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Fig. 1. Schematic diagram of a scattering-type scanning near-field optical microscope (s-SNOM).
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Fig. 2. Schematic diagram of the waveforms and Fourier components of near-field optical signal and far-field background noise.
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Fig. 3. Schematic diagram of the dry transfer to fabricate twisted bilayer graphenel': (a),(e) Schematic diagram of layer pick-up,
the red box represents a zoom-in view of the hemispherical handle substrate; (b)—(d) and (f)—(h) the schematic diagrams and optical

micrographs of successive stacking steps('”.
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Fig. 4. Schematic diagram of two-dimensional material sheet folding technology based on microdome polymer gel®!: (a) Schematic
diagram of the structure of PDMS microdome polymer gel; (b)—(e) the schematic illustrations of folding two-dimensional material

sheet and corresponding optical micrographs of successive steps.
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Fig. 5. In situ manipulation of twisted two-dimensional atomic crystals. (a)—(c) Applying PDMS microdome polymer gel to manipu-

late the stacked two-dimensional materials to twist. (a), (b) Schematic diagrams of the method. (c) The optical images of the

sample before and after twisting. Scale bar is 40 pm®. (d), (e) In situ manipulation of twisted bilayer two-dimensional atomic crys-
tals using AFM probes. (d) A schematic diagram of the method. (e¢) The AFM images before and after twisting®*.
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Fig. 6. Soliton domain walls in stacked bilayer graphene: (a) AFM topography of the bilayer graphene sample on SiO,/Si substrate,
the small triangular area in the lower right corner corresponds to the monolayer graphene; (b) near-field optical image correspond-
ing to Fig. (a)P; (c) schematic diagrams of shear (top) and tensile (bottom) domain wall solitons, the dashed line outlines the do-
main wall region where the AB stacking domain smoothly transitions to the BA stacking domain, arrows indicate dislocation direc-
tions; (d) near-field optical imaging of bilayer graphene, showing L-shaped domain walls; (e) near-field optical images of shear and
tensile solitons in bilayer graphene at different gate voltages, scale bar is 300 nm; (f) corresponds to the scan line at the white
dashed line in Fig. (e), showing gate-dependent plasmon interference behavior at the tensile soliton, the two peaks represented by
dashed lines correspond to two bright lines, and their separation increases with increasing carrier density®d.
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Fig. 7. Various domains of trilayer graphene. (a) AFM image and height profile of trilayer graphene on the substrate. (b), (¢) Ra-
man imaging of three-layer graphene samples before and after laser irradiation. (d) Near-field optical image of trilayer graphene
after laser irradiation. Graphene domains with different stacking orders show different contrasts in near-field optical images. Marked
regions I, II, and III correspond to ABC stacking, ABA stacking, and mixed ABC+ABA stacking domains, respectively. Red ar-
rows highlight additional mixed ABC+ABA stacking domains not shown in the Raman map.*¥! (e) Schematic diagram of the ma-
nipulation of trilayer graphene domain walls using AFM contact mode. The blue arrow indicates the direction of movement of the
tip. (f)—(i) Near-field optical images of domain walls with the reconstructed configuration before and after single-line scanning along
the black arrows in trilayer graphenell.
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Fig. 8. Twisted bilayer graphene superlattice network. (a) Schematic diagram of twisted bilayer graphene showing different stack-
ing configurations. They are marked with AB, BA, AA and SP respectively. (b) Near-field optical images of the periodic triangular
soliton domain-wall lattice of twisted bilayer graphene. P9 (c)—(e) Near-field optical images of the normalized amplitude showing
moiré pattern in buried twisted bilayer graphene encapsulated with hBN at different excitation frequencies. The twist angle is
~0.05°. (f)—(h) Near-field optical images showing different twist angles of 0.06°, 0.11° and 0.21° at excitation frequency w = 1560 cm .
Scale bars are 500 nm. (¥ (i) Schematic diagram of the experimental setup for near-field photocurrent images of twisted bilayer

graphene with AB and BA labels in stacked graphene layers. (j) Photocurrent map of twisted bilayer graphene. (k) Near-field optic-

al phase image corresponding to the yellow dashed rectangle in Fig. (j). Scale bar is 500 nm/*.
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Fig. 9. Twisted hBN superlattice networks. (a) Near-field optical image of the twisted hBN domain structure at a frequency of
1368 cm !, (b) Frequency-dependent plot of the near-field optical signal of the phonon restrahlen band of the twisted hBN. The y-
axis represents the signal ratio of the domain region and the domain wall. The inset shows the corresponding near-field optical im-
age. (c) Schematic diagram of near-field optical imaging of twisted hBN on a graphite/SiO,/Si substrate. The possible stacking
configurations are drawn above (AA, AB, BA). (d) Piezo-force microscopy (PFM) image of twisted hBN. The inset shows DC elec-
trical force microscopy (DC-EFM) imaging. (e)—(j) Images of the near-field optical amplitude and phase for twisted hBN at three
selected frequencies, corresponding to the area marked with white dashed rectangle in Fig. (d). All experiments are performed at the
transverse optical (TO) phonon frequency. (k), (1) Frequency dependence of the dielectric functions of different stacking configura-

tions. (m) The fitting parameters, which reflect the frequency shift of the different stacking configurations/6?.
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Fig. 10. Topological transition of phonon polaritons in the twisted bilayer a-MoOs. ¥l (a) Schematic diagram of the twisted bilayer
a-MoOj3. The [100] and [001] directions of the bottom o-MoOj; are defined as the z and y axes, respectively. The twist angle A is
defined as the counterclockwise rotation angle of the top layer a-MoOj relative to the bottom layer. (b)—(e) and (j)—(m) Near-field
optical images reflecting the topological properties of the phonon polariton dispersion as a function of the twist angle at a frequency
of 916 cm ! (Fig. (b)—(e)) and 986 cm ! (Fig. (j)—(m)); (£)—(i) and (n)—(q) corresponds to calculated real parts of z-components of
the electric field distributions, Re(E,).
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SPECIAL TOPIC—Two dimensional twisted moir¢ superlattice

Near-field optical characterization of atomic structures and
polaritons in twisted two-dimensional materials®

Xu Kun-Qif Hu Cheng  Shen Pei-Yue  Ma Sai-Qun
Zhou Xian-Liang Liang Qi  Shi Zhi-Wen ¥
(Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education), School of Physics and

Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China)

( Received 10 November 2022; revised manuscript received 7 December 2022 )

Abstract

Polariton is a quasiparticle generated from strong interaction between a photon and an electric or magnetic
dipole-carrying excitation. These polaritons can confine light into a small space that is beyond the diffraction
limit of light, thus have greatly advanced the development of nano photonics, nonlinear optics, quantum optics
and other related research. Van der Waals two-dimensional (2D) crystals provide an ideal platform for studying
nano-polaritons due to reduced material dimensionality. In particular, stacking and twisting offer additional
degree of freedom for manipulating polaritons that are not available in a single-layer material. In this paper, we
review the near-field optical characterizations of various structures and polaritonic properties of stacked/twisted
2D crystals reported in recent years, including domain structures of stacked few-layer graphene, moiré
superlattice structures of twisted 2D crystals, twisted topological polaritons, and twisted chiral plasmons. We

also propose several exciting directions for future study of polaritons in stacked/twisted 2D crystals.

Keywords: twisted two-dimensional crystals, polaritons, moiré superlattice, scanning near-field optical

microscopy
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