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Applying high-k dielectrics can effectively reduce the operating voltage of Organic field-effect transistors (OFETs) to a few volts, thus significantly miniaturizing the dynamic power consumption of OFETs. Aluminum oxide is a promising dielectric material due to its high permittivity (k = 6–9). In this work, a simple, low-cost, low-temperature (only 85°C) solution process is used to prepare amorphous AlOx dielectric thin films for high-performance flexible OFET applications. The AlOx thin film was spin-coated and then solidified using deep ultraviolet irradiation without high-temperature annealing. The as-deposited AlOx thin film has a root mean square surface roughness of 0.47 nm and maintains a very low leakage current density of 8 × 10–9 A/cm2 at 3.5 MV/cm and high dielectric constant of about 8.3 (at 1 kHz). The complete OFET based on this dielectric can operate at a 3 V gate bias with saturation mobility of 1.8 cm2/Vs, and steep sub-threshold swing of 110 mV/dec. Our work demonstrated a low-temperature solution process to fabricate a high-k metal oxide dielectric for low-power OFET applications.
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INTRODUCTION
Organic field-effect transistors (OFETs) have rapidly developed over the past decade and have shown superior device performances to amorphous Si transistors (Diao et al., 2013; Wang et al., 2013; Yamamura et al., 2018; Duan et al., 2020). OFET is known as the basic unit of organic integrated circuits and such devices are usually in array form in practical applications. The heat dissipation and power consumption of OFETs must be considered, particularly for a higher level of integration (Ren et al., 2018; Jiang et al., 2019). For OFET, the dynamic power consumption (Pdyn) is proportional to the square of the saturation gate voltage, so low-voltage OFETs can effectively reduce power dissipation in the whole circuit. Increasing the unit-area capacitance (Ci) is the key to reaching the low-voltage operation of OFET and Ci is determined by the relative permittivity (k) of the dielectric material and dielectric layer thickness. For commonly used SiO2 dielectrics with k = 3.9, one can reduce the dielectric thickness to increase the Ci until it reaches a few nanometers; further thinning the dielectric layer will result in a significant tunneling current and disable the device. Applying a high-permittivity (high-k) dielectric material allows the achievement of large unit-area capacitance with reasonable thickness that could largely reduce the operating voltage of OFETs while at the same time suppressing the tunneling current. While many high-k materials have been reported for OFET applications, such as AlOx, HfOx, ZrOx, and BST (Wang et al., 2014; Park et al., 2015; Sung et al., 2015; Park et al., 2017; Xia et al., 2018; Yang et al., 2018; Mullapudi et al., 2019; Wang et al., 2019), most of them require vacuum deposition or solution processing at a high annealing temperature.
Among different material deposition methods, the solution processing of high-k dielectrics by the sol-gel method is promising for its low-cost, being vacuum-free, and compatibility with industrial processing technologies such as spin coating, dip coating, inkjet printing, and roll-to-roll fabrication (Quah et al., 2010; Wang et al., 2013; Wang et al., 2014; Park et al., 2015; McKerricher et al., 2017; Quah et al., 2017; Heo et al., 2018; Jo et al., 2018; Xia et al., 2018; Bolot et al., 2019; Sun et al., 2019). In addition, the solution formed a densely packed thin film with atomic flat-surface roughness, thus facilitating good charge transport in organic semiconductors when deposited onto the dielectric layer, leading to high carrier mobility and low leakage current. To solidify the metal-oxide thin film and remove residual solvent/byproducts, the sol-gel method involves a high-temperature (200–400 °C) annealing process above the glass transition temperature of most flexible substrates; this hinders its application in flexible electronics (Park et al., 2020). Several attempts have demonstrated a reduction in the processing temperature of the sol-gel method, including deep ultraviolet (DUV) photochemical reactions or microwave-assisted solidification, for which the processing temperature is higher than 150°C (Park et al., 2015; Wang et al., 2019; Xia and Wang, 2019). Park et al. reported a detailed study of the rapid densification of metal-oxide thin films by DUV irradiation. DUV-induced photochemical activation largely reduces the processing time down to a few minutes but the annealing temperature of 150°C is still relatively high, meaning that it cannot be used for certain common flexible substrates such as PEN and PET (Hussain et al., 2020). Development of a solution-processed, low-temperature, and robust high-k dielectric thin film is urgently required to realize low-cost, flexible, and high-performance OFET devices.
In this work, we demonstrated a simple, low-cost, low-temperature (only 85°C) DUV solution process to prepare amorphous AlOx high-k dielectric thin films for high-performance OFET applications. The DUV-treated AlOx dielectric layer has a dielectric constant of about 8.3 (at 1 kHz) and a low leakage current density of 8 × 10–9 A/cm2 at 3.5 MV/cm. The complete OFET device is fabricated by the thermal evaporation of 2,9-didecyldinaphtho[2,3-b:2′,3′-f]thieno [3,2-b]thiophene (C10-DNTT) and Au top electrodes on both silicon and flexible substrates. The operating voltage of OFET is <3 V, with a saturation mobility of 1.8 cm2/Vs and negligible hysteresis. The low-temperature solution-processed high-k metal oxide dielectric has demonstrated its potential for low-power flexible transistors or capacitor applications and is ready for further scaling up and continuous production line fabrication (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of fabrication procedure of sol-gel AlOx dielectric thin film, in which (A) represents the solution deposition of the metal oxide precursor, and (B) represents the deep-UV photochemical activation process to solidify the thin film. Both the processes are compatible to large-scale, continuous production.
EXPERIMENTAL SECTION
Preparation of AlOx Thin Film
To prepare the sol precursor, 187–375 mg of aluminum nitrate nonahydrate (Al(NO3)39H2O) was dissolved in 5 ml of 2-methoxyethanol solvent. Next, the solution was vigorously stirred for>12 h at 75°C. Before deposition, the solution had been stored for 30 min at room temperature.
To prepare the AlOx thin film, the heavily n-doped Si wafer (resistivity 0.05–0.2 Ω·cm) with thermally grown 300 nm SiO2 (bought from China Electronics Technology Group Corporation) and PEN (Goodfellow, 125 μm thick) were used as substrates. The SiO2/Si and PEN substrates were cleaned by sonication in deionized water, acetone, and isopropanol for 5 min each and then blown dry using N2 gas flow. The AlOx sol precursor was spin-coated on SiO2/Si and PEN substrates with a 50 nm evaporated Au bottom electrode. The transparent precursor solution was filtered using a 0.2 μm polytetrafluoroethylene syringe filter to remove impurities and undissolved particles before spin-coating. The spin-coating rotation speed was 4,000 rpm for 30 s. To solidify the AlOx thin film, the as-deposited precursor film was irradiated under a high-density ultraviolet light for 80 min using a low-pressure Hg lamp (the emission wavelength was 90% 253.7 nm and 10% 184.9 nm, with light intensity of 65.5 mW/cm2 at 253 nm). UV light irradiation was performed inside an N2 glove box with oxygen concentration <1 ppm. The maximum local temperature at the substrate during UV light irradiation was 85°C, measured by a thermocouple. The control sample was annealed at 400°C in a furnace for an hour without UV exposure.
Fabrication of Organic Field-Effect Transistors
The OFET devices were fabricated by 40 nm of thermally-evaporated 2,9-didecyldinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]thiophene (C10-DNTT) on top of the AlOx thin film along with the 30 nm Au top electrodes through shadow masks. The channel length (L) and width (W) were fixed at 30 and 70 μm, respectively.
Characterizations
The X-ray diffraction (XRD) results were obtained using a Rigaku SmartLab X-ray diffractometer with highest power of 9 kW (step size 0.01°). The atomic force microscope (AFM) images were obtained in Intelligent-mode using a Bruker Dimension Icon in air. For leakage and capacitance characterization, a metal–insulator–metal (MIM) structure was fabricated by depositing 50 nm Au electrodes onto the dielectric layer through a shadow mask. The frequency dependence of the capacitance and leakage current of the dielectric were measured by the Keithley 4200 SCS semiconductor parameter analyzer in air.
RESULTS AND DISCUSSION
Figure 1 demonstrates the schematic drawing of the fabrication procedures, which can be summarized as solution-based deposition and optical solidification of thin film. The solution-processable characteristic and its simple light-triggered photoactivation indicates that it has high compatibility with industrial-scale continuous processes. As shown in Figure 1A, the as-deposited wet thin film must go through metal–oxygen–metal (M-O-M) bond formation, evaporation of metal ligands, solvents, and byproducts, and void densification to form densely packed, solid-state AlOx thin film. All the above-mentioned processes were completed with DUV irradiation for 80 min. In this process, the sample’s temperature was increased up to 85°C by heating with a Hg lamp and no external heat source was applied during the experiment. The mechanism of DUV irradiation has been widely investigated (Wang et al., 2013; Park et al., 2015); main peaks from the Hg lamp are produced at 184.9 nm (10%) and 253.7 nm (90%) and will be absorbed by the metal-oxide precursors, resulting in their decomposition into active oxide layers. We performed the DUV irradiation in an N2 gas-filled glove box with an oxygen concentration of <1 ppm so that no ozone could form during the process, thus ensuring that the efficient photochemical reaction was triggered by DUV light.
To verify the dielectric thin film quality, we characterized the thin film formed by DUV light irradiation and high-temperature annealing at 400°C as a control sample using attenuated total reflectance Fourier transform infrared, XRD, and an AFM. In Figure 2A, the ATR-FT-IR spectra of the DUV-treated sample indicates that the intensities of the broad IR absorption bands at 3,500 and 1,650 cm−1, which correspond to O-H stretching and H-O-H bending, respectively, are rapidly decreasing compared to the as-spun sample, close to the levels of the sample annealed at 400°C. In addition, the absorption bands at 1,400 and 1,340 cm−1—known as the N-O stretching modes in nitrate ligand—also disappear for the DUV sample. These results clearly prove that DUV photochemical activation effectively reduces the surface O-H functional group density and removes nitrate ligands within 80 min. In Figure 2B, the XRD pattern of the AlOx film, obtained by annealing at the high temperature of 400°C and DUV 80 min, are almost the same; there is no obvious diffraction peak for either sample, so the thin films are amorphous. For dielectric application, the amorphous structure is preferred because the presence of a crystalline structure or grain boundaries may become an alternate leakage current path or increase the surface roughness (Xia et al., 2018). Next, the surface mophology of AlOx thin film is characterized by AFM. Compared to the bottom Au electrode, for which the root-mean-square surface roughness (Rrms) is estimated to be 1.40 nm (Figure 2C), the AlOx thin film deposited onto it reduces the Rrms to 0.70 and 0.47 nm for the 400°C annealed sample and DUV-treated sample, respectively (Figures 2D,E). The improvement of Rrms can be attributed to the surface tension of the as-spun wet sample that smoothes the thin film surface; no obvious pinhole or crack can be observed from AFM images. We further characterized the surface quality of dielectric thin film by scanning electron microscope (SEM); the AlOx thin film obtained by DUV irradiation exhibits a pinhole-free surface morphology, while the high-temperature annealed sample shows numbers of pinholes on the surface (Figure 2F). The AlOx thin film thickness for one-time spin-coating and DUV irradiation is 13 nm, as measured by an ellipsometer, and we could simply increase the film thickness by multiple iterations of spin-coating. A three-time spin-coated AlOx thin film exhibiting ∼40 nm thickness (confirmed by cross-section SEM image shown in Figure 2G) will be used for transistor applications in this work. To summarize, the combined result of the FTIR, XRD, AFM, and SEM measurements prove that DUV irradiation <85 °C is a reliable method to effectively solidify AlOx dielectrics.
[image: Figure 2]FIGURE 2 | (A) FTIR of the as-spun sample, DUV-treated, and high-temperature annealing samples. (B) In-plane XRD of DUV-treated and high-temperature annealing samples. (C–E) AFM images of the surface morphology of Au thin film evaporated on glass, AlOx surface morphology of DUV-treated and high-temperature annealing samples, respectively. (F) Surface morphology of AlOx thin film prepared by DUV irradiation and high temperature annealing, respectively. (G) Cross-section SEM image of AlOx thin film.
After obtaining pinhole-free and densely packed AlOx thin film, we characterized the electrical strength and the capacitance of the dielectric layer. A MIM structure (Au/AlOx/Au) is used for leakage current and capacitance measurements. As shown in Figure 3A, an extremely low leakage current density across the AlOx thin film of 10−9 A/cm2 is obtained for a 1 MV/cm electric field for both DUV-treated and high-temperature annealed samples, indicating the good insulating property of AlOx thin film. The leakage current density for the high-temperature annealed sample remains almost unchanged up to 3.5 MV/cm, but slightly increases for the DUV-treated sample. This suggests that high-temperature annealing plays a critical role in maintaining good insulation in a higher electric field; the sample prepared by DUV probably has remaining hydroxyl groups in the thin film, as shown in the FTIR images in Figure 2A, thus showing a worse leakage property. Nevertheless, without using a phosphonic acid-based self-assembly monolayer that could greatly enhance the electrical strength (Klauk et al., 2007; Kraft et al., 2015), the maximum leakage current density of the DUV-treated samples achieved in this work is 8 × 10−9 A/cm2 at 3.5 MV/cm, which is among the best reported value in recent work (Kaltenbrunner et al., 2013; Park et al., 2015; Jinno et al., 2017). It is worth noting that the voltage sweeping speed for I–V measurement is sufficiently slow enough that the displacement current generated by dV/dt can be suppressed in a way that does not affect the accuracy of the current reading. The good electrical strength of DUV-treated AlOx thin film proves the effective low-temperature solidification of metal-oxide by DUV light. Next, we performed a capacitance-frequency measurement for the DUV-treated dielectric layer. The same MIM device was measured and the result is plotted in Figure 3B. Within the measurement range of 1 kHz–1 MHz, the average unit-area capacitance is around 180 nF/cm2 for 40 nm-thick AlOx, which is 16 times higher than the commonly used 300 nm SiO2 dielectric (11.5 nF/cm2). Thus, the relative permittivity at 1 kHz is calculated based on the following equation:
[image: image]
where Ci is the unit-area capacitance of AlOx thin films, d is the thickness of AlOx, and [image: image] is the vacuum permittivity (8.854 × 10−12 F/m). The calculated k values of the AlOx thin film is 8.3 at 1 kHz. This value is higher than the reported value prepared by a similar method (Park et al., 2015). These results suggest that the photochemical reactions ensure the high-quality sol-gel film formation along with efficient impurity elimination at a relatively low temperature (85°C). The DUV-treated AlOx dielectric layer that has a low leakage current density and large unit-area capacitance is ready for high-performance transistor device fabrication.
[image: Figure 3]FIGURE 3 | (A) Leakage current density of AlOx dielectric thin film by high temperature annealing and DUV irradiation, the inset is a schematic drawing of the MIM device structure. (B) Unit-area capacitance of AlOx dielectric thin film by DUV irradiation.
The transistor device is completed by the thermal evaporation of C10-DNTT organic small molecules and the Au top contact; Figure 4A is a schematic drawing of the device structure. Benefiting from the large unit-area capacitance of the AlOx dielectric, the transistor can reach saturation state at −3 V gate bias. As the transfer I–V curve shows in Figure 4B, the channel current is >2 μA at its saturation state and the on/off current ratio is 4 × 105. The low off-state current at around 5 pA indicates good insulation of the dielectric layer, which is also important for lowering the device’s static power consumption (Ren et al., 2018). The transistor exhibits a sharp turn-on with a steep sub-threshold swing of 110 mV/dec and very small hysteresis. Both results suggest low trap states’ density at the organic semiconductor/dielectric interface, which could be attributed to the atomic smooth surface of the AlOx dielectric formed by the sol-gel method. The field-effect mobility (μ) in the saturation region is obtained by the following equation:
[image: image]
where Ci is the unit-area capacitance (at 1 kHz) of the dielectric layer and Vth is the threshold voltage. The threshold voltage is determined to be −0.72 V by the x-axis intercept of the tangent of IDS1/2 against the VGS curve (Figure 4B). Thus, a carrier mobility of 1.8 cm2/Vs is achieved at a −3 V gate bias. This value is comparable to those OFETs based on the same organic material on SAM modified AlOx dielectric (Kraft et al., 2015). The hysteresis shown in the transfer I-V is probably due to the residual solvent in dielectric film that act as charge trapping centers. In addition, the output I–V curve shown in Figure 4C has slight nonlinearity in the small VDS region, which indicates that the Schottky injection barrier may exist in the drain–source contact. The device’s performance could be further improved by optimizing the charge injection. The bias stress characterization of OFET is plotted in Figure 4D. After applying 3,000 s gate bias at −3 V, only a slight negative shift of threshold voltage is observed, suggesting good bias stress stability of the device. The good electrical performance with high mobility and steep sub-threshold swing of the C10-DNTT/AlOx OFET demonstrates excellent interfacial properties and that high-quality sol-gel oxide thin film can be obtained via DUV photoactivation.
[image: Figure 4]FIGURE 4 | (A) Schematic drawing of the organic transistor device structure. (B) Transfer I-V curve and square root of the drain-source current of the organic transistor. (C) Output I-V curve of the organic transistor. (D) Bias stress stability of the organic transistor.
The relatively low processing temperature allows the device to be fabricated on various flexible substrates. To demonstrate the flexible device application, we applied the same device structure and fabrication steps on a 125 μm-thick flexible PEN substrate. Transistors on a PEN substrate can saturate at −2 V gate bias while showing a decreased carrier mobility of 0.6 cm2/Vs. This is probably due to the larger surface roughness of a bare PEN substrate (Rrms = 3.60 nm, Figure 5B) that scatters the charge transport at the channel region. Figures 5A,C show the optical image of the transistor at the bending state and the transfer I–V curves at the bending and flat state, respectively. Compared to the thickness of the PEN substrate, the thickness of AlOx and the organic layer is three orders of magnitude smaller; therefore, the tensile strain (ε) applied on the channel and dielectric at an upward bending radius of 9 mm (Figure 5A) can be estimated as 0.69% based on the equation ε = d/2R where d is the total substrate thickness and R is the bending radius. The transfer I–V curves are almost identical in the bending and flat states (Figure 5C). The results prove no cracks or other defects form during bending, so the device’s performance remains unchanged. The solution-processed high-k dielectric is fully compatible with a flexible substrate.
[image: Figure 5]FIGURE 5 | (A) optical image of the flexible organic transistor device under upward bending; the bending radius is 9 mm. (B) AFM image of the surface morphology of PEN substrate. (C) Transfer I-V curve of the flexible organic transistor at bending and flat states.
CONCLUSIONS
In summary, we have developed a facile low-temperature solution preparation of a AlOx dielectric thin film. The as-fabricated AlOx dielectric has a high permittivity of 8.3 (at 1 kHz) and a low leakage current of 8 × 10−9 A/cm2 at 3.5 MV/cm, which is sufficiently robust for transistor applications. The operating voltage of the OFET is below −3 V, with a saturation mobility of 1.8 cm2/Vs, steep sub-threshold swing of 110 mV/dec, and negligible hysteresis. The device can also be fabricated using a flexible PEN substrate and shows almost identical electrical characteristics in the flat state and at a 9 mm bending radius. Our results suggest that the simple low-temperature DUV process can offer high-performance AlOx dielectric thin film that can be used for transistor devices to significantly reduce the device’s dynamic power consumption. This process can be easily scaled-up for continuous, industrial-level production and thus provides a promising approach for low-cost and high-performance organic electronic devices.
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