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We report on the effects of continuous UV-visible light illumination at 60°C in the absence of oxygen on P3HT:PCBM blend films commonly used active layer of bulk heterojunction solar cells. A full description of the behavior of P3HT:PCBM blend films either unconfined or confined by an Al cathode and a PEDOT:PSS layer during annealing treatment and irradiation is provided. We also focused on the impact of the P3HT-type on the photostability. It was shown that the microstructure of P3HT dramatically influenced the photodegradation process of P3HT thin films deposited on inert substrate. The rate of photodegradation process was decreased when P3HT was blended with PCBM. It was shown that the photostability of the

Introduction

Research and commercialization of polymers as electronically active and inactive supports for organic solar cells (OSCs) is expected to undergo explosive growth in the short-to mediumterm future [1,2]. Polymer-based OSCs are attractive alternatives to silicon technology, due to their relatively low cost, flexibility, coloration, and semi-transparency [3], these properties making them ideal candidates for building integrated applications. To compete with silicon devices, intense efforts have been aimed at improving the power conversion efficiency of OSCs, which reached 8,3 % last year [4]. However, current OSCs only fit niche-markets due to reduced lifetimes. OSCs lifetimes must be improved before large-scale industrialization can take place [5]. The understanding of OSC failure mechanisms has recently built a foundation of knowledge. OSCs exhibit low resistance to the combined actions of sunlight, temperature, O 2 , and H 2 O. Ageing occurs at each layer and interface [6]. The photochemical stability of the polymer active layer is one aspect of the complex OSCs stability problem, and three points have to be taken into consideration:

(i) Almost all organic polymers are unstable under UV light irradiation at ambient air [7][8][9].

Photodegradation of polymeric materials is strongly attenuated when irradiations are performed in the absence of oxygen. This was recently evidenced in the case of both MDMO-PPV (poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenylenevinylene) and P3HT poly(3-hexyl thiophene) [10,11]. It was also shown that the degradation rate dramatically decreases when the conjugated polymer is blended with fullerene derivatives such as PCBM ( [6,6]-phenyl C61butyric acid methyl ester) [10,11]. This effect comes from both the radical scavenging properties of the fullerene and its ability to quench the polymer singlet state [10,11].

(ii) Besides, the active layer morphology is a key factor for the efficiency of OSCs [1,[12][13],

and recent studies have evidenced that dispersity, molecular weight and regioregularity of P3HT strongly influence the P3HT:PCBM active layer morphology and consequently the performances [14][15][16].

(iii) Lastly interfaces are known to limit OSCs lifetimes [17][18][19]. In particular, recently published results have shown that the PEDOT-PSS layer is susceptible to induce the degradation of the active layer [17]. The devices were irradiated without cathode and so the photodegradation of the active layer at the Al cathode interface was not investigated. Furthermore, comparing the stability of active layers unconfined or confined by an Al cathode, phase segregation was reported to occur at longer time in the latter case due to the confining effects of the Al cathode [12,[20][21].

In this work, we examine the photochemical stability of P3HT:PCBM blended films prepared by changing the P3HT type. Furthermore, we investigate these blends either confined or unconfined by an Al cathode and a PEDOT:PSS layer during photochemical ageing. Samples were submitted to accelerated tests under UV-visible light at 60°C in the absence of oxygen. A set of experiments was developed to monitor the modifications during ageing, i.e., UV-visible spectroscopy, microfluorescence and AFM (Atomic Force Microscopy).

Experimental

Materials

P3HT was purchased from BASF (so-called BA02), Sigma Aldrich (AL02) and Rieke Metals, Inc. (RE) respectively. The structural parameters of the three materials are reported in Table 1 that gives both the data obtained from the producers and those determined in the lab. PCBM was purchased from American Dye Source. Poly (3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS, Baytron PH) was purchased from HC Stark. Anhydrous chlorobenzene (HPLC grade) was purchased from Sigma-Aldrich.

Table 1 Samples preparation.

Two solutions (40 mg mL -1 ) of P3HT and PCBM respectively were prepared. A first series of P3HT and P3HT:PCBM blend films were prepared via spin coating (G3P-8 Spincoat, Cookson Electronics Equipment) on KBr and glass plates from chlorobenzene solutions. Sample thickness (~ 150 nm) was determined by profilometry using a KLA Tencor Alpha-step IQ apparatus.

A second series of samples having a glass/ITO/PEDOT:PSS/P3HT:PCBM/Al structure were prepared. Glass coated ITO (100 nm thickness) substrates from Merck Display Technology were cleaned in an ultrasonic bath with acetone and isopropanol, and then rinsed in deionised water. They were finally exposed to UV-ozone for 5 min. Patterning of the anode has been obtained by chemical etching in warm HCl solution. A 30 nm thick PEDOT:PSS film was then spin-coated and dried under air for 40 min at 180 °C. The P3HT:PCBM (1:1 and 1:0.8) active layer (~ 150 nm) was next deposited by spin-coating in a glove box. Finally, ~100-nm-thick Al cathode was deposited on the P3HT/PCBM layer under high vacuum using a thermal evaporator.

For thermal annealing, the completed devices were placed directly onto a hot plate and heated at 150 °C for 30 min (AL02) or 50 min (BA02 and RE) under inert atmosphere immediately after spin-coating.

Photo-Ageing.

Irradiations were carried out in a SEPAP 12/24 unit [22]. This apparatus was designed for the study of polymer photodegradation under artificial ageing conditions corresponding to medium-acceleration conditions. The chamber was made of a square reactor equipped with four medium-pressure mercury lamps (Novalamp RVC 400W) situated in vertical positions at each corner of the chamber. Wavelengths below 295 nm were filtered by the glass envelope of the sources. In the centre of the chamber, the samples were fixed on a rotating carousel with a 13 cm diameter. In this series of experiments, the temperature was fixed at 60 °C. All the exposures were carried out in the absence of oxygen ("photolysis"). To this end, the samples were introduced into borosilicate tubes and sealed under a vacuum of 10 -3 Pa using a diffusion vacuum line. The tubes were then placed in the SEPAP 12/24 device.

Samples characterization

Changes in the UV-visible spectra were followed with a Shimadzu UV-2101PC spectrophotometer equipped with an integrating sphere.

Fluorescence microscopy images were obtained on a Zeiss AxioPlan 2 under bichromatic excitation (405 and 436 nm).

A Nanoscope IIIa atomic force microscope from Veeco Instruments was used for AFM analysis of the active layer. Two types of P3HT:PCBM areas were investigated : either near the cathode or below the cathode after removing Al thanks to the scotch-tape method.

PV properties monitoring

Solar cells were characterized under AM 1.5G illumination at 94 mW cm -2 using an Atlas Solar constant 575PV simulator. Current-voltage characteristics were measured via a computercontrolled Keithley SMU 2400 unit.

Results and Discussion

Evolution of the P3HT thin films deposited on inert substrate

Before providing the results of the analysis of the photochemical evolution in the absence of oxygen of P3HT:PCBM, it is worth to present the main results related to P3HT photodegradation in the same irradiation setup. Results obtained with high regioregular P3HT (HR-P3HT, RR: 98%), namely BA02 and AL02, are compared with P3HT Rieke "E" (RE) (RR: 96%) used in a previous study [11]. Both the shape of the UV-visible absorption band and the photodegradation rate sensitively depend on the structure of the polymer.

Prior to irradiation, pristine P3HT presented a broad absorption band indicative of an extensive π-electron delocalisation. Three absorption maxima are observed at 520 nm, 552 nm and 600 nm, the intensity of this latter increasing with the molecular order in the film [23]. It can be observed in Fig. 1a that HR-P3HT (BA02 and AL02, RR: 98%) has an absorption maximum at 552 nm, and shows an intense feature at 600 nm, which indicates a significantly higher degree of crystallinity compared to P3HT Rieke E (RR: 96%), which absorption is blue-shifted with λ max value at 520 nm.

Figure 1

During irradiation, a decay in the intensity of the absorption band at long wavelengths (λ > 450 nm) and a blue shift were observed for the three samples (see for example, evolution of BA02 reported in Fig. 1b). This indicated a reduction of the conjugation length in the macromolecular backbone, which provokes the photobleaching of the polymer. In addition, photolysis altered the degree of interchain order in the microcrystalline domains of P3HT, as evidenced by the progressive disappearance of the shoulders at 552 and 600 nm.

The absorbance evolution was monitored versus the ageing time. The absorbance at the initial maximum (552 nm for BA02 and AL02, 520 nm for RE) showed a linear decrease during the initial phase of the photodegradation. The degradation rate was determined as the initial slope of the curve A = f(t) (the concentration was obtained taking into account a thickness of 150 nm and an extinction coefficient of the thiophene unit ε =10 4 M -1 cm -1 [24]). The photodegradation rates (mol cm -3 h -1 ) of the three samples are reported in Table 2.

Table 2

One can observe in Table 2 that high-regioregular P3HT (BA02 and AL02) was photolyzed slower than RE by a factor of about 5, and that AL02 and BA02 degraded at the same rate.

These observations confirm that P3HT is photo-unstable even in absence of oxygen [11], and show that the microstructure of P3HT has a measurable effect on the photolysis rate.

Such an influence of the microstructure was also reported upon photooxidation experiments [24]. Changing the structure of the polymer from regioregular to regiorandom was shown to significantly increase the photooxidation rate by a factor 5 [24]. Concerning BA02, AL02 and RE, we showed that the photooxidation rate of RE is the double of BA02 and AL02

[unpublished data]. Upon photooxidative experiments, it was suggested that this effect could be related to the higher triplet yield of the regiorandom polymer, a possible pathway being the sensitization of singlet oxygen [24], meanwhile it has been shown that P3HT films are not attack by singlet oxygen [25]. This kind of explanation is not relevant under irradiation in the absence of oxygen. As it was not the goal of this paper, this will not be discussed here but results will be presented in a forthcoming paper.

Evolution of the P3HT:PCBM blended films deposited on inert substrate

We previously showed that the P3HT degradation rate can be suppressed when P3HT is blended with PCBM [11], and that the degradation of P3HT was faster when the amount of PCBM in the active was reduced [17]. So to observe significant effects after reduced irradiation durations, we decided to prepare P3HT:PCBM (1:0.6) blend samples.

The morphology of solar cells within the bulk heterojunction layer has been shown to be strongly affected by thermal annealing treatments [26][27][28]. The UV-visible spectra of P3HT:PCBM (1:0.6) deposited on KBr substrate are shown in Figure 2a. The first (black line) is where the active layer was simply spin coated onto the glass substrate. The second (dashed line) is where the active layer was annealed under a nitrogen atmosphere at 150°C for 30 min.

For the thermally annealed active layer, the shoulder centered at 605 nm arises from the crystallization of the P3HT and further enhances the absorption in the visible range.

Figure 2

Figure 2b show the absorption spectra of P3HT:PCBM blend films after annealing treatment for the three P3HT. The cristallinity of Al02 and RE in blend films is observed to be roughly the same and quite lower than that of BA02 blend films. But the cristallinity of BA02 and AL02 was shown to be equivalent in pristine films, and quite higher than that of RE (see Fig. 1a). The different behavior of the two high-regioregular P3HT in pristine and blend films was attributed to difference in their respective molecular weight: BA02 has a quite lower molecular weight (26 000 g mol -1 ) than AL02 (98 000 g mol -1 ).

Table 3

Table 3 compares the photolysis rates of the P3HT:PCBM blend films using BA02, AL02 and RE. As previously observed for pristine P3HT thin films (see Table 2), the photolysis rates of high-regioregular P3HT(AL02 and BA02):PCBM blend films is slower than the one of P3HT(RE):PCBM.

Evolution of the P3HT:PCBM blended films deposited on the PEDOT:PSS layers

From this section, only the two high-regioregular P3HT (AL02 and BA02) were used because of their highest photostability. We first compared the UV-visible spectra of the P3HT:PCBM (1:0.6) blends deposited on glass/ITO and glass/ITO/PEDOT:PSS. It is noteworthy to recall that the PEDOT:PSS film was dried for 40 min at 180°C before the deposit of the P3HT:PCBM layer.

Before exposure, no significant differences were evidenced between the UV-visible spectra of the glass/ITO/P3HT:PCBM and the glass/ITO/PEDOT:PSS/P3HT:PCBM samples.

The glass/ITO/PEDOT:PSS/P3HT:PCBM samples were submitted to irradiation in the absence of oxygen for 500 h. Irradiation of glass/ITO/PEDOT:PSS/P3HT:PCBM was observed to provoke the same weak decrease of the UV-visible absorbance as the one previously reported for the glass/ITO/P3HT:PCBM samples (see section 3.2). This result was not unexpected as it was previously shown that the degradation of the P3HT:PCBM active layer induced by the PEDOT:PSS layer can be suppressed when the annealing temperature of the PEDOT:PSS layer was carried out at high temperature (180°C instead of 140°C) [17].

Analysis of the active layer in the cell confined and unconfined by an AL cathode

We then focused on the behavior and photostability of high-regioregular P3HT using PCBM as the acceptor in bulk heterojunction devices with a general structure of glass/ITO/PEDOT:PSS/P3HT:PCBM/Al. The P3HT:PCBM ratio was either 1:1 or 1:0.8.

We analyzed before and after exposure the active layer unconfined by the Al cathode (i.e. free space between the two cathodes) or confined by the cathode after its removal by scotchtapping. Optical and fluorescence microscopy were used to provide both a qualitative and quantitative inspection of the P3HT:PCBM blend morphology.

A sample annealed for 100 h at 100 °C served as a reference for an accelerated ageing test because prolonged annealing has previously been shown to provoke phase separation, leading to the formation of PCBM domains up to 100 µm in size [30]. The fluorescence properties of P3HT and PCBM allowed for characterization of spatial variations in the emission [29], so measurements were also performed on pure P3HT and pure PCBM. In the case of the aged sample, the formation of dark domains was observed in the transmission and fluorescence images (Fig. 3). Emission spectra (λ exc = 405 and 436 nm) confirmed that these domains were PCBM crystals dispersed within a P3HT-rich matrix.

Figure 3

AFM offers a second means to characterize the surface of the active layer [31]. We observed in the phase images the presence of large features which correspond to PCBM aggregates (Figure 4). 

Influence of the P3HT-type on the morphology of P3HT:PCBM blend films unconfined and confined by an Al cathode

The impact of the composition and preparation of the active layer on the device stability was studied. Four different P3HT:PCBM devices were prepared by changing the P3HT type (AL02 and BA02) and the P3HT:PCBM weight ratio (1:1 and 1:0.8). It is noteworthy that with some optimization (duration of the annealing treatment after cathode evaporation) similar peak performances were attained for the four devices.

We first compared the P3HT:PCBM blend films confined or unconfined by the Al cathode before exposure. The anode interface is the same in both cases. The difference between these two types of samples is that with the former, the active layer was confined by the cathode during annealing treatment.

The UV-visible spectra of confined (after cathode removal) and unconfined P3HT:PCBM were compared. Figure 5 shows that the cristallinity of P3HT (band at 605 nm) was the same in both samples but that the PCBM content, determined by the intensity of the band at 330 nm, was lower in the confined sample suggesting a probable diffusion of PCBM upon the evaporation of the Al layer and the annealing treatment.

Figure 5

Optical micrographs were used to provide a qualitative analysis of the active layer morphology around the cathodes. We observed the presence of needlelike crystals which were attributed to PCBM thanks to microfluorescence analysis. The surface of the active layer was also characterized by AFM, which allowed us to confirm the presence of PCBM crystals between the cathodes. PCBM crystals were not homogeneously distributed over the entire surface and were observed to be greater on the edges of the devices.

Optical micrographs also allowed evidencing the presence of a diffusion layer near the cathode interface, which was evidenced to be P3HT-rich thanks to microfluorescence analysis.

The influence of the P3HT-type (BA02 and AL02) and of the P3HT:PCBM ratio (1:1 or 1:0.8) were analyzed. Microfluorescence spectra recorded between the cathodes (Figure 6a) showed that AL02 fluorescence in P3HT:PCBM 1:0.8 was the highest indicating that a high P3HT molecular weight favored phase separation. This behavior was also evidenced by AFM images of the top surface of the P3HT(BA02):PCBM (Fig. 6b) and P3HT(AL02):PCBM blend films (Fig. 6c). For P3HT(BA02):PCBM film, the PCBM is dispersed uniformly throughout the film and the contrast between P3HT and PCBM is not easily detected. On the opposite, for P3HT(AL02):PCBM film, the phase separation is strong and the image (Fig. 6c) shows nanocrystallites of PCBM.

Figure 6

Lastly, micro-fluorescence analyses were performed at the surface of the P3HT:PCBM blend film confined by the Al cathode. Emission spectra reported in Figure 7 showed that the interface is a P3HT-rich matrix.

Figure 7

All these results suggest that the devices were not optimized (even if optimization of the devices was made in the lab). It was reported that ideal P3HT:PCBM bulk heterojunction solar cells need PCBM at the surface to be in contact with the cathode, in order to obtain an efficient extraction of electrons from the device [32,33]. Upon Al evaporation and subsequent annealing treatment, PCBM was suspected to diffuse from "under the cathode" areas to "between the cathodes" areas, and finally to the edges of our devices. Although facile solution-phase fabrication is one of the main advantages of organic solar cells, it is well-known that devices are sensitive to small variations in the processing conditions [32]. In the case of our samples, we tried to identify the parameters which led to low-performing devices. We believe that the first parameter was the solution concentration. Whereas usually mixtures of P3HT:PCBM (~ 10mg:10mg)/mL chlorobenzene are used, in this study mixtures of P3HT:PCBM (20mg:20mg)/mL chlorobenzene were prepared. The second parameter was related to the regioregularity of P3HT. Indeed it has been shown that crystallization-driven phase separation in P3HT:PCBM blend films is enhanced by the crystalline order of the polymer backbone [34].

Impact of continuous UV-visible light irradiation in the absence of oxygen on devices

Devices were then introduced in tubes sealed under vacuum and submitted to accelerated photo-ageing in the SEPAP 12/24 for 500 h. Unfortunately, it was not possible to measure the photovoltaic performances as Al cathodes were too fragile and broke after 500 h exposure (see Figure 8).

Figure 8

So we prepared a new set of samples with a reinforced cathode using only BA02 in P3HT:PCBM (1:0.8) active layers and decided to stop the exposure a first time after very short irradiation durations (100 h) in the absence of oxygen. The performances of these devices with a structure glass/ITO/PEDOT:PSS/P3HT:PCBM/Al are reported in Table 4.

Table 4

The active layer was analyzed by UV-visible spectroscopy, microfluorescence and AFM before and after ageing. Photo-ageing was observed to provoke a loss of the photovoltaic performances (see table 4) but no significant modification in the UV-visible spectra was monitored. It is important to note, that an increase of the fluorescence intensity was observed, suggesting a phase separation between P3HT and PCBM.

Figure 9

This result was confirmed by AFM tapping-mode images of the top surface. The picture (Fig. 9 after exposure, and see Fig. 6b before exposure) revealed that after exposure the surface of the active layer was nearly entirely composed of P3HT. A non-expected result was also observed, the total loss of the efficiency in less than 100 hours of exposure. This result could be related to cracks of the cathodes, which accounted for the loss of the photovoltaic properties as reported in Table 4. Cracks could be associated to the modification of the active layer and more specially to the P3HT nanocristallinity exhibiting a "rice-grain"-like structure [32], as it can be observed in the Figure 9. This kind of phenomenon implicates a dramatic increase of the internal strain into the active layer [35]. When the strain reached a maximum, the P3HT: PCBM bulk heterjunction could not relax and cracks are formed. It is obvious that cracks appeared at the "Achilles' heel" of the device, which is the active layer/cathode interface.

Conclusion

In summary, we have shown that regioregularity is an important variable that can drastically affect the polymer photostability. For pristine polymer films and P3HT:PCBM blend films, a more regioregular polymer gives a better photostability. However, in P3HT:PCBM solar cells, high-regioregular P3HT induce a phase segregation with PCBM upon thermal annealing, with the formation of large PCBM crystals. Furthermore, it was shown that the surface of the active layer below the Al cathode was dominated by P3HT, which is detrimental for efficient electrons extraction at the cathode. In addition, long time exposure to UV-visible light induced the formation of cracks that could be linked to the modifications of the active layer nanomorphology. Our results should be confirmed by studying less regioregular P3HT. All these results emphasize the need to better control solvent evaporation during spin-coating and to improve the mechanical behavior of the active layer/cathode interface. 1. Data obtained from the producers for the three P3HTs, and results obtained in the lab.

Table 2. Photodegradation rates of P3HT pristine thin films expressed in mol cm -3 h -1 .

Table 3. Photodegradation rates of P3HT/PCBM (1:0.6) thin films expressed in mol cm -3 h -1 . Table 4. Characteristic parameters of the devices before exposure and after 100h exposure. Table1 Table 1. Data obtained from the producers for the three P3HTs, and results obtained in the lab. 
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 8 Figure 8. Devices after 500 hours of exposure in the absence of oxygen.
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 9 Figure 9. AFM tapping-mode phase images of the top surface of P3HT(BA02):PCBM film
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 2 

	P3HT pure	BA02	AL02	RE
	Photodegradation rate (mol cm -3 h -1 )	0.70 x 10 -6	0.71 x 10 -6	3.30 x 10 -6

Table 2 .

 2 Photodegradation rates of P3HT pristine thin films.

Table 4 .

 4 Characteristic parameters of the devices before exposure and after 100 h exposure.

		Table 4			
		Jcc (mA/cm 2 ) Voc (V)	FF	η
	P3HT(BA02):PCBM (1:1) before exposure	-7.19	0.61	0.44	1.93
	P3HT(AL02):PCBM (1:1) after 100 h exposure	0	0.31	0.20	0
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