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Abstract

In this study we have analyzed investigations on the aging and degradation of organic solar cells (OSCs). In the first part of
this study we have conducted QUV aging on commercial samples of OSCs. The use of QUV chamber leads to study the effect of
cyclic aging on the electrical and optical properties namely PCE, Js, FF, Vo, UV-VIS and PL measurements under variation of UV
irradiation, temperature, humidity and dark. The degradation process of the OSCs under cyclic aging fits with the earlier finding in the
literature and is occurred in two phases with deferent aging rates. Furthermore, it has been found that the OSCs lose more than 60% of
their initial performances, and for some properties like PCE the decrease reaches 80%. This drastic drop of the OSCs performances,
associated to the formation of bubbles, indicates that samples undergo very hard bulk degradation. In the second part we have
assessed the degradation behaviour of lab-scale and scalable OSCs devices employing similar non-fullerene (NFA) based active
layers. It is demonstrated that the scalable NFA OSC exhibit completely reversible degradation when assessed in 1SOS-O-1 outdoor
conditions, which is in contrast to the lab-scale devices assessed via the indoor ISOS-L-2 protocol. Results from transient
photovoltage (TPV) indicate the presence of charge trap formation, and a number of potential mechanisms are proposed. In the end of
this study we have reported some results of the ANN prediction of the OSCs performances under aging. The reported results show
that the accuracy of prediction is very good and the predicted values are close to the experimental values.

Keywords : Photovoltaic Solar cells, Aging, Degradation, Prediction, Recovery, Artificial Neural Network (ANN).
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Résumeé

Dans cette étude, nous avons analysé des travaux de recherche sur le vieillissement et la dégradation des cellules solaires
organiques (CSOs). Dans la premiére partie de cette étude, nous avons effectué un vieillissement QUV sur des échantillons
commerciaux des CSOs. L'utilisation de la chambre QUV permet d'étudier l'effet du vieillissement cyclique sur les propriétés
électriques et optiques, notamment : PCE, Js., FF, V., UV-VIS et PL sous l'effet de la variation de I'irradiation UV, de la température,
de I'humidité et de I'obscurité. Le processus de dégradation des CSOs lors du vieillissement cyclique est en accord avec celui reporté
dans littérature et se produit en deux phases avec des taux de vieillissement déférents. De plus, il a été constaté que les OSC perdent
plus de 60% de leurs performances initiales, et pour certaines propriétés comme le PCE, la diminution atteint 80%. Cette chute
drastique des performances des OSC, associée a la formation de bulles, indique que les échantillons subissent une dégradation
massive trés dure. Dans la deuxiéme partie, nous avons évalué le comportement de dégradation des dispositifs des CSOs a I'échelle du
laboratoire et des dispositifs évolutifs utilisant des couches actives similaires non basees sur le fulleréne. Il est démontré que les CSO
NFA non évolutives présentent une dégradation totalement réversible lorsqu'elles sont évaluées dans les conditions extérieures 1ISOS-
O-1, ce qui est le contraire avec les dispositifs a I'échelle du laboratoire évalués par le biais du protocole 1SOS-L-2 en intérieur. Les
résultats de la phototension transitoire (TPV) indiquent la présence d'une formation de piége a charge, et un certain nombre de
mécanismes potentiels sont proposés. A la fin de cette étude, nous avons présenté certains résultats de la prédiction en utilisant les
réseaux de neurones artificiels (ANN) des performances des CSOs en cours de vieillissement. Les résultats rapportés montrent que la
précision de la prédiction est trés bonne et que les valeurs prédites sont proches des valeurs expérimentales.

Mots clés: Cellules solaires photovoltaiques, Vieillissement, dégradations, Prédiction, Récupération, Réseau neuronal
artificiel (RNA).
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Introduction

In the recent years, organic solar cells (OSCs) attracted great attention because their several
advantages like the low-cost, flexibility, and lightweight. Moreover, the power conversion
efficiency (PCE) can be enhanced more than 10% by using an appropriate choice of the used
conjugate copolymers [1]. To get high-efficiency solar cells and converting the sunlight into
electricity there are crucial parameters as the absorption range, the photon—electron conversion rate
and the carrier mobility’s of the light-harvesting polymers are among [2].

However, the organic solar cells present some limitations in their stability under different
conditions, because the used organic materials as active layers undergo some degradation process
under external factors. The resulting degradation can alter the physical properties of the
photovoltaic cells, which leads to the reduction in the electrical properties of cells such as: (PCE),
the open circuit voltage (\VVoc), the short circuit current density (Jsc), and the fill factor (FF).

In the last research, the conjugated polymer—fullerene bulk heterojunction (BHJ) solar cell takes big
parts of interest in carried out work done by the scientific community interesting on the renewable
energy [3-5]. Moreover, they found a great defiance to improve the efficiency, because higher
value of the lowest unoccupied molecular orbital (LUMO) of the fullerene [6]. Lately it has been
discovered that non-fullerene small molecules, which consider as very promising electron acceptors
in OSCs and PCEs can reach 12% [7].

Historically, the studies of the stability and degradation in polymer organic photovoltaic are started
since 1990s, and these studies have been included as footnotes in the followed studies [8]. In the
state of the art, the stability of organic solar cells is related to their efficiency. Therefore, the most
research work done in the last few years is focused on ways to improve the stability of the OSCs
and consequently enhance their efficiency. A lot of techniques have been investigated in these
studies and many parameters and factors have been considered (outdoor, indoor, additives,...etc).
Furthermore, different protocols called 1ISOS specialised in the stability of organic solar cells have
been used in the most carried out research works [9-11]. These protocols suggest that the
degradation of the solar cells is caused by a several factors such as humidity, oxygen, UV light, and
water. Indeed, the stability of OSCs can be studied in indoor or outdoor conditions. Reese et al. [9]
have well explained all the considered conditions for each protocol used in the study of organic
solar cells stability. A lot of papers have been published in last decade reporting interesting results
on the solar cells stability using ISOS protocols. Brestow et al. [12] have conducted a diurnal

analysis on the OSCs modules under outdoor conditions and they have observed that the OSCs
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modules exhibit some poor performances under low light conditions such as overcast days. Angmo
et al. [13] have used ISOS-D-2 and ISOS-O-1 to carry out outdoor experiments during 2 to 3 years.
The almost of studies using standard protocols use for example a continuous illumination from a
solar simulator which is a very common form of degradation experiment, and while it will be
relevant for some degradation effects, it may miss other degradation mechanisms that arise from
cycling the light on and off, as it happens in an outdoor test. Moreover, there is a risk that indoor
laboratory studies, carried out in ISOS-L conditions using laboratory scale fabrication and device
architectures, will be used to eliminate potential active layer materials when they may exhibit much
higher stability in outdoor tests, when scalable fabrication and device designs are employed. For
this purpose we have carried out a work in this thesis firstly on the degradation of OSCs under
QUV aging cell to simulate the cyclic effect of the climatic conditions which happening in one day
of real climatic conditions. Secondly, we have studied the degradation of lab-scale and scalable
non-fullerene OSCs under laboratory and outdoor ISOS protocols to show the effect of the partial
recovery when the OSC device is working under real outdoor setting.

This Thesis is organized as follows: After a general introduction, we have started with the first
chapter, where we have firstly introduce and demonstrate of organic solar cells (OSCs), and
different structure of OSCs, namely the working principle, electrical characterization of organic
solar cells in the last the fabrication flexible OSCs. However, in the recent years, organic solar cells
attracted great attention because several advantages like low-cost, flexibility, and lightweight.
Moreover, the energy efficiency significantly increased. In the second chapter we have explored
and demonstrate the phenomenon of degradation mechanisms of organic solar cells (OSCs) and
explain the different consensus stability testing protocols ISOS for organic photovoltaic materials
and devices. Nevertheless, with all advantage there is one hindrance prevents organic solar cells

from being marketed due to unstable.

In the third chapter we have investigated the effect of cyclic aging on a commercial OSCs samples
using QUV aging tester. Many characterization techniques have been used to highlight the
degradation behavior of samples. The same samples have been used to study the recovery

phenomenon under 1SOS-O-1 protocol.

Finally the fourth chapter, applied two tests indoor ISOS-L-2, and the outdoor ISOS-O-1 using
small organic solar cells (OSCs) with a recovery. We use intelligent techniques based on RBFG
Acrtificial Neural Networks (ANN) trained with Random Optimization Method (ROM) to predict
the aging of different parameters of organic solar cells (PCE, Vo, Js., FF, Rs and Rg,) under the light
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with time. The obtained results are compared with the experimental values and prediction quality is
evaluated using the Root Mean Square Error (RMSE) and Mean Absolute Relative Error (MARE).

This thesis is closed by a conclusion.
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Chapter I: Generality about the organic solar cells

1.1 Introduction

The solar energy is the energy was taken from of the solar radiations, as it is known the most energy
sources (excluding nuclear and geothermal energy) on the earth are a converted form of solar
energy. It is the most abundant renewable energy source. There are two components in the radiation
received by the surface: the first depends on the distance through the atmosphere and the second
component is called diffuse radiation, and this component comes from solar radiation that diffuses
through clouds and dust in the atmosphere [1].

1.2 Solar Spectrum

The solar radiation wavelengths that reach the earth revolve from approximately 300 nanometers to
400 nanometers [2]. Indeed the Photovoltaic (PV) industry has defined two spectral distributions
for the sun. The Air Mass AM 0 spectrum and represents the spectrum for outer space at a standard
direct normal and a standard total spectral irradiance the AM 1.5G spectrums described terrestrial

solar radiation. Figure 1.1 shows the distributions [3].

ASTM Reference Spectra
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Figure 1.1: AM 0 and AM 1.5G spectrums [4].
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1.3 A brief history of organic solar cells
The research of organic solar cells (OSC) started between 1970 and 1975; however the right time

started from 1986. The OSC take intention due to two factors: first, to minimize the pollution of
CO; in the planet cause of the fossil fuels; and second, is that the OSC is cheaper than the silicon
one [5,6].

The power conversion efficiency (PCE) of organic solar cells has increased over time [7]. It started
in 1975 by 0.001% and reaches 1% in 1986. After that in 2006 the PCE jumps to 5% and exceeds
6% in 2009. In the next three years the organic solar cell PCE increases from 8.3% in 2010 to 12%
in 2013. In 2019 the efficiency reaches values over than 13.45 % [8].

Best Research-Cell Efficiencies ENREL

Multijunction Cells (2-terminal, monolithic)  Thin-Fil hnologi Sharp
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Figure 1.2: Compares the efficiencies of OSC using different technologies [9].

The investigation on OCS takes the attention of researchers through the world due to considerable

potential in terms of:

. Semi-transparency.

. Flexibility and light weight.

. Low-cost of manufacture.

. Manufacture at low temperatures.

. Integration as a photovoltaic device for large areas.

. Modulation to change properties of the organic semiconductor.

~N o o A W DN

. New structures and morphologies.
The researchers firstly concentrate to understand the physical mechanisms, the stability phenomena
how they work and the most focused on the efficiency to increase how it would operate. When they

overcome these obstacles, the OSC will be commercialized.
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1.4 Operation principles

Further most of organic solar cells made up of one or more active layers between two electrodes of

different materials. The Indium Tin Oxide (ITO) used repeatedly and the electrodes should one

from them transparent or semi-transparent. In additional the electrode is a metal whose work

function must be smaller to from an Ohmic contact with the n-type material of the blend prepared

[7].

©*®M _

® - - —-

.“’"

Figure 1.3: A diagram representing the working mechanism of the organic solar cells [10].

The working principle of the OSC can be described in just few points as mentioned below:

1-

Photons are incident on the active layer, therefore giving the photo excitation. This Organic
layer, in its simplest form, consists of a single layer of semiconducting polymer, although it
IS most often composed of a mixture of two or more semiconducting polymers. The first of
these polymers is a p-type material, which acts as an electron donor (D) and the second is an
n-type material and acts as an electron acceptor (A).

The incident photons create excitons in the active layer, where the exciton is formed by an
electron and hole polaron that are linked.

In order to dissociate the exciton in the electron and hole polaron (hereinafter only electron
and hole), an energy of 250 meV or more is required, so the exciton must diffuse until the
heterojunction is formed between the D and A materials. Generally, this process takes an
ultra-short time interval of around 45 fs, and depends on the type of semiconductor
polymers used. The exciton diffusion length is very short (between 10 and 20 nm).

Once separated into electron and hole, these charge carriers must be transported through by
the n-type (acceptor) and p-type (donor) materials, respectively, until they reach the

electrodes where they must be collected. If the active layer is formed by a single
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semiconductor material, the separation process of the charge requires energies be provided
by the asymmetry of the work functions of the electrodes.

5- The charge carriers are collected at the electrodes; the holes at the anode and electrons at the
cathode.

1.4.1 Different device architectures of organic solar cell

Usually the organic solar cells are fabricated from three layers, with an active layer, located
between the anode and a cathode layers. However, one of the electrodes should be transparent to
light. Generally, typically in the metal electrode using Aluminum or Calcium as a cathode layer and
the Indium Tin Oxide is used as a transparent anode layer. Most research recently is about how to
improve the efficiency of organic solar cells [11]. In the next sections we present briefly the main

categories of OSC architectures.

1.4.1.1 Single layer organic solar cell

In this structure of single-layer semiconductor solar cell is simplest of the OSCs. It is consisting of
one layer of organic semiconductor between two metallic conductors. A typical layer of ITO with
high work function and a metal layer of low work function are used. The difference between the
functions of those two conductors is the set up of an electric field in the organic layer. After the
absorbing of the light, the electrons excite the lowest unoccupied molecular orbital (LUMO) and
leave holes in the highest occupied molecular orbital (HOMO) forming excitons. This potential
gives rise to separate the exciton pairs, pulling electrons to the positive electrode and holes to the

negative electrode [7].

1.4.1.2 Bilayer (BL) organic solar cells

Bilayer is consists from two layers of organic semiconductor, are named Donor-Acceptor shaped
between two electrodes. The first one the ITO is the anode and the second the metal is the cathode.

This structure is also called a planar donor-acceptor hetero-junction [7].

The ionization energy of an atom or molecule describes the amount of energy required to remove an

electron from the atom or molecule in the gaseous state:

X + energy — X+ +e-
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The different affinities between the two layers generate a potential that can break up the excitons.
As well known that exciton dissociation is efficient at the interface between materials with different
electron affinity EA and ionization potential IP. The layer with higher electron affinity and

ionization potential is called the acceptor, and the other layer is called the donor.

1.4.1.3 Bulk heterojunction (BHJ) solar cell

Bulk heterojunction (BHJ) organic solar cells are made up by blend of two or more polymeric
materials with different electronic affinities and ionization potential. Those polymeric materials
must be diluted in a mutual solvent. The resulting blend is dropped by spin coating to obtain a thin
film with dominions of both materials in nanometric scale the interpenetrated regions should be
keep transport the charge carriers towards electrodes as is shown in Figure 1.4. the separation result
a formation of the interpenetrated network, this caused by the conditions of the manufacturing

process such as the temperature, annealing vapour, solvents, additives,...etc [7].

L)
:
|
Energy

Figure 1.4: (a) Structure of device; (b) Energy band diagram on BHJ organic solar cell shows the
collection direction of the charge carriers. In the structure are added hole and electron
transport layers (HTL and ETL) [71.

1.4.1.4 Nanostructured (NS) solar cell

The perfection of the Nanostructured photovoltaic solar cells owing to their ordered donor/acceptor
interface in the nanometer measure between 10 and 20 nm, that what is equal to the diffusion length
of the exciton. In the solar cell the well-defined interfaces (D/A) consider as short highways which
the charge carrier can take facilely to reach their respective metal contacts. The raise of the cell
efficiency backs to the solar cells with interdigitated structure which increase their interfacial area

help to reduce charge carrier recombination. Figure 1.5 shows this interdigitated structure [7].
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Evae
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|.4 Figure 1.5: (a) Nanostructured organic solar cell shows the cross section; (b) Energy band
diagram of the nanostructured solar cell and shows the collection direction of the

charge carriers (holes and electrons) [7].
Th :
because their use leads that the lifetime in air of the solar cells increased significantly compared
with the normal type solar cells. The conductor layers component for this structure are polyfluorene

(PFN), titanium oxide (TiOx), zinc oxide (ZnO) and holes conductor layers are molybdenum oxide

(MoQ3), vanadium oxide (V20s) and tungsten oxide (WO3) [12].
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Figure 1.6: (a) Inverted organic solar cell shows the structure; (b) Energy band diagram of an inverted
organic solar cell which shows the collection direction of the charge carrier [7].

1.4.2 Parameters of organic solar cells
The typical J-V (Current-Voltage) characteristic for a solar cell is shown in Figure 1.7.

>

\

i _ JmweVwme
Fill Factor = J—Vo
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Figure 1.7: The J-V characteristic (Current-Voltage) for a solar cell [13].
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From this characteristic many parameters can be deduced and calculated. These parameters are:

1.4.2.1 Short- circuit current (Jsc)

The current that flows in a PN junction under illumination is given by:
14
J=Jo|exp (&) = 1| = Jon (1)
Jpn: presents the density of photo generated current.

k: is the Boltzman constant.

Jo: s the current density at saturation.

Jo= Ny NckT xexp(=2) (L—”+L—”) )

nt,  DPTp

Nc: presents the density of states in the conduction band and N, the density of states in valence
band, Ln and L, are the diffusion length, 1, and 7, are the lifetimes of electrons and holes

respectively, and p and n are the density of the electrons and holes.

AtV = 0 volts (the short-circuited cell), the current Js. generated by the cell is: Jsc = Jph.

1.4.2.2 Open circuit (V)

The open circuit voltage of a solar cell is achieved when the current flowing through the cell is zero.

For photovoltaic cells based on organic materials, this origin is controversial. It depends directly on

the band gap Eg.

When the current draping through the solar cell the open circuit voltage is become effectuated. For
the photovoltaic cells which use as a basis the organic materials the cell is zero . This origin is
dialectical and it depends directly on the band gap E.

The open circuit voltage of a solar cell based PN junction is given by:

_ nkT Is_c
VCO = q In ( Is + 1) (3)
I. : is the short-current circuit density.

I: is the saturation current.
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Vco: is a function of Eq and is given by the following equation:

Veo = Tt - B [() (3¢ 7)) @

q nty Ptp

1.4.2.3 Fill factor

In order to improve the efficiency of organic solar cells, the most critical factor for a large impact

on the different strategies depends on better fill factor FF which is given by the following relation:

\% I
FF — max ﬂ
Voc Isc )

Vinax » Imax: are the voltage and current at maximum awarded by the cell extracted from the J-V

characteristic of the cells.

1.4.2.4 Efficiency

The efficiency of organic solar cells is one of the factors limiting there commercialization. It is
given by:

Isc Voc .FF

= lseYolt ©)

Pin

P, : is the power of the incident light. It is directly related at the open circuit voltage, and the short

current circuit.

1.5 Fabrication processes

1.5.1 Fabrication process not compatible with upscaling

This technique has a disadvantage, not suitable for manufacturing a large number of samples. Due
to several factors, for example, the time of the process for the making of any sample, through the

process, there is a waste material, the energy consumption ...etc.

There are some techniques preferable used for fabricating a limited sample are spin coating (for
solution processing) and evaporation (for aluminium deposition). There are other ways, like a
casting, or other ones that provide more control over the deposited layer, such as organic molecular
beam deposition [14,15].
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1.5.1.1 Spin coating

(a) Spin coater (b) Overview of the evaporator: external view
and detail of the evaporation environment,
normally protected by the external bell

Figure 1.8: Machinery used for layer processing using techniques not compatible with upscaling [18].

Figure 1.8. Shows spin coating technique which is the common process used in lab-scale for
depositing a thin layer of organic material. This device is composed of: 1) a rotating plate with
adjustable rotating speed; 2) a controller which allows setting and controlling the rotating speed; 3)
an opening on the spin coater top-lid that allows to drop the solution on the substrate, while
protecting the user from spurts; 4) a sample holder with vacuum control to ensure a good adhesion

of the sample to the holder during the rotation.

For product regular fine films of different materials with thickness varying from nanometers to
micrometers, we use spin coating. For film production, the substrate is placed on the rotating plate
and either covered by the solution of the material in stand still position or coated with the solution
during rotation. Centrifugal force drives the dropped solution radially outward, while viscous force
and surface tension lead to the formation of a thin residual film on the substrate. Finally, the
residual wet film is gradually thinned depending on the evaporation of the solvents used in the
solution. The thickness of the deposited layer has a square root dependence on the spin speed, so
that a variation of 10 times on the speed of rotation leads to a variation of the thickness of
approximately 3.2 times. Additional details on sample preparation using spin coating can be found
- pagels
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in the literature. The main advantage of spin coating is the easy control of the film thickness, which
only requires changing the spin rotation. Other advantages are the low cost of the machinery and the
fast operating system for fabricating a single sample. The main disadvantages of spin coating are
the lack of material efficiency, considering that most of the solution is wasted during the thinning

process, and the limited area scalability [14,16,17].

1.5.1.2 Evaporator
The evaporator is used to deposit a uniform layer in a high-vacuum environment (see Figure 1.8

(b)). The evaporator consists of: 1) a pump needed to create the necessary vacuum; 2) a protective
bell which contains the vacuum and where the evaporation takes place; 3) a metal evaporator boat
(with a high melting temperature) containing the material that needs to be deposited; 4) a power
supply that can provide the power required to heat the metal boat; 5) a shutter used to impede the
evaporated material to reach the sample; 6) a mechanical belt connected to a motor that can rotate
the stage holding the samples, guaranteeing the uniformity of the evaporated layer; 7) a stage used
to hold the samples and to achieve a custom evaporation pattern. Put the material in the evaporator
(inside the metal boat) for deposition this material until the vaporization process started. This
process occurs in a high void that way the particles allow to go directly to the sedimentation target,
without the collision with gas. Usually often is used the shutter to block the deposition of the first
evaporated material together for preventing probably polluted material and also to guarantee a
stabilized operation before beginning the vaporization. The stage of rotation containing the samples
can start before moving the shutter. After the process has stabilized, the shutter can be moved and

the deposition of the material on the sample can begin [18].

1.5.2 Fabrication process compatible with upscaling

Sundry roll-to-roll coating techniques are available for depositing functional layers, such as slot-die
coating, gravure coating, slide coating, curtain coating, multilayer slot coating, spray coating,...etc.
The interested reader can find comprehensive reviews on printing and coating methods elsewhere
[19-28].

I.5.2.1 Machinery
In this section, we present the machinery used for processing of layers with techniques compatible

with upscaling. Will be chosen the machinery depending on if compatible or not with a lab-scale
approach. The lab-scale shows the possibility of manufacture different samples to test for a new

kind of devices, to minimize the material [18].
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1.5.2.2 Laboratory scale processing with upscalable techniques

The manufacturing processing Lab-scale showed a big advantage and very helpful for testing the
modern material or new structure. The purpose of this technique it is gains the time and material.
Lab-scale processing with upscalable techniques is essential to assess quality. After that can be

transfer it directly to large-scale production. [18]

1.5.2.2.1 Mini roll coater
The mini roll coater is used for fabricating of entire devices utilize slot die coating and flexographic

printing while keeping a lab-scale approach [29]. This method leads to develop the solar device
using new materials in a simple and fast way, and with low cost. Truthfully, can't transfer the
optimization in lab-scale using a spin coater directly to R2R production, that's what requests a
repeat an optimization, so squandering material and time. The Figure 1.9 showed the Mini Roll
Coater. It is based on an aluminum drum with built in heating elements, and having a diameter of
320 mm (1). The drum can rotate with a speed between 0 to 2 m/min, while an ink flows from the
coating head (2), defining the coated layer. The coating head can be adjusted on both lateral and
vertical direction, allowing the optimization of both the position of the coated layer in respect to
previously deposited layers, and also to optimize the ink flow (3 and 4). Different heads can be
mounted, with different widths. A syringe pump Aladdin NE-1000X is used to provide a constant
flow of ink (5). The combination of rotation speed, ink flow and ink concentration determines the
final thickness of the layer. Other parameters such as temperature of the drum and solvent type can

influence the layer morphology and the device efficiency [30].

(2) MRC with a syringe pump on the side (b) The flexographic head mounted on the MRC
Figure 1.9: The mini roll coater. Credits to Henrik F. Dam [18].
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The printing of the back silver electrode is done using a flexographic printing head, mounted
instead of the coating head (6). The flexo printing head consists of a block having two axes which
are used to mount a 100 mm diameter coating roller. The roller is then equipped with a patterned
rubber flexo roller which allows for printing a 2D pattern on the substrate, defining the solar cell

final area. Figure 1.9 (b) shows the flexo printing head mounted on the MRC.

1.5.2.3 Large scale manufacturing

Figure 1.10 explains the printing setup employed for the large scale fabrication of OSC and
modules with R2R coating. The R2R machinery, shown in Figure 1.10, does not allow the
processing of all the techniques, but flexographic printing, slot-die coating and rotary screen

printing are possible.

Figure 1.10: Photograph of a R2R machinery for large scale manufacture. The main components in
direction of web movement are: (A) unwinder, (B) edge guide, (C) web cleaner, (D) corona treatment, (E)

flexo printing, (F) slot-die coating, (G) dryer, (H) rotary screen printing, (1) dryer, (J) rewinder [18].

1.5.3 Techniques
1.5.3.1 Coating techniques
1.5.3.1.1 Slot-die coating (SD)

Slot-die coating is a contact-less technique in which an ink flows through a coating head forming a
uniform coated layer along the direction of a moving web (see Figure 1.11). The ink is fed to the

coating head using a pump. The coating head is made from stainless steel and contains an ink
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distribution chamber, a feed slot, and an up- and downstream lip. The thickness of the layer depends
on the speed of the web, the supplied ink and the width of the coated layer. Moreover, the thickness
is defined by the following equation:

Q=L

S'w

(7)

T o

where d is the thickness in cm of the coated layer, f is the flow rate in cm®*min™, S is the web speed
in cm min*, w is the coated layer width in cm, c is the solid content in the ink in g cm™3, p is the

density of the dried ink material in g cm™ 2 [18].

Ink supply —

Figure 1.11: Schematic representation of slot die coating [31].
1.5.3.2 Printing techniques

Mostly, the printing techniques depending on the contacts and they allow for two-dimensional

patterning because of the possibility of designing a customizable printing.

1.5.3.2.1 Flexographic printing (FP)

Figure 1.12 (a) shows the description of the schematically of the process. The anilox roller is filled
with ink by the fountain roller, The doctor blade used to remove the excess ink, The anilox roller is
full with surface of small dimples, the ink bath is contact of the fountain roller, The printing plate
captures the ink from the anilox roller, the rotation makes them contact, and transfers the ink onto
the substrate guided by an impression cylinder. Either the the printing plate material can be rubber
or a photopolymer of different harshness, then the plate is fixed on the printing cylinder, the other
optimization parameters have the ink surface tension , nilox cell geometries, nip pressure and
printing speed. The flexographic printing is applied in this work to print the silver grid in the

Flextrode, to allow an operational speed of 25 m min-1. [32]
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P Printed pattern

Screen Squeegee <«—>  Ink/paste

Impression
Doctor cylinder I
blade &
\ o — 2

Printing plate cylinder

__m!

~~ Anilox roller
Printed pattern

—— Fountain roller

Ink bath

(b) Flatbed screen printing (SP)
(a) Flexographic printing (FP)

Rotating Squeegee Printed pattern

screen
L
’, r \ —
1 Backup
"\ roller
G .

Ink / paste

(c) Rotary screen printing (RSP)

Figure 1.12: Schematic representation of the printing techniques compatible with upscaling
[31].
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1.6 Conclusion

This chapter has dealt in general with the presentation of an overview on the organic solar cells. In
particular, we have given a brief history on the organic solar cells. After that the different device
architectures of OSC were detailed. In the next section we have given the principal parameters that
characterize the typical OSC. To give a good picture on the OSC manufacturing, we have presented
different process of fabrication regarding their compatibility or no with upscaling. In the end of this

chapter we have given the used machinery and techniques in the fabrication process.

Despite the highlighted advantages, the lifetime of OSC is the problem which hampering their
application so far. The next chapter will be focused on the presentation of the degradation

mechanisms of OSC under different used protocols of tests.
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11.1 Introduction

The aging or degradation of organic solar cells it could happen under different affection of exterior
factors such as “light, heat, oxygen and humidity" these factors effect on a different stage of
photocurrent generation. In fact, to achieve good results on the stability of organic solar cells OSCs
it takes more time. Including, the mechanism of degradation of organic solar cells has been studied

extensively [1].

The phenomenon of degradation of organic solar cells took attention of researchers in the past
years. Figure 11.1 shows those studies or publications on stability have followed an increasing trend

in the last years. However, the new researches studies have been of good on stability [1].
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Figure I1. 1: Publication trend in the stability of organic solar cells from 2011 to 2019 [1].

In contrast, when the non-fullerene acceptor (NFA) was used in the OSC, a great stability has been
gained. According to the researchers, this kind of acceptor can improve the lifetime of the OSC and
can reach approximately 10 years [2]. Hence, the existence relation between the use of the NFA and

stability has been extensively studied in the literature [3-5].

Mechanism of degradation in organic solar cells can caused by the photo- and water-induced
chemical reactions within the active layer, the degradation of device electrodes, the instability of
hole and electron transport layers and a failure of device encapsulation. For more details of device
degradation mechanisms there are a number of comprehensive review [6-8]. In recent years,

consensus stability testing protocols have been used to study the degradation mechanisms of OSCs
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[9]. Khenkin et al. [10] has explained that the degradation of cells is due to falls in short circuit
current density (Js) and fill factor (FF) using outdoor test for long-term of encapsulated organic
solar cells with glass and aluminum. In other hand they reported that the reversible degradation

mechanisms explain the recovery between light-dark [11].

1.2 Aging of organic solar cells

Current research on organic solar cells is focused on aging due to disadvantage the operating of the
lifetime of this device, because of the weak stability under different exteriors conditions such as

(humidity, oxygen, etc...).

The lifetime of solar cells is given by the time taken by the device under continuous illumination for

the efficiency value to reach half of its initial value.
There are different mechanisms of degradation of solar cells [12]:

1- Intrinsic ageing of materials: this type of ageing of the material under lighting, but
without exposure to water and oxygen.

2- Extrinsic aging of materials: In this type, the ageing mechanism is photo-oxidation. This
means the influence of two external factors (oxygen O, and water H,O) on organic
material and metals from the electrodes.

3- Cell aging: Occurs this type of degradation when the diffusion of impurities on both
sides of the interface, it is taken into account the degradation of the interfaces following
the bringing into contact of different materials (active layer-electrode for example). This
kind of degradation is generally accelerated in the presence of water, oxygen, and

lighting.

1.3 Mechanisms of degradation

The degradation of organic solar cells has a lot of mechanisms that can be explained in the Figure
11.2 below. The goal of this format to a clarification that the degradation issue is a little

complicated, although the list is not exhaustive.
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H,0 and O, diffusion

Degradation of the encapsulants
Indium diffusion

Photochemical degradation of the AL
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~  Encapsulation

Polymer chain radical oxidation

H,0,0, — — — Morphological changes

Interfacial delamination

10 Formation of insulating patches

11 Oxidation of the metal electrode

Figure 11.2: commonly reported degradation mechanisms in OSCs[13].

11.3.1 Mechanical stress, delamination and interfaces

Encapsulation degradation studies should be taken and require careful investigation. However,
encapsulation preserves mechanical safety in a system collected with different layers. Most
importantly, save the flexibility property in the devices [14-16]. The sticking between layers shows
the instability of flexible devices; because of the flex in the devices occur delamination problems
over time, therefore affecting the extraction of charges. Brand et al, has explained the thermo
mechanical characteristics of OSCs, the PEDOT: PSS with the active layer, they proposed it a dot

of failing in inverted devices [14].

11.3.2 The spread of water and oxygen, deterioration of encapsulation materials

It is mostly admitted that the attendance of water and oxygen in the device is a agent limiting the
corresponding service life of the device [17, 18]. The blend PEDOT: PSS and the active layer or
electrodes of metal affected by external factors such as water and oxygen or we can say react with
cellular components to accelerate significant processes. In fact, they have the ability to add both of
this water and oxygen factors in the stack during the handling of OSCs, especially if they are
industrially produced. Norrman et al, they used the roll to roll processes, demonstrate that after the

handling of the full stack, major portal to the device for oxygen and water is breakthrough through

Page 28



Chapter Il: Degradation of organic solar cells

the encapsulating material [19]. Moreover, the diffusion of oxygen and water could be passing to
the outer electrode with various ways such as amongst metal grains of the electrode or microscopic
pinholes [20].

So, there are therefore two important components which must be prevented from entering the
apparatus by improving the quality of the encapsulating materials. At last, the encapsulation
depends on using a barrier film of alternating organic and inorganic layers [21, 22]. Must be
preserved different properties such characteristics of the barrier and other important properties
transparency or flexibility, consequently, the stack of results, it must be resistant to different stress
cases is exposed to it.

11.3.3 Decay of the electrodes

The different external factors or condition climatic such as radiation, oxygen, humidity and heat,
these factors effecting on the polymer or organic components, so the degradation mechanisms
related materials of the barrier. Previous several investigations of chemical degradation proofed the
material is a cause in decay and change the different properties this can be seen such as yellowing
and cracking, eventually these type of decay leads to change the absorption of light by active

materials in the heart of the device.

Mainly, the use of ITO such as a lower electrode, in the different recent studies proves the weak
material. Sarkar, et al. Prove that they could apply by directly modifying the polar characteristics of
ITO using the humidification of the active organic layer [23]. However, the humidification creates a
problem on level of charge transport and boost delamination, all these problems because of
adhesion between layers [24, 25]. In another hand, use layers PEDOT: PSS like a buffer layer, the
PSS has a disadvantage, is deforming the ITO due the acidic [26- 28]. Moreover, the researchers
prove that can use semitransparent contacts, usage allowance ITO [29, 30].

11.3.4 Decay active layer

This Decay takes the attention of researchers; due to the unstable structure such as Bulk
heterojunction can develop with time. So stopping the exciton dissociation and charge transport,
this influence must be enhanced with a high temperature. Moreover, the acceptor such as PCBM
has a due to degradation of the device performance [31, 32]. The morphology stability of the active

layer was monitored using various strategies. For example the use of a chemically functional donor
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and acceptor, capable of crosslinking on heat or photochemical treatment or adding third

ingredients or additives that stabilize the shape over time. [33-36].

Figure 11.2. It demonstrates the effects that can happen with a polymer in the active layer.
Moreover, the active layer components of organic solar cells are sensitive when exposed to solar

radiation, this effect is named photochemical [37, 38].

1.4 Performance of OSCs devices with Degradation

The recent research showed how degradation mechanisms happen in all devices with different

factors climatic (Indoor, Outdoor).

The degradation of power efficiency takes the exponential curve. This curve divided to three parts.
All those divided parts it is depend to T 80. First part named Burn-in. Second part named linear

regime. In the last part called it failure. The OSCs devices take the same curve of lifetime.

PCE

Figure 11.3 curve of an OPV device shows the parameters of lifetime with the key stages of degradation [40,
41]
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a) Burn-in

Burn-in takes as important stage in the degradation of OSCs, demonstrated that decay the half-life
time of the cell can be determined from it [41- 45]. Nevertheless, the aging in the OSCs device
shows a variable time to burn-in, it can be trapped between 100 to 150 hours form time aging [45-
47]. In other studies the researcher confirmed that the decay in the efficiency results of from

descending in Vo, FF [48].

This degradation only happens on the presence of the light [44, 46] and it depends of his intensity
[42, 49]. The mechanisms which cause the break-in of the device they consider as a photo-

degradation in the device.

The Voc component of burn-in it seems interfacial because of the interlayers [45] and the extension

of layers is affected on the degree [50].The mechanism of this degradation it is reversible [51].

b) Linear degradation regime

The Figure 11.3 shows the second regime of OSC device is characterized by a direct decrease in
effectiveness with time. Frequently the linear regime used to characterize lifetime by means of the
TS80 (vide supra). In reality it is the lifetime of the devices. The specific start of the linear regime is
hard to characterize, as the as the burn-in is exponential and consequently doesn't have a severe end.
Much of the time, The researchers used the semi-arbitrarily to decide the end of the burn-in
picking where the degradation curve seems to have acquired direct character [41].In fact by the
calculation of T80 lifetime estimates it is can proved. Some researches explained how use the multi-
exponential fit of the degradation curve [52]. In other hand the researchers propose a method to

estimating the end of burn-in with using the following bi-exponential model [53].

The degradation it can be given by a mix of intrinsic mechanisms that are an outcome of the typical

operation of the device and outward instruments that are a result of the device's current
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circumstance and openness to ageing stimuli and accordingly can somewhat be eliminated. And
consequently the design of the device and the picked of materials are the key factors in extending

lifetime whereas the lifetime of device mostly confined by intrinsic degradation mechanisms [42].

The lifetimes of direct and reverse OSC devices override 8000 hours. However, the studying of the
devices display there is no degradation after the break-in. About the degradation’s extrinsic sources
the aging occurred under the same weather conditions but with a radiation source that does not have
a UV component. This type of active layer PCDTBT: PC71BM BHJ is more stable than P3HT:
PC61BM even of the high glass temperature (Tg) of the PCDTBT also encourage of further
stabilization under brightening by crosslinking [54]. The elimination of the UV light or any change

of materials for the active layer brings the acidic PEDOT:PSS which is more stable.

c) Catastrophic failure

To examine the failure of the device it is feasible to pick a point on a degradation curve and name it
as the device's life end [53] even the uses of the TS80 to review how the failure of device happened
it does not enough it may the end of lifetime of device it is caused by a different degradation

mechanism which named catastrophic failure [53].

The catastrophic failure on ITO / PEDOT: PSS/ P3HT: PCBM / Yb / Al shows above 300 hours of
aging under AM 1.5 lighting a big losses of FF which presented in curve IV by a in S [44]. This S it
means the death of the device. The accumulation of a space charge it is caused by the development
a charge extraction barrier in the working area of the device [44, 55]. The researchers managed to
significantly delay or even prevent catastrophic failure by the change of the materials utilized as

charge extraction layers [44, 56].

However. It is possible to delayed or potentially completely the catastrophic failure caused by the
intrinsic mechanisms with a smart device. the changes of the environmental conditions it might

cause the degradation of the encapsulation materials and corrode electrical contacts which make
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the device valueless [53].The electrode delamination is caused in the first place by the mechanical

stresses and this back to metal electrodes adhere to the organic layers [53,25].

I1.5 Strategies to minimize device degradation

As we know in this chapter the intrinsic and extrinsic mechanisms this is the reason for the
degradation of OSC devices. in this part we will examine some strategies that increase the lifespan

of a device on both aspects of degradation

e integrating longer photo-stable and morphologically stable donor types;

e Connection the donor and acceptor types so that is photolysis is reduced and stabilized the
BHJ morphology [57];

e Interlocking the donor and acceptor types to stabilize the BHJ morphology [54];

e Add a chemicals hard interlayers and electrodes [34];

e Add more stable inverted device architecture [44, 58]

To ensure the stability of the device it has to be there some form of encapsulation whereas The least
stable device required a good encapsulation which it expensive [59]. Due the encapsulation
addresses a huge segment of conclusive gadget cost, this has suggestions for the monetary
reasonability and energy time of the device [60.61].there are a several of encapsulation methods it
may be used in OSC devices one of those is the glass-on-glass method.in this model the device is
manufactured on a glass substrate and an extra piece of glass is gotten on top of the sample with an
adhesive [62]. This method it is the best way f encapsulation in which the lone compelling course of
water and oxygen entrance is around the edges of the typified device. But it still has abuses

&especially its incapability for roll-to-roll processing and flexible devices.

There is the method thin-film polymer materials [60].But it is not affective as the glass and this up

to thin-film polymer materials [60].This laminate films it can be substrates and encapsulation
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barriers  [59,63,60,64]. The researchers found strategies for the design and fabrication of

encapsulation materials [65, 66].

1.6 The ISOS protocols

The researches about the stability and degradation of organic solar cells take more attention to
researchers, in this part different laboratories around the world take a step to collaboration for study
and create different protocols demonstrate everything from lab-scale ageing under simulated

sunlight to outdoor testing under operational conditions (see Table 11.1) [17,41]

The major principle of the protocols, is not only related to the testing practices or the equipment,
but also aims at limiting the environmental conditions of the test (such as temperature, relative
humidity, etc.) to only certain levels. Some ISOS tests are mild and do not hint an accelerated test,
while others are hard, and encourage a fast degradation (Figure 11.3 and Table 11.2) shows the
parameter power conversion efficiency (PCE), including Eq and Ty, Es and Ts, Egp and Tgo, and Esgo

and Tsgo. those four (4) parameters explain the carefully depict of the degradation [41].

In other factors such as FF, V., Js, etc. can also be included using the same established protocol.

Eo: present the first point at the measurement it is mean after fabrication should be test the OSC

device immediately and the most accurate device, at time t =0, To.

Es at Ts, show as the second measurement of the OSC device, the operator designates this time Ts,
arbitrarily after the fabrication of a device. Es shows to us if the device stabilized and capable of

moving to another stage of aging conditions.

The two last parameters, Egy and Esgo, clarify the performance of organic photovoltaic cells at time

Tgo Or Tsgo, respectively. Where those parameters shows the degradation the device from initial or
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second testing measurement when this device get 20% after decay. It is also necessary to report the

J-V curve for each of the four time points highlighted in the decay curve.
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Three levels

Basic (level 1): “Handheld” measurement using the simplest equipment and few conditions.

Intermediate (level 2): Fixed conditions and protocols suited for most labs.

Advanced (level 3) Standardized tests applied in certified labs. Extended range of parameters to monitor etc.

Type
Test ID

Light source
Temps a)
Relative humidity (RH) a)

Environment a)
Characterization light source

Load b)
Type
Test ID

Light source

Temps a)

Relative humidity (RH) a)
Environment /setup

Characterization light source

Load b)

Dark
ISOS-D-1 shelf

None

Ambient

Ambient

Ambient

Solar simulator or
sunlight

Open circuit

Laboratory weathering testing

ISOS-L-1 Laboratory
weathering

Simulator
Ambient

Ambient
Light only

Solar simulator

MPP or Open circuit

1SOS-D-2 high temp.
storage

None

65/85 °C

Ambient (low)

Oven
Solar simulator

Open circuit

ISOS-L-2 Laboratory
weathering

Simulator
65/85 °C

Ambient
Light and temp

Solar simulator

MPP or Open circuit

ISOS-D-3 damp.
heat

None

65/85 °C

85%

env. chamber
Solar simulator

Open circuit

ISOS-L-3
Laboratory
weathering
Simulator

65/85 °C

Near 50%

Light temp., RH
Solar simulator

MPP

Outdoor
1SOS-0-1 outdoor

Sunlight
Ambient
Ambient

outdoor
Solar simulator

MPP or Open circuit
Thermal cycling
ISOS-T-1 Thermal
cycling

None
Between room temp.
and 65/85 °C

Ambient

Hot plate/oven

Solar simulator or
sunlight

Open circuit

1SOS-0-2 outdoor

Sunlight
Ambient
Ambient
Outdoor

Sunlight

MPP or Open circuit

ISOS-T-2 Thermal
cycling

None
Between room temp.
and 65/85 °C

Ambient

Oven / env. chamber
Solar simulator

Open circuit

1SOS-0-3 outdoor

Sunlight
Ambient
Ambient
Outdoor

Sunlight and Solar simulator

MPP

1ISOS-T-3 Thermal cycling
None

-40 to +85% °C

Near 50%

env. chamber
Solar simulator

Open circuit

Table 11.1 Consensus stability testing protocols for organic photovoltaic [41]

a) The ambient conditions are defined as 23 °C 50% RH in general. And 27 °C accepted in tropical countries according to 1SO291 (2008): plastics—
standard atmo- spheres for conditioning and testing b) open circuit refers to simply disconnected device or device connected a source meter set to 0

current.
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TABLE 11.2 The Paramters of stability

Initial burn-instage Stabilized Stage
PV Paramters Eo Eso Es Esso
Time To Teo Ts Tsso

I1.7 Stability measurement protocols

In the test protocols divided to different classes: outdoor, dark, simulated light, stress testing and
thermal cycling. There are three levels for each test: Basic (Level 1), Intermediate (Level 2) and
Advanced (Level 3). In these protocols there are different factors should be taken into consideration

(temperature, humidity, environment, light and electrical load) [41].

For more demonstration those different categories of protocols: Outdoor testing (type O) test the
device under different real condition climatic with open circuit or maximum power. The Dark
testing (type D) is performed to test the shelf life of the devices and their resistance to high
temperatures and humidity. Laboratory weathering testing (type L) is made to imitate the real
weather with accelerating aging of a device using a well-calibrated solar simulator and a controlled
atmosphere. Eventually, the thermal cycling test (type T) puts the device under accelerated variation
temperature, to tests the lifetime and decay the device. As we mentioned earlier, there are three
levels for monitoring different parameters. For example L1 in this level must be monitored those
cell parameters the V. and Js. with provide a source of constant light. But in level three (L3)
requires monitoring of am parameters (Voc, Js., FF and PCE) with a filter AM 1.5 solar simulator

environmental chamber.

The organic solar cells OSCs contain different structure with the use of different material for
design. Recent studies have shown a variation in lifespan between devices. This is due to the
different designs. Nevertheless, the lifetime of OSCs can be divided into three stages generally:

running-in, linear disintegration and device failure.
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11.8 Conclusion

In this chapter we have presented an overview on the degradation process and mechanisms of
organic solar cells. It is found from the literature that the degradation process can be affected by
several intrinsic and extrinsic factors. UV Light, temperature, humidity, dark and oxygen are the
main preponderant factors in the degradation mechanism. It is highlighted also that degradation
mechanisms can undergo mechanical stress, delamination and interfaces, water and oxygen
diffusion, degradation of the encapsulation materials, chemical degradation of the electrodes and
finally the photochemical and morphological degradation of the active layer. In the end of the
chapter different ISOS protocols which used in the OSC stability and lifetime analysis are

summarized.
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I11.1 Introduction

The amount of solar energy that reaches the surface of the earth is by far enough to meet the
world’s increasing energy demand, and thus explains the increased focus on photovoltaic (PV)
technologies in the past decades [1]. This has resulted in a growing number of PV research and
development groups, institutions and companies around the world. In recent years, several types of
thin-film PV devices have been investigated, which also includes a strong rise in research and
development within organic and hybrid photovoltaics [2-5]. Organic solar cells (OSCs) possess
intriguing advantages [6] such as light weight [7], mechanical flexibility, semi-transparency and
color tuning [8], making it a highly promising PV technology for the rapidly growing energy
market. However, as we have evoked in the previous chapter the stability and degradation of the
OSC devices present the main issues for researchers through the world and many test protocols
have been developed and normalized in their operation procedure to ensure the good interpretation
of the results. In This chapter we have carried out an experimental work on the effect of different
climatic conditions on the OSC behavior. The idea of this work is based on application of a new
protocol using a QUV aging tester. It is well known that in the standard 1SOS protocols the used
aging process is continuous and each factor has been applied in permanent way on the OSC sample,
and in our new aging protocol we have applied a cyclic aging. The aim of this new protocol is to

simulate the cyclic repetition of the climatic conditions in one operation day of OSC operation.

Obviously, in one day of real climatic conditions, the organic solar cells can be submitted to the
sunlight, temperature, rain and dark of the night successively. The cyclic repetition of these climatic
conditions can present harmful effects on the OSCs performances leading to the reducing of the
lifetime of the photovoltaic devices. To simulate the cyclic effect of the climatic conditions on the
OSCs, we have investigated, in this first part of this third chapter, an accelerated long-term aging in
the accelerated-weathering tester (QUV cell). QUV cell has a possibility to simulate all the climatic
conditions (see section experimental setup). To simulate the sunlight, the QUV tester is occupied
with UVA-340 lamps characterized by wavelength of 340 nm. The UVA-340 lamp permits us to
generate different concentration of UV irradiance. To highlight the degradation of the OCSs caused
by the cyclic climatic conditions, the usual electrical parameters (PCE, V., Jsc and FF) calculated
from J-V characteristics and optical properties (UV-VIS and Photoluminescence measurement)

have been studied according the aging time.
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In the second part of the chapter, the same samples have been subjected to an ISOS protocol which
is the outdoor test 1SOS-O-1 (see Table 11.1) to study the recovery phenomenon caused by the
light/dark effect on the OSC behaviour.

111.2 Experimental setup

111.2.1 Materials

In this study we have used encapsulated samples of commercial organic solar cells
(80 x 110 mm? in dimension) (Figure I11.1a) supplied by Infinity OPV manufacturer. These
samples were prepared at ambient roll-to-roll (R2R) printing and coating techniques. The

provided parameters of the used OSCs are listed in Table 1.

Table I11.1: Different parameters the samples

Parameters Values

Dimension (8*110)mm, this cutting using laser in OPV infinity
Voc Around 6 Mv

Isc 60-70 mA under full sun

FF 50%

PCE 1,5%

111.2.2 Accelerated climatic aging tester QUV

The accelerated-weathering tester QUV was designed to make a real weather with different climatic
conditions like UV irradiation, temperature, humidity, dark and spray. It has been monitored by
many standard aging program having specific climatic conditions. Moreover, it had a simple
interface to put our own aging program. In our work, we have used the QUV cell for long-term
aging experiments of 1080 h under various aging conditions. The samples are put in the sample
holder as presented in Figures I1l.1b and Ill.1c (two faces of the sample holder) and then
irradiated with UVA-340 lamp. This lamp represents characteristics close to the real sunlight. The
spectral power distribution of UVA-340 fluorescent lamps, represented in Figure 111.2, shall

comply with the requirements specified in [9].

111.2.3 Indoor test aging in QUV

The OSC samples were placed in a QUV cell for 1080 h representing 45 aging cycles of a
combined effect of UV irradiation, temperature, spray, condensation and dark. The weathering
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cycle duration is 24 h divided as follow: in the first step, the samples were irradiated by UV light
for 8 h maintaining the temperature of the chamber at 50 °C. Then, the samples were sprayed for
5 min and followed by 4 h of condensation at 50 °C (humidity generation). Finally the samples
were kept in dark (the temperature of the chamber is decreased to 30 °C) for 12 h.

The irradiation of the samples is controlled and the aging process was done for three levels of the
UV irradiance (0.83 W/m?, 1.20 W/m? and 1.30 W/m?) at 50 °C. The aging time is 1080 h for each
case. The samples were taken after each 15 cycles and submitted to the different characterization

techniques to study the effect of climatic aging time on the different performances of OSC.

==

Figure I11.1. (a) the organic solar cell before degradation, (b) the cells in support of QUV on
face, (c) the support of QUV in front.
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Figure 111.2. UVA-340 lamps vs sunlight.
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111.2.4 1SOS-O-1 outdoor test

This test is done in Sonderborg, Denmark (latitude 54.91°N; longitude, 9.79217 °E; altitude, 24 m).
The cell is fixed on the roof in angle 30° from morning to evening (10:00 AM to 16:00 PM) with
using 1ISOS-O-1 protocol [10]. The duration of the test in outdoor takes 5 days the remainders 9
days are preserved to the second part of the experience. In this part we put the samples in the glove
box for the whole day. Sometimes we keep them two days in the glove box without measuring to
understand what happened exactly. The period of test is limited from 20 February 2018 to 04 March
2018.

I11.2.5 Measuring devices

The J-V characteristics of OSCs before and after each aging period were recorded using Keithley
2400 source meter unit. The samples were exposed to illumination of 1000 W/m? as per air mass
(AM) 1.5 G in a solar simulator (Abet Technologies Sun 3000 Solar Simulator) inside the glove
box (Figure 111.3a). The devices were illuminated through a calibrated mask to avoid the
parasitic photocurrent arising from the areas outside the electrodes. The results shown in this
work are an average of 3 measurements. In Figures I11.3b and I11.3c we have shown a

photograph of the used materials for the UV-VIS and PL measurements.

Figure 111.3: The equipment of measurement: a) solar simulator with ketheliy; b)
UV-VIS; ¢) PL measurement.
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111.3 Results and discussion for the indoor test (QUV)

I11.3.1Electrical Properties Degradation

The carried out QUV aging protocol undergoes the effect of the simultaneous existent climatic
conditions. It can be considered more harmful than the harsh ISOS protocol (ISOS-L-3). The
degradation of the samples occurs in fast way. After each 15 cycles (practically 360 h) the J-V
characteristics of the OSCs are recorded and presented in Figures I11. 4a to 111.4c for different UV
irradiation doses. Before aging the J-V characteristic presents the typical characteristic of the OSC
with its different parameters mainly the maximum power point (MPP). After aging at different
irradiation doses, the shape of the curves is deformed and the rectifying properties of the samples
are fully lost. It is possible also to observe a neat decrease in Vi, Jsc and FF which means that aging
under QUV conditions undergoes serious bulk degradation in the different parts of the OSC mainly
in the active layer. The same behavior has been observed by Benatto et al. [11] on the PEDOT:PSS
back electrode samples under ISOS-D-3 and ISOS-L-3 aging, and by Tromholt et al. [12] on the
PEDOT:PSS/Ag-grid back electrode when they studied the effect of temperature and sunlight
concentration on the organic photovoltaic solar cells. Furthermore, it is well known that the
degradation in the OSCs can be monitored with both extrinsic factors such as water and oxygen,
and intrinsic factors related to the high temperature. This latter is named thermal diffusion at the
interfaces of the OSCs layers and can cause morphological evolution inside the BHJ structure. The
photo-degradation caused by UV light can also accelerate the intrinsic degradation with using the

heat of UV light.
To well highlight the effect of the QUV aging on the performances of the OSCs, we have plotted

the commonly used parameters (PCE, Js, FF and V,) deduced from the J-V characteristic against
the aging time. All the plotted values are normalized and the obtained results are presented in
Figures I11. 5, 6, 7 and 8. As PCE presents the most important characteristic of an OSC, so its

evolution with aging time gives a good picture on the OSC quality.
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Figure 111.4 J-V caractersitics for different aging period, (a) aging at 0.83 W/mz, (b)
aging at 1.2 W/m?2, (c) aging at 1.3 W/m2.

The normalized values of PCE according to the aging time for different UV irradiation

concentration are plotted in Figure I11. 5. It is very clear that, for all UV irradiation concentrations,

PCE decreases with aging time. The decrease of PCE obeys to the typical OSCs degradation profile

often experiences initial rapid aging (burn in) followed by a more stabilized phase [13,14].
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Figure 111.5 Normalised PCE variation according to the aging time.

Furthermore, the fast decrease of PCE due to the rapid aging speed at the beginning is done in the
first 15 cycles of aging (first 360 h of aging). In this phase, the OSCs lost the almost of their PCE
values. In fact, in the case of QUV aging at 0.83 W/m?, the PCE decreases from 100 to 16% (i.e. it
loses 84% of its initial value), and in the case of aging at 1.2 W/m? and 1.30 W/m? it loses
practically 93% of its initial value. This fast degradation of the OSCs performance is due to the
effect of cyclic climatic conditions (UV irradiation, spray, humidity and dark) that has experienced
each sample during the aging period. The followed 30 cycles (the remain 720 h of aging) are
characterized by the stabilized phase in the PCE variations. In this phase, PCE decreases slightly
with only 12.3% during 720 h of aging at 0.83 W/m?. However, in the case of aging at 1.2 W/m? the
PCE values remain constant, and present a slight decrease of 3.7% in the case of aging at 1.3 W/m?
during all this aging period. In the other hand, PCE variations with aging time can be modeled by a

first exponential fitting as given in equation (1):
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PCE(t) _ se
PCE(0)

1)

Where PCE (0) is the initial value of the power conversion efficiency (att = 0 h), A is a weighing or
degradation power factor and t is the time constant of the degradation. A and t are obtained with
mean square fit. This fitting equation seems to be different to those proposed in the literature
[14,15] where they use series of exponential functions with two weighing (A;, Az) and two times
constant (11, T2) to simulate different degradation mechanisms. In our equation, if we put A; = A, =

A/2 and 11 = 12 = 1, the equation (1) becomes:

PCE(t) _
PCE(0)

Ale_t/rl +Aze_t/1'2 (2

Equation (2) is matched to that fond in literature and our results can be analyzed in the same way.

The calculated parameters for different aging conditions are listed in Table 111.2.

Table 111.2: Numerical decay parameters according to the general equation 2

Aging conditions A=A,=A/2 71=n-7(h)
0.83 W/m?2 50 169.9
1.20 W/m? 49.97 111.1
1.30 W/m2 49.96 130.2

It is well known that light, temperature and humidity are the main causes of the OSCs degradation
process. In Figure 111.5 we can well observe that there is no significant difference in the decrease
of the PCE for different UV irradiation and all the curves decay practically in the same way. This
result suggests that the predominance effects in the OSCs degradation are fast variation of both heat
and humidity. These two factors are characterized by (A, A;) and (z,,7,) in the equation (2). The
same values taken by 7; and 7,, and by A; and A, suggest that the temperature and the humidity

take parts in the degradation process in the same way and their effects are very predominant.
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Figure 111.6 Normalised Js variation according to the aging time.

To better analyze the trend of OSCs degradation, the normalized values of Js. versus aging time
(Figure 111.6) will be analyzed as the PCE characteristic but with different manner. Moreover, the
degradation of OCSs device is characterized by the so-called degradation constant Kgeg that is
obtained by the fitting of considered decaying characteristic (Jsc in our case). The variation of Jg
can be fitted with either a linear equation (equation (3)) or a first order exponential function
(equation (4)) [16]. In our analysis we have chosen the linear fit as presented in some earlier
literature [16,17]. Furthermore, the degradation constant Kgg was found depends on the
temperature T. This dependence is given by an Arrhenius type presented in equation (5) [16]. An
acceleration factor K and an activation energy E, can be deduced from equation (5) by plotting Log
(Kgeg) according to 1/T.

sc(t)

jsc—(;) = (1 = Kgeqt) ©)
]SC( )
ﬁ = exp(_Kdegt) (4)
Kgeg = €xp (;g;) ()
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The curves of J presented in Figure 111.6 have the same trends of variation as the PCE showing a
fast decay at the first 360 h of aging, except in the case of aging under UV irradiation of 0.83 W/m?
where the fast decay is enlarged until 720 h. After that, the decay of Js; curves present, in the second
region, more stabilized trends. The fast degradation leads to the lost of the conductive character of
the OSCs. After 720 h of aging at 0.83W/m2 the current Js; loses 64% of its initial value and more
than 67% of the Jg initial performance was lost after only 360 h at 1.20W/m2. However, in the case
of aging at 1.30W/m? the OSCs, lose rapidly about 45% of its conductive character in the first
region (after 360 h of aging) and about 24% in the second region (slowly decay). Meanwhile, in the
stabilized phase Jsc drops with only 4% during 360 h of aging under 0.83 W/m2 UV irradiation,
even, some small improvements (increase of the Js;) have been observed in the case of aging at 1.2
W/m2 UV irradiation.

Using the equation (3), the degradation constant Kgy was deduced for both fast and slow
degradation phases for each UV irradiation concentration and the obtained results are listed in
Table I11.3. Nevertheless, one limitation of our investigated work that the acceleration factor and
the activation energy could not be deduced here because the variation of Kqeg according the inverse
of the temperature is not possible (the investigated temperature is constant and equal to 50°C).

The general degradation of the OSCs under QUV aging is not limited to the decrease of the PCE
and Js, but also extended to the FF and V.. The evolution of these parameters according to the

aging time is presented in Figure 111.7 and Figure 111.8.

Table 111.3: Rates of degradation for different phases of aging

Aging Phase 1 Phase 2
conditions _ _
Period (h) Kaeg Period (h) Kieg
0.83 W/m2 0-720 0,08954 720-1080 0,01045
1.2 W/m2 0-360 0,1845 360-1080 -0,00858
1.3 W/m? 0-360 0,12495 360-1080 0,03271
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Figure 111.7 Normalised FF variation according to the aging time.
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Figure 111.8 Normalised V. variation according to the aging time.
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Both characteristics decrease as the aging time goes on. The fast degradation process at the
beginning of aging followed by more stabilized phase is also well observed in the evolution of both
properties. At the end of the fast decay phase (after 360h of aging) the FF drops to 45% of its initial
value for different aging conditions and remains after that constant in the followed stabilized phase.
However, the evolution of V. is quite similar to the one observed in Js. where the fast degradation
process in the case of aging at 0.83 W/m2 UV irradiation is extended to 720 h. In this phase V.
loses more than 70% of its initial value, and then continuous in decreasing slowly in the followed
stabilized phase to reach a low value (25% of its initial value).

In the other cases of aging, V.. drops speedily with more than 55% of its initial value after 360 h of
aging and continuous slowly with linear decrease to lose more than 60% and 70% of its initial value
for second and third cases of aging respectively.

Overall, we can ascertain that under the carried out experimental protocol, the aged OSCs undergo a
serious degradation process resulting in the fast alteration in the main electrical properties of the
cells. The carried out cyclic aging process in the QUV chamber can be considered very harsh
combining different protocols similar to commonly used 1SOS protocols in the same time. In one
cycle of aging, the samples were performed initially, for 8 hours, to a protocol similar to 1ISOS-L-2
(UV radiation (light), temperature and ambient humidity), followed by one similar to ISOS-D-3 for
4 hours (temperature and controlled humidity). Finally the samples are subjected to the last one
similar to ISOS-D-2 for 12 hours (temperature less than ISOS-D-3, ambient humidity). The cyclic
aging includes the simultaneous effect of rapid variation of temperature, humidity, light and water
on the OSCs performances. As a result, overall electrical properties decrease drastically and lose
more than 60%, and even more than 80% for certain properties (PCE), of their initial values in the
first stage of aging after only 360 h of aging. The following interpretation can be useful to analyze
the fast decrease of the OSCs properties: The fast reduction of the Js is probably due to
morphological changes of the bulk hetero Junction (BHJ) blend [18-20] that can affect the charge
mobility and the generation of a charge transfer [21]. Furthermore, the rapid variation of different
aging conditions can generate different phase segregation of donor: acceptor pairs and increase of
defect states which controls the recombination leading to the variation of the Vo [22, 23]. In the
other hand, the FF can be affected by those phenomena by a limitation of the charge transport and
increase in the series resistance [21]. It has been reported also [11] that the almost decrease in the Js
along with the drop in the FF further confirms the reduction of the conductivity of the PEDOT:PSS
blend when exposed to high level of humidity. Moreover, it seems that all the properties behaves in
the same way and present two phases of degradation, the fast degradation at the beginning followed

by the stabilized one. This behavior suggests that some correlation must be made between deferent
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OSCs properties. The stabilization phase at the end of aging process suggests that no bleaching of

the semiconductor layer over time occurs in this phase [24].

111.3.2 Formation of bubble defects and color change

Another aspect of degradation which can be inspected visually is the gradually formation, as the
aging time goes on, of bubble-like defects and color change of OSCs under QUV aging (Figure
111.9). Our results confirm some earlier finding of Binatto et al. [11] investigating the effect of
different aging protocols on the Ag-grid back electrode modules. They have found that the
formation of bubbles occurs only under 1ISOS-L-2 and ISOS-L-3 protocols. On the contrary of other
aging protocols, these two protocols present the effect of light, humidity and temperature (as in our
aging case) indicating that the presence these three parameters are the main cause of the bubbles
formation. It is clear from Fig. 9 that bubbles formation has been occurred after first 15 cycles of
aging (first 360 h) for all UV irradiation doses with a little concentration in the case of aging at 0.83
W/m2 and more important concentration in the case of the other aging conditions. As the aging time
goes on, the bubbles become more intense in number, bigger in size and deeper. Moreover it has
been remarked also that the formation of bubbles starts around the Ag-grid after 15 cycles of aging
and spread on all the surface of the samples after 1080 h of aging, especially under UV irradiation
dose of 1.30 W/m2. The area around the bubbles became inactive resulting in partial decrease of the
photocurrent as it is confirmed by Binatto et al. [11] with light beam induced current (LBIC)
imaging. In the same published paper, it has been confirmed with microscope imaging of the areas
with and without bubbles that cracks are formed in the active layer and in the AQNW/ZnO layer in
the neighboring areas where the bubbles are formed. The cracks are locked to be initiated from the
printed Ag-bus-bar. The porous character of back Ag-grid permits gas and solvents to be trapped.
Cyclic variation of temperature leads to the expansion or contraction of gasses, hence, possibility of
bubble formation. Furthermore, it has been reported by Rolston et al. [25] that the presence of heat,
UV irradiation and moisture have a significant effect on the decohesion kinetics of OSCs. These
environmental factors can undergo mechanical degradation leading to delamination of layers and
consequently big probability of bubbles formation. In order to put in evidence the chemistry
changes in the P3HT:PCBM active layer under the combination effect of light, humidity and
temperature, Corazza et al. [26] have used atomic force microscopy (AFM) topography images. The
obtained images prove that the created cracks are very close to the inner interface within
P3HT:PCBM caused by the variation of the material structure. The presence of temperature and

humidity together were then responsible for the creation of a weak layer on the surface of the active
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layer. Furthermore, more physic-chemical characterization techniques will be required for better
understanding the nature of the observed phenomenon.

The second degradation consequence is the color changes of the sample under different aging
conditions. Some color changes were noticed at the end of aging (after 1080 h) at 1.2 W/m? and 1.3

W/mz2, The samples present some yellowness area on their surface and cracks on the encapsulation.

111.3.3Optical properties degradation

To give more insight on the cyclic QUV aging effect on the organic solar cells, we have also
investigated the optical properties degradation. Furthermore, the strategy of blending two or more
materials, bringing about synergistic and surprising properties in structure, electronics, dielectrics,
optics, thermodynamics, mechanics, and texture, contributes much to the development of organic
solar cells. The bulk heterojunction (BHJ) polymer solar cells (PSCs), the miscibility between
electron-donating polymers and electron-accepting molecules in the photoactive layers plays an
important role in the morphology formation [27-31]. In polymer solar cells, amorphous miscibility
between the donor and the acceptor is important for device performance for several reasons. First,
molecular mixing governs phase behavior and morphology formation and, consequently, affects
charge recombination and charge collection efficiency, which will directly influence device
performance [27-28]. Figures 111.10a to 111.10c shows the spectra of absorption using UV-VIS. As
shown in these figures the absorption spectrum shows a broad absorbance ranging from 250 nm
more than 800 nm. There are two sets of absorption with peaks maximum between (250 nm and
380 nm) and 650 nm. Those results of absorption confirm the results in electrical properties the
samples after 360 h it burn in, due to the samples they don’t have a reaction. In other hand Figures
111.10d to 111.10f show the intensity measured using PL measurement, there is a pig one peaks at
500 nm, from this conclude the polymer in the organic solar cells, the thickness of our samples is
damages and the links inside the samples are broken. All those optical results prove the lifetime of
organic solar cells depend on the type of encapsulation. There are several types of encapsulation
using a different materials and methods. So that takes into consideration the (WVTR) Water VVapour
Transmission Rate to check the quality of encapsulation [32].

In other hand, we have presented in Figure I11.11 the intensity with aging time in different cycles.
The first cycle showed a stable fit in all point aging time. The second cycle and third cycle shows
an instable fit, this is due to the change in the irradiance in the cycles the second cycle (1.20W/m?)
and in the third cycle (1.30 W/m?).
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360 h 720 h 1080 h

Figure 111.9 Photographs of samples for different aging period, (a) aging at
0.83 W/mz, (b) aging at 1.2 W/m?, (c) aging at 1.3 W/m?
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Figure 111.10. Absorption UV/VIS spectra and the Intensity PL measurment. a,d) First

cycle (after 360h); b,e) Second cycle (after 720h); c,f) Third cycle (after 1080h).
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I11.4 Results and discussion of outdoor test with recovery

Those results show the reaction of samples under air exposure (sun rays, rain, and temperature......).
And confirm the other studies about the recovery and degradation. The evolution of the parameters
PCE, Js., Voc and FF explain the reaction of cells. The test was divided into two parts. In the first
part the samples were kept at the outdoor protocol for 6 hours and in the second part the samples
were put in the dark (glove box) to allow the recovery phenomenon to be appeared. Meanwhile the
test the samples subjected to simulated 1-sun illumination undergo reduction in efficiency value of
80%, 60%, or 50% of the initial value corresponding to the time Tgo, Tso, Or' Tso respectively.

In the first part of the test, (Figure 111.12a) showed a full degradation to 80% of the initial value
PCE under illumination after 4 days of tests where we have observed a fast degradation without
recovery. In the second part (the black area at the figures) in the 10 days, the PCE decreases with
two environment air exposure and recovery in the glove-box. There are different mechanisms were
formerly suggested for reversible degradation in Polymer Solar Cells (PSCs). Domanski et al.
demonstrated that the reversible 10—-15% PCE loss [33]. Nie et al. impute the light-induced
reversible J. degradation in inverted planar PSCs to the formation of metastable deep traps in the
perovskite layer [34]. Hoke et al. showed photoinduced changes in the PL spectra of on perovskite
films give them a full reversible [35].
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Figure 111.12 . Degradation and recovery of differenat paramters of the sollar cell: a) power conversion efficiency
(PCE) , b) Open-circuit voltage V., c)Fill factor FF, d) short circuit current Js;

The degradation at this stage was mostly determined by the decrease in open-circuit voltage (Voc)
and fill factor (FF) (Figure 111.12b and I11.12c) with the minor contribution of a short-circuit
current (Jsc) decrease as shown in Figure 111.12d.

The performance of samples in the dark (black area) following degradation under illumination
under 40% of the PCE (Figure 111.12a) was found to be dramatically different from that after
degradation in outdoor test. In special, we observed a rapid drop in V. and FF on the first day of
the test outdoor and stabilization in the dark storage. As a result, the PCE further decreased from
60% to ~40% in the first test and from 40% to 30% in the second part of the test.

We have observed a drop in the PCE at the beginning of the dark test was followed slow recovery
process; the black area presents at the (Figure 111.12a) this stage did not reach saturation over 5

days of measurement.
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It is clear to find a difference between the first part and the second part from the test; the difference
is qualitative and finds the time of scale in the recovery take more time. In this experiment, we not
observed a full restoration to the initial PCE.

Further insights into the observed dynamics related to the PCE drop after one day of the outdoor
test and the test using solar simulator 1-sun illumination we found a fast drop it is gone under 75%
from the initial value.

However, 1-sun illumination of the samples whose PCE recovery in the dark did not saturate (as in
Figure 111.12a black area) resulted in a rapid PCE improvement, mostly due to increases in Vo and
FF, (Figures 111.12b and 12c respectively).

As shown in Figures 111.12b and 12c, the V. and FF show a decrease in the first part of the test
from 100 % to = 60% after 5 days in the outdoor test and show a recovery using solar simulator (1-
sun illumination).

In the other hand, notably, the commonly observed the be affected the exposure air a fast drop at
different parameters such as PCE, FF, V. and in the dark observed relative a stable status. In the
case of Jsc (Figure 111.12d) we have observed a vacillate between air exposure and recovery (dark
black area) in the first part of the test in the outdoor, and in the second part the recovery test (black
area) the sample shows a fast drop from >100% to 50% this drop took 10 days.

In accordance with our recent publication [36], this behavior of degradation under accelerated
conditions constant it takes time to degraded (from 100% to 20%) 200 hours (8 days), and in the
short-term degradation in the exposure air with recovery from (100% to 30%) takes 8 days.

111.5 Conclusion

In this chapter an experimental work has been carried out investigating the effect of cyclic QUV
aging on the electrical properties of OSCs. The effect of cyclic variation of UV irradiation,
temperature and humidity on the PCE, Js, FF and V. were studied. The main conclusions derived
from this investigated work are:

e The studied OSCs characteristics decrease with aging time for different aging conditions.
The degradation is done in two steps : first step is done in the first 15 cycles of aging (360 h)
and characterized by a fast degradation rate and the second steps (30 cycles of aging)
represents the stabilization phase and characterized with the slow degradation rate, which is
in agreement with the earlier finding in the literature.

e From the obtained results, it is highlighted that PCE evolution can be approximated by the
sum of two decaying exponentials with time constants z; and z having the same values. The

deduced values show that environment conditions can have the same predominant
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degradation mechanism. Furthermore, Jsc has been fitted with linear model and degradation
constant has been calculated for each aging step.

e After 360 h of aging under the carried out protocol, the OSCs lose more than 60%, and even
more than 80% for some properties like PCE, of their initial performances. This result
shows that the carried out protocol presents harsh aging conditions.

e The carried out cyclic aging process in the QUV chamber can be considered very harsh
combining different protocols similar to commonly used ISOS protocols in the same time.
In one cycle of aging, the samples were performed to a protocol similar to ISOS-L-2 (UV
radiation (light), temperature and ambient humidity), followed by one similar to ISOS-D-3
(temperature and controlled humidity) and finally to the last one similar to 1SOS-D-2
(temperature less than ISOS-D-3, ambient humidity).

e The formation of bubble defects was observed and their concentration and size increase with
aging time. The probable cause of these bubbles is the expansion or contraction of gasses

with exposure to the light and high temperature cycling.

In the second study the stability of OSCs with the encapsulation. The carried out experiments
include two parts, one has use the 1ISOS-O-1 protocol and the second undergoes the recovery
phenomenon where the samples are put in dark and tracking the recovery at different parameters.
Fully reversible degradation was observed at the early stage (t < Tgp).

A missing recovery at different parameters PCE, FF, Vo and Jg is observed after t > Tgo. It has been
observed a rapid decrease in PCE and in the V.. However the FF presents a slow decrease, which
was followed by a slow incomplete recovery.

In the carried out test the recovery doesn't reach the saturation in the case of PCE, FF and V. and

showed rapid increases under further illumination. In the case of J;. we have found some oscillation.
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1VV.1 Introduction

A key factor in the future commercial success of OSCs technology is device lifetime. Device
degradation can be thought of as either intrinsic or extrinsic in nature. Extrinsic mechanisms, such
as oxygen, water, UV exposure, and mechanical stress can be largely controlled through the
engineering of encapsulation barriers and use of device additives [1-5]. Intrinsic mechanisms
include the effects of heat and light on the device structure and electronic properties, [6-8] which
can only be mitigated by altering the materials or structure of the device itself. In addition, the
device processing, or purity of material, may also introduce oxygen or other defects into the device
structure prior to encapsulation. Understanding the effects of these degradation stimuli is therefore a
critical component of device design, materials selection, and ultimately in the industrial viability of
the technology.

Much of the recent rapid growth in reported OSC device performances has been due to the use of
non-fullerene acceptors (NFAs), instead of the previously common phenyl-Cgozo-butyric acid
methyl ester (PCso70BM) acceptors. While this shift has had clear and dramatic effects on initial
device efficiency, it is less clear what effects on device stability could be expected. While fullerenes
can act as radical scavengers that inhibit the propagation of free radicals forming due to the action
of oxygen and UV radiation, they are also implicated in a number of degradation mechanisms.
However, NFAs are not without their own stability issues. While some NFA-based devices have
been shown to exhibit excellent thermal stability, [9] they are often fabricated using processing

additives that can be detrimental to device lifetime.

As OSCs can be applied in a wide variety of settings and applications, and as multiple different
degradation mechanisms can occur, it is important that their durability is tested using a range of
standardized testing protocols. These were codified in 2011 with the 1SOS protocols. In addition to
promoting comparability between laboratories and industry confidence in research, the 1SOS
protocols can provide different insights into degradation mechanisms depending on which one is
followed. For example, laboratory testing under continuous illumination from a solar simulator is a
very common form of degradation experiment, and while it will be relevant for some degradation
effects, it may miss other degradation mechanisms that arise from cycling the light on and off, as it
happens in an outdoor test. Despite this, the majority of OSC degradation studies reported in the
literature focus on continuous illumination at 1 sun in a laboratory setting — the 1ISOS-L standards.
An example of the importance of having diversity in testing conditions comes from recent

perovskite solar cell research. Partial recovery of performance during a dark rest period (night in an
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outdoor experiment) is a significant effect in perovskite solar cells, [10] and is attributed to either
metastable defect formation or reversible ion migration at grain boundaries in the active layer. [11]
This partial recovery of efficiency is occasionally reported in OSC device studies too, and is either
attributed to p-type doping by adsorbed oxygen, [12]or desorption of O, from electron transport
layers (ETLs) such as ZnO, causing a breakdown in the layer’s diode properties. [13] Neither
explanation appears to have received much further analysis, and dark recovery is not an effect that
is very commonly examined in the OSC degradation literature. For this the carried out work in this
chapter is give more insight on this point. In this part of study, we have compared the degradation
of scalable OSC in an outdoor setting, in accordance with the 1ISOS-O-1 protocol to the similar lab-
scale devices aged in laboratory 1SOS-L-2 conditions, with recovery periods in the dark under full
1 Sun (1 kW m?) illumination and under 0.1 Sun (100 W m™).

In another hand, some of the obtained results will be used to build up an Artificial Neural Network
model (ANN) to predict the behavior of OSC under aging process. In field of OSC prediction, we
have found a limited number of published work. We can cite here the work of Tessarallo et al. [14]
using an easy and fast capacity measurement to predict the thermal stability of OSCs and the work

of Dong et al. [15] introducing the ANN in prediction of solar cells.
IVV.2 Experimental Section

IV.2.1 Sample fabrication
The cells for outdoor testing were prepared entirely by scalable methods, namely R2R sputter and
S2S slot-die coating [16]. The structure of the devices is detailed in Figure 1V.1(a & c).

Figure IV.1:
PEDOT:PSS

degradation experiments and (c)

Active layer

ZnO NPs

PET foil
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MoO;
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ZnO NPs
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active area of 5.4 mm?.
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The samples used for the outdoor degradation experiments were prepared entirely by scalable
fabrication techniques under ambient conditions. 100 nm thick silver electrodes were deposited on a
polyethylene terephthalate (PET) foil (Melinex ST505 - DuPont Teijin Films) using a R2R sputter
coater. These were then coated with a commercial ZnO nanoparticle solution (Genes’ink - H-
SZ01034) via sheet-to-sheet slot-die coating (slot die head height 200 um, speed 12 mms™,
pumping speed 50 pL min™*, temperature 60°C) and annealed in a vacuum oven at 100°C for
10 minutes. This was followed by slot-die coating (Figure IV.1(b & d)) of the active layer
(materials obtained from Brilliant Matters Inc.) from a solution with either a mixture of poly[(5,6-
difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3”’’-di(2-octyldodecyl)-2,2°;5°,2°7;57,2° -
quaterthiophen-5,5""’-diyl)] (PCE11) and pheyl-Cesoro-butyric acid methyl ester (PCgo70BM)
(PCE11:PCBM 1:1.2 m/m, Cg:C70 = 19:1 m/m, 12 mg mL* PCE11 in 2.0% v/v p-anisaldehyde/o-
xylene), or Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-
(5,5-(17,3’-di-2-thienyl-5°,7°-bis(2-ethylhexyl)benzo[1°,2’-c:4,5’-¢’]dithiophene-4,8-dione)]
(PCE12) and  3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (ITIC) (1:1 m/m, 20 mg
mL™ PCE12 in 0.5% v/v diiodooctane/chlorobenzene) [16]. The PCE11:PCBM mixture was
deposited at 60°C with a slot die head height of 350 um, a speed of 12.5 mm s, pumping speed
90 uL min™. The PCE12:ITIC mixture was deposited at 70°C with a slot die head height of
200 pm, a speed of 6.3 mm s, pumping speed 35 pL min*[16]. The PEDOT:PSS electrode was
deposited via sequential slot-die coating of Heraeus Clevios HTL Solar (slot die head height of
200 pm, speed of 7.0 mm s, pumping speed 60 pL min™) and Heraeus Clevios CPP (slot die head
height of 250 um, speed of 7.0 mm s, pumping speed 50 pL min™). The samples were then stuck
to a glass substrate and encapsulated with a glass cover slip and Delo KATIOBOND LP655 UV-

active epoxy which was cured under a UV lamp (365 nm) for 15 minutes.

The samples for the laboratory degradation experiments were fabricated using laboratory-scale
techniques in a glovebox with an inert nitrogen atmosphere (<0.1 ppm O, H,0). ITO-coated glass
substrates (Kintec) were spin-coated with the ZnO NP suspension at 2000 RPM for 60 s then
annealed on a hot plate at 130°C for 15 minutes. The PCE12:ITIC active layer was then spin-coated
from a 1:1 m/m solution (8.5 mg mL* of each PCE12 and ITIC in 0.5% v/v DIO in chlorobenzene)
at 2400 RPM giving an active layer that is 110 nm thick. The MoOj3 hole transport layer (HTL) and
silver electrode were deposited by thermal evaporation (10 nm and 100 nm respectively). Finally,
encapsulation was carried out in the same way as with the outdoor degradation samples. All of the

devices used in this study have active areas of 5.4 mm?.

Page 77



Chapter IV: Degradation and lifetime prediction of lab-scale and scalable non-fullerene OSCs

IVV.2.2 Outdoor degradation experiments

The outdoor degradation studies were carried out in Sgnderborg, Denmark (altitude, 54.913811°N;
longitude, 9.79217 °E; altitude, 24 m). The devices were fixed on the SDU campus roof at an angle
of 30° from morning to evening (10:00 to 16:00 CEST) in accordance with the [SOS-O-1
protocol,[17] and then stored overnight in the dark in a nitrogen-filled glovebox (<0.1 ppm Oy,
H,0). The day/night cycles were continued for five days (with the exception of one interruption on
day 3), following which the samples were transferred to the glovebox where they were stored in the
dark for 13 days. The experiment was conducted between 19 April 2018 and 7 May 2018.

J-V characterization was carried out at the start and end of each period in the light, and then
periodically while the devices were stored in the dark for 13 days. The samples were measured in
the dark and light using a KEITHLEY 2400 source-measurement unit and under an ABET
technologies SUN 3000 Solar Simulator calibrated to a radiation intensity of 20000 W m2.

IVV.2.3 Indoor (laboratory) degradation experiments

The indoor degradation experiments were carried out in accordance with the ISOS-L-2 protocol
[17]. Samples were exposed to a simulated AM1.5G spectrum from an InfinityPV 1SOSun solar
simulator (HMI bulb) for around 6 hours at an elevated temperature of 65°C (either directly
exposed or underneath a neutral density OD1 filter as in the 0.1 Sun experiments). The control
samples were placed under the lamp alongside the aging samples — wrapped in aluminum foil to
prevent radiation exposure but ensure identical thermal conditions through thermal conduction to
the metallic base plate. Following the aging, the samples were stored in darkness for approximately
18 hours before aging was repeated. This cycle was repeated four times before resting the samples
in the dark for 70 hours. The samples were characterized before and after each aging/dark storage
step via IV analysis (using the same procedure as the outdoor samples) and TPV measurements (see

below).

IV.2.4 Transient photovoltage (TPV) measurements

TPV measurements were carried out on the 1 Sun ISOS-L-2 degraded samples using a transient
measurement unit (TMU) from Automatic Research GMBH, with the configuration shown in
Figure 1V.2. TPV lifetime values were determined using customized LabVIEW software by fitting

the following equation to the decay curve via the sum of least squares method:

Voc(t) = Ae‘§ +C (1)
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Where A and C are arbitrary fitting constants, t is the time following the end of the laser pulse, and t

is the TPV lifetime.

White LED 635 nmexcitaton laser
backlight {

\\
N

OPVsample
P Faraday cage +

opfical box

Figure 1V.2. A schematic of the optical component of the TMU apparatus during a TPV lifetime
measurement. Note that the intensity of the LED backlight was varied throughout the experiment to test
different illumination conditions, while the laser pulse intensity and duration were varied to produce a 10 mV
excitation in the OSC device.

1VV.3 Prediction Method

IV.3.1 Prediction with supervised neural network

To predict the electrical properties of OSCs under indoor aging, we have used artificial neural
network. This neural network is based on radial basis function (RBF) (Figure 1V. 3) and contains
an input layer with n units (aging data), a hidden layer with m units (m equal to 5 in our case) and

an output layer with a single node (predicted value of property).

The use of Gaussian function allows its local characteristics to facilitate the training and improve
generalization. The main idea of the RBF networks [18] is that any function f(x) can be

approximated by an interpolation composed by the sum of p core functions:

FO) =X, w; 8(x — &) (2)

output unit

o
hidden units

. input units

Figure 1V.3. A feed-forward network with a single hidden layer and a single
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Where ¢; are the nodes of interpolation for i=1,n and are called centers and w; are the synaptic
weights that interconnect neurons to the output. @ is the core function, it ensures the continuity in
the nodes. Each node in the hidden layer has a radial symmetric response around a node parameter
vector which is called center. The output layer is a linear combiner with connection weights [19].
Giving a set of input and output data (x;, y;)i=1,n,

py(xexp (—3 Tk, “) ©

o

Where c¢;; i=1,nand j=1,m are the RBFG centers,o;; define the width of Gaussians.
The chosen network in our investigation is trained by Random Optimization Method (ROM).

IV.3.1.1 RBFG trained by ROM

The RBFG centers are vectors of n dimensions; they can be selected from the trained data by some
mechanisms cited in [18]. In the training by ROM proposed in this work, the used technique
consists of an arrangement of centers in a regular trellis in order to cover uniformly the data input

space.

The prediction process is based on two main phases: the training and the prediction

IV.3.1.2 Training phase

The used technique to train the ROM network is the FFN Pattern (data adaptive learning). In this
case, the training is done on a set of samples having the form ( y; , y;+1) , Where y; is a property

value corresponding to aging time t;, and y;,, is the predicted value.

IV.3.1.3 Prediction phase

In order to predict a future value y;,, of a set of measured data y;, i=1,n, the algorithm will be
trained on a set of samples having form (y;,¥;+1) i=1n-1. After this training, the weights of the
network are updated so that when the network receives the value y;, its response will be y;,, .
Then, a new set of data is obtained with n+ 1 value. The training is repeated from the beginning in
order to predict the value y;,, , the new set of data will contain n+2 values, and this procedure is
repeated until the prediction of the property for the entire required aging interval. In order to
improve the prediction quality, after each future value prediction (n+1), the first value (1) is omitted

from the set of data. In this way, the network is trained by the same number of input data.
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1VV.4 Results & discussion

1V.4.1 Outdoor aging studies

The results from the outdoor degradation experiments for the slot-die coated devices are shown in
Figure IV.4. It is evident that both the PCE12:1TIC and PCE11:PCBM devices (Figure 1V.1.(a))
experience degrees of recovery in performance when stored in the dark, but that this is more
significant in the NFA based devices than in the PCBM based devices. The PCE11:PCBM devices
also experience a significant degree of irreversible degradation throughout the duration of the
experiment — the efficiency having dropped to 40% of its starting value by the end of the
experiment with little recovery in the dark. While the PCE11:PCBM devices also use a different
donor than the PCE12:1TIC devices, this behavior is most consistent with the early burn-in behavior
of fullerene-containing devices that has been previously reported, [3,20,21,22] although the
mechanisms behind it have not been studied further in this work. The irreversible efficiency loss is
driven by short-circuit current density (Jsc) and fill factor (FF) loss (Figure (b,d)), which could be
a consequence of photo-induced fullerene dimerization, as previously reported by Heumueller et al.
noted [21]. Also singlet-oxygen based degradation has recently been pointed on for specific PCBM
based systems [1-3].
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Figure 1V.4. The variation of normalised PCE (a), Jsc (b), Voc (¢), and FF (d) as a function of time in the
outdoor aging study of the PCE12:ITIC (blue squares) and PCE11:PCBM (red circles) OPV devices. Note that
the dark shaded areas represent periods of the experiment when the devices were rested in the dark in an inert
atmosphere and the liaht/vellow areas represent periods when the devices were aaed under natural sunliaht.
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The most notable result of the outdoor testing is the presence of reversible degradation, i.e.
degradation occurs when the device is illuminated, but after storing the device in the dark, the
efficiency recovers. This effect appears to be primarily driven by Voc and (to a lesser extent) Jsc
(Figure (c,b)). While “dark recovery” is exhibited by both the NFA and PCBM based devices, it
has a much stronger effect in the PCE12:ITIC devices due to the presence of an irreversible

component of the degradation in the PCBM devices.

Degradation-recovery cycles are a well-documented phenomenon in perovskite solar cells [10,11].
The reversibility comes as a result of metastable defect formation and/or space-charge formation
from mobile ions that move along grain boundaries in the active layer [11]. As this is a
phenomenon that arises from mass-transport, once the photovoltage is removed, the mobile ions can
return to their steady-state positions [11]. While an interesting parallel, this mechanism cannot
explain the phenomenon observed in this study, as the morphology of the bulk heterojunction active
layer of an OSC device would normally preclude the sort of long range mass transport on the
timescales required for this dark recovery. There are some examples in the scientific literature of
reversible degradation mechanisms in OSC devices, coming from studies carried on poly(3-
hexylthiophene) (P3HT)-containing devices. Seemann et al. studied the effects of oxygen exposure
on the performance of inverted devices [12]. They document that while there is a strong
photooxidation effect, which is irreversible, there is also a reversible component of this degradation.
They propose that this reversible component comes from p-doping of the active layer by absorbed
oxygen, and that this effect can be reversed by heating the device in a nitrogen atmosphere [12].
This mechanism has also been documented by a number of other groups [23-27]. While the devices
in this study were not heated, the recovery also takes place on a much longer timescale — consistent
with the Kinetics of an adsorption-desorption process. It should be noted as well that the devices in
this study were fabricated in air before being encapsulated, whereas the devices in the study from
Seemann et al. were exposed to oxygen throughout the aging process. Therefore the thermodynamic
driving forces would be expected to be different in each case [12]. It is thus possible that the
recovery behavior in this experiment arises from the absorption/desorption of oxygen that was

trapped in the device during encapsulation.

Another possibility comes in a study from the groups of E. Katz and F. Krebs which worked with a
similar device structure to Seemann et al. (inverted architecture, P3HT:PCgBM active layer with a
PEDOT:PSS HTL and a ZnO ETL), but instead were studying the effect of concentrated sunlight
on the degradation behavior [13]. From their studies it is concluded that reversibility of the

degradation is not necessarily an active layer mechanism, but can arise from a breakdown of the
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diode character of the ZnO ETL, due to shunting effects, that is in fact also correlated with oxygen
adsorption/desorption processes at the interface [13,28,29]. The devices used in their studies were
fabricated using similar scalable techniques to those used in this study [13], making it a relevant
comparison. This mechanism could explain the results seen in this study, as both the NFA and
PCBM-containing devices have ZnO as an ETL, however, such asymmetry in charge extraction
would be expected to have a larger effect on FF [30] than is currently seen. For now, the exact

origin of the recovery mechanism observed in this study remains unclear.

IV.4.2 Indoor aging studies

Indoor aging studies were carried out in a typically employed laboratory setting using lab-scale
device fabrication techniques and characterization under a solar simulator, i.e. ISOS-L conditions
(specifically 1ISOS-L-2). In this case, two groups of PCE12:ITIC samples with the structure shown
in Figure 1V.1(c) were studied. One group was undergoing the same aging-recovering cycles as the
outdoor samples (illuminated at 1 Sun), and the other group (control samples), were placed in
identical conditions but shielded from radiation when under the solar simulator, so that they have

similar temperature conditions.

From Figure 1V.5.(a) (blue curves) it is immediately obvious that the degradation behavior of the
PCE12:ITIC devices is completely different when tested in 1ISOS-L-2 conditions as compared to
ISOS-0O-1 conditions. Unlike in the outdoor experiments where the samples show strong recovery
behavior in the dark, and exhibit no irreversible degradation, the degradation under the solar
simulator is entirely irreversible, even with the same dark periods included. This degradation is
predominantly FF-driven, with only minor contributions from Voc and Jsc (Figure 1V.5.(b)). Such
a difference in degradation behavior must arise from the different sample geometry, the different
stability experiment conditions, or both. The key differences in device structure (Figure IV.1 (a &
c)) are top vs. bottom illumination of the device, and the materials used at the hole extraction
interface. With respect to the degradation conditions, the main difference is the radiation intensity

and the associated temperature difference during the illuminated periods.
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Figure 1V.5. Results from the indoor ISOS-L-2 aging studies of the spin-coated PCE12:ITIC devices. In (3)
the variation of PCE of the aged (solid circles, solid lines) and control devices (hollow circles with dashed
lines) with time for the 1 Sun (blue) and 0.1 Sun (red) samples are shown. In (b) the normalised variation in
the PV parameters PCE (solid, blue, circles), Jsc (dashed, purple, squares), Voc (dashed, green, diamonds)
and FF (dashed, red, triangles) of the 1 Sun aged samples with time are shown. In both plots the light/yellow
shaded regions represent time that the samples were under the solar simulator (shaded in the case of the
control samples) and the dark/grey shaded regions represent time that the samples were kept in the dark, to
simulate the outdoor experiments’ day/night cycles. In (c) and (d) the variation of normalised PCE and
normalised FF (respectively) of the aged devices with cumulative energy exposure are shown for the
samples aged at 1 Sun (blue circles) and at 0.1 Sun (red circles) All uncertainities represent one standard
deviation across 6-8 devices.

In order to determine whether the sample architecture or light intensity were primarily responsible
for the difference in degradation behavior, an additional indoor degradation experiment was carried
out. The same experimental conditions were used with identical samples, but this time they were
shielded with an OD1 neutral density filter, so that the radiation they received while illuminated
(0.1 Sun) was similar to the levels absorbed in the outdoor experiments. The results of this
experiment are shown in red in Figure 1V.5.(a). It is evident from the degradation behavior of these
samples that the recovery effect is not present when the light intensity is reduced, and that the main
difference causing recovery is the sample architecture, and not the testing conditions. Moreover,

when the degradation data from the aged samples of the 1 Sun and 0.1 Sun experiments are plotted
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as a function of cumulative energy exposure (Figure 1V.5. (c)), it is evident that the degradation in
the 0.1 Sun experiment is following the same trend as the 1 Sun experiment, suggesting that the
same underlying mechanisms are operating, simply at one tenth of the rate. This is further
reinforced when fill factor is plotted as a function of cumulative energy exposure, Figure 1V.5. (d)
shows that both experiments follow the same trend. It can be concluded from this that the
dominating irreversible degradation mechanism in the 1ISOS-L-2 experiment that causes fill factor
loss is photo-induced, depends linearly on light exposure, and is specific to the device design used
for the indoor experiments (Figure 1V.1(a & c)).

While discerning the precise mechanistic differences in the degradation mechanisms of the different
architecture samples for the indoor and outdoor experiments goes beyond the scope of this work, it
is possible to eliminate a few possibilities and speculate based on what remains. FF-driven
degradation resulting from the use of silver and MoOs at the hole extraction interface of inverted
OPV devices has been previously reported on, typically attributed to thermally-induced diffusion of
electrode materials into the active layer [6,7,31,32]. It is unlikely that this is the origin of the
irreversible degradation in the indoor samples as the control samples (which experienced the same
temperature conditions as the aged samples in the indoor experiment) show minimal signs of
degradation (Figure 1V.5. (a)), the FF loss occurs at a proportional rate to the illumination intensity
(Figure 1V.5. (d)), and this type of degradation usually has a Voc component too [31]. Given the
lack of recovery in the 0.1 Sun indoor experiment, it is likely that the difference in degradation
behavior between the indoor and outdoor experiments stems from the different device architectures
used. One possibility is that the top-illuminated architecture of the outdoor samples
(PET/PEDOT:PSS and glass/ITO have different transmission spectra [33]) suppresses a mechanism
that would otherwise dominate the degradation of the device. Another is that the presence of MoO3
as an HTL results in a chemical interaction with the active layer that is otherwise absent when
PEDOT:PSS is used at the top contact. This could be photo-induced cleavage of functional groups
in the active layer to form bulk charge traps that increase monomolecular recombination, and
thereby decrease FF, or cause morphological changes to the polymer that change the asymmetry of

charge carrier mobility in the active layer. [30,34-36]

Any mechanistic explanation of the decline in FF must both satisfy the observed pseudo-
exponential nature of the decline with time, and the apparent linear dependence of the rate of loss
on the illumination intensity. This eliminates many typical origins of FF loss that give rise to
asymmetric charge extraction, such as energy level misalignment or charge-carrier mobility

changes [30,37,38] as these mechanisms would not be expected to have such linearity. FF-driven,
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rapid efficiency loss in photo-degraded MoOs-containing devices is also something that has been
previously observed in this laboratory, most recently by Ahmadpour et al., [39,40] demonstrating
that thermally deposited MoOs, in contrast to sputtered MoOs, (also in standard device
architectures) can lead to accelerated device degradation resulting from chemical degradation at that
interface. While the origin of this effect remains unclear, it could be similar to the irreversible
degradation mechanisms observed in this work for the laboratory-scale cells, and thus also explain
the difference in behavior of the different cell architectures used in the indoor and outdoor

experiments.

IV.4.3 Transient photovoltage (TPV) measurements

In order to gain further information on the origin of the irreversible degradation in the 1 Sun
laboratory aging experiment, TPV measurements were carried out throughout the 1 Sun ISOS-L-2
experiment. The TPV results are shown in Figurre 1V.6 and the experimental apparatus is shown in
Figure 1V.2. Note that the laser was calibrated to give a AVoc of approximately 10 mV. An
increase in the rate with which TPV lifetime drops with increasing backlight is consistent with an
increase in the charge trap density near the interlayer-active layer interfaces [41]. This is because
empty interfacial charge traps increase the TPV lifetime of laser pulse-generated free charges in the
device. Since the device is in open circuit conditions and no charges are extracted, free charges are
quickly captured by charge traps near the interfaces, which again take time to empty once the pulse
is switched off. The higher the charge traps density near the interfaces, the longer the TPV lifetime.
If the backlight is used, a portion of those traps are filled by charge carriers generated by the
backlight, resulting in fewer trapped charge carriers originating from the laser pulse, and thus faster
recombination when the pulse is switched off. The more traps there are, the more backlight is

required to fill them to decrease the TPV lifetime from the laser pulse.

Figure IV.6.
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In Figure 1V.6, the TPV lifetime of the unaged device drops quickly with increasing backlight.
This indicates relatively low trap density in the pristine devices, which is to be expected. Charge
traps (monomolecular recombination) are typically thought to play a lesser role in non-geminate
charge carrier recombination in organic semiconductors — which is typically dominated by
bimolecular recombination from free charge carriers, so an efficient OSC device would be expected
to have low charge trap densities at the on-set of degradation [34,42,43]. However, as the
experiment progresses, the amount of backlight required to decrease TPV lifetime increases, in a
similar fashion to the apparently exponential drop in FF occurring simultaneously (Figure
IV.5.(b)). This is consistent with an increase in charge trap density near the interfaces as the
experiment progresses. These traps could potentially come from impurities like cleaved side chains
or processing additives [44,36,45-46], changes in the crystallinity/morphology of the donor or
acceptor domains [47],or even changes in the polymer chain length [48,49]. Any or all of these are
possible, although the latter would be expected to have a stronger effect on Jsc [50]. It should also
be noted that other processes than interfacial trapping can give rise to these changes in the TPV
lifetime — this is simply the most consistent with the trends in OSC statistics with device aging [51-
53].

IV.4.4 Comparison of results from the indoor and outdoor tests and the role of the ISOS
protocols

It is from the results evident that the same active layer can exhibit different degradation profiles
when the device architecture and testing regime are altered. This is an important consideration with
respect to the scale-up and commercialization of OSC technology. The vast majority of OSC
degradation studies are carried out in very controlled 1SOS-L-1 or L-2 conditions, using similar
small-scale fabrication techniques and device architectures to the samples used in the indoor portion
of this study. While these studies can be a useful way to study degradation mechanisms in devices
with novel active layer materials, the results of this work show that they may not relate to the
outdoor stability of these materials when employed in a scalable device design — which is more
relevant to the eventual application of any commercialized product. A poor-performing material in
an 1SOS-L small-scale stability assessment may, in fact, perform well in an ISOS-O study at
commercial-scale, as demonstrated here. This shows that OSC degradation studies that only use an
ISOS-L protocol and laboratory-scale devices should not be used to eliminate potential candidates
for materials for up-scaling/commercialization research. Such determinations can only be made via
outdoor degradation experiments, carried out on devices fabricated with scalable architectures via

scalable technigues, in addition to any other stability tests relevant for the application or industrial
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processing conditions (e.g. thermal aging). This is not to say that an 1ISOS-O-1 study is inherently
more useful than an 1SOS-L-1 study, or that laboratory scale architectures are less useful than
commercial-scale ones, simply that the results of each must be taken in the relevant context of the
testing conditions and care must be taken before extrapolating to different degradation conditions
and device architectures or forming general conclusions about particular materials’ stability.
Furthermore, correct application of a diverse range of 1ISOS protocols can reveal novel degradation
behavior that generates opportunities for further research, as was the case with the dark recovery

mechanism observed in the outdoor experiment in this study.

V.5 Results of predication using ANN

In our application we have proposed RBFG neural network trained with Rondom Optimization
Method (ROM) to predict the different parameters of organic solar cell and compared between their
results. The purpose of the prediction task is to predict the effect of aging time on the electrical
characteristics for two kinds of OSCs. The first type uses zinc oxide (ZnO) as active layer and the
second use the titanium oxide (TiOx) as active layer. The presented characteristics in Figure 1V.7
show the prediction of TiOx aged under ISOS-L-1 protocol up to 150 hours. Different electrical
characteristics have been used as: PCE, Vo, FF, Js, Rs and Rsh. Also, Figure 1V.8 shows the results
concerning the OSC based ZnO. The used RBFG model with two parameters first one is input: the
value of aging time and the second it is the target (electrical parameters). From Figures 1V.7 and
IV.8 the predicted values of electrical properties are in good agreement with the experimental
values for all the studied characteristics.

The precision of prediction can be assessed by many statistical parameters such as Root Mean
Square Error RMSE, Mean Absolute Relative Error (MARE) and determination coefficient R2. The

above parameters are given in equations (4) and (5):

RMSE= \/%Z{;l(At — F,)? (4)

At—Fe

MARE = ~%1, x 100 (5)

Where A is the actual value and F; is the forecast value.
The obtained statistical parameters are listed in the Table V.1 below.

Table 1V.1 RBFG statistical parameters for the all cases

ZnO aged Tiox aged
PCE Voc FF Jc¢ Rs Rsh PCE Voc FF Jsc Rs Rsh
MARE 253 104 08 041 0.81 88 1.2 13 1.5 1 14 32
RMSE 0.53 0.042 0.002 0.2 2.08 0.01 0.03 0.045 0.036 0.072 196 1.39
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1VV.6 Conclusion

This study has examined the difference in aging behavior of solar cells containing the high-
efficiency polymer-NFA blend PCE12:ITIC when aged in a laboratory setting with small-scale
device architecture, and in an outdoor setting with scalable device architecture. It was observed that
in an outdoor setting, devices exhibited dark-recovery behavior and very little irreversible
degradation — previously unreported behavior for this system that was not seen in PCE11:PCBM
devices that were fabricated and investigated in the same settings. In contrast, small-scale spin
coated PCE12:ITIC devices, when aged in a laboratory setting, exhibited rapid and completely
irreversible degradation. This irreversible degradation was fill-factor-driven and showed linear
dependency on light intensity. This is most likely due to the different device architectures used in
laboratory-scale devices, compared to scalable devices. These results emphasize the risk in drawing
general conclusions about the stability of active layer materials from laboratory scale devices and
degradation studies, and the importance of using a diverse range of testing conditions and 1ISOS

protocols in making such determinations.

In part of prediction we have used RBFG neural network trained with Random Optimization
Method (ROM) to predict the electrical properties of OSCs. The quality of prediction was evaluated
by many statistical parameters like RMSE and MARE and the obtained values pointed out that the
used model give a good accuracy of prediction and can be used to predict a future state of the OSC
device without undergoing the aging process experiments. This aspect of prediction leads to gain

money and time.
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The interest of this study is the degradation and stability of organic solar cells under different
climatic conditions, with take on consideration the different consensus stability testing protocols
ISOS for organic photovoltaic materials. Furthermore, the lifetime prediction of organic solar cells
using the Intelligence artificial was investigated.

The carried out research work is divided into two parts
First part

In this part we have investigated the QUV weathering test on the OSCs to simulate the effect of
cyclic aging caused by the simultaneous appearance of different atmospheric conditions applied on
the OSCs device. This cyclic aging applies different protocols ISOS simultaneously. The recovery
phenomenon caused by the effect of dark/light exposure of OSCs was also investigated in this part
by applying the outdoor ISOS-O-1 protocol. Many characteristics were used to study the
degradation mechanisms of the OSCs under our QUV aging protocol such as the electrical
properties (J-V characteristic, PCE, V., FF, Ji) and the optical properties (UV-VIS and PL

measurement).

The results achieved in this part highlight that in the indoor test using the QUV tester we have

observed that:

e The studied OSCs characteristics decrease with aging time for different aging conditions.
The degradation is done in two steps : first step is done in the first 15 cycles of aging (360 h)
and characterized by a fast degradation rate and the second steps (30 cycles of aging)
represents the stabilization phase and characterized with the slow degradation rate, which is
in agreement with the earlier finding in the literature.

e From the obtained results, it is highlighted that PCE evolution can be approximated by the
sum of two decaying exponentials with time constants 71 and 7, having the same values. The
deduced values show that environment conditions can have the same predominant
degradation mechanism. Furthermore, Jsc has been fitted with linear model and degradation
constant has been calculated for each aging step.

e After 360 h of aging under the carried out protocol, the OSCs lose more than 60%, and even
more than 80% for some properties like PCE, of their initial performances. This result

shows that the carried out protocol presents harsh aging conditions.
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e The carried out cyclic aging process in the QUV chamber can be considered very harsh
combining different protocols similar to commonly used ISOS protocols in the same time.
In one cycle of aging, the samples were performed to a protocol similar to 1SOS-L-2 (UV
radiation (light), temperature and ambient humidity), followed by one similar to 1SOS-D-3
(temperature and controlled humidity) and finally to the last one similar to 1SOS-D-2
(temperature less than 1ISOS-D-3, ambient humidity).

e The formation of bubble defects was observed and their concentration and size increase with
aging time. The probable cause of these bubbles is the expansion or contraction of gasses

with exposure to the light and high temperature cycling.

For the outdoor test, partial recovery of performance during the dark is well observed in some
studied properties and confirmed the existence of this phenomenon in OSCs as observed and
confirmed in the case of the perovskite solar cells.

Second part

This investigation utilized small organic solar cells (Nano) for understand the behavior the
aged of lab-scale and scalable non-fullerene (NFA) blend PCE12:1TIC OSCs in a laboratory and in
an outdoor test with apply the 1SOS protocols.

The results of this investigation using the NFA blend PCE12:ITIC have proved that there is a
recovery in an outdoor test, when the OSC device is working under real outdoor setting, In other
hand the PCE11:PCBM devices that were fabricated in the same settings show after the

investigation a poor recovery reaction and very little irreversible degradation.

In the laboratory aged the small-scale spin coated PCE12:ITIC devices, it is showen that the

OSCs device exhibits rapid and completely irreversible degradation.
ANN prediction part

Finally, the lifetime of samples having TiOx and ZnO as active layers after aging has been
predicted using artificial neural network based on RBFG function and trained with Random
Optimization Method (ROM). The preidected properties are PCE, Voc, Jsc, FF, Rs and Rsh. The
results of prediction show a very good quality of fit with the experimental data, and it was
confirmed these results using the Root Mean Square Error (RMSE) and Mean Absolute Relative

Error (MARE). ANN can be considered a very helpful and power tool that leads to predict the
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future behavior of the OSCs without carrying experimental tests which helps to gain more time and

money.
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