Rational interface engineering can effectively
passivate interfacial defects, modulate interfacial energy-level
alignment, and suppress interfacial reactions and/or ion migra-
tion, finally contributing to further improvement of both PCE
and stability. For example, Ma and coworkers!'®?! passivated
the SnO, ETL by spin coating SnCl, solution onto as-prepared
SnO, films. Improved electron extraction and suppressed inter-
facial nonradiative recombination were demonstrated after SnCl,
treatment. The PCE was increased from 4.73% to 7.00% after
SnCl, treatment. Moreover, the unencapsulated all-inorganic
PSCs based on CsPbIBr, maintained 95.5% of its initial effi-
ciency after aging at 90 °C. In addition, Zhang and coworkers
used a thin layer of TiO, to modify CsPbIBr,/SnO, interface,
where TiO, layer was prepared by atomic layer deposition
(ALD).P* After the interface modification by TiO, layer, crystal-
lization and morphology of perovskite films were improved.
The CBM (—4.00eV) of TiO, was located between the CBM
(—4.43 eV) of SnO, and the CBM (—3.49 eV) of CsPbIBr,, which
indicated that cascade band alignment was established after the
incorporation of TiO, layer. Improved band alignment should be
responsible for enhanced electron extraction. Finally, the carbon-
based all-inorganic PSCs with TiO, layer modification showed a
remarkable PCE improvement from 6.11% to 9.31% as
compared with the reference device. Deng et al. introduced
KOH to improve the SnO,/CsPbl,Br interface, which can enable
the fabrication of high-quality perovskite films and carbon-based
all-inorganic PSCs."®¥ The work function (—4.25 eV) of SnO,
was reduced to —4.16 eV after KOH modification, leading to a
reduced interfacial energy barrier, which was beneficial for
interfacial charge extraction. The authors proposed that halide
ion migration and vacancy defect formation were effectively
suppressed via forming KBr compounds. As a result, the all-
inorganic PSCs with KOH modification delivered a high PCE
of 11.78% for an active area of 0.09 cm” and 9.34% for an active
area of 1.0 cm?, which dramatically outperformed 9.36% of the
control device. Tang and coworkers!'®* synthesized a series of
CsPbl;_,Br, NCs to modify CsPbBrs/carbon interface. It was
found that the PCE was improved for all CsPbl;_,Br, NCs
regardless of the ratio of I with Br, but the best performance
was obtained for CsPbl; NCs without Br. The all-inorganic
PSC with CsPbl; NCs achieved a champion PCE of 9.45%, which
was prominently higher than 5.26% of the control device without
any modification.

Compared with the optimization of phase stability of
inorganic perovskites and development of inorganic charge
transport materials (CTMs), extremely less attention was devoted
to increasing device performance through interface engineering
in all-inorganic PSCs on whether normal or inverted structures.
Considering the high annealing temperature of inorganic perov-
skite films, it is still a huge challenge to engineer the perovskite/
ETL interface for normal devices and perovskite/HTL interface
for inverted devices through incorporating organic molecules.
Regarding this, inorganic interfacial modifiers could be
preferred. However, organic interfacial modifiers are allowed
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for up interface. Anyway, multifunctional interfacial modifiers
should be developed to simultaneously achieve multiple func-
tions, such as defect passivation, energy band alignment modu-
lation, interfacial reactions ion migration suppression, etc. In a
word, interface engineering should receive significant attention
in the future research work to maximize the potentials of PCE
and stability of all-inorganic PSCs through minimizing interfa-
cial nonradiative recombination losses.

8. Large-Area All-Inorganic PSCs

Although huge progresses have been made on small-area
all-inorganic PSCs in the past few years, works on large-area
all-inorganic PSCs are extremely limited. Liu and coworkers
have attempted to fabricate large-area all-inorganic PSCs.[*”-*¢7!
They demonstrated a PCE of 11.4% based on inverted all-
inorganic InCl;:CsPbI,Br PSCs with an active area of
1.00cm®™*”) The same group achieved a PCE of 14.44%
(1.00cm? and 12.19% (10.92cm?) based on the inverted
structure of FTO/NiO,/CsPbI,Br/ZnO@Cso/Ag via a codoping
strategy.’*® In the future, great attention should be focused
on developing procedures and technologies of all-inorganic
PSCs to speed up the commercialization of PSCs. The accumu-
lated successful experiences in large-area hybrid PSCs should be
directly transferred to facilitate the development of large-area
all-inorganic PSCs.

9. Conclusion and Outlook

Although a certified record PCE as high as 25.2% has been
achieved, the PSCs based on organic inorganic hybrid perov-
skites in combination with organic HTMs still suffer from poor
long-term operational stability, which is expected to be overcome
by the development of all-inorganic PSCs. In the past several
years, great efforts have been made to increase the PCE and sta-
bility of all-inorganic PSCs. To this end, the phase instability of
inorganic perovskites should be addressed first. It is well known
that either increasing Goldschmidt tolerance factor value or
enhancing the activation energy barrier of phase transition (from
black phase to yellow phase) can effectively stabilize the black
phases of inorganic perovskites.

To date, various strategies have been explored to stabilize the
black phase of inorganic perovskites, such as B-site substitution,
X-site substitution, intermediate with hydroiodic acid, organic
cations, additive engineering, QDs, etc. Regarding B-site substi-
tution, various metals have been attempted to partially substitute
Pb*" in organic perovskites, such as Sn’*, Ge**, Bi**, Sb’*,
Zn**, Mn*", Ca?*, Sr*t, Ba®", Sm**, Eu*", etc. Although dop-
ing of these metals led to improved PCE and phase stability in
different publications, universal doping metal remains to be
explored based on theoretical and experimental techniques.
Moreover, a deep investigation is needed to gain insights into
the mechanisms of improved phase stability through the above
metal doping. As for X-site substitution, the incorporation of Br
is beneficial for stabilizing black phase but it also can enlarge
bandgap accompanying the sacrifice of J,.. Consequently, an
appropriate amount of Br should be introduced into inorganic
perovskites considering the balance between phase stability
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and light-harvesting ability. In addition, the incorporation of CI
was demonstrated to be able to improve carrier lifetimes, grain
size, and diffusion length of perovskite films whereas bandgap
can be maintained because of the incorporation of an extremely
small amount of Cl or thorough evaporation of Cl. For interme-
diate with hydroiodic acid, mechanisms for stabilizing black
phase of CsPbl; by HI or HPbI; should be investigated further
and deeply. With respect to organic cation strategy, large-sized
organic cations (such as PTABr, PTAC], CHI, and PEAI), which
were either incorporated into perovskite films or used to post-
treat inorganic perovskite films, have been demonstrated to be
very effective in stabilizing the black phase of inorganic perov-
skites. Synergistic engineering of bulk and surface of inorganic
perovskite films should be implemented by incorporating large-
sized organic ammonium salts to minimize bulk and surface
nonradiative recombination losses and stabilize black phase.
It is worth noting that DMAI has shown huge potentials in sta-
bilizing the black phase of CsPbl; and improving its film quality.
However, whether DMAL is incorporated into perovskite crystal
lattice and the mechanism of the stabilizing phase of CsPbI; by
DMAI remains to be investigated further. More effective organic
ammonium salts should be designed and developed to further
increase the PCE and phase stability. Some advancements have
been obtained on additive and QD strategies but more attention
should be paid to both strategies. In a word, as high PCE as
19.03% has been achieved for the device based on CsPbls as
absorber and Spiro-OMeTAD as HTM. However, the use of
Spiro-OMeTAD as HTM leads to poor moisture and thermal sta-
bility of the corresponding devices, which hinders their further
commercial application. Therefore, it is imperative to develop
all-inorganic PSCs completely based on inorganic materials.
All-inorganic PSCs can be classified into normal and inverted
all-inorganic PSCs. Normal all-inorganic PSCs can be further
classified into normal all-inorganic PSCs containing HTMs
and normal HTM-free all-inorganic PSCs. Regarding normal
all-inorganic PSCs containing HTMs, the development of
effective inorganic HTMs is key to achieve high efficiency and
excellent stability. Up to now, several inorganic HTMs have been
developed to fabricate normal all-inorganic PSCs containing
HTMs, such as Cul, Cu,ZnSnS,; QDs, CulnS,/ZnS QDs,
Cu(Cr,M)O, NCs, Co304, MnS, PbS, PEI-CNT, N-CQDs, etc.
From the perspective of energy band alignment, wide-bandgap
Cul, Cu(Cr,M)O, NCs, Co30,, and MnS seem to be more prom-
ising in the realization of high efficiency. As far as we know, the
highest PCE of up to 13.21% was realized for normal all-
inorganic PSCs based on Cul HTM, which is still much lower
than 19.03% of PSCs based on Spiro-OMeTAD. Consequently,
it is highly desirable to further enhance the PCE of normal
all-inorganic PSCs through developing more effective inorganic
HTMs. In addition, normal carbon-based HTM-free all-inorganic
PSCs have captured significant attention in the past few years
and enormous progresses have been made. To date, the highest
PCE of up to 12.19% was obtained for carbon-based HTM-free
all-inorganic PSCs. Nevertheless, a large energy barrier at the
perovskite/carbon interface poses an immense challenge for hole
extraction and collection. Therefore, the unexpected energy
barrier should be removed via modulating perovskite/carbon
interface. Considering the low cost, excellent stability, and
easy large-scale production of CEs, carbon-based HTM-free
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all-inorganic PSCs are still very promising for final commercial
applications. As for inverted all-inorganic PSCs, the development
of effective inorganic ETMs plays a crucial role in achieving effi-
cient and stable devices. To date, extremely limited inorganic
HTMs have been developed to fabricate inverted all-inorganic
PSCs, such as MoO,, CeO,, C-TiO,;, ZnO@Cq bilayer, etc.
ZnO@Cgp bilayer HTM engineering seems to be very effective
and a high PCE of 16.10% was demonstrated for inverted all-
inorganic PSCs based on ZnO@Cgo bilayer HTM. However,
the device stability is not very attractive in this work probably
due to poor phase stability and unavoidable chemical reaction
between perovskite and ZnO. Consequently, the phase stability
of inorganic perovskites and chemical stability of ETMs should
be considered simultaneously and modulated reasonably.

In view of the importance of interface in achieving efficient
and stable all-inorganic PSCs, it is highly necessary to further
increase the PCE and stability. Compared with the optimization
of phase stability of inorganic perovskites and the development of
inorganic CTMs, extremely limited work was reported on
increasing device performance through interface engineering
in all-inorganic PSCs. The high annealing temperature of inor-
ganic perovskite films challenges modification of the perovskite/
ETL interface for normal devices and perovskite/HTL interface
for inverted devices through incorporating organic molecules.
The development of inorganic interfacial modifiers is expected
to be able to conquer this difficulty. It should be pointed that
the multifunctional interfacial modifiers should be developed
to simultaneously achieve multiple functions, such as defect
passivation, energy band alignment modulation, interfacial
reactions, ion migration suppression, etc. In a word, interface
engineering should receive significant attention in the future
research work to maximize the potentials of PCE and stability
of all-inorganic PSCs through minimizing interfacial nonradia-
tive recombination losses.

Although the PCEs of most of all-inorganic PSCs are in the
range of 10-16%, currently, we believe that the PCE can be
pushed up to a promising value exceeding 20% in the near future
through systematic optimization (development of strategies for
stabilizing black phase of inorganic perovskites, development
of effective inorganic CTMs, and interface engineering).
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