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Abstract: The interlayer stacking configurations play a pivotal role in defining the crystal symmetry and
Coulomb interactions of two-dimensional (2D) materials, thereby enabling novel ordered states as well as
emergent optical, electronic, and magnetic properties through strategic stacking engineering. These 2D
material structures, characterized by remarkable second-order susceptibility, atomic-scale thinness, and
ideal phase matching, herald new research frameworks in the realm of nonlinear optics. Second harmonic
generation (SHG), an essential nonlinear optical phenomenon, offers precise characterization of the inter-
layer stacking parameters inherent in 2D materials. This paper presents a comprehensive review of SHG
technology as applied to the stacking engineering of 2D materials, Centered on “stacking engineering”,

this paper systematically integrates the dual applications of SHG technology in the characterization and
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performance modulation of stacked structures, with a focus on analyzing the regulatory mechanisms of
key parameters such as homo/hetero-stacking and twist angles on SHG performance. Through detailed
analysis, it highlights the various approaches by which SHG can be used to ascertain the number of layers,
stacking order, as well as angular orientations in stacked 2D materials. Furthermore, the paper explores
the mechanisms by which both homogeneous and heterogeneous stacking configurations modulate SHG
performance, discussing in depth the modulation and enhancement effects induced by stacking engineering.
Finally, this review provides a forward-looking perspective on the transformative potential of material
diversification as well as cross-dimensional stacking in micro- and nano-device applications. By harness-
ing the potential of stacking engineering, researchers aim to uncover unprecedented optical and electronic
characteristics in 2D materials, ultimately driving the evolution of nano-scale devices and technologies
within both scientific research and industrial production domains, fostering significant advancements and

novel developments.
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Fig. 3 SHG Characterization of Stacking Layers
(a) Schematic crystal structures of 2H-MoS: and 3R-MoS:; (b) Relationship between second-harmonic (SH) intensity and layer number for 2H-MoS: and 3R-
MoS:.. The SH intensity of 3R-MoS: follows an approximate quadratic dependence, whereas that of 2H-MoS: oscillates with changing layer number!'”]; (c)
SHG image of 2H-MoS., where pronounced signal intensity is observed only in odd-numbered layers such as monolayer, trilayer, and five-layer samples; (d)

Comparison of SHG intensity variations for 2H-MoS. with different thicknesses!?); (¢) Comparison of SHG signal intensity between h-BN and 2H-MoS.
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(f) Schematic crystal structures of f-GaSe and e-GaSel?!2?]; (g) Relationship between second-harmonic intensity and layer number for f-GaSe and e-GaSel??];
(h) SHG signal distribution of GaSe nanosheets with different thicknesses??!
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K 6 SHG characterization of interlayer twist angles
(a, b) Total second-harmonic (SH) signal (without an analyzer) of two overlapping WS. monolayers in the region of interest (ROI), and a magnified view of
the total SH intensity within the selected ROI. Three points of interest (POIs) are marked in the image; (c-f) Polar plots of the SH intensities at the three POIs;
(g, h) Armchair orientation imaging within the ROI and the spatial distribution map of the twist angle in the overlapping region of the two WS monolayers!*’];
(i) Variation of the SHG signal of bilayer WSe: as a function of twist angle (¢), where the vertical axis represents the excitation laser’s central photon energy
E.y, and the horizontal axis represents the emitted SHG photon energy Eep; The color scale indicates normalized SHG intensity?7]
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Fig. 7 SHG performance of homostacked 2D materials

(a) Schematic illustration of the stacking procedure for a t (m + n) layered-graphene (LG) structure; (b) SHG responses under 1064 nm excitation for mono-
layer MoS: (black curve), 13°-t (1+1) LG (red curve), and 13°-t (1+2) LG (blue curve). The inset shows the log-log plot of SHG intensity versus incident laser
power for the 13°-t (1+2) LG, where t denotes the twist angle, m and n represent the layer numbers of the two stacked graphene parts, and LG refers to layered
graphenel®J; (c) Schematic stacking structure of an N-layer bulk BN crystal arranged with oriented domains separated by AB interfaces; (d) Optical image and

(e) confocal SHG image of the device, which contains regions with thicknesses from 1N to 4N layers (N = 25); (f) Dependence of SHG intensity on the num-

ber of oriented bulk BN crystal blocks in the stack. The inset shows the SHG intensities for regions of different thicknesses!
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Fig. 8 SHG performance of heterostacked 2D materials
(a) Optical microscope image of a 2LM/1LG van der Waals heterostructure formed by transferring bilayer MoS. (2LM) onto monolayer graphene (1LG), and
(b) the corresponding spatial SHG mapping acquired under 532 nm excitation; (c) Side-view isosurface map of the charge-density difference induced in the
2LM/1LG van der Waals heterostructure, with an isovalue of 1x107* ¢/A3, Red regions indicate electron accumulation, while green regions indicate electron
depletion%; (d) Optical microscope image of a trilayer ReSz/graphene heterostructure and (e) its corresponding SHG image; (f) Schematic illustration of
charge transfer between trilayer ReS: and graphenel®']
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Table 1 SHG performance of stacked 2D materials

SHG Performance

) ) Fabrica- )
Stacking types Material 2P/(x10712, Emission wave- ) Thickness Ref.
tion
m/V) length/nm
MoS: 5.5 400 CVD 1L [47]
Exfolia- [58-
MoTe2 5 500 Few Layers
tion 59]
WSz 17 400 CVD 1L [47]
Intrinsic stacking
Exfolia- IL. Few
h-BN 200 405 [20]
tion Layers
[60-
WSe:2 0.4-6 400 CVD Few Layers 61]
Homogeneous MoS2/MoS: 280 405 CVD 2L [34]
stacking h-BN(AB/AC) 4 405 CVD 2L [20]
Exfolia-
WS2-MoS: 95 625-750 ) 2L [47]
Heterogeneous tion
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WSez2/MoSe2 4.5 400 ) 2L [49]
tion
Twisted bilayer MoS: (6=95.3°) 140 400 CVD 2L [34]
Twisted bilayer MoS:
190 400 CVD 2L [34]
(6=1.2°/58.2°)
) ) ) Exfolia-
Twisted stacking Twisted MoS2/WSe: (6=29.82°) 130 282-387 ) 2L [62]
tion
) Exfolia-
Twisted MoS2/WSe: (6=0.79°) 700 282-387 ) 2L [62]
tion
Twisted MoS2/WSa2 (6=60°) 11.5 400 CVD 2L [47]
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