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Abstract:



In this paper, we review the current development of stencil lithography for scalable micro- and nanomanufacturing as a resistless and reusable patterning technique. We first introduce the motivation and advantages of stencil lithography for large-area micro- and nanopatterning. Then we review the progress of using rigid membranes such as SiNx and Si as stencil masks as well as stacking layers. We also review the current use of flexible membranes including a compliant SiNx membrane with springs, polyimide film, polydimethylsiloxane (PDMS) layer, and photoresist-based membranes as stencil lithography masks to address problems such as blurring and non-planar surface patterning. Moreover, we discuss the dynamic stencil lithography technique, which significantly improves the patterning throughput and speed by moving the stencil over the target substrate during deposition. Lastly, we discuss the future advancement of stencil lithography for a resistless, reusable, scalable, and programmable nanolithography method.
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1. Introduction


In recent decades, progress in micro-electro-mechanical systems (MEMS) and nano-electro-mechanical systems (NEMS) has significantly impacted the research and development of wireless communication [1,2], inertial sensing [3,4], optics [5,6], biomedical engineering [7,8], and new energy [9,10]. Because the performance of the MEMS and NEMS devices relies heavily on fabrication techniques, there is a strong demand to develop scalable and inexpensive fabrication techniques. The traditional micro- and nanofabrication techniques typically start with spinning photoresist on a flat and rigid substrate, followed by defining structures with photolithography or electron beam lithography (EBL). After patterning photoresist, thin film deposition and etching are used to transfer the pattern and fabricate the device. Traditional micro- and nanofabrication techniques are designed to pattern on rigid substrates, such as silicon wafers. Patterning micro- and nanostructures on unconventional substrates, such as soft and flexible materials (e.g., polydimethylsiloxane (PDMS)) and curved substrates [11,12], emerged in recent years because of applications in wearable electronics [13], implantable medical devices [14], and disposable sensors [15]. Also, as the required resolution reaches down to a nanometer scale, traditional patterning techniques such as EBL are slow and expensive to pattern in a large area. These problems limit the scalability of the nanodevices.



In recent years, non-conventional lithography techniques have been introduced to address those problems, including nanoimprint lithography (NIL) [16,17], nanosphere lithography (NSL) [18,19], X-ray lithography [20,21], laser interference lithography (LIL) [22,23], dip-pen lithography (DPL) [24,25], and stencil lithography [26,27]. NIL is a scalable nanolithography technique, but it still requires the coating of photoresist materials on the target substrate. Furthermore, heat treatment could affect sensitive substrates, and additional processes are required to remove residual photoresist after imprinting. NSL does not require an expensive setup, but the uniformity and dimension are difficult to control. X-ray lithography requires an expensive X-ray light source and needs well-trained personnel for operation. LIL has been widely used to make periodic patterns, but it is difficult to pattern complicated nanostructures. DPL can easily draw complicated patterns, but the scanning speed is relatively slow.



Compared with other emerging nanolithography techniques, stencil lithography is a resistless, scalable, and reusable nanolithography technique that has high throughput. The use of stencils is among one of the oldest technologies in human history, for which evidence is found from over 35,000 years ago [28]. The concept of using stencils is to transfer the features from a thin sheet, such as paper, wood, or polymer, to the underlying substrates. Because the stencil can be reused on different objects, the defined patterns on the substrates will have the same feature size. This concept has been used to develop stencil lithography for micro- and nanopatterning. Stencils made by lithography and etching allow for the transfer of atoms or ions from the aperture to the target substrates, either by physical vapor deposition or plasma etching.



For stencil lithography, there is no need to coat photoresist on the target substrates. Photoresist is commonly used in standard photolithography; however, this procedure uses toxic solvents, such as gamma-butyrolactone and cyclopentanone, and thus requires a ventilation system during the coating process [29]. It also affects biological samples that are sensitive to solvents. Heat, which causes the delamination of photoresist from unconventional substrates such as PDMS due to the large thermal expansion coefficient difference, is also needed for photoresist crosslinking. After UV exposure, un-patterned photoresist needs to be removed by a developer solution that could also dissolve water soluble substrates. Stencil lithography, on the other hand, can be placed over the substrate with a certain space, which does not cause interfacial problems with the substrate.



Micro- and nanostencils can be reused, which decreases the fabrication costs. As stencils are placed over the substrate, they can be removed after patterning and placed on a new substrate. Instead of scanning high-voltage electrons on the photoresist in EBL for every different sample, the stencil can be made to cover the whole substrate and pattern the micro- and nanostructures with one-time deposition [30]. This significantly reduces the complexity and sample preparation time. In addition, stencils can be placed on a certain location on the substrate or moved over the substrate to pattern micro- and nanostructures on a certain location of the substrate.



Based on the materials’ properties, two types of stencil lithography techniques have been introduced. The first type of stencil lithography uses a rigid stencil mask, such as Si and SiNx. The other type uses a flexible membrane, such as polyimide film, PDMS membrane, and photoresist layers. Based on the motion of the stencil mask, stencil lithography can be divided into either static or dynamic mode. In this paper, we review the development of rigid and flexible stencil lithography technologies and discuss the recent advances of dynamic stencil lithography. We will also discuss the future of next-generation stencil lithography for a resistless, reusable, scalable, and programmable nanolithography method.




2. Rigid Stencil Mask


2.1. Silicon Nitride Membrane


In recent years, the development of metamaterials has allowed the detection of low concentration biomarkers based on the spectral shift at Tera-hertz frequencies (THz) [31,32]. There is an increasing interest to pattern such metamaterials on low-cost and disposable substrates for point-of-care (POC) applications. An ideal substrate would be paper, which is lightweight and disposable. However, it is impossible to pattern such microstructures on paper with traditional patterning techniques.



Tao et al. [33] utilized a SiNx microstencil to pattern metamaterials on a paper substrate, allowing the paper to sensitively detect glucose and urea. A SiNx film (500 nm in thickness) was deposited on a silicon wafer, followed by patterning of the SiNx film with traditional surface micromachining techniques. The silicon wafer was etched from the backside with KOH, resulting in a free-standing SiNx membrane. The SiNx microstencil was placed on top of the paper substrate, followed by the deposition of a thin gold layer to construct metamaterials. SiNx is an ideal material for stencil lithography due to the great thermal stability, mechanical strength, and chemical inertness.



Similarly, metamaterials could also be patterned onto silk composites by the stencil lithography technique using a SiNx stencil [34,35]. A schematic drawing of patterning metamaterials on silk substrates using SiNx stencil lithography is shown in Figure 1a. Silk composite is flexible, biocompatible, transparent, and water-soluble [36,37]. All these advantages are critical for next-generation implantable microdevices. A biosensor patterned on silk substrate can be placed on a curved surface for in situ detection, which is difficult to achieve without using stencil lithography. One of the metamaterials devices patterned by SiNx-based stencil lithography is shown in Figure 1b [38].


Figure 1. (a) Fabrication process of a SiNx stencil mask for silk-based sensing platform; (b) micrograph of a metamaterials sensor fabricated by using SiNx-based stencil lithography. Reprinted by permission from Macmillan Publisher Ltd.: [Nature] [38], copyright (2012); (c) schematic image of the nanodots patterning process based on SiNx stencil mask with nanoscale features. Reprinted with permission from [39]. Copyright (2010) American Chemical Society; (d) scanning electron microscope (SEM) images of stencil nanofeatures and their corresponding metal nanodots with different widths patterned on Si substrates. The deposited nanodots reproduce the shape of the stencil apertures achieving nanodots with a dimension of ~50 nm. Reprinted with permission from [39]. Copyright (2010) American Chemical Society.
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The resonant frequency of metamaterials can be shifted to visible light by decreasing the feature size of metal structures [40,41]. Such uniform localized surface plasmon resonance (LSPR) sensors can be patterned onto transparent substrates such as glass and PDMS without using photoresist and excessive heat (Figure 1c) [39]. The nanofeatures of the stencil membrane were defined by using EBL and dry etching on a low-stress silicon nitride layer (100 nm) deposited on a silicon substrate and then the silicon substrate was etched from the backside with KOH. Uniform gold nanodots with diameters ranging from 50 to 200 nm were conveniently fabricated by using silicon nitride membrane-based stencil lithography (Figure 1d) [39].



It is possible to pattern metal micro- and nanostructures onto flexible substrates by using other techniques such as pattern transfer [42,43,44]; however, the surface properties have to be characterized. An adhesion layer and heat are normally applied between metal patterns and the target substrate to improve transfer [45]. Such processes are not necessary for stencil lithography patterning, which is critical for patterning on sensitive substrates.




2.2. Silicon Membrane


Low-stress SiNx membranes have been widely used as rigid stencil masks; however, silicon membranes are becoming an increasingly popular choice for stencil masks [46,47]. First, an aspect ratio of over 50:1 can be achieved on a silicon membrane by using deep reactive ion etching (DRIE). Due to the great anisotropic etching of silicon materials, a silicon stencil mask can be prepared with a larger thickness than a silicon nitride mask. Thus, a silicon membrane is easier to fabricate and handle. Although the intrinsic stress in silicon membrane is higher than that in silicon nitride, increasing the film thickness could prevent the formation of cracks. Secondly, a single crystalline silicon membrane can be wet-etched by a potassium hydroxide (KOH) solution. Wet etching can be operated in an ambient environment, which significantly reduces the costs of the process. In addition, wet etching on a single crystalline silicon allows for variable aperture diameters and cone angles. Thus, sub-50-nm apertures can be patterned on silicon stencils by using standard photolithography process. Deng et al. [48] fabricated such pyramidal silicon nanopore arrays by using photolithography and wet etching. A 4 µm by 4 µm feature size was first defined by using photolithography, followed by wet etching of silicon via KOH. The chemical wet etching of a P-type (100) silicon wafer resulted in the formation of pyramidal nanopore arrays with a 20-nm pore size. Afterwards, the silicon stencil was used for metal patterning. The schematic of the stencil of pyramidal silicon nanopore arrays is shown in Figure 2a.


Figure 2. (a) Silicon nanostencil mask with pyramidal silicon nanopore arrays (PSNAs). Reprinted with permission from [48]. Copyright (2014), American Chemical Society; (b) silicon shadow mask for metallization of single-walled nanotubes (SWNTs). Reprinted from [52], Copyright (2016), with permission from Elsevier.
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The characterization of nanoelectronics such as carbon nanotubes and graphene-based transistors heavily relies on the stability and minimization of contact resistance [49]. Metallic contacts to these nanomaterials can be patterned with stencil lithography without using complicated processes such as ultrasonic welding [50] or molecular linkers [51]. Agarwal et al. [52] used a silicon stencil mask to pattern electrodes on the surface of single-walled carbon nanotubes (SWNTs). SWNTs were first deposited on the target substrate and then a silicon stencil mask was placed on top of the SWNTs. Electrodes were deposited through the stencil on the surface of the SWNTs. After patterning electrodes with stencil lithography, the electrical properties of the SWNTs could be characterized by measuring the resistance of the patterned electrodes. The patterning process just requires one step without additional coating and patterning of photoresist on the SWNTs. A schematic of the electrode patterning on SWNTs is shown in Figure 2b.




2.3. Rigid Stencil Stacking


As the patterned stencil mask is relatively thin and covers a large surface area, it can be used as a building block for 3D photonic crystal structures, in addition to the mask for deposition or etching processes. Photonic crystals have been widely studied for their applications in manipulating light, such as optical waveguides and filters [53,54]. The traditional method of fabricating 3D photonic crystal relies on the slow and expensive layer-by-layer process. Instead, Patel et al. [55,56] used SiNx membranes as building blocks and stacked the free-standing membranes on the substrate as 3D photonic crystals. The nanoscale features on the SiNx membrane were defined by interference lithography followed by dry etching. The SiNx membrane was connected with an outer frame by tethers (Figure 3a) [55]. When the membrane is pressed on top of the target substrate, mechanical forces were used to break the tethers and release the membranes. By using the tether design, it is easy to stack several SiNx membranes to form a 3D photonic crystal.


Figure 3. (a) Schematic of the membrane stacking approach using the cleavage of tethers from the frame. Reprinted with permission from [55]. Copyright [2011], American Vacuum Society; (b) SEM image of a stack of three silicon membranes. Reprinted with permission from [57]. Copyright [2011], American Vacuum Society.
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Another way to release and stack the stencil membrane is to dissolve the underlying sacrificial layer in the liquid and float the membrane [57]. In this case, because the membrane exhibits little intrinsic stress, it can bond and stack easier. Ghadarghadr et al. [57] showed that 3D nanostructures could be made by stacking a single crystal silicon membrane. After patterning the single crystal silicon layer, the underlying silicon oxide layer was etched by using hydrofluoric acid (HF). This results in the floating of patterned silicon membrane on the free surface of the solution, which can be stacked for further device fabrication. A scanning electron microscope (SEM) image of the stacked silicon membranes is shown in Figure 3b [57]. This powerful technique has been used to achieve a single-mode waveguide over a wide spectrum [58,59].





3. Closing and Blurring Effects


Although stencil lithography has several advantages over conventional lithography techniques, there are a few disadvantages. One of the common problems in stencil lithography is a closing effect [60,61]. The closing effect occurs during deposition. As atoms are deposited through stencil masks, the path should be perpendicular with the target substrate. However, the atoms can spread from the deposition source with a certain angle. This causes the clogging of the deposition materials around the aperture of the stencil, as shown in Figure 4a. After patterning the substrate with the same stencil for several times, more materials are deposited on the aperture, which reduces the feature size to be transferred to a target substrate. In order to resolve the closing problem, several strategies have been developed. A thin coating of a self-assembled monolayer (SAM) reduces the adhesion of depositing materials around the aperture and improves the throughput by as much as 240% [62]. After deposition, it has been found that the deposited materials were built on top of the stencil rather than clogging inside the aperture, increasing the life-time of the stencils [62]. Other techniques such as wet etching can be used to remove the clogging materials, such as gold and aluminum, for later applications [63].


Figure 4. (a) Closing effect in stencil lithography: (1) assembly of the stencil mask on a substrate; (2) metal deposition through the open aperture; (3) partial clogging of the stencil mask; (4) full closure of the stencil mask. Reproduced from [64] with permission of The Royal Society of Chemistry. (b) Four-pointed star-shape nanostructures with 3D topography. Top and bottom rows represent both the SEM images and the atomic-force microscopy (AFM) topography of the Al and Au nanostructures, respectively. The nanostructure is shown in two different scales: the smaller pattern (left) with 800 nm and the bigger pattern (right) with 1.4 μm in total width. Reproduced from [64] with permission of The Royal Society of Chemistry.
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Even though clogging could be a problem for stencil lithography, it could also bring unique opportunities for nanofabrication. For example, as the aperture size of the stencil mask decreases because of clogging, it is possible to fabricate nanostructures with smaller features than the original lithography design. In addition, during the deposition, the feature size becomes smaller. This results in the thicker deposition in the lower part of the nanostructures and thinner deposition in the upper part. This closing effect can be used to make high aspect ratio 3D nanostructures with variable dimensions along the deposition direction. An example of such 3D nanostructures fabricated by using the closing effect is shown in Figure 4b [64]. A four-pointed star-shape is presented in two different dimensions (with total widths 0.8 μm and 1.4 μm, respectively) and materials (aluminum and gold, respectively). The 3D nanostructures profile can be controlled by tuning the parameters in physical vapor deposition.



In a typical stencil lithography patterning, a gap between the mask and the substrate usually exists. The gap reduces the sticking problem of the stencil and the substrate. It also helps to manipulate and align the membrane over the substrate. This is especially important for dynamic stencil lithography, which will be discussed in detail in Section 5, as the contact of the stencil and the substrate could prevent the move of the stencils during deposition. Because of the space between the stencil and the substrate (typically between 10 and 100 µm), the atoms are spread from the aperture to the substrate, which results in a larger feature size compared with the aperture, which is referred to as the blurring effect. A schematic of the blurring effect is shown in Figure 5. The deposition source has a distance, d, from the target substrate. The stencil is placed between the source and the substrate. An aperture size of a is designed and patterned on the stencil mask. Because of the distance g1 between the stencil and the substrate, a shadow effect is presented (purple dashed lines); this results in an enlarged feature size of w1. In addition, a halo (w2) around the central deposited structure is formed presumably due to the material surface diffusion [65]. The halo is usually thin; therefore, it is hard to notice directly by characterization tools such as SEM or atomic-force microscopy (AFM). The size of the halo increases as the gap between the stencil and the substrate, the thickness of deposition, and the rate of deposition increase [66]. The radius r1 of the feature size due to the blurring effect is:


[image: ]



(1)




where w1 represents the enlargement caused by shadow effect, w2 represents the halo effect, s represents the width of the source, d represents the distance between source and substrate, a represents the feature size of the aperture, and g1 represents the distance between the stencil and the substrate. The thickness of the stencil, t, is assumed to be small compared with the gap size and is neglected.


Figure 5. Schematic image of the “blurring” effect. The gap g between the stencil mask and substrate increases the feature size based on the shadowing effect.



[image: Micromachines 08 00131 g005]






A larger gap, g2 (green dashed lines), will cause more significant blurring and enlargement of the structures as shown in Figure 4b. In this case, the radius r2 is:


[image: ]



(2)




where w3 represents the enlargement caused by shadow effect, w4 represents the halo effect, and g2 represents the distance between the stencil and the substrate with a larger gap. It should be noted that both w3 and w4 increase due to the increase of the gap size (g2).



One of the solutions to reduce the blurring effect is to use a compliant membrane that covers the substrate seamlessly. In this case, the distance g disappears, which eliminates the blurring effect.




4. Compliant Stencil Mask


As the blurring effect leads to the enlargement of the nanofeatures, developing a stencil lithography technique that can avoid the gap between the stencil and the target substrate during patterning has drawn great attention. By avoiding the gap, it can also reduce the patterning inaccuracy when the target substrate is uneven or curved. The development of a compliant stencil mask helps to reduce the blurring effect between the stencil mask and the substrate by putting the stencil mask in contact with the target substrate. Due to the high flexibility and ductility of the flexible membranes, it also reduces the risks of fracture or damage during patterning. Here, we summarize the recent advances of compliant stencil lithography techniques.



4.1. Rigid Membrane with Compliant Cantilevers


Cantilever structures can be made by using standard micromachining techniques [8]. The mechanical properties of the cantilevers, such as flexibility, can be controlled by adjusting the geometry and material properties of the cantilevers. The deformation of the cantilevers due to a mechanical load can be determined by experiments or finite element modeling (FEM). Using cantilevers, the rigid stencil mask can be pressed into full contact with a substrate by elastically bending the cantilevers. As the cantilevers are flexible, the rigid membrane can adapt to the surface irregularity and reduce the blurring effect. Sidler et al. [67] used the flexible and protruding SiNx cantilevers connected to a rigid membrane as a compliant stencil lithography mask. Four 200 µm long SiNx (100 nm in thickness) cantilevers were fabricated, which could deflect 40 µm under a load of 45 µN [67]. In Figure 6a, the comparison of a traditional stencil lithography (left) and the cantilever assisted stencil lithography (right) is shown [68]. Due to a smaller gap g in the compliant cantilever mode, the blurring effect is minimized. Comparing with the rigid stencil mask, 40% blurring reduction was observed for the compliant stencil, with an aperture size ranging from 200 to 1000 nm. The SEM image of the compliant cantilever-based stencil lithography is shown in Figure 6b1 [68]. High-magnification SEM images of the nanoapertures are also shown in Figure 6b2,b3 [68]. The cantilever-assisted compliant stencil lithography significantly reduces the blurring effect by reducing the gap size g; however, the addition of flexible cantilevers increases the complication of the fabrication processes, which will require careful characterization of the deformation of the cantilever beams. Therefore, a stencil mask made of flexible materials is in high demand.


Figure 6. (a) Feature size of dƮ with a gap distance of g (left). Feature size of dƮ with a gap distance of g by using a compliant stencil mask. Reproduced from [68] with permission of The Royal Society of Chemistry. (b) SEM image of a free-standing compliant membrane suspended by four cantilevers (1) and the images of nanoapertures on the SiNx membrane (2,3). Reproduced from [68] with permission of The Royal Society of Chemistry.
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4.2. Polyimide Film


Polyimide films are flexible and resistant to heat and chemicals. They have been used as the substrate for printed electronics and organic thin film transistors [69,70]. Since polyimide films are very flexible, they could be attached to the patterning surface and serve as a peel-off stencil mask. In recent years, biodegradable electronics have drawn great interest due to their applications in implantable medical devices and environmentally friendly sensors [71,72]. In making such electronic devices, the circuits must be patterned onto water-dissolvable substrates, such as silk composites. Because excessive heat and a chemical etchant are needed for conventional electronics patterning, sensitive substrates could be damaged during device fabrication. Hwang et al. [73] used a polyimide film as a stencil mask to pattern such physically transient electronics that can be destroyed by the environment (e.g., water) over a certain time of period. In their work, a polyimide film with a thickness of 12.5 µm was attached to a PDMS coated glass slide. Then, a thin metal layer was deposited on top of the polyimide film and patterned with photolithography. The metal film was wet-etched and served as an etching mask for the polyimide film. The polyimide film was etched by oxygen plasma and peeled off from the glass slide as a stencil mask. They used a high-resolution stencil mask to pattern dielectric materials (MgO and SiO2), as well as a metal electrode on top of the biodegradable electronics. The schematic drawing of the device layout and image are shown in Figure 7 [73]. This shows that, without necessitating the coating and lift-off processes of photoresist for every layer of a device, the flexible stencil lithography mask can be attached to the device and used to deposit materials. The whole fabrication process is simpler, especially for multi-layer structure patterning.


Figure 7. (a) Schematic of fabrication of process of transient electronics by using stencil lithography. Mg and MgO were patterned on silk substrate sequentially with stencil lithography. From [73]. Reprinted with permission from AAAS. (b) Image of a flexible transient electronic device patterned by using polyimide based stencil lithography. From [73]. Reprinted with permission from AAAS.
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Although a polyimide film can be used as a stencil mask for patterning, the thickness of the commercially available films is between 7 and 125 µm. Patterning nanoscale features by using the commercially available polyimide films is difficult; etching through a thick polyimide film with nanoscale aperture is challenging because of the isotropic etching property. As the aspect ratio (film thickness: feature size) increases, it becomes more difficult to make such stencils. Therefore, there is a strong need for flexible and nanoscale-thickness stencil masks.




4.3. PDMS Membrane


PDMS materials have been widely used in flexible electronics [74], microfluidics [75], and optical waveguides [76]. The silicone-based organic polymer is soft, bendable, transparent, and has great chemical inertness. All these advantages have made PDMS a strong candidate as a stencil mask.



Meng et al. [77] used PDMS stencil masks to pattern on water-soluble cellulose nanofibril paper substrates. Such paper is made from a wood-derived cellulose nanocrystal (CNC) and is further used as a transient electronics substrate. In their work, PDMS was poured onto an etched silicon wafer. Subsequently, a doctor blade was used to remove excess PDMS from the top silicon surface to make an open trench. After curing, the PDMS membrane was peeled off from the silicon wafer, pressed on top of the CNC paper, and used as a stencil for electrode patterning. By using this technique, they were able to make a strain sensor with a resistance that is linearly related to the elongation of the CNC paper. Since PDMS is ductile and does not produce cracks during handling, it could be used for numerous cycles. In addition, since PDMS is chemically inert, it is an ideal material to be used as a stencil mask for etching [77].



However, creating an aperture in PDMS is very challenging. Since PDMS is poured onto the microstructures, the top layer needs to be removed using a doctor blade [77]. A scheme of the creation of a PDMS stencil is presented in Figure 8. After the curing of PDMS, a sharp blade has to be used to remove the top layer of PDMS to open the aperture. This could lead to damage to the mold and it is difficult to locate the cross section for the removal. After removal of the top layer, the stencil can be peeled off from the template. As removing the top layer is typically done manually, removing the top surface of nanostructures is extremely difficult. Other techniques such as applying negative or positive pressure on the PDMS film for stencil mask fabrication have been introduced to remove the top layer, but all increase the complexity [78,79]. Since PDMS is inert and it is difficult to etch an aperture through a PDMS membrane, PDMS stencils are not an ideal candidate for nanoscale stencil lithography.


Figure 8. Schematic of fabrication of polydimethylsiloxane (PDMS) stencil by using a doctoral blade.
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4.4. Photoresist Membrane


Due to the ineffectiveness of using PDMS as a stencil mask for nanoscale patterning, we have developed a stencil lithography technique for scalable micro- and nanomanufacturing based on free-standing photoresist membranes. Both bi-layer membrane (consisting of antireflective layer and photoresist) and tri-layer membrane (consisting of antireflective layer, photoresist, and metal) were developed and investigated. The nanofeatures on the membranes were created by laser interference lithography, which was able to produce uniform nanopatterns on a wafer scale [80,81,82,83,84,85,86]. The periodicity of the nanostructures can be regulated by the wavelength of the laser and the angle between the two interfering laser beams. The patterning coverage area can also be expanded by longer expansion of the beams with a higher laser power. Recently, Bläsi et al. [87] demonstrated the fabrication of nanostructures of 200 nm in periodicity uniformly over a surface area of 1.2 m × 1.2 m. After the creation of the nanopatterns, a mixture solution of hydrogen peroxide and ammonia were used to release the membrane from the silicon substrate via bubbling [88]. This results in the floatation of the membrane on the solution-free surface (Figure 9a). As the membrane is floating, there is no intrinsic stress, minimizing wrinkles or cracks. Similar techniques using air bubbles have also been demonstrated to release ultrathin 2D materials from the original substrate and transfer to arbitrary surfaces with little damage on the membrane [89,90]. Such flexible membranes have been used for large-area patterning on curved substrates, flexible substrates, and hierarchical micro- and nanostructure patterning.


Figure 9. (a) Schematic of release and transfer processes of a free-standing photoresist stencil mask to curved substrates. © [2012] IEEE. Reprinted, with permission, from [88]; (b) image of a photoresist membrane released and floating in delaminating (bubbling) solution. © [2012] IEEE. Reprinted, with permission, from [88]; (c) gold nanopillars featured on a curved surface of an optical fiber using the transfer processes. © [2012] IEEE. Reprinted, with permission, from [88]; (d) silicon oxide nanoparticles assembled on the curved surface of an optical fiber through the nanoporous photoresist stencil mask. © [2012] IEEE. Reprinted, with permission, from [88]; (e) periodic nanoholes etched on a Poly(methyl methacrylate) (PMMA) optical fiber by using the photoresist stencil mask as an etch mask. © [2012] IEEE. Reprinted, with permission, from [88].
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4.4.1. Curved Substrate Patterning


In recent years, patterning on curved substrates has drawn great attention due to the applications in optofluidics [91], microfluidics [92], and plasmonic sensing [93]. In traditional lithography, a photoresist layer is normally spin-coated on a planar and rigid substrate and used as a planar template for pattern transfer. It is very difficult to pattern periodic micro/nanostructures on a curved surface by using the planar patterning. Although non-planar surface patterning was demonstrated with thermal evaporation of resist followed by electron-beam lithography, such a serial process is slow and expensive for scalable nanopatterning [94,95]. Due to the high flexibility and throughput, the soft nanostencil lithography is an ideal technique for non-planar surface patterning. We have shown that such 3D patterning can be achieved by using bi-layer stencil masks composed of antireflective coating layer and photoresist. The key is to apply the free-standing bi-layer membrane along the curved substrate and use the membrane as a template for physical vapor deposition, self-assembly, or dry etching for pattern transfer. As shown in Figure 9a, an anti-reflective coating (ARC) was spin-coated on a silicon wafer, followed by the spin coating of photoresist layer with a thickness ranging from 300 nm to 1.5 µm [88]. Nanopatterns were defined by using laser interference lithography, which covered the whole wafer area. After that, oxygen plasma etching was used to etch the ARC layer. The membrane was released by a mixture of H2O2 and NH3. The concentration of the mixture was optimized to result in the release of the membrane by bubbling effects [88,90] within one hour. After releasing the membrane in the solution, it was attached to a rod or curved surface by putting the rod under the suspended film and slowly lifting the rod. Pressurized air was used to improve the conformal spreading of the film over the curved substrate. Degassing was then used to remove any possible gap between the membrane and the curved substrate. A micrograph of the free-standing membrane released in the bubbling solution is shown in Figure 9b [88]. This optical fiber with high aspect ratio gold nanostructures was realized by attaching the bi-layer membrane around the rounded fiber surface (Figure 9c). The nanoporous bi-layer membrane covering the curved surface of the optical fiber has also been employed as the template for nanoparticles assembly (Figure 9d), targeting for plasmonic sensing and waveguides. The nanoporous bi-layer membrane has also been utilized as an etching mask to transfer the periodic nanopatterns directly onto the curved surface of the optical fiber (Figure 9e) [88].




4.4.2. Dual Applications of Tri-Layer Membrane


Lift-off is one of the most commonly used techniques for the patterning of metal or oxide layers on rigid substrates [96,97]. In a typical lift-off process, the photoresist is coated and patterned by using lithography. Then, the photoresist is removed and abandoned. Thus the traditional lift-off technique is not ideal for repetitive and scalable production. Stencil lithography, on the other hand, can be used to pattern metal structures on the substrate repeatedly. Recently, we have also developed a process to achieve a tri-layer stencil mask comprised of ARC/photoresist/metal and investigated the use of a tri-layer stencil mask for dual applications to create both negative and positive patterns of the stencil mask via lift-off and dry-etching methods, respectively [98].



As shown in Figure 10a, ARC and photoresist were patterned using laser interference lithography and plasma etching, then a thin Cr layer (20 nm) was coated on the silicon surface [98]. Instead of removing the membrane with acetone or another solvent, the ARC/photoresist/Cr tri-layer was released by using the mixture of H2O2 and NH3. The original silicon substrate was patterned with Cr nanodots, which were used as an etching mask. This resulted in high-aspect ratio silicon nanopillars. On the other hand, the released tri-layer membrane was transferred onto a new silicon substrate and used as an etching mask. Deep reactive ion etching (DRIE) was used to etch silicon nanoholes. Therefore, by using the same tri-layer stencil mask, both silicon nanopillars and silicon nanoholes can be patterned. The tri-layer membrane can be released again after the patterning and reused several times. This significantly improves the patterning throughput. Since DRIE process has a high etching selectivity of silicon over Cr, the tri-layer membrane is preserved after etching and can be reused again. Alternatively, the tri-layer can also be put on a flexible substrate such as PDMS and Polyethylene terephthalate (PET) and used as a deposition mask for high-aspect ratio metal nanostructures. The tri-layer membrane is more rigid (mainly due to the top metal layer) than a bi-layer membrane. Consequently, it is less susceptible to the issue of wrinkling during the membrane placement. However, the tri-layer membrane is more brittle than the bi-layer membrane due to the interfacial stress between the metal (Cr) and photoresist. The same tri-layer membrane can be reused 3–4 times as deposition and etching mask with high repeatability and low degradation. However, after a few uses, the intrinsic stresses induced from the deposition or etching creates cracks in the nanostencil, leading to failure. It is regarded that the use of more ductile metal for the top layer, such as gold or silver, would mitigate such issues. Since the tri-layer membrane is coated seamlessly on the target substrate, the blurring effect is significantly reduced. This feature for tri-layer membrane is extremely important when used as an etching mask at nanoscale level because a small gap between the stencil and substrate will cause isotropic etching of the substrate.


Figure 10. (a) Schematic of dual patterning of both nanopillars and nanoholes on silicon substrates by using tri-layer membrane based stencil lithography technique. Reprinted with permission from [98]. Copyright [2012], American Vacuum Society; (b) image of a tri-layer membrane placed on microhole-patterned silicon substrate. Reprinted with permission from [110]. Copyright [2013], American Vacuum Society; (c) SEM image of the hierarchical nanopillar structures formed on top of the microhole structures. Reprinted with permission from [110]. Copyright [2013], American Vacuum Society; (d) SEM image of hierarchical nanohole structures patterned on micrograting structures by using tri-layer membrane. Reprinted with permission from [110]. Copyright [2013], American Vacuum Society; (e) SEM image of a micropatch of silicon nanopillars patterned by using SU-8 based micro-membrane. Reprinted with permission from [110]. Copyright [2013], American Vacuum Society.
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4.4.3. Hierarchical Nanostructures Patterning


Hierarchical nanostructures have drawn great attention due to their applications including anti-wetting surfaces [99,100], antireflective surfaces [101,102], and self-assembly of nanomaterials [103,104]. With the addition of high aspect ratio nanostructures, the surface properties of micro- and nanodevices can be improved. The fabrication of well-ordered hierarchical nanostructures is challenging. Dual-scale electron-beam lithography [105], nanomolding [106], and nanoimprint lithography [107] have been applied to make such hierarchical nanostructures. However, the fabrication processes are always time-consuming and expensive. One-step plasma etching can be used to fabricate hierarchical nanostructures; however, the feature size and period cannot be controlled precisely [108,109]. Using the tri-layer membrane as a stencil mask, we have also developed a new fabrication scheme of making large-area hierarchical nanostructures [110].



For example, a nanoporous tri-layer membrane made via laser interference lithography was placed on pre-patterned silicon microstructures (Figure 10b). To create high aspect ratio nanopillars on top of the silicon microstructures, a thin layer of Cr was deposited through the nanopores of the flexible tri-layer membrane. After the release of the membrane, silicon microstructures were etched by using DRIE to form high aspect ratio nanostructures on the top surfaces. In order to create high aspect ratio nanoholes on the silicon microstructures, DRIE was directly applied through the nanopores of the tri-layer stencil mask. The SEM images of the high aspect ratio nanopillars featured on microtrenches and nanoholes on microgratings are shown in Figure 10c,d, respectively [110].



The introduced photoresist membrane as a stencil mask is a multiscale technique. For example, we were also able to release thick (50 µm) SU8/ARC/Cr tri-layer membrane with micropores by using the introduced releasing protocol. For the micropatterned (feature size greater than 2 µm) photoresist membrane, a conventional photolithography was employed. The SU8 based tri-layer membrane with micropores was placed on top of smaller-scale nanostructures and served as a microscale stencil mask for etching. After coating a thin Cr layer and releasing the membrane, we were able to etch micropatches of high aspect ratio nanostructures by using a Cr mask in DRIE etching. Such hierarchical nanostructures are very useful in biomedical applications such as nucleic acid detection, tracking, and patterning [111,112,113]. A SEM image of such hierarchical nanostructures is shown in Figure 10e [110].






5. Dynamic Stencil Lithography


Stencil lithography can also be realized in a dynamic mode. For static stencil lithography, deposition and etching are carried out through an aperture in the stencil mask that is not moving over the substrate. As the position and displacement of the membrane can be precisely controlled with programmable motors and a high-precision XY stage, the stencil mask can move over the substrate during patterning (Figure 11a) [114]. There are several advantages of dynamic stencil lithography. First, dynamic stencil lithography can pattern complicated nanostructures by moving the stencil over the substrate [115,116]. Thus, the patterning shape can be adjusted by programming the moving path of the stencils. Complicated nanostructures that are difficult to pattern using other nanolithography techniques can be achieved. For example, the metal structures (gold and silver) of “rooftop” geometry could be fabricated via dynamic stencil lithography by moving the programmed stencils (Figure 11b) [114]. Secondly, the thickness of the nanostructures can be easily adjusted by modifying the deposition time. By changing the deposition time and moving the stencil, 3D nanostructures with various heights can be easily fabricated, which is important for nanoelectronics and nanooptics applications.


Figure 11. (a) Schematic of a dynamic stencil lithography setup. The stencil mask is mounted on a high-precision XY stage, while the substrate holder is fixed at a controlled distance from the stencil by Z actuators. Reprinted with permission from [114]. Copyright [2008], American Vacuum Society; (b) parallel fabrication of a multiscale house structure by using dynamic stencil lithography. Reprinted with permission from [114]. Copyright [2008], American Vacuum Society; (c) a stencil lithography system with integrated deposition sources. Reproduced from [117] with permission of The Royal Society of Chemistry; (d) independent actuation of deposition sources for precise patterning of metal atoms. Reproduced from [117] with permission of The Royal Society of Chemistry; (e) a digital microfluidic programmable stencil lithography technique for protein and cell patterning. Reproduced from [121] with permission of The Royal Society of Chemistry; (f) protein patterning made by using microfluidic programmable stencil lithography. Reproduced from [121] with permission of The Royal Society of Chemistry.
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With the development of MEMS technology, it is possible to integrate deposition sources and stencil masks into a single device. A matrix of deposition crucibles can be operated by heating the crucibles independently. The heated sources can evaporate through a nanostencil over the crucible and deposited on the target substrate. Han et al. [117] demonstrated controllable metal deposition ranging over eight orders of magnitude, and successfully deposited different metals such as silver, gold, copper, and aluminum by using a single device (Figure 11c). It can also be operated by a moving stage to achieve dynamic stencil lithography. Figure 11d shows the images of heated element (bright) and un-heated elements (dark), respectively, in using such an approach [117].



Dynamic stencil lithography can also be integrated with digital microfluidic systems for biological samples patterning. In recent years, pneumatically controlled microvalves have been widely used in automated microfluidic systems with the capability of manipulating the low volume of reagents [118,119,120]. The actuated microvalves allow the transfer of fluids from one reservoir to another. By opening an aperture on the bottom substrate, it allows the deposition of regents on the bottom layer. By adding a stencil mask between the microfluidic system and the bottom substrate, it can easily regulate the shape and size of the biological samples on the deposited substrate. Gao et al. [121] developed such microfluidic-based stencil lithography. The design is shown in Figure 11e. The regents were introduced from fluid inlets and the programmable pneumatic microvalves open/close sequentially to allow precise deposition of biological samples. A protein pattern fabricated by digital microfluidic programmable stencil is shown in Figure 11f [121].




6. Conclusions


The recent development of stencil lithography has created many advantages in the fields of scalable micro- and nanomanufacturing. Stencil lithography is resistless, thus it avoids the heating and chemical treatment for the photoresist materials’ crosslinking. This allows for patterning on sensitive substrates such as silk and paper. Stencil lithography is scalable with the capability of patterning in wafer scale or even larger area. Stencil lithography is a reusable technique, which significantly reduces the fabrication costs and time. Stencil lithography has now been widely used in the fields of biofabrication [78], biosensing [122], waveguides [58], photonics [41], and flexible electronics [35]. It has also been used to fabricate large-area and uniform master molds for nanoimprint lithography (NIL) and significantly improves the throughput of NIL [123]. Unlike other forms, stencil lithography can move the stencil during patterning. This allows the precise fabrication of complicated micro- and nanostructures by programming the moving path of stencils. However, the presence of the blurring effect affects the patterning resolution. To address this problem, compliant membranes have been introduced, which decreases the blurring effect by seamlessly covering the substrate with a flexible stencil.



Although stencil lithography has demonstrated great potential as a next-generation micro- and nanolithography technique, there are still several challenges. For example, although compliant membranes can reduce the blurring effect, the stencil mask is in close contact with the substrate, which cannot be moved during deposition. Thus it affects the patterning speed. In addition, because the compliant membrane is in contact with the substrate, the interfacial properties have to be studied to avoid the membrane sticking to the substrate after patterning. Using polymeric stamps to manipulate micro- and nano-objects could potentially impact the development of future stencil lithography by precisely controlling the patterning and transfer cycle of stencil masks [124,125]. Such new techniques could prevent the “sticking” problems of compliant stencil masks on the patterning substrate and improve the patterning speed. In addition, the recent development of DNA nanolithography could also improve the patterning scalability and resolution by using DNA origami as stencils. Such low-cost and self-assembled structures have been used as patterning masks for silicon oxide and graphene materials with a feature size of less than 10 nm [126,127].



Another challenge for stencil lithography is the clogging effect. Although stencil lithography can be used to pattern 3D nanostructures with variable patterning height, it changes the feature size of the stencil and could result in the “closure” of the aperture. This is more severe as the feature size decreases. SAM coating has shown the mitigation of the clogging effect. However, it was mainly effective for gold deposition. A cleaning process has been developed to remove the metal deposition on the SiNx-based membrane; however, it affects the patterning speed, and requires cleaning before reuse. In addition, corrosive chemicals are required for cleaning, which is not suitable for certain types of stencil mask materials. We believe more research efforts should be made to address such clogging effects in the future.



The precision, orientation, and repeatability of the nanostencil placement are also challenging issues in stencil lithography. The position and displacement of the nanostencil can be precisely controlled with programmable motors and a high-precision stage. The development of piezo actuators allows us to construct a high-precision stage with a resolution of 100 nm [128,129]. Integrating such a high-resolution stage in the stencil lithography system enables the high-precision alignment of nanostencils on the target substrates. Nanometer-scale alignment can also be achieved with the use of multiple lasers and a spectrometer [130]. Combined with polymeric stamps to place/release the stencils [131], it is possible to precisely control the placement, patterning, and release of the nanostencils for next-generation “smart” stencil lithography.



As an ancient method of shadow-mask-based patterning, stencil lithography has proven its capability for nanoscale patterning on various materials and different types of substrates. Stencil lithography masks employ a wide variety of materials, including rigid silicon or SiNx masks and flexible membranes such as polyimide, PDMS, or photoresist. Rigid nanostencil masks based on silicon and SiNx membranes can be fabricated using plasma-enhanced chemical vapor deposition (PECVD) or physical vapor deposition (PVD), and the nanofeatures can be patterned with nanolithography and standard plasma etching techniques. Fabrication processes of such rigid nanostencil masks have been widely studied [132]. However, rigid nanostencil masks with a thickness of hundreds of nanometers could be easily damaged due to their brittle nature. Compliant nanostencil masks including polyimide, PDMS, and photoresist are flexible and more robust. However, the thinnest commercial available polyimide films are ~7.5 µm in thickness, which is very challenging for patterning nanoscale apertures due to the high aspect ratio of thickness/feature size [133]. The fabrication of PDMS nanostencils involves the molding and removal of the top layer. Molding of PDMS with nanofeatures smaller than 500 nm could cause deformation and collapse due to the low elastic modulus [134]. Removing the top layer of molded PDMS is also challenging and always requires additional fabrication steps [79]. Photoresist-based nanostencil masks, on the other hand, can be readily created by spin coating and nanolithography with precise control of the thickness and nanofeature size. The flexibility can also be easily controlled by adjusting the coating thickness or depositing a thin metal layer on top of the photoresist by PVD. Thus, photoresist-based materials are ideal for nanostencil lithography. With these flexible masks, the blurring effect could be effectively reduced. Although there are remaining challenges such as the clogging effect, which could shorten the life span of a stencil lithography mask, efforts have been made by various research groups to develop stencil lithography techniques. More importantly, stencil lithography has unique applications in flexible electronics and bio-devices, with the advantages of scalability, fast, low cost, and freedom from toxic photoresists. Stencil lithography, with its great potential for scalability, is an important addition to the conventional nanofabrication technique.
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Chauvin, A.; Delacôte, C.; Molina-Luna, L.; Duerrschnabel, M.; Boujtita, M.; Thiry, D.; Du, K.; Ding, J.; Choi, C.-H.; Tessier, P.-Y. Planar arrays of nanoporous gold nanowires: When electrochemical dealloying meets nanopatterning. ACS Appl. Mater. Interfaces 2016, 8, 6611–6620. [Google Scholar] [CrossRef] [PubMed]

	85. 
Mel, E.; Buffière, M.; Tessier, P.Y.; Konstantinidis, S.; Xu, W.; Du, K.; Wathuthanthri, I.; Choi, C.H.; Bittencourt, C.; Snyders, R. Highly ordered hollow oxide nanostructures: The kirkendall effect at the nanoscale. Small 2013, 9, 2838–2843. [Google Scholar] [CrossRef] [PubMed]

	86. 
Thiry, D.; Molina-Luna, L.; Gautron, E.; Stephant, N.; Chauvin, A.; Du, K.; Ding, J.; Choi, C.-H.; Tessier, P.-Y.; El Mel, A.-A. The kirkendall effect in binary alloys: Trapping gold in copper oxide nanoshells. Chem. Mater. 2015, 27, 6374–6384. [Google Scholar] [CrossRef]

	87. 
Bläsi, B.; Tucher, N.; Höhn, O.; Kübler, V.; Kroyer, T.; Wellens, C.; Hauser, H. Large-area patterning using interference and nanoimprint lithography. Proc. SPIE 2016, 98880, 98880H. [Google Scholar] [CrossRef]

	88. 
Liu, Y.; Du, K.; Wathuthanthri, I.; Xu, W.; Choi, C.-H. 3-D nanofabrication using nanostructured photoresist film as free-standing appliqué. In Proceedings of the 2012 IEEE 25th International Conference on Micro Electro Mechanical Systems (MEMS), Paris, France, 29 January–2 February 2012; pp. 192–195. [Google Scholar]

	89. 
Pham, P.; Vo, T.; Luo, X. Steering air bubbles with an add-on vacuum layer for biopolymer membrane biofabrication in PDMS microfluidics. Lab Chip 2017, 17, 248–255. [Google Scholar] [CrossRef] [PubMed]

	90. 
Gao, L.; Ren, W.; Xu, H.; Jin, L.; Wang, Z.; Ma, T.; Ma, L.-P.; Zhang, Z.; Fu, Q.; Peng, L.-M. Repeated growth and bubbling transfer of graphene with millimetre-size single-crystal grains using platinum. Nat. Commun. 2012, 3, 699. [Google Scholar] [CrossRef] [PubMed]

	91. 
Han, Y.; Tan, S.; Oo, M.K.K.; Pristinski, D.; Sukhishvili, S.; Du, H. Towards full-length accumulative surface-enhanced raman scattering-active photonic crystal fibers. Adv. Mater. 2010, 22, 2647–2651. [Google Scholar] [CrossRef] [PubMed]

	92. 
Jeon, H.; Kim, D.; Kim, M.; Nguyen, X.; Park, D.; Go, J. Development of a 3D circular microfluidic centrifuge for the separation of mixed particles by using their different centrifuge times. J. Micromech. Microeng. 2015, 25, 114001. [Google Scholar] [CrossRef]

	93. 
Fan, X.; White, I.M. Optofluidic microsystems for chemical and biological analysis. Nat. Photonics 2011, 5, 591–597. [Google Scholar] [CrossRef] [PubMed]

	94. 
Zhang, J.; Con, C.; Cui, B. Electron beam lithography on irregular surfaces using an evaporated resist. ACS Nano 2014, 8, 3483–3489. [Google Scholar] [CrossRef] [PubMed]

	95. 
Con, C.; Zhang, J.; Cui, B. Nanofabrication of high aspect ratio structures using an evaporated resist containing metal. Nanotechnology 2014, 25, 175301. [Google Scholar] [CrossRef] [PubMed]

	96. 
Hatzakis, M.; Canavello, B.; Shaw, J. Single-step optical lift-off process. IBM J. Res. Dev. 1980, 24, 452–460. [Google Scholar] [CrossRef]

	97. 
Ha, J.-S.; Lee, S.; Lee, H.-J.; Lee, H.-J.; Lee, S.; Goto, H.; Kato, T.; Fujii, K.; Cho, M.; Yao, T. The fabrication of vertical light-emitting diodes using chemical lift-off process. IEEE Photonics Technol. Lett. 2008, 20, 175–177. [Google Scholar] [CrossRef]

	98. 
Du, K.; Liu, Y.; Wathuthanthri, I.; Choi, C.-H. Dual applications of free-standing holographic nanopatterns for lift-off and stencil lithography. J. Vac. Sci. Technol. B 2012, 30, 06FF04. [Google Scholar] [CrossRef]

	99. 
Watson, G.S.; Cribb, B.W.; Watson, J.A. How micro/nanoarchitecture facilitates anti-wetting: An elegant hierarchical design on the termite wing. ACS Nano 2010, 4, 129–136. [Google Scholar] [CrossRef] [PubMed]

	100. 
Zhang, Y.; Chen, Y.; Shi, L.; Li, J.; Guo, Z. Recent progress of double-structural and functional materials with special wettability. J. Mater. Chem. 2012, 22, 799–815. [Google Scholar] [CrossRef]

	101. 
Xiong, J.; Das, S.N.; Shin, B.; Kar, J.P.; Choi, J.H.; Myoung, J.-M. Biomimetic hierarchical ZnO structure with superhydrophobic and antireflective properties. J. Colloid Interface Sci. 2010, 350, 344–347. [Google Scholar] [CrossRef] [PubMed]

	102. 
Choi, S.J.; Huh, S.Y. Direct structuring of a biomimetic anti-reflective, self-cleaning surface for light harvesting in organic solar cells. Macromol. Rapid Commun. 2010, 31, 539–544. [Google Scholar] [CrossRef] [PubMed]

	103. 
Ikkala, O.; ten Brinke, G. Hierarchical self-assembly in polymeric complexes: Towards functional Materials. Chem. Commun. 2004, 19, 2131–2137. [Google Scholar] [CrossRef] [PubMed]

	104. 
Lopes, W.A.; Jaeger, H.M. Hierarchical self-assembly of metal nanostructures on diblock copolymer scaffolds. Nature 2001, 414, 735–738. [Google Scholar] [CrossRef] [PubMed]

	105. 
Feng, J.; Tuominen, M.T.; Rothstein, J.P. Hierarchical superhydrophobic surfaces fabricated by dual-scale electron-beam-lithography with well-ordered secondary nanostructures. Adv. Funct. Mater. 2011, 21, 3715–3722. [Google Scholar] [CrossRef]

	106. 
Murphy, M.P.; Kim, S.; Sitti, M. Enhanced adhesion by gecko-inspired hierarchical fibrillar adhesives. ACS Appl. Mater. Interfaces 2009, 1, 849–855. [Google Scholar] [CrossRef] [PubMed]

	107. 
Zhang, F.; Low, H.Y. Ordered three-dimensional hierarchical nanostructures by nanoimprint lithography. Nanotechnology 2006, 17, 1884. [Google Scholar] [CrossRef]

	108. 
Du, K.; Wathuthanthri, I.; Liu, Y.; Kang, Y.T.; Choi, C.-H. Fabrication of polymer nanowires via maskless O2 plasma etching. Nanotechnology 2014, 25, 165301. [Google Scholar] [CrossRef] [PubMed]

	109. 
Morber, J.R.; Wang, X.; Liu, J.; Snyder, R.L.; Wang, Z.L. Wafer-level patterned and aligned polymer nanowire/micro-and nanotube arrays on any substrate. Adv. Mater. 2009, 21, 2072–2076. [Google Scholar] [CrossRef]

	110. 
Du, K.; Liu, Y.; Wathuthanthri, I.; Choi, C.-H. Fabrication of hierarchical nanostructures using free-standing trilayer membrane. J. Vac. Sci. Technol. B 2013, 31, 06FF04. [Google Scholar] [CrossRef]

	111. 
Wang, C.; Bruce, R.L.; Duch, E.A.; Patel, J.V.; Smith, J.T.; Astier, Y.; Wunsch, B.H.; Meshram, S.; Galan, A.; Scerbo, C. Hydrodynamics of diamond-shaped gradient nanopillar arrays for effective DNA translocation into nanochannels. ACS Nano 2015, 9, 1206–1218. [Google Scholar] [CrossRef] [PubMed]

	112. 
Hashim, U.; Arshad, M.M.; Kasjoo, S.; Rahman, S.; Ruslinda, A.; Fathil, M.; Adzhri, R.; Shahimin, M. Electrical detection of dengue virus (DENV) DNA oligomer using silicon nanowire biosensor with novel molecular gate control. Biosens. Bioelectron. 2016, 83, 106–114. [Google Scholar]

	113. 
Stockman, M.I. Nanoplasmonic sensing and detection. Science 2015, 348, 287–288. [Google Scholar] [CrossRef] [PubMed]

	114. 
Savu, V.; van den Boogaart, M.A.; Brugger, J.; Arcamone, J.; Sansa, M.; Perez-Murano, F. Dynamic stencil lithography on full wafer scale. J. Vac. Sci. Technol. B 2008, 26, 2054–2058. [Google Scholar] [CrossRef]

	115. 
Schneider, H.-C. Dynamic Stencil Lithography. 2006. Available online: https://infoscience.epfl.ch/record/83885 (accessed on 14 April 2017).

	116. 
Egger, S.; Ilie, A.; Fu, Y.; Chongsathien, J.; Kang, D.-J.; Welland, M.E. Dynamic shadow mask technique: A universal tool for nanoscience. Nano Lett. 2005, 5, 15–20. [Google Scholar] [CrossRef] [PubMed]

	117. 
Han, H.; Imboden, M.; Stark, T.; Del Corro, P.G.; Pardo, F.; Bolle, C.A.; Lally, R.W.; Bishop, D.J. Programmable solid state atom sources for nanofabrication. Nanoscale 2015, 7, 10735–10744. [Google Scholar] [CrossRef] [PubMed]

	118. 
Zhang, C.; Xing, D.; Li, Y. Micropumps, microvalves, and micromixers within PCR microfluidic chips: Advances and trends. Biotechnol. Adv. 2007, 25, 483–514. [Google Scholar] [CrossRef] [PubMed]

	119. 
Thorsen, T.; Maerkl, S.J.; Quake, S.R. Microfluidic large-scale integration. Science 2002, 298, 580–584. [Google Scholar] [CrossRef] [PubMed]

	120. 
Du, K.; Cai, H.; Park, M.; Wall, T.; Stott, M.; Alfson, K.; Griffiths, A.; Carrion, R.; Patterson, J.; Hawkins, A. Multiplexed efficient on-chip sample preparation and sensitive amplification-free detection of ebola virus. Biosens. Bioelectron. 2017, 91, 489–496. [Google Scholar] [CrossRef] [PubMed]

	121. 
Gao, Y.; Tian, J.; Wu, J.; Cao, W.; Zhou, B.; Shen, R.; Wen, W. Digital microfluidic programmable stencil (DMPS) for protein and cell patterning. RSC Adv. 2016, 6, 101760–101769. [Google Scholar] [CrossRef]

	122. 
Vazquez-Mena, O.; Sannomiya, T.; Tosun, M.; Villanueva, L.G.; Savu, V.; Voros, J.; Brugger, J. High-resolution resistless nanopatterning on polymer and flexible substrates for plasmonic biosensing using stencil masks. ACS Nano 2012, 6, 5474–5481. [Google Scholar] [CrossRef] [PubMed]

	123. 
Villanueva, L.G.; Vazquez-Mena, O.; Martin-Olmos, C.; Savu, V.; Sidler, K.; Brugger, J. Resistless fabrication of nanoimprint lithography (NIL) stamps using nano-stencil lithography. Micromachines 2013, 4, 370–377. [Google Scholar] [CrossRef]

	124. 
Kim, S. Lego-like microassembly using reversible dry adhesion. IEEE Potentials 2016, 35, 14–17. [Google Scholar] [CrossRef]

	125. 
Keum, H.; Yang, Z.; Han, K.; Handler, D.E.; Nguyen, T.N.; Schutt-Aine, J.; Bahl, G.; Kim, S. Microassembly of heterogeneous materials using transfer printing and thermal processing. Sci. Rep. 2016, 6, 29925. [Google Scholar] [CrossRef] [PubMed]

	126. 
Diagne, C.T.; Brun, C.; Gasparutto, D.; Baillin, X.; Tiron, R. DNA origami mask for sub-ten nanometer lithography. ACS Nano 2016, 10, 6458–6463. [Google Scholar] [CrossRef] [PubMed]

	127. 
Kang, S.H.; Hwang, W.S.; Lin, Z.; Kwon, S.H.; Hong, S.W. A robust highly aligned DNA nanowire array-enabled lithography for graphene nanoribbon transistors. Nano Lett. 2015, 15, 7913–7920. [Google Scholar] [CrossRef] [PubMed]

	128. 
Merry, R.J.; De Kleijn, N.C.; Van De Molengraft, M.J.; Steinbuch, M. Using a walking piezo actuator to drive and control a high-precision stage. IEEE/ASME Trans. Mechatron. 2009, 14, 21–31. [Google Scholar] [CrossRef]

	129. 
Ding, J.; Zhai, Z.; He, J.; Li, J.; Wang, X.; Huang, W. Micro device mould fabrication based on two-photon polymerization and electroforming. In Proceedings of the 2010 5th IEEE International Conference on Nano/Micro Engineered and Molecular Systems (NEMS), Xiamen, China, 20–23 January 2010; pp. 1074–1078. [Google Scholar]

	130. 
Adib, F.; Kumar, S.; Aryan, O.; Gollakota, S.; Katabi, D. Interference alignment by motion. In Proceedings of the 19th annual international conference on Mobile computing & networking, Miami, FL, USA, 30 September–4 October 2013; pp. 279–290. [Google Scholar]

	131. 
Eisenhaure, J.D.; Rhee, S.I.; Ala’a, M.; Carlson, A.; Ferreira, P.M.; Kim, S. The use of shape memory polymers for microassembly by transfer printing. J. Microelectromech. Syst. 2014, 23, 1012–1014. [Google Scholar] [CrossRef]

	132. 
Kim, G.; Van Den Boogaart, M.; Brugger, J. Fabrication and application of a full wafer size micro/nanostencil for multiple length-scale surface patterning. Microelectron. Eng. 2003, 67, 609–614. [Google Scholar] [CrossRef]

	133. 
Inagaki, M.; Harada, S.; Sato, T.; Nakajima, T.; Horino, Y.; Morita, K. Carbonization of polyimide film “kapton”. Carbon 1989, 27, 253–257. [Google Scholar] [CrossRef]

	134. 
Odom, T.W.; Love, J.C.; Wolfe, D.B.; Paul, K.E.; Whitesides, G.M. Improved pattern transfer in soft lithography using composite stamps. Langmuir 2002, 18, 5314–5320. [Google Scholar] [CrossRef]































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Stencil mask





media/file21.jpg
“"‘WWMJIII/(/WIJ/mrmu""





media/file13.png
embrane with micro-

f-‘
\

d anoapertures ‘_'_\_fr-"—;S| (111)

s {1 . }‘}
ut‘ "






media/file18.jpg





media/file9.png
Stencil mask

(thickness ?)






media/file22.png
PR
ARC
Silicon
RIE

l Deposition
Metal(e.g., Cr)
Release of a free-standing tri-layer
l (metal/PR/ARC) from a substrate l

Transfer to anew
substrate (PDMS)

Transfer to a new

substrate (silicon)

o ' Deposition (e.g..
l DRIE & Release Au) & Release

o' P
ey

S

i

I

: ‘nﬁs‘gg“!%é{f{*r;fw-’! B abaags
',','m'.f-‘ ff:_/ﬂ_.-’;/;!y{

. J;'J.’,’fjulffhff i ul/;i

(llpraere






media/file14.jpg
o
AN e

t

op view

@

(b)





media/file20.jpg





media/file23.png
|,rwf""'i'.rfr‘ﬂ " 1—-, r-.u ¥
! ¢ Y T

f}
o ¥
(.ﬂ-ﬁ Lrihyl,






media/file5.png
Tethers

Photonic
Crystal
Membrane .

Cleavage Lines of Tethers

Membrane etched
with ZDlPattcrn
Frame Stack of bonded
/ membranes
Mesa I
Substrate

(a)

(b)





media/file15.png
tilted view
Mg electrode =~

dielectric ..

‘f_,/" MQO’\/

dielectric

Mg
electrode

silk substrate
top view

(a)

(b)





media/file19.png
-

ar

(L m .

(( C & —e SCELY

CCC i M4
3

..ro ¢ . ¢

(d)





media/file11.jpg
‘membrane with micra
lanoapertures






media/file2.jpg
Nanopatterns on substrate

(a)





nav.xhtml


  micromachines-08-00131


  
    		
      micromachines-08-00131
    


  




  





media/file6.jpg
1) 2)
[Nano Aperture _ Stenl Membranc] PVD Flux
+

. S

) | (4)

£
|5
2






media/file24.jpg





media/file1.png
1

1

1
¥

-

wihtll‘r?mbrﬁna
I

———

B si

:
¥

!
+

PR

-

B sinx
(a)

———

/_Stencil_\

Substrate

()

Au

e

e

Silk

-

----{

-

-

Metallic
Manodots






media/file10.jpg
Standard membranes.

Compliant membranes

Substrate and

Dy ] M
1Te )
7
. - Subsate ond Substete and
it B ool R eyt

‘Stenci membrane [}

Source

stenclin contact

(a)






media/file7.png
(1) (2)

[Nano Aperture Stencil Membrane PVD Flux

Q .

(3) I (4)

£
=
=
=
=
<L

(b)





media/file16.jpg
PDMS top layer

Blade moving @ —

Template

Peel-off

PDMS stencil





media/file12.png
Standard membranes Compliant membranes

NSy,
g

Substrate and Substrate and Substrate and Substrate and
stencil in contact stencil in contact stencil in contact stencil in contact
Source Source
d
Stencil membrane t)
7 I ] g Stencil membrane smaller gap
= 19
I I 1 | l i : |
- b2 dA bu/2 - bw2 da bw2
. bo2w wbof2 | bgf2-ebof2
dy dy

(a)





media/file3.png
B | | ‘ 4 . E-beam evaporation
. Activated nanoparticles -

" Silicon shadow
mask

(a) o





media/file17.png
PDMS top layer

Blade moving 6 iy,

Template

Peel-off

PDMS stencil





media/file4.jpg
L

&
clonag nes ot Tters
Ptk
4 > |
e —
sacromorenes

o] S

(a)

(b)





media/file25.png
(quasi) dynamic stencil lithography system

‘ substrate holder
B substrate

— stencil
——— stencil holder
Z
 —

PVD source

PRRSEER

Nitride @@ PolySi 0 @ PolySi 1 @D PolySi 2 T Gold

Round valve
open

Round valve
fully closed

Rectangle valve
open

Rectangle valve
half closed

round

rectangle






media/file0.jpg





