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Experimental section 
Fabrication of micropillar structured templates: Silicon wafers (10 cm in diameter, N doped, 

< 100 > oriented, 525 µm in thickness) were structured by a direct laser-writing apparatus 

(Heidelberg DWL200) that transferred the computer predefined design onto the photoresist 

(Shipley Microposit S1800 series)-coated wafer with about 1 µm precision. The patterns of 

photo-resist formed after irradiation, followed by deep reactive-ion etching (DRIE, Alcatel 

601 E) with fluorine-based reagents for various times (10 s-6 min) depending on the desired 

height of the structures. By designing different photo-masks, pillar-structured silicon wafer 

with tunable pillar top areas, pillar gaps and pillar top shapes could be fabricated. After resist 

stripping (Microposit Remover 1165), the substrates were cleaned using ethanol and acetone 

prior to use. 

Preparation of a homogeneous dispersion of the CDTBTZ/graphene composite: The 

conjugated polymer CDTBTZ was dissolved in ortho-dichlorobenzene to form a 

homogeneous blue liquid, followed by immersing the graphene sheets into the dilute solution 

for several hours to ensure full contact. Then, the material was filtered and drip washed with 

ortho-dichlorobenzene to remove redundant conjugated polymer, leaving several-layer 

conjugated polymers on the graphene plane. The resultant powder was redispersed in organic 

solvent with ultrasonication, resulting in a relatively homogeneous dispersion of the 

conjugated polymer/graphene composite. 

Generation of aligned 1D CDTBTZ/graphene composite arrays: A line-shaped micropillar-

structured template with a width of 2 µm, separation of 5 µm and depth of 20 µm was 

employed to guide the dewetting process for the formation of precisely aligned 1D 

CDTBTZ/graphene composite arrays. A 10 µL droplet of the homogeneous conjugated 

CDTBTZ/graphene composite dispersion was dropped onto the micropillar-structured 

template and covered by the desired flat substrate, yielding a sandwich-configuration 

assembly system. Finally, a 1D dispersion of the conjugated polymer/graphene composite 
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arrays formed on the target substrate after complete evaporation of the solvent. 

Fabrication and measurement of the OFET: OFET devices were fabricated in the bottom-gate 

and top-contact configuration, and Au was used as the source and drain electrodes. A heavily 

doped, n-type Si wafer containing a 300 nm-thick SiO2 layer was used as the substrate. The 

substrate was washed sequentially with deionized water, hot H2SO4:H2O2 (7:3) solution, 

deionized water and isopropyl alcohol and then blown dry using a nitrogen gun. Then, the 

wafer was cleaned by O2 plasma to remove organic compounds on the surface and dried under 

vacuum at 90 °C for 1 h to eliminate any moisture. After cooling to room temperature, a small 

drop of octadecyltrichlorosilane (OTS) was placed near the wafer. Then, this system was 

heated to 200 °C and maintained for 2 h under vacuum. The OTS-modified SiO2/Si wafer was 

cleaned with n-hexane, trichloromethane and isopropyl alcohol and finally dried under a 

stream of nitrogen prior to use. The aligned 1D CDTBTZ/graphene composite arrays were 

generated on the substrate by this pretreatment. The source-drain (S-D) electrodes were 

thermally evaporated onto the as-prepared 1D arrays through a shadow mask. The electrical 

characteristics of the OFET devices were measured using a Keithley 4200 SCS semiconductor 

parameter analyser. All measurements were performed at room temperature in air. The charge-

carrier mobility was extracted from the equation: 

      

where L and W are the device channel length and width, respectively, ISD is the current 

between the source and drain electrodes, Ci is the gate capacitance per unit area, and VG is the 

gate voltage. 

Characterization: The structures of the micropillar-structured template and the morphology of 

the aligned 1D CDTBTZ/graphene composite arrays were investigated by scanning electron 

microscopy (SEM, Hitachi, S-4800, Japan) at an accelerating voltage of 5.0 kV and beam 

current of 10 µA. Raman mapping of the 1D CDTBTZ-graphene conjugate arrays were 
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confirmed the same results. The B3LYP functional combined with the 6-31G(d,p) basis set 

was adopted for the optimization of the CDTBTZ monomer. The M06L functional in 

conjunction with the 6-31G(d) basis set was adopted to optimize the configurations of the 

CDTBTZ dimer and the CDTBTZ monomer adsorbed on graphene.[41] 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 

Acknowledgements 

The authors acknowledge National Research Fund for Fundamental Key Projects 
(2013CB933000), the National Natural Science Foundation (21421061, 21431009, 21434009, 
21504098, 61227902), the Key Research Program of the Chinese Academy of Sciences 
(KJZD-EW-M03) and the 111 project (B14009). 

Received: ((will be filled in by the editorial staff)) 
Revised: ((will be filled in by the editorial staff)) 

Published online: ((will be filled in by the editorial staff)) 
 

 

[1] T. Sekitani, U. Zschieschang, H. Klauk, T. Someya, Nat. Mater. 2010, 9, 1015. 

[2] B. Crone, A. Dodabalapur, Y. Y. Lin, R. W. Filas, Z. Bao, A. LaDuca, R. Sarpeshkar, H. E. 

Katz, W. Li, Nature 2000, 403, 521. 

[3] H. Sirringhaus, N. Tessler, R. H. Friend, Science 1998, 280, 1741. 

[4] Y. Y. Noh, N. Zhao, M. Caironi, H. Sirringhaus, Nat. Nanotechnol. 2007, 2, 784. 

[5] C. J. Drury, C. M. J. Mutsaers, C. M. Hart, M. Matters, D. M. de Leeuw, Appl. Phys. Lett. 

1998, 73, 108. 

[6] G. Schwartz, B. C. K. Tee, J. G. Mei, A. L. Appleton, D. H. Kim, H. L. Wang, Z. N. Bao, 

Nat. Commun. 2013, 4, 1859. 

[7] H. H. Chou, A. Nguyen, A. Chortos, J. W. F. To, C. Lu, J. G. Mei, T. Kurosawa, W. G. Bae, 

J. B. H. Tok, Z. A. Bao, Nat. Commun. 2015, 6, 8011. 

[8] B. C. K. Tee, C. Wang, R. Allen, Z. N. Bao, Nat. Nanotechnol. 2012, 7, 825. 

[9] L. J. Pan, A. Chortos, G. H. Yu, Y. Q. Wang, S. Isaacson, R. Allen, Y. Shi, R. Dauskardt, Z. 

N. Bao, Nat. Commun. 2014, 5, 3002. 



  

15 
 

[10] O. Knopfmacher, M. L. Hammock, A. L. Appleton, G. Schwartz, J. G. Mei, T. Lei, J. Pei, 

Z. N. Bao, Nat. Commun. 2014, 5, 2954. 

[11] J. Y. Kim, K. Lee, N. E. Coates, D. Moses, T. Q. Nguyen, M. Dante, A. J. Heeger, 

Science 2007, 317, 222. 

[12] H. Y. Chen, J. H. Hou, S. Q. Zhang, Y. Y. Liang, G. W. Yang, Y. Yang, L. P. Yu, Y. Wu, G. 

Li, Nat. Photon. 2009, 3, 649. 

[13] S. Stankovich, D. A. Dikin, G. H. B. Dommett, K. M. Kohlhaas, E. J. Zimney, E. A. 

Stach, R. D. Piner, S. T. Nguyen, R. S. Ruoff, Nature 2006, 442, 282. 

[14] X. D. Zhuang, Y. Chen, G. Liu, P. P. Li, C. X. Zhu, E. T. Kang, K. G. Neoh, B. Zhang, J. 

H. Zhu, Y. X. Li, Adv. Mater. 2010, 22, 1731. 

[15] D. W. He, Y. A. Zhang, Q. S. Wu, R. Xu, H. Y. Nan, J. F. Liu, J. J. Yao, Z. L. Wang, S. J. 

Yuan, Y. Li, Y. Shi, J. L. Wang, Z. H. Ni, L. He, F. Miao, F. Q. Song, H. X. Xu, K. Watanabe, 

T. Taniguchi, J. B. Xu, X. R. Wang, Nat. Commun. 2014, 5, 5162. 

[16] J. R. Potts, D. R. Dreyer, C. W. Bielawski, R. S. Ruoff, Polymer 2011, 52, 5. 

[17] C. J. Lin, C. L. Liu, W. C. Chen, J. Mater. Chem. C 2015, 3, 4290. 

[18] H. Kim, A. A. Abdala, C. W. Macosko, Macromolecules 2010, 43, 6515. 

[19] T. Ramanathan, A. A. Abdala, S. Stankovich, D. A. Dikin, M. Herrera-Alonso, R. D. 

Piner, D. H. Adamson, H. C. Schniepp, X. Chen, R. S. Ruoff, S. T. Nguyen, I. A. Aksay, R. K. 

Prud'homme, L. C. Brinson, Nat. Nanotechnol. 2008, 3, 327. 

[20] H. B. Zhang, W. G. Zheng, Q. Yan, Y. Yang, J. W. Wang, Z. H. Lu, G. Y. Ji, Z. Z. Yu, 

Polymer 2010, 51, 1191. 

[21] B. W. Maynor, S. F. Filocamo, M. W. Grinstaff, J. Liu, J. Am. Chem. Soc. 2002, 124, 522. 

[22] W. H. Lee, J. Park, S. H. Sim, S. Lim, K. S. Kim, B. H. Hong, K. Cho, J. Am. Chem. Soc. 

2011, 133, 4447. 

[23] X. L. Liu, X. G. Luo, H. Y. Nan, H. Guo, P. Wang, L. L. Zhang, M. M. Zhou, Z. Y. Yang, 

Y. Shi, W. D. Hu, Z. H. Ni, T. Qiu, Z. F. Yu, J. B. Xu, X. R. Wang, Adv. Mater. 2016, 28, 5200. 



  

16 
 

[24] B. Wu, Y. H. Zhao, H. Y. Nan, Z. Y. Yang, Y. H. Zhang, H. J. Zhao, D. W. He, Z. L. Jiang, 

X. L. Liu, Y. Li, Y. Shi, Z. H. Ni, J. L. Wang, J. B. Xu, X. R. Wang, Nano Lett. 2016, 16, 3754. 

[25] D. W. He, Y. M. Pan, H. Y. Nan, S. A. Gu, Z. Y. Yang, B. Wu, X. G. Luo, B. C. Xu, Y. H. 

Zhang, Y. Li, Z. H. Ni, B. G. Wang, J. Zhu, Y. Chai, Y. Shi, X. R. Wang, Appl. Phys. Lett. 2015, 

107, 183103. 

[26] A. L. Briseno, S. C. B. Mannsfeld, M. M. Ling, S. H. Liu, R. J. Tseng, C. Reese, M. E. 

Roberts, Y. Yang, F. Wudl, Z. N. Bao, Nature 2006, 444, 913. 

[27] G. Giri, S. Park, M. Vosgueritchian, M. M. Shulaker, Z. N. Bao, Adv. Mater. 2014, 26, 

487. 

[28] S. C. B. Mannsfeld, A. Sharei, S. H. Liu, M. E. Roberts, I. McCulloch, M. Heeney, Z. A. 

Bao, Adv. Mater. 2008, 20, 4044. 

[29] L. Ying, B. B. Y. Hsu, H. M. Zhan, G. C. Welch, P. Zalar, L. A. Perez, E. J. Kramer, T. Q. 

Nguyen, A. J. Heeger, W. Y. Wong, G. C. Bazan, J. Am. Chem. Soc. 2011, 133, 18538. 

[30] H. N. Tsao, D. M. Cho, I. Park, M. R. Hansen, A. Mavrinskiy, D. Y. Yoon, R. Graf, W. 

Pisula, H. W. Spiess, K. Mullen, J. Am. Chem. Soc. 2011, 133, 2605. 

[31] S. H. Wang, M. Kappl, I. Liebewirth, M. Muller, K. Kirchhoff, W. Pisula, K. Mullen, Adv. 

Mater. 2012, 24, 417. 

[32] C. Luo, A. K. K. Kyaw, L. A. Perez, S. Patel, M. Wang, B. Grimm, G. C. Bazan, E. J. 

Kramer, A. J. Heeger, Nano Lett. 2014, 14, 2764. 

[33] Y. C. Wu, J. G. Feng, B. Su, L. Jiang, Adv. Mater. 2016, 28, 2266. 

[34] J. G. Feng, X. X. Yan, Y. F. Zhang, X. D. Wang, Y. C. Wu, B. Su, H. B. Fu, L. Jiang, Adv. 

Mater. 2016, 28, 3732. 

[35] H. J. Shin, K. K. Kim, A. Benayad, S. M. Yoon, H. K. Park, I. S. Jung, M. H. Jin, H. K. 

Jeong, J. M. Kim, J. Y. Choi, Y. H. Lee, Adv. Funct. Mater. 2009, 19, 1987. 

[36] J. L. Bredas, J. P. Calbert, D. A. da Silva, J. Cornil, P. Natl. Acad. Sci. USA 2002, 99, 

5804. 



  

17 
 

[37] G. Giri, E. Verploegen, S. C. B. Mannsfeld, S. Atahan-Evrenk, D. H. Kim, S. Y. Lee, H. A. 

Becerril, A. Aspuru-Guzik, M. F. Toney, Z. A. Bao, Nature 2011, 480, 504. 

[38] G. Kresse, J. Furthmuller, Phys. Rev. B 1996, 54, 11169. 

[39] G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758. 

[40] Y. Zhao, D. G. Truhlar, J. Chem. Phys. 2006, 125, 194101. 

[41] B. Hajgato, S. Guryel, Y. Dauphin, J. M. Blairon, H. E. Miltner, G. Van Lier, F. De Proft, 

P. Geerlings, J. Phys. Chem. C 2012, 116, 22608. 

 

 

 

 

 

 

 







  

20 
 

 
Figure 3. Fabrication of 1D arrays based organic field effect transistors (OFETs). a) Optical 
image of 1D polymer/graphene composite arrays contacted with the gold electrodes. b) 
Schematic diagram of OFETs with configuration of bottom gate and top contact. The as-
prepared 1D structures are composed of conjugated polymer and graphene with a layer by 
layer conformation. c, d) Representative transfer and output curves of 1D CDTBTZ/graphene 
composite arrays. Inset in c shows the schematic diagram of OFETs based on 1D 
CDTBTZ/graphene composite arrays. e, f) Representative transfer and output curves of 1D 
CDTBTZ arrays. Inset in e shows the schematic diagram of OFETs based on 1D CDTBTZ 
arrays. g) Summary of the average hole mobilities calculated from 50 OFETs fabricated by 
1D CDTBTZ/graphene composite arrays and 1D CDTBTZ arrays, respectively. h) 
Temperature-dependent mobility of devices based on CDTBTZ-graphene conjugated 
molecules and CDTBTZ molecules, respectively.  
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Figure S2. UV-vis absorption spectra of CDTBTZ solution with different concentrations. As 
the concentration of CDTBTZ solution decreases, the intensity of the UV-vis absorption 
spectrum decrease accordingly without change of peak number. 



  

S4 
 

 
 

Figure S3. Precise positioning of 1D structures of P3HT/graphene composite. a) Molecular 
structure of poly-(3-hexylthiophene) (P3HT). b, c) Top view SEM image of the patterned 1D 
arrays of P3HT and P3HT/graphene composite, respectively. d) Micro-FTIR spectra of 
P3HT/graphene composite, P3HT and graphene. e) Cyclic voltammogram curves of P3HT 
and P3HT/graphene composite. 








































