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Abstract: In this paper, we report a two-layer five-port diffraction grating by a polarization-
independent design under normal incidence. To be different from conventional five-port
gratings, initially, we design a novel two-layer grating with operation in transmission. Next,
we firstly design a polarization-independent grating with five-port splitting output. On the one
hand, the accurate grating vector parameters are optimized using rigorous coupled-wave
analysis (RCWA) approach. On the other hand, the inherent coupling mechanism happened
in the grating region can be well explained by employing simplified modal method (SMM).
More importantly, all reported conventional five-port beam splitter gratings were designed
based on polarization dependent. Although they could obtain high diffraction efficiency
for TE or TM polarization, it requires more complicated and time-consuming fabrication
processes in practical grating applications. Thus, this work can open up a possible thought
for designing polarization-independent multi-port beam splitter diffraction gratings.

Index Terms: Polarization independent, two-layer grating, five-port splitting output, RCWA,
SMM.

1. Introduction

Polarization-Independent diffraction gratings are key optical diffraction elements, which can
be found in potential optical applications in semiconductor optical amplifiers [1], polarization-
independent filter [2], three-dimensional photonic integration [3], on-chip optoelectronic integration
[4], two spectral beam combined fiber amplifiers [5] and so on. In most reported traditional
works, design of numerous polarization-independent beam splitter gratings are excessively relied
on numbers of different output diffraction orders. Generally, under Bragg incidence, it is very
easy to design polarization-independent grating splitters (i.e., high-efficiency gratings [6]–[8], two-
port gratings [9]–[11], polarization-selective gratings [12]–[14], polarizing beam splitter gratings
[15]–[19]), because of the numbers of different output diffraction orders are no more than two for
transverse-electric (TE) polarization or transverse-magnetic (TM) polarization. Under second Bragg
incidence, It is relatively easy to obtain optimized polarization-independent high-efficiency grating
[20] or two-port beam splitter grating [21]. Under normal incidence, three-port [22] and two-port [23],
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Fig. 1. The schematic diagram of our proposed two-layer polarization-independent five-port beam
splitter transmission grating under normal incidence.

[24] zeroth-order cancelled polarization-independent diffraction gratings are also easily optimized
by using RCWA [25] method and SMM [26].

Particularly, under second Bragg incident condition, because of efficiencies of three different out-
put diffraction orders are difficulty to be optimized simultaneously for both TE and TM polarizations.
Hence, polarization-dependent three-port beam splitter grating [27] was proposed, where the out-
put different diffraction orders were the −2nd order, the −1st order and the 0th order, respectively.
Similarly, under normal incident condition, some of five-port reflective or transmission beam splitter
gratings [28], [29] are numerically optimized based on polarization-dependent designs, which are
limited for applying in optical domains.

Herein, we firstly propose and numerically optimize a polarization-independent two-layer trans-
mission five-port diffraction grating under normal incidence. Compared with reported reflective
or transmission five-port beam splitter gratings, our proposed novel two-layer five-port grat-
ing element has merits of polarization-independent property and fine splitting performance for
TE and TM polarizations simultaneously. Therefore, our designed five-port grating element
can be found potential applications in optical measurement technology and three-dimensional
holography.

2. Grating Design and Numerical Optimization

The schematic diagram of our designed grating is exhibited in Fig. 1. As exhibited in Fig. 1, such
a polarization-independent grating basically consists of two-layer different grating ridges and a
grating substrate. The materials of two-layer grating groove are fused silica and Ta2O5. Refractive
indices of fused silica (n1) and Ta2O5 (n2) are 1.45 and 2.0, respectively. This grating structural
parameters include grating depths (h1 and h2), grating period (d), grating duty cycle (the ratio of
b to d). The TE-polarized wave or TM-polarized wave perpendicularly illuminates on polarization-
independent two-layer grating. The incident wavelength is λ of 800 nm. The incident polarized wave
can be coupled to diffraction orders. Based on our designed grating structure, the output diffraction
orders are the ±2nd orders, the ±1 st orders and the 0th order, in which the −2nd order and
the 2nd order or the −1st order and the 1st order are symmetric diffraction order. For simplifying
our optimization process, we only consider efficiencies of the 1st order and the 2nd order in our
numerical calculations.

In this design, we use numerical RCWA algorithm to optimize our proposed grating. RCWA
algorithm can not only calculate the single-layer grating, but also it can optimize multi-layer
grating parameters accurately. In this transmission grating structure, according to a series of
fourier expansions, we can obtain the final diffraction efficiency for each diffraction order under
the grating substrate. The obtained grating diffraction efficiency can be shown as follow for TE
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Fig. 2. Diffraction efficiency’s ratios corresponding to the two-layer grating thicknesses with the opti-
mized grating period of 3000 nm and duty cycle of 0.5 under normal incidence. (a) The ratio between
the 2nd order and the 1st order for TE polarization. (b) The ratio between the 1st order and the 0th
order for TE polarization. (c) The ratio between the 2nd order and the 1st order for TM polarization.
(d) The ratio between the 1st order and the 0th order for TM polarization.

polarization [25]:
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Ti indicates the normalized electric-field or magnetic-field amplitude of the ith diffracted wave.
Fig. 2 shows the optimized diffraction efficiencies versus the grating groove thicknesses of h1

and h2. As can be seen from Fig. 2, with the optimized grating period of 3000 nm, the incident
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TE-polarized wave and TM-polarized wave can be splitted into five diffraction order with equal
energy. The efficiency’s ratios of the 2nd order to the 1st order and the 1st order to the 0th
order are 1.2123 (19.15%/15.8%) and 1.0454 (15.8%/15.11%), respectively for TE polarization.
For TM polarization, the splitting ratio of efficiency of the 2nd order to the 1st order is 1.0246
(17.61%/17.18%). The ratio between efficiency of the 1st order and the 0th order is 1.1997
(17.18%/14.32%). In this optimization, we can set the duty cycle as 0.5 for easily fabrication. In
addition, the optimized thicknesses of h1 and h2 are 1.506 µm and 1.508 µm, respectively for both
TE and TM polarizations.

3. Theoretical Investigation

By performing numerical calculations, RCWA algorithm can merely numerically calculate diffraction
efficiency of each diffracted order. It can not deeply excavate the light-matter interactions in such
a two-layer polarization-independent grating. In fact, the incident polarized wave propagates into
the grating region, it can be coupled into different grating modes. Each grating mode can have
different effective index. The result of effective index can be determined by following equations for
TE polarization [26]:
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In these formulas, q is incident angle, ni equals to 1.0 or 1.45. In our design, we set the duty cycle
of 0.5 and period of 3000 nm. By substituting the given numerical parameters into above equations,
we can obtain five effective indices for each polarization, where the incident wave can be coupled
into five different grating modes in every grating layer. Because of the grating ridges comprise of
two different materials, the distribution of modal profiles are different in two different grating layers.
In fact, the ability of energy exchange between incident light and grating modes can be determined
by the following overlap integrals for TE polarization [30]:
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For TM polarization:
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where the uq(x) is electric field of proposed qth grating mode, the un(x) is magnetic field of the nth
mode. Eyin(x) and Hyin(x) present the energies of incident polarized light. By solving above integrals
and overlap integers, we obtain the values of effective index and results of energy exchange
between incident light and grating modes. The values of effective index and results of energy
exchange can be prohibited in Table 1.

Fig. 3 shows the distributions of modal profile in two grating layers for TE and TM polarizations
with the given usual duty cycle of 0.5 and period of 3000 nm. As can be seen from Fig. 3, we can
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TABLE 1

The Calculated Energy Exchange Between Incident Light and Grating Modes and Effective Indices
With the Given Duty Cycle of 0.5 and Period of 3000 nm for TE Polarization and TM Polarization

Fig. 3. The distribution of modal profile based on SMM with usual duty cycle of 0.5 and period of
3000 nm for (a) TE polarization and (b) TM polarization.

obtain the modes 0, 2, 4 are odd symmetric grating modes, modes 1, 3, 5 are even symmetric
grating modes.

Fig. 4 shows the near-field distribution of electric-field and magnetic-field amplitudes for the
two-layer five-port beam splitter polarization-independent grating with the period of 3000 nm and
duty cycle of 0.5 for TE and TM polarizations by using a finite-difference time-domain (FDTD)
method. As can be seen from Fig. 4, the energy of electric field or magnetic field in grating area
can be equally distributed.

4. Study of Fabrication Tolerance and Incident Spectral Bandwidth

In practical fabrication of such a polarization-independent five-port beam splitter grating, the
fabrication error is inevitable. Therefore, it is imperatively for researchers to consider the fabrication
tolerance. In this design, we theoretically calculate the fabrication tolerance of our proposed optical
device as shown in Fig. 5. As can be seen from Fig. 5, for keeping the good uniformity, with the
scope of duty cycle varying from 0.479 to 0.487 or from 0.498 to 0.506, we can obtain the splitting
ratios between diffraction orders are not more than 1.3 and the total transmission efficiency can be
more than 80% for each polarization with the optimized period of 3000 nm and incident wavelength
of 800 nm under normal incidence. Thus, with such moderate fabrication tolerance, it can help to
fabricate five-port polarization-independent five-port beam splitter grating more conveniently.

With the development of the rapid optical communication, the broadband transmission is a basic
technique. Developing more broadband gratings are necessary to meet the requirement of further
optical communication. Fig. 6 displays the incident wavelength corresponding to the diffraction
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Fig. 4. The near-field distribution of (a) electric-field amplitude and (b) magnetic-field amplitude for the
two-layer five-port beam splitter polarization-independent grating with the period of 3000 nm and duty
cycle of 0.5 under TE or TM-polarized wave incidence.

Fig. 5. The grating duty cycle versus the diffraction efficiency with the optimized grating period of
3000 nm and incident wavelength of 800 nm for TE and TM polarizations.

Fig. 6. Incident wavelength versus the diffraction efficiency with the optimized grating period of 3000 nm
and duty cycle of 0.5 for TE and TM polarizations.
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TABLE 2

Performances Comparison of Our Work to Other Conventionally Designed Reported Performances of
the Five-Port Grating for TE and TM Polarizations

efficiency of each diffraction order with our optimized grating period of 3000 nm and duty cycle
of 0.5. As can be seen from Fig. 6, we obtain the spectral bandwidth range from 794 nm to
804 nm with the efficiency of each order more than 13% for TE polarization. For TM polarization,
within the wavelength range of 777–801 nm, efficiency in each order more than 13% can be
obtained. For such polarization-independent grating, we can obtain a wide spectral window of
794–801 nm.

5. Conclusion

Table 2 shows the performances comparison of our work to other conventionally designed re-
ported performances of the five-port grating. As can be seen from Table 2, although the reported
polarization-dependent five-port grating [28] can have higher diffraction efficiencies in each order
for TE or TM polarization and wider spectral bandwidth when comparing to our grating, the com-
plicated and time-consuming fabrication processes of the grating impedes such device applying in
actual optical applications.

In this work, we firstly propose and design a novel two-layer five-port polarization-independent
grating. However, our proposed grating can diffract into some diffraction orders with not very
high efficiencies. Therefore, in the future, we should discuss potential ways for improving grating
efficiency with following strategies: the first potential way is that we could design an encapsulated
five-port polarization-independent grating, because such grating structure can reduce the Fresnel
reflection and improve the transmission efficiencies for both TE and TM polarizations [31]. The
second potential way is that we could design a triangular-groove five-port polarization-independent
grating, because such special triangular-groove five-port transmission grating configuration can
effectively decrease interfacial reflection on surface of the grating [32].

This paper presents a novel two-layer five-port beam splitter grating by a polarization-
independent design. We firstly optimize the accurate grating parameters using RCWA algorithm.
The inherent coupling mechanism happened in the grating area can be well interpreted by SMM.
The near-field distribution of amplitudes for TE and TM polarizations for the five-port beam splitter
grating can be simulated with the period of 3000 nm and duty cycle of 0.5 by using FDTD method.
More importantly, compared with conventional reported five-port single-groove beam splitter grat-
ing under normal incidence, our proposed grating can firstly realize a polarization-independent
property. In addition, the moderate fabrication tolerance and incident spectral bandwidth can be
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shown. Therefore, this work can open up a possible thought for designing polarization-independent
multi-port beam splitter diffraction gratings.
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