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Table 1

Mean composition of three series of Yb*" -doped silica glass samples

Molar fraction/ %

Yb*" -doped silica glass sample

Yb, O, Al, O, P,0O; SiO,
YA2 0.1 2 99.9
YA series YA4 0.1 4 95.9
YA16 0.1 16 83.9
YAPO. 25 0.1 4 1 94.9
YAP series YAP1 0.1 4 4 91.9
YAP2 0.1 4 8 87.9
YP8 0.1 8 91.9
YP series YP10 0.1 10 89.9
YP12 0.1 12 87.9
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Fig. 1 Preparation process of Yb*" -doped silica glass samples

ST L AR 224l () TEOS, YbCl, « 6H,0,
AICL, « 6H,0.H,PO, .C, H; OH i 3K {4 , 1] 4l 7k
R AEFEK N . A BTIKAR 4 76 30 C NIRA TR
PR T8 B34 50 (0 45 24 V5 I 5 SR 5 4 0 IS AE 200 ~
400 CHAIAH T BATIAL B, 7857 L BRIR B A

BLYIFIK 53 5 FE-AG P A5 T 88 ISR R 72 L 25 IR F I
W2 h IR 1600~1750 °C , 45 3 1% B He R B
38 5 o Je o M AR 8 3 U0 B O B 2 mom JEE 1) 3% 55 (R
F CHFS g2 -0 BE 25 200 mg 1) 3% B8 B K
T ERP iR,

1103001-2



E48% F 11 81/2021 &£ 6 A/HEHNL

2.2 MRKREFE

K ICAP 6300 I o R AR A& 5 B TR R T &
ST (ICP-AES) A & $8 22 #¢ it b ALLP #1 Yb
() B CRE A R ALY D 40 1 58 B 7% 5 B8 3 5
EARIE .1 P 4y & s i T P e s iR B 4h o B rp 5
R MIEAL T IS . WL TS R Perkin Elmer
Lambda 950 #1435 5 B2 ASCH 47 4, 35 < 3 [ Ry
190~1200 nm, HH#i 2K K 1 nm, % HHIERH
FLS920 # %% 3¢ ot % A F 47 W 38, R A o K K
896 nm MY GUTAE M A& OEIR, FHF LK 1 nm,

PEIERE S 1 21 A WO 35 R A Nicolet 6700 7
Fourier ST A Y638 A AT I 5 , 1% 6354 1 43 BF
1.0 cm 'L 32 k. Raman Y% % A Horiba
LabRAM HR Evolution %! Raman Yai54Y #4700 %8,
BB Bl R 200 ~1500 em ™', i & I K 9 633 nm,
FEf ) 2D-HYSCORE 3% 2k H i & Bruker 2% #] /9

(@) 0.10
3+
5]
5] * —YA2
a i ---YA4
§ 0.08 _§ */ ....... YA16
o
z 0
T 0.06F% /
~ *
(5}
% YA2 YA4 YAI6
£ 004}
i
Q
2 -
< 0.02}
0 N 2 -
850 900 950 1000 1050

Wavelength /nm

B2 YA RIS WO IS A58 3 4 P 203 S AR S 7E 1018 nim Ab A WG ACHR B2 R Ot 3 L

E580 kil EPR #600 #4700 8 MG IE Dy 4 K.
3 iR GiE

3.1 1018 nm i HERE DT

K 2Ca) . (b) 2 YA Z 5035 B AE 5 A ok i
DT A 40 51 R 1018 nm Kb W 638 1 %€
i i ARk, NI 2 Al LB B . B
AV BRWRE AW I, YA RIVFESFE 915 nm [}
I PR W AT R 0 1 BB B 2185 . 1018 nm AR IR IO 15 Y
S BE AT BT 4R Th A L LAl YA BE AL YAT6 FE 5L 1E
1018 nm b AW ISR FE B K. T 2(b) Hha] LU 3] .
BE#E AL B2k Y3, 1020 nm BFIT A9 2 6Tk 6
MRS, H 1018 nm Ab By 2858 B 2 30 F Rk 34,
YAZ FESHFE 1018 nm A2 6 R e K, X BT
T AT BREBIARKINE T YO @A Y,
Yb' D I YT SR RERR AR

(b) )Xlx_1:896 nm S N
5 S
—YA2 3
---YA4 % \\\\w
....... YA16 _g \
g .
ui |

Luminescence

.

950 1000 1050

1100 1150
Wavelength /nm

Ca) G

(b) B

Fig. 2 Absorption and fluorescence spectra of YA series samples, the insets are absorption and fluorescence intensities

at 1018 nm, respectively. (a) Absorption spectra; (b) fluorescence spectra
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Fig. 3 Absorption and fluorescence spectra of YAP series samples, the insets are absorption and fluorescence intensities

at 1018 nm, respectively. (a) Absorption spectra; (b) fluorescence spectra
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Fig. 4 Absorption and fluorescence spectra of YP series samples, the insets are absorption and fluorescence intensities

at 1018 nm, respectively. (a) Absorption spectra; (b) fluorescence spectra
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Fig. 5 Absorption and fluorescence spectral lines of YA2 glass sample (after Lorentz fitting). (a) Absorption spectral

line; (b) fluorescence spectral line

T2 PG T R RIEE S YD 1) Stark
BRAE RE i DL SR 58 BE S8 N AR R FR P o .
Yb' R IA g R E S N, iR AR
%jm]
N, =A,,/0.245, (D

ﬁl‘ft:sz y‘j%?ngwz E"J%j( Stark ﬁj\%ﬁﬁﬁﬂ/ﬂ

2y =

HEEL .
X FRIE o« BT R
a=(E,—E)/[E,—(E,+E;/2], 2
KH:E, (i=5.6.7)H i RRHRIAEE.

1103001-4



E48% F 11 81/2021 &£ 6 A/HEHNL

F 2 RERIVBEEREG T YD 1Y Stark BF e DAL AS R E S N, REAEXFR M o

Table 2 Yb*" Stark transition energies, scalar crystal-field parameters N, and asymmetry degree « in different series of

glass samples

Yb'* “doped silica Stark energy / em™"

glasses sample E. E, E. E, E, E, E, Ny ¢

YA2 11022 10793 10263 1021 632 447 0 4167 1.07

YA series Y A4 10990 10737 10266 996 618 433 0 4065 0.96
YA16 10968 10682 10273 906 575 381 0 3698 0.83

YAP0.25 11021 10773 10264 996 502 420 0 4060 1.01

YAP series  yAPI 10998 10750 10264 973 523 519 0 3971 0.98
YAP?2 10959 10499 10278 843 518 285 0 3440 0.39

YP8 10950 10538 10255 799 484 323 0 3261 0.52

YP series YP10 10938 10535 10254 774 490 328 0 3159 0.50
YP12 10935 10528 10258 769 505 331 0 3138 0.48
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Fig. 4 Normalized spectral intensity of three series of optimal samples at 1018 nm. (a) Absorption spectra;
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Fig. 7 Raman spectra of YA and YP series samples. (a) YA series samples; (b) YP series samples
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1000—1250 Stretching vibration of Si—O—Si, Si—O—P, P—O—P, P—O—AlI, and Si—O— Al

h T RENS M JE T RUBE b T RS 0 b g AT Y
(O TC A7 FRBE A AR YA FIYP R 5 KE & 17 8
B IR H B RE HE 3R (EPR AKO 8158, K& 8 & YA Al
YP FE A 7E 600 mT #4519 2D-HYSCORE K3 .
E 8Ca) H AT LU L 7 X 2k AT A S g,
WAy 50K 4.2 MHz F1 5.6 MHz, 4351 %F 1% Si Fl
TALTE 600 mT ®i¥g F By Larmor #i 3, X i B
YA2 B 5P B A RGE AR 22 Si A Al

JRF . B S fESREH B TTALFS . t—2
LA + B AR B AR B L, Yb O Si %
B Yb—O— Al #EZEMR AR T YD 1
VA ifp FEE 1 Sy 3o B A X B

Xt T YAP F 0 45 B85 BE 1M A U A 41 B i
SO S FEHF T YD /AT /P IR S B
2D-HYSCORE FiEm & 8. 245 P75 AT B9 i
M2 /N T 1B, 78 Ff B U AR Ak R E)

1103001-6



E48% F 11 81/2021 &£ 6 A/HEHNL

T PIEFMALFEFFES XR KIS Yb—O0—
SiEHW Yb—O—ALF Yb— O—P L M
MPH AP YRR Z R TET 1 R
W7 PIEFES . XRIRKI/T Yb—O—Si #il
Yb—O—Al 8 Yb— O— P & #5848, [7 0f 3%
B PR 7 XA+ B 7 R A AR BT R T AL

JE
Kl 8(b) & YPS B4y 2D-HYSCORE [&l4 , AT
LA h7E XA & B AU — A5 5 g, ik
8.6 MHz, Xt W* P 7 600 mT #:% F 1Y Larmor 3
A, UL 1 B AL AE R BT R b, B R R
Y Yb—O—Si E#E Yb—O— P EZEMR. 4
(a) 10

00 2 4 6 8 10
w1
o /MHz

PRI AR L BB S AL R, PR O
AT PO, DY A, o — A S LR, RS
(14 o5 — St B A HoAth 25 1, X A3 i DU S PR
SR TR AR A, YD 1R 418 i AR S B T
B35 A% b (AR AR MR AR 2 RIRE R T +
BT R A B i A X AR L SRR &5 R AT U4 YD
P ¥ ik J3E A A s L A SR 0

B 3R B T LUK B AN TR 48 4 R & s
Yb' MEA A B AN Yb-AL R R g Yb'
AT AR L M Yb-P KRR YL b T
"B ED. XEAFRRSE T YD #E
1018 nm &b i 435 P BE H B R 25 5 1 B B

(b) 10

8

6

0 0 2 4 6 8 10
w1
B /MHz

8 YA2 1 YP8 BEf i 2D-HYSCORE Yei% ., (a) YA2 BEd 5 (b) YPS FE 5
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Spectral Performance of Yb** -Doped Silica Fiber for 1018 nm
Tandem-Pumping Technology
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Wei Wei', Hu Lili®
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and Telecommunications, Nanjing, Jiangsu 210023, China;
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Abstract

Objective Compared with the traditional pump light source of 915 nm or 975 nm diode lasers, the 1018 nm Yb®" -
doped fiber laser (YDFL) with a tandem-pumping structure is a high-efficiency pump light source for high-power
lasers and offers the advantages of excellent beam quality, high brightness, and low quantum loss. However, the
output power of the 1018 nm YDFL is severely limited by the competition between the 1018 nm signal and the
amplified spontaneous emission (ASE) mode. Consequently, the efficiency of the 1018 nm fiber laser is significantly
lower than the theoretical efficiency of the system, which is mainly attributed to the selection of the gain fiber. The
absorption and fluorescence intensity of the traditional Yb*" -doped silica fiber at 1018 nm are weak, which reduces
the overall conversion efficiency of the laser system and limits the further development of 1018 nm tandem-pumping
technology. To improve the overall conversion efficiency of the laser system, two key materials—Yb®" -doped silica
fiber generating 1018 nm laser light using 976 nm laser diode (LD) pumping and another Yb*" -doped silica fiber for
absorbing the 1018 nm pump light—must be optimized urgently. For the former, the fluorescence at 1018 nm must
be increased, whereas for the latter, the absorption at 1018 nm must be increased. Therefore, improving the
absorption and fluorescence of Yb*" ions at 1018 nm by introducing codopants into the Yb’" -doped silica glass to
change the coordination environment of Yb*" ions is the key to improving the overall conversion efficiency of tandem-
pumped silica-based YDFL systems.

Methods Herein, Yb-Al (YA) double-doped, Yb-Al-P (YAP) triple-doped, and Yb-P (YP) double-doped silica
glasses were prepared using the sol-gel method combined with nanopowder sintering technology. The influence of Al
and P codoping on the spectral characteristics of 1018 nm silica glass was systematically studied. By analyzing the
difference in the Stark energy level splitting of Yb®" ions for different doping systems of silica glass, the influence of
different codoping on the 1018 nm spectral performance was explained. Moreover, Raman spectroscopy and ultralow
temperature (4 K) electron paramagnetic resonance (EPR) spectroscopy were combined to explore the influencing
mechanism from the perspectives of glass structures and rare earth ion coordination environments.

Results and Discussions Currently, the spectral properties of the Yb*' -doped multicomponent glass have been
extensively studied; however, the spectral properties of the Yb’' -doped silica glass at 1018 nm have rarely been
reported. Here, the change rule of the spectral characteristics of silica glass at 1018 nm in three codoped systems of
YA, YAP, and YP (Fig. 2, Fig. 3, and Fig. 4, respectively) were systematically studied. Furthermore, the reasons
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for the influence of different codoping on the 1018 nm fluorescence were explained based on the difference in the
Stark energy level splitting of Yb*" ions (Table 2). Additionally, by comparing the normalized spectral properties of
the best samples in different doping systems, the absorption and fluorescence intensities of the YP series at 1018 nm
were found to be better than those of the YA and YAP series (Fig. 6). Moreover, Raman spectroscopy and ultralow
temperature electron paramagnetic resonance spectroscopy were combined to prove the influence of Yb**
microenvironments on the spectral performance (Fig. 7 and Fig. 8).

Conclusions In the Yb’" -doped silica glass system, increasing the doping content of AI’* induced the red shift of
the absorption subpeak near 915 nm and enhanced the absorption at 1018 nm. Increasing the doping concentration of
P°" /AI’" decreased the overall optical performance, which was significantly reduced when the molar ratio of P°" to
AP’* >1. Increasing the P°" -ion doping content induced the blue shift of the fluorescence subpeak near 1030 nm.
When the P°" -ion doping concentration (molar fraction) was 8%, the fluorescence subpeak blue shifted to 1018 nm.
Moreover, the absorption and fluorescence intensities of Yb’" ions at 1018 nm decreased as the P°'-ion doping
content further increased. By comparing the normalized spectra of the best samples from different series, the
normalized fluorescence intensity of YP series at 1018 nm was significantly better than those of the other two series.
In the YA series, rare earth ions were in an “Al-rich” environment and Yb—O—Si connections were gradually
replaced by Yb—O-—AI connections. In the YAP series, most Yb—O—Si connections were replaced by Yb—0—Al
and Yb—O—P connections when the molar ratio of P°" to A’ <{1, while most Yb—0O—Si and Yb—O—AI
connections were replaced by Yb—O—P connections when the molar ratio of P°" to A’ =>1. This indicates that the
encapsulation of P°* by rare earth ions was better than that of AI*", i.e., the solubility of P°" in rare earth ions was
greater than that of A

I’ . In the YP series, rare earth ions were in a “P-rich” environment and most Yb—0O—Si
connections were replaced by Yb—O—P connections. This is because the coordination environment of Yb*" ions in
the codoping silica glass systems of YA, YAP, and YP was completely different, resulting in different spectral

characteristics of Yb*" in these three systems at 1018 nm.

Key words materials; Yb®' -doped silica glass; 1018 nm tandem pumping; spectral performance; rare earth ion
local environment
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