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Metal halide perovskite solar cells are rapidly becoming increasingly competitive with conventional PV
technologies. While their efficiencies have been often touted as exceptional, they have received a lot of
criticism for an apparent lack of stability. This perspective describes some of the most pressing stability

concerns facing perovskite solar cells, and describes some of the recent advances made in this area.
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We will demonstrate that the solutions to the areas of structural, thermal, and environmental

stability are closely linked, and that rational design of the perovskite and careful encapsulation can
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1. Introduction

Solar cells comprised of metal halide perovskite active layers
are now achieving performance metrics that make them
attractive for commercial applications. They employ low cost,
simple precursors and deposition processes to make crystalline
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result in efficient and stable perovskite solar cells. We will conclude with some very promising
results, demonstrating perovskite solar cells passing an IEC damp heat stability test.

semiconductors with great optoelectronic properties. This class
of semiconductors then promises to combine the highest
performance with the lowest cost. Progress in device perfor-
mance has been great due to improved processing techniques,
tuned compositions, and optimized interfaces and contacts. As
a result, the best metal halide perovskite solar cells have sur-
passed 22% in solar power conversion efficiency (PCE),** while
the best monolithically integrated perovskite-silicon tandems
have reached an impressive 23.6% PCE.> However, deployed
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photovoltaics (PV) must be capable of maintaining their
performance over 25 years of operation to be viable for utility
and residential power generation, and concerns over metal
halide perovskite solar cells’ stability have raised questions over
their readiness for commercialization.

Most metal halide perovskites used in solar cells take the
form ABX;, where A is a monovalent cation such as methyl-
ammonium (MA), formamidinium (FA), or cesium, B is
a divalent metal cation such as lead or tin, and X is a halide
anion. The highest performing perovskite solar cells are lead
based materials which are composed of mixtures of MA, FA,
and Cs on the A site and I and Br on the X site:
FA,_, ,MA,Cs,Pb(I;_,Br);."**® The composition determines
the bandgap, crystallographic phase, crystallization kinetics,
and even stability of the resultant solar cells. In addition,
perovskite solar cells can be made in varying architectures
using an array of selective contact layers, which can introduce
or eliminate degradation routes.’™**

In this perspective, we will provide an overview of degradation
routes inherent to the lead halide perovskite semiconductor layer
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and the progress that has been made in overcoming these, mainly
through tuning of the perovskite structure and careful encapsu-
lation. Recent results® in our laboratory demonstrate that solar
cells made with lead halide perovskites can withstand industry
standard environmental stability tests set out by the International
Electrotechnical Commission (IEC), an exciting milestone for
perovskite solar cells. This perspective aims to summarize the
great progress that has been made in the area of stability, focusing
on the perovskite absorber and encapsulation. We take the opti-
mistic view that many degradation problems have been resolved
and that most others will be soon.

While there are many sources of degradation, this perspec-
tive will focus on four crucial areas that have generally been
considered as perovskites' weak points and have recently seen
great advances:

- Structural stability

- Thermal stability

- Atmospheric stability

- Electrodes and encapsulation
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It becomes clear that the solutions to all four are compli-
mentary, with appropriate choices in perovskite composition,
electrode design, and encapsulation methods working together
to overcome these stability issues and enable extremely stable
perovskite solar cells.

2. Structural stability

3D metal halide compounds following the ABX; structure do
not always form a perovskite phase. Indeed, being comprised of
ionic salts, the precursors can arrange themselves into a variety
of crystalline or amorphous non-perovskite phases that are not
suited for photovoltaic operation. Even if a perovskite phase is
formed during film deposition and subsequent annealing, this
does not guarantee that the perovskite phase is stable at all
operating temperatures nor that it is maintained over many
years of operation. Here, structural stability is defined as the
ability of a material to exist in a perovskite phase suitable for
photovoltaic action within conditions (temperature and pres-
sure) relevant to photovoltaic performance.

Since the lead halide octahedra form a cubic corner sharing
structure in the cubic perovskite phase, a given lead halide
octahedral size (determined by size and electronegativity of the B
and X site ions) determines the volume that can be occupied by
the A site cation.'*? If the A site cation is large relative to this
volume, then the lead halide octahedra will need to be distorted
and tilt to accommodate the large A cation.'”*"** Similar lead
halide octahedral distortion and tilting will occur if the A site
cation is extremely small.*® Such distortions usually result in
tetragonal or orthorhombic perovskite phases if they are rela-
tively small. The optoelectronic properties of lead halide

View Article Online
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perovskite in these phases are very similar, with only small shifts
in bandgap, carrier lifetime, and mobilities;** this allows
materials in any of these perovskite phases to function effectively
as solar cells and removes concerns over transitions between
these phases that may exist at operating temperatures.” If the
mismatch between the lead halide octahedral size and the A site
cation size is too large, then the compound will not exist in
a perovskite phase.'®*** The tolerance factor of a given
compound gives a rough indication of its ability to form
a perovskite crystal structure, and even a rough indication of
whether this phase is expected to be cubic (¢ = 1) or deviate into
the tetragonal or orthorhombic phases characterized by lead
halide octahedral distortion and tilting (0.7 < ¢ < 0.9). We should
point out that since the ionic radii of the constituents cannot be
taken as an absolute value irrespective of the bonding environ-
ment, this model should only serve as a rough first indication.>**

The structure, tolerance factor and phase transition infor-
mation of some of the most commonly employed perovskite
semiconductors are depicted and listed in Fig. 1 and Table 1.
The first perovskite to be used for photovoltaic applications was
MAPbI;, which exists in a perovskite phase with tetragonal
distortion at room temperature. The symmetry is further
reduced at lower temperatures, as the material enters an
orthorhombic phase, while it is increased with higher temper-
atures as it transitions to the cubic phase. The fact that the
material exists in the useful tetragonal and cubic phases at
relevant temperatures (0-100 °C) means that this material, at
least, is unlikely to suffer from any structural degradation
throughout its lifetime.

Nevertheless, the concerns over MA's volatility and this
compound's thermal instability**** (see Section 3) have led

L_% \rk
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I C (¥ )

Caesium  Methylammonium  Formamidinium

Fig.1 Schematic depiction of the most commonly used monovalent A-site cations, Cs, methylammonium, and formamidinium in order of ionic
size (a). Grey depicts carbon, blue nitrogen, and white hydrogen. 3D perovskite structures are shown in (b—d); (b) depicts the high symmetry
cubic phase, (c) the tetragonal phase, and (d) the orthorhombic phase. The yellow, 1D, non perovskite phase of CsPbls is also displayed in (e).
Reprinted from ref. 23 with permission from the American Physical Society.

This journal is © The Royal Society of Chemistry 2017

J. Mater. Chem. A, 2017, 5, 11483-11500 | 11485


http://dx.doi.org/10.1039/C7TA00434F

Published on 28 March 2017. Downloaded by Stanford University on 12/12/2017 19:34:19.

Journal of Materials Chemistry A

View Article Online

Review

Table 1 3D metal halide perovskite compounds commonly used in PV

Tolerance Relevant phase

factor RT phase, color RT phase post anneal E, Best PCE (%) transitions
MAPbDI; 0.89 Tetragonal, black Tetragonal 1.55 20.3 (ref. 30) =>cubic, 60 °C
FAPDI; 1.02 Hexagonal, yellow Cubic 1.49 17 (ref. 1) = cubic, 150 °C
CsPbl; 0.79 Orthorhombic, yellow Orthorhombic, yellow 1.72 10.77 (ref. 31) = cubic, 300 °C
CsPb(Iy.67Bro.33)2 0.81 Orthorhombic, yellow Cubic 1.9 6.5 (ref. 32) = cubic, 250 °C
FA, 35CSg.15PbI; 0.99 Tetragonal, black Tetragonal 1.52 17.3 (ref. 27)
FAg s5sMAy.15Pb(Io.g5Br0.15)3 1.01 Cubic, black Cubic 1.62 22.1 (ref. 1 and 2)
FA¢.85CS0.15Pb(I5.83BT0.17)3 1.01 Tetragonal, black Tetragonal 1.74 20.0 (ref. 3)

researchers to attempt replacing it with the larger FA cation,
with some success. The larger size of the A cation, however,
means that FAPbI; does not form a black, cubic or tetragonal
perovskite phase at room temperature but exists as a yellow film
consisting of a hexagonal non perovskite phase also called the
d phase.*””** Annealing at temperatures above the tetragonal
phase transition (150 °C) allows a black perovskite phase to be
formed, which is retained after cooling to room temperature.*
Unfortunately, presence of the 8 phase, which seems to worsen
over time, limits the performance and stability of this material.
Seok et al.* developed a perovskite compound employing both
FA and MA on the A site, as well as both I and Br on the X site, to
great effect. Combining these ions led to an effective tolerance
factor close to 1, allowing a black, cubic perovskite phase to be
easily formed at low temperatures and to be stable at room
temperature. While these exhibit some of the highest perfor-
mances of any perovskite solar cells, they do still contain the
volatile MA species.

In attempts to make more thermally stable perovskites,
researchers have replaced the organic A cations with the inor-
ganic Cs, to make purely inorganic perovskites.>*>3¢3% Ag
shown in Table 1, the small ionic radius of Cs means that
CsPbl; does not form a stable perovskite phase at room
temperature, but exists in a 1D yellow orthorhombic & phase.
Eperon et al. have been able to make solar cells using acid
additives to form films of small CsPbI; crystals that appear to be
meta-stable, but still decompose upon exposure to any stresses
such as exposure to water. Since bromide is smaller than iodide,
CsPbBr; can be prepared and is structurally stable at room
temperature, but has an unsuitably high bandgap over 2.3 ev.**
Hence, one approach to stabilize Cs lead halide perovskite
structures with appropriate bandgaps is to mix both iodide and
bromide, reducing the size of the metal halide octahedra. We
demonstrated,* as did Snaith et al.,** that bromide incorpora-
tion above 20% allowed us to make fully inorganic compounds
that exist in the cubic phase at room temperature after
annealing, exhibit excellent thermal stability and have bandg-
aps (1.7-1.9 eV) suitable for perovskite-silicon or perovskite-
perovskite tandems, though initial device performances are low
(~6%). Further research should determine whether these
materials are fundamentally structurally stable or whether the
films will regress to the 8 phase over long periods of time or
exposure to stresses relevant to solar cell operation. Recently,
CsPbI; has been stabilized at lower temperature by utilizing the
higher surface energy of nano-sized crystal grains to increase

11486 | J. Mater. Chem. A, 2017, 5, 11483-11500

the structural stability of the cubic phase. Swarnkar et al.** have
fabricated 10.77% efficient, surfactant capped, phase stable
CsPbl; quantum dots, highlighting the link between structural
and atmospheric stability. It appears that in the CsPbl; case at
least, minimizing the grain size to increase the surface energy
results in improved structural stability. These results are
promising, but further work should be done to improve the
device efficiencies, determine longer-term stability, and the
scalability of such nano-crystals.

Seok et al.® first demonstrated that mixing the large FA cation
with the smaller MA cation could result in highly efficient, stable
compounds, a step that led to the development of more perov-
skite compounds with mixed stoichiometries. Substituting some
of the FA with the smaller Cs on the A site allowed Zhu et al.” to
tune the tolerance factor of FA, ,Cs,Pbl; perovskites to close to
one and obtain structurally stable materials with high efficiencies
(Fig. 2). It would appear that this material (with 0.1 < Cs < 0.3),
combines structural stability with an expected improvement in
thermal stability, making it extremely promising as the candidate
for high performance, stable perovskite solar cells. McMeekin*
went on to make structurally stable and very efficient FA g3-
Cso.17Pb(l;__,Br,); compounds with tunable bandgaps suitable
for multijunction applications. Some*** have also substituted Rb
into the FAPDI; perovskite with similar results, while Saliba et al.®
have made compounds using various mixtures of four of the most
suitable A site cations (FA, MA, Cs, Rb) with success. Incorpo-
rating smaller cations in the FA based compounds appears to be
the most promising solution developed thus far, as it results in
both enhanced structural stability as well as some of the highest
performances of any perovskite solar cells to date.***

We have also observed that materials with questionable
structural stability (that do not readily form black perovskite
phases at low temperatures) appear to suffer from an increased
propensity to degrade when exposed to stresses such as ambient
humidity. The black perovskite phase in these materials is likely
only slightly energetically favored over the non-perovskite pha-
ses in inert conditions, and introduction of water, for example,
may result in the formation of a hydrated non-perovskite phase
that is thermodynamically favored over the perovskite phase. As
a result, the structural stability does not merely determine
a material's likelihood to exist in a desirable black perovskite
phase at operating temperatures, it appears to also play a large
role in determining a compound's ability to withstand stresses
relevant to photovoltaic operation such as moisture, mechan-
ical stresses, and heat.

This journal is © The Royal Society of Chemistry 2017
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Fig.2 (a) Schematic illustrating the importance of the A site cation size on tolerance factor and structural properties. Substituting small amounts

of FA with Cs on the A site results in more structurally stable compounds. (b) Solar cell performance of a FAPbls and FAp gsCsg 155 over time
stored in the dark at room temperature and 15% RH. Reprinted from ref. 27 with permission from the American Chemical Society.

Another kind of structural instability arises when bromide is
substituted for iodide on the X site. One of the great advantages
of perovskite semiconductors is that the bandgap can be readily
tuned from 1.5-2.3 eV by substitution of iodide with
bromide,**** but this does not always result in the desired
results. For example, FAPb(I, ,Br,); films rapidly revert to
a yellow, non perovskite films in the range of x = 0.3 to 0.6,*
indicating a new kind of structural instability arising from the
inclusion of Br anions into the perovskite lattice. In addition,
Hoke et al* first demonstrated that the MAPb(I; ,Br,);
compounds that could be formed suffer from rapid light
induced halide segregation;*® light exposure results in the
formation of iodide rich and iodide poor regions, where the
iodide rich regions (with small bandgaps) act as trap sites that
pin the Fermi level and limit device performances. As a result, it
was not possible to make efficient, high bandgap devices that
were stable upon prolonged solar irradiation when using either
MAPDb(1; ,Br,); or FAPb(I; ,Br,); compounds.

However, we demonstrated that pure inorganic perovskites
using the smaller Cs cation on the A site could be formed over
the full range of Br contents and that these were far less
susceptible to the light induced degradation (at a given bromide
content) observed for other bromide containing perovskites
using MA or FA cations.** These compounds also benefit from
the fact that using Cs as the A site cation increases bandgap for
a given bromide content; less bromide is necessary to reach
a desired bandgap. Unfortunately, their performances are still
limited to 6.5%. As mentioned above, McMeekin also prepared
very efficient and structurally stable compounds over the full
range in bromide content by substituting some of the FA by Cs
in FA( g3Cs¢.17Pb(I;_,Br,); perovskites.”* These materials were
also surprisingly stable to light exposure and showed greatly
improved resistance to halide segregation when compared to
FAPD(I; ,Br,)s;, though further work is required to evaluate
whether they will resist halide segregation over the timescales
required for real photovoltaic deployment. The observation that
the FAy g3Cso.17Pb(I;_,Br,); compounds are both more struc-
turally stable and less prone to light induced halide segregation
than FAPb(I, ,Br,); suggests a somewhat intuitive link between
structural stability and the materials’ ability to undergo large
scale compositional restructuring. This section has

This journal is © The Royal Society of Chemistry 2017

demonstrated that tuning the A site composition to improve
structural stability also has a dramatic influence on this type of
light dependent halide segregation.

The summary presented above suggests that combining FA
with Cs on the A site to make FA,_,Cs,Pb(I;_,Br,); is a prom-
ising route forward. Compensating for the large ionic radius of
FA with the smaller Cs enables the formation of a compound
that exists in a favorable black perovskite phase at relevant
temperatures. This compound contains no volatile species and
is thus expected to be more thermally stable than the other
structurally stable compound MAPbI;. Combining FA with Cs
appears also to have enabled the successful inclusion of
bromide and reduces light induced instability, opening up the
possibility of making highly efficient and stable wide bandgap
(1.7-1.9 eV) solar cells for efficient multijunction cells employ-
ing silicon, CIGS, or Sn based perovskite rear cells.

3. Thermal stability

While making a structurally stable perovskite compound is the
first step to achieving stable solar cells, the compounds must
also be stable to external conditions such as heat. Operating
temperatures of deployed solar cells can vary from —40 to >85 °C
depending on location. All the compounds identified in the
section above as being promising maintain perovskite phases at
high temperatures. While MAPDI;, for example, transitions
from tetragonal to cubic at the relatively low temperature of
60 °C, both phases are capable of efficient photovoltaic action
so these phase transitions are unlikely to cause any concern for
device operation at elevated temperatures.”*** While the
exact phase transition temperatures of FA; ,Cs/Pb(I,_,Br,);
compounds remain to be elucidated, we are optimistic that the
materials will exhibit similarly stable performance across the
high temperature phase transition as MAPbI;, while those that
are cubic at room temperature are unlikely to undergo any
further phase transitions at elevated temperatures.

The most important concern with regards to thermal
stability is the chance of thermal decomposition. Early ther-
mogravimetric analysis (TGA) studies on MAPbI; powders sug-
gested that the material was extremely thermally stable (Fig. 3a—
c). Dualeh et al.*® showed that the first signs of mass loss were

J. Mater. Chem. A, 2017, 5, 11483-11500 | 11487


http://dx.doi.org/10.1039/C7TA00434F

Published on 28 March 2017. Downloaded by Stanford University on 12/12/2017 19:34:19.

Journal of Materials Chemistry A

around 250 °C due to sublimation of HI and CH3;NH,, followed
by sublimation of the lead halide octahedra at >500 °C. This was
consistent with the fact that CH;NH;I sublimes at 250 °C. The
conclusion would appear to be that MAPbI; should be intrin-
sically thermally stable at temperatures relevant to photovoltaic
operation. However, with a sublimation temperature of 250 °C,
it is possible that the organic components will very slowly
sublime at temperatures relevant to device operation. Indeed,
Conings et al.** used X-ray diffraction (XRD), absorption, X-ray
photoelectron spectroscopy (XPS), photoluminescence (PL),
and conductive atomic force microscopy (AFM) measurements
to convincingly demonstrate MAPbI; does degrade at 85 °C even
in inert conditions (N, filled glovebox). As expected, the
decomposition is simply due to evolution of the organic
components (as HI and CH3;NH,), leaving behind PbI, and even
some metallic Pby) clusters. Fig. 3d depicts PL spectra of
perovskite films before and after heating at 85 °C in various
atmospheres, also demonstrating the growth of a PL peak
associated with PbI, in all atmospheres. This process is greatly
accelerated in the presence of either oxygen or water, which
interact with the organic part of the structure via complex
formation and hydrogen bonding to disrupt the perovskite
crystal lattice and reduce the attraction between inorganic
octahedra and the organic cations (more in Section 4). Thus,
while this occurs slowly in inert conditions (<10% degradation
in device performance over 24 h), MAPbI; cannot be considered
as a promising compound for long term operation at elevated
temperatures.

However, as stated in the previous section, compounds with
less volatile components can be made to overcome such
thermal decomposition. The most obvious route to overcome
the problems associated with evolving organic components is
simply to remove those organic components. Snaith and co
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workers, as well as ourselves, successfully made solar cells using
the purely inorganic CsPbl,Br perovskite.*>** This material
exhibited greatly enhanced thermal stability, not decomposing
even at 180 °C over 30 minutes, a temperature at which MAPbI;
decomposed within 5 minutes (Fig. 4a). Purely inorganic
perovskites may then offer a solution to the thermal instability
of MAPbI;, but still suffer from questionable structural insta-
bility and low device performances.

Replacing MA with the larger and heavier FA is another
option for raising the thermal stability of perovskite solar cells.
In the first demonstration of FA based perovskite solar cells,
Eperon et al.** compared films of MAPbI; and FAPbI; heated at
150 °C in air to show that the FAPbI; did not degrade over 60
minutes while the MAPDbI; film had converted almost
completely to Pbl, (Fig. 4b). McMeekin et al. showed that their
FA 53CSo.17Pb(I;_,Bry); compounds do not degrade over the
course of six hours at 130 °C in inert conditions (Fig. 4c), while
the film preparation involves annealing for three hours at
180 °C in air.** Docampo et al.*’ also demonstrated via TGA that
the mass loss associated with sublimation of the organic
component occurred 50 °C higher in FAPbBr; than in MAPbBr;.
In addition, it is important to consider that the mechanism of
organic sublimation from a perovskite compound involves the
initial evolution of HI gas, followed by the organic conjugate
base (CH3NH, or NHCHNH,).>**** Thus, the rate of degrada-
tion is proportional to the probability of HI formation, which is
directly related to the acidity of the organic cation. The more
acidic the organic cation, the stronger the interaction with
halides and the higher the chance that the organic cation can be
deprotonated to yield HI (or HBr) and the conjugate organic
base. The importance of acid-base interactions on thermal
stability is especially apparent when considering recent work by
Kelly et al.,* demonstrating that the use of basic zinc oxide
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(a and b) Thermogravimetric analysis (TGA) of MAPblz samples prepared via a stoichiometric synthesis as well as by a synthesis using PbCl,

as the lead precursor. (c) focuses on the region in which the organic compounds are being evolved from the samples. Reprinted from ref. 33 with
permission from the American Chemical Society. Photoluminescence (PL) spectra for samples annealed at 85 °C in varying atmospheres are
depicted in (d). The inset highlights the evolution of PL from Pbl, degradation products. Reprinted from ref. 34 with permission from Wiley.
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Fig. 4 Comparison of MAPbls and CsPb(lg ¢7Brg 33)3 thermal stability at 180 °C in a N, atmosphere (a and b). Reprinted from ref. 32 with
permission from the American Chemical Society. Comparison of MAPblz and FAPbls thermal stability at 150 °C in air (c). Reprinted from ref. 35
with permission from the Royal Society of Chemistry. Comparison of MAPb(lg gBro.4)s and FAg g3Csg.17Pb(lg 6Bro.4)3 thermal stability at 130 °C in
a N, atmosphere (d). Reprinted from ref. 41 with permission from the American Association for the Advancement of Science.

(znO) electron selective layers leads to rapid thermal degrada-
tion of MAPbI; because the acidic MA cation can be deproto-
nated by ZnO. Since MA is more acidic than the larger FA, in
which the positive charge can be delocalized over two amine
groups (amidines are generally more basic than amines and
their conjugate acids thus less acidic than the amides), it is only
natural that the rate of thermal decomposition is slowed in FA-
based perovskites for this reason as well as the simple fact that
it is heavier. This same logic should apply to the interaction
with water, which is dictated by acid-base interactions, and
where FA perovskites should hence exhibit improved stability
(to be discussed further in the Atmospheric stability section).

Thus, the volatility of the organic cations presents a concern
for the thermal stability of perovskite solar cells. However,
replacing the volatile MA cation with FA or Cs results in
substantially improved thermal stability while maintaining
high device performances. Here, we point out that some of the
highest performance perovskite solar cells have been made with
mixed A site cations including small amounts of MA.>*** Some
of these have even looked to be surprisingly stable even under
illumination at 85 °C. Perhaps small amounts of MA and can be
tolerated since a small fraction of it evolving over time results in
a very small fraction of the overall A sites. Nevertheless, the
thermal stability of such compounds remains unclear and
should be thoroughly evaluated and compared to completely
MA-free compounds. Again, it appears that the perovskites
using both FA and Cs on the A site should allow for the best
possible combination of structural and thermal stability in
highly efficient solar cells. Indeed, the last section will present
some very recently published findings demonstrating that solar
cells made from these compounds can pass industry standard
IEC thermal stability tests.

This journal is © The Royal Society of Chemistry 2017

4. Atmospheric stability
Oxygen induced degradation

Of the external factors that influence semiconductor perfor-
mance, oxygen and moisture may be some of the most harmful.
All PV technologies deployed to date suffer from degradation in
the presence of these two pervasive stressors, which can oxidize
and solubilize many of the functional components in solar cells.
Every deployed solar cell will benefit from thorough encapsu-
lation, usually in the form of laminated plastic/glass or glass/
glass packaging. Nevertheless, enhancing the intrinsic
stability of unencapsulated solar cells is a first step towards
relaxing the requirements for encapsulation of perovskite solar
cells and ensuring that encapsulation used on commercial
crystalline Si and thin film PV will be sufficient for perovskite
solar cells. An advantage of perovskite solar cells is that they
could be made into flexible PV modules. Here, thorough
encapsulation is more difficult, and the best atmospheric
barrier layers can be prohibitively expensive. Again, the more
stable the unencapsulated solar cell, the less stringent the
encapsulation requirements will be, perhaps enabling flexible
perovskite modules.

Many “shelf-life” studies demonstrate that perovskite solar
cells can be stored in ambient conditions in the dark for
months without changes to their performance, suggesting that
the materials are not susceptible to oxidation in the ground
state.”*> Reports by Haque and coworkers®™* as well as by
Pearson et al.*® demonstrate that MAPDI; can be readily photo-
oxidized, however. Pearson et al. demonstrate that when aged
under AM 1.5G irradiation in 10% dry O, at open circuit,
MAPDI; solar cells will degrade to 20% of their initial perfor-
mance within several hours. Haque proposes a mechanism for

J. Mater. Chem. A, 2017, 5, 11483-11500 | 11489


http://dx.doi.org/10.1039/C7TA00434F

Published on 28 March 2017. Downloaded by Stanford University on 12/12/2017 19:34:19.

Journal of Materials Chemistry A

photo-oxidation and subsequent decomposition:** first, super-
oxide (O,") anions are formed as molecular oxygen accepts
photo-excited electrons from the perovskite conduction band.
These superoxide anions can then deprotonate the methyl-
ammonium cation to result in decomposition to lead iodide
and methylamine gas, similar to the thermal degradation
products.

The mechanism proposed by Haque et al. suggests that the
acidity of the organic cation again plays a large part in the
decomposition pathway. As a result, substituting MA with FA
and/or Cs should result in improved resistance to oxidation and
subsequent decomposition. Only recently, Snaith and
coworkers® compared the stability (at open circuit) of FA, g3-
Cs0.17Pb(Io.6Bro.4)3 to MAPDI; solar cells under full AM 1.5G
illumination in air, without encapsulation. As expected, the
MAPDI; solar cells decomposed rapidly with Tg, (time for the
device performance to reach 80% of the initial performance)
lifetimes of 20 h, while those made with FA g3Cso.1,Pb(Io6-
Bry.4); had much superior Ty, lifetimes of over 650 h and still
operated at 10% PCE. Such good results for unencapsulated
devices are very reassuring and give us confidence that photo-
oxidation will not be a problem for these compounds when
they are properly encapsulated.

We should also emphasize that while light can degrade
perovskite compounds in the presence of oxygen, the materials
appear to be stable to full solar irradiation in inert environments
(with the exception of the halide segregation discussed in Section
1). This was first demonstrated in 2012, when Lee*® monitored
the absorption of encapsulated MAPDI; films under illumination
over 1000 h and observed no changes. These results are sup-
ported by the numerous reports of photocurrent stability over
many hundreds of hours for encapsulated devices.'>>59-61

Moisture induced degradation

Whereas oxygen only decomposes the perovskite under light
exposure, exposure to moisture causes rapid decomposition of
the perovskite even in the dark. This was one of the first
degradation pathways to be investigated and great deal of work
has gone into elucidating the degradation mechanism of
MAPDI; in moisture, as well as the synergistic effects of mois-
ture, heat, and electrical biasing.'>'>**~** We will not describe all
of the work here, but refer the reader to several thorough review
articles."™® In essence, water can penetrate the perovskite
lattice to form hydrated perovskite phases in which the organic
species can be readily mobilized and evolved, eventually leaving
just lead iodide. Crystal structures derived for the hydrated
phases demonstrate that while some hydrogen bonding could
occur with the lead halide octahedra, the strongest interactions
are by far through hydrogen bonding with the organic methyl-
ammonium cation, forming cation-water-cation chains.**”® Of
course, since MA is acidic, it can donate a proton to water,
breaking bonds between the A site and the lead halide octa-
hedra to allow the volatile CH;NH, to be evolved and decom-
pose the perovskite structure.

In MAPDI;, this occurs over tens of hours under ambient
conditions at 80 °C." Seok et al.** first showed that this could be
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slowed by incorporating Br onto the X site, demonstrating that
compositional tuning can affect the susceptibility to moisture-
induced decomposition (Fig. 5a). They postulated that intro-
ducing Br shrinks the lattice parameter and strengthens the
hydrogen bonding between the MA cation and the lead halide
octahedra, reducing the ability for water to intercalate and form
a hydrated phase. Similarly, Jiang et al” has shown that
substitution of a thiocyanate anion for some of the I on the X
site of MAPb(I; _,SCN,); results in the formation of a perovskite
compound with similar optoelectronic properties to MAPbI; but
enhanced moisture stability. Several studies have incorporated
SCN into MAPb(I; ,SCN,);, and although though the exact
content of SCN is unclear due to the deposition routes used, all
have demonstrated that the perovskite maintains its charac-
teristic absorption over many hours at elevated temperature and
humidity, with devices demonstrating enhanced moisture
stability over MAPbI;.”%” It was even possible to make efficient
perovskite solar cells in conditions of 70% RH when Pb(SCN),
was used as the lead precursor for the in a two step deposition
process.” These results are promising, though the light stability
of these materials has not yet been tested.

Tuning the A site cation also influences moisture stability.
FAPDbI;, however, does not exhibit superior moisture stability
than MAPDI;. In fact, moisture destabilizes the black poly-
morph and accelerates its return to the yellow hexagonal phase.
A similar effect is observed for pure CsPblI; and even CsPbl,Br
perovskites; which rapidly return to the yellow orthorhombic
phase when exposed to air. It is apparent that while the pure FA
and Cs perovskites benefit from enhanced thermal stability,
their poor structural stability is reflected in their poor moisture
stability. Hence there appears to be a link between structural
stability and moisture stability. Accordingly, mixing FA and Cs
on the A site significantly enhances the moisture stability.
While FAPbI; degrades to half its initial device performance
after storage in air with 15% RH over the course of just 15 days
in the dark, FA, g5Csg.15Pbl; actually improves in performance
by close to 20% (ref. 27) (Fig. 2b). Similarly, Park demonstrated
that FA, ¢Cs, 1Pbl; films maintain their absorption for approx-
imately four times as long (4 h) as FAPbI; under 85% RH at
room temperature.”* Going further, Snaith demonstrated (as
discussed above) that FA, g3Cs¢ 17Pb(Iy 6Bro.4)s can be stable for
over 650 h under full solar illumination under ambient condi-
tions (Fig. 5b and c), while MAPDbI; based solar cells degraded in
less than 100 h.*” This can be rationalized when we consider
that the mechanism of water intercalation and formation of the
hydrated phases relies on strong hydrogen bonding between
water and the organic cation. Hence, the more delocalized the
positive charge of the organic cation and the less acidic it is, the
weaker the interaction will be with water. As a result, FA based
compounds should exhibit superior moisture stability, but as
stated above, these require the addition of the smaller Cs
cation. Again, the mixed cation perovskite seems to combine
the best of all of the properties: structural, thermal, and atmo-
spheric stability.

Making 2D Ruddlesden Popper perovskite structures offers
another route towards designing stable perovskite struc-
tures.”>’® Here, large organic cations form 2D sheets that

This journal is © The Royal Society of Chemistry 2017
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Fig.5 (a) Performance over time of MAPb(l;_,Br,)s on exposure to humidity in the dark. The red section corresponds to a day spentin 55% RH at
room temperature. FAg g3Cso.17Pb(lp.6Bro.4)s compared to that of MaPbls in solar cells with and without doping of the Cgo fullerene electron
selective contact (b). Reprinted from ref. 73 with permission from the American Chemical Society. The unsealed solar cells were held at open
circuit under full spectrum AM 1.5G irradiation. The same experiment was performed for devices encapsulated using two-part epoxy and glass
slides (c). Tgo refers to the time taken for the device performance to reach 80% of the initial value, ignoring the initial “burn in” decay. Reprinted
from ref. 57 with permission from Wiley.

separate blocks of 3D perovskite. Controlling the number of encapsulated devices did not demonstrate any signs of degra-
perovskite unit cells between each organic sheet controls the dation after 1000 h of illumination or 1000 h of exposure to 65%
electronic properties of the material through dielectric RH at RT (Fig. 6C and D). MAPbI; reference solar cells, of
confinement, and also protects the perovskite units from course, degraded rapidly. Further work needs to be done to raise
exposure to ambient conditions. A balance can thus be found the efficiency of such materials to closer to their 3D counter-
between obtaining suitable photovoltaic properties (small parts, which would make these some of the most exciting
bandgap, high carrier lifetimes and mobility) and protecting the  perovskite absorbers so far developed.

material with the 2D sheets of large hydrophobic organic Atmospheric degradation can also be slowed by using
cations. While such structures were first proposed by Smith moisture barriers as the selective contacts. There are many
et al” (Fig. 6A and B), Mohite et al” demonstrated high reports introducing new hydrophobic and moisture resistant
performances over 11% and very promising stability. Unen- contact layers that appear to drastically slow moisture induced
capsulated devices maintained 60% of their initial perfor- degradation. Some of the most promising results have been
mance after 1000 hours of AM 1.5G irradiation in air, while achieved by employing thick moisture blocking carbon hole
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Fig.6 (A and B) Structure of 2D Ruddlesden Popper perovskites PEA),MA,Pbsl;o developed by Smith et al. Reprinted from ref. 75 with permission
from Wiley. (C) Stability of (BA),(MA)sPbyl;s Ruddlesden Popper 2D perovskite solar cells compared to those of MAPbls perovskite solar cells, at
open circuit under ambient conditions and AM 1.5G illumination. (D) Encapsulated stability of the same. Reprinted from ref. 76 with permission
from Nature Publishing group.
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transport layers and by using inert moisture resistant polymers
such as polymethylmethacrylate (PMMA) in a composite struc-
ture with carbon nanotubes.>'®'*3*%%77 These have enabled
hundreds of hours of device operation under ambient condi-
tions and even enabled unencapsulated devices to be annealed
at 80 °C for 100 h with negligible drops in performance.®®”® A
recent study demonstrated that devices can be simply encap-
sulated by a hydrophobic polymer,” with solar cells showing
only minor degradation after three months of aging on
a rooftop in Italy during the summer. The reader is referred to
a thorough summary of the various contact layers and their
influence on moisture stability, written by Habisreutinger and
colleagues.®®

The results described in this section demonstrate that the
organic cation plays a large role in determining the stability of
the perovskite even under oxygen and air exposure. It then
appears that the A site cation is essential in influencing struc-
tural, thermal, and even atmospheric stability. Both the thermal
and atmospheric stability appear to be heavily influenced by the
acidity of the cation, leading to FA based perovskites being more
thermally and atmospherically stable. This conclusion suggests
that further improvements could be made with even less acidic
cations, and preferably even nonprotic cations.

5. Electrodes and encapsulation

While very promising results can be obtained by careful design
of the perovskite absorber, it is clear that encapsulation will be
of paramount importance to prevent photo-oxidation and
decomposition in perovskite solar cells over tens of years. The
organic light emitting diode (OLED) and organic photovoltaic
(OPV) communities have faced this same challenge,*** since
they use highly oxygen sensitive polymers and small molecules
that require effective encapsulation. Work on encapsulation
starts with a careful selection of oxygen and moisture resistant
selective contacts, followed by industry standard module
encapsulation. This generally takes the form of plastic/glass,
glass/glass or glass/metal foil packaging held together with
adhesives such as ethylene vinyl acetate (EVA) or Surylyn for
rigid modules, or composite SiN/polymer layers for flexible
modules.

Electrodes

After the selective contact layers, the electrodes provide the first
layer of encapsulation. This takes the form of metal in the vast
majority of perovskite solar cells, with silver, aluminum, and
gold being metals of choice. Metals are dense and impermeable
to oxygen and water. When deposited in a conformal layer, they
offer perovskite solar cells excellent protection from both
oxygen and moisture. Unfortunately, metals readily form metal
halides."*® Silver and aluminum are especially prone to the
formation of their halides, while gold is less reactive. Thus, any
contact between the metal electrode and the perovskite will
result in the formation of a black metal halide, especially at
elevated temperatures and applied electric fields; the metal
halide is resistive and does not function as an electrode while its

11492 | J. Mater. Chem. A, 2017, 5, 11483-11500

View Article Online

Review

formation must introduce an iodide deficiency within the
perovskite. This problem is exacerbated by the ability of both
metal atoms and iodide to diffuse through the perovskite as well
as the selective contact layers. It was observed in some of the
first reports on perovskite stability," and was more thoroughly
investigated later,**® where it was demonstrated that the
commonly used HTM Spiro-OMeTAD becomes permeable to
metal diffusion at elevated temperatures (Fig. 7a—c). Here, we
must highlight the very impressive device stability results ob-
tained by several groups, achieving only small performance
losses under operation over at least 500 hours when using metal
electrodes in ambient conditions:*****” replacing the metal
electrodes in their device architecture would likely result in very
stable solar cells.

Several strategies have been employed to overcome this
effect. Domanksi et al.®® employed a Cr/Au contact to slow the
reaction, but since even chromium can form a halide, it seems
unlikely that this could be a viable solution over the course of
tens of years. Similarly, Huang et al.** used Cu electrodes with
improved stability, though again here we must be concerned
that its small size and ability to form copper iodide mean it may
not be able to provide the 25 year lifetimes required. Carbon
electrodes have also been used, yielding vastly improved
stability but not at the highest performances.”® In their recent
report on high performance rubidium containing perovskite
compounds, Saliba et al.® replaced the commonly used Spiro-
OMeTAD HTM with a thin layer of polytriarylamine (PTAA)
polymer. They propose that the gold is not able to diffuse
through this polymer layer, and demonstrate very impressive
stability: their solar cells only lose approximately 10% of the
initial efficiency during maximum power point tracking over
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Fig. 7 Depiction of metal diffusion process given by (a) a cross-
sectional scanning electron microscope image of a perovskite device
(capped with Spiro-OMeTAD and gold) and (b) reconstruction of the
gold concentration profile through the solar cell layers as verified by
ToF-SIMS. The associated drop in device performance can be miti-
gated by using a chromium/gold bilayer electrode to slow metal
diffusion at elevated temperatures (c). Reprinted with from ref. 83 with
permission from the American Chemical Society Further improve-
ments are made by replacing the Spiro-OMeTAD HTM with PMMA,
a polymeric HTM (d). Reprinted from ref. 3 with permission from the
American Association for the Advancement of Science.
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500 h of illumination at 85 °C in a nitrogen environment
(Fig. 7d). These results are very promising, but gold is expensive
as an electrode in commercially viable solar cells. The next step
would be to determine whether the polymer HTM can also
prevent the diffusion and reaction of the less stable and more
mobile silver and aluminum electrodes.

In our own work," we have opted to completely remove the
metal electrode and replace it with Indium Tin Oxide (ITO),
used in most commercially available displays and many PV
modules. ITO is not reactive, dense enough to prevent moisture,
oxygen, and metal (from eventual grid lines) diffusion, and is
deposited via a relatively cheap sputtering process. Because it is
transparent it also enables perovskite-silicon tandems. Of
course, it is also the transparent electrode used on the many of
substrates on which perovskite solar cells are built. The high
kinetic energy of the plasma in the sputtering process can
damage the soft organic layers used as selective contacts in
perovskite solar cells, so a dense “buffer” layer must be used.
Others have used MoO, as the buffer layer on top of their HTM
with some success.*® Using the inverted architecture with the
top of the solar cell stack being the electron-extracting side, we
required electron transporting buffer layers, and first used
a thin solution processed layer of aluminum doped zinc oxide
(AZO) nanoparticles. This enabled ITO to be sputtered with no
damage to the perovskite, resulting in solar cells with improved
stability.

These solar cells, using ITO as the bottom and top contact,
were effectively metal free and effectively encapsulated from
both from the external as well as internal stresses. As expected,
they exhibited excellent stability, and otherwise unencapsulated
MAPbDI; based solar cells showed no signs of degradation over
the course of 250 h of illumination at their maximum power
point in air. These MAPbI; based solar cells even showed
surprisingly good thermal stability; they maintained 80% of
their initial efficiency even after maximum power point tracking
under full illumination for 100 h at 100 °C (Fig. 8). This is
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remarkable since MAPDI; is notoriously thermally unstable, as
described in Section 2. Since ITO is impermeable to diffusion of
most gases, we propose that as HI and CH;NH, evolve with
heating, a vapor pressure is built up within the active layers of
the solar cells. As a result, the MAI sublimation process is in
equilibrium with re-inclusion into the perovskite structure, and
the perovskite degrades much more slowly than if it were not
covered by the impermeable ITO. Hence, the ITO layer not only
prevents oxygen and moisture from entering the perovskite, it
also prevents thermal decomposition of the material. Such
results are not possible with most metal electrodes due to their
reactivity, especially at elevated temperatures.

Of course, a thin (500 nm) ITO layer does not constitute
a completely effective level of encapsulation; rigid PV modules
will benefit from glass and polymer encapsulation. The ITO
electrode does, however, facilitate industry standard encapsu-
lation processes. To laminate a solar cell between two glass
sheets using EVA or Surylyn binders requires heating to 140 °C
for approximately 30 minutes, so using a nonreactive electrode
that can contain evolving organic species is essential.

Towards passing IEC standard tests

Because solar cells deployed for utility and residential scale
power generation are expected to perform at high efficiencies
for over 25 years, it is important to develop accelerated stability
tests. Simply testing a solar cell in outdoor conditions for
several months as is often done in the perovskite research
community, while promising, gives very little indication of how
the solar cells will perform over 25 years. For this reason, the
IEC has developed a series of accelerated tests to probe the
various failure modes observed for deployed PV panels. The
tests include ultraviolet light exposure, moisture and tempera-
ture stressing, and temperature cycling to list just a few. It is
critical for the perovskite research community to start per-
forming more accelerated stress tests to determine the maturity
of the technology.
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Fig. 8 Stability of MAPbI3 devices where the top metal electrode is replaced by a sputtered ITO layer, enabled by a thin, solution processed AZO
nanoparticle buffer layer. The normalized performance for an otherwise unencapsulated solar cell operated at its maximum power point at
100 °C in air and under 1 sun equivalent irradiation from a sulfur plasma lamp is plotted in (a), while (b) is a photograph of the sample during the
test. The yellow area is perovskite that has degraded to Pbl,, while the brown area is protected by the sputtered ITO layer and maintains its
perovskite structure and associated solar cell performance. Tgo denotes the time taken for the device performance to be reduced to 80% of its

initial value. Reprinted from ref. 14 with permission from Wiley.
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With this in mind, we have recently succeeded in making
efficient and very stable, fully packaged devices by considering
both the effect of the perovskite composition on stability and
the importance of appropriate electrodes and encapsulation.®
From Sections 2-4, we can conclude that MA should be avoided
in the interest of stability: though it is structurally stable, it can
sublime from the perovskite structure at elevated temperatures
and makes the material sensitive to atmospheric stresses. As
a result, we turned to FA,_,Cs,Pb(I,_,Br,); compounds, which
are structurally and atmospherically stable, and most impor-
tantly, are very thermally stable. The latter is important to
prevent thermal decomposition over tens of years even in
encapsulated modules, but also to enable encapsulation at
140 °C. We chose to use a 1.63 eV FA 33Cso.17Pb(I.83Br0.17)3
compound. Rather than the AZO nanoparticles first used, we
used an ALD SnO,/ZTO (tin oxide/zinc doped tin oxide) layer as
the sputter buffer layer. This layer is conformal even over rough
perovskite surfaces, ensuring complete protection from the ITO
sputter process regardless of perovskite morphology. In addi-
tion, AZO is basic (as discussed in Section 3)* and can degrade
the perovskite;** SnO, is more stable.* The cell architecture is
shown in Fig. 9a. When deposited on top of a heterojunction
(HIT) silicon solar cell to make a monolithic tandem solar cell,
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this architecture can deliver an NREL certified and record
setting 23.6% PCE (Fig. 9b). Crucially, the otherwise unencap-
sulated single junction solar cells exhibited excellent light
stability, and only started to drop below its initial performance
after 1000 hours of maximum power point tracking under full
illumination in air (Fig. 9¢).

The ITO covered device with enhanced thermal stability can
then be packaged between two glass sheets using EVA as the
polymer binder, and butyl rubber as edge sealant. Once
encapsulated in this way, our perovskite solar cells exhibited
unprecedented stability. One of the most difficult IEC tests to
pass is the damp heat test, which entails 1000 h at 85 °C and
85% RH. Our encapsulated solar cells did not degrade in
performance but even improved when placed in a damp heat
chamber at 85 °C and 85% RH for 1000 h (Fig. 9d). The impli-
cations are very encouraging for perovskite solar cells; careful
selection of the perovskite composition allows conventional
encapsulation to adequately protect the perovskite material
from atmospheric and thermal degradation. It is possible that
even less atmospherically stable compounds would have been
stable to moisture and oxygen when packaged in this way, but
there is no doubt that the thermal stability of FA;_,Cs)
Pb(I; ,Br,); was key both for enabling the encapsulation and
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Fig. 9 Stability results for perovskite solar cells using FAg g3Cso.17Pb(lg g3Brg 17)3. conformal SnO,/ZTO sputter buffer layers, and sputtered ITO
electrodes. The device structure is shown in (a), while the current—voltage (J-V) curve of a monolithic perovskite/Si tandem made using the
device stack in (a) as the top cell on top of a heterojunction c-Si cell is plotted in (b). Performance over time is plotted in (c) for a non-
encapsulated single junction cell in the configuration depicted (a). The device was held at its maximum power point in ambient conditions, under
1 sun equivalent irradiation from a sulfur plasma lamp. Single junction solar cells as in (a) were laminated between two glass sheets using EVA as
a binder, while edges of the resulting package were sealed with butyl rubber to prevent lateral moisture ingress. These were exposed to an 85 °C/
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results are plotted in (d) over time. Reprinted from ref. 5 with permission from Nature Publishing group.
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for allowing the solar cells to survive long exposures to elevated
temperatures.

Further tests must be performed to determine whether such
packaged solar cells can pass the remaining IEC tests such as
UV light exposure, temperature cycling, light soaking, electrical
stressing, and mechanical load. Still, passing the damp heat test
is a major milestone for perovskite solar cells, which have often
been criticized as being too thermally and atmospherically
unstable to be commercially viable. The great performance
during our 85 °C/85% RH test demonstrate that these problems,
at least, can be resolved by appropriate selection of both the
perovskite composition and encapsulation strategy.

6. Future outlook and conclusion

In this review, we have discussed several of the key concerns for
perovskite stability and highlighted rational paths to over-
coming them through careful selection of the perovskite
composition and thorough encapsulation. Considering the
promising developments showcased here, perovskite PV may
soon exhibit the stability required for commercial applications.
Still, there are a few outstanding concerns. The first is the ionic
mobility in perovskite solar cells. Ions can move readily
throughout the materials, and while hysteresis-free solar cell
can now be made, the implications to long-term stability are
unclear.””**** Indeed, two research groups have recently
demonstrated that their solar cells suffer from a small and
reversible loss in performance over the course of several hours
that they assign to ion migration. Since the effect is reversible,
the hope is that is will not lead to long-term degradation.**** On
the other hand, other research groups (including ourselves)
have now demonstrated 100s of hours stable operation at the
maximum power point with no drop in performance whatso-
ever. It is unclear where the difference stems from; it could be to
do with the choice in selective contacts or the absorber layer
itself.>®** In addition, it is possible that the ion motion that
occurred from operation during the day could be reversed at
night so long as it did not induce any irreversible reactions or
changes to the solar cell. Nevertheless, even silicon solar cells
have suffered from a potential induced degradation that results
from an offset between the potential of the solar cells at the end
of a string of modules and the ground.* This can be remedied
by effective encapsulation, as well as module and inverter
schemes, but it remains uncertain whether the high ionic
mobility of perovskites will introduce new or more severe
potential induced degradation.

In addition, the ionic motion in metal halide perovskite solar
cells can result in light-induced phase segregation, preventing
mixed halide perovskites from operating stably under pro-
longed light exposure.* Since perovskites offer an extremely
exciting pathway to making tandems with CIGS, Si, and low gap
perovskite rear cells, making photo-stable mixed halide perov-
skites is of paramount importance. Some groups have pre-
sented strategies to improve the resistance of the materials to
light induced phase segregation by tuning both the composi-
tion**** and morphology®* of the films. Nevertheless, it is
difficult to simulate the effects of 25 years of light exposure, and
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the type of tests typically performed are only over the course of
minutes to hours. As a result, this must remain a subject of
intensive study and development to ensure the development of
fully stable wide bandgap perovskite solar cells for tandem
applications.

Two exciting new routes have been recently proposed:
cesium lead halide quantum dots and 2D Ruddlesden Popper
perovskites. These both possess higher bandgaps than their 3D
counterparts, and can obtain bandgaps suitable for tandem
applications without incorporating significant amounts of
bromide. In addition, preliminary tests suggest that the 2D
materials are some of the most stable perovskite absorbers yet
developed, while the quantum dots exhibited surprisingly long
lifetimes for Cs-based perovskites. Both approaches deliver
somewhat lower performances than their 3D counterparts at the
moment, but certainly provide exciting pathways to improved
moisture stability and decreased risk for light induced halide
segregation.

Very few research groups have performed mechanical stress
tests on perovskite solar cells, but Rolston et al.®* have found
that the adhesion between various layers in the devices stacks
and even between perovskite grains to be surprisingly weak. The
same group also demonstrated that the fullerenes layers often
used as electron selective contacts in perovskite solar cells
suffer from extremely poor adhesive qualities and this layer is
often the weakest link in a perovskite solar cell.” Such poor
mechanical properties in the selective layers could be overcome
by crosslinking the active materials, but the fact remains that
the perovskite itself displays low fracture energies due to week
adhesion. While we observed no delamination during our
thermal stressing of the encapsulated devices, it is possible that
the weak adhesion in perovskite solar cells could pose problems
for eventual flexible solar cell applications. Further work is
required to evaluate the severity of the problem as well as its
eventual solutions. Still, we are tentatively confident that at least
in rigid, glass/glass encapsulated devices the stresses on the
active layer will be minute and the modules mechanically
robust.

On a more speculative note, we can also consider a property
that has often been lauded as making perovskite materials
special: their defect tolerance.®**” This concept has usually been
discussed in terms of its effect on device efficiency, but we
consider that it might also be extremely important when
considering perovskite solar cell stability. The extensive work
done by the community demonstrates that perovskite absorbers
can degrade when exposed to sufficient stresses, and likely
more easily than most other semiconductors used in PV.
However, the main degradation product is always just a lead
halide, usually PbI,.*>***>¢> PbI, is a wide gap semiconductor
and thus its presence will not introduce any nonradiative
recombination losses. A great deal of recent work has even
suggested its presence to be beneficial, as it can passivate the
surface of perovskite grains.®® The main degradation product
of lead halide perovskite absorbers is thus inert or even benign,
a rare quality in a PV material. Of course, as Pbl, is formed
during degradation, the remaining perovskite material is ex-
pected to contain some other defects. Most of these, as
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discussed by Yan et al.,** will have energy levels that fall outside
of the bandgap and thus not introduce new recombination
pathways. Indeed, MAI deficient materials have been often
shown to make efficient solar cells.”® It is then possible that the
class of lead halide perovskites benefits from defect tolerance
even during degradation; this would make it unique among all
PV technologies and promises great long-term performance for
perovskite modules.

Conclusion

This work has discussed strategies to overcome the issues of
structural, thermal, and atmospheric degradation via
a combined approach of compositional engineering and thor-
ough encapsulation. Removing methylammonium from the
perovskite composition seems to be critical to slow most
degradation pathways, as its volatility and acidity make it prone
to various degradation pathways. The larger, less volatile, and
less acidic formamidinium cation is too large to make struc-
turally stable perovskites on its own, but can be combined with
small amounts of cesium to make robust materials with excel-
lent photovoltaic properties. Once the metal electrode is
replaced by a stable non metallic electrode such as ITO, the
FA; ,Cs,Pb(I, _,Bry); solar cells can be extremely stable.
Without further care being given to moisture resistant selective
layers, it is possible to package this material with conventional
encapsulation and even pass IEC damp heat tests. This speaks
strongly to the ability of perovskite solar cells' ability to be
atmospherically stable and makes us optimistic that perovskite
solar cells can reach the level of stability required for
commercial applications.
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