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Abstract: This study presents a systematic optimization of wide-angle metamaterial long-pass (LP) 

edge filters based on silicon nanospheres (SiNP). Multi-layered configurations incorporating SiNP-

meta-films and anti-reflection coating (ARC) elements not previously considered in the literature 

are explored to enhance their filter performance in both stop and pass bands. This research has 

successfully developed an accurate model for the effective refractive index using Kramers–Kronig 

relations, enabling the use of classical thin-film design software for rapid device performance 

optimization, which is verified by full-wave numerical software. This systematic optimization has 

produced highly efficient, near-shift-free long-pass metamaterial filters, evidenced by their high 

optical density (OD = 2.55) and low spectral shift across a wide angular range (0°–60°). These 

advancements herald the development of high-efficiency metamaterial optical components suitable 

for a variety of applications that require a consistent performance across diverse angles of incidence. 

Keywords: metamaterial filters; wide-angle filters; edge filters; hybrid design optimization 

 

1. Introduction 

Optical filters are crucial components that can reflect, absorb, and transmit 

electromagnetic (EM) waves simultaneously or selectively within specific wavelength 

ranges [1]. They have widespread application in various fields, including medical 

imaging, industrial manufacturing, electronics, defense, and scientific research [2–4]. 

These filters are primarily categorized as thin-film filters and colored absorptive filters, 

each with unique working characteristics [1,5]. Traditional thin-film filters employ 

alternating layers of transparent materials with varying high/low refractive indices to 

produce destructive and constructive interferences among the reflected and transmi�ed 

light components. This mechanism results in the desired spectra for reflectance and 

transmi�ance. However, these thin-film filters generally operate within a limited range of 

incident angles. This is because the phenomenon known as ‘blue shift’ occurs when the 

filter experiences a high incidence angle, where the filter ceases to function as intended 

[6]. As a result, there is a substantial demand for the development of shift-free wide-angle 

filters for industrial applications. Such filters are critical in applications that demand a 

consistent optical performance across different viewing angles, including spectroscopy, 

astronomy, photography, and optical communication. Shift-free wide-angle filters ensure 

the stability of the spectral characteristics, regardless of the light’s direction of incidence, 

thereby preventing spectral distortions and guaranteeing accurate data in scientific, 

imaging, and sensing applications. They also play a vital role in improving safety in laser 
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protection and expanding the versatility of filters in scenarios where the incident angle 

might change unpredictably, rendering them indispensable in numerous optical systems. 

While shift-free wide-angle capabilities might be a�ainable with absorptive filters 

using colored organic dyes or pigments, these tend to be substantially thicker, in order to 

ensure effective light blocking. Furthermore, their organic materials may deteriorate in 

harsh working environments [7]. Such filters are not within the scope of this study. 

To achieve shift-free wide-angle performance in thin-film filters, one method 

involves using materials with high-contrast refractive indices and slightly absorptive 

components in their design. For example, Ji et al. showcased a long-pass (LP) edge filter 

(with cut-on wavelength, λ������~700 nm, transition band: 700 nm–900 nm) consisting of 

alternately stacked layers of amorphous silicon/silicon nitride (α-Si/SiN) [7]. The filter’s 

enhanced angular performance stemmed from the high-contrast refractive indices (α-Si = 

4.4 + i0.27, SiN = 1.9 at 550 nm) and the slightly absorptive nature of α-Si in the stop band. 

However, the tunability of the cut-on wavelength λ������  in this design is limited, 

restricting its application. A more versatile solution can be found in metamaterials in the 

form of artificially engineered nanomaterials, whose unique properties arise from their 

sub-wavelength structural configurations rather than their chemical composition [8–10]. 

Therefore, the optical property of the metamaterials can be tuned to meet specifical 

requirements, as long as we change the geometry parameters of the sub-wavelength 

structural configurations [11–13]. 

In 2018, our group introduced the first shift-free nanoparticle-based metamaterial 

notch-filter capable of effectively blocking a Class 3B 532 nm green laser with an optical 

density (OD) of 1.88+ for all polarization states and incident angles of up to 85° [14]. The 

design includes an anti-reflection layer, an active blocking layer based on silver 

nanoparticles (AgNP), and a substrate. Subsequently, in 2019, Lo�i et al. showcased a 

small-shift metamaterial edge filter based on silicon nanoparticles (SiNP) [15]. However, 

their designs have not been tailored for practical applications, as considerations for 

substrates and anti-reflective coating (ARC) designs were absent. Furthermore, the 

performance of their filters is not yet optimal, exhibiting insufficient blocking in the stop 

band (<400 nm) and limited transmission in the passing band (>900 nm). Our objective is 

to overcome these shortcomings by significantly enhancing the edge filter performance 

across the entire design band of 400–1200 nm. In this work, we introduce a multi-layer 

design that can significantly increase the blocking performance in the stop band, as well 

as the application of an ARC design to substantially boost the transmission performance 

in the long-wavelength pass band. This innovation yields an edge filter that surpasses all 

other reported metamaterial filters in the literature, delivering a high optical density (OD 

= 2.55, 0.28%) with minimal spectral shift across an extensive angular range (0°–60°). Such 

a performance is crucial for a multitude of applications that demand consistent results 

over various angles of incidence. 

2. Design Methods and Models 

2.1. Design Methods 

Our design methodology combines the computational strengths of full-wave 

simulation software computational simulation technology (CST, version 2022) with the 

classical thin-film design capabilities of Essential Macleod (ESM, version 10.2) for the 

optimized design of ARC and optical meta-film layers (MFLs). The stages are as follows: 

1. CST Simulation of Optical MFL: We began with CST simulations to accurately 

characterize the spectral profiles of the SiNP-based MFL. This involved 

parameter sweeps in the unit cell models, altering periodicity, nanoparticle size, 

and the properties of the host medium. 

2. Effective Refractive Index Calculation: We then extracted the effective refractive 

index from the CST simulation outcomes, a critical factor for adapting the CST 

model to an ESM-compatible format. 
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3. Multi-Layer and ARC Design Optimization in ESM: Using the effective refractive 

index, we converted the CST models into the ESM platform and employed the 

needle synthesis function for the efficient optimization of multi-layer designs (�₀′ 

and ��
�  in this case), including the introduction of the ARC. During synthesis, 

we locked the refractive index and thickness of all of the MFLs. A target reflection 

from 425 nm to 1200 nm, with a step width of 25 nm, was set to a�ain 0 at 0°, 

30°, and 60° AOI in transverse electric (TE) polarization. No need was found to 

set transverse magnetic (TM) polarization, as the transmission of the filter in this 

model is naturally considerable in all AOIs. 

4. CST Verification and Fine-Tuning: Subsequently, we refined the designs derived 

from the ESM using CST simulations to finalize an enhanced design, ensuring 

superior performance metrics. 

The rationale behind this integrative approach was to address the time-intensive 

nature of CST simulations, which are otherwise prohibitive for extensive design and 

optimization exercises. Once we ascertained the effective refractive index using the 

Kramers–Kronig (K–K model), which was selected for its precision, we employed ESM for 

its rapid processing and robust algorithms. The final design adjustments were made with 

CST to confirm that our designs surpassed conventional standards, achieving a greater 

optical density of up to a value of 2.55 and a notably reduced spectral shift, which 

diminished by up to 50% across a broad angular spectrum from 0° to 60°. 

2.2. Models for Effective Refractive Index 

The following two models were tested and compared to calculate the effective 

refractive index ( ���� ) of the MFLs: the Bruggeman approximation and K–K 

approximation [16,17]. 

The Bruggeman approximation is based on the following: 

� ��

�

���

��
� − ����

�

��
� + 2����

� = 0 (1)

where �� represents the volume fraction and ni is the refractive index of the ith constituent 

material within the MFL composed of host materials. 

In the K–K approximation, the effective extinction coefficient (����) of the MFLs was 

initially determined by the following equation: 

1 − �

�
= ��� (4������/�) (2)

where R and T are the reflectance and transmi�ance spectra obtained from the CST 

simulations, respectively, � is the incidence wavelength, and d is the meta-film thickness. 

The K–K relations enable the determination of one part of a complex refractive index 

at any given frequency (��), as long as the other part is known over the entire frequency 

range (�). After this, the following equation was employed to calculate the real part of the 

complex refractive index [18]: 

����(��) = �� +
2

�
� �

�����(�)

�� − ���

�

�

�� (3)

Here, ��  denotes the refractive index of the host medium with the integral in 

Equation (3), computed using the Hilbert transform method, and P is the Cauchy principal 

value. The comparison results between the Bruggeman and K–K models are detailed in 

the Section 3. 
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2.3. Designs 

Figure 1 presents the designs used in this study, focusing on the integration of SiNPs 

within various configurations, as follows: 

(a) The foundational design features a single SiNP within a host medium. 

(b) The single-layered unit cell arrays SiNPs homogeneously, exploring basic optical 

manipulations. 

(c,d) Multi-layered variants stack such units to refine the edge characteristics. 

(e) The final design adds magnesium fluoride (MgF�) as the ARC, with the thickness 

determined by ESM, to the multi-layer structure, optimizing transmission. 

We chose MgF� as the material for the ARC due to its low refractive index (~1.38), 

which falls between the refractive index of the air and meta-layers. Additionally, it offers 

high transparency across a broad wavelength range from UV to IR bands and stable 

mechanical properties [19]. 

 

Figure 1. Design schematics for edge filters: (a) A SiNP that should be embedded in the host 

medium. (b) Single-layered unit cell. (c) Two-layered unit cell. (d) Three-layered unit cell. (e) Three-

layered unit cell with ARC. 

We categorize the designs as follows: 

LP0 is the configuration of a conventional edge filter, which uses SiN and MgF� as 

high- and low-index materials with a refractive index from reference [20,21], respectively. 

LP1–LP4 are all composed of infinite unit cells in a primitive cubic la�ice configuration 

with a fixed period of � = 145 nm. In each MFL, one unit cell consists of a SiNP with a 

radius of � = 60 nm and a refractive index from reference [22] embedded in the dielectric 

SiN  host medium and a glass substrate [23]. The dispersion of all used materials was 

considered, and the corresponding wavelength-dependent refractive indexes are depicted 

in Figure S1. The numerical simulations conducted using CST employed a mesh accuracy 

of λ/10 for the host material and R/5 for the SiNPs, with a wavelength ranging from 350 

nm to 1200 nm. The distance of the incident port is three times the length of the longest 

wavelength (1200 nm), totaling 3600 nm. The output port is directly connected to the 

bo�om surface of the substrate to emulate a thick substrate of more than 100 µm thick. 

The ARC design process leverages the ESM software’s  needle synthesis function, 

which differs from the simple quarter-wave design at one wavelength. Specifically, ESM 

incorporates the effective index of the MFL and employs needle synthesis for calculating 

the anti-reflective coating, with the capability of targeting multiple transmission peaks 

across various wavelengths, rather than optimizing for a single wavelength. 

In this paper, the term ‘stop band’ (350 nm–480 nm) denotes the band where the 

optical density (OD = −log�) exceeds 1, while the edge wavelength (λedge) is defined as the 

wavelength where T equals 0.5Tpeak. The pass band extends from the edge wavelength to 

1200 nm. 

3. Results and Discussion 

In this section, we first present a classical thin-film edge filter along with its angular 

performance to illustrate its ‘blue shift’ problem. Subsequently, we show why we have 
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chosen the K–K model as an effective refractive index model in this research. This is 

followed by the key results from metamaterial designs LP1–LP4. 

3.1. Traditional Thin-Film Filters 

Figure 2 depicts the transmission spectra of a conventional edge filter (LP0 design) 

based on classical thin-film technology. It consists of 49 layers of high and low refractive 

index materials, and its configuration is shown in Table 1, in which the quarter-

wavelength thicknesses of the high (SiN) and low index (MgF�) material (with 445 nm as a 

reference wavelength) are represented as H and L, respectively. The constant 0.8 allows 

the edge wavelength to be tuned to approximately 500 nm. 

 

Figure 2. A classical edge filter exhibiting blue-shift phenomena. 

Table 1. The configuration of 5 long-pass (LP) edge filters used in this paper. LP1-LP4 are 

metamaterial-based edge filters, and their corresponding unit cell figures are listed in the brackets. 

Design ID  

Long-Pass (LP) Edge Filter  

(H: High-index material layer with quarter-wavelength thickness, L: 

Low-index material layer with quarter-wavelength thickness, and the 

reference wavelength is 445 nm) 

(M: meta-layer, ARC: ���� used as anti-reflection coating) 

LP0 ���|0.8(0.5� � 0.5�)��|����� 

LP1 ���|�|����� (Figure 1b) 

LP2 ���|(�)�|����� (Figure 1c) 

LP3 ���|(�)�|����� (Figure 1d) 

LP4 ���|���|(�)�|����� (Figure 1e) 

The blue shift of the spectrum is approximately 80 nm when the incident angle is 

increased from 0° to 60° s for the transverse electric (TE) waves and 100 nm for the 

transverse magnetic (TM) waves. The blue shift in the thin-film filters at increased angles 

of incidence results from changes in phase thickness and the variation of effective 

admi�ance, influenced by the Brewster angle, which separates the band edges at higher 

angles [24]. This shift does not satisfy the requirements for numerous applications. Ideally, 

the wavelength shift should be less than 10 nm for it to be suitable for practical 

applications. 

3.2. K–K Model and Bruggeman Model 

The LP1 design (Figure 1b) was used as the base to calculate the effective refractive 

index of the MFL. Figure 3 presents the transmission spectra calculated by CST, the 

Bruggeman approximation, and the K–K model, respectively. The curve derived from the 
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Bruggeman approximation demonstrates a mismatch of the λ������ when compared to 

the results from the CST and those indirectly obtained from the K–K model. The 

Bruggeman approximation, as described in Equation (1), is thus not suitable for this study, 

due to its failure to account for the strong near-field interplay between adjacent particles. 

 

Figure 3. Comparison of transmission spectra of LP1 calculated by CST, the Bruggeman model, and 

the K–K model, respectively. The inset shows the refractive index derived from the K–K model and 

a unit cell of LP1. 

The transmission spectrum of an MFL employing the refractive index that derived 

from K–K model shows reasonably good agreement with the CST spectrum, particularly 

in the short-wavelength bands and at the edge wavelength. Across the entire wavelength 

spectrum, the average mean square error (MSE) of the transmission obtained via the K–K 

model is 0.00053. This is approximately one order of magnitude lower than the MSE of 

the Bruggeman approximation (0.00692). Therefore, the K–K model can provide a more 

precise approximation of the effective refractive index. 

Although some deviations are present in the longer wavelength bands, the K–K 

model captures the main physical phenomena at the edge wavelength, which is crucial 

for this work. Consequently, it is utilized in our design process. The designs optimized 

using the K–K model in the ESM are subsequently fine-tuned and verified by CST 

software, which circumvents the discrepancies between the two software suites. 

3.3. Metamaterial Edge Filters 

Figure 4 presents the key results on the transmission spectra contour plot for the four 

edge filter designs, LP1, LP2, LP3, and LP4 (�����~500 nm), based on SiNPs metamaterials 

under various angle of incidence (AOI), as calculated by the CST. This analysis 

incorporates physics such as single particle resonance modes (dipole or high-order 

modes), near-field interactions of neighboring particles, and periodic effects resulting 

from the unit cell designs [15,25]. Both TE and TM incident polarizations are considered. 

The designated edge wavelength of 500 nm can be adjusted by modifying the particle size 

and the host material, as detailed in Section 3.4 below. 
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Figure 4. Transmission spectra contour plot for LP1 (a,b), LP2 (c,d), LP3 (e,f), and LP4 (g,h) designs 

and with TE (left column) and TM (right column) polarizations. The solid and dashed lines denote 

transmissions at 0° and 60° incident angles, respectively. Zones A, B, C, and D in (a,b) highlight 

targeted undesired peaks for elimination in subsequent designs. 

LP1 design (Figure 4a,b): This single-layer design, which is akin to the study by Lo�i 

et al. [15], incorporates a new glass substrate for practical considerations. Consequently, 

although the results slightly differ from those in reference [15], all of the key features 

remain consistent, as follows: there is a clear demonstration of edge filter behaviors and 

wide-angle performance, alongside poor performances in both the stop band and the pass 

band. In the stop band (wavelength <480 nm), weak blocking performance occurs below 

400 nm for all of the AOIs, denoted by undesired peaks in Zones A, B, and C in Figure 4a 

and 4b, respectively. Meanwhile, in the pass band, the overall transmission in the near-

infrared (IR) regime significantly a�enuates as the TE-polarized AOI increases, as marked 

by Zone D in Figure 4a. Overcoming these challenges proves daunting, due to the single-

layer design’s restricted parameter adjustability. However, the integration of the multi-

layer and ARC designs furnishes additional design flexibility, effectively mitigating these 

issues in LP1. 

LP2 design (Figure 4c,d): The implementation of the second layer (�₁ = 255 nm) can 

instantly improve the blocking performance in Zones A and B, due to the greater 

absorption offered by an extra layer of SiNPs. The �₁ = 255 nm was determined by the 

parametric scanning of the CST to extend the high transmission band in the IR wavelength 

regime while maintaining a sharp edge, as shown in Figure S2a. The peak in Zone C can 

slightly suppress but is still unacceptable. Additionally, we observed a decrease in the 
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transmi�ing performance in the longer wavelength (>900 nm), which can be a�ributed to 

the increased optical thickness of the host medium. This causes a mismatch between the 

admi�ance of the host medium layer and that of the air. However, we demonstrate that 

such undesired effects can be mitigated by incorporating an ARC, as illustrated in the final 

LP4 design. 

LP3 design (Figure 4e,f): We implemented a three-layered design to enhance stop 

band blocking performance. This configuration (�� = 125 nm, as depicted in Figure 1d) 

demonstrated significantly improved stop band blocking performance for both 

polarizations. The determination of �� = 125 nm is shown in the appendix in Figure S2b, 

which shows the narrow bandwidth of the peak in Zone C. For TE polarization, the stop 

band achieves near-perfect blocking (Figure 4e), with all wavelengths being completely 

blocked within the stop band under all of the AOIs, resulting in an average OD of up to 

2.55. This effectively resolves the issue observed in Zone A of the LP1 design. In the case 

of TM polarization, the unwanted peaks in Zone B are entirely removed; moreover, while 

the peaks in Zone C are not fully eliminated, they still show a significant improvement 

compared to that of the the LP1 design. The a�enuation of transmission in the longer 

wavelength (900–1100 nm) is still observed, due to the absence of an ARC. 

LP4 design (Figure 4g,h): Building upon LP3, the LP4 design achieves further 

enhancement with the addition of an ARC layer. The systematic optimization of the 

design parameters, conducted by ESM and validated by CST, yields specific dimensions 

for LP3 with optimal performance (�₀′ = 133.61 nm, ��
�  = 256.46 nm, ��

�  = 124.77 nm, ��
�  

= 96.27 nm, and �₄ = 150.45 nm). LP3 demonstrates a superior overall performance, with 

the unwanted peaks in Zones A, B, and C being significantly reduced or eliminated, 

resulting in significant improvements in stop band characteristics with a max average OD 

= 2.55. Meanwhile, the transmission in the pass band, particularly at wavelengths of >900 

nm, experiences substantial enhancement, with the average transmission exceeding 80% 

across the AOIs ranging from 0° to 60° for both polarizations. 

3.4. Comparison of Designed Filters 

OD performance of stop band: Figure 5 illustrates a comparison of the average 

transmission rates for designs LP1–L4 for the stop band (350 nm–480 nm). As the number 

of MFLs increases, the blocking performance (OD) shows a significant improvement for 

both TE- and TM-polarized modes, as follows: the OD of the LP3 design increases by 1.31 

compared to LP1; and by 0.52 compared to LP2 for TE polarization. In terms of TM 

polarization, the results exhibit less improvement, with the average OD of the LP1 design 

sharply decaying at high AOI, due to the presence of unwanted peaks. The OD of the LP3 

design is approximately 0.71 higher than that of LP1. 
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Figure 5. (a,b) The average OD for stop band (350 nm–480 nm) and (c,d) average transmission for 

pass band (500 nm–1200 nm) of 4 edge filters under different AOIs (represented as Theta) and with 

both TE (left) and TM (right) polarized incidence. The LP1 (Lo�i+2019) design is from Ref. [15]. 

The introduction of the ARC layer slightly improves the blocking performance for 

TE-polarized light across almost all of the AOIs, and the variation of OD for TM-polarized 

incidence is less than ±0.15. Importantly, our optimized design, LP4, achieves the highest 

reported optical density for metamaterial-based edge filters to date, as follows: OD = 2.45 

(AOI = 0°), OD = 2.55 (AOI = 60°, TE), and OD = 1.29 (AOI = 60°, TM), compared to the 

previous single-layer LP1 design with OD = 1.05 (AOI = 0°), OD = 1.25 (AOI = 60°, TE), 

and OD = 0.59 (AOI = 60°, TM). 

We also calculated the OD at an AOI of 0° for an increased number of layers. We 

found that the OD (AOI = 0°) approaches a maximum value that can be approximated by 

the following formula: 

�� ≈
12

4.6 + exp [−1.54 × (� − 2.33)]
 (4)

Here, the optical density (OD) exhibits an increasing trend with the number of layers 

but begins to plateau at around six layers, reaching a maximum OD of approximately 2.60. 

This occurs because the threshold defining the stop band is set at 10% (OD = 1) in this 

paper, thereby limiting the upper limit of the average OD. However, if the threshold for 

the stop band is reduced to 1% (OD = 1), a much higher average OD can be achieved. 

As the number of MFLs grows, the average transmission of each filter with the 

absence of an ARC decreases for both TE- and the TM-polarized incident lights at all AOIs. 

This is because the total optical admi�ance of the MFLs and substrates mismatches the 

admi�ance of the air. The design incorporating an optimized ARC layer provides an 

enhancement for transmi�ing performance, particularly at higher AOIs, in comparison to 

the other three designs lacking an ARC layer. While the improvement remains relatively 

modest during normal incidence and low AOI, which is a�ributable to less reflection at a 

lower AOI, the improvement in transmi�ing performance becomes apparent as the AOI 

increases. The disparity in transmission between the final design and the single-layer 

design reaches a notable increase from 62% to 77%, at 0.15. For the TM model, the single-

layer design exhibits a consistently high average transmission for all of the AOIs 
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above  84% . Moreover, the transmission does not experience a substantial decline, as 

observed in the TE incidence, when the number of MFLs is increased. 

Edge shift performance: The edge shifts of all of the above designs are shown in 

Figure 6, showcasing the remarkable angular intolerance performance of SiNPs-based 

edge filters at a high TE-polarized AOI. The maximum blue shifts (AOI = 60� ) of the 

conventional edge filter are approximately 55 nm and 95 nm with TE- and TM-polarized 

incidences, respectively. However, the maximum edge shift of the LP1 single-layer design 

reaches to 9.42 nm at 60�. This low angular sensitivity is inherent in all multi-layered 

edge filters, with the final design incorporating an ARC exhibiting an even greater 

insensitivity across all of the AOIs. For the TM-polarized incidence, the edge shifts are 

much more severe than those of the TE incidence. Specifically, the red shift of the edge for 

the single-metalayer filter rapidly raises to 37.92 nm and the edge shift is significantly 

reduced by at least 50% for all of the AOIs after the introduction of multilayers of SiNP 

and the ARC layer. 

 

(a) (b) 

Figure 6. The shift of edge wavelength of LP0–4 with TE- (a) and TM- (b) polarized AOI. The LP1 

(Lo�i + 2019) design is from Ref. [15]. 

3.5. Tunability of Edge Wavelength 

While our design has a fixed edge wavelength of 500 nm, it is feasible to adjust the 

edge wavelength by modifying the nanoparticle size and the material to suit various 

application requirements. Figure 7 illustrates the particle size and the material variations 

that can be employed to tune the design wavelength across the entire visible spectrum. To 

make the results more generalizable and widely applicable, the model used for simulation 

is a simplified three-metalayer configuration consisting of a glass substrate and three 

stacked MFLs directly derived from LP1 instead of being deeply optimized, like LP3, with 

optimized longitudinal center-to-center distance. Crystal silicon nanoparticles enable 

wavelength tuning between the range of 380 and 520 nm, whereas amorphous silicon 

allows tuning within the 450–650 nm range. 
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Figure 7. Tunability of edge wavelength range (highlighted by the green arrows) in the three-

metalayer configuration based on three stacked MFLs from LP1 by varying silicon nanoparticle size 

and applying (a) crystal and (b) amorphous silicon. 

3.6. Limitation and Future Work 

We have endeavored to optimize the optical performance of the edge filter, including 

parameters such as optical density and transmission. Nevertheless, the refinement of the 

edge slope at high AOIs remains a considerable obstacle, which may constrain the filter’s 

utility in certain applications. For further optimization, other materials, such as graphene, 

plasmonic, and nonlinear materials, may be considered [26–28]. Furthermore, the 

production of large-area components constitutes an additional challenge. To this end, the 

self-assembly process of block copolymers (BCPs) presents a viable method for large-scale 

fabrication. Specifically, polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) is a 

promising candidate for mass production, which is a�ributable to its highly organized 

porous architecture and the adjustability of the interstitial spacing, which can be regulated 

to span several hundred nanometers, as reported in the literature [29]. Since BCP employs 

chemical-based synthesis methods, there is no significant cost increase in the multi-layer 

design, compared to the single-layer design, making it more suitable for mass production 

compared to costly lithograph-based technology [30]. 

4. Conclusions 

Utilizing a combined design and optimization approach involving full-wave 

simulation and classical thin-film design methods, we have optimized wide-angle 

metamaterial long-pass edge filters incorporating SiNPs and an ARC. Through systematic 

adjustments and rigorous validation, our three-MFL design achieved a significantly 

higher OD compared to the original design, with enhanced transmission in TE 

polarization (62–77%) and higher ODs of 2.55 (AOI = 60°, TE) and 1.36 (AOI = 60°, TM). 

This exceptional performance renders it suitable for applications demanding consistent 

results across diverse angles of incidence. Moreover, the tunability of edge wavelengths 

enhances its adaptability to specific application requirements. Our study significantly 

advances the field of high-efficiency metamaterial optical components, offering an 

enhanced performance and versatility in various optical systems. 

Supplementary Materials: The following supporting information can be downloaded at: 

h�ps://www.mdpi.com/article/10.3390/photonics11050446/s1, Figure S1: The refractive indexes for 

(a) SiN , (b) MgF� , (c) crystal Si , and (d) glass substrate. Figure S2: The transmission spectra 

dependence of edge filter on (a) and (b), longitudinal distances, �� and ��, between two adjacent 

SiNSs MFLs. 
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