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based on negative uniaxial crystal®"
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Table 1 Common ferroelectric crystals and their basic ferroelectric properties™"
L. Intensity of
. . Curie
Ferroelectric Point spontaneous . .
Structure temperature / — Type of ferroelectric domain
crystal group o polarization /
C —
(pC+cm )
Tungsten bronze Sr,Ba, , Nb, Oy (SBN) 4mm 60-250 39 180° ferroelectric domain along c axis
type Ca,Ba,_,Nb,O; (CBN)  4mm 124-347 11.5-31.7 180° ferroelectric domain along c axis
Ba, NaNb; O,; (BNN) mm2 580 40 60°, 90° and 180° ferroelectric domains
Perovskite type BaTiO, (BT) 4mm 120 22 90° and 180° ferroelectric domains
KNbO,; (KN) 4mm 435 31 71°, 109° and 180° ferroelectric domains
BiFeO, (BFO) 3m 830 6.1 90° and 180° ferroelectric domains
Ba, ;;Ca, ,; TiO; (BCT)  4mm 107 25.5 90° and 180° ferroelectric domains
KTa, ,Nb, O; (KTN) 4mm 15-435 8.0-37.3 90° and 180° ferroelectric domains
Lithium niobate LiNbO, (LND 3m 1210 70 180° ferroelectric domain along c axis
type LiTaO, (LT 3m 630 50 180° ferroelectric domain along c axis
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R L A LNy T R NG o N 5 N s e
LN FE Lt 7 S AR S5 4 1Y, 3 28 7 1k 43 L
AN T A A S 1 60 G R I M R AR LN O L e i b
AN ER A S E P @Y (=% s 3 N O N
Tl 3D NPC 258, CRMEOE B S H AR W LITE
75 WA REvh G R B = 4E 45 H L RS2 B 3D NPC

(@)

MV AR A3 e 2 — 0 AR SR B 5T R A
P00 T e 5 AR AR 7R TN I AJe 1R A 400 4 A 10 2
TS BT — 4 R A W A AT AR AR Y
LN U, i 52 8 8 SE 50k B 1 JR) 3 B 3 9
ZIAN KRNSO AR L SR L B M A AR 2 M A
NIRRT R 2 — B R Pk . SEhr b, =450
Fe ST EE = 4R AE LN JEZE MG T Sk .
CAMHOLES ik T LB 3D LN NPC 45
A 5 Fias . I EA SRR E R LN d ik
B EL W R SE RO S 8 A R S BR LN
AR I A L v R R T Y B ML AT LB A R
O R B ARSS SR JEZ A BRI B AT
DATE JE B ME A AR ) LN & A v 388 ) 2 1] 4k H, 6 3 £ 7
AR 1A b T AR SO T LN b A v ik 47 28
V) 0 32 980 ] E FRARURE B0 R L AR 0 T XS 23 O AR
(b)

5 SO T LN @ik QPM ALEY . (a) 58 AR BZ IR B F 4 fk LN Sk i QPMLEEFHOEES LN Sk QPM
SRR BL Y LEEE s (b) CRMOL S 52 B = 2kl R T S A S R B R

Fig. 5 QPM mechanism in laser-engineered LN crystal™® . (a) Comparison among full phase matching, QPM based on poled

LN crystal, QPM based on laser-engineered LN crystal and phase mismatching; (b) structural diagram of 3D NPC

fabricated by femtosecond laser direct writing
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Fig. 6 Sample characterization. (a) Image of 3D structure recorded using Cerenkov-type second harmonic confocal

microscopy™ ; (b)second harmonic image in x-y plane taken through confocal second harmonic microscopic system"

(¢) intensity distribution along central black line in Fig.6(b)

WF5T &8 A A L B R T 3D LN NPC iy
3D QPM b #E. & 7 #2785 s BE LR 3D
QPM % #ii # %, 3D QPM 4 Al L5 K
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W AR AT B %, —HEEIAG R G TTLAEE— 25
TN

G,.,=ha/ +ia, +ja; =

27 2w 2w
h —x | —y | —2, 2
Al‘x—f—z Ayy +7 A,z (20)

62] |
H

[48]

K.z y.z AR, B 7(b) ~ Ce) 7 il 'R
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FRE TS5 AR IC TR R BRI K . TR R A BE A
P Al LI EEF) 3D QPM i B R iR A 43 B Al
DLHIIE A7 2K T St 7 DR /0N 5 25 00 30 4 1 R /N 1 S
L o I 2 A0 I 4 A8 /) B AR S B 46 DS RE , D)
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Fig. 7 Demonstration of second harmonic generation process in 3D LN NPC"® | (a) 3D reciprocal lattice array and typical 3D

reciprocal vectors; (b)-(e) measured and simulated 3D QPM second harmonic beam patterns for various input

fundamental wavelengths with QPM modulation and corresponding reciprocal vectors shown in right column
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T T DX B L 30 S DX 3P I A5 A £ 40 ) A
FTRERSLIE 8], B 8(h) RHIMIEI K N
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Fig. 8 Dependence of second harmonic power on input parametersi1

¢ . (a) Dependence of second harmonic power on

fundamental wavelength; (b) relationship between QPM second harmonic power and input pump power at fundamental

wavelength of 829 nm
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o3l (a) Design

Fig. 9 Principle diagram of QPM waveguide
diagram of QPM waveguide; schemes to modulate
Z® nonlinearity inside QPM waveguide core:
(b) one period (A), (¢) two periods (A, B), and
(d) four periods (A, B, C, D)
3.2 HSERINSSBHEZBFEEMEG M = 4G TE
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Fig. 10 Sample characterization™'

1 (a) SEM image of domain structure of c-direction BCT crystal after corrosion; (b) SEM

image of domain structure of a-direction BCT crystal after corrosion; (c) statistical width distribution of random

domains in BCT crystal; (d) structural diagram of random 3D stacking domain in BCT crystal

B 11 A%WA BCT Sk BadLEE S 6 3D QPM i &
Fig. 11 3D QPM process with random domain modulation
in self-polarized BCT crystal™"

J T — 05T BCT Sk H & BE 45 /9 3D
QPM i HIAE . A5 & D 2 B R G G E R
FEWOEC IR AT S5 % WO A% AT LLSEAT 58 I B
B A A AT 1 I R S L R 400~ 2400 nm,
ikvE R 20 ns, R INEK N 20 Hz, EE IR K
250 kW, SEg el A SR R i = 51 1y BCT
FES AR RS 6 mm X 6 mm X 1 mm, 0% Y
P4 77 10 5 fh AR v 7 ) — 350, B AR S RO 1k

PEEAEH 0.1 mm, LB E WME 12 Frw, 7F Ak
J5 21 5 mm Ab B B — O Bf 852 45 45O B, I 1
CCD g #H AR HOEHE

B 12 BCT fhik 3D QPM 5 4 5 5 o 7
Fig. 12 Schematic of experimental setup for 3D QPM

frequency doubling using BCT crystal®"
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Fig. 13 Frequency-doubled laser spots obtained (left) by 3D QPM frequency doubling experiment using BCT crystal

and (right) by theoretical simulation *

PR B AR . BF5EFAEFEBOL R B 1100 nm
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G301 R FEAROG I S 1100 nm B B 45050 A% A5G 1Y

it £
Fig. 14 Frequency-doubled laser power versus fundamental
power with spectral curves of 1100 nm fundamental
laser and its frequency-doubled laser shown in

insets (1) and (2), respeclivelymj
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Fig. 15 Schematic of experimental setup for femtosecond laser direct writing of 3D ferroelectric domain structure-’"
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Fig. 16 NPC and corresponding inverted lattice vectors™ . (a) Two-dimensional NPC diagram; (b) 3D NPC diagram; (c) Cerenkov

second harmonic micrograph of 3D ferroelectric domain pattern fabricated in BCT crystal by femtosecond laser pulse
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Fig. 17 Ferroelectric domain reversal in BCT crystal realized by using femtosecond laser™”

. (a) Laser direct writing of

ferroelectric domain structure in y-z plane with 0-like domain structure observed by using Cherenkov second

harmonic microscope, in which background (weak random patterns around 0 domain) originates from random

submicron periodic domain structure inherent in BCT crystal; mechanism of formation of 0-shaped domain wall

structure in BCT crystals: (b) temperature gradient induced by nonlinear absorption of near-infrared laser by BCT

crystal (arrows pointing to high temperature region); (c¢) projection of temperature gradient along z-axis direction at

different positions around focal point;

(d) pair of oppositely oriented thermoelectric fields used to polarize

(e) originally disordered random domains into (f) pair of head-to-head ferroelectric domains
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Fig. 18 3D QPM frequency-doubling phenomenon™” .

(a) Far-field frequency-doubling spot pattern observed in simple
tetragonal ferroelectric domain structure with frequency-doubling light wavelength of 800 nm; (b) schematic of 3D
QPM of 3D ferroelectric domain structure modulation; (c) divergence outer angle of frequency-doubling loop with h =

—1 versus fundamental wavelength and A, (curve represents theoretical value, hollow point represents measured
value); (d) experimental and (e) theoretical distributions of frequency-doubling bright spots on Cherenkov ring with
h=—2; (f) relationship between fundamental {requency optical power and colinear frequency-doubling optical power
modulated by 3D domain structure with A, =25.6 pm (hollow point represents measured value, and solid curve
represents quadratic fitting curve), and inset shows frequency doubling optical power as a function of wavelength after

annealing (solid point represents experimental value, and curve represents theoretical calculation value)
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Fig. 19 Erasable properties of domain structures in BCT crystals’

7] = . . P
70 (a) Cherenkov second harmonic microscopic image of

BCT after annealing below Curie point; (b) Cherenkov second harmonic microscopic image of BCT after annealing

above Curie point
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Fig. 20 Sample characterization™ . (a) Phase diagram of KTN crystal structure; (b) photoelectron peaks of Ta 4f and Nb 3d

in KTN crystal and their corresponding fitting curves; (c¢) electrical hysteresis loop of KTN crystal; (d) endothermic

and exothermic effect curves of KTN crystal measured by differential scanning calorimetry (DSC)

21 MM FEMETT,
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Fig. 21 Sample characterization"

. (a) Image of ferroelectric domain structure on a-b plane of KTN crystal under polarized

light microscope; (b) statistical distribution result of period length for KTN crystal 180° random domain
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Fig. 22 Crystal structure and ferroelectric domain distributions of KTNY .

(a) Schematic of cubic-like domain of natural

Rubik’s cube structure in KTN crystal; (b) structure model of x-y plane ferroelectric domain (out-of-plane) of KTN

crystal with X and - indicating internal and external polarization; (c¢) structure model of x-y plane ferroelectric

domain (in-plane) of KTN crystal; (d) vertical PEM amplitude image and (e) transverse PFM phase image of KTN

x-y plane in same area with scale bar of 2 pm
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Fig. 23 Linear optical response of KTN crystal™ . (a) Bragg
diffraction diagram of KTN supercell; visible laser
Bragg diffraction spots of (b) a cut and (c¢) c cut

KTN crystal samples at room temperature
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Fig. 24 Nonlinear optical response of KTN crystal™ .
(a) Schematic of near-field second harmonic spot
imaging of KTN supercell; second harmonic
microscopy images of (b) b-c and (c) a-b planes in

KTN crystal with scale bar of 25 pm
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Fig. 25 Statistical supercells”? .

(a)(b) Statistical  distributions of supercells in
x-direction KTN crystal; (c)(d) statistical distributions
of supercells in z-direction KTN ecrystal
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Fig. 26 Second harmonic generation based on 3D KTN crystal generated by experiment and simulation

3D inverse lattice vector of KTN crystal supercell;

%) (a) Schematic of

theoretical fitting of each QPM process in KTN supercell and

comparison with experimental results: (b) two-dimensional nonlinear Bragg diffraction spot; (c) second harmonic

spot generated by collinear QPM; (d) (e) second harmonic spots generated by interaction of fundamental frequency

diffracted laser with two-dimensional inverse lattice vector in vertical plane of incident laser; (f)-(h) second harmonic

spots produced by interaction of fundamental frequency diffracted laser with inverse lattice vector in direction of

incident laser; (i) comparison of second harmonic results obtained by experiment and theoretical fitting

1208001-20



{RIA% 5 AL 2 B () E AR A DEBC IS 00 . A  KTN b
MR AL T 45°,90°,135°, 180745 Jy ) - i) J& 19
L UEARALVE T , 7 AR AR AR . 1 26 (D) ~ (h) 12
78 T ASTR T 1] (R 437 S 600 5t A 0 4 2R AH BLAR
M= AR BE . 28 BTk, 78 KTN g il
Tk = A o AE A UG T A5 30 1Y 5 A5 O B2 DY o K, X
S s ARG A LR 26 (D], XWIEW T
KTN fiy 4 i = 442K i 8 o B 19 A7 7

e Ja W T TR P A5 T B = 4 o A 067 DG fic
FEH G D BE R BE . 52 B B AN & 27 (a) TR,
P1 Al P2 405 KTN B 5 TS 698 R A

Pl 27 S [ AR 1A R T O e B 43 A e T

Ao B 27(h) (o435 A G OE T b AR o il iw
PRI A5 0 6 BE % . 7F KTN B2 #0067 dn ik
Hh, WERE AL DT BE 25 1 RN SR O i B 1 B B T
X a PIm i KTN @&, 76 b Al ¢ J5 ) 1 [m] B A2 7
JEI MR R S i fk . R0k, AR R b AN ¢
7 ) i B B A5 I A9 5 090 O BE = AR R A . 3 2 B
T A M R L T s ) AR R R B
FTME T 4% G2 o HE 37 DG T 5 A X A St i 4 ARt 4K
Tia] 1) 7™ A B % 5 1) o A 7 DG JC & 4R R — A7
T B D A TT LA S BEAR A2 DU S, X A A R
KTN fh A 52 BR R B i oA TR R kit

Ca) = 2kl AH 57 DT I %5 491 52 6 256 O 28 PR 5 (b) A5 356 490006 i 4 U 170 3 b Al s 9

FEBTOCTE 3 A 5 (o) A HEITG i 4% 7 180 3 ¢ Bl B A9 A5 AT B 20 A1 5 (D A5 BE AU D 41 7 161 9% b Bl 590 A BB 7E A [
i 4 25 T 9 AR Xk BIR BE 5 Ce) SR R AT it 4% 5 17 ¥ Aol I ) A 590 D1 8 AR () i 4 25 T A A F B BE 5 (O A5 A0 B 2R 5 JE A
JET A Z E Y IR KRN L

Fig. 27 Second harmonic intensity distribution images for different polarizations

%] (a) Schematic of experimental setup for

3D QPM second harmonic generation; (b) second harmonic spot distribution when incident fundamental laser is

polarized along b-axis; (c¢) second harmonic spot distribution when incident fundamental laser is polarized along c-

axis; (d) relative intensity of second harmonic laser at different polarization states when incident fundamental laser is

polarized along b-axis; (e) relative intensity of second harmonic laser at different polarization states when incident

fundamental laser is polarized along c-axis; (f) quadratic relationship curve between second harmonic laser power and

fundamental laser power
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Fig. 28 Experimental results”™ . (a) Broadband second harmonic spectra of a-direction KTN crystal; second harmonic

power versus incident power for fundamental laser wavelengths of (b) 900 nm, (c¢) 1040 nm, and (d)1160 nm
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Abstract

Significance The quasi-phase matching theory proposed by Bloembergen provides an effective method for phase
mismatch compensation and conversion efficiency improvement in the process of nonlinear optical interaction. In
order to fulfil the quasi-phase matching conditions, nonlinear photonic crystals, domain modulated LiNbO,, LiTaO;
and other ferroelectric materials, have been extensively studied in the past few decades. The quasi-phase matching
technology has gained in-depth research and made a great progress at the one-dimensional and two-dimensional
levels, and it is used for efficient frequency conversion in nonlinear optics. Due to the existence of collinear and non-
collinear reciprocal vectors, many interesting phenomena have been discovered, including nonlinear optical frequency

conversion, nonlinear Cerenkov radiation, conical second-harmonic generation, and nonlinear Talbot self-imaging.

Three-dimensional nonlinear photonic crystals can realize a variety of new nonlinear optical interaction
processes, such as synchronous quasi-phase matching of different nonlinear processes, volume nonlinear holography,
nonlinear beam shaping, etc. However, because the traditional periodic structure preparation techniques such as the
electric field polarization method are difficult to achieve three-dimensional control of nonlinear coefficients, the
preparation of three-dimensional nonlinear photonic crystals has not made a major breakthrough, which is the
bottleneck of the experimental research of the current three-dimensional quasi-phase matching process.

Progress Lithium niobate crystal, one of the most popular nonlinear photonic crystal materials (Table 1), can be
experimentally verified and easily obtained by researchers working in the field of nonlinear optics, and the
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experiment is compatible with the current nonlinear optical modulation technology. The requirements of laser direct
writing are relatively easy to meet, especially along the depth direction (Figs. 5 and 6) and can be easily extended to
various nonlinear crystals including LiTaO, and KTP crystals. In addition, this laser direct writing method can be
effectively used to manufacture more complex nonlinear photonic structures to perform precise three-dimensional
processing of nonlinear light waves. It has advantages in nonlinear beam shaping, nonlinear imaging, and three-
dimensional nonlinear holography, and has a wide range of application prospects. In addition, a laser erasing method
is used to prepare a three-dimensional nonlinear structure in a lithium niobate waveguide, and the waveguide core can
be designed into two or four parts to achieve parallel multi-wavelength frequency conversion (Fig. 9), thereby
achieving a compact design.

A three-dimensional nonlinear photonic crystal is produced by processing three-dimensional ferroelectric domains
with tightly focused femtosecond laser pulses in a ferroelectric barium calcium titanate crystal, which can compensate
for the phase mismatch of the second-order nonlinear optical process in any directions (Figs.15 and 16). The optical
polarization method used here is fully compatible with other existing optical manufacturing technologies, including the
common femtosecond laser writing for refractive index structures. This achievement is a three-dimensional nonlinear
integrated photonic device that realizes next-generation optical communication and on-chip signal processing. The
monolithic manufacturing has paved the way.

As an engineering material with modulated second-order nonlinear polarization, potassium tantalate niobate
crystals can be widely used in many scientific and industrial fields that need to generate and control new frequency
light. It breaks the strict restrictions on the incident light polarization and crystal direction, and can achieve quasi-
phase matching conditions in a wide spectral range (Fig. 28). Naturally formed potassium tantalum niobate shows
abundant reciprocal lattice vectors, which breaks the strict requirements of traditional polarized nonlinear photonic
crystals on the polarization direction of incident light and crystal direction. It is easily compatible with laser writing
technology, which means that it is possible to create layered nonlinear optical modulation. Therefore, the three-
dimensional nonlinear photonic crystal in this perovskite ferroelectric should find a wide range of applications in
optical communications, nonlinear imaging, and on-chip signal processing.

Conclusion and Prospect This article focuses on three-dimensional quasi-phase matching theory and experimental
verification. Three-dimensional quasi-phase matching is achieved in lithium niobate, barium calcium titanate, and
potassium tantalate niobate crystals, and effective frequency-doubled light output is obtained. Three-dimensional
quasi-phase matching technology provides a new feasible solution for nonlinear optical interaction, and has obtained
more applications, including cascaded QPM for different nonlinear processes, nonlinear Talbot imaging, on-chip
entangled light source, terahertz radiation, three-dimensional nonlinear holography, and beam shaping. In recent
years, there have been some recent reports on the development of NPC in holography, such as large-capacity
nonlinear holography technology using photon orbital angular momentum coding and three-dimensional nonlinear
volume holography technology. Abundant coherent light sources can also be applied to basic atomic, molecular and
optical physics, especially advanced scientific instruments with wide spectrometers and high resolution. This article
reviews the research progress of several three-dimensional nonlinear photonic crystals, including artificially made
three-dimensional nonlinear photonic crystals made of lithium niobate and barium calcium titanate, integrated three-
dimensional quasi-phase-matched waveguide structures made of lithium niobate, and spontaneous barium calcium
titanate and potassium tantalate niobate crystals with three-dimensional nonlinear photonic crystal structure.

Key words nonlinear optics; three-dimensional quasi-phase matching; lithium niobate crystal; barium calcium
titanate crystal; potassium tantalate niobate crystal
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