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We design and optimize dual-channel reflection subwavelength grating with good uniformity. Given an incident wavelength 

of 1550 nm and grating period of 1540 nm, the simplified modal method can be used to obtain the optimized duty cycle 

and grating groove depth. By using the rigorous coupled-wave analysis, grating parameters are analyzed and calculated. 

For TE and TM polarization, a good splitting ratio can be exhibited with 48.5%/48.4% and 48.1%/48.1%, respectively. 

Previous subwavelength gratings worked only at narrow bandwidth. The designed dual-channel connecting-layer-based 

embedded reflective grating can show the wide bandwidth. 
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1. Introduction 

 

Polarization-independent grating [1-5] has been 

widely used in optical design such as beam splitters [6-9] 

and converters [10,11]. A beam splitter [12-17] can 

divide the incoming light into two directions with good 

uniformity, which is widely used in high-precision laser 

interferometers [18] and holographic optical tweezers 

[19]. Polarization-independent dual-channel grating is a 

kind of beam splitting of TE and TM polarizations into 

the -1st and the 0th orders, and both of them are close to 

efficiency of 50%. Li et al. [20] have designed a 

two-channel embedded grating with a single grating layer 

and connecting layer under the Littrow angle. 

This design mainly uses modal method [21] and 

rigorous coupled-wave analysis (RCWA) [22]. The 

modal method can explain the theoretical illustration of 

the grating. Through the analysis and interpretation of the 

diffraction process, the approximate grating depth is 

given and the optimization time is reduced. The 

simplified modal method ignores the influence of 

evanescent mode and grating interface reflection. The 

optimal solution requires RCWA for numerical 

calculation, which is the appropriate method to optimize 

the grating profiles for precise parameters [23,24]. In 

addition, a covering layer is added, which can reduce 

Fresnel loss and improve diffraction efficiency, and the 

embedded grating can keep the grating surface clean. 

In this paper, we propose a dual-channel embedded 

reflection grating. The grating structure involves the 

grating region to realize diffraction, the connecting layer 

to obtain wideband property, and Ag slab to reflect the 

incident wave. We use the modal method to analyze 

grating parameters roughly. With the RCWA, we get the 

optimal results of beam splitter. The efficiency of 

48.4%/48.5% and 48.1%/48.1% can be obtained in the 

-1st and the 0th orders for TE and TM polarizations, 

respectively. Compared with previous results [20], the 

bandwidth of the grating is wider. 

 

 

2. Modal analysis and numerical design 

 

The schematic diagram of dual-channel 

connecting-layer-based embedded reflection grating can 

be shown in Fig. 1.  

 

Fig. 1. (Color online) Schematic structure of 

dual-channel connecting-layer-based embedded 

reflection grating 
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As shown in Fig. 1, from the top to the bottom, the 

grating consists of three parts. The first part is grating 

covering layer, where its refractive index is n2 = 1.45. 

The second part is grating ridge and connecting layer 

with refractive index of 1.45. The medium of two 

adjacent grating ridge is air, where the refractive index is 

n1=1.0. In the second part, the grating depth and the 

thickness of connecting layer are hg and hc, respectively. 

The third part is Ag slab, where the refractive index is 

nm=0.469-9.32i. 

Based on physical mechanism of modal method, the 

diffraction waves with wavelength of  can be calculated 

by the accumulated phase difference for two polarizations. 

Hence, different phase difference can lead to the 

efficiency modulation of diffraction orders. The reflected 

waves will propagate twice in the grating region when 

they are diffracted. The following equations can be 

associated with the phase difference, which is denoted by: 
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The Eqs. (1) to (6) represent the interference effect 

between the excited modes. The light enters the grating 

and excites two grating modes. The process is similar to 

the Mach-Zehnder interferometer, and the two-beam 

interference theory provides a grating coupling efficiency 

equation based on the effective refractive index. Eqs.(1) 

and (2) show the phase difference for two polarizations. 

From Eqs. (3) to (6), when the phase difference meets the 

odd-numbered of π/2, the efficiency in the -1st order or 

the 0th order for TE/TM polarization can reach 50%. As 

a single-layer grating, the effective refractive indices of 

TE and TM waves satisfy a proportional relation when 

they meet the modal interpretation: 
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where m and n are both integers, nveff
TW is the vth 

effective mode of TW polarization. Considering the 

practical etching process and the etching material, m and 

n are selected to be zeros. In order to make the output 

efficiency 50/50 and keep good uniformity, the 

corresponding ΔφTM/ΔφTE is 1. For the incident 

wavelength of 1550 nm, and period of 1540 nm. 

 

 

(a) 

 

(b) 

 

Fig. 2. (Color online) (a) Effective indices that vary 

with duty cycle for both polarizations. (b) Ratio of TM 

polarization phase difference ΔφTM to TE polarization 

phase difference ΔφTE as a function of grating dutycycle 

 

Fig. 2 (a) shows effective index versus duty cycle, 

which can be chosen to design the grating. Fig. 2 (b) 

describes the relationship between duty cycle and phase 

ratio of TM to TE polarization. In the case of duty cycle 

of 0.65, ΔφTM/ΔφTE is 0.9988. The results of each 

effective index can be calculated with TE

eff
n

0
=1.338, TE

effn1
 

=1.126, TM

eff
n

0
=1.298, and TM

eff
n

1
=1.086. In purpose of 

obtaining the good efficiencies and good uniformity of 
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two polarizations, the grating parameters need to be 

optimized by using RCWA. We first select the duty cycle 

and period of the grating by modal method, and then 

optimize the groove depth and the thickness of the 

connecting layer by the rigorous coupled-wave analysis 

method. Reflective efficiencies can be calculated for 

different depths and thicknesses. Dual-channel near 

50/50 can be diffracted by choosing proper parameters. 

The value of the effective refractive index can be 

determined by the dispersion equations F(neff
2) [25], 

which may be calculated from the intersection of F(neff
2) 

and cos(αd)=-1. Fig. 3 shows plot of F(neff
2) for the 

grating with the duty cycle of 0.65 and incident 

wavelength of 1550 nm. The intersections between F(neff
2) 

and -1 determine the two grating modes. It can be seen 

from the figure that the grating excites two modes. 

 

 
 

Fig. 3. (Color online) Plot of F(neff
2) for the grating 

with the duty cycle of 0.65 and incident wavelength of 

1550 nm. The intersections between F(neff
2) and -1 

determine the two grating modes 

 

 

3. Discussions of tolerance and bandwidths 

 

Fig. 4 shows efficiency versus grating depth layer 

and thickness of connecting layer with the grating duty 

cycle of 0.65 and grating period of 1540 nm for working 

wavelength of 1550 nm. These four figures show 

reflection efficiencies of TE and TM polarizations in the 

0th order and the -1st order. The reflection efficiency of 

TE polarization in the -1st order and the 0th order can 

reach 48.5%/48.4% when grating groove depth hg is 1.10 

µm and connecting layer thickness hc is 0.32 µm. For TM 

polarization, the diffraction efficiencies in the 0th order 

and the -1st order are obtained as 48.1%/48.1%, 

respectively. Therefore, good uniformity can be kept by 

the proposed grating. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 4. (Color online) Reflection efficiency versus 

grating depth and thickness of the connecting layer: (a) 

TE polarization in the 0th order, (b) TE polarization in 

the -1st order, (c) TM polarization in the 0th order, (d)  

          TM polarization in the -1st order. 
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Considering the etching error in practice, the 

manufacturing tolerance must be researched. Fig. 5 

displays the reflective efficiency versus the grating duty 

cycle with grating period of 1540 nm at a working 

wavelength of 1550 nm under the Littrow mounting. As 

shown in Fig. 5, owing to different duty cycle, the 

reflection efficiency will change to some extent. In Fig. 5, 

efficiencies can be greater than 45% in each of the two 

diffraction orders for TE-polarized light within a duty 

cycle range of 0.64-0.66. For TM-polarized light, with 

the duty cycle limit of 0.62-0.67, efficiencies are larger 

than 45% in both diffraction orders. In industrial 

manufacturing, a certain industrial tolerance should be 

considered. For two polarized incident light, the optimal 

duty cycle of both diffraction orders is 0.64-0.66, which 

meets the performance requirements. 

 

 

 

Fig. 5. (Color online)Efficiency versus grating duty 

cycle for the reflection grating with the optimized 

parameters 

 

In addition to considering the tolerance of duty cycle, 

the tolerance of grating period should also be studied. Fig. 

6 shows the diffraction efficiency with the different 

grating period under Littrow mounting. It can be found 

that good grating efficiency can be obtained for grating 

period range of 1460-1620 nm by using RCWA. When 

the grating period is in the range between 1505 nm and 

1571 nm, for two polarizations, the diffraction 

efficiencies of the grating are higher than 45% in both 

orders. The grating has a relatively wide period tolerance, 

which is beneficial to the actual industrial production. 

 

 

 

Fig. 6. (Color online) Diffraction efficiency versus 

grating period with the grating duty cycle of 0.65 at the 

working  wavelength  of  1550 nm  under  Littrow  

                    mounting 

 

The incident wavelength of spectral bandwidth can 

be studied by using the RCWA. Because of the different 

incident wavelengths, the reflection efficiency of the 

embedded grating is also different. A good beam splitter 

should have good incident bandwidth. Figure 7 analyzes 

the change of grating efficiency in the wavelength range 

from 1450 nm to 1700 nm.As shown in Fig. 7, TE 

polarization has the efficiency greater than 45% when the 

wavelength range is 1513-1612 nm. In addition, for TM 

polarization light, efficiencies in the both orders are more 

than 45% when the incident light wavelength is within 

the range of 1515-1652 nm. For TE and TM polarizations, 

the grating has a bandwidth of 97 nm (1515-1612 nm). 

 

 

 

Fig. 7. (Color online) Reflection efficiency versus 

incident wavelength under Littrow mounting and duty 

cycle of 0.65. 
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Similarly, the difference of incident angle will affect 

the reflection uniformity. Fig. 8 shows the variation of 

reflection efficiency at the incidence angle from 16° to 24°. 

The Littrow angle can be represented by =sin-1(/2n2d). 

With the previous optimized results of=1550 nm, 

n2=1.45and d=1540 nm, the angle is 20.33° under Littrow 

mounting. In Fig. 8, when the incident angle is in the 

range from 17.9° to 23.4°, for TM polarization in the -1st 

and the 0th orders, the reflection efficiencies are higher 

than 45%. Efficiencies of both orders are more than 45% 

within angle range of 18.2-22.4° for TE polarization. 

Based on the above optimization calculation, the grating 

has good operation angular bandwidth of 4.2° (18.2-22.4°) 

for the incident angle. 

 

 

 

Fig. 8. (Color online) Splitting efficiency of optimized 

grating versus incident angle at an incident wavelength 

of 1550 nm. 

 

 

4. Conclusion 

 

In conclusion, we present a dual-channel 

connecting-layer-based embedded reflection grating with 

good uniformity. By the modal method, we get grating 

duty cycle of 0.65 and grating groove depth of 0.91 µm. 

RCWA is used to optimize the depth of grating groove 

and the thickness of connection layer. The optimized 

grating groove depth and connection layer thickness is 

1.10 µm and 0.32 µm at Littrow angle of 20.33° for the 

incident wavelength of 1550 nm. Diffraction efficiencies 

of 48.5%/48.4% for TE polarization and 48.1%/48.1% 

for TM polarization can be obtained. For different 

incident wavelength and angle, the bandwidth for 

operation can be exhibited to some extent. For incident 

wavelength, the bandwidth is 97 nm. And during 

practical operation, the angular bandwidth is 4.2°. The 

proposed connecting-layer-based embedded reflection 

grating can have advantages of polarization-independent 

property and broad bandwidth. 
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