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Strategic improvement of the long-term stability
of perovskite materials and perovskite solar cells

Tingting Xu,**® Lixin Chen,® Zhanhu Guo® and Tingli Ma*®

Perovskite solar cells (PSCs) have gained tremendous research interest in recent several years. To date the
power conversion efficiency (PCE) of PSCs has been increased from 3.8% to over 22.1%, showing that they
have a promising future as a renewable energy resource to compete with conventional silicon solar cells.
However, a crucial challenge of PSCs currently is that perovskite materials and PSCs have limitations of easy
degradation and inferior long-term stabilities, thus hampering their future commercial applications. In this
review, the degradation mechanisms for instable perovskite materials and their corresponding solar cells are
discussed. The stability study of perovskite materials and PSCs from the aspect of experimental tests and
theoretical calculations is reviewed. The strategies for enhancing the stability of perovskite materials and PSCs
are summarized from the viewpoints of perovskite material engineering, substituted organic and inorganic
materials for hole transportation, alternative electrodes comprising mainly carbon and its relevant composites,
interfacial modification, novel device structure construction and encapsulation, etc. Various approaches and
outlooks on the future direction of perovskite materials and PSCs are highlighted. This review is expected to
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provide helpful insights for further enhancing the stability of perovskite materials and PSCs in this exciting field.

1. Introduction

Photovoltaics (PVs) have been regarded as one of the most
promising technologies to convert sunlight into electricity. PV
technology typically includes inorganic types of solar cells such
as silicon (Si), gallium arsenide (GaAs), copper indium gallium
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selenide (CIGS), etc., and organic types of solar cells such as dye
sensitized solar cells (DSSCs), quantum dot sensitized solar
cells (QDSSCs), organic polymer solar cells (OPVs), etc. Particularly,
organic solar cells with the advantages of low cost materials and
simple solution-processing attract much research interest, leading
to new directions for the next generation of PV technology.

Perovskite materials and their relevant solar cells have
emerged as the rising-stars in the field of organic-inorganic
hybrid solar cells since 2009."* Three-dimensional (3D) perov-
skite structured materials of methylammonium lead halide
(CH3NH;3PbX;) (X = Cl, Br, I) or its mixed-halide crystal have
been used as light harvesting materials in PSCs. Perovskite
nanocrystals of metal halides have figure of merits of a direct
bandgap, a large absorption coefficient, a high carrier mobility,
long lifetime and ambipolar transport.” The diffusion length of
carriers (electrons and holes) for a mixed halide CH;NH3Pbl; ,Cl,
is more than 1 pm, and for a triiodide CH;NH,PbI; is ~100 nm.°
In PSCs, the active layer of perovskite materials functions not only
as a light absorber, but also as an excellent electron- and hole-
transporting material. Due to their unique optical and electrical
properties, PSCs have achieved an extraordinarily rapid growth
over the last several years. The power conversion efficiency (PCE) of
PSCs has been increased steadily from an initial value of 3.8% in
20097 to a recent world-record high value of 22.1% as claimed by
KRICT and UNIST.® The PCE evolution of PSCs is shown as
Fig. 1(a), and a roadmap of the main trend for the development
of PSCs is shown in Fig. 1(b). The progress of PSCs has gone from
using unstable liquid electrolytes to solid state hole-transporting
materials (HTMs), and then moving to more concise morphology
and composition control for forming uniform perovskite films, as
well as interfacial engineering for minimizing charge recombina-
tion. The future trends of PSCs would focus on fabricating more
robust and reliable devices for outdoor applications.
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Fig. 1 (a) The power conversion efficiency (PCE) evolution of perovskite
solar cells (PSCs) from 2009 to date; (b) main research trends in PSCs over
the last several years.
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Currently, PSCs appear to exhibit outstanding photovoltaic
performance and potential practical commercialization in the
market. However, they are confronted with a serious long-term
stability problem, mainly due to the unstable nature of perov-
skite materials in the environment and synergic factors of the
functional components in PSCs. To the best of our knowledge,
the most stable PSC reported in the literature underwent a test
of 1440 h with a remaining PCE of 90%.° While the stability
testing conditions vary to a large extent in the PSC community,
thus a characterization standard for the long-term stability
testing in PSCs is imperative to guide the comparison of a
device’s duration performance. Meanwhile, with more and
more research interest in the long-term stability problem of
PSCs, degradation mechanisms for perovskite materials and
their relevant solar cells are still far from maturity, and
approaches to solve the instability of PSCs lag behind their
fast growth of efficiency race. There are several reviews on the
stability of perovskite materials and perovskite solar cells,’*™"?
in which most of the results on the long-term stability of PSCs
were summarized. A review on the stability studies, especially
on experimental tests and theoretical calculations for perov-
skite materials and PSCs, is rare; and a extensive review on
the recent improvement of the long-term stability of PSCs,
especially the most recent findings in this rapidly developing
field, has not been fully discussed.

Hence, in this review, we focus on the stability study of
perovskite materials and PSCs from perspectives of experi-
mental characterization and theoretical calculations, and we
also comprehensively evaluate and discuss the approaches
aimed at enhancing the long-term stability of PSCs, including
the engineering of perovskite materials, interfacial modification,
new hole-transporting materials (HTLs), electrodes especially
carbon based materials for counter electrodes (CEs), novel device
configurations, device encapsulation, etc. The outlooks for
enhancing the stability of PSCs are also included. This work
gives insight on stability improvement in PSCs, leading to an
understanding of how far we are from really stable PSCs.

2. Origin of the stability problem in
perovskite solar cells

PSCs are generally fabricated by placing an electron-
transporting layer (ETL) on conductive glass, and then subsequently
depositing layers of a perovskite active layer, a hole-transporting
layer (HTL), and an electrode. PSCs with architectures of
(a) planar, (b) mesoporous, (c) inverted, (d) ETL free, (e) HTL
free with a carbon electrode are shown in Fig. 2. The photo-
voltaic performance decay of PSCs is affected by unstable
perovskite active layers, as well as the functional layers
in which perovskite materials are incorporated. Here, the
performance deterioration mechanism for PSCs is discussed
according to the classification of different functional layers, i.e.
perovskite layers, ETLs, HTLs, and electrodes. It would provide
helpful insight to fully reveal the long-term stability problem of
current PSCs.
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Fig. 2 Configurations of perovskite solar cells with (a) planar, (b) meso-
porous, (c) inverted, (d) ETL free, and (e) HTL free with a carbon electrode.

2.1 Perovskite layers

Humidity is a major factor causing instability in perovskite
materials. With a hygroscopic nature, perovskite materials such
as CH3NH;PbI; readily react with water to finally decompose
into CH3;NH;I and Pbl,, involving intermediate byproducts
of monohydrate MAPbI;-H,O and dihydrate (MA),Pbls-2H,0
during the decomposition process.’**® This is the general
degradation mechanism triggered by moisture or water. On
the other hand, the moisture content is critical for forming
CH;NH;PbI; films with good morphology, a large grain size up
to 500 nm, as well as decreased pinhole and grain boundaries,"*>*
attributed to a so-called “moisture assisted crystal growth”
phenomenon.”” The stability towards humidity in perovskite
MAX; with mixed-halide atoms varies by tuning the composition
of halide elements, for example MAPb(I; ,Br,); is more stable
when the Br content increases,” due to the smaller Br atom
contributing a much more stable perovskite crystal structure than
its I counterpart.>>>*

The thermal degradation of organic-inorganic perovskite
materials takes place when the heating temperature increases,”
and the color of the perovskite film changes from dark brown to
yellow. A previous research study discovered that MAPDI; starts to
decompose at a temperature of 230 °C, while the decomposition
temperature for FAPbI; is 290 °C.*® All-inorganic perovskites show
better thermal stability due to the fact that the inorganic species
are more stable compared with organic ones under thermal stress.

The photo-induced degradation of perovskites depends
on the hybrid perovskite compositions of different substitutes
in the crystal structures, and it is also related to the light
intensity and environmental temperature.>” UV light irradiation

27028 | Phys. Chem. Chem. Phys., 2016, 18, 27026-27050
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combined with O, accelerates the degradation of perovskites via
HI decomposition in iodide substituted perovskites.

A weak electrical bias initiates a rapid degradation of
perovskite materials under humid conditions.*®*° Electrical
stress induces ion migration and causes hysteresis effects of
PSCs. Mobile ions, in particular methylammonium ions, drift
along the electric field and build up certain stress regions
within PSCs, leaving ion vacancies.”® Leijtens et al. concluded
that ion motion alone would not degrade PSCs, while combined
factors of moisture, residual solvent and electric bias may
damage devices and reduce their stability."® The mechanism
of electrical field induced PSC performance deterioration still
needs more research to understand precisely how the applied
bias affects the long-term stability of PSCs under working
conditions.

Apart from lead perovskite materials, environmentally
friendly Sn based perovskites have also been explored to
fabricate lead-free perovskite solar cells.’** However, the
stability study of lead-free perovskite materials is relatively
scarcely reported. To sum up, perovskite materials are greatly
affected by moisture/water associated decomposition. Factors
such as thermal stress, oxygen, UV-light and solution processing,
etc. all have severe effects on the stability of perovskites and
PSCs.** Reports on perovskite degradation caused by thermal
decomposition,””**** crystal phase transition,***” photo-induced
trap state formation®® or photodecomposition, and electrically
induced ion migration®® provide helpful understanding of the
instability problems of perovskites and PSCs.

2.2 Electron transporting layers (ETLs)

Metal oxide semiconductors such as TiO,, ZnO and SnO, have
been applied as ETLs in PSCs to extract electrons from light
absorbers."**°"** Ti0, is the most extensively used ETL in PSCs
adopted from a similar concept of dye sensitized solar cells
(DSSCs). TiO, causes the PSCs to be instable because of its
sensitive nature to UV-light. The mechanism of UV-induced
TiO, degradation in PSCs remains under debate. One hypothesis
was proposed by Snaith et al.,*>*® who ascribed the instability of
PSCs to UV light-induced desorption of the surface absorbed O,
on mesoporous TiO, films. Upon UV-light illumination on the
TiO, surface, oxygen is desorbed owing to the recombination of
holes in the valence band (VB) of TiO, with electrons at the
oxygen adsorption sites,*”*® thus leaving free electrons in the
conduction band (CB) of TiO, and positively charged empty
oxygen vacancy sites. These free electrons would readily react
with a p-type doped hole-transporting material (HTM) such
as Spiro-OMeTAD, causing performance degradation of PSCs.
Devices without TiO, materials presented a better stability of
constant photocurrent performance for a continuous 1000 h of
light exposure compared with those having TiO, ETLs.*®

Ito et al. explained the UV-light induced degradation mechanism
of PSCs from a similar perspective to DSSCs.*® They considered that
the degradation of perovskite layers in PSCs may be due to the
photocatalytic characteristics of TiO,. TiO, might extract electrons
from the iodide anions (I") of perovskite materials under UV light
exposure, and then the perovskite crystal structure may be destroyed
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after releasing I,, causing performance deterioration of
PSCs. However, since perovskites have different chemical pro-
perties from the redox electrolyte of I /I;~, the photocatalytic
properties of TiO, need to be further studied to determine
how UV-light intensity affects perovskite decomposition
initiated by TiO,.

Some reports also pointed out that TiO, is critical for the
long-term stability of PSCs.>® Matsumoto et al. found that the
photodecomposition of CH;NH;PbI; active films was degraded
more slowly than the completed PSCs using TiO, ETLs.>' They
regarded that interfaces within the specific device architecture
would affect the degradation of PSCs. They also stated that the
degradation of perovskite materials required light and moisture,
and the degradation of PSCs became more severe under higher
humidity, and had a linear relationship with the light intensity.
The mechanism for UV-light degradation of PSCs still needs
more research work to gain deep understanding.

2.3 Hole transporting materials (HTMs) and additives

For the majority of well-functioning PSCs, hole-transporting
materials (HTMs) are essential to achieve a high PCE. So far, a
mixed solution consisting of 2,2’,7,7'-tetrakis (N,N-di-p-methoxy-
phenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD) or its p-type
form doped by dopants of Li-bis(trifluoromethanesulfonyl)-
imide (Li-TFSI) or Co-TFSI, and 4-tert-butylpyridine (TBP) addi-
tive is the most widely acknowledged HTM in PSCs. A previous
research study revealed that a dopant was necessary for efficient
charge transportation between Spiro-OMeTAD molecules, as n-n
intermolecular stacking was lacking in the pristine Spiro-
OMEeTAD crystal structures.”® The Spiro-OMeTAD HTM is gen-
erally spin-coated on top of perovskite layers, while it has a great
difficulty in obtaining a completely pin-hole free Spiro-OMeTAD
HTM layer.>® Thus species in the atmosphere can easily react
with the Spiro-OMeTAD HTM and permeate from the tiny pin-
holes. Moisture and O, diffuse through these small pinholes to
decompose the perovskite underneath the HTMs, meanwhile,
mobile ions migrate from the perovskites to speed up the
degradation of the HTMs. These degradation processes will lead
to the aging of films and inferior cell performance in a short
time. Qi et al investigated the Spiro-OMeTAD HTM caused
degradation of PSCs via a thermal deposition process,”">
the doping effects of Li-bis(trifluoromethanesulfonyl)-imide
(Li-TFSI),> and the environmental effects of gas molecules
(05, H,0 + N,, and N,).>® They discovered that Li-TFSI migrated
from the bottom to the top across the Spiro-OMeTAD film when
the solar cell was exposed to air. Li-TFSI gradually redistributed
to the top surface of HTMs, inducing rapid film degradation
and a decrease in the efficiency of PSCs. Besides, a spectrum-
dependent mechanism for incident light induced oxidation of
Spiro-OMeTAD with the LiTFSI dopant in PSCs was proposed by
Meng et al.’” They revealed that the oxidation of Spiro-OMeTAD
could take place without perovskite’s presence when the films
were illuminated at a short wavelength range of 380 nm to
450 nm. In a wavelength range longer than 450 nm, Spiro-
OMEeTAD was only oxidized when the perovskite was involved in
the oxidization reaction.
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2.4 Electrodes

Metal electrodes are an important component in PSCs for
charge collection. Commonly used metal electrodes in PSCs
are gold, silver and aluminum (inverted structure). Silver is a
cheaper choice compared to gold, but PSCs assembled with
a silver electrode experience a fast degradation of the PCE.
The reason for the degradation is that silver may react with
perovskite materials and form silver chloride (AgCl) or silver
iodide (AgI) under humid conditions, causing short circuits or
shunting degradation of PSCs.>® The migration of ions towards
the electrode side and excess iodide accumulation at the inter-
face of the perovskite/HTM/electrode were shown to be respon-
sible for the degradation of PSCs.>® The migration of methyl
ammonium ions accelerated the formation of Agl via penetrating
the small pinholes in Spiro-OMeTAD films.®® Fig. 3 shows a
hypothesis of perovskite film degradation at the interface of the
metal cathode/HTM/perovskite proposed by Qi et al.*®® The initial
step for PSC degradation takes place when water in ambient air
diffuses from the pinholes of the Spiro-OMeTAD film as shown in
Fig. 3(a). Then the perovskite film is decomposed into CH;NH;,]I,
HI and Pbl, (Fig. 3(b)). Volatile species of iodine compounds react
with the top Ag electrode and generate Agl. Meanwhile, the
moisture and reactant species in air further degrade the perov-
skite film, leading to a more serious performance decay as shown
in Fig. 3(c). The migration of ions may be a reversible process. The
metal corrosive reactions occurring at the interface of the HTM/
electrode or inside the HTM when the thermally evaporated
metal diffused into the HTM, are irreversible degradation
processes, causing performance degradation of PSCs. Gold
has a high corrosion resistance to iodine, but it could also be
corroded under oxidative conditions.®’ A previous research
study found that the iodine/iodide redox couple can react with
gold to form Aul,” and Aul,.°” Therefore, metal-iodide corrosion
induced by charge accumulation at interfaces is an indispensable
reason for the degradation of PSCs.

As well as the above discussed factors, issues such as
solution and carrier gas during device fabrication may also
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Fig. 3 Hypothesis of perovskite film degradation at the interface of
metal cathode/Spiro-oMeTAD HTM/perovskite in a humid environment.
Redrawn from ref. 60.
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affect the stability of PSCs. The interfaces between each function
layer are crucial for the stability of PSCs as well, where charge
accumulation and recombination are likely to occur. In order to
address these challenges and obtain stable PSCs, approaches to
study the long-term stability of perovskite materials and PSCs are
discussed in the next section. A variety of recent strategies
targeting the stability improvement of PSCs are fully reviewed
in our strategy section.

3. Experimental and theoretical
methods to study the long-term
stability of perovskite solar cells

After exploring a variety of degradation mechanisms for perov-
skite materials and PSCs, another critical question is how to
monitor the degradation process of perovskites and PSCs
qualitatively and quantitatively? Appropriate physical and
chemical techniques are desired to study how environmental
conditions affect perovskites and PSCs. Optical properties,
crystal phase changes, crystallinities of bulk perovskite materials
and their surface properties vary to a large extent during the
decomposition processes. Other parameters including the carrier
lifetime, mass loss, thermal and mechanical characteristics are
valuable information to access the whole picture of the degrada-
tion of perovskite materials and the performance decay of PSCs
as well. These parameters may provide some clues about avoiding
a harsh environment or practicable caring for perovskite material
preparation and device fabrication.

3.1 Experimental methods

Perovskite films decompose within a few days of exposure to air
without effective encapsulation, and the film color changes
from dark brown to yellow. Habisreutinger et al. stated that the
color change of the lead halide may correlate with the bond
dissociation and the transformation of the perovskite crystal
structure, turning into a lower dimensional system after the
methylamine cations reacted with water molecules.®® We also
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noticed that perovskite films of CH;NH;PbI; coated on glass
decomposed completely in ambient air within a month.

UV-visible absorption spectroscopy is a commonly applied
method to monitor the degradation process of perovskite
materials. An obvious absorption decrease in the wavelength
range of 530 nm to 800 nm can be observed from the absorp-
tion spectrum of perovskite films.®* Fig. 4(a) shows the absorp-
tion changes of CH3;NH,PbI; films kept at a relative 90%
humidity in the dark at room temperature for different storage
periods.”” The CH3;NH;Pbl; film had a sharp absorption
decrease in the visible range from just prepared to that stored
for 14 days, indicating a rapid decomposition of CH;NH;PbI; to
PbI,. Kamat et al. studied the interaction between CH;NH;PbI;
and H,O0 vapor by evaluating the optical absorption properties
of the perovskite in the ground-state and excited-states.”” The
X-ray diffraction (XRD) spectrum supported the degradation of
perovskite CH;NH,PbI; with the disappearance of the initial
characteristic peaks of CH3;NH;PbI; at 31.86° 40.45° and
43.14°, assigned to the planes of (310), (224) and (314) for the
tetragonal perovskite structure.®”®> New peaks of the decom-
posed product of PbI, were located at 34.3° (102), 39.5° (110),
52.4° (004), and for I, a peak was located at 38.7° (201).**

In situ measurements are powerful techniques to study the
degradation process of perovskite films from a dynamic per-
spective. Kelly et al. investigated the degradation mechanisms
of CH3NH;PbI; films in a controlled humid environment via
in situ absorption spectroscopy and in situ grazing incidence
X-ray spectroscopy (GIXRD)."® Phase changes of the perovskite
films during the degradation process were monitored. They
found that the degradation of perovskites depended upon the
humid conditions and the HTM layer coated on the top of
perovskites. A hydrophobic HTM may be favorable for protect-
ing the perovskites from moisture permeation. The same group
also studied the thermal instability of CH3;NH,PbI; films
deposited on a ZnO surface through in situ GIXRD experiments
and density functional theory (DFT) calculations.*® A proton-
transfer reaction was proposed to explain that the decomposi-
tion mechanism occurred at the interface of ZnO/CH;NH;PbI;
considering the basic nature of ZnO. Fig. 4(b-e) shows the

x10'
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-
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Fig. 4 (a) UV-visible absorption spectra of perovskite CH3NHzPbls for varied time storages in 90% humidity in the dark at room temperature;'” 2D GIXRD
patterns of SiO,/ZnO/CHzNHzPbls films after different heating times of 0 min (b), 13 min (c), 17 min (d), and 20 min (e) at 100 °C in air;** () the azimuthally

integrated intensity plot of the sample SiO,/ZnO/CH3sNH3zPbls films. Reproduced with permission.
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GIXRD pictures of the decomposition of SiO,/ZnO/CH;NH,;PbI;
films after heating at 100 °C for various time periods in air.
Fig. 4f shows the azimuthally integrated intensity plot as a
function of the scattering vector (g) and time. From these ring
patterns, it clearly revealed that the perovskite was degraded
after heating at 100 °C for ca. 13 min, and Pbl, was immediately
formed without any intermediates.

Hu et al. reported an in situ electrical resistance measure-
ment combined with a time-resolved X-ray diffraction (XRD)
analysis to study the interaction between perovskite materials
with moisture exposed for a short- and a long-time.®® They
found that the perovskite films can be recovered from the
short-time exposure, while the long-time exposure caused an
irreversible decomposition of CH;NH;PbI;_,Cl, into Pbl,. They
further identified that the perovskite films with less defects
would be more stable to resist moisture. Divitini et al. investi-
gated the heat-induced degradation of PSCs via transmission
electron microscopy (TEM) with an in situ heating facility.®”
They confirmed that the thermal stability of the PSCs was
influenced by the morphological changes of the perovskite
films and the heat induced ion (iodine and lead) migration.

The surface properties of perovskites and PSCs during
degradation processes can be investigated via photoelectron
spectroscopy (PES). PES studies the surface chemical composi-
tion and the electronic structure by analyzing the kinetic energy
of the emitted photoelectrons from the surface of the sample.
Philippe et al. reported the electronic structure properties of the
perovskite materials of CH3;NH;Pbl;, CH;NH;Pbl; ,Cl, and
CH;NH,PbCl; via a PES study.®® The surface composition
changes of the perovskite CH;NH;PbI; under effects of water,
temperature, and storage time in air and argon were monitored
by PES. It revealed that the decomposition of CH;NH;PbI; not
only correlated with high humidity, but also with the tempera-
ture. It proved that a slow degradation of CH;NH,;PbI; happened
even in an inert atmosphere, like argon.

Electrochemical impedance spectroscopy (EIS) is an effective
technique broadly applied to study various kinds of solar cells,
for example DSSCs, OPSCs and PSCs. Information including
the chemical capacitance, C,; the recombination resistance,
Riec; the transport resistance, Ry;; the charge transfer resistance,
Rcr; the electron lifetime, 7, etc. can be extracted from Nyquist
plots by fitting suitable equivalent circuit models.®® The stability
of perovskite materials and PSCs can be studied by EIS as well.
Venkataraman et al. researched the photo-induced ion transport
and degradation in perovskite active layers via measurements of
EIS and powder XRD.”° Three types of lead triiodide perovskites
with M cations of methylammonium (MA)~, formamidinium
(FA)™, and MA,FA, _,, respectively, were used as the active layers
in PSCs for the EIS study at different temperatures under light
illumination. They found that the degradation of the PSCs
happened when light was illuminated in the region of IR and
visible. They also showed a quasi-reversible photo-induced degra-
dation existed in these active layers. An approach for the stability
improvement of PSCs was proposed to incorporate a large FA
cation with a small MA cation to avoid the phase changes
and enlarge the active energy barrier for the ion transport.
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Fig. 5 EIS study of the CHsNH3Pblz sample at 45 °C at 100 mW cm ™2 light
intensity. Reproduced with permission.”®

Fig. 5 shows the EIS plot of the CH;NH;PbI; sample tested under
100 mA ecm ™ light illumination at 45 °C and an applied bias of
0 V. Two distinct semicircles represented two charge transport
regimes that can be clearly distinguished. Semicircles close to the
region of origin can be assigned to the impedance arising from
the electronic transport in the high frequency spectrum. The
second semicircle presented increasing impedance due to charge
or mass transfer at the interface or Warburg ion diffusion.

Thermal and mechanical measurements are worthy of
attention for the degradation study of PSCs. PSCs may endure
thermal and mechanical degradations in outdoor applications.
Thermal gravimetric analysis (TGA) is used to study the thermal
stability of perovskites by mass loss.”* The mechanical proper-
ties of stiffness and brittleness of perovskite films and PSCs
affect the long-term stability of PSCs, especially in the case of
flexible PSCs. The mechanical properties can be studied by the
tension and fatigue tests.

An accelerated current-voltage (I-V) measurement as a
function of duration time can test the long-term stability
of PSCs, combining the thermal, humidity cycles, aging test
facilities or concentrated sunlight. Stability test conditions for
PSCs were recommended by Gritzel,”> and the suggested
stability evaluation of PSCs included light soaking tests for
1000 h in full sunlight, and damp heat tests for 1000 h at 85%
humidity and 85 °C. The PSC test usually undergoes a hysteresis
effect, and inconsistent results were obtained with the applied
bias direction (i.e. forward scan, reversed scan) and scan rate.
Kamat et al. recommended a protocol to characterize the PSC
performance for accurate comparison.”> Accurate and reliable
performance characterization of PSCs is strongly needed for
consistent comparison in the PSC research community.

3.2 Theoretical calculations

A number of theoretical studies illustrated how perovskite films
degraded, and how perovskites interacted with environmental
factors, directing fundamental understanding of the degradation
processes of perovskite films.”* The degradation of perovskite
materials or interactions of perovskites with environmental
species can be theoretically calculated at the molecular or single
crystal level.”>”® The electronic structure of perovskites can be
acquired by first-principles, ab initio and density functional
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theory (DFT) methods. The properties of the bandgap, transition
dipole moment, effective mass of carriers, defect levels, crystal
structure, interaction energy, charge distribution and other
parameters can also be obtained from a theoretical viewpoint.
A combined study of experiment and theoretical calculations
effectively elucidated the degradation problems of perovskites.””

Angelis et al. published an atomistic study of MAPbI; inter-
acting with liquid water using ab initio molecular dynamics
simulations.”® It was found that a fast solvation process
occurred on the MAI-terminated surface because of the
interaction of the water molecules with Pb atoms. The
Pbl,-terminated surface was comparatively more stable than
the MAI-terminated one, due to a strong bond of Pb-I on
the facets. Surface hydration might happen on both MAI- and
Pbl,- terminated slabs, and it showed no effect on the electronic
structure of MAI-terminated slabs. However, surface hydration
did enlarge the local band gap of the Pbl,-terminated slabs in
the interfacial region. It showed that water incorporation into
MAPDI; did not change the tetragonal structure of perovskite
crystals with only around 1% volume expansion, and it slightly
opened the band gap of MAPbI; crystals. They concluded that
the new interfacial modification and device configuration could
lead to a stable device for future commercial applications. Their
work well illustrates the electronic and crystal structure proper-
ties at the interface of perovskite/water at the atomistic level.

Sit et al. studied the interaction of water, hydroxyl radicals
and hydroxide ions with the tetragonal CH3;NH;Pbl; and
CH;NH,PbBr; (110) surfaces by the ab initio DFT calculations.”
The computational results revealed that CH;NH;" (MA) cations
favorably oriented with the NH; group, thus forming hydrogen
bonds between the hydrogen ions of the NH; group and the
halide ions. They also found that the degradation of the perov-
skites involved a vital step of desorption of CH;NH, molecules,
which may be considered as the beginning of perovskite degrada-
tion. The desorption energy was only slightly decreased by the
water molecules, while it was significantly lowered by the inter-
action of the perovskite with the OH radical and the OH™ ions.
The Pbl, termination dependence on the tetragonal CH;NH;Pbl;
surfaces of (110), (001), (100) and (101) was studied via DFT
calculations by Tateyama et al.®* They revealed that the vacant
termination was more stable than the PbI,-rich flat one. Walsh
et al. reported the origins of the high performance of PSCs
by electronic structure calculations and discussed the possible
degradation mechanisms of perovskites in the presence of
water.®'

Mobile ion diffusion has been considered as an important
mechanism related to the aging and the hysteresis effects of
PSCs.?* Tateyama et al. calculated the activation energies of the
ion vacancy migrations in two kinds of perovskite materials of
tetragonal CH3;NH;PbI; (MAPbI;) and trigonal (NH,),CHPbI;
(FAPbI;) by a first-principles study.®® The diffusion effects of
anions and cations were studied. They discovered that I" anions
can diffuse facilely with an energy barrier of ca. 0.45 eV for two
perovskite materials, meanwhile, cation molecules of MA" and
FA" can also migrate with an energy barrier of ca. 0.60 eV,
indicating that cations can move under an applied bias as well.
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They further identified that cation migration had negative effects
on the lattice distortion and shrinkage, leading to damage of the
perovskite crystal structure. They concluded that a larger cation
and a lower defect concentration in crystal grains would be
beneficial to suppress hysteresis and overcome the device aging
problem.

Theoretical calculations study the degradation phenomenon
of perovskite materials from the aspects of electronic and
crystal structure. Particularly various interfaces of perovskite/
metal oxides and perovskite/environmental factors have merits
to study for improved organometallic perovskites and superior
device architectures.

4. Approaches to improve the long-
term stability of perovskite solar cells

The photovoltaic performance and long-term stability of PSCs
mainly rely on the properties of perovskites, ETLs, HTLs,
electrodes, device architecture, fabrication procedures, and so
on. To overcome the instability problem of perovskite materials
and produce stable PSCs, various approaches have been inves-
tigated, including perovskite material engineering, for example
changing perovskite composition or alloying perovskites,
designing 2D layered perovskites, or using all inorganic perov-
skites, etc. Other solutions for making stable PSCs involve using
alternative organic or inorganic HTMs, and applying substituted
electrode materials. Especially carbon based counter electrodes
have become a very active research branch in the PSC field,
bringing PSCs in a HTM-free, stable and cost-effective direction.
Moreover, novel device configurations and robust encapsulation
technologies all provide useful methods for constructing much
more stable and reliable PSCs for practical applications. Based
on the previous discussion and understanding of the degrada-
tion mechanism of perovskites and PSCs, various aspects are
presented as follows for enhancing the long-term stability of
perovskite materials and PSCs.

4.1 Engineering of perovskite materials

(a) Perovskites with mixed cations or mixed halides (some-
times also called perovskite alloys). The perovskite material has
a general formula of AMX;, whose three components “A”, “M”
and “X” can be adjusted from chemical composition engineer-
ing to form numerous categories of perovskite materials. Thus,
stable perovskites can be obtained through rational substitu-
tion of appropriate cations or anions.> For the organic cation
“A” position, commonly used methylammonium (MA) can be
replaced by or partially alloyed with other organic or inorganic
cations. Halide “X’’ site can be filled by a single halide anion or
mixed halide anions. The stabilities of the perovskites with
these mixed cations or mixed halides mainly depend on their
chemical composition associated crystal structure phase
changes and their crystal distortions.

Han et al. prepared a perovskite material (5-AVA),(MA); _,Pbl;
by partially replacing the MA with 5-aninovaleric (5-AVA) in the
cuboctahedral site of typical MAPbI;.** Solar cells based on the
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substituted compound demonstrated excellent long-term stability
for more than 1000 h in ambient air under full sunlight illumina-
tion. The improved stability of the PSCs was attributed to a better
surface contact of the perovskite (5-AVA),(MA),_,Pbl; with TiO,
and its lower concentration of defects than that of MAPbI;. Yang
et al. reported a surface modified perovskite via hydrophobic
tertiary and quaternary alkyl ammonium cations to gain moisture
invasion.® It functions as a blocking layer to protect perovskites
under a high relative humidity of 90 & 5% over 30 days.

Formamidinium methylammonium lead iodide (FAPbI;)
has drawn extensive research interest due to its excellent
optical and chemical stability. FAPbI; has a bandgap of
1.48 eV and an absorption edge of 840 nm,**®” FAPbI, also
has a higher onset decomposition temperature than MAPbI; as
reported by Zhu et al,®® which may attribute to improved
hydrogen bonding between the FA cations and the iodide ions
of the Pb-I octahedra. Formanidinium (FA) cations have been used
to mix with other organic or inorganic cations to tune the proper-
ties of perovskites. PSCs fabricated by (FAPbI;),(MAPDbBr;); ,
achieved a high PCE of 20%."> It was found that doping of
MAPDBr; in FAPbI; or partially substituting FA with MA cations
in FAPbI; can stabilize the o-phase of FAPbI;.*>*° Yi et al. devel-
oped a mixed A-site of perovskite ABX; by adding Cs cations to
FAPDI;, and the as-fabricated PSCs with a mixed composition of
a Csg,FAg gPbl, 54Brg 16 absorber obtained a high PCE of over
17% and enhanced long-term stability in ambient air.”*

Zhu et al. studied stabilizing the perovskite structure by
tuning the tolerance factor ¢ from alloying FAPbI; (a larger ¢)
with CsPbl; (a small ¢).°> The FA;_,Cs,Pbl; alloy and its
corresponding solar cells showed improved humidity stability
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compared to that of FAPbI; due to a more stabilized perovskite
crystal structure. Fig. 6(a) shows the calculated formation
energy difference as a function of the tolerance factor (¢) and
the Cs ratios of the FA; ,Cs,Pbl; alloy. FAPbI; with the
hexagonal structure had the lowest formation energy which
indicated that it had a more thermodynamically stable crystal
phase. As the Cs ratio increased from 0% to about 30%, a stable
structure changed from the hexagonal (Jy) to the orthorhombic
(00) phase with a minimum energy required for the phase
changes from the cubic (o) phase to the two J phase. Fig. 6(b)
shows photo images of thin films of FAPbI; (left) and
FA( g5Csg.15Pbl; (right) under 90% humidity conditions.
FAy g5Cs0.15Pbl; showed better humidity and thermal stabilities
than FAPDbI;, as FAy g5Csg.15Pbl; films did not undergo obvious
color changes during aging. FAPbI; had a reversible phase
change at the temperature of 170 °C as the film color recovered.
The photo-stability of single crystal nanowire shaped FAPbI;,
MABr-stabilized FAPbI;, FAPbBr;, (FAMA)PbI; alloys, and
(FA,MA)Pb(Br,I); was also reported.®® FA based perovskites
showed better photo-stability than MA substituted perovskites.

Mixed halide perovskites have been extensively studied to
adjust the bandgap of perovskites for broad light absorption or
for making colorful PSCs.*>® The stabilities of mixed halide
perovskites depend on the chemical composition and categories
of halide atoms.>* The humidity stability of perovskite crystals is
mostly associated with dense packing and crystal structure. Due
to the different ion radius and the electronic mass of Cl, Br, and
I, a perovskite crystal structure substituted by a smaller halide
atom would change from the tetragonal (pseudocubic) phase to
the cubic phase. Smaller lattice constants and better humidity
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(a) Calculated formation energy difference as a function of tolerance factor (t) and Cs ratios correlated with different phases of a-phase and

3-phases for FA;_,Cs,Pbls alloys, and (b) photos of thin films of FAPDbIs (left) and FAg gsCsg.15Pbls (right) under 90% humidity conditions. Reproduced with

permission.®?
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stability can be achieved after the above phase transition. Thus
MAPDI; is known to be more sensitive to moisture compared
with MAPbBr.>***

(b) Layered perovskites. Layered perovskites also known as
two-dimensional (2D) perovskites can be derived from 3D
analogues by shearing certain structure planes.’® It was noticed
that 2D perovskites can easily form good films with better
resistance to humidity than the 3D analogues.”® Drawbacks of
2D perovskites include a large bandgap, spatial confinement of
the structure, and strongly bound excitons with low mobility.
Even facing these obstacles, Karunadasa et al. pioneered an
investigation of a 2D perovskite (PEA),(MA),[Pbsl;,] (PEA =
CeH5(CH,),NH;", MA = CH;NH;") synthesized from a mixture
of (PEA)I, (MA)I and Pbl, in a stoichiometric ratio.”” They
fabricated planar solar cells using the 2D perovskite as the
light absorber, and 4.73% PCE was achieved with a high V,. up
to 1.18 V. Humidity stability tests confirmed this 2D perovskite
had remarkable moisture resistance without any significant
changes after exposure at a relative humidity of 52% for 46 days.
This result is encouraging for developing layered perovskites.

To date, only a few studies have reported the preparation
of layered perovskites and their photovoltaic applications.
Yang et al. prepared an atomically thin 2D perovskite sheet
(C4HoNH;),PbBr, via a solution phase growth method.’® Single-
and few-unit-cell-thick single-crystalline perovskite crystals
were prepared. They found that these 2D crystals displayed an
unusual structural relaxation and efficient photoluminescence.
Yao et al. studied a 2D perovskite based on methyl- and polymeric-
ammonium cations through compositional engineering.’”
A small amount of polymeric ammonium PEI-HI was added
to PbI, for solar cell fabrication, and the as-obtained 2D
perovskite material (MAPDI;), ,[(PEI),Pbl,], and its corres-
ponding solar cells showed improved moisture resistance.
The same group also reported that an in situ generated layered
perovskite (PEI),[Pbl,] was formed underneath the 3D MAPbX;
films.”®

Layered perovskites have been demonstrated as a feasible
method to reinforce the humidity stability of perovskite films.
More research studies need to be carried out to further advance
layered perovskite structure design, film preparation and cor-
related solar cell fabrication, thus enhancing the long-term
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stability of perovskite materials and solar cells, especially the
humidity resistance properties.

(c) Allinorganic perovskites. All-inorganic perovskites
represent a group of materials without any organic cations on
the ‘A’ site in the formula AMX;. Inorganic perovskites are
known to be more thermally stable than their organic-inorganic
hybrid counterparts. Cesium lead trihalides (CsPbX;)** "' and
cesium tin trihalides (CsSnX;)*"'° are two representative inorganic
perovskites, and they have been applied as light absorbers in
photovoltaics. Snaith et al. developed a low temperature phase
transition method to stabilize cesium lead iodide CsPbl; in the
black perovskite phase at room temperature.”® They fabricated
planar structured solar cells based on CsPbl; and obtained a
maximum 2.9% PCE performance. Their work paves a way that
thermally stable inorganic perovskites can be applied in opto-
electronics and solar cells.

All-inorganic perovskites of cesium lead bromide CsPbBr;
have been investigated. They have a direct bandgap of 2.3 eV,
appearing not so promising from the light absorption range
point of view. However, Cahen et al. demonstrated that CsPbBr;
can achieve a comparable PCE performance to the MAPDbBr;
based solar cells.'® They regarded that the organic cation was
not essential for high performance PSCs. Recently, the same
group compared the thermal stability of perovskite materials of
MAPbBr; and CsPbBr;, and they also studied the long-term
stability of the solar cells assembled from these two
perovskites."”" The TGA results showed that the inorganic
CsPbBr; was much more stable than the organic substituted
MAPDbBr; as shown in Fig. 7(a). 6% conversion efficiency was
achieved by the CsPbBr; absorber under AM1.5 illumination.
Fig. 7(b) presents that CsPbBr; based solar cells performed a
better stability than that of MAPbBr; during two weeks of aging
study. The reasons for the excellent stability of CsPbBr; based
solar cells may be attributed to a higher volatility of MABr, thus
MABr can be more easily released than CsBr. Another reason
might be the more hydrophilic character of MAPbBr compared
with CsPbl;. All-inorganic perovskites have been demonstrated
to be potential candidates for light harvesting, particularly
aiming at stable PSCs.

Table 1 summarizes several representative organic-inorganic
hybrid perovskites and all-inorganic perovskites used in the PSC
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Fig. 7 (a) Thermogravimetric analyses of methylammonium bromide (CHzNH3zBr), methylammonium lead bromide (CH3NHzPbBr3), lead bromide
(PbBry), cesium bromide (CsBr), and cesium lead bromide (CsPbBrz); and (b) long-term stability study of CsPbBrs-based and CHsNHsPbBrs-based PSCs.

Reproduced with permission. 1
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Table 1 Summary of several representative perovskite materials used in PSCs with their solar cell architecture, device performance and long-term

stabilities

Perovskite light Max PCE  Long-term stability;

absorbers Device configuration (%) remaining PCE Test conditions Ref.

CH;3NH;PbI; FTO/c-TiO,/meso-TiO,/ 9.7 500 h; stable R.T., air, without encapsulation, 39
CH;NH;PbI;/Spiro-OMeTAD/Au AM 1.5G
FTO/c-TiO,/meso-TiO,/ 15 500 h; >80% 45 °C, 100 mW cm ™2 light 40
CH;3;NH;Pbl;/Spiro-OMeTAD/Au soaking, encapsulated
FTO/c-TiO,/meso-TiO,/ 11.02 720 h; 83% Stored in dry air with RH of 20% 152
CH;NH;Pbl;(carbon)/carbon without encapsulation
ITO/NiO,/CH3;NH;PbI;/ZnO/Al 16.1 1440 h; 90% Tested: R.T., air, without 9

encapsulation, RH of 30-50%;
stored: air, R.T.

CH,;NH,PbBr; FTO/c-TiO,/CH;NH;PbBr,;/PIFS- 10.40 — — 168
TAA/Au 6.6 336 h; 15% Tested: air, RH of 60-70%; 102
FTO/c-TiO,/meso-TiO,/ stored: dark, air, RH of 15-20%
CH;NH;PbBr;/PTAA/Au

CH;NH;PbI;_,Cl, FTO/c-TiO,/Al, 05/ ~11 1000 h; 55% 40 °C at N,, encapsulated, no 169
CH;NH;Pbl;_,Cl/Spiro- UV cut-off filter, 76.5 mW cm >
OMeTAD/Au

(FAPDBIL;)(MAPbBr;), . FTO/c-TiO,/meso-TiO,/ 20.11 — — 42
(FAPbL;),(MAPbBT;), _,/PTAA/Au

(5-AVA),(MA), _,PbI; FTO/c-TiO,/meso-TiO,/Zn0,/Car- 12.84 >1000 R.T., air 84
bon/(5-AVA),(MA), _,Pbl;

(PEA),(MA),[Pbs;,] FTO/c-TiO,/(PEA),(MA),[Pbsl,,)/ 4.73 — — 170
Spiro-OMeTAD/Au

CH;3NH;Snl; FTO/c-TiO,/meso-TiO,/ 6 — — 32
CH;NH;Snl;/Spiro-OMeTAD/Au

CH;NH;SnIBr, FTO/c-TiO,/meso-TiO,/ 5.73 Few hours — 30
CH3;NH;SnIBr,/Spiro-OMeTAD/Au

CsPbBr; FTO/c-TiO,/meso-TiO,/CsPbBr;/ 6.2 336 h; stable Tested: air, RH of 60-70%; 100 and 101
PTAA/Au stored: dark, air, RH of 15-20%

CsPbl; ITO/PEDOT:PSS/CsPbl;/PCBM/ 2.9 — — 99
Ca/Al

¢-TiO,: compact TiO, layer; meso-TiO,: mesoporous TiO, layer; RH: relative humidity; R.T: room temperature.

field; their corresponding solar cell architecture, device perfor-
mance and long-term stability results are listed for comparison
as well.

4.2 Applications of alternative organic or inorganic HTMs

Hole-transporting materials (HTMs), especially expensive Spiro-
OMeTAD and its doped form, are easily degraded as discussed
in Section 2.2(b), which is often considered as an important
mechanism for the degradation of PSCs. Spiro-OMeTAD films
prepared using the spin-coating method usually have miniscule
pinholes. A dense and pinhole-free Spiro-OMeTAD film can
promote better device performance and stability.>® In order to
enhance the stability of PSCs and reduce the cell fabrication
cost, numerous research studies have focused on designing and
synthesizing alternative organic or inorganic HTMs to sub-
stitute expensive Spiro-OMeTAD. Less dopant and stable HTMs
are the major ways for achieving stable PSCs.

(a) Organic hole-transporting materials (Or-HTMs). Organic
HTMs include poly-(triarylamine) (PTAA),** poly(3-hexylthiophene)
(P3HT)'**'** and polyaniline (PANI),"%>"'% etc. that have been
employed in PSCs to substitute Spiro-OMeTAD. Swetha et al
summarized a review on small organic molecules and conju-
gated polymer based HTMs in PSC applications.'®” According to
molecular structure differences, organic HTMs can be classified
as assorted types of spiro-, triphenyl-, carbazole-, quinolizino-,
triptycene-, thiophene-, diketopyrrolopyrrole- (DPP), and so on.

This journal is © the Owner Societies 2016

An appropriate HOMO level matching with the perovskite, a high
hole mobility, and good thermal and chemical stabilities are the
prerequisites for HTMs for stable and efficient PSCs. Recent
progress of organic HTMs for producing durable PSCs is intro-
duced herein.

HTMs with various molecular structures have been investi-
gated. N. Jeon et al. synthesized a series of pyrene-core aryl-
amine derivatives to replace the spirobifluorene core as HTMs
for PSC applications.'®® A PCE of 12.4% was achieved, which
was comparable to that of Spiro-OMeTAD based cells having a
12.7% PCE. HTMs with conjugated quinolizino acridine'®® and
a two-dimensionally expanded m-system around an azulene
core'™ were synthesized and applied as HTMs for high
performance PSCs.

Undoped HTMs draw a lot of research interest since dopants
may deteriorate HTMs faster and accelerate the degradation of
PSCs. Kazim et al. reported a 6,13-bis(triisopropylsilylethynyl)
pentacene as a potentially stable and cost-effective HTM for
PSCs.'"! Solar cells assembled in its pristine form exhibited a
higher PCE of 11.8% over those of its doped form with the
LiTFSI dopant and ¢BP additives, and it was also higher than
that of a doped Spiro-OMeTAD/LiTFSI/t-BP mixture. Another
spiro type of HTM was developed by Ganesan et al.>® The
as-fabricated solar cells based on this new HTM showed a
PCE of 12.74% without any dopant, comparable to that of a
PCE of 13.44% doped by the cobalt additive FK209. Meanwhile,
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this new spiro HTM gained much higher photovoltaic perfor-
mance than that of pristine Spiro-OMeTAD HTM based solar
cells under the same fabrication conditions.

A highly hydrophobic oligothiophene derivative named
DR3TBDTT was synthesized by Xiao et al. and used as a HTM in
PSCs.'™ A flow agent of polydimethylsiloxane (PDMS) was
added into a DR3TBDTT solution to achieve a uniform and
thin layer of HTM. CH;NH;Pbl; ,Cl, planar solar cells
assembled with the DR3TBDTT/PDMS HTM without ion addi-
tives achieved an 8.8% PCE, which was similar to the one
fabricated by Spiro/LiTFSI HTMs. The same group also reported
an ion-electrolyte-free HTM of triphenylamine derivative
N,N'-di(3-methylphenyl)-N,N’diphenyl-4,4’-diaminobiphenyl (TPD),
combined with a buffer layer of 1,4,5,8,9,11-hexaazatriphenylene-
hexacarbonitrile (HAT-CN) inserted between the HTM and metal
electrode.'™® A HAT-CN agent led to improved hole extraction and
a lower charge injection barrier at the interface of the HTMs and
Au electrodes. The long-term stability of these dopant free PSCs
was investigated and stable PSCs without encapsulation main-
tained 90% PCE after around 1000 h storage at a humidity less
than 20% at room temperature in the dark.

Choi et al. published a star-shaped HTM with a bis-
dimethylfluorenylamino moiety for PSC applications.'** They
showed that a fused triphenylamine core was essential for
improving the hole mobility and HTM stability. A maximum
of 14.21% conversion efficiency was gained by the fused
triphenylamine HTM based PSCs. The triphenylamine HTM
had a comparable stability to the Spiro-OMeTAD HTM for 250 h
testing under one sun illumination in air at room temperature.
Abate et al. synthesized a silolothiophene-linked triphenylamine
(Si-OMeTPA) HTM™"® for PSC applications, and the stability of the
solar cells was evaluated by monitoring the steady-state maximum
power output of the cells under working conditions. The PSCs
using Si-OMeTPAs demonstrated enhanced stability compared
with the state-of-the-art spiro-OMeTAD HTM, attributed to the
superior thermal stability of the Si-OMeTPA molecule.

Table 2 lists a summary of several representative organic
HTMs with their molecular structures, and their corresponding
solar cell performance and stability results.

(b) Inorganic hole-transporting materials (In-HTMs).
Compared with organic HTMs, p-type inorganic semiconductors
are more thermally robust, and they can be used as hole
transporting layers in PSCs as well. Materials such as copper
thiocyanate (CuSCN),"*® copper iodide (Cul),"*”**® lead(m) sulfide
(Pbs),"**"*° nickel() oxide (NiO),"** nickel oxides (NiO,),"**™"**
copper doped NiO,,"* copper indium sulfide (CulnS,)'*® and
copper zinc tin sulphide (Cu,ZnSnS,, CZTS),"* etc. have shown
promising properties as HTMs in PSCs. Inorganic HTMs are
chosen based on suitable energy levels of their valence band (E,)
or the Fermi levels (Er) matching with the perovskites and the
electrodes. Inorganic HTMs also need to have high conductivity
for hole collection and accessible solution processing procedures
compatible with the perovskite layer underneath. Taking NiO, as
an example, NiO, has a valence band (VB) of —5.4 eV**® and a
work function of 5.05 eV,” aligning well with the LUMO level of
the organometallic halide perovskite CH;NH;PbI; (—5.4 eV) for
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hole collection. Meanwhile, NiO, has a conduction band (CB)
as high as —1.8 eV,"*® efficiently blocking electron transport.
Besides, NiO, as a wide-bandgap metal oxide has excellent
optical transparency. Thus it has been widely used as a HTM
or an interfacial layer in PSCs. Here, recent progress on inor-
ganic HTMs for enhanced stability studies of PSCs is presented.

A low temperature solution processed and cheap inorganic
HTM of CuSCN was studied by Qin et al for PSC
applications."'® 12.4% PCE was obtained under full sunlight
illumination, attributed to a predominantly higher hole mobility
of CuSCN than that of Spiro-OMeTAD. It was also found that a
thick perovskite CH;NH;PbI; film was necessary for high perfor-
mance since the perovskite film can be partly dissolved by
CuSCN. This work demonstrates that abundant and robust
inorganic HTMs can confer high performance and cost-effective
PSCs for reliable scale-up production.

Han et al. fabricated an inverted PSC with an aperture area
larger than 1 cm?” using heavily p-doped (p*) NiMg(Li)O as a
hole extraction layer and n-doped (n") Ti(Nb)O, as an electron
extraction layer as shown in Fig. 8.'*® Alloys of Li* and
Mg>" co-doping NiO film supplied good lattice stability for
Li,Mg,Ni,_, ,O ternary oxides and provided increased electrical
conductivity and reduced charge transport resistance, thus boost-
ing hole extraction. In the inverted cell structure, the perovskite
film was covered by stacked layers of PCBM and Ti(Nb)O,,
efficiently preventing moisture permeation. The resultant solar
cell was encapsulated by covering glass with silver as the back
contact, FTO as the front side, and sealed by UV-activated glue.
The long-term stability of the PSCs was studied and 97% of the
PCE remained after 1000 h storage in the dark. Less than 10%
PCE was lost when the cell was exposed to sunlight for 1000 h
under the short-circuit condition. This work demonstrated an
excellent long-term stability and remarkable cell performance of
16.2% PCE for the large area PSC.

Several recent reports reported that NiO, can be applied
as an efficient inorganic HTM in PSCs. Yin et al. developed a
pre-synthesized NiO, nanoparticle solution for rigid and flex-
ible PSC applications.'*>'*° Yang et al. reported a p-i-n struc-
tured PSC using p-type NiO, as the HTM and n-type ZnO
nanoparticles as the ETL.” A maximum PCE of 16.1% was
achieved. The solar cells showed an obviously enhanced stability
against degradation of water and oxygen compared with cells
fabricated with organic PEDOT:PSS as the HTM and PCBM as
the acceptor. A remarkably stable performance was observed
with 90% of the original PCE maintained after 60 days of storage
in air at room temperature. It demonstrates that inorganic HTMs
afford a promising and practical route for efficient and envir-
onmentally stable PSCs. Choy et al. explored a room-temperature
processed pin-hole free NiO, film as the HTM in PSCs.">* 14.53%
PCE was achieved for flexible PSCs, and 17.60% PCE for rigid
ITO glass substrate based PSCs. The cell showed good stability
over 30 days of storage with 93% of its initial performance
maintained. Nejand et al. fabricated PSCs with the sputtered
NiO, as the HTM and Ni as the contact layer."”* The cell
presented a stable performance over 60 days. Surprisingly, this
solar cell experienced a dramatically increasing PCE, starting
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Table 2 Summary of several representative organic HTMs with their molecular structure, and their corresponding solar cell performance and stability

results

Name, max PCE, E ymo (€V),

Chemical structure of HTMs Enomo (eV)

PSC structure and long-term stability Ref.

DR3TBDTT
8.8%

—3.55, —5.39
Triphenylamine
derivative TPD
7.1%

—2.20, —5.38

DMFA-FA
14.21%
—2.23, —5.21

(Py-C)
12.4%
—2.74 eV, —5.11 eV

dine based (Fused-F)
12.8%
—3.66 €V, —5.23 eV

X 2 New spiro type PTS1
~ OVO = { 13.44%
Ny e S O\ —2.40 eV, —5.15 eV

OMe

from the initial PCE of 1.3% increasing to 7.28% after testing
on the sixth day. The reason for this efficiency increase was
attributed to the release of strain at the interface between the
NiO, and the perovskites. It may facilitate charge transportation
and lead to a prominent increase of photocurrent density.
Another reason might be that the resistivity of NiO, decreased
during storage, thus improving the carrier mobility.

Table 3 summarizes various inorganic hole-transporting
materials (HTMs) used in PSCs, their photovoltaic performance
and the long-term stability results are presented for
comparison.

(c) Hole-transporting materials (HTMs) of carbon or
carbon composites. Carbon nanomaterials have been extensively
used in solar cells due to their superior properties. In PSCs,
carbon and carbon composites can function as HTMs and

This journal is © the Owner Societies 2016

Oligothiophene derivative

Conjugated quinolizino acri-

FTO/c-TiO,/CH;NH,PbI,_,ClL/DR3TBDTT + PDMS/Au

(1) 313 h, 98% of PCE remained, stored under dark

conditions in air at R.T. RH of 20%, 100 mW cm >

simulated AM1.5G irradiation. Without encapsulation 112
(2) 72 h, 91% of PCE remained. 100 mW cm™ > simulated
AM1.5G irradiation, RH > 50% in air at R.T. Without
encapsulation

FTO/c-TiO,/meso-TiO,/CH;NH,;PbLCl, _,/TPD/HAT-CN/
Au 1000 h, 90% of PCE remained, without encapsulation, 113
RH < 20% at R.T., in the dark

Fused triphenylamine based

FTO/c-TiO,/meso-TiO,/CH;NH;PbI,/DMFA-FA/Au 250 h,
93% of PCE remained after aging at one sun illumination

Pyrene arylamine derivatives

FTO/c-TiO,/meso-TiO,/CH3NH;PbI;/Py-C/Au stability:
no report

FTO/c-TiO,/meso-TiO,/CH3;NH;Pbl;/Fused-F/Au thermal
stability of Fused-F: stable and starts to degrade when
the temperature is higher than 410 °CDevice stability:
no report

109

FTO/c-TiO,/CH3NH;PbI;/PTS1:FK209/Au 96 h, 95% of PCE
remained, stored under ambient conditions without 52
encapsulation

electrodes simultaneously. Snaith et al. studied P3HT function-
alized single-walled carbon nanotubes (SWCNTs) incorporated
with insulating polymers poly(methylmethacrylate) PMMA or
polycarbonate (PC) matrices in PSCs.®® Carbon nanotubes
(CNTs) with a 1D nanostructure have excellent electrical con-
ductivity and chemical stability. Compared with the organic
HTM Spiro-OMeTAD and its doping mixture with LiTFSI, CNT/
polymer based composite materials have higher water resistance
at elevated temperatures. P3HT functionalization changed the
electronic properties and solubility of SWCNTs, making them
dissolve well in common solvents and form p-type forms for hole
selection. Solar cells were fabricated by sequentially spin coating
P3HT/SWCNT layers and an insulator of polymer layers. A
maximum of 15.3% PCE was obtained with the HTL structure
of P3HT/SWNT/PMMA. These PSCs demonstrated superior
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Fig. 8 (a) Configuration of solar cell FTO/NiMg(Li)O/CH3sNH3Pbls/Ti(Nb)O,/PCBM/Ag with doped charge extraction layers of NiMg(Li)O and Ti(Nb)O,
and their crystal structure. (b) J-V curve of the best cell with an active area of 1.02 cm?; and (c) long-term stability study of encapsulated cells stored in

the dark or under simulated light (AM 1.5, 100 mW cm™2). Reproduced with permission.
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Table 3 Various inorganic hole-transporting materials (HTMs) used in perovskite solar cells with their photovoltaic performance and long-term

stabilities

Inorganic E, or Ep Max PCE

HTM (eV) Device structure (%) Stability, remaining PCE Ref.

CuSCN -5.3 FTO/c-TiO,/meso-TiO,/CH;NH;PbI;/CuSCN/Au 12.4 — 116

Cul —5.2 (Ey) FTO/c-TiO,/meso-TiO,/CH3NH;PbI;/Cul/Au 6.0 1296 h; > ~75%; ambient conditions 117
without encapsulation

CulnS, —5.05 FTO/c-TiO,/meso-TiO,/CH;NH;PbI;/CulnS,/ZnS/Au  8.38 — 126

Cu,ZnSnS, — FTO/TiO,/CH;NH;Pbl;/Cu,ZnSnS,/Au 12.75 400 s, 0.7 V working conditions, stable 127

(czTs)

PbS —5.1 ITO/PbS CQDs/CH3;NH;Pbl;/PCBM/AL 7.5 — 119

NiO —5.1 (Ey) FTO/c-Ti0,/Zr0,/NiO/carbon(CH;NH;Pbl;) 14.9 1000 h, various test conditions 121

NiO, —5.4 (E,) ITO/NiO,/CH3NH;Pbl;/Cgo/Bis-Ceo/Ag 17.6 720 h, 93%, encapsulated stored in 123
ambient air, dark conditions

NiO, —5.05 (B) ITO/NiO,/CH;NH;PbI,/ZnO/Al 16.1 1440 h, 90%, Tested: R.T., air, without 9
encapsulation, RH = 30-50%

NiMg(Li)O  —5.25 FTO/NiMg(Li)O/CH;NH;Pbl;/Ti(Nb)O,/PCBM/Ag 16.2 1000 h, 97%, (storage in the dark); 128

1000 h, 90% (under short-circuit conditions
under full sunlight illumination)

E,: energy level of the valence band; Ey: work function; CQD: colloidal quantum dots.

stability under thermal stress. For both PMMA and PC cover layers,
solar cells retained 80% of the initial PCE after being exposed to
80 °C in air for 96 h. Further raising temperature up to 100 °C
caused an obvious cell performance degradation, which may be
due to the structural damage of polymers heated at temperatures
approaching their glass transition temperature (Tg). Attributed to
good covering by the polymer, solar cells with PMMA and PC cover
layers all exhibited excellent humidity stability in a water environ-
ment. The same group also explored polymer functionalized
SWNTs combined with undoped Spiro-OMeTAD for better

27038 | Phys. Chem. Chem. Phys., 2016, 18, 27026-27050

charge extraction."”® Two types of PSCs with a blend and a stack-
layered of Spiro-OMeTAD and P3HT/SWNTs were fabricated sepa-
rately for comparison. The layered structure showed comparable
high efficiency to doped Spiro-OMeTAD with a maximum PCE of
15.4%. PSCs with the carbon and dropcasted Spiro-OMeTAD
mixture as the HTM also showed excellent performance.’*

4.3 Interfacial modification

PSCs consist of two electrodes switched with an electron-
transporting layer (ETL), a perovskite active layer and a
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hole-transporting layer (HTL). As shown in Fig. 5, several
interfaces exist in PSCs depending on the specific configu-
ration of the cell. Research has revealed that interfaces
between each layer in PSCs play a key role in carrier transport,
charge extraction and charge recombination.'®"*" Interfacial
properties also lead to the degradation of perovskite materials
and the performance decay of PSCs. Appropriate approaches
to modify the interfaces between perovskite/ETL, perovskite/
HTM, and electrode/adjacent layers are essentially crucial not
only for high performance PSCs, but also for the long-term
stabilities of PSCs.

(a) Interfaces of cathode/ETL/perovskite. TiO, films are
broadly used ETLs in PSCs for both planar and mesoporous
configurations. The interface properties of perovskite/TiO,
ETLs affect interfacial charge recombination and charge
transport. The interfacial characteristics of perovskite/TiO,
films were investigated via a Kelvin force microscopy (KPFM)
study by Qiao et al'®® They examined two kinds of back-
recombination processes, one was at the interface of perov-
skite/TiO,, and another was within the grain boundaries (GBs)
of the perovskite itself. They found that Pbl, films were formed
during the film annealing due to the decomposition of
CH;NH;PbI; films or uncompleted conversion of CH;NH;Pbl;
after reaction. They revealed that a suitable amount of PbI,
films between CH3;NH3;PbI; and TiO, can build an energy
barrier to decrease the back-recombination between the elec-
trons from TiO, and the holes from perovskites. Their work
draws a reasonable connection between perovskite fabrication
procedures (i.e., deposition and annealing process of perovskite
films) and the interface properties of perovskite/TiO, ETLs.

An interfacial degradation study of an inverted planar lead
halide PSC with various metal cathode contacts was reported by
Guerrero et al.”® Fig. 9 shows energy level diagrams of the PSCs
at the interface of perovskite/cathode before and after degrada-
tion. Before contact, the energy levels of HTLs with their
respective work functions @ and the Fermi level of perovskite
Eg are drawn in Fig. 9(a). Equilibrium is built along with energy
level alignment after the function layers contact under dark
conditions as shown in Fig. 9(b). A dipole layer is generated
at the interface of perovskite/ETL/cathode, and it is readily
separated by the internal and the external driving forces. In the
case of degradation in the dark in Fig. 9(c), large dipoles exist at
the interface of the perovskite and cathode, thus decreasing the
applied potential for flat bands and causing a small Vg,'*
which is a value defined as the required voltage to generate a
flat band in a semiconductor. Upon light illumination as shown
in Fig. 9(d), the accumulation of photo-generated carriers cause
more dipoles occupied at the interface of perovskite/cathode.
This schematic illustration provides a basic understanding
about the degradation of PSCs at the cathode/ETL/perovskite
interface. It indicates that interfacial dipoles may be the main
reasons for the device degradation and the low performance of
PSCs. Judicious selection of ETLs, HTLs, metal contacts and
interfacial layers can produce efficient and stable PSCs.

Interface engineering of ITO and TiO, in a planar structured
PSC was studied by Yang et al.'® Both energy levels of ITO and
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Fig. 9 Energy level diagrams of PSCs (a) before contact equilibrium; (b)

after contact equilibrium under dark conditions; (c) degraded cells after

contact equilibrium in the dark; (d) and illumination conditions. Repro-
duced with permission.>®

TiO, were well adjusted through surface modification, respec-
tively, thus facilitating charge transport and improving charge
extraction from ETLs to both sides of the contiguous layers.
A poly-ethyleneimine ethoxylate (PEIE) with aliphatic amine
groups was employed to lower the work function of ITO glass
from —4.6 eV down to —4.0 eV, facilitating electron transport
from the ETL to ITO. A TiO, ETL was modified by replacing the
TiO, with yttrium-doped TiO, (Y-TiO,), achieving an increased
donor concentration and an improved conductivity of the ETL.
The conduction band of Y-TiO, was well aligned with the LUMO
energy level of the perovskites, leading to efficient charge extrac-
tion, minimized interfacial charge recombination, and reduced
space charge depletion width at the interfaces of perovskite/ETLs.

Interfacial modifications between TiO, and perovskites were
investigated to improve the photo-induced TiO, instability®®***
or reduce charge recombination.'*® Approaches adopted from
quantum dot sensitized solar cells (QDSSCs) have been demon-
strated to be effective methods for enhancing the photo-
stability of PSCs. Ito et al. reported that Sb,S; can be an surface
blocking layer inserted between TiO, and CH3;NH3;PbI; by a
chemical bath deposition (CBD) method.”* PSCs with and
without Sb,S; interlayers were fabricated for comparison. They
found that the performance of the un-encapsulated PSCs with-
out the Sb,S; decoration degraded to zero PCE in a very short time
of 12 h, and the color of the CH;NH;PbI; films rapidly changed
from black to yellow. However, the PSCs with an Sb,S; interlayer
showed more stable performance than those without the Sb,S;
layer under light illumination. Hwang et al. reported a core/shell
structured TiO,/CdS electrode prepared by a successive ionic layer
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adsorption and reaction (SILAR) method to enhance the light
stability of PSCs."** Intrinsic trap sites from the oxygen vacancies
of the TO, layer were restrained by the CdS layer. Light soaking
experiments were conducted by continuously illuminating PSCs
for 12 h. PSCs with the CdS surface passivation layer maintained
around 80% of the initial PCE after full sun illumination of 12 h,
while only 40% of the initial PCE was retained for the PSCs
without the CdS layer. The improved photo-stability of the PSCs
with the CdS layer was attributed to the suppression of trapping at
the surface defects of TiO,, thus reducing the loss of charge
recombination.

Interfaces between perovskite and ETLs may also affect the
crystallization processes of perovskite layers, i.e., the nucleation
of perovskite grains and evaporation of residual volatile com-
pounds. Thus the interface properties of ETL/perovskite may
ultimately influence the quality of perovskite films and also
affect the carrier injection and the charge transportation
within bulk perovskites or at the interface of perovskite/ETLs.
As well as TiO, ETLs, metal oxides including Sn0,,** WO,**°
and ternary oxide Zn,Sn0O, (ZT0),"*” etc. were studied as ETLs
in PSCs as well. Bera et al. fabricated a PSC using ZnSnO, as the
ETL and perovskite CH;NH;PbI;_,Cl, as the light absorber, and
a high PCE up to 13.4% was obtained.”” The as-assembled
PSCs without any encapsulation presented a remarkably stable
performance and 10% PCE remained after storage for more
than a month in air.

(b) Interfaces of anode/HTL/perovskite. The interfaces of
anode/HTL/perovskite have significant impact on the stability
of perovskite materials and PSCs, since humidity and reactive
species in air can penetrate from the anode and the HTM, then
cause serious degradation of PSCs. A variety of methods have
been reported to properly cover perovskite films either at the
interface of perovskite/HTM or at the interface of HTM/anode.
Yun et al. reported an interfacial layer of polyethyleneimine
(PEI) incorporated between the perovskite films and the Spiro-
OMeTAD HTM."*® PEI with amine groups can bind with Pb
metals and function as a compatibilizer at the interface of
perovskites and HTMs. Delamination tests showed that a better
adhesion at the interface of CH;NH;PbI;/HTM was realized
after modification by PEI interlayers. The as-fabricated PSCs
presented excellent moisture stability, and the cells without
encapsulation maintained 85% of the initial efficiency for
14 days upon exposure to a relative humidity of 85%, attributed
to an effective protection layer of PEI for preventing moisture
intrusion.

The stability of PSCs largely relies on the interfacial proper-
ties of HTMs and electrodes. Snaith et al. revealed that an
electrical shunting mechanism might be one possible reason
for the fast performance decay of PSCs within the first few
hundred hours of device operation.>® Metal electrode ions may
migrate into HTMs and finally contact with perovskite. To
address this issue, they applied an insulating Al,O; buffer layer
infiltrated with the HTM between the perovskites and the metal
contact. PSCs with Al,O; buffer layers reduced the thickness of
HTMs, decreasing the series resistance and enhancing the PCE
of the resultant PSCs. The cells presented a stable performance
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without degradation in the first 350 h under standard sunlight
simulation. Kaltenbrunner et al. studied chromium oxide-
chromium (Cr,03/Cr) as an interlayer inserted between perov-
skite films and metal electrodes for air stable, light-weight
flexible PSCs."* The interlayer of Cr,05/Cr improved the metal
contact with better resistance to water and oxygen reactants,
and it also avoided corrosive reaction between the iodine
released by the perovskite with the metal electrodes. They
fabricated flexible PSCs via a one-step transfer process of
placing perovskite solar foils onto a stretchable acrylic elasto-
mer. The as-assembled cells showed extraordinary mechanical
flexibility and photovoltaic performance stability under com-
pression and stretch tests. Fig. 10 shows solar cell images under
compression and stretching tests, and I-V curves measured
during the mechanical tests maintained relatively stable V.
and FF, and only J,. was decreased due to active cell area
shrinking caused by mechanical deformation.

4.4 Application of substituted electrodes in PSCs: carbon or
carbon composites

Expensive metal electrodes such as Au and Ag need to be
deposited by thermal evaporation under high vacuum condi-
tions, and thus are far from cost-effective for large-scale man-
ufacturing. Metal electrodes with limited areas in PSCs cannot
provide sufficient coverage on the top of perovskite materials as
well. Alternative materials, especially carbon based electrodes,
have become very promising research fields in PSCs,"* result-
ing in strategies of HTM-free, stable, low-cost and printing-
processable PSCs.

(a) Carbon based electrodes. Carbon is a low cost, easily
processed, stable and abundant material. Carbon and its
related composites have long been investigated as counter
electrodes (CEs) in dye sensitized solar cells (DSSCs), achieving
comparable conversion efficiency to platinum based CEs."** 3
With a work function of —5.0 eV similar to Au, carbon based
CEs have been used to replace thermally evaporated Au and Ag
in PSCs. A previous research study showed that PSCs fabricated
by carbon CEs had better stability than metal based ones,"**'*>
due to the fact that carbon CEs are more inert to the perovskites
and the environment, and they can offer larger areas to cover
perovskite layers than metal electrodes.

A carbon material was firstly applied as the CE in PSCs by
Han et al in 2013."*° A combination of carbon black and
spheroidal graphite paste was prepared and used as the CE
for mesoscopic methylammonium lead iodide (CH;NH;PbI;) PSCs.
6.64% conversion efficiency was achieved and un-encapsulated
PSCs showed stable performance without changes after storage
in dry air under dark conditions for 840 h at room temperature.
The same group also studied the size dependence of flaky graphite
on PSC performance.'®” Graphite of different sizes was mixed
with carbon black to prepare a screen-printing paste. It was
found that the graphite size greatly affected the square resistance
of the CEs. The filling properties of the perovskite precursors of
Pbl, and CH;NH;Pbl; were influenced by the graphite size
as well. It was discovered that carbon black combined with
8 um graphite led to the highest PCE of more than 11%.
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Fig. 10 (a) Schematic picture of a stretchable PSC under a compression stress test; (b) /-V characteristics of a PSC foil under compression in an interval
of 10% down to 51% compressed; (c) schematic of radially stretchable PSCs under stretching, and (d) /-V characteristics of a PSC foil radially compressed

to a 44% decrease in area. Reproduced with permission.**°

Another impressive result on carbon CE in PSCs was that
a hole-conductor-free mesoscopic PSC with a light absorber
(5-AVA),(MA), _,Pbl; gained a 12.8% PCE.?** The configuration
of the PSC is shown in Fig. 11(a). Fig. 11(b) shows that
(5-AVA),(MA), ,Pbl; based PSCs obtained a higher current
density-voltage characteristic than that of CH3;NH;PbI;.
A PSC with (5-AVA),(MA),_,Pbl; as the light absorber and
carbon as the CE also presented a superior long-term stability
for more than 1000 h in ambient air under full sunlight
illumination. It was demonstrated that carbon materials can
be very favorable CEs to improve the stability of PSCs.
Various carbon materials including carbon black,
carbon nanotubes,"*’ graphite,"**'>" candle soot,"”* graphene'*
or carbon/graphene composites ™ etc. have been successfully
applied as CEs in PSCs. Yang et al. prepared an ink of carbon black
mixed with CH;NH;I for inkjet-printing PSCs.'*® CH;NH,Pbl; was
in situ formed within an interpenetrated carbon network, and a

144,148

154

continuous interface between perovskite and carbon ascribed
to a high PCE of up to 11.60%. The long-term stability of the
as-prepared PSCs without capsulation showed that the cell
retained 90% of its maximum PCE after storage for 12 days at
room temperature at a humidity of 30%. The same group
reported a comparison study based on three representative
carbon materials, i.e. carbon black, multi-walled carbon nano-
tubes (MWCNTs) and graphite.”®® They discovered that
MWCNTs were the most superior HTMs among them due to
a suitable size of 15 nm in diameter and a geometry of a 1D
chain. 12.67% PCE with a remarkably high FF of 80% were
gained by MWCNT based PSCs. Around 90% of their initial PCE
was retained after storing one of the MWCNT PSCs in a 20%
humidity chamber for 10 days. Ma et al. reported a low
temperature processed conductive carbon paste for directly
covering perovskite materials as the top electrode.'**'*> Both
TiO, mesoporous PSCs and ZnO based planar PSCs were

—— MAPbI, Perovskite
——(5-AVA),(MA), Pbl, Perovskite

\

T T T T
200 400 600 800 1000
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Fig. 11 (a) Schematic of a carbon CE based PSC, and (b) J-V characteristics of solar cells fabricated by MAPbls and (5-AVA),(MA);_,Pbls as light
absorbers under simulated AM 1.5 solar irradiation of 100 mW cm~2 at rt. Reproduced with permission 84
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fabricated with excellent cell performance and good long-term
stability. The major reason was ascribed to the fact that a
carbon CE with a hydrophobic surface can repel water penetra-
tion. They also found that the carbon based PSCs showed the
best humidity stability compared with Au and Ag based PSCs.
So far, we noticed that the highest PCE of carbon based PSCs in
the literature studies achieved was 14.9% conversion efficiency
as reported by Wang’s group.’®' The cell was fabricated using
carbon as the electrode, CH;NH;Pbl; as the light absorber,
mesoporous TiO, and p-type NiO layers as the electron and the
hole selective contacts respectively. The NiO HTM was given the
credit for performance improvement which can efficiently
extract charge to the external circuits. The stability of the solar
cells was tested under different conditions to evaluate the
effects of humidity, temperature and light exposure. They
confirmed that light illumination had a greater influence on
device stability than the condition of thermal aging at 60 °C. Li
et al. reported a triple-layer mesoporous perovskite solar cell
using carbon as a back contact.'*® Stability tests of indoor long
time stability light soaking and outdoors in a hot desert climate
were extensively studied. They found that the triplet layer cells
remained stable under such aging conditions.

In HTM-free carbon based PSCs, device fabrication processes
greatly impact the performance and stability of solar cells.
Currently, there are three approaches to assemble carbon based
PSCs as illustrated in Fig. 12. Fig. 12(a) shows a schematic of PSC
fabricated by placing a carbon electrode on the top of a perov-
skite film. The stability of these types of devices may largely rely
on the pristine properties of the carbon paste. Carbon pastes
prepared by low temperature volatile solvents and nonreactive
additives are preferred for stable PSCs. Fig. 12(b) presents a
carbon based PSC with a carbon electrode formed in advance,

Carbon

Perovskite

Fig. 12 Three different fabrication methods for carbon CE based PSCs:
(@) the carbon electrode was covered on the top of perovskite films;
(b) perovskite films were filtered into carbon films, and (c) “chemical embedding
method” with carbon placed on Pbl; films first and then interpenetrated with
MAI solution, then the two electrodes were clamped together.
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and then mixed perovskite precursors are filtrated via one step or
two step routes, followed by film annealing to yield perovskite
crystalline structures. A layer of insulator ZrO, is applied to
prevent direct contact between TiO, and carbon. A carbon layer
can be feasibly prepared and annealed without concern about
damaging the perovskite films. Since perovskite precursors
penetrate through the top side of the carbon film, the stability
of these types of PSCs may relate to incomplete coverage of the
perovskite films by the carbon films. Post treatment such as
encapsulation may be beneficial for a stable device. The third
approach is a so-called “chemical embedding method” devel-
oped by Yang’s group. The PSCs are fabricated by properly
clamping the anode and the cathode together as shown
in Fig. 12(c). The active layer is generated by the reaction of
Pbl,/carbon films with methylammonium solution or methyl-
ammonium/carbon blends, followed by annealing to convert
into a perovskite crystal structure. Evolution of this design
originated from a simple clamping of two pieces of electrodes
together from a variety of CE trials. The “chemical embedding
method” produces perovskite films inside of the carbon porous
films, thus good interface contact between the perovskite and
the carbon electrode is expected to minimize interfacial charge
accumulation and recombination loss. This fabrication produces
sealed PSCs with two substrates intimately in contact with each
other at the end, and the humidity stability of these types of PSCs
may be enhanced.

So far, carbon based PSCs have achieved more than 14%
PCE, still lower than metal based ones. The main advantage of
carbon based PSCs is ascribed to their enhanced humidity
stability. Even having excellent progress in the carbon CE based
PSCs, the fundamental understanding about the degradation
mechanism of carbon CE based PSCs, and questions about how
to fully explore the hole extraction properties in the carbon
based PSCs, and how to understand the hysteresis-free phenom-
enon in carbon based PSCs, continuously inspire researchers to
move forward.'*°

(b) Carbon/polymer composite electrodes. Hydrophobic
polymers generally have large water contact angles and non-
wetting nature. They can be blended with carbon materials to
further boost the humidity resistance of PSCs. Epoxy, a typical
hydrophobic polymer, functions as a binder to cement carbon
nanoparticles. A counter electrode prepared by a carbon/epoxy
composite with less void space can efficiently prevent humidity
penetration. It can also promote better interfacial adhesion
between the carbon and the perovskite. Therefore, incorpora-
tion of carbon with hydrophobic polymers has been shown to
be an effective strategy to further advance the humidity stability
of PSCs. Yang et al. studied hole-transporter-free PSCs fabri-
cated by a CH3NH;Pbl; light absorber, a mixture of carbon,
epoxy and additives as the CE and the “‘water-rejecting barrier”
simultaneously.’*® Solar cells based on the highly conductive
carbon/epoxy paste CE achieved a PCE of 9.17%. A hydrophobic
Ag paint was sequentially applied on the top of a carbon/epoxy
film to restrict water intrusion and lower the series contact
resistance. PSCs based on the carbon + epoxy/Ag CEs achieved
a high PCE of 11% and displayed impressive waterproof
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Fig. 13 (a) SEM cross-section image of PSCs using carbon and epoxy as the electrode, and (b) stability test of PSCs for a period of 250 h. The inserted

figure shows the energy level diagram and electrons and holes flowing from the cell. Reproduced with permission.

properties with a stable performance for a period of 80 min
even when immersed in water. The cell also maintained a stable
photovoltaic performance at a high humidity of 70-90% and a
thermal stress of 50 °C for 250 h without noticeable degrada-
tion. SEM cross section images of the as-prepared PSC are
presented in Fig. 13(a), and the stability test of the cell is shown
in Fig. 13(b) with an energy level diagram as an inset. Compo-
sites of carbon nanotubes/polymers as HTMs for PSC applica-
tions are discussed in Section 4.2(c).*>"*° It demonstrated that
carbon nanotubes had excellent hole extraction properties and
can greatly enhance the humidity and thermal stability of PSCs.
Table 4 comprehensively lists carbon materials used in PSCs
with their device architecture, photovoltaic performance and
long-term stabilities.

The stability of PSCs can be improved by applying a metal
alloy as an alternative electrode.'””'*®* Commonly used metal
electrodes in PSCs are Au, Ag, Al etc., however, metal ions can
diffuse into HTMs or perovskite layers, thus causing film
degradation or shunting. Jiang et al. reported an AgAl alloy
electrode based inverted PSC with a cell structure of ITO/
PEDOT:PSS/CH,;NH,PbI;/PCBM/electrode.'*® The cell made of
an AgAl alloy electrode had a slightly higher PCE than that of an
Ag electrode, and the V,,. of AgAl electrode based cells remained
constant after 360 h of aging under a relative humidity of 10%
in air. The reason for the improvement of stability may be due
to the fact that the AlO, interlayer preventing the Ag atoms from
diffusing into the perovskite layer. The AlO, layer may also
result in an improved adhesion between the metal contact and
PCBM, thus avoiding moisture invasion.

A counter electrode in PSCs is not only critical for charge
collection, but also greatly influences the stability of PSCs. The
CE works as a top window exposed to the outdoor environment.
Hence, environmentally stable and water resistant CEs with
superior electrical conductivity are expected to keep PSCs away
from moisture and reactants attacking, and these CEs may
apparently improve the long-term stability of PSCs.

4.5 Construction of PSCs by adding functional additives or
scaffolds

In a typical PSC, the electrons and holes in the perovskites need to
be efficiently transported by choosing appropriate charge transport-
ing/selective layers. Apart from these charge transporting/selective
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layers that closely interacted with the perovskite films, functional
additives and scaffold layers, easily neglected parts in certain types
of PSCs, can offer a vital balance for the perovskite films from
exposure to the environment. New approaches using diverse
materials and device structures different from the traditional dye
sensitized solar cells (DSSCs) have been explored to fabricate novel
structured and stable PSCs. These new designs add more choices to
choose environmentally robust materials for reliable PSCs.
Gritzel et al. reported a surface treatment method using a
bifunctional phosphonic acid ammonium additive to modify
the surface of perovskite CH;NH;PbI,;."*® The additive func-
tions as a crosslinker to bridge the neighboring grains in the
perovskite films, facilitating the perovskite crystal growth
within the TiO, mesoporous films. This method significantly
improved the PCE from 8.8% to 16.7%. Meanwhile, the moisture
stability of the PSCs with butylphosphonic acid 4-ammonium
additive (4-ABPA) was retained for 6 days at 55% humidity in the
dark or under 10% simulated sunlight soaking, much more
stable than the devices without a 4-ABPA crosslinker. Thermal
stress tests at a temperature of 85 °C were carried out to evaluate
the stability of the as-surface modified PSCs, and less than 20%
of the PCE decreased after 350 h testing. This work proved that
the 4-ABPA additive can effectively block moisture intrusion and
slow down the degradation of the inner perovskite crystals.
Recently, Zhao et al. reported a new approach to fabricate
PSCs by using an insulating hygroscopic polymer polyethylene
glycol (PEG) as the scaffold.'® The configuration of the solar
cell is shown in Fig. 14(a). PSCs were fabricated by simply
mixing PEG monomers (C,H,0), Pbl, and CH;NH;I in a
suitable molar ratio, and then the mixture of perovskite pre-
cursors and the scaffold was spin-coated onto 40 nm TiO,
compact layers followed by annealing at 105 °C for 70 min.
Spiro-OMeTAD and gold were used as the HTM and the top
electrode, respectively, to complete the device fabrication.
A stable PCE of up to 16% was achieved by this novel configu-
ration. Amazingly, the cell presented an extraordinarily stable
behavior at a humidity of 70% for 300 h. The cell presented
irreversible ‘“self-healing” properties recovered from water spray
as shown in Fig. 14(b and c). This unique phenomenon might be
attributed to the strong interaction of the PEG polymer with the
perovskites. The hygroscopic PEG may act as a water absorber
around the perovskite crystals, thus hindering water from

Phys. Chem. Chem. Phys., 2016, 18, 27026-27050 | 27043


http://dx.doi.org/10.1039/c6cp04553g

Published on 13 September 2016. Downloaded on 06/10/2016 18:30:19.

PCCP

View Article Online

Perspective

Table 4 Carbon based materials, device configurations and their photovoltaic performance and long-term stabilities in perovskite solar cells

Max PCE
No. Carbon materials Device configuration (%) Stability Year Ref.
1 Carbon FTO/c-TiO,/meso-TiO,/ZrO,/NiO/ 14.9 1000 h, 80% PCE remained, thermal aging 2015 121
C(CH;3NH;PbI;) at 60 °C in the dark
2 Carbon FTO/c-TiO,/meso-Ti0,/Silane/Zr0O,/C 12.7 — 2015 171
(CH;NH,PbI,)
3 Multi-walled carbon FTO/c-TiO,/meso-TiO,/CH;NH;Pbl;/C 12.67 240 h, 90% PCE remained, stored in a 20% 2015 150
nanotubes (MWCNTs) humidity chamber
4 Carbon black/graphite FTO/c-TiO,/meso-Ti0,//Zr0,/ 11.63 — 2015 147
power/ZrO, CH;NH;PbI;/C
5 Carbon FTO/c-TiO,/meso-TiO,/mesoscopic NiO/  11.4 700 h, ~55% of PCE remained 2015 172
C(CH;NH,PbI;)
6 Carbon/epoxy FTO/ ¢-TiO,/meso-TiO,/CH;NH;PbI;/ 11 250 h, stable, stored in humidity of 2015 156
C+epoxy/Ag paint 70-90% and 50 °C thermal stress
7 Conductive carbon FTO/c-ZnO/CH;NH;PbI;/C 8 — 2015 157
PEN/ITO/c-ZnO/CH3;NH;PbI;/C 4 1000 times bending, 80% of PCE
remained, stored in air, R.T. 100 mW cm >
8 P3HT:Carbon nanotubes FTO/c-TiO,/meso-Al,Os/perovskite/ 15.4 — 2014 129
P3HT:SWNTs/Spiro-OMeTAD/Ag
9 P3HT:Carbon nanotubes FTO/c-TiO,/meso-Al,O5/ 15.3 96 h, 80% of PCE remained after exposed 2014 63
CH;NH,Pbl; ,Cl,/P3HT:SWNTs/PMMA/ to 80 °C in air
Ag
10  Carbon black/graphite FTO/c-TiO,/meso-Ti0,/Zr0O,/C((5- 12.8 >1000 h, R.T., air 2014 84
AVA),(MA), _,Pbly)
11 Inkjet printing carbon FTO/c-TiO,/CH3;NH;3PbI;/C 11.60 288 h, 90% of PCE remained, stored in air 2014 173
black at R.T., humidity ca. 30%, un-encapsulated
12 Candle soot FTO/ ¢-TiO,/meso-TiO,/CH;NH;PbI;/ 11.02 720 h, ~85% of PCE remained; stored in 2014 152
Candle soot dry air (20% moisture), un-encapsulated
13 Carbon black/graphite FTO/c-TiO,/TiO,(nanosheets)/ZrO,/ 10.64 — 2014 174
C(CH;NH;PbI;) 7.36 —
FTO/c-TiO,/TiO,(nanoparticles)/ZrO,/
C(CH;3NH;Pbl;)
14  Mesoscopic carbon layer/ FTO/c-TiO,/meso-TiO,/CH;NH;PbI;/ 10.2 — 2014 151
flexible graphite sheet mesoscopic carbon layer/flexible gra-
phite sheet
15  Carbon nanotubes FTO/c-TiO,/meso-TiO,/CH;NH;PbI;/C 6.87 — 2014 149
FTO/c-TiO,/meso-TiO,/CH;NH,PbI,/ 9.90 —
C+Spiro-OMeTAD
16  Conductive carbon FTO/c-TiO,/meso-TiO,/CH;NH;PbI;/C 9 >2000 h, in air under dark conditions, 2014 144
without encapsulation
17  Carbon paste FTO/c-TiO,/meso-TiO,/CH;NH;PbI;/C 8.31 800 h, stable, stored in air at R.T. without 2014 175
encapsulation, under one sun illumination
18  Carbon black/spheroidal FTO/c-TiO,/meso-TiO,/ 6.64 840 h, 98% PCE is stable 2013 146
graphite Zr0O,/CH3;NH;PbI;/C Stored in dry air at R.T. without
encapsulation

permeating and reacting with the perovskites. Besides improved the
humidity stability, light soaking experiments of the cells also
distinguished that the PEG embedded PSCs had better resistance
to light than that without the PEG scaffolds, due to the perovskite
decomposition or I ion migration. When PEG was incorporated into
the cells, a less humid environment may be realized, slowing down
the photodecomposition of the perovskites. This work gives us an
insight that the stability of PSCs can be enhanced not only by using
hydrophobic polymers to cover perovskites, but also by applying
hygroscopic polymers as a sponge to absorb water in the PSCs.
Meanwhile, more mechanisms associated with this brand new
scaffold need to be explored to fully explain charge transportation,
interface interaction and enhanced stability properties.

4.6 Encapsulation or surface passivation of PSCs

Due to the sensitivity of perovskite materials to the outdoor
environment, encapsulation or surface passivation of PSCs is an
effective strategy to cut off the interaction of perovskites with
environmental molecules. Lacking of operational stability is also a
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big issue for organic polymer solar cells as comprehensively
reviewed by Krebs et al.'®"'®* The approaches for efficient encap-
sulation of organic polymer solar cells may help to correlate the
problems faced in the PSC field. Properly sealing PSCs using
thermocuring epoxy glue can avoid moisture, oxygen or other
environmental effects from degrading PSC performance. Shielding
the PSC surface by covering glasses with UV cutoff filters can
efficiently block UV radiation, thus oppressing the photo-induced
degradation of PSCs. Recent progress of encapsulation or surface
passivation to improve PSC degradation is introduced below.

A hydrophobic Teflon polymer layer spin-coated on the
outside of PSCs for surface passivation was reported by Yong
et al'® A PSC with a Teflon passivation layer showed a
significant stability enhancement after 30 days of storage in
ambient atmosphere, and around 95% of the original PCE was
retained. Teflon coated perovskite films showed an unchanged
XRD pattern in the XRD spectrum and a stable mass tested
using quartz crystal microbalance measurements. Han et al.
studied several encapsulation methods for decreasing the water
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Fig. 14 (a) The architecture of a PSC using a polymer-scaffold; (b) J—V characteristics of PSCs at the initial, water sprayed and self-healed steps, and
(c) photography of the perovskite films with and without a PEG scaffold after water-spraying for 60 s, and kept in air for 30 s and 45 s for self-healing.

Reproduced with permission.*¢°

ingress in a planar PSC."®* They researched the photovoltaic

performance and the degradation processes of the encapsu-
lated PSCs at a high temperature of up to 85 °C and humidity
up to 80%. For the first time, Carlo et al. studied the long-term
stability of solid state module based encapsulated PSCs.'®*

Surface passivation methods have been explored to enhance the
thermal and humidity stabilities of perovskite films and make PSCs
more water resistant. A non-hydrolytic Al,O; layer prepared by
a water-free atomic layer deposition (ALD) method was applied on
the top of the perovskite films.'*® The perovskite films with the
protected Al,O; films showed better thermal resistance up to 250 °C,
and the moisture stability was ten times increased at a relative
humidity (RH) of 85% than that without Al,O; protection. Kang
et al. reported a water-repellent PSC using a hierarchical pyramidal
array of bifunctional polydimethylsiloxane (PDMS) films adhered to
the FTO side of PSCs."”” PDMS arrays were prepared from micro
pyramid structures of a PET film mold, and followed by surface
treatment of Ar ions and octafluorocyclobutane (C,Fs) gas to form a
thin elastic and superhydrophobic shell. The as-obtained PSCs
presented good hydrophobicity and water repelling properties.

To further improve the device stability against moisture and
harsh environments, appropriate encapsulation with water resis-
tance, UV light protection and functional layers are definitely desired
for circumventing the device performance decay and prolonging the
life span of PSCs for practical applications.

5. Conclusions and outlook

Perovskite solar cells (PSCs) have experienced an unprece-
dented rapid development since perovskite materials were

This journal is © the Owner Societies 2016

firstly adopted into the photovoltaic field in 2009. Numerous
research efforts have been made in the power conversion
efficiency race and the highest conversion efficiency of PSCs
has reached over 22.1% to date. Steady growth of this promising
field suggests that it would be practically applied in households
in the near future. Vast research expansion in PSCs covers
perovskite crystal design and synthesis, perovskite film deposi-
tion, device fabrication, and fundamental understanding of
device operation and degradation mechanisms. Knowledge
acquired from dye sensitized solar cells (DSSCs), quantum dot
solar cells (QDSCs), organic polymer solar cells (OPVs), inorganic
semiconductors, compound solar cells, etc. has developed the
PSC field at an extraordinarily fast pace. As a rising star of
renewable energy resources, PSCs face a serious long-term
stability problem, hindering their operation for a long period.
Thus fully understanding the degradation mechanisms of
perovskite materials and PSCs is urgent for developing stable
PSCs. Challenges of PSC performance and long-term stability
mainly rely on the effects of (1) the unstable nature of perovskite
materials under conditions of humidity, thermal, UV light and
O,; (2) electron transporting layer (ETL) related degradation; (3)
Spiro-OMeTAD HTM associated degradation; (4) metal electrode
originated degradation, etc. In order to address these issues, we
highlight the approaches to study the stability problems of
perovskite materials and PSCs from the aspects of experimental
observations and theoretical calculations. Furthermore, we focus
on summarizing the available strategies to improve perovskite
materials and device stability from perovskite material engineer-
ing, for example perovskite compositional changing or alloying;
2D layered perovskite preparation; and all-inorganic perovskite
synthesis. To overcome device stability issues and produce a
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stable PSC, various approaches are explored, including interfacial
engineering to form a stable and efficient interface interaction,
using alternative organic or inorganic HTMs, and substituting
metal electrodes with environmental inert carbon materials and
carbon composites. Moreover, novel device structure and robust
encapsulation technologies provide meaningful solutions for
constructing stable and reliable PSCs for real marketing.

Although the long-term stability of PSCs has drawn more
and more research attention, still the fundamental understanding
of rationally designed stable perovskite materials and making
stable PSCs remains far from being comprehensively understood.
The challenge of this critical issue can be identified from the
following questions:

(1) How to minimize the structural defects of perovskite
materials and prepare thermally and humidity stable perovskite
crystals suitable for the broad wavelength region of light
absorption? All-inorganic perovskite materials showed stable
thermal stability, and rational designing of all-inorganic perov-
skite materials from the molecular engineering viewpoint may
lead to a path for stable light harvesting materials in PSC
applications.

(2) How to optimize interfacial layers specifically ETLs and
HTLs to have a benign environment for perovskites, and mean-
while extract and transport charges with lower recombination
loss? PSCs with stable HTLs or even without HTLs are good
directions for stable cells. Appropriate interfacial treatment
may also add benefits for lower charge recombination.

(3) How to develop stable inorganic lead-free perovskite
materials, such as using inorganic double perovskites instead
of traditional inorganic-organic hybrid perovskites? Lead-free
perovskite is a promising research area for the benefit of our
environment, and lead pollution may largely restrain the appli-
cation of lead halide perovskites. Therefore, Sn replaced or new
lead-free perovskites with double or even more complex struc-
tures are potential routes for stable and environmentally
friendly PSCs.

With in-depth understanding of perovskite material degra-
dation and device performance decay, proper material process-
ing and device handling, technologies in PSCs will become
more and more mature. High PCEs and stably performing PSCs
are expected to be realized for terrestrial applications in the
near future.
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