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Abstract 

Organic solar cells (OSCs) have recently been one of the promising photovoltaic (PV) 

technologies with numerous advantages, including reasonable power conversion efficiencies 

(PCEs), bandgap tunability, easy processability, low cost, and flexibility. On the other hand, 

perovskite solar cells (PSCs) have surprisingly emerged as highly efficient solar cells due to 

their unprecedented rise in PCE within the last decade. Nonetheless, extrinsic instability due 

to moisture and oxygen remains one of the serious problems preventing the 

commercialization of these devices. Encapsulation has been suggested as one of the most 

attractive techniques to enhance external stability. Despite their differences in terms of charge 

generation, OSCs and PSCs share similar materials processing, therefore, standard strategies 

have been developed for both of them. Herein, we aimed to design stable OSCs and PSCs 

using three encapsulation materials, namely Norland optical adhesive 65 (NOA 65), NOA 

71, and Ossila encapsulation epoxy (OEE). The PV parameters, such as PCE, short-circuit 

current density (Jsc), open-circuit voltage (Voc), and fill factor (FF), were monitored for 20 

days after encapsulation. Our results reveal the effect of using encapsulants on device 

stability. OEE had the highest performance retention of 93% and 86% in OSC and PSC, 

respectively, and was attributed to the trade-offs between a combination of indicators, 

especially water vapor transmission rate (WVTR), oxygen transmission rate (OTR), 

adhesion, optical performance, and refractive index. NOA 71 was second, retaining 91% and 

80%, in OSC and PSC, respectively, while NOA 65 came third, retaining 87% and 78% in 

OSC and PSC, respectively. However, the OEE’s higher cost may potentially increase the 

overall device production costs. Therefore, future studies could assess the economics and 
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include more encapsulation materials to conclusively identify the adhesive(s) that optimizes 

both device cell efficiency, durability, and cost.   
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1. Introduction 

1.1. Sustainable energy as a challenge 

In the past few decades, innumerable challenges have confronted the world, and the 

need to address the ever-increasing global energy consumption and demand has been at the 

forefront, with forecasts indicating that the demand will grow by nearly 50% by 2050 [1, 2]. 

The growing population coupled with increased energy access and dramatic economic 

development of the emerging and developing countries around the world will drive this 

demand. Primarily, this will be accelerated by the rapid growth in device sophistication and 

quality that would lead to an extremely high average consumption per device in the years to 

come.  

In addition, fossil fuels, including natural gas and oil, whose reserves have been 

reported to considerably decline by the 2040s, still dominate the vast majority of today’s 

energy supply and provide ∼80% of the world’s energy consumption [3]. Overcoming our 

dependence on fossil fuels has been speculated to be a great obstacle [4]. As shown in Figure 

1, the global warming threat caused by carbon emissions from sources like coal and oil is no 

longer refutable. Its impacts are rife in most countries. For instance, in Mexico, global 

warming is anticipated to have widespread effects on the country, with considerable 

temperature increases and precipitation reductions [5]. This will negatively impact its 

biodiversity, citizens, and economy [5]. Similar situations have been constantly witnessed in 

the rest of the world, such as the UK where temperatures have constantly soared above 30 

°C, Portugal where higher than normal temperatures (40 °C) have been recorded, as well as 

the USA and Greece where wildfires have continually occurred. Although nuclear energy 
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was previously suggested as the alternative, recent works have shown nuclear power plants 

are vulnerable when it comes to radioactive waste management and safety [4].  

Scientists have undoubtedly established that the recent prolonged extreme weather 

changes, such as increases in the average ocean and air temperatures, permeating melting of 

ice and snow and rising sea levels, as well as observed temperature increases from the mid-

20th century, are as a result of climate change caused by human activities like fossil fuel 

burning [6]. The earth’s warming is already depicting some of the quantifiable effects, and 

in the future, we can only anticipate more costly and wide-ranging impacts. Indeed, persistent 

and sustained greenhouse gas emissions at or beyond the present levels would further 

increase global temperatures and cause numerous other climatic changes during this century 

[6]. To combat these looming adversities, mounting evidence focused on climate change and 

carbon emission has emphasized the need to urgently transform our current energy sources 

to renewable alternatives and other more environment-friendly sources. Accordingly, 

harnessing and maximizing clean energy production using renewable energy sources, namely 

solar, biomass, geothermal, hydro, wind, and tidal waves, has been strongly suggested to be 

promising in addressing both the increasing energy demand for the growing population and 

today’s climate change problems. Despite the potential of renewable energy resources, their 

current total global share is about 26%, with an expected share of approximately 40% by 

2040 [7]. From this prediction, solar energy has been reported to play an integral part. 
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Figure 1. Global warming is due to carbon emissions and their effects on different aspects 

[5, 6]. 

 

1.2. Solar energy 

The sun represents one of the major sources from which humans have attempted to 

produce energy over the centuries. While the sun is ∼150 million kilometers away from earth, 

it constitutes a major source. In addition to the fact that it is inexhaustible, solar energy is 

easily accessible and clean. Only a small fraction of the sun’s energy (1.2×1017 Js-1) reaches 

the earth despite the enormous amount of energy it generates (8×1026 Js-1) [8]. Surprisingly, 

this small fraction has great potential, as it would be greater than the total world’s present 

electricity production capacity even if 0.1% of it could be transformed at 10% efficiency [9]. 

Figure 2 illustrates solar energy and its potential PV performance. 
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Figure 2. The potential of solar energy in energy conversion [8, 9]. 

 

As previously mentioned, the ever-increasing global energy demand has compelled 

researchers to continually develop and manufacture new generation and storage equipment. 

Photovoltaic (PV) devices represent an attractive technology capable of meeting some of the 

demands through the direct conversion of sunlight into electric power without emitting 

greenhouse gas (GHG). The PV effect was first observed in 1839 by Alexandre-Edmond 

Becquerel in an electrolyte solution, and in 1954 [10], Bell Labs revolutionized the industry 

by ushering in and developing the contemporary era of solid-state solar cells [10]. Since then, 

this technology has made profound efforts and inroads into becoming one of the most 

distinguished energy-harvesting techniques. Indeed, researchers have devoted themselves to 

its development. However, the technology’s energy share has largely remained low. 

According to the International Energy Agency (IEA), PV share in global electricity 
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production currently accounts for only 3% [11].  In the short term, this limitation has been 

caused by the more costly nature of the common and commercially available silicon cells 

(Si-cells) than fossil fuels. Nonetheless, in the past few years, technological developments 

have dramatically reduced the cost of solar cell systems. Indeed, they have impressively 

grown and are expected to substantially exceed this limitation by 2040 to reach over 20% 

[12], as more efficient and less expensive PV technologies are aggressively being developed 

and improved. Although Si-cells is the most advanced, widely understood, dominant 

technology in the market (over 90%), and have reached a certified efficiency of over 25%, 

these devices have been associated with the high cost and this efficiency has been reported 

to be relatively low [12]. As such, to enhance competitiveness in this field, further research 

and development have been key. This research has led to the emergence and development of 

different PV technologies in recent decades. Our thesis pays attention to the understanding 

and development of two of these recent technologies, namely organic solar cells (OSCs) and 

perovskite solar cells (PSCs). Despite their potential to overcome the disadvantages and 

replace Si-cells highlighted above, they have been faced with stability problems. 

Accordingly, device encapsulation has been suggested as a technique to address this issue. 

1.3. Purposes of this thesis 

This work aims at improving the device stability and lifetime and understanding the 

impact that different encapsulation materials have on the aging rate of PSCs and OSCs.  It 

extends the previous work by García-Encina in our Group of Optical Properties of Materials 

(GPOM) that focused only on OSCs and used Norland optical adhesives (NOAs) [13] by also 

investigating PSCs and incorporating an additional adhesive known as the Ossila 

encapsulation epoxy (OEE). Two NOA adhesives that provided the best encapsulation 
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performance in García-Encina’s study, namely NOA 65 (a clear, colorless, liquid 

photopolymer) and NOA 71 (an optically clear, liquid adhesive).  

The specific objectives in this thesis include:  

 To fabricate inverted PSCs and standard BHJ OSCs. 

 To characterize the prepared devices by J-V measurements and atomic force 

microscopy technique (AFM) for electrical and morphological characterization. 

 To encapsulate PSCs and OSCs using three different adhesives, namely NOA 65, 

NOA 71, and OEE.  

 To study the performance variation of different encapsulated cells with time. 

 To identify the encapsulation material(s) that provides the best performance 

stability. 

 To characterize the encapsulation materials using UV-Vis spectroscopy to evaluate 

their optical performance. 
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2. Theoretical background 

This section introduces the current density-voltage characterization as well as the 

electronic and optical properties of organic and perovskite semiconductors. It reviews the 

devices’ evolution, mechanism of operation, intrinsic properties, structures and architecture, 

and degradation mechanisms in turn. Finally, it discusses the state of the art of encapsulation 

in these solar cell technologies.  

2.1. Current density-voltage (J-V) characterization  

One of the vital characterization techniques used to describe device performance is 

that based on the J-V curves. The curves can be represented under either be illumination or 

not. When a solar cell photoactive layer absorbs photons under illumination, charge carriers 

are generated for extraction by corresponding electrodes due to the built-in electric field. This 

then creates a current in the external circuit. In the dark, both PSCs and OSCs display the 

behavior of a p-n junction diode, permitting the passage of electric current through the device 

upon application of some forward bias at the voltage for which the diode opens. The current 

passing through the device needs to be at its lowest when the applied forward or reverse bias 

is sufficiently close to the threshold voltage. Figure 3 shows the typical J-V characteristics of 

a solar cell with and/or without illumination. From this figure, a wide range of parameters 

detailing solar cell performance, including open-circuit voltage (Voc), short-circuit current 

density (Jsc), maximal power point (MPP), fill factor (FF), and power conversion efficiency 

(PCE), can be extracted and are detailed in the paragraphs that follow.  
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Figure 3. Typical J-V plots of solar cells under illumination (black) and in the dark (red). A 

solar simulator provided illumination. The key parameters are also shown in the curve [14]. 

 

Open circuit voltage (Voc) refers to the voltage at which no current flows through 

the device under illumination. Differently from single junction inorganic cells where Voc 

depends on the absorbing semiconductor bandgap, Voc in bulk heterojunction (BHJ) OSCs is 

primarily determined by the energy difference between HUMO-LUMO offset at the device’s 

donor-acceptor (D-A) interface [14]. Furthermore, the electrode nature and morphology and 

D-A blend morphology can cause slight variation between the experimental and theoretical 

values of this parameter [14]. Indeed, as effective charge separation processes lead to severe 

quenching of excited states at the interface of D-A, carrier losses result from non-radiative 

rather than radiative recombination pathways [14]. In PSCs, bandgap tuning and the ratio of 

charge carrier mobilities have a great impact on this parameter [14].   
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Short circuit current density (Jsc) can be defined as the current per unit area through 

the device under illumination when there is no external applied bias or when the voltage 

across it is zero (V=0). In OSCs and PSCs, this parameter essentially relies upon the donor 

material's light absorption, exciton/carrier generation, as well as exciton/carrier diffusion that 

depends on a particular material's diffusion length. It also depends on carrier mobility, which 

is determined by the active layer morphology and conductivity. 

Maximal power point (MPP), as the name suggests, is the point at which the solar 

cell gives maximal power. Fill factor (FF) is the ratio of MPP and the ideal/theoretical 

maximum power obtainable (Jsc. Voc) and is determined using Equation 1: 

𝐹𝐹 =
𝐽𝑚𝑝𝑝.  𝑉𝑚𝑝𝑝

𝐽𝑠𝑐.𝑉𝑜𝑐
 =

𝑀𝑃𝑃

𝐽𝑠𝑐.𝑉𝑜𝑐 .
                                                                        1 

Where Jmpp and Vmpp are current density and voltage at MPP. Thus, FF indicates the 

PV cell quality and ranges from 0.75-0.80 [14]. It depicts the device J-V behavior deviation 

from ideality. Ideally, solar cells are modeled by a current source in parallel with a diode; 

however, no solar cells are practically ideal and components, including electrical resistances 

(shunt resistance (Rsh) and series resistance (Rs)) and ideality factor (n), are added to the 

model, remarkably affecting J-V behaviors deviations [14]. For example, lower Rsh and 

higher Rs reduce FF, thus lowering efficiencies. To improve efficiencies and thus lower Rs, 

it is important to accurately choose and process electrodes and buffer layers. Conversely, 

improving the active film morphology and controlling and tuning kinetics and energetics 

encompassing charge separation is crucial to minimizing shunt currents or increasing Rsh. 

Reinforcing these strategies can significantly optimize FF and efficiency in OSCs and PSCs.   
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Power conversion efficiency (PCE) is the ratio of the cell’s electrical output power 

density at its maximum power point (Pm, in Wm-2) to incident light irradiance (PL, in Wm-2), 

as Eq. 2 presents: 

𝑃𝐶𝐸 =
𝑃𝑚

𝑃𝐿
=

𝑉𝑜𝑐.𝐽𝑠𝑐.𝐹𝐹

𝑃𝐿
                                                             2 

For any particular PV cell, the conventional PCE is the efficiency measured under 

standard illumination conditions (incident radiation PL = 100 mWcm-2 and AM1.5 spectral 

shape) and temperature (25 °C) [14]. From the above equation, it is clear that efficiency is 

directly affected by factors, such as Voc, Jsc, and FF. In addition, the area utilized for current 

density calculation can potentially influence PCE, and it ought to incorporate inactive areas 

that are fundamental to the device, including interconnects and grids, during efficiency 

calculation involving large areas. To contextualize the focus of this thesis, OSCs and PSCs 

are reviewed. 

2.2. Organic solar cells (OSCs) 

An OSC device is a type of next-generation or emerging solar cell in which an organic 

semiconductor – either small molecules or polymers – is the absorbing layer. The absorber 

layer is often sandwiched between the top low-work-function top electrode (cathode) and 

high-work-function anode. Normally, a hole transport layer (HTL) and an electron transport 

layer (ETL) are the interfacial layers and are placed between the anode and top electrode to 

enhance stability and performance. The detailed description of OSCs is described in the 

upcoming subsections. 

2.2.1. Evolution of OSCs 

OSCs trace their history back to 1906 when Pochettino observed photoconductivity 

in organic semiconductor materials, but numerous works were witnessed from 1970-1980 
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[15], where efficiency improvement from 10-5-1% was reported. The achieved low 

efficiencies were due to low charge carrier mobility and concentration. However, two 

developments in the organic semiconductor field led to this efficiency improvement [15]. 

Firstly, the PV devices were applied with heterojunction, where high and fast quantum 

efficiency (QE) of electron transfer from excited polymers to acceptor C60 facilitated charge 

carrier separation. Secondly, the development of low-cost and efficient organic light-emitting 

diodes (OLEDs) enabled OSC testing and realization. 

Fast-forward in 2001, an efficiency of up to 2.5% was reported [16], and seven years 

later, Kim, et al. reached an efficiency of 3.6% with CuPc/C60 bi-layer cell. Later, researchers 

used optimized structures and announced over 5% efficiency. In 2012, He, et al. found 

efficiencies as high as 9.2% with inverted structures for single-junction solar cells using 

PTB7/PC71BM as the active layer material [17]. Tandem solar cells constituting multiple 

active layers with various bandgaps have been used as well to realize even higher OSCs 

efficiencies. Currently, certified efficiencies of 19% and 18.4% have been recorded for 

ternary and binary OSCs [18, 19], respectively.      

High-performance small molecule donors/absorbers marked an outstanding OSC 

development. In the last decade, the field has been controlled by conjugated polymers. 

However, concerns linked to polymer synthesis, including batch-to-batch variation in 

performance, have compelled the need to look for small molecules to rival device polymers 

[15], as small molecules are unsuitably soluble for solution processing and vapor deposition 

are more costly hence less attractive. Despite the significant progress of vapor-deposited 

small molecules, many works have been excitedly attracted to solution-processable small 

molecule OSCs [20], which our thesis will specifically focus on for device processing.   
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2.2.2. Operation principles 

 

 

 

Figure 4. Mechanism of operation of OSC with standard (Anode/HTL/Active 

layer/ETL/Cathode or top electrode) structure. The yellow arrow indicates the incident 

beam, while the blue arrows show the movement/flow of holes and electrons [21]. 

The simplified operation principle of these types of solar cell technology can be 

described into four steps: photon absorption and exciton formation, exciton diffusion and 

charge dissociation, charge transportation, and charge collection [21, 22], as shown in Figure 

4. 

Photon absorption and exciton generation. The conjugated donor polymer of the 

BHJ absorbs the incoming incident photons from the anode side. The high absorption 

coefficient of these polymers (105 cm-1) ensures that they absorb photons at the maximum of 

their absorption spectrum with a relatively thin photoactive layer thickness (100 nm) [22]. 

This thickness is also limited by the fact that the polymers have low charge-carrier mobilities 

(10−4𝑐𝑚2𝑉−1𝑠−1 for holes and 2 × 10−3𝑐𝑚2𝑉−1𝑠−1 for electrons) [18], resulting in absorption 

Active layer materials (D-A). 
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of only a fraction of the incident light at absorption maximum and hence generation of low 

photocurrents because of the low conjugated polymer absorption [23]. However, the donor 

polymer bandgap can be lowered by using lower bandgap materials to improve absorption 

and optimize the number of harvested photons and improve efficiencies. Upon light 

illumination and photon absorption, the donor electrons are excited to their lower unoccupied 

molecular orbital (LUMO) from higher occupied molecular orbital (HOMO) and are likened 

to the promotion of electrons from the valence to conduction bands in inorganic 

semiconductors. Consequently, excitons, that is electron-hole pairs with relatively large 

binding energy (0.4–1.4 eV), are generated [24]. Afterward, the excitons migrate to the D-A 

interface. 

Exciton diffusion and dissociation. In OSCs, excitons must overcome the relatively 

high exciton binding energy (0.3-0.5 eV) and dissociate into free charges to generate 

photocurrent. This dissociation occurs at the D-A interface [24]. As such, any formed 

excitons needfully move toward this interface through a diffusive process [21], in which they 

migrate from highly concentrated exciton regions to lowly concentrated ones. Two factors, 

namely film thickness and exciton diffusion length, LD, influence the exciton diffusion 

efficiency [22]. Normally, the LD is limited to a few nanometers and varies in the range of 5-

20 nm, seriously limiting the absorber thickness. Excitons produced further away from the 

D-A interface > LD, especially in thicker layers, will recombine, thereby reducing the 

conversion efficiency. After reaching the D-A interface, the excitons dissociate into free 

charges. This involves the initial transfer of excitons to the acceptor LUMO, leading to a 

charge transfer state (CT) or D+-A- or the polaron-pair state at the interface [25]. In the CT 

state, electrons and holes are situated at the D-A interface and are maintained in proximity 

by coulombic attraction [25]. Charges are completely separated in case the electron-hole-
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pair-up size is larger than the Coulombic capture radius, the distance at which the two polarons 

are regarded to be freely generating electrons and holes. 

Charge transportation. After dissociating into free charges, the independent 

electrons and holes occupy the acceptor and donor materials and move through the acceptor 

LUMO and donor HOMO, respectively, to establish a balance. The photoactive layer charge 

mobility, however, limits the charge carrier transport [21].     

Charge collection. This is the final stage, and to circumvent recombination, buffer 

layers of HTL and ETL are used to discriminately ensure that holes and electrons reach the 

electrodes for collection by the bottom electrode anode and top electrode cathode, 

respectively. To ensure the electrodes efficiently perform their role of photocurrent 

collection, their work functions must be matched in the energetic level system [26]. 

2.2.3. Intrinsic properties  

To become semiconducting or conducting, the organic light-absorbing materials need 

to have a high conjugation level or alternating single and double bonds [27]. Conjugation 

causes delocalization of the double bond electrons across the whole conjugation length, and 

compared to other molecule electrons, these electrons have higher energies and correspond 

to the inorganic semiconductor valence electrons. Nevertheless, the organic molecule 

electrons occupy HOMO rather than a valence band. At higher energies, organic 

semiconductors similarly have unoccupied energy levels as their inorganic counterparts, and 

the LUMO is the first one. An energy gap, also known as its bandgap, is situated between 

these two orbitals, and it reduces with increasing conjugation length [27].   

Other than high conjugation, OSCs have also increasingly attracted attention because 

of other promising benefits, including low-temperature manufacture, tunable electronic 

properties, high absorption coefficient, solution processability, flexibility, as well as 
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lightweight, and semi-transparency [28]. They have continued to be superior despite having 

relatively lower efficiencies than other PV technologies due to low environmental impact, 

cost, and material toxicity [22]. To date, however, they have surpassed certified efficiencies 

of 18%, which is close to that attained by low-cost commercial devices based on silicon [22]. 

Besides, they have relatively poor stability, especially when under ambient conditions like 

illumination, high temperature, moisture, oxygen, etc. [22]. This thesis seeks to address the 

lifetime challenge through encapsulation as barriers, as discussed more extensively in the 

subsequent subsections.         

2.2.4. Structure and architecture 

These PV technologies can be fabricated in either standard (direct) or inverted 

(inverse) configurations [28]. In the standard configuration (Figure 5a), the anode is made of 

transparent conductive oxide (TCO) which serves as the positive electrode permitting light 

passage and hole collection. An HTL, which discriminately blocks electrons from reaching 

the anode and reduces the direct diffusion of degrading anode material to the photoactive 

layer, is deposited on top of the TCO-coated glass substrate. The photoactive layer is 

deposited on the HTL, and then, the ETL is deposited on the photoactive layer. Different 

materials, including poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-

(9,9-dioctylfluorene)] (PFN) or calcium, may be used for this layer. Finally, aluminum or 

silver can be used as top electrodes. By contrast, in the inverted configuration architecture 

(Figure 5b), the negative back electrode is made of the TCO and the positive anode is at the 

top electrode [29]. Notably, TCO now becomes the cathode, and light enters into the device 

from the bottom electrode side. Therefore, for photogeneration to occur in the inverse 

configuration, the cathode and ETL must be semitransparent. In this structure, the fullerene 

layer is covered by several layers that minimize its exposure to ambient factors [28]. In 
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addition, it makes it possible to use different air-stable materials as top electrodes [30]. Thus, 

it considerably improves the OCS durability.   

 

 

Figure 5. OSC structures (a) standard (direct) and (b) inverse configuration [28]. 

 

The active layer, regardless of the configuration under scrutiny, can be fabricated 

using bi-layer [31], BHJ [32], or tandem [33] structures as shown in Figure 6. In a bi-layer 

structure, the electron donor and acceptor layers are placed side by side as independent layers 

(Figure 6a). Just like a p-n junction Si cells have, the bi-layer structure has a low exciton 

diffusion length (∼5-20 nm), whilst the polymer donor layer thickness required for efficiently 

adequate light absorption is 100 nm. As such, a better and more efficient structure to 

intimately disperse the donor and acceptor materials throughout the photoactive area that 

greatly enhances the interfacial area is necessary and is called BHJ structure (Figure 6b). This 

structure is advantageous in that it needs a smaller exciton diffusion distance, efficiently 

dissociating excitons in OSCs [32]. Accordingly, the photoactive layer donor and acceptor 

phase arrangement, called the morphology, is innate for an OSC electronic performance. 
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Although less common, the tandem structure (Figure 6c) includes a sandwich of stacked 

OSCs in parallel or series and improves the absorption range of the photoactive layer, and 

produces larger Voc values. However, joining the devices and selecting effective and well-

performing materials is usually a challenge [33]. In this thesis, the most commonly used 

configuration for research, binary active BHJ layer, was considered.        

 

Figure 6. OSC active layer structures (a) bi-layer, (b) bulk-heterojunction (BHJ), and (c) 

tandem structure in direct configuration [31-33]. 

2.2.5. Stability and degradation processes 

In OSCs, degradations can be either chemically or physically induced. In chemical 

degradation, extrinsic degradation involving molecular moisture and oxygen diffusion into 

the cells is the most critical degradation factor. Due to the sensitivity of organic materials to 

these components, the organic layers and interfaces undergo photooxidation, affecting their 

optical and electrical properties [34, 35]. Metal electrodes are similarly photo-oxidized to 

form metal oxides that act as carrier transport barriers at the interface between the metal and 

other device layers. As will be described in subsection 2.4.1, encapsulation barriers can be 

instrumental in reducing extrinsic moisture- and oxygen-induced degradation but not the 

dangerous intrinsic degradation sources such as ultraviolet (UV) light. The UV light causes 
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photochemical reactions, as its energy is adequate to break up the organic materials' carbon 

bonds, with dissociation energy of ~3.5 eV. Since they can filter the UV, encapsulation 

materials can mitigate this harmful solar spectrum range [34]. Fullerene photo-

oligomerization, particularly PC61BM and C60, is the other source of intrinsic chemical 

degradation that causes burn-in losses in these types of devices [35-37].  

HTL, especially PEDOT:PSS used in this thesis, also contributes to OSC degradation. 

Owing to its hygroscopicity nature, PEDOT:PSS may speed moisture permeation throughout 

the device, thereby serving as a water source for other degradation processes in adjacent 

layers [36]. In addition, the material is acidic and can cause ITO etching using the classical 

structure where there is contact between the two materials, particularly in the presence of 

water [34]. Surfactant additives in PEDOT:PSS commercial formulations may diffuse to the 

layer surfaces, thus impacting the adjacent layer interfaces [34].   

In addition to extrinsic and intrinsic chemical degradation, physical degradation 

encompassing mechanical failures may occur in the device stack. Under thermal stress, 

encapsulation failure by delamination of flexible OSC multiple thin-film layers might happen 

[34]. Extrinsic and intrinsic physical degradations are delamination and morphological 

stability. Upon illumination, OSC heats up and causes the device nanostructure 

rearrangement in the buffer or active layers. This modification can potentially segregate 

interfaces, impeding charge extraction. Ultimately, the donor and active materials can 

undergo phase separation so that the distance between them becomes larger than the exciton 

diffusion length, hampering free carrier generation [38]. For small molecular acceptors in the 

blend, heating temperatures higher than the glass transition temperature, Tg, can cause 

degradation through morphological changes (aggregation surrounded by depletion zone) 
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with the potential to decrease the D-A interface areas [38], thus hindering the exciton 

separation and charge transport in the photoactive layer. 

2.3. Perovskite solar cells (PSCs) 

2.3.1. Evolution of PSCs 

Perovskite materials have been widely investigated since 1839 when Gustav Rose, 

the Russian mineralogist, discovered the first perovskite material known as calcium titanate 

(CaTiO3) [39]. It was until recently, however, that researchers actively commenced the 

material’s semiconductor applications. In PV, researchers initially began using perovskites 

in the form of dye-sensitized solar cells (DSSCs). In 2009, Kojima et. al. initially employed 

a perovskite material, methylammonium lead tri-iodide (MAPbI3), as a light harvester and 

achieved an efficiency of 3.8% [39]. Although this efficiency later increased to 6.5% through 

the liquid electrolyte MAPbI3 quantum dots processing [40], it was faced with poor stability, 

and with the inclusion of a solid-state hole-transporting material, Spiro-OMeTAD, the 

efficiency improved to about 10% in 2012 [41]. With devoted efforts that involved a planar 

configured solar cell with compositional engineering of the active layer, the device efficiency 

was increased to ~15% [42]. The better efficiency was a result of enhanced homogeneity of 

the perovskite film and increased carrier diffusion length. Recent advancements by various 

research groups have led to great progress and have attained a considerable efficiency 

improvement. For instance, Ulsan National Institute of Science and Technology (UNIST) 

has recently reported efficiency of more than 25% [43]. However, lower PCEs varying 

between 10% and 15% have continuously been presented. Figure 7 shows the NREL chart 

efficiency history for the different kinds of solar cells, where it is evident that PSC efficiency 

has risen more dramatically within just a decade since it was first used in solar cells.  
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Figure 7. Best research-cell PCE history chart [43]. 

 

2.3.2. Operation principles 

The working principle of PSC similarly involves four steps just as is the case with 

OSCs, but they differ in charge generation. Here, the active layer (perovskite material) is in 

a crystalline phase contrary to the OSC active layer, which is amorphous. This brings some 

specific characteristics for charge generation and transport. The other steps include photon 

absorption and charge generation, charge separation, charge transportation, and charge 

collection. Figure 8 indicates the steps involved in inverted PSC operation.   
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Figure 8. Mechanism of operation of PSCs with inverted p-i-n 

(Anode/HTL/perovskite/ETL/cathode) structure. The LUMO, HOMO, conduction band (CB), 

and valence band (VB) are aligned to the vacuum, the electron and free space property 

employed in alignment level for two different materials energy levels. The yellow arrow 

indicates the incident beam, while the blue arrows show the flow of holes and electrons [44]. 

Photon absorption and charge generation. Like OSCs, perovskite materials, for 

instance, MAPbI3, have high absorption coefficients (105 cm-1) in the Vis region, direct 

bandgap (~1.55 eV), and absorption onset of approximately 800 nm [21]. Relatively thicker 

active layer films (~300-500 nm) than OSCs (100 nm) [21], respectively) can efficiently 

harvest the incident light and transform it into electric energy because of lower binding 

energy than OSCs (<0.05 eV), greater carrier mobilities (2-10 cm2/(V⋅s) for electrons and  

5-12 cm2/(V⋅s) for holes), and larger LD than OSCs [44]. In contrast to OSCs, photon 

absorption in perovskites does not result in large lifetime exciton creation. Instead, it 

advantageously leads to direct and efficient generation of free charges in a single step, as 

excitons cause considerable energy losses through their migration and dissociation [44, 45].  

https://en.wikipedia.org/wiki/Free_space
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Charge separation. After light absorption and charge generation, the charges are 

separated either through the injection of photo-generated electrons into the ETL or injection 

of photo-generated holes into the HTL. These injections have been found to happen in similar 

timescales of sub-10-ns timescales [46]. Additionally, free electrons formed closer to the 

perovskite/HTL interface must move diffusively across the absorber width for extraction at 

the ETL/perovskite interface. This event is associated with increased recombination 

probability. Similar considerations apply to holes closer to the ETL/perovskite interface.  

Charge transportation. After charge separation, the carrier transport occurs, in 

which free holes next to the ETL/active layer interface are extracted at the HTL/active layer 

interface after diffusing through the active layer. This process may potentially cause 

recombination. Next, these holes pass through the HTL and are transported to the 

HTL/electrode interface. In the same manner, a similar process takes place for electrons 

situated next to the ETL/active layer interface. To promote the charge transfer, it is important 

to use charge transporting materials (CTMs) with a good match of HOMO and LUMO levels, 

which means corresponding well with high-work-function (e.g., Au) and low-work-function 

metals (e.g., Al), respectively, with similar energy levels.  

Charge collection. This is the final stage involving the extraction of free holes and 

electrons at the HTL/electrodes and ETL/electrodes interfaces, respectively. For efficient 

transfer of holes or electrons, the drop-casted, printed, or evaporated electrodes must 

necessarily possess ideal work functions. They also need to show intrinsic stability towards 

ambient components such as moisture and sunlight to enhance the device lifetime.  

2.3.3. Intrinsic properties 

Figure 9 shows the crystalline structure of hybrid organic-inorganic perovskite 

semiconductor materials. These materials have many exciting physical properties, namely 
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high absorption co-efficient, long carrier diffusion length, low exciton binding energy, 

tunable bandgap, as well as flexible and facile processing [47-49], which make them suitable 

for PV applications. As shown in Figure 6, perovskites take the structure ABX3, constituting 

an organic or inorganic monovalent cation, A = formamidinium (FA) CH3(NH2)2
+), methyl-

ammonium (MA) CH3NH3+, n-butylammonium (BA) CH3(CH2)3NH3
+, ethyl ammonium 

(EA) CH3CH2NH3
+, and Cs+, ethylammonium; a divalent cation, B = (Pb2+; Ge2+ and Sn2+), 

and an anion X = (Cl-; Br-; I-; SCN-; BF4
- and PF6

-) [50-51]. 

 

Figure 9. Crystalline structure of the hybrid organic-inorganic perovskite, in which A is a 

monovalent cation, B is a divalent cation, and X is a monovalent anion [49]. 

PSCs can have different crystal structures, including 0-D (all dimensions are 

measured within the nanoscale and none is larger than 100 nm), 1-D (one dimension is 

outside the nanoscale), 2-D (two dimensions are outside the nanoscale), and 3-D (no 

dimension is confined to the nanoscale) [49-50]. Regarding perovskites, examples of these 

crystal structures, respectively, are CH3NH3PbI3, (CH3NH3)2PbI4, (C10H21NH3)2PbI4, and 

(CH3NH3)4PbI6•2H2O [21]. Currently, 0-D perovskites are the most commonly utilized, and 

their bandgaps can be tuned through cation or anion substitution. Markedly, compared to 
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other structures, 2-D PSCs show greater chemical stability and photo-stability during 

operation. However, its PCE is significantly lower than its counterparts. Tremendous efforts 

have been made to improve perovskite performance [21]. For instance, to attain the PCE-

lifetime trade-off, researchers have recently integrated different structures. 

2.3.4. Structure and architecture  

 

Figure 10. Different types of PSC architectures: (a) inverted p-i-n architecture; and (b) 

direct n-i-p architecture [51]. 

As shown in Figure 10, PSCs can fall into two types of architectures, the p-i-n and n-

i-p architectures. In the p-i-n or inverted architecture, HTLs such as PEDOT:PSS or NiO are 

first deposited on the TCO-coated glass substrates, such as FTO or indium-tin-oxide (ITO), 

and annealed to obtain mesoporous or planar films [51, 52]. The perovskite film is then 

processed on the HTL and annealed. Afterward, the ETL such as ZnO, [6,6]-phenyl-C61-

butyric acid methyl ester (PCBM), SnO2, or TiO2, is deposited on the perovskite before drop-

casting or evaporating low work-function metals like silver or field’s metal (FM). In contrast 

to the p-i-n, the n-i-p architecture involves depositing ETL on the TCO-coated glass substrate 
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before fabricating and annealing the perovskite layer on it. Then, a HTL such as spiro-

MeOTAD is deposited on the perovskite layer. To complete the PV fabrication, a high work-

function metal such as Au or printing carbon electrodes are evaporated on top [51]. For our 

thesis, the inverted PSC architecture was fabricated. 

2.3.5. Stability and degradation processes  

Device degradation remains one of the concerns that PSCs have continued to 

experience, thus adversely impacting their stability and commercialization. These processes 

have been reported to be induced through three main methods, including moisture, oxygen, 

thermal, and light [52, 53]. Concerning moisture-induced degradation, studies are still 

investigating to precisely establish how moisture causes degradation of this novel PV 

technology. When exposed to ambient atmosphere, water, as a Lewis base, and perovskite 

material can irreversibly react and degrade via coordination between the proton of 

ammonium in CH3NH3PbI3 and the H2O [54]. Whereas earlier studies have reported the PbI2 

formation and methyl-amine loss, the latest reports have recently implied an intermediate 

step involving the partial and reversible formation of (CH3NH3)4PbI6:H2O hydrate complexes 

that then disintegrate further into PbI2, HI, and CH3NH2 [54, 55], as shown in Figure 1. 

Equations below provide the process of decomposition when moisture and oxygen are 

involved in PSC degradation.   



26 

 

Figure 11. Schematic illustration of degradation process between hybrid perovskite and 

moisture. The reaction and the resulting products, including hydrate complexes, CH3NH2, 

and HI [54, 55]. 

 
Thermally-induced degradation resulting from high temperatures is another source of 

device instability. Studies have shown that heating perovskite materials such as CH3NH3PbI3 

to higher temperatures, > 150 °C, can lead to a reversible degradation process [51, 56]. Under 

such thermal stress, CH3NH3PbI3 undergoes endothermic reaction, decomposing into PbI2, 

HI, and CH3NH2. By contrast, the reaction between PbI2 and CH3NH3I may occur, thus 

forming new perovskite compounds, CH3NH3PbI3. Finally, photo-induced degradation 

during exposure to the environmental atmosphere has been cited as among the key reasons 

for short methyl ammonium (MAI or CH3NH3PbI3) perovskite lifetimes. Indeed, Ouyang, et 
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al. and Wang, et al. observed that PSCs quickly degraded within several minutes to hours 

when they exposed the devices to light and dry air [57, 58]. Chen speculated this fast 

degradation to the reaction between photo-generated electrons and oxygen, forming 

superoxide to deprotonate the CH3NH4
+ degrading the perovskites [59]. To suppress light-

induced degradation, therefore, encapsulating devices in the glove box with an inert 

atmosphere is recommended. 

Light irradiation is the other concerning factor causing degradation and instability 

since device electricity generation requires that they must encounter illumination and 

electrical bias. In PSCs, some materials used as ETLs act as photocatalysts. For instance, 

TiO2, with a redox property and bandgap of 3.2 eV, has been reported to act this way. In 

addition to oxidizing water to yield OH radical, TiO2 oxidizes some organic materials [58]. 

Wang, et al. pointed out that under UV illumination, Titania photoanode displays quick PCE 

decay even when encapsulated in an inert atmosphere; by contrast, in open-air conditions, 

unencapsulated PSCs exhibit better stability since atmospheric factors eliminate surface state 

from titania [58]. This explains that PSC degradation arises because of UV irradiation, 

thereby affecting the titania layer, and is attributed to light persuaded desorption of the 

surface-induced oxygen. Recent reports have explained that fabricating devices expose them 

to open air, and the deep traps are passivated due to the oxygen adsorption [59].      

In summary, both PSCs and OSCs have instability concerns resulting in degradation. 

Factors, such as moisture, oxygen, light, UV light, and high temperatures, are the major 

contributing components, resulting in absorption losses and forming shallow or deep trap 

states leading to recombination and causing performance loss by reducing the operating 

performance parameters and increasing the system energetic disorder. Research has 

extensively been conducted to minimize photochemical reactions, with most efforts being 
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directed to addressing intrinsic degradation within the device layers, including interface 

engineering, electrode engineering, and compositional engineering [60]. This thesis, 

however, pays attention to extrinsic degradation prevention majorly due to water and oxygen, 

and encapsulation has been suggested as a good strategy to reduce this type of degradation 

by preventing the entry of moisture and oxygen into the device. The next subsection turns its 

focus on discussing the concept of encapsulation and how it can affect device stability and 

lifetime.   

2.4. State of the art device encapsulation 

2.4.1. Role of device encapsulation  

Device encapsulation is a technique used to protect solar cells against external 

stressors and ascertain that they perform reliably and durably [60]. Typically, extrinsic 

instability encompassing external environmental factors namely oxygen, water, incident light 

particularly UV light, scratches, and combinations thereof, have the potential to damage both 

PSCs and OSCs when present in certain amounts and cause performance attenuation. This is 

exacerbated by the fact that these solar cells are sensitive to these factors. While interface, 

compositional, and electrode engineering methods are pivotal in improving internal or 

intrinsic stability and performance, encapsulation is an effective way to significantly reduce 

extrinsic or external instability to attain economically feasible and practicable cells [60]. To 

improve lifetimes, encapsulation materials enhance scratch resistance and mechanical 

stability [60]. Device encapsulation also serves to safeguard against aging factors like 

moisture and oxygen, which are the two main sources of degradation, as well as protect them 

from UV radiation as the materials also act as UV filters [61]. While the protective barrier 

would ideally function to seal these cells in a glass container with an inert atmosphere aimed 
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at complete exclusion of the ambient elements responsible for degradation, this is impractical 

in many circumstances. 

Irrespective of the encapsulation technique used, the main ambient degradation 

components, oxygen and moisture, can permeate into the device through two pathways, 

which multiple reports have referred to as lateral and orthogonal permeation [62]. On the one 

hand, lateral permeation, commonly known as side ingress, is a permeation that occurs in the 

device plane. On the other hand, orthogonal permeation is that which takes place 

orthogonally to the device plane. Figure 12 illustrates these two major types of permeation 

pathways. Numerous encapsulation schemes, owing to the inherent OSC devices’ aspect ratio 

(evidenced in their large area and small thickness), make use of some form of a stack with 

the cell at the center [62], creating interfaces that offer lateral permeation. Resultantly, this 

permeation can be further classified into interface permeation and bulk permeation via a 

material [62].      
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Figure 12. Permeation pathways for oxygen and moisture for a typical device encapsulation 

scheme. The green arrows show lateral permeation that might take place either through the 

interfaces or the bulk adhesive, and the brown arrows indicate orthogonal permeation [62]. 

2.4.2. Properties of encapsulation materials  

Different encapsulation materials have been suggested for use in the PV module. 

However, these materials should meet certain requirements to efficiently carry out their 

functions and attain commercialization. The requirements in terms of module efficiency 

optimization can be categorized into various divisions, including reliability, electrical safety, 

electric yield, module processing, and cost [51, 60, 63]. First, the encapsulation materials 

have to offer high transmittance/low absorption as well as an adapted refractive index to 

reduce interface reflectance. Second, the materials should have high thermal conductivity to 

minimize operating temperatures and improve electric yield thus circumventing the 

deterioration of cell performance. Third, they should only allow very low leakage currents to 

ensure electrical safety. Fourth, they should mitigate external stresses such as moisture, 

oxygen, heat, mechanical loads, UV irradiation, electric potential relative to the ground, 
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among other factors to ascertain PV module reliability. The materials ought to maintain 

strong adhesion to other device elements as well as safeguard them from external impacts. 

They should have high barrier performance to oxygen and water. To warrant optimal 

encapsulation performance, the water vapor transmission rate (WVTR) and oxygen 

transmission rate (OTR) have to be in the order of 10-3–10−6 gm−2d−1 and 10−4–10−6 

cm3m−2d−1atm−1, respectively [60]. An encapsulation material's barrier performance levels 

have a strong influence on the device's lifetime, as the rate at which efficiency declines 

depends upon the barrier-sealant OTR and WVTR [60]. Finally, they need to have low 

processing time, processing cost, and material cost for mass production.  

Based on the requirements highlighted above, Table 1 shows certain crucial aspects 

that must be considered when selecting suitable PV encapsulants. In addition to the basic 

material properties, including melting temperature Tm and glass transition temperature Tg, the 

mechanical properties are also vital to attain buffering properties of withstanding mechanical 

impacts as well as thermomechanical and mechanical loads [63].   
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Figure 13. Different encapsulation methods. (a) Glass-to-glass encapsulation. (b) 

Polymer encapsulation. (c) Thin film encapsulation [51, 63]. 

Table 1. Overview of the crucial parameters of encapsulation evaluation [63]. 

Parameter Relevance 

Young’s modulus E Mechanical stress on the module 

Melting temperature TM Processability  

Glass transition temperature 

Tg 

Limited material property variation within the exposure 

temperature range 

Refractive index n Minimizing optical losses 

Volume resistivity  Electrical insulation 

Absorption Minimizing optical losses 

WVTR 

OTR 

Knowledge concerning mass transport processes within the 

cell 

 

2.4.3. Encapsulation strategies and packaging systems 

a.                                            b.                                               c.   

 

 

 

 

 

 

 

Figure 13 shows the different and suitable and efficient encapsulation schemes that 

have been implemented with different levels of success. They include polymer 
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encapsulation/flexible encapsulation, thin-film encapsulation, and glass-to-glass 

encapsulation [51, 63]. Glass-to-glass encapsulation (Figure 13a), which was adopted for use 

in this thesis project, is the most common method, and it entails encasing the device between 

two glass sheets, in which one of the glasses is the device substrate, using glue for edge 

sealing [64]. Employing this encapsulation technique, studies have reported considerable 

lifetimes of up to 5600 h for organic light-emitting diodes (OLEDs), even though OLEDs 

require more stringent penetration rates for water and oxygen penetration rates compared to 

OSCs and PSCs [65]. While device flexibility is compromised when utilizing rigid glass-

glass encapsulation, this technique also offers other benefits, such as extremely low WVTR 

and OTR, which flexible alternatives have not been able to match.   

Other than rigid glass-to-glass encapsulation, flexible encapsulation (Figure 13b) 

involves polymer encapsulation approaches using R2R processing. One of the materials that 

were initially examined for this scheme of device protection was polyethylene terephthalate 

(PET),  a common thermoplastic polymer resin. However, the findings were unpromising as 

the researchers found that rather than improving the device lifetime, PET notably reduced it 

instead [66]. Later research utilizing R2R processing similarly employed PET substrates but 

found that encapsulated films had successfully reduced degradation [67], as lifetimes in 

hundreds of hours and tens of hours in a dry nitrogen atmosphere and air, respectively, were 

established. 

More recently, thin-film/direct encapsulation methods (Figure 13c), such as Atomic 

Layer Deposition (ALD) and multilayer dyad structures, have been developed and 

implemented [60]. Instead of depending on lamination, this scheme allows for the direct 

building of barriers on top of cells. Similar to the flexible film technique, it not only provides 

https://en.wikipedia.org/wiki/Thermoplastic
https://en.wikipedia.org/wiki/Polymer
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orthogonal protection but also extends to limit lateral permeation based upon the scheme that 

has been used.    

To reliably and effectively encapsulate PV modules, the selection of an appropriate 

patterning strategy is a critical aspect. It is important to design the encapsulation pattern in 

such a manner as to avoid any photochemical and/or thermal damage to the solar cells, 

suppress oxygen/moisture penetration, and guarantee long-term stable adhesion to the PV 

module in harsh weather conditions. Based on this context, Aranda, et al. and Matteocci, et 

al. have classified device packaging systems into top encapsulant barriers and edge sealing 

[68, 69]. While the former involves the deposition of a thin protective layer on top of the 

device, the latter entails the placement of the sealant around the module bonded to a cover 

substrate. Compared to cover barrier or top encapsulation, stability tests have established that 

edge sealing has greater reliability because it suppresses and prevents the effects of side 

penetration [60]. Our thesis, however, considered implementing blanket encapsulation 

patterns, which have been shown to offer better barrier performance than the other two, as it 

integrates both edge sealing and cover barriers and exploits their advantages. It creates a 

pressure-tight environment that serves to not only blocks the ingress of environmental 

moisture but also prevents any volatile materials from escaping the module. As such, the 

blanket strategy is the most reliable and effective encapsulation packaging for the long-term, 

stable of PSCs and OSCs [61, 70, 71]. Figure 14 shows the different packaging systems of 

PV devices.  
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(a)                                      (b)                                                     (c) 

 

 

 

Figure 14. (a) Protective layer as encapsulation materials covers the active area. (b) The 

sealant is placed on the edge of the active area. (c) Blanket encapsulation integrates barrier 

and edge seals [68, 69, 71]. 

2.4.4. Device stability and lifetime 

Despite the innumerable advantages these devices offer over the current commercial 

solar cells, extrinsic stability has been unsatisfying. Although researchers have made 

tremendous efforts in recent years to improve intrinsic instability through compositional 

engineering, interface engineering, electrode engineering [58]. The establishment of the most 

effective encapsulation material to minimize external device stability remains insufficiently 

investigated [63, 64]. Against this backdrop, this work designed OSCs and PSCs, 

encapsulated them with different encapsulants, and compared the materials’ performance to 

identify the best among them. Few researchers have attempted to address this comparison 

problem using other adhesives. For instance, Cheacharoen et al. compared ethyl vinyl acetate 

(EVA) and Surlyn to assess their barrier performance on PSCs and found that EVA 

outperformed Surlyn [72]. The authors attributed EVA’s performance to its low Young's 

modulus that dispersed the strain. EVA and Surlyn are, however, unsuitable to OSCs and 

PSCs, as they produce harmful byproducts to the devices when used. Others have compared 

epoxy and other UV-curable adhesives and have revealed the former to offer better barrier 

protection than the latter [71]. 
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Many new encapsulation materials have recently been suggested for use in these 

devices but are yet to be compared. Indeed, Li, et al. emphasize the urgent need to compare 

stability findings from various labs across the globe, as the present stability tests, especially 

of PSCs, are chaotic and adapted from silicon modules, which, nevertheless, are ostensibly 

much different from the perovskites and to some extent OSCs [71]. García-Encina’s thesis 

in GPOM Group recently focused on encapsulation of OSCs using NOAs only [13] and found 

that devices with NOA 65 and NOA 71 achieved the best stability. Thus, it is imperative to 

extend this study to not only include other device types (PSCs) but also utilize different 

encapsulation materials.  

 

 

 



37 

3. Experimental methods 

This chapter introduces the materials, fabrication processes, and characterization 

methods for OSCs and PSCs used in this thesis project. It also discusses the UV-Vis 

spectroscopy technique as a method to assess the optical performance of the utilized 

encapsulants in the device encapsulation.  

3.1. Organic solar cells (OSCs) 

3.1.1. Materials 

PEDOT:PSS (Clevios PVP AI4083) was obtained from Heraeus-Clevios and was 

used as received. Phenyl-C70-butyric acid methyl ester (PC70BM) was received from 

American Dye Source. Solvents used for this work included methanol and acetic acid, and 

chlorobenzene (CB), which was acquired from Sigma Aldrich. A substrate-device glass/ITO 

with 10-15 Ω/square was purchased from Delta Technologies. On the other hand, new 

materials that were used specifically in OSC fabrication were poly(3- hexylthiophene) 

(P3HT) from one of my thesis advisor’s co-workers and PFN from Sigma-Aldrich. The 

eutectic alloy Field’s metal (FM), used as the back electrode, was acquired from Rotometals. 

The FM has been utilized as an alternative top electrode by previous GPOM researchers in 

their works [73-75]. It constitutes bismuth (Bi), indium (In), and tin (Sn) with the following 

weight fractions: 32.5, 51%, and 16.5%, respectively, and has a low melting point (62 °C). 

Unlike other standard top electrodes which are more costly due to high-vacuum evaporation, 

FM can be drop-casted at low temperatures (~ 90 °C) at room environmental conditions [73-

75]. Other advantages of FM are process simplicity and yielding of acceptable PV parameters 

as previous studies have found [73].  
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Optical adhesives used included NOA 65 and NOA 71 that were obtained from 

Norland Products, Inc. and OEE from Ossila. NOA 65 is a clear, colorless, liquid 

photopolymer curable upon UV exposure (350-380 nm at 4.5 mWcm-2). Its advantages are 

the elimination of premixing, drying, and heat curing operations; optical material bonding 

with bonding surfaces exposed to light; remarkable fast curing; and high flexibility and strain 

minimization through its adequate elasticity. Its applications include cold blocking, bonding 

plastic glass, and potting of lenses in metal mounts. Recently, they have been used in solar 

cell lamination due to their oxygen and moisture inhibition properties. 

NOA 71 is an optically clear and UV-curable (315-400 nm at 3.5 mWcm-2) liquid 

adhesive. Its advantages include optical clarity, fast curing times, and long-term stability over 

a wide temperature range, elimination of premixing, drying, and heat curing operations, 

provision of strong bond fiber- glass and glass surfaces. It can be typically used for 

lamination of touch screens, flat panel displays, holographic plates, and solar cells.  

OEE is a colorless, UV-curable epoxy suitable for encapsulating organic PVs and 

OLEDs without polymer damage. This adhesive offers a robust against moisture and oxygen 

ingress alongside a glass coverslip to extend device lifetimes. Curing is achieved at 350 nm 

but can be considerably longer, up to 20 min, in the lab scale where lower intensities are 

often used. Table 2 summarizes the materials used for the fabrication of OSCs in this thesis 

including their solvents and providers. 
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Table 2. Materials and solvents used in this work for OSC fabrication. 

Layer Material abbreviation Provider Solvents 

Anode  Glass/ITO Delta Technologies - 

HTL PEDOT:PSS Heraeus-Clevios Water 

Active layer P3HT Thesis advisor’s co-

workers 

CB 

PC70BM Sigma Aldrich 

ETL PFN Sigma Aldrich Methanol and 

acetic acid 

Top electrode FM Rotometals - 

Encapsulation 

materials 

NOA 65 Norland Products, 

Inc. 

- 

NOA 71 Norland Products, 

Inc. 

- 

OEE Ossila - 

  

3.1.2. Device fabrication 

OSCs were prepared in direct standard architecture and had the configuration 

ITO/PEDOT:PSS/P3HT:PC70BM/PFN/FM. The active layers used were the BHJ structure 

owing to its advantages earlier highlighted. The fabrication process involved sequential steps 

listed below.  
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 The glass/ITO substrates (1.5 cm by 1.5 cm) were cleaned using soap water, 

ethanol, and acetone by ultrasonication, 15 min for each solvent, dried in an oven 

at 80 0C for 15 min, and plasma-treated for another 15 min.  

 PEDOT:PSS, used as HTL, was then spin-coated on the substrates at 5000 rpm for 

1 min before annealing on a thermo-scientific hot plate at 120 0C for 15 min. the  

 The active layer with donor (P3HT) and acceptor (PC70BM) blend was then spin-

coated on the HTL at 2000 rpm for 1 min and annealed at 80 0C for 20 min. For 

the blend, 25 mg of donor and acceptor materials were mixed in the ratio of 1:1 by 

wt., dissolved in 1 ml of C6H5Cl, and stirred for 24 h before deposition. 

 PFN, used as the ETL, was deposited on the active layer at 6000 rpm for 1 min 

and annealed at 80 0C for 10 min. For PFN solution, 1.0 mg was dissolved in 3.5 

ml of methanol and 10 µl of acetic acid (0.143 vol %) was added before stirring 

for 24 h at room temperature.  

 The FM was finally drop-coated at 90 0C on the PFN film with a delimited active 

area of 0.07 cm2. Figure 15 exhibits the diagrammatic representation of the 

process. 
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Figure 15. Schematic diagrammatic representation of organic solar cell fabrication 

procedure used in this work. 

3.1.3. Device characterization 

3.1.3.1. J-V characterization 

After the fabrication of the OSC devices, J-V characterization was done using a solar 

simulator Sciencetech SS150 (AAA type). The light source was calibrated with AM1.5G 

spectra at 100 mWcm-2 by using an Oriel reference cell. Keithley 2450 source meter was 

used to measure the J-V curves, in which the cell parameters, Jsc and Voc, were directly read 

from the vertical and horizontal axes, respectively (refer to Figure 3). These parameters then 

assisted in calculating the respective device PCEs as shown in Equation 1. All testing was 

conducted under an ambient atmosphere. 
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3.1.3.2. Device encapsulation and lifetime test 

To perform an aging test for the devices, four of the fabricated best-performing cells 

were selected. While one of the PVs was left unencapsulated to act as the reference, the other 

three were encapsulated using the considered encapsulation materials (NOA 65, NOA 71, 

and OEE) in turn. This followed a four-step procedure as illustrated in Figure 16. A Pasteur 

pipette was initially utilized to drop a small quantity of one of the encapsulants on the 

substrate’s/device’s center and then spread to seal the device top and its edges. Next, a 

precleaned glass coverslip was placed on top of the substrate and carefully and slowly pressed 

down to enable adequate coating of the device by the epoxy. Then, the coverslip was gently 

pressed to remove any air bubbles that were present. For the effectiveness of the epoxy, the 

active area and metal cathode were fully covered by the adhesives. Finally, the substrates 

were transferred to a UV lamp area once all the coverslips were in position and spot cured 

for 5 min at 4.5 mWcm-2 in case of OEE using Loctite® CL15 UV Curing Wand System. 

For NOA 65 and NOA 71 encapsulants, different UV curing times and intensities were used. 

Unlike the encapsulation using OEE, the curing times used for NOA 65 and NOA 71 were 

remarkably less (5 s) and at lower intensities of 4.5 mWcm-2       and 3.5 mWcm-2, respectively. 

After encapsulation using these materials, the J-V curves of both the encapsulated and the 

reference devices were measured once more using a Keithley 2450 source meter, and 

parameter changes from the initial values of each device were recorded before they 

(parameters) were monitored for 20 days under dark storage conditions to ensure slow 

degradation by preventing against harsh ambient conditions, such as high temperature at 

daytime, high solar illumination intensities, etc.  
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3.1.3.3. Atomic force microscopy (AFM) 

The AFM is a high-resolution, accurate, non-destructive, and high-resolution 

measurement technique used for the characterization of mechanical, optical, chemical, 

magnetic, electrical, and topographical properties of sample surfaces [76]. This microscopy 

technique uses silicon or silicon nitride with a sharp tip utilized for scanning layer surfaces. 

Upon approaching close to the film surface, the tip-film/substrate/sample forces cause the 

cantilever deflection, and a signal is achieved upon the reflection of the laser beam off the 
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Figure 16. The encapsulation procedure for different adhesives used in this work. 
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cantilever. Thereafter, the cantilever deflection signal is rectified to a setpoint value. This is 

done by error signal minimization through a piezo controlled by feedback. Finally, the 

corrected signal is converted into high-resolution surface images. Different modes can be 

used to operate the AFM. They include contact and tapping modes. In general, the most 

commonly used imaging modes are the contact or non-contact/ “tapping” modes in which 

the cantilever oscillates or vibrates at some set frequency. In this thesis, the AFM was used 

to measure the topographical (morphological) characteristics roughness, and thickness of 

different device layers. An AFM Easyscan2 from Nanosurf with tapping mode was employed 

to carry out all the surface measurements roughness and morphology and thickness of 

different thin films, including HTL, OSC active layer, and ETL. Their thickness values were 

found to be 35 ± 5, 100 ± 8, and 7 ± 1 nm for HTL, active layer, and ETL, respectively.  

3.2. Perovskite solar cells (PSCs) 

3.2.1. Materials 

Common materials used in PSC and OSC fabrication were acquired from the same 

suppliers. They included glass/ITO, PEDOT:PSS (Clevios PVP AI4083), PC70BM, and FM, 

CB, and all three encapsulants. On the other hand, materials that were specific to PSCs were 

purchased from various providers. Lead (II) chloride (PbCl2) and Methylammonium iodide 

(MAI) were received from American Dye Source. All solvents, including 

Dimethylformamide (DMF), isopropyl alcohol (IPA), and CB, were acquired from Sigma  

Aldrich. Table 2 summarizes the materials used for the fabrication of PSCs in this thesis 

including their solvents and providers. Table 3 summarizes the materials used including their 

providers. 
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Table 3. Materials, solvents, and associated providers in this work. 

Layer Material abbreviation Provider Solvents 

Anode ITO/glass Delta Technologies - 

HTL PEDOT:PSS (4083) Heraeus-Clevios Water 

Active PbI2 American Dye 

Source 

DMF 

MAI American Dye 

Source 

IPA 

ETL PC70BM Sigma Aldrich CB 

Top electrode FM Rotometals - 

Encapsulation 

materials 

NOA 65 Norland Inc. - 

NOA 71 Norland Inc. - 

OEE Ossila - 

  

3.2.2. Device fabrication 

PSCs were fabricated in an inverted configuration, and the device arrangement was 

glass/ITO/PEDOT:PSS/MAPbI3/PC70BM/FM. To start with, ITO/glass substrates were cut 

into sizes of 2 by 2 cm and were sequentially cleaned with soap water, ethanol, and acetone 

by ultrasonication, 15 min for each solvent. The substrates were then dried in an oven at 80 

°C for 15 min and plasma treated for 15 min. Next, the PEDOT:PSS was spin-coated as HTL 

on the pre-cleaned and plasma-treated glass/ITO at 5000 rpm for 1 min and thermally treated 

at 120 °C for 15 min under ambient environmental conditions. The active layer perovskite 

(MAPbI3) films were then processed on top of glass/ITO/PEDOT:PSS substrates by close-

space sublimation (CSS) method in a vacuum oven at -0.8 bar (-600 mmHg), 130 °C for 1 h. 
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To carry out this procedure, the solutions containing the organic (MAI) and inorganic (PbI2) 

parts were first independently prepared and deposited, before the MAI was sublimated on the 

PbI2 for conversion to MAPbI3. The preparation of the solutions and hence their deposition 

involved a series of steps. First, PbI2 solution of concentration 300 mg/ml was prepared by 

dissolving in DMF. It is important to remember that the precursor powder of PbI2 was 

initially dried in a vacuum oven at 60 ºC for 24 h at -0.4 bar (-300 mmHg) before dissolving 

it. PbI2 solution was then filtered out and spin-coated on the glass/ITO/PEDOT:PSS 

substrates at 3000 rpm for 1 min. Before its deposition, nevertheless, both the filtered PbI2 

and the substrates were pre-heated on the hot plate at 100 0C for 20 min. At the same time, 

glass substrates were used for MAI film deposition. The precleaned and plasma-treated 

substrates were placed on a hot plate at 60 ºC for 10 min and 200 μl of the MAI solution was 

uniformly drip-deposited and waited for the solvent to evaporate. Notably, the MAI solution 

of concentration 30 mg/ml was prepared by dissolving in IPA. Like PbI2, MAI was 

simultaneously dried under the same conditions as PbI2 before it was dissolved in IPA.  

Subsequently, PCBM (35 mg/ml) in CB solution was spin-coated as the ETL onto the 

perovskite film at 1000 rpm for 30 s and heat-treated at 80 0C for 15 min. After delimiting 

the device active area to 0.07 cm2 using tape, the FM was drop-coated on a hot plate at 90 0C 

on the delimited area. Figure 17 illustrates the sequential two-step CSS method used for PSC 

preparation. 
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Figure 17. Schematic diagrammatic representation of PSC fabrication procedure using 

sequential two-step CSS and spin coating methods. 

3.2.3. Device characterization 

For PSC device characterization, the steps described for J-V measurements, lifetime 

tests, and AFM characterization were followed. The perovskite active layer morphological 
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properties were determined. For PSCs, the thickness range values of HTL, perovskite 

layer, and ETL were 38-42, 385-405, and 97-100 nm, respectively. 

3.3. UV-visible spectroscopy 

The UV/Vis spectral absorption and transmission curves for the three encapsulation 

materials, including OEE, NOA 65, and NOA 71, were determined using the Perkin Elmer 

spectrophotometer model Lambda 900. This instrument was used to measure 

absorption/transmission intensity as a function of light source wavelength. A Pasteur pipette 

was used to drop small quantities of the encapsulants on the center of precleaned glass 

substrates. Then, each material was carefully spread gently and uniformly on the substrates 

for the adhesive to sufficiently coat on the substrate surfaces. The spreading eliminated air 

bubbles. Once the spreading was complete, the glass substrates were UV cured in succession 

according to the datasheets of each material. The optical performance of the cured adhesives 

on the substrates was then determined using a spectrophotometer in the wavelength range 

300-800 nm. 
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4. Analysis of results  

In this chapter, we extensively and comprehensively discuss the results of the J-V 

characterization, encapsulation, and lifetime/aging results of the fabricated OSCs and PSCs 

prepared using the techniques described in the methodology section. The influence of 

different encapsulation materials on the stability of OSCs and PSCs was particularly 

observed by electrically characterizing them and studying the variation of their key 

performance parameters, including PCE, Jsc, Voc, and FF with time. The morphological 

characterization was represented due to the important role it plays in device performance. In 

addition, the encapsulation materials were characterized through UV-Vis spectroscopy to 

examine their optical transparency performance and hence their suitability for utilization in 

device protection. Ultimately, this chapter discusses the results to deduce the possible reasons 

for the variation of performance of the encapsulants and suggests the best adhesive from 

among the ones considered in this work.   

4.1. Organic Solar Cells (OSCs) 

In this subsection, an analysis of the morphological properties of the fabricated cell 

layers was carried out. Additionally, encapsulated and reference cells’ stability was 

monitored for 20 days.   

4.1.1. Device performance 

Organic solar cells were prepared using the 

ITO/PEDOT:PSS/P3HT:PC70BM/PFN/FM architecture as shown in Figure 18. After the 

preparation, J-V characterization was used to measure all the excitonic cells to help in 

selecting the best-performing but similar in terms of parameters, including PCE, Jsc, Voc, and 
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FF. Such devices were encapsulated and stored in dark conditions. For lifetime tests, the 

parameters were taken out, measured, and/or calculated after two days for 20 days. 

 

      

 

 

 

 

 

 

 

Figure 19 represents the J-V curves for the pristine cells that were eventually obtained 

immediately after completion of the improved fabrication process. As can be seen from the 

figure, the curves obtained showed good and reasonable repeatability. Initially, in some sets 

of cells, the device reproducibility was a key concern, as the curves varied significantly and 

led to the achievement of less efficient cells (0.8%). These large variations resulted from poor 

morphology and deposition of films on relatively large area ITO substrates (2.5 by 2.5 cm) 

that created nonuniformity or inhomogeneity of cell films. Accordingly, to ensure the cells 

were repeatable and their performance nontrivially improved, the quality of the films was 

improved by carefully depositing thin-film layers on smaller area glass/ITO substrates (1.5 

by 1.5 cm) and spin coating with greater care, thus improving morphology and leading to 

reproducible and more efficient devices. In particular, to control and optimize the 

morphology and achieve high-efficiency solar cells, our work focused on post-treatment 

conditions and blend composition, which has been reported to have a strong influence on the 

Glass/ITO (Anode) 

PEDOT:PSS (HTL) 

P3HT:PC70BM (Active) 

PFN (ETL) 

FM FM 

Figure 18. The 3-D view of a standard OSC fabricated in this thesis is shown constituting 

various layers. 
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OSC performance based on donor (P3HT) and acceptor (PCBM) materials [77, 78]. For 

active layer blend composition, a 1:1 weight ratio of P3HT and PCBM was used to yield the 

more efficient devices in our study. This ratio contradicts some studies that recently obtained 

efficient devices with a weight ratio of 1:0.8 for the two material blends for the active layer 

[79]. 
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Figure 19. The J-V curves of freshly prepared OSCs and encapsulated with different 

adhesives for aging test for days. 

Table 4 shows the distribution of four pristine OSC performance parameters derived 

from the curves. Observably, the current density values in the curves are negative as a sign 

convention to show that current is flowing out from the anode (generating energy). Thus, the 

negative values in the table were disregarded and absolute values were used instead for 

further analysis in this thesis. Whereas the range PCE values recorded for the improved cells 

with greater reproducibility was 2.43-2.650%. Jsc, Voc, and FF range values were 7.35-7.62 

mAcm-2, 0.61-0.62 V, and 0.53-0.58, respectively. Although the Jsc and Voc values agree with 



52 

some studies [79], they were generally low. For instance, Jsc for all the devices was low 

despite using a high absorption coefficient, BHJ active layer material (P3HT) [28], and 

allowing the D-A materials to mix for 24 h, and these low values may have been due to the 

recombination of generated excitons before dissociation and free charge carriers at the 

acceptor-ETL and acceptor-HTL interfaces causing low collection efficiency [79]. On the 

other hand, low Voc may have been due to the presence of nonohmic contacts at the 

electrode/ETL interface and poor D-A blend morphology [79]. The low Jsc and Voc were, 

therefore, the cause of low FF observed in our results, which also signified higher Rs and low 

Rsh  as described earlier under the single-diode junction model [14]. As shown in Eq. 2, these 

parameters strongly and directly affect device performance, and conspicuously led to lower 

efficiencies than what the literature has reported thus far using optimized P3HT:PCBM active 

layer (3-5%) [80]. 

Table 4. The PV parameters of OSCs used in this thesis. 

Device VOC (V) JSC 

(mA/cm2) 

Pmax 

(mW/cm2) 

FF PCE (%) 

NOA 65 0.61 -7.52 2.45 0.53 2.43 

NOA 71 0.62 -7.01 2.51 0.58 2.52 

Ossila 0.62 -7.62 2.63 0.56 2.65 

Unencapsulated 0.61 -7.35 2.55 0.57 2.56 

 

4.1.2. Morphology  

As already highlighted in 4.1.1., surface roughness and thickness are some of the key 

factors that also influence device performance, and as such, it was necessary to analyze them 

following optimization through active layer blend composition and thermal annealing of 
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different layers. Analyses of these film aspects were especially crucial. The AFM images of 

the three layers with 10 by 10 μm scanning size are shown in Figure 20. Surface analysis 

revealed surface roughness of approximately 3, 2, and 1 nm for the HTL, active, and ETL, 

respectively. These roughness values are similar to those of other research studies that have 

previously been reported [78, 79]. From the fabricated films shown in the figure, it is 

observed that the images have better defined granular morphology which can only be linked 

to the optimized conditions implemented during the fabrication procedure such as post-

treatment as well as spin coating speed and time. These favorable morphological structures 

possibly led to reduced charge trapping and fostered charge extraction and transport [81]. 

For the thickness, the estimation was done by making cuts on the glass/ITO surfaces 

containing each of the deposited films. Since these thicknesses are estimates, three 

measurements were taken at different cut locations of the samples for every layer, and the 

average value of each measure was determined. Our thickness measures for the layers were 

found to be 35 ± 5, 100 ± 8, and 7 ± 1 nm for HTL, active layer, and ETL, respectively. The 

active layer thickness is remarkably within the range of 65-266 nm reported in the literature 

as necessary for efficient light-harvesting and charge generation [79]. Just like roughness, 

the average thickness values are similar to what other studies have found.  

 

Figure 20. The AFM images of various OSC layers (a) HTL, (b), the active layer, and (c) 

ETL. 
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4.1.3. Stability test results 

Figure 21 illustrates the cross-sectional view of an encapsulated OSC used in this 

thesis. The encapsulation material covered both the top and edges of the solar cell. As 

previously mentioned, one of the OSCs was left unencapsulated to act as a reference device. 

After the encapsulation procedure, the devices interestingly did not significantly lose their 

performance, possibly because of the fast-curing process that did not give time for 

environmental factors to cause consequential deterioration and low intensities that did not 

break polymer carbon bonds to impact performance. The encapsulated cells and the non-

encapsulated reference devices were stored in the dark for 20 days and the variation of the 

four parameters, PCE, Jsc, Voc, and FF, were monitored with time, with measures taken every 

2 days.  It is important to note that these tests were conducted in three sets of cells, and it was 

observed that the stability performance trend of the encapsulation materials was similar. 

Accordingly, our study selected one of the sets for further analysis and reporting.  

 

  

  

 

 

 

 

 

 

Figure 22 shows the variation of absolute PCEs with time. It can be seen that in all 

the cell devices, the PCEs dropped and did so at different rates throughout the aging period. 
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Figure 21. Cross-sectional view of fully encapsulated OSC device using the blanket 

method. 
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The rates were notably dependent on the encapsulant that was considered for each case. It 

was observed that OEE provided significantly greater stability by maintaining a better cell 

performance compared to both the NOA adhesives and the reference, as it decreased least 

rapidly and retained 92.5% of its original efficiency. Interestingly, OEE was closely followed 

by NOA 71 and NOA 65 respectively, which retained efficiencies of 91.3% and 87.0%, 

respectively. As expected, the reference OSC recorded the least performance of all, retaining 

only 38.0% of the original efficiency value during the aging test. An important point to note 

from Figure 17 is that better-performing adhesives also had retained their original 

performance for longer times before they began to deteriorate. As such, we can immediately 

conclude OEE was most effective in safeguarding cell devices from the ingress of water and 

oxygen, which are the main degrading causing factors in OSCs.  
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Figure 22. The variation of PCE vs time of encapsulated and unencapsulated OSCs. 
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Similarly, Figure 23 exhibits that Jsc decreased with time over the same period, with 

the OEE and NOA 71 registering the better performance over NOA 65 by each retaining 95% 

of the initial value. NOA 65-encapsulated device retained 94% of their initial value, while 

the reference cell retained only 66%, indicating the highest rate of degradation. Of course, it 

is evident that compared to PCE values, which is considered the most important and 

determinant parameter, relatively small decrements were witnessed in Jsc values. As seen in 

these curves, the negative sign convention in the J-V curves was omitted and absolute values 

were used in Jsc to demonstrate the decreasing or degrading property of this parameter with 

time.  
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Figure 23. The variation of Jsc vs time of encapsulated and unencapsulated OSCs. 

Contrary to the PCEs and Jsc with easily noticeable deterioration rates, little to no 

changes were observed in the other parameters, namely Voc and FF. Over the testing period, 

as depicted in Figure 24, the Voc of most of the devices slightly decreased irrespective of 
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whether the device was encapsulated or not. This slight reduction made it challenging to 

reliably use this parameter in gauging the impact of encapsulation materials on devices. 

Nevertheless, the small variations were still visible, as close observations demonstrated that 

the rate of decrease differed depending on the encapsulation material, with the reference 

device starting to drop first followed by those of NOA 65 and NOA 71, and finally OEE after 

48, 192, 288, and 384 h, respectively. Therefore, while the ultimate reductions were small 

for all adhesives, the differing rates exhibited that encapsulants generally ascertained voltage 

stability compared to the non-encapsulated reference device. This retention further depended 

on the material, with OEE retaining the initial value of Voc longer than the rest. 
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Figure 24. Variation of Voc vs time of encapsulated and unencapsulated OSCs. 

Figure 25 shows how FF changed during the lifetime test.  While some OSCs showed 

a gradual loss of FF, others oscillated and instead had their FF values increase. More 

particularly, the encapsulated cells showed a steady but slow loss in their FF, although this 
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was often less radical and the changes were only slightly noticeable, occurring more 

pronouncedly when the cells were already exhibiting tremendously reduced PCEs at 336 h 

for NOA 71 and OEE. The percentage reductions registered by these adhesives, respectively, 

were 13.8% and 10.7%. Interestingly, the FF value of the NOA 65 encapsulated device 

oscillated between and increased and somewhat stabilized at a higher value unlike other 

devices (increased from 0.53 to 0.60 or increased by 13.2%). This contradicts previous 

studies that have found that whereas FF might sometimes improve, it stabilizes and slowly 

starts to decrease with time [82], due to reduced charge extraction from the degrading active 

layer [83]. This improvement was despite the overall PCE decrease determined in NOA 65, 

which might have been apparently due to more dramatic declines of other parameters, such 

as Jsc and Voc. Although the results provided by the encapsulated device curves might be 

inconclusive on how FF varies with time, it can be seen from the unencapsulated device that 

if the test could be conducted for more time, reductions may potentially be steadier and more 

reliably observed, as it lost 33.3% of the initial value after 20 days. 
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Figure 25. The variation of FF against the time of encapsulated and unencapsulated OSCs. 

The J-V characterization of the results obtained with the encapsulated and reference 

OSCs demonstrated the effect that encapsulation materials have on improving stability. The 

encapsulated excitonic devices particularly showed greater stability than the unencapsulated 

OSC, with OEE being the best followed by NOA 71 then NOA 65, and finally the 

unencapsulated one. Good PCE performance retention in OEE has been found in other 

studies as well. Using epoxy encapsulant under damp-heat conditions, Sapkota, et al. found 

that OSCs encapsulated between glass-glass retained over 90% of their initial device 

performance after more than 1800 h; more remarkably, another device set retained a similar 

performance after over 12,000 h under continuous one-sun irradiation [84]. Our results are 

also consistent with previous findings involving NOAs that have shown NOA 71 to be a 

better encapsulation material than NOA 65 [13].  
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Equally observable is that the PCE and Jsc were more reliable in evaluating the effect 

of encapsulation materials on device degradation, as they recorded clearer declines. These 

device parameters were better compared to Voc and FF, whose results showed unclear 

outcomes, although some conclusions could be derived from them, especially if the lifetime 

test was conducted for an extended time in the range of 1000 h and over [84]. Overall, OEE 

is the best material among the encapsulants used in this thesis then NOA 71 and finally NOA 

65.  

4.2. Perovskite Solar Cells (PSCs) 

As with the previous subsection, here we also analyze the device performance of the 

fabricated PSCs, the morphological properties of their different layers, and more importantly, 

their stability or aging after 20 days following encapsulation with the three adhesives.   

4.2.1. Device performance 

PSCs with an inverted structure was manufactured. Figure 26 shows the fabricated 

device with glass/ITO/PEDOT:PSS/MAPbI3 perovskite/PC70BM/FM architecture. The 

inverted architecture was especially considered because of its low-temperature processing, 

relatively high throughput, easy fabrication, and cost-effectiveness for upscaling [20, 50]. 

 

 

 

 

 

 

 Glass/ITO (Anode) 

PEDOT:PSS (HTL) 

MAPbI3 (Active) 

PC70BM (ETL) 

F
F

Figure 26. The 3-D view of an inverted PSC fabricated and used in this thesis. 
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Figure 27 shows the J-V curves of the freshly manufactured devices obtained. To try 

and achieve better device performance, our efforts were directed at controlling a wide array 

of parameters, including the vacuum oven temperature as well as thermal treatment time and 

temperature to achieve efficient perovskites with greater homogeneity, reproducibility, and 

crystallinity. However, realizing all these was an extremely challenging task given the 

sensitivity of these solar cells to ambient factors. As the figure reveals, cells with high 

reproducibility were achieved, and this was done by controlling the morphology and film 

quality by using suitable annealing conditions to ensure film homogeneity [73]. The 

reproducibility was also realized by carefully and uniformly spread-coating the MAI solution 

on pre-cleaned and pre-treated glass substrates for the MAPbI3 perovskite films to be 

homogenously formed.  
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Figure 27. The J-V curves of freshly prepared PSCs show their performance. 
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Table 5 exhibits the parameters of the manufactured PSCs. The PCEs ranged between 

2.84% and 3.21%. On the other hand, Jsc, Voc, and FF values ranged from 7.76-8.30 mA/cm2, 

0.67-0.70 V, and 0.53-0.56, respectively. Like in OSCs, low PCEs were obtained in PSCs, 

as the CSS has previously yielded better PCEs, up to 10% [85]. This could be as a result of 

internal factors caused by the low Jsc, Voc, and FF, with direct influence on efficiency. For 

low Jsc, the reason could be that pinholes and defects may have been present in the perovskite 

layer, leading to increased recombination and loss of photo-generated carriers at the grain 

boundaries. In addition, the poor interface morphology could be another reason. These two 

factors have been found to result in ineffective collection and transport of photo-generated 

carriers [21, 85]. Although charge collection efficiency can be improved through defect 

passivation involving the addition of a new layer, such as 2,5-thiophenedicarboxylic acid 

ligand, between the perovskite and the charge transport layers (CTLs) [85], our work did not 

use these materials; thus, future studies could consider it. Our highest Voc value was 0.70 V, 

which is inconsistent with what some studies have found (1.20 V). Similar reasons cited for 

OSCs, such as poor interface layer or nonohmic contact, could the caused these lower values. 

Combined with low FF, it was without a doubt that our PCEs would be low. 

The low PCEs may have as well been caused externally by “excess” atmospheric 

moisture and oxygen. The fact that our devices were fabricated under high ambient relative 

humidity (RH) conditions (48-54%) may have contributed to low efficiencies, as high RH 

has been shown to adversely influence perovskite film crystal growth and performance, 

especially when it is above 30% [86]. Even though a dehumidifier was used to reduce the 

levels of humidity in the lab, they did not reduce significantly since the dehumidifier was not 

in good working conditions. Possibly, preparing the perovskite films in a glove box, where 

conditions are controlled might have potentially produced more efficient devices. The 
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temperatures in the vacuum oven were maintained in the range of 127 °C-134 °C to obviate 

the decomposition of the temperature-sensitive perovskites. This is consistent with Soo, et 

al. who suggested temperatures below 150 °C to avoid degradation of device layers and 

performance degradation [87]. 

 

 

 

Table 5. Summary of freshly prepared PSC devices showing the device parameters. 

Device  VOC  (V) JSC 

(mA/cm2) 

Pmax 

(mW/cm2) 

FF PCE (%) 

Unencapsulated 0.69 −7.76 -2.85 0.53 2.84 

NOA 65 0.67 −8.03 -2.85 0.53 2.85 

NOA 71 0.68 −7.97 -2.99 0.56 3.03 

OEE 0.70 −8.30 -3.18 0.55 3.20 

 

4.2.2. Morphology  

In PSCs, morphology engineering plays an invaluable role in their performance just 

as in OSCs. The morphological properties that were analyzed were surface roughness and 

thickness, although other components like grain size and crystallinity are crucial as well. The 

AFM was employed to inspect surface roughness and thickness. Figure 28 provides the 

extracted image scans of different films. The images demonstrate films with well-defined 

grain boundaries, especially the MAPbI3 perovskite and ETL layers. The measured thickness 

of HTL, MaPbI3 perovskite, and ETL ranged between 38-42, 385-405, and 97-100 nm, 

respectively. On the other hand, the surface roughness for these layers was measured to be 3, 
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19, and 5 nm, respectively. These layer thickness and roughness values demonstrated were 

in line with several previous studies that have provided similar ranges for these layers [88, 

89].  

 

Figure 28. AFM images of (a) HTL fabricated by simple spin coating, (b) MAPbI3 perovskite 

processed by sequential two-step close-space sublimation, and (c) HTL achieved by spin 

coating techniques. 

Figure 29 indicates the sample photographs of PbI2 films that were taken after CSS 

in the vacuum oven. It can be seen that the resulting film images had uniform yellow color 

distribution without white spots, signifying homogeneity. This was achieved at the PbI2 film 

spin coating stage, where PbI2-DMF solution and glass/ITO/PEDOT:PSS substrates were 

both thermally pretreated separately at 100 °C for 20 min before spin-coating the former on 

the latter, as these conditions enhance fast crystallization resulting from induced temperature 

gradients caused by the spin coater [88, 89]. This minimizes boundaries and increases the 

average grain size within the perovskites to reduce recombination of the photogenerated 

charges [89]. Other annealing conditions have been demonstrated to produce irregular and 

white spot poor-quality films. Therefore, ensuring homogeneity of perovskite film during 

fabrication by thermal pre-treatment was one of the crucial methods for improved 

morphology. 
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4.2.3. Stability test results 

For this thesis, one device was left unencapsulated to act as the control/reference cell, 

while the other three devices were encapsulated with NOA 65, NOA 71, and OEE, to 

examine the effect and compare the performance of these adhesives on solar cell stability and 

lifetime.  Figure 30 shows the cross-section of an encapsulated PSC with blanket 

encapsulation material covering the top and edges of the device. Similar to OSCs, three sets 

of solar cells were tested, and a similar stability performance trend was observed across the 

sets and encapsulants. As such, this thesis work chose one of the sets for further analysis and 

reporting.  
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Figure 29. Sample photographs of high-quality and homogenous bright yellow PbI2 

films obtained suitable pre-treatment of substrates and PbI2-DMF solution at 100 °C 

for 20 min. 
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Table 6 presents the performance parameters just after the encapsulation and curing 

at UV wavelengths described in 3.2.3. It was observed that both the encapsulated and 

reference device parameters, including PCEs, Jsc, Voc, and FF, reduced after the encapsulation 

procedure. This was not surprising considering the PSCs were exposed to the ambient 

conditions during the encapsulation process after the initial J-V characterization, potentially 

causing performance loss. Indeed, the reduction, especially PCE, was more pronounced in 

encapsulated cells (1.4%, 4.3%, and 10.1% for NOA 65, NOA 71, and OEE compared to the 

0.35% for unencapsulated) that were UV irradiated. The device encapsulated using OEE had 

the highest reduction probably because of the higher UV irradiation intensity that was used 

for its curing (4 mWcm-2 for 5 min). UV curing during encapsulation procedure has generally 

been reported to trigger damage to cells and lead to losses. Although the reductions may have 

also been caused by the encapsulants due to lack of excellent optical transmission efficiency 

that leads to the obstruction of light/photons from reaching the perovskite layers and 

ultimately decreasing the conversion efficiency, this was not the case as the incident light hit 

the PSCs from the glass/ITO or anode direction (see Figure 30), and therefore did not affect 

the absorption by the active layers.  

Table 6. Device parameters immediately after the encapsulation with different encapsulants. 

Device  VOC (V) JSC 

(mA/cm2) 

Pmax 

(mW/cm2) 

FF PCE (%) 

Unencapsulated 0.69 −7.74 -2.84 0.53 2.83 

Figure 30. The cross-sectional view of an encapsulated inverted PSC device. The 

encapsulant covers both the top and edges of devices. 
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NOA 65 0.63 −7.97 -2.79 0.56 2.81 

NOA 71 0.65 −7.82 -2.90 0.57 2.90  

OEE  0.67 −8.25 -3.10 0.55 2.87 

 

After the encapsulation and consequently J-V characterization, the PSCs were stored 

in the dark and various performance parameters were monitored for 20 days. Ultimately, the 

variability of different performance parameters against time was plotted.  

Figure 31 shows the variation of PCE measurements vs time. The findings reveal that 

the PCEs for all the devices deteriorated regardless of the encapsulation state of the device. 

However, this took place at significantly varying rates, with a higher loss rate occurring in 

the unencapsulated device than its encapsulated counterparts. While the unencapsulated 

device retained a PCE fraction of 33.5%, its encapsulated counterparts retained much higher 

values as expected. In particular, the PCS protected using NOA 65 and NOA 71 retained 

efficiency fractions of 77.6% and 80%, the one safeguarded using OEE retained an efficiency 

fraction of 85.5% after 20 days. The results audibly demonstrate that encapsulation plays an 

important role in PCE retention. Most importantly, they show that the epoxy offers better 

efficiency retention compared to other adhesives that were considered in this work and are 

therefore more effective in device stability maintenance.  
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Figure 31. The variation of PCE vs time of encapsulated and unencapsulated PSCs. 

The rate of change of Jsc vs time is another important parameter that this study 

monitored, and a similar observation to that seen in PCEs, i.e., reduction with time, was made 

as shown in Figure 32. However, the rate of reduction differed significantly depending on 

whether there was encapsulation or not. Even among the encapsulated PSCs, the rate of 

change varied observably. As anticipated, the greatest reduction rate occurred in the non-

encapsulated cell which fell to 3.97 from 7.74 mA/cm2, recording a retention Jsc fraction of 

51.3%. On the other hand, encapsulated devices retained Jsc fractions of 79.5%, 85.1%, and 

86.5% for NOA 65, NOA 71, and OEE, respectively. Similarly, OEE registered the best 

performance over its counterparts that were considered. 
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Figure 32. The variation of Jsc vs time of encapsulated and unencapsulated PSCs. 

For the variation of Voc shown in Figure 33, the highest reduction was likewise 

observed in the non-encapsulated device, which lost 34.8% of its original value and retained 

65.2%. By contrast, little to no reductions in Voc were recorded in encapsulated cells. While 

NOA 65 and NOA 71 retained 97.0% and 95.5% of their initial values, respectively, the 

epoxy was able to equally retain the highest, 98.6%. Therefore, unlike the previously 

discussed parameters of PCE and Jsc, Voc decreases less rapidly and should thus be monitored 

over an extended time to yield considerably more revealing and comparable results as 

suggested in OSC lifetime tests. However, the difference if the device is not encapsulated is 

evident but findings somewhat point to the epoxy as the best-performing adhesive. 



70 

0 100 200 300 400 500

0.45

0.50

0.55

0.60

0.65

0.70

V
o
c 

(V
)

Time (h)

 Unencapsulated

 NOA 65

 NOA 71

 OEE

 

Figure 33. The variation of Voc vs time of encapsulated and unencapsulated PSCs for 20 

days. 

Figure 34 indicates how the FF parameter varied with time, and like other parameters, 

it depicts a downward trend, with encapsulation demonstrating its protection ability of 

devices here as well. While the non-encapsulated PCS retained 62.3% of its initial value, the 

reference PSCs had minimal to no change in their FF values. Specifically, NOA 65 and NOA 

71 retained 92.3% and 98.2%, respectively, the epoxy did not record any change after the 20 

days, implying it retained 100.0% of its initial performance. Accordingly, OEE outperformed 

the NOAs, with NOA 71 coming second followed by NOA 65.  
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Figure 34. Variation of FF vs time of encapsulated and unencapsulated PSCs for 20 days. 

In summary, the findings from PSC curves reveal that like in OSCs, OEE offers the 

best barrier of PSC protection against moisture and oxygen, followed closely by NOA 71, 

while NOA 65 comes third. In contrast, the reference unencapsulated PSC was the least and 

comes distant fourth, as it lost most of its performance due to the absence of encapsulation 

during the lifetime test. Although both the performance parameters recorded a general 

reduction in their original values, it was clear that PCE and Jsc, to some extent, provided more 

reliable results in the short-time assessment of the effect of encapsulation on PV stability. 

4.3. UV-Vis spectroscopy 

Figures 35 and 36 show the UV-Vis spectroscopy spectra of the encapsulants used to 

characterize them for optical performance. Figure 35 illustrates that the transmission of the 

considered encapsulants in this work. The results showed that NOA 65 and NOA 71 transmit 

from 400-800 nm at ∼95%, while the epoxy does so from 450-800 at ∼90%. Thus, the NOAs 

were better optical transmitters than the epoxy. However, all the materials have the unique 
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property to block UV light completely from 300-400, which makes them suitable for PV 

applications where UV blocking is crucial, yet transmission is required in the visible 

wavelengths.  
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Figure 35. The UV-Vis spectroscopy (transmission spectra) was measured using a 

spectrophotometer. The tests were performed on both NOA 65, NOA 71, and Ossila epoxy 

resin films in region UV-Vis-NIR. 

Figure 36 presents complementary curves of transmission, depicting the absorption 

spectra of these adhesives used in this thesis. As can be seen, NOAs have lower absorption 

in the visible wavelengths compared to OEE with relatively higher absorption. NOAs start 

to absorb at 380 nm, whereas OEE starts at 500 nm, which demonstrates the poor optical 

performance of OEE than NOAs with inevitably greater clarity. Despite this less optical 

transparency, lifetime tests in both OSCs and PSCs showed OEE as the most effective in 

protecting devices against environmental factors. This, therefore, suggests there could be 

many other factors that could be impacting the performance of these materials as will be 

discussed in the later section.  
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Figure 36. The UV-Vis spectroscopy (absorption spectra) was measured using a 

spectrophotometer. The tests were performed on both NOA 65, NOA 71, and Ossila epoxy 

resin films in region UV-Vis-NIR. 

4.4. Comparative discussions  

The results obtained from OSCs and PSCs show interesting points that are worth 

being discussed. These devices are different in terms of charge generation and occasionally 

in processing methods. Regarding their fabrication, it was established that preparing PSCs 

using the sequential two-step CSS technique is more complex and time-consuming than 

OSCs, which are fabricated mainly through simple spin coating. We expected PSCs to 

achieve better device efficiency performance because of optimized fabrication conditions and 

nature of charge generation; absorption causes the direct and efficient generation of free 

charges in a single step rather than excitons that experience considerable energy losses 

through their migration and dissociation [45, 46]. However, we did not achieve this good 

efficiency for reasons cited earlier under PSC device performance. Most notably, we 
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observed that PSCs are more sensitive to environmental factors of oxygen and moisture, as 

the reference PSCs degraded more rapidly (retained 33.5%) than the reference OSCs that 

retained PCE of 38.0% at the end of the aging period.  

All the encapsulated devices aged; however, the degradation rates were more drastic 

in PSCs than in OSCs. This was because PSCs are more sensitive to the ambient conditions 

compared to the excitonic devices. The performance decline in encapsulated OSCs and PSCs 

may have been caused by many reasons. First, it appears that although the device active areas 

were safeguarded to a great extent by top electrodes and encapsulants, they were insufficient 

to completely circumvent deterioration [68], as the low WVTR and OTR of the encapsulants 

still permitted oxygen and moisture to enter through the device layers into the photoactive 

layers and reach sufficient levels to initiate degradation processes described earlier. 

Secondly, the materials could be made up of reactive and harmful chemical elements that 

interact with various materials within the device stack to degrade cell performance. Wong et 

al. have recently tested the reactivity of OEE’s film, where they found that the resin 

appreciably reduced perovskite film absorbance and cited the undesirable chemical reactions 

between MAPbI3 and OEE as the probable reason for the dwindling perovskite performance 

[90]. Few studies have used NOAs to investigate this phenomenon, and have suggested the 

possibility of chemical reactants that hamper performance [66, 84]. To improve the 

encapsulation effect, attain high-performance encapsulation barriers, and prevent possible 

chemical reactions between the active and polymeric resins, multilayer encapsulation barrier 

structures incorporating encapsulants and interlayer materials such as a solution-processable 

polymer interlayer (polyvinylpyrrolidone (PVP)) and Poly (methyl methacrylate) (PMMA) 

can be used [90].  
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Interestingly, in both OSCs and PSCs, OEE registered the best performance followed 

by NOA 71 and finally NOA 65, which we instantly argue could be the result of lower WVTR 

and OTR in OEE than in the other materials. The similarity in performance of these materials 

was not surprising, as many recent studies have suggested that, unlike their inorganic 

counterparts, several materials used as HTLs, ETLs, electrodes, etc., in OSCs can also be 

incorporated in PSCs and still perform excellently [21]. Accordingly, we anticipated that 

encapsulation materials capable of providing better performance in OSCs could equally 

perform better in PSCs.  

Our UV-Vis transmission results showed better optical transparency performance of 

NOAs (>95%) than OEE (>90%) and would, therefore, expectedly be more suited to 

providing better encapsulation performance. However, WVTR, OTR, and 

transmission/absorption are just but a few parameters that influence encapsulation 

performance from among many others, such as adhesion, modulus, elongation at failure, 

refractive index, tensile stress, etc. [71]. This explains OEE’s better performance than the 

NOAs despite its poorer optical performance. Its chemical make-up ensures that it optimizes 

and trades off all these variables to offer the best barrier performance. For instance, other 

than its possibly lower WVTR and OTR already highlighted, this material contains a tackifier 

resin which promotes adhesion and stability performance of OEE as well as creates a trade-

off between optical performance and adhesion. As such, while the tackifier may potentially 

reduce the light transmission and increase absorption, the increased adhesion compensates 

for the reduced optical performance and plays a vital role in improving 

encapsulation/mechanical strength and hence long-term stability. In addition, OEE’s lower 

index of refraction (∼1.5) [89] compared to NOA 65 (1.52) and NOA 71 (1.56) [92] 

minimizes optical losses in form of reflection and absorption. Indeed, a recent report found 
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that epoxies, such as OEE, can be invaluable in Pb toxicity reduction in PSCs by preventing 

its leakage by a higher factor (375) than other conventional UV-curable resins such as NOAs 

[93]. In sum, a combination of variables, namely excellent adhesion to glass, outstanding 

optical properties even after curing, superb electrical insulation, improved Pb leakage 

prevention, higher temperature resistance, as well as extremely low WVTR and OTR, 

ascertains that OEE offers better performance than most other adhesives.  

However, these enormous stability benefits of the OEE come at a cost. This is because 

while the epoxy is best in terms of stability, it considerably costs more ($95.30 for a 10 ml 

bottle) than both NOA 65 ($23.28 for 30 ml) and NOA 71 ($22.11 for 30 ml) [91, 92].  

Therefore, including it in device processing might lead to increased and high overall device 

production costs, potentially making OSCs and PSCs economically less competitive than the 

existing PV technologies in the market. Consequently, all the three key elements of the 

golden triangle, namely efficiency, lifetime or stability, and cost, may not be optimized. 

Nevertheless, it should be emphasized that these costs are for small quantities and at the 

research level. For future scaling and commercialization, prices could be significantly 

reduced. This warrants a more extensive study that elaborately examines the golden triangle 

components to assess the suitability of these materials to meet all the three factors, while also 

ensuring device competitiveness with the existing energy sources when devices are 

ultimately upscaled.  
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5. Conclusions and future work 

This chapter provides a summary of lifetime testing comparison results of OSCs and 

PSCs. It also briefly states the findings obtained by this research project and suggests 

recommendations for future studies.  

5.1. Conclusions  

In this thesis, stable standard organic solar cells (OSCs) and inverted perovskite solar 

cells (PSCs) were fabricated. Three different UV-curable encapsulation materials, including 

Norland adhesive 65 (NOA 65), Norland adhesive 71 (NOA 71), and Ossila encapsulation 

epoxy (OEE), were purposely used to inhibit external factors, especially moisture and 

oxygen, causing device degradation. The aim was to compare the encapsulants and identify 

the most effective among them in terms of barrier protection. To that end, we designed, 

encapsulated, and rated respective performance parameters of different sets of OSCs and 

PSCs. The parameters considered were power conversion efficiency (PCE), short-circuit 

current density (Jsc), open-circuit voltage (Voc), and fill factor (FF), which were monitored 

for 20 days under dark storage conditions. Although we immediately conclude that 

encapsulation depends on barrier encapsulant performance ability, especially water vapor 

transmission rate (WVTR) and oxygen transmission rate (OTR), other parameters, such as 

transmission/absorption, modulus, tensile strength, refractive index, etc., have a vital role in 

the overall performance. The main findings from the analysis include:  

 For OSCs processed by spin coating technique, the maximum PCE was 2.70%, 

although this PCE was lower than what has been reported in the literature. For PSCs 

processed by sequential two-step close-space (CSS) fabrication method, the 
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maximum efficiency was 3.20%. Again, this was lower than the efficiencies in the 

literature that have found up to 10%. The low device PCEs could be due to charge 

carrier recombination, poor interface morphology, and harsh ambient fabrication 

conditions. 

 The device layer morphological properties, especially surface roughness and film 

thicknesses, were consistent with what has been reported in the literature thus far. For 

OSCs, the surface roughness was found as 3, 2, and 1 nm for the hole transport layer 

(HTL), P3HT:PC70BM active layer, and electron transport layer (ETL), respectively. 

For PSCs, the surface roughness was measured to be 3, 19, and 5 nm, for HTL, 

MAPbI3 perovskite layer, and ETL, respectively. The grain boundaries were also 

well-defined for all the devices.   

 Encapsulation results revealed that under the same environmental conditions, OEE 

offers the best barrier protection against moisture and oxygen for both OSCs (retains 

92.5% of initial PCE) and PSCs (retained 85.5%) despite its least UV-Vis 

transmission/absorption among the three adhesives. It is followed closely by NOA 71 

(retained 91.3% and 80% for OSCs and PSCs, respectively), while NOA 65 (retained 

87.0% and 77.6% for OSCs and PSCs, respectively) comes third. The lowest 

performance was found in the reference or unencapsulated cells. Therefore, OEE’s 

excellent performance was due to the trade-off between different parameters, 

including WVTR, OTR, transmission/absorption, adhesion, refractive index, 

modulus, tensile strength, etc., which influence the overall material encapsulation 

performance. Although the costlier nature of this adhesive makes it inconclusive to 

say it is the best encapsulant cost-effectively, as economic viability might be a great 
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concern, this research is only in the lab-scale and costs could potentially decrease in 

upscale production.  

 Our findings reveal that the PCE and Jsc were the most reliable performance indicators 

in providing accurate results on the effect of encapsulation in devices over a short 

time of 20 days and can be used to better predict the effect of encapsulants on device 

performance when lifetime tests under such short spans. For Voc and FF, however, the 

rate of decrease is more gradual and not easily visible for a few weeks. This was 

particularly the case in OSCs.  

5.2. Future work 

Future studies could complement the results of this work in different ways. First, 

works could try to fabricate devices with relatively higher efficiency in the glove box, 

minimal relative humidity conditions, and improved morphology. Second, the best 

encapsulant that optimizes all the three components of the golden triangle, namely efficiency, 

stability, and costs, may be inconclusive. Thus, future upscale studies could try to establish 

the most cost-effective and best barrier protection adhesive to attain competitiveness with 

alternative photovoltaics (PVs) in the market. Our results, however, point to the OEE as the 

best encapsulant in terms of stability performance in the lab research. Consequently, more 

extensive upscale research should be conducted to establish the encapsulation material that 

optimizes all the three components in the golden triangle before full commercialization. In 

addition, multilayer encapsulation could be included to enhance their performance 

effectiveness. Besides, the research could identify the exact adhesive chemical constituents 

that might lead to performance deterioration.   
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Third, our current study included NOA 65, NOA 71, and OEE. While the findings 

were promising, future studies could be more robust and incorporate more wide-ranging 

encapsulation materials. They could also experimentally quantify and analyze how 

innumerable parameters, namely thickness, WVTR, OTR, optical performance, modulus, 

refractive index, volume resistivity, etc., impact the encapsulation performance of each 

material. Finally, the research could also be conducted over an extended time with these 

varieties of adhesives to better establish how all the parameters, including Voc and FF, vary 

with time so that they can help with how encapsulation impacts them. 
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