IOP Publishing Journal Title

Journal XX (XXXX) XXXXXX https://doi.org/XXXX/XXXX

Halide Perovskites: Current Issues
and New Strategies to Push Material
and Device Stability

Giorgio Schileo?!, Giulia Grancini
! Department of Chemistry, University of Pavia, Via Taramelli 14, 27100 Pavia, Italy

E-mail: giulia.grancini@unipv.it

Received xxxxxx
Accepted for publication xxxxxx
Published xxxxxx

Abstract

This short review aims at summarising the current challenges related to poor Perovskite Solar Cells (PSCs) stability which
nowadays puts severe constrains on near future device commercialization. As a game changer in the field of photovoltaics
(PVs), PSCs are highly efficient and cheap to fabricate. However, they suffer from poor long-term stability upon exposure to
heat, moisture, oxygen and light, and combinations thereof. Poor device stability originates from intrinsic instability issues of
the perovskite active layer itself, as well as extrinsic factors due to partial degradation of the layers composing the device stack.
Here we briefly review the chemical and physical processes responsible for intrinsic material instability, and we highlight
possible solutions to overcome it; we then consider the whole device, discussing properties and interactions of the stacked
layers. Finally, particular emphasis is placed on the need of shared standards for stability tests, which should include detailed
report on experimental conditions over a statistically significant number of samples, allowing for a direct comparison of results
across different groups and fostering a rapid advance of our understanding of degradation mechanisms and of the solutions to
overcome them.
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coordinated site formed by [BOs]* corner-sharing octahedra
(B is usually a +4 cation).
The Goldschmidt tolerance factor, expressed as

1. Introduction

After merely a decade since their first application in
photovoltaics (PVs)!, organic-inorganic halide perovskites
solar cells have now demonstrated power conversion
efficiencies (PCE) beyond 25% by using inexpensive
materials and cheap fabrication processes. However, the PV
community involved in the development of this potentially
disruptive technology is now facing a big issue which prevents
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where 7, and 7 are the ionic radii of the A and B cation
and 71y, is the radius of oxygen, is a useful tool that has been
used to predict the stability of inorganic perovskites. It is

Perovskite Solar Cells (PSCs) from entering the market: their
short stability along with the need to improve the device
performances over large area.

Since the first inorganic perovskite, CaTiOs;, was
discovered in 1839, all minerals with the same ABO3
structure, where A and B and metal cations, fall in the
perovskites category. The larger A cation sits in the 12-fold
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purely based on geometrical considerations: if
08<7t<1

the perovskite structure is stable.

Hybrid organic-inorganic halide perovskites also possess
the general formula ABXs, where A is an organic cation
(typically an alkylammonium ion), B represents Pb*", Sn*',
Ge?" or other divalent metals, and X is a halogen (F-, CI', Br",
I) or pseudo-halogen (CN-, BH4"). Methylammonium lead
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trilodide (MAPbI3) is the prototypical halide perovskite. In
this case, a tolerance factor of 0.912 applies, leading to a
stable perovskite structure which cristallizes at room
temperature in the tetragonal phase. Hybrid perovskites
combine unique electrical and optical properties: high
absorption coefficient, direct photo-generation of free carriers,
efficient charge transport and long carrier diffusion lengths
and wide band gap tunability, achieved by the manipulation of
the A cation or the X halide. Another striking attribute of these
materials is their low non-radiative recombination rates
compared to other thin-film polycrystalline semiconductors?-
6, PSCs can be fabricated in different configurations (Fig. 1).
In general, the solar cell consists of a multi-layered structure
where the perovskite is deposited between an n-type electron
transport material (ETM), and a p-type hole transport material
(HTM). The order and the nature of the layers determine the
configuration of the cell. Inspired by the already established
Dye Sensitized Solar Cells (DSSC), so-called mesoscopic
PSCs consist of a compact layer of TiO: deposited on
conductive fluorine-doped SnO2/glass substrates, followed by
a thicker layer of mesoporous TiO2 nanoparticles. The
perovskite infiltrates this mesoporous titania scaffold and also
forms a capping layer, on top of which the HTM is deposited,
typically an organic hole conductore such as Li-doped SPIRO-
OMeTAD. Au contacts are evaporated to complete the circuit.
Snaith and coworkers’ found that PSCs can work also with a
porous alumina scaffold, or even with no scaffold at all. The
latter type is referred to as planar n-i-p structure. Alternatively,
the opposite arrangement is also possible, where a p-type
HTM such as the conductive poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS) is deposited first, followed by the perovskite and an
ETM. In this case the most common choice for ETM is
Phenyl-Ce1-Butyric acid Methyl ester (PCBM). Au, Ag, Cu or
Al can all be used as top metal contacts.
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Figure 1. Main configurations for PSCs stacks. Reprinted (adapted)
with permission from Chem. Rev.2019, 119, 5, 3036-3103.
Copyright © 2019 American Chemical Society.

2. Intrinsic Instability Factors

Despite the great potential as PV material in terms of power
conversion efficiency, the instability of the perovskite solar
cells is one of the main hindrances for larger scale
applications. In particular, the prototypical hybrid perovskites
have revealed inherently unstability. Poor stability is due to
several concomitant factors derived from exposure to water,

heat, oxygen, light and combination thereof. Here below we
list a few of them, highlighting the degradation mechanism
induced and the consequent effects on device stability.

2.1. Water

Prolonged exposure to water vapour triggers an irreversible
material degradation which ultimately leads to conversion of
the perovskite back to the initial precursors (such as Pbl).
More in detail, water forms hydrate complexes such as
(CH3NH3)4Pble2H2O and leaves out Pblz, which tend to
crystallize, driving the reaction forward. In addition, MA™ is
slightly acidic and reacts with water to form wvolatile
methylamine and hydroiodic acid®® according to the following
reaction (1):

(CH3NH3)4Pbl, X 2H,0 — Pbl, + 4CH;NH; + 4HI + 2H,0
(1)

The reaction is not completely reversible because the
products include volatile compounds (HI), but even in
encapsulated devices solid Pbl> and CH3NH;sI tend to form
locally isolated phases, so that they are no longer in contact
and cannot re-form the perovskite!°.

2.2. Heat

MAPDbI; is intrinsically unstable upon thermal stress which
induces a release of I and the appeareance of metallic Pb
already at 40 °C (close to device working conditions) in the
dark!!. This is caused by the decomposition reactions (2) and

3):

CH3NH3Pbl; — CH;NHsl + Pbl, Q)

)

Even though reaction (3) is reversible (providing that I
does not escape the film or does not react with the metallic
contacts), at just 80-85 °C methylammonium iodide
disintegrates into more volatile compounds such as'>!3:

Pbl, = Pb0(s) + I,(g)

CH3NHsl = CH,l+ NHs,

(4)

CH3NH;l — CHyNH, + HI

©)

Both reactions are possible: (4) is thermodynamically more
favoured, ~13-14 kcal mol™! lower than (5), but it also requires
a higher activation energy than (5) because of the higher
number of bonds to break from the solid to the gas phase.
Therefore, in the vast majority of cases, the observed
decomposition products are CH3NHz and HI'*. The energy of
formation of MAPbI;, MAPbBr; and MAPDCI; has been
calculated from Density Functional Theory (DFT) to be -0.1,
-0.25 and -0.7 eV per unit cell, respectively. These values
mean that the enthalpy gain is low compared to the precursors,
and thus the opposite reaction (decomposition) can be
triggered by a moderate increase in temperature'®. Given that
standard encapsulation procedures usually require exposing
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the cells at temperatures up to 160 °C, and that solar panels in
the field routinely reach 65 °C or even ~80 °C at low latitudes,
PSC are naturally exposed to thermal stress which must be
controlled. A possible way to overcome the presented issue is
to (partially) replace the MA with more thermally stable
cations. Formamidinium (FA*, CH3(NH:):") and cesium (Cs")
are the most common A site substituents showing enhanced
thermal stability. Compared to MA" (rma+ = 217 pm), FA" is
larger (rra+ = 253 pm) and Cs* smaller (rcs = 188 pm) so that
the structure deviates from a perfect perovskite (the tolerance
factor © is 0.85 and 0.99, respectively): in fact, FAPbIs
crystallizes in the perovskite, black a-phase only above 165
°C. Below this temperature, even if quenched, it transforms
into a yellow, non-photoactive d-phase with hexagonal
structure. Likewise, CsPbl; is stable at room temperature as a
yellow orthorhombic §-phase with an unsuitable bandgap of
2.7 eV, and possesses a suitable photoactive phase only above
315 °C. However, by mixing FA" and Cs* cations on the A
site, the black a-phase can be stabilized at room temperature'®.
This has opened the way to more thermally stable hybrid
perovskites, using for instance Cs* which is less volatile than
MA", and cations like formamidinium or guanidinium (Gua®,
CHgN3") which are less acidic and can form more hydrogen
bonds with the halogen increasing the structural robustness
upon heating!’. Partially substituting Br at the X site also
improves stability, since Br is smaller than I" leading to a
shrinkage of the lattice and a strengthening of the cation-
halide bonding, as also shown by theoretical calculations!8.
Mixing Br and I also allow us to easily tune the bandgap, a
desired feature for instance for tandem cells'®. Despite the
advantages of such compositional cation engineering, such
mixture brings a new issue related to the formation of
photoinduced halide segregation®, which can affect charge
dynamics and device behavior as explained more in detail in

§3.

2.3. Oxygen and light

Perovskite films are also susceptible to a combination of
oxygen and light. Several studies?'? have shown that oxygen
can diffuse from the crystal grain boundaries composing the
perovskite polycristalline film over a time scale of minutes
(with an estimated diffusion coefficient D = 107-10 cm? s7!);
molecular oxygen then acts as an electron scavenger forming
the highly reactive superoxide species O™ at iodine vacancy
sites (favoured by the fact that O>" and I" have similar ionic
radii). The superoxide then reacts with the photoexcited
perovskite, which, for the case of MAPbI; leads to (6):

4CH,NH5PbI;
(6)

If charges can be extracted efficiently the reaction time with
adsorbed oxygen can be minimized, limiting this effect.

However, since even low levels of oxygen are extremely
detrimental and no encapsulation can ensure a perfect barrier

+ 05 > 4Pbl, + 2H,0 + 4CH;NH; + 21,

for 25 years, different perovskite compositions with higher
oxygen tolerance and appropriate dopants should be
employed. For example, FAPbI; is a better alternative to
MAPDI3, and FA0.9Cso.1Pbls is even a better candidate. Again,
the reason behind that is found in the shrinkage ability of the
crystal lattice caused by Cs*, which strengthens the FA-I
hydrogen bonds making it more robust**. More recently,
unencapsulated devices based on
(FA0.79MA0.16Cs0.05)0.97Pb(l0.84Bro.16)2.97 appeared as a valid
strategy, showing to retain ~90% of their initial efficiency
after 1000 hours under illumination, at room temperature®.
Furthermore, complete substitution of MA™ recently resulted
in even enhanced stability: FAo.s3Cso.17Pb(I;Bri-y)3 perovskite
mixed with n-butylammonium cations (a large cation which
forms layered perovskite platelets, see §4) showed a tso (the
time required for a cell to decrease to 80% of its initial
efficiency) of 1000 hours at 50-60 °C when unencapsulated,
and almost 4000 hours with encapsulation.

As a strategy to improve material stability, small
monovalent metals like K" and Rb' have also been
incorporated into the PSCs active layer. Being too small to be
inserted in the perovskite framework, it has been suggested
that they can sit at the interstitial sites of the perovskite lattice,
inhibiting iodine vacancies migration®® (see §3). Discussion
on this is still open: recent solid state NMR studies have
proven that neither Rb" nor K* can enter the perovskite
lattice?”: they rather segregate into phases such as §-
Cso.sRbo.sPbls. On the other side, Li et al”® showed that small
cations such as Li" and Na' can migrate through the
perovskite, possibly influencing the long term stability of the
devices. Regardless of the mechanism, K* doping can also
affect the crystallization, yielding larger grains, while
improving carrier lifetimes®®. Larger grain size are also
beneficial if considering that degradation reactions and non-
radiative recombination both originate at defect (or trap) sites
which are mainly located at the grain boundaries. Reducing
the boundary-to-bulk ratio will also reduce the density of gates
for water and oxygen penetration, thus limiting the material
degradation.

3. lon migration and photoinduced phase
segregation

PSCs suffer of hysteretic behaviour in the current-voltage
characteristic, which depended on scan speed, temperature
and nature of the interfaces?. The presence of mobile ions
with relatively small activation energy (E.) for migration has
been indicated to be one of the main reason behind this
anomalous phenomenon, excluding other possible causes such
as ferroelectricity. Early studies of possible defects in MAPbI;
found that I and MA* vacancies require an E, of 0.58 and 0.84
eV, respectively, to move through the perovskite lattice.
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Other works®!*? found even lower activation energies (~0.1
and ~0.5 eV, and ~0.8 eV for Pb*"). Subsequent studies
provided solid evidence of MA** and iodide** migration
(Figure 2). Despite the different values for E. of each species,
the general consensus is that I is the fastest migrating ion,
capable of crossing a film of MAPbI; in 1 ps, too fast to be
responsible for the observed hysteresis effects, which occurr
on the timescale of 0.1 to 100 s, and for which the slower MA*
and Pby" cations are likely responsible instead. In terms of
migration channels, the values presented so far have been
calculated for single crystals, where vacancies (Schottky
defects) enable the migration of ions*®. However for
polycrystalline films, grain boundaries represent the main
migration channel®’. lon migration is intimately related to
poor material stability and affects the performance of PSCs,
since mobile ions can accumulate at the absorber/charge
transport layer interfaces, modifying the band alignment and
the charge extraction mechanism. A strategy to prevent ion
migration is therefore of extreme interest. In 2014 Shao et al.*
showed that passivation of trap states at the surface and at
grain boundaries with fullerenes eliminated the hysteresis and
doubled the power conversion efficiency of MAPbIs solar
cells, corroborating the hypothesis that ion migration passes
mainly through these channels. In 2015, Gratia et al.?’ and

Pb-| plane
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LR - MAPDI,
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Hoke et al*® reported on the formation of an additional
photoluminescence (PL) peak for 0.2 <x < 1.0 in MAPb(Br.l:-
x)3 perovskite films, accompanied by a splitting of X-ray
diffraction (XRD) peaks, which suggested the formation of
two separate iodine-rich and bromine-rich phases under
illumination. This so-called photoinduced halide segregation
or “Hoke effect” is reversible within a few minutes, but it is
Figure 2. (a) Migration path of I ions in MAPbI; calculated with DFT
methods; (b Migration paths of I, Pb;* and MA* ions used for the
calculation of activation energies (E,); (c) Photothermal Induced

Anode

Anode

Resonance images showing the distribution of MA* ions before and
after poling between two electrodes 100 um apart; (d) Optical
images of a Pbl, thread (seen in cross section) in a MAPblI;
perovskite solar cell which migrated along the applied electric field
at 330 K. Reproduced with permission from Ref3? .

only partially reversible over a few hours, which limits the
open circuit voltage of the resulting devices *7. The rates of
formation and recovery depend strongly on the halide
concentration: the higher the halide concentration
(stoichiometric excess), the faster the rate of both processes
(segregation and recovery in the dark). Photosegregation is
therefore related to the concentration of halide vacancies and
to the different affinity of Pb>" towards I and Br: although
several explanations have been proposed for this
phenomenon, for example a difference in dark and
photoirradiated formation energies, or in the potential excited
state energy minima, a model that accounts for all
experimental conditions has not been developed yet.

4. Low-Dimensional Perovskites

Recently, dimensionality tuning of the perovskite has
attracted a great deal of attention, with a particular interest
towards low-dimensional perovskites for their superior
stability against moisture far above their standard three-
dimensional parent structures. Layered perovskites usually
possess the general structure R2An-1BnXsn+1, where R is a large
organic cation (for example, aliphatic or aromatic
alkylammonium) which functions as a spacer between the
inorganic sheet, and n determines the number of inorganic
sheets that are being held together (see Fig. 3a). Controlling
the A/R ratio, the n value could be adjusted fromn = 1 (2D),
n > 1 (quasi2D), and n = oo (3D). For low n, 2D perovskites
have large band gaps and stable excitons with large binding
energy (as shown in the absorption spectra in Fig. 3b). Such
properties are not ideal for photovoltaic action, therefore
leading to poor performances in solar cells*. However,
relative to 3D perovskites, 2D perovskites show remarkably
higher moisture resistance. This greater stability is mainly due
to the hydrophobic nature of the R cation, as well as the highly
oriented structure and dense packing, which reduces the
density of the grain boundaries and prevents direct contact of
adventitious water with the perovskite®. The integration of
2D perovskites into PSCs as a stabilizer component has been
recently proposed as a way to increase the lifetimes of PSCs.
The aim of this approach is to combine the high efficiency of
3D perovskites with the superior stability of 2D perovskites,
in a synergistic action. This has been demonstrated by either
blending the 2D and 3D precursors toghether or by
engineering a layer by layer deposition method to obtain a
2D/3D bilayer structure. The top 2D perovskite layers can
simultaneously act as surface passivant, improving the surface
robusteness and hydrophobic character of the active layer,
while also reducing the surface charge recombination,
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ultimately improving the device open circuit voltage*’. Cho
et al*! developed a two-step method for the deposition of a
3D/2D bilayer composed of MAPbI3 and PELPbls*. The
layer-by-layer growth is induced by dynamically spin coating
PEAI in isopropanol solution on the mixed halide 3D
perovskite with excess Pbl.. The excess Pbla has been
demonstrated to segregate on the top of the 3D perovskite. The
PEALI thus reacts in situ with the Pbl> at the top surface,
forming a thin layer of 2D on top of the 3D (see the model of
the device architecture in Fig. 3c). As the 2D perovskite lies
on the top surface at the interface with the HTM, interfacial
charge-carrier recombination is reduced and the PCE
increases to >20%, retained for 800 h at 50 °C under 1 Sun
illumination in an ambient environment. Importantly, this
result demonstrated that it is possible to achieve enhanced
stability without compromising the PCE. The 2D perovskite
can be also developed at the bottom surface of a n-i-p device
architecture, anchoring on the TiO2 surface. With this idea, a
2D/3D  composite of AVA:Pbl#/MAPbI; has been
developed®. This composite was fabricated using a simple
one-step deposition approach in which the precursor solutions
were blended together. The -COOH end groups in AVA*
anchor to the mesoporous TiO: layer, resulting in the
formation of a thin 2D layer at the oxide surface. This induces
a vertically graded structure, in which the 2D perovskite
templates the growth of a highly oriented 3D perovskite film
on top, forming a 2D/3D layered system. This layered 2D/3D
architecture has been implemented in standard mesoporous
TiO2/SPIRO-OMeTAD solar cells as either a 3D/2D or 2D/3D
active layer in an inverted configuration, and in monolithic
solar cells in which the HTM and gold electrode are replaced
by a carbon layer*?. The latter configuration is of great interest
owing to the lower cost of carbon and enhanced resistivity to
water permeation, which makes it an intrinsically more stable
configuration. In both the standard and inverted configuration,
enhanced stability was obtained, which is ascribed to the
greater structural stability of the 2D/3D layers as well as to
possible passivation of the TiO: surface through the 2D
perovskite bonds. In particular, for the monolithic devices
(0.5 cm? laboratory-scale cells and 10 x 10 cm? large modules,
see Fig. 3d), the 2D/3D composite approach achieved a world-
record stability of more than one year. These devices showed
no loss in performance over 10,000 h of testing (at 55 °C, 1
sun illumination for 24 h per day, sealed under ambient
atmosphere). This work has triggered much academic and
industrial interest and shows the potential for scaling up
perovskite technologies®.

a RoA, 1B X3ne

Absorbance

Smbmw

Wavelength (nm)

Figure 3. a. Structure of perovskite from 2D to 3D. b. Comparison of
absorption spectra for a typical 2D (n=1) and 3D perovskite thin
film. c. Schematics of n-i-p solar cell architecture using the 3D/2D
bilayer as active material. d. Picture of the 10x10 cm module
realized by Solaronix® based on monolithic solar cell using a
mixture of 2D and 3D blend (courtesy of Solaronix®). e. Structure of
an n-i-p perovskite solar cell based on a DHA using P3HT as the
hole-transport material. FTO, fluorine-doped tin oxide; d-TiO,
dense titanium dioxide; mp-TiO,, mesoporous titanium dioxide.
Right, schematic structure of the interface between the WBH and
P3HT (adapted from Ref %3).

More recently, Jung et al. reported a double-layered halide
architecture (DHA) using an ultrathin wide-bandgap halide
(WBH) stacked onto a narrow-bandgap-halide light-absorbing
layer, prior to deposition of the HTM (Fig. 3 e). Inserting the
WBH layer effectively reduced charge recombination at the
perovskite/P3HT interface. This resulted in PCE around 23%
and long-term operational stability for 1,370 hours under 1-
Sun illumination at room temperature, maintaining 95% of the
initial efficiency™®.

5. Stability of other layers in the stack

The intrinsic stability of the extra materials needed to
extract charges from the perovskite layer and their interplay
with each other is crucial to the long-term stability of the
whole device. Earliest high efficiency n-i-p mesoscopic PSCs
were based on the glass/FTO/TiO2/meso-
TiO2/MAPDI3/SPIRO-OMeTAD/Au stack. Notably, Spiro-
OMEeTAD crystallizes at about 100 °C*, and is permeable to
iodine, which reduces it and decreases its conductivity. It also
has to be doped with Li-TFSI (Lithium bis(trifluoromethane-
sulfonyl)imide) to improve its hole conductivity, but Li-TFSI
attracts water which in turns attacks the perovskite layer. Li*
can also migrate through the perovskite?®. Similarly, other
organic HTMs such as P3HT (poly(-hexylthiophene)) or
PTAA (Poly[bis(4-phenyl)(2 4 ,6-trimethylphenyl)amine]) are
unlikely to survive 25 years of operation in the field, and
besides are way too expensive for mass production. For these
reasons, researchers have been looking at inorganic HTMs
such as doped and undoped NiO*#, Cu,0 and CuO*4,
Cul**3! and CuSCN3253, and obtained high efficiencies, albeit
somewhat lower than with organic HTMs. For p-i-n
configurations, inorganic ETL such as SnO, and ZnO have
been proposed. Although they cannot further oxidize (except
for NiOy), metal oxides can however catalyze oxygen
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degradation of the materials with which they are in contact
when exposed to UV light. In fact, TiO, is widely used as
photocatalyst for water splitting and as coating for self-
cleaning surfaces. Unless deactivated through an appropriate
coating like CsBr34, TiO, based PSCs are less stable than their
SnO; counterparts, which survived for 1000 hours in presence
of light, moisture and oxygen (at room temperature)®. New
oxides have been also been also proposed to circunvent the
issue related to TiO, catalytic effect. Among these, an
interesting approach has been shown by Lira-Cantu’s group
exploiting a thin film of Pb[Zr,Ti,«]JOs; (PZT) ferroelectric
oxide as the ETM in planar configuration. The solar cells were
poled up to 2 V in order to polarize the PZT electrode. Poling
resulted in a slow but steady improvement of the photovoltaic
properties of the PZT-based PSC. The improvement was
observed during the first 90 minutes after which the device
stabilized and then maintained its photovoltaic properties
under continuous illumination in air for hours>-%.

Back contacts usually consist of evaporated Au, Ag, Cu or Al
layers: almost all metals react with halogens or halides or, like
Au, migrates through the perovskite creating shunting
paths’’%. While useful in assessing the efficiency of a
particular composition, alternative solutions must be adopted
for long term stability. Adding a barrier layer between the
back contact and the HTM, such as MoOyx/Al:03%, Al-doped
ZnO (AZ0)/SnOx>°, ITO® or others®® did not succeed in
completely stopping the diffusion of species: stability studies
are conducted either in the dark, or at low temperature, or for
just a few hundred hours. The study by Park and coworkers®!
show PCE retained by 87% of its initial value after 500 h under
1 Sun illumination at 85 °C by placing an AZO barrier film by
Atomic Layer Deposition (ALD) between the PCBM/BCP
layer and the Ag or Al contact. Also ITO can be an effective
barrier against metal diffusion, providing that the PCBM layer
onto which it is deposited is smooth, as explained by Boyd et
al.®? The deposition of a smooth PCBM layer by spin coating,
for instance, leads to crack-free ITO preventing the diffusion
of metallic species and the ingress of water. As mentioned in

Evolution of efficiency (%}

2012 2013 2014 2015 2016 2017 2018 o 20 0 6 8 10e
Yi fem?)

Figure 4. Efficiency drop with area for different PSCs
configurations. Reproduced from Ref*’.

120 Mo 16e A

the previous paragraph, metal contacts can be substituted with
TCOs or carbon based electrodes. However these materials are

roughly a hundred times less conductive than metals and this
severely limits the current output of the device.

Even the inert glass substrate can play a role in the device
stability. An aspect which is often ignored is the fact that
perovskites have a thermal expansion coefficient (TEC) ten
times larger than glass. This causes considerable residual
tensile stress after spin coating and annealing as the perovskite
contracts much more than the substrate upon cooling®2. Over
time, this stress can accelerate degradation of the film even at
low levels of moisture (25%), whereas films placed under
compressive stress did not degrade®®. The immense advantage
of flexible substrates, beyond their flexibility (a necessary
requirement for roll-to-roll production), is their low weight
compared to glass substrates, which allow one to install them
much more easily on buildings fagcades without the need for
expensive support structures or scaffolds and thus reducing
the overall installation costs. Exploration of novel materials
synthesis and fabrication techniques will also pave the road
for easy and low temperature deposition protocols,
minimizing the number of steps and making it feasible for
large area production.

6. Scaling-up, measuring and reporting issues

Compared with other PV technologies such as silicon or
CIGS, PSCs display a much sharper drop in PCE with the
active area®® (Fig. 4). Over the thousands of papers
published on PSCs in the last five years, only 79 deal with
“large area” concept, i.e. > 1 cm? active area®. This is a critical
challenge. Almost all studies are performed on cells with an
active area of 0.25 mm? or less, which highlight a) the pressure
to advance in the efficiency record, and b) the difficulty to
obtain uniform, pinholes-free films and consistent
measurements, with the result that only the best performing
samples are presented whereas the poorly performing ones are
disregarded. A serious statistical analysis is seldom reported.
To be able to understand the behavior of PSCs and to mass
produce hundreds of square metres of pinhole-free perovskite
these issues must be addressed. If the research community
now acknowledges peculiar characteristics of PSCs such as
current-voltage hysteresis and performs measurements that
account for them, stability studies still lack standardized
guidelines. Tiihonen et al.% have analysed 261 papers on the
subject published in 2016, and the results are appalling. 50%
of the studies are based on only one cell, and 65% of them
fail to meet the basic requirements for evaluating
repeatability. 61% are based on unencapsulated devices, and
only for one in eight cases the cell(s) are kept under load
during illumination, which is the closest state to real life
working conditions. Further analysis of the literature reveals
that some stability tests are carried out in the dark, or in
ambient conditions (whithout monitoring of temperature and
humidity variations), or for a seemingly arbitrary number of
hours. PSCs should in theory fall under the IEC 61646
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standard, as it deals with qualification and approval of thin-
film terrestrial PV modules. To pass this standard, modules
must withstand, for example, 15 kWh/m? of UV irradiation,
200 cycles between -40 °C and +85 °C, and 1000 hours under
illumination at 85 °C, with less than 20% decrease in
efficiency®’®8. Despite the clear conditions set out in the
standard, several combinations of different conditions have
been used for stability tests, which makes impossible to
compare results and draw meaningful conclusions. The 1000
hours/85 °C requirement was calculated as follows: given that
a panel should be operational for at least 25 years, and
assuming 6 hours of average solar irradiation throughout the
year, this is equivalent to 54,750 hours. Assuming that the
degradation reaction can be described using the Arrhenius
equation (7),

R=Aexp (— i—;) (7

where A is the pre-exponential constant, E. is the activation
energy, k is the Boltzmann constant and T the absolute
temperature, an Acceleration Factor (AF) can be defined as
the ratio of R at two different temperatures, Tuse (usually 25
°C) and Ttest (8):

timeyse Eq 1 1

AF = timetest T exp (7 (Tuse B Ttest)> (8)
Given that most degradation mechanism in electronic
components had an average activation energy of 0.8 eV, and
that in the 75-125 °C range AF varied from 2.11 to 1.82 for
each 10 °C interval, an average AF of 2 every 10 °C was
widely accepted as a rule of thumb®. Based on this AF, 25
years of operation at 25 °C are equivalent to 855 hours at 85
°C, probably rounded up to 1000 hours (or obtained by
lowering the activation energy to 0.6 eV). However, this
approach is extremely simplistic and makes too many
assumptions. First of all, perovskites are mixed ionic-
electronic semiconductors and we still do not know the exact
activation energy of all degradation reactions for these
materials (and it is fair to assume they are different and depend
on compositions). Secondly, as Reisner et al.”’ pointed out,
depending on the reaction involved and the climate in which
the panels are to operate, 1000 hours at 85 °C and 85% RH
(“Damp Heat” test) may correspond to 16 years in tropical
areas, but over 100 years in Central Europe. The IEC61646
tests are not, strictly speaking, durability tests, but merely
procedures designed to find materials and manufacturing
failures in a short time frame, and there is no correlation
between the damp heat test for » number of hours and outdoor
weathering for m number of years, which is the result of a
complex interplay of heat, irradiation (visible and UV),
moisture, shading, thermal cycling, mechanical stress,

pollutants, and other factors’!.
To summarize, the majority of stability tests for PSCs are
far too mild and the variety of conditions specified (dark,

various levels of illumination, presence or absence of UV
radiation, different temperatures, etc.) or lack thereof,
prevents direct comparison of the results; on the other hand
the IEC 61646 standard might be too harsh, and it will not
yield useful information if applied to the letter and without a
quantitative understanding of each degradation mechanism
(Ea). It took three years to reach a consensus on a common set
of guidelines for OPV: bearing in mind the peculiar
characteristics of PSCs, the paper by Reese et al.’”> might be a
starting point. Researchers should present stability studies on
a statistically significant number of samples, include a control
set, specify the environmental conditions throughout the test
(“ambient” humidity and temperature can vary greatly for
different countries and from day to day), the type of
illumination and encapsulation, whether the samples were
under load or at open circuit, etc. This calls for the need of a
deep discussion in the perovskite PV community with the aim
to define a consensus on guidelines to be used for perovskite
stability tests, as done at the ISOS meetings.

7. Conclusions and Open Issues

This article has presented a critical and inclusive summary
of gradual advances and frontiers in the field of perovskite
materials and devices, showing the main challenges and near
future perspectives. Development of new ways towards
efficient and stable devices is indeed the next major issue
which requires to be focused urgently to launch them in the
market for outdoor photovoltaic applications. From what has
been reported so far, stability tests at 85 °C/1 Sun illumination
at maximum power point for >1000 hours can be superated
only if a massive engineering and redesigning of solar cell
architecture will be adopted. Ideally, this would exclude (or
limit) the use of TiO: nanoparticles’, methylammonium
cation'?, SPIRO-OMeTAD or organic charge transport
layers’™, and metal contacts®®, which represents an enormous
challenge for scientists and tehcnologist working on PSCs.
Development of proper encapsulant with proper sealant, with
low elastic modulus to prevent the release harmful chemicals,
is an important route to further explore’. Engineering the
perovskite dimensionality has been presented as an interesting
new way towards efficient and stable devices.

In the last few years, there have been key insights in the
degradation mechanism of PSCs and how to tackle them;
however, there are still several issues to be addressed
regarding the stability of PSCs, including (but not limited to):

e How can different groups define a common testing
protocols or guidelines for long term stability, which
include a standardized encapsulation?

e Why is it so difficult to obtain reproducible results
and more importantly over a larger area?
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e Given the large difference in thermal expansion
coefficient, what is the effect of residual tensile stress
on accelerated testing at high (85 °C) temperature?

e Can organic charge transport layers guarantee stable
performances over 25 years or is it necessary to focus
more on inorganic materials?

In addition, future research directions regarding perovskite
devices should also include a deeper fundamental
understanding of the structural and photophysical properties
of the materials under operative conditions, to realize
optimum designs for stable and efficent perovskite
technology.
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