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One-dimensional (1D) organic semiconductor micro/nano-structures (e.g. wires and tubes) have received 

increasing attentions because these highly-ordered structures possess intriguing optical and electronic 

properties. Here, we reported a novel and easily-processed method to fabricate large amount of ultralong 

polymer/small molecule hybrid microstructures based on classical donor poly(3-hexyl)thiophene (P3HT) 

and acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ). This simple solution-process via evaporating 10 

mixed solutions of P3HT/TCNQ with different ratios can generate desired 1D microstructure with the 

length up to several centimeters. The performance of field-effect transistors based on these as-fabricated 

microstructures indicated that the charge-transport properties can be controlled by simply adjusting the 

mixture ratio, resulting in p-type, ambipolar or barely non-charge transport features. Our approach would 

provide a new tool to understand the growth mechanism and rational control of the ratios of appropriate 15 

materials, which is instructive to enhance the performance of organic semiconductor devices. 

Introduction 

One-dimensional organic semiconducting structures are 

promising candidates to be used as active components in a wide 

range of research fields including gas sensors, organic light-20 

emitting diodes (OLEDs), organic field effect transistors 

(OFETs), optical waveguide fibers, photodetectors, memory 

devices, and solar cells.[1-8] Among the current numerous methods 

to prepare one-dimensional organic micro/nano structures, self-

assembly is one of the most efficient strategies.[9,10]  Organic 25 

molecules can self-assemble into one-dimensional (1D) 

micro/nanostructures driven by various non-covalent interactions 

between adjacent molecules such as π−π stacking, metal-

coordination, electrostatic force, and H-bond interaction.[11] Lots 

of organic nanofibers with good crystallinity have been 30 

demonstrated to show better mobilities than that achieved from 

thin film devices.[12-14] Recently, donor (D)–acceptor (A) 

conjugated copolymers have shown significant high charge 

mobilities in nanowire forms,[15-17] especially 

diketopyrrolopyrrole-bearing copolymer nanostructure, which has 35 

been found to display remarkable high performance.[18,19]  Later 

on, more and more polymer-based nanowires have been 

demonstrated to achieve superior performance.[20-22] Although 

several conventional methods (e.g. solvent vapor annealing of 

dilute solutions of π–conjugated polymers, anodic aluminum 40 

oxide (AAO) template method,  an self-seeding method) have 

been widely employed to prepare polymer nanowires, poor 

crystallinity and complicated fabrication process of the source 

macromolecules always resulted in uncontrolled growing 

conditions or longer operating process. In the meanwhile, the 45 

length and yields of polymer-based nanowires are usually 

uncontrollable. Thus, searching a novel method to fabricate 

better-performance polymer wires is highly desirable. 

Recently, donor-acceptor composite system, formed through 

non-covalent molecular interactions, has received intense 50 

attention in past years, because D-A supramolecular interaction 

could form the specific molecular structures, which might result 

in unique chemical and physical properties.[23,24] In fact, we have 

already demonstrated that donor-acceptor co-crystals or 

complexes with molecule-level heterojunction or two-55 

dimensional segregated heterojunction stacking mode could 

exhibit ambipolar charge transport behavior or 

photoresponsivity.[25,26] These results strongly encourage us to 

introduce π–conjugated small molecules with good crystallinity 

ability into polymer system, which might produce polymer/small 60 

molecule microstructures with the unique or improved physical 

and chemical properties compared with the individual 

components. 

   Among all reported organic polymer semiconductors, poly(3-

hexylthiophene) (P3HT, chemical structure shown in Scheme 1) 65 

has been widely used in organic electronics owing to its good 

electrical properties and photovoltaic performance.[27,28] A lot of 

works about P3HT-based thin film transistors and solar cells have 

been demonstrated. On the other hand, 7,7,8,8-

tetracyanoquinodimethane (TCNQ, chemical structure shown in 70 

Scheme 1) is a well-studied organic electron acceptor, which 

possesses high electron mobility up to 1.6 cm2 V-1s-1 in single 

crystals.[29] Due to the strong π-conjunction and possible charge-

transfer between P3HT and TCNQ, a hybrid structure is expected 

to form when these two materials are mixed in the same solution. 75 

In this paper, we demonstrated the direct fabrication of a large 

amount of self-assembled ultralong polymer/small molecule 

hybrid microstructures on different surfaces through drop-casting 
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method, and a hole mobility up to 0.09 cm2/V•s was measured in 

the top-contact based OFETs with the as-fabricated 

microstructures as active elements. More interestingly, the 

mobility of the micro/nanowires can be controlled by simply 

adjusting the mixture ratio, resulting in p-type, ambipolar or 5 

barely non-charge transport. Our novel approach could be a 

promising method in growing polymer/small molecule 

heterojunction microstructures to enhance the performance of 

electronic and optoelectronic devices. 

  10 

 

Scheme 1 Chemical structure of P3HT and TCNQ 

Results and discussion 

  We first varied the mass ratio of P3HT and TCNQ in 

chlorobenzene solution to investigate the hybrid performance 15 

(from 10:1, 5:1, 1:1 to 1:10 mass ratio). The UV-vis absorption 

bands of P3HT and TCNQ revealed that there are some small 

changes in the mixture system around 400 nm band (Figure 1), 

which might be due to the charge-transfer (CT) interaction 

between P3HT and TCNQ. To study the charge-transfer 20 

properties for P3HT/TCNQ hybrid system, we also investigated 

the photoluminescent (PL) behaviors of our mixed system. The 

emission spectra of P3HT, TCNQ and P3HT/TCNQ complex in 

chlorobenzene with different mass ratio are shown in Figure S1. 

The emission spectrum of TCNQ displays two peaks (438 nm and 25 

460 nm), while the intensity of the two peaks decreased suddenly 

with P3HT adding, which may be owing to the charge transfer 

between P3HT and TCNQ.  For the closed energy level of the 

selected typical donor polymer and acceptor, highest occupied 

molecular orbital (HOMO) of P3HT (-5.1 eV) and lowest 30 

unoccupied molecular orbital (LUMO) of TCNQ (-4.6 eV), the 

charge transfer and π-π interaction between them induced two 

different materials to self-assemble into a hybrid microstructure. 

A drop-casting method was employed for the preparation of 

microstructures of P3HT/TCNQ hybrid, which is a simple and 35 

effective technique to produce high-quality co-crystals of donor-

acceptor complex. P3HT and TCNQ, mixed in chlorobenzene 

solution with a concentration of 1 mg ml-1, were poured onto the 

pre-cleaned substrates to grow wires. As shown in Figures 2, 

P3HT/TCNQ hybrid microwires with a width from hundreds of 40 

nanometers to micrometers and a length from several millimeters 

to centimeters were obtained by evaporating mixed solution on 

distinct substrates (OTS/SiO2/Si, SiO2/Si and glasses. For details, 

see the Experimental section). The as-formed morphology was 

totally different from single component processed through the 45 

same method (P3HT: film, TCNQ: microplate, Figure S2). From 

the optical images, when P3HT was the main component (10:1 or 

5:1), a series of the heterojunction-wire-aligned architectures 

have been fabricated. We supposed that in the evaporation step, 

small proportion of TCNQ molecules with good crystallinity 50 

induced polymer molecules to assemble into 1D structure. And 

also, more rigidity of small molecule would form well-ordered 

wires. With the decrease of polymer content, especially in a 1:1 

ratio, wires tend to gather and form confluent plate-like 

architectures. When TCNQ became the major part, wires (or 55 

ribbons) with larger width and smaller length are observed, 

indicating that polymer chains are induced to grow along the long 

direction in this mixed system (Figure S3). 

 

Figure 1. Absorption spectra of P3HT, TCNQ and P3HT/TCNQ complex 60 

in chlorobenzene with different mass ratio. The inset image shows the 

detailed absorption near 400nm. 

Figure 2. Optical images of P3HT/TCNQ hybrid microstructures obtained 

by the drop-casting method with different mass ratios: 10:1 (a), 5:1 (b), 

1:1 (c), 1:10 (d). 65 
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  In addition, atomic force microscopy (AFM) is also employed to 

characterize the structures and morphologies of the as-fabricated 

hybrids. Figure 3a showed the image of one single wire of the as-

prepared hybrid structure with the width about 1µm. Absorption 

spectra of P3HT/TCNQ hybrid microstructures on glass were 5 

presented in Figure 3b.   

 Figure 3. a) AFM image of P3HT/TCNQ hybrid microstructure, b) 

Absorption spectra of P3HT/TCNQ hybrid microstructures on glass. 

  The powder X-ray diffraction was conducted to investigate the 

possible structures of the as-prepared hybrid microwires (as 10 

shown in Figure S4). In 10:1, 5:1 and 1:1 ratio systems, no 

apparent peaks were observed (only the background), which 

might imply that in these hybrid microstructures, the molecules 

did not grow into a well-ordered packing structure; while a sharp 

diffractive peak at 2theta = 27.1° could be seen in 1:10 system 15 

(corresponding to a π−π distance of 3.3 Å), which might attribute 

to better crystallinity resulted from major small molecules. 

      To investigate the influence of microstructures on 

transportation, we manufactured transistor devices through 

thermally evaporating Au source/drain electrodes onto the long 20 

wires/plates via a copper grid mask method. An individual copper 

grid with arm length about 20 µm as a mask was picked up by a 

mechanical tweezer and crossed over the as-prepared 

P3HT/TCNQ hybrid structures. Subsequently, source/drain 

electrodes were vacuum-deposited on the structure, and finally, 25 

the copper grid was peeled off by the tweezers and one 

microstructure transistor with the expected length of 20 µm was 

fabricated. 

     Figure 4a and 4b show a schematic representation and an 

optical microscopy image of hybrid microstructure transistor, 30 

respectively. Typically, the measured transfer and output 

characteristics of the 10:1 wire-aligned architecture-based device 

are shown in Figure 4c and d. From the transfer characteristics, 

the best hole field-effect mobility (µ) was calculated to be 0.09 

cm2/V•s with the mass ratio of 10:1 under ambient conditions. 35 

Compared to the transport properties of P3HT thin film 

transistors (0.04 cm2/V•s), the hole mobility of this 

micro/nanowire appeared to be doubled.  Although no apparent 

evidence to imply good packing mode in this polymer/small 

molecule system was found, there was still effective transport 40 

channel in the long assembled microwires.  

 

Figure 4. a) Schematic diagram and b) optical image of the device with 

hybrid aligned microstructures. c) Transfer and d) output characteristics 

of the device with 10:1 ratio P3HT/TCNQ hybrid microwires. 45 

   

  The as-fabricated microstrucutres showed obvious 

distinguishable transport properties according to the mass ratios. 

At 5:1 ratio, the mobility decreased a little bit (about 0.07 

cm2/V•s) (Figure 5a and b). While in 1:1, FETs based on wire-50 

gathered plate exhibited ambipolar transport property. The 

obvious V-shape transfer curves with one arm indicating electron 

transporting (n-type) and the other suggesting hole transporting 

(p-type) were observed. The saturated electron and hole mobility 

could be extracted from the transfer curves. The electron and hole 55 

mobilities of 1:1 P3HT/TCNQ hybrid characterized from Figure 

5c and 5d are 5×10-5 and 5.3×10-6 cm2/V•s, respectively. Output 

characteristics of the transistors are presented in Figure S4. As to 

the 1:10 ratio where TCNQ is the major component, no obvious 

charge transport property (either hole or electron) were observed. 60 

In addition, the device fabrication and measurement have been 

repeated several times and all data are repeatable. These results 

suggested that when polymer was the main component, only hole 

transport through the hybrid microstructure existed; and, if the 
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mixed mass ratio of P3HT and TCNQ was about 1:1, both hole 

and electron could transport; and when TCNQ became the 

primary part, no effective transport in the hybrid would happen. It 

can be concluded that the formation process of hybrid materials 

would induce a variation in the morphology of as-fabricated 5 

hybrid structures and further change their electrical transport 

properties. This factor would offer us a new strategy for adjusting 

the performance of polymer semiconductors. 

Figure 5. a) Transfer and b) output characteristics of the hybrid 

microstructure device with 5:1 ratio. c) and d) Transfer characteristics of 10 

the 1:1 P3HT/TCNQ hybrid based device. 

Conclusions 

Attributed to the emerged charge transfer and π-π interaction, 

long hybrid P3HT/TCNQ microwires have been fabricated 

through simple solution-evaporation method. The FET 15 

performance of these as-prepared microstructures displayed p-

type (10:1 and 5:1), ambipolar (1:1) or charge carrier transport 

behaviours (1:10). Our research makes us believe that if the 

appropriate materials (polymer and small molecule) and their 

ratios were judiciously selected, hybrid architectures with 20 

excellent ferroelectrics, photoconductivity, and charge transport 

properties could be achieved. This research direction is still on 

the way. 

Experimental 

Materials  25 

Poly(3-hexylthiophene) was were purchased from Aldrich 

Chemical Company and used without further purification. TCNQ 

was purchased from Aldrich Chemical Company and purified by 

gradient sublimation once before use.  

Growth of micro/nanowires and device fabrication 30 

The SiO2/Si substrate was heavily doped n-type Si wafer with a 

500 nm thick SiO2 layer and a capacitance of 7.5 nF•cm-2. Bare 

substrates and glasses were successively cleaned with pure water, 

piranha solution (H2SO4:H2O2 = 2:1), pure water and pure 

isopropanol. Treatment of Si/SiO2 wafer with OTS used in the 35 

present study was carried out by vapour-deposition method. The 

clean wafers were dried under vacuum at 90 °C for 0.5 h in order 

to eliminate the influence of the moisture. After cooling to room 

temperature, a little drop of OTS was placed on the wafers. 

Subsequently, this system was heated to 120 °C and maintained 40 

for 2h under vacuum. Then, the surface was modified with n-

octadecyltrichlorosilane (OTS). After that, the substrates were 

cleaned in n-hexane, CHCl3 and pure isopropanol. The glasses 

were successively cleaned with pure water, acetone, CHCl3 and 

pure isopropanol. Hybrid microstructures of the donor-acceptor 45 

complex were conducted by using the drop-casting method. A 

chlorobenzene solution containing P3HT and TCNQ (1~2 mg ml-

1, mass ratio 10:1, 5:1, 1:1 or 1:10) was poured over the 

substrates and the solvent evaporated at room temperature. Drain 

and source Au electrodes (40 nm thick) were deposited on the 50 

hybrid wires by thermal evaporation with a copper grid as the 

shadow mask.  

Measurements  

UV/Vis spectra were taken on a Hitachi 2501PC spectrometer. 

AFM images were obtained with AFM Cypher S. X-ray diffraction 55 

(XRD) was measured on D8/max2500 with CuKa source (κ = 

1.541 Å). I–V characteristics of the OFETs were recorded with a 

Keithley 4200 SCS and a Micromanipulator 6150 probe station in 

a clean and shielded box at room temperature in air.  
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