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Abstract:

Photovoltaic is one of the promising renewable sources of power to meet the future
challenge of energy need. Organic and perovskite thin film solar cells are an emerging cost-
effective photovoltaic technology because of low-cost manufacturing processing and a light-
weight. The main barrier of commercial use of organic and perovskite solar cells is the poor
stability of devices. Encapsulation of these photovoltaic devices is one of the best ways to
address this stability issue and enhance the device lifetime by employing materials and
structures that possess high barrier performance for oxygen and moisture. The aim of this
review paper is to find different encapsulation materials and techniques for perovskite and
organic solar cells according to the present understanding of reliability issues. It discusses the
available encapsulate materials and their utility in limiting chemicals such as water vapour,
oxygen penetration. It also covers the mechanisms of mechanical degradation within the
individual layers and solar cell as a whole, and possible obstacles to their application in both
organic and perovskite solar cells. The contemporary understanding of these degradation
mechanisms, their interplay and their initiating factors (both internal and external) are also
discussed.
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1. Introduction
Organic photovoltaic (OPV) and Perovskite solar cell (PSC) are promising emerging

photovoltaics thin film technology. Light harvester metal-halide perovskite materials such as
methyl-ammonium lead iodide (CH3NH3PbI3) have exhibited small exciton binding energy,
high optical cross-section, superior ambipolar charge transport, tuneable band gaps, and low-
cost fabrication [1]. The CH3NH3Pblz PSCs and OPV devices can be solution-processed,
which is suitable for roll-to-roll manufacturing processes for inexpensive largescale
commercialization. The power conversion efficiency (PCE) of OPV devices have overpassed
14% for single junction and 17% for tandem devices to date with the development of low
band gap organic materials synthesis and device processing technology [2-5]. The
achievement of the highest PCE of PSCs over 23.3% has shown promising future directions
for using in large-scale production together with traditional silicon solar cells [6]. Low-
temperature (<150 °C) and solution-processed ZnO based electron transport layer (ETL) is
one of the most promising materials for large scale roll-to-roll fabrication of perovskite and
organic solar cells owing to its almost identical electron affinity (4.2 eV) of TiO2. Arafat et
al. have already demonstrated aluminium (Al) doped ZnO (AZO) ETL of PSC with cell
efficiency over 18% [7]. Currently, the poor stability of OPV and PSCs is a barrier for
commercialisation [8]. It is believed that oxygen and moisture are the external main reason of
the degradation of organic and PSCs as shown in Fig. 1 [9].All the internal possible
degradation mechanism in PSCs can be control by careful interface engineering such as a
good choice of cathode and anode interlayer materials, ion-hybridizations in perovskite layer,
etc.
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Figure 1. Schematic diagram of an organic/PSC solar cell structure. The electron-hole pair
recombination, moisture dissolution of perovskite material and photo-oxidation processes at
the interface between hole transport materials (HTM) and metal electrode are shown.

Adopted from Ref. [9]. Copyright 2018, Energy & Environmental Science.

Encapsulation of organic and perovskite solar cells can play an effective role for
improving the stability of both devices. Encapsulation layer can act as a barrier layer by
restricting the diffusion of oxygen and moisture through this encapsulation material, resulting
in the protection of the cathode interface and the active layer from deterioration as shown in
Fig. 2. Encapsulation materials should have high barrier performance for oxygen and
moisture. The encapsulation material layer structure is a critical factor to overcome these
issues and enhance the device stability.

The encapsulation material needs to possess good process ability, low water absorptivity
and permeability. Encapsulation materials should have relatively higher dielectric constant,
light transmission and resistance to ultraviolet (UV) degradation and thermal oxidation. They
also require excellent chemical inertness, adhesion and mechanical strength [10,11]. Oxygen
transmission rate (OTR) and water vapour transmission rate (WVTR) are the steady state
rates at which oxygen and water vapour gas can penetrate through a film that affects the
encapsulation layer. A schematic diagram of organic and/or perovskite solar cells device is
shown in Fig. 2 with an encapsulation layer. This encapsulation layer material should have
the above required properties to protect the device from the oxygen and water vapour effects.

A list of specifications of requirements of encapsulation materials are given in Table 1.

Table 1: Specifications and requirements for encapsulating materials for the protection of
organic and perovskite devices from the oxygen and moisture [Ref. 11].

Characteristics Specification of requirement

WVTR 107 - 10 g/m?day

OTR 103 - 107 cm®/m?/day/atm

((r}rla)ss transition temperature __ 40 °C (during the winter in deserts)
g

Total light transmission > 90% of incident light

Water absorption < 0.5 wt% (20 °C/ 100% RH)

Tensile modulus <20.7 mPa (> 3000 psi) at 25 °C

UV absorption degradation = None (> 350 nm)

Hydrolysis None (80 °C, 100% RH)
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Figure 2. A schematic diagram of an organic or perovskite solar cells structure with an
encapsulation layer.

To determine the value of OTR it is necessary to use a colorimetric sensor [12,13]. The
OTR was calculated by measuring the amount of oxygen during a certain period at a constant
rate that it passed through the cathode. By knowing the value of OTR and WVTR it is
possible to determine how good is the encapsulated materials performance for the protection
of perovskite and OPVs devices from degradation through their lifetime and performance.
The effective WVTR can be determined by monitoring the temporal rate of change of the
cathode (metal) electrical conductance. If it is assumes that the diffusivity of water vapour
and oxygen obeys Fick’s law (diffusivity is independent of concentration), then the WVTR or
OTR can be described as [14]:

n

WVTR(t) = DlCS [1+2 z(—l)" e[L?z nt]]]

n=1

Where D is the diffusivity, Cs is the surface saturation concentrations, t is the time and 1
is the film thickness. Normally, D increases with increasing temperature. WVTR and OTR is
also a function of temperature.

The good performance encapsulation materials should have a value larger than 10
g/m?/day for WVTR (Table 1) for OPV and PSCs [15]. As an example, OPVs devices with
the structure ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Al were encapsulated using ZnO and UV
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resin with a large WVTR value of 5.0 x 10! g/m?/day [16]. In Ref. [17] the WVTR value was
found as big as of 100 g/m*day for an  encapsulated = OPV
(ITO/PEDOT:PSS/P3HT:PC71BM/Ca/Al) with an epoxy resin. On the other hand, in Ref.
[16] OPVs cells under the configuration ITO/DMD/Cs2CO3/P3HT:PCBM/Mo0Os/Al were
encapsulated using polyvinyl butyral (PVB), ethylene vinyl acetate (EVA), and thermoplastic
poly-urethane (TPU) with a WVTR value of 60 g/m?/day, 40 g/m*/day and 150 g/m*/day,
respectively, and with an OTR value in the range of 1072-10? cm’/m?*/day. In this current
work the WVTR and OTR values were not calculated due to different experimental details.

The most common type of an encapsulation method refers to thin film layers
encapsulated on top of OPV devices using atomic layer deposition (ALD) [18]. ALD is
particularly suitable for organic and flexible electronics. However, the ALD technique is
expensive. Other methods are roll lamination systems encapsulating the OPV devices
between two sheets uniting them with an adhesive [19], other method is based on heat
sealing, a process which basically consists of supplying thermal energy on outside of package
to soften/melt the sealants [13] and using a glass substrate that is to be sealed with
thermosetting epoxy, it could not be effectively applied to flexible devices [20].

Many works have been done for the advancement of good quality encapsulation
technologies to stop the migration of environmental oxygen and moisture into device layers.
The device lifetime and stability can be improved with high barrier performance
encapsulation materials and structures for providing sufficient durability for commercial
application. The encapsulation materials with high optical transmission and high dielectric
constant need to possess good process ability. Mechanical strength, good adhesion and
chemical inertness are also required for a suitable encapsulation material. It is also expected
to have low water-absorptivity and permeability and relatively high resistance to UV
degradation and thermal oxidation [21]. Organic materials with good combination of these
properties are most commonly used as encapsulant for the improvement of acceptable device
durability [22]. Compared to their inorganic counterparts, the organic encapsulation materials
have demonstrated notable advantages, such as flexible synthesis of the organic molecules by
varying their energy levels, molecular weight and solubility [23]. Organic encapsulation
materials are also expendable and have lesser impact on the environment [24]. Hence,
organic materials are the best suitable candidate for encapsulation of flexible organic and

perovskite devices.
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2. Materials for Encapsulation

The encapsulation materials should have high dielectric breakdown that matches the
refractive index with other layers and high volume resistivity. Materials should be low cost,
dimensionally stability and easy to deposit. WVTR and OTR represent the steady state rates
at which water vapour and oxygen gas, respectively, penetrate through the encapsulating film
that affects the encapsulation layer. Glass transition temperature (Tg) for organic
encapsulation material is another important property, which is dependent on the chain
flexibility. The polymer varies mechanically from being rigid and brittle and becomes tough
and leathery. The maximum exposure temperatures on encapsulation material and the effect
on the mechanical behaviour of the material should be known. The light transmission through
the encapsulation materials is also important to measure to understand how it will affect the
device performance. The encapsulation material requirements are also to define the UV
absorption degradation, hydrolysis and some other aspects. A list of polymer encapsulation

materials and their specifications are given below:

Table 2: List of probable polymer encapsulation materials for OPV and Perovskite devices.

Materials Encapsula- WVTR Comments References
tion type (g/m?/day)

Ethylene vinyl Single layer 40 Light transmission of 91%. Suitable for Ref. [25,26]

acetate (EVA). encapsulation resisting weather and long-term reliability

under light exposure. It is suitable for
encapsulation of organic and perovskite solar

modules.
Europium doped  Single layer 40 Absorption bang gap is 310 nm (4 eV). Ref. [27]
EVA: Eu* encapsulation Suitable for PV module encapsulation. Eu**

doped EVA layers can induce photon down-
shifting with wavelengths <460 nm.

Ethylene methyl  Single layer =~ Not EMA is suitable for chemical resistance, Ref. [21,28]
acrylate (EMA).  encapsulation mentioned thermally stability, adherence to different

substrates and excellent mechanical

behaviour at low temperature. It is suitable

for encapsulation of perovskite and organic

devices.
Polyvinyl butyral Single layer 60 PVB has high optical transparency, good Ref. [13]
(PVB) encapsulation heat resistance, good adherence to solar

cells, glass, and other plastics, increased
bond durability, and compatible with module
components. PVB is already used as
encapsulation layer for thin film solar cells.

Thermoplastic Single layer 150 TPU film is better than EVA film for Ref. [29,30]
polyurethane encapsulation encapsulation since it is flexible to bond
(TPU) with relatively hard materials. These films

can be processed in normal atmospheric
pressure without cross-linking and
emissions.
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UV-cured epoxy

Polyisobutylene
(PIB)

Cyclized
perfluoro-
polymer
(CytopTM).

Organic—
inorganic hybrid
materials
ORMOCERs
(ORM)

ORMOSIL aero-
gel thin film

Other organic
materials

Luminescent
downshifting
fluoro-polymeric
coating such as
PTFE
(polytetrafluoroe
thylene), PFA

(perfluoroalkoxy)

, FEP
(fluorinated
ethylene-
propylene), etc.

Single layer
encapsulation

Single layer
encapsulation
Single layer
encapsulation

Single layer
encapsulation

Single layer
encapsulation

Single layer
encapsulation

Single layer
encapsulation

0.001 to
0.0001

Not
mentioned

0.01

Not
mentioned

Not
mentioned

Not
mentioned

Epoxy film is good for encapsulation. It is
optically transparent, thermally conductive,
weather resistance, high temperature
resistance, good adhesive properties on glass
and plastic.

Ref. [31]

PIB is a synthetic rubber. It can encapsulate
organic and perovskite solar cells.

Ref. [31]

Conventional thin-film deposition
techniques e.g. spin coating can be used to
deposit this polymer. It is transparent and
amorphous. This material is good for
weather resistant, good for oxygen/water-
vapor shielding for testing organic device
lifetime.

Ref. [32]

It is organic and inorganic components
modified ceramics or ORM. It has good
chemical resistance, highly transparent, anti-
soiling, diffusion- inhibition. OTR is
<0.01cm’® m2 day!. These properties are
necessary for the encapsulation of organic
and perovskite solar cells.

Ref. [33,34]

It is mechanically and thermally stable and
highly transparent. ORMOSIL materials are
flexibility and stability at atmospheric
conditions. ORMOSIL has variable organic
group that can modify the chemical and
physical surface properties.

Ref. [35,36]

Encapsulation tested of 10 polymers were
poly(vinyl methyl ketone) (PVMK),
poly(methyl methacrylate) (PMMA),
poly(vinylidene chloride- co-vinyl chloride)
(PVDC-co-PVC), poly (vinylidene
fluoride)(PVDF), polyacrylonitride
(PAN),poly(vinylalcohol)(PVA),
poly(vinylphenol)(PVP), poly(methyl vinyl
ether) (PMVE), polystyrene (PS), and
poly(vinyl chloride) (PVC). An
encapsulation approach with these 10 low-
polarity polymer is demonstrated to block
water/moisture and prevent encapsulation-
induced degradation.

Ref. [37,38]

It is very good as an encapsulating material
for organic and perovskite solar cells to
improve the device stability for out-door
application. Fluoropolymers are excellent for
chemical and thermal resistance. Their
surfaces are non-reactive with all chemicals
and solvents.

Ref. [39]

d0i:10.20944/preprints201811.0625.v1
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2.1 Encapsulation requirements

To ensure satisfactory encapsulation (Table 1), permeation of WVTR and OTR needs to
be two-three orders of magnitude lower than the bare substrate. Silicon-based dielectric films,
deposited by PECVD, have reportedly demonstrated excellent transparent, single-layer
barrier performance [40]. However, on polymer substrates; it is very difficult to obtain
permeation levels that are 1000 times lower by a single layer barrier. The increase in single-
layer barrier thickness results in an OTR value that is on-zero asymptotic and which is
governed by the defects in the barrier layer. Such defects are typically generated from the
intrinsic or extrinsic roughness of surface [41]. Hence, the performance of single-layer,
encapsulated gas barriers is controlled by the nano-meter size structural defects. In theoretical
calculations, the total permeation rate is much higher due to large number of small pin-holes
than that from few but larger defects in the same total pin-hole area [42]. The lateral diffusion
of gas is more crucial when the defect diameters are smaller than the substrate thickness. The
multilayered deposition of inorganic materials can slightly enhance the performance of
encapsulation barrier. The deposition of organic—inorganic multilayers films to obtain
increased barrier performance is the most common practice. However, there are several
challenges in the way of utilization and development of thin-film encapsulation. To face these
challenges a variety of materials have been developed to improve the device lifetimes such as
titanium oxide (TiOx). Using thin films as barriers for device encapsulation is not sufficient
for the protection of organic and perovskite devices. The use of glass plates as encapsulation
is the simplest and best example for the protection of oxygen and moister. Glass
encapsulation can supply the required oxygen and moisture protection in the organic and
perovskite solar cells for the commercial application. However, glass encapsulation cannot
apply on inflexible devices. It has also been shown that a thin layer of SiOxCy acts as a barrier
for oxygen and moisture. Unfortunately, PECVD process is required for the deposition of this
encapsulation film which is expensive and uses complicated vacuum systems. This is also not
suitable to deposit on flexible substrate as a barrier of oxygen and moister transmission.
Although there are other encapsulating materials, they cannot fulfil the barrier requirements
for organic and perovskite solar cells. In this review paper, we have presented different
encapsulation materials used in various approaches and integrated with organic and
perovskite devices. In Table 2 we have summarized some of the polymer materials with their
WVTR values for the organic and perovskite solar cells. Recently, using RF plasma

polymerization technique linalyl acetate [43,44] and terpinene-4-ol [45] thin films has been
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deposited for the encapsulation of devices. On the basis of surface and optical properties,
these polymer based thin films can be potential encapsulating layers for organic and

perovskite solar cells [46,47].

3. Degradation Mechanism of OPV and Perovskite Solar Cells

The degradation of organic and perovskite devices can be divided into two mechanisms:
intrinsic and extrinsic. Both of these mechanisms are related to mass-transport processes. The
metal electrode/active layer interfaces play major roles in the degradation of both devices
[48]. Under normal environmental conditions, the relatively high sensitivity of organic and

perovskite materials towards oxygen and moisture decrease the device reliability and lifetime.

3.1. Degradation of OPV devices

Intrinsic degradation: It is due to changes in the structures of the interfaces between layers of
the stacking materials owing to internal modification of the materials used. The key issue is
stability which is limiting the practical applications of OPV devices. The lifetime of OPV
devices is now over thousands of hours. These improvements of lifetime have been achieved
with the application of device architecture optimizations and different interface materials,
especially after the investigation of hole conductor layers incorporating carbon electrodes.

This is promised stable, low cost and easy device fabrication methods.

Extrinsic Stability: 1t is affected by the infiltration of air e.g. oxygen and water. Such
degradation from external factors can escalate by light irradiation. There are some organic
materials and metal electrodes can also be degraded by oxygen and water. Oxygen or
moisture can be trapped during the fabrication processes or could diffuse into the cell
structure during device lifetime. Due to the following factors, oxygen strongly influences the
extrinsic stability in some OPV devices [49]: (i) fullerene molecules are hydrophobic and
does not react with water; (ii) the exposure to oxygen in air has negative impact on the
electron-transport properties of fullerene; (iii) oxygen forms surface dipoles and increases the
metal work-functions. The abovementioned properties yield in the deterioration of the
performance of conventional OPVs; however they might initially enhance the performance of
inverted OPV [11]. The chemical degradation processes are degradation of the metallic
electrodes, degradation of the transparent electrode, intermediate hole extraction layers,
and/or even the chosen method to synthesize the materials [50,51]. Although it is well-known

that oxygen is typically a p-type dopant in semiconductors, the oxygen vacancies act as
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electron donors [52]. The electronic properties of semiconducting p-type layers might be
improved briefly upon exposure to oxygen [53]. To overcome this issue, researchers have
developed inverted OPV devices [54,55]. In a humid environment, the oxide layer can double
in thickness and hence, block charge-tunnelling. Unlike the abovementioned
positive/negative effects of oxygen, there is hardly any positive impact of water on OPV
devices that has ever been suggested. Encapsulation delays the process of degradation, but
the currently available materials used for encapsulation. The overall device degradation is not
stopped even by a complex encapsulation schemes such as a sealed glass container or a high
vacuum chamber are employed, because the processes involving water and oxygen are
efficiently alleviated. The physical and chemical characteristics of the constituent materials
are a complex phenomenon. Several processes may take place simultaneously in both

physical and chemical characteristics [56].

3.2 Degradation of perovskite devices

There are several issues related with the degradation of PSCs such as interface and device
instability. These must be addressed to achieve good reproducibility with high conversion
efficiencies and long lifetimes of PSCs. A comprehensive understanding of these issues in
PSCs is required to achieve stability breakthroughs for practical commercial applications.
The PCE improvement, the stability of PSCs has to be improved for successful small- and
large-scale applications.

The degradation of PSCs can be occurred as a result of intrinsic and extrinsic stability
such as thermal instability (intrinsic stability), susceptibility of the perovskite material to
ambient conditions (e.g. oxygen and humidity). Degradation can occur by other device
structure components, such as the degradation of the ETL (TiO2 or ZnO) at the interface upon
light irradiation and the lack of stability of the hole-transport material [57,58]. The stability of
perovskite thin films and PSCs has been widely studied [59-61], which includes the
degradation of the perovskite material upon exposure to illumination, humidity, or increased
temperature [62-65]. Different schemes have been investigated to enhance the stability of
PSCs, such as replacing the mesoporous layer [66], modifying the composition or deposition
process of perovskite material [67-70], using various charge-transport materials [71-76] and
carbon-based electrodes [70], and interfacial layers and/or surface treatments [77-80]. In most
of the researches on stability, the stability tests were reported after the devices being stored in

the ambient or dark with measurements of the device performance on regular intervals [72-

10
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74,81]. The report on encouraging stability of the perovskite devices, such as 0.3% PCE drop
in 1 month, often involves storing them under dark in a low-humidity desiccator [61].

However, it is now well established that PSCs are very susceptible to high humidity.
The degradation is notably quicker under high humidity conditions [82-83], and it is much
faster under continuous illumination than degradation involving storage in the dark [80,83].
Even the degradation under ambient illumination is significantly faster compared to dark
storage [84]. Since there is no standard testing protocol for reporting stability test results, it is
strenuous to draw comparisons directly between test results from different publications. For
example, Zhu et al. performed stability tests under constant illumination over a short time
period in a N2 glovebox to prevent the intrusion of humidity [83]. Thermal stability has been
reported without exposure to illumination or humidity, or a combination of thermal stress and
illumination [85]. In some studies, a white light-emitting diode (LED) was used for the
illumination, not a solar simulator [76]. The stability can be over-estimated under
illumination owing to the absence of strong UV component in the emission spectrum. The
degradation of the perovskite film is reportedly slower under illumination when a UV filter is
used in order to eliminate the UV component from the simulated sunlight illumination [62].
Some works have applied several stress factors at the same time during the tests. The factors
include constant illumination, ambient humidity of +50%, and increased temperature [86].
Moreover, moderately humid environment has been used to obtain outdoor testing results
[87].

Multiple stability tests have been performed on unencapsulated cells under low ambient
humidity, typically under dark conditions [59,67-70] with very few exceptions [76,78,88].
After several hours, devices without encapsulation generally displayed severe degradation
under continuous illumination whilst encapsulated devices showed relatively longer lifetime
[61]. In comparison to fully encapsulated devices with protected edge, partially encapsulated
devices showed shorter lifespan [70]. This signifies the importance of complete encapsulation
in order to enhance extend the lifetime of OPV and perovskite devices. However,
comprehensive comparison between different encapsulation techniques for PSCs is still rare
[86]. A careful and complicated encapsulation system, developed by employing combination
of a desiccant material and UV epoxy resin, exhibited significantly improved stability. But,
the device performance quickly decreased to < 50% of the initial efficiency within 10 hours
under constant illumination and at an ambient humidity of 80% and cell temperature of 85 °C
[86]. The absence of standardized testing conditions and studies regarding the effect of

encapsulation on the device stability is hampering the advancements of stable organic and
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perovskite cells. Various encapsulation methods have been investigated for common
perovskite devices that include planar TiO2 on fluorine doped tin oxide (FTO) glass,
methylammonium lead iodide (MAPbI3) as the active layer, and tetrakis[N,N-di(4-
methoxyphenyl) amino]-9,9’-spirobifluorene (spiro-OMeTAD) as the hole transport layer
(HTL) [62]. The international summit on OPV stability (ISOS) was followed for the organic
solar cell testing (ISOS-L-2 and ISOS-0O-1) [89].

3.2.1 Thermal and photo stability

It is found that photo-stability of perovskite materials is a serious problem for the application
of PSCs. The perovskite material begins to decompose into Pbls at temperature 140 °C [90]
and even at temperature 85 °C when it is heated in nitrogen for 24 hours [63]. Slightly
heating of perovskite materials improved the performance of devices due to the formation of
small amount of Pbls which passivate the perovskite. The device performance may be
recovered if it is stored at dark for a short time. Poor photo-stability of perovskite materials
could be raised from the local phase change under an elevated temperature when exposed to
light. The dual ion hybridization by compositional material engineering at two sites (A and
X) simultaneously can solve the perovskite materials stability. The existing ionic components
within the perovskite crystal structure would be partially substituted by analogous ions of
similar electronic properties, which would passivate the vulnerable sites present within the
structure and thereby eliminating the degradation pathways efficiently from the inside-out.
For example - the existing monovalent (A-site) organic cation would be partially substituted
by metal (Caesium, Cs") ions. It has been experimentally proved that heat rather than
moisture was the main cause of PSC degradation [31]. The key stability of PSC is to prevent
the escape of volatile decomposition products from the perovskite solar cell materials.
Polyisobutylene (PIB) encapsulation is one of the promising low cost and low application

temperature packaging solutions for PSCs.

3.2.2 Ion movement

Ion migration in the perovskite materials is another critical issue for the PSCs [91]. The ions
(anion or cation) in the halide perovskite materials can move under bias voltage or thermal
drift, causing device instability. A schematic diagram of different ion/defects movements in

perovskite device structure is shown in Fig. 3.
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Figure 3. Schematic diagram shows the various ion/defects movements in perovskite device structure
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that could possibly lead to hysteresis phenomenon during current-voltage characteristic
measurements. The exact nature of each ion-movement processes and its degree of influence on
hysteresis varies with respect to the device structure and materials involved. Reprinted from

Ref. [91]. Copyright 2018 Solar Energy Materials and Solar Cells.

This defects/ion migration such as iodine vacancies across the interface can induce interfacial
degradation. This defect migration affects device operational mechanisms and finally cause

device failure during operation [9,92].

3.2.3 Electrode degradation

The interfacial stability of PSCs is also critical for the overall device stability. Recently it has
been found that reactions between iodine-based decomposition products such as HI from
perovskite materials and traditional metal electrode materials such as Al or Ag can lead to
formation of Allz or Agl, respectively [72]. The formation of All3 or Agl compound escalates
perovskite decomposition when the material is exposed in an ambient environment (Fig. 3)
[72]. One way of enhancing the device stability is to insulate the perovskite material from the
electrode (Ag/Al). The dispersal of halide ions in PSCs through the charge transport layers

could exert negative impact on the long-term stability of cells.

3.2.4 Charge transport layers degradation
The reasons behind poor device stability of PSCs are due to either the perovskite materials or

charge transport layer interfaces. Organic semiconductor layers in PSC structure used as
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charge transport layers (ETL and HTL) are prone to both oxidization and water absorption
that can reduce the device stability. For example, an n-type fullerene, PCBM was used as an
efficient ETL in an inverted structure PSC [93]. The authors found that the PCBM went
through changes in terms of chemical states or band structure in ambient air, which was a
major contributing factor to the device degradation [93]. A p-type organic semiconductor,
PEDOT:PSS is generally used in the inverted structure as the HTL. PEDOT:PSS has high
water absorptivity and acidic properties causing etching of the transparent conductive
electrode such as ITO. The hygroscopic and acidic nature of PEDOT:PSS accelerates device
degradation [72,94]. Lithium (Li) doped Spiro-OMeTAD salt is also hygroscopic and can
diffuse water into the light absorbing perovskite layer causing device failure [95]. Several
investigations suggested that oxygen de-absorption from TiO: surface (degradation of TiO2
layer) while light soaking leads to failure of devices [66]. Multiple techniques have been
employed for the improvement of the device stability [7,94].

Bella et al. [96] investigated the stability of PSCs by encapsulation of photochemical
resistance as well as moisture tolerance, a fluoro-polymeric light-curable coating on the back
contact side. The use of fluoro-polymeric layer on top of the PSC has the prospect of
preventing the oxygen and moisture migration between the top back contact and the
perovskite layer due to the hydrophobicity of the coating. The fluoro-polymeric UV-coating
possesses a cross-linked nature that can lower the free volume compared to the traditional
non—cross-linked, polymeric systems. Hence, it is expected to improve the long-term stability
of PSCs [97]. Fig. 4 displays the test results of device stability in terms of PCEs under
various atmospheric conditions and photochemical external stresses during 180-days (4320
hours). Moreover, those encapsulated devices were tested in outdoor conditions for a time of
>3 months (i.e. 2160 hours). Successful tolerance toward heavy rain, soil and dust were
observed on the external surface made of glass. In real outdoor conditions, the fluorinated
luminescent down shifting layer with low-surface energy helps to clean the front electrode

easily.

14


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2018 d0i:10.20944/preprints201811.0625.v1

UVSmAcm?inAr UV 5 mA cm?in AIR 50% RH

1.0

' —A— Front/Back-coated PSC

e
©
TR

0.6

- Uncoaled PSC

Normalized efficiency

—&— Front-coated PSC

— 77— 771
0 25 50 75 100 125 150 175
Time (days)

Fig. 4: The aging test results on the three series of PSCs: (i) uncoated, (ii) front-coated with
luminescent fluorinated coating, and (iii) front/back-coated (front coating with the luminescent
fluorophore and back contact coating with a moisture resistant fluoro-polymeric layer). The cells were
stored in an Ar environment during the first 3 months of test period. They were kept in air with RH=
50% for the next 3 months. During the whole testing period, the PSCs were exposed to continuous
UV illumination. The device PCE was recorded once a week. Inset shows a photograph of a front-

coated solar cell at the end of the test. Reprinted from Ref. [96]. Copyright 2018 Science.

Uncoated and front-coated devices were studied for an overall period of 6 months in the
aging test. The devices were stored in a glove box filled with Ar for the first 3 months. The
devices were continuously illuminated for 8 hours every day with a UV optical fibre with
light intensity 5 mWcm 2. 5% contribution from the UV light source (280 to 400 nm) helped
to simulate the solar spectral irradiance on Earth (AM1.5G, 1000 Wm2). In the forced UV
aging test (Fig. 4) the uncoated devices (black curve) had a reduction of 30% in their initial
efficiency after one week of UV exposure and stopped working after 1 month. All of the five
front-coated cells (red curve) retained 98% of their initial PCE even after 3 months and
demonstrated excellent stability under the same conditions.

By simple visual inspection the effects of degradation were easily detectable. The
progressive yellowing was observed in the mixed-perovskite layer upon 50% RH exposure.
The back-contact side was coated with a fluoropolymeric light-curable coating in the
front/back-coated devices for stabilizing the devices with enhanced photochemical resistance
and moisture tolerance. Similar method was used in the luminescent downshifting experiment
for back-coated PSCs. It is hypothesized that the use of highly hydrophobic fluoropolymeric

layer on the PSC top can prevent water permeation from the top back contact to the

15


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2018 d0i:10.20944/preprints201811.0625.v1

perovskite layer. In addition, the fluoro-polymeric UV-coating possesses a cross-linked
nature leading to lower free volume compared to the traditional non—cross-linked, polymeric
systems. Hence, the coating is expected to improve the long-term stability of PSCs [98]. The
aging test results of the front/back-coated PSCs (blue curve), i.e., devices with luminescent
coating on front and a moisture-resistant coating on the back contact, is shown in Fig. 4. Even
under the combined effects of photochemical and environmental stresses, all the five devices
retained an exceptional stability of 98%.
The front/back-coated PSCs showed longer lifetime stability retaining most of their
initial efficiency the ageing test due to following reasons:
(1) Securing the perovskite material from UV irradiation and converting it into visible
photons;
(i1) Shielding devices from oxygen and moisture, hence blocking the hydrolytic behaviour of
the perovskite material; and
(ii1) Maintaining clean front electrode clean by the self-cleaning characteristics of this

fluorinated polymer. Similar results were also observed for outdoor tests performed.

The non-homogeneous deposition of the coating layers on the front/back side of device
can cause a slow hydrolysis of the active perovskite layer. To test the homogeneity of
deposited coating layer, Bella et al. [96] dipped the devices with front/back coatings into
water for about a day. No change in photovoltaic performance was observed in the

front/back-coated devices even after 1 day of immersion in water.

4. Discussion

Thin-film encapsulation is a vital technology required for the application and
commercialization of perovskite and organic solar cells. To prevent the permeation of moister
and oxygen an effective encapsulation is crucial to achieve the desired reliability and device
lifetime. More progress is needed to develop encapsulating materials for devices with specific
requirements. The processing conditions of EVA exposure time and damp heat affect its
adhesion strength. Transport of moister and oxygen through local pinholes become an issue
for achieving ultrahigh barriers encapsulation which is hard to be avoided. New
encapsulation materials need to be developed to fulfil the encapsulation requirements and
achieve ultrahigh encapsulation barriers. Furthermore, the encapsulation processing
temperature of thin film should be within the temperature range suitable for the organic

polymer substrate materials. Usually, low-temperature PECVD processed inorganic
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encapsulation thin films are not suitable for the encapsulation barrier since these films suffer
from intrinsic defects. Water vapour and oxygen can easily diffuse through these defects. For
high performance encapsulation barriers, these intrinsic defects should be reduced or
passivated. Inorganic and organic alternating multilayer films can be one solution to reduce
and avoid the intrinsic pinholes. The defects in the inorganic layers can be passivated by
organic film and do not channel continuously through the multilayer structure. A steady state
permeation rate of moister and oxygen can be maintained by the multilayer encapsulation
barrier structures. A transient rate of encapsulation barrier can be maintained over a specific
time-period that might exceed the desired lifetime of encapsulated devices. Typically, the
permeation rate in the transient region is lower than the permeation rate in steady state. It is
suggested that the barrier performance characterization from the initial transient period will
provide an underestimation of total permeation rate for long-term applications. As a result,
the barrier performance in multilayer structures should be characterized separately such as the
steady-state and transient permeation rates. This should be used for the calculation of lag time
to avoid overestimation of expected device lifetimes or barrier performance during both
storage and application. Moreover, the deposition of high quality inorganic encapsulation
layer with vacuum deposition processes is expensive and low through put.

Since there are alternative deposition processes using different deposition chambers for
organic and inorganic layers, multilayer barrier structures are expensive. If inorganic layers
can be deposited from the solution precursors, it can be a promising solution to this problem,
making it possible to deposit inorganic and organic multilayer barriers employing similar
deposition techniques. Hence, totally solution process should be developed for low cost, high
barrier materials for perovskite and OPV encapsulation. Optimization of the individual film
dimension can be useful multilayer encapsulation structures. Before adapting these
technologies, the quality of films should also be improved. The reliability and continuous
yield of encapsulation processes must be explored to reduce the processing steps and time.
Since perovskite and organic solar cells are very susceptible to moisture, it is crucial to use a
low-diffusivity edge seal material.

Graphene is a carbon-based one-dimensional material with excellent electronic and
mechanical properties offering limitless opportunities in device engineering. In line with this,
graphene can be used as a bi-functional electrode which will serves as a highly conductive
charge collection electrode as well as an encapsulant for the underlying organic or perovskite

layers. This carbon-graphene based encapsulation technology is sought to be a viable
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approach for large scale commercialization and deployment of organic and perovskite solar

cells technology.

5. Conclusion

Effective thin film encapsulation is crucial to prevent the permeation of water vapour and
oxygen for achieving the stability and desired life times of organic and perovskite solar cells.
The problem of achieving thin layer encapsulation barrier is transport-dependent permeation
through localized pin-holes which is strenuous to control. New materials and technology are
required to satisfy the requirements of encapsulation to prevent the permeation of moisture
and oxygen for reliability and stability of devices. The encapsulation processing temperature
of thin film should be within the temperature range suitable for the organic and polymer
substrate materials. Multilayer polymer films of encapsulation can be a solution to block the
pinholes in the films to stop the permeation of water vapour and oxygen. However, the
barrier performance of multilayer structures encapsulation consists of a steady state
permeation rate as well as a transient rate over a specified time. These rates of encapsulation
barrier can exceed the desired lifetime of encapsulated devices. The barrier performance in
multilayer structures should be characterized separately by the steady-state and transient
permeation rates over a specified time-period. Multilayer thin film encapsulation structures
deposited under vacuum will be exorbitant owing to alternative deposition of layers in
separate deposition chambers. Solution process deposition can be a promising alternative for
low-cost barrier materials for thin film multilayers encapsulation. Then multilayers can be
deposited with similar deposition process to obtain low-cost barrier materials. Film quality
should be improved before adopting the multilayer encapsulation technologies. Encapsulation

layers with high quality are significant to improve the device lifetimes.

Acknowledgements

We acknowledge the financial support from Future Solar Technologies Pty. Ltd. for this
work. We also acknowledge the endless support from the staff of photovoltaic and renewable

energy engineering school (SPREE), UNSW, Sydney.

18


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2018 d0i:10.20944/preprints201811.0625.v1

References

1. Liang, P.-W_; Liao, C.-Y.; Chueh, C.-C.; Zuo, F.; Williams, S. T.; Xin, X.-K.; Lin, J.; Jen, A.
K. Y., Additive Enhanced Crystallization of Solution-Processed Perovskite for Highly Efficient
Planar-Heterojunction Solar Cells. Advanced Materials 2014, 26 (22), 3748-3754.

2. Li, H.; Xiao, Z.; Ding, L.; Wang, J., Thermostable single-junction organic solar cells with a
power conversion efficiency of 14.62%. 2018; Vol. 63.
3. Meng, L.; Zhang, Y.; Wan, X.; Li, C.; Zhang, X.; Wang, Y.; Ke, X.; Xiao, Z.; Ding, L.; Xia,

R.; Yip, H.-L.; Cao, Y.; Chen, Y., Organic and solution-processed tandem solar cells with 17.3%
efficiency. Science 2018.

4. Xiao, Z.; Jia, X.; Ding, L., Ternary organic solar cells offer 14% power conversion efficiency.
2017; Vol. 62, p 1562-1564.
5. Xu, C.; Wright, M.; Ping, D.; Yi, H.; Zhang, X.; Mahmud, M. D. A.; Sun, K.; Upama, M. B.;

Haque, F.; Uddin, A., Ternary blend organic solar cells with a non-fullerene acceptor as a third
component to synergistically improve the efficiency. Organic Electronics 2018, 62, 261-268.

6. National Renewable Energy Laboratory

(NREL). https://www.nrel.gov/pv/assets/images/efficiency-chart-20180716.jpg, 2018 (accessed July
2018).

7. Mahmud, A. Md; Elumalai,N. K.; Pal, B.; Jose, R.; Upama,M. B.; Wang, D.; Gongales, V. R.;
Xu, C.; Haque, F.; Uddin, A.; Electrospun 3D composite nano-flowers for high performance

triplecation perovskite solar cells. Electrochimica Acta 2018, 289, 459 - 473.

8. Wang, D.; Wright, M.; Elumalai, N. K.; Uddin, A., Stability of perovskite solar cells. Solar
Energy Materials and Solar Cells 2016, 147,255-275.
9. Berhe, T. A.; Su, W.-N.; Chen, C.-H.; Pan, C.-J.; Cheng, J.-H.; Chen, H.-M.; Tsai, M.-C.;

Chen, L.-Y.; Dubale, A. A.; Hwang, B.-J., Organometal halide perovskite solar cells: degradation and
stability. Energy & Environmental Science 2016, 9 (2), 323-356.

10. Kang, H.; Kim, G.; Kim, J.; Kwon, S.; Kim, H.; Lee, K., Bulk-Heterojunction Organic Solar
Cells: Five Core Technologies for Their Commercialization. Advanced Materials 2016, 28 (36), 7821-
7861.

11. Ahmad, J.; Bazaka, K.; Anderson, L. J.; White, R. D.; Jacob, M. V., Materials and methods
for encapsulation of OPV: A review. Renewable and Sustainable Energy Reviews 2013, 27, 104-117.
12. Cros, S.; de Bettignies, R.; Berson, S.; Bailly, S.; Maisse, P.; Lemaitre, N.; Guillerez, S.,
Definition of encapsulation barrier requirements: A method applied to organic solar cells. Solar
Energy Materials and Solar Cells 2011, 95, S65-S69.

13. Kim, N.; William J. Potscavage Jr.; Sundaramoothi, A.; Henderson, C.; Kippelen, B.;
Graham, S.; A correlation study between barrier film performance and shelf lifetime of encapsulated

organic solar cells. Solar Energy Materials and Solar Cells 2012, 101, 140-146.

19


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2018 d0i:10.20944/preprints201811.0625.v1

14. Crank, J., The mathematics of diffusion. Clarendon press, Oxford: 1975.

15. Kippelen, B.; Brédas, J.-L., Organic photovoltaics. Energy & Environmental Science 2009, 2
(3), 251-261.

16. A. Hauch, J.; Schilinsky, P.; Choulis, S.; Rajoelson, S.; Brabec, C., The impact of water vapor
transmission rate on the lifetime of flexible polymer solar cells. 2008; Vol. 93, p 103306-103306.

17. Lee, H.-J.; Kim, H.-P.; Kim, H.-M.; Youn, J.-H.; Nam, D.-H.; Lee, Y.-G.; Lee, J.-G.; Mohd
Yusoff, A. R. b.; Jang, J., Solution processed encapsulation for organic photovoltaics. Solar Energy
Materials and Solar Cells 2013, 111, 97-101.

18. Kim, Y.; Kim, H.; Graham, S.; Dyer, A.; Reynolds, J. R., Durable polyisobutylene edge
sealants for organic electronics and electrochemical devices. Solar Energy Materials and Solar Cells
2012, 100, 120-125.

19. Tanenbaum, D. M.; Dam, H. F.; R6sch, R.; Jargensen, M.; Hoppe, H.; Krebs, F. C., Edge
sealing for low cost stability enhancement of roll-to-roll processed flexible polymer solar cell
modules. Solar Energy Materials and Solar Cells 2012, 97, 157-163.

20. Elkington, D.; Cooling, N.; Zhou, X. J.; Belcher, W. J.; Dastoor, P. C., Single-step annealing
and encapsulation for organic photovoltaics using an exothermically-setting encapsulant material.
Solar Energy Materials and Solar Cells 2014, 124, 75-78.

21. Cuddihy, E.; Coulbert, C.; Gupta, A.; Liang, R. Electricity from photovoltaic solar cells; Jet
Propulsion Laboratory: 1986.

22. Kim, N., Fabrication and characterization of thin-film encapsulation for organic electronics.
2009.

23. Spanggaard, H.; Krebs, F. C., A brief history of the development of organic and polymeric
photovoltaics. Solar Energy Materials & Solar Cells 2004, 83 (2-3), 125-146.

24, Shaheen, S. E.; Ginley, D. S.; Jabbour, G. E., Organic-Based Photovoltaics: Toward Low-
Cost Power Generation. MRS Bulletin 2005, 30 (1), 10-19.

25. Schlothauer, J.; Jungwirth, S.; K&hl, M.; Roder, B., Degradation of the encapsulant polymer
in outdoor weathered photovoltaic modules: Spatially resolved inspection of EVA ageing by
fluorescence and correlation to electroluminescence. Solar Energy Materials and Solar Cells 2012,
102, 75-85.

26. Jin, J.; Chen, S.; Zhang, J., Investigation of UV aging influences on the crystallization of
ethylene-vinyl acetate copolymer via successive self-nucleation and annealing treatment. 2010; Vol.
17, p 827-836.

217. Le Donne, A.; Dilda, M.; Crippa, M.; Acciarri, M.; Binetti, S., Rare earth organic complexes
as down-shifters to improve Si-based solar cell efficiency. Optical Materials 2011, 33 (7), 1012-1014.
28. Hayes, R. A. B., TX, US) ; Lenges, G. M. W., DE, US) ; Pesek, S. C. O., TX, US) Low
modulus solar cell encapsulant sheets with enhanced stability and adhesion. 2012.

209. Bayer Material Science AG; Bayer: 2010.

20


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2018 d0i:10.20944/preprints201811.0625.v1

30. SCHUT, J. H., Shining Opportunities In Solar Films. Plastics Technology 2009.

31. Shi, L.; Young, T. L.; Kim, J.; Sheng, Y.; Wang, L.; Chen, Y.; Feng, Z.; Keevers, M. J.; Hao,
X.; Verlinden, P. J.; Green, M. A.; Ho-Baillie, A. W. Y., Accelerated Lifetime Testing of Organic—
Inorganic Perovskite Solar Cells Encapsulated by Polyisobutylene. ACS Applied Materials &
Interfaces 2017, 9 (30), 25073-25081.

32. Granstrom, J.; S. Swensen, J.; S. Moon, J.; Rowell, G.; Yuen, J.; J. Heeger, A., Encapsulation
of organic light-emitting devices using a perfluorinated polymer. 2008; Vol. 93, p 193304-193304.
33. Cavalcante, L. M.; Schneider, L. F. J.; Silikas, N.; Watts, D. C., Surface integrity of solvent-
challenged ormocer-matrix composite. Dental Materials 2011, 27 (2), 173-179.

34, Flexible polymer barrier films for the encapsulation of solar cells; Fraunhofer Institute for
Silicate Research ISC: 2008.

35. Budunoglu, H.; Yildirim, A.; Guler, M. O.; Bayindir, M., Highly Transparent, Flexible, and
Thermally Stable Superhydrophobic ORMOSIL Aerogel Thin Films. ACS Applied Materials &
Interfaces 2011, 3 (2), 539-545.

36. Pagliaro, M.; Ciriminna, R.; Palmisano, G., Silica-based hybrid coatings. Journal of Materials
Chemistry 2009, 19 (20), 3116-3126.

37. Fu, Y.; Tsai, F.-Y., Air-stable polymer organic thin-film transistors by solution-processed
encapsulation. Organic Electronics 2011, 12 (1), 179-184.

38. Ong, K. S.; Raymond, G. C. R.; Ou, E.; Zheng, Z.; Ying, D. L. M., Interfacial and mechanical
studies of a composite Ag—IZO—PEN barrier film for effective encapsulation of organic TFT. Organic
Electronics 2010, 11 (3), 463-466.

39. Fluoropolymer. https://en.wikipedia.org/wiki/Fluoropolymer (accessed 21/11).

40. da Silva Sobrinho, A. S.; Latréche, M.; Czeremuszkin, G.; Klemberg-Sapicha, J. E.;

Wertheimer, M. R., Transparent barrier coatings on polyethylene terephthalate by single- and dual-
frequency plasma-enhanced chemical vapor deposition. Journal of Vacuum Science & Technology A
1998, 16 (6), 3190-3198.

41. da Silva Sobrinho, A. S.; Czeremuszkin, G.; Latréche, M.; Dennler, G.; Wertheimer, M. R., A
study of defects in ultra-thin transparent coatings on polymers. Surface and Coatings Technology
1999, /16-119, 1204-1210.

42, Rossi, G.; Nulman, M., Effect of local flaws in polymeric permeation reducing barriers.
Journal of Applied Physics 1993, 74 (9), 5471-5475.

43, Xu, Q. F.; Wang, J. N.; Sanderson, K. D., Organic—Inorganic Composite Nanocoatings with
Superhydrophobicity, Good Transparency, and Thermal Stability. ACS Nano 2010, 4 (4), 2201-2209.
44, Anderson, L. J.; Jacob, M. V., Effect of RF power on the optical and morphological
properties of RF plasma polymerised linalyl acetate thin films. Applied Surface Science 2010, 256
(10), 3293-3298.

21


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2018 d0i:10.20944/preprints201811.0625.v1

45. Jacob, M. V.; Bazaka, K.; Weis, M.; Taguchi, D.; Manaka, T.; Iwamoto, M., Fabrication and
characterization of polyterpenol as an insulating layer and incorporated organic field effect transistor.
Thin Solid Films 2010, 518 (21), 6123-6129.

46. Bazaka, K.; Jacob, M. V., Synthesis of radio frequency plasma polymerized non-synthetic
Terpinen-4-ol thin films. Materials Letters 2009, 63 (18), 1594-1597.

47. Bazaka, K.; Jacob, M. V., Post-deposition ageing reactions of plasma derived polyterpenol
thin films. Polymer Degradation and Stability 2010, 95 (6), 1123-1128.

48. Nguyen, T.-P.; Renaud, C.; Reisdorffer, F.; Wang, L.-J. In Degradation of phenyl C61 butyric
acid methyl ester: poly (3-hexylthiophene) organic photovoltaic cells and structure changes as
determined by defect investigations, SPIE: 2012; p 12.

49, Reese, M. O.; Morfa, A. J.; White, M. S.; Kopidakis, N.; Shaheen, S. E.; Rumbles, G.;
Ginley, D. S., Pathways for the degradation of organic photovoltaic PSHT:PCBM based devices.
Solar Energy Materials and Solar Cells 2008, 92 (7), 746-752.

50. Dennler, G.; Lungenschmied, C.; Neugebauer, H.; Sariciftci, N. S.; Latréche, M.;
Czeremuszkin, G.; Wertheimer, M. R., 4 new encapsulation solution for flexible organic solar cells.
2006; Vol. 511, p 349-353.

51. Ray, B.; Alam, M. A., A compact physical model for morphology induced intrinsic
degradation of organic bulk heterojunction solar cell. Applied Physics Letters 2011, 99 (3), 033303.
52. Karlsson, K. F.; Troncale, V.; Oberli, D. Y.; Malko, A.; Pelucchi, E.; Rudra, A.; Kapon, E.,
Optical polarization anisotropy and hole states in pyramidal quantum dots. Applied Physics Letters
2006, 89 (25), 251113.

53. Cao, H.; He, W.; Mao, Y.; Lin, X.; Ishikawa, K.; Dickerson, J. H.; Hess, W. P., Recent
progress in degradation and stabilization of organic solar cells. Journal of Power Sources 2014, 264,
168-183.

54. Lin, R.; Miwa, M.; Wright, M.; Uddin, A., Optimisation of the sol-gel derived ZnO buffer
layer for inverted structure bulk heterojunction organic solar cells using a low band gap polymer. Thin
Solid Films 2014, 566, 99-107.

55. Lin, R.; Wright, M.; Chan, K. H.; Puthen-Veettil, B.; Sheng, R.; Wen, X.; Uddin, A.,
Performance improvement of low bandgap polymer bulk heterojunction solar cells by incorporating
P3HT. Organic Electronics 2014, 15 (11), 2837-2846.

56. Grossiord, N.; Kroon, J. M.; Andriessen, R.; Blom, P. W. M., Degradation mechanisms in
organic photovoltaic devices. Organic Electronics 2012, 13 (3), 432-456.

57. Tiep, N. H.; Ku, Z.; Fan, H. J., Recent Advances in Improving the Stability of Perovskite
Solar Cells. Advanced Energy Materials 2016, 6 (3), 1501420.

58. Ye, M.; Hong, X.; Zhang, F.; Liu, X., Recent advancements in perovskite solar cells:
flexibility, stability and large scale. Journal of Materials Chemistry A 2016, 4 (18), 6755-6771.

22


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2018 d0i:10.20944/preprints201811.0625.v1

59. Bi, D.; Gao, P.; Scopelliti, R.; Oveisi, E.; Luo, J.; Gritzel, M.; Hagfeldt, A.; Nazeeruddin, M.
K., High-Performance Perovskite Solar Cells with Enhanced Environmental Stability Based on
Amphiphile-Modified CH3NH3PbI3. Advanced Materials 2016, 28 (15), 2910-2915.

60. Chen, C.; Cheng, M.; Liu, P.; Gao, J.; Kloo, L.; Sun, L., Application of benzodithiophene
based A—D—A structured materials in efficient perovskite solar cells and organic solar cells. Nano
Energy 2016, 23, 40-49.

61. Bi, D.; Tress, W.; Dar, M. 1.; Gao, P.; Luo, J.; Renevier, C.; Schenk, K.; Abate, A.; Giordano,
F.; Correa Baena, J.-P.; Decoppet, J.-D.; Zakeeruddin, S. M.; Nazeeruddin, M. K.; Gritzel, M.;
Hagfeldt, A., Efficient luminescent solar cells based on tailored mixed-cation perovskites. Science
advances 2016, 2 (1), e1501170-e1501170.

62. Liu, F.; Dong, Q.; Wong, M. K.; Djuri$i¢, A. B.; Ng, A.; Ren, Z.; Shen, Q.; Surya, C.; Chan,
W. K.; Wang, J.; Ng, A. M. C,; Liao, C.; Li, H.; Shih, K.; Wei, C.; Su, H.; Dai, J., Is Excess PbI2
Beneficial for Perovskite Solar Cell Performance? Advanced Energy Materials 2016, 6 (7), 1502206.
63. Conings, B.; Drijkoningen, J.; Gauquelin, N.; Babayigit, A.; D'Haen, J.; D'Olieslaeger, L.;
Ethirajan, A.; Verbeeck, J.; Manca, J.; Mosconi, E.; Angelis, F. D.; Boyen, H.-G., Intrinsic Thermal
Instability of Methylammonium Lead Trihalide Perovskite. Advanced Energy Materials 2015, 5 (15),
1500477.

64. Niu, G.; Li, W.; Meng, F.; Wang, L.; Dong, H.; Qiu, Y., Study on the stability of
CH3NH3PbI3 films and the effect of post-modification by aluminum oxide in all-solid-state hybrid
solar cells. Journal of Materials Chemistry A 2014, 2 (3), 705-710.

65. Li, Y.; Xu, X.; Wang, C.; Wang, C.; Xie, F.; Yang, J.; Gao, Y., Degradation by Exposure of
Coevaporated CH3NH3PbI3 Thin Films. The Journal of Physical Chemistry C 2015, 119 (42),
23996-24002.

66. Leijtens, T.; Eperon, G. E.; Pathak, S.; Abate, A.; Lee, M. M.; Snaith, H. J., Overcoming
ultraviolet light instability of sensitized TiO2 with meso-superstructured organometal tri-halide
perovskite solar cells. Nature Communications 2013, 4, 2885.

67. Xia, X.; Wu, W.; Li, H.; Zheng, B.; Xue, Y.; Xu, J.; Zhang, D.; Gao, C.; Liu, X., Spray
reaction prepared FA1—xCsxPbl3 solid solution as a light harvester for perovskite solar cells with
improved humidity stability. RSC Advances 2016, 6 (18), 14792-14798.

68. Zhu, W.; Bao, C.; Li, F.; Yu, T.; Gao, H.; Y1, Y.; Yang, J.; Fu, G.; Zhou, X.; Zou, Z., A
halide exchange engineering for CH3NH3PbI3—xBrx perovskite solar cells with high performance
and stability. Nano Energy 2016, 19, 17-26.

69. Mahmud, M. A.; Elumalai, N. K.; Upama, M. B.; Wang, D.; Wright, M.; Chan, K. H.; Xu, C.;
Haque, F.; Uddin, A., Single Vs Mixed Organic Cation for Low Temperature Processed Perovskite
Solar Cells. Electrochimica Acta 2016, 222, 1510-1521.

23


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2018 d0i:10.20944/preprints201811.0625.v1

70. Li, B.; Li, Y.; Zheng, C.; Gao, D.; Huang, W., Advancements in the stability of perovskite
solar cells: degradation mechanisms and improvement approaches. RSC Advances 2016, 6 (44),
38079-38091.

71. Wang, Y.-K.; Yuan, Z.-C.; Shi, G.-Z.; Li, Y.-X.; Li, Q.; Hui, F.; Sun, B.-Q.; Jiang, Z.-Q.;
Liao, L.-S., Dopant-Free Spiro-Triphenylamine/Fluorene as Hole-Transporting Material for
Perovskite Solar Cells with Enhanced Efficiency and Stability. Advanced Functional Materials 2016,
26 (9), 1375-1381.

72. You, J.; Meng, L.; Song, T.-B.; Guo, T.-F.; Yang, Y.; Chang, W.-H.; Hong, Z.; Chen, H.;
Zhou, H.; Chen, Q.; Liu, Y.; De Marco, N.; Yang, Y., Improved air stability of perovskite solar cells
via solution-processed metal oxide transport layers. Nature Nanotechnology 2015, 11, 75.

73. Lee, D.-Y.; Na, S.-L.; Kim, S.-S., Graphene oxide/PEDOT:PSS composite hole transport layer
for efficient and stable planar heterojunction perovskite solar cells. Nanoscale 2016, 8 (3), 1513-1522.
74. Xu, J.; Voznyy, O.; Comin, R.; Gong, X.; Walters, G.; Liu, M.; Kanjanaboos, P.; Lan, X.;
Sargent, E. H., Crosslinked Remote-Doped Hole-Extracting Contacts Enhance Stability under
Accelerated Lifetime Testing in Perovskite Solar Cells. Advanced Materials 2016, 28 (14), 2807-
2815.

75. Arafat Mahmud, M.; Kumar Elumalai, N.; Baishakhi Upama, M.; Wang, D.; Haque, F.;
Wright, M.; Howe Chan, K.; Xu, C.; Uddin, A., Enhanced stability of low temperature processed
perovskite solar cells via augmented polaronic intensity of hole transporting layer. physica status
solidi (RRL) — Rapid Research Letters 2016, 10 (12), 882-889.

76. Agresti, A.; Pescetelli, S.; Cina, L.; Konios, D.; Kakavelakis, G.; Kymakis, E.; Carlo, A. D.,
Efficiency and Stability Enhancement in Perovskite Solar Cells by Inserting Lithium-Neutralized
Graphene Oxide as Electron Transporting Layer. Advanced Functional Materials 2016, 26 (16), 2686-
2694.

77. Song, D.; Wei, D.; Cui, P.; Li, M.; Duan, Z.; Wang, T.; Ji, J.; Li, Y.; Mbengue, J. M.; Li, Y.;
He, Y.; Trevor, M.; Park, N.-G., Dual function interfacial layer for highly efficient and stable lead
halide perovskite solar cells. Journal of Materials Chemistry A 2016, 4 (16), 6091-6097.

78. Igbari, F.; Li, M.; Hu, Y.; Wang, Z.-K.; Liao, L.-S., A room-temperature CuAlO2 hole
interfacial layer for efficient and stable planar perovskite solar cells. Journal of Materials Chemistry A
2016, 4 (4), 1326-1335.

79. Arafat Mahmud, M.; Kumar Elumalai, N.; Baishakhi Upama, M.; Wang, D.; Gongales, V. R.;
Wright, M.; Justin Gooding, J.; Haque, F.; Xu, C.; Uddin, A., Cesium compounds as interface
modifiers for stable and efficient perovskite solar cells. Solar Energy Materials and Solar Cells 2018,
174, 172-186.

80. Chang, C.-Y.; Chang, Y.-C.; Huang, W.-K.; Liao, W.-C.; Wang, H.; Yeh, C.; Tsai, B.-C.;
Huang, Y.-C.; Tsao, C.-S., Achieving high efficiency and improved stability in large-area ITO-free

24


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2018 d0i:10.20944/preprints201811.0625.v1

perovskite solar cells with thiol-functionalized self-assembled monolayers. Journal of Materials
Chemistry A 2016, 4 (20), 7903-7913.

81. Kim, H.-S.; Lee, C.-R.; Im, J.-H.; Lee, K.-B.; Moehl, T.; Marchioro, A.; Moon, S.-].;
Humphry-Baker, R.; Yum, J.-H.; Moser, J. E.; Gritzel, M.; Park, N.-G., Lead lodide Perovskite
Sensitized All-Solid-State Submicron Thin Film Mesoscopic Solar Cell with Efficiency Exceeding
9%. Scientific Reports 2012, 2, 591.

82. Christians, J. A.; Miranda Herrera, P. A.; Kamat, P. V., Transformation of the Excited State
and Photovoltaic Efficiency of CH3NH3PbI3 Perovskite upon Controlled Exposure to Humidified
Air. Journal of the American Chemical Society 2015, 137 (4), 1530-1538.

83. Zhu, Z.; Bai, Y.; Liu, X.; Chueh, C.-C.; Yang, S.; Jen, A. K.-Y., Enhanced Efficiency and
Stability of Inverted Perovskite Solar Cells Using Highly Crystalline SnO2 Nanocrystals as the
Robust Electron-Transporting Layer. Advanced Materials 2016, 28 (30), 6478-6484.

84. Aldibaja, F. K.; Badia, L.; Mas-Marza, E.; Sanchez, R. S.; Barea, E. M.; Mora-Sero, 1., Effect
of different lead precursors on perovskite solar cell performance and stability. Journal of Materials
Chemistry A 2015, 3 (17), 9194-9200.

85. Dkhissi, Y.; Weerasinghe, H.; Meyer, S.; Benesperi, I.; Bach, U.; Spiccia, L.; Caruso, R. A.;
Cheng, Y.-B., Parameters responsible for the degradation of CH3NH3Pbl3-based solar cells on
polymer substrates. Nano Energy 2016, 22, 211-222.

86. Han, Y.; Meyer, S.; Dkhissi, Y.; Weber, K.; Pringle, J. M.; Bach, U.; Spiccia, L.; Cheng, Y .-
B., Degradation observations of encapsulated planar CH3NH3PbI3 perovskite solar cells at high
temperatures and humidity. Journal of Materials Chemistry A 2015, 3 (15), 8139-8147.

87. Li, X.; Tschumi, M.; Han, H.; Babkair, S. S.; Alzubaydi, R. A.; Ansari, A. A.; Habib, S. S.;
Nazeeruddin, M. K.; Zakeeruddin, S. M.; Gritzel, M., Outdoor Performance and Stability under
Elevated Temperatures and Long-Term Light Soaking of Triple-Layer Mesoporous Perovskite
Photovoltaics. Energy Technology 2015, 3 (6), 551-555.

88. Xie, F. X.; Zhang, D.; Su, H.; Ren, X.; Wong, K. S.; Gritzel, M.; Choy, W. C. H., Vacuum-
Assisted Thermal Annealing of CH3NH3PbI3 for Highly Stable and Efficient Perovskite Solar Cells.
ACS Nano 2015, 9 (1), 639-646.

89. Reese, M. O.; Gevorgyan, S. A.; Jargensen, M.; Bundgaard, E.; Kurtz, S. R.; Ginley, D. S.;
Olson, D. C.; Lloyd, M. T.; Morvillo, P.; Katz, E. A.; Elschner, A.; Haillant, O.; Currier, T. R.;
Shrotriya, V.; Hermenau, M.; Riede, M.; R. Kirov, K.; Trimmel, G.; Rath, T.; Inganis, O.; Zhang, F.;
Andersson, M.; Tvingstedt, K.; Lira-Cantu, M.; Laird, D.; McGuiness, C.; Gowrisanker, S.; Pannone,
M.; Xiao, M.; Hauch, J.; Steim, R.; DeLongchamp, D. M.; Rosch, R.; Hoppe, H.; Espinosa, N.;
Urbina, A.; Yaman-Uzunoglu, G.; Bonekamp, J.-B.; van Breemen, A. J. J. M.; Girotto, C.; Voroshazi,
E.; Krebs, F. C., Consensus stability testing protocols for organic photovoltaic materials and devices.

Solar Energy Materials and Solar Cells 2011, 95 (5), 1253-1267.

25


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2018 d0i:10.20944/preprints201811.0625.v1

90. Supasai, T.; Rujisamphan, N.; Ullrich, K.; Chemseddine, A.; Dittrich, T., Formation of a
passivating CH3NH3PbI3/Pbl2 interface during moderate heating of CH3NH3PbI3 layers. Applied
Physics Letters 2013, 103 (18), 183906.

91. Elumalai, N. K.; Uddin, A., Hysteresis in organic-inorganic hybrid perovskite solar cells.
Solar Energy Materials and Solar Cells 2016, 157, 476-509.

92. Azpiroz, J. M.; Mosconi, E.; Bisquert, J.; De Angelis, F., Defect migration in
methylammonium lead iodide and its role in perovskite solar cell operation. Energy & Environmental
Science 2015, 8 (7), 2118-2127.

93. Upama, M. B.; Elumalai, N. K.; Mahmud, M. A.; Wang, D.; Haque, F.; Gongales, V. R.;
Gooding, J. J.; Wright, M.; Xu, C.; Uddin, A., Role of fullerene electron transport layer on the
morphology and optoelectronic properties of perovskite solar cells. Organic Electronics 2017, 50,
279-289.

94. Kim, J. H.; Liang, P.-W.; Williams, S. T.; Cho, N.; Chueh, C.-C.; Glaz, M. S.; Ginger, D. S.;
Jen, A. K.-Y., High-Performance and Environmentally Stable Planar Heterojunction Perovskite Solar
Cells Based on a Solution-Processed Copper-Doped Nickel Oxide Hole-Transporting Layer.
Advanced Materials 2015, 27 (4), 695-701.

95. Ono, L. K.; Raga, S. R.; Remeika, M.; Winchester, A. J.; Gabe, A.; Qi, Y., Pinhole-free hole
transport layers significantly improve the stability of MAPbI3-based perovskite solar cells under
operating conditions. Journal of Materials Chemistry A 2015, 3 (30), 15451-15456.

96. Bella, F.; Griffini, G.; Correa-Baena, J.-P.; Saracco, G.; Gritzel, M.; Hagfeldt, A.; Turri, S.;
Gerbaldi, C., Improving efficiency and stability of perovskite solar cells with photocurable
fluoropolymers. Science 2016.

97. Griffini, G.; Levi, M.; Turri, S., Novel crosslinked host matrices based on fluorinated
polymers for long-term durability in thin-film luminescent solar concentrators. Solar Energy
Materials and Solar Cells 2013, 118, 36-42.

98. Griffini, G.; Levi, M.; Turri, S., Novel high-durability luminescent solar concentrators based

on fluoropolymer coatings. Progress in Organic Coatings 2014, 77 (2), 528-536.

26


http://dx.doi.org/10.20944/preprints201811.0625.v1
http://dx.doi.org/10.3390/coatings9020065

