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A pentacene organic thin film transistor (OTFT) with polymethylmethacrylate (PMMA) gate 

dielectric layer was fabricated at 25 oC (RT), 90 oC, and 120 oC in situ substrate temperatures. In 

order to study the effect of pre-annealing treatment on the crystal structure, we observed the 

fabricated pentacene thin films by scanning electron microscope, atomic force microscope, and X-ray 

diffraction. The pentacene film remains in the bulk phase and the carrier’s mobility decreases only 

with 120 oC substrate temperature compared with RT preparation. A pentacene OTFT with PMMA 

as a gate insulator layer exhibited enhanced electric characteristics, including hole mobility of 0.21 

cm2/Vs, current on/off ratio of order of 105, and a threshold voltage less than 4 V. 

I. INTRODUCTION 

Organic thin-film transistors (OTFT) have attracted much attention due to their attractive features such as low 

cost, low temperature processing, and mechanical flexibility [1,2]. Currently, because of these excellent properties 

there are many applications such as flexible organic light emitting diodes, radio frequency identification tags, smart 

cards, plastic logic circuits, etc. [3,4]. The three fundamental components of such devices are the contacts (source, 

drain, and gate), the semiconductor thin film, and the gate insulator layer. To improve the performance of organic 

transistors, the condition of the organic semiconductor/gate insulator layer interface is very important. Various 

materials with high dielectric constant have been investigated for gate insulator such as high-k inorganics, 

polymers, and self-assembled small molecules. Organic transistors with a polymer gate insulator layer exhibited 

OTFT performance comparable to inorganic dielectrics. Polymers such as poly(vinyl phenol), poly(styrene), 

poly(methyl methacrylate), and poly(vinyl alcohol) have been used as OTFT gate insulators [5,6]. 

Among the most popular organic semiconductors, pentacene is widely studied for p-channel organic 

transistors due both to its stability and its high field effect mobility [3]. Pentacene consists of a linear chain of five 

benzene rings. With X-ray diffraction techniques, the four different polymorphs can be classified according to their 

d (001) spacing perpendicular to the substrate surfaces: 14.1, 14.4, 15, and 15.4 Å. Two polymorphs of 14.4 and 

15.4 Å have been found in the pentacene films grown on SiO2 substrate; so called “thin film” and “bulk” phases, 

respectively [7-9]. The phase transition between the two polymorphs depends on the substrate deposition 

temperature and the film thickness. In organic semiconductors, molecular ordering has influence on the electrical 

performance of devices since charge transport is dominated by hopping [10,11]. Thus, the phase transition in 

pentacene induced by the post annealing process is correlates with the electric transport [12]. 

In this paper, we study the pre-annealing effect on the pentacene OTFT with a poly(methyl methacrylate) 

(PMMA) interface. First, we focus on the electrical characteristics of pentacene based OTFT using PMMA as the 

gate insulator layer. Second, we observe the morphology and crystallinity of pentacene thin films pre-annealed at 

various substrate temperatures by scanning electron microscope (SEM) and atomic force microscope (AFM). 

II. EXPERIMENT 

The pentacene OTFT was fabricated on highly doped p-type silicon substrates. PMMA (MW = 996,000, 

obtained from Sigma-Aldrich) was dissolved in toluene with a concentration of 15 mg/ml and then spin-

coated onto the highly doped p-type silicon substrate to form a 50 nm thin polymer layer. The PMMA layer 

was baked for 12 hours at the temperature of 80 oC in vacuum. Then the pentacene thin films were deposited 

on the PMMA/SiO2 substrates at 25 oC (RT), 90 oC, and 120 oC by the thermal vacuum evaporation method. 

The resulting films were about 50 nm thick with deposition rate of approximately 0.1 Å/s and base pressure 

of about 5×10-6 Torr. After depositing the pentacene thin film, a 100 nm thick Au layer was deposited 

through a metal mask, using a thermal evaporator. The channel length and width of fabricated OTFT were 50 
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µm and 1.1 mm, respectively. 

The electrical measurements of the device characteristics were performed using a Keithley 2400-SCS 

sourcemeter in the dark condition at RT. The structure, morphology, and crystallinity of pentacene thin films 

were investigated using SEM and AFM. 

III. RESULTS AND DISCUSSION 

Figures 1 show the surface morphology and topography of pentacene thin films grown on the SiO2 layer 

and the PMMA/SiO2 interface obtained by SEM and AFM, respectively. The grain size is larger for the 

pentacene thin film grown on the PMMA/SiO2 interface. In addition, a small number of fiber-like domains 

were observed on the pentacene surface grown on PMMA/SiO2 interface as shown in Fig. 1 (b) [13]. The 

grain size of pentacene grown on the SiO2 layer was 11.5 m while the grain size of pentacene grown on 

the PMMA/SiO2 interface was 12.5 m according to Fig. Fig. 1 (c), (d). The pentacene film grown on the 

PMMA/SiO2 interface is well ordered and reveals larger dendritic grains compared to the pentacene film 

grown on the SiO2 layer. Since transport properties is depend on the molecular ordering of the pentacene film 

at the grain boundary, the larger grain size and better ordering of pentacene grown on the PMMA/SiO2 

interface should improve the electrical properties of the pentacene OTFT [14]. 

   

 

 

 

 

Fig. 2 compares the current-voltage (IV) and transfer characteristics of the pentacene OTFT with (a), 

(b) the SiO2 layer and (c), (d) the PMMA/SiO2 interface as a gate insulator layer. The magnitude of the drain 

current (IDS) for the pentacene OTFT with the PMMA/SiO2 interface is evidently larger (about 3 times) than 

that for the pentacene OTFT with SiO2 as an insulator layer at the same gate voltages VGS. A hole mobility  

= 0.1 cm2/Vs, a threshold voltage VT = 17 V, and a current on/off ratio 103 were obtained for the pentacene 

OTFT with SiO2 as a gate insulator layer. A higher hole mobility  = 0.2 cm2/Vs, a lower threshold voltage, 

VT = 12 V, and a higher current on/off ratio 105 were obtained for the pentacene OTFT with the 

PMMA/SiO2 interface as a gate insulator. The additional PMMA layer enlarges the grain size of the 

pentacene thin film, decreases the threshold voltage, and increases mobility and current on/off ratio, thus 

improving the entire electric performance of the pentacene OTFT. 

In order to study pre-annealing on the morphology of pentacene thin films, we investigated its effect by 

using SEM and AFM. Fig. 3 shows the SEM micrographs and AFM topography of pentacene thin films on 

the PMMA/SiO2 substrate pre-annealed at different temperatures. At pre-annealing temperature of higher 

120 °C, pentacene did not evaporate since the glass transition temperature (Tg) of PMMA is 90 °C and re-

evaporation of pentacene has been observed for substrate temperature above 100 °C [20]. A large number of 

fiber-like domains were observed in pentacene layer (RT) as shown in Fig. 4 (a) [13]. The average grain size 

of the pentacene films and the number of fiber-like domains was decreased with increasing annealing 

temperature (Fig. 4 (b), (c)). The pentacene film has large dendritic grain structure with the grain size of 

22.5 µm as shown in Fig. 3 (d). Spherical clusters with the grain size of 0.30.5 µm were observed. The 

grain size of pentacene film was decreased at the same pre-annealing temperature comparing (Fig. 3 (d)-(f)). 

Fig. 1. (a), (b) SEM and (c), (d) AFM images of pentacene thin 

films grown (a), (c) on the SiO2 and (b), (d) on the 

PMMA/SiO2 substrate. 

Fig. 2. IV and transfer characteristics of the 

pentacene OTFT with (a), (b) the SiO2 

and (c), (d) the PMMA/SiO2 as a gate 

insulator. 
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Fig. 3. (a), (b), (c) SEM and (d), (e), (f) AFM images of pentacene thin films pre-annealed at (a), (d) RT, (b), (e) 90 °C, 

and (c), (f) 120 °C grown on PMMA/SiO2 substrate. 

 

Fig. 4 shows the IV and transfer characteristics of pentacene OTFTs with PMMA/SiO2 as a gate 

insulator layer pre-annealed at (a), (d) RT, (b), (e) 90 °C, and (c), (f) 120 °C. As the substrate temperature 

increased to 90 °C, the drain current was gradually increased. The magnitude of the drain current IDS and the 

mobility were decreased to a low value at the same annealing temperature as shown in Table. 1. The mobility 

was increased from  = 0.1 cm2/Vs (SiO2 as the gate insulator) to  = 0.2 cm2/Vs (PMMA/SiO2 as the gate 

insulator). The mobility of OTFT also increased due to the reduced grain boundary density as expected from 

the AFM images. All performance parameters of the fabricated OTFTs with PMMA/SiO2 as a gate insulator 

are summarized in Tab. 1. 

 
Fig. 4. (a), (b), (c) IV and (d), (e), (f) transfer characteristics of pentacene OTFT with PMMA/SiO2 as a gate insulator 

pre-annealed at (a), (d) RT, (b), (e) 90 °C, and (c), (f) 120 °C. 

 

Various defects such as chemical impurities and dislocation may exist in the vacuum deposited films. D. 

Guo et al. reported that the number of defects such as dislocation and crystallite boundary inside the grains 

may be decreased and the degree of order and the grain size of the main charge transport layers near the 

interface may be increased, although annealing decreased the apparent grain size in the horizontal direction 

[15]. This occurs because of the high mobility and free energy of the defects, especially when a large number 

of defects and traps appear. The polymorph of the pentacene film deposited on the SiO2 substrate transforms 

from the thin film phase to the bulk phase when the substrate temperature increased up to 120 °C. 

 

 



 

64 

 

Table 1. Summary of performance parameters of pentacene OTFT with PMMA/SiO2 substrate as 

gate insulator. 

Substrate pre-annealing 

temperature (oC) 

Mobility, 

sat (cm2/Vs) 

Threshold voltage, 

VT (V) 

On/off  

ratio 

25 0.2 12 105 

90 0.21 4 105 

120 0.016 10 103 

 

On the other hand, the X-ray diffraction spectra (data not shown here) for the pentacene evaporated on 

PMMA/SiO2 substrate have four reflections (00l), indicating a thin film phase with the same interlayer 

spacing of 15.4 Å. The pentacene growth mode transition occurs due to the interfacial surface energy mismatches, 

related to the difference between the pentacene surface energy and the bulk energies of the two different phases 

[16,17]. Therefore, pentacene grains on PMMA/SiO2 are highly interconnected with one another which can lead to 

more efficient charge transport than that on SiO2. 

IV. CONCLUSIONS 

We fabricated pentacene-based OTFTs on PMMA as an insulator layer using different pre-annealing 

temperature conditions. Pentacene OTFT with PMMA as a gate insulator layer exhibit enhance electric 

properties; including hole mobility of 0.21 cm2/Vs, current on/off ratio of 105 or larger, and the threshold 

voltage of less than 4 V. For pentacene thin films deposited on PMMA/SiO2 substrate polymorphism not 

observed and there was no phase transformation which from the thin film phase to the bulk phase. The 

additional PMMA layer gives enhanced electric characteristics to pentacene OTFT related to device 

performance. 
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