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Abstract 

This review summarizes the recent progress in the stability and lifetime of organic photovoltaics 

(OPVs). In particular, recently proposed solutions to failure mechanisms in different layers of the 

device stack are discussed comprising both structural and chemical modifications. Upscaling is 

additionally discussed from the perspective of stability presenting the challenges associated with 

device packaging and edge protection. An important part of device stability studies is the 

characterization and the review provides a short overview of the most advanced techniques for 

stability characterization reported recently. Lifetime testing and determination is another challenge 

in the field of organic solar cells and the final chapters discuss the testing protocols as well as the 

generic marker for device lifetime and the methodology for comparing all the lifetime landmarks in 

one common diagram. These tools were used to determine the baselines for OPV lifetime tested under 

different ageing conditions. Finally, the current status of lifetime for organic solar cells is presented 

and predictions are made for the progress in near future.  
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1 Introduction  

 

The emerging thin film solar cell technologies, such as organic solar cells, perovskites and others 

alike, have a strong potential for producing very cheap energy, which is one of the key motivations 

for the research in these fields and it is believed that successful commercialization of the products 

based on such technologies may revolutionize the energy sector. One of the key criteria for 

commercialization of these technologies however is the achievement of the necessary level of 

durability and lifetime for a given application. The lifetime of the aforementioned technologies today 

is still not sufficient for most of the energy production applications and therefore a significant effort 

is necessary to improve device stability in order to bring them into the market. Among these 

technologies some of the most prominent ones are organic photovoltaics (OPVs) and hybrid 

technologies, such as perovskite and dye synthesized solar cells. While this review will primarily 

focus on stability of OPVs and in particular polymer solar cells (PSC), many of the discussed 

challenges and their solutions are also applicable to the other technologies due to vivid similarities in 

device architectures [1]. 

Organic solar cells tend to lose their initial performance with time, which is due to failing of 

either one or several components (materials) in the device. It all comes down to two types of 

modifications that cause the failure of a material: chemical and physical modifications, as will be 

shown further in the text. Chemical modifications are associated with alterations in the chemical 

structure of the molecules in the material due to reaction with another material or substance, such as 

breaking of the polymer bonds due to oxidation processes [2]. Physical changes are associated with 

structural modifications in the material structure, where the material may for example transform from 

crystalline into less favorable amorphous structure with poorer electron transport properties or in the 

case of commonly used donor/acceptor mixture in the device, the reorganization of the mixture may 

lead to less favorable phase separation due to clustering of the individual components [3]. Such 

modifications may be caused by internal and/or external factors, as is depicted in Figure 1. Internal 

factors are associated with reaction between two materials or substances inside the device, such as 

the reaction between the electrode and the active mixture in the device, or the influence of additives 

on the active mixture morphology etc. [4]. External factors may accelerate internal processes i.e. an 

elevated temperature facilitate the morphological reorganization of the active mixture [5]. Elevated 

temperature may also grant access to new harmful processes, such as diffusion of moisture inside the 

device or increased corrosion rates for the metal electrodes [6]. The main external factors that are 

well known to deteriorate device performance are oxygen, moisture, light, temperature, mechanical 

and electrical stresses and the reader is referred to a number of reviews that have discussed each 
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mechanism in detail for each factor influencing device stability [7–13]. This review will instead focus 

on proposed solutions for the different failure mechanisms that have been reported recently.  

The review provides a complete overview of solutions for the entire chain of stability issues 

ranging from material chemistry and device architecture to upscaling and characterization and 

complements these with an overview of the current status of OPV lifetime and predictions for the 

future. The review is split into several parts. In the second chapter a general overview of the 

architectural challenges of the OPV devices is presented. In the third to fifth chapters the different 

layers of traditional architecture of OPV device are discussed in terms of stability by covering 

chemical, physical and architectural issues. This is then followed by discussions of upscaling and 

packaging in sixth chapter. The final chapters cover the advanced characterization of stability and 

measuring of the lifetime, present the status of the OPV lifetime today and make predictions for the 

near future.   

   

 

 

Figure 1 Diagram of the internal ageing mechanisms inside the devices and the external impact from 

environment is presented. The internal mechanisms are associated with chemical and structural modifications 

of the materials caused by interaction between two materials inside the device. External impact is associated 

with oxygen, moisture, light and electrical and mechanical stresses. 
 

2 Device architecture 

 

One of the common ways for improving the stability is optimization of device architecture. The 

latter constitutes improved combinations, thicknesses and order of layers in the device, protected 

device terminals, improved packaging with appropriate edge sealing and other similar solutions. As 

of today the market of OPVs has not been completely defined yet and thus, there are still no existing 

standards for the final product architecture of these devices, which leaves a broad space for making 

variations in architectural modification of OPVs. However, the challenge with certain architectural 

modifications is that, although, these lead to lifetime improvement, such modifications may be in 
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opposition to the envisioned architecture of an OPV end product and therefore, their usefulness may 

be a subject of dispute. Several examples are discussed in this section. 

The use of thick layer or even a multilayer of top evaporated electrodes has been frequently 

reported to significantly improve the stability of OPVs (see for example [14,15]). While the method 

has shown orders of magnitude improvements in stability of unencapsulated devices [16], this has 

primarily been demonstrated by comparing lab scale devices with a glass substrate on one side 

protecting the device and the top electrode on the other. Since the thick glass substrates comprise an 

impervious barrier with zero transmission rate for air and moisture diffusion, the top part of the device 

including the top electrode obviously becomes the only path for the diffusion of the environmental 

agents and will therefore be the defining factor for the device stability. Therefore, changing the 

thickness of the top electrode can have a major impact on the stability of such a non-symmetric device. 

Similarly, changing the material of the electrode can also drastically affect the device stability, such 

as for example when switching from the aluminum (Al) used in normal structure devices to silver 

(Ag) used in inverted structures [17,18]. In a traditionally envisioned structure of a large scale 

processed flexible OPV device the stack of the layers is sandwiched between two barriers with one 

side serving as the substrate, which allows avoiding additional layer of costly substrate [19,20]. 

Alternatively, a cheap polyethylene terephthalate (PET) with no barrier properties is often used as an 

extra substrate for the convenience of processing. In such configurations, the front transparent 

electrode will be equally vulnerable to environmental impact and therefore, the above suggested 

architectural modifications of the back electrode or the layer sequence may become useless in this 

case. Moreover, the non-transparent electrode on the back of the device is easier to substitute with a 

cheap flexible solid metal foil, while finding cost efficient flexible transparent electrode with strong 

resistivity towards environmental impact for the front side of the device may be much more 

challenging.  

Another questionable architectural modification is associated with sample dimensions. Often, 

laboratory scale samples of 1 cm2 and smaller, packaged in much larger barrier materials are used for 

stability measurements. While these are useful for comparing the stability of the particular samples 

with other samples of similar nature, due to the edge diffusion effects the obtained stability data 

cannot be utilized for assessing the potential of the technology in terms of lifetime, since the actual 

end products (in forms of modules and panels) will not have the same dimensional ratio between the 

device and packaging and may therefore be prone to stronger edge effects.  

One of the most important assets of OPVs is potentially low cost of the technology, and while 

often new materials or material modifications are reported, which significantly improve the stability 
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of OPV devices, in most cases it remains unclear whether such materials are cheap or can be made 

cheaply available eventually, as majority of the reports do not discuss this subject.  

It is therefore recommended to always bear in mind the eventual product design and 

competitiveness while carrying any architectural modifications for improving the device 

performance.  

 

3 Photoactive layer 
 

The chapter discusses the recent achievements related to improvement of stability of the active 

layer by chemical or physical modifications. While the first section covers the chemical solutions for 

improving the material properties, the second section addresses the effects related to structural 

alterations and the external impact. 

3.1 Recent chemical advances 

 

In recent years a great amount of articles and reviews have addressed the stability of polymer 

solar cells (PSCs) with a specific focus on the chemical manipulation of the materials used in PSCs 

to improve the thermal and morphological stability for a longer lifetime of the PSCs [9,10,21–24]. 

Different pathways of degradation make it necessary to be creative in terms of material manipulation 

which can lead to their stabilization. In this section recent chemical improvements are shown for 

improving the stability of photoactive layer (PAL) against both intrinsic and extrinsic ageing 

mechanisms. The section is divided into three parts, one discussing new approaches to improve the 

stability of the PSCs by chemical diversification of the side chains, the other considering the backbone 

alterations of the light absorbing polymers and the third part discussing the acceptor materials. 

 

3.1.1 Chemical diversification of the side chain of the light absorbing polymer 

 

As the side chains in organic materials represent a weak point in the light absorbing layer, several 

new approaches have been presented in recent times that address this issue. Peng et al. [25] 

investigated the influence of the branching (linear or branched) and dimensionality (alkoxy or thienyl) 

of the side chains of a polymer based on benzodithiophene (BDT) and monofluorinated quinoxaline 

(Qx) on its thermal stability. The 2D conjugated structures were shown to increase the thermal 

stability of the polymer. An increased degree of branching induces higher lamellar-like ordering of 

the polymer, leading to a more stable PAL.  However the research was performed on the pure 

polymer, but not on a polymer:PCBM blend and neither on a PSC [25]. Similarly, Tournebize et al. 
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reported a study on poly[(benzo[1,2-b:4,5-b]dithiophene)-alt-(thieno[3,4-c]pyrrole-4,6-dione)] 

(PBDTTPD) and while comparing the photostability of this polymer with traditional polymers 

discovered that PBDTTPD significantly outperformed the others [26]. The reason was ascribed to the 

fact that the alkoxy side-chains on BDT subunits mitigate the photodegradation of the whole polymer. 

Tierney et al. [27] investigated the impact of different types of side chains on the (photochemical) 

stability of BDT - diketopyrrolopyrrole (DPP) based PSCs (Figure 2). The stability of the bulk 

heterojunction (BHJ) is controlled by two different processes: the PCBM crystallization and 

dimerization, which means that the stability depends on the rate of crystallization. The authors 

claimed that this could be influenced by the type of side chains; whereas the stability decreases from 

linear alkyl side chain > no side chains > alkoxy side chains > branched side chains. The branched 

side chains cause steric hindrance in solid films, locking the polymer chain in place and reducing the 

paths in the 3D space for the fullerene diffusion. An increase of the steric hindrance as well as the 

rotational freedom can be seen for the alkoxy and thienylethylhexyl side chains. However, polymer 

with linear side chains are the most stable ones due to an even distribution of the chains along the 

backbone and dense packed polymer aggregates, where no PCBM molecule can migrate through 

(Figure 2), leading to a low diffusion rate for the series due to thermal instability of the 

polymer:PCBM BHJ [27]. Not only the type of side chain but also the different length of the 

conjugated side chains is directly influencing the thermal and morphological stability of the devices. 

The study by Yang et al. [28] deals with the use of different amounts of thiophenes in the side chain 

of BDT. The alkyl-thienothiophene substituted polymer with the longest side chain revealed the 

optimal morphology and best thermal stability in comparison to alkoxy and alkyl-thiophene 

substituted polymers. 

 (a) 
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(b) 

Figure 2 Illustration of different polymer (a) aggregate formations based on side chain distribution and rotation 

(b, left). In a BHJ material these aggregates regulate the transport of PCBM which can either pass around the 

aggregates or through them (b, right). Reprinted with permission from [27]. 

Maes et al. [29] reduced the side chain density in a polymer based on cyclopentadithiophene 

(CPDT) and Qx leading to a PSC with increased efficiency and device stability under continuous 

thermal stress. This tuning of the side chain pattern led to an optimized morphology of the PAL [29]. 

The immutability of the morphology of the BHJ to have an optimal function of the solar cell is 

one of the main focuses of the chemical diversification of light absorbing polymers. Instability of the 

BHJ morphology is often a result of prolonged thermal annealing leading to a phase 

separation/demixing of the polymer and PCBM (crystallization of the PCBM). One approach would 

be to do a side chain functionalization/modification to yield a polymer with higher glass transition 

temperature (Tg). This has already been done in 2011 by Vanderzande et al. [30] on a 

polyphenylvinylene (PPV) derivative using a phenylethoxy side chain. Recently this concept was 

adopted (also from the same group) [31] and applied to various more promising (advanced 

conjugated) polymers for PSCs. The usage of alcohol or ester (and cinnamoyl) groups as part of the 

side chains of polythiophene (Figure 3a) [21,31–33] or a polymer based on CPDT and 

benzothiadiazole (BT) (Figure 3b) [34] resulted in a higher Tg and thus an enhanced thermal stability 

(Figure 3a). In the case of polythiophene (PT) the specific functional moieties were introduced in a 

small ratio (10%) into a random poly(3-alkylthiophene) improving the  thermal stability significantly 

through a decay in demixing of the PAL. [21,31–33] The phase separation and morphology 

development are shown in the images of transmission electron microscopy (TEM) and selected-area 

electron diffraction (SAED) patterns (Figure 3c). [32] In case of the CPDT based polymer the specific 

functional groups are incorporated into the whole polymer. These results show an absence of phase 

separation and crystallization as well as an enhancement in the long-term stability of the solar cell 

parameters, as shown in Figure 3d for samples stored in nitrogen at 85 oC temperature. [34] However, 

the adoption of this concept on advanced conjugated polymers (like polymers based on BT or 

thiazolothiazole) using the phenethyl group to partially exchange the solubility side chain, did not 
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lead to a clear enhancement of the stability of the BHJ PSCs [35]. This means that this approach 

cannot be applied to all suitable advanced conjugated backbones for PSCs. 

  
(a) (b) 

 

 

(c) (d) 

Figure 3 Molecular structure of modified a polythiophene (a) and a CPDTBT based polymer (b), TEM and 

SAED images of PT based:PCBM blends (1:1) degraded at 85°C (c) [32] and the thermal degradation of the 

efficiency of PSCs based on CPDTBT polymers with different side groups stored in nitrogen at 85 oC (d). 

Reprinted with permission from [34].  

In another approach the alcohol moieties were used to crosslink with another molecule. Shiao et 

al. described a series of maleimide-thiophene copolymers containing partial 2-hydroxyethyl or 6-

hydroxyhexyl units, which were cross-linked with 3,3’-dimethoxy-4,4’-biphenylene diisocyanate 

(DMBPI) leading to an increased thermal stability [36]. 

3.1.2 Chemical diversification of the light absorbing polymer backbone 

 

The structure of the polymer backbone can also have an influence on the stability of the PSCs. 

However, this influence is not as drastic as it is for the side chains. It is already well known that the 

stability depends on the monomer units. For example a polymer containing fluorene is less stable than 

a polymer containing BDT as the donor unit [24,37]. Gedefaw et al. studied a series of p-type 
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copolymers, which combined a fluorinated quinoxaline (FQ) acceptor unit either with a differently 

substituted BDT or an unsubstituted thieno[3,2-b]thiophene (TT) and showed their effect on both film 

and device stability [38]. In particular, the authors demonstrated that while in the form of pristine 

films the polymer with TT showed the best photostability, in the form of devices the polymers with 

BDT led to the most stable devices retaining 85% of the performance after 72 hours of light exposure. 

In another study dithienobenzodithiophene (DTBDT) donor was fused with 2-ethyl – 1 -(thieno [3,4-

b] thiophen-2-yl ) hexan – 1 - one (TTEH) or 6 – octyl – 5 H –thieno [3′,4′:4,5] thieno [2,3-c] pyrrole 

- 5,7 (6H) - dione (DTPD) acceptor units and the stability was investigated. Due to its flat structure 

pDTBDT-TTEH formed crystalline structure, while pDTBDT-DTPD had highly twisted structure 

resulting in very amorphous structure and therefore, the former significantly outperformed the latter 

in terms of shelf life highlighting the importance of the morphology in the stability [39].  Hou et al. 

[40] showed that there is also influence of the chemical structure of the backbone units. A polymer 

which contains two fused thiophenes is theoretically more thermodynamically stable, than a polymer 

with two non-fused thiophenes (Scheme 1). The more rigid and stable backbone confirmation is more 

stable thermodynamically. The thermal properties (melting and crystallization temperatures) are also 

higher.  

 

Scheme 1 Polymers with different backbone structures 

Further, direct substituents on the monomer units can influence the stability of the polymers. In 

another study Carlé et al. [41] showed that with increasing number of fluorine substituents on a BT 

unit in two different polymer groups, the photochemical stability of the polymers were clearly 

enhanced. As a result the incorporation of fluorine substituents in the polymer backbone has a positive 

effect on the stability of the solar cell devices. Similar results were shown by Livi et al. (Figure 4) 

and Li et al. demonstrating clear enhancement of the efficiency and stability of such PSCs (Figure 4) 

[42,43]. 



11 

 

  
(a)                      (b)   

Figure 4 Lifetime studies of JC3 (black in (a) and (b)), JC3ff (blue in (a) and (b)) and poly(3-hexylthiophene) 

P3HT (green in (b)). (Red curve in (b) is out of scope of this review). The encapsulated samples were exposed 

to 1.2 Sun light illumination at 130 oC temperature. Reprinted with permission from [43]. 

 

Other ways to stabilize the intrinsic stability of the donor, were the use of polythiophene block 

copolymers selectively functionalized with isoorotic acid moieties and a diaminopyridine tethered 

fullerene derivative (PCBP), which showed strong complexation through hydrogen bonding. Solar 

cell was fabricated by Li et al. employing the polythiophene block copolymers with issoorotic acid 

moieties and by varying the amount of PCBP and PCBM. The authors found that such complementary 

hydrogen bonding not only led to improved device stability, but also to tunable and long-range 

ordered morphologies by adjusting the amount and nature of fullerene derivatives [44]. 

3.1.3 Chemical diversification of the acceptor molecules in the photoactive layer 

 

In the processing of the PAL in the solar cells specific solvent additives are often used to 

influence the morphology of the PAL and thus the efficiency of the PSCs. This principle is similar to 

adding or (partially) exchanging (10-15%) the PCBM with small molecules to influence (the 

morphology and thus) the stability of the PAL. In the approach of Chuang et al. [45], a cross-linkable 

open-cage fullerene (Scheme 2a) was partially incorporated into the PAL. The cross-linking can be 

induced via heat treatment of the styryl moiety resulting in a longer lifetime of the correspondent 

PSCs under thermal stress. Cross-linkable azido C60-fullerene derivatives were also used in poly(3-

hexylthiophene) P3HT and PCBM mixture based solar cells to drastically suppress the formation of 

PCBM crystals in the BHJ and macro-phase separation, leading to a very stable morphology [46]. 

Andersson et al. [47] modified fullerenes with pyridine and amine groups, respectively (Scheme 

2b). Partial incorporation of these fullerene derivatives into the PAL blend of a thiophene-Qx donor 
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polymer:PCBM shows significant increase of the thermal stability of the BHJ nanostructure, where 

the fullerene crystallization is hindered at the annealing temperature. In addition, these materials can 

also be used as self-assembling interlayers on the indium tin oxide surface. 

          
                     (a)                                                                             (b)                                                    (c) 

  (d) 

Scheme 2 Small molecule additives to the PAL (cross-linkable open cage fullerene [45] (a), and PCBM 

derivatives [47] (b) and porphyrin compound [48] (c) and PCBM replacement (spirobifluorene [49](d)) to 

improve the stability of the PSC. 

 

Another strategy to prevent fullerene aggregation is to stabilize the PAL via incorporation of a 

porphyrin compound. This addition does not only stabilize the morphology of the polymer:PCBM 

film, but depresses the PCBM crystallization. After discovering that these compounds are sufficient 

for PSC stability [50], Yang et al. [48] performed a small screening of different porphyrin compounds 

including different metals (Cu, Zn, Ni, non-metallized) or different substituents (NO2, C4F6Cl, non-

substituent) to see the influence on self-aggregation and photo-thermal stability. The PSC 

(P3HT:PCBM), which was doped with 8 wt-% of the most promising porphyrin compound (Scheme 

2c), showed the smallest decrease in efficiency preserving 83% of initial photoconversion efficiency 

(PCE) after 48h at 130°C in comparison to the pristine devices, which retained 28.4% after 3h at 

130°C [48]. Liao et al. developed a [6,6]-phenyl-C 61 butyric acid pentafluorophenyl ester (PC61BPF) 

and used together with PCBM. Such a mixture is responsible for creating a supramolecular attraction 

between the pentafluorophenyl group of PC61BPF and the C60 cores of PC61BPF/PCBM, which can 

prevent the PC61BPF/PCBM materials from severe aggregation [51]. By doping only 8.3 wt% 
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(PC61BPF), in a P3HT:PCBM device, a PCE of 3.68% was reached after 25 h of heating at 150 °C, 

preserving 95% of its original value. In sharp contrast, the PCE of the device that used a traditional 

P3HT:PCBM blend decayed drastically. Such an approach was effective also with low band-gap 

polymer such as PDTBCDTBT, which is based on dithienobenzo-carbazole (DTBC). 

To prevent fullerene crystallization in the PAL, the PCBM can be replaced by a fullerene free 

material. After a decade of slow progress, non-fullerene acceptors are now undergoing rapid 

development and are emerging as a focus area in the field of organic semiconductors [52]. The novel 

non-fullerene electron acceptor spirobifluorene with four diketopyrrolopyrrole endcapped with a 

benzene (SF(DPPB)4) (Scheme 2d)  was designed to suppress strong intermolecular aggregation. 

Excellent thermal stability was shown upon thermal treatment of the P3HT:SF(DPPB)4 PSC at 150°C 

for 3h. Its efficiency remained unchanged, whereas the efficiency of the fullerene based PSC dropped 

significantly [49]. In another study, as an acceptor {[N,N0-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboxi- mide)-2,6-diyl]-alt-5,50-(2,20-bithiophene)} (P(NDI2OD-T2)) was used and as a 

donor 7,70-(4,4-bis(2-ethylhexyl)-4H-silolo [3,2-b:4,5-b0]dithiophene-2,6-diyl)bis(6-fluoro-4-(50-

hexyl-[2,20-bithiophen]-5-yl)benzo[c][1,2,5] thiadiazole), p-DTS (FBTTh2)2 was used, which led to 

a device exhibiting excellent thermal stability in air without encapsulation preserving 70 % of initial 

performance after heating at 180 °C for 20 h (see a comparison with other polymers in Figure 5) [5]. 

 

Figure 5 Degradation curves of unencapsulated devices with different polymers coupled with the acceptor 

P(NDI2OD-T2) tested in air. The heating temperature was 180 °C and was applied before the deposition of 

the front electrode. Reported with permission from Elsevier [5]. 

 

Chen et al. [53] used ter(ethylene oxide) (TEO) functionalization to manipulate the polymer 

donor (P-BDTT-TT-TEO) and fullerene acceptor (PCB-TEO) [53]. The TEO side chains induce more 

ordered molecular packing leading to a well-defined morphology and enhanced stability of the PAL. 

PCB-TEO is an effective compatibilizer located at the interface of the acceptor and donor to 

strengthen and manipulate the interaction between PCBM and PBDTT-TT-TEO (Figure 6 I). Direct 
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blending of the TEO manipulated acceptor and the donor results in poor performance. Therefore, 

appropriate amount (5%) of PCB-TEO was incorporated in the PAL blend. Thermal stability in inert 

atmosphere of the different PSCs (Figure 6 II) and films (Figure 6 III) showed increased stability with 

incorporation of TEO in acceptor or acceptor and donor. This approach is very promising in terms of 

thermally stable devices with well-defined and stable morphology [53]. 

(I)  

  
(II)                    (III) 

Figure 6 (I) Illustration of the TEO modified polymer and fullerene derivative (PBDTT-TT-TEO and PCE-

TEO), (II) Lifetime of PSCs based on these materials in terms of their PCE under 150 °C and inert atmosphere 

and (III) optical micrographs of films based on PBDTT-TT:PCBM (a and d), PBDTT-TT-TEO:PCBM (b and 

e) and PBDTT-TT-TEO:PCBM:PCB-TEO (c and f) before (a-c) and after (d-f) annealing at 150°C for 8 h. 

The dark areas correspond to PCBM crystals. Reprinted with permission from [53] 

 

Table 1 outlines the improvements discussed above. It is difficult to pin point the best solutions 

among the reported data, since the conducted tests and samples vary greatly and therefore, are 

incomparable. The comparability for the general lifetime of OPV devices was addressed in 2011 by 

developing ISOS testing guidelines, which will be discussed in Chapter 7. It would however be 

relevant in addition to ISOS guidelines to develop common testing procedure for determining film 

photostability. This would allow easily comparing and determining the reported chemical 

modifications of the films that lead to the best photostability.  

 

Table 1 Overview of all chemical diversifications in this review.  
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Affected molecule1 
Affected 

unit2 

Comparison/ 

realization3 

Chemical 

diversification 
Effect on stability/morphology Ref 

Diversification in donor/polymer 

 

Side 

chain 
dimension 

R = no/linear/ 

branched/alkoxy/ 

alkyl-thiophene 

even distribution (=linear alkyl chain) 

reduces the PCBM diffusion rate 

more stable polymer solar cell 

[27] 

 

Side 

chain 
dimension 

R = alkoxy/ alkyl-

thiophene/ alkyl-

thienothiophene 

increasing number of thiophene 

improved morphological/ thermal 

stability 

[28] 

 

Side 

chain 
reduction 

copolymer with 

R = EH and R = 

H 

partly removal of the side chains 

enhances the thermal stability 

more fine intermixed blends 

[29] 

 

Side 

chain 

Doping/ 

exchange 

X = ester or 

alcohol group 

(partly) incorporation  

 increase of the glass transition 

temperature 

enhances thermal and morphological 

stability 

[21,31

–34] 

 

Back-

bone 

Fused/ 

non-fused 

X = bisthiophene 

or 

thienothiophene 

Fused thiophenes: more rigid backbone/ 

stable confirmation 

higher melting and crystallization 

temperatures 

stronger interchain interaction. 

[40] 

 

Back-

bone 
doping 

X = hydrogene or 

fluorine 

Fluorination of benzothiadiazole 

better photochemical stability of the 

polymer 

slower decay rate of the PSC device 

[41,43] 

 

Side 

chain 
exchange 

R = ter(ethylene 

oxide) 

Functionalized copolymer (and fullerene 

acceptor) 

changes morphology  

manipulates miscibility between 

polymer and fullerene 

more thermally stable PSCs. 

[53] 

Diversification in acceptor/PCBM (see Scheme 2 and Figure 6)  

PCBM 
Side 

chain 
doping 

cross-linkable 

group 

Addition of crosslinkable fullerene 

reduce the PCBM phase aggregation 

rate 

highly stable PSCs. 

[45] 

PCBM 
Side 

chain 
doping 

pyridine or amine 

groups 

Addition of functionalized fullerene 

hinders the PCBM crystallization 

increased thermal stability 

[47] 

PCBM Molecule doping porphyrin 

Addition of porphyrin 

supramolecular interactions 

depresses PCBM crystallization 

(decreased Tm and increased Tc) 

stabilized morphology. 

[48,50] 

PCBM Molecule exchange spirobifluorene 

Non-fullerene electron acceptor 

suppressed intermolecular aggregation 

improved thermal stability. 

[49] 

PCBM 
Side 

chain 
doping 

Ter(ethylene 

oxide) 

see the entry in row 7 above, in this table (side 

chain, exchange)4 [53] 

1Chemical structures: EH = 2-ethylhexyl, OD = 2-octyldodecyl, PCBM = phenyl-fullerene (C61 or C71)-butyric acid methyl ester, P3HT = poly(3-

hexylthiophene), PEDOT:PSS = poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate); 2part of the molecule is which is affected by the chemical 

diversification, 3comparison or realization which affected the molecule part, 4effect is only described with the manipulation of both polymer and 

PCBM. 
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3.2 Structural properties and external impact 

 

This section addresses the studies related to structural and morphological aspects of PAL stability 

and is split into three parts. The first part primarily deals with structural and morphological 

modifications within the active mixture and the effect of the third components. Such changes often 

originate from the properties of the materials and are not linked to external impact. The discussion in 

the second part is oriented more towards the impact of the external agents on the PAL and presents 

certain solutions for making the PAL more resistive towards such agents. The final part addresses the 

mechanical properties of the PAL. 

3.2.1 Intrinsic stability: additives and ternary blends 

 

In a bulk heterojunction of polymer solar cell an optimal interpenetrating network of donor and 

acceptor is a key for optimal performance. However, the morphology of such a network often is not 

stable and may deteriorate after certain period of operation or storage resulting in device performance 

decay. It is therefore vital to develop methods for stabilizing the morphology of the mixture in order 

to preserve the optimal performance for extended period of time. As was discussed in the previous 

chapter optimizing the side chains is one way to improve the morphological stability of the film. On 

the other hand, solvent vapor annealing was also found to have strong influence on both efficiency 

and stability, by altering the blend morphology [54]. However, while the additive can improve the 

PCE, it often impacts the stability negatively. As an example, when 1,8-diiodoctane (DIO) was used 

as a solvent additive in active mixture of Poly[[4,8-bis [(2-ethylhexyl) oxy]benzo[1,2-b:4,5-b'] 

dithiophene-2,6-diyl] [3-fluoro-2-[(2-ethylhexyl) carbonyl] thieno[3,4-b] thiophenediyl]] (PTB7) 

and PCBM [55] or Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b′]dithiophene)-alt-

4,7(2,1,3-benzothiadiazole)] (PCPDTBT) and PCBM [56], it significantly improved the efficiency of 

the devices, but reduced the stability bringing the samples to the same level of PCE after prolonged 

exposure to air for 300 hours. Meanwhile in another study, Huang et al. reported that using the poor 

anti-solvent isopropanol (IPA) during the spin coating of Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-

yl) benzo[1,2-b;4,5-b'] dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-

2-carboxylate-2-6-diyl)] PBDTTT-EFT (also known as PCE10) and PCBM[70] helped removing the 

residual DIO and led to an improved photochemical stability [57].  Kettle et al. instead looked at 

alternative additives while studying PCPDTBT polymer, which would be less harmful for stability 

and proposed less volatile napthalene-based additives, such as 1-bromo-naphthalene (BrN) or 1-

chloro-naphthalene (ClN) for improving PAL performance [58]. The author demonstrated that, 

although these additives increased the surface roughness of the active films resulting in somewhat 
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reduced PCE, the stability was improved by a factor of three. The improvement was ascribed to 

reduced morphological changes and reduced oxidation of the thiphene ring. It was also possible to 

employ additives that promoted a cross-link. Khiev et al. effectively improved the thermal stability 

by using a poly(3-hexylthiophene) (P3HT) end-capped with anthracene (P3HT-A) in a blend with 

PCBM, treaded with UV light. It was proposed that the P3HT-A chain reacts with PCBM fullerene 

via a [2+2] cyclo-addition to stabilize the blend. When comparing the UV-cured device with the 

device without UV treatment, only the latter presented large fullerene crystallization after thermal 

ageing [59].  Therefore, efforts were made on stabilizing the donor and/or the acceptor, as they both 

had major role in the stabilization process.  

Another example of intrinsic instabilities in the photoactive material has been reported lately by 

Bracher et al [60]. The authors studied the effect of the residual palladium catalyst left inside the 

material from the synthesis of poly[N-9′′-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-

2′,1′,3′-benzothiadiazole)] (PCDTBT) on the efficiency and stability of the devices based on this 

material and revealed that palladium self-assembles into nanoparticles, which initiate growth of large 

aggregates inside the polymer. The authors used photocurrent mapping to demonstrate that such 

aggregates result in shunts in the device which reduces the photocurrent and contributes in rapid 

initial burn in of the device performance (see Figure 7) during light soaking in air.    

 

 

Figure 7 The ageing of encapsulated samples with various concentrations of palladium as a function of 

exposure to light in air. Reprinted with permission from [60]. 

 

A relatively new branch of organic solar cells (OSCs) consist of PAL with a third component 

besides the donor and acceptor (organic or inorganic, semiconductor or insulator). Cheng et al. 

presented a broad review of different third components that have been used in OPVs and argued that 

the use of such an extra component allowed broader and stronger absorption, more efficient charge 

transport pathways, better charge extraction at the electrodes and improved stability [61]. The reason 
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for a better stability was attributed to the fact that fullerene tends to aggregate into big clusters after 

some time or after thermal treatment, which deteriorates the morphology of the active layer and 

reduces the PCE drastically. The use of a third component can suppress aggregation of PCBM by 

means of solidifying the morphology of the active layer as a cross-linker, or freezing the scale of 

phase separation via some special intermolecular interactions. For example, PTB7:PCBM[60] 

degraded by more than 80% after 16 h of exposure to thermal heating at 150 °C, while the same 

device with the third component of 2 wt% bis-azide cross-linker 4,4′-bis(azidomethyl)-1,1′-biphenyl 

(BABP) degraded only by 20% after the same thermal exposure [61,62]. Another way to increase 

both performance and stability is to incorporate Ag and Al nanoparticles (NPs) into the active layer 

[63,64]. In poly(p-phenylene-ethynylene)-alt-poly(p-phenylene-vinylene):phenyl-C61- butyric acid 

methyl ester (AnE-PVstat:PCBM)-based bulk heterojunction solar cells, by incorporating Ag NPs of 

6 nm in diameter in the PAL, the PCE was increased from 2.46 % to 3.10 %. Moreover the devices 

were testes under indoor solar simulator, showing a three-fold improvement of stability with the Ag 

NPs [64]. 

3.2.2 Resistance against extrinsic impact 

 

It is well established that agents, such as oxygen and water combined with light significantly 

affect the stability of polymer solar cells and resistance towards these agents is described here as 

extrinsic stability. The morphology of the active layer is not only influencing the intrinsic, but also 

the extrinsic stability. One of the recent works demonstrated for instance how the more crystalline 

and denser materials showed improved stability towards light exposure compared to more amorphous 

materials [65]. In particular, when crystalline and amorphous materials were compared, only the 

amorphous materials showed a significant decrease of open circuit voltage (VOC) after aging [66]. 

This was explained by the energy state disorder caused by light induced traps. In amorphous 

materials, the energy state disorder has a significant influence on VOC, while in the crystalline 

materials since the charge carrier density is higher several times such a disorder does not play a major 

role [67]. Oxygen is known to cause drastic degradation, especially in combination with light [68].  

The use of single-crystalline P3HT nanofibril with tightly packed π- π bonding was found to 

effectively reduce the permeation of oxygen, which led to an improved stability compared to standard 

P3HT. In particular, after 30 days of constant sunlight illumination, the standard P3HT lost 80 % of 

the initial performance, while the nanofibril one only 20 % [69]. 

Using hindered phenols as additives, substantial improvement of the stability was achieved for 

samples exposed to 1000 W/m2 constant illumination under ambient condition. In particular, the use 

of octadecyl 3-(3,5- di-tert-butyl-4-hydroxyphenyl)propionate in P3HT:PCBM solar cells led to 
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increased power by a factor of 3, compared to the reference device without the stabilizing additive. 

Turkovic et al. suggested the hydrogen donation mechanism in combination with the radical 

scavenging properties of the propionate type hindered phenols was responsible for the significant 

reduction of radicals within the photoactive layer, which could in turn stabilize the performance by 

decreasing the exciton recombination [70].  

A common issue for OPVs is the quick drop of the performance experienced during the initial 

stage of ageing, which is called “burn-in”. Voroshazi et al. suggested that burn-in depend on the 

external impact and in particular is light dependent [71]. By altering the thickness or the acceptor in 

the bulk of active mixture they found that upon continuous illumination of P3HT:PCBM[60] cells, the 

burn-in, which was mostly caused by the drop of the short circuit current density (JSC), was due to the 

ageing of the active bulk, while in PCDTBT:PCBM[70] the drop of the efficiency was mostly 

originating from the drop of the fill factor (FF) due to the blend/anode interface degradation. The 

authors suggested that a stable device without burn-in is possible by accurately engineering the 

employed materials. Meanwhile, Kong et al. by selectively extracting the trap-free high molecular 

weight components in PCDTBT showed that it is possible to reduce the burn-in loss and the resulted 

optimized device showed burn-in free behavior with 40% increased performance [72].  

 

3.2.3 Mechanical stability 

 

In recent years, the interest towards studying and solving issues related to the mechanical stability 

of organic solar cell is rapidly growing, since roll-to-roll (R2R) printed flexible devices are often 

subjected to high mechanical stress during processing and handling, which may impair device 

stability. Kim et at. studied the mechanical stability of the photoactive layer of OPVs and proposed a 

method for improving the mechanical and thermal stability of PAL by adding the novel compatibilizer 

poly(3-hexylthiophene)-graft-poly(2-vinylpyridine) (P3HT-g-P2VP) in the active blend of P3HT and 

fullerene derivative [73]. This led to a better interface between P3HT and the fullerene derivative, 

which improved both thermal stability and as a result, the cell having 5 % P3HT-g-P2VP, lost less 

than 10% of initial performance after 72 h thermal ageing at 150 °C compared to almost full 

degradation of the reference device without the compatibilizer. Moreover, while studying the 

mechanical properties the authors recorded around 20% increase in the fracture energy in the blend, 

indicating a much more mechanically stable device.  

Corazza et al. studied the effect of external stresses, such as heat, UV light or humidity exposure 

on the mechanical properties of different layer in the device [74]. It was found that the combination 

of humidity and annealing (45 % R.H. and 85 °C) caused growing of macrostructures in the active 
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layer exposed directly to these conditions, resulted in development of weak layer within the bulk 

leading to mechanically unstable layer. Interestingly, when UV light exposure was added to the 

experiment, the mechanical deterioration of the PAL by the external stresses was reduced. This was 

ascribed to the fact that the UV light may have dried the samples and therefore protected it from the 

impact of humidity. The authors suggested that optimized treatment of the device with different 

external stressors may eventually lead to more stable device. In another study, Kim et al. substituted 

fullerene with poly[[N,N′-bis(2-hexyldecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-

5,5′-thiophene] P(NDI2HD-T), which not only improved the efficiency, but also significantly 

enhanced the strength and flexibility of the PAL, with an improvements of 60 and 470 times 

respectively in elongation at break and toughness [75]. Such improvement originated from the fact 

that the polymer based acceptor is intrinsically more ductile and is therefore better able to entangle 

with polymer chains of the donor. Savagatrup et al. studied the different mixtures of fullerenes 

PCBM[70] and PCBM[60] in varying rations in the active blend with P3HT polymer and analyzed the 

effect of the different ratios on the mechanical stability of the blend [76]. The studies revealed that 

the films of pure PCBM[70] had approximately five times higher mechanical compliance (robustness, 

flexibility, and stretchability) than films of pure PCBM[60]. It was also found that BHJ films 

comprising technical grades (with purity of ≥ 90%) of PCBM[60] or PCBM[70] were approximately 

two to four times more compliant compared to 99% purity. This proved that that technical grade not 

only lowers the cost of the manufacturing, but may simultaneously increase the mechanical stability 

of the film and the device.  The smallest range of stretchability was found for BHJs with 99% 

PCBM[60] (fracture at 3.5% strain), while the greatest was found for technical grade PCBM[70] (11.5% 

strain) (see Figure 8). The same authors proposed in another article a rational way of designing 

molecularly stretchable electronics, in order to ideally allow a chemist to synthesize a material that 

could exhibit both the mechanical and electronic properties required for a particular application [77]. 

The idea was to design materials that allowed for the best compromise of compliance and charge 

mobility. For example, poly(3-heptylthiophene) (P3HpT)  which combines low-Tg amorphous 

domains, but well-ordered crystalline domains, reports to be the most efficient and most elastic 

material considered in the study.  
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Figure 8 Schematic summary of the effect of mixed grades of methanofullerenes on the mechanical properties 

of P3HT:methanofullerene blends. Reported with permission from Chemistry of Materials [76]. 

 

Bruner et al. studied the effect of the molecular weight (Mw) of P3HT on the temperature 

dependent decohesion behavior of the BHJ of P3HT:PCBM in inert atmosphere [78]. The authors 

discovered that the de-cohesion readily occurs within the BHJ layer at loads well below the fracture 

resistance. It was also observed that in the P3HT with higher Mw, the decohesion threshold became 

higher, indicating that larger domains of entangled and bridged P3HT limited the crack propagation. 

Dupont et al. studied normal and inverted structure devices and found that the interface 

P3HT:PCBM/PEDOT:PSS (where PEDOT:PSS stands for poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate)) is the weakest in inverted structures with the configuration: 

Ag/PEDOT:PSS/P3HT:PCBM/ZnOx/ITO (where ITO is indium tin oxide), while in the case of a 

normal geometry device with configuration: Al/Ca/P3HT:PCBM/PEDOT:PSS/ITO, the fracture 

occurred within the bulk of P3HT:PCBM [79]. This was explained by the formation of a strong 

P3HT+:PSS- interface for the normal device due to P3HT-rich regions gradually diffusing towards 

the PEDOT:PSS interface. This effect is reduced in inverted structure due to the different device 

configuration. For the inverted geometry, several techniques were proposed for improving the 

mechanical properties: 1) surface activation of the underlying layer by means of O2 plasma treatment 

with the addition of a few percent of CF4 could provide extra reactivity to the surface. 2) solvation 

could soften the surface of the polymer layer and therefore increase the degree of intermixing between 

the two polymer layers. 3) Microgels, such as poly(allylamine hydrochloride) and dextran (PAH-D), 

could be used as an adhesive interlayer [79]. 

4 Intermediate layers 

 

The layers that are typically placed between the active absorbing layer and the electrodes are 

often referred to as intermediate or buffer layers or depending on whether they are positioned adjacent 
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to cathode or anode they are called electron or hole transport layers respectively. The main functions 

of the intermediate layers in terms of electric properties are better aligning the work functions of the 

electrodes with the energy levels of active mixture and selectively conducting either the positive or 

negative carriers through the layer while blocking the opposite carriers. Such properties help to 

drastically reduce the recombination mechanisms in the carrier transport and improve device 

efficiency. In terms of processing, the intermediate layers can both smooth out the rough surface of 

the front electrode and protect the active layer from the direct deposition of the back electrode, since 

both often result in shunts. Intermediate layers play a crucial role also in terms of device lifetime and 

depending on the type of materials can significantly improve or deteriorate device stability. This 

section discusses the recent discoveries associated with the intermediate layers and their impact on 

the device stability.  

 

4.1 Hole transport layer 

 

Hole transport layer (HTL) is the buffer layer between the anode and active layer and has the role 

of transporting the positive carriers and blocking the negative carriers. The most commonly reported 

HTL is poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). The effect of 

PEDOT:PSS on stability of devices has been debated for several years already and it remains unclear 

to which extent PEDOT:PSS limits the device stability. The hygroscopic nature of aqueous solution 

of PEDOT:PSS results in a rapid uptake of water, which leads to loss of conductivity of the HTL 

itself [80] and corrosion of other materials in the device [81]. In particular, if the PEDOT:PSS layer 

is used in combination with transparent electrode indium tin oxide (ITO), the acidic PSS starts etching 

the ITO [82–84]. UV light sensitivity of PEDOT:PSS has also been claimed to result in conductivity 

loss of the material [85]. Nevertheless, there have also been instances where PEDOT:PSS was shown 

not to have an effect on device stability [86] or even to slow down the ageing compared to other HTLs 

[87,88]. The recent study addressed this controversy by analyzing a large number of articles with 

lifetime data reported in literature and constructing comparative plots of the lifetimes for samples 

with and without PEDOT:PSS [16]. In this study the lifetime and initial PCE values were determined 

from the reported ageing curves and collected in one plot. In Figure 9 the upper plots represent the so 

called o-diagram, which depicts the initial performance (Y-axes) of the sample against the lifetime 

(X-axes) and the time is expressed in logarithmic scale with base 4, which allows associating the time 

blocks with the common time units. The detailed description of o-diagram can be found in section 

7.2.3. The lower plots show the distributions of the corresponding numbers of data per time blocks. 

The study demonstrated that indeed most of the reported PEDOT:PSS based unencapsulated devices 
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(blue squares) show inferior stability compared to PEDOT:PSS free devices (green circles), when 

tested in dark or under light exposure. The only exception was PEDOT:PSS used in combination with 

Ag electrode in inverted structure tested in the dark (red triangles), where the shelf-life of these 

samples was similar to PEDOT-free samples. The results indicated that PEDOT:PSS based devices 

with normal structure are particularly susceptible to ageing in the dark, which is possibly due to the 

direct contact of PEDOT:PSS and ITO and the presence of Al electrode, which is sensitive to 

humidity. The fact that inverted devices with PEDOT:PSS show comparable stability only in dark 

conditions, but degrade rapidly under light, confirms that PEDOT:PSS is sensitive to light exposure. 

In the same study, the encapsulated samples (not shown in the plots) revealed similar lifetimes 

independent of the presence of PEDOT:PSS and ageing conditions, which suggests that the 

encapsulation sufficiently protected the samples from humidity, minimizing the effect of the device 

structural differences on stability.  

 

 

Figure 9 Distribution of lifetimes for unencapsulated samples grouped into three categories: samples with 

PEDOT:PSS between anode and the PAL in the normal architecture (blue squares), between the PAL and 

anode in the inverted architecture (red triangles) and PEDOT:PSS free samples (green circles). Plots are 

grouped according to dark (a) and illumination (b) tests. Each data point corresponds to one aged sample 

reported in the literature. The upper plots show the initial performance against lifetime (the scale is expressed 

in logarithmic scale with base 4 and is associated with common time units). The bottom plots show the 

distribution of the data in a histogram format, where the y-axis represents the number of the reported data 

points. Reprinted with permission from [16]. 

 

An additional proof of this is the recent study by Kumar et al., where the authors compared stability 

of normal devices with PEDOT:PSS or MoOx under different environmental conditions and showed 

that while some differences were observed for unencapsulated samples under different conditions, 

these were diminished, when the samples were encapsulated [89]. Unfortunately, the tests were 

interrupted after 400 hours and therefore, for the encapsulated samples the rates of ageing in the 
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stabilized phases were not possible to determine, making it difficult to understand if a difference 

would eventually appear during longer period of tests. At this point it is important to stress therefore 

that conducting the ageing for sufficiently long period is vital for extracting reliable data. For 

example, as Voroshazi et al. suggested longer term tests may reveal secondary effects that shorter 

term studies do not uncover [88]. In their long term shelf-life studies the authors demonstrate, that 

the inverted structures, where PEDOT:PSS or MoOx was used in combination with Ag electrode, 

showed similar ageing in the first 1000 hours of storage, but significantly faster ageing was recorded 

for MoOx devices at a later stage (see Figure 10). The results corroborate well with the Figure 9 data 

and statement that in inverted structures PEDOT:PSS does not impose limitation on device shelf-life 

at least on a scale of a few years. 

 

 

Figure 10 Normalized device efficiency as a function of air exposure time for inverted unencapsulated cells 

with various HTL/anode combinations. The values are averages over 12 cells. Inset: Normalized JSC as a 

function of air exposure time for the same devices. Reprinted with permission from [88]. 

 

The study recently published by Glen et al., showed instead the superior performance of MoOx 

devices compared to PEDOT:PSS in normal structure devices tested in dark, demonstrating that in 

normal structures PEDOT:PSS is rather problematic, which again well corroborates with Figure 9 

and statement that PEDOT:PSS is problematic in normal structures [90].  

In a different study Bovill et al. conducted comparative light exposure studies of normal structure 

devices utilizing three different HTLs, such as PEDOT:PSS, MoOx and V2O5 and PCDTBT as active 

material [87].  The study revealed a superior stability performance of PEDOT:PSS based devices 

compared to the other two and the reason was claimed to be the fact that PCDTBT is less sensitive 

towards humidity and therefore the hygroscopic nature of PEDOT:PSS did not do much harm to the 

device. However, the studied samples were encapsulated in glass and obviously the water content 

inside the device was already limited in the first place and it is highly likely that this was the reason 
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that the hydrophilicity of PEDOT:PSS was not problematic for this short term (600 hours) study. 

Greenbank et al. conducted thermal stress tests of inverted structure devices in the dark to explore 

the stability properties of PEDOT:PSS, MoOx and WOx as HTLs and in combination with Al or 

Ag.[91] The experiments were conducted in a glove box (N2 atmosphere) in dark at 85oC temperature, 

although were wrongly referred to as ISOS-D-2 tests according to common ISOS test guidelines (the 

latter mainly assumes tests in the air, as will be discussed in section 7.2.1 and tests in inert atmosphere 

do not qualify as ISOS tests). One of the important revelations was that when PEDOT:PSS was paired 

with Al, the device showed very fast ageing compared to the one paired with Ag, which suggests that 

the combination of PEDOT:PSS and Al is rather harmful for device stability. For samples with Ag 

electrode PEDOT:PSS showed slightly slower ageing rate compared to the two metal oxides.  

Alteration of the composition of PEDOT:PSS for improving the device stability is another 

approach that has recently been addressed in literature a number of times. As an example Savva et al. 

studied different compositions of PEDOT:PSS, where after comparative studies it was shown that the 

PEDOT:PSS PH derivative treated with Zonyl:Dynol produced the most stable interfaces and thus, 

led to the most stable devices[92]. S. J. Lee et al. mixed PEDOT:PSS with MoOx, and succeeded 

demonstrating reduced water transmission rate and therefore improved stability of devices stored in 

dark, although the measurements were again not sufficiently long and lacked sufficient data to make 

certain conclusions[93]. A different way of PEDOT modification was proposed by J. J. Lee et al. that 

constituted condensation reaction of the PEDOT:PSS with poly(ethylene glycol) methyl ester 

(PEGME) (Figure 11) [94]. This resulted in significantly slowed uptake of water by PEDOT:PSS and 

reduced the In diffusion from ITO into PEDOT:PSS, which enhanced the stability of the resulting 

PSCs shown by an increase of the half-life by up to 3.5 times for the device consisting of a 1:1 weight 

ratio of PSS-PEGME in comparison to a pristine layer. 

 
Figure 11 Schematic description of the PEDOT:PSS-g-PEGME graft copolymer. Reprinted with permission 

from [94]. 
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Doping of PEDOT:PSS with amphiphilic perfluorosulfonic copolymer (Nafion) was proposed as an 

alternative method for improving the performance and stability. The highly hydrophilic –SO3H 

groups of the Nafion interacts with the PSS, while the highly hydrophobic fluorocarbon backbone 

prefers interaction with PEDOT. The consequence is the enhanced conductivity and increased surface 

roughness of the doped layer. The stable Nafion skeleton stabilizes the PEDOT:PSS film, due to its 

excellent thermal and mechanical stability. The compensation of the decohesion of the PEDOT:PSS 

layer leads to an improved efficiency and long-term stability of the PSCs as was shown for 

encapsulated samples during dark storage (Figure 12) [95]. 

 

(e) 

 

Figure 12 Lifetime VOC (a), JSC (b), FF (c) and PCE (d) of encapsulated devices based on PEDOT:PSS or 

Nafion (e) doped PEDOT:PSS (1:2). The devices where stored in dark under ambient conditions. Reprinted 

with permission from  [95].  

Some alternative HTL concepts have also been reported recently, such as for example Yuan et 

al. suggested using bismuth selenide (L-Bi2Se3) as HTL.[96] Although the superiority of the novel 

HTL over well-known MoOx in terms of PCE was only minor and in terms of stability there was no 

sufficient data to reliably determine the ageing rate difference, it may be worth investigating L-

Bi2Se3 further to reveal the true potential of the material. Another method was proposed by Kim et 

al., where microwave-reduced graphene oxide was utilized as HTL and when compared to 

PEDOT:PSS a major improvement in stability in dark was demonstrated [97]. Unfortunately, no 

information was provided for the performance of the devices under light in order to truly estimate the 

potential of this approach.        
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Shi et al. [98] modified P3HT with triethylene glycol (TEG) to receive the conjugated diblock 

copolymer poly(3-hexylthiophene)-b-poly(3-triethylene glycol thiophene) (P3HT-b-P3TEGT) 

(Figure 13a). The incorporation of this copolymer into the PAL forms a self-assembled anode buffer 

layer through spontaneous migration towards the PAL surface. Upon chelation of the lithium ions of 

the TEG side chains, the buffer layer can form an interfacial modification and ohmic contact between 

the Ag electrode and the PAL, through a reduction of the contact resistance and an increase of the 

electrical conduction. The lifetime of PSCs containing PEDOT:PSS as HTL 

(ITO/ZnOx/P3HT:PCBM/PEDOT:PSS/Ag) in comparison to PSCs containing P3HT-b-P3TEGT and 

P3HT-b-P3TEGT:Li+, respectively, as an anode buffer layer (ITO/ZnOx/P3HT:PCBM:P3HT-b-

P3TEGT(:Li+)/Ag) was investigated by the group (Figure 13b), showing an enhancement of the 

unencapsulated device stability in air. The formation of a anode interfacial layer led to preferred BHJ 

morphology with improved transport of holes and electrons to anode and cathode, respectively [98]. 

  
(a)      (b) 

Figure 13 Chemical structure of P3HT-b-P3TEGT (a) and its influence on the lifetime of a PSC (b). The 

unencapsulated PSC devices were stored in air under ambient conditions. Reprinted with permission from 

[98]. 

 

4.2 Electron transport layer 

 

Electron transport layer (ETL) is the intermediate layer adjacent to the cathode and has the role 

of transporting electrons and blocking the holes. Similar to HTL, ETL can have a major impact on 

the stability of the device and many reports have addressed this earlier [11,13]. This section will 

primarily focus on recent developments related to ETL stability.  

The most commonly used ETL for OPVs is ZnOx. The easy processing and good electron 

transport properties make ZnOx as one of the best candidates for inverted structure solar cells. 

MacLeod et al. investigated the effect of ZnOx processed from different precursors on the stability 

of devices [99]. In particular, ZnOx processed from diethylzinc (deZn) precursor appeared to be more 
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stable than the one processed from zinc acetate (ZnAc). Moreover, the modification of both types 

with dipolar phosphonic acid (PA), which is known to change the work function, resulted in the 

alteration of both PCE and stability behavior. Although PA treatment resulted in improvement of 

stability for ZnAc based devices and somewhat stronger burn in for deZn based devices, the overall 

ageing rate of the stabilized phase of the curves appeared to improve for both types of devices when 

the samples were exposed to light in air while maintaining low temperature via active cooling (see 

Figure 14). Nevertheless, the measurements were interrupted before clear patterns of stabilized ageing 

rates could be identified and therefore, firm conclusions cannot be made at this point.  

 

Figure 14 PCE ageing of unencapsulated devices with ZnAc (red circles), deZn (blue triangles), PA-modified 

ZnAc (green squares), and PA-modified deZn (gray diamonds) electrodes. The samples were exposed to 

sulphur plasma lamp with intensity close to 0.8 sun. Sample temperature was kept close to 25 oC via active 

cooling. Tests were conducted in air. Bars indicated ± one standard deviation of the mean. Reprinted with 

permission from [99]. 

 

Doping of ZnOx with aluminum has been reported to improve the conductivity of the film increasing 

device PCE [100]. Chen et al. investigated the stability of inverted structure devices utilizing 

aluminum doped ZnOx and demonstrated that the samples could retain up to 86% of initial 

performance after 900 hours of dark storage in air [101]. Unfortunately, there was no direct 

comparison with non-doped ZnOx presented in the study and therefore, it was unclear whether the 

doping improved the stability. Meanwhile Kam et al. thermally deposited a thin layer of Al on top of 

ZnOx layer and showed that this eliminated the rapid drop of open circuit voltage (burn in) observed 

in the standard devices during exposure to UV light. Based on the UV and UV-free exposure tests 

and ultraviolet photoelectron spectroscopy (UPS) analyses authors concluded that the reason of VOC 

drop was the reduction of the barrier height of the films and as a consequence, the hole blocking 

properties, which was compensated by insertion of thin aluminum layer [102]. Bai et al. instead 
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suggested to apply ethanedithiol (EDT) treatment to passivate the surface of the solution processed 

ZnOx film, which led to increased PCE and somewhat increased stability [103].    

Additionally, there have been a number of attempts to substitute ZnOx with novel materials. In 

particular, George et al. presented a number of polymer based intermediate layers, which were 

utilized in inverted devices as ETLs, and although no gain was achieved in terms of PCE, the devices 

with novel ETLs showed as good stability as titanium oxide (TiOx) based devices and offered novel 

easy processable materials for ETL [104]. As another alternative of ETL Weerasinghe et al. recently 

reported roll-to-roll coated and printed OPV modules with polyethylenimine–ethoxylate (PEIE) 

utilized as ETL [105]. Authors claimed that the novel ETL increased the module PCE by 20% 

compared to traditional ZnOx ETL, although no comparative data was presented. Authors 

additionally claimed that PEIE did not impair device stability and robustness, although again 

comparative data with other materials was not provided. The important advantage of PEIE was that 

it could be obtained by simple dilution and did not require steps, such as sol-gel synthesis. In another 

study Raïssi et al. employed copper phthalocyanine-3,4´,4´´,4´´´ tetra-sulfonated acid tetrasodium 

salt (TS-CuPc) as ETL in an inverted OPV device with active layer of P3HT:PCBM and combination 

of MoOx/Ag acting as anode [106]. Solution processed TS-CuPc led to stable (unencapsulated) 

devices showing no degradation after 140 days of storage in air in dark (Figure 15).  

 

 

Figure 15 Studies of all parameters of ITO/TS-CuPc/P3HT-PCBM/MoO3/Ag devices over the time stored in 

air without encapsulation. Reprinted with permission from [106]. 

 

Wang et al. compared a range of different ETL materials in a traditional normal structure OPV 

configuration based on P3HT:PCBM active layer [107]. In particular, lithium fluoride (LiF), sodium 

chloride (NaCl), NaCl/Mg combination, tris-(8-hydroxy-quinoline) aluminum (Alq3), bathocuproine 

(BCP) and 1,3,5-tris (2-N-phenylbenzimidazolyl) benzene (TPBI) were tested in encapsulated 

devices stored in dark in inert atmosphere for 350 hours. Except for LiF, NaCl and NaCl/Mg the 
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samples of the remaining three ETLs rapidly degraded demonstrating that the ETL can indeed have 

a drastic effect on intrinsic stability of OPVs. Chen et al. [108] synthesized a fluorine-based organic 

small molecule electrolyte (SME) with different conjugated backbones (Scheme 3) and used it to 

substitute ZnOx. An enhanced efficiency (26% improvement) in comparison to ZnOx could be 

achieved. The authors additionally claimed that the stability of the device can be improved by SMEs 

as buffer layer, although, no comparative data was presented to prove that [108]. 

 

 
Scheme 3 Fluorine based small molecule electrolyte as cathode interfacial layer in PSCs. 

 

5 Electrodes 
 

5.1 Non-transparent electrode 

 

The most commonly used non-transparent electrodes are aluminum (Al) for normal structure and 

silver (Ag) or gold (Au) for inverted structures. Al is very reactive towards water and in the previous 

section examples were already discussed showing that the combination of hydrophilic PEDOT:PSS 

and Al is detrimental for the devices tested in an environment with presence of humidity, while Ag 

based devices remained stable in the same environment [90,91]. Han et al. found that replacing the 

Al electrode (100 nm) in a normal geometry organic solar cells with an Al/Cu bilayer (25 nm Al and 

80 nm Cu) drastically improves the devices lifetime when tested under highly damp conditions (90 

% R.H. and 27 °C), making it comparable to the inverted OSCs. They attributed this to lower water 

vapor transmission rate (WVTR) of the Al/Cu bilayer compared to single Al layer [6]. Glen et al. 

studied the dependence of device stability on the grain size of Al top electrode and revealed that the 

electrodes with larger grain sizes showed slightly better stability compared to smaller grain sizes 

[109]. In the case of PEDOT:PSS free devices Yeom et al. compared the stability of devices with Al, 

Ag or Au as back electrode during storage in dark without any external protection [110]. The samples 

were based on PTB7:PCBM[70] blend with ZnOx and MoOx as intermediate layers. Al based devices 

showed much faster ageing confirming that even without PEDOT:PSS Al still acts as a bottleneck in 

an environment with the presence of humidity. 
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A different study by Voroshazi et al. showed that the combination of MoOx/Ag/Al multilayer 

electrode can also be a source of instabilities. In particular the advanced characterization showed that 

during light exposure due to heating Al tends to migrate through Ag and possible react with MoOx 

by creating an oxide layer at the interface. Due to such interfacial alterations the reflection of the light 

inside the devices is changed resulting in up to 20% drop in short circuit current [111]. An example 

of multilayer protective top electrode layer was presented also by Romero-Gomez et al., who used 

MgF2/MoOx as the top electrode [112]. The use of this layer resulted in manifold improvement of 

device stability, when tested in dark.  

 

5.2 Transparent electrodes 

 

The most commonly used transparent electrode in OPVs is ITO due to its good conductivity and 

high transparency. However, ITO is well known to be brittle and although flexible ITO substrates 

have been demonstrated, these typically tend to brake and rapidly lose conductivity upon multiple 

bending [113]. Additionally ITO is expensive to process and therefore, solar cells produced with ITO 

will inevitably have higher energy payback time (EPBT) [114,115]. ITO is also harmful to the device 

stability and this is particularly evident when it is used in combination with PEDOT:PSS [116], as 

was also discussed earlier in this review. One of the recent studies by Kettle et al. confirm the 

migration of indium (In) and tin (Sn) through the entire device, which is a result of the etching of ITO 

by PEDOT:PSS [56]. Therefore, the research in recent years has been largely focusing on replacing 

ITO with alternative electrodes.  

Replacement of ITO with aluminum doped zinc oxide (AZO) was proposed by Chen et al., an 

approach that was already discussed in the section describing the electron transport layers. In 

particular, the use of AZO combined with 1 nm Ca as transparent cathode in inverted structure devices 

was proven to provide comparable PCE with a reference ITO based device and slightly increased air 

stability in dark [117]. Wang et al. used the multi-structure ZnOx/AgOx/ZnOx (ZAOZ) as a 

transparent conductive electrode (TCE) [118]. Such an electrode deposited on PET provided an 

average transmittance of 91 %, and a sheet resistance of 20 Ω sq-1. The device with configuration 

TCE/PTB7-F20:PCBM[70]/PEDOT:PSS/Ag showed only 10 % drop in PCE after bending radius of 

1 mm, whereas ITO device PCE dropped by approximately 60 %. Another sandwiched electrode 

consisting of nickel oxide (NiO)/Ag/NiO (known as NAN) having high transmittance of ∼82% 

combined with a low sheet resistance of 7.6 Ω·sq−1 was proposed by Xue et al. [119]. This electrode 

also improved the flexibility of the devices and was show to preserve carrier transport properties and 
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carrier density after storage at elevated temperature and humidity conditions for 1 day or prolonged 

1 year shelf life, as can be seen in Figure 16. 

 

Figure 16 (a) Carrier density, (b) Hall mobility, and (c) resistivity of the PET/ITO and PET/NAN flexible 

electrodes after repeated bending. The green curves are for the PET/ITO (top x axis) electrode, and the blue 

curves are for the PET/NAN (bottom x axis) electrode. The bending angle was about 90°. (d) Carrier density, 

Hall mobility, and resistivity before and after the NAN electrode was stored at a constant temperature of 60 

°C and relative humidity of 90% for 24 h. (e) Normalized changes in carrier density, Hall mobility, and 

resistivity of the NAN electrode before and after it was preserved in air for 1 year. Reprinted with permission 

from [119]. 

 

The replacement of ITO with highly conductive PEDOT:PSS or a combination of PEDOT:PSS 

and for example Ag grid has been widely utilized already for a number of years. Here we propose the 

recent advances related to these configurations. Fan et al. replaced ITO with PEDOT:PSS, which was 

treated with methanol and methanesulfonic acid (MSA) in order to improve its conductivity up to 

3560 S cm-1 [120]. With such a layer normal structure organic solar cell Ca / Al / P3HT:PCBM / 

PEDOT:PSS (buffer) / PEDOT:PSS (electrode) / PET achieved PCE of 3.92 % (compared to 4.30 % 

for the standard ITO electrode). Using PEDOT:PSS instead of ITO guaranteed a good mechanical 

flexibility, with more than 80 % of the initial PCE maintained after 100 time bending with a bending 

radius of 14 mm in ambient atmosphere. Skorenko et al. [121] and Li et al. [122] independently 
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studied PEDOT produced via vapor phase polymerization (VPP) as an alternative for ITO 

replacement. The high electric conductivity and high resistance towards mechanical stress (bending 

and stretching) was shown for VPP-PEDOT. Li et al. in particular combined VPP-PEDOT with Ag 

grid to produce devices and showed significantly improved device stability for the sample based on 

the alternative electrode in comparison to the traditional Ag grid/PEDOT:PSS(PH1000) electrode 

configuration [122].  

Silver nanowires (AgNW) have been extensively used as an ITO replacement and a range of 

recent publications discuss the clear advantage in mechanical flexibility of the samples with AgNW 

[123–129]. Nevertheless, in most cases the device stability in terms of air exposure does not show 

any improvement. Only when Lee et al. studied the hybrid combination of AgNW and graphene, 

where the transparent electrode was developed by dry-transferring a CVD-grown monolayer 

graphene onto an AgNW, the authors succeeded in showing a slight improvement in stability of 

devices with the hybrid configuration compared to single AgNW [130]. Ag nanomesh was fabricated 

on a flexible substrate by another group using nano-imprint lithography (NIL) [131]. The Ag 

nanomesh transparent conductive electrode exhibited high transmittance of >88% and low sheet 

resistance of 15 Ω sq-1, as well as a good mechanical flexibility. The stability of the device Ag 

nanomesh/ZnOx/PTB7:PCBM[70]/PEDOT:PSS/Ag stored in air under ambient conditions, was 

comparable to ITO based device. 

 

6 Upscaling and packaging 

 

So far, the majority of reported organic and polymer solar cells are typically fabricated on small 

glass sheets using spin coating methods and active cell sizes below 1 cm2 [132]. Even though such 

cells can show record efficiencies beyond 10% [133–135], they are often measured under inert 

atmosphere and lack appropriate encapsulation or have glass lids attached using epoxy glue. 

Although, devices produced with such methods and architectures show the potential of the technology 

in terms of PCE, they are far from the envisioned commercial OPV products. For demonstrating the 

true potential of OPVs as a product it is vital to utilize and develop processing techniques that will 

enable large-scale cost efficient fabrication and architectures that will allow achieving long-term 

stability under real world conditions. The latter in particular has to be compatible with large-scale 

processing. 

The ideal large-scale fabrication methods for polymer based organic solar cells are solution-

based roll-to-roll (R2R) printing and coating methods such as flexo printing, inkjet printing, spray 



34 

 

coating, slot-die coating, gravure printing, screen printing, and eventually laser scribing [136,137]. 

These methods enable the fabrication of modules with sizes up to 100 m in length [138,139] and even 

modules with up to 14 layers in a tandem configuration [140]. Other studies deliver freely shaped 

solar cells [141] or devices with very high geometrical fill factor [142–145]. Small-molecule based 

organic solar cells can be manufactured on an industrial scale using R2R vacuum deposition tools 

and laser processing [146]. Most reports on upscaled organic solar cells however concentrate on the 

manufacture of devices, but neglect the importance of similar sized encapsulation procedures, which 

are important for making the solar cells stable against environmental impact. The post processing and 

integration into to the intended application is for a large majority completely neglected which is a 

testimony to rather unevolved technological level of OPV. 

Rigid glass panels are the best known barriers where solar cells can be sandwiched in between 

two panels [147]. Solar cells need to be placed some centimeter away from the edges to avoid edge 

ingress and adhesives with low water vapor transmission rate (WVTR) and low intrinsic water levels 

need to be selected to improve lifetime. These large-area glass-glass encapsulations are typically used 

in building integrated photovoltaic (BIPV) products, such as glass facades [148]. The fabrication of 

3rd generation photovoltaics directly on glass and additional glass encapsulation is a procedure 

commonly used for large area dye sensitized solar cells or in the future possibly for perovskite based 

technologies. The typical sealing method is based on heat fusing or laser assisted glass frit sealing 

[149–151]. The freedom in three-dimensional shape is limited and the natural flexibility of foil based 

solar cells is sacrificed. Although ultrathin flexible glass as a substrate and barrier is starting to gain 

attraction especially in the field of organic light emitting diodes (LEDs), the utilization for OPVs is 

currently limited [152]. 

The best flexible candidates for environmental protection are the foil-based barrier films ranging 

from food barriers to multilayer ultra-barrier films with WVTR reaching up to 10-6 g/m²/day. The 

barrier films are either commercially available from a variety of manufacturers (price is highly 

dependent on barrier performance) or manufactured in research laboratories using solution coating, 

vacuum deposition, sputtering, or atomic layer deposition (ALD) of metal oxides and polymer 

interlayers [153–156]. 

The rolls of flexible barrier films can easily be integrated in roll-to-roll and roll-to-batch 

production lines of OPVs and the solar cells can either be processed directly onto the barrier substrate 

[157] (in some cases with additional corona pretreatment) with subsequent encapsulation using an 

additional barrier film for the opposite side, or if the substrate does not possess barrier properties, 

then the complete device with substrate is sandwiched between two barrier foils. Various adhesive 

methods exist for making the barrier foil stick to the substrate [158] and many hundreds of meters 
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can be continuously laminated [138,139] or for architectural purposes processed in batches [142] in 

R2R process. The earliest R2R produced organic solar cells used pressure sensitive adhesives (PSA). 

PSAs are applied to the barrier foil as a separate step, and this barrier laminate (containing pressure 

sensitive glue on one side – similar to ordinary Scotch tape) is then laminated onto the substrate 

carrying the device [159,160]. Thus, PSA lamination requires several preprocessing steps to prepare 

the laminate and it produces waste in form of release-liner (coated paper or polymer film) in the same 

length as the barrier film. In contrast, hotmelt and UV-curable adhesives are directly applied onto the 

foil and used to attach the barrier film on the printed solar cells [158] (see Figure 17). In the case of 

hotmelt lamination, when the laminate is brought together with the substrate in a hot nip, the adhesive 

becomes momentarily liquid which allows contact between the substrate and barrier before the 

adhesive hardens upon cooling. For UV curing adhesive lamination UV curable adhesive is applied 

between the substrate and the barrier followed by exposure to UV-light in order to cure the adhesive. 

In both lamination processes the glues are fluid while entering the nip rollers and cooled or light 

activated after passing the nip. The fluid phase avoids the inclusion of tiny air bubbles that often occur 

with PSAs. Overall, according to Hösel et al. [158], the UV-curable adhesive leads to the highest 

stability of the three (UV > hotmelt > PSA sequence for better stability). The authors additionally 

conclude that the UV-adhesive makes a very efficient edge sealing. It should be noted here that UV-

curable adhesive systems are typically based on epoxies or isocyanates, which can cause serious 

allergies and permanent skin damage in humans (see Figure 18).  

 

Figure 17 Process workflow for the R2R encapsulation of flexible OPV modules. Reproduced with permission 

from [158]. 
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Figure 18. Permanent skin damage as a result of exposure to UV-curing epoxy resins. Great care must be 

excercised in the laboratory and when scaling up. 

 

In another study, stability tests over more than 900 hours under illumination showed that single-

sided lamination with UV-curable adhesive achieves better stability than double-side PSA lamination 

[161]. Long-term outdoor tests in Africa of double-side encapsulated large-area modules with hotmelt 

office lamination pouches proved the functionality of hotmelt as a glue, but failed due to the poor 

quality of the plastic film. Strong UV-radiation made the lamination pouch brittle and led to bleaching 

and delamination at the edges of the modules. This proves that barrier films need to be resistant 

against environmental impacts over the expected lifetime of the solar cells. More details can be found 

elsewhere on the descriptions of the different lamination process [162] and flexible barrier film 

preparation and properties [163]. 

Weerasinghe et al. recently showed that PSA barriers may contain significantly amounts of 

moisture after prolonged storage of the foil before device manufacturing and packaging of the device 

with such a barrier will significantly affected the device stability [164]. The authors showed that the 

stability of the encapsulated devices could be significantly increased by simply pre-outgassing the 

PSA barrier in a vacuum oven before encapsulation.  

Edge sealing of continuously coated and cut solar cell modules was found to be highly important 

for the lifetime and stability of large-scale OPVs [105,165,166] and perovskite solar cells [167]. In 

particular, when Weerasinghe et al. described ‘hand lamination’ of small R2R processed solar cell 

modules either by PSA lamination or by hotmelt (Ethylene-vinyl acetate (EVA) adhesive) combined 

with barrier gasket applied along the perimeter of the OPV device, they showed an improved stability 

in both cases stressing the importance of the edge sealing [105,166]. It should be mentioned here that 

no reference studies were presented using only the hotmelt, so it is difficult to evaluate how much the 

increased stability can be ascribed to the introduction of the extra edge sealing gasket and how much 

can be ascribed to the EVA hotmelt adhesive. Nevertheless, water and oxygen ingress from the side 
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is a critical factor that has been addressed earlier and proved the necessity of large protective rims 

around OPVs [168]. Additionally, the electrical terminals of the modules can be the first direct entry 

point between the encapsulation layers for diffusions of the ambient agents. It has been shown in long 

term outdoor studies up to 10000 hours that water ingress through the contact points can lead to 

destructive degradation of parts of the solar cell next to the contacts [169], thus appropriate 

protections of the electrode is also an important necessity. 

Other failures that have been shown in upscaled solar cells with flexible encapsulation are 

typically associated with delamination of the encapsulant, bubble formation, and bleaching from the 

edges, if not properly sealed [170,171]. Major destructive behavior was also observed in very large 

organic solar cell modules (100 m x 0.3 m) with high open circuit voltages of 10 kV, initiated possibly 

by pinholes, delamination, shunts, and water ingress [172]. The defective area formed hotspots that 

tend to form arcs and slowly melted the lamination foil until inflammation. The problems could be 

solved by cut-replace repair procedures that enabled modules with 150 Wpeak after more than 4300 

hours outdoors. The initial performance was well beyond 200 Wpeak for one module under 1 sun 

illumination and after the initial burn in the module demonstrated around 400 days of lifetime 

calculated for the stabilized performance [16]. 

Meanwhile, a recent study by Nehm et al. on barrier properties of flexible PET substrates with 

an added Zinc-Tin-Oxide (ZTO) barrier showed and important link between device temperature and 

the performance of the barrier. In particular the authors showed that the water vapor transmission rate 

(WVTR) of the barrier not only has a linear relationship with humidity, but also linear logarithmic 

relationship with the reciprocal temperature (1/T) [173]. The study, which was based on calcium tests, 

also showed a clear dependency of whether the interface of Ca tester was with barrier film from the 

ZTO side or the PET side. Such dependence was ascribed to interface diffusion processes. This shows 

that barrier properties are not easily determined simply by a given WVTR, but that consideration of 

factors such as climate and device interfaces have to be taken into account. 

 

7 Stability and lifetime characterization 

 

An important element when aiming at improving OPV stability is the proper testing and 

characterization of the failure mechanisms, as well as correct stability rating of the photovoltaic 

performance. It is vital to be able to record and understand the mechanisms that cause the ageing of 

OPVs in order to protect the devices against these mechanisms. It is also important to be able to rate 

the stability of the samples in order to both enable easy comparison of the different device stabilities 



38 

 

produced by different laboratories and establish the progress of lifetime improvements. This chapter 

will first discuss the recent reports on various advanced characterization techniques that were utilized 

for characterization of failure mechanisms. This will then be followed by a discussion of the ISOS 

test guidelines that have commonly been used in the OPV field in the recent years. Recently proposed 

methods for identifying a generic marker of lifetime and comparing the lifetimes of various devices 

via a so called o-diagram are also discussed.     

 

7.1 Advanced characterization of stability 

 

Throughout the history, many different techniques have been employed for studying the stability, 

which range from simple IV-testing to advanced photo-electrical characterization, transient 

measurements and scanning microscopy. Such tools allow locating and recording specific ageing 

mechanisms and therefore, help eliminating these. This section outlines a number of advanced 

characterization techniques that have been employed recently for studying the device ageing. 

Impedance spectroscopy has proven to be rather useful technique for studying the electric 

properties of individual layers and complete OPV devices. As an example Lin et al. has recently 

demonstrated the use of impedance spectroscopy for analyzing the stability behavior of individual 

layers in the traditional OPV device during the ageing process [174]. In particular using IV and IS 

measurements it was demonstrated that there is significant capacitance increase at the 

PEDOT:PSS/ITO interface, which indicated the increased amount of charge traps. This and the 

increased resistance at the PEDOT:PSS/active layer interface were claimed to be the main reasons 

for the initial rapid degradation (burn in) of the device. Guerrero et al. combined absorbance 

measurements, capacitance-voltage (c-v) and impedance spectroscopy in order to investigate the 

ageing mechanism of P3HT:PCBM based devices stored for one year in dark in glovebox [175]. 

Based on such optical and electrical characterizations the authors concluded that the main ageing 

mechanism was the development of localized charge transfer complexes (P3HT•+–PCBM•−), which 

not only reduced the photocurrent due to the reduction of the light absorption properties, but also 

reduced the voltage, since the formation of such complexes led to creation of electronic defect states, 

which affected the hole Fermi level resulting in decrease of VOC. Karuthedath et al. used instead 

microsecond and femtosecond laser pulses to study the charge transients of P3HT:PCBM and Si-

PCPDTBT:PCBM films and devices and determined that during the photoageing of the active 

mixtures the charge generation was intact, but the charge recombination was strongly reduced, which 

as a consequence reduced the charge mobility  [176]. Table 2 below summarizes the list of other 
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recently reported advanced characterizations of ageing mechanisms including the ones discussed 

above. For other reported techniques the reader should refer to earlier published reviews [7,8] 

 

Table 2 The list of various advanced characterization techniques reported in recent years and the short 

descriptions of the sample types and the ageing mechanisms discovered with the use of these techniques 

 

Characterisation tools Tested sample Observations Ref. 

 

 Impedance spectroscopy 

ITO/PEDOT:PSS (interface) Increased amount of charge traps  [174] 

PEDOT:PSS / P3HT:PCBM 

(interface) 

Increased resistance 

 Impedance spectroscopy ITO / ZnOx / 

PTB7:PCBM[70] / MoOx / 

Ag (bulk and interfaces) 

Charge accumulation at the 

electrodes 

[177] 

 Impedance spectroscopy 

 Absorbance measurement 

 Capacitance-voltage (C-V) 

ITO / ZnOx / P3HT:PCBM / 

MoOx / Ag (bulk and 

interfaces) 

Development of localized charge 

transfer complexes (P3HT•+–
PCBM•−) as main ageing 

mechanism 

[175] 

 Transient measurements with 

femtosecond laser 

P3HT:PCBM 

Si-PCPDTBT:PCBM  

(bulk) 

Charge generation is intact during 

photo-oxidation, but charge 

recombination is strongly reduced 

indicating reduced charge mobility 

[176] 

 Atomic force microscopy AFM 

 X-ray photoelectron 

spectroscopy (XPS) 

Si-PCPDTBT film surface Rapid surface oxidation 

accompanied with loss of carbon 

and sulphur and swelling of the 

film, followed by gradual oxidation 

of the bulk and shrinking of the 

film. Oxidation of Si bridging atom 

is the first step in the photo-

oxidation process of the film.  

[178] 

 UV–visible spectroscopy 

Infrared (IR) spectroscopy 

 Time-of-flight secondary ion 

mass spectrometry (TOF:SIMS) 

Si-PCPDTBT film bulk 

 Damp-heat test 

 X-ray photoelectron 

spectroscopy 

 Scanning electron microscopy 

 Energy-dispersive X-ray 

analysis 

ITO / ZnOx / Active Layer / 

PEDOT:PP / Ag 

Migration of Ag atoms causing 

creation of shunts was observed. 

ZnOx etching by PEDOT:PSS was 

also suggested. 

[179] 

 Capacitance–temperature 

measurement 

 Confocal scanning microscopy 

ITO / PEDOT:PSS / Active 

Layer / ZnOx / Ag 

Threshold temperature TMAX, at 

which the morphology becomes 

thermally unstable, is determined 

and allows determining thermal 

stability of materials and devices.    

[180] 

 Intensity-resolved EQE Ag / PEDOT:PSS / 

P3HT:PCBM / LiF:Al 

EQE shape dependence on light 

intensity reveals generation of traps 

in PCBM 

[181] 
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7.2 Lifetime measurements and reporting 

7.2.1 Before and after ISOS standards 

 

One of the main milestones in the lifetime testing of organic photovoltaics was the establishment 

of ISOS guidelines, which were published in 2011 based on the consensus of the discussion and 

conclusions reached during the first 3 years of the International Summit on OPV Stability (ISOS) 

[182]. The guidelines offer directions on how to perform stability test of OPVs and similar 

technologies under different conditions, such as dark tests (shelf life), outdoor tests, indoor 

weathering and thermal cycling tests. Table 3 shows the short summary of the tests. One of the earlier 

interlaboratory studies demonstrated how different environmental conditions, such as relative 

humidity, temperature, light intensity or spectrum drastically affect the outcome of the stability test 

of an OPV device [183]. Therefore the purpose of the ISOS guidelines was to help the researchers in 

different laboratories to harmonize the testing procedures by choosing common testing conditions. 

To achieve this, the guidelines in particular recommend a number of important limitations, some of 

which were: 

 Only light sources that resemble AM1.5G well must be used in indoor weathering tests. The 

light sources with poor performance in the UV range, such as classical sulphur plasma lamps or 

light emitting diodes with limited wavelength range do not qualify for ISOS tests.  

 Specific sample temperatures or relative humidity of the environment must be used during 

certain indoor tests, as is specified in Table 3  

Since, however the level of equipment of at different laboratories varies significantly, the guidelines 

addressed this by offering three levels of testing varying in complexity of the procedure and 

equipment requirements that can suit both advanced accredited test laboratories and research 

laboratories with limited equipment. Obviously, the higher level of tests is chosen the better accuracy 

in the tests can be achieved.  

 

Table 3 Overview of different types of ISOS test protocols. Reproduced with permission from [182]. 
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One of the recent studies demonstrated how following the ISOS guidelines can improve the 

reproducibility of the test results. In particular, identical samples were distributed among 7 

laboratories in different countries and tests were conducted according to ISOS-D-2 (high temperature 

storage) and ISOS-D-3 (Damp heat) tests [184]. Figure 19 shows the good overlap among the curves 

of the samples tested at different laboratories. As a comparison, in the similar interlaboratory studies 

conducted before ISOS, where the laboratories did not follow common protocol the ageing rates of 

the dark tests varied by order of magnitude due to different temperature and humidity conditions used 

during the tests [183]. The recent analyses of literature related to OPV stability demonstrated how the 

publication of ISOS guidelines affected the reported lifetime data. In particular, all the reported 

stability data and test conditions were categorized according to if the conditions were compatible with 

ISOS guidelines or not. The compatibility was determined by if the test conditions sufficed the 

important ISOS criteria, such as device temperature, light source type etc. The reports were grouped 

into these published before year 2012 and from year 2012 (since ISOS guidelines were published 

right before 2012). Figure 20 shows the ratio of the number of compatible and non-compatible 

stability data reported before and from year 2012. From the plot it is clear that while the ISOS 

compatible data was around 40% before 2012, it reached 60% for articles published from year 2012. 

25% of the articles published from year 2012 explicitly cite ISOS protocols. The majority of non-

compatible data are the tests conducted in inert atmosphere or with light sources with poor UV 

component, although some publications erroneously regard these conditions as part of ISOS test 

guidelines. It is therefore important to clarify here that any ISOS testing procedure is intended for 
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tests in air and any tests in inert atmosphere cannot be qualified as ISOS protocols. Similarly, ISOS 

guidelines emphasize the importance of the use of light sources with appropriate UV component, 

since it is the UV part of the light that causes the main damage to the cell.  

 

Figure 19 Testing of R2R manufactured and packaged flexible OPV modules under ISOS-D-2 (b) and ISOS-

D-3 (c) test conditions in different laboratories. The plots represent the maximum power against the time. 

Reprinted with permission from [184]. 

 

It should be stressed that tests in inert atmosphere can merely be used for comparing two different 

samples in the same test conditions, but do not give a true insight into the device stability potential in 

real environment and cannot be utilized for comparative studies with other reports. Therefore the 

researchers are highly encouraged to refer instead to ISOS guidelines for evaluating the stability of 

their devices, if the purpose is eventually to truly assess the stability in real environment. It is also 

important to add that the low UV light or low intensity light soaking tests can be rather useful for 

imitating operation in indoor environments and unfortunately at this stage ISOS testing categories do 

not cover such tests. An extension of the ISOS guidelines in this direction would therefore be a useful 

effort and should be addressed by the ISOS community.  

 

Figure 20 shows the percent of ISOS compatible (green) and non-compatible (red) stability data reported in 

literature published before (inner circle) and from (outer circle) year 2012.  
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Table 4 lists a number of recent publications that used ISOS guidelines to conduct lifetime 

measurements of OPV samples. The tests range from simple shelf life to sophisticated thermal cycling 

tests. 

 

Table 4 presents the list of ISOS protocols used in the recent publications. The table provides also the types 

of the test samples and the observations made during the studies.  

 

Test condition Tested sample Observations Ref. 

 ISOS-O-1 Ag-grid/ PEDOT:PSS / ZnOx / 

P3HT:PCBM / PEDOT:PSS / 

Ag-grid packaged in PET/SiOX 

barrier material  

OPV was compared to Si performance in 

outdoor conditions for 4 months. At reduced 

light intensities OPV performance was reduced 

due to the lack of light doping. Positive 

temperature coefficient was identified for OPVs 

[171] 

 ISOS-D-1 

 ISOS-O-1 

 ISOS-L-1 

ITO / PEDOT:PSS or MoOx / 

P3HT:ICBA / Ca / Al 

MoOx based samples outperform PEDOT:PSS 

samples in dark and outdoor conditions, but 

similar PCE ageing is recorded for indoor light 

soaking tests (see section 4.1). 

[89] 

 ISOS-O-2 

 ISOS-L-2 

8 different device structures Unprotected terminals of the devices were the 

main bottlenecks for stability  

[185] 

 ISOS-D-2 

 ISOS-O-3 

Ag-grid/ PEDOT:PSS / ZnOx / 

P3HT:PCBM / PEDOT:PSS / 

Ag-grid packaged in PET/SiOX 

barrier material 

Demonstration of 2 years stability [186] 

 ISOS-T-3 ITO / ZnOx / P3HT:PCBM / 

PEDOT:PSS / Ag 

Thermal cycling of 200 times does not affect 

device performance. Adhesion between active 

layer and PEDOT:PSS is strengthened due to the 

elevated temperature of the test 

[187] 

  

7.2.2 Lifetime marker 

 

Operational lifetime in the PV field is commonly referred to the time when the sample degrades 

by 20 % from initial performance, marked as T80. However, due to varying shapes of ageing curves 

for OPV devices, such a simple definition may not be sufficient for truly representing the device 

stability. Therefore, apart from the guidelines for conducting lifetime tests the ISOS protocols also 

suggested the method for reporting the lifetime [182]. Figure 21 depicts a typical ageing curve of an 

OPV and presents the parameters that describe the lifetime. In particular, ISOS suggests using two 

lifetime values to describe the ageing:  

 T80 which is the time when the sample degrades by 20 % from the initial value E0 (E is the 

parameter describing the sample performance, such as for example PCE) 

 TS80 which is the time when the sample degrades by 20 % from arbitrarily defined ES second 

starting value defined by the user and is calculated from the corresponding second starting time 

value TS  
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ES, TS typically describe the point where the curve enters into a more stabilized phase, as can be seen 

in Figure 21 and TS80 will correspondingly describe the lifetime for the more stabilized performance 

of the device, while T80 describes the initial typically more rapid ageing, often called “burn in”. It 

must be noted also that it is important to report also the E0 and ES values together with the lifetime 

values, as often the device performance stabilizes only after fully degrading and therefore, E0 and ES 

will allow distinguishing among well performing and degraded samples. Table 5 shows the list of all 

the ageing parameters defined by ISOS and their description.  

 

 

Figure 21 Example of a degradation curve with the stability markers. Reported with permissions from Elsevier 

[182] 

Table 5 The list of the parameters describing the lifetime according to the ISOS guidelines 

Parameter Description 

E0, T0 E0 is the initial performance measured at time T0 = 0,  

ES, TS ES is the performance measured at time TS, arbitrarily defined by the user 

E80, T80 
T80 is the lifetime calculated from T0 that defines the time when the sample reaches E80 = 

0.8 * E0 performance 

ES80, TS80 
TS80 is the lifetime calculated from TS that defines the time when the sample reaches ES80 

= 0.8 * ES performance 

 

Although the representation of the lifetime via two parts of the curve gives a better insight into 

the device ageing, the ES, TS values randomly defined by the user may lead to ambiguity and may 

jeopardize the comparability of the data reported by different groups. Roesch et al. addressed this by 

proposing a method for mathematically determining the point TS [188]. In particular, the approach is 
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based on the assumption that the degradation curve can be approximated using a biexponential 

function shown in (1): 

𝜂(𝑡) ≈ 𝐴 ∙ 𝑒− 𝑡𝜏1 + 𝐵 ∙ 𝑒− 𝑡𝜏2      (1) 

where the first term describes the fast decay and the second term the stabilized section of the curve. 

τ1 and τ2 are the respective time constants of the exponential decays and can be determined by fitting 

the model to the real curves. Authors suggest that the burn in stage comes to its end when the first 

term in the equation reaches 1 % of its initial performance. In other words, TS can be determined by 

the equation (2): 

𝐴 ∙ 𝑒−𝑇𝑆𝜏1 = 0.01 ∙ 𝐴 →  𝑇𝑆 = −𝜏1 ∙ ln 0.01    (2) 

Finally, the authors suggest using as a representative of lifetime a special figure of merit, the “lifetime 

energy yield” (LEY) to describe the energy produced by the device throughout its lifetime: LEY of the 

solar cells can be calculated by integrating the fitted double exponential function over the operational 

lifetime of the device until TS80 as defined in eq. (3) and shown in Figure 22: 𝐿𝐸𝑌 = ∫ 𝜂(𝑡)𝑑𝑡 ∙ 1 𝑘𝑊/𝑚−2𝑇𝑆80𝑡=0      (3) 

 

 

Figure 22 Example degradation curve with parameters calculated from a double exponential fit, marked: burn-

in time TS, operational lifetime TS80 and lifetime energy yield (LEY).  

 

The proposed method of determining TS however relies on the fitting of the curves with a double 

exponential, which imposes a limitation on the types of ageing curves the method can be applied to.  

Slightly modified approach is therefore proposed here for determining TS value. We first of all 

suggest defining LEY´ as the lifetime energy yield determined by setting the integral boundaries from 
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TS (instead of T0) to TS80 (equation (3´)) and generalizing η(t) as any function that fits the best for the 

particular curve, including linear function: 𝐿𝐸𝑌´ = ∫ 𝜂(𝑡)𝑑𝑡 ∙ 1 𝑘𝑊/𝑚−2𝑇𝑆80𝑇𝑆      (3´) 

As a next step TS is chosen such, that it gives the largest possible LEY´. Geometrically speaking this 

will be proportional to simply maximizing the product ES * TS80 calculated from the fitted function 

η(t). Figure 23 (b) shows an example of the product ES * TS80 as a function of TS, calculated from the 

curves reported in Figure 23 (a) by using linear fitting function. For the curve “3” in Figure 23 (a) the 

section with the initial increase of performance, which is typically associated with device 

preconditioning, is simply neglected and the starting point T0 is moved to the time where the curves 

reaches its maximum. From the Figure 23 (b) it is obvious that apart from curve “1” all the others 

curves show maximum energy at E0 value, which means that these samples either never entered into 

a more stabilized phase or degraded before reasonable stabilization could be achieved. In this case 

the maximum lifetime energy yield is determined by setting TS = T0 and the pair E0 & T80 and LEY 

(calculated from T0 to T80) will represent the device lifetime. Meanwhile, for the curve “1” in Figure 

23 (b) there is a certain point after T0, where the maximum lifetime energy yield is achieved and this 

point will define the TS. The lifetime will then be represented by the pair ES & TS80 and LEYS 

(calculated from TS to TS80). The method allows generically determining TS without limiting the 

function η(t) to a single type and therefore, addressing various shapes of ageing curves.  

   

(a)                                                                        (b) 

Figure 23 (a) Ageing curves of different shapes take from real measurements and (b) the product ES * TS80 as 

a function of TS, calculated for the corresponding curves in (a). 
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1. Conduct the ageing tests of the sample according to ISOS guideline and construct the ageing 

curve 

2. Calculate the product ES * TS80 as a function of TS using the most suitable function for the 

ageing curve and determine the point where the product ES * TS80 is maximum and define that 

point as TS 

3. Calculate LEY using the equation (3´) with boundaries of the integral set from TS to TS80 

4. Report ES, TS80 and LEY     

 It is our belief that the proposed methodology will allow generically determining the lifetime for 

any shapes of curves and will enable fair comparison of lifetime among research groups.  

It is important to note here that extrapolation of the measured lifetime data that never reached T80 

value was not discussed here, as this is a complex process that can be a source of large errors and 

therefore, requires a separate investigation. It is obvious however, that if the sample stability extends 

beyond a few years, extrapolation can be very useful for estimating the lifetime and this must be done 

with extra care and only for data with reasonable density of measurements. Even in this case however 

it is important to bear in mind that often secondary effects may accelerate the ageing of a sample at a 

later stage and therefore any extrapolated data can only be used as an indication rather than a proof 

of a device lifetime.  

 

7.2.3 Lifetime comparison: O-diagram and baselines 

 

One of the efficient ways for comparing the lifetime of different devices is plotting their initial 

performance E0 versus the lifetime T80. However, since the reported OPV lifetime often varies from 

minutes up to years, the time scale should then be used in logarithmic format for easier presentation. 

In our earlier publication we suggested logarithmic scale with base 4 for the time parameter T, which 

allowed splitting the time axes into time blocks, which could be associated with common time units 

such as hours, days, weeks etc. The plot was named O-diagram (o stands for OPV) and was utilized 

in a number of our studies for comparing the lifetime of different devices [184,189,190] and was also 

discussed earlier in this review in section 4.1. Figure 24 shows an example of o-diagrams, which were 

used to compare the stability of a large number of samples tested under different ISOS test conditions. 

In the figure six diagrams are presented each corresponding to one ISOS test distinguished by colors. 

Each diagram has Y-axes representing PCE and X-axes representing the lifetime. X-axes are 

presented in logarithmic scale with base 4 expressed in days, shown at the bottom, which are split 

into time blocks associated with the common time units shown on the top. The blue and red labels 
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represent the lifetime of the samples with and without encapsulation. The figure demonstrates how 

the samples tested under different conditions cluster in certain time blocks and therefore their lifetime 

can be categorized according to the common time units, such as for example samples tested under 

ISOS-D-1 (shelf life) and ISOS-D-2 (high temperature storage) conditions last mostly couple of 

seasons, while under harsh tests of ISOS-L-3 (indoor weathering under elevated temperatures and 

humidity) only days and weeks. In this study o-diagram was used to gauge and compare the lifetime 

of the same samples tested under different ISOS test conditions. Similarly, in another two studies the 

same approach was used to categorize the lifetime of all the devices that were reported in literature 

so far, which allowed both identifying certain trends in the OPV lifetime, determining the best 

reported lifetime and establishing baseline for OPV lifetime [16,191]. The latter studies are discussed 

in details in the next chapter.    

 

Figure 24 The o-diagram presents the E0, T80 (solid markers) and ES, TS80 (open markers) values for all the 

tested samples under different ISOS test conditions (the conditions of the tests are reported in the literature 

[182]). The blue circles and the red triangles represent correspondingly the devices with and without 

encapsulation. The grey zone marks the area where the devices are considered fully degraded (below 30% of 

initial performance). The arrow shows the data that represents Tfinal (the time of the last measurement) instead 

of T80, which can be much higher. Reprinted with permission from Elsevier [190]. 
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8 Current status and predictions of OPV lifetime 

 

Recently two studies were reported, based on the meta-analyzes of OPV lifetime data reported 

in literature. The first one presented the analyzes of all the articles reporting lifetime data of OPVs 

published before mid-2013 [16] and the second one analyzing the remaining articles until mid-2015 

[191]. The idea was to identify the pair of E0 & T80 parameters for each ageing curve and combine 

these in the o-diagram for comparative analyzes. Sections 4.1 has already discussed an example of 

the use of this data for comparing samples with and without PEDOT:PSS in terms of lifetime. 

A number of lessons were learned from these studies. In particular, Figure 25 shows the lifetime 

values extracted from literature data distributed versus the years of publications. The blue circles and 

green triangles represent both encapsulated and unencapsulated samples tested in dark and under light 

respectively. The black solid line shows the number of data points per year. The figure demonstrates 

how both the number of reports and the lifetime are rapidly increasing. This shows that the lifetime 

issue has become one of the most important and urgent challenges of OPV field and therefore, 

significant improvements can be seen in the past several years with reported lifetime values crossing 

the 2 years threshold. 

  

 

Figure 25 Lifetime of both encapsulated and unencapsulated device extracted from literature versus the year 

of publication. Blue circles and green triangles represent the data measured in dark and under light respectively. 

The black solid line shows the number of reports per year. Reprinted with permission from [191]. 

    

More importantly, the studies allowed determining the typical OPV performance under specific 

test conditions [191]. All the literature data were split into four categories: Group 1 and 2 – 

unencapsulated samples tested under light and in dark respectively, group 3 and 4 – encapsulated 

samples tested under light and dark respectively. Group 3 additionally was split into three categories 

– samples tested (a) under light sources with spectrum close to AM1.5G, (b) outdoors and (c) under 
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light sources with poor UV content or low intensity. The groups were additionally associated with 

but not limited to the corresponding ISOS guidelines marked in the legends of the plots. The 

distributions of the lifetime data in the time blocks (same scale as in o-diagram) were then constructed 

and are presented in Figure 26. The Y-axis represent the number of data points and X-axis the time. 

The blocks marked with red show the median and the green show the maximum number of samples 

with the corresponding lifetime values reported for each test condition. The table on the right lower 

corner lists all the median and maximum values for the different categories. For the unencapsulated 

samples tested in the dark (right upper corner) two distinct picks are identified, where the picks with 

lower and higher lifetime values correspond to the normal and inverted structures, respectively. These 

distributions are named as baselines for OPV lifetime and are suggested to be used in the following 

way: 

For any newly developed (OPV) solar cell: 

 If the achieved lifetime is beyond the median, then the sample has an improved stability. 

 If the achieved lifetime is in the maximum region or beyond, then the sample has an outstanding 

or record lifetime, respectively. 

The reason the category 3 was split according to the light source type was because the light source 

can have a significant impact on device lifetime, as was discussed in the ISOS guidelines. 

From the figure it is additionally evident that while there is only little difference in stability for 

samples with and without encapsulation when tested in dark (especially for inverted structures), 

significant difference is observed for indoor light tests, where unencapsulated samples last mostly 

only couple of hours and reach several hundred hours when encapsulated. Nevertheless, the 

comparison is very generic and the ration may differ significantly from one type of devices or test 

conditions to another. Larger amount of data is therefore needed for more accurate comparison.       
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Figure 26 Baselines of the lifetime of OPVs tested under different ageing conditions for encapsulated (left 

plots) and unencapsulated (right plots) samples. The plots represent the number of data points distributed 

among the time blocks corresponding to the logarithmic scale with base 4 (similar to o-diagram). The scale is 

associated with the common time units shown on the top x-axis of each plot. The median and maximum 

lifetime values for each distribution are highlighted with red and green bands and are listed in the table on the 

right lower corner. For unencapsulated samples tested in the dark two distinct peaks, i.e., two median values 

corresponding to days and months, are associated with the normal and inverted structures. The test conditions 

are associated with, but not limited to the ISOS test conditions. Reprinted with permission from [191]. 

 

The literature data analyzes allowed also constructing the diagram of the best reported lifetimes 

of devices per year, which is shown in Figure 27. Four trends are shown for samples tested 

respectively in dark, under low UV light, in outdoor conditions and indoor under light source with 

spectrum close to AM1.5G. The diagram was reported in the earlier publication [191] and is now 

updated with the latest achievement of 4 years (1463 days) of shelf life for flexible R2R processed 

and packaged OPV modules manufactured at the Technical University of Denmark. The 4 years 

measurements are presented in Figure 28 and are a continuation of an earlier reported study, where 

over 2 years of lifetime was reported for roll-to-roll coated modules by Krebs et al. [186]. The details 

of the modules and the measurements can be found in the aforementioned publication.  
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Indoor AM1.5G Shelf life Outdoor Low UV 
PCE 

(%) 

Lifetime 

(days) 

Ref. PCE 

(%) 

Lifetime 

(days) 

Ref. PCE 

(%) 

Lifetime 

(days) 

Ref. PCE 

(%) 

Lifetime 

(days) 

Ref. 

1.08 0.083 [80] 0.8 0.042 [192] 0.0024 2 [193] 2.5 42 [194] 

NA 50 [195] 0.035 67 [196] 4.2 31 [197] 4.1 69 [198] 

NA 63 [199] 0.16 142 [200] NA 386 [195] 2.32 167 [201] 

1.09 50 [202] 2.8 417 [203] 1.43 417 [169] 5.9 271 [204] 

3.54 31 [205] 1.27 417 [206] 1.43 333 [169] 2.7 229 [207] 

NA 50 [208] 6.05 587.5 [72] NA 379 [206] 6.07 221 [209] 

2.1 75 [210] 1.06 732 [186] 1.42 400 [211] 2.7 513 [212] 

3.42 125 [213] 1.06 1463 Continuation 

of [186] 

1.11 746 [186]    

2.59 238 [214]          

 

Figure 27 Best lifetime values for different test conditions reported for each year. The table below shows the 

corresponding initial efficiencies and references. Some of the data points have been defined by the last 

measurement Tfinal of the experiment, since the 20% ageing threshold was not reached during the test. The 

dashed lines connect the data points to highlight the evolvement of record values. The horizontal dotted lines 

mark the 1 and 2 year values. 

 

 

Figure 28 Shelf life of flexible R2R processed, ITO-free, encapsulated OPV modules manufactured at the 

Technical University of Denmark in 2012. The normalized values of maximum power Pmax versus the time is 

presented. The two curves correspond to two identical modules stored in dark in air. 
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The diagram of the best lifetimes also highlights the fact that the lifetime of OPVs experienced 

rapid improvements in recent years and 2 years has already been achieved for outdoor tests and 4 

years for shelf life. 

Today at least one important question still remains: how to predict the lifetime of an OPV device 

based on accelerated tests? Methods for accurate prediction are necessary, since the lifetime of OPVs 

is gradually improving and the testing period becomes impractical for rapid scientific progress. While 

an answer to this question has not been given yet, steps are being taken towards addressing this issue. 

In particular, based on the collected literature data presented above a database was established, which 

is hosted online at the address http://plasticphotovoltaics.com/lifetime-predictor.html. The data is 

freely accessible for the public and a user friendly interface has been developed that allows analyzing 

the data by applying specific filters. The page also allows uploading any new data. The purpose of 

the online data is to gradually expand the lifetime database of OPVs and create sufficient data that 

will allow developing more accurate baselines particularly for ISOS tests and eventually establishing 

prediction tools for devices with prolonged lifetimes.     

Meanwhile, based on the data presented above and the fact that in last two years the lifetime of 

OPVs was reported to improve from 1 year to 2-4 years, it is fair to assume that already today there 

are samples under test, that will last up to 3-4 years under light and much longer in dark and if the 

same progress continues, by 2020 samples will be produced that will last more than 7-8 years. 

Moreover, if we employ novel measures, such as LEY discussed in section 7.2.2 and instead of T80 

threshold use perhaps another metric to define the usable lifetime span that is more true to when an 

OPV technology becomes unfit for use (for example. T50), it would appear 7-15 years is within the 

reach in near future, if not already here. Therefore, with the given very low embedded energy in the 

production it is highly likely that within next few years the energy produced by stable OPVs will 

reach the cost level that will compete even with fossil fuels [215]. 

   

9 Conclusions 

 

In conclusion, the review discussed the stability of organic solar cells by addressing the entire chain 

of challenges ranging from physical and chemical modifications in the atomic level to device 

upscaling and packaging and lifetime characterization. The importance of maintaining the 

compatibility of devices with final product design, while developing architectural solutions for device 

stabilization, was stressed. The ageing mechanisms in different layers of the devices were discussed 

and an overview of recently proposed solutions was presented. This included the overview of recent 

advances in chemical modifications of the active layer via side chain modifications, diversification 
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of the back bones and improvement of the acceptor materials. The latter involved cross linking of 

fullerenes or the use of fullerene free materials. The pros and cons of additives were discussed in 

terms of morphological stability of the films, as well as inclusion of third components in the active 

mixture. Mechanical stability of the layers and interfaces was additionally discussed, which gains 

increased attention in recent years. In particular, it was demonstrated that certain compatibilizers or 

a set of external stresses could improve the cohesion of certain layers in the device. Molecular weight 

or donor: acceptor rations were additional parameters affecting the mechanical stability of the layers. 

Device upscaling and packaging were addressed as well, and the importance of appropriate edge 

sealing was highlighted and supported with some examples. Characterization of device stability and 

lifetime were discussed, which included the overview of the recently reported advanced 

characterization techniques that were used for studying the ageing mechanism. The summary of ISOS 

guidelines for testing device lifetime was presented and accomplished by presentation of a generic 

marker for lifetime determination for any shapes of ageing curves and the lifetime energy yield as an 

additional marker for lifetime rating. The lifetime comparison of the different reports via an o-

diagram was discussed as well. The review was concluded by presenting the status of OPV lifetime 

today and predicting its progress in near future. In particular, today up to 4 years of stability has been 

reported and if the same progress continues, by 2020 samples with lifetime up to 7-8 years will likely 

be achieved. Moreover, if different and perhaps more suitable metrics are defined that will better 

reflect the usefulness of OPV in operation for certain applications, such as for example the energy 

produced by the samples until T50 lifetime, up to 15 years stability can be envisaged for OPVs in the 

near future.  
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