| E 48 %5 F£ 24 H1/2021 £ 12 B/ E L

W T BB Si0, fER A Fh 2 ot B b

afFET, MR EE FAE BEAT
RN B T RERE . A B 350108
R 2 B THATIE A SO 362000

WE ZEP BB EHEEOCE AR — 5. SRk B R (WGMs) B A #85 SC A RN | ol 389 1w 10 4
AR THITRZ MBS UM IS . 620 AR AL A6 I, hr 2 19 75 R 7t 0K, A1 Ol o ¥ B - BE I R A SIO, Tk
JERE BT LT YD RESEE T 2o DU Z W0k 3R 00 7 2 i 8 0 2%, 3RS B (R G Lk R
T AL B EEOE., X T 976 nm SEHEBE T SIO, MERIE S B YO 5 YB 2ot B T R AR
1295 nm FHE = 2% BB RS HOL R EVME Zr' BT BAWERTE 10%, =B 3 8 & B8 8o/ 3 8 A
129.47 mW FERZ 15. 70 mW, F 2 BOC ORI T T 3. 09 A% A AH IR 0 D 3 N AR 3 1 B OR =2 0k
EEWE BOGHR: /SIS Ak mARE T FEaE T BMER 2O

FESES 0437 XHfARER A doi: 10.3788/CJL202148.2401001

1 5 &

0 Br 2 O S — T A IR O S 8 25 4 5
7 TR S 7 A FE O L 1 A O AR A T A
PRl A7 S BICSE T 7= A J RS (R i B O B S . 2 T
SHAHE RO KW —FEE TR, MYIRE
JEE S U5 S L2 0 A T T AR Y 2 B 2 O g
PR A — B DA SRR 1Y 32 R 2 A O K
DA™ J5 141022 0T B O [0 Bl 9 2 L 3R A5 2k B 4 75 1
WK WO, AR A A PR R
YVO O™ AR £ (4n PBMO, )™ 4 4 5% B 38 61
RE L Y SRS TR B AR T R B P AT
VE A 52 5 St (186 25 W4 RE 7 5 2 3 6 3 mh T B T
77 A 7 U B A R O L AT L S 3R A Ok Fir
SR, RIS A Wk P S Ook l, W Nd
GdVO,"  Nd: PbWO,"" | ZnWO,"" %5, 1 B B
S KTA Wik 5 Nd* « YAG R IESE W T
A[7E1106. 08~1116. 62 nm A% ZL 835 09 [ % & $i
BROL . T EES Y H T R T ZaWO, /Nd:
YAG W2 Ot IF 848 1177, 6 nm 1 — B i 46
T O R 1318, 3 nm (9 B 57 4E B0

B, OB ST T YD YAG/Cr' r YAG/
YAG ##G fh A B 30 Q 345578, 56 nm L
i, HMCE RS EOGRECD T RO R R TT
T A BOE B8 A28 K S BRI D T B N I FE L 12
BT OGS AR WA R AR E .

T AR AR % T K T OB B A AU PR
T B AR A5 B R T CAT ik 10%), 6 I 78 H b L
B 1% 5 o B i — B B B R BL (
30047 \E RE R B (Y 1 GW/cem?) 1Y 8] 35 BE 5
(WGM), T 8 73z i T & 6l ¥y 38 5 0 H oF 58
UL BT B A IR (O A Ok Ok
TRU R B 22 BB B O AR L R A IR
PRI A4 g . Vahala BT HRGE TR R A
) SiO, O HIE B, FE R WK 1561 nm 4b 3R
BTk 2.5X107 B Q fH  FEA U1 % 640 pW 1Y
10U T 3453 1679 nm MY H0 2 #0% s R A HE BRI & &
G5 I\ FIE RS 56 5 7 IO T S A2 B = B Y
I {1 R33eS00 QL 8 R A RS 5 1
B B 1 437 2 B0 (0 5% i R TR QM SiO,
fHERFE 980 nm Bt 3T 3K 45 . By S 6 7 2 W, e
FEREZE 1231 nm"7

i EEE: 2021-02-21; EEIHHE. 2021-04-11; RABH . 2021-05-24
E&TH. \EARHTH H (2020Y4005) . &M HiRBHE R I H (2020-GX-14) . I #RE1H %2 56 %= 5 H (2021ZR141D)
#E{E1E4& . “huangyantang@fzu. edu. cn; *tingdi_liao@ qztc. edu. cn

2401001-1



E 485 £ 24 H/2021 £ 12 A/FEH®

] B, % AR B B 22 AR Y B R P
JEIN G, WA S A T OR AR A 808 nm
MHOLEEA A N BT3B E Q E SO, Mk,
BOR AT 1080~ 1097 nm I B 345 BOE Ak K
9 1120~1143 nm — K% B Z WP S W6, FHm
PO, TE I AN 29 4 R ik B T B AW
SiO, B2, s Ti Y  Ze T N T A, —
7 T PR - A A 23R 1 i i 1 S B 2 L 59 — T
A A B 45 4% 00 J5E 2 AT 5 SR 1 1T B SR T X [l JER
B B AL BT R B 3G 0. 3 P )y T 17 3 [
RO B T B I S1O, ok s 1 2 350 10 {1 R 48 58 B3
s B L B O O Y O P RE IE i .

Sk B R 2 O S AR S G T I T
X AL RE ORI YB'T -2t ks 2 o ik I
5% 56 T ik s 1) B & 2 O B R AR BUR —
HHEAT A TS AEYEIW 1.2~1.3 pm
W BEBOE s o — R R 7 AR AR A Ok = Ok
Rt R £ PR S %,

2 REARFEH

2.1 MHMEAEESHESERRY

LRSI = B AR S 2 M AR KRR B L
FAEBE I B 44T B A% 11 B BH B - 1 B Ak %
HHEBE T38R0S A H RS,
L 4 3 o s D O R T SI0, A ZeO,
84 Ak 36 AT LAIE 55 2R 56 14 Wk Ak 38 B He 2 48 R ik
fE D SiO, B A9 7E 500 em ' F1 1000 cm !
Ab 5 7% AN AR [R] ) 7 2 mi 7 W 43 AR 2 25 iy
*ﬁfﬁn%ﬂwﬁiﬁ%ﬁ%@iﬁ A500 I A1000, $i &
WA X Z BB A A500/A1000 1E
K. FESIO, W B A Zr TR 2 Si—O g
PRI RZ 0 O TCF B LA 43 A o AT 52 1 58 gl A5 =
FE s =X 0 i 8T, 3 K Si0, BREZ 1 A500/
A1000 FOAH 5 B0H fb 5 B R RL 2 1 25 B[] 3
R R R A AR S 2 55 T g AT LAROR
ﬂ\j“g'“ 33]

ey

47" Mc* ( d'c )
gr =

hwswpns \Owdd

KM R FEEE; c RESHROGHE; Tir S
P 5350 3 s AR SO O s s M wp 23501 52
FE 50 0 06 F1 A OO0 R s g S TR A BT A7 S

300 LB A o SR SR

(AT IR o FISE AR O 5 A5 5

o
d'c _8(5) 1 90
dwd 20  Awon’
o Aw JE AR, B X ST R A e
A3 58 SCN B AR BV A B Fe e ook FaE s
FE GG T Y H M
86 7N§
o0 N,°
NHFiEESHBBERIE E Z KRR
A

(2

3

2
N:k

0@

Xk PR RN DT B 0 AT HR.

~|E(w) |7, ¢))

CINCIF-WIFCR
2k 2k ,

- ‘E(w%)‘z 57‘ES‘_
aiih/lows _ HoWs (5)
o0 2k, 2kp

|E(wp) |° ~|Ep \
h,UoCUP /lowP
Hrdt s ot 5 A6 2 = bR O A
dES73' .
- kcx |E, |’Es, (6)
3iw?
Eg—EgoeXp [k :| (7)

B =B A3 X A3 A S 2R kAR R XY
=X iy YR AL WU AR X fEN TR
L 245 X I AR A 25 8 o g R ) S8 46 v B Ot 3 )
3 fifk Ry R A 8 ) SR iR R A A 3T 174 3fe AR

E.=

3i 3w? ,
(” Cgmmyﬁ,

Es.exp Xi |Epl|® z)exp(
(8)
2 2 6603 )
Es|* =Eloexp(= 250 Bl z) . (®)
<
Eééj<1)‘<2>\(5>‘<9)4c71b‘

4kgn2Nc'2EZOexp( X |Ep|*= )

gr —

Tk p Awwsn s ‘E ‘ :
(10

HT CLO) AT T, 5 SR Fr S 25 8 O 2 Dl 335 i 8 4
gt o (EA AL A I BE 3 o 2 0 2 X
2.2 WENESHE

AR I 02 B P, 198 2R

BnZ[fVm

APARgRQZ '
A p e 5 ML AT 5 ORI 5 83 2 80M SC 10

Plh: (11)

2401001-2



% 48 % % 24 H9/2021 £ 12 /R E

Bsm o SEA AT RV, S A A A SRR,
X e K MP 23K . HaD T,
A B AL 4B 22 BN e 0 BL 2 B H 1 I, {E g
R M BE N g WML RV, 8 W/ B E
FFH W e e B K R B YL kB
Yb'-Zr' B TR IR AR R R . B YD -
Zr' B TR R — i JE A B A Ak R 46 fr
SR g WK —HEB 2 1 SO, 2
Pr o256 n . B, SR )23 1 BT G 6 110 2 8 R
4 WGM S 4 dige Hoh B L2y 7 WGM #7543
A 07 20, 45 ot 3 B2 b B AR B/ ol 2 R S A
S T WGM TR, #4047 Fl T BRI
P2 O BE A R F A R B2 s A

3 BBkl o B S ER A B I

3.1 FEKThREEEH SRR EE
R FH b v 38 A5 VG 47 22 PR VR T 2 5 TR AS AT KM
om R R G £F P B AR R B B ST RO £ R R

the actual effect of fiber-microsphere coupling

charge coupled
976 nm semiconductor laser device

el AT A SiO, ek £ . 36 A A FR B K &
P Yb(NO,), «5H,0.,Zr(NO,), «5H,0 4 5I{EH
Yb' L Ze' B AR R R 0 &
Yb'-Ze T B A B A RE R L R IR AR Bk
FE SiO, Ao Bk 2 B8 V5 -8 10 IS, I Ji5 o) i Hl A
TR KA Fil A 2 1 2 30 Y M o L R v A ek
JE Q M., B2 Yb' B 7 B (BE IR 3 B0 [l 2
N AV MR 2o B TR AR B 0%
5% .10% , SCEGAIE ] =R B 2 B b Ze' T B T A
W 102 CHR MR SR 2 B F KT 10%
I, %8 A 7% B [ Ak I FLAT i v 0 B2 34 25 L PR Gk
H5B AW E 0% B LR T H 8K

SCEREE WA 1 iR 976 nm T RO
A A R, G DU 6 £F 5 BBk A DA
BN I G R A A B Bk N 2 T AR [ R
B, HE G 2F 55 R 00 B A 3 o = 4 R A A L O
R CCD Wi . 6 27 50 5t s 32 A6 3% 43
L COSA, 600~ 1700 nm) , M3 13 BR % 5 & i 1y

e .

computer

optical spectrum
analyzer (600-1700 nm)

3D-adjustment device

Bl S BRI

Fig. 1 Schematic diagram of experimental setup

Apsg =A, — A, =

3.2 WRBESSE N
HEB 1 IO B KRB (ASED
L T BLAES ST (01 BB A0 2 R % 0 22
ST R BB 2 10 ORI 3R R WO 0 0 11 o
15— SO XY R BOR 10— 4 WGM, i
SR 1/ A 0 R R 09 o 2 0 K
A 1 it B A 0 865 0 o O 1
0t R IS L R KRR

2rn R 2mn R 2mn R N Al 12

v v+1 v+ NZTETZSR, (12
AZ

n, L (13)

A, Ay SEAHAB Y IR K s R ORI 1
. EAAYTHRR SR A S H AR
ety Wik JE TR AR AL e/ T 20 452 B B

2401001-3



% 48 % % 24 H9/2021 £ 12 /R E

Power /uW
I
o
S
I

0
1525 1535 1545 15656 1565 1575
Wavelength /mm
Kl 2 LA 1550 nm ASE JG I8 S 22 1 IR HE L 2T #8451
TR 41 I A

Fig. 2 Resonance absorption spectra of microspheres
coupled out of tapered fiber with 1550 nm ASE
light source as pump source
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Self-Stimulated Raman Laser Enhancement of Yb**-Zr'* Co-Doped
Microspheres

Huang Yantang', Lin Sheng', Liu Jingping', Xu Canxua, Liao Tingdi®
' College of Physics and Information Engineering, Fuzhow University, Fuzhow, Fujian 350116, China;

* Research Center for Photonic Technology, Quanzhouw Normal University, Quanzhow, Fujian 362000, China

Abstract

Objective Stimulated Raman scattering is an important method to extend the wavelength of the laser. The self-
stimulated Raman laser is a phenomenon of the pump wavelength to excite the ions of the rare-earth-doped laser gain
media and generate the fundamental mode, single-frequency laser, which then generates the stimulated Raman
scattering laser. The self-stimulated Raman laser reduces the optical elements in the cavity, yielding a compact laser
to reduce the optical loss, and improve the performance and efficiency of the laser. Due to the high-quality factor
(Q, up to 10°) of the whispering gallery mode (WGM), the silica microcavity has been widely used in the study of
nonlinear optical phenomena. The first-order self-Raman laser for Nd®* doped SiO, microspheres with high Q-value
has been reported. To enhance the self-Raman laser, the silica microspheres were coated with Yb*" -Zr'" doped silica
film using the sol-gel and immersion method. The 976 nm pump laser was coupled with a tapered optical fiber to form
a highpower density WGM in the inner surface of the microspheres. The results provide a reference for the
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preparation of materials with a high efficiency self-stimulated Raman laser, allowing the laser to operate at 1.2—
1.3 pm wavelength band which can be used in the second near-infrared window.

Methods After removing the coating layer of the standard single mode fiber, the single mode fiber was heated using
an alcohol lamp to form the tapered fiber. The end of the tapered fiber was fused with the electrode discharge arc and
formed into Si0, microspheres with handles for operation. The Yb’" Zr'" doped silica was prepared by the sol-gel
method with the Yb®" concentration of 4%, and the doping concentrations of Zr'" were 0%, 5%, 10%, and 15%.
The optimal doping concentration of Zr'® was 10%. The sol-gel film was deposited on the surface of SiO,
microspheres via the immersion-lifting method. After drying, the film was melted using the electrode discharge arc
to improve the Q-value of the coated microspheres. A 976 nm semiconductor laser was used as the pump source.
Next, the pump light was coupled into the inner surface of the microsphere equator to form WGM by the tapered
optical fiber. The coupling position between the tapered optical fiber and the microsphere was controlled by a three-
dimensional adjusting frame and monitored by a charge-coupled device microscope. The output end of the tapered
fiber was connected to an optical spectral analyzer (OSA, 600-1700 nm) to measure the transmission spectrum of the
microspheres (Fig. 1). The basic frequency laser and self-Raman laser of Yb*' -doped and Yb’' -Zr'" co-doped
microspheres were measured using this setup by gradually increasing the pump power.

Results and Discussions The Yb®' -doped microsphere and Yb*'-Zr'" co-doped microsphere have the same
diameter of 68 pm with the function film thickness of 0.5 pm. Under the 976 nm excited laser with the power of
18.5 dBm, the self-stimulated Raman scattering spectra can be observed. Three orders of the cascade self-stimulated
Raman laser were obtained; the wavelength of the third-order self-Raman laser can reach up to 1295 nm (Fig. 4).
Alternatively, the Yb’'-doped microsphere obtained three cascade self-Raman lasers with the pump power of
24.3 dBm, which verified that Zr doping can enhance the self-stimulated Raman laser. Thus, the laser conversion
efficiency and the threshold of the third-order self-Raman laser can be achieved (Fig. 6). The 10% doping
concentration of Zr'" makes the third-order self-Raman laser threshold only 12% of the Yb-doped microsphere, and
the conversion efficiency is 3.09 times of Yb*" -doped, which attributes to the improvement of the high polarization
of the silica bond by Zr'" doping, thereby increasing the phonon vibration and Raman gain coefficient of the silica.
According to the results, the Raman gain coefficient of the microsphere material with and without Zr'" doping is
estimated and then compared; the results show that the Yb*" 4% mol/Zr'" 10% mol doped silica increases the
Raman gain factor by 18.966 times compared to the Yb*" 4% mol doped silica.

Conclusions In this study, the phenomenon of the self-stimulated Raman laser enhancement is investigated using a
high Q-value microsphere cavity coupled with a tapered optical fiber. The SiO, microspheres were coated with Yb*"
or Yb*' /Zr'" doped SiO, thin films via the sol-gel adhesive coating method. Theoretical analysis shows that the Zr'"
ion doped films can increase the susceptibility of the rare-earth-doped gain media and increase the Raman gain factor
as well as increase the film’s refractive index to result in gathering WGMSs, thereby reducing the mode volume and
increasing the power density of the WGM. Both effects can reduce the Raman laser threshold and improve the
efficiency of the self-stimulated Raman laser. When compared with the Yb’" -doped silica microsphere, the
experimental results show that the silica microsphere with co-doping concentration of 4% mol Yb*" /10 mol% Zr'"
increases the Raman gain coefficient by 19 times, the slope efficiency of the third-order self-stimulated Raman laser
increases by 3. 09 times, and the third-order self-stimulated wavelength extends to 1295 nm. The enhancement
effect of the self-stimulated Raman laser of the Yb’"/Zr'" co-doped silica microspheres is consistent with the
theoretical analysis.

Key words laser technique; microspherical cavity; whispering gallery mode; ultra-high-quality factor; Raman
gain; self-stimulated Raman
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