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Optical, Spectroscopic and Structural Properties of Yb*'-Doped Silica Glasses

WANG Fan', DONG Hehe', GUO Mengting', SHAO Chongyun', YU Chunlei'?, HU Lili"*
(1. Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, China;
2. Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences, Hangzhou 310024, China)

Abstract: Yb**-doped silica fiber is a key component of high power fiber laser and its core material is Yb**-doped silica glass. The
performance of Yb*"-doped silica fiber is closely related to the properties of core material. This paper reviews our research progress
on Yb**-doped silica glass co-doped with Al, P, F, B and Ce fabricated by a sol-gel method and subsequent high-temperature sintering
and effect of co-doping elements on the optical, spectroscopic and structural properties of Yb**-doped silica glass, to provide a
reference for optimizing the laser performance of Yb**-doped silica fiber. More researches should focus on the relationship between
properties of optical fiber and structure of Yb**-doped silica glass in the future.
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Fig. 1 Refractive index versus Yb, Al, P, AIPO,, B content (mole fraction x) and F/Si mass ratio
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Fig.2 (a) Absorption and (b) emission spectra of Yb*" in pure silica glass
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Table 1 Theoretical compositions (in mole x) of Yb/Al/B

co-doped silica glass x/%
Samples YbABO  YbAB2.5 YbAB20  YbAB40  YbABSO
Yb,03 0.1 0.10 0.1 0.1 0.1
ALO3 6.0 6.00 6.0 6.0 6.0
B,0; 0 0.25 2.0 4.0 8.0
Si0, 93.9 93.65 91.9 89.9 85.9

x is molar fraction.

TEMMEAEER. RPEE T ETREH Stark
Y ZLNEFERINE B A A8 eI o

BB T YO/AIGR'S YA), Yb/P(%
5 YP), Yo/AUP(%i'5 YAP)I:45 3 A RAI KIS A 5
BT O P B L 45 R AR A, B 4
IBEHE R INER 2 Fzn . AEBFER Y05 R FEH
BEAN 0.1%. EATRRISRA LTS B 5. YA 1
YAP RFIBFEIFIRICEVEL, T 974 nm, KIETIERN
T-976 nm. YP RFIBEE AN Kt 0 7 A7 T
975 nm A1 978 nm, % YA Fl YAP Z 5| BRI 3 16
AL, 15 YA RIVBFT, B ALO; SEEM, ]
WSCRR R it 1) S IR S 3 I Dk 35 R #a % . 75 YAP
RANBFEH, PIAL H/NT 1 ISR R G 5
P/AL L RT 1 HIBEEEA B B X 3l . /6 YP RA B I,
b P,Os SrEsbin, BEERIRISGE AR, HRE
SRR I RIS IS, I H RO IRIEEE

T~ —— YbABO vy
0.08 l —— YbAB2S
001 YbAB20 02}
0.06 —— YDbAB40 =
0.00 —— YbABS0 gz 0.1t
o .
= 880900 920 940 £ 1000 1020 1040 1060
£ 004} Fon—Fn 3 s —— YbABO
§ : _g sy,
2 3 Blue-shift ~ — YDPAB2S
Red-shift g — YbAB20
0.021 —= J z —— YbAB40
/A —— YbABS0
0.00 |- . 1 N 1 1 N 1 N 1 N 1 N 1 \
850 900 950 1 000 1050 1100 950 1000 1050 1100 1150
Wavelength/nm Wavelength/nm
(a) (b)
1 2.1F
% {175
0.8
= 1.8}
7 - H41.5 %]
2 06f £} * * * 0 g
E é 1.5k /Q_’ g
3 1. =896 nm 2 08 oo/o——"“’ 1125 8
5 041 2,=1030nm 2 | =
g 8 07 A -%- 0, at 975 nm | =
z YbABO | \ -A- 0, at1030 nm 1100
0.6
| A A A
02 1 1 05 1 n 1 1 1 n 1 075
0.0 0.5 1.0 1.5 0 2 4 6 8
Time/ms x(B,05)/%
(c) (d)
K4 Yb/AUB B AT YO B TR FI(b) I — R 61, (o) 5T iy T 05 1 22 DA K (d) R SORI & ST« 50k
# fr bt B,0, 7 &A1)

Fig. 4 (a) Absorption spectra, (b) normalized emission spectra, (c) fluorescence decay curves and (d) absorption and emission cross

sections and fluorescence lifetimes of Yb*" in Yb/Al/B co-doped silica glass versus B,O; conten
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Table 2 Theoretical compositions of Yb/Al, Yb/AI/P and Yb/P co-doped silica glass samples X/%
Samples YAO YA2 YA4 YA8 YAP1 YAP4 YAPS YP5 YP6 YP8 YP10 YP12
Yb,0; 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
ALOs 0 2.0 4.0 8.0 4.0 4.0 4.0
P,0s 1.0 4.0 8.0 5.0 6.0 8.0 10.0 12.0
SiO, 99.9 97.9 95.9 91.9 94.9 91.9 87.9 94.9 93.9 91.9 89.9 87.9
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Table 3 Theoretical compositions and tested contents in Yb/Al/Ce/F co-doped silica glass

Theoretical compositions

Tested contents

Samples

w(AD/% w(Yb)/% w(Ce)/% F/Si mass ratio w(AD/% w(Yb)/%  w(Ce)/% w(F)/%
YACFO 0.89 0.57 0.23 0 0.86 0.49 0.20 0.00
YACF2 0.89 0.57 0.23 2 0.77 0.49 0.19 0.44
YACF4 0.89 0.57 0.23 4 0.81 0.48 0.18 0.85
YACF8 0.89 0.57 0.23 8 0.82 0.49 0.18 1.10

w is mass fraction.

7c A F & &N Raman JEE 5200 . B
¥ F & 8EHiN, 7E Raman 6% 937 em™ AL H!
PRSIk Bh g, Hoom B #T g oR, g8 T
F—Si B (1 45 3R5h . b4k, Raman Y63 7€ 490 cm ™'
1606 cm ™ &b IR 5170 43 51 56 BT T PY G ER (D) Al
P = Jn (Do), EAITRREREE F & &R
piIpE St

Kl 7d A F & AR LD AMRI R 2 260 cm™!
PR o R — B EAIER YACFO #
i 2L MRS B 2615 S, R R o fide ke 2 A
Gauss g 1T FITIT, FHr Gauss WEITTRI A B Fr 48
IXANERS B Si—O—Si AR FRAN AR 3), & B

RN Si—O—Si A K/PIEL, BRI T
55 Si—O—Si B AT RIE L

K 7e A F S5 E 7d 1 Gauss 1§11
(1) D& A7 1 - v B8 )2 o AR HE Gauss UEETTTIY 04 Air
TEAMNMEBEEEERE TR THE Te. Tt 5
Gauss WEIITAJIEAL v Al BE, Al AR ¥ BA R 4 Ak
TR A

V=2 228.64+ (43 809.21/T;)

ME 7e TULE L, B F A BRI, 2 260 cm™!
i VAL [ B B 5, BB 2P SN, U
HIfE F S &N, Si—O0—Si “FHgmmeL, H
Si—O—Si B A KA VEEAS /N, 7R BB 7fFR



55 50 B5 4 3] T OB 55 BEAIIIERDL O M AR © 997 -

2
g
=
=
X
=
£
(=}
Z

== Ll N e

-80 —-100 —120 —140 —-160 —180 —200 —220

F Chemical shift
(a)

z
5
RS

1 1 1 1 1
200 400 600 800 1000 1200 1400
Raman shift/cm™!

(©

1 800 2259 1640
@ 12058
1700 F 163.5
\ 12257
1600} e 9 J22s6 1630
-7 22
12255 7 |
< -@- FWHM 2254 2
& Q S 1620
1400 F \Q 122383 & |7
12252 Je61s
1300 F %)
42251
9 161.0
1200 @ 12250
1 1 1 1 1 2249 J 605
0 2 4 6 8

F/Si mass ratio

(e)

1 =—— YACF8
AlY AV 2— YACF4
! 3 YACFO
[
z =
g
E
=l
S
=
£
o
Z
1 1 1 1 1 n 1
150 100 50 0 -50 -100
27Al Chemical shift
(b)
1.0
— YACFO
—— YACF4
6k T YACF8
8
g
=
S 04
£
<
0.2
0.0 !—‘vé‘
2500 2400 2300 2200 2100
Wavenumber/cm™
(d)
~0
a-quartz(144°)
Si
] a
7 . \‘\
: al o
S 4 v Y F-doping
: ]
= 1
~ I
! 2
1
120 130 140 150 160 170 180
Si—O—Si band angle/®

®

7 Yb/AUCe/F 3£ JEHE KI(a) °F Fi(b) Al i) MAS NMR i; (c) Raman Yl A1(d) ZLAMBYTIE; (e) HRFR ()R 2260 cm™
AR IV T A B A AR RS (T VERTAN 98 () Si—O—Si B /A i )
Fig. 7 (a) "°F and (b) *’Al MAS NMR spectra; (c) Raman spectra and (d) FTIR spectra; (¢) Fictive temperature (7), peak position
and FWHM determined by 2 260 cm™' band in (d); (f) Schematic illustration of Si—O—Si bond angle distribution!'™

Kl 8 J YACFS SIS it () — 4k HYSCORE 3.
AR I A%T 0 MIEF&RAwMERZ. £
HYSCORE 1% H, W% h S8 o, S5 4% IR et
E gy M NI Bo G IE L, B 0, =Boju/2m. 7E 450 mT

Wisn . AT 3.8. 5.0 F1 18.0 MHz Ab A FLHRIE 7 51
Xof S REAEAZ 2 Si( AR T2 Na=4.68%, 1% i I=1/2)+
TAINA=100% , 1=5/2) « “F(NA=100% , I=1/2)H]
Larmor #% . BT A (1) 3EARIEHES K HILE+ H SRR,



+ 998 (RERR Sh22 30

J Chin Ceram Soc, 2022, 50(4): 991-1005

2022 4

BBtk i BE W B3RS 28 1R IE .
X REERZ Sis TAL UF 5 YbT A ) ot
HLF R S5 R A AR . BDFTE i A S
Yo BT EERE. IS T YOE TR 2
FELERERIEEG~8 A). 1T YO 5 1 %2
ME A R, JRERTE O(NVA=0.038%,
I=5/2) 0 AR FEFE KA

2 YD 1544 () G 3 8 A0 SR B B ) HY SCORE
Werhr, ATLAWEER] 2 FhRAIM UF (55 —MER
HHRTE T A 26 XS LR (S 5 (5 A SR ABL), X
Yo' 5 FRAAE SR AR AR S — i e Bl
ekt f 2R X I — X LRI, EATTE 2R 5 A A
A H R AL IPE B AHSE . Basyspin FRAUIESE
EESRET YO 5 FRSRMAMIIEN, B
Yb—F . B8 ik M BXMES, FEH
PR AT R A2 A PR A R AR (1. 1%, TR 5D

RAELL F Raman 3. 20 4MRWGE . NMR A1k

RE?*" local structure
~ RE-O-Si
/ RE-O-Al

(a)

M EPR WU R, & 9a MK 9b 43514 H YACFO
1 YACFS B HAE f g5 M n B A

20
l‘)F
]
IS5+
T
S 10
< R
S| L Z7A1
0 . L . ! . ! .
0 5 10 15 20
o
27I/MHZ

8 F/Si AN 8 [ YO/AUCe/F S5 41 JE g BE 1Y) — 4k
HYSCORE "]
2D-HYSCORE spectrum of Yb/Al/Ce/F co-doped
silica glass with F/Si mass ratio of 8!!*)

Fig. 8

o
®:
=

>~

RE’* local structure
& RE-O-Si
"o RE-O-Al

RE-O-Si-F O =
/' Network structure
Interstitial Al"-V! Q-
- Al-O-Si linkage
% _ Si-F linkage
0 -
® O

(b)

K19 (a) YACFO Fi(b) YACFS BRFSKE Fh i 45 4w i )

Fig. 9 Schematic diagram of glass structure in YACF0 and YACFS glass samples

FAEHEFL T 900 CIil KX 4A1,05-0.1Yby05—
95.9S10, 4153 (1A I LE ) SRR st e, K
10a & T Z0AMEIE R AR E R M EdE, BEEIR K
TRV RE K, B 38 AR (BUARLTEL S P41, 2 260 em ™ 41404
Mk s N, HFHIX—asMgREER. B 10b
] Raman Yt 1% 45 B 2R bl 5 18 KON TR 284K, Bxs b
Tk 50T T DY ST 3R (D)) A= JC IR (D) 45 /4 00k b . 1
11 B NMR 45 BB RPEFETAEE 4. 5. 6 Ifuss,
I HIB KR 5 AL B A K. Bk, 900 C
IR K T2 5| Ak P T Y G BR A = 0 BA 45 1 1 sk
/b, NTTAEAFIE K5 Yoo B 7 R A B Bk - [
Yo B T R T T AR

VESCWHETT T 3R 4 B AN P/AL B YB/AL/P

[15]

B B(S AP)ILE IS5 e v i oe &Y. &
12 A WL P/AL BEJRELZET 1 BOFES AP3 AR, HELT
1 000~1 250 cm ' £z EILE AIPO, I ¥ Raman
. 4 P/AL EERT 1, 335 A Raman i 1 000~
1250 em™" 43 5 B S 06k 5, [RIES HE B T 1320 em!
f¥) P=0 %, B 13 45 1 T [ 5 P/ALLE Y 1 2508 Vb
BT U E I YO/AVP S58B40 BB RS (5 AY)I °Si,
7TAL PP I NMR i, LR EAIEE YO B ik
AL, TTLERRA PP I NMR U§ T8 RE
YO AN 2 192 Hz #9405 3 213 Hz, 3¢ H 14
Rtk AT R . RHIRRPER Yo B Tt
PR . W LUHEWT PPTALEE YO K

I8



55 50 B5 4 3] T OB 55 BEAIIIERDL O M AR © 999 -

2260 A 194
o o
: . 5
/ D, D,
9 o g 500 h
TE 2256 | ° —9- Peak position 193 z
8 AT 11300 g 400h
2 -X- FWHM O E
E = - 300 h
5 I \ | 3 200 h
£ 2252 \ . 11200192 :
4 x| /\_\_A 0h
2248 . - L L + - 1100.9] N 1 L 1 N I . 1 . 1 . 1
0 100 200 300 400 500 200 400 600 800 1000 1200 1400
Annealing time/h Raman shift/cm™!

(a) (b)

B 10 Yb/AL SIS A JE B8 b () AR AL . 2w . AR BE A (b) B 2 Y6 B 900 “C IR I A g AL 1)
Fig. 10 (a) Peak position and FWHM of the 2260 cm™' band in IR absorption and 7; and (b) Raman spectra of Yb/Al co-doped silica
glass versus annealing time at 900 ‘C['®

1145
/ 1320
Annealed L
for 500 h AP4
’ AP3

AP2
\/\Er-iiii

Intensity
Intensity

AP1

Silica glass
200 100 0 —-100 -200 300 600 900 1200 1500
Chemical shift Raman shift/cm™!
Bl 11 900 CIBKATJE Yb/Al FE45 4 96555 2T AL 1) Bl 12 NI P/ALBEZRELI YO/AVP S i e
MAS-NMR ! B9 Raman St 5!
Fig. 11 *’A1 MAS-NMR spectra for the pristine and annealed Fig. 12 Raman spectra of Yb/Al/P co-doped silica glass with

[16] [14]

Yb/Al co-doped silica glass different P/Al molar ratios

R4 AE P/AILLFIARE Yb 2 ER) Yb/AVP SR EIKBAEL 7 K
Table 4 Theoretical compositions in Yb/Al/P co-doped silica glass with different P/Al molar ratios and Yb content

x/%

Samples Mole ratio of P/Al
Yb,0; ALO; P,0s Sio,

AP AP1 0.1 4 0 95.9 0
AP2 0.1 4 1 94.9 0.25
AP3 0.1 4 4 91.9 1.00
AP4 0.1 4 6 89.9 1.50
AY AY1 0 4 4 92.0 1.00
AY2 0.1 4 4 91.95 1.00
AY3=AP3 0.1 4 4 91.9 1.00

AY4 0.2 4 4 91.8 1.00
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Table 5 Theoretical compositions and tested contents in Yb-doped and Yb/Al co-doped, Yb/P co-doped and Yb/Al/P co-doped

silica glass

Theoretical composition w/% Tested content w/%

Sample
Yb Al P Yb Al P Si
SY 0.29 0.00 0.00 0.26 0.00 0.00 99.74
SYA2 0.56 3.48 0.00 0.50 3.32 0.00 96.18
SYP 0.54 0.00 3.90 0.53 0.18 3.70 95.59
SYAP 0.50 3.15 7.23 0.49 3.17 6.80 89.54
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