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Abstract: As derivatives of 3D metamaterials, artificial metasurface structures with sub-wavelength thicknesses
can flexibly manipulate light-matter interactions in a compact manner, which is beneficial for the fabrication of multi-
functional and ultracompact photonic devices. Therefore, metasurface structures are of great significance for micro-
nano photonics and integrated photonics. The ferroelectric crystal lithium niobate is regarded as one of the most
promising multifunctional integrated photonic platforms due to its wide transparent window spanning from the visible
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to the mid-infrared band as well as large nonlinear optical and electro-optic coefficients. In recent years, research

on integrated photonics devices based on lithium-niobate-on-insulator (LNOI) thin films has also been developed

rapidly. In this paper, several micro-nano processing technologies that have the potential to prepare high-quality

lithium niobate metasurfaces are summarized. At the same time, the research progress of lithium niobate

metasurface structures in recent years is introduced, and its future research directions are prospected.
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Fig. 1 The main flow chart of fabrication of photonic structure on the LNOI chip: patterned processing; pattern transfer; post-processing

220093-3


https://doi.org/10.12086/oee.2022.220093

N, 42O TR, 2022, 49(10): 220093

https://doi.org/10.12086/0ee.2022.220093

ZIhSH AR B] . T34 ST TORIRAR
() Fsf e PR R 2 B R F R 2 A S i, DT e KPR
JEE Sl B A RE S B, D BB AR . 2020 4, fE
[ S 52 K% Setzpfandt 247 IRE2H 8 5 R 2 20 BRI
IS T2 AR, o A TR D RE ) 25 o R
B AL R, 7R AR LR D BOZ S5 Y T R R
97% , TR # R S SEM A 2 BR™ AH
o T U2 ik, Ar S5 B R Al B2 1 T D B
HRUE S0 LiF IR RE, AT SEBLE AL MIEE G
XA HET LNOI d5ed I T 2007 2 — o %I
PAZS & AN O Ak AT, B R #6555 A
(inductively coupled plasma, ICP), i F [0 jig I 7
(electron-cyclotron resonance, ECR) I & F # %] il
(ion-beam etching, IBE) R4L4 . 2017 4, MK
Londar ZHZ IR 2545 EBL A1 208 AR il 25 A& 4
PAEIR R 2.7 dB/m W E B 2800 T, R i 15t
A 58 56 90 B M B2 B B2 Y MUE RO IR TS, SR

T QKT 107 By s O E ™ BEH A,
[Fi) o 7 A Iy oy FH R R AL 3 10 4 il 4 (O 1HL
£ 776.6 nm K F] 129)), SR, 4li4) HH %) frh 48 iR A1
ST (e E U A = /O e R 25 B ST K S T
CRZIEPEER MO B0 B A 220 P R B e
MR R . ok, Ar ZIDh AR IR AR 45 L 23 il T
TR TR 3 B R KRS () B, (RS LiF kT
U (LABURIE 20) AR, Ar Z10 ik 5 — R STEUE AL
MR AT, AL ARSNEEHRFE. R
Ar 2P B o 2 R ST G W i S A (R
I RARIE ), TN REQT F 8 5 7E 40°~80°7L I, X
5 b2 20 A LR 3, I HL Xt A AR Sh
22 8] ) fe/ IV AR RS [ B s AR PR A o B R, B
R HY L2 T R A v 1) 45 B AR T oA B 1 7= A s B
W A IBECS A, e L2 T2 58 AU R
A Ve R B R UTB A LA IS Yed, AN — 2
R E2EBRE ™,

/ Pyramid
S

I Residual |

Resist

n 1. Cr
680 nm, LN
2 ym, SiO,

Substrate cleaning

4.

Cr layer opening, RIE

W

Mask preparation

Resist opening, RIBE

Exposure and development

5. 6.

LN etching, IBE

B2 (a)£BmizRMAT SHG T&FH; (b) #l& LT ALTER,;
(c) Pl &Rk @ey SEM B, o 4K ISIRAE b A 2 F 54 T @6y 554 B ™
Fig. 2 (a) A schematic of the SHG from the lithium niobate metasurface; (b) Schematic illustration of the process flow of fabrication;
(c) SEM image of the fabricated metasurface in which the nanoresonator consists of a truncated pyramid and a residual layer underneath®™”
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Fig. 3 (a) SEM image of a cylindrical post formed after femtosecond laser ablation;

(b) SEM image of the cylindrical post after the FIB milling
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Fig. 4 Microring fabricated by UV lithography and RIE, followed by sidewall polishing by the CMP. (a) Schematic illustration of the process flow
of fabrication; (b) False-color SEM image of the microring; and enlarged SEM image of the sidewall (c) before and (d) after the CMP""
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Fig. 5 (a) A schematic of the SHG from the nonlinear lithium niobate metasurface. Left inset gives a typical SEM image of cross section of the
metasurface with D=600 nm. Right inset presents the measured second-order susceptibility of the lithium niobate film used in this study;

(b) Spectral dependence of SHG efficiencies from metasurfaces
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Table 1 Main performance parameters of metasurface SHG

Meta-atoms Size Process technology FH intensity FH wavelength SH wavelength Conversion efficiency
P;=870 .
Truncated pyramid® ' T o oM EBL+IBE 4.3 GWiom’ ~1550 nm ~775 nm ~10°
L=700 nm
D=600 nm
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h=235 nm
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a 3 .. 1o
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Tl ©
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A6 (a)4RE4ZRM AT SPDC: Rt RAMKEAMMAL, AF*HERS FIE. RiEA SPDC AT AL ARE 4T 4 2 15
#; (b) NETRFRMEAENEH4 SPDC Kit, KEZ B TR A RBEMRIMIZEIE 4 SPDC HKig™
Fig. 6 (a) SPDC from a lithium niobate metasurface: the pump is incident from the substrate side, photon pairs are collected in reflection. Both

the pump and the SPDC photons are polarized along the lithium niobate optic axis z; (b) Measured SPDC spectra from quantum optical
metasurfaces. Gray stars show the SPDC spectrum from the unpatterned lithium niobate film''?
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Fig. 7

(a) Metasurface driven by Au electrodes. The lower left inset shows the SEM image of the metasurface pillar structure. The lower right

inset shows a false-color SEM of several metasurfaces (purple) between the electrodes (yellow); (b) Measured transmission (blue) of a
metasurface with radius 135 nm and period 500 nm, normalized by the transmission of an unstructured area. The orange line shows the
modulation enhancement, defined as the modulation amplitude of the metasurface divided by the modulation amplitude of

an unpatterned area, for an AC voltage of 2 Vpp and 180 kHz

[65]

220093-9


https://doi.org/10.12086/oee.2022.220093

N, % G T, 2022, 49(10): 220093

https://doi.org/10.12086/0ee.2022.220093

AT A i zs A TR A

3.3 HEiRINEE

£ LNOI i _Lesfan b, et f DE B A5
T R R 38 S BT S B Ak A W 1 S B M B T o S R
Ftee BRI, X R ELA A RO R, I
H AN, BN SHG Y55 iy 5 38 % 78
10 nm LAWY, 11 SPDC Ay 9 B AR a] LU i 5 AN [F]
B SR E) 100 nm PL L, HAESZ PRI FH 7 1 AT
SRAB R KIS BRE . &1 Xhix— R PR, 78 LNOT #E 4L
=g I B EPE AT 900K KRR LRt
P LEM, T LARREAR S DE B ER o HIEA T 6 2
P PR 1 00 3% 1T 42 1) — ok 3 e A R ET 454
s 8(a) AR it A BRI TT KBRS A 54544
AT SR S NGR4T SE BEAE 58 2 AR
PIVCHEC A fF. 3XFP 5 % 3CRF TE Ml TM IR 9 62400
F, FEARZeteEtss b B W 151 8(b) WoR
T T A R A AR AR A O TR ) TAE BB,
TERL A R I 2 AL I R X3, BT e R
AR T 1 F TE () #5 A 21 SH M T 11 JE A
TEo(2w), SR J5FEHR A 22 18 95 Bl T8 & 2 SH
BR T 17 B I AR TE,,Qew) 1 TM,,2w). B
AR 3 T 4 At Y PR ) R i 7SN TE,.Qw)

Gradient metasurface
A

TM,,(2e0) FEZGR A BB, TE(20) B TEo(w) HER Y
TR G RCRARE AR, X R DG R R ff
T SHG TR A 545 1 2 () pR A A SR 2R, B
15 B9 JCAH A PERC (phase-matching-free) JF 26 P 7= A4 ,
D] I 2 B8 S Sl AT S RN 2 T AT R ) AR AL R AS
U, RTiZ %, 2017 4F, W1l K# Loncar 2%
IR FE KO F LNOT 35 EAE T a-Si 9k K
LRAOMATER RS, SCIAE AR WSS TE )12 A ST
N e = GOl s (G E B R 8 )
1660%/W-ecm™, 2020 4F, B Rl K2AAHHZIRAH
F5F LNOI i [ S TR I S Ak i et Al 2R i, v
78T SHG VA K A= i SH U T 3R . eah, N
THEY\E SN SHAG ST, o s
ATEBBT. Wik, AR eIy i K Rers
PUEZR, A3E SR AR Airy SCH AR, AT R
(R b 2o B AR AL THLS", ML LNOT A |
BERREAE R A ST R R A SR T4 4L, 3K ) 2% 1
SRR AR I T A 1A 2R BB RS AR AT A 45 1) [R] e X6 7
A ARG RS B R TR A AR, DA 2 (]
FNFRIFEA . SEDOGCEIEIOE IR R L K i
iy PR AR A —, T s
LA IRE . FEBLEERE 1, 2021 4R %R

-

z

TEU(_JI (w)
w I @
Y_n

®

-—-._-?

Nonlinear interaction

TEq (2w)

LiNbO, waveguide

sio, W92
LiNbO; substrate

TE,, (2w)

®

-—-_..?

Gradient metasurface
21y Lo Yo

®
o

™, (2w)

2w

- -
- -
-y -

- -_x_.. i

B8

(a) £ A A A @69 LINDO, K LAk S, AT IR T B b Rk = 4

(b) 2 F A2 Ay & B R AR T B b =R 3550k = A R 32 1Y
Fig. 8 (a) Schematic of the LINbO3 on-chip ridge waveguide integrated with a well-designed gradient metasurface for achieving phase-
matching-free second harmonic generation; (b) Conceptual diagram of the metasurface-based
phase-matching-free second harmonic generation™
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Lithium niobate metasurfaces: preparation and
photonics applications

Cui Xueqingl, Xie Ranran', Liu Hongliangz, Jia Yuechen', Chen Feng1
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The main flow chart of fabrication of photonic structure on LNOI chip: patterned processing; pattern transfer; post-processing

Overview: Two-dimensional metasurfaces constructed from sub-wavelength size meta-atoms can flexibly control the
local distribution of electromagnetic fields, which has attracted extensive attention in recent years. The polarization,
phase and amplitude of electromagnetic waves can be controlled with subwavelength resolution by properly designing
the nanostructure of the metasurfaces. Compared with 3D metamaterials, 2D metasurfaces can not only greatly alleviate
the high resistance losses accumulated in traditional metamaterials, but also avoid the manufacturing requirements of
complex 3D nanostructures. In addition, the sub-wavelength thickness of the metasurfaces has significant integration
advantages, which makes it possible to develop ultra-compact photonic devices with a variety of optical functions, which
is of great significance to micro/nano photonics and integrated photonics. Especially in the field of nonlinear optics,
metasurfaces can alleviate or even completely overcome the requirement of phase matching to some extent, thus
showing a strong nonlinear optical response. Metal materials exhibit significant ohmic losses in other wavebands except
microwave, resulting in a relatively low optical quality factor of traditional plasmonic metasurfaces, which also limits
their application in many functional nano-photonic devices. Furthermore, some precious metals (such as gold and
silver, etc.) are not only expensive to manufacture, but also incompatible with traditional Complementary Metal Oxide
Semiconductor (CMOS) processes. In view of this, dielectric metasurfaces compatible with semiconductor technology
have gradually become a research focus. Ferroelectric lithium niobate (LiNbO,) is known as "optical silicon" because of
its transparent window from visible to mid-infrared band (0.35-5 um), relatively high refractive index, excellent electro-
optic (EO) and second-order nonlinear optical properties, as well as excellent acoustooptic and piezoelectric properties.
These unique properties make lithium niobate one of the most widely used materials in photonics, and it is an ideal
substrate material for realizing efficient dielectric metasurfaces.

With the rapid development of lithium-niobate-on-insulator (LNOI) thin film technology and related surface micro-
nano manufacturing technology in recent years, a series of high-quality and high-performance photonic functional
devices on lithium niobate chip have been realized, such as compact modulators with ultra-high performance,
broadband frequency combs, as well as high-efficiency optical frequency converters and single-photon sources. Great
progress has been made in nonlinear optical frequency conversion, electro-optic modulation and optical passivity. In
this paper, we briefly introduce several micro-nano processing technologies that have the potential to produce high-
quality lithium niobate metasurfaces, and summarize the recent research progress in optical frequency conversion,
electro-optic modulation, optical passivity and other aspects of lithium niobate metasurfaces, and prospected the
potential research directions in the field of micro-nano optics.
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