A ER-INC)

Chinese Optics B

2 pmIEBE A BOEAS S S BIEOR BT ST R

Bohg] B EBE RAPE

Research progress on passive mode-locking technology of 2 pm band solid-state lasers

DUAN Xiao-ming, ZHAO Yu-qi, WU Jia-ze

FIUHASLE:

BN, RS, RAEE. 2w m B E RO SRS B EORITTERE L)), D, e %3, doi: 10.37188/C0.2026-0090
DUAN Xiao-ming, ZHAO Yu-qi, WU Jia-ze. Research progress on passive mode-locking technology of 2 m band solid-state
lasers[J]. Chinese Optics, In press. doi: 10.37188/C0.2026-0090

TELR L View online: https://doi.org/10.37188/C0.2026-0090

T BRI A HAB S TR

Articles you may be interested in

[FLH ST (19 Tm:CY A VR QPO 7
Tm:CYA Q-switched mode—locked laser realized by tandem—pumping
rREDE (FRIESC) L2024, 17(4): 764 hitps://doi.org/10.37188/C0.2023-0162

FRIFISC AT 32 o ) o X 52 (i IRAE IR T~ B 520

Influence of SA recovery time on orthogonally polarized dissipative solitons

FREDEE (FRIESC) L2024, 17(3): 714 hitps://doi.org/10.37188/CO.EN-2023-0032
BT FOLBTE A [ 25660 nmiEOL A
All-solid-state acousto—optic mode-locked laser operating at 660 nm

rREDE (FRIPEC) L2024, 17(1): 238 hitps://doi.org/10.37188/CO.EN-2023-0013
£ B 52 A D2 n 288 8 2% T A AR RO i N T 7 A 58

Angle—-multiplexed optically encrypted metasurfaces fabricated by ultrafast laser induced spatially selective—modified nanograting

structures

FREDEF (FRZESC) 2023, 16(4): 889 hitps://doi.org/10.37188/C0.2022-0228
AN RO CLR O AT T RRCR A 7 DA LU 4Ry 22 R AP RE i vk

SSFM—global-error—local—energy method for improving computational efficiency of passively mode—locked fiber laser

HEDE (HPEsC) L2023, 16(3): 733 hitps://doi.ore/10.37188/CO.EN.2022-0016
2— u m MOPAZEA & CEF OGN i B R RIS

Output characteristics of an all-fiber laser with a 2— p m MOPA structure

FREDEF (FRZESC) 2023, 16(2): 399 hitps://doi.org/10.37188/C0.2022-0191


https://www.chineseoptics.net.cn
https://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2026-0090
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2023-0162
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.EN-2023-0032
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.EN-2023-0013
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0228
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.EN.2022-0016
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0191

FxH FxW EP%%(EP%Y) Vol.x No. x
xxxx 4F x A Chinese OptiCS XXX. XXXX

XERE  2097-1842(xxxx)x-0001-24
2 pm R B B A AR B s AR B K SR R

BONERR® & 2, R AR
(1LBREIVYAFHALTEEREAERELALEE, BAI %B/RIE 150001;
2.RARET Y KFHMEEM I, M M 450000 )

R 2 pm P BORE K sEOCTE R IR 2 2 | Ab TR T 1 SR e 3, 7 B L BR)T L AR SR A U B
BRI HE . DSl BT AAE Ay 7 A I Sl R K i A% 0 F-BE, © N BASHOE SR ST BT S AR A SCRSE
AT 2 pum P BEPS BRI ARO AR 0 o TS BERE . G, BR T B ah B A SR, ST TR R B A
SEL RN AV EALEL, JFAA T Tm®, Ho' MHILBIA RV G454 BT RE LS A ek . BT, o PRI G PR
IR, 2 ST IR AN BT LA K (IR ARG AR BRI — K B BRI PRI IR . A SO R BT 5 22 1Y
PERE R SE BT VEIEAT T LA, RS T 5 RS BIBOEOL & AR SR, RIS XT 2 pm I B sh BT RO LA i AR &
JEHEAT TiTE S RE,

X2 OREOL; S AR BRBOR S AR Bl

FE S S :TN248.1 kRS A doi: 10.37188/C0.2026-0090 CSTR:32171.14.C0O.2026-0090

Research progress on passive mode-locking technology of

2 pm band solid-state lasers

DUAN Xiao-ming'?*, ZHAO Yu-qi'?, WU Jia-ze'
(1. National Key Laboratory of Laser Spatial Information, Harbin Institute Technology, Harbin 150001, China;
2. Zhengzhou Advanced Research Institute, Harbin Institute of Technology, Zhengzhou 450000, China)

* Corresponding author, E-mail: xmduan@hit.edu.cn

Abstract: Ultra-short pulse lasers operating in the 2um band boast unique merits such as eye safety and com-
patibility with atmospheric transmission windows, endowing them with immense application value in nation-
al defense, medical treatment, communication, scientific research and other fields. As a core method to gener-
ate such ultra-short pulses, passive mode-locking technology has become a research hotspot in the field of
solid-state lasers. This paper systematically reviews the latest research advances in 2 pum-band passively
mode-locked solid-state lasers. Firstly, it elaborates on the fundamental principle of passive mode locking,
analyzes the physical mechanisms of diverse mode-locking schemes including Kerr lens mode locking
(KLM), and introduces the energy level dynamic characteristics of Tm*', Ho** and their co-doped systems as

gain media. Afterwards, three mainstream technical routes, namely Kerr lens mode locking, semiconductor
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saturable absorber mirror mode locking and low-dimensional nanomaterial mode locking, are discussed in

detail as the key focus. This paper compares the performance and implementation approaches of different

mode-locking schemes, summarizes the research achievements of various passively mode-locked lasers, and

meanwhile discusses and prospects the future development of 2 um-band passively mode-locked solid-state

lasers.
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Tab.1 Comparison of typical activated particle performance for 2 pm solid-state lasers

FESH Tm®* Ho* Tm*/Ho* 45
FEGH I /am 785~800 1900~1950 785~900
HOLRTE ’F,—Hg 51, -5 Ho* =1
R K G /nm 1900~2050 2050~2120 2050~2100
HFCE 180%~200% 90%~100% 150%~200%
RHFE/(107 cm?) 0.18~6 2.7~143 SHo i
I RE 5 i HIMEY R B
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Tab.2 Comparison of Output Performances of 2 pm KLM Solid-State Lasers over the Past Decade

) Bl HOGAA RRCPIES Jik i LK 275 3CHk
2017 KLM Ho:YAG 20 W 220 fs 2090 nm [57]
2017 KLM Tm:Sc,03 0.44 W 166 fs 2124 nm [56]
KLM Tm:Sc,03 1w 298 fs 2124 nm [56]
2020 KLM Tm:Sc,03 0.13W 72 fs 2108 nm [58]
2020 KLM+SWCNT Tm:MgWO4 0.10 W 89 fs 2037 nm [59]
76 fs 2037 nm [59]
2021 KLM Tm:(Lu,Sc),03 022 W 58 fs 2081 nm [60]
2021 KLM Tm:(Lu,Sc),03 0.04 W 41 fs 2100 nm [61]
032 W 73 fs 2100 nm [61]
0.05 W 60 fs 2100 nm [62]
2023 KLM Tm:YScO3 0.13W 49 fs 2100 nm [63]
2024 KLM Ho:CALGO 1.69 W 92 fs 2100 nm [64]
2024 KLM Tm,Ho:Ca(Gd,Lu)AlO4 0.09 W 79 fs 2074 nm [65]
2025 KLM Tm,Ho:Ca(Gd,Y)AlO4 020 W 145 fs 2088 nm [66]
2025 KLM Ho:CALYO 0.81 W 177 fs 2100 nm [67]
0.18 W 166 fs 2100 nm [67]
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H e shtERe Bt 7Ry .
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Fig.3 Schematic diagram of SWCNT-assisted kerr-lens
mode-locked optical path>

2021 4F 5, WIS B0 s 320 W7 1 1) 184 25407 4 i
53R $ETt . Zhao SNl E IR A7 AL
Ak ¥y B % Tm:(Lu,Sc),05 A & Tm:Lu,O, M % 5
Tm:Sc,0; 4 A 18 25 A L ARAT T 33 . 987z
(1 25 %, FH4r FSEPL T 58 s, 220 mW Al 41 fs,
42 mW ik i oo, Hi 41 fs BB T4 R
2 um BB Tm BRGS0 kv et 5%, &
H AR FH 5 7R 325 s AR T 45 380 11 o 2 Tk o 9
JEEL T KLM TEAB 5 Bk = i i . B,
Suzuki % HF— 5 AL 25 A R H Tm:YScO; 3%
JERSFEE T 49 fs ke,

Ho $ %% & Tm/Ho 3L 48 1k & b I 4h 1 A
KLM fiff 55 1 T2 5 [a] . 2024 4, Yao 55 A K H
SiF Ho:CALGO FhiA, FIUNIE 4 fif7R & B2 AR
IR, 2T 1.69 W SR IR R 92 fs 1
it . X IR ELE T Ho B4R O 8 14 T S R
. 100 fs ik, F-EI%E T 2 um B KLM #0645
(1) 5t T E Tl 3R 40 SR e,

162 )5 3T CaGdAIO, K HR F ik & 11
Tm. Ho G ASAH 4k 5281 KM 8 5%, Zeng %5 A\
I B4R Lu B T1E 2073.6 nm Zb3R45 T 79 fs ik

FAE 2087.8 nm AL FRFS T 145 fs ik, SFH 1R
203 mWel,

. ocC
1940 nm laser M, Ho: CALGO Outputl
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— 4
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Fig. 4 Schematic diagram of Ho:CALGO laser ring cavity
optical path!®4
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Ko HILFRF, KLM 6845 7870 I FH3E 25 0 i 4=
TS R ST U, TS B AR A A A PR A ok e
SR, KLM X AR E XA L AR RO B s e
BAO AN Ay R, 3 T EORG A R I R B A R
SCERRE B, H AR shie s . R HAER
S IOk i 1 LA A TR S I B P
T T AR AR R R B 5. ROk, B
BRI 25 A BT O A RO B R 1 i — 2P
Ak, KLM A 45 2 pum I B B A 806 28 17 T
ZE WK TE . B R TR L R R R A B 1 Il R 2
K.

3.2 FSARRIEFNINUE BiE

ARk, BE T AR T R B ) 9 B
WRIEARTE 2 pm P B EARBOLRR T2 Tz
WFFE, 2 3T 2 um U B SESAM i [ 145
JeEs i PERE, ATLLE ), SESAM B H A SL B
T 2 um P BHRK 26 fs ik, SR Ho:CALGO Jd]
BFSZEL T 8.7 WXk th By, 4 H R SES-
AM B B i ) Fe 20 5k o A5 4R TR T IR
TREE | PRSI [R] R IR ANE £ 55 240, SESAM el
SCEEIH Y S SRR st R EE, E R RN
2 pm I BB TR EAREOL AR M E B T R
— o A SEAEFIY TAE 32 FE B S0 5 A Tk
SESAM 45 #4 {1 4k LA K e P 0 #5045 38 45 O T
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Tab.3 Comparison of Output Performances of 2 pm SESAM Mode-Locked Solid-State Lasers over the Past Decade

Ay BT HotR & RRRYES Jik e SRIPSI3N S5 3CHR
2016 GaSb-SESAM Ho:YAG 10 mW 2.1ps 2090 nm [68]
2017 GalnSb-SESAM Tm:KY(WO4), 202 mW 3 ps 2032 nm [69]
2017 GaSb-SESAM Tm:LuAG 98 mW 13.6 ps 2024 nm [70]
2017 SESAM Tm:YLF 165 mW 94 ps 2300 nm [71]
2017 SESAM Tm:LuAG 232 mW 2.7 ps 2022 nm [72]
2017 SESAM Tm:CYA 1350 mW 49 ps 1900 nm [73]
2018 SESAM Tm:LiLuF4 200 mW 14 ps 1914 nm [74]
2018 SESAM Tm:YLF 95 mW 31 ps 1910 nm [75]
2018 SESAM Tm:LuScO 175 mW 230 fs 2057 nm [76]
- 63 fs 2057 nm [76]
2018 GaSb-SESAM Tm,Ho:CALYO 27 mW 87 fs 2060 nm [77]
2019 SESAM Tm:LuYO3 121 mW 41 ps 2061 nm [78]
2019 SESAM Tm:CaF, 132 mW >15.1ps 1887 nm [79]
2019 SESAM Tm:YAP 166 mW 16.8 ps 1986 nm. 1989 nm [80]
2019 SESAM Tm:YLF 1040 mW 107 ps 1830 nm [81]
2020 SESAM Tm,Ho:LiLuF4 350 mW 12 ps 1895 nm [82]
2020 SESAM Tm:YAG 117 mW 47.9 ps 2012 nm [83]
2020 GaSb-SESAM Tm:LuYO3 133 mW 59 fs 2050 nm [33]
51 mW 54 fs [33]
2021 SESAM Tm:CALGO 328 mW 332 ps 1968 nm [84]
2021 SESAM Tm:(Lu,Sc),03 114 mW 58 fs 2080 nm [85]
2021 SESAM Tm,Ho:Ca(Gd,Lu)AlO4 121 mW 46 fs 2033 nm [86]
2022 SESAM Tm:Sc,SiOs 207 mW 16.5 ps 1968 nm [87]
2022 GaSb-SESAM Tm,Ho:CALGO 376 mW 52 fs 2015 nm [88]
2022 SESAM Ho:CALGO 8700 mW 369 fs 2100 nm [89]
2022 SESAM Tm:(Lu,Sc),03 1020 mW 280 fs 2060 nm [90]
300 mW 66 fs 2076 nm [90]
2022 SESAM Tm:Y,03 260 mW 75 fs 2060 nm [91]
2022 SESAM Tm,Ho:GAGG 33 mW 10.8 ps 2090 nm [92]
66 mW 16.6 ps 2090 nm [92]
2023 SESAM Tm,Ho:CALYGO - 50 fs 2078 nm [93]
2023 SESAM Tm:GdScO3 188 mW 44 fs 2042 nm [94]
2024 SESAM Tm,Ho:CALYLO 228 mW 68 fs 2050 nm [95]
- 58 fs - [95]
2024 SESAM Tm,Ho:GdScO3 70 mW 72 fs 2078 nm [96]
2024 GaSb-SESAM Tm,Ho:CLNGG 120 mW 88 fs 2090 nm [97]
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2025 SESAM Tm,Ho:CALYGLO 56 mW 43 fs 2080 nm [98]

2025 SESAM Tm:YLF 1520 mW 1.7 ps - [99]

2025 SESAM Tm:CYLA 443 mW 202 fs 1980 nm [100]

2025 SESAM Tm:GdScO3 26 fs 2050 nm [101]

2026 SESAM Tm:CaF, 171 mW 3.7 ps 1886 nm [102]
Tm,Gd:CaF, 1.7 ps 1886 nm [102]
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B, % SESAM R EAT W B2 B | PR 2 B
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BT 13.6 ps AUk, H0 3K 2024 nm, -2k
AR 98 mW ., 45K, GaSb 3 SESAM HEWS
B

i 2 pm B TAER R, ARG R A )T
M Q JF AR T H S RE S BT, He
2L GaSb /K & SESAM 7£ 2 pm & PR IHOE 9
FHPRALE T S B AR . [A]4FE, Tm:LuAG M % 1)
SESAM it 28, fii I 11 GaSb & SES-
AM, bR ECE, SEBL T 2.7~3.8 ps 1Y
Jiknh, B E AR 270 mW, IR T S RRHE
2 pm BT 0,

TEFRALY) SR T 1, 2018 4F Tyazhev 55 A K
FH GaAs-SESAM SZ 81 T — W 45 %5 8 Y Tm:YLF
WOCRSHE ShBIUEE, AnlEl 5 BR, K 1.91 um,
k5 31 ps, FHIT0% 95 mW™), % TAETE ALY
s A GaAs 3 SESAM #R15-Fa 5 fids, )48
Jik e K, ABER T 7E 1.9 pm BT 8 3 A0 1k s 75
A FH 3 A 45 (CaF,) M B UEA T A (i, 7T LA 4k
FrR e L P R . KK W24 BEAE 2020 4E4i
i T Tm,Ho:LiLuF, @A SESAM i, i i R
B FE E 1.03 W B B (E, 2545 T 12
ps ki, 350 mW “F-1pia

A LU Y, BIUEE BE B 22 37 RT3 25 A oty
RN P (s i RE A7, i dE SESAM A B .
AN FEAL A A 3 EL AT B A P P B R A
B2 T 20, A R F e iAa s i Sk i, 0
AR A B 414 54 T8 BRI T Bk e — 20 R 4
X — IHAFZE 9 2258 SUTE T 45 F GaSb % SES-

AM TE 2 pm B IE P, JF SRR E BGE T
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Fig. 5 Schematic diagram of Tm:YLF mode-locked laser
optical path”!
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LGO) & 4 v 38 2 £ Ak H0 8 5 3 R P9 (U
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376 mW™l, ik FEF 55 F CALGO = i # R
T o IR 2535, S8 Wkl R 46 Fn ol %
TP T AR KA. F4E, Yao % ATE Ho:
CALGO Wt as i 5C il 17 KA IR SE T 8.7 W Iy
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mn RIS A Ay O AR &R . 2021 4F, Wang 58 A
7£ Tm,Ho:Ca(Gd,Lu)AlO,( CALGLO) A rh 3815
69 fs Jik i, I3 3= 384 i WA Wk B S SRR BRI Ak
(ZnS) A HEANESE, ¥ ik vh 45 J8 2 46 £5°9, Ding
45 N\ AE Tm,Ho:CaY,4Gd,;Al0,( CALYGO) s 4
RIS 50 fs Bkt 2024 4, 75— & Tm,Ho:
CaYLuAlO,(CALYLO) B # {3, 7 o Mz T 5
T 58 fs ik, SEHIZhE 178 mW, 155 267 nm
) IR IR S T 0, X S g IR AR B Sl 5] A Gd.
Lu % B FIE AL 07, Wt —sm R A e
RN, M SR T 5 A BRSO3

CEAIA VI A, SR A SRR R AR
PEREAHE T 3 BORUE T 2515 T8 M FRELLH 58 L &
RSB AW L. CALYO, CALGO M HiRE
Y NES TIEUEST (3 W o1 K4 M oA WA L LY O E | 3]
SIRETE, R TE IS AR T 25 A . [RIA,
W R M RN D i DA A AT S5 RAIR T EEBORT Bk e
4 i PR, AR AR A R R N B AT 2 pm B
SESAM ‘SIS 30 J Ik vy 114 Py EE 2084 45 0 o
323 RFFARAM K

52 SE AP (LuyO5. Y505, Se,05 S HR i)
e H o A R G 0 R B, 2 2 um U B
SESAM PR () B 25 T, 3B 5 | A R
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2019 4, Zhang %6 A il #5 T Tm:LuYO; IR &
i 2P S AP B e, R FH A R ) 2 S v RN
1) e, PR AN LS T Tm:LuYO; B &
) SESAM glisiiz %, Ji15 41 ps Bk npfa ih, 55k
T LuYO, AR AALER 2 pm BB 251
JEA AT A TS,

2020 4F, Zhao ¢ AR H Tm:LuYO; IR P&,
454 GaSb %k SESAM FIWE MK BT (U HRME, i
A FEA R IR ZnS AT IEANESE, 3545 T
54 fs Jk o, SE4 R 51 mWB, 2022 4, [6]— ]
PAFE Tm:Y,0; P& R 5] A 1627 nm YCEF OGS
[ 23 7 28, Al 6 I, 314 75 fs ik, P34
1% 260 mW, H G FIIA 318 nm, FH AL
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FExE
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Fig. 6 Schematic diagram of Tm fiber band-shared
pumped SESAM mode-locked laser optical path®"
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OGRS, FEIR AR E//b A 1.5% % AR & 40 F
PATT 44 fs ik, Foe P 2042 nm, F3 D5
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Fig. 7 Schematic diagram of Tm fiber band-shared
pumped SESAM mode-locked laser optical path!'™!
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2009 4, 7 [ 5 v 8 -9 BBESE PTE Cho 4§
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AIRRE A E SR, 1R T IRGUKAETE 2 um 37
BEBIBIE 2T 1Y F 32+, 2012 4F, Schmidt [ A F]
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REYPEHE, X Tm:Lu,O5 B HOGES HEA TS, AL
DIFRAS T 175 fs By kb th, 302 2 um 33 B 14
WOLES B IREET SWONT Bl S B KR ) 1) bk
ppiod, @) 4F, Schmidt 55 A 5] A Tm:KLu(WO,),
A A, FEAE T 141 fs 1 TRENIEOE ko, R T Y
i 2 pm Y B Bk P 1) e ik i 2 S0

2014 4%, Aleksandrov 25 A\ GEZE T 48 BREESN T
TRAIBFZE B, 51 A Tm, Ho 24822 LI IR &5
ZICR S, 2T SWONT 223 T Tm,Ho:KLu
(WO, OGS B ShBIAR, 1845 2.8ps. 91 mW 1)
Jok g 008 T Tm,Ho:KLu(WO,), i & 5
i 2) A Tm:Lu,O5 Al Tm:KLu(WO,), i) 1A%, 75
B SWCNT H28 5 = (1 Wl R B2 A B S F ARk
e, RECKR AR B WM

2018 4, o B ST T Y Pan ARG
AR B IR SE Tm BB A, 7£ Tm:CNGG
5] A Na B F, 343 T Tm:CNNGG /& A8
An R, BZ A T EIRSEOLEAS, L SWCNT Shrf
TR0 RN WSO, ISR FH R WK 5 1 A 7 C B R B, A5 )
T 84 fs ik vbd X% 2 pm EEBE AR A
i AR S E 100 fs HOBZE MY, [ 4, Wang
G NKH Tm:CLNGG &b &, ilid SWCNT Sl
WA Wk 5% L 130 B, K K S i — 20 R 4 & 78 s,
¥R 54 mW, 7E 2 um I B B AR I%O6 48 H Sz et
T /T 80 fs M ik vh iy ™, [A]4E 10 H, Pan %
Nt —2 R H CNGG 1R 55, R AL 190t
T TE S CEPERE, JFSIA Tm., Ho S4B 24455K,
LI SWCNT 2y I 0 Fm oA, 285 15 45 I 31 A5
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Tab.4 Comparison of output performances of carbon nanotube mode-locked solid-state lasers in 2 pm band

AEfy T AL BRI 7GRN SBPIES Jik e LNV 2430k
2009 il ] o 5 JEL Y TR T SWCNT Tm:KLu(WO4), 240 mW 10 ps 1950 nm [42]
2011 18 ) v SR RS e SWCNT Tm:YLF 55 mW 19 ps 1888 nm [106]
2012 18 ) v SR RS e SWCNT Tm:Lu,03 36 mW 175 fs 2070 nm [104]
2012 1 ) v SR g RS e SWCNT Tm:KLu(WO4), 26 mW 141 fs 2037 nm [105]
2012 ILZRIME R 2 DWCNT Tm:YAP 375 mW 41 ps 2023 nm [107]
2014 TR v S B SWCNT Tm,Ho:KLu(WOs), 91 mW 2.8 ps 2059 nm [108]
2018 FRIKITE 2 BE O CE AT o SWCNT Tm,Ho:LiLuF, 154 mW 663 ps 1895 nm [109]
2018 b E TR EE B SWCNT Tm:CNNGG 22 mW 84 fs 2018 nm [110]
2018 VLA ITE R SWCNT Tm:CLNGG 54 mW 78 fs 2017 nm [111]
2018 b E TR EE B SWCNT Tm,Ho:CNGG 67 mW 76 fs 2081 nm [112]
2019 VLA ITE R SWCNT Tm,Ho:CLNGG 123 mW 98 fs 2083 nm [113]
67 fs 2083 nm [113]
2020 rERR B LR T SWCNT Tm:LuYOs3 210 mW 57fs 2045 nm [114]
2020 B R DWCNT Tm,Ho:CaYAIO4 64 mW 799.2 ps 2085 nm [115]
2021 T ) S A5 A9 BT SWCNT Tm:CLTGG 28 mW 69 fs 2010 nm [116]
2021 18 ) v SR g R S e SWCNT Tm,Ho:LCLNGG 63 mW 63 fs 2073 nm [117]
121 mW 96 fs 2068 nm [117]

2019 4F-, Zhao % AR JHl SWCNT X} Tm,Ho:
CLNGG WOG#R HEAT 4 ST, 16 WA IRk €0 kb
LR AAT 98 fs ki s ZE ML EEAR [, 51 A—3R
FEIR Y ZnS ¥ 5 1F R SR 46 oo, Rk
it — RS & 67 s, 2020 4F, Zhao 25 A%
I SWCNT 23 T Tm:LuYO, 1R P &80t 28 1Y 8k
S, R R L ZnS BT A R AT AR U
% B AN A 8 T, e 4 SE MLk T8/ & 57 fis,
I - TG WA WK Ak e, BT T2 4R 4B 4R LA K
GRS B LK T8 20 S SWCONT S i) 5 St ok 5
2SR

CM,

795 nm laser
s E——

M,

Tm: LuYO,

18 SWCNT-SA it Tm:LuYO, BOGAH G R &
Fig. 8 Schematic diagram of SWCNT-SA mode-locked

[114]

Tm:LuYOs; laser optical path

2021 4F, Wang %8 A#iE T Tm:CLTGG #hifk
i) SWCNT 4iifst, SEIE 100 fs 357, 345 69 fs ik
Mg s [E)4E, Pan 25 AR A Tm,Ho:LCLNGG
VE R 254 I, LA SWCNT A ] (e IR IS A, 3545
63 fs. 63 mW Hyfikifdi i, DA 96 fs, 121 mW 1)
IR, 2 R T R KA B 1 25
A B B

25 L RTIR, EAE SRR KA B 2 pm [EIAK
S O S B AR I BT R Rk A e . Pk
REHETHS 25 T 98+ 15 25 A L9 & J8 . Tm/Ho 3
B AT 2 S R LA LA S KA . ZnS SRR
EER R R EE 4k . 5 SESAM A LL, HRLEE
RIS HA T8 T AR 98 . W R DK & s ]
Fl 28 T2 B0, RBAS IS PO A [R]3 25 1 o
FHRAR ARG E A, WA 2 um P BGE PO EITSE
(I EE BRI 2 . SR, LR ) R B AN 43 B
FEXTA R, AR FRERKR, 76 R D3 e A g
Jok AR Ty AT e — B T 2 . BRAK A B e
UE T SR AEA R 2 pm B RO USRS B
Wi,
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A1 BRI — AR TR e AT R, A&
PEREAT S5 48 . B PR it 5 B[] L I A
DL Ty AR RN i SR, 2 2 um B BEEE Y
PEhBIER R Z — . A SRR R RO R 1
5 FEAETLE 1~1.5 pm P B, B & 2009 4F A4 fdi

TUTAFEA 2 pm 7 B A SR SR A A SR B
PRBOGER A S AIVERE, 7T LR 2, 502 0 SRR
5 20 A A Dk 580 70 fs, 385 A Ak A B A
B2 T e A D ARIAE] 1.74 W
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Tab.5 Comparison of output performance of graphene mode-locked solid-state lasers in 2 pm band

GOy WAL By oA ERTR Jik e LIV 3IS S35 30k
2012 IR R 2 Al B4 Tm:YAP 268 mW <l10ps 2023 nm [120]
2012 AR Vapsy Tm:CLNGG 60 mW 729 fs 2018 nm [121]
2012 FEEEIR A1 B0 Tm:Lu O3 270 mW 410 fs 2067 nm [122]
2015 AR BRI - A K Tm:YAG 158 mW 2.8 ps 2016 nm [123]
2016 IR R 2 A B Tm:YAP 256 mW >100 ps 1989 nm [124]
2017 v S 3 A 5 il A B Tm:MgWOy4 86 fs 2017 nm [125]
2018 RIKITE B AR Tm,Ho:LiLuF,4 B 924 ps 1890 nm [126]
2019 FERYSCIREE B Al B4 Tm:LuAG 1740 mW 2023 nm [127]
2019 oy By ST T A B Tm,Ho:CLNGG 69 mW 70 fs 2093 nm [128]
2020 RIKITE B AR Tm,Ho:CaYAIO4 213 mW 524.8 ps 2089 nm [129]
2020 TN A B Tm,Ho:YLF 40 mW 5.2 ps 2051 nm [130]
2021 TR 2F B AibA B Tm,Ho:LLF 1052 mW 955 ps 1895 nm [131]

2012 A SRR TE 2 pm P BRI ST Bk
WA, INRITYE R %1 Liv 558 AR A Ak A7 5506
VE Ry AT AR AN A R 3 AR S Y Tm:Y AP
WOGES, /15 T 10 ps. 268 mW Ay bk gy Hi,
DI 2023 nm, ESE T AT SRR TE 2 um B
BRI PTATHEC2) SR, H TR AT I N Bk
2, DK SEATI AL T Ke b EE 2, H ARk A S50 Ry 4 2%
AR, FRMEFEAE R BB A BR A, L5t n] R o
WA B ARE A7 S0 o TR 4F, b A2l R Y
Ma 4 Ak A2 ST (Chemical vapor de-
position, CVD) il £ 1Y /& BT it . KT AR A0, H%
HELRL B e SOV 55 b 1 RS S0 m] f A e e
( Graphene saturable absorber mirror, GSAM), 3
£ Tm:CLNGG ff & 5280 T B8, 3 i 4 A
CaF, G XS AT G BCRME, 7E 2 pm BEBCRTS T
729fs 1Y) R AD ik i, S 2% DR 60.2 mWR,
JLT [l , Lagatsky 25 AR L2 A 8546/ Al
T AR, 78 Tm:Lu,O; P EEROLR H e 8l 1
410 fs, 270 mW kb 120 5 222 A0 S0

Lb, B2 S50 E S AVR A IR R i B BV AT 3k 1
WCREL AN, AR TR B A, Xt 2k S fig
B EE T HRTHGE MR . A, 410 SR T
[F] 3] SESAM SUAR 1) [ A SO 25 , 156 W A1 55445 1)
PRITRIR BE R0 B EAE 2 pm P BT b

2015 4F, 12838 K1) Ma 6 AXT GSAM
HEAT T MCEE, TR IR S B RS CVD A K
W2 A 8800, R4 B0 p BB L3400 1 2 R AIG
T A SRR R, MO T B B A%
B, 7€ Tm:YAG P& HOLH R A% A 380
G BRI b IR WA I3 T AU 19 38 82 U A, 4R
4 2.8 ps.

158 mW A9 ik i U1, 2016 4F, Wan 5§ A
SR e o1 LR A SR A TE TmeYAP OGP 52
PR T ESEI R, 3545 256 mW IR, (HIKTE
fSE I 100 ps, [FIFEAZ PR (0 BUE FEAS L 024,

2017 4F, fE [ H 5w A0 B X i Wang 55
N3 PR B AR R Tm:MgWO, Fa A 3 25
A, AR AR TE WSR2, HAS:
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Rk 8.7 WmK, it 1% 5o (2R 46 i ik o
R, SR AUZ A S Ry T AR A i, I
5 WA EE EA TRG AR ) LRI B, B ZAAE 2017 nm
HLOD KA IRAE T 86 fs By ik i i, 7E 2 pm %
Bl TR T A SR A ALY T 100 fs B0,
HH DAt 1 250 T, A S T AR SR S RS
B B R P R DAk, 2 SC IR A CRD ik i i 1
P

2018 4% 2019 4, Al A S IHTE I Q P
(Q-switched mode-locking, QML ) = >R &y tH 5 T
JRIL A RIAK NG 27 B 19 2 4E 4255 ARk H
Tm,Ho:LiLuF, &b AR S8 Ab A7 8808, 7E AR B (8 B
FE BTt SCEE T Q B, FRAH 245 mW 341
B, PR FEL) 924 s, 2019 4F, [FITFE2H i e
25 N H AL A 284576 Tm:LuAG S0 #5 Th S8t
TR EhE Q BiLE , 7F 3% b A5 T,
e R PRI F] 1740 mW, HUG K 2023 nm,
Hk PR 16.7 nJ, X 2 pm B A BRI BIEL
WOGER B URGR B LR PR, BRIk e
Ry e BB, B SEB FL Y- DR R A
I B 3G A B PPRBBGZ T . 2020 4R, X IR E
—7F Tm,Ho:CaYAIO, At S Ak Ay B84
Q i, 3545 213 mW., 525 ps (KR, 2021 4,
BIRFE RSB EN 9% B H i &5 e
AR Rt , 7F Tm,Ho:LLF #OGEsh AE LA
5 SR T U RN R AR, S BT ST 34 Bk o B i
19.77 nJ 1IH Q Biksiki i, X J& 2 pm P BB
S HAE AR Y e e B K b e e 2 SR,

TE PR VE Ak — 20 45 7 1T, 2019 4F-Hy 5
-1k RAFFT T Zhao 55 AHGE T & 9 iR W2
1 BB Tm,Ho:CLNGG 068 . iZ ik
TCIF A 1A S5, BAT SE T i3S 45155, a2
A1 A AH LB B O e 108 R T R R S B 11 3
il HE e 8 A P Ak WA KR B O A I AR SR
ZnS MU T L M W KR MES , e 24 AE 2093 nm 10
WAL TRAT T 70 fs (1 Bk vp U2, X 232 4 H 1k 2
wm I B L T A SRR IR Y A O AR T B Y
ENKTE . ZEERRY, 22 A BG5S TS LT
AR 4 A R T — 20 TR AR K S8 A RaE 12

AR, 2020 4F ELEL K24 1) Paris 5 A RIE T
0] W% S 19 Tm,Ho:LiYF, ¥ 3 8l 15 50t
i, R L2 A S50 VR R T AR RN W IS A4, 76 s 559
REEH TSI T 5.2ps. 40mW ) % 22 I BB i

HRUO BARIK SERK, (I TAE R 1 AL i
PR SRR R AT AT

ZnS
o oC

Graphene

1

CM;

796 nm laser
e —

M,

Tm, Ho: CLNGG
K9 BZABEHE Tm Ho:CLNGG BOLZH SRR

Fig. 9 Schematic diagram of double-layer graphene mode
locked Tm,Ho:CLNGG laser optical path™!

ARG HE AT, 1 Bl IR R B WIE P2
KT ) s ARE A S0 32 B FH i S I A K
TRk = A= i AR A SR U B 22 5 T s D 3R
PA Q BB Ik b e iy . X A2 IR T
HH SRR R R R . ARTE A
i B T B RE T 4544, RERE SR AL 8yl M nT 1y
FG I AR A BB PP B B 25 R 5 48U A A )
A B4R AR AR ) B, IS A S R
BT A

A1 SRR BIEVE RE A B AU T AT TR A
WA B AR AL, BT 52 45 T 5847 1S 45 40 00 RN (8K
IMERIARB R R . A S TR R RE S T
53 K AE Tm J Tm., Ho 8 4% 9% i 3 5 A ot i {8
P ke IR ERE L RA R 70 5. 5
TR AN KA A L, A7 S50 HAT B 4 (8 Al 1k
E R T VR B A0 . AR AR R R A K, A B ik
S FEAR R = DR Sy AT A — 2 PR . PRt
A R IS S AR A A S TAERE T . AR R
FUBAS LA 38 FH AT L
333 B AEFENSY

b IR AL A R BAT J2 AR ZE A | AT
HEBR . B AR LR N LA e Bt ml AR A ok,
Bz S T 2 um P BB Sh AR IO AR 0,
5 SESAM #H tb, TMDs il 5 ELA il 4 T2 faj 5
BUABAR AN T A D B A 2 Y Bl 92 45 50 Mo,
WS,. ReSe, Fll NbS, &5 #4 A1 4k 4 1 1] T 2 pm
W B EMARBOGER, SEBL T H Q it nl 4 S i
it o 3R 6 LB T4k T TMDs (19 2 um %
B AR C AR SRR RE, Rrh ] IR E], 24
Hil TMDs ST AR B ik 3, 5 bk w475
LT SESAM Al KLM.,
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Tab. 6 Comparison of Output Performances of 2 pm TMD Mode-Locked Solid-State Lasers
Ay Bl WOtk RRRYES Jik5E SRPY SIS 2% 30wk
2015 MoS; Tm:CLNGG 60 mW 1977 nm [48]
2015 MoS; Tm:LLF [47]
2017 WS, Tm,Ho:LLF 156 mW 300 ps [50]
2020 MoS; Tm,Ho:CaYAIO4 216 mW 2089 nm [133]
2020 MoS, Tm:CYA 1150 mW 1863, 1877 nm [134]
2020 MoS; Tm:YAG 200 mw 280 ps 2014 nm [135]
2021 ReSe, Tm:YAG 320 mW 580.5 ps 2013 nm [136]
2023 PtTe, Tm:YAP 540 mW 670.8 ps 1986 nm [137]
2026 NbS, Tm:YAP 749 mW 872.2 ps 1935 nm [52]
F, F, M, M,
2015 4, b A2l R4 Kong 55 A MosS, ‘ ! Tm: YAG

AT RN AT Tm:CLNGG MO8, BB

LT BEEhIA Q Bk, WEW] 1D JZ Mos, 1k

2 pm PR A Al A A A Y AT AT RERS R 4E, M, SAL_AM.

[A]— 8 5 B BN Y Xiao 55 A K MoS, T Tm:LLF
WOt , RIS QBikL, ot —LhE T
MoS, f 3 25 A T3 f 78 Bl 97, 2017 4F, KK
27 BE A A 2k 455 N DU 2 J4 1 (Polyvinyl alco-
hol, PVA) b3 [ il & T WS, RI 46 AW YL 14, 78
Tm,Ho:LLF Ot SC B T8k shid Q BiA, 3R15
156 mW V-2 3 D 38, A Bk 5 294 878 pst™l,
ZTARKUE T WS, 78 2 pm JEB EIAFOEE T Y
BT T

2020 4, TMDs S0 5% 7 U)K 58 T+ F i 2L
B U T R . ROK IS 24 B
1Y) Yuan 25 A% MoS, fF Tm,Ho:CaYAIlO, fff
SR ShE Q B, 53] 216 mW iy H TR0,
[A)4E, A — 340 (1) Chen 2 A MoS, 7F Tm:
CYA Botdnhssl 7 L gpt i Q Biksiki i, i
KRR 1.15 W, iZ TAER TMDs 8% 2 pm
ARG 0072t D) R 2 T 2 LUK, 3%
B MoS, 7E =5 Dy e ik o' & v il I 9 77139,
AR, M JR R T R4 Li %8 A H MoS, I HF
Tm:YAG 06 #8 IS0 T 3 S Siss 5%, 10t
PREEFIINE 10 B . IR SIS B, 345
T 280 ps Bk TE A 0.2 W - F% Hh Dy R 01, 5]
Q BIRIAR LL, 3% 22 ik IR T 2 T 1 s R ) R
JEE R RERE 41 € A P

Kl 10 MoS, 9 Tm:YAG HOLAR G R B K1)
Fig. 10 Schematic diagram of MoS, mode-Locked
Tm:YAG laser optical path!'*!

2021 4F, M /REEH T K221 Zhou 55 A i
T 5T ReSe, AR A SR H) Tm:YAG HOG#
LWL, . ReSe, HA 5 MoS,. WS, A[AHY
REA 4544, HAE 2 um P BER B R AR R
Wkt . IRZAE 1.5% Hnth A A8 RIS 320 mW
TR | 580.5 ps Mk TE 1 Bk rp i oo
2012.6 nm®',

WA, Yang 58 W14 8 v ik (PtTe,)
YK 7 AR Ry T A AT AR Y B Tme 48 4% [ 4
HOERR, BT 670.8 ps FHE SR Ik v HH 07,
ALk MR R W, PtTe, 78 2 um 3% Bt B A
8.2% I VH I R BE | 3.72 MW/em? I 481 1 56 5 1
9.8% MY AR TR A FE, 2 B R 4 i) AT 4R R0 R U
Rt

2026 4, M IR V5 W e K % ) Han 55 K
NS, IR ISR FH T Tme Y AP S0OGEs, 1)
SCERTOE Sk R, JRA5 0.749 WO T R
872.2 ps ik & i ok vy 1, w1935 nm
NbS, ELA 48 S H A R 5 R 8 28 300 1 i) o7
JE, LS B g S — LW T TMDs Al
AR A EHA R .
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SRRAKE R S04 AH L, TMDs 7 2 um 3%
BERBUH AN R BRI o IRAIKAE I B IR 4T
R PRI A2 s B0 R 5 5 7T AN SRR, SR
BT REb kb . T H AT 24k TMDs B85
FEAHATE LA Q B ol e B i i S U AR
Fo FEFEHEAETIEGIRE | AR L&
W TFIRE sh 124t AR B R e CEP bk o E
R RS

AT T NG R R R RO e 5 [ AR 2 1
JEAGIALHI LAk, WAL B TR | ZH0REE | 451k
TE RS B 7 2h 1R, DO T 1 g
FEREARAE M AP RE . Rl AR BE A 2 — 251

1k, TMDs #7225 2 pm % B EAHOE 28t w2
R P FR 1] TR R R R
334 HATrafemol R

BRERANK A | 1 88075l TMDs 4, IT4E K £
ol 76 ] AR R At FH T 2 o 98 BB R RO
i, DABITE TR IR . 45 B L Feue e B A %
TR ERAZEAERE . £ 7 IR TR
T A R AR R ) 2 o i B AT i A
WOLES R MR, SR A FL s 8 AT AR R A
H Al 2 TR B B, i AR S IR TM-
Ds {& %, {H i 435 5] SESAM Fil KLM 45 4Pk
7K

RT 2 pm R EE BRI TRRINRUL A S5 E (R B 28 6 1 REEL B
Tab.7 Comparison of Output Performances of 2 pm Solid-State Lasers Mode-Locked with Other Saturable Ab-

sorbers
Ay BIRREL otk TR Wk 58 LIS 3N E= BTN
2017 Cr:ZnS Tm,Ho:LLF 145 mW 682 ps 2053 nm [138]
2019 BN Tm:YAP 880 mW 478.8 ps 1937 nm [139]
2022 ZIF-8 Tm:YAP 912 mW 737 ps 1935 nm [140]
2023 PZT Tm:YAP 297 mW 820.7 ps 1936 nm [141]
2023 ZrTes Tm:YAG 767 mW 4.8 ps 2014 nm [142]
2023 NbyAlIC Tm:YLF 379 mW 200 ps 1872 nm [143]
2023 NiCo-LDH Tm:YAG 278 mW 221 ps 2012 nm [144]
2025 Mo, TiAIC, Tm:YAP 620 mW 989.5 ps 1937 nm [145]
2026 BiOBr Tm:YLF 590 mW 702 ps 1999 nm [146]

2019 4F, MR Tl K221 Li 58 AR Z AL
(BN) g2k /18 Ry ml 4 A1 US4 v BT Tm:Y AP
HOEER T, SELT RRGE M Q BEiE R . X T AE
i kM PR L A BN YK R, JRER T
CaF, I 555 [, 3845 7 880 mW P Kk i 2l % |
478.83 ps [k & 1 bk oirdi tH 12, BN AR R 44
FE tE Rk 2E AR e MR I LA N T 2 pm i
BRI T .

2022 4, B /RIS K41 Gao G CKHIFST
A 40 )R 2 4 )R A MLHE 22 (Metal-organic frame-
works, MOFs) FIVESERA F1E . AT R FH A7 DRe

Fig ‘B 22 -8( Zeolitic imidazolate framework-8, ZIF-

8)AE A ] A A ACAA, 7 Tm:Y AP OGS th S8
T Q B, 345 912 mW % H TR | 737 ps
ik 5 . 97.98 MHz 5 SR (14 [k bty 3, HoC i

1935.0 nm!",  JRAF, I BAA SR FHESEK R4 (Lead
zirconate titanate, PZT ) #5BK A B RME A nl i A1k
WAk, 7 Tm:YAP #0678 TS BT 820.73 ps fik
BE. 0.297 W 3T R 1 ik vy th U0, PZT H45
BRAZERE T T s i B H R BSOR R G R R
P E R . AR R B, MOFs ISk 14
RHAIRERERSTE 2 nm I BER B T AR R i,
2R BT R AR AR

2023 4, Z2 Fl T 28 TG LA R g 0 2 182 H T
2 um PHEROGET . MR T KA Hu 48 AR
FH Nb,AIC JZ2 1R = Joh ik ) 1 & ALY (M, AX,
phases, MAX) A BHE S o 10 AT IS /A, 7€ Tm:
YLF BOGg sz T 200 ps k5. 0.379 W 1
TR ik oty s 01 [RAR, Hh ERR2EBE 6L
FIT AR FE N BB ER AN 2R 4 i U A Tk (Ni-Co
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layered double hydroxide, NiCo-LDH) i/ FH F Tm:
YAG i GOt s, SCBLT 221 ps k% . 278 mW
SRR IE Q Bl i

2023 4F, Cai 55 AR 2o ¥ 42 )8 4k 4
(ZrTes) VE Ry rTAR AN W55, An &l 11 TR o 7
Tm:YAG M & HOLAR LI T 767 mW ~F- 23
R 4.8 ps Tk GE A SEPBIU H, HD B 2014
nm"2, FRA% T H b 2 n R A s A
(RS DR B . BB T ZrTes BRI ZE
TG R A i 457 R A

\ZrTeS—SAM

M,

M, Pump laser

11 ZrTes-SA Tm:YAG Pt as e mm m o
Fig. 11 Schematic diagram of optical path of ZrTes-SA

Tm:YAG ceramic laser!'*?!

2025 4F, Fram iy KF#) Wang 55 K5 —
Fh MAX AH# B Mo, TIAIC, i T Tm:YAP 30¢
i, LT 989.5 ps Ik FE . 620 mW F-F4 T3 1
Q ‘B

2026 4, AR WG K241 Wang 55 AHRIE T
— i 5 TR IR A 1 0 AT R A A S
AR B TR A AL B (BIOBr) o 3l 1o 375 77 AU Fs il
SR ], 75 BiOBr H 5 | A [] e i 1 4825 0l o
A A NS ATESS A TPIE B T I REL, A
RS T 65 B . K BiOBr 2 %] Tm:YLF
Bt SCPLT 702 ps Bk TE . 0.59 W SR Th R
(IR Q BISE U, ZAFSORHREE TG IA 2 pm
P BE T AR AR AR TR, 0 3 R 4 AR A A R R
AR M E2H R R Ak, R B BB S5 M 45
TR AN RE R B SRR — .

MELAT BIF 5T AT LA Y, B Ak 5 A4 BE AT T™-
Ds Z4b, Hr B a] e A i 1 22 30 B B A 20t
bk SR FEARE AR A
[F], 0 76 AT R A AR 11 A e 2 e et A B
P REETT . 640, BiOBr H Y 48 25 (i T A3 2t
P T R] BB 040 98 T L% A B i 6], LDHs A4}

DUV PR ER FEIR S5 AR 1 55 5 W O B A

X & 2l 4 A i A i R S B SES-
AM, BREARAE e A1 S50 K1 25 A 8 R ok o HE
RE, ZHWIFEA LA Q BifLzsT N . BN
HAT RAFHOIAAR 2 P | BREEARE M L S 1
0T, 75 i D A kO & FRR R B PR35
B —E L E . R, BEE BFE TR . 55
SR R REA PR S TR A — 2 A,
LR A B AR 2 i 17 5 | 2405 B (R
AT AT 582 18] SC BRHEOL T4, 2 2 pm S BEHIER
[ RO AR BRI RHA R o

4 % %

ARLRGLERT 2 um P BEGESh AR [ A8
TGRS B A2 R DR KBRS BOIR, TS 00T T KM,
SESAM DL K ARZE A ot 55 B BSR4 Jr
SOCPERET IR . T AEOR, B TR AR
JO I PR T RS VA A RO % 0 RS BB AR 119 &
&, 2 um i Bl P RSO AR AE Bk 58 . TR
KA RGeS A EUS T B, e g4
R AT A NSO G ) SRS T 1)

NG Es S NI - =l SV Drel A
KLM if FH F1 B € R ik o= 2 5 SESAM 7 =i B
JE PR T AR 7 T L3I 2 ARAE MR LA e
WAL il % 8T BRI B AR PR A5 R a5, 7 T Uk B R
OGRS B T A & AT, (HFE R
KR e v A A Re e — 242 Tt

IAER, 2 um P B 1) & R B
AN — RSN R R A G A A R
Ay O i R AR A & R, ARG B SE 1Y
4 25 T8 R BUHIL ) 12 T ph Bl SR AR S
U 1) FE R K OE | R TR K AR is
113 =R O HICRMES | BRI T RN A B4 T 1k
PE A B Y L 2R, T R TR ok R AR
ARG, iR —A Rt

RUE 2 pm I B sh IS AR OG#8 B B
R (B R v AR T AR AR AR T
SCHEN S, B e, BB K e T TR Z [T
FEE—E TG, MU T 400 T R Al
RPN BRI T CRP Bk op it — 2 e 45 HR, SES-
AM 7E 2 pm % BeATh 32 2R Rl BRI 475 15 (B R
il K2 A Ak 0 3K 38 7 R o) TR R A L A —
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BRI B, B RS AT EEVE TR HIE A —E 220

AR, 2 pm P B S B AOL  00 A Jig
TR RIS LU LA T5 R TT: (1) IF A H 50
i 4 58 FIIE S B P E B0 R 2 40 55 (2) 3%
T R . T e AT 2 R AR A A

&% ik

()AL A B PAE B S OE PRI BT
SCBLHRE K E S B - DR A BRI (4) 4
SR a8 AR AL /NEME R IR 2 s 1T,
PRIAEROL ST . HOLH B L PLSMDLIR AG %
N T AU S PR HT o

(1]

SINGH U N, WALSH B M, YU J R, et al.. Twenty years of Tm: Ho: YLF and LuLiF laser development for global
wind and carbon dioxide active remote sensing [J]. Optical Materials Express, 2015, 5(4): 827.

(2] REN X Y, DAI H, LI D T, ef al.. Mid-infrared electro-optic dual-comb spectroscopy with feedforward frequency
stepping[J]. Optics Letters, 2020, 45(3): 776.

(3] ZHOU J, JIANG J Y, ZHOU Y Q, et al.. A novel ultrafast laser ablation fracture polishing method to simultaneously
smoothing and improving the surface quality of Al,O5 ceramics with high roughness[J]. Optics & Laser Technology,
2023, 165: 109594.

(4] LEAHY-HOPPA M R, MIRAGLIOTTA J, OSIANDER R, et al.. Ultrafast laser-based spectroscopy and sensing:
applications in LIBS, CARS, and THz spectroscopy [J]. Sensors, 2010, 10(5): 4342-4372.

(5] MA'Y, LIS, ZHANG W H, et al.. Theoretical ranging performance model and range walk error correction for photon-
counting lidars with multiple detectors [J]. Optics Express, 2018, 26(12): 15924.

(6] WALSH B M, LEE H R, BARNES N P. Mid infrared lasers for remote sensing applications[J]. Journal of
Luminescence, 2016, 169: 400-405.

(7] SONG X ZH, ZHU Q, KANG H, et al.. Research progress on multi-dimensional manipulation of 2 um solid-state
lasers[J]. Chinese Journal of Luminescence, 2025, 46(8): 1468-1484.

(8] WANG Y Y, ZHANG N, DING H, et al.. Recent progress in sub - 100 fs mode - locked bulk lasers near 2 um[J].
Laser & Photonics Reviews, 2026, 20(6): e00111.

[9] WU Q, PENG L X, HUANG ZH H, et al. . Advancements in ultrafast photonics: confluence of nonlinear optics and
intelligent strategies [J]. Light: Science & Applications, 2025, 14(1): 97.

[10] YANG Q F, HU Y W, TORRES-COMPANY V, et al.. Efficient microresonator frequency combs[J]. eLight, 2024,
4(1): 18.

[11] RAZEGHI M, BAI Y B, WANG F H. High-power, high-wall-plug-efficiency quantum cascade lasers with high-
brightness in continuous wave operation at 3~300um [J]. Light: Science & Applications, 2025, 14(1): 252.

[12]  YAO B CH, WANG W T, XIE Z D, et al.. Interdisciplinary advances in microcombs: bridging physics and information
technology [J]. eLight, 2024, 4(1): 19.

[13] WEI X B, LIU ZH Y, ZHANG S, et al.. Low-threshold mid-infrared ZGP optical parametric oscillator pumped by
wavelength-selectable Tm: YLF laser at 1.93 pm[J]. Applied Physics B, 2023, 129(11): 174.

[14] GUO L, YANG Y L, ZHAO SH ZH, et al.. Room temperature watt-level 3.87 um MgO: PPLN optical parametric
oscillator under pumping with a Tm: YAP laser[J]. Optics Express, 2020, 28(22): 32916.

[15] WUNGQ, ZHAIZH Y, CUI Y H, et al.. Study on the processing characteristics of carbon fiber-reinforced plastics by
ultra-short pulse laser[J]. AIP Advances, 2024, 14(8): 085001.

[16] CAMPARGUE A, MIKHAILENKO S N, VASILCHENKO S, ef al.. The absorption spectrum of water vapor in the
2.2 um transparency window: high sensitivity measurements and spectroscopic database[J]. Journal of Quantitative
Spectroscopy and Radiative Transfer, 2017, 189: 407-416.

[17]  SMOLSKI V O, YANG H, GORELOV S D, et al.. Coherence properties of a 26-75 um frequency comb produced as a
subharmonic of a Tm-fiber laser[J]. Optics Letters, 2016, 41(7): 1388.

[18] ZHANG D X, HUANG X, YANG X M, et al.. Selective tumor ablation via femtosecond laser resonant with
collagen[J]. Optica, 2025, 12(10): 1578.

[19]

WU Q, ZHAO G, WU H B, et al.. Open-ended exploration of ultrashort pulse lasers: an innovative design strategy for


https://doi.org/10.1364/OME.5.000827
https://doi.org/10.1364/OL.385464
https://doi.org/10.1016/j.optlastec.2023.109594
https://doi.org/10.3390/s100504342
https://doi.org/10.1364/OE.26.015924
https://doi.org/10.1016/j.jlumin.2015.03.004
https://doi.org/10.1016/j.jlumin.2015.03.004
https://doi.org/10.1002/lpor.202500111
https://doi.org/10.1186/s43593-024-00075-5
https://doi.org/10.1186/s43593-024-00071-9
https://doi.org/10.1007/s00340-023-08123-7
https://doi.org/10.1364/OE.409093
https://doi.org/10.1063/5.0208980
https://doi.org/10.1016/j.jqsrt.2016.12.016
https://doi.org/10.1016/j.jqsrt.2016.12.016
https://doi.org/10.1364/OL.41.001388
https://doi.org/10.1364/OPTICA.561337

5 x ] BN, 25 2 pm BB EA OGS 6l BRI 7Tt 19

[20]

(21]

[22]

23]

[24]

[25]

[26]

[27]
(28]

[29]

(30]

[(31]

[32]

(33]

(34]

[35]

(36]

[(37]

[38]

(39]

[40]

[41]

[42]

[43]

devices based on 2D materials [J]. Photonics Research, 2023, 11(7): 1238.

CAO X, ZHU Q, XIAN A H, et al.. Ultrafast Tm: CaYAIO, laser with pulse regulation and saturation parameters
evolution in the 2 um water absorption band [J]. Optics & Laser Technology, 2022, 152: 108096.

XIAOY H,MU Y L, YANG L L, et al.. A ps level actively mode-locked Ho: Sc,SiOs laser at 2112.1 nm resonantly-
pumped by Tm fiber laser[J]. Laser Physics, 2018, 28(1): 015801.

CHEN Y, WANG R X, YAO B Q, et al.. Acousto-optic mode-locked Tm: LuAG laser with nearly diffraction-limited
beam [J]. Optical and Quantum Electronics, 2019, 51(11): 353.

WANG Y CH, XIE G Q, XU X D, ef al. . SESAM mode-locked Tm: CALGO laser at 2 um[C]. Proceedings of the
Advanced Solid State Lasers, Optica Publishing Group, 2015: AWIA. 2.

KONG L C, QIN ZH P, XIE G Q, et al.. Dual-wavelength synchronous operation of a mode-locked 2-uym Tm:
CaYAIO, laser[J]. Optics Letters, 2015, 40(3): 356.

SPENCE D E, KEAN P N, SIBBETT W. 60-fsec pulse generation from a self-mode-locked Ti: sapphire laser[J].
Optics Letters, 1991, 16(1): 42.

HAUS H A. Mode-locking of lasers[J]. IEEE Journal of Selected Topics in Quantum Electronics, 2000, 6(6): 1173-
1185.

KELLER U. Recent developments in compact ultrafast lasers [J]. Nature, 2003, 424(6950): 831-838.

KELLER U, MILLER D A B, BOYD G D, et al.. Solid-state low-loss intracavity saturable absorber for Nd: YLF
lasers: an antiresonant semiconductor Fabry—Perot saturable absorber [J]. Optics Letters, 1992, 17(7): 505.

HOU J, ZHANG B T, SU X C, et al.. High efficient mode-locked Tm: YAP laser emitting at 1938nm by SESAM[J].
Optics Communications, 2015, 347: 88-91.

GLUTH A, WANG Y CH, PETROV V, et al.. GaSb-based SESAM mode-locked Tm: YAG ceramic laser at 2 pm[J].
Optics Express, 2015, 23(2): 1361.

KELLER U, WEINGARTEN K J, KARTNER F X, et al.. Semiconductor saturable absorber mirrors (SESAM’s) for
femtosecond to nanosecond pulse generation in solid-state lasers[J]. IEEE Journal of Selected Topics in Quantum
Electronics, 1996, 2(3): 435-453.

KELLER U. Ultrafast solid-state lasers[C]. Proceedings of 2000 Conference on Lasers and Electro-Optics Europe,
IEEE, 2000: 1.

ZHAO Y G, WANG L, CHEN W D, et al.. SESAM mode-locked Tm: LuYO; ceramic laser generating 54-fs pulses at
2048 nm[JI]. Applied Optics, 2020, 59(33): 10493.

FENG T, YANG K, ZHAO J, et al.. 121 W passively mode-locked Tm: LuAG laser[J]. Optics Express, 2015, 23(9):
11819.

ALEKSANDROV V, GLUTH A, PETROV V, et al.. Mode-locked Tm, Ho: KLu(WOQO,), laser at 2060 nm using
InGaSb-based SESAMs[J]. Optics Express, 2015, 23(4): 4614.

LAU K Y, HOU D. Recent research and advances of material-based saturable absorber in mode-locked fiber laser[J].
Optics & Laser Technology, 2021, 137: 106826.

SET S'Y, YAGUCHI H, TANAKA Y, et al.. Laser mode locking using a saturable absorber incorporating carbon
nanotubes [J]. Journal of Lightwave Technology, 2004, 22(1): 51-56.

DVORETSKIY D A, SAZONKIN S G, OREKHOV 1 O, et al.. Femtosecond Er-doped all-fiber laser with high-density
well-aligned carbon-nanotube-based thin-film saturable absorber [J]. Nanomaterials, 2022, 12(21): 3864.

HASAN T, SUN ZH P, WANG F Q, et al.. Nanotube—polymer composites for ultrafast photonics[J]. Advanced
Materials, 2009, 21(38-39): 3874-3899.

BONACCORSO F, SUN Z, HASAN T, et al.. Graphene photonics and optoelectronics[J]. Nature Photonics, 2010,
4(9): 611-622.

WANG Q H, KALANTAR-ZADEH K, KIS A, et al.. Electronics and optoelectronics of two-dimensional transition
metal dichalcogenides [J]. Nature Nanotechnology, 2012, 7(11): 699-712.

CHO W B, SCHMIDT A, YIM J H, et al.. Passive mode-locking of a Tm-doped bulk laser near 2 um using a carbon
nanotube saturable absorber[J]. Optics Express, 2009, 17(13): 11007.

JO S G, RAMKUMAR R, LEE J W. Recent advances in laser - induced graphene - based materials for energy storage
and conversion[J]. ChemSusChem, 2024, 17(5): €202301146.


https://doi.org/10.1364/PRJ.483172
https://doi.org/10.1016/j.optlastec.2022.108096
https://doi.org/10.1088/1555-6611/aa92ee
https://doi.org/10.1007/s11082-019-2069-4
https://doi.org/10.1364/OL.40.000356
https://doi.org/10.1364/OL.16.000042
https://doi.org/10.1109/2944.902165
https://doi.org/10.1038/nature01938
https://doi.org/10.1364/OL.17.000505
https://doi.org/10.1016/j.optcom.2015.03.009
https://doi.org/10.1364/OE.23.001361
https://doi.org/10.1109/2944.571743
https://doi.org/10.1109/2944.571743
https://doi.org/10.1364/AO.408650
https://doi.org/10.1364/OE.23.011819
https://doi.org/10.1364/OE.23.004614
https://doi.org/10.1016/j.optlastec.2020.106826
https://doi.org/10.1109/JLT.2003.822205
https://doi.org/10.3390/nano12213864
https://doi.org/10.1002/adma.200901122
https://doi.org/10.1002/adma.200901122
https://doi.org/10.1038/nphoton.2010.186
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1364/OE.17.011007
https://doi.org/10.1002/cssc.202301146

RED2E (RgEs) %x %

20

[44] SUN ZH P, HASAN T, TORRISI F, et al.. Graphene mode-locked ultrafast laser [J]. ACS Nano, 2010, 4(2): 803-810.

[45] CHHOWALLA M, SHIN H S, EDA G, et al. The chemistry of two-dimensional layered transition metal
dichalcogenide nanosheets [J]. Nature Chemistry, 2013, 5(4): 263-275.

[46] WANG K P, WANG J, FAN J T, ef al.. Ultrafast saturable absorption of two-dimensional MoS, nanosheets[J]. ACS
Nano, 2013, 7(10): 9260-9267.

[47] ZOU X, LENG Y X, LI Y Y, et al.. Passively Q-switched mode-locked Tm: LLF laser with a MoS, saturable
absorber[J]. Chinese Optics Letters, 2015, 13(8): 081405.

[48] KONG L C, XIE G Q, YUAN P, et al.. Passive Q-switching and Q-switched mode-locking operations of 2 um Tm:
CLNGG laser with MoS, saturable absorber mirror [J]. Photonics Research, 2015, 3(2): A47.

[49]  WANG X, WANG Y G, DUAN L N, et al.. Passively Q-switched nd: YAG laser via a WS, saturable absorber[J].
Optics Communications, 2016, 367: 234-238.

[50] A%, BiF, £&, F 5T WS, il MR IARRIE O B Tm, Ho: LLF BOLAS [J]. #2253k, 2017, 66(11):
114207.

LING W J, XIA T, DONG ZH, et al.. Passively O-switched mode-locked Tm, Ho: LLF laser with a WS, saturable
absorber[J]. Acta Physica Sinica, 2017, 66(11): 114207. (in Chinese).

[51] ZHOU L, DUAN X M, XIE W Q, et al.. Optical and laser performances of a layered ReSe, saturable absorber for a 2-
um solid laser [J]. Optics & Laser Technology, 2021, 135: 106685.

[52] HANY X, WANG HL, LIHP, et al.. Passive Q-switched and passive mode-locked Tm: YAP lasers based on NbS,
nanosheets as saturable absorber [J]. Optical Materials, 2026, 172: 117804,

(53] 2424, 91°F, AF, F. Tm™/Ho & T2 P LLAMBRBOL BRI T I CRea) (1], 2o 9k 55 ik 42, 2021,
50(8):20210436.

MAO J J, HU P, ZHOU X, et al.. Research development on Tm*/Ho*" ions doped mid-infrared ultrafast lasers
(Invited) [J]. Infrared and Laser Engineering, 2021, 50(8): 20210436. (in Chinese).

[54] SCHOLLE K, LAMRINI S, KOOPMANN P, ef al. . 2 um laser sources and their possible applications[M]//PAL B.
Frontiers in Guided Wave Optics and Optoelectronics. London: IntechOpen, 2010.

[55] WUCHT, JIANG Y, DAI T Y, et al.. Research progress of 2 pum Ho-doped solid-state laser[J]. Chinese Journal of
Luminescence, 2018, 39(11): 1584-1597.

[56] TOKURAKAWA M, FUJITA E, KRANKEL C. Kerr-lens mode-locked Tm*: Sc,0; single-crystal laser in-band
pumped by an Er: Yb fiber MOPA at 1611 nm[J]. Optics Letters, 2017, 42(16): 3185.

[57] ZHANGJ W, MAK K F, GROBMEYER 8, et al. . Generation of 220 fs, 20 W pulses at 2 um from Kerr-lens mode-
locked Ho: YAG thin-disk oscillator[C]. Proceedings of the Conference on Lasers and Electro-Optics, Optica
Publishing Group, 2017: SMI11. 6.

[58] SUZUKI A, KRANKEL C, TOKURAKAWA M. High quality-factor Kerr-lens mode-locked Tm: Sc,O; single crystal
laser with anomalous spectral broadening[J]. Applied Physics Express, 2020, 13(5): 052007.

[59] WANGL, CHEN W D, ZHAO Y G, et al.. Single-walled carbon-nanotube saturable absorber assisted Kerr-lens mode-
locked Tm: MgWO, laser[J]. Optics Letters, 2020, 45(22): 6142.

[60] ZHAO Y G, WANG L, CHEN W D, et al.. Kerr-lens mode-locked Tm-doped sesquioxide ceramic laser[J]. Optics
Letters, 2021, 46(14): 3428.

[61] SUZUKI A, KRANKEL C, TOKURAKAWA M. Sub-6 optical-cycle Kerr-lens mode-locked Tm: Lu,0; and Tm:
Sc,0; combined gain media laser at 2.1 pm[J]. Optics Express, 2021,29(13): 19465.

[62] SUZUKI A, KRANKEL C, TOKURAKAWA M. Combined gain media 60 fs Kerr-lens mode-locked laser based on
Tm: Lu,0; and Tm: Sc,05[C]. Proceedings of the Conference on Lasers and Electro-Optics, Optica Publishing Group,
2021: SF2M. 6.

[63] SUZUKI A, KALUSNIAK S, GANSCHOW 8, ef al.. Kerr-lens mode-locked 49-fs Tm**: YScOjs single-crystal laser at
2.1 um[J]. Optics Letters, 2023, 48(16): 4221.

[64] YAO W CH, KHALILI M, WANG Y CH, et al.. GHz repetition rate, sub-100-fs Ho: CALGO laser at 2.1 um with
watt-level average power[J]. Optics Letters, 2024, 49(6): 1591.

[65] ZENG H J, XUE W Z, MURRAY R T, et al.. In-band pumped Kerr-lens mode-locked Tm, Ho-codoped calcium

aluminate laser[J]. Optics Express, 2024, 32(9): 16083.


https://doi.org/10.1021/nn901703e
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1021/nn403886t
https://doi.org/10.1021/nn403886t
https://doi.org/10.3788/COL201513.081405
https://doi.org/10.1364/PRJ.3.000A47
https://doi.org/10.1016/j.optcom.2016.01.066
https://doi.org/10.7498/aps.66.114207
https://doi.org/10.7498/aps.66.114207
https://doi.org/10.1016/j.optlastec.2020.106685
https://doi.org/10.1016/j.optmat.2025.117804
https://doi.org/10.3788/fgxb20183911.1584
https://doi.org/10.3788/fgxb20183911.1584
https://doi.org/10.1364/OL.42.003185
https://doi.org/10.35848/1882-0786/ab88c3
https://doi.org/10.1364/OL.411288
https://doi.org/10.1364/OL.431067
https://doi.org/10.1364/OL.431067
https://doi.org/10.1364/OE.428063
https://doi.org/10.1364/OL.507459
https://doi.org/10.1364/OE.524288

5 x BN, 2 B T PO B8 B B B R T i .

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

(82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

[90]

LIN ZH L, CHEN W D, GRIEBNER U, et al. . Kerr-lens mode-locked Tm, Ho: Ca(Gd, Y)AIO, laser[J]. Proceedings
of SPIE, 2025, PC13341: PC133410K.

WANG J, YAO W CH, LIU J, et al.. Kerr-lens mode-locked Ho: CALYO laser at 2.1 um[J]. Optics Express, 2025,
33(8): 18017.

WANG Y CH, LAN R J, MATEOS X, et al.. Broadly tunable mode-locked Ho: YAG ceramic laser around 2.1 um[J].
Optics Express, 2016, 24(16): 18003.

GAPONENKO M, WITTWER V J, HARKONEN A, et al.. Diode-pumped Tm: KY(WO,), laser passively
modelocked with a GaSb-SESAM [J]. Optics Express, 2017, 25(21): 25760.

LUAN C, YANG K, ZHAO J, et al.. Diode-pumped mode-locked Tm: LuAG laser at 2 um based on GaSb-
SESAMIJ]. Optics Letters, 2017, 42(4): 839.

SOULARD R, TYAZHEV A, DOUALAN J L, et al.. 2.3 um Tm*": YLF mode-locked laser[J]. Optics Letters, 2017,
42(18): 3534-3536.

WANG Y CH, LAN R J, MATEOS X, et al.. Thulium doped LuAG ceramics for passively mode locked lasers[J].
Optics Express, 2017,25(6): 7084-7091.

ZHOU W, XU X D, XU R, et al.. Watt-level broadly wavelength tunable mode-locked solid-state laser in the 2 um
water absorption region[J]. Photonics Research, 2017, 5(6): 583.

LING W J, XIA T, DONG ZH, et al.. 1.91 um Passively continuous-wave mode-locked Tm: LiLuF, laser[J]. Optics &
Laser Technology, 2018, 108: 364-367.

TYAZHEV A, SOULARD R, GODIN T, ef al.. Passively mode-locked diode-pumped Tm*": YLF laser emitting at
1.91 um using a GaAs-based SESAM [J]. Laser Physics Letters, 2018, 15(4): 045807.

WANG Y CH, JING W, LOIKO P, et al.. Sub-10 optical-cycle passively mode-locked Tm: (Lu,;Sc;;3),03 ceramic
laser at 2 um[J]. Optics Express, 2018, 26(8): 10299-10304.

ZHAO 'Y G, WANG Y CH, ZHANG X ZH, et al.. 87 fs mode-locked Tm, Ho: CaYAIlO, laser at ~2043 nm[J]. Optics
Letters, 2018, 43(4): 915-918.

LI D ZH, KONG L CH, XU X D, et al.. Spectroscopy and mode-locking laser operation of Tm: LuYO; mixed
sesquioxide ceramic [J]. Optics Express, 2019, 27(17): 24416-24425.

LIU J J, ZHANG CH, ZHANG ZH, et al.. 1886-nm mode-locked and wavelength tunable Tm-doped CaF, lasers[J].
Optics Letters, 2019, 44(1): 134-137.

LIU X Y, LI X W, ZHAO SH ZH, et al.. Dual-wavelength synchronously mode-locked Tm-doped bulk laser with
terahertz frequency beating [J]. Chinese Optics Letters, 2019, 17(9): 091401.

NA Q X, HUANG ZH Y, HE M M, et al.. Watt-level passively mode-locked Tm: YLF laser at 1.83 um/[J]. Optics
Express, 2019, 27(24): 35230-35237.

LING W J, XIA T, SUN R, et al.. Low threshold, high efficiency passively mode-locked picosecond Tm, Ho: LiLuF,
laser[J]. Frontiers in Physics, 2020, 7: 216.

SHEN Y J, HAN X H, LI L J, et al.. Continuous-wave mode-locked Tm: YAG laser with GaAs-based SESAM[J].
Infrared Physics & Technology, 2020, 111: 103539.

GUO L, YANG Y L, ZHAO SH ZH, et al.. Diode-pumped SESAM mode-locked low-repetition-rate Tm: CALGO
picosecond laser at 1968 nm[J]. Optics & Laser Technology, 2021, 142: 107195.

WANG L, CHEN W D, ZHAO Y G, et al.. Power-scalable sub-100-fs Tm laser at 2.08 uml[J]. High Power Laser
Science and Engineering, 2021, 9: 50.

WANG L, CHEN W D, ZHAO Y G, et al.. Sub-50 fs pulse generation from a SESAM mode-locked Tm, Ho-codoped
calcium aluminate laser[J]. Optics Letters, 2021, 46(11): 2642-2645.

HAO Q Q, WANG Q G, ZHENG L H, et al.. Diode-pumped SESAM mode-locked Tm: Sc,SiOs laser[J]. Optics
Letters, 2022, 47(17): 4495-4498.

WANG Y CH, LOIKO P, ZHAO Y G, et al.. Polarized spectroscopy and SESAM mode-locking of Tm, Ho:
CALGO!J]. Optics Express, 2022, 30(5): 7883-7893.

YAO W CH, WANG Y CH, TOMILOV 8, et al. . High-power femtosecond Ho: CALGO laser at 2.1 pum[C].
Proceedings of the Optica Advanced Photonics Congress 2022, Optica Publishing Group, 2022: AWS5A. 3.

ZHANG N, WANG ZH X, LIU SH D, et al.. Watt-level femtosecond Tm-doped “mixed” sesquioxide ceramic laser in-


https://doi.org/10.1364/OE.560911
https://doi.org/10.1364/OE.24.018003
https://doi.org/10.1364/OE.25.025760
https://doi.org/10.1364/OL.42.000839
https://doi.org/10.1364/OE.25.007084
https://doi.org/10.1364/PRJ.5.000583
https://doi.org/10.1016/j.optlastec.2018.06.046
https://doi.org/10.1016/j.optlastec.2018.06.046
https://doi.org/10.1088/1612-202X/aaa9aa
https://doi.org/10.1364/OE.26.010299
https://doi.org/10.1364/OE.27.024416
https://doi.org/10.1364/OL.44.000134
https://doi.org/10.3788/COL201917.091401
https://doi.org/10.1364/OE.27.035230
https://doi.org/10.1364/OE.27.035230
https://doi.org/10.3389/fphy.2019.00216
https://doi.org/10.1016/j.infrared.2020.103539
https://doi.org/10.1016/j.optlastec.2021.107195
https://doi.org/10.1017/hpl.2021.42
https://doi.org/10.1017/hpl.2021.42
https://doi.org/10.1364/OL.426113
https://doi.org/10.1364/OL.472091
https://doi.org/10.1364/OL.472091
https://doi.org/10.1364/OE.449626

22

RED2E (RgEs) %x %

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

band pumped by a Raman fiber laser at 1627 nm[J]. Optics Express, 2022, 30(13): 23978-23985.

ZHANG N, LIU SH D, WANG ZH X, et al.. SESAM mode-locked Tm: Y,O; ceramic laser[J]. Optics Express, 2022,
30(16): 29531-29538.

ZHAO Y T, L1 Y, ZHAO SH ZH, et al.. Diode-pumped Tm?**, Ho*" co-doped GAGG mode-locking laser near the
2.1um wavelength region[J]. Optics Express, 2022, 30(8): 13890-13897.

DING H, LIU J, WANG Y Y, et al.. Mode-locking of a Tm, Ho: CALYGO laser delivering 50 fs pulses at 2.08 um/[J].
Optics Letters, 2023, 48(23): 6267-6270.

ZHANG N, SONG Q S, ZHOU ] J, et al.. 44-fs pulse generation at 2.05 pm from a SESAM mode-locked Tm: GdScO;
laser[J]. Optics Letters, 2023, 48(2): 510-513.

LIU SH D, WANG P F, LI K, et al.. Sub-60-fs mode-locked Tm, Ho: CaYLuAlO, laser at 2.05 um[J]. Optics Express,
2024, 32(5): 7513-7519.

LIU J, ZHANG N, SONG Q S, et al.. Tunable and mode-locked Tm, Ho: GdScOs laser[J]. Optics Letters, 2024,
49(8): 2145-2148.

SUZUKI A, WANG Y CH, TOMILOV S, et al.. Diode-pumped 88 fs SESAM mode-locked Tm, Ho: CLNGG laser at
2090 nm[J]. Applied Physics Express, 2024, 17(4): 042002.

ZHANG N, LIU J, DING H, et al.. 43 fs pulse generation from a SESAM mode-locked Tm, Ho: CALYGLO laser[J].
Optics Letters, 2025, 50(20): 6277-6280.

MENG Z Q, LIU J L, ZHANG J, et al.. Based on SESAM 2um band Tm: YLF continuous-wave mode-locked laser[J].
Infrared Physics & Technology, 2025, 150: 106033.

YANG J F, QIU X, YUAN SH CH, et al.. SESAM mode-locked “mixed” Tm: CaYLuAlO, laser generating 202 fs
pulses at 1980 nm[J]. Optics & Laser Technology, 2025, 192: 113416.

ZHANG N, WANG Y Y, DING H, et al.. Direct generation of 3.5 optical-cycle pulses from a rare-earth laser[J].
Optics Letters, 2025, 50(10): 3150-3153.

TONG X, ZHANG ZH, FANG L ZH, et al.. Enhanced performance of a passively mode-locked Tm, Gd: CaF, laser
versus Tm: CaF, around 1.9 um[J]. Optics Express, 2026, 34(5): 9166-9175.

SHAKATY A A, HMOOD J K, MAHDI B R, ef al.. Q-switched erbium-doped fiber laser based on nanodiamond
saturable absorber [J]. Optics & Laser Technology, 2022, 146: 107569.

SCHMIDT A, KOOPMANN P, HUBER G, ef al.. 175 fs Tm: Lu,O; laser at 2.07 um mode-locked using single-walled
carbon nanotubes [J]. Optics Express, 2012, 20(5): 5313-5318.

SCHMIDT A, CHOI SY, YEOM D [, et al.. Femtosecond pulses near 2um from a Tm: KLuW laser mode-locked by a
single-walled carbon nanotube saturable absorber[J]. Applied Physics Express, 2012, 5(9): 092704,

SCHMIDT A, PARISI D, VERONESI S, et al. . Passive mode-locking of a Tm: YLF laser[C]. Proceedings of the
CLEO: 2011 - Laser Science to Photonic Applications, IEEE, 2011: 1-2.

QU Z S, WANG Y G, LIU J, et al.. Passively mode-locked 2-pm Tm: YAP laser with a double-wall carbon nanotube
absorber[J]. Chinese Physics B, 2012, 21(6): 064211.

ALEKSANDROV V, GLUTH A, PETROV V, et al.. Tm, Ho: KLu(WQ,), laser mode-locked near 2 um by single-
walled carbon nanotubes [J]. Optics Express, 2014, 22(22): 26872-26877.

AU R, A, T, F T PEERIUORAE T O BIUBLIREI{E Tm, Ho: LiLuF, #OLE V], #22 531, 2018, 67(1):
014201.

LING W J, XIA T, DONG ZH, et al.. Passively O-switched mode-locked low threshold Tm, Ho: LLF laser with an
single walled carbon nanotubes saturable absorber [J]. Acta Physica Sinica, 2018, 67(1): 014201. (in Chinese).

PAN ZH B, WANG Y CH, ZHAO Y G, et al.. Generation of 84-fs pulses from a mode-locked Tm: CNNGG
disordered garnet crystal laser[J]. Photonics Research, 2018, 6(8): 800-804.

WANG Y CH, ZHAO Y G, PAN ZH B, et al.. 78 fs SWCNT-SA mode-locked Tm: CLNGG disordered garnet crystal
laser at 2017 nm[J]. Optics Letters, 2018, 43(17): 4268-4271.

PAN ZH B, WANG Y CH, ZHAO Y G, et al.. Sub-80 fs mode-locked Tm, Ho-codoped disordered garnet crystal
oscillator operating at 2081 nm[J]. Optics Letters, 2018, 43(20): 5154-5157.

ZHAO Y G, WANG Y CH, CHEN W D, et al.. 67-fs pulse generation from a mode-locked Tm, Ho: CLNGG laser at
2083 nm[J]. Optics Express, 2019, 27(3): 1922-1928.


https://doi.org/10.1364/OE.462701
https://doi.org/10.1364/OE.468071
https://doi.org/10.1364/OE.457431
https://doi.org/10.1364/OL.510740
https://doi.org/10.1364/OL.480400
https://doi.org/10.1364/OE.519238
https://doi.org/10.1364/OL.514957
https://doi.org/10.35848/1882-0786/ad346b
https://doi.org/10.1364/OL.568726
https://doi.org/10.1016/j.infrared.2025.106033
https://doi.org/10.1016/j.optlastec.2025.113416
https://doi.org/10.1364/OL.559633
https://doi.org/10.1364/OE.588711
https://doi.org/10.1016/j.optlastec.2021.107569
https://doi.org/10.1364/OE.20.005313
https://doi.org/10.1143/apex.5.092704
https://doi.org/10.1088/1674-1056/21/6/064211
https://doi.org/10.1364/OE.22.026872
https://doi.org/10.7498/aps.67.20171748
https://doi.org/10.7498/aps.67.20171748
https://doi.org/10.1364/PRJ.6.000800
https://doi.org/10.1364/OL.43.004268
https://doi.org/10.1364/OL.43.005154
https://doi.org/10.1364/OE.27.001922

5 x ] BN, 25 2 pm BB EA OGS 6l BRI 7Tt 23

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

ZHAOY G, WANG L, WANG Y CH, et al.. SWCNT-SA mode-locked Tm: LuYO; ceramic laser delivering 8-optical-
cycle pulses at 2.05 pum[J]. Optics Letters, 2020, 45(2): 459-462.

ZHANG Y N, LING W J, QIAO D, et al.. Passively Q-switched mode-locked Tm, Ho: CaYAIO, laser based on
double-walled carbon nanotube saturable absorber[J]. Frontiers in Physics, 2020, 8: 86.

WANG L, CHEN W D, PAN ZH B, et al.. Sub-100 fs mode-locked Tm: CLTGG laser[J]. Optics Express, 2021,
29(20): 31137-31144.

PAN ZH B, WANG L, BAE J E, et al.. SWCNT-SA mode-locked Tm, Ho: LCLNGG laser[J]. Optics Express, 2021,
29(24): 40323-40332.

WANG L, CHEN W D, PAN ZH B, et al. . Single-walled carbon nanotube saturable-absorber mode-locked Tm:
CLTGG laser[C]. Proceedings of the Laser Congress 2021 (ASSL, LAC), Optica Publishing Group, 2021: ATu2A. 8.
BAO Q L, ZHANG H, WANG Y, et al.. Atomic - layer graphene as a saturable absorber for ultrafast pulsed lasers[J].
Advanced Functional Materials, 2009, 19(19): 3077-3083.

LIU J, WANG Y G, QU Z S, et al.. Graphene oxide absorber for 2 um passive mode-locking Tm: YAIO; laser[J].
Laser Physics Letters, 2012, 9(1): 15-19.

MA J, XIE G Q, LV P, et al.. Graphene mode-locked femtosecond laser at 2 um wavelength[J]. Optics Letters, 2012,
37(11): 2085-2087.

LAGATSKY A A, SUN Z, KULMALA T S, et al.. 2 um solid-state laser mode-locked by single-layer graphene[J].
Applied Physics Letters, 2013, 102(1): 013113.

MA J, XIE G Q, ZHANG J, et al.. Passively mode-locked Tm: YAG ceramic laser based on graphene[J]. IEEE
Journal of Selected Topics in Quantum Electronics, 2015,21(1): 50-55.

WAN H L, CAI W, WANG F, et al.. High-quality monolayer graphene for bulk laser mode-locking near 2 uml[J].
Optical and Quantum Electronics, 2016, 48(1): 11.

WANG Y CH, CHEN W D, MERO M, et al.. Sub-100 fs Tm: MgWO, laser at 2017 nm mode locked by a graphene
saturable absorber[J]. Optics Letters, 2017, 42(16): 3076-3079.

AR, B, F 8, F TR SRRSO AR B30 O iR Tm, Ho: LiLuF, BOGH (1], &+
# ok, 2018, 45(3): 0301001.

LING W J, XIA T, DONG ZH, et al.. Passively O-switched mode-locked low threshold Tm, Ho: LiLuF, laser with a
graphene oxide saturable absorber[J]. Chinese Journal of Lasers, 2018, 45(3): 0301001. (in Chinese).

FBL, TRR, A E, . RTAA BB LZOE O Bt Tm: LuAG Hot#s [J]. #7122 53R, 2019, 68(10): 104207.
SUN R, CHEN CH, LING W J, et al.. Watt-level passively O-switched mode-locked Tm: LuAG laser with graphene
oxide saturable absorber[J]. Acta Physica Sinica, 2019, 68(10): 104207. (in Chinese).

ZHAO Y G, CHEN W D, WANG L, et al.. Graphene mode-locked Tm, Ho-codoped crystalline garnet laser producing
70-fs pulses near 2.1um[J]. OS4 Continuum, 2019, 2(9): 2593.

FBL, A E R, 5.2 089 nm M Q BB Tm, Ho: CaYAIQ, EOLAS (1], K K54k, 2020, 41(3): 301-307.

SUN R, LING W J, CHEN CH, et al.. Passively O-switched mode-locked Tm, Ho: CaYAIO, laser operating at 2 089
nm[J]. Chinese Journal of Luminescence, 2020, 41(3): 301-307. (in Chinese).

PARIS M, TYAZHEV A, LOIKO P, et al.. Passively mode-locked diode-pumped Tm, Ho: LiYF, laser[J]. Laser
Physics Letters, 2020, 17(4): 045801.

B, AR E, RR, . RSk P RE LS I Q BIUEL Tm, Ho: LLF WORRE (1], 2osh 54k T 42, 2021, 50(8):
202103.

YUAN ZH, LING W J, CHEN CH, et al.. High single pulse energy passively Q-switched mode-locked Tm, Ho: LLF
laser[J]. Laser Physics Letters, 2021, 50(8): 202103. (in Chinese).

HU ZH W, HU X X, HE P F, er al.. NbS,-nanosheet-based saturable absorber for 1.5 um and 2 pm ultrafast fiber
lasers[J]. Photonics and Nanostructures-Fundamentals and Applications, 2023, 54: 101117.

YUAN ZH, LING W J, SUN R, et al.. Passively Q-switched mode-locked Tm, Ho: CaYAIOQ, laser at 2089 nm[J].
Proceedings of SPIE, 2020, 11717: 117171G.

CHEN CH, LING W J, SUN R, et al.. Watt-level dual-wavelength Q-switched mode-locked all-solid-state Tm: CYA
laser [J]. Frontiers in Physics, 2020, 7: 252.

LILJ, ZHOU L, LI T X, et al.. Passive mode-locking operation of a diode-pumped Tm: YAG laser with a MoS,


https://doi.org/10.1364/OL.380035
https://doi.org/10.3389/fphy.2020.00086
https://doi.org/10.1364/OE.435947
https://doi.org/10.1364/OE.445584
https://doi.org/10.1002/adfm.200901007
https://doi.org/10.1002/lapl.201110087
https://doi.org/10.1364/OL.37.002085
https://doi.org/10.1063/1.4773990
https://doi.org/10.1109/JSTQE.2014.2361785
https://doi.org/10.1109/JSTQE.2014.2361785

RED2E (RgEs) %x %

24

saturable absorber [J]. Optics & Laser Technology, 2020, 124: 105986.

[136] ZHOU L, DUAN X M, XIE W Q, et al. . Optical and laser performances of a layered ReSe, saturable absorber for a 2-
um solid laser[J]. Optics & Laser Technology, 2021, 135: 106685. (2B W _L¥Ekl, A& RS 58 51 £ 3CRES, 35
L)

[137] YANG Y H, LIU H, GAO Q, et al.. Semi-metallic PtTe, nanosheets are used as saturable absorbers to generate passive
mode-locked pulse laser in the 2 pm band[J]. Optical Materials, 2024, 156: 115951.

[138] ZHANG X L, LUO Y, WANG T H, et al.. Cr: ZnS saturable absorber passively Q-switched mode-locking Tm, Ho:
LLF laser[J]. Applied Optics, 2017, 56(11): 2973-2977.

[139] LILJ, YANG X N, ZHOU L, et al.. BN as a saturable absorber for a passively mode-locked 2 pm solid-state laser[J].
Physica Status Solidi (RRL)-Rapid Research Letters, 2019, 13(3): 1800482.

[140] GAO Q, MA X ZH, ZHANG W SH, et al.. A passively mode-locked of Tm: YAP laser with a zeolitic imidazolate
frameworks-8 (ZIF-8) saturable absorber[J]. Optik, 2022, 271: 170133.

[141] GAO Q, YANG X N, LI SH CH, et al.. Pb(Zr,, Ti,,)O; perovskite material for passively ultrafast pulse generation in a
Tm: YAP laser[J]. Optics & Laser Technology, 2023, 157: 108707.

[142] CAIEL, QI CH, HU X H, ef al.. Zirconium pentatelluride as saturable absorber for 2 um ultrafast solid-state laser[J].
Journal of Materials Chemistry C, 2023, 11(11): 3812-3817.

[143] HUY Y, YANGWL,QITQ, et al.. Nb,AIC as saturable absorber for a passively mode-locked operation of Tm: YLF
laser[J]. Optics & Laser Technology, 2023, 161: 109116.

[144] WANG M J, XU Y, YU ZH ZH, et al.. Nickel-cobalt layered double hydroxide saturable absorber for a mid-infrared 2
um Tm: YAG ceramic mode-locked laser[J]. Applied Physics B, 2023, 129(7): 104.

[145] WANG CH, CHEN T J, MENG ZH, et al.. Passively mode-locked Tm: YAP laser utilizing a Mo,TiAIC, MAX phase
saturable absorber for modulation[J]. Photonics, 2025, 12(6): 610.

[146] WANG X, GUO L C, SHENG J P, et al.. 2 um Tm: YLF pulsed laser based on an oxygen-vacancy-engineered BiOBr
saturable absorber[J]. Optical Materials, 2026, 169: 117705.

fEE AT

AU S o A O BEE£ T, 2024 45 JR 35 Tolk K22 4K
2007 4F, 2012 4F F M IR Tl K253 T b, B IR IE Tl R A7
BT R R U SR VA1 A B o AN SN | N BEBT ST A, WL T ) A v 2L A 8 A 3

K R MR N & Y e AN L 294 ‘ . FedE AR . E-mail: 16844849@qq.com
N J7 T B BFSE T AE . E-mail: xm- x

duan@hit.edu.cn

Bt/ (1981—), B, BT R a A (2001—), B, HMKFAN, A

S AEF(1993—), B, FHREHEN, B
R 0 K 2 i R 2 g @I B 55 5L,
44 500, 2025 4F F G JRIE Tolk K2

== ARAF I o, WIS 5 1) O A £k B [

““/hﬁs‘zsmwv T 2 I 380 B 3 4
Y R AT B OR AR L e sh

[ 1A % B R %F 5 E-mail: wujiaze@

hit.edu.cn


mailto:xmduan@hit.edu.cn
mailto:xmduan@hit.edu.cn
mailto:16844849@qq.com
mailto:wujiaze@hit.edu.cn
mailto:wujiaze@hit.edu.cn

	1 引　言
	2 2 μm被动锁模固体激光器基本原理
	2.1 被动锁模技术
	2.1.1 克尔透镜锁模
	2.1.2 可饱和吸收体
	2.1.2.1 半导体可饱和吸收镜
	2.1.2.2 低维材料可饱和吸收体


	2.2 2 μm固体激光器激活离子

	3 2 μm被动锁模固体激光器研究进展
	3.1 克尔透镜锁模
	3.2 半导体可饱和吸收镜锁模
	3.2.1 石榴石与氟化物晶体
	3.2.2 钙铝石晶体
	3.2.3 倍半氧化物晶体
	3.2.4 钙钛矿晶体

	3.3 低维材料
	3.3.1 碳纳米管
	3.3.2 石墨烯
	3.3.3 过渡金属硫族化合物
	3.3.4 其他可饱和吸收体


	4 结　论
	参考文献

