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Abstract:



Recently, amorphous indium-gallium-zinc-oxide thin film transistors (a-IGZO TFTs) with inkjet printing silver source/drain electrodes have attracted great attention, especially for large area and flexible electronics applications. The silver ink could be divided into two types: one is based on silver nanoparticles, and the other is silver salt ink. Organic materials are essential in the formulation of nanoparticle ink as a strong disperse stabilizer to prevent agglomeration of silver particles, but will introduce contact problems between the silver electrodes and the a-IGZO active layer after annealing, which is difficult to eliminate and leads to poor device properties. Our experiment is aimed to reduce this effect by using a silver salt ink without stabilizer component. With optimized inkjet printing conditions, the high performance of a-IGZO TFT was obtained with a mobility of 4.28 cm2/V·s and an on/off current ratio over 106. The results have demonstrated a significant improvement for a-IGZO TFTs with directly printed silver electrodes. This work presents a promising platform for future printed electronic applications.






Keywords:


a-IGZO TFTs; inkjet printing; source/drain electrodes; silver salt ink








1. Introduction


Thin film transistors (TFTs) are now fundamental electronic components in virtually all consumer and professional display products, from smart phones to flat panel TVs [1,2,3]. With the extensive application of large area and flexible electronics, inkjet printing technology for TFTs has become a hot spot benefitting from not requiring a conventional vacuum process and enabling us to reduce the fabrication costs [4,5,6]. Conductive ink, as the core of printing electronic technology, has an important impact on the performance of device. Silver possesses excellent conductivity and anti-oxidation properties, thus silver based inks show a potential application in fabrication of high performance electrodes of TFT by inkjet printing [7,8,9,10]. Silver based ink could be divided into two types: one is based on silver nanoparticles [11,12,13] and the other is silver salt ink [14,15,16]. Organic polymers as a disperse stabilizer are inevitably presented in nanoparticle inks to prevent aggregation of silver nanoparticles [13], and can be usually removed by high temperature sintering or high-intensity light curing [17], to facilitate the merging of silver nanoparticles. In contrast, the silver salt could be stably dissolved in the solvent without the disperse stabilizer [15], and could be thermally self-reduced to metallic silver at low temperatures [18,19].



Amorphous indium-gallium-zinc-oxide thin film transistors (a-IGZO TFTs) with inkjet printed silver source/drain (S/D) electrodes have been proposed in many reports [20,21,22,23]. The experimental conclusions show a contact problem between the silver S/D electrodes and the a-IGZO active layer when using silver nanoparticles ink. The organic carbon residues are difficult to remove after the annealing process, which results in poor device performance that cannot meet the requirements of driving large-sized flat panel displays [24]. Therefore, the development of electronics fabricated with silver salt ink are of great potential in display application.



In this work, a-IGZO TFTs with printed S/D electrodes are fabricated using a silver salt ink and silver nanoparticle ink respectively. It was found that the organic carbon could be effectively reduced at the interface by using silver salt ink, which indicates the solving of the contact problem to some extent by this manner, accordingly well-performing a-IGZO TFTs were obtained successfully and reasonably.




2. Experimental


The schematic structure of the bottom-gate, top-contact a-IGZO TFT with inkjet print Ag S/D electrodes is shown in Figure 1a. To prepare the device, a 300-nm-thick layer of Al:Nd alloy (3 wt % of Nd) was firstly sputtered on glass as gate electrode at room temperature. Then, the film was anodized in the electrolyte consisting of ammonium tartrate solution and ethylene glycol, accordingly forming a 200-nm-thick Al2O3:Nd gate dielectric layer on the surface of Al gate. Next, a 25-nm-thick a-IGZO active layer was deposited on Al2O3 by radio frequency (RF) magnetron sputtering in an Ar/O2 gas mixture with a power of 80 W, and subsequently the sample was annealed at 400 °C for 1 h on a hotplate. Finally, the Ag S/D electrodes were directly printed onto the a-IGZO active layer.


Figure 1. (a) Schematic of a-IGZO TFT with inkjet printing Ag S/D electrodes; (b) Optical microscope image of device finally fabricated.
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For the formation of top Ag S/D, a purely transparent commercial ink (TEC-IJ-010, INKTEC, Ansan-city, Kyungki-do, Korea), which consists of silver salt and ethanol-based solvent, is not formulated by nanoparticle structure and thus could be stably dissolved in the solvent without disperse stabilizer. It contains 15 wt % silver contents with a viscosity of 9–15 cps and a surface tension of 30–32 dynes/cm. The silver ink was patterned onto the a-IGZO via a piezoelectric inkjet printer (DMP2800, Fujifilm Dimatix, Santa Clara, CA, USA) installed with a 1 pL cartridge. An optimized waveform was set with a drop velocity of 5 m/s. The temperature of the cartridge and substrate were maintained at 60 °C during the printing process, meanwhile, droplets were deposited with a spacing of 25 μm to obtain uniform Ag S/D electrodes on a-IGZO as shown in Figure 1b. Channel length/width measurement was 550/154 μm. After printing, the device was sintered at 150 °C for 10 min on hotplate. Comparing devices fabricated with different types silver inks, the device with printed Ag S/D electrodes using a silver nanoparticle ink (30–35% in volume, DGP 40TE-20C, Advanced Nano Products, Bugang-myeon, Sejong-Si, Korea) was further fabricated under optimized conditions. The droplet ejection velocity was 2 m/s, the substrate temperature was 60 °C, and the interdrop space was 35 μm. After printing, the Ag electrodes were dried with UV equipment (Intelli-Ray 600, Uvitron, West Springfield, MA, USA) using 100% intensity for 300 s. Channel length/width measurement was 549/142 μm.



The size of channel was measured with a polarized optical microscope (Nikon, DeWitt, IA, USA). The structure of Ag film on glass substrate was obtained by scanning electron microscopy, scanning electron microscopy (SEM, NOVA NANOSEM 430, FEI, Eindhoven, The Netherlands), and X-ray diffraction (XRD, Empyrean, PANalytical, Almelo, The Netherlands). The electrical properties of devices were characterized in ambient air using a semiconductor parameter analyzer (Agilent 4155C, Santa Clara, CA, USA). The properties of the Ag/a-IGZO interface were analyzed by transmission electron microscope, (TEM, Bruker, Adlershof, Berlin, Germany) with an electron energy loss spectroscope (EELS, Gatan Enfinium ER Model 977, Pleasanton, CA, USA).




3. Results and Discussion


Figure 2 shows the film morphology of the inkjet printing two types silver inks on a-IGZO/Al2O3 at different substrate temperature (Supporting Information Figure S10). For silver nanoparticle ink, the evaporation rate of the droplets near the periphery area is larger than that at the center, accordingly creating a capillary flow from the center to the edge of the droplets, and carrying the suspended particles to the edge. As the substrate temperature increases, the effect was promoted and the film near the periphery area exhibited a shiny and silver appearance at 60 °C as shown in Figure 2a. For silver salt ink as shown in Figure 2b, the solutes migrated to the edge of the film at room temperature, thus the a-IGZO under layer at the central area is exposed. As the the substrate temperature increased, the solvent evaporation was accelerated, and the edges of the droplets were pinned on the substrate surface. At 40 °C, the film quality was improved, and uniform film was finally formed at 60 °C. To make the silver ink solvent vaporize quickly, the substrate temperature was defined at 60 °C.


Figure 2. Inkjet printed with (a) silver nanoparticles ink film and (b) silver salt ink film on a-IGZO/Al2O3 with substrate temperatures of RT, 40 °C and 60 °C, respectively.
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To further investigate the microscale differences of two kinds of printed silver electrodes, a SEM measurement was adopted. For silver nanoparticle ink, Figure 3a shows Ag particles randomly merged together after heat treatment, the overall density of the Ag electrodes is pretty good, but a number of boundaries exist between the silver particles. Comparatively, for silver salt ink, Figure 3b clearly shows that the electrode consisting of interconnected Ag particles and voids, which is demonstrated to be a typical phenomenon using silver salt ink. It is well known that the solvent evaporates quickly and the silver salt is reduced to silver nanoparticles during curing process, and eventually forms a conductive silver film with pores [25]. The XRD patterns in Figure 3c demonstrate that the two types of Ag electrodes have characteristic peaks of metallic pure silver with a good crystallization after thermal treatment.


Figure 3. SEM images of the inkjet printed silver electrodes of TFTs by using (a) silver nanoparticles ink and (b) silver salt ink, respectively; (c) XRD patterns of the silver films after thermal treatment.
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Figure 4a,b respectively show the output and transfer characteristics for the device by using silver nanoparticles ink (Supporting Information Figure S11). The device exhibits a poor electrical performance, which presents a mobility 0.15 cm2/V·s, on/off current ratio of over 104, and turn-on voltage of about 6.1 V. Furthermore, the output curve shows unstable and low on current value, which decreases at high drain voltage bias and suggests the prevalence of charge traps. Comparatively, Figure 4c,d respectively show the output and transfer characteristics for the device by using silver salt ink. The device exhibits excellent field effect transistor characteristics, where the output curve shows a good saturation behavior. This device presents a higher mobility of 4.28 cm2/V·s, a higher on/off current ratio of over 106, and a lower turn-on voltage close to zero.


Figure 4. (a) Output and (b) transfer characteristics of the device with silver nanoparticle ink; (c) Output and (d) transfer characteristics of the device with silver salt ink.
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TEM and EELS measurements were used to observe the Ag/a-IGZO interface and detect the distribution of elements of silver, carbon, and oxygen, and the result is shown in Figure 5. Figure 5a presents the TEM images of the Ag/a-IGZO structure fabricated using the silver salt ink, and the amplified area of the interface is shown in Figure 5b. By ELLS measurements of the interface along the scan line, no phase separation was observed at the interface, which indicates the solvent in silver salt ink without disperse stabilizer evaporated thoroughly, and was illustrated in Figure 5c. The same measurements were taken to detect the interface using the sliver nanoparticles ink, and the results are shown in Figure 5d–f. Compared to the silver salt ink, the interface using the silver nanoparticles ink presents a clearly carbon phase accumulation, which reveals the existence of an organic layer of the disperse stabilizer residues that blocks the transportation of electrons [21]. As described above, a better contact between Ag electrodes and a-IGZO was proved for the device fabricated with silver salt ink. The higher performances of the device fabricated with silver salt ink could be ascribed to the better contact between the Ag S/D electrodes and a-IGZO.


Figure 5. Comparision of Ag/a-IGZO interfaces for silver salt and nanoparticles inks. (a) TEM image of the silver/a-IGZO structure for silver salt ink; (b,c) Respectively show the amplified area and the EELS measurement of Ag, C, and O along marked scan line; (d–f) TEM images and the ELLS measurement for the nanoparticles ink.
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4. Conclusions


The a-IGZO TFTs with printed Ag S/D electrodes from different types of silver inks were studied in this work under optimized conditions. The performance of devices fabricated with silver salt ink was demonstrated much better characteristics than those fabricated with silver nanoparticle ink. Almost no carbon remained at the interface using the silver salt ink, which benefits from the easily removed solvent without adding any organic disperse stabilizer, thus a good contact between Ag electrodes and a-IGZO was formed. As a result, a reasonably well performing a-IGZO TFT was obtained with a mobility of 4.28 cm2/V·s and a current on/off ratio over 106. This work provides a promising route for future printed electronic applications.
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