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Abstract One of the primary development directions of future diode-pumped solid-state lasers is to realize the
"Three highs", namely, the laser output with high power, high efficiency, and high beam quality. However, the
thermal effects will degrade the performance of laser device severely. As one of the most promising gain medium
materials, laser ceramics have the advantages of strong continuous laser output, high thermal conductivity and high
concentration doping. Meanwhile, laser ceramics are easy to achieve large size, batch production and composite
structure sample preparation, while the gain medium with composite structure can effectively improve the thermal
effect of solid-state lasers. The fabrication of optical waveguide structure in laser ceramics can efficiently dissipate
heat, improve pumping efficiency and obtain compact laser system with high gain. This kind of ceramics will
hopefully solve the core problem of "Three highs" solid-state lasers. In this paper, the research development, the
design principle, the preparation techniques and the material properties of optical waveguide laser ceramics are
reviewed and introduced. In the end, the future research of optical waveguide laser ceramics is prospected and
analyzed.

Key words materials; solid-state laser; optical waveguide structure; laser ceramics; research development; future
prospect

OCIS codes 160.3380; 230.7370; 140.3390; 140.3480

H e SR JLAR SR, B 2 OE AT (LD) 12 T
1960 wﬁ%mum”‘équawwsm FUAZEE AT (Y AG) BOG 38 TR 19 125 3 % R L 5% FH ik
WP MOEH AR BB ESEM A TEE. T e SIS 54 [ A MO6 2SI T & 80%E B0

o . b BE T A U AnEOE BT OB HOE X

i BHEE: 2017-09-11; WM& FmBHEI: 2017-11-10
HEWE. BEESH AT H (2017YFB0310500) . [ % A SR Bl 2 £ 4 (61575212)
EE®EN . M A977—) B L s R BT S EEE IR %7 A #F5E . E-mail: lijiang@ mail.sic.ac.cn

030001-1



b, 5 INDGAT Hhis A BOG RS L RCR I
B4, R B a2 450 B g M L S
THAAP SRS RO T 590 E £ A, It
b e B AR A 1 A5 OGP A 42 40O s ds A ol
IS T T R AE R © RO O SUERHIE N 51 Y
TSI 2 —L0) Bl 2 X 3O B8 0 0 A B 4 9
NATTEE SR S 3 1y T 1A 0T 3 BB 4% S B0 i ) 38 L K
R DGR B RN B T, HEA BB RFEL .,
PO 25 v TS WO 4 S5 I RE o R L AR T
A% o o H 52 e 5 OG AR 0 i LR DR OO RE
R OGBS, I 3 TR RE 43 26 L A OT
B 35 A AR BOG BOC B S RO P R . %
4 [ AR O A5 T FH 3 25 A 0T 3 2O B AL AR,
TP e 2, RECOLARE & TR
U M ERE MR RG . BOCMEH T HARIFW
PAUPE RE# 1z N 1T {HZ 78 RSk By e, A%
4 AR ME 5 IR FLAE AT T2 BB FE . JE AR
s il THHOE M B R OGS B W R I AR T
BB R Y 2 TR Y R RIOCR O L R
%520 H . 1995 4F . H A R2E K Tkesue % 1 A
R F 58 1% M Nd: YAG B E L] T
1.06 pmAb AL Gk 28 Y0 By L2 Otk . B
WOGIE I A P RE UL 5 09 3 25 4 A2 B AL
2006 43¢ [F A1) 9 5L IR 1 58 52 55 % A H A 5 1k
N A R R AT #E W 2 8 Nd: YAG B &
(100 mm X 100 mm X 20 mm) , I 5 H P BOE 2%
B SR T 67 kW I B D RO H ik, 51k
THEPR B2 K, SO 5 B B % 1E s
Ky B [E R B 75 3 55 A B ) B 2Rk p o 2 —
) i 7 B RS O B P R AF T ARG . 2009
A EETER S A Nd: YAG P %0 46, 1 5 A
TE A ARRE T 105 kW BSOGH 1B, 7E [/ —
At 300, 96 D3k 15 2 F) 8 Nd: YAG B % A 2% 3 i
“ThinZag”#OL R G 100 kW BOLHH L EF T
Bt s AR T R RN BOEM B A E AR T
R . B M 2006 AF i ERF AR BE B RERR ER AE AT
Tl 2% 1 Nd = Y AG 30O B & 78 B P9 ey ok s 91 0% 22
ot B JE D O R g RS T E R R, 2013
AR b AR R EROF ST T A5 B9 KRS Nd: YAG B &
M 45 (120 mm X 50 mm X 3 mm) 2§ E B2 B 2 1k
PRSI RAUE, S T 1064 nm &b 4350 W(H 4
e e ED PIHOGH T EEROR Ty 43.6 %, 5 RIS
H SR AR SR OB T A Y b
PIRHIF N 5% 7 N AR 22 4 ik B Bl 5 13 ' 40 388 1) F 5 A

Bfs 7 HE KR, 45 Tm: YAGHY [ Ho: YAGH
LR Ers YAGM HOLB &%, B TR E 785
YAG BOLR & . B ET5Z 212 MO g e A
Yb: Y;ScAL Oy, (Yb: YSAG)! [ Ybt Lus Al; Oy,
(Yb: LuAG)!  Nd: SrF,"™ [ Yb: CaF, " 4, D)
WmEETFBREra Y HELWE Y0,
Se, O [ Lu, O, 88 30 35 B B % A b i A
AIBOE AT RE AN ELAT 5 30O B R 88 S5 O P
RE » 7 LA BE S B 5 W80 3 55 A LAY R RST i &
E B A U HOE B S B A R4 Y e iR LR fE
MBI R B 2 21 20 i B R R i 5
IO B Z — o BOEK & 25t B R R A
il £ 3k A v R AT LS AN () 41 43 AN TR ) e A R Y
ZiE HBOC RGO RIE T I 2 M A El, X
T E AT LU AR 2, 40 B2 i 063 5 0 0 3R
s AN A A R % W TINS R A PP =

H I i 2 A B0 & R R — A R R
OGS AE 77 A WO Y R I 23 7 A R a #A i, B 43
32 A B 4 A 5T RS T 2 DA A TR R
BB BO™ B O . BT AR B T AT I A8
PITF 4 57D 2 B E FRCRIT 1. B4
WOCERIEAE N, DRI A7 28 56 8 8 AT 0 42 3 R o ik
R BIEE TR 2) BRBOE TAEY Rz et 5
VAR A BB 0 i R 4R 5 BR AT 8 R A% 45 B TR
3) AEPC AL IR b A RE B R B A S iz i s O
T, AW e B = B A AE S AMRIZL AR X, B 45 1
BT A RE K R W B 3 O A RE e R A R
o 40 [EAHOE TAEY) BT E8 43 52 R S Sk
W, T AR R #ARE . 5 BLIRIE , py T [ 438 25 4 5
WA W B PE AR AR 0 AR S RE G 3R T AT R
B SR 09 T3 OB 15 3 25 A TR = D) RO
AR TS 7 A R IR R L 0 T A N
FIRNE AR B RN L IO 5 500 DA R A EGE
RO AL BRI T IOG A B SR TR RIS T O RO
BT o, 2] R B AR O £ BT IR

AR, A TR WO A I BRSO L F AN A
AHRIR Sk % 38 o BT A B A A G 25 R, B
FI A B 22 ] (8 A% 5 25 5 R A A, LR I R
RO X AR RO E R BT i iy 2 e, H A, K2 G 4
MBOLH & R EAEHEE A SR E A B
FEB A= [ Al e o0 BBk DL R - T U S A R
S5 AR 2 B S5 1 O B B DL 3 Bl Ok i
O T AR 03 ) BB RE T 5 76 AN 38 sl 85 /N A S )
T (A R S e VR B I B T A A A AR Ok i

030001-2



55, 030001(2018)

ANSHBIZFHRE

www.opticsjournal.net

BOLEHR B

TEA RS 6] 19 52 5 45 M BOG e & b L U S 450
WL % B K EUE AL (NA), 7T LR 4F b 2
SCAEAT S A R A D6 B A A4 B Lk A F 2 1) & X
BRI EOR = . BEA %S5 F B AR G ) A RE
J3 5 AT LA B B A S 80 i SR v A 8 AR L DRI RE 6%
A A5 e AR IO . PR, B S T DGR Ok
S0 B ORI R O s TR, PR TE T
OB T R — b L AR A 4 A O A G 1
T A A5 AL RT, BEF N ORI B DT
R0 B AR AU L R R EOE S
AP ERE R EREE FB ARG YVO,D
Y;AlLLO,",  KTiOPO, ( KTP )™/, YLIF,
(YLB)PY LK Gds Gas Oy, (GGGHP™ 45 Z R Ok
Pl & TR IR SE I T O . BT,
TG £3 BT Y 7 W B 32 3 7 B AL, o
FEXT YAG HEWOG & i BIF 58 55 R B, Bl A O AR
(b)

cladding (n,)

substrate (n,)

o P T O AR 9 K B XA [ Y I 5 5K L T
JekE g A Bt EmZ onfe. ehh . R EOLR
R A B R AR BN W R

2 PRGBS LA S 4 Hy 2R

21 RtESEREE

O I 1 D B R T S O K E A RO LR
T A B A1 R AT S RO A B BT RN
A A IS SR 2 A 4 RS Al vl B 5 8 3 A R
KIS T A H N 38 28 5k 22 Uk 4 B S AR 4 L i T
FUNA BN R B GBI . DAL Y TS
@A 1 s B W =R A R D IR
— MRy 5~200 pm, I HA n,, L EE)Z
AT R ny s TSR R TR RN o T fE
TP T AL <y <n,, HER)ZGH
JIEJEARHAR TR CRI 7y =y ) B Bk X6 P 18T 9 52
s <Tny<<n, W UFR AR X BRI

cladding (n,)

core (n,)

substrate (n,)

b

P COARXT AR T 3T Gro =m0 =m0 ) F1Ch) X B - T 3 19 47 239 3 1) T P Bt 2 HP Ol A% 4 7 T

Fig. 1 Geometry of (a) asymmetric planar waveguide (1, >n, >n;) and (b) symmetric

planar waveguide with its refractive index profile and a propagating light ray in its core
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Fig. 7 Four types of optical waveguide crystals fabricated by femtosecond laser writing technology
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Fig. 9 Three kinds of femtosecond laser direct writing technology. (a) Linear translation, transverse to the laser medium;

(b) helical movement, transverse to the laser medium; (c) helical movement, parallel to the laser medium
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Fig. 10 Microscope photos of type III waveguide with the diameter of 100 pm fabricated by (a) traditional method and
(b) end surface photos under low-pump level at 807 nm by helical movement method by using (c¢) traditional method and
(d) helical movement method; luminescent spot diagrams under low-pump level at 807 nm by using (e) traditional method

and (f) helical movement method
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Fig. 12 Schematic of double-clad spinel/ YAG/Nd: YAG/YAG/spinel double-clad planar waveguide and

guided modes at the lasing wavelength
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Fig. 13 (a) Physical photograph and (b) surface SEM micrograph of the ceramic casting tape; (c) physical photograph
and in-line transmittance of the planar waveguide YAG/Nd: YAG/YAG transparent ceramics; (d) schematic of the

single-pass YAG/Nd: YAG/YAG ceramic planar waveguide laser amplifier system
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Fig. 14 (a) Setup schematic, (b) output power under different output couplers and (c¢) beam quality factors under

different output powers of the ceramic planar waveguide laser. The inset in Fig. (c¢) shows the beam spot imaged by CCD
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Fig. 15 (a) Schematic of YAG/Yb: YAG/YAG ceramic waveguide laser setup; (b) average output power of

three-mirror laser cavity with different transmissivity (5% and 10%), the inset shows the mode profile
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Fig. 17 (a) Schematic of experimental setup, (b) output performance with different output mirrors,

(c) output spectrum of YAG/Tm:YAG/YAG ceramic planar waveguide laser
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Fig. 23 SEM micrograph of the surface of the YAG ceramic fiber with different surface state.

(a) After sintering; (b) after polishing

AT LA H P& G ET N IR 2 U 40 FE LR
T B oE e HA 45 T2 R AF O R i
IR A 3 T3 R RCR I B B G A O E H

F DAL T AR SOk b B A3 1 1 B 2 D
WOt M%@lﬂu%m,NdWAGﬁk%%lH%E
BT AR A 5 R L v, S T U R 5 R O B s A e )

RPOCA T HA B AE 09 0 AT 5. e Ah , D T 35
T RO ERE BT LUR L BR T T IEARK

RO E A SR T5 2 S L 2 5 PR 4 T L IE A
R B A B, 7 B AR A RO R SE - T

aS N IR UK R A W S R0 W N S
PO B 32 B s BOR R A

F 1 SCER RS B B R B S OE TR RE I B

Table 1  Summary of the properties of ceramic waveguide lasers obtained in the literatures
Continuous-wave laser property
Gain Fabrication Waveguide Working Pump Slope Max output Beam Rel
ef.
medium technology  configuration wavelength / threshold / efficiency / power / quality
pm mW % mW M?*
Nd: YAG C*" ion
i Channel 1.064 19.5 ~11 2.4 —  [63]
ceramics implantation
Nd: YAG  Swift C*" ion
. Channel 1.064 65 ~56 — — [65]
ceramics irradiation
Nd: YAG Femtosecond
. . Channel 1.064 68 60 80 —  [52]
ceramics laser writing
Yb: YAG Femtosecond
) . Channel 1.03 230 65 731 [68]
ceramics laser writing
Nd: YAG Femtosecond
. - Channel 1.064 121.6 ~44 181 —  [70]
ceramics laser writing
Tm:YAG  Femtosecond
. - Channel 1.985 100 27 56.2 —  [55]
ceramics laser writing
Yb: YAG Femtosecond Double-
1.03 392 62.9 80.2 — [57]
ceramics laser writing cladding
Nd: YAG Femtosecond
, N Ridge 1.064 ~64.9 42.5 46 —  [69]
ceramics laser writing
Nd: YAG Femtosecond Circular 43@1.06 pm; 3100@1.06 pm;
4 o _ 1.064,1.3 [73]
ceramics laser writing cladding 19@1.3 pm 1600@1.3 pm
Spinel/ YAG/Er: Double 56.6@1.645 pm;25400@1.645 pm;

AFB 1.645,1.617 — ~2.6 [74]
YAG/YAG/spinel cladding ~13@1.617 pm 8050@1.617 pm
Spinel/YAG/Er: Double

AFB 0.946 3000 54 105000 3.2X2.4[75]
YAG/YAG/spinel cladding planar

YAG/Nd: Tape
Planar 1.064 166 65 840 — [90]
YAG/YAG casting
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k1
Continuous-wave laser property
Gain Fabrication Waveguide Working Pump Slope Max output Beam Rel
ef.
medium technology  configuration wavelength / threshold / efficiency / power / quality
pm mW % mW M?*
YAG/Nd: Tape
] Planar 1.064 160 63 840 —  [89]
YAG/YAG casting
YAG/Yb: Tape
Planar 1.03 900 9 288 — [99]
LuAG/YAG casting
YAG/Tm: Tape
) Planar 2.013 — 3 173 — [97]
YAG/YAG casting
YAG/Ho: Tape
Planar 2.901-2.902 12.7 530 [98]
YAG/YAG casting
YAG/Ho: Tape
) Planar 2.901,2.902 ~2000 23.3 3920 — [98]
YAG/YAG casting
YAG/Yb: Tape
Planar 1.03 — 66 3020 — [93]
YAG/YAG casting
YAG/Nd: Tape 1.16-3.22
Planar 1.064 — 62.8 10400 [88]
YAG/YAG casting (y axis)
YAG/Nd: End-cap
Extrusion 1.064 — 23 ~11500 —  [101]
YAG/YAG type fiber
Er: YAG/SF57 Cladded
Extrusion ) 2.091 <500 7 701 [107]
glass fiber
Pulse laser property
Average
Gain Fabrication Waveguide Pump Slope . Beam
o output Pulse ~ Pulse Repetition . Ref.
medium  technology configuration threshold / efficiency / ] quality
power /  energy  width rate )
mW % M*
mW
Nd:YAG Femtosecond Double-
47 7.8 48 ~14 pJ 21 ns 3.65 MHz  — [59]
ceramics laser writing cladding
YAG/Nd: Tape
) Planar 110 41 265 221 n] 179 ns 930 kHz — [90]
YAG/YAG  casting
YAG/Yb: Tape
Planar — — 385 — 2.95 ps — 1.1X1.42 [93]
YAG/YAG casting
YAG/Nd: Tape
Planar — — — 327 mJ] 250 ps 100 Hz 2.6X7.0 [87]
YAG/YAG casting
YAG/Nd: Tape
] ] Planar — — — 238 m] — 100 Hz — [86]
YAG/YAG casting
YAG/Nd: Tape 3000 0.25 6.5 ns 10/20/
) Planar [88]
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