®50% F 18/2023F 1 A/HRE

HF 7= A2 2L M b ity B s 2 R B 4k 2 S s A 1<

Ka©, 258

U Bl R R 2E R 5 XFE R EBE, WO D RO R R E A R, SRRSO R A A, WM KV 4100735
*ep E B B RN K AR S UK AR, QBT E, UK RS I TSR, AR TR S AR R A S
TLJ5 9 M 2151235
PEDURHEE K AT KM R RG &2 R SR, Wk #I 430081 ;

RS RS S K BE, LR 2002404
RN B T 55 B TR B, P G 543001

FE WA R A ST OB L B A AR A P BT, TR 21 AP 5 A R AU Y )RR B AR P AR A 2 R K
18 J7 PR WA T A R 0K R 5 4 SRS I ) S T R R R A TR T DI T A1 B4 T R A A 5 B T Rl O Y
AR LA 4 AR L E 155 pm B Be S BT RS BB SR Q Wk A i, R K 29 0 1558 nm, ik 5 24 0
1. 44 ps, HEWURTE 87~133 kHz i [l N T I o A S0 45 041 8 18 BTl 4 20 K B4k 9 7 P 323 5, S T 90 388 ik o 33

JeR At TR 5

KR WOLE; GURBRL AR A BBt Qs ATIEIE IR mhEOL; wEE

FESES TN248.1 XEARER A

1 5 5

Jik oh 6 £F PO A ELAT S5 A B R ARG DR
Jo e 1 R AL AE TN T AR W BRI A T RS
W AR AT AR B Tz e . B BBk oL £
7 5 B Bl sh AR R Q FE AR S ELEOE K
o 3 Q B R i % S B RD 5 B i g ik b g
P4 QOL HoA A AR AT Bk e fE R S TOKRSE
T o A R AR A A A 7 A R K e O Y 2%
BREER L YA SR i — (R T A i
AR B4 35 S5 S5 Bt A S D' T 3R %) 8 o i TR e AR Ak, B PR
A 2 M R WS L T LA ok 0 b R S PN LR

UL AE R, I 4k b1 R E G T4 W 98 S A5 2] T K R
RN W RS A — S BF oT T AR R BT LR A R
FHATSE . 2009 47, 7 88 I v IE AR A m] A 740 08z g A 4
TR TR K s O BT & . A B e HAT R A A
SR HR PP A TR T AR 9 I RE RN B A R S
AL 2016 4, Loiko 251 R GE T 3 T B0 Q
BHOCAHOCH . WG, MOk R 2 0K 24E A R T &
I AR R P ik i 386 8 A s 255 mT A R AR 91 40
b iR (TD'™Y kS R m GRS Y
(TMDs)" R (BP) 4 . Hor I A AS FIER S5 A

DOI: 10.3788/CJL220729

SE B TT 2R RN OSOR B B AT R F T RS . RS
il 25 B AR B HE 2L 1V 2R R U BT R R Y
il £ A5 LSS B0, dnmh Y BT R R A L e R O
SRR IC ) — P IR M R BT IR R B A5 K, AR
AR AR KRR GRS AR S . 201448,
Wang %38 1 35 £l U E- 0 A0 4 5 vk A KO R E N
30 nm K 6] K SF R 6~10 pwm B9 4 S G B 48K F
WYk B R T R B 6 R R fE . 2018 4F
Wang 555 T ORI TR BE AT E A9 4R 40 oK
R, I & T RN AR S A R BOR L 1X
Yl 94 ok e B A L5 0 B A P R R AR e . 2019
A, Guo 85 e 8 2o TR ) 2k ) 45 T AN K R TR R A
KA SR OEME LI (PVP)IR A 5] Te/PVP I ;
MR 25 5 R 1% Te/PVP JEAE 800~1550 nm 78 [l N
FIAELR EM I B2 10 ' em/GW, H B &80y
S A RE J1 o Guo S50 ) 45 1 Te/PVP JIEAE Ky
VR A A A A U B RS T 829 fs By S AR E K
Fb ik o 2021 4F , Liu 2670 5] RF SR FH WA 5 DA s B 44
Hh SR LR B 4 K R AR R RV ARG B R R AE T
90 K Fr B A f A5 BE (1,06 MW /em?) F &5 3 fh 9
(35. 6490 ) 5 AT 45 1 55 B4 Bl 40 K R A kg T 4 0 Rz g
P FE 1558, 8 nm I BESZ L T J2 R (1. 03 ps) ik b

W B 2022-04-06; f€E HH. 2022-05-18; RA B 2022-06-07; MEHZBH: 2022-06-17
HEETR.: FHEAARRYEES (61922082, 61875223, 61927813) . Ff [ Bl 2% b 44 K £ 14 5 1 FH B 5 9256 % TP IR A% (21YZ203)
BIS1EE . qyu2015@sinano. ac. cn; “kzhang2015@sinano. ac. cn

0113019-1


https://dx.doi.org/10.3788/CJL220729
mailto:E-mail:qyu2015@sinano.ac.cn
mailto:E-mail:kzhang2015@sinano.ac.cn

#5505 £ 18/202345 1 A/0E

o S i o e e 1 = Sl N O oS
F3 L A P BT 3 2R G M A T o R A B A A GRS
(SHG) Mg, 45 AL R | 0l 0 99 oK R J2 W 76 19 3% 0t i
PRI BRI 56 T s 0 A R 3 AT 9 ik b o6 4R OG R
AR — 0T

A% A B SR FH A 2 SOAR A% B s (CVT) B2 il 4%
TR Aok R, R A LA gk e R R
80 pm, X I% fili M 4 oK - AT Wy B AL 2= FRAE 5 & B
ELAG 558 0 R 5RO RS U B B8 H R A9 B £ i
T 4 1514 T RIS 5 6 ol s 1 R e b bk, 76
{5 B BE (1. 55 pm) SEEE T a0 19 9k sh 18 Q Fik wiv i i
HLO U 2908 1558 nm, ik w5 BE 29 1. 44 ps, 5 2 4
BAE 87T~133 kHz W BN T I8 . AWF5E TAER/R T fifi
I R OK P A R K P RO B b 04 O T S, RTE— 2P
WU 2 BB R Y RIS AR RO T
;. FH 5 T 1 2

2 T A A AT WA B 1 A R AR

ST e v SO s o S T 1 = R AT
PR & AR o B B R AR AR AR LR . A L
TN 9 77 3 32 2 HUGR 0 0k AR 0% o ILBIGR) B ik
LD BRL i B A v R B O A ) AR (R
N 4 B PR DR TR JE T L DA A o 5 5 9
BOE W RAF AR R 198 T BB A AR Z AL,
WMEG IR, A B2 A=A s, AT

()

7

g
i

{d¢8Y..L.

Thickness /nm

A A A A
A Ve Ve VA A

“%o Po Do o Do Po
To 3o Do o Do $o %

i A5 2 F A Y AR UL (PVD) fifk 22 <
ARAG R TR o A YRS 56 1 FH b 2% SR A% B 12 o1 4% i O
YAoK R, IXRR 5 R B Ok A% R 4G A A Y B
I JLAE A A BN 2R AL 2 SOMAE f ik T & B T &
J A B9 TR R TaS, fil = S0k B MnPSe, *

BE S TR - DK AR (10 mg, 465 R 99. 99%)
2 B4 S 0 S0 A v 38 48 SR A7 B4 R i (f1 DAY
AME R 10 mm, N 8 mm) , fEf & (10 * Pa)Ff g
BB A 2) N A I A R AR R T
OTF-1200X 74 Wik DA A vb, R Tk st R T AR St
22 V) Fh 5 8 e R (R o 388 B SRy 450 °C, T AR i L BE hy
350 °C) S PR AL By as T A gl W A 3) &
30 min ARG, HARHEZR.

X B EUL A LUF =5 1) B R A S 5 A A
A7 B AE v Rl DAUAR G b G S ASORT H i BR R IR Y T
P, A0 S TR R TR o 2 Sk A T TR O 4 ok R B R
KAT 0 52) R R e 08 05 05 A%, B F 28k fN iz i, BT LAAE
HoA K I B R I B BN N2 i A R Bl B AR K5 3) B
i T £ R TP B T A R R A K AT Y R AR
KAKAF BT ZH k[ 22],

F1(a) (b)) | (o) J2 filf 1 J5 - 45 k4 15 R i Ji 1
L ¢ bR G A B O B2 TR B E A, LA 1) 3
USRI N A S S 71 5 WA U B R N I S i
foi 1) F i A AR, O R R AR KT B R LR
HEMREELEE REREREEARLET TR

(d)

2\

20 um
——

100 ® A

[F 9 nm

e _90

_—J

Intensity /arb. units

E,

2 um

75 100 125
Raman shift /cm™

) (102) Te
101) (301)
j2
E 211)
E . (003) (202) l
’ 5 109 L1l 1
>
7 —— JCPDS # 36-1452
g
S
. . . HHILII TN
150 175 200 20 30 45 50 60 70 80
20 /(°)

BI1 RS 2K J i 45 4 5 R AE . (a) ~ (o) AN [ D7 il W2 A4 1~ S RS 5 () Tl 40 K R 19 OME P85 Ce) W 4 0K A 119 AF MR AE 5
(OB A 20 K R B R 20608 5 (@) il 9 K 7 19 XRD %

Fig. 1

Structure and characterization of Te nanoflakes. (a)—(c) Atomic structural model of Te viewed in different directions; (d) OM

(optical microscopy) image of Te nanoflakes; (e) AFM (atomic force microscopy) image of Te nanoflake; (f) Raman spectrum of

Te nanoflake; (g) XRD (X-ray diffraction) spectra of Te nanoflake
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Fig. 2 Fine structure and component analysis of Te nanoflake. (a) Low-magnification bright-field image; (b) high resolution image,

where the insert shows selected area electron diffraction (SAED) pattern; (c) energy dispersive X-ray spectroscopy (EDS)
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Fig. 3 Nonlinear saturation absorption characterization of Te nanoflake. (a) Two-arm detection experimental device, where LD

represents laser diode, WDM represents wavelength division multiplexing, EDF represents erbium-doped optical fiber, ISO

represents isolator, OC represents optical coupler, and SA represents saturable absorber; (b) optical fiber end face; (¢) saturable

absorption curve
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Fig. 5

Output characteristics of Te saturable absorber based pulse laser. (a) Pulse sequence at different values of pump power;

(b) spectra at different values of pump power; (c) frequency spectrum at a particular pump power, where the insert is radio

frequency spectrum in the frequency of 0-600 kHz; (d) fitting curve at single pulse
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4 45 B

AP AR L2 S iz 2, UL A Rk i kAR,
FE 2 BRI AR BRI 40Ok o X il 0 40 oK e AT
fiEJ5 B, BT i 8 00 9 oK R EL AT 3 v 1) 4 M A 35
et BB PDMSHME &5 EMNEB G, L
TG T G LF R . BE TR A S G R 2 i
R PE 78 1. 55 pm P B S 1 AR E w3l Q ik
R O IR 200 1558 nm, kP 58 B2 1. 44 ps,
B NRAE 87T~133 kHz yu [l N rT i . x5 R T
BT B A 9 K AR I 3 5, Dy B BT 4 A ORHEE T
RIS ik oh 3O % ATk 1 N FH AR AL T B %

(1]

(2]

(3]

0113019-5

& X X
B, XA, BRI LT A AR R R Y PR Bk e EOE R T).
4R, 2019, 68(18): 188101.
Wang C, Liu J, Zhang H. Ultrafast pulse lasers based on two-
dimensinal nanomaterials[J]. Acta Physica Sinica, 2019, 68(18):
188101.
#H AL, R2H . OGHOL 9 sl BB EOR 83 R (T]. h E
o, 2021, 48(5): 0501006.
Dong Z K, Song Y R. Research progress of mode-locked fiber
lasers based on saturable absorbers[J]. Chinese Journal of Lasers,
2021, 48(5): 0501006.
T RV AN IE AR BT T A T R A AR UL
B 3h 1 Q Yb: GAYSIO; #t & [T). Ot 7 %% 4w , 2018, 47(10):
1014002.



(5]

[9]

[10]

[11]

[13]

[14]

[15]

[16]

Gao Z Y, Zhu J F, Gong S, et al. Dual-wavelength passively Q-
switched Yb: GdYSiO; laser based on WS, saturable absorber
mirror[J]. Acta Photonica Sinica, 2018, 47(10): 1014002.

EI, BEDG, BE A, AF AT 4R ERA R O R ]. T E
ok, 2020, 47(7): 0701008.

Wang Q, Zhong Y G,
dimensional layered materials[J]. Chinese Journal of Lasers, 2020,
47(7): 0701008.

LiXH, AnM Q, LiG, et al. MOF-derived porous dodecahedron
rGO-Co,0, for robust pulse generation[J]. Advanced Materials
Interfaces, 2022, 9(5): 2101933.

LiX H, Guo Y X, Ren Y J, et al. Narrow-bandgap materials for

Zhao L Y, et al. Lasers based on two-

optoelectronics applications[J]. Frontiers of Physics, 2022, 17(1):
13304.

Wang Y M, ChenY X, Li X H, et al. Optical-intensity modulator
with InSb nanosheets[J]. Applied Materials Today, 2020, 21:
100852.
Zhang C X,
polyhedral particles for high-performance ultrafast photonics[J].
Optics & Laser Technology, 2022, 146: 107546.

Zhang D, Zhang C X, Li X H, et al. Layered iron pyrite for
ultrafast photonics application[J]. Nanophotonics, 2020, 9(8):
2515-2522.

Bao Q L, Zhang H, Wang Y, et al. Atomic layer graphene as
Advanced

Liu J, Gao Y, et al. Porous nickel oxide micron

saturable absorber for ultrafast pulsed lasers[J].
Functional Materials, 2009, 19(19): 3077-3083.

Loiko P A, Serres J M, Mateos X, et al. Passive Q-switching of
Yb bulk lasers by a graphene saturable absorber[J]. Applied
Physics B, 2016, 122(4): 105.

SEEE L RRMR, AR, AF SRR AL AR AR TR e R QO
LFHOL AR PEPEOE, 2017, 44(7): 0703014,

JinY, Du L, Jiang G B, et al. All-optical tunable Q-switched fiber
laser based on bismuth telluride nanosheets[J]. Chinese Journal of
Lasers, 2017, 44(7): 0703014.

Wang T, Yu Q, Guo K, et al. Sh,Te, topological insulator for
52 nm wideband tunable Yb-doped passively Q-switched fiber laser
[J]. Frontiers of Information Technology &. Electronic Engineering,
2021, 22(3): 287-295.

TRk, Y. 2004 s B A ¥ 09 1 20 A0 W Wik R (7] b I i
J6, 2013, 40(6): 0606001.

Xu L., Xia H P. Multi-metal sulfide for absorbing near infrared light
[J]. Chinese Journal of Lasers, 2013, 40(6): 0606001.

T P is w4, A, SR A B AT A A AR e o
# S SLRYURE RS [T]. P E B0, 2018, 45(10): 1001009.

Yang M H, Chang J H, Shi S H, et al. Preparation and study on
the ultrafast characteristics of a new type of molybdenum disulfide
saturable absorber[J]. Chinese Journal of Lasers, 2018, 45(10):
1001009.

AU, INEL, BRR L T R R MoS, iR RINIR AR I Q i
BETm: LuAG BOEERT] T EBOE, 2019, 46(8): 0808002.

Ling W J, Sun R, Chen C, et al. Passively Q-switched mode-
locked Tm:LuAG laser with reflective MoS, saturable absorber[J].
Chinese Journal of Lasers, 2019, 46(8): 0808002.

Xoig e, BERR, SR, A TR AR KA AR YA K Rl A R

(18]

[19]

(21]

[22]

(27]

(28]

0113019-6

&E50% £ 18/2023 5 1 A/HEH*x

W A 139 D6 2F ik wh 36 B 52 (R 80 [T). O 52 4k, 2021, 50(10):
1014002.

Deng H Q, Fan C, Guo K, et al. Research of fiber pulse laser
generation with oblique grown PbSe nanosheets saturable absorber
(invited)[J]. Acta Photonica Sinica, 2021, 50(10): 1014002.

Yu Q, Guo K, Dai Y P, et al. Black phosphorus for near-infrared
ultrafast lasers in the spatial/temporal domain[J]. Journal of
Physics. Condensed Matter, 2021, 33(50): 503001.

Yu Q, Chen C, Guo K, et al. Deterministic transfer of large-scale
B -phase arsenic on fiber end cap for near-infrared ultrafast pulse
generation[J]. Frontiers in Materials, 2021, 8: 721587.

TS, EFRM, SEE, 5 BImANKZE i TS R AL
JeFE AR I]. P EBOE, 2020, 47(2): 0207033.

Yul W, Wang X H, Feng J C, et al. Antimonene nanoflakes as a
photoacoustic imaging contrast agent for tumor in vivo imaging[J].
Chinese Journal of Lasers, 2020, 47(2): 0207033.

Lei T, LiJ M, Lu S, et al. Electronic states driven by the crystal
field in two-dimensional materials: the case of antimonene[J].
Physical Review B, 2022, 105(11): 115404.

Zhao X X, ShiJ W, Yin Q, et al. Controllable synthesis of high-
quality two-dimensional tellurium by a facile chemical vapor
transport strategy[J]. iScience, 2021, 25(1): 103594.

Wang Q S, Safdar M, Xu K, et al. Van der waals epitaxy and
photoresponse of hexagonal tellurium nanoplates on flexible mica
sheets[J]. ACS Nano, 2014, 8(7): 7497-7505.

Wang Y X, Qiu G, Wang R X, et al. Field-effect transistors made
from  solution-grown  two-dimensional
Electronics, 2018, 1(4): 228-236.

Guo J, Zhao J L., Huang D Z, et al. Two-dimensional tellurium-

tellurene[J].  Nature

polymer membrane for ultrafast photonics[J]. Nanoscale, 2019, 11
(13): 6235-6242.

Liu G W, Yuan J J, Wu T G, et al. Ultrathin 2D nonlayered
tellurene nanosheets as saturable absorber for picosecond pulse
generation in all-fiber lasers[J]. IEEE Journal of Selected Topics in
Quantum Electronics, 2021, 27(2): 0900106.

Calavalle F, Suarez-Rodriguez M, Martin-Garcia B, et al. Gate-
tuneable and chirality-dependent charge-to-spin conversion in
tellurium nanowires[J]. Nature Materials, 2022, 21(5): 526-532.
SR . X B AR A DL B PR AR S (D] R Wb R
2021: 1-74.

Gong T. Study on the growth mechanism and the properties of two-
dimensional symmetric tellurene[D]. Wuhan: Hubei University,
2021: 1-74.

Chen J, Wang J, Yu Q, et al. Sub-band gap absorption and optical
nonlinear response of MnPSe, nanosheets for pulse generation in
the L-band[J]. ACS Applied Materials &. Interfaces, 2021, 13(11):
13524-13533.

Yu Q, Wang S, Zhang Y, et al. Femtosecond ultrafast pulse
generation with high-quality 2H-TaS, nanosheets wvia top-down
empirical approach[J]. Nanoscale, 2021, 13(48): 20471-20480.
Akbari R, Zhao H, Fedorova K A, et al. Quantum-dot saturable
absorber and Kerr-lens mode-locked Yb: KGW laser with >
450 kW of peak power[J]. Optics Letters, 2016, 41(16): 3771-
3774.



#5505 £ 18/202345 1 A/0E#:

Chemical Vapor Transport Grown Tellurium Nanoflakes for
Infrared Pulse Generation

Pang Xiuyang', Zhao Xinxin’, Yu Qiang', Deng Haigin', Liu Fangqi’, Zhang Yan®,

Shu Bowang', Xian Tianhao', Zhu Sicong’, Wu Jian', Hou Yifeng’, Zhang Kai"", Jiang Zongfu'
'College of Advanced Interdisciplinary Studies, State Key Laboratory of Pulsed Power Laser Technology, Hunan
Provincial Key Laboratory of High Energy Laser Technology, National University of Defense Technology,
Changsha 410073, Hunan, China;

“i-Lab & Key Laboratory of Nanodevices and Applications, Key Laboratory of Nanophotonic Materials and Devices,
Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences, Suzhou 215123, Jiangsu, China;
‘The State Key Laboratory for Refractories and Metallurgy, Wuhan University of Science and Technology, Wuhan
430081, Hubei, China;

‘School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China;

’College of Electronical and Information Engineering, Wuzhou University, Wuzhou 543001, Guangxi, China

Abstract

Objective In recent years, low-dimensional materials have received significant attention in optics and demonstrated excellent
application prospects. In the previous studies, numerous carbon, nitrogen, and oxygen group single element films, such as arsenic,
antimony, and tellurium, have been obtained. Tellurene is a basic material of the oxygen group with a helical chain structure. It may
form various morphologies, such as nanowires, nanorods, nanotubes, or nanoribbons. On the one hand, preparing a thin layer of
single tellurene crystal remains a challenge. On the other hand, as one of the chalcogenide elements (group VI materials), tellurene is
a promising material for infrared optical applications because of its wideband absorption, high mobility, and unique topological
properties. The electrical and topological properties of tellurene single crystals have been systematically studied. A second harmonic
property in the optical nonlinear characteristics has also been observed. However, nonlinear applications, especially an ultrafast
pulsed fiber laser based on the saturable absorption of tellurene, require further studies. In the present study, tellurene nanoflakes
with high crystallinity were prepared by adopting the chemical vapor transport method. Using the precise transfer technology, the
tellurium nanoflakes were integrated into the tip of the optical fiber as fiber-compatible saturable absorbers. The nonlinear saturation
absorption property enabled achieving stable passively Q-switched laser pulses. It is envisaged that the present work will extend the

range of applications of novel tellurene nanomaterials and provide a potential means of obtaining tunable pulsed lasers.

Methods A tellurene-based saturable absorber was prepared using a bottom-up approach and then used for laser pulse generation.
Firstly, tellurium powder and mica substrate were placed on each side of the middle-necked quartz tube. The quartz tube was sealed
under vacuum and then placed in a double temperature zone furnace. By executing an appropriate temperature program, the source
material was vaporized, transported, and recrystallized. The as-grown nanoflakes were characterized using optical microscope, atomic
force microscope, electron microscope, and a Raman spectrometer. Then, the tellurium nanoflakes were integrated into the tip of the
optical fiber as fiber-compatible saturable absorbers using our polydimethylsiloxane (PDMS) -assisted accurate transfer method.
Finally, the fiber-compatible saturable absorbers were integrated into an in-house erbium-doped fiber laser ring cavity for laser pulse

generation.

Results and Discussions Tellurene nanoflakes were prepared using a bottom-up approach and then comprehensively
characterized. The thickness of the as-grown tellurene nanoflakes was about tens of nanometers and the maximum transverse size was
80 um. The E, (transverse to mode), A, and E, active Raman phonon modes of tellurium were found consistent with their typical
characteristic peaks reported previously. The characteristic crystal plane is consistent with the PDF card (JCPDS # 36-1452).
Furthermore, the high-resolution transmission electron microscopy image showed a clear atomic image. The prepared tellurene
nanoflakes have high elemental purity. All characterization methods confirmed that the tellurene nanoflakes have high crystalline
quality. The saturated absorption characteristic was studied with a double arm detection system. By fitting the saturable absorption
curve to the data, the modulation depth, saturation strength, and unsaturated loss were found to be 0.5%, 0.66 GW/cm’, and
99.16%, respectively. Benefiting from the excellent nonlinear saturation absorption property of tellurene, a stable passively
Q-switched laser was realized. The Q-switched pulses are achieved at a communication band with a center wavelength of ~1558 nm
and pulse duration of 1. 44 us, and the repetition frequency is adjustable from 87 to 133 kHz. Additionally, the signal-to-noise ratio

is ~53. 96 dB, indicating good pulse stability. The reported results point out a potential way to achieve tunable pulsed lasers.

Conclusions Tellurene nanoflakes have been prepared using a bottom-up approach adopting chemical vapor transport. After

comprehensive physical and chemical characterization, it was confirmed that the tellurene nanoflakes had a high crystallinity and
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environmental stability. The nanoflakes were transferred using the PDMS-assisted dry transfer method onto the end cap of the optical
fiber with a high coverage over the core area. Benefiting from the nonlinear saturation absorption property of tellurene, stable passive
Q-switched laser pulses were achieved in the communication band with a center wavelength of 1558 nm and pulse duration of 1. 44 ps.
The repetition frequency was adjustable from 87 to 133 kHz. The results extend the application scenarios of novel tellurene
nanomaterials and provide a potential pathway to obtaining tunable pulsed lasers.

Key words lasers; nanomaterials; saturable absorber; passively Q-switching; tunable pulse laser; tellurene
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