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2 um ultra—broadband PbS quantum dots fiber amplifier

YANG Nan, WANG Deen, WAN Siyu, WANG Chenxi, SUN Xiaolan"
(Key Laboratory of Specialty Fiber Optics and Optical Access Networks, Shanghai University, Shanghai 200444, China)

Abstract: To address the issues of narrow gain bandwidth and complex structure in current fiber amplifiers, a 2 wm ultra-wide-
band PbS quantum dot fiber amplifier is fabricated. Firstly, PbS quantum dots with an average diameter of approximately 9.2 nm
are synthesized through the organometrical approach and deposited on the surface of the optical fiber cone region by the optical
deposition method. Subsequently, the PbS quantum dots coated in the conical region of the fiber are excited by a pumping light
source to emit photons with the same wavelength as the signal light in the 2 wm band, thereby achieving the amplification of the

optical signal. The test results indicate that the optical fiber amplifier can attain a gain of 10.1 dB within the band of 1 900~2 100

nm, and the gain bandwidth is approximately 200 nm.

Key words: 2 um, organometallic process, light deposition method, PbS quantum dots, fiber amplifier

03lF
AR | B KA 55 i R A S R
Hts 2 #2015l &1 RO R &
BPE, WFSE NGOG AR e PR, S L
FRA AR 2 TR R GER . TR ZLAME B, B
A S AR 2 RO EPERERY TV-VI &1, Hh
§% PbS . PbSe Fl PbTe 5K R, HihllJe PbS &t 1, H:
AR R 18 nm W BRZIN 041 eV, CAEGH
ks B #1.2024-04-20,
EEWM A . BT EEFRAET E (9 H 45 . 19530714000) % 8,
B/ ./ (1996—) , 5 W-H0F 7T A ARl
F L TERERKEASL IERTFITEPES
YEYEl, BT 1 (5 B 538 M5 LA Biia
H5 B RG T, FEH I 0 AR F ROk
A 2GR
*BEEER MK (1977—) , 2 Tt RIH0%, £ |
W7 MDGER S 2 ST A

TN AR EE AR K BH 8 H s R O A A
R,

TESCEF R #3453 | PhS 12 i AL T B A5 3
FEATEAE, 2010 4 PANG F 25 AN 4R T —Fh ]
BT, B PbS BT 55 Si0, T ICEE I IR A il il i
JE A VR B T LT RN A AR I HE DX )t PbS
T RSOOSR LT 8 dB Bz, K/ ,GUO H
SENSTF 2012 AEXFZORA AT T IRA RIS 8T, T
MILREZELL 1 530 nm Aty FEEEA 240 nm 5 EIN
SEPLEA 105 dB PRI 25, A TS AIRA  BFSY
FHNIARWHR R B SOCEF ORAR S5, 2013 4F,
SUN X %5 N-042 H T PhS/CdS #7¢ 8 1 i JE 4T R
i, W TE PhS BT RMIRE — 2 odS, MUES T
FoE e, OB T HERE, AN  MATIERER TR AT
FRALBEY) PhS 12T o LAY s ARG e P 1 i iR
TR IR T R TR MRE ., 2019 4,

6 NAIEH NS 2024 5 4 ]



QA B OR 5B

ZHENG J S N 842 2 R5F PhS &+ 48, il Y)
il % T AE U BEAE 1 050~1 350 nm P, 34 25 345 5]
7.1~15.0 dB BPDGEFHURAR . 2020 4F | 15 R B A2z
H T —FhIL T pbS BAUIMIE EIELF oAy, HAE
C W BRI 253858 T 8 dB, 2021 4F, JE 3604 A
P T —FE DL BORES , KA AL Si0, 5
PbS & T HAIZS A WD E PhS 2T S HEEAENL Sio,
YRR ARERT TRORAR Gt R BE . 2022 4,
WANG W N4 PhS 115 Fl BaF, 4K AR TTTE
TEF— B3 B 2 AT 0 & 3 ol T4 A &
ST AR 430 nm, 2023 4, DONG Y 5 A1 i il
7 PbS/PhSe AR P FARILB A HOMLF | HORAR RN
41 100~1 350 nm Bf3K45 T 10.7~14.5 dB A5

USSR R D7 iR & 19 PhS & T LT ek
O TR DGR @ E 6 N SE T I 2 13 25
Vi, AFLBE A 38 15 H R i D & R AR Ge i 11 M LA
SEAWIHGR AT TR oK R BRI B mD
EFRUR A A T 38 (5 400 AR 12 i R S ) R
KT 2 pum MO EA AR 4etm . KREEE
FU RSO, T2 W FROE R B IR 46
S5, MBS TARSEHY 1 310 nm A1 1 550 nm {5 EL,
2 wm U BRSBTS AR R S B AR Y
et A7 AR — RO CEF (5 A As ] 3o'6 15 A 2
ME O, HAT,2 wm 8 B TR RS R
ZAED D O (NS S B S 8 2 SN E R VA = |
PO £ Az IR I HL A RO 4
I, ARSCHIE T —Fh 2 wm BIEAT PhS BT ASBLT
K, BTEN AR FEAR M TR G

1 PbS EF R XA ATHHE &

ARSCR UG AL B T2, a1 R
RoF i mi, HOOCER T 2 wm BB, PIES TR
200 nm,, FJG Pk B R TORRTEGETHE X I (4
XK 2 em, HEX EAEN 5 wm) , 6 & H T 2 wm B
Biar PhS B mOGLF O A g 1 s, %

554 IR 2cm
a—— 5um
‘4\4‘275 PbS# T4 R
S T ik

WDM WDM
980/2 000 nm

B 1 2 um BEW PbS B FREIF MK RLEME

e, EAEREL TS, S5 2 pm B IE PhS T RO

LR 53 R FH S VIR AN 976 nm #0064 (LD)
YA G S IR A AL OEIR @it 975/2 000 nm 502
#H(WDM) BH5 SR G FIRHE AR LT, R
THIYCTRIUR SCET HEE IR IR B %) PhS 1, X b i
FEAE 2 pm BEBRECH 515 S 6 KA LT,
SEHOCAR 5 B R EOUK
1.1 PbS EF R Fl &SR

FHLE R A N PbS T dch M ik, —
G @ B A T BRI A A i vk B
SR TR fil R A R R US| IR 2O LAk
A%, AOPRVE KA X — i R R R A E
AT AR B, RS AR B BTG | LR AR
VR S ST 23 A R (BRI 3 R ILE SN q 1K
1, KBRS AR SR AT A 9K S AR R ST K
MHTIR T R AFOR | GO SRR A K AR I,
(AR Ty X FEOT RGN X Fh B G B FR o B
Hrke LR B R T H O s RS — B0, A
SCHE SR R] P2 45 I 7E 100 min LA (54K BB
P HRA A ) o et IR AT 0 o A < ek ) ) 22 Ak G ] 2
Fis AT LAE H7E 30~100 min FOAE TR | IFRE 5%
BB e, LTS TR AR ] A R A0 St SRR
W2 A R T R R B TR 7.2 nm, H.
HATE 1 631 nm BANSERFNRLS TR

1650 |
O
/ v ’ ’
1600 | &
1550 |
g
£
& 1500 |
&
=
= 1450
1400 |
1350
" 1 " 1 " 1 n 1 " 1
0 20 40 60 80 100
A K A1) /min

B 2 EF = RIKIERE %K E R

R T ARSI AR RS R 5 A SCH A PL AR
25 2RSS G TERTER S SR AT SRR
PIRBCHA TR . 6, A SGHE 5 — YO S A 9K
AR T Ih Az B RS | 38 220 S R
IRARAR U AR B ER R T K9
TRET BT ORI B BE R EL 24:1 TR A Tz
FAER A E RIS R E T 120 CRYTNAR
FE PRI ZU45E 30 min, #EMTAR 22O GIEA T 1 614 nm
204 4 41 RABERSF (9




SR EEYEEE R

1:///,![1]‘] FAf ﬁFﬂT ) pm BT PhS T T EOGEF O A%

PIRIGG ARl SRS s S S 0 A B TSR AAC
B B ORI AG ZAR T A% S8, TN PhS i F 54
A= R AR A P ] Bl 3kt S ik & B ) BUAZ A R,
2 S MOS0 PR IR 0T TR A T WS £
F 1 614~1 980 nm N9 PbS & 55, #53] PbS & T4
FA) 2 MAT 0 55 A AR 1 A RER G R 3 s, AR
T, 245 4 A B AT SR AR VR BB A 8 YR | 2 vy 4%
S| & BRI RS A S | R8T S R A AR
B H RSO AR AR AN DRt AR SORR 5 oK 38 S A0
ANEA 6 BLRTIRIR  BEENHIAE 1 960 nm I KA FRTE
T IR T IR T 2 000 nm PR
(CEIEASER 200 nm) HELSH0E R AFHY PhS %,
RO NE 4(a) iR, N TiHE—E0F5 PbS
AR RST JESURS BG4S SCR S S -1
8% (TEM, JEM=2010F) %t PhS f& 1 s A 70000 | W)
2K 4(b) K 4(e)Fim, MK 4(b)PTLIE H | PbS
AU RIS HOIRAS | BRI 5] X3k
B PbS T IR T . IR 4(c) T LAE Y PbS
BT EAZHR 9.2 nm,

2000

1900 |

1800 |

FOREAE /nm

1700

1600 |

TENKER R
E 3 PbS EF=MREIESTRREENREMX R

BT A AT AN (1) FR
: =he. (1

0.0392d +0.114d
Hor | E, Ras— AR B, d it TR I B, A
SR A B K ¢ R b R SRR
h=4.13566x10 eV -s. HAEIL I (0 (0 B | 7T UKL A
H PbS BT A ET KNG H 9.3 nm, 355 WL 45 3
I,
1.2 457 PbS BT AT ASE

AR SR T AR A B T A DU B e
X0, FCREN IO S e 4 X B 77 A 1Y

E,= 041+

02 F

0 1 1 1 1
1400 1 600 1 800 2000 2200 2 400
KK /nm

(a) PG

)3 —ALIRE

\

N\

N

8
H42/nm
(c) RifEs AT HITE
B 4 PbS EF=AI4FIE

O 2 ) &, PhS &1 sl WDCEFHE X Ty
RS, RS TEVOAEE I AE | PbS T A A2
R BRE T LR HEFE R 020 SEUTRR S B E A 3R
TLE e B R A B ZEN A
RFR 1 mL B PhS BT A (MR N 2 mg/ml) , 32
5 BOCL B —i 5 976 nm LD #A, 5—im il 5%

NN
9 10 11

Q0 RBIEH A 2024 45 4 1



QA B OR 5B

DM, RS, 78 LD 38 ot # it i | 1k
BUURIIEA 50 mW, JIEH A 10 min, F)5, A%
R T ok B VAR TR S U AR i B T L s PR
AT T IRAL R IS5 R AN 5 B, ATRAE T DU
JE IR A EIHFE L 11 dB,

20

1i4£/dB

1 900 1950 2 000 2050 2100
JE K /nm

B 5 LR

T BIE PhS HEF s SR AT HE X 3R 1
ASCR FHA T A0S (SEM, Hitachi Regulus8100)
R A HBOEIE Y (EDS, Bruker XFlash 6) A2 15
BrGEF AT X I ) 2 1w, 45 BT PhS &7 SR #EE
JGEFRY SEM BEIINE 6 s, AT LUE i JGEF RIHEIE X
WH—)Z PbS BT T,

B 6 iR PbS BFm/a#MLTH SEM B

2 PbS EFRNXA MK ZEm T
ARICRHITE ST (0SA, Yokogawa AQ6375)
XF 2 wm B PhS BT RUOCEF RO IR AT

FEIRARE S PRI, 2635 DOTIR S LR, 7Efn
I 0SA Bl M WIn 2% bi)n B4
SENZEHDCIR B DR I A S T OEg . dad )
ek OIS SRR S 5 AR SCRAS T T mDEETIL
s B E OGO S 25 P aniel 7 Birs

W, TAEIR, 7T, 45 2 wm BT PhS T AT GLF U R
1ok — RHEAFEAH0mW
I — RIHAFEH50 mW
, 1 — FRHHFEAH100 mW
201 — Rl A% $200 mW
I Rl P F 4300 mW
£ 30 — il F AH400 mW
3 Rl 2 F 4500 mW
w
sl
‘\\\E
" 1 1 1 L
1 900 1950 2000 2050 2100
KK /nm
(a) HrihyE s s &l
10 |
8 -
m
S
el
t_%ﬁ!
K o6k
LS
4+
¢
" 1 n 1 1 1 " 1 " 1
0 100 200 300 400 500

il P F/mW
(b) FFRIEZER
B 7 AERBNETHREMEHEmEMA LG mE

M 7 (a) TLAE | ZEPEK M 1 900~2 100 nm
W, BT SR GIR A I RN | 3 45 35 7E 1 952 nm I
oAb SEIRUEEAR | R 257 58 200 nm, 2R, 7E L PR
ISEFH A RN XT3 i T FIVHT 8 ) S e ] LA 2B A
T, I 7(b) TR S E8H TR 50 mW 28 i
2 500 mW B, RO O OS5 3.5 dB
T 10.1 dB, MDA E] 500 mW B, 355 )L
PR B FTIRE

3 FRiE

ASCR A LGBk il HARZ49.2 nm
) PbS & T4, X SR 1 960 nm I Jié
IR SR ZU RIS, AR 1 900~2 100 nm N
WU S0 S0 & B I R RS AR ORI DS DR
ARIGEE M T R T HEIEELF 0 2 wm B SEHTPHS &
T ROCEFORAS, TR G2EIE s Rt T T IR AT
5%, MHRGERE R0 A 1 900~2 100 nm A, HLAZIH
RAIEHS O

2024 455 4 1)




QA B OR 5B

e, EAEREL DTS, S5 2 pm B IE PhS T OGS

DK% 500 mW AR, ZOGEFORER B KT
KM i A3k 10.1 dB, B 4575 T8 200 nm,, BT
FCEF R A Has T R B 3 £ U A B S ) T ol
M)A CEF AL H B A Fa Aty il HOGET {5 S
BT T RE A PR N AT 5

SE k.

[11 YIN X, ZHANG C, GUO Y, et al. PbS QD-based photodetectors: future-
oriented near-infrared detection technology{J]. Journal of Materials Chemistry,
2021,9(2): 417-438.

[2] SHIX, CHEN S, LUO M, et al. Zn-doping enhances the photoluminescence
and stability of PbS quantum dots for in vivo high-resolution imaging in the
NIR-II window[J]. Nano Resarch, 2020, 13(8): 2239-2245.

[3] VINOTH PANDI D, SARASWATHI, VENKATRAMAN M R, et al.
PbS quantum dots-sensitized ZnO nanorods-based third generation solar
cells[J]. Materials Today Chemistry, 2023, 29: 101444-1-101444-6.

[4] YANGS, LIF, GONG M, et al. Generation of Q-switched and mode-locked
pulses based on PbS/CdS saturable absorbers in an Er-doped fiber laser[J].
Journal of Materials Chemistry C, 2023, 10(15): 5956-5961.

[STLIU X, LI X, TANG Y, et al. PbS nanoparticles saturable absorber for
ultrafast pulse generation in 2-pm fiber laser[J]. Optics Letters, 2020, 45(1):
161-164.

[6) WHITWORTH G L, DALMASES M, TAGHIPOUR N, et al
Solution-processed PbS quantum dot infrared laser with room-temperature
tunable emission in the optical telecommunications window [J]. Nature
photonics,2021,15(10): 738-742.

[71 PANG F, SUN X, GUO H, et al. A PbS quantum dots fiber amplifier
excited by evanescent wave[J]. Optics Express, 2010, 18(13): 14024-14030.
[8] GUO H, PANG F, ZENG X, et al. PbS quantum dot fiber amplifier
based on a tapered SMF fiber[J]. Optics Communications, 2012, 285(13-14):
3222-3227.

[9] SUN X, CHEN J, DAIR, et al. Optical fiber amplifiers based on PbS/CdS
QDs modified by polymers[J]. Optics Express, 2013, 21(7): 8214-8219.

[10] SUN X, DAI R, CHEN J, et al. Enhanced thermal stability of oleic-acid-
capped PbS quantum dot optical fiber amplifier[J]. Optics Express, 2014, 22
(1):519-524.

[11] ZHENG J, DONG Y, PAN X, et al. Ultra-wideband and flat-gain optical
properties ofthe PbS quantumdots-dopedsilica fiber [J]. Optics Express, 2019,
27(26): 37900-37909.

[12] 3 RA, B WS BRYR B 35T PbS BB 24 L EOGET R #R [J].
HeBfEFA ,2020,44(11) .35-38.

[13] Y023 , 2 ERAs , W3 5. FET A AL SRR B AL i A
WIYCEF R AR I]. e FHR 2021 ,45(11) ; 59-62.

[14] WANG W, CHEN Q, ZHAO 'Y, et al. PbS quantum dots and BaF,:Tm*
nanocrystals co-doped glass for ultra-broadband near-infrared emission[J].
Chinese Optics Letters, 2022, 20(2): 21603-1-21603-6.

[15] DONG Y, ZHANG M, ZHANG H, et al. Enhanced fluorescence and
gain characteristics of PbS doped silica fiber with PbSe nano-semiconductor
co-doping[J]. Optical Fiber Technology, 2023, 80: 103370-1-103370-8.
[16] WEIDMAN M C, BECK M E, HOFFMAN R S, et al. Monodisperse,
air-stable PbS nanocrystals via precursor stoichiometry control [J]. ACS
NANO, 2014, 8(6): 6363-6371.

[17] LEE J W, KIM D Y, BAEK S, et al. Inorganic UV-visible-SWIR
broad-band photodetector based on monodisperse PbS nanocrystals [J].
Small, 2016, 12(10): 1328-1333.

[18] DONG Y, SUN W, HUANG C, et al. Influence of particle size on the
magneto-refractive effect in PbS quantum dots-doped liquid core fiber[J].
Optical Materials Express, 2022, 12(5): 1838-1-1838-12.

[19] LUO Z C,LIU M, LIU H, et al. 2 GHz passively harmonic mode-locked
fiber laser by a microfiber-based topological insulator saturable absorber
[J]. Optics Letters, 2013, 38(24): 5212-5215.

[20] CHEN W B, LI T J, TONG L Y, et al. Assisting the mode-locking of a
figure-9 fiber laser by thermal nonlinearity of graphene-decorated microfiber
[J]. Optics Express, 2023, 31(2): 2902-2910.

[2I1WANG Y, HOU S, YU Y, et al. Photonic device combined optical micro-
fiber coupler with saturable-absorption materials and its application in mode-
locked fiber laser[J]. Optics Express, 2021 ,29(13): 20526-20534.

Q) RBIEH S 2024 F4 4



