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Fabrication technique of TFLN photonic integrated chip based on femtosecond laser micromachining””

1072750 () Schematic of

the cross-section structure of REI-doped TFLN wafer [bottom inset: the picture of an Er’'-doped TFLN (Er*" : TFLN) wafer

and an undoped TFLN wafer taken by a digital camera]; (b

) schematic of the PLACE fabrication process of the REI-doped

TFLN photonic device; (c) overview of the optical micrograph of an ultra high-Q LN microdisk fabricated by the PLACE

technique; (d) transmission spectrum of the microdisk in Fig. (c) obtained by ring-down measurement, the intrinsic Q-factor of
the microdisk is measured to be 1. 23 10°
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Fig. 2 Home-built ultra high-speed high-resolution femtosecond laser lithography fabrication system. (a) Wafer stage of the fs laser
lithography fabrication system; (b) microscope image of the real-time femtosecond laser writing process for Cr patterning; (c) a
4 inch wafer with a Cr mask of a 11 X 68 array of MZI optical modulators; (d) microscope images of one of the MZI on the
wafer in Fig. (c) after the CMP process
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Fig. 3 Demonstration of the C-band on-chip wavelength tunable microlaser by constructing high Q Er'": TFLN microdisk™”. (a) Optical
micrograph of an Er’" : TFLN microdisk; (b) Lorentzian fitting of the transmission curve indicates the Q-factor of the microdisk
reaches 1. 8 10% (c) spectrum of the Er*"-doped laser when the pump power is around 0. 92 mW (upper left inset is enlarged
spectrum around 1560 nm, shows the multimode lasing spectrum; upper right inset is micrograph of the strong green
upconversion fluorescence of the microdisk); (d) dependence of the intensity of all emission lines on the absorbed pump power at

976 nm (experimental data are marked by circles, and the linear fitting in solid line indicates a lasing threshold lower than 400 pW)
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Fig. 4 Modes trimming and clustering in a weakly perturbed high-Q whispering gallery microresonator”™. (a) Cosine of the chord angle

of the eigenmodes at different wavelengths [black dots and colored dotted line represent the quasi-steady-state solution and the

approximate result given by Eq. (1), respectively]; observed mode patterns of (b) triangle mode, (c) triangle mode with first

excited state, (d) star mode, (e) square mode, (f) pentagon mode, (g) hexagonal mode, (h) heptagon mode, and (i) octagon mode
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Fig. 5

Characterization of single-mode laser with ultra-narrow linewidth in Er'"-doped microdisk'”. (a) Spectrum of the up-conversion

fluorescence and the pump light [upper insets are optical micrographs of the square modes of the upconversion fluorescence near
the 550 nm wavelength (left) and the pump light (right)]; (b) laser output power at increasing pump power; (c) spectra of the
microlaser output powers at different pump power levels (upper left inset is optical micrograph of the lasing mode with a square
pattern at 1546 nm wavelength, upper right inset is theoretically calculated intensity distribution of the square lasing mode); (d)

illustration schematic of the experimental setup for the linewidth measurement; (e) spectrum of the detected beating signal; (f)

frequency noise is measured to be 196.5 Hz*+Hz '

in the high-frequency range, indicating that the fundamental linewidth is

436. 6 Hz; (g) linewidth glows linearly with the output power of the microlaser
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Fig. 6 Wavelength tuning performance of the ultra-narrow linewidth mcirolaser”. (a) Lasing wavelength at different pump powers; (b)

lasing wavelength drifts with pump power; (c¢) lasing wavelength at different direct current (DC) biases; (d) lasing wavelength
drifts with DC bias

OO AR TEVE 26725 N b, 3l 5 22 PR 1Y
WK JHE AR . WA 6 (a) A1 (b) BT /R, 22 18 T (1% 48
b2 B BOB IR P A s, 3 L B R IR T R AL T
— B OEOB% . S I W MR Uk KO R
12.3 pm-mW ', B 1. 54 MHz- pW "o b T S H
T ORI AR A R R RE T — X A
R e (DA i o0 LS R S I S e T Db ]|
o I 6Ce)M(d) AT, 57t i i L A — 300 V 48
1k 2 300 V B, ¥O6 B K M 1545, 716 nm 41 % F|
1546. 017 nm , e M 38 R0 & 2 50 pm/100V, iZH 5
PS5 80 pm /100 V FEAR— 5,

3.3 H“ERRHBEMEE LTI B ATE/KEC
MR 7S UK A X 2R
BAAS 55 TG 9 42 S e R R U R T AR R L BR T

A A A Z i A, ] DU G R O (1 2 10 B
B, F 1 R AT R A SO B AR a3k 6 3 R O B
M N IE AL ATH R i HE T8 S 41 5 B X AR i 3R A 5
AL AT 87 I 11 [ B AR o A0 e A L e AT 2R AR /N
PR TR ol T 3k S A 5 ) A B A AR e 1 o P
3 A FE R AT B B T 9 A AR AR A RS A
TR I 2 TR R Z U0 B AR
i L L 5 R A T B AR O 106. 33 pwm A AR R
JiE 0 A 2 pm B B HE TR 641 A B B B IO o0
47.0 pm WD % 107 o W 7(a) is , M 4B Ok
2 R A E BB %) 2R 3 SO 19 D K R #1) 970. 02 nm, T
PR Z 80 uW L i, ml LU 2 9 K (8] B 24 8 8 pm
B R K OGRS . WE 7(b) s, BT R
T 6 A e X ' 27 AU R 1 B 3 — A 23 [ L

1623014-7



%43 % 5 16 #1/2023 &£ 8 A/RFFIR

RIS N IR % il T A AR S PR OB R
A BRAY 25 [ A U B, TN e A B8 1Ol 1 4
¥ [l P A ] O 2 1 R S RE B A o I 7(c) J
A T A TR 2 AT A B HOL S 2R 2 2
HAF RN BOCEIE 2 R 80 pW . 38 i B AR e o, AT LU
i 7 A g I AR SR AR ] B, A 7 (d) B, S EETE

@
30 30 10
25 8
20
15 °
4
b 10
S 20
s 5 “
- 0 0 L
g 1544 1548 1552 1556 1560||| 950 960 970 980 990
o
o
2 10
8
=3
o

15514 15515 15516 15517 15518 15519
Wavelength (nm)

AR R A o B Ak 2 1 A B T IR S A e 0.5 pm,
T HL % 38 %6 % K 9 3] 969. 82 nm B, 1] LR 22 3 1 K
) B 2R 70 pm B AR K EOEAE 5. R, BUE K Ok
RN SN LIRS RN RS $I5 A E= A DN
Sk A3 B R K E Y .

®)

(c) 500 (d)15
400 4
s 3 104
£ 3004 s
2 200 4 ;
2 g 51
‘5 3
O 100 o
Threshold 80 pW
N N TP L S—
0 2 4 6 8 10 12 15505 15510 15515 15520 15525
Dropped Power (mW) Wavelength (nm)

7 B RBOOE S o () BOBOL A% B9 St 3% 1 XU

A0S R RO O I TR R% R 8 pm (A2 4 B SOBOb 28 Ok e s /L A

AR OGO IE ED 5 (b) B9800 (B RO (2R ) A thsot CF ) 2 3B B it 2% ABLE; (o) OBt
A % HE ) 4 5 T ) A B ARORSE OC R JAT 5 () JR KT S 70 prn UL K B0 e ) DY 31 1] 4 &1 Sy b e 49 5l 42 ) A G A X
(CH) B Z 3t RAUAL ]

Fig. 7 Dual-wavelength microlasers””.

(a) Spectrum of the microlasers with a fine structure of two peaks, showing a wavelength

interval of 8 pm [insets are transmission spectrum of the microlaser near the lasing wavelength (left) and the pumping

wavelength (right)]; (b) optical micrographs of polygon modes of the up-conversion fluorescence (top), pump laser (bottom left),

and output laser (bottom right); (¢) output power of the microlaser as a function of the pump power; (d) spectrum of the

microlasers with a large wavelength interval of 70 pm [insets are optical micrographs of polygon-shaped patterns of the up-

conversion fluorescence (left) and lasing modes (right)]
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Fig. 8 Microwave signal synthesis™. (a) Detected microwave signal (inset is optical micrograph of the probe contracted with the

electrode on the center of the microdisk); (b) phase noise of the microwave signal carrier; (c) electro-optic tuning of the

microwave signal; (d) microwave signal synthesized by the dual-wavelength laser of a wavelength interval of 70 pm
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Fig. 9 Monolithically integrated high-power narrow-bandwidth microdisk laser™. (a) Optical micrograph of the fabricated integrated

microdisk laser; (b) spectrum of the integrated microdisk laser with 409 pm diameter, exhibiting a single-frequency lasing at

1552. 82 nm; (c) green upconversion fluorescence of the integrated microdisk laser, showing a hexagon pattern; (d) laser output

power versus pump power dropped to the cavity; (e) spectrum of the integrated microdisk laser with 1 mm diameter, confirming

a single-frequency lasing at 1551. 68 nm wavelength (inset is micrograph of the upconversion fluorescence); (f) Lorentz fitting of
the detected beating signal (black dots) featuring a laser linewidth of 0. 11 MHz
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Fig. 10 Laser diode-pumped compact hybrid lithium niobate microring laser””. (a) Illustration of the microlaser device, which consists

of a commercial CoS laser diode and an Er’" : TFLN microring; (b) overview picture of the microlaser device taken by a digital

camera; (c) top-view optical micrograph of the interface between the CoS laser diode and the array of Er*” : TFLN microrings;

(d) spectra of the microring laser with increasing pump power; (e) on-chip laser power drifts with input pump power; (f) on-chip

laser power drifts with driving electric power
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Fig. 11 Er'" : TFLN single-mode laser based on Sagnac loop reflectors™. : TFLN FP

resonator (the arrows in bottom right corner illustrate the LN crystallographic axes X, Y, and Z), and the green upconversion

(a) Optical microscope image of an Er’
fluorescence of the Er'' : TFLN FP resonator pumped by the 980 nm LD; (b) zoomed-in optical microscope image of a 3 dB
directional coupler (the upper inset), the coupling region (the bottom-left inset), and a Sagnac loop reflector (the bottom-right
inset); (c) enlarged spectrum around wavelength 1544 nm, the lasing peak is fitted with a Lorentzian line shape (red) (inset is
: TFLN FP resonator

the infrared image of the output port of the Er'" : TFLN FP resonator); (d) on-chip laser power of Er’"

laser drifts with absorbed pump power
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Fig. 12 On-chip wavelength-tunable narrow-linewidth laser diode based on self-injection locking”™. (a) Illustration scheme of the

narrow linewidth self-injection-locked laser, which is composed of a commercial CoS laser diode and a high-Q LN microring

laser; (b) close-up optical micrograph of the interface between the CoS laser diode and LN microring; (¢) Lorentz fitting (red

curve) reveals a Q-factor of 6. 91X 10° at the wavelength of 975. 36 nm; (d) comparison of the laser linewidth for the free-

running DFB case and the case where the DFB is self-injection-locked to a LN microring cavity; (e) spectrum of the 980 nm

narrow linewidth self-injected locking laser emission; (f) dependence of the narrow linewidth laser wavelength on the applied
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Fig. 13 Lasing characterization of the Yb*" : TFLN microring when pumped by a 980 nm wavelength laser""”. (a) Evolution of the

lasing modes at different pump powers; (b) Yb*" : TFLN microring lasing power versus the increasing pump powers (threshold

and the slope efficiency deduced from the linear fitting are 10 mW and 1. 77X 107°% , respectively); (c) spectrum around the

laser emission at 1025. 62 nm and featuring a linewidth of 0. 035 nm; (d) lasing spectrum features 14 longitudinal modes when

the pump power is 20 mW
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Table 1 Typical parameters for the on-chip microlasers fabricated by PLACE technique

Lasing Output  Laser

Single Wavelength

Resonator structure Laser category Q factor  threshold . power linewidth Ref.
mode  tunability
P, /uW P /W Sv
g TS . 1.8x10°
WGM Er’" : TFLN disk laser 400 No Yes — 24pm  [47]
@1550 nm
3.8X10° [49]
) ) 25 Yes Yes — 322 Hz
Whispering gallery @1550 nm
mode microdisk Polygon mode Er'": TFLN disk 1.1x10
80 No Yes ~ 0.47 — [55]
laser @1550 nm
2.37X10° 0.11
825. 39 Yes No 62.1 [82]
@1550 nm MHz
Laser diode-pumped compact 1.85X10° s
) 6 X 10 Yes No — 50pm  [52]
hybrid laser @1550 nm
L . i 6.91x10° 4.27
WGM microring Self-injection locking laser — Yes Yes , 35pm  [96]
@980 nm X 10
. . 1.4%10° N
Yb'" : TFLN microring laser 1X10 No No — 35 pm [100]
@1030 nm
Single-mode Er*" : TFLN laser 1.6X10° ,
FP resonator 6 X 10 Yes No 44.7 28pm  [90]
based on Sagnac loop reflectors ~ (@1550 nm
(@)
—_—
2
- )
P .

200 pm
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Fig. 14 Meter-scale length LN waveguide OTDL"". (a) Schematic design of a beam splitter connected with two waveguides of

different lengths (upper waveguide serves as the OTDL); (b) digital camera picture of an OTDL with a total length of
109. 26 cm; (¢) SEM image of the bend section of the OTDL in Fig. (b); (d) optical micrograph of the fabricated beam splitter

in the OTDL device; (e) near-field distributions of the modes at the output port 2 (inset is cross-sectional SEM image of the

ridge waveguide); () propagation loss as a function of the length of the OTDL (inset is near-field distributions of the TE modes

at the output ports 1 and 2)
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Fig. 15 Electro-optically tunable ODL with a continuous tuning range of 220 fs in TFLN""". (a) Micrograph of a TFLN unbalanced

MZI1 with a tunable ODL arm; (b) measured losses derived from the measured transmission spectra of unbalanced MZIs
without microelectrodes in the arm-length differences of 10 cm, 20 cm, and 30 cm, showing a linear dependence on the length;

(c) linear wavelength shift (marked by black squares with blue linear fitting curve) and time delay (marked by black circles with

red linear fitting curve) of the device in Fig. (a) as a function of the DC voltage (measured tuning efficiency is 2. 42 pm/V,

indicating a time tuning efficiency of 3. 18 fs/V)
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Fig. 16 The monolithic Er'’ -doped waveguide amplifier™,

(a) Schematic of the device; (b) optical micrograph of the straight

waveguide of the on-chip amplifier; (¢) optical micrograph of the curved waveguide of the on-chip amplifier; (d) schematic of the

experimental setup of the gain measurement
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Fig. 17 Cladded Er'" : TFLN waveguide configuration””. (a) Cross-sectional schematic of the waveguide fabricated on the Z-cut Er’":
TFLN wafer with a cladding layer of Ta,O.; (b) top-view microscope image of the air-clad TFLN waveguide; (¢) SEM image
of the Ta,0;-clad TFLN waveguide cross-section; simulated mode distribution of the fundamental TE modes for the (d) air-
clad and (e) Ta,0;-clad waveguides at the pump and signal wavelengths, respectively (power confinement factor I'is labelled in

each panel)
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Fig. 18 Optical gain measurement of the Er'” : TFLN waveguide amplifiers”™. (a) Experimental setup for optical gain measurement
(PC is polarization controller, OSA is optical spectrum analyzer, the digital camera photograph of the excited Er'” : TFLN
waveguide chip is shown in the center); (b) internal net gain measured from the air-clad (blue squares) and Ta,O,-clad (red

circles) amplifiers varies with the incident pump light intensity
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Fig. 19 Schematic of the fabrication process for robust low-loss optical interconnection of passive and active LN photonics using stitch-
chips™”. (a) Prepare non-doped and REI-doped TFLN samples; (b) non-doped and REI-doped TFLN samples are flip-chip on
a polished plate glass; (¢) non-doped and REI-doped TFLN samples are stitched seamlessly using customized fixtures and the

UV glue is applied on the bottom of the stitched chips to bond the two samples; (d) subsequent laser welding is operated in the

boundary of the two TFLN samples and quartz substrate to achieve durable bonding; (e) completed stitch-chip of passive and
active TFLN; (f) photonic structures fabricated using the PLACE technique on the stitch-chips
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Fig. 20 Four-channel waveguide amplifiers fabricated on the monolithically integrated active/passive TELN chip"™. (a) Illustration of

the device design; (b) digital picture of the four-channel waveguide amplifiers; (¢) mode (insets) and intensity distribution of the

1550 nm wavelength signal in the four-channel Er'"-doped waveguides; (d) photo of the four-channel waveguide amplifier array

when pumped by a 976 nm diode laser; gain characterization of the four Er’'-doped LN waveguides array for the signal

wavelengths of (e) 1550 nm and (f) 1530 nm
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Abstract

Significance  The development of photonic integration technology provides an effective approach to constructing
communication, sensing, computing, and information processing devices with high performance, low cost, scalability,
and reliability. Among various material platforms, lithium niobate (LN) has long been considered one of the most suitable
materials for realizing photonic integrated circuits (PICs). Tt possesses superior optical properties, including a wide
transparent window (0. 35-5 pm), large nonlinear/electro-optic coefficients, and strong acousto-optic effects. Significant
progress has been made in the fabrication process of thin film LN (TFLN) wafers, which has laid a material foundation for
manufacturing photonic devices with high refractive index contrast and strong light field confinement. To date, researchers
have achieved a wide range of photonic integrated functional bricks on TFLN, such as modulators, optical frequency
converters, splitters, quantum light sources, and delay lines. These devices have demonstrated notable photonic
characteristics, including low transmission loss, high-speed controllability, efficient optical frequency conversion, and low
energy consumption. However, due to the lack of optical gain characteristics in LN crystals themselves, it is challenging
to directly fabricate essential components for on-chip integration, such as micro-lasers and optical amplifiers, on TFLN
wafers.

One approach to achieving optical gain on TFLN is by doping gain media within the TFLN film. Rare-earth ion-
doped (REI-doped) TFLN has been employed to realize on-chip micro-lasers and optical amplifiers at different
wavelengths, such as around 1550 nm and 1030 nm. The specific working wavelength is determined by the intrinsic optical
spectra of the rare-earth-doped ions. Although active integration of TFLN photonic devices is still in its early stages, the
exceptional optical properties of LN crystals, combined with low-loss photonic chip fabrication techniques and innovative
device designs, will endow on-chip TFLN photonic devices with unparalleled scalability and exceptional functionality.

In recent years, the combination of commercial TFLN wafers and low-loss LN photonic device nanostructuring
technology has resulted in a series of high-performance photonic device applications. In less than a decade, several
important manufacturing techniques for LN photonic chips have been developed internationally, enabling the realization of
practical high-quality photonic chip prototypes. These techniques include focused ion beam fabrication of high-performance
LN nanostructures, as well as the use of electron beam lithography or ultraviolet photolithography combined with ion
etching to produce high-quality LN photonic chips. Additionally, the photolithography-assisted chemo-mechanical etching
technology (known as PLACE) has emerged as a promising micro/nanofabrication technique.

Thanks to the rapid advancements in high-repetition-rate and highly stable femtosecond lasers and large-stroke high-

precision high-speed motion stages, the PLACE technique for fabricating active photonic devices on REI-doped TFLN has
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demonstrated both high processing efficiency while maintaining its inherent high-precision processing quality. Many

corresponding advances have been achieved, which is important and necessary to summarize the existing research to guide

the future development of this field more rationally.

Progress The fabrication process of the PLACE technique is summarized (Fig. 1). The home-built ultra-high-speed high-
resolution femtosecond laser lithography fabrication system is reported (Fig. 2). The demonstration of integrated active
LN photonic devices such as on-chip tunable micro-lasers and waveguide amplifiers on REI-doped TFLN using the
PLACE technique are comprehensively reviewed. Specifically, an erbium ion-doped LN waveguide amplifier with a
maximum internal net gain exceeding 20 dB is achieved (Fig. 18), and an electro-optically tunable single-frequency laser in
a high-Q LN microdisk is demonstrated with an ultra-narrow linewidth of 454.7 Hz (Fig. 5). We also achieve an
electrically driven microring laser by monolithically integrating a diode laser (Fig. 10) and an erbium ion-doped TFLN
microring laser (Fig. 3). A novel hybrid integration scheme of passive and active LN microdevices is performed using a
continuous lithographic processing approach (Fig. 19 and 20). Lastly, we summarize the afore mentioned results and give

an outlook on this vibrant and promising field of research.

Conclusions and Prospects The utilization of PLACE technology for the fabrication of TFLN active photonic devices
holds great importance. This cutting-edge technique, with its high processing efficiency, intrinsic high precision, and
wafer-scale integration capability, enables the production of cost-effective and high-performance photonic devices. This
breakthrough has the potential to revolutionize the field of photonic science and technology, promoting sustainable
development across various scientific disciplines and applications such as high-speed communication, artificial intelligence,

and precision measurement.

Key words integrated optics; ultrafast lasers processing; lithium niobate; optical amplifiers; sources; rare-earth-doped

materials
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