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Abstract  Oriented thin films of P3HT were obtained by a friction-transfer technique. The morphology and structure of the 
film were studied by means of optical microscopy, atomic force microscopy and transmission electron microscopy. Optical 
microscopy observation indicates that large size well-ordered P3HT thin films can be produced by a friction-transfer 
technique. Highly ordered lamellae were observed in P3HT friction-transferred films by electron microscopy. Electron 
diffraction results confirm the existence of high orientation with the a- and c-axes of P3HT crystals aligned in the film plane 
while the c-axis parallel to the friction-transfer direction. The atomic force microscopy observation of the as-prepared P3HT 
thin film shows, however, a featureless top surface morphology, indicating the structure inhomogeneity of the obtained film. 
To get highly oriented P3HT thin films with homogenous structure, high temperature annealing, solvent vapor annealing and 
self-seeding recrystallization of the friction-transferred film were performed. It is confirmed that solvent vapor annealing and 
self-seeding recrystallization methods are efficient in improving the surface morphology and structure of the friction-
transferred P3HT thin film. Highly oriented P3HT films with unique structure can be obtained through friction-transfer with 
subsequent solvent vapor annealing and self-seeding recrystallization. 
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INTRODUCTION 

Regioregular poly(3-hexylthiophene) (P3HT) is one of the most popular organic semiconductors[14]. Because of 
its special optical-electrical characteristics, P3HT can be used as the active layer in various thin film devices and 
sensors, e.g., light-emitting diodes, organic solar cells, and field-effect transistors[59]. Enormous efforts have 
been devoted to improve the charge transport or optical properties of P3HT thin films which were closely related 
to the morphology and particularly to the semicrystalline structure[1020]. The dependence of morphology and 
crystallinity of P3HT films on molecular weight (Mw) was considered as one of the most important issues for this 
correlation[2124]. Because the electrons are delocalized along the polymer backbone, conjugated polymer 
molecules in crystalline phase exhibit anisotropic properties[2530]. It is proved that the charge mobility of P3HT 
is higher along the polymer chain direction (c-axis of crystal unit cell) than in the direction of alkyl side-chains 
(a-axis)[31]. The single crystals of P3HT with different spatial arrangements of backbone plane also show 
different charge transport properties[3234]. It is well documented that single crystals with well controlled unique 
structure are ideal for fabricating high efficiency optical-electrical devices. However, preparation of single 
crystals with sufficient size is hardly possible for polymers. In this case, from a practical standpoint, it is of great 
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significance for a better modification of structural anisotropy for large area P3HT films, so as to fabricate high 
performance optical-electrical devices. 

Two effective ways have been frequently reported to prepare oriented polymer films, i.e., epitaxial 
overgrowth on oriented substrates[3539] and the friction-transfer technique[4042]. The P3HT can epitaxially 
crystallize on some substrates[4347]. As an example, highly oriented P3HT films have been successfully obtained 
through epitaxial crystallization on highly oriented PE films[46]. It should be pointed out that the use of substrate 
thin films may affect the charge transport property of the devices. Therefore, friction-transfer technique has been 
used to produce highly oriented thin films of P3HT[41]. The thus prepared thin P3HT films exhibit ideal 
orientation state with order parameter close to unity. It should be pointed out that the highly oriented friction-
transferred P3HT film shows, however, featureless surface morphology under scanning electron microscope. 
Here in this work, friction-transfer oriented P3HT thin films were prepared and their surface and interior fine 
structures were studied by atomic force microscopy (AFM) and transmission electron microscopy (TEM). While 
the TEM clearly displays the edge-on lamellar structure of the ordered P3HT thin films, AFM observation shows 
also a featureless top surface morphology. This may indicate the existence of a thin amorphous layer of P3HT on 
the surface of the friction-transferred film, which can influence the performance of the thin film. It was well 
known that annealing and self-seeding were widely used methods to modify the morphology and structure of 
polymers[4851]. To improve the top surface structure of the friction-transferred P3HT thin films, the annealing at 
elevated temperatures, self-seeding recrystallization and solvent vapor annealing methods were also utilized in 
this work. Through these processes with controlled crystallization or annealing conditions, parallel aligned edge-
on lamellar structure both at the surface and interior of the film has been obtained. 

EXPERIMENTAL 

Materials 
P3HT with high molecular weight (Mw = 87 kDa) was purchased from Sigma-Aldrich, and the head-to-tail 
regiospecific conformation is more than 99%. All solvents used here were purchased from Beijing Chemical 
Works. 

Preparation 
The original P3HT sample was dissolved in chloroform with a concentration of 1% (W/V) and a thick film was 
obtained after the evaporation of the solvent. The friction-transfer process was carried out by squeezing and 
drawing the P3HT thick film manually with a stick on a glass slide at 200 C. The surface morphology 
modification of the friction-transferred P3HT thin films has been conducted in three different ways: 1) annealing 
at elevated temperatures; 2) recrystallization through self-seeding; and 3) annealing in different solvent vapor 
environments. For the self-seeding recrystallization, the films were first heated to 230 or 250 C for 3 min and 
then cooled down to 130, 150 or 170 C at a rate of 40 K/min for 30 min isothermal recrystallization. For solvent 
vapor annealing, the films were annealed at 40 C for 24 h in solvent vapor atmosphere of acetonitrile, p-xylene 
and tetrahydrofuran (THF), respectively. 

Characterization 
The optical microscopy images were obtained by using an Axioskop 40A Pol optical microscope (Carl Zeiss) 
under crossed polarizers. The surface morphology of P3HT films was studied by an Agilent Technologies 5500 
atomic force microscope (Agilent Technologies Co. Ltd., U.S.) at room temperature in air. The images were 
obtained by means of tapping mode with a silicon cantilever having a spring constant of 2030 N/m and a 
resonating frequency of 320350 kHz, and the scanning rates varied from 2 μm/s to 5 μm/s. For transmission 
electron microscopy (TEM) examination, the friction-transferred film was detached from the substrate with the 
help of poly (acrylic acid) (PAA) and mounted onto 300 mesh TEM copper grids. TEM experiments were 
performed using a JEOL JEM-2100 electron miscroscope operated under an accelerating voltage of 200 kV. 
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RESULTS AND DISCUSSION 

Morphology of the As-prepared P3HT Friction-transferred Films  
The morphology of friction-transferred P3HT films was first studied by optical microscopy. Figure 1 provides 
the polarized optical micrographs of an as-prepared friction-transferred P3HT thin film with the sliding 
directions inclined at angles of 45 and 0 to the polarization direction, respectively. As we can see from         
Fig. 1(a), when the sliding direction is oriented at 45 to the polarizer, the film exhibits very strong 
birefringence. However, complete extinction happens when the sample is rotated about the light beam for 45, 
leading to a parallel alignment of the sliding direction along the polarization direction. According to the role of 
light extinction under polarized optical microscope, this results indicate a perfect orientation of the P3HT 
molecules in the friction-transferred film. Moreover, the optical micrographs of the friction-transferred P3HT 
film have a relatively smooth surface. This indicates the feasibility of friction-transfer technique for producing 
large size well-ordered P3HT thin films with exceptional anisotropic optical property, which can reach square 
centimeter in size.  

 

             
 

Fig. 1  Polarized optical micrographs of a friction-transferred P3HT film with the rubbing directions 
(indicated by the arrows) inclined (a) 45 and (b) 0 to the polarization direction, respectively 

  

To view the fine structure of the friction-transferred P3HT thin film, AFM observation was conducted. 
Figure 2(a) shows a top surface AFM height image of a friction-transferred P3HT thin film. The AFM height 
image shows a uniform top surface morphology. It is featureless, which has a close resemblance with the SEM 
image reported by Nagamatsu and coworkers[41]. To reveal its bottom surface morphology, the friction-
transferred P3HT thin film was detached from the glass slide with the help of PAA and monitored also by AFM. 
As presented in Fig. 2(b), the bottom surface of the film shows a clearly different morphology as compared with 
the top surface. It consists of lamellar structure with short lamellae aligned perpendicular to the sliding direction, 
indicating an orientation of molecular chains along the sliding direction.  

 

           
 

Fig. 2  AFM height images of the (a) top and (b) bottom surface morphologies of an as-prepared 
friction-transferred P3HT film 
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The fine structure of the as-prepared P3HT friction-transferred film was also studied by TEM combined 
with electron diffraction. Figure 3(a) shows a representative bright field (BF) phase contrast electron micrograph 
of a P3HT friction-transferred film. It consists of oriented lamellae (gray lines) aligned perpendicular to the 
sliding direction (indicated by the white arrow), indicating a high orientation of the P3HT friction-transferred 
film. This implies that sliding at elevated temperatures is in favor of the formation of oriented lamellar structure 
of P3HT. The corresponding electron diffraction pattern, Fig. 3(b), shows well defined reflection spots. This 
further confirms the existence of high orientation of the prepared friction-transferred P3HT film. All of the 
diffraction spots are accounted for by an orthorhombic unit cell with lattice constants (a = 1.663 nm, b =       
0.775 nm, c = 0.777 nm,  =  =  = 90)[52]. The location of the (002) reflections in the sliding direction 
indicates that the molecular chains of P3HT lie in the film plane and along the sliding direction. The appearance 
of strong (100), (200) and (300) reflections further indicates that the a-axis of P3HT crystals in the friction-
transferred film is oriented in film plane. This means that the as-prepared P3HT film exhibits a double 
orientation with crystallographic b-axis perpendicular to the film plane[39, 53]. A schematic illustration of the 
P3HT chain arrangement in the friction-transferred film is presented in Fig. 3(c). It is different from the films 
self-assembled from solution, where an a-axis orientation is identified. This should be attributed to the strong 
shearing force exerted in the sliding process. The strong shearing force encourages the thiophene rings in P3HT 
molecular chain lying down to the substrate. Moreover, from the electron diffraction pattern, the distributions of 
the (002) and (h00) reflections of the friction-transferred P3HT film were estimated to be about 10°, which 
demonstrate the excellent orientation of the film. 

 

       

 
Fig. 3  (a) A BF electron micrograph and (b) its corresponding electron diffraction pattern of an as-prepared 
P3HT film (The sliding directions were indicated by white arrows.); (c) Schematic illustration of the P3HT 
chain arrangement in the friction-transferred film 

 
From the above electron microscopy results, it is clear that the top surface structure of the friction-

transferred P3HT film is different from its inside and bottom surface structure. This may imply the existence of a 
thin amorphous top surface layer. The existence of an amorphous surface layer may influence the charge 
transport properties. To get fully oriented structure, further treatments were performed for the friction-transferred 
films.  
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Morphology of Friction-transferred P3HT Films Annealed at Different Temperatures 
As discussed above, the top surface morphology of the friction-transferred P3HT film is different from that of 
the inside film and bottom layer. Therefore, efforts have been made to improve the structure of the top surface 
layer. It was well documented that annealing at elevated temperatures can realize structure rearrangement of 
polymeric materials, which may promote the recrystallization of the top surface layer of the friction-transferred 
P3HT thin films. Therefore, the friction-transferred P3HT films were annealed at 130 C, 150 C and 170 C, 
respectively. Figure 4 shows the AFM phase images and TEM BF images of the friction-transferred P3HT films 
annealed at different temperatures for 3 h. From the BF electron micrographs, we can see that annealing at      
130 C and 150 C for 3 h does not change the morphology of the friction-transferred P3HT thin film very much. 
The sample annealed at 170 C for 3 h exhibits better arranged lamellae with somewhat stronger contrast. This 
may related to an improved crystalline structure of P3HT. On the other hand, the AFM images show some tiny 
changes of the top surface. It seems that there exist microcrystallites on the surface of the friction-transferred 
P3HT thin films, indicating the rearrangement of the surface layer. Nevertheless, oriented lamellar structure is 
still absent. This means that the structure reorganization is not quite effective by annealing at elevated 
temperatures. 

            

            

            
Fig. 4  AFM phase images (left column) and TEM BF images (right column) of P3HT friction-transferred 
thin films after annealing for 3 h at temperatures of 130 C (top), 150 C (middle) and 170 C (bottom) 
(The arrows indicate the molecular chain directions of P3HT in the films.) 
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Morphology of Friction-transferred P3HT Films Treated through Self-seeding 
Self-seeding provides an efficient way for producing well organized structures of polymer thin films.          
Reiter et al. have successfully cloned the crystal structures of P2VP-b-PEO and PFS by self-seeding 
crystallization[54]. In order to fabricate high oriented P3HT thin films with unique structure through a friction-
transfer technique, self-seeding was employed for recrystallizing the friction-transferred P3HT thin films. As 
well known, the morphology and structure of crystals depend only on the crystallization conditions but have 
nothing to do with the former crystals if they are melted completely. However, in the self-seeding procedure, the 
crystals are not melted completely. In this case, some self-nuclei of the previous crystals are preserved. These 
self-nuclei are able to make the subsequently grown crystals have a similar morphology and structure with the 
original ones when crystallization later ensues. In this way, highly oriented P3HT thin films with uniform 
oriented structure are expected after self-seeding recrystallization. 

Figure 5 shows an AFM height image and the UV-Vis absorption spectra of a friction-transferred P3HT 
thin film, which was melted at 250 C for 3 min and subsequently recrystallized at 150 C for 30 min. The AFM 
image reveals the lamellar structure of the top surface, indicating the occurrence of recrystallization. However, 
the random orientation of the lamellae indicates that the thermal treatment has dispelled the ordered structures. In 
the UV-Vis absorption spectra (see Fig. 5b), the blue shift of the melt recrystallized film also indicates the 
elimination of orientation. This implies that the friction-transferred P3HT thin film is completely melted at      
250 C. It is acceptable since the chosen temperature is about 10 K above the melting point of P3HT (~240 C). 

 

        
Fig. 5  P3HT friction-transferred film melted at 250 C for 3 min and recrystallized at 150 C for 
30 min: (a) AFM height image; (b) UV-Vis absorption spectra 

 

         
 

Fig. 6  AFM (a) height and (b) phase images of a friction-transferred P3HT thin film melted at 
230 C for 3 min and then recrystallized at 150 C for 30 min (The white arrows in the images 
indicate the sliding direction during sample preparation.) 
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Nevertheless, it helps to distinguish the self-seeding recrystallization process presented hereafter from the melt 
recrystallization behavior. Figure 6 shows the AFM height and phase images of a friction-transferred P3HT thin 
film, which melted at 230 C for 3 min and then recrystallized at 150 C for 30 min. Now, long and well oriented 
lamellae of P3HT were observed, indicating the propagation of oriented lamellar structure from underneath layer 
to the top surface layer. This demonstrates the success of self-seeding technique in regulating the structure of the 
friction-transferred P3HT thin films. 

Morphology of Friction-transferred P3HT Films after Solvent Vapor Annealing 
Another widely used method for promoting the crystallization of polymers is known as solvent vapor annealing. 
In this process, the solvent vapor will diffuse to some extent into the surface layer and enhance chain mobility of 
the polymer in surface layer, which is benefit for the reorganization of molecular chains in amorphous phase into 
crystalline state. Actually, the solvent vapor annealing has already been used to grow needle-like P3HT single 
crystals[34, 55]. Its advantage is that the molecular chains on the top layer of the friction-transferred film will be 
sufficiently affected by the solvent vapor, and the inner oriented structure of the film will hardly be destroyed. In 
the present work, acetonitrile, p-xylene and THF were chosen as the solvents. The friction-transferred P3HT thin 
films were put into a container with a vapor environment of the chosen solvent at 40 C for 24 h. Figure 7 shows 
the AFM phase images of the friction-transferred P3HT thin films treated with different solvent vapors as 
indicated. Comparing with the as-prepared samples, some changes of the surface morphology of P3HT thin films 
can be identified after the treatment. For the acetonitrile vapor treated sample, some microcrystallites of P3HT 
on the surface of the friction-transferred film can be recognized. The p-xylene vapor treated thin film exhibits a 
similar surface morphology as the acetonitrile vapor treated one with plenty of microcrystallites. In the AFM 
image of the THF vapor treated friction-transferred P3HT thin film, lamellar crystals can be observed. The 
lamellae have a close resemblance with those observed by TEM, indicating higher extent of structure 
rearrangement. These P3HT lamellae are mostly oriented in the direction perpendicular to the sliding direction. 
In some regions, the P3HT lamellae are not well oriented. This may be caused by the inhomogeneity of the 
friction-transferred films. There may be poorly crystallized thinner regions, where the molecular chains are fully 
relaxed during solvent vapor treatment. In this case, recrystallization will result in a random orientation of the 
crystalline lamellae. The complete relaxation of molecular chains may also happen in the top layer of the thicker 
films. But the underneath layer keeps its high orientation. The intact underneath layer of friction-transferred 
P3HT film will serve as an oriented substrate and initiate homoepitaxial crystallization of the relaxed P3HT 
molecules. This causes the lamellae grow in the same orientation as the friction-transferred film. The above 
results indicate that the solvent vapor is helpful for chain reorganization and promotes the crystallization of 
P3HT in the top surface layer. The difference in the reorganized surface morphologies should originate from the 
different solubility of the solvent toward P3HT. The solubility of acetonitrile and p-xylene are poor for P3HT. 

 

         
 

Fig. 7  AFM phase images of friction-transferred P3HT films after annealing at 40 C for 24 h in different 
solvent vapors as indicated (The white arrows in the images indicate the friction-transfer direction during 
sample preparation.) 
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Their effects on improving the chain mobility of P3HT are limited. As a result, only microsize crystalline grains 
have been produced after the solvent vapor annealing treatment. On the contrary, the THF has a higher affinity to 
P3HT. Therefore, its vapor may encourage a better rearrangement of the P3HT molecules in the top layer, 
leading to the formation of larger size crystalline lamellae. The electron diffraction result also demonstrates an 
improved orientation of the friction-transferred P3HT film treated under THF atmosphere. As presented in     
Fig. 8, the diffraction spots become sharper and clearer than those appeared in the pattern of as-prepared friction-
transferred P3HT film (Fig. 3b). Now the distributions of the (002) and (h00) reflections of the friction-
transferred P3HT film decreased to about 9°, indicating an increased orientation of the P3HT film. 

 

 
 

Fig. 8  An electron diffraction pattern of a friction-transferred P3HT film after annealing in 
THF solvent vapor at 40 C for 24 h (The white arrow in the image indicates the sliding 
direction during sample preparation.) 

CONCLUSIONS 

Highly oriented P3HT films were made by a friction-transfer technique at elevated temperatures. Electron 
microscopy observation shows that well aligned lamellae of the friction-transferred P3HT thin film, indicating 
the high orientation of the obtained films. The diffraction pattern displays well defined reflection spots and 
confirms the existence of high orientation. Indexing of the diffraction spots demonstrates that the a- and c-axes 
of the P3HT crystals lie in the film plane with the c-axis oriented in the sliding direction. The light extinction 
phenomenon of the samples under optical microscope with crossed polarizers when the sliding direction aligned 
in different directions related to the polarizer also suggests a perfect orientation of the obtained friction-
transferred P3HT thin films. The relatively smooth surface topology of the optical micrographs tells us that large 
area highly oriented P3HT thin film can be fabricated through a friction-transfer technique. The AFM results 
show, however, different top and bottom surface structures of the friction-transferred P3HT thin films. While 
oriented lamellar structure similar to that shown in the electron micrograph was observed on the bottom surface, 
no crystalline morphology was identified on the top surface. This indicates the structure inhomogeneity of the 
friction-transferred P3HT thin film. The reason for the formation of different top surface structures is not clear at 
the moment. It has, however, been successfully modified through self-seeding and solvent vapor annealing 
treatments. Through self-seeding recrystallization, oriented lamellar structure in the top surface layer of the 
friction-transferred P3HT thin film has been created. Also the THF solvent vapor annealing is in favor of the 
structure reorganization of the P3HT in top surface layer and encourages the formation of long oriented lamellae. 
This may be related to the homoeptaxial crystallization of the top surface layer on the highly oriented underneath 
layer produced by friction-transfer. 
 
 
 
 
 



Structure of Friction-transferred Highly Oriented Poly(3-hexylthiophene) Thin Films 521

REFERENCES 
 
1 Tang, C.W. and Van Slyke, S.A., J. Appl. Phys. Lett., 1987, 51: 913 

2 Burroughes, J.H., Bradley, D.D.C., Brown, A.R., Marks, R.N., Mackay, K., Friend, R.H., Burns, P.L. and Holmes, A.B., 

Nature, 1990, 347: 539 

3 Baughman, R.H., Bredas, J.L., Chance, R.R., Elsenbaumer, R.L. and Shacklette, L.W., Chem. Rev., 1982, 82: 209 

4 Patil, A.O., Heeger, A.J. and Wudl, F., Chem. Rev., 1988, 88: 183 

5 Salleo, A., Mater. Today, 2007, 10: 38 

6 Sirringhaus, H., Brown, P.J., Friend, R.H., Nielsen, M.M., Bechgaard, K., Langeveld-Voss, B.M.W., Spiering, A.J.H., 

Janssen, R.A.J., Meijer, E.W., Herwig, P. and de Leeuw, D.M., Nature, 1999, 401: 685 

7 Chabinyc, M.L. and Salleo, A., Chem. Mater., 2004, 16: 4509 

8 Burrows, P.E., Gu, G., Bulovic, V., Shen, Z., Forrest, S.R. and Thompson, M.E., IEEE Trans. Electron. Dev.,           

1997, 44: 1188 

9 Coakley, K. and McGehee, M.D., Chem. Mater., 2004, 16: 4533 

10 Zen, A., Saphiannikova, M., Neher, D., Grenzer, J., Grigorian, S., Pietsch, U., Asawapirom, U., Janietz, S., Scherf, U., 

Lieberwirth, I. and Wegner, G., Macromolecules, 2006, 39: 2162 

11 Zhang, R., Li, B., Iovu, M.C., Jefferies-El, M., Sauvé, G., Cooper, J., Jia, S., Tristram-Nagle, S., Smilgies, D.L., 

Lambeth, D.N., McCullough, R.D. and Kowalewsky, T., J. Am. Chem. Soc., 2006, 128: 3480 

12 Clark, J., Silva, C., Friend, R.H. and Spano, F.C., Phys. Rev. Lett., 2007, 98: 206406 

13 Clark, J., Chang, J.F., Spano, F.C., Friend, R.H., and Silva, C., Appl. Phys. Lett., 2009, 94: 163306 

14 Pingel, P., Zen, A., Abellòn, R.D., Grozema, F.C., Siebbeles, L.D.A. and Neher, D., Adv. Funct. Mater., 2010, 20: 2286 

15 Brinkmann, M. and Rannou, P., Macromolecules, 2009, 42: 1125 

16 Chang, J.F., Sun, B., Breiby, D.W., Nielsen, M.M., Soelling, T.I., Giles, M., McCulloch, I. and Sirringhaus, H.,        

Chem. Mater., 2004, 16: 4772 

17 Osaka, I. and McCullough, R.D., Acc. Chem. Res., 2008, 41: 1202 

18 Meille, S.V., Romita, V., Caronna, T., Lovinger, A.J., Catellani, M. and Belobrzeckaja, L., Macromolecular,             

1997, 30: 7898 

19 Yang, H., Shin, T.J., Yang, L., Cho, K., Ryu, C.Y. and Bao, Z., Adv. Funct. Mater., 2005, 15: 671 

20 Park, Y.D., Lee, H.S., Choi, Y.J., Kwak, D., Cho, J.H., Lee, S. and Cho, K., Adv. Mater., 2009, 19: 1200 

21 Verilhac, J.M., LeBlevennec, G., Djurado, D., Rieutord, F., Chouiki, M., Travers, J.P. and Pron, A., Synth. Met.,      

2006, 156: 815 

22 Zen, A., Pflaum, J., Hirschmann, S., Zhuang, W., Jaiser, F., Asawapirom, U., Rabe, J.P., Scherf, U. and Neher, D.,      

Adv. Funct. Mater., 2004, 14: 757 

23 Kline, R.J., McGehee, M.D., Kadnikova, E.N., Liu, J., Fréchet, J.M.J. and Toney, M.F., Macromolecules, 2005, 38: 3312 

24 Trznadel, M., Pron, A., Zagorska, M., Chrzaszcz, R. and Pielichowski, J., Macromolecules, 1998, 31: 5051 

25 Aasmundtveit, K.E., Samuelsen, E.J., Guldstein, M., Steinsland, C., Flornes, O., Fagermo, C., Seeberg, T.M.,   

Pettersson, L.A.A., Ingana¨s, O., Feidenhans’l, R. and Ferrer, S., Macromolecules, 2000, 33: 3120 

26 Xu, G., Bao, Z. and Groves, J.T., Langmuir, 2000, 16: 1834 

27 Bolognesi, A., Botta, C., Martinelli, M. and Porzio, W., Org. Electron., 2000, 1: 27 

28 Österbacka, R., An, C.P., Jiang, X.M. and Vardeny, Z.V., Synth. Met., 2001, 116: 31 

29 Sirringhaus, H., Wilson, R.J., Friend, R.H., Inbasekaran, M., Wu, W., Woo, E.P., Grell, M. and Bradley, D.D.C.,       

Appl. Phys. Lett., 2000, 77: 406 

30 Amundson, K.R., Sapjeta, B.J., Lovinger, A.J. and Bao, Z., Thin Solid Films, 2002, 414: 143 

31 Jimison, L.H., Toney, M.F., McCulloch, I., Heeney, M. and Salleo, A., Adv. Mater., 2009, 21: 1568 

32 Kim, D.H., Han, J.T., Park, Y.D., Jang, Y., Cho, J.H., Hwang, M. and Cho, K., Adv. Mater., 2006, 18: 719  

33 Liu, J.H., Arif, M., Zou, J.H., Khondaker, S.I. and Zhai, L., Macromolecules, 2009, 42: 9390 

34 Xiao, X., Wang, Z., Hu, Z. and He, T., J. Phys. Chem. B, 2010, 114: 7452 

35 Wittmann, J.C. and Lotz, B., J. Polym. Sci., Part B: Polym. Phys., 1981, 19: 1837 



L.G. Chai et al. 522

36 Wittmann, J.C. and Lotz, B., Prog. Polym. Sci., 1990, 15: 909 

37 Wittmann, J.C. and Lotz, B., J. Polym. Sci., Part B: Polym. Phys., 1981, 19: 1853 

38 An, Y., Jiang, S., Yan, S., Sun J. and Chen, X., Chinese J. Polym. Sci., 2011, 29(4): 513 

39 Zhou, H. and Yan, S., Macromol. Chem. Phys., 2013, 214: 639 

40 Toney, M.F., Russell, T.P., Logan, J.A., Kikuchi, H., Sands, J.M. and Kumar, S.K., Nature, 1995, 374: 709 

41 Nagamatsu, S., Takashima, W., Kaneto, K., Yoshida, Y., Tanigaki, N., Yase, K. and Omote, K., Macromolecules,     

2003, 36: 5252 

42 van Aerle, N.A.J.M., Barmentio, M. and Hollering, R.W.J., J. Appl. Phys., 1993, 74: 3111 

43 Mena-Osteriz, E., Adv. Mater., 2002, 14: 609 

44 Brinkmann, M. and Wittmann, J.C., Adv. Mater., 2006, 18: 860 

45 Brinkmann, M., Contal, C., Kayunkid, N., Djuric, T. and Resel, R., Macromolecules, 2010, 43: 7604 

46 Zhou, H., Jiang, S. and Yan, S., J. Phys. Chem. B., 2010, 115: 13449 

47 Hartmann, L., Tremel, K., Uttiya, S., Crosslane, E., Ludwigs, S., Kayunkid, N., Vergnat, C. and Bringkmann, M.,       

Adv. Funct. Mater., 2011, 21: 4047 

48 Chen, J., Dai, J., Yang, J., Zhang, N., Huang, T., Wang, Y. and Zhang, C., Chinese J. Polym. Sci., 2015, 33(9): 1211 

49 Wang, S., Saffar, A., Ajji, A., Wu, H. and Guo, S., Chinese J. Polym. Sci., 2015, 33(7): 1028 

50 Xue, Y., Wang, Y., Fan, Y., Yang, H., Tang, T., Bo, S. and Ji, X., Chinese J. Polym. Sci., 2014, 32(6): 751 

51 Chang, H., Li, H., Zheng, T., Zhou, Q., Zhang, L. and Hu, Y., Chinese J. Polym. Sci., 2014, 32(3): 362 

52 Tashiro, K. and Kobayashi, M., Polymer, 1997, 38: 2867 

53 Wu, J., Zhou, H., Liu, Q. and Yan, S., Chinese J. Polym. Sci., 2013, 31(6): 841 

54 Xu, J., Ma, Y., Hu, W., Rehahn, M. and Reiter, G., Nature Mater., 2009, 8: 348 

55 Sun, Y., Liu, J., Ding, Y. and Han, Y., Chinese J. Polym. Sci., 2013, 31(5): 748 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


