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The four-port reflection splitter with 0th order suppressed is proposed. HfO2 was chosen as the material for the grating ridges, 

achieving a highly-efficient splitting effect. Under normal incidence at 1550 nm wavelength, efficiencies of ±1 and ±2 orders 

under TE polarization are 24.45% and 24.56%, respectively, which are 24.10% and 24.08% under TM polarization, 

respectively. The 0th order of both polarizations is less than 1%. The structure was studied using rigorous coupled-wave 

analysis and simulated annealing algorithm. In addition, the electric field map of the energy distribution inside the grating 

during diffraction was depicted by the finite element method. 
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1. Introduction 

 

In recent years, the optoelectronics industry has been 

developing rapidly, and the integration and precision of 

optoelectronic devices are becoming more and more 

important. Beam splitter [1-4] is an optical device based 

on diffraction principle, which can distribute the energy of 

incident light evenly to two or more channels. Due to its 

high resolution, compact structure and light weight, 

grating beam splitter plays an important role in many 

fields, such as optical sensors [5-7], optical 

communication [8-10], optical storage [11,12], laser 

processing [13,14] etc. With the development of grating 

diffraction theory and precision processing technology, 

various beam splitters with excellent performance and 

precise dimensions have been designed. Wang et al. 

proposed an efficient zero-order elimination two-port 

grating [15]. Shu et al. proposed a high-efficiency 

three-port encapsulated grating [16]. Xiang et al. proposed 

a single-slot, four-port grating with a total diffraction 

efficiency of 86% [17]. Gao et al. proposed a 

polarization-independent four-port grating with a total 

efficiency of 94.16% for TE polarization and 94.48% for 

TM polarization [18]. 

In this paper, we propose a high-efficiency reflective 

four-port encapsulated grating. HfO2 [19,20] is chosen as 

the material for the grating ridge, which is considered as 

an ideal material to replace SiO2 in the electronics industry, 

and it is an excellent transparent material in the visible to 

infrared range with low absorption and scattering losses of 

light waves, which is suitable for making high diffraction 

efficiency gratings. In addition, the grating designed in this 

paper is based on the vertical incidence of 1550 nm light 

wave, and HfO2 maintains a stable refractive index near 

this wavelength with a wide wavelength tolerance 

bandwidth, which is of great significance for the practical 

application of gratings. In the design of grating structure 

parameters, we used rigorous coupled-wave analysis 

(RCWA) [21-23] and simulated annealing algorithm (SAA) 

[24,25]. The optimized grating has high diffraction 

efficiency and excellent uniformity, for TE polarization, 

the 0th order efficiency is 0.13%, ±1st orders efficiencies 

are 24.45%, ±2nd orders efficiencies are 24.56%, and the 

total efficiency is 98.15%, for TM polarization, the 0th 

order diffraction efficiency is 0.92%, ±1st orders 

efficiencies are 24.10%, and ±2nd orders efficiencies are 

24.08%. The high diffraction efficiency and uniformity of 

both TE and TM polarization are maintained for the same 

grating structure parameters, indicating the 

polarization-independent nature of the grating. To ensure 

the accuracy of the data, we use finite element method 

(FEM) [26-28] to calculate the optimized grating 

diffraction efficiency and analyze the electric field map of 

the energy distribution inside the grating during the 

diffraction process. 

 

 

2. Design principle and optimization 

 
The two-dimensional and three-dimensional structure 

of the four-port encapsulated grating is shown in Fig. 1. As 

can be seen from Fig. 1, the grating consists of four layers: 

cover layer, grating layer, reflection layer, and grating 

substrate. The cover layer and grating substrate are 

composed of fused silica with refractive index of n2=1.444, 

the grating ridge is made of HfO2 with refractive index of 

n3=1.877, the medium of the grating groove is air with 

refractive index of n1=1.0. The reflection layer is made of 

silver with refractive index of nm=0.313-i*10.605 [29,30]. 
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h1 is the thickness of the cover layer, h2 is the height of the 

grating ridge, d is the grating period, b is the width of the 

grating ridge, and the duty cycle of the grating is f=b/d. 

Above the cover layer is the incident region consisting of 

air, and the incident wavelength of 1550 nm is incident 

vertically onto the upper surface of the grating, and the 

energy of the incident light is mainly diffracted to ±1st and 

±2nd orders. Due to the symmetric structure of the grating, 

efficiencies of the positive and negative diffraction orders 

are equal under normal incidence, so only the transmission 

efficiencies of 0th, -1st and -2nd orders need to be 

calculated. RCWA is a very effective tool for dealing with 

electromagnetic field problems of periodic structures 

(especially diffraction gratings), and can effectively 

calculate the diffraction efficiency for different grating 

parameters. To obtain the optimal grating parameters, SAA 

is used in the solution space to find the global optimal 

solution randomly, the objective function of the SAA 

method is: 

 

𝜑(𝑑, ℎ1, ℎ2, 𝑓) = [1 − (𝜂𝑡𝑜𝑡𝑎𝑙 − |𝜂−1 − 𝜂−2|)],    
(1) 

where 𝜂𝑡𝑜𝑡𝑎𝑙  represents the sum of the diffraction 

efficiencies of the -1st and -2nd orders under a single 

polarization, 𝜂−1 represents the diffraction efficiency of 

the -1st order, and 𝜂−2  represents the diffraction 

efficiency of the -2nd order. From equation (1), it is known 

that the minimum value is obtained when the four-port 

grating has the optimal diffraction efficiency, while the 

optimal grating parameters (𝑑, ℎ1, ℎ2, 𝑓) can be obtained. 

In order to achieve the polarization-insensitive 

characteristic so that both TE and TM polarization have 

optimal diffraction efficiency for the same grating 

parameters, the objective function should be further 

expressed as: 

𝜑 =
𝜑𝑇𝐸+𝜑𝑇𝑀

2
,           (2) 

where 𝜑𝑇𝐸  and 𝜑𝑇𝑀 represent the cost functions of TE 

polarization and TM polarization, respectively.  
 

 

  

(a) 

 

 

                                                     (b) 
 

Fig. 1. Schematic of the four-port encapsulated grating with zeroth order suppressed under normal incidence: (a) 2-D view  

(b) 3-D view (color online) 
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Under the condition of vertical incidence of 1550 nm 

light wave, the optimal parameters of the grating 

(𝑑, ℎ1, ℎ2, 𝑓) are calculated as shown in Table 1, and the 

order diffraction efficiencies of the two polarizations under 

the optimal grating parameters are shown in Table 2. To 

ensure the accuracy of the optimization results, FEM was 

used to calculate the diffraction efficiency of the two 

polarizations under the optimal grating parameters, and the 

results are shown in Table 2. From Table 2, it can be seen 

that the diffraction efficiencies calculated by the two 

methods are almost the same, so the optimization results 

are credible. 

 

 

Table 1. The optimal parameters of four-port transmission 

 beam splitter grating with zeroth order suppressed 
 
 

λ d f h1 h2 

1550 nm 4.617 μm 0.45 0.95 μm 1.41 μm 

 

 

Table 2. Diffraction efficiency and uniformity of the grating 

obtained by the two methods, where λ=1550 nm, d=4.617 µm, 

f=0.45, h1=0.95 µm, h2=1.41 µm 
 
 

Polarization 0th ±1st ±2nd U 

TE (FEM) 0.13% 24.39% 24.58% 0.38% 

TE (RCWA) 0.13% 24.45% 24.56% 0.22% 

TM (FEM) 0.95% 24.00% 24.10% 0.21% 

TM (RCWA) 0.92% 24.10% 24.08% 0.04% 

 

 

The propagation of the incident light in the grating is 

affected by the thickness of the cover layer, and the height 

of the grating ridge directly affects the phase difference of 

the coupled light waves. Fig. 2 shows the transmission 

efficiency of the four-port grating beam splitter as a 

function of the thickness of the cover layer and the height 

of the grating ridge. As can be seen in Fig. 2, when 

h1=0.95 µm and h2=1.41 µm, the polarization efficiencies 

of TE at 0th, -1th and -2nd orders are 0.13%, 24.46% and 

24.56%, respectively, with a total efficiency of 98.15%, 

and at TM polarization conditions, the efficiencies at 0th, 

-1st and -2st orders are 0.92%, 24.10% and 24.08%, 

respectively, with a total efficiency of 97.28%. For the 

same grating structure, TE and TM polarization can output 

both high efficiency. In addition, the uniformity of the 

diffraction efficiency at each port is an important measure 

of the performance of the grating beam splitter. The 

uniformity of the output efficiency at each port can be 

described by U, as: 

 

        𝑈 =
(𝜂𝑚𝑎𝑥−𝜂𝑚𝑖𝑛)

(𝜂𝑚𝑎𝑥+𝜂𝑚𝑖𝑛)
× 100% ,      (3) 

 

where 𝜂𝑚𝑎𝑥 and 𝜂𝑚𝑖𝑛 are the maximum and minimum 

diffraction efficiencies for non-zero diffraction orders in 

the four-port beam splitter, respectively. The results 

obtained by calculating Eq. (3) are shown in Table 2, and 

the grating diffraction efficiency has excellent uniformity 

under both TE and TM polarizations. Compared with the 

previously mentioned references [17,18], the four-port 

grating beam splitter proposed in this paper has higher 

efficiency and better uniformity. 

The influence of the reflective layer thickness on the 

diffraction efficiency of the grating has also been analyzed. 

Fig. 3 shows the relationship between the thickness of the 

reflective layer and the diffraction efficiency of each order, 

from which it can be seen that when the thickness of the 

reflective layer is 0.1 µm, the diffraction efficiency of each 

order reaches its maximum value, and when the thickness 

of the reflective layer is greater than 0.1 µm, the 

diffraction efficiency no longer changes. Considering the 

cost factor in practical application, the thickness of the 

reflective layer is set to 0.1 µm in this paper. 
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(a)                                                     (b) 

 

(c)                                                      (d) 

 

(e)                                                        (f) 

Fig. 2. Efficiencies in orders for the grating versus thicknesses of the covering layer and the grating ridge under normal incidence with 

λ=1550 nm, period d=4.617 µm, and duty cycle f=0.45: (a) 0th order of TE polarization, (b) ±1st orders of TE polarization, (c) ±2nd 

orders of TE polarization, (d) 0th order of TM polarization, (e) ±1st orders of TM polarization, (f) ±2nd orders of TM polarization 

(color online) 
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Fig. 3. The efficiency corresponding to the thickness of the 

reflector under normal incidence: TE polarization and TM 

polarization, where f=0.45, h1=0.95 µm and h2=1.41 µm  

(color online) 

 

In addition, the physical mechanism of grating 

diffraction is explained by the finite element method based 

on the grating structure parameters obtained from RCWA 

optimization, and the optimization results of RCWA are 

verified. Table 2 shows the comparison of the grating 

efficiency calculated by RCWA and FEM for the same 

grating parameters, and the results obtained by both 

methods are almost the same, so the data in this paper can 

be considered reliable. Fig. 3 shows the normalized 

electric field distribution and magnetic field distribution of 

the four-port reflective grating under the effect of two 

polarizations. It is obvious that under the condition of 

normal incidence, the incident light with a wavelength of 

1550 nm propagates from the air to the top of the Ag 

reflector layer, and the energy of the light wave is 

effectively reflected back, and the energy distribution can 

hardly be found on the substrate. 

       

(a)                                                 (b) 

Fig. 4. The normalized electric field distribution with λ=1550 nm, d=4.617 µm, f=0.45, h1=0.95 µm, h2=1.41 µm:  

(a) TE polarization and (b) TM polarization (color online) 

 

 

3. Analysis and discussions 

 

It is assumed that the light wave with a wavelength of 

1550 nm will be incident vertically when the grating 

parameters are optimized. It is necessary to consider the 

impact of the deviation of incident wavelength and 

incident angle on the performance of the grating, as in 

reality, the wavelength of incident light always changes, 

and it cannot be guaranteed that the light is incident 

vertically. Fig. 4 depicts the relationship between the 

diffraction efficiency of the grating and the incident 

wavelength; It indicates that for TE polarization, the 

diffraction efficiency of the first and second orders is still 

higher than 20% when the incident wavelength is between 

1540 and 1558 nm. In addition, for TM polarization, the 

diffraction efficiency of the first and second orders is still 

higher than 20% when the incident wavelength is between 

1545 and 1553 nm. Within the bandwidth range of the 

incident wavelength mentioned above, the 0th order 

diffraction efficiency of TE polarization and TM 

polarization are both lower than 3%. The results indicate 

that the four-port diffraction grating still has good 

performance within the aforementioned wavelength 

bandwidth range, and TE polarization has a wider 

bandwidth than TM polarization. 
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Fig. 5. The efficiency corresponding to the incident wavelength 

for both TE and TM polarizations under normal incidence, 

 where d=4.617 µm, f= 0.45, h1= 0.95 µm and h2= 1.41 µm 

(color online) 

 

Fig. 5 shows the diffraction efficiency of the grating 

as a function of the incident angle. When the efficiency of 

the non-zero diffraction orders is required to be higher 

than 20%, the incident angle needs to be in the range of 

-0.6° to 0.6° for TE polarization and -0.15° to 0.15° for 

TM polarization. The 0th order diffraction efficiency is 

less than 3% for both TE and TM polarization over the 

bandwidth range. This indicates that the grating maintains 

high diffraction efficiency and 0th order rejection 

performance over the above incidence angle range. 

Additionally, due to the influence of the processing 

process, the grating invariably experiences size deviations 

during the actual processing and preparation, so it's 

important to examine the impact of the grating structure 

parameters on the efficiencies of the grating diffraction. In 

Fig. 6, the diffraction efficiencies of the TE and TM 

polarization is plotted against the grating period. It can be 

seen that when the grating period d=4617 nm, the 

diffraction efficiencies of the grating is optimal, in 

addition, for TE polarization, when the grating period is in 

the range of 4580-4667 nm, the diffraction efficiencies of 

-1st and -2nd orders are still higher than 20%, and for TM 

polarization, the diffraction efficiencies of -1st and -2nd 

orders are still higher than 20% when the grating period is 

in the range of 4604 -4634 nm. Fig. 7 shows the effect of 

grating duty cycle variation on the diffraction efficiency of 

TE and TM polarization levels, and it is easy to see that 

the grating has the best diffraction efficiency when the 

duty cycle f=0.45, and the -1st and -2nd orders diffraction 

efficiencies of TE and TM polarizations still exceed 20% 

when the duty cycle is in the range of 0.44-0.47. Within 

the bandwidth range discussed above, the 0th order 

diffraction efficiency of TE and TM polarization is less 

than 3%. The above results show that the period and duty 

cycle of the grating have good process tolerances and are 

of great importance for practical production. 

 
(a) 

 
(b) 

Fig. 6. The diffraction efficiency corresponding to the incident 

angle for the incident wavelength of 1550 nm with the optimized 

grating profile parameters: (a) TE polarization and (b) TM 

polarization, where d= 4.617 µm, f = 0.45, h1= 0.95 µm  

and h2= 1.41 µm (color online) 

 

 
Fig. 7. The efficiency corresponding to the period under  

normal incidence: TE polarization and TM polarization, 

 where f= 0.45, h1= 0.95 µm and h2= 1.41 µm  

(color online) 
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Fig. 8. The efficiency corresponding to duty cycle under  

normal incidence: TE polarization and TM polarization,  

where d= 4.617 µm, h1= 0.95 µm and h2= 1.41 µm  

(color online) 

 

 

4. Conclusion 

 

In this paper, a reflective four-port encapsulated 

grating beam splitter with 0th order rejection 

characteristics is proposed, and the optimized parameters 

of the grating are obtained by RCWA calculation and FEM 

verification with satisfactory results. For TE polarization, 

the ±1st orders efficiencies are 24.45% and ±2nd orders 

efficiencies are 24.56%, and for TM polarization, the ±1st 

orders efficiencies are 24.10% and ±2nd orders 

efficiencies are 24.08%, while the 0th order diffraction 

efficiencies for TE and TM polarization are close to zero. 

In addition, the effects of grating structure parameters, 

incident wavelength and incident angle on the grating 

performance are also analyzed considering practical 

applications, the results indicate that the grating has good 

process tolerance. The grating has not only 

polarization-independent performance, but also high 

diffraction efficiency and excellent uniformity, which are 

advantageous in the field of beam splitters. 
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