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Fig. 1 Anisotropic etching of (100) monocrystalline silicon
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Fig. 2 Schematics of echelle grating. (a) Traditional echelle

grating; (b) silicon echelle grating
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Table 1 Working parameters of grating

Parameter Value
Wavelength /nm 800-1100
Groove density /(lp-mm ") 42
Incident angle /(°) 54.74
Incident condition Quasi Littrow mounting
Diffraction order 35-48
Orientation angle /(°) 6.4
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Table 2 Free spectral ranges corresponding to working

diffraction orders of grating

Diffraction order Free spectral range /nm

48 796-813
47 813-830
46 830-849
45 849-868
44 868-888
43 888-909
42 909-930
41 930-953
40 953-978
39 978-1003
38 1003-1030
37 1030-1058
36 1058-1088
35 1088-1119
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Table 3 Parameters of grating groove

Parameter Value

Groove spacing /mm 23.81

Blazed angle /(%) 54. 74

Groove apex angle /(%) 70. 52
High-reflecting film Ag
High-reflecting film thickness /nm 150
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Fig. 3 Diffraction efficiency varying with platform duty ratio /* at different working orders. (a) 47; (b) 41; (¢) 36
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Fig. 4 Tolerance analysis of grating platform duty ratio

B 45 R e 7 [ 18] 5(d) ~ () | OBl &% ¥ T8 nl K B s
[E 5(g)~(h) ],

T FE V) 55 o A5 B B, 10 B 4 B A AR AIE A
kg, W00 R R 6 mm . K/ 60 mm X 60 mm . 3]
V144 (011) 5 T Y (100) fkAE N LS o BF VT4 (0 L iE
A R R S AR b e AT IR AR RN 7R A BE I R T
A il — )2 5 BE R 500 nm [ 0% Si0,, Akt A &5
Wi SR T o A3 R T B T OB TR R B K
P Uk RIS DA B e T 2% T, TR GRS TR Uk
ML 2% o 5k I 6 v, el 2 i i /K 78 o SR K ARt
ZIRE B B o 7E S04 B 58 1Y S10, KT R R — E 2
2 pm J& 1) RZI-304 1E PE 56 20 i, ¥ Hoik & 7F 100 CHY
BB b FTHE 5 min DL 22 i TR

R % M ZE R 5, I H 365 nm 58 S S ALt

FT 285020 E WG 72 rpob HE AT hi A 25 7E 588 |,
JH S U 0T 1 3 OV 5 006 2 B e A £ R i U0 3 DR
AT o BRI SE A IR B AR 5V ARG B
6 20 e AL o R T AR e A A AR 7 R4S Plasma
Pro-System 100 Y ICP 2| {11 X6F S 2 e #8845 i 47 % 55
B R 7 20 by, 2 o 1 R RS S A s O o A £ 5 n B B
A CF AR S Z0 ol S il DR 1) 55 %, i
Pk 55t DR AR A 200V 1% 20 il A8

VY R 5 R S10, 2 3% T8 1 0 20 I 25 B K
ASFE R KB IR 75 °C LR AR R 40% 1)
KOH J& 0 Hh 3647 10 7k 20 i, 78 5 5 ' M 220 o ol e o
g 4] B 20 min B8 48— WG Tk R, HL A B A G B RE
AN A0 1 VPl A5 I 20 il 38 50 o oM T 2 et S B Y
R E T8 B S 0 HE %802 3 20 min &2 47, DABR
ZRM M Si0,. VIBR IR 1. L0 )5 45 30 5k b B b6
SEHt o IR B Y T 2L G R 1 OB — 2 AR R
FEE A48 v DA 8 0 S 2808
3.2 HMAMREMXETLZ

1 2. 2719 (4 5 B 435 S mT 2w b B O Ml 1 AT S
B R AZ T T8 R DR O R AT 1 o s b2
PIBCNF G RYTTHE o SEEh, Y R AP B OGREA ROL
X5k 5 25 b Sk 0. 05 B il 45 2 /N2 5 1) BRI 2 (i g ol
BCRAE SCZI A AR 5] B A LS
2 W 4R 45 L o 0. 10 BF, AT 3RS A A Y O 2
B AH T J5 21 10 08 15 20 ol ok A o 2 I R4 A 85 I
B4, R B i B R sl 6 it . B

1305001-4



@ silicon

()

©

#4335 FE 13 81/2023 £ 7 B/RFEEHR

[ silicon

silicon dioxide
photoresist
I silver

EARMABAARAKH

®

L e W

@ & W
................................................ T T TTTTTTTTTTTTFFI
(e (h)T""""]

FS b G A TR o (a) R TRUAL B ; () A K AAL 2 5 () BEIR G2 5 (d) SEAMER L W52 5 (o) S A5 B R T 20 fult 5 () Hlt A 15
S5 TR (ICP) Z ik 5 (@) 35 220 ok 5 (h) B S5 5 e

Fig. 5

Fabrication process of echelle gratings. (a) Substrate pre-processing; (b) oxide layer growing; (c) photoresist spinning;

(d) ultraviolet exposure and development; (e) oxygen plasma etching; (f) ICP etching; (g) wet etching; (h) high-reflecting film coating
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Fig. 6 Grating after mask collapse under optical microscope
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Fig. 8 SEM photos of silicon echelle grating with or without crystal alignment. (a) Without crystal alignment; (b) with crystal alignment
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Fig. 9 SEM photos of 42 Ip/mm silicon echelle grating. (a) Magnification of 300X ; (b) magnification of 1000 X
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Fig. 11 Schematic of diffraction efficiency testing device of echelle grating
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corresponding blazed wavelength of working orders

Measurement results of diffraction efficiency at
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Fig. 13  Test results of grating sidewall surface roughness
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Table 4 Measurement results of grating

Parameter Requirement Measured value
Maximum diffraction efficiency of each working order /% >40 45-55
Groove space /pm 23.8140. 20 23.80
Blazed angle /(°) 54.744+0.20 54. 74
Roughness of sidewall /nm 0.57
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Abstract

Objective  The echelle grating, with a high spectral resolution and large angular dispersion, is the core component of
high-resolution spectrometers. The main preparation method of echelle grating is mechanical holographic lithography
combined with ion beam etching and wet etching. The gratings fabricated by the traditional mechanical method have a high
cost, arough groove surface, and a Roland ghost. The holographic lithography combined with ion beam etching can hardly
fabricate echelle gratings and has a long production cycle. The wet etching method is a good supplement to the preparation
method, and ultraviolet (UV) lithography combined with wet etching has the advantages of few equipment requirements, a
low preparation cost, a short preparation period, little stray light, an accurate blazed angle, etc. At present, domestic
research on echelle gratings is mostly on the design and application of instruments with echelle gratings. The research on
the manufacturing technology of echelle gratings, especially wet etching technology, starts late and has few reports. The
diffraction efficiency and groove quality of most silicon-based echelle gratings reported in the existing papers are low, and
thus, they cannot be applied in practice. To meet the spectral requirement of the high-resolution spectrometer in near-
infrared (NIR) bands (800-1100 nm), this paper chooses the wet-etched silicon echelle grating with an apex angle of 70. 52°
instead of the traditional echelle grating with an apex angle of 90°. In addition, the factors affecting the quality of the wet-
etched grating are analyzed. It is necessary to develop an echelle grating that can meet the requirement of instruments and

has high groove quality and practical application capability.

Methods According to the crystal characteristics of (100) silicon and grating working conditions given by optical design,
the electromagnetic field distribution is solved by the finite-element numerical calculation method, and the diffraction
efficiency of working orders is obtained. On this basis, the diffraction characteristics of the silicon echelle grating in the
working bands can be analyzed theoretically to obtain the grating factors affecting the diffraction efficiency. In the
experiment, the photoresist mask is prepared by UV lithography, and the mask patterns are transferred to the SiO, layer by
inductively coupled plasma etching. Finally, the grating grooves are made by wet etching. After the fabrication of
gratings, the diffraction efficiency of gratings is measured by the tunable laser and detector. The roughness of groove
surfaces is measured by the three-dimensional (3D) optical surface profiler. The spacing of the grating grooves and the

blazed angles are measured by the scanning electron microscope.

Results and Discussions The mask collapse problem in wet etching is explained through experiments. It is proposed that
during wet etching, samples can be periodically taken out for observation with an optical microscope to prevent the collapse
of the mask caused by over-etching. In addition, the etching process can be controlled better by this method to maintain the
consistency and repeatability of gratings. The method of pre-etching is applied to the fabrication of silicon echelle gratings,
which can improve the precision of crystal alignment to 0.015° and is used to solve the problem of overly large sidewall
roughness of silicon gratings. In this paper, the sidewall roughness of the gratings is less than 1 nm, measured by a 3D
optical surface profiler in the range of 120 pm X 3.5 pm. It lays the foundation for the fabrication of high-quality silicon
gratings. Compared with other fabrication methods of echelle gratings, UV lithography combined with wet etching greatly
reduces the production cost. Moreover, the fabricated echelle gratings have a smoother groove surface and a more accurate

blazed angle.

Conclusions In this paper, the diffraction characteristics of the silicon echelle grating with a groove density of 42 Ip/mm
and an apex angle of 70.52° are simulated and analyzed in NIR bands (800-1100 nm). It is known that the width of the
platform is one of the main factors affecting the diffraction efficiency, and the diffraction efficiency curves of working orders
in the free spectral range have good consistency. A symmetrical V-shaped groove grating with a groove density of
42 Ip/mm, a blazed angle of 54. 74°, and an effective area greater than 46 mm X 28 mm is fabricated on a silicon substrate
by UV lithography and the wet etching technique. The key factors affecting the quality of the silicon grating in the

fabrication process are analyzed and discussed. The experimental measurement shows that the diffraction efficiency of the
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grating is 45%-55% at the corresponding blazed wavelength of working orders, which meets the requirement of the index.

The main reasons why the measured diffraction efficiency is lower than the design value are discussed, and the value
calculated by scanning electron microscope data is analyzed. The successful development of silicon echelle gratings in this

paper can verify the feasibility of wet-etched gratings in the formal application.

Key words grating; echelle grating; silicon grating; ultraviolet lithography; wet etching; diffraction efficiency
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