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Abstract

:

Usually, the residual layer remains after patterning TiO2 sol. The existence of the TiO2 residual layer in the non-pattern region affects its application in microelectronic devices. Here, a simple method, based on room-temperature imprinting, to fabricate a residual-free TiO2 pattern is proposed. The thermoplastic polymer with Ti4+ salt was fast patterned at room temperature by imprinting, based on the different interfacial force. Then, the patterned thermoplastic polymer with Ti4+ salt was induced into the TiO2 lines without residual layer under the hydrothermal condition. This method provides a new idea to pattern metal oxide without residual layer, which is potentially applied to the gas sensor, the optical detector and the light emitting diode.
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1. Introduction


In the field of material micro-nano processing, the patterning technology has attracted more and more attention such as chemical vapor deposition [1], electrochemical machining [2], focused ion beam [3], imprinting [4] and so on. The imprinting method [5,6,7,8] is a new technology, which is famous for its high efficiency, large area and repeatability. However, the high-resolution template is expensive and is easily consumed in the imprinting process. The question of how to use the low-cost template to fabricate high-resolution patterns has aroused the attention of researchers.



In 1996, Whitesides first described that the filling material would gather to the edge of template channels in the process of imprinting, as there was not enough to completely fill the template, with the result that the obtained pattern would possess a higher resolution than the original template [9]. Inspired by this unconventional imprinting, scientists have made a lot of meaningful research achievements [10,11]. For example, Lee and Suh et al. used this method to construct thermoplastic and light-cured polymers with high resolution, which were applied to the biomimetic interfaces [12,13]. Xia et al. transferred organic small molecules to the edge of template channel by this method, which was as the etching barrier to fabricate high-resolution metal nanowires [14]. Cavallini et al. utilized capillary flow to fabricate high-resolution patterns of biomolecular and inorganic nanoparticles in the solvent evaporation process [15]. Han et al. combined Cavallini’s work to fabricate high-resolution patterns of thermoplastic polymers by capillary flow during solvent volatilization, avoiding high temperature and high pressure [16]. Titanium dioxide is an important functional material [17,18]. In the previous work of our group, a simple solvent-assisted soft lithography was introduced to fabricate high-resolution TiO2 patterns, which also utilized the capillary flow during solvent volatilization [19]. Although this method has many advantages in the fabrication of high-resolution patterns, it is very difficult to solve the problem of TiO2 residual layer during the imprinting process, which limits the application of this technology in the field of the gas sensor, the optical detector and the light emitting diode.



Here, the lines of thermoplastic polymer with Ti4+ salt were firstly fabricated by fast room-temperature imprinting (FRTI). After calcination, TiO2 was induced to assembly on the surface of patterns by hydrothermal reaction, resulting in the formation of TiO2 lines without residual layer. Meanwhile, the removal mechanism of TiO2 residual layer in the non-pattern region would be explained in detail, which has not yet been reported.




2. Materials and Methods


There are the following experiment materials. Chloroform, ethanol, acetone, hydrochloric acid (HCl), xylene and titanium n-butoxide [Ti(OC4H9)4] were of Guarantee Reagent level and did not need pre-purification before utilization (Beijing Chemical Reagent Plant). The Si wafers [p-type (100)] were received from Youyan Guigu Beijing, China. The poly-(methylmethacrylate) (PMMA) (molecular weight Mw = 75 kDa) was purchased from Microresist Technology GmbH, Berlin, Germany.



The fabrication of the PDMS template is as follows. The unpolymerized PDMS, composed of mixed prepolymer and initiator in a 10:1 ratio, was poured onto the structured photoresist. The PDMS template was then peeled off the structured photoresist after baking at 90 °C for 4 h.



The assembly of PMMA/Ti4+ on the PDMS surface is as follows. 0.5%, 1% and 1.5% of PMMA in the xylene was prepared respectively, into which Ti(C4H9O)4 was added at the mass ratio of 1 (Ti(C4H9O)4):13 (xylene solution for PMMA). The aforementioned solution of PMMA/Ti4+ was coated on the PDMS template by spinning the aforementioned solution, to obtain PMMA/Ti4+ film.



The fabrication of PMMA/Ti4+ lines is as follows. The PMMA/Ti4+ film on the PDMS template and the substrate were treated to obtain the surface hydroxyl groups by O2 Plasma. Then, the PDMS template with the hydroxylated PMMA/Ti4+ film was imprinted on the hydroxylated substrate for 5–180 s. After the PDMS template was lifted off the substrate, the PMMA/Ti4+ lines were obtained on the substrate.



The fabrication of TiO2 lines without residual layer is as follows. The substrate with PMMA/Ti4+ lines was calcined at 450 °C for 30 min and was then placed into the reaction vessel with the mixed solution of 10 mL H2O, 10 mL HCl (37%) and 0.5 mL TiCl4 at 130 °C for 4 h and 8 h [20]. The TiO2 lines without residual layer were finally fabricated.



The characterizations are as follows. Atomic force microscope (AFM, Bruker MuLtimode 8) was operated to test the surface topography of PMMA/Ti4+ lines by using silicon cantilevers with a resonant frequency 250–350 kHz. Scanning electron microscope (SEM, Hitachi S-4800) was operated to test the surface topography of TiO2 lines with voltage of 2.0 kV, working distance of 10 mm and high vacuum environment.




3. Results and Discussion


The scheme of fabricating TiO2 lines without residual layer is shown in Figure 1. Firstly, PMMA loaded with titanium salt (PMMA/Ti4+) in the xylene solution was spin-coated on the surface of PDMS template. In the spin-coating process, the solution is filled into the template by capillary force, forming the meniscus between air and liquid within the concave field [19,21,22,23]. Secondly, the hydroxyl was modified on the surface of the PMMA/Ti4+ film and the substrate by the O2 Plasma. Then, the PMMA/Ti4+ film deposited on the surface of PDMS was contacted with the substrate, and then was transferred to the substrate surface. The hydrogen bonding effect between the PMMA/Ti4+ film and the substrate enhance the interfacial bond strength (τ), resulting in that τ (PMMA/Ti4+-Substrate) is higher than τ (PMMA/Ti4+-PDMS), which is the necessary interface condition to realize FRTI. Finally, the PMMA/Ti4+ samples with patterns were dealt with calcination and hydrothermal reaction to obtain TiO2 patterns without residual layer. It’s worth noting that the PMMA/Ti4+ solution with low concentration easily aggregated to the edge of the concave field in the spin-coating process, conforming to the “solvent flow” effect [19,23], which induces TiO2 patterns with higher resolution than PDMS template, as shown in Figure 1b.



For patterning PMMA/Ti4+, the coating speed of PMMA/Ti4+ film, the contact time between the template and substrate, and the solution concentration were investigated. The AFM image of PDMS template with 1.5 μm line features spaced by 2.5 μm has been introduced in the previous work of our group. Under certain conditions of the PMMA/Ti4+ concentration (1.5%) and the contact time (60 s), the coating speeds of 2000, 4000 and 8000 rpm were adjusted. The cross-section analysis of AFM images in Figure 2 shows that the average height of PMMA/Ti4+ lines increase along with decreasing coating speed. One reason is that less amount of solution is splashed away out of the depressed patterns when the speed is low. The other reason is that the solvent volatilizes slowly under the low coating speed, and then the more solute (PMMA/Ti4+) can move into the PDMS template based on the capillary force. Therefore, the slower the coating speed, the higher the resolution ratio of PMMA/Ti4+ lines. Meanwhile, it is noted that the ‘‘Rabbit ear’’ phenomenon of PMMA/Ti4+ lines is the most obvious with the minimum curvature radius as the highest coating speed of 8000 rpm. This is due to that the compressed degree of air in the template cavity is reduced along with increasing coating−speed, resulting in a smaller curvature radius.



Due to that the glass transition temperature of PMMA is 105 °C, the traditional hot imprinting (HI) needs to keep PMMA as mobile phase to fully move into the template for 20~30 min, which takes a long time and is not conducive to the efficiency of patterning PMMA and its composite [24,25]. In order to explore the patterning efficiency, the influence of the contact time on the PMMA/Ti4+ topography was investigated. Although the coating speed of 2000 rpm, mentioned in the previous paragraph, is most suitable for the sufficient addition of PMMA/Ti4+ into the template, the low coating speed would cause the nonuniform of PMMA/Ti4+ film. Therefore, 4000 rpm is selected as the optimal coating speed with 1.5% PMMA/Ti4+, and different contact time (5 s, 60 s and 180 s) is investigated. With the extension of contact time, there is no significant change of the topography and height of PMMA/Ti4+ lines, as shown in Figure 3. This is because the mechanism of FRTI and traditional HI in the patterning process is different. FRTI is based on the fact that the interface force between the substrate and the patterned material is stronger than that between the template and the patterned material, and the high−efficiency patterning process of PMMA/Ti4+ is completed for 5 s.



Under the optimization condition of 5 s (contact time) and 4000 rpm (coating speed), the effect of PMMA/Ti4+concentration (0.5%, 1% and 1.5%) on the topography of PMMA/Ti4+ lines was investigated, seeing AFM images and cross−section analysis in Figure 4. The atmosphere outside the PDMS is unsaturated with xylene vapor, leading to a pressure gradient (ΔP) [26] from inside to outside the PDMS, resulting in the solvent gradually evaporating through the PDMS. During the evaporation, the xylene flow brings solute to the side walls of the PDMS, which is the phenomenon of “solvent flow” [19,23]. As solute is less at low concentration, solute can be driven to the side wall edge of PDMS cavity under the action of solvent flow, as shown in Figure 4a. When the concentration is low (the solute is less), the solute can be all driven to the edge of the side wall of the PDMS cavity under the action of the solvent flow, resulting in the higher-resolution lines than the original template, as shown in Figure 4a. When the concentration is high (the solute is more), one part of the solute driven to the edge of the side wall of the PDMS cavity, and the other part of the solute be concentrated in the middle of the PDMS cavity, as shown in Figure 4b,c. Through the above research, the PMMA/Ti4+ lines with different resolution can be fabricated by adjusting the concentration of solution, showing the superiority of this method.



From the above discussion, the resolution of PMMA/Ti4+ lines, fabricated under the concentration of 1.5%, the coating speed of 4000 rpm and the contact time of 5 s, is almost the same as that of the original PDMS template, defined as inducer 1. However, the resolution of PMMA/Ti4+ lines, fabricated under the concentration of 0.5%, the coating speed of 4000 rpm and the contact time of 5 s, is higher than that of the original PDMS template, defined as inducer 2. Figure 5a shows the SEM image of TiO2 lines (TiO2 L1) without residual layer, obtained by hydrothermal assembly [27,28,29] for 4 h of inducer 1, which periodicity is in good agreement with that of inducer 1. Figure 5b shows the SEM image of TiO2 lines without residual layer (TiO2 L2), obtained by hydrothermal self-assembly for 4 h of inducer 2, which periodicity is in good agreement with that of inducer 2 and the resolution is much higher than TiO2 L1. Figure 5c shows the SEM image of TiO2 lines without residual layer (TiO2 L3), obtained by hydrothermal self-assembly for 8 h of inducer 2. Due to the overgrowth of TiO2 nano-rods, TiO2 nano-rods on the adjacent lines are connected with each other, resulting in that the resolution of TiO2 L3 is lower than TiO2 L2. The minimum width of TiO2 line is 200 nm in Figure 5b. Meanwhile, the phase composition of the synthesized sample is shown in the XRD diagram of Figure S1, and rutile TiO2 can be observed.




4. Conclusions


The machining of the TiO2 patterns without residual layer was realized by utilizing the difference of interfacial force in the FRTI process. Firstly, the PMMA/Ti4+ film was coated on the PDMS surface by spinning. Secondly, the hydroxyl was modified on the surface of the PMMA/Ti4+ film and the substrate by O2 plasma. Then, the PMMA/Ti4+ film was transferred to the substrate by imprinting. Finally, the PMMA/Ti4+ films were dealt with calcination and hydrothermal reaction to obtain TiO2 patterns without residual layer. Compared with the traditional imprint lithography, this machining method not only avoids high temperature and high pressure, but also solves the problem for residual layer of TiO2 patterns. This method provides a new idea to pattern metal oxide without residual layer, which is potentially applied to the gas sensor, the optical detector and the light emitting diode.
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Figure 1. Schematic illustration of the fabrication process of TiO2 lines without residual layer. (a) When the concentration of PMMA/Ti4+ solution is high. (b) When the concentration of PMMA/Ti4+ solution is low. 
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Figure 2. AFM images of PMMA/Ti4+ lines obtained with different coating speed: (a) 2000 rpm, (b) 4000 rpm and (c) 8000 rpm. 






Figure 2. AFM images of PMMA/Ti4+ lines obtained with different coating speed: (a) 2000 rpm, (b) 4000 rpm and (c) 8000 rpm.



[image: Applsci 11 10097 g002]







[image: Applsci 11 10097 g003 550] 





Figure 3. AFM images of PMMA/Ti4+ lines obtained with different contact time: (a) 5 s, (b) 60 s and (c) 180 s. 
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Figure 4. AFM images of PMMA/Ti4+ lines obtained with different solution concentration: (a) 0.5%, (b) 1% and (c) 1.5%. 






Figure 4. AFM images of PMMA/Ti4+ lines obtained with different solution concentration: (a) 0.5%, (b) 1% and (c) 1.5%.



[image: Applsci 11 10097 g004]







[image: Applsci 11 10097 g005 550] 





Figure 5. SEM images of TiO2 lines without residual layer obtained by hydrothermal reaction for (a) 4 h on the inducer 1, for (b) 4 h on the inducer 2 and for (c) 8 h on the inducer 2. 
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