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A polarization-dependent beam-splitting encapsulated device under second Bragg angle is proposed. This grating device is
mainly made of fused silica and silver plate, which can diffract the energy of TE-polarized light and TM-polarized light to Oth
order and -2nd order, respectively, where the diffraction efficiency of both orders can reach 95% or more. In this design, a
covering layer is introduced, which can improve the performance and protect the grating layer structure. For a given incident
wavelength of 1550 nm and a period of 2962 nm, the rigorous coupled wave is used to optimize the thickness of the grating
and the groove thickness of the grating. The results show that the polarization beam-splitting grating can be accurately
designed with high efficiency and high extinction ratio, whose optical characteristics can be applied to the optical

communication industry.
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1. Introduction

Dammann gratings [1-6] have special diffraction
characteristics that enable optical functions not possible
with many conventional optics. Designed gratings can be
as reflectors [7-9], combiner [10], phase retardation wave
plates [11,12], filter [13-16], polarizers [17-20].
Polarization control is important for numerous optical
systems [21-26]. And polarization beam splitters [27-30]
made with gratings have many advantages over other
conventional optical beam splitters. Sub-wavelength
grating devices are easy to integrate and can process
optical communication bands for dense wavelength
multiplexing systems [31-34]. Zheng et al. designed the
reflective polarizing beam splitter under the Bragg
incidence by using the modal method and the rigorous
coupled-wave method [35]. The efficiency of TE
polarization is 98.5%, and the efficiency of TM
polarization is 96.7%. Wang et al. present a novel
metal-based phase grating for high-efficiency polarizing
beam splitter. The efficiency of -1st order under TE
polarization is 97.75%, and the efficiency of the Oth order
is 96.90% under TM polarization [36]. As far as we know,
no one has designed the polarization splitting of the
reflection encapsulated grating with the incident

wavelength of 1550 nm under second Bragg incidence. We
designed a reflective polarization beam splitter, in which
the efficiency of Oth order under TE polarization is
97.49%, and the efficiency of -2nd order under TM
polarization is 95.65%.

The vector diffraction theory for designing
micro-gratings mainly includes rigorous coupled-wave
theory [37], modal method [38], finite element method and
finite time domain difference method. The rigorous
coupled-wave is mainly to solve the Maxwell's equations,
and the diffraction efficiency of the reflected and
transmitted light is obtained by combining the boundary
conditions. However, the rigorous coupled-wave method
can not explain the physical meaning of the grating in the
reflection process. Therefore, the electric field distribution
of the grating is given to obtain the energy distribution.

In this paper, a polarization-dependent beam-splitting
grating with a connecting layer and covering layer under
second Bragg incidence is reported. With a duty cycle of
0.6, a period of 2962 nm, and a connecting layer of 0.49
um, rigorous coupled-wave is used to optimize the
parameters of the grating. Compared with the
beam-splitting grating under Bragg angle [35], the
polarization-dependent grating in this paper can separate
polarized beams into different directions.
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2. Numerical rigorous optimization of
polarization-dependent beam splitter

The structure of the sandwich-type polarization beam
splitter under second Bragg incidence is shown in Fig. 1.
After the incident light is incident on the grating,
TE-polarized light is reflected to the Oth order, and
TM-polarized light is reflected to the -2nd order, which
achieves the polarization splitting effect. From top to
bottom, the structure of the grating is divided into a
covering layer, a grating layer with a connecting layer, Ag
reflective layer and substrate. The period of the grating is
d, the height and width of the grating ridge are h, and b,
and the duty cycle f is b/d. The heights of the covering
layer and the connecting layer are h; and hs. The material
of the covering layer and the grating ridge is fused silica
with the refractive index of fused silica is n,=1.45. The
medium of the grating groove is air, where the refractive
index of air is n;=1.00. A beam of light enters the grating
at the incident angle #=sin™(A/d). Ag has the advantage of
strong plasticity, it is selected as the reflective layer of the
grating with the refractive index of n,, = 0.469-9.32i.

Fig. 1. The schematic diagram of the reflective
polarization-dependent grating polarizer under second
Bragg angle incidence (color online)

According to the rigorous coupled-wave method, the
expressions of the electromagnetic fields in the incident
region and the transmitted region can be given. Then, the
Fourier series is used to expand the dielectric constant of
each grating layer so as to derive the coupled wave
equations. Finally, the boundary conditions are combined
to solve the amplitude and diffraction efficiency of each
order. The reflection efficiency is:

d2_,12(i_i)2
M

I8 )

where R; is the field amplitude. Therefore, the reflective
property can be investigated by the RCWA method.

Fig. 2 shows the efficiency and extinction ratio versus
the thicknesses of the covering layer and grating layer for
two polarizations. The diffraction order includes the Oth
order efficiency under TE polarization and the -2nd order
under TM polarization. As can be seen in Fig. 2, the design
optimization can be chosen as h; = 0.87 um and h, = 1.96
um. The efficiency of TE polarization is mainly
concentrated on the Oth order, and the efficiency reaches
97.49%. The efficiency of TM polarization is mainly
concentrated on the -2nd order, and the efficiency reaches
95.65%. At this time, the two orders of extinction ratio are
34.46 dB and 48.19 dB, respectively. The extinction ratio
is greater than 20 dB, which meets the needs of general
applications.

Based on the data in Fig. 2, the mode field distribution
of the grating is analyzed. Fig. 3 shows the field
distribution ~ normalization ~ of the  polarization
beam-splitting grating. Fig. 3(a) reflects the energy
distribution of the grating in the Oth order under TE
polarization, and Fig. 3(b) reflects the energy distribution
of -2nd order under TM polarization. The incident light of
1550 nm is incident on the grating surface, passes through
the grating region, and is reflected by the metal mirror, and
passes through the grating region for the second time to
obtain reflection efficiency.
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Fig. 2. Performance in two orders for the grating versus the thickness of two layers for both two polarizations at wavelength of
1550 nm under second Bragg angle incidence: (a) efficiency in Oth order for TE polarization, (b) efficiency in -2nd order for TM
polarization, (c) extinction ratio in Oth order, (d) extinction ratio in -2nd order (color online)
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Fig. 3. Normalized field magnitude distribution with reflective polarization splitter under second Bragg angle incidence:
(a) Oth order under TE polarization (b) -2nd order under TM polarization (color online)
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3. Analysis and discussions

The wavelength of the polarization-reflecting
beam-splitting grating can be studied by using rigorous
coupled wave. Since the incident wavelength may vary
around the central value in actual conditions, the reflection
effect of the beam splitting grating is also different. Fig. 4
shows the relationship between the reflection efficiency or
the extinction ratio of the grating and the incident
wavelength. If the range of wavelength is 1547-1554 nm,
the efficiency of the Oth order of the grating under TE
polarization is greater than 95%, and the efficiency of the
-2nd order under TM polarization is greater than 95%. If
the incident wavelength is 1547-1554 nm, extinction ratios
of the two orders are greater than 20 dB. Similarly, the
difference in incident angle also affects the reflection
efficiency of the device. Fig. 5 reflects the effect of
different angles of incidence on the reflection efficiency
and extinction ratio. If the incident angle is in the range of
31.0-32.1°, the efficiency of Oth order under TE
polarization of the grating is greater than 95%, and the
efficiency of the -2nd order under TM polarization is also
greater than 95%. Extinction ratios of two orders in two
polarization are greater than 20 dB in the range of
30.6-32.3°.
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Fig. 4. (a) Reflection efficiency and (b) extinction ratio
corresponding to the incident wavelength with f=0.6,
d=2962 nm, h;=0.87 um, h,=1.96 um, and h;=0.49 zm
(color online)
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Fig. 5. (a) Reflection efficiency and (b) extinction ratio
corresponding to the incident angle with f=0.6,
d=2962 nm, h; = 0.87 um, h,=1.96 um, and h3=0.49 zm
(color online)

Due to the impact of actual fabrication of micro-nano
processing, the period or duty cycle of the grating may
have some error during the manufacturing process.
Therefore, the analysis of the process tolerance of the
grating is required. Fig. 6 shows the relationship between
the reflection efficiency and extinction ratio of the grating
and the period. With the other grating structure parameters
unchanged, when the period is in the range of 2941-2976
nm, the Oth order efficiency under TE polarization is
greater than 95%, and the efficiency under TM
polarization is greater than 95%. Extinction ratios of the
two orders of are greater than 20 dB in the period range of
2950-2971 nm. Fig. 7 shows the relationship between
efficiency of the grating or extinction ratio and duty cycle.
If the duty cycle is changed in the range of 0.589-0.610,
the Oth-order efficiency under TE polarization is greater
than 95%, and the efficiency under TM polarization is
greater than 95%. Extinction ratios of the two orders of are
greater than 20 dB in the duty cycle range of 0.591-0.607.
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