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Abstract


In this study, we present a cost-effective approach for fabricating nanopores on single-crystal silicon using a silver–alumina–silver (Ag/AAO/Ag) metal–insulator–metal (MIM) structured mask. Self-ordered porous anodic aluminum oxide (AAO) films were prepared via two-step anodization and coated with silver layers on both sides to form the MIM structure. When irradiated with a 532 nm nanosecond laser, the MIM mask excites surface plasmon polaritons (SPPs), resulting in a localized field enhancement that enables the etching of nanopores into the silicon substrate. This method successfully produced nanopores with diameters as small as 50 nm and depths up to 28 nm. The laser-induced SPP-assisted machining significantly enhances the specific surface area of the processed surface, making it promising for applications in catalysis, biosensing, and microcantilever-based devices. For instance, an increased surface area can improve catalytic efficiency by providing more active sites, and enhance sensor sensitivity by amplifying response signals. Compared to conventional lithographic or focused ion beam techniques, this method offers simplicity, low cost, and scalability. The proposed technique demonstrates a practical and efficient route for the large-area subwavelength nanostructuring of silicon surfaces.
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1. Introduction


Micro-nanofabrication is a machining technology that involves the creation of micropores, microgrooves, and complex microfabricated surfaces on tiny or thin workpieces. Nanopores, as a type of microporous structure, have nanoscale dimensions (typically between 1 and 100 nanometers in diameter) and can exist in a variety of materials, including metals, ceramics, polymers, and biomolecules. In recent years, solid-state nanopores have attracted extensive attention and research in the fields of nanotechnology, materials science, biosensing, and optical devices [1,2,3]. Compared with soft materials, solid-state materials have the advantages of high stability and rigidity [4] and can be used as molecular sensors to detect the presence and concentration of specific molecules by monitoring the transport of molecules through the pores. When the target molecule is driven by an electric field through the nanopore, it will instantaneously modulate the ionic current passing through the pore, generating a characteristic current blockage pulse signal. By analyzing the amplitude, duration, and frequency of these pulses, the detection and identification of single molecules can be achieved. By introducing a porous structure on the surface of a microcantilever beam biosensor and constructing a receptor layer using a physical adsorption method [5], the researchers succeeded in increasing the frequency shift signal up to 75 times the original signal, which resulted in a significant improvement in the detection response [6]. Solid-state nanopores can also be used as nanoscale templates for the preparation of various nanomaterials such as nanoparticles, nanowires, and nanosheets. This highly controllable method allows for the preparation of nanomaterials with specific structures and properties. These nanomaterials have a wide range of applications in energy storage, catalysis, optoelectronics, and biomedicine.



The commonly used methods for the fabrication of solid-state nanoholes are focused ion beam (FIB), focused electron beam (FEB), and inductively coupled plasma (ICP) [7,8,9,10]. With the development of plasma technology, the nanopore preparation process based on surface plasma lithography has become one of the new available methods [11]. Surface plasmons (SPs) are resonant electromagnetic waves that exist at the interface between a medium and a metal demarcation and propagate along the metal surface [12,13]. This is due to the interaction between the photons of incident light and the free electrons on the metal surface, creating an excited state on the demarcation surface. When the frequency of the incident photons is the same as the frequency of the free electrons, this interaction resonates to form a resonant wave. Such resonant waves are often called SPPs [14]. Researchers have discovered that they can use the excitation of surface plasmas to break through the diffraction limit of conventional optical lithography to achieve micro- and nanoscale processing. Surface plasmon technology is widely used in nanophotonics [15], plasma sensors [16], biosensors [17,18], hypersurfaces [19], and interferometric lithography with surface plasmons [20]. It has been demonstrated that SPPs help to amplify the evanescent wave and realize super-resolution imaging lithography [21,22,23].



Realizing the excitation of the surface plasmas requires making the incident light wave vector match the surface plasma wave vector [14]. Therefore, we need to utilize some special structures, and there are two generally used excitation pathways: prism coupling [24] and grating coupling [25]. The typical structures for prism coupling are Kretschaman [24] and Otto [26], two prism coupling methods which utilize the generated swift wave to reach the matching condition of the wave vector to excite the surface plasmas. Grating coupling [25] refers to the utilization of a periodic grating structure to form surface plasmas in the direction perpendicular to the grating structure when the transverse wave vector of the diffraction effect matches the wave vector of the SPPs. Adjusting the parameter information, such as the wavelength, angle, grating period, or diffraction level of the incident light, will make it meet the excitation conditions of the SPPs. All of them can realize the regulation control of the surface plasmas to a certain extent. Compared with prism coupling, grating coupling is more tunable. The grating structure can realize the optical coupling of different wavelengths by adjusting the grating period, so it has a stronger tuning performance and higher coupling efficiency. Grating coupling is more controllable, and the light field distribution can be precisely controlled by adjusting the structural parameters of the grating. And its structure is also more compact [27].



AAO has a highly ordered arrangement of pores and has attracted a broad interest for its unique nanocyclic pore structure. Its anodic oxidation of aluminum flakes in an acidic electrolyte solution results in the formation of porous anodic oxide films with a large number of nanoscale pores [28]. It is extremely easy to obtain AAO with an ideal arrangement of grating structures and a high aspect ratio [29]. The surface pores of the AAO film are relatively uniformly arranged, orderly, and period adjustable, which can be used as a simple grating structure to excite surface plasmas. The hole size, arrangement distribution, and symmetry of the AAO film itself correspond to the period of the grating. Currently, most research on electromagnetic waves associated with surface plasmon polaritons (SPPs) is based on the visible light spectrum, specifically within the wavelength range of 400–750 nm. Compared to other metals, metallic silver exhibits lower optical loss and stronger surface plasmon resonance effects. In this paper, we propose a composite structure of Ag/AAO/Ag to realize the excitation of SPPs and the preparation of nanoporous surfaces using the excited SPPs, based on the Au/AAO/Au structure prepared by Miao et al. [30]. Compared with metallic gold as the excitation material, metallic silver possesses better electrical conductivity as well as minimal absorption loss, which can more easily realize the excited surface plasmas. The fabrication of porous patterns on silicon using an AAO film can also utilize the AAO film as a hard mask. Gold or other precious metals can be deposited on the AAO film, and then etched using hydrofluoric acid and hydrogen peroxide. The precious metal layer reduces the surface energy, promoting the oxidation and dissolution of silicon, and ultimately forming ordered nanostructures through the pores of the AAO film [31]. Although this method is simpler than surface plasmon excitation, it is overly dependent on the quality and manufacturing accuracy of the AAO template and is less flexible than plasmon excitation.



In this paper, an MIM structure based on a combination of a nanometer-thick silver layer and AAO film is proposed for the excitation of surface plasmas. By controlling the laser energy density and irradiating the MIM film to excite the surface plasmas, the nanoholes can be simply and efficiently processed on the single-crystal silicon surface. The fabrication process provides a new idea and method for using porous anodized aluminum oxide films and preparing nanoholes at a very low cost compared to the existing processing methods, and it is reproducible. This paper aims to explore and realize the fabrication method of nanopores based on surface plasmas, which provides new ideas and directions for research and application in the field of micro- and nanofabrication.




2. Theoretical Analysis


2.1. Theoretical Calculations Related to Surface Plasmas


Surface plasmon polaritons are regions where the surface of a medium is in contact with plasmas, and the surface plasma can be excited when an energetic particle (such as a laser beam) interacts with the surface of the medium. The whole process satisfies the set of Maxwell’s equations and their fluctuation equations, which are dispersion relations of the relevant theory [32].



SPPs are collective excitations generated by the interaction of photons with electrons on the metal surface. When light strikes the metal surface, the photon energy is transferred to the metal’s free electrons, and the surface plasma wave is excited. This surface wave propagates on the metal surface and has fluctuating properties similar to photons [23]. Continuing the derivation based on the above fundamental equations, two constraints on the excitation of SPs can be derived: the real parts of the dielectric constants of the two media must have opposite signs. This usually means that the interface needs to be composed of an electric medium with a positive real part of the dielectric constant (such as air) and a metal with a negative real part of the dielectric constant (such as gold or silver), and they can only be excited by the irradiation of TM-polarized light [33]. The frequency-dependent SP wave vectors ksp can be obtained under the relevant boundary conditions, where εm is the dielectric constant of the metal and εd is the dielectric constant of the dielectric layer. The ksp correlation image is shown in Figure 1b.


   k  s p   =  k 0        ε m   ε d     ε m  +  ε d        



(1)







As shown in Figure 1, the field component perpendicular to the surface is enhanced near the surface and decays exponentially with the distance away from it [14,24]. The skinning depth is used to characterize the decay of the electric field of the SPP mode near the metal surface. The skinning depth is the depth required for the electric field strength to drop to 1/e (about 37%) of its initial value. It determines the decay rate and propagation distance of the SPP mode. In general, the smaller the skinning depth, the faster the electric field decays and the shorter the propagation distance of the SPP mode.



In this paper, a porous anodized aluminum oxide film is selected as the dielectric layer, originating from the fact that the columnar pores of AAO have a highly ordered array arrangement with periodic properties. Using this property, the AAO film is used as a periodic grating structure. The principle of its excitation of surface plasmas is to utilize the diffraction effect produced by light under the action of the periodic structural grating, which intersects with the dispersion curve of the surfaces under the diffraction effect and thus excites the surface plasmas. The transverse wave vector that produces the diffraction effect under the action of the grating has the following formula:


   k x  =  k 0  n sin θ + 2 π m / p  



(2)




where p is the grating period, n is the refractive index of the dielectric layer, and m is the diffraction level of the grating. When the diffraction effect’s transverse wave vector and the SPPs’ wave vector match, surface plasmas are formed in the direction perpendicular to the grating structure. The regulation control of the surface plasmas can all be realized to a certain extent by adjusting the parameter information, such as the wavelength of the incident light, the angle, the grating period, or the number of diffractive grades, and by making it satisfy the excitation conditions of the SPPs [34]. For the MIM structure, the derivation of the bilayer structure can be carried out on the basis of the single-layer structure mentioned above, which can be obtained by introducing the thickness parameter di of the intermediate medium layer after the relevant derivation [35]:


  tan (     k 0  κ  d i   2   ) =    δ  ε i     ε m  κ     



(3)






  tan (     k 0  κ  d i   2   ) = −     ε m  κ   δ  ε i      



(4)




where    k 0  κ   denotes the transverse wave vector in the waveguide; it shows that the equations in the TM mode produce even and odd solutions. The electric field is in the dielectric layer, symmetric and antisymmetric, respectively, providing the conditions for the following simulation setup.



Ideally, the AAO under ideal conditions is a hexagonal array of holes with six-fold symmetry, from which the following equations can be derived in conjunction with the above equations [14]:


  λ = a   2   3       (  i 2  + i j +  j 2  )   −   1 2       (     ε d   ε m     ε d  +  ε m     )     1 2      



(5)




where λ is the operating wavelength of the laser light source (λ = 532 nm) and i and j are lattice position constants. a is the desired hole period. Simulations were carried out using FDTD software [36], and the results of the calculations are shown in Figure 2. The negative real part of the dielectric constant of silver material in the laser range of 532 nm wavelength is −10.1974, and that of alumina is 3.13862, which means that εd = −10.1974 and εm = 3.13862. Substituting into Equation (5), it can be derived to satisfy the surface plasma excitation conditions for the applicable period a ≅ 216 nm (0, ±1). This provided the theoretically optimal periodicity parameters for pore size in the subsequent AAO preparation experiments.



To verify whether the calculated results can achieve surface plasmon excitation, the obtained results were validated through simulation. Electromagnetic simulations of the designed MIM structure were performed using FDTD Solutions (2020 R2) simulation software. The material of the intermediate medium layer is set to be alumina. The material of the upper and lower layers is silver. The incident wavelength λ = 532 nm. The incident light propagates along the Z-axis direction. The symmetric and antisymmetric boundary conditions are set in the X- and Y-axis directions. The absorptive boundary condition (PML) is set in the Z-axis direction, and a grid of 1 nm × 1 nm × 1 nm size is set. The results are shown in Figure 3c, and it can be seen that there is an obvious enhancement effect in the holes of the model, which is the hot spot area in the figure.



Under 532 nm laser irradiation, an extremely strong electric field is concentrated near the small aperture on the output surface, exhibiting a typical localized field enhancement effect—an anomalous enhancement phenomenon characteristic of surface plasmon polaritons. A distinct standing wave phenomenon is also observed within the aperture. Simulation results confirm the successful surface plasmon excitation under 532 nm laser conditions, consistent with the computational predictions. According to the theoretical analysis above, both Au- and Ag-based MIM structures can be processed by the laser excitation of surface plasmas for the micro- and nano-etch processing of silicon wafers in the vicinity of a 216 nm cycle. So, under the same conditions as Ag/AAO/Ag, an FDTD simulation was also performed for the Au/AAO/Au structure. The intermediate dielectric layer material is alumina. The upper and lower layers are gold. The incident wavelength λ = 532 nm. The incident light propagates along the Z-axis direction. The symmetric and antisymmetric boundary conditions are set in the X and Y directions. The absorptive boundary condition (PML) is set in the Z direction, and a grid of 1 nm × 1 nm × 1 nm size is set. The results are shown in Figure 4c. It can be seen that there is an obvious enhancement effect in the holes of the model, which is the hot spot area in the figure. The energy of the surface plasmas produced by the laser-induced Au/AAO/Au structure is smaller than that of the surface plasmas produced by the laser-induced Ag/AAO/Ag structure, which proves that the Ag/AAO/Ag structure is more favorable for the excitation of surface plasmas. This is also why Ag/AAO/Ag was chosen over Au/AAO/Au for subsequent experiments in this paper.




2.2. Theoretical Analysis of Porous Anodized Aluminum Oxide Preparation


At present, the preparation process of AAO thin films has been relatively mature, and the pore size and pore period can be changed by changing the anodic oxidation process parameters [37,38,39]. However, the optimization of the process parameters using different acidic electrolytes is complicated. It is still necessary to carry out relevant experimental analyses and summarize the experimental methods for the electrolyte, as well as the oxidation voltage, oxidation time, and other relevant parameters. For AAO preparation, the oxidation voltage U has a linear relationship with the pore spacing, also known as the pore period, D of the AAO [38]:


  D = ξ × U  



(6)




where ξ takes the value of 2 to 2.5; for a pore spacing of 216 nm calculated according to Equation (6), it can be concluded that the anodizing voltage U ranges from approximately 89 V to 110 V. Anodized aluminum oxide templates can be prepared in a variety of electrolytes, such as oxalic acid, phosphoric acid, sulfuric acid, and their mixed electrolyte solutions. Each electrolyte solution has a corresponding maximum oxidation voltage: 100 V for the oxalic acid system, 195 V for the phosphoric acid system, and 25 V for the sulfuric acid system. Aluminum flakes exceeding the maximum oxidation voltage will produce an ablation phenomenon during anodic oxidation, which will affect the experimental results. The most suitable electrolyte solution in this voltage range is the oxalic acid solution, which prepares AAO with a regular and orderly structure and smaller pore size [40]. In summary, to achieve the specific goal of precisely preparing an AAO template with a pore period of 216 nm, we followed an optimization path that combined theoretical calculations with experimental verification. First, based on the linear relationship between pore spacing and voltage (Equation (6)), we calculated the theoretical voltage range (89–110 V). Then, after considering the characteristics of the electrolyte (the safe voltage of the oxalic acid system is ≤100 V), we designed an optimized experiment using a 0.3 molar/liter oxalic acid solution and anhydrous ethanol in a volume ratio of 4:1 as the electrolyte, and preparing AAO samples at three key voltage points of 95 V, 100 V, and 105 V. Through the characterization and analysis of the sample structure, we ultimately determined and verified the optimal anodic oxidation voltage value that could produce AAO samples with the target period (216 nm) and regular structure.




2.3. Theoretical Analysis of Laser Induction


A nanosecond laser is used as the light source for the induced excitation of surface plasmas, which operates at a wavelength of λ = 532 nm, with a maximum power of P = 15 W and a spot diameter of 50 microns. By changing the current size and pulse repetition frequency f, scanning speed v, filling spacing Ls, etc., the corresponding laser power and laser energy density can be obtained, and the relevant equations are shown below.



When irradiating with laser light in a preset unit area, the magnitude of the laser energy density accumulated in the area, Facc, can be obtained from the following Equation (7):


   F  a c c   =   E A   =     E p   N p   A    



(7)




where A is the area of the scanning area and Np is the total number of laser pulses. Ep is the laser single-pulse energy. The output average power P, the relationship between the pulse repetition frequency f and the single pulse energy, and the value of the total number of pulses Np are shown in Equations (8) and (9):


   E p  =   p f    



(8)






   N p  =    a f  v   ×   b   L s     =    a b f   v  L s      



(9)




where a and b are the length and width of the scanning area, respectively, v is the laser scanning speed, and Ls is the laser scanning spacing. From joint Equations (7)–(9), we can obtain the following:


   F  a c c   =   p f   ×    a b f   v  L s     =   P  v  L s      



(10)







From Equation (10), the output average power P mainly determines the laser energy density size Facc, laser scanning speed v, and laser scanning spacing Ls laser parameters. Different laser energy densities Facc are obtained by changing the above parameters.





3. Experimental Procedure


The overall experiment is divided into two parts: the preparation of AAO film and the processing of silicon nanoholes. The specific experimental flow is shown in Figure 5. The microscopic morphology of the experimental process was observed using field emission scanning electron microscope SEM (FEI Apreo; Thermo Fisher Scientific, Hillsboro, OR, USA; manufactured in Czech) and atomic force microscope (Bruker multimode8, Billerica, MA, USA).



3.1. Preparation of 216 nm MIM-Type Hole Array Cycles


Firstly, the aluminum sheet with 99.9999% purity was pre-treated by immersing it in acetone solution and cleaning it for 20 min using an ultrasonic cleaning apparatus to remove the surface grease and impurities. The cleaned aluminum sheet was immersed in 0.1 mol/L NaOH solution for 10 min to remove the dense oxide film. In the next step, the treated aluminum sheet was subjected to electrochemical polishing treatment in a mixed solution of anhydrous ethanol and perchloric acid at a volume ratio of 4:1, with an anodic oxidation voltage of 21 V and a reaction time of 5 min, to obtain an aluminum sheet with a mirror-like effect.



AAO films were prepared through the second oxidation method [41], and the solutions for both anodic oxidations were a mixture of 0.3 mol/L oxalic acid solution and anhydrous ethanol in a volume ratio of 4:1, at oxidation voltages of 95 V, 100 V, and 105 V, and an ambient temperature of minus 5 degrees Celsius, respectively. The first oxidation time was 10 min, and, after the completion of the first anodic oxidation, the aluminum sheets were submerged in a mixed solution of 0.2 mol/L chromic acid and 6 wt% phosphoric acid and placed in a water bath oven at an ambient temperature of 60 degrees Celsius for 4 h to remove the aluminum oxide generated by the first oxidation. A second anodizing was carried out in the same environment as the first anodizing.



The aluminum sheet obtained from the second anodizing was immersed in 5 wt% phosphoric acid solution in a water bath oven for reaming at an ambient temperature of 30 degrees Celsius for 30 min. Then, the aluminum sheet was immersed in a mixed hydrochloric acid–copper chloride solution and 5 wt% phosphoric acid to remove the aluminum matrix and the barrier layer to obtain the AAO film at ambient room temperature. Finally, a thin-film lens with an MIM-type structure (Ag/AAO/Ag) can be obtained after sputtering a layer of silver on each of the front and back surfaces of AAO using an ion sputtering apparatus.




3.2. Laser-Induced Surface Plasmas for Nanopore Etching of Single Crystal Silicon


The whole experimental process is based on the experimental requirements. In order to carry out the experimental processing more rigorously, a set of processing platforms for surface plasma lithography is designed, and the specific structure of the platform is shown in Figure 6. We chose 10 mm × 10 mm polished single crystal silicon as the surface to be processed. During the processing, the silicon wafer to be processed is not closely integrated with the MIM structure, which will cause the generated SPPs to undergo attenuation and then propagate to the surface of the silicon wafer. Therefore, by placing poly methyl methacrylate (PMMA) above the MIM, the MIM and the silicon wafer can be closely connected, reducing the exponential attenuation of SPPs in the air. Compared with glass, PMMA has a higher light transmittance and impact resistance, making it more suitable for this experiment. The processing light source was selected as the green light source with a wavelength of 532 nm. The maximum output power was 15 W. The spot diameter was 50 microns. The laser processing area was set to be 2 mm × 2 mm. The laser pulse frequency was 20 KHz. The release time was 5 us. The focal length of 224 mm was chosen for the preliminary experiments. A laser power meter was used to measure the power size of the laser using different parameters. The measurement range of the power meter is lower than 60 W, and continuous measurement power is lower than 30 W. We measured the laser energy power under different currents with a laser pulse frequency of 20 KHz, release time of 5 us, laser scanning spacing of 0.01 mm, and scanning speeds of 2000 mm/s and 3000 mm/s, respectively, and the specific energy power values are shown in Figure 7. Compared to the scanning speed of 2000 mm/s, the scanning speed of 3000 mm/s scans a longer distance at the same time.



As a result, the laser energy over the same area will be distributed over a larger area, resulting in a lower energy density per unit area. An increase in energy density provides enough energy to cause electrons to dissociate from the solid surface and form a plasma. Higher energy densities provide more energy, resulting in more electrons dissociating and participating in plasma formation. Therefore, an increase in energy density increases the density of the surface plasmas and causes the temperature of the surface plasma to rise, increasing the thermal energy within the plasma. Excessive energy density will lead to some negative effects, such as thermal damage, melting, evaporation, or oxidation of the material. In summary, a scanning speed of 2000 mm/s was selected for the initial experiments. The laser power was further varied by adjusting the current parameter during the experiments to fine-tune the laser energy density. Different laser accumulation energy densities were obtained to achieve the excitation of surface plasma for the preparation of nanoholes on the surface of silicon wafers [42].





4. Results


4.1. Preparation of AAO Thin Films and MIM Structure Characterization and Analysis


The results of AAO film preparation are shown in Figure 8. A mixture of 0.3 mol/L oxalic acid solution and anhydrous ethanol with a volume ratio of 4:1 was used as the electrolyte. The porous anodic alumina pore period was varied by comparing the porous anodic alumina pore period at voltages of 95 V, 100 V, and 105 V with the specific parameters shown in Table 1.



We found that the periodic hole spacing of AAO films increased with increasing voltage, which is in accordance with the theoretical analysis above. It is confirmed that an anodic oxidation at 105 V can achieve the preparation of a hole cycle of about 216 nm. In the next step, the second anodizing time was adjusted to further reduce the thickness of the AAO film without affecting its regularity. As shown in Figure 9, the second anodizing time was adjusted from 10 to 5 min to reduce the AAO thickness from 13,612 nm to 4584 nm. Figure 10 shows the SEM surface topography of the AAO film at a 216 nm cycle after the blocking layer completely disappeared after 60 min of hole passing. Finally, an ordered Ag/AAO/Ag (MIM-type) periodic hole array structure can be obtained by sputtering a layer of silver on both the front and back surfaces of the ion-sputtering instrument. The ion sputtering instrument with an ion current of 10 mA, a cathode voltage of −1.6 KV, and a sputtering time of 1 min 30 s sputtered a layer of silver with a thickness of about 250 nm on the surface of the AAO film. The specific morphology is shown in Figure 11. From Figure 11, it can be observed that the sputtered silver layer does not form a completely continuous film, but tends to accumulate at the edges and tips of the AAO nanopores, forming discrete nanoclusters [43]. At the sharp tips of the highly curved nanostructures, due to a higher surface energy and stronger local electric field, metal atoms are more likely to migrate and nucleate and grow, thereby leading to the formation of selective clusters [44,45]. This self-assembly structure of metal nanoclusters is precisely the key structure relied upon by sensing technologies based on plasmon excitation effects such as surface-enhanced Raman scattering. The nano-gaps between the clusters can generate extremely strong local electromagnetic field enhancements, known as “hot spots”, which can significantly enhance the optical signals of the molecules nearby [46]. Also, compared with Figure 10, it can be seen that the metallic luster of the AAO sputtered with a layer of silver is more obvious. There are obviously visible particles, which makes the MIM structure pore size smaller, and the sputtered silver film does not change the periodic pore spacing of the AAO membrane.




4.2. Results and Analysis of Micro- and Nanopore Preparation by Laser Irradiation of Ag/AAO/Ag Periodic Pore Arrays for Excitation of SPPs


When the laser is irradiated on the MIM periodic thin-film structure, a localized electric field enhancement will be generated on the surface of the mask’s periodic hole array. It shows the above simulation hotspot diagram, manifested by the generation of SPPs and their undirected propagation on the surface of the silver layer of the MIM structure. Since the silicon wafer to be processed is immediately below the MIM structure, this provides sufficient conditions for the SPPs to propagate and act on the surface of the single-crystal silicon wafer. The SPPs are propagated perpendicular to the surface along the periodic holes to act on the silicon surface to process the nanopores. We first used a scanning speed of 2000 mm/s at a laser focal length of 224 mm. According to the laser power data measured above, the preliminary experimental test was carried out under the current of 19 A~21 A. The results are shown in Figure 12, where Figure 12a,c,e correspond to the surface morphology SEM images of micro–nanopores prepared on the surface of silicon wafers through the induced excitation of SPPs with the current parameters of 21 A~19 A under the laser focal length of 224 mm, respectively, and Figure 12b,d,f are the high-magnification SEM images of the square areas in Figure 12a,c,e, respectively.



By comparing the images in Figure 12a,c,e, it can be seen that the laser focusing process will leave obvious etching traces on the surface of the wafer. The depth of the traces gradually becomes lighter as the current decreases, which is in line with the trend of the laser power change in Figure 6. In Figure 12b, it can be seen that, at a current of 21 A, the part of the wafer in the middle of the two etching traces has also been completely destroyed by ablation. However, in Figure 12f, although the silicon wafer has slight ablation traces, many nanometer-sized holes can be observed in the middle of the etch traces, which initially proves the feasibility of the theoretical experiment above. The following needs to consider the problem of etching traces, as can be seen by comparing the pictures; the traces can be avoided by further reducing the current. However, considering that a further current reduction will lead to too low of a processing power and thus affect the hole effect, we intend to avoid the traces by utilizing defocused processing. This is because the small spot diameter in laser focal processing leads to a high energy density per unit of laser light, which will inevitably leave etching marks when processing nanoholes.



The experiments were optimized to process the silicon wafers at a processing distance of 200 mm using an off-focus laser processing method. The generation of etch marks was successfully avoided by changing the processing method. Many small nanoscale holes were observed on the wafer surface. The lowest diameter of the holes is about 70 nm. The average diameter is about 120 nm. The hole spacing fluctuates from 150 to 300 nm, showing a more uniform distribution effect on the wafer surface. Preliminarily, the parameters of the etched holes are more related to the prepared MIM structure. However, due to the process of preparing AAO films, which are usually affected by temperature, voltage perturbation, and other factors, the pore size of the film will appear to have a diameter size, pore spacing, and spatial distribution that is not entirely regular. This leads to the situation in Figure 13b, where more regular holes are etched in the middle part, but no holes are etched in the square area. Due to the above-mentioned reasons, the SPPs show an exponential decay in air. In the process, the wafer to be processed is not closely combined with the MIM structure. There is inevitably a gap between the two, resulting in the SPPs generated by the excitation being attenuated and then propagated to the surface of the wafer. The range of the field strength and the energy size will be further reduced, affecting the size of the processed hole and the distribution of the hole diameter. However, a current that is too large can also lead to a field strength that is too high. The etched holes are connected together, and impurities are generated on the silicon surface, as shown in Figure 13a.



According to Figure 14, the number of holes in the same area increases as the current number increases. Comparing Figure 14b,c, the holes in Figure 14a are the most numerous, and a considerable number of holes are connected together. There are many large particles of impurities produced on the silicon surface, as shown in the square area in the figure. The holes in Figure 14b,c gradually decrease as the current decreases, the laser power decreases, and thus the energy density decreases. Figure 14c shows that the processed holes do not produce the accompanying impurities. The impurities are the bright particles evident in the figure, with different sizes of particles, which are formed by laser irradiation on the Ag/AAO/Ag periodic structure, inducing the excitation of the surface plasma wave propagating on the surface of the silver layer, which produces a transient high temperature that causes some silver particles in the surface layer to melt rapidly, and then condense to form the silver particles quickly when they fall onto the surface of the silicon wafer. As the laser energy increases, the generation of particle impurities increases. Finding the balance between the hole etching effect and impurity generation and trying to avoid the formation of silver particles on the sample surface can be realized by adjusting the laser parameters.



In order to more intuitively understand the overall distribution characteristics of the nanopore size data, Figure 14 was processed and analyzed using ImageJ(Fiji) software to measure the size and number of tiny pores under different current parameters, respectively. In order to investigate further and compare the differences in pore size distributions between different samples and eliminate some random errors, a Gaussian fitting process was performed on the data to predict the probability distribution of unmeasured pore size values. It is worth noting that, for the pore size distribution histogram at 23 A, we performed a bimodal Gaussian fit. As shown in Figure 14, at 23 A, numerous pores are present on the silicon wafer, and a significant number of these pores have coalesced. This results in the emergence of a second peak between 150 nm and 190 nm under the 23 A condition. The curves are shown in Figure 15, which shows that, as the current increases, the energy density of the laser increases, resulting in a gradual increase in the diameter of the holes processed.



To prove that the plasma effect generates the nanoholes on the surface of the silicon wafer, we used AAO film instead of the MIM structure with the exact parameters of the silicon wafer processing. At this time, due to the absence of metallic silver as the raw material to stimulate the surface of the plasma, according to the theory, the silicon surface cannot be processed out of the traces. The result is shown in Figure 14d, which is the surface topography of the silicon surface directly irradiated by a laser under a 23 A current without using the MIM structure mask, and the surface is relatively smooth, without processing traces. The whole process of nanohole etching can be regarded as removing and reorganizing materials. During the whole process, the laser-induced excitation of surface plasma is first used so that the local electric field on the surface of the silicon wafer is enhanced, which leads to an increase in temperature. The plasma-induced enhanced electric field, Equation (11), and the temperature increment, Equation (12), can be calculated to show that the temperature of the silicon surface during the process can reach more than 2000 K [47], which is enough to provide the necessary conditions for the etching of the holes. In Equations (11) and (12), I0 is the incident intensity of the optical field. n is the ratio of the dielectric constant between the MIM structural mask and the substrate silicon. The constant A is the shape parameter of the mask. g2 is the increment of the field strength (~150). R is the radius of the mask aperture (~150 nm). F is the laser energy density. θ is the angle of incidence, equal to zero. k is the substrate silicon’s thermal conductivity (126 W/mk). t is the pulse width (t = 2 us).


  I =  I 0    [ 1 + ( n − 1 ) A ]  2  =  I 0   g 2   



(11)






  Δ  T  s u b s t r a t e   =   (    π R  g 2  F cos θ   8 k t    )     1 2      



(12)







We used a Multimode 8 atomic force microscope (AFM) from Bruker, Inc., and scanned the silicon wafer surface in the tap mode to investigate the depth characteristics of the processed holes. Figure 15 shows the AFM images of micro- and nanoholes prepared on the wafer surface, using laser-biased focus-induced SPPs at a processing distance of 200 mm and a current of 21 A, and the corresponding depth histograms. This experimental conditions correspond to Figure 14b. The maximum depth of the holes reaches 27.8 nm in the detection region, located in the square area marked in the figure. As can be observed from the image, the detection region is subjected to the highest energy, and, therefore, the deepest holes are processed in this region, accompanied by larger particles. Through the 3D image, we can clearly see the presence of larger particles above the deeper holes, and the maximum height of the particles is about 50 nm. This phenomenon verifies that the generation of particulate impurities is due to excessive energy and that these particulate impurities are the incidental products of the process of processing the holes. Considering the histogram data in Figure 15 and Figure 16 together, it can be concluded that most of the holes obtained by machining have depths between 2 and 5 nm and diameters in the range of about 90 to 130 nm. The above experimental results provide essential information about the depth characteristics of micro- and nanoholes in silicon wafers prepared using laser defocus-induced SPPs. These findings deepen our understanding of the relationship between pore properties and particle impurity generation during this process. This study provides valuable data and insights for further exploration in related fields.





5. Conclusions


Through research on the preparation of porous AAO films via the anodic oxidation method, we found that, using a mixed solution containing 0.3 mol/L oxalic acid and anhydrous ethanol (volume ratio 4:1) as the electrolyte, an AAO film with an average pore spacing of approximately 223 nm and a thickness of about 4500 nm could be prepared at an anodic oxidation voltage of 105 V. This result indicates that parameters such as electrolyte composition, anodic oxidation voltage, and through-hole time collectively influence the pore spacing of the fabricated AAO. After constructing the Ag/AAO/Ag metal–insulator–metal structure, we observed that this composite template effectively excites SPPs under 532 nm nanosecond laser irradiation, enabling fine hole etching on the single-crystal silicon surface with diameters as small as 50 nm and depths of approximately 27.8 nm. This phenomenon demonstrates that the Ag/AAO/Ag structure can efficiently excite surface plasmons, enabling micropore etching on single-crystal silicon. Furthermore, the impurity particles observed in the experiment may originate from metal agglomeration during sputtering or AAO surface inhomogeneities, suggesting that a further optimization of interface quality control is required in subsequent processes.



In conclusion, this study serves as a proof-of-concept demonstration that the Ag/AAO/Ag (MIM) periodic hole array composite structure can harness incident light to excite localized surface plasmons for etching micro- and nanoholes. Our findings establish the foundational principle and provide an essential reference for exploring this plasmon-assisted lithography technique for fabricating subwavelength structures.



The silver nanocluster structure observed in our experiments, while deviating from an ideal continuous film, serendipitously reveals an alternative pathway for potential application in plasmon sensing due to the formation of “hot spots”.



Looking forward, this nascent technology requires dedicated efforts to mature. Future work will therefore focus on two critical fronts to bridge the gap from concept to practical application: first, systematically optimizing anodic oxidation process parameters (such as voltage, temperature, and electrolyte composition) to achieve highly ordered nanochannel arrays can provide a more ideal structural foundation for plasmonic applications; second, by optimizing the deposition parameters to obtain a more uniform film or actively utilizing and regulating this self-organized cluster structure, a high-performance plasmonic “hot spot” array can be constructed for the high-sensitivity detection of biochemical molecules. Addressing these challenges will be crucial to assess the full potential and scalability of this method for achieving ordered pore structures on substrates like silicon.
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Figure 1. (a) Two-dimensional component plot of the electric and magnetic fields of photons on a metal surface; (b) component plot of the electric field on a vertical surface; (c) SP dispersion curve [14]. 
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Figure 2. Dielectric constants of silver and alumina materials in FDTD at 532 nm laser wavelength. 
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Figure 3. (a) Schematic diagram of the simulation of the X-Y plane of the Ag/AAO/Ag structure; (b) field intensity distribution of the X-Z plane of the Ag/AAO/Ag structure; (c) field intensity distribution of the X-Y plane of the Ag/AAO/Ag structure. 
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Figure 4. (a) Schematic diagram of the simulation of the X-Y surface of the Au/AAO/Au structure; (b) field intensity distribution of the X-Z surface of the Au/AAO/Au structure; (c) field intensity distribution of the X-Y surface of the Au/AAO/Au structure. 
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Figure 5. Flowchart of the overall experiment. 
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Figure 6. Schematic of the machining platform and laser processing. 
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Figure 7. Power diagram of laser energy at different currents. 
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Figure 8. (a) The average pore spacing of AAO prepared at an anodic oxidation voltage of 105 V is about 217 nm without a through-hole. (b) The average pore spacing of AAO prepared at an anodic oxidation voltage of 95 Vis is about 189 nm. (c) The average pore spacing of AAO prepared at an anodic oxidation voltage of 100 V is about 203 nm. 
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Figure 9. (a) SEM image of AAO cross-section for 10 min of first anodizing and 10 min of second anodizing; (b) SEM image of AAO cross-section for 10 min of first anodizing and 5 min of second anodizing. 
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Figure 10. SEM image of AAO with the period of 216.95 nm and average pore size of 117.64 nm. 
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Figure 11. Surface morphology and cross-sectional SEM image of a sputtered silver layer of 216 nm periodic hole spacing AAO film. 
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Figure 12. Surface SEM morphology of nanopores prepared on silicon wafer surface by laser focusing-induced excitation of SPPs at 224 mm processing distance. (a,c,e) show the SEM images of the silicon surface processed with 21 A~19 A currents, respectively; (b,d,f) are enlarged SEM images of the square region in (a) (c) (e), respectively. 
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Figure 13. SEM image of surface morphology defects of nanopores prepared on the surface of silicon wafers by laser defocus-induced excitation of SPPs at 200 mm processing distance. (a) Impurities form on the surface of silicon wafers.; (b) Uneven etching on the surface of the silicon wafer. 
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Figure 14. SEM images of the surface morphology of nanopores prepared on the surface of silicon wafers by laser defocus-induced excitation of SPPs at 200 mm processing distance. (a–c) show the SEM images of the processed silicon surface at 23 A, 21 A, and 19 A currents, respectively; (d) shows the surface morphology of the silicon surface directly irradiated by the laser at 23 A current without the use of MIM structure mask. 
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Figure 15. Pore size distribution of nanopores prepared at currents 19 A~23 A. 






Figure 15. Pore size distribution of nanopores prepared at currents 19 A~23 A.



[image: Coatings 15 01187 g015]







[image: Coatings 15 01187 g016] 





Figure 16. Surface AFM map and depth histogram of micro- and nanopores prepared on the surface of silicon wafers at 200 mm processing distance and current of 21 A. 
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Table 1. Oxidation time, average pore spacing, and thickness of AAO prepared at oxidation voltage of 95 V to 105 V under electrolyte of 0.3 mol/L oxalic acid solution.
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	Voltage

(V)
	Primary Oxidation Time (min)
	Secondary Oxidation Time (min)
	Hole Spacing

(nm)
	Nanopore

(nm)





	95
	10
	10
	189 (±3)
	150 (±3)



	100
	10
	10
	203 (±3)
	147 (±3)



	105
	10
	10
	217 (±5)
	117 (±5)
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