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Abstract 

Crystallization of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) in thin films 

and in blend films with various polymers was investigated by X-ray diffraction. 

Page 1 of 25 Journal of Materials Chemistry A



2 

 

Thermal annealing induced the crystallization of PCBM in the blend films only 

through direct contact with a crystallized pure PCBM layer beneath, suggesting 

epitaxial crystallite growth occurred from the bottom interface. The morphology of 

the crystals depended strongly on the mixing ratio and the crystal structure of the 

bottom layer, and nanorod-like PCBM crystallites with widths of 100–150 nm and 

lengths of 150–500 nm were observed. Bulk-heterojunction (BHJ) organic solar cell 

utilizing the PCBM crystallite as the acceptor showed the highest VOC of 0.83 V for 

PTB7:PCBM device to date. These findings offer the ways to use the crystallized 

PCBM with the controlled nanostructures as the electron conducting materials in 

organic and hybrid perovskite photovoltaics.
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Introduction 

Crystallization of organic semiconductors plays an essential role in determining the 

performance of electronic devices such as field effect transistors and organic solar 

cells (OSCs).
1, 2

 In solution-processed organic semiconductor films, crystallization 

often occurs during the coating processes; thus, the coating conditions, such as the 

solvent and temperature, can be tuned to control nucleation and crystal growth. 

Precise control of the conditions can produce large oriented single-crystal films.
3
 

Alternatively, the materials can be crystallized by post-treatment starting from 

amorphous films, where random nucleation triggers the formation of multi-crystalline 

domains that significantly improve the connectivity of carrier pathways in the film.
4
 

However, mixed films that contain two semiconducting materials have mixed bulk 

heterojunctions (BHJ) and are often used for OSCs. In these films, the crystallization 

of each material is much more complicated and hard to control because the 

crystallinity and sizes of the phase-separated domains and the connectivity of each 

material are important for the performance.
5
 

[6,6]-Phenyl-C61-butyric acid methyl ester (PCBM) is the most widely used electron 

acceptor material in OSCs. Unlike C60, PCBM shows low crystallinity owing to its 

low structural symmetry. The single-crystal structure of PCBM without incorporated 

solvent molecules was reported only recently.
6,7

 The thermally induced crystallization 

of pure PCBM in thin films was first reported by Bao et al.
8
 Recently, we investigated 

the effects of the crystallization on the electronic energy levels of pure PCBM films.
9
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We observed that the crystallized PCBM films exhibited smaller electron affinity (EA) 

than that of amorphous PCBM. This is of particular interest for OSC since EA of the 

acceptor materials determine the highest VOC attainable in OSCs. In addition, a lot of 

recent research show that there is a strong relationship between the molecular order 

and high charge separation efficiency in OSCs.
10, 11

 Highly crystalline materials may 

increase the charge separation efficiency either through more delocalized charge 

transfer states at the interface
10, 12

 or cascade charge transfer induced by proper energy 

level alignment.
11, 13-16

 Consequently, use of the crystallized PCBM in BHJ structures 

could potentially lead to further improvement of the performance in OSCs
17

. 

  Nevertheless, the control of the aggregation or the crystallization behaviors of 

PCBM in BHJ blend films remains challenging. Much effort has focused on 

optimizing the mixed morphology in BHJ by post-treatment of the mixed films such 

as thermal annealing, exposure to solvent vapors, or by using additives in the coating 

solutions.
1, 18, 19

 In high-performance OSCs, however, the crystallization of PCBM in 

BHJ films has not been observed. X-ray diffraction (XRD) of the BHJ films generally 

shows only a broad halo from PCBM; therefore, it is thought that PCBM simply 

aggregates and forms a pure phase separated from the donor materials.
20

 PCBM can 

be crystallized in BHJ films only by long, harsh thermal annealing, typically above 

the glass transition temperature of the polymers. However, the crystals grow to a 

macroscopic size (5–50μm) and the performance of OSCs deteriorates significantly 

owing to the decrease in the area of interfaces between the materials.
21-23

 Crystallizing 
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PCBM with much smaller size in BHJs, ideally comparable to the exciton diffusion 

length (~20 nm), could be advantageous for OSCs. Although there are several 

approaches to controlling the macroscopic crystallization of PCBM, for example, by 

using additives in the solutions or in cross-linking the components,
24, 25

 or by using 

mica substrates to regulate the shape of the crystals on the micrometer scale,
26

 the 

control of the nucleation and crystal growth of PCBM to form nanoscale crystallites 

have never been reported. 

In this study, we discovered a novel interface-induced crystallization of PCBM in 

blend films consisting of various polymers. In this approach, a pure thermally 

crystallized PCBM film was used as a seed layer and the blend films of polymer and 

PCBM were transferred onto the seed layer.
27, 28

 After subsequent thermal annealing, 

epitaxial growth of PCBM crystallites occurred from the bottom interface as shown 

schematically in Figure 1. The polymers 

poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl}{3-fluoro-2

-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7), 

poly(3-hexylthiophene) (P3HT), and polystyrene (PS) were used to demonstrate the 

wide applicability of this methodology (Figure 1). Grazing incidence X-ray 

diffraction (GIXRD) and scanning electron microscopy (SEM) were used to 

characterize PCBM crystallization in the blend films. OSCs with BHJ structure using 

the crystallized PCBM as the electron acceptor was demonstrated for the first time. 
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Figure 1. Chemical structures of the materials used in this study and schematic 

illustration of induced crystallization of PCBM in blend films. The crystallized 

PCBM film is obtained by pre-annealing of the as-cast amorphous film and used as 

the seed layer. A mixed film of PCBM and a polymer is transferred onto the 

crystallized PCBM film. After post-annealing, the amorphous PCBM in the bulk 

heterojunction layer crystallizes from the bottom interface. When the as-cast 

PCBM film is used as the seed layer, no crystallization of PCBM is induced. 
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Results and discussion 

The in-plane GIXRD pattern of as-cast pure PCBM films with a thickness of 40 nm 

showed a broad peak at 19.5° (Figure 2a), indicating an amorphous structure. After 

 

Figure 2. In-plane GIXRD patterns of (a) as-cast PCBM films (black) and 

PTB7:PCBM//as-cast PCBM films before (red) and after post-annealing (blue), (b) 

pre-annealed PCBM film (black) and PTB7:PCBM//pre-annealed PCBM films 

before (red) and after post-annealing (blue), and (c) spin-coated PTB7:PCBM 

films before (black) and after annealing (red). The patterns are shifted in the y-axis 

for clarity. 
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annealing at 150°C for 5 min, a sharp peak appeared at 17.5° and broader and smaller 

peaks appeared at 10.8° and 20.5°, while the broad peak at 19.5° decreased, 

suggesting that PCBM crystallized (Figure 2b). This is consistent with previous 

reports
9
 and it happens independently on the film substrates (Figure S1 in Supporting 

Information (SI)). We call this process “pre-annealing” in this paper, and the pure 

PCBM films with and without pre-annealing were used as the seed layer in the 

following experiments (Figure 1). 

A mixed BHJ layer of PTB7:PCBM spin-coated on the TiO2/ITO substrates did not 

show any crystallization of PCBM upon thermal annealing under the same conditions 

(150°C for 5 min, Figure 2c). Only a slight increase in the peak intensity at 5° was 

observed, which can be attributed to the development of the face-on lamellar structure 

of PTB7.
29

 No change was observed in the halo at 19.5° upon heating, indicating that 

PCBM did not crystallize in the BHJ layer during annealing, although the aggregation 

state could be changed. The same result was obtained when the mixed BHJ layer was 

transferred onto the as-cast PCBM film without pre-annealing, by using the film 

transfer method. This sample is referred to as the PTB7:PCBM//as-cast PCBM film, 

where the layers are written from top to bottom and // denotes the transferred interface. 

As shown in Figure 2a, PTB7:PCBM//as-cast PCBM film showed a more intense 

amorphous halo at 19.5° from PCBM in the top BHJ layer. There was no change in 

the halo observed after post-annealing of this sample at 150°C for 5 min. This 

indicates that the interface of the as-cast amorphous PCBM did not induce 
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crystallization of PCBM in the BHJ layer. 

BHJ films were transferred onto the pre-annealed, crystallized PCBM films 

(PTB7:PCBM//pre-annealed PCBM) in a similar manner. After the film transfer, the 

broad peak at 19.5° appeared again owing to the amorphous PCBM in the top BHJ 

layer (Figure 2b). The intensity of the peaks from the crystallized PCBM remained the 

same because the transfer process does not change the structure of the bottom layer 

and the incident angle for the GIXRD measurement (0.21°) is large enough to detect 

the entire films. In contrast to the PTB7:PCBM//as-cast PCBM film, after 

post-annealing of the film at 150 °C for 5 min, the intensity of the peaks from 

crystallized PCBM (17.5°, 10.8° and 20.5°) increased, while the halo at 19.5° 

decreased. These results indicate that the amorphous PCBM in the BHJ layer 

crystallized after post-annealing only in the presence of the crystallized PCBM layer 

at the bottom. This strongly suggests that the crystallization occurred from the 

crystallized PCBM interface, possibly via epitaxial growth. 

Atomic force microscopy and optical microscopy on PTB7:PCBM//pre-annealed 

PCBM before and after post-annealing show small changes in the surface roughness 

and no macroscopic crystallization occurred in the films (Figures S2 and S3). This 

indicates that the crystallization of PCBM in PTB7:PCBM observed here is different 

from the macroscopic phase separation often observed for OSCs when mixed films 

are annealed for a long time.
21-23

 

Dependence of the crystallization behavior on the thickness of PTB7:PCBM layer 
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was also investigated. As shown in Figure S4, the same changes were observed for the 

thicker BHJ films up to 235 nm after post-annealing: the sharp peaks from PCBM 

crystals increased, the intensity of the lamellar peak from PTB7 increased, and the 

halo from the amorphous PCBM in PTB7:PCBM layer decreased. When the thicker 

BHJ layer was used, the peak intensities increased, suggesting that the amount of the 

crystallized PCBM in BHJ increased with the film thickness. This could imply that 

the induced crystallization of PCBM happened in the region near the interface and 

also propagated to the bulk of the BHJ layer. The time and temperature for 

post-annealing were also varied from 5 to 15 min and from 150 to 180 °C, 

respectively (Figure S5). The results show that after post-annealing at 150 °C for 5 

min the crystallization of PCBM in PTB7:PCBM layer reached its limit and the 

diffraction did not change further when the thickness was up to 132 nm. As the 

thickness of the PCBM:PTB7 layer increased, a longer time was needed to complete 

the crystallization of PCBM. For example, more than 20 min was required for the 

235-nm-thick layer to crystallize (Figure S6). This result suggested that the diffusion 

of PCBM in the PTB7:PCBM layer limits the rate of crystallization. 
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2D GIXRD measurements of the films were performed with synchrotron radiation 

(Figure 3). The as-cast PCBM film showed broad rings at q of 0.75 and 1.48 Å
−1

 

(Figure 3a), indicating an isotropic amorphous structure. After pre-annealing, the 

PCBM film showed a punctiform diffraction pattern with particularly intense spots at 

q of 1.38, 1.39, and 1.37Å
−1

 (arrowed peaks in Figure 3b). The appearance of the 

multiple spots with the same q suggests that there are several preferred orientations of 

PCBM crystal domains in the films. The peaks at qxy of 0.74 Å
−1

, 1.25 Å
−1

, and 1.45 

Å
−1

 are consistent with the in-plane GIXRD patterns. This is also consistent with 

 

Figure 3. 2D GIXRD measurements of (a) as-cast PCBM, (b) pre-annealed PCBM, (c) 

PTB7:PCBM//pre-annealed PCBM, and (d) PTB7:PCBM//pre-annealed PCBM films 

after post-annealing. The arrowed peaks in (b) are mentioned in the main text. 
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selected area electron diffraction (SAED) of the film observed during transmission 

electron microscopy (Figure S7). The SAED pattern shows a strong single spot with q 

of 1.26 Å
−1

, suggesting that the lateral domain size of the crystallite is larger than the 

selected area (φ = 230 nm). After the transfer of the PTB7:PCBM layer onto the 

crystallized PCBM layer, a broad ring at q = 0.4 Å
−1

 appeared, which originated from 

the lamellar structure of PTB7 (Figure 3c). In addition, the broad rings from 

amorphous PCBM appeared again because aggregated PCBM was present in the 

PTB7:PCBM layer. After post-annealing, the intensity of the amorphous PCBM rings 

decreased and the diffraction spots from the PCBM crystal intensified and broadened 

slightly, although no new spots appeared (Figure 3d). This result indicates that PCBM 

in the PTB7:PCBM layer crystallized after post-annealing with a crystal structure and 

orientation similar to those of the bottom PCBM layer. 

To gain better understanding of the crystal structure in the films, we first analyzed 

the powder diffraction pattern of PCBM by using the single-crystal structure reported 

by Casalegno et al. to assign the peaks in XRD patterns.
7
 The simulated pattern 

reproduced the experimental data well with slightly different lattice parameters 

(Figure S8 and Table S1). By assuming the same crystal structure in the films, we 

tried to assign the peaks in the in-plane patterns and 2DGIXRD data of PCBM films. 

However, the diffraction patterns could not be reproduced, even with slightly distorted 

lattice parameters. This result suggests that the crystal structure in the annealed film is 

different from the single-crystal structure and the powder sample.  
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Taking the successful nanoscale crystallization of PCBM in the mixed BHJ, we 

fabricated OSCs by depositing MoO3/Ag on the film surface (ITO/TiO2/active layer/ 

MoO3/Ag). The BHJ layers were either directly spin coated on TiO2/ITO or 

transferred onto the PCBM seed layers. The PCBM seed layers were either as-cast 

(amorphous) or pre-annealed (crystallized). Then the active layers were either used as 

cast (no crystallization in BHJ) or annealed at 150 °C for 5 min prior to the deposition 

of MoO3/Ag (crystallization in BHJ when the crystallized seed layer is underneath). 

The performances of the six OSCs with the different fabrication conditions are 

summarized in Table 1 (typical J-V curves in Figure S15). Note that we did not use 

1,8-diiodooctane (DIO) as the solvent additive to optimize the blend morphology of 

PTB7:PCBM, so the performance was lower than those of the optimized cells. Here 

we try to observe the effect of the PCBM crystallization in BHJ rather than to achieve 

high performance. We observed similar VOC of ~0.75 V in all the cases except 

PTB7:PCBM//pre-annealed PCBM device with post-annealing which showed a 

higher VOC of 0.83 V. As discussed above, the crystallization of PCBM in BHJ could 

happen only if BHJ layer contact with the crystallized PCBM seed layer during 

post-annealing. Therefore, the higher VOC can be attributed to the crystallization of 

PCBM in BHJ layer. It suggests that PCBM crystallites in BHJ layer have smaller EA 

as observed for the pure PCBM films
9
. Note that VOC of 0.83 V is the highest VOC 

reported to date for PTB7:PCBM system with BHJ structure. However, the PCE is 
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lowered because of the decrease of JSC from 10.90 to 6.48 mA cm
−2

 after 

post-annealing. This could be attributed to unfavorable size of the phase separation or 

depletion of PCBM in BHJ upon crystallization (see below), which can be potentially 

solved by optimizing the mixing ratio, use of DIO or a third amorphous acceptor 

component that remains in the blend layers. Further optimization of the device 

structures is under investigation. Based on this very first demonstration of using the 

crystalline PCBM as the acceptor in BHJ device, we believe that it has a potential to 

exceed the limitation of PCE for PCBM-based OSCs, since VOC could become higher 

by ~0.1 eV with the same material combinations. 

 

Table 1. The performances of the OSC devices based on PTB7:PCBM BHJ with the 

various conditions. 

Active 

layer 

PCBM seed 

layer 

Post- 

annealing 

VOC 

(V) 

JSC 

(mA cm
−2

) 

FF PCE 

(%) 

Spin coated None None 0.75±0.01 11.81±0.71 0.30±0.03 2.65±0.28 

Spin coated None 150°C 0.76±0.01 10.73±0.69 0.33±0.05 2.69±0.16 

Transferred Amorphous None 0.75±0.01 11.21±0.91 0.33±0.02 2.77±0.26 

Transferred Amorphous 150°C 0.75±0.01 10.20±0.28 0.30±0.03 2.29±0.23 

Transferred Crystallized None 0.75±0.01 10.90±1.12 0.33±0.02 2.66±0.29 

Transferred Crystallized 150°C 0.83±0.01 6.48±0.76 0.31±0.06 1.64±0.18 
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To observe the growth of PCBM crystal in PTB7:PCBM films directly, 

cross-sectional SEM was performed on the PTB7:PCBM//pre-annealed PCBM/glass 

samples. Figure 4a shows that without post-annealing, the cross-sectional image 

showed the presence of a 40-nm-thick pure PCBM layer and a 300-nm-thick 

PTB7:PCBM layer. After post-annealing of the film, the SEM image showed the 

growth of the PCBM layer to a thickness of approximately 100 nm, whereas the 

thickness of the BHJ layer was reduced to 180 nm (Figure4b). This suggested that 

PCBM in the BHJ layer crystallized from the bottom interface and obscured the 

original interface. The reduced thickness of the PTB7:PCBM layer might be caused 

by depletion of PCBM from the mixed film and densification by the crystallization of 

PTB7, as suggested by the XRD results. 

The crystallization of PCBM in the BHJ layer from the bottom interface may 

 

Figure 4. Cross-sectional SEM images of (a) PTB7:PCBM//pre-annealed PCBM 

and (b) PTB7:PCBM//pre-annealed PCBM after post-annealing. Os layers were 

deposited on top for protection. 
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indicate the segregation of PTB7 toward the top of the films. To confirm such 

possibility, incident angle-dependent GIXRD measurements were taken for 

PTB7:PCBM//pre-annealed PCBM samples. As the X-ray incident angle was reduced, 

the peak intensity gradually decreased due to the shallower penetration depth of the 

X-rays (Figure S9). The relative intensity of the peaks from PTB7 and PCBM was 

calculated from the peak area and plotted as a function of the incident angles 

(FiguresS9c and d). Before post-annealing, the PCBM and PTB7 peaks (19.5° and 5°, 

respectively) decreased as the incident angle decreased. After post-annealing, the peak 

from PTB7 at 5° showed a much smaller dependence on the angles compared with 

those of crystalline PCBM (10.5° and 17.6°). These results indicated that PCBM 

segregated to the bottom interface in the BHJ layer during crystallization, and PTB7 

segregated to the top of the film, creating a vertical gradient of the components in the 

BHJ film. 

  To check the generality of this induced PCBM crystallization in blend films, 

polymers with different properties, PS (amorphous) and P3HT (highly crystalline) 

were used instead of PTB7 (Figure 1). The 2DGIXRD results indicated that PCBM 

crystallized in the PS:PCBM and P3HT:PCBM samples after post-annealing only 

when the film was in direct contact with the pre-annealed and crystallized PCBM 

layer (Figure S10). The 2DGIXRD data for the films before and after post-annealing 

showed similar PCBM diffractions to the PTB7:PCBM case, suggesting the formation 

of crystallites with the same crystal structure. These results suggest that the 
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interface-induced crystallization of PCBM can occur in blend films with both 

amorphous and crystalline polymers, and that it could be a general phenomenon for 

various types of polymers. However, there are some differences in the intensity and                      

broadness of each spot, which could suggest differences in the sizes, lattice constants, 

and orientations of the PCBM crystallites. Because the crystallization of PCBM in 

mixed films should be governed by diffusion in the polymers, the flexibility of the 

polymer chain could affect the crystallization strongly. A systematic study of the 

relationship between the glass transition temperature and the crystal structure is 

necessary to elucidate the crystal structures in detail. 

To obtain direct images of the crystallized PCBM domains in the blend films, PS 

was selectively removed from PS:PCBM//pre-annealed PCBM films after 

post-annealing by washing with acetone, which is a poor solvent for PCBM but a 

good solvent for PS. GIXRD patterns before and after washing showed that intensity 

of the crystalline peaks from PCBM were similar and only the amorphous halo of 

PCBM decreased substantially (Figure S11). This result suggests that the 

crystallization happened from the bottom interface, and most of the PCBM in the 

blend film remained on the surface after washing. A top-view SEM image of the 

washed film was taken (bird’s-eye-view images are also provided in Figure S12). As 

shown in Figure 5, nanorod-like PCBM structures were observed. The shape and 

length of the nanorods depended on the PCBM:PS mixing ratios in the films. As 

shown in Figure 5a, nanorods approximately 150-nm-long were observed when the 

Page 17 of 25 Journal of Materials Chemistry A



18 

 

PCBM ratio was low (PCBM:PS=0.5:1 by weight). As the PCBM loading increased, 

the average length of the nanorods increased to 300 nm (PCBM:PS=1:1 by weight) 

and 500 nm (PCBM:PS=1.5:1 by weight) (Figures 5b and c, respectively). This could 

be caused by the preferential growth of the PCBM crystals along the long axis of the 

nanorods, as also suggested by the XRD results. More PCBM in the blend film could 

increase the supply of PCBM molecules to the interface, increasing the size of the 

crystallites. SEM images show that the nanorod-like PCBM structure does not have a 

strong preferred orientation to the thickness direction. This observation might suggest 

that the pre-annealed PCBM films have a surface consisting of crystallites with 

random 2D orientation of the growth surface. Because the 2D GIXRD patterns did not 

change after washing away the PS, the structure observed by SEM should be similar 

to that in the blend films of PS:PCBM before washing (Figure S10e). UV-vis 

absorption spectra of the films also remained similar before and after washing (Figure 

S13). This indicates that almost all the PCBM in PS:PCBM remained on the surface 

as crystallites. 
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Assuming that epitaxial crystal growth of PCBM occurred in the BHJ from the 

surface of the crystallized PCBM, the crystal face exposed to the interface could 

strongly affect the growth and orientation of the crystals. [6,6]-Phenyl-C61-butyric 

 

Figure 5. Top-view SEM images of PS:PCBM//pre-annealed PCBM films with 

PCBM:PS mixing ratios of (a) 0.5:1, (b) 1:1, and (c) 1.5:1 by weight after 

post-annealing and washing with acetone. 
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acid n-butyl ester (PCBNB) is structurally similar to PCBM but has a longer aliphatic 

tail (butyl vs. methyl, see the chemical structure in Figure S14). PCBNB has high 

crystallinity with hexagonal packing in thin films after annealing.
30

 We used a 

pre-annealed PCBNB film as the seed layer for PCBM blend films to observe the 

effects of the surface structure on the crystallization behavior. 2DGIXRD 

measurements showed that a pre-annealed PCBNB layer also induced the 

crystallization of PCBM in the PTB7:PCBM layer, although the diffraction patterns 

were completely different from those of PTB7:PCBM//pre-annealed PCBM after post 

annealing (Figure S14). Furthermore, optical microscopy showed that large hexagonal 

crystals of PCBM formed with sizes greater than 100 μm (Figure S16). This striking 

dependence of the crystallization behavior of PCBM on the seed layer indicated the 

importance of the structures and the orientations of the crystallites in the seed layers 

in the induced crystallization. 

 

Conclusion 

In this study, we proposed a novel approach to control the crystallization of PCBM 

in the blend films with various polymers. The nanorod-like PCBM crystalline domain 

was obtained via interface-induced crystallization. This phenomenon occurred with 

various polymers and conditions such as film thickness. In contrast, the crystallization 

was sensitive to the crystal structure of the seed layer, implying that control of the 

orientation, crystal phase, and crystallite size are possible in a similar way to seed 
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crystallization in the solution phase or epitaxial growth in vapor deposition. This 

structure control method could offer an alternative for tuning the morphology of BHJ 

layers and constructing electron transport pathways with nanorods.
31, 32

 The 

preliminary results on OSCs showed that the crystallization of PCBM in BHJ layer 

led to the higher VOC, which could push the envelope of the PCBM-based system. 

We close our discussions by pointing out that the crystallized nanostructures of 

PCBM could be also useful as an electron transport layer (ETL) in perovskite solar 

cells.
33, 34

 Preliminarily results show that higher PCE and stability were achieved with 

the nanostructured PCBM compared to the conventional ETLs like compact TiO2 or 

mesoporous TiO2 (manuscript to be submitted). We believe that deeper understanding 

of such crystalline phase of the fullerene derivatives could boost the performance of 

various photovoltaics to the next higher level. 
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