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Fig.1 Fabrication ﬂow schematic of photonic structures on thin

film lithium niobate by the electron beam lithography

combined with ion etching™”
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Fig. 2 Fabrication flow schematic of LN photonic structures by
the femtosecond laser photolithography assisted chemo-
mechanical etching (PLACE) "

layer of Cr on the top of the lithium niobate on insulator

. (a) Depositing a thin

wafer; (b) patterning the Cr layer by femtosecond laser
ablation; (c) conducting chemo-mechanical polishing on
the sample; (d) chemically removing the remaining Cr
mask and performing a secondary chemo-mechanical
polishing; (e) schematic illustration of the chemo-

mechanical polishing principle and the instrument
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Fig. 3 Ultra-high-speed high-resolution laser lithography™".
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(a) Principle of the ultra-high-speed polygon laser scanner;
(b) experimental setup of femtosecond laser lithography
system based on the polygon scanner; (c) digital camera
photograph of the color palettes at different grating
periods; (d) color printing on 4-inch wafer; (e) an array
of 1960 Mach-Zehnder interferers patterned on a 4-inch

wafer
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Fig. 4 Electro-optically tunable optical delay line in thin film lithium niobate’. (a) Schematic diagram of tunable optical delay line;

(b) micrograph of a tunable optical delay line integrated with microelectrodes; (c) measured transmission losses in the 10, 20,

and 30 cm long waveguides; (d) measured time delay by experiment and its fitting curve, the slope of the curve is the

electro-optic tuning efficiency of the delay
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Fig. 5 Dual-polarization thin film lithium niobate in-phase quadrature modulators™”. (a) Three-dimensional schematic of the modulator;

(b) measurement of half-wave voltage V_; (¢) measurement of electro-optical response
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Fig. 6 High efficiency broadband electro-optic frequency comb generator™”. (a) Device layout; (b) measured electro-optical comb spectra

at different radio frequency driving frequencies; (c) electro-optical frequency comb generation at different optical pump wavelengths
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Fig. 7 Multiplexed energy-time-entangled photon generation from thin film lithium niobate on insulator chip'”. (a) Cross section of

waveguide and mode field simulation; (b) simulation of group velocity dispersion for thin film lithium niobate waveguide and bulk

lithium niobate crystal; (¢) picture of domain structure captured by confocal laser scanning microscopy
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Fig. 8 Giant second harmonic generation (SHG) from thin film lithium niobate metasurfaces”. (a) Schematic illustration of the SHG

from the thin film lithium niobate metasurface; (b) SEM image of the thin film lithium niobate metasurface; (c) linearly

relationship between SHG conversion efficiency and pump beam power (the two metasurfaces MS1 and MS2 have the same

period of 600 nm but different air hole diameters of 225 nm and 250 nm, respectively)
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Fig.9 Er**-doped thin film lithium niobate single-mode laser based on Sagnac loop reflectors”*”. (a) Optical microscopy image of an

Er’"-doped thin film lithium niobate FP resonator (the bottom inset shows the green upconversion fluorescence of the Er’"-doped

thin film lithium niobate FP resonator pumped by 980 nm laser); (b) spectrum around 1544 nm wavelength (the lasing peak is

fitted with a Lorentzian line shape, the inset shows the infrared optical microscopy image of the output port of the Er* -doped

thin film lithium niobate FP resonator); (c) on-chip laser power of Er’"-doped thin film lithium niobate FP resonator laser

changes with increasing pump power
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Fig. 10 On-chip coherent beam combination of waveguide amplifiers on Er*”-doped thin film lithium niobate”*”. (a) Schematic of the on-

chip coherent beam combination of Er'"-doped waveguide amplifiers, where the inset shows the energy level diagram of Er*";

(b) electro-optic modulation of the output signal power by a triangular wave applied to a 3 mm microelectrode; (¢) measured

extinction ratio of 1530 nm signal light after applying the pump laser

4 FET U A R PR B RO 1 R ik

FI 1969 4F DL /R 92 86 % 1 48 Ot 7 48 i 8 R
(PIC) 3k — ME A& LA™, AT — HLAE 92 R ML
TR BTN B 3 o R, PTC HR Sy 58 i R R A
JGET 0 255 1) 38 15 A 9 LA B 592 B R ML IG v il 5 42
T HBEERT . PICHUA A HE R A TH

(€Y

AE M7 3 532 T 2% B A T AR B SF f H R R
SRy AR R A R A LD 5 AT O A i M A

AT, AR AT R A | T S BIL I A il 5 4 TR
R BT 4exX4m LMt TEHEE . &%
i PEAE S FE D FE A iz B B 7 s R B
B 1T Ca) R T Al 4 B2 2 PO 133 30 48 19 B s, o
R SU4) e 6> HA A MZTFIC LB . B

32mm

Polarization
Controller

ﬂ

4mm

Photon
Detector

Computer k 64-channel biasing system h Oscilloscope

(b)

30 mm

Tr(U]| - [Uz5™))
@, "7 —
Fave £ 0 = 0.902 £ 0.021
12|
€9
3

O 6
3
0

0.84 0.87 0.93 0.96

0.90
Fidelity

1 .13 0.06 0.13

21N 039 0.06

Input

P11 5T W AR R - 15 ] 45 11 4 X 4 P R AR LR MO F e 0 () AR B SU(4) ZE 3 I 5 (b) MZISLIT (9 A #4544 5 (<) 200 4 Bl
B 4 00 kO 02 14 7 18T 5 () —A> BE LR [ A9 BG5S 46 45 2R 1 X 1L

Fig. 11 4X4 programmable photonic circuits based on thin film lithium niobate. (a) Arbitrary SU(4) transformation matrix;

(b) internal structure of MZI-unit; (c¢) histogram of the measured fidelity of 200 random matrices; (d) comparison between

theoretical and experimental results of a random matrix
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Fig. 12 On-chip arrayed waveguide grating (AWG) fabricated on thin film lithium niobate*”. (a) Micrograph of the fabricated 8-channel
thin film lithium niobate AWG; (b) thin film lithium niobate AWG chip and the output images captured by the infrared camera

at different input wavelengths; (c) measured spectra on eight channels; (d) spectrum measured at one of eight channels
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Fig. 13 Four-channel waveguide amplifiers fabricated on the monolithically integrated active/passive thin film lithium niobate™".

(a) Tlustration of the device design; (b) digital camera captured picture of the four-channel waveguide amplifiers; (¢) photo of the

four-channel waveguide amplifier array with 980 nm wavelength laser pumping; (d) mode profile (insets) and intensity

distribution of the 1550 nm wavelength signal in the four-channel Er" -doped waveguide; gain characterization of the four-

channel Er*"-doped lithium niobate waveguide array for the signal wavelengths at 1550 nm (e) and 1530 nm (f)
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Abstract

Objective The recent advancement in thin film lithium niobate photonic integration technology has been rapid, driven by profound
physical, material, and technological factors. Single crystal thin film lithium niobate is particularly noteworthy for offering the most
comprehensive performance solution to date, addressing long-term challenges in low transmission loss, high-density integration, and
low modulation power consumption within the realm of photonic integrated circuits. This paper provides an overview of the origin and
recent swift development of thin film lithium niobate photonic technology, focusing on its potential for the future generation of high-
speed optoelectronic devices and ultra-large-scale photonic integrated circuit applications. Various processing technologies for thin film
lithtum niobate photonic structures are discussed, accompanied by the introduction of current high-performance devices and systems.
These include ultra-low loss tunable optical delay lines, ultra-fast light modulators, high-efficiency quantum light sources, as well as
high-power on-chip amplifiers and lasers. These devices, distinguished by their unprecedented advantages of small size, light weight,
low power consumption, and high performance, are poised to make a tremendous impact on the entire optoelectronic industry.

Significance Since the laboratory production of the lithium niobate single crystal, lithium niobate has emerged as a crucial material
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in the fields of electro-optics and nonlinear optics. Optical modulators based on the linear electro-optic effect, utilizing lithium niobate,
offer notable advantages including high modulation rates, a substantial extinction ratio, low chirp, and high linearity. In the 21st
century, integrated photonics technology has gained increasing attention for two primary reasons. Firstly, the demand for photonic
devices with attributes such as low energy consumption, high-performance computing, and reconfiguration capabilities has surged due
to the explosive growth in applications for information technology, including big data, artificial intelligence, high-speed networks,
virtual reality, and quantum information processing. Secondly, integrated photonics technology itself has been continuously
advancing. The enhancement of on-chip photonic device performance and cost reduction have reached a threshold that is propelling the
emergence of a new photonic industry.

Traditional fabrication techniques, such as ion diffusion and ion implantation, impose limitations on the modulation efficiency and
power consumption of lithium niobate modulators, impeding the progress of lithium niobate photonic integration technology.
Overcoming this challenge requires addressing both material platforms and device fabrication. In this context, thin film lithium niobate
has emerged as a pivotal material, paving the way for integrated photonics. China has long been engaged in research on lithium niobate
materials and photonics, contributing significantly to the field’s advancement through several crucial milestones. Therefore, it is

essential to summarize the recent revolution to provide guidance for future development.

Progress The fabrication flow diagram for the electron beam lithography combined with ion etching process is presented (Fig. 1). A
schematic diagram of the photolithography-assisted chemo-mechanical etching (PLACE) technique is provided (Fig. 2). The report
includes an ultra-high-speed high-resolution laser lithography system for lithium niobate integrated photonics (Fig. 3). Through the
integration of thin film lithium niobate with advanced fabrication techniques, substantial progress has been achieved in the
development of lithium niobate photonic devices, encompassing delay lines (Fig. 4), high-speed electro-optical modulators (Fig. 5),
optical frequency combs (Fig. 6), quantum light sources (Fig. 7), metasurfaces (Fig. 8), waveguide lasers (Fig. 9), and amplifiers
(Fig. 10). Additionally, the article outlines some integrated photonics applications. Specifically, the achievement of electro-optically
4X 4 programmable photonic circuits enabled by wafer-scale integration on thin film lithium niobate is illustrated (Fig. 11). This
device, composed of cascaded MZIs, demonstrates a total on-chip power dissipation of only 1.5 mW when operated at a 100 MHz
modulation rate. Furthermore, an on-chip arrayed waveguide grating (AWG) fabricated on thin film lithium niobate with on-chip loss
as low as 3.32 dB is reported (Fig. 12). Finally, four-channel waveguide amplifiers fabricated on monolithically integrated active/
passive thin film lithium niobate are also showcased (Fig. 11), demonstrating a robust low-loss optical interface for the monolithic
integration of passive and active thin film lithium niobate photonics.

Conclusions and Prospects Significant enhancements have been achieved in critical parameters of photonic devices, including
modulation bandwidth, power consumption, propagation loss, and active and passive functionalities, as well as advancements in
large-scale integration. These technological strides are poised to benefit the evolution of integrated photonics applications. However,
some exceptional performances have yet to reach the physical limits of lithium niobate photonics devices, necessitating further efforts
in thin film lithium niobate integrated photonics technology. Notably, numerous thin film lithium niobate photonics devices have
already approached or even attained optical performances suitable for industrial applications. This opens up abundant opportunities for

the development of next-generation optical information technology.

Key words photonic integration; optical waveguide; optical modulator; microwave photonics; integrated quantum photonic device;
thin film; thin film lithium niobate
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