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Abstract

:

Accurate analysis of the resin filling process into the mold cavity is necessary for the high-precision fabrication of moth-eye nanostructure using the ultraviolet nanoimprint lithography (UV-NIL) technique. In this research, a computational fluid dynamics (CFD) simulation model was proposed to reveal resin filling behavior, in which the effect of boundary slip was considered. By comparison with the experimental results, a good consistency was found, indicating that the simulation model could be used to analyze the resin filling behavior. Based on the proposed model, the effects of process parameters on resin filling behavior were analyzed, including resin viscosity, inlet velocity and resin thickness. It was found that the inlet velocity showed a more significant effect on filling height than the resin viscosity and thickness. Besides, the effects of boundary conditions on resin filling behavior were investigated, and it was found the boundary slip had a significant influence on resin filling behavior, and excellent filling results were obtained with a larger slip velocity on the mold side. This research could provide guidance for a more comprehensive understanding of the resin filling behavior during UV-NIL of subwavelength moth-eye nanostructure.
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1. Introduction


The moth-eye nanostructure has been widely used to reduce the surface reflection on optoelectronic products, such as liquid crystal display (LCD) [1,2], solar cell [3,4], image sensor [5], etc. Inspired by nature, the moth-eye nanostructure is a nipple array, typically of nano-scale height and diameter [6]. Its antireflection performance is closely related to structural accuracy, and therefore high-precision fabrication of moth-eye nanostructure is critical [7]. Among various fabrication technologies, the ultraviolet nanoimprint lithography (UV-NIL) provides an effective solution for the high-precision fabrication of moth-eye nanostructure [8,9], which mainly includes liquid resin filling into the mold cavity and UV-curing process. The filling process is core during UV-NIL of moth-eye nanostructure, which determines the final forming accuracy, so an accurate analysis of the resin filling behavior is necessary [10,11]. However, the moth-eye nanostructure is generally tens to hundreds of nanometers [12,13], and it is quite difficult to analyze the resin filling behavior through the experimental method. Therefore, numerical simulation is commonly adopted to investigate the resin filling behavior in micro/nano-scale [14,15].



Various researches have been carried out to investigate the resin filling behavior in the UV-NIL process. Kim et al. [16] studied the effects of contact angle and aspect ratio on the resin filling behavior, and it was found that complete filling occurred when the contact angle on the vertical wall was as low as that on the substrate. Lai et al. [17,18] investigated the effects of process parameters on bubble defects during roll-to-roll ultraviolet nanoimprint lithography (R2R UV-NIL) of the micro-pyramid array. Tian et al. [19] proposed a simulation model to predict the electrically induced pattern formation, which considered the effects of electrostatic force-assisted and electrocapillary force-driven. Nagaoka et al. [20] studied the resin filling characteristics under a condensable gas ambient, and it was found the gas ambient had a significant impact on the resin filling behavior. Shibata et al. [21] established a simulation system to investigate the UV-NIL process, which was composed of the resin filling module, optical-intensity distribution module, mechanical properties module and shrinkage module. Ye et al. [22] analyzed the generation mechanism of bubble defects in the R2R UV-NIL process.



Although various researches have been reported to analyze resin filling behavior, the moth-eye nanostructure is generally tens to hundreds of nanometers and boundary slip has a significant effect on the filling behavior at this scale [23,24]. Few simulation studies have been reported considering the effect of boundary slip. The computational fluid dynamics (CFD) simulation is an effective method to predict the behavior of liquids and gases in an intelligent way, which is widely used in aerospace, automotive, energy and other fields. Therefore, a CFD simulation model was proposed in this paper, which considered the effect of boundary slip. Based on the proposed model, the effects of process parameters and boundary conditions on resin filling behavior were investigated. Besides, the simulation results were also compared with experimental results, and good agreement was found. This research could provide guidance for the accurate analysis of resin filling behavior during UV-NIL of moth-eye nanostructure.




2. Numerical Modeling


2.1. Physical Model


Figure 1a shows the schematic diagram of resin filling process during UV-NIL of moth-eye nanostructure, where v is flow velocity of the resin, d the diameter of moth-eye nanostructure, h the height of moth-eye nanostructure and L the resin thickness. The imprinting mold for moth-eye nanostructure is 90 nm in diameter and 180 nm in depth, as shown in Figure 1b. A simulation model was built to investigate the resin filling behavior during UV-NIL of moth-eye nanostructure using the commercial program, ANSYS-Fluent, and the following assumptions were made to simplify the simulation process.




	(1)

	
As shown in Figure 1b, the moth-eye nanostructure was rotationally symmetric, and therefore the simulation model was simplified to a two-dimensional model.




	(2)

	
The resin filling process was assumed as an incompressible steady laminar flow during UV-NIL of moth-eye nanostructure [16,25].




	(3)

	
The resin was assumed as an incompressible Newton fluid [20,26].




	(4)

	
It was assumed that the resin flowed into the gap between the mold and substrate from one side at a certain speed and out from the other side [25].










2.2. Material Parameters


The material parameters could obviously affect filling behavior, so an accurate setting of material parameters in the simulation model was necessary. Two kinds of materials were included in the simulation model, that was air and resin. As one common material, the material parameters for air were chosen from a database in ANSYS-Fluent software (R15.0). The resin for fabrication of moth-eye nanostructure was a radical curing system developed by Jiangsu Kangde Xin Composite Material Co., Ltd. (Suzhou, China) [7,27] and its material parameters were obtained through experimental characterization, including viscosity, surface tension and wettability.



Figure 2 presented the viscosity property at different temperatures, which was obtained using the rotary viscometer (DV2T, Brookfield, Middleboro, MA, USA). It was found that the resin viscosity decreased as the temperature increased. When the temperature was raised from 25 °C to 65 °C, the resin viscosity was reduced from 322.3 mPa·s to 45.6 mPa·s. This phenomenon could be attributed to the thermal motion energy of polymer molecules that was larger with a higher temperature, which made the liquid internal pores increase in both number and volume, so the resin fluidity was better [18].



Figure 3 displayed the surface tension at different temperatures, which was obtained with a surface tension tester (K100, Kruss, Hamburg, Germany) and Wilhelmy method. The temperature was set as 25 °C, 50 °C, 75 °C, respectively. As shown in Figure 3, the surface tension varied from 29.0 mN/m to 25.0 mN/m as the temperature was raised from 25 °C to 75 °C. The reason for this phenomenon was that the thermal motion became more intense inside the liquid, and the distance between molecules increased when the temperature rose, which caused the gravitational pull from the surface molecules to decrease accordingly. Moreover, the density of the gas phase and the gas stress relative to the surface molecules increased when the temperature rose. The two effects worked together, which caused surface tension to decrease at high temperatures [17].



Figure 4 gave the contact angle measurements, which were obtained using the contact angle measuring instrument (DSA30, Kruss, Hamburg, Germany). The volume of the droplet for contact angle measurements was 3 µL. In order to ensure accuracy, at least five different positions were chosen to measure the contact angle on each sample surface, and the average of all measurements was taken as the contact angle of the sample surface. Based on the measurements, the contact angle between resin with mold and polyethylene terephthalate (PET) substrate was 21.5 ± 1.8° and 28.3 ± 2.1°, respectively.



Based on the experimental characterization above, the parameters in the simulation model were set as Table 1.




2.3. Boundary Conditions


Figure 5 presented the boundary conditions in the simulation model. As shown in Figure 1a, the resin flowed into the gap between the mold and substrate from one side at a certain speed and out from the other side. Therefore, the left side was considered to be the resin inlet, and the boundary condition was set as velocity inlet. The right side was considered to be the resin outlet, and the boundary condition was set as outflow. The top side was the impermeable mold surface, and the boundary condition was set as a wall. The bottom side was impermeable PET substrate, and the boundary condition was set as a wall. According to whether the slip occurred, the wall boundary condition could be further set as no-slip wall and slip wall.




2.4. Mathematic Equations


The Navier–Stokes equation was used to describe the resin flow behavior. Mass conservation was given by


    ∂ u   ∂ x   +   ∂ v   ∂ y    =  0  



(1)




where u was the velocity in x direction and v was the velocity in y direction.



Momentum conservation was given by


  ρ   u   ∂ u   ∂ x    +  v   ∂ u   ∂ y      = −    ∂ p   ∂ x    +  μ (    ∂ 2  u   ∂  x 2     +     ∂ 2  u   ∂  y 2    )  



(2)






  ρ   u   ∂ v   ∂ x    +  v   ∂ v   ∂ y      = −    ∂ p   ∂ y    +  μ (    ∂ 2  v   ∂  x 2     +     ∂ 2  v   ∂  y 2    )  



(3)




where p was the pressure,  ρ  the fluid density and  μ  the fluid viscosity.



In the simulation model, the air was set as the primary phase, and the resin was set as the secondary phase. The volume of fluid (VOF) method was employed to track the interface between resin and air [28,29]. The VOF function    f  i , j     was defined in the entire flow field, which was the ratio of fluid volume to mesh volume in each mesh. A mesh that did not contain this fluid was called an empty mesh, a mesh that was filled with such a fluid was called a full mesh, and a mesh that contained an interface was called a half mesh. Assuming the calculation area was  Ω  and the fluid area was    Ω l   , the following function was defined:


  f ( x , t ) =      1    x ∈  Ω l       0    x ∉  Ω l         



(4)







The equation     ∂ f ( x , t )   ∂ t   + u   ∂ f ( x , t )   ∂ x   + v   ∂ f ( x , t )   ∂ y    =  0   was satisfied in the flow field, and   V = ( u , v )   was the velocity field. The VOF function    f  i , j     was defined as an integral of   f ( x , t )   on each mesh    I  i , j    .


   f  i , j   =  1  Δ  V  i , j       ∫  f ( x , t ) d V     



(5)







The mesh with    f  i , j   = 1   was full of fluid, the mesh with    f  i , j   = 0   was called the empty mesh and the mesh with   0 <  f  i , j   < 1   was called the boundary mesh. According to the    f  i , j     value, the interface could be constructed.




2.5. Evaluation Method


The filling height was adopted to describe the simulation results quantitatively, as shown in Figure 6. After the filling process was completed, the simulation results were post-processed, and then the resin volume fraction in the mold cavity was derived. According to the cloud image of volume fraction, the interface between resin and air could be extracted. In this research, the height value at the mold center line was defined as filling height.





3. Results and Discussion


3.1. Effect of Process Parameters


Figure 7 showed the effect of resin viscosity on the filling height of the moth-eye nanostructure. In order to ensure one single variable, the inlet velocity and resin thickness were set as 1 × 10−5 m/s and 200 nm. As observed, the filling height decreased as the resin viscosity increased both with no-slip and slip boundaries. The reason for this phenomenon was that as the resin viscosity increased, the viscous resistance increased and less resin flowed into the mold cavity under the same conditions, thereby obtaining a lower filling height. Figure 8 displayed the moth-eye nanostructures fabricated by the UV-NIL process, and geometric characterization was conducted using atomic force microscope (AFM) equipment (Dimension FastScan, Bruker, Karlsruhe, Germany). As presented in Figure 8c, the forming height was acquired through bearing analysis of AFM images. It could be found that the simulation results with slip boundary were more compatible with the experimental results. The experimental results were slightly lower than the simulation heights, which might be caused by the curing shrink of the resin [30,31]. Based on the contrast between simulation and experimental results, the proposed simulation model considering the effect of boundary slip showed high accuracy, which could be used for the analysis of resin filling behavior during the UV-NIL of moth-eye nanostructure.



Figure 9 showed the effect of inlet velocity on the filling height of the moth-eye nanostructure. According to the simulation results, the filling height declined as the inlet velocity increased. It could be attributed to the mold cavity that was closed more quickly as the inlet velocity increased so that the resin volume flowing into the mold cavity decreased, eventually causing the height to decrease. Further analysis showed that a larger filling height could be obtained with slip boundary, which was because the resin near the mold side flowed faster than the substrate side, and more resin could be filled into the mold cavity before the cavity was closed. However, when the inlet velocity was larger than 7 × 10−5 m/s, the filling height was almost the same with both slip and no-slip boundaries. This was because the filling height was affected by the boundary and initial condition simultaneously. When the initial inlet velocity became larger, the influence of boundary slip was weakened, and the final height was mainly affected by the inlet velocity [32,33].



Figure 10 showed the effect of resin thickness on the filling height of moth-eye nanostructure. As observed, the filling height decreased as the resin thickness increased. It was because the resin thickness was adjusted by the imprinting pressure and smaller resin thickness meant a larger pressure. When the resin thickness became larger, the pressure decreased, and less resin was squeezed into the mold cavity, thereby causing a lower filling height. Besides, it was further found that a larger filling height could be obtained with slip boundary, which was because the slip on the mold caused the resin near the mold side to flow faster than the substrate side, and more resin could be filled into the mold cavity to obtain a larger filling height before the cavity was closed.




3.2. Effect of Slip Position


The boundary slip might occur on different positions, substrate side or mold side, and it was difficult to investigate the influence of slip position on filling behavior using the experimental method. Therefore, the effect of slip position on filling behavior was investigated based on the simulation model, as shown in Figure 11. In order to ensure one single variable, the slip speed was set to the same value, which was 2.5 × 10−5 m/s. According to the simulation results, the slip position showed a significant influence on the resin filling behavior, and the forming height was 87.6 nm, 73.2 nm, 54.3 nm and 180 nm with no-slip on both the mold and the substrate, slip on both the mold and the substrate, slip on the substrate only and slip on the mold only, respectively. Based on the results, it was concluded that the solid–liquid interface property had an important influence on the resin filling process, which affected the slip position.



The resin filling evolution process with different slip positions was further investigated, as shown in Figure 12. It could be found that the resin near the substrate flowed faster when boundary slip occurred on the substrate side only, so the cavity was closed more quickly, thereby lowering the filling height. Besides, it was observed from Figure 12d that the resin near the mold side flowed faster when the boundary slip occurred on the mold side only, and more resin could flow into the mold cavity before the cavity was closed, thereby obtaining a larger filling height.




3.3. Effect of Slip Velocity


Figure 13 showed the effect of slip velocity on the filling height of the moth-eye nanostructure. In order to ensure one single variable, the slip positions were all on the mold side only, the inlet velocity was 1.0 × 10−5 m/s, the resin viscosity was 0.1 Pa·s and the resin thickness was 200 nm, respectively. It could be observed that the filling height increased as the slip velocity increased. However, the influence of slip velocity was not significant when the slip velocity was less than 1.0 × 10−5 m/s, while the filling height was significantly affected when the slip velocity was larger than 1.0 × 10−5 m/s. The reason for this phenomenon was that the filling height was affected by the slip velocity and resin inlet velocity simultaneously, and the filling height was mainly affected by the resin inlet velocity when the slip velocity was small while it was mainly affected by the slip velocity when the slip velocity was larger than a certain threshold [32,33].



Figure 14 showed the filling evolution process with different slip velocity, which was 0 m/s, 1.0 × 10−5 m/s and 2.0 × 10−5 m/s, respectively. It was observed that the flow velocity near the mold side increased as the slip velocity increased so that more resin could flow into the mold cavity under the same conditions, thereby obtaining a larger filling height.





4. Conclusions


A CFD simulation model was established to investigate the resin filling behavior during the UV-NIL process of the moth-eye nanostructure, where the effect of boundary slip was considered. By comparison with the experimental results, a good consistency was found, indicating that the simulation model could be used to analyze the resin filling behavior in the UV-NIL process of the moth-eye nanostructure.



Based on the proposed model, the effects of process parameters on filling behavior were analyzed, including resin viscosity, inlet velocity and resin thickness. It was found that the inlet velocity showed a more significant effect on filling height than resin viscosity and thickness. Therefore, choosing a reasonable speed was quite important during the UV-NIL of the moth-eye nanostructure, taking into account the forming accuracy and efficiency comprehensively, which could provide guidance for the UV-NIL experiments of the moth-eye nanostructure.



Besides, the effects of boundary conditions on the mold filling behavior of moth-eye nanostructure were also investigated. It was found that the slip position showed a significant influence on the resin filling behavior and the forming height was 87.6 nm, 73.2 nm, 54.3 nm and 180 nm with no-slip on both the mold and the substrate, slip on both the mold and the substrate, slip on the substrate only, and slip on the mold only, respectively. Moreover, the filling height was affected by the slip velocity and resin inlet velocity simultaneously, and the filling height was mainly affected by the inlet velocity when the slip velocity was small while it was mainly affected by the slip velocity when the slip velocity was larger than a certain threshold. The results could provide guidance for the regulation of solid–liquid interface properties.
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Figure 1. The UV-NIL of moth-eye nanostructure (a) schematic diagram (b) imprinting mold. 
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Figure 2. The resin viscosity at different temperatures. 
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Figure 3. The surface tension of the resin at different temperatures. 
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Figure 4. The contact angle between the resin and (a) mold (b) substrate. 
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Figure 5. Boundary conditions in the simulation model. 
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Figure 6. The filling height of moth-eye nanostructure from the simulation results. (a) the resin volume fraction in the mold cavity, (b) the interface between resin and air. 
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Figure 7. Effect of resin viscosity on the filling height of moth-eye nanostructure. 
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Figure 8. AFM characterization of the fabricated moth-eye nanostructure (a) two-dimensional topography (b) three-dimensional morphology (c) bearing analysis. 
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Figure 9. Effect of inlet velocity on the filling height of moth-eye nanostructure. 
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Figure 10. Effect of resin thickness on the filling height of the moth-eye nanostructure. 
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Figure 11. Effect of slip position on the filling height of moth-eye nanostructure. 
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Figure 12. The filling evolution process with different slip positions (a) no-slip on both the mold and the substrate (b) slip on both the mold and the substrate (c) slip on the substrate only (d) slip on the mold only. 






Figure 12. The filling evolution process with different slip positions (a) no-slip on both the mold and the substrate (b) slip on both the mold and the substrate (c) slip on the substrate only (d) slip on the mold only.



[image: Coatings 11 00799 g012]







[image: Coatings 11 00799 g013 550] 





Figure 13. The effect of slip velocity on the filling height of the moth-eye nanostructure. 
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Figure 14. The resin filling evolution process with different slip velocity (a) 0 m/s (b) 1.0 × 10−5 m/s (c) 2.0 × 10−5 m/s. 
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Table 1. Physical parameters in the filling simulation model.
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	Physical Constant
	Values





	Viscosity of the resin
	0.05~0.35 Pa∙s



	Density of the resin
	1200 kg/m3



	Viscosity of the air
	1.79 × 10−5 Pa∙s



	Density of the air
	1.225 kg/m3



	Surface tension of the resin
	25~29 mN/m



	Contact angle between the resin and substrate
	28.3 × 2.1°



	Contact angle between the resin and mold
	21.5 × 1.8°
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