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ABSTRACT 

The effect of the molecular structure on photovoltaic performance was investigated by comparing two types of active 
layers. One is an active layer formed by sexithiophene (6T) and C60 molecules which don’t have side chains. Another 
one is an active layer formed by α,ω-bis(2-hexyldecyl)sexithiophene (BHD6T) and [6,6]-phenyl-C61-butyric acid 
methyl ester (PCBM) molecules which have side chains. The 6T:C60 active layer exhibited an excessive crystallization 
of 6T, which led to the low photovoltaic performance. In the BHD6T:PCBM active layer, the crystallization of BHD6T 
was suppressed. The crystallization of BHD6T was also easily controlled by thermal annealing, which led to improved 
photovoltaic performance. 
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1. Introduction 

Organic photovoltaic devices are attractive for the reali-
zation of a low cost, lightweight, flexible, large-area, and 
eco-friendly energy source. In recent years, a large num-
ber of high-performance organic photovoltaic devices 
have been reported [1-5]. In addition, fabrication tech-
niques for printable organic photovoltaic devices have 
developed rapidly [6-20]. Most devices have a bulk het-
erojunction (BHJ) structure, which is prepared from a 
mixed solution containing p-type and n-type molecules. 
These molecules generally have side chains for the im-
proved solubility. [6,6]-phenyl-C61-butyric acid methyl 
ester (PCBM) has been widely used as an n-type fullerene 
derivative [21]. In most cases, polymer materials have 
been used as a p-type derivative. In particular, poly 
(3-hexylthiophene) (P3HT) has high photovoltaic per-
formance as a result of aggregation and high crystallinity 
[22]. Recently, some researchers have focused on soluble 
small molecules as p-type materials because of their 
higher durability and higher crystallinity [23]. Here, we 
investigated soluble oligothiophene based p-type semi-
conducting materials. Oligothiophene derivatives have 
been used for thin-film transistors, and the relationship 
between the alkyl side chain and carrier mobility has 

been studied [24-29]. However, there are few reports on 
the photovoltaic application of these oligothiophenes. To 
obtain high photovoltaic performance, the important fac-
tors are not only high carrier mobility but also the opti-
mized morphology of the BHJ. It is well known that the 
morphology of a BHJ is affected by its molecular struc-
ture. In this study, we compared two types of active layer 
to investigate the effect of the alkyl side chain on the 
morphology and photovoltaic performance. One is an 
active layer formed by sexithiophene (6T) and C60 mole-
cules which do not have side chains, as shown Figure 
1(a) [30]. The other is an active layer formed by PCBM 
and α,ω-bis(2-hexyldecyl)sexithiophene (BHD6T) which 
have side chains, as shown in Figure 1(b). BHD 6T is a 
molecule with a complex side alkyl chain and is based on 
α-alkyl sexithiophene. It has high charge mobility. The 
material has been used as an active layer of organic thin 
film transistors and has a charge mobility of 0.18 cm2/Vs 
[31]. PCBM is an n-type soluble molecule based on 
fullerene and has a side chain. In addition, we investi-
gated the effect of thermal annealing on BHD6T: PCBM 
devices. From our results, we clarified the effect of the 
molecular structure on organic photovoltaic devices. 
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Figure 1. Device structure and molecular structure: (a) 
6T:C60 device; (b) BHD6T:PCBM device. 

2. Experimental 

2.1. Preparation 

We fabricated organic photovoltaic devices with two 
structures: 1) glass/ITO/PEDOT:PSS/6T:C60 (1:1)/LiF/Al; 
and 2) glass/ITO/PEDOT:PSS/BHD6T:PCBM (1:1)/LiF/ 
Al. The preparation procedure is as follows. An ITO- 
coated glass substrate was cleaned by ultrasonication in 
acetone, an alkaline detergent, water and an ethanol sol-
vent successively, then was exposed to ozone. Poly(3,4- 
ethylenedio-xylenethiophene):polystyrene sulphuric acid 
(PEDOT:PSS) was spin-coated on the substrate. The 
active layer of 6T:C60 was prepared by vacuum co-depo- 
sition. The deposition rates of 6T and C60 were 0.015 
nm/s. The active layer of BHD6T:PCBM was prepared 
by spin-coating from a chloroform solution containing 
BHD6T (1 wt%) and PCBM (1 wt%). Then, the substrate 
was annealed on a hot plate inside a glove box filled with 
nitrogen. After the formation of the active layer, a LiF (2 
nm) and Al (100 nm) electrode were deposited in a vac-
uum of 10−5 Pa.  

2.2. Measurement 

The photovoltaic characteristics were measured using a 
source meter (Keithley 2400, Keithley Instruments Inc.) 
under a light-illuminated condition. The light source was 
a solar simulator (OTENTO-SUN III, Bunkoukeiki Co., 
Ltd.), whose light was adjusted to air mass (AM) 1.5 G, 
100 mW/cm2. Differential thermal analysis (DTA) was 
performed for 6T, BHD6T, BHD6T:PCBM (1:1), BHD 
6T:PCBM (1:5) and PCBM. The morphology of the ac-
tive layer was characterized by out-of-plane X-ray dif-
fraction measurement (XRD) and atomic force micros-
copy (AFM, Seiko Instruments). The XRD was measured 
in a synchrotron radiation facility at the BL19B2 beam-
line of SPring-8 (Japan Synchrotron Radiation Research 

Institute, Hyogo, Japan). The incident X-ray had a wave-
length of λ = 1.0 Å. 

3. Results and Discussion 

3.1. Thermal Characteristics of the Materials 

To examine the thermal characteristics of the materials, 
DTA was performed (Figure 2). The melting point of 6T 
was observed to be 310˚C. BHD6T exhibited a liquid 
crystal transition temperature of 127˚C and its melting 
point was 138˚C. The melting point of BHD6T was lower 
than that of 6T. It is considered that the BHD6T shows 
lower packing than that of 6T because of its complex 
branched alkyl chains. From the liquid crystal transition 
temperature of BHD6T, it is expected that the crystalline 
state of BHD6T will be drastically changed by thermal 
annealing at temperature of above 127˚C. The BHD6T: 
PCBM mixture expected a lower transition temperature of 
BHD6T than pure BHD6T. Furthermore, BHD6T:PCBM 
(1:5) exhibited a lower transition temperature than 
BHD6T:PCBM (1:1) owing to the lower BHD6T content. 
The lower transition temperature indicated weak interac-
tions within the materials, or between BHD6T and PCBM. 
From the DTA results, it is expected that the morphology 
of the BHD6T:PCBM mixture can be easily controlled by 
thermal annealing at approximately 120˚C. To clarify the 
effect of thermal annealing on the active layer morphol-
ogy and the photovoltaic performance, we annealed a 
devices with a BHD6T:PCBM (1:1) active layer at 120˚C 
and 150˚C, which are similar to and above the melting 
point of BHD6T, respectively. 

3.2. Photovoltaic Characteristics 

Table 1 shows the photovoltaic parameters of the devices 
with active layers of as-deposited 6T:C60, as-deposited  
 

 

Figure 2. Differential thermal analysis (DTA) traces of 6T, 
BHD6T, BHD6T:PCBM (1:1), BHD6T:PCBM (1:5), and 
PCBM.  
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Table 1. Photovoltaic parameters of each device. 

Active layer Jsc (mA/cm2) Voc (V) FF PCE (%) Rs (Ω·cm2) Rsh (Ω·cm2) 

6T:C60(1:1) 0.68 0.07 0.01 0.29 2.78 × 10−3 4.50 × 10−3 

BHD6T:PCBM (1:1) (As-deposited) 0.22 0.39 0.22 0.02 0.29 1.50 

BHD6T:PCBM (1:1) (120˚C, 30 mins) 2.63 0.61 0.29 0.46 0.10 0.21 

BHD6T:PCBM (1:1) (150˚C, 30 mins) 3.90 × 10−3 0.71 0.17 0.01 34.5 79.4 

 
BHD6T:PCBM, BHD6T:PCBM annealed at 120˚C and 
BHD6T:PCBM annealed at 150˚C. The device with the 
as-deposited 6T:C60 active layer exhibited the lowest 
open-circuit voltage (Voc), fill factor (FF) and shunt resis-
tance (Rsh). The short-circuit current density (Jsc) of the 
device with as-deposited 6T:C60 was lower than that of 
the device with BHD6T:PCBM annealed at 120˚C. The 
as-deposited 6T:C60 device also exhibited the lowest 
power conversion efficiency (PCE). For the device with 
the BHD6T:PCBM active layer, Voc and Rsh increased 
gradually with increasing temperature of the thermal an-
nealing treatment. On the other hand, RS was increased by 
annealing at 120˚C, but decreased by annealing at 150˚C. 
Therefore, the device with BHD6T:PCBM annealed at 
120˚C had a largest value of PCE in this study. 

  
(a) 

 

3.3. Crystallinity and Morphology 

Figure 3 shows XRD patterns of the PCBM, BHD6T and 
BD6T:PCBM films deposited by spin-coating. These 
films were annealed at 120˚C. The PCBM film produced 
no scattering peaks [32]. This suggests that PCBM is not 
crystallized at 120˚C as shown in Figure 3(a). On the 
other hand, the BHD6T film proposed scattering peaks at 
4.81˚, 7.17˚, 9.61˚, 12.07˚ and 16.91˚ as shown in Figure 
3(b). Thus, it is considered that BHD6T was highly crys-
tallized. BHD6T:PCBM produced only the scattering 
peaks originating from BHD6T at 4.82˚, 7.23˚, 9.64˚, 
12.05˚ and 16.89˚ as shown in Figure 3(c). This result 
indicates that BHD6T is mainly crystallized by annealing 
at 120˚C in BHD6T:PCBM layer.  

(b) 

 

Figure 4 shows AFM images of the as-deposited 
6T:C60 film, as-deposited BHD6T:PCBM, BHD6T PC 
BM annealed at 120˚C and BHD6T:PCBM annealed at 
150˚C. In the surface structure of the 6T:C60 active layer, 
close- packed nanocrystal aggregates originating from the 
6T crystal were observed [30]. These aggregates may act 
as effective carrier transport paths, which may result in a 
low Rs. In addition, the 6T:C60 layer had a rough surface 
owing to the aggregates, which may result in a low Rsh. 
On the other hand, such aggregates were not observed in 
all the BHD6T:PCBM films. The as-deposited BHD6T: 
PCBM film had a smooth surface. This suggests that 
BHD6T and PCBM molecules are mixed at random to 
produce an amorphous structure. In the BHD6T:PCBM  

(c) 

Figure 3. Out-of-plane X-ray diffraction (XRD) patterns of 
(a) PCBM, (b) BHD6T and (c) BHD6T:PCBM. Each sam- 
ple was annealed at 120˚C for 30 mins. 
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Figure 4. Atomic force microscopy (AFM) images of the 6T:C60 and BHD6T:PCBM (1:1) layers: (a) As-deposited 6T:C60 
layer; (b) As-deposited BHD6T:PCBM layer; (c) BHD6T:PCBM layer annealed at 120˚C for 30 mins; (d) BHD6T:PCBM 
layer annealed at 150˚C for 30 mins. 
 
film annealed at 120˚C, which is near the transition tem-
perature of BHD6T, large grains were observed. It is as-
sumed that these grains were microcrystals of BHD6T 
because the BHD6T:PCBM film annealed at 120˚C pro-
duced only scattering peaks derived from BHD6T as 
shown in Figure 3. These grains are considered to act as 
carrier transport paths.  

4. Discussion 

These results indicated that the device with BHD6T: 
PCBM annealed at 120˚C had a low Rs and a high 
photovoltaic performance owing to the formation of ef-
fective carrier transport paths comprising BHD6T grains. 
In contrast, in the active layer of BHD6T:PCBM annealed 
at 150˚C, isolated smooth grains were distributed on the 
surface. It is considered that each grain is a microcrystal 
of BHD6T formed by the melting and recrystallization of 
BHD6T by annealing at a temperature higher than its 
melting point of 138˚C. These grains are isolated from 
one another and formed grain boundaries and discontinu-
ous carrier transport paths. In addition, these grain 
boundaries are considered to act as annealed at 150˚C had 
an extremely high Rs and a low photovoltaic performance. 
These results indicate that an active layer formed from 

highly crystalline molecules leads to the formation of 
close-packed microcrystal aggregates due to excessive 
crystallization, resulting in the low Rs, low Rsh and lower 
photovoltaic performance of 6T:C60. The low photo-
voltaic performance due to excessive crystallization can 
be resolved by using molecules with intricately branched 
alkyl side chains, such as BHD6T, for the active layer. 
The side chain inhibits excessive crystallization, and the 
crystallinity of BHD6T can be simply controlled by ther-
mal annealing. 

5. Conclusion 

In summary, we clarified the effect of the side chains of 
materials on the morphology and photovoltaic perform-
ance of organic photovoltaic devices by comparing a 
BHD6T:PCBM active layer and a 6T:C60 active layer, as 
well as the effect of thermal annealing on the BHD6T: 
PCBM active layer. In the highly crystalline 6T:C60 ac-
tive layer, the high crystallinity of 6T and its rough sur-
face resulted in a low Rs and Rsh. On the other hand, the 
BHD6T:PCBM active layer reduced the excessive crys-
tallization and enabled the easy control of the crystallin-
ity in the active layer by thermal annealing owing to its 
side chains. These results indicate that a side chain of 
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molecules enables the easy control of crystallinity by 
thermal annealing, and molecules with a side chain can 
be used to realize high-efficiency photovoltaic devices. 
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