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Diffractive optics devices are optical devices in which the amplitude or phase of the incident light is spatially modulated 

periodically by a micro-nanomaterial based structure. The study of diffractive optics devices in the field of micro and nano 

can change the spectroscopic behavior of micro and nano diffractive optics devices by varying the microstructure of the 

structure and the optical wave properties, which can effectively and reasonably modulate the optical wave signal. To study 

the effect of different parameter structures on the performance of micro-nano diffraction optical devices, in this paper, two 

three-dimensional array structures of diffractive optical devices are proposed, which are a vertex-intersecting regular 

tetrahedron structure and a base-intersecting regular frustum structure. Using the Finite-Difference Time-Domain method, 

the spectroscopic images of the diffractive optics of the constructed micro-nano diffractive devices are studied in the near-

infrared band by varying the height of the constructed structures, the type of structures, the wavelength of the incident 

light waves, and the polarization direction of the light waves in different 3D height coordinates. The effects of different 

parameter changes on the performance of the micro-nano diffractive optics devices were analyzed by image comparison. 

The results show that the best diffraction effect is achieved at a structure height of 0.9 μm for both models with different 

structure types. The study of both structures at this structure height reveals that the location of diffraction occurrence and 

the intensity of diffraction can be tuned by varying the structure and the relevant parameters such as the polarization of 

the light wave. This paper has some theoretical applications for the study of high-performance diffractive optics. 

Keywords: near-infrared, finite-difference time-domain, diffractive optics micro and nanostructures, diffractive properties. 

 

1. INTRODUCTION 

Diffractive Optical Elements (DOEs), also known as 

binary optical elements, modulate the phase of light 

propagation through the design of different surface 

microstructures. Due to their unique surface micro-nano 

structure design, DOEs can achieve functionalities that 

traditional optical systems cannot, offering advantages such 

as high efficiency, high precision, low weight, and small 

size [1 – 3]. In practical applications of laser shaping, DOEs 

are widely used and play an influential role in laser 

homogenization, collimation, focusing, and pattern 

formation [4]. 

DOEs have lightweight and planar geometries, 

providing significant advantages over traditional refractive 

optical elements. With the progress of micro-nano 

fabrication technology [5], DOEs can now be manufactured 

on a large scale with at low cost. Therefore, DOEs have 

found widespread applications in various fields such as 

imaging, optical communications, and lithography. In 

current research, the manufacturing of DOEs has been 

achieved through light-assisted trapping and patterned 

nanoparticles [6 – 7]. Recent studies have demonstrated that 

this approach can produce diffractive gratings with periods 
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as short as a few micrometers. Due to the maturity of the 

current technology, the micro-nano structural design and 

performance analysis of DOEs in this paper hold certain 

theoretical value for fabricating well-established DOEs. 

In the preliminary research of our team, it was found 

that diffraction gratings can alter the optical properties, such 

as transmittance, of incident light. This makes them suitable 

for the design of various optical devices, including surfaces 

of thin-film solar cells [8, 10, 18, 19]. Building upon this 

foundation, this paper primarily focuses on systematically 

studying the electromagnetic field distribution at 

wavelengths where a specific diffraction grating exhibits 

significant changes in transmittance under incident light. 

The goal is to identify regions with enhanced 

electromagnetic fields in different structures, providing a 

theoretical basis for further development and design of 

related optical devices. The specific research will revolve 

around the design of surface micro/nano structures for 

diffractive optical devices. By varying parameters such as 

height, structure type, wavelength of incident light, and 

polarization direction, spectroscopic images of the 

constructed micro/nano diffractive optical devices will be 

studied at different three-dimensional height coordinates. 

Through comparative analysis of these images, the impact 
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of parameter variations on the performance of micro/nano 

diffractive optical devices will be assessed. 

2. STRUCTURE AND METHOD 

This paper presents two diffractive optical micro-nano 

structure models. One is a vertex-intersecting regular 

tetrahedron structure, and the remaining is a base-

intersecting regular frustum structure. Both structures are 

made of SiO2 and arranged in regular arrays. In the 

subsequent numerical simulations, the constructed models 

are treated as a unit and an array model is created by 

connecting infinite units for numerical simulation. The 

grating period was 1.0 μm, and the used refraction index 

was 1.46 for SiO2. 

The Finite-Difference Time-Domain (FDTD) method 

[9, 12] is applied in this study for simulation. This method 

is based on the fundamental Maxwell equations in 

electrodynamics and directly calculates the numerical 

solution based on the temporal electromagnetic field 

differential equations. It has been widely used in 

electromagnetics, electronics, and optics [11]. 

Since the focus of this research is on the diffractive 

optical performance of the structures, plane waves that 

allow simultaneous analysis of the electric and magnetic 

fields in the same plane are employed for simulation and 

analysis. The light source is incident from below the 

substrate, along the positive z-axis direction, as shown in 

Fig. 1. The wavelength of the plane wave is set between 

800 nm and 1500 nm, covering the near-infrared range. To 

ensure accurate numerical simulation, grid parameter 

optimization is performed. Through preliminary 

experiments, a grid accuracy of 10 nm was validated and 

deemed suitable for the study. Ultimately, a grid accuracy 

of 10 nm is set for all three axes (x, y, z); periodic boundary 

conditions are applied in the x and y directions, while 

perfect matching layer (PML) boundary conditions are 

applied in the z direction. 

 

Fig. 1. Simulation model 

3. ANALYSIS OF SIMULATION RESULTS 

3.1. Varying structure height 

First, we conducted a study on the diffraction optical 

performance of the regular tetrahedral prism structure and 

made adjustments to the constructed basic model. We 

investigated the differences in the diffraction performance 

of the model under different heights of the tetrahedral prism. 

Fig. 2 shows the schematic diagram of the regular 

tetrahedral prism models with different heights. The 

constructed regular tetrahedral prisms only differed in 

height. We set up 11 regular tetrahedral prisms with 

different heights, increasing the height incrementally. The 

height h of the models in the Fig. 2 increases sequentially, 

with an increment of 0.1 μm. A total of 11 tetrahedral prism 

models were set up, ranging from a height of 0.5 μm to 

1.5 μm, to explore the influence of different heights of 

regular tetrahedral prism arrays on diffraction performance. 

We conducted 11 sets of experiments with regular 

tetrahedral prisms of different heights and obtained a graph 

showing the relationship between the transmittance of light 

and wavelength, as shown in Fig. 3. Furthermore, we 

determined the optimal wavelength and the appropriate 

height of the regular tetrahedral prism for achieving the best 

diffraction effect. 

 

Fig. 2. The height h of the normal quadrilateral model increases 

successively with an increasing interval of 0.1 μm. A total 

of 11 quadrilateral models are set, and the height increases 

successively from 0.5 μm to 1.5 μm 

The base material and regular tetrahedral prism material 

in the simulation are both SiO2. After measurement, the 

transmittance of SiO2 in the near-infrared wavelength range 

of 800 nm to 1500 nm is found to be 0.97. If the 

transmittance of the light wave significantly decreases after 

constructing the structure in the experiment, it indicates that 

a diffraction effect is occurring. By varying the height of the 

regular tetrahedral prism while keeping the diagonal length 

of each prism base at 1.0 μm, the height h of the prism 

increases sequentially from 0.5 μm to 1.5 μm. The 

transmittance of light waves with different wavelengths 

passing through prisms of different heights is measured, and 

the relationship between wavelength and transmittance is 

obtained. 

Considering 1.0 μm as the threshold, the data is divided 

into two groups to further analyze the influence of height on 

diffraction performance. The first group includes the results 

within the range of 0.5 μm to 1.0 μm, as shown in Fig. 3. In 

summary, from Fig. 3, it can be observed that within the 

wavelength range of 800 nm – 1000 nm, the diffraction 

effects of different heights on the structure are not 

significant. However, for different structure heights, a sharp 



decrease in transmittance occurs between the wavelengths 

of 950 nm and 1000 nm, reaching the lowest transmittance 

at 1002 nm. 

 

Fig. 3. Relationship between transmittance and wavelength of 

0.5 μm – 1.0 μm height regular quadrilateral prism 

Within the wavelength range of 1000 nm – 1200 nm, 

the transmittance curves for structure heights of 0.5 μm, 

0.6 μm, 0.7 μm, and 0.8 μm are similar, with two distinct 

transmittance dips. The peak of the second dip is higher than 

the first dip, indicating a weakening of diffraction effects at 

the wavelength of the second dip. For structure heights of 

0.9 μm and 1.0 μm, no second transmittance dip is observed 

between 1000 nm and 1200 nm, suggesting that the 

diffraction effects of the structure vary with height. When 

the wavelength exceeds 1200 nm, the transmittance curves 

for different structure heights are similar, with only slight 

differences in transmittance levels, indicating a diminishing 

impact of different structure heights on diffraction 

performance with increasing wavelength. 

Fig. 4 shows the transmittance spectra for different 

heights ranging from 1.0 μm to 1.5 μm. From Fig. 4, it can 

be observed that within the wavelength range of 

800 nm – 1000 nm, the transmittance curves for structure 

heights of 1.1 μm – 1.5 μm are similar. 

 

Fig. 4. Relationship between transmittance and wavelength of 

1.0 μm – 1.5 μm height regular quadrilateral prism 

The transmittance for a structure height of 1.0 μm has a 

lower dip around 800 nm, but the transmittance is still 

relatively high, indicating that the diffraction effects of the 

device are still not significant at this height. For different 

structure heights, a sharp decrease in transmittance occurs 

between the wavelengths of 950 nm and 1000 nm, reaching 

the lowest transmittance at 1002 nm. Within the wavelength 

range of 1000 nm – 1150 nm, the transmittance-wavelength 

relationship curves for structure heights of 1.0 μm – 1.5 um 

are similar. Within this range, as the structure height 

gradually increases, the transmittance also increases for the 

same wavelength, indicating a gradual weakening of 

diffraction effects with increasing structure height in this 

wavelength range. Within the wavelength range of 

1150 nm – 1200 nm, all different heights exhibit a minor 

dip, with a structure height of 1.5 μm showing the lowest 

transmittance. When the wavelength exceeds 1250 nm, the 

transmittance curves for different structure heights are 

similar, with only slight differences in transmittance levels, 

indicating a diminishing impact of different structure 

heights on diffraction performance with increasing 

wavelength. 

3.2. Varying the structure shape 

The second part of the simulation will involve varying 

the structure of the model. Based on the optimal wavelength 

obtained in the first part for diffraction effects in a regular 

tetrahedral array, the wavelength of the light wave will be 

kept constant while the model's structure is modified. A 

regular tetrahedral prism with connected bases will be 

constructed to study the effect of varying the model's 

structure on diffraction performance. Fig. 5 a shows a 3D 

view of the regular tetrahedral prism, with h1 = 0.9 μm. 

Fig. 5 b depicts a top view of the regular tetrahedral prism, 

with D1 = 1 μm, where the vertices of the tetrahedron 

intersect. 

 

Fig. 5. Comparison of a regular quadrilateral column and a regular 

quadrilateral platform of the same height 

Fig 5 c illustrates a 3D view of the regular tetrahedral 

frustum, with the same height as the regular tetrahedral 

prism, h2 = 0.9 μm. Fig. 5 d displays a top view of the 

regular tetrahedral frustum, with D2 = 1 μm, where the 

bottom vertices of the frustum are connected and the top of 

the frustum has a distance of d = 0.707 μm. 



Further study the difference of different models at 

1002 nm wavelength and 0.9μm height to explore the 

impact on the performance of diffracted optical elements, as 

shown in Fig. 6. 

 

Fig. 6. Relation between transmittance and wavelength of 0.9 μm 

height regular quadrilateral prism and regular quadrilateral 

platform 

According to Fig. 6, it can be seen that both the 

transmission rates of the regular tetrahedron with a height of 

0.9 μm and the regular frustum with a height of 0.9 μm 

reach the lowest point at a wavelength of 1002 nm. This 

indicates that both structures achieve optimal diffraction at 

a height of 0.9 μm and a wavelength of 1002 nm. Therefore, 

an experiment should be conducted to compare the 

diffraction performance of the two structures at a 

wavelength of 1002 nm and a height of 0.9 μm. 

3.3. Varying the polarization direction of light 

Firstly, the differences in electric field distribution 

between a regular tetrahedron and a regular tetrahedron 

frustum at different diffraction positions were studied when 

the polarization direction of light was set to 0°. Electric field 

monitors were placed at the bottom of the models, 

specifically at a height coordinate of z = 0 μm, and at the top 

of the models, specifically at a height coordinate of 

z = 0.9 μm. The experimental results are shown in Fig. 7. 

Fig. 7 a shows the electric field distribution of a right 

square prism at a height coordinate z = 0 μm, with the 

polarization direction of the light at 0°; Fig. 7 b shows the 

electric field distribution of a right square prism at a height 

coordinate z = 0.9 μm, with the polarization direction of the 

light at 0°; Fig. 7 c shows the electric field distribution of a 

right square pyramid at a height coordinate z = 0 μm, with 

the polarization direction of the light at 0°; Fig. 7 d shows 

the electric field distribution of a right square pyramid at a 

height coordinate z = 0.9 μm, with the polarization direction 

of the light at 0°. 

From Fig. 7 a and c, it can be seen that at a wavelength 

of 1002 nm, for a prism with a height of 0.9 μm and a height 

coordinate of z = 0 μm, the position of the strongest electric 

field is mainly along the y-axis when the polarization 

direction of the light is 0°, at the upper and lower vertices of 

the bottom surface of the prism. Comparing Fig. 7 a with 

Fig. 7 b, it can be found that for the same structure under the 

same wavelength and polarization, the distribution of the 

position of the strongest electric field at different height 

coordinates is different, as shown in Fig. 7 b and d. When 

the height coordinate is z = 0.9 μm, the position of the 

strongest electric field is mainly along the x-axis, at the left 

and right vertices of the top surface of the prism. Moreover, 

with different height coordinates, the maximum values of 

the electric field strength are also different. The maximum 

field strength at z = 0.9 μm is stronger than the maximum 

field strength at z = 0 μm.   

 

a b 

 

c d 

Fig. 7. Electric field distribution of 0°polarized light incident 

structure 

Under the condition that other parameters remain 

unchanged, varying the shape of the structure results in 

similar diffraction patterns. For both the prism array and the 

pyramid array, at a height coordinate of z = 0 μm and a 

polarization direction of 0°, diffraction occurs mainly along 

the y-axis, at the upper and lower vertices of the bottom 

surface of the prism. At a height coordinate of z = 0.9 μm, 

the diffraction positions of both structures rotate by 90° and 

occur mainly along the x-axis, at the left and right vertices 

of the top surface of the prism. However, the changes in the 

structures will affect the magnitude and uniformity of the 

diffracted electric field. There is a significant difference in 

uniformity between the two structures, with only weak 

diffraction occurring at the center of the prism structure, but 

continuous and more uniform diffraction occurring at the 

center of the pyramid, with an increase in the intensity of the 

central diffraction. 

Furthermore, varying the polarization of the light to a 

direction of 45°, while keeping the structural parameters and 

the position of the electric field monitor consistent with the 

0° polarization direction, allows for observing the 

differences in the electric field performance of the 

diffraction elements with different structures at the same 

height.  

Fig. 8 a shows the electric field distribution of a right 

square prism at a height coordinate of z = 0 μm, with the 



polarization direction of light at 45°; Fig. 8 b shows the 

electric field distribution of a right square prism at a height 

coordinate of z = 0.9 μm, with the polarization direction of 

light at 45°; Fig. 8 c shows the electric field distribution of 

a right square pyramid at a height coordinate of z = 0 μm, 

with the polarization direction of light at 45°; Fig. 8 d shows 

the electric field distribution of a right square pyramid at a 

height coordinate of z = 0.9 μm, with the polarization 

direction of light at 45°. 

 

a b 

 

c d 

Fig. 8. Electric field distribution of 45°polarized light incident 

structure 

From Fig. 8, it can be observed that at a wavelength of 

1002 nm, with a height of 0.9 μm and a height coordinate of 

z = 0 μm, the strongest electric field intensity is mainly 

located at the four vertices of the bottom surface of the 

regular tetrahedron. Additionally, there is also a strong 

electric field distribution around the vertices, while the 

central part has almost no electric field distribution. 

Comparing Fig. 8 a with b and Fig. 8 c with d, it can be 

found that at z = 0.9 μm, there is still a strong electric field 

distribution in the central part of the structure. The 

maximum field intensity varies with different height 

coordinates, with the maximum field intensity at z = 0.9 μm 

being stronger than the maximum field intensity at 

z = 0 μm. Unlike the diffraction occurring mainly at the four 

vertices on both the top and bottom surfaces of the 

tetrahedron, on the bottom surface of the structure, 

diffraction mainly occurs at the four vertices, while on the 

top surface of the structure, diffraction occurs on the two 

sides of the square. 

Finally, the polarization of the light wave was changed 

to 90°, and the structural parameters of the two models and 

the placement of the electric field monitor remained 

consistent with the 0° polarization direction. The differences 

in the electric field performance of the diffraction elements 

with different structures at the same structural height were 

observed, as shown in Fig. 9. 

 

a b 

 

c d 

Fig. 9. Electric field distribution of 90°polarized light incident 

structure 

Fig. 9 a shows the electric field distribution of a right 

square prism at a height coordinate z = 0 μm, with the 

polarization of light at 90°. Fig. 9 b shows the electric field 

distribution of a right square prism at a height coordinate 

z = 0.9 μm, with the polarization of light at 90°. Fig. 9 c 

shows the electric field distribution of a right square 

pyramid at a height coordinate z = 0 μm, with the 

polarization of light at 90°. Fig. 9 d shows the electric field 

distribution of a right square pyramid at a height coordinate 

z = 0.9 μm, with the polarization of light at 90°. 

From Fig. 9 a, it can be seen that at a wavelength of 

1002 nm, with a height of 0.9 μm, at a height coordinate of 

z = 0 μm, and with a polarization direction of 90°, the 

position of the strongest electric field intensity is mainly 

along the x-axis, at the left and right vertices of the bottom 

surface of the regular prism. By observing Fig. 9 b, it can be 

found that at a height position of z = 0.9 μm, the position of 

the strongest electric field intensity is mainly along the y-

axis, at the top and bottom vertices of the top surface of the 

regular prism. By comparing Fig. 9 a with Fig. 9 b, it can be 

found that for the same structure, under the same 

wavelength and polarization, the distribution of the position 

of the strongest electric field intensity varies with different 

height coordinates. Moreover, with different height 

coordinates, the maximum value of the electric field 

intensity is also different, and the maximum field strength 

at z = 0.9 μm is significantly stronger than that at z = 0 μm. 

Similar results can also be observed from Fig. 9 c and d, 

compared to Fig. 9 a and b. 

Once again, by comparing Fig. 9, it can be concluded 

that under the same conditions, varying the shape of the 

structure leads to similar diffraction patterns. For both 

regular prism arrays and regular pyramid arrays, at a height 

coordinate of z=0μm and with a polarization direction of 0°, 



diffraction occurs mainly along the x-axis, at the left and 

right vertices of the bottom surface of the regular prism. At 

a height coordinate of z = 0.9 μm, the diffraction positions 

of both structures rotate by 90° and occur mainly along the 

y-axis, at the top and bottom vertices of the top surface of 

the regular prism. However, the changes in the two 

structures will affect the magnitude and uniformity of the 

diffracted electric field. From the Fig. 9, it can be clearly 

seen that at a height coordinate of z = 0 μm, the maximum 

value of the electric field for the regular pyramid structure 

is greater than that for the regular prism structure. Moreover, 

the diffraction uniformity at the top and bottom vertices of 

the regular pyramid structure is better than that of the 

regular prism structure. The regular prism structure only 

exhibits weak diffraction at the center, while the regular 

pyramid structure shows continuous and more uniform 

diffraction at the center, with an increase in the intensity of 

the central diffraction. 

By comparing Fig. 7 a, c, Fig. 8 a, c, Fig. 9 a, and c, it 

can be observed that the diffraction positions of different 

structures with the same wavelength, structure height, 

height coordinate, and polarization direction are roughly the 

same. Fig. 7 a and c show the electric field distribution at a 

height coordinate of z = 0 μm under 0° polarization 

direction. It can be seen that the diffraction mainly occurs 

along the y-axis, at the upper and lower vertices of the 

intersection of the regular prism. Fig. 9 a and c show the 

electric field distribution at a height coordinate of z = 0 μm 

under 90° polarization direction. It can be seen that the 

diffraction mainly occurs along the x-axis, at the left and 

right vertices of the intersection of the regular prism. 

Compared to the diffraction positions under 0° polarization 

direction in Fig. 7 a and c, the diffraction positions under 

90° polarization direction in Fig. 9 a and c have rotated by 

90°. The significant difference between 0° and 90° 

polarization directions is the 45° polarization direction. 

Fig. 8 a and c show the electric field distribution at a height 

coordinate of z = 0 μm under 45° polarization direction. 

Under 45° polarization, the diffraction occurs at the four 

vertices of the prism. Compared to 0° and 90° polarization 

directions, the overall diffraction is more uniform, and the 

maximum intensity of the electric field is lower. 

Fig. 7 b, d, Fig. 8 b, d, Fig. 9 b and d show the electric 

field distribution at a height coordinate of z = 0.9 μm. 

Fig. 7 b and d only change the height coordinate compared 

to Fig. 7 a and c, and the diffraction positions have rotated 

by 90°. It changes from mainly occurring along the y-axis at 

the upper and lower vertices of the intersection of the regular 

prism to mainly occurring along the x-axis at the left and 

right vertices of the intersection of the regular prism. 

Similarly, Fig. 9 b and d only change the height coordinate 

compared to Fig. 9 a and c, and the diffraction positions 

have rotated by 90°. It changes from mainly occurring along 

the x-axis at the left and right vertices of the intersection of 

the regular prism to mainly occurring along the y-axis at the 

upper and lower vertices of the intersection of the regular 

prism. Therefore, it can be seen that there are two methods 

to change the diffraction positions in the 0° and 90° 

polarization directions: varying the polarization direction of 

light or varying the height coordinate. Under the 45° 

polarization direction, the diffraction occurs at the four 

vertices, so there is not much difference between the 

polarization positions at the top and bottom of the structure. 

However, the diffraction phenomenon is more concentrated 

and the electric field intensity is higher at the top, while the 

diffraction phenomenon is more uniform and the electric 

field intensity is lower at the bottom. 

4. CONCLUSIONS 

This article presents the micro-nano structures of two 

diffraction optical elements, one is a SiO2 regular tetrahedral 

array structure, and the other is a SiO2 regular tetrahedron 

array structure. By using the numerical simulation method 

of finite difference time domain, the transmittance and 

electric field distribution of the two structures are studied in 

the near-infrared wavelength range by varying the height, 

shape, electric field monitoring position of the structure, as 

well as the wavelength and polarization direction of the 

incident light. The diffraction performance parameters of 

the two structures are obtained. The results show that there 

is a significant difference in the diffraction performance of 

the structures with the same structure but different heights. 

Moreover, at the same structure height, there are also 

significant differences in diffraction performance at 

different height coordinates. The study on controlling 

variables for the two different structures shows that by 

adjusting the structure, the diffraction of the structure can 

exhibit either uniform distribution or concentrated 

distribution. 

At present, in this field, researchers have carried out 

extensive research on the optical properties of micro-nano 

grating structures. This includes studies on filter polarizers 

based on grating structures [13, 14], investigations into the 

diffraction behavior of surface plasmon waves on 

metasurfaces [15], simulation studies on the reflection 

characteristics of microstructures with different unit sizes, 

research on generating cylindrical vector-polarized light 

using subwavelength nanostructured grating devices [16], 

and the optical characterization of anti-reflective grating 

structures using the FDTD method [17], among others. 

However, there are no reports yet on simulating the 

transmission efficiency and electric field distribution in the 

infrared region for a series of micro/nano structured 

metasurfaces based on regular tetrahedral prism structures, 

as presented in this paper. 

However, by using the research results of this paper, 

optical uniformizers or devices that concentrate optical 

energy can be fabricated to improve the performance of 

lasers. The structures constructed in this experiment have 

different transmittance parameters at different heights, and 

the diffraction optical elements with the desired 

transmittance can be designed by utilizing the structural 

parameters. The theoretical results of this article have 

reference value for the design of high-performance 

diffraction optical elements using SiO2 materials. 
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