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Output analysis of sandwiched two-layer arrays for
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In this paper, a sandwich structure two-port transmission beam splitter with two-layer array is proposed. By using rigorous
coupled-wave analysis and simulated annealing algorithm, the structure and parameters of the grating are analyzed and
optimized to achieve high efficiency diffraction and zero order suppression. At normal incidence of 800 nm incident light, the
diffraction efficiency of the grating at £1st transverse magnetic polarization and transverse polarization is 48.83% and 49.12%
respectively. In addition, the grating can still maintain high efficiency within the process tolerance range of some parameters
(including incident wavelength, duty cycle, incident angle and grating period).
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1. Introduction

Beam splitter is one of the indispensable devices in
the field of optoelectronics [1-3]. It can split the original
incident beam into multiple beams with different
propagation angles and powers but the same optical
characteristics. With the development of modern science
and technology, the realization of micro-nano and
integrated optical devices has gradually become the goal
pursued by researchers in the optical field. Therefore, the
traditional beam splitter is being replaced by
polarization-independent  micro-nano  gratings [4,5].
Because of its small size, easy integration and high
efficiency, it is widely used in optical sensing [6-10],
photoelectric detection [11-13], coupler [14-17] and other
fields. Xiong et al. proposed a two-port reflective grating
based on a two-layer array and a metal film structure.
Under the normal incidence of the incident light with the
wavelength of 1550 nm, for TE and TM polarization, the
reflection efficiency of + 1st is 48.07% and 47.40%,
respectively, and the reflection efficiency of Oth is almost
completely suppressed [18]. Zhu et al. designed a two-port
transmission grating based on a double dielectric
rectangular slot. Under normal incidence, the diffraction
efficiency of +1st of the grating under TE and TM
polarization is 47.62% and 47.26% respectively [19].

At present, scalar diffraction theory and wvector
diffraction theory are two main theories to study the
diffraction characteristics of optical devices. For
subwavelength gratings, their polarization characteristics
are particularly obvious. When the grating period is close
to the wavelength, the scalar diffraction theory will lack
reliability. In order to accurately analyze its diffraction

characteristics, the grating should be analyzed by vector
diffraction theory, including modal method, rigorous
coupled-wave analysis (RCWA) [20-22], finite element
method (FEM) [23-26] and finite difference time domain
method and so on. Among various numerical methods,
RCWA has become one of the most widely used methods
to analyze the characteristics of subwavelength gratings
due to its excellent computational efficiency. Modal
method is another different theoretical approach to design
and explain grating compared with the numerical RCWA,
which describes the physical process of grating diffraction.
For low contrast deep etching gratings, the influence of
reflection and evanescent grating modes at the interface
can be ignored, so the simplified mode method (SMM)
[27-29] is introduced. When considering the symmetry of
grating modes, SMM can give approximate analytical
expressions to calculate the diffraction efficiency of these
gratings under Littrow incidence. These expressions can
be used to solve the anti-grating problem and are very
helpful for the design of beam splitting gratings.

In this paper, an efficient two-port transmission beam
splitter based on two-layer array sandwich gratings is
introduced. By using rigorous coupled-wave analysis
(RCWA) and simulated annealing (SA) [30-34] algorithm
to analyze and optimize the structure and parameters of the
splitter, not only the high efficiency of TE and TM
polarization is achieved, but also almost completely
suppresses the zero order diffraction efficiency. The
results show that the total transmission efficiency of +1st
is more than 98% for TE and TM polarization, and the
transmission efficiency of Oth is less than 1.5% under the
normal incidence of 800 nm wavelength. In addition, this
paper uses FEM to verify the accuracy of the research
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results. Through analysis, it is found that the period,
incident angle and duty cycle of the grating can still
maintain high efficiency within a certain tolerance range,
and also has the characteristics of wide bandwidth (63 nm
bandwidth). Therefore, as an optical element with stable
optical characteristics and high efficiency, its application
in the optical field is worth looking forward to.

2. Structural analysis and parameter
calculation

Fig. 1 shows the two-dimensional and
three-dimensional structure diagrams of the two-layer
array sandwich gratings respectively. As can be seen from
Fig. 1, the grating consists of a covering layer, a grating
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Rigorous coupled-wave analysis is widely used in the
analysis and design of various types of gratings, which is a
direct and effective electromagnetic theory. By strictly
solving Maxwell's equations in the grating region and
solving the boundary conditions on the interface between
the grating region and other regions, the diffraction
efficiency of each diffraction order can be finally
calculated. In this study, because the incident light is
normal incidence and +1st has symmetry, only the
diffraction efficiency of TE and TM polarization at the 1st
needs to be considered. The following processes can be
derived from RCWA:

ni = RiR;Re (&) 1)

n,kqcos@

where R; represents the complex amplitude of
normalized electric field amplitude and normalized
magnetic field amplitude under TE and TM polarization
respectively. 1; is the diffraction efficiency of the i-th
order with
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layer (including grating ridge and grating groove) and a
substrate. The grating ridge is divided into two layers. The
upper layer is Al,0; layer with thickness of h; and
refractive index of n;=1.76, and the lower layer is TiO,
layer with thickness of h, and refractive index of
n, =2.59. The covering layer and the substrate are
composed of fused quartz layers with a refractive index of
n,=1.45. Adding fused quartz layer as the covering layer
on the single-layer structure grating can protect the grating
layer to a certain extent, prolong the service life of the
grating and save costs in practical applications. The
thickness of grating groove is h;+h,, and the material
used is air with refractive index n,;=1.00. In addition, b
and d represent the width of grating ridge and grating
period respectively, and the duty cycle is defined as f=b/d.
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Fig. 1. The (a) two-dimensional and (b) three-dimensional schematic diagram of beam splitter gratings with double-layer array
sandwich structure under normal incidence (color online)
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where k, = 2m/A represents the wave vector of incident
light in vacuum, k,; represents the wave vector
component of the i-order diffracted wave in the x-direction,
which can be obtained from Floquet condition:

k. = ko[n;sin6 — i(1/d)]. 3)

Simulated annealing (SA) algorithm is a general
optimization algorithm. Theoretically, the algorithm has
the global optimization performance of probability.
Combined with the jumping characteristics of probability,
it can randomly find the global optimal solution of the
objective function in the solution space. In order to quickly
and conveniently optimize the grating period d, the
thickness of the grating ridge h; and h,, and the duty
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cycle f, and find the optimal parameters of the grating, we
can set the grating period d between one and two times the
wavelength to achieve three levels of diffraction, and then
introduce the target function of SA:

o(d, f,hy, hy) =

Z)l[(l - ZDETE(l))Z + (1 - ZDETM(l))Z]: (4)
where DErg,y and DEry,, represents the diffraction
efficiency of TE polarization and TM polarization at 1st,
respectively. The optimal parameters of grating structure
obtained through numerical calculation are listed in Table
1, which are respectively h;=0.15 pum, h,=0.31 pm,
f=0.38 and d=1007 nm. Fig. 2 is a series of contour maps
drawn based on the above parameters to describe the
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relationship between thickness h,, h, and transmission
efficiency. From the contour maps, it can be clearly seen
when h;=0.15 pm and h,=0.31 pym, for TE polarization,
the efficiency of +1st reaches 49.12%, and the diffraction
efficiency of Oth is almost completely suppressed, only
0.56%. For TM polarization, the diffraction efficiency of
+1st is 48.83%, and that of Oth is 1.38%.

Table 1. The optimum parameters of the beam splitter with
double-layer array sandwich structure
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Fig. 2. The contour map of the relationship between reflective efficiencies and the depths of h; and h, for TE polarization and TM
polarization with incident wavelength =800 nm, period d=1007 nm, duty cycle f=0.38 under normal incidence: (a) Oth order for TE
polarization, (b) £1st orders for TE polarization, (c) Oth order for TM polarization, (d) £1st orders for TM polarization (color online)
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3. Analysis and discussions

By analyzing the normalized electric field distribution
of the grating, we can clearly see the physical process and
energy distribution of the incident light entering the
grating. Fig. 3 shows the normalized electric field
distribution of two-port transmission gratings with
two-layer array sandwich structure under TE and TM
polarization respectively. The incident light is normally
incident in the SiO, covering layer, passes through two
layers of grating ridges in the grating layer, and finally

emits from the SiO, substrate. It can be seen from the
figures that the structure of the grating is periodic, so the
internal energy distribution also shows a periodic law. For
TE polarization, most of the incident light energy is
concentrated in the TiO, layer of the grating ridge, and
there is a small part of energy distribution at the junction
of two grating ridges and the edge of the upper grating
ridge; for TM polarization, the maximum energy is almost
completely distributed in TiO, layer, and there is
basically no energy distribution in Al,05 layer.
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Fig. 3. Distribution of normalized electric field of sandwich grating under normal incidence: (a) TE polarization
(b) TM polarization (color online)

In order to verify the accuracy of the calculation
results and ensure that the parameters obtained under this
structure are the optimal parameters. Based on the grating
parameters obtained by RCWA, we use FEM to calculate
the diffraction efficiency of TE and TM polarization of
grating at Oth and x1st, and list the results obtained by
FEM and RCWA in Table 2. Through data comparison, it
can be found that the diffraction efficiency calculated by
the two methods is almost the same, which effectively
proves that the grating parameters are optimal and
accurate.

Table 2. The transmission efficiencies of the grating obtained
by FEM and RCWA for TE polarization and TM polarization
with period d = 1007 nm, incident wavelength A = 800 nm,
duty cycle f=0.38, hy = 0.15 um, h, = 0.31 um

Theory Mu'=(%) Mu' (%) Mo’ (%) Mo (%)
RCWA 49.12 48.83 0.56 1.40
FEM  49.12 48.83 0.57 1.39
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For subwavelength metal gratings, many parameters,
such as metal material, grating period, incident angle, duty
cycle and incident wavelength, will affect the performance
of gratings. Because in the actual manufacturing process
of grating, due to the influence of manufacturing process
and technology, some parameters often have slight
deviation, which affects the performance of the whole
grating. Therefore, it is necessary to analyze the tolerance
range of these parameters. Fig. 4 describes the comparison
of grating period and transmission efficiency between
FEM and RCWA under optimized parameters. We can see
that when the grating period is set to 1007 nm, the
transmission efficiency of the grating is the best value. In
the range of 947 nm - 1035 nm, the transmission
efficiency of TE and TM polarization at + 1st still reaches
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more than 48%. Fig. 5 shows the comparison of duty cycle
and transmission efficiency of FEM and RCWA under
optimized parameters. For TE and TM polarization, when
the duty cycle f is in the range of 0.3-0.4, the transmission
efficiency of £1st is more than 45%, and the suppression
effect for Oth is more than 90%. Fig. 6 shows the
comparison of incident angle and diffraction efficiency
between the two methods under optimized parameters. In
the angle range of -4° to 4°, the transmission efficiency of
TE polarization is more than 40%, and the transmission
efficiency of TM polarization is still more than 45%. In a
word, the larger tolerance range enables the grating to
effectively reduce the performance deviation caused by
processing errors, thus maintaining efficient and stable
optical performance.
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Fig. 4. Diffraction efficiency at different period under normal incidence with incident wavelength 2=800 nm, duty cycle f=0.38,
hy=0.15 um, hy= 0.31 um: (a) TE polarization, (b) TM polarization (color online)
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Fig. 5. Diffraction efficiency at a range of duty cycle under normal incidence with incident wavelength A=800 nm,
period d=1007 nm, h;=0.15 um, h,=0.31 um: (a) TE polarization, (b) TM polarization (color online)
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Fig. 6. Diffraction efficiency at a range of incident angle under
normal incidence with incident wavelength A=800 nm, period
d=1007 nm, hy=0.15 pum, hy=0.31 um, duty cycle f=0.38:
(a) TE polarization, (b) TM polarization (color online)

In practical applications, bandwidth is also one of the
important standards to measure the performance of
gratings. One of the advantages of the beam splitter
introduced in this paper is its excellent bandwidth. Fig. 6
shows the comparison of the relationship between incident
wavelength and transmission efficiency of FEM and
RCWA under the optimized parameters. When the incident
wavelength is 800 nm and the normal incident, the
transmission efficiency of the grating is in the best state.
When the wavelength is in the range of 777 nm to 840 nm,
for TE and TM polarization, the diffraction efficiency of
the grating at x1st still exceeds 47%, and it maintains
excellent zero order suppression performance. This wide
bandwidth characteristic is of great significance for the
practical application of the grating.
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Fig. 7. The relationship between transmission efficiency and
incident wavelength under normal incidence with d=1007 nm,
f=0.38, hy=0.15 um and h,=0.31 um: (a) TE polarization,
(b) TM polarization (color online)

4, Conclusion

In this paper, a two-port transmission grating with a
two-layer array sandwich structure is introduced. By using
RCWA and simulated annealing algorithm to analyze and
optimize the structure and parameters of the grating, not
only can the grating achieve high transmission efficiency
of + 1st under TE and TM polarization, but also shows
excellent Oth suppression characteristics. For TE and TM
polarization, the transmission efficiency of + 1st is 49.12%
and 48.83% respectively, and the efficiency of Oth is 0.56%
and 1.4% respectively. In addition, the accuracy of the
results is ensured through the verification of FEM.
Through analysis, it is found that the grating mentioned
not only has good manufacturing tolerance, but also has
the characteristics of wide bandwidth. Therefore, this kind
of optical element with high efficiency and stable
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performance plays an important role in the application of
optical field.
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