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Abstract

:

We report a method for fabricating periodic nanostructures on the surface of polydimethylsiloxane (PDMS) using laser interference lithography. The wave-front splitting method was used for the system, as the period and duty cycle can be easily controlled. Indium tin oxide (ITO) glass reveals favorable characteristics for controlling the standing waves distributed in the vertical direction, and was selected as the rigid substrate for the curing of the PDMS prepolymer, photoresist spin coating, and exposure processes. Periodic nanostructures such as gratings, dot, and hole arrays were prepared. This efficient way of fabricating large area periodic nanoscale patterns will be useful for surface plasmonic resonance and wearable electronics.
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1. Introduction


The fabrication of nanostructures on flexible substrates has attracted the attention of many researchers in recent years. Flexible materials possess a series of excellent properties, such as transparent, bendable, wearable, and high transmission that the rigid ones do not have. A number of photoelectric and biological devices, for instance, nano-generators [1], sensors [2], and micro-flow paths [3], require flexibility to broaden their applications. Nano-patterns have extensive and prominent applications in various fields, because they are the bases for the realization of different phenomena and functions [4,5,6,7,8]. Therefore, the fabrication of nanoscale patterns on flexible substrates with a low cost, large area, and high throughput using laser interference lithography will have both commercial and scientific interests.



Flexible materials are normally classified into thermoplastics and elastomers [9]. Common materials such as polyethylene terephthalate (PET), polymethyl methacrylate (PMMA), polycarbonate (PC), polystyrene (PS), polyimide (PI), polypropylene (PP), and so on, are good examples of thermoplastics. While polydimethylsiloxane (PDMS), as a kind of silicone-based organic polymer and elastomer material, has plenty of significant advantages over both rigid and thermoplastic materials. The intrinsic chemical structure grants PDMS favorable properties. The organic backbone is responsible for its mechanical elasticity and inert physiochemical characteristics, and siloxane chains provide a high thermal stability [10]. In addition, PDMS has excellent light transmission at both visible and ultraviolet wavelengths. Furthermore, the PDMS prepolymer is prepared by thoroughly mixing the PDMS curing agent with the PDMS base monomer, and then various shapes can be obtained by putting the prepolymer into silicon molds, after the curing process at low temperatures. The silanized Si wafer will facilitate in the following release of the patterned PDMS layer, which can be retransferred to other kinds of substrates by bonding. Consequently, the fabrication of nanostructures on the surface of PDMS provides possibilities for a series of subsequent applications.



For microscale fabrication with highly reproducible procedures, photolithography has been the most reliable and widely used pattern fabrication process in the semiconductor industry. Although traditional mask lithography can be used to fabricate patterns on flexible materials [11], the preparation of structures with nanoscale resolution cannot be realized because of the limitations of the ordinary lithography process. Besides photon lithography technology, writing with particles, such as electron beam lithography (EBL), can also be applied to fabricate flexible nanostructures [12]. The de Broglie wavelengths of the electrons are well below 0.1 nm, allowing for the fabrication of ultrahigh resolution nanostructures [13]. However, this method is evidently limited by being time consuming, low yields, high cost, and small pattern area, which is not suitable for mass production. Furthermore, the instability of the beam, due to drifting, and the inconsistent exposure, due to the fluctuations in the current, tend to occur because of the serial patterning process. Soft lithography, proposed by Whitesides, is another method of fabricating flexible nanostructures [14]. The technique is becoming mature, but the process of making periodic nanostructures is relatively cumbersome and is mainly used in the field of microfluidic chips [15]. Moreover, the flexibility of the elastic material limits its accuracy. The distortion and deformation of the elastic mold may also lead to a great influence on the yields at the same time. Nano-imprint lithography (NIL), as the most commonly used approach in the flexible nanostructures manufacturing field, has the advantages of high resolution and throughput. Numerous identical patterns can be printed continuously with only one template. Nevertheless, this method has to be silanized in order to separate the template (typically etched Si wafer) from the patterned PDMS film, increasing the cost and complexity of the process. Meanwhile, the toxicity of the silanized reagent increases the risk and requires special attention during the silanization procedure. The imprinted nanostructures can no longer be adjusted unless the predecessor template is replaced, which leads to another drawback. The most crucial disadvantage is that thermal stress tends to occur during the heating and cooling processes, breaking the PDMS away from the substrate [16]. The large mechanical force tends to deform the template, resulting in low fidelity structures and an even more fatal break on the template. Therefore, it is necessary to adopt a method to fabricate periodic nanostructures, which is more efficient, low cost, and nondestructive (less damage) to the PDMS surface.



In this paper, a simple and convenient method for preparing periodic nanostructures is introduced. Gratings, dot, and hole arrays were produced on the surface of PDMS films using laser interference lithography with a wave-front splitting system. Compared to the previous means analyzed above, interference lithography has the advantages of not being very time consuming and of having simple processing, high throughput, low-cost, and a large pattern area [17,18,19,20]. The experimental results show that it is a promising method for manufacturing periodic nanostructures on flexible substrates, especially on PDMS.




2. Materials and Methods


2.1. PDMS Thin Film Preparation


Indium tin oxide (ITO) glass was selected as the rigid substrate in the experiment. First of all, the ITO glass was cleaned using ultra-sonication with acetone, ethanol, and deionized water for 10 min each, and then dried using a nitrogen gas flow. After that, the PDMS prepolymer (Sylgard-184, Dow Corning, Midland, MI, USA) was prepared by thoroughly mixing the PDMS curing agent with the PDMS base monomer (wt:wt = 1:10). The PDMS prepolymer was cured at 80 °C for 1 h using a hot plate after spin-coating on ITO glass to generate PDMS thin films. By adjusting the rotation speed or the viscosity of the PDMS prepolymer, different thicknesses of PDMS films ranging from hundreds of microns down to 15 μm can be obtained. As the PDMS prepolymer has fluidity, the surface needs to be smoothed by standing for 2 h. The advantage of using a hot plate instead of an oven is that the surface of the hot plate is flatter, while an uneven surface will cause a great defect on the interference lithography process, decreasing the size of the uniform pattern produced.




2.2. Interference Lithography


SX AR-P 3500/6 (Allresist, GmbH, Strausberg, Germany) was used as the interference lithography photoresist. Dilution is required as the reflected light from the substrate affects the desired pattern, limiting the thickness of the photoresist [21]. The compositions of the diluted photoresist are SX AR-P 3500/6 positive photoresist mixed with AR 300-12 at a ratio of 1:3.5. Before spin coating, an oxygen plasma (110 W, 300 sccm, and 3 min) was adopted to temporarily improve the adhesion of the PDMS surface with the photoresist for the subsequent interference lithography, as the original state of the PDMS surface is hydrophobic. The spin coating process was performed at a speed of 4000 rmp for 27 s, then baked at 100 °C for 2 min. Finally, an approximately 100-nm thick photoresist layer forms on the top of the cured PDMS.



The schematic of the interference lithography system is illustrated in Figure 1. The optical path is relatively simple when using a wave-front splitting method; besides, the period and duty cycle can be easily controlled. Moreover, the use of fewer mirrors reduced the reflection, as well as the bubbles, scratches, and dust particles attached to the surface. All of these defects will cause a series of secondary wave sources and introduce spatial noise, which ultimately affects the preparation of a large area and of uniform nanostructures. A 355-nm diode-pumped laser (Genesis CX 355, Coherent, Santa Clara, CA, USA) with an output power of 100 mW was selected as the radiation source. This laser has excellent properties, such as a TEM00 spatial mode, good beam quality (M2 < 1.2), long coherence distance, and relatively compact size (281 × 156 × 85 mm). The radiation was focused usingthe convex lens 1 after passing an optical shutter, then a spatial filter transformed the Gaussian beam into a spherical one. The cage system played collimation and expansion roles, and the convex lens 3 continued to transform divergent into collimated light. At last, the adjusted laser irradiated the sample holder and interfered with the vertical reflector. An optical platform with a damping isolation was used to ensure the stability of the whole system [22]. Optical elements were placed in a closed box to avoid air disturbance and affecting the stability of the interference pattern. The incidence angle can be changed by rotating the rotatable carrier, so that the period of nanostructures is changed accordingly. The fabrication process is shown in Figure 2.



The exposure dose of gratings was about 30 mJ/cm2. Although the dot and hole arrays both needed to be exposed twice, with a 90° rotation of the sample holder after the first exposure, the formation of different shapes was determined by the energy distribution. Dot arrays were formed when the duty cycle value was less than 50%, while hole arrays were attained in the opposite way. The doses of the dot and hole arrays were about 15 mJ/cm2 and 10 mJ/cm2 for every exposure, respectively. According to the exposure dose and the laser power density measured on the PDMS surface, the dosage can be controlled by the optical shutter. After the exposure, AR300-26 (1:20 diluted with deionized water) developer was used to develop the sample for 20 s.





3. Results and Discussions


Direct photolithography on flexible substrates have been proven to be a feasible scheme. However, direct interference lithography on a PDMS surface was seldom reported. One of the most important reasons, perhaps, is that the surface topography after the curing process will have a crucial influence on the pattern results, as PDMS is an elastomer material. In addition, PDMS is a transparent material with an excellent transmission within the wavelength range of 300 nm–500 nm [23], so the rigid base on which the PDMS prepolymer is spin coated is also a major factor to be considered. Common rigid substrates, such as silica glass and Si wafer, were used as the supporting substrates for the PDMS prepolymer, but the results are not satisfactory because of their high reflection.



During the interference lithography exposure, two coherent beams with wavelengths of λ at an angle of 2θ incident the PDMS surface, which is uniformly coated with photoresist. Together with the corresponding substrate reflection components, two standing wave fields are formed in the photoresist layer in horizontal and vertical directions [24,25]. The primary standing waves are parallel to the substrate used to obtain the desired pattern, while the perpendicular one can seriously impact the photoresist profiles if there is not enough suppression. The periodicity (Ph) of the gratings can be simply described as follows:


Ph=λ2sinθ,



(1)




and the period of the vertical standing wave is given by the following:


Pv=λ2npcosθp,



(2)







The vertical standing wave period is determined by the following factors: the wavelength of light (λ), the refractive index (np), and the refracted angle (θp) in the photoresist.



The intensity along the Z-direction is periodic, resulting in uneven distributions. In the region of minimum intensity, the development barrier layer is formed because of an insufficient exposure dose, which will lead to failure. Considering a more extreme case, the development barrier layer can actually cut off the resist structure and separate the top part. Obviously, one effective way to suppress the vertical standing waves is to minimize the reflectivity of the substrate. Anti-reflection coating (ARC) on the substrate surface is a common solution, while ITO glass was introduced in our experiment. As ITO has an absorption in the ultraviolet region [26], for the 355 nm semiconductor laser source we used in the experiment, the ITO’s absorption of ultraviolet rays was in line with the wavelength. Furthermore, as the scanning electron microscope (SEM) image shows in Figure 3a, the surface of the ITO has a relatively rough topography. When the laser passed through the PDMS film, part of it was absorbed by the ITO film, while the other part formed a diffuse reflection on the surface of the ITO glass, so that the laser intensity that reflected back to PDMS was very weak. The standing wave distributed in the vertical direction can be largely ignored accordingly. Therefore, the ITO glass should be the perfect rigid substrate to support PDMS for the laser interference lithography.



The SEM images of the PDMS–ITO glass nano-patterns are shown in Figure 4. The sample surface should be sprayed with gold before it can be observed. The photos are magnified by 40,000 times, and the gratings, dot and hole arrays are shown in (a), (b), and (c), respectively. The period of the grating is about 273 nm, which can be modified by rotating the rotatable carrier. The line width is about 100 nm, which is related to the exposure dose and the development time. By adjusting the line width and period, gratings with different duty cycles can be obtained. An area of 25 square microns was also scanned using an atomic force microscope (AFM) (shown in Figure 5), in which the topologies of the photoresist on the PDMS surface are exhibited.




4. Conclusions


Three different typical periodic nanostructures were produced, including gratings, dot, and hole arrays. ITO glass was introduced to solve the standing waves distributed in the vertical direction. Compared with the current mainstream nanostructures manufacturing approaches, such as NIL and soft lithography, laser interference lithography is an effective and reliable method that not only has the advantages of having a low cost, high throughput, and being simple to operate, but can also be more convenient to adjust the patterns (period and duty cycle). The combination of flexible materials and nano-patterns can provide applications for localized surface plasmon resonance (LSPR) sensing, photo-voltaic cells, and wearable electronics.
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Figure 1. The illustration of interference lithography based on wave-front splitting method for nanostructures fabrication. 
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Figure 2. Schematic view of the fabrication process. (a) Cleaned ITO glass (b) ITO glass coated with a 60 μm thick polydimethylsiloxane (PDMS) preploymer film by spin coating. (c) After the curing process, a 100-nm thick photoresist was spin coated on the PDMS surface. (d–f) The patterns of the nano gratings, dot, and hole arrays fabricated by the interference lithography process. 
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Figure 3. (a) Topography of ITO glass under SEM, the pattern showed the surface roughness of the ITO surface. (b) Schematic of the wave vectors for double beam laser interference lithography on ITO glass coated with PDMS. Because of the absorption and surface diffuse reflection of transparent ITO glass, the intensity of the beam reflected back to the photoresist is actually very small. 
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Figure 4. SEM pictures of gratings, dot, and hole arrays of the photoresist on PDMS–ITO substrate. The pictures are magnified by 40,000 times. The period of the grating (a) is about 273 nm. The diameter of the dot (b) and hole arrays (c) is 175 nm and 165 nm, respectively. The dot and hole arrays are made by rotating the sample holder 90° after the first exposure, and the different energy distribution leads to different nanostructures. 
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Figure 5. (a–c) A 25 square microns 3D atomic force microscope (AFM) images of gratings, dot, and hole arrays on PDMS–ITO glass, respectively. (d–f) The upper nanostructures topology of the photoresist on a PDMS surface. 






Figure 5. (a–c) A 25 square microns 3D atomic force microscope (AFM) images of gratings, dot, and hole arrays on PDMS–ITO glass, respectively. (d–f) The upper nanostructures topology of the photoresist on a PDMS surface.



[image: Nanomaterials 09 00073 g005]








© 2019 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/file4.png
- @

rigid substrate (ITO glass) spin coating PDMS spin coating photoresist

2 i

gratings dot arrays hole arrays






nav.xhtml


  nanomaterials-09-00073


  
    		
      nanomaterials-09-00073
    


  




  





media/file2.png
convex lens 1 convex lens 2 concave lens convex lens 3

(/) .

******

pinhole

sample holder

rotatable carrier





media/file5.jpg





media/file3.jpg
- @

rigid substrate (ITO glass) spin cmllmg PDMS. spin coating photoresist

2

dot arrays hole arrays






media/file1.jpg
convexlens 1 convexlens2 concave lens  convex lens 3

//»I'

reflector

pinhole

sample holder





media/file7.jpg





media/file10.png
Section Analysis

nm

Section Analysis

nm

Section Analysis

nm

ANNNAAAAAAAAAADNNDNNADNY

AN AAMAAAAS

REARARARRARARAANY

=]

ANANAAAAN
AR IARA

AVAVARAVAVAWAW!

VUVVYUY

=

2.59





media/file9.jpg





media/file0.png





media/file8.png
e Tl s e e R ”),’;";} ,;&L
'TEEEREEE R R R B BN BB B B E R B LA A 'y
" T T NI s ey ey o e
p; | oooooooooooooooooooooohoo,
"TTEE 2R R R R R E R R R NN e | ”;:
R R EEREERENE LR L E R R B R B B R L ';""
T T I s 8884
T T ey
Y E s e 'Y E
T YT I T ;‘ ‘
T Y A R ,7;’:;;’)))-‘.
e Y s s T R R N LA ;'
Y s s e
e YT T T T i
P Y T T e “"‘
Y T T : ’;:gf)
T T YT T T T s . ;)?>/ )
8NN NERRRNBRRERBRERBRBEEEY ),” ,,-.-"’,
T e ' >l
S L s T T T R R Y r .
S 0888 SRR NN BANES Naa 'TTIII: ’_‘:
m.oooooooooooooo.ooe Ny »» s TS . 1
Aoooooooooooooooouﬁhmoq T TYY
B T | ' . L5333 5 554
T T T RN Y ')1; f(;i&
) ) > iz’ Pt!

.






media/file6.png
photoresist

ITO glass

500 nm






