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Abstract

:

Open pore mesoporous silica (MPS) thin films and channels were prepared on a substrate surface. The pore dimension, thickness and ordering of the MPS thin films were controlled by using different concentrations of the precursor and molecular weight of the pluronics. Spectroscopic and microscopic techniques were utilized to determine the alignment and ordering of the pores. Further, MPS channels on a substrate surface were fabricated using commercial available lithographic etch masks followed by an inductively coupled plasma (ICP) etch. Attempts were made to shrink the channel dimension by using a block copolymer (BCP) hard mask methodology. In this regard, polystyrene-b-poly(ethylene oxide) (PS-b-PEO) block copolymer (BCP) thin film forming perpendicularly oriented PEO cylinders in a PS matrix after microphase separation through solvent annealing was used as a structural template. An insitu hard mask methodology was applied which selectively incorporate the metal ions into the PEO microdomains followed by UV/Ozone treatment to generate the iron oxide hard mask nanopatterns. The aspect ratio of the MPS nanochannels can be varied by altering etching time without altering their shape. The MPS nanochannels exhibited good coverage across the entire substrate and allowed direct access to the pore structures.
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1. Introduction


Ordered mesoporous materials have attracted attention since their discovery by Mobil Oil Research and Development scientists in 1992 [1,2]. Mesoporous silica (MPS) thin films have promising applications in microelectronics, sensing, catalysis, separation and optoelectronics [3,4,5,6,7,8,9]. The evaporation-induced self-assembly (EISA) method, developed by Lu et al. in 1997 [10], has become the most convenient method to generate these films. Briefly, at casting the film at a concentration of the solution below the critical micelle concentration (CMC) no micelles are formed [11]. As the solvent evaporates, the film concentration exceeds the CMC, micelles will form and as higher concentrations are developed, the micelles can stack forming an ordered structure. The ordered mesoporous silica film is formed around the micellar template and can be obtained through drying/calcination to remove the organic surfactant [12,13,14]. The structure, morphology, periodicity is dependent on variables such as reactant concentration, synthesis temperature, pH of solution and the nature of surfactant [12].



However, a limitation of these materials is that they are ‘closed’ (the pores running in the surface plane) and inaccessible from the surface. For practical exploitation of these high-tech materials (in application such as microelectronics, catalysis, photonics, chip-based sensing, etc.) pore access is required and the development of micro- and nanofabrication patterning technologies to expose the pores are required [15]. Here, patterning is defined as creating topographical arrangements that reveal the pores. Various patterning techniques have been proposed for mesostructured films. They are often based on established methods, including conventional and less conventional lithographic techniques [15], UV patterning [16], rapid prototyping by micropen lithography [17,18], dip-pen nanolithography [19,20], site-selective deposition on surfaces pre-patterned with self-assembled monolayers [21], electron-beam lithography [22,23] and inkjet printing [24]. These methods are mostly restricted to flat surfaces only and can be challenging compared to etching of dense films.



Block copolymers (BCP) self-assembly has potential use in the nanofabrication of memory and semiconductor devices due to the ease of processing, inexpensive cost and simple integration capability [25,26]. BCP lithography offers an attractive alternative patterning technology to conventional lithography since the BCPs can self-assemble on length scales from a few to tens of nanometers [27]. Spin-cast followed by solvo-thermal treatment is a simple approach that can be applied to generate vertically oriented cylindrical microdomains through the formation of solvent fronts and/or alteration of interfacial chemistry. It is also necessary to adapt a simple, cost effective method to convert them into the material patterns in terms of identical size/shape, regularity where each individuals with same composition.



This paper describes the synthesis of thin films of MPS with a two-dimensional (2D) hexagonal structure using TEOS (tetraethylorthosilicate) and PluronicTM triblock copolymer surfactants. Variation in mesopore sizes and the film thicknesses of MPS thin films with respect to concentrations of precursors has been studied. MPS channels was achieved by patterning the film with a commercial available lithographic mask followed by ICP etching. Smaller dimensional MPS nanochannels was fabricated by using ‘insitu’ BCP hard mask methodology.




2. Experimental


2.1. Materials


TEOS (≥99.999%), 0.2 M HCl, anhydrous ethanol (≥99.9%), oxalic acid dihydrate (C2H2O4, 2H2O) and iron (III) nitrate nonahydrate (Fe(NO3)3, 9H2O) were purchased from Sigma-Aldrich and used as received. All Pluronic surfactants were purchased from BASF and used as received. A polystyrene-b-poly(ethylene oxide) (PS-b-PEO) diblock copolymer was purchased from Polymer Source and used without further purification (number-average molecular weight, Mn, PS = 42 kg mol−1, Mn, PEO = 11.5 kg mol−1, Mw/Mn = 1.07, Mw: weight-average molecular weight).




2.2. Synthesis of Mesoporous Silica Thin Films


Mesoporous silica thin films were prepared using triblock copolymers (Pluronics) on silicon substrates by following a variation in the procedure reported previously [28]. The procedure to synthesis the mesoporous silica thin film is shown in Scheme 1. 2.08 g of TEOS, 3 g of 0.2 M HCl, 1.8 g water and 5 mL anhydrous ethanol were mixed and heated at 60 °C for 1 h in temperature-controlled preheated oven. This solution was allowed to cool to room temperature. 15 mL of a 5 wt% of Pluronic surfactant and 10 mL anhydrous ethanol were added with vigorous stirring. Silicon substrates were coated using this solution at 3000 rpm for 30 s. These silicon substrates were then calcined at 450 °C for 2 h at a ramp rate of 1 °C min−1.




2.3. Synthesis of Mesoporous Silica Channels Using Lithographic Masks


The procedure to generate mesoporous silica channels using lithographic masks is shown in Scheme 2. Commercial lithographic resist materials such as SU-8 2000 was used to generate the mesoporous silica channels. SU-8 2000 is a commonly used epoxy-based negative photoresist originally developed at IBM [29]. Firstly, SU-8 2000 was spin coated over a mesoporous silica thin film (30 s at 2000 rpm). The thickness of photoresist can range from below 1–300 µm and still be processed with standard contact lithography. It is used to pattern high aspect ratio (>20) structures. To obtain vertical sidewalls in the SU-8 2000 resist, a long pass filter was used to eliminate UV radiation below 350 nm. Strong agitation was applied while developing thick film structures to improve the etching quality which reduces anisotropic etching and surface roughness and simultaneously increases the etching rate. Then this photoresist is ICP dry etched for specific time to fabricate the mesoporous silica topographies.




2.4. Synthesis of Mesoporous Silica Channels Using In Situ Hard Mask BCP Approach


Scheme 3 and Scheme 4 illustrate the process flow diagram of the fabrication of ordered MPS nano-channels by a BCP assisted approach. The synthesised MPS thin film on a silicon substrate is shown in Scheme 4A. The PS-b-PEO (42K-11.5K) thin film was fabricated by spin coating the polymer solution at 3000 rpm for 30 s on the as-synthesized mesoporous silica film. The film was exposed to a toluene/water (50:50, v/v) mixed vapour placed at the bottom of a closed vessel kept at 50 °C for 1 h to induce chain mobility and allow microphase separation to occur (Scheme 3a and Scheme 4B). Separate reservoirs were used for each solvent to avoid azeotropic effects. The resultant phase separated film was immersed in ethanol at 40 °C for 15 h to partially modify the PEO component causing ‘activation’ of the cylinders (Scheme 3b and Scheme 4C). The film was dried under nitrogen. For the fabrication of oxide nanodots, iron (III) nitrate nonahydrate (Fe(NO3)3, 9H2O) precursor was used. 0.4 wt% of iron nitrate was dissolved in ethanol and spin coated onto the nanoporous film (Scheme 3c and Scheme 4D). UV/ozone treatment was carried out to convert the precursor into iron oxide as well as for complete degradation of the residual polymers (Scheme 3d and Scheme 4E). Iron oxide nanodots remain on the top of mesoporous silica film.




2.5. Plasma Etch Pattern Transfer


These iron oxide nanodot arrays were used as a hard mask for pattern transfer onto the substrate. Pattern transfer was accomplished using an STS, Advanced Oxide Etch (AOE) ICP etcher. The system has two different RF generators, one to generate and control the plasma density by direct connection to the antenna coil, while the other one was used to adjust and control the energy of ions by connecting it to the substrate holder. During etching, the sample was thermally bonded to a cooled chuck (10 °C) with a pressure 9.5 Torr. For the oxide etch, the process parameters were optimised to a C4F8/H2 gas mixture (21 sccm/30 sccm) using an ICP coil power of 800 W and a Reactive Ion Etching (RIE) power of 80 W. MPS nano-channels having nanodots on the top were formed by ICP dry etching for 20 s (Scheme 3e and Scheme 4F) using the iron oxide as a hard mask. The height of the mesoporous silica features was varied by simply varying the silica etch time. For the removal of iron oxide nanodots, the substrate was immersed into 10 wt% aqueous solution of oxalic acid dihydrate (C2H2O4 2H2O) for 2 h at room temperature followed by washing with water and drying of substrates (Scheme 3f and Scheme 4G).




2.6. Characterization


X-ray diffraction (XRD) patterns were recorded on a PANalytical MPD instrument using an Xcelerator detector and a Cu Kα radiation source at a working power of 45 kV and 40 mA. BCP film thicknesses were measured using a spectroscopic ellipsometer “Plasmos SD2000 Ellipsometer” at a fixed angle of 70 ° at a minimum of five different locations on the sample. Average values were reported as the measured thickness value. A two-layer β-spline model (SiO2 + BCP) was used to simulate experimental data. Top-down and cross-sectional SEM images of samples were obtained by a high resolution Field Emission Zeiss Ultra Plus-scanning Electron Microscope (SEM) operating at 10 kV. Samples were prepared for transmission electron microscopy (TEM) cross sectional imaging with an FEI Helios Nanolab 600i system containing a high resolution Elstar™ Schottky field-emission SEM and a Sidewinder FIB column and TEM was carried out on a JEOL JEM 2100 microscope operated at a voltage of 200 kV.





3. Results and Discussion


3.1. Silica Mesoporous Thin Films Formation Using Different Pluronics


To form uniform and well-ordered silica mesopores, the concentration of silica precursor i.e., TEOS was carefully optimized [30,31]. Figure 1 shows the low angle XRD patterns of MPS thin films synthesized using 0.01, 0.005 and 0.0033 M concentration of TEOS respectively in the presence of Pluronic P-123 surfactant. The as-synthesized MPS thin films using 0.01 M TEOS predominantly exhibits the (100) reflection peak, the 2nd (200) and 3rd (300) order reflections at 1.54°, 2.95° and 4.42° respectively (Figure 1a) and these indicates a high degree of long range ordering in the MPS thin films. The absence of 3rd (300) order reflections, broadening of the main peaks and presence of additional multiple peaks were seen in mesoporous silica thin films prepared using 0.005 and 0.0033 M TEOS as shown in Figure 1b,c respectively, suggesting less structural ordering in the mesoporous silica thin films with lower TEOS concentrations [32,33,34,35]. The absence of a (110) reflection indicates that the porous arrangements within the films is 2D hexagonal and pores are parallel to the surface plane for 0.01 M TEOS with the P-123 system.



The pore sizes and spacing in mesoporous silica thin films also depends on the type of Pluronic used for the synthesis. Different Pluronics P-123, P-85 and P-65 were used to form the MPS thin films. Each surfactant corresponds to differing molecular weights, used to vary the pore sizes due to the specific micellar arrangement in solution [34,35]. Figure 2 shows the XRD patterns of synthesized MPS thin films using P-123, P-85 and P-65. MPS thin films synthesized using Pluronic P-123 and P-85 with 0.01 M TEOS exhibits a main (100) peak, 2nd (200) and 3rd (300) order reflections at 1.54°, 2.95°, 4.42° and 1.86°, 3.62°, 5.51° respectively, and again indicate the high degree of long range ordering present in the MPS thin films. However, the shift in peak positions for mesoporous silica thin films synthesized using P-85 towards the high angle direction confirms a decrease in pore spacing. Whereas, broadening of the main peak and the absence of 2nd and 3rd order reflections indicates less structural ordering in the MPS thin films synthesized using P-65. The absence of the (110) reflection indicates that the porous arrangements within the films is 2D hexagonal and pores are parallel to the surface plane for P-123 and P-85 systems. The pore sizes of all of the synthesized MPS thin films were calculated from the low angle XRD patterns. The diameter of the pores for P123 with different TEOS concentrations and also for P85 and P65 were calculated from Scherrer formula.


  D =   0.9   λ   β   cos θ    








where D is the diameter of the pores in nm, λ is the X-ray wavelength in nm, β is the full width half maximum (FWHM) of the diffraction peak in radians and θ is the angle of diffraction in degrees. The film thickness, pore sizes and peak positions of mesoporous silica thin films with varying experimental parameters are summarized in Table 1.




3.2. Morphological Study of Mesoporous Silica Thin Films by SEM


The morphology and pore size of MPS thin films were determined from the SEM studies. Figure 3a shows that cross-sectional SEM of mesoporous silica thin film obtained using Pluronic P-123. The SEM images confirm XRD observations that mesoporous films have a 2D hexagonal structure with the pores lying parallel to the substrate plane. The mesopores have diameter within the range of 13–15 nm. The thickness of film was found to be 100 nm. Furthermore, these films showed no evidence of structural deformation either at the film surface or at the film-substrate interface indicating good adhesion with the substrate.



Figure 3b shows the cross-sectional SEM images of MPS thin films formed on a topographically defined trench patterned silica substrate. The alignment of nanopores within the channel was affected by using low aspect ratio (channel width to depth) trenches of Si/SiN substrates previously reported by us [36]. Wu et al. have also exploited this technique for aligning MPS films for use as resist moulds [37]. These alignment methods can be improved by a physically modified substrate guiding the long-range ordering of the MPS system. Such an approach has been successfully used to control macroscopic ordering of colloidal spheres and block copolymer films [38,39]. In our case, the MPS thin films prepared on a trenched substrate showed less ordered arrangement of the pores than on planar substrates (Figure 3b). Poor ordering and defects (shape, size and spacings between the pores) can be related to several reasons. These includes non-uniform width of the trench throughout the depth, incommensurability of the pore spacing and complex interfacial interactions of the trench wall with the precursor material during pore development.



Figure 3c shows the cross-sectional SEM of the mesoporous silica thin films with hexagonally arranged pores synthesized using Pluronic P-85. The average diameter of mesopores was found to be 7 nm. The thickness of film was found to be around 95 nm. These films also showed no evidence of structural deformation either at the film surface or at the film-substrate interface as well as exhibiting good adhesion to the substrate. It is also important to note that in all studies, the upper surface of the film is dense silica and pores are generally not present. This is typical for these films.




3.3. Fabrication of MPS Channels Using Lithographic Masks


Figure 4 shows the cross-sectional SEM of MPS channels synthesized using a lithographic mask of resist SU-8 2000. SU-8 can be processed with a number of patterning techniques to render high-aspect-ratio and 3D submicron structures. The irradiation source and configuration used for processing determines the maximum lateral resolution, aspect ratio and geometrical complexity of the patterned features [40]. To fabricate mesoporous silica channels, the mesoporous silica thin film surface is partially protected using lithographic resist SU-8 2000 as an etch mask, followed by ICP dry etching. The depth and width of the channels can be varied using different dimensional lithographic resist as well as by varying the etching time. Figure 4a shows ICP dry etched mesoporous silica channels having the lithographic resist on the top. Figure 4b shows the magnifying image of etched and unetched (protected below the lithographic resist) MPS thin film. The thickness of the unetched part is 100 nm. After 10 s ICP dry etching, film thickness decreased to approximately 50 nm. After the etching process, the lithographic resist can be easily removed using mild oxalic acid solution. Figure 4c shows the 10 s ICP dry etched and unetched mesoporous silica thin film after removing lithographic resist. A magnified image of the ordered mesopores are shown in inset of Figure 4c. All of the images suggests that MPS channels can be fabricated by ICP etch process using a resist mask without hampering the hexagonally arranged mesopore structure.




3.4. Fabrication of Mesoporous Silica Channels Using In Situ Hard Mask BCP Approach


The standard lithographic mask appeared to indicate good ability to retain the ordering of the mesoporous film and prevent the pore structure from collapsing during etching. But with conventional lithographic methods, it is challenging to shrink the channel dimensions to the size of a few mesopore diameters. The continual reduction of critical dimensions of advanced electronic devices challenges conventional ultraviolet (UV) lithography and requires the use of new and alternative patterning techniques such as double or triple patterning to create substrate features for use in both logic and memory device and interconnect level circuitry which has proven to be slow, complex and expensive [41]. While the lithographic mask can create features down to few tens of nanometers, BCP lithographic technique is capable to create feature as small as sub-5 nm depending on the type and molecular weights of BCPs. For proper validation of the film robustness it is necessary to prepare small features since these are consistent with modern manufacturing dimensions. In this study, an approach to create channels with smaller dimension is attempted using block copolymer lithography. The successful integration of BCP methods into the device requires ultimate control of the self-assembly and the pattern transfer onto the underlying material. However, etching becomes complicated when feature sizes reduce and etch limitations of BCP patterns can lead to silicon features of low aspect ratio and high line edge roughness (LER). To overcome this barrier, we have generated a ‘hard mask’ material using our established insitu inclusion method [42,43].



Figure 5a shows an AFM image of the PS-b-PEO thin film demonstrating the vertically orientated hexagonal arrangement of PEO cylinders inside the PS matrix. The long-range ordering and perpendicular cylinder orientation were formed by annealing [44,45]. The spin coated film in mixed toluene–water environment at a temperature of 50 °C for 1h which induces microphase separation. In the AFM image, darker contrast corresponds to PEO cylinders. The measured average centre-to-centre cylinder spacing is ~42 nm and PEO cylinder diameter is ~19 nm. The SEM image in Figure 5b also represents long range ordering of the PS-b-PEO thin film.



These films were used as a template to prepare iron oxide hard etch mask as reported previously by our group [42,43,44,45]. PEO microdomains are the preferred site to incorporate metal ions into the template. This is realised by an etching and/or modification of the PEO site through immersing the film in anhydrous ethanol at 40 °C for 15 h. Structural arrangement, dimensions and ordering remain unchanged after the treatment [46]. The AFM image (Figure 5c) shows some increase in the phase contrast after this treatment indicating etched/modified PEO microdomains. Also, the SEM image contrast was enhanced by ethanol exposure as seen in Figure 5d reveals porous structure. No thickness change of the polymer film was observed after the ethanol treatment.



Iron oxide nanofeatures were formed by insitu inclusion of iron ions by spin coating the metal nitrate ethanolic solution into nanoporous BCP template. The PEO cylinders (diameter of ~20 nm and depth ~28 nm) can be considered are selective for inclusion as PS is of hydrophobic nature excluding the probability of solution swelling and the insertion of the metal ions. The PEO-cationic chemical coordination chemistry improves the incorporation process through chemical bonding of included ions [47]. The UV/ozone treatment removes any residual solvent and organic components, and cross-links and oxidizes the metal ions simultaneously. In the UV/Ozone treatment, ozone, an active oxidizing agent, is generated in situ from atmospheric oxygen by exposure to 185 nm UV light. The ozone produced subsequently photo dissociates into molecular oxygen and atomic oxygen upon exposure to 254 nm light. The latter specie reacts with the polymer to form free radicals and activated species that eventually remove organic portions of the polymer in the form of carbon dioxide, water, and a small amount of volatile organic compounds. Figure 6 shows the AFM, SEM and cross-sectional TEM images of well-ordered iron oxide nanodots formed after the UV/ozone treatment. The measured average centre-to-centre nanodot spacing remains unchanged as seen from the AFM and SEM images as these are formed via direct templating of the PS-b-PEO film. Figure 6a (AFM) and 6b (SEM) show iron oxide nanodots of uniform diameter of ~21 nm. The structural arrangement and interfaces with the substrate were analysed further by cross-sectional TEM (Figure 6c). The cross-sectional TEM image shows well-separated nanodots. Limited numbers of defects or cracks were observed. The hemispherical type structure of the nanodots is seen for all those imaged.



These iron oxide nanodots were then used as a hard mask for the formation of mesoporous silica nanopillars by pattern transfer into the MPS film. Briefly, a rapid silica etch process was used to remove the exposed mesoporous silica layer at the substrate surface whilst the layer below the iron oxide nanodots (mask) remained unaffected. This process results in the formation of mesoporous silica nanopillars with iron oxide at their uppermost surface. The top-down SEM image (Figure 7a) demonstrates a densely packed, uniform, ordered arrangement of pores over large areas after the pattern transfer. The high resolution SEM image also reveals that the hexagonally ordered pillars have an average diameter of ~21 nm at a spacing of ~42 nm. This implies that the etching does not damage the original pattern to any extent. The average height of the mesoporous silica nanopillars is found to be around 25 nm and mesoporous silica thin film thickness was estimated at 60 nm (measured from the cross-sectional TEM image shown in Figure 7b) after a silica etch for 10 s. These data clearly show that the mesoporous surface is robust enough to survive during etching.





4. Conclusions


A simple, generic and cost-effective route was demonstrated to synthesize 2D mesoporous silica thin films over wafer scale dimensions. A morphological study showed that the mesoporous silica thin film has hexagonally arranged pores with uniform pore diameter. The dimensional and structural ordering can be altered by varying the amount of silica precursor and different molecular weight of the surfactants. Lithographic resist and in situ hard mask block copolymer approaches were utilized followed by ICP dry etching to fabricate mesoporous silica channels. In comparison, BCP approach leads to lower dimension, high aspect ratio MPS channels. The width of the channels can be varied by using variety of commercially available lithographic resists whereas depth of the mesoporous silica channels varied by varying the etch time. Large area ordered mesoporous silica nanopillar arrays with smooth vertical sidewall profiles can be fabricated using an in situ hard mask block copolymer approach. The width and height of the nanopillars could be precisely varied depending on the diameter of the nanodots and the etching time respectively without altering their shape. The MPS channels or nanopillars arrays has a good coverage throughout the wafer scale area with direct access to the pore structures.







Author Contributions


T.G. and A.T. contributed equally in conceptualisation, methodology, writing and analysis. N.P. contributed in characterizations. M.A.M. supervised and contributed in writing and analysis. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Science Foundation Ireland AMBER grant 12/RC/2278.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We acknowledge financial support from the Science Foundation Ireland AMBER grant 12/RC/2278. We would also like to thank Michael Schmidt for the TEM assistance.




Conflicts of Interest


There are no conflicts to declare.




References


	



Beck, J.S.; Vartuli, J.C.; Roth, W.J.; Leonowicz, M.E.; Kresge, C.T.; Schmitt, K.D. A New Family of Mesoporous Molecular-Sieves Prepared with Liquid-Crystal Templates. J. Am. Chem. Soc. 1992, 114, 10834–10843. [Google Scholar] [CrossRef]

	



Kresge, C.T.; Leonowicz, M.E.; Roth, W.J.; Vartuli, J.C.; Beck, J.S. Ordered Mesoporous Molecular-Sieves Synthesized by a Liquid-Crystal Template Mechanism. Nature 1992, 359, 710–712. [Google Scholar] [CrossRef]

	



Corma, A. From microporous to mesoporous molecular sieve materials and their use in catalysis. Chem. Rev. 1997, 97, 2373–2419. [Google Scholar] [CrossRef]

	



Davis, M.E. Ordered porous materials for emerging applications. Nature 2002, 417, 813–821. [Google Scholar] [CrossRef] [PubMed]

	



Stein, A. Advances in microporous and mesoporous solids-Highlights of recent progress. Adv. Mater. 2003, 15, 763–775. [Google Scholar] [CrossRef]

	



Qi, Z.M.; Honma, I.; Zhou, H. Ordered-mesoporous-silica-thin-film-based chemical gas sensors with integrated optical polarimetric interferometry. Appl. Phys. Lett. 2006, 88, 053503. [Google Scholar] [CrossRef]

	



Yang, C.M.; Cho, A.T.; Pan, F.M.; Tsai, T.G.; Chao, K.J. Spin-on mesoporous silica films with ultralow dielectric constants, ordered pore structures, and hydrophobic surfaces. Adv. Mater. 2001, 13, 1099. [Google Scholar] [CrossRef]

	



Coleman, N.R.B.; O’Sullivan, N.; Ryan, K.M.; Crowley, T.A.; Morris, M.A. Spalding, Synthesis and characterization of dimensionally ordered semiconductor nanowires within mesoporous silica. J. Am. Chem. Soc. 2001, 123, 7010–7016. [Google Scholar] [CrossRef]

	



Petkov, N.; Platschek, B.; Morris, M.A.; Holmes, J.D.; Bein, T. Oriented growth of metal and semiconductor nanostructures within aligned mesoporous channels. Chem. Mater. 2007, 19, 1376–1381. [Google Scholar] [CrossRef]

	



Lu, Y.F.; Ganguli, R.; Drewien, C.A.; Anderson, M.T.; Brinker, C.J.; Gong, W.L. Continuous formation of supported cubic and hexagonal mesoporous films by sol gel dip-coating. Nature 1997, 389, 364–368. [Google Scholar] [CrossRef]

	



Moulik, S.P. Micelles: Self-organized surfactant assemblies. Curr. Sci. 1996, 71, 368–376. [Google Scholar]

	



Ha, T.J.; Im, H.G.; Yoon, S.J.; Jang, H.W.; Park, H.H. Pore Structure Control of Ordered Mesoporous Silica Film Using Mixed Surfactants. J. Nanomater. 2011, 11, 2011. [Google Scholar] [CrossRef]

	



Andreou, I.; Amenitsch, H.; Likodimos, V.; Falaras, P.; Koutsoukos, P.G.; Leontidis, E. Organized Silica Films Generated by Evaporation-Induced Self-Assembly as Hosts for Iron Oxide Nanoparticles. Materials 2013, 6, 1467–1484. [Google Scholar] [CrossRef]

	



Mahoney, L.; Koodali, R.T. Versatility of Evaporation-Induced Self-Assembly (EISA) Method for Preparation of Mesoporous TiO2 for Energy and Environmental Applications. Materials 2014, 7, 2697–2746. [Google Scholar] [CrossRef]

	



Innocenzi, P.; Kidchob, T.; Falcaro, P.; Takahashi, M. Patterning techniques for mesostructured films. Chem. Mater. 2008, 20, 607–614. [Google Scholar] [CrossRef]

	



Dattelbaum, A.M.; Amweg, M.L.; Ecke, L.E.; Yee, C.K.; Shreve, A.P.; Parikh, A.N. Photochemical pattern transfer and enhancement of thin film silica mesophases. Nano Lett. 2003, 3, 719–722. [Google Scholar] [CrossRef]

	



Fan, H.Y.; Lu, Y.F.; Stump, A.; Reed, S.T.; Baer, T.; Schunk, R. Rapid prototyping of patterned functional nanostructures. Nature 2000, 405, 56–60. [Google Scholar] [CrossRef]

	



Cao, Y.; Zhou, L.; Wang, X.; Li, X.; Zeng, X. MicroPen direct-write deposition of polyimide. Microelectron. Eng. 2009, 86, 1989–1993. [Google Scholar] [CrossRef]

	



Su, M.; Liu, X.G.; Li, S.Y.; Dravid, V.P.; Mirkin, C.A. Moving beyond molecules: Patterning solid-state features via dip-pen nanolithography with sol-based inks. J. Am. Chem. Soc. 2002, 124, 1560–1561. [Google Scholar] [CrossRef]

	



Liu, G.; Petrosko, S.H.; Zheng, Z.; Mirkin, C.A. Evolution of Dip-pen nanolithoraphy (DPN): From molecular patterningtomaterials discovery. Chem. Rev. 2020, 120, 6009–6047. [Google Scholar] [CrossRef]

	



Hozumi, A.; Kojima, S.; Nagano, S.; Seki, T.; Shirahata, N.; Kameyama, T. Surface design for precise control of spatial growth of a mesostructured inorganic/organic film on a large-scale area. Langmuir 2007, 23, 3265–3272. [Google Scholar] [CrossRef] [PubMed]

	



Jumbert, G.; Placidi, M.; Alzina, F.; Sotomayor Torres, C.M.; Sledzinska, M. Electron beam lithography for direct patterning of MoS2 on PDMS substrates. RSC Adv. 2021, 11, 19908–19913. [Google Scholar] [CrossRef] [PubMed]

	



Hozumi, A.; Kimura, T. Rapid micropatterning of mesoporous silica film by site-selective low-energy electron beam irradiation. Langmuir 2008, 24, 11141–11146. [Google Scholar] [CrossRef] [PubMed]

	



Mougenot, M.; Lejeune, M.; Baumard, J.F.; Boissiere, C.; Ribot, F.; Grosso, D. Ink jet printing of microdot arrays of mesostructured silica. J. Am. Ceram. Soc. 2006, 89, 1876–1882. [Google Scholar] [CrossRef]

	



Park, M.; Harrison, C.; Chaikin, P.M.; Register, A.; Adamson, D.H. Block copolymer lithography: Periodic arrays of similar to 10(11) holes in 1 square centimeter. Science 1997, 276, 1401–1404. [Google Scholar] [CrossRef]

	



Park, M.; Chaikin, P.M.; Register, R.A.; Adamson, D.H. Large area dense nanoscale patterning of arbitrary surfaces. Appl. Phys. Lett. 2001, 79, 257–259. [Google Scholar] [CrossRef]

	



Bates, F.S.; Fredrickson, G.H. Block Copolymer Thermodynamics—Theory and Experiment. Ann. Rev. Phys. Chem. 1990, 41, 525–557. [Google Scholar] [CrossRef]

	



Bolger, C.T.; Farrell, R.A.; Hughes, G.M.; Morris, M.A.; Petkov, N.; Holmes, J.D. Pore Directionality and Correlation Lengths of Mesoporous Silica Channels Aligned by Physical Epitaxy. ACS Nano 2009, 3, 2311–2319. [Google Scholar] [CrossRef]

	



Lee, K.Y.; LaBianca, N.; Rishton, S.A.; Zolgharnain, S.; Gelorme, J.D.; Shaw, J. Micromachining applications of a high resolution ultrathick photoresist. J. Vac. Sci. Technol. B 1995, 13, 3012–3016. [Google Scholar] [CrossRef]

	



Kang, K.K.; Rhee, H.K. Synthesis and characterization of novel mesoporous silica with large wormhole-like pores: Use of TBOS as silicon source. Micropor. Mesopor. Mater. 2005, 84, 34–40. [Google Scholar] [CrossRef]

	



Liu, J.; Yang, Q.; Zhao, X.S.; Zhang, L. Pore size control of mesoporous silicas from mixtures of sodium silicate and TEOS. Micropor. Mesopor. Mater. 2007, 106, 62–67. [Google Scholar] [CrossRef]

	



Bae, J.Y.; Ranjit, K.T.; Luan, Z.; Krishna, R.M.; Kevan, L. Photoionization of N-Alkylphenothiazines in Mesoporous Metal Silicoaluminophosphate Molecular Sieves. J. Phys. Chem. B 2000, 104, 9661–9669. [Google Scholar] [CrossRef]

	



Luan, Z.; Bae, J.Y.; Kevan, L. Vanadosilicate Mesoporous SBA-15 Molecular Sieves Incorporated with N-Alkylphenothiazines. Chem. Mater. 2000, 12, 3202–3207. [Google Scholar] [CrossRef]

	



Sakai, T.; Alexandridis, P. Mechanism of Gold Metal Ion Reduction, Nanoparticle Growth and Size Control in Aqueous Amphiphilic Block Copolymer Solutions at Ambient Conditions. J. Phys. Chem. B 2005, 109, 7766–7777. [Google Scholar] [CrossRef]

	



Fendler, J.H.; Bronstein, L.M.; Antonietti, M.; Valetsky, P.M. Metal Colloids in Block Copolymer Micelles: Formation and Material Properties. Nanopart. Nanostruct. Films 2007, 145–171. [Google Scholar] [CrossRef]

	



Rice, R.L.; Arnold, D.C.; Shaw, M.T.; Iacopina, D.; Quinn, A.J.; Amenitsch, H. Ordered Mesoporous Silicate Structures as Potential Templates for Nanowire Growth. Adv. Func. Mater. 2007, 17, 133–141. [Google Scholar] [CrossRef]

	



Wu, C.W.; Ohsuna, T.; Edura, T.; Kuroda, K. Orientational Control of Hexagonally Packed Silica Mesochannels in Lithographically Designed Confined Nanospaces. Angew. Chem. Int. Ed. 2007, 46, 5364–5368. [Google Scholar] [CrossRef]

	



Segalman, R.A.; Yokoyama, H.; Kramer, E.J. Graphoepitaxy of Spherical Domain Block Copolymer Films. Adv. Mater. 2001, 13, 1152–1155. [Google Scholar] [CrossRef]

	



Bita, I.; Yang, J.K.W.; Jung, Y.S.; Ross, C.A.; Thomas, E.L.; Berggren, K.K. Graphoepitaxy of Self-Assembled Block Copolymers on Two-Dimensional Periodic Patterned Templates. Science 2008, 321, 939–943. [Google Scholar] [CrossRef]

	



Campo, A.D.; Greiner, C. S-8: A photoresist for high-aspect-ratio and 3D submicron lithography. J. Micromech. Microeng. 2007, 17, R81–R95. [Google Scholar] [CrossRef]

	



Semiconductor Industry Association. Emerging Research Devices. In The International Technology Roadmap for Semiconductors; Semiconductor Industry Association: New York, WA, USA, 2011; p. 1. [Google Scholar]

	



Ghoshal, T.; Shaw, M.T.; Bolger, C.T.; Holmes, J.D.; Morris, M.A. A general method for controlled nanopatterning of oxide dots: A microphase separated block copolymer platform. J. Mater. Chem. 2012, 22, 12083–12089. [Google Scholar] [CrossRef]

	



Ghoshal, T.; Senthamaraikannan, R.; Shaw, M.T.; Holmes, J.D.; Morris, M.A. “In situ” hard mask materials: A new methodology for creation of vertical silicon nanopillar and nanowire arrays. Nanoscale 2012, 4, 7743–7750. [Google Scholar] [CrossRef] [PubMed]

	



Farrell, R.A.; Kinahan, N.T.; Hansel, S.; Stuen, K.O.; Petkov, N.; Shaw, M.T.; West, L.E.; Djara, L.E.; Dunne, R.J.; Varona, O.G.; et al. Large-scale parallel arays of silicon nanowires via block copolymer directed sel asembly. Nanoscale 2012, 4, 3228. [Google Scholar] [CrossRef] [PubMed]

	



Ghoshal, T.; Maity, T.; Godsell, J.F.; Roy, S.; Morris, M.A. Large Scale Monodisperse Hexagonal Arrays of Superparamagnetic Iron Oxides Nanodots: A Facile Block Copolymer Inclusion Method. Adv. Mater. 2012, 24, 2390–2397. [Google Scholar] [CrossRef] [PubMed]

	



Peng, J.; Kim, D.H.; Knoll, W.; Xuan, Y.; Li, B.Y.; Han, Y.C. Morphologies in solvent-annealed thin films of symmetric diblock copolymer. J. Chem. Phys. 2006, 125, 064702. [Google Scholar] [CrossRef]

	



Tsvetanov, C.B.; Stamenova, R.; Dotcheva, D.; Doytcheva, M.; Belcheva, N.; Smid, J. Intelligent networks based on poly(oxyethylene). Macromol. Symp. 1998, 128, 165–182. [Google Scholar] [CrossRef]








[image: Nanomaterials 12 02223 sch001 550] 





Scheme 1. Schematic of the synthesis of mesoporous silica thin films. 
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Scheme 2. Schematic for the synthesis of mesoporous silica channels using lithographic resist followed by ICP dry etching. 






Scheme 2. Schematic for the synthesis of mesoporous silica channels using lithographic resist followed by ICP dry etching.



[image: Nanomaterials 12 02223 sch002]







[image: Nanomaterials 12 02223 sch003 550] 





Scheme 3. Process flow diagram of the fabrication of mesoporous silica channels by hard mask BCP approach. (a) Perpendicularly oriented PEO cylinders in PS matrix after solvent annealing. (b) Chemical etching/modification of PEO cylinders creates nanoporous templates (c) Spin coated precursor-ethanol solution onto the template. (d) Iron oxide nanodots prepared by by UV/ozone treatment removing polymer. (e) Vertical MPS channels with iron oxide at top obtained by silica ICP etch. (f) MPS channels formed after removal of oxide masks. 
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Scheme 4. Schematic illustration of the fabrication mesoporous silica channels using in situ hard mask BCP approach. (A) MPS thin film on Si substrate (B) Hexagonally arranged PEO cylinders perpendicular to the substrate in PS matrix after solvent annealing. (C) Modification of PEO cylinders creates nanoporous templates for the metal ion inclusion. (D) Spin coated precursor-ethanol solution onto the template. (E) Iron oxide nanodots prepared by by UV/ozone treatment removing polymer. (F) Vertical MPS channels with iron oxide at top obtained by silica ICP etch. (G) MPS channels formed after removal of oxide masks. 
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Figure 1. XRD graphs of mesoporous silica thin films using (a) 0.01 M (b) 0.005 M and (c) 0.0033 M of TEOS precursor. Inset of figure (a,b) shows expanded region around the peak for clarity. 
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Figure 2. XRD graphs of mesoporous silica thin films using different Pluronics (a) P-123 (b) P-85 and (c) P-65. 
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Figure 3. Cross-sectional SEM images of mesoporous silica thin films synthesized using (a,b) P-123 on Si and graphoepitaxial defined substrate respectively. (c) P-85. 
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Figure 4. Cross-sectional SEM images of mesoporous silica thins films after ICP dry etching (a) etched mesoporous silica thin film with lithographic resist on the top (b) magnifying image of the etched mesoporous silica thin film (c) etched mesoporous silica thin film after removal of lithographic resist (inset shows the magnifying image). 
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Figure 5. AFM (a,c) and SEM (b,d) images of PS-b-PEO thin film after solvent annealed in toluene/water at 50 °C and after ethanol treatment respectively. 
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Figure 6. (a) AFM (b) SEM and (c) cross-sectional TEM images of hexagonal ordered iron oxide nanodots after UV/ozone treatment. Inset of (c) shows the corresponding higher magnification image. 






Figure 6. (a) AFM (b) SEM and (c) cross-sectional TEM images of hexagonal ordered iron oxide nanodots after UV/ozone treatment. Inset of (c) shows the corresponding higher magnification image.



[image: Nanomaterials 12 02223 g006]







[image: Nanomaterials 12 02223 g007 550] 





Figure 7. (a) Top-down SEM image of nanopillar arrays with iron oxide nanodots at the top formed after pattern transfer onto silica for 10 s (b) cross-sectional TEM image of the mesoporous silica nanopillars. 
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Table 1. Film thickness, pore sizes and peak positions of mesoporous silica thin films with varying experimental parameters.
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	Precursor
	2θ (Degree)

(Main Peak)
	Film Thickness (nm)
	Average Pore Diameter (nm)





	0.01 M TEOS + P-123
	1.54
	100
	14



	0.005 M TEOS + P-123
	2.99
	42.2
	11



	0.0033 M TEOS + P-123
	3.78
	25.6
	10



	P-123 + 0.01 M TEOS
	1.54
	100
	14



	P-85 + 0.01 M TEOS
	1.86
	95
	7



	P-65 + 0.01 M TEOS
	1.85
	87
	Not measurable
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