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Advances in Dielectric Crystal Waveguides Produced
by Direct Femtosecond Laser Writing
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Abstract Dielectric crystalline waveguides, with the combination of compact geometry of waveguides and
astonishing properties of crystals, have developed as one of the unique platforms for versatile miniature and integrated
photonic applications. Femtosecond-laser direct writing is one of the most efficient techniques for three—dimensional
microfabrication of miniature photonic devices based on waveguiding structures in transparent optical materials.
Focused on crystalline dielectric materials, the state—of—-the—art in the fabrication, characterization and applications
of femtosecond laser micromachined waveguiding structures in optical crystals and ceramics is reviewed. A brief
outlook is presented by focusing on a few potential spotlights.
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Fig.1 Schematic plots of the fabrication of the three categories by femtosecond laser irradiation. (a) Waveguide based on

Type I modification in single-line geometry; (b) waveguide based on Type Il modification in dual-line geometry;
(c) waveguide based on Type Il modification in cladding Type III geometry
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Table 1 Advantages and disadvantages of different waveguide configurations in dielectric crystals and

summary of reported waveguides with different configurations fabricated in crystals

Configuration Advantage Disadvantage Crystal
1. Direct—write for 3D . Distorted lattices with LiNbO;, Nd: YCOB, ZnSe,
micromachining degraded bulk features Er:YAG, PPLN, LiTaO;, BGO
Single—-line 2. Single-mode guiding structures . Weak thermal stabilities

(Type I 3. Longer wavelength guidance by 3. Guidance only along one
waveguide using multi—scan technique polarization for some
geometry) 4. Relatively short production crystals

time for 3D devices . Realizable in limited
crystals
1. Well preserved bulk features . No guidance at long LiNbO;, doped LiNbOs,
2. Single— or low—order mode wavelength (e.g., Mid—-IR) doped YAG, Nd: GGG,
structures . Guidance only along one doped vanadates, KTP, BiBO,
3. Easily achieved in crystals polarization in some Nd:YLF, Pr: YLF, Nd: KGW,

Dual-line 4. Excellent thermal stabilities crystals (e.g., YAG, GGG) Yb:KGW, Yb:KYW,

(Type II 5. Wide applicability in crystals 3. Difficult for 3D waveguides Nd:GdCOB, Nd:YCOB,
waveguide 4. Restricted to small size Pr:SrAl,O,, Nd: YAB,
geometry) cores LiTaO;, doped LiTaO;, BGO,

Nd:LGS, Nd:Y.0;, PPKTP,
PPLN, Ti: Ssapphire,
Cr: Sapphire, CaF,,
Nd:CNGG, SBN, KNSBN, KDP
1. Well preserved bulk features . Highly multimodal LiNbO;, doped YAG,
2. Guidance till long wavelengths structures at shorter Nd: GGG, Nd:CNGG,
3. Designed geometry and wavelength regimes doped vanadates, KTP,
Depreésed adjustable diameters _Relatively long production  BiBO, BGO, Nd: LGS, ZnS,
cladding 4. Very good thermal stabilities time for complex structures  Cr:ZnS, Ti:Sapphire,

(Type Il 5. High coupling efficiency with . Difficult for 3D waveguides ~ Nd:YCOB, Nd: GdCOB,
waveguide fibers Nd:KGW, ZnSe, Cr: ZnSe,
geometry) 6. Guidance along any transverse LiTaO;, doped LiTaO;, PPLN,

direction CaF,, B—-BBO, Nd: YAP
7. Wide applicability in crystals

X B R S B G A B iz, ST I S8 A Q Kk i S O 9 7 A X T AR IR B T — R R AR AR
Hh 8l 2 A TR/ TR 22 2 E B O B 48T 114 S I
24 TRHHNXETRSHELRTE
KT R HOCHS B A6 5, 5T 1 8o A9 6 5 T DUR B AR {5 2 5 19 RAMBSOL S R SE 8L,
W RABOCIRG & o T T ZAYRE B, 0L R 58 0 B =R L IRBF 228K, P IO 1 4 3 4
o (B 0 2 Kk B 2 A D T OK A 20, o] 8 N R e i e T I 2R R 0 O il e U R YRR O I (.
AR AERE T EOLT 5 B GE  JRy CRDWOG ik f BE 58 ) L AR R, 47148 0 3 A AT, ) 5 ) s 25 G
SR RAEOL B S W T IR I e oM ol T i S0 R R AR LAY o RN S AR vh A A R A T
PEFTRG 5 98 3 A9 = 4ENLBOR T 5 L, RO 40 RO B IR AR AR A T DU B O T R 4
P 5 B AL B S BL RAHOE X RE R AT o 53— Bl BLAY 753k 2 [ E A ol ) O B Gl e 3R — R B B S
B 7 B TR O LR P A0 AR RO DT S B R i 8 o — 7 AT AR O AR A S — RO
JEH AR RGBT, 2 R 7 e i B9 R 2h 07 1) 5 RO B AT 1R T ELR . R, 2 S ek

010001-4



53, 010001(2016) MM EMEBIZRE www.opticsjournal.net

Il 28O 55 S VR R S5 BELE 5 T Y Pavel BRUBLA £ Nd = YAG B %8 v i 46 56 T I 26 lerk a9 2642t 0k
SEEAIN R T RER B 40 T 3 (A P 3 T 7R ), 8 AN 5 W I P RE A S DR ORI AR 1 o 4 1) SR 0T

(@) prototype 3.3 mm 3.3 mm 3.3 mm

input element 1 element 2 element3  output

(®)

element 1 .
(e) gRassive active

0 0]

element 2 I 50 pm

element 3

K2 (a) 3Tl BR300 T fh ik )2 S I AS F R 5 7R IR, 923 T = 4E SRR L R e 3 D s 3RS IF] LT 25 44
(element 1-3)3i Ifi (1) ()7~ B & M () W08 1B s (d) £E 1064 nm 53 06 76 FRAR S 4+ vh i B = 3 A8 115 (e) A7 IR IR 1K)
BT 1064 nom FRAR 45 #0523 A1 1 52 36 45 23
Fig.2 (a) Design of a 3—-element photonic-lattice-like waveguide structure for the evolution from a single Gaussian beam to
aring—shaped beam; (b) schematic and (c) the microscope image of the cross sections of the elements 1 (top), 2 (middle), and
3 (bottom); (d) simulated beam profile evolution as the 1064 nm light propagates along the ring—shaped photonic structure;

(e) measured intensity distributions of the ring—shaped structure in both passive and active regimes at 1064 nm
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Fig.3 Techniques for direct fs—laser writing are shown. (a) Linear translation, transverse to the laser medium, step—by-step

along a defined shape; (b) helical movement, transverse to the laser medium; (c) helical movement, parallel to the laser medium
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Fig.4 (a) Spatial dependence of the stress and the corresponding refractive—index change; (b) spatial

dependence assumed for the refractive—index decrease caused by the local damage of the Nd: YAG lattice
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Fig.5 Spectra of the Nd”* emission lines at 940 nm for the three different positions (i.e.,waveguide, damage filaments and bulk)
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Fig.6 Size of the propagation mode at 632 nm for single-line Type II Cr: Sapphire waveguide at different annealing

temperatures. Insets show the waveguide’s propagation mode at 632 nm at three different temperatures
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Fig.7 Laser—written waveguides in LiNbO; at a fixed pulse energy of 0.2 pnJ and different pulse widths.
(a) n. profile and (b) guided optical mode at a wavelength of 633 nm for a pulse duration of 220 fs (Type I);
(c¢) n. profile and (d) guided optical mode for a pulse duration of 1.1 ps (Type II)
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Fig.8 Proposed design of the four—line structure. Visble mode B of waveguide 1 (WG1) is overlapped with the IR mode C
of waveguide 2 (WG2) to achieve the guiding of both polarizations B+C (WG 1+2)
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Fig.9 Dependence between output laser power and absorbed pump power from (a) 50 pym and (b) 120 um for Nd: LGS

cladding waveguides
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Fig.10 11-GHz waveguide Nd: YAG laser CW mode-locked with graphene. (a) Trains of CW mode-locked pulses on two
different time scales; (b) radio—frequency spectrum; (c) optical spectrum, resolution of 0.01 nm

4.2 FFEMEIMRE R

A L i AR A AR B e A R B B AR AR OB = oh i T S R DR R ROR (AR PR R
AR AL AL TS BN E o X T RENEOE BS AR L MOt T A AR R IR I 2 TAR R TER FE L2
A1k B2 SEBLT K AE 400~790 nim i il A BOAE SO 0 X R i T T 2R R R B (U RE S S
— A IR 7 1) A DAL kg L RE % S92 B R T AR 62 DT ISE R T T 2 XU DG A A RE S 20 LA
i i 9 7 1) A AR, AT LA S R T oA 37 D JCRIAR 37 DE TRE 2 AP LA RO AP, I 2R R RO i = B S
S0 PR RE , 7645 i IR 77 1) T 220 8 8% S5 BAT 8% 14 S A% i, A A7 Y S B T AT — 5 AL B

TE K i FETOL B9 WA T, B S A5 SO B 42 18 42 45 LiNDbO, . KTP \PPKTP . BiBO 1 Nd: GACOB 4 JL ff
d A TS EL HR 0 T A IGE R S TR A VS BE AL A IS A B 4O, LIND O, A 1R I 280U RO 9 & 1 e
RO b i (49%)™, KTP i I 66 J2= 6 0 5 A 8 {E D) 3 b R (427 W)™ il i FEAE KTP iy i T A Y
I 2802 5 il 5 (0 A5 AT P R A B, T 2 WU B O I 5 ) APt e #2803 O T 2R 80208 0l 5 9 174, i W T 2

010001-10



53, 010001(2016) HMYSEMNYEBEIZFHE www.opticsjournal.net

A 26 45 0 FLAG MR S A R AT BT, X T 3 T o AR A DT AL R A A AR 40, PPLN g A T 28 X0
2R R I T B AR 58% , I (E 3 & g 59 W™, PPKTP 4 5 # R K Ol 47.4% , W 2h 2 Oy 252 W™, 55
Ah I 2T A K S Ot B 475 PPLN f A 11 28 X4k Ol G sz e

P SR SEATOG IR T, A A7 DT BC ML, B 58 4 7 PPKTP di A 1 28 R Bk v s B T kK
9 400 nm (4 S A AOE , BE R ACR 7 0.02% W - em 2™ 38 it X PPLN 4R T 28 8028 8056 IS 45 40 7 R 10
WESE R B, R 2 O H B AR 2 1 T 28 B R I 5 HL A L SRR 41 41 1 85 1 5 B o 48 5 7 A 0 1 g
ARG R 1 3x10° Weem 2 T2 7 6.5% W' -cm ™™, LA, BF 58 38 7E 78 PPKTP fh ik T 28 8gk iy
e rp S BT A WG Y AR B IR OR O 0.18% W em ™, JEF AR VL EC AL , Beecher % 7 BiBO fi
MUT‘?F'JFH]]I%@Ej‘ﬁ{ﬁ?ﬁ%ﬂE’\J@%ﬁﬁj‘ﬁ%?ﬁ%xﬂl%zmﬁ?H%Eﬁlﬁlﬂlﬁﬁﬁ”ﬁ'ﬁ?ﬁ%ﬂﬁ 50 1% (4 %
0.015% W47+ 3] 7 0.756% W, ik AR 8L T A 206 AL R AWtk fig . 534, Jia SR 7F BiBO fh A T2
£ )2 T S BT SR G B 7 A B A ASOR O 0.82%(0.98% W), 8] 11 24 BiBO i 744 2 0 e S 45 45 4
SRR A3 25 ' i 1 Ty 0 TR 280 % B B O T e Y AR AR

012l @ 0.10 035 o
° i B
0.10¢ = T 0.30 £
z 0.08 10.06 g
& 0.06} 8 025 2
o5 {0.04 = 38
0.04f <« . 020§
0.02} ™ g
0 e o w a 0 I S ST
20 40 60 80 100 120 0 50 100 150 200 250 300 350
P, /mW P, /mW
[51 11 BiBO diis PR )2 06 I 5 (a) 5 A ¢ S R () A5 A1 58 S Hi 4 ) 238 AR 2t 60 280 23 Bl B 01 5 ) 238 114 72 £k

Fig.11 SHG output power and conversion efficiency of (a) green and (b) violet light versus the CW

fundamental pump power of the cladding waveguides in BiB;0Os crystal
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Fig.12 (a) Optical microscope image of the cross section and measured near—field intensity distributions at 4 um of the
1x4 beam splitter in BGO; (b) simulated beam profile evolution for the 4 pm light propagating along beam splitter
XTI IR R OE S AR S M OO0 7 i s (02 S IS A8 mT LSS B = 4E 9§ 70 RN RE
13 4t 3N [) B 200 1 A B0 U2 S DS 1 245 TG A 14 = 25 3 0 S50 4 6 O 3 i Ay E‘Jmfrm

010001-11



53, 010001(2016) HMYSEMNYEBEIZFHE www.opticsjournal.net

P DL R A R P A S A P o R L R B, S i ) 8 e TR 8 i R A i o SR 41 LR i DR

(4

E113 32T A s A2 S RS A A5 L0 14 = 2R P50 S 85 o 4 1K D 3R &5 M il it
7S Tok PRT LA R 45 ey 79 i 14 A6 5 A ]

Fig.13 Schematic of the 3—element structure for 1x4 beam splitting in a Nd: YAG crystal by femtosecond laser microfabrication.

1x4 splitter

The insets illustrate the layouts of separate elements and the obtained beam profiles at the output ports
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