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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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Annoramusa

IIpenmer uccaenoBanusd. VcciaenoBanue u pa3paboTKa IOJYKPYTJIOr0 OTPAMKAIOIEr0 MHOTOCJIOMHO-
IO MMOJAPU3AIUOHHO-CEJIEKTUBHOTO CBETOEJINTESI HA OCHOBE MOJIYKPYyIryoi peméTKku. Ileas pa6orsl.
Obecmeuernue 5 (HEeKTUBHOMN CEIeKTUBHOCTY CBETOMEIUTEJIS 10 IPU3HAKY HOJAPU3AIny TyyKa. Mero.
ITapamMeTpsl TOJAPUIAINOHHO-CEJIEKTUBHOIO CBETOAENUTEIIS OITUMU3UPOBAHEI II0 METOAY KOHEUHBIX
asiemeHTOB. OCHOBHBIE Pe3yabTaThl. JPGEKTUBHOCTh CEJIEKIINN YacTell pasaesseMoro IydYyKa, OTauda-
IOIUXCS 10 BUAAM IIOJISIPU3AIINI, COCTABJIAET He MeHee 97,27% s n3ayueHUs: ¢ BEKTOPOM DJICKTPU-
YECKOTO MO0JIs, IePIeHIUKYISAPHBIM IJIOCKOCTY HafeHusd (s-moasapusanus), u 96,88% mis usnyueHus
HONePeYHON MAarHUTHOU MOJAPUSAIUY ITOJAPHU30BAHHOTO cBeTa (P-IOoJISpU3allii) IPU MaJOl YyBCTBU-
TeJILHOCTU K TEeXHOJOIMYEeCKUM OTKJIOHEHUAM IIePUOoa U TOJIIUHEI PeIIETKY cBeTomeauTensa. IlpakTu-
YyecKasi 3HAYUMOCTb. [1pe/JIo/KeHHbI TOJAPU3aINOHHO-CEeJIEKTUBHbBIN CBETOAEJINTENb MOMKET UCII0JIb-
30BAThCS JJIA IOBBIIIEHUS dHEPTETUUECKON 3(P(PEeKTUBHOCTH BOJOKOHHO-ONTUYECKUX JIUHUHA CBA3U U
MPUKJIALAHBIX JIA3€PHBIX CUCTEM.

KuaroueBrble CIOBa: CEIEKITUA 10 MMOJAPU3AIUN, MHOTOKAHAJIbHBIN CBETOLENTEb, [IOJYKPYTJIasa pe-
MIETKA, METOJ] KOHEUHBIX 2JIEMEHTOB, Tu(MPaKIMOHHAA PEIETKA

BaarogapHoCTh: 3Ta paboTa IpPoBOAUTCA IpU moAAeps;kKe HayuHo-TexHUYeCcKOM mporpaMMb! ['yamnu-
sxoy (202002030284, 202007010001).

Cebunka masa qutupoBanua: Zhichao Xiong, Bo Wang, Lichang Li, Yongchun Zhou, Guoyu Liang,
Jiaman Hong. Multichannel polarization-selective splitter by semicircle grating scheme (Muoroxa-
HAJBLHBIN TOJAPU3AINOHHO-CeJIeKTUBHBIN CBETOAEIUTENb II0 CXeMe TTOJYKPYTJION PertéTky) [ Ha auTJ.
saspike] // Onruueckuit xypraa. 2023. T. 90. Ne 6. C. 92—-99. http://doi.org/10.17586,/1023-5086-
2023-90-06-92-99

Kopmsr OCIS: 230.1360, 230.5440, 050.1950.

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 Oth 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 A is the wavelength of the incident
light. The radius of semicircle is r. The height
of the rectangular shape connection layer is Ay,
and the width is 2r. The height of the silver
layer is defined as hy. The refractive indexes of
the silver, SiOy and air are ng = 0.469 — i*9.32,
ng = 1.45, and ny = 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
hq =400 nm, and A9 = 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.

TE Laser ™

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

Puc. 1. Cxema orpakaTesbHOTO MHOTOKAHAJIbHOI'O
MOJIAPU3AIMOHHO-CEJIEKTUBHOTO PA3BETBUTENS II0
cxeMe MOJIYKPYTJION PelIéTKU
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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 Oth 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 Oth or-
der. When the franging 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.

(c)
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Fig. 2. The relationship of reflection efficiency versus duty cycle f and period d. (a) The efficiency of the Oth
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

Puc. 2. 3aBucumMocTsb 9(p(PeKTUBHOCTH OTPaKeHuA OT pabouero rukJa f u mepuoza d. (a) dpdexTusuocts 0-T0
nmopanka ajas s-moaapusanuu, (b) sppeKTuBHOCTSL 1-T0 mopAAKa W —1-ro mopaAKa IJs S-mojadapusanuu, (c)
a(dexTuBHOCTH 1-r0 MOPALKA 1 —1-T0 MOPAAKA JJIS P-TIOJAPUASAIUN
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Fig. 3. The normalized electric field of a polarizing beam splitter with wavelength of 1550 nm and period of
2780 nm. (a) TE polarization, (b) TM polarization

Puc. 3. HopMmupoBaHHOE 3JIEKTPUUYECKOE TI0JIe TTOJIPU3aIOHHOT0 CBETOIeIUTE C AJINHOM BOMHBI 1550 HM 1
nepuogom 2780 um. (a) s-moasgpusaius, (b) p-moagpusanus
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Fig. 4. The effect on the efficiency of each diffraction order (TE Oth (1), TE 1st (2), TM 0th (3), TM 1st (4))
by adjusting the incident wavelength A (a) and the thickness of the rectangle grating ridge k¢ (TE Oth (1),
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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 Oth order polarization has higher efficiency,
even more than 90%. Beyond this wavelength
range, the Oth order efficiency decreases obvi-
ously. When the wavelength exceeds 1540 nm,
the efficiency of the 1st order for TE polariza-

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 Ilo-
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 Oth
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 Oth order will improve, while that of the
1st order will decrease. In a word, in the certain
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The comparison data of incident angle and efficiency in reported Ref. [40] and this paper
CpaBHuTESbHbIE AaHHbIe yIna NafgeHns N apheKTUBHOCTU, yKadaHHble B cTaTtbe [40] u B 3TON cTaTbe

TM polarization Type of incident angle
No more 96.20%

At least 96.88%

TE polarization
No more 96.50%
At least 97.27%

Surface-relief beam splitter [40] Second Bragg incidence

Semicircle reflection beam splitter Normal incidence

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 Oth order, -1st order and 1st order is more
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