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Abstract 

Photovoltaic devices based on organic semiconductors (OPVs) hold great promise as a 

cost-effective renewable energy platform because they can be processed from solution 

and deposited on flexible plastics using roll-to-roll processing. Despite important 

progress and reported power conversion efficiencies of more than 10% the rather limited 

stability of this type of devices raises concerns towards future commercialization. The 

tandem concept allows for both absorbing a broader range of the solar spectrum and 

reducing thermalization losses. We designed an organic tandem solar cell with an 

inverted device geometry comprising environmentally stable active and charge-selecting 

layers. Under continuous white light irradiation, we demonstrate an extrapolated, 

operating lifetime in excess of one decade. We elucidate that for the current generation of 

organic tandem cells one critical requirement for long operating lifetimes consists of 

periodic UV light treatment. These results suggest that new material approaches towards 

UV-resilient active and interfacial layers may enable efficient organic tandem solar cells 

with lifetimes competitive with traditional inorganic photovoltaics. 
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Broader context 
 

Low-cost, thin-film solar cells represent a potentially sustainable pathway towards 

replacing fossil fuel-based technologies. In this context, organic semiconductor based 

solar cells (OPVs) are particularly attractive because they can be deposited from 

solution on plastic substrates, making them compatible with large-scale industry 

standards. One possible setback when evaluating the commercial potential of organic 

photovoltaics is related to the limited lifetime that is typically observed for this type of 

devices. Most device performance reported in the literature is based on photovoltaic 

devices that have remained in an inert environment from the initial fabrication steps 

up to the final characterization process. However, it is clear that commercialization 

will only be possible under the premise of long-term air and UV stable materials. We 

adopted an innovative combination of device geometry and choice of active as well as 

charge selecting materials that allowed us to fabricate efficient organic tandem solar 

cells in air. The tandem OPVs feature stable performance over 2000 h of operation 

and an extrapolated lifetime in excess of one decade. Furthermore, we show that 

periodic UV light treatment during operation is an essential requirement for attaining 

long operating lifetimes. This progress suggests that operating lifetimes closer to what 

is known from traditional inorganic thin-film photovoltaics are within reach.  
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Introduction 

 

Organic photovoltaics (OPVs) bears the potential for highly efficient, low-cost 

solar energy conversion. The emergence of new device architectures and material 

concepts led to a fast development in the recent past with reported efficiencies >10%.
1, 2

 

Yet, all the advantages of organic materials, which provide OPVs with the well-known 

versatility of flexible, light weight and transparent devices, are accompanied with 

challenges when considering the next level of device efficiency towards 

commercialization. For instance, the photon harvesting efficiency and open circuit 

voltage (Voc) are affected by the relatively narrow absorption spectrum of the vast 

majority of organic donor materials and by thermalization losses due to electronic 

mismatching, respectively.
3, 4

 The tandem solar cell design is one of the most promising 

concepts to mitigate these limitations.
5-8

 Theoretical predictions based on already proven 

device parameters of short circuit current density (Jsc), fill factor (FF) and Voc point to 

possible power conversion efficiencies (PCEs) of >20% using multi-layer tandem stacks.
9
 

Recently, triple-junction devices with 11.5% and 12% conversion efficiency have been 

announced by Yang Yang’s group
10

 and by Heliatek 
11

, respectively, which clearly states 

the potential of this technology.  

However, while considerable, world-wide effort has been directed towards 

increasing the light-to-energy conversion efficiencies, reaching a point where long-term 

sustainability becomes potentially viable, both the operating lifetimes and reliability of 

OPV devices have received only limited attention.
12

 In fact, a common metric for 

estimating the viability of a PV technology is the levelized cost of energy (LCOE), which 
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evaluates the lifetime cost of an energy system divided by its lifetime energy 

production.
13

 The lifetime, therefore, represents a key factor when assessing market 

competitiveness. 

Despite substantial effort to reduce the energy payback time by developing low-

cost device fabrication strategies with high PCE outcomes, the requirement for long 

operating lifetimes requires in-depth investigation. In general terms, a lifetime for OPVs 

above 20 years, comparable to the lifetimes often reported for inorganic thin film solar 

cell technologies such as CIGS or amorphous silicon
14, 15

, would be highly desirable to 

further increase the competitiveness of this technology. A common statement is that 

OPVs with 10% PCE and up to 10-year lifetime would need to have very low fabrication 

costs to compete with the inorganic counterpart.
16

 With reports on accelerated lifetimes 

for encapsulated OPVs exceeding 7 years
17

 and more than one year of outdoor lifetime 

for solar modules on flexible polymer substrates
18

, it is likely that OPVs can reach more 

than 10 years of operating lifetimes.  

There are many aspects that can limit the lifetime of OPVs.
19

 
20

 Most organic 

semiconducting materials are highly reactive in the presence of oxygen, water, high 

temperatures and light, which can induce thermal and photooxidation reactions as well as 

local trap formation and structure variations in the active layer.
21

 In a device, adverse 

environmental conditions can lead to morphological changes, compositional gradients, 

and electronic defects at interfaces and electrodes.
22, 23

 Although a systematic 

investigation of all possible degradation channels is desirable, the effects of oxygen, 

water and temperature can be considerably minimized through encapsulation. In the best 
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scenario, this would reduce degradation to the effects of photoinduced aging of the active 

materials, restructuring or degradation at interfaces, and changes in the morphology.
24

  

In the case of single-cell OPVs, prolonged exposure to simulated sunlight has 

been shown to accelerate photooxidation, trap formation and oligomerization of the 

fullerene derivative PCBM.
24-28

 Particularly the case of P3HT-fullerene blends has been 

well documented and revealed extrapolated lifetimes of about 3-4 years for encapsulated 

solar cells and more than 10,000 h under outdoor operation for roll-to-roll coated OPV 

modules.
18, 29

 For this model system, it has been shown that water, presumably in the 

presence of oxygen, is likely to be the strongest promoter of performance loss.
30, 31

 

Lifetime studies on organic tandem cells are still underrepresented in the literature. First 

studies have revealed very short lifetimes of about 25 h for continuous irradiation with 

1000 W/m² for tandem modules consisting of 8 cells. However, the focus of those studies 

was primarily to demonstrate the feasibility of the technology and encapsulation was not 

optimized.
32

  

Herein, we describe one of the first and longest photo-degradation studies (duty cycle of 

100%) of solution processed organic tandem solar cells with concrete measures for 

improving the device lifetime. We present evidence for the photostability of encapsulated, 

air-processed organic tandem solar cells with a loss in PCE of only ≈11% within the first 

2000 h of continuous irradiation under ambient conditions when exposed to 1000 W/m² 

of incident white light. When extrapolating to 80% of the initial PCE, which is a common 

evaluation metric
33

, we find an accelerated lifetime of >10 years under open-circuit 

conditions, which represents the longest reported lifetime for organic tandem cells to date. 

We elucidate the need for UV light soaking for increasing the lifetime of current 
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generation ZnO-based organic tandem solar cells and sub-cells by recording the 

photostability of photovoltaic parameters after initial UV light treatment. 

 

Experimental Methods  

Materials. P3HT was purchased from Merck. pDPP5T-2 (batch no.: GKS1–001) was 

provided by BASF. Al-doped ZnO (AZO) was synthesized according to previous 

reports.
34

 A ZnO nanoparticle dispersion in acetone, used in the intermediate layer, was 

synthesized at the Technical University of Denmark (DTU).
35

 PC[60]BM (99.5 %) and 

PC[70]BM (99 %) were obtained from Solenne BV. Ba(OH)2 was purchased from 

Sigma-Aldrich. For encapsulation, we used the adhesive Katiobond LP655 (DELO 

GmbH & Co KGaA), an UV curable epoxy resin with a specified water vapor 

transmission rate (WVTR) of 6.1 g/m²/day.  

 

Single and tandem device fabrication. All photovoltaic devices were fabricated by 

doctor blading under ambient conditions using an inverted device structure (Figure 1a). 

Laser-patterned ITO coated glass substrates (area of 2.5×2.5 cm
2
) were successively 

cleaned in an ultrasonic cleaner using acetone and isopropanol. After drying, the 

substrates were coated with a ≈40 nm thick AZO layer and annealed for 10 minutes on a 

hot plate at 140 °C. For the tandem solar cells, a chlorobenzene based solution of 

P3HT:PC[60]BM (1:1 wt%, 32 mg/ml in total) was coated on top of the AZO layer to 

form a ≈130 nm thick bottom active layer. Subsequently, the intermediate layer was 

deposited by successively blading a ≈40 nm thick PEDOT HIL3.3 and ≈30 nm thick ZnO 

layer. These layers were dried at 70 °C for 5 min in air. We modified the ZnO layer by 
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coating a very thin (≈20nm) Ba(OH)2 film on top (7 mg/ml in 2-methoxyethanol). 

Afterwards, we deposited an ≈80 nm thick layer of pDPP5T-2:PC[70]BM (1:2 wt.%, 

dissolved in a solvent consisting of 90% chloroform and 10% dichlorobenzene with a 

total concentration of 24 mg/ml) as the top active layer. Finally, a 10 nm MoOx layer and 

100 nm Ag layer were evaporated to form the top electrode. The solar cells had an active 

area of 10.4 mm². The active layer thicknesses in the tandem structure were tuned to give 

satisfactory current balancing between the sub-cells. The single solar cell devices were 

prepared in a way equivalent to the tandem solar cell device fabrication protocol described 

above. For intimate comparison, the thicknesses of the active layers were chosen to be the 

same as in the tandem structure, i.e., ≈130 nm for P3HT:PCBM and ≈80 nm for pDPP5T-

2:PC[70]BM single cell devices. Optical simulation results for the tandem solar cell 

geometry based on the transfer matrix approach are depicted in the supplementary 

information (Figure S1).  

 

 

Device Encapsulation. A dispenser robot I&J 4100-LF from I&J Fisnar Inc. was used to 

distribute the adhesive Katiobond LP655 from DELO GmbH & Co KGaA on top of the 

completed devices, which were overcoated with a 1.5 mm glass barrier. The epoxy was 

cured for one minute inside a UVACUBE 100 from Hönle AG equipped with an iron 

doped lamp. 

 

Characterization. Current-voltage measurements of the solar cells was performed in 

ambient atmosphere at room temperature using the source measure unit 2900A from 
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Agilent and a light emitting diode (LED) array featuring an AM1.5G spectrum at 1000 

W/m² (FUTURELED GmbH, Berlin, Germany). For photoaging of the solar cells, we 

used high power LEDs with a spectral emission between 400 nm and 750 nm and an 

intensity of ≈1000 W/m². The intensity of the high power LEDs was set by adjusting the 

distance between the solar cell and the light source to give the same photocurrent as first 

measured with the solar simulator. The intensitiy of the solar simulator was calibrated 

using a standard silicon photodiode certificated by ISE Fraunhofer. UV light soaking was 

carried out using a UV exposure unit from isel automation (λc = 365 nm, 32 W). 

 

Results and discussion 

The solar cells for this study are based on an inverted tandem structure comprising 

sub-cells of the blends poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester 

(P3HT: PC[60]BM) and diketopyrrolopyrrole-quinquethiophene:phenyl-C70-butyric acid 

methyl ester (pDPP5T-2: PC[70]BM) as active layers (Figure 1a). We used the model 

P3HT:PC[60]BM blend as the active layer of the bottom sub-cell because of its known 

stability
17

 and its absorption being complementary to that of the low bandgap polymer 

pDPP5T-2. We used zink oxide (ZnO) in combination with poly(3,4-

ethylenedioxythiophene (PEDOT) as the  recombination layer and aluminum-doped ZnO 

(AZO) as electron extraction layer.
34

 The interface between ZnO and pDPP5T-2:PCBM 

was modified by coating a thin barium hydroxide (Ba(OH)2) layer on top of ZnO to 

enhance the photovoltaic performance.
36,37

 For a better understanding, we also fabricated 

and studied in parallel inverted single OPV cells based on the polymer blends used in the 

tandem structure. A detailed description of the device geometry of the three types of solar 
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cells is depicted in Figure 1b. Each single cell was made in the same way as the 

corresponding sub-cell of the tandem device for intimate comparison. For obtaining 

representative variations of device performance vs. time we prepared and encapsulated 

five devices of each solar cell type. We used a glass-on-glass encapsulation geometry to 

ensure reliable and reproducible protection as well as for minimizing extrinsic effects 

induced by water and oxygen.
17

 We refer the reader to the Experimental Methods section 

for details regarding device fabrication and encapsulation. The quality of the 

encapsulation was probed using electroluminescence lock-in (ELLI) imaging before and 

after the photoaging process (see Supplementary Fig. S2).  

The tandem cells and the corresponding single sub-cells were aged under 

continuous white light irradiation without UV component at ≈1000 W/m² 

(Supplementary Fig. S3). The absence of UV light during photodegradation was essential 

for studying the effect of UV light treatment on the lifetime of the devices. The cells were 

maintained under open circuit during photodegradation. The initial device performance of 

the tandem and single cells under AM1.5 conditions was 4.4% ±0.2% (tandem), 

2.8%±0.1% (P3HT), and 4.1%±0.2% (pDPP5T-2), respectively (see Supplementary Fig. 

S4 and S5; the errors represents the standard deviation). 

First, to eliminate the double diode effect that is intrinsic to devices incorporating 

ZnO and/or AZO
38, 39

 (see Supplementary Fig. S6) we applied a single light soaking (LS) 

treatment by irradiating the solar cells with UV light (365 nm) for the time of 10 s (prior 

to starting J-V characterization) and studied the subsequent decay of the UV light soaking 

state under continuous photoaging using white light. Figure 2 shows two consecutive 60 

h photodegradation cycles for elucidating the effect of the initial light-soaking step. 
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These cycles lie within the burn-in period of photodegradation, which typically follows 

an exponential decay of the initial device efficiency (see also Figure 4).
17

 Within the first 

cycle of continuous illumination, the PCE of the tandem and the P3HT based single cells 

decreased to 60% and 50% of the initial value, respectively. In both cases, the loss in 

PCE is mainly dominated by losses in Jsc (≈15 – 20%) and FF (25 – 40%), which can be 

most likely related to a reduction in charge carrier extraction and the accumulation of 

carriers in the device, respectively.
40, 42

 The latter leads to the formation of an S-shape in 

the J-V-characteristics (see Supplementary Figure S6).
39

 The Voc, on the other hand, 

remains fairly stable. Interestingly, under the same conditions the solar cell parameters 

and the overall PCE of the pDPP5T-2 based single cells remained almost intact 

throughout the same period of time. Note that after 60 h we repeated the UV treatment. 

Notably, all solar cells were almost fully restored and followed the same degradation 

behavior as in the first cycle. This behavior suggests that the burn-in period that is 

typically observed in the first hours of degradation is triggered by a reversible reaction in 

these types of devices. A plausible explanation would be that the conductivity of ZnO 

degrades with time due to the presence of traces of oxygen, while UV treatment can 

release oxygen and restore its electronic properties.
42, 43

 

To gain additional insight into the effect of the UV light-soaking process, we 

further looked into the transient behavior of the UV treatment in the dark. Figure 3 shows 

the periodically measured change of the photovoltaic parameters for tandem cells upon a 

single UV light-soaking step. In this case, the cells were stored in the dark between J-V 

characterization. Upon UV light soaking, the FF increases dramatically (≈45%) while Jsc 

increases by about 5% and Voc barely changes. It is well documented in the literature that 
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UV radiation can improve the electronic properties (conductivity) of the ZnO layer as 

well as the contact at the ZnO interface.
39, 42, 43

 This is most likely the reason for the J-V 

characteristics translating from a double-diode type behavior (S-shape) to a diode 

behavior with high FF (see Supplementary Figure S6).  

The long-term behavior of UV treatment is much less documented. Figure 3 

shows that the light soaking state remains constant for about 10 h after which the 

photovoltaic performance decays sharply. Moreover, Figure 3 reveals that the light 

soaking state features a half-time of about 200 h and is, therefore, expected to contribute 

decisively to the burn-in period of OPVs containing ZnO. 

From the previous result, we can infer the importance of UV light exposure during 

continuous 1-sun irradiation. We, therefore, designed a long-term photoaging test, in 

which the solar cells were exposed to UV light for 10 s prior to each J-V measurement. 

Figure 4 shows the average long-term temporal evolution of Voc, Jsc, FF, and PCE for the 

single and tandem cells under continuous white light illumination with intermittent UV 

treatment. The burn-in period extends to ≈800 h, after which the decay of the PCE 

follows a close to linear trend (Figure 4d). Remarkably, in the long-term measurements 

the tandem cells showed the most stable behavior by losing only 11% of the initial value 

after 2000 h. The PCE of P3HT and pDPP5T-2 based single cells followed a similar 

decay with losses of 16% and 15%, respectively (Figure 5). Overall, the loss in PCE is 

mainly determined by a loss in FF (5 – 11%) and a modest decay in Jsc (0 – 8%). 

Impressively, in the case of the tandem and pDPP5T-2-based single cells we observe 

almost no current losses throughout 2000 h of light exposure. To put our results into 

perspective, PCE drops in the range of ≈10 – 20% for P3HT single cells and ≈25% for 
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PCDTBT-based single cell devices under 1-sun exposure and within similar periods of 

time have been reported in the past.
17, 44, 45

  

We imagine that the reasons for the enhanced long-term stability of our solar cells 

are manifold. Specifically, we used an inverted device structure, thereby eliminating 

reactive metal interfaces.
46

 Additionally, we replaced the widely used but moisture 

sensitive and reactive PEDOT:PSS with MoOx as the top buffer layer. The benefit of 

using the chemically more inert MoOx for better device stability has been shown 

before.
47, 48

 Moreover, we chose to modifiy the ETL/pDPP5T-2 (ETL: electron 

transporting layer) interface with a hole blocking Ba(OH)2 layer in the case of the more 

stable tandem and pDPP5T-2 single cells. Barium and Ba(OH)2 interlayers have been 

proven to reduce exciton quenching and trap induced recombination at cathode interfaces 

as well as improve the overall device efficiency in the case of OLEDs and OPVs.
36, 37, 49

 

Based on our findings, we hypothesize that Ba(OH)2 could also contribute to stabilizing 

the ETL/polymer interface by reducing electronic trap formation and oxygen adsorption. 

Indeed, comparison of the temporal evolution of photovoltaic device performance in the 

case of P3HT:PCBM with and without Ba(OH)2 suggests that Ba(OH)2 may increase the 

operating lifetime (Supplementary Fig. S8 and S9). A more elaborate mechanistic study 

in this direction is currently underway. Furthermore, periodic UV light soaking during 

prolonged operation is expected to desorb oxygen trapped at the surface of ZnO and AZO. 

This step is likely to prevent significant conductivity losses of the ETLs ZnO and AZO, 

contributing to a larger FF throughout the lifetime measurements.
42, 50

  

For an estimation of the lifetime of the tandem solar cells, we applied a linear 

regression to the slowly, linearly decreasing PCE data points and extended this line up to 
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80% of the initial value (Supplementary Fig. S7). In doing so, an extrapolated operating 

lifetime of ≈27000 h can be extracted. Considering an average 1500 hours of sunshine 

per year in central Europe, this represents, under the current conditions, a best case 

lifetime of ≈18 years. We further derived a more conservative lifetime for our cells by 

accounting for the error bars of our measurement, which still resulted in a lifetime of  ≈8 

years (Supplementary Fig. S7). It is important to note that the presented operating 

lifetime was extrapolated from cells, which were aged under open circuit and under 

indoor conditions using a LED based solar simulator that does not emit radiation in the 

180 – 400 nm wavelength range. We recognize that the absence of UV light, which has 

been shown to accelerate degradation through bond scission and free radical formation in 

OPV semiconducting polymers,
20

 may artificially increase the lifetime of our cells. 

Furthermore, for outdoor conditions in the field, there are influences from other sources 

such as natural thermal cycling, shading, and humidity cycling, which need to be taken 

into account.  

Given that we used a glass-on-glass encapsulation architecture and an evaporated 

top electrode, the lifetime presented here certainly reflects an upper bound for the lifetime 

of this type of organic tandem solar cells. However, if high quality packaging is used, 

including UV filters, combined with better interface materials, e.g., towards blue light 

soaking, similar lifetimes are perhaps not impossible but need to be documented by 

thorough outdoor studies. 

 

Conclusion 
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In summary, we demonstrated an organic tandem cell with a PCE loss of only 

11% within the first 2000 h of operation. The stable tandem operation was possible by 

choosing active layer materials that can be processed in air and by adopting an inverted 

device geometry, in which we used MoOx as a replacement for PEDOT and Ba(OH)2 as 

hole blocking layer at the ETL/blend interface. Moreover, we confirmed that the well-

characterized importance of UV light treatment for devices based on ZnO is also an 

essential requirement for attaining long-term device stability, which requires periodic 

light soaking by UV-photons. This procedure mainly prevents the formation of S-shaped 

J-V performance.  

While the current generation of organic tandem devices does still require some 

UV light soaking, we anticipate that the final OPV product will not rely on UV light 

treatment. As such, future studies should primarily foster materials development of new 

absorbers with enhanced photo and structural stability as well as alternative electron 

transport layers that are not subject to the requirement of photodoping.
51-54

 Moreover, 

fully solution processed tandem OPVs on flexible plastics with state-of-the-art 

encapsulation need to be demonstrated for certifying market readiness. 

Assuming that the slow degradation rate observed in this work can be further 

improved, organic tandem solar cells with operating lifetimes comparable to traditional 

PV are thought possible in the forthcoming future. 
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(b) 

Figure 1. Absorption spectra of the active materials and device structures. (a) Absorption 

spectra of P3HT and pDPP5T-2 films. The inset shows the chemical structure of the 

polymer pDPP5T-2 (b) Schematic device representation of the tandem and single cells 

investigated in the present photodegradation study. 
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Figure 2. Lifetime of the UV light soaking state under continuous photoaging. The plots 

show the device parameters Voc, Isc, FF and PCE over time for the different types of 

single and tandem solar cells (cf. Figure 1) upon initial UV light soaking (365 nm, 10s) 

and under continuous photoaging using white light (400 – 750 nm) without UV 

component at 1000 W/m². UV light treatment was repeated after 60 hours. Each data 

point represents the average values of 5 solar cells and is normalized to the initial value at 

t = 0 hours.  

 

 

Figure 3. Long-term decay of the UV light soaking (LS) state in the dark. Each data 

point represents the average value of 5 tandem cells. The filled symbols represent the 

condition after immediate light soaking, whereas the hollow symbols represent the 

temporal decay of the LS state. The data were extracted from J-V-measurements using an 

AM1.5 solar simulator and an illumination intensity of 1000 W/m². The tandem cells 

were stored in the dark in between J-V characterization. 
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Figure 4. Photoaging of single and tandem OPV cells. The graphs show the average 

long-term temporal evolution of PCE, Voc, Jsc, and FF for the different single and tandem 

cells under continuous white light illumination. The photovoltaic parameters were 

extracted from J-V-measurements using an AM1.5 solar simulator at 1000 W/m². Before 

each J-V measurement the samples were UV treated (365 nm, 10 s). Each data point 

represents the average value of 5 tandem devices, 5 DPP devices, and 5 P3HT devices.  
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Figure 5. Representation of the relative change of device performance after 2000 h of 

continuous white light illumination. The relative change is calculated based on the 

performance of the single and tandem devices shown in Figure 4. The tandem cells 

showed better overall device stability. 

 

Table of Context Image 

We report on organic tandem solar cells with an extrapolated lifetime in excess of one 

decade. 
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