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B B RABARRABRAHNE T EMREERIFERBIET L AE 1123 nm 4693 L iafR
B, VEA AT, B A4 & T MoS, e fe Bk . 4 5K & 44 K % F= MoS, 1E A tafe Bk, I T
Pk KA 1123 nm #9 Nd: YAG #8498 Q 545, /£ MoS, AlafeBOkmeyifl QS P, 4%
WHESy 6.81 W B, 52 69 K34k 2 £ 4 208 mW, mAIRF 5 E A 412 ns, m Kk £ H &
J 233 kHz, E2HAE ABFTORMKRG A QLR T, YR EHEN 6.04 W BF, 17369 T KT
o E A 221 mW, sALIRF 5T A 253 ns, RAMRFT £ R4 326 kHz, 5 MoS, A Q B9 £k
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T E2MARRAL LIRS P A fe O R E X
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1 123 nm passively Q-switched Nd: YAG laser based on gold nanocages

and MoS, saturable absorbers

Zhang Bin', Li Ying? Liu Binghai'

(1. School of Information Science and Engineering, Shandong University, Jinan 250100, China;

2. Shandong Traffic Technician College, Linyi 276021, China)

Abstract: Gold nanocages (GNCs) were successfully prepared by seed-mediated method and its nonlinear
saturated absorption characteristic at 1123 nm was verified for the first time. As a comparison, a MoS, saturated
absorber was prepared. Based on GNCs and MoS, as saturable absorber (SA), respectively, passively Q-switched
Nd: YAG lasers at 1 123 nm were demonstrated. When Q-switched laser with MoS, as SA, Q-switched pulse with
the shortest pulse duration of 412 ns and maximum pulse repetition rate of 233 kHz was achieved under the pump
power of 6.81 W with the maximum average output power of 208 mW. When Q-switched laser with GNCs as SA,
Q-switched pulse with the shortest pulse duration of 253 ns and maximum pulse repetition rate of 326 kHz was
achieved under the pump power of 6.04 W with the maximum average output power of 221 mW. Compared with
the experimental results of MoS, Q-switched laser, the gold nanocage Q-switched laser has higher output power
and efficiency, narrower pulse width and higher repetition rate. These results indicate a great potential of the
GNCs film as SA in the near-infrared region.
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il AR AR AR, R H AT 512 1 [ A
WOEA . B SE EZE T 946 nm. 1 064 nm
A1 319 nm K A ROEEE B, 11123 nm BIOE &
PR — AT ERIKT . 1123 nm #OLES TTE RS
b B e S AT SO AR 0 SR R A Ok, T
I A AR A 561 nm [ B RO, EARETE R FIRYT
A0 UG AN 4 LAt A U EL AR T S0 i AR
{E™. 1978 4 J. Marling 5% — K Al H Nd:YAG ff 4 7=
AT 1123 nm EOER. 2009 4 S. S. Zhang %5 A F
I NA:YAG B & A R4 5540 BT, 20 1k ik oy 4%
710.8 W Y 1123 nm #ZL3HOEAFY. 2010 4F C. Y. Li
S N SR T 229 7 =X, [RAE T Nd:YAG B % 1E R
B 5T, 8 1123 nm 7 S OG0 5 T
PE T 2193 WL FE 1123 nm i Q HOL#S )y T
2004 4F Y. F. Chen 5 N B UCR O CIRHI 7 XS0 8 T
1123 nm £3hH Q Nd:YAG #OE#F, 2011 4F Y. Tang
S GBI B4 R, SEBL T 1123 nm S RCR G
4 Q Nd:YAG P & WOLHF, YR m ik 34.2%,
BRI RZIREN T 39.1%,

Bl IH Q BRI T B AT S50 7 B . A
IRHE . BOR R A, ENLIN T, i AR
TR SRR B Tz i R S A R i i
(SA) 1 J 1k sh I8 Q ot i S i, HL vk RE B 452 )
WG s Bk b B B . BoAToh Lk, B4 B
1 123 nm % BeO a8 R SR B B CrYAG,
InGaAs i FBF . £ 850 FRIZIRAPIKE | &9k =
. WS, S8 AR SR S A AR A ORE R AR
B PEPR A B B % R e R R 0 ] AT
BRSO EEREW S| TR 205 5 R, AN
JE— AR SA MR, AN — AN EEAER, &
KB (GNPs) T HA MR S S E R+ RiE
AT 4 W AL T 2 R R B = B IR R AR R S v T
R, I CAE LR IR SE T HAE N SA MRHIE R
WHe AR, 90K YRS e
1A RSE R AR DA G, TR It 5 2 T IR J7 (6 1
AR B AT PEREN, 2016 4F, H. N. Zhang %5 A\l i
T &Yk XUHE (GNBPs) A SA A 4 [ 45 4% 35 18 Q i
Jas, fF 11 pm P B ST K SE 8k 396 ns, A

[l

2 90.6 kHz 1 ik o i, 3845 09 e KBk o g £
1.67 W U, 2017 4, T. Song %5 \ ¥4 4: 41K & (GNRs)
YEN SA, Wit T84T 7E 1 064.3 nm A1 1 112 nm XL
KB 3 Q Nd:YAG BOGHS, ARA5 Y 55 KB ik b g
354 0.337 uJ (1 064 nm) A1 1.18 wI(1 112 nm), iIE
BT GNRs 7E 1.1 um 3 Be/E N SA M RE 7110, [R]4F
J. X. Bai ¢ A\HiRIE T2 T 499k =/ I (GNTs) 94
WAZFTAE 1064 nm A1 1123 nm B3 K 1 Nd:YAG
PEshif Q FMABOLSS, 76 1 123 nm P BeoE a8 v, 51
T bk vh S5 N 231 ns, H A RN 457 kHz (1) ik
R R A Y d R B K v RE &= 43 i R 0.706 W
(1064 nm) F10.376 uJ (1123 nm) ", 2018 4 L. L. Wang
NI T 290Kk BE G Z Lk (GNCs/Si0,)
T AT SR I SCEL T 1 064.3 nm (1) Nd:YVO, #5114
Q FAHOLAS, AT MY 5 Kk v g 5k 0.538 I,
FE 3K 26 4 9K AR, 42 9K 58 (GNCs) LALLM AR 1
L RR R 7 BRI DG, BT T IR G B E T B
WSO A T AR K, RIS R T 5 s AR Al e AR
FLAG 0 R R R AR & 0 43 405 R, PR e Rl 7
1o DRI OGRS SRR E I ik o s o RIS,
1L BAE GNCs 9 RUF R4 ek JEE 2 AT LAAR 28 306 Mok 20
T 3 17 45 B AR LR (LSPR) 1 M AT UL 3 3 1) 0T 41
AKX,

SCHUB D& T 4 AR ZE R iR (GNCs-SA)
JEE IRAE N YAG BOGER 5 uE T HAE 1123 nm &b
() 3E 2 M WOBCREPE , 7 R T E, TRIRE 4 T MoS, 1
FIW AR (MoS,-SA) B HI T [al — M EOLE o fe
E AR 12% MEOEES T, DL GNCshy SA B, 78
RFEHIH 6.04 W T, 15 2 e KOV 25t D1 %k
221 mW, fix %8 ik #h 58 B b 253 ns., B R 326 kHz
Bk, LA MoS, b SA I, 7R KA TR 6.81 W
T, A5 BT 2 ROl 208 mW A ik of BE
&0 412 ns, B AN 233 kHz 1k

1 SR IERFIIRE R E & 5 RAE

S50 v E A R I R SN A e KRB, B
56 F 22 Ok WU AR 40 K 37 07 RS W, B 50 mL 1 &
¥ ((CH,OH),) fi1 0.6 mL ¥ &}y 3 mM &% S AL 5
(NaHS) £ B3 WO A BB 7E 0 vk o
PE 150 °C, B FE I 40 B JE M 5 mL Ve B oy
3mM [JERER (HCI) %A 12.5 mL ¥ J% >~ 20 mg/mL
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15 AR ML BEFR (PVP, 43 it 2924 58 000) £ —
BEA . RSN 2 min J5, A 4 mL ik E
9282 mM Y = Fi L FRAR (CLAgFS0,) & IR, i
S $E 90 min J&, FHNER (CH;COCH,) ¥E % — Ik, #
Al 7K PR PR R AR 2 T RN R S T IRIE I, Hom R
T W MBE (TEM) SR E 1) BiR . 3 F okt &
VAR A A K 98, SEd% 100 mL ¥R N 1 mg/mL
) PVP & FEA IR E T 5 — et Jf ik 2 100 C,
ZIE A 2 mL W 8 G (R BR 400 K ST 5 IR W, e
10 min &, F 3 4% L) 2 mL/min B9 3% 3 13 A 20 mL
WM 0.1 mM S &8 (HAuCL,) W, FRIR AR
o0 ROV R H B =R, RF R E A 1 mL
Z K (NH;-H,0) LABR 2 Sy 7= A i AR AR (AgCl),
Ja ZRB A KU =K E, TR H0E) 5 mL 198
gl K RS F T & 1) GNCs 3, & 1(b) & GNCs
) TEM B4 . FIA IS5 2 N as | S BEZ AL
(57 7 R, (R RSE IS A 22 57, a3 b3, R RAEE
A 62.53 nm. F £ b -IT 24140 436 6 1 (U4100,
185~3 300 nm) M £ GNCs ¥ i A9 W WOE 3% 4 P 1(c)
i, AT LA HR 1] SPR A T 0] WG B, 9\ ]

o
w

0 1 1 1 1 1 1 1
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Wavelength/nm

1 (a) 2 pm Hf RO B K 3277 PR A TEM 1A% (b) 0.1 pm FE A
R &9PKIER TEM BUE; (c) SR IE RO RS

Fig.l (a) TEM images of the silver nanocubes with a scale bar of
2.0 um; (b) TEM image of the GNCs with a scale bar of 0.1 pm;

(c) Absorption spectrum of the GNCs

SPR U {E A T 1.06 pm, [ i 7 35 2 7 52 56 fr FH 19
1123 nm P,

¥ GNCs ISR E R KO B b, e = i
T HSRRT, Wt #EE =K, GNCs-SA {8 il % 58 A -
S5 e AT FH 19 Mo, [ RE SR N T o 78 1 7 =Xl &
i MoS,-SA M. A Bl e B0 ik st 2O %, R
TFAL Z F1 4 #7512 I GNCs 76 A [7] 658 F 1Y 5
i R H R AN E 2 TR . AR B By = A x
exp (—x/t,) + Yol AT B HE LG T 15 GNCs-SA 19 il IR
BE Ay AV AT 658 £ 5390028 5.3% F1 1.1 mW/em®,
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Fig.2 Nonlinear optical properties of the as-prepared GNCs SA

? THRAERSITE

LB T — 7 2 B Nd:YAG #0638 K i 58
GNCs-SA Fll MoS,-SA 11 1 F1 0 Wi 1, 55 56 %¢ &
wmE 3PN o IR R O MR, ER R
25 mm, ZEIH JECR 808 nm MG EF RN A Ot T
(LD, NA=0.22, d.,,=400 um) 3 ¢ #% , & i Ot i i
L1 A R G REFIEOG IR R AL .
20 1.000 mm 97 ML /E A B A8 (M), 45 i — ]
PEAT X 808 nm Y B AT 1 020~1 130 nm f 75 2 JIEE
(R>99.8%). Nd™#B7 M iE 1y 1 at.% Y Nd&:YAG &
Ve Sy 38 25 A 5, HIBAR A D4x10 mm® A R LA, Fiik
49 9 A4 S TR 2409 A % 808 nm T 1 123 nm 4 44 35 i,
ZANTE AL S TP, Il A K R Gl I
IRAHERFTE 20 °Co K 554719 GNCs-SA Fll MoS,-SA
R RNT BEAE S B A My, X 1123 nm ot
R 12% BT T B (M2) VE R4 th i, IR T
Bij 1k Nd:YAG @& 1A B 1T 3% 28 v H A 3t 4 09 i 4k
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M2 %5 T 95 0 2 4% 45 % 946 nm, 1 064 nm 1 1.3 ym
(1) 14 335 i (T>98%). ¥ 6 # 11 Ha HH )y 3 o % 3k
(Molectron, EPM10) F1 Zjj % 1} (Molectron, EPM2000)
B2 A #5470, 1 GHz InGaAs 8 U #§ (New Focus)
BT RIS (Infiniiom DSO90804A, 8 GHz bandwidth,
40 G samples/s) 21 A FH H & ik o (%) B SR, ik
I3 H AL (Yokogawa, AQ6315A, 350~1 750 nm) Il £ 34
SR A T

5, LR T MA SA B Nd:YAG #0Ot
PR SLs R L B R, R IR DR T 1
TR AN A 4(a) FTos . AT HEOE RS BUE DR R

g
o

(2)

|1 1 123 nm

J
11201 1221 1241 1261 1281 130]
N Wayelengthnm

Average output power/W
(=}

1 2 3 4 5 6 7 8
Pump power/W

2.06 W, Bl & A5 DR 34 &, b DR MG K ot
I ROR R 24.9%. Hin OGS an & 4(a) 46 B H TR,
FULER R 1123 nm, SEE0H A W 2 H A R A

M2
Coupling systerm Nd: P41 A
‘ ‘  MoS,SA
Mi (GNCs-SA)

[ 3 GYRTE (MoSy) JIRFIIIARR Nd: YAG #3hiH Q UL sE
Bk
Fig.3 Schematic of diode-pumped GNCs-SA (MoS,) Q-switched

Nd:YAG laser
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Fig.4 Output power characteristics versus pump power of the (a) CW and (b) Q-switched Nd:YAG lasers. Inset of (a): Emission spectrum

B J5 53 51K MoS,-SA Al GNCs-SA #fi A B R 15
HF ST Nd:YAG #3h8 Q Ot il i R, 41 4(b)
ot RS P R AR SR E . S MoS, 1E
TRLFI I AR B, I Q O AR B BI(E T 273 W,
A Foe K Tk 208 mW, I A A R A
6.81 W, Xof i 1Y Y G 5% 4 38 3 ARG 53301 R 3% AN
5.1%. 1 24 GNCs 1E R MW ISR, 38 Q BOG#R
HN 2.61 W, ZEIH TR iL 5] 6.04 W i KA 55 K
T2 221 mW, AH R 9 6 6 7 e 35 30 R R 43 31 K
3.6% 1 6.4%. H TARAMFI ARSI T B R
FE, BT AR Q WO s AR ER T3 SOt # 1Y B (E D) e 7t
1o ROR A BE Z W8 /0N o T A4 7 e R R A X L ke
%, GNCs-SA HH# T MoS,-SA B IR H AL, HACK
AN EES A R T

1A Q VOt Tk b v ok b i RN AT R A
TR A A B RS TR o T PR TR

SA BB, Ik i v BE 47 Bl 2 5 3 2 5 0 1 KT B
17 ik i 52 A6 K, A G IR I B S Q RRAE . Y
MoS, 15 A 1L RSO B, B 2 21 3 DA 3.08 W 3
hng) 6.81 W, ik #h 58 B 1 971 ns W /N E 412 ns, 1 5
5% 85 kHz Hm# 233 kHz, ZEIHINHRAS] 6.81 W
B, 75 145 S A Jik ol 55 B A 412 ns, e K Rkonh L E R
N 233 kHz, JH I (1% Bk nfripe JE LBk o P 510 40 141 6(a)
7R o MG FRAS 14 5 R BRI v BB 5 O 0.892 wl, B
FE(E TR N 2,12 W i 24 GNCs 1 A 1 AT i A
W, B AL DI 2.97 W I E] 6.04 W, ik i JiF
M 623 ns il /N E] 253 ns, 17 H 5 #EH 138 kHz 3 /i |
326 kHz. ZEIHIFEE] 6.04 W I, 15 2 fe 4 19 ik op
i B O 253 ns, Fe KBk E 52 %0 326 kHz, I 5
Sk b I R A0 bk R S A L 6(b) B R o AR N
5.79 W I, ZRAG A S R BRI i BE 20 0.723 pl, YA
ANy 6.04 W I, AT 14 45 =5 WA T %8 h 2.68 W,
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Fig.6 Single pulse profiles and pulse trains of (a) MoS,-SA and (b)
GNCs-SA Q-switched Nd:YAG lasers
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