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1. INTRODUCTION

Organic thin film transistor (OTFT) employing an organic

material as a semiconducting active layer has been great

attention due to the feasibility of simple fabrication process

and the applicability to the flexible substrates.[1-6] In OTFT

devices, it is well known that electrical properties of devices

(e.g. carrier mobility) are significantly affected by the film

morphology of organic semiconductors, mostly determined

by their crystallization behavior.[7,8] Furthermore, achieving

high device-to-device uniformity of performances is

challenging because the film quality of active layer is

strongly affected by the casting processes as well as the

inherent crystallization behavior of organic semiconductors

themselves, especially when prepared to a large area format.

Therefore, designing effective processes that can give higher

crystallinity, for better carrier mobility, and finding the

correlation between aggregation behavior of molecules and

device-to-device uniformity, for reproducibility of devices,

are crucial steps to realize this technology in near future,

which we are focusing on in this article.

Poly-3-hexylthiophene (P3HT) is one of the attractive

semiconducting materials to investigate the effect of film

morphology on the electrical properties such as carrier

mobility because its crystallinity, affecting the film

morphology, can be easily tuned by controlling region-

regularity of polymer chain or applying different annealing

processes.[7,9-11] In general, intermolecular charge transfer can

be facilitated in crystalline region of P3HT through the

strong π-π interaction, which results in outperforming field-

effect mobility. To enhance the crystallinity, several film-

forming techniques have been reported, such as thermal

treatment,[9] spin casting with nonvolatile solvents,[10] surface

pretreatment,[12] printing-based process,[13-15] and special

tools for chain alignment.[16-18] The field-effect mobility

obtained from these film fabrication techniques reached up
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to 0.1 - 0.3 cm2/V·s. Especially, we have invented the

solution-based in-situ process that can efficiently produce

semiconductor polymer nanowires, consequently giving

superior electrical properties when applied to organic

photovoltaics.[19] Based on this approach, in this work, we

manipulated the dimension of P3HT nanostructures and

investigated their geometric effect on field-effect mobility.

Furthermore, it was confirmed that the reproducibility of

OTFT devices could be improved with nanostructure-based

active layer.

2. EXPERIMENTAL PROCEDURE

2.1 Preparation of P3HT Nanostructures 

91% regio-regular P3HT was purchased from Rieke Metals

and used without further purification. In case of P3HT

nanowire, 10 mg of P3HT was dissolved in chlorobenzene/

acetonitrile co-solvent system (1.0 mL/0.07 mL), and the

obtained orange color solution was treated with ultrasoni-

cation at room temperature for 2 minutes. The solution was

kept under ambient condition for 2 hours to allow

crystallization of P3HT in the solution state. Then, the

solution was treated by ultrasonication again, to disassemble

randomly entangled chains, and it was stored under ambient

condition. The same procedure was repeated four times to

improve the uniformity of P3HT nanowire. The resulting

homogeneous suspension was spin-cast to form a thin layer

film for further investigation. In case of P3HT nanodot,

1.0 mg of P3HT was applied to the same composition of co-

solvent (1.07 mL), and ultrasonication was repeatedly treated

as similarly as the preparation of P3HT nano-wire.

2.2 Organic Field-Effect Transistor (OFET) Device

Bottom-gate, top-contact field effect transistors (FETs)

were fabricated to characterize electrical properties of

obtained polymer films. After cleaning the silicon wafer in a

Piranha solution, octadecyltrichlorosilane (OTS, water contact

angle; 72°) was treated on thermally grown oxide surface

(260 nm) and polymer films (80 nm) were prepared by

means of spin coating method. Then, source and drain

electrodes (Au, 100 nm) were thermally evaporated through

shadow mask with channel width and length of 200 μm, and

100 μm, respectively. The field effect mobility was extracted

from the saturation regime using the relationship, μ(sat) =

(2IDS·L)/(W·C·(VG− Vth)
2), where IDS is saturation drain

current, C is capacitance (11 nF cm−2) of dielectric layer

(SiO2), VG is gate voltage, and Vth implies threshold voltage.

The device performance was evaluated in air using Keithley

4200-SCS semiconductor analyzer.

3. RESULTS AND DISCUSSION

P3HT nanostructures were directly prepared through the

ultrasonic treatment on P3HT solution and their dimension

could be successfully controlled by changing the concen-

tration of P3HT in solution. As illustrated in Fig. 1a, the

film, spun with neat P3HT solution, has no characteristic

morphology in SEM image, even after thermal treatment.

On the contrary, quasi-spherical shaped nano-domains could

be successfully prepared (Fig. 1b, nanodot) by spin-casting

the ultrasonication-treated polymer solution, in which

1.0 mg P3HT was dissolved into chlorobenzene/acetonitrile

cosolvent (1 mL/0.07 mL). Moreover, the length of P3HT

nanodots could be increased to be nanowire type structures

as the concentration of polymer solution increased from

1 mg to 10 mg (Fig. 1c). However, the diameter of nanowire

was preserved to be 20 nm, the same dimension as nanodot.

Since the field-effect carrier mobility is directly affected by

the crystallinity of organic semiconductors in active layer of

OTFT, firstly, the crystallinity of each film was investigated

by UV-vis. absorption spectroscopy. It is well known that

P3HT exhibits three vibronic absorption shoulders and they

are much more pronounced as its crystallinity increases. As

shown in Fig. 2, the thermally annealed spin-cast P3HT

showed relatively weak absorption peaks around 556 nm

(2nd peak) and 610 nm (3rd peak), which indicated that this

approach was not strong enough to fully crystallize polymer

chains. Compared to this, the films spun with ultrasonic-

Fig. 1. SEM images of (a) thermally annealed P3HT film, (b) nanodot and (c) nanowire prepared by the ultrasonic-assisted self-assembly
method.
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treated P3HT solution exhibited significantly enhanced 2nd

and 3rd absorption peaks, which meant a higher degree of

ordering of polymer chains was achieved. Interestingly, both

nanodot- and nanowire-based thin films showed almost the

same absorption propensity, even though their geometry was

noticeably dissimilar. From the fact that those nanostructures

have the similar degree of polymer chain ordering and

diameter, about 20 nm scale, we speculate that nanowires are

grown from nanodots structure as the concentration of

polymer solution increases.

Next, top-contact and bottom-gate FETs were fabricated to

investigate the effect of nanomorphology of polymer

semiconductors on carrier mobility. A heavily doped n-type

Si/SiO2 wafer was used as the substrate, wherein the

conductive Si wafer and the surface SiO2 layer (260 nm)

function as the common gate electrode and the gate dielectric,

respectively. The SiO2 gate dielectric was treated with

octadecyltrichlorosilane (OTS) to form a self-assembled

monolayer (SAM), whereon P3HT solution was spun and

thermally dried (120°C). Source and drain (Au, 100 nm)

were then thermally evaporated through shadow mask, and

the width (W) and the length (L) of channel were defined as

200 μm, and 100 μm, respectively. The FET carrier mobility

was extracted from the saturation regime using the relationship,

μ(sat) = (2IDS·L)/(W·C·(VG−Vth)
2), where IDS is saturation

drain current, C is capacitance (11 nF cm−2) of dielectric

layer (SiO2), VG is gate voltage, and Vth implies threshold

voltage. The device performances were evaluated in air using

Keithley 4200-SCS semiconductor analyzer. As illustrated in

Fig. 3, the P3HT films containing nanostructures (nanodot

or nanowire) exhibited much enhanced field-effect mobility.

The carrier mobility of thermally annealed P3HT (Fig. 3a)

was around 0.004 cm2/(V·s), which is comparable to

previously reported values,[4,20-22] whereas the mobility

obtained with P3HT nanodot (Fig. 3b) and nanowire (Fig.

3c) reached up to 0.064 cm2/(V·s) and 0.072 cm2/(V·s),

respectively. We believe that higher carrier mobility of

Fig. 2. UV-vis. absorption spectra of thermally annealed P3HT film,
P3HT nanodot film and P3HT nanowire film.

Fig. 3. Transfer curve of FET devices fabricated with (a) thermally annealed P3HT film, (b) P3HT nanodot, and (c) P3HT nanowire. The device-
to-device uniformity of carrier mobility was summarized in (d).
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nanostructured P3HT films would be mainly due to the

enhanced crystallinity of polymer chains. Especially, slightly

higher carrier mobility was shown in nanowire-based

OTFTs, compared to that in nanodot type devices, and this

extra gain came from the geometric effect of a wire-shaped

nanostructure, which was more advantageous to channel

formation between source and drain (100 μm).

Device-to-device uniformity is one of the essential factors

for the commercialization of organic semiconductor-based

TFT. To realize the devices having small device-to-device

deviation, we have studied the effect of geometry of

nanodomains on the performance of OTFT devices. For this

purpose, OTFT arrays, composed of more than 50 unit cells,

on 11.8-inch Si wafer were prepared. As illustrated in Fig.

3d, the carrier mobilities of thermally annealed spin-cast

devices (data deviation of calculated mobility ~22%) and

nanowire-based devices (~18%) showed relatively large

variation, compared to those of nanodot-based devices (~8%).

The large variation of mobilities in thermally annealed spin-

cast devices could be due to the ununiformly developed

crystalline domains on large area substrate, originated from

the restricted migration of polymer chains in quickly dried

film that prevented them from being efficiently organized,

even under high temperature thermal annealing. As for

nanostructured P3HT films, we believe that nanoscale

structures (nanodot and nanowire), already uniformly formed

during ultrasonic treatment in solution, can be efficiently

spread out on large area by the shear force applied during

spin-casting, consequently giving relatively lower performance

deviation among devices. Especially, nanodot-based devices

that have symmetric geometry show much lower performance

deviation, because nanowire-based devices inevitably have

anisotropic properties according to the direction of

nanowires.[20] Our results suggest that pre-crystalized organic

semiconductors that have symmetric nano-geometry such as

nanodot would be helpful to achieve low device-to-device

deviation as well as relatively high carrier mobility.

4. CONCLUSIONS

We prepared different types of nanostructures by controlling

the concentration P3HT solution under ultrasonic treatment.

Nanodot structures could be prepared from low concentration

P3HT solution, and those nanodots grew up to the asymmetric

nanowires as the concentration increased. Although these

nanostructures have different geometry, their degree of chain

ordering was similar as compared with UV-vis. absorption

spectroscopy. To investigate the effects of both crystallinity

and nano-geometry on the electrical property of organic

semiconductors, we fabricated OTFT devices and compared

their field-effect mobilities. Firstly, our results showed that

OTFTs with the films, containing high crystalline P3HT

nanodomains (nanodots and nanowires), exhibited much

higher carrier mobilities than those with spin-casting-based

thermally annealed films. Furthermore, those nanostructured

devices also showed better device-to-device uniformity of

carrier mobilities, which were calculated using OTFT arrays,

composed of 50 cells. Among different types of nanostructures,

nanowire type geometry was beneficial to efficient carrier

transport due to their easy channel formation property,

compared to nanodot type geometry, however, its anisotropic

property was not very helpful to have good uniformity

among devices. Consequently, nanodot-based devices showed

reasonably high carrier mobility due to their high crystallinity

and superior uniformity due to their symmetric geometry.

We believe that our work would be helpful to design the

nanomorphology of active layer in OTFTs, such as crystallinity

and nano-geometry, to improve their performances and

uniformity for a future flexible electronics technology.
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