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Beam separating with the zeroth order eliminated by

sandwiched grating
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In this paper, a two-port encapsulated grating with a connecting layer is demonstrated, which can suppress Oth order under
the condition of normal incidence. When the incident light wavelength is 800 nm, the diffraction efficiencies of +1st orders
exceed 44% and that of Oth order is less than 3% under transverse electric and transverse magnetic polarizations. In addition,
the fabrication tolerance of the grating is also brilliant. In the period range of 1541-1632 nm and the duty cycle of 0.27-0.36, the
diffraction efficiencies of +1st orders can reach more than 42%. In this paper, the parameters of the grating are optimized by
rigorous coupled-wave analysis. Furthermore, the results show that the proposed grating has important application in optical

communication, optical storage, etc.
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1. Introduction

With the increasing demand for highly integrated
optoelectronic devices and the growing maturity of
semiconductor processing technology, subwavelength
gratings [1-3] have attracted more and more attention in
the industry due to their high adaptability to integration.
Therefore, the study of multi-functional beam splitter [4-6]
based on subwavelength grating structure has strong
theoretical significance and practical value. As an
important optical device, power splitter [7, 8] which refers
to the optical device that can equally distribute the energy
of the incident light to the output direction is widely used
in various optical systems. The power splitter which can
average the energy of the incident light into two output
directions is called two-port splitter [9-11]. In recent years,
two-port grating have been extensively researched. Wang
et al. proposed a low-contrast transmission grating and a
mixed metal reflective grating under normal incidence [9].
Fu et al. designed a two-port reflective grating with a
connecting layer [8]. Yin et al. proposed a two-port
metal-dielectric grating under normal incidence at the
incident wavelength of 800 nm [11].

The vector diffraction theory of grating includes
finite element method (FEM) [12-14], rigorous
coupled-wave analysis (RCWA) [15-19], etc. Among them,
RCWA can analyze the relationship between the upper and
lower boundary surface electromagnetic fields in terms of
eigenvalue and eigenfield expressions, which is
characterized by high speed and efficiency in the
calculation process. In addition, the simulated annealing

(SA) algorithm [20, 21] is extremely searchable and does
not fall into local optimum solutions. In this paper, the
optimization of the grating is based on RCWA and SA.
Also, the electric field distribution of the grating is
calculated by FEM to better understand the performance of
the grating as well as to verify the calculation results.

In this work, a two-port encapsulated grating with
ultra-stable and high efficiency is designed by RCWA and
SA. For one thing, the proposed grating can uniformly
couple the energy of the incident light to £1st orders under
transverse electric (TE) and transverse magnetic (TM)
polarizations, and both have diffraction efficiencies in
excess of 44%. For another, the efficiency of Oth order is
suppressed very well, less than 3% at TE and TM
polarizations. In addition, the target grating has good
bandwidth and process tolerance. Such a grating has very
important value in the field of optical components [22, 23],
optical communication [24-26] and optical systems
[27-29].

2. Physical design and numerical calculation

The structure of two-port grating with the elimination
of the zeroth order is displayed in the Fig. 1. As shown in
the Fig. 1, the plane wave enters the grating from the air
with the incident angle 0=0°. The grating is made up of
four units, the covering layer, grating layer (including
grating ridge and grating groove), connecting layer and
grating substrate. The covering layer, grating ridge and
connecting layer are composed of resin material [30],
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whose refractive index is n,=1.51. h, is the depth of
grating groove, whose refractive index n;=1.00, and the
material of grating groove is air. h; and h; are the
thicknesses of the covering layer and connecting layer,
respectively. Material of the grating substrate is Ta,Os with
refractive index ns=2.00. In addition, d represents the
grating period, w represents the width of the grating ridge,
and f represents the duty cycle (defined as f=w/d).

N

-1st +1st
(a) (b)

Fig. 1. Schematic of a two-port encapsulated grating
under normal incidence: (a) 3-D view (b) sectional view
(color online)

In order to complete the calculation of diffraction
efficiency (DE), fast screening and optimization of grating
parameters, numerical methods such as RCWA and SA are
used in the theoretical modelling and numerical
optimization process. RCWA obtains the diffraction
efficiency of each order by rigorously solving Maxwell's
equations in the grating region. A period of grating is
selected as the target, and periodic boundary conditions
are set in the vertical direction of x-axis. The efficiency of
each diffraction order can be obtained by combining the
boundary conditions in the transmission region. The
specific calculation process can be viewed from Ref. [15].
In addition, the SA algorithm combines the jump
characteristics of probability to randomly find the global
optimal solution of the objective function in the solution
space. Because of the normal incidence, the diffraction
efficiencies are the same at +1st orders. To achieve the
two-port output with elimination of the zero order, the
objective function of the SA algorithm is as follows:

o(d, hy by h) =(1 - 2DEr )+ (L - 2Dy, )y (D)

where DEyz-;, and DEyy,-;, are the diffraction efficiencies
of -1st order under TE polarization and TM polarization,
respectively. The optimized parameters of the grating are
finally obtained as d=1590 nm, f=0.3, h;=800 nm, h,=900
nm and hs=700 nm. Meanwhile, DE;-;=48.63% and
DEry-1=44.30% are diffracted under these parameters.
Compared with Ref. [9], the diffraction efficiencies of the
proposed grating at £1st orders for both two polarizations
have been significantly improved. The comparative data

with Ref. [9] are shown in Table 1.

Table 1. Comparison of efficiencies between this work and
reported Ref. [9]

Scheme  1Mo'" (%) Ma'T(%) MoV (%) ma' (%)
Ref.[9]  <13%  46.15%  <l3%  43.60%
Thiswork  0.25%  48.63%  290%  44.30%

In addition, from reading Ref. [31] it is known that
the modal method uses the modes of a periodic planar
waveguide as grating modes, providing a clear physical
understanding of the diffraction process. Under normal
incidence, only a few grating modes play a dominant role
in the diffraction process when the grating period matches
the incident wavelength (i.e., when the ratio of grating
period to wavelength is between 1-2, the grating has only
three output diffraction orders, i.e., Oth and +1st orders).
Thus the diffraction process is better understood. The
method solves the dispersion equation, calculates the
energy exchange between the incident wave and the
grating modes, expresses the field at the incident interface
in equations and the detailed derivation of the diffraction
efficiency of each diffraction order. The results show that
the diffraction efficiency of the Oth transmission order is 0,
which can be used as a criterion for the Oth order null
phase mask, from which approximate grating parameters
can also be obtained. The detailed calculation procedure
can be viewed in the references.

In order to better understand the physical process of
light propagation in encapsulated grating and verify the
calculation results of RCWA, the diffraction efficiency
(listed in Table 2) and electric field distribution under
optimum grating parameters are calculated by FEM. Fig. 2
shows the diagram of the normalized electric field
distribution of the beam splitting grating at both
polarizations. As can be clearly seen from Fig. 2 that the
energy distributes from the grating surface to the substrate
under the normal incidence of light wavelength of 800 nm.
The two electric field distributions also describe the beam
splitting effect under TE and TM polarizations,
respectively. Due to the periodic structure of the grating,
the energy distribution inside the grating also presents the
characteristics of periodic. And due to the normal
incidence of light waves, the propagation process of
incident light and diffractive light present the
characteristics of wave along the z-axis. Under the TE and
TM polarizations, the location of energy distribution is the
same, whereas the TE polarization energy is stronger.
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Table 2. The efficiencies of two-port encapsulated grating with the optimized parameters based on RCWA and FEM

Calculation
M (%) M (%) Mo (%) Nt (%)
method
RCWA 0.25% 48.63% 2.90% 44.30%
FEM 0.25% 48.66% 2.90% 44.33%
1.0
5.0 0.9
0.8
e 0.7
E 30 05
=z
3 0.5
2.0 0.4
0.3
1.0 0.2
0 0.1
0
00 10 20 3.0 40 50 6.0
X (pm)
(@)
1.0
5.0 0.9
0.8
4.0 0.7
7 3.0 0.9
R - - - . 0.5
N - Sl 2.5 4
2.0 - - - . 0.4
0.3
1.0 0.2
0 0.1
0
0.0 1.0 20 30 40 5.0 6.0
X (um)
(b)

Fig. 2. Normalized electric field distribution diagram of the encapsulated grating under normal incidence:
(a) TE polarization (b) TM polarization (color online)

3. Analysis and discussions

The fabrication process of the target grating in this
paper can be proven indirectly by several reported papers.
The grating has certain process tolerance in the process of
etching [32-35], which needs to be considered in practical
application. Fig. 3 shows the equivalent figure of the
thickness of the covering layer, the depth of the grating
groove and the diffraction efficiency under normal
incidence. As shown in Fig. 3, when the thickness of the
covering layer h;=800 nm and the depth of the grating

groove h,=900 nm, the diffraction efficiencies of TE
polarization at +1st orders and Oth order are 48.63% and
0.25%, and the total efficiency is 97.51%. Under the
TM-polarized light wave, the efficiencies of +1st orders
are 44.30%, the efficiency of Oth order is 2.90%, and the
total efficiency is 91.50%. When the thickness of h; is 800
nm and the thickness of h, is between 850 nm and 1000
nm, the efficiencies of TE and TM polarizations at +1st
orders are better than 44%, and the efficiencies of TE and
TM polarizations at Oth order are less than 0.3% and 3%,
respectively.
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Fig. 3. The efficiency versus the thickness of the covering layer and the grating groove depth under normal incidence with A=800 nm,
d=1590 nm, h;=700 nm and f=0.3: (a) 1st order of TE polarization, (b) 1st order of TM polarization, (c) Oth order of TE polarization,
(d) Oth order of TM polarization (color online)

Further, Fig. 4 shows a plot of the thickness of the

connecting layer hs (studied in the range 650-750 nm) R e Adbdbiasans NV
versus diffraction efficiency. The results of this plot are ~:§ .
based on the condition of normal incidence of 800 nm ;4“ i
incident light with h;=800 nm and h,=900 nm. As can be 2
seen, the Oth order is well suppressed at both polarizations, Eab [ TE|
while the diffraction efficiencies of the +1st orders exceed % ™M Ist
. . —&— TE 0th
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Fig. 4. The relationship between efficiency and h; for both
two polarizations under normal incidence with d=1590
nm, f=0.3, h;=800 nm and h,=900 nm (color online)
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As can be seen from Table 3, the tolerances of the
three structural parameters are all above 45 nm.
Particularly for h,, the range of diffraction efficiencies
greater than 44% at +1st orders for both polarizations are
90 nm. Thus, it can be seen that the three structural
parameters (hy, h, and hs) of the target structure have good
process tolerances.

Table 3. Fabrication errors of hy, h, and h;

Fabrication errors

DEtecsy/ DEmey

hy h, hs
~ 44% 770-820 nm 890-980 nm 666-712 nm
0 (50 nm) (90 nm) (46 nm)

Next, Fig. 5 shows the diffraction efficiency as a
function of the period and duty cycle. It can be seen from
Fig. 5 that when the period is 1541-1632 nm and the duty
cycle is 0.27-0.36, the +1st orders diffraction efficiencies
of TE and TM polarizations are more than 42%.
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Fig. 5. The diffraction efficiency as a function of the
period and duty cycle under normal incidence with
h,;=800 nm, h,=900 nm, h;=700 nm and =800 nm: (a)
1st order of TE polarization, (b) 1% order of TM
polarization (color online)

Under the normal incidence, the optimized grating can
achieve the best performance at the wavelength of 800 nm.
In practice, however, the central wavelength may drift
away from 800 nm. Fig. 6 shows the diffraction
efficiencies of the grating at different wavelengths. As
depicted here in Fig. 6, the diffraction efficiencies of +1st
orders under TE and TM polarizations are higher than 42%
in the wavelength range of 775-813 nm, with the
bandwidth of 38 nm. In this wavelength bandwidth, the
diffraction efficiencies of the Oth order under both TE and
TM polarizations are well suppressed at less than 5%. This
indicates that the target grating has good performance and
good stability, which is of great application value for the
practical application of optical elements that need to adjust
the wavelength.
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Fig. 6. The relationship between efficiency and incident

wavelength for both two polarizations under normal

incidence with d=1590 nm, f=0.3, h;=800 nm, h,=900 nm
and h;=700 nm (color online)

In this paper, the condition of incidence angle is
normal incidence. However, tolerance of incidence angle
should also be taken into account. When the incident angle
deviates from 0° (not normal incidence), the diffraction
efficiency of +1st order and -1st order will no longer be
equal. Fig. 7 shows the diffraction efficiency as a function
of the incident angle under the optimum structure. As
depicted here in Fig. 7, the diffraction efficiency of the six
diffraction orders changed significantly with the deviation
of incident angle. However, the diffraction efficiency of
+1st orders under two polarizations is higher than 40% at
an angular bandwidth of 3.2°, from -1.6° to 1.6°. In this
angular bandwidth, the diffraction efficiency at Oth order
is well suppressed by less than 4% for both TE and TM
polarizations.
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Fig. 7. The diffraction efficiency as a function of the incident
angle under the optimum structure (color online)

4. Conclusion

To summarize, an ultra-stable and high-efficiency
two-port encapsulated grating with a wavelength of 800
nm at normal incidence is designed. The structural
parameters of the grating are analyzed and calculated by
RCWA and SA. The proposed grating can complete
two-port high-efficiency output at +1st orders under TM
and TE polarizations and suppress Oth order. The
efficiencies of TE polarization at £1st orders and Oth order
are 48.63% and 0.25%, respectively. Under TM-polarized
light, the efficiencies of +1st orders are 44.30% in both
cases, and the efficiency of Oth order is 2.90%. This shows
that the encapsulated grating has a good elimination effect
on Oth order. Moreover, the analysis shows that the
proposed grating not only can obtain large bandwidth but
also have good process tolerance, so as to be applied to
more optical components and fields.
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