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Table 1  Design specifications of 2D grating

Parameter of 2D grating

Design specification

Grating type
Material of reflection film
Wavelength of incident light /nm
Grating density /(line-mm ')

Incidence angle /()

Diffraction efficiency of S/P-polarization light /%
Diffraction uniformity of S/P-polarization light /%
Diffraction equilibrium of S/P-polarization light /%

Reflection-type
Aluminum
780
1200
27.9
=30
<10
<10
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Fig. 2 Unit diagram of grating of quadrangular prism bump. (a) 3D diagram of simulation model; (b) side view image of grating array
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Fig. 5 Grating processing result. (a) Cross-section view; (b) top view
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Table 2 Simulation results of grating model with ladder-shaped bump

Parameter Condition 1 Condition 2 Condition 3 Condition4 Condition 5 Condition 6 Condition 7
Top dimension /nm 432 458 440 440 440 440 440
Bottom dimension /nm 502 515 550 525 500 475 440
Groove depth /nm 240 221 200 200 200 200 200
Diffraction efficiency (P, —1) /% 16.8 11.9 6.4 5.9 5.3 4.7 4.1
Diffraction efficiency (S, —1) /% 69.4 73.1 75.4 75.6 76.0 76.3 76.6
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Fig. 8 Grating unit with corner-rounded ladder-shaped bump. (a) 3D diagram of simulation model; (b) side view image
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Table 3  Diffraction efficiency simulation results with different
mesh settings
Mesh setting /nm Diffraction efficiency (P, —1) /%
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Table 4 Parameters of grating manufacturing

Parameter of manufacturing Value
Grating density /(line*mm™") 1200

Grating period /nm 833.3
Grating dimension /nm 550
Groove depth /nm 260

Duty cycle /% 46.7

P12 J 7 1 B 69 - T YA A R4S R B 31
FH I e (X-SEM) 78T 141 A 5038 R #L 1AL, m] LA
BRSS9 RS A7 LS RO .

] s L
z 540.62 nmg

Ao () A A 5 (b) IR HLIA]

Fig. 12 Final grating processing result. (a) Cross-section view; (b) top view
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Table 5 Simulation results and measurement results of final grating

Parameter Specification Simulation result Experimental result
Diffraction efficiency of P-polarization light /% =30 46.0 38.0
Diffraction uniformity of P-polarization /% <10 — 6.3
Diffraction efficiency of S-polarization light /% =30 52.9 37.8
Diffraction uniformity of S-polarization light /% <10 — 9.3
Diffraction equilibrium of S/P-polarization light /% <10 7.0 0.3
(a) Diffraction efficiency /% (b) Diffraction efficiency /%
T B 1 42 = 7 L 42
60f, 3 ¥% “f* % 160 [k, o W gm v ap
L %, T ’ e T . A
140 0. (;,e% gq.,,.“’a g, g '0% A‘;@ 40 140 ﬂio‘* :_,’". n:;?ﬁ acs"ﬂm ﬂn. 40
120/, B e, P h 120 " P :
% F%. 2, 0382 > o & o °
EIOO f“"\; " Pg,:“n ‘}% 3% e : 38 5100 £ g’: %, ¢ L e L * 38
=80 f {’% o ov. 3 £ Y = 80 o S = 2% e o
~ & g %0 R o g% o 36 Ne N f, aste ey 36
60l ot o owm '},’a A gol g | %
.;05'%”9& RO PR "» 2° e 2 =3 f. 03 n3rs
AR AR R ] BN 402 2% R EN
7y LR < o 75l o '
0 i s i oy B
j ) i s S A 39 5 & 45 32
50 100 150 50 100 150
X/mm ax: 38.89% X/mm max: 39.53%
min: 36.51% min: 36.02%

mean: 38.00%

mean: 37.78%

14 FEZOEMT S8R E () PR IRE; (b) S dikot
Fig. 14 Final grating diffraction efficiency test chart. (a) P-polarization light; (b) S-polarization light

Z £ x #t

(1] EFA, RS, gRgs . HPR R R ST o 52 2 B Ol i 1 R 2%
W] 6% K TR, 2021, 29(8): 1759-1768.
Wang L J, Zhang M, Zhu Y. Review of monomeric large-size
and high precision holographic planar grating manufacturing
technology[J]. Optics and Precision Engineering, 2021, 29(8):
1759-1768.

[2] Chen C G. Beam alignment and image metrology for scanning

beam interference lithography: fabricating gratings with

nanometer phase accuracy[D]. Cambridge: Massachusetts
Institute of Technology, 2003.

(3] FE&A, T3, MR, 55 BR % 2 8 2 8 A0 28 R 4
- T B 2 it o B L R SET). Ols AT TR, 2022, 30
(5): 499-509.
Wang L J, Guo Z W, Ye W N, et al. Ultra-precision spatial-
separated heterodyne Littrow grid encoder displacement
measurement system[J]. Optics and Precision Engineering,
2022, 30(5): 499-509.

1905001-7



2 43 % 5§ 19 H1/2023 £ 10 B /224

(4]

(6]

(7]

[9]

[10]

[11]

BAE, sk, BB A, 5w RE B DG HIH A2 D i R 45
] O 44 &, 2020, 41(6): 17-21.

Wei L J, Zhang W T, Xiong X M, et al. A high-precision plane
grating displacement measurement[J]. Laser Journal, 2020, 41
(6): 17-21.

de Jong F, van der Pasch B, Castenmiller T, et al. Enabling the
lithography roadmap: an immersion tool based on a novel stage
positioning system[J]. Proceedings of SPIE, 2009, 7274:
608-617.

Castenmiller T, van de Mast F, de Kort T, et al. Towards
lithography with NXT: 19501 dual
immersion platform[J]. Proceedings of SPIE, 2010,
76401N.

EFA, sk SRAE AF i ) B 2B RS O T
W O 2 65 25 07 A% I B BOR £ 3R (D). Do K% TR, 2019,
27(9): 1909-1918.

Wang L J, Zhang M, Zhu Y, et al. Review of ultra-precision

ultimate optical stage

7640:

optical interferential grating encoder displacement measurement
technology for immersion lithography scanner[J].
Precision Engineering, 2019, 27(9): 1909-1918.
A, A, KNG, SF L HM T WOLZINOLRAAE A Sk
RGBT [T] AR R R (A AR 2£ R, 2015, 55(7): 716-
721, 733.

Zhu Y, Wang L. J, Zhang M, et al. Design of beam pose
automatic alignment system for an interference lithography

Optics and

scanner[J]. Journal of Tsinghua University (Science and
Technology), 2015, 55(7): 716-721, 733.

SEME R e R L DA T AR Bt S AT (D] R
RHEER A, 2015.

Wu Y F. Design and research on heterodyne planer grating
encoder with nanometer resolution[D]. Chengdu: University of
Electronic Science and Technology of China, 2015.

T B AT AT O RS R S B RS W i R S A O
[D]. MR : WA R Tolk K%, 2014: 30-53.

Wang X Y. Research of
measurement system based on the principle of diffraction and
interference[D]. Harbin: Harbin Institute of Technology, 2014:
30-53.

R, fRWLAL, EMG, A LT RIRRE AR 8 4 3 L T A

high-precision  displacement

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

S B[] #okek , 2022, 43(5): 38-42.

Kang S, Xiong X M, Wang P, et al. Design of reading head of 8
subdivision grating interferometer based on Littrow angle[J].
Laser Journal, 2022, 43(5): 38-42.

MEL, B, BB w7 SRR LT A 1 N R DOE A
Wi -5 0 A (7], e oi i, 2020, 40(12): 1205002.

Zheng 7 7, Yang Z, Xiu L. C. Development and application of
shortwave infrared convex blazed grating with high diffraction
efficiency[J]. Acta Optica Sinica, 2020, 40(12): 1205002.
HEARFE o T BOREBOEHMIEFE D], 25 R H K%, 2020.
Huang S S. Study on high diffraction efficiency immersion
grating[D]. Suzhou: Soochow University, 2020.

Chen X R, Tang Y, Li C M, et al. Design of crossed planar
phase grating for metrology[J]. Proceedings of SPIE, 2018,
10621: 106211D.

Zhu J Y, Ning Y, Liu L A,
highly selective polarizers using metallic - dielectric gratings[J].
Photonics, 2023, 10(1): 52.

W, R, MR N T Sk WU R T R G M 45 kO
5 B [T] J6aE a4, 2022, 42(14): 1405001

Xie H, Huo F R, Xue C X. Structural optimization design and

et al. Design and fabrication of

analysis of a new type of coupled grating for head-mounted
display[J]. Acta Optica Sinica, 2022, 42(14): 1405001.

EEIY, F R B FDTD Jrik (M. 31 . 754 744 i F
FHE R A= kL, 2011,

Ge D B, Yan Y B. Finite-difference time-domain method for
electromagnetic waves[M]. 3rd ed. Xi’ an: Xidian University
Press, 2011.

SEEISE, SR, WG, S 2R BEOUAN AT ST R0 Y R 2D e O BT
FE 1], 4R, 2021, 41(14): 1405001.

Luo J Y, Guo Z, Huang H, et al. Synchrotron radiation
research on diffraction efficiency of multilayer coated grating[J].
Acta Optica Sinica, 2021, 41(14): 1405001.

SR G2, 2RI AT, S ST FDTD (W3 58 27 i i &2
bR IR b oK B 2% TG R I (D], O 2 2% i, 2020, 40(12):
1226002.

Zhou T Y, Li L J, Ren I J,
nondestructive testing of glass fiber reinforced plastics based on
FDTD[J]. Acta Optica Sinica, 2020, 40(12): 1226002.

et al. Pulsed terahertz

Design of Two-Dimensional Metrological Planar Grating
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Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China

Abstract

Objective

The design and manufacturing technology of two-dimensional metrological planar gratings is complex and

difficult. Design indicators and processing accuracy of two-dimensional (2D) gratings are important factors determining the

performance of planar grating measurement systems. The grating type, grating pitch, groove depth, duty cycle, and

characteristics of surface coating materials exert influence on diffraction efficiency and diffraction efficiency equilibrium.

There are many parameter combinations and manufacturing methods for gratings.

The development and process

optimization of gratings feature long cycle time and low efficiency. Our purpose is to propose an accurate design and

simulation method for two-dimensional planar gratings to provide sufficient accurate and fast support for grating

Methods

development, shorten the cycle time of the design and processing of planar gratings, and improve development efficiency.

The design simulation of a silicon based two-dimensional planar grating is studied through the electromagnetic

finite-difference time-domain (FDTD) method, and the simulation results are verified by experiments in this study. For

two-dimensional grating structures, the FDTD algorithm only needs to simulate the smallest repeatable element with

1905001-8
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periodic boundary conditions. The calculation speed and accuracy meet the requirements and have been applied and verified

in some grating simulations. By approximating and iterating the Maxwell equations in three-dimensional space, we can
obtain the spatio-temporal changes in electromagnetic fields. One approximation method is called the central difference
method. By linear interpolation approximation of physical quantities and selecting the appropriate truncation error level,
high-precision approximation results can be obtained. The grating diffraction simulation in this study employs FDTD
Solutions software and the grating unit in the simulation model consists of two parts, and the upper part is a columnar
shape compatible with semiconductor technology. In this study, three structures are involved in sequence, including a
regular prism, a ladder structure, and a ladder structure with rounded corners. The lower part is the substrate with the
coating material of aluminum. Based on the input conditions of the different structure grating model, the actual process
development and experimental verification are carried out. The incident light i1s a plane light pulse with a central
wavelength of 780 nm, the incident angle is 27. 9° with the normal direction onto the model, and the polarization directions
P and S are calculated separately. The longitudinal boundary of the model is a perfect matching layer (PML) with a certain
number of layers, and the incident light will pass through the boundary without reflection. The horizontal boundary is the
Bloch boundary, which simulates the periodic arrangement of a single computing unit in the horizontal direction to obtain
the grating structure. The mesh division of the simulation model is automatically achieved by software preset schemes,
with dense grids near the aluminum bumps and loose grids in the air part. The mesh accuracy is generally adjusted between

2 to 4 nm based on convergence requirements.

Results and Discussions Firstly, for the regular prism model, the measurement results of the diffraction efficiency of the
first round grating sample are 12% for P-polarized light and 64 % for S-polarized light. There are some differences between
the simulated and experimental results. Combining the actual process results and grating test results, we try to optimize
the model structure in the subsequent simulation and build grating simulation models of different structures and
parameters, including the ladder structure grating and the ladder structure grating with rounded corner (Figs. 6 and 8).
Secondly, the grating model with corner-rounded bump structure is close to the actual process results, and the final
diffraction efficiency and polarization equilibrium meet the design requirements. The simulation results are consistent with
the actual process results (Table 5). Thirdly, the FDTD simulation accuracy greatly depends on the simulation step size.
The smaller step size leads to more accurate characterization of structural details in the simulation, whereas the larger
requires computational amount results in longer calculation time. The simulation accuracy is also verified by reducing the
simulation mesh size. The accuracy of mesh size 8 nm is acceptable (Table 3). Finally, at 170 mm X 170 mm measurement
range of grating, the diffraction efficiency, diffraction uniformity, and balance of P-polarized and S-polarized lights satisfy

the grating design requirements (Fig. 14).

Conclusions We study the design and simulation of two-dimensional planar gratings, put forward a simulation method,
and conduct process experimental verification. Through the established FDTD simulation method, the variation of
polarization diffraction efficiency of two-dimensional gratings under different structures and sizes is explored. The coating
layer reflectivity, groove depth, and duty cycle are three main factors affecting the diffraction efficiency of the gratings. At
a duty cycle from 45% to 46.7%, the diffraction efficiency of S-polarized light decreases with the increase of groove
depth, while the diffraction efficiency of P-polarized light increases with the increase of groove depth. At a groove depth of
260 nm, the diffraction efficiency of different polarizations is nearly constant, and the diffraction efficiency and diffraction
efficiency equilibrium meet the design requirements. The simulation results are close to the actual process results, and the
simulation accuracy satisfies the requirements. Based on the established FDTD simulation method and manufacturing

process, the design efficiency and process development efficiency of planar gratings can be greatly improved.

Key words grating design; grating simulation; grating manufacturing; diffraction grating; diffraction efficiency
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