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While perovskite solar cells have skyrocketed in recent years to power conversion efficiencies
competitive with those of silicon and thin-film photovoltaics, the lagged behind stability stands
in the way of commercialisation. In this review, we discuss the reasons and factors that induce
the degradation in photovoltaic performance of perovskite solar cells, and furthermore, we
summarise the most promising strategies to enhance the lifespan. We show that each component
of the device, including charge selective contacts, perovskite layer, and electrodes, can be
engineered to reduce the influence of heat, UV light, oxygen, moisture and their synergetic
effect on the operating lifetime of devices. We conclude that inorganic contacts and inorganic

perovskite compositions are the most promising direction toward stable perovskite solar cells.
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Halide perovskite semiconductors exhibit outstanding optoelectronic properties,' such as high
absorption coefficient,> 3 sharp band edge,* 3 tuneable optical band gaps spanning from visible
to near-infrared wavelength range,® 7 high defect tolerance,® and low exciton binding energy®.
The application of halide perovskites goes from photovoltaics!?, light emitting diode'!, photo-
detectors'?, memory devices!? to solar batteries'. Furthermore, halide perovskites can be
processed by almost all standard thin film deposition techniques, including thermal
evaporation,'> spin-coating,'®!® dip-casting,'” atomic layer deposition (ALD),?° screen
printing,?!- 22 inject printing,?? and roll-to-roll printing.?!> % 25 The outstanding optoelectronic
properties in combination with the flexible processing make halide perovskites one of the most

attractive materials for the electronic industry of the future.

The pioneering work was conducted by Miyasaka ef al. in 2009 who applied methylammonium
lead iodide (MAPDI;) and methylammonium lead bromide (MAPbBr3) as sensitisers in dye-
sensitised solar cells.?6 The breakthrough in the power conversion efficiency (PCE) of
perovskite solid-state solar cells was made in 2012, going beyond 10%.27-28 The value of PCE
for perovskite solar cells (PSCs) quickly increased to over 20%,2° with the current world record
of 23.3% certified by NREL (National Renewable Energy Laboratory in the USA).3° The low
cost, highly efficient, and scalable PSCs are the most promising candidates to enter the
photovoltaic market that is currently dominated by silicon and thin-film solar cells. Although
the overall efficiency of PSCs has increased over the years, the poor device stability is a major

impediment to the commercialisation of PSCs.3! Figure 1 summarises the growth in efficiency

Published on 07 December 2018. Downloaded by Tampere University of Technology on 12/17/2018 12:06:58 PM.

of PSCs as well as the lifetime evaluated from Tg3%> 3 i.e. the corrected Ty, for PSCs taking
into consideration the reversible loss during the day/night cycling - the time that takes for the
PCE drops to 80% of its initial value, - and energy generation during the lifespan of PSCs based
on the analysis of the literature data published from the year of 2013 to 2018. It clearly shows
that the lifetime of PSCs is limited to 3,000 hours, which is far away from the standard solar
cells, i.e. up to 25 years of operational lifetime. In other words, it is urgent to enhance the

lifespan of PSCs to meet the high expectations for a newly emerging PV.

We will review the measurement methods for the assessment of the operational stability of
PSCs. Then we will discuss the most promising material, device, and interface engineering

approaches to extend the operational lifetime of PSCs.
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Figure 1. Summary of literature data published from the year of 2013 to 2018 related to PCEg
(top panel), T (middle panel), and generated energy of PSCs (bottom panel).3? Reproduced
with permission from ref.32. Copyright 2018, Elsevier.

2. Lifetime evaluation

Most of the studies on the stability of PSCs reported the performance measured periodically for
a prolonged time using a single current-voltage measurement or JV scan. In between two
consecutive JV scans, the devices were either stored in the dark or kept under continuous
illumination at open circuit, the so-called “light soaking” test. For organic photovoltaics, the
stability testing of devices stored in the dark and measured periodically is referred to as the
shelf life testing - ISOS-D-1 protocol.’* However, a testing protocol similar to the ISOS-D-1
would not provide a reliable estimation of the PSC stability. Indeed, the efficiency of PSCs as
extracted from the JV scan can be different from the actual power output extracted from the
maximum power point tracking (MPPT) after a prolonged light soaking or dark storage. The
difference between the JV and the MPPT is mainly due to the presence of hysteresis, i.e. the
difference in JV curves under forwarding (from low bias to high bias) and reverse (from high
bias to low bias) scans in PSCs and device degradation under continuous illumination.’® In
particular, in our recent publication,*? we demonstrated that the lifetime could be overestimated

or underestimated depending on the device architecture.

Based on the above discussion, we believe that it is necessary that the research community
adopts a standard protocol for stability testing of PSCs. We33 proposed a testing protocol that
includes MPPT measurement for at least 150 hours under illumination and testing after dark
resting for several hours. The significance of this protocol is that it includes consideration for:
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i) the hysteresis in PSCs that makes the JV scans rather ineffective to estimate the agtual poywgi ==
output after prolonged ageing. ij) The “burn-in” time, i.e. non-recoverable permanent
degradation occurring at the beginning of the device operation. It is important to note that the
“burn-in” time is considered in the ageing protocols of organic solar cells and silicon solar cells
as well. iii) The “reversible losses or gain”, i.e. the efficiency gains or losses that can be obtained
by re-measuring the device after resting in the dark. The “reversible losses” in PSCs are widely
observed in regular structured PSCs (n-i-p architectures). iv) A figure of merit for stability, such
as the Tgg that provides the time at which the device has degraded to 80% of its initial
efficiency. After that, the device should be replaced as more serious degradation mechanisms
may start kicking in. The Ty, value is well-established for silicon solar cells and thin-film solar

cells. This parameter provides accessible information for comparison between different

technologies.

Also, Tiihonen et al.*¢ pointed out the worrying practice that most of the works in the literature
reported data from a single device to conclude about stability — lack of statistical analysis.
Nevertheless, we are also aware that testing the stability for a statistically significant number
of PSCs may be rather impractical on a lab scale. Therefore, we recommend careful

consideration before providing the conclusive data from a non-statistical number of devices.

3. Each component in PSCs matters
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Figure 2. Schematics (top panel) and cross-sectional SEM images (bottom panel) of 1@;@?&
regular PSCs, regular mesoporous PSCs, and planar inverted PSCs with a scale bar of 200 nm.?
Reproduced with permission from ref.3’. Copyright 2018, American Chemistry Society.

A highly efficient PSC is generally composed of an effective electron and hole selective contact,
and a compact and dense perovskite film. PSCs can be classified into regular (“n-i-p”’) and
inverted (“p-i-n”") architectures based on the sequence of the layers comprising the device.
Regular architectures are made by transparent conductive glass (TCO)/electron selective
contact (ESC)/perovskite film/hole selective contact (HSC)/metal contact, while inverted
structures employ TCO/HSC/perovskite/ESC/metal contact. Under illumination, photo-
generated electrons are injected from the perovskite film to the bottom ESC in regular PSCs
(“n-i-p”) or the top ESC in inverted PSCs (“p-i-n”"). Regular PSCs can be further classified into
“mesoporous”, containing a mesoporous ESC, and “planar”, containing a compact ESC. The
schematics and cross-sectional scanning electron microscopy (SEM) images of regular and

inverted PSCs are given in Figure 2.3
3.1 Electron selective materials (ESMs)

An efficient electron selective material (ESM) should meet several criteria, such as high
electron mobility, low concentration of deep trap states, good energy alignment with other
components in the device, and ideally inexpensive in production. ESMs can be inorganic

semiconductors or organic molecules.
3.1.1 Inorganic electron selective materials

Inorganic electron selective materials (ESMs), such as metal oxides, are intrinsically more
stable than organic ESMs under the influence of temperature, humidity, oxygen, and UV light.
Inorganic ESMs, which normally need high-temperature annealing and processing with polar
solvents, are broadly used in “n-i-p” PSCs that allow the deposition of ESMs ahead of the
perovskite film. One of the most commonly used inorganic ESMs is titanium dioxide (TiO,).?*
In the most efficient configuration, the TiO, contact is constituted by stacking compact (c-TiO,)
and mesoporous (m-TiO,) films.*? There are several ways to deposit the c-TiO, film, such as
spin-coating, spray pyrolysis, or atomic layer deposition (ALD). TiO, mesoporous film (m-
Ti0,) is normally deposited from a TiO, paste, where TiO, nanoparticles are mixed with
solvents, such as ethanol and terpineol and organic linkers, such as ethyl cellulose pre-dissolved
in ethanol. In most cases, both ¢-TiO, and m-TiO, need to be annealed at 450 °C to get an
anatase phase TiO,. The low-temperature deposited TiO, planar film has also been reported in

a few cases.*!>*2 However, due to the low conductivity in intrinsic TiO,, planar PSCs employing
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TiO, ESM present a huge hysteresis. On the contrary, the mesoporous structured PSCs théite = o0
employ TiO, mesoporous film enlarge the interface area between TiO, nanoparticles and
perovskite film, showing significant suppression of the hysteresis.** Chemical doping, such as
lithium ions (Li*) can enhance the electron conductivity of TiO,,* which promoted the
efficiency of PSCs from 17% for the pristine TiO, to over 19% for the Li" doped TiO,
mesoporous film. Till now one of the highest reported efficiencies of 22.1% was achieved by

the regular PSCs containing m-Ti0,.%

However, Leijtens et al.*> found that TiO, could bring some negative effects to the stability of
PSCs under the illumination of UV light. TiO,, with an energy band gap of around 3.2 eV,
shows a strong absorbance in the short-wavelength range and is a UV photocatalyst. This led
to the oxidation of the absorbed oxygen into oxygen radicals that were highly oxidative, hence
resulting in the decomposition of the adjacent perovskite layer.?6 One recent study introduced
a plant sunscreen material, i.e. sinapoyl malate, between the TiO, layer and the perovskite film
as a scavenger for the oxygen radicals, resulting in a significant enhancement of the PSCs

stability under UV light exposure.*’

In the last two years, another inorganic ESM, i.e. tin oxide (SnO, or SnOy), was introduced into
the PSC system. SnO, has been applied as an ESM in dye-sensitised solar cells (DSCs) before
and has demonstrated its excellent electronic property in a DSC system.*® In 2015, Correa-
Baena et al.*° introduced the ALD-prepared SnO, planar layer in PSCs, and they observed a
substantial suppression in the hysteresis compared to TiO, contained PSCs. Later, Roose et al.>°
introduced Ga-doped SnO, mesoporous layer (m-Sn0O,) into PSCs. They measured the stability
of PSCs with a periodic “light-soaking” under full spectrum illumination (AM 1.5 G, 100
mWcm??) inside the N, filled glove box. They found that both m-SnO, and m-TiO, based PSCs

Published on 07 December 2018. Downloaded by Tampere University of Technology on 12/17/2018 12:06:58 PM.

had a “burn-in” time, showing a rapid drop to 80% within the first 100 hours of “light soaking”.
After “burn-in” time, m-SnO, based PSCs stabilised at around 70% of the initial PCE for up to
1000 hours. In contrast, m-TiO, based PSCs left only 20% of the initial value. After ~ 1000
hours of illumination, they stored PSCs in the dark for 200 hours, and then tested the JV curves
of these devices again. Differently from the reported “self-healing” of PSCs after dark storage,’!
they did not observe any notable recovery in the efficiency, which brings questions to the long-
term photo-stability (up to 1000 hours continuous illumination) of perovskite compounds and

HSCs during the “light soaking” process.

Page 9 of 44


http://dx.doi.org/10.1039/c8ee02852d

Published on 07 December 2018. Downloaded by Tampere University of Technology on 12/17/2018 12:06:58 PM.

Energy & Environmental Science

Page 10 of 44

. . . View Article Online
3.1.2. Organic electron selective materials DOI: 10.1039/C8EE02852D

As mentioned above, organic compounds are not as stable as inorganic metal oxides. In most
cases, organic compounds need to be stored inside an Nj-filled glove box in the dark.
Decomposition of organic materials can be triggered by UV light radiation, oxidation in air,
and moisture absorption. Because organic ESMs can be processed at low temperatures and
dissolved in solvents, such as chlorobenzene that has negligible influence on the perovskite
films, they are mainly used in inverted (“p-i-n”) structured PSCs, where the ESMs are deposited

on top of perovskite.

Fullerene and its derivatives have been the most commonly used organic ESMs because of their
well-known excellent electronic conductivity. They are efficient ESMs in organic photovoltaics
and are commercially available. Phenyl-Cg¢,;-butyric acid methyl ester (PCBM) and Cy are the
most popularly used derivatives of fullerene. PCBM can be deposited from the solution via
spin-coating, and Cg, can be deposited via thermal evaporation. Both of them have a relatively
high hydrophobicity. Some works replaced fullerene-based ESMs with polymeric ESMs>?, or
fluorine functionalized graphene’® that had a stronger hydrophobic property and resulted in
enhanced moisture stability for devices stored in the dark at a controlled humid environment
and in the “light-soaking” measurement. The most efficient inverted PSCs reported so far is

based on C¢y ESM, with a record of 21.4%.54
3.2 Perovskites

I I/Br Br Br/Cl1 Cl

E
)
-

Moisture resistance

114 201
113 204201

Thermal resistance

L i 791,.92 29 85, 95
MA  MAFA CsMA/FA Rb/CSMA/FA  Cs

Cs/FA K/Cs/MA/FA
| Bandgap T

Scheme 1. Illustration of the intrinsic stability and bandgap of ABX; against moisture and heat

influenced by cations and halides. The trends are extrapolated from literature discussed in the
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main text. Selected references as the representative of each perovskite compositions are labedled: ==

on the guidelines.

Halide perovskite is the key component in PSCs with a common formula of ABXj3, where A is
a monovalent cation placed in the octahedral cage consisting of shared corners BX, being B a
divalent metal and X a halide. Methylammonium lead iodide (MAPbI;) based PSCs have
achieved extraordinary high efficiency reaching more than 20%> %6 in recent years. However,
they suffer from the degradation caused by external factors such as moisture,’” heat,’® oxygen,>®
and light.®® Moreover, the synergetic effect of oxygen, heat and photo-illumination fastens the
process of moisture-induced degradation.®! Using a mixture of halides instead of pure iodide
results in more robust moisture stability in the compound.! 6> This is partial because when
perovskite is exposed to moisture, the formation energy of H-I bond is much smaller than that
of H-Br and H-Cl, which breaks down the bonding of Pb-I in the crystal structure of
perovskite.®3 Moreover, the poor thermal stability of MAPbDI; is mostly attributed to the organic
cation, i.e. MA*.%4 65 Alloying A-site cations, particularly inorganic cations, i.e. Cs* (caesium)
and Rb* (rubidium), are found to significantly enhance the thermal stability of perovskite
compounds.?” % The influence of cation and halides on the intrinsic thermal and moisture
stability of perovskites are illustrated in Scheme 1. In this Section, we will discuss the large
family of perovskites of mixed halides and cations, mainly focusing on their vulnerability to
photo-induced phase segregation, thermal and moisture-induced composition degradation, and
present a critical review on the mechanisms that cause degradation in perovskite and efforts

made towards the enhancement of the intrinsic stability of perovskite materials.

Published on 07 December 2018. Downloaded by Tampere University of Technology on 12/17/2018 12:06:58 PM.
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Figure 3. a) Digital photos; b) absorption spectra; ¢) absorption coefficients; d) steady-state
photoluminescence (PL) spectra of perovskite films with mixed I/Br/Cl halides; e) dependence
of the bandgap extracted from b)-d) on the ratio of halides (I/Cl) of mixed halide perovskites.®’
Reproduced with permission from ref.¢’. Copyright 2015, American Society of Chemistry. f)
PL spectra of MAPb(Iy¢Bro4); perovskite films over 45 s in 5 s increments under 457 nm, 15
mWcm light at 300 K; g) normalised PL spectra of MAPb(I,_Bry); films with x ranging from
0 to 1 after illuminating for 5~10 minutes with 457 nm light at the intensity of 10-100 mW cm-
2,68 Reproduced with permission from ref.®8. Copyright 2015, Royal Society of Chemistry.

As we discussed at the beginning of this Section, perovskite of mixed halides exhibits better
moisture stability than iodide only perovskites. Also, the optical bandgap of perovskites can be
easily tuned by adjusting the halide ratio (i.e. I, Br, Cl) (Figure 3). This is because the
conduction and valence band positions of perovskites are largely determined by the hybrid
orbitals of lead and halide. Thus, the changes in radii and the electron properties of halides from
I to ClI- can bring significant changes in the bandgap of the compounds.®® Figure 3a-e shows
the systematic studies of the dependency of the bandgap of MAPbX; (where X is I/Br/Cl) on
halide ratios, ranging from 1.54 eV (MAPbDI;) to 2.44 eV (MAPDbCI3).%” More importantly, in
the broad range of bandgaps, all the mixed halide perovskites present a sharp absorption onset
with a strong emission peak, which indicates the direct semiconductor nature of perovskites at
room temperature with a high absorption coefficient. The superior optoelectronic properties of
mixed halide perovskite were recently identified to be determined by the iodine chemistry in

perovskite compounds. It was found that in the prototype of MAPbI;, the less abundant iodine
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defects and MA defects were identified as the source of photochemically active degep, electran -2
and hole traps in MAPbI3.7-72 Bromine and chlorine doping of MAPDbI; helped to inactive hole
traps. Mixed halide perovskites have been demonstrated successfully in photovoltaic

applications as well as other optoelectronic devices, such as light emitting diodes (LEDs).”3

Although mixed halide perovskites present superior stability to iodide only perovskites, the
mixed halides composition brings a risk of halide segregation under continuous light
illumination.®® Figure 3f shows the steady-state photoluminescence (PL) spectra of
MAPb(I ¢Bry 4); perovskite over 45 s in 5 s increments under 457 nm, 15 mWcm light at 300
K. The decrease in the intensity of the emission peak assigned to mixed halide perovskite and
the appearance of the emission peak assigned to MAPbBr; perovskite are clearly observed.
Phase segregation induced by halide segregation generates new defects in the bulk of perovskite
films and leads to fast degradation in photovoltaic performance of PSCs. Although the phase
segregation can be recovered after storing in the dark for some minutes, it largely reduces the
output power of PSCs, mostly due to the lost in V.. Fortunately, as shown in Figure 3g, Br
content of less than 20% in MAPb(I,Br, 4); does not show phase segregation after illuminating
for 5~10 minutes with 457 nm light at the intensity of 10-100 mW c¢m, whereas Br content of
over 20% show the second emission peak located in the shorter wavelength range of higher
band gap.®® As discussed in the following sections, the mixed halide ratio will be adjusted in
conjunction with the mixed cations to stabilize the perovskite phase and to reach the ideal band

gap in perovskite compounds.5®

Meanwhile, the origin of halide segregation in the mixed halide perovskites is still under debate.

It was suggested by Brivio et al.’ that halide segregation was induced by photo-illumination,

Published on 07 December 2018. Downloaded by Tampere University of Technology on 12/17/2018 12:06:58 PM.

while Bischak et al.”® found that the interaction between the photo-generated charge carriers
and the polarons induced lattice strains that might promote halide segregation in the film. They
observed that compared to the organic cations, such as MA™; the less polarised Cs* in A-site
showed a better photo-stability in mixed halide CsPbX; material.”> Even the mixed cation of
Cs/MA in Br-rich perovskite, i.e. Csy3oMA, ¢ Pb(Iy15Br(s5); was reported not to experience
any phase segregation.’® Another work reported that a significant bulk strain was found in the
mixed halide MAPb(I,Br;);,”” which led to the thermodynamically preferred segregation
states.””-7® This observation was then supported by the pronounced mismatch in lattice between
cubic MAPbBr; and tetragonal MAPDbI;.” It was also found that perovskite films with
irregularity in the microstructure, i.e. non-compact and non-dense films were more likely to

experience the halide segregation, especially those with a large abundance of grain boundaries.
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Grain boundaries are preferable sites for halide segregation for two possible reasons; i) defects = o0

at the boundary can be an easy pathway for halide migration,”” 80 and ii) lattice mismatch
between iodide and bromide-rich material takes place only at grain boundary where the energy
cost is lower than in bulk.®! Advanced imaging techniques, such as PL mapping® and
cathodoluminescence (CL) topology mapping overlaying with SEM image’> showed more
pronounced halide clusters near the grain boundaries. After that, it has been reported that the
improvement of the crystal quality of the film suppresses this phenomenon.’! 83 However, the
halide segregation was also observed in single crystals by Hoke et al.%® They concluded that the
abundance of defects and grain boundaries were not prerequisite for halide segregation.®® In
contrast, several studies reported that defect reduction helped to enhance the photostability.’"
8 Single crystals are also found to be more stable in regards to photo-induced phase
segregation.®? This could be related to the fact that ion migration occurred in single crystals

required higher activation energy than in the polycrystalline films.34

3.2.2 Cation-mixed perovskite
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Figure 4. a) Scheme of the crystal structure of ABXj; perovskite, where A site can be Cs*, MA*
or FA".% Reproduced with permission from ref.®>. Copyright 2014, Royal Society of
Chemistry. b) Tolerance factor plot for a range of monovalent cations at A site in APbl;, with
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the digital photos of CsPbl; and RbPbl; films at temperatures of 28 °C, 380 °C and 46() 286 onine

BEE02852D
Reproduced with permission from ref.86. Copyright 2016, American Association for the

Advancement of Science. Influence of Cs* in ¢) the crystal structure and d) optical bandgap
extracted from absorption spectra and steady-state PL spectra of FAMA-double perovskite, i.e.
FA(33sMA, 17Pbljg3Brg 17.2° Reproduced with permission from ref.?°. Copyright 2016, Royal
Society of Science. €¢) MPP tracking of quadruple cation perovskite, RbCsFAMA devices
measured at 85 °C in inert atmosphere.®® Reproduced with permission from ref.8¢. Copyright
2016, American Association for the Advancement of Science.

Figure 4a shows the scheme of the crystal structure of ABX; with the molecular structure of
the three most commonly used monovalent cations, i.e. Cs", methylammonium (MA"), and
formamidinium (FA™). Figure 4b shows the Goldschmidt tolerance factor of a series of
monovalent cations in A site of APbl; perovskite. Goldschmidt tolerance factor (denoted as ¢)
depends on the effective radii of A, B, X in the crystal structure (Figure 4a), and is often used
to assess the possible formation of three dimensional (3D) ABXj; perovskite crystal. It can be

expressed as equation 1 (Eq.1).

R4+ Rx Eq.1

- \2(Rp + Rx)

Cations that show a tolerance factor in the range of 0.8 ~ 1 are expected to be able to form a 3D
perovskite crystal. As shown in Figure 4b, Cs*, MA*, and FA™ have the right radius for APbl;
3D perovskite, but Rb* is beyond the minimum limit of this parameter. Indeed, it was found
that CsPbl; could be formed by annealing at a relatively high temperature at 300 °C.87-%° In

contrast, RbPbl; perovskite did not exist in practice; annealing at high temperatures melt the
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material (Figure 4b).8¢
i) Double cation perovskite

Although the organic cation has no direct contribution to the valence band and conduction band
of the material, its shape and size affect the size of a unit cell and the bond angle of Pb-I that in
turn influences the bandgap. Indeed, FAPbI; perovskite has a smaller bandgap of 1.48 eV? than
that of MAPDI; (around 1.55 eV), and it is closer to the optimal bandgap set by the Shockley—
Queisser limit for single junction solar cells.”® Unfortunately, FAPbI; transforms into a yellow,
non-photovoltaic phase (d-phase) at room temperature from the active photovoltaic phase (o-
phase) annealed at 160 °C.°! The thermodynamic instability in a—phase FAPbI; perovskite is
due to the large strain in the a-phase crystal structure that promotes the phase transition to the
strain-free o-phase structure. Experimentally, it has been found that introducing smaller cations,

such as MA* or Cs* relaxed the strain and stabilised the a-phase.®® %> This was then supported
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by theoretical calculations on Cs* doped FAPbI;.”> Due to the large difference. in atomi

arrangement and volume of the unit cells, it was difficult for d-phase CsPbl; and FAPDI; to
accommodate each other in one crystal structure, whereas their a-phases shared a similar value
in sizes of unit cells and thus were thermodynamically suitable for mixing.** In particular,
CsFA-double cation perovskite, i.e. FA(g3Csg17Pblgg3Brg 17 exhibits a suitable bandgap of ~
1.74 eV and robust thermal stability and photo-stability and has been a good choice for the “top

cell” in a stack with silicon solar cells.?>
ii) Triple cation perovskite

The stabilisation of a-phase FAPbl; by MA™ and Cs™ inspired the triple cation system. Saliba
et al.?® developed the triple cation perovskite CsFAMA-PSC
(Csp.05(FA0.83MA§.17)0.95Pb(I 83Br0.17)3). Figure 4c-d show the enhanced crystallinity and
slightly increased optical band gap under the influence of Cs™ in the triple cation perovskite.
Moreover, compared to the double cation perovskite, the triple cation perovskite exhibited a
largely enhanced thermal stability and moisture stability due to the presence of the inorganic
cation. Furthermore, the triple cation perovskite deposited by the anti-solvent method showed
high crystallinity and facile formation of monolithic grains. Adopting the triple cation
perovskite system, Saliba et al.? achieved a stabilised PCE of over 21% with a better
reproducibility compared to MAFA-devices. The deposition of MAFA-double cation
perovskite is found to be sensitive to the fabrication conditions. A small vibration in the
temperature of the glove box can bring a huge impact on the final quality of perovskite films.
Integrating Cs™ into the system pushes black phase perovskite formation into a new energy-
favourable equilibrium. Moreover, CsFAMA-PSCs exhibited a significant enhancement in
device stability, holding 90% of its initial efficiency after 250 hours of constant illumination in
MPPT measurement, while MAFA-PSCs degraded to less than 50% of its initial value after 100
hours of constant illumination in the MPPT measurement conducted at room temperature and

in N, atmosphere.?’
iii) Quadruple cation perovskite

As shown in Figure 4b, only Cs™, MA*" and FA* can form the 3D perovskite structure of APbls.
Other cations of smaller radius, such as Rb™ and K* (potassium), cannot form APbl; structure.
However, these cations are demonstrated to be beneficial for the suppression of hysteresis in
photovoltaic devices of CsFAMA-triple cation perovskite and contribute to the enhanced
thermal stability and photo-stability of perovskite compounds. Saliba et al.® first developed the
quadruple cation system by incorporating Rb* as the fourth cation in the RbCsFAMA-quadruple
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cation perovskite. In comparison to the CsFAMA-triple cation perovskite, the quadryple eatign -2
perovskite exhibited a higher PCE and better thermal stability with a Tgy of 2500 hours for the
MPPT measurement conducted at 85 °C and N, atmosphere.(Figure 4¢) Abdi-Jalebi et al.%¢
incorporated potassium as the fourth cation into the KCsFAMA-quadruple cation perovskite
system. They observed a significant enhancement in the luminescence yields of the perovskite
films. In the case of both RbCsFAMA- and KCsFAMA- quadruple cation perovskites, the
hysteresis of the devices were considerably suppressed,’’-!%0 suggesting their impact on ions

migration and traps filling.*3
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Figure 5. Thermodynamic and kinetic properties of alkali cation incorporation (Cs*, Rb*, K*,
Na*, and Li") in FAPbI;. a) Illustration of the possible locations of these cations in FAPbI;: b)
at the A site substitution and d) at the interstitial site. ¢) The formation energy of alkali cation
to be at the A site substitution and an interstitial site. d) Illustration of iodide diffusion pathways,
using K* at an interstitial site of FAPbI; perovskite as an example. e) Diffusion barriers for
iodide migration in FAPbI; with (red line) and without (black line) interstitial K*.190
Reproduced with permission from ref.!%. Copyright 2018, John Wiley & Sons.
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Although the introduction of Rb* and K* cations into CsFAMA-triple cation perovskite leads
to high stability in the compounds and devices, the position of these cations in the crystal
structure of perovskite compound is still under debate. A recent study by Cao et al.'% using
density functional theory (DFT) showed that Rb* could occupy both A site and interstitial site
in the ABXj, as schematically shown in Figure Sb and Figure 5d, respectively. The formation
energy for Rb™ to be at A site and interstitial sites was about the same, whereas smaller alkali

cations, i.e. K, Na*, Li* were more preferred to be at the interstitial sites. Figure 5c¢ shows that
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the energy cost of the interstitial occupancy depends on the concentration of the dopants, Figuee: -2

5e shows the computer calculation results based on DFT that interstitial K* cations increased
the energy barrier for iodide migration. They were speculated to block the iodide diffusion path,
alter the FA™ cation orientation, and increase the formation energy for iodine vacancy. Blocking
iodide migration was found to reduce hysteresis in the device significantly. In good agreement,
Son et al.?® calculated that interstitial K* cations decreased the electron accumulation and
prevented the formation of Frenkel pair defects of iodide, which contributed to the suppression
of hysteresis. Furthermore, MAPbI; with K* cation was found to have a lower trap density,

which resulted in a great reduction in hysteresis.””

However, several recent studies found that Rb* and K* were segregated at the grain boundaries®®
and surface!%! 192 of the perovskite films. They helped to passivate defects!?-103 and facilitate
effective charge transport.”® 194 Based on the temperature dependent solid-state nuclear
magnetic resonance (NMR) result, Kubicki et al.'%® discovered a strong interaction between Cs*
and [Pblg]* during temperature variation, implying Cs at the A site of the halide perovskite 3D
structure. Also, the depth probe Hard X-ray Photoelectron Spectroscopy (XPS) found Rb* had
a higher concentration at the surface of perovskite film rather than in bulk.!%!- 192 Abdi-Jalebi et
al.®® suggested that K* cation had an interaction with bromide in the film, particularly
surrounding the grains. More specifically, K* depleted bromine from the perovskite structure
and increased the I/Br ratio inside the bulk of the material. Besides, using KI in the precursor
led to an iodide-rich environment before final film formation, which resulted in fewer halide
vacancies,? reductions in the non-radiative recombination, and suppression in halide

migration.”® Similar results were observed in iodide only perovskites as well.%®- 105
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Figure 6. Strategies to stabilise photoactive a- phase CsPbl;. a) Surface passivation via PVP:106
1) interaction of CsPbl; with acylaminos group in PVP, ii) Pbl, (blue shape) and Cs (purple ball)
assembled around PVP to form metastable state, iii) after the assembling, the CsPbl;
nanocrystals attached around PVP, and iv) PVP at the surface reduced the surface tension of
CsPbl; crystal to stabilise the a-CsPbls. Reproduced with permission from ref.!%, CC BY 4.0.
b) Reducing crystal sizes by sulfobetaine zwitterion:!7 i-iii) without zwitterion, the d-phase
formed rapidly after spin coating at room temperature, and iv-vi): The zwitterion induced the
amorphous phase before annealing, which induced the formation of small nanocrystals of 30
nm with the cubic phase. Reproduced with permission from ref.!%7. Copyright 2018, Elsevier.
c¢) The CsPbl; perovskite preserved its a-phase in a dry atmosphere for two months, prepared
by using solution-controlled growth method to reduce the evaporation rate of the solvent.'%
Reproduced with permission from ref.!%. CC BY 4.0.

Although the efficiency of PSCs with the state-of-the-art perovskite, i.e. CsFAMA-triple cation
perovskite has skyrocketed to over 20%,% the thermal stability of PSCs at 85 °C - the industrial
evaluation temperature for mature photovoltaic technologies - is still very poor, with fast
degradation in photovoltaic performance. Part of the reason is due to the decomposition of
perovskites that contain organic cations, especially MA*.3® In contrast, inorganic perovskite,
CsPb(I,Bry_,); exhibits excellent thermal stability.!%” In the pioneering work of Eperon et al.,'1°
they found that although the photovoltaic phase of CsPbl; was stable in an inert atmosphere at

room temperature, moisture exposure transformed the material into non-photoactive 3-phase.!10:
11
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Nonetheless, several strategies have been developed to stabilise the a-phase (cubig phas¢) 6f o0

CsPbl;. One example is to mix poly-vinylpyrrolidone (PVP) with CsPbl; precursor before film
deposition. As shown in Figure 6a, PVP is proposed to interact with CsPbl; nuclei, which
increases the surface charge, and reduces the surface tension of the CsPbl; nanocrystals.!% The
non-encapsulated PVP-CsPbl;-PSCs retained 75% of its initial PCE after 500 hours in the
ambient air with the relative humidity (RH) at 45-55%. Swarnkar et al.!'? used methyl acetate
(MeOACc) as a ligand for CsPbl; quantum dots, which were stable for more than one month in
ambient condition. Also, small crystals also stabilise the a-phase of this material. Using the
sulfobetaine zwitterion in the perovskite precursor results in 30 nm stable a-CsPbl; crystals
thanks to the hindrance of the formation of 6-phase at room temperature before the annealing
step (Figure 6b).'%” Devices with this method reached more than 11% efficiency and
maintained 85% of the initial efficiency after storage in air for 30 days. Another novel method
is to employ 2D perovskite utilising 2.5% bication ethylenediamine cations (EDA?") in the
CsPbl; system to stabilise its a-phase.!!* The (110) layer of EDAPbI, acted as a separator of
the crystal units and resulted in a nearly 12% efficient device, retaining 80% of its initial
efficiency after storage in a dry air box for one month. Recent work by Wang et al.'®
demonstrated that high quality and stable a-CsPbl; films for two months in a dry environment
(Figure 6¢) could be realised by reducing the evaporation rate of the solvent in the precursor
(in this case dimethyl sulfoxide). Using this solution-controlled growth method, they reported
14.7% efficiency in CsPbl; devices.

As regard to the crystal phase of CsPbl; perovskite at room temperature, more recent works
showed that the photovoltaic phase of CsPbl; at room temperature was an orthorhombic phase
or B-phase rather than a cubic phase or o—phase.!'* More interestingly, the titled orthorhombic
phase of CsPbl; perovskite was found to be thermodynamically stable at room temperature.

This discovery will help to promote the development of highly stable CsPbl; devices.
il) CSPb(]xBI"j_x)g

It has been shown that mixing bromide with iodide in the inorganic perovskite CsPb(I,Br;_y);
can also stabilise the photovoltaic phase of the material. This is possible because bromide of
smaller ionic radius extends the tolerance factor for CsPb(I,Br;4); compounds to stay in the
cubic crystal structure. Moreover, the commonly used CsPb(IBr_4); perovskite with the molar
ratio of iodide to bromide at 2:1 exhibited good stability against moisture.!'>-!17 To investigate
the influence of bromide on the phase stability of CsPb(I,Br;); perovskite, our recent work

conducted a systematic study on a broad range of bromide content. We found that compounds
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with bromide content of at least 40% exhibited strong phase stability during the test for storage ==
in ambient atmosphere for over 100 hours.!'® Compounds with bromide content of less than
40%, in spite of maintaining a-phase in the first ten hours, transformed to 6-phase after storage
in ambient atmosphere for 100 hours. By using the stable composition, i.e. CsPb(I ¢Br 4)3, our
devices achieved over 10% efficiency. In addition to the phase stability, Beal et al.!'® studied
the photo-induced halide segregation in CsPb(I;Br,_4); perovskites. They found that CsPb(I,Br;.
x)3 perovskites with x < 0.4 showed negligible halide segregation under 1 Sun illumination. The
higher tolerance against halide segregation compared to MAPb(I;Br;); perovskites is due to
the low polarizability of Cs* at the A site in APbI;, as discussed in section 3.2.1.76 Yet, ion
migration in particular halide migration still exists in CsPb(I,Bry_,)s,'?° which could lead to

hysteresis** and reversible losses,!?! as reported in the hybrid organic-inorganic perovskite

photovoltaics.
iii) CsPb(1,Br;..); of mixed compositions

Considering the tolerance factor, incorporating A" site cation of larger ionic radius size and B*
site cation of the smaller ionic radius can be a route to enhance the phase-stability in inorganic
CsPb(I,Br;_,); perovskites. Hu et al.!?? partially substituted lead with bismuth, which boosted
the tolerance factor from 0.81 of a-CsPbls to 0.84 of a-CsPb;_,Bi,I5. This increase in tolerance
factor promoted the phase stability. By optimising the ratio, the efficiency of CsPbg¢sBig 0413
PSCs reached more than 13% and retained 68% of initial PCE after 168 hours measured in
ambient condition (RH = 55%)).
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Figure 7. a) Scheme of the crystal structure of (BA)y(MA),.iPb,l3,+; perovskite family.®3
Reproduced with permission from ref.®>. Copyright 2016, American Chemical Society. b)
GIWAXS maps for i) polycrystalline room-temperature-cast and ii) near-single-crystalline hot-
cast (BA),(MA);Pbyl;; perovskite films and iii) schematic representation of the (101)
orientation, along with the (111) and (202) planes of a 2D perovskite crystal.!?3 Reproduced
with permission from ref.!?3. Copyright 2016, Springer Nature. ¢) Schematic illustration of the
proposed self-assembled 2D-3D perovskite film structure.!?* Reproduced with permission from
ref.!24, Copyright 2017, Springer Nature.

In addition to developing resilient 3D perovskite materials, another approach is to employ 2D
perovskites. The evolution of 2D perovskites to 3D perovskites is illustrated in Figure 7a using
an example of (BA);(MA),.Pb,I3,+; (BA: n-butylammonium, C4HoNH3; n = 1, 2, 3, 4)
perovskite family. This type of perovskites was reported by Stoumpos and Cao et al.®3, and they
found that 2D perovskites exhibited superior moisture stability over 3D MAPbDI; perovskite.
The band gap of the layered perovskite family can be tuned from 2.43 eV (n=1), 2.17 eV (n=2),
2.03 eV (n=3), to 1.91 eV (n=4). However, as the value of ‘n’ increases, it gets difficult to
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collect pure 2D perovskite phase. In another work,'> they applied the 2D perovskite for/p=3 onire

E02852D

compound into solar cells and obtained an initial PCE of 4.02%.

Similarly, Smith et al.'? reported (PEA),(MA),[Pb;l;¢] (PEA: C4¢Hs(CH,),NH;") perovskite
and got a PCE of 4.73%. One reason behind the low efficiency of 2D perovskite devices is the
relatively large band gap of the 2D perovskite. The second reason is the non-favoured crystal
orientation of 2D perovskite. Ruddlesden-Popper phase layered perovskites, (RNH;3),(A),.
1BuXsn+1, where RNH; are large alkyl ammonium cations, tend to form a layered structure
parallel to the contacts in planar cells. The non-favoured crystal orientation inhibits the charge
transport by the large organic cations that act like insulating spacing layered between the
conducting inorganic slabs. To solve this problem, Tsai et al.'?? developed a hot casting method
that resulted in the crystallographic planes of the inorganic perovskite component along (202)
facet that had a strongly preferential out-of-plane alignment concerning the contact. The
GISAXS (grazing incidence small angle X-ray scattering) measurement showed that the
perovskite film behaved similarly to single crystals. (Figure 7b) This method helped to promote
the PCE to 12.52%. Later, Zhang et al.'?’ adopted the hot-cast method for 2D perovskite
deposition and doped the compound with Cs*, which led to a PCE of 13.7%. Chen’s group
developed another method to control the crystal orientation of (PEA),(MA),.Pb.ls.+
perovskite.!?® They found that the addition of a small amount of ammonium thiocyanate
(NH4SCN) in the precursor solution resulted in the vertically orientated highly crystalline 2D
perovskite using the one-step spin-coating method. In this study, the PCE of (PEA),(MA).,.
1Pb,l3,11 PSCs was pushed to 11%.

The device application of another type of layered perovskite, expressed as

(RNH3),(MA),Pb,I5,:, was reported by Wang et al.'?® Different from (RNH;3),(MA),.1Pb,I3,41

Published on 07 December 2018. Downloaded by Tampere University of Technology on 12/17/2018 12:06:58 PM.

perovskites, this type of perovskites exhibited preferred crystal orientation along (002) facet,
which indicated the growth of crystals along the Pb,lg inorganic bones. Thus, it provides the
chances for efficient charge transport with suppressed influence caused by the long organic
cation. Pb,lg perovskite annealed at 100 °C for 15 min leads to a very stable film as
characterised by XRD. However, Pb,lg perovskite deposited on TiO, planar film exhibited a
sever bulk recombination. The employment of TiO, mesoporous film showed a significant
suppression in the bulk recombination and helped to promote the efficient to over 5%. The
relatively low efficiency of the Pb,ls perovskite with the favoured crystal orientation could be

partially attributed to the strongly bound excitons that were reported in layered perovskite.'3°
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While in early reports, 2D perovskites demonstrated robust stability measured by the UVeVig: -2

and XRD spectroscopy, until recently, the device stability of 2D perovskites has not been fully
discussed. This is because of the low efficiency in 2D PSCs and the hysteresis presented in their
JV scans. Tsai et al.'>3 examined the stability of their highly efficient 2D perovskite devices by
storing them at 1 Sun constant illumination for the photo-stability test and under RH of 65%.
They found that, under constant illumination, the efficiency of MAPbI; perovskite devices with
and without encapsulation dropped to 40% of their initial value in approximately 10 hours. In
the humidity test, the MAPbI; devices with and without encapsulation degraded even faster. In
contrast, the non-encapsulated 2D perovskite devices maintained 60% of their initial value,
while no degradation in efficiency was observed in the encapsulated 2D perovskite devices for

over 2000 hours constant illumination.

Rational design of 2D/3D heterostructured perovskites demonstrated a successful mixture of
2D and 3D perovskites. Wang et al.'** introduced BA™ cation into BA(FA(g3Cs417)1-
«Pb(Ig ¢Brg 4)3 perovskite. (Figure 7¢)They found that the ratio between the long organic cation
(BAY) and small cations (FA*, Cs*) had a significant influence on the final morphology of the
perovskite films. The large presence of BA™ cation in the compound led to plate-like crystals in
the film. Moreover, they conducted a quantitative analysis of the device stability by fitting the
post “burn-in” section of the PCE to a straight line and extrapolated the curve back to zero time.
They calculated that Tgy, was 1005 h for 2D/3D mixed devices, which was about 1.5 times that

of FACs-double cation devices.
3.3 Hole selective materials (HSMs)

HSMs are key constituents of high-performance PSCs, since they ensure an efficient charge
extraction from the perovskite layer, and prevent the direct contact between perovskite and the
metal electrode in regular structured devices. HSMs are also intrinsically affecting device
stability of PSCs. Designing low-cost, efficient, and stable HSMs represents a challenge to be

urgently addressed.!3!
3.3.1 Inorganic HSMs

The choice of inorganic HSMs is restricted to good energetic interfacing to halide perovskites.
Narrowing down to the state-of-the-art halide perovskite compositions, i.e. MAPbI; and
CsFAMA, this criterion translates into a valence band level close to -5.4eV.13%134% A deeper
valence band would result in an energetic barrier for hole extraction, while a shallower one

would decrease the device built-in potential impacting surface recombination.!3>
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Among eligible materials there are binary transition metal oxides (NiOy, CuOx, CGrQy, GaQy) -2
tertiary oxides (LiCoO,, NiCoQO,, delafossite p-type TCO), and copper-based materials (Cul
and CuSCN).13% 137 Graphene-like (2D) materials, such as graphene oxide (GO), reduced GO
(rGO), and MoS, have been reported as excellent anodic interlayers. Extended application of
inorganic HSMs in n-i-p architecture is still limited by obvious difficulties in processing these
materials on top of perovskite layers, due to solvents or processing temperature incompatibility.

Therefore, p-i-n architecture remains the platform of choice for testing implementation of

inorganic HSMs, with efficiencies now competitive with n-i-p architecture.!3% 139
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Figure 8. a) Ni—I bonds at the interface region of NiO/MAPbI; calculated from DFT. (red
sphere stands for O, grey for Ni, purple for I, light blue for N, brown for C, and pink for H). b)
Scheme for Li-NiO based p-i-n structured devices. ¢) Energy diagram for each component in
the device and d) J,. time evolution of MAPDbI3/LiNiO device measured at different light
intensities.'*? Reproduced with permission from ref.!4°, Copyright 2017, John Wiley and Sons.

Published on 07 December 2018. Downloaded by Tampere University of Technology on 12/17/2018 12:06:58 PM.

i) Interface chemical stability

The primary requirement for choosing a selective contact is its chemical compatibility with
metal halide perovskite. Generally, the p-type conductivity of inorganic materials is associated
with their defect chemistry and the consequent mixture of oxidation states into the crystal
lattice.'*! This characteristic makes these materials chemically and electrochemically reactive.
We believe that more efforts are needed to understand the interfacial chemistry at the
HSM/perovskite interface. It is experimentally challenging given the nature of buried interface
in p-i-n PSCs. Computer simulation represents a powerful tool to gain insights into this buried
interface. An oxygen-rich MAPDI;_,,O phase has been suggested through simulation, and also
evidenced from XPS depth profiling investigation at MAPbI;/NiO.!4% 140 More recently the
occurrence of Ni-I bonds was calculated,'*° (Figure 8a). Similar Ti-I-Pb bonds were reported

at the TiO,/MAPbI; interface.'3: 144 This kind of interfacial interactions could affect surface
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charge accumulation that could induce hysteresis and jeopardise stability.!*> 1A detaifeéd: onre

investigation through XPS analysis on films with thickness ranging from 1.5 A to few
nanometres found Mo*" at the interface between CH;NH;Pbl; and MoO,,'4” although the native
electronic structure of MoO, is constituted by Mo®" and Mo>* oxidation states. The formation
of MoO, at MAPbI;/MoO; interface negatively affected device operation and a chemical
decoupling through a Spiro-OMeTAD interlayer (MAPbI;/Spiro-OMeTAD/MoQj3) was needed
to overcome the occurrence of interfacial redox. Acik et al.'*® investigated chemistry reaction
at the interface of GO and perovskite precursor solution. They reported a chemical reduction of
GO through halides. The process affected the properties of GO as substrates for halide
perovskite growth and lead to possibly detrimental oxygen-induced defects at the
GO/perovskite interface. Understanding these interactions is an essential condition for the
advancement of research in halide perovskite photovoltaics, and can reveal otherwise hidden

degradation mechanisms.
ii) Photo-stability

Back in 2015, Chen et al.'* reported Li*, Mg?" co-doped NiO HSM in p-i-n structured PSCs
that retained 90% of their initial efficiency after constant illumination at AM1.5G one sun for
1000 h. The introduction of foreign atoms, usually in atomic percentage range between 0.1 ~
10%, does not only affect the optoelectronic properties of the inorganic semiconductor, but also
influences its crystallinity, morphology (i.e. surface roughness), and its surface energy. The
influence of foreign atoms is more crucial in p-i-n device architecture as the bottom inorganic
HSM affects the film formation and quality of halide perovskite. Nie et al.!4® deposited MAPDI;
on lithium doped NiO (Li:NiO), and observed a superior crystallinity and micro-strain reduction
in perovskite film compared to that of PEDOT:PSS. The scheme of device architecture and
energy alignment among components of the device are given in Figure 8b-c. Their devices
showed robust photostability for continuous illumination at high light intensities of up to 10
Sun (Figure 8d). Also, V. of their devices reaches a stabilised value extremely fast in less than
one second, while usually it is observed that V. of PSCs increases in the first few minutes and
then become stabilised. The light-soaking induced increase in V. recently has been correlated
to a strain reduction in perovskite crystal structure,'? and the chemical interaction between

surface halide in perovskite film and fullerene at the cathode.!3! 152

Another strategy is to reduce the UV-light soaking for perovskite. In p-i-n architecture, this can
be realised by employing an HSM of the relatively narrow bandgap. Hua et al.!>3 introduced

delafossite-type CuCrO, into MAPbI; p-i-n structured devices that showed high hole mobility
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of 10 cm?*V-!s! that was two orders of magnitude higher than NiO (0.1 cm?V-'s), leadjig: f < on'ne

E

improved hole extraction and transport, and an increase in FF and V.. More importantly, the
relative low band gap (2.9 eV) of CuCrO, shielded MAPbI; from UV-light, leading to strongly
improved long-term stability under UV exposure. After 300 h of UV-light exposure, they
observed the feature peak of Pbl, in XRD measurement of NiO based devices, and a significant
decrease in Jy. In contrast, they found that CuCrO, based devices maintained over 90% of the

initial value after 1000 h illumination under UV light.
iii) Thermal stability

The accelerated ageing test has been a popular tool for evaluating the lifetime of silicon solar
cells and polymer solar cells. It requires measuring the devices at an elevated temperature, such
as 85 °C. Islam et al'** studied the acceleration factor, K, of 15% efficiency
NiO/MAPDI;/PCBM/AZO/Ag devices, under the assumption of an Arrhenius model, defined
by the equation:

E 1 1
K =exp| =2 (———) Eq.2
{ k, T,. T }

high low

where E, is the activation energy for the degradation processes in electron volts (eV), kg is the
Boltzmann constant. By measuring the MPPT for 1000 h at two temperatures, 30°C and 85°C,
they estimated the activation energy to be around 0.3 eV, which is similar to the value obtained
for polymer solar cells.!>> The value of activation energy adopted from Arrhenius model is
highly dependent on the materials. It relates to the morphology change or composition change
at elevated temperatures. Chiang et al.!>® observed negligible loss after five days at 60°C for
LiCoO, HSM, but their devices started to degrade at over 90°C, which was largely due to the
low thermal stability of the MAPbI; perovskite. In both studies, the authors compared the device
stability with PEDOT:PSS-based devices and found superior stability in inorganic HSMs-based
devices. Ouyang et al.'>” employed low temperature processed NiCo,04 of high hole mobility
in p-i-n architecture. This material achieved an efficiency of over 18%, which is highly
competitive for NiO. Remarkably, the devices without encapsulation retained over 90% in

MPPT measurement for 500 h under AM 1.5 G 1 Sun illumination in ambient condition.

Limited studies have been reported employing inorganic HSCs in n-i-p structured devices. One
pioneering work in this field is conducted by Arora et al.,'>® who applied CuSCN in n-i-p
devices. Surprisingly, CuSCN spin coated from diethyl sulphide did not bring noticeable
damage to the beneath perovskite film. Rather, they found that rGO interlayer was critical for

CuSCN/Au interface to avoid oxidisation of gold by thiocyanate anions under the influence of
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light. Amazingly, their devices maintained 95% of initial efficiency after 1000 h MPPT:- e

8EE02852D

measurement at 60 °C in the N, atmosphere. Besides, few works employed NiO nanoparticles
ink as a route to deposit inorganic HSC in n-i-p structured devices.!>® Yet the efficiency is far

lagged behind that of p-i-n structured devices.
iv) Reverse bias stability

In one recent work conducted by Bowring et al.,'%° discussed the reverse bias stability of
devices ITO/NiO/CsFAMA perovskite/Cgo/SnO,/ITO. They found that shaded cells in the
module were put into reverse bias by the illuminated cells, which was most likely due to
tunnelling mediated by mobile ions. During this process, series resistance increased while V.
decreased. Infrequent random shading, such as from clouds could not be an issue. However,
daily shading caused by a tree or other nearby stationary objects could create a serious pathway
to device degradation for residential application. Rajagopal ef al.'®' reported that a similar
phenomenon was specific of NiO/MAPbDI; interface yet not observed at the presence of
PEDOT:PSS interlayer between NiO and perovskite. The authors believed that the reverse bias
behaviour was attributed to the formation of a transient tunnel junction at NiO/MAPDI;
interface. More efforts in this regard are needed to examine the reverse bias stability of devices

of different architectures and components.
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Figure 9. Key examples of a) small molecules and b) polymeric HSMs for highly efficient and
stable PSCs. The structures of the two most common reference materials, Spiro-OMeTAD
(small molecule) and PTAA (polymer), are also included in a) and b).

i) Instability in organic HSMs

Most of the state-of-the-art HSMs rely on organic small-molecules and polymers. Small
molecules, having distinct structure and molecular weight, are the best option when high purity
and yields are desired in industrial production.®> On the other hand, polymeric HSMs are
preferred for their relatively good thermal and mechanical stability, the higher hole mobility,
and easy processing. Figure 9 illustrates the molecular structure of the most commonly used

organic HSMs in PSCs. Typically, organic HSMs are based on a triphenylamine (TPA) moiety,
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due to the presence of electron-rich nitrogen atom, which minimises the intermolecy]ar, distance ==

leading to non-planarity of the TPA system. This ultimately results in the formation of
amorphous materials, a beneficial feature for HSMs to ensure a good electronic contact to the
perovskite surface.'> Among the small molecules, 2,20,7,70-tetrakis-(N,N-di-p-
methoxyphenylamine)-9,90-bifluorene (Spiro-OMeTAD) is a TPA-based HSM adopted in the
great majority of the works first on solid-state DSSCs!6? and later on PSCs as well because the
PSCs efficiencies achieved with it have been rarely attained or exceeded with other small
molecules. As for the polymeric HSMs, poly-[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA) was the first one tested in PSCs and still the material leading to the champion PSCs
with world record efficiency.'®* However, these two materials are far from being the optimal
choice. Both are prohibitively expensive (~300 $/g for Spiro-OMeTAD and 1903.5 $/g for
PTAA)? 165 because of their onerous multistep synthetic schemes and the costly purification

steps. %6

Moreover, pristine Spiro-OMeTAD, as most of the organic HSMs, shows modest hole mobility
and conductivity (1.67 x 10 cm? V- s and 3.54 x 107 S cm™!, respectively),!¢” thus requiring
chemical p-dopants to enhance the hole conductivity and thus the efficiency of PSCs.
Commonly, lithium bis(trifluoromethanesulfonyl) imide salt (LiTFSI) and 4-tert-butylpyridine
(tBP) are used as dopants with Spiro-OMeTAD and PTAA as well, to enhance the photovoltaic
performance.!®® When comparing the electrical J7 and impedance spectroscopy responses of
PSCs based on small molecule (Spiro-OMeTAD) or polymeric HSMs (poly(3-hexylthiophene
2,5-diyl), P3HT) with and without chemical doping, Ulfa et al.'®® found out that the effect of
doping on the performance has much higher weight in case of small molecular HSMs. The
PSCs performance is limited by the HSM layer resistance and by the charge recombination at
the HSM/perovskite interface. However, the presence of a hydrophilic dopant, namely, LiTFSI
accelerates the degradation in the photovoltaic performance of devices.!”® Thus it is not a
preferred choice when aiming to highly stable devices. Besides the negative influence caused
by the dopant, a low glass transition point in HSMs will lead to poor thermal stability of PSCs
in the accelerated ageing test.!? In the following, we will give a few examples of dopant-free

HSMs and discuss the thermal stability of HSMs and their influence on device stability.

ii) Dopant-free HSMs
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Table 1. Summary of the most efficient dopant-free organic HSMs reported in the literature.

Key moieties or composition Advantages Code Efficiency Stability Ref.
D-n-A: Face-on stacking organization on KR321 19% 60% v.s. 20% of initial PCE for KR312 17
Triazatruxene donor-thiophene-based multiple | perovskite, which favors vertical charge and spiro-OMeTAD after 650 h constant
conjugated arms and malonitrile acceptor carrier transport illumination in N, atmosphere.
D-n-A: Suitable HOMO level and high intrinsic | FA-CN and | 18.9 % (FA- | 65% v.s. 15% of initial PCE for FA-CN 171
A rigid quinolizino acridine and a flexible hole mobility TPA-CN CN) and spiro-OMeTAD after 1300 h constant
triphenylamine donors with akyl-substituted 17.5% illumination in N, atmosphere.
terthiophene, and malononitrile as electron (TPA-CN)
acceptor
2D discotic anthanthrone (ANT) core HSMs Formation of a fully homogeneous TPA-ANT- | 17.5% 80% v.s. 14% of initial PCE for TPA- 172
end capped with methoxy TPA at both ends protective coating HSM film on the TPA ANT-TPA and Spiro-OMeTAD after 200
(TPA-ANT-TPA and ACEANT-ACE) surface of perovskite h of continuous 1 Sun illumination in
ambient air

3D HSMs based on spiro-fluorene derivative, The functionalization with pyridine XDB, XOP, | 17.2% (XPP | 70% after 45 days v.s. 30% after 15 days 173
in which pyridine group has been pendant to moiety is responsible for much better XMP, and without for XPP and Spiro-OMeTAD non-
respective HSMs with different positions of long-term stability than traditional HSM | XPP Tbp), 19.5% | encapsulated devices stored under
nitrogen atoms (para, ortho and meta wit tBP dopant. (XPP) ambient air with RH of 40~50%.
substitution)
dopant-free 1D materials The intermolecular n—r stacking and TTF-1 11% A 20% decrease in PCE after 360 h (TTF- | 14
tetrathiafulvalene derivative chalcogen interactions between TTF 1) v.s. 120 h (spiro-OMeTAD)

derivatives remove the need of dopants
1D linear molecular Good hydrophobicity, arising from the DFBT(DTS- | 17.3% 80% was retained after over 500 h in high | '7°
D’-A-D—A-D—-A-D’-type HSM, based on extended n-structure with small FBTTh,), humidity (RH= 60%) with 1 sun light-
monofluoro-substituted benzothiadiazole intermolecular spaces that impede soaking.
(FBT) and substituted silolodithiophene (DTS) | moisture intrusion.
polymeric dopant-free HSMs employ BDT and | Hydrophobic material with high hole RCP 17.3% 17.3% for over 1400 h at RH of 75% for 176
FBT groups mobility and deep HOMO level storage in darkness at room temperature.
polymeric HSM is the D-A type also based on | Soluble in green solvents, such as 2- asy- 18.3% 91% was retained after storing the non- 177
BDT and FBT groups, but with asymmetric methylanisole PBTBDT encapsulated devices for 30 days in RH of
alkyl substituents on FBT units instead of the 50~75%.
conventional symmetric alkyl substitution
D-n-A conducting homopolymer comprising Deep HOMO and good contact between | PTEG 19.8% 98% for PTEG v.s. 85% for spiro- 178

the usual BDT and FBT moieties with addition
of tetraethylene glycol (TEG)

perovskite and this HSM ensures
effective hole transfer

OMeTAD after 200 h, RH 25%, room
temperature, in air.
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A rich variety of organic materials have been proposed to replace Spiro-OMeTAD and othei
dopant-based HSMs, to improve the moisture resiliency and the overall PSCs stability.!7!- 17%-
182 Such dopant-free HSMs have a good charge transport characteristic in pristine form and
appropriate energy levels to avoid the additional requirement for doping to achieve an efficient

charge extraction.

Table 1 summarises the most representative recent examples of organic dopant-free HSMs,
leading to the highest performance of the corresponding PSCs regarding efficiencies and
stability. It is worth noting that a fair comparison between the HSMs is difficult, especially
considering the lack of standard and widely adopted testing protocols for characterising PSCs

and assessing their stability.33 183

Another strategy to enhance the HSM transport properties without recurring to dopants consists
in the partial pre-oxidizing of the HSM. Nguyen ef a/. demonstrated how to remarkably increase
the overall conductivity of HSM after pre-oxidation of a small fraction of Spiro-OMeTAD. The
corresponding devices had comparable performances to devices with conventional Li-TFSI
doping but had more stable performance under illumination.!8* Leijtens et al. applied the same
technique to a range of other molecular HSMs, demonstrating improved charge transport

characteristics after partial pre-oxidation.!8>
iii) Thermally stable HSMs

Organic HSMs intrinsically affect also the thermal stability of PSCs, even more than the actual
hybrid perovskite layer. Small molecules HSMs tend to crystallise at relatively low temperature,
thus weakening the contact with the perovskite and the metal electrode, which in turn worsens
the PSCs performance. Spiro-OMeTAD is not stable at temperatures higher than 100 °C since
crystallisation onsets at this temperature.'6> Larger crystals within the amorphous Spiro-
OMeTAD cause morphological hole traps, thus affecting the charge transport. Moreover,
dopants also reduce the glass transition temperature of Spiro-OMeTAD, thus accelerating its
crystallisation.!8¢ Hence, replacing Spiro-OMeTAD with thermally stable materials with high

mobility to enhance the fill factor is paramount.'8’

Polymeric HSMs are thermally more stable than their molecular counterparts, because of the
lower tendency of polymers to crystallise during the whole operating temperature range of solar
cells.!3! The metal electrode (typically gold) migration across the HSMs into the perovskite
layer at moderate temperature (70 °C) is the dominant factor in severe performance losses and
has to be blocked. Some approaches to hinder gold diffusion in PSCs include the deposition of

buffer layers based on alumina nanoparticles or the introduction of chromium interlayers.!70- 188
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'8 The above mentioned inherent stability towards crystallisation of polymeric HSMs niakgs e onie
them a good barrier to the gold migration,?* 86 183. 190 with excellent results regarding stability
within the working temperature range of solar cells. PTAA was successfully adopted even at
85 °C in a stable device based on RbCSFAMA perovskite that retained 95 % of its initial

efficiency after 500 h under full illumination and MPPT.86
3.4 Electrode materials

In both regular structured PSCs and inverted structured PSCs, metals, such as gold, silver,
copper or aluminium are deposited on top of the device for charge collection. These metal
contacts, in general, have a deep work function that is beneficial for a high photovoltage in
PSCs.!?! Several works suggested that an ohmic contact was formed at the interface between
gold and HSM, like Spiro-OMeTAD,'*? which benefits the efficient charge collection to the
metal contact. Moreover, the metal contact reflects light and thus enhances the light capture of
the system.!3 However, silver, copper and aluminium can be easily oxidised in ambient air.
The formed metal oxide layer is an insulating layer that contributes to the serial resistance of
the device, and to an extent, it can bring significant drops in the photovoltaic performance of
PSCs. Compared to silver, copper and aluminium, gold is more chemically inert, and the bulk
of gold will maintain its metallic property even though the very top thin surface (limit to few
nanometres) may have some oxidation. As a result, gold, though it is expensive, seems to be an
ideal contact for the stable devices. However, several studies found that gold metal contact is
not good for the long-term stability of PSCs. First, gold can diffuse through the HSC and reacts
with halides in perovskite film forming a metal halide barrier layer that significantly reduces

the photovoltaic performance of the device.!® Similar or even worse condition are observed for

Published on 07 December 2018. Downloaded by Tampere University of Technology on 12/17/2018 12:06:58 PM.

silver and copper.'** Secondly, halide migration in perovskite films can move through the HSC
and reach the metal contact, which leads to degradation in efficiency as well.'> Direct

observation of the two processes has been reported. !

An interlayer between the gold and HSCs can help to avoid the formation of metal halide.
Domanski et al.'®® deposited a thin layer of chromium between the gold contact and HSC
because chromium is chemically inert to halides and has a high atomic density to prevent gold
diffusion. In the ageing test, they conducted the MPPT under 1 Sun illumination at 75 °C and
N, flow for 12 hours. At the first one or two hours, devices with and without Cr both showed
an exponential decay. After that, PSCs with Cr interlayer stabilised at 83% of the initial PCE
value. In contrast, PSCs without Cr interlayer exhibited a linear decrease as the time goes, and

lost over 50% of its initial efficiency after 12 hours illumination. Beside Cr interlayer, Al,O;
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was also examined as the interlayer between HSC and gold. It also helped to enhancg the degi¢
stability.
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Figure 10. Schemes of device architectures a) without and c) with Au metal contact and the
corresponding SEM images in b) and d).!°7 ¢) Comparison of the MPPT results of PSCs using
Au and SWCNT as contacts at elevated temperatures Reproduced with permission from ref.!7.
Copyright 2017, John Wiley and Sons.

Another method is to replace gold with some materials that are chemically inert to halides, such
as carbon.!?® Indeed, carbon is a popular yet cheap and stable electrode material with adjustable
work junction.!®® 200 Several studies reported carbon black and carbon nanotubes as the
electrode material.'” Aitola et al.'®” reported a metal-free PSC with HSC based on press-
transferred single-walled carbon nanotube (SWCNT) film infiltrated with Spiro-OMeTAD. The
device architecture is displayed in Figure 10a-d. Amazingly, a PCE of over 16% was achieved
with SWCNT-based PSCs without the use of costly metal electrodes. They conducted the
MPPT measurement of the devices with and without gold contact for 140 hours under white
LED illumination with an intensity equivalent to 1 Sun in the N, atmosphere. (Figure 10e) The
temperature was raised from 20 °C to 60 °C after the first 14 hours of light soaking. In this
experiment, they observed a fast degradation in gold contained PSCs, with the efficiency,
dropped to less than 80% of its initial value in the first 20 hours, while PSCs using
SWCNT/Carbon hold over 90% of its initial value for 140 hours. The authors calculated the
value of Tgy was 580 h for this type of solar cells based on the assumption that the degradation

trend would continue after 140 hours.
4. Prospects and Conclusions

Based on the above discussion, we believe that all inorganic PSCs will clear the hurdle of a
short lifetime in PSCs on the path to commercialisation. However, the development of all

inorganic PSCs is lagged behind the organic-inorganic hybrid PSCs. Part of the reason is that
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the all inorganic CsPbl; perovskite needs high-temperature annealing and the depositidn o
techniques developed for organic-inorganic perovskites cannot be directly adapted to all
inorganic perovskites. Another important reason is that the cubic-phase CsPbl; perovskite is
thermodynamically non-stable at room temperature, but rather it transforms into a non-
photovoltaic phase (3-phase).!'* The reason behind this is the small ionic radius of Cs* that
results in a high lattice strain in the APbI; crystal to hold the cubic-phase at room temperature.?°!
Partially replacing iodide with the smaller sized bromide helps to stabilise its crystal structure.
Indeed, it is reported that Br-mixed CsPbl; shows a stable cubic phase yet leads to a higher
optical band gap. The most commonly used CsPbl,Br perovskite has an optical band gap of
around 1.92 eV that is not favourable for either single junction solar cells or tandem cells. The
recent work by Sutton et al.''* showed that the fast quenching of CsPbl; perovskite from 300
°C would result in a room-temperature stable orthorhombic phase or f-phase that is also a

photovoltaic phase. Meanwhile, CsPbX; (X=I/Br/Cl) quantum dots have been synthesised, and

they showed excellent stability in photovoltaic application.??

Despite the challenges in the field of inorganic PSCs, several recent works have demonstrated
efficiencies of over 10% for inorganic PSCs.!!6: 203205 More interestingly, if we take a closer
look at these works, we will notice that two trends are developed in this field. One trend is to
develop versatile solution-processed methods to deposit a smooth and compact CsPbX; (X=
I/Br) perovskite film.!'% 295 The other trend is to dope CsPbl; with foreign atoms, such as
Eu?*.202. 206 Yet, it is also noticed that the method developed for mixed halide inorganic
perovskite may not give a good perovskite film for CsPbl; perovskite. To better process the

inorganic perovskite film, we need to have a better understanding of the crystallisation process
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of inorganic perovskite out of solution.

Furthermore, the knowledge on selective contacts developed for organic-inorganic perovskites
should be used to instruct the device structure of all inorganic PSCs. Up to now, we have seen
that inorganic PSCs exhibited robust stability in the accelerated ageing test.?> To further
promote the development of the lifespan in PSCs, and to make the data reported by different
research groups comparable with each other, it is highly important to establish a unified
protocol for ageing test of PSCs. As we discussed in Section 2, the testing protocol should
consider several factors, including the hysteresis, the “burn-in” period, and the “reversible
losses or gain” in PSCs. When the lifespan of PSCs are reported in one work, more than one
sample should be tested, and detailed testing conditions should be provided at least in the

supporting information. A unified protocol for ageing test will help to set a standard evaluation

Page 35 of 44


http://dx.doi.org/10.1039/c8ee02852d

Published on 07 December 2018. Downloaded by Tampere University of Technology on 12/17/2018 12:06:58 PM.

Energy & Environmental Science

Page 36 of 44

process of PSCs, which will benefit the industrialisation of this young photovoltaig technolggy: s onre

shortly.
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