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Abstract

:

The unique components of PDMS-based microfluidic systems are those combined with liquid crystalline materials. Their functionality, especially when it comes to optical applications, highly depends on the LC molecular arrangement. This work summarizes experimental investigations on the orientation of molecules within LC:PDMS structures according to the manufacturing technologies. The availability of high-quality molds to pattern PDMS is a significant barrier to the creation of advanced microfluidic systems. The possibility of using inexpensive molds in the rapid and reproducible fabrication process has been particularly examined as an alternative to photolithography. Different geometries, including an innovative approach for the electrical control of the molecular arrangement within PDMS microchannels, are presented. These studies are critical for novel optofluidic systems, introducing further research on LC:PDMS waveguiding structures.
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1. Introduction


Microfluidic structures represent an essential part of modern photonic systems. Their varieties include, e.g., microfluidic chips, Lab-on-a-Chips (LOCs), Photonic Lab-on-a-Chips (PhLoCs), and micro-total-analysis-systems (µ-TASs), thus combining applications and technologies known from chemistry, biology, and photonics [1,2]. Owning to such solutions, space-consuming or expensive devices can be miniaturized, and the performed analyses or tests can be accelerated with significantly reduced costs [3,4,5]. This is particularly evident when inexpensive soft lithography is used for microfabrication, suiting many materials, including elastomeric ones. A considerable number of microfluidic structures are fabricated by a cast-molding technique using polydimethylsiloxane (PDMS). The latter may be successfully applied not only as a building material for the systems themselves but also as a mold for structures made of other materials [6,7]. However, the first scenario is prevalent for PDMS-embedded photonic devices, relying essentially on the availability of high-quality molds. The fabrication of microstructured master molds with the required geometrical features is objectively a critical step in the manufacturing process. Various techniques may be applied for this purpose, including micromilling [8,9,10], 3D printing [9,11,12], polystyrene thermoplastic sheet shrinkage [13], capillary film processing [14], and photolithography [15]. In addition, a combination of different methods [16] or additional improvements of existing ones—e.g., the smoothing of the stamp’s surfaces [17]—are also employed, resulting in high-quality micron-scale patterns to be accurately replicated in PDMS. In terms of optical applications, further benefits of such elastomer applications include its refractive index of about 1.41 @ 589 nm [18], isotropy, homogeneity, and high optical transparency in the spectral range covering UV, VIS, and NIR [19]. Examples of the microfluidic photonic structures obtained in PDMS are optofluidic sensing devices [20], optical MEMS [21], microlenses [22], dye lasers [23], and reconfigurable optical waveguides [24].



A particular part of the PDMS-based microfluidic systems is constituted by structures filled with liquid crystals (LCs). Exploiting such unique birefringent and anisotropic materials may lead to many intriguing phenomena with various potential applications of the so-formed LC:PDMS architectures. One of them is the hierarchical filtration or sampling of liquid crystalline biomaterials and chemicals in electrically programmable microfluidic structures [25]. LOC-integrable systems can also be applied to enclose liquid crystal lasers utilizing cholesteric liquid crystal (CLC) confined between PDMS substrates [26]. Another usage of CLC is biosensing chips for albumin detection [27]. A 1-kHz optofluidic modulator was used to achieve novel analytical and imaging methods based on peristaltic nematogen microflows [28], and the PDMS-based tunable optofluidic birefringent lens utilized nematic liquid crystals (NLCs) to obtain different focal distances for p- and s-polarized light [29]. At the same time, the polymer-dispersed liquid crystal (PDLC) structures are another area of research that offers excellent opportunities in microfluidics. For example, a carbon nanotube-liquid crystal-PDMS composite structure may be indicated to serve as a highly resistive pressure sensor [30]. Studies on optical waveguides represent an important research area involving LC:PDMS structures [31,32,33,34]. This is strongly encouraged by the low-cost and straightforward soft material technology allowing for arbitrary geometry. The maintenance of the polarization state for the light propagating along the microchannels embedded in PDMS and infiltrated with NLC indicates many potential arrangements for integrated optics and microfluidic circuits [35]. For instance, LC:PDMS waveguiding structures may be used to obtain reconfigurable optical interconnectors and devices such as optical switches or wavelength demultiplexers [33,36,37].



Considering all of the possibilities for the use of LC:PDMS structures in practice, one must keep in mind that their functionality strongly depends on the molecular arrangement of the liquid crystalline material inside. Specifically, the anchoring conditions at the intersections between LC and PDMS surfaces should be identified and considered. Simultaneously, many studies define the physics of liquid crystals in microfluidic systems, including, e.g., the relationship between the flow and the molecular orientation [38] or the formation of topological defects in NLCs confined in complex networks [39]. Experimental works on the laminar flow of a nematic fluid through PDMS microchannels resulted in reproducible observations of different textures and topological defect structures, including formations of π-walls and surface-stabilized disclinations, depending on the channel depth and flow velocity [40]. It has been demonstrated that the nematic textures also retain high morphological stability after the flow termination [40], and the vertical anchoring of the rod-like molecules of NLC at every channel wall (i.e., PDMS surface) is obtained in stationary conditions [41,42]. This stiff boundary condition has been applied in numerical simulations related to LC:PDMS waveguides and performed using the Monte Carlo [31,32,33,34] and the finite difference [43] methods. It is evident that the macroscopic LC molecular arrangement in the microchannel strongly depends on its aspect ratio, resulting in homogeneous or homeotropic alignment for deep or shallow channels, respectively [44]. Such an orientation of LC molecules can be relatively easily changed and controlled by applying an appropriately formed electric field to LC:PDMS structures, thus giving an additional boost of flexibility to microfluidic waveguiding systems [34,43,45].



In this paper, the results of experimental investigations on the orientation of NLC molecules within various PDMS structures are presented. More precisely, the PDMS architectures fabricated using molds obtained by different techniques, including 3D printing, photostencil film processing, micromilling, and eventually photolithography, are considered. These efforts aim to better understand and determine LC orientation in PDMS as an essential part of creating novel optofluidic systems, introducing further research on LC:PDMS photonic structures. Indeed, it should be remembered that the necessary condition for receiving and controlling the anisotropic properties of LC material is to obtain a specific ordering of its molecules within the sample volume. Therefore, it is not surprising that structures made of PDMS attract considerable interest, as this material allows, in principle, for the intrinsic vertical orientation of liquid crystal molecules (with no orienting layers or additional processes required). This hypothesis agrees with the experimental results shown in the literature on the occasion of the intensive studies performed on the determination of the LC molecular arrangement in dynamic (flow) and static conditions in PDMS cells and in microchannels [38,40,44]. However, the main aim of our work is to check how the technology of PDMS-based structures’ fabrication (and thus the quality of the PDMS surfaces) influences the alignment conditions. The latter significantly impacts the physical properties of liquid crystalline material and the electrooptical characteristics of related possible photonic devices. It means that the molecular arrangement must be strictly determined and controlled no matter what method is used to fabricate repeatable, high-quality LC-based devices of precisely specified characteristics. Unlike the studies shown in [40,44], our LC:PDMS microchannels are targeted to be used eventually as waveguides. For this reason, their quality must meet different standards than those required in typical microfluidic systems. Therefore, it seems reasonable to perform analyzes concerning the orientation of liquid crystal molecules in microstructures fabricated using cheaper technologies. Even if liquid crystalline waveguides in a PDMS arrangement have been previously investigated, their fabrication process has been exclusively limited to the photolithographic technique, with no particular studies dedicated to the determination of the conditions favoring the orientation of molecules on the PDMS surface [35]. With such a motivation of our work, the mutual presentation and comparison of different fabrication technologies is the main point of this paper’s novelty. It allows for qualitative and quantitative data to be collected, leading to the benchmarking of available fabrication methods and emphasizing that the attention of this work has been devoted to the investigation of the possibilities of using various technologies for LC:PDMS waveguide creation. Several geometries of LC:PDMS structures, featuring a novel approach for electric field applications, have been analyzed. Specifically, using microchannels filled with an electrically conductive fluid to control LC molecular orientation is an innovative solution proposed in this paper. This feature is far more advanced than the previously studied LC:PDMS waveguiding structures with electrodes made of sputtered ITO [43] or gold deposited on PDMS by electroplating technique [37]. Besides their lack of stiffness and brittleness, electrodes in the form of microchannels (of almost any shape) filled with an eutectic gallium–indium alloy may be placed in the close vicinity of the LC channel. Because the possibility of the electrical control of the LC molecular orientation is not the main topic of the present work, detailed results on this subject (including electrodes of different, complex geometries) are reported in a future publication.




2. Materials and Methods


2.1. Mold Manufacturing


In this work, the LC molecular alignment within LC:PDMS structures was analyzed to check whether it is the same for molds made by three relatively simple methods (i.e., capillary film processing, 3D printing, and micromilling) and for the molds obtained in the photolithography process. Because a detailed description of low-cost fabrication techniques, including images of the molds’ textures, was presented in a previous paper [9], only the essential information is shown here.



Whatever approach is adopted, the microstructure’s design with computer-aided design (CAD) software (e.g., AutoCAD) and the fabrication of suitable masks (except for micromilling and 3D printing techniques) are the first steps to initiate the mold manufacturing processes.



A translucent film was used to create the PDMS cells of the required thickness (analogical to typical sandwich-type LC cells made of glass plates), and to obtain the microchannels in the PDMS slab. This commercially available material, also known as capillary or photostencil film, is offered in many different thicknesses down to 15 microns, depending on the supplier. Microfluidic structures with minimum widths of 50 µm are accessible with this technology, while narrower patterns tend to peel off during development. The Chromaline Super PHAT 200 film from the IKONICS Corporation was used in this work (where the number in the product name corresponds to the film thicknesses). It consists of two parts, one of which is a photographsensitive emulsion layer and the other is a polyester support. The latter allows for the attachment of an appropriate piece of capillary film to the glass substrate. The photographsensitive layer of the capillary film was exposed through a negative mask (printed on a transparency film using a high-resolution laser plotter) to UV light (100-W Analytik Jena UV light-curing lamp with a wavelength of 365 nm and an intensity of about 20 mW/cm2 for 2 min). Only the area where the mask is transparent was hardened by the UV radiation, and then the uncured capillary film was carefully washed out, leaving the convex structure of the mold. Drying the mold was the final stage of the fabrication process, taking less than 1 h in total. Our experiences showed that the master of this type is basically disposable, which is not the case for the SLA 3D printing which was also tested to obtain molds with a specific geometry. Specifically, the Form 2 desktop 3D printer with a standard clear resin (RS-F2-GCL-04) from the Formlabs Company was applied. Starting with a CAD model sent to the printer software, by optimizing the printing parameters (i.e., a single layer thickness of 25 µm and a laser spot size of about 140 µm in diameter), it was possible to produce molds with satisfactory-quality surface finish and pattern features. After a few hours of solidifying the resin layer by layer, the mold with a height of about 200 µm was cleaned with isopropyl alcohol. Using the highest possible printing resolution did not avoid the inhomogeneities of the mold structure manifested by the subsequent layers of the resin distinguished on its walls and by its upper surface roughness caused by the laser beam shape. This implies that the better quality and repeatability of the mold may be achieved by mechanical micromilling in poly(methylmethacrylate) (PMMA) material, keeping the fabrication process within a similar timeframe of several hours. For this purpose, high-precision equipment (Mini-Mill/3 from Minitech Machinery Corporation with Kyocera endmills) was used. The relevant milling conditions—including the spindle rotational speed, feed rates, and axial depths of cut—were identified in order to enhance the surfaces’ quality and obtain the micro-scale features in the PMMA mold. The main milling process was performed with the 0.5 mm diameter endmill (a feed of 500 mm/min with a step of 0.05 mm), and the final surface was processed using a 0.05 mm-diameter endmill (a feed of 500 mm/min with a step of 0.01 mm). The mold could be immediately used after cleaning from the material residue, while no burrs were visible on the sides of the drilled channels. Their walls, with the retained (and sharp) edges, were almost perpendicular to the base. The higher roughness was found at the upper surface of the mold, showing periodic unevenness related to the tool geometry, but it seems to be completely negligible in further applications. The height of the convex pattern obtained in PMMA was about 200 μm, and the mold itself could be used more than once. Completing the list of cheap and simple fabrication techniques, we come to photolithography, one of the most reliable methods in terms of mold quality. In this case, the master was made of SU-8 25 negative photoresist (Kayaku Advanced Materials, Inc., Westborough, MA, USA), providing a high-aspect ratio with nearly vertical sidewalls and superb chemical and temperature resistance. A standard process, including (i) substrate preparation (6″ silicon wafer cleaned, dried, and baked at 200 °C for 5 min on a hotplate for dehydration); (ii) SU-8 static dispension (8 mL, which gives approximately 1 mL per inch of substrate diameter); (iii) spin coating (spread cycle: ramp to 500 rpm at 100 rpm/s acceleration for 7 s; spin cycle, i.e., ramping to a spin speed of 1700 rpm at an acceleration of 300 rpm/s and holding for a total of 30 s); (iv) soft baking (on a closed hotplate at 95 °C for 6 min); (v) i-Line UV light exposure (through a 4″ square chrome mask in 1:1 contact mode with an exposure energy of 180 mJ/cm2); (vi) post-exposure baking (two-step contact hotplate process with a PEB time of 1 min at 65 °C and 6 min at 95 °C); (vii) SU-8 develop (immersion for about 3 min in a dedicated SU-8 developer to dissolve the unexposed part of the photoresist); (viii) rinsing (for about 30 s with the fresh developer); and (ix) drying (with a stream of pressurized nitrogen), resulted in a mold with a height of about 30 µm. The master could be used repeatedly to prepare the PDMS structures without compromising their quality.




2.2. LC:PDMS Structure Manufacturing


The PDMS structures were obtained by the cast-molding method (with the main steps presented in Figure 1a–d), in which the convex micropattern from the master mold was replicated in the polymer material. Different molds were used as was extensively described in the previous subsection. Each mold was cleaned with distilled water, dried with compressed air, and then placed in a plastic Petri dish (Figure 1a). The PDMS was prepared by mixing the prepolymer (SYLGARD™ 184 Silicone Elastomer Base) with the crosslinker (SYLGARD™ 184 Silicone Curing Agent), both from Dow Corning, in a weight ratio of 10:1 [18]. The prepared mixture was degassed in an extractor with a vacuum pump and then poured into a previously prepared form with a mold (Figure 1b). The PDMS was cross-linked at 75 °C for 90 min. After cross-linking, the PDMS was detached from the mold, resulting in a structure with a concave pattern (Figure 1c). The PDMS’ elastomeric property allows for the peeling off of the mold without damaging the microstructures. At this stage of the fabrication process, the elastomer sample was immersed in liquid nitrogen to drill the vertical inlets and outlets in the outermost parts of the microchannels. The next step was to permanently bond the PDMS structure to the flat substrate, i.e., either a glass plate or an additional PDMS slab (Figure 1d). In both cases, the procedure of preparing the components for their joining was identical. Firstly, the PDMS layer with a concave pattern and the support (PDMS or glass) were washed with detergent, thoroughly rinsed with distilled water, and dried with compressed air. Next, the surfaces of both layers prepared for bonding were activated with plasma (using a low-pressure Atto Plasma Cleaner from Diener Electronic) for 20 s at a reduced pressure (stabilized at 0.3 mbar) and under oxygen conditions. After removing this from the chamber, the plasma-activated elements were merged to form a complete microstructure. Its two alternatives, differing by the substrate and hereafter referred to as a PDMS:PDMS or PDMS:glass structure, respectively, were ready to be filled with liquid crystalline material. Exemplary geometries of the samples are shown in Figure 1(e1–e3).



A typical nematic liquid crystal, namely 4-cyano-4′-n-pentyl-biphenyl (5CB) and the E7 nematic liquids mixture, both commercially available from Merck, were used for the tests. Such substances’ physical and chemical parameters are well-known and widely described in the literature [46,47,48]. Liquid crystalline materials in the nematic phase (i.e., at room temperature) were injected through vertical inlets into the PDMS structure using syringes with a 0.4 mm needle.



The microchannels were filled with NLC using a syringe with a 0.4 mm needle to put a droplet into the inlet. The liquid crystal was in an anisotropic phase at a temperature of about 20 °C. The process of the structure infiltration did not consider any additional forces other than spontaneous infiltration using the capillary forces.



In order to study the electric field influence on LC molecular orientation, the LC:PDMS systems were featured with electrodes (see Figure 1(e3)) in the form of microchannels filled with the high-purity eutectic gallium–indium (EGaIn, from Sigma-Aldrich). This electrically conductive fluid metal (with a resistivity of 29.4 × 10−6 Ω·cm) comprises 75.5% gallium and 24.5% indium by weight. Its low viscosity and rheological properties at room temperature allow for the formation of metal electrodes within the microchannels with adequate cross-sectional dimensions [49].




2.3. Optical Measurements and Observations


A digital microscope (KEYENCE VHX 5000) with a universal zoom lens VH-Z20 (20–200×) and a long-working-distance, high-performance zoom lens VH-Z50 (50–500×) was used for the observations, dimensional measurements, and the capturing of high-resolution images (1600 × 1200 pixels in the standard and 4800 × 3600 pixels in the stitching mode). The LED transmitted lighting could be used in conjunction with reflected illumination from the lens. The light from each source can be adjusted independently, making it possible to perform observations with an optimum balance of light intensity. The polarization observation setup included in the system allowed for standard polarizing microscope (POM) measurements with white light transmitted through the sample placed between crossed polarizers (see Figure 2m). In addition, a polarization optical microscope (Zeiss Jenalab POL) with a Bertrand lens (introduced between the analyzer and the ocular) was used to obtain the conoscopic images in the PDMS:PDMS cells. The conoscopic technique helps to identify the exact nature of the surface anchoring in the LC samples.





3. Results


3.1. PDMS:PDMS Cells with Different Liquid Crystalline Materials


The initial stage of the experimental studies was devoted to the confirmation of the NLC molecular alignment at the PDMS surfaces. For this purpose, the PDMS:PDMS cells were assembled in an analogical way, as is carried out in the typical glass-plate-based LC cells used for the testing of liquid crystalline components and materials. Due to the elasticity of the host material and the possibility of the entire structure collapsing, several types of cells with sub-pillars of different shapes were designed. Additionally, the pillars prevented any change in the cell gap over its total area. The molds for these PDMS:PDMS structures were made using a UV-cured photostencil film of the thickness of 200 µm. Two exemplary empty cells with concentric semi-circular and rectangular sub-pillars are shown in Figure 2a,i, respectively. Many other geometries were also tested, giving no evidence of the sub-pillars’ influence on long-distance ordering. The dimensions of the central part of the structure were approximately 9.3 × 9.3 mm. The photographs do not show the two side channels with inlet/outlet holes to provide liquid crystalline material. The PDMS:PDMS cell from Figure 2a was filled with a 5CB nematic liquid crystal at a temperature of about 20 °C. This anisotropic liquid enters the cell almost spontaneously, filling up its entire volume of about 17 µL in 10 s (see Figure 2b). The chronological changes in the molecular orientation for 5CB NLC, visualized by the polarizing microscope (POM) images, are presented sequentially in Figure 2b–h. The time elapsed since complete infiltration of the LC cell and the angular orientation of the polarizer and analyzer axes are indicated in each photo. It is worth noting that the initial flow-induced perturbed planar molecular arrangement, with disclination points and lines (Figure 2b–d), was eventually transformed into the homogenous one (see Figure 2e,f) taken 40 min after infiltration). The light transmittance in the central cell area (and in the middle of the side channels) is at the same minimal level for the LC cell edge aligned at any angle to the crossed-polarizer axis. Moreover, for the specific angular positions of the cell, i.e., at 0 degrees (Figure 2e) and 45 degrees (Figure 2f), the minimal and maximal light transmittance in the close vicinity of the cell walls were obtained, respectively. Some defects in the structures (mainly related to the irregularities in the mold surfaces) did not influence the test results. The observations confirmed the homeotropic (vertical) alignment of 5CB NLC molecules in the PDMS:PDMS cell. It was then checked every few days over a long time. Pictures of the same sample infiltrated with 5CB NLC taken after 21 days (Figure 2f,g) proved the maintenance of the molecular orientation despite the leakage of LC material from the cell. Analogical experimental work was performed on the PDMS:PDMS cell with rectangular pillars (Figure 2i) filled with E7 nematic liquid crystal mixture. The final molecular arrangement was established about 1 h after the infiltration (Figure 2j,k). However, the vanishing boundaries between different regions with the flow-induced and the pillar-forced orientation could be identified until that time. Eventually, vertical alignment on the PDMS surfaces was achieved, leading to the homeotropic arrangement in the entire PDMS:PDMS cell volume. The latter finding was confirmed by the conoscopic examination of the central part of the PDMS:PDMS cells with the exemplary image presented in Figure 2l. The cross arms were parallel to the polarizers’ axes, and remained unchanged when rotating the sample on the microscope stage.




3.2. LC Orientation in PDMS:PDMS and PDMS:Glass Microstructures


After confirming the vertical alignment (VA) of the NLCs on the PDMS surfaces in the bulk cells, further experimental tests were performed to study the LC molecular orientation depending on the molds used to fabricate the PDMS:PDMS and PDMS:glass microstructures. The names of the technologies applied for the molds’ fabrication are used as the subsubsections. With no significant differences in observations for the various liquid crystalline materials examined therein, the results for only one of them are reported below. If it is not explicitly denied, the results were obtained regardless of the LC material applied.



It is worth noting that a planar orientation (with long molecules’ axes ordered along the canal axes) was achieved in the initial phase of the infiltration process. Such a flow-induced molecular arrangement was then eventually changed if the VA on the PDMS surfaces became dominant.



3.2.1. 3D Printing


Despite our previous tests indicating the roughness of the SLA 3D-printed molds [9], studies on the LC molecular orientation were undertaken due to this fabrication method’s simplicity. The 3D printing can be performed apart from additional equipment or initial preparations. The process does not require mask fabrication, precise equipment operation, or access to sophisticated laboratory facilities. Specifically, a microchannel structure with a cross-section of 200 × 200 μm was designed. Due to the type of resin applied, the mold was slightly deformed in the areas between the channels. Moreover, the structure measurements confirmed the increased dimensions of the microchannels to 240–260 µm in width. After about 5 min from infiltration (with the volumetric flow rate varying in the range of 0.7–1.8 µL/min), the orientation of the E7 NLC molecules was as shown in Figure 3a,b along the entire length of the 10-mm-long microchannel in the PDMS:PDMS structure. The area where the molecules could be oriented perpendicularly to the bottom layer of the PDMS channel was relatively narrow. This is related to the value of the channel aspect ratio (high/width, h/w) being close to one for which the anchoring contribution from the side walls matched up to the contribution from the top surface (please refer to the results of the numerical simulations shown in Figure 6(k1–k3) for guidance). Nevertheless, the firmly rounded edges on the upper part of the channel and the inclinations of highly imperfect sidewalls towards the substrate plane did not allow a perfect VA alignment at the PDMS-LC intersections. The polarizing optical micrographs in Figure 3a,b show high irregularities in the molecular arrangement obtained in the channel. In addition, the orientation became totally random three days after infiltration, which was manifested by the scattering of light by the defects and spatial variation in the transmitted light intensity (see Figure 3c). Replacing the substrate with a glass plate did not change the quality of the LC molecular arrangement.




3.2.2. Micromilling in PMMA


Our previous research showed that micromilling in PMMA might be an accurate method to obtain molds with suitable geometrical parameters [9]. Particular attention should be paid to the undistorted sidewalls, which are almost perfectly perpendicular to the base surface. Another advantage is the potential to create complex structures. One of the many tested approaches was the trial samples with five different channels fabricated on both PDMS and glass substrates. The channels’ widths were 50, 100, 150, 200, and 250 µm, respectively (see Figure 4a). Two perpendicular channels were used as interconnectors, and the full structure was terminated with four openings (not shown in the photo). This arrangement ensured the air-bubble-free infiltration of the entire length of the channels tested. The photographs in Figure 4 were taken for the whole structure filled with E7 NLC, and when the flow of the liquid crystalline material was terminated. Upon the closer examination of the POM images at 0 and 45 degree angles to the polarizers’ axes, discontinuities in the LC orientation with the disclination points were visible. This was particularly emphasized in the vicinity of the channels’ interconnectors. Moreover, the segments with different molecular arrangements along the channels could be distinguished. Identical orientation along the entire length of the channels was not achieved. This conclusion was reached for both the PDMS:PDMS (Figure 4a–f) and PDMS:glass (Figure 4g,h) structures of the leader type. Specifically, the POM image of the molecular orientation escape in a microchannel with the aspect ratio equal to one, resulting in a single singularity at the channel center, is shown in Figure 4e,f. It is worth underlining that the microchannel itself is of much better quality than that described in the Section 3.2.1 (please see the photographs in Figure 3a,b for comparison), indicating a much better quality of the micromilled mold. The higher integer singularities were also observed in this channel due to the same tendency of the molecules to orient orthogonally to the sidewalls and to the top wall. The design of the sample with a single channel was also tested to resolve whether the above observations were not the result of the structure’s geometry and complexity. In particular, a 200-µm-wide microchannel made in the PDMS:glass architecture was studied. After the channel infiltration (with the volumetric flow rate in the range of about 1.5–4.0 µL/min), a consistent orientation along the entire length of the channel was eventually achieved. Figure 4i,j shows polarizing optical micrographs of the equilibrium orientation of the LC molecules, which can be perturbated by the flow. Unfortunately, a complete lack of molecular alignment was observed a few days after the filling of the structure (see Figure 4k).




3.2.3. UV-Cured Photostencil Film Processing


UV-cured photostencil film processing was the last non-photolithographic technique of mold fabrication to be tested for its ability of LC molecular alignment in the microchannels. The microchannel to be tested in the PDMS:glass architecture was designed to be 200 µm high and 200 µm wide. A much wider channel with a flat top but highly distorted sidewalls was achieved. After putting the LC material into the inlet, the planar molecular alignment was initially achieved for the volumetric flow rate varying in the range of 0.6–1.8 µL/min. Although material imperfections were visible near the sidewalls of the channels, the homeotropic alignment in the central part of the channel was achieved after 5 min from infiltration with E7 NLC. This observation may be confirmed by the photographs shown in Figure 5. Analogical results were obtained in the PDMS:PDMS structure when the PDMS layer was used as the substrate in place of the glass plate. The molecular orientation in the microchannels fabricated using the UV-cured photostencil film remained stable for days.




3.2.4. Photolithography with the Use of SU-8 Negative Photoresist


The final phase of the studies to evaluate the ways in which the mold manufacturing technology affects the orientation of the liquid crystal molecules within PDMS microstructures was to analyze the structures made from the SU-8 master. As was already mentioned, homeotropic alignment in PDMS microstructures, obtained thanks to the photolithographic processing of the mold, has been widely reported in the literature. A particular structure containing eight microchannels of different widths—20, 30, 40, 50, 100, 150, 200, and 250 µm—was created (see Figure 6a–d) to validate these reports. Due to the parameters of the technological processes, the height of the structures made of photoresist on the silicon wafer was about 30 µm. All of the channels were merged with one entrance channel (see, e.g., Figure 6c) and terminated with radially distributed output channels (see, e.g., Figure 6h). The in/outlets were drilled at the beginning/end of each 200-µm-wide in/outflow channel, respectively. Such a design allowed us to get rid of the air bubbles during the infiltration with liquid crystalline material, and to better separate the channels from each other. Having each channel end with its independent outlet should minimize the flow and orientation issues occurring in the ladder-like-shaped structure from Figure 4. The PDMS:glass was filled with 5CB NLC at 20 °C. A slightly different time was required for each channel to be infiltrated entirely with the anisotropic liquid. This is mainly due to differences in the widths and lengths of the individual microchannels. Specifically, the microchannels’ lengths vary from 28 to 30 mm in the central part of the structure where the channels are parallel to each other. The volumetric flow rate between 3 to 30 nl/min was estimated depending on the channel width. The photographs shown in Figure 6a–d were taken about 5 min after introducing the liquid crystalline material to the inlet. Even if flow-induced orientation is still visible within the entrance channel (Figure 6c,d), the molecular alignment is completely established in the tested channels. It is enough to provide the POM images of the two outer sections of the structure because the molecular ordering was unchanged along the whole length of the straight channels. The homeotropic alignment in the central part of the channels’ widths, resulting from the pronounced VA on the top surfaces, is clearly recognizable for the microchannels wider than 40 µm. When the aspect ratio (h/w) increases to more than one (for the narrower channels), the LC alignment on the sidewalls determines the molecular orientation in the channel cross-section. It is clearly visible when analyzing the results of the numerical simulations presented in Figure 6(k1–k3). The latter represents the molecular arrangement inside the waveguide channels, and was determined using a finite-difference relaxation scheme with an assumption of the stiff homeotropic boundary conditions on the PDMS surfaces. The numerical procedure was the same as described in [43]. The perfect VA alignment at all of the PDMS-LC intersections, including the top surfaces and sidewalls of the microchannels, was also proven in an analogical test sample consisting of channels with widths of 10, 20, 25, 30, 35, 40, 45, and 50 µm (Figure 6e–h). This is why the channels are barely visible when aligned along the polarizers’ axes, and the maximum intensity of the transmitted light in the vicinity of the channels’ sidewalls is obtained after rotating the sample by 45 degrees. Additional tests were performed in the PDMS:PDMS system with 50-µm-wide channels of simple (Figure 6i) and more complex (Figure 6j) geometry infiltrated with 5CB NLC. As was previously found, they led to the conclusion that NLC molecules are perfectly vertically aligned on the surfaces inside the PDMS microstructure made from the SU-8 mold. The homeotropic anchoring on the channel walls was found to be stable in time.





3.3. Change in the Molecular Alignment with the Use of an Electric Field


Eventually, studies on the efficient reorientation of the liquid crystal molecules under the influence of an external electric field were performed. For this purpose, the micropattern with three channels (see Figure 7h)—the central one (to be filled with LC) and two side channels (to be injected with metal eutectic Ga-In)—was replicated in PDMS using two molds made of the Chromaline Super PHAT 200 photostencil film and SU-8 photoresist, respectively. The width of each channel was designed to be 200 µm, as was the distance between them. In the case of the first technology, the manufacture of the mold is not so precise, and the main channel was again wider than anticipated. Depending on the mold used for fabrication, the height of the microchannels was about 200 µm and 30 µm, respectively. Both structures were made by bonding the PDMS layer to the glass substrate. The side channels (with the length of 10 mm for the section parallel to the main channel with the liquid crystalline material) were infiltrated with the eutectic gallium–indium using a syringe with a specially prepared needle. A sinusoidal alternating voltage (at the frequency of 1 kHz) was applied to the microstructured electrodes. At the peak-to-peak voltages of 300 V and 150 V, the complete reorientation of the E7 and 5CB NLC molecules (with their long axes aligned with the direction of the electric field) was observed in the first (UV-cured photostencil film) and the second (SU-8) structure, respectively. The electrically-driven change in a molecular arrangement is shown in the POM images given in Figure 7a–f. This effect is particularly evident in the case shown in Figure 7f, where an initial part of the structure is presented with the electrode feeder channel just approaching the main channel. Two regions of entirely different molecular orientation (i.e., homeotropic and planar) were achieved. The disagreements in the voltages applied in both cases (i.e., for structures fabricated using different molds) may be related to the geometrical differences (the different dimensions and aspect ratios of the channels) and unidentical physical properties of the liquid crystal materials (e.g., different elastic constants and electric permittivities). However, only qualitative observations of the changes in the orientation of the liquid crystal molecules under the influence of an electric field were aimed for in this phase of the studies.





4. Discussion and Conclusions


The fabrication of the master mold is undoubtedly the most expensive stage of the cast-molding technique applied for the PDMS-based microstructures’ replication. In photonic systems for which high geometrical resolution is required, photolithography is still preferably used to obtain the best-quality master mold. Such financial investment is particularly uneconomic when new microstructures are designed and pre-tested. In fact, in the initial stage of the development, the better option is to test microdevices fabricated using rapid and cheap technologies with readily accessible materials. Therefore, time-consuming and expensive processes utilizing sophisticated cleanroom facilities and complex technological procedures may be avoided. However, this is only reasonable if all of the cases lead to qualitatively consistent results. In this work, LC:PDMS structures obtained using different technologies were tested for the possibility of obtaining a stable alignment of liquid crystal molecules. A summary of the applicability of the fabrication methods may be found by analyzing the data presented in Table 1. Please note that all of the parameters and descriptions refer exclusively to the structures of the type described in this paper. Some quantitative parameters, such as the deviation of the final PDMS channel width from the assumed one (in the design) and typical size deviations (estimated as the standard deviation from the mean value for many samples of the same type) for a 200-μm-wide channel have been selected, among others, for the benchmarking. When comparing the possible most-diminutive individual mold dimensions (width/height/channels separation), the entire fabrication procedure (with all its subprocesses) must be considered. For example, the process of washing away the uncured material is essential when a capillary film is used for the mold. This may lead to the unwanted damage of the mold or its resizing. Moreover, particular attention has to be devoted to the implementation of the perfect dose of UV light when exposing the film to obtain the channels of the required geometry. In the case of SLA 3D printing, the mold size is greatly affected by the excess resin that solidifies throughout the process, generally widening the channels. This is especially noticeable when the designed separation between the channels is too small. Eventually, the target sizes of PMMA molds are highly dependent on the endmills used. As far as the quality of the LC molecular arrangement obtained in the studied structures is concerned, it should be remembered that each mold fabrication method is characterized by its technology and the material applied, which significantly affects the final surface roughness of the mold. This has been concluded as one of the critical parameters promoting the uniform and stable alignment of liquid crystal molecules. SLA 3D printing and micro-milling were found to be inefficient for this purpose. The molecule anchoring was disrupted, making it hard to determine the LC molecular orientation accurately. Moreover, the appearance of some defects in molecular arrangement when using the samples has been observed. It seems that the application of the photostencil film is straightforward and cheap, which makes it a rapid prototyping method. This allowed for the homeotropic alignment in the center of LC:PDMS channels to be obtained with the LC molecular arrangement being stable in time. However, only relatively simple patterns may be designed, with the lowest possible dimensions of the geometrical features of the sample being far from acceptable for use in optical system applications.



Taking the above into account, one can say that our manuscript contributes to a better understanding of the LC:PDMS operation, and our studies allow for the further optimization of such structures. Nevertheless, photolithography remains unquestionably the best technique for producing the best quality LC:PDMS structures. With the appropriate parameters of SU-8 development and the UV irradiation dose, the transversal dimensions of the mold channels may go down to single micrometers. More detailed results showing the designs made in SU-8 with sizes suitable for light guidance, and with electrodes of more complex shape, are presented elsewhere. The latter was made possible by using the novel approach for electrode fabrication presented in this paper. We believe that it is a first step for the creation of low-cost, high-optical-quality, electrically-driven photonic devices (with no need for LC alignment treatment).
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Figure 1. (a–d) Schematic illustration of the main steps of the PDMS microchannel fabrication based on the cast-molding technique. (a) Master mold with the desired surface pattern. (b) PDMS precursor poured into the mold. (c) Thermally cured PDMS peeled from the mold, with the vertical insets and outlets which were drilled. (d) Pattern PDMS attached to the substrate. Microchannels ready to be infiltrated with LC. (e1–e3) Exemplary samples analyzed in this paper. 
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Figure 2. (a,i) Photographs of the empty PDMS:PDMS cells applied to determine the liquid crystalline alignment on the PDMS surface. Thin PDMS sub-pillars of semi-cylindrical (a) and rectangular (i) shapes are visible in the central part of the cell. (b–h) POM images of the sample infiltrated with 5CB NLC taken after a particular time indicated on the bottom left corner of the photographs. (j,k) PDMS:PDMS cell with E7 NLC inserted in different angular positions between crossed polarizers and observed 60 min after infiltration. The black gridded pattern visible in some photographs is an artifact resulting from a photo-stitching procedure in the digital microscope. (l) Conoscopic image in the central part of the tested cells proving the homeotropic alignment. (m) Scheme of the polarization of the optical microscope. The passage from the typical orthoscopic mode to the conoscopic configuration is obtained by introducing a Bertrand lens between the ocular and the analyzer. 
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Figure 3. Photographs of the single microchannel (260-µm-wide) embedded in the PDMS:PDMS structure made with the 3D-printed mold. The channel observed 5 min after infiltration with an E7 NLC when aligned at angles of 0 degrees (a) and 45 degrees (b) to the crossed-polarizers axes. (c) Image of the same channel taken 3 days later. 
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Figure 4. (a–h) POM images of the microstructures which were designed as the set of channels with different widths (from 50 to 250 µm in steps of 50 µm) and infiltrated with E7 NLC. The PDMS structures were fabricated using the mold micromilled in the PMMA material and then bonded with the substrate made of the PDMS layer (a–f) and the glass plate (g,h) The positioning of the samples with respect to the crossed polarizers is indicated in each photo. The zoom-in panels (c–f) show the middle right (i.e., channels with widths of 150 and 200 µm) and top left (i.e., channels with widths of 200 and 250 µm) parts of the structures, respectively. (e,f) Enlargements of the selected sections of the microchannels demonstrating the flow-induced orientation. (i–k) Images of a 200-µm-wide single microchannel in the PDMS:glass architecture about one hour (i,j) and a few days (k) after infiltration. 
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Figure 5. Microchannel in the PDMS:glass structure fabricated using the UV-cured photostencil film. The channel was infiltrated with E7 NLC and then observed between crossed polarizers. The photographs in the upper row show the entire length of the microchannel. The LC molecules in the central part of the channel are orthogonal to the azimuthal plane, leading to minimum light transmittance when the sample is placed between crossed polarizers (left-hand side). No change of transmitted intensity is observed when rotating the sample except in the vicinity of the channel walls (right-hand side). 
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Figure 6. (a–h) The PDMS:glass-based sets of test microchannels of different widths infiltrated with 5CB NLC and observed under the polarizing microscope. Details related to channel dimensions are given in the text. (i,j) POM images of the 50-µm-wide channels of different geometries obtained in the PDMS:PDMS architecture using the SU-8 mold. The scale bars are 100 µm in all of the photographs. (k1–k3) Results of the numerical simulations showing the LC molecular arrangement (determined by the orientation angle θ in the x–y plane) in the microchannels’ cross-sections with different aspect ratios (h/w). 
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Figure 7. (a–f) Change in the molecular orientation obtained in the central liquid crystalline channel due to the electric voltage application through fluid eutectic Ga-In electrodes (in the form of two side channels, the edges of which are marked by the dashed lines in the photographs from the POM). Tests were performed in the PDMS:glass samples fabricated by photostencil film processing, h/w ≈ 1 (a–d) and SU-8 photolithography, h/w ≈ 0.15 (e,f). More details about the liquid crystalline materials and voltages applied may be found in the text above. (g) Photograph of the part of the structure taken with reflected illumination, demonstrating the sample geometry (with the side channels infiltrated with EGaIn). (h) Photograph of the actual PDMS:glass system with two additional electric wires allowing for the electric biasing of the sample. 
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Table 1. Comparison of quantitative and qualitative parameters describing the mold fabrication techniques applied in this paper.
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Mold

Fabrication Technique

	
Exemplary

Microchannels

Widths, w

	
Max.

Deviation

from

Assumed

Widths

	
Typical Deviation 1

	
Lowest Possible Dimensions 2

(w/h/s) [μm]

	
Fabrication Time 3

	
Mold Quality 4

	
Liquid Crystal

Orientation 5






	
Photographstencil Film

(ChromalineSuper

PHAT 200)

	
200 μm

	
20%

	
15 μm

	
150/200/300

	
0.5 h ÷ 1 h

	
Size deviations and

wall irregularities

	
∼Homeotropic




	
SLA 3D Printing

(FormLabs 2)

	
200 μm

	
25%

	
25 μm

	
170/25/300

	
1 h ÷ 4 h

	
Size deviation

and uneven surface

(texture)

	
High irregularities

in the molecular

arrangement




	
Micromilling

in PMMA

	
50 μm

	
50%

	

	
50/25/20

	
1 h ÷ 4 h

	
Nearly perpendicular walls,

visible pattern from endmills

	
Difficult to specify, perturbated by the flow




	
100 μm

	
30%

	




	
200 μm

	
15%

	
5 μm




	
Photolitography

(SU-8)

	
20 μm

	
5%

	

	
5/7/10

	
∼1 h

	
Smooth surface,

perpendicular walls,

sizes close to assumed

	
Homeotropic




	
200 μm

	
5%

	
3 μm








1 w = 200 μm. 2 w/h/s are acceptable width/height/channel separations for which significant deviations from the assumed dimensions are not observed. 3 Related only to the mold fabrication process; does not include the time required for the design and the mask manufacture. 4 Related to the surface quality and perpendicularity of the channel walls. 5 In the samples of the type described in this manuscript, with no evident influence of (i) the sample filling conditions and (ii) the substrate type on the obtained results.
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