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 ABSTRACT 

We review lattice vibrational modes in atomically thin two-dimensional (2D) 

layered materials, focusing on 2D materials beyond graphene, such as group VI

transition metal dichalcogenides, topological insulator bismuth chalcogenides,

and black phosphorus. Although the composition and structure of those materials

are remarkably different, they share a common and important feature, i.e., their 

bulk crystals are stacked via van der Waals interactions between “layers”, while

each layer is comprised of one or more atomic planes. First, we review the

background of some 2D materials (MX2, M = Mo, W; X = S, Se, Te. Bi2X3, X = Se, 

Te. Black phosphorus), including crystalline structures and stacking order.

We then review the studies on vibrational modes of layered materials and

nanostructures probed by the powerful yet nondestructive Raman spectroscopy

technique. Based on studies conducted before 2010, recent investigations using

more advanced techniques have pushed the studies of phonon modes in 2D

layered materials to the atomically thin regime, down to monolayers. We will

classify the recently reported general features into the following categories: 

phonon confinement effects and electron–phonon coupling, anomalous shifts 

in high-frequency intralayer vibrational modes and surface effects, reduced

dimensionality and lower symmetry, the linear chain model and the substrate 

effect, stacking orders and interlayer shear modes, polarization dependence, and

the resonance effect. Within the seven categories, both intralayer and interlayer 

vibrational modes will be discussed. The comparison between different materials

will be provided as well. 
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1 Introduction 

Recent interest in layered materials is mostly driven 

by the desire to understand the properties of atomically 

thin forms, because ultra-thin flakes can sometimes 

achieve what bulk crystals cannot accomplish, such 

as unique properties and better performance. Experi-

mental and theoretical studies on ultra-thin two- 

dimensional (2D) layered materials, including graphene, 

topological insulators, transition metal dichalcogenides 

(TMDs), and black phosphorus, are motivated by 

the discovery of fascinating properties and novel 

phenomena in mono- and few-layer systems, as well 

as 2D-based heterostructures [1–9]. For instance, the 

quantum Hall effect has been observed in graphene 

at room temperature [10]. A 2D topological insulator 

is also known as a quantum spin Hall insulator [11, 12]. 

In monolayer MoS2 and WS2 (typical group VI TMDs), 

strong photoluminescence (PL) in the visible range 

has been reported [13–15]. Compared with TMDs, 

the high carrier mobility of black phosphorus has 

made it a popular material in the recent development 

of 2D field effect transistors (FETs) [16, 17]. Besides, 

the anisotropic behavior resulting from the crystal 

structure has made black phosphorus very attractive 

for applications in optoelectronics [18, 19].  

Lattice vibrations, whose quanta are phonons, play 

an important role in the intriguing properties and 

observed phenomena in 2D materials, particularly 

their thermal conductivity and electrical conductivity. 

A well-known example is the FET mobility of 2D 

materials, which is affected by the acoustic, optical, and 

surface/interface phonon scattering [20, 21]. Meanwhile, 

the optical observation of valley polarization in TMDs 

is usually conducted at low temperature to weaken 

the inter-valley phonon scattering [22–24]. Thus, it is 

important to investigate and understand the properties 

of phonons.  

Very recently, several review papers have been 

published, discussing the phonon characteristics of 

2D materials beyond graphene [25–28]. Each of these 

reviews has provided a different point of view on 

this important topic. For example, Ji et al. focused on 

the interlayer vibrational modes [27], while Zhang  

et al. provided a detailed overview of Raman spectra 

for a variety of layered materials [28]. Here, we review 

studies on lattice vibrational modes in 2D layered 

materials beyond graphene, encompassing theoretical 

calculations and experimental investigations based on 

Raman spectroscopy. After introducing the structure 

and stacking, we first review previous studies of 

Raman scattering for a variety of layered materials 

and nanostructures. Thereafter, we discuss the general 

features of lattice vibrations in atomically thin 2D 

layered materials, in the following order: (1) phonon 

confinement effects and electron–phonon coupling; 

(2) anomalous shifts and surface effects; (3) reduced 

dimensionality and lower symmetry; (4) the linear 

chain model and the substrate effect; (5) stacking 

orders and interlayer shear modes; (6) polarization 

dependence; (7) the resonance effect. We will be 

focusing on group VI TMDs (MX2, M = Mo, W; X = S, 

Se, Te), while Bi2X3 (X = Se or Te) and black phosphorus 

will be discussed as well. 

2 Background on Raman spectroscopy and 

2D materials beyond graphene 

2.1 Structure and stacking order in group VI TMDs, 

Bi2X3 (X = Se or Te), and black phosphorus 

Each layer of group VI TMDs MX2 (M = Mo, W; X = S, 

Se, Te) consists of X–M–X tri-atomic planes, such that 

a monolayer can also be called a “tri-layer” (1 TL) [3]. 

In monolayer black phosphorus (i.e., phosphorene), 

we can consider the atoms to be in one puckered atomic 

layer [29]. Compared with TMDs and phosphorene, 

which are relatively simple in terms of their crystal 

structure, the stable rhombohedral Bi2X3 (X = Se or Te) 

has five atomic planes in a single layer [30, 31]. Thus, 

a monolayer Bi2X3 can also be called a quintuple 

layer (1 QL).  

There is a structural polytypism among group   

VI TMDs MX2 (M = Mo, W; X = S, Se, Te). For S- and 

Se-based MX2 (M = Mo, W; X = S, Se), the most 

common and stable phase is 2H, with H referring   

to the hexagonal structure and “2” to the number of 

layers per unit cell [2]. For MTe2 (M = Mo, W), the 

large size of the telluride atom distorts the structure, 

stabilizing the 1T’ phase [32, 33]. Other common 

phases of group VI TMDs include 1T and 3R. While 

the 1T phase has been reported to be metastable in 
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MoS2 [34] and MoSe2 [35], detailed dynamical studies 

show that a perfect 1T TMD monolayer has imaginary 

modes, and a distorted phase (d1T or 1T’ or ZT) is more 

stable [36]. Experimentally, dynamic rearrangements 

of W atoms in the ZT phase WS2 have been observed 

using transmission electron microscopy, with the 

reorientation of zigzag chains and the formation of 

tetramer clusters. Calculations show that the energy 

barrier for reorienting the zigzag chains is very low, 

while negative charge is required to stabilize the 

tetramer phase. The negative charge weakens the W–S 

bonds, while the formation of tetramers strengthens 

the W–W bonds [37].  

It is instructive to compare the above descriptions 

of TMD structural polytypes with the crystal structure 

of graphene. Graphene has a simple crystal structure: 

Its monolayer form has only one atomic layer and the 

carbon atoms are hexagonally arranged within the 

same plane as well. In a few-layer graphene, there are 

two types of stacking orders, the Bernal (AB) stacked 

and the rhombohedral (ABC) stacked graphene. By 

comparison, 2H-MoS2 and 3R-MoS2 can be regarded 

as AB-stacked and ABC-stacked, respectively. The 

former has two layers per unit cell, and the latter  

has three [38]. In order to minimize the amount of 

information needed for the complete description of a 

unit cell, the space group is introduced. Materials with 

the same space group share the same Raman tensors. 

Space groups and stacking orders of common 2D 

layered materials are summarized in Table 1. 

We consider MX2 (M = Mo, W; X = S, Se) as examples 

for further illustrating the space group and stacking 

orders. Schematics in Fig. 1(a) show the corresponding 

crystal structures of 1T-, 2H-, and 3R-stacked tri-layers, 

belonging to the space groups 3

3d
D , 1

3h
D , and 1

3v
D , 

respectively. It is worth noting that the monolayer 

counterparts of 2H and 3R are the same, also referred 

to as 1H. In contrast, the spatial inversion symmetry is 

preserved in the 1T stacking, but it is broken in the 1H 

structure. The difference between 2H and 3R starts from 

the bilayer. Besides the layer shift, which also occurs 

in the 3R phase, the Nth layer of the 2H stacking is 

rotated with respect to the (N – 1)th layer, as shown in 

Fig. 1(a). The 3R stacking is noncentrosymmetric from 

monolayer (1 L) to the bulk, giving rise to the valley 

polarization regardless of the thickness [39]. In contrast, 

the 2H stacking with an even number of layers 

possesses an inversion symmetry point, while that with 

an odd number of layers is noncentrosymmetric. 

During the past year, interest has been growing in 

MoTe2 and WTe2, especially in the non-2H phases. 

For example, MTe2 (M = Mo, W) with 1T’ stacking has 

been demonstrated to be important in the quantum 

spin Hall effect [33]. Comparison between 1T and 1T’ 

phases, in both the side and top views, is shown    

in Fig. 1(b), with 2H shown as a reference. The major 

difference is that M atoms (M = Mo, W) in the 1T’ 

stacking are distorted, which allows the formation of 

one-dimensional zigzag chains (along the blue dashed 

line in Fig. 1(b)). 

Table 1 Space group of graphene, black phosphorus, MX2 (M = Mo, W; X = S, Se), and Bi2X3 (X = Se, Te) under AB and ABC stacking 
orders. “Odd (even) number of layers” is abbreviated to “odd (even) N” in the table  

  AB stacking ABC stacking AB/ABC a

 Single layer Odd N 
N = 3, 5, 7… 

Even N 
N = 2, 4, 6… 

Odd N 
N = 3, 5, 7… 

Even N 
N = 2, 4, 6… 

Bulk 

Multi-layered graphene 1
6hD  1

3hD  3
3dD  3

3dD  3
3dD  4

6hD / 5
3dD

Black phosphorusb 7
2hD  7

2hD  11
2hD  — — 18

2hD  

MX2 (M = Mo, W; X = S, Se) 1
3hD  1

3hD  3
3dD  1

3vC  1
3vC  4

6hD / 5
3vC

 

Bi2X3 (X = Se, Te) 3
3dD  — — 3

3dD  3
3dD  5

3dD
 

a For those having both stacking orders, the corresponding space groups in the bulk are listed in the sequence: AB/ABC. For those only 
possessing one stable stacking, the space group in the bulk is of the same stacking as that in a few-layer system. For example, black 
phosphorus in the bulk is AB-stacked, while Bi2X3 (X = Se, Te) in the bulk is ABC-stacked. 
b The AB stacking in black phosphorus is different from the definition of AB stacking in Ref. [38], which is consistent with the other 
AB-stacked materials listed here. 
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Figure 1 Structural polytypism in MX2 (M = Mo, W; X = S, Se, 
Te). (a) Tri-layer MX2 (M = Mo, W; X = S, Se) with 1T, 2H, and 
3R stacking configurations. (b) Comparison of 2H, 1T, and 1T’ 
structures of monolayer MTe2 (M = Mo, W). Reproduced with 
permission from Ref. [33], © American Association for the 
Advancement of Science 2014. 

2.2 Raman spectroscopy as a non-destructive tool 

for probing nanostructures  

Raman spectroscopy is an important, versatile, and 

non-destructive method to probe the vibrational and 

electronic properties of solid materials [40–42], either 

of bulk crystals or of nanostructures. Take carbon as 

an example. Many Raman spectroscopy studies have 

been performed on graphite, disordered/amorphous 

carbon, and diamond-like structures. The frequency, 

intensity, and width of the Raman peaks from Raman 

spectra can be analyzed via theory/model and correlated 

to size, defects, and chemical bonding [43, 44]. In   

2D carbon, such as atomically thin graphene, Raman 

spectroscopy can be much more revealing, and can 

be used to study edge effects, stacking geometries, 

electron-phonon coupling, electron/hole doping, and 

interlayer coupling. The detailed interpretation of these 

phenomena can be found in Ref. [45–47]. 

Carbon nanotubes are typical 1D carbon structures. 

Their (n, m) values, diameter, and chirality, which are 

related to the semiconducting versus metallic behavior, 

can be investigated using Raman spectroscopy [48–50]. 

Compared with graphene, one-dimensional (1D) 

nanostructures have more variables to probe, such as 

the antenna effect owing to the 1D anisotropy nature 

[51, 52]. Besides carbon nanotubes, other well-known 

1D nanostructures, including nanowires, nanorods, 

and nanobelts have been widely investigated using 

Raman spectroscopy. Dependence of electron–phonon 

coupling and quantum confinement on size and 

excitation laser’s wavelength has been widely studied 

for 1D nanostructures [53–60]. Other interesting 

phenomena, such as the laser-induced Fano resonance 

and surface phonons, have also been reported [61–63]. 

Raman scattering is a process in which incident light 

is inelastically scattered by phonons [64, 65]. The 

sample undergoes a light-induced transition between 

vibrational states. Raman scattering can be divided into 

Stokes and anti-Stokes scattering. Stokes scattering 

occurs when the energy of the final vibrational state 

is higher than that of the initial state, implying that 

the scattered photons have lower energy than the 

incident photons. The energy difference between the 

incident and scattered photons is usually known as 

the Raman shift in the Raman spectroscopy literature, 

and is reported in the units of cm−1. Similarly, anti- 

Stokes scattering occurs when the scattered photons 

have higher energy than the incident photons, yielding 

a negative Raman shift. In general, incident photons 

excite the system to a virtual state before relaxing 

into the final state. This is called non-resonant Raman 

scattering. At times, such as when the excitation 

laser’s energy resonates with an optical transition, the 

system is excited into a real electronic excited state. In 

this case, resonant Raman scattering is said to occur 

[66]. In this review, we focus on non-resonant Raman 

scattering. Thereafter, all of the Raman processes in 

the text refer to the non-resonant Raman scattering 

process, unless specifically stated.  
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Experimentally, lasers used in Raman spectroscopy 

usually have the energy in the range of 1–4 eV, with a 

wave vector on the order of 105 cm−1 in the sample. 

Because the energy of the scattered light only slightly 

differs from that of the incident light, phonons involved 

in Raman scattering must have wavelengths on the 

order of 105 cm−1, owing to the conservation of energy 

and momentum. However, the size of a typical Brillouin 

zone is on the order of 108 cm−1. Therefore, in first- 

order Raman scattering processes, in which only one 

phonon is involved, Raman scattering can only excite 

phonons near the Brillouin zone center (the Γ point); 

these phonons are also known as long-wavelength 

phonons [66–68].  

The experimental observation of a given phonon 

mode in Raman spectroscopy depends on the symmetry 

selection rules as well as on the scattering geometry. 

A given phonon mode can be observed using Raman 

scattering spectroscopy only when 
2

i s
 e R e  has a 

nonzero value, where ei is the polarization vector of 

the incident light, es is that of the scattered light, and 

R  is the second-rank polarizability tensor, commonly 

called the Raman tensor. The quantity 
i s
 e R e  is given 

by [69] 

 
  
  
  

  
           


i s

xx xy xz

yx yy yz

zx zy zz

x

x y z y

z

e R e      (1) 

The parallel-polarized ( )z xx z  configuration and the 

cross-polarized ( )z xy z  configuration are two widely 

used polarization configuration setups for 2D layered 

nano materials on Raman spectroscopy. In this nota-

tion, the z axis corresponds (in many instances) to 

the out-of-plane direction of the nanosheet samples. 

The z axis is also parallel to the directions in which the 

incident and scattered light beams travel. The x and y 

axes are in the basal plane, and the angle between these 

axes is 90°. The difference between both configurations 

is in the polarization vector of the scattered light beam 

es: For ( )z xx z , y = z = 0, and x is non-zero; For ( )z xy z , 

the incident light is polarized along the x direction, 

while the outgoing scattered light beam is polarized 

along the y direction.  

The Raman tensor R  is related to the crystal’s 

symmetry, and the Raman-active vibrational modes 

can be predicted based on the group theory analysis, 

using the irreducible representation of the zone 

center phonons, which are derived from knowing the 

material’s space group (Table 1) [66]. The irreducible 

representations of the zone center phonons for 2H- 

MX2 (M = Mo, W; X = S, Se), Bi2X3 (X = Se, Te), and 

black phosphorus are summarized in Table 2. In bulk 

2H-MX2 (M = Mo, W; X = S, Se) crystals, the primitive 

unit cell consists of 2 layers, i.e., 6 atoms. Thus, there 

are 18 Brillouin zone center (Γ) phonons (3 * number 

of atoms), with 3 acoustic phonons and 15 optical 

phonons. In addition, the E symmetry modes in the 

bulk 2H-MX2 have 2-fold degeneracy. Among these 

modes, only 
1g

A , 
1g

E , and 
2

2
g

E  are Raman-active 

modes. When the thickness decreases to a few layers 

or a monolayer, two scenarios should be considered, 

owing to the different symmetries between films 

with odd and even number of layers (see Table 1). 

For example, the Raman-active modes in the bilayer 

are 3A1g and 3Eg; while those in the monolayer are 

E” + A1’ + 2E’. Note that the mode at ~408 cm−1 is A1’ 

in monolayer, owing to the change in symmetry, 

although the corresponding mode in 2 L is still A1g. 

Similarly, the Raman-active modes in Bi2X3 (X = Se, Te) 

are  12 2g gE A , 15( )g gA E , and 12( )g gA E  in the bulk, 

bilayer, and monolayer, respectively. The interlayer 

vibrational modes from bulk Bi2X3 are excluded in the 

irreducible representation of the zone center phonons. 

In the bulk black phosphorus, six of the twelve 

vibrational modes are Raman-active modes: 
1g

B , 
2g

B , 

2
g

A , and 
3

2
g

B . Because samples with odd and even 

numbers of layer(s) belong to the same space group, 

the irreducible representation of Raman-active modes 

at the Γ point is   3 1 2(2 2 )g g g gN A B B B , with N being 

the number of layers. 

2.3 Theoretical prediction of Raman spectra 

In the Born–Oppenheimer approximation, nuclei move 

on the potential energy surface, which is the sum of the 

electronic energy and the nuclear repulsion energy. 

Because electronic excitations are negligible at room 

temperature, the ground state electronic energy deter-

mines the potential energy surface and the vibration 

frequencies of nuclei around their equilibrium positions. 

Therefore, the frequency of phonons can be calculated 

within the framework of density functional theory 
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(DFT) near the equilibrium geometry by solving the 

secular equation [70] 

2

,
det ( ) ( ) 0

li kj l k lk ij
D q M M q          (2) 

with the dynamical matrix defined as  



 
 




    
,

2
, ( ) /( )exp[ ( )]

li kj

li kj li kjD q E u u iq R R      (3) 

where 
li

u  is the i-th direction component of the atomic 

displacement of atom l in cell  (which can be set  

to 0), and 
kj

u  is the j-th direction component of the 

atomic displacement of atom k in cell. Rα and Rβ are 

the position vectors of cells  and , respectively. q is 

the wave vector of the phonon and E is the ground 

state electronic energy. Ml and Mk are, respectively, 

the atomic masses of the atoms l and k. The force 

constants 
,li kj

  in the dynamical matrix can be obtained 

either in the supercell direct approach using finite 

difference methods, or from the linear response 

theory [71, 72].  
For most layered materials, the Γ point phonon 

mode can be described classically by the linear chain 

model, based on Hooke’s law, with intralayer and 

interlayer force constants k (which are determined by 

quantum mechanical effects). The dynamical equation 

for the normal mode of the n-th atom can be simplified  

as   
2

2

d
( )

d
n

n nm m n
m

u
M k u u

t
. This expression can be 

further simplified by considering the crystal symmetry 

and the relations between the eigenvectors for each 

vibration mode. Analytical formulae relating the 

frequencies and force constants can thus be derived, 

and the force constants can be obtained by fitting the 

results of DFT calculations or experimentally measured 

Raman frequencies [67, 73]. 

Within the Placzek approximation (i.e., assuming 

that the intensity of the light scattered by a system 

with vibrating nuclei is the same for each nuclear 

configuration as the intensity of the light scattered  

by a system with nuclei in the fixed configuration), if 

the incident frequency of the laser light is smaller 

than any absorption frequency but much larger 

than the Raman transition frequency, the intensity  

of the Stokes Raman peak can be calculated as kI   

 
  




   
2

2

i s i s ,

1kk
k

k

n
Pe R e e e , where kR  is the 

Raman tensor, 
,k

P  is the derivative of the electronic 

polarizability tensor with respect to the normal 

coordinates for mode k, and  n is the Bose–Einstein 

distribution  1/{exp( / ) 1}k k Bn k T  [71]. For the 

anti-Stokes process, nk + 1 is replaced by nk. The  

Table 2 Irreducible representations of the zone center phonons in 2H-MX2 (M = Mo, W; X = S, Se), Bi2X3 (X = Se, Te), and black 
phosphorus. “Odd (even) number of layers” is abbreviated to “Odd (even) N” in the table 

Material Thickness Irreducible representations 

Bulk 1 2 1 2 1 1 2 22 2 2 2        g u u g g u u gA A B B E E E E  

Odd N 
N = 1, 3, 5… 1 2

3 1 3 1
( ) ( )

2 2

N N
A E A E          2H-MX2 

(M = Mo, W; X = S, Se) 

Even N 
N = 2, 4, 6… 1 2

3
( )

2
    g u g u

N
A A E E  

Bulk 2 13 3 2 2    u u g gE A E A  

Odd N 
N = 1, 3, 5… 1 2

5 1 5 1
( ) ( )

2 2
  
   g g u u

N N
A E A E  Bi2X3 

(X = Se, Te) 

Even N 
N = 2, 4, 6…  1 2

5

2
    g u g u

N
A A E E  

Bulk 3 1 2 1 2 32 2 2 2        g g u u u g g uA B B B A B B B  

Black phosphorus Thin layer 
N = 1, 2, 3, 4… 3 1 2 1 2 3(2 2 2 2 )        g g u u u g g uN A B B B A B B B  
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quantity 
,k

P  can be calculated within the empirical 

bond polarizability model, which we will discuss  

in detail later. In first principles calculations,
,k

P  is 

obtained using the density functional perturbation 

theory and using the formula 
3

,

ktot
k l

l m n l

E
P

u 
 


 



   , 

where  is the electric field, 
l

u 




 refers to the 

derivative (of the polarizability 
2

tot

m n

E

 

 

) with respect 

to the th spatial coordinate of the atom l, and k

l  is 

the displacement of the atom l in the  direction for 

the eigenmode k [74]. Note that for resonant Raman 

scattering, in which the laser excitation wavelength 

matches one of the optically allowed transitions, the 

above formula is no longer valid because the electron- 

phonon coupling can significantly enhance the Raman 

intensities [75, 76]. 

First principles DFT calculations of the phonon 

properties of 2D layered materials revealed that the 

local density approximation (LDA) exchange correla-

tion functional satisfactorily describes a variety of 

layered materials [77–80]. Compared with the phonon 

frequencies calculated using existing van der Waals 

(vdW) functionals [81, 82], or functionals with dis-

persion correction (PBE-D2) [83], the LDA-calculated 

frequencies yield the best correspondence with 

experiments, even for the ultralow interlayer vibrational 

frequencies [29, 73, 84], where the vdW functionals 

may not even yield a smooth trend for the frequencies. 

These results are surprising to some extent, because 

the LDA does not take into account the vdW interaction. 

The good agreement between the experimental and 

LDA-calculated frequencies shows that the curvature 

of the potential energy surface close to the equilibrium 

is satisfactorily described by the LDA, even though 

this may be fortuitous. These results also show that 

there is room for further improvement of current 

vdW functionals, to better describe the curvature of 

the potential energy surface. The accurate description 

of the ultralow frequency interlayer modes will be an 

important benchmark in designing new functionals. 

Furthermore, as we will discuss in Section 3.4, high- 

level quantum Monte Carlo calculations also do not 

seem to perform better than the DFT LDA in predicting 

the force constants.  

It is noted that spin-orbit coupling (SOC) plays an 

important role in the electronic structure of TMDs 

and topological insulators such as Bi2X3 (X = Te, Se). 

SOC was found not to affect the structural properties 

of these materials, but to be important for the phonon 

frequencies, especially for the intralayer modes [85]. 

For example, the frequency of the 2

1g
A  mode in Bi2Te3 

redshifts from 140.4 to 131.9 cm−1 when SOC is taken 

into account in the LDA calculation, which is also 

closer to the experimental value of 134 cm−1 [85]. 

2.4 Raman spectroscopy of 2D layered materials   

The phonon properties of bulk TMDs have been 

studied for a long time [38, 67, 86–95]. In infrared (IR) 

and Raman studies, most lattice modes were observed 

and assigned. The conjugate pairs of 
1g

A  and 
1u

B  

modes (~409 cm−1), 2

1u
E  and 1

2g
E  modes (~384 cm−1) 

have very similar frequencies within each pair; the 

frequency splitting within each pair (the so-called 

Davydov splitting) is related to the layer–layer (i.e., 

interlayer) interaction [86–88]. Later, second-order 

and resonant Raman spectra of MoS2 and WS2 provided 

further in-depth understanding of the lattice vibration 

modes [92–95]. Sugai et al. have conducted high- 

pressure Raman spectroscopy studies of 2H-MoS2, 

2H-MoSe2, and 2H-MoTe2 [90]. The pressure-dependent 

shifts were explained using the pressure-dependent 

interlayer and intralayer force constants derived from 

the simple linear chain model proposed by Wieting 

[67]. In the meantime, Raman spectroscopy studies of 

MS2 (M = Mo, W) nanotubes and nanoparticles [94–96], 

as well as single molecular layers from chemical 

exfoliation [97], were reported. 

Raman spectroscopy studies of lattice vibrational 

modes in the bulk crystal of black phosphorus can 

also be traced back to the 1980s [98–102]. Pressure- 

dependent measurements, with pressures up to 13 GPa, 

were conducted [98], even at low temperatures (15 K) 

[99]. A few modes were observed to be affected by 

the high pressure in terms of the frequency shift, 

intensity, and width. When the pressure was 1.5 GPa, 

the Raman frequency shifts at 15 K were found to be 

half of those at room temperature. Moreover, a phase 

transition was detected at ~5 GPa. The orthorhombic  
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structure (Cmca, 18

2h
D ) evolves into the rhombohedral 

structure ( 3R m , 6

3d
D ), which can be confirmed from 

the fingerprint phonon modes in Raman spectroscopy 

[98–100]. The complete transition to the rhombohedral 

structure was observed to occur at ~7.7 GPa. To further 

the understanding, phonon dispersion curves of black 

phosphorus were calculated more than three decades 

ago, using the force constants model, but there was  

a large discrepancy between the calculations and 

experiments [101]. The investigation of phonon modes 

in the bulk Bi2X3 started even earlier, in the 1970s, 

using Raman spectroscopy, infrared spectroscopy, 

and inelastic neutron scattering [103–106]. 

Intensive studies on phonons in thin layers only 

began within the last decade. It is actually only  

after the resurgence of interest in graphene that the 

confinement effects along the vdW gap (i.e., in the 

out-of-plane direction) has become of concern to the 

community of researchers studying 2D structures, 

especially in the mono- to few-layer region (<10 L). 

There are basically two types of Raman active modes 

in 2D layered materials. First, there are intralayer 

vibration modes, which appear in both atomically 

thin and bulk samples, usually at higher frequencies 

[45]. Second, there are interlayer vibration modes, such 

as the shear modes and breathing modes, where all of 

the atoms within each layer are displaced collectively 

in the same direction with the same amplitude 

[45, 84, 107]. The interaction within a single layer is of 

covalent nature, such as M–X bonding in the MX2 

layer, while the interaction between layers is mainly 

of the much weaker vdW type [38, 67, 86, 87], except 

in black phosphorus (which will be separately 

discussed in Section 3.3). A monolayer MX2 has three 

atoms in the unit cell. Thus, a monolayer MX2 has 

nine phonon modes with three acoustic branches and 

six optical branches at the zone center. For few-layer 

MX2 (N layers), the number of normal phonon modes 

is N times that in a single layer. Interestingly, these 

new modes are derived from the single layer normal 

modes [84]. The situation is similar in Bi2X3 and black 

phosphorus. For example, because each layer of Bi2X3 

has five atoms, there will be 15N phonon modes in N 

layers. 

Lattice vibrational modes, including interlayer 

and intralayer modes, exhibit negligible frequency 

shifts as the thickness decreases from bulk to multilayer 

(e.g., 10 L), but layer-dependent shifts become pro-

nounced when the thickness is further reduced from 

few-layer to monolayer. Such a large frequency shift 

has intrigued researchers, and is potentially important 

for applications, such as electrical and thermal con-

ductivities, which are both affected by phonons. Besides, 

with reduced dimensionality and lower symmetry in 

thinner layers, some Raman-inactive modes in bulk 

and multilayer systems can become Raman-active in 

few-layer systems [108]. 

Compared with the intralayer mode, the frequency 

of the interlayer mode is lower (mostly < 50 cm−1), 

much closer to the detection limit of traditional Raman 

spectroscopy with a single monochromator and a 

notch filter, which makes the observation of low- 

frequency modes in few-layer 2D materials challenging. 

The interlayer shear mode of bulk graphite located at 

42 cm−1 was first measured by Nemanich et al. in the 

1970s, using a triple grating Raman spectrometer [68]. 

Also using the triple grating setup, the low frequency 

interlayer shear mode 2

2g
E  (33.7 ± 1 cm−1) of MoS2 was 

first detected by Verble et al. in 1972, and the interlayer 

force was found to be 100 times weaker than the 

intralayer force [109]. Later, interlayer shear modes in 

bulk MoSe2 [90, 110], MoTe2 [90], WS2 [91], and WSe2 

[111] were measured. Compared with graphite, the 

intensity of interlayer shear modes is stronger in group 

VI TMDs, making the detection of such low-frequency 

modes possible using double monochromators [90, 93]. 

However, in 2D thin films, the intensity of interlayer 

shear modes can be much weaker and their frequencies 

even lower; for example, DFT calculations predicted 

the frequency of the interlayer shear mode in bilayer 

graphene to be as low as 35 cm−1 [112]. 

Most of the traditional Raman spectroscopy tech-

niques based on the notch filter setup cannot detect 

such low-frequency modes in atomically thin samples 

owing to the strong Rayleigh scattering background. 

The conventional technique to reach the low frequency 

regime is to use the subtractive mode of a triple 

grating Raman spectrometer, for which the lowest 

detectable frequency is ~5 cm−1. Recently, development 

of the volume Bragg notch filter has enabled the  

detection of low frequency modes even using a single 

grating Raman spectrometer. In fact, the collection 
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efficiency might be higher than that of the conventional 

triple-gating setup. By using three BragGrate filters, 

the interlayer shear mode of Bernal stacked few-layer 

graphene (FLG) was observed by Tan et al. in 2012 

[113]. A blue shift in the frequency of the shear mode 

(C mode) was observed with increasing the film 

thickness. Shortly after, interlayer shear and breathing 

modes in few-layer TMDs were detected [84, 114–116]. 

Lui et al. also detected the interlayer breathing modes 

in FLG, and found that the frequency of the breathing 

mode red-shifts with increasing thickness [117, 118]. 

In the next section, we will discuss the recent 

progress in the studies of lattice vibrational modes in 

atomically thin 2D layered materials beyond graphene. 

3 General characteristics of phonon modes 

in atomically thin 2D layered materials 

3.1 Phonon confinement effect and electron–phonon 

coupling 

The phonon confinement effect is a quantum size effect 

that occurs when the phonon wave function is confined 

to a small volume, with one or more dimensions of 

this volume having the same magnitude as the confined 

phonon’s wavelength. In Raman spectroscopy, the 

direct signature of this effect is an asymmetrically 

broadened Raman peak that shifts toward lower 

frequencies in nanomaterials. In 1981, Richter et al. 

proposed a model to explain this effect in microcrys-

talline silicon (the RWL theory) [119]. Later, the RWL 

theory was applied to explain the nanowire diameter 

dependence of the asymmetric broadening and 

frequency shift of the one phonon (~520 cm−1) band in 

Si nanowires [57–59]. The phonon confinement effect 

has also been observed in nanoparticles [94, 120]. 

Detailed accounts of phonon confinement in zero- 

and one-dimensional nanomaterials can be found in 

Ref. [58]. In this article, we will only provide a semi- 

quantitative discussion of phonon confinement in 2D 

layered crystals, such as Bi2Se3 [121]. 

The RWL theory [119] can be understood by 

considering the Heisenberg uncertainty principle: 

The uncertainty of the phonon momentum (Δp) and 

position (Δx) follows the relation ΔpΔx  ħ/2, with  

Δp = ħ·Δk and Δx equal to the crystal size or thickness 

d . This indicates that phonon modes with finite non- 

zero momenta can be involved in Raman scattering 

for small Δx. Based on this principle, we can obtain 

the frequency shift ∆ω if the corresponding phonon 

dispersion relation ω(k) is known. For example, the 
1

1g
A , 2

1g
A , and 1

g
E  modes in Bi2Se3 red-shift with 

decreasing thickness, while there is almost no difference 

for the 2

g
E  mode. The slight red-shift in Fig. 2(b) is 

probably owing to a systematic error. By contrast, 

the red-shift is more pronounced for the 1

1g
A  mode 

(Fig. 2(b)). This is in agreement with the phonon 

dispersion curve along the Γ–Z direction (correspond-

ing to the direction normal to the Bi2Se3 layers), as 

only the 2

g
E  mode exhibits a dispersion-less trend, as 

shown in Fig. 2(a). The phonon confinement effect has 

also been suggested to explain the shifts of the 1

1g
A  

and 2

1g
A  modes in Bi2Te3 [122].  

Similarly, the phonon confinement effect has been 

observed in monolayer MoS2, WS2, and WSe2 [25, 

124–126], with the lateral size (i.e., width, abbreviated 

as W) as a confinement variable. Figure 3(a) shows 

the Raman spectra of MoS2 monolayer nanoribbons 

(MNRs) with different widths. The blue lines and 

green lines represent the zone center (Γ point) phonon 

modes and edge-activated modes, respectively. Due 

 

Figure 2 Phonon confinement effect in Bi2Se3. (a) Phonon 
dispersion curves of Bi2Se3 along the Γ–Z direction of the Brillouin 
zone. When the thickness ( )d  decreases, more k  phonons are 
involved in the Raman scattering process, inducing peak shift and 
broadening. (b) and (c) Thickness-dependent 1

1gA  (b) and 2
gE  (c) 

modes. Excitation laser’s wavelength is 633 nm. Reproduced with 
permission from Ref. [123], © American Chemical Society 2011. 
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to the breaking of translational symmetry, edge- 

activated modes appear, which can be traced to the 

singularities in the vibrational density of states [127] 

(VDOS, see Fig. 3(b)). ZA(M) denotes the ZA phonon 

at the M point, while LA(SP) refers to the saddle 

point (SP) of the LA phonon branch in Fig. 3(b). 

The Γ point phonons, E  and 
1

A  modes, exhibit 

asymmetric broadening with decreasing ribbon width, 

as a result of the phonon confinement effect [119, 128], 

as shown in Figs. 3(a) and 3(c). The width-dependent 

line shape can be described by a Gaussian-Lorentzian 

profile [128] 

2 2

rb 2 2

0

exp( / 2 )
( ) d

[ ( )]

q W
I q

q




  



           (4) 

where ( )q  refers to the phonon dispersion, and Γ0 

is the width of the Raman mode in the bulk. When W 

(the ribbon width) tends to infinity, the above function 

approaches a Lorentzian profile, corresponding to 

2D MoS2. A width of ~40 nm is the upper limit for 

observing the confinement effect in 1 L MoS2 [126]. 

We note that the RWL theory does not take into 

account the changes in frequency owing to the atomic 

rearrangements and/or changes in the bond strength 

when going from the bulk to the nanostructure. It has 

been shown that such effects also play an important 

role in explaining the frequency shifts and broadening 

in Si nanoparticles [129].  

Here, it is important to compare the phonon 

confinement effect in the different materials: Bi2X3 

(X = Se, Te), 2H-MX2 (M = Mo, W; X = S, Se), and black 

phosphorus. For intralayer vibrational modes, this 

effect is more pronounced in Bi2X3 (X = Se, Te) [122, 123], 

as shown in the aforementioned text. Full width at 

half maximum (FWHM) for intralayer vibrational 

modes in the other two types of materials does not 

 

Figure 3 Phonon confinement effect in MoS2 MNRs. (a) Raman spectra for MNRs of different widths. Experimental data are shown 
as the grey crosses, and the fitting results are red solid lines. The edge-activated modes and the modes ( E  and 1A ) broadened by the 
quantum confinement effect are shown as the green and blue solid lines, respectively. The Raman spectrum of pristine 1 L-MoS2 is 
plotted as the grey solid line. The scaling factor of each spectrum is provided (reproduced with permission from Ref. [126], © John 
Wiley & Sons, Inc 2016). (b) VDOS of 1 L-MoS2 (reproduced with permission from Ref. [127], © American Physical Society 2011).
The VDOS singularities of phonon branches at the high symmetry points of the Brillouin zone are marked. (c) Peak area of 
the 1A  mode, rb 1( )I A , of 1 L-MoS2 nanoribbons normalized by that ( p 1( )I A ) of pristine 1 L-MoS2 with respect to the nanoribbon 
width, and FWHM of the E  and 1A  modes with respect to the nanoribbon width (reproduced with permission from Ref. [126], © 
John Wiley & Sons, Inc 2016). 
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exhibit appreciable thickness-dependence [130–132], 

except the 
1g

A  mode in 2H-MX2 (M = Mo, W; X = S, Se) 

[133, 134]. The linewidth of the 
1g

A  mode in MoS2 

increases from 3 to 6 cm−1 as the thickness decreases 

from 6 L to 2 L, but the 
1g

A  mode becomes narrower 

in 1 L, indicating that phonon confinement is not the 

only reason for the changes in linewidth [133]. The 

frequency shifts of the 1
2gE  and 

1g
A  modes in thin film 

2H-MX2 (M = Mo, W; X = S, Se) are also not related 

to the phonon confinement effect, as discussed in 

the next section. For interlayer vibrational modes, the 

frequency shift has been shown to be more related 

to the interlayer interaction [25, 27, 29, 84, 114–116, 

135–137]. Meanwhile, the FWHM does not exhibit 

considerable broadening for thinner layers in Bi2X3 

(X = Se, Te) [137], while the interlayer breathing mode 

becomes wider as the number of layers decreases in 

black phosphorus [29, 136] (this could still be related 

to confinement, but a detailed investigation is lacking) 

and 2H-MX2 (M = Mo, W; X = S, Se) [84]. This prompts 

another discussion. Electron–phonon coupling and 

anharmonic phonon–phonon interactions are, too, 

believed to be crucial for determining the linewidth 

[113, 123, 138–140]. 

For instance, the 
1g

A  peak of Bi2Se3 exhibits distinct 

asymmetry with the right shoulders of the peaks 

rising (towards high frequency). Such asymmetry has 

been well-captured by the Breit–Wigner–Fano (BWF) 

line-shape, as investigated by us for wet chemistry- 

synthesized Bi2Se3 nanoplates [123]. The BWF Raman 

line-shape originates from the quantum interference 

between a discrete phononic state and the continuum 

of electronic states. Constructive or destructive inter-

ferences at different frequencies result in the frequency 

and line-shape renormalization of a Lorentzian Raman 

peak 
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2
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1 [4( ) / ]

q W
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           (5) 

where A, 
0

 , W, and q are the peak intensity, frequency, 

linewidth, and asymmetry parameter, respectively. 

The quantity 1 q  is often used for depicting the 

strength of electron–phonon coupling, and when 1 q  

approaches zero the above equation reduces to a 

Lorentzian line-shape.  

It is worth noting that the asymmetry of the peak is 

more distinct in thinner nanoplates, as shown by the 

clear contrast between 2 QL and 7 QL (Fig. 4). The 

thickness-dependent asymmetry is shown in Fig. 4(c), 

where the electron–phonon coupling strength 1 q  

monotonically increases with decreasing thickness 

[137]. A detailed characterization of the continuum 

states that are coupled with the 1

1g
A  mode and the 

thickness-dependent coupling strength has not been 

performed yet and requires further investigations. 

Strong electron–phonon interactions in Bi2Se3 have 

also been reported using other methods, such as the 

IR reflection and transmission [141, 142], ARPES [143], 

and electron transport measurements [144]. 

 

Figure 4 Fano line-shape analysis of the 1
1gA  peak in 2–7 QL and bulk Bi2Se3. (a) and (b) Fano fitting for the 2 QL (a) and 7 QL 

(b) Bi2Se3. (c) The asymmetric parameter q versus the crystal thickness. 
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For other 2D layered materials, such as MoS2, the 

influence of electron–phonon coupling and anharmonic 

phonon–phonon interactions on linewidth has also 

been demonstrated. On one hand, the thickness- 

dependent FWHM of the interlayer breathing mode 

in a few-layer MoS2 was found to be related to the 

anharmonic phonon–phonon scattering [145]. On the 

other hand, the broadening of the 
1g

A  peak has been 

observed when a positive gate voltage was applied 

to a MoS2 monolayer. This is because a positive gate 

voltage introduces more electrons into the sample 

and increases the electron–phonon coupling, leading 

to the broadened linewidth [138]. In addition, recent 

studies have further shown that electron–phonon 

interaction can affect the magneto-optical Raman 

effect in MoS2 [146] and anisotropic phonon behavior 

in black phosphorus [147]. 

3.2 Anomalous shifts in intralayer vibrational 

modes and surface effect 

As discussed in Section 3.1, the frequency shift in 

thin film Bi2Se3 is consistent with the RWL theory. 

Here, we will discuss from a microscopic point of 

view other physical effects that affect the shifts in 

frequency as a function of thickness, focusing on the 

TMD materials. 

With decreasing thickness, the 
1g

A  mode in MoS2 

shifts toward lower frequencies (red shift, softening), 

while the 1

2g
E  mode shifts toward higher frequencies 

(blue shift, stiffening) [73, 115, 133, 148]. Figure 5(b) 

shows that the 
1g

A  mode is softened away from the  

Γ point in the Γ–A direction, but the 1

2g
E  mode is 

dispersion-less. Therefore, a change in the frequency 

of the 1

2g
E  mode cannot be explained by the RWL 

theory. The corresponding eigenmodes are plotted in 

Figs. 5(c) and 5(d). In the 2 L case, the 
1g

A  eigenmode 

corresponds to the Γ-point mode in the bulk, so that 

the difference between the bulk and 2 L frequencies 

is also not explained by the RWL theory. 

Because the relative displacements of sulfur atoms 

in adjacent layers are out-of-phase, according to the 

intuitive harmonic oscillator model, the frequencies 

of both modes should be blue-shifted when additional 

layers are added, owing to the larger accumulated 

restoring force. This effect will be henceforth called  

 

Figure 5 Raman spectra and atomic displacements of the 1
2gE  

and 1gA  modes in mono- and few-layer MoS2. (a) Experimental 
and LDA-calculated frequencies for the 1

2gE  and 1gA  modes in 
1–12 TL and bulk MoS2. The green and red dashed lines are used 
as the guides to show the trends for the experimental and LDA 
results, respectively. (b) Phonon dispersion of MoS2 along the 
Γ–A direction. (c) and (d) Atomic displacements of the 1gA  mode 
(c) and the 1

2gE  mode (d) in 1–4 TL MoS2. The blue and red 
circles represent the sulfur and molybdenum atoms, respectively. 
(a), (c), and (d) are adapted from Ref. [73] with permission, © 
American Physical Society 2013.  

“the thickness effect”. For the 
1g

A  mode, the frequency 

shift is consistent with the thickness effect. On the 

other hand, the opposite frequency trend for the 1

2g
E  

mode is not consistent with the thickness effect. The 

same frequency trends for the 1

2g
E  and 

1g
A  modes 

are also observed in all of the 2H-stacked group VI 

TMDs, including WS2, WSe2, MoSe2, and MoTe2 

[132, 134, 149–153]. 

Figures 6(a)–6(e) show the Raman spectra of 2H- 

stacked WS2, MoSe2, WSe2, and MoTe2 from bulk to 

few-layer, where the opposite shifts can be observed 

clearly. There have been conflicting conclusions regard-

ing the assignment of the 1

2g
E  and 

1g
A  modes to thin 
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film WSe2 [108, 132, 134, 149, 154–156]. Theoretical 

calculations suggest that the 1

2g
E  and 

1g
A  modes are 

almost degenerate in monolayer WSe2, owing to the 

very close frequencies of both modes. Polarization- 

dependent measurements further support this con-

clusion, with the out-of-plane 
1g

A  mode significantly 

suppressed in the cross-polarized ( )z xy z  configuration 

(also seen in WS2 from Fig. 6(a)). Thus, both the 1

2g
E  

and 
1g

A  modes should be close to 250 cm−1, as shown 

in Figs. 6(b) and 6(c).  

Further studies were carried out to explore the 

anomalous frequency shifts. Here, we take 2H-MoS2 

as an example. The differences in lattice constant and 

interatomic distances as thickness decreases might be 

a possible reason for the anomalous shift, but it has 

been ruled out by Molina-Sanchez et al. [127]. Instead, 

we showed that it is the effect of larger force constants 

at the surface of the thin film that makes a difference 

to the frequency trends [157]. These larger force 

constants arise locally from the absence of interlayer 

sulphur–sulphur interactions at the surface of the 

thin film, and results in the anomalous blue-shift of 

the 1

2g
E  mode with decreasing thickness [73]. The 

competition between the thickness effect above and 

the surface effect described here will result in opposite 

frequency shifts of 1

2g
E  and 1gA  modes, as observed in 

experiments. This frequency trend makes it convenient 

to determine the thickness of thin layers (< 6 L) by the 

frequency difference of 1

2g
E  and 1gA  modes [133, 134]. 

The difference is ~19 cm–1 in mechanically exfoliated 

 

Figure 6 Raman spectra of 2H-stacked WS2, WSe2, MoSe2, and MoTe2. (a) Raman spectra of 1–5 L and bulk WS2 in both the
parallel ( )z xx z  and cross ( )z xy z  configurations (reproduced with permission from Ref. [134], © Royal Society of Chemistry 2013).
(b) and (c) Raman spectra of 1–7 TL and bulk WSe2 in the parallel ( )z xx z  (b) and cross ( )z xy z  (c) configurations. (d) and (e) Raman
spectra of 1–5 L and bulk samples in MoSe2 (d) (reproduced with permission from Ref. [132], © The Optical Society 2013) and in
MoTe2 (e) (reproduced with permission from Ref. [152], © American Chemical Society 2014). 
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monolayer MoS2 [133]. However, a smaller value for 

micromechanically exfoliated monolayers (~16 cm–1) 

[158] and larger values for laser- and thermally-thinned 

monolayer (> 20 cm–1) were reported [159, 160]. These 

differing reports were mainly caused by differences in 

the frequency of the 1

2g
E  mode between samples. This 

observation further confirms the influence of surface 

effects, since different methods in sample preparation 

can possibly cause different surface environments. 

Even with the same method, one cannot completely 

avoid the problem of sample variation, as demonstrated 

by the mechanically exfoliated monolayer MoS2 from 

Refs. [133, 158]. 

In the Raman community, it is widely believed that 

the anomalous shift of the 1

2g
E  mode in 2H-MoS2 is 

related to a thickness dependence of the dielectric 

screening, a conclusion based on early calculations 

on dielectric screening by Molina-Sanchez et al. [127]. 

However, Lin et al. later showed experimentally 

that the frequencies of the 1

2g
E  and 1gA modes have 

negligible dependence on the dielectric constant of the 

environment [161], consistent with Ref. [73], as well 

as a recent review by Molina-Sanchez et al. [26]. 

The surface effect can also affect the frequency of 

the 1

2g
B  mode [108]. This mode is also observed in N 

layer (N≥2) WSe2 even though it is not active in the 

bulk, owing to the lower symmetry in the thin film 

(see next section). Interestingly, the behavior of the 
1

2g
B  mode is very similar to that of the 1

2g
E  mode in 

the sense that the atoms in adjacent planes are out  

of phase, and both modes exhibit a blue-shift with 

decreasing thickness. However, there are a few note-

worthy differences. First, the atoms in the 1

2g
B  mode 

move in the out-of-plane direction (Fig. 7(a)) rather 

than the in-plane direction as in the 1

2g
E  mode. Second, 

the magnitude of the atomic displacements at the 

surface is larger than that in the middle for the 1

2g
B  

mode (we call this a “surface mode”), in contrast to 

that of the 1

2g
E  mode, where the surface atoms exhibit 

a smaller displacement than those in the interior. As a 

result, the predicted frequency trend for the 1

2g
B  mode 

exhibits an almost constant frequency for a finite 

thickness (being dominated by the surface vibrations, 

which are thickness-independent). On the other hand, 

the surface effect in the 1

2g
E  mode is much larger for 

 

Figure 7 1
2gB  mode in TMDs. (a) Atomic displacement of the 

1
2gB  mode in 1–4 L TMDs (reproduced with permission from Ref. 

[108], © American Physical Society 2013). (b) Normalized 
micro-Raman spectra of the 1

2gB  mode in N-layer MoTe2. The 
laser photon energy EL and the elementary intralayer displacements 
are indicated (reproduced with permission from Ref. [162],    
© American Chemical Society 2015).  

the mono- and bi-layer films, causing a relatively large 

change in the frequency when going from 3 L down 

to 1 L. 

The surface effect also causes the frequencies of  

the surface modes to be different from those of the 

modes involving predominantly displacements of the 

bulk atoms. This can explain the anomalous Davydov 

splitting of the out-of-plane Mo–Te mode in 2H-MoTe2, 

as shown in Fig. 7(c) [162]. After a detailed investigation 

using the force constants model, Froehlicher et al. 

also remarked that the surface effect affects the  

high frequency intralayer force constants and has a 

negligibly influence on the interlayer modes [162]. 

Lastly, the Raman study of mono- and few-layer 

WTe2 in the distorted orthorhombic phase has been 

reported recently [163]. As the layer number increases, 

except for the in-plane 7

1
A  mode which does not shift, 

all the other phonon modes show a blue shift. 

3.3 Reduced dimensionality and lower symmetry  

In general, modes that are Raman-active in bulk are 

also Raman-active in thin films. However, the reverse 
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is not always true, owing to the lower symmetry of 

thin films. Reduced dimensionality and symmetry 

affect both intralayer and interlayer modes. Here, we 

will consider WSe2 as an example, to demonstrate the 

effect of lower symmetry on intralayer modes [108].  

The out-of-plane intralayer 1

2g
B  mode (310 cm−1) 

and the interlayer 2

2g
B  mode (low frequency, <50 cm−1, 

will be discussed later) are both optically inactive in 

bulk, but their corresponding vibration modes are 

Raman-active in N layer TMDs with N ≥ 2, as shown 

in Figs. 8(a) and 8(b). According to the group theory 

analysis, the corresponding counterpart of the 1

2g
B  

mode will evolve into the Raman-active 
1g

A  mode 

in films with even N (311.3 and 310.1 cm−1 in 2 L and 

4 L, respectively), while it will evolve into the Raman- 

active 
1

A  mode in films with odd N (311.0 cm−1 in   

3 L). This mode has 
2

A  symmetry in 1 L, which is 

not Raman-active.  

By comparison, the thickness-dependent Raman 

spectra of the 
1g

E  mode (~176 cm−1) (Figs. 8(c) and 

8(d)) look similar to that of the 1

2g
B  mode (Figs. 8(a) 

and 8(b)), but the underlying mechanism is different. 

The 
1g

E  mode is actually Raman-active in bulk but 

has zero intensity in the backscattered parallel- and 

cross-polarized configurations. Owing to the reduction 

of symmetry, the 
1g

E  mode can be observed in 2–5 L 

WSe2 in the parallel-polarized configuration. Note that 

the bulk 
1g

E  mode originates from E  in 1 L and will 

evolve into the Raman-active 
g

E  in 2 L and into the 

E  mode in 3 L. When the thickness reaches 6 L, the 

mode near 176 cm−1 evolves into six modes, with three 

of them being Raman-active. The intensity of each 

sub-peak is only ~20% of that in 2 L WSe2, according 

to our calculations. Thus, it is difficult to observe 

these peaks in experiments. The effects of reduced 

dimensionality and lower symmetry are expected to 

exist in all 2D TMDs. In fact, the 1

2g
B  mode has been 

observed in atomically thin MoSe2 and MoTe2, as 

shown in Figs. 6(d) and 6(e). 

The influence of dimensionality and symmetry is 

more straightforward in the case of the interlayer 

modes. For instance, there is only one Raman-active 

low-frequency interlayer mode in bulk MoS2, the shear 

mode 2

2g
E  (33.7 ± 1 cm−1), which was detected by Verble 

 

Figure 8 Raman spectra of 1–7 TL and bulk WSe2, under 488 nm 
excitation. (a) Demonstration of the Raman peak at ~310 cm−1 in 
WSe2 with SiO2/Si substrate supported. (b) The same peak as   
in (a) from suspended samples. (c) and (d) The Raman peak at 
~176 cm−1 is demonstrated in supported (c) and suspended     
(d) few-layer WSe2. Reproduced with permission from Ref. [108], 
© American Physical Society 2013. 

et al. in 1972 [109]. But in few-layer MoS2, more 

Raman-active interlayer shear modes can exist with 

different frequencies, and these modes become the 

degenerate 2

2g
E  mode as the thickness approaches the 

bulk limit. On the other hand, interlayer breathing 

modes are inactive in bulk, but become active and 

observable in few-layer systems. 

We first use 2H-MoS2 and 2H-WSe2 few-layers as 

examples. In N TL (N > 2) systems, there are N − 1 

2-fold degenerate interlayer shear modes and N − 1 

interlayer breathing modes, but not all of them can  

be observed from the 2H-stacked group VI TMDs. 

Similar to Bernal-stacked (AB-stacked) graphene, the  
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interlayer shear mode with the highest frequency 

(here labeled as the S1 mode) has the strongest 

intensity among all of the interlayer shear modes; 

meanwhile, the mode with the strongest intensity 

among all of the interlayer breathing modes has the 

lowest frequency (here this mode is labeled as the B1 

mode). The S1 mode has E  symmetry in few-layer 

systems with odd number of layers, 
g

E  symmetry in 

few-layer systems with even number of layers, and 

2g
E  symmetry in bulk. The B1 mode has 

1
A  symmetry 

in few-layer systems with odd number of layers, 

1g
A  symmetry in few-layer systems with even number 

of layers, and evolves into the optically-inactive 2

2g
B  

mode in bulk. Owing to the nature of interlayer 

vibrations, there are no interlayer shear and breathing 

modes in the monolayer.   

Here E denotes the doubly degenerate in-plane 

modes, while A and B represent the out-of-plane 

vibration modes. The Raman activity of the above 

phonon modes can be predicted from the point group 

symmetry: 
1u

B , 
2u

E , and 
2g

B  are optically inactive 

(neither Raman- nor IR-active); 
1

A , E , 
1g

A , 
g

E , 
1g

E , 

and 
2g

E  are Raman-active; 
2

A , 
2u

A , 
u

E , and 
1u

E  are 

IR-active; E  is both Raman- and IR-active. Their 

Raman tensors can be written as 

1 1

0 0

, : 0 0

0 0
g

a

A A a

c

 
   
 
 

   
2

0

, : 0

0 0 0
g

a c

E E c a

 
   
 
 

 

1

0 0

, : 0 0

0
g

a

E E b

a b

 
   
 
 

   :

0
g

a c d

E c a f

d f

 
  
 
 

 

Table 3 summarizes the symmetry of interlayer 

vibrational modes in few-layer and bulk MoS2/WSe2. 

Figure 9 shows the low-frequency Raman spectra 

of 1−12 L and bulk MoS2 and WSe2. Except the S1 and 

B1 modes, other interlayer vibration modes, labeled 

S2 and B2, are also observed. The S2 and B2 modes 

are the 3rd highest frequency interlayer shear mode 

and the 3rd lowest frequency interlayer breathing mode, 

respectively. They only show up when N is larger 

than four, with the corresponding atomic displacement 

shown in Figs. 10(b) and 10(c). Meanwhile, the S2 and 

B2 modes have much lower intensity compared with 

the S1 and B1 modes, which is in agreement with the 

theoretical calculations. The 2nd highest frequency  

Table 3 Interlayer vibrational modes in bulk and few-TL 
MoS2/WSe2

a 

Sample Interlayer shear  
modes 

Interlayer breathing 
modes 

Bulk 2
2gE  (R) 2

2gB  (inactive) 

N TL (N odd) E' (I+R) E" (R) A'1 (R) A"2 (I)

N TL (N even) Eg (R) Eu (I) A1g (R) A2u (I)
a R and I refer to Raman- and IR-active modes, respectively. 
Reproduced with permission from Ref. [84], © American Chemical 
Society 2013. 

 

Figure 9 Low-frequency Raman spectra in MoS2 and WSe2. (a) and (b) Raman shift as a function of the tri-layer number, for MoS2

(a) and WSe2 (b), measured using the ( )z xx z  configuration. The blue dots are the experimental data points, while the black solid curves
are the Lorentzian fits to the data. The Rayleigh scattering background has been subtracted for all of the spectra using a polynomial 
baseline treatment. Reproduced with permission from Ref. [84], © American Chemical Society 2013. 
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shear mode and the 2nd lowest frequency breathing 

mode cannot be observed from spectra, but the reasons 

for this differ for films with odd/even number of layers: 

The two modes are Raman-inactive modes for even 

N (2 L, 4 L …). In contrast, they are Raman-active 

modes for odd N (3 L, 5 L …), but the corresponding 

Raman cross-sections are zero in the backscattering 

configuration, a commonly used setup for micro- 

Raman spectroscopy. 

The topologically insulating Bi2X3 (X = Se, Te) few- 

layer systems also exhibit low-frequency interlayer 

shear and breathing modes. As shown in Fig. 11, many 

low-frequency Raman peaks are observed. Two trends 

are particularly prominent, both showing blue-shifts 

with decreasing thickness, as guided by the blue and 

red dashed lines. They are the lowest frequency inter-

layer breathing mode B1 (blue) and the lowest frequency 

interlayer shear mode S1 (red), respectively. 

We make a comparison between Bi2X3 (X = Se, Te) 

and 2H-MX2 (M = Mo, W; X = S, Se, Te) in the low 

frequency region by taking Bi2Te3 and 2H-MoS2 as 

representatives. There are two main differences: (1) In 

bulk Bi2Te3, interlayer vibrational modes are excluded 

in the irreducible representations of the Γ phonon 

modes under its rhombohedral structure; (2) while the 

frequency trends for the observed interlayer breathing 

modes are the same in both materials, the observed 

interlayer shear modes blue-shift with decreasing 

 

Figure 10 Atomic displacements of the interlayer shear and breathing modes in MoS2 and WSe2. (a) Interlayer shear and breathing 
modes in bulk. (b) Vibrational normal modes of the highest frequency shear mode and the lowest frequency breathing mode from 2–9 L. 
(c) Vibrational normal modes of the third highest frequency shear mode and the third lowest frequency breathing mode from 4–9 L. 
Reproduced with permission from Ref. [84], © American Chemical Society 2013. 
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thickness for Bi2Te3 and red-shift with decreasing 

thickness for 2H-MoS2. 

To further confirm that interlayer vibrational modes 

are universal in 2D layered materials, here we show 

the low-frequency Raman spectra of black phosphorus 

in Fig. 12. The 3

g
A  mode, which is the interlayer 

breathing mode with the lowest frequency, exhibits  

a larger thickness-dependent frequency change com-

pared with other 2D layered materials. The 3

g
A  mode 

shifts from ~39 cm−1 in 4 L to ~16 cm−1 in 10 L from the 

spectra. This thickness dependence is significantly 

larger than that in TMDs such as MoS2. (The B1 mode 

in MoS2 shifts from ~21 cm−1 in 4 L to ~12 cm−1 in 9 L.) 

From these frequency shifts, we can extract the effective 

force constants between layers using the linear chain 

force constants model (described in the next section). 

The derived out-of-plane force constant is 14.1 × 1019 

Nm−3, which is ~50% larger than that for graphite 

and MoS2 (see Table 4 in Section 3.4 for more details).  

These large force constants are indicative of 

unusually large interlayer interactions in black phos-

phorus compared with other layered materials [29].  

It was found that DFT LDA and vdW-DF2-c09 (vdW- 

DF2 with Cooper’s exchange) both yield a significant 

covalent interaction between layers. Later, high-level 

quantum Monte Carlo (QMC) calculations showed 

that the interlayer interaction between phosphorene 

layers is in fact owing to a redistribution of electron 

charge from the interlayer region to the intralayer 

region (Fig. 12(b)), while LDA and most vdW func-

tionals yield a covalent interaction [164]. 

In Fig. 12(a), two modes are apparent between 80 

and 90 cm–1. These are not interlayer shear or breathing 

modes, as these modes all red-shift with increasing 

thickness, while the experimentally observed modes 

blue-shift with increasing thickness. 

3.4 Linear chain model and substrate effect 

We have shown in the previous section that interlayer 

vibrational modes are common in 2D layered materials, 

especially in few-layer systems. In this and the next 

section, we will discuss a few interesting and general 

questions related to the observed interlayer modes. 

What determines the thickness dependence of Raman 

shifts? Why are these trends different for the observed 

interlayer shear modes in different materials? What 

can be said about the interaction between the sample 

and the substrate?  

Back in 1973, the lattice vibrations of MoS2 were 

interpreted using a linear chain model that was 

proposed by Wieting [67]. In 1982, the pressure- 

dependent interlayer and intralayer force constants 

of MoS2 were obtained, also using the linear chain 

model [90]. In 1996, the linear chain model was further 

 

Figure 11 Interlayer vibrational modes in Bi2X3 (X = Se, Te). (a) and (b) Low-frequency Raman spectra, as a function of the number 
of layers in Bi2Te3 (a) and Bi2Se3 (b), measured using the ( )z xx z configuration. The lowest frequency interlayer breathing, shear 
modes, and the out-of-plane interface phonon modes are denoted as B1, S1, and I, respectively, and their trends are guided by the blue, 
red, and black dashed lines. The interface mode (I mode) will be discussed in Section 3.4. Reproduced with permission from Ref. [137], 
© American Physical Society 2014. 
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used to explain the breathing mode in epitaxial thin 

films [165]. 

We discuss the linear chain model in the context of 

interlayer phonon modes in layered materials. The 

linear chain model is a simple model in which the 

lattice vibrations are related to the interlayer interaction, 

as well as to the coupling between the sample and 

the substrate (with the force constant denoted by Ki 

in Fig. 13(a)). In general, this model only considers the 

interlayer coupling between adjacent layers [84, 113]. 

Within the N-layer sample as shown in Fig. 13(a), Kz 

and Kx refer to the out-of-plane and in-plane force 

constants, respectively. Figure 13(b) shows schemati-

cally the layer displacements that are obtained for 

interlayer modes when this model is applied to 2 L 

Bi2Te3 grown by chemical vapor deposition (CVD) on 

a SiO2/Si substrate [166]. 

In CVD-grown few-layer Bi2Te3 on SiO2/Si [166], 

the substrate effect (here referring to the interaction 

between the sample and the substrate) on the interlayer 

mode frequencies cannot be neglected (Figs. 11(a) and 

13(c)). However, Raman spectra of substrate-supported 

and suspended few-layered MoS2 (and WSe2) show 

almost no difference, indicating that the interaction 

between the substrate and sample in these systems is 

negligible [84, 108].  

 

Figure 12 Interlayer vibrational modes in the few-layer black phosphorus. (a) Low-frequency Raman spectra of black phosphorus 
measured in the backscattering configuration for the range of 10–120 cm−1 (reproduced with permission from Ref. [29], © American 
Chemical Society 2015). (b) Electron density differences for AB-stacked black phosphorus bilayers, with the excess electron density 
shown in dark brown and the electron deficiency shown in light brown (reproduced with permission from Ref. [164], © American 
Chemical Society 2015). (c) and (d) Quantum Monte Carlo [164] and LDA-calculated binding energy (c) and derived force constants 
(d), versus the interlayer distance. The vertical dashed lines indicate the equilibria for the two calculations, while the force constants in 
the experiment are derived from the Raman frequencies in Ref. [29]. 
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Within the linear chain model, the phonon fre-

quencies (units: cm−1) are given by 

2 2

( 1)
1 cos

2

K

Nc




    
      

        (6) 

with N denoting the number of layers and K denoting 

the force constant per unit area. Without considering 

the substrate effect (i.e., with Ki = 0 Nm−3), K corres-

ponds to Kz and Kx for breathing modes and shear 

modes, respectively. The parameter μ is the mass   

per unit area (e.g., μ = 8.2×10−6 kgm−2 for Bi2Te3, μ =  

3.1 × 10−6 kgm−2 for MoS2), and c is the speed of light. 

The setting α = 1 corresponds to the acoustic mode. 

In 2H-MoS2 and WSe2, α = N, (N – 2), 2, 4 correspond 

respectively to S1, S2, B1, and B2, described above. In 

Bi2Te3 and Bi2Se3, α = 2 corresponds to both S1 and B1. 

From Figs. 13(c) and 13(d), we see that the linear 

chain model provides a good fit to the experimental 

and DFT-calculated frequency trends. From these fits, 

the corresponding force constants are obtained and 

listed in Table 4. Remarkably, we note that as N   ∞, 

the linear chain model with Kx extracted from the thin 

film frequencies predicts bulk S1 frequencies in a very 

good agreement with the actual calculated/measured 

values (listed in Table 4).  

A non-zero force constant Ki, describing the inter-

action between the substrate and the film’s bottom  

 

Figure 13 Linear chain model and frequency trends of interlayer vibrational modes. (a) Schematic of the linear chain model of an N-layer
sample with a substrate. One sphere corresponds to one layer. Kz (Kx) refers to the out-of-plane (in-plane) force constant between 
adjacent layers. Ki denotes the interaction between the sample and the substrate. (b) Displacement schematics of the interface (I mode), 
S1, and B1 modes in 2 L Bi2Te3, in the linear chain model with a substrate. The arrows indicate the vibration directions, and their lengths are 
proportional to the displacement amplitudes. (c) Comparison between the experimental and the DFT-calculated frequencies for the S1, 
B1, and I modes, in the linear chain model with a substrate interaction (Ki/K = 0.5) in few-layer Bi2Te3. (d) Frequencies of shear and 
breathing modes as a function of the number of layers in MoS2. Experimental data in (c) and (d) are shown with solid dots/squares/
triangles, while open ones represent the DFT calculation results. (a), (b), (c), and (d) are adapted with permission from Ref. [165]
( American Physical Society 1996), Ref. [137] ( American Physical Society 2014), and Ref. [84] ( American Chemical Society 2013), 
respectively. 
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Table 4 Force constants per unit area derived from the linear 
chain model fits, and the corresponding predicted S1 frequencies 
in the bulk. The numbers in this table are obtained from Refs. [84] 
(TMD materials), [137] (Bi2Te3 and Bi2Se3), and [29] (black 
phosphorus) 

Sample Parameter DFT (LDA) Experiment

Kz (1019 N·m–3) 9.26 8.62 

Kx (1019 N·m–3) 3.51 2.72 

MoS2 

Bulk S1 frequency 
(cm–1) 

36.1a (35.7) 31.8a (31.7)

Kz (1019 N·m–3) 8.38 8.63 

Kx (1019 N·m–3) 3.41 3.07 

WSe2 

Bulk S1 frequency 
(cm–1) 

24.8a (24.6) 23.5a (24.0)

Kz (1019 N·m–3) 8.21 13.33b Bi2Te3
 

Kx (1019 N·m–3) 2.76 4.57 

Kz (1019 N·m–3) 6.34 5.26 Bi2Se3 

Kx (1019 N·m–3) 3.10 2.27 

Black 
phosphorus 

Kz (1019 N·m–3) 14.1 12.7 

aValues predicted by the linear chain model, while the values in 
parentheses were calculated explicitly using DFT (left column) or 
were experimentally measured (right column) for the bulk material.  
bThe substrate effect has been accounted for in deriving this value. 

 

layer, was required to explain the low frequency I 

mode (see Fig. 11) in CVD-grown Bi2Te3 nanoplates 

on SiO2/Si. This nonzero Ki results in an interfacial 

mode (I mode; Fig. 13(b)) with a finite frequency. The 

calculated results in Fig. 13(c) were obtained using 

the linear chain model with Ki/Kz = 0.5. The frequency 

trend agrees with the experimental observations. 

Figure 14 shows the low frequency Raman spectra  

of 2 L and 3 L Bi2Te3, for different substrates. The 

spectra were carefully analyzed using multi-Lorentzian 

fitting superimposed on a polynomial background. 

The B1 and S1 peaks barely show any substrate 

dependence, similar to those in 2H-MoS2. The I peak, 

however, is relatively more sensitive to the substrate, 

supporting its origin as a substrate-introduced I 

mode [137]. From our calculations, the B1 and S1 

frequencies also change slightly when Ki/Kz changes. 

However, the frequency change for the I mode is much 

larger than those for the B1 and S1 modes when Ki/Kz 

< 1 [137]. By comparison, there is no I mode in MoS2, 

but it has been shown that the substrate affects the 

Raman intensity due to interference effects [167].  

The linear chain model has also been applied to 

analyze the interlayer modes observed in multilayer 

graphene and black phosphorus [113]. As we have 

discussed in Section 3.3, the interlayer out-of-plane 

force constant is significantly larger in black phosphorus 

(Table 4). Earlier, we had commented that DFT LDA 

works very well for predicting both interlayer and 

intralayer phonon frequencies in layered materials. 

This is also evident from Table 4, in which the 

LDA-derived force constants are in a good agreement 

with the experimental ones. However, we also saw 

that for black phosphorus, DFT LDA predicts 

qualitatively different interlayer interactions, based 

on more accurate QMC calculations. Here, we also 

extracted the out-of-plane interlayer force constant of 

black phosphorus from the QMC potential energy 

surface calculations, and compared these calculated 

values with the experimental and LDA-derived values 

(Figs. 12(c) and 12(d)). The LDA force constants derived 

in this manner match well with those obtained from 

the above-described fits of the linear chain model, 

overestimating the experimental force constant by 

~14%. The QMC-derived force constant underestimates 

the experimental force constant by 28%. It is unknown 

at present why QMC cannot predict the force constant 

as well as DFT LDA. Possible factors include the 

Morse potential fitting required for QMC, as well as 

the possibility that adsorbates or substrate effects 

affect the experimentally measured force constant in 

black phosphorus.  

In addition, the linear chain model has been adopted 

to describe the interlayer breathing mode of a bilayer 

heterostructure (based on 1 L MoS2 and 1 L MoSe2 

(WSe2)) [168]. The excellent fits of the linear chain 

model to experimental data and to first principles 

calculations clearly indicate that the interlayer phonon 

eigenmodes can be described by effective interlayer 

interactions involving nearest neighbors in most 

situations. 

Next nearest neighbors have been considered by 

Wang et al. [169] and Wu et al. [170]. For example, 

the frequencies of the interlayer breathing modes in 

twisted multilayer graphene are underestimated by 

a linear chain model considering nearest neighbors 
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only. When next nearest neighbors are included as 

well, an excellent agreement between experiments and 

the linear chain model can be reached [170]. 

3.5 Stacking orders and interlayer shear modes 

By comparing the frequency trends of the interlayer 

vibrational modes in 2H-stacked TMDs and ABC- 

stacked Bi2X3 (X = Te, Se) few-layers [84, 137], we have 

found that in both systems the breathing modes exhibit 

the same trends (i.e., red-shifts in thicker samples), 

while the shear modes behave differently: As the 

thickness increases, the shear modes blue-shift in 

2H-TMDs, but red-shift in Bi2X3 (X = Te, Se). 

As discussed above, the symmetry or space group 

can determine the Raman activity of phonon modes. 

However, in the low frequency region, a trend is 

determined by the Raman-active modes with the 

largest Raman intensity. It is interesting to ask what 

determines the direction of this trend. In other words, 

is there any general rule that determines the largest 

Raman intensity of the interlayer modes? 

We note that the 2H TMD is AB-stacked, while the 

rhombohedral Bi2X3 is in the ABC stacking order. Both 

the AB and ABC stacking orders can occur stably  

in graphite and TMD materials with different space 

groups and symmetries. Research on the effects of 

different stacking orders has led to interesting 

discoveries. Let us consider MoS2 as an example. 

The commonly seen 2H-MoS2 is centrosymmetric  

in the bulk. In thin layers, the crystal structure is 

non-centrosymmetric in films with an odd number of 

layers (1 L, 3 L, …) and centrosymmetric otherwise  

(2 L, 4 L, …); this can be experimentally probed from 

layer-dependent second harmonic generation [171]. In 

contrast, the 3R-MoS2 crystal is centrosymmetric from 

monolayer to bulk. Thus, strong valley polarization 

was observed in the bilayer 3R-MoS2 using photo-

luminescence spectroscopy [39]; while there is almost 

no valley polarization in the bilayer 2H-MoS2 (the 

small polarization is probably related to the substrate) 

[22, 23, 39]. 1T-MoS2 is another polytype. Different 

from the semiconducting 3R and 2H phases, 1T-MoS2 

is metallic (distorted forms of 1T phases have a small 

band gap) and can be used as the electrode, which 

can help to improve device performance in MoS2 by 

reducing the contact resistance [172].  

Studies on other more complex stacking configura-

tions (e.g., ABCB stacking in 4 L TMDs) and samples 

with twist (stacking) angle have also intrigued many 

researchers [173–177]. Moreover, the stacking angle 

is further shown to affect the optical properties of 

heterostructures [168, 178, 179]. In this section, we 

will focus on the effect of the stacking order on the 

interlayer modes; where by stating stacking order, 

we refer to traditional way of defining AB and ABC 

stacking sequences, which was also discussed in the 

preceding paragraph [38]. Considering the importance 

of the stacking order, developing a rapid way to 

identify the phase is crucial. Generally, we find that 

the stacking order does not significantly change the 

 

Figure 14 Substrate-dependent Raman spectra of few-layer Bi2Te3 nanoplates. (a) and (b) Spectra taken on 2 L (a) and 3 L (b). Data 
from mica and SiO2 are shown as the blue dots and red dots, respectively. Reproduced with permission from Ref. [137], © American 
Physical Society 2014. 
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interlayer frequency. However, the stacking order 

affects the Raman intensity of the interlayer shear 

modes [151, 180, 181]. At the end of this section, we will 

discuss the effect of the twist (stacking) angle, which 

significantly affects both the frequency and Raman 

intensity of the interlayer vibrational modes [182, 183]. 

Because Raman activity is determined by the 

material’s space group and symmetry, it is important 

to first discuss the symmetry of different material 

polytypes. The space groups (symmetries) of multi- 

layered graphene, MoS2 (TMDs), and Bi2Se3 (Bi2Te3) 

are listed in Table 1, for different numbers of layers 

and different stacking orders. It is clear that the space 

group (symmetry) does not explain the Raman 

intensities of the interlayer shear modes. For example, 

both AB (Bernal) and ABC stacked four-layer graphene 

(4 LG) have the same symmetry ( 3

3d
D ), even though 

the highest frequency interlayer shear mode (C mode) 

has a large Raman intensity in AB-stacked 4 LG [113] 

but a negligible Raman intensity in ABC-stacked 4 

LG [184]. Likewise, for films with an even number of 

layers, ABC-stacked Bi2Se3 and Bi2Te3 have the same 

space group ( 3

3d
D ) as AB- and ABC-stacked graphene, 

but the frequency trend of ABC-stacked Bi2Se3 and 

Bi2Te3 is the same as that of ABC-stacked graphene, 

instead of AB-stacked graphene. On the other hand, 

although ABC-stacked graphene ( 3

3d
D ) and ABC- 

stacked (3R phase) MoS2 and MoSe2 ( 1

3v
C ) have 

different symmetries, their interlayer shear modes 

exhibit the same frequency trends in the Raman spectra 

(red-shifts in thicker samples). Therefore, it seems 

that the stacking order, rather than the space group, 

affects the observed Raman spectral trends in the 

interlayer shear modes. 

The observed frequency trends depend on which 

of the interlayer shear modes has the largest Raman 

intensity. For AB-stacked materials, the highest 

frequency shear mode (maximal out-of-phase displa-

cements in adjacent layers) has the largest Raman 

intensity, while for ABC-stacked materials, the lowest 

frequency shear mode (minimal out-of-phase dis-

placements in adjacent layers) has the largest Raman 

intensity. These observations would seem consistent 

with the physical intuition that a maximal out-of- 

phase displacement would result in the largest change 

in polarizability (and therefore the largest Raman 

intensity) in AB-stacked materials, while the opposite 

is true for ABC-stacked materials. This physical 

intuition can be confirmed more quantitatively using 

the bond polarizability model [184]. As shown in 

Section 2.3, the non-resonant Raman intensity can  

be calculated using the derivative of the electronic 

polarizability in the Placzek approximation. Within the 

bond polarizability model, the electronic polarizability 

is written as a sum of individual bond polarizabilities, 

which are assumed to be roughly independent of the 

chemical environment [185] 

   || ||
,

1 1 1
2

2 3 3l B

P R R          

  
      

  
  

(7) 

where  ( , )l BR R  is the bond vector connecting the 

atom l to one of its nearest neighbors l’ connected by 

the bond B, the vector being normalized to unity. The 

parameters 
||

  and   are the static longitudinal and 

perpendicular bond polarizabilities, respectively, which 

are further assumed to depend only on the bond 

length R. The derivative of the bond polarizability  

in the ( )z xx z  configuration, which determines the 

Raman intensity in most of our measurements, can 

be written as 
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where 


0R  is the bond vector at equilibrium, normalized 

to unity, R0 is the bond length at equilibrium, R0x is the 

x component of 


0R , the “primes” on the polarizabilities 

refer to the radial derivatives with respect to the 

atomic displacements, and k

l
  is the eigenvector of 

the phonon mode k. 

Using the bond polarizabilty model, we observe 

that the Raman intensity in the ( )z xx z  configuration 

is zero for the lowest frequency interlayer shear mode 

and largest for the highest frequency interlayer shear 

mode in AB-stacked systems, while the opposite is true 

for ABC-stacked systems (see Fig. 15(b) for an example 

in 3 L graphene) [184]. These different Raman intensities 

determine the frequency trends observed in Raman 

spectra. 
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Figure 15 Stacking orders and interlayer shear modes. (a) Atomic 
displacements of the interlayer shear modes in AB and ABC 
stacked 3 LG. (b) General bond polarizability model in AB and 
ABC stacked 3 LG. The sphere represents a graphene layer. As 
there are only two interlayer shear modes in 3 LG, the higher- 
frequency peak is denoted S1, while the other peak is denoted S2. 
Reproduced with permission from Ref. [184], © Nature Publishing 
Group 2015. 

The influence of the stacking order on the Raman 

intensity of the interlayer shear modes is general for 

all 2D layered materials, i.e., the frequency of the 

interlayer shear modes red-shifts in ABC stacked 

systems and blue-shifts in AB stacked systems with 

increasing the film thickness. In contrast, the in-plane 

stacking difference will not affect the polarizability in 

the z direction, thus not affecting the frequency trend 

of the breathing mode. 

As a direct advantage of using the bond polarizability 

model as well as DFT calculations, various stacking 

sequences can be determined readily by using the 

interlayer shear modes. Here, we consider CVD-grown 

MoSe2 flakes [151, 182, 186] with multiple stacking 

combinations as an example for further analysis. In 

Section 3.3, we have mentioned that it is not always 

possible to observe all of the N – 1 interlayer shear 

modes in an N layer system. For brevity, we refer to 

the interlayer shear modes as S1, S2, S3, …, starting 

from the highest frequency and advancing in the order 

of decreasing frequency. In 2H stacking, counting 

from the highest frequency, only the odd interlayer 

shear modes (S1, S3, S5, …) are observable. Moreover, 

the peak intensity of all the observable interlayer 

shear modes in 2H exhibits the trend I(S1) > I(S3) >  

I(S5) > … relative to each other, as shown in the experi-

mental spectra in Fig. 16(a). In contrast, the relative 

peak intensity in 3R stacking exhibits the trend opposite 

to that of 2H stacking, with the lowest frequency 

mode (SN–1) having the highest intensity [151]. 

From the above analysis, we see that by identifying 

the frequencies of active modes (2H-3 L: ~23 cm−1; 

3R-3 L: ~13 cm−1) or comparing the relative intensities 

(2H-4 L: I(S1) > I(S3); 3R-4 L: I(S3) > I(S1)), stacking 

sequences can be determined rapidly. However, it is 

challenging to identify stacking in 2 L in terms of the 

peak position and relative intensity, because the bilayer 

only has the S1 mode (Fig. 16(d)). Puretzky et al. show 

that the absolute intensities of the S1 modes in 2H- and 

3R-stacked bilayer MoSe2 are very different, as shown 

in Fig. 16(c) [180].  

Other than the 2H and 3R phases, stacking faults, 

such as ABCB stacking in 4 L, can also be identified 

using the bond polarizability model. In 4 L MoSe2, 

neither 2H (ABAB) nor 3R (ABCA) stacking can give 

rise to a strong S2 mode. The bond polarizability model 

and DFT calculations showed that it is a stacking 

fault that leads to the appearance of this mode. Other 

combinations, such as mixtures of 2H and 3R, are 

also assigned in 3–5 L. A mixture can be either in- 

plane (in the xy plane) owing to the co-existence of 

samples with different stacking orders, or out-of- 

plane (along the z axis). DFT calculations show that 

both situations can cause the coexistence of S1 and  

S2 modes in 3 L, suggesting that in-plane and out- 

of-plane mixtures have similar features in Raman 

spectroscopy. 

Compared with scanning transmission electron 

microscopy (STEM) techniques in stacking identifica-

tion, the use of the interlayer shear modes in Raman 

spectroscopy is noticeably much faster. Moreover, 

sometimes it is more accurate to use Raman spectros-

copy for identifying the phase. For example, the 

ABCA (3R) and ABAC stacking orders present similar 

stimulated STEM images, but their Raman features 

are quite different: The S3 mode is the strongest in the 

3R phase, while the S2 mode dominates in the ABAC 

stacking [151].  

We note that the above analysis is not only applicable 

to MoSe2 [151, 180], but also suitable for graphene 

[187, 188], as demonstrated by experimental results. 

Subsequently, a correlation analysis between stacking 

and interlayer vibrational modes was performed on 

MoS2 [181, 189]. For other 2D layered materials, 

such as ReS2, recent studies suggest that the 2-fold 
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degeneracy of the interlayer shear mode is broken, 

owing to the anisotropic distorted 1T structure 

[190, 191]. By comparison, the degeneracy is preserved 

in the isotropic-like stacked structure (also stable in 

ReS2) [191]. 

Recent reports on twisted bilayer MoS2 and MoSe2 

have demonstrated that the twist (stacking) angle 

can affect both the frequency and Raman intensity of 

the low-frequency interlayer vibrational modes [182, 

183]. Both samples show that the variation is more 

sensitive when the twist angle is around 60° (and 

around 0° as well in MoS2). When the twist angle is 

between 20° and 40° in MoS2 (10°–50° in MoSe2), the 

interlayer coupling is nearly constant as the stacking 

angle results in mismatched lattices over the entire 

sample. In contrast, the high-frequency intralayer  

vibrational modes are not as sensitive to the twist 

angle, similar to what has been observed in thickness- 

dependent Raman spectra. An earlier report, published 

in 2015, showed that the frequency of the interlayer 

breathing mode in a MoS2/MoSe2 bilayer heterostructure 

is angle-dependent [168], further confirming that 

the twist (stacking) angle affects the interlayer force 

constants in layered materials. 

Finally, while the above discussion has focused on 

non-resonant Raman intensities, we should mention 

here that in twisted bilayer graphene, van Hove 

singularities in the band structure lead to resonant 

Raman transitions [75]. 

3.6 Polarization dependence 

As we have discussed in Section 2.2, the detection of 

 

Figure 16 Raman spectra of few-layer MoSe2 with different stacking orders. (a) and (b) Raman spectra of mono- and few-layer MoSe2

from (a) mechanically exfoliated 2H-phase crystals and (b) CVD synthesis in the cross-polarized ( )z xy z  configuration. As different 
Raman features can be observed for flakes with the same thickness (owing to different stacking orders), in Fig. 16(b), we only show the 
spectra with the maximal number of observable interlayer shear modes in each case. (c) Raman spectra of 2 L MoSe2 measured on a 
TEM grid for 2H and 3R stacking patterns, verified by atomic resolution STEM. (d) Raman spectra of CVD-grown and 2H-exfoliated 
MoSe2 bilayers. (e)–(g) Raman spectra of CVD-grown 3 L (e), 4 L (f), and 5 L (g) MoSe2 samples with different stacking. The dots in
(a), (b) and (d)–(g) are experimental data and the lines are the fits to Lorentzian functions. (a), (b), and (d)–(g) are adapted from Ref. [151]
with permission, © John Wiely & Sons, Inc 2015. (c) is adapted from Ref. [180] with permission, © American Chemical Society 2015.



 

 | www.editorialmanager.com/nare/default.asp 

3584 Nano Res. 2016, 9(12): 3559–3597

a phonon mode in Raman spectroscopy depends on 
2

i s
 e R e . The Raman tensor R  is determined by the 

crystal symmetry, while 
i

e  and 
s

e  are related to the 

“polarization” that we will discuss in this section. 

In both MX2 (M = Mo, W; X = S, Se, Te) and Bi2X3 (X = 

Se, Te) systems, the z (c) axis is along the out-of-plane 

direction. The x, y, and z axes are chosen following 

the principal axes for all the crystal classes defined by 

Nye in 1957. More importantly, the Raman tensors 

were obtained based on these defined axes [66]. 

When we utilize the backscattering configuration for 

the Raman measurements on MX2 (M = Mo, W; X = S, 

Se, Te) and Bi2X3 (X = Se, Te), parallel- and cross- 

polarized configurations are referred to ( )z xx z  

and ( )z xy z, respectively, as we have mentioned in 

Section 2.2.  

Figure 17 shows the polarization-dependent Raman 

spectra of 2H-MoS2. The low-frequency interlayer 

breathing mode and the out-of-plane 
1g

A  modes are 

both suppressed in the ( )z xy z  configuration. Com-

pared with the in-plane modes, the out-of-plane modes 

do not have off-diagonal matrix elements in the 

 

Figure 17 Polarization-dependent phonon modes in MoS2.   
(a) and (b) Raman spectra of MoS2 with different thicknesses, in 
the ( )z xx z  (a) and ( )z xy z  (b) polarization configurations. 

Reproduced with permission from Ref. [84], © American 
Chemical Society 2013. 

Raman tensors, rendering 
2

i s
 e R e  zero in the ( )z xy z  

polarization configuration. Thus the breathing modes 

are suppressed in the cross-polarized configuration. 

In contrast, the in-plane modes are substantially strong 

in both polarization configurations. 

By fixing the incident light and the scattered signal’s 

polarization directions, such as in the parallel- 

polarized configuration, and by rotating the samples, 

we performed angle-dependent Raman measurements, 

where we changed the angle θ between the in-plane 

axis of the crystal and the polarization direction of the 

incident (and outgoing) light. In systems with strong 

in-plane anisotropy, such as in distorted 1T phase 

ReS2 and ReSe2 [190–194], or in black phosphorous 

[147, 195–197], the Raman spectra strongly depend on 

θ. In contrast, in samples that are less anisotropic in 

the basal plane, such as in 2H-MX2 (M = Mo, W; X = S, 

Se, Te) and Bi2X3 (X = Se, Te), the Raman spectra shows 

a weak dependence on θ. 

We focus our discussion here on black phosphorus. 

Note that the out-of-plane direction is defined to be 

the y axis for black phosphorus, different from that in 

MX2 (M = Mo, W; X = S, Se, Te) and Bi2X3 (X = Se, Te). 

Although different ways have been previously pro-

posed for assigning the axes in black phosphorus, 

according to the point group analysis, in the D2h group 

(bulk: 18

2h
D ; odd number of layers: 7

2h
D ; even number 

of layers: 11

2h
D ), if there are three C2 axes, the one  

with the largest number of unmoved atoms by the 

operation is the z (c) axis. The y (b) axis is defined as 

that axis of the remaining two C2 axes which has the 

larger number of unmoved atoms by σ symmetry 

operations. Therefore, in black phosphorus, the y axis 

should be along the out-of-plane direction, with the x 

axis and z axis parallel to the zigzag and armchair edges, 

respectively. The Raman tensors of black phosphorus 

obtained with the set of axes using this convention 

[66], are 

0 0
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So the 
g

A , 
1g

B , 
2g

B , and 
3g

B  modes are Raman- 

active in the ( )y xx y , ( )z xy z , ( )y xz y  and ( )x yz x  

polarization configurations, respectively.  

After calculating
2

i s
 e R e , the Raman intensities 

of phonon modes in black phosphorus in the parallel 

configuration are  

  
2

2 2
sin 2 sin 2

gBI d             (9) 

2
2

2 2 2cos sin 1 1 sin
gA

c
I a c

a
   

     
 

   (10) 

Similarly, we obtain that 
gA

I  and 
2 gB

I  are proportional 

to 
2

sin 2 and 
2

cos 2 in the cross-polarized 

configuration (with 
s

e  being (sin  0 cos ) ), 

respectively. We note that the components of the 

Raman tensor can be complex, owing to the influence 

of light absorption on the dielectric constants [195].  

Experiments have also confirmed that the intensity 

of the low-frequency interlayer breathing mode 3

g
A  

also exhibits angular dependence, as shown in Fig. 19(b) 

and is consistent with the literature [135, 136]. Similar 

to the high-frequency 2

g
A  mode [195, 197], a local 

maximum occurs at the angle perpendicular to that 

of the global maximum in the 3

g
A  mode. Different 

from Fig. 18, the starting angle 0° is selected randomly 

in Fig. 19. Nevertheless, this does not affect the angle- 

dependent Raman intensity of the 3

g
A  and 2

g
A  modes: 

In the parallel-polarization configuration, the variation 

period of maximal (or 2nd maximal) intensity is 180°, 

and there is a 90° difference between the maximal 

intensity and the 2nd maximal intensity. 

There has been a debate on the correlation of this 

result with the actual crystalline orientation. References 

[18, 135, 197] state that the maximal intensity of the 
2

g
A  ( 3

g
A ) mode occurs when the polarization of 

incident light is along the armchair direction, while 

Ref. [195] comments that it is the zigzag direction that 

corresponds to the maximal intensity. Recently, it has 

been found that angle-dependent electron–photon 

and electron–phonon interactions in black phosphorus 

cause the angle-dependent Raman spectra to change 

with the thickness of the black phosphorus film and 

with the excitation laser energy [147].  

The polarization dependence we discussed above 

involved linearly polarized light. It is interesting to  

 

Figure 18 Vibrational Raman modes in black phosphorus. 
(a) Atomic displacement of the optical modes in black phosphorus 
(reproduced with permission from Ref. [196], © John Wiley & Sons, 
Inc 2015). (b) Raman spectra of 2–5 L and bulk black phosphorus 
(reproduced with permission from Ref. [130], © Tsinghua 
University Press and Springer-Verlag Berlin Heidelberg 2014). 
(c)–(h) Polar plots of the fitted peak intensities of 1

gA  (c) and 
(f), 2gB  (d) and (g), and 2

gA  (e) and (h) modes versus the sample 
rotation, in the parallel (c)–(e) and cross-polarization (f)–(h) 
configurations. For the parallel-polarization configuration (c)–(e), 
when θ = 0°, the incident and outgoing beams of light are both 
parallel to the zigzag edge (x axis), and perpendicular to the 
armchair edge (z axis). For the cross-polarization configuration 
(f)–(h), when θ = 0°, the incident light is parallel to the zigzag 
edge (x axis), and the outgoing light is parallel to the armchair edge 
(z axis) (reproduced with permission from Ref. [197], © John 
Wiley & Sons, Inc 2015). 
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Figure 19 Anisotropic behavior of the 3

gA  mode. (a) Angle- 
dependent low-frequency Raman spectra of an 11 L black 
phosphorus thin flake in the parallel-polarization configuration. 
The black curves represent the experimental data, and the red 
lines are the Lorentzian fits. (b) and (c) The corresponding angular 
dependence of the interlayer mode 3

gA  (b) and an unknown mode 
near 84 cm−1 (c) for the 11 L black phosphorus thin flake. The 
black dots and lines are from the experimental data, while the 
green ones are the guiding lines. Note that the starting angle 0° is 
selected randomly. Polarization of incident and scattered light is 
fixed (parallel polarization). The angle was recorded according to 
by how many degrees had the sample rotated. 

consider how the Raman spectra would change in the 

case of a circularly polarized laser beam, given that 

circularly polarized photoluminescence from atomically 

thin MoS2 [22–24], WS2 [198], and WSe2 [4, 199] has 

been observed. Chen et al. have performed helicity- 

resolved Raman scattering measurements of 1–4 L 

2H-MX2 (M = Mo, W; X = S, Se) [149]. The results 

show that both intralayer and interlayer phonon 

modes depend on helicity. For the out-of-plane modes, 

the incident and scattered light have the same helicity, 

while for the in-plane modes, the incident and 

scattered light have opposite helicities. To understand 

this circular polarization dependence, we considered 

 
2

†
i se R e , similar to the discussion above. If we take 

the out-of-plane 
1g

A  mode in 2H-MoS2 (Raman tensor 

shown in Section 3.3) as an example. For the circular 

polarization, the intensity is proportional to  
2

†
i sR ee . 

If both ei and es are the left circular polarization. 

The ei  es 
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3.7 Resonance effects  

In resonant Raman scattering, real electronic states, 

instead of virtual ones, are involved. Incoming 

resonance occurs when the energy of the incident 

photon beam (Elaser) matches the exciton energy (Elaser = 

Ex). Here, we define the exciton energy to be the energy 

level of the excitonic state relative to the valence 

band’s maximum. Outgoing resonance occurs when 

Elaser = Ex + Ephonon or Elaser = Ex – Ephonon. Mathematically, 

in the absence of damping, and in the presence     

of exciton–phonon coupling, the resonant Raman 

scattering probability will go to infinity. Experimentally, 

the enhancement factor is often several orders of 

magnitude [200].  

The energy of the A (B) exciton in MoS2 is ~1.88 eV 

(~2.06 eV). Resonant Raman scattering of MoS2 can 

therefore be achieved by using both a 633 nm laser 

(1.96 eV) and a 594 nm laser (2.09 eV). The resonance 

window for WS2 is even larger, from 1.96 to 2.41 eV. 

This is because the excitonic gaps for the A and      

B excitons in WS2 are 1.95 eV and 2.36 eV at room 

temperature [95, 201].  

Much work has been done to characterize resonant 

Raman scattering of MX2 (M = Mo, W; X = S, Se) [94, 

95, 201–203], including thickness dependence from 

bulk to monolayer, and temperature dependence from 

300 to 4 K. Figure 20 shows the Raman spectra of MoS2, 

comparing the non-resonance with resonance spectra.  
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Figure 20 Raman spectra of bulk MoS2 crystals, for different 
excitation wavelengths, at room temperature (reproduced with 
permission from Ref. [201], © AIP Publishing LLC 2014). 

Similar to resonant Raman spectroscopy of other 

materials, the general features of resonant Raman 

spectra include: 1. Broad linewidth owing to the 

enhanced electron–phonon coupling; 2. the 0k   

Raman selection rule can be relaxed during high-order 

multi-phonon scattering processes when 0
i

i

k  . 

This explains why overtone or combination modes of 

the zone edge acoustic phonons are observed, such as 

2LA( )M  and 1 ( ) LA( )gA M M  peaks in TMDs. Details 

on the assignment can be found in Refs. [25, 155]. In  

addition, a comprehensive study of resonant Raman 

spectroscopy on a few-layer MoS2 with frequency in the 

range of 5–900 cm−1 is reported in a recent paper [204]. 

Next, we discuss the phenomena that are unique to 

TMD thin films, namely, the splitting of the monolayer 

out-of-plane 
1

A mode in the few-layer WS2 system [205]. 

In an N-layer WS2 there are N zone center phonons 

evolving from the 
1

A  monolayer mode. As for bulk 

WS2, the 
1

A  monolayer mode evolves into the in-phase 

and out-of-phase 
1g

A /
1u

B  pair, the so-called Davydov 

pair, which we have mentioned above. 
1u

B and 
2u

A  

are supposed to be the IR-active and Raman-inactive 

modes, respectively. However, in few-layer WS2, all 

of the N components that evolve from the monolayer 

out-of-plane 
1

A  mode can be observed irrespective 

of their Raman activity, when the incident laser 

energy is close to the A exciton energy. These results 

are shown in Fig. 21. One possible explanation for  

the observation of all the N modes is related to the 

orientation of the excitons. Previous reports reveal 

that the excitons are entirely confined in plane, without 

significant expansion in the stacking direction of 

individual layers [206]. The wave function of the A 

exciton, although being spread out over a large   

area in two dimensions, has negligible density in the 

neighboring layers [207]. The non-zero coupling 

between the A exciton and the monolayer 
1

A  mode 

can, thus, lead to resonant Raman scattering for all  

N modes that evolve from 
1

A , because all of the    

N modes have the same form of the eigenmode 

displacement within each layer (differing only in the 

relative phases between layers). 

Exciton–phonon coupling has also been observed 

in MoS2. Carvalho et al. have used more than 30 

excitation lines to measure the Raman excitation profile 

of the 1

2g
E  and 

1g
A  modes in MoS2 systems with 

different thickness [208]. Results show that the Raman 

intensity of the 
1g

A  mode is enhanced more than that 

of the 1

2g
E  mode in the condition of resonance with A 

and B excitons. The stronger coupling effect in the case 

of the 
1g

A  mode is related to the origin of the exciton. 

The A and B excitons originate from the K point in the 

Brillouin zone, and the conduction band minimum at 

the K point is primarily composed of 2z
d  orbitals from 

Mo atoms, with out-of-plane orientation. Thus, the 

out-of-plane lattice vibration in the 
1g

A  mode causes 

stronger coupling to the A/B excitons, compared with 

the 1

2g
E  mode. Similar results were also obtained for 

MoSe2 [209]. In contrast to the A and B excitons, the C 

exciton, originating from the Γ–? line in the Brillouin 

zone, is less confined to one specific layer and is more 

extended over all of the N layers. Resonance with the 

C exciton can give rise to the interlayer resonant 

Raman modes, such as the 
g

E / E  mode in MoS2 [210]. 

We remark that much work has been performed on 

resonant Raman scattering in atomically thin TMDs. 

Besides what we have mentioned, the resonant 

Ramnan effect on WSe2 has been studied by del Corro 

et al. [211, 212], and a recent paper by Song et al. has 

discussed the Davydov splitting in the resonant Raman 

spectra of MoTe2 [213]. Also, we would like to note that 

double resonance Raman spectroscopy of graphene is 

an active field of research [75, 214–216], while double 

resonance Raman scattering in monolayer WSe2 was 
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reported recently as well [217]. Moreover, triple 

resonance Raman scattering in MoS2 has been revealed 

by using a 325-nm-wavelength laser [218]. 

4 Summary 

We have provided a comprehensive review of lattice 

vibrational modes of mono- and few-layer thin flakes 

of group VI TMDs, 2D topologically insulating Bi2X3 

(X = Se or Te), and black phosphorus. The general 

features were discussed in detail, including phonon 

confinement effects, anomalous frequency trends, 

surface effects, substrate effects, relation between 

stacking orders and interlayer shear modes, polarization 

dependence, as well as resonance effects. We believe 

that by delicate classification and by performing a 

variety of comparisons, we have provided a clear and 

comprehensive overview of recent studies of phonon 

properties in 2D thin layers beyond graphene.  

Such fundamental studies, in addition to further 

investigations on the influence of temperature [219–222], 

pressure [223, 224], strain [225–228], and doping [138, 

229–231] on the phonon modes in 2D materials, will 

be important for establishing a basic understanding 

of phonons and their coupling to other elementary 

excitations. In addition, the fundamental studies of 

phonon properties in 2D thin layers can be further 

extended by exploring multilayer heterostructures 

[232]. Future advances in the exquisite control of 

homogeneous or heterogeneous layered crystals or  

their heterostructures will enable unprecedented 

opportunities to probe the lattice dynamics and the 

electron–phonon or exciton–phonon interactions in 

these materials, paving the way towards applications 

in electronic, photonic or valleytronic devices.  
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