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Abstract
Subject of study. A multilayer semicircle reflective polarization-selective beam splitter is 

proposed by semicircle grating scheme in this paper. Purpose of the work. With the characteristics 
of polarization selectivity, the beam splitter grating can separate the incident light into three orders  
(0th order and ±1st orders) for transverse electric polarization and two orders (–1st order and  
1st order) for transverse magnetic polarization, respectively. In this work, the proposed splitter 
achieves the beam polarization selectivity under normal incidence. Method. The finite element 
method is a commonly used analysis method to research micro-nano-optical devices, which can use the 
mathematical approximation to simulate the real physical system. It is used to calculate the optimal 
parameters of the proposed polarization-selective beam splitter in this research. Main results. 
By a series of accurate calculations, it is found that the total diffraction efficiencies of transverse 
electric polarized light can reach 97.27% and transverse magnetic polarization polarized light can 
reach 96.88% under the optimal grating parameters. It can be found that the grating possesses high 
efficiency and high reflection optical properties. When the grating parameters such as the grating 
period and grating thickness fluctuate within a certain range, the impact of the effect of splitting  
is not big, which means the tolerance is good. Practical significance. The polarization-selective 
splitter by dual-structure scheme has the certain application value for optical fiber communication 
and laser system.

Keywords: polarization-selective, multichannel beam splitter, semicircle grating, finite element 
method, grating
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Аннотация
Предмет исследования. Исследование и разработка полукруглого отражающего многослойно-

го поляризационно-селективного светоделителя на основе полукруглой решётки. Цель работы. 
Обеспечение эффективной селективности светоделителя по признаку поляризации пучка. Метод. 
Параметры поляризационно-селективного светоделителя оптимизированы по методу конечных 
элементов. Основные результаты. Эффективность селекции частей разделяемого пучка, отлича-
ющихся по видам поляризации, составляет не менее 97,27% для излучения с вектором электри-
ческого поля, перпендикулярным плоскости падения (s-поляризация), и 96,88% для излучения 
поперечной магнитной поляризации поляризованного света (p-поляризации) при малой чувстви-
тельности к технологическим отклонениям периода и толщины решётки светоделителя. Практи-
ческая значимость. Предложенный поляризационно-селективный светоделитель может исполь-
зоваться для повышения энергетической эффективности волоконно-оптических линий связи и 
прикладных лазерных систем.

Ключевые слова: селекция по поляризации, многоканальный светоделитель, полукруглая ре-
шётка, метод конечных элементов, дифракционная решётка
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INTRODUCTION
The subwavelength grating [1–5] with a simple 
structure and an excellent performance can be 
widely used in optical imaging [6–8], polarizer 
[9], microlens [10], terahertz element [11], liquid 
crystal cells [12], and laser fields [13–16]. The 
polarization beam splitter with different dif-
fraction effects can be obtained by rational se-
lection of grating materials and optimization 
of parameters such as the depth and period of 
the grating. In this paper, the choice of materi-
als is silver and silicon dioxide. Silver has very 
good reflection effect. Silicon dioxide is used for  

the base. The incident wavelength and period 
of the grating can be controlled to modulate the 
two beams of polarized light to achieve beam 
splitting, filtering, and other functions [17–20]. 
The grating can transmit the energy of trans-
verse electric (TE) polarization light to 0th or-
der, –1st order and 1st order, respectively and 
transverse magnetic (TM) polarization light  
to –1st order and 1st order, respectively. In the 
optical communication under the incident wave-
length of 1550 nm, grating possesses a very 
good polarization-selective splitter effect and 
high reflectivity.
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The research methods of subwavelength 
gratings mainly include finite element method 
(FEM) [21], modal method [22], rigorous cou-
pled-wave analysis [23], and finite difference 
time domain method [24]. The method used in 
this study is mainly the FEM. The FEM divides 
the built model into finite, non-overlapping, and 
connected small units. Within each small unit, 
the equation is solved using the variational prin-
ciple, by increasing the number of units and the 
accuracy of the difference function to improve 
the approximation of the method. The FEM can 
also accurately solve the electric field strength 
of the grating to explain the physical mecha-
nism of the grating.

A semicircle reflex polarization beam split-
ter is designed in this paper. The grating equa-
tion is used in the design of the grating, and the 
parameters are optimized to ensure satisfying 
splitting and reflection effects. It is found that 
the semicircle grating possesses a good reflec-
tion performance with simple structure, thus 
can also be well applicated in the field of optical 
fiber communications [25–29].

Furthermore, multichannel grating can dif-
fract the TE-polarized light and TM-polarized 
light into multiple levels. Therefore, this kind 
of grating has potential application value and 
is conducive to be applied in the equipment of 
multi-functional application scene, such as spec-
trometer [30], wavelength division multiplex-
ing in optical fiber communication [31] and zero 
elimination stage [32]. The authors in Ref. [32] 
designed a transmission grating to generate in-
terference pattern by using the characteristics 
of zeroth-order elimination and used the shear 
interferometry to measure the terahertz wave-
front without reference.

In addition, the reflection grating can cou-
ple light to the optical cavity without passing 
through the substrate. The three-port grating 
has better coupling effect. A grating with three 
ports and installed in a second-order Littrow 
configuration allows even low diffraction effi-
ciency coupling to a high-precision cavity [33]. 
Moreover, in Ref. [33], the noise of the optical 
system can also be cancelled out satisfactory. 
The three-port grating coupler of the second-
order Littrow structure is a valuable method 
to reduce the optical absorption of the cavity  
coupler substrate in the future gravity wave  
detectors.

2. THE POLARIZATION-SELECTIVE SPLITTER 
BY DUAL-STRUCTURE SCHEME
The fabrication process of semicircle grating in-
cludes pattern exposure and etching [34–36].  
Lithography technology is usually divided into 
mask technology and maskless technology. 
Mask technology is divided into contact expo-
sure, proximity exposure and projection ex-
posure. Maskless technology includes electron 
beam exposure [37], laser direct writing tech-
nology [38] and holographic exposure techno- 
logy [39] and so on. Pattern exposure technolo-
gy, also known as lithography, is the first link 
in grating manufacturing. Its quality has an im-
portant impact on the grating. Its main process 
is to transfer the geometric patterns to the pho-
toresist layer coated on the substrate. After the 
pattern exposure is completed, the pattern on 
the mask layer needs to be transferred to the re-
quired material by physical or chemical meth-
ods, which is the etching technology of grating. 
To begin with, the required grating pattern is 
transferred to the mask through pattern expo-
sure technology [34, 35]. Then the pattern on the 
mask is transferred to the designed grating ma-
terial through two-step etching technology [36]. 
For the first step, the upper layer is fabricated 
by the semicircle-etching, which can be based on 
alternate-tilt method from left to right during 
etching. For the second step, the lower layer is 
fabricated by the rectangle-etching. The speci- 
fic manufacturing process includes glue homo- 
genization, exposure, development, chromium 
removal, glue removal, etching and chromium 
removal.

Figure 1 is a three-dimensional schematic 
diagram of the polarization-selective splitter 
under normal incidence. The structure of the 
grating is semicircle and rectangle. The peri-
od is d. The λ is the wavelength of the incident 
light. The radius of semicircle is r. The height 
of the rectangular shape connection layer is h1,  
and the width is 2r. The height of the silver 
layer is defined as h2. The refractive indexes of 
the silver, SiO2 and air are n3 = 0.469 – i*9.32,  
n2 = 1.45, and n1 = 1.00, respectively.

After optimization by the FEM, this semi-
circle transmission grating with a good beam 
splitting and reflection effects can be obtained 
when period d = 2780 nm, grating thickness  
h1 = 400 nm, and h2 = 100 nm. As for the TE po-
larization, the diffraction efficiency is 97.27%. 
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As for the TM polarization, the diffraction ef-
ficiency is 96.88%. Wang et al. [40] designed 
a beam splitter which is a surface-relief three-
port output with a connecting layer grating un-
der the second Bragg condition, and its efficien-
cy can reach more than 96%. Compared with 
the beam splitter in this paper, the efficiency 
of Wang’s beam splitter is lower, and the inci-
dent angle of their beam splitter is more com-
plex, which causes more difficulties in achiev-
ing the high-efficiency output. Therefore, the 
performance of the beam splitter in this paper 
is more excellent and has a broader application  
prospect.

Figure 2 shows the relation between trans-
mission efficiency and period d, duty cycle f  
under two polarizations. It can be seen from  
Fig. 2a that when the f = 0.5 and the d = 2780 
nm, the efficiency of 0th order for TE polariza-
tion exceeds 40%. When the f ranging from 0.5 
to 0.6 and the d increasing from 2780 nm to 
2880 nm, the efficiency of which will increase 
correspondingly. In other domain, the efficiency 
of which is below 30%. However, it can be seen 
from Fig. 2b that the efficiency of the 1st order 
for TE polarization is different from the 0th or-
der. When the f ranging from 0.5 to 0.6 and the d 
ranging from 2780 nm to 2880 nm, the efficien-
cy will decrease correspondingly. In final pic-
ture, when d = 2680–2880 nm and f = 0.4–0.6, 
the efficiency of the TM polarization approaches 
45%. With a good manufacturing tolerance, the 
grating is easy to manufacture. From these fig-
ures, we can find that the beam splitter in this 
paper has a wide adjustment range.  

Figure 3 presents the normalized electric field 
of the polarizing beam splitter under normal inci-
dence, which is a good way to explain the physical 
mechanism of grating. The plane light with a wave-
length of 1550 nm incidents from the top of the 
grating and reflects from the grating layer surface 
to the air. Fig. 3a and 3b describe the thermoelec-
tric polarization grating beam splitting effects. 
Due to the periodic grating, the energy distribu-
tion is cyclical in the grating, too. Among them, 
the maximum energy is located in the round, while 
the energy of the air layer is the lowest.

Fig. 1. The diagram of reflective multichannel 
polarization-selective splitter by semicircle grating 

scheme

Рис. 1. Схема отражательного многоканального 
поляризационно-селективного разветвителя по 

схеме полукруглой решётки
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Fig. 2. The relationship of reflection efficiency versus duty cycle f and period d. (a) The efficiency of the 0th 
order for TE polarization, (b) the efficiency of the 1st order and the –1st order for TE polarization, (c) the 

efficiency of the 1st order and the –1st order for TM polarization

Рис. 2. Зависимость эффективности отражения от рабочего цикла f и периода d. (а) Эффективность 0-го 
порядка для s-поляризации, (b) эффективность 1-го порядка и –1-го порядка для s-поляризации, (c) 

эффективность 1-го порядка и –1-го порядка для p-поляризации
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3. ANALYSIS AND DISCUSSION
In the actual test and production application 
[41–44], the thickness of the grating layer and 
the wavelength of the incident light will have a 
great influence on the performance of the grat-
ing splitter, so it is necessary to analyze the in-
cident wavelength and the thickness of the grat-
ing layer. Fig. 4a describes the diffraction effi-
ciency when the wavelength changes. When the 
wavelength ranging from 1500 nm to 1540 nm, 
the 0th order polarization has higher efficiency, 
even more than 90%. Beyond this wavelength 
range, the 0th order efficiency decreases obvi-
ously. When the wavelength exceeds 1540 nm, 
the efficiency of the 1st order for TE polariza-

Fig. 4. The effect on the efficiency of each diffraction order (TE 0th (1), TE 1st (2), TM 0th (3), TM 1st (4))  
by adjusting the incident wavelength λ (a) and the thickness of the rectangle grating ridge h1 (TE 0th (1),  

TE 1st (2), TM 0th (3), TM 1st (4)) (b)

Рис. 4. Зависимость эффективности дифракционной решётки от длины волны падающего излучения (а) и 
толщины штрихов её структуры (b) для различных порядков дифракции
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2780 nm. (a) TE polarization, (b) TM polarization

Рис. 3. Нормированное электрическое поле поляризационного светоделителя с длиной волны 1550 нм и 
периодом 2780 нм. (а) s-поляризация, (b) p-поляризация 

(a) (b)
100

80

60

40

20

0

70

60

50

40

30

20

10

0
1450     1475     1500      1525    1 550     1575     1600     1625    1650 300       325       350        375        400       425        450        475       500

1

4

3

2

TE0
TE1
TM0
TM1

TE0
TE1
TM0
TM11

3

2

4

E
ff

ic
ie

n
cy

, 
%

E
ff

ic
ie

n
cy

, 
%

Wavelength λ, nm h1, nm

tion is more than 30%, and the efficiency of the 
1st order for TM polarization is more than 45% 
when the wavelength ranging from 1450 nm to 
1625 nm. Fig. 4b describes the relationship be-
tween the thickness of the grating layer and dif-
fraction efficiency. When the wavelength lo-
cates between 300 nm and 500 nm, the efficiency 
of the 1st order for TM polarization is 48% with 
little changes. When the wavelength is ranging 
from 300 nm to 400 nm, the efficiency of the 0th 
order for TE polarization remains 32%, and the 
efficiency of the 1st order for TE polarization is 
34%. If it deviates from this range, the efficien-
cy of the 0th order will improve, while that of the 
1st order will decrease. In a word, in the certain 
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range, the wider the incident wavelength range, 
the smaller grating layer thickness, the better 
performance of the beam splitter. The data show 
that the performance of this polarization-selec-
tive splitter is obviously better than the grating 
proposed in Ref. [40], and the detailed parame-
ter comparison is listed in Table.

4. CONCLUSION
In this paper, a semicircle multi-channel polar-
ization-selective splitting grating is described 
under normal incidence. Semicircle grating has 
the property of polarization selection in this ar-
ticle. Under the TE polarization, the efficiency 
of the 0th order, -1st order and 1st order is more 

The comparison data of incident angle and efficiency in reported Ref. [40] and this paper
Сравнительные данные угла падения и эффективности, указанные в статье [40] и в этой статье

TE polarization TM polarization Type of incident angle

Surface-relief beam splitter [40] No more 96.50% No more 96.20% Second Bragg incidence

Semicircle reflection beam splitter At least 97.27% At least 96.88% Normal incidence

than 32%. Under the TM polarization, the effi-
ciency of -1st order and 1st order is nearly 48%, 
while the efficiency of the 0th order is near-
ly 1%. Both the efficiencies of the two polariza-
tions are more than 96%.

Through the FEM, the polarization-selec-
tive beam splitter parameters are optimized. 
The results show that the grating has a stable 
and efficient reflection output efficiency and 
good selectivity in a certain optical communi-
cation band and a certain grating layer thick-
ness range. At the same time, the novel scheme 
of the polarization-selective splitter for op-
tical fiber communication and laser system 
also has the certain research and application  
value.
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