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The formation of fullerene crystals represents a major degradation pathway of polymer/fullerene bulk-

heterojunction thin films that inexorably deteriorates their photovoltaic performance. Currently no tools 

exist that reveal the origin of fullerene crystal formation vertically through the film. Here, we show that 

electron tomography can be used to study nucleation and growth of fullerene crystals. A model bulk-

heterojunction blend based on a thiophene-quinoxaline copolymer and a fullerene derivative is examined 

after controlled annealing above the glass transition temperature. We image a number of fullerene 

nanocrystals, ranging in size from 100 to 400 nanometers, and observe that their center is located close to 

the free-surface of spin-coated films. The results show that the nucleation of fullerene crystals 

predominately occurs in the upper part of the films. Moreover, electron tomography reveals that the 

nucleation is preceded by more pronounced phase separation of the blend components. 

 

Background  

In the search for inexpensive and efficient organic solar cells (OSC), 

devices using bulk heterojunction (BHJ) blends as an active layer 

have turned out to be the most promising candidates.1 In a BHJ 

blend the electron donor and the acceptor, ideally, form a 

bicontinuous network on the nanoscale, in order to optimize both 

charge generation and extraction. Today single junction devices 

utilizing a BHJ architecture have been reported to exhibit power 

conversion efficiencies (PCE) of up to 9-10%.2-8 While this is lower 

than the PCE of solar cells based on other strategies for harvesting 

solar power, the potentially low cost and ease of manufacturing at an 

industrial scale makes OSC an interesting alternative. One of several 

problems that is encountered when taking a OSC from the laboratory 

scale to large-scale manufacturing is the particular sensitivity of the 

nanostructure and ultimately the efficiency of the device with regard 

to elevated processing and operating temperatures.  

A complication with BHJ blends is that they are not at thermal 

equilibrium and thus not thermally stable. When the glass transition 

temperature (Tg) of a blend is reached the nanostructure of the blend 

starts to coarsen.9-12 This often results in a dramatic drop in PCE of a 

solar cell.9, 13-15 This behaviour is problematic, because while, for 

many BHJ blends, heat treatment is not a necessary step to make a 

working device under controlled laboratory conditions, several 

heating cycles will be necessary if devices are to be produced at an 

industrial scale. In particular, heating permits rapid removal of the 

solvent used for printing the active layer, which increase 

throughput.16 The glass transition temperature is affected by the 

choice of acceptor and donor and will thus differ between different 

BHJ blends. Several studies have been done on how the thermal 

stability of BHJ blends can be increased by choosing donor and 

acceptors with a high Tg.
17   

While different acceptors have been investigated the common choice 

for high performing devices are fullerenes, where the most well 

studied alternative is the fullerene derivative [6,6]-phenyl-C61-butric 

acid methyl ester, (PCBM). Heat treated blends utilizing PCBM will 

not only suffer from coarsening of the nanostructure, increasing the 

spatial separation of electron donor and acceptor into different 

domains, but also from the fact that PCBM will start to form 

crystals.13, 18, 19 These crystals can grow as big as several hundreds of 

micrometers, even millimeters, in the lateral direction and over a 

micrometer in height, which is much larger than the typical active 

layer film thickness of around 100 nm. Hence the formation of 

PCBM crystals is detrimental to the performance of OSC.9, 12, 20 The 

Tg for PCBM is ~ 110-140 ˚C.11, 21, 22 This means that blends 

including PCBM will usually have Tg that is well within the 

temperature range, i. e. 140 °C, that can be expected to be used in a 

heat treatment cycle and making it important to be able to control the 

growth of PCBM crystals.11, 13, 16, 22, 23  

Nucleation and growth rate of PCBM crystals have been studied for 

a number of systems and it has been shown that various parameters 

influence the formation of fullerene crystals, such as the choice of 

donor, acceptor/donor ratio, solvent, and substrate.13, 19, 24 This opens 

up the possibility of controlling crystal growth, potentially even 

harnessing it to increase efficiency, if the nucleation and crystal 

growth process can be understood. However, all studies carried out 

to date only investigate the lateral distribution of fullerene crystals. 

Methods that have been employed include various microscopy and 

X-ray spectroscopy techniques.9, 10, 13, 24-27 In contrast, the vertical 

distribution of crystals has not been studied in detail with a direct 

imaging technique.   

Thus, in this study transmission electron (TE) tomography is 

employed to investigate, for the first time, the vertical distribution of 
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fullerene crystals in a BHJ blend. Like other tomography techniques, 

TE tomography is based on using a collection of two-dimensional 

projections of an object to recreate the three-dimensional structure of 

the object. The images obtained using transmission electron 

microscopy (TEM) show two dimensional projections of the bulk of 

a sample, meaning that TE tomography can be used to reconstruct 

the three dimensional nanostructure of the bulk of BHJ blends. The 

high resolution of electron microscopy is a further advantage 

compared to other techniques that can be used to probe the three-

dimensional structure of a sample. TE tomography has been used 

during the last few years to investigate the nanostructure of various 

different BHJ blends, successfully exploring the connection between 

the components of the blend, the nanostructure and the PCE.28-35 

While TEM is a useful method for investigating the nanostructure of 

BHJ blends, there are limitations. One limitation is that in most cases 

the blend consists of two very similar components that both scatter 

electrons weakly, which means that contrast between different 

phases in BHJ blends tend to be weak. Another limitation is that the 

fine nanostructure of BHJ blends and the fact that the structure is 

highly disordered can complicate identification of ordered domains 

in the blend; Most information about the three dimensional structure 

of the blend is likely to be lost when projected down to two 

dimensions.  

In this study we demonstrate that TE tomography can be used to 

vertically resolve the nucleation and growth of PCBM crystals in 

spincoated BHJ films. As a model system for this study we chose to 

work with poly(2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-

thiophene-2,5-diyl) (TQ1) and PCBM. TQ1:PCBM blends can give 

rise to a PCE of up to 6-7%.36-39 TQ1 is a non-crystalline polymer, 

which eases structural analysis. In a previous study we have shown 

that when a TQ1:PCBM blend is heat treated above its glass 

transition temperature, PCBM crystals start to form, which leads to a 

rapid decrease in performance.13 Our TE tomography analysis 

permits us to establish that in the here investigated system PCBM 

nucleation occurs close to the free top surface of the spincoated 

films.  

Experimental 

Materials 

PC61BM (purity > 99%) was purchased from Solenne BV. TQ1 was 

prepared according to previously published procedures.36 (number-

average molecular weight of Mn ~ 71 kg mol-1; polydispersity index 

PDI ~ 3.7). PEDOT:PSS was purchased from Heraeus (Clevious P 

VP Al 4083) and used as received. 

Thin film preparation 

Films were spin-coated from ortho-dichlorobenzene (oDCB) 

solutions (total material content 20 g L-1). Glass substrates were 

coated with poly(3,4-thylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS, Heraeus, Clevios P VP Al 4083) and annealed at 120 

°C for 10 min prior to film deposition. The film thickness was ~ 95 

nm as measured by AFM. Annealing was carried out at ambient 

atmosphere but absence of light. A heating plate was calibrated with 

K-type self-adhesive thermocouples from Omega (estimated error ±5 

°C; time to reach stable temperature ~ 30 s). Spin-coated films were 

allowed to dry for at least 15 hours at room temperature to remove 

part of the residual solvent before annealing. 

Transmission electron microscopy (TEM) 

Samples were prepared by floating off spin-coated films on 

PEDOT:PSS coated glass substrates in water, followed by collection 

with TEM copper mesh grids. TEM bright field images, selected 

area electron diffraction (SAED) patterns and tomography series 

were recorded with a G2 Tecnai microscope operated at an 

acceleration voltage of 200 kV. For the TEM bright field images, an 

under focus of 8 micrometer was used to enhance the contrast in the 

images. An aperture with the size of 0.8 micrometer was used to 

collect the SAED pattern. For the tomography series the sample was 

tilted during collection between -70 and +70 degree tilt with one-

degree steps. The reconstructions of the tomography series were 

done utilizing a “Simultaneous Iterative Reconstruction Technique” 

(SIRT) algorithm implemented using the software Inspect3D. The 

EELS spectra were collected with a Gatan Gif system, mounted on a 

Titan operated at 300 kV in STEM mode. 

Results and Discussion  

In a first set of experiments, the nanostructure of a spincoated 

TQ1:PCBM film was studied before and after thermal annealing for 

10 min at 120 °C in air, see Fig. 1. Before annealing there are no 

distinct features in the film and even at higher magnifications the 

film appears homogeneous, as evident in the inset in Fig 1 (a). 

Distinct phases may still be present on a small scale that it is not 

accessible using TEM bright field imaging. Based on our 

observations the limit for detection is of the order of 30 nm. While 

the film is thin, around 100 nm, distinct phases are not visible if the 

domains are small enough and randomly stacked along the axis 

normal to the surface of the film.     

The change in nanostructure upon thermal annealing agrees well 

with our previous TEM studies of TQ1:fullerene blends.13, 19 Since 

the BHJ blend is not thermally stable, upon thermal annealing above 

Tg TQ1 and PCBM start to phase separate into different domains, 

giving rise to a coarser structure, as can be seen in the inset in Figure 

1 (b). Compared to pristine films prior to annealing, various darker 

and brighter domains in the size range of 30-40 nm, can now be 

seen. PCBM and TQ1 are unlikely to separate into pure domains, the 

darker areas seen in Fig 1 (b) correspond to denser PCBM rich 

domains and the brighter areas corresponds TQ1 rich domains.35  

After annealing, several PCBM crystals, with a size ranging from a 

hundred to several hundreds of nanometers, can be seen in the film, 

see Fig 1 (b). Around the larger crystals there are distinct halos. 

These halos stem from the diffusion of PCBM towards the growing 

crystals. The diffusion of PCBM leads to a region that is thinner than 

the surrounding film and richer in TQ1, which gives rise to the 

bright halo that can be seen around the crystals.40  

Fig 2 shows a TEM bright field image of a crystal and its 

accompanying SAED pattern. The obtained diffraction pattern 

indicates that the crystals are indeed crystalline and are in agreement 

with previous studies of polymer:PCBM blends, supporting the 

assumption that the features seen in Fig 1 (a) are PCBM crystals.9, 13, 

25, 26 Diffraction patterns were collected for several crystals and all 

recorded diffraction patterns matched the one that can be seen in Fig 

2, albeit rotated by various angles, indicating that the crystals have a 

preferred orientation relative to the normal of the film surface.  

To further verify that the crystals seen in Fig 1 (b) are PCBM 

crystals, Electron energy loss spectroscopy (EELS) was carried out. 

Because TQ1 contains sulphur and PCBM does not, the sulphur edge 

at 160 eV loss was chosen for separation of regions containing TQ1 

and PCBM.13 EELS spectra were collected from (1) two different 
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crystals, the first crystal 500 nm long along its longest axis and the 

second 180 nm, (2) the depletion zone surrounding the 500 nm 

crystal and (3) from a region of the film around twenty micrometres 

away from the crystals. The EELS spectra from the different regions 

can be seen in Fig 3. To make it possible to compare the spectra each 

spectrum has been normalized against the carbon peak. For the film, 

the depletion zone as well as the 180 nm crystal there is a broad 

sulfur peak stretching from 160 eV loss to the Carbon edge at 290 

eV loss, while in the spectrum from the 500 nm crystal no sulfur 

peak is visible. The difference between the crystals likely arises 

because the 180 nm crystal does not fully extend through the film 

and that there is polymer below or above the crystal. This kind of 

uncertainty is one of the main drawbacks of two-dimensional 

projections, which however can be alleviated by using TE 

tomography. Also as expected, due to the diffusion of PCBM from 

the depletion zone, the sulfur signal from the depletion zone is 

stronger then the sulfur signal from the rest of the film.  

To investigate where the PCBM crystals are growing in the spin-

coated films, TE tomography series were recorded for twenty-one 

PCBM crystals. Eleven of the crystals were from the film that had 

been annealed for 10 min at 120 °C and ten of the crystals were from 

a film that had been annealed for 5 min at 120 °C , this to make it 

possible to study smaller crystals. The crystals were randomly 

distributed laterally across the films, with sizes ranging from around 

70 nm to around 400 nm. Fig 4 shows one of the crystals and part of 

the reconstructed volume of said crystal. The reconstruction displays 

a thin slice along the x-z axis that cuts through the crystal. The 

rendered volume shows both the crystal, and the surrounding 

amorphous film. As can be seen, the crystal does not penetrate fully 

through the whole film down to the substrate. This observation could 

be confirmed for all crystals in the measurement series, no crystal 

that only partly penetrates through the films connects with the 

substrate, but all connect with the surface of the film.  Utilizing the 

reconstructed volume of the crystals, the length of the crystals along 

their longest horizontal axis was plotted against how far the crystals 

penetrate through the films and how far the crystals protrude out 

from the films surface, see Fig 5. Both the penetration and the 

protrusion were measured from the films surface. A clear trend can 

be seen in Fig 5, the larger the crystal the further it both penetrates 

the films and protrudes out from the films surface. The increase in 

penetration and protrusion follow each other relatively well, at least 

until the crystal have penetrated all the way down to the films’ 

substrate. It is impossible from the tomography measurements to 

draw any certain conclusions about the exact location of nucleation 

sites, but the trend in Fig 5 seems to indicate that the crystals 

nucleate at the films surface or in the vicinity of the upper surface. 

This also explains the sulfur signal seen in the EELS spectrum for 

the 180 nm crystal, see Fig 3.    

To gain further insight into the dynamics of PCBM crystal 

nucleation the nanostructure of the surrounding amorphous film was 

studied. Since no structure could be resolved in the pristine, 

spincoated film tomography was only used to study the 

nanostructure of the annealed, 10 min at 120 °C, film. The 

reconstructed volume of the denser, fullerene rich regions can be 

seen in Fig 6. The reconstruction shows that larger aggregates, 

approximately 15-20 nm in size, can be found growing in the upper 

part of the film. Further differences between the nanostructure of the 

upper part of the film and the lower part can be found. Studying 

individual slices of the reconstruction is the easiest way to see these 

differences and three slices of the reconstruction can be seen in Fig 7 

a-c. Fig 7 a shows a slice of the reconstruction 20 nm down from the 

film-air interface, while Fig 7 b is a slice 50 nm down and Fig 7 c is 

80 nm down. The slices show that there is a larger amount of distinct 

PCBM rich regions in the upper part of the film and that the amount 

steadily decreases as one moves down through the film towards the 

film-substrate interface. The tendency for the aggregates to start 

forming at the film-air interface mirrors our observations for the 

PCBM crystals and while it is not possible to compare the vertical 

composition before annealing with the composition after, it is 

reasonable to assume that the nucleation and growth of the PCBM 

crystals and the evolution of the films nanostructure upon annealing 

is connected.       

Previous studies of various polyfluorene:PCBM, P3HT:PCBM and 

TQ1:PCBM blends, using techniques such as Near-edge X-ray 

absorption fine structure spectroscopy (NEXAFS), dynamic 

secondary ion mass spectrometry (SIMS) and ellipsometry have 

shown that the vertical composition of BHJ blends can be affected 

by various parameters such as, surface energy, substrate interaction 

and solvent.41-47 Specifically, using ellipsometry it has been shown 

that the amount of PCBM in a TQ1:PCBM blend will strongly affect 

the vertical composition of a spincoated film. It is intriguing to 

compare the results obtained in this study with the results obtained 

by J. Loos et al., who used TE tomography to study the distribution 

of P3HT in films spincoated from P3HT:PCBM blends.28, 30 P3HT is 

a semi-crystalline polymer that forms a network of nanowires when 

heated, and due to its good photovoltaic performance it has been a 

popular choice for electron donor in BHJ blends. Using TE 

tomography, J. Loss et al. found that upon annealing a network of 

P3HT “nanofibers” can start to form in either the lower part or the 

upper part of P3HT:PCBM films. Their explanation is that where in 

the film the nucleation of P3HT starts will depend on the vertical 

composition, which is influenced by various factors, such as for 

example the amount of P3HT and the solvent used to spincoat the 

films. These findings illustrate how TE tomography can be used to 

study the effect that small differences between particular BHJ blends 

have upon nucleation and growth of any crystallisable component in 

the blends.   

Conclusions  

In this paper we have established that TE tomography can serve as a 

useful tool for studying the nucleation and growth of PCBM crystals 

in PCBM:polymer BHJ blends. TE tomography revealed that in the 

here investigated TQ1:PCBM BHJ blend, PCBM crystals do not 

nucleate randomly in the bulk of blend. Reconstructions of the three-

dimensional structure of the crystals show that as the crystals grow 

in lateral size the penetration down through and the protrusion out of 

the film increases and that the crystals have a tendency to nucleate in 

the upper part of the film, close to the air-surface interface. 

Tomography was also used to show that, upon thermally annealing, 

PCBM rich domains start to develop in the upper part of the film, 

mirroring the nucleation of PCBM crystals in the upper part of the 

film.   
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Fig 1. TEM bright field images of (a) a pristine TQ1:PCBM film. (b) film thermally annealed at 120 °C  for 10 
minutes in air.  Inserts:  films at higher magnification (the scale bars are 200 nm).      

75x35mm (600 x 600 DPI)  
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Fig 2. TEM bright field image of a PCBM crystal. Insert: SAED pattern for the crystal and the film 
surrounding the crystal.    
38x38mm (600 x 600 DPI)  
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Fig 3. EELS spectra collected from four different regions of an thermally annealed film, (red) the film itself, 
(black) the depletion zone of a crystal, (green) a 500 nm large PCBM crystal and (blue) a 180 nm large 

PCBM crystal. The intensity has been normalized against the carbon peak.  

53x35mm (300 x 300 DPI)  
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Fig 4. (a) TEM bright field plane view image of a PCBM crystal. (b) A crossection of the tomography 
reconstruction for said crystal. The rendered volume corresponds to the crystal, orange-yellow, and parts of 

the film, blue-green. (Scalebar is 30 nm).  
31x11mm (300 x 300 DPI)  
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Fig 5. (a) The length of the longest axis of crystals plotted against penetration (a) and protrusion (b) of said 
crystals, measured from the top surface. (b) Schematic image of how the crystals grow in the film.  
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Fig 6. (a) Three dimensional reconstruction the annealed film, the orange-yellow parts corresponds to 
the  denser, PCBM rich domains. (b) A crossection of the reconstruction seen in (a). (The scale bars are 30 

nm).      
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Fig 7. (a) A slice of the tomography reconstruction of the annealed film. The brighter regions correspond to 
the denser PCBM rich domains, the contrast is reversed compared to Fig 1. The slice is extracted at 20 
nm from the film-air interface. (b) Slice extracted 50 nm from the film-air interface. (c) Slice extracted 80 

nm from the film-air interface. (The scale bars are 30 nm)  
16x3mm (600 x 600 DPI)  
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