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Abstract

:

Micro/nano structures with morphological gradients possess unique physical properties and significant applications in various research domains. This study proposes a straightforward and precise method for fabricating micro/nano structures with morphological gradients utilizing single-voxel synchronous control and a nano-piezoelectric translation stage in a two-photon laser direct writing technique. To address the defocusing issue in large-scale fabrication, a methodology for laser focus dynamic proactive compensation was developed based on fluorescence image analysis, which can achieve high-precision compensation of laser focus within the entire range of the nano-piezoelectric translation stage. Subsequently, the fabrication of micro/nano dual needle structures with morphological gradients were implemented by employing different writing speeds and voxel positions. The minimum height of the tip in the dual needle structure is 80 nm, with a linewidth of 171 nm, and a dual needle total length reaching 200 μm. Based on SEM (scanning electron microscope) and AFM (atomic force microscope) characterization, the dual needle structures fabricated by the method proposed in this study exhibit high symmetry and nanoscale gradient accuracy. Additionally, the fabrication of hexagonal lattice periodic structures assembled from morphological gradient needle structures and the size gradient Archimedean spiral structures validate the capability of the single voxel-based fabrication and proactive focus compensation method for complex gradient structure fabrication.
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1. Introduction


Micro/nano structures with morphological gradient variations, such as, micro/nano conical channels, grooves, and needle tips, have extensive potential and value in applications such as ion rectification [1,2], biomimetic membrane pores [3,4], micro/nano fluidics [5,6], droplet manipulation [7,8], micro detection, and sensing [9,10]. This is due to their structural mechanical characteristics, e.g., unidirectional transportation of ions, molecules, and fluids.



There are various approaches to implement micro/nano functional structures with morphology gradient variations, such as focused ion beam etching [11,12], electron beam etching [13,14], chemical self-assembly growth [15,16], microsphere-assisted etching [17,18], nanoimprinting [19,20], and two-photon polymerization laser direct writing (TPP-LDW). For the merits of its mask-free, vacuum environment-free, three-dimensional manufacturing and friendly customization, TPP-LDW has attracted more attention among these techniques. For instance, the research group led by Gu M. utilized TPP-LDW combined with high-precision nano-motion platform scanning to fabricate scale gradient channel structures for biomimetic membrane pore applications. The finest structure features a length of 6 μm, a bottom diameter of 2.4 μm, and a tip diameter of approximately 800 nm [21]. In Venton B. J.’s research, TPP-LDW was utilized to process conical structures on metal wire ends. Subsequently, through carbonization treatment, they produced needle-shaped carbon electrodes with a tip diameter of 260 nm for the detection study of in vivo neurotransmitters [22]. Zahra F. R. et al. obtained scale gradient micro/nano needle structures with a height of 150 μm and a tip diameter of approximately 400 nm by employing TPP-LDW [23]. Similarly, Ana S. C. et al. processed various microneedles, including conical, pyramidal, and cross-shaped microneedle arrays with different heights (900–1300 μm), for drug injection and delivery. The tip diameters of the structures produced are in the submicron range [24]. The group of Cristina P. utilized TPP-LDW to manufacture a topological microneedle array with a length of approximately 30 μm and a width tapering from 9 μm to 2 μm, which enables passive transferring of droplets [25]. However, obtaining structures with morphological gradients in these aforementioned studies was predominantly achieved through point-by-point and layer-by-layer scanning of the laser focus. Due to the reciprocating scanning, the resulting structural dimensions are generally from hundreds of micrometers to sub-millimeters, with a fabrication accuracy that typically ranges from micrometers to hundreds of nanometers. As a response, our research group proposed a continuous gradient structure fabrication method based on single-voxel TPP-LDW combined with one-dimensional inclination angle control of the sample [26]. This method can achieve morphological gradient micro/nano needle structures with a minimum height of 5 nm. However, the method is just tailored for the preparation of unitary needle structures and their arrays, making its application quite limited.



In this study, based on single-voxel TPP-LDW and synchronous manipulation of high-precision nanoscale translation stage motion, an efficient fabrication method for micro/nano dual needle structures (MNDNS) with continuous morphological gradients as well as some complex structures is proposed and demonstrated. Additionally, a fluorescent image analysis-based proactive compensation method (FIAPC) for the focal point was developed to address the issue of defocusing during large-area structure fabrication. Subsequently, the effects of speed and position parameters in the TPP-LDW of MNDNS were investigated, and smooth transitioning of dual needle structures was obtained. The minimum height and the narrowest linewidth can achieve 80 nm and 171 nm, respectively, at the tips of MNDNS. Furthermore, the FIAPC method was employed in the fabrication of a hexagonal lattice composed of triple needles with continuous morphological gradients and an Archimedean spiral structure with height gradient variation. These results demonstrate that the methodology possesses enormous potential in fabricating complex morphological gradient micro/nanostructures on a large scale.




2. Methods


2.1. Setup and Fabrication Process


The TPP-LDW fabrication system is depicted in Figure 1a. In principle, TPP-LDW can be achieved with either a continuous laser [27] or a pulsed laser, as long as the photon density reaches the two-photon absorption threshold, and the concentration of the generated free radicals reaches the polymerization threshold. Typically, pulsed lasers, especially femtosecond lasers, are superior compared to continuous-wave lasers, for the two-photon absorption effect is more easily induced by the high peak power of pulsed lasers. Furthermore, the short pulse width minimizes the thermal effects of the processing area, which result in a higher processing accuracy. Therefore, femtosecond lasers are commonly chosen as the light source for TPP-LDW. This experimental system employed a femtosecond laser (Chameleon Ultra II, COHERENT, Saxonburg, PA, USA) with a tunable wavelength from 680 nm to 1080 nm, a pulse width of 140 fs, and a repetition frequency of 80 MHz. The TPP-LDW system uses 800 nm as the working wavelength due to its highest output power. Along the laser propagation path, a mechanical switch (MS) (SH05R/M, THORLABS, Newton, MA, USA), a dichroic mirror (DM) (DMSP605T, THORLABS) (800 nm HR), and a high-NA flat-field apochromatic objective lens (UPLXAPO100XO, OLYMPUS, Tokyo, Japan) were sequentially arranged. The nanoscale translation stage (NPS) (P-562.6CD, PHYSIK INSTRUMENTE, Karlsruhe, Germany) was used to control the spatial position of the photoresist-coated sample. A safe lamp (SL) at the visible band of 570–590 nm was used for wide-field illumination. The image on the objective focal plane was captured by a CMOS camera (MERCURY2, DAHENG IMAGING, Beijing, China) with the bridging of a reflection mirror (RM) (BB0511-E02, ZERODUR®, Mainz, Germany).



The photoresist used in this study contained 0.5 wt% 7-diethylamino-3-thenoylcoumarin (DETC, EXCITON, Lockbourne, OH, USA) initiator, and the monomer was pentaerythritol triacrylate (246794, SIGMA-ALDRICH, St. Louis, MI, USA). DETC is a commercial photoinitiator that is widely used for general and industrial purposes due to its high molar extinction coefficient and high intersystem crossing coefficient. The monomer (pentaerythritol triacrylate, PETA) from SIGMA-ALDRICH is a highly cross-linked negative photoresist monomer, which exhibits elevated mechanical strength after polymerization. In addition, the formulation and fabrication steps of the DETC-PETA photoresist are straightforward. In TPP-LDW processing, DETC molecules are excited to produce free radicals by simultaneously absorbing two 800 nm photons, which are equivalent to the energy of a 400 nm photon. This implies that for photoresists with a continuous absorption spectrum, the two-photon absorption band should be continuous as well.



The MNDNS fabrication process is illustrated in Figure 1(b1–b4). As shown in Figure 1(b1), at the beginning of the fabrication process, the TPP-LDW focus is located near the interface between the photoresist and the substrate, and the voxel size depends on the laser exposure time. Subsequently, the laser focus remains still, and the NPS platform starts to move along the negative x-axis and the positive z-axis directions simultaneously. As shown in Figure 1(b2), due to the two-photon polymerization effect, a polymerization region forms along the path of the voxel. As the NPS rises in the z-direction, the laser-processed voxel gradually sinks into the substrate, reducing the polymerization region and forming a smoothly transitioning needle structure. When the voxel is about to completely sink into the substrate, the NPS movement along the z-axis changes to the negative direction; then, the laser focus gradually rises from the substrate to fabricate a symmetric dual needle structure. Finally, the shutter is closed to complete the fabrication of MNDNS, and the fabricated structure is shown in Figure 1(b4).




2.2. Focus Self Compensation


However, in the TPP-LDW system with high numerical aperture (NA), the voxel size is extremely small. The lateral width of a voxel in TPP-LDW can change from a hundred nanometers to several hundred nanometers; this depends on many factors, such as laser power, exposure time, two-photon absorption cross section of the photo initiator, diffusion of radicals, numerical aperture of the objective, and so on [28]. While the axial width is usually 2- to 3-fold the lateral width [26]. Therefore, a slight angle change between the objective focal plane and the fabrication substrate may lead to issues such as structural deformation, tilting, or structural collapse while fabricating large-scale MNDNS. Suppose the maximum working range of the NPS is 200 μm, the axial width of the voxel is 2 μm, the center of the voxel is rightly located at the interface of the substrate and photoresist at the beginning of processing, and the angle formed by the focal plane and the NPS is α; therefore, the maximum fault angle that the processing could tolerate is α = ±arctan(1/200) = ±5 × 10−3 rad. The structure will be peeled off or wiped out from the substrate as the angle exceeds ±5 × 10−3 rad. The maximum fault angle is correlated with voxel size; therefore, it changes with the processing parameters. However, the axial width of the voxel is in the sub-micrometer to micrometer range, and the angle, which may influence the fabrication process, is generally at a magnitude of 10−3 rad.



Figure 2 illustrates the impact of the angle between the objective focal plane and the substrate during large-scale MNDNS fabrication. The laser power at the objective entrance pupil is 7.51 mW, the platform movement speed is 20 μm/s, the preset total length of the MNDNS is 100 μm, and the NPS height variation Δz is 0.6 μm. The MNDNS fabrication sequence is from ① to ⑧, with the platform moving along the positive x-axis direction. At the beginning of the fabrication, the voxel is located at the right endpoint of line 1, and the voxel center is located at the interface between the substrate and the photoresist. As shown in Figure 2a, with the above fabrication parameters, the desired dual needle structure of the MNDNS is not achieved. Furthermore, the left endpoints of lines ⑥, ⑦, and ⑧ are collapsed. This is because the substrate on the upper left side is lower than the objective focal plane. During MNDN fabrication, the inclined substrate fills the NPS movement distance along the z-direction, which keeps the laser focus always within the photoresist, thereby preventing formation of the dual needle structures. As the gap between the inclined substrate and the objective focal plane exceeds the scale in the z-axis direction of the voxel, the structure will detach from the substrate, resulting in structural collapse, as illustrated in Figure 2b.



The defocusing of the laser can be estimated by probing the inclination of the platform through laser spot variation during platform movement. Then, the levelness of the NPS can be amended by repeatedly adjusting the mechanical adjustable angle plate to finally become parallel the objective focal plane. However, this method is limited by the mechanical precision of the angle-adjustable device and the operator’s experience, making it difficult to ensure the fabrication accuracy and repeatability of MNDNS. Alternatively, an automatic focusing method could be applied for precise focus calibration. For example, Cao B. X. [29] incorporated a double-spot focus detection system into a laser processing system, which can provide real-time and accurate calculation of the defocusing distance. Subsequently, by controlling a negative lens moving back and forth along the axial direction of the processing optical path, the focal position can be adjusted dynamically to compensate for defocusing, according to the calculation results. However, such defocusing compensation methods in processing systems are relatively complex. Firstly, it requires the coupling of a double-spot detection optical path into the processing system, and it is prerequisite to precisely calibrating the detection optical path with the processing optical path. Additionally, it is necessary to insert a dynamically adjustable negative lens into the processing laser optical path to adjust the axial position of the focus, which also requires precise calibration of the negative lens’ moving distance with the focus shifting. In this study, we developed a fluorescence imaging analysis-assisted focus proactive compensating (FIAFPC) method. First, based on the fluorescence image of the photoresist captured by a CMOS camera, the tilt angle between the objective focal plane and the fabrication plan are quantitatively obtained. Then, utilizing the three-dimensional spatial transformation relationship between the two planes, the compensation amount of the voxel’s position on the fabrication path and the corrected platform running speed can be carried out. Finally, the nanomotion platform can execute corresponding position and speed control during fabrication to achieve accurate and automatic focus compensation.



In the FIAFPC method, the objective focal plane and the substrate plane are initially considered as two two-dimensional planes. To make the two planes coincide in space, it is necessary to measure the defocusing distance of the laser focus in the z-direction during the fabrication, and the rotation angle of the two planes in Euclidean space. Many photoresists can be excited to emit fluorescence through two-photon absorption. As the laser focus gradually shifts from the substrate into the photoresist resin, the photoresist produces a progressively enhanced fluorescence signal. The fluorescence signal is collected by a CMOS camera after passing through a dichroic mirror and a filter (800 nm band-stop filter). Since the intensity of the fluorescence is related to the spatial position of the laser focus in the z-direction, the depth of the current focus inside the photoresist can be inferred by analyzing the performance of the fluorescence intensity. As shown in Figure 3a, a series of fluorescence images is captured by the CMOS camera with the exposure parameter set as 100 ms. At the starting point of the objective focal plane, the image is captured as CMOS_P0; subsequently, images CMOS_Px and CMOS_Py are obtained by moving 200 μm along the x-axis and y-axis, respectively. In practical operation, CMOS_P0 is usually captured as the top of the laser focus just touches the bottom of the photoresist, and the morphology of the processed voxel at this moment is shown as Figure 3a—Voxel_P0. From the images, it can be observed that the fluorescence signal at positions Px and Py is stronger than that of the initial position, indicating an increased proportion of the laser focus entering the photoresist. The processed voxel morphologies at positions Px and Py are shown as Figure 3a Voxel_Px and Voxel_Py, respectively. The corresponding distribution of substrate plane A and objective focal plane B in TPP-LDW fabrication is shown in Figure 3b. To further determine the defocusing amount of the focus, the obtained fluorescence images are processed by frequency domain image enhancement FFT, followed by rejection of periodic noise within the specified range using a band-stop reject filter. Subsequently, inverse Fourier transforms are applied to convert the images into a grayscale image, and nonlinear high-pass filter with Canny edge detection is used to obtain the boundary of the maximum light intensity areas in the image. Finally, the NPS is used to precisely adjust the z-axis height until the edge detection pattern matches with that at the starting point of fluorescence image acquisition P0. As shown in Figure 3b, the differences at the edges of the two planes, h1 and h2, can be obtained. Subsequently, the angles that form between the axes of planes B and A (    θ   x     and     θ   y    ) can be determined.



After determining the tilt of the plane, two methods can be used to compensate for the height difference and make the two planes coincide, which are the spatial projection method and the spatial path rotation method, respectively. As shown in Figure 3b, the projection method directly calculates the z-axis height that should be compensated for the fabricating point based on the plane slope. This method is easy to implement, but it can cause structural squeezing deformation when the tilt is severe. The spatial path rotation method uses position orientation description and a rotation matrix to achieve the relative rotation and translation of the entire fabrication path, thereby ensuring that the structures adhere to the substrate and maintain rotational invariance. Therefore, the spatial path rotation method is used to calculate the compensated path. For ease of description, the spatial Cartesian coordinate system {A} is used where the substrate is located, and the spatial Cartesian coordinate system {B} is used where the fabricating plane (focal plane) is located. Their unit vectors are given as follows:


      A =           x  ^    A             y  ^    A             z  ^    A              B =           i  ^    B             j  ^    B             k  ^    B          



(1)







To describe the mapping of {B} relative to reference frame {A}, a rotation matrix     R      B   A     is introduced so that plane A can align with the substrate coordinates by multiplying this matrix, which is expressed as follows:


    R      B   A   =     R     R o l l            c o s   Head     0   s i n   Head       0   1   0     − s i n   Head     0   c o s   Head             1   0   0     0   c o s   P i t c h     − s i n   P i t c h       0   s i n   P i t c h     c o s   P i t c h         



(2)




where Head is     θ   y    , Pitch is     θ   x    , and Roll is 0, so the     R     R o l l       matrix is the identity matrix E. To ensure rotational invariance and achieve compensation of the fabricating points in three-dimensional space, the modulated path     P       A     matching the substrate coordinates can be obtained through left-multiplying the original fabricating path in the focal plane coordinate system     P       B     by the rotation matrix     R      B   A    , i.e., the following:


    P       A   =   R      B   A     P       B    



(3)







The components in the three-axial direction for each base vector of the modulated path are as follows:


        P  ^      n + 1           A    −        P  ^      n           A   =        Δ   P  ^    x         Δ   P  ^    y         Δ   P  ^    z         



(4)







To achieve coordination of the three axes to reach the target position at the same time, strict synchronization of the laser and platform spatial positions during fabrication is required. The piezoelectric translation stage must reach the predetermined positions in the x-, y-, and z-axis directions at the same time. For this purpose, the velocity components during the fabrication are orthogonally decomposed based on the direction of the piezoelectric translation stage, i.e.,       i   B    ^    and       j   B    ^   . The z-axial velocity     V   z     is calculated according to the travel time and assigned to the stage. The baseline speed V is the expected processing speed that can be set, and its magnitude directly affects the exposure time during processing, thereby changing the linewidth of the manufactured structure. After setting the baseline speed V and obtaining     V   x    ,     V   y     through orthogonal decomposition,     V   z     is assigned based on the travel time along either the x- or y-axis (also the waiting execution time for the nano-positioning stage). The velocity for each axis is shown in Formula (5).


          V   x   = V ∗   ∣   Δ P   x   ∣      Δ   P   x     2   +   Δ   P   y     2              V   y   = V ∗   ∣   Δ P   y   ∣      Δ   P   x     2   +   Δ   P   y     2              V   z   =                  ∣ Δ P   z   ∣       ∣ Δ P   x   ∣     V   x       ,       Δ P   x   ≠ 0                     ∣ Δ P   z   ∣       ∣ Δ P   y   ∣     V   y       ,       Δ P   x   ≠ 0                 



(5)







This proactive focus compensation method does not require additional leveling devices for the positioning platform.



To quantitatively understand the compensation accuracy of the FIAFPC, periodic linear structural processing is performed within the total working range of the NPS (200 μm × 200 μm). The interval of the structures is 5 μm, the laser power at the pupil is 8.04 mW, and the processing speed is 20 μm/s. After proactive compensation based on FIAFPC and determining the interface between the focus and the photoresist base, the NPS is moved downward by 0.3 μm as the starting position for processing. A Chinese character “正” is fabricated as a mark at specific locations, it serves as a square character for relative standards and is commonly used as a position marker for processing. Here, four square marks with a side length of 3 μm are manufactured at the four corners of the processing area, 50 μm away from the edges. The processing results are shown in Figure 4. Figure 4a is the overall SEM image of the linear structural array. It can be observed that the overall integrity of the line structure remains intact without any defocusing or misalignment. To determine the height variation information of the structure, AFM scans were performed at the position of the mark, obtaining three-dimensional morphological profiles at these specific locations Figure 4(b1–b4). From the height slice information, the maximum height is 307 nm, the minimum height is 240 nm, and the average height is     h  ¯  ≈ 272   nm. The standard deviation can be expressed as   σ =    1   N     ∑  i = 1   N        ( h   i   −   h  ¯  )   2      = 21.07  . According to the structural profile from Figure 4(c1–c4), it is seen that the entire height of the structures in Figure 4(c2) is the highest, while the entire height of the structures in Figure 4(c3) is the lowest in the four AFM measuring areas. In other words, there is a slight angle between the processing plane and the objective plane with the FIAFPC. By dividing the height difference between the highest point P1 and the lowest point P2 in Figure 4(c2,c3), respectively, by the distance between them, the angle is approximately 4.65 × 10−4 rad, one order of magnitude less than the angle that may influence the fabrication process. The uncertainty primarily comes from two aspects: one is epistemic uncertainty in the relative height of the fluorescence imaging analysis substrate, and the other is aleatory uncertainty introduced by the movement of the NPS itself.





3. Results and Discussion


The results of large-scale micro/nano structure fabrication based on the FIAFPC method are shown in Figure 5a. The pupil laser power is 9.96 mW, the processing baseline speed is 20 μm/s, and the total processing range is the maximum movement range of the NPS (200 μm). The expected fabrication structures include two square frames, two cross-needle structures with morphology gradients, and two cross structures with different initial heights. As shown in Figure 5a, in the large-scale fabrication within 200 μm2, the FIAFPC method implemented proactive-dynamic compensation of the structures. The linewidth of processed structures is basically consistent, and the cross-structures are symmetric with respect to their centers. This indicates that the fabrication plane completely overlaps with the substrate; therefore, the polymer structure no longer suffers from defocusing issues due to the tilt angle between the focal plane and the substrate.



Figure 5b,c show the variations in the fabricating linewidth when the NPS height rose and the baseline speed increased, respectively. In Figure 5b, the laser pupil power is 7.78 mW, and the fabrication results are obtained by gradually raising the NPS height with a constant processing speed of 10 μm/s (the interface is located at the center of the voxel at the beginning of processing). In this case, the lifting of the NPS results in the gradual immersion of the focus into the glass substrate, so that the voxel involved in the exposure is reduced in morphology, thereby reducing the height and linewidth of the MNDNS. Meanwhile, Figure 5c represents the results obtained by changing the processing speed V without changing the height parameter and laser pupil power. Increasing the fabrication speed means reduction in the exposure, thus the linewidth of the processed structure decreases accordingly (the interface is located at the center of the voxel at the beginning of processing).



Figure 5d shows the linewidth measured using the particle size analysis software Nano Measurer. As can be seen from the existing calibration, either raising the NPS or increasing the fabrication speed could reduce the linewidth. The change in linewidth when raising the z-axis height is more pronounced, which is directly related to the elliptical shape of the voxel (the linewidth decreases rapidly when the substrate is close to the top end of the elliptical voxel). The increase in speed leads to a linear change in linewidth, which means the exposure dose depends linearly on the fabrication speed.



Similarly, the morphological features of MNDNS can be controlled by the processing speed and voxel position (NPS height). Figure 6a,b illustrate the results of MNDNS processing with variations in processing speed and NPS height when the entrance pupil power is constant (P = 7.78 mW). Figure 6a shows the MNDNS processing results with the fabrication starting position at the center of the voxel, and the processing speed gradually decreasing from 25 μm/s with a step size of 2.5 μm/s. Figure 6b shows the MNDNS processing results with the processing starting position at the center of the voxel, and the NPS height gradually decreasing from 0.016 μm. It can be observed that, based on the FIAFPC method, stable MNDNS can be obtained by controlling both processing speed and voxel position. Comparing the processing results of Figure 6a with Figure 6b, it is evident that the variation in the needle tip is more sensitive to the influence of voxel spatial position. The two needle parts are disconnected at the relative foundation height H = 0.826 μm. Figure 6c shows variations in linewidth at the tips of MNDNS with different fabrication speeds and voxel positions. The analysis of Figure 6c shows that with an increase in processing speed, the initial change in processing linewidth is relatively fast, and then gradually becomes slower. Theoretically, faster processing speeds are more advantageous for obtaining fine structures. However, in practical experiments, excessively high speeds often lead to fluctuations and defects in the processed structure, so it is essential to select an appropriate processing speed. Additionally, the greater variation in linewidth due to the gradual embedding of voxels into the substrate is determined by the ellipsoidal morphology of the voxels. Ultimately, with an entrance pupil power of 3.84 mW, fabrication speed of 22.5 μm/s, and a fabrication starting position at the voxel center, this research obtained a set of MNDNS with the minimum known tip width (as shown in Figure 6(d1)). The central linewidth reached 171 nm, and the widths at both ends were 415 nm and 423 nm, with a linewidth error of 1.91%. This illustrates that the FIAFPC method achieves high-precision proactive compensation with good symmetry for variable-size MNDNS. Figure 6(e1) shows scanning imaging results for the three-dimensional morphology and height information of the needle tip structure using AFM, which reveal the height changes in the needle tip. Figure 6(e2) shows the lateral profile of the minimum structure at the tip of the MNDNS obtained based on AFM scanning, along with the ridge structural profile of MNDNS. It can be observed that the ridge of the MNDNS approximates linear change that is determined by the characteristic voxel change in the z-direction, which is always linear. The fitted result of the longitudinal profile at the cone tip center is similar to the top morphology of the voxel, with a maximum height of 80.0 nm. The overall structure of the MNDNS is symmetrical, and its tip is perfectly aligned. The height at the center of the MNDNS depends on the extent to which the voxel is embedded in the substrate. The overall fabrication results in Figure 6 also confirm the accuracy of the proactive compensation method for the focal point proposed in this study. As shown in Figure 5 and Figure 6, processing MNDNS in a large range without defocusing is ultimately achieved through the processing and analysis of fluorescence images. This method allows us to obtain the defocus information of the entire MNDNS processing focal plane through a simple one-time calibration within the fabrication range, which subsequently ensures the accuracy and consistency of the processing results.



In addition, the FIAFPC method can be applied to the fabrication of more complex structures with continuously varying morphological gradients. In Figure 7a, a hexagon lattice structure was fabricated based on this method, where each hexagon is composed of three morphological gradient needle structures. In this lattice structure, the linewidth at the tip of each needle is approximately 0.260 μm, and the bottom linewidth is approximately 1.030 μm. The tips of every three micro/nanoneedles are connected to the same height feature point with the other two needles, ultimately creating a hexagon lattice structure with alternating heights. Figure 7c shows an Archimedean spiral structure with continuously graded height. Using the normal of the substrate plane as the axis of rotation and an arithmetic angle as the independent variable, the increasing radius angle of each processing point is 0.0275 rad relative to the previous point, while the radius increases two-fold over the current accumulated angle relative to the initial position, generating equidistant spiral curves. Meanwhile, the voxel evenly sinks into the substrate along the z-axis, and the overall height and linewidth of the spiral structure gradually decreases from the center of the pattern to the periphery. When processing gradient curve structures, all working axes of the NPS need to reach the target position simultaneously to ensure this in each subdivided processing step. It is necessary to recalculate the required velocities of each axis based on the compensated path. As the speeds of each axis need to dynamically change during the fabrication, the integrated program developed by this group is used to recursively calculate the speeds for each stage in advance, which are then pre-allocated in the NPS buffer to reduce the exposure offset caused by waiting during processing computation time. The focal point gradually penetrates the substrate along the spiral path relative to the substrate plane, and the fabrication linewidth also shrinks from 0.62 μm to 0.25 μm, or even narrower. The structures above can be replicated to obtain corresponding morphological gradient micro/nano channels through inverse molding, holding potential application value in micro/nano fluidics.



The advantages of the FIAFPC method are as follows: it does not require repeated adjustments of the NPS’s level, nor does it need to increase the complexity of the optical path. The position and velocity compensation of the laser focus in the processing can be obtained by analyzing the fluorescence images captured by the CMOS, and through rotational transformation. The compensation is achieved through the movement of the NPS platform. From the perspective of processing results, FIAFPC can effectively compensate for the defocusing problem in large-scale processing with inclined surfaces. However, the FIAFPC is a pre-compensation method. For processing surfaces that are curved or more complex, further research and improvements are needed.



These micro/nano functional structures with morphology gradients may hold potential application value in micro/nano fluidics studies. For example, in our previous research [30], a series of micro/nano channel arrays, which were obtained by molding micro/nano single needle structures, could be applied to investigate the translocation dynamics of T4-phage DNA through nanoconfinement.




4. Conclusions


This study proposes a novel fabricating method based on the coordinated movement of individual voxels and a high-precision nano platform. By adjusting the position of TPP-LDW voxels at the interface between the substrate and photoresist through high-precision movements of the nano platform, the method can achieve the fabrication of micro/nano structures with a gradient change in scale from sub-micrometer to nanometer levels. Simultaneously, a method for proactively compensating for the spatial position of fabricating points through fluorescence image analysis is proposed. The spatial and velocity compensation relationship of voxels was derived, which successfully addresses the issue of gradient structural deformation and collapse caused by the tilt angle between the focal plane and the sample during large-area processing of 200 μm × 200 μm sections. Subsequently, the effects of different fabricating speeds and voxel positions on the continuous gradient scaling of micro/nano dual needle structures were experimentally studied. Finally, with a total length of 200 μm, and the minimum height of 80 nm line and width of 171 nm at the tip structure were obtained. In addition, the methodology can also accurately construct hexagonal lattice periodic structures composed of size gradient triple needles and Archimedean spiral structures with size gradient changes. In addition, the proposed methodology can achieve precise production of complex gradient structures on a large scale with high spatial freedom and stability.
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Figure 1. Fabrication method for morphological gradient micro/nano structure variants. (a) Schematic of TPP-LDW experimental setup. (b1–b4) Illustration of the MNDNS fabrication process. 
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Figure 2. Influence of the angle between the objective focal plane and the substrate plane on the fabrication of MNDNS. (a) SEM characterization of the fabricated results. (b) Schematic diagram of the angle impact on MNDNS. 
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Figure 3. Procedure of FIAFPC method. (a) Fluorescence image processing workflow in FIAFPC and corresponding voxel morphology. (b) Schematic of fluorescence image acquisition points and the spatial distribution of objective focal plane (focal plane B) and substrate (substrate A). (c) Principle of proactive compensation of focus using spatial projection method and rotation matrix method. 
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Figure 4. Processing results of periodic linear structures over a 200 μm × 200 μm area based on FIAFPC. (a) Overall SEM image of the fabricated structures (the red dotted lines show the locations of cross-sectional sampling for AFM). (b1–b4): AFM images of the linear structure morphology around specific marks. (c1–c4): Cross-sectional sampling of the linear structures in (b1–b4). FIAFPC: fluorescent image analysis-based proactive compensation method, AFM: atomic force microscope, SH: structure height. 
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Figure 5. Results of large-scale micro/nano structure fabricating based on FIAFPC. (a) Results of large-scale fabricating. (b) Results of NPS position gradient fabricating (lifting step size is 0.077 μm). (c) Results of NPS velocity gradient processing (velocity change step size is 2.5 μm/s). (d) Influence of voxel position and working speed on fabricating linewidth (WS: working speed). 
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Figure 6. Analysis of the fabrication results of micro/nano dual needle structures with morphological gradient based on (a) different fabrication speeds (baseline speed 5–25 μm) and (b) different NPS heights (z-axis change step 0.016 μm) with a power of P = 7.78 mW at the pupil (lifting height of foundation is 0.7 μm). (c) variations in linewidth at the tips of MNDNS with different fabrication speeds and voxel positions. (d1) SEM image of the smallest MNDNS. (d2,d3) Structural morphology at the two ends of the dual needle. (e1) AFM image of the dual needle structure (detailed view of the needle tip inside the dashed box). (e2) AFM contour analysis of the needle tip structure. WS: working speed; LW: linewidth; TTLW: taper tip linewidth; VC: vertical coordinates; SH: structure height; HC: horizontal coordinates; L-S: longitudinal section; LF: linear fitting; C-S: cross-section; CF: cubic fit. 
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Figure 7. Fabrication of controllable gradient structures based on the FIAFPC method. (a) Periodic lattice structure composed of scale gradient micro/nano-needle arrays (P = 6.03 mW, V = 20 μm/s, the relative height change at each feature point from the starting point is 0.75 μm). (b) Local zoom-in image of Figure (a). (c) Fabrication of Archimedean spiral structure with height and linewidth gradient (P = 4.52 mW, combined speed of V = 10 μm/s, overall height change is 0.75 μm). (d) The zoomed-in area of black dashed box of Figure (c). (e) Detailed view of the starting point of the Archimedean spiral structure. 
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