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Propagation of reflective three-output with dual-layered
grating in second-order Littrow configuration
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A novel type of three-output dual-layered reflective grating is proposed in this paper. Through rigorous coupled-wave
analysis, the appropriate thickness of two dielectric layers in grating region can be calculated. According to the
optimization results, when the incident light with wavelength 1550 nm is incident at the second Bragg angle, the grating
can diffract the incident light energy to the three orders, and the efficiency is close to 33%. Compared with the reported
three-output grating under the second Bragg angle incidence, the dual-layered grating has higher diffraction efficiency and

better incident angle bandwidth for TE-polarized light.
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1. Introduction

The propagating gratings are more suitable for
miniaturization and integration, and are widely used in
various laser systems [1-6], such as the absorber [7-9],
beam splitter [10-12], coupler [13-16], nonreciprocal
thermal emitter [17], surface-enhanced Raman scattering

[18,19], measurement [20], interferometer [21] and so on.

Beam splitters are key elements in various applications
[22-26]. For decades, the grating diffraction theory has
formed a relatively perfect theoretical system through the
efforts of researchers [27-29]. By optimizing the grating
structure parameters, such as grating period, grating
depth, duty cycle and refractive index of grating material,

the suitable grating diffraction efficiency can be obtained.

Due to the satisfying performance and relatively simple
structure, metamaterial has been widely used in optical
systems [30-35]. It may be made of metal or dielectric
materials deposited on the substrate by etching. Before
fabrication, the required grating parameters should be
defined.

For high-density gratings with rectangular grooves,
the modal method has a simple physical understanding of
the interference in the gratings [27]. By explaining the
diffraction process, the simplified modal method can
provide a basis for evaluating reflective efficiency and
grating depth in theory. The rigorous coupled-wave
analysis (RCWA) is a suitable method to optimize the
grating profile, which can calculate the appropriate
grating parameters [28]. In order to achieve the goal of
designing high efficiency three-output grating, we should
adopt the RCWA method to optimize the grating

parameters. Whether for TE-polarized light or for
TM-polarized light, an excellent three-output grating
should have a diffraction efficiency of more than 30%
per order and a diffraction efficiency ratio close to 1. As
far as we know, no one has ever designed the
dual-layered grating based on metal-mirror configuration
with operating wavelength of 1550 nm at the second
Bragg angle.

In this paper, the dual-layered grating based on
metal-mirror configuration is proposed for three-output
beam splitter. The RCWA method is used to optimize the
grating parameters so that the diffraction efficiency of
TE-polarized light and TM-polarized light can be divided
into three orders. Compared with the existing
three-output grating with the special duty cycle of 0.6
[36], the new grating has better beam splitting
performance for the usual duty cycle of 0.5.

2. Propagation analysis and optimization

Fig. 1 describes the schematic of the surface-relief
dual-layered reflective grating under the second Bragg
angle incidence. The novel grating is composed of two
grating layers, a metal reflective layer and a fused-silica
substrate with excellent optical performance [37-41]. The
groove of grating is air with refractive index of n = 1.0.
The grating rectangular ridge can be comprised of two
kinds of dielectric materials with two different etching
depths. The first layer and substrate of the grating are
fused silica with refractive index of ny = 1.45. The
material of the second layer is chosen as Ta;Os with the
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refractive index of n, = 2.0. In the grating geometrical
parameters, each thickness of two gating layers is h; and
ho, respectively. In addition, the period of the grating is d
and the duty cycle is defined as the ratio of ridge width to
period. And the metal reflective layer is silver with a
refractive index of nn = 0.469-9.32i and the thickness of
hm. Since the parameters of the TE-polarized grating and
the TM-polarized grating are different. Therefore, we use
the subscripts to measure the parameters of different
gratings. For example, h™ and h™ are the grating ridge
depths of TE polarization and TM polarization,

TE/TM

respectively. A plane wave illuminates the grating with
an incident angle @ =sin’(A/nd), and the incident
wavelength is A = 1550 nm. The TE-polarized light and
TM-polarized light can be coupled into different
propagation directions by grating, and output to the
diffraction orders, where the propagating direction can be
determined by the grating equation. The coupled
diffraction orders can be only set to the -2nd order, the
-1st order and the Oth order within the grating period
range of A - 2.

Fused silica

Fig. 1. Schematic of the surface-relief dual-layered reflective grating under the second Bragg incidence (color online)

When the thickness of the metal plate exceeds 0.1
pum, complete reflection of incident light can be
approximately achieved. For ease of manufacturing, we
set the duty cycle to 0.5. We numerically optimize the
grating layer thickness h and grating period according to
the RCWA method. In addition, before the grating is put
into mass production, it is necessary to obtain appropriate
grating profile parameters, including grating period and
thickness of two grating layers. RCWA method can be
used effectively to optimize the new grating. After some
calculations, the grating period d is set to 1601 nm.

Fig. 2 shows efficiencies of the Oth order, the -1st
order and the -2nd order versus the grating the
thicknesses of h; and h, for TE and TM polarizations
with a duty cycle of 0.5 and period of 1601 nm under the
second Bragg angle incidence.

According to Fig. 2, when the thickness of the first
layer hy™E is 1.72 um and thickness of the second layer
h," is 1.68 pm, the grating can divide the TE-polarized
light into three orders of Oth order, -1st order and the
-2nd order, and the diffraction efficiencies are 32.89%,
32.90%, 32.97%, respectively, and the sum of the three
reflection efficiencies exceeds 98%. For TM polarization,
with the optimized depth h;™ = 0.71 pm and thickness
of h,”™ = 1.13 pm, diffraction efficiencies of the Oth
order, the -1st order and the -2nd order can reach 31.99%,
32.07% and 32.19%, respectively.
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Fig. 2. Efficiencies of the Oth order, the -1st order and the -2nd order versus grating depth and period: (a) TE polarization in
the Oth order, (b) TE polarization in the -1st order, (c) TE polarization in the -2nd order, (d) TM polarization in the Oth order,
(e) TE polarization in the -1st order, (f) TM polarization in the -2nd order (Color online)

Although RCWA method describes a numerical
analysis vector method and provides three order
diffraction efficiency values, it cannot give a physical
interpretation of the diffraction. In contrast, theoretic
modal method can clearly describe the diffraction
process. TE- or TM-polarized light can be coupled into
some discrete grating modes, where the transition process
is called the coupling physical mechanism. Furthermore,
the propagating constants are determined by the effective
indices, thus, the results of effective indices can be

obtained by settling following dispersion conditions for
TE-polarized light [27]:

ki +ks

2

cosk, (L )d - cosk, fd - -sink,(1— f )d -sink, fd = cosad

o))
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and for TM polarization: and 78.46° to ensure that the diffraction efficiencies of

the three diffraction orders exceed 30%. To achieve the

k. +k: same goal, for TM-polarized light, the angle of incidence

cosk,(L- f)d -cosk, fd - —22—=2sink,(1- f )d -sink, fd = cos ad
27172

)

with:

k, =ko~/NZ —NZ, ,a = k,sinO,k, =27”

®3)

The effective indices for both polarizations are
1TE

Noerr! & = 1.3305, nier!™ = 0.8325, naer'™® = 0.6475,
Noert ™ = 1.2751, niert™ = 0.7472, naeit™ = 0.7054,
Noer?'E = 1.8711, nie?'® = 1.4425, na?'E = 0.8876,
Noe?™ = 1.7975, ner®™ = 1.1476, naer®™ = 0.9609.

When the waves are reflected back to the grating ridge,
the waves are diffracted again. Due to multimode
interference, TE and TM polarizations of three diffraction
orders can be formed.

It has been noted that the energy exchanging
between the incident light and grating modes is depended
on the overlap integral for TE polarization [27]:

2

jo"“ E," (x)u, (x)dx
LlEr ool [

(Ey(x) > uy(x)) =

uq(x)‘zdx

(4)

For TM polarization, the overlap integral can be
expressed as:

2

[ HP (0, (x)dx
LMoo L

<Hyi”(x) PR un(x)> =

un(x)|2dx

©)

where the uq(x) is that of the electric field of the gth
grating mode and the un(x) is the magnetic field of the
nth grating mode. E,""(x) and Hy"™(x) are both the incident
waves. In the grating substrate, the grating modes can be
coupled into the diffraction orders for both TE and TM
polarizations.

3. Research on the applicable broad working
bandwidths

In practical industrial manufacturing, we should
consider tolerances in the manufacturing process, such as
angle of incidence and grating period etc. Fig. 3 shows
the diffraction efficiency with different incident angle for
the optimized grating parameters. In Fig. 3, for
TE-polarized light, the incident angle is between 72.49°

can be between 73.82° and 77.69°.
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Fig. 3. Diffraction efficiency of the three-output
reflective grating versus incident wavelength with the
duty cycle of 0.5 near second Bragg angle incidence: (a)
TE polarization and (b) TM polarization (color online)

For TM-polarized grating, although the diffraction
efficiency of the grating is lower than that of
TE-polarized grating, the tolerance of TM-polarized
grating is obviously better. Fig. 4 reflects the diffraction
efficiency of the optimized grating parameters for
different grating periods. In Fig. 4, for TM-polarized
light, the grating period in the range of 1589-1616 nm,
three diffraction orders can achieve diffraction
efficiencies exceeding 30%. Fig. 5 shows the diffraction
efficiency with different incident wavelength for the
optimized grating parameters. In Fig. 5, although the
incident wavelength can be deviated from the central
wavelength, the high-efficiency performance can be
achieved. For TM-polarized light, the diffraction
efficiency of the three diffraction orders exceeds 30%,
when the incident wavelength bandwidth is 1536-1559
nm.
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Fig. 4. Diffraction efficiency versus the TM-polarized
grating period for a wavelength of 1550 nm under

second Bragg angle incidence (color online)
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Fig. 5. Diffraction efficiency of the three-output
TM-polarized grating versus the incident wavelength

under second Bragg angle incidence (color online)

4. Conclusion

In conclusion, the RCWA method is used to design
and investigate the reflective three-output grating under
second Bragg angle incidence, which improves the
diffraction efficiency and wide incident bandwidth.
Compared to previous research with special duty cycle of
0.6 [36], the total efficiency for TE polarization can be
arrived at 98.76%, for the usual duty cycle of 0.5 by
using RCWA. What is more, the beam splitting effect of
TE-polarized light is more uniform, the efficiency ratio
of -1st order to Oth order can reach 1.0003, and the
efficiency ratio of -2nd order to -1st order can reach
1.002. For TE polarization, the wide incident angle
bandwidth is 5.97°, and for TM polarization, the wide
incident angle bandwidth is 3.87°. The appropriate
bandwidth is very important for practical applications.
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