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12.1 Two-dimensional systems

Two-dimensional materials (2DMs) are easily exfoliable from their three-dimensional

(3D) parent crystals due to the strong in-plane covalent bonds and weak interlayer van

der Waals (vdW) interactions [1]. Because the physical properties in few-layer 2DMs

change significantly in comparison with their bulk counterparts [2, 3], they have

served as promising candidates for the applications in next-generation nanoelectronics

and optoelectronics since the first discovery of a truly 2DM of graphene [4]. The two-

dimensional (2D) databases consist of the graphene family (e.g., graphene [4, 5], hex-

agonal boron nitride [hBN] [6]), 2D dichalcogenides (e.g., MX2, M¼Mo, W, X¼S,

Se, Te [7]), 2D oxides (e.g., MoO3, WO3 [8]) and perovskite families (e.g., halide

perovskite [9]), ranging from metals (e.g., NbSe2 [10], TaS2 [11]), semimetals

(e.g., graphene, WTe2 [12]), semiconductors (e.g., MoS2 [13]) to insulators (e.g.,

hBN). In fact, Mounet et al. identified 5619 layered compounds from 108,423 exper-

imentally known 3D compounds by high-throughput calculations, in which 1036 com-

pounds are easily exfoliable and 789 compounds are potentially exfoliable [1].

According to the space group and structure similarities, the 1036 easily exfoliable

compounds can be divided into 562 prototypes, among which the 10 most common

ones, representing a total of 214 structures, are shown in Fig. 12.1A. Except for

the FeOCl-like prototype, all these common prototypes have high-order rotational

axes, especially the threefold rotational axes. The MX2-like prototype is the most

common with 64 similar structures included [14], to which many transition metal

dichalcogenides (TMDs) and dihalides belong. Until now, the prototypes of CdI2 (e.g.,

SnS2 [15], etc.), MoS2, and FePS3 [16, 17] are compelling and attract much attention,

while the NdTe3 prototype common to many rare-earth tritellurides has not been

reported.

The 2DMs with different number of layers may belong to different space groups

due to the varied out-of-plane translational symmetry. Furthermore, because of the

interlayer coupling, the number of layers provides a new degree of freedom for manip-

ulating novel properties of 2DMs. For example, the semiconductor MX2 undergoes a

transition from indirect-gap semiconductor of bulk material to direct-gap
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Fig. 12.1 (A) The most common 2D structural prototypes, together with the structure-type formula and the space group of the 2D systems.

(B) Schematic diagrams of the three typical structural polytypes of MX2 (M¼Mo,W, X¼S, Se, Te): 2H, 3R, and 1T. a and c represent the in-plane and
out-of-plane lattice constants, respectively. (C) A typical schematic for twisted bilayer graphene with the twist angle of θ. The schematics of two

vdWHs: (D) MoS2/graphene and (E) WS2/hBN.

(A) Adapted from N. Mounet, M. Gibertini, P. Schwaller, D. Campi, A. Merkys, A. Marrazzo, T. Sohier, I.E. Castelli, A. Cepellotti, G. Pizzi,

N. Marzari, Two-dimensional gas of massless Dirac fermions in graphene, Nat. Nanotechnol. 13 (3) (2018) 246–252, https://doi.org/10.1038/s41565-
017-0035-5; (B) adapted fromQ.H.Wang, K. Kalantar-Zadeh, A. Kis, J.N. Coleman,M.S. Strano, Electronics and optoelectronics of two-dimensional

transition metal dichalcogenides, Nat. Nanotechnol. 7 (11) (2012) 699–712, https://doi.org/10.1038/nnano.2012.193.
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semiconductor of the monolayer [13]. In addition, for a 2DM with a given number of

layers N (NL-2DM), the stacking order of the repeated rigid layer in the c-axis can be
different, leading to various structural polytypes [14, 18], as one typical example of

MX2 depicted in Fig. 12.1B. There are two common polytypes, 2H (H: hexagonal) and

3R (R: rhombohedral) for the stacking of 1H-MX2, in which the ith layer in 2H stac-

king is rotated by 180 degrees with respective to the (i� 1)th layer while the adjacent

layer undergoes a shift in 3R stacking. Thus, inversion symmetry exists in the even

N layered (ENL) 2H-MX2 but not in the odd N layered (ONL) 2H-MX2. Furthermore,

the metal atoms can also behave in octahedral coordination to generate the 1T stac-

king. The 2H-, 3R-, and 1T-stacked trilayer MX2 belong to D3h, C3v, and D3d symme-

tries, respectively, resulting in distinct novel electronic and optical properties [18, 19].

As the 2H stacking is the most common and stable stacking for MX2, we only refer to

2H-stacked MX2 when we talk about MX2 later without any emphasis. In addition to

the natural stacking orders for 2DMs, the twisted stacking can be naturally generated

in a mechanical exfoliation process or formed by wet/dry transfer [20, 21]. Fig. 12.1C

plots one typical schematic of the twisted bilayer graphene (tBLG) with a twist angle

of θ, in which the moir�e patterns are obviously observed. Twisted stacking can also

occur between the constituents with different number of layers, forming the twisted

multilayer 2DM (also denoted as tðm + n + ⋯ Þ L-2DM, N ¼ m + n + ⋯ ).

Besides, the van der Waals heterostructures (vdWHs) have recently emerged as an

additional avenue to engineer new physical properties by assembling various

2DMs together in a desired fashion, since they exhibit remarkable electronic and opti-

cal properties compared with their constituents [22]. Fig. 12.1D and E shows the sche-

matic diagrams of MoS2/graphene and WS2/hBN heterostructures, respectively. In

twisted systems or the vdWHs formed by constituents with nearly the same lattice

constants, the moir�e superlattice can be generated at the interface, which can period-

ically modulate the behaviors of electrons [23], excitons [24], and phonons [25]. The

features of moir�e bands can be revealed by the transport properties [26], while the so-
called moir�e excitons and phonons have been probed via photoluminescence [27–29]
and Raman spectroscopy [25], respectively.

The sensitivity of electronic and optical properties of 2DMs to the number of

layers, stacking order, and assemblies in their hybrid systems have captured the inter-

est of the scientific community to expand the understanding in fundamental physics

behind the 2DMs and related vdWHs. Optical spectroscopy techniques, including

optical contrast (OC), photoluminescence (PL) spectroscopy, Rayleigh scattering,

Raman spectroscopy, and second-harmonic generation (SHG), serve as powerful tech-

niques to investigate the electronic and optical properties through light-matter inter-

actions. This chapter is organized as follows: Section 12.2 addresses the OC and

differential reflection spectrum in 2DMs as useful tools for thickness and exciton level

characterization. The typical PL spectra in semiconductor MX2 and their valley polar-

ization are demonstrated in detail in Section 12.3. The signatures of the moir�e excitons
of vdWHs in PL are also included. A simple introduction to Rayleigh scattering is

given in Section 12.4. Section 12.5 provides a broad review of the Raman spectros-

copy in pristine 2DMs, twisted 2DMs, and vdWHs. And finally, Section 12.6 presents

the recent works on SHG in 2DMs.
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12.2 Optical contrast

By depositing a thin film onto a substrate with multilayer structure, varied multiple

reflection and optical interference occur in thin films on substrate and the bare sub-

strate, resulting in significantly different reflected light intensity of thin film from the

bare substrate [30, 31], as shown in Fig. 12.2A. The relative intensity of reflection

light between the thin film on substrate and the bare substrate is defined as the OC

of the thin film. For physical characterization and device applications, 2DMs are usu-

ally deposited onto the SiO2/Si or quartz substrates, which leads to a multilayer struc-

ture consisting of air, 2DMs, and substrates. The OC of 2DMs on substrate can be

calculated by [31]

OCðλÞ ¼ 1� R2DM+subðλÞ=RsubðλÞ, (12.1)

where R2DM+sub (λ) and Rsub (λ) are the reflection light intensity from 2DMs on sub-

strate and that of bare substrate, respectively. Due to the multiple reflection interfer-

ence and the wavelength-dependent complex refractive index of 2DMs and substrates,

the reflection light intensity and thus the OC are dependent on the wavelength (λ) of
the incident light, as an example of monolayer graphene (1LG) on 90 nm SiO2/Si sub-

strate shown in Fig. 12.2B and C. The setup for OC (λ) under backscattering config-

uration is demonstrated in detail in [31]. The OC (λ) of 2DMs on a substrate makes

them be visible by the naked eye through a microscope, which can be further utilized

to identify the number of layers, as discussed later.

From the perspective of theoretical calculation, OC (λ) can be quantitatively cal-

culated by the transfer matrix based on the multiple reflection interference method

[32, 33], in which the electric and magnetic components in each medium are con-

nected by the multiplication of characteristic matrices. The detailed calculation has

been reported [32]. The calculated OC (λ) is determined by the wavelength (λ),

Fig. 12.2 (A) Schematic diagrams of multiple reflection and optical interference in the

multilayered structures containing air, 2DM, SiO2, and Si for the incident and outgoing light.

s and p represent the s- and p-polarization components of the incident light, respectively.

(B) The reflection spectra from bare SiO2/Si substrate (Rsub) and from 1LG on the substrate

(R2DM+sub). (C) The corresponding OC for 1LG.
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numerical aperture (NA) of the objective, complex refractive index, and thickness of

each dielectric medium. Fig. 12.3A shows the theoretical and experimental OC (λ) of
one four-layer graphene (4LG) on SiO2/Si substrate with 90-nm thick SiO2 (hSiO2

¼
90 nm) using an objective of NA ¼ 0.45 and NA ¼ 0.9. Notably, the objective of NA

� 0.55 is recommended for OC (λ) measurements to obtain better agreement between

experimental and theoretical results [32]. In addition, when varying the thickness of

SiO2 covered on the Si wafer, the OC (λ) curve changes dramatically, as shown in

Fig. 12.3B. Furthermore, the OC (λ) of 2DMs on the SiO2/Si substrate is sensitive

to the number of layers of 2DMs, which bridge the gap between OC (λ) and the deter-
mination of thickness of 2DMs. For example, as shown in Fig. 12.3C, as the thickness

of N-layer graphene (NLG) increases, the OC maximum increases significantly once

Fig. 12.3 (A) The theoretical and experimental OC (λ) of 4LG on a SiO2/Si substrate (hSiO2 ¼
90 nm) with objectives of NA ¼ 0.45 and NA ¼ 0.9. (B) The theoretical and experimental OC

(λ) of 4LG on SiO2/Si substrates of hSiO2 ¼ 90 nm and hSiO2 ¼ 286 nm using an objective with

NA ¼ 0.45. (C) The theoretical and experimental OC (λ) of 2LG, 3LG, and 4LG on SiO2/Si

substrate of hSiO2 ¼ 286 nm with an objective of NA ¼ 0.45; the inset represents the optical
images of 3LG and 4LG. (D) Schematic diagrams for the incident and outgoing light in the

multilayer containing air, 2DM, and quartz. s and p represent the s- and p-polarization
components of the incident light, respectively. Differential reflectance spectra of mechanically

exfoliated (E) 2H-WS2 and (F) 2H-WSe2 with one to five layers. The peaks are labeled.

(C) Adapted from Y. Lu, X.-L. Li, X. Zhang, J.-B. Wu, P.-H. Tan, Optical contrast

determination of the thickness of SiO2 film on Si substrate partially covered by two-dimensional

crystal flakes, Sci. Bull. 60 (8) (2015) 806–811, https://doi.org/10.1007/s11434-015-0774-3; (E,
F) adapted from W. Zhao, Z. Ghorannevis, L. Chu, M. Toh, C. Kloc, P.-H. Tan, G. Eda,

Evolution of electronic structure in atomically thin sheets of WS2 and WSe2, ACS Nano 7

(1) (2013) 791–797, https://doi.org/10.1021/nn305275h.
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the NA and hSiO2
are given. Therefore, once hSiO2

is determined by OC [32], it is pos-

sible to distinguish the thickness of 2DMs by checking the agreements between the

experimental and calculated OC (λ) based on the transfer-matrix method. The accu-

racy for the thickness identification of 2DM flakes is dependent on the OC (λ) differ-
ence between the flakes with adjacent number of layers. Generally, using OC (λ) can
determine the number of layers of NLG up to N ¼ 8.

For the effective measurement of the absorbance in semiconductor TMDs, it is

common to use the transparent quartz substrate to measure the differential reflectance

[34, 35], that is, the change in reflection intensity for 2DMs on quartz relative to that of

the substrate, which can be defined by

δðλÞ ¼ R2DM+subðλÞ=RsubðλÞ � 1: (12.2)

The differential reflectance of a 2DM flake relative to a transparent substrate with

refractive index of nsub is related to the absorbance (A) of the 2DMs by δðλÞ ¼
4

n2
sub

�1
AðλÞ [34]. Fig. 12.3D shows the schematic diagram for the incident and outgoing

light within the multilayer medium of 2DMs deposited on a quartz substrate.

Fig. 12.3E and F shows the corresponding differential reflectance of WS2 and

WSe2 with the number of layers 1–5 [34], respectively. Distinct peaks represent

the great absorbance related to the excitons. It is obvious that all the exciton peaks

of WS2 and WSe2 exhibit a gradual blueshift with the thickness decreasing. Indeed,

the excitonic absorption peaks A and B correspond to the direct transitions at the

K (K’) point and the energy between A and B arises from the spin-orbit interac-

tion [13]. Besides, additional peaks can be observed, in which the C peak

in WS2 originates from the optical transition between the density of states peaks

in the valence and conduction bands [36], while the A0 and B0 peaks of WSe2 arise

from the splitting of the ground and excited states of A and B transitions, respectively

[34]. The differential reflectance is widely utilized to determine the exciton peak posi-

tions for semiconductors and their related vdWHs, including the intralayer and inter-

layer excitons [29, 34, 35].

12.3 Photoluminescence spectroscopy

When a semiconductor is excited by the external energy, the electrons within the

valence band jump to the conduction band, leaving a hole within the valence band.

Following the excitation, the electrons and holes can spontaneously decay to the band

edges and recombine again to release the energy in the form of light. This process is

called luminescence, including electroluminescence and PL. PL is one form of light

emission as a result of a semiconductor excited by photon energy, which is related to

its unique electronic band structure, lattice structure, defects, carrier transport, and so

on [13, 34, 37, 38]. For a semiconductor exhibiting a large exciton binding energy,

the excited electron will be attracted to a hole by the electrostatic Coulomb force

to form an exciton, and its optical properties are dominated by excitonic effects.
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PL spectroscopy has been extensively studied in various material systems to reveal

their optoelectronic properties. In recent years, a series of fascinating optical proper-

ties, such as strong excitonic effects and valley polarization, have been extensively

reported in 2DMs and their vdWHs, which can be directly revealed by PL spectros-

copy and will be demonstrated in detail later [27–29, 39–41].
Most MX2 undergo a transition from an indirect-gap semiconductor in the bulk

form to a direct-gap semiconductor in the monolayer due to the absence of weak

interlayer coupling in the monolayer [13]. Furthermore, the strong dimensionality

confinement and reduced dielectric screening can greatly enhance the exciton

binding energy, up to hundreds of meV [42, 43]. Thus, the few-layer MX2 tend

to exhibit strong excitonic effects, which can greatly modulate their optical prop-

erties, such as PL and optical absorption. The direct bandgap in monolayer TMD

can significantly enhance its PL yield. For example, the surprising bright PL from

monolayer MoS2 (1LM) can be detected in contrast to that from bilayer MoS2, as

shown in Fig. 12.4A [13]. With increasing the number of layers of MoS2 from 1 to

6, the quantum yield decreases monotonously, as depicted in the inset of

Fig. 12.4A. The corresponding normalized PL spectra of one to six layered

MoS2 by the A exciton emission are depicted in Fig. 12.4B. The 1LM exhibit a

single narrow PL profile at 1.90 eV; however, the two to six layered MoS2 flakes

show multiple emission peaks, A, B, and I, corresponding to two direct-gap elec-

tronic transitions at the K (K’) point and an indirect-gap transition, respectively. As
the number of layers increases, the peak I shifts to smaller energy and becomes less

prominent. Similar results have been revealed in other MX2, such as WS2, WSe2,

and MoTe2 [34, 35].

Apart from the strong excitonic effects in monolayer MX2, the inversion symmetry

breaking together with spin-orbit coupling (SOC) can lead to coupled spin and valley

physics in monolayer group-VI dichalcogenides [44]. This makes it possible to control

the spin and valley states, shedding light on the routine toward the integration of val-

leytronics and spintronics in these 2DMs. Taking 1LM as an example, Fig. 12.4C plots

its schematic electronic band structure, in which the conduction and valence-band

edges are located at the corners (K and K0 points) of the 2D Brillouin zone (BZ).

The two inequivalent valleys constitute a binary index for low-energy carriers. On

the one hand, due to the D3h symmetry of monolayer MX2, the inversion symmetry

is broken, which results in valley-dependent optical selection rules for interband tran-

sition at the K (K’) point. On the other hand, the strong SOC originating from the

d orbitals of the heavy metal atoms would lead to the splitting of the valence-band

edge states. In addition, the time-reversal symmetry requires that the spin splitting

at different valleys must be opposite, as elucidated in Fig. 12.4C. Such strong coupling

between spins and valleys can be directly detected by optical pumping with circularly

polarized light [39, 41], because the interband transitions in the vicinity of the K (K0)
point can exclusively couple to the right-(left)-handed circularly polarized light

σ+(σ�). In principle, σ+(σ�) excitation light can generate σ+(σ�) PL emission. How-

ever, the PL emission under circularly polarized excitation is not perfect circularly

polarized light due to the intervalley scattering process. The degree of circular polar-

ization for PL emission is commonly defined as
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Fig. 12.4 See Figure legends on opposite page.

Continued



ρ ¼ Iðσ+Þ � Iðσ�Þ
Iðσ+Þ + Iðσ�Þ , (12.3)

where I(σ�) is the left-/right-handed circular component intensity. Fig. 12.4D repre-

sents the circularly polarized PL spectra of 1LM under the σ+ and σ� polarized exci-

tations of 1.96 eV (near A exciton) at 10 K. The ρ for 1LM is �0.3. The spin

polarization mechanism of polarized PL can be excluded by the magnetic field-

independent PL polarization shown in Fig. 12.4E. Otherwise, the spin polarization

will process about the in-plane magnetic field and lead to decreased ρ. The valley

polarization origin of such polarized PL can be further confirmed by a comparison

of circular polarization of PL between the 1LM and bilayer MoS2 (2LM). The pre-

served inversion symmetry in 2LM leads to a forbidden valley-dependent selection

rule. Thus, the circular polarization of PL in 2LM is expected to be negligible, in good

agreement with the experimental results, as shown in Fig. 12.4F.

In addition, abundant intriguing phenomena modified by defects, electronic dop-

ing, and lattice structure in semiconductor 2DMs have been reported recently. The

neutral and charged defects in TMDs can bind the excitons to generate the so-called

bound excitons [45]. Single-photon emission based on spatially localized excitons in

TMD monolayers can be manipulated by electric and magnetic fields [46–48]. Elec-
trical doping can efficiently control the neutral and charged excitons in monolayer

semiconductor 2DMs [45]. All these extraordinary phenomena suggest interesting

physics in 2DMs and a great potential of 2DMs in nanophotonics.

Furthermore, the optical properties and PL spectroscopy can be modulated by the

band alignments of the constituents and the stacking order in vdWHs. As demon-

strated in Section 12.1, the moir�e superlattice can be naturally generated in twisted

Fig. 12.4 (A) PL spectra of monolayer and bilayer MoS2 flakes in the range of 1.3–2.2 eV.
The inset plots the quantum yield of 1–6L MoS2. (B) Normalized PL spectra of 1–6L MoS2 by

the A emission peak. The spectra are scaled and offset for clarity and the scaling factors are

shown. (C) Schematics of the band structure of 1LM at the K (K’) point of BZ. (D) Polarization-
resolved PL spectra under left-handed (σ+) and right-handed (σ�) circular excitations from a

1.96 eV laser at 10 K. (E) Circularly polarized components of PL spectra at zero and 0.65 T in-

plane magnetic field. The inset shows the schematic configuration for the PL measurements.

(F) Circularly polarized components of PL spectra from monolayer (blue) and bilayer (green)
MoS2. The upper left inset is the schematic of bilayer MoS2 unit cell, while the right upper inset
represents the PL spectra of monolayer (blue) and bilayer (green) MoS2 under linearly polarized

excitation of 1.96 eV at 10 K.

(A, B) Adapted from K.F. Mak, C. Lee, J. Hone, J. Shan, T.F. Heinz, Atomically thin MoS2:

a new direct-gap semiconductor, Phys. Rev. Lett. 105 (13) (2010) 136805, https://doi.org/10.

1103/PhysRevLett.105.136805; (C) adapted from D. Xiao, G.-B. Liu, W. Feng, X. Xu, W. Yao,

Coupled spin and valley physics in monolayers of MoS2 and Other group-VI dichalcogenides,

Phys. Rev. Lett. 108 (19) (2012) 196802, https://doi.org/10.1103/PhysRevLett.108.196802;

(D–F) adapted from H. Zeng, J. Dai, W. Yao, D. Xiao, X. Cui, Valley polarization in

MoS2 monolayers by optical pumping, Nat. Nanotechnol. 7 (8) (2012) 490–493, https://doi.org/
10.1038/nnano.2012.95.
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systems or the vdWHs formed by constituents with nearly the same lattice constants,

which periodically and laterally modulated the electronic and topographic structures

[24]. For example, nanodot superstructures can be generated to confine the long-lived

interlayer excitons, forming the so-called moir�e excitons, as shown in Fig. 12.5A. The
optical properties of moir�e excitons can be constructed by moving adiabatically wave

packets in the moir�e potential. There are three kinds of high-symmetry sites (denoted

as A, B, C sites) with threefold rotational (Ĉ3) symmetry preserved, in which the exci-

ton wave packet (χ) is an eigenfunction of Ĉ3 rotation: Ĉ3χA,s ¼ e�i2π3 sχA,s, Ĉ3χB,s ¼
ei

2π
3
sχB,s , Ĉ3χC,s ¼ χC,s , where s denoted the spin-valley index, s ¼ +(�) represents

the exciton at the K(�K/K0) point with up (down) spin. Because the photons can only
be convertible with excitons of the same rotational symmetry, the spin-up exciton

wave packet at the A (B) site only couples to σ+ (σ�) polarized light while at the

C site, light coupling is forbidden. The Ĉ3 symmetry also leads to energy extrema with

energy variation up to �100 meV, which makes it possible to trap the exciton into a

moir�e potential, as shown in Fig. 12.5A. The experimental signatures of the moir�e
excitons have been unveiled recently [27–29]. Due to strong valley polarization of

the trapped interlayer excitons, the PL peak in heterobilayers should display large cir-

cular polarization. For example, in MoSe2/WSe2 heterobilayers, cocircularly polar-

ized PL can be observed in the samples with θ ¼ 57 degrees and θ ¼ 20 degrees,

while cross-circularly polarized PL is observed in that of θ ¼ 2 degrees, as shown

in Fig. 12.5B–D. The features of moir�e excitons can be further confirmed by the

magneto-PL spectroscopy, in which all PL peaks experience Zeeman splitting under

a nonzero magnetic field, as shown in Fig. 12.5E–G. The energies of the σ+ and σ�

emission shift equally but in opposite directions. The energy difference between σ+

and σ� under the linearly polarized excitation would increase with increasing the mag-

netic field value. The extracted Land�e g-factor of the moir�e excitons are �15.89,

�15.79, and 6.72 for the MoSe2/WSe2 heterobilayers with θ ¼ 57 degrees, θ ¼
20 degrees, and θ ¼ 2 degrees, respectively, as demonstrated in Fig. 12.5H–J. The
g-factor is similar for all the PL peaks in heterobilayers with similar twist angles

[27]. The similar g-factors for heterobilayers with θ ¼ 57 degrees and θ ¼ 20 degrees

arise from the similar valley pairings of the heterobilayers with twist angles in the

vicinity of 60 and 21.8 degrees. However, due to the weaker optical dipole of the

umklapp recombination at 21.8 degrees than that of the direct recombination at 0

and 60 degrees, the PL emission for heterobilayers with θ ¼ 20 degrees is much wea-

ker than of θ ¼ 2 degrees and θ ¼ 57 degrees, in line with the experimental results

depicted in Fig. 12.5B–D. In addition, Tran et al. have revealed that the energy spacing
between the PL peaks from interlayer exciton of MoSe2/WSe2 heterobilayers is

twisted-angle dependent, which is consistent with the calculations of trapped excitons

confined within a moir�e potential [28]. Jin et al. highlighted that the moir�e exciton

states in WSe2/WS2 with a small twist angle manifest as multiple emergent peaks

around the A exciton of pristine WSe2 and exhibit distinct gate-dependent behaviors

from that of the A exciton in monolayer WSe2 and heterobilayers with a large twist

angle [29]. The experimental evidence of moir�e excitons presents potential platforms

to manipulate the excitons and moir�e optics in vdWHs for nanophotonics and quantum

information applications.
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Fig. 12.5 (A) Schematic of moir�e superlattice formed in a heterobilayer with θ and an exciton trapped in a moir�e potential site. Helicity-resolved PL
spectra of a trapped interlayer exciton of MoSe2/WSe2 heterobilayers with (B) θ ¼ 57 degrees, (C) θ ¼ 20 degrees, and (D) θ ¼ 2 degrees

excited with σ+ polarized light at 1.72 eV. The insets show their corresponding twist angles. (E–G) Total PL intensity with the change of magnetic field

for the above three sample, respectively. (H–J) Zeeman splitting of the polarization-resolved PL as a function of the applied magnetic field for

the above three samples, respectively.

Adapted from K.L. Seyler, P. Rivera, H. Yu, N.P. Wilson, E.L. Ray, D.G. Mandrus, J. Yan, W. Yao, X. Xu, Signatures of moir�e-trapped valley

excitons in MoSe2/WSe2 heterobilayers, Nature 567 (7746) (2019) 66–70, https://doi.org/10.1038/s41586-019-0957-1.

https://doi.org/10.1038/s41586-019-0957-1


12.4 Rayleigh scattering

Optical spectroscopy associated with light scattering has been proved to be a fast, sen-

sitive, and nondestructive tool in the characterization and investigation of physical

properties in 2DMs [3, 49]. According to energy transfer in light-matter interactions,

light scattering can be divided into elastic and inelastic, which corresponds to Ray-

leigh scattering and Raman/Brillouin scattering. Compared with the minority inelastic

scattering photons, the number of elastically scattered photons is much larger. As the

2DMs are usually deposited on SiO2/Si substrate, similar to the OC of 2DMs shown in

Fig. 12.2A, the Rayleigh scattering intensity from the 2DMs depends on the complex

refractive index of each medium, multiple reflection at the interfaces, and the inter-

ference within the multilayer containing air, 2DMs, and substrate. Therefore, the Ray-

leigh scattering contrast from 2DMs on substrate relative to that from substrate, which

is defined by Eq. (12.1), provides an effective means to identify the number of layers

of 2DMs and their dielectric constants [50, 51]. Fig. 12.6A and B shows one typical

optical image of 1–3LG and 6LG deposited on the SiO2/Si substrate (hSiO2¼ 300 nm)

and the corresponding Rayleigh mapping under backscattering configuration with

633 nm excitation, respectively. The Rayleigh signal intensity increases as the number

of layers N increases. Similar to the OC, the theoretical Rayleigh contrast can also be

Fig. 12.6 (A) Optical image of 1–3LG and 6LG. (B) The corresponding Rayleigh mapping for

the samples in (A) under 633 nm excitation. (C) Optical image of a CVD grown MLG

flake. (D) The corresponding Rayleigh mapping for flake in (C) under 532 nm excitation.

Stronger Rayleigh intensity is represented by darker color.
(A, B) Adapted from C. Casiraghi, A. Hartschuh, E. Lidorikis, H. Qian, H. Harutyunyan,

T. Gokus, K.S. Novoselov, A.C. Ferrari, Rayleigh imaging of graphene and graphene layers,

Nano Lett. 7 (9) (2007) 2711–2717, https://doi.org/10.1021/nl071168m; (C, D) adapted from

J.-B. Wu, H. Wang, X.-L. Li, H. Peng, P.-H. Tan, Raman spectroscopic characterization of

stacking configuration and interlayer coupling of twisted multilayer graphene grown by

chemical vapor deposition, Carbon 110 (2016) 225–231, https://doi.org/10.1016/j.carbon.2016.
09.006.
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calculated based on the transfer-matrix method once the complex refractive index of

each medium is known [50]. The number of layers of 2DMs can be determined by

comparing the experimental Rayleigh contrast value with the theoretical one.

Fig. 12.6C and D shows the optical image of a chemical vapor deposition (CVD)-

grown multilayer graphene (MLG) flake and the corresponding Rayleigh contrast

[51], in which the Rayleigh contrast increases with N increasing. The NLG in each

region can be identified by the color in the Rayleigh contrast mapping, as shown

in the image.

Although the methods to determine the number of layers of 2DMs by Rayleigh con-

trast and OC are similar with each other, the spatial resolution of Rayleigh contrast can

be down to�1 μmbecause laser excitation is used. As the measured Rayleigh contrast

is equal to a monochromatic OC with the same excitation wavelength as the laser

source for the Rayleigh contrast, one can choose an optimal wavelength at the OC

maximum to achieve better signal-to-noise ratio for the Rayleigh contrast. For the

number of layers identification, it would be better to choose a laser wavelength that

makes Rayleigh contrast sensitive to the number of layers of 2DMs.

12.5 Raman spectroscopy

Raman scattering is one kind of inelastic scattering, in which the energy shift between

the incident and scattered light corresponds to the energy of quasiparticles or elemen-

tary excitation (e.g., phonons) involved in the process of light-matter interactions. As a

consequence, Raman spectroscopy is extensively utilized to explore the fundamental

physics in a material, such as lattice structure and symmetry, lattice vibrations,

defects, electronic band structure, interlayer coupling, electron-phonon coupling

(EPC), etc., especially in 2DMs [3, 5, 7, 49, 52, 53]. Here, we focus on the Raman

scattering of phonons in 2DMs, showing three typical examples of Raman spectros-

copy study in 2DMs: (a) Raman spectroscopy in pristine 2DMs by taking MoTe2 as a

prototype [54]; (b) Raman spectroscopy of twisted 2DMs, with twisted bilayer

MoS2 (tBLM) as an example [25]; and (c) Raman spectroscopy of vdWHs by taking

the hBN/WS2 heterostructure as a model [55], which illustrates the influences of num-

ber of layers, stacking order, and interlayer/interfacial coupling on the Raman spec-

troscopy of 2DMs and vdWHs. The analysis here can be extended to other 2DMs and

related vdWHs, paving the way to their characterizations and investigations.

12.5.1 Raman spectroscopy in pristine 2DMs

Monolayer 2DMs can be stacked layer by layer in a specific way to form multilayer

2DMs, which possess strong in-plane bonds and weak vdW interlayer coupling. Thus,

the Raman spectroscopy of NL-2DMs (N > 1) consists of Raman modes in low- and

high-frequency regions, in which the low-frequency Raman modes are induced by the

relative motions of adjacent layers (so-called interlayer modes), while the high-

frequency modes result from the relative motions of the atoms in a rigid layer (so-

called intralayer modes). There are two kinds of interlayer modes, shear (S) and layer
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breathing (LB) modes, which correspond to the interlayer vibrations parallel and per-

pendicular to the 2D basal plane, respectively. The S mode is also referred to as the C

mode in MLG [20, 56, 57] as it provides a direct probe for the interlayer coupling.
Other denotations, such as SM, B, and LBM are also introduced by different groups.

The frequencies of S and LBmodes are both dependent on the number of layers due to

the interlayer characteristics, as depicted in Fig. 12.7A. For these interlayer modes, the

relative vibrations between the atoms within each rigid layer can be negligible; thus,

one rigid layer can be treated as a ball and only the nearest interlayer S/LB coupling

Fig. 12.7 (A) The Stokes Raman spectra of 1–6L MoTe2 in the region of 0–45 cm�1 under the

excitation at 543 nm. Symmetries, Raman activities, and normal mode displacements for the

(B) S and (C) LB modes in 2–4L 2H-MoTe2. R represents Raman active and IR represents

infrared active. The arrows indicate the vibrational direction of the corresponding layers and the
length represents the amplitude of the displacements. (D) The Raman spectra of 1–6LMoTe2 in

the range of 160–305 cm�1 under the excitation at 633 nm. (E) Schematic of the vdWmodel for

Davydov splitting in 4LMoTe2.N(ip) is the number of the in-phase vibration interfaces. (F) The

experimental frequency (open diamonds and squares) of each Davydov entity of A0
1(A1g) modes

in 3–6LMoTe2 and the corresponding calculated frequency (solid diamonds and squares) based
on the experimental value of the highest-frequency component and vdW model. The

experimental frequencies of the A0
1(A1g) modes in 1–2L MoTe2 are also plotted.

(A, D–F) Adapted from Q.J. Song, Q.H. Tan, X. Zhang, J.B. Wu, B.W. Sheng, Y. Wan, X.Q.

Wang, L. Dai, P.H. Tan, Physical origin of Davydov splitting and resonant Raman spectroscopy

of Davydov components in multilayer MoTe2, Phys. Rev. B 93 (11) (2016) 115409, https://doi.

org/10.1103/PhysRevB.93.115409.
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(αk0 / α?0 ) between adjacent balls is considered, as shown in Fig. 12.7B and C. This

model is known as the linear chain model (LCM) [20, 56–58]. The frequency of

the S and LB modes can be calculated by solving the following N �
N (tridiagonal) dynamics matrix [3, 20, 56, 57]:

ω2
i ui ¼

1

2π2c2μ
Dui, (12.4)

where ui is the eigenvector of the mode i with frequency ωi, μ is the mass of single

rigid layer per unit area, c ¼ 3.0 � 1010 cm s�1 is the speed of light, and D is

the S or LB part of the force constant matrix. Thus, the frequencies of the corres-

ponding SN, N�i and LBN,N�i modes can be given by [3, 5, 58]

ωðSN,N�iÞ ¼ 1

πc

ffiffiffiffiffiffiffiffiffiffi
αk0=μ

q
sin

iπ
2N

� �
,

ωðLBN,N�iÞ ¼ 1

πc

ffiffiffiffiffiffiffiffiffiffiffi
α?0 =μ

q
sin

iπ
2N

� �
, (12.5)

where i ¼ 1, 2,…,N � 1. There are N � 1 LB and N � 1 doubly degenerate S modes

for the in-plane isotropic NL-2DMs, where N is the number of layers and i is the num-

ber of phonon branches. The i ¼ N � 1 branches, that is, SN,1 and LBN,1 modes, cor-

respond to the highest-frequency S and LB modes, respectively. The calculated

frequencies of the S and LB modes in MoTe2 as a function of N are in good agreement

with the experimental ones. The corresponding ith displacement eigenvector νðiÞj is

given by

νðiÞj ¼ cos
ið2j� 1Þπ

2N

� �
, (12.6)

where j labels the jth layer. For NL-2DMs with in-plane anisotropy, there are N �
1 LB modes, similar to that in in-plane isotropic NL-2DMs. However, as the two axes

in the basal 2D plane are not equal in anisotropic NL-2DMs, for example, ReS2, there

are 2(N � 1) nondegenerate S modes, named as SxN,N�i and S
y
N,N�i modes [59].

Fig. 12.7B and C depicts the layer displacements of the S and LB modes in 2–4L
MoTe2. Because the ONL and ENLMoTe2 belong toD3h andD3d symmetries, respec-

tively, the interlayer modes in ONL and ENL MoTe2 can be represented by
N�1
2

ðA0
1ðRÞ + E00ðRÞ + A00

2ðIRÞ + E0ðR + IRÞÞ and N
2
ðA1gðRÞ + EgðRÞÞ + ðN

2
� 1Þ

ðA2uðIRÞ+EuðIRÞÞ, respectively. R and IR represent Raman active and infrared active,

respectively. The corresponding Raman/infrared activity for SN,N�i and LBN, N�i

modes in 2–4L MoTe2 is indicated in Fig. 12.7B and C, which suggests that SN,

N�i (i¼N� 1,N� 3,N� 5,…) and LBN,N�i (i ¼ 1, 3, 5,…) modes are Raman active,

in line with the experimental results in Fig. 12.7A [54]. Due to the in-plane isotropy

in MoTe2, the N � 1 doubly degenerate S modes belong to E symmetry, while the
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N � 1 LB modes belong to A symmetry. It is also the case for all in-plane isotropic

MX2. Thus, the Raman-active S modes can be detected under both parallel and cross-

polarization configurations, while the Raman-active LB modes can only be observed

under the parallel polarization configuration. This provides one method to distinguish

the S and LB modes. The detailed assignments of the S and LB modes and demon-

strations for their measurements in typical 2DMs can be found in [3].

The weak interlayer coupling can also influence the intralayer modes. Fig. 12.7D

plots the Raman spectra of 1–6L MoTe2 in the region of intralayer modes. Only two

intralayer modes can be detected in 1L MoTe2, which correspond to A
0
1 (�170 cm�1)

and E0 (�233 cm�1) intralayer phonons. For multilayer MoTe2, the A0
1 (A1g) and E0

(Eg) modes in ONL (ENL) MoTe2 can be observed, corresponding to the A0
1 and E0

modes in 1L MoTe2, respectively. An additional mode at �291 cm�1 corresponding

to the Raman-inactive B2g mode in 1L MoTe2 can be probed due to the reduced sym-

metry in multilayer MoTe2 [54]. One intriguing phenomenon of peak splitting is

observed for A0
1 -like modes in NL MoTe2, in which the number and frequency of

the components depend on N due to interlayer coupling. In principle, when consider-

ing the nearest interlayer coupling, the intralayer modes in MoTe2 would exhibit var-

ied frequency when the two nearest Te atoms in adjacent layers exhibit in-phase and

out-of-phase vibrations. The out-of-phase vibration between the two nearest Te atoms

tends to raise the frequency compared with the in-phase vibration, resulting in the so-

called Davydov splitting [54]. This can be well reproduced by the vdWmodel, as dem-

onstrated in detail later [54]. Assuming the frequency of the isolated entity and the

uncoupled entity displaying in-plane vibration is ω0; the frequency of coupled entity

displaying out-of-phase vibration is ωc; and the coupling frequency is Δω, these three
frequencies are associated by the relation of ω2

c ¼ ω2
0 + Δω2. Thus, for NL (N > 1)

MoTe2, the intralayer modes would split into N components. However, the number

of components that can be detected in the Raman spectroscopy depends on their

Raman activity, the splitting frequency, and the spectral resolution of the Raman sys-

tem for measurements. As shown in Fig. 12.7D, the Davydov splitting is only clear for

A0
1-like modes. The A0

1 mode in 1L MoTe2 would split into N A0
1-like modes, repre-

sented by N + 1
2

A0
1ðRÞ+ N�1

2
A00
2ðIRÞ for ONL MoTe2 and N

2
A2uðIRÞ+ N

2
A2
1gðRÞ for

ENL MoTe2. Thus, it is expected to observe N + 1
2

and N
2
Davydov components in

ONL and ENL MoTe2, respectively, in good agreement with the experimental results

shown in Fig. 12.7D. The atomic displacements of A0
1-like modes and LB modes for

4LMoTe2 are elucidated in Fig. 12.7E, together with the number of the in-phase vibra-

tion interfaces (N(ip)) denoted. When taking detailed consideration of the frequency

of the Davydov components, the coupling frequency Δω can be closely related to the

frequency of LB modes with the same N(ip) because the atomic displacements of the

A0
1-like modes are perpendicular to the basal plane. The frequency of the A2u(IR) mode

is that of the uncoupled entities, ω0, and the frequencies of the other three modes (ωci,

i ¼ 1, 2, 3) can be calculated. This is the so-called vdW model. According to the

Raman-active Davydov components with the highest frequency of 3–6L MoTe2
and vdW model, the corresponding frequency of other Davydov components can

be deduced (solid diamonds and squares), in line with the experimental results (open
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diamonds and squares), as shown in Fig. 12.7F. Notably, different Davydov compo-

nents would exhibit varied resonance profiles because of their different EPC.

Therefore, it is essential to choose an appropriate excitation energy to measure the

Davydov components [54]. Similar Davydov splittings have been observed in other

MX2 [60, 61], such as MoSe2 and WS2. The above vdW model can be extended to

reproduce the Davydov splitting associated with S and LB modes in other 2DMs [62].

12.5.2 Raman spectroscopy of twisted 2DMs

As referred to earlier, the twisted stacking at the interface of the twisted 2DMs can

generate the moir�e superlattice to modulate the phonon behaviors of the constituents.

tBLM can be treated as a simple model system to introduce the modified Raman spec-

tra in twisted 2DMs [25]. There exist moir�e superlattices in tBLM, whose lattice con-

stant can be represented by LM ¼ a/[2(sin(θ/2))], where a is the lattice constant of the
1LM. Accordingly, the corresponding reciprocal lattices can be constructed.

Fig. 12.8A shows the reciprocal lattices corresponding to the moir�e superlattices of

tBLM with θ ¼ 10.99 degrees, in which the large blue and orange hexagons are

the Brillouin zones (BZs) of the top and bottommonolayers, respectively. Meanwhile,

the red-dashed hexagons correspond to the Wigner-Seitz cells in reciprocal space

related to the moir�e superlattices. The basic vectors (g and g0) of the moir�e reciprocal
superlattice can be evaluated by the relative vectors between the reciprocal lattice vec-

tors of the top and bottommonolayers, giving an absolute value of jgj ¼ jg0j ¼ 2bsin(θ/
2). There are many lattice vectors of moir�e reciprocal superlattices within the BZ of

the monolayer constituent, because its basic vector is smaller than that of 1LM, as Γj1

(j ¼ 1, 2,…, 6) labeled for the moir�e reciprocal superlattice in Fig. 12.8A.With chang-

ing θ, the trajectory of g for the moir�e reciprocal superlattice in the BZ of the mono-

layer constituent can be obtained, as the dashed line shown in Fig. 12.8B. Three

representative basic vectors of the moir�e reciprocal superlattice, that is, gi (i ¼ 1,

2, 3) corresponding to 30 degrees � θ1, 30 degrees � θ2, and 30 degrees are also

depicted in Fig. 12.8B. Notably, the moir�e superlattice with 30 degrees � β and 30

degrees + β (0 degrees < β < 30 degrees) are two commensurate partners.

In twisted bilayer 2DMs, the periodic modulation of moir�e superlattices on the

interlayer interactions leads to not any overall restoring force for the in-plane displace-

ments when θ is away from 0 or 60 degrees (�5�55 degrees). Thus, the S modes

locate at almost zero wave number and cannot be observed in low-frequency Raman

spectroscopy. As shown in Fig. 12.8C, the S2,1 modes are absent in the Raman spectra

of tBLMs when θ 6¼0 degrees and θ 6¼60 degrees, further confirming that the

interlayer S coupling is not enough to produce an overall restoring force between

the two monolayer constituents. Similar results have been observed in twisted multi-

layer graphenes (tMLGs) [3, 5, 20, 63] and twisted bilayer TMDs [18, 64, 65]. In

contrast, the LB2,1 modes are present with frequencies close to those in 2H- and

3R-stacked 2LMs, which can be ascribed to the comparability between interfacial

LB coupling and interlayer LB coupling with pristine 2LM. The close frequency of

LB modes in tBLMs (0 degrees < θ < 60 degrees) to those in 2H-/3R-stacked

2LM in Fig. 12.8C confirms the good LB coupling between the two monolayer
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Fig. 12.8 (A) The reciprocal lattice of tBLMwith θ ¼ 10.99 degrees; the large blue and orange hexagons represent the first BZ of the top and bottom

MoS2 layers, respectively. The dashed (red) hexagons are the Wigner-Seitz cells of the reciprocal lattices corresponding to the moir�e
superlattices. (B) Schematic diagram of moir�e basic vectors (gi, i¼ 1, 2, 3) corresponding to 30 degrees� θ1, 30 degrees� θ2, and 30 degrees. (C) The

Stokes Raman spectra of tBLMs with different θ in the low-frequency region. (D) The Raman spectra of tBLMs with θ ranging from 9–
49 degrees in the region of 50–365 cm�1, with the corresponding Raman spectra of 1LM and 3R-stacked BLM (θ ¼ 0 degrees) shown together. The

calculated and experimental frequencies of moir�e phonons dependent on (E) θ and (F) jgj. The solid gray lines are the calculated phonon

frequencies by the interpolation between those along the Γ-M and Γ-K directions in 1LM; the scattered symbols are the experimental data.

Adapted fromM.-L. Lin, Q.-H. Tan, J.-B.Wu, X.-S. Chen, J.-H.Wang, Y.-H. Pan, X. Zhang, X. Cong, J. Zhang,W. Ji, P.-A. Hu, K.-H. Liu, P.-H. Tan,

Moir�e phonons in twisted bilayer MoS2, ACS Nano 12 (8) (2018) 8770–8780, https://doi.org/10.1021/acsnano.8b05006.

https://doi.org/10.1021/acsnano.8b05006


MoS2 constituents, which is essential for the generation of moir�e superlattices. In

addition, according to the relative intensity between the S2,1 and LB2,1 modes [64],

the tBLMs tend to exhibit 3R and 2H stacking when θ¼ 0 degrees and θ¼ 60 degrees,

respectively.

In principle, the moir�e superlattices are expected to result in phonon folding effects
in tBLMs, in which the off-center phonons in the monolayer constituents linked with

the corresponding reciprocal lattice vectors can be folded back to the BZ center of

1LM. Indeed, it was found that the periodic potential frommoir�e superlattice can mod-

ify the phonon properties of its monolayer constituents to generate the Raman modes

related to moir�e phonons [25]. As shown in Fig. 12.8D, a series of additional Raman

modes are probed in tBLMs, with frequencymonotonously changing for 0 degrees< θ
< 30 degrees and 30 degrees < θ < 60 degrees, in coincidence with the case for the

moir�e superlattice. Based on the theory-experiment comparison from low to high fre-

quency, the six series of θ-dependent Raman modes can be distinguished as the moir�e
phonons related to ZA, TA, LA, E00(TO1), E

00(LO1), and E0(TO2) phonon branches in

1LM. They are the phonons folded back to the BZ center, denoted as FZA, FTA, FLA,

FE00(TO1), FE
00(LO1), and FE

0(TO2), respectively. The frequencies of all the observed

moir�e phonon modes as a function of θ are plotted in Fig. 12.8E. The corresponding

phonon branches of 1LM can be obtained according to jgj ¼ 2bsin(θ/2), as elucidated
in Fig. 12.8F, showing good agreement with the calculated phonon branches by the

interpolation between those along the Γ-M and Γ-K directions in 1LM [25]. It should

be noted that the Raman modes related to moir�e phonons in tBLM would be greatly

enhanced when the excitation energy is close to the C exciton energy [25]. Thus, the

moir�e phonon modes in all tBLMs can be observed with one excitation laser.

The above analysis can be extended to other twisted bilayer systems. Indeed, the

θ-dependent Raman modes in twisted bilayer graphenes, which were previously

assigned to rich resonance effects [66], are actually corresponding to the moir�e pho-
non modes [25]. Besides, the moir�e superlattices are also present in vdWHs formed by

two constituents with nearly the same lattice constant, and thus moir�e phonon modes

are expected in these vdWHs [67]. Interestingly, reconstructions of the moir�e super-
lattice are observed in twisted bilayers with small twist angles [68–70], in which many

fascinating phonon properties are discovered, such as phonon renormalization due to

the ultra-strong coupling between different phonon modes [71] and localization of lat-

tice dynamics with the presence of strain solitons [72].

Twisted bilayers are the simplest prototype of twisted 2DMs. With increase of the

number of layers of twisted 2DMs, a large family of twisted 2DMs can be generated,

that is, tðm + n + ⋯ ÞL-2DMs (N ¼ m + n + ⋯ ), in which an even wider range of

properties is accessible. The above analysis of the moir�e phonons is also applicable

in these complex twisted multilayer 2DMs, which are sensitive to the twist angle

and moir�e superlattice. Besides, the interlayer modes and nonfolded intralayer modes

in twistedmultilayer 2DMs are dependent on the interfacial coupling between the con-

stituents. For interlayer modes, the negligible interfacial shear (S) coupling leads to

the localization of the S modes within its constituents, while the remarkable LB cou-

pling gives rise to collective vibration of all the stacking layers for the LB modes [3,

18], similar to those in twisted bilayer 2DMs. The effects of the interfacial and
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interlayer coupling on the nonfolded intralayer modes should also be divided into two

categories according to the vibration directions [73]. For nonfolded in-plane intralayer

modes, the vibrations are localized within the constituents of twisted multilayer 2DMs

because of the negligible interfacial S coupling at the interface. Thus, the spectral pro-

file of nonfolded in-plane intralayer modes can be fitted by those of the corresponding

modes of its constituents. In contrast, because the interfacial LB coupling at the inter-

face is comparable to the interlayer coupling within the constituents, the number of the

Davydov entities of the nonfolded out-of-plane modes depends on the number of stac-

king layers (i.e., N) of the whole tðm + n + ⋯ ÞL-2DMs. The Davydov splitting of the

intralayer modes in tðm + n + ⋯ ÞL-2DMs is quantitatively reproduced by the vdW

model based on the frequencies of the corresponding LB modes, as elucidated in

Section 12.5.1. As the interfacial LB coupling is independent of the large twist angle,

the Davydov splitting of the nonfolded out-of-plane modes is also not sensitive to the

twist angle. However, the moir�e superlattice with different twist angles will impose

varied modulation on electron-phonon coupling. Thus, the relative Raman intensity

between different Davydov entities significantly varies with the twist angle. Notably,

in order to resolve all the Davydov entities of the nonfolded out-of-plane intralayer

modes, high-resolution resonance Raman spectroscopy at low temperature is always

necessary [73].

12.5.3 Raman spectroscopy in vdWHs

As demonstrated in Section 12.5.2, one can infer that the S modes in twisted 2DMs are

confined within the constituents, while the LB modes in twisted 2DMs are from the

collective vibrations of all the stacking layers. Similar phenomena are observed in

vdWHs consisting of different 2DMs [3, 55, 74]. Setting the hBN/WS2 formed by

n-layer hBN (nL-hBN) and m-layer WS2 (mLW), that is, nL-hBN/mLW as a proto-

type, the peak position and EPC in vdWHs are demonstrated in detail. Fig. 12.9A

displays the Raman spectra of 39L-hBN/3LW excited by a laser in the range of

2.41–2.81 eV, together with the Raman spectrum of the stand-alone 3LW flake under

excitation at 2.71 eV. Similar S modes can be observed in stand-alone 3LW flakes and

39L-hBN/3LW, confirming the confinement of S modes within the constituents in

vdWHs. Compared with the Raman spectrum of the stand-alone 3LW flake, many

new LB modes are emergent, which can be reproduced by the LCM with interlayer

coupling within the constituents and interfacial coupling between the constituents

considered [55]. According to the peak position of the observed LB modes, the inter-

layer coupling of hBN (α?(BN)) and the interfacial coupling between hBN and

WS2 (α?(I)) constituents can be obtained. All the observed LB modes can be well

reproduced and assigned by these fitted force constants, independent of the stacking

order, and twist angle due to the large mismatch of lattice constants between hBN and

WS2. As the LBmodes in nL-hBN/mLW can be well distinguished, even n is up to tens
or hundreds of layer thickness, the LB modes exhibit 3D features [55].

Interestingly, all the observed LB modes in hBN/WS2 are significantly enhanced

when the excitation energy approaches the C exciton energy of the correspond-

ing stand-alone WS2 flake, as demonstrated in Fig. 12.9A and B. Furthermore, the

resonance profile of these LB modes is similar to the S and LB modes in the
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Fig. 12.9 (A) Raman spectra of 39L-hBN/3LW excited by Eex ranging from 2.41 to 2.81 eV, together with the Raman spectrum of a stand-alone 3LW

excited at 2.71 eV. The gray dash and red dash-dot lines plot the lineshape of S3,1 and LB3,2 modes in the stand-alone 3LW flake. The resonant

profiles of (B) LB42,36 (red diamonds) and LB42,37 (blue circles) and S3,1 modes (gray stars) in 39L-hBN/3LW, (C) LB3,2 (red diamonds) and S3,1
(gray stars) in 3LW flake. (D) Raman spectroscopy of 39L-hBN/3LW in the region of 5–50 cm�1 and the normal mode displacements (red
arrows) of LB42,37, LB42,36, LB42,32, LB42,29 modes, together with that of LB3,2 in a stand-alone 3LW flake. The triangles are the expected LB modes

based on LCM. α0i(BN) (i ¼ 1, 2,…, n) and α0 jðWÞðj ¼ 1, 2, 3Þ are the polarizability derivatives of the entire layer i from the hBN constituent

and layer j from the WS2 constituent related to the displacement in the z-direction. (E) The modulus square of the projection from wave function of

different LB modes in 39L-hBN/3LW onto that of the LB3,2 mode in a stand-alone 3LW flake. (F) The relative intensity of LB modes in

39L-hBN/3LW according to the interlayer bond polarizability model.

Adapted from M.-L. Lin, Y. Zhou, J.-B. Wu, X. Cong, X.-L. Liu, J. Zhang, H. Li, W. Yao, P.-H. Tan, Cross-dimensional electron-phonon

coupling in van der Waals heterostructures, Nat. Commun. 10 (1) (2019) 2419, https://doi.org/10.1038/s41467-019-10400-z.

https://doi.org/10.1038/s41467-019-10400-z


corresponding stand-alone WS2 flake, as elucidated in Fig. 12.9C. Because the hBN/

WS2 heterostructure is classified into type-I vdWH based on the band alignment of

hBN and WS2 [55], the electronic states related to the C exciton of 3LW flakes are

confined within the few-layer WS2, displaying 2D features. Therefore, the resonance

profile of LB modes in hBN/WS2 similar to that in the corresponding WS2 flakes

implies the peculiar coupling between the 2D electrons and 3D LB phonons [55]. Such

cross-dimensional EPC can be understood by a microscopic picture mediated by the

interfacial coupling and the interlayer bond polarizability model in vdWHs. The

Raman intensity of LB modes in vdWHs is associated with the EPC strength, which

is directly related to their vibration displacements (Fig. 12.9D) within the first-order

approximation. As the excitation photons are directly coupled to the C exciton tran-

sition of mLW constituents, the EPC strength of a vdWH LB phonon can be approx-

imated by the sum of the weighting factors of its normal mode displacements from all

the LB modes in the corresponding mLW flake, in which the weighting factors are

given by the projection between its wave function components (ψ , i.e., normal mode

displacements) among the mLW constituent and those (φj) of the LBm,m�j

(j ¼ 1, 2,…,m� 1) modes in the mLW flake, that is, pj¼ jhφjjψij. As a consequence,
the Raman intensity of LB modes in vdWHs is proportional to p2 ¼ P

jρ jp
2
j, with ρj

representing the Raman intensity of LBm, m�j mode in the mLW flake. The calculated

relative intensity of the LB modes in 39L-hBN/3LW is shown in Fig. 12.9E, which is

in good agreement with the experimental results. On the other hand, based on the inter-

layer bond polarizability, the Raman intensity is related to the square of the change of

a system’s polarizability (Δα2) [75], which is associated with the interlayer bond

polarizability and bond vector, that is, Δα ¼ P
iα

0
i � Δzi, with α0i and zi representing

the polarizability derivative of the entire layer i with respective to the vibrations par-

allel to the normal (z) and the normal displacements of layer i for one LB mode cal-

culated by Eq. (12.6), respectively. Notably, for the LB modes, only the polarizability

derivatives of the top and bottom layers in hBN and WS2 constituents should be taken

into account, as shown in Fig. 12.9E, which can be represented with the fitted param-

eters η(BN), η(W), and η(I). η(BN), η(W), and η(I) are related to the interlayer bond

properties in hBN, WS2 constituents, and that at the interface, respectively. The rel-

ative Raman intensity of LB modes in 39L-hBN/3LW can be well reproduced by η(I)/
η(W)¼ 0.3 and η(BN)/η(W)¼ 0.001. The corresponding calculated Raman intensities

are depicted in Fig. 12.9F [55]. Similar analyses are also applicable to the Raman

spectroscopy and EPC of LB modes in other vdWHs, shedding light on manipulating

the EPC of interlayer phonons in vdWHs by engineering the interface and varying the

vdWH assemblies.

12.6 Second-harmonic generation

SHG is a nonlinear optical effect, where two photons with the same frequency interact

with a nonlinear material to generate a new photon with twice the energy of the inci-

dent photons. The SHG intensity depends on the second-order nonlinear susceptibility

(χ(2)) of the nonlinear material, which is zero for a material with inversion symmetry

within the electric dipole approximation, similar to other even-order nonlinear optical
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phenomena [77, 78]. The electric-dipole-allowed SHG is known to be time invariant,

denoted as i-type. The χ(2) tensor related to the i-type SHG provides the signature of

the crystallographic symmetry of a crystal and determines the SHG intensity,

suggesting a method to identify the lattice structure and symmetry. To obtain a strong

SHG, the intense pulsed laser is commonly utilized to perform the SHG measurement

with careful alignment for phase matching.

As known, the ONL MX2 does not possess an inversion center, while the ENL and

bulkMX2 exhibit inversion symmetry. Fig. 12.10A and B represents the optical image

of 1–3L MoS2 and the corresponding SHG mapping, respectively [79]. The 1LM and

trilayer MoS2 (3LM) exhibit strong SHG intensity, while the SHG is absent in 2LM,

consistent with the prediction of i-type SHG. In addition, the weaker SHG intensity in

3LM than that of 1LM can be understood by the wave propagation effects [80]. As the

sign of χ(2) for adjacent layers alternates, the signals from adjacent layers in ONL (N>
1)MoS2 would cancel each other, leading to a weaker SHG intensity than that of 1LM.

On the other hand, the band gap of a material relative to the SHG energy would influ-

ence the SHG intensity. For example, the common photon energy of SHG (e.g.,

3.1 eV) is higher than the bandgap of MoS2 (�1.90 eV); thus, the SHG signal would

be absorbed by MoS2. The increased absorption of MoS2 with increasing N will result

in decreased SHG intensity. On the contrary, due to the large bandgap of hBN, the

SHG photons cannot be absorbed, leading to increasing SHG intensity with respect

to N [80].

The SHG intensity is also sensitive to the crystal symmetry and crystallographic

orientation. As a result, the polarization-resolved SHG intensity can be utilized to

distinguish the crystallographic structure and orientation [79, 80]. The generated

SHG intensity of ONL MoS2 in parallel (Ik) and perpendicular (I?) configurations
as a function of the angle (ϕ) between the excitation polarization and the crystallo-

graphic orientation (x-direction, i.e., armchair direction shown in Fig. 12.10C) can

be represented by

Ik ¼ I0cos
2ð3ðϕ + ϕ0ÞÞ, (12.7)

I? ¼ I0sin
2ð3ðϕ + ϕ0ÞÞ, (12.8)

respectively, where ϕ0 is the initial crystallographic orientation of the MoS2 sample.

By fitting the experimental data with Eq. (12.7) or (12.8), ϕ0 can be obtained. In addi-

tion to the SHG inMX2, the N-dependent and strong SHG is recently found to be mod-

ulated by the stacking orders in various 2DMs, such as anisotropic ReS2 [81], GaSe

polytypes [82], etc.

Intriguingly, the layered antiferromagnetic order in material with inversion sym-

metric lattice can also raise the presence of SHG signals, which can be ascribed

to the breakdown of the spatial-inversion symmetry and time-reversal symmetry, den-

oted as c-type [76, 83, 84]. The recent emergence of 2D magnets [2, 16, 17, 85]

provides an ideal platform for investigating the c-type SHG effects. As known, the

few-layer CrI3 exhibits antiferromagnetic interlayer coupling and ferromagnetic cou-

pling within a rigid layer [2, 86]. Fig. 12.10D shows the 1L CrI3 with centrosymmetric
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Fig. 12.10 (A) Optical image of 1–3LMoS2. (B) SHG from the MoS2 flake shown in (A) excited at 1.55 eV. Stronger SHG intensity is represented by

brighter color. The scale bar is 5 μm. (C) Polar plot of SHG intensity from 1LM with varying angle between the incident light polarization and the

x-direction shown in the right panel. (D) Atomic structure of 1L CrI3, with a hexagon (green) formed by six Cr atoms (gray) and two equilateral

triangles (solid and dashed red lines) formed by I atoms of the top (orange) and bottom layers. (E) The side view of 2L CrI3 with a lateral translation.

(F) Schematic diagram of interlayer antiferromagnetic states of 2L CrI3, where spatial-inversion (r !�r) and time-inversion (t !�t) operations
can change one state to the other. (G) Schematic diagram of interlayer ferromagnetic states of 2L CrI3 showing a centrosymmetric spin-lattice

structure. (H) SHG intensity of 2L CrI3 with varying temperature (T). The red solid line is following the power law [76] j1 � (T/Tc)
2βj for T < Tc, in

which Tc is the critical temperature and β is the critical exponent. Polarization-resolved SHG intensity at 0 T excited at (I) 900 and (J) 970 nm.

The excitation and detection are linearly polarized, with XX and XY indicating co- and cross-linearly polarization light, respectively.

(A–C) Adapted from L.M.Malard, T.V. Alencar, A.P.M. Barboza, K.F. Mak, A.M. de Paula, Observation of intense second harmonic generation from

MoS2 atomic crystals, Phys. Rev. B 87 (20) (2013) 201401, https://doi.org/10.1103/PhysRevB.87.201401; (D–J) adapted from Z. Sun, Y. Yi, T. Song,

G. Clark, B. Huang, Y. Shan, S. Wu, D. Huang, C. Gao, Z. Chen, M.McGuire, T. Cao, D. Xiao, W.-T. Liu, W. Yao, X. Xu, S. Wu, Giant nonreciprocal

second-harmonic generation from antiferromagnetic bilayer CrI3, Nature 572 (7770) (2019) 497–501, https://doi.org/10.1038/s41586-019-1445-3.

https://doi.org/10.1103/PhysRevB.87.201401
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lattice structure. By stacking two monolayers together (Fig. 12.10E), the lattice struc-

ture of 2L CrI3 also exhibits centrosymmetry, regardless of any rigid translation

between two monolayers. Within the electric dipole approximation, the SHG signal

is prohibited in 2L CrI3. However, below the critical temperature (Tc), the two mono-

layers of 2L CrI3 would show antiferromagnetic interlayer coupling, as shown in

Fig. 12.10F, that is, all spins in a rigid layer pointing outwards or inwards but different

directions in its adjacent layer, which would break both spatial-inversion and time-

reversal symmetries. Thus, it is expected to observe the c-type SHG signal in 2L

CrI3 below Tc. When applying an out-of-plane magnetic field to 2L CrI3, it becomes

ferromagnetic and the inversion symmetry restores, as demonstrated in Fig. 12.10G.

The measured SHG intensity of 2L CrI3 as a function of temperature (T) at zero mag-

netic field is depicted in Fig. 12.10H. The strong dependence of SHG on T is in line

with the above prediction. The SHG is absent above Tc, further confirming the inver-

sion symmetry of 2L CrI3 [83]. In addition, the linear polarization-resolved SHG was

utilized to provide information about the lattice symmetry and initial crystallographic

orientation. As shown in Fig. 12.10I, the polarization dependence of 2L CrI3 under

900 nm excitation at 0 T shows six asymmetric lobes under both co- and cross-linear

polarization configurations, suggesting the broken threefold rotational symmetry in

2L CrI3. The polarization-dependent patterns can be fitted by the c-type χ(2) tensor
related to C2h symmetry, which implies the monoclinic stacking configuration for

2L CrI3 [83]. The polarization-resolved SHG signal under 970 nm excitation also dis-

places an in-plane C2 axis about 145 degrees with respective to the horizontal direc-

tion (Fig. 12.10J), similar to that under 900 nm excitation though details of SHG

patterns vary. This further confirms the monoclinic stacking for 2L CrI3. All these

works related to SHG indicate that it is a highly sensitive probe of subtle lattice sym-

metry and magnetic order, opening up possibilities for the characterizations and appli-

cations of 2DMs in nonlinear optical devices.

12.7 Conclusion

In this chapter, we have addressed the recent optical spectroscopy study of 2DMs. The

discussion begins with an overview of a broad portfolio of emergent 2DMs and related

vdWHs, which exhibit various extraordinary physical properties modified by number

of layers, stacking order, defect engineering, and even assemblies in vdWHs. The OC

and differential reflection spectrum in 2DMs and vdWHs have emerged as powerful

tools to identify the thickness and peak positions of excitons. We have demonstrated

the strong excitonic effects and valley polarization in MX2 via PL spectroscopy. The

experimental evidence for the moir�e excitons in vdWHs consisting of constituents

with nearly same lattice constants is also elucidated using PL spectroscopy. Following

that we give a detailed introduction of the optical spectroscopy study based on light

scattering, including Rayleigh scattering and Raman scattering. Rayleigh scattering

shows strong thickness dependence. Besides, Raman spectroscopy is reviewed by tak-

ing pristine 2DMs, twisted 2DMs, and vdWHs as examples, which reveal the lattice

structure and symmetry, interlayer coupling, thickness-dependent Davydov splitting,
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electronic band structure, and EPC in the corresponding 2D systems. The optical spec-

troscopy related to nonlinear optical effects, that is, SHG, is also elucidated, unveiling

the applications of electric dipole allowed SHG and time-noninvariant/nonreciprocal

SHG in distinguishing the lattice symmetry and magnetic orders, respectively. The

sensitivity of optical spectroscopy to the electronic band structure, lattice structure

and symmetry, defects, doping, number of layers, and stacking order of 2DMs indi-

cates it as a powerful tool for related physical phenomena that are otherwise challeng-

ing to probe, and also being important for the characterizations and applications of

optoelectronic devices based on 2DMs.
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