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Abstract

:

Microchannels in LC:PDMS structures must be of good quality and suitable geometry to achieve the desired orientation of the liquid crystalline molecules inside. When applying a casting technique, with the molds obtained even by the most accurate method, i.e., photolithography, it is still crucial to inspect the cross-section of the structure and the surface roughness of the PDMS material. This paper presents a study of PDMS microchannels using a Scanning Electron Microscope (SEM) to make such a characterization as accurate as possible. By comparing images of the samples taken using standard polarized light microscopy and SEM, it is likely to understand the mechanism of the liquid crystal molecular orientation occurring in the samples. The results obtained in this work may be used for numerical simulations and further development of LC:PDMS structures.
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1. Introduction


Adaptation of the technologies known from other fields of science in optical applications has become extremely important in recent years. Specifically, the combination of microfluidics used in biotechnology or chemical analysis with the ability to control optical properties has created a new branch of research called optofluidics [1]. Various configurations, including Lab-on-a-Chips (LOCs), microfluidic chips, micro-total-analysis-systems (µ-TASs), or Photonic Lab-on-a-Chips (PhLoCs), allow for more rapid and less expensive research in many areas [2,3,4,5]. One of the basic materials used in microfluidics is polydimethylsiloxane (PDMS) [6]. Due to its parameters such as refractive index of about 1.41 @ 589 nm [7], isotropy, homogeneity, and high optical transparency in the spectral range covering UV, VIS, and NIR [8], PDMS is used in the development of many optofluidic structures, e.g., dye lasers [9] or reconfigurable optical waveguides [10]. Importantly, a mold with sufficient quality and specific geometry is needed to fabricate optofluidic structures in PDMS using a casting technique. There are many methodologies to manufacture molds [11], including 3D printing [12,13,14], micromilling [11,12,15,16], and capillary film processing [17]. In the same context, photolithography is the most widely used for complex and precise structures [18,19].



One of the subjects studied in the area of optofluidics is related to PDMS structures filled with liquid crystals (LCs). The resulting LC:PDMS systems combine the capabilities of microfluidics with extraordinary properties such as anisotropy and birefringence (which are typical for liquid crystalline materials). In particular, cholesteric liquid crystals (CLCs) may be used in PDMS systems to form lasers [20] or biosensing chips [21]. On the other hand, PDMS structures filled with nematics (NLCs) have been, for instance, explored in optofluidic modulators [22], optofluidic grating switches [23], and tunable optofluidic birefringent lenses [24]. Research on LC:PDMS-based optical waveguides also emerged [25,26,27,28,29]. The latter may be potentially applied as reconfigurable optical interconnectors, switches, and wavelength demultiplexers [27,30,31]. It should be emphasized that the performance and operation of LC:PDMS structures are highly dependent on the orientation of the liquid crystal molecules inside. Although orientation layers are typically required in LC-based photonic devices, it has been proven that the rod-like NLC molecules align themselves vertically to the PDMS surface in stationary conditions [32,33]. These stiff boundary conditions within LC:PDMS systems are routinely used in numerical simulations performed using different computational methods [25,26,27,28,34]. However, the overall alignment of NLC molecules in PDMS-embedded microchannels is dependent on their aspect ratio [35]. Moreover, a so-far unexpressed but essential condition for successful fabrication of LC:PDMS structures is the quality of the mold. Because of the ultimate dimensions and high precision requirements for the microchannels acting as the waveguides, the detailed studies of the NLC molecular orientation in PDMS structures fabricated using various molds (i.e., obtained by applying different technologies) have been performed [12,36]. On this basis, it has been concluded that reproducible results with the channels of desired geometry and the NLC molecules aligned perpendicularly to the PDMS surfaces are possible only when the photolithography process is used for molds’ fabrication [36]. In addition, there are many possible methods for bonding the PDMS structures to a substrate [37], which also affects the surface quality [38]. Based on intentional physical and chemical modifications of the PDMS surface [39], it is feasible to make it superhydrophobic, but at the cost of its roughness [40]. In this context, research on the plasma treatment, reducing the PDMS surface roughness [38,41], may be crucial for studying LC:PDMS structures.



This paper shows further investigations on the NLC molecular orientation in PDMS microstructures. Specifically, previously studied microchannels fabricated using a SU-8 photoresist mold [36] are compared with the redesigned structures (of reduced transversal dimensions), also manufactured based on the photolithography process. The main aspects of this work were investigating the orientation of the NLC molecules at PDMS surfaces and analyzing the elastomer surface roughness from the images taken with a Scanning Electron Microscope (SEM). This insight into the fabricated microchannels allows for a more accurate determination of the influence of the PDMS surface quality on the orientation of the NLC molecules and for finding possible sources of defects.




2. Materials and Methods


2.1. Molds Manufacturing


In the current studies, two different molds were used to check the performance of the PDMS structures and compare them with previous samples described in [36]. This approach was decided to optimize the PDMS structures fabricated in the photolithography process and to check the NLC molecular orientation in the microchannels characterized by different aspect ratios. The structures were designed in AutoCAD software (Autodesk, Dublin, Ireland) and then transferred to the chrome masks in the electron-beam lithography process. In this way, two molds were created using different SU-8 photoresists. The nine-step procedure, including silicon substrate preparation, photoresist spin-coating, soft-baking, UV-light illumination, and post-processing, is precisely described in [36]. A SU-8 25 was used in the first case, while the second mold was fabricated using SU-8 2010, with both negative photoresists provided by the Kayaku Advanced Materials Inc. (Westborough, MA, USA) The differences in the photoresists’ characteristics made it necessary to modify some steps in the fabrication process. Specifically, in terms of the parameters that were applied for the second mold, (i) the spin speed in the spin cycle was increased from 1700 to 3000 rpm; (ii) post-exposure baking (PEB) was performed for 210 s at 95 °C (instead of two-step contact hotplate process with PEB time of 60 s at 65 °C and 360 s at 95 °C); (iii) the time of immersing the structure in a dedicated SU-8 developer was reduced from about 180 to 150 s to dissolve unexposed portions of the photoresists. Eventually, after checking by several methods, the height of the structure from the first mold was estimated to be about 30 µm. It was decided to be reduced by applying a SU-8 2010. Following the given steps of the fabrication procedure [36] with suitable modifications described above, a mold with a height of about 12 µm was successfully manufactured. For both molds, no damages or deformations were observed during their fabrication and when manufacturing the PDMS structures, which allowed them to be used repetitively, giving reproducible results.




2.2. LC:PDMS Structures Manufacturing


PDMS material was prepared by mixing the prepolymer (SYLGARD™ 184 Silicone Elastomer Base) with the crosslinker (SYLGARD™ 184 Silicone Curing Agent), both from Dow Corning (Dow Polska, Warsaw, Poland), in a weight ratio of 10:1 [7]. A vacuum pump was used to eliminate air bubbles from PDMS in a liquid form. Then, the prepared mixture was poured onto the mold in a glass container (i.e., a Petri dish), and baked in an oven at a temperature of 75 °C for 90 min. After detaching the cross-linked PDMS from the mold, an elastomer layer with intended microchannels was obtained. A biopsy puncher was used to make inlets and outlets to enable the filling of the channels with liquid crystalline material. The next step in the fabrication process was to bond the PDMS structure to a flat surface (made of a PDMS layer or a glass plate), properly prepared and cleaned. Both elements to be combined were inserted into the chamber with oxygen plasma (Atto Plasma Cleaner, Diener Electronic, Ebhausen, Germany) for 20 s at a reduced pressure of 0.3 mbar. Eventually, the building components of the structure were merged, resulting thus in the target PDMS:PDMS or PDMS:glass samples, respectively, depending on the substrate used.



The nematic liquid crystal (NLC) used for the experimental tests was the E7 LC mixture [42], available from Merck (Darmstadt, Germany). This typical liquid crystalline material was injected into the fabricated PDMS structures using a syringe at room temperature (about 20 °C). The whole volumes of the microchannels were infiltrated using the capillary forces. The transition temperature to the isotropic phase is about 58.3 °C, which is one of the characteristics of the selected LC. Therefore, E7, even in the isotropic state, is not expected to have any impact on the properties of PDMS. The chemical structures of PDMS and the nematic liquid crystal E7 are shown in Figure 1.




2.3. Optical Measurements and Observations


A digital microscope (KEYENCE VHX-5000, Keyence International, Mechelen, Belgium) equipped with a VH-Z50 long-working-distance zoom lens (50−500×) allowed for the sample’s observations based on the high-resolution images (1600 × 1200 pixels). Specifically, the examined structures placed on the glass stage could be observed in the transmitted and/or reflected light (independently if required). This research used the ability to adapt the mentioned microscope for standard polarizing microscope (POM) measurements. In fact, the main part of the experimental investigations was performed with white light transmitted through the sample located between the crossed polarizers. Additionally, an Olympus LEXT OLS4100 (Olympus Corporation, Tokyo, Japan) microscope was used to acquire preliminary data related to the measurements of the height of the microchannels in PDMS samples. Moreover, a Scanning Electron Microscope (SEM), namely Hitachi SU 8230 (Hitachi Europe Limited, Buckinghamshire, UK), was used to obtain the images of the cross-sections and surfaces of PDMS structures with high magnification. With such advanced equipment, it was possible to examine the samples with the magnification of 25,000× without any problems. However, several steps were taken before observing the samples in the SEM to make this possible. Specifically, the section of the structure to be viewed had to be of appropriate size (with a maximum area of 2 × 2 cm2 and a height up to 2 cm) and sputtered with a layer of Au-Pd (80:20 ratio, thickness < 100 nm).





3. Results


3.1. LC:PDMS Structures with a Height of 30 µm


Based on the results related to the orientation of NLC molecules in PDMS samples reported in our previous work [36], only a limited number of the structures fabricated using a SU-8 mold with a height of about 30 µm are presented in this paper. Specifically, a sample consisting of a series of microchannels with the widths of 10, 20, 25, 30, 35, 40, 45, and 50 µm (Figure 2a,b) was selected to be further compared with the samples obtained from the optimized mold of reduced size (i.e., with a height of 12 µm, see Section 3.2). The channels in the PDMS:glass structure were filled with E7 NLC (with an estimated volumetric flow rate from 3 to 30 nL/min depending on the channel width) and were left to obtain the fixed orientation of the liquid crystalline molecules in the sample. After about 5 min, the NLC molecules were aligned perpendicular to each microchannel wall. From the previously mentioned studies and simulations [25,26,27,28,34], it is clear that the channel’s aspect ratio (height/width, h/w) strongly influences the orientation of the LC molecules. This fact was also confirmed by our previous observations [36], as well as by the results of current studies. In principle, for the channels with a width smaller than a height (i.e., with the aspect ratio h/w > 1), the resulting orientation of the molecules within the whole volume of the channel is strongly dependent on the forces that orient the molecules perpendicular to the sidewalls. It may be proven that for the channels with an aspect ratio greater than 1, molecules across the width of the channel are oriented perpendicular to the side walls (homeotropic orientation), which can be observed as a bright color within the channel region when the structure is rotated by 45 degrees to the polarizers’ axes (Figure 2b).



An Olympus LEXT OLS4100 microscope was used first to measure the microchannels’ heights. Specifically, an attempt was made to avoid interfering with the fabricated PDMS structure, which was done by taking advantage of the device’s ability to scan the depth accurately. For this purpose, several top view images were taken (see, e.g., Figure 2a), and a depth scan was performed (Figure 2b). Using the microscope software tools, it was possible to select a specific linear section to build an accurate profile of the structure cross-section from the collected data (Figure 2c). The roughness of the microchannels present in such a cross-section visualization pushed the research towards a detailed inspection with the SEM technique (as discussed further below). In addition, a cross-section of another structure (made with the same mold) was examined using the KEYENCE VHX-5000 digital microscope (Figure 2d). Unfortunately, at such relatively small dimensions, the depth of the optical field is too small, and other phenomena such as diffraction strongly distort the image. However, it can be confirmed with high confidence that the depth of the channels in the PDMS is about 30 µm in tested sample.



One of the critical aspects of the current research was determining the exact cross-section of the microchannels’ geometry. It should be noted that the images taken with the SEM allowed not only to dimension the fabricated channels (determining the level of the design reproduction) but also to analyze the PDMS surface roughness. A cross-section of PDMS structure (of the same geometry as one shown in Figure 2 and Figure 3a–c) without the substrate is presented in Figure 4a. It can be seen that the channels with a smaller aspect ratio (i.e., the widest ones) are well reproduced, and no significant defects are seen. Due to the technological process of removing non-hardened SU-8 photoresist when forming the mold, the sidewalls of the channels are not perfectly perpendicular to the base, and thus the shape of the cross-section is somewhat trapezoidal. In the analyzed structure, the microchannels with assumed widths of 50 µm and 45 µm (see Figure 4b) are reproduced with a slight deviation (±2 µm). However, at the base of the further microchannels (i.e., at the top openings visible in the photos), channels are narrower by about 5 µm. The same is for the 35-µm-wide channel presented in Figure 4c. On the other hand, the microchannel with the designed width of 10 µm (Figure 4d) is an excellent example of trapezoidal geometry, with its width varying from 12 µm to 7 µm at the narrowest point. It is worth noting that the smoothness of the PDMS surface is clearly visible in Figure 4. The porosity of the PDMS surface is negligible, although some larger defects may be airborne contaminants (see, e.g., Figure 4c). When examining the photos shown in Figure 4, one must also consider the Au-Pd layer that allowed charges to dissipate from the sample, so the image may be slightly distorted. Due to the fine-tuning of the mold and the use of another SU-8 photoresist in further studies, the issue of PDMS roughness is discussed in more detail for 12-µm-high structures.




3.2. LC:PDMS Structures with a Height of 12 µm


In the previous subsection, the PDMS structures with a height of about 30 µm were shown. After their examination, it was decided to tweak the mold and create structures of approximately 12 µm in height. Several different structures were fabricated using the new mold with one of them containing the microchannels with designed widths of 15 µm and 21 µm, which corresponded in reality to about 11 µm and 17 µm (±1 µm), respectively. The aspect ratio of the structures was about 1 for the first channel and 0.7 for the second one. The structures shown in Figure 5 were bonded to a glass plate substrate to form a PDMS:glass system. Both channels were filled with E7 NLC and observed using POM. The estimated volumetric flow rate in the filling process of these microchannels ranged from 0.1 to 1 nL/min. By reducing the height of the structure (from 30 µm to 12 µm), a dark color within the channel regions assigned to the molecules aligned perpendicularly to the substrate plane is visible through the center of the 11-µm-wide microchannel (in Figure 5a,b, when viewing the sample placed at a 0- and a 45-degree angle to the polarizer axis, respectively). Such a molecular arrangement was not observed in a similar structure with a height of 30 µm (please see Figure 2 for comparison). A homeotropic orientation was also observed in the 17-µm-wide microchannel (presented in Figure 5c,d), confirming previous studies linking the possibility of the stable molecular orientation with the aspect ratio of the microchannels in PDMS filled with liquid crystalline material [36].



SEM images of the mentioned channels (Figure 6) allow for the analysis of the PDMS geometry and surface roughness to be performed. In the PDMS:PDMS sample with the 11-µm-wide channel (Figure 6a), bonded using the low-pressure plasma, the joining line between the PDMS piece with the channel and the PDMS substrate is almost invisible. Fine measurements based on the SEM images confirmed the dimensions of the channel cross-section, giving the values of 12 µm and 11 µm in height and width, respectively. The only defect that may be considered problematic for further orientation of the NLC molecules is the irregular expansion of the channel at its bottom. The latter issue is characteristic of the photolithography processes and is most noticeable in the channels with considerably small dimensions and an aspect ratio close to 1. For the channel with a width of 17 µm, the cross-section is almost rectangular (Figure 6b). Additional images of the 17-µm-wide channel sections were taken at a magnification of 25,000 to investigate the surface roughness of the PDMS material. In a close-up of the upper surface of the PDMS surface (Figure 6c), a minor roughness (<400 nm) may be observed. An occurrence of the larger defects may be due to local mold damages or airborne contaminants. Greater roughness is observed at the contact between the top surface and the sidewall (Figure 6d), which may affect the local alignment of NLC molecules and leads to the appearance of the topological defects and disclination lines within liquid crystalline volume.



Additional investigations were performed considering PDMS:PDMS structures with the microchannels with 12 µm in height and much larger width, e.g., of 100 µm, as shown in Figure 7. In this case, the channel cross-section has a slightly trapezoidal shape, but the broadening at the bottom of the channel is insignificant compared to the entire channel width. Zooming in 14,000 times on the central part of the microchannel (Figure 7b) allows for a precise examination of the PDMS surface quality. At least from the acquired image, the roughness is less than in the channels shown earlier in this subsection. Minor defects are visible on the surface, but these should not strongly impact the NLC molecular orientation within the microchannel. What is particularly important is that the treatment with the oxygen plasma required for the bonding of the sample components did not affect the PDMS surface. Moreover, the integration of the elements is permanent, without a clear boundary between them.





4. Discussion and Conclusions


Further research related to the studies on the quality of microchannels fabricated in PDMS to be filled with liquid crystalline material and described in [36] has been performed in this paper. A SU-8 mold with a height of 12 µm was used to validate the orientation of NLC molecules in such structures. The obtained results were compared with a previously fabricated SU-8 mold with a height of 30 µm. The fine-tuned mold allowed for the fabrication of channels with widths of about 11 μm (resulting in an aspect ratio of around 1) while maintaining an appropriate channel geometry. Images taken with Hitachi SU-8230 SEM were used to verify the size and the quality of the structures in the PDMS. Specifically, a close inspection of the PDMS:PDMS structures’ surface was made. The roughness of the sidewalls of the PDMS channels fabricated using the SU-8 mold was proven to be negligible (<400 nm). Keeping in mind that the PDMS surface quality may be affected by many factors, including the mold used, the structure development process, and the bonding technique, the performed studies are of particular importance as any change in the structure development process may lead to geometrical changes or defect creation. The issues addressed in this paper are significant in the LC:PDMS systems development, ensuring that the LC molecular orientation is well defined. The further challenges are to refine the cross-section geometry and obtain surfaces without any defects which are still visible in the presented microchannels.
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Figure 1. (a) Molecular structures and composition of E7 liquid crystal and (b) chemical structure of poly(dimethylsiloxane) (PDMS). 






Figure 1. (a) Molecular structures and composition of E7 liquid crystal and (b) chemical structure of poly(dimethylsiloxane) (PDMS).



[image: Crystals 12 00729 g001]







[image: Crystals 12 00729 g002 550] 





Figure 2. The PDMS:glass structure with microchannels of different widths (i.e., 10, 20, 25, 30, 35, 40, 45, and 50 µm, starting from the top of the photo) filled with E7 NLC and observed under the polarizing microscope (POM). The structure on the left is aligned with the polarizer axis, while the one on the right is rotated by an angle of about 45 degrees. 
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Figure 3. PDMS structures (before bonding) with a depth of about 30 µm (and widths of 10, 20, 25, 30, 35, 40, 45, and 50 µm) observed with an Olympus LEXT OLS4100, where (a) top view, (b) 3D visualization of the structure, and (c) a cross-section profile taken along the line marked in the previous panel. (d) A photo of the cross-section of another PDMS structure (produced using mold from the same series) with a height of 30 μm obtained using a KEYENCE VHX-5000 microscope. 
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Figure 4. Images of a 30-µm-high PDMS structure with the microchannels with the widths of 10, 20, 25, 30, 35, 40, 45, and 50 µm taken with a Hitachi SU-8230 SEM. Cross-sections of: (a) the entire structure (with all channels visible), (b) 50-µm- and 45-µm-wide channels, (c) 35-µm (red arrows indicate examples of possible airborne contamination), and (d) 10-µm-wide channels, respectively. The top of the channels is narrower compared to the bottom by about 5 µm. 
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Figure 5. PDMS:glass structures with a single microchannel filled with E7 NLC and observed under the polarizing microscope. Channels with the widths of approximately 11 µm (designed to be 15 µm) (a,b), and of approximately 17 µm (assumed to be 21 µm) (c,d). The orientation of polarizers’ axes is indicated in each photo. 
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Figure 6. Images of PDMS:PDMS structures with the microchannels with the height of 12 μm taken with a Hitachi SU-8230 SEM in a case of 11-µm- (a) and 17-µm- (b) wide microchannel and highlighted the regions in which the images with the higher magnification were taken, representing a top surface (c) and a top corner (d) of the microchannel. The width difference at the top and bottom of the channels is about 2 µm. 
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Figure 7. Images of a 100-µm-wide microchannel in a PDMS:PDMS structure taken using a Hitachi SU-8230 SEM, showing a cross-section of the entire channel (a) and a close-up on the central part of the bottom surface of the channel (which was exposed to the oxygen plasma during the bounding process) (b). 
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