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product used in large-scale energy produc-
tion, as established PV companies that 
employ materials such as crystalline sil-
icon or cadmium telluride warranty their 
products for 25 years.[15] Even though it 
is estimated that OPVs might only need 
to retain performance for 10 years to 
become commercially competitive,[4,16] 
achieving that stability presents a signifi-
cant challenge.

Performance loss in OPVs over time is 
widely observed. Across various studies, 
the degradation observed in OPVs falls 
into three general time regimes: an ini-
tial period of steep degradation that slows 
down with time, a period of relatively con-
stant degradation that lasts for most of the 
solar cell’s usable lifetime, and rapid and 
complete degradation that results in device 
failure (Figure 1, top). The initial period of 
steep degradation is typically referred to as 
“burn-in”. The term itself is a reference to 
the commercial practice in electronic device 
manufacturing of a short thermal treat-
ment before shipping to customers. Such 
a treatment slightly reduces the initial per-

formance but ultimately enhances product stability; consumers 
receive a “burned-in” device that performs consistently through 
time. If the time duration of burn-in is short relative to the life-
time of a device, then efficiency loss during burn-in is conceptu-
ally similar to a loss in initial efficiency. Interestingly, and unfor-
tunately, OPV burn-in tends to be more severe and protracted 
than in other electronic devices; during a time frame of several 
hundred, or even a thousand, hours, initial efficiency typically 
decreases by 10–50%. Like other electronic devices, once OPV 
burn-in ends the degradation rate becomes relatively constant 
and is typically much slower than burn-in. This regime marked 
by long, linear degradation is referred to as the “long-term” degra-
dation period. At the “stabilized” long-term rate, it can take thou-
sands or even tens of thousands of hours to reduce performance 
by another 20%. Degradation that results in complete device 
failure in just 10’s of hours is categorized as “failure.” Failure can 
occur during either the burn-in period or the long-term period.

In the present work, the underlying physical and chemical 
mechanisms that drive the different time regimes over which 
degradation occurs are discussed – burn-in, long-term, and 
failure. These mechanisms can be broadly grouped into three 
categories: extrinsic degradation caused by chemical reaction 
with water and oxygen, intrinsic degradation in the dark, and 
intrinsic photo-induced degradation.

Understanding the degradation mechanisms of organic photovoltaics is 
particularly important, as they tend to degrade faster than their inorganic 
counterparts, such as silicon and cadmium telluride. An overview is provided 
here of the main degradation mechanisms that researchers have identi-
fied so far that cause extrinsic degradation from oxygen and water, intrinsic 
degradation in the dark, and photo-induced burn-in. In addition, it provides 
methods for researchers to identify these mechanisms in new materials 
and device structures to screen them more quickly for promising long-term 
performance. These general strategies will likely be helpful in other photo-
voltaic technologies that suffer from insufficient stability, such as perovskite 
solar cells. Finally, the most promising lifetime results are highlighted and 
recommendations to improve long-term performance are made. To prevent 
degradation from oxygen and water for sufficiently long time periods, OPVs 
will likely need to be encapsulated by barrier materials with lower permeation 
rates of oxygen and water than typical flexible substrate materials. To improve 
stability at operating temperatures, materials will likely require glass transi-
tion temperatures above 100 °C. Methods to prevent photo-induced burn-in 
are least understood, but recent research indicates that using pure materials 
with dense and ordered film morphologies can reduce the burn-in effect.

1. Introduction

Organic photovoltaics (OPVs) represent an exciting class of 
photovoltaic materials.[1] OPV materials absorb light strongly, 
with absorption depths of only a few hundred nanometers. The 
materials can be solution-processed onto flexible substrates, 
enabling fast and inexpensive manufacturing processes.[2] Both 
the capital expense and energy payback period of OPVs are pro-
jected to be less than that of other photovoltaic products.[3–6] 
Device efficiency has increased rapidly due to improvements 
in both device and materials engineering. The world record 
OPV efficiency has reached 13.2%,[7] and many material com-
binations are above 10%.[8–13] By some estimates, devices could 
soon reach 15%[14] which could make OPVs attractive in some 
commercial applications.

To be commercially viable, an OPV must perform consist-
ently throughout its lifetime. There is a high bar for any new 
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Extrinsic degradation occurs when oxygen and water from 
the atmosphere are allowed to enter an OPV. Oxygen that 
enters the organic layers can react with the materials under illu-
mination and cause them to bleach, or lose the ability to absorb 
light. Both oxygen and water are known to react with the low 
work function metals that are commonly used as buffer layers. 
Each of these mechanisms can be identified by rapid device 
failure and loss of active area. Encapsulation can significantly 
slow these mechanisms, though if the encapsulation fails at 
any time or if atmosphere permeates through the barrier layer, 
extrinsic degradation will persist.

Even perfectly encapsulated devices degrade intrinsically over 
time. Storing or heating solar cells in the dark and periodically 
measuring their performance is the typical way researchers 
identify dark degradation. Dark degradation usually results 
from molecular rearrangement in the absorber layer or organic 
buffer layers. On a short time scale, molecules segregate and 
rearrange at material interfaces, forming layers that can hinder 
charge extraction. Over longer time scales, the two materials 
of the bulk heterojunction (BHJ) layer can phase separate over 
large distances, reducing the BHJ’s ability to create free carriers 
from absorbed photons.

Additional degradation mechanisms occur under illumina-
tion. OPVs, particularly those made with solution-processed 
materials, exhibit a photo-induced burn-in that takes the shape 
of exponential decay of efficiency. Interestingly, this photo-
induced burn-in stops after several hundred hours and does 
not completely degrade the device. Total efficiency loss caused 
by burn-in usually ranges from 10–50%. Depending on the 
materials used to make a BHJ, the photo-induced burn-in pri-
marily causes a loss of short-circuit current (JSC) or open circuit 
voltage (VOC). Photo-dimerization of the fullerene molecule, 
especially C60 and [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM), is proven to be a key mechanism that leads to JSC loss. 
While the underlying photo-chemical mechanism that causes 
VOC loss is less clear, an increase in energetic disorder on the 
polymer material is suspected. It is particularly intriguing that 
this photo-induced burn-in ends without completely degrading 
the solar cell’s efficiency, and several competing hypotheses 
attempt to account for both the kinetics of burn-in and why 
it stops. This photo-induced degradation behavior is particu-
larly different than crystalline silicon, which is relatively stable 
under light, and necessitates extra testing protocol to evaluate 
OPV stability.

We also review the progress in improving the stability of 
OPVs and offer additional suggestions for future researchers. 
Perhaps most importantly, proper encapsulation can signifi-
cantly reduce extrinsic degradation that causes rapid device 
failure and is necessary for long-term stability. Inverting the 
polarity of OPV devices and replacing low work function metals 
can improve solar cell shelf stability in air, but it cannot pre-
vent material bleaching under illumination. Using materials 
with high glass transition temperatures improves the stability 
at elevated temperatures, and purification and fractionation of 
polymers are also shown to improve shelf and light stability of 
OPV devices. Dense, crystalline BHJ film morphologies can 
improve the photo-chemical stability of the semiconductor 
materials themselves. Switching from PCBM to PC71BM or to 
higher adduct fullerenes can eliminate the photo-dimerization 
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that causes JSC loss. It is possible that non-fullerene acceptor 
materials will also reduce photo-induced JSC loss.

While much of the content in this review is specific to OPVs, 
the general methodology used to identify underlying degra-
dation mechanisms can be extended to other thin film solar 
technologies. The chemical mechanisms in particular may be 
general to other electronic devices that use organic semiconduc-
tors, like organic light emitting diodes (OLEDs) or perovskite 
solar cells that use OPV materials like poly(3-hexylthiophene) 
(P3HT) and PCBM as buffer layers.[17–19]

2. Basic OPV Operation

An OPV device is comprised of an organic absorber layer sand-
wiched between two electrodes (Figure 2). In the simplest OPV, 
a transparent electrode, the absorber layer and a reflective elec-
trode are sequentially deposited onto a substrate. Indium tin 
oxide (ITO) deposited onto glass represents the most common 
transparent electrode and substrate combination. The absorber 
layer of the most efficient OPVs is usually a blend of two 
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materials that form an interpenetrating bulk-heterojunction[20] 
throughout the entire thickness of the film. One of the BHJ 
materials is almost always a fullerene,[21] while the other can 
be a polymer or another molecule.[22–25] A reflective metal, 
deposited last, allows any light not absorbed by the absorber 
layer to pass through the device a second time. Buffer layers 
can be added between the absorber layer and electrodes and are 
often employed to set an electric field across the absorber layer 
or preferentially collect holes or electrons at the proper elec-
trode.[26] These buffer layers can be low work function metals, 
metal oxides or other organic materials. More detailed reviews 
of BHJ solar cell operation are available.[1,3,27–29]

3. Experimental Techniques for Studying 
Degradation

Photovoltaics experience four main stressors: light from the 
solar spectrum, increased temperature, exposure to atmos-
phere, and electrical bias. Each of these stressors can cause 
organic materials to degrade, and degradation is compounded 
when multiple stressors are combined. The only way to test the 
long-term performance of a solar cell in true real-world oper-
ating conditions is outdoor testing. Outdoor testing can be an 
effective way of identifying real-world failure mechanisms,[30–32] 

but because conditions are not controlled, it is difficult to assign 
degradation mechanisms to a specific stress or even combina-
tion of stressors. To resolve this issue and enable the mecha-
nisms of degradation to be scientifically studied, researchers 
use a combination of artificial light, temperature control, 
encapsulation or atmospheric control, and power electronics 

Figure 1.  Top, left) Experimentalists must consider four main stressors when conducting long-term testing. Top, right) When OPV performance is 
tracked over time, there are typically three distinct degradation regimes, which are illustrated schematically. During burn-in, degradation is initially 
steep and slows down with time. In the long-term regime, degradation usually continues at a constant rate. Rapid and complete device degradation 
results in failure. Bottom) This chart summarizes the main degradation mechanisms observed by researchers.

Figure 2.  Left) A schematic of an OPV device in the standard architec-
ture. Switching the electron and hole collector inverts the polarity. Right) 
A schematic of PCBM, one of the most common materials used in high 
efficiency OPVs, and poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-
di-2-thienyl-2′,l,3′-benzothiadiazole) (PCDTBT), a well-studied polymer.
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to monitor the long-term performance of solar cells in a con-
trolled environment.

Historically, the conditions used to simulate each stress 
have varied among OPV researchers. When choosing a source 
of artificial sunlight, researchers must consider the spectrum 
match to AM1.5G, energy usage and incidental heating to the 
lab, and the lifetime of the light source itself. Many researchers 
use xenon[33,34] and metal halide[35] lamps, because their spectra 
match AM1.5G relatively well across all wavelengths, especially 
when filters are applied. However, the usable lifetime of these 
lamps extends to only 1500–2000 hours, which is shorter than 
the duration of some experiments.[36] Some researchers instead 
use sulfur plasma lamps,[37] which last considerably longer and 
are more energy efficient than xenon arc lamps. While their 
spectra matches AM1.5G well in the visible wavelengths, it 
contains little UV radiation, which can impact the long-term 
performance.[38] Illumination also increases the temperature of 
the solar cells, and the amount of heating can vary with light 
source. To reduce solar cell heating, some researchers have 
begun using white light emitting diodes (LEDs).[39]

Researchers also use temperature controlling apparati to set 
a specific temperature, usually in the range from 50–65 °C, 
which corresponds to the higher end of operating temperature 
range.[40] To independently examine the degradation effects of 
illumination and increased temperature, some solar cells are 
shaded and aged at the same temperature of illuminated cells, 
or similarly aged on a hotplate kept in the dark. To protect OPVs 
from oxygen and water, many researchers encapsulate the 
solar cells. Both flexible barriers[41–43] and glass-on-glass[37,44–46] 
encapsulation methods are used. For even greater control, some 
researchers use sealed chambers that can vary and monitor the 
oxygen and water content of the atmosphere.[36,38,47] Finally, 
researchers must consider the electrical bias at which to age 
OPVs, as bias condition can impact degradation. Power elec-
tronics keep an operating rooftop solar module at or near its 
maximum power point. To reproduce this real-world bias con-
dition, some researchers use custom electronics to monitor and 
adjust OPVs to their maximum power point for the duration of 
a long-term test.[48] If the maximum power point information 
is stored, it doubles as a characterization tool. However, it is 
cheaper to simply illuminate solar cells at their open or short 
circuit current bias conditions, and periodically test their per-
formance using one source-measure unit and a multiplexer.[49]

To increase reproducibility across different labs, an experi-
mental protocol has been outlined by the International Sum-
mits on OPV Stability (ISOS).[50] The guideline presented by 
ISOS has general testing categories that include dark, outdoor, 
laboratory weathering, thermal cycling, and solar-thermal-
humidity cycling tests. Within each category there is a basic, 
intermediate, and advanced level of testing. The required light 
source and spectra, temperature control, atmospheric condi-
tions, electrical bias and monitoring are listed for each level. 
Round-robin tests among different labs demonstrate that strict 
reproducibility among labs is difficult.[51–54] The ISOS protocol 
was recently reviewed and compared to other thin film solar 
testing protocol in greater detail.[55]

It is helpful to define a performance metric that describes 
the “lifetime” of an OPV, and a common definition exists in two 
flavors. Under the first, the relative performance over time is 

indexed to the initial performance, and the lifetime is the time 
duration to reach some relative percent of initial performance. 
The most common relative values used are 80% and 50%, and 
the lifetimes corresponding to those values are referred to 
as T80 or T50. Using this working definition, most OPV solar 
cells reach the end of their usable lifetimes during burn-in, 
and lifetimes are only hundreds of hours. Under the second 
definition, burn-in is viewed as conceptually similar to a reduc-
tion of initial performance, and the relative efficiency through 
time is indexed to the efficiency at the end of burn-in. This is 
referred to as the “stabilized lifetime”. Stabilized lifetimes, or 
TS80 or TS50, typically correspond to thousands to even tens of 
thousands of hours. To put these figures into context, a solar 
cell deployed in the state of California is exposed to an average 
solar flux that corresponds to 5.5 h of direct sunlight per day, or 
roughly 2000 h per year. Thus, stabilized lifetimes are typically 
several years. Lifetimes longer than a few thousand hours are 
usually extrapolated, as they correspond to months of contin-
uous illumination. To date, the longest extrapolated TS80 is over 
40 000 h, which in the state of California equates to a lifetime 
of approximately 20 years.[36]

4. Extrinsic Degradation

Extrinsic degradation occurs when OPVs are aged in ambient 
conditions, either in the dark or under illumination, such that 
oxygen and water can permeate into the device. It is evident by 
the growth of “dead zones”, or areas of the solar cell that no 
longer produce photocurrent. Dead zones are linked to oxygen 
and water diffusion by spatially resolved characterization tech-
niques, such as laser beam induced current (LBIC) mapping, 
of degraded solar cells that show dead zone growth around 
pinholes in the metal electrodes or along electrode edges[56–58] 
(Figure 3a). Indeed, isotopic labeling of oxygen atoms in water 
and oxygen shows that concentrations of both molecules 
increase in unencapsulated OPVs over time.[59] Researchers 
have directly elucidated the underlying degradation mecha-
nisms related to oxygen and water permeation, as well as ways 
to improve stability. The two most prevalent extrinsic degra-
dation mechanisms are oxidation of the metal electrodes and 
associated buffer layers, and photo-oxidative loss of absorption, 
or bleaching, of the semiconductor materials. Eliminating low 
work function metals from the device stack can slow oxidation 
of the metal electrodes or buffer layers. Eliminating solubilizing 
side chains, forming dense, crystalline film morphologies, and 
blending with fullerenes can slow photo-oxidative bleaching of 
the semiconductor materials.

4.1. Electrode Degradation

Electrodes on OPVs serve three key functions – to set an elec-
tric field across the absorber layer to drive electrons and holes 
to the appropriate contact, to provide a proper energy level to 
selectively extract the electrons or holes that reach the con-
tact, and, like all PV technologies, to provide a low resistance 
pathway to laterally transport charge out of the device. At least 
one of the electrodes must be transparent to allow light into 
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the absorber layer. Because OPVs do not usually absorb all the 
light in a single pass, the other electrode is usually reflective to 
increase the distribution of light in the absorber layer. Low work 
function metals evaporated on top of the absorber layer, such 
as calcium and aluminum, were first used to efficiently extract 
photo-excited electrons and maximize the VOC of the solar 
cells, as well as reflect light back into the absorber layer.[61,62] 
By convention, this polarity (extracting electrons at the metal, 
extracting holes at the transparent electrode) is referred to as 
“standard,” while the opposite is referred to as “inverted.”

Low work function metals are well known to oxidize when 
exposed to atmosphere, particularly to water, without exposure 
to light.[63] Oxidation alters the work function or the conduc-
tivity of the layer, both of which cause a reduction in perfor-
mance. Metal electrode degradation from water, in the form 
of dark spot growth, was first observed in OLEDs, which also 
incorporate low work function metals as electrode materials 
in their device stacks.[64–67] Research on unencapsulated OPVs 
shows that water diffusion into electrode pinholes and at the 
edges of the solar cell cause dead zones to grow, even without 
illumination.[57] A way to substantially improve shelf stability of 
unencapsulated devices is to remove low work function metals 
from the device stack completely. This can be accomplished 
using an inverted architecture, where electrons are collected at 
the transparent electrode and holes are collected at the reflective 

one.[68] Indeed, in studies that compare the shelf stability of 
unencapsulated standard and inverted architecture OPVs, the 
stability of inverted devices is dramatically improved.[69,70]

4.2. Absorber Layer Bleaching

OPV materials are well known to degrade in the presence of 
oxygen and light.[71,72] Photo-oxidation causes organic films to 
lose optical density (Figure 4). Researchers most commonly 
track the extent of degradation by measuring the loss of absorp-
tion in OPV films as a function of illumination time. Bleaching 
of the film’s absorption is typically observed to occur on a time-
scale of seconds to hours under one-sun intensities. Chemical 
analysis by means of infrared spectroscopy of the degrada-
tion products of a variety of polymers, including PPV’s,[75,76] 
P3HT,[73,77–80] PCDTBT,[81,82] PTB7,[83,84] PBDTTPD,[85] Si-
PCPDTBT[86] and others[87] shows a loss of conjugated bonds 
and a growth of carbonyl, ester, and alkoxy bonds, indicating 
the materials react with oxygen.

The chemical mechanism that leads to photooxidation is 
generally thought to proceed via a free-radical reaction.[72] The 
presence of free radicals in aged polymer films can be detected 
by electron spin resonance (ESR), and the concentration of free 
radicals is observed to increase with illumination time.[88] The 

Figure 3.  Top) Laser beam induced current (LBIC) map of a solar cell before (left) and after (right) prolonged illumination in ambient conditions. In 
the degraded solar cell, dead zones clearly form around pinhole defects and there is significant ingress around the edges of the device. Reproduced 
with permission.[56] Copyright 2011, Elsevier. Bottom) OPVs are periodically measured under dark storage conditions with an increasing level of encap-
sulation. Unencapsulated solar cells fail within 10’s of hours. One layer of the organic-inorganic encapsulate slows failure for 1000 h, two layers slows 
failure for nearly 2000 h, and three layers slows failure for more than 7000 h. Reproduced with permission.[60] Copyright 2012, Elsevier.
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general steps, which consist of initiation, propagation, and ter-
mination, of such a reaction are outlined at the top of Figure 5. 
Generally, initiation occurs when a bond breaks. Once a free-
radical is formed, it can propagate through the film via diffusion 
or reaction. During propagation, scission of the conjugated bonds 
ensues, which is the direct mechanism for absorption loss. 
Termination occurs when two free-radicals meet and recom-
bine. In OPV materials, free-radical reaction is often initiated 
when a hydrogen atom is abstracted from the alpha carbon of 
a side chain. After this initiation step, the free radicals must 
propagate through the film for the reaction to proceed. Propa-
gation is accelerated in the presence of oxygen, as oxygen can 
readily diffuse throughout the film. A specific free-radical reac-
tion pathway is shown for PCDTBT. The initial free radical on 
PCDTBT is formed at the carbon adjacent to the nitrogen on 
the carbazole unit. In the case of PCDTBT, recombination of 
free-radicals on adjacent backbones and side chains results 
in crosslinking of the polymer film, which has been observed 
in films aged in the absence of oxygen. A general method for 
improving the photostability of solution-processed polymers is 
to remove the polymer’s side chains, which commonly act as 
free-radical reaction initiation points.[89]

Though the nature of the chemical bonding among OPV 
materials is relatively similar, the rate at which specific OPV 
materials bleach can vary substantially.[90,91] In one study, dif-
ferent OPV materials bleach at rates that span over five orders 
of magnitude.[92] Film morphology in OPV materials can vary 
from completely amorphous to semi-crystalline, and the film 
morphology is found to play an important role in the photo
oxidative stability observed in OPV materials. In comparisons 

between materials that can be cast in both amorphous and 
crystalline film morphologies, the crystalline films are always 
observed to be more stable.[79,91,92] Film density is also corre-
lated to stability; denser films tend to be more stable to photo
oxidation, possibly because the molecules are more confined 
and oxygen is less able to diffuse to reaction sites.[92] The rela-
tionship between film morphology and photooxidative stability 
is not unique to OPV materials - morphology and film density 
is also observed to strongly affect the reactivity of molecular 
crystals and organic pigments. In fact, in many such sys-
tems the molecular arrangement and the physical constraints 
imposed in the solid state are found to have a greater impact 
on a material’s photostability than the innate reactivity of the 
materials itself.[93–97] Increasing film density is one method to 
improve the stability of organic pigments.

As the most efficient OPV devices contain both a polymer 
(or small molecule) and a fullerene, researchers have also 
investigated the stability of blend films. It is generally found 
that mixing a polymer with the fullerene PCBM improves the 
photooxidative stability.[73,98–100] The stabilizing effect of PCBM 
is shown in Figure 4. After 200 h of illumination, a film of neat 
P3HT is almost completely bleached. A P3HT film blended 
with PCBM, however, retains a much of its optical density after 
1000 h of illumination.[73] PCBM likely provides a stabilizing 
effect to photooxidation by several mechanisms. First, ultrafast 
electron transfer from the polymer to the fullerene quenches 
the excited state of the polymer.[101] Not only does this mecha-
nism remove the excited electron from the polymer, but also 
competes with electron transfer from the polymer to form O2

−, 
which may cause further degradation of the film.[100] The for-
mation of O2

− via electron transfer is proposed to occur when 
fullerenes with lower electron affinity are used instead of 
PCBM, and can accelerate the degradation of the polymer.[100] 
Second, fullerenes are proposed to act as free radical scaven-
gers in thin films.[102] Fullerene cages are thought to be able to 
trap upwards of six to eight free radicals.

4.3. Preventing Extrinsic Degradation Mechanisms

Both electrode oxidation and absorber layer bleaching occur 
rapidly, and extrinsic degradation is the mechanism typically 
responsible for the failure regime observed by researchers in 
OPVs. Reports on the storage and light stability of unencapsu-
lated OPVs observe rapid device failure and measure T80 and 
T50 lifetimes in only minutes to hours.[103–105] From work on 
organic light emitting diodes, encapsulation designed to pre-
vent oxygen and water permeation is well known to improve 
stability.[64,65] Encapsulation of OPVs with flexible plastic barrier 
materials results in lifetimes approaching 1000 h,[41,42,106,107] 
while encapsulation with flexible organic-inorganic barrier 
films[108] or glass-on-glass further improves observed lifetimes 
to several thousands of hours.[35,37,44,109] It is important to note 
that protection from a permeation barrier is not always perma-
nent. With some barrier materials, there is an induction period, 
or lag time, where no water or oxygen reaches the inside of the 
package.[110–112] During this lag time, the water or oxygen dif-
fuses through the thickness of the barrier. To further extend the 
lag time before rapid degradation, many OLED devices add a 

Figure 4.  Films of P3HT (A), and P3HT blended with PCBM (B) that 
are stored in the dark retain much of their absorption features. Under 
illumination, a film of P3HT (C) loses most of its ability to absorb light 
after 200 h and is completely bleached in 700 h. A P3HT film blended 
with PCBM (D) and illuminated retains its absorption features for at least 
1000 h in the same conditions. Reproduced with permission.[73] Copyright 
2010, Wiley.
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getter material to preferentially react with water or oxygen.[65] 
However, once atmosphere diffuses through the thickness and 
the getter material is completely reacted, a steady state permea-
tion rate to the device ensues. Thus, the encapsulate will only 
protect the solar cells for a period of time before rapid device 
failure occurs (Figure 3b).[60,109] In essentially perfect encapsu-
lation, when PCDTBT:PC71BM BHJ solar cells are aged in an 
environmental chamber that keeps oxygen and water levels 
below 0.1 ppm, a lifetime of 40 000 h, which corresponds to 
an equivalent of 20 years in the state of California, is observed 
(Figure 6).[36] This observation is particularly encouraging, as 
an organic material’s stability under repeated photo-excitation, 
even in perfect conditions, is not assumed. It also implies that, 
if the quality of encapsulation is high enough, OPV’s can in 
fact be long-term stable.

Researchers have attempted to estimate the quality of encap-
sulation necessary for such stable long-term performance. An 

upper bound on the water vapor permeation 
rate to sufficiently protect low work function 
metals in OLED devices has been made, and 
the conclusions reached apply to OPVs. Based 
on an assumption that the limit on the life-
time of an OLED is oxidation of its electrode 
(likewise, for OPV), Burrows estimates that 
the upper limit for water permeation rate of 
an adequate barrier is less than 10−5 g/m2/
day.[113] A similar estimate is made for the 
upper bound of the oxygen permeation rate 
through a barrier to protect the absorber layer 
from photo-oxidative bleaching.[92] Such rates 
are three to four orders of magnitude lower 
than the water permeation rate of untreated, 
flexible plastic substrate materials like poly-
ethylene naphthalate and polyimides.[114] 
Thus, to achieve a shelf stability of 25 years, 
any OPV device that employs a low work func-
tion metal as an electrode necessitates glass-
on-glass encapsulation techniques. If a flex-
ible substrate is desired, the device must be 
packaged on both sides with a flexible barrier 
material with a sufficiently low water permea-
tion rate, and research into reducing the cost 
of flexible barrier materials could improve the 
commercial viability of OPVs.[115–117]

4.4. Mechanical Degradation Mechanisms

In addition to the chemical reactivity of the 
component materials, to successfully pre-
vent extrinsic degradation the mechanical 
integrity of the entire device stack must be 
considered.[118,119] OPVs are composed of 
multiple thin films, and encapsulation failure 
by delamination of these layers is observed 
in OPVs, particularly in flexible OPVs under 
temperature cycling.[58,120,121] Delamination 
can occur in two ways – when it occurs at the 
interface between two layers, it is referred 

to as adhesive failure, and when it occurs within one layer, it 
is referred to as cohesive failure.[122,123] The fracture energy 
(Gc), or the critical energy required to drive adhesion or cohe-
sion processes, is measured in BHJ solar cells to be between 
1 and 5 Jm−2, which is relatively low compared to other thin 
film materials.[123,124] Adhesion and cohesion are observed to 
occur at or through areas of high PCBM concentration, and 
PCBM is identified as the mechanically weakest component 
in BHJ solar cells.[123–127] The fracture energy can be increased 
with higher molecular weight materials,[128] thermal treat-
ments,[122,124,125] and choice of buffer layer material.[124]

5. Intrinsic Degradation

Proper encapsulation can exclude extrinsic degradation by 
reducing or eliminating the stressors caused by atmosphere, 

Figure 5.  Top) In general, a chemical reaction that proceeds via a free-radical mechanism has 
three steps: initiation, propagation, and termination. Peroxyradicals may also branch under 
illumination. Reproduced with permission.[74] Copyright 2014, Wiley. Bottom) A schematic of 
the proposed degradation pathway of PCDTBT. In the initiation step of the reaction, a free rad-
ical is formed after illumination on the carbon atom of the side chain adjacent to the nitrogen 
of the carbazole unit. Reproduced with permission.[74] Copyright 2014, Wiley.
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but it does not ensure OPV stability. Light and heat can provide 
sufficient stress to induce degradation. In long-term stability 
studies of encapsulated OPVs[35,37,44,46,109,129] and devices aged 
in environmental chambers,[36,47] both burn-in and long-term 
degradation are observed, as seen in Figure 6. Intrinsic degra-
dation mechanisms can be grouped into two broad categories 
– degradation that occurs in the dark, and degradation that is 
caused by interaction with light. Dark degradation typically 
involves the movement of materials in the film, while light-
induced degradation is caused by photo-chemical reactions that 
take place in the absorber layer. The following sections review 
degradations mechanisms that are observed in OPVs protected 
from atmospheric water and oxygen either by storage in an 
environment with a controlled atmosphere or encapsulation.

5.1. Degradation in the Dark

Researchers typically track dark degradation at three testing 
conditions – room temperature, solar cell operating tempera-
ture (between room temperature and 60 °C or so), and “accel-
erated conditions” corresponding to temperatures that exceed 
operating condition. When assessing the effects of dark degra-
dation, solar cells are covered to reduce any effect of illumina-
tion and stored on a shelf or hotplate at the chosen temperature. 
The degradation of the OPVs is tracked by periodic current–
voltage measurements under normal 1-sun testing conditions. 
Degradation that occurs when encapsulated OPVs are kept in 
the dark is widely observed.[130–135] Both the rate of degrada-
tion and the temperature at which degradation begins varies 
among material systems.[136] Some, such as PBDTTPD:PCBM 
and MDMO-PPV:PCBM BHJs, lose 10–20% of initial efficiency 
within a day, even when stored at room temperature.[129,137] 
Other systems, such as PCDTBT:PC71BM and PTzNTz:PC71BM, 
are completely stable at operating temperatures and only begin 
to degrade when temperatures exceed 120 °C.[138–140]

The temperature at which solar cells begin to degrade is 
closely related to the glass transition temperature (Tg) of the 
component materials, with degradation beginning at tempera-
tures above the lowest Tg.[133,138,141–144] For example, when the 
thermal stability of polymer:fullerene BHJs that use PPVs with 
high and low Tg’s are directly compared, solar cells made from 
the low Tg PPV degrade at room temperature while the high 
Tg (138 °C) PPV solar cells do not.[141] In another study, the Tg 
of P3HT is measured to be 56 °C. P3HT:PCBM solar cells are 
stable when aged in the dark at 27, 37, and 47 °C but begin to 
degrade once the temperature reaches 57 °C (Figure 7).[138] In 
the same study, the Tg of PCDTBT is measured to be 135 °C, 
and PCDTBT:PC71BM solar cells are stable in the dark up to 
127 °C. At temperatures above Tg, the polymer chains and mol-
ecules are able to move around in the films, and degradation is 
linked to their rearrangement. Crystallization of organic small 
molecules used as electrode buffer layers can also cause OPV 

Figure 7.  In polymer:fullerene solar cells, dark degradation is found to begin near the glass transition temperature (Tg) of the polymer. The Tg of P3HT 
is measured at 56 C, while PCDTBT’s is 135 C. When solar cells are kept in the dark and periodically measured, their VOC begins to degrade as a func-
tion of time near or above the Tg. Reproduced with permission.[138] Copyright 2014, Wiley.

Figure 6.  The normalized maximum power of PCDTBT:PC71BM solar 
cells aged in an environmental chamber is plotted against illumination 
time. Burn-in degradation reduces initial performance by nearly 40% over 
the first several thousand hours. Once burn-in ends, the solar cells are 
relatively stable and T80S is extrapolated to greater than 40 000 h hours, 
which corresponds to an equivalent of 20 years in the state of California. 
Reproduced with permission.[36] Copyright 2015, American Chemical 
Society.
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degradation. When solar cells using Bphen are aged at 50 °C, 
crystallization of the Bphen causes the layer to crack and allows 
the metal to penetrate the active layer, leading to pin holes and 
shunting pathways.[145]

When OPVs are aged at temperatures above Tg, both inter-
facial and bulk mechanisms that lead to dark degradation have 
been identified. Peeling off the metal electrode with tape and 
re-evaporating a new metal electrode is one method used to 
isolate degradation mechanisms to the interface between the 
absorber layer and the evaporated metal;[33,39,137,138,146] if re-
evaporating a new electrode on a degraded solar cell can restore 
the efficiency, it is presumed that the degradation occurs at that 
interface. Using this method, researchers have shown that in 
some BHJ solar cells, the first step of thermal degradation takes 
place at the interface between the absorber layer and the evapo-
rated metal.[138,139] It is proposed that at elevated temperatures, 
a polymer-rich layer up to 10 nm thick forms at the interface. 
In standard architecture devices, electrons are collected at the 
evaporated metal, and the polymer-rich layer acts as an electron-
blocking layer, reducing the solar cell’s fill factor and VOC.[138,139]

Rearrangement of the polymer and fullerene in the bulk of 
the absorber layer is also observed to decrease performance. 
High efficiency BHJs typically have three phases present – an 
aggregated polymer phase, an aggregated fullerene phase, and 
an amorphous phase in which the polymer and fullerene are inti-
mately mixed.[147] Ideally, the aggregated phases are 10–20 nm in 
size and the fullerene content of the mixed phase is high enough 
to allow a percolating pathway for electrons (about 20%). When 
BHJs are heated above Tg for a long enough time, macroscopic 
phase separation is observed with fullerene aggregates up to sev-
eral micrometers in size forming.[130,131,148,149] Large scale phase 
separation decreases a film’s ability to separate excitons into free 
electrons and holes, which takes place at the BHJ interface, so 
this mechanism usually causes a significant loss of JSC.

In addition to rearrangement of the polymer and fullerene, 
some research suggests that metal atoms from the electrode 
can diffuse into the bulk of an organic electronic device and 
cause degradation.[150–154] Both indium and aluminum atoms 
have been observed to diffuse into the absorber layer and are 
thought to act as exciton quenching sites.

5.2. Improving Dark Stability

Several methods of improving the dark stability have been 
attempted.[155,156] Interfacial degradation via formation of a 
polymer-rich region is reduced in the inverted architecture. 
In the inverted architecture, the metal electrode collects holes, 
and the polymer-rich layer that forms actually improves the 
performance of those solar cells.[138] Preventing phase separa-
tion is accomplished through cross-linking the polymer,[156–159] 
cross-linking the fullerene,[160–162] or creating a copolymer 
of polymer and fullerene.[163] Unfortunately, the use of cross-
linkable polymers usually results in a lower initial performance 
compared to the non-cross-linked analogs. Cross-linking the 
fullerenes also reduces the JSC, which is discussed in the sec-
tion on photo-induced burn-in. It appears that the best way to 
avoid thermal degradation is to use materials with a high Tg, as 
systems with high Tg materials like PCDTBT do not suffer from 

degradation in the dark at temperatures relevant to solar cell 
operation.[138,164]

5.3. Photo-Induced Burn-In

Even when they are encapsulated and stable in the dark, many 
OPVs are observed to degrade rapidly for the first several 
hundred hours of illumination.[35,37,164] Interestingly, the degra-
dation rate decreases with time and the solar cells can become 
relatively stable for many thousands of hours afterward. This 
initial period of fast degradation is called “burn-in.”[165] The 
magnitude of the initial loss can be severe – as shown in 
Figure 6, a burn-in loss of up to 40% is observed in PCDTBT 
solar cells,[35–37,166] and PBDTTT-EFT solar cells can burn-in 
up to 60%.[38] For PCDTBT, the burn-in loss is attributed to 
an interaction with photons, as no degradation is observed in 
the dark, even when a current equivalent to short circuit con-
ditions runs through a device (Figure 8).[164] A similar photo-
induced burn-in is observed in encapsulated BHJs made from 
regiorandom and regioregular P3HT,[39,167] KP115,[168] quinox
aline based copolymers,[169] and evaporated small molecule 
OPVs.[170] Researchers have identified a few distinct mecha-
nisms of photo-induced burn-in. In the following sections, we 
discuss both the device physics that cause the photo-induced 
reduction of JSC and VOC, as well as their underlying chemical 
mechanisms. Photo-induced dimerization of fullerenes that 
decreases exciton-harvesting efficiency is understood to cause 
JSC loss. An increase in energetic disorder on the polymer in 
polymer:fullerene BHJs is understood to cause a loss of VOC, 
though the precise photo-chemical origin remains unclear.

5.3.1. Photo-Induced Jsc Loss by Fullerene Dimerization

A photo-induced loss of JSC is observed in many 
polymer:PCBM BHJ solar cells (Figure 9),[171,172] as well as 
in evaporated small molecule OPVs that use C60.[170,173,174] 

Figure 8.  Burn-in in PCDTBT:PC71BM solar cells is not caused by heat or 
polarons, as heating a cell at 50 °C or driving a current similar to the JSC 
in the dark does not reproduce the degradation under operation. Only 
illumination causes the voltage loss. Reproduced with permission.[164] 
Copyright 2012, Wiley.



R
ev

ie
w

www.advancedsciencenews.comwww.advmat.de www.advancedsciencenews.comwww.advmat.de

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1603940  (10 of 16) Adv. Mater. 2017, 1603940

Loss of external quantum efficiency (EQE) primarily occurs 
in the absorption region of the fullerene, which implicates 
their involvement in degradation.[170,172,174] Furthermore, C60 
fullerenes are well known to form oligomers upon irradiation, 
particularly in the absence of oxygen,[175–178] which causes a 
change in electronic properties.[179] PCBM is known to form 
dimers under similar conditions.[160,162,180] PCBM dimers 
in aged BHJ solar cells have been indirectly identified by an 
increase in the absorption spectra at 320 nm[171,174] and more 
directly observed through high-performance liquid chromato
graphy (HPLC).[171,172] The reduced JSC observed in degraded 
solar cells can be reproduced in un-aged solar cells by iso-
lating PCBM dimers using HPLC and intentionally blending 
them with regular fullerenes. By doing so, researchers can 
accurately reproduce the J–V curves of degraded BHJ solar 
cells, which definitively implicates the dimers as the source of 
current loss (Figure 8, right).[172]

The mechanism by which dimers reduce the JSC is thought 
to be due to exciton trapping in the fullerene phase, such that 
excitons formed in the fullerene phase are not efficiently split 
and collected. Evidence for this mechanism is drawn from 
the EQE of fresh and aged solar cells.[170,172] In bilayer OPVs, 
degraded solar cells lose EQE almost entirely in the fullerene 
absorption wavelengths. A device model that accounts for 
reduced fullerene exciton diffusion length in aged bilayer 
films can reproduce the J–V curves of degraded devices very 
well.[170] This effect is less pronounced in BHJ solar cells, and 
a reduced exciton diffusion length in the fullerene domain 
cannot account for the entirety of JSC loss. In these devices, it 
is proposed that dimerization also affects exciton splitting at 
polymer-fullerene interfaces, accounting for the reduction of 
quantum efficiency observed in the polymer absorption region 
of EQE.[172]

As seen in Figure 8, the relative amount of JSC loss varies 
among polymer systems and film processing conditions, which 
suggests that film morphology impacts the amount of dimeri-
zation that occurs. Indeed, both the extent of polymer-fullerene 
mixing and the ordering of the film affect the dimerization 
reaction. In BHJs made from relatively amorphous poly-
mers like PCDTBT and Si-PCPDTBT where the polymer and 
fullerene are intimately mixed, dimerization is suppressed. The 

extent of dimerization and JSC loss is also affected by the voltage 
condition during aging (Figure 8), and aging the solar cells at 
VOC condition increases the degradation. Based on these obser-
vations, it is suggested that the mechanism of the dimeriza-
tion reaction occurs via triplet excitons on the fullerene, which 
would be present in higher concentration at VOC conditions 
and are more efficiently quenched in highly mixed systems.[172] 
However, the exact mechanism of dimerization in BHJ films it 
is not known with certainty.

5.3.2. Photo-Induced VOC Loss and Possible Mechanisms

While light-induced VOC loss occurs in a variety of BHJ solar 
cells, this particular degradation is most extensively studied 
in PCDTBT:PC71BM BHJs. As shown in Figure 7, the VOC 
loss observed in PCDTBT:PC71BM solar cells is directly 
attributed to an interaction with light. Because the reduced 
VOC persists even when the metal electrode is peeled off with 
scotch tape and replaced,[39] when various buffer layers are 
changed,[35,164] and in both device polarities,[36] the voltage 
loss is attributed to a bulk process. Defect states that form 
within the bandgap of aged films and solar cells are directly 
observed with sensitive absorption techniques, which further 
confirms this assertion.[164,181–183] The voltage loss during 
burn-in is shown to correlate well with an increase in ener-
getic disorder on the polymer, which is observed in hole-only 
diodes of PCDTBT:PC71BM that are illuminated over time 
(Figure 10, left).[164,184] In summary, light-induced defects 
on PCDTBT are implicated in the photo-induced voltage 
burn-in.

In general, defect states in BHJ solar cells can reduce the 
open circuit voltage by one of two mechanisms. Under the first 
mechanism, the defect states increase the recombination rate 
constant, reduce the carrier lifetime, and thus reduce the charge 
carrier density at steady-state.[185,186] This effectively reduces the 
quasi-fermi level splitting and hence, open circuit voltage. In 
the second mechanism, the defect states increase the density 
of states (DOS) near the quasi-fermi level with little to no effect 
on the recombination rate constant. Though the total charge 
carrier density at open circuit is not changed, a larger number 

Figure 9.  Left) Photo-induced loss of JSC is observed in a variety of polymer:fullerene BHJ OPVs. The extent of JSC loss observed varies among mate-
rials systems and processing conditions, and is associated with the extent of fullerene dimerization that occurs. Right) The J–V curves of a fresh and 
aged solar cell are compared to a fresh solar cell with PCBM dimer intentionally added. The J–V curve for the fresh solar cell with intentionally added 
dimers that correspond to 16% of total fullerene content lies almost completely on the degraded curve. Reproduced with permission.[172] Copyright 
2015, Royal Society of Chemistry.
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of states are available and the charges fill the DOS to a lower 
energy (Figure 10, right).[187,188] Through a combination of 
photovoltage decay and charge extraction measurements, it is 
shown that the charge carrier lifetime and density is the same 
in aged solar cells as in fresh ones. Instead, the defect states are 
shown to cause an increase in the DOS, which is understood to 
cause the voltage loss.[189]

Several hypotheses attempt to account for the chemical 
origin of the defect states that cause DOS broadening. Because 
the burn-in degradation slows down and eventually stops, 
some have suggested that there are a limited number of reac-
tive species or reaction sites that are consumed during burn-
in. Polymer chain ends, which still contain the monomer’s 
reactive capping groups, or impurities such as bromine and 
palladium left over from synthesis are some suggested reactive 
species.[164,190,191] Indeed, PCDTBT solar cells with a higher 
concentration of palladium burn-in to a greater extent than 
purer batches, and bromine at chain ends also empirically 
affect burn-in.[190,191] Another model suggests that a CH bond 
is broken on a polymer side chain and the hydrogen abstracts 
onto the conjugated core, creating electronic defect states. 
While breaking of a CH bond requires energies upwards of 
4 eV, their modeling suggests a defect pair may form with as 
little energy as 2.2 eV. Over time, a steady-state concentration 
of these defect pairs could build up in the solar cell, allowing 
burn-in to eventually end.[182] Photo-induced crosslinking 
among polymer chains and between polymer chains and 
fullerene molecules is also discussed in the literature. In this 
model, burn-in is thought to end when the motion of the 
polymer is hindered by the cross-linking, such that the spa-
tial rearrangement necessary for further chemical reaction is 
prevented.[192] Cross-linking also accounts for the self-limiting 
nature of the kinetics. The formation of long-lived free-rad-
ical species in polymer films is also suggested as the source 
of voltage loss. One study indicates a negative correlation 
between the concentration of free-radical species in commer-
cially purchased polymers and initial BHJ VOC.[193] Electron 
spin resonance measurements of neat OPV polymer films 
illuminated under inert conditions shows an increase in free-
radical concentration over illumination time (Figure 11).[88] 
More research is needed in this area.

5.4. Decreasing Photo-Induced Burn-In

Removing halide and metal impurities, 
increasing material crystallinity, and reducing 
initial energetic disorder are all routes to 
improving the photo-stability of encapsulated 
OPVs. It is well known that the presence of 
halide and metals from synthesis can lower 
the initial performance of OPVs,[190,194–197] 
and it was recently shown that the concen-
tration of each can affect the magnitude 
of photo-induced burn-in.[190,191] Keeping 
the concentrations of these impurities low 
should help reduce burn-in loss for all OPVs. 
Making OPVs with more ordered film mor-
phologies also reduces burn-in. The photo-
dimerization reaction that causes JSC loss is 
suppressed in PCBM films that are annealed 

into a crystalline morphology.[172] Dimerization can be further 
eliminated by using C70, PC71BM, or higher adduct fullerenes 
that do not appear to form dimers.[171] In polymer BHJs, solar 
cells made with crystalline polymers like regioregular P3HT 
and KP115 lose less efficiency than more amorphous ones like 
PCDTBT and regiorandom P3HT.[39] Two effects could lead 
to the improved stability of more ordered film morphologies. 
As previously discussed, more ordered film morphologies are 
generally more stable to chemical change. Ordered film mor-
phologies may also be more tolerant to defect states introduced 
during degradation, as they begin with less energetic disorder 
than amorphous films.[189] When PCDTBT is carefully fraction-
ated to separate and remove lower molecular weight portions of 
the molecular weight distribution, the initial energetic disorder 
of BHJ films is reduced. This procedure not only improves 
the initial performance of the solar cells, but also reduces the 
photo-induced increase in energetic disorder and improves the 
stability to photo-induced burn-in.[184]

Figure 10.  Left) The voltage loss is shown to correlate well with an increase in energetic 
disorder on the polymer. Reproduced with permission.[164] Copyright 2012, Wiley. Right) 
A schematic describing the mechanism of VOC loss in polymer:fullerene BHJs. Reproduced 
with permission.[189] Copyright 2015, Wiley.

Figure 11.  Free-radicals can be detected in polymer films using ESR. The 
concentration of free-radicals increases in each polymer with aging time 
under inert conditions. Both the initial concentration and rate of increase 
vary for different polymers. Reproduced with permission.[88] Copyright 
2015, Royal Society of Chemistry.
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To date, no solution-processed materials are free of photo-
induced burn-in. However, significantly reduced burn-in is 
reported for some evaporated small-molecule solar cells.[198,199] 
Intrinsic degradation of OLED devices has been significantly 
reduced, and materials are sufficiently stable to be in commer-
cial products.[200] It is worth noting that the commercially viable 
OLEDs are also evaporated small-molecules, mostly because 
of improved stability. Organic pigments, which are chemically 
similar to OLED and OPV materials but are also insoluble, can 
maintain color for years even with direct exposure to oxygen 
and water.[95] They are used in a variety of car paints. As it 
stands today, the path to eliminating photo-induced burn-in 
may point to only using evaporated or insoluble molecules.

6. Conclusions, Recommendations and Outlook

Even with uncertainty regarding the mechanisms of photo-
induced burn-in, some general recommendations for 
improving the stability of OPVs can be made. First, OPVs must 
be encapsulated to achieve long-term stability. Even though the 
stability of the OPV materials can be improved with ordered 
and dense film morphologies or elimination of side chains, the 
long-term rate of oxidation of electrode materials and absorber 
layers is limited by the diffusion rate of oxygen and water into 
the devices. Glass-on-glass encapsulation or flexible barrier 
materials are necessary to sufficiently slow oxygen and water 
permeation for OPV lifetimes greater than 10 years. Research 
effort into reducing the cost and improving the performance 
of flexible barrier films is necessary to improve the commer-
cial viability of OPVs. Second, the OPV materials themselves 
must have high glass transition temperatures relative to the 
operating conditions to achieve stability in the dark. Tg’s greater 
than 100 °C should be sufficient and are desired. Low molec-
ular weight species, which can diffuse readily and act as plasti-
cizing agents to reduce the Tg, should likely be avoided.

The area most in need of further research is photo-induced 
burn-in, as 10–50% relative efficiency is lost even in well-encap-
sulated devices. To put into proper perspective, burn-in loss is 
essentially a down grade of 10–50% in initial efficiency. For a 
technology that already has relatively low starting efficiency, 
burn-in loss is particularly harmful. Furthermore, the cause of 
photo-induced VOC is not as well understood as the other deg-
radation mechanisms. The kinetics of burn-in are particularly 
interesting – it is not presently clear why burn-in lasts for sev-
eral hundred hours and then apparently stops. A more com-
plete understanding of the photo-induced VOC loss is still neces-
sary, as most recommendations to improve voltage stability are 
more empirical in nature. For instance, while photo-stability of 
the materials is improved when halide and metal impurities are 
kept sufficiently low and the photo-induced increase in ener-
getic disorder can be suppressed in more ordered materials, 
the precise chemical origin behind these guidelines is still in 
contention.

In order to facilitate future research, we recommend a more 
rapid experimental iteration will be helpful to both identify 
promising materials and improve mechanistic understanding. 
Stability screening must include illumination. Unlike crystal-
line silicon, these solar cells significantly degrade under light, 

so screening tests like the 85/85 test that tests a solar cell or 
module’s stability to 85 °C and 85% relative humidity, are not 
sufficient. Quick and simple screening experiments can be 
used to “pass or fail” new materials. For example, if solar cells 
are not stable at slightly elevated temperatures of 80–100 °C, 
then they “fail” at intrinsic dark stability and therefore do not 
present a promising material combination or architecture. Illu-
mination testing does not need to last long – fortunately, photo-
induced burn-in usually ends after several hundred hours. 
Future researchers can further speed testing with LED arrays 
that can provide light intensity beyond 1 sun. While degrada-
tion may not scale perfectly linearly with intensity, concentrated 
light could dramatically accelerate research on burn-in.

While further research is necessary, there are some prom-
ising points in the outlook of OPV. First, OPV solar cells with 
extrapolated lifetimes greater than 20 years have been observed. 
Before this observation, it was not necessarily assumed that an 
organic material could withstand repeated photo-excitation for 
so long. If encapsulation is good enough, at least some OPV 
materials can be long-term stable. Second, some forms of 
degradation are now well understood and preventable. Using 
materials with a high glass transition temperature can easily 
prevent intrinsic degradation in the dark. Fullerene dimeriza-
tion can be avoided by using C70, PC71BM, or higher adduct 
fullerenes that do not form dimers. If C60 or PCBM must be 
used, dimerization can be suppressed in ordered fullerene 
phases. Third, there are promising clues to reducing VOC and 
FF burn-in. Evaporated OLEDs are commercially viable, and 
evaporated small-molecule OPVs are also promising. Organic 
pigments, which are dense, insoluble molecules, can show 
remarkable stability even in ambient. The field should further 
explore OPVs made from similar materials with high density 
and low solubility. With such changes to material design, it may 
be possible for OPVs to achieve stable long-term performance.
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