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Spotting the differences in two-dimensional
materials – the Raman scattering perspective
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Two-dimensional (2D) layered materials have attracted tremendous attention and led to a prosperous

development in both fundamental investigation and device applications in various fields, such as

nanoelectronics, flexible devices, sustainable energy and catalysts. The precise characterization of the

structure and properties of 2D materials is in urgent need. Raman scattering spectroscopy is one of the

most popular characterization tools that is convenient, rapid and non-invasive. It provides information

on both the lattice structure from the frequency of phonon modes and the electronic band structure

through the intensity due to electronic resonance Raman scattering. Although a few morphological

characterization tools can image 2D materials with atomic resolution, Raman scattering measurements

are more tolerant to the conditions of sample preparation such as the substrate and less technically

demanding, and have been one of the routine tools for the characterization of 2D materials. In this

review, we focus on the characterization of 2D materials using Raman scattering spectroscopy, in

particular, the revealing of differences from primitive 2D materials, such as defects, doping effects, van

der Waals heterostructures and the interaction with molecules. The characteristic Raman features of

such differences and the corresponding interpretation will be discussed. We hope that this review will be

useful for wide research communities of materials, physics, chemistry and engineering.

1. Introduction

Two-dimensional (2D) materials have attracted broad interest
since the discovery of graphene in 2004.1 Owing to the layered
structure with an atomic thickness, 2D materials exhibit superior
optical,2 electrical,3 thermal and mechanical properties,4–6 which
are tunable by external conditions and have shown great
potential in many fields such as nanoelectronics, flexible and
wearable devices, sustainable energy and catalysts.7–10 Numerous
2D materials have been discovered in the last decade either by
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mechanical exfoliation or chemical approaches, including
insulators (such as hexagonal boron nitride (h-BN)),11,12 semi-
conductors (MoS2, black phosphorus, etc.),13,14 semi-metal
(such as MoTe2)15,16 and topological insulators (Bi2Se3, Sb2Te3,
etc.).17 Graphene consists of sp2-hybrized carbon atoms.1 Owing
to its high carrier mobility up to 105 cm2 V�1 s�1 and near-
ballistic transport, graphene has been considered as a popular
material in nanoelectronic applications.18 MoS2 is a semi-
conducting material with a change of the indirect to direct
bandgap (1.8 eV) from bulk to monolayer,13 and significant
valley-spin coupling due to the broken inversion symmetry
indicates its potential applications in spin electronic and valley
electronic devices.19–21 The discovery of black phosphorus (BP)
bridges the energy band gap between graphene (zero bandgap)
and transition metal dichalcogenides (wide bandgap) with a
tunable bandgap from 0.3 eV to 2.0 eV.22 One of the special
characteristics of BP is the in-plane asymmetric structure,
leading to anisotropic electrical, optical, and mechanical properties,
such as anisotropic carrier mobility, photoluminescence, and
Young’s modulus.23–26 Held together by van der Waals forces,
stacking heterostructures can also be assembled by two different
layered materials.27,28 The charge redistribution at the interface
and a possible change of the crystal structure induced by the
neighboring materials and their relative orientation may provide
more freedom of degree to modulate the optical and electrical
properties of the materials and lead to more fascinating physical
phenomena.29–31

Raman spectroscopy is rapid, non-destructive and can provide
both structural and electronic information of materials, and has
been one of the most important tools for the characterization of
2D materials.32,33 The frequency, intensity, line-shape and full
width at half maxima (FWHM) of Raman peaks can be directly
related to the layer number, stacking order, defects, edges and
crystalline orientation of the materials. Taking graphene as an
example, the line-shape of the 2D Raman band (second-order
resonance Raman scattering) and the relative intensity with
respect to the G band have been widely used to identify the

layer number.34 The defect-induced D band and D0 band can
indicate the density and environment (types) of defects.35,36

The G band blueshifts with either n-doping or p-doping owing
to the non-adiabatic removal of the Kohn anomaly from the G
point, while the 2D band redshifts with n-doping and blueshifts
with p-doping due to the shift of the Fermi-level.37 Further-
more, by improving the resolution by tip-enhanced Raman
scattering, the grain boundary of CVD grown graphene can be
clearly observed.38

There exist several excellent reviews on the Raman scattering
of 2D materials focusing on the Raman scattering process and
phonon characteristics. Ferrari et al.32 demonstrated the basic
physics of Raman scattering in graphene, and discussed the
effects of edges, layers, defects and disorders, and perturbations.
Wu et al.39 presented a systemic review of the Raman spectro-
scopy of graphene based on its fundamental properties and
application in devices. Zhang et al.40 introduced many types of
layered materials including semiconductors, topological insulators,
superconductors, semi-metals and insulators. Lu et al.41 reviewed
the Raman scattering features of 2D materials beyond graphene
both in theoretical calculations and experimental investigations. In
this review, we focus on the Raman spectroscopic characterization
of 2D materials, in particular, the Raman features of materials with
differences in the structure, such as defects, doping and stacking
orders. The characterization of emerging materials in recent years,
such as anisotropic black phosphorus and the van der Waals
heterostructure, is also discussed. Meanwhile, the characterization
of 2D materials using tip-enhanced Raman scattering (TERS) and
the charge interaction between 2D materials and molecules are also
discussed. Scheme 1 illustrates the typical structural differences
in 2D materials and the corresponding representative Raman
scattering characteristics that can be used to identify the
structural differences.

This review article is organized as follows: in Section 2, the
principle of the Raman scattering in 2D materials is discussed,
particularly in graphene, h-BN and TMDs; Section 3 deals
with the polarized Raman scattering features in emerging
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anisotropic materials; Sections 4 and 5 discuss the Raman
spectroscopic characterization of defects and doping, and stacking
orders, respectively; in Section 6, the TERS characterization of 2D
materials is discussed; Section 7 mainly discusses the interaction
between 2D materials and molecules probed by Raman enhance-
ment; the Summary and outlook are given in the last section.

2. Principle of Raman scattering in 2D
materials

For crystals, the energy of the lattice vibration generally ranges
from tens to thousands of wavenumbers. In general, for visible
light excitation, the photon energy is larger than that of the
phonon by three orders of magnitude, and no direct coupling
between the photon and phonon can occur.42 Instead, they
should indirectly couple through the electron–phonon inter-
actions. The Raman scattering process is basically composed of
three parts: (1) an electron at the k state absorbs an incident
photon from the laser, then transits from the valence band to
the conduction band; (2) the k electron is inelastically scattered
by a phonon q in crystals to an intermediate state; (3) the k
electron returns to the valence band, recombining with a hole
and a photon is released. The energy of the released photon can
reduce (Stokes process) or increase (anti-Stokes process), resulting
in different Raman peaks. The whole processes obey the energy
and momentum conservation. Since the momentum changes
of incident light and scattered light can be neglected, the

participation of a single phonon must satisfy its wavevector
q E 0 (G point in crystals), which is called the first-order Raman
scattering process. The phonons of non-zero wavevector q can
also be observed in the Raman spectra, in which case at least
two or more scattering processes are required. For example, a
second-order Raman scattering process needs two phonons
possessing equal and opposite momentum. The intensity of
the high-order Raman scattering process is much weaker than
that of the first-order process owing to the lower probability of
high-order Raman scattering. However, if the energy of incident
light equals to the energy required for an electronic transition,
i.e., the final state of the electron in the first scattering process is
a real electronic state, the Raman cross-section will have a
strong enhancement due to the resonance effect. This may
make high-order processes stronger than first-order scattering,
such as double resonance (DR) and triple resonance (TR),
which have all been observed in 2D materials such as graphene
and TMDs.33,43–47

Fig. 1(a) shows the atomic structures of monolayer graphene,
2H-MX2 (X = S, Se, Te) and ReX2 (X = S, Se). 2H-MX2 and
graphene have a similar hexagonal structure from the top view,
but actually 2H-MX2 has three atomic layers as XMX. 1T0-ReX2 is
less symmetric, belonging to triclinic crystal system. These
layers can commonly stack in a Bernal configuration (ABA)
to form a few layers or bulk crystals.33,48 Both ABA stacked
graphene and 2H-MX2 have D6h point group symmetry with
4 and 6 atoms in their unit cells, respectively, resulting in 12
and 18 phonon modes, three of which are acoustic. For ReX2,

Scheme 1 Raman spectroscopic characterization of ‘‘differences’’ in 2D materials.
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bulk ReX2 has 12 atoms in a unit cell and thus possesses 33
optical and 3 acoustic modes. In the case of a monolayer,
graphene still belongs to D6h but 2H-MX2 reduces to point group
D3h owing to the missing of inversion symmetry operation. ReX2

still has Ci symmetry similar to the bulk.
According to the point group of the crystals and numbers of

atoms in the primitive cell, one could obtain the first-order
lattice vibration modes at the G point. Group analysis helps to
specify which representations are acoustic modes, Raman or IR
active optical modes. For monolayer graphene with D6h point
group symmetry and two atoms in a unit cell, phonons at the
G-point can be A2u + E1u + B2g + E2g, where A2u and E1u are
acoustic modes, B2g is optically inactive and only E2g is Raman
active. A monolayer 2H-MX2 with D3h point group symmetry
and three atoms in a unit cell has 9 vibration modes, which are
expressed as: G = 2A2

00 + A1
0 + 2E0 + E00, where ‘‘E’’ denotes

double degenerate modes in the x–y plane. Among these
modes, only one A2

00 and one E0 belong to acoustic modes,
another A2

00 is IR active and E0 is both Raman and IR active.
Both A1

0 and E00 are Raman active. For ReX2, 36 normal
vibration modes are represented by G = 18Ag + 18Au, with 18

Raman active Ag modes. Fig. 1(b) shows the first-order Raman
active vibration modes in monolayer graphene and 2H-MX2. It
can be found that the E00 mode in 2H-MX2 is somewhat similar
to the E2g mode in graphene. They both represent adjacent
atoms vibrating in the opposite phase in the x–y plane.

The calculated phonon dispersions of typical 2D materials,
that are monolayer (1L) graphene, h-BN and MoS2, are depicted
in Fig. 2(a–c).49 The vibration modes are marked with the
corresponding irreducible representations at the G point. Three
acoustic branches are composed of two in-plane modes: the
longitudinal acoustic (LA) and the transverse acoustic (TA) modes,
and one out-of-plane acoustic (ZA) mode. Their frequencies are all
zero at the G point which represent the overall translations along
three directions of crystals. For optical branches, graphene has two
in-plane (E2g) optical and one out-of-plane (B2g) modes, and h-BN
also has three optical modes including the double degenerate E2g

and nondegenerate B2g modes.50 2H-MoS2 has four in-plane
optical modes composed of E00 (LO1, TO1) and E0 (LO2, TO2)
modes and two out-of-plane optical modes (A1

0, A2
00). The above-

mentioned double degenerate E mode behaves here as the
degenerate LO branch and TO branch. ReS2 has more optical

Fig. 1 (a) Atomic structures of monolayer graphene, 2H-MX2 and 1T0-ReX2, viewed from top and side. (b) First-order Raman-active atomic vibrational
modes in monolayer graphene and 2H-MX2.

Fig. 2 (a–c) Calculated phonon dispersion of one-layer graphene (a), h-BN (b) and 2H-MoS2 (c). (d–f) Typical Raman spectrum of one-layer graphene
(d), h-BN (e) and 2H-MoS2 (f). Adapted with permission from ref. 49, 50 and 52. Copyright 2014, ACS Publications, 2009, APS Physics, and 2017, RSC
Publishing.
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branches owing to more atoms in its primitive cell. The phonon
dispersion curves of such bulk crystals are nearly similar to the
layered materials resulting from the weak van der Waals inter-
actions between each layer, and they have more new branches
owing to the increase in the number of atoms which are not
shown here.33,51

Fig. 2(d–f) shows the typical Raman spectra of 1L graphene,
h-BN and MoS2.49 For graphene, the G peak is the first-order
Raman mode E2g, but the G0 (2D) peak belongs to the second-
order vibrational mode.33 As the structure analogue of gra-
phene, h-BN shows different Raman spectra from those of
graphene. Only a Raman G band corresponding to the E2g

vibration mode is detected but no D band due to the lack of
Kohn anomaly.50,52 For the first-order vibration modes in MoS2,
only E0 and A1

0 can be observed, and E00 modes are forbidden
under backscattering geometry.53 The Raman spectra of bulk
and few-layer ReS2 have 18 Ag modes.54 Its anisotropic feature
also makes its Raman spectrum depend on the polarization of
incident laser and the crystal orientation, which will be
described in detail in the next section.

The high-order Raman modes of graphene and MoS2 have
also been well-studied.33,43,44,46,47 Malard et al. have summarized
the origin of common peaks in graphene [see Fig. 3].33 The
second-order Raman scattering requires two processes. For the
D-band, it is considered that the electron at the K point is first
scattered by defects of crystals elastically and then inelastically
scattered with the TO phonon at the K0 point. For the D0-band,
the two processes consist of one scattering event by defects and
another by the LO phonon. The G0 peak is related to two inelastic
scattering processes between the electron and the TO phonon.
Both the G0 peak and D peak are due to inter-valley double-
resonance scattering processes but the D0 peak is due to an intra-
valley process. Electrons can not only be scattered by phonons,
but also scattered by holes, resulting in a triple-resonance Raman
scattering process in graphene. In the case of MoS2, the most
common second-order peak is around 450 cm�1, which is
attributed to 2LA phonons at the M point.55 Golasa et al. have
observed multiphonon resonant Raman scattering in MoS2,

and assigned the peaks to both A (basic first-order modes such
as E0 and A1

0 modes) and XA (LA, TA and ZA) phonon replicas of
vibrational modes from the high-symmetry M point of the
Brillouin zone.43 Sun et al. also have studied the triple resonant
Raman peak in MoS2, which was correlated with spin–orbit
splitting in single-layer MoS2.56 In addition, the high-order
peak G0 of graphene is generally much stronger than the first-
order G peak, due to its higher-order resonance.33 The frequency
of the G0 mode is linearly dispersive with the excitation energy
due to Kohn anomaly at K-TO.57,58 MoS2 belongs to a direct-gap
semiconductor, and its absorption spectrum has two obvious
excitation absorption peaks (A, B), resulting in the emergence of
lots of new resonant peaks and the Raman spectra strongly
depend on the laser excitation energy.13 Recently, the resonant
Raman spectra of ReS2 have also been reported.59

For the few-layer graphene and TMDs, the Raman scattering
process is affected by the interlayer coupling.33,49 For example,
the first-order Raman-active peaks shift with the number of layers
and extra interlayer vibration modes appear at low (o50 cm�1)
frequencies, that is, shear modes and breathing modes.60,61

These are due to the interlayer van der Waals interactions and
the long-range Coulomb forces in layered materials.51 For ReS2,
the splitting of low-frequencies in ReS2 was observed,62 and it was
reported that there is almost no difference in Raman shifts
between the bulk and the monolayer, which may suggest weak
interlayer interactions in this material.54

3. Identifying the in-plane anisotropy
of 2D materials

Since black phosphorous has been rediscovered in 2014, the
anisotropic 2D materials have been widely studied.14 Due to the
reduced symmetry, the anisotropic materials exhibit unique
electrical, optical and mechanical properties.63–66 Characterizing
the in-plane anisotropic properties and identifying the crystalline
orientation are important for further studies. Raman spectro-
scopy is a rapid and nondestructive method to characterize the

Fig. 3 Schemes of high-order resonances Raman scattering in graphene, reproduced with permission from ref. 33. Copyright 2009, Elsevier.
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anisotropy of such materials, compared to the electrical measure-
ment and transmission electron microscopy.67,68 Owing to the
different forms of Raman tensors that are determined by the
structural symmetry and vibrational symmetry, Raman modes show
different polarization dependent intensities. As a result, polarized
Raman spectroscopy has been a useful tool to identify the in-plane
symmetry of 2D materials.62,63,67,69–72

3.1 Raman selection rules

Polarized Raman spectroscopy is an effective method to char-
acterize the symmetry of the crystal structure and the vibrational
modes.73 The detections of Raman-active modes are strongly
dependent on the scattering geometry and symmetry. The selection
rules for the Raman-active phonons can be obtained strictly by
group theory, the intensity of a particular mode is proportional to
|es�R̃�ei|

2, where ei and es are the electric vectors of the incident and
scattered light.73 R̃ is a derivative of the polarizability tensor, usually
called the Raman tensor, which is determined by the point group
and the symmetry of the mode according to the group theory,
expressed as

axx axy axz

ayx ayy ayz

azx azy azz

0
BBB@

1
CCCA:

The intensity of the Raman-scattered light is then dependent on the
directions of incident and analyzer polarization relative to the
principal axes of the crystal.

Experimentally, the parallel or cross polarization configuration
in polarized Raman spectroscopy is obtained by setting the
polarization directions of the incident polarizer and the analyzer
parallel or perpendicular. The z-direction is usually defined as the
normal direction of the sample. Taking 2H-MoS2 (D6h) as an
example, the Raman tensors of the Raman active phonons in
the Brillouin center, that are A1g, E1g, and E2g modes,74 are
presented as follows:

R A1g

� �
¼

a 0 0

0 a 0

0 0 b

0
BBB@

1
CCCA

R E1g

� �
¼

0 0 0

0 0 c

0 c 0

0
BBB@

1
CCCA;

0 0 �c

0 0 0

�c 0 0

0
BBB@

1
CCCA

R E2g

� �
¼

0 d 0

d 0 0

0 0 0

0
BBB@

1
CCCA;

d 0 0

0 �d 0

0 0 0

0
BBB@

1
CCCA

with backscattering geometry, E1g modes are forbidden in both
the parallel configuration (XX or YY) and the cross configuration
(XY or YX), for the lack of the z-component of the incident
polarization. For the A1g mode (B408.6 cm�1), in parallel
configuration (es = ei = (1 1 0)), I(A1g) = a2, while in the cross

configuration (es = (0 1 0), ei = (1 1 0)), I(A1g) = 0. For E2g modes
(B32.5 cm�1 and 383.3 cm�1), in the parallel configuration and
the cross configuration, I(A1g) = d2.75 This indicates that polarized
Raman spectroscopy is an effective method to assign the symmetry
of Raman-active phonon modes.

By rotating the samples under fixed incident and scattered
polarization, the Raman intensities could change periodically
with the angle y between the polarization direction and the
principal crystal axes.68,73 The Ag modes of the orthorhombic
2D materials are taken as an example, the Raman tensor of
which has the form as:

R Ag

� �
¼

a 0 0

0 b 0

0 0 c

0
BBB@

1
CCCA

The Raman intensity in the parallel configuration can be
expressed as

I Ag

� �
¼ ðcos y sin y 0Þ �

a 0 0

0 b 0

0 0 c

0
BBB@

1
CCCA �

cos y

sin y

0

0
BBB@

1
CCCA

���������

���������

2

¼ a cos2 yþ b sin2 y
� �2

;

indicating a 1801 periodic variation with y, which reaches
maximum or minimum when the crystalline orientation is
parallel to the incident and scattered polarization based on
the Raman selection rules, the intensity variation can be strictly
calculated, which provides a method for identifying the crystalline
orientation in anisotropic 2D materials including orthorhombic,
monoclinic and triclinic materials.63,68

3.2 Identifying the crystalline orientation of anisotropic 2D
materials

BP has a folded honeycomb structure with 4 atoms in a unit
cell, which belongs to the orthorhombic crystal system (D2h,18

Cmce).61 There are 12 phonon modes in the Brillouin center:

G = 2Ag + B1g + B2g + 2B3g + A1u + 2B1u + 2B2u + B3u,

six of which are Raman-active modes, including Ag, B1g, B2g,
and B3g, but only the Ag and B2g modes can be detected with
backscattering geometry as shown in Fig. 4(a).68 The Raman
tensor of Ag and B2g modes in black phosphorus can be
expressed as follows:

R Ag

� �
¼

a 0 0

0 b 0

0 0 c

0
BBB@

1
CCCA R B2g

� �
¼

0 0 e

0 0 0

e 0 0

0
BBB@

1
CCCA

The angle-dependent Raman intensities are I(Ag) = (a cos2 y +
c sin2 y)2 and I(B2g) = e2 sin2 2y in the parallel configuration. As
shown in Fig. 4(b) and (f), the Ag modes have a 1801 variation
period and the maxima appear when the armchair or zigzag
direction is parallel to the polarization direction. The B2g mode
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has a 901 variation period and the maximum reaches when
y = 0. In the cross configuration, I(Ag) = (a � c)2 sin2 2y/4 and
I(B2g) = e2 cos2 2y. Both Ag and B2g modes have 901 variation
periods. For the Ag modes, the directions of maximum intensities
coincide with the armchair and zigzag directions. In comparison
with electrical conductance measurements, the angular depen-
dence of Raman intensities is then used to identify the crystalline
orientation of BP.68

It should be noted that BP exhibits anomalous polarization
dependence.63,69,72,76,77 For Ag modes, except the maximum in
the 1801 variation period, a secondary maximum also exists
in the parallel configuration, which does not agree with the
Raman selection rules. The maximum intensity of the same
mode is reached with the polarization being parallel to the
armchair or zigzag direction decided by the excitation laser
wavelength and sample thickness.63,69,76,77 There are two major
interpretations for this phenomenon. One is the consideration of
optical dichroism, which indicates a complex dielectric function
with the imaginary part.77 The Raman tensor is a derivation of

the dielectric tensor, so the forms of Raman tensor elements are
also complex, which leads to the deviation of the classical Raman
selection rules. The birefringence effect is another explanation of
the anomalous phenomenon.69 Owing to the anisotropic crystal
structure, the refractive indices are different along armchair and
zigzag directions. The polarization states of the incident and
scattered light are altered when light propagates in BP. By
introducing a phase delay factor due to the birefringence effect,
the polarization dependence of Raman intensities can be
well fitted. It has also been found that electron–photon and
electron–phonon interactions are influenced by the sample
thickness and excitation laser wavelength.63 In addition, the
interference effect on the Si/SiO2 substrates between the interfaces
should also be considered when discussing the polarization
dependence of BP.76

A family of group IV monochalcogenide layered materials,
including SnS, SnSe, GeS and GeSe,64,78–80 has a similar crystal
structure which belongs to the orthorhombic crystal system
(Pnma, D2h

16). There are 24 phonon modes at the center of the
Brillouin zone:

G = 4Ag + 2B1g + 4B2g + 2B3g + 2Au + 4B1u + 2B2u + 4B3u,

where 4Ag, 2B1g, 4B2g and 2B3g are Raman-active modes,80 and
show obvious polarization dependence identical to the Raman
selection rules.

With the reduced crystal symmetry, 2D materials that belong
to triclinic crystal including ReS2 and ReSe2 exhibit much more
unique polarization dependent features.59,71,81,82 Different
from other transition-metal dichalcogenides, ReX2 (X = S and
Se) has a stable 1T0 phase instead of the 2H phase. Except the
Re–X bonds, Re–Re bonds also exist in ReX2 to constitute a Re4

parallelogram and the zigzag chain of Re is defined as the
b-axis.54 Owing to the Re4 structure, there are 12 atoms in the
ReX2 unit cell, and 36 phonon modes in the Brillouin zone
center, including 18Ag modes (Raman-active) and 18Au modes
(15 infrared-active modes and 3 acoustical modes).54 The Raman
tensor of Ag modes can be expressed as

a d e

d b f

e f c

0
BBB@

1
CCCA;

with backscattering geometry,73 all the Ag modes can be detected
which exhibit polarization dependence in the parallel or cross
configuration. The intensities mode V (212 cm�1) of ReS2 and mode
V (162 cm�1) of ReSe2 reach the maximum when the b-axis (zigzag
Re–Re chain) is parallel to the incident and scattered polarization
with 532 nm excitation wavelength, so the crystalline orientation
could be identified.62,71 The same as black phosphorus, ReS2 also
exhibits anomalous polarization dependence which is not coincident
with the classical Raman selection rules owing to the anisotropic
optical environment.81 The polar plots of the angle-resolved polar-
ized Raman spectra of ReS2 in the parallel configuration exhibit
unique twisted butterfly patterns, leading to the failure of identifying
the crystalline orientation with 632.8 nm excitation laser wavelength.

Fig. 4 (a) Atomic displacements for Raman-active modes in BP. (b) Polar
plots of the fitted peak intensities of (b and c) A1

g, (d and e) B2g, and (f and g)
A2

g modes as a function of sample rotation angle y in (b, d and f) parallel and
(c, e and g) cross-polarization configurations on Si/SiO2 substrates.
Adapted with permission from ref. 68. Copyright 2015, Wiley.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 2
2 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 o
n 

7/
9/

20
20

 4
:5

3:
18

 A
M

. 
View Article Online

https://doi.org/10.1039/c7cs00874k


3224 | Chem. Soc. Rev., 2018, 47, 3217--3240 This journal is©The Royal Society of Chemistry 2018

Notably, ReS2 belongs to the Ci point group, which only has
an inversion center but no C2 symmetry axis, so it has two
different vertical orientations in the 2D dimension including
‘‘upward’’ and ‘‘downward’’ orientations. The angle-resolved
polarized Raman spectra and the circularly polarized Raman
spectra can be used to identify the vertical orientation.82 With
the ‘‘upward’’ orientation, the Raman tensor is

a d e

d b f

e f c

0
BBB@

1
CCCA;

while with ‘‘downward’’ orientation, a rotation of 1801 about
the b-axis changes the Raman tensor from

a d e

d b f

e f c

0
BBB@

1
CCCAto

a �d �e

�d b f

�e f c

0
BBB@

1
CCCA:

With a linearly polarized incident light and no analyzer, the
Raman intensity is decided by the angle y between the b-axis
and incident polarization as |R̃�ei|

2. With the ‘‘upward’’ orientation,
the Raman intensity can be expressed as:

I p a2 cos2 y + b2 sin2 y + d2+ 2d(a + b)sin y cos y.

With the ‘‘downward’’ orientation, the Raman intensity can
be expressed as:

I p a2 cos2 y + b2 sin2 y + d2 � 2d(a + b)sin y cos y.

The relative maximum angles of mode III (150 cm�1), mode
IV (160 cm�1) and mode V (211 cm�1) could be different with
different vertical orientations under 532 nm excitation wavelength.

As for the circularly polarized Raman spectra, with right-
handed or left-handed circularly polarized incident light being
introduced, the ReS2 flakes would have different Raman responses
owing to the birefringence effect and optical dichroism.81 With
different vertical orientations, for the same modes, the relative
intensities under right-handed and left-handed circularly polarized
incident light are opposite. With the ‘‘upward’’ orientation, the
Raman intensities of modes I, II and V are much larger under
514.5 nm excitation by left-handed circularly polarized laser than
by right-handed circularly polarized light, while with the ‘‘down-
ward’’ orientation, the Raman intensities of modes I, II and V are
much larger under 514.5 nm excitation by right-handed circularly
polarized laser than by left-handed circularly polarized light. This
phenomenon may also exist in other 2D materials which belong to
a triclinic crystal system and using circularly polarized Raman
spectra is a rapid and effective method to identify the vertical
orientation.

For a monoclinic crystal structure, like GaTe, 1T0 MoTe2, and
MS3 (M = Ti, Zr, and Hf),15,67,83 the features of the polarized
Raman spectra resemble the orthorhombic crystal system and
can be analysed using the Raman section rules.

4. Identifying the defects and doping
in 2D materials

The most straightforward and precise method to identify
defects in 2D materials is atomically-resolved morphological
characterization, for example, high-resolution transmission
electron microscopy (HR-TEM) and scanning tunneling micro-
scopy (STM). However, such characterization is limited to areas
of tens of nanometers, and requires special sample preparation
processes. Raman spectroscopy is highly sensitive to symmetry-
breaking defects in materials, and can provide information on
the defect type, density and distribution from much larger areas
of samples.36,84–87 The atomic vacancies and hetero-atoms in
the structure perturb the lattice vibration and lead to a peak
shift, width broadening and the appearance of new peaks.

4.1 Identifying the defects in 2D materials

Defects in 2D materials are scattering centers in the second
order Raman scattering process, where the scattering of an
excited electron by a defect occurs with momentum conservation.
Consequently, several peaks closely related to disorders appear in
the Raman spectra, enabling the identification of defects in 2D
materials through Raman spectroscopy.33,86

Fig. 5(a) shows the Raman spectra of single layer graphene
(SLG) on Si/SiO2 substrates. The D band (B1350 cm�1) and D0 band
(B1620 cm�1) are characteristics of the existence of defects. They
both originate from double resonance Raman processes, consisting
of one elastic scattering event by defects and one inelastic scattering
event by emitting or absorbing a phonon, respectively.33,88

In the case of TMDs, there are two main second order
Raman scattering processes, one related to two phonons within
the interior of the Brillouin zone and the other to one phonon
and a defect.49 For MoS2 and WS2, the most prominent Raman
bands related to defects are at around 223 cm�1 and 172 cm�1,
respectively. These bands are assigned to longitudinal acoustic
(LA) phonons at the M point and are called LA(M) bands.89,90

The effect of disorders in MoS2 on the Raman modes is shown
in Fig. 5(c). Both the widths and positions of the two first order
Raman bands (E0 and A10) change with the presence of defects,
and new Raman scattering peaks appear in the spectral region
140–420 cm�1.91 The evolution of the first order Raman peaks
can be explained by a phonon confinement model,92 and the
new peaks originate from the phonons at the edge of the
Brillouin zone activated by the momentum contribution of a
defect. For WSe2, the most prominent band induced by disorders
is at 263 cm�1, which corresponds to a phonon belonging to the
A-symmetry optic branch at the M point and is labelled as the
A(M) band in the literature.93 For MoSe2, vacancies result in
missing Mo–Se bonds and reduce overall restoring force,
which consequently leads to the decrease of the frequency of
the A1g peak. The calculations show that when the vacancy
concentration is relatively high (B25%), several new peaks
appear at B150 cm�1, B270 cm�1, B300 cm�1 and B350 cm�1,
which are likely related to defects, and the experimental results also
confirm the defect-activated peaks.94 However, the possible
effect of defects on the Raman spectra of some 2D materials,
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such as ReS2, is still not well-studied yet and awaiting for further
exploration.59

The density of defects determines the quality of materials
and its potential applications. From the Raman spectra, the
intensities of the defect-induced peaks directly reflect the density
of defects. For example, the intensities of D and D0 bands of
graphene increase with an increasing amount of defects at a
relatively low density. Further increasing the density, the intensity
of the D band decreases whereas the D0 band remains unchanged.
More importantly, as Fig. 5(b) shows, the intensity ratio of D to G
bands (ID/IG) is correlated with the average distance between two
point defects LD. Besides, Fig. 5(b) shows that the intensity ratio is
also related to the excitation energy EL. The relation between
LD, ID/IG, and EL is given by36,95

LD
2 nm2
� �

¼ 4:3� 1:3ð Þ � 103

EL
4

ID

IG

� ��1

The defect density nD can then be calculated by

nD cm�2
� �

¼ ð7:3� 2:2Þ � 109EL
4 ID

IG

� �

In the case of MoS2, as shown in Fig. 5(d), the intensity ratio
I(LA)/I(E0) and I(LA)/I(A1

0) is inversely proportional to the square
of LD following the equation91

IðLAÞ
IðXÞ ¼

CðXÞ
LD

4

where X = E0 or A1
0 and C(X) is constant, for example, C(E0) =

1.11 � 0.08 nm2, and C(A1
0) = 0.59 � 0.03 nm2. Thus the

intensity ratio can also be used to quantify the density of
defects within the lattice of MoS2. This work provides a practical
approach to identify the presence of disorders and to calculate
the density of defects in single layer MoS2 using Raman spectro-
scopy. The change of density of defects can also be monitored
using the Raman spectra.

In the case of MoSe2, the frequency of the A1g peak can be
used to evaluate the vacancy concentration. With the increasing
Se vacancy concentration, the A1g peak downshifts and there is
a quasi-linear dependence between the A1g peak frequency and
the Se vacancy concentration, which allows the A1g Raman mode
to be a fingerprint of the vacancy concentration in monolayer
MoSe2, and may be extended to other TMD systems.94

Various types of defects exist in 2D materials. In general,
hetero-atoms in the crystal lattice, anomalous covalent bonding
between atoms, terminal functional groups are the three major
types of defects. Defects can appear during synthesis, sample
treatment and even measurements. On the other hand, defects can
also be introduced intentionally for the chemical functionalization
of materials. For example, for graphene, vacancy-like defects can be
produced by Ar ion bombardment and the sp3-hybrized carbon
defects can be introduced by fluorination and mild oxidation.92,96

The corresponding D0 bands of these two defects are different, as
shown in Fig. 6(a). Fig. 6(b) shows that the intensity ratio of the D to
D0 band (ID/ID0) is closely related to the nature of defects. ID/ID0 is

Fig. 5 (a) Raman spectra of five ion-bombarded single-layer graphene (SLGs) measured at EL = 2.41 eV (lL = 514.5 nm) on Si/SiO2 substrates. (b) ID/IG as
a function of LD using three lasers. The inset plots CA as a function of EL. The solid curve is given by CA = 160 EL

�4.36 Adapted with permission from ref. 36.
Copyright 2011, ACS Publications. (c) Raman spectra of 1L-MoS2 flakes on Si/SiO2 with varying LD. The asterisk refers to the 2TA(X) Raman peak of the Si
substrate. The spectra have been normalized to the intensity of the A1

0 peak. (d) Experimental intensity ratio I(LA)/I(A1
0) and I(LA)/I(E0) of MoS2. The solid

lines are linear fits with slope equal to �2. The low frequency bands, where the LA peak is located at B227 cm�1, are shown in the inset, along with the
corresponding Lorentzian fits.91 Adapted with permission from ref. 91. Copyright 2015, APS Physics.
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about 13 for sp3-hybrized carbon defects, while for vacancy-like
defects, it decreases to 7, and for boundaries in graphene, it has a
minimum of 3.5.35 Besides, a recent study established a method to
disentangle contributions of point-like and line-like defects to the
Raman spectra of graphene-related materials.85 From theoretical
simulations, this work gave the relationship between (AD/AG)EL

4 and
GG with different densities of defects, where (AD/AG) is the ratio of
peak areas of D and G bands, EL is the excitation laser energy, and
GG is the G-band line width. Eventually a diagram to identify
separately the contributions from each type of defects was given.
These results make it possible to determine quantitatively the
density of point defects and the crystalline sizes, and are useful to
understand and optimize the processes of synthesis, purification,
and functionalization.85

4.2 Identifying the edges in 2D materials

Atoms at edges of 2D materials are aligned differently depending
on the lattice orientation. The properties of graphene can be
influenced by its edge orientation, especially in the graphene
ribbon.97 The mechanically cleaved graphene usually has two
basic edge chiralities, that are, the armchair and zigzag edges.98

Edges can be regarded as a class of defects, so the D and D0 peaks
could be Raman active at the graphene edge. However, owing to
the translational invariance along the edge, a perfect zigzag edge
cannot scatter electrons between the K and K0 valleys, and the D
peaks cannot appear.99,100 The D0 peaks can be observed at both
armchair and zigzag edges, because the scattering process does
not involve the inter-valley scattering. At armchair edges, a strong
D peak can be observed, and at zigzag edges, the D mode is
forbidden.100 By knowing the edge arrangement, the orientation
of the whole graphene sheet can be actually determined.98 The
D intensity strongly depends on the angle between incident
polarization and the armchair edge, and it is maximum for
polarization parallel to the edge and minimum when
perpendicular.100 The intensity is proportional to cos2 y, where
y is the angle between the polarization direction and armchair
edges. In real samples, the value of I(D)/I(G) at the armchair and
zigzag edges does not go to zero for perpendicular polarization

in both directions. This indicates that both edges in real
samples are not smooth and perfect.

For anisotropic 2D materials, some forbidden Raman modes
can appear at the edges and show polarization dependence, so
that the edges can be characterized using polarized Raman
spectroscopy.101 For example, B1g and B3g modes of BP are
absent under backscattering geometry because of the lacking
Raman tensor components in x and z directions. The Ag modes
appear in the XX or ZZ polarization configuration, while the B2g

mode appears in the XZ or ZX configuration. As shown in
Fig. 7(c), in the center of the BP flake, all the Raman-active
phonons strictly obey the Raman selection rules. However, at
the edge of the BP sample, the Raman selection rule is broken. The
A1

g and A2
g modes appear at the edges in the XZ configuration, while

the B2g modes appear in the XX or XZ configuration, and the
intensities depend on the types of the edge (zigzag or armchair).
On the other hand, the B1g and B3g modes can also be observed
at the edge. These can be explained by the reconstruction of
edge atoms and the so-called edge phonons. For the armchair
termination, the edge atoms reconstruct with atoms in the
same layer moving closer together. For zigzag edges, atoms are
reconstructed due to the stretching and contraction of the
puckered structure along the armchair direction according to
the DFT calculations.

4.3 Identifying the doping of 2D materials

Doping is an effective way to modulate the energy band structure
of 2D materials. Doping can be achieved by either electrochemical
or chemical approaches. Electrochemical doping can be controlled
by a top-gated transistor, doping electrons or holes through voltage
regulation. Chemical doping changes the carrier density by
introduction of impurities and can be applied either during or
after the growth process.102,103 After doping by electrons, holes
or impurity atoms, the fermi level is modulated, and the
photon–electron and electron–phonon interactions are altered,
resulting in different Raman scattering processes.

For graphene, the electrochemical doping by electrons or
holes can be controlled by a top-gated graphene transistor37,104

Fig. 6 (a) Raman spectra of fluorinated (red) and defective graphene produced by anodic bonding (black), showing the same D, G, and 2D intensities but
different D0 intensities. (b) I(D)/I(G) versus ratio I(D0 )/I(G). The inset shows the linear dependence between the two parameters at a low defect concentration,
giving different I(D)/I(D0 ) for different types of defects. The graphene samples are exfoliated on Si/SiO2. Adapted with permission from ref. 35. Copyright
2012, ACS Publications.
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The position and line width of the first order E2g band can be
used to identify the presence of doping.49,104 The G peaks stiffen
and sharpen for doping of both electrons and holes. However, the
G0 peak shows a different response to holes and electrons, the
position of the G0 peak tends to decrease for electron doping but
increase for hole doping, which allows the discrimination
between doping of electrons and holes. Besides, the intensity
ratio between G and G0 peaks IG0/IG was shown to be a function of
doping. Therefore, IG0/IG is an important parameter to estimate
the doping density of graphene.37 It is worth noting that Raman
spectroscopy has also been used to explore the difference in the
electrochemical doping and charge transfer of graphene with
molecules of the electron donor and acceptor.105 As for chemical
doping, such as nitrogen doping on graphene films during the
growth process, there exist strong D and D0 resonances in Raman
spectroscopy and the intensities of the G and G0 bands also
change, indicating that chemical dopants act as defects in the
crystal lattice.102 Further research using Raman spectroscopy
reveals that nitrogen doping can actually introduce different
types of defects, confirming that the surface state of graphene
can be modified by nitrogen doping.106

In the case of MoS2, Raman modes also show different
responses to different types of doping. In a mono-layer MoS2

electrochemically top-gated FET, the A1g mode softens and broadens
with electron doping, whereas the other Raman-active E1

2g mode
remains essentially inert.107 In the case of thermally exposing MoS2

to O2, which is thought to be p-type doping, the Raman A1g mode
upshifts and the line width decreases.108

5. Identifying the stacking of 2D
materials

The stacking by van der Waals forces provides an extra freedom
of degree to modulate the structure and properties of the 2D

materials.12,109–113 By altering the stacking order, many different
material structures could be obtained, including the Bernal,
rhombohedral and twisted graphene and MoX2, the polytypism
ReS2 and heterostructures.9,62,114–116 The interlayer shear modes
and breathing modes strongly depend on the intralayer lattice
and interlayer coupling.61,62,115–118

5.1 The stacking order of graphene

For multi-layer graphene, the electronic and optical properties
are strongly influenced by its stacking order.116,119–121 Two-
layer graphene usually possesses an AB Bernal structure,
however, for graphene above 3 layers, ABA and ABC stacking
order can both stably exist.122 By Raman spectra imaging on
Si/SiO2 substrates, Heinz et al. have proved that in 3-4L
mechanical exfoliated graphene with high crystallinity, the
domains with 15% of the total area display an ABC stacking
order (rhombohedral stacking), while 85% of the total area are ABA
stacked (Bernal stacking).122 The stacking order of graphene could
be identified by the line shape and width of the 2D (G0) peak. Taking
3L graphene as an example, the 2D peaks could be fitted by six sub-
peaks, and for ABA stacked graphene, the line shape of the 2D mode
shows a more symmetric feature than ABC stacked graphene as
shown in Fig. 8(a), and ABC-stacked graphene exhibits a narrower
width while the ABA-stacked domain presents a broader
width.123–125 Meanwhile, the G mode of ABC stacked graphene is
located at 1581 cm�1, which redshifts to 1582 cm�1 for ABA-
stacked graphene. In contrast to the 2D mode, the width of the G
modes is narrower with ABA-stacked domains than ABC-stacking
domains, owing to the small difference between the phonon band
structures of the two stacking order graphene.125

Lui et al.126 and Zhang et al.118 have proved that the
interlayer vibration can also reveal the stacking order of graphene.
The ABA stacked graphene exhibits a sharp shear mode at
33 cm�1, while ABC stacked graphene does not have any peaks
at 33 cm�1, instead a sharp peak at 19 cm�1 was observed.

Fig. 7 (a) Optical microscope image of the measured BP flake on Si/SiO2 substrates; the white dashed rectangle defines the area for Raman mapping
measurements. The corresponding crystal orientation and crystallographic x and z axes are presented in the inset. (b) Corresponding AFM image of the
measured flake. (c) Polarized Raman spectra at the center of the flake in XX (top) and XZ (middle) configurations and at an armchair edge (bottom) in the
XX configuration, where the first (second) index represents the polarization of the incident (scattered) light. (d) Hyperspectral Raman intensity images of
different modes under ZZ, XX and XZ configurations. Adapted with permission from ref. 101. Copyright 2016, Nature Publishing Group.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 2
2 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 o
n 

7/
9/

20
20

 4
:5

3:
18

 A
M

. 
View Article Online

https://doi.org/10.1039/c7cs00874k


3228 | Chem. Soc. Rev., 2018, 47, 3217--3240 This journal is©The Royal Society of Chemistry 2018

For 3–6 layer graphene, the highest-frequency shear mode
in AB-stacked graphene can also be observed, but not in

ABC-stacked graphene, as shown in Fig. 8(b).118 In ABA stacked
graphene, the vanishing of the low frequency shear mode is owing
to the polarization configuration, and in ABC stacking, the high
frequency shear mode belongs to Eu, which is Raman inactive.

For AB-stacked bilayer graphene, the energy band structure
displays quadratic dispersion with two parallel parabolic con-
duction and valence bands.127–129 But for twisted bilayer gra-
phene, when the twisted angle is greater than 1.51, the energy
band structure is split.127,130,131 Phonons also behave differ-
ently from that in single layer graphene. Chen et al. have
investigated the thermal conductivity of suspended twisted
bilayer graphene, and found that it was lower than that of
monolayer graphene in the temperature range of 300–700 K.5

Fig. 9(b) shows the Raman spectrum of twisted bilayer
graphene with different twisted angles at 532 nm excitation
wavelength on Si/SiO2 substrates.132 Most of the twisted bilayer
graphene show similar Raman features to single layer graphene.
However, when the twisted angle is about 121, the intensity of the
G peak is greatly enhanced by tens of times owing to the resonance
effect. The peak widths of G and 2D bands are much broader than
that of single layer graphene at small twist angles, decrease with
increasing angle but increase at the resonant angle.133 The widths
then further decrease to that of single layer graphene at an angle of
301.132,134 The first Brillouin zone of twisted bilayer graphene is
shown in Fig. 9(a) and (b) shows the overlap of the Dirac ones
which leads to the appearance of van Hove singularity.134 The
energy gap between van Hove singularities changes with the
twisted angle.135 For a laser of fixed wavelength, the critical twisted
angle can be calculated as follows:134

yc ¼
3aElaser

�hvf4p

Fig. 8 (a) Raman spectra of 3LG measured at two different spots on
Si/SiO2 substrates. Dash-dotted lines are the fits to the 2D mode in ABA-
and ABC-3LG. (b) Raman spectra of AB- and ABC-NLG (N = 3, 4, 5, 6) in the
C, G and 2D peak spectral regions. The shear modes are observed in AB-
NLG (N = 3, 4, 5, 6), but not in ABC-NLG. Adapted with permission from
ref. 118. Copyright 2016, Elsevier.

Fig. 9 (a) Left: Schematic diagram of the first Brillouin zone for twisted bilayer graphene at twist angle y. Right: Raman scattering process that
contributes to the intensity of the G peak. Adapted with permission from ref. 134. Adapted with permission from ref. 134. Copyright 2012, APS Physics. (b)
Raman spectra of bilayer graphene at different twist angles excited by 532 nm laser on Si/SiO2 substrate. (c) Background-subtracted low-frequency
Raman spectra at different twist angles ranging from 111 to 141.132 Adapted with permission from ref. 132. Copyright 2013, ACS Publications.
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where a is the lattice constant of graphene, h� is the Planck
constant, and vf is the Fermi speed of single layer graphene. For
an excitation wavelength of 532 nm (2.33 eV), the critical twisted
angle is yc = 121, which agrees well with the experimental results. If
the twisted angle is further increased, the resonant excitation
occurs only in a single Dirac cone, and the Raman spectrum is
expected to be similar to that of single layer graphene.

In addition to the peak widths of G and 2D peaks, two new
Raman modes, that are R and R0 modes which correspond to
the TO and LO phonons, also appear with angle dependent
peak positions.26,136,137 These two modes originate from the
superlattice produced by rotation and are double resonant
scattering processes. Furthermore, in the low frequency range,
an out-of-plane acoustic mode (ZA) and an interlayer breathing
mode (ZO0) can be observed as well. Fig. 9(c) shows the
background-subtracted Raman spectra at different twisted
angles ranging from 111 to 141. In the range of 130–180 cm�1,
two peaks appear at about 150 and 180 cm�1 (ZA and (ZO0)H)
and blueshift with an increasing twist angle.132 In the vicinity of
94 cm�1, there is also a peak labelled as (ZO0)L. When the twist
angle is near yc, both the frequency and FWHM greatly change
and the intensity of (ZO0)L reaches the maximum due to
resonance enhancement. These modes have been well-studied
by a few groups.29,138 For example, Tan’s group investigated the
interlayer interaction of twisted multilayer graphene by multi-
wavelength Raman scattering measurements.139

5.2 The stacking order of TMDs

In layered transition metal dichalcogenides (TMDs), different
stacking orders lead to several polytypism with different crystal-
line symmetry.140 The two typical polytypisms of MX2 (X = S, Se)
are 2H-MX2 (D3h) and 3R-MX2 (C3v).41,141,142 Cheong et al.140

investigated the Raman spectra of 2H- and 3R-MoS2 on
Si/SiO2 substrates, and the low-frequency interlayer modes of
MoS2 indicate different stacking orders. The lowest interlayer
breathing mode of 3 layers 2H-MoS2 locates at B28 cm�1, while
the lowest breathing modes of 3R-MoS2 redshift to 25 cm�1

with a 2.41 eV (514.5 nm) excitation energy owing to the weaker

interlayer interaction, and the shear modes do not show an
obvious stacking order dependence.

For MoSe2, the low frequency Raman features are also
correlated to the stacking orders as shown in Fig. 10.143 In
the cross polarization configuration, the interlayer breathing
modes of both 2H- and 3R MoSe2 are forbidden, while the shear
modes are still active and are called S1, S2, S3. . . from the
highest frequency mode to the lowest frequency mode. In
2H-MoSe2, only the odd interlayer modes (S1, S3, S5. . .) can be
observed. Moreover, the peak intensities of all the observable
shear modes in 2H follow the trend I(S1) 4 I(S3) 4 I(S5). . .

However, in 3R-MoSe3, the peak intensities have an opposite
tendency, that is, the shear modes with lowest frequency
exhibit the highest intensity, and I(S5) 4 I(S3) 4 I(S1). . . These
features can be used for identifying the stacking order of
MoSe2, and this method may also be applicable to other TMD
materials with a similar crystal structure and optical properties.

Twisted bilayer transitional metal dichalcogenides (TMDs)
have been extensively studied using photoluminescence spectro-
scopy.63,144,145,146 For example, the PL intensity ratio between the
trion and the exciton was found to be the maximum for twist
angles of 01 and 601, but minimum for angles of 301 or 901.145 On
the other hand, the Raman modes of TMDs are also affected by
the interlayer electronic coupling, especially for the low frequency
modes that are more sensitive to the interlayer coupling.63 Fig. 11
shows the Raman spectra of MoS2 in both the high and low
frequency ranges.117 The high frequency modes A1g and E2g

exhibit a weak dependence on the twist angle when compared
with that of monolayer MoS2 or exfoliated bilayer MoS2. However,
the Raman modes at 23 cm�1 and 38 cm�1 corresponding to the
interlayer shear mode (S) and breathing mode (B), respectively,
show a strong dependence on the twist angle. As can be seen
from Fig. 11(a), the intensity of the shear mode is lower than the
breathing mode, and both of them disappear for monolayer
MoS2, further confirming that these modes come from the
vibration between two layers. For exfoliated bilayer MoS2, it
shows a stronger shear mode, a weaker breathing mode and a
higher frequency than artificially constructed twisted bilayer
MoS2. Besides, the shear mode and breathing mode show

Fig. 10 (a) Schematic of 2H and 3R-MoSe2 stacking in 2 L. (b) Low frequency Raman spectra of 2H-MoSe2. (c) Low-frequency Raman spectra of 3R-
MoSe2. The samples are deposited on Si/SiO2 substrates. Black lines/dots are experimental data and blue lines are fitting results using Lorentzian function.
Adapted with permission from ref. 143. Copyright 2015, Wiley.
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different dependence on the twist angle, which has also been
found in other TMD materials.117

5.3 Interlayer coupling in anisotropic 2D materials

Different from isotropic 2D materials like graphene and MoS2,
the shear modes of anisotropic materials are non-degenerate due
to the low symmetry of the crystal structure, and the interlayer
modes also exhibit polarization dependence.61,62,118,147,148

In N-layered (NL) BP, there are N � 1 interlayer shear modes
vibrating along the zigzag direction, N � 1 interlayer shear
modes along the armchair direction (B1g, B2g or B1u, B3u) and
N� 1 interlayer breathing modes along the out-of-plane direction
(Ag or B2u). Furthermore, the number of breathing modes
(B modes) with Raman-active Ag symmetry is N/2 for even N
and (N � 1)/2 for odd N.61 Under backscattering geometry, the
shear modes of BP are forbidden according to the Raman
selection rules. It can be seen that the frequencies of the Raman

peaks depend on the sample thickness, so the low frequency
Raman modes of BP can be used to identify the layer number of
the sample.148 There are two types of breathing modes as shown
in Fig. 10(a).60 For BH modes, with increasing thickness, the
frequencies of Raman peaks blueshift clearly, and can be fitted by

the standard linear chain model: o ¼ o0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cosðp=NÞ

p
. For

CBM modes, with increasing thickness, the Raman peaks redshift
which is not coincident with the linear chain model, but can be

fitted by
ffiffiffiffiffiffiffiffiffi
1=N

p
. The results indicate that the BH modes are

generated by the vibration between BP layers, but the CBM modes
originate from the vibration of the whole BP layers and the substrate,
so the strong interlayer coupling of BP can be proven. Furthermore,
the low-frequency breathing modes (Ag) of BP also exhibit a strong
polarization dependence and the maximum is reached when the
polarization direction is parallel to the principal axis.61

Multilayer ReS2 has different stacking orders and can be
proven by the ultra-low frequency Raman spectra. Two stable

Fig. 11 (a) Low frequency and (b) high frequency Raman spectrum of twisted bilayer MoS2 on Si/SiO2 substrates at different twisted angles in the range
of 601 period. Adapted with permission from ref. 117. Copyright 2016, ACS Publications.

Fig. 12 (a) Raman spectra of BP samples with different thicknesses on Si/SiO2 substrates. CBM denotes the collective breathing mode, and BH
n (BL

n)
denotes the nth-order breathing mode from the higher (lower) branch. Layer number dependence of (b) CBM and (f) BH

1 modes. Adapted with permission
from ref. 60. Copyright 2016, APS Physics. (d and e) Stokes/anti-Stokes Raman spectra in the C and LB peak region for AI-stacked (d) and IS-stacked
(e) 2-8L ReS2 along with that of 1L ReS2 on Si/SiO2 substrates. Adapted with permission from ref. 115. Copyright 2016, RSC Publishing.
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stacking orders have been demonstrated and named as
isotropic-like (IS) and anisotropic-like (AI) N layer (NL, N 41)
ReS2.115 As shown in Fig. 12(d), in AL-NL-ReS2, two shear modes
(C modes) can be observed. In AL-2L-ReS2, the frequencies of
Cy

21, Cx
21 and LB21 are 12.8 cm�1, 16.9 cm�1, 26.5 cm�1, and the

frequency difference of 4.1 cm�1 between the Cy
21 and Cx

21 is very
obvious to distinguish the two Raman peaks. While for the
IS-2L-ReS2 flakes, only one shear mode can be observed at
15.1 cm�1, because of the negligible difference between the
frequency of the shear modes. For both AL-NL-ReS2 and
IS-NL-ReS2, the changing of the Raman shifts with increasing
thickness could be explained by the linear chain model and the
force constant of the shear modes and breathing modes could also
be calculated from the ultra-low frequency Raman spectra.62,118

5.4 Interlayer coupling in 2D van der Waals heterostructures

Different from the twisted bilayer 2D materials, the van der
Waals heterostructure by stacking different materials together
exhibit new characteristics that are not possible for one single
material.

The wide band gap h-BN nanosheets are suitable to form
heterostructures with other 2D layered materials for optoelectronics
or as a dielectric substrate for high-performance electronics.149,150

For graphene/h-BN heterostructures, a characteristic broadening of
the 2D peak of graphene/h-BN superlattices has been observed and
can be used to identify graphene superlattices with a misalignment
angle smaller than 21.151 In MoS2/h-BN vertical van der Waals
heterostructures, the blue shift of E1

g and A1g modes of MoS2 on
the h-BN film show the smaller lattice strain and lower doping levels
than those directly grown on SiO2, which can boost the performance
of intrinsic TMDs.152

Recently, Tan’s group investigated the low-frequency Raman
spectroscopy of the MoS2/graphene heterostructure on Si/SiO2

substrates.29 Fig. 13(a) shows the shear and breathing modes of

multilayer MoS2/1L graphene, along with the E2g and A1g

modes, and the grey curve is the Raman spectrum of intrinsic
multilayer MoS2. The peak position of E2g and A1g of the
heterostructure exhibits a blue shift and a red shift respectively.
In the low frequency range, the shear modes and breathing
modes of monolayer MoS2/monolayer graphene cannot be
observed owing to the weak coupling of electrons and phonons.
Fig. 13(b) shows the Raman spectra of the breathing mode of the
multilayer MoS2/1L graphene heterostructure and intrinsic multi-
layer MoS2 in parallel(XX)–cross(XY) polarization configurations.29

There is an obvious redshift for the breathing mode of the
heterostructure compared to that of intrinsic MoS2. Fig. 13(c)
summarizes the frequency difference of A1g and E2g breathing
modes and shear modes between the heterostructure and corres-
ponding MoS2 as the number of layer changes.29 It can be seen
clearly that the breathing mode is more sensitive to the interlayer
coupling than the other three modes. This is also confirmed by
other groups,153 and it has been further proven that the interlayer
coupling of van der Waals is not sensitive to the twist angle.154

6. Identifying the differences on the
nanoscale

Scanning probe microscopy (SPM) characterizes the morphology
of materials with nanoscale spatial resolution. If combined with
Raman spectroscopy, Raman scattering information can be
obtained with same spatial resolution. This is achieved by
tip-enhanced Raman spectroscopy (TERS) using a metallic tip,
that is, the same tip for scanning tunnelling microscopy (STM)
or the metal coated atomic force microscopy (AFM) tip. A strong
local electromagnetic field is confined tightly at the tip due to
the excitation of localized surface plasmons by the incident
laser, which further excite the Raman scattering in the near
field. TERS has been widely applied in different fields including

Fig. 13 (a) Low frequency and high frequency Raman spectra of different layers MoS2 and the monolayer graphene heterostructure on Si/SiO2

substrates. (b) Raman spectra of the LB modes in the multilayer MoS2/monolayer graphene heterostruture along with those of pristine multilayers MoS2

used as reference in gray dashed curves. (c) The peak position differences of shear, breathing, A1g, and E2g modes between the heterostructure and
corresponding intrinsic multilayers MoS2. Adapted with permission from ref. 29. Copyright 2017, ACS Publications.
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materials science, biology, physics for characterization of
samples with nanoscale or even atomic resolution, and a number
of publications have reported the TERS characterization of 2D
materials.38,155–163

Stadler et al.155 reported the chemical imaging of monolayer
graphene on the nanoscale using TERS. Fig. 14(a) shows the
schematic illustration of the TERS measurement on graphene.
In Fig. 14(b), the overlaid TERS images of the 2D (red) and D
(green) bands of single layer graphene mechanically exfoliated
on template-stripped gold surface are shown in an area of
400 � 400 nm2. Fig. 14(c) shows the corresponding TERS spectra
of the red, green and black areas in Fig. 14(b). The dimensions of
the two defects are 75 � 45 nm2 and 55 � 25 nm2, respectively,
and the spatial resolution, determined from the FWHM of the
curve fitting of the line profiles indicated by the white dotted
lines in Fig. 14(b), was found to be 10.6 nm and 11.8 nm for the
2D and D bands, respectively. Mignuzzi et al.156 studied the
distribution of point defects created in graphene by means of
Bi3

+ ion bombardment. The average distance between point
defects, LD, was measured to be about 130 nm using TERS.
Compared to the measured value of LD = 100 � 40 nm using
far field Raman characterization described above, this value is
more accurate and was obtained directly from Raman mapping
images. On the other hand, the enhancement factors of D, G and
2D bands in TERS were compared, and the D band showed the
largest enhancement (B1.5 times stronger than G band) due to
its out-of-plane vibrations that are parallel to the local electric
fields at the tip and are preferentially enhanced.

Beams et al.158 obtained the TERS mapping image of the 2D
peak of graphene with a single 5 nm particle on the surface. Since
the 2D peak is sensitive to strain in graphene, the information on
local strain was extracted with a spatial resolution of 34 nm.
Fig. 15(a) shows the AFM image of the corresponding area, and
the height profile of the particle along the dashed arrow is shown
in Fig. 15(b). In Fig. 15(c), the peak shift of the 2D band was
plotted along the dashed line indicated in Fig. 15(a). It is seen that
under local strain induced by the nanoparticle, the 2D peak
redshifts and is broadened by 4 cm�1. The strain is also con-
firmed to be in radial directions. The quantitative analysis of the
strain distribution is performed. The strain in the radial direction

(r) is linearly dependent on r�
2
3 through Schwerin’s equation. The

derived strain is plotted in Fig. 15(c) (right y-axis). Local strain in
other 2D materials has also been studied using TERS, for example,
Park et al.159 used both TERS and tip-enhanced photolumines-
cence spectroscopy to characterize the strain in WSe2.

Taking advantage of the high spatial resolution, edges,
wrinkles and grain boundaries in 2D materials can be better
investigated using TERS. Ghislandi et al.160 studied the edges of
mechanically exfoliated graphene using TERS. They found
that the Raman enhancement of the D band at the edges was
B5.6 times compared to that measured using confocal Raman
spectroscopy. The enhancement is dependent on the polarization
of incident laser and the vibrational directions of the Raman
modes. Park et al.38 also measured the grain boundaries in
graphene using TERS with a spatial resolution of 18 nm.
Fig. 15(d) shows the AFM image of graphene, and the corres-
ponding TERS image of the 2D peak is shown in Fig. 15(e),
where the grain boundaries can be clearly seen. From the
change of the intensity, peak width and the center position of
the 2D band, Coh et al.161 were able to quantitatively determine
the misorientation angles of three bilayer grain boundaries A
(51), B (81), and C (141), as shown in Fig. 15(f).

Rahaman et al. used TERS to investigate the strain caused by
gold nanostructures on few layer MoS2.164 As shown in
Fig. 16(a), a periodic array of gold nanotriangles (Au NTs) with
a 120 nm side length and a 40 nm height was arranged on a
silicon substrate. Then few layer MoS2 was transferred onto the
array. Fig. 16(b) shows the TERS intensity mapping on the area
of interest with a spatial resolution of o25 nm. The averaged
tip-enhanced Raman spectra of each circle marked in Fig. 16(b)
were exhibited in Fig. 16(c), where the E2g and A1g modes of
MoS2 were labelled. Through fitting the Raman peaks by Voigt
functions in Fig. 16(c), the peak positions of E2g(G) and A1g(G)
modes of each curve are obtained and shown in Fig. 16(d).
Thus, the averaged frequency shift measured at the corners of
the triangles with respect to the valley among the triangles of
E2g(G) and A1g(G) modes are shown in Fig. 16(d). The shift of
the E2g(G) mode was about (2.6 � 0.7) cm�1 which indicates
0.9% strain in the nanoscale region. The shift of the A1g(G)
mode is about 0.2 cm�1 which is smaller than the error limit of
the fitting, thus can be ignored. It is explained that strain and
doping effects partially cancel out in inducing the frequency
shift of the A1g(G) mode.

Fig. 14 (a) Schematic illustration of TERS measurement of graphene. (b) The Raman mapping image of graphene on template-stripped gold. The red
region indicates the mapping of D band and the green region indicates the 2D band of graphene. (c) The corresponding Raman spectra of the red, green
and black areas in (b). Adapted with permission from ref. 155. Copyright 2011, ACS Publications.
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7. Probing the charge interaction
between 2D materials and molecules
via Raman enhancement

van der Waals heterostructures of 2D materials provide a
platform to study the charge interactions at the interface and

render new possibilities for novel optoelectronic device
applications.27,165–167 As a matter of fact, the charge interaction
between organic molecules and 2D materials has also drawn
enormous attention.167 Such interactions can be revealed using
Raman spectroscopy either from the frequency shift or the
intensity enhancement.168–170 For example, if electron-donor
molecules are on the surface of graphene, the G band of

Fig. 16 (a) Schematic of the TERS experiment. The few layer MoS2 was transferred onto the gold nanotriangle array. (b) The TERS intensity mapping of
one hexagonal structure. The Raman signal of MoS2 is enhanced in the vicinity of gold corners. (c) The averaged Raman spectra obtained from each
labeled circle in (b). (d) Raman peak positions of E2g(G) and A1g(G) modes are extracted from each curve in (c). The black lines represent the average values
of the peak potions. Adapted with permission from ref. 164. Copyright 2017, ACS Publications.

Fig. 15 (a) AFM image of graphene with a nanoparticle on the surface. (b) Corresponding height profile of the nanoparticle along the dashed line in (a);
(c) plot of the Raman shift of the 2D-peak (circles) profile along the white arrow in (a). The fit is shown in red and the total strain profile is shown in blue.
Adapted with permission from ref. 158. (d) The AFM image of grain boundaries on graphene, marked as A, B and C. (e) Corresponding G0 (2D) peak
intensity distribution in the zone of c obtained by TERS mapping. (f) Measured intensity of G0 peak at grain boundaries (red circles) from (d) is compared
with the calculated values161 (gray circles). Adapted with permission from ref. 38. Copyright 2017, Wiley.
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graphene will redshift, whereas if it is electron-acceptor
molecules, the G bands will blueshift, as discussed earlier as
the doping effect.171–178

The Raman intensity of molecules on the surface of most 2D
materials can be enhanced due to the charge interactions
between molecules and the material, which lead to the modulation
of effective polarizability of the molecules. The 2D materials that
have been studied for Raman enhancement include graphene,
h-BN, MoS2, orthorhombic BP and triclinic ReS2.118

7.1 Charge transfer between graphene and molecules

The direct spectroscopic evidence of the charge interaction
between molecules and graphene is the photoluminescence
quenching of fluorescent dyes (rhodamine 6G, R6G; and proto-
porphyrin IX, PPP) adsorbed on graphene.179 Furthermore, it
was reported that graphene can enhance the Raman signals of
absorbed molecules, as illustrated in Fig. 17(a) and (b), which is
known as graphene-enhanced Raman scattering (GERS).180,181

As the surface plasmon resonance frequency of graphene is in
the terahertz region, there is no electromagnetic enhancement
for the molecules. Hence, the chemical effect, that is, the
charge transfer, is responsible for the Raman enhancement of
molecules. It has been reported that effective charge transfer
occurs between molecules with a large electron conjugation,
such as R6G, PPP and Pc, which interact with graphene through
strong p–p interactions and charge interactions from the N
atoms with lone pair electrons. Many studies have confirmed
the charge interaction between molecules and graphene that
gives rise to the Raman enhancement of GERS. For example,

the first-layer effect that means only the first layer of molecules
on graphene is mostly enhanced;182 the modulation of the
Fermi level of graphene by external electric field tunes the
Raman enhancement of molecules.183,184

The orientation of molecules on graphene, that is, molecules
in the lying-down or the standing-up configuration, strongly
affects the efficiency of charge transfer, and this can be seen
from the Raman enhancement of molecules.185 For example,
copper phthalocyanine (CuPc) molecules can be deposited on
graphene using the Langmuir–Blodgett technique, which
results in the upstanding configuration. After annealing, the
CuPc molecules change orientation to lying-down as shown in
Fig. 18(a), and the Raman spectra of CuPc in the two different
orientations are shown in Fig. 18(b) and (c). It is seen that the
Raman intensity of the CuPc molecules on graphene was largely
enhanced after annealing, due to the overlay of p-orbitals of
molecules and graphene and the change of the interface dipole.
As illustrated in Fig. 18(d) and (e), interfacial dipoles are
induced at the CuPc/graphene interface, which leads to a shift
of the energy level of the CuPc molecules at the interface and
the increase of the possibility of optical transition. What is
more, the Raman enhancement factor varies from different
vibration modes, for example, the mode at 1530 cm�1 is more
enhanced than that at 1450 cm�1, because the vibration of the
1530 cm�1 mode is related to larger displacement of the N
atoms with lone pair electrons. Huang et al. systematically
compared a series of molecules: those with similar molecular
structures but different energy levels which refers to different
Pc derivatives and those with similar energy levels but different
molecular structures, such as tetrathienophenazine (TTP) and
tris(4-carbazoyl-9-ylphenyl) amine (TCTA).186 They show that
molecular symmetry and substituents similar to that of the
graphene structure exhibit larger Raman enhancement, which
is due to the effective p–p interaction between molecules and
graphene. By analyzing the enhancement factors of all these
molecules on graphene and their energy differences between
HOMO (or LUMO) and graphene’s Fermi level, it can be
concluded that the enhancement involving molecular energy
levels requires the HOMO and LUMO energies to be within a
suitable range with respect to graphene’s Fermi level.187 Joo
et al. also designed a series of dipolar molecules with the same
general structure of N-ethyl-N-(2-ethyl(1-pyrenebutyrate)-4-(4-R-
phenylazo)aniline) where the R groups varied from electron-
withdrawing group or electron-donating group, and thus alter
the magnitude of the dipole moment and hence the electronic
coupling of chromophores with graphene.188 DFT calculations
reveal that the energy gap decreases rapidly with increasing
dipole moment, which is also in agreement with the observed
trends in the frequency shift of G band.

7.2 Charge interaction between molecules and other 2D
materials

Ling et al. compared the Raman enhancement effect of CuPc
molecules on graphene, h-BN and MoS2.189 It is found that the
high-frequency Raman modes of CuPc are enhanced more strongly
on graphene than that on h-BN, while the low-frequency Raman

Fig. 17 (a) Schematic illustration of the molecules on graphene and a
SiO2/Si substrate, and the Raman experiments. (b) Comparisons of Raman
signals of Pc deposited 2 Å on graphene (red line) and on the SiO2/Si
substrate (blue line) using vacuum evaporation at 632.8 nm excitation
except for the peak marked by the star (*) (the 960 cm�1 peak from Si, and
the 1586 cm�1 peak from graphene), all the peaks are from Pc. The inset in
(b) shows the structure of Pc. Adapted with permission from ref. 180.
Copyright 2010, ACS Publications.
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modes of CuPc are weaker on graphene. MoS2 demonstrates the
weakest overall Raman enhancement among these three materials.
The results are ascribed to different types of charge interactions:
(1) graphene has a zero bandgap; (2) h-BN is insulating and has a
strong B–N bond, while (3) MoS2 is semiconducting with the sulfur
atoms on the surface and has polar covalent bonds (Mo–S) with
the polarity in the normal direction to the surface. In this regard,
the different charge interactions are proposed: (1) charge transfer
occurs between molecules and graphene; (2) strong dipole–dipole
coupling may occur between molecules and h-BN, and (3) both
charge transfer and dipole–dipole coupling may occur but with a
weaker magnitude for MoS2.

The in-plane symmetry of 2D materials strongly affects the
charge interactions. The recent renaissance of anisotropic 2D
layered materials, such as BP and ReS2, has triggered a novel
dimension to investigate the symmetry dependent properties and
polarization-dependent optoelectronic applications.23,24,66,68,190,191

The carrier mobility, optical absorption, thermal conductivity are
strongly dependent on the crystalline orientation of the materials.
Lin et al. studied the Raman enhancement of CuPc molecules on
BP and ReS2 using angle-resolved polarized Raman spectroscopy
(ARPRS).70 It can be found in Fig. 19 that the Raman signals of
CuPc molecules on BP are enhanced compared to that on blank
SiO2/Si substrates. More interestingly, the Raman spectra of CuPc
molecules exhibits a strong polarization dependence in both
parallel and cross polarization configurations, which is absent
on SiO2/Si substrates. Polar plots of the normalized intensities of
468 cm�1 (BP, A2

g), 682 cm�1 (CuPc, A1g), 1450 cm�1 (CuPc, B2g),
1530 cm�1 (CuPc, B1g) modes show periodic changes as a

function of sample rotation angle. The maximum intensity angles
of the B1g mode coincide with the armchair (AC) direction of BP,
which agrees well with Raman tensor analysis of uniformly
aligned CuPc molecules. However, the orientation of molecules
is random owing to the use of the thermal evaporation method
for deposition. Density function theory (DFT) calculations show
that the charges at the conduction band minimum and covalence
band maximum are redistributed into one-dimensional chains
along the AC direction of BP with the deposition of CuPc. For
graphene, the charge distributions remain isotropic with or
without molecules. That is, CuPc induced the anisotropic charge
redistribution of BP, resulting in anisotropic charge interactions,
and only the CuPc molecules with a major axis parallel to the AC
direction of BP have the highest probability of charge interactions
and exhibit the largest Raman enhancement, which dominate
the angle dependence of the Raman intensities.

7.3 Charge interactions between molecules and
heterostructures of 2D materials

As mentioned above, different 2D materials exhibit different
charge interaction mechanisms with molecules for Raman
enhancement. Heterostructures may provide more tenability
of the charge interactions. Tan et al. designed a 2D graphene/WSe2

(G/W) heterostructure as a novel platform for Raman enhancement
and found that the intensity of the Raman scattering on G/W is
much stronger compared with isolated layers.192 Through DFT
calculations and probe–pump measurements, it is inferred that
the electronic state density of graphene is increased due to the
coupling with WSe2 and finally increases the electronic density

Fig. 18 (a) Schematic illustration of molecular orientation change under annealing. Inset: The molecular structure of CuPc. (b) Comparison of Raman spectra of
as-prepared CuPc LB film (dashed line) and that after annealing at 300 1C (solid line) on an SiO2/Si substrate with graphene (c) similar to (b) but without graphene.
Schematic illustrations of (d) the change of the electron energy band between graphene and the molecule before and after contact, and (e) the relative direction
of the delocalized p orbital of graphene and the CuPc molecule before and after annealing. Adapted with permission from ref. 185. Copyright 2012, Wiley.
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of states (g(Ek)) at the interface between the molecule and graphene,
while only a negligible gap is caused by the interaction between
graphene and WSe2 which does not affect the energy matching
between energy levels of CuPc molecules and the Fermi level of
graphene, indicating little influence on the charge transfer.

8. Summary and outlook

Among all the optical spectroscopic characterization methods,
Raman spectroscopy can provide both structural and electronic
band information, and has been one of the most important
characterization tools for 2D materials. A slight change in the
lattice structure of 2D materials will lead to a significant change
in the Raman features, and a variation in the electronic properties
due to doping, interlayer coupling and electronic coupling with
molecules will also change the Raman frequencies and intensities.
In this review, the recent advances in Raman spectroscopic
characterization of 2D materials were mainly discussed, including
the polarized Raman scattering of anisotropic 2D materials, the
effects of defects, doping and stacking. The use of TERS for high
spatial resolution characterization and the Raman enhancement
effect of 2D materials were also discussed. This review emphasizes
more on the characterization aspect of structural and electronic
differences from the primitive 2D materials using Raman
spectroscopy.

With the discovery of new 2D materials, the characterization
of the structures and properties is essential for the fundamental
understanding of the materials. On the other hand, the possible
applications of the materials, either in the primitive form or
functionalized form, are even more intriguing. Great efforts have
been made in the improvement of quality during synthesis, the

chemical functionalization of materials and the construction of
heterostructures and working devices. Another reason that Raman
spectroscopy is becoming a routine characterization tool for 2D
materials is that it can be used to measure samples during all these
stages in situ or ex situ. Along this line, the development of
techniques for in situ Raman measurements adapting to various
conditions for more convenient and more reliable characterization,
and techniques for the measurement of low frequencies for funda-
mental research, can be expected to be the future directions for
Raman characterization of not only 2D materials, but also new
materials in general.
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