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Defects engineering for high-performance perovskite solar cells

Feng Wang', Sai Bai(®', Wolfgang Tress?, Anders Hagfeldt® and Feng Gao'

Metal halide perovskites have achieved great success in photovoltaic applications during the last few years. The solar to electrical
power conversion efficiency (PCE) of perovskite solar cells has been rapidly improved from 3.9% to certified 22.7% due to the
extensive efforts on film deposition methods, composition and device engineering. Further investigation on eliminating the defect
states in perovskite absorbers is necessary to push forward the PCE of perovskite solar cells approaching the Shockley-Queisser
limit. In this review, we summarize the defect properties in perovskite films and present methodologies to control the defects
density, including the growth of large size crystals, photo-curing method, grain boundary and surface passivation, and modification
of the substrates. We also discuss the defects-related stability and hysteresis issues and highlight the current challenges and

opportunities in defects control of perovskite films.
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INTRODUCTION

Metal halide perovskites with the formula of ABX5 (where A is an
organic or cesium cation, B is a lead or tin cation and X is a halide
anion) have achieved an undeniable breakthrough on photo-
voltaic development. The power conversion efficiency (PCE) of
perovskite solar cells has rapidly rocketed from 3.9% to certified
22.7% during the past few years.'>(https://www.nrel.gov/pv/
assets/images/efficiency-chart.png). The impressive PCE increase
can be attributed to their superior optoelectronic properties,
including strong absorption coefficient (~10°cm™"), low exciton
binding energy (~20 meV), and relatively long carrier diffusion
length (>1 um).>” In addition, a wide range of solution processing
techniques, including one-step deposition,® two-steps sequential
deposition,® solvent-quenching,” and other modified approaches
based on these methods have been developed to fabricate
uniform and high-crystalline perovskite films, resulting in the fast
rising in the device performance. Furthermore, composition
engineering of perovskite materials from the basic methylammo-
nium lead triiodide (MAPbls, CH3NH3Pbls) perovskite to current
mixed-cation and mixed-anion halide perovskites lead to high-
efficiency and improved stability.>'°"'2

Despite the rapid progress, the device performance of
perovskite solar cells is still far from their theoretical limits. A
key factor to further improve the efficiency of perovskite solar cells
is to develop high-quality perovskite active layers with further
reduced defect density and less nonradiative recombination
processes. Recently, a certified efficiency of 22.1% has been
achieved by introducing additional triiodide ions during the
formation of perovskite films to suppress the formation of deep-
level defects.” Along with the rapid progress of perovskite solar
cells, some review articles have been published covering various
critical aspects with particular focuses on the film deposition and
device engineering,'* ' photophysical properties,'’™" interfacial
materials,”'* long-term stability,”> 2% and toxicity.>* ' However,
to the best of our knowledge, few reviews systematically

discussed the achievements in addressing the defects in
perovskites, including defects at the surface or in the bulk films.

In this review, we briefly introduce the effects of defects in
polycrystalline perovskite films on the device performance of
perovskite solar cells. We summarize the achievements that have
been made in the field of defects engineering investigations. We
focus on the methodologies on reducing the defect states of
metal halide perovskites, including efforts on crystal growth, post
treatments, and interfacial modifications. We anticipate that this
review will spur new strategies for defects control of perovskites,
leading to perovskite solar cells with further improved efficiency
and long-term stability beyond the state-of-the-art.

EFFECTS OF DEFECTS IN PEROVSKITE FILMS AND THE DEVICE
PERFORMANCE OF SOLAR CELLS

Although the metal halide perovskites have shown high defect-
tolerance, it is now generally accepted that there are still deep
defects in perovskite thin films that hinder the PCE of perovskite
solar cells approaching the Schockley-Queisser limit.3**3 In this
section, we will simply talk about the defect properties in
perovskite films and their influence on device performance.

It is known that defects in the light-harvesting layer influence
the device performance metrics of the ensuing solar cells. To get a
deep understanding of defects in metal halide perovskites, we
refer the reader to a very informative review given by Ball and co-
workers focusing on the origin and nature of defects in halide
perovskite semiconductors and their impacts on the active layer
and the obtained solar cells.® According to previous calculation
and experimental results, the nature and density of defect states
in perovskites is highly sensitive to the film deposition condi-
tions.>* For example, Nazeeruddin and co-workers reported that
defects of Ip, (I atom occupying a Pb site) lies at ca. —0.60 eV
below the conduction band minimum (CB) is dominant in the
perovskites processed from the one-step spin-coating method,
while Iya located at ca. —0.75 eV below the CB is the main deep
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defect of perovskite films fabricated from the sequential deposi-
tion method.3* Sargent and co-workers calculated the defect
formation energies of MAPbI; perovskites under different condi-
tions.3> They predicted that perovskites grown under iodine-rich
conditions are prone to a high density of deep electronic traps,
while low trap densities below 10" cm™3 in perovskites can be
achieved. Although many intrinsic defects form shallow states,
which is one of the major reasons for the defect tolerance of metal
halide perovskites, the less-likely though existent deep charge-
carrier trap states and the resulting non-radiative losses in the
perovskite films still limit the device efficiency of perovskite solar
cells approaching the Shockley-Queisser limit.%33

Considering the lack of stoichiometric compositions at the
surfaces of grains and the sublimation of organic molecules during
the thermal annealing process could leave defects, it is believed
that most of the defects in perovskite films are mainly located at
the grain boundaries or the surface.>**” Moreover, due to the
presence of dangling bonds on the crystal surface, a series of
dimensional defects would be formed on the grain boundaries
and surface by the combination of point defects and defect
arrays.>” Grain boundaries as sources for high defect densities
were confirmed by the fact that the trap density in solution-
processed polycrystalline MAPbI; perovskite films (10'®-10"7
cm3) is much higher than that in perovskite single crystals
(10°-10"°cm3).38%° These defects have also been visualized by
Stranks and co-workers using microscale PL measurements.>
They found lower PL intensities at the grain boundaries than grain
interiors, implying more defects and a faster non-radiative decay
at the grain boundaries (Fig. 1c). After pyridine passivation, the PL
intensity of the entire film was improved by a factor of ~8x
integrated over the entire image (Figs. 1d, e). However, the role of
grain boundaries on the overall device performance is still under
debate and, e.g, unmodified recombination properties were
observed for devices with perovskite layers with different grain
size.”® Although grain boundaries display lower luminescence
intensities than their interiors/surfaces, the luminescence lifetimes
at grain boundaries may be similar as that at the interiors/
surfaces.*’ Furthermore, the unbalanced accumulation or deple-
tion between grain boundaries by charged ionic defects in
perovskites may cause band downward or upward bending, which
may help or impede the separation of electronic charge carriers."’
For example, a small potential barrier for electron transport
(upward bending) was formed at the grain boundary of MAPbI; on
titanium oxide (TiO,) substrates due to the accumulation of
positively charged defects.>® While a potential barrier for hole
transport (downward bending) has been observed at the grain
boundaries of MAPbI; on poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) substrates.*? Therefore, the optoe-
lectronic properties of grain boundary are sensitive to defect
types, which depends on materials composition, substrate proper-
ties, and preparation methods.'® Besides, there is another possible
source of defects: impurities. They might just cause point defects
and hardly influence the morphology of the film, but they could
form recombination centers.**** For example, Gratzel and co-
workers observed that considerable amounts of Au from the
electrode diffuse across the hole-transporting layer (HTL) of
2,2',7,7"-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluor-
ene (Spiro-MeOTAD) into the perovskite layer at temperatures
exceeding 70 °C, which causes the irreversible loss of open-circuit
voltage (Voc), fill factor (FF), and photocurrent (Jsc) in the aged
devices. Insertion of a thin Cr interlayer between the HTL and the
Au alleviates the problem of Au migration and device
degradation.”

Defects that cause electronic states in the band gap of the
semiconductor, act as Shockley-Read-Hall (SRH) nonradiative
recombination centers. Therefore, they cause a decrease of charge
carrier lifetimes and photovoltaic performance, especially the
Voc.* Basically, reducing the rate of trap-assisted recombination
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would allow devices to reach higher voltages before the
photocurrent is canceled completely by recombination.*® The
Voc can be formulated in terms of non-radiative voltage loss
Averedi— form  the  maximum  achievable  voltage
(AVoc = VEex — Avgeadi — ymex — K |n(EQEg, )" where EQEg
is the external quantum efficiency of electroluminescence, k is
Boltzmann constant, T is temperature, and e the elementary
charge. Naturally, reducing the defect density and the non-
radiative recombination in solar cells is the main strategy to
reduce AV A EQEg of 0.5% and AV32"dof ~0.13V were
achieved by Gréatzel and co-workers through adding excess Pbl, to
suppresses non-radiative charge recombination in the perovskite
films.*® By introducing additional triiodide ions, the deep defects
associated with interstitial Pb (Pb;) and antisite defects (MA, Pb,,
Ima, and lpp) can be reduced (Figs. 1d, e)’ Following this approach,
a certified efficiency of 22.1% for small-area and 19.7% for 1 cm?
solar cells were achieved.

Defects in perovskite films and on their surfaces are considered
as one of the main reasons for the anomalous current
density-voltage (J-V) hysteresis behavior of perovskite solar
cells.”**3% The presence of defects may provide a favorable
pathway for the migration of ions (possibly iodide ions) due to
reduced steric hindrance.®' Considering the defects induced
charge traps can be filled under forward bias condition and
further be discharged under short-circuit condition, the trapping
and the de-trapping process of these electron traps may
contribute to J-V hysteresis behavior. A direct evidence demon-
strated by Huang and co-workers is that the deposited fullerenes
on top of the perovskite films can efficiently reduce the trap
density by two orders of magnitude and eliminate the photo-
current hysteresis.>' Park and co-workers, reported that the
hysteresis probably results from the formation of iodide Frenkel
defects with the migration of iodide ions into the Oy, interstitial
sites, which could be prevented by KI doping.®*

Defects at grain boundaries and interfaces are suspected to be
responsible for triggering the degradation of perovskite films. It is
now apparent that grain boundaries are the most vulnerable sites
for degradation, because they provide charge accumulation sites
as well as infiltration pathway of water vapor. A possible scenario
how trapped charge promote the irreversible decomposition of
perovskite materials has been investigated by Choi and co-
workers.>®> They found that the perovskite materials degraded
along grain boundaries only when both moisture and trapped
charges exist simultaneously by two steps. First, in the presence of
water molecules, perovskite materials are known to form
hydrates.>® Next, the charges trapped at the defect site could
help to deprotonate organic cations by the induced local electric
field. Such a de-protonation process could yield volatile molecules
such as CHsCH, (MA) and HC(=NH)NH, (FA) and degrade the
perovskite films. One the other hand, the defects-related ion
migration could corrode the conductive metal electrodes and
cause performance degradation of perovskite solar cells.>® The
calculated activation barriers for iodine ions migrations in
perovskite films is only around 0.1-0.3 eV.>®* It has been proved
that iodine concentration close to the Ag electrode increases in
time during the aging process.>®> Consequently, the migration of
iodine ions will contaminate the Ag electrodes and form a thin
insulating layer that causes performance degradation of perovs-
kite solar cells.*® By integrating a new amine-mediated titanium
suboxide as an efficient chemical inhibition layer, the metal
electrodes can be protected by the ionic defects migration from
the perovskite layer.>

EFFECTIVE METHODS TO CONTROL THE DEFECTS IN
PEROVSKITE FILMS

We focus on defects engineering on enlarging the grain size, grain
boundary and surface passivation, as well as interfacial
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modification for high-quality perovskite films. We briefly summar-
ize the developed film deposition approaches and composition
engineering of the precursors for high-quality perovskite films
with large grain size and reduced defects. In addition, post-
treatments of the perovskite films including surface passivation
with Lewis bases and acids, and photo-curing on reducing the
defects of perovskite films are discussed. Moreover, we summarize
the effects of substrate modification on the defects properties of
perovskite films and the obtained solar cells.

Increasing the grain size of perovskite films

Although the effects of grain boundaries in perovskite films on the
device performance are still not completely clear, perovskite films

Published in partnership with Nanjing Tech University

° f Deep-level transient sgectroscopy (DLTS) spectra of the control (w/o I57) and target (w I57) mixed FAPbl;-MAPbBr; films
g Time-resolved photoluminescence (TRPL) decay curves on the control and target perovskite layers

with large grains have been demonstrated to exhibit lower trap
state density and reduced recombination centers, which are
beneficial for the improved device performance of perovskite solar
cells.?° In addition, it has been revealed that ion migration, which
dominated the hysteresis behavior and long-term device stability,
is much faster at the grain boundaries than that in the grains of
perovskite film.®' These previous results suggest that the grain
boundaries in the perovskite active layer need to be efficiently
controlled to achieve perovskite solar cells with high-efficiency
and long-term stability. During the past few years, various kinds of
deposition methods have been developed to fabricate high-
quality perovskite films with large grains. In this section, we mainly
discuss the effects of annealing environment, film deposition

npj Flexible Electronics (2018) 22
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methods and the surface property of substrates on the grain size
of perovskite films.

The grain size of polycrystalline perovskite films is highly related
to the crystallization rate during the film formation process. Many
studies imply that a slow crystallization process probably reduces
the nucleation numbers and increases the grain size.’*%? An
effective method to decrease the crystallization rate is the solvent
annealing method, where the thermal annealing of perovskite
films is processed under N, N-dimethylformamide (DMF) or
dimethyl sulfoxide (DMSO) vapor.”®® Since both Pbl, and MAI
exhibit high solubility in DMF/DMSO, the ions and molecules in
the precursor could diffuse a longer distance in wet DMF/DMSO
vapor environment, leading to slower crystallization and enlarged
grain sizes up to ~1 pum.? As a consequence, the charge-
recombination lifetime of the solvent-annealed device increased
to 7.2ps, much longer than that of 1.7ps in the thermally
annealed device, representing reduced defects in the obtained
perovskite films. Following the same strategy, pyridine, which was
demonstrated to efficiently passivate the defects within the
perovskite films, was used to proceed the solvent annealing
process, resulting in MAPbl; films with a grain size up to 5 um.%*%°
In addition, the defect density in the obtained films was reduced
to half of that in the conventionally thermally annealed ones.

Moisture during the annealing process plays a critical role on
enlarging the grain size and reducing the defects in perovskite
films. Although exposure under high humidity would cause fast
degradation of perovskite films,°® some studies found that a small
amount of H,O in the precursor would increase the solubility of
Pbl, and the treatment of perovskite films under a certain
humidity could reduce the defects density.”~7° A typical example
was investigated by Yang and co-workers who deposited the
perovskite films by the one-step spin-coating method and carried
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out the thermal annealing under controlled humidity (30+ 5%
relative humidity) in air. They observed reduced non-radiative
recombination for films under humidity conditions than those
under dry air conditions.®®”" The photoluminescence (PL) and PL
lifetime of perovskite films could also be enhanced by post-
treatment of the films in moisture (35% + 5% relative humidity) for
4 h. Further retreating the film in N, atmosphere to remove the
possibly adsorbed H,0O would not affect the PL properties of the
perovskite film. It was proposed that a small amount of water can
solubilize the MA, effectively “healing” the perovskite structure by
removing the trap states.®

The solution-based hot-casting technique, which induces a fast
crystallization process of the perovskite, has been demonstrated
more efficient to fabricate high-quality perovskite film with
millimeter-scale crystalline grains. The method involved casting
a hot mixture of Pbl, and MACI solution (~70°C) onto a high-
temperature substrate (up to 180 °C) with a perovskite film (Fig.
2a). The grain size was significantly increased from approximately
20 to 180 um with increasing the substrate temperature from 100
to 190 °C. The processed perovskite films with large grains exhibit
significantly reduced bulk defects and improved charge carrier
mobility, leading to much-improved device efficiency to 18%. In
addition to the hot-casting technique, the grain size of perovskite
films via a two-step spin-coating procedure can be controlled by
varying the concentration of MAL’? For example, the cuboid size
of MAPbI; could be increased from 90 to 720nm with the
concentration of MAI decreasing from 0.057 to 0.038 M. Corre-
spondingly, the average PCE of devices was increased from 13.5 to
16.4%.

Another widely adopted methodology to control the growth of
perovskite films is the formation of Lewis acid-base adduct
approach, where a Lewis base is introduced as electron-pair donor

Published in partnership with Nanjing Tech University
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benign compounds at the grain boundaries and surfaces.®®

to coordinate with the lead precursor.”* A typical example is the
formation of FAPDI; via Pbl,-dimethylsulfoxide (DMSO)-FAI phase
by following an intramolecular exchange process (Fig. 2b):
Pbl, — DMSO + FAl — FAPbl; + DMSO 1. The formed Pbl,-DMSO
adduct can retard the rapid reaction between FAIl and Pbl,.?° The
grain size of the obtained perovskite film was almost doubled
compared with that processed from conventional methods and
the average PCE was increased from about 14.7 to 19.5%.5°
Besides, kinds of interesting Lewis acid-base adducts, includin
HPbl5,%% Pbl,-thiourea, and Pbl,-DMSO;_,-thiourea, (Fig. 2c),’
have also been developed as precursors for the formation of
perovskite films with large grain size and low defect density. Since
S-donors were stronger than O-donor to coordinate with Pb,
introducing of thiourea can further retard the formation of
perovskite.”* Therefore, the domain size of formed FAPbI; films
was significantly increased with the increasing component of
thiourea in Pbl,-DMSO,_,-thiourea, system. As a result, the average
Voc of FAPbI; devices was enhanced due to reduced non-radiative
recombination, and the J-V hysteresis was decreased.”®

In addition to coordinate with Pbl,, precursors composed of
non-Pbl, precursor, such as lead chloride (PbCl,)***” Lead
thiocyanate (Pb(SCN),)”° have also been developed to increase
the grain size of perovskite films by the formation of Lewis acid-
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base intermediate. These intermediates could slow down the
perovskite formation process and thus improve the growth of the
crystal domains during annealing.*®*” The MAPbl; films deposited
from PbCl, with MA,,,Pbl,,,Cl, intermediate exhibit a 10 fold
greater diffusion length than that of MAPbI; processed from
Pbl,.””7 It is noted that the long diffusion length in MAPDI; films
from PbCl, also suggests less defect density at the grain
boundary.”® The perovskite crystal lateral size can reach up to
5um with 3% Pb(SCN), as additives and the carrier lifetime of
obtained solar cells was enhanced from 101.9 to 155.4 ns.”®

The grain size of perovskite films can also be efficiently
controlled through tuning the surface property of the substrate
underneath. Huang and co-workers systematically investigated
the film growth of perovskite using a two-step thermal annealing-
assisted interdiffusion method on a wide range of hole transport
layers with different surface properties.?® They revealed that the
nucleation and grain growth process of perovskite show
significant difference on wetting and non-wetting substrates. On
the wetting surface of PEDOT:PSS coated substrates, the grain
boundaries were likely pinned by the impurities lying in the grain
boundaries and the average lateral grain size of the obtained
perovskite film was limited to ~300 nm. They proposed that the
grain boundary mobility was significantly reduced by the surface

npj Flexible Electronics (2018) 22
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Table 1. Summary of enlarging perovskite grain size and the related highest PCE of devices
method perovskite size Device structure PCE (%) Year/Ref
Solvent annealing (DMF) MAPbI, ~1pm ITO/PEDOT:PSS/MAPbI;/PCBM/C60/BCP/Al 15.6 2014°
Solvent annealing (DMSO) MAPbI, ~1pm ITO/PEDOT:PSS/MAPbI;/PCBM/Ag 13.6 2015°%3
Solvent annealing (Pyridine) MAPbI; >5pm FTO/PEDOT:PSS/MAPbI3/PCBM/C60/BCP/AI 14.1 2016%*
MAI vapor MAPbI; ~0.5 pm FTO/TiO,/ MAPbIs/Spiro/Au 12.1 201438
DMSO additive FAPbI; ~0.8 uim FTO/TiO,/meso TiO,/FAPbIs/PTAA/Au 20.2 2015%°
PbCl, additive MAPDbI5 ~1.3 pm ITO/PEDOT:PSS/MAPbI;/PCBM/BCP/Ag 15.02 2015"°
NaBr or Nal additive MAPbI; 1.7 um ITO/PEDOT:PSS/MAPbI;/PCBM/C60/Al 14.2 2016'%°
MAACc and TSC additive® MAPbI3 ~1pm ITO/NiO/MAPbIs/PCBM/TiO,/Ag 19.2 2017
Hot-casting MAPDbI;_,Cl, 180 pm ITO/PEDOT:PSS/ MAPblI;_.Cl, /PCBM/AI ~18 20153
Non-wetting substrates MAPDbI5 ~5pum ITO/PTAA/MAPbI;/PCBM/C60/BCP/Al 183 2015%°
Pb(SCN), additive MAPbDI3 ~5pum ITO/PEDOT:PSS/MAPbI;/PCBM/AI 11.61 20167°
Thiourea additive MAPbI3 >2um FTO/TiO,/meso TiO,/MAPbIs/Spiro/Au 18.46 2017'*2
Moisture treatment MAPbI3 >2um FTO/TiO,/ MAPbI3/Spiro/Au 16.3* 2015™
MAI vapor MAPDbI; ~0.8 pm FTO/TiO,/ MAPbIs/Spiro/Au 12.1 20143
"indicates average efficiency
*MAAC and TSC are methylammonium acetate and thio-semicarbazide, respectively.

tension dragging force from the wetting substrates, leading to
small grains close to the PEDOT:PSS side and titled grain
boundaries between the large grains. Through replacing the
PEDOT:PSS with hydrophobic hole transport layers such as N4,N4/-
bis(4-(6-((3-ethyloxetan-3-yl)methoxy)hexyl)phenyl)-N4,N4/-diphe-
nylbiphenyl-4,4’-diamine (c-OTPD), the dragging force was dimin-
ished, resulting in supressed heterogeneous nucleation of
perovskite and thus larger grain size. The decreased grain
boundaries and the improved crystallinity dramatically reduced
bulk and surface defects as well as charge recombination in the
perovskite films, leading to much improved device performance of
perovskite solar cells.

Composition and solution chemistry engineering for high-quality
perovskite films

Composition engineering of the perovskite has been proven
critical to achieve perovskite solar cells with improved device
efficiency and long-term stability. Recently, perovskites composed
of mixed cations (MA, FA, and Cs) and mixed anions (I and Br) have
driven a paradigm shift in perovskite solar cells. In fact, except for
the first certified efficiency record for perovskite cells using pure
MAPDI;, the following subsequent National Renewable Energy
Laboratory records with publicly disclosed information used A
and/or X site mixed hybrid perovskites (e.g., MAPbI,,Br,,
FAo.85MAq.15Pbl; 55Bro.45, CS0.1FA075MAg.15Pbls 49Bro 54). In addition,
the solution chemistry engineering of the precursor is also
important to reduce the defects density of perovskite films and
consequently results in improved performance of perovskite solar
cells. In this section, we will highlight the benefits of composition
and solution chemistry engineering on reducing the defects in
perovskite films and improving the device performance of
perovskite solar cells.

Composition engineering. Mixed cations or/and anions based
perovskites exhibit unexpected properties, such as inhibited
formation of yellow FAPbls, suppressed the phase segregation
of 1"Br-based perovskite, improved long-term stability toward
light and moisture, as well as enhanced PCE of devices.'*®' For
example, it has been demonstrated that a small amount of MA can
induce the formation of the structurally stable black phase of FA
perovskite, leading to the PCE of perovskite solar cells based on
(FAPDI3); _(MAPbBr;), beyond 20%.*®%% With further addition of
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inorganic cesium (Cs), the resulted triple cation perovskites show
much improved reproducibility and enhanced device perfor-
mance with a high stabilized power output of 21.1%.2% Cs/FA
mixtures could suppress the halide segregation of I-Br based
perovskite, enabling the formation of perovskite films with stable
and optimized bandgaps for perovskite/silicon tandem devices.®'
The high efficiency of mixed perovskites is related with improved
defect tolerance properties and lower defect densities. It has been
estimated that the incorporation of Cs can reduce the trap density
of FA0'83MA0_~|7Pb(|o'83Br0V17)3 from 2.5><1015 to 8.0X1014Cm73
(Figs. 3b, ©).5* Similarly, the addition of Br~ has also been
demonstrated to increase the defects tolerance property of
perovskites. Based on first-principles calculations, Angelis and
co-workers found that bromide ions can substitute the interstitial
iodides and shift the defect energy levels by ~0.3 eV towards the
valence band, leading to transforming mixed-halide interstitial
deep traps into shallow ones, which are less detrimental according
to the SRH recombination model.®* A substantially longer PL
decay was observed for the Br-doped samples, which is consistent
with the proposed curing of deep defects in Table 1.

A non-stoichiometric solution of Pbl, and organic iodide has
been successfully employed to modify film formation. Tress and
co-workers have demonstrated that excess Pbl, can efficiently
suppress the nonradiative charge recombination in the perovskite
films, leading to Avgg"'“d" of FAog5MAg.15Pb(lggsBroqs)s films at
~0.13V.*® The detailed role of excess Pbl, depends on the
fabrication methods and the location of Pbl, in perovskite films
(Figs. 3a—d).2° Excess Pbl, introduced by the two-step spin-coating
method can reduce the defects density at the interface. By
controlling the dipping time of Pbl, films in MAI solution, the
residual Pbl, could modify the perovskite/TiO, interface.?” It was
also found that the trap densitZ of TiO, could be decreased from
10'%/cm® to 10", and 10""/cm># Moreover, the presence of Pbl,
at the interface could inhibit the back electron transfer from TiO,
to the valence band of the perovskite (causing charge recombina-
tion).®” According to the characterization results from transmission
electron microscopy, Hagfeldt and co-workers found that excess
Pbl, is mainly included in the grains for one-step solution
processing, which can increase grain sizes and improve crystal-
linity of perovskite films.2° The PCE of MAPbI; solar cells can reach
up to over 19% with 10% excess Pbl,. The excess Pbl, can also be
introduced by annealing perovskite films. Considering that the
decomposition starts by MA leaving the grain boundaries, most of
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the decomposed Pbl, is believed to be located at the grain
boundaries.'®**®° It was revealed that Pbl, at the grain
boundaries can have a passivation effect and increase contact
selectivity.”*®"

Compared with the Pbl,-rich condition, perovskite films
processed from Pbl,-poor synthesis conditions were also reported
to result in a perovskite phase with high-crystal quality and
improved PL vyields compared to stoichiometric conditions.
However, it was proposed that the grain boundaries enriched in
organic components obtained from this Pbl,-poor condition form
a barrier for charge transport and decrease the photocurrent.2® In
contrast, unlike the perovskite system with mixed cations and
anions, Park and co-workers have demonstrated that a thin MAI
layer using a Lewis-acid-base adduct approach could act as a grain
boundary healing layer of devices based on pure MAPbI;
perovskite. They found that alothough the excess MAI existing
on the perovskite grain surfaces hardly changes the crystal
structure and lattice constants, carrier recombination due to
defects at/near grain boundaries was suppressed and the charge
extraction at the interfaces was improved. Consequently, per-
ovksite solar cells with efficiency exceeding 20% have been
achieved based on perovskites processed from precursors with
slight excess MAL®?

Solution chemistry engineering. There have been numerous
reports of the introduction of additives to precursor solutions to
enable the formation of perovskite films with fewer defects. The
mechanism is related to the formation of high-quality perovskite
grains or passivation of grain boundary and surface. The additives
used in perovskites (such as polymers, organic halide salts,
solvents and nanoparticles) have been reviewed before.®® In this
section, we mainly discuss the effects of alkali halides and acids
additives on the perovskite films and the resulting solar cells.

The addition of alkali halides could efficiently suppress the
formation of deep-level defects, such as interstitial and antisite
defects, which are responsible for nonradiative recombination
centers in perovskite layers.®* Saliba et al demonstrated that the
incorporation of rubidium iodide (Rbl) could increase the PL
quantum yield of CsMAFA-based perovskite from 2.4 to 3.6%.%
The EQEg, is >1% at a driving current that is equal to the short-
circuit current and reaches 3.8% for higher driving currents,
suggesting all major sources of non-radiative recombination were
strongly suppressed after introducing of Rbl. Correspondingly, the
maximum open-circuit voltage can reach up to 1.24V with a loss
in potential of 0.39V. It has been revealed that Rb does not
incorporate into the 3D perovskite lattice based on solid-state
NMR measurement.’® Most recently, Park and co-workers found
that the alkali ions in additives are also important for preventing
the formation of iodide Frenkel defects.”> They compared a series
of experiments with alkali metal iodides of Lil, Nal, KI, and Rbl and
revealed that the potassium ion is efficient to achieve hysteresis-
free solar cells (Fig. 3e). The enhanced PCE and decreased
hysteresis in J-V curves were attributed to reduced Frenkel defects
and suppressed migration of iodide vacancy.>? In addition to the
reduced non-radiative recombination with excess Kl (Fig. 3f),
Stranks and co-workers further demonstrated potassium halide
can also inhibit the photoinduced halide segregation and
subsequent emission from low-bandgap iodide-rich components.
Meanwhile, the external photoluminescence quantum yields can
reach up to 66%, which corresponds to internal quantum yields
exceeding 95%.%”

In addition to alkali metal iodides, various kinds of acids,
including hydroiodic acid (HI),*® hypophosphorous acids (HPA),*
and HCOOH, have also been sucessfully emploged as additives to
reduce the defect density of perovskite films.' With the addition
of HI,'®" the perovskite films exhibited improved surface coverage
and crystallinity as observed from XRD. It was initially speculated
that these acid additives could enhance the solubility of Pbl, in
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DMF by the temporary coplanar chelation with Pb®", which can
control the crystal growth toward the perfect crystal struc-
ture.'01%? Snaith and co-workers also demonstrated that HPA
can prevent the reduction of I~ to I, and the formation of
unsaturated Pb on their surface and the I/Pb stoichiometry was
increased from 2.19 to 2.50.°° They further observed that the
addition of acids (HCI, HI, HPA, and HCOOH) would result in the
dissolution of colloids in the perovskite precursor solution.'®
More recently, they claimed that the introduced acids increased
the hydrolysis of DMF with the production of dimethylamine,
which plays an important role in the dissolution of colloids and
enhancing film quality. Correspondingly, the open-circuit voltages
of resulted FA( g3sMAg 17Pb(log3Bro.17)3 devices with the addition of
HCOOH can reach up to 1.21V with an extremely low V. loss of
360 mv.'%°

Post-treatment of perovskite films

The surface of films represents the largest possible disturbance of
the symmetry of the crystal lattice. Considering the easy
sublimation of organic molecules during the thermal annealing
process, the surface defects of the perovskite films might be more
serious. Therefore, post treatments of the perovskite films should
be an effective strategy to reduce the surface dangling bonds and
enhance device performance. In this part, we will focus on the
progress of passivating the surface defects by Lewis acids or bases
and photo curing of perovskite films to de-activate the surface
defects.

Defects passivation by Lewis acid or Lewis base. It was believed
that two kinds of defects exist on the surface of perovskite films,
under-coordinated | and under-coordinated Pb atoms. The under-
coordinated atoms would act as recombination centers, leading to
an accumulation and/or recombination of charges at the interface
of the charge transport layers. In this section, we will mainly focus
on the passivation of perovskite by small molecules. The principle
for choosing efficient passivation molecules is mainly based on
“Lewis acid-Lewis base coordination”. The chemical structures of
the used small molecules and the related device performance are
summarized in Fig. 4 and Table 2.

To passivate the under-coordinated |, Lewis acid of iodopenta-
fluorobenzene (IPFB) was introduced to self-assemble onto the
surface of perovskite films.'*® The electro-negative fluorine atoms
in IPFB inductively withdraw electron density out of the aromatic
ring, which in turn leaves a partial positive charge on this halogen,
and thus can accept electrons from under-coordinated | to form a
halogen bond. Later on, another strong electron acceptor of
2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane ~ (FATCNQ)
was reported as a Lewis acid to form a supramolecular interaction
with under-coordinated I.'% The Voc of MAPbI; devices can reach
1.06 and 1.07 V with IPFB and FATCNQ passivation, respectively.
Apart from passivation, electrons will diffuse from perovskite to
FATCNQ with the formation of an interfacial dipole layer at the
perovskite/F4TCNQ interface. Therefore, F4ATCNQ could also create
an energy barrier to electron diffusion and lead to enhanced Jsc in
the modified devices.

To passivate under-coordinated Pb, the first demonstration is
pyridine and thiophene as Lewis base for coordination through N
and S atoms, respectively.®® The trap density extracted from
intensity-dependent PL decays of the as-prepared films was
reduced from 3.5x 10" to 1.0x10"®cm ™3 and 0.2x10"%cm 3,
and the efficiencies of the obtained solar cells were increased
from 13 to 153 and 16.5% after thiophene and pyridine
passivation, respectively. Moreover, the rising time to reach 95%
of the maximum stabilized power output (sampling time) was
reduced from 40 to 12's and less than 2 s for the control and the
thiophene and pyridine-treated devices, respectively.®® The
decreased rising time may derive from an increased ability to
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Fig. 4 Defects passivation by Lewis acid or Lewis base. a Diagram depicting the formation of a dative covalent bond between two atoms. b
Diagram of the passivation of trap states.'>” ¢, d Chemical structures of reported small organic molecules for passivation ofPerovsklte films: ¢
Lewis acid: IPFB (|odopentaﬂuorobenzene)103 and F4TCNQ (2356tetraﬂuoro 7,7,8,8- tetracyano qumodlmethane %4 d Lewis base:
thiophene, pyridine,®® TEA (tetra-ethyl ammonium),'’* BA (benzylamine),®® EDT (1,2-ethanedithiol).'®® e Images of unmodified FAPbI;, A-
FAPbl;, BA-FAPbIs, and PA-FAPbI; films after 4 months’ exposure under 50 +5 RH% air.°® f Internal PLQE measurements over time under

|IIum|na$|c1>n in dry Ny, dry air, and humid air. Inset: Time-resolved PL decays of the films after the stated treatment with pulsed excitation at
405 nm.

rapidly fill all the defects sites in the passivated films with lower not only coordinate with under-coordinated Pb thorough N atom
trap density. Through using pyridine vapor, the average photo- but also form hydrogen bonds via under-coordinated | and H
luminescence of the CH3;NH;Pbls film increases about 15 times atoms in benzylamine. Similarly, Cu(thiourea)l can interact with
after “pyridine recrystallization”. PCE of perovskite solar cells the defective perovskites by not only supplying iodide to fill the
increased from 9.5% for as-deposited films to more than 18% with halide vacancies but also chelating the under-coordinated halide
an Voc of 1.15V for the recrystallized films.'® Notably, post- anions with the electropositive copper atoms. Correspondingly,
treatment of MAPbI; with 1,2-ethanedithiol (EDT) can increase the the trap state energy can be decreased from 0.35-0.45 to
average PL lifetime up to ~240 ns, which is close to that in the 0.25-0.35 eV after Cu(thiourea)l passivation.'®® Furthermore, the

single crystals (~330ns)."°'%” As expected, the Voc of the incorporated Cu(thiourea)l can participate in constructing the p-i
perovskite solar cell increased with decreasing density of defects bulk heterojunctions with perovskites, being advantageous for
after passivation. accelerating hole transport and reducing charge carrier recombi-

Some molecules were introduced to passivate the under- nation. On the other hand, benzylamine modified FAPbIl; solar

coordinated Pb and | simultaneously, for example, benzylamine cells exhibit a champion efficiency of 19.2% and an Voc of 1.12V
and Cu(thiourea)l.®>'%8'% The amino group in benzylamine can  with a loss-in-potential of only 0.36V for FAPbl; devices.®
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Table 2. Summary of surface/bottom passivation and corresponding photovoltaic performance
Passivation Device PCE (%) Jsc FF Voc (V) Voc loss®  Year/ Ref
W)

Material engineering
Excess Pbl, FTO/TiO5/Pbl,/MAPbI5/Spiro/... 9.7 151 062 1.04 051 2014%
Excess Pbl, FTO/TiO,/meso TiO,/Pbl,~MAPbl,/Spiro/Au 19.1 224 080 110 045 201544
Excess Pbl, FTO/TiO,/meso TiO,/Pbly-(FAPbIs)o ss(MAPbBr3)o s/ 20.8 246 073 116 ~0.39 2016

Spiro/Au
Alkylphosphonic acid e-ammonium  FTO/TiO,/meso TiO,/ alkylphosphonic acid-MAPbls/  16.6 221 075 100 045 2015'
chlorides Spiro/Au
KI FTO/TiO,/Cs0.06FA0.76MAo.15Pb(lo 85Bro.15)3/Spiro/Au 215 232 079 117 039 2018%7
Hypophosphorous acid (HPA) FTO/TiO,/ MAPbI5/Spiro/Au 16.2 204 074 107 048 2015%
HCOOH FTO/SNO,/FA g3MAo 17Pb(lo 83Br0.17)3/Spiro/Au 19.9 - - 121 036 2017'%°
Post-treatment
IPFB FTO/TiO,/meso Al,O3/ITFB/MAPbIs/Spiro/Au 15.7 2338 067 1.06 049 201403
Pyridine FTO/TiO,/MAPbIs/Pyridine/Spiro/Au 16.5 241 072 105 050 2014%°
Pyridine gas* FTO/TiO,/MAPbls/Spiro/Au 220 185 073 1.15 040 2016'%
Thiophene FTO/TiO,/MAPbl3/Thiophene/Spiro/Au 14.3 213 068 1.02 053 2014%
FATCNQ FTO/TiO,/MAPbI;/FATCNQ/Spiro/Au 18.1 211 078 107 048 2016'%
BA FTO/TiO,/FAPbIs/BA/Spiro/Au 19.2 236 073 112 036 2016°%°
Cu(Tu)l® ITO/PEDOT:PSS/ MAPbI5/C60/BCP/Ag 20.0 223 0798 1.12 043 201708
Choline chloride ITO/PTAA/(FAPbI3) s5(MAPbBrs3) 15/ choline chloride/ 21.0 237 078 1.14 ~041 2017'"°

C60/BCP/Cu
Surface modification with functional transport layer
PFN-2TNDI ITO/PEDOT:PSS/MAPbI;/PFN-2TNDI/Ag 16.7 219 078 098 057 2016'°
IDIC ITO/PTAA/MAPbI5/IDIC/Cg0/BCP/Cu 19.5 230 076 1.11 044 2017"%
Bottom modification
C60-SAM® FTO/TiO,/C60-SAM/MAPbI3/Spiro/Au 17.3 221 075 104 051 2014'Y
PCBB-2CN-2CB¢ FTO/TiO,/PCBB-2CN-2CB/MAPbI3/Spiro/Au 17.4 207 079 1.06 049 20158
C3-SAM® ITO/ZnO/C3-SAM/MAPbI3/Spiro /MoQs/Ag 15.7 225 075 107 048 2015'**
PAf ITO/SnO,/PA/MAPblI/spiro-OMeTAD/Au 18.8 220 077 110 045 2017
*Recrystallization of perovskite films by pyridine gas
Ve loss=Eg/g-Voc
bCu(Tu)I:Cu(thiourea)I
“C60-substituted benzoic acid (C60-SAM)
9a triblock fullerene derivative [6,6]-phenyl-C61-butyric acid-dioctyl-3,3/-(5-hydroxy-1,3-phenylene)-bis(2-cyanoacrylate) ester (PCBB-2CN-2C8) ©3-
aminopropanioc acid (C3-SAM)
f4-pyridinecarboxylic acid (PA)

Recently, a quarternary ammonium halide with a structure of NR*
*X~, where R is an alkyl or aryl group and X is halide, was
developed to passivate charged defects in perovskite.''® The
defects passivation reduces the V,. loss of the p-i-n structured
device to 0.39V and boosts the efficiency to a certified value of
20.59 £+ 0.45%.

In addition to increase the device efficiency, surface passivation
can also improve the device stability of perovskite solar cells. If
perovskite films can be passivated by organic molecules with a
hydrophobic side chain, such as amine-functionalized graphene
and silane with long organic chains,'""''? the moisture-resistant
property is likely to be improved. Taken trichloro(3,3,3-trifluor-
opropyl)silane as an example, the surface modification makes
water-resistant perovskite films by extremely hydrophobic fluoro
groups. Impressively, the perovskite devices with a fluoro-silane
layer without further encapsulation showed a negligible color
change even soaked in water for 3 min, while the control device
with 20 nm Phenyl”C61-butyric acid methyl ester changed to
yellow within less than 55.""% In addition to the long hydrophobic
side chain, the short side chain with branch structure can also
work. The tetra-ethyl ammonium with three ethyl side chains can
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hinder the moisture attack efficiently. The functionalized films
were stable under a high relative humidity of 90 + 5% for more
than 30 days."'* More importantly, the suitable steric arrangement
of small molecules on perovskite films is also critical for preventing
the moisture attack. As mentioned above, benzylamine passiva-
tion can greatly increase the photovoltaic performance of
perovskite devices. The benzylamine passivated perovskite films
can stabilize for more than four months in humid air (55 = 5 RH%)
without any degradation (Fig. 4e). Theoretical simulations show
that benzylamine molecules are edge-on packing on the
perovskite surface, which can prevent the moisture attack
effectively.®®

Photo curing of perovskite films. “Photo curing” means the
photovoltaic performance of solar cell devices further increases
by light soaking.?” The phenomenon has been observed in
perovskite solar cells with various device structures.'’>™'"”
However, the significance of the light soaking effects varied
between laboratories and the underlying mechanism is still under
debate. One of the proposed mechanisms is that light irradiation
can remove or de-activate these defects via chemical reaction,
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Fig. 5 Substrate modification for high-quality perovskite films. a Trap-like localized antisite defects form states near the valence band edge for
the Pbl,-terminated TiO,/perovskite interface. b Shallow and delocalized Pb-Cl antisite defects are seen for the PbCl,-terminated interface. ¢
Normalized transient photovoltage decay of solar cells with TiO, and TiO»-Cl as electron transport layers.'?® d Schematic diagram of SAM
induced permanent dipole formation and involvement of the SAM in the crystalline structure of perovskite crystals. SEM images of

CH5NH;Pbl; perovskites on e bare ZnO and f ZnO/C3-SAM."**

resulting in a longer PL lifetime."">""®""° For example, the PL
quantum yield of MAPbI; can be increased by more than three
orders of magnitude upon light irradiation. The PL lifetime
increases from initial ~3ns to 200ns in the course of light
irradiation.”’® After illumination, the trap density decreased from
1.7%x10" to ~25x10"%cm ™3 for the fresh MAPbI; film.""> In
addition to illumination induced defects de-activation, a strong
correlation between the increase in photoluminescence over time
under illumination and a redistribution of iodine away from the
illuminated region was demonstrated by the time-of-flight
secondary-ion-mass spectrometry.''> Recently, Mohite and co-
workers found that light could lead to a uniform lattice expansion
in FAg7MAq25Csp0sPbls thin films with reduced defect density,
which increases the power conversion efficiency from 18.5 to
20.5%.'%°

Apart from light irradiation, oxygen or H,O may be an important
part for the curing reaction.''®'"® For example, Stranks and co-
workers reported that MAPbI; films illuminated in dry nitrogen
shows a small rise in emission, and the internal Photolumines-
cence quantum efficiency (PLQE) reaches a value of n=12%.
When the film is illuminated instead in dry air, the photolumines-
cence (PL) rises substantially and the internal PLQE approaches n
=48% and continues to slowly rise (Fig. 4f). When the film is light
soaked in humidified air (45% relative humidity), the internal PLQE
plateaus at n=89%. This is approaching PLQE values in which
almost all of the non-radiative decay processes are eliminated.'?'
It is supposed that the application of light with the right level of
humidity causes electrons to bond with oxygen and form
superoxide, which could prevent defects from trapping electrons.
The presence of humidity converted the perovskite surface into a
protective shell, which removes defects from the surface and locks
in the superoxide, making the healing effect last much longer.'"”
Alternatively, reactive oxygen species could possibly passivate
halide vacancies."'® In addition to perovskite composition, the
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light-soaking phenomenon may also be related to the micro-
structure of perovskite films. Solar cells with noncompact
perovskite morphology show a severe light soaking effect, with
the PCE being improved from 3.7 to 11.6% after light soaking."'®
Devices with compact perovskite morphology usually show a
negligible light soaking effect, with PCE slightly increased from
114 to 11.9%.

Substrate modification

It is believed that the nature of substrate materials would affect an
induction period in the growth of the perovskite films.'*%'%
Previous results have also proved that substrate modification is an
effective way to enhance the coverage ratio of perovskite films.'>*
Besides, the nature of the substrate would affect the energetic
alignment of perovskite films deposited on top.'?*'?* In this part,
we mainly emphasize the modification by the CI~, Li*, and C60
derivatives for lower defect density in perovskite layers.

TiO, is a typical electron transport material for perovskite solar
cell device. However, the deep traps in TiO, would result in charge
accumulation and recombination loss.'*® An effective passivation
approach is to modify TiO, with CI~."?” Besides reducing the
defects in TiO,, the formation of Pb-Cl bonds at the interface could
also suppress Pb-I antisite defects in the adjacent perovskite (Fig.
5a). A typical example was demonstrated by Sargent and co-
workers.'*® They fabricated Cl-capped TiO, through the reaction
of TiCl, and benzyl alcohol. Cl-capped TiO, based perovskite
devices exhibit a charge-recombination lifetime of 145ps
(deduced from an open-circuit-voltage decay experiment), much
longer than that on TiO, devices (Figs. 5b, c). The PCE of MAPbI;
solar cells based on Cl-capped TiO, can reach up to 20.1 and
19.5% for active areas of 0.049 and 1.1 cm?, respectively. Another
impressive atom to modify TiO, is lithium (Li). This can be
accomplished with a facial post-treatment of TiO, films with
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lithium salts, which can induce a partial reduction of Ti** to Ti**
and passivate the trap states from oxygen vacancies within the
TiO, lattice."?® Correspondingly, Li*-treated devices display up to
over an order of magnitude faster charge transport than the
untreated devices over the whole range of current densities,
which could enhance charge separation and electron transport at
the TiO,/perovskite interface.

Amino acids were also developed to modify the inorganic
substrates.'’ The amino acid can be immobilized onto metal
oxides through carboxyl groups. The end amino group would
favor the growth of perovskite films with reduced non-radiative
recombination. For example, a glycine modified TiO, surface
improves the coverage of MAPbl; films."*® Amino acids could also
modify other substrates, such as Tin oxide (SnO,) and Zinc oxide
(Zn0), to passivate the perovskite films and facilitate interfacial
charge transfer.'?® ;"aminopropanoic acid would not only induce
the growth of plate-like crystals, but also improve the energy level
alignment with an extra permanent dipole (Figs. 5d, €)."** Yang
and co-workers also compared SnO, modified with different
organic molecules and investigated the role of end groups in
determining the interfacial optoelectronic properties and device
performance.’®' They found that substrates with 4-pyridine
carboxylic acid modification exhibit striking improvements of
perovskite devices to reach a highest PCE of 18.8%, which
constitutes an about 10% enhancement compared to bare SnO,.

In addition to CI~, Li*, and amino acids, Fullerene (C60) is
another attractive candidate to decrease the non-radiative
recombination at the perovskite/TiO, heterojunction because of
its desirable optoelectronic properties. Snaith and co-workers
have systematically studied the modification of substrates by C60
and its derivatives. Upon introducing C60-substituted benzoic acid
self-assembled monolayer (C60-SAM) to the TiO, surface through
the carboxylic acid anchoring group, the PL is almost entirely
quenched and PLQE is 0.5%, much lower than that on a bare TiO,
substrate (3.8%).'? They also replaced TiO, with C60 in a regular
n-i-p architecture and improved electronic coupling between the
C60 and perovskite conduction bands and reduced nonradiative
decay at this contact.'®® Further doping C60 with N-DPBI, 4-(1,3-
dimethyl-2,3-dihydro-1H-benzimidazol-2-yl)-N,N-diphenylaniline,
enabled stronger and faster PL quenching from perovskite films,
indicating enhanced electron extraction. Due to these advance-
ments, the highest J-V scanned PCE was 18.3% in MAPbI,Cls_,
perovskite devices. Moreover, the N-DPBl-doped C60 could
stabilize nonencapsulated devices comprising a FAgg3Csgq17Pb
(lo.6Bro.4)3 absorber layer for up to 650 h stressing with only 20%
efficiency loss under full sun illumination in ambient conditions.'*

CONCLUSION AND OUTLOOK

We summarize the defect properties in perovskite films, their
effects on solar cell performance, as well as the methodologies
and materials to reduce defect density with improved power
conversion efficiency. It is now accepted that a decreased defect
density in perovskite films with less non-radiative recombination
loss is critical to approach the thermodynamic limit of devices.
Noted that the deep defect states and the formation mechanism
are still not completely clear, even though the formation energies
of different defects in perovskites have been theoretically
estimated. The excellent achievements of perovskites with mixed
cations and anions make us believe that the most important step
for enhancing PCE should be the development of suitable
perovskite compositions with higher defect-tolerance. Besides,
subtract modification, additives, photo-curing, large grain size, or
suitable methodologies are required for achieving the perovskite
films with high crystallinity and lower defect density. Lastly, post-
treatment is very important for reducing the inevitable surface
dangling bonds during the film formation process. In these
approaches, the chemical structure of added molecules is
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important for not only the charge carrier transfer process but
also the stability of devices. The defects related hysteresis and ions
migration could also be improved upon solving the defects issue.
Therefore, in-depth fundamental understanding of these defects
and development of more efficient methods to reduce the defect
density will not only promote to approach the efficiency of the
Shockley-Queisser limit, but also reduce hysteresis and improve
the long-term stability of devices.

Another attractive straightforward method for fewer defects
would be the formation of single crystalline perovskite films. The
challenges are to control the thickness of perovskite single crystals
and assemble the devices with effective carrier transfer. Since the
defect density in perovskite films is still higher than that of single
crystals, there is still room to further reduce defect density,
especially for perovskite devices based on flexible substrates. Up
to now, deployment of flexible perovskite devices is still in the
initial stage with its focus on finding suitable flexible substrates
and electrodes. It is expected that the PCE of flexible devices
based on perovskite films would be greatly increased after
addressing the defects issues through suitable substrates,
substrate modification, materials engineering and post-
treatment approaches.
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