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Fig. 1. Schematic illustration of different kinds of typical ultrathin 2D nanomaterials2.
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Fig. 2. Optical limiting mechanisms: (a) Nonlinear scattering; (b) multi-photon absorption; (c) reverse saturable absorption;

(d) free-carrier absorption/!!l.
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Fig. 3. (a) Synthesis of Au-Fe,04-RGO composites; open aperture patterns of the samples at (b) 700, (c) 800, and (d) 900 nm/?.
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Fig. 4. (a) Synthesis of GO-Pt-1 and GO-Pt-2; (b) typical open-aperture Z-scan data and (c) optical limiting performance of the
samples at 532 nmP7; (d) schematic illustration of the structure of PF-GO and ZnP-GO (insert shows the photographs of disper-
sions in DMF: (I) ZnTNP-PAES; (II) GO; (III) ZnP-GO; (IV) PF-GO; (V) PF-RGO; (VI) ZnP-RGO.); open-aperture Z-scan
curves with normalized transmittance (open symbols) and scattering signal (solid symbols) for the samples at (e) 532 and
(f) 1064 nm/0.
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Fig. 5. (a) Synthesis of PFTP-RGO. (b) Variation of the normalized transmittance as a function of input laser intensity for the
films: (b1) at 532 nm; (b3) at 1064 nm; the corresponding (. coefficients as a function of the excitation pulse energy (b2), (b4)P7.

184201-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 18 (2020) 184201

TR R NS TEGE E G N | PO AS TR a4 i, I REAR
MR IR AE M RE ST, A T TR o X A1 kL,
Liu %5 B 3t f 4 7 —Fh BAA REFH R AOLEE
PRI F PAHFTP, SR E s HILM 3483 RGO
53R AR PETP-RGO (& 5). PAHFTP
RGO Z A iy L % 3000 3 30 PAHFTP 78
[ (AR B PP A OGS B T R T 91.89%. % PFTP-
RGO AR AT R H SE NG RR H R (pol-
ymethyl methacrylate, PMMA) H il % ) PFTP-
RGO/PMMA i J& B H 58 615 306 b5 7 B
AT 4l PAHFTP () PMMA 554 2 90
TR A1 RE. 5 PFTP-RGO/PMMA Al
RGO/PMMA #AH, %A 100 °C #4R k
LEPEAY PETP-RGO/PMMA 3 H B i 5 194k
LM APERE, 76 532 Ml 1064 nm 4b3K75 196G PR
R 43 5R 0.24 F11 0.18 GW /em?, 347 (.
G324 33.88 J-cm 2 (£ 532 nm, 900 pJ WHOLHR
HE A5 20 A9 ) A1 37.32 J-cm 2 (16 1064 nm,
1000 wJ JHOGHE RIS 2 ).

3.2 EBERELGTEY

VE R R R IR 2 SRR, BP H7e
1914 41 55 380 2ok 21 00 v T e R JBRe I ) G il B9
Bifi 5 1) B A fb 2 B B R 1k J8, EL B 2014 4,
R R A NI A R 2 BRI 5 T 4k )2
RIGDIZE BP 9K AR (BB, phospho-
rene), Jf FHCFPRRE D il 25 T N 3T 24k
BP B35 R0 fb A A 4 B9 R Al A I 1 > L
PRI 1] 6 25 1 T BP A& S5 R 0 O 1 RN AR
B B2 TT b, 6T 248 BP AHRHBFSE RUR
BT A A, 4k BP MR EA 2R
R 15180 1) A [R] T B0 A A SR A AR
BP 4 AR A M 0.3 eV(A 1K BP) #] 2.0 eV
(L2 BP) Wy nl s B, (545 4k BP #HkH
P TESAR, 500 B ERM
RV 2) BT 4k BP bRE 0 R 254
fifi 15 BP 148 AN [F] T oA 2 b4 Rk A 5 20 1 9 45
] ks 3) @ PR A AL T B, BRI AT S0
P BP Z4EMRHAYAEER, 15 BP AEGZ N T
{5 AR SR, I H WSO LRt 3 s -
R, K HA AR TR BE LAY ; 4) B
MBI TR, FmigisE] 6500 cm? Vst 4R
1M, BP 4 KA BHAA AR 2 s i Rl s, R

JEZ AL SR 10901 SRR I ARG T 2
J&i, —4E BP MORHMESE AR R A 2 k4
PRI P22 A, 5 D S AP RE A4 U T .
[FIRZ R R AORPERL—FE, 2 BP 4K RHE
AP P AR 22, S8Uh B E R
BEILG, AR M FR ] 1 A 1 £ U a1 U 5
TR L. A A A X S8 AR i, —4E BP 44
KPR B, MR DT BT B F BT ) T
S JESRAL T HERMIHLIE, [F ik TPk

(a)

|Interlayer distance: 5.46 A[
. - -

Ny

Armchair

(b)

{}& 40% v

Armchair

Kl 6 (a) BP A& &5 WAL IEL; (b) BP #5245 i i 4 15 ;
R @5 8o BP RS eI 454 ; BP S R 9434t
R TAT ¢ AL
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in chair configuration highlighted in red; scanning tunnel-

ing electron microscopyimage of the BP lattice 142
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Fig. 7. (a)—(e) Typical open-aperture Z-scan data with normalized transmittance as a function of the sample position Z for the

samples embedded in PMMA matrix under the excitation of 6 ns pulses at A = 532 with different energies. The solid lines are the

theoretical fitting results. (f) Structure of BP:Cy blends®.
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(1 8(c)). FnilHb, Huang 4 P {1702 BP 44
KR E AR R A R0k o 5 B OB A5 F T iR 2t
HesE . Kl 8(d). Kl 8(e). Kl 8(g). Kl 8(h) fr
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kOB & T, A8 T WOEHET LA X AR B H
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FEL PN LA S 2T AN BT P ELAT SR A SA ma . B
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KAt F P RE R A SO AR R B C R a0
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Fig. 8. Open-aperture Z-scan fitted data of (a) BP-Big and (b) BP-Small; (¢) NLO response of BP nanosheets with variable sizes
BP-Big and BP-Small as a function of pulse fluence); open-aperture Z-scan results of the BP dispersion for nanosecond pulse excit-

ation at (d) 532 nm and (e) 1064 nm and femtosecond pulse excitation at (g) 515 nm and (h) 1030 nm; (f) open-aperture Z-scan res-

ult and (i) corresponding scattering signal of BP dispersions at a 532 nm ns laser(?.
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Fig. 9. (a) Schematic illustration of the fabrication F,PcZn-BP; (b) (I)-(III) typical open-aperture Z-scan data of the samples and

(IV) variation in the normalized transmittance as a function of input laser intensity for the PMMA-based films at 532 nm/°.
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Fig. 10. Open (a) and closed (b) aperture Z-scan measurements of h-LiMoS, and MoS, at different input laser power, indicated at

58]

the top left of each curve, showing saturable absorption and self-focusing behavior of h-LiMoS, at a lower pumping power®®.
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Fig. 12. (a) Synthesis of MoS,-PAN and pyro-MoS,-PAN; (b) pyrolytic process of PAN; the Mo 3 d core level XPS spectra of
(c) the non-annealed MoS,-PAN and (d) the pyro-MoS,-PAN. The 2 H and 1 T contributions are represented by red and green

plots, respectively(65-66,
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Fig. 13. (a) Key structural factors that influence the properties of halide perovskites™); (b) (I) representative crystal structures of

halide perovskites in different dimensions; (II) nanoscale morphologies of halide perovskites; (IIT) schematic representation of the 2D

organic-inorganic perovskites from different cuts of the 3D halide perovskite structure(™.
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Fig. 14. (a) Ilustration of halide perovskites based NLO materials; (b) typical open-aperture Z-scan curves of CH;NH;Pbl; and
CH3NH3PbI,; ,Cl, at 1064 nm; (c) typical open-aperture Z-scan curves of CH;NH;Pbl; and CHsNH;PbI; ,Cl, at 532 nm[®3.
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Fig. 15. Typical open-aperture Z-scan data of the CH;NH;PbI;:PVK/PMMA films with different CH;NH3;PbI;:PVK concentrations.
The annealing condition: 200 °C for 30 min in N,
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

Two-dimensional nanomaterials and their derivatives
. *
for laser protection

Liu Zhi-Wei  Zhang Bin  Chen Yuf

(Key Laboratory for Advanced Materials, School of Chemistry and Molecular Engineering, East China University
of Science and Technology, Shanghai 200237, China)

( Received 29 February 2020; revised manuscript received 2 May 2020 )

Abstract

To achieve simultaneous protection against both pulsed and continuous wave (CW) or quasi-CW lasers,
significant research effort has been devoted to the state-of-the-art optical limiting (OL) materials and processes
in an attempt to achieve some measures of protection against such laser beams in the past decades. Two-
dimensional (2D) nanomaterials with a lot of unique properties, including graphene, transition metal
dichalcogenides, black phosphorus and others, have aroused the extensive research interest of many researchers.
In this review paper, we describe systematically the OL mechanisms and the recent achievements in the 2D
nanomaterials and their organic/polymeric derivatives for laser protection. In an effort to sustain the advantage
of 2D nanomaterials, one can not only introduce the functional molecules or polymers to blend with them to
form a complex multi-phase material system, but also embed the soluble 2D nanosheets covalently
functionalized with organic/polymeric materials in a polymer host to form host-guest composite materials that
are expected to improve the OL performance of the whole system. All in all, an optimized complex multi-
component nanomaterial system enormously enhances the performance and applicability of OL devices. In
addition, the fundamental studies of the photophysical and photonic properties of 2D nanomaterials and their

derivatives in various solid hosts are of significance for modifying the nanomaterials at a molecular level.

Keywords: two-dimensional nanomaterials, covalent chemical modification, nonlinear optics, optical limiting
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Second harmonic generation of two—dimensional layered materials: characterization, signal modulation and
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2) (MR R ER BRI E S TR, A B RIS T R E R R S0 %, NS B S ORI 4 B SE e s, YD 410082)

(2020 4F 3 A 27 HH; 2020 4F 4 A 21 HEMHERH)

Yk I 4 JR ALY (transition metal dichalcogenides, TMDCs) H T 1] 52 81 M 18] 32 7 Bt 3] 1 42 47 i 2
SFARBYEEAS | BT 8 A T 0T UL GBI LT AN B, B 4k R BT R AU A SFO B AR PE ) 7R O T LA RO HL AR
PRSI Z BN T ) 2 B . SOk b E 4E M R SR AE R a2 R s IR A, 4 TMDCs LRI T 7EFE 2R
PEIC2EA RN B E R TR, AR LR R A T 4 2R TMDCs W T kI T o T . & e ik —ok
FEAR P AEL Mt W, SR )5 3118 Z 4 TMDCs TR F 240, e . 324k . BB A 55 R OC I i i re k.
2Z 5N T Bk L R AT S R ) R AR e SR Y L AR | 3R IS B OT A R L AR B
G TF B WAL . AR ST AT S RN X SR R AR G T Y SR B SR 4 TMDCs UG 19 7 AE L

il B APRE A B 454G 5 A0 7 4 LB K X R R A AR eI A A A R A TR Y

KGR IR, “HERTRL AR, i

PACS: 42.65.-k, 42.65.Ky, 78.40.Fy, 81.07.-b

1 5 =

F M\ 2004 45 B2 A7 S0 BOS R B DOK, —
4t JZ MR A #L (two dimensional layered materials,
2DLMs) 4 —Ff 857 2 1 94 K b REAZ 31 1 1)
RBYRTE. AR TR FiI%Es
RAF RS — RIVIE R, VP23 T SR
IO FH GG R R 2% | B R P A AR
ThHR 12 SR, A0 SR AR I iy B A 4w
P, BRI T HAE G L T g 0 B PR S — e
KRS AT S0 1 —4EF AR 18 i F
TP IR, Dt 4R ai k) (transition metal
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dichalcogenides, TMDCs) AR — 4k 2R F
AL T BIFSE 5 A AL BT (401, 3 s = 4o Rk
WARHZ Rl A A L H RS G, B T RAT
Y H 22 PR BT LA AR T B ATTE SR 3 A T R A O
SEREE, T DT DL DY 30 IR 2% i B 1 BT D el
iz B=101 s N ORI A A R Y, DU
SRS I S 02 Ak, TMDCs i R 3L P 2 )2
B G I, e AT R B NP 2 AR
FAZEE, BTN B BRRCRON , B AT
[T B ARG AR S B AT B S0k 091 3 LA
A FT 0 R FR M 1L BT E-SLE RS
TMDCs 7= 8 B REAT A H1 I HLR B REAS A
O A 58] D A1 D' 28 3 M s 3k i 101, AR et Oy
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], JER AT BT R B B 22 SRR A A
LRGN, HE AN A2 KR 97 1 — UG
JE 00 FER TARGE R RGO B, bR
JEBL R A ARL AR AL R, A T7EAR Dt
A 3 RIRAIL .

LMD F R A TR SR AR TG ELAE H]
IR R ARZERSON KV, TEROLEOAR Ot E
OG22 SUAS 22 . Heanif A
MR, R T RERHE iR DI RCA e T 7™
A TR G5 R B, X T HAT X 4
PR R RE, FRZ Al AR IUA (saturable absor-
ber, SA)ITISLF AR RN WA, — 2R 50 1) 6 Dk
IEOL AT 1020, Dl (5 PUBEE T
BEEERN. A — 2R H B ARG BN R 1
BN, FEU YRGB, (second harmonic generation,
SHG), = &K i&% I (third harmonic generation,
THG) LA K & i 3 (high harmonic generation,
HHG), BNk A TAE HAOG A R B i
Rt fb. Hodh e = (=) YO pad #d, #
(=) AN w DG T SR A B B
H, B — MR 20w (Bw) BIET. IS
e N I e | 22 e S U e e U AN
O PEA P AR YR R RS AL 2 AR A A 2
B MO AR B S — RN, —UGE U]
TRAE AL, AR —Fh 2ot R AE T B,
XFRPRHTE B 2K, FElind f -t A 2 iR
FORMES S, T MELLEA T2 5 L7 W R R A O
moe—MPOLTE I B ARG T A UG
ARSI R R BT RN 6 AR BITRR LA 4 (3-BaB,O,,
BBO). fEM2# (LiNDbO;). Sk #1 (BaTiOs) B A1
YA HORPUARRTRL, A5 T /N R AT AR Ak
R C TG o5 ks = S R kNS W VN S ONIUE (S5 465/
i BE DA SRR AR ML 5, TEARZR G
GURG R Tz SRR T — RS E A
FEMCR ) AR L R — 2D S
R A B . E HHT BB AR MR N 2
hhe ARBFEF AT K.

AR SCHS [ BT A >R 2B AR I I 45T
FHORA—SET AR, 27 2 95 9 Sefiid — sk Moty
SEN, e TUGRI AE R IEA S B 3 TR
W4 TMDCs T ZYGE P A —2eRe i, A6
JE MR, | D PR AEO0E | R L) R BE A B 4
RO HR AR oA SO PURR T B AR KRR A

AR A T IS T80 FR 1 ) 25 AR A A7 A 4 5
(9 UV, R T ELR RN T . 5 4719
RIS 5 9RE B0 — U 5 5 8 2P G 3
il a5 TAE. o AN 37 | WA | 2 004
JUEEH AR S TT R 2 e . B x4k
PR UGB ) TARREA T BLAE I R Bk nT RERY
W57 1.

2 TR HAER BRSO E E N

JCE YA EAR I, 77 A i AR P(1). 4
TN 5637 Ry SO, P(¢) T &I R O 3 0 B
E(t) B pRAL:

P(t) =[xV E (1) + XV B2 (1) + X B (¢)

+...+X(”)E"(t)+~~-}, (1)

P, eg WEZES LR x AR, x ) gtk
AR, R IR AL GE LMD A R0 @
WrAR AL 3, ik B AR B EARZ
POt , SR AR ANt AR LR L
R, e B AR e oA AR I AR A E 2. i E
E2E /S 2P U INIRY @7 £ @ s R LTRI NI DI e | 22 4 SO
T RE R ARSI, R —UaRad R
T A A — LB AR A AR R MG .

IS HAEARRAAR S -0 A i e B @O
R AP SRR (M (BE DGR - T 5
H oA HL):

L 2 2
op _Ewn) 0" 1 0"
ViEn 2 ot? Bn = goc? Ot? Pu
(n=1,2,3,--+), (2)

H ) B, AR R IR w, 650 H 368
e (wp) FEAN AR w, T RPER AL ) = A L H AR
PNUEARTNR w, N ARZPEN A TR B, TR
SN v R E] ¢ B PREL, ¢ =1/ /Eono = S
BTG, w M EASHE TR, AT R AT g
AR SO B S45R, BRI A
6 B, MR R w, it KA L AEL AN T
J&, MEHER Y By BIRN w,, Ho T ikt
BHAH A 5 SO IE 2 07 L2 (4%, Jf
L w) = w, wy = 2w, IABLET ST (AG) ST
PIE R
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5 (/\ET))‘C%E?)@P TR 2 R

( ) ACA WS R (2), R & 2 mE,
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(6)
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PRI AR 2R BCRS, OB A e AL O B E Ze vk
FREPERRKE L 25 E%.

FIAh, RIS BE A AR X AR LR BT ) AR 2
PR H BUR, TR AR o OB BRI T
M. X T PO X BRI AR A, BN B A (GRS
TR U S0 = A ) -

—PP(E) = eox*(-E)(-E) = PP(E), (3)
B A AR B P 51 B NGAZ#ES RO
AREZ, A A E AR AsR B P ONAR ) R s Xt
FREmIRI — AR Ltk 25 @ = 0.
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M2 A8 B AEZet: RETLIS

din diz diz dig dis dis

detr = { da1 doa daz dos dos  dag

ds1 ds2 dzz dzs dss  dse

[F] i 25 P& B U I IR T S LR
7, A4 (9) A oHgs A Sy P

2%, (11)

(11) =GR T AL 0 e, BUal B 7= A i — K
TEUETE e, 5T 7 1) L 5
PLE AT BRI T R I e A AR A7 DT it 45

1, BEAEZR A B BE A AR TR 1R 50 DL R i I 175 150
S5, PR AE 4B R BRSSO A Y
0L, I BB BI7E SRR I — 4 TMDCs (R &,
TR B 0 7 A AR R S i R b A7 B A R
PE A5

Isng = |€aw - degr - €

3 % TMDCs F gk 3 4

JZARA) TMDCs 22 A] LU o HLARR] 25 A
2 SAAVTA (chemical vapor deposition, CVD) A=
KA. EATE R T LLHZE W MX, 7o, Ho
M ARSI 48R T (40 Mo, W), X {355
T ('S, Se, Te). HiJ2 TMDCs 45 #4) - 154> i
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JEFR = WNE —FE B JefE— A 4 e S 4
B, JE R SR L H AR S (18] 1(a)). SLHY
TMDCs {1 — & b5 (MoS,) . —Hifbf (WS,) B
JA29 0.7 nm, 4R AHUARREARE 20, EATH
) ety B A O L I, O ELB ™ A i Ik
WS M. AEAE GEALAR] B 9 — 4k TMDCs
Y @1 2/ 985 W R R 03 O Y AN (T B S AN
FAEIRARLN L K AR BB AU 55

3.1 EHKE
2013 4F, Malard 2516, Kumar %527 DI} Zeng
8 P3N A RGE, AT HARA L, 24 MoS,
(WS,) B2/ NE B2, iSRS TR 5 5%
[ U IR (B2 MoS, 1 B Ak 4tk R 4L
X? 24 0.6 nm/VIS B WS, 12y 0.5 nm/VE),
XAMIRGR B T HLZ I SO FR M AT 38 5ok
VEHLAK R 25 19 — 4 TMDCs 52 2H (2-hexagonal)
AH, X AF A EATHEAT B2 I A7 AE SRR B F T 1
TAREZ SOE R AR RIS, PR B2 402
A UGB IO EUZ ORI B S S B
(18 1(b) FE 1(c)). HZBEEHEME 57 )=
B, 21402 MoS, 23 H I YRR I A5 5 1k a2 i
(b)

7?9259
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RS RIS AT LI BRAR A R — A U2 R I
R 5 FROMEEUZ UGBS S I, )25
HEInes, A EUZR A SIS 5 RO G2
AR R B I A S WSS I, A4S B AR 508D
T LA e 2 B A T2 ER 3 0, MoS, 1 RIS 5
I RGN R, LT AR E L M
P X A 101 m/ VB,

B TELL MoS, MAUFE M A 2 48 TMDCs
4 RE R RE S I B A2 A TR AR S, R
TMDCs By H B R #ARE A, 5EOCRTE
I T R, FEOL AR R bR @) &
AN, PRAE T UGE AR S AR AR T PR AL
AR AR BRI E L O E A P AR BN, 18
T BERBAE B ORI Y G R AL

AN F E R B AR B2 1Y MoS,, & H K2
B Jiang 55 B HE ) MoS, ¥1&, 158] T 2R
) HESELE I T )2 MoS,. 7EE 1(d) 1, ZEfY a,
b, ¢ =AN XA H HZE MoS, il N THrB R
HYTHJZ MoS, X8k, 7EA7 MUXT R 1) — U8 i g
AIEH], a KEERIH YOGS A, X5
ELREHUBIGH B AT P Z MoS, 15 BUAH IR, PR A1
BURAAAE SO AR PE RIS . B2 b XIS ¢ XK

10t

—~
]
~

100

5 1071 E

SHG intensity/
arb. units

102

—
=

50

w0 1'2 wn
ZE 40} § 10 5=
o ° \ o -
25 af 08 %
ERE 06 %
zo20f i
S G 04 53
=5 10t 5 g
x 8 ' 02 &
™ g v -m- 2H N

E ol e Y 0 3

1 2 3 4 5 6

Layer number

1 (a) MoS, TS B MIARIET (Z2) FRFALE (A7), He A R P o X oz ik T 0 2 52T DA A AR BT 5 (b) ALK 8 T 12245 3]
BRI S 1] 22 5 MoS, B9 27 B R 191 () 2H A MoS, — YR ¢ 15 5 Bl 22 50088 i 2 4% 955 el 1 345 09 (d) A 247 & 19 P2 Mo,
(Z£) VAKX Bz 9 — YR SR (F7)BY; () 3R AH MoS, i A S5 #) K A5 5 A HE S B2 (£) 3R AH MoS, YR I &2 177 3 1 1) e 44 B2

Fig. 1. (a) Side view (left) and top view (right) of MoS, atomic structure. The highlighted armchair direction and zigzag direction

correspond to the top view. (b) Mechanical exfoliated MoS, with different layers('®l. (c) 2H phase MoS, layers show diminishing the

oscillation in SHG signal(¥. (d) Optical image of artificial folded MoS, (left) and its corresponding SHG image(right)?!l. (e) Crystal

structure of 3R phase MoS, and corresponding SH dipoleP?. (f) 3R phase MoS, layers show quadratic enhanced SHG with the in-

crease of layersi2.
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FAXT TR, BB R A ORI (E , R
ENMRIRAFAEF TR SO B, I FLZ 01 n
T FR T BE f  . BEUZ B MoS, A AE A
AR, 40510 Mk FHF (armchair) & [ f1 Z
JE (zigzag) fbla), WA 1(a). WSR2 MoS,
& 7S, A2 R BUZ MoS, 5T
RIRIY 2H FHPIJZ MoS,, AN AF7E S X FR i i §T
e, #rz 9 2H-like Z544, & 1(d) H a XIREE X
BE QR FAZ ) MoS, &k TR fb 4 &, A4
5% 21 Mo JE R A T2 — 2 Mo L F Ik
07, B2 MoS, M E-FHESI XT3 — )2 58 4
FA, P TRE SO BRI AT A= 15 1
HBAES . XFEHFRZ R 3R-like 4514, 141 1(d)
b DXl T X AR L. A SRS A i 1] BE AN
117 Z 7 S URFAT FH TR dhm, I8 A1
F M JZ MoS, 451 WA FE7E S Rk, R itk
Bl 1(d) e K 2 3 il s . X F
b DX 3503 A AR IR 19 100, M R 2 A8 R B A A 1Y
Zhao %5 B2 HEAT T i — AFSE. S b2E S A
i (chemical vapor transport, CVT) /7%, flifi]
HEAEKHT 3R (3-rthombohedral) Hif MoS, &
TR, I HUBR 25 1 77 AR 2 T )29 MoS, 44
KA. Kl 1(e) /& 3R A MoS, B i F-HEF DL S Ho ™
A U AR A Z N L. ATLUE S Jiang
85 BU AT &Y BN S RS A RIR], ARG 3R AHSS
A AT DL AR R — J2 Ry BL)22 MoS, 76 3 B 5[] [
SRR N = A —E 1P (A 24 T — 2
I 7)), AT Rg i s Ry 5. [R] R i
BERE) B — 2 A A AR B e ERAR ], PRI ORAE T
J255 2 A AE B R I 28 TIOR3 5 AR ) J2 4
(1 3R A MoS,, HeZ kLKA 2 E 34 i — v
BefF5 5IRBER TV e R, I MR H
S Z A PR W s 1 J5 DR T Ut 55 20%.

TP AN [i) JE - M B 5 BSOS Bk A e AT
7 TR 2 S M B 15 T R R SR A BEAR TR
ArRH I HERTEL. WIS KA# 11 Zeng 55 B9 LA R ferp
FHEOR B Yang 55 B 23555 i 1 2H, 3R AHIY
WS, ALY (WSe,) L& — R Ak 41 BT A
I ELAE B 0GB I A R A IX 40 T AN R HE B9 R
X, LT R 3R AR AT G . PEAE Tl oK
411 Song 55 P9 X L TR Sk 2H AHFIE 4 1T
(monoclinic) A “HifLEH, KB 1T AH —HifLsH —
IS AR K IEAR, HIF A8 O3, mif, J

A E R RPREE . MR AR 573 Wang
S B0l o W L B 20 S T R A AH 2H A
1T BRI PR ) U I ik 2R B AH A
JE B 1T AH A A H AR SR DR AR T 2H AH B & AR B
] IR A= Hao 55 BT RI G117 e AV {L
A (InSe). #f i AL 88 (InSe;_,Te,) LA K i il £k 41
(InSe, ,S,) J&FfbiA, Jf H I AH b T8 58 2H
A8 TMDCs 55— 2PN g i B4tk R 2L

FIAA 2 SARUTRR Y 7 v, I RERT i A AT
FEPREER B iR R}. A SR TORR A B
&8 T DL G R AR S R B AR AR
FTARIARTE B A T R NI OBV E R AERE A L, X4
S AR R A2 B U SRR B AR R 1Y
M 381 BRT A5 B B — L AT AR Rk T T
S FRIE P ZEAE . R A iR AR B Y
THERRL, BEAE AR B AU RIS

T P A2 AT 28 iR 2 o4 mT 45 B Rl T AR
TSR S5 b 7= e X RRPE R sk 1 SR e 45 4 WS,
PR M B 5 YRS U 1 [ R A R T A K A ML
 2(a) SEBRTE WS, (624K F, 8805E WS, il i
R A A2 SARUTR T I B A KA A — Ak
fErEE R . B 2(a) AT EDR A2 BB IR AR 5
HLAR B R D7 B 548E (atomic force microscopy,
AFM) FRAE, AFM 4948 BUG05 W e s WS, i
AR L HE) . X AR e 25 A4) Fh ok 37 Y B2 3 ) R
D7 AR EAE TR, BB A5 Y 51 AR R A TR TR X
FETEAR R R AR . EAUERRAE KA WS, B
AR SL, RGNS I AT TR S22
() X BR oL, R A A BB WS, 114 VR it
Bt )2 B 3, rhos XS] IR B2 R B Y E A
(I 2(b)).

h E B2 BE A SR BT Y Lin 55 1Y R385 AR
T TR WS, (E 2(c). &FEILE WS,
—JZH AT EE R ZMILRZE WS, 4, FE
AlA—H 249K (200 £)2), X PR 25 4438 1
TEAE R B rh B sl N T RS SR
1) WS, 202 2H AR HEDRSE#, PRt e iy =k
U R B i A VR I KR W R I 5 2H AR
RLAPR G Il N 3. SRS 2 E 2124 70 JZR,
LTI WSy RIS SR A9 U 5508 B
R, R TG IEE S ok A TR S 28
TS, ST WS, HBIE M —PRUUT
] BEA X Y AR I, B PRI T ORI ™ A 1
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Fig. 2. CVD grown TMDCs with highly efficient SHG: (a) Optical image (left) and zoom in AFM image (right) of spiral WS,
flakel?); (b) layer dependent SHG of spiral WS, flakel”); (c) schematic illustration of pyramid-like WS, structure*!l; (d) pyramid-like

WS, displays high intensity of residual edge SHG signall*!.
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Fig. 3. Polarization properties of SHG in TMDCs: (a) SHG polarization in monolayer MoS, shows six fold rotation symmetry['%; (b) top
view of MoS, crystallographic orientation, where z represents armchair direction, y represents zigzag direction and € is the angle
between input laser and armchair direction ['%; SHG polarization in (c) WS,/MoS, laterally epitaxial heterostructurel* and (d) WSe,/

WS, AA, AB vertical heterostructurel*”); where the insets shows correspongding SHG mapping; (e) superposition of SHG polariza-

tion by artificial stacks of two different 2D materials*?; (f)—(h) demonstration of distinguishing of different grain boundary in

monolayer MoS, thin film be SHG polarization™.
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Fig. 4. Exciton resonance properties of SHG in TMDCs: (a) Schematic illustration of SHG when two incident photons are resonant
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monolayer WSe,™; (b) interband valley optical selection rules for SHG in 2D TMDCs.
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Fig. 6. Electric field modulated SHG: (a) Schematic illustration of bilayer MoS, microcapacitor devicel”; (b) bilayer MoS, SHG in-
tensity as the function of applied voltage and SHG emission energy%”; (c) reversible SHG induced by back gate in bilayer WSe,l%;

(d) optical image of monolayer WSe, transistor™!; (e) exciton resonant monolayer WSe, SHG spectra at selected gate voltage®; (f) mo-

nolayer WSe, SHG intensity as the function of applied gate voltage and SHG emission energy®.
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Fig. 7. Strain modulated SHG: (a) MoSe, SHG polarization changed by uniaxial tensile strainl®; (b) uniaxial strain map of MoS,

monolayer flakel™; (c) schematic illustration (up) and SHG mapping (down) of TiO5/MoS, structurel™.
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Fig. 8. Metasurfaces modulated SHG: (a) Schematic illustration of a MoS,-gold phased array antenna steering SHG emission8!; (b) po

lar plot of the calculated (line) and measured (points) SH pattern along the intensity maximum when phase delay §, = §, = 0P

(c) the SEM image of the fabricated gold metasurface with rectangular nanoholes of different orientation®2; (d) the experimental

results of SHG focusing by using the hybrid metasurfaces/s?
RCP pumping with monolayer WS,/™!
order(™!,

; (e) schematic representations of steering second-harmonic waves on

; (f) evolution of the light field for the case shown in (c), “0” and “1” label the intensity
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

Second harmonic generation of two-dimensional
layered materials: characterization, signal
modulation and enhancement”

Zeng Zhou-Xiao-Song!  Wang Xiao"? Pan An-Lian??
1) (Key Laboratory for Micro-Nano Physics and Technology of Hunan Province, School of Physics and Electronic Science,
Hunan University, Changsha 410082, China)
2) (Key Laboratory for Micro-Nano Physics and Technology of Hunan Province, State Key Laboratory of Chemo/Biosensing and
Chemometrics, College of Materials Science and Engineering, Hunan University, Changsha 410082, China)

( Received 27 March 2020; revised manuscript received 21 April 2020 )

Abstract

Two-dimensionl (2D) layered transition metal dichalcogenides (TMDCs) have received great attention in
integrated on-chip photonic and photoelectric applications due to their unique physical properties including
indirect-to-direct optical bandgap transition, broad bandgap from visible band to near-infrared band, as well as
their excellent optoelectric properties derived from the 2D confinement. Recently, with the in-depth study of
their fundament nonlinear optical properties, these 2D layered TMDCs have displayed significant potential
applications in nonlinear optical devices. In this review, we focus on recent research progress of second harmonic
generation (SHG) studies of TMDCs. Firstly, we briefly introduce the basic theory of nonlinear optics (mainly
about SHG). Secondly, the several intrinsic SHG relative properties in TMDCs including layer dependence,
polarization dependence, exciton resonance effect, valley selection rule are discussed. Thirdly, the latest SHG
modulation and enhancement studies are presented, where the electric field, strain, plasmonic structure and
micro-cavity enhancement are covered. Finally, we will summarize and give a perspective of possible research
direction in the future. We believe that a more in-depth understanding of the SHG process in 2D layered
TMDCs as well as the material structure and modulation effects paves the way for further developing the ultra-

thin, multifunctional 2D nonlinear optical devices.

Keywords: transition metal dichalcogenides, two-dimensional materials, nonlinear optics, second harmonic

generation
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Fig. 1. (a) Schematic of the structure for the double layer graphene modulator (reproduced with permission*!, Copyright

2012 American Chemical Society); (b) single-molecule optical switch (reproduced with permission*, Copyright 2005 American

Physical Society); (c¢) two-photon absorption in bilayer graphene and four possible transitions in bilayer graphene (reproduced with

permission*?l, Copyright 2011 American Chemical Society); (d) experimental setup for transmittance measurements of GCMs

(reproduced with permission*”], Copyright 2014 American Chemical Society).
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Fig. 2. (a) Schematic of coherent nonlinear optical response measurement setup (reproduced with permission”, Copyright 2010 The
American Physical Society); (b) transmission spectra of transmissive SWCNT saturable absorbers (reproduced with permission”,
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (c) experimental setup of the ultrafast-laser based on
SWNT SAs (reproduced with permission®, Copyright 2016 Springer Nature); (d) schematic diagram of the Z-scan setup (repro-
duced with permission™, Copyright 2019, Springer Nature).
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Fig. 3. Saturable absorber based on graphene-Bi,Te; heterojunction (reproduced with permission!

103] - Copyright 2015, American

Chemical Society): (a) Schematic of graphene-BiyTe; heterostructure on the end-facet of fiber connector; (b) schematic diagram of

the twin-detector measurement experimental setup; (c) schematic diagram showing the optical transitions in graphene-Bi;Te; het-

erostructure; (d) Raman spectrum of the graphene-Bi,Te; heterostructure.
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270° 270°

Kl 4 (a) MoS, 1 THG!; (b) 2D (TMD) S G 11 () 22 MoSy ARIFAEL ML= B4 B (d) SHG F1 THG MR A prfEl 11
Fig. 4. (a) Third harmonic generation in MoS, (reproduced with permission!''?l, Copyright 2014 American Chemical Society); (b) 2D

(TMD) optical emitter (reproduced with permission!"'!l, Copyright 2018 American Physical Society); (c) different nonlinear optical

phenomenon of few-layer MoS, (reproduced with permission®, Copyright 2016, American Chemical Society); (d) polar plots of nor-

malized SHG and THG (reproduced with permission!"'”l, Copyright 2018 American Physical Society).
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) MoSy HY, UG o B2 BEA 22 5 48 i R3]
TR L2 MoS, 1 UK I I B 2 R MR
400 Zfi5 1181 B2 TMDs Bk SHG 5# 51 A ffsiH:
piry o) (112109] B ERECARS LA SN, AN [ il £ 7 144 2
) MoS, HYAEZe Mot 2% R A AR [R] 0201 AL
H A MoS, H)Z2 TPA AL R (1.88 +
0.21) x 10% cm/GW, TRk M CVD A= KAy 5244
RHG TPA ZEUU4 (1.04 4 0.15) x 10% cm/GW.
TiS, 21 547 ST A AU T B AR IR 4 1, 3X
SR NI SO R NNCIIUS 2 L eEA 1 b oy
0 B N B AR AN R R O EL, A B A SR A
TiS, A 4 B UF A ARLAE G N . @4 FE Z F9 44
R K, A SBMETER 1550 nm BEOLT
FRLPEM R EL 8O0 10 e /GWH2, i A1 Y L Y
JRe Al 2 7k K Y TiS, 7E P 400 nm A0
T BT LAIIRE]-(4.28 + 0.21) x 10* em/GW. i
TG TURRY TiS, 7E 1.56 pm R AR5 A )
LMk em N, 7E48 Er MG OE & 4 T
TiSy FYE AR T LE 1.56 pm A5 2052 5E Y 8l
BORIE Q. 78S FIME IS Y S5, [B] 42217 Bt > A
WiSe, 17 3 J22 44 5K i 78 AP SO & 19 B T
(Blaser > Ep) 23 0 AR i (9 S A SO M, i
2 PR Ay P BRI MR ATk ol 1) D' 75 12l
B ) ST FE S 3T BRAT . MoTe,['23 4K - JE B 7
100 nm A, Imy® KAFE 101 esu, FeP0H A1
WCRRE; TS LS RE AR 30 nm B, Tmx®) AY1E
27 9.96 x 1071 esu, &I H SO FIR T ) e
HICAT UL, TMDs IR ARG B & iR AN )2
AR

24 EWE BEEE

FEICE M B2, U35 BP . B | 864 Fbi
W, A 0.36—2.62 eV MG EEM T SE 8, Yo T H:
VS IRAR ) 2 R WS S ot o | W 0 L DUA SR
P H., )R ER IR 2 Pk LT
cm?V Ls 1 BP & —Fopi B R i pr kL, RIHE
TR R (735 1000 cm?- V-l 1)I25026] 4K
(A L M R (27) ) AR A % 1) S 28290 I 5 | TN
MTAYSETE. BT BP (28007 LR =B
AR 0.3 eV BHRZE 1.5 eV, M8 T A 854
Fealt B A TMDs 19 B84 BE (1.8 V) Z [a] 1Y 8] & .
DR B AT R M A R AR G, R
AL I LS S EAN X6 S B ) RPN (1 U R i b kI

FN 2R 17 28 BP #2190 47 Bk 0.515 eVIB,
W2 BP 7E 400 nm A1 800 nm  KEMEOGE A
HB 5 AT A A WCR P, TR R RMEUR R, BP TR
1562 nm 1 1930 nm % BRI SA P ffH
7 1 H AR 5T )2 BP A8 Pl £ M 2
o7 119320 RO A VR R B AT — b R o R
I35k (455.3 & 55) GW /cm? il 27.6% (400 nm);
(334.6 + 43) GW /em? Fil 12.4% (800 nm)!'¥3l. BP-
PMMA 7 B Fb IO 16 05 2 1) — 4 0 )
TREE 4351 18.54 MW /em? 1 19.5% (1563 nm);
4.56 MW /cm? f1 16.1% (1930 nm). iiFB 7702 BP
SRR T AR MO E bR, R A A A
HAT 584 58 TAERE T, (A2, BP ) 15 24 B iUk
AR T J23 e, SR R T A2 1 BP, T
FHRN B 5 VLB WA To vkl 2 X FE A ZKR . R BP
4RSI P AR 475 1 {1 55 1) R A T A e

B PR A RS0 DGR PR BE, B A EE 1Y
MR ST R TR
BUA T —ROGEFE . M RBAHSME T 13 A K
R, MILT BRI IR BT, BRI R4
J 78 Sy IRl B~ A, B B AR A AT B B e Gk
2.28 eV. HUZEE K AP N AR, fR ] Bk
PRAE Jg B e B2 SR B B KR e p T
TR RISV BT, LRI 2R 10.5%, (SR FE
0.26 GW /cm?, AERFNHIAE R 19.1%. # HE 570
Au 5 ] DIAE R RO A RIS AR B 3—6 nm
SIS P = MR | g SR EHE | E5 1 T g i
B R A RIS SO T ST B B R RIOBLIBE R 1) i o
JE [] 25 RO A Bt 1) R 43 51 AE 1561.3 nm
1562.7 nm, 2244 0.17 x 102 Hz, J& T RKik2% %
B, RORMR2E 0 R AL T OCIREAR . DR iE
WA LAl s AEROER I, SRR ] IVE 45
IRIFSE, HAHOG s ik 12 dB, i S K
AR 5 18 GHz.

AR ARG AR P, (B R4t B
FREAIE (A58 A s FL IR, TR 7% 1 B 2 L i B
2 AR 37— 55 1091 [RIVE R VA R B B TE HL T
ia, 4 JE A A RARAE A TEPER S A
RS 1 I 0991, 8] 5(a) FNIEL 5(b) TR S ik i
BT R RS S B S in S 3 124 18] 5(c) Ay
BP il Q YL WOt A i i i w4 ek 127, [ 5(d)
I B R TR IOGER B A G R A SE
SR 1 4R 104 S b Rt 3 R0 o R 2 3
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o
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——— Fitting

1 ]
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5 (a) B AL ME GO RIS Al T B I CRIE S 124, (b) FFOCRUE 5 00 & i JE IR 124; () BP I Q YGLF WL %4t d 4%

FFPE D7 (d) B (038 591 5 55 P HOB R 2 1 (0 56 3 100

Fig. 5. (a) Switch and signal of carriers in the linearly dispersive valence and conduction bands of bismuthine (reproduced with per-
4]

mission!'?!), Copyright 2017, American Chemical Society); (b) superposition principle of switch and signal light (reproduced with

permission!!2!

I, Copyright 2017, American Chemical Society); (c) output polarization characteristics of BP Q-switched fiber laser (re-

produced with permission'*”l, Copyright 2015, Springer Nature); (d) relationship between transmittance of the phosphorene disper-
sions and intensity of the femtosecond laser (reproduced with permission!'"; Copyright 2015 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim).

g 774.4 GW-cm 2 1 14.2%.

2017 4, Lu 45 96 33 28 75 fh 2 3 25 1 T B
kA T A0 )2 A Bk, PS4 R B 2 1
3 nm, ARS8 2 wm, W [001] FlLELE) B AHAR
45, MRAEZETE AT G589 (111) & B BE, 0L
SEH Y A 2R SR ARIE R 0.237 nm. it BEIE I
B HAR R O A BEAT 2548, 4 AR R T B3
THERPRLN, HAFBE M 0 F] 0.55 eV KRRk, 3
B s mT DA T R 2% . 20 A2 mT W%,
7 B AR TN 23 18] A7 38 000 B AR o AR e ¥
WSO T 5 S BGIEA T RAF , B LA LR, &
PR3 ] R BE AE 800 nm Ab 24 A 2.68%, £ 400 nm
250y 2.51%, Wad5 BP ks, Hos il TR A X}
BAR. R IR AR LM S ReE v] LSS T
23 [A) 38 AR A A PR RS [R] G R ) e o6 /b
JZ B AW SCR B A SR G0 R B e s, AR

Pt AR B A S8, AT LA SEEE DA R S ) i
TS PP ROGET 281 7E B A5 T B IR il
FE N 2.03%, HAIGEEE N 30 MW /cm?. 83 %HEOE
SR, P52 1 559.18 nm g HULEY 652 fs
(A ik . T LY I8t B Ak ORI s €2 K1 A S5 3R
A HAR LR T S5 A 106 em?2/W. 8 1 45 58 45
TRL R SO RO e, TSR O T B
HIE .

3 ETRAELMEEE

T 5 (quantum dot, QD) & AT LA 4 B
st E R K K ARG, Btz
;P2 o, S — A AR B e
e SRR, BT RSTRON, B A
TRz S sRZUBR . L, o R E R
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8
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g
=
)
Z 0'92 1 i 1 i 1 i L
0 3 6 9
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(d)

QD

Ee

< A B
hw A hw
B h 4 >
€g

Microcavity

K6 (a) DIBUE MBI sU00 TR 2 IR 7 (99, (b) PRB & s R ISR SA R AIE 1995 (o) 2otk L AR LR PR RLE AT S R AR (L B+
Beft AR AL (3 T 0s—1p BRIE); (d) U o Y JEXT AR & VR AR R 2 oo 040

Fig. 6. (a) Photograph of the microfiber deposited with PQDs, (b) saturable absorption property of the PQD-SA device (repro-
duced with permission('®), Copyright 2017 Springer Nature); (c) the linear, nonlinear and total refractive index changes with photon

139)

energy for Os—1p transitions (reproduced with permission!

Copyright 2011 American Institute of Physics); (d) asymmetric

quantum dot in a microcavity as a nonlinear optical element (reproduced with permission*), ©2012 American Physical Society).

PRI RGN, A LU i 0 PE R G0 B T A
BERAE ], AL =R tEAE QD A b A 8
3 AR AR 1 5 197, AT 32 B 34 1 R =By
FRL MG RN LN T, A KA Z AR
X = AR S E (R =Bl A 32 10 S
k) BEATIN . P& 60551400 Sy d 3 p g AR Mol
AR AR X PR 1 m AR e ot

3.1 ETFREAMMBUIEERLRFRP
Rz F

TRV AN A SR, BP AT MoS, ¥ 28 ML
BB Q JCLFHOGART TR et Aokt 041 B
AR PR A SIS ] 0 T H G AR R AL 1 G A (142144
B2, — BRI, AR50 B (B AN A AN M — B
SRR AR 2016 4, Zhang 45 133 F) K
FRE R ITE AW T PR (2.6 + 0.9) nm ¥
/N A T 55 (phosphorene quantum dot,

PQD). i i ¥ PQD S5 4edi #iot k&,
T PQD 101 F WSt 5 A 8 e I 4 e T o
WeRHME, S B E B TRy 8.1%. HE T4
JEF PQD MW A Y BE B, i SL I S i 15
Er WOGE T HEHEERE 09 A A shlk b, Bk np 2Lt
1] 47 0.88 ps, H.JE &M% 5.47 MHz. (i
R AN & PQD, T XA BP 174+ 54k
FR 0200 RIS BP #4700 JS i A NMP %9 P
T, BB IF ML 7000 r/min BIEEE B, IR
2K W V% 1 BB B ) R B BP UKL f BT TR L
12000 r/min &[> 20 min, LIS E GG I PQD.
FF T4 PQD 1 A A TE 1560 nm Y63
DX IR A R AR R B, Z a4 T T3 I ASEER0E
T 1 R R

IV-VI & F S A 2\ R 8%
IRAAR 01 B AZ 32 G, Lee 45 19 i¢GH T LA
PbS it A5 AR R IR 1 B B @ 1.55 pm
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JCFHOERE. LIS, LI PhS QD Ay REf it iR Az i
TR )48 Ex018 SR aF 3245 2R SE . (A 2
PbS QD MYHEANLF4EE R SA MR hid Q 8 Er ok
OGRS, Sz ThZM 205 mW HEANE] 457 mW
BF, 98 Q WK TEM 6.9 us BEARZ 3.5 ps, B MM
65.44 kHz 3 /% 123 kHz, Jf E A 33.08 dB{Z
MLy H A QD A ek, B/ SCINER, MR
R 2 R T 5 B A B B, SR TR R X S ) R
QD 5 RS Sa ki e R4 2, A RS2
() QD 7~ H T 1 & S 0 ot e BUR e = T
499019 4F, Fu % 15006 PhS/CdS 4351 At /
FE 11 BT A AR AR AR GE T8 Nd 1OBEF 0
arh . Mz RO 230 mW, 2 HER A 0.05 nm
Bf, 036 IE G 0 6l 1066.082 nm, {7 T & T
SR R 25 SRR PbS/CdS BT A AT
WA 1 i R AL B B R 7.6 MW /em?, 18 S T8
H 4.1%, T CdS FE PRI, PbS R AR 41 1Y
oAb eE R e M, B ROF- % DRl 7.88 mW,
S/ bS8 B S 235.7 s, 7F 110—230 mW fé
B RJEE N, WL E T Q. 2017 4B,
Mahyuddin %5 U 528 T CdSe 7 F 55 18 1% Uk
AEH QBRI EE Y L BOLRs Ry .
ST Q, £E 970—1200 mW Hiltiz B #3547~
AR i ke, TS ITUR AR R 5 B 3 o 24.5—
40.5 kHz F1 6.8—3.7 ps. G415 OG k14 38 25
B, FITE 310—468 mW (1412 D) 211 ] Py 52 B4
B, FH MR 14.5 MHz, JkP5EEEA 3.5 ps.

2019 4, Wang % P2 4238 T 1550 nm InAs/
GaAs - Tk & F S M AR ILEE (quantum dots
semiconductor saturated absorption mirror, QD-
SESAM) 7EXU K4 sl Q 8 Ex Yeer#oeds b
FIN . InAs/GaAs QD-SESAM il i MBE 4 K
£ GaAs (100) 1 F, 7EXT 180 mW iz 5
AR BT Q WOk, 3% T#%A 2.2 mW,
WO 1532 nm 1 1546 nm, [A]FEH 14 nm.
B 2 O T R 3G T, R AR 3 A A
TR EBUFE R GE AR, QD-SESAM 1 1%
K0 L A In B9 R, X QD-
SESAM L) B AHSC I H Q ot BB O & 1Y
BT AfE SR TR KA R TEE.

3.2 ETREXRIESIRMEFX PN
ST PR 35 = AN R ERR

WA, BTG AR, 3T I Y G BR R 7 L 3
FHr 55 1 C PRI 25 T 45 2 18 S0k A2 /)N
BF, 5T RO A G2 BRI VR AR X 355 . A DL A
TR 1z F TR 2 v, 4 0 Peslt5?)
1 QDs!. SERRIE AR TR BB R e 52
SRR A2 AR R 2 10, ZUR A ORRRIE
FRTBEEA — e PAR (R ZR MO ARt ER IRy
AL M 5 2R RN R 4 i 7 s ], B g 2551
2B T AN — R R, AR AE
BRI 7 RS T AT,

2019 4F, Yan %5 199 3@ 3 78 AU SR T i
U 19 72Ul £ PbSe & F 05, 3T PbSe &1 1%
B BT S8 =2 P s PR S 2500 e o 6 2 A S R A% i B A
DLSZEOGE R A 2 PR AS T A3
Z2UR LY PbSe & mi B4 IAE 405 nm AbAYEE
LNEPT O R IPOC R B BWEE B A B ny 1S,
Z P /A AR S JEE. TR
PEMZ S, DT A0 T (B4 & T B SR A A,
1FL Z F4 il £ s AT RR . Bl S A OG5 ST
RGN, #5285 it A AT S 3R BRI, S A T A
FEARRRRI A YR RS . PbSe i T HA AT
DGR 2T A1k B & 2 Wi, AT AT LAFE AN
W FR R TG BR ). PbSe f8 1 A5 A B AN IR Y
TSR [ O, RO 5 T NSRBI R Y
1300 nm BYITLLAM .

AR, AR CdSe 1 A5 B H & G R
MR R P N AE LML 5] T R A S
7= 19616019016 4F, Valligatla 55 161 3 b fb 245
1) =il 5 CdSe 5745, FEI% $HL T S Il
A3 [ AR 45 M CdSe IR A QD B 427 3 nm.
A WL E-£T MO R B SCHT HAE 574 nm. i@
i Z ARV 532 nm ., 10 Hz FEMIZ . 6 ns ik
PP T CdSe £ T 4 10 G 5 AR IR 4 1 I iCRn
ek P 4. A LSRR 0, JE 2t il A
SA #3 RSA. MRt &5 R M AR L M9 4T,
It H 23 Bt i A8 B2 A3 s/ SA AT LU P
LA BN, RSA Sl s — AN 74
PR HL T BTG A S U B v 1) e S
I R N FR I R SRS (excited state absor-
ption, ESA). 7E4i AJGIRE T 0.12 GW/cm? i,
CdSe QD i SA%7 A RSA. CdSe QD HyAEZ
Fe2FTE AT R R0 1] o AR AL & ok 4l 2
AR R i 17 FH 1) L A g e 43 (162:1631,
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S A RE 9 ' R ST AT LR SR R VR 1Y
Ot BRI AR P (041, G 0 e 3l g A 10 ik R
K CdSe it F i B 2 b s, A Q Nd:
YAG ot iR Z FIREARER TR AEL
PEIE2E R, AR = B AL Tmx )RR T
SR ng B 23024 1071 esu #1100 m?/W, B
WF5T Z 40 145 1] [ MG 2A A BR B R 1.57 J /em?,
A 2 S 2 W S 2 B A 45 2 W B 1 388 I T e
M.

H 2 AR T K 4B R T AR TR A
RSG5 EHOIE A AR Z R ] 1661700, B AT
GIAT P G2 T AL 2015 4F, £xf A 2
ARG CdSe QD Fl Au 4Kk T2 S WAL FE
B RGERIE T RS M TS Z AR %
(YETF S AT BE R T F /20 R bk o e 510 5 1 kS 1Y
FEPUE TR Bh 1. TESCBRI T, o] DK S
& QD 14 JR 9 KR FIR A R G VB CTF A
VKR EE

4 RAEERZ

AR MR ZR A, 4338 T ikl
KA M . TMDs . AETCER 2P S &
T AR M 2R U T . AR BB
BEA AR AELMO AR, T s IR G5 1 0T
PR, BRAK A FLG S5 HAN Hoa kg, i
4% TDMs. TI HIH AR K ZFrde etk megik
B A SR AU AR R AT LRI R S
SRS, FERR AR | A S5 I SRR A R
Priff AR 5 AGPEREA G, I BRI A2 1k
X IR S RS A R S B AT S SR A SR B s . AR
R TR SR SR T, 3 B85 e 20 KA R IR A2 ] 24
R 30 ps, 1A S84 BRI B TE) 2L LA 40 K A5 PR
Z, 2378 0.1 ps!'TU ABAT i3 WoR, A S AR
W AR B S L Al A A e 172, S T R A AR
FE Rl 25 RN I B A AR R B IR A 22, oy LUAH
FEBRANIKAE, A SR RIS B 38 & TARTE R K
KA. I, A 880 To B 1 R PR T B AETR
J6-9 B AR BAE & T &, MoS, /A & 5+
25 0 ARG 1 fif e 13X AN R 78 TMDs 1Y
HE , MoSe, 7£ 720—810 nm H. A e 5 ik &
] 0.15 ps, BARAIM AR 2.5 MW /cm?, & &
TAETERT WO LTSN L. W, 78 TMDs

2 5 BP 5 AHRLT PtSe 1 E 1 BP faEfS
Z. 1£ BP. B M FIEL 0 1Y Hik B v, ZEiE 20 4h 3] ]
WL B BP H A5 S5 AN 14 1 0 5 52 068 B 114 Pk
S B[] 74, e S B e R Y RS T4
ARG AR ST SN R REL ny, BEHAE 10710—
102 e /W ZIH]. FE 0] WLOGTE RN, CdSe #1 CdS
P SRR R IO RR IR R, AR T LT AM i B
PbSe Fil PbS N3 5 4.

FI A\ 2009 4 A 25 4 8 PR bk oot 2% LA
o, Bk L 1 AR RIT UG F i R iR . B
SR IS5 X T e 490 A A VR R IR AL P i 3 AT 9% A 34
T, AR SR R T 22, IF HE S 2T X Tk
YORAE A TIE M. BRI TR ) — e ph R A
PRI RIIGI: LAY AR 2R b 7o—178) (H H A AT fl
I S A SR G de A EU S R 3l
FEPAAEFE N BT L, 4 R AR
PRI RE I N, S T 7850 H AR e
LRMEEA T T RIS T, A2 R AR G bR T 4k
G 5 [ () A A F Il .

AT LATII, FEARAS A 3 22 AR 4E A L1 0 H]
TARLMOGGUEL. BE G R 25 H AR B A W &
Ji&, BTG R 5 A VUM R T 24RO e
2B RS R RS A v DL g8 kAR
1 Pes KRG HEATEM, (15 SBER K 1Y
e M E M RE S BIR R IR T A iRy
T, 3 A I AR RS ARLE PR R T T S A A
BEA BARKAYARTE. Y debr by R T N2
BF, —SEAEAR BT Sy (B 427 B AR R
BB A AR S R A BRAE TSR B O, 7E
B F IR BB P AT DR . 2 SR B Es A e A
MR AP IR LR 2R T, X BB S5 1 1 A B
THESEE RN EE R B, P I A T
FHE, (75 B 115 5 Ak 0 3o RN RSN BT 4 v
A H ARG AR R AR L 2= SR TR T4
BG4,

S 0k
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

Research progress of low-dimensional semiconductor
materials in field of nonlinear optics”
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Abstract

Since the first ruby laser was invented, researchers have focused their attention on how to achieve a strong
laser light source, which cannot be produced by the ordinary light sources. Since then, the rich and colorful
characteristics of nonlinear optical materials have been discovered, such as the saturation absorption, reverse
saturation absorption and nonlinear refraction. They are applied to optoelectronic devices, optical switching
devices and optical communication. At the same time, with the increase of the requirements for device
integration performance in industrial production, ordinary three-dimensional devices are difficult to meet the
production requirements, and the advent of low-dimensional semiconductor devices effectively solves this
problem. Therefore, the combination of nonlinear optics and low-dimensional semiconductor materials is a
general trend. The emergence of quantum dots, quantum wire lasers, and amplifiers confirms this. In this paper,
we summarize the frontier work on nonlinear optics by selecting several special low-dimensional structures and
several materials, providing some references for future research. However, due to the fact that the instability
and low filling ratio of low-dimensional materials remain to be improved, further relevant research is still

required.

Keywords: nonlinear optics, low-dimensional semiconductor, quantum dots, laser
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TMDs 1—2 6.04—6.91 19—112 381—590 7(0&45{;114'38) 1012 1 ps—400 ps [84, 85]
BP 0.3—2.2  5.24—5.29 6—89 459 ~7.85 x 1015 6.8 x 109 360 fs—1.36 ps [84, 89, 87]
MZXene <0.2 — 298—460 10 1013 1010 — [82, 88]
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Fig. 2. (a) Experimental setup of an MZI all-optical modulator based on MXene materials; (b) high-magnification HRTEM atomic

lattice structure of MXene nanosheet; (c) optical microscopy image of microfibers deposited with MXenes; (d) Raman spectrum of
Ti3C,T, and TizAlC,. Reprinted by permission from Ref. [100]. Copyright Advanced Materials.
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FBG filtering. Reprinted by permission from Ref. [107]. Copyright Applied Physics Letters.
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£ 2 BT THEMRHOGHN Y 2L R S
Table 2. Comparison of all-fiber devices based on two-dimensional material thermo-optic effect.
KSR A THERPRZER O MEER BJRRRE RRERNE DG /AB FEHIRE ) - m W Ref.
graphene MF 4.00 ms 1.40 ms 20 0.091 [101]
Mxene MF 4.10 ms 3.55 ms 18.53 0.061 [100]
MZI phosphorene MF 2.50 ms 2.10 ms 17 0.029 [75]
boron MF 0.48 ms 0.69 ms 10.5 0.01329 [90]
WS, MF 7.30 ms 3.50 ms 15 0.0174 [102]
antimonene MF 3.20 ms 2.90 ms 25 0.049 [103]
bismuthene MF 1.56 ms 1.53 ms 25 0.076 [104]
M MXene MF 2.30 ms 2.10 ms 27 0.034 [105]
graphene SPTCF 55.80 ms  15.50 ms 7 0.0102 [108]
PI MoS, TF 3245ps 3531 ps 10 NA [106]
o graphenen MF 2047 us 2122 ps 13 0.115 [107]
perone MXene MF 306 ps 301 ps 12.9 0.196 [109]
#: MF, microfiber. TF, Thin film. SPTCF, side-polished twin-core fiber.

S e B R AR B RO T R R AR
0.0917 HYFHAES 101, XFF MI 454, H5 . 4. MXene
FLE BRI DURD 2R RIS . X — 544 ik 1)
DG IR D) T Re 5 5O 5 4 R T PR IK
M EAEH, HHd MXene 7 6 H ik 27 dBIoS)
T B P DU o7 i 7 3588 5 T A B R 2R L 1104, 55
A, MBS B IELT 5 MI S5 4 324 BEAR i, B
PRIESCEFVE S 4 b0 2K B A 35U = R
e e DL s/ R G AR 108 PT 254 g 4ot
R AR PR e 8 B[], B FRRS ] 324.5 s,
JEHBUTHRRE T o, (HZIDE AR 107 XTI RS,
¥, T 5 Tl AR A 5 5 L )
FFE TR 0 B ROGIEEE, GMFRAT e
A (BIANTEPE RS S S HER R ) (4 7 .
A, BT GMFR 19 558 8 4 ROk Ay s 05 0t
BN ISR AVE R, BT DME I —A R 6
TR | ARZM G A R PR T 25
BT IOCAEON 8 A IR i) 245 v e e 1 B i) 2
ST AIRAEH NI 7 T8, — AR e b
B, R RS, RYEE 2 5w, RIAH R
MRS TR R 58 DL B AR R RGeS Rl R Z ] R4 7 L
B AR TR L, AR RS Z 0 1 22 57
PR HE. A R LA ) ISR ROR AR ], 4
SRBONASHR. (HZ4ERRHRPIR S A ], $s
RBb oo, I HAT DI o 8 9% 45 0 2 1 Ak,
AT UL, FR G045 FA X e 17 B ] f s i B Ay E B
TE R GEAH AP B[R, HOER00 5 # T R B

A JSL A T8]. P D DA R, 568 A BB AL
IO S SIS 8] 7 A S 22 B A e 7 ] Y
BRIy AR B, R ARSI
R AR A, B A i B2 R (8] OB 5 5 /R
FRLANEAF ANV AR L, KU i TP SR A R
1, W 17 8] Ay SR B 22 0, (EE AT TIR Bl 20 T s
LRI I2 A DR AR 2 2 ] PR PR
I, il /D RER AR, NI, BOteodi it e
TR ER LA AT D B RS

4 ETZHMBFELERNHL2K
T

S il o5 — FE AL AR LA P A AT
(IR TV IR 1B e VS VKL TV ey s
— AR, T ST AR PRI A 20 1ot
B bE Ry AR M0 A SR S B IR IR B
R (RIREDG 53 A3 ISl s ve IR B
Je— M =B AF LA R, ARSI Y
SR, A B AT 7 AR TR HE TOLSR A3
R, GAE A AL & P40 Shao 45 112 A
FHBRAAKAE A ARGLIA ], SEBL T 8] 3 855 ps,
M 1 4l 56 7 kHz (B2 GiR H)  13 2R AR A
AFREME ML AR BN AT AT — SRt
T AERARL AT AR AT A B 4 e 1 0l
BI{EAF; TIRdE T RO RN 1 4 e il =
DU TR A EA) L

184216-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 69, No. 18 (2020)

184216

4.1 ETEEMRREN £ EERS

EYEE{E A R TUCEF SO, #ME
W L. PRS-, BET AT AI s Y 4
(LA AR A AR SO | AR
WA R AT 5, WSRO {ER iR B2 R MR P ', T e
SR BOEKE B I, TN RE I DR AR D R A M S
A ABUR A AR ki . AR —4ER R
AIBFFE R, e AT AR SR ALY s L BE
FIFNARLAERLN. AR E PG | R i 2L
L e D) 7 2 A0 FH 2R ) A e P Ak i [76:105-16),
F AT E il i LAt B (e AR B, BN, Pem
HR B I AN (SHG) 1Y 4 6 BI(E 2% 17 3k
TR 23 A R S O AR P 28 U
it I 8N 14 5 2 o e (0 2 AT A k22
FRIBRBE . AR A AL T - LET 254 ) 40
I {EL

H ST B G-P A BAE T, Song &5 6 A1
H LPE k5 M0 2B RO DURE A e LT L,
P T RRR K IO I 5 AR B4 AT A A I
RN, BB 0L OGO LIRS, 70t
DEOC B A T v 72 D' e i e 12 25 L R A1
DR DG I b R A 20 D P A, — A
BEUURI DI FE RO IR, 75—
HEFZ IS 7 — ORI TRk

o

(2)

__________________

R SN TR AL 0L €2 By sed v o < 3 €S
AR, W] TR K R At B (E .

Pl 10(a) 7R k4 13 1 25 52 504 R A,
fik i R b DR LF OGRS R A, T 1 GHz $H4
T P AR T 238 A Ay g s U 761 AT ) D T 4 )
S 10(b) A& 10(c). IRAMES S5kt Bk
BIEANE 10(d) Fis. RS R R A6 7 B
AN, — SRR A B UL T BT, — ki
B HBGE TR R AT, MR Ak
ARGEE, i Bk 35 5% Hig s w1
FERCE R, T LA RG22 R, BEATR R, ik
RIS AR B4R . A 11(a) AR 11(b) B
IR G BTN YA Z A5 22 ) i G ik e (761,
AT LU Y 8 i SR AN LT 2 J5 B ik v {5 1
AT BA B B . T GO A LT A R 5
T B SR, A e (5 M L B4R

Nt — AT AS [ i A 6T 3T B i R
W, Song % 170 SR FABEH G AT R #5 FT 28 S 3
PRATRR AR, S AE R B OR, B A
SETRBHHEINE] 10 mW, [Z 05 R A R AR
b 12 dB A, BERE RS AETI AN 10 mW B
BB BN AN, JIf H s fE e LLIS5R o 12 dB. &),
S I A 8 h I — YA R B E T2 R 5
B ke,

. 10 : 90 coupler

0.0124 (d)

Intensity/arb. units

,, 0.012 ,, 0-020
B (b) B (c)
=i g
e 7 0.016
. 0.008 .
Q Q
5 E
> <L0.012
2 0.004 i
12} n
g £ 0.008
+ +
,E 0 -vv-»\,._w\w W«- »5
0.004

—-16 -8 0 8 16
Time/ns

—-16 -8
Time/ns

0 8 16

Time/ns

10 (a) B TEARHBNOCLT 7400 B & 92303 B 19, (b) SELFBOL IR MKl (8 09 (c) M5 bk oh B3 19 (d) Je2F B0t

A7 U5 45 DI B ol A

Fig. 10. (a) Experimental diagram of all-optical thresholder; (b) pulse profile of fiber laser source; (c) noise pulse tracking; (d) mer-

ger pulse trajectory includes fiber laser source and noise source. Reprinted by permission from Ref. [76]. Copyright 2D Materials.
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Fig. 11. (a) Waveform of light pulse before passing through antimony micro-nano fiber; (b) waveform of light pulse after passing

through micro-nano fiber of antimony material. Reprinted by permission from Ref. [76]. Copyright 2D Materials.
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Fig. 12. (a) Experimental device of all-optical phase modulator based on graphene optical Kerr effect; (b) optical microscope image
of GCM; (c) transmission spectrum of GCM; (d) top: paired switching pulses; middle: pulse modulation signal of GCM fiber; bot-
tom: MZI pulse modulation signal containing GCM; (e) for loss modulation including GCM (solid red line), MZI modulator phase
modulation (solid red line) and MZI loss modulation (blue dotted line) output signal modulation depth and peak switching power
relationship. Reprinted by permission from Ref. [118]. Copyright Optica.

184216-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 18 (2020) 184216

Fee. Hp fasBimiR L2245, B TS E
568 0 2 M RRON I R AR AE 120, LB i KN
20 pm, P B R (OT) KAELEFANE 12(c) ir
. Hod GOM () OT 15 10% A a2 th %
RGO BCERE. T il B MZT S58, T L
RS OT 425 2 19%. MZI 45+ H A3 51 5= 1)
JHHRIRE (MD) 55t

S o {F A 1550 nm B9 CW SGAE 15 58,
WK 1064 nm, 758 4.8 Hz (G IK b VE R HDE,
W 12(d) AL IR . 8 R T O, W5
WEBA GCM TAERT B T 884 1 A 4 k50 [)
XS BRI EA T IR R, O H 32z 3]
TR0 RN SRR, A SR . RIIE, SR 17 3G R A T LA
Xof S22 SR O R, E MZI 254 1 3L F R A
PR (5 S TR el oy 90:10. SEBR I, REcH
HE S e A — P {E 5ot GCM, Rl RE
bR /N T T S TR AT AR 7 A P ek JEE R ] ) S
] 12(d) ZLZefm IARE = A= PRI, 52 AH T
JEH. IE 12(e) ATLAE R, BEZE s DR 03 5,

0.3F () Positive
i L
N 0.2
2
B
o
g 01
o
0 =
L o
—200 —100.~"" 0
0.30 I (b) Measured
> 1 R Fitted -
ey " 1
Z o012k
7
=}
&
5 0.08
0.04
Time/ps
0.3 =
L (c) ~——— Phase modulation
i 0.2k Loss modulation
2 F 0 pEp Sss- Switch pulse
i
g
=

13 it AR S G AE A R I TR 36 R P9 A O ()
Fig. 13. Waveforms of the output signal light in different
time ranges. Reprinted by permission from Ref. [118]. Copy-
right Optica.

VA A PR BAR ar A R T, OF HIh S MD
BIE Fb . o S AR A R 1 BT BE IR #  MD.
4T4% 5 L A il GOM H MZI B AE I 77 48 1
MD. 254Gl 12(d), AIHIEX — R GuAH A il 5
YER. T2 R 505 ke e s RSO A A7 T i
IERED

IS I B I 13(a)—(c) FIR, 5
S5 E 12(d) FraiEmbeiA —3, B EH Tk
2250 RN T BT R 5 | AR R Gk
B B RPN B g 7 . AR TS R R ] 32 BR
A S AN RO Y HOERN, 45 3 A 100 ps.
B, BT YRR RN AR R R A B
AR A s (] g )07 A S BRAEL Y MDD, - HaX —&5 44 ]
DL3E 5 38 A S840 2 K B iE— 2P 4/ MDD, (R
XEME OT KRR, A B0 B FEAR AR 1
R 7 OT 5 MD ByfLAk. tesh, AN 45
WA MZL P IR I AR 22, B TAE s i
T AL AT ) R e 7 R L A A K
J, BRI, 7E MD RGPy 1, 2T 4 b
BHELMHAIN I 25, D TR AR A7 ]
AR N B .

4.3 ETMBERIMRK KR

W 1) FH 2 Rk s JR A L B AT i i
PLAR, DU RS (FWM) &2 H i — A5
I3, 80 L TMDs AR 2 —4EpHEHE FWM
HAMR AT, (HA 8805 R 550l 12 TMDs
FE AT WL BB e 1 R T BTN . 7R
JrTE, BP BREGEMER 2251, i Bl vl R RS S
TR FRS. A3 5T BP Uk
TR A e 2 122,

RGO U0 B e bRk
JZ N GER, KA 14(a) B, RS ME
FH 1550.70 nm #4370 20 5 RO A A E M R
5o, A PO RS SOt AR A, R ik i
10 GHz LiNbO; 3 B 8 il 25 2 )5 it Dh 3. 55
—k H 1552.35 nm SMERHOGAR AT SO E
YEHhIZ . X FOES 528 PC2FI PC3 X 57 )5 8
it 3 dB#E A ARG K. A FWMAY 25 5 15 0 H
REMAI, 2@ IR B R S F A E i
WK Z )5 B4 BAT BP 1R 2 MMt
L & A FWM 00 = A= B K i 2 il . i
Je Al FEIE A BT s AL, AniEl 14(b) FR.

184216-13


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 18 (2020) 184216
E(C) (d) 20 0 3
% % e l_i'\i. gl 14 :
S > 5 g
7 —20 £ 16 e 2
= < —48 =
g 40 5 L
k| ERE] S .
= =1 L - rpn @
£ _go N T | eV & I
3 & Z
(®) o : 8 . ; : . 1-60 3
RF signal 1548 1552 1556 0 2 4 6 8 10 O
DFB laser Wavelength/nm Modulation frequency/GHz
: , ; PC1 __4 Modulator (e) -
=/ Mg, PC2 g EE
R I
pos | T
. Z »
—e Coupler 5 —40 T
__E‘H{;E?/. . : = q:) odulation frequenc;
E ".f -
_ g —50{ —
=y . ‘fn_ e 3 <
BP-coated EDFA 3 —601— T . T T
microfiber OBPF & 1553.0 1553.2 1553.4 1553.6

& 14

Wavelength/nm

(a) BA BP IR JZ B ANDGLOL 3 WA R 122; (b) BT BP DU IR A il K 5 46 d 7 2 IRT 122 (c) R Gkin th G 1 122

(d) KA R BU%F B H RS B83022, (o) AR RF B8 F XH B9 FWN A5t 15 02
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By OGS A& 14(c) s, 43l HE 1549.05 Al
1554.0 nm by A4 T ARG, T LIE B R E
W3 SORTE(S SO TS (RF) 15
BB BRI g 5 15 SO B A A
P, ARG BRI MR E. T a m g
WA IAELE, X —25 R HERR T R G i AL
N5 R FWM, i BP g ter 58408
LR AN A KRS OK . Zheng 55 122
SEREMISIE T RS BP WSCHE S5 R IR
SENE. H S iz e AR, BT B AN, K
HOEH £ 0l MO ARVLED, 5 80 BsUCR IRAIK.
Kl 14(d) 5E 14(e) 45 53008 RF 5520 i 5|
10 GHz B (1'% FL R E AR 1L, 0] LA B4 sl
U AN H AR RF 7 R ME-42.9 dB, 5% M
12 dB #i/hE] 10 dB. fEX —i FE i, BEEF 50
TR R, 0 R R A 5 A5 B ATt i 2 A AR
T, TG AR A S B TR LR R AR
MAEZRPERN. Ak, FERATRESOLT, FWM 4
WA HAT B, SO&F 55355 DL 2 Tl
AIMTASCARG A R ARG 2. (RIS, s B 5545 5
R SRS A Mg B2, 25 A . 2
PR AN A, Zheng 45 122 A X6k R G0 1R 05 %
HAFTE.

I T AR 745 5t 45 BT LLd o —
HeAPRH FWM RN 8805774 1) FWM S,

FATT L R, h— 2L FWM sk
R, A IS R R, XA A R R L
P2 E R TT LU T 4605 S A PR e 3 (5 4 B,
FHEA MY E R EN. Ak 2sik S —1Ht
AESRBEN Y, B BP F5EE SR E AR
TiX—RGE it — L.
ENEREZS A I L L Ve e | B ey A
2 R AR RHE 75 B 2 AR e e
TR T A R R O H AR AR, PR A A A
WA, & H AT S A FZRS . % 3
G T BT AN 4 b R R SRR 1 4
,fﬁ,; [116,118,122—128]’ @*ﬁéﬁlﬁiﬁ]ﬁ;ﬂ%ﬁ [118,122—124] . éj\lﬁ}li
?é [116,125] u&ﬁ&%ﬁ%ﬁ [122—124,126—128]. ,E\:EP‘%%
FF Al B 4o B PR I 2, 2238 4EAE R T i A
AR S PR, LR R A7 B 4 R SR A PR, 3
AV AT e 07 B[] S fe AT A B IA B AR R LS
JIE BRI A0 —Fofr e 2, b2 T80 s o A e 1
il X TR0 5 PO IR AR, DR R A R (1 5
Wk, HOLHERINRE S A B, I LI 05 (AR, ASiE
AT X — 2R ARSI . 1 TMDs (4600 N %
B W AR T WETE FE P, X BRI T A e (A
R R 2T BPI20130 R LA Al 455 B
HR T 37 B 55 e s M A e R PR A 031192) 3 o T 2
i 1 B T 15 2% i A 2R AR AR T SR 4 i A
FEE 033 FAREL N T AP S B i L, H

184216-14


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 69, No. 18 (2020)

184216

# 3 FETRE YRR LA ) At R B
Table 3. Comparison of all-optical devices based on nonlinear effects of different two-dimensional materials.
E (229 £ TAPNONAU  1< N N (= 512 SR, FEHIBOR e hEER
S THEREA DR I} i IR :
) i S e b _ETHIFIE] T R E] /dB TATIBREE % g JdB Jnm ef
73.08, 79.11, 81.38
graphene MF ~0 ~0 — (1310 nm, — _ . [125]
SA 1550 nm, 1610 nm)

BP MF ~02ns ~0.4ns 4.7 [116]

graphene MF 3 us 100 ps [11g]

bismuthine MF 22 [123]

Kerr effect T.opologlcal MF — 14 — 0.0125 _ - [124)
insulators

BP MF 26 0.0081 [122]

antimonene MF — 12 — 0.0071 126

bismuthine MF 17 — — - 65 4 [123]

Tjopologlcal MF - o o o —34 6.4 [124]
insulators

) _ [122]

FWM BP MF 10 60 3

antimonene MF — 13 — — ~65 55 [126]

MXene MF 13 - 59 5 [127]

graphene MF — 13 — - -59 5 [128)

##: MF, microfiber. SA, saturable absorption. FWM, four-wave-mixing.
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

All-optical devices based on two-dimensional materials”®

Xu Yi-Quan  Wang Congf

(College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China)

( Received 2 May 2020; revised manuscript received 9 June 2020 )

Abstract

The leap in communication technology in recent years has brought new challenges to the compactness,
modulation speed, working bandwidth and control efficiency of modulation equipment. The discovery of
graphene has led the two-dimensional materials to develop rapidly, and a series of new materials have
continuously emerged, such as MXene, black phosphorus, transition metal sulfides, etc. These new two-
dimensional materials have excellent nonlinear optical effects, strong light-matter interaction, and ultra-wide
working bandwidth. Using their thermo-optic effect, nonlinear effect and the combination with optical structure,
the needs of ultra-fast modulation in optical communication can be met. Compact, ultra-fast, and ultra-wide
will become the tags for all-optical modulation of two-dimensional materials in the future. This article focuses
on all-optical devices based on thermo-optical effects and non-linear effects of two-dimensional materials, and
introduces fiber-type Mach-Zehnder interferometer structures, Michelson interferometer structures, polarization
interferometer structures, and micro-ring structures. In this paper, the development status of all-optical devices
is discussed from the perspectives of response time, loss, driving energy, extinction ratio, and modulation depth.
Finally, we review the latest developments, analyze the challenges and opportunities faced by all-optical devices,
and propose that all-optical devices should be developed in the direction of ring resonators and finding better
new two-dimensional materials. We believe that all-optical devices will maintain high-speed development, acting

as a cornerstone to promote the progress of all-optical systems.

Keywords: all-optical devices, two-dimensional material, optical nonlinear effect, thermo-optic effect
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KB ARG, LMD, SEEFROLAR

PACS: 81.07.Bc, 42.55.Rz, 42.55.Wd

1 5 =

PN BE (220 um ERKER) B2—A4H
BRDLIEIX, fE 2 RTEH (W35 pm
8—14 pm)lV, [A] IR 5 7RISk 2 R LR W) 4y F
TR (7—20 pm) B, gVF 2R B WA W
PRI AL THHE. T Mgk Bl s bk vp a1
TOLAR B AL L OT | h 2D A Btz 10
S TR RTIR AT A 2 7 A e L e ) S B RR A, AR
WO PV R ST O, Wi ZR BB S ok 4
T80/ )N, R AR5 B 56 B WS RE g b v 5 BE DG B
SR, Z8ad T A RN SR 1 S Jok AN BT A e 2 2
I R e . AT T A B Dk i B T
TR RIS A B AT 2R, — 28R T AR 7
WA P 18 SIS R AR A WA, e S A A A0 i i
B (semiconductor saturated absorption mirror,
SESAM) 121 55 — 2 2 BL T OB 2F A AR R M 500
PRy 5 254 T A R WA A T 1 Bl R e e R

* K HRRHERS (S 51778030, 51978024) ¥¥ B LS

t BIE1E#E . E-mail: mengzhangl 0@buaa.edu.cn
©2020 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.69.20200472

(nonlinear  polarization rotation  technique,
NPR)!14. SESAM {1 by SART A AT L 52 81
FL AL, JF8 Tz TS PO L LR O, B
TERIS IR 5t TARBOE BRI HE (<100 nm),
P00 B (R ARG . PO M 2 S R . R T NPR 4%
ARSI PROGET O # PR PR B AR E 1R 25 T AN g
Bz R RN Tk b AR ER T LR E
Sk A R AR S IR R 2T SRR J Bk e AR O,
ST B ISR TAE. —4E9KAR A
AR AN AL R B R PR T 8h ) L S
TAEPASERE R, S 24 AT AN AR Y BTSSR
I R —, 23N FUR OG0T & K e
M) 2 KT RGO R RR T 2R A R, H
JEEE N HR RS 22, HABORIY)Z NI BRI
55 1Y 2 AR FLH-A ), fE B 2 AR EAE I T
T, BFMEdRRE RGN, X FE 4
GUKAELEA V2 B 2 R EAD G RevE. f
M (graphene)j&—FPHLZ “HEGORATEL, 2009 4
Bao 45 W 15 YCHE HAE by ml (A0 e i iy 1 7 P
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FELFEOEE, TFRE T Z4E98 KM RHIT 5% 357 40 3.
AW T 2R, BT A58, E20 4590k
R E A T N TR POCER OGRS, Blansh$h
#i 2k IR (topological insulators, TIs) . i & 4> J& i

£ ¥ (transition metal dichalcogenides, TMDs),

M % (black phosphorus, BP), 4 J& HE 2L F ML)
(metal-organic frameworks, MOFs) 4. iX $644 4}
5 BRI R A g 4R R ARG, A RS2
e b 2 A S0, A BP A9 B AT
5 BP A5 R R S

TR RS SESAM TEE PG OGRS
Hh SR K b A R LB R AR S 4 R
IR s S S NS el E7 S ARG e a8
{AC AT 0L R0 WSO T 5 3 i 161 — R 9 K AT RME
A AR SR AE TR 2L AN POR A ROL SR Th A
E, FEAUTE: 1) FT YR R AT (R A
WSO S B ) 4 AR R SO 7% R 8 5 A B AR
FE M ITI8) ) T 4RGN MR EA B 1 A R
Pk, FTVE A AT A RIS 7 A2 AT DS 2 21 g

2D materials

Bo Ok 3) Z4EgKAT R LL T SESAM
P D Tl s 9L . ASCH e 4 4
KAPRHE T 454 ARZa 2 | R A i
AP RS, BAS TR Z e Kb R E
hy R AR RSO E Hh 21 SR TR L LR OB &
IBTIE R e, X T 4G RE AT AR RN A S
B H L ANE PO RO R TERES BUEAT T A,
RN AR AP LA 2 pm B BP A]
TR AN AR S I 4064 CRRRO G &% T, 1his
T ARG R I A T2 E PR, TR HAR ORI &
JETT I AT T EEE.

2 WSRO A RO B
AR AR

2.1 JLFE R TR E R LB
Graphene & FH 52 Rk 5 I8 B 4k 84 53tk

ZERIIAERE (18] 2(a)) 09, JARSTE T HA BB E

FE] (<200 fs), MURF T BRE5 0 5 AR ekt

FEPE. B T AURRA ZAT PR A (AR P DO 2 2141

. TIs van der Waals

CNTs . Graphene ------------
(D)
QDs
;o (oD)

Real SA: SESAM

Dyes/colored glasses

1964 1990 2000 2010

BT R O g rh S AT AR AT AT 5t g 1

Fig. 1. Development of materials as real saturable absorber (SA) in lasers!!0l.

Graphene

B2 ZHEYORMREFEIE (a) AEE D (b) TIsP; () TMDsPS); (d) BPBY; (e) MOFs!!
Fig. 2. Atomic structures of two-dimensional (2D) materials: (a) Graphenel'; (b) TIs?; (c) TMDsP52; (d) BPP; (e) MOFs!*U.
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S B3 7 A S AR etk e 1, JF HLg Tz
FAE H - FOE 2 Gk 2021 2009 4F, A #0461 IR
A R AT A IR AT A S LT £1 AR PR G £F SO A
2013 4F, Sobon 4 P2 F| ] £ )2 A1 S8 1E 2 pm
BESCIRBIAR, SERIER T A SR TE 2l SN B Rl A
EA RAF A A A S

TIs J&—Fh BAAEXT BRI TN 098 AU R a0
&l 2(b) 23 7, FLER A 5 JCH] B -5 H S (H Y
TN LAR. T1s 47 B A 38 o8 52 AR R BE ]
B 25 77 R R Y, L A7 ol T L
JZ RV, Gl H TIs A6 SbyTes, BisSey, BiyTe; —Fir
Y 2a=26] HERRR 0.2—0.3 eV, Al IAE Ryl {f A
W MSCAAR 7 A DART DL 22 v 21 A B3 8 e SO 6 ok o
2014 4F, FiHMEZAK (T1-BiyTes) B IRVE A ATHRAN
W SR 7 A Hh 2T SIS RO ik o 1271,

TMDs & B A 4 — b2z = MX, 1) — 241

B MOZHRE G E IR (A0 818 B Bk

BK), X RAEBUICER (10: B R) (K 2(c)) 2829,
HATC & RA M+ 28, #EA A BIEEH,
2 N R [ DR A L B ZE &, T2 ) D55 A
EILHT 145 4. TMDs BRI AT B R/ N5 2
B bIM e, YUk TMDs Skl pe, s 2
Bz /b, 1 REERDZEENGR, S m
LN N ONER e e Y p S R o SN Y i N i
BIM 1 eV F| 2.0 eV A% B0-331 K TMDs HA& %
R L o =B R AR AR BRI T s
SEOEREE, ARG A B R BRI &
%{é‘%jj [34,35].

BP J&—Fiih B2 BP B A S s IR 45 4 1)
YRR R (K 2(d))B6. BP BA B AT 1
M7 BP 205 R SeBE . (AHORE) 0.3 eV
FHZM 2.0 eV), HITHF IR M N 0] 5 55 2
STANIEBE. BP {E 38— 44 K bk R A
BT IR, T A BT 50 B AR DL SRR °F-
TN 2% [ S PR 25 AR T A )3 g B39, 2015 4,
BP 1 AR Al i RS A A 2T A0 ik B A i
{%ﬁ% [40].

MOFs & —Ffr iy 2k I 4 a8 A AL 3% 42 75 2 Bl
2L IARAERE (18] 2(e))Y. MOFs 4 BRE B T
BETBE, AR TBAENAWRm, X
HHUEM 3.12 eV /0 E] 0.85 eV. FETF Ni-MOFs
AR AN ISR 7 £ 130T 2T A isk B DO ik e, iE
BT Ni-MOFs BA 62 nl M oRetE. HErd
H 2000 ZFh MOFs 7, ELAR N A6 A g
1712 R 2 g 18 AR M W fh A i )
S, SR MOFs 78 M ROt T2 s 14 iF 52 A4 Wil W1
FFbf. 2020 4, ARPEH R E R T Ni-MOFs
AP AN SR F= AR Y 1.5 wm 5 2 um I BB R
Sek, SCEGIE T Ni-MOFs BA7 G4 a] it Fimg
WA (41,

THEGRRA R A B 2 ot R B )% R
TR SRR R HAT AR R s, i —25 55
T 30k S AT R SR A R S B P AR RO £ O
A AR FBYEOEERESE. IRATX HEZE T
JURRE WL 49 KA R B 5 st B i 1] (36 1). —
JRERAL, HE BN A BHE A T Sl w] A RIS A
o7 FH T A e ) st B B T A B R A R e ok e
A1 S0 B A B S e R e ], PR Rz
N TFELL NS 2N PO E. Sa SR
TTs HA 27 T8 AR EC PRt 5 B ], PR L [
AR A Gl AT AR R SR 7 FH B8 G AR ot AR
. TMDs (MoS,, WS,) # B{EIEH A 12 eV,
PRHCAE BR A, VAR 5 B8 A5 0] o X3
i Al TP 2r A 9% BE . BP A 2R S8 BE AT A O el AR
BP R85 R SR, Brik TR R A B
FIA BRI TMDs, HFEH7E Lt mm i T LA 26 7T
DG H LT AN B

2.2 EGURMBIEE &S5RI

ISR A RHBIESE, FATT A B & = i o PR A
TEHRE it SR 4 A A 5 PR BE A T P ST A
BRSO AR Z YA T i Rk i
SO I AR AR, R A BRI A
b ARk PO AN A L A BT T R

1 HEGORARIAT B BRI T ot R [R] 2

Table 1. Bandgaps and carrier lifetime of 2D materials.

2D material Graphene TIs TMDs BP MOFs

Bandgap/eV 0 0.2—0.3 1—2.0 0.3—2 0.85
Carrier Fast: < 200 fs Fast: 0.3—2 ps Fast: ~1—3 ps Fast: 360 fs -
lifetime Slow: ~1 ps Slow: 3—23 ps Slow: 70—400 ps Slow: 1.3 ps
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P38 BT IR ARG K PR ] A R 30 ) ke i
IR Z )R YUK R, BRG] 2
0 AR O, 5 TR R B
1 bk B AL FE b SO DR | kPOt iR
Pe KRG A AANE R (1 3). HET#E 2 0 H
(1) ZHEGK I RH 28 Tr ALFEA UG 212 L WA
BE A SHTIRNE N, T A EA
X AR TR R 5 1

HUbH Bk

WAH R Bk
BT
AR
JIIRUE S I AVES

Kk
ST HRANE

H kil Rk

ZHERRL
H bk

i1 e
3 THRGORBRNR A O R EE: A LT AR
b A
Fig. 3. Schematic diagram fabrication methods of 2D mater-

ials: Top-down, bottom-up methods and Topological trans-

formation.

HLIKR] 2 (mechanical exfoliation, ME) ¥ /&
— i ) B R R A A T 2 R A 2
WEZ R AR 77 1. Novoselov & P2 B Y LK
FIBEDAT LR A 5500, DRI B 2l gk
MR A M2 —, ZOT BT TR 8 )
N (ARSI E ST Y=Y ATk N N e oy o ] K 2
R, WA, R R P TS8R 25

7 AH # B (liquid-phase solution exfoliation,
LPE) ¥ 2 F AR 23 8O 00 28 1 3 B AR K K
SR i 88 3k AN T B A9 G R P IR R oK R 2 (]
PEE B H T 1 SR MEE A ), Ml ok
R A BT A A K AT RL, JE T AR A5 P2 ARG Kb
Ao B354 R AR RST R/ MEMERE ], B2 L K
TR AR AR

b 2% S A UT A (chemical vapor deposition,
CVD) 4 W e A T KA AL RO A=
B S TR B T, E I A5 AR R
T AR A TR B A AR B %, @t
A2 S AR UTRR I A8 1 — kgl kAR, HZ%mT5m
bR S N SRR A TR, DTSSR ] 2564
Bt . B A SR TURRE AT L] 45t e T
IR AR B 9 KB R, (H 2 BRAE Y 2L 7 At B
B, MR D CER A — st E R e MK,

W R T8 0%, R = IR 2
FHF R MG it i) 5.

NS AR 1 T e A U B R e . A
A A R AL ) 25 S T -7 [T e 1 4
e e 4 TMDs, I AU Wi as iR K244
PERA L U7, DO TR geiil s k. Pl s iy
B2 T AEAKARE AT T OGHL L R
FBE VAt 25 77 T

ASVRAI A AL R ] 5 i e v e P P el B
VSO R B . L BP i, BU 10 mg BP 3t
REGAS 10 mL fR AT NAOH-N-FH - 2-nik g A
fiil (NMP) %04, FH A 12 h - 5850 375
Y RITE AR BT R, RO R £
LR 1 2R 58 42 0 1 B 0 23 RIS B 940K 5 901 b4 )
i - 5],

ZMEOR ] DLSRAIE ZEQOR B RHRA M, and 4
HL 4% (scanning electron microscope, TEM) .
JiF 1 B 8 (atomic force microscopy, AFM)
M2 GRS (Raman scattering spectroscopy).
TEM 44 KA R SO S5 ) ZRAF Ak % 2, 18
it 1T TEM W EER 30 2% 1) 4 it 50 2 A i 48
BARBOM T AR 22 B HE A RE R, Az 3
Z AR R0 AFM 0] Fk AR R ST
b DA o T S e FTHE VA5 B s BURE VA=
SRNDIE LN P AN E s AP PN E S ieg e 2 e SN
FAE, DR I TR A ) A e SR R [R] ad
e F AR 78 M kL 254 A9 28 k. L Ni-MOF
MEER B, 1] 4(a) TEM 7] LAV B EES] 45 1) Ni-
MOF #RHZ2REEH, & 4(b) AFM 7R Ni-MOF
MRDEIR 5 R, G B R i 8 BE A, 8] 4(c)
PLEHUDEIE E /R Ni-MOF 948 0 1],

2.3 MREEL M ENNR
THEGRORE R R L AR Y £l R il
HAE o] R AR Tz R T R PO O
%, HETVFZ 490K MR O AR E 1R S T il Fn
WA F 7= A 2T AN RO ko, He A 55
AJ??—]‘ [5&57]\ TIS[58’59]\ TMDS[GO’m]\ BP[GQ] gff %%?E;H—*#
AR SRR Y 3 AN S 143 ) R PR R
VR B | AR ke, T T AR F R ALk
ELR(T) SASDER (1) XF:
T(I)=1—-AT x exp(—1/I) — Tos, (1)

188101-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 69, No. 18 (2020)

188101

A
_.5 m N

1609
1427

862 1136

Intensity/arb. units

400 800 1200 1600 2000

Wave number/cm !

B 4 Ni-MOF 545 EE  (a) Ni-MOF SEM & (b) Ni-MOF AFM [&; (c) Ni-MOF $if & 1 (11
Fig. 4. (a) SEM image of the Ni-MOF showing a 2D layer structure; (b) AFM image of the Ni-MOF dissolved in an IPA solution;

(c) raman spectrum of the Ni-MOF!,

Hrr, T(1) &%, AT FRWHIRE, L, £x
TRAIGRIE, T, i ARL ARG, A i DAk -
PR 1651 1 Z-47 1000 2 104 8 7 W] 4 A0 AL AR
FRLAES R BERL AT PRI AN 1A 5(a) B,
L K o G R DA el O Sl i — A T S R
1 50:50 BURES ARROLIR D R, —ARHAIRAE
Z% (R4 PDL), 75— TSRO (FR0
e PD2). Rl i A 2 R A by
KT AT, TR BRI SR il
2 (1] 5(b)) 1. R FH e Ao [a] 250 48 3 RE RS A 28

Pulse sources

Power meter

Attenuator Ni-MOF SA

T — e PD1
. = ol
Spliter -y
PD2
54
AP OO0 0O
VLG SAC SATS) ©
X
E O Exp. data
S 48 Fit
<
pet
E AT =14.25%
n
=
£ a2
=
0 15 30
Intensity /mW

Bl 5 (a) BURSK PPN LA E (b) 1934 nm 06 IR
A LT AR R A R AL i 2k (1)

Fig. 5. (a) The setup of balanced twin-detector measure-
ment; (b) the measured saturable absorption data and
their corresponding fitting curve under 1934 nm laser irradi-

ation!*!.

AR i Pl PR B A R A ke i 22 il T
HPOEIERE RIRAE AT b, Bz 2 A
T e 8 AF DG AR S PEAR AR R, (L 4%
PSR AR T, BN ot e KA R R L
P R AR D ) R A R —.
Z-HFHEHE AR BN 6(a) Fizm 04, PG R AR
4 e R A RIS, I AR v, AR DAER
RO AR T A O G G A, R0
A H R 285 38 1 b A BRALAR ' PR ) 37 S 65 43
Z TR iR o = S DA R R A AT C A s Sl R e R S|
HAEBRIN G HT N T 6RR AT LA PR AL Z-434.
R O R 2 i B D 0 R, BIFAL Z2-H
i, A RNE— LB HHER. 3T Z-H T i Al
FEPESARL 2 AN 6(b) s B9,

(a) z

(b)
20.0

@ Exp. data
— Fit

17.5

15.0
ap=10.03%
| e =9.97%
10.0 ' Isat = 14.98 MW /cm?

Absorption/%

10! 102 108
Intensity/MW-cm—2

B 6 (a) AL Z-H 452 50 e 8 01 (b) H2 T Z-H vl i Fn
W2 MAT R 1 i 4% (%] 1)

Fig. 6. (a) A typical data set from Z-scan experiment of
the SA devicel®™; (b) the typical shapes of Z-scan measure-

ments?,
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2.4 BT ZHEGRA AT R0 R AR 2R 4

THRAOR PRI R R Z AR R 2, R
SR HAE RN 5y TS W B ELAE A T AR AN
WAL SRy rp O, 3 B S BT IR A IS, 390k
Pk b Ok S e nlk . AR ket g
K —/NIBH BB AR AP G S HDE 1= BA
45k (K 7(a)). HEHARBGE T A oK
PRk, DL L, B2 LT it
RIS SR AR, AR OE R
(ERAI. A UREIZH 55 ST NS VR A I S5 4T B4
Al T BP Al AR AR 9, 53t T — Pl

Parylene-C
Printed BP —

1.5 pm PET - Printed
BP-SA

VEmRPERERRE BP 88K ik, SCBLT BP Ay A
FTEN. FRA TR SRS S TENR BP N HEREOE
aHEB YOI, Mk h 2L AN BEROLaR 1Y
T iy 2 AR AR e Tk 0 A0 £ A
J5 V5 38 B R A R E 6 3 8O 5 MR E B AR
FH B 2 B FE A T e £r 2w 9l e TRk AR
D YL (B 7(b)) FEIE L (B 7(c)), SRA
R D BDGZF B HEIE B £F 2 IR A5 SR IO ik
e 6] A 30 4 B VAR R R ok
A, PeJE R BA RG-S Y RVE IR R, w0k
(AE L RS BB =, AN Z A FE TR
T2 rPOME LUXE e R o3 A b HE R 42, SR AT Sk
LG8

‘Microfiber

Ni-MOF deposited
microfiber

T THEGURBPRDOCET A AR ML ((2) ZWRALSHIA R RS FO L s T 99); 0 A B 4 A% ((b) D BDGET 991, (c) HEEOL

oF )

Fig. 7. Fiber integration with two-dimensional materials: Transmission integration method ((a) sandwiching structure transferring

SA on fiber end%?); evanescent-wave integration method ((b) D-typed fiber!®, (c) tapered fiber!l)).

3 T 2 AR AR A SO
P21 S0 ROR A UL

3.1 ETFITHEKMEIATEF0 RS A ]
R LI IMEB IR LT F 2

2L A B bk gz R F Tl
F YT, L ADGEAS AR ek
BBz IR AW EYTE. 51 F T H i
SESAM 1E A SR T 1 F AR e B Ao E s
R, SR TR T AR SEAN 8 58 L Hil s T2
A R PR HAE P 2r AN B BE I R . 184
/oS L3 By 7 S P s ) O R =
TBI 125, AP 2T AN BoB HOL A o R
BT RIS A

2012 4, Zhang 55 PO 1 YT A1 S0 n] 1R A
WS AR S BB R B LT OERS (K] 8(a)). WOLHR
i OGP K R 1.94 pm, BKSEK 3.6 ps, -

B3 2 mW, EREMARN 6.46 MHz (14 8(b)
FHEE 8(c)), PR Az YOG AE AR 22 23,
U] PR B2 W, ST A B0 IS B4R
S UOCARE T A AR IE OB Tz 1 1 AE
2 wm P B P2OT8] Hy o B AR A 2D A I B
A AT BRI, B I HORSE B TAEFE P2 dh
Kk BOCAEOLAR T, BE RALY A TEP M
W BOGARHOER T Z 0, o gk i
PN P B ARG R A8 T 5. (F T8
RS REAI o ST U7 P N A AR N L 4
WL R Z R FAR LA 454, 2015 4F, Zhu % 69
Wt Er:ZBLAN JGEF, BT 2 )2 8506 m] i
WO B R SEERAE 2.78 pm B0 b B0
BEFE TR N 18 mW, RN 25.4 MHz.
FULFRATOT DA B ) BT A AR 0 v AR R
PG O A R TR Gk o i B R 2—
3 pm. SR A A B PR A R S R R K
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DA A R B AR X 55 A il T BP 2 AT A 0
el ZECRIETTEL, 22 BP A RAEN IS
S 2T AN BB RIS AR XS 5, (Rt BP AHASR
T BB S 7 A v AT A K Bl B ok o,
Sotor 45 HOIE 2015 A RESEKHIER] T 35T BP nlify
AR B RO CL O (] 8(d), i th e
WK 1910 nm, Bk 5 A 739 fs (&1 8(e) FIE 8(f)).
BP i B R DA R 2 H o e e (LA
Sk AR R S A By T SR 3 R 2T MK BE 7. Qin
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Fig. 8. (a) Setup of graphene based mode-locked fiber laser®; (b) autocorrection trace; (c) optical spectrum; (d) setup of the BP
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Table 2. Summary of mid-infrared mode-locked fiber lasers using 2D material based SAs.

2D material Fabrication method Laser type A/nm  Pulse width/ps

Repetition rate/MHz

Power/mW Ref.

Graphene LPE TDF 1940
Graphene CVD TDF 1884
Graphene NPE TDF 1950
Graphene CVD TDF 1945
Graphene CVD Er:ZBLAN 2800
BP ME TDF 1910
BP ME Er:ZBLAN 2800

BP Sonication Er:ZBLAN 3.5
TMDs-WTe, MSD TDF 1915
TIs-BiyTes ME Tm/Ho 1935
MOFs Solvothermal TDF 1882

3.6
1.2
0.255
0.2
42
0.739
42
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1.25
0.795
1.3

6.46
20.5
23.5
58.87
25.4
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24
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Table 3.  Output Performance Comparison of reported thulium-doped and holmium-doped fiber lasers mode-locked with

nanomaterial SAs.

2D material Fabrication method  Laser type A/nm Pulse width/fs

Repetition rate/MHz

Spectral width /nm  Ref.

Graphene CVD Tm 1940 260 6.46 9.4 (78]
Graphene CVD Tm 1876 603 41 6.6 [79]
Graphene CVD Tm 1945 205 58.87 27.5 [68]
Graphene — Ho 2060 190 20.98 53.6 (80]
TIs-BiyTes Optically Tm/Ho 1909 1260 21.5 3.6 (81]
TIs-BiyTey ME Tm/Ho 1935 795 27.9 5.6 (27]
TMDs-WSe, CVD Tm 1864 1160 11.36 3.19 [61]
TMDs-MoTe, CVD Tm 1930 952 14.35 4.45 (60]
TMDs-MoSe, LPE Tm/Ho 1912 920 18.21 4.62 (82]
BP ME Tm 1910 739 36.8 5.8 [40]
BP LPE Tm 1886 139 20.95 55.6 (83]
(a) ®
2 : O Exp. data
e —— Gaussian fit
=
g
3
~
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Fig. 9. The shortest-pulse Tm-doped fiber laser based on BP at 2 um spectral region: (a) Setup of Tm:fiber mode-locked laser;

(b) autocorrelation tracel®.
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

Two-dimensional material as a saturable absorber for
mid-infrared ultrafast fiber laser”

Zhang Qian  Jin Xin-Xin  Zhang Meng! Zheng Zheng

(School of Electronic and Information Engineering, Beihang University, Beijing 100083, China)

( Received 31 March 2020; revised manuscript received 12 June 2020 )

Abstract

The two-dimensional (2D) nanomaterial saturable absorber represented by graphene is widely used in
ultrafast fiber lasers due to its unique nonlinear optical properties. In this paper, we summarize the research and
development of 2D nanomaterials as saturable absorbers in mid-infrared ultrafast mode-locked fiber lasers in
recent years, and introduce the atomic structure and nonlinear optical characteristics of 2D nanomaterials, and
saturable absorber device integration methods. The laser performance parameters such as center wavelength,
repetition frequency and average output power of the laser are discussed, and the femtosecond fiber laser based
on black phosphorus saturable absorber in the middle infrared band is highlighted. Finally, the developments

and challenges of 2D materials in mid-infrared pulsed fiber laser are also addressed.

Keywords: two-dimensional materials, mid-infrared, fiber laser
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Fig. 1. Fabrication methods of two-dimensional heterostruc-

ture saturable absorbers.
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MoTe,

2 (a) HLARHIES o-MoTey/MoS, 57 BT 45 7 B 18 HO; (b)) v 4445 44 1&] 101
Fig. 2. (a) Schematic of a-MoTe,/MoS, heterostructure prepared by mechanical exfoliation!*l; (b) the optical microscopy imagel*l.
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Fig. 3. (a) Hlustration of preparation procedures of WS,/Graphene heterostructure films by liquid phase exfoliation, a series of of
WS,/Graphene heterostructure films with different thickness obtained from different filtration volume; (b) atomic force microscopy
image of WS,/Graphene heterostructure films; (c¢) X-ray diffraction patterns; (d) absorption as a function of filtration volume at
800 nm; (e) open-aperture Z-scan results of WS,, Graphene, and WS,/Graphene heterostructure films with the thickness of
~135 nm; (f) histogram of the imaginary part of the third-order nonlinear coefficient Imy® and figure of merit (FOM) of WS,,
Graphene, and WS,/Graphene heterostructurel*!l.
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Fig. 4. (a) Illustration of preparation procedures of MoTe,/MoS, heterostructure films by liquid phase exfoliation; (b) Z-scan res-
ults of MoTe,, MoS, and MoTe,/MoS, heterostructure films under the pump intensity of 606 GW-cm ? with the thickness of
~80 nm; (¢) Z-scan results of MoTe,/MoS, heterostructure films with thickness of 30, 60, 80, 100, 120 nm at 606 GW-cm 2, respect-

ivelyl'7.
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Fig. 5. (a) Schematic and (b) Raman spectrum of MoS,/W$, heterostructure®); (c) optical microscope photograph of monolayer tri-

angular WS, grown on monolayer MoS, nanosheet; (d) photoluminescence (PL) spectrum of WS, monolayer, MoS, monolayer and

MoS,/WS, heterostructure®; (e) schematic diagram of as-grown BiyTes/Graphene heterostructure on SiO,/Si substrate; (f) absorp-

tion spectrum of Graphene and BiyTes/Graphene heterostructure™.
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Fig. 6. (a) AFM image of Bi,Te;/Graphene heterostructure fabricated by two-step CVD method on the SiO, substrate; (b) thickness
profiles along line 1 in (a); (c) absorption spectrum of Bi,Tes;/Graphene heterostructure from 900—-2000 nmbP; (d) schematic of WS,/
Graphene heterostructure after transferring successfully; (e) Z-scan graph of WS,, Graphene and WS,/Graphene heterostructurel®?.

(b)

(¢) | Mos, 378 404 (d) @ Experiment data — Fitting curve
o S S e

" pw ) Joa=1.364 MW/cm?
E 1 L ] a=19.12%

> c 304 as=19. o
g | WS 3551 1419 S 7 ae=64.97%
] [ 2
2 ! G 25 19.12%
g | | 5
£ | MoS,+Ws, Y F

gy
200 300 400 500 0.1 1 ' 100 1000
Raman shift/cm™" Intensity/MW-cm™2

K7 (a), (b) REFEIE IS BN 1Y MoSy-WS, 47 FiL ¥ i S35 1F 18T LA T 1415 (c) Raman SLHE; (d) 5 BT45 A9 A G0 B Rz i
Z[H]HY 52 2 P BT

Fig. 7. Scanning electron microscope images of MoS,/WS, heterostructure from the top view (a) and side view (b); (¢) Raman spec-
trum of MoS,, WS, and MoS,/WS, heterostructure; (d) transmission of MoS,/WS, heterostructure with respect to the power in-
tensity of incident light57.
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Fig. 8. (a) Illustration of band alignment and carrier mobility of the type-II MoS,/WS, heterostructurel®l; (b) band alignment of

semiconductor type-II MoTe,/MoS, heterostructurel’”; (c) diagram of the charge-transfer process in a MoS,/graphene heterostruc-

turel®!; (d) energy band diagram of BiyTes/graphene heterojunction, the blue dots stand for the photogenerated electrons, while red

hollow dots stand for holesl5,
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Fig. 9. Recorded results of Te/BP heterojunction SAM-based mode-locked laser: (a), (b) measured autocorrelation trace of 404 fs

and the corresponding spectrum; (c), (d) recorded frequency spectrum with a wide and a narrow span respectivelyl®); (e) schematic

setup of the @-switched mode-locking (QML) laser and (f) the output power versus pump power of the continuous wave (CW) and

QML operation for MoS,/Graphene heterostructure*!.
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Fig. 10. (a) Schematic of graphene/MoS, heterojunction mode-locked laser device; (b) pulse trains; (c) spectrum; (d) autocorrela-

tion race for 92 fs duration; (e) frequency spectrum!%.

188102-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 69, No. 18 (2020)

188102

H CVD J5 kA B 2IEi Ak 4H /A 2800 iR 5 i 4G
1E 1037 nm 153 236 fs A8 /8 5 bk v, H 5
ShAEL A AR (TR B | At P A ] | A
TR BESE) W] LA o 42 i A 40 i JEE R R4 . F ke
AL UL BETFPIRRAS ] 2R R B 1 5 I 45 T A A
WA N FHAE BAO GRS T, BEAR A Hb S B
MR, A A 3 S ik B 0 RN 7S K 5 it
RIS A 451

4.2 ETFRBREHHFHES
421 HEFoBHEeFRs

FIRTRES A 2 2 LA S A — 4ERTRL, 40
PSR A NGRS 2R B,

RS 7870 F A 28075 1 5 e B W R v

Du % 2k ] CVD J5 ¥ il & tH Graphene/
WS, 5 BL2s al i M ik, i 11(a) s, J6ig
AT 1568.3 nm 4, 3 dB GG SEEE N 2.3 nm,
Kelly 17 7E G5 P AR 0 A & 11(b) IR
TR A A R DR I, ke 2 D A e [
2ok 113.3 ns. NE 11(c) ATLAE W, PR 4
F& (FWHM) 4 1.72 ps B, IRFHHGTEZI A 1.12 ps.
FIFHIZ K oh 55 BEAE RN 3 dB (OGS 58 B, 1 Y
Jik vhist Al SR (TBP) 298 0.322, £ k42
(CUELELTe

Mu % @ e eS80, A3 T 1.5 pm £
Bl /Moo C 5 B 45 G LT SO e i R AT BiAS

a 0 b c 1.2
(=) ®) ()-‘ﬁ °o Expdata
= r Ao = 1568.3 nm » 08| 113.3 ns S 10K sech? fit
c o
$ -20f A =23nm 5 5 o8l
= g e ;
2 o = 3
3 S 04l 2 o6r 1.54x1.12 ps
£ 40 s € %
= c = 041
® 3 °
5 kS N
8 -60 5 021
(%' 0 v"""ly""vl'v"v‘rllr'v—n'v'[w'v:r“v Lidammadil r‘v‘"‘ e
5 0 borng® ERPRR
PR R I B 1 1 1 1 1 zZ PR (U I [ NI I T
1560 1565 1570 1575 1580 -300 -200 =100 O 100 200 300 4 -3 -2-1 0 1 2 3 4
Wavelength/nm Time/ns Time delay/ps
d o (e) (f) —
652 ns @ Experimental ——Fitting
0.2H = I = S 10
-20 2 <
& 5 s
by 8 =
2 -40 s 2 o5t L
c 2 01f 3
2 k%) £
£ 60 s g
1S N
g 0
-80+ . ) ; 0 e ol : S . - :
1573 15886 1589 1612 1825 100 200 300 400 500 -4 -2 0 2 4
Wavelength/nm Time/ns Time/ps
(g) (h) P (i)
1o} B
. 133.3ns £ 0.8}— sech? fitting
£ - s = }
© ﬁ}.:11593.411 nm ] S 06t Trwam = 217 fs
= -30 o= 105N I { ‘ . g | T=148 fs
[z - | B 04
S A | 2 b
7] - c
£ 40 g |
100nsidiv | = 02
-50 ol
1500 1520 1540 1560 1580 1600 o 208 04 0 04 08
Wavelength/nm Time/ps
11 (a)— (c) Graphene/WS, 5 JTi &5 i B TERE ((a) Yii . (b) Bkl F 41 . (c) BAHICHIZR)); (d)— (f) Graphene/Mo,C 5 i 45

BIBIBEE BE ((d) Yt . () BK P FRFI . (f) FAR G ZR) I (g)—

gl (i) FARSC )

(i) Graphene/phosphorene 5 Jii 45 (@ BLPERE ((g) JGik . (h) By

Fig. 11. (a)—(c) Mode-locking performance of Graphene/WS, heterostructure: (a) Optical spectrum; (b) pulse trains; (c) autocorrel-

ation tracel®).

(d)—(f) Mode-locking performance of Graphene/Mo,C heterostructure: (d) Optical spectrum; (e) pulse trains;

(f) autocorrelation trace™. (g)—(i) Mode-locking performance of Graphene/phosphorene heterostructure: (g) Optical spectrum;

(h) pulse trains; (i) autocorrelation tracel™.
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Fig. 12. (a) Schematic of Graphene/Bi,Te; heterostructure on the end-facet of fiber connector; (b)—(d) Mode-locking characteristics
of Graphene/Bi,Te; heterostructure: (b) Optical spectrum; (c) pulse trains; (d) autocorrelation tracel™. (e) Schematic of Er-doped
fiber laser. (f)-(h) Mode-locking characteristics of Bi,Te;/FeTe, heterostructure: (f) Optical spectrum; (g) pulse trains;
(h) autocorrelation tracel™. (i) Schematic of Er-doped fiber laser. (j)—(1) Mode-locking characteristics of Graphene/MoS, hetero-
structure: (j) Optical spectrum; (k) pulse trains; (1) autocorrelation tracel™.
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Fig. 13. (a) Experimental setup of mode-locked fiber laser with 1550 nm QD-SESAM; Inset: cross-sectional transmission electron
microscope image of the QD-SESAM and 1 pm x 1 pm AFM image of the 1550 nm QDs. (b)-(e) Characteristics of mode-locked
the developed fiber laser of InAs/GaAs QD: (b) Output power versus pump power; (c) output optical spectra; (d) RF spectrum of

the mode-locked fiber laser; (e) autocorrelation trace!™.
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Fig. 14. (a) Schematic of deposition of the Te/Se sample on the microfiber. (b)—(d) Mode locking performance of the Te-based fiber

laser: (b) Optical spectrum; (c) pulse trains; (d) autocorrelation trace. (e) Te/Se samples under microscope with 50 pm scale.

(f)—(h) Self-starting mode locking performance of the Yb-doped fiber laser: (f) Optical spectrum; (g) pulse trains; (h) autocorrela-

tion tracel™l.
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Table 1.  Performance summary of mode-locked lasers based on two-dimensional heterostructure.
. . Fabrication S Repetition
Material type Type of Laser method A/nm Pulse width rate/MHz Energy/nJ Ref.
InAs/GaAs QDs FL MBE 1556.00 920.00 fs 8.16 — [75]
GaN/InGaN — FIBE 408.00 1.40 ps 10.00 [78]
2D Te/BP SL LPE 1049.10 404.00 fs 42.10 6.9400 [65]
1500.00 889.00 fs 18.50
Te/Se FL HM — [76]
1000.00 11.70 ps 18.50
Graphene/MoS, SL LPE 1061.56 306.00 ps 83.30 — [34]
Graphene/MoS, SL LPE 1063.00 92.00 fs 84.75 — [66]
Graphene/MoS, SL CVD 1037.20 236.00 fs 41.84 19.0000 [64]
Graphene/MoS, FL CVD 1571.80 830.00 fs 11.93 [74]
Graphene/MoS, FL LPE HM 1571.80 2.20 ps 3.47 — [68]
Graphene/WS, FL CVD 1593.50 55.60 ps 3.63 — [79]
Graphene/WS, FL CVD 1568.30 1.12 ps 8.83 0.5400 [69]
Graphene/WS, FL LPE 1066.20 450.00 ps 19.68 0.1108 [80]
Graphene/Mo,C FL CVD 1599.00 723.00 fs 15.33 0.7130 [70]
1529.92 820.00 fs 7.43
Graphene/BP FL LPE — [71]
1531.00 148.00 fs 7.50
1565.60 1.80 ps 6.91
Graphene/Bi,Te; FL CVD [56]
1049.10 144.30 ps 3.70
Graphene/BiyTe; FL CVD 1568.07 837.00 fs 17.30 0.1780 [72]
Graphene/BiyTey FL CVD 1058.90 189.94 ps 79.13 — [81]
. 1064.00 164.70 ps 15.02
Bi,Tes/FeTe, FL SMD (73]
1550.00 481.00 fs 23.00
MoS,/graphene/WS, FL CVD 1567.51 — 2.10 — [82]
MoS,/WS, FL MSD 1560.00 154.00 fs 74.60 — [57]
WS,/MoS,/WS, FL MSD 1562.66 296.00 fs 36.46 — [63]
MoS,/SbyTes/MoS, FL MSD 1554.00 286.00 fs 36.40 — [77]

H: SL, solid-state laser; FL, fiber laser; MBE, molecular beam epitaxy; FIBE, focused ion beam etching; LPE, liquid phase
exfoliation; HM, hydrothermal method; CVD, chemical vapour deposition; SMD, selective metal deposition; MSD, magnetron

sputtering deposition; SASR, self-assembly solvothermal route.
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

Ultrafast pulse lasers based on two-dimensional nanomaterial
heterostructures as saturable absorber”

Long Hui  Hu Jian-Wei ~ Wu Fu-Gen  Dong Hua-Feng

(School of Physics and Optoelectronic Engineering, Guangdong University of Technology, Guangzhou 510006, China)

( Received 1 August 2020; revised manuscript received 15 September 2020 )

Abstract

As the substance carrier of nonlinear optical phenomenon, saturable absorber is an essential material for
generating the ultrafast pulse laser. The saturable absorbers based on graphene, transition metal sulfides,
topological insulators, black phosphorus and other two-dimensional (2D) materials exhibit different optical
advantages. However, limitations of those single 2D materials as saturable absorbers exist. The nanomaterial
heterojunction structure can combine the advantages of different 2D materials to achieve optical
complementarity, and it also provides new ideas for generating the ultrafast laser with ultrashort pulse duration
and high peak power. Here in this paper, the preparation methods, band alignment and the electronic transition
mechanism of heterojunction saturable absorbers are summarized, and the recent research progress of ultrafast
lasers based on 2D nano-heterostructures are also reviewed, including the wavelength, pulse width, repetition
frequency and pulse energy. Therefore, 2D nano-heterostructure exhibits great potential applications in future

optical modulator and optical switch.

Keywords: two-dimensional materials, heterostructure, saturable absorber, ultrafast laser
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Fig. 2. Schematic illustrating the collective oscillations of
conduction electrons in response to an external electric field

for nanoparticles!*!l.
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Fig. 3. LSPR frequency dependence on free carrier density and doping constraints!“?.
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Fig. 4. Photoexcitation and relaxation of metallic nanoparticles: (a)—(d) Photoexcitation and subsequent relaxation processes follow-

ing the illumination of a metal nanoparticle with a laser pulse, and characteristic timescales!*2.
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Fig. 6. Absorption spectrpm and pulse laser generation of Gold nanorods (GNRs): (a) Transmission electron microscope image, the
inset of (a) shows the photograph of the GNRs solution; (b) absorption spectrum of GNRs from 400 to 3200 nm; (c) the finite-
difference time-domain simulation results of the absorption cross section of one, two, three, and four GNRs concatenated; (d) experi-
ment schematic of a tunable passively Q-switched Er®":ZBLAN fiber laser using GNRs as the saturable absorber; (e) output spec-
trum of tunable passively Q-switched Er3*:ZBLAN fiber laser(®2.
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Fig. 7. Experimental preparation and characterization of @-switched mode-locked pulses at 1064 nm: (a) Schematic diagram of the
experimental process; (b) cross-sectional transmission electron microscope image of the Ag:SiO, with Ag* fluence of 1.0 x 10'7 ions
per cm?, the selected area electron diffraction image and element mapping image are shown as the left and right insets; (c) schematic
diagram of @-switched mode-locking operation; (d) the single pulse profile (left image) and the radio-frequency spectrum (right

image) (6.
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Fig. 8. Schematic representation of the common doping
mechanisms in metal oxides relative to a basic lattice con-
taining metal cations (orange spheres) and oxygen anions

(red spheres)!5l.
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Fig. 9. Nonlinear properties of Cuy ,S nanocrystals and its ultrafast pulse generation: (a) Absorption spectrum of the synthesized
nanocrystals; (b) typical Z-scan curves of Cu, ,S and CuyS nanocrystals recorded at 1300 nm; (c) corresponding input power-
dependent transmission; (d) mode-locking pulse train; (e) autocorrelation trace; (f) the radio-frequency optical spectrum at the

fundamental frequency!®7.
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Fig. 10. Nonlinear optical response and ultrafast transient optical response of the ITO nanocrystals in ENZ region: (a) Typical
transmission electron microscope images of ITO nanocrystals, with an average diameter of about 9 nm, the inset shows a photo-
graph of the colloidal solution of ITO nanocrystals and a high resolution transmission electron microscope image of a single ITO nano-
crystals; (b) normalized optical extinction spectra of the ITO nanocrystals with different doping levels; (c¢) wavelength dependent
real part of the permittivity of the spin-coated ITO nanocrystals thin films; (d) Z-scan trace of a PVA film containing ITO nano-
crystals recorded at 1.3 pm, ITO-12 shows notable saturable absorption, as compared to the undoped In,O3; (e) transient bleaching

dynamics of ITO-10 nanocrystals film (spin-coated on quartz slid) under different pump fluence. Solid line shows the fitting with a

single exponential decay function(™.
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Fig. 11. The @Q-switching at mid-infrared region band based on IZO nanoparticles: (a) Schematic illustration of laser setup; (b) typical
@-switched pulse train; (c) optical spectrum; the inset is the radio frequency spectrum, indicating a signal-to-noise ratio of ~30 dB;

(d) single pulse profilel™!.
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Fig. 12. Characterizations of 2D MoO3 nanosheets: (a) Atomic force microscope image; (b) VIS-NIR absorption spectra for the
colloidal dispersions of pristine MoO; nanosheets and plasmonic (photoactivated) MoOs nanosheets; the inset is the corresponding
photographs; (c) dependence of transmission as a function of input power for plasmonic 2D MoOs; (d) optical spectrum; (e) pulse

train; (f) pulse duration!™.
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Fig. 13. Ultrafast pulse laser generation and @-switched laser based on TiN: (a) Nonlinear transmittance curve of the TiN/PVA
sample versus the input pulse fluence at 1550 nm; (b) optical spectrum; (c) pulse trains; (d) autocorrelation trace; (e) laser spec-

trum from the @-switched laser at the maximum pumping power; (f) average output powers versus pumping power for lasing opera-

tion at 1064 nm!™.
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Abstract

Nonlinear optical (NLO) effects are ubiquitous in the interaction of light with different materials. However,
the NLO responses of most materials are inherently weak due to the small NLO susceptibility and the limited
interaction length with the incident light. In plasmonic nanostructures the optical field is confined near the
surface of the structures, so that the electromagnetic field is greatly enhanced in a localized fashion by spectral
resonance. This effect results in the enhancement of light-matter interaction and NLO response of the material.
Ultrafast pulse lasers have been widely used in optical communication, precise measurement, biomedicine,
military laser weapons and other important fields due to their excellent performances. Although commercial
lasers become very matured, they can achieve ultra-high peak power and ultra-short pulse width and ultra-high
repetition rate, but the ultra-fast pulses in the mid-to-far infrared band are seldom studied, so finding a
saturable absorber material with excellent performance is of great significance for developing the pulsed lasers.
In this paper, we review the recent research progress of the applications of exiton nanostructure in ultrafast
optical switches and pulse lasers based on noble metal and non-noble metals. The metallic system mainly refers
to gold and silver nanoparticles. For non-noble metals, we mainly introduce our researches of chalcogenide
semiconductor, heavily doped oxide and titanium nitride. A variety of wide bandgap semiconductors can exhibit
metal-like properties through doping. Since doping can form free carriers, when their size is reduced to a
nanometer scale, they will show the characteristics of local surface plasmon resonance, thus realizing ultra-fast
nonlinear optical response, and the concentration of doped carriers cannot reach the level of metal carriers, thus
being able to effectively reduce the inter-band loss caused by excessively high carriers. Through pump probe
detection and Z-scan testing, we found that these plasmonic nanostructures exhibit ultrafast NLO response in
tunable resonance bandwidth, which has been utilized as a working material for developing the optical switch to
generate the pulsed laser with duration down to a femtosecond range. These results take on their potential
applications in ultrafast photonics. Finally, we make a comparison of the pros and cons among different
plasmonic materials and present a perspective of the future development.

Keywords: nonlinear optics, saturable absorber, surface plasmon, pulse laser
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Fig. 1. (a) Time domain and frequency domain spectra of

) Nty

the optical frequency combP; (b) measuring the offset fre-
quency of the optical comb using a self-reference method2.
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Fig. 2. (a) Micrograph of a fabricated lithium niobate microring resonator. (b) Output spectrum of the EO comb generated from the

microring resonator, the bandwidth exceeding 80 nm and more than 900 comb lines. The left inset shows a magnified view of the

dotted. The right inset shows the measured transmission spectrum for several different modulation indices 3.

189501-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 69, No. 18 (2020) 189501

757 A R X D AR B R 2 PLiE R, O
R B ARSIy S I 6, e 28 AT S I
KIYCHITE 3.2—4.8 pm, IR E L 1.07 W, &
Sy 82 MHz [ P £LAMR T A1 . Gubin 55 1)
PRI T T EPORL CRNEOGAR AU He-Ne Jt
SENTRARUE B G 2E BB WF 5 T 22 A HE PR
LR 4 (PPLN) fifkth i) DFG T. 2, H T¥%
Ert L2 CRMEOL 2 CHRR 1 3 £1 A BT A8
B B R, Adler 45 M ZE L ANE K X
BRI T R R T B LR S E IR YA (optical
parametric oscillator, OPO) FIYEHHR, HR H IR
& MgO 221 PPLN &, SCBLT 2.8—4.8 um
JU RN LA, PR 1.6 WL TR
LM G IR I OB 75 L mO i i
R, R OPO W e iF el ihBix — H ).

SeARR R Bz, B RO E T
T A (0] [ AR T L 1607 S 3o 1) R A s R
FE AR, AT DA LA s RO o 4 X6 31 2%
R, AT A R S bk v, mT LSS & iz
BREFHAR, DF58 2 AR AR, B 5T 3 - e
B8] 3 P S A R 4. AR T 2, D &
2005 4F 1 DUR Py 2 i B SN 2, RN
G301k 35 A2 1Y Glauber R J, 26 F E K bx
WEF AR BER Hall J L DL A 8 B3 2
FIr i) Hinsch T W. H:H7, Hinsch T W Al Hall J
L PRUXH RS 40 0G0 7 CRLAE SCIRLE AR 19 &
N W NTTINIE TN 7R

JRAEHE TR LL AN 20N oA R ke i
R, AEATER T B A A AR T IR T 2 A5 Aol
T LAY R LR, R H & KK 2% (Terahertz,
THz) H #5830 il N A AE RS A FIAL 2 BT Y
RO, OO T AN AUAR R, A ) BRI 4 51
B T 5 M EE 2. 4Pk, THz 9 AR
PEREFN) 2 1Y g F 11819 2 38| 1 B¢ [ 9 5 1, B
& H N T 28 U9 B 22 RSO R, THz
WSO CHRRAR LS S AR TE R RIS AT 5.

2 R#F#+FEIOCEA MR

KAR2E B 38 5 ZFE %A 100 GHz—10 THz,
PR 3 mm—30 pm B HLREIE (2024, {57 TR A
LLAMNEZ A, L2 T MIEALE THz 3 BEEA TR
SRS, PRI THz F2 A AT LU T 2 Jil

& 1250 B V82 AT WOCANIE TR RHINAR | S0k P
BAETE THz I BREDL ZFi%, (Rt THz HRIEfE
TS | B AR 24 SR A I P28 A T
W, THz P KA, BAT s i 23 [|) 20 HE. Al L
TRfe X L ifg, THz ek, A =Hith H
PR RO iy AR 2 A4 ) K03 1 B T AR 2 e
KHEBLE THz P B, H THz BOEFRERIUR S E
A WA, TR THz BEARIE AT DL T X055 112 W
PLKEE FIUBT AT DNA G345 B0-32 e,
THz P B HAT H WG B e A 58, JE 3
B Jr 358 00 R 1 38 TG 3 A 4R (53-991. THz AR FL
TLLANE BAT IR 2B RE T, DI AR R g Y
W, KR 2% 38 15 HA TR m ) R B T T4 RE )
BIA Al DU AR THz JGAp iR 8,
BT kS RGBT & e, i3 B i 4ol 2 i 1
B, IR E 2 TT LUK AL 21 4 Fe Sk i e b 2

THz 3% 5 G 0 45 & 2 o0 ka3, T sk
I AR BT MR THz fHR 2
BRI N FH B F BRI TR Z —. TEAL G2 S
ez, G0 GaAs HOGAR PR ZnTe B MK,
BT DGR, AN AN B I 3,
AT DL AR AR a8 & THz 3. (Al T78 ik
PR I ik ofo 4% 495 35 B T THz Jik v i) 4% 15 B
TRMETE THz 3 FF 58 155 B N AR AR AL VL BT, JF H.
RO Y THz 68 it 35 2 B0k Tz WOt e e
i THz P RCR, SECHRE R, BT IR
5. BRI Z AN, R Dk o fih A 't L S R A S
THz i BAR AT LU 2 S0 i 37 1 /N R AR AT RE 1
BRI THz B, (AR GHL F R B3 P24 () THz
PO AR, AR AR/ IN—F 43 A 32 5
I, ANE R ARG A A DR A DG L
REPRDCIR G, X EEHOREFR LM MO
iz, 15 REARRUE R, XA T 52 g/,
B THz B8, BB SR THz JBOZH 2 A
THY.

2002 4, tHEFL A — ARk 2% i 1 RO
#% (THz quantum cascade laser, THz QCL)34
HH ORI B [ S AT R~ R KA A E TR 52
B A [ S A A B M THz IR,
A A DG A BRI AR S DL T, T B A Y
AE 22 th B T PFFI A2 1Y SE EDE , T8 I U S
FNF AR GE L, T LASURE UM BEDR 2 (8] 1Y A 22,
M HIERSHOE TR, Kk, QCL & —Fhguik

189501-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 69, No. 18 (2020) 189501

PIZERE, BERA IR L2 A EE AR
N, BFTEEA R N REOE T, XS 2
(R SRR B T THz QCL 722 BT,
BA RS SR R T 2 12l iy
R, PTLA S5 B a2 45 G AR N T ik
JEUE. BT THz QCL YEHkAE A AR HEROEER
FBRERS LS BT RESE R4 XA e, & iR 3E H T
SR SOR A, SRS T ARR AW By
T HRKEY) 5L A5 Ak, R THz QCL SEEGH
A B 4 v 1 24 A T Hz 450 B o 4 A0 0
Z T THz YGIEAL R 3 PAE GHz 2, Joik il
RZAELTE THz %4 ny i, 1 THz QCL St
T 0 431 A% 5 P AT LA GA 3] kHz—MHz & 9%, 4l
W HER DR 3 A EE . AU AN, THz
QOL A7 1% 13 {15 F 3 2 B L o e 40380 | FABE 78
M2k TE . /N &S AR SRR 1, R
1—5 THz o N 52 BRI IR, 2400
AT ) BEAE S 4.

R RBOC AR A CIIR B KSR PO i
TRA. 40 3(a) K 3(b) Fizs B U IR AT & —
P T = otef IR et AR 800, YA 2 /0
AN [R5 48 431t 1) DG AE [l — AR LR PR A T rh AL R et
A T RE AR DU TR AT . B A A AN
WA vy Fllvg (8 = vo — 1), BT 22T S 288 i (1)
FELE, 23 HE B s, Bloy — 6 Fllug + 6.
it U7 (49T B D) 2 38 o FE SO 28 A R DX i A
(i) SR P HAIR IR A T DR TR ) 235

(a)

“ ve v/THz

(b)
d §

> * L

& .

v —08 Vi v vo+4 v/THz

3 (a) PIANTRIBE A & BB IR AT o) Al y; (b) PO IR A5
ot RS B Ay A R, gk €0 R D AR YR B DR
WEL SR v1 — 8 Al g + 6 (1

Fig. 3. (a) Initial mode frequencies, v; and wvs, separated
by §; (b) final frequencies resulting from four-wave mixing,
with the two sidebands at v —d and w2 + 9 shown in

green!4.

SR, LESCILTET | MR E MR THz QCL
OISR EE PO B IR AT N5 1Y
NATTAT DAE o SO A R O | 8w sh
R R AN — 8 G AR B 2515 | B
TIRARDIMGE S | B R Ae e 1.

2.1 EREEIEE

X T THz QCL 7 AESeMihim & , RS2
B E A AT AN BTEHLE], ST AEOEES
FRVEFE F HHIZ1T (free-running) BT TAE. MifE
HH s B, TR (four wave mixing,
FWM) i Fi 149 24 i - SR oG 1o =4
AT ) FEZEAL .

AR BB S AR ER R 1AM R R
R it THz QCL M) 24 hn =z — 17,
BRI 2R THz QCL BURF AR E M, IR
A3 1) Y B . AE QCL H, — 0K R R e 1 ke
JE 58 SCR B BT IR (B A I8 1) ) ) 5508 4
25) TE23 () P ABAR I R B 18 AN SR —A) T 4T 559
FEIEMTR I PREL, DA AL 3  I E M N A 1Y
BN, AR S AR 2 D ™
AL AT 5 A, 3 P 3 5 ol e R Sk R B £
(GVD)WI H (1) XFm:

g 1
Ow Vg(w) Ow c
Sit QCL AJ LA it DU IR A AR N SR HL
TR S BCHTUN, 1T W TR AT 7 A A X 7 =
PRTHENT GVD. 7E QCL ', GVD EZAH; =
AL LR 3 AR, T ORI 25 UL, T

(2) XFR:
GVD = GVDpy + GVDpod + GVDgain.  (2)

Zhou 55 PO FSE T 244450 (b i 4 45 58
B, 239 100 pm, 150 pm A1 200 pm) ¥} QCL
TAERRZ I, RETTEIHE T A RHaHEL, P Tk
NG LR . AESCe T, i e T 20k S
FERETRIE 25, AN 4(a) BN, KA HZ AR AR HE
A 25 . H 3 25 B R ARON; Y, Y4 25 B
Bl R T, 2l B ) (G A (L, DAL P v g S
L5 WL HES. HAE FIH Kramers-Kronig X &1t
A B TUR AR AT ST, AR DL RO
REOZINR ) REL, IBAHTHR n ALK bR
B, TPl e &2 (1) /535 —F AR GVD

n(w) + w—-=
GVD = 0 W

189501-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 69, No. 18 (2020)

189501

ZJm, ¥ =Fh GVD Z5aatnl USR8 F B GVD,
N 4(b) BroR. FEAHPFRFE DX, HE SR
E R 0 AR D, (F 5 R 0 4 B 2
I, T RO R B RS T ) S HUA
H TR GVD BIAF R 2 BRI 19 S8 52, 3
1 MR DX, LR H BT 5 R B A5 AN R E I
R, B, TR R R A XA R 225
FEl A A LU AL, 5 25— P A2 O &% AT ()
7‘?‘]215 [52,53]_

Gain Total loss (a)
40 Without clamping = =100 pum
—— 100 pm = =150 pm
- — 150 pm = =200 pm
‘E 30'—200um _ -
= - ==
@ - =
< 20k - =,=¢=‘—%
5 TF -7
— -
= r
S
10
Ol 1 1 1
3.6 3.9 4.2 4.5 4.8

Frequency/THz

(b)

)

Total GVD/10° fs2mm~—1!

0 -
= 100 pm
—10 fe 15
150 um Lasing range
[=== 200 pm
—20 ) 1 1 L L
3.9 4.0 4.1 4.2 4.3 4.4

Frequency/THz

4 (a) ASIFH 2% 0 BE TR A8 0 B ) 3% 4 A0S 0UFE S0
R KA (b) AFFRIERET AYE GVD, HH 4.05—
4.35 THz H I #2 IX 383K THz QCL U X I8 b0

Fig. 4. (a) Calculated clamped gain and total loss as func-
tion of frequency for lasers with different ridge widths;
(b) total GVDs at different ridge widths. The shaded area

from 4.05 to 4.35 THz represents the lasing range of the
THz QCLP.

gt FAHOCAR B4 IR X R 28R ]
JRPULERY , S A T 13 TR — bR BB
A S BT, X FREE A AR AEAE T 1 ST R 58
JETE, R i THEAGE 2 AR £ S A%,
P, 1 AT SE R3S £ 21 9, (845 LAY 2
ARG, AT LA 5 X R IR X S A A X A ——
S Y G5 R P X R A T I TSR A
JERPRH RO AR [) 3 i M B e — B A TR
DX o7 AR TR SR QOL A7 N2 i3 45

v, FAT AT R0 S8 R SR R A i e R PR RE (7T
=ik 160 K). Rosch 55 P8 3@ o g7 e SE gl 17—
TEFE L TAERE SREOG A, anlEl 5(a) Fs.
1 R UL 48 J 5 S 4l 1O, 453 R
ool o ) g e T B et = S e s B
f. A IR D BRI PDRL U AR 3 i B THTE 2.3,
2.6 #1 2.9 THz. [&l 5(a) e {4 091G 2571 98, WEH
T ICAE R RER T B — AR B A A IR XOR B 2
PRI N, I+ H A 5(b) oT LA HAE B
AT B S R DIE I3, SEIEMR M 1.64 THz
#] 3.35 THz (JEK M 89.5 um | 183 pum), SLH T
S — AR OO T, AR T DGR AR
Wi RS AE M. Burghoff 45 O 52 H 41 & 6(a) TR )
arPFEs Ry . TERE b WK SO 1) S5 A8 Z0 AR O
i P — i, H ] S0 Bt o R M ) 185 DR i/,
KA (BA 8w RREER ) 785U Z Fi e AL 7k 21
JEE B A S, TR IR ) G AE BIA A i 2 i 2 289
B, T T OCRIARAE, 453 13K 500 GHz 1)
JETE MR S Y, 7E 3.5 THz B i =08
1k 70 (&1 6(b)). X Tl W] Wk iple 20 5 235 4] {1 6 55 11 14
THz AT, G s ve, vl LU R 2
KM ZEI AN, S IR TAF A 0 1

(a) Contact Ti/Au contact
g A
3
‘O 0.6 ; %%X
— ; o
? ; 40X
é 0.4 5 40 X
Q
?
@
g 0.2
2
o
=
s
© 1.0
Frequency/THz
n
B 0
= 10 (b)
2 2 107!
10
£ 3103
55
Zo g 1071 vl| l‘l‘“‘l“l i } ““.llvm A
S 10-50 W ! Octave ] TV ™
E 16 1.8 20 22 24 26 28 30 32 34

Frequency/THz

5 (a) VA AR 1R BOBOBOR Y 4R g, WE CLIMEON A IRIX
HRM R — B 3 A5 0t 2R, (0t 22 A TR XU A 9% 45 th
2, B R EOCE A IR IX R BT RL (b) B0t d I 5O
W, BT — A AR Y

Fig. 5. (a) Calculated gain cross-section g,. Blue curves: in-
dividual designs. Green curve: total active region. Inset:
design of the laser active region. (b) Octave-spanning spec-

trum of laserlsl,

189501-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

W) 3B =% R Acta Phys. Sin.

Vol. 69, No. 18 (2020)

189501

(b)

2] 5

= 10°

5 E

© 10tk

Qo :

3 103 b

210

oo

z 10 n I

£ 10t) f

=

= 1 1 1 1
3.2 3.3 3 3.6

4 3.5 3.7 3.8 3.9
Frequency/THz

K 6

—~
(e}
~

Width/pm

20F

—r1

800

. 200 400 600

s *~.Length/pum

/ SN

| = DC section
= F'P section

Current/A

12 14 16

10
Voltage/V

0 2 4 6 8 18

(a) WH WK SORY R, 2160 R R Y B8, 3l (0 S ORISR BB (b) TR 50 K I, THz QCL #fYtil, 84 Rm Ak

IR, (c) MBS F G5 R R, B AR 2> il 0, FP I — AR 23 2L (0 (d) B Beah M i v - SR e b, ) (A BT58 IX delkak
OGRS 75, 4 1 A 52 e ise A 25 U] R SEML R Jr 091

Fig. 6. (a) Schematic of the chirped corrugation. The red wave has longer wavelength, while the blue wave has shorter wavelength.

(b) Spectrum of the THz QCL comb at a temperature of 50 K. Atmospheric absorption is shown in yellow®!l. (c) Schematic of the

device in a two-section configuration. The DC section is shown in blue; part of the FP section is in red. (d) Current-voltage charac-

teristics for each section. The pink-shaded area indicates the entire dynamic range of lasing. The inset shows the SEM photo for the

air gap in the real devicel0?.
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The black dots in the figure are experimental values. The red curves are the result of theoretical calculations by assuming that all
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(b) Dual-comb and linewidth with and without GiSAM®2.
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Fig. 12. (a) Schematics of the dual-comb on chip. (b) Optical spectrum (blue curve). The inset shows that the modes consist of two
peaks corresponding to the two combs. In red is the corresponding multi-heterodyne spectrum extracted from the current bias of the
LO laser. (c¢) Schematics of the on-chip dual-comb system under double injection. The inset shows an optical photo of the moun-

ted dual-comb device. (d) The down-converted dual-comb spectra in free-running mode and under a microwave double injection!.
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compact dual-comb system. The illustration shows the actual experimental devicel®!.
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

Research progress of terahertz semiconductor
optical frequency combs’

Liao Xiao-Yu'?  Cao Jun-Cheng"?  Li Hua V2t
1) (Key Laboratory of Terahertz Solid State Technology, Shanghai Institute of Microsystem and Information Technology,
Chinese Academy of Science, Shanghai 200050, China)
2) (Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China)

( Received 16 March 2020; revised manuscript received 23 April 2020 )

Abstract

Optical frequency comb consists of a series of equally spaced and highly stable frequency lines. Due to the
advantages of the ultra-high frequency stability and ultra-low phase noise, the optical frequency combs have
important applications in high precision spectroscopy, imaging, communications, etc. In the terahertz frequency
range, semiconductor-based electrically pumped terahertz quantum cascade lasers have the characteristics of
high output power and wide frequency coverage, and are the ideal candidates for generating terahertz optical
frequency combs. In this article, we first briefly introduce the research progress of the optical frequency comb in
the communication and the mid-infrared bands. Then we mainly review the research progress of the optical
frequency combs based on the terahertz semiconductor quantum cascade laser (QCL) operating in free-running,
active frequency stabilization and passive frequency stabilization modes. In free running mode, the terahertz
QCL frequency comb is mainly limited by the large group velocity dispersion which results in a small comb
bandwidth. Therefore, the dispersion compensation is one of the important methods to stabilize the optical
frequency comb and broaden the spectral bandwidth. At present, the active frequency stabilization mode is a
relatively matured method to realize the optical frequency combs in terahertz QCLs. In this article, we also
detail the methods and applications of terahertz QCL dual-comb operations, including on-chip dual-comb and
dual-comb spectroscopy. Compared with the Fourier transform infrared spectroscopy and time domain
spectroscopy, the terahertz dual-comb spectroscopy has advantages in fast data acquisition (real-time) and high
spectral resolution. The emergence of the dual-comb technique not only verifies the concept of optical frequency

combs, but also further promotes the applications of frequency combs.

Keywords: terahertz quantum cascade laser, dispersion, frequency comb, dual-comb
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Fig. 1. Schematic of Er:CaF, single-crystal fiber continuous

laser and Bi-NSs passively @-switched laser.
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Fig. 2. Continuous-wave (CW) output power versus the ab-
sorbed pump power.
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Fig. 5. (a) Pulse duration, (b) repetition rate, (c) single pulse energy, and (d) peak power versus the absorbed pump power.
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Fig. 6. Bi-NSs @-switched pulse trains of Er:CaF, single-

crystal fiber laser.
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Table 2.  Comparison of Er-doped mid-infrared passively Q-switched laser.
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials
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Abstract

As a new two-dimensional material, bismuth nanosheet is an effective modulator for realizing a mid-
infrared pulsed laser, which benefits from its suitable band gap, higher carrier mobility and better room
temperature stability, as well as its excellent electrical and optical properties. The mid-infrared single-crystal
fiber is a preferable gain medium for high-power laser because of its advantages of both crystal and fiber. In this
paper, a bismuth nanosheet saturable absorber is successfully prepared by the ultrasonic method and used for
the first time in a diode-pumped Er:CaF, single-crystal fiber mid-infrared passively @-switching pulsed laser. A
compact concave planar linear resonator is designed to study the @-switching Er:CaF, single-crystal fiber laser
with bismuth nanosheets serving as saturable absorbers. The pump source is a fiber-coupled semiconductor laser
with a core diameter of 105 pm, a numerical aperture of 0.22, and a central emission wavelength of 976 nm. The
pump light is focused onto the front end of the gain medium through a coupled collimating system with a
coupling ratio of 1:2. The gain medium is a 4 at.% Er*":CaF, single-crystal fiber grown by the temperature
gradient method, and this fiber has two polished but not coated ends, a diameter of 1.9 mm, and a length of 10
mm. To reduce the thermal effect, the single-crystal fiber is tightly wrapped with indium foil and mounted on a
copper block with a constant temperature of 12 °C. The input mirror has a high reflection coating at 2.7—
2.95 um and an antireflection coating at 974 nm, with a curvature radius of 100 mm. A group of partially
transmitting plane mirrors are used as output couplers, respectively, with transmittances of 1%, 3%, and 5% at
2.7-2.95 um. The total length of the resonant cavity is 26 mm. By inserting the bismuth nanosheet into the
resonator and carefully adjusting its position and angle, a stable mid-infrared @Q-switching laser is obtained. At
the absorbed pump power of 1.52 W, a pulsed laser with an average output power of 190 mW is obtained for an
output mirror with a transmittance of 3%. The shortest pulse width is 607 ns, the repetition frequency is

58.51 kHz, and the corresponding single pulse energy and peak power are 3.25 uJ and 5.35 W, respectively.

Keywords: passively @-switching laser, mid-infrared laser, bismuth nanosheets, single-crystal fiber

PACS: 42.55.—f, 42.55.Rz, 42.55.Xi, 42.60.Gd DOI: 10.7498/aps.69.20200337
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Fig. 1. Characteristics of MnPS; crystals: (a) Chemical vapor transport method; (b) picture of MnPSs; (¢) Raman spectrum for MnPSs.
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Bl 2 MnPSs-SA () SEM RAE  (a) BEMLLEE A EE G SEM EMEFMICE /3472 (b)— (d) Mn, P A1 S (9 EDX JG % i3 #i
Fig. 2. SEM characteristics of MnPS; -SA: (a) SEM image of a randomly selected MnPS; flake, and elemental analysis of this

sample; (b)—(d) EDX element mappings for Mn, P, and S.

' -
oY Ty
ey *

B3 MnPSg 49K A ) TEM RfE  (a) MnPSs 40K - $L; (b) MnPS; 412k A #9 HRTEM 1%; (c) SAED
Fig. 3. TEM characterization of MnPS; nanosheets: (a) TEM image of a MnPS; nanosheet on a copper grid; (b) the HRTEM im-

age of the MnPS; nanosheet; (c) the corresponding SAED showing its single crystal nature.
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Fig. 4. Experimental setup of the erbium-doped fiber laser.
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Fig. 5. Performances of the pulse fiber laser based on MnPS;-SA: (a) The output power versus the pump power; (b) output optical

spectrum; (c) the pulse trace; (d) the duration of single pulse; (e) the radio frequency spectrum from 0-10 MHz; (f) the radio fre-

quency spectrum with ~64 dB (inset).
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Fig. 6. Performances of the pulse fiber laser based on MnPS3;-SA with the pump power at 70, 120, 170, 220, and 270 mW pump

power: (a) Spectrum; (b) wavelength; (c) frequency.
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Fig. 7. Output spectrum of the EDFL based on MnPS;-SA: (a) Output spectrum recorded on 1st, 7t 8% 11th 12t day;

(b) wavelength peak position; (c) output power.
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

Dual-wavelength self-starting mode-locking Er-doped fiber
laser with MnPS; saturable absorber”

Yu Qiang V»#  Guo Kun?#  Chen Jie!) Wang Tao? Wang Jin?
Shi Xin-Yao!? Wu Jian?! Zhang Kai* Zhou Pu?
1) (i-lab, Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences, Suzhou 215123, China)

2) (College of Advanced Interdisciplinary Studies, National University of Defense Technology, Changsha 410073, China)

( Received 6 March 2020; revised manuscript received 29 March 2020 )

Abstract

As a member of the metal phosphorus trichalcogenide family, MPS; is widely used in nonlinear optics and
devices, which can be regarded as a significant benefit for the excellent photonic and optoelectronic properties.
In this work, the MnPS; nanosheet is prepared by the chemical vapor transport method and the MnPS,
saturable absorber is demonstrated by modifying mechanical exfoliation. To the best of our knowledge, the
dual-wavelength self-starting mode-locking erbium-doped fiber laser with MnPS; saturable absorber is
demonstrated for the first time. The dual wavelength mode-locked laser with a pulse repetition rate of 5.102 MHz
at 1565.19 nm and 1565.63 nm is proposed. Its maximum output power at the dual-wavelength is 27.2 MW.

The mode-locked laser can self-start and stably run for more than 280 h.

Keywords: MnPS; nanosheets, saturable absorber, mode-locking

PACS: 42.55.Wd, 42.60.Fc, 81.07.Bc DOI: 10.7498/aps.69.20200342
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Tl (REMBEHEL SR F5H[H

GeSe, 158 % [0 RE R IRTE X BYIEL 1E S F M R

WP 2 D294 E 4 V#

B UD9)

KigAmD BHEEVD LR

1) (EBRHE R AERIT S Rl Be, KV 410073)
2) (WP AR ER SS9 E, KD 410073)
3) (FREBOCE AWM A TR, K> 410073)

(2020 4E 3 A 25 HkZ; 2020 4E 4 A 11 HiEMEHH)

TALHE (GeSey) 1 — Bl RAR TV-VI NG K, AT N 25 1) 5 PR 45 0 L2 98 REF [ Bt , R BLHh 1 e
(90 L KRR R BE . AR SO i 4% 07 2 D16 3% A2 1k IR AT 23 331 X GeSeq 24 2K 1 114 i it JBC 1) A1 RE A AR Ak A
FAE, I LU RIS R X TR RGBT GeSe, £ IR A 7 BEUT (9 6 2% AR R PR MO HL . 45 SR R 1
GeSey HHAR LA WMSCHL ] S 06 7008 W15 3804 5 WSO B i, LR A I D 4 15 104 1 24 5 2 A AR 3 SR
Wk (450 nm) Z5E T, IR A5 WO D B 69 O R BE LUK, Bt ARG D 9% B9 AN [] Al e 9 i TR B2 T e
4.6% AE AL 2 9.9%; MAEILIREA (400 nm) i, %30 il R B 7.0% 2240 2 9.7%. [RIE, A7 L TR Ak, #
N CGHIE RIS Pis 3 Vol NP AL TR N

KR A5 S, PRSI, TIX T 44
PACS: 42.65.-k, 42.70.Nq

1 5

H 2004 4F 7 85475 D )t LR (1) DLy S8
FARRI R Z e AL, 0 ik U 4 T B AL A
Py =7 Fh A G A 512 TR 15100 A RAS T B
FEHATH R ST Lo-18, Horp ) SRR D HOH g A
TR R A REAT REE, BUR AR5
SR Z —. BRI, 10 nm B0 B# TR
RATIK 10% cm? Vst HAF BT iR RN 0.3 eV
BN EZ Y 2.0 eV BRI Ak, Bw s
P25 ] SR S R LA A 3 S AR R 25 1] 5

i
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H T, R 22 B AR E T LU P
b BB R R, TV-VIE MX (H
i M = Ge, Sn; X = S, Se) LAY, fl GeSl2223)
F1 SnSel? 4%, 5 AR DA REIR A I U 4 IR
WAL EY), f ReS, Fl ReSey %5, BATHE: 22:25]
P 5l 120) | hg 2728 R R AR i (2030 R 1) LA o
2 1) SR RS, A AR R A i A PR R
A R R X P A R A A A A
(<2 eV), SECTAEBBZIR. B, A LZH
R ITELAT 25 ) S e R

* R HABIEE S (LS 11802339, 11805276, 61805282, 61801498, 11804387, 11902358). EIFiRML KRl Tt 24 (HEME
51 ZK16-03-59, ZK18-01-03, ZK18-03-36, ZK18-03-22). IR H R Fl =34 (LS 20161J1021) . Bk b TR BOLEARE K
SR E RIS (S SKL2018ZR05). M4 M AEH AR AL S FFIFse 3 4 (LS GNIGJIS03)., ok 5%
SEARTLAE P 5% i S P4 (ES: SKLLIM1702) AIFE4EAA SR H (S 17-JCIQ-QT-004) ¥ B,
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AR DGR IS ) S5 Ml K GeSey, 1T H:
HASEEAT B, JAF TAREEFH 12 0 B
AR K= AR A BA B2 38 i A AR DR A
WEHI#E T 7 nm (29 10 )2) 19 GeSe, 49k A, IF:
BT MR KW R S T B A g o 1 B
PR N ) GeSey FUYGRLERINAS. HhER=RE b
AIF 5 T (%) 5 24 AT BA 331 38 2 AL R S vk 15 3 T
3.5 nm (6 J2) 1 B A GeSey, HARJE P X B H
o B AR AH G L 7, I FLAE 2 SRR A 48
I RS E . AE S — RN TV-VI AL &9, #
FbT o tHA Y #H, B A GeSe, f&Fufa 2 HY. % AH
() GeSe, IKZSHFBR g 2.7 €V, i B2 7B AT L ik
2| 3 eV. 1EVC AR TS I, GeSey HYWR UL R ETAT 1A
10* cm !, JEHLERMER AT C L AT i 10264, 7E g
SERRE T, B2 IE B GeSey 25 TR AT DLk
F] 690 cm? V- 1s 1B S HL IR B B AR 2.5 AW
H ETHES T R R ] R 0.2 B2 [ iR 0
T GeSe, fi #H L B LM Ep i 22 b (IS
H AT, 2R DA AR MR R B R e B A1 AR
T T LT B A ) S P A R A
KRS a2 iy P, JEF I, AR SO TAE 2
158 GeSe, [UAEZME 2R R FT.

AN GeSey K 78 I HAi MR s 0 B 30 1)
L2 E MR AT T T, 1 el i e P ik
FERYHLE IR RIE GeSey 992K Fr dvdli sy, 3]
i i 198 428 A £ P MR AL 3% o 4% 1) S M BB AT R A7 3R
ik, A5 2 HALPR I KFF 450 nm (2.72 eV) Fitix. i
—, R T GeSe, 442K R AEALIR BT B AR
RS, AR SOl F AR TR AU T 44 &R
GEX AT, 25K, GeSe, AR MUK
A R R A5 98 2 S W ) B IR S, HL
XFASH GRS A R ZL RO, JE Rk
W 7E 450 nm T IR A, FE A OE R
PRIGASTR], AL M ORI R B 7T ER 4.6% 24k %
9.9%, HANASTHIRE (A FmARECAR T B E
JE2) R 5.3%; iAE 400 nm JE IR BT, 8 ]
WREEH 7.0% 246 E 9.7%, shS TR 2.7%.
Horb, AH PG TR RTII, W8R A OB ) A i 4K
SRR R i T SR R 52 B A R R B R
BB IAMAT) BN . AR GeSey DK 4% 11]
S AR AR RN AT T B SRR, 4
FEFF M SEBR AL T — P Im R VR4 1 %6

2 SLEY T E

R FHMUBRR 5 09 7 15 64 GeSey 2K S,
IF il 77 8 B (atomic force microscope,
AFM) W R B FURLRS BEHEA T RAE. A E GeSe,
R SRR, 8 532 nm (AR RE SO
£ JF A 4 AF DGR 2 3. ol R R SR A
(Micro, ideaoptics, China) ¥F A [d) A S iz T #
i YRS (R ) FE S (7)) #EA7 I, Horpis
KT AR TEAR U (D) 28 AR, RS AR A3,
It A =1 - R - TSRS A R OC L
PEM SRS . PG R, RIS DL 15 2
KJieht, Heiet 180°.

2 LM MR AT 2 30 R FH ) 2 i I 717 4 35 1)
X THE# RS, K, BERE A BOLE (Spectra-
Physics, 35 fs, 800 nm, 1 kHz) it 1Y ©FME B4
BRI (TOPAS) %5 i 21| 525 FF 75 9%
K (400 nm & 450 nm, 1 kHz), 38 i ik B g
St A (Thorlabs, NDL-10C-4) 22028 i, SEHL
L3, ASHEOGR AR T ] B = A 2 4 e
AT, LA 15 K Es: 180°. Wt It
FE S (B DM 2700M) AR 58 3 Fil il K 4 5
(Mitutoyo 50x, NA = 0.65, 400—1700 nm) 7E£E
AR TR AR N A 2 um (RGRE. ZEAS SR 7 i
i AT 2% (Thorlabs, MC2000 B-EC) ¥t iy
SRR ] 500 Hz, 5 XGEE SIS (Sine
Scientific Instrument, OE1022D) 414, F#AEI it
M7

3 HRG5i®
3.1 GeSe, BIHIEFARIE

K 1(b) i GeSe, # ) AFM . 7T LLE H,
FESL R 88 nm, RMAFH, G L mEK. #
R PR AR D HL 200 A 1&] 1(c) FrR, EIECH
118, 212, 251 F1 307 cm 1 443 5l 4 4 & 16
XTI B-GeSe, 1ML A RN 1992, ST 5
TGS 0 B A AR AR DG, e P h R iy 5
R B2 R AR bR R, IF H B AZ L Placzek 15
RIXTEE ST LG R R, P2 R BT LLR Rl
I |ei- R-el|, Hit e fl el 23 5132 m A G AL
SHER AN B LR, RIEF Sk AR TR
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(e)
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Fig. 1. (a) Schematic diagram of the atomic structure of GeSe,; (b) AFM image of GeSe, flake by mechanical exfoliation. The thick-

ness of the sample is 88 nm; (c¢) polarization-dependent Raman spectrum. Four Raman peak positions are at 118, 212, 251,

307 cm !, respectively; (d)—(g) polar diagrams of the intensity of the four Raman peaks.
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Fig. 2. Characterization of anisotropic bands of layered GeSe, by linear absorption spectrum: (a) Linear absorption spectrum with
polarization directions from 0° to 180° with intervals of 15°% (b) the energy band of the 0° polarization direction is determined. The
band position obtained indirectly from Tauc’s theorem, where the position of the intersection of the tangent and the abscissa is
2.717 eV; (c) determination of the energy band of the 90° polarization direction. The band position obtained indirectly from Tauc’s
theorem, where the position of the intersection of the tangent and the abscissa is 2.7291 eV; (d) anisotropic energy bands of layered
GeSe,. The band gap in the b-axis direction is the largest, and the band gap in the a-axis direction is the smallest; (e) polar graph

of anisotropic linear absorptivity of layered GeSe, at 400 nm; (f) polar graph of anisotropic linear absorption of layered GeSe, at

450 nm.
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Fig. 3. Experimental results of superposition state absorption of different polarization directions under 400 nm non-resonant exci-

tation: (a) Results of the I-scan experiment. The circles indicate the experimental data, and the solid lines indicate the excited state

absorption curve; (b) polarization-dependent non-linear modulation depth polar plot; (c¢) polar plot of the change in polarization-

dependent linear absorption coefficient ag; (d) polarization diagram of polarization-dependent saturated absorption intensity Ijg;

(e) polarization diagram of the polarization-dependent excited state absorption coefficient Gy; (f) polarized graph of polarization-

dependent saturation light intensity I, ; absorbed by the excited state.
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Table 1. Fitting results of I-scan nonlinear superposition state absorption parameters related to 400 nm non-resonant exci-
tation polarization.

Polarization/(°) ap/cm Bo/cm-GW ! I ;/GW-cm? L,/GW-cm? 8T/%
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30 33593 559 7962 38 7.5

60 36579 606 972 35 8.2

90 38790 663 349 34 9.7

120 36972 599 1394 36 8.1

150 34029 543 6629 39 7.3

180 31062 496 17082 41 7.0
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Fig. 4. Experimental results of superposition state absorption of different polarization directions under 450 nm non-resonant exci-

tation: (a) Results of the I-scan experiment. The circles indicate the experimental data, and the solid lines indicate the excited state

absorption curve: (b) polarization-dependent non-linear modulation depth polar plot: (c¢) polar plot of the change in polarization-

dependent linear absorption coefficient ap; (d) polarization diagram of polarization-dependent saturated absorption intensity I

(e) polarization diagram of the polarization-dependent excited state absorption coefficient By; (f) polarized graph of polarization-

dependent saturation light intensity I, absorbed by the excited state.

#2450 nm TP RIRARICH) TR LIS SRS B S 45 R

Table 2.

tation polarization.

Fitting results of I-scan nonlinear superposition state absorption parameters related to 450 nm non-resonant exci-

Polarization/(°) ag/cm Bo/cm-GW 1 I o/GW-cm 2 L/GW-cm™? 8T/%

0 43909 175 9390 63 4.6
30 49631 157 1258 69 5.6
60 60289 65 409 75 7.1
90 67501 22 188 79 9.9
120 57266 81 469 76 6.8
150 48345 158 2333 68 5.0
180 43173 176 10483 62 4.6
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Fig. 5. Schematic diagram of GeSe, based polarized-depen-

dent all-optical switching.
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

Polarization-dependent nonlinear optical response in GeSe,"
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Cheng Xiang-AiV?3)  Jiang Tian 2T
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2) (State Key Laboratory of Pulsed Power Laser Technology, Changsha 410073, China)

3) (Hunan Provincial Key Laboratory of High Energy Laser Technology, Changsha 410073, China)

( Received 25 March 2020; revised manuscript received 11 April 2020 )

Abstract

Germanium diselenide (GeSe,), a layered IV-VI semiconductor, has an in-plane anisotropic structure and a
wide band gap, exhibiting unique optical, electrical, and thermal properties. In this paper, polarization axis
Raman spectrum and linear absorption spectrum are used to characterize the crystal axis orientation and
energy band characteristics of GeSe, flake, respectively. Based on the results, a micro-domain I scan system is
used to study the optical nonlinear absorption mechanism of GeSe, near the resonance band. The results show
that the nonlinear absorption mechanism in GeSe, is a superposition of saturation absorption and excited state
absorption, and is strongly dependent on the polarization and wavelength of incident light. Under near-
resonance excitation (450 nm), the excited state absorption is more greatly dependent on polarization. With
different polarizations of incident light, the modulation depth can be changed from 4.6% to 9.9%; for non-
resonant excitation (400 nm), the modulation depth only changes from 7.0% to 9.7%. At the same time,
compared with saturation absorption, the polarization-dependent excited state absorption is greatly affected by

the distance away from the resonance excitation wavelength.

Keywords: anisotropy, excited state absorption, micro-domain I-scan
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laser based on CNT-PVA film.
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Fig. 2. Polarization precessing VDS:

(a) Typical dissipative optical spectrum; (b) pulse trains measured by oscilloscope; (c) signal

noise ratio at fundamental frequency where the inset shows radio-frequency spectrum over 3 GHz; (d) polarization evolution trace

shown on Poincare sphere; (e) power of two orthogonal polarization states; (f) DOP and phase difference.
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

Experimental study on dissipative soliton fiber laser with
dynamically tunable polarization trajectory”

Zhao Chang!  Huang Qian-Qian!  Huang Zi-Nan  Dai Li-Long!
Sergeyev Sergey?  Rozhin Aleksey?  Mou Cheng-Bo DT

1) (Key Laboratory of Specialty Fiber Optics and Optical Access Networks, Shanghat Institute for Advanced Communication and Data
Science, Joint International Research Laboratory of Specialty Fiber Optics and Advanced Communication,
Shanghai University, Shanghai 200444, China)
2) (Aston Institute of Photonic Technologies (AIPT), Aston University, Birmingham BATET, UK)

( Received 10 August 2020; revised manuscript received 27 August 2020 )

Abstract

In this paper, a dissipative soliton mode-locked fiber laser is established based on carbon nanotube in order
to study the polarization dynamics of dissipative soliton by using a commercial polarimeter. Under the pump
power of 160 mW, stable dissipatives soliton are observed to have a limited cycle polarization trajectory shown
on Poincare sphere, indicating the periodic modulation of anisotropy in cavity. The stable dissipative soliton
possesses a high signal noise ratio of 57.7 dB at fundamental frequency. Moreover, the fast oscillation of state of
polarization leads to a lower degree of polarization (DOP). In addition, the polarization controllers are
employed to compensate for the birefringence in the cavity to adjust the ratio between cavity length and
birefringence length. As a result, we can observe the polarization evolving from the polarization locked attractor
to the limited cycle attractor by adjusting polarization controllers. It is noted that this dynamic polarization
trajectory can be manually controlled. By comparing polarization attractor with DOP, it is clear that the size of
trajectory shown on Poincare sphere is inversely proportional to DOP. We expect our work to be conducible to

studying the physics in lasers and creating a new type of polarization tunable laser.

Keywords: fiber laser, dissipative soliton, polarization attractor

PACS: 42.65.Re, 42.81.Gs, 42.65.—k DOI: 10.7498/aps.69.20201305
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Fig. 1. Cell device model and structural parameters: (a) Sche-
matic diagram of thin film solar cell and Ag@SiO,; (b) the

refractive index (n) and extinction (k) of materials.
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Fig. 2. Regulation of SiO, on response spectrum of solar cell: (a) Reflectance spectrum; (b) transmitted spectrum; (c) absorption

spectrum.
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Fig. 4. Spectral response characteristics and photoelectric conversion performance of solar cell with different structures: (a) Total

absorption of cell devices; (b) external quantum efficiency; (¢) optical loss in inactive layers; (d) current voltage characteristics.
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SPECIAL TOPIC—Nonlinear optics and devices of low-dimensional materials

Ag@SiO, coupled structure’s design and regulation and
control of response to thin film solar cells”

Gong Bu-Qing?  Chen Xiao-Yu!  Wang Wei-Peng!  Wang Zhi-Ye !
Zhou Hua?  Shen Xiang-Qian V1
1) (School of Physical Science and Technology, Xingiang University, Urumqi 830046, China)

2) (School of Physics, Shandong University, Jinan 250100, China)

( Received 4 March 2020; revised manuscript received 19 March 2020 )

Abstract

The coupled nano-structure Ag@SiO, has both plasmon excitation like metallic nanoparticles and
diffraction scattering like a dielectric nanosphere, which effectively controls the propagation path and the energy
distribution of incident light and shows great potential applications in light trapping for thin film solar cells. In
this work, we construct a three-dimensional electromagnetic model based on the finite-difference time-domain
(FDTD) and rigorous coupled-wave analysis (RCWA) method to investigate the regulation mechanism of
Ag@SiO, coupling structure to the spectral response of amorphous silicon cells. By being optimally designed, a
high-efficiency cell device is achieved. The results show that the transmitted light into the active layer reaches a
maximum value when Ag and SiO, have their feature sizes of 18 and 150 nm, respectively. The absorption
spectrum of the corresponding cell device also arrives at its maximum value. The photoelectric conversion
efficiency is enhanced from 7.19% to 7.80%, with an increment of 8.48% compared with the flat solar cell with

an equivalent thickness of absorbing layer.

Keywords: Ag@SiO, coupled structure, light trapping, diffraction scattering, plasmon excitation
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