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Chapter 6 

Tracing charge transfer state in 

polymer:fullerene  

bulk-heterojunctions 

 

Charge transfer state emission in organic bulk heterojunctions has been 

demonstrated to be an important loss mechanisms, for this reason a better 

understanding of charge transfer state recombination is fundamental for the 

improvement of organic solar cells. Here the relation between photophysical and 

morphological features of a prototypical organic bulk heterojunction are 

investigated in blends with different donor acceptor ratios. By correlating imaging 

with photoluminescence spectra measured in different areas of the blends, the 

charge transfer state emission is unambiguously assigned to microscopical regions 

in which the intermixing of the two organic semiconductors is higher. 

 

 

 

 

 

 

 

 

 

 

This chapter is extracted from Marianna Manca, Claudia Piliego, Ergang Wang, Mats R 

Andersson, Andrea Mura and Maria Antonietta Loi, J. Mater. Chem. A, 1, 7321, (2013). 
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6.1 Introduction 

In recent years organic bulk heterojunction (BHJ) solar cells
[1,2]

 have gained 

increasing attention in the scientific community for their potential as ultra-low-cost 

photovoltaic technology.
[3]

 Due to latest progresses, result of a large international 

multidisciplinary effort, the maximum efficiency reported for organic solar cells 

(>10%) is approaching the performances of devices based on amorphous silicon.
[4] 

The key process behind the BHJ solar cell operation are described to start with 

the photon absorption by the active layer mostly in the donor material, which is 

generally a polymer. The photoexcitations are strongly bound electron-hole pairs, 

which may undergo diffusion before reaching the interface between the donor and 

the acceptor material, generally a fullerene derivative. At the interface of the two 

materials the dissociation of the exciton can take place, resulting in the transfer of 

the electron to the acceptor molecule while the hole remains in the donor material. 

The separated charges can be transported and collected at the respective 

electrodes.
[2,5,6]

 

Nowadays fundamental research on organic solar cells is focused on 

understanding the factors that affect their performance and the strategies to 

improve it. Among the most important topics are: the tuning of the energy level 

offset between the components of the active layer,
[7,8]

 the investigation of the 

charge generation mechanism,
[5,9]

 the improvement of the charge transport 

properties of the BHJ
[10]

 and, ultimately the efforts to limit the recombination 

losses.
[11]

 

Despite the fundamental importance of the charge generation process for the 

optimization of organic solar cells, this aspect of their functioning is still not fully 

understood and the debate is still open. In particular whether the charge separation 

is a direct process mediated by a hot excited state,
[12]

 or whether it is an ultra-fast 

electron transfer of thermalized excitations is under discussion.
[13,14]

 

Recently, the formation of charge transfer states (CTSs) has been observed in 

several bulk-heterojunctions
[6]

 and references therein. In the CTS state, the exciton 

is weakly bounded by Coulombic force, with the hole and the electron localized in 

the donor and acceptor material, respectively.
[15]

 CTS recombination has been 

demonstrated being detrimental for the overall efficiency of the device
 [16,17] 

therefore, a better understanding of the physics of the CTS in polymer: fullerene 

blends is crucial for the improvement of organic solar cells.
[6,18]

 The diagram in 

Figure 6.1 summarizes all the possible transitions between the electronic states 

upon photoexcitation following an initial proposal of Bredas et. al.
[19]

 For 

simplicity only the singlet and triplet states of the polymer and not the ones of the 

fullerene derivative are depicted. The CT state can be populated both from direct 
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excitation in the weak CT band from the ground state,
[20,21]

 via photo excitation of 

the donor and acceptor molecule followed by relaxation from singlet state into 

lowest CT states, or by the recombination of electrons and holes.
[22]

 The last 

pathway is evidenced by EL experiments and by PL measurements performed on 

solar cells in forward bias.
[9]

 It is important to note that in agreement with this 

scheme it is not possible, once the lowest CTS is reached, to form free charges. 

However, free carriers can be obtained from higher lying CTS as demonstrated by 

sub-band-gap external quantum efficiency measurements.
[17]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6.1: Schematic representation of the processes following excitation in the BHJ. [Reproduced 

from ref. 6]. 

 

Another channel for the depopulation of the CTS is through the triplet excited 

state of the blend that can be populated through the recombination of geminate 

charge carriers at the donor acceptor interface.[23,24] 

From all previous studies appears that the donor: acceptor interfacial area, the 

phase separation of the materials and their domain size play a crucial role in the 

formation of the CTS.
[9,25] 

Therefore, being able to identify the position of the CTS 

recombination in the BHJ will allow addressing some of the relevant properties of 

this state which have impact for the charge generation and recombination in solar 
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cells. Moreover, will provide important strategies for the suppression of CTS in 

BHJ solar cells.  

In the ideal bulk-heterojunction solar cell the donor and acceptor form a bi-

continuous composite with a maximum interfacial area for exciton dissociation, 

and an average domain size comparable with the exciton diffusion length (5–10 

nm).
[26]

 The extreme length scales that characterize the BHJ in the optimized 

conditions, makes impossible to correlate specific morphological features of the 

film with the optical properties of the different regions. The only possible strategy 

to overcome this problem is to use coarser morphologies than the one typically 

present in the devices. Recently, Grancini and co-workers adopted this approach to 

correlate morphology and CTS dynamics in P3HT: fullerene blends by using 

ultrafast confocal pump-probe technique.
[27] 

In their work a long-lived signal 

assigned to the CTS was observed, and localized at the interfacial regions between 

phases of the two materials.  

The aim of the present Chapter is to understand where the CTS optical 

recombination is localized in a prototypical BHJ, such as the one composed by 

poly((2,7-(9,9-(di-n-octyl)fluorene)-alt-5,5-(4',7'-di-thienyl-2',1',3'-

benzothiadiazole))) (APFO3) and [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM). Our approach to the problem differs from the one adopted previously;
[27]

 

in fact, by combining confocal laser scanning microscopy (CLSM) and spatially 

resolved photoluminescence (PL) spectroscopy we address directly the problem of 

the CTS recombination allowing a more straightforward interpretation of the 

results respect to the problem of the recombination losses in devices. With our 

technique we reach a spatial resolution below 300 nm and by measuring the PL 

signal we obtain higher detection sensitivity with lower excitation power respect to 

the one reachable with pump&probe.  

By analysing blends with different donor acceptor ratios, we measured the 

stronger CTS emission from regions of the blend in which the intermixing of the 

two materials is higher. This result provides a clear strategy to modify the 

morphology of the BHJ to suppress the CTS and consequently reduce 

recombination losses in solar cells. 

  

6.2 Materials and Methods 

Materials: APFO3 was synthetized following the procedure reported in 

literature,
[28]

 PCBM was purchased by Solenne BV. The solutions of the pristine 

APFO3 and PCBM, and the blends (66 %PCBM and 80 %PCBM) in toluene were 
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drop casted on clean glass substrates. The samples were kept in nitrogen 

atmosphere overnight to let the solution dry slowly. This procedure allowed getting 

coarsened blend morphology, suitable for our microscopy study. 

Measurements:  

 Spatially resolved PL spectroscopy is performed raster scanning and 

imaging the sample, addressing the laser beam in specific positions (dimensions 

smaller than 1 µm
2
) .All PL measurements are performed by exciting the sample at 

380 nm using a 60 times magnification oil immersion objective with NA=1.4.  

Imaging was performed exciting at different wavelengths. All measurements have 

been performed in air and at room temperature. 

 

6.3 Results and Discussions 

The blend of APFO3 and PCBM is a reference system for the study of CTS 

recombination.
[25,29–32]

 In scheme 6.1 the chemical structures of the two materials 

are presented. 
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Scheme 6.1: Chemical structures of APFO3 (R=C8H17) (a) and PCBM (b). 

 

Here the CTSs manifest themselves with a featureless emission peak at lower 

energy respect to the polymer emission, which cannot be related either to the 

emission of the polymer or to the one of the fullerene molecules. Furthermore, it 

was observed that, by increasing the PCBM percentage in the blend, the emission 

of the CTS undergoes a strong redshift due to the variation of the average dielectric 

constant of the medium.
[25,29]  

In order to spatially resolve regions of the blend with different composition by 

CLSM measurements, we prepared samples with a coarsened morphology respect 

OMe

O
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to the one that gives the solar cells with the best power conversion 

efficiencies.
[33,34]

 Two sets of samples (66% PCBM (1:2) and 80% PCBM (1:4) 

blends) from toluene solution using drop casting were prepared.  

In Figure 6.2 the normalized photoluminescence (PL) spectra of the APFO3 

and PCBM neat films and of the APFO3: PCBM 1:2 and 1:4 blends are reported. 

The copolymer emission shows the main emission peak at ~ 680 nm, PCBM has a 

main peak at ~ 730nm and a weaker shoulder at ~ 810 nm. The PL of the 1:4 blend 

shows the features of both, the neat copolymer (~ 680nm) and the fullerene 

derivative (~ 730 nm with a shoulder at  810 nm).  

The presence of the features of both components of the blend, conversely to 

what is generally recorded in solar cells active layers, is due to the phase 

segregation induced preparing the films by drop-casting from toluene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Photoluminescence spectra of thin films of APFO3, PCBM and APFO3/PCBM blends 

(1:2; and 1:4). The spectra are normalized to the maximum intensity. 

 

Together with the characteristic spectral features of the pristine materials, the 

1:2 blend shows a new peak at  800 nm with similar intensity than the 730 nm 

emission peak, which cannot be associated to any of the pristine materials 

emissions. This new feature has been attributed to the CTS emission in previous 

studies on the same blend.
[25,29]

 The fact that the CTS emission can be detected in 

the APFO3:PCBM 1:2 blend and not in the 1:4 blend suggests that the formation 

of the CTS is strongly affected by the relative concentration of the components and 
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most importantly by the resulting morphology. In order to get deeper insights about 

the role of the blend morphology and to reveal the location of the CTS emission in 

the blend film we performed CLSM measurements on the two different blends. 

In Figure 6.3a and 6.3b the confocal photoluminescence images of the 

APFO3:PCBM blends 1:2 and 1:4 are reported.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3:  CLSM images (30 μm x 30 m) of APFO3/PCBM blends: 1:2 and 1:4 blends (a and b, 
respectively). CLSM images recorded by using a long pass filter (780 nm) 1:2 blend (c) and 1:4 blend 
(d) and exciting the samples simultaneously at 488nm and 543 nm. 

 

The spatial resolution of the images is estimated as <250 nm. Both blends show 

a strong phase separation, characterized by three main different regions; the 

circular domains (darker areas in the images) detected in the spectral range above 

650 nm, the region between the domains (higher energy spectral component 515 

nm and > 650 nm) and the interfacial areas, that appear as brighter circles around 

the dark domains (features detected in the spectral range 515 nm and > 650 nm).  
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The dark domains are PCBM rich regions, instead the areas in between are 

polymer rich phases as indicated by the spectral components of the images. 

Comparing the two images (Fig. (6.3 a) and (6.3 b)), the APFO3:PCBM  1:2 blend 

shows a weaker phase separation respect the 1:4 blend, in the polymer rich phases 

of the 1:2 blend it is still possible to recognize small PCBM domains on the sub-

500 nm length-scale. 

Figure 6.3c and 6.3d show the CLSM images of APFO3:PCBM 1:2 and 1:4 

blends, respectively, recorded by using an optical long-pass filter in front of the 

photomultipliers tubes (PMT) array to detect the sample photoluminescence signal 

above 780 nm. Since the photoluminescence emission above 780 nm is mostly due 

to the PCBM (only visible when in clusters) and to the CTS state, we can estimate 

the intermixing of the two components in the blend and the presence of the CTS. 

While the 1:4 blend shows a strong photoluminescence contrast between the 

polymer and the PCBM rich regions, the 1:2 blend exhibits a diffuse emission in 

the polymer rich phases indicating the presence of PCBM and/or CTS emission 

also in these areas. In both blends, the emission at wavelength higher than 780 nm 

is stronger in the interfacial areas respect to the rest, which suggests a more 

pronounced morphology in this region or the presence of the low-energy emitting 

CTS, as proposed by Grancini et al.
[27]

 

From the spatially-integrated PL results reported in Figure 6.2 and from the 

micrographs reported in Figure 6.3, we infer that in order to have a good CTS 

emission signal a certain degree of intermixing between the two components of the 

blend is necessary. To confirm this hypothesis and to localize the CTS emission, 

we perform spatially resolved spectroscopy measurements. By recording the 

emission spectra point by point we are able to collect a set of data showing the 

spatial distribution of the PL signal. This is done by coupling the second harmonic 

of a Ti-Sapphire laser to the scanning head of a laser scanning confocal 

microscope, the photoluminescence coming from the sample is detected by three 

PMTs, which allows reconstructing the PL image of the sample point by point. 

After imaging, a specific area of the sample is excited selectively to detect the PL 

spectra of the region.  

In Figure 6.4a, regions of different typology revealed in the imaging of the 

APFO:PCBM 1:2 film are highlighted. The spatially resolved PL spectra of these 

regions are shown in Figure 6.4b. In this way, we are able to unambiguously 

determine the different contributions of the blend domains to the 

photoluminescence emission.  

The spectrum coming from the area “A” shows the typical emission of PCBM, 

confirming the assignment of the dark domains to PCBM rich phases. The 

interface spectrum, indicated by “B” in the plot, shows the spectroscopic features 
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of both the polymer and the PCBM with a prominence of the latter. This suggests 

the presence of a gradient in the PCBM concentration, going toward the PCBM 

rich domains in the film. The spectrum relative to the area “C”, which appears 

homogeneously bright shows the APFO3 emission. While the spectrum coming 

from the area “D” shows the APFO3 contribution and a new emission peaked at ~ 

800 nm, which we attributed to the CTS emission. It is important to notice that the 

CTS emission in APFO3-PCBM blend occurs in the same spectral range of the 

PCBM shoulder. However, the spectrum “D” does not show any evidence of 

PCBM emission at 730 nm, confirming that the feature at 800 nm is determined by 

the CTS recombination. It has been underlined by several authors,
[25,29]

 that the 

wavelength of the PL emission of the CTS strongly depends on the dielectric 

constant of the environment, which is determined by the composition and 

morphology of the blend.  
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Figure 6.4: CLSM image of APFO3/PCBM 1:2 blend (a) and PL spectra (b) recorded in a PCBM 
rich regions (circle A), in an interfacial region (circle B), in a polymer rich regions (circle C), and in a 
region of high intermixing between the two materials (circle D). 

 

This results show that the CTS signal is mostly localized in areas of the sample 

in which the polymer and the fullerene derivative are more intimately mixed, and 

not in proximity of macroscopic interfaces. This finding is in agreement with 

previously reported results, showing that in poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
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cyclopenta[2,1-b;3,4-b']-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] 

(PCPDTBT):PCBM blends the CTS emission is suppressed when processing the 

samples with 1,8-octanedithiol (ODT).
[17]

 Adding the high boiling point solvent 

promotes the polymer crystallization and the formation of bigger domains, 

preventing an excessive intermixing. Similarly, the highly crystalline poly[(4,4'-

bis(2-ethylhexyl)dithieno[3,2-b:2',3'-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3 

benzothiadiazole)-5,5'-diyl] (Si-PCPDTBT), was found to be not affected by the 

CTS recombination because of its high crystallinity and tendency to form supra-

molecular domains.
[16,26]

  

 

6.4 Conclusions 

We investigate and correlate the photophysical and morphological features of 

blends of APFO3 and 66% and 80% of PCBM. The integrated photoluminescence 

spectrum of the 66% blend shows a strong emission at ~ 800 nm, ascribed to the 

CTS recombination. By correlating imaging with PL spectra measured in different 

areas of the 66% PCBM film we assign, unambiguously, the CTS emission to 

microscopical regions in which the intermixing between the two materials is 

higher, confirming results of previous indirect experiments on different BHJ. 

Finally, a combination of CLSM imaging and advanced photoluminescence 

measurements turned out to be a powerful tool for understanding the physics of the 

BHJ, when the morphological characteristics of the film can be revealed. 
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