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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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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

with 2p state of A exciton; (b) excitation wavelength dependent SHG of monolayer WSe, at T = 4 KPY; (c) second order nonlin-

ear susceptibility and absorption served as the function of pump laser energy in monolayer (blue) and trilayer (green) MoS,/!'¢; (d
P Yy P pump gy y Y g 2 s

(e) illustration of SHG enhancement in spiral WS, flake when the excitation energy slightly above bandgap by comparison of re-

flective spectrum with SHG spectrum?®!; (f) SHG spectra (dotted traces) of monolayer alloys and corresponding room-temperature
PL spectra (solid traces); (g), (h) CVD grown monolayer MoS, flakes show edge enhanced SHG!..

(Hsd) 520t (k) Jeik. nTLAE ), REH i1
e pag i, HRE YGRS BB B, IF
HARBUADG A S SR B IR, 2460
BiALHH MoSy (1 ,)Sey, H1 & 4143 0.18 Fl 0.3 B,
B T BT 9 U D B I AR T A BT
JE, Y 2 = 0.62 N, B T3R80 —UGRIR A
C2Je A WMT RPN, SEBR BiX Rl B 7S IRTE
A R (B) AR SH SR R A X X AR R
TRBCILIRY SEM IS, Le 55 02 WS A S AF G 1Ak
AYEIEAT TARRE. FERNGLAL S SR il 45
e, ALY BT e o R BUR R T4 K

A AR SRR B el A A Bk S SR R
1) 1531, [ B3 o BB A5 119 4 vt s WA BREAE T 2T R
B L O OGS = e . R SR R
7S 4 ve 2L R G T B I LR A6, H B
ETCE B, &M AR REBGE T
Sy N9 Ol e e e U E S5 ety p S A Tl S et s
TR L.

2014 AF J R 2# AR R 5 43 A 1) Yin 45 174
T — RPN T B R I RIS
TE TR FRAE K B2 MoS, 1Y, Yin 25 FHAY & T
5 A BT IR (0.93—0.97 V) X HET—

184210-9


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)

184210

YO BORAER, v LA M E— 2R g (I T, HR
R G R TSR, SEB T 0GRS S
9 (18 4(g)—(h)). X — IR E BRI K=
Lin 85 PR T E—DRIWTFE. Tl BRIZIEST R T8
T RRAE AT RLUZ B, A KA LR MoS, 7715 Pl
AR BRI (B =B 90K R il g), Hoph =
FAIE S G SO M JE B L 320, T = f e i 2%
BEEL A SR A5 Klein R (GRALT A1 2206 P Y
Klein ). XF Tk PR R LR, 8 53 %
BN FAEATR B A S SR LA R R fE
I ] A BN RO T AN R 3 2 — Ui
P I 5 AN P,

3.4 BEDIAEEEM

4 TMDCs 19 75 — MR R s R HBA
FHRES A . R TRA AME, IF 2 AR TH
T RAT R P LI R 0 A B BEAT A6 AT I b
L REAT ISR AL B (IRAL , —4ERT R R AL
R T B URIR T A N IX + K 5K S50 T4
(o%) MeFHAR (o) SeFIBERErER I . an
ST X R B E X e s R P AR TR IR R RESS
BT, IR 28R BETE B4 S I REAY H . B0k
TR, 4880 TMDCs 7EIRIR T BB A K
A AR AR 33 BOSTL R RI ) WSy H T 5 5 1 it A
TEEIR T R 20% I Ak % B8] s g
G AR A B AT T RS, W
RE AT IR TE RO 3ok 7t A o 8 B0 3.
2015 4 Seyler ¢ PR T A ¥ T IR B WSe,
F RSB NS 7 A2 T 100% 18 15 i 41 e A6 32
wmE 5(a) BT, 24 Bk 3R 198 kOt 5 WSe, 1)
A PR, B SE (w) AR (00) ¥ r™

ALk — B AR (o) 50 (2w) S6F,
AR (o) W& BHE SLIE LA R . Seyler 45443
Tl 4 i B Jg B2 WSey 1 T Dy, iR S5 M 17 AE
BT FRIE B F TR LA B =5 R e e WA, 75 s
FEAT MR RS R G R OR TG, 38R
Ui, FEHOLF R R, 4EA R A A B X
B+ K (—K) BRI ot (o) BDET. Wik TF308
TR FE RS AL, B T B e B e )
Aot (o) TR - K (+K) SRR, JE48
SHEMRE o (o) T (B 5(b)). X Fp 244k
HR R 14 1 O R B A RO T 3 6 E I TE 2015 48
B Xiao 5 00 50T HE— 25 0 GG . 1E 4R
A EAE A R, = A5 B ERE SRR B R A
TR s sFiE. AR BE R fsh & Arh, 3%
T-Ashi Alh, 56 ha SNh FDET e f g i
Amh B LT R R:

Amh = Ath+ Alh + 3Nh, (17)
REROEF IR B, [ e sl i1l 5 S Re
BT USRS f s e AR R SRR
M}, BT B ANBOEF 2 5 IR i FRR R
HRB A T B IO, R DR E S T SRR 1Y
LT, 4l o 58 o R ARRE HAE 0 2 I RE A
KA OO N, 78 1s D REL I WS, K
o+ K AR 1s BB ESR —1h BER
Sl AR LA K 0k T sh i AR 4, BRI A~
U 3 ad A AN 4 A 2 s Y oG F,
I 45 G R A 3h A sh R E K. K R
s B FRITH o ARG . XA 4 LA
SEIFAN T RO R T, BRI
VELAREE | RS, B X Pl RE A G r 2 (4 7
FHUSETF B A8 A 2 3L

(a)

S
[=)
T
©
Q
+
o
E
7
2
=}
B

9 o~ emission

w
(=)

[
o
T

—
(=)
T

SHG intensity/counts-s—1!

9 o~ emission

o

1.60 1.65 1.70 1.60 1.65

Emission energy/eV

Fl5 U M R I
i 452 15

1.70

Emission energy/eV

(a) FLJZ 19 WSe, R BL 530K S0 AH B 19 15 i 4k — VI I8 1% (b) 4R — OB I AR A L2
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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”
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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

PACS: 42.65.-k, 42.65.Ky, 78.40.Fy, 81.07.-b DOI: 10.7498/aps.69.20200452

* Project supported by the National Natural Science Foundation of China (Grant Nos. 51525202, U19A2090, 91850116,
51772084) and the Hunan Provincial Natural Science Foundation of China (Grant No. 2018RS3051).
t Corresponding author. E-mail: xiao wang@hnu.edu.cn

1 Corresponding author. E-mail: anlian.pan@hnu.edu.cn

184210-22


http://doi.org/10.7498/aps.69.20200452
http://doi.org/10.7498/aps.69.20200452
mailto:xiao_wang@hnu.edu.cn
mailto:xiao_wang@hnu.edu.cn
mailto:anlian.pan@hnu.edu.cn
mailto:anlian.pan@hnu.edu.cn
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

