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Abstract 

An unprecedented approach to fabricate patterned rubrene thin-film transistors (TFTs) is presented by 

combining an abrupt heating method with selective electron irradiation of polystyrene dielectric layers. 

We found that an amorphous rubrene is crystallized only on electron-irradiated polystyrene (PS) while 

no crystallization of rubrene occurs on unirradiated PS by the abrupt heating process. Based on this 

finding, patterned rubrene semiconductor could be successfully fabricated by irradiating an electron 

beam onto selective regions of a PS layer followed by the abrupt heating process. The patterned rubrene 

TFTs exhibited good performances with charge mobilities of ~1.3 cm2V-1s-1 and on/off ratios higher 

than 108.  
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Introduction 

Organic thin-film transistors (OTFTs) have attracted great attention of researchers due to the 

applications to flexible displays,1 bio-compatible sensors,2 and low-cost electronics like radio frequency 

identification tags.3 For these applications, proper selection of an organic semiconductor material is 

crucial. Though several organic semiconductor materials showed good performances in charge carrier 

mobility, other requirements such as high stability and low cost should also be satisfied for the practical 

applications of the OTFT devices.4 In this respect, rubrene is one of the best organic semiconductor 

materials due to the following features. First, single-crystalline rubrene exhibited very high charge 

mobility up to 20 cm2V-1s-1.5 Second, rubrene is highly soluble in common solvents such as toluene, and 

does not need toxic chlorinated solvents or functionalization of molecules.6 Last, pure sublimed rubrene 

is commercialized with a competitive price compared to other organic semiconductors. However, for the 

applications to organic electronics, thin-filmed semiconductor materials are necessary, but simple and 

reliable methods to prepare high-quality crystalline rubrene thin films are still challenging.  

We recently demonstrated a simple, so called, ‘abrupt heating method’ to fabricate crystalline rubrene 

thin films.7, 8 Well-ordered, high-crystalline orthorhombic rubrene thin films are created through the 

abrupt heating method, which crystallizes amorphous rubrene films on a substrate by increasing the 

annealing temperature very rapidly in ambient air. OTFTs made of the rubrene thin films showed charge 

mobilities higher than 1 cm2V-1s-1 on a bare SiO2 substrate.7 

Meanwhile, patterning of an organic semiconductor is required to improve the performance of an 

OTFT, particularly, on/off ratio of the device. Unwanted crosstalk and gate leakage current are 

significantly decreased via patterning, which leads to a dramatic decrease in the off current while 

maintaining the on current level.9 Mainly, two different patterning methods have been developed: a 

selective removal method and a selective deposition method. In a selective removal method, a 

crystalline organic semiconductor film is prepared on a dielectric followed by the removal of unwanted 

area of the semiconductor layer by top-down approaches including reactive ion etching,10 soft 
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lithography,11 and electron or UV lithography.12 However, the semiconductor films can be damaged or 

contaminated during the removal process, which can affect the performance of the OTFTs negatively. 

These problems can be overcome through a selective deposition method, where organic semiconducting 

molecules are directly deposited only on selected region of dielectrics. In case of pre-treatment, 

dielectric layer is treated prior to the deposition of semiconducting layer with functional materials such 

as self-assembled monolayers13 or fluoropolymer.14 Due to the difference in the surface energies 

between the treated and non-treated dielectric regions, the semiconducting molecules are attached only 

to the treated or non-treated dielectric surface. However, since this technique relies on the self-assembly 

of vapor- or solution-based separate organic molecules, the pre-defined dielectric layer tend not to be 

uniformly and completely covered with semiconducting molecules. Hence, the fabricated semiconductor 

thin film comprises uneven crystallites. Furthermore, the organic molecules can be attached to undesired 

regions, resulting in non-uniform and irregular semiconductor patterns with unclear boundaries.15  In 

addition, organic semiconducting materials can also be selectively deposited by printing methods. 

Large-area and patterned organic semiconducting layer can be formed through this one-step fabrication 

method.16 However, the spatial resolution of the pattern is limited due to the finite size of nozzle. Also, 

the patterned area of semiconductor tends to have very rough surface and irregular crystalline 

structure.17 Consequently, the devices based on these selective deposition methods show poor 

performances with large variations.  

Here, we present an unprecedented approach to fabricate patterned rubrene TFTs by combining our 

abrupt heating method with selective electron irradiation of PS dielectric layer. The patterned rubrene 

TFTs fabricated by the approach exhibited good performances with an average charge mobility of 1.3 

cm2V-1s-1 and an average on/off ratio higher than 108.  

 

Results and discussion 

The procedure to fabricate patterned rubrene TFTs is illustrated in Fig. 1. First, a PS layer is spin-

coated on a SiO2/Si substrate and then is irradiated with an electron beam through a metal mask. 
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Electron irradiation directly induces crosslinking of PS molecular chains without any chemical agents, 

and thus, only the electron-irradiated regions of the PS layer are crosslinked. Subsequently, amorphous 

rubrene is deposited on the PS layer via thermal evaporation. The as-deposited rubrene film is abruptly 

heated by placing the sample on a preheated hot plate in ambient conditions. This abrupt heating process 

leads to the crystallization of rubrene only on crosslinked PS while rubrene on non-crosslinked PS keeps 

its original amorphous phase. As a consequence, patterned crystalline rubrene thin films are fabricated. 

Two gold electrodes are then thermally evaporated on each rubrene semiconductor pattern, resulting in 

patterned rubrene TFTs. 

Fig. 2 shows the polarized optical microscope (POM) and atomic force microscope (AFM) images of 

the crystalline rubrene thin films fabricated on PS layers that were electron-irradiated at different 

fluences. The rubrene films were crystallized through the abrupt heating process at 170 0C, which was 

the optimum temperature for the crystallization of the rubrene films (Fig. S1). When a rubrene film on 

unirradiated PS was abruptly heated, no crystallization occurred (Fig. 2a). However, as the electron 

fluence was increased, the crystallinity of a rubrene film was gradually improved. When the electron 

fluence was increased to 1 × 1016 cm-2, many rubrene crystals with a triclinic phase were formed (Fig. 

2b): line-shaped morphologies in the POM and AFM images reflect a triclinic phase of rubrene.7 The 

rubrene crystalline domains became more regular when the electron fluence was increased to 5 × 1016 

cm-2, but triclinic phase of rubrene still existed and the crystalline domains had slightly curved 

boundaries (Fig. 2c). In contrast, well-faceted and interconnected rubrene films, suggesting the 

orthorhombic phase of rubrene crystals,7 were created over the whole PS surface at the electron fluence 

of 2 × 1017 cm-2 (Fig. 2d). No color variation was observed within a single domain under the POM 

investigation, indicating that a domain was composed of a single crystal.7, 8 The average domain size 

was as high as 50 µm.  

The effects of electron irradiation on the crystallization of rubrene thin films can be explained as 

follows. If an amorphous rubrene film on an unirradiated PS layer is abruptly heated at the optimum 

temperature of 170 0C, the molecular chains of the underlying PS can actively and randomly move. This 
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is because the annealing temperature is much higher than the glass transition temperature (ca. 100 °C) of 

PS. The randomly moving PS chains disturb the regular ordering of overlying rubrene molecules,18 and 

hence, a rubrene film on unirradiated PS can hardly be crystallized by the abrupt heating process (Fig. 

2a). However, if PS is electron-irradiated, the PS chains cannot easily move because the molecular 

chains of PS are three-dimensionally crosslinked by the irradiation.19 As a result, when an amorphous 

rubrene film on an electron-irradiated PS layer is abruptly heated at 170 0C, the rubrene molecules can 

be thermally rearranged to form crystals without a disturbance of underlying PS and accordingly a 

crystalline rubrene film is created on the PS layer. The quality of the crystalline rubrene film or the 

degree of crystallinity is determined by the crosslinking ratio of PS. Since the crosslinking ratio is 

increased with the increase in the electron fluence (Fig. 2e), a rubrene film with better crystallinity is 

produced on electron-irradiated PS as the electron fluence was increased (Fig. 2a-d). This fact was 

confirmed by the electrical characteristics of OTFTs made of the rubrene thin films. As shown in Fig. 

2f, an amorphous rubrene film formed on unirradiated PS exhibited a very low charge mobility of ~10-3 

cm2V-1s-1. However, the charge mobilities of the rubrene TFTs on irradiated PS increased as the electron 

fluence was increased. The mobility value reached up to 1.25 cm2V-1s-1 when the electron fluence was 

above 2 × 1017 cm-2.  

In addition, two-dimensional grazing incidence X-ray diffraction (GIXD) pattern of the crystalline 

rubrene thin film displayed many strong and sharp reflection spots (Fig. 3a). It clearly reveals that the 

rubrene film consists of highly-ordered orthorhombic crystals and that the ab planes of the crystals are 

perfectly oriented parallel to the substrate surface while c axes of the crystals are aligned perpendicular 

to the substrate. X-ray diffraction (XRD) patterns of the rubrene films (Fig. 3b) also show a diffraction 

peak at 2θ = 6.540, corresponding to (002) plane of orthorhombic rubrene crystal.20 The XRD peak 

intensity of the rubrene film formed on electron-irradiated PS is higher than that formed on SiO2, 

suggesting that a rubrene film with better crystallinity is formed on electron-irradiated PS than on SiO2. 

The performances of OTFTs also confirm this fact: the average mobility (1.25 cm2V-1s-1) of the rubrene 

TFTs on electron-irradiated PS was higher than that (1.03 cm2V-1s-1) of the rubrene TFTs on SiO2 
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fabricated at the same experimental conditions. To analyze the reasons of the improvements in both the 

crystallinities and charge mobilities of the rubrene films on electron-irradiated PS compared to SiO2, the 

interfaces between rubrene films and dielectric layers were investigated. First, the surface roughness 

(Rq) of the PS layer irradiated at the electron fluence of 2 × 1017 was 0.19 nm, which is almost 

comparable to that of SiO2 (Rq = 0.20 nm). However, the surface energy (26.3 mJ/m2) of the electron-

irradiated PS layer is much lower than that (54.11 mJ/m2) of SiO2 (Table 1). In terms of the surface 

energy, the crystalline rubrene having the surface energy of 33.9 mJ/m2 is more well-matched to 

electron-irradiated PS than to SiO2. Due to the relatively well-matching of the surface energies at the 

interface, both the crystallinity and the charge mobility of the rubrene film were enhanced on electron-

irradiated PS than SiO2.
21  

In addition, the fact that crystalline rubrene films are formed only on electron-irradiated PS provides 

us a novel strategy to fabricate patterned rubrene crystal films. If selected regions of a PS layer are 

electron-irradiated followed by abrupt heating of an amorphous rubrene film as shown in Fig. 1, rubrene 

only on irradiated regions of PS is crystallized while amorphous rubrene is left on unirradiated regions 

of PS. This strategy was demonstrated in Fig. 4 where a metal mask with rectangular holes was used for 

the selective electron irradiation on a PS layer. The POM images show that continuously interconnected 

orthorhombic rubrene crystals were formed only inside each rectangular pattern that was electron-

irradiated (Fig. 4a, b). No crystals were formed at the outside of the rectangles that were not electron-

irradiated, even though the outside regions were also covered with amorphous rubrene. Consequently, 

the rectangular patterns had very clear boundaries of crystals between the irradiated and unirradiated 

regions (inset of Fig. 4b). Additionally, the crystalline rubrene thin film in the pattern had a very smooth 

surface: the measured surface roughness of the rubrene film was ~1 nm. This smooth surface is 

desirable for OTFT applications because metal electrodes can be well attached to the rubrene 

semiconductor, and hence, contact resistance between the electrodes and the organic semiconductor can 

be reduced.22  
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One thing to note here is that the thickness of a PS layer affects the morphology of the crystalline 

rubrene pattern. When a PS layer thickness was too small (≤ 10 nm), rubrene crystals were sparsely 

formed even on unirradiated PS regions in addition to irradiated regions, leading to the formation of an 

unclear crystalline rubrene pattern (Fig. S2a). This is because the movement of polymer chains in a very 

thin PS layer is not sufficiently active to hinder the crystallization of rubrene molecules on unirradiated 

PS. In order to get clear crystalline rubrene patterns, enough thick PS layers were required (Fig. S2b, c, 

d). However, a large thickness of the PS dielectric layer increases the operating voltage and decreases 

the on current of OTFT devices (Fig. S3). After the systematic experiments and analyses, we observed 

that the optimum PS thickness was ~20 nm at which both a clear pattern of the crystalline rubrene film 

and a good OTFT performance were achieved. 

After the successful formation of the patterned rubrene thin films, two gold electrodes were deposited 

on the rubrene semiconductor film in each rectangular pattern, thereby resulting in patterned OTFTs 

(Fig. 4c). Operational characteristics of both patterned rubrene TFTs and unpatterned rubrene TFTs 

were shown in Fig. 5. The average charge mobility of the patterned rubrene TFTs was 1.30 cm2V-1s-1 

while that of unpatterned rubrene TFTs was 1.25 cm2V-1s-1, indicating that the mobilities of the rubrene 

TFTs were almost unchanged after the patterning. However, the gate leakage current was dramatically 

decreased after the patterning. The maximum leakage current of the patterned device was about four 

orders lower than that of the unpatterned device. The off current of the patterned rubrene TFT was also 

drastically decreased compared to the unpatterned rubrene TFTs. Consequently, the average on/off ratio 

of the OTFTs was increased from 5 × 104 to 1 × 108 after the patterning.  

One more thing to note here is that PS molecular chains can also be crosslinked by UV irradiation as 

well as electron irradiation.23 Therefore, we could successfully produce patterned crystalline rubrene 

thin films by combining UV irradiation with the abrupt heating process (Fig. S4). The crystalline 

rubrene thin films made by UV irradiation have almost the same morphologies with those made by 

electron irradiation. 
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Experimental  

Sample Fabrication 

PS layers were prepared by spin coating of PS (Sigma Aldrich, Mw = 2,000,000 g/mol) dissolved in 

toluene on a 100 nm SiO2 gate dielectric underlying heavily doped n-type silicon substrate. 

Subsequently, the samples were irradiated with a 30 keV electron beam generated by a home-made 

thermionic electron gun under vacuum (a pressure less than 10-5 torr). After the electron irradiation, the 

samples were rinsed in isopropyl alcohol and dried under nitrogen follow. Amorphous rubrene film with 

the thickness of ~20 nm was then deposited by a thermal evaporation of rubrene powders (sublimed 

grade, Sigma-Aldrich, Inc.). The abrupt heating process was carried out by placing a sample onto a hot 

plate pre-heated at 170 °C in ambient conditions and in a dark room. The heating process lasted for 90 s. 

Au electrodes with the thickness of 100 nm were evaporated by a mask for the fabrication of OTFTs. 

The OTFTs have the channel widths of 1000 µm and the channel length of 50 µm. Also, UV-induced 

crosslinking of PS was performed using UV light (wavelength is 254 nm) of UV lamp (EEC, VL-4.LC).  

Measurements 

POM images were captured using an optical microscope (Olympus, BX51) and the topographies were 

examined with an AFM (Park Systems, XE-70). The crosslinking ratio of irradiated PS was measured 

using gel permeation chromatography (Waters, Aliance 2690).  The contact angle was measured by 

placing 3 µL droplet of a solution onto a flat sample surface. The crystalline structures of the rubrene 

films were characterized with XRD (RIGAKU, D/MAX-2500) and GIXD measurements using the 4C2 

beamline at the Pohang Accelerator Laboratory. The diffraction patterns were recorded using a 

MarCCD detector. The grazing-incidence angle of the X-ray beam (λ = 1.3807 Å) was varied between 

0.140 and 0.250. The diffraction data were displayed as an intensity map in which qxy is the in-plane 

momentum transfer and qz is the out-of-plane momentum transfer. The OTFT characteristics were 

evaluated using a probe station (Semiconductor Characterization System 4200 SCS/F and Summit 

11862B, Keithley and Cascade) in ambient conditions. The average mobility and on/off ratio of the 

OTFTs were achieved by measuring the electrical characteristics of at least 5 devices. 
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Conclusion 

In summary, we have presented an unconventional approach to fabricate patterned rubrene TFTs 

based on the fact that amorphous rubrene is crystallized on electron-irradiated PS while no 

crystallization of rubrene occurs on unirradiated PS by the abrupt heating process. The patterning 

approach has a few advantages. First, the rubrene semiconductor pattern has clear boundaries between 

the electron-irradiated and unirradiated regions, thereby allowing well-defined organic semiconductor 

pattern structures. Second, the rubrene semiconductor thin films produced in the pattern comprise well-

interconnected and high-quality crystalline rubrene. Third, the crystalline rubrene thin films with very 

uniform and smooth surfaces are created in the pattern. Consequently, the patterned OTFTs fabricated 

by the approach exhibited good device performances with high charge mobilities and high on/off ratios. 

Therefore, we believe that the present approach can provide a useful way to expedite the practical 

applications of rubrene TFTs to various organic electronics. 
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Electronic Supplementary Information (ESI) available: POM images of crystalline rubrene thin films 

abruptly heated at different conditions, GIXD pattern and XRD spectra of crystalline rubrene thin films, 
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characteristics of rubrene TFTs with different thickness, and POM image of patterned crystalline 
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Fig. 1. A schematic illustration to show the fabrication process of patterned rubrene TFTs. 
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Fig. 2. (a-d) POM images of crystalline rubrene thin films prepared on PS layers that are electron-

irradiated at different fluences; (a) 0 cm-2, (b) 1 × 1016 cm-2, (c) 5 × 1016 cm-2, and (d) 2 × 1017 cm-2. The 

insets are AFM images of the corresponding samples. (e) Crosslinking ratio of PS and (f) charge 

mobilities of rubrene TFTs prepared on irradiated PS as a function of electron fluence. 
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Fig. 3. (a) GIXD pattern of a crystalline rubrene thin film fabricated on an electron-irradiated PS layer. 

(b) XRD spectra of crystalline rubrene thin films on SiO2 and irradiated PS, respectively.  
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Fig. 4. (a) POM image of a patterned crystalline rubrene thin film. (b) Magnified POM image of a 

single pattern in (a). Inset shows a boundary of the crystalline rubrene pattern. (c) POM image of 

fabricated rubrene TFTs with gold electrodes. 
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Fig. 5. (a) Typical transfer characteristics of unpatterned (red) and patterned (blue) rubrene thin-film 

transistors. Solid lines are drain-source currents and dashed lines are gate leakage currents. The transfer 

curves were measured at a drain-source voltage of -15 V. (b) Typical output characteristics of patterned 

rubrene thin-film transistors. 
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 Contact Angle (°) Surface Energy (mJ m-2) 

 

 

Water Ethylene 

glycol 

γs
d γs

p γs 

SiO2 47 31 7.65 46.46 54.11 

Irradiated 

polystyrene 
80 61 14.38 11.92 26.30 

Crystalline 

rubrene film 
90 59 32.42 1.48 33.90 

 

Table 1. Measured contact angle and surface energy of SiO2, PS irradiated at the electron fluence of 2 × 

1017 cm-2, and a crystalline rubrene film fabricated by the abrupt heating process, respectively. γs
d and 

γs
p are dispersion and polar components of the surface energy, respectively. γs is the surface energy (γs= 

γs
d + 
γs

p). 
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An unprecedented approach to pattern rubrene TFTs is presented by combining an abrupt heating 

method with selective electron irradiation of polystyrene dielectric layers. The patterned rubrene TFTs 

exhibited good performances with charge mobilities of ~1.3 cm
2
V
-1
s
-1
 and on/off ratios higher than 10

8
.  
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