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Synergetic Enhancement of Organic Solar Cell Thermal Stability by 
Wire Bar Coating and Light Processing 
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e
, James R. Durrant
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 and 

João T. Cabral
b,c* 

We demonstrate that organic solar cells can exhibit different morphological and performance stability under thermal 

stress depending upon the processing technique employed, without compromising initial device efficiency. In particular, 

we investigate benchmark PCDTBT:PC60BM solar cells fabricated by wire bar coating (a technique attractive for 

commercial manufacture) and the more widely employed, lab scale, technique of spin coating. For this system, wire bar 

deposition results in superior device stability, with lifetime improvements in excess of 20-fold compared to spun cast 

devices. Neutron reflectivity reveals that the enhanced PC60BM segregation to the top interface in the slower, wire bar, 

casting process is likely responsible for the hindered PC60BM nucleation at tens of nm length scale, characterized by 

atomic force microscopy (AFM), and thus enhanced morphological stability. Modest light exposure of the active layer (at 

approximately 10 mWcm-2), known to reversibly photo-oligomerize fullerenes and thus impart morphological stability, is 

found to further improve device stability by a factor of 10. The combined effects of wire bar coating and light processing 

are highly synergetic, resulting in solar cells which are overall 200 times more stable than devices prepared by spin casting 

without light processing. 

Introduction 

Organic solar cells (OSCs), generally comprising a 

nanostructured thin film of a conjugated polymer donor and a 

fullerene derivative acceptor, provide an increasingly 

attractive technology for energy harvesting and solar energy 

conversion. While single-junction solar cells are now 

approaching 10%, often regarded as the threshold for 

commercialization,
1-4

 significant challenges remain in attaining 

the long-term OSC stability required for commercial 

application (in excess of 105 h)
5
 and ensuring low cost, reliable 

manufacturing and scale-up. Our paper considers the role of 

representative photoactive layer deposition and processing 

approaches on the morphological and performance stability of 

OSC under 80°C thermal stress, relevant to device operation 

conditions.  

The vast majority of highly efficient polymer/fullerene OSCs 

reported to date has been fabricated by spin coating (SC).
6-8

 

This is intrinsically a batch technique, and unsuitable for large 

scale manufacturing.
7
 Further, SC typically wastes 90% of 

precursor solution and is incompatible with device patterning. 

A number of alternative deposition methods for solution 

processable OSCs have been proposed, including spray drying,
9
 

flow and wire bar coating (WBC), which appear compatible 

with industrial roll-to-roll (R2R) manufacturing.
10,11

 WBC, 

focused on herein, employs a wire wound bar that translates 

over the substrate at a well-defined height, depositing the 

active layer solution; this processing technique allows control 

of velocity and temperature profiles with minimal waste and 

high reproducibility.
11,12

 The impact of solution deposition in 

OSC morphology and performance is known to be 

significant,
10,13-16

 related in part to the different flow fields and 

temporal drying profiles experienced during film formation. SC 

is generally faster, while WBC is comparatively slower and can 

lead to the development of travelling fronts, surface 

templating, structural rearrangement and component 

stratification.
7,10,11,17 

During the photoactive layer film 

formation process, the development of a nano-phase 

separated bicontinuous morphology (a ‘bulk heterojunction’) is 

required for device performance, and in particular for charge 

generation and carrier transport.
2
 Film deposition, in addition 

to subsequent thermal,
18

 solvent
19

 and light processing,
20,21
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plays a key role in engineering a functional nanostructured 

photoactive layer.  

Solar cell operation inherently involves the cyclic temperature 

and illumination variations which occur in the environment. 

Prolonged thermal annealing has been found to cause 

degradation of OSC device efficiency, which has been related 

to the diffusion, aggregation and large-scale crystallization of 

the fullerene derivatives, coarsening of the nanophases and 

delamination of electrodes, amongst others.
13,18,22

 Hence, a 

thermally stable (either thermodynamically-stable or ‘frozen’ 

out-of-equilibrium) morphology is desirable for long-term OSC 

device performance. 

 Both micron- and nano-scale [6,6]-phenyl-C61-butyric-acid-

methyl-ester (PC60BM) crystallization have been extensively 

documented both in neat films and when blended with a 

donor polymer,
23-29

 and found to be dependent on solution 

deposition method and solvent, substrate, polymer matrix and 

regioregularity, polymer composition profile, and subsequent 

annealing temperature. For instance, slow evaporation of neat 

PC60BM solutions was found to favour micron-size crystals, by 

contrast with nanocrystals formed by faster spin coating,
23

 

highlighting the importance of evaporation and fullerene self-

organization kinetics in film formation. The mechanism of 

PC60BM crystallization, including overall crystal size and crystal 

structure, has been shown to be mediated by interaction with 

the polymer matrix and templated by the substrate (mica, in 

one study).
27

 Micron- and nano-scale PC60BM crystal formation 

can happen simultaneously or exclusively through a 

competitive bimodal crystallization process.
29

 Abundant 

formation of large crystals generally corresponds to a scarcity 

of nano-crystals and vice-versa.
20,21,27,29

 

Blend films of donor polymers with PC60BM, the most widely 

studied acceptor for OSCs, often exhibit only limited thermal 

stability, depending on the donor polymer employed.
30-32

 For 

example, our recent thermal stability studies of OSC’s 

employing the benchmark donor polymer poly[[9-(1-

octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-

benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT) showed 

a retention of only 65 % of the initial device performance after 

130 h of thermal annealing at 80°C.
21

 Strategies to enhance 

OSC thermal stability have focused on chemically modifying 

the polymer donor, additives or fullerenes (recently reviewed 

by Rumer and Mcculloch
33

). For instance, enhanced OSC 

thermal stability has been recently demonstrated by 

crosslinking the polymer donor (achieved 0.9 internal quantum 

yield),
34

 copolymer (power conversion efficiency (PCE) of 4.7% 

after 72h of 150°C thermal annealing),
35

 functionalization of 

donor polymer (PCPDTBT) side chain
36

 and by UV-crosslinking 

the fullerene phase
37

 as well as the addition of film additive to 

improve OSC thermal stability.
38

 We have recently 

reported
20,21

 that modest white light illumination (< 10 mWcm
-

2
) prior to thermal annealing, can also result in the OSC 

thermal stability increasing ~10 fold due to a light-induced 

fullerene oligomerization process.
39

 This process bonds at least 

two PC60BM molecules and, beyond a certain threshold, 

effectively suppresses fullerene crystallization during thermal 

annealing, which in turn results in an enhanced device thermal 

stability. We
21

 and others
40

 have shown that this light induced 

morphological stabilization effect is observable across PC60BM 

mixtures with a range of benchmark donor polymers including 

P3HT, DPP-TT-T and PTB7, and can also be induced by the 

addition of chemically synthesized fullerene dumbbells.
41

 

Unexpectedly, we found that only the nucleation – but not the 

growth – rate of PC60BM macroscopic crystals is affected by 

light exposure. Fullerene nucleation appears thus to be 

effectively frustrated by PC60BM oligomerization, with 

approximately 20% conversion fully suppressing crystallization. 

Further, light induced oligomerization was found to be 

reversible,
21

 as the fullerene-fullerene bond can be fully 

dissociated (dissociation energy approx. 1 eV) at elevated 

temperatures (150°C for 60 minutes). We also noted a 

significant role of the substrate on the PC60BM crystallization 

in the film and its thermal stability: micron-sized crystallization 

is significant on SiOx but infrequent on poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) 

under identical annealing conditions. Instead, nano-sized 

crystal formation is observed on PEDOT:PSS. Prior illumination 

was found to be effective in suppressing both micro and nano-

sized crystallization under thermal annealing.
21

 

With these ideas in mind, we now directly compare the 

industrially relevant film processing technique of WBC to the 

benchmark SC process in terms of film morphology, OSC 

device performance and thermal stability. In addition, we 

implement the previously established light-induced thermal 

stability enhancement
20,21

 on WBC and SC devices to evaluate 

the combined effects of the two processing approaches, and 

demonstrate an overall (synergetic) lifetime enhancement of 

approximately 200× for PCDTBT:PC60BM OSCs. 

Experimental 

Device Fabrication and Thermal Stability Studies 

PCDTBT (Mw ~21.6 kgmol
-1

; PDI ~5.5) and PC60BM were 

supplied by 1-Materials, Inc. and Nano-C, Inc. respectively. A 

solution of PCDTBT:PC60BM in 1:2 ratio was dissolved in CB 

solvent with a total solution concentration of 25 gL
-1

. This 

solution was stirred for 24 h in N2 environment followed by 

filtration through a 0.2 µm filter prior to applying. 

 ITO glass substrates were cleaned with acetone, iso-propyl 

alcohol and deionized water sequentially and underwent an 

oxygen plasma treatment at 100W for 7 min. PEDOT:PSS layers 

of 35 nm were spin coated on the glass substrates followed by 

annealing at 150°C for 20 min in air. The filtered PCDTBT and 

PC60BM solution was deposited on the substrates by spin 

coating and wire bar coating to achieve a thickness of 75-80 

nm, as determined with a Dektak 6M profilometer. Film drying 

kinetics was monitored in-situ by a CCD camera and 

automated image analysis, and ‘film formation time’ was 

estimated based on cessation of colour change (Figure S1). The 

films were then placed into an evaporation vacuum chamber 

for 25 nm of calcium and 100 nm of aluminium deposition 

through a 6-pixel mask (each pixel area is 0.045 cm
2
) 

respectively. Selected samples were illuminated under a 
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fluorescent lamp prior to electrode deposition, corresponding 

to ‘light’ conditions, while some ‘dark’ control films were kept 

in the dark conditions; both in a N2 glove box. The deposited 

devices were annealed at 80°C while the device performance 

was measured. Annealing temperature was measured and 

calibrated using a Kane-May KM330 temperature sensor. The 

devices current density – voltage (J-V) characteristics were 

measured using a Xenon lamp at AM 1.5 solar illumination 

(Oriel Instruments) calibrated to a silicon reference cell with a 

Keithley 2400 source meter. A fluorescent lamp was used as 

light source, with light irradiance (≈10 mWcm
-2

) and 

wavelength distribution calibrated with photospectrometer 

(StellarNet EPP2000). 

Morphology and Neutron Reflectivity Studies 

SiOx substrates were purchased from Compart Technology and 

cleaned with N2 before deposition of the same 

PCDTBT:PC60BM solution by SC and WBC techniques. For  few 

selected substrates, 35 nm of PEDOT:PSS layers were spun 

coated on SiOx substrates before solution deposition. Film 

thicknesses were confirmed by profilometry. The blend films 

were illuminated and annealed at 80°C and 140°C in a N2 glove 

box. The same fluorescent lamp was applied as the light source. 

The morphology of the films was measured with a reflection 

optical microscopy (Olympus BX 41M), equipped with an XY 

stage and CCD camera (AVT Marlin). The surface topography of 

annealed films was measured with atomic force microscopy 

(Innova, Bruker AXS) in tapping-mode, using super sharp TESP-

SS tips. 

Results and Discussion 

Figure 1. Schematic representation of processing 

PCDTBT:PC60BM blend with different coating techniques (SC 

and WBC) and light treatment. Chemical structures of PCDTBT 

and PC60BM are shown on the left box. Modest illumination (< 

10mWcm
-2

) is irradiated on film for a constant duration of 165 

minutes prior electrode (Ca/Al) vacuum deposition. The 

devices and films without and with illumination are designated 

as “dark” (black colour) and “light” (red colour) conditions 

respectively in this study. The performance (J-V curve) of the 

fabricated devices is measured under 80°C thermal stress. 

 

Figure 1 illustrates our processing route, including the 

deposition of active layer (PCDTBT:PC60BM) with SC and WBC 

techniques along with a light treatment (and dark control) 

prior to an evaluation of thermal stability. The device employs 

a conventional architecture ITO/PEDOT:PSS/PCDTBT:PC60BM 

/Ca/Al together with an optimized solvent, polymer:fullerene 

ratio and solution concentration, as described in the 

Experimental Section, and following previous work;
42,43

 these 

parameters are therefore kept constant throughout this study.  

Our first observation is that WBC films exhibit a higher average 

drying time (13-15 s), compared to SC films (around 5 s) to 

achieve a similar film thickness of 75-80 nm PCDTBT:PC60BM 

blend film.
42

 Drying time was estimated by film colour (Figure 

S1); this trend is expected due to the rapid solution removal 

during the initial stages of SC, followed by drying. The volume 

required for WBC is only 15 µL, compared to 35 µL for SC, due 

to the waste created during the spinning process, which is a 

major asset of the former processing route. 

Device Performance and Stability 

 

Figure 2. (a) Current density (J) – voltage (V) curves for typical 

PCDTBT:PC60BM blend devices processed with SC and WBC 

(prior to light processing) exhibiting PCE of 5.33 % and 5.26 % 

respectively (b) log:log plot of normalized PCE vs annealing 

time during thermal stress at 80 °C for devices fabricated via 

SC and WBC under dark and light processing conditions. 

 

The performance of typical devices fabricated with SC and 

WBC techniques, in the absence of prior light processing, is 

shown in Figure 2a (procedures detailed in the Experimental 

section). Although these coating techniques involve different 

film formation mechanisms, the initial performance of these 

typical devices achieved using the SC and WBC techniques are 

identical for this system within measurement uncertainty 

(average PCE of 5.20 ± 0.2 % and 5.22 ± 0.2 % for SC and WBC 

respectively). These similar performances can be understood 
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as a result of a compromise between JSC and FF: 9.82 mAcm
-2

 

and 0.59 for SC and 9.29 mAcm
-2

 and 0.61 for WBC, for the 

devices shown. The differences in JSC and FF did not correlate 

with variations in film thickness (±5 nm) and the VOC achieved 

in both devices is the same (0.93 V) and typical for optimized 

PCDTBT:PC60BM systems.
42

  

From the UV-visible absorption and polymer photo-

luminescence (PL) quenching measurements (Figures S2 and 

S3), we find that films fabricated by SC and WBC have similar 

optical absorption, indicating similar PCDTBT:PC60BM 

compositions and similar PL quenching, showing similar 

polymer exciton quenching efficiencies, indicative of a similarly  

intermixed system. This verification is needed to ensure no 

composition bias is introduced during film deposition. The SC 

devices do however exhibit higher External Quantum 

Efficiencies (EQE) (Figure S4), consistent with their higher JSC 

(Figure 2a).On the other hand, the higher FF attained for the 

WBC devices suggests a better percolation pathway for 

efficient charge transport in the morphology obtained by WBC.  

These devices, along with their light-processed analogues, 

were thermally annealed at 80°C for 1000 hours in the dark in 

a glove box, and their room temperature performance 

measured periodically under a simulated AM 1.5 irradiation. 

These thermal stress PCE results are summarized in Figure 2b. 

‘Light processed’ devices, were exposed to ≈10 mWcm
-2

 white 

light for 165 min, prior to thermal annealing, following a 

procedure reported previously
20,21

 and illustrated in Figure 1. 

We have found this modest and brief light pre-treatment to 

yield  no significant loss of the initial device performance,
20,21

 

and that the thermal ageing profile remained unchanged 

before and after top electrode deposition
,21

 (by contrast with 

the top electrode interfacial degradation reported by 

McGehee and co-workers
,44

 for 60h under 1 sun conditions). 

For the current devices, we recorded a modest (≈5 %) drop in 

initial device performance, attributed to minor glove box 

contamination over the period of these experiments. The PCEs 

obtained are averaged over 3 pixels each from two different 

devices. We note that the PCE variation (obtained from 6 

distinct measurements) of SC devices is somewhat larger than 

that of WBC devices (approximately by ≈10-20%); this might be 

caused by the faster kinetics of SC film formation, but further 

work would be required to establish statistically significant 

deviations.  

The decays of the device PCEs in the four conditions shown in 

Figure 2b are mainly due to changes in FF and JSC (data not 

shown). In all cases, the drop in device efficiency is, within 

measurement uncertainty, well described by a single power 

law decay, compatible with a single degradation process (and 

timescale).   

We quantify relative device thermal stability by estimating the 

OSC ‘lifetimes’ corresponding to a 20 % drop of the initial PCE 

under 80°C annealing. The SC device without prior light 

exposure (‘dark’ control) degrades to 80 % of its initial 

performance after only 3h under thermal stress. Compared to 

this control, all the other processing conditions resulted in 

significant improvements in stability. SC devices exhibit an 

approximate 10 fold stability improvement after light 

processing, consistent with our previous findings of photo-

induced PC60BM oligomerization.
20,21

 Interestingly, WBC 

devices, even in the absence of light processing, exhibit 

approximately 20 times thermal stability enhancement 

compared to the control SC devices. This improvement is 

further enhanced by light processing by a factor of around 10, 

bringing it to a total of approximately 200× lifetime 

enhancement for light processed WBC devices over dark 

processed SC devices in dark conditions, with a 20 % reduction 

of PCE only being observed after 1000 hours of thermal stress 

at 80°C. Similar lifetime enhancements are obtained with 

different degradation criteria, e.g. by defining the time 

associated with a 10 % drop in efficiency. The devices 

manufactured by WBC and light processing have thus 

substantially improved stability compared to both SC and WBC 

dark counterparts. 

By comparing the relative magnitudes of lifetime 

enhancement, we find that there is a compound effect of 

solution casting technique and photo-induced oligomerization, 

well above a simple additive rule. A possible explanation for 

this synergy is that fullerene oligomerization reactions are 

strongly concentration-dependent and not directly 

proportional to light intensity due to a partial of back-reaction 

from excited triplet states.
45

 An enhancement of WBC device 

stability after light treatment could indicate a higher PC60BM 

concentration available for oligomerization thereby restricting 

the degradation of performance. However, UV-vis data (Figure 

S2) confirm that the average PCDTBT and PC60BM composition 

remains similar regardless of solution casting technique. We 

therefore hypothesize that longer drying times involved in 

WBC may result in enhanced fullerene segregation, which 

locally raises fullerene concentration and, in turn, increase the 

propensity for photo-oligomerization. 

Morphological Stability 

 

Figure 3. AFM images of PCDTBT:PC60BM blend on PEDOT:PSS 

substrate annealed at 80°C for l h. Films cast by (a), (b) SC and 

(c), (d) WBC and processed without (a), (c) and with (b), (d) 

prior light exposure. 
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In order to investigate the stability enhancement of devices 

fabricated by WBC, the film nanostructure was investigated by 

optical and AFM as well as specular neutron reflectivity (NR). 

To allow a direct comparison with OSC performance data, the 

active layers (supported by PEDOT:PSS, but without electrode 

deposition) were annealed at 80°C for 1 h, the AFM results are 

shown in Figure 3. As expected, we observed the formation of 

nano-sized PC60BM crystals (~100 nm)
46 

on the SC film on 

PEDOT:PSS (Figure 3a). Evidently, below the Tg of both neat 

polymer and fullerene phases, the composite films enable 

sufficient PC60BM mobility (corroborated by interdiffusion
41

 

and morphological studies
21

) to yield nano-sized aggregation.  

These nano-crystals do not form  when the film is illuminated 

prior to thermal annealing (Figure 3b), which we have 

rationalized in terms of the suppressed nucleation associated 

with photo-induced oligomerization.
21

 Our recent results on 

nano-sized PC60BM crystallization suppression by chemically 

synthesized PC60BM dimers within the active layer
41

 supports 

this interpretation. Unexpectedly, no nano-crystals are 

observed on blends produced by WBC on PEDOT:PSS 

substrates with or without light processing, as shown in Figure 

3c and 3d. The films have similar topography and roughness, 

with maximum amplitude of 10.3 nm and 11.9 nm in ‘dark’ and 

‘light’ conditions respectively. Negligible micron-sized 

crystallization is observed for all samples on PEDOT:PSS (cf. 

optical microscopy data in Figures S5 and S7), interpreted as 

due to a bias towards nano-sized crystal formation on 

PEDOT:PSS in the context of PC60BM’s competitive bimodal 

crystallization.
27,29

 The inhibition of nano-crystal formation 

with WBC coating and light processing correlates qualitatively 

with our device thermal stability results, whereby SC device 

performance in dark conditions is the least stable under 

thermal stress. 

 

Figure 4. Optical microscope images of PCDTBT: PC60BM blend 

on PEDOT:PSS substrate annealed at 140°C for l hour. Films 

deposited by (a), (b) SC and (c), (d) WBC and processed 

without (a), (c) and with (b), (d) prior light exposure. 

 

Intriguingly, we find that morphological studies of thermally 

induced PC60BM crystallization of the same blends when cast 

onto SiOx substrates, as used in several previous studies,
20, 21, 

32, 47-51
 does not correlate with our device stability data. 

Representative optical micrographs of SC and WBC films 

annealed for 1 h at 140°C, with or without prior light 

treatment, are shown in Figure 4. As cast films on SiOx are 

uniform in all cases (Figure S6) in agreement with previous 

findings,
21

 and annealing at 80°C does not suffice to induce 

crystallization, as seen by AFM and optical microscopy. 

Thermal annealing of thin blend films supported by SiOx 

substrates above glass transition temperature at 140°C results 

exclusively in micron-sized fullerene crystals,
20,21,32,47-51

 in 

contrast to nano-sized on PEDOT:PSS substrates.
21

 The number 

density of micron-scale crystals in WBC films is now 

considerably higher (Figure 4c) than in SC films (Figure 4a) for 

‘dark’ control blends. Partial suppression of micron-sized 

PC60BM crystallization is observed for both SC and WBC films 

upon prior light exposure, as shown in Figure 4b and 4d, and 

the crystal number density remains higher in the latter. While 

morphology and OSC performance are often correlated, and 

specifically large scale crystallization is generally associated 

with poor performance, these results on SiOx show the 

opposite trend with device PCE stability between WBC and SC 

devices. We find this to be a significant observation as, owing 

to the good optical contrast and simplicity sample preparation, 

SiOx substrates are often employed in surrogate optical 

microscopy morphological stability studies for OSCs under 

thermal stress; annealing temperatures higher than typical 

operating temperatures are also often employed to facilitate 

phase identification.
20,40

 In this case, we show that 

morphological results for annealed SiOx supported films are 

inversely correlated with OSC stability. However, we do find a 

positive correlation between nano-sized crystallization and the 

loss of device performance under thermal stress, at the same 

annealing temperature (80°C) and for films supported by the 

same substrate (PEDOT:PSS), as shown by Figures 2 and 3. 

 In order to rationalize these findings, we turn to NR to 

evaluate the film composition depth profiles for both SC and 

WBC techniques, light exposure and substrate types (SiOx and 

PEDOT:PSS). Our hypothesis is that PC60BM stratification 

during film formation and the effectiveness of light-induced 

oligomerization at high fullerene concentration may, jointly 

and individually, contribute to thermal stability. We recall that 

the topochemical criteria for photo-induced fullerene 2+2 

cyclo-addition requires parallel carbon double bond alignment 

of adjacent fullerenes and fullerene proximity below 4.2Å.
52

 In 

first approximation, photo-oligomerization is therefore more 

likely to be satisfied at a higher fullerene concentration, thus 

upon a stronger segregation, suggesting that local PC60BM 

concentration at both interface is likely to be critical to film 

and device thermal stability. 
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Figure 5. Neutron reflectivity data of PCDTBT:PC60BM system: 

(a) as cast SC and WBC films on PEDOT:PSS substrate; (b) SC 

films on PEDOT:PSS substrate in ‘dark’ and ‘light’ conditions 

after thermal annealing at 80°C for 1 hour; (c) as cast SC films 

on PEDOT:PSS and SiOx substrates 

 

NR was employed to measure the scattering length density 

(and thus composition) profile of thin films along the direction 

orthogonal to the film surface (ie momentum transfer along qz, 

the vertical direction). We investigate the influence of SC and 

WBC on the film depth profile, the role of the substrate 

(namely, SiOx and PEDOT:PSS) and that of moderate light 

exposure (and ‘dark’ control). Figure 5a compares the 

reflectivity and depth profile of as cast films deposited on 

PEDOT:PSS by WBC and SC. As cast depth profile of 

PCDTBT:PC60BM deposited on PEDOT:PSS using SC technique 

has been previously studied using NR
53,54

 where PC60BM 

enrichment at the top interface, with diminishing 

concentration towards the substrate interface, are observed. 

Our SC results (bottom row in Figure 5a) generally agree with 

previous reports. Compared to SC, we find that WBC films 

exhibit higher PC60BM enrichment at the air interface as well 

as more PC60BM depleted at the substrate interface (top data 

in Figure 5a), consistent with the longer time scale for film 

formation and thus component segregation. This finding is also 

consistent with the higher device FF, with the PC60BM 

enrichment at the active layer-cathode interface likely to 

improve charge collection as shown in Figure 2a. This 

segregation is not detrimental to overall device performance 

as similar PCE values were obtained for devices fabricated with 

both techniques. Also, such segregation correlates well with 

expected higher efficiency for photo-oligomerization and thus 

the observed superior device thermal stability upon light 

exposure. Indeed, we observe the illuminated WBC condition 

offers the most stable device performance of all four 

conditions tested (Figure 2b). In short, our results suggest that 

the longer drying time associated with WBC result in enhanced 

compositional segregation, and thus a film depth profile which 

is more thermally stable and more susceptible to photo-

oligomerization compared to SC films.  

In agreement with our previous findings on 

polystyrene(PS):C60,
55

 we find that light exposure does not 

alter the film reflectivity profiles, and thus the composition 

depth profile, of polymer:fullerene films. Here we show the 

scattering length density (SLD)/ PC60BM composition depth 

profiles of light-processed spun cast films also remain largely 

unchanged upon 80°C annealing (red filled data), compared to 

as cast films (black unfilled data) as shown in Figure 5b. This 

robustness to annealing illustrates the role of PC60BM photo-

oligomerization in OSC film stability and contrasts with the 

depth profile changes of films annealed without prior 

illumination (black filled data) (‘dark’ SC). Indeed, we find 

enhanced PC60BM surface segregation in ‘dark’ SC films upon 

annealing and, in AFM which probes the lateral structure, we 

observe the formation of PC60BM nano-sized crystals (Figure 

3a).  

We finally compare the composition depth profile of films 

supported by PEDOT:PSS  and SiOx substrates and a more 

uniform PC60BM profile in the latter, compared to the former 

(Figure 5c). This stratification is mediated by the lower surface 

energy of PEDOT:PSS (≈47 mNm
-1

), compared to SiOx (≈73 

mNm
-1

).
56

 The device thermal instability appears to correlate 

with the formation of nano-sized crystals in the active layer, 

whose inhibition (e.g. by light-induced oligomerization of 

PC60BM) yields OSCs with enhanced thermal stabilities. The 

presence of a trivial fraction of PC60BM oligomers (10-20 %) 

appears to effectively suppress nucleation and thus film 

crystallization.
20,21,41
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Evidently, WB films form over longer timescales compared to 

SC films, which appears to yield enhanced film composition 

segregation as shown by NR, which we believe hinders PC60BM 

diffusion. Light exposure further improves both WBC and SC 

devices yielding solar cells with enhanced lifetimes. This 

synergistic effect is particularly significant for WBC cells, whose 

lifetime improvement appears to be approximately 

multiplicative (instead of additive, for example) with respect to 

SC ‘dark’ devices. 

Conclusions 

In summary, we examine the morphology and performance of 

PCDTBT:PC60BM organic solar cells fabricated by two 

significant solution casting techniques: wire bar coating (WBC), 

compatible with large scale manufacturing, and spin coating 

(SC), well established for lab-scale fabrication and employed 

for most OSC research. We find that both WBC and SC solar 

cells yield similar initial performance, despite slight variations 

of JSC and FF, as measured by PCE (≈5 %). WBC utilizes a much 

lower solution volume than that required by SC of equivalent 

active layer films. Further, we find that WBC cells exhibit 

improved device thermal stabilities, measured over 1000 h 

annealing at 80°C, which appears to stem from enhanced 

PC60BM segregation, towards the top interface during 

deposition, which is likely due to longer film drying timescales. 

To the best of our knowledge, this is the longest time frame for 

thermal stability investigated with this system. We show that 

both WBC and SC cells respond favorably to a light processing 

step prior to thermal annealing, which increases device 

lifetime due to a morphological stabilization caused by PC60BM 

photo-oligomerization. The overall PCE lifetimes for WBC light 

processed solar cells is found to be nearly 200 times longer 

compared to conventional SC devices (manufactured without 

light processing).  

We found that widely used correlations between 

morphological stability and device lifetime can be misleading if 

morphological studies are not performed at the same 

temperature and on the same device substrate, due to impact 

of the substrate in film vertical segregation and lateral 

morphology. For example, the morphological results of WBC 

and SC on SiOx actually suggest the opposite trend for OSC 

thermally stability, since WBC films are found to result in a 

much greater fullerene crystal number density at 140°C on 

SiOx but yield OSC with much improved thermal stability on 

PEDOT:PSS. In this case, morphological studies of micron-sized 

crystallization on SiOx thus provide neither insight into OSC 

morphology on PEDOT:PSS nor prediction for its thermal 

stability and lifetime.  

We do find that OSC lifetime under thermal stress correlates 

with nano-sized crystal formation on PEDOT:PSS at the 

relevant annealing temperature. Polymer-fullerene demixing is 

well-known to impact OSC performance
57

 and we find that 

WBC results in more stable devices compared to SC. The 

timescales for film formation can be tuned by employing a 

controlled atmosphere, mixed solvents and additives, or by 

vapor annealing, opening possibilities for further improvement. 

Similarly the light-induced stabilization depends on 

wavelength, exposure duration and temperature, of which 

only one condition was explored in this work, resulting in 

substantial device lifetime enhancement. There are therefore 

realistic prospects that optimization of these processing 

parameters will enable further improvements of thermal 

stability of OSCs and relieve a major bottleneck for their 

current commercial viability. 
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