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[ is pumping, II is cross-relaxation; III is radiation and multiphonon

relaxation; IV is fluorescence capture effect (resorption); V is
upconversion.
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Fig. 1 Er** energy level diagram
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Tablel Growth processparametersof GGG and LuUGG crystals

Crucible . . Cooling rate Annealing
Growth 5 . Seed Rotation Pulling . .
Crystal Pressure/MPa TI'C inner . . _ . during cooling
atmosphere . X orientation rate/(r-min~) rate/(mm-h™) e I
dimension/mm shouldering/("C-h™)  rate/("C-h™)
GGG  98% N,+2% O, 0.04 1800 #55%30 12-20 15-2.0 6-15 12-25
LUuGG 98%N,+2% 0, 0.04 >1500 #55%30 5-15 05-1.2 3-10 10-35

(a) 30% Er:GGG

(b) 10% Er/ 0.17% Pr:GGG

(c) 20% Er:LuGG
2 SRR R A
Fig.2 Grown crystals by Czochralski method
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Fig. 3 Spectraof Er: GGG crystals with different doping concentration at room temperature
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Fig. 4 Spectraof Er/ Pr: GGG crystals at room temperature

A 4c 7] LAE i, S5HE Er 575 & K E K GGG
FAALEL, SEBAN PR, T g g
TR, Y, BERFF A B4R 5, b, 10% Er,
0.17% Pr: GGG ik 7E 2704 nm [ & 5t AT N
13.74x107% em?, XK BE L #5 fv y 0.38ms, 30%
Er, 0.5% Pr: GGG fi&fE 2704 nm (1) 54T N
18.62x107%° cm?, X MiffIRELR AN 0.054 ms; H
Kl ad~& 4f T L, 3595 P, Er GGG &R
CLANR ST IER, A R AT LA R SN,
ZL4h bR e 7 i LU AR SE LB % (10% Er, 0.17%
Pr:GGG /AN 1.226, 30% Er, 0.5% Pr: GGG ik
N 2.348), £HIFB/DE PROE R TSI Er GGG
L AN, I 4g T, SEA B RIS S A
) 1 e B R S e L T AR e K R 4T A

TG 1) 5 B AR AL DL KT B e 4 F i AR Ak, HEI 7R
Er: GGG Al Er, Pr: GGG & 14 Fp A7 1 i RE A% 0 4%
BEEA.: YA 965 nm KGR G, Erf RS
g WG RS BT BOR A Y oL, Lt
RS VLA AR 1w RS AR AT DL B
KA W (luwetphoton—*Fyp) B # 2 X st
(ot Frpt ) KT & Fop BELL, A JEAE
Fopp BELR L ORI HUB B T4 % “Syn BESL, *San BEDR
LR R T BRI B RS A LR
Ho(*Syo—1s)s B AR N B TR 2 R AELR,
bt i I Sgo— gy BRIT P2 A L0 60 B RO, X
R e BAL I AR ST HE Yy REZ IR T 5L, 00
Hil AL AN s A, LA R RN 2L K
SHERY], A0 EE N fe R AR TR E Mg



FS3LER 12 A s

Er* i 1) GdsGasOr, Al LusGasOr, HALAMEO i A I A K il 5 Bk TEAE

* 3451 -

REZL P A2 2.7 pm ITh 2885, Bl Y1as AELR
FHIRLFERIE 2SR ST 1.5 um M 0498t .
Ah, Mg BE LB ORD T OE A AR ORI
(“l1ziz+photon—“*Sy) R IT & *Syp RESL, X IR T oft
AN HT. 43t Pr¥E, Er GGG Sk 4 sb
RS LA ST UL K b e R e ek s, o3
F BRI SR ZL AN R Haan BEGRAN Y13 BELR
e AT, B AT S Er R PrRYIEALE ot Ha—
150+ Ga(ETL) RE B AL IR, ETL VAR T “yup BE

Forts2s Nae—"1azr Nazo— 1 BRE B IR,
i) TN RS AN, BRI ST RNE LA K
S 5 B OUA5 R ORI L R 2 A0 S R O I

Y13 RERFF M BRI KT Yl e, BB LS
Pk BE SN B T A5 A LA PO EE BB ik
N BER GG K T N BER G, HIMLAT &0, Er*
PR AT Yz Hao 15+ Fy (ET2)RER AL
BEERAR, ET2 4675 g BT H PO FE, FTHE T
Er**vh 2L AN I AR08, 6745 T RESRL T

NN s 4 4 4 4 Y N o S
R LEWRETHG Mletphoton—"Fre, “lupt “lup—  BOTUR S SCHRE:, XA R THLsMotm it .
2.0 30 000 25000
z £25000] 220000+
g 1.5} g 5
3 < 20 000~ =
k= = = 15000+ .
g é 15 000 - § 7(*l;,,)=0.7 ms
g L 3 510000+
5 $ 10000~ o
B8 ) )
<05 2 5000- 2 5000
0 : 0
300 500 700 900 1100130015001700 2500 2600 2700 2800 2900 3000 0 2 4 6 8§ 10 12
Wavelength/nm Wavelength/nm Time/ms
(a) Absorption spectra (b) Mid-infrared fluorescence spectra (©) “1112 level emission decay curves
350 000
.. 18000
2 300000 - E
‘B =]
£ 250000 216000
= =
> 200 000 - §
Q
= o 14 000 F
% 150 000 - % 7(411%/2)=10 ms
‘g 100 000 - g 12 000
£ 50000t WL =
0 J’\J 10 000
S & 88 S °>° 0 20 40 60 80
9N NANONIN N Time/ms
Wavelength/nm

(d) NIR fluorescence spectra

(e) 41132 level emission decay curves

K5 %ET Er: LUGG ki eit
Fig.5 Spectraof Er: Lu GGG crystals at room temperature
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Fig. 6 Mid-infrared pulsed laser operation in xenon lamp pumped Er,Pr:GGG crystal
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K Er: LUGG §E4& LL 967 nm ZE i A A& 5 Hi 1R 9
(2o abue e, AR W 7 0 AL AN O A
Er: GGG ¢ Er: LUGG i W 4041 1 RE 4 75 i LA JL
ETFRe R AN T ERTB IR R
RS E R A /E L NS 7 L R SRA N o
SR, Pro* 5 2% Ja AT LUR 25 5 (845 B R B Zki T %
s, [ Er, Pr: GGG g m fe#km . HHrsh i
ST DA K B RE R A tb (KT Er, Pr
Lu,O3 fi1 Er, Pr: CaF, i A, X Ui 8 Er, Pr: GGG &
AR — R S 1 P LD AN EOE A, ARSI Er
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2 ErVELISMNEER AL ERERILL
Table2 Comparison of spectral performance of Er® mid-infrared laser crystals

Absorption cross section

Emission cross section

Crystal 102Y o FWHM/nm 102 Jor? luims  (Ylaa)ms  t(*luwa)lr(*lizz)  Reference
Er: GGG 2.75@965nm 12.00 13@2704nm 0.450 3.390 0.132 Thiswork
Er, Pr: GGG 5.13@965nm 15.00 18.62@2704nm 0.054 0.023 2.348
Er: LUGG 4.33@967 nm 9.50 3.21@2706nm 0.700 10.000 0.070
Er: LUSGG 2.42@966 nm 1 4.34@2794nm 1.75 4.64 0.377 [44]
Er: SGGG 4.29@962 nm 19 3.16@2724nm 0.836 3.443 0.243 [45]
Er: CalaGa0; 1.91@969 nm 26 1.79@2702nm 0.77 8.41 0.091 [46]
Er: LuScO; 2.26@973nm 403 1.29@2715nm 0.92 9.33 0.098 [47]
Er: GAdScOs 3.77@980nm 195 0.93@2720nm 2.24 457 0.49 [48]
Er: Y,0s 1.83@971nm 20.3 1.41@2723nm 2.95 17.57 0.168 [49]
Er: Lu,O; 1.45@981 nm 21.7 2.47@2772nm 1.62 4.02 0.403 [50]
Er, Pr: Lu,Os 1.82@982nm 21.56 0.529@2735nm 1.05 171 0.614 [51]
Er: SIF, 1.74@971nm 19.42 0.65@2727nm 7.43 10.03 0.741 [52]
Er: CaF, 2.3@967nm 22 0.67@2727nm 459 8.46 0.543 [53]
Er, Pr: CaF, 1.7@980nm 24 0.50@2727 nm 4,67 6.33 0.738 [54]
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KINRAP AN ESLY, X TRF Er 8755
WRE LU Pr 851344850 Er SOGH B R, ot
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AT R PR AR, bR A AE T LY L
HE, REFEREANEES, 535854
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o

ARG TR LD

7 LD il iMoot s B on i E
Fig. 7 Schematic diagram of the LD pumped laser experimenta
setup
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(a) Laser output power of 36% Er: GGG
and 50% Er: GGG crystals

(b) Laser spot size of 36% Er: GGG
and 50% Er: GGG crystals

(c) Laser output power of bonded
GGG/ Er: GGG crystals
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Fig. 8 Continuous-wave mid-infrared laser operation in LD-pumped Er: GGG crystal, GGG/Er: GGG bonded crystal, and Er, Pr:
GGG crysta
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Table3 Comparison of performance of about 3pm Erbium CW laser
Gain Media Laser threshold/W Output power/W Slope efficiency/% Reference
Er:GGG <03 0.325 16.15 Thiswork
GGG/Er: GGG <0.3 0.453 17.10
Er/ Pr: GGG <0.3 0.372 15.20
Er:LuSGG 0.242 0.789 26.0 [44]
Er:'SGGG ~0.5 0.164 132 [45]
Er: YSGG >6 184 1.2 [55]
Er: YGG >90 7.25 5.74 [56]
LuYSGG/Er: LuYSGG <1 1.266 24.3 [57]
Er: YAP >1 0.739 101 [58]
Er:.LUYAP ~0.2 0.817 17.3 [59]
Er:GYAP >20 457 224 [60]
Er:CaF, <1 2.848 26.3 [61]
Er, Pr:CaF, 0.268 0.264 15.8 [54]
Er:SrF, 0.175 0.758 287 [62]
Er: LuOs >2 23 29 [63]
Er:Y,03 >10 14 26 [64]
Er:LuScOs 0.56 0.326 11.3 [47]
Er:GdScOs 2.4 0.863 11.25 [48]
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Fig. 9 Graphene-based passively Q-switched laser with GGG/11.1% Er, 0.4% Pr:GGG/ GGG bonded composite crystal
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(8) Schematic diagram of the Q-switched Er: LUGG laser
with Bi,Tes/ graphene SA mirror
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Fig. 10 Bi,Tes/graphene-based passively Q-switched laser with Er: LUGG crystal
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Table4 Comparison of the performance of about 3 pm all-solid-state Q-switched laser swith two-dimensional materials

Saturable absorber Gain media Average output power/mw Pulse width/ns Peak power/W Reference
Graphene GGG/Er, Pr: GGG/ GGG 186 360 4.28 Thiswork Thiswork
Bi,Tey/Graphene Er: LUGG 274 340 5.97
MoS, Er: Lu,Os 1030 335 238 [65]

BP Er: Y03 6 4470 011 [66]
BP Er: Lu,Os 755 359 19.7 [67]
Graphene Er: CaF, 172 1324 2.07 [68]
ReS, Er: StF, 580 508 238 [69]
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Growth, Spectra, and Laser Performance of Er*-Activated GdsGasO1. and L usGasO1
Mid-Infrared Laser Crystals

ZHENG Longxing™?, ZHU Zhaojie', YOU Zhenyu®, WANG Yan!, TU Chaoyang*
(1. State Key Laboratory of Functional Crystals and Devices, Fujian Institute of Research on the Structure of Matter, Chinese
Academy of Sciences, Fuzhou 350002, China; 2. University of Chinese Academy of Sciences, Beijing 100039, Ching; 3. Institute of
Photonic Technology, Quanzhou Normal University, Quanzhou 362000, Fujian, China)

Extended Abstract

Introduction Mid-infrared (MIR) lasers operating within a spectral region of 2.7-3.0 um have a significant importance in
applications such as laser surgery and remote sensing. Trivalent erbium (Er3* ) ions are among the most efficient activators for MIR
lasers, leveraging the #l11,—113, transition. Nevertheless, the realization of high-power and efficient laser output is often hindered
due to the self-terminating effect and substantial thermal loading in Er®*-doped gain medium. This study was to investigate the
high-performance Er**-doped Gd;GasO1, (GGG) and LuyGasO;, (LUGG) laser crystals with the low phonon energy and high thermal
conductivity.

Methods High—quality single crystals of Er: GGG, Er/ Pr: GGG, and Er: LuGG were grown by the Czochralski method in an
optimized atmosphere (i.e., 98% N, + 2% O,) with iridium crucibles and (111)-oriented seeds. Raw materials underwent multi-step
sintering to guarantee the phase purity. Comprehensive spectroscopic analysis was conducted on the polished samples. The
room-temperature absorption spectra were determined by a model Lambda 900 spectrophotometer. The fluorescence spectra at the
mid-infrared (MIR: 2500-3000 nm), near—infrared (NIR: 950-1750 nm) and upconversion (UC: 500-700 nm) bands were measured
under 965/967 nm excitation by an optical parametric oscillator (OPO) or a xenon lamp using models FLS920 and FSP920
fluorescence spectrometers. The fluorescence decay curves for the e and iz energy levels were recorded to determine the
fluorescence lifetime. The laser performance was assessed under two pumping schemes (i.e., a xenon lamp and a 965 nm
fiber-coupled laser diode (LD)). The crystals were fabricated into laser gain media of various sizes and doping profiles, including a
bonded configuration (undoped GGG/ 56% Er: GGG) to aleviate thermal lensing. The continuous-wave (CW) performance was
evaluated via input—output power curves, slope efficiency, laser threshold, and beam quality factor (M?). The passive Q-switching was
implemented with two-dimensional materials (i.e., graphene and a Bi,Tey/graphene heterostructure) as saturable absorbers. The main
pulsed laser metrics (i.e., pulse train profile, average output power, pulse width, repetition rate, and peak power) were systematically
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determined.

Results and Discussion The as-grown crystals display a high optical quality with intense and broad absorption bands centered at
965 nm. The 30% Er, 0.5% Pr: GGG composition has a notably high absorption cross-section of 5.13x107%* cm? and a full width at
half maximum (FWHM) of 15 nm, indicating a superior spectral overlap with commercial 980 nm InGaAs laser diodes and enabling
efficient pump coupling. The incorporation of Pr** ions can enhance the MIR fluorescence emission based on a cross-relaxation
energy transfer mechanism, i.e., *l1z» (Er*") + 3Hy (Pr**) — Y15 (Er*) + °F, (Pr**). This process effectively depopulates the lower
laser level (“l3), leading to a reversal of the intrinsic lifetime ratio between metastable states. Specifically, aratio of (*l1y2)/z(*l132)
of 2.348 appears in the sample 30% Er, 0.5% Pr:GGG, which is critical for overcoming the self-termination barrier in Er®* -based
~3um lasers.

Under 965 nm LD pumping, a CW laser emission at 2.75um is attained. The 56% Er: GGG crystal has a maximum output power
of 325 mW with a slope efficiency of 16.15%. The bonded GGG/ 56% Er: GGG structure improves the thermal management,
increasing the maximum power to 453 mW and the slope efficiency to 17.1%, while also improving beam quality (i.e., M? reduces
from 1.68 to 1.48). The Er/ Pr: GGG crystal (11% Er, 0.4% Pr) shows a superior thermal performance, reaching 372 mW output and a
higher damage threshold, due to the lower Er** concentration and efficient energy transfer.

The passive Q-switching with graphene and BiTes/graphene absorbers produce impressive pulsed outcomes. The
graphene-based Q-switched bonded GGG/Er, Pr: GGG/GGG crystal has a maximum average power of 186 mW, a pulse width of
360 ns, and a repetition rate of 120.5 kHz, corresponding to a pulse energy of 1.54 uJ and a peak power exceeding 4.28 W. The
Bi,Tes/graphene Q-switched Er: LUGG laser can deliver a higher average power of 274mW with a shorter pulse width of 340ns at
135kHz, yielding a pulse energy of 2.03 uJ and a peak power of > 5.97 W. These findings affirm a potential of these materials in
high-performance pulsed MIR lasers.

Conclusions This work established Er**-doped GGG and LUGG crystals as highly promising gain media for efficient ~2.75 um
mid-infrared |asers. The strategies of Pr** co-doping and crystal bonding proved effective in mitigating the self-terminating effect and
thermal load, leading to the improvement of substantial performance. The effective operation in both continuous-wave and passively
Q-switched regimes could underscore the applicability of these crystalsin practica high-power MIR laser systems.

Key words erbium-doped gadolinium gallium garnet crystal; laser crystal; Crystal growth by Czochralski method



