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wo-dimensional layered materials consist of chemically

bonded monolayers with weak van der Waals (vdW)
forces that couple adjacent layers, enabling the preparation of
few layers and even monolayers. Monolayer graphene, as the
first discovered two-dimensional material (2DM), is a typical
semimetal with numerous excellent physical properties, such as
zero band gap, high carrier mobility, high thermal conductivity,
and high mechanical strength, which have stimulated
continuous research.’ Using the mechanical exfoliation method
for preparing monolayer graphene, monolayer semiconductor
transition metal dichalcogenides (TMDs), e.g, MoS,, was
successfully realized.”’ Various peculiar physical properties
such as the direct band gap of the monolayers, rich excitonic
effects, and valley polarization properties make TMDs
promising for a wide range of novel device applications.””
Beyond the graphene and TMDs whose structures are in-plane
isotropic, another class of low-symmetry 2DMs with in-plane
anisotropy has attracted more and more interest due to the
additional tunability of the in-plane degree of freedom. The
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first in-plane anisotropic 2DMs ever discovered, black
phosphorus (BP), has demonstrated significant variations in
many physical properties along its different in-plane crystal
axes, making it a fascinating material for further investiga-
tion.””® With the development of synthesis techniques, more
2DMs with various electrical properties have been gradually
discovered, including insulators (hBN”), superconductors
(NbSe,, FeSe'”'!), and topological insulators (Bi,Ses,
Bi,Te;'?). Moreover, magnetic 2DMs, such as metal
phosphorus—sulfur compounds MPS; (M = Fe, Mn, Ni),
metal halides MX, (M = Fe, Cr, Ni; X = CI, Br, I), and
MnBi,Te,,"* have recently raised new research interest due to
their intrinsic long-range magnetic order and layer-dependent
magnetic properties."* These unique physical properties make
2DMs strong candidates for next-generation electronic,
optoelectronic, and energy storage devices.'

The ultrathin nature of 2DMs makes their electronic
structure, phonon dispersion, and electron—phonon coupling
sensitive to the changes in their structure and the external
environments, for example, the number of layers, defects,
strain, doping, etc.'® All these aspects have provided a strong
basis for the multi-dimensional manipulation of their proper-
ties. The atomically flat interfaces of 2DMs without dangling
bonds also facilitate the fabrication of vdW heterostructures
(vdWHs). Unlike the conventional heterostructures, vdWHs
are not constrained by strict lattice matching and can be
stacked with different orders and twist angles, thus enablin
more functional devices with novel emerging properties."”"
Understanding the properties of 2DM:s in their intrinsic states,
under different external perturbations and even in vdWHs, are
essential for materials synthesis, fundamental research, and
device applications. Therefore, versatile characterization
techniques are required to identify and characterize various
types of 2DMs.

Among those various techniques that have been used to
characterize the properties of 2DMs, Raman spectroscopy is
highly favored by researchers due to its advantages as a fast and
non-destructive analytical technique, which is still under
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Figure 1. (a) First-order Raman scattering process. The cases of nonresonance, outgoing resonance, and incoming resonance are illustrated. (b)
Second-order Raman scattering process. The cases of outgoing resonance and incoming resonance in both intravalley and intervalley scattering are
illustrated. (c) The atomic displacements of S, LB, A;-like, and Eig—like modes in multilayer 2H-TMDs. The interlayer coupling makes A, -like and
Eig—like modes exhibit different frequencies, i.e., Davydov splitting. (d) Raman spectra of 1—SL 2H-MoTe,. The spectra are scaled and shifted for
clarity. Dashed lines are guides for the eye for the frequency trends of the S, LB modes. The light blue region indicates the Davydov splitting of the

Ajg mode.

progressive improvements for higher optical sensitivity and
spatial resolution. By analyzing the peak position, intensity,
linewidth, and lineshape of Raman peaks, researchers can
obtain basic information about lattice vibrations, electronic
structures, and electron—phonon coupling in 2DMs'’.
Changes in phonon dispersion and electronic structure caused
by external factors can lead to variations in the Raman spectra
of 2DMs relative to the intrinsic Raman features'®. Therefore,
Raman spectroscopy can also characterize the effects of
modification on the properties of 2DMs by external factors.
To date, several unique Raman spectroscopy techniques have
been developed to study the properties of 2DMs from
microscale to nanoscale perspectives. As a commonly used
one, polarized Raman spectroscopy implemented by combin-
ing micro-Raman spectroscopy with polarization optical
modules can not only be used to distinguish Raman modes
that possess different symmetries but also to obtain rich crystal
structure information.”””' The development of a single
monochromator equipped with notch filters based on volume
Bragg gratings has greatly facilitated Raman studies in the low-
frequency range, providing a powerful means to effectively
detect the unique interlayer lattice vibrations and characterize
the number of layers of 2DMs.”””>* Moreover, Raman
spectroscopy based on plasmon-enhanced effects including
surface-enhanced Raman spectroscopy, shell-isolated nano-
particle-enhanced Raman spectroscopy, and tip-enhanced
Raman spectroscopy (TERS) can dramatically enhance the
weak Raman signals, demonstrating an ultra-high chemical
sensitivity.”*° In particular, TERS can realize the character-
ization of single molecules and nanostructures through the
enhancement effect of highly localized electromagnetic fields at
the tip to achieve an ultra-high resolution beyond the optical

diffraction limit.”” This technique has also been gradually used
to characterize nanostructures of 2DMs in order to understand
the related physical properties at nanoscale.

In this review, we start with an overview of the basic
principles of Raman scattering and typical Raman features of
2DMs. Then we introduce the commonly used Raman
spectroscopy techniques for studying the fundamental proper-
ties of 2DMs and related vdWHs. Furthermore, we reviewed
the basic analysis ideas and recent advances of Raman
spectroscopy in the characterization of widely concerned
properties of 2DMs and vdWHs, including crystalline
anisotropy, structural defects, interlayer coupling, exciton—
phonon interaction, as well as the effects of the most common
external perturbations such as strain and doping. Particularly,
we point out that some of the properties can be better revealed
at nanoscale via advanced Raman techniques with higher
spatial resolution. Finally, we conclude this review with an
outlook on the future study of 2DMs and vdWHs by Raman
spectroscopy.

B OVERVIEW OF RAMAN SPECTROSCOPY IN 2DMS

Raman Scattering Principle. Raman scattering is an
inelastic scattering of light that results from the interaction
between light and the rotation/vibration modes of molecules
or (quasi)particles in solids. The most common type of Raman
scattering occurs when light scatters inelastically from lattice
vibrations (i.e,, phonons).

Raman scattering can be categorized as either first- or
higher-order, with the former involving one scattering process
of a phonon and the latter involving multiple scattering
processes of phonons and/or defects. First-order Raman
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scattering is the most common feature of solids, which involves
optical phonons with zero wavevectors (q = 0). For simplicity,
we discuss the process that releases a phonon, i.e, the Stokes
process. The incident light can excite an electron from the
initial state i in the valence band into the intermediate state m,
leaving a hole behind. The excited electron at state m can be
scattered by a phonon with q = 0 into intermediate state m’.
Finally, the electron at state m’ and the hole at state i
recombine and emit a photon. Depending on whether m and
m’ are real electronic states, first-order Raman scattering can
be further divided into resonant and nonresonant Raman
scattering: (i) neither m nor m’ is a real electronic state, called
nonresonance; (ii) m is a real electronic state, called incoming
resonance; (iii) m’ is a real electronic state, known as the
outgoing resonance (Figurela). The processes of second- and
higher-order Raman scatterings are more complicated. Taking
the second-order Raman scattering as an example, the incident
light first excites an electron from the valence band state i into
an intermediate state m and leaves a hole behind. Then, the
electron at state m interacts with a phonon with q # 0 into
intermediate state m’. Next, the electron at intermediate state
m’ is scattered by another phonon with —q into intermediate
state m”. Finally, the electron at intermediate state m”
recombines with the hole at state i and emits a photon. Due
to the increased number of intermediate states, second-order
Raman scattering can hardly occur when none of the
intermediate states are real electronic states. When some of
the intermediate states are real, i.e, when resonant Raman
scattering happens, the scattering probability is greatly
enhanced. Similar to the resonant case of first-order Raman
scattering, there are incoming and outgoing resonances in
second-order Raman scattering. In addition, when the
intermediate states m and m’ are not in the same energy
valley, the corresponding scattering process is called intervalley
scattering (Figure 1b). It is important to note that defects and
impurities can act as scattering centers to elastically scatter
electrons at the intermediate states, providing momentum
compensation in this Raman scattering process simultaneously.
In this case, the electron is only scattered by one phonon in
second-order Raman scattering. In general, the first-order
Raman peak exhibits a Lorentzian line shape, while the second-
and higher-order Raman modes are usually broader and have
weaker intensities. Since the momentum and energy of
phonons involved in higher-order Raman scattering depend
on the incident photon energy due to conservation laws, the
frequencies of hi%her—order Raman peaks may shift with the
excitation energy. 8

With the dipole approximation, the intensity of the first-
order Raman mode is proved to be related to the polarization
states of the incident light (e;) and the collected scattered light
(e,) at the scattering site inside the crystals, which is known as
the Raman selection rule.”” Specifically, Raman intensity I is
proportional to

I x z Iei~RI»esl2
j (1)

where R; is the jth Raman tensor (third-order tensor) of the
phonon and can be determined by the symmetry of both
crystal structures and vibration modes.”””° The selection rule
depends on the scattering geometry, which can be denoted as
k(e, ek, Here, k; and k, represent the directions of the
incident and scattered photons, respectively.

Lattice Vibrations in 2DMs. The first-order intralayer
Raman modes are determined by the crystal symmetry of
2DMs. For example, the point group of monolayer TMDs in
the 2H phase (ie, 2H-TMD) is Dy, and the irreducible
representations of the phonon modes at the I' point of the
Brillouin zone are I' = A;" + 2A,” + 2E’ + E”. One A,” mode
and one doubly degenerate E’ mode belong to acoustic modes.
Another A,” mode is infrared active; A, and E” modes are
Raman active; and one E’ mode is both Raman and infrared
active. The irreducible representations of phonon modes with
similar atomic displacements vary with different numbers of
layers due to the different point group symmetry of the
corresponding TMD flakes. A;" and E’ modes of the
monolayer 2H-TMDs correspond to A, and E,, modes of
the bulk counterpart, respectively.”’ In this review, we use Arg
E%g modes of bulk 2H-TMDs to denote the corresponding
modes of multilayer 2H-TMDs for convenience.

The interaction between rigid layers of multilayer 2DMs
leads to their phonon dispersion being slightly different from
that of monolayer 2DMs and the emergence of new intralayer
vibrational modes in comparison to those of monolayer 2DMs.
This effect is known as Davydov splitting (Figure 1c).
However, the frequency difference of these modes is usually
small due to the weaker interlayer interaction relative to the
intralayer chemical bonding.**** Interlayer coupling can also
affect the electronic structure of 2DMs, resulting in variations
in Raman features observed in resonance Raman spectroscopy.
The 2D mode of graphene flakes provides a prime example, as
it involves double resonance Raman scattering of iTO phonons
near the K point of the Brillouin zone. This mode is highly
sensitive to any changes in the electronic structure. In
multilayer graphene, the electronic band undergoes significant
evolution as the number of layers increases. Consequently, the
2D mode in such systems involves multiple nonequivalent
double resonance Raman scattering processes, leading to a
superposition of several Lorentzian peaks that causes a
noticeable alteration in the line shape of the 2D mode.*

The van der Waals interaction between rigid layers of
multilayer 2DMs results in the relative vibration between the
layers and the emergence of another important type of Raman
mode, namely, the interlayer vibration mode, which is absent
in monolayer 2DMs. According to the layer vibration direction,
the interlayer modes can be further divided into in-plane shear
(S) modes and out-of-plane layer-breathing (LB) modes
(Figure 1c). The S mode has also been referred to as the C
mode since it provides a direct measurement of the interlayer
coupling.”” The frequencies of S and LB modes are typically
below 100 cm™ due to the weak interlayer vdW interaction
and show a significant dependence on the number of layers of
2DMs.”* There are (N — 1) degenerate S modes and (N — 1)
LB modes in the in-plane isotropic 2DMs of N-layers (NL),
and they can be respectively denoted as Sy y_; and LBy y_; (=
1, 2, ., N — 1) where the Sy, (LBy,) shows the highest
frequency. These interlayer modes can be described by the
linear chain model (LCM),””* in which each rigid layer is
considered as a ball connected by van der Waals force as there
is no relative motion of atoms within the rigid layer. For 2DMs
with a number of layers of N (NL), the frequencies of
interlayer modes can be expressed analytically as
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Figure 2. Schematics of the setups of typical Raman spectroscopy. (a—c) ARPR Raman spectroscopy. (d) Circularly polarized Raman
spectroscopy. (e) Low-frequency Raman spectroscopy. (c) TERS. The laboratory coordinate (xyz) is illustrated. M, mirror; P, polarizer; A,
analyzer; 4/2, half-wave plate; A/4, quarter-wave plate; EF, edge filter; BPF, VBG-based bandpass filter; BNF, VBG-based notch filter.

a)(SN,N_]-) = \/(X“/ﬂ'czﬂ sin(jz/2N)
w(LBN'N_j) = Ja'/xlusin(jz/2N), )

where ¢ = 3 X 10® m-s™" is the speed of light and y is the mass
per unit area of a single layer. @l and a* are the nearest-
neighbor force constants of in-plane and out-of-plane interlayer
coupling, respectively.””*® Until now, the interlayer mode
freqzuencies of common 2DMs including hBN,*” TMDs,****
BP,” ReS,, and ReSe, """ have been well explained by LCM,
where only the nearest-neighbor interactions are involved. On
the other hand, the next-nearest-neighbor LB force constants
should be considered in reproducing the LB mode frequencies
of multilayer graphene.*”

Finally, as a specific example, Figure 1d depicts the Raman
spectra of 1—SL MoTe, with an excitation energy of 1.92 eV.
The first-order Raman modes including intralayer A, Eég
modes, and interlayer S, LB modes are shown. The S and LB
modes exhibit layer-dependent frequencies, and the Davydov
splitting of A}, can also be clearly observed.

B TYPICAL RAMAN SPECTROSCOPY TECHNIQUES
FOR 2DMS

Polarized Raman Spectroscopy. Polarized Raman spec-
troscopy based on the Raman selection rules is a powerful
analytical tool that provides insight into the intensity response
of Raman modes in a specific scattering geometry to the
polarization states of incident and scattered light.

For linearly polarized Raman spectroscopy, the incident and
scattered light are, respectively, along the —z and z directions

10824

in backscattering geometry, and their polarization direction is
in the xy-plane. The polarization vectors can be represented as
e; = (cos @, sin 8, 0) and e, = (cos 8, sin 8, 0), where &, and 0,
are the angles of incident and scattered light with respect to the
x direction, respectively. The simplest linearly polarized Raman
configurations are parallel- and cross-polarization configura-
tions. In the parallel polarization configuration, both 6, and 6,
are set to 0° or 90° by a polarizer and an analyzer, i.e., the
polarization of the incident and scattered light is along the x or
y direction, which is usually denoted as z(xx)z or z(yy)z,
respectively. In the latter, 6, (6,) is set to 0° (90°) or 90° (0°),
which can be denoted as Z(xy)z or Z(yx)z, respectively. Since
only the intensity response of Raman modes to the specific
polarization states of the incident and scattered light is
obtained, these two configurations are commonly used to
distinguish Raman modes with different symmetries. In order
to obtain comprehensive information about the crystal
symmetry, angle-resolved polarized Raman (ARPR) technique
is developed. To perform ARPR measurement, a polarizer and
an analyzer are usually used to set the polarization states of the
incident beam from a laser and scattered light before the
spectrometer entrance to the x (y) axis of the laboratory
coordinate, respectively. Depending on whether the half-wave
plate is used and the sample is rotated, there are three typical
angle-resolved polarization conﬁgurations:43 (i) using a half-
wave plate to change 8, of e;, and e, is fixed by the analyzer, as
shown in Figure 2a; (ii) rotating the sample while fixing e; and
e, to the x- or y-axis of the laboratory coordinate, as depicted in
Figure 2b; in this case, the Raman tensor is dependent on the
rotation angle in the laboratory coordinate; (iii) inserting a
half-wave plate into the common optical path of the incident
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laser and scattered Raman signal between objective and Raman
filter to simultaneously vary e; and e, as illustrated in Figure
2c. The last two configurations are equivalent to each other for
ARPR results. More discussion about the three configurations
can be found in ref 43. With the help of ARPR spectroscopy,
detailed information on matrix elements of Raman tensors can
be obtained based on the Raman selection rule, and the
orientation of crystal axes can be determined due to the fact
that the maximum/minimum response of a specific mode is
usually along the crystal axes.

Recently, polarized Raman experiments with circularly
polarized light have attracted wide attention. To generate
circularly polarized light, a quarter-wave plate is needed. The
typical configuration is illustrated in Figure 2d.** The
polarization of incident (scattered) light is o+ or o—, and
the corresponding e; (e,) are (1, i, 0)/2 or (1, =i, 0)//2,
respectively. Four polarization configurations are further
determined, including (o+ o+), (6— 6—), (6+ 6—), and (o—
o+). Analogous to the parallel- and cross-polarization
configuration, the circularly polarized Raman spectroscopy
follows the Raman selection rules and is also commonly used
for Raman mode identification in 2DMs with hexagonal
lattices.**

Low-Frequency Raman Spectroscopy. The typical
range for measuring Raman spectra is above 100 cm™ for a
common single monochromator using a notch or edge filter.
However, informative signals can still exist in the range below
100 cm™, which include the Raman signals of the interlayer
vibration modes for multilayer 2DMs. Detecting these modes
with a conventional single monochromator is challenging since
they closely approach the Rayleigh line. In the past, double or
triple cascaded high-resolution monochromators were used to
access low-frequency Raman signals, but these setups have low
throughput and long accumulation time is necessary.’®**
Recent developments in volume Bragg grating (VBG) based
notch filters (BNF) have greatly improved the efficiency of
detecting low-frequency Raman modes when combined with
single-grating Raman spectrometers.””*> Each BNF typically
has a narrow bandwidth (~5—10 cm™') and high trans-
mittance (up to 80—90% depending on the laser wavelength),
allowing for a high signal-to-noise ratio with easy operation.
Figure 2e presents a schematic diagram of a low-frequency
Raman system based on BNFs, where three BNFs with optical
density of 3—4 are used to efliciently reflect Rayleigh signals
and transmit Raman signals.”” A VBG-based bandpass filter
(BPF) is also used to remove the plasma lines of the laser. This
setup can detect Raman modes with frequencies down to 5
cm™! and was used to successfully measure the weak S modes
in multilayer graphene,”” which was the first report of
interlayer modes in 2DMs.

Tip-Enhanced Raman Spectroscopy. Micro-Raman
spectroscopy has achieved unparalleled success in various
applications. However, its submicrometer spatial resolution
limits its characterization ability toward the atomic or
nanoscale information on 2DMs. TERS, which combines
Raman spectroscopy and scanning probe microscopy, is a
versatile tool that provides a spatial resolution ranging from
several angstroms to tens of nanometers, exceeding the optical
diffraction limit.”>*” Laser excitation at an appropriate
wavelength and polarization can generate collective oscillations
of the surface electrons of the tip, resulting in localized surface
plasmon resonance. Combined with the lightning rod effect of
the tip, this produces a strong electromagnetic field, which

significantly enhances the Raman signal of the sample below.*®

Figure 2f illustrates a typical TERS configuration with top
illumination. In this case, a tilted tip is required to avoid
shadow created by the cantilever and a half-wave plate is used
to adjust the polarization direction of the incident laser.”’ The
electromagnetic enhancement of TERS is affected by several
factors, including the incident laser (wavelength, polarization,
and incident angle), tip (material, curvature, radius, tip angle,
and morphology), substrate (material, roughness, and tip—
substrate distance), and the surrounding dielectric environ-
ment of the tip.26 Atomic force microscopy (AFM) combined
with Raman spectroscopy allows TERS measurements at
ambient temperature and pressure, which can achieve spatial
resolution at nanoscale. TERS measurements can also be
performed by combining scanning tunneling microscopy
(STM) and Raman spectroscopy. This configuration can
achieve atomic-level spatial resolution but requires higher
measurement conditions simultaneously, i.e., low temperature
and ultrahigh vacuum (UHV) environments.””*”* The
significant enhancement on the Raman signal and the ultrahigh
spatial resolution of TERS make it naturally suitable for
probing the nanoscale properties of 2DMs, such as defects and
local strain. "~

B APPLICATION OF RAMAN SPECTROSCOPY IN
ANALYZING FUNDAMENTAL PROPERTIES OF
2DMS

Crystalline Anisotropy. Graphene and 2H-TMD flakes
have been widely studied due to their excellent optical and
electrical properties, which exhibit high in-plane isotropy
(point group of Dg,).”" However, another class of 2DMs with
reduced structural symmetry, such as BP (D,,),”*> WTe,
(Cy,),” GaTe (Cy,),>" and ReS, (C,),*' exhibits significant
difference in electronic structure and phonon dispersion along
different crystal axes of the 2D basal plane, ie., in-plane
anisotropy.”’ This property provides an additional degree of
freedom to manipulate their optical, electrical, thermal, and
mechanical properties, making these 2DMs promising for
applications in polarized optical components, polarization
sensors, and high-performance transistors.”**~% Identifying
the in-plane crystal axes is critical for investigating the in-plane
anisotropy and related device applications. Although X-ray
diffraction, transmission electron microscopy, and other
techniques were commonly used to characterize the crystal
structure, Raman spectroscopy has gradually become an
important tool for crystal structure identification due to its
fast and nondestructive characteristics. The polarization
dependence of a Raman mode is determined by the form of
its Raman tensor, which is influenced by the crystal symmetry,
birefringence, and dichroism along different crystal axes.®'~®*
Therefore, polarized Raman spectroscopy can be employed to
effectively identify the in-plane anisotropy and crystal axes by
correlating the polarization response of the Raman modes to
the crystal symmetry.

The in-plane orientation of anisotropic 2DMs can be
determined by the ARPR intensity. Due to the birefringence
and linear dichroism of an anisotropic crystal, the polarization
response of its Raman intensity deviates from the theoretical
result given by the Raman selection rule if a complex Raman
tensor is not considered.”’ The birefringence causes phase
differences when the laser propagates along different principal
axis directions, while the linear dichroism leads to anisotropic
absorption.”> A widely adopted approach is introducing a
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complex Raman tensor in the Raman selection rule to consider
birefringence or the linear dichroism effect. This method tends
to explain the experimental results well; however, it is
impossible to distinguish the respective contributions from
birefringence and linear dichroism effects. The treatment based
on complex Raman tensors has been used to explain the
polarization response and to determine the crystal axes of
anisotropic 2DMs with specific thicknesses, such as BP,*"%*
1T’ -MoTe,,%° 1T'-WTe,,’* ReS,, and ReSe,.** In the practical
application, the identification of the crystal orientation of
anisotropic 2DMs based on a complex Raman tensor typically
requires the information on the excitation energy, sample
thickness, and the dielectric layers of the underlying substrate
because the polarized Raman spectra are also affected by the
interference effects in the multilayered structures consisting of
air, sample, and substrate.””*> For example, the intensity
maximum of Aé and Ag modes in bulk BP is along either a-
(zigzag, ZZ) or b- (armchair, AC) axis; however, that in a BP
flake has been proven to be changed with its thicknesses
(Figure 3a,b).°>®* Thus, the factors discussed above make it
difficult to identify the crystal axes of anisotropic 2DM flakes at
arbitrary thicknesses. However, the intensity ratio between A!
and Ag modes can be used to determine the crystal axes of BP
flakes. Zou et al. investigated the ARPR intensity of Aé and Ag
modes of BP flakes with thicknesses ranging from 8 nm to 170
nm with the excitation wavelength of 532 nm, 633 nm, and 785
nm.** The intensity of Ajy mode along the ZZ axis (I%7), AC
g

axis (IAf), and A; mode along the ZZ axis (I%%), AC axis (125
g g g

) was found to satisfy the relationship I j‘\?/ 1 2\1(: > Ii% / Iilz.
g g g g

This relation can be used as a concise criterion to conveniently
identify the ZZ and AC directions of BP for arbitrary
thicknesses.

In addition to the in-plane axes, it should also be noted that
the out-of-plane c-axis of triclinic 2DMs such as ReX, (X = S,
Se) is nonorthogonal to the a- and b-axes (Figure 3c). Choi et
al. developed an unambiguous method to determine both the
in-plane and out-of-plane axes of few-layer ReS, and ReSe, by
polarized Raman spectroscopy. During the ARPR measure-
ment, the exfoliated ReS, and ReSe, flakes were placed on a
transparent quartz substrate with c-axis both up and down by
flipping the sample over.”> Under the excitation energy of 2.33
eV, the polar plots for modes at 151 cm™? and 212 ecm™! with
the c-axis up and the c-axis down show obvious mirror
symmetry (Figure 3d). A similar trend between modes at 124
cm™ and 160 cm™" of ReSe, samples was also observed under
the excitation energy of 1.96 eV. Combined with the results of
high-resolution scanning transmission electron microscopy, the
orientation of the c-axis of ReX, (X = S, Se) can be determined
by the relative rotation of the maximum intensity polarization
directions of the certain two modes in polar plots with specific
excitation energies.

Structural Defects. The morphological characteristics of
2DMs with large specific surface area make it inevitable to
introduce defects during growth and mechanical processing,
including vacancies, wrinkles, and edges. Defects can have a
significant impact on the physical and chemical properties of
2DMs. For example, defects can introduce additional
electronic states and lead to specific optical processes;
defect—carrier and defect—phonon scattering can affect the
electrical transport and thermal properties; defects can also act
as active sites to enhance the catalytic properties of
2DMs.%*"7° Therefore, characterizing the defect structure
along with the defect-induced properties of 2DM:s is important
to improve the performance of relevant devices.
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As a fingerprint of the material structure, the Raman
spectroscopy of 2DMs is also sensitive to the presence of
defects. The destruction of the complete crystal structure by
defects directly leads to Raman intensity attenuation,
frequency shift and (asymmetric) broadening of the first-
order phonon modes, as well as the emergence of new Raman
modes.”'~"* The analysis of the Raman spectra of defective
2DMs can yield a wealth of information related to the defects.
First, the disruption of lattice integrity by defects leads to a
decrease in the intensity of the intrinsic Raman modes of
2DMs, which can be interpreted as a decrease in the area of the
intrinsic sample in the test region. For example, the intensity of
the G mode in %raphene decreases with increasing concen-
tration of defects.”" The alteration of Raman mode intensity in
2DMs by defects is directly related to the defect concentration,
which is manifested by the average distance between defects.”®
The exact relationship needs to be modeled and analyzed for
different defect types (e.g., point defects, line defects).”7>7>76
Second, the space translation symmetry breaking by defects
results in the relaxation of momentum-conservation in Raman
scattering, leading to frequency shifts and broadening of the
intrinsic first-order Raman modes. The motion of phonons can
be described by Bloch wave packets whose uncertainties of
wave vectors (Aq) and position (Ax) satisfy the uncertainty
relation. In perfect crystals, phonons can exist at any position
in the crystal, so the Ax is infinite; that is, the wave vector is
uniquely determined. In crystals with defects, the Ax becomes
finite, so the Aq is nonzero, indicating that phonons away from
the center of the Brillouin zone are involved in Raman
scattering. Thus, the observed first-order Raman modes of
defective 2DMs are in fact a superposition of contributions
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from phonons with different wavevectors, whose frequencies
and line widths significantly change in comparison to those of
perfect crystals. The phenomena can be analyzed in detail by
the phonon confinement model originally proposed by Richter,
Wang, and Ley (usually referred as the RWL model),”” which
has been applied to explain the evolution behavior of first-
order Raman modes of defective 2DMs with respect to the
defect concentration, including graphene,71 TMDs,”””® and
BP* flakes. Third, defects also serve as scattering centers to
activate new Raman modes by resonance Raman scattering.
The activation of D and D’ modes in defective graphene is a
typical example of the involvement of defects as scattering
centers in the double resonance Raman process due to the
peculiar band structure of graphene.”® Defects provide
momentum compensation for the involved electrons to make
the momentum conservation be satisfied in the Raman
process.lé’79

Micro-Raman spectroscopy can quickly extract the basic
properties of point defects with a high concentration. However,
when 2DMs have a low concentration of point defects, micro-
Raman spectroscopy is no longer applicable for detailed
investigation because defect-induced Raman modes may
exhibit a weak intensity with such a low signal-to-noise ratio
that they are not observable. Other types of defects cannot be
well distinguished by micro-Raman spectroscopy due to its
submicrometer spatial resolution. As an advanced Raman
spectroscopy technique, TERS exhibits huge intensity
enhancement and ultrahigh spatial resolution, making it
possible to study the concentration and type of defects at
the nanometer scale.
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TERS mapping was first applied to the characterization of
defects in monolayer graphene, including the defect distribu-
tion,” phase-breaking lengths of the graphene edge,”' and the
average distance between point defects.*” Subsequently, this
technique was further used to characterize the surface defects
of other 2DMs. Lee et al. found that defect-induced A}, mode
redshift in 1L-WS,, as well as the activation of D and D’ modes
on its sides (Figure 4a).”” They excluded the strain effects and
attributed the cause of these phenomena to the formation of
sulfur vacancies in combination with theoretical calculations.
The TERS mapping of the frequency and intensity of the Ay,
D, and D’ modes illustrates a complete defect distribution on
the WS, surface, which is in agreement with the results of STM
(Figure 4b—d). Analogously, Kato et al. performed TERS
mapping of the A}, mode intensity of 1L-MoS, in the wrinkled
region, which successfully captured high-resolution (~20 nm)
images of the wrinkles and matched well with the
morphological images obtained by AFM.*

The electronic properties of surface defects in 2DMs can
also be spatially resolved by TERS, and the effect of the defects
on the physical properties of the surrounding pristine material
can be determined simultaneously. Huang et al. performed the
AFM-based TERS measurements of different line defects in 1—
2L MoS, (Figure 4e) and claimed that edge-induced bending
of electronic band structure can activate double resonance
Raman scattering of the LA(M)+TA(M) mode, whose
intensity can be used to determine the corresponding energy
band-bending region.”® Meanwhile, frequency shifts of the
doping-sensitive A;; mode at different edge points reveal the
electron density distribution nearby. Combining theoretical
calculations and TERS line mapping of the LA(M)+TA(M)
and A;; modes, the length of the transition region between
intrinsic MoS, and the edge is determined (Figure 4f). In
addition, different edge types such as zigzag and armchair
edges can also be identified by the variation of the A;, mode
frequency (Figure 4g), which will play an important role in the
practical application of MoS,.

Interlayer Coupling. Multilayer 2DMs are composed of
rigid layers that are naturally bonded by vdW forces, and these

weak interactions create opportunities to construct 2DMs with
different stacking configurations, both natural and artificial.
Different stacking structures can modify the interlayer coupling
and affect their optical, electrical, and vibrational proper-
ties."*~" For vibrational properties, interlayer coupling directly
leads to the emergence of layer-dependent interlayer S and LB
modes in multilayer 2DMs, which are exceptionally sensitive to
the interface environment. The detection of interlayer modes
using low-frequency Raman spectroscopy not only allows
precise characterization of the number of layers and stacking
configuration of 2DMs but also obtains information about
interlayer coupling of 2DMs and related vdWHs.”*

The clear observation of interlayer modes is a prerequisite to
evaluate interlayer coupling in 2DMs and vdWHs. However,
the Raman intensity of the interlayer modes is usually weak.
Selecting an appropriate excitation energy to match the
resonance condition can significantly improve the Raman
intensity of 2DMs and vdWHs. For instance, interlayer modes
of twisted multilayer graphene can be dramatically enhanced
by matching the excitation energy with the energy between the
conduction and valence band van Hove singularities."”*%*’
Similarly, a resonant excitation that matches a specific excitonic
state in BP, TMDs, and related vdWHSs can also make the
interlayer modes be enhanced and easily observed.****?°~"%

2DMs with different stacking phases exhibit different
structural symmetry, interlayer coupling, and polarizability,
which lead to striking variations in the relative Raman intensity
of interlayer modes, as observed in AB/ABC-stacked multilayer
graphene96 and 2H/3R-stacked TMDs.*"”” The relative
intensity of the corresponding interlayer modes can be well
explained by the interlayer bond polarizability model, which
treats each layer as a single object with no need of intralayer
structural details, so only the interlayer bond vectors and
polarizabilities are required to determine Raman intensities of
both S and LB modes.”®” A recent work by Cheon et al.
identified the phase transition from the monoclinic 1T’ to the
orthogonal T4 phases of MoTe, and analyzed the correspond-
ing interlayer coupling.'”” The 1T’ and Ty phases differ only
slightly in stacking along the c-axis direction (Figure Sa).
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Polarized Raman spectra of the T4 phase at low temperature
exhibit the newly emerged low-frequency mode and the
splitting of two high-frequency modes, different from that of
the 1T’ phase at room temperature (Figure Sb). The layer-
dependent interlayer modes of the two phases also exhibit a
pronounced difference in the number of observed modes and
in their relative Raman intensities (Figure Sc). The frequencies
of observed interlayer modes can be well reproduced by LCM,
and similar coupling strengths were claimed for both phases
according to their extracted force constants. This further
indicates that minor stacking differences between the two
phases would not obviously change the interlayer coupling
strength of MoTe,.

For vdWHs (including twisted 2DMs), due to the interlayer
coupling at the heterointerface (also known as interfacial
coupling), the number and peak position of the observed
interlayer modes could be significantly different from those of
constituents. Indeed, various interlayer modes have been
identified in twisted multilayer %raphel.rle,A'Z’88 twisted bilayer
TMD,"*' ™% and vdWHs.”>'**'% In vdWHs with large twist
angles or large lattice mismatch at heterointerfaces, the S
modes are found to be localized in the constituents.*”**”>%>
In this case, no new S modes can be observed in vdWHs except
for those of constituents. However, the non-negligible LB
interfacial coupling at the heterointerface of vdWHs leads to
the normal displacements of the corresponding LB modes in
vdWHs extending throughout the entire heterostructures. After
considering the LB interfacial coupling force constant, the
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frequency of the observed LB modes in vdWHs can also be
well understood by LCM.”>?>'%° Conversely, the strength of
interfacial coupling in vdWHs can be extracted from the
measured LB mode frequencies. For TMD-based vdWHs
composed of hBN or graphene (Gr), i.e,, Gr/TMDs and hBN/
TMDs vdWHs, the LB force constants at the heterointerface
are comparable to those of constituents. The method to
evaluate the interfacial coupling strength has recently been
applied to some new vdWHs such as MoSSe/MoS, Janus
heterobilayer.'” The S and LB modes in the MoSSe/MoS,
heterobilayer exhibited higher frequencies than those in 2L-
MoS,, and the extracted S and LB force constants were about
10% higher than those in the pristine 2L-MoS,. This increase
was attributed to the rearrangement of the atomic config-
uration of sulfur and selenide atoms and the reduction in Mo—
Mo atomic layer spacing. Wu et al. further extended the LCM
for ternary vdWHs. In vdWHs composed of Gr, hBN, and
TMDs, the interfacial coupling strengths were evaluated via the
emergent LB modes enhanced by cross-dimensional electron—
phonon coupling.” Indeed, due to the presence of interfacial
coupling, the observed LB modes in Gr/TMD/hBN and Gr/
hBN/TMD vdWHs were significantly different from those of
the individual constituents and the corresponding binary
vdWHs (Figure 6a).”

Interlayer coupling in 2DMs can also modulate the
frequency of their intralayer modes, leading to the so-called
Davydov splitting.”*~** Two models have been used to explain
such a phenomenon, including the force constant model that

https://doi.org/10.1021/acs.analchem.3c00272
Anal. Chem. 2023, 95, 10821-10838


https://pubs.acs.org/doi/10.1021/acs.analchem.3c00272?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c00272?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c00272?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c00272?fig=fig6&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.3c00272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

REVIE

Side view

LO top view

39L-hBN/3L-WS,

|
soLnEN {ciuuuq‘
V

] »wmmmmmm

2000000
S S >
58050505050

< Cexcifons, 3LWS, J€ exciton <€ excifon<, < €exgiton+,
o J A
SIIENY KIQIIXS J 88099 KTV
53,1 LBS,Z LB42,37 LB4Z,3G
39L-hBN/3L-WS, 3Lws, 300/ 3oLBNALWS; | Cexcion 2300
s [ ]
i Sy N 250_Bexcllon Sy 250
S —~
| LBias QO 200} 200 &
‘ LB Q 2
/i\ = 150f 150 2
3 n @ 100f 1100 @&
3 | S = sof 150
< A A\ A aa] 8
- ) b 0 0
£ i s o o I Z 24 25 26 27 28
c H c
- ] Ny PR e N (o*, o%) = ~ 250 [ B exciton 250
3 8 200 |- 200 Q
o 7
_J\_/L MN&W,\MML‘W I E\ 150 - 150 <
A = 100 100 £
i * o 50 - 50
A Lo hmngettnt” N oA cppaciermin, | (67, 0) =3 0

380 400 420
Raman shift (cm™)

380 400 420
Raman shift (cm™)

380 400 420
Raman shift (cm™)

10 15 20 25 30 35 10 1520 25 30 35 40
Raman shift (cm™)

24 25 26 27 28

Raman shift (cm™) Excitation energy (eV)

Figure 7. (a) Vibration patterns of the polar E’ mode and homopolar A," mode of MoS,. (b) Schematic of Frohlich interaction between electrons
(or excitons) and a macroscopic electric field induced by LO phonons. (c—e) Circularly polarized Raman spectra of 1L-MoS, under (c)
nonresonant excitation and low charge carrier density, (d) resonant excitation and low charge carrier density, and (e) resonant excitation and high
charge carrier density. Reprinted by permission from Macmillan Publishers Ltd.: Miller, B.; Lindlau, J.; Bommert, M.; Neumann, A.; Yamaguchi,
H.; Holleitner, A.; Hogele, A.; Wurstbauer, U, Nat. Commun. 2019, 10, 807 (ref 112). Copyright 2019. (f) The normal mode displacements of the
S5, LBs, in a standalone 3LW flake and LBy, 3, LB, 3; modes in a 39L-hBN/3L-WS,. (g) Raman spectra of 39L-hBN/3L-WS, and 3L-WS, with
excitation energies in the range of 2.41—2.81 eV. (h) Resonant profiles of the LB,, 35, LBy, 37, and S;, modes in 39L-hBN/3L-WS,, and the S,
LB;, modes in 3L-WS,. Reprinted by permission from Macmillan Publishers Ltd.: Lin, M.; Zhou, Y.; Wu, J.; Cong, X; Liu, X.; Zhang, J; Li, H;
Yao, W.; Tan, P. Nat. Commun. 2019, 10, 2419 (ref 93). Copyright 2019.

directly considers the interaction between rigid atomic
layers®>**** and the vdW model that considers the coupling
of inter- and intralayer vibrations.””*> The force constant
model used multiple force constants to represent the
interaction between different rigid atomic layers, and the
frequencies of the intra- and interlayer modes can be
reproduced by solving the corresponding dynamic equations.
However, this model cannot directly predict the frequency
splitting between Davydov components from the measured
frequencies of the intralayer modes of the monolayer 2DMs
and interlayer modes of the corresponding bilayer 2DMs. In
contrast, these frequencies can be predicted by the vdW
model.”” In NL-MoTe,, the frequency difference between the
jth Davydov component of the A, like mode (@) and the
frequency of the A;, mode of the monolayer (w,) can be
calculated by the relationship w2 = A + @, where Aw; is the
frequency of LBy; mode.” Recently, Leng et al. observed all
Davydov entities of A;" and A,” modes in twisted multilayer
MoTe, at 4 K.° The frequencies of the corresponding
Davydov components can likewise be explained by the vdW
model. However, due to the negligible interfacial shear
coupling, the spectral profile of the Davydov components of
the in-plane intralayer E’ modes can be fitted by those of the
corresponding E’ modes of its constituents (Figure 6b).
Exciton—Phonon Interaction. The interactions between
(quasi)particles (electrons, excitons, phonons, magnons, etc.)
in 2DMs are fundamentally responsible for unusual quantum
behavior. Understanding the interactions between (quasi)-
particles is a prerequisite for achieving manipulation of relevant
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properties. Among these interactions, electron—phonon
coupling is important for optical and electronic properties.
For example, scattering of electrons by optical phonons
dominates the mobility of 2DMs at room temperature;107
electron—phonon or exciton—phonon interactions are im-
portant for rapid cooling of photoexcited carriers'**'* and
coherence of exciton luminescence.''”'"" As electron—phonon
interactions are one fundamental process in Raman scattering,
electron—phonon coupling directly dominates intensity, line
shape, and polarization response of Raman modes. Studying
Raman spectra of 2DMs in a wide excitation energy range has
been widely used to study electron—phonon coupling in
2DMs, where photon—electron and electron—phonon inter-
actions under different energy excitations should be involved.
Particularly, the strength of the exciton—phonon interaction
can be obtained by resonance Raman spectroscopy in
semiconductors with strong excitonic effects, in which the
real intermediate exciton-related states are involved in Raman
scattering.

The enhanced Raman intensity of Raman modes in two-
dimensional semiconductors in resonance Raman scattering is
dependent on the symmetry of both the excitonic states and
phonon modes involved in exciton—phonon coupling.''*~""?
In isotropic 2DMs like MoS,, the A and B excitons are
dominated by the out-of-plane Mo-d? orbital and can couple to
the out-of-plane A, phonon, while the C exciton is dominated
by both the out-of-plane Mo-d? orbital and in-plane S-p,, 2
orbitals, making it well coupled to the in-plane Ezlg
phonons.'#"'® Therefore, the Ay, mode is significantly
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enhanced at A and B exciton resonance, while the Ei_ mode is
significantly enhanced at C exciton resonance.lgn’116 In
contrast, in anisotropic 2DMs such as BP and ReS,, both
phonons and excitons may exhibit anisotropic properties,
leading to more distinct effects on the corresponding Raman
spectra due to symmetry-dependent exciton—phonon cou-
pling.ss’ln’118 For example, in few-layer BP, the bright exciton
has a spatial distribution along the armchair direction, and the
A? mode in BP with atoms vibrating along the armchair
direction exhibits stronger Raman intensity than the A} mode

. S o 1ds
with atoms vibrating along the out-of-plane direction.

The exciton—phonon interaction in polar semiconductors
can lead to the breakdown of the selection rules of specific
Raman modes.''?™!?! Generally, the electron—phonon inter-
action dominates the Raman tensors and further gives the
polarization response of a certain Raman mode. In most cases
of Raman scattering, two types of electron—phonon
interactions are commonly considered.”” The first type is the
deformation potential interaction, which describes the
alternations in the electronic energies induced by microscopic
distortions within the unit cells. The second type is the
Frohlich interaction, which originates from the interaction
between the electrons and the macroscopic longitudinal
electric field produced by longitudinal optical (LO) phonons.”
The contribution of the two types of interactions to the Raman
tensor can vary with the excitation energies.'”” In the case of
the polar semiconductor CdS, it has been demonstrated that
under exciton resonance, the Frohlich interaction between
excitons and LO phonons becomes wavevector-dependent.
Consequently, this leads to the significant change in
corresponding Raman tensor and deviates from the selection
rules.””'” For two-dimensional semiconductors, a similar
phenomenon has also been observed. Drapcho et al. reported
the breakdown of the Raman selection rule for the E’ mode of
1L-MoS, at the A exciton resonance.'”’ Compared to the case
under nonresonant excitation, the E’ mode appeared to
redshift by around 3 cm™ under resonant excitation, which
was attributed to defect-assisted scattering of the phonon
slightly away from the I" point of the Brillouin zone. Miller et
al. demonstrated that the E' mode is a polar mode and the
Frohlich interaction should be taken into account for exciton—
phonon interaction in 1L-MoS, under A exciton resonance
(Figure 7a,b).""* The Raman tensor of Fréhlich interaction is
significantly different from that of electron—phonon inter-
action based on deformation potential, and in most cases only
the latter is considered in the Raman selection rule.
Furthermore, they claimed that the Frohlich interaction for
the E' mode in 1L-MoS, is an impurity-assisted second-order
Frohlich exciton—LO phonon scattering process. The relative
proportion of these two types of interactions varies with
excitation energy, and the proportion of Frohlich interaction
increases significantly at A exciton resonance, which leads to
anomalous polarization response of the E' mode (Figure 7c—
e). Such exciton—LO phonon interaction can be suppressed by
electron doping, which correlates with a distinct increase of the
degree of valley polarization. The effects of temperature,
dielectric screening, and other factors on Frohlich interaction
in MoS, were further investigated in detail.'** Similar results
and explanations have also been reported in WS,."*"'**

Peculiar exciton—phonon interactions also exist in vdWHs
due to the interfacial coupling at the heterointerfaces. Excitons
and phonons respectively in different constituents can interact
with each other across the heterointerfaces, i.e., the interlayer

exciton—phonon coupling, which was first observed in hBN/
WSe, vdWHs.'”>'?° The optically silent out-of-plane ZO
phonon emerged in Raman spectra with strong intensities
through resonant coupling to the A exciton of WSe, and a new
hybrid state of vdWHs. In addition to the intralayer phonons,
the interlayer phonons are more likely to interact with the
exciton within each constituent of vdWHs. Lin et al. revealed
the cross-dimensional electron—phonon coupling between LB
phonons in WS,/hBN vdWHs and excitonic states in WS,
constitute.”” Rich interlayer LB modes in WS,/hBN vdWHs
composed of tens to hundreds of hBN layers were observed,
and the calculated energy band of vdWHs also indicated that
the excitonic states are localized in the WS, constituent (Figure
7f). Through the analysis of the resonant profile of LB modes,
they claimed that the strong interfacial coupling between hBN
and WS, leads to the cross-dimensional coupling between the
extended LB phonons and localized C excitons in WS, (Figure
7gh). Two methods respectively based on the phonon wave
function projection and interlayer bond polarizability were
further proposed to reproduce the relative intensity of these LB
modes, which also verified the physical origin of this special
exciton—phonon interaction.”> A similar mechanism also
occurs in hBN/MoTe, vdWHs’* and even in ternary vdWHs
composed of hBN, graphene, and TMDs.”

Strain Effects. 2DMs exhibit ultrahigh stretchability and
can experience strain when placed on nonuniform substrates or
combined with other materials to form heterogeneous
structures. This lattice compression and stretching alters the
atom distance and causes a redistribution of electrons,
ultimately impacting the electronic and optical properties of
2DMs.'” The strain-induced changes in the phonon
dispersion and electronic structure of 2DMs lead to variations
of the frequency and intensity of Raman modes. Therefore,
characterizing 2DMs under strain using Raman spectroscopy
can provide access to the mechanical parameters of 2DMs and
can help to understand the strain effect on their vibrational and
electronic properties for both fundamental research and related
device applications, particularly in the development of flexible
wearable devices.

The application of strain to 2DMs results in changes to their
chemical bond strength and structure, causing a shift in the
frequency of the Raman mode. As with conventional solids,
tensile strain in 2DM:s enlarges the atomic distance and further
enlarges the phonon softening, whereas compressive strain
results in the phonon stiffening. Moreover, the phonon modes
exhibiting higher sensitivity to strain typically have the atom
vibration direction aligned with the strain direction. In-plane
degenerate modes generally split under uniaxial strain due to
lattice distortion and reduction in symmetry. The above
conclusions can apply to most in-plane isotropic 2DMs under
uniaxial strain, such as the G mode in graphene*”'*" and the
E%g/Alg modes in MoS,."**"** For in-plane anisotropic
materials, such as BP, the frequency shift of the characteristic
Raman modes under uniaxial strain also depends on the strain
direction.**'** In addition, the interlayer vibration modes of
multilayer 2DMs show anomalous behavior under uniaxial
strain, which arises from the inevitable coupling between
interlayer shear and in-plane uniaxial strain.'* Splitting of the
interlayer shear mode of bilayer MoS, has been reported under
tensile strain, and the split shear mode is hardened rather than
softened along the strain direction, in contrast to the case of
intralayer A, phonons. Generally, the mechanical constants
such as Griineisen parameter, shear deformation potential, and
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Figure 8. (a) Experimental schematic of resonance Raman experiments on few-layer InSe exfoliated on flexible poly(ethylene terephthalate)-glycol
(PETG) substrates under tensile strain. (b) Raman spectra of 10—15L InSe under the excitation energy of 2.41 eV as uniaxial tensile strain is
applied from 0% to 1.15%. (c) Left panel: optical image, AFM topography image, intensity mapping, and frequency mapping of A,(I'})-LO mode of
wrinkled InSe. The colored points correspond to different flat and wrinkled areas. Right panel: Raman spectra of the A;(I'})-LO mode were
recorded at the five points indicated in the optical image. Reproduced from Song, C.; Fan, F.; Xuan, N.; Huang, S.; Wang, C.; Zhang, G.; Wang, F,;
Xing, Q.; Lei, Y.; Sun, Z.; Wu, H.; Yan, H. Phys. Rev. B 2019, 99, 195414 (ref 127). Copyright 2019 American Physical Society. (d) Experimental
schematic of STM-TERS experiments on DBP/borophene heterostructure. (e) TERS spectra of DBP/borophene heterostructure acquired before
(left) and after (right) removal of two DBP molecules at color-marked sites in the inset STM image. The frequencies of the ng mode are marked
out. Spectral evolution of the ng mode along the yellow-line trace is also depicted (middle panel). Reproduced from Li, L.; Schultz, J.; Mahapatra,
S.; Liu, X.; Shaw, C.; Zhang, X;; Hersam, M,; Jiang, N. J. Am. Chem. Soc. 2021, 143 (38), 15624—15634 (ref 128). Copyright 2021 American

Chemical Society.

Poisson’s ratio of 2DMs can be determined by analyzing the
frequency shift of the Raman modes as a function of the strain
magnitude.'*”

The strain-induced alteration of the electronic structure in
2DMs impacts the photon—electron and electron—phonon
interactions, which can be revealed from the Raman intensity.
For instance, Song et al. performed resonance Raman
spectroscopy to study the vibrational and electronic properties
of few-layer InSe under uniaxial tensile strain with a two-point
bending apparatus (Figure 8a)."”” They found that the applied
tensile strain caused significant enhancement of two LO modes
under an excitation energy of 2.41 eV (Figure 8b). This
enhancement effect was attributed to the modulation of the
electronic structure of InSe by tensile strain. Analysis of the
energy change of excitonic states under strain showed that the
tensile strain causes a redshift of the B exciton energy of few-
layer InSe, which is perfectly matched with the excitation
energy, thereby enhancing the two specific LO modes.

On the basis of the understanding of the strain effect on the
frequency and intensity of Raman modes, Raman character-
ization of specific modes in 2DMs can be used to gather
information on the magnitude and spatial distribution of strain.
With the high sensitivity of the LO mode intensity to strain,
Raman intensity mapping of the LO mode of the wrinkled few-
layer InSe under the excitation energy of 2.41 eV shows a clear
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spatial distribution of strain, which is highly consistent with the
morphology image obtained by AFM (Figure 8c).'”” Besides
the homogeneous strain applied by mechanical devices,
localized strain typically exists in nanostructures, and it can
be characterized using TERS. Recently, Li et al. realized the
vertical integration of borophene with tetraphenyldibenzoperi-
flanthene (DBP) and employed UHV-TERS to perform
angstrom-scale characterization of the subtle ripples and
compressive strains of the borolphene lattice underneath the
molecular layer (Figure 8d)."** The magnitude of the
interfacial strain was determined to be ~0.6% and highly
concentrated in the range of 1—1.5 nm near the edge of the
heterostructure by comparing the results of line mapping
before and after the removal of organic molecules with the
calculated frequency shift of the ng mode under biaxial strain
(Figure 8e).

Doping Effects. Doping is an effective method to
modulate the electronic structure and phase transition of
2DMs. The primary implementations of doping include
electrostatic doping, substitution doping, and surface charge
transfer doping.'”’~'*" Additional electrons or holes intro-
duced by doping can significantly alter the carrier concen-
tration and Fermi level (E;) of 2DMs, leading to potential
applications in electronic/optoelectronic devices and chemical
reactions. Doping can directly influence the photon—electron
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Black line: prediction by two-phonon Raman scattering theory. ,p: frequency of the 2D mode. Reprinted by permission from Macmillan
Publishers Ltd.: Chen, C.; Park, C.; Boudouris, B.; Horng, J.; Geng, B.; Girit, C.; Zettl, A.; Crommie, M.; Segalman, R.; Louie, S.; Wang, F., Nature
2011, 471, 617—620 (ref 138). Copyright 2011. (e) Raman evolution upon the phase transition from 2H to 1T’ phase, as the bias changes from 0
to 4.4 V. A;” and E’ modes are the characteristic Raman modes of the 2H phase, while the A, mode is the characteristic mode of the 1T’ phase. (f)
Polarized Raman spectra of MoTe, in the pristine 2H phase and in the gate-induced 1T’ phase. Reprinted by permission from Macmillan
Publishers Ltd.: Wang, Y.; Xiao, J.; Zhu, H.; Li, Y.; Alsaid, Y.; Fong, K;; Zhou, Y.; Wang, Y.; Zettl, A.; Reed, E.; Zhang, X., Nature 2017, 550, 487—

491 (ref 139). Copyright 2017.

and electron—phonon interactions in Raman scattering, which
are fully reflected in the spectral features of the Raman modes.
Moreover, the doping-induced phase transition of 2DMs may
directly change crystal structures, which can be captured from
the change in Raman modes. Therefore, Raman spectroscopy
can provide rich information about the doping-induced
properties of 2DMs.

Different types and concentrations of doping can change the
lattice constants of 2DMs and affect the electron—phonon
interaction in Raman processes, which results in the drastic
change in the frequency and line width of Raman
modes.'*™'** However, it should be noted that not all
Raman modes of certain 2DMs are sensitive to charge doping,
and symmetry plays a crucial role in determining whether a
mode is doping-sensitive. In the case of electron (hole) doping
of MoS, and BP, the occupation of the bottom (top) of the
conduction (valence) band states is expected, and if their
symmetry representations are orthogonal to that of phonon,
the corresponding electron—phonon coupling matrix element
will be null, leading to insensitivity to doping."*>"*® Therefore,
the Eég mode in 1L-MoS, exhibits insensitivity to electron
doping compared with A, for weak coupling to the electronic
states at K point (conduction band minimum) with A
symmetry.'*>'*” It is also the case for the doping sensitivity
of Aé, Ag, and By modes in BP flakes.'*¢
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Doping-sensitive Raman modes in several typical 2DMs
such as TMDs and BP exhibit red shift and broaden line width
upon electron doping,'*"**"*¥!* An exception is the G mode
of graphene, which exhibits a blue shift and reduced line width
after doping.'*”"* The strong electron—phonon coupling
between electrons at K valley and E,, phonon of the G mode
leads to a Kohn anomaly that decreases the G mode frequency
in pristine graphene.">' However, such strong coupling is
suppressed after doping, resulting in a blue shift and reduced
line width of the G mode in doped graphene.'** Interestingly,
the response of interlayer modes may exhibit different behavior
from that of the intralayer modes since the frequencies of the
interlayer modes are more sensitive to the interlayer distance
and the charge density distribution of each layer. For instance,
the frequency of the S mode of multilayer graphene with hole
doping decreases significantly with increasing hole concen-
tration, which is attributed to the decreased interlayer
distance.*” Recently, a study of electrostatic doping effects
in bilayer 3R-MoS, by Zhang et al. revealed an increase in the
S and LB mode frequencies, which is in contrast with that in
intralayer A}, mode and indicates a decrease in layer spacing
with enhanced interlayer coupling (Figure 9a,b)."*"

Doping directly affects the optical transition process by
altering the occupied state of electrons in the energy band of
the crystal, which inevitably affects the intensity of Raman
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modes in 2DMs. This point needs to be understood in terms of
the microscopic processes of Raman scattering. Figure 1 has
elucidated the first- and second-order Raman scattering
processes, where the choice of initial and intermediate states
can be arbitrary, provided that energy and momentum
conservation are satisfied. This will lead to many scattering
processes involving different electronic states, which are
referred to as different scattering pathways. For a specific
Raman mode, its intensity should contain the contributions
from all scattering pathways. Electron doping will result in the
occupation of the previously unoccupied electronic states,
while the opposite is true for hole doping. Therefore, doping
will reduce the number of scatterinfg athways of the Raman
mode, thus affecting its intensity.~~'>* The study of the
variation of the G mode intensity of graphene with doping
concentration reveals that there is a significant quantum
interference between the scattering pathways of the G
mode."*® When some of the scattering pathways are blocked
due to doping, the G mode intensity does not diminish as
usually expected but instead is dramatically enhanced (Figure
9¢c). In contrast, for the 2D mode originating from triple
resonance Raman scattering, there is no quantum interference
phenomenon between the scattering pathways. When all the
resonance pathways are blocked, the 2D mode intensity
becomes zero (Figure 9d)."** The 2D mode can be observed
when the excitation energy (E,) and the energy of the 2D
mode (E,p) satisfy (E,, — E,p)/2 > Eg, which also provides a
means to determine the E; of doped graphene.'”’

In addition to the modulation of the electronic properties,
doping may also induce structural phase transitions in 2DMs,
which can significantly affect the Raman modes. As a result,
Raman spectroscopy has become an important tool for
monitoring the phase transitions of 2DMs based on doping.
As a typical multiphase material, TMDs can be in 2H
(thermodynamically stable, semiconductor phase), 1T (sub-
stable, metallic phase), and 1T’ (distorted 1T phase) stacking
phases.” Doping can drive the interconversion between
different phases by changing the electron filling of the d
orbital of transition metal atoms. The transition of 2H to 1T’
phase of MoTe, was first observed by Wang et al. through
electrostatic doping (Figure 9e)."*” The intensity ratio of
Raman modes between different phases exhibits hysteresis
under electric field scanning: F lT’(Ag)/(ZH(Al’) +
IT’(Ag)). Moreover, the polarized Raman spectra indicate
the transition from the in-plane isotropy of the 2H phase to the
anisotropy of the 1T’ phase (Figure 9f). Further studies have
revealed that such phase transition can also occur in thick
MoTe,, while more layers will result in higher voltages to
induce phase transition.”””> Dhakal et al. observed different
phases of bulk MoS, by Raman scattering that range from
heavily doped 2H phase to a distorted lattice phase and then
on to a complete 1T’ phase using MoS,/[Ca,N]*-e”
heterostructures, in which kinetic free electrons were directly
injected into MoS,.">*

B SUMMARY AND OUTLOOK

This review focuses on characterizing the fundamental
properties of 2DMs and vdWHs with different Raman
techniques. The characterization involves various aspects,
including crystalline anisotropy, structural defects, interlayer
coupling, exciton—phonon interaction, strain effects, and
doping effects at different spatial scales. Standard micro-
Raman spectroscopy provides a quick and effective method for
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characterizing defects, doping concentrations, and strain
magnitudes in 2DMs. Advances in polarized Raman spectros-
copy, low-frequency Raman spectroscopy, and resonance
Raman spectroscopy offer valuable insights into the crystalline
anisotropy, interlayer coupling, and exciton—phonon inter-
actions of both 2DMs and vdWHs. Moreover, the enhance-
ment of Raman signal by TERS allows the detection of weak
local signals, and the spatial resolution beyond the limit of
optical diffraction can be directly used to analyze the surface
and local features of 2DMs at the nanoscale.

Raman studies on 2DMs predominantly rely on micro-
Raman spectroscopy, which cannot provide property informa-
tion at the nanoscale due to its limited spatial resolution.
However, TERS shows its potential to overcome this
limitation, which has been demonstrated in studying the
nanoscale properties of certain 2DMs. Currently, TERS is
constrained in its applicability to a limited range of 2DM types.
Thus, future advances in TERS should aim to achieve
nanoscale characterization of more types of 2DMs. Future
Raman research should also prioritize exploring the physical
properties of newly discovered 2DMs and novel nanostruc-
tures. Among the most prominent 2DMs, magnetic 2DMs
exhibit distinctive properties due to their additional magnetic
freedom. The complex interactions among quasi-particles in
magnetic 2DMs give rise to unique features in Raman
spectra.'>>~"** Additionally, vdWHs composed of different
types of 2DMs through artificial stacking offer exciting
prospects for Raman studies, as they exhibit exceptional
properties distinct from those of their constituent materials
due to interfacial coupling. The interfacial twist angle also
introduces new possibilities for manipulating the properties of
2DMs. Smaller twist angles can induce lattice reconstruc-
tions'” and the formation of moiré superlattices, resulting in
phonon localization."” Investigation of this phenomenon
aligns precisely with the research interests of TERS.
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