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SnS(Se)2, TaS(Se)2, FeTe(Se), NbSe2, and 
h-BN), D3d (SnSe2 and Bi2Te(Se)3), D2h 
(black phosphorus (BP),[17,18] GeS(Se), 
and SnS(Se)), C2h (GaTe), and Ci 
(ReS(Se)2).[3] The lower symmetry (D2h, 
C2h, and Ci) leads to the in-plane anisot-
ropy, which brings one more degree of 
freedom than isotropic materials and 
delivers various physical properties.[3] 
Two or more LMs with similar properties 
can be alloyed into an additional type of 
2DMs, namely, 2D alloy, which can offer 
tunable band gaps and the corresponding 
amazing electronic and optical proper-
ties.[19] These remarkable properties, 
including high mobility, high thermal 
conductivity, unique optical and mechan-
ical properties, and high specific surface 
area, can be found in 2DMs, which makes 
them be the ideal materials for promising 
applications in nanoelectronics and opto-
electronics devices.[20–31]

2DMs exhibit distinct electronic band structures due to the 
quantum confinement of electrons in 2D.[32–34] A single mon-
olayer (1L) of 2DMs is the thinnest nanosheet exfoliated from 
its bulk counterpart, which can be from several micrometers 
to several centimeters in plane size but less than a nanom-
eter in thickness.[1] The weak out-of-plane vdW bonding is 
absent in 1L 2DMs. 1L graphene (1LG) is a typical 2DM with 
unique properties.[13,32,35–37] The rapid progresses of graphene 
researches have paved the way to experimental studies on other  
2DMs.[1–3,8,9,38,39] Unlike graphene, most of 1L 2DMs consist of 
more than one atomic element so that a single 1L of such 2DMs 
usually consists of more than one atomic layers in which the 
two nearest atoms in adjacent atomic layers are also linked via 
strong chemical bonds. However, two or more 1L 2DMs can be 
coupled with each other by Van der Waals interaction to form 
multilayer (ML) 2DMs in a certain stacking order. For instance,  
N layer (NL) graphenes (NLG, N > 2) can be stacked in a Bernal 
(AB) or rhombohedral (ABC) way or even a twisted way.[40–43] 
Exfoliated NL MX2 can exhibit two stacking ways, i.e., 2H and 
3R.[44–46] Even in anisotropic NL transition metal dichalcoge-
nides (TMDs), such as ReS2 and ReSe2, there still exist two 
stable categories,[47] i.e., anisotropic-like (AI) and isotropic-like 
(IS), in terms of their stacking orders. In addition, these various 
2DMs could be artificially restacked/assembled horizontally 
or vertically in a chosen sequence to form vdW heterostruc-
tures, which can offer huge opportunities for designing the 
functionalities of such heterostructures.[42,43,48–51] For a given 
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1. Introduction

2D materials (2DMs) can be usually exfoliated from layered 
materials (LMs), which form strong chemical bonds in-plane 
but display weak van der Waals (vdW) bonding out-of-plane.[1–3] 
Up to now, 2DMs are explored to constitute a large family 
including the graphene-like family, 2D dichalcogenides and 
2D oxides, of which physical properties range from insulators 
(BN,[4] HfS2,[5] etc.), topological insulators (Bi2Se3,[6,7] Bi2Te3,[6] 
etc.), semiconductors (MX2, M = Mo, W; X = S, Se),[8–10]  
GaSe, GaS,[11] CuS, SnSe2, PbSnS2, GeSe, InSe,[12] SnS, ReSe2, 
etc.), semi-metals (graphene,[13] WTe2

[14,15]) to superconduc-
tors[3,16] (NbSe2, NbS2, FeSe, FeTe, etc.). The symmetries 
of 2DM crystals include D6h (graphite, MX2, GaSe(S), CuS, 
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stacking order, the electronic band structures and lattice vibra-
tions of the 2DMs are significantly N-dependent.[52] The band 
gap of 2H-MX2 exhibits an indirect-to-direct transition from 
NL (N > 1) to 1L.[33,53,54] The NL MoS2 field effect transistors 
(FETs) exhibit higher mobilities, more near-ideal subthreshold 
swings, and more robust current saturation over a large voltage 
window than 1L MoS2.[29] The direct band gap of BP monotoni-
cally increases from bulk (0.2 eV) to 1L (1.5–2.0 eV), due to the 
strong interlayer coupling.[55,56] In the case of lattice vibrations, 
relative to 1L 2DMs, more atoms in the unit cell of NL (N > 1)  
2DMs will result in more phonon modes in the center of 
Brillouin zone of corresponding phonon dispersion curves.[3,10] 
Each mode in 1L 2DMs will split into N modes in NL 2DMs, 
named as Davydov components, whose frequencies are deter-
mined by the interlayer coupling and the corresponding sym-
metry in NL 2DMs.[57,58]

The N-dependent electronic and optical properties of 
2DMs[33,52,59] can be probed by various optical techniques, 
e.g., optical contrast (OC),[11,60–63] Rayleigh scattering,[64] 
Raman spectroscopy,[3,10,65–67] optical absorption,[68] photo-
luminescence (PL)[33,47,53,55] and second harmonic genera-
tion (SHG).[69–71] With increasing N, the intensity, linewidth, 
or lineshape of the probed optical signals of 2DM flakes can 
be significantly modified, and some new optical features will 
emerge. For instance, with increasing N, the PL emission from 
direct band gap of NL MoS2 flakes decreases in intensity while 
its peak position almost keeps unchanged, however, new PL 
emission from indirect band gap appears for N > 1 and this PL 
peak position decreases toward lower energy with increasing 
N.[33] Considering most of 2DM flakes are deposited on sub-
strates, such as SiO2/Si, quartz or sapphire, the optical interfer-
ence between 2DM flakes and substrate must be considered 
in the optical measurements, in which the SiO2 film thickness 
in SiO2/Si substrate and numerical aperture (NA) of the objec-
tive used in microscope also affect the measurement results 
dependently.[72]

The sensitivity of optical properties of 2DM flakes on N can 
be utilized to identify N of the studied 2DM flakes once the rela-
tion between spectral parameters of optical properties and N is 
determined forehand. The thickness of 2DM flakes is a serial 
of discrete values. The thickness of an N layer 2DM flake is N 
times that of monolayer 2DM flake. In principle, once N of the 
2DM flake is identified by optical techniques, its thickness is 
determined. In fact, atomic force microscopy (AFM) has been 
widely used to measure the thickness of 2DM flakes with a pre-
cision of 5%. The tapping mode is utilized to minimize sample 
damage.[57,64,72,73] However, AFM technique is time-consuming 
and not suitable for a rapid measurement for selected spots 
over a large area. AFM cannot also be used for suspended sam-
ples. The different interactions of the AFM tip with the flake 
and substrate will lead to large thickness discrepancy for few-
layer 2DM flakes.[57,64,72,73] The offset between 2DMs flake and 
substrate can be as large as several nanometers, but the meas-
ured height difference between two adjacent 2DM flakes is in 
good agreement with the corresponding thickness difference. 
For example, Figure 1 shows that, the instrument offset for 1LG 
and 1L MoS2 is about 1.4 and 4.0 nm, respectively. Optical tech-
niques are fast and nondestructive techniques for the probe of 
physical properties of 2DM flakes. Therefore, it is necessary to 
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construct some reliable approaches to precise identify N from 
the reported results based on optical techniques.

Here, we review the recent advances in the N-dependent 
optical properties of several typical 2DMs, such as NLGs, NL 
TMDs (e.g., 2H-MX2 (M = Mo, W; X = S, Se), and 1T-ReS(Se)2) 
probed by OC, Raman spectroscopy, PL, optical absorption 
spectroscopy, and SHG. The definite relations between the 
optical properties and N by different optical techniques have 
been demonstrated for rapid and accurate identification of the 
thickness or N of 2DM flakes. This review will be expected to 
pave the ways to construct N-identification techniques of 2DM 
flakes based on optical techniques, benefit the whole 2DM 
community for fundamental study, practical applications and 
quality appraisal for industrial products.

2. Optical Contrast

2DMs are usually transferred onto a kind of substrate, such as 
Si covered with a certain thickness of SiO2 film or quartz plate, 
for device application purpose.[13,33] This causes a formation of 
multilayer structure containing air, 2DM flake and substrate. 
For the Si substrate covered by SiO2, the four layered structure 
can be established, containing air( 0n� ), NL 2DM( ( )1n� λ , d1),[74] 
SiO2( ( )2n� λ , d2),[75] and Si( ( )3n� λ , d3), where ( )ni� λ  and di (i = 0, 
1, 2, 3) are the complex refractive index at specific wavelength 
(λ) and the thickness of each medium. When white-light of a 
microscope is incident from air onto 2DM flakes on substrates, 
multiple reflections at the interfaces and optical interference 
within the medium of the multilayer structures will modify the 
reflected light intensity from 2DM flakes relative to that directly 
from the bare substrates. This makes the 2DM flakes can be 
easily seen by naked eyes via microscope after they are trans-
ferred onto substrates. The difference between reflected light 
intensity from 2DM flakes deposited on substrate and from the 
bare substrate is known as OC of the 2DM flakes.[11,60,61,76–78]

Adv. Funct. Mater. 2017, 1604468

www.afm-journal.de www.advancedsciencenews.com



FEA
TU

R
E A

R
TIC

LE

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (3 of 23)  1604468

By using monochromatic illumination, 2DM flakes can be 
isolated from Si substrate covered with any SiO2 thickness 
( SiO2h ), albeit 300 nm for electronic devices and, especially, 
90 nm are most suitable for its visual detection.[60,72] Because 
of multiple reflection interferences in the multilayer, OC of an 
NL 2DM flake on a substrate is dependent on the illumination 
wavelength λ. The 2DM flake deposited on a given substrate 
exhibits a distinct OC(λ), which is significantly dependent on 
N. Besides N, OC(λ) is also sensitive to the NA of the objective 
used in the microscope, which can be measured by a micro-
scope combined with a spectrometer.

Figure 2 shows the schematic setup diagram to measure 
OC(λ) of 2DM flakes by a microsystem in a backscattering 
geometry at room temperature, which is equipped with several 
objectives. OC(λ) is defined as[60,61,79]

OC( ) 1 ( )/ ( )2dm+Sub SubR Rλ λ λ= − 	 (1)

where R2dm+Sub(λ) and RSub(λ) are the reflected intensities from 
the 2DM flakes on substrates and from the bare substrate, 
respectively. In some literatures, the OC(λ) also were defined 
as (R2dm+Sub(λ)-RSub(λ))/(R2dm+Sub(λ) + RSub(λ)).[11] Here, we 
use the definition from Equation (1). Tungsten halogen lamp 

can be used as a light source for reflection spectra measure-
ment. The insets of Figure 2 show the measured R2dm+Sub(λ), 
RSub(λ) and calculated OC(λ) by Equation (1) for 2LG on 
SiO2/Si substrate (hSiO2 = 90 nm), respectively. OC(λ) can be 
quantitatively calculated by the multiple reflection interfer-
ence method[60,61,79,80] once the refractive index of 2DMs is 
known. The transfer-matrix method can be used to calculate 
theoretical OC(λ),[79,80] where the electric and magnetic field 
components in each medium are associated by multiplication 
of some characteristic matrices, dependent on the angle of 
light, the medium thickness and the complex refractive index 
of each medium. To reach a good agreement with the experi-
mental data, the NA of the objective has to be considered. 
Because the incident and reflective lights are collected by the 
same microscope objective with a given NA, all of the lights 
with an inclined angle in the field of objective rather than the 
lights only vertical to the NLG should be considered. Thus, the 
s-polarization (the incident light is polarized with its electric 
field perpendicular to the plane containing the incident) and 
p-polarization (the incident light is polarized with its electric 
field parallel to the plane of incidence) components should be 
treated separately in calculation.[80] Details of calculation has 
been provided in Lu et al.[80]
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Figure 1.  a) Optical image of 1LG, 3LG, and 4LG flakes. b) AFM image of 1LG and 4LG within the square frame in (a) and the flake thickness measured 
by AFM. The instrumental offset is ≈1.1 nm. (a,b) Adapted with permission.[72] Copyright 2015, Royal Soceity of Chemistry. c) Optical image of 1L, 4L, 
and 5L MoTe2. d) AFM image of the samples in (c) and the flake thickness measured by AFM. The instrumental offset is ≈4.0 nm. (c,d) Adapted with 
permission.[57] Copyright 2012, Nature Publishing Group.
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Figure 3a shows the experimental OC(λ) values of a 
10LG flake deposited on SiO2/Si substrate (hSiO2  = 89 
nm) using objectives with NA = 0.25, NA = 0.45, and 
NA = 0.90, respectively. The maximum value of OC(λ) with 
NA = 0.90 is apparently smaller than those with NA = 0.25 
and NA = 0.45, and the peak position exhibits a shift between 

any two of OC(λ). The experiments show that there exists a  
significant discrepancy between experimental and theoret-
ical OC(λ) for NA = 0.90[80] because the objective lens is not 
totally filled by incident light thus leading to a smaller effec-
tive NA.[64,79] The objective with NA ≤  0.55 is recommended to 
reach a good agreement between experimental and theoretical 
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Figure 3.  a) The experimental OC(λ) values of a 10LG flake deposited on SiO2/Si (h SiO2
 = 89 nm) using objectives with NA = 0.25,  

NA = 0.45, and NA = 0.90, respectively. The experimental OC(λ) and the calculated results of 2LG, 3LG, and 4LG for b) hSiO2 = 89 nm and c) hSiO2 = 
286 nm (c), NA = 0.45.

Figure 2.  Schematic diagram of the microscope system to measure OC(λ). For characterizing small flakes (few microns), a pinhole is needed to inset 
between the lamp and objective in order to collect the reflection only from the desired flake for a nonconfocal system. The collected reflection spectra 
from bare SiO2/Si substrate (hSiO2 = 90 nm) and from 2LG deposited on substrate are shown in the inset (a) as RSub(λ) and R2dm+Sub(λ), respectively. 
The experimental OC(λ) = 1 − R2dm+Sub(λ)/RSub(λ) is depicted in the inset (b).
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OC(λ).[80] Indeed, For NA = 0.45, the experimental OC(λ) of 
2LG, 3LG, and 4LG for both hSiO2  = 89 nm (Figure 3b) and hSiO2  =  
286 nm (Figure 3c) are in accordance with the theoretical ones 
calculated by transfer-matrix method in the broad range of  
400–800 nm.

In general, OC(λ) of 2DM flakes on SiO2/Si substrates is 
significantly dependent on N, NA, and hSiO2. For 2DMs with a 
unified complex refractive index ( ( )n� λ ) from monolayer to multi
layer, such as NLG, once hSiO2 and NA (≤ 0.55) are given, the 
experimental OC(λ) is found to be in good agreement with the 
theoretical ones. Therefore, OC(λ) can be adopted to identify N of 
2DM flakes with a unified ( )n� λ ), such as NLG. At first, to deter-
mine hSiO2  by spectroscopic ellipsometer[81] or OC[80]; second, to 
measure OC(λ) of the 2DM flake with NA ( ≤ 0.55); third, to cal-
culate OC(λ) of NL 2DM flakes using known NA, hSiO2  and ( )n� λ ;  
finally, to check which N of the theoretical OC(λ) for NL 2DM 
flakes is close to the experimental OC(λ) and determine N. Due 
to the advantages such a simple, efficient, nondestructive, and 
unnecessary of expensive and nonstandard equipment, OC tech-
nique is regarded as a good option for thickness or N identifica-
tion of NLG.[60,61,79,80] The accuracy of N identification depends 
on the OC(λ) difference between two flakes with adjacent N. The 
OC technique can be used to identify NLG up to N = 8.

Because absorption properties[54,82] of ultrathin TMD flakes 
are significantly N-dependent in the visible range due to the 
presence of exciton effect, ultrathin TMD flakes are lack of a 
unified ( )n� λ  from monolayer to multilayer. Figure 4 shows the 
experimental OC(λ) of 1-6L MoS2, which are also dependent on 
hSiO2  and NA. It is obvious that no common spectral features 
can be found within them. Therefore, it is hard to theoretically 
reproduce OC(λ) of TMD flakes with specific N to determine 
N for TMD flakes by comparing them with the experimental 
ones.

The 2DM flakes with different N usually display different 
colors in the optical images. Li et al.[63] have given the color dif-
ference values between 1-15L 2DMs and substrate, including 

graphene, MoS2, WSe2, and TaS2, on SiO2/Si 
substrates (h SiO2  = 90 or 300 nm). These data 
were obtained from the brightness profile of 
color images or grayscale images of the red 
(R), green (G), or blue (B) channel in sam-
ples and substrates, can be affected by illu-
mination source, white balance, NA and hSiO2.  
Because it is difficult to establish a relation 
between the color difference and N for any 
NA and hSiO2, it cannot be used to accurately 
identify N of 2DM flakes for common condi-
tions with any white balance, NA and hSiO2.

3. Rayleigh Scattering

Rayleigh scattering is the elastic scattering 
of light by particles much smaller than the 
wavelength of the radiation. The particles can 
be individual atoms. Under backscattering 
configuration, the scattered signal with same 
frequency as the laser excitation is the elas-
tically scattered photons from Rayleigh scat-

tering. The setup depicted in Figure 2 can be used to measure 
Rayleigh signal once the lamp and spectrometer are replaced 
by a laser beam and a photon-counting avalanche photodiode, 
respectively.

Casiraghi et al.[64] have first given the Rayleigh scat-
tering contrast method, as shown in Figure 5a,b. Figure 5a 
shows an optical image of 1-3LG and 6LG prepared from 
micromechanical exfoliation of graphite and deposited on 
a SiO2/Si substrate ( SiO2h  = 300 nm). Rayleigh scattering is 
performed with an inverted confocal microscope where a 
He–Ne laser (633 nm) is used as the excitation source. Con-
focal Rayleigh images are obtained by raster scanning the 
sample. Figure 5b shows the 3D confocal Rayleigh map 
for the NLG sample shown in Figure 5a. Rayleigh contrast 
was also estimated by Equation (1). The Rayleigh contrast 
appears to increase with N in certain wavelength ranges.[64] 
Rayleigh scattering can also be applied to the NLG flakes 
grown by chemical vapor deposition (CVD), which are trans-
ferred onto the SiO2/Si substrate ( SiO2h  = 90 nm).[83] Figure 5c  
shows the optical image of an CVD-grown flake, and its  
Rayleigh contrast mapping obtained by the 532 nm laser is 
shown in the Figure 5d. It is found, the closer the measured 
spot is to the center of the CVD-grown flake, the higher the 
Rayleigh contrast is. This results from more graphene layers 
grown at the flake center.

Because that multiple reflection interferences of both the 
laser beam and Rayleigh signal still occur in the multilayer con-
taining air, 2DM flakes and substrate, the theoretical value of 
Rayleigh contrast can also be calculated by the matrix transfer 
method.[64] By comparing the experimental Rayleigh contrast of 
a 2DM flake with the theoretical one of 2DM flakes with dif-
ferent N, one can identify N of NLG flakes. For example, for 
a CVD-grown multilayer graphene (MLG) flake, each graphene 
region with a definite N in the Figure 5c was distinguished 
by the Rayleigh contrast mapping and was marked in the 
Figure 5d.

Adv. Funct. Mater. 2017, 1604468
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Figure 4.  The experiment OC(λ) of 1-6L MoS2. The inset shows the optical image of a flake 
with 3-7L MoS2.
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Because the laser excitation can be used for Rayleigh scat-
tering, the spatial resolution of the Rayleigh contrast is much 
better than that of OC measured by a collimated white-light 
beam. The spatial resolution of Rayleigh contrast can be down 
to the size of the laser spot. In fact, the measured Rayleigh 
contrast by a laser source is a monochromatic OC with a wave-
length equal to that of the laser source. Therefore, to obtain a 
good Rayleigh contrast mapping, one should choose the laser 
excitation with an optimal wavelength at the maximum of 
OC(λ), e.g., ≈550 nm for NLG when SiO2h  = 90 or 300 nm. For 
NL MoS2, the optimal wavelength is ∼500 nm, as shown in the 
Figure 4. Around this wavelength, OC of NL MoS2 flakes are 
much sensitive of N than other wavelengths.

4. Raman Spectroscopy

Raman spectroscopy is the prime nondestructive characteri-
zation tool to probe the physical properties, such as phonons, 
electron–phonon coupling (EPC), band structures and inter-
layer coupling of 2DMs.[10,65,84] Raman spectra of 2DMs con-
sists of high- and ultralow-frequency Raman modes. The 
high-frequency modes are generally from in-plane vibrations, 
such as D, G, and 2D mode in NLG[84] and E1

2g and A1g modes 

in NL MX2.[10] The ultralow-frequency (ULF) modes corre-
spond to the relative motions of the planes themselves, either 
parallel or perpendicular to the plane, such as the shear (S) 
modes[67,85] and the layer-breathing (LB) modes,[85] which are 
related to the interlayer coupling. Moreover, the Si mode from 
SiO2/Si substrate underneath NL 2DMs is hardly modified by 
defects and disorders in NL 2DMs, however, its intensity will 
be affected by the thickness of 2DMs.[72,86] High-frequency (HF) 
and ULF modes of 2DMs and Raman modes from substrates 
can be strongly dependent on N in the peak position, profile, 
linewidth, and new HF and ULF modes will appear in the 
Raman spectra of 2DMs.

4.1. HF Raman Modes of 2DMs

4.1.1. N-Dependent Frequency

HF Raman modes have been deeply investigated in NLG and 
graphite materials, providing useful information on the defects 
(by D band), in-plane vibration of sp2 carbon atoms (by G band) 
as well as the stacking order (by 2D band). The HF Raman 
spectrum of the intrinsic NLG consists of G (≈1580 cm−1)  
and 2D (≈2670 cm−1) modes.[66,84] The G peak originates from 

Adv. Funct. Mater. 2017, 1604468
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Figure 5.  Optical image of a) NLG with 1-3LG and 6LG prepared from micromechanical cleavage and the corresponding 3D confocal Rayleigh imaging 
of b) NLG flakes by 633 nm excitation. Reproduced with permission.[64] Copyright 2007, American Chemical Soceity. Optical image of c) CVD-grown 
NLG flakes and the corresponding Rayleigh contrast mapping of d) the CVD-NLG flakes by 532 nm excitation from which N of NLG flakes in different 
regions is determined.
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in-plane vibration of sp2 carbon atoms and is due to the doubly 
degenerate zone center E2g mode. The 2D band is the second 
order of the D peak, where D peak comes from TO phonons 
around the Brillouin Zone edge near K, is active by double 
resonance process.[84] Because the interlayer coupling is much 
weaker than the intralayer CC bonding, the interlayer cou-
pling almost does not affect the intralayer CC bonding in 
NLG. Therefore, it is revealed that the peak position (or fre-
quency) of the G mode, Pos(G), is almost insensitive to N.[67] 
However, the profile of the 2D mode is strongly dependent 
on N of NLG. Here, we will first discuss the 2D profile of  
AB-stacked NLG as a function of N.

Because the 2D band originates from a two-phonon double 
resonance Raman process, it is closely related to the band 
structure of graphene layers. 1LG has a single and sharp 2D 
band, but the 2D band of NL graphenes can be fitted by mul-
tiple Lorentzian peaks, due to the multiple resonance Raman 
processes related with the electronic band structure of NLGs. 
Ferrari et al.[66] have successfully explained the changes of the 
2D band in shape, linewidth, and peak position for graphene 
and graphene layers. The 2D mode is dispersive.[41,87] The 
Pos(2D) and line shape of 2D mode depend on the excitation 
energy. Zhao et al.[87] have demonstrated that the changes of 
the 2D bands can be used to clearly identified 1LG and 2-4LG 
with AB stacking once the excitation wavelength is 633 nm. 
The Raman spectra of 1-5LG measured with 633 nm laser exci-
tation are shown in Figure 6.[87] The 2D bands of AB-stacked 
2LG, 3LG and 4LG can be fitted with 4, 7, 8 Lorentzian peaks, 
respectively. The characteristic peaks of each band are shown 

by the arrows, stars and pluses. However, for more than five 
graphene layers, the difference between their Raman spectra 
is insufficient to accurately distinguish them. Because the dif-
ferent components of the 2D bands may exhibit different reso-
nant behaviors dependent on laser wavelength, it is very impor-
tant to choose an appropriate laser wavelength to identify N of 
NLG.[87] Moreover, the line shape of 2D mode also depends on 
the stacking order of graphene.[41] For example, the 2D peak of 
ABC-stacked 3LG under excitation of 633 nm also can be fitted 
by seven Lorentzian peaks like as that of AB-stacked 3LG, how-
ever, the clear blueshifts of the subpeaks, especially those of 
higher frequencies for the ABC-stacked 3LG probe the differ-
ence of band structure between AB- and ABC-stacked 3LG.[41,88] 
The 2D band of ABC-stacked NLG also shows an N-dependent 
behavior.[40,41,88]

2H-MX2 is a subject of intense researches because of its 
electronic and optical properties, such as strong PL,[33,53] elec-
troluminescence (EL),[89] controllable valley and spin polari-
zation.[90–92] A 1L MX2 consists of two planes of hexagonally 
arranged X atoms linked to a hexagonal plane of M atoms 
via covalent bonds. In the NL MX2, individual MX2 layers are 
held together by weak vdW forces. The change of symmetry 
and atoms in unit cell with N and the presence of interlayer 
coupling in NL MX2 (N > 2) make the high-frequency modes of 
NL MX2 be dependent on N.

Figure 7a,b shows the high-frequency Raman spectra of 
1-10L MoS2 measured by 532 nm excitation and that of 1-8L 
WS2 under 488 nm excitation, respectively. The high-frequency 
Raman spectra of bulk MX2 consist mainly of the E1

2g and A1g 

Adv. Funct. Mater. 2017, 1604468
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Figure 6.  Raman spectra of a) G and 2D peaks of 1-3LG and b) those of 4LG and 5LG excited by the 633 nm laser. (a–b) Adapted with permission.[87] 
Copyright 2010, APS.
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modes. Because of the different symmetries between even and 
odd NL MX2 and bulk MX2, these two modes in bulk MX2 
should be assigned as the E′ and A′1 in odd NL (ONL) MX2 and 
the Eg and A1g modes in even NL (ENL) MX2,[10,59,93] respectively. 
However, to see the evolution from 1L to NL (N > 1), hereafter 
the two modes for all cases are simply labeled as E1

2g and A1g, as 
commonly done in the literatures.[10,94–96] Figure 7a shows that 
E1

2g and A1g mode is respectively located at ~380 and ~402 cm−1  
in MoS2. With increasing N, the frequency of the E1

2g mode, 
Pos(E1

2g), decreases and that of the A1g mode, Pos(A1g), increases. 
The frequency difference Δω(A − E) = Pos(A1g) − Pos(E1

2g)  
increases from 17.4 cm−1 for 1L to 25 cm−1 for 10L, following the 
formula of Δω(A −E) = 25.8 − 8.4/N,[10] as shown in Figure 7c.  
The different trend of Pos(E1

2g) and Pos(A1g) with N is attrib-
uted to the surface effect as the larger force constants at the 
surface of the thin film can make a difference.[97] It is found 

that the nearest vdW interactions can significantly affect the 
frequency of the HF phonon modes in NL MX2.[57]

Similar anomalous frequency difference between the E1
2g 

and A1g modes with increasing layer number also exists in 
other 2D MX2. However, the E1

2g and A1g modes of WS2 are 
found to be not so sensitive to N.[98,99] Figure 7d shows that E1

2g 
and A1g mode is respectively located at ≈356 and ≈419 cm−1 
in WS2. The frequency shift of both E1

2g and A1g modes for 
NL WS2 (shown in Figure 7d) is less than 3 cm−1. The case 
of E1

2g and A1g modes in WSe2 is more complicated. E1
2g and 

A1g modes overlap each other at ≈248 cm−1. The E1
2g mode is 

very weak and can be revealed under cross (HV) polarization 
configuration according to polarization properties of E2g peak 
observable under both the parallel (VV) and HV polarization 
configuration while A1g observable under VV polarization 
configuration.

Adv. Funct. Mater. 2017, 1604468
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Figure 7.  HF Raman modes of 1-10L MoS2 a) measured by 532 laser and those of 1-8L WS2 b) at 488 laser. The frequency of the E1
2g and A1g modes 

and their difference with increasing N of c) NL MoS2 and d) NL WS2.
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Anisotropic 2DMs, such as ReS2, offer one more dimension 
than isotropic 2DMs to tune their physical properties. The bulk 
and 1L ReS2 belong to the Ci space group. The crystal structure 
of ReS2 is much more complicated than graphene and MX2. Its 
unit cell contains four formula units consisting of two catego-
ries of Re atoms together with four categories of S atoms. Each 
Re has six neighboring S sites, and the Re atoms are sand-
wiched by the S atoms at both sides. Because the unit cell of 1L 
ReS2 comprised 12 atoms, it has 36 normal vibrational modes. 
The Γ phonons of 1L ReS2 can be expressed by the irreduc-
ible representations of Ci as follows: Γ = 18(A″ + A′).[47,100,101] 
In principle, for the NL ReS2 with a unit cell of 12N atoms, 
36N modes are expected. There are two stable stacking orders, 
namely isotropic-like (IS) and anisotropic-like (AI), in the NL 
ReS2.[47] We summarize the high-frequency Raman spectra of 
AI- and IS-NL-ReS2 up to 8L from a range of 120–250 cm−1 
in Figure 8a,b, respectively, together with that of 1L ReS2 for 
comparison.[47] The number of modes does not significantly  
change with N increasing from 1L to 8L. The relative inten-
sity between different modes is usually sample dependent, 
owing to the relative orientation between NL ReS2 crystal axis 
and laser polarization direction. The peaks at ≈161, ≈213,  
≈235 cm−1 do not appreciably move with respect to N for both 
AI- and IS-NL-ReS2. However, as marked by the dashed lines in 
Figure 8a,b, the ma and mb peaks have different N-dependent 
evolution tendencies in AI- and IS-NL-ReS2. The vibrational 
displacements of ma and mb mode are Ag-like out-of-plane 
and Eg-like in-plane mode, respectively, analogous to those 
in NL MX2. The ma mode of 1L ReS2 softens in AI-stacked 
NL ReS2 while it stiffens for IS-stacked ones. Unlike the ma 
mode, the mb mode stiffens in AI-stacked NL ReS2 but almost 
remains unmoved for all IS-stacked samples. Consequently, 
Δω(mb − ma) = Pos(mb)−Pos(ma) increases from 16.7 cm−1  
of 1L ReS2 to 20.6 cm−1 of AI-8L-ReS2, but decreases to 13.3 cm−1  
of IS-8L-ReS2, as plotted in Figure 8c.

All the 2DM flakes are bonded together by the vdW coupling. 
The HF Raman peaks of NL 2DM flakes should always exhibit 
frequency shifts from bulk to monolayer, either significantly 

or insensitively dependent on N. Once the frequency of HF 
modes or frequency difference between two HF modes of NL 
2DM flakes is sensitive to N, it can be applied for N identifica-
tion for 2DM flakes, such as the position and profile of the 2D 
modes in NLG, Pos(A1g)-Pos(E1

2g) in NL MoS2 and Δω(mb −ma) 
in NL ReS2. However, for almost all the 2DM flakes, when  
N > 5, the frequency difference of HF modes between NL and 
(N+1)L 2DM flakes, so in this case, it is no longer valid for N 
identification. The HF Raman peaks always exhibit frequency 
shifts from bulk to monolayer, which has been observed in 
other 2DMs, such as Bi2Se3, Bi2Te3, PtS2, WTe2, GaS, and 
GaSe.[3,11,102–104]

4.1.2. N-Dependent Peak Intensity

In the simplest model, the Raman intensity of HF modes in NL 
2DMs would increase with N, because there are more 2D layers 
to contribute the Raman signal. However, the thicker 2DM 
flake also causes the stronger absorption of the laser beam and 
Raman signal. Thus, after a critical N, the Raman intensity of 
HF modes in NL 2DMs would decrease with N.

Again, we take NLG as an example. 22 intrinsic NLG flakes 
with N from 1 to 102 are deposited on (different) SiO2/Si sub-
strates ( SiO2h  = 89 nm) by mechanical exfoliation. The thick-
ness of NLG flakes was pre-estimated by the AFM measure-
ment. Considering that the real NLG may be defective, after 
the above measurement, defects were introduced intention-
ally for all the NLG flakes by ion implantation. The peak area 
of the G mode, I(G), is also measured on the defective NLG 
flakes, which is normalized by that of the Si peak from bare 
substrate, I0(Si). The schematic diagram for Raman measure-
ments is shown in Figure 9a. After the ion implantation, the D 
peak at ≈1350 cm−1 appears in the Raman spectra of the NLG 
flakes, as depicted in Figure 9b, meaning that the NLG flakes 
become defective. The trend of I(G)/I0(Si) as a function of N 
for intrinsic and defective NLG flakes is similar to each other, 
so only N-dependent I(G)/I0(Si) in the defective NLG flakes at 

Adv. Funct. Mater. 2017, 1604468
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Figure 8.  HF Raman spectra of a) AI- and b) IS-NL-ReS2 up to 8L in the range of 120–250 cm−1. c) Pos(mb)-Pos(ma) as a function of N for AI-stacked 
(green circles) and IS-stacked 2–8L ReS2. The inset shows the atom displacement of the modes ma and mb. Reproduced with permission.[47] Copyright 
2016, Royal Soceity of Chemistry.
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excitation wavelengths of 532 and 633 nm are summarized in 
the Figure 9c. As expected, I(G)/I0(Si) first increases to a max-
imum when N increases up to N~18 and then decreases with 
increasing N.[72]

N-dependent I(G)/I0(Si) can be simulated based on the 
multiple reflection interference model in air/NLG/SiO2/Si 
multilayers.[72,73,105,106] This model is used similar to the case 
to calculate OC of NLGs on SiO2/Si substrate. However, when 
we calculate the Raman intensity from a multilayer structure, 
the multiple reflections and optical interference of the laser 
beam and Raman signal must be treated separately to calculate 
the corresponding enhancement factors. Given that the dif-
ferent polarization dependence of the Raman modes of NLG 
and Si substrates due to their different lattice symmetries, the 
Raman tensor R of the phonon mode for NLG and Si must 
also be considered. The ratio (η) of Raman scattering effi-
ciency between silicon and carbon atoms is used as an adjust-
able parameter to fit the experimental I(G)/I0(Si) in Figure 9c. 
Finally, the theoretical I(G)/I0(Si) is found to be in good agree-
ment with the experimental ones in the defective NLGs and η 
is fitted as 0.26 and 1.68 for the 532 and 633 nm laser excita-
tions, respectively. Details of calculation has been referred in 
Li et al.[72]

I(G)/I0(Si) of NLGs is not monotonically dependent on N, 
however, the case is different if I(G) is normalized by the peak 
area of the Si mode from SiO2/Si substrate beneath the NLG 
(denoted as I2dm(Si)). The laser beam will first reach down to 
the Si substrate after the absorption by NLG flakes, and the 
Raman signal from Si substrates will be absorbed again by 
NLG flakes before it is collected by the objective. Therefore, 
I2dm(Si) decreases monotonically with increasing N. The Sche-
matic diagram to measure I(G) and I2dm(Si) is demonstrated 
in Figure 10a. Figure 10b shows the Si mode from the SiO2/Si 
substrate beneath the NLG flake and the G mode from intrinsic 
NLGs with specific N. Once I(G) of the NLG flakes is normalized  

by the corresponding I2dm(Si), I(G)/I2dm(Si) increases mono-
tonically with increasing N, and Log(I(G)/I2dm(Si)) is almost 
linearly dependent on Log(N), as shown in Figure 10c.[72] The 
experimental N-dependent I(G)/I2dm(Si) can be well reproduced 
by the theoretical simulation by the multiple reflection interfer-
ence model as discussed above.[72,73,105,106]

Similar to NLG, I(E1
2g) and I(A1g) in NL MX2 are also 

dependent on N.[94,99] Taking NL MoS2 as an example, 
I(E1

2g)/I(Si0) and I(A1g)/I(Si0) first increase up to N = 4 and then 
decrease with increasing N.[86] Its critical N is much smaller 
than the case in NLG, because NL MX2 exhibits stronger 
absorption above its band gap than NLG. Besides NLG and NL 
MX2, the N-dependent Raman intensity of HF modes also can 
be observed in other 2DMs, such as BP and ReSe2.[107,108]

Because N-dependent I(G)/I0(Si) and I(G)/I2dm(Si) for 
NLGs deposited on SiO2/Si substrate can be well simulated 
by the multiple reflection interference model, I(G)/I0(Si) and 
I(G)/I2dm(Si) can be applied in the N determination of the NLG 
flakes. However, there exist two problems for such protocol: 
1) the fitting parameter η is excitation-wavelength dependent, 
which must be determined for each laser wavelength before 
application for N determination; 2) I0(Si) and I2dm(Si) is related 
with the crystal orientation of Si substrates if the Si (111) is 
not used in the SiO2/Si substrates. To construct the relation 
between N and I(G) normalized by I0(Si) or I2dm(Si) for N 
determination, it is better to use the same SiO2/Si substrate, 
whose crystal orientation must be kept as the same with each 
other during the intensity measurement for each Raman 
system.

The above protocol cannot be applicable to 2DMs whose 
( )n� λ  is not unified from monolayer to multilayer, such as 

ultrathin TMD flakes. Because HF mode intensity usually is 
sensitive to the doping level,[109] disorder level[110] and stacking 
orders,[42] the above protocol cannot be also applicable to highly 
doped, heavily disordered, or randomly stacked 2DMs.

Adv. Funct. Mater. 2017, 1604468
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Figure 9.  a) Schematic diagram to measure the Raman intensity of the Si mode from bare SiO2/Si substrate (denoted as I0(Si)) and of the G mode 
from NLG (denoted as I(G)). b) Raman spectra of defective NLGs with a few N in the range of the D and G peaks. The excitation wavelength is  
633 nm. c) The experimental and theoretical I(G)/I0(Si) as a function of N of NLG flakes. The excitation wavelengths of 532 and 633 nm are used. The 
objective NA is 0.45. Adapted with permission.[72] Copyright 2015, Royal Society of Chemistry.
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4.2. ULF Raman Spectroscopy

Because the interlayer coupling in multilayer 2DMs is mainly 
the weak vdW interactions, the frequencies of Raman modes 
relevant with the interlayer coupling is very low and usually 
is below 100 cm−1. There are two types of interlayer vibration 
modes, the shear modes and layer-breathing modes, which 
correspond to the relative motions of the atom planes parallel 
and perpendicular to the plane, respectively. The shear mode 
is referred to as the C mode in (twisted) MLG because it pro-
vides a direct measurement of the interlayer coupling and was 
first observed in MLG.[67] As for a general notation for inter-
layer vibration modes in LMs, we denote the shear and layer 
breathing modes as the S and LB modes, respectively. The S and 
LB modes do not exist in monolayer 2DMs. The S or LB modes 
are also not expected in bulk LMs which have only one rigid 
layer in its unit cell (for example, ReS2, ReSe2 and Bi2Se3). The S 
and LB modes have been observed in multilayer graphene,[67,111] 
TMDs,[47,85,107,112] Bi2Se3,[102] BP,[113,114] PtS2,[103] and so on.

In an NL 2DMs, there are N-1 S and N-1 LB modes, which 
are denoted as SNN−i and LBNN−i (i = 1, 2, ..., N-1), where the 
SN1 (LBN1) (i.e., i = N-1) is the one with highest frequency and 
CNN−1 (LBNN−1) (i.e., i = 1) is the one with lowest frequency. The 
frequencies of these modes are linked with N by a linear chain 
model (LCM) in which each atom layer is considered as a single 
ball and there is mutual coupling between them.[67] In general, 
only the nearest-neighbor interlayer interaction can be consid-
ered for LCM to describe N-dependent Pos(S) and Pos(LB) in 
NL 2DMs by Equation (2)[67,85]

π
π

= = −
= = −

−

−

Pos( ) 2Pos( ) ( /2 ), 1,2,..., 1

Pos( ) 2Pos( ) ( /2 ), 1,2,..., 1
21

21

S S cos i N i N

LB LB cos i N i N
NN i

NN i 	 (2)

where Pos(S21) and Pos(LB21) are the S and LB frequency 
of 2L 2DM flakes. Because Pos( ) 2Pos( )bulk 21S S=  and 

Pos( ) 2Pos( )bulk 21LB LB= , Pos(S21) or Pos(LB21) in the Equation (2)  
can be obtained from Pos(Sbulk) or Pos(LBbulk), respectively, 
once they can be measured in bulk LMs. Equation (2) can be 
used to deduce all the S or LB modes of 2DMs for different 
N.[67] The symmetry of 2DMs determines whether the S and 
LB modes are Raman active.[115] The intensity of the S and LB 
modes is determined by their EPC. For example, only SN1 peaks 
is observed in an intrinsic AB-NLG at room temperature, due 
to the weak EPC or Raman inactivity of other S or LB modes.[67] 
Figure 11a1,a2 plots the Raman spectra for NLGs with 
increasing N. Figure 11b shows the fitted Pos(G) and Pos(S) as 
a function of 1/N. Whereas Pos(G) remains ≈1581 cm−1, with 
no significant change with N, Pos(S) increases from 2LG to 
bulk graphite. Equation (2) describes all the experimental data. 
The only unknown parameter in Equation (2) is the interlayer 
coupling strength. By fitting the experimental data we can 
directly measure it. This result indicates that the interlayer cou-
pling strength is constant in NLGs and independent on N. In 
Bernal-stacked MLG, the hardening of the S mode is not due 
to a variation of interlayer coupling, but rather to an increase of 
the overall restoring force (surface layers are less bound than in 
the bulk) going from 2LG to bulk graphite.

In bulk MoS2, the LB mode is Raman inactive and the S 
mode is Raman active, and thus, one ULF mode only observed 
in bulk MoS2 is attributed to the S mode. However, both the 
S and LB modes are Raman active in 2L MX2. The observed 
one with frequency of Pos(Sbulk)/ 2  is attributed to the S mode 
and the other is the LB mode. Figure 12a shows experimental 
spectra of S and LB phonon branches of 1-10L and bulk MoS2. 
Figure 12b,c show their experimental (squares) and LCM-based 
theoretical (crosses) frequencies of S and LB modes, respec-
tively. The S modes observed experimentally are attributed to 
the i = N-1, i = N–3, and i = N–5 phonon branches, while the 
LB modes to the i = 1, i = 3, and i = 5 phonon branches in 
Equation (2). It shows that when N > 6, the frequency of the 

Adv. Funct. Mater. 2017, 1604468
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Figure 10.  a) Schematic diagram to measure I(G) of NLG and I2dm(Si). b) The Si mode from the SiO2/Si substrate beneath the NLG flake and the G 
mode from intrinsic NLGs with specific N. The excitation wavelength is 633 nm. c) The experimental and theoretical I(G)/I2dm(Si) as a function of N. The 
objective NA is 0.45. The excitation wavelengths of 532 and 633 nm are used. Adapted with permission.[72] Copyright 2015, Royal Society of Chemistry.
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S modes with i = N-1 and the LB modes with i = 1 is weakly 
dependent on N. However, the frequency of other phonon 
branches of the S modes (e.g., i = N-3 and i = N-5) and the LB 
modes (e.g., i = 3 and i = 5) is still sensitive to N.

Graphite and MX2 have a high symmetry (D6h) The proper-
ties of these LMs are isotropic within the ab plane because of 
D6h symmetry. The S modes of 2DMs corresponding to these 

LMs are degenerate. However, in an anisotropic multilayer 
2DMs, such as NL BP and NL ReS2, the S modes are nonde-
generate and each pair of the S modes should be denoted as 
Sx and Sy. The LCM can also be applied to the nondegenerate 
S modes, and the frequencies of the Sx

N,N−j and Sy
N,N−j modes  

(j = 1,2,...,N–1) can also be expressed by Equation (2). Indeed, 
in NL ReS2, two sets of the S modes are observed in 2-8L ReS2 

Adv. Funct. Mater. 2017, 1604468
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Figure 12.  a) ULF Raman spectra of 1-10L and bulk MoS2. The theoretical (crosses) and experimental (squares) frequencies of b) S and c) LB modes 
of 1-10L MoS2. Adapted with permission.[85] Copyright 2013, APS.

Figure 11.  a1) Stokes/anti-Stokes Raman spectra for the S peak spectral region and a2) Stokes Raman spectra for the G peak spectral region. b) Pos(G) 
(filled black circles) and Pos(S) (open circles), as a function of 1/N. The blue dash-dotted line is a plot of Equation (2). Vertical dashed lines in (a1) 
and the horizontal line in (b) are guides to the eye. Adapted with permission.[67] Copyright 2012, Nature Publishing Group.
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along with the LB modes, as shown in Figure 13a.[47] Similar 
to the case of NL MoS2, the LB modes can be attributed to the 
j = 1, j = 3, and j = 5 phonon branches and decrease in fre-
quency with increasing N for each branch, while the S modes 
in NL ReS2 can be attributed to the j = N–1, j = N–3, and j = N–5  
phonon branches and increase in frequency with increasing 
N for each branch, as depicted in Figure 13b,c. This stacking 
order is most stable and anisotropic in NL ReS2 according to 
the theoretical simulation and is denoted as AI-stacking order 
and the corresponding NL ReS2 as AI-NL-ReS2. However, only 
one S mode is observed in 2L ReS2 with another stacking order 
(see Figure 13d), which suggests that such stacking order is iso-
tropic.[47] Its frequency lies between Sx

21 and Sy
21 of AI-2L-ReS2. 

The isotropic-like stacked NL ReS2 are denoted as IS-NL-ReS2. 
However, the N-dependent Pos(S) in IS-NL-ReS2 is quite dif-
ferent from that in AI-NL-ReS2. Similar to the case of the LB 
mode, the S modes in IS-NL-ReS2 can be attributed to the j = 1, 
j = 3 and j = 5 phonon branches and decrease in frequency 
with increasing N for each branch, as depicted in Figure 13e,f. 
The observed different branches of the S modes in AI- and 
IS-stacking orders result from the different symmetries and  
electron-phonon couplings between the two stacking orders.[47]

The S and LB vibrations are an intrinsic property of mul-
tilayer 2DMs, which are irrelevant to any substrate. Indeed, 
substrate effect can be ignored on Pos(S) and Pos(LB) of 2DM 
flakes. Because Pos(S) and Pos(LB) are linked with N by a 
robust general formula of Equation (2) based on LCM, there-
fore, the S and LB modes can be utilized to identify N of NL 
2DM flakes and this method proves to be substrate-free.  
In principle, this technique can be applied to any 2DMs pro-
duced by micro-mechanical exfoliations, CVD growth, or 

transfer processes on various substrates, without the need for 
monolayer thickness and complex refractive index of 2DMs and 
the supporting substrate. The recent advance in ULF measure-
ment techniques will make this N-identification method as a 
robust, fast, nondestructive and substrate-free approach for 
layer-number identification of ultrathin 2DM flakes.

The N-identification of NL 2DM flakes by ULF Raman 
modes can be also applied to 2D alloys, which can be alloyed 
by any of two or more 2DMs with similar properties. Here, we 
take Mo0.5W0.5S2 alloys (simply denoted as MoWS2 alloy) as 
an example to show how to identify N of MoWS2 alloy flakes 
directly by the S mode of bulk alloy. In comparison to NL WS2 
and NL MoS2, the E1

2g and A1g modes in MoWS2 alloy exhibit 
broadened profiles due to the disorder effect. However, such 
disorder effect is generally absent for the interlayer vibrations 
of the MoWS2 alloy,[19] as shown in Figure 14a. The S mode is 
Raman active in bulk alloy. Once Pos(Sbulk) is measured, one 
can obtain N-dependent peak positions of S+

2 (j = N–1) and S+
6 

(j = N–3) branches via Equation (2) by Pos(S21) = Pos(Sbulk)/ (2),  
as depicted in Figure 14b, which can be used for N determina-
tion. 1L alloy can be identified by the absence of ULF modes. 
Both the S and LB modes are Raman active in 2L MoWS2 alloy, 
two ULF Raman modes can be observed in 2L alloy (Figure 14c). 
The S mode is located at Pos(Sbulk)/ (2)  and the other mode is 
the LB mode with measured Pos(LB21). The S and LB modes 
can be distinguished by the parallel (VV) and cross (HV) polari-
zation configurations. The N-dependent peak positions of LB−

2 
(j = 1) and LB−

6 ( j = 3) branches (Figure 14d) via Figure (2) by 
Pos(LB21) can be used to further confirm the N determination 
by the S+

2 and S+
6 branches. The N-dependent frequencies of 

both the S and LB modes are given in Figure 14e,f. Indeed, by 

Adv. Funct. Mater. 2017, 1604468
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Figure 13.  Low-frequency Raman spectra of 1-8L ReS2 with a) AI-stacking and b) IS-stacking orders. The theoretical (crosses) and experimental 
(squares, circles, and triangles) frequencies of c) LB mode and d) C mode with AI-stacking order and e) LB mode and f) C mode with IS-stacking order 
in 2-8L ReS2. Reproduced with permission.[47] Copyright 2016, Royal Society of Chemistry.
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comparing the experimental and theoretical peak positions of 
the S modes of the S+

2 and S+
6 branches and the LB modes of 

LB−
2 and LB−

6 branches, the N of MoWS2 alloy flakes can be 
determined. Therefore, once the S and (or) LB modes of bulk 
MoWS2 alloy can be measured, whose frequencies can be used 
to identify MoWS2 alloy flakes even though the supporting sub-
strate and alloy composition are unknown.

4.3. Davydov Splitting

The frequency of HF modes in NL MX2 flakes should be 
dependent on the interlayer coupling between adjacent layers, 
i.e., the coupling between two nearest X atoms in adjacent 
layers if only the nearest coupling is considered.[57] Once the 
nearest X atoms in adjacent layers vibrate out of phase, the 
additional vdW interaction between the nearest X atoms in 
adjacent layers will raise the frequency of the Raman mode 
with respect to the mode whose nearest X atoms in adjacent 
layers vibrate in phase, leading to Davydov splitting.[57] Consid-
ering that two identical coupled entities have vibrational fre-
quencies given by ω0 and ωc, where ω0 is the frequency of the 
isolated entity and that of two uncoupled entities when the two 
entities vibrate in phase, and ωc is the frequency of two cou-
pled entities in which they vibrate out of phase, if Δω is the 
coupling frequency between two coupled entities, the three 
frequencies have the relation of 2

0
2 2

cω ω= + ∆Ω .[116] 2L MX2 can 
exhibit clear signature of the Davydov splitting as the case the S 

modes in twisted (2+2)LG.[42,117] However, only one of the two 
Davydov components is usually Raman active, and it is difficult 
to directly observe Davydov splitting in 2L MX2.

We take the A′1 mode in 1L MoTe2 as an example to dis-
cuss how the LB vibrations significantly affect the frequency 
of the HF A′1-like modes in multilayer MoTe2. The A′1 mode 
in 1L MoTe2 will split into N A′1-like modes in NL MoTe2  
(N > 1). These modes can be expressed as 1

2
N + A′1+

1
2

N − A′′2 
for ONL MoTe2 and 

2
N  A2u+

2
N A2

1g for ENL MoTe2 ,[10,57,93] 
where the A′1 and A2

1g modes are Raman active and the A′′2 
and A2u modes are infrared active. Therefore, for ONL MoTe2, 
it is expected to observe (N+1)/2 Davydov components of  
A′1-like mode, and N/2 Davydov components of A′1 mode 
would be observed in ENL MoTe2 in the corresponding Raman 
spectra. For the A′1-like modes NL MoTe2, the observed Raman 
spectra are usually the Davydov component with the highest 
frequency, while the frequency of the uncoupled Davydov com-
ponent should be the lowest one among the N Davydov com-
ponents, which is equal to that of the A′1 mode of 1L MoTe2 
if only the nearest interlayer coupling is considered. Indeed, N 
Raman-active A′1-like Davydov components have been clearly 
observed in both the (2N-1)L and 2NL MoTe2 flakes (N > 1), 
as shown in Figure 15a.[57] Davydov splitting has also been 
observed in the WS2, MoS2, and MoSe2.[58,97,118]

The S and LB modes are the direct signatures of interlayer 
coupling in 2DMs, and the Raman spectra of the S and LB 
modes in NL MoTe2 flakes are shown in Figure 15b. Because the 
atomic displacements of the A′1-like modes are perpendicular to 
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Figure 14.  a) Raman spectrum of bulk Mo0.5W0.5S2 alloy in 320–450 cm−1 ranges. b) Low-frequency Raman spectra of 2L Mo0.5W0.5S2. The C mode 
is observable under both VV and HV configuration, while the LB mode is observable only under the VV configuration. Raman spectra of c) C phonon 
branches under the HV configuration and d) LB phonon branches under the VV-HV configuration in 2-11L Mo0.5W0.5S2. The theoretical (crosses) and 
experimental (squares) frequencies of e) C and f) LB modes in 2-11L Mo0.5W0.5S2. Adapted with permission.[19] Copyright 2015, AIP.
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the basal plane, the interlayer LB coupling can be closely related 
to the frequency difference between Davydov components. We 
take the 4L MoTe2 as an example, the atomic displacement of 
the A′1-like and LB modes are plotted in Figure 15c. The A′1-like 
and LB modes with the same number of the in phase vibration 
interface (N(ip)) are plotted together. If only the nearest inter-
layer coupling, the frequency of the LB modes are the coupling 
frequency (Δωi, i = 1,2,3) of Davydov components in 4L MoTe2. 
The A2u (IR2) mode is the uncoupled entities with a frequency 
of ω0, and the other three modes are the coupled entities with 
the frequencies of ωci, i = 1, 2, 3, respectively. The frequencies 
ω0, ωci and Δωi will satisfy the vdW model of 2 2

0
2

ci iω ω ω− ∆ =  
(i = 1,2,3). Based on the vdW model and the observed Davydov 
component with the highest frequency, the calculated frequency 
of other Davydov components in 3-6L MoTe2 are depicted in 
Figure 15d by solid diamonds and squares, which is in good 
agreement with the experimental data. It is found that the dif-
ference in the electron-phonon coupling strength between two 
Davydov components may result in different resonant profiles, 
and thus proper excitation energy must be chosen to observe the 
Davydov splitting in NL MoTe2 (N > 2).

In principle, the frequency of uncoupled entities in NL 
MoTe2 should be equal to that of the isolated entity because all 
the nearest Te atoms in adjacent layers vibrate in phase. There-
fore, Pos(A′1(R2)) in 3L MoTe2 should be the same as Pos(A′1) 
in 1L MoTe2. However, the frequency difference between the 
A′1 mode in 1L MoTe2 and the A′1(R2) mode in 3L MoTe2 is 
about 2.5 cm−1. Even so, the Davydov splitting between A′1(R1) 
and A′1(R2) in 3L MoTe2 can be well understood by the vdW 
model. This suggests that the Davydov splitting in 3L MoTe2 
is mainly determined by the interlayer vdW interactions, which 
provides a direct evidence from Raman spectroscopy of how the 
nearest vdW interactions significantly affect the frequency of 
HF modes in multilayer MoTe2. The above vdW model can be 
also extended to the Davydov splitting of HF modes associated 
with the S modes and to the Davydov splitting in other 2DM 
flakes. This presents a simple way to identify N of ultrathin 

MoTe2 flakes by the corresponding number and peak position 
of Davydov components.

4.4. N-Dependent Si Mode Intensity from  
SiO2/Si Substrate

The intensity of the Si mode from SiO2/Si substrate underneath 
2DM flakes (I2dm(Si)) is significantly dependent on N and usu-
ally decreases monotonically with increasing N of 2DM flakes, 
since 2DM flakes on SiO2/Si substrate can absorb both laser 
beam reflected from Si substrate and Raman signal from Si 
substrate to some extent. This absorption is hardly modified by 
the small amount of defects and disorders in 2DM flakes.[119–121]  
Taking NLGs on SiO2/Si substrate ( SiO2h  = 89 nm) as an 
example, the intensity of the Si mode from SiO2/Si substrate 
underneath NLG flakes is denoted as I2dm(Si) and that from the 
bare SiO2/Si substrate is denoted as I0(Si). Schematic diagram 
of Raman measurements to measure the ratio of I2dm(Si)/I0(Si) 
is demonstrated in Figure 16a. The measured I2dm(Si)/I0(Si) 
with NA = 0.45 and excitation of 532 and 633 nm are plotted in 
Figure 16b. N-dependent I2dm(Si)/I0(Si) can be well understood 
by the multiple reflection interference model,[72] as shown in 
Figure 16b. It shows that different excitation wavelengths give 
different trends for N-dependent I2dm(Si)/I0(Si). However, for 
both the excitation wavelengths, I2dm(Si)/I0(Si) decreases mono-
tonically with increasing N of NLG flakes.

Because the Raman intensities of HF modes in 2DMs flakes 
and the Si mode are very sensitive to both the crystal orienta-
tion of 2DM flakes and Si substrates and to the laser polariza-
tion, the N identification by the ratio between Raman intensi-
ties of HF mode in 2DMs flakes and Si mode cannot be used 
as a standard method for general application. However, I2dm(Si) 
and I0(Si) are from the same Si substrate, so it does not need 
to consider crystal orientation of Si substrate. Therefore, we 
can identify N of intrinsic and defective NLG flakes up to N =  
100 by comparing the theoretical and experimental ratios of  
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Figure 15.  a) The Raman spectra of 1-6L MoTe2 flakes in the ULF region by 532 nm. b) The A′1 (A2
1g) modes in 1-6L MoTe2 excited by 633 nm. Raman 

spectra are normalized to the strongest peak and are offset for clarity. c) Schematic diagram of the vdW model for Davydov splitting in 4L MoTe2. N(ip) 
is the number of the in phase vibration interface. d) The calculated frequency (solid diamonds and squares) of each Davydov component of the A′1-like 
modes in 3-6L MoTe2 based on the experimental (Exp.) value (gray solid circles) of the Davydov component with highest frequency and the vdW model, 
and the corresponding experimental (open diamonds and squares) frequency of each Davydov component of the A′1-like modes. The experimental 
frequency of the A′

1-like modes in 1-2L MoTe2 is also included. Adapted with permission.[57] Copyright 2016, APS.
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I2dm(Si)/I0(Si).[72] During the measurement, one can rotate 
the Si substrate to get a maximum intensity of the Si mode 
from bare SiO2/Si substrate to reach a high signal-to-noise of 
I2dm(Si)/I0(Si). SiO2h  is an important parameter to determine 
I2dm(Si)/I0(Si), however, I2dm(Si)/I0(Si) for NLG flakes on sub-
strate with SiO2h  = 290, 300, 90, and 100 nm at 532 nm excita-
tion are almost identical to each other, as shown in Figure 16b, 
suggesting 532 nm excitation is a good choice to identify N of 
NLG flakes by I2dm(Si)/I0(Si). The monotonically trend and high 
signal-to-noise make I2dm(Si)/I0(Si) identify N of NLG flakes on 
SiO2/Si substrate with small error. The N deviation given by 
532 or 633 nm excitations is very small, almost zero for N ≤ 15, 
less than 1 for 16 ≤ N ≤  40, and less than 3 for 41 ≤ N ≤  100.

There are several advantages of the N identification based 
on I2dm(Si)/I0(Si): (1) The Raman intensity from Si substrates 
is usually so intense that the signal-to-noise of the measured 
I2dm(Si)/I0(Si) can be very high. (2) In contrast to I(G)/I0(Si) 
or I(G)/I2dm(Si), this technique does not need to introduce 
an undetermined Raman efficiency of different atoms in the 
intensity calculation for the corresponding Raman modes.  
(3) Because the Si peaks is from the same Si substrate, it makes 
the measured value of I2dm(Si)/I0(Si) robust for any substrate 
orientation and laser polarization. (4) I2dm(Si)/I0(Si) is not 
affected by slight disorders molecule adsorption and doping if 
they do not significantly modify n�λ  of 2DMs. (5) The N iden-
tification based on Raman spectroscopy offers a high spatial 
resolution for other optical techniques, such as OC.

I2dm(Si)/I0(Si) is also sensitive to N of other 2DM flakes, such 
as ultrathin MX2 flakes. Because the used NA, SiO2h  and laser 
wavelength may be different in different laboratory, one must 
compare the experimental I2dm(Si)/I0(Si) with theoretical one to 
precisely identify N of NL MX2 deposited on the SiO2/Si sub-
strates. However, due to the lake of a unified n�  for NL MX2 
from 1L to multilayer, it is difficult to calculate I2dm(Si)/I0(Si) 
by the multiple reflection interference model. To obtain a uni-
fied effn�  for NL MX2 from 1L to multilayer, we assumed the  
real part of effn�  of NL MX2 as that of 1L MX2 and treated the 

imaginary part of effn�  as a fitting parameter to fit the experi-
mental intensity ratio of I2dm(Si)/I0(Si) for each laser exci-
tation. effn�  of MoS2, WS2, and WSe2 are obtained for typical 
laser excitations (488 and 532 nm) and can be used to well 
fit N-dependent I2dm(Si)/I0(Si) for SiO2/Si substrates with  

SiO2h  ≃ 90 nm, as shown in Figure 17.[86] The fitted effn�  of 
MoS2 has been used to identify N of MoS2 flakes deposited on 
SiO2/Si substrates with SiO2h  = 302 nm, which agrees well with 
that determined from their S and LB modes.[86] This provides a 
way to identify N of 2DM flakes with N-dependent n�  by meas-
uring Raman intensity from substrate.

For application purposes of N identification of TMD and 
MLG flakes for the research community, I2dm(Si)/I0(Si) of 
TMD flakes deposited on SiO2/Si substrate is provided in the 
supplementary data of Li et al.[86] for commonly used excita-
tion energies (2.34 and 2.54 eV) and SiO2h  of 80~110 nm and 
280~310 nm, along with the corresponding data for MLG.

5. Optical Absorption

As discussed above, the N-dependent optical absorption is fun-
damental to understand OC of 2DM flakes and Raman inten-
sity of 2DM flakes or substrates for N identification. For the 
suspended flakes or flakes laying on transparent substrate, the 
absorption spectra can be measured directly.[37,53,123–126]

The opacity of suspended graphene is defined solely by the 
fine structure constant, a = e2/ℏc ≈ 1/137 (where ℏ is reduced 
Planck's constant, e the electron charge and c is the speed of 
light), the parameter that describes coupling between light and 
relativistic electrons and that is traditionally associated with 
quantum electrodynamics rather than materials science.[37,124] 
Despite being only one atom thick, graphene is found to absorb 
a significant (πa = 2.3%) fraction of incident white light, a conse-
quence of graphene’s unique electronic structure. The transmit-
tance of 1LG is T = (1 + 0.5πa)−2 and R = 0.25π2a2T. Because the 
structure constant is quite small, ≈1/137, the R can be neglected. 

Figure 16.  a) Schematic diagram of Raman measurements of I2dm(Si)/I0(Si). b) The theoretical curves (solid and dashed lines) and experimental data 
(diamonds and squares) of N-dependent I2dm(Si)/I0(Si) for 532 nm and 633 nm excitations, NA = 0.45. c) The calculated N-dependent I2dm(Si)/I0(Si) 
excited by a 532 nm excitation for different SiO2

h . NA = 0.45. Adapted with permission.[72] Copyright 2015, Royal Society of Chemistry.
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Thus, (1−T) ≈ πa, and rption coefficient can be detected by 
the transmittance spectra, as shown in Figure 18a. Figure 18b 
shows the experimental and theoretical data of the transmittance 
spectra for 1LG. The absorption coefficient of 1LG is unified at 
the white light range. Moreover, the intensity of transmittance 
spectra reduce by πa with each added layer for 1–5 layers.

For ultrathin TMD flakes supported by a transparent sub-
strate, differential reflectance provides an effective measure of 
absorbance.[53,69,125,126] The fractional change in reflectance δR 
for a thin layer sample relative to the reflectance of a dielectric 

substrate with refractive index of nsubs is related to the absorb-

ance (A) of the material by: ( )
4

1
( )

subs
2R

n
Aδ λ λ=

−
.[127] nsubs can 

be assumed as wavelength independent for the visible spec-
tral range on the quartz substrate. All peaks exhibit a gradual 
but distinct blueshift with decreasing flake thickness.[53] 
N-dependent absorption can also be expected in other 2DMs, 
such as BP, ReS2 and InSe.[128–130]

Because the absorbance of 2DM flakes usually increases with 
increasing N, the transmittance spectra (absorption spectra) 
can be used to identify the N of 2DM flakes, such as MLGs 
and TMDs. However, due to the measurement requirement of 
absorption spectra, it just is suitable to identify the N of 2DM 
flakes that are suspended or on transparent substrate.

6. Photoluminescence

Most MX2 are indirect gap semiconductors in bulk, but trans-
form to direct gap semiconductors when thickness is reduced 
to monolayer.[33,34,53] The indirect-to-direct transition is attrib-
uted to the absence of weak interlayer coupling in the mon-
olayer,[33,34,131] which was directly verified in NL MoSe2 via 
interlayer thermal expansion. An excited electron will attract 
a hole by Coulomb interactions to form a bound state (called 
an exciton) with the bound energy levels lying in the band-gap 
region. This excitonic effect is significantly enhanced in 2DMs 

owing to strong spatial confinement and a reduced screening 
effect.[132–135] Thus, as a 2DM, 1L MX2 is expected to have a 
strong excitonic effect with a large exciton binding energy of 
0.5–1.0 eV,[136–138] which will significantly influence its optical 
properties, e.g., PL and optical absorption.

The indirect-to-direct band-gap transition from bulk to 1L 
MoS2 (also WS2, WSe2, and MoSe2) leads to enhanced PL emis-
sion in 1L MoS2 and decrease in PL intensity with increasing 
N. For 2-6L MoS2 and some of other MX2 flakes, the indirect 
band gap (lowest PL peak position) decreases with increasing 
N. Figure 19a,b show PL spectra of 1-6L MoS2 and 1-6L WS2, 
respectively. The PL spectrum of 1L MoS2 and 1L WS2 consists 
of a single narrow feature due to their direct band-gap struc-
ture, which make them be easily distinguished from their mul-
tilayer. In contrast, there are multiple emission peaks in 2-6L 
MoS2 and 2-6L WS2, where the lowest-energy peak (labeled 
as I) shifts to lower energies with increasing N due to the 
indirect band-gap structure changing with N. The transitions 
of NL MoS2 and WS2 with lowest energies are summarized 
in Figure 19c,d. Therefore, the lowest transition energy in PL 
spectra can be used to identify N of NL MoS2 and NL WS2 
when N < 6. This technique can also be applied to other MX2 
flakes, such as WSe2, MoSe2 and MoTe2.

The N-dependent PL spectra have also been measured from 
other semiconducting 2DM flakes, such as ReS2, ReSe2, and 
BP.[47,55,56,107] 1L ReS2 and both AI- and IS-NL-ReS2 are direct 
band-gap semiconductors. The PL profile of AI-NL-ReS2 is sim-
ilar to that of 1L ReS2. However, the PL profile of IS-NL-ReS2 is 
narrower and shows a sharper peak at the peak center. These 
different PL features can be adopted as a gauge to distinguish 
the IS-NL-ReS2 from the AI stacked ones, while the peak posi-
tion can be further used to identify N for ReS2 flakes.[47] NL BP 
(N ≥ 1) is also direct gap semiconductor. The band gap of NL 
BP varies from each other strongly from 1.5–2.0 eV in 1L BP 
to ~0.8 eV in 5L BP,[55,56] due to the strong interlayer coupling. 
Because of its instability, N of BP flakes cannot be reliably 
determined by their PL peaks.

Figure 17.  The theoretical curves and experimental data (triangles and squares) of I2dm(Si)/I0(Si) of a) NL MoS2, b) NL WS2, and c) NL WSe2 by 488 
and 532 nm excitations. Adapted with permission.[86] Copyright 2016, IOP Science.
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7. Second Harmonic Generation

The lack of an inversion center in the crystalline structure of the 
material (so that energy gaps at the K and K′ valleys with finite 
but opposite Berry curvatures are introduced) is an underlying 
reason for developing interesting properties. Actually, the inver-
sion asymmetry of the material not only affects its electronic 
and linear optical properties but also gives rise to a finite second-
order optical nonlinearity (χ(2) ≠ 0).[139] Thus, the SHG can be 
observed in 2DM flakes with noncentrosymmetric structure.

The monolayer and odd-layer of MX2 and BN flakes do not 
have the inversion center, and the even-layer and bulk are with 
inversion center, as shown in Figure 20a. For a specific number 
of layers, the intensity of SHG depends on the crystal orien-
tation, as shown in Figure 20b. The polarization behavior of 
SHG intensity in odd-layer MoS2 and BN obey the cos2(3θ) law, 
i.e., I∥ = I0 cos2(3θ), where θ is the angle between the mirror 
plane in the crystal structure and the polarization of the pump 
beam, I0 is the maximum SHG intensity and I∥ is the SHG 
intensity under parallel configuration, as shown in Figure 20b. 

Figure 18.  a) Photograph of a 50 µm aperture partially covered by 1LG and 2LG. The line scan profile shows the intensity of transmitted white light 
along the yellow line (Inset). The sample design: A 20 µm thick metal support structure has several apertures of 20, 30, and 50 µm in diameter with 
graphene crystallites placed over them. b) Transmittance spectrum of 1LG (open circles). The red line is the transmittance T = (1 + 0.5πa)−2 expected 
for 2D Dirac fermions, whereas the green curve takes into account a nonlinearity and triangular warping of graphene's electronic spectrum. The gray 
area indicates the standard error for the measurements. (Inset) Transmittance of white light as a function of the number of graphene layers (squares). 
The dashed lines correspond to an intensity reduction by πa with each added layer. (a,b) Reproduced with permission.[37] Copyright 2008, AAAS. Dif-
ferential reflectance spectra of mechanically exfoliated c) 2H-WS2 and d) 2H-WSe2 flakes consisting of 1–5 layers. The peaks are labeled according to 
the convention proposed by Wilson and Yoffe.[122] Panels (c) and (d) reproduced with permission.[53] Copyright 2006, APS.
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It’s because of the six-fold symmetry in MoS2 and BN. More-
over, the SHG intensities in MoS2 and BN are dependent on 
N, and can be understand by the wave propagation effects. In 
the 2H-MoS2 and AB-stacked BN, the sign of the SH suscepti-
bility in adjacent layers is alternating. Thus, for flakes with odd 

N, the signals from adjacent layers would cancel each other, 
leading to a very weak and undetectable SHG response. For 
flakes with odd N, in the simplest picture, the signal from a 
block of N-1 layers fully cancels out, leaving the residual signal 
from just one layer. Thus, no thickness dependence would be 

Figure 19.  PL spectrum of a) 1-6L MoS2 and b) 1-6L WS2, where the lowest-energy peak is labeled by arrow. The lowest transition energies in c) NL 
MoS2 and d) NL WS2 as a function of N.

Figure 20.  a) Structures of repeating two-layer units in 2H-stacked MoS2 and h-BN. b) Polar plots of the SHG intensity from 1L BN and 1L MoS2 as 
a function of the crystal’s azimuthal angle θ. c) N-dependent SHG intensities for 1-5L MoS2 and 1-5L h-BN. (a–c) Reproduced with permission.[69] 
Copyright 2013, American Chemical Society. d) Optical images of WS2 flakes on SiO2/Si substrates with SiO2

h  = 300 nm. e) PL images at direct gap 
transition energy of the corresponding WS2 flakes excited at 2.41 eV. Only 1L WS2 are visible at the present contrast. f) The corresponding SHG under 
an 800 nm excitation at normal incidence (150 fs, 80 MHZ) on WS2 flakes. The highest intensity labeled in red arises from 1L WS2. g) N-dependent 
SHG intensity in WS2 flakes, showing an even-odd oscillation. (d–g) Reproduced with permission.[71] Copyright 2013, Nature Publishing Group.
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expected. However, the interlayer coupling and optical absorp-
tion should be considered here. The photon energy of SHG 
(3.1 eV) is higher than the band gap of MoS2. Thus, the SHG 
photon would be absorbed by MoS2. The increased absorption 
from 1L to 5L MoS2 leads to the decreased SHG intensity with 
respect to N as shown in Figure 20c.[69] For BN flakes, due to the 
photon energy of SHG (3.1 eV) is lower than the band gap, the 
effect of the optical absorption can be neglected, and the SHG 
intensity just slightly decreases with N, as shown in Figure 20c.  
The similar behaviors can be observed in WS2 flakes, as shown 
in Figure 20d–g.[71] Therefore, in the ONL MX2, like MoS2 
and WS2, the SHG intensity decreases with increasing N,  
which makes the SHG intensity can used to identify N of  
ONL MX2.

Among the recent advances, 2D gallium selenide (GaSe), 
a layered III-VI semiconductor, has been receiving lifted 
attention from electronic and optoelectronic applications.[140] 
Because of the existence of the inversion center, there is no 
SHG signal from 1L GaSe. There are several different modi-
fications which differ in the stacking sequence, and the three 
most important classifications are so-called β-GaSe, ε-GaSe, 
and γ-GaSe.[141] β-GaSe has two basic layers per unit cell and 
belongs to the space group D4

6h with an inversion symmetric 
center. On the other hand, the layered structure of ε-GaSe is 
generated from one primitive layer by translations. ε-GaSe is 
thus noncentrosymmetric and belongs to the space group D1

3h. 
Therefore, the SHG signal can be detected from the multilayer 
ε-GaSe, but not from β-GaSe. Fortunately, the main stacking 
order in bulk materials is ε-GaSe.[70] In the multilayer GaSe 
produced by mechanical exfoliation method, the SHG can be 
observed. Moreover, because the symmetry of GaSe is different 
from the MX2, the interlayer cancel effect of the SHG signal 
would not happen in GaSe, and the SHG intensity in GaSe 
increase with increasing N. The SHG signal of multilayer GaSe 
above 5L shows a quadratic dependence on N, while that of a 
flake thinner than 5L shows a cubic dependence. The discrep-
ancy between the two SHG responses is attributed to the weak-
ened stability of noncentrosymmetric ε-GaSe in the atomically 
thin flakes where a layer-layer stacking order tends to favor cen-
trosymmetric modification, i.e., β-GaSe.[70]

N-dependent SHG intensity can be employed to determine 
N of 2DM flakes with noncentrosymmetric structure. As dis-
cussed above, the SHG intensity depend on the crystal orien-
tation when there is an analyzer in front of the detector for 
the linear polarized laser.[142,143] Thus, before comparing the 
relative intensities of 2DM flakes with different N, one should 
make sure that all the signals are measured without the ana-
lyzer or under an circular polarized or nonpolarized laser. The 
resonance between the SHG pump photon and optical absorp-
tion peak can enhance the intensity strongly, so the energy of 
the pump laser should be chosen carefully to be out of the reso-
nant window.[144,145]

8. Conclusions

The neighboring layers of layered LMs can easily slide against 
each other so that a single monolayer or multilayer can be fabri-
cated by mechanical exfoliation to form atomically thin crystals, 

known as 2DMs. The properties of 2DMs are highly related to 
their N. Here, we review the evolution of optical properties (e.g., 
OC, Rayleigh scattering, Raman spectroscopy, optical absorp-
tion, PL and SHG) of several typical 2DMs from monolayer 
to multilayer when they are suspended or deposited on some 
kinds of substrates. The optical parameters of peak position, 
peak area (intensity) and linewidth are discussed in detail to 
reveal how to utilize these optical parameters to rapidly and 
accurately determine N or thickness of the 2DM flakes in their 
own applicable scope, which is essential to their fundamental 
studies and practical applications. These optical techniques also 
have own disadvantages in terms of determining N of 2DM 
flakes and may cause ambiguity for providing reliable infor-
mation if they are not utilized properly. In this case, for some 
specific 2DM flakes, the combination of two or more optical 
techniques are necessary to accurately determine their N or 
thickness.

There are now reported to be several hundred companies 
worldwide producing or using graphene and other 2DMs. 
Many issues must be concerned to face the large-scale produc-
tion, processing and application of 2DMs when one consider 
the world outside of the laboratory. For industry to have confi-
dence in graphene materials produced commercially, the prop-
erties of these materials must be accurately, reliably and repro-
ducibly measured. The properties of 2DMs are highly related 
to their thickness, i.e., layer number (N), and thus the N deter-
mination of 2DM flakes is critical to cater to quality appraisals 
for the 2DM industrial products. Therefore, standardization on 
the N determination of 2DM flakes will be crucial to allow the 
comparison of flake thickness for many different 2DMs pro-
duced worldwide, as well as for comparisons against different 
technologies. This review demonstrates that these optical tech-
niques can be expected to service as robust, fast, accurate, non-
destructive and even substrate-free approaches for N counting 
or thickness identification of 2DM flakes produced by micro-
mechanical exfoliations, CVD growth, or transfer processes on 
various substrates, which bridges the gap between the char-
acterization and international standardization for thickness 
determination of 2DM flakes and the gap between academia 
and industry.
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