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I. INTRODUCTION

B EING an important branch of electronics and optoelec- tronics, organic thin-film transistors (OTFTs) have been proposed in the second mid of the 20th century. Since the 1980s, OTFT technology has undergone several developments thanks to the advantages it offers in terms of lightweight, low-temperature processing that enables flexible applications, environment-friendly, and rich in variety [START_REF] Nam | Poly(2-alkyl-2-oxazoline) electrode interlayers for improved n-type organic field effect transistor performance[END_REF], [START_REF] Sarma | Low-cost MoO 3 /Al bilayer electrode for pentacene-based OTFTs[END_REF], [START_REF] Han | A study on pentacene organic thin-film transistor with different gate materials on various substrates[END_REF]. However, the main shortcoming lies in their relatively low-field effect mobility, which limits their potential applications, especially for providing high current that drives organic light-emitting diodes (OLEDs) in AMOLED displays. Nevertheless, much effort has been made to pursue higher driving capability of OTFTs [START_REF] Tewari | High-mobility and low-operating voltage organic thin film transistor with epoxy based siloxane binder as the gate dielectric[END_REF], [START_REF] Jurchescu | Interface-controlled, high-mobility organic transistors[END_REF], [START_REF] Fukagawa | High-current operation of vertical-type organic transistor with preferentially oriented molecular film[END_REF].
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the carrier transport mechanism of OTFTs should also be inspected. In this work based on the relationship between mobility enhancement factor and the characteristic temperature of density of states (DOS), the variable range hopping (VRH) transport mechanism can be verified. The electrical characteristics were also analyzed by relating with morphology observation of pentacene active layer, since energy/space disorder can affect carrier transport.

II. FABRICATION PROCESS

The fabrication process of bottom-gate, top-contact OTFTs was carried out on silicon substrates. Initially, the 6-in silicon substrate was cut into 1.5 × 1.5 cm slices, the silicon substrate is n-type heavily doped monocrystalline silicon covered with a 300-nm dry-oxidized silicon oxide, which act as the gate electrode and the gate dielectric materials, respectively. The substrates were cleaned with acetone, alcohol, and deionized water, respectively for 10 min, assisted by ultrasound. After drying in the heating oven at 120 • C for more than 30 min, a thin polystyrene (PS) layer was spin-coated on the substrates at 3000 r/min for 30 s from a 4-mg/mL solution dissolved in toluene, which is assumed to be able to passivate active layer interface and thus improve active layer morphology. After spinning-coating of PS layer, the samples were annealed at 90 • C for more than 30 min. Afterward, pentacene active layers were deposited. The active layer of device A is deposited at low vacuum degree with the chamber pressure of more than 2 × 10 -4 Pa, while the active layer of device B is deposited at high vacuum degree with the chamber pressure of approximately 10 -4 Pa. Higher vacuum is assumed to be better for active layer deposition, especially for elimination of Volmer-Weber grown island-like grains. Finally, a thick copper layer is deposited and patterned by shadow masks to form source and drain contact pads, which defines a channel width/length ratio of 1500/100 µm. Bottom-gate, top-contact OTFT configuration is demonstrated as Fig. 1(a), where pentacene morphology can be controlled by PS passivation layer and by thermal evaporation parameters during pentacene evaporation, such as vacuum level, evaporation rate, and substrate temperature. All the electrical characterizations were carried out by a Keithley 4200 SCS semiconductor parameter analyzer in ambient air.

III. RESULTS AND DISCUSSION

The typical output characteristics of OTFT are shown in Fig. 1(b). Linear and saturation region are well discriminated by pinch-off point, indicating the field effect of the OTFT. Hysteresis is not observed with PS passivation layer. For devices A and B, transfer characteristics are demonstrated as Fig. 1(c) and (d), respectively. The drain-source voltage V ds is set to be -1 V, while the gate-source voltage V gs ranges from 20 to -70 V. Therefore, the OTFTs work in linear regime, and the electrical parameters can be deduced from the following formula:

I ds = W L C ox µ FE V gs -V th - 1 2 V ds V ds (1)
where W /L is channel width/length ratio, C ox is gate dielectric capacitance per unit area, µ FE is effective mobility, and V th is conventional threshold voltage. The electric parameters for devices A and are listed in Table I. Both devices A and B show the same order of 10 5 for ON/OFF current ratio, while device B shows higher effective mobility. Note that, for device B, mobility degradation is observed at higher gate bias, which limits the ON-current. In addition, when the evaporation is carried out at the vacuum degree of below 5 × 10 -4 Pa, the degradation/oxidation of the device is assumed to be negligible, thus the degradation/oxidation at high vacuum degree of 2 × 10 -4 Pa or 10 -4 Pa can be excluded. According to the relation between mobility and gate bias, when the gate bias (electric field) is high, the carriers in the channel are closer to the channel/gate dielectric interface, therefore, the carriers scattering is more serious, which may severely degrade the field effect mobility. The mobility degradation can be eliminated by further improving the gate dielectric layers quality. In addition, for device A, a high conventional threshold voltage of approximately -36.3 V may be inaccurate and needs calibration, and the conventional threshold voltage of device B is approximately -26 V, which will also be calibrated.

TABLE II ELECTRICAL PARAMETERS COMPARISON FOR PENTACENE OTFT WITH POLYMER GATE DIELECTRICS

For being more accurate, the threshold voltage can be calibrated from the following formula of modified Y-function method [START_REF] Marinov | Precise parameter extraction technique for organic thin-film transistors operating in the linear regime[END_REF]:

I ds g 1/2 m = s -1/2 (V gs -V th ) 1+γ ′ /2 (2)
γ ' is the mobility enhancement factor when considering the relationship of field effect mobility with V gs -V th , which are deduced to be 1.08 and 0.37 for devices A and B, respectively. Therefore, the calibrated threshold voltages are -15 and -16.8 V, respectively, for devices A and B, as shown in Fig. 2(a) and (b). From the modified Y-function method, both devices A and B show threshold voltage of approximately -16 V, indicating a higher accuracy by the determination of the threshold voltages.

For VRH transport, the field effect mobility is enhanced with gate bias, according to the following formula [START_REF] Vissenberg | Theory of the fieldeffect mobility in amorphous organic transistors[END_REF]:

µ = µ 0 |V gs -V FB | γ (3)
where µ 0 is low-field mobility, γ is mobility enhancement factor, and V FB is flat-band voltage. The mobility enhancement factor corresponding to flat-band voltage can be obtained from Fig. 3(a) and (b) for devices A and B, respectively. For device A, the mobility enhancement factor is approximately 1.73, while for device B, the mobility enhancement factor is 3.3. The higher mobility enhancement factor for device B may indicate lower energy/space disorder for hopping transport. Note that, in Fig. 3(b), the mobility degradation at higher gate bias is observed.

For VRH transport, the transport is closely related to the density of localized states. The hopping can be from one site to another site that is far away with a lower activation energy, or can be from one site to another close site with a higher activation energy. With the gate bias, the accumulated carriers fill the low-lying energy states, and thus, the activation energy can be reduced with a higher gate bias. Therefore, the mobility enhancement with the gate bias can be observed, while the DOS is critical for analyzing the VRH transport mechanism.

The exponential DOS can be expressed as follows:

DOS = N t k B T 0 exp -E k B T 0 ( 4 
)
where N t is the number of states per unit volume, k B is Boltzmann's constant, T 0 is the characteristic temperature of exponential DOS, and E is energy difference. As shown in Fig. 3(c) and (d), the exponential DOS is calculated by Suzuki method [START_REF] Suzuki | Theoretical interpretations of the gap state density determined from the field effect and capacitance-voltage characteristics of amorphous semiconductors[END_REF] for devices A and B, respectively. For the Suzuki method in Fig. 3(c) and (d), the method is based on the amorphous semiconductor TFT, where the DOS calculation is based on the Poisson's equation and Gauss's law, and the band bending calculation is based on field effect, the surface potential is shown as Fig. 3(e) and (f) for devices A and B, respectively. The adopted formulas of Suzuki method are as follows:

N DOS (E F + qψ s ) = ε si 2q 2 ∂ 2 ∂ 2 s d (x) d x x=0 2 (5) d (x) d x x=0 = - ε OX ε Si • V GS -V FB -ψ S d OX ( 6 
)
dψ s = dG G 0 ε ox ε si d d ox V GS -V FB -ψ s exp qψ s kT -1 ( 7 
)
where s is the band bending value. Normally, the molecular density of pentacene is in the order of 10 22 eV -1 cm -3 . In fact, for the DOS calculation in Fig. 3(c), the DOS is mainly smaller than 10 22 eV -1 cm -3 , and the DOS exceeding 10 23 eV -1 cm -3 is due to the instability of the electrical characteristics, which is mainly reflected by the fluctuation of electrical parameters with gate bias, such as the field effect mobility, shown in Fig. 3(a). In contrast, for the DOS calculation in Fig. 3(d), the DOS exceeding 10 23 eV -1 cm -3 is mainly due to the mobility degradation at higher gate bias, as shown in Fig. 3(b).

The contact resistance may limit the electrical characteristics. In order to show the contact resistance, the contact voltage drop can be deduced [START_REF] Deen | Organic thin-film transistors: Part II-Parameter extraction[END_REF] 

V c = (V gs -V th )-(2+γ ) V gs -V th -V ds (2+γ ) + I ds 2 + γ µ 0 C ox L W . (8) 
The extracted contact voltage drop for devices A and B are shown in Fig. 3(g) and (h). For device A, the contact voltage drop is about 0.3 V at V gs = -70 V, which is small relative to the drain-source voltage V ds of -1 V, indicating that the contact resistance is negligible. In contrast, for device B, the contact voltage drop is about 0.92 V at V gs = -70 V, which is relatively large in comparison to the drain-source voltage V ds of -1 V. However, this contact voltage drop should be accurately improved due to that the contact voltage drop calculation corresponds to the degraded mobility of device B, and the cause of mobility degradation is not assured. Further verification work can be carried out, for example, using transmission line method with different channel lengths.

For VRH transport mechanism in OTFTs, the relationship between characteristic temperature and mobility enhancement factor can be expressed as follows [START_REF] Vissenberg | Theory of the fieldeffect mobility in amorphous organic transistors[END_REF]:

γ ≈ 2 T 0 T -2. ( 9 
)
In Fig. 3(c), as γ is in the range between 1.12 and 1.46, and characteristic temperature T 0 is determined from γ , T 0 is calculated to be approximately from 468 to 525 K, which is close to the value of 559.5 K calculated from the mobility enhancement factor. In contrast, for device B, the characteristic temperature T 0 is from 705 to 936 K, which is approximately the value of 795 K calculated from the mobility enhancement factor. In fact, from the original data of transfer characteristics, the DOS accuracy can be ameliorated. Nevertheless, for devices A and B, the primary relationship between characteristic temperature of DOS and mobility enhancement factor can verify the VRH transport mechanism. Note that, the oxygen may introduce deep trap states, as illustrated in [START_REF] Kalb | Oxygen-related traps in pentacene thin films: Energetic position and implications for transistor performance[END_REF]. In [START_REF] Kalb | Oxygen-related traps in pentacene thin films: Energetic position and implications for transistor performance[END_REF], oxygen and deep trap states are introduced by exposure to oxygen atmosphere for certain time. In contrast, for our case, the measurement is carried out as grown, which eliminates the introduction of oxygen in short time. In addition, due to the top-contact bottom-gate configuration, the gate dielectric/channel interface is at the bottom, and the top layer of pentacene self-encapsulates the channel layer, which also prohibits the intrusion of oxygen in the channel. Therefore, in this measurement, the introduction of deep trap states by oxygen is not considered. By comparing devices A and B, the high DOS of device A indicates more localized states in the band tail, therefore, device A should have a lower field effect mobility. Indeed, the lower mobility enhancement factor γ of device A in Fig. 3(a) in comparison to Fig. 3(b) verified the low-field effect mobility of device A. However, at higher electric field, mobility degradation of device B increases the DOS, nevertheless, the device B still shows higher field effect mobility at higher electric field.

For VRH transport, the transfer characteristics can be fit by the following formula [START_REF] Calvetti | Organic thin film transistors: A DC/dynamic analytical model[END_REF]:

I ds = -β V FB -V gs 2T 0 T V FB -V GS ≤ |V ds | (10) 
I ds = -β V FB -V gs 2T 0 T -V FB -V gs +V ds 2T 0 T × V FB -V GS > |V ds | (11) 
and

µ 0 = 2L W C ox T 0 T 2 β. (12) 
For device A, µ 0 = 10 -3.33 cm 2 /(V 2.73 •s), therefore, β = 1.16 × 10 -11 A/V 3.73 . In contrast, for device B, µ 0 = 10 -4.35 cm 2 /(V 4.3 •s), therefore, β = 5.486 × 10 -13 A/V 5.3 . The modeling of hopping transport for devices A and B can be demonstrated as Fig. 4(a) and (b), respectively, which show the comparison of experimental transfer characteristics and the modeled characteristics. For device A, the experimental and modeled curves fit very well in subthreshold region and ON-state region. For device B, the experimental and modeled curves fit well in subthreshold region and partial ON-state region that V gs not exceeds approximately -25 V, however, the deviation shows at higher V gs , which is due to the aforementioned mobility degradation. In addition, the contact-limited conduction in the OTFT may also affect the current and the mobility, which needs further verification. Note that, for the simulated curves of device B that eliminates mobility degradation, the ON-current is approximately one order of magnitude higher than the one of device A, indicating the effect of higher mobility enhancement factor of device B that is related to the lower energy/space disorder of the active layer.

Note that, for our case, the flat-band voltage is adopted to deduce the mobility enhancement factor and simulate the transfer curves, which is consistent with [START_REF] Suzuki | Theoretical interpretations of the gap state density determined from the field effect and capacitance-voltage characteristics of amorphous semiconductors[END_REF] that adopts Gauss's law. Indeed, the deep states are calculated from flatband voltage, and are used for the verification of mobility enhancement factor. The tail distribution traps theory [START_REF] Marinov | Compact modeling of charge carrier mobility in organic thin-film transistors[END_REF], [START_REF] Servati | Generalized transport-band field-effect mobility in disordered organic and inorganic semiconductors[END_REF] may also work, which needs further verification. In addition, the band conduction transport can be negligible due to the positive mobility enhancement factor.

The microscopic energy/space disorder of active layer may be related with macroscopic morphology of active layer. In the hopping transport, the disorder in energy/space is due to that for organic semiconductors, the structural disorder of amorphous or small polycrystalline morphology makes the conventional transport energy band split into random-spacing, energy-disordered localized states, which can localize the carriers and form hopping sites. For smaller disorder with less hopping sites, DOS decreases, which reflects a larger mobility enhancement factor in (9) as when DOS is smaller, the characteristic temperature T 0 is larger in (4) of the exponential DOS.

Atomic force microscopy (AFM) observations of the pentacene active layer were carried out for devices A and B. From Fig. 5(a) and (b), for both devices A and B, the morphologies of active layer were dendritic shapes with high crystalline quality, however, for device A with smaller mobility enhancement factor, abundant microcrystals appear. The microcrystals formation may be due to the relatively low vacuum degree of approximately 2 × 10 -4 Pa, which helps to form islandlike grains. The detailed influencing factors should be further investigated. Nevertheless, the energy/space disorder in the active layer of device A is more severe than device B, as indicated from roughness images of Fig. 5(c) and (d). As mentioned above, the energy/space disorder affects the mobility enhancement factor and thus the electrical characteristics. For the active layer AFM morphologies, the better morphology with larger crystallinity corresponds to smaller density of localized states, and therefore results in larger field effect mobility. Indeed, even though the relationship between the morphology and the DOS/mobility enhancement factor can be qualitatively illustrated, the quantitative relation is hard to be given. Nevertheless, the VRH mechanism may still be consistently verified.

Finally, in Table II, the electrical characteristics in this work are compared with the previously reported publications based
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IV. CONCLUSION

Bottom-gate, top-contact OTFTs with pentacene active layers were fabricated and analyzed. The electrical parameters were deduced, with approximately same threshold voltage of -16 V for both devices A and B, and smaller subthreshold slope of device B. The mobility enhancement factor is smaller for device A, which is related to the characteristic temperature of exponential DOS. By adopting current model of hopping transport mechanism, the experimental data fit the modeled current well. The morphologies of organic semiconductor active layers were observed, the dendritic microcrystals of device A show higher energy/space disorder, which is consistent with the low mobility enhancement factor of device A, and thus degrades the electrical characteristics. The electrical characteristics of this work were comparable to previously reported publications.
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 1 Fig. 1. (a) Bottom-gate, top-contact configuration of OTFT. (b) Output characteristics of typical OTFT. Transfer characteristics of (c) device A and (d) device B.
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 2 Fig. 2. Threshold voltage extraction of (a) device A and (b) device B from modified Y-function method.
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 3 Fig. 3. Mobility enhancement relationship between mobility and gate bias for (a) device A and (b) device B. DOS calculation for (c) device A and (d) device B. Surface potential versus gate bias for (e) device A and (f) device B. Contact voltage drop of (g) device A and (h) device B.
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 4 Fig. 4. Modeling of (a) device A and (b) device B based on hopping transport mechanism.

Fig. 5 .

 5 Fig. 5. AFM morphology of active layer in (a) device A and (b) device B. Roughness image of active layer in (c) device A and (d) device B.
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 I PARAMETERS FOR OTFTS
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