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Combining double-layer arrays and metal film for zeroth

order suppressing
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In this paper, a reflective two-port beam splitter grating with zeroth order suppressed is proposed. Under normal incidence, the
finite element method is chosen to optimize the grating parameters, and the results are verified by the rigorous coupled-wave
analysis. In this study, the incident light wavelength is chosen as 1.55 um. The grating reflective efficiency of Oth order is
suppressed, and the diffraction efficiencies of +1st orders attain 48.07% in transverse electric polarization and 47.40% in
transverse magnetic polarization. What’s more, the grating has the characteristic of high efficiency in a certain range of

incident wavelength.
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1. Introduction

Beam splitter is one of the most basic diffractive
optical components with the function of dividing the
incident light into multiple beams. Beam splitter plays an
important role in the fields of optoelectronic information
processing [1-4], optical communication [5-8], laser
systems [9-11], and optical detection [12,13], etc. Vector
diffraction theory is the theoretical basis for the study of
subwavelength gratings and resonance-domain gratings
[14]. We can use finite element method (FEM) [15-19],
rigorous coupled-wave analysis (RCWA) [20-25], modal
method and so on to carry out numerical analysis when the
grating period is close to the wavelength of incident light.
Conventional beam splitter is complex to fabricate and
difficult to achieve high efficiency. However, with the
development of manufacturing processing, grating size has

been reduced and the efficiency has been greatly improved.

Researchers have also delved further into multi-channel
beam splitter, such as multi-channel output beam splitter
and polarization-selective beam splitter [26-30]. In recent
years, a series of theoretical and experimental works about
double-layer beam splitter have been proposed and
implemented. Guo et al. designed a three-port beam
splitter grating based on a double-slot fused silica with the
average diffraction efficiency achieves more than 95% for
transverse electric (TE) polarization [31]. Shu et al.
proposed a reflective double-layer three-port beam splitter
under normal incidence. For TE polarization and
transverse magnetic (TM) polarization, the Oth and +1st
orders diffraction efficiencies are close to 31% [14].

In this paper, a two-port beam splitter with Oth order
suppressed under normal incidence is proposed. The

parameters of the beam splitter are analyzed by FEM and
verified by RCWA to obtain the optimal result. FEM not
only has the characteristic of high computational accuracy,
but also can adapt to analyze the gratings with a variety of
complex shapes. Therefore, FEM has become an effective
engineering analysis method. For the grating proposed in
this paper, the diffraction efficiencies of +1st orders for
both TE polarization and TM polarization are over 47%.
With polarization-independent property, the proposed
two-port beam splitter grating has broad application
prospects in the field of high-capacity optical
communication systems [32].

2. The double-layer reflective grating for
zeroth order suppressing

The  two-dimensional and  three-dimensional
schematic diagram of the double-layer beam splitter
grating are demonstrated by Fig. 1 obviously. As shown in
Fig. 1, the grating consists of double-layer rectangular
grating ridges, silver reflection layer and fused silica
substrate. Among them, the upper grating ridge is made of
SiO, with refractive index n;=1.45. The material of the
lower grating ridge is set as Ta,Os, with refractive index
n,=2. The refractive index of silver reflector is
n3;=0.469-9.32i with the thickness of 0.1 um. The substrate
material is consistent with the upper grating ridge. After
multiple iterations of data analysis, we obtained a series of
optimized parameters. To minimize the Oth order
diffraction and maximize the z1st orders diffraction
efficiencies of TE and TM polarizations, the thickness of
the upper grating ridge is set as h;=0.4 um, and the
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thickness of the lower grating ridge is set as h=1.2 um.
According to the grating equation, the period d should be
set in the range of one and two times of the incident
wavelength A. Through FEM, the final optimization result
of grating period is d=2.48 pum. In addition, after a series
of calculations, the duty cycle f of the grating is set as 0.4.
The optimal parameters of the proposed grating are listed
in Table 1 integrally.

-1st +1st

(b)
Fig. 1. The (a) two-dimensional and (b) three-dimensional
schematic diagram of the double-layer beam splitter grating
with Oth order suppressed under normal incidence (color online)

Table 1. The parameters of the double-layer beam splitter
grating with Oth order suppressed

A d f h hy h
155 2.48 04 12 01
0.4

pum - pm pm  pm  pm

Fig. 2 shows the relationship between diffraction
efficiencies and the thickness of grating ridge at different
orders for TE and TM polarizations. Under normal
incidence, according to the optimal parameters we
obtained, the reflective efficiencies of Oth order for TE and
TM polarizations are close to 0. This phenomenon has a
positive effect on improving the diffraction efficiencies of
+1st orders for TE and TM polarizations. It is illustrated
the diffraction efficiencies of the grating obtained by FEM
and RCWA for TE and TM polarizations at Oth order and
+1st orders in Table 2, respectively.

Table 2. The reflective efficiencies of the grating obtained by
FEM and RCWA for TE polarization and TM polarization with
period d=2.48 um, incident wavelength 2=1.55um, duty cycle

£=0.40, h;=0.40 pum, hy=1.20 pum, h3=0.10 um

Polarization Oth +1st
TE(FEM)  0.69% 48.07%
TE (RCWA)  0.70% 48.07%
TM (FEM)  0.86% 47.40%

TM (RCWA) 0.92% 47.44%

According to Table 2, we can draw a distinct
conclusion that the double-layer grating can separate the
incident light into +1st orders for TE polarization with the
efficiencies of 48.07% and for TM polarization with the
efficiencies of 47.40%. Therefore, the grating serve as a
two-port beam splitter with Oth order suppressed.

Fig. 3 demonstrates the normalized electric field
distribution of the grating for TE and TM polarizations
respectively, and we can obtain the energy distribution
information of incident light from the figures obviously.
Due to the periodic structure, the energy distribution in the
grating also has the periodic characteristic. The energy of
incident light is reflected by silver layer and distributed in
the grating ridge and grating groove.
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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 A=1.55 um, period d=2.48 um, duty cycle f=0.4 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

As is well-known that the values of period, duty cycle
and incident wavelength have a great influence in the
diffraction efficiency of the grating. For the actual

(b)
Fig. 3. The normalized electric field distribution with incident wavelength A=1.55 um, period d=2.48 um, duty cycle f=0.4,
h1=0.4 um, h,=1.2 um, h3=0.1 um: (a) TE polarization and (b) TM polarization (color online)

manufacturing, the tolerance value of grating is worth to
discuss. Firstly, the manufacturing process of this grating
is introduced. The first step is to choose a dry and clean
fused silica substrate, prepare a silver film with the
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thickness of 0.1 pm, and cover the silver film on the
substrate by evaporating and concentrating. Afterwards,
covering the substrate with a layer of photoresist and
recording the generated grating by holographic exposure
and development. The next step is to transfer the grating
model on the photoresist to a dichromate solution for
chromium mask. Etching the grating into fused silica in an
inductively coupled plasma instrument is a pivotal step. In
addition, etching by ion beam is also a reliable fabrication
method. The last step is to remove the remaining raster
masks. The grating presented in this paper has the
characteristics of simplicity and low cost in manufacturing
process. The characteristics demonstrate that the grating
has the potential for industrial production and practical
application.

Fig. 4 demonstrates the relationship between
diffraction efficiency and duty cycle. The value of duty
cycle is determined by the manufacturing process.
Nevertheless, some inaccuracy within certain range is
permissible. It can be seen obviously from Fig. 4 that the
diffraction efficiencies of +1st orders for TE and TM
polarizations are best when the duty cycle is set as 0.4. It is
worth noting that the diffraction efficiency of grating is
still above 44% for TE polarization and 47% for TM
polarization when the duty cycle is in the range of 0.39 to
0.41.

Besides, the values of incident wavelength make a
great influence in the diffraction efficiencies for TE
polarization and TM polarization. Fig. 5 depicts the
relationship between incident wavelength and diffraction
efficiencies for TE and TM polarizations under normal
incidence. With a number of precise calculations, we can
draw a definite conclusion that the diffraction efficiency of
the reflective double-layer grating with Oth order
suppressed will exceed 47% for TE polarization while the
incident wavelength is in the range of 1.540 um to 1.575
um. In addition, the grating has a wider wavelength
bandwidth for TM polarization when the wavelength is in
the range of 1.5 um to 1.6 um. In this case, the diffraction
efficiency of TM polarization is greater than 47%. The
tolerance values of this grating are significantly better than
the grating proposed in Ref. [14], which just achieved
about 90% total diffraction efficiency at a bandwidth of
6x10° um. The above parameters and data analysis result
demonstrate clearly that the grating has the characteristics
of high efficiency and wide bandwidth.
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Fig. 4. The efficiency corresponding to the duty cycle f at
wavelength of 1.55 um with period of 2.48 xm under normal
incidence (color online)
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Fig. 5. The efficiency corresponding to the incident wavelength
with duty cycle of 0.4 and period of 2.48 um under normal
incidence (color online)

What’s more, period is also a major factor affecting
the diffraction efficiency of the grating. Therefore, it is
necessary to research the period to improve the grating
performance. The reflective efficiency versus period is
displayed in Fig. 6. On the grounds of the calculate results
from FEM and verified by RCWA, the diffraction
efficiency is greatest when the period is 2.480 pm. It is
worth noting that in the range of 2.435 um to 2.495 pm,
the efficiencies of +1st orders for TE and TM polarizations
are greater than 47.09%. Meanwhile, the Oth order
diffraction efficiency of the grating is less than 2.4%.
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Fig. 6. The diffraction efficiency corresponding to the period

at wavelength of 1.55 um and duty cycle of 0.4 under normal

incidence (color online)

In the end, the properties of the silver reflector are of
interest. Firstly, after rigorous calculation, the refractive
efficiency in TE and TM polarizations is too small and can
be approximated to 0. So, the absorption of silver
reflective layer is equal to one minus the total reflection
efficiency. The total reflection efficiency is equal to the
efficiency of Oth order plus the efficiencies of 1st orders
respectively. So, after a simple calculation, it's not hard to
figure out that the absorption of silver reflector at
wavelength of 1.55 pum with duty cycle of 0.4 and period
of 2.48 pum under normal incidence is 3.17% for TE
polarization. Similarly, we can obtain that the absorption
efficiency of the silver reflector for TM polarization is
4.34%. The above data indicate that the silver reflector is
absorbent.

The effect of silver thickness on the grating reflection
efficiency is discussed below. Fig. 7 depicts the
relationship between diffraction efficiency and the
thickness of reflecting layer hs. It can be clearly seen from
the figure that the diffraction efficiency is constant when
the thickness of the silver reflective layer is changing
constantly in the range of 0.1 um to 1 pm. The figure
demonstrated that the thickness of the silver reflector has
little effect on the diffraction efficiency of the grating. It
has a positive effect on improving the reflectivity of the
grating.
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Fig. 7. The efficiency corresponding to the reflecting layer
thickness h; at wavelength of 1.55 um with duty cycle of 0.4
and period of 2.48 um under normal incidence (color online)

4, Conclusion

A reflective double-layer grating with Oth order
suppressed under normal incidence is proposed in this
paper. According to FEM and RCWA, the optimized
parameters of the grating are calculated, and the results are
satisfactory. For TE polarization, the efficiencies of +1st
orders are greater than 48%. In the meantime, the
diffraction efficiencies of £1st orders for TM polarization
attain 47.4%. Meanwhile, the diffraction efficiencies of
Oth order for TE and TM polarizations are close to 0.
Moreover, the relationship between diffraction efficiency
and duty cycle, incident wavelength, period and the
thickness of reflecting layer are researched to obtain the
optimal parameters. The parameters and data analysis
results reveal that this paper proposed a two-port
zeroth-elimination beam  splitter with  satisfactory
performance. In addition, the proposed grating has the
characteristic of broad incident wavelength bandwidth for
TE and TM polarizations.
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