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We design and optimize the sandwiched three-port grating based on metal-mirror configuration under normal incidence. By 

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

thickness of connecting layer, and so on. Such a new grating is aimed to separate energies into the 0th and the ±1st orders 

for both TE and TM polarizations. Based on the optimized grating parameters, efficiencies can reach more than 32% for each 

port with the polarization-independent property. It indicates that reflection three-port beam splitter with high efficiency can be 

obtained by the sandwiched grating. 
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1. Introduction 

 

As an important component in optical system, the 

beam splitter can divide light into several beams and 

propagate in different directions [1-6]. It can be used in 

many practical applications, including photonic integrated 

circuits [7], calibration of quantum key distribution 

systems [8], communication devices [9], optical power 

divider [10], and so on. Grating, as one of the most basic 

spectroscopic elements, has always attracted widespread 

attention [11-16]. More importantly, in recent decades, due 

to the development of micro-fabrication technology, 

especially photolithography technology, fabricating 

sub-wavelength grating has became feasible and 

economical [17]. Diffraction grating is more suitable for 

miniaturization and integration because of its compact size 

compared with traditional optical elements. Therefore, 

diffraction gratings have attracted more and more attention 

and are widely used in various optical systems, such as 

coherent beam combination [18], grating couplers [19-22], 
grating sensor [23-25], light emitting diodes [26], 

waveguide grating antenna [27], communication [28,29], 

and so on. 

In the past decades, the grating diffraction theory has 

formed a relatively perfect theoretical system. The 
rigorous coupled-wave analysis (RCWA) is an appropriate 

method to optimize the grating profile, which can calculate 

exact grating parameters [30]. In addition, the 

development of lithography technology has been applied 

to the fabrication of subwavelength gratings, which makes 

more and more researchers pay attention to the research of 

subwavelength gratings. Feng et al. designed and 

fabricated the deep-etched polarization-independent binary 

fused-silica phase grating as a three-port beam splitter [31]. 

Although the diffraction efficiency of the grating is 

relatively high, the beam splitting effect of the grating is 

not good enough. Later, Li et al. were inspired to design 

the three-port beam splitter of sandwiched fused-silica 

grating based on RCWA method [32]. By adding a 

covering layer, the beam splitting effect is better.                                                                                                                                                           

In this paper, the sandwiched grating based on 

metal-mirror configuration is proposed for three-port beam 

splitter. Complex grating structure includes grating region 

to achieve diffraction, covering layer to reduce Fresnel 

loss, connecting layer to achieve broadband characteristics, 

and metal plate to achieve reflection of incident wave. The 

sandwiched grating has good beam splitting ratio 

uniformity for both TE and TM polarizations. It can divide 

the incident wave the ±1st and the 0th reflection orders for 

the polarization-independent beam splitter. The RCWA is 

used to optimize the grating parameters including the 

grating depth and the thickness of the connecting layer，
efficiencies more than 32% for each diffractive order can 

be realized. Therefore, for practical applications, the 

sandwiched grating would be a useful device for future 

practical applications. 

 

2. Numerical design 
 

The graphical representation of the sandwiched 

three-port grating based on metal-mirror configuration is 

shown in Fig. 1. The sandwiched grating consists of silica 

cover, grating layers, connecting layer, the silver reflector 

and fused-silica substrate. The grating parameters include 

the grating period of d, grating ridge breadth of a, the 

grating groove depth of hg, the connecting layer thickness 

of hc, and the silver interlayer thickness of hm. The Ag slab 

with its refractive index of nm = 0.469-9.32i is located 

below the connection layer. The interior of the grating 

grooves is air with refractive index of n = 1.0. Except for 
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the Ag slab and the grating grooves, the other grating 

materials are fused silica with refractive index of n1 = 1.45. 

Duty cycle f is the ratio of a to d. Under the condition of 

vertical incidence, the plane wave with wavelength of 

λ=1550 nm is incident on the novel grating. 

 

Fig. 1. (Color online) Schematic of the sandwiched  

three-port grating based on metal-mirror configuration 

 

Through the grating of the incident wave can be 

transmitted to different direction, the propagation direction 

can be determined by grating equation: 

 

nout sin(i) = nin sin() + iλ/d          (1) 

 

In this equation, nout is the refractive index of the 

export medium and nin is the refractive index of the 

incident medium.i depicts an angle of the ith diffractive 

order, and  is the incient angle. In order to make the 

grating a three-port beam splitter under vertical incident, 

only three diffraction orders of the 0th, the 1st, and the -1st 

should be ensured. Because of the symmetry of incident 

light and rectangular gratings, the energy of the 1st order 

and the -1st order are the same in these three orders. 

Therefore, only the diffraction efficiency of the -1st order 

and the 0th order need to be considered. 

In order to facilitate production, we set the duty cycle 

to 0.5. It has been found that when the thickness of the 

silver plate exceeds 0.1 µm, the metal plate can completely 

reflect the incident light. In addition, through a large 

number of simulation calculations, we choose the grating 

period d of 1920 nm.  

According to RCWA method, the thickness of 

connecting layer hc and grating groove depth hg are 

optimized by numerical calculation method to achieve 

higher reflection efficiency. Fig. 2 shows efficiency versus 

grating depth layer and thickness of connecting layer with 

the grating duty cycle of 0.5 and grating period of 1920 

nm for working wavelength of 1550 nm under vertical 

incidence. The four figures show diffraction efficiencies of 

TE and TM polarizations in the 0th order and the -1st 

orders. When grating groove depth hg is 1.57 µm and 

connecting layer thickness hc is 1.63 µm and grating 

period of 1920 nm, the TE polarized light can be separated 

with efficiencies of 32.30% and 32.38% in the 0th order 

and the -1st order, respectively. For TM-polarized light, 

efficiencies of 32.3% and 32.26% can be separated into 

the 0th order and the -1st order, respectively. 

 

a 

b 

c 

d 

Fig. 2. (Color online) Diffraction efficiency versus 

grating depth and thickness of the connecting layer with 

the grating duty cycle of 0.5 and grating period of 1920 

nm at working wavelength of 1550 nm under normal 

incidence: (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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3. Results and discussion 

 

By using RCWA method, the optimum parameters of 

the grating are obtained, the efficiency of TE polarized 

light reaches 97.08%, while that of TM polarized light 

reaches 96.82%. But in actual production, in order to 

facilitate manufacturing, we also need to consider the 

redundancy of grating parameters. 

Fig. 3 displays the diffraction efficiency versus the 

duty cycle with grating period of 1920 nm under normal 

incidence. As shown in Fig. 3, the diffraction efficiency of 

the grating will also change due to the change of the duty 

cycle of the grating. When the duty cycle is 0.5, the 

grating can make TE polarized light and TM polarized 

light achieve the excellent beam splitting effect. In the 

actual manufacturing of grating etching, the manufacturing 

tolerance is taken into account, when the duty cycle is in 

the range of 0.489 to 0.509, for both TE and TM 

polarizations in each diffractive order, the diffraction 

efficiencies of the grating are higher than 30%. 

 

 

Fig. 3. (Color online) Efficiency versus grating duty 

cycle for the sandwiched grating with the optimized 

parameters at the working wavelength of 1550 nm under  

                  normal incidence 

 

 

In the practical fabrication of gratings, besides the 

tolerance of duty cycle, the redundancy of grating period 

should also be considered. Fig. 4 displays the transmission 

efficiency versus the grating period under normal 

incidence. When the grating period is in the range of 1910 

nm to 1932 nm, for both TE and TM polarizations in each 

diffractive order, the diffraction efficiencies of the grating 

are higher than 30%. The grating of the grating period has 

a relatively wide tolerance, which is beneficial to the 

actual industrial production. 

 

Fig. 4. (Color online) Diffraction efficiency versus 

grating period with the grating duty cycle of 0.5 at the 

working wavelength of 1550 nm under normal incidence 

 

 

Similarly, using RCWA method, we can study wide 

wavelength bandwidth and angle range. The diffraction 

efficiency of sandwiched gratings varies with the incident 

wavelength and angle. Fig. 5 shows the efficiency with 

different incident wavelengths for the optimized grating 

parameters using RCWA. In Fig. 5, with deviation of the 

central incident wavelength, a broad incident wavelength 

bandwidth can be obtained for TE-polarized wave within 

range of 1545-1560 nm, where efficiencies in the ±1st 

orders and the 0th order can be more than 30%.  

 

Fig. 5. (Color online) Diffraction efficiency versus 

incident wavelength for the sandwiched beam splitter by 

metal - mirror - based  binary  grating  under normal  

                    incidence 

 

Fig. 6 shows the incident wave illuminates the 

reflective three-port beam splitter grating at an incidence 

angle near normal incidence for a wavelength of 1550 nm. 

When the incident light is normal incidence, the grating 

can make TE polarized light and TM polarized light 

achieve the best beam splitting effect. In Fig. 6, when the 

incident angle is in the range -0.1-0.1°, the beam splitting 

performance of the grating is good, and the diffraction 

efficiency is more than 30%. 
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Fig. 6. (Color online) Diffraction efficiency versus 

incident angle with the optimized grating profile 

 

 

4. Conclusion 

 

In conclusion, the polarization independent three-port 

beam splitter grating designed and optimized has the 

advantages of high efficiency, good beam splitting and 

wide incident bandwidth. The grating groove depth and 

thickness of the connecting layer are numerically 

optimized accurately using the RCWA. With the grating 

groove depth of 1.57 µm and connecting layer thickness of 

1.63 µm for the incident wavelength of 1550 nm under 

normal incidence, the TE polarized light can be separated 

the efficiencies of 32.30% and 32.38% in the 0th order and 

the -1st order, respectively. For TM-polarized light, 

efficiencies of 32.3% and 32.26% can be separated into 

the 0th order and the -1st order, respectively. When 

operation for different incident wavelength and angle, the 

bandwidth for operation can be exhibited to some extent. 
For incident wavelength, the bandwidth is 22 nm. As an 

efficient three-port splitter, the grating can meet the 

requirements of different optoelectronic devices and will 

be a promising device. 
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