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Extended Abstract

Introduction
There has been recent work in using high permittivity dielectrics to increase the carrier concentration in organic semiconductor materials. Studies have shown that using tantalum pentoxide (Ta2O5) as a gate dielectric can increase drive current, lower the threshold voltage, and reduce operating voltages when compared to low-( dielectrics such as SiO2 or PMMA [1,2,3,5]. Various methods have been used to deposit Ta2O5 including anodization [1,7,9], reactive magnetron sputtering [2,4,8], and electron beam evaporation [3,6]. For this work the anodization process was favored for applications in flexible electronics. 

There are several reasons why anodization is being investigated as a process for flexible electronics fabrication. Depositing Ta2O5 films by the anodization process satisfies the low temperature requirement needed for making devices on plastic substrates. Films with excellent thickness and stoichiometric uniformity can be suitable for large area flexible displays. The process is relatively inexpensive compared to others and possibly easier to scale up. In particular, the process could help with the yield and performance issues of organic thin film transistor manufacturing. 
Organic transistors made using pentacene as the semiconductor and Ta2O5 as the gate dielectric have been reported to have a field-effect mobility ranging from 0.3 – 0.8 cm2/V-s [1,2,6,7,8]. Transistors made utilizing the anodization process in particular have reported mobility ranging from 0.32-0.35 cm2/V-s [1,2]. Threshold voltages can be < 1 V and Ion/Ioff ranging from 104-106. Best operating conditions have typically been reported to be less than -10 V. High-( dielectrics are generally reported to have higher leakage current than low-( dielectrics. Therefore OTFTs using a double stack of high and low permittivity materials have started to be explored to help reduce the gate leakage problem [4,6]. For Ta2O5 one of the lowest leakage currents reported was 10-8 A/cm2 at 0.5 MV/cm [3]. 
The literature shows that combining organic semiconductors with high-( dielectrics is a promising pathway to improving OTFT performance. But to the extent of our knowledge there has not been lifetime studies published for pentacene/Ta2O5 OTFTs. In this report we present some of the first degradation studies for pentacene/Ta2O5 OTFTs utilizing the anodization process. We chose operating conditions up to -30 V to simulate the conditions currently needed to drive active matrix electrophoretic displays based on amorphous silicon transistors. 
Experiment
Tantalum pentoxide films were fabricated by sputtering tantalum metal on 6” wafers using an MRC-603 sputtering tool. Silicon wafers with 300 nm thermal oxide were coated with ~200 nm Ta metal. This metal layer gave a sheet resistance value of ~7.55 Ω/sq. The anodization process was done in a 0.05% v/v acetic acid solution. The chosen electrolyte was based on the work by Kalra et al. [10]. A platinum coated silicon wafer was used as the cathode. Wafers were anodized in batches of three at a constant current of 360 mA until the voltage set point of 118.6 V was reached. At this point the power supply switched from constant current to constant voltage. The process was stopped after 3 hours 20 minutes to a final current of 0.55 mA at 118.6 V. Film thickness was measured using a Woollam M2000 spectroscopic ellipsometer and a Gaussian oscillator model. The average film thickness was 225 nm. The index of refraction was 2.2284 at 550 nm. Using the ellipsometer we measured 32 points on a 6 inch wafer to create a thickness variation map. The map showed maximum thickness variation to be less than 2 nm. 
Capacitor dots were made by sputtering aluminum through a stainless steel shadow mask. The square dots had an area of 1 mm2. A HP 4284A LCR meter was used to measure capacitance at 100 kHz. A HP3457A multimeter was used to measure leakage current at 10 V DC bias. An automated prober was used to map the entire 6 inch wafer. Using a sample size of 2019 capacitor dots an average dielectric constant of 31.41 was calculated with a standard deviation of 0.671. The average leakage flux for this sample was 4.647 fA/µm2 at 10 V with a standard deviation of 1.068 fA/µm2.  
Other samples were fabricated into transistors by evaporating pentacene onto a substrate heated to 55oC. The pentacene films were approximately 50 nm in thickness. Gold contacts were then sputtered through a shadow mask to create a 20 µm x 1235 µm channel. No insulation layer was used to protect the channel from air exposure during the test. Electrical measurements were done using a Keithley SCS4200 and manual probe station. Devices were stressed at -25 V at the gate and measured periodically with a gate sweep from 10 V to -30 V at drain voltages of -15 V and -30 V. Data was collected every 15 minutes for a total stress time of 915 minutes. Due to probe needle contact failure the test had to be interrupted at 67 and 195 minutes to re-establish contact on the gold pads. The test was also interrupted at 540 minutes to restart the stress test program. Therefore test was extended until complete device failure occurred. 
Results

The saturated mobility was calculated using the equation:
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Where Id is the drive current in the saturation regime, W is the channel width, L is the channel length, (s is the saturated mobility, Ci is the gate dielectric capacitance, Vg is the gate voltage and Vt is the threshold voltage. The saturated mobility was taken at a drain bias of -30 V. The maximum mobility within 1 sigma of the average was used to filter out outliers in the data. The results over the entire 15 hour test are plotted in Figure 1. 
The initial mobility was calculated to be 0.245 cm2/V-s, slightly lower than the typical 0.35 cm2/V-s reported in previous pentacene/Ta2O5 OTFT work. After 705 minutes of gate bias stress the mobility had drastically reduced to 0.043 cm2/V-s at -30 V drain bias. At 720 minutes the device no longer functioned.
The threshold voltage was calculated by plotting (Id vs. Vg, finding the maximum slope, and recording the Vg intercept. The threshold voltage over time is plotted in Figure 2. The initial threshold voltage was -0.688 V which finally degraded to -15.24 volts at 705 minutes. 
The subthreshold slope was calculated by finding the minimum in:
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The subthreshold slope over time is plotted in Figure 3. The subthreshold slope was relatively stable compared to other parameters throughout the entire lifetime of the device. The subthreshold slope varied between -0.548 V/decade to -0.872 V/decade throughout the test. 
The drive current at saturation is plotted in Figure 4 for a drain bias of -30 V. The sudden drop in drive current due to contact failure is clearly observed at 67, 195, and finally at 720 minutes. Good contact was regained by moving the needles to new points on the gold pads. At 540 minutes the SCS4200 had to be restarted. After 720 minutes the transistor was no longer functioning. 
The rectification ratio was calculated by finding the maximum difference in drive current within the gate voltage sweep. The data is plotted in Figure 5 showing erratic behavior but a general decay over time. The lowest Ion/Ioff ratio observed was 1.15x105. The Ion/Ioff ratio had decayed by an order of magnitude during the test but maintained a level similar to what has been reported in literature. 
The gate leakage after 525 minutes is plotted in Figure 6. The gate current was measured when the source and drain floated at 0 V during the sweep. The gate leakage at 10 V was -16 nA, which corresponds to a leakage flux of 6.76 fA/(m2. This was 2 sigma higher than the 4.647 fA/(m2 measured using capacitor dots on a separate sample. The leakage was considerably higher than what was reported by Bartic et al. [3]. Their leakage flux corresponded to 0.1 - 1 fA/(m2 at 11 V for Ta2O5 deposited by electron beam evaporation. 
Conclusion

For the first time the degradation of pentacene/Ta2O5 OTFTs has been studied. The initial electrical performance of the device was similar to what has been reported in the literature. The results showed a recurring problem with probe needle contact at the gold pads. Ultimately the device failed to function within 720 minutes, at which point the saturated mobility, threshold voltage, drive current, and Ion/Ioff had significantly decayed. At this point in the study the failure mechanisms are unclear. Possible factors include high gate leakage, increasing contact resistance, and pentacene degradation due to air exposure. 
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Figure 1. Saturated mobility degradation for 20x1235 µm2 channel pentacene transistors using a 225 nm Ta2O5 gate dielectric. The points at 0 cm2/V-s were caused by bad needle contact on the gold pads. Moving the needles to a new point helped resume OTFT function. Ids-Vds and Ids-Vgs sweeps were taken every 15 minutes after the first two hours of stress. The OTFT was stressed with -25 V at gate and 0 V across source-drain.
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Figure 2. Threshold voltage degradation for 20x1235 µm2 channel pentacene transistors using a 225 nm Ta2O5 gate dielectric. The initial threshold voltage was very good and comparable to what has been reported for pentacene/Ta2O5 OTFTs. It can bee seen that the threshold voltage would momentarily recover when restarting the stress test at 67 and 540 minutes but stable when restarted at 195 minutes. 
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Figure 3. Subthreshold slope degradation for 20x1235 µm2 channel pentacene transistors using a 225 nm Ta2O5 gate dielectric. The subthreshold slope did not show significant decay during the entire stress test. 
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Figure 4. Drive current degradation for 20x1235 µm2 channel pentacene transistors using a 225 nm Ta2O5 gate dielectric. The points in time when the test had to be restarted are clearly visible in this plot. 
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Figure 5. Rectification ratio for 20x1235 µm2 channel pentacene transistors using a 225 nm Ta2O5 gate dielectric. Decay in Ion/Ioff is evident but maintained a reasonable level up till complete failure. 
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Figure 6. Gate leakage current after stressing the OTFT gate at -25 V for 525 minutes. The source and drain were set at a floating ground of ~0 V. The gate leakage was -16.12 nA at -10 V. The leakage flux at this point was 6.76 fA/µm2, 2 sigma higher than what was measured using capacitor dots. It is evident that the device should not be pushed past -20 V due to the significant increase in gate leakage. 
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