
ABSTRACT 

O’CONNELL, MATTHEW. Assessment of Interfacial Adhesives used in Flexible Thin Film 

Encapsulation. Under the direction of Dr. Brendan O’Connor.  

 

The development of solution processable polymer semiconductors have enabled organic 

photovoltaics (OPVs) to possess lightweight and flexible attributes. Fabrication of OPVs on 

polymer substrates enables unique flexible applications such as wearable electronics, building 

integrated photovoltaics, or avionics. However, the materials used in OPVs degrade over time 

upon exposure to the combination of irradiation, moisture, oxygen, and mechanical stresses. 

Degradation due to atmospheric permeation should be considered the main contributing factor to 

the accelerated loss of OPV performance. Encapsulation between multilayer thin film barriers 

provides significant protection from the ingress of moisture and oxygen into the device stack. 

Laminating the barrier films onto OPVs through the use of interfacial adhesives is a promising 

flexible encapsulation strategy but must demonstrate robust stability because flexible applications 

may endure repeated compressive, tensile, and torsional stresses. The influence of interfacial 

adhesives on the mechanical stability of flexible OPV encapsulation is narrowly defined. This 

investigation considers the robust performance of common flexible encapsulation architectures 

under bending and peeling stresses. Full coverage, perimeter, and combined application of the 

interfacial adhesives are investigated to inform which encapsulation architecture is most robust 

and reliable. Optimization of the interfacial adhesive layer in regard to the quality, thickness, and 

processing conditions is considered. It is determined that interfacial adhesives that cover the entire 

surface area of the device and substrate demonstrate consistent mechanical stability. Epoxy and 

acrylic adhesives are deemed as the best performing adhesives. The mechanical test that accurately 

informs mechanical reliability is determined as a bending test combined with the optical calcium 

test, traditionally used to define the barrier performance of the adhesive layer.  
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CHAPTER 1: Introduction 

1.1 Motivation and Background 

1.1.1 Flexible OPVs 

Society is in the process of transitioning to more sustainable and eco-friendly sources of 

energy as the reliance on high carbon-emitting solutions has proven harmful to the stability of our 

environment(1). Traditional crystalline silicon (c-Si) photovoltaics boast higher efficiencies and 

longer term stability than the emerging organic photovoltaic (OPV) technologies(2) . However, 

with the emergence of OPVs, a wide range of potential unique applications exists. OPV’s inherent 

lightweight, flexible, and low cost characteristics create addressable markets such as wearable 

devices, agrivoltaics, space applications, and avionics (3,4,5,6). The robustness of flexible organic 

photovoltaics is critical to the feasibility of their application within these markets. The ability to 

operate at optimal efficiency for prolonged durations whilst conforming to non-uniform surfaces 

and withstanding variable high stress conditions is necessary to meet commercialization standards.    

 

The ability to achieve high power conversion efficiencies (PCE) using highly flexible 

device structures has been demonstrated and continues to aim higher (8,9,10). Figure 1 demonstrates 

a flexible OPV structure. The functional stack of OPVs is comprised of blocking or transport layers 

Figure 1.  A representation of a flexible solar cell and its device stack 

structure. Adapted from Li et al. Mater. Reports Energy 2021, 1 (1), 

100001.(7) 



   

2 

 

combined with the light harvesting active layer to form a total thickness that ranges to just a few 

hundred nanometers (11). These stacks are commonly deposited onto polymer substrates such as 

polyethylene terephthalate (PET), polyimide (PI), and polyethylene naphthalate (PEN) for their 

lightweight attributes, low cost supply and compatibility with high throughput processing (6,11). 

Polymer substrates increase the final thickness of the devices however remaining relatively thin 

between a few hundred microns. Polymer substrates used in flexible OPVs are known to be highly 

permeable to oxygen and moisture (12, 13). This is due to their high molecular chain mobility which 

allows for their flexible and conformal applications. However, this high rate of permeation has 

been shown to accelerate the degradation of the functional parameters of OPVs including the short-

circuit current (Jsc), open-circuit voltage (Voc), and fill factor (FF) (7, 12, 13). This ultimately 

degrades the power conversion efficiency (PCE) of OPVs dramatically limiting their lifetimes. 

Solutions to prevent the ingress of moisture and oxygen are the deposition of thin metal oxides or 

the formation of alternating organic/inorganic material multilayers onto the devices. However, 

considering how these solutions impact the flexibility of the device should not be neglected. Many 

efforts have been made to promote long-term stability of the flexible OPVs through optimization 

of the functional layers and photoactive layer materials (14, 15, 16), surface treatments of the 

functional layer, and processing conditions during fabrication (17, 18). Consideration of the extrinsic 

and intrinsic factors that affect the stability of flexible OPVs will inform the most suitable solutions 

to enhance their operational lifetimes.  

1.1.2 Device Stability  

Organic photovoltaic (OPV) device stability is critical for its practical implementation into 

industrial or commercial applications. The general consensus among researchers and industry 

professionals is that OPVs must meet the fundamental requirements of PCE greater than 18% and 
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maintain this performance at lifetimes greater than 10 years (19, 20). While the performances of 

flexible OPVs have achieved PCEs that exceed this minimum requirement, their stability outside 

of inert lab controlled atmospheres has proven quite challenging (19, 21). The degradation principles 

that diminish the PCEs and accelerate the loss of functionality of OPVs must be understood in 

order to achieve the unique capabilities OPVs offer in the solar energy industry.  

 

Organic photovoltaics (OPVs) are impacted by several mechanisms of degradation that 

affect their performance over time. Figure 2 illustrates the main factors that combine to influence 

the stability of OPVs, including light, temperature, atmosphere, and mechanical stress (12). These 

factors can cause degradation that is classified as either intrinsic or extrinsic. Intrinsic degradation 

involves morphological or interfacial changes to the transport layers, active layer, or metal 

electrodes.  This can include phase segregation of the photoactive layer (PAL) materials, phase 

separation at the interface of the active layer and hole transport layer (HTL), and interdiffusion of 

the metal electrode into the active layer (13, 21). Each of these chemical and physical reactions 

Figure 2. Extrinsic and Intrinsic Factors impacting the 

stability of OPVs. Adapted from  Cheng et al. Chem. Soc. Rev. 

2016, 45 (9), 2544–2582. (12) 
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contribute to the loss of performance and stability of OPVs. However, they are strongly influenced 

and often accelerated by extrinsic factors like elevated temperatures and permeated atmospheric 

molecules (13, 22). 

Extrinsic degradation mechanisms are considered environmental conditions that impact 

OPVs such as fluctuations in temperature, light intensity, atmospheric conditions, static and 

cyclical mechanical stresses, and even impact stresses from weather events such as hail (22). 

Temperature and light can be grouped together as extrinsic factors, as the operational temperature 

of OPVs increases with continuous irradiation. Irradiation-induced instability is described by 

photochemical and photophysical reactions of the PAL, buffer layers, and PAL/electrode interface 

(12, 13). Photochemical reactions, particularly photo-oxidation, are predominant and can cause 

changes in the metastable structure of the PAL, leading to decreased photo absorption, catalysis of 

sub-bandgap materials formation, alteration of energetic disorder, changes in energy levels of 

electron donors and acceptors, and formation of radicalized cations on the polymer chain, resulting 

in a relaxed charge transfer state (12, 13). Moreover, depending on the glass-transition temperature 

(Tg) of the PAL materials, elevated operational temperature may induce increased chain mobility, 

leading to PAL aggregation, reorganization, or crystallization. The combination of these 

photophysical and photochemical reactions results in reduced exciton generation, dissociation, and 

charge transfer due to altered donor/acceptor (D/A) interfaces, significantly impacting the 

performance of OPVs (13). Similarly, the buffer layers and PAL/electrode interface are also 

susceptible to extrinsically induced reactions that further degrade the performance and stability of 

OPVs. The predominant cause of loss of performance can be attributed to atmospheric permeation 

into the device stack (23, 22). As moisture diffuses through the device stack, metal oxide layers can 

form at the interfaces between the electrode and active layer reducing the conductivity and 
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performance of the device (12). Inverted device stacks using silver (Ag) as the conductive electrode 

is a widely used solution as it is less reactive to oxygen and water. Drakonis et al. demonstrate the 

improved stability of inverted devices with silver electrodes compared to conventional devices 

with aluminum at the same testing conditions (24). It is observed that after one hour in air, the 

inverted structures maintain 95% of their power conversion efficiency (PCE) while the 

conventional structures drop to only 20% of their original PCE. While permeation orthogonal to 

the device stack may be reduced significantly, there is still significant permeation through the 

edges of device stack layer. Edge permeation will therefore induce the same reactions, degrading 

the interfaces of the layers and diffusing through the bulk of the materials initiating photo-

oxidative reactions. 

The transport layers also demonstrate high sensitivity to atmospheric permeation. As 

moisture and oxygen ingress the device combined with the exposure to light, photo-oxidation 

occurs degrading the surfaces and bulk morphology of the buffer layers (25). Commonly used hole 

transport layer material PEDOT:PSS has a hygroscopic nature thereby readily absorbing water and 

reducing conductivity. Arredondo et al. demonstrate that the presence of oxygen combined with 

UV exposure decreases the conductivity of PEDOT:PSS, establishing  the importance of controlled 

fabrication and processing conditions (26).  
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Extrinsic factors that may be difficult to mitigate such as temperature, light, and 

atmosphere affect the intrinsic stability of the organic/inorganic materials of OPVs. However, 

flexible OPVs must withstand compressive, tensile, and torsional stresses due to applied loading 

conditions such as bending, stretching, and twisting. These induced stresses may result in failures 

such as fracture or delamination of the interlayers due to their generally low adhesive and cohesive 

strengths. It has been demonstrated that the application of tension on the material layers may 

induce large enough strains (Figure 3) that damage the structure and degrade the performance of 

the OPV (12). Delamination or fracture within the device stack, or the encapsulation layers, 

ultimately results in the failure of OPVs. Thus, development of practical testing conditions that 

simulate the various loading conditions flexible OPV applications will undergo is of interest. 

Application of these testing conditions should be used to evaluate the mechanical reliability of 

flexible OPVs and may inform the stability and design considerations of OPVs.  

Figure 3. Mechanical stress conditions that 

induce failure mechanisms in the device stack. 

Adapted from  Cheng et al. Chem. Soc. Rev. 2016, 

45 (9), 2544–2582. (12) 
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Flexible OPVs face many challenges in regard to the stability of the materials and long 

term operational performance. Extrinsic factors induce and often accelerate the intrinsic instability 

of the organic/inorganic material layers. Preventing the exposure to humidity and oxygen is of 

upmost importance to long-term OPV stability.  The introduction of a barrier layer as a method to 

prolong or even prevent atmospheric permeation is necessary. Existing and novel solutions in the 

food packaging industry may be adopted to flexible OPVs as the preservation of perishable foods 

has continued to improve (27). However, the sensitivity and robustness of these packaging solutions 

may ultimately need to be adapted with appropriate material selection and scalable fabrication 

methods. The sensitivity of the OPVs functionality is much more stringent than the freshness of 

packaged food as will be discussed. Mechanically robust solutions paired with strong barrier 

properties are available but their suitability and impact on the flexible performance of OPVs must 

be reviewed (28).  

1.1.3 Encapsulation Materials and Barrier Types 

The materials used in OPV fabrication are highly sensitive to oxygen and water. They 

necessitate the implementation of a barrier solution to prevent their accelerated degradation. 

Encapsulation is defined as the protection of solar cells through application of gas-barrier materials 

to delay contact between the device and ambient atmosphere. Glass is understood to be the ideal 

encapsulation material due to its inherent impermeable and highly transparent characteristics. It is 

commonly used in solar applications where the flexibility of the solar cell is trivial and has proven 

to be an effective barrier in organics, perovskites, and traditional silicon or cadmium solar cells (22, 

29). The scope of this investigation concerns the application of flexible OPV encapsulation, thereby 

eliminating glass and assessing alternative solutions that provide flexibility, low permeability of 

water and oxygen, blocking of harmful UV exposure, thermal stability, and mechanical resilience. 
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Previous investigations have identified that for OPVs, the water vapor transmission rate (WVTR) 

of 10-3 – 10-6 g m-2 d-1 and oxygen transmission rate (OTR) of 10-3 – 10-6 cm3 m-2 d-1 are within an 

acceptable range of permeability (22, 30, 31). Cros et al. conducted accelerated lifetime experiments 

on encapsulated OPVs  under 38 C ̊  and 100 % relative humidity (RH) conditions, while measuring 

the amount of diffused water over time. They considered a 50% loss of the PCE as critical loss of 

functionality and determined that a water vapor transmission rate less than 10-3 corresponded to 

an extrapolated lifetime of several years (31). However, their determination is under the assumption 

that the WVTR was under focus and no distinction between the effects of the oxygen and 

irradiation were considered. Therefore, the OTR is assumed to require the same performance. 

Figure 4 demonstrates how this range of permeability compares to other technologies sensitive to 

atmospheric permeation with OLEDs requiring the lowest range and food packaging being much 

higher.  

 

Figure 4. Demonstration of the range of barrier requirements for OPV 

encapsulation. Adapted from Sutherland et al. Adv. Energy Mater. 2021, 11 

(34). (22) 
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The water vapor and oxygen transmission rates can be characterized as the speed at which 

water and oxygen molecules diffuse through a defined area of material. Illustrated in Table 1, 

existing quantitative methods utilized to determine the permeability of barriers as well as more 

unique approaches have been reviewed and summarized by Kempe et al (41).  

 

Test Method References or 

Standards 

Process Range 

(g/m2/day) 

Strengths/limitations 

Isostatic ASTM F1249 (60) 

Diffusion cell using 
coulometric moisture 

sensor or infrared 
sensor 

5 𝑥 10−4 − 200 

• Commercial availability 

• Wide range of environmental 
control 

• Intermediate sensitivity and 
limited throughput 

HTO/radioactive 

tracer 

Dameron (32), 

Dunkel (33) 

Diffusion cell with 
detection of moisture 
doped tritium through 
ionization chamber 

10−8 − 10 
• High sensitivity 
• No commercial standard 

Optical Ca Test 
Graff (34), 

Boldrighini (35) 

Monitoring calcium 
oxide formation through 

visual inspection 
10−6 − 10 

• High sensitivity 

• Wide range of environmental 

control and high throughput 

• High capital investment 

• Time intensive/no standard 

Mass 

spectroscopy 

Zhang (36), 

Renade (37) 

Diffusion cell with 

residual gas analyzer 
10−7 − 10 

• High sensitivity 
• Monitoring of moisture and 

other molecules 
• High capital investment  
• No commercial standard 

Electrical Ca 

Test 

Paetzold(38), 

Choi(39), Song(40) 

Monitoring calcium 

oxide formation through 

change in electrical 

resistivity 

10−7 − 10 

• High sensitivity 

• Wide range of environmental 

control and high throughput 

• High capital investment 

• Time intensive/no standard 

 

Characterization of a flexible encapsulant barrier is necessary in order to determine the 

classification and comparison of high performing materials. The barrier performance of the 

flexible encapsulants determines the effectiveness of the barrier at preventing or prolonging an 

OPV’s exposure to water and oxygen. It is critical to understand which commonly seen 

encapsulation materials meet the required barrier performance requirements. The mechanical 

reliability of the barrier should not be neglected, and the robustness can be assessed by simulating 

Table 1. Existing commercial and research designed permeation rate test 

methods for encapsulation barriers. (41) 
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practical stress conditions through various mechanical tests. However, evaluative methods for 

informing the mechanical reliability of scalable flexible encapsulation strategies must first be 

defined. Understanding the reliability of existing flexible encapsulation solutions may inform 

design considerations that help select the materials and methods compatible with high throughput 

processing methods.  

Current flexible encapsulation materials and methods require high performing barrier 

properties as well compatibility with scalable fabrication. The common barrier materials used in 

flexible OPV encapsulation are often polymer based due to the benefits polymers provide in 

flexible applications (7, 22). Previously mentioned, thin polymers generally have poor barrier 

properties due to their increased molecular chain mobility. However, significant efforts have been 

made to combine the intrinsic flexibility and compatibility of polymers with inorganic materials 

to improve the barrier performance. The development of thin organic/inorganic multilayered films 

and polymer nanocomposites present promising candidates for effective flexible OPV 

encapsulation.  

Thin Film Barrier Encapsulation (TFE): 

Thin film barriers consist of either a single layer or multi-layered structure of organic/ 

inorganic materials. Inorganic materials such as aluminum oxide (Al2O3), silicon oxide (SiOx), and 

titanium oxide (TiO2) can be deposited via atomic layer deposition (ALD) or chemical vapor 

deposition (CVD) onto organic materials such as polyethylene terephthalate (PET), 

polydimethylsiloxane (PDMS), or polyethylene naphthalate (PEN) (22, 42). However, use of a single 

barrier layer of organic or inorganic material does not provide sufficient prevention of oxygen and 

water permeation. While thin layers of inorganic materials have demonstrated the ability to 

prolong the lifetime of OPVs and achieve barrier performance within the required range shown in 
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Figure 4, they are subject to common defects such as pinholes and may crack during bending (22, 

42). Inserting polymers between layered inorganic materials has been proven to improve the 

flexibility under mechanical stresses and effectively establishes an extended diffusion path length. 

For example, Lay et al. developed a SiNx – SiOx – parylene multilayer structure for OPV 

encapsulation demonstrating 4.74 x 10-5 g/m2/day after 1000 bending cycles to 10 cm (43). 

Following ISOS-D-2 protocol, the barrier performance was measured at 25C and 90% RH (44). The 

fabrication process involved depositing the multilayer stack onto polycarbonate substrates through 

inductively coupled plasma chemical vapor deposition (ICPCVD) which allows for high quality 

low-temperature (<150C) processing of silicon materials. The WVTR reported was determined by 

testing a layer of calcium’s resistivity over time across a multilayer stack including 3 pairs of 50 

nm SiOx/100 nm SiNx followed by a 700 nm parylene layer as the bottom barrier, and a top barrier 

including a 1000 nm parylene layer.  

 

Figure 5. WVTR of sandwiched coatings of alternating PHPS/organic layers 

versus the number of bending cycles at a bending radius of 3 cm. The PHPS and 

organic layer thicknesses are respectively 170 nm and 5-10 μm. UV – curable 

Epoxy and acrylic adhesives were used as the inorganic layer. Adapted from 

Channa et al Adv. Energy Mater. 2019, 9 (26), 1900598. (45) 
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Channa et al. further highlighted the potential of multilayers layer stacks by demonstrating 

a solution-processable barrier stack consisting of perhydropolysilazane (PHPS) and a varied 

organic interlayer deposited directly onto PET. Demonstrated in Figure X, using a solvent free 

acrylic adhesive as the organic interlayer shows less than a 10% loss of WVTR after 3000 bending 

cycles at a 3 cm bending radius.(45) It is asserted that the introduction of the organic interlayers 

provides a planarization effect which is interpreted to decrease the frequency of imperfections 

within the layers of PHPS. These imperfections are considered to contribute to the tensile cracks 

that form during bending, and they observe that PHPS layers deform in parallel with minimal 

defect interaction. While multilayer stacks are among the most promising candidates for flexible 

OPV encapsulation, there are limitations that pose challenges to their widespread implementation. 

Many of these limitations pertain to the throughput and practical use of thin film barriers. Existing 

thin film deposition technology such as ALD or CVD involves high temperature and under vacuum 

conditions, often requiring a series of expensive processing instruments and equipment. The cost 

and time needed to fabricate thin film barriers demonstrates the need for further understanding and 

development of multi-layer thin film deposition techniques that enable low temperature and open 

air processing conditions. Commercially available barrier films manufactured by companies such 

as Mitsubishi Chemical, 3M, or Opteria advertised by high barrier performances with WVTRs of 

< 10-4, < 5 x 10-4, and 5 x 10-4 g m-2 day-1 can be utilized for lab scale testing while more practical 

and economical barrier fabrication techniques are developed (22). However, pairing these films with 

a high performing barrier adhesive and compatible encapsulation method may prove to limit 

flexible performance of thin barrier films and should be investigated.  
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Polymer Nanocomposites:  

 Multilayered or stacked layers of polymers are used commercially in various packaging 

solutions, but they do not meet the ultra-high barrier requirements for OPVs. Polymer 

nanocomposite (PNC) films have emerged as a promising alternative to multilayer polymer films 

for the encapsulation of OPV devices. Fabrication of PNCs involves dispersing nanoscale 

particles, such as clay or metal oxide nanoparticles, into a polymer matrix to improve its 

mechanical, thermal, and barrier properties.(46) The application of PNCs to OPV encapsulation has 

been demonstrated to provide several advantages, including improved device stability, enhanced 

resistance to environmental degradation, and increased flexibility.(22) The incorporation of 

nanofillers helps improve the barrier performance by creating a more torturous path length for 

permeating gas molecules to travel. The torturous path length model is illustrated in Figure 6.  

The barrier performance of PNCs is dependent on the filler’s material type, geometry, and 

level of dispersion within the polymer matrix. Additionally, the reinforcing effects of the fillers 

can be enhanced by optimizing the aspect ratio of the nanofillers. This is due to the matrix/filler 

interfacial adhesion or specific surface area which influences the fillers mobility within the matrix 

Figure 6.  Illustration of permeating molecules traveling along a torturous path 

length of a polymer film with dispersed nanoclays. Adapted from Advances in Diverse 

Industrial Applications of Nanocomposites; Reddy, B., Ed.; IntechOpen: Rijeka, 2011. 
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(46). Under flexible application, bending stresses may affect the original positioning of the fillers 

within the matrix. Interaction between the individual fillers during bending may create unwanted 

behaviors such as misalignment or decohesion of the fillers within the matrix. Therefore, the 

loading or weight percent (wt%) of the filler to polymer ratio must be considered.  

Naturally occurring or commercially synthesized nanoclays such as Montmorillonite 

(MMT) or sodium-montmorillonite (Cloisite Na+), are widely used nanofillers due to their low 

cost, availability, and processability.(22, 47, 48) Seethamraju et al. investigated the barrier and 

mechanical performance of solution cast modified MMT Poly(vinyl alcohol-co-ethylene) films.(48) 

They tested films with varied clay content from 1 to 5 wt% and performed a series of mechanical 

and accelerated aging tests to evaluate the effectiveness of the barrier and its robustness. Each film 

demonstrated a percent elongation at break greater than 100% but decreased as the concentration 

increased as expected. However, the tensile yield strength and elongation at yield remained 

independent of loading content. Considering these findings, they assert the films as satisfactory 

conditions for flexible use case. The optimal clay content was determined to be 5 wt% which 

demonstrated a WVTR of  1 × 10-4 g m-2 day-1 at 35 °C and 95% RH. While demonstrating an 

effective improvement to neat polymer films, Seethamraju et al. recommended sandwiching these 

films between additional barrier films would likely be needed to meet the barrier requirements for 

OPV encapsulation. Therefore, investigation of the polymer clay nanocomposites as an interlayer 

or coating may satisfy the ultra-low barrier requirement. Gaume et al. demonstrates this possibility 

by coating thin PET films with PVA/MMT composites of varying weight percentages and 

investigated the transmittance and flexibility of the films.(47) They conclude that the optimal clay 

concentration to be 6 wt% with an associated transmittance of ~90% and WVTR of 7.86 x 10-6 at 

38 °C and 100% RH testing conditions. It is also asserted that the coated films can be applied in 
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flexible OPV encapsulation as the WVTR shows minimal loss after 10,000 bending cycles at 3 

cm. While demonstrative of the ability to be applied in flexible applications, the range of 

mechanical reliability of PNCs is fairly limited and demonstrations of significant robustness have 

yet to be seen.  

Inorganic oxide thin films exhibit excellent barrier properties but often tend to have defects 

such as pinholes or cleavages, diminishing their overall effectiveness in OPV encapsulation.(22,42) 

The inherent inflexibility of inorganics films can be improved by dispersion of metal oxide 

nanofillers within polymer matrices. Several investigations into the barrier, mechanical, and 

optical properties of metal oxide nanocomposite films have been conducted.(22) Barrier properties 

can be significantly improved through the incorporation of reactive metals such as magnesium and 

graphene oxides.(49, 50) However, metal oxides as a class of nanofillers have not yet been able to 

demonstrate barrier properties below the adequate range of <10-5g m-2day-1.(22, 49, 50) Furthermore, 

to enable high flexibility and adequate mechanical reliability for flexible encapsulation, the 

thickness of the films must be reduced to the point at which the tortuosity effect is no longer 

impactful.  

 Engineered polymer nanocomposites show promise as a potential candidate for flexible 

encapsulation of OPVs. They demonstrate compatibility with high throughput R2R production 

thereby demonstrating economic feasibility. However, at this moment, PNCs need further 

development to be widely adopted. The barrier performance of PNCs has been demonstrated to 

provide significant improvement to neat polymer films alone, but their application is limited to 

coatings or interlayers. The combination of multiple nanofillers types such as metal oxides and 

clays has yet to be demonstrated and could be investigated as a potential solution to meet the highly 
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sensitive barrier requirements of OPVs. However, the influence of nanofillers and their effect on 

the mechanical reliability and robustness of PNCs must be minimized.  

1.1.4 Applying the encapsulation layer 

The sensitivity of OPV devices to the ingress of moisture and oxygen must be prevented 

to prolong the device’s operational lifetime and efficiency. Existing flexible OPV encapsulation 

methods demonstrate a promising solution to prevent extrinsic degradation factors. While effective 

barrier solutions have been developed to meet the sensitive barrier requirements of OPVs, the most 

flexible encapsulation strategies or methods must be identified. The pathways of permeation into 

a device stack may inform the design and selection of the most effective encapsulation strategy to 

employ. Figure 7 demonstrates the permeation pathways into a flexible encapsulated OPV that 

uses an edge seal barrier adhesive combined with a top and bottom barrier film to sandwich the 

device.   

 

Figure 7. Demonstration of the permeation pathways into an encapsulated OPV 

device. a) Permeation orthogonal to the plane of top and bottom barrier. b) Ingress 

through edges of seal through the bulk adhesive and adhesive interface. c) Permeation 

through the electrical contact pathways. d) Outgassing of moisture and oxygen by 

encapsulation materials. Adapted from Sutherland et al. Adv. Energy Mater. 2021, 11 

(34), 1–32. (22)  
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Also relevant to the encapsulation strategy employed are the processing conditions which 

may interact with the highly sensitive photoactive layer and interlayer materials.  Conditions such 

as the temperature, the level (ppm) of water and oxygen during encapsulation, and the mechanical 

stresses applied to the device stack must be considered. Traditionally, encapsulation must be 

performed in lab controlled inert atmospheres to prevent immediate degradation of the functional 

layers of the device stack. However, this may impact the scalability of the encapsulation strategies 

and limit the throughput fabrication of commercial products. Common ways to apply the 

encapsulation layer include lamination via a barrier adhesive and direct deposition onto the OPV. 

Industrial methods require higher throughput processing such as roll-to-roll lamination.  

Lamination with barrier adhesives 

Informed by glass to glass encapsulation seen in silicon photovoltaics and rigid OPV 

applications, thin film barrier encapsulation involves sandwiching an OPV between a front and 

back barrier material. Flexible thin film barrier encapsulation is also compatible with roll-to-roll 

technology, enabling the possibility of commercial scale up. The barriers can be bonded with 

barrier adhesive materials such as UV-curable adhesives, thermocurable adhesive, pressure 

sensitive adhesives. Adhesive sealing can be categorized into full device area coverage, edge or 

perimeter sealants, or a combination of the two. Figure 8 illustrates the common architectures seen 

in thin film barrier encapsulation.  

Full device area coverage adhesives require high transparency and solvent free materials 

to enable optimal PCE and minimize any interaction with the sensitive PAL or interlayers.(22, 42, 51) 

Edge seal adhesives work to prevent the ingress of atmosphere through the perimeter edges of the 

encapsulation and have demonstrated significant effectiveness in prolonging permeation.(41, 52) 

However, permeation through the permeable top and bottom barrier is prevalent regardless of an 
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edge sealant or full device area adhesive coverage. The lateral ingress through the edges of the 

encapsulation layers and along the electrical contact pathway has been shown to be mitigated 

through the integration of edge seal adhesives.(22, 51) Such adhesives generally include an integrated 

desiccant or getter material which is understood to react with the permeated molecules, preventing 

them from permeating into the device. Understanding the materials moisture and oxygen uptake 

capacity is critical to the effectiveness of these materials. 

Incorporating thin film barriers and barrier adhesives also creates the concern for material 

outgassing. Outgassing of polymeric encapsulants and adhesive materials was studied by 

Weerasinghe et al. in relation to its effect on OPV device stability.(51) They demonstrate that 

residual moisture retained in the barrier and adhesive materials can cause significant degradation 

Figure 8.  Partial, perforate, and complete encapsulation of an OPV. a) Partial 

encapsulation with the back encapsulant being narrower than the device to enable 

direct electrical contact. b) Perforated encapsulation with electrical contact being 

made by the copper tape via conducting adhesive. c) Complete encapsulation with 

thin film barriers bonded via full coverage interlayers combined with perimeter edge 

sealing. Adapted from Weerasinghe et al. Sol. Energy Mater. Sol. Cells 2016, 155, 

108–116. (51) 
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of conventional and inverted OPV devices. Using impedance spectroscopy analysis, trace amounts 

of residual moisture as low as <20 ppm can significantly reduce device operational lifetimes. The 

significance of pre-conditioning barrier materials is highlighted by Figure 9. Weerasinghe et al. 

compare normalized current-voltage (J-V) parameters of OPV devices encapsulated with barrier 

materials conditioned initial moisture levels ranging from 1100 ppm to ≤1 ppm and find that 

devices ≤1 ppm experienced minimal changes in their parameters. This emphasizes the importance 

of preconditioning materials stored in ambient conditions to remove residual moisture content. 

Thin film barrier encapsulation shows promise as the materials used are commercially 

accessible and the processing methods prove to be straightforward and economical. However, 

critical to the effectiveness of any flexible OPV encapsulation strategy is its durability and 

robustness. Combining the adhesive barrier and thin film barrier materials may create a mismatch 

in the material properties such as the elastic modulus or tensile strength. Understanding this 

Figure 9. Moisture Content versus Drying Time/hours. 

Residual moisture content of Mitsubishi VIEWBARRIER 

thin film with an integrated pressure sensitive adhesive 

(PSA) layer as a function of conditioning time at 100C and 

~10-3 mbar. Adapted from Weerasinghe et al.  Sol. Energy 

Mater. Sol. Cells 2016, 155, 108–116. (51) 
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interaction will be critical to evaluating the mechanical reliability of thin film barrier 

encapsulation. Selecting the appropriate materials and their dimensions will ultimately influence 

the effect the encapsulation strategy has on the OPV’s stability and flexible application. The effect 

of the combined adhesive and thin film barrier layer on the mechanical robustness and flexibility 

of encapsulated OPVs is still not fully understood.  

Direct deposition: 

Thin film encapsulation by direct deposition has been shown to demonstrate excellent 

barrier properties. (22, 42) While the highly accurate direct deposition technologies such as ALD and 

CVD eliminate the need for edge seal or barrier adhesive layers, the high temperature and vacuum 

processing conditions hinder the practicality of commercial adaptation. OPVs and perovskite solar 

cells (PSCs) are known to be susceptible to thermal degradation. Choi et al investigated the impact 

of ALD processing temperatures ranging from 95, 105, 120 ˚C on the performance of PSCs. (53) 

They observed significant degradation at 120 C with the PCE of their devices dropping 35%. There 

have been several efforts made to develop the deposition technologies to enable open air and low 

temperature processing conditions. Wang et al. demonstrated a modified plasma enhanced ALD 

technique, utilizing Al2O3 layers coupled with thin aluminum alkoxide layers.(54) The organic-

inorganic barrier structure achieved a WVTR as low as 1.3 × 10−5 g m−2 d−1 and the encapsulated 

PSCs maintained 96% of their original PCE for > 2000 hours at 30 C and 80% relative humidity. 

Furthermore, as described in 1.1.3, Channa et al. demonstrated an open-air thin-film deposition 

technique also compatible with roll-to-roll processing.(45) The fabrication process includes an 

alternated barrier stack of doctor bladed PHPS and acrylic interlayers which are subjected to a 

bend to characterize the flexibility and optimal thicknesses of each layer. Figure 10 illustrates the 
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promise of the deposition technique by and encapsulation barrier when compared to a Mitsubishi 

commercial barrier film and neat PET film.  

 Further development of direct deposition of thin film barriers is necessary for achieving 

effective encapsulation of flexible OPVs. Much of the existing technology has been applied to 

perovskite and organic light emitting diode devices with limited demonstration of OPV 

applications. Achieving low-temperature, ambient air, and roll-to-roll compatible processing 

conditions provides an avenue for further investigation. However, consideration of the complexity 

and cost of the equipment and methodology is of interest as commercial adaptation requires easily 

scalable processes. Therefore, employing commercially or novel barrier films combined with edge 

seal or full device area barrier adhesives provides a cost-effective and high throughput flexible 

encapsulation strategy. 

Figure 10. PCE(%) versus Time (h) of multilayer barrier encapsulated OPV. 

Power conversion efficiency of P3HT:PCBM based OPVs encapsulated with PET 

foil, commercial Mitsubishi barrier film, or multilayer stack of PHPS and acrylic 

adhesives over 300 hours under damp heat testing conditions of (40C/85% RH). 

Adapted from Channa et al Adv. Energy Mater. 2019, 9 (26), 1900598. (45) 
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Roll-to-roll encapsulation:  

Commercially available flexible OPV devices often employ roll-to-roll (R2R) processing 

which provides distinct advantages in the fabrication process compared to their rigid and 

conventional solar counterparts. The method combines the scalable characteristics of OPVs such 

as low thickness, lightweight, flexible, high throughput processing, and suitability to large-area 

module production. Demonstrated by many, R2R fabrication involves sequential deposition of the 

functional layers onto flexible polymer substrates, followed by applying the encapsulation via R2R 

lamination. Søndergaard et al. thoroughly reviewed the roll-to-roll processing techniques required 

to achieve the key targets of a minimum of 10% efficiency and 10 years of operational stability.(55) 

They evaluated the PCE performance of laminated flexible large area OPV devices between 

flexible polymer barrier films via ultra-violet (UV), hot-melt, and pressure-sensitive (PSA) 

adhesives. Figure 11 illustrates the three lamination methods and associated stability 

measurements. It is found that the UV-curable lamination presents the most promising results due 

to strong edge sealing effect of the thin adhesive layer with minimal bleaching after 900h of 

constant illumination. Furthermore, the UV-curable adhesive thickness is controllable, allowing 

for an optimal thickness to be determined. Whereas the PSA and hotmelt methods utilize a 

predetermined thickness of material, limiting any room for optimization. The PSA method has the 

fastest processing time being 20-10 m min-1 compared to the UV curing and hotmelt method being 

2 m min-1 and 1 m min-1, respectively.  However, to achieve a suitable lifetime using PSAs, two 

lamination steps are required which produces significant waste as the paper liners must be removed 

prior to lamination.  Therefore, upon evaluation of the stability of the device parameters and 

lamination, the UV-curable adhesive demonstrates superior performance with R2R processing.  

 Roll-to-roll processing presents a viable solution for high throughput processing of flexible 

large area OPV fabrication and encapsulation. The comparison of existing flexible encapsulation 
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strategies is necessary, but existing literature is rather inconsistent in the studies that emphasize 

device stability. Some record testing under ambient conditions while others test under dry or inert 

conditions with constant illumination (22). Establishing a consistent stability testing protocol 

informed by the International Summit on Organic Photovoltaic Stability (ISOS) should be 

considered as this will accelerate the understanding of the effectiveness of various flexible 

encapsulation methods.  

 

 

 

 

Figure 11. Models of pressure sensitive adhesive, UV curing, and Hotmelt 

adhesive roll-to-roll encapsulation. The associated efficiencies of P3HT:PCBM 

devices over 900 hours of constant 1-sun illumination is depicted. Adapted from Hösel 

et al, Adv. Eng. Mater. 2013, 15 (11), 1068–1075.(55) 
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1.2 Mechanical Stability of the Encapsulation Layer 

1.2.1 Application methods of interfacial adhesives 

There are numerous instances of successful demonstration of TFE by lamination, (22, 42) and 

many of the encapsulation architectures can be categorized by the method of application of the 

barrier adhesive. The review of emerging TFE architectures conducted by Sutherland et al. and 

barrier encapsulation method by Weerasinghe et al categorize the most promising structures into 

complete and partial encapsulation (22, 51). Complete and partial encapsulation incorporate the use 

of a barrier adhesive covering the entire OPV area, with the key difference between the two being 

that a surrounding edge or perimeter adhesive is incorporated in complete architectures, illustrated 

in Figure 8. While the complete encapsulation architecture has been determined to provide the 

most effective stability performance,(22, 42, 51) investigating the mechanical reliability of the 

respective architectures will inform the limitations and potential applications of each.  

The lamination process of thin film encapsulation of OPVs is critical to the effectiveness 

of the established barrier layer. Important parameters to consider are the preprocessing of the 

barrier materials prior to application, the processing conditions determined by adhesive 

manufacturers’ instructions and sensitivity of the materials used to atmospheric conditions, and 

the quality of the adhesive layer. The processing conditions and quality of the adhesive layer is 

dependent on the chemical composition of the barrier adhesive’s material. Common full area 

coverage adhesives generally use transparent epoxies or acrylics or ethylene vinyl acetate (EVA), 

which is commonly seen in the crystalline silicon photovoltaic industry.(42, 51) Whereas 

edge/perimeter adhesives may utilize semitransparent epoxies or acrylics as well as elastomers 

such as polyisobutylene rubber. (22, 42) The mechanical properties of both the adhesive and barrier 

film should be considered as their toughness and elasticity will influence the response of the 

encapsulation layer under mechanical stresses.  
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1.2.2 Encapsulation Failure  

The impact of flexible OPV encapsulation and its effect on the extrinsic degradation factors 

such as irradiation and atmospheric permeation has been thoroughly investigated,(22, 42) but its 

influence on the mechanical reliability or robustness of the encapsulation has been narrowly 

defined. In this study, mechanical reliability of the encapsulation should be considered the ability 

to withstand applied mechanical stress conditions without failure. Failure in most situations can 

be visually observed by distinguishable wrinkling, cracking, or delamination. Induced fracture or 

delamination may occur due to loading conditions from applied bending stresses, shrinking and 

expansive stresses during thermal cycling, and impacting forces from other objects. The 

combination of tensile, compressive, shear, and torsional stresses as result of these loading 

conditions may cause failure of the encapsulation layer and thereby lead to accelerated functional 

loss of the device. The long-term reliability of the encapsulation is also strongly influenced by the 

adhesive and cohesive properties of the materials used to perform the encapsulation.(18, 28, 56) 

Daurskardt et al. has demonstrated the importance of interfacial adhesion and integrity by 

improving the stability of flexible OPVs.(57) The barrier performance of the interfacial adhesives 

as well as their robustness under mechanical stresses is therefore critical to understand. Thus, the 

common test methods to evaluate the stability of interfacial adhesives in flexible encapsulation 

should be defined.  

1.2.3 Evaluation Methods 

Inconsistent efforts have been made to characterize the mechanical reliability of flexible 

encapsulation. Seen as a benchmark method of evaluation, monitoring an encapsulated OPV’s 

functional parameters such as the PCE after cyclic bending at a designated bending radius has been 

demonstrated in a number of instances. (6, 22, 42, 58) However, many other methods of evaluation 
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have been employed such as monitoring the barrier properties of flexible films after cyclic bending 

or performing basic mechanical tensile tests to identify the mechanical properties such as the 

Young’s modulus or elongation at break. (22, 48, 59) Therefore, evaluating which test methods most 

accurately inform robust performance is necessary.  

Determining the mechanical stability of the encapsulation layer under cyclic bending 

should be considered as a promising solution. Many have shown that cyclic bending of flexible 

OPVs can be used to show mechanical stability.(16,58,61) However, introducing an encapsulation 

layer may impact the flexibility of the overall structure as the flexible device is sandwiched 

between less flexible adhesive and barrier materials. This loss of flexibility may be minimized by 

controlling the thickness of encapsulation.  The characterization of the stability and assessment of 

the effectiveness of the encapsulation could be determined by monitoring functional parameters of 

the device or the barrier performance during testing. However, the encapsulation layer may 

complicate the ability of the bending test to attribute loss in performance of the functional 

parameters of the device to failure of the encapsulation layer.  However, it should be assumed that 

the effect of the device stack on the mechanical reliability of the encapsulation can be neglected 

due to the extremely low thickness of the stack. Therefore, any induced stresses due to bending 

would be primarily concentrated on the stiffer adhesive and barrier materials of the encapsulation. 

By assuming processing would be done on the encapsulation layer, application of the bending tests 

to the evaluation of the mechanical reliability of flexible encapsulation should be considered. 

Figure 12 illustrates a common bend test and the cyclic bending stability of an unencapsulated 

device. 
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The radius of curvature of the bend is demonstrative of the robustness and flexibility of the 

test samples. Describing an encapsulated OPV as “flexible” is often asserted within studies that 

investigate OPVs fabricated on polymeric substrates.(22) However, interpretation of this description 

should be clearly defined as the requirements of flexible OPV applications can vary quite 

dramatically.(11, 17, 22) As described in 1.1.3, the barrier performance can be monitored by a variety 

of quantitative methods with the Isostatic test method being the commercialized standard. 

However, this method does not facilitate measurements within the required detectable limits (less 

than 10-6) that OPV barriers require. Demonstrated by Kempe et al, the Optical Calcium (Ca) 

Test(52)  involves monitoring a freshly deposited calcium pad as it reacts with permeating oxygen 

and water molecules and can be utilized to achieve adequate WVTR range limits. This method 

utilizes the unique reaction of the Ca metal reacting with permeated moisture to produce a 

transparent hydroxide. It is assumed that the reaction is predominantly produced by interaction of 

the H2O molecules compared to oxygen. It is controlled by the rate of moisture exposure as 

Figure 12. Functional Parameters of an unencapsulated OPV under cyclic 

bending tests. (a) Plot of normalized functional parameters of a REZEN-based 

device as a function of radius after 1000 bending cycles. (b) Plot of normalized 

functional parameters as a function of the number of cycles at a radius of curvature 

of 1.2 mm. (c) illustration of the designed cyclic bending test apparatus of a 

sample flat and bent around a rod forcing the uniformity of the bending load. 

Adapted from Booth et al, Sol. RRL 2022, 6 (9), 2200264. (61) 
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demonstrated by Figure 13, thereby facilitating the evaluation of the flexible encapsulation’s 

barrier performance. A quantitative WVTR rate can be determined through this method, however, 

glass encapsulation is traditionally used as it is impermeable and thereby restricting the permeation 

to be along the sides/edges.  The optical calcium test may be used to evaluate the barrier 

performance of the interfacial adhesives, however, the effects of the incorporation of a flexible 

barrier layer should be investigated as the rate of permeation perpendicular to the barrier may be 

different than along the perimeter of the encapsulation. 

The established benchmark bending test provides a comparative method to simulate stress 

conditions that would be expected for flexible OPV applications. The mechanical stresses 

associated with bending consider a combination of tensile, shear, compressive, or torsional loads 

dependent on the loading conditions. These stresses can induce failure of the adhesive or barrier 

film and present a path of ingress for atmospheric permeation accelerating the loss of performance 

of the OPV. As OPV device functional parameters are inherently unstable and subject to a variety 

Figure 13. Images of Ca test samples tested at 85 ºC and 85% RH. Calcium 

metal is deposited onto the blank bottom barrier glass substrate and then covered 

with an adhesive, followed by a top glass barrier. (A) PDMS between two 152 mm 

glass samples. (B) Ionomer adhesive between two 50 mm glass samples. Adapted 

from Kempe et al, Prog. Photovoltaics Res. Appl. 2014, 22 (11), 1159–1171. (52) 
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of degradation factors not specific to bending stresses, distinguishing adhesive failure from other 

morphological instability after bending can be unclear. To simplify this observation, using the 

optical calcium test will provide a clear demonstration of barrier failure through visual inspection. 

Should the adhesive layer or thin film barrier experience failure through cracking, delamination or 

other failure modes, the calcium pad will provide a quick reaction and allow for simple evaluation 

of the encapsulation’s mechanical stability.  

In addition to the bending test and optical calcium test, Juillard et al. demonstrated that the 

T-peel test (180̊) can be used to evaluate the mechanical reliability of flexible encapsulated OPVs 

by analyzing the mechanical strength and quality of each interface within their devices.(18) The T-

Peel test following ASTM D1876 (61), characterizes the peel strength of flexible bonded adherends. 

The subsequent surfaces after failure were analyzed via IR Spectroscopy and Photoluminescence 

(PL) to determine the failure type. Analysis of the adhesive strength and common failure modes 

between the barrier film and adhesive could be considered in evaluating the mechanical reliability 

of flexible encapsulated OPVs. Investigating the relationship between the adhesive strength and 

performance of the encapsulation layer under bending may be useful in informing the most 

appropriate materials for robust performance. Finally, using the T-Peel test to assess the 

compatibility of the interfacial adhesives with flexible barrier films may reveal optimal surface 

treatments to enhance adhesion.  

1.2.4 Assessing interfacial adhesives in thin film encapsulation 

Flexible thin film barriers utilizing the lamination encapsulation strategy demonstrate the 

most promising solution as the materials are generally low cost and accessible, and the processing 

is rather straightforward. To understand which test methods most accurately inform mechanical 

reliability and robustness, this study investigates the performance of interfacial adhesives used in 
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flexible thin film encapsulation under bending and peeling stresses. Full coverage, perimeter 

sealing, and combined coverage application of the interfacial adhesives will be evaluated for their 

reliable mechanical stability. Challenges associated with the encapsulation processes reveal the 

importance of establishing methods that are repeatable and accurate in their assessment of the 

adhesives. Optimization of the controllable parameters of the encapsulation methods is considered 

and the influence of the effects of the processing conditions is discussed. Emphasis on the 

qualitative results determined by the optical calcium bending tests and peeling tests is 

demonstrated due to limited access to the chemical composition of the sampled adhesives and 

variability in the mechanical properties provided. 
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CHAPTER 2: Determining the Mechanical Reliability of Interfacial Adhesives  

2.1 Materials and Methods 

 

2.1.1 Materials Used 

Mitsubishi Chemical Corporation provided the Mitsubishi VIEWBARRIER flexible thin 

film barrier. The measured thickness of the thin film was 60 um and consists of an oriented PET 

film with a sequentially deposited SiOx layer on top. The reported WVTR of the material is 

assumed to be > 10-4 g m-2 day-1  based on values observed in the literature.(45) The adhesives 

Photobond LP 4115 and Katiobond LP 655 were provided by DELO Industrie Klebstoffe GmbH 

& Co. KGaA. The adhesives Eversolar AB-313 and AB-341 were provided by Everlight Chemical 

Industrial Corporation. The Everlight 341 material is considered reactive due to an integrated 

getter within the material composition. H.B Fuller provided the Helioseal PVS 101 edge sealant 

adhesive. The material includes a reactive desiccant within bulk of the material. The EVA-B601 

(ethyl vinyl acetate) was provided by Gehring Corporation. Four adhesives were provided and are 

considered reactive to atmosphere due to the intrinsic properties of the material composition, 

however due to competing interests the commercial names and provider are undisclosed. Their 

associated results and sample references will be referred to as SG1, SG2, SG3, and SG4. A 

summary of the adhesive material types and curing conditions are presented in Table 2 and the 

material datasheets are provided in the Appendices. 
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2.1.2 Encapsulation Preparation and Procedure 

To facilitate the evaluation of the mechanical reliability of commonly seen flexible thin 

film encapsulation architectures, the encapsulation of thermally deposited calcium pads is used to 

model the sensitivity of the materials seen in OPVs. The encapsulation procedure begins with the 

pretreatment of the materials to remove surface impurities and residual absorbed moisture and air. 

The commercial barrier thin film is first treated with ultra violet (UV) ozone for 10 minutes and 

then sonicated in each solution of distilled (DI) water, acetone, and isopropyl alcohol (IPA) for 10 

minutes. The samples are then separated into the bottom barrier and top barrier and prepared based 

on full coverage, perimeter, and combined coverage architectures. The top barriers used for full 

coverage application are applied with Kapton tape along two of the edges which will provide a 

spacer during lamination to enable uniform adhesive layer thickness. The top barriers used for 

perimeter coverage are applied with the hotmelt elastomer adhesive along the edges of the barriers. 

 

Commercial 

Name: 
Adhesive Type: Curing Condition: 

Application 

type: 

Delo Photobond 

LP4115 
Acrylic (transparent) UV irradiation (400 nm > 30s ) Full coverage 

Delo Katiobond 

LP655 
Epoxy (transparent) UV irradiation (400 nm > 30s) Full coverage 

Everlight 313 Epoxy (transparent) UV irradiation (365 nm > 30s) Full coverage 

Everlight 341 
Reactive epoxy 

(semitransparent) 
UV irradiation (365 nm > 30s) 

Perimeter 

coverage 

SG 1 
Reactive epoxy 

(semitransparent) 

UV irradiation (400 nm for > 

30s) 

Perimeter 

coverage 

SG 2  
Reactive epoxy 

(semitransparent) 

Thermocurable (120C for 30 

min) 

Perimeter 

coverage 

SG 3 Reactive acrylic (transparent) UV irradiation (400 nm > 2 min) Full coverage 

SG 4 Reactive acrylic (transparent) Thermocurable (80C for 30 min) Full coverage 

Helioseal PVS 101 
Elastomer w/ desiccant 

(polyisobutylene rubber) 

Thermocurable and applied 

pressure (110 – 150C) 

Perimeter 

coverage 

EVA-B601 Thermoplastic  
Thermocurable and applied 

pressure (140C) 
Full coverage 

Table 2. Summary of sampled commercial barrier adhesive indicating material 

type, curing conditions, and suitable encapsulation method. 
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Finally, the combined coverage requires an EVA sheet to be placed in the center of the top barrier 

and surrounded by the hotmelt elastomer to enable complete encapsulation. The flexible 

encapsulation architectures are illustrated in Figure 14. Subsequently, the barriers and adhesives 

are stored in a vacuum chamber for degassing for at least 8 hours prior to encapsulation.  Due to 

SG 1-4’s and Everlight 341’s reactive nature in ambient environments, they are permanently stored 

in the encapsulation glovebox to prevent compromise of the materials. Following degassing, the 

materials are transferred to a series of connected gloveboxes for thermal evaporation of the calcium 

onto the bottom barriers. The encapsulation is performed by spreading the adhesive through roll 

coating of a glass rod and then application of a flat plate with hand pressure to achieve uniform 

adhesive dispersion. The curing or bonding conditions vary depending on the adhesive material 

applied and are summarized in Table 2.   

Figure 14. Flexible encapsulation architectures and their processing methods. A) 

The side and top views of the full coverage encapsulation architecture with transparent 

adhesive materials, B) perimeter seal with semitransparent adhesives, C) perimeter 

seal with elastomer adhesive, and D) combined perimeter and full coverage adhesives 

with elastomer and thermoplastic adhesives. 
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2.1.3 Peel Test Sample Preparation 

In support of the 180˚ Peel test or T-Peel test, adapted by ASTM D1876-08 (2015): 

Standard Test Method for Peel Resistance of Adhesives (T-Peel Test), the following procedure was 

used to prepare testing specimens. Following the material preparation used for encapsulation, UV 

Ozone treatment for 10 minutes and sonication in DI water, acetone, and IPA for 10 minutes in 

each solution was performed on the commercial barrier. The samples were separated into top and 

bottom films in which on one end of the bottom film, scotch tape was applied to allow for an 

unbonded grip area. The adhesives were applied and bonded in the same manner as described in 

2.1.2. All materials except Everlight PB 341 and SG 1-4 were bonded in ambient lab conditions 

for ease of processing. The bonded samples are then laser cut using a CO2 laser, Universal 

VLS6.60, to establish uniform dimensions and to minimize inducing stresses from cutting that may 

alter the adhesion strength of the bonds. Final sample thicknesses ranged from approximately 60 

μm to 660 μm dependent on the barrier adhesive material applied. 

2.1.4 Combined Bending and Optical Calcium Test 

Simulating realistic the stress conditions that flexible encapsulated OPV applications must 

endure can be achieved through bending of the encapsulated structure. As described in 1.2.1 there 

are several methods of applying the bending load to the structures. This investigation utilizes a 

bending stage rotated by a connected servo motor, controlled by an Arduino code.The design 

incorporates adjustable control of a testing specimen’s position and bending radius. However, 

shown in Chapter 3, some encapsulated calcium samples demonstrate adhesive failure at bending 

radii larger than what is sufficiently supported by the stage. To facilitate the evaluation of the 

mechanical reliability of the flexible TFE architectures, manual bending is performed across 

circular objects ranging from 2.5 mm to 17 mm bending radii. Encapsulated samples first undergo 
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the manual bending test to identify the bending limit of the adhesive materials and encapsulation 

strategies. The bending limit is established by visually inspecting a freshly encapsulated sample 

and then upon one bending cycle across an object, the sample is inspected for cracks, delamination, 

or other signs of barrier failure. Images are taken periodically after failure has been identified to 

demonstrate the critical functionality of the barrier in its prevention of permeated moisture. Figure 

15 illustrates various performed bending tests. 

Once the bending limit is established, the barriers compatible with the mentioned bending 

stage are subjected to cyclic testing to investigate the performance under repetitive loading. The 

rotating bending stage is performed on samples with bending limits below 7 mm radius of 

curvature. Clamping or adherence of the test samples to the rotating stage is performed by applying 

Figure 15. Manual and cyclic bending tests. A) Various manual bending tests 

that are performed across applying the encapsulated calcium samples across 

circular objects with defined a radius of curvature. B) Image of sample in the 

rotating bending stage at the maximum distance from the neutral axis. Radius is 

defined as half the distance between the plates when parallel.  
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scotch tape. The following parameters are predetermined to establish consistent testing conditions 

and methods: distance of rotation (0-360˚), the rate of bending (rad/s), and the number of cycles. 

Thin film encapsulated OPVs have demonstrated stability under cyclic loading, but 

characterization of the performance limit and mechanical reliability of the common TFE strategies 

have yet to be extensively explored. The combined bending and optical calcium test demonstrate 

a unique method of informing the robustness and reliability of TFE architectures.  

2.1.5 Peel Tests  

Application of the T-Peel or 180˚ Peeling test to assess the mechanical reliability of the 

flexible encapsulation layer has revealed that the adhesive and cohesive properties of the bonding 

layer significantly influence its resilience to applied stresses. Thus, informed by ASTM D1876, 

the T-Peel test is performed on prepared samples by the delaminator machine. Prior to conducting 

the tests, each sample’s total thickness, adhesive layer thickness, and specimen width is noted. 

Subsequently, the peeling rate is specified at 5 mm/min along with the total displacement distance.  

The delaminator records the loading force over the total displacement distance and the typical 

behavior of the graph can be characterized by Figure 16. The linear portion of the graph denotes 

the loading required to initiate the peel or failure of the bond followed by a sharp drop into a 

plateau or constant peeling behavior. The peel strength, recorded as N/mm, is the average load 

per unit width of the bond line required to separate the adhered materials and the angle of 

separation of 180 degrees. The average is found by considering the most stable portion of load 

displacement graph and taking the average of the load values across this section and dividing it 

by specimen’s width. In situations where the behavior of the graph does not follow Figure 16, this 

can be understood by the characterization of the quality of the adhesive layer and the observed 

failure mode. The thickness of the adhesive layer, pretreatment of the materials, and sample 
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specimen dimensions influence the observed behavior of the graph. Optimization of these 

parameters shall be considered as their influence on the adhesive strength of the material may 

inform design and processing conditions that yield enhanced mechanical reliability.  

 

 

 

 

 

 

 

 

Figure 16. Plot of normal load versus displacement graph of T-

Peel Tests. Plot resembles proper curing, uniform adhesive thickness, 

proper alignment of peeling arm, and similar peel arm  geometry. Peel 

strength (N/mm) is calculated between the most consistent measured 

load. 
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CHAPTER 3: Assessment of the Interfacial Adhesives 

3.1 Encapsulation and Testing Challenges 

 

3.1.1 Optimization of Encapsulation Architectures and Processes: 

Applying the encapsulation layer often caused the presence of defects such as bubbling, 

pinholes, smearing, or adhesive overflow to arise within the adhesive layer. The optimization of 

the application of the adhesive layer would improve the accuracy and overall consistency of the 

observed behaviors for each encapsulation method. Figure 17 illustrates the visible bubbling and 

pinholes defects. The bubbling can be contributed to the application of the adhesive in which an 

applicator tool was pushed up and down in a dabbing motion to transport the adhesives from their 

storage vials to the substrate. This created residual bubbling in the adhesive layer that was not 

dissipated by the bar roll coating or applied pressure of the flat plate during encapsulation. The 

pinholes are attributed to the residual gas or air bubbles that formulate during the final curing 

process of the adhesives. The release of the tiny air molecules that were absorbed by the adhesive 

during storage in atmosphere gave rise to large amounts of pinholes. To mitigate this effect, 

prolonged degassing conditions or permanent storage in the inert atmosphere of the glovebox 

should be considered. 

The average  bond thickness of each sample was also determined and shown in Figure 17. 

The thicknesses were found by measuring the total thickness of the laminated samples with dial 

calipers and then neglecting the combined thickness (120 um) of the top and bottom barrier film. 

The reactive acrylic material applied in the full coverage encapsulation method was the only  

material that yielded consistent adhesive layer thicknesses. The Kapton tape applied to the edges 

of the top barrier film served as a spacer and was determined to be 70 um which was the effective 
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average thickness of the reactive acrylics. However, the other materials employed varied 

significantly in their total bond thicknesses, demonstrating the inconsistent functionality of the 

Kapton tape. Adhesive over flow seen in Fig 17B) often occurred due to excess application of 

adhesive material. Therefore, when the top barrier film was applied excess adhesive would 

overflow outside of the stack, effecting the stiffness and overall thickness of each sample. A 

controlled measurable dispensing method of the adhesive combined with an evenly applied 

pressure for complete dispersion would improve the quality of the layer and mitigate any excess 

material flow out of the encapsulated structure.  

 

Figure 17. Defects present in encapsulated samples. A) Presence of air 

bubble defect affecting rate of permeation reaction B) Pinholes defects and 

adhesive overflow after curing C) Average bond thickness vs. adhesive types 

with standard deviation of averages depicted. Inset) demonstrates pinhole 

presence regardless of Kapton tape spacer application (yellow strips). 
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The combined coverage and perimeter sealant materials were significantly greater in bond 

thickness due to the limited surface area to be able to compress on. The elastomer and 

thermoplastic adhesive require significant pressure and adequate space to compress under to 

achieve thicknesses in the same magnitude of the barrier film (<100 μm). The adhesive layer 

thickness has been shown to affect the strength of the adhesive bond. (65,  66, 67)  However, the layer 

thickness would likely need to be less than 100 um, as evidenced by the observed results, to achieve 

mechanical reliability in robust flexible applications. Identification of the optimal adhesive layer 

thickness that provides sufficient barrier performance and mechanical reliability should be 

considered. This could be concluded by performing an iterative analysis on the permeability and 

reliability performance of varied bond thicknesses of each encapsulation method. However, 

achieving uniform defect free adhesive layers is required to ascertain an accurate assessment. 

Finally, considering the ideal specimen dimensions to allow for appropriate compression of the 

elastomer and thermoplastic materials may yield lower average bond thicknesses and affect the 

observed mechanical reliability of the adhesives. 

 

3.1.2 Reliability of the combined optical and bending tests: 

Prior to the introduction of combining the optical calcium test and bending test, each test 

has been shown to evaluate the stability of the parameters critical to the commercialization of 

flexible OPVs.  Kempe et al. demonstrated the effectiveness of the optical calcium test at 

evaluating the barrier performance of edge sealing adhesives.(52) Others performed the bending 

tests on OPVs and monitored the stability of the PCE and functional parameters (JV, VOC, FF, 

etc.) after cyclic bending.(58, 68) Additionally, the bending test has been used to demonstrate the 

stability of the barrier performance of nanocomposite and other promising encapsulation barrier 

films.(22, 47) Combining the optical calcium test with the bending tests introduces a reliable and 
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efficient method of evaluating the mechanical reliability of flexible encapsulation architectures. 

Figure 18 illustrates the time lapse of two samples that were used in the manual and cyclic bending 

tests. Encapsulated calcium samples without induced failures have been demonstrated to show 

prolonged stability due to the effects of the adhesive and barrier film layer.(52) The images shown 

in Figure 18 evidence the ability of the combined tests in providing a simple but effective method 

of evaluating the mechanical reliability of flexible encapsulation architectures.  

The time lapse highlights the effects of the presence of defects and failure in the adhesive layer 

on the stability of the calcium. The stress and strain conditions applied to the samples under 

bending are affected by the bending rate and clamping conditions described in 2.1.4. Fatigue 

failure conditions may be considered under the cyclic bending test as samples were not able to  

withstand significant amounts of repeated loads without failure. Investigation of the failure modes 

Figure 18. Reliability of optical calcium bend tests. A) Time lapse of the 

reaction of the 300 nm calcium pad after the Delo Katiobond LP 655 full coverage 

epoxy adhesive experienced a cracking failure during the manual bending limit 

test. B) Time lapse of the same reaction but with the Everlight 313 full coverage 

adhesive experienced failure during the cyclic tests.   
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and how they are influenced by the strain rate, number of cycles, and loading conditions is 

necessary to inform the mechanical reliability of common TFE architectures. Furthermore, the 

clamping or adherence of the samples to the bending stage could be improved. Seen in Figure 19, 

applying scotch tape to adhere the samples to the bending stage allowed for small movement 

around the clamped edges. This may have impacted the uniformity of the bending radius and 

applied stress on each sample. Furthermore, reliable processing and encapsulation methods are of 

upmost importance to improve the consistency of the samples. Extensive studies have been 

performed on thin film polymers regarding their failure mechanics, (57,69,70) however investigation 

into the mechanical behavior of thin film adhesives confined by flexible adherents has been 

narrowly defined.(71) Combining the optical calcium test with the bending tests establishes a 

method to reliability assess the mechanical stability of interfacial adhesives in robust bending 

conditions.    

Figure 19. Delamination at the edges of adhered samples 

during a cyclic bending test. 

ack failure of interfacial adhesive encapsulation 
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3.2 Robustness of the flexible encapsulation architectures  

 

3.2.1 Mechanical Stability under Bending Stress 

In this section, the analysis of the results after bending thin film barrier encapsulation 

architectures is discussed. The observed bending limit of each encapsulation architecture informs 

the mechanical stability of each architecture type and evaluates the effectiveness of the combined 

optical calcium bending test at establishing mechanically robust encapsulation. As described in 

Chapter 2, ten total encapsulation architectures were subjected to the manual bending test to 

establish the bending limit of the materials and characterize the mechanical reliability of each 

method. The following results have been organized by their encapsulation method: full area, edge 

or perimeter sealing, and combined coverage. The sampled adhesives were grouped by the material 

type and their respective bending limits characterize the range of each encapsulation method. The 

failure modes that inform and characterize the bending limits are described in Figure 20.  

Figure 20. Buckle failure and crack failure of interfacial 

adhesive encapsulation methods. 
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The manual and cyclic bending test results were concluded when buckling or cracking was 

observed. The encapsulation architectures utilizing the elastomeric perimeter sealing adhesives 

demonstrated buckle failures. This was driven by the concentration of compressive stresses along 

at the edges of the delamination of adhesive and barrier film thereby buckling the unadhered 

portion of the barrier film. The buckle failure typically occurred along  the middle of the sample 

or the maximum out of plane displacement location of the barrier film. This is because of the poor 

adhesion and incompatibility of the thicker elastomer when used with the much thinner barrier 

film (~600 μm vs. 60 μm). Adhesive materials that comprised of epoxies and acrylics, regardless 

of their reactive properties, experienced cracking failure. This was due to a critical stress intensity 

located at defects within the adhesive layer and therefore initiating the propagation of the strain 

energy release. By grouping the adhesive materials by their encapsulation method and 

understanding the stress conditions that induced failure, the range of reliable mechanical stability 

is depicted in Figure 21.  

Figure 21. Range of bending limits of full area coverage, perimeter/edge 

sealing, and combined coverage flexible encapsulation methods. The 

samples materials characterize the range of bending limits of each method 

with the reactive acrylics showing the lowest range and the rubber elastomer 

in the largest range. 
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The range of the bending limits of each encapsulation method are found to be 2.5 – 8 mm, 

3 – 20 mm, and 17 – 20 mm for full area, perimeter, and combined coverage, respectively. The 

range of the bending limits suggests that the full area coverage encapsulation method demonstrates 

the most reliable mechanical stability with consistent bending failure below 8 mm. While the 

perimeter/edge sealing method suggests the possibility of achieving effective mechanical 

reliability, the variability of the data shows inconsistent robustness and therefore the full area 

coverage method should be considered for further evaluation. To further evaluate the mechanical 

stability of the full coverage interfacial adhesives, the cyclic bending test was performed. The 

adhesives tested under cyclic conditions were selected based off their bending limit. A cutoff of 

mechanical stability under 8 mm was selected as it captured all of the adhesives that withstood the 

manual bending test without failure above the 6.5 mm object radius.  The results from the cyclic 

bending test are summarized in Table 3.  

Table 3. Summary of the average number of cycles until failure at 1 

mm above the lowest observed bending limit of each material. (*) Two 

Everlight PB 313 samples withstood > 150 bending cycles at 6.5mm 

and only failed when lowering the testing radius to 5.5 mm.  
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 The findings from the cyclic bending test highlighted the effects of the variability in the 

adhesive layer’s uniformity described in 3.1, which was seen to affect the majority of tested 

samples. Additionally, the majority of the adhesives tested were not able to endure repeated 

bending stresses without failure. However, the epoxy and reactive acrylic material types 

demonstrate capability to endure cyclic loading. In fact, the Everlight PB 313 material endured 

150 cycles at 6.5 mm and only failed when lowering the bending radius to 5.5 mm. This may be 

attributed to the uniformity of the adhesive layer with minimal defects present. Furthermore, the 

variability of the results reiterates the effects of the presence of defects and variable bond 

thicknesses. The selection of the tested bending radius was decided by choosing a bending radius 

1 mm above the average manual bending limit of each sampled material. This was done to 

understand the reliability of the barrier layer when repetitive loading is induced sufficiently above 

the average failure bending limit. While the variability in the data limits the analysis of the induced 

stress conditions resulting in the failure of the encapsulation of each sample, a general application 

of laminated thin film mechanics can be applied to understand the observations. 

3.2.2 Analyzing the Failure Modes  

 Laminated structures involve use of elastic materials with variable thicknesses and 

mechanical properties, and it is expected that the stresses experienced during bending will consist 

of a combination of tensile and compressive forces. As the degree of curvature or the radius 

decreases in size, both the loading is increased and the bending energy increases with the out of 

plane displacement.(61) Combining this with a mismatch in the elastic modulus between the 

adhesive layer and thin film barrier results in a compounded loading conditions sufficient to initiate 

failure.(62, 63) The common failure types experienced by thin film multilayer structures is 

delamination/debonding at the interface or cracking of the adhesive layer. These are driven by the 
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in plane tensile and compressive forces and ratio of the toughness of the layer and bonding 

interface.(63) When the stress is predominantly compressive, buckling induced interface 

delamination is observed. Cracks are often initiated at a localized stress point such as a defect 

within the bulk of the adhesive layer and upon loading, the crack may propagate at critical stress 

or energy density explained by linear elastic fracture mechanics (LEFM).(64) The plastic 

deformation surrounding the crack tip region and compressive normal stresses at the crack tip drive 

the propagation of the cracks when subjected to cyclic loading conditions. The mismatch in 

mechanical properties between the adhesive layer and barrier film challenges the characterization 

of the predicted bending behavior. However, it can be assumed that the flexibility and low 

thickness of the Mitsubishi film concentrates the stress distribution to the stiffer adhesive layer.  

The adhesive layer thickness and its effect on the overall stiffness of the encapsulated 

structure cannot be neglected. Wyser et al. developed a model for predicting the bending stiffness 

of multilayer laminates with thin adhesive layers.(65) The findings suggest the bending stiffness is 

influenced by the thickness and elastic modulus of the adhesive, however predominantly controlled 

by the thickness and location of the adhesive layer. The thickness range considered in this 

investigation is magnitudes larger due to the design of the system and requirement of suitable 

barrier properties. However, the mechanical reliability of encapsulated structures must consider 

the robustness of the adhesive layer and its behavior under single and cycled loading conditions at 

varied thicknesses. Adhesive plasticity will contribute to the nonlinearly of the stress distribution, 

therefore further understanding of the viscoelastic behavior at varied loading conditions may 

inform the limitations of the adhesives sampled. However, due to the limited knowledge of the 

mechanical and chemical composition of the adhesives sampled, investigation of the influence of 

the mechanical properties on the bending behavior could not be considered.  
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The observations from the bending performances of the flexible encapsulation 

architectures using interfacial adhesives provides a reliable testing method to evaluate the 

robustness of flexible thin film encapsulation. The full coverage encapsulation architecture was 

shown to consistently achieve reliable robust performance. The application of interfacial adhesives 

across the entire surface area of the substrate should be considered for mechanical reliability. 

Perimeter sealant adhesives of the elastomeric material type should be limited to applications that 

do not require significant flexibility due to the poor adhesion with flexible adherents. While the 

reactive epoxies within the perimeter sealant adhesive application demonstrated significant 

robustness, the range of bending performance would require further testing to make a more 

conclusive observation. Furthermore, the selection of the barrier film and adhesive used should 

consider the mechanical properties as flexible performance and reliability is driven by the coupling 

of the materials.  

3.2.3 T-Peel Test Failure Modes 

T-peel tests failure mechanisms range from adhesive/interfacial failure, cohesive failure, 

and mixed failure. Each of these failures were observed during testing and were observed to 

influence the average peel strength across each material and are illustrated in Figure 22. The 

parameters of the T-peel system that are understood to affect the results are the bending geometry 

during peeling, specimen dimensions, and thickness of adhesive layer.(72, 73) The bending geometry 

of each “arm” of the T-peel test is dependent on the elasticity of the material. The Mitsubishi 

commercial barrier film was used for both the top and bottom layers of each specimen, which is 

understood to transfer the stress concentration to the adhesive bond. The specimen dimensions 

were held consistent across samples therefore comparison of the mechanical reliability of the 

materials used in TFE could be conducted.  
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By considering the peel tests as fracture tests, the fracture characterization can be separated 

into initiation and propagation. The force versus displacement graphs displays the variety of failure 

modes that can occur. The initial peak of the graphs can be attributed to the load required to initiate 

the cracking of the bond. The crack initiation load may be influenced by misaligned specimens, 

adhesive overflow, defects near the crack tip, insufficient clamping force, or plasticity of the 

adherends.(73) The larger peel strengths were observed to be the result of cohesive failure (Fig. 4A). 

This is due to the higher fracture energy required to initiate interfacial rupture determined by 

stronger intrinsic adhesion forces acting at the interface. Therefore, more strain energy and a higher 

load is needed to break the interfacial atomic and molecular bonds causing the rupture to localize 

Figure 22. Cohesive, Stick-Slip, and Interfacial failure modes from T-Peel Tests. A) 

Illustration of cohesive failure experienced by the Delo Katiobond LP 655 adhesive and 

associated load versus displacement graph used in finding the peel strength (N/mm). B) Stick 

slip failure behavior experienced by the Delo Katiobond adhesive. Small brittle cracks can be 

seen which characterize the sharp jaw tooth pattern. C) Traditional interfacial failure 

experienced by the Helioseal PVS 101 adhesive which is demonstrative of a linear peak until 

peel propagation is held constant. Residual adhesive is seen remaining on the other bond arm 

demonstrative of minor mixed failure. D) Varied  interfacial failure mode of the SG 4 adhesive 

which demonstrates inconsistent behavior in the plot.  
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within the bulk of the adhesive. Stick slip behavior is commonly observed in peel tests (Fig. 4B) 

where the cause is associated with crack tip blunting in viscoelastic systems (stick) and followed 

by an initiation force where a sudden crack (slip) advances in a brittle manner.(73)  Reasoning for 

the observed behavior may be explained by local defects within the adhesive materials, variations 

in the locus of failure (cohesive, interfacial, and mixed), evolving specimen compliance, rate-

dependence, and other reasons outside the scope of this investigation .(73,75,76)  Figure 4C shows 

the common interfacial failure mode where an initial peak is observed followed by a plateau and 

subsequent steady state peeling. This can be understood by the strain energy dissipated to the 

interface being greater than the work of adhesion (Wadh) being thereby initiating rupture of the 

interfacial bonds.(77) Finally, the uneven interfacial failure seen in Fig. 4D can be attributed to the 

defects present at the crack tip and within the adhesive layer combined with misaligned peeling 

arms. The bending geometry and associated peeling strength are strongly correlated with the 

alignment of the peeling arms which influences the uniformity of the applied load on the adhesive 

layer. 

3.2.4 Mechanical Stability under Peeling Forces 

The materials used are categorized by their encapsulation method and the average peel 

strength (N/mm) of each material is compared. Figure 23 shows the observed results of the peel 

tests. The Delo Katiobond LP655 (epoxy), Photobond LP4115 (acrylic), and material SG2 

(reactive epoxy) demonstrate the highest observed peel strengths. However, the Everlight PB 313 

(epoxy), SG1 (reactive epoxy), SG3 & 4 (reactive acrylics), which showed mechanical reliability 

under robust bending conditions, had dramatically different average peel strength. The variability 

in the data can be explained similarly by the presence of defects and non-uniform layer thickness 

as described in the encapsulation/lamination process.  
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The behavior of the peel and measured load was observed to be directly associated with 

the type of failure experienced by the bond. Samples that experienced cohesive bond failure 

resulted in the greater average peel strengths demonstrated by the Delo adhesives and SG2. 

Samples that experienced interfacial failure or stick slip debonding had much lower peel strengths. 

All of the adhesives were applied across the total area of the test specimens except for the gripping 

area. The average adhesive thickness was 86 ± 43 µm for the epoxy and acrylic materials, and the 

perimeter sealing EVA-8601 and Helioseal PVS 101 were 425 ± 25 µm and 618 ± 40 µm, 

respectively. It is known that thickness of the adhesive layer has an effect on the observed peeling 

strength.(72) The shear strength of adhesive joints has also been suggested to demonstrate a 

thickness dependence. (66, 74) While there is thickness variability across the material categories, the 

specific thickness dependence on for each material was not investigated for its effect on the peel 

strength. While the failure modes are driven by the thickness dependence of each material, 

observing the peel strength under the framework of fracture reveals the basis of the behavior of 

each failure type.  

Figure 23. Plots of the average peel strength (N/mm) and standard 

deviation. Materials which are categorized by their encapsulation method.  
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Correlation between the peel strengths and bending performance of the interfacial 

adhesives was not demonstrated as shown in Table 4.  The application method of the interfacial 

adhesives also did not establish a trend in the average peel strengths. This was concluded as the 

perimeter and full coverage encapsulation methods both showed adhesives with high peel 

strengths. Therefore, the T-Peel tests results should be considered as an informative test method 

to evaluate the compatibility of interfacial adhesives with flexible substrates. The ability for 

adhesives to establish stronger bonds than others may be informed by the surface characteristics 

of the adherend. Influence of the surface tension and energy on the wettability of the interfacial 

adhesives was not considered but should be investigated. 

 Applying limited fracture theory to the observed results emphasizes the importance of the 

testing conditions and parameters of the delaminating device and the samples. The mechanical 

reliability of the adhesive materials commonly seen in thin film encapsulation can be evaluated by 

Table 4. Average Peel Strength, Lowest observed bending radius (mm), and 

Average bending cycles (# cycles) of the epoxy and acrylic adhesives.  
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the T-Peel tests however a strong correlation between the bending reliability and peeling force was 

not observed. The materials sampled demonstrate significant variability in their peeling strengths 

likely due to defects within the bulk of the adhesive and at the crack tip. The thickness dependence 

and its influence on the observed failure modes was not fully considered but may reveal design 

considerations that impact the mechanical reliability of the interfacial adhesives in flexible 

encapsulation. 

Conclusion 

 This investigation was concerned with determining which flexible encapsulation 

architectures and processing methods result in mechanically robust or reliable organic 

photovoltaics.  Evaluating the mechanical reliability of common flexible thin film encapsulation 

systems and processes would be informed by established test methods seen in literature. A series 

of mechanical bending and peeling tests were conducted to consider the effectiveness of each 

method in informing the mechanical stability of the encapsulation methods. It was determined that 

the encapsulation architectures that demonstrated the most consistent stability were the structures 

that utilized full area coverage/application of an epoxy or acrylic adhesives between two thin film 

commercial barrier layers. The failure modes that informed the evaluation of each encapsulation 

architectures were categorized by wrinkling of the barrier layer or cracking of the adhesive layer. 

Wrinkling failure is observed by delamination and induced buckling of the barrier layer due to the 

poor interface adhesion of elastomer and thermoplastic materials under tensile stresses. Cracking 

failure was attributed to the induced concentrated strain energy at the defects of the adhesive layer 

during bending and therefore propagation of the crack at a critical loading stress. 

By combining the bending test with the optical calcium test, a reliable method of evaluating 

the mechanical stability of flexible encapsulation systems was established. By using calcium as 
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the moisture sensitive measurement, tedious time and costs associated with the fabrication and 

testing of flexible encapsulated OPVs was mitigated. However, the impact on the mechanical 

reliability when translating the encapsulation to flexible OPVs should be considered. Furthermore, 

the barrier performance of the adhesive barrier material could be evaluated qualitatively as the rate 

of oxidation of the calcium surrounding the observed failure could be measured.  

The T-Peel tests demonstrated how the quality and uniformity of the barrier adhesive layer 

can affect the observed results. Barrier adhesive materials showing mechanical resilience under 

the bending tests did not translate to having the highest peeling strengths. However, the T-Peel test 

can be used to analyze the fracture energy of the adhesive materials to inform proper material 

selection for flexible encapsulation. Further analysis into the observed failure modes of adhesive 

bonds is required to understand how the T-Peel tests accurately inform the mechanical stability of 

flexible encapsulation architecture. It is clear that the optimization of the encapsulation or 

lamination process significantly impacts the observed results.  

The test method that most accurately informs the mechanical reliability of thin film flexible 

encapsulation is the bending test. The epoxy and acrylic interfacial adhesives applied in full 

coverage encapsulation were the best performing materials under the bending and peeling tests. 

Additionally, the mechanical properties of both the barrier and interfacial adhesives should be 

considered in selecting the most appropriate combination for flexible thin film encapsulation.  
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CHAPTER 4: Future Work and Considerations 

4.3 Achieving Uniform Encapsulation and Enhancing Adhesion 

Determining the encapsulation architectures and processing methods that result in 

mechanically robust flexible OPVs was established through this investigation. The introduction of 

a reliable method of evaluating the mechanical stability of interfacial adhesives using flexible thin 

encapsulation was also described. However, the variability of the results shown in both the manual 

and cyclic bending tests as well as the T-Peel tests necessitates a more optimized encapsulation 

process. The accuracy of findings from the bend and peel tests will inform the design of the 

encapsulation architecture and selection of the appropriately suited materials.  Establishing a more 

effective encapsulation method that is less variable and dependent on the user’s controlled 

application of the adhesives and materials will ultimately improve the consistency and quality of 

the encapsulation layer. Two methods that may address this issue are the incorporation of syringe 

fluid dispensing equipment that is compatible with high viscosity adhesives or considering gravure 

roll coating.  

 Syring fluid dispensing equipment compatible with high viscosity adhesives would be 

relevant to consider in the application of the epoxy and acrylic adhesives used in this investigation. 

Not only would this equipment allow for the capability of a quantifiable amount of adhesive to be 

applied, but the application process would be able to be controlled through the use of a pressurized 

dispensing mechanism. By incorporating a pressurized dispensing method, the air bubbles present 

during the current application method would be mitigated as the up and down motion of the 

applicator tool in the storage vial of the adhesive often created unwanted residual air bubbles after 

application. However, this method would still require the application of a blade coating or bar 

coating process to allow for even dispersion of the adhesive across the sample.  
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 Gravure roll coating would provide a suitable solution to this challenge as the process 

utilizes an engraved roll (gravure or applicator roll) to apply a premeasured amount of adhesive, 

followed by a doctor blade to wipe off any excess. The film would be sandwiched between the 

engraved roll and a rubber backing roll to achieve uniformly applied layers of adhesive. This 

method is demonstrated in the roll-to-roll encapsulation section in 1.1.4 and should be considered 

as an optimal method to achieve defect free adhesive layers with uniform thickness. The current 

method of application often causes excess adhesive to remain after application of the top layer. 

This created non uniform bending behavior or uneven peeling conditions which affected the 

accuracy of the results of the bending and peeling tests. Enabling gravure coating capability would 

alleviate this issue and enhance the ability of the bending tests to inform mechanically robust 

performance of the interfacial adhesives.   

Optimized encapsulation methods would improve the uniformity of the adhesive layer, but 

various preprocessing conditions should be considered such as the storage conditions of the 

adhesives or the treatment of the substrates prior to encapsulation.  Proper storage conditions of 

the materials may impact the frequency of pinhole defects within the adhesive layer as residual 

gas molecules were released during curing. Two solutions are increasing the duration of the 

degassing process to mitigate the presence of pinhole defects or permanent storage of the adhesives 

within inert environments to eliminate uptake of moisture or oxygen molecules. 

 Additional surface treatments to enhance the ability of the adhesives and barrier materials to 

achieve stronger adhesion may be addressed through the pretreatment of the barrier films. 

Treatments such as inducing roughness or functionalization through plasma ozone treatments may 

enhance the adhesion strength and improve the reliability of the bond.(78, 79) By inducing roughness 

to the surface, additional bonding area is enabled for the adhesive to adhere to as well as increased 
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mechanical interlocking.(80) However, with plasma treatments, the functionalization of the surface 

in regards to the activation of bonding sites by increasing the wettability and surface energy is 

understood to lose its effectiveness over time.(78, 79) Therefore, this treatment would have to be 

done and immediately followed by application of the adhesive layer posing potential challenges to 

the logistics of the encapsulation process. Furthermore, while inducing roughness to the surfaces 

of the barrier films may enhance adhesion and subsequently the mechanical stability of the 

encapsulation, considering the effects to the barrier performance should be thoroughly 

investigated.  

Thus, employing high throughput encapsulation processing via gravure roll coating should be 

considered as the most promising solution to achieving uniform and defect free encapsulation. 

Preprocessing of the surface conditions of the barrier films may enhance the adhesion strength and 

mechanical stability of the bond. However, further testing is required to understand the optimal 

processing and conditions of the adhesive and barrier films to enable reliable and robust flexible 

encapsulation.  

4.4 Other materials and testing capabilities 

This investigation solely considered the performance of a commercial multilayer barrier film 

combined with various commercial barrier adhesives. Exploring the viability of other barrier 

material and their performance under bending and peeling stresses may reveal additional findings 

not considered in this study. Prior to the selection and use of the barrier film, initial fabrication and 

experimentation was done in attempts to reproduce the promising results demonstrated by Gaume 

et Al’s polymer clay nanocomposite films.(47) As discussed in 1.1.3, PNCs utilize low cost and 

naturally occurring materials such as montmorillonite (MMT) clay. By dispersing MMT clay in a 

poly vinyl alcohol (PVA) matrix and coating this film onto Polyethylene terephthalate (PET) films, 
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barrier properties adequate for OPV encapsulation can be achieved. Furthermore, nanoclays 

provide flame retardancy and other unique mechanical properties that have not be extensively 

explored in application to OPV encapsulation. Optimization of the solution fabrication recipe is 

needed to achieve similar results of Gaume et al, but applying the PNCs as a coating to commercial 

barrier films may achieve even better barrier properties and is of interest to explore. Furthermore, 

other nanofillers such as glass flakes, carbon nanotubes, reduced  graphene oxides, or mica clay 

have been demonstrated to have effect barrier performance.(22, 46, 47, 49, 50)  Exploring the integration 

of these materials and their ability to achieve robust flexibility whilst maintaining high barrier 

performance is necessary.  

The pressure sensitive adhesive material type was not tested in this investigation due to 

commercial material availability. PSAs have been shown to be compatible with scalable 

processing methods such as gravure roll coating and are commonly used in industrial flexible OPV 

applications. (22, 47, 55) The mechanical reliability of PSAs should be evaluated as they demonstrate 

promising results in the stability of flexible encapsulated OPV applications.  

The bending and peeling tests were conducted in ambient lab testing conditions which is testing 

parameters could be varied to understand the influence of temperature and relative humidity on 

the mechanical stability of flexible encapsulation. Furthermore, the applicability of PNCs under 

significantly humid environments may prove to compromise the effectiveness of the barrier 

performance nanoclays offer. Nanoclays have been demonstrated to swell as they react/absorb 

permeating moisture which may contribute to the eventual failure of the encapsulation layer.(46, 48) 

Furthermore, the reactive epoxies, acrylics, and elastomeric rubber utilized in this investigation 

integrated desiccants or getters to provide a dynamic functionality. Their performance in high 

moisture content environments may be altered and the stability of their reactive nature could be 
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understood by the optical calcium tests used by Kempe et al in Chapter 1.(52) Therefore, 

establishing a controlled atmosphere in which the effect of variable atmospheric conditions can be 

used to further investigate the mechanical stability of barrier films and interfacial adhesives used 

in flexible encapsulation.  

Finally, the use of finite element analysis (FEA) was not considered in this investigation but 

may be used to interpret or confirm the accuracy of the results from bending and peeling tests. 

Modeling the flexible encapsulated systems and analyzing them under various stress conditions 

may be useful in revealing optimal design parameters such as the mechanical properties of the 

barrier and adhesive materials as well as the thicknesses that govern reliable and robust 

performance. While the mechanical properties of the adhesive materials were not consistently 

provided, basic mechanical tests could be conducted to provide the Young’s modulus, elongation 

at break, or ductility of the materials. The coupling of the adhesive and barrier material’s 

mechanical properties ultimately govern the observed results of the bending and peeling tests. 

Therefore, identifying the mechanical property that most significantly influences the bending and 

peeling performance of the barrier and adhesive materials is of upmost importance.   
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