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It is nowadays accepted that, when fabricating organic photovoltaics, special attention should be paid to the microstructure 
of the donor-acceptor active layers from nano- to microscale, as the optimization of molecular conformations in such layers 
can boost the optoelectronic properties. In this work, we compare neat films of poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-
diyl)-alt-(3,3’’’-di(2-octyldodecyl)2,2’;5’,2’’;5’’,2’’’ quarter-thiophen-5,5’’’-diyl)] conjugated polymer along with films blended with 
fullerene acceptors, that were deposited using both spin casting and convective self-assembly techniques. Our results show 
that convective self-assembly technique induces a more optimized film microstructure comprised of molecular conformations 
favoring a slightly higher photoluminescence quenching as well as shorter fluorescence lifetimes.  
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1. Introduction 
 

Nowadays, organic photovoltaics (OPVs) receive a 

great attention thanks to their highly desired properties such 

as flexibility, rather cheap production, lightweight or 

(semi)transparency [1-4], just to name a few. In the future 

OPVs could represent a viable solution to boost the 

renewable energy sector, especially that at the moment low 

cost casting processes such as slot die and inkjet speed up 

their production [5]. Moreover, in the last few years the 

power conversion efficiencies for organic solar cells 

exceeded 11% [6]. Solar cell efficiency is closely linked to 

the absorption capabilities of the active layer as well as to 

its microstructure at all length scales that essentially 

dictates the efficiencies of exciton diffusion, charge transfer 

at the donor-acceptor interfaces, carrier migration, etc. 

Achieving, for example, an active layer with optimized 

microstructure, that is comprised of appropriate molecular 

packing at the nanoscale, can facilitate better exciton 

splitting and charge transfer [7-11] and can lead to altered 

absorption and emission properties [12], including higher 

photoluminescence (PL) quenching [13-15]. 

There are many film-forming techniques that can be 

used to reach an optimized microstructure in the active 

layers, including spin casting [16], screen printing [17], 

inkjet printing [18], gravure printing [19] and coating [20], 

roll-to-roll techniques [21], knife-over-edge casting and 

meniscus coating [22], slot die coating [23], spray coating 

[24], etc. Each technique has its advantages and 

disadvantages. For example, some of these techniques are 

not being suited for high-volume production while others 

work with rather great losses of materials. Moreover, the 

morphology at nano- and micro-scale can be controlled and 

essentially optimized by choosing not only the most 

suitable deposition technique but, also the right 

experimental parameters [25]. Furthermore, controlling the 

fluid flow [26], using antisolvent and additives [27], 

controlling the evaporation rate [28], controlling the 

interactions between solute, solvent and substrate [29], etc., 

could further help optimizing film microstructure. 

In this work we present the altering of the 

optoelectronic properties taking place in thin films of both 

neat poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-

(3,3’’’-di(2-octyldodecyl)2,2’;5’,2’’;5’’,2’’’ quarter-

thiophen-5,5’’’-diyl)] (PCE11; see its chemical structure in 

Fig. 1a) and PCE11 blended either with [6,6]-phenyl-C61 

butyric acid methyl ester ([C60]PCBM; Fig. 1b) or with 

[6,6]-phenyl C71 butyric acid methyl ester ([C70]PCBM; 

Fig. 1c) that were deposited using both spin casting and 

convective self-assembly (CSA) techniques. Note here that 

PCE11 is a low band-gap semiconducting polymer with a 

high crystallinity [30], good hole transport mobilities [31] 

and efficient light absorption [32] while fullerenes are 

considered in the literature as the most efficient electron 

acceptors in organic photovoltaic devices [33-35]. The 

results obtained using absorption, PL and fluorescence-

lifetime imaging microscopy (FLIM) indicate that, in 

comparison to spin cast films, thin conjugated films 

deposited via CSA adopt more optimized molecular 

conformations that are slightly favoring PL quenching and 

thus, that could implicitly favor the charge transfer process 

in OPV devices [36]. Thus, CSA deposition technique can 
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be used to manipulate the optoelectronic properties in a 

highly reproducible manner over large area substrates. 

 

 
2. Experimental section 
 

PCE11 of a weight-average molecular weight Mw =
112.707kg/mol, number-average molecular weight Mn =
55.674kg/mol and of Đ = 2.02 was purchased from Ossila 

Ltd, United Kingdom. [C70]PCBM (≥ 99%)  and 

[C60]PCBM (≥ 99.5%)  were acquired from Solenne BV, 

Netherlands. 

Thin films of PCE11, PCE11:[C60]PCBM and 

PCE11:[C70]PCBM were prepared by spin casting at 2000 

rpm (at room temperature) from a 6 g/l chlorobenzene 

solution previously heated at 80 °C for 1 hour, as well as by 

CSA at a deposition speed of 10 µm/s (at room 

temperature). Note that chlorobenzene is a good solvent for 

PCE11, [C60]PCBM and [C70]PCBM systems. A 50/50 

weight % ratio was used to obtain blend solutions. For all 

films, regular microscopy cover glass was used as substrate. 

The CSA coater was comprised of a motorized translational 

stage that is using a linear actuator from Zaber 

Technologies and that is capable to move with speeds 

ranging between ~ 4.7 μm/s to 8 mm/s. A cover glass that 

acted as a blade was fixed in the near vicinity of the 

substrate at the desired angle while the polymer solution 

was placed on the substrate, underneath and nearby the edge 

of the blade. More details about this technique can also be 

found elsewhere [12]. 

Absorption spectra of thin films were acquired using a 

V-530 UV-VIS spectrophotometer from Jasco (spectral 

range of 190-1100 nm). PL spectra were collected using a 

FP-6500 spectrofluorometer from Jasco (excitation 

wavelength range of 220-750 nm). All PL spectra were 

recorded using an excitation wavelength of 640 nm.  

FLIM measurements were performed on a 

MicroTime200 time-resolved confocal fluorescence 

microscope system (Pico-Quant), equipped with an inverted 

microscope (IX 71, Olympus) and coupled to a time-

correlated single-photon counting module.  

 
 
3. Results and discussions 
 

We start by observing that FLIM technique was able to 

indirectly distinguish changes in microstructure, both in 

neat films of PCE11 and in PCE11:[C60]PCBM films, that 

were induced by spin casting and CSA deposition 

techniques (Fig. 2 a-b). This was possible due to the nature 

of FLIM images that were generated by determining the 

fluorescence lifetime for each pixel of a specific image. 

This means that a FLIM image represents a spatial map 

distribution of lifetimes of various excited chromophores. 

Thus, indirectly, FLIM images give information on film 

microstructure and on its inhomogeneities due to 

differences in fluorescence lifetimes generated by different 

speeds of energy transfer taking place, for example, in 

various structures/polymer chains adopting different 

molecular conformations. For example, in Fig. 2c we can 

notice that the histograms exhibiting the fluorescence 

lifetime for the neat PCE11 films deposited by spin casting 

and CSA are rather narrow, indicating, in average, a rather 

unique mechanism of decay, i.e. a unique lifetime 

corresponding to each of these films. That is why these 

films appeared rather featureless as it can be seen in Fig. 2a. 

Here, the as cast PCE11 film appeared smooth with only 

few scattered structures, while the film prepared using CSA 

exhibited slightly more structures homogeneously 

distributed over the whole area. But, plenty of such 

structures were visible for PCE11:[C60]PCBM films, with 

the observation that, the film deposited using CSA 

presented few additional larger aggregates (Fig. 2b). 

 

 
 

Fig. 1. (a-c) Molecular structure of electron donor PCE11 

polymer (a) and electron acceptors [C60]PCBM (b) and  

                                 [C70]PCBM (c). 

 

Overall, the fluorescence average lifetime of the 

PCE11 film prepared by CSA appeared shorter (~ 0.35 ns) 

when compared to that recorded for the as cast film (~ 0.42 

ns). Although not as clear, a similar trend was also observed 

for the two blended films. In this latter case, we could notice 

that the peak corresponding to the blended film made by 

spin casting was wider, most probably due to the existence 

of several types of intermixed morphologies. Furthermore, 

fluorescence lifetimes recorded for blended films were 

shorter than those measured for neat films, possibly 

indicating the existence of two different decaying 

mechanisms (for example, we do expect intense PL 

quenching to take place in blended films). According to the 

literature [37,38], shorter fluorescence lifetimes are 

corresponding to aggregates and/or to areas containing 

aggregated chains rather than to single chains. This 
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observation is in good agreement with our results which are 

showing more aggregates in blended films and in thin films 

deposited by CSA (Fig. 2 (a-b)). 

 

 
 

Fig. 2. (a-b) FLIM images of PCE11 (a) and 

PCE11:[C60]PCBM films (b) deposited by spin casting 

(left) as well as by CSA (right). (c) Normalized histograms 

            of the corresponding fluorescence lifetimes 

Because there is a demonstrated correlation between 

FLIM and PL quenching, both type of measurements being 

influenced by internal processes such as the exciton 

separation at the donor-acceptor interfaces, charge mobility 

and transfer [39, 40], we have further compared PL 

measurements of neat and blended films obtained by spin 

casting and CSA. Recorded results have shown that there is 

a significant PL quenching in both blended films, with the 

observation that PL quenching is higher (75%) in the film 

deposited using CSA compared to the as cast film (65%) 

(Fig. 3a). This most quenched PL intensity is corresponding 

to the shortest fluorescence lifetime (see the peak located at 

~ 0.33 ns in Fig. 2c). This is in agreement with results 

reported in the literature for other donor-acceptor systems 

[41, 42]. We tentatively suggest that the 10% higher PL 

quenching observed in the CSA-cast film could be related 

to more favorable molecular conformations induced by 

CSA, i.e. to slightly smaller but probably more 

interconnected aggregates with larger interface area, that 

could enable stronger polymer-[C60]PCBM quencher 

interactions. 

 

 
 

Fig. 3. (a-b) Normalized PL (a) and UV-VIS spectra (b) 

of PCE11 and PCE11:[C60]PCBM films obtained by 

spin casting and CSA 

 

Changes on the molecular and supramolecular 

assembly level can further be inferred by comparing the 

absorption spectra of neat and blended films deposited by 
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spin casting and CSA. Indeed, the normalized absorption 

spectra presented in Fig. 3 b display several structure related 

features. We point out from the beginning that the presence 

of the three peaks located around 455 nm, 635 nm and 700 

nm in the absorption spectra indicates the well-aggregated 

nature of PCE11 polymer system [43]. The peak located at 

~ 700 nm is representing a strong 0-0 transition that is 

indicative of strong π-π interactions of the polymer chains 

in all films. This is in agreement to similar observations 

reported in the literature [34].  

Moreover, in Fig. 3b we could observe that the 

intensity of 0-0 transition peak is slightly higher for the as 

cast films compared to the films obtained via CSA. This 

observation was also valid for neat films when compared to 

their corresponding blended films. Thus, we can conclude 

that both CSA technique as well as blending process are 

leading to films with slightly decreased aggregation and/or 

comprised of smaller π-π aggregates. We suggest this latter 

possibility to be more favorable as it is in line with our 

previous suggestion on the existence of smaller and rather 

more interconnected aggregates induced by CSA. 

The above observations seem to be in contradiction 

with the FLIM results recorded for blended films and CSA-

deposited films that exhibited shorter fluorescence 

lifetimes, an indicative of rather more aggregated structures 

(Fig. 2c). A possible explanation that would eliminate this 

contradiction could be the slightly different nature of the 

aggregates forming in our thin films. On one hand, neat 

films of highly crystalline PCE11 can display rather large 

aggregates of better molecular ordering given by a strong 

out-of-plane π–π stacking peak and more face-on 

orientation [34]. In comparison, films of PCE11 blended 

with fullerene tend to display still highly crystalline and yet 

~ 30-40 nm small polymer domains [34]. On the other hand, 

it is not excluded that CSA could lead to smaller, but better 

interconnected aggregates than spin casting does due to the 

fact that CSA maintains constant the temperature of the 

substrate during unidirectional film deposition, which is not 

the case for spin casting. 

The absorption results shown in Fig. 3b have 

furthermore revealed that the absorption of the 

PCE11:[C60]PCBM films was larger across the 350-630 

nm spectral range (including the peak located at ~ 455 nm). 

This was attributed to the additional absorption of 

[C60]PCBM acceptor system (see the absorption of 

[C60]PCBM in Fig. 3b denoted by the broken grey line). 

This increase in light absorption by [C60]PCBM  could 

eventually lead to the improvement of some specific 

parameters that are generally characterizing photovoltaic 

PCE11:[C60]PCBM devices [30]. 

All these previous results regarding PCE11 were 

further reconfirmed when we have blended this polymer 

system with the larger [C70]PCBM acceptor. Again, many 

aggregated structures were observed in FLIM images for 

both PCE11:[C70]PCBM films deposited using spin 

casting and CSA (Fig. 4a), with the observation that the 

structural features observed in the film deposited via CSA 

seemed finer and rather more interconnected. Moreover, 

fluorescence lifetime recorded for PCE11:[C70]PCBM as 

spin cast film was also shorter than that measured for its 

corresponding neat film (~ 0.36 ns compared to ~ 0.42 ns; 

see Fig. 4b). Similar trend was observed for blended and 

neat films deposited using CSA. Again, these results 

indicated that the microstructure of blended films and of 

thin films deposited using CSA is comprised of structures 

containing more aggregates[37, 38]. 

 

 
 

Fig. 4. (a) FLIM images of PCE11 and PCE11: 

[C70]PCBM films deposited using spin casting and CSA. 

(b) Normalized histograms of the corresponding 

                          fluorescence lifetimes 

 

The emission and absorption properties of 

PCE11:[C70]PCBM films are presented in Fig. 5 and 

showed no notable differences when compared to those 

obtained for PCE11:[C60]PCBM films. PL quenching was 

still significant, reaching 68% and 62% for 

PCE11:[C70]PCBM films deposited using CSA and spin 

casting, respectively. These values are slightly lower than 
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those recorded for PCE11:[C60]PCBM films (see Fig. 3 a 

for comparison). Again, the most quenched PL intensity 

corresponded to the shortest average fluorescence lifetime 

of ~ 0.34 ns (see Fig. 4b). 

Furthermore, the absorption spectra recorded for 

PCE11:[C70]PCBM films exhibited similar structural 

features given by the peaks located around 455 nm, 635 nm 

and 700 nm and thus, they pointed out towards the existence 

of a well-aggregated microstructure (Fig. 5b). In this case 

too, we could observe that the intensity of 0-0 transition 

peak located at ~ 700 nm was slightly higher for the as cast 

films compared to films obtained via CSA, most probably a 

direct consequence of the microstructure and of the degree 

of π-π aggregation induced by two very different methods 

of film deposition (see the rationale previously described 

for the PCE11:[C60]PCBM films). Again, the absorption of 

PCE11:[C70]PCBM films was larger across the 350-600 

nm spectral range due to the additional absorption of 

[C70]PCBM (see its absorption spectrum indicated in Fig. 

5b by the broken grey line). 

 

 
 

Fig. 5. (a-b) Normalized PL (a) and absorption (b) 

spectra of PCE11 and PCE11:[C70]PCBM films 

deposited by spin casting and CSA 

 

 
4. Conclusions 

 

In this work we have used CSA and spin casting 

deposition methods to obtain neat films of PCE11 as well 

as films blended with [C60]PCBM and [C70]PCBM 

fullerenes. We found a correlation between the film induced 

microstructure and the resulting optoelectronic properties 

such as absorption, emission or fluorescence lifetimes. In 

comparison to as spin cast films, films prepared by CSA 

technique exhibited slightly higher PL quenching and 

shorter fluorescence lifetimes due to more favorable 

molecular conformations and packing adopted by 

molecules during the deposition process. These results are 

valuable for the future design and fabrication of organic 

solar cells, with the emphasis on the processing of the active 

layers.   
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