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TOPICAL REVIEW — Thermal and thermoelectric properties of nano materials
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Two-dimensional (2D) materials have become a hot study topic in recent years due to their outstanding electronic,
optical, and thermal properties. The unique band structures of strong in-plane chemical bonds and weak out-of-plane
van der Waals (vdW) interactions make 2D materials promising for nanodevices and various other applications. Raman
spectroscopy is a powerful and non-destructive characterization tool to study the properties of 2D materials. In this work, we
review the research on the characterization of 2D materials with Raman spectroscopy. In addition, we discuss the application
of the Raman spectroscopy technique to semiconductors, superconductivity, photoelectricity, and thermoelectricity.
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1. Introduction

Graphene has become a hot research topic in recent
years because of its outstanding optical, electronic, and
other physical properties, such as large specific surface
area, ultrahigh carrier mobility, excellent thermal conductiv-
ity, and optical transparency.!'-") However, graphene lacks
the electronic bandgap, which limits its applications in
Therefore, researchers are exploring
other two-dimensional (2D) materials with bandgaps, such

electronic transistors.

as transition metal dichalcogenides (TMDs) and black phos-
phorus (BP).!'%-7] Various 2D materials beyond graphene
have been explored,®!8! including insulators (h-BN,!]
HfS, 2%, topological insulators (BirSes,!”!! Sb,Tes3??)),
semiconductors (MoS5,23] MoSe,, 2! Ta$,,[%! MoTe,, 20!
WSezml), semimetals (NiTez,[zg] VSez[z(’]), and supercon-
ductors (TaSe;,B% NbSe, 1),
the strong covalent in-plane bonding with weak van der

These materials combine

Waals (vdW) out-of-plane interactions.’>33] 2D materials
exhibit remarkable thermoelectric, conductive, superconduc-
tive, optical, and photovoltaic characteristics and hold po-
tential for applications in nanoelectronics and optoelectronics
devices. [3+48]

The characterization of materials is important to identify
and explore their structure. Raman spectroscopy is a powerful
and non-destructive characterization tool to study 2D materi-
als. It has the capability of characterizing the structural prop-
erties of 2D materials, as well as detecting the layer thick-

ness, band structures, strain effects, doping type, concentra-
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tion, electron—phonon coupling, and interlayer coupling.[4°-3?]

This review mainly focuses on Raman spectroscopy applied to
studying 2D materials. Figure 1 shows an overview of Raman
characterization efforts for 2D materials and their applications.
This review is arranged as follows: firstly, the basic the-
ory of Raman spectroscopy is introduced. Secondly, we dis-
cuss the symmetry and thickness of 2D materials, as well as
the effects of strain, substrate, and laser power on 2D materials
detected by Raman spectroscopy. Then, various applications
of Raman spectroscopy involving 2D materials are reviewed.
Finally, a summary and outlook are provided for the develop-
ment of Raman spectroscopy of 2D materials in the future.

2. Raman spectroscopy

In 1928, Indian experimental physicist Raman discovered
a light-scattering effect. The optical frequency changes when
light is scattered by a medium due to the interaction between
the incident light and molecular motion. The scattered radi-
ation with energy lower than the incident radiation is named
the Stokes line, while that with energy higher than the incident
radiation is named the anti-Stokes line. The wavenumbers of
the Stokes and anti-Stokes lines are the direct measurements
of the vibrational energies of the molecule. The energy which
increases or decreases under the excitation is related to the
vibrational energy spacing in the ground electronic state of
the molecule. Since the majority of molecules are in the
low vibrational energy level due to the Boltzmann distribu-
tion at thermal equilibrium, the intensity of the anti-Stokes
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Fig. 1. (color online) Overview of Raman characterization of 2D materials and applications. In this figure, the top left inset is presented
with permission from Ref. [113]. Copyright 2012, American Physical Society. The top right inset is presented with permission
from Ref. [126]. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA. The bottom left inset is presented with permission from
Ref. [64]. Copyright 2014, American Chemical Society. The bottom right inset is presented with permission from Ref. [31]. Copyright

2015, Nature Publishing Group.

transition is weaker than that of the Stokes transition. Raman
spectra provide rich information of materials. The full width at
half maximum (FWHM) of Raman spectra is an indicator for
crystalline quality. Low-frequency Raman modes could pro-
vide information such as the layer number, uniformity, crystal

structure, and grain boundaries of TMDs.>?!

2.1. Symmetry analysis

TMDs with tunable bandgaps have been widely studied
in recent years. From the crystal structure point of view, there
are three polytypes of TMDs: 1T, 2H, and 3R. The first Arabic
number corresponds to the layer number in the unit cell of each
polytype. The letters T, H, and R represent tetragonal, hexag-
onal, and rhombohedral symmetries, respectively. Each layer
contains three atomic planes, where the metal atomic plane is
sandwiched between two chalcogen atomic planes like X—M—
X (X stands for chalcogens and M represents transition met-
als), while different layers are bound by the vdW force. In
each layer, for the trigonal prismatic coordination, the posi-
tions of the upper and the bottom triangle planes are the same.
For the octahedral coordination, the bottom triangle plane is
rotated 180° relative to the upper plane. The metal atoms of
both the 2H and 3R polytypes are in the trigonal prismatic co-
ordination. The unit cell of the 2H polytype has two X-M-X

planes, in which the metal atom of the first X—M—X plane over-
laps with the chalcogen of the second X—M-X plane. The unit
cell of the 3R polytype consists of three X—M-X planes, in
which the second and the third X—M-X planes are obtained by
translating the first X—M—X plane by a certain distance along
the same direction. The metal atoms of the 1T polytype are
in the octahedral coordination. The structure of the 1T poly-
type has a stacking of X-M-X formed tautologically along
the c-axis at the position of the following planes, which is the
same as the first X—M—X plane. The transition metal atom (or
chalcogen atom) overlaps with another transition metal atom
(or chalcogen atom). X atoms in the upper layer and lower
layer are rotated by 60°. The different electronic structures
in the monolayer MX, depend on the different coordination
of metal atoms. For example, monolayer 2H-MoS; is semi-
conducting, whereas single-layer 1T-MoS, is metallic. The
stacking order is also an important parameter for the symme-
try of 2D materials. The 2H polytype has the stacking order
of AbA BaB (the capital letters denote chalcogens, and the
lower-case letters stand for metal atoms). For the bulk phase of
these materials, the symmetry space group is Dgj,.>*! For few-
layer structures, the symmetry space group for odd-number-
of-layers 2D materials of the 2H polytype is D%h with the hori-
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zontal reflection plane (without inversion symmetry).!3! Crys-
tals with an even number of layers belong to the D% , group
with inversion symmetry.[>3! The typical stacking order of
the 3R polytype is AbA BcB CaC. The stacking of bulk TMDs
of the 1T polytype is AbC AbC. The symmetry space group for
TMDs of the 1T polytype belongs to Dg g

The lattice vibrations of crystals are related to the irre-
ducible representation of the symmetry group. In the follow-
ing, 2D materials beyond graphene such as MX, (M = W,
Mo; X =S, Se, Te) are mainly discussed. [47-57-59] Figure 2
shows the representative symmetry and normal mode displace-
ment of several Raman active modes of the 1T, 2R, and 3R
The unit cell of bulk MX, consists of
six atoms, and there are 18 phonon modes with 3 acoustic

polytypes of MX;.

modes and 15 optical modes according to the irreducible rep-
The lattice vibrational modes of bulk MX, at
the center of the Brillouin zone can be expressed as:[>3-60-631
Ipuik = Atg + 2A20 + 2B2g + By + E1g + 2By + 2B + By,
where one Ay, and E, are transitional acoustic modes, and the

resentation.

other Ay, and Ey are infrared (IR) active. Ay, E1g, and Epg are
Raman (R) active modes, and By, By, and E3, are optically
inactive (silent) modes. Here, Ay corresponds to the out-of-
plane relative motion of X atoms; Eg corresponds to the in-
plane relative vibration of X atoms. Ej, corresponds to the
in-plane opposing motion of M and X atoms. By, corresponds
to the out-of-plane vibration of M and X atomic planes rela-
tive to each other. These four modes are the origin of bilayer

5.126] One doubly degenerate E», mode de-

MX, Raman mode
noted E22g and one B>g mode denoted B%g are shear and layer
breathing modes in the bulk MX>, respectively (shear mode
and layer breathing mode are discussed in details later in this
review). For monolayer MX,, the unit cell is composed of
three atoms with nine normal vibrational modes (6 phonon
and 3 acoustic branches) at the I" point. For multiple-layer
MX;, NL-MX, (N stands for the number of layers) there are
9N —3 optical modes, which include 3N-1 vibrations along the
c-axis and 3N-12-fold degenerate in-plane modes.!'®! The ir-
reducible representations of MX, with odd and even number

of layers at the I" point can be written as>>-70:6%]

3N -1
Lo = S0 5 Jag 4 M+ BB 1A B,
N=1,3,5...,
3N
Teyen = T(Alg + Ao +Eg+Eu)7
N=2,46...,

where E”, A}, Ajg, and E, are R modes, A}, Ay, and E, are
IR modes, and E’ is both R and IR active. These Raman
modes are not a unique feature of TMDs, but are generally
expected in all layered systems with an inversion symmetry
center or a horizontal mirror plane. Active Raman modes in
few-layer systems are Raman inactive in specific scattering ge-
ometries. For example, E| is inactive in the back-scattering
Raman configuration. 3"
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Fig. 2. (color online) Symmetry and normal displacements of optical vibration modes for the 2H-, 3R-, and 1T polytypes of monolayer,

bilayer, and bulk MX5.
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2.2. Effect of laser power

In Raman studies, the laser power can be tuned. This
provides a useful tool to study the properties of 2D materi-
als related to temperature changes. Generally speaking, the
Raman peaks of a suspended MoS, flake redshift with the
increasing incident laser power (laser power < 1 mW). This
phenomenon is due to the thermal expansion of the sample
lattice with local heating. Moreover, the thermal expansion
of the sample lattice in the out-of-plane direction is more sen-
sitive than in the in-plane direction. Yan er al.!®¥ found that
both the A1, and E21g peaks of suspended monolayer MoS, red-
shift with the laser power increasing from 0.04 to 0.164 mW
(Fig. 3(a)). Meanwhile, they showed that the parameters of the
two modes vary slowly and not in a linear way when the laser
power is larger than 0.25 mW in their experiment due to the
nonlinearity of absorption or the higher orders of temperature-
dependent coefficients. However, Miller et al.[%%) found that
the Ay, peak redshifts and broadens, whereas the frequency
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of the E2]g mode changes negligibly as the laser power in-
creases from 25 to 1000 uW under 488 nm laser excitation
for MoS, in an ambient environment. Najmaei ez al.[°! also
found that both the A and E21g peaks of supported 1L MoS;
redshift with the increasing laser power, and the change for
Ezlg is small. The redshifts of the Raman modes with increas-
ing laser power was also found in other 2D materials such as
WS, and BP. Peimyoo et al. [67] found that the Al Raman
modes of mono- and bilayer WS, redshift, and their peak in-
tensities are increased with increasing power of a 532 nm laser
(Fig. 3(b)). Luo er al.' found that the Raman modes of BP
redshift as the temperature increases. As seen from Fig. 3(c),
the Aé mode is more sensitive to the temperature. Different
edge structures such as zigzag and armchair provide different
Raman signal responses. The zigzag-polarized excitation tem-
perature coefficient is larger than that for armchair-polarized
excitation, as seen in Fig. 3(d). It may result in anisotropic
thermal expansion during the heating process.
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Fig. 3. (color online) Effect of laser power on Raman spectra. (a) Raman spectra of monolayer MoS; for different values of laser
power. Both the E2] and A1y modes redshift as the laser power increases. Reproduced with permission from Ref. [64]. Copyright
2014, American Chemical Society. (b) The Ajg mode of WS; redshifts with the increasing laser power. Reproduced with permission
from Ref. [67]. Copyright 2013, Springer International Publishing. (c) Raman spectra of armchair-edged BP with polarized laser
excitation under different temperatures of 24 °C, 42 °C, 57 °C, and 72 °C, respectively. The vibrational modes Aé, B, and Aé are

redshifted with the increase of the laser power. (d) Raman shift of the Aé mode as a function of temperature for both armchair- and
zigzag-edged BP under polarized laser excitation. Open circles and rectangles indicate armchair- and zigzag-edged BP under polarized
laser excitation, respectively. Reproduced with permission from Ref. [68]. Copyright 2015, Nature Publishing Group.

2.3. Effect of strain

The degree of orbital interactions, mechanical properties,
and electronic band dispersion of ultrathin materials are sensi-

tive to strain. Raman scattering is an efficient tool to probe the

strain applied to few-layer and monolayer 2D material films.
In recent years, there have been many reports studying uniax-
ial and biaxial strain applied to few-layer materials theoreti-

[69-83

cally and experimentally. I Usually, strain is induced by

bending the flexible substrates supporting 2D materials. In-
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plane mode such as E; is sensitive to external stimuli and
split into two modes when the strain approaches the critical
value, indicating the emergence of broken symmetry. Huang
et al.'®!) reported that the 2D peak of single-layer graphene is
split into two modes (2D and 2D ™) under uniaxial strain of
up to ~ 4%. The uniaxial strain is applied to graphene with
a three-point bending method by bending the flexible PDMS
substrate. The intensities of the two modes depend on the laser
polarization and the sample orientation. Desai et al.[®* found
that the E2'g mode of WSe, (1-4 layers) splits into two peaks
under uniaxial tensile strain of up to ~ 2%. The peak splitting
increases as the strain increases. The uniaxial tensile strain is
applied on the sample with a two-point bending method by di-
rectly bending the flexible polyethylene terephthalate glycol-
modified (PETG) substrate. Wang et al.®> found that the
Ezlg mode of monolayer MoS; redshifts with the increasing
strain and splits into two modes under uniaxial strain up to
1%. Zhu et al.'®) studied the uniaxial tensile strain applied
to monolayer and bilayer MoS,. The employed apparatus for
applying strain to MoS; is shown in Fig. 4(a). Uniaxial strain
can be successfully applied to MoS; by bending the flexible
polyethylene terephthalate (PET) substrate due to the van der

(a)

Experimental set-up

() 4081
- 4069 Do B
5 404t W - g 1
- PR %y
c 402t A 19 Wt g
2 400
Qo -
e 385: x4 3
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3 LA 2 §
Q- 380 %.\ T30 400 420
g T 1, Raman shift / cm™'
g + Monolayer : >
o 375 1 Bilayer P~
E 2g O Trilayer
0 0.5 1 15 2 25
Strain/ %

Waals attraction between the sample and the substrate. As
seen in Fig. 4(b), the E’ and E21g modes split into A’(1)/A’(2)
and Ag(1)/Ag¢(2) peaks, respectively. This indicates that the
isotropic symmetry of MoS; in the xy-plane has been bro-
ken. The A" and A;; modes barely shift with the increasing
applied strain, illustrating that the vibration along the c-axis
is not sensitive to tensile strain. By using the same method,
Lloyd et al.'®"! studied the continuous and reversible tuning of
the optical bandgap of a suspended monolayer MoS; film by
applying biaxial strain. As seen from Fig. 4(c), the A1, and Ezlg
modes both soften (redshift) with the increasing strain. How-
ever, the peak positions of 2L and 3L MoS; shift less than in
the case of the monolayer. The redshifts of the Raman peaks
with the increasing tensile strain in the described reports can
be attributed to the reduction of the force constants in the 2D
material flake. The atom bond length increases under tensile
strain. Hui ef al."®®) found that both the A4 and Ej}, blueshift
as the piezoelectricity-induced biaxial compressive strain in-
creases (Fig. 4(d)). The blueshift of the Raman peaks can be
attributed to the increase of the force constants. The atom bond
length decreases under compressive strain. In addition, TMDs

are more sensitive to the biaxial than uniaxial strain. (83!
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Fig. 4. (color online) Effect of strain on MoS, films and their Raman signals. (a) Schematic of the three-point bending method for
strain measurement. (b) Raman spectra for mono- and bilayer MoS, with strain applied. The E’ (Ezl) mode splits into two modes
under the applied tensile strain. Reproduced with permission from Ref. [86]. Copyright 2013, American Physical Society. (c) Peak
positions of the E21 and A1z modes as functions of biaxial strain for 1L, 2L, and 3L MoS;. The inset shows the E21 and Ay Raman
modes of unstrained MoS;. Reproduced with permission from Ref. [87]. Copyright 2016, American Chemical Society. (d) Raman
spectra of trilayer MoS; under varying compressive strain. Both the E2l and A g modes blueshift for the compressive strain increasing
from 0 to 0.2%. Reproduced with permission from Ref. [88]. Copyright 2013, American Chemical Society.
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2.4. Effect of substrates

The interaction between the substrate and 2D materials
varies depending on the type of substrate material. There
are several reports studying the effects of substrates on 2D
materials. 4739901 Buscema er al.!®’! studied the differences
in the parameters of MoS; on various conducting and insulat-
ing substrates. The results indicate that the position of the E21g
mode is insensitive to the substrate characteristics. However,
the A1, mode stiffens for some substrates. The intensities for
both modes are different for different substrates. The stiffen-
ing of the Aj; mode is related to the vdW force between the
2D material flake and the substrate. For example, as the Ay
mode is the out-of-plane vibrational mode involving S atoms
in MoS,, the electrostatic environment changes when the mo-
tion occurs, which may affect the A;g mode frequency. Shi
et al.®! found that the frequency difference between the Ajq

and Ezlg peaks for samples transferred on SiO; and quartz are
smaller than that before the transfer process due to the strong
interface interaction.

Banszerus et al.®Y found that h-BN, WSe,, and MoS,
are better substrates than SiO, and sapphire, as shown in
Fig. 5. It indicates that the interaction between materials from
the 2D family is smaller than for other solid-state crystal ma-
terials. Rough surfaces of SrTiO3, AIN, and SU-8 are not
suitable for high-quality graphene devices because these sub-
strates introduce nanometer-scale strain variations and signif-
icant charge carrier doping in graphene. In summary, 2D ma-
terials are well suitable as substrates for graphene due to the
lower values of I>p (the FWHM of the 2D-peak) and little
overall doping. At the same time, rough surfaces, especially
oxides, are not suitable substrates for graphene as they intro-
duce additional charge carrier doping.
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Copyright 2017, TOP Publishing.
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2.5. Thickness identification

The properties of 2D materials depend on the number
of layers. For example, bulk MoS; has an indirect bandgap,
which transforms into a direct bandgap in monolayer MoS,. It
is necessary to identify the number of layers of 2D materials.
Atomic force microscopy, optical contrast, and Raman spec-
troscopy have been widely used to determine the number of
layers of 2D materials. Among them, Raman spectroscopy is
a rapid, non-destructive, and direct tool to identify the number
of layers.

Different numbers of layers of 2D materials are asso-
ciated with different Raman spectra. In recent years, there
have been many reports on the identification of the thickness
of 2D materials with Raman spectroscopy.[#8-56-92-102] Hjgh-
and low-frequency Raman modes are mainly found in Ra-
man spectra. The high-frequency modes are usually associated
with in-plane and out-of-plane vibrations, such as the G mode
(in-plane vibration of sp” carbon atoms) and out-of-plane 2D
mode (stacking order) in layered graphene or the E21g mode
(in-plane vibration of M and X atoms) and Az mode (out-of-
plane vibration of X atoms) in MX,. The intensities of the
in-plane R modes are independent on the angle 0 (the po-
larization of the incident light and scattered photons), while

126] Gener-

0 affects the intensity of the out-of-plane modes.
ally speaking, the frequency of the E21g mode redshifts, and
that of the A;g mode blueshifts with the increasing number of
layers in layered MX,.[30->393.103.1041 7hao er al.193) reported
that the A;; mode blueshifts, and the E21g mode redshifts when
the number of layers increases for both WS, and WSe, films.
The FWHMs of the two modes decrease with the increasing
thickness. Since the interlayer vdW forces suppress atomic vi-
brations as the thickness increases, the out-of-plane A mode
blueshifts with the increasing number of layers. The redshift
of E21g is associated with the structural changes or the increase
of the long-range Coulomb force in interlayer interactions. !
However, the typical Raman modes of WS, are less sensitive

27521 Additionally, the frequency dif-

to the number of layers.|
ference (Aw) between the A and E21g modes can be used to
identify few-layer MX, (when the number of layers is less than
6).1%1 The A of the two modes is calculated as Aw(A — E) =
Pos(A1g) — Pos(E;,) = 25.8 —=8.4/N (1 < N < 6).°l Yu er
al."8! found that the frequency difference between the Ajq
and E»,; peaks for a MoS; film increases with the increase of
the thickness. Li er al.l'%! reported the high-frequency Ra-
man spectra of MoS; with 1-120 layers, as shown in Fig. 6(a).
They found that the curve of the peak intensity as a function
of thickness is not monotonous, and a new enhanced peak ap-
pears at ~ 85 layers. The increased intensities of the peaks are
due to interference effects.

The restoring forces of the high-frequency Raman vibra-
tional modes are dominated by the interaction associated with

strong chemical bonds. The differences for high-frequency
Raman modes are not very obvious as N increases. In con-
trast, the difference for the low-frequency Raman modes is
more pronounced for different numbers of layers.

The low-frequency modes correspond to interlayer vi-
This
motion could be either perpendicular or parallel to the
18,106,107

brations where each layer moves as a whole unit.
layers.! ! There are two types of interlayer vibration
modes, the shear (S) mode, where the oscillation is parallel
to the layer plane, and the layer-breathing (LB) mode, where
the oscillation is perpendicular to the layer plane,’! aris-
ing from the Davydov splitting of the zero-frequency acous-
tic modes. [*°] The shear mode is also called C mode in some
papers.[1819] The LB mode is also known as the compres-
sion vibrational mode.!'861:108] Since the interlayer coupling
in TMDs is associated with the weak vdW interaction, the
frequencies of the LB and S modes are usually lower than
100 cm—1.[52:108.109] 1y pylk MX,, the LB mode is defined as
B%g and is optically inactive. The S mode is defined as E22g
with the adjacent layers vibrating out-of-phase, which is Ra-
man active. In MX, with an odd number of layers, the S modes
are defined as E” (R) and E’ (IR + R), and the LB modes are
defined as A} (R) and A} (IR). In MX, with an even number of
layers, the S modes are E,; (R) and E, (IR), and the LB modes
are Arg (R) and Ay, (IR). The S and LB modes do not exist in
monolayer 2D materials due to their interlayer coupling prop-
erties. The S and LB modes are not detectable in the bulk
layered materials with only one rigid layer in its unit cell (for
example, ReS;, ReSes, and BirSe3).5?! The intensities of the
S and LB modes are determined by the associated electron—
phonon coupling effect. In NL 2D materials, there are N—1
doubly degenerate interlayer S modes and N—1 LB modes.
The frequencies of the S and LB modes depend on the follow-
ing equations ((1) for S and (2) for LB): 152109

Pos(Syy_i) = V2Pos(S21) cos(im/2N),

i=1,2,...,N—1, (1)
Pos(LByy_;) = v/2Pos(LBa; ) cos(im/2N),
i=1,2,...,N—1. )

Pos(S21) and Pos(LBy;) are the S and LB frequencies of
2L 2D materials flakes.>?! Low-frequency Raman spec-
troscopy is a direct, substrate-free and precise tool to iden-
tify the number of layers in few-layer 2D materials. The
low-frequency Raman spectra of MoS; with 1-19 layers are
shown in Fig. 6(b).!] The authors demonstrated that the
C mode stiffens from ~ 22.6 cm™! in 2L to 32.5 cm™! in
19L-MoS,, while the LB mode softens from ~ 40.1 cm™!
in 2L to 4.7 cm™! in 19L-MoS;. Most related materials ex-
hibit similar Raman shifts: the LB modes soften, and the
S modes stiffen when the number of layers increases; this is
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Fig. 6. (color online) High- and low-frequency Raman spectra of MoS, with various thickness. (a) Typical Raman spectra of 1L to
bulk MoS; (left), and the positions of the Ezlg, Alg, and 2 x LA(M) Raman modes as functions of NL. Reproduced with permission
from Ref. [105]. Copyright 2012, American Chemical Society. (b) Stokes and anti-Stokes Raman spectra of MoS, with various
thickness in a range from —60 to 60 cm™! (left), and the frequency and FWHM of the C and LB modes as functions of the number of
layers (right). Reproduced with permission from Ref. [18]. Copyright 2013, American Physical Society.

characteristic  for WSey,[’l  MoTe,,[20]  NbSe,,!110]
MoSe», P31 Moy sWosS, alloy,[19 and MoS,.[®! Particu-
larly, different stacking order results in different trends of
low-frequency Raman modes. For example, the S mode of
AB-stacked few-layer graphene (FLG) stiffens with the in-
creasing number of layers, while that of ABC-stacked FLG

(107 The LB modes soften with the increasing number

softens.
of layers for both isotropic and anisotropic stacking of NL
ReS,, while the S modes stiffen for isotropic stacking of NL
ReS, and soften for anisotropic stacking of NL ReS; as the

number of layers increases.[!!!]

3. Applications of Raman spectroscopy

Raman spectroscopy analysis is widely used in many ap-
plication fields. Here, we mainly discuss the applications of
Raman scattering for semiconductors, superconductivity, pho-
toelectricity, and thermoelectricity.

3.1. Raman scattering in semiconducting devices

Since the discovery of the novel physical properties and
bandgap structures of 2D materials, many 2D-materials-based
semiconducting devices emerged. Raman spectroscopy is
an effective tool to study the carrier concentration in 2D-
materials-based semiconducting devices. Das et al.[''?! stud-
ied Raman scattering in a top-gated graphene transistor. The
results show that the G peak redshifts when the top-gate volt-
age (Vrg) increases from —2.2 V to 0.6 V and then blueshifts
for the voltages from 0.6 V to 4.0 V. The Raman shift of the
G peak increases for both hole doping and electron doping.
However, the 2D peak decreases for Vrg below 3 V for elec-
tron doping. The FWHM of the G peak decreases for both
hole doping and electron doping. This result indicates that the

-
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Fig. 7. (color online) Properties of graphene metal contact probed by Ra-
man spectroscopy. Reproduced with permission from Ref. [114]. Copyright
2018, Elsevier.

dependence of the G mode on V1g is weaker than that of the
2D mode. For TMDs, the Ajg (A]) modes are more sensitive
to Vrg than the Ezlg (E") modes. Since the Ajg (A]) mode is
the out-of-plane vibrational mode of X atoms, it is sensitive
to surface adsorption and doping. Therefore, all electronic
states introduce a perturbation to the Ajg (A]) mode due to
relatively strong large electron—phonon coupling. For exam-
ple, Chakraborty et al.!''3] studied the effect of carrier con-
centration on Raman scattering in a single-layer MoS, top-
gated FET. The A] mode significantly redshifts when Vg in-
creases from 0 to 2.0 V, whereas the E’ mode remains almost
unchanged. Miller et al.! found that the Ay modes of 1L

037802-8



Chin. Phys. B Vol. 27, No. 3 (2018) 037802

and 2L MoS, redshift as Vyg increases from —1.0 to 1.0 V.
However, the Ezlg mode changes only slightly in monolayer
and negligibly in bilayer MoS, with the increasing Vrg. Xu et
al.'"'* studied the properties of graphene contacted with var-
ious metals using Raman spectroscopy. Figure 7 shows the
resulting Raman spectra of the graphene characteristic peaks.
Chemisorbed metals Ni and Ti not only cause a dramatic
blueshift of the 2D peak but also broaden it and transform into
a sum of two Gaussians. Thus, the lowest contact resistivity of
~6.8%x107° Q-cm™?
an electrode material in a graphene FET.

is measured when metal Ni is used as

3.2. Raman scattering in superconductivity

A charge density wave (CDW) is a symmetry-reducing
ground state with periodic modulations of charge densities and
the associated lattice distortions in layered materials. 311131
CDWs are affected by electron—phonon interactions, Peierls
instabilities, and fluctuation effects from finite temperatures
and disorders.®!! vdW materials provide an ideal platform
to study CDWs and the associated superconductivity. 2311151
Raman spectroscopic measurement is an effective tool to iden-
tify the transition temperature of the CDW phase. Goli et
al.'""3) found that the temperature of the transition to the CDW
phase of TiSe; can increase up to ~ 240 K when the thickness
is decreased to below ~ 100 nm. They found a new mode ap-
pearing at ~ 460 cm~! below 200 K in bulk TiSe,. Hajiyev et
al.B3% found that the two-phonon peaks for 1L, 2L, and bulk

TaSe, soften with increasing temperature, and the frequency

Intensity (a.u.)
0 150 300
(a) Bulk =

Bilayer -ii (c)

of this mode exhibits a sudden drop at 120 K. It indicates that
the temperature of the transition from the metallic phase to
ICDW (incommensurate charge density wave) phase of 2H-
TaSe; is ~ 120 K. Xi et al.3! found that both the CDW and
the superconducting phase exist down to the monolayer limit.
The superconducting transition temperature decreases with de-
creasing thickness. However, the CDW transition temperature
increases from 33 K in bulk to 145 K in a monolayer. The
temperature dependence of Raman spectra for bulk, bilayer,
and monolayer NbSe, are shown in Fig. 8. The soft mode of
bulk NbSe, redshifts with decreasing temperature and stops
changing when the temperature is down to 33.5 K (Tcpw).
There are two new Raman modes emerging when the tem-

One mode appears at ~ 35 cm™!,

perature is below Tcpw.
where the CDW fluctuations are strong, with frequency and
intensity both dropping rapidly to zero when the temperature
is increasing and approaching Tcpw due to the second-order
phase transition. The other new mode is at ~ 190 cm~'. The
frequency of this mode is independent of the number of lay-
ers N, whereas the frequency at zero temperature blueshifts
for decreasing thickness. Both modes persist at much higher
temperatures, indicating the higher associated CDW transition
temperatures. This result shows that there is a strongly en-
hanced CDW order in atomically thin NbSe; driven by strong
electron—phonon coupling. In summary, the sudden drops of
the Raman mode intensities and emerging of the new Raman

modes are characteristic for the CDW phase.
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Fig. 8. (color online) Raman study of CDW phenomena in 2D materials. (a)—(c), Temperature maps of the Raman scattering intensity
of bulk, 2L, and 1L NbSe2, respectively, for the perpendicular polarization configuration. The two arrows in each map indicate the
low-frequency feature and the weak high-frequency feature. Dashed lines approximately indicate TCDW. (d)—(f) Raman spectra of
each sample at selected temperatures. Reproduced with permission from Ref. [31]. Copyright 2015, Nature Publishing Group.
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3.3. Raman scattering for studying thermoelectricity

Temperature-dependent Raman spectroscopy is an effi-
cient tool to investigate the thermoelectrical properties of 2D
materials.['1%-118] Sahoo er al.1'') studied the thermal con-
ductivity of few-layer MoS, by Raman spectroscopy. The
schematic for the heat conduction process in suspended few-
layer MoS, is shown in Fig. 9(a). Figure 9(b) demonstrates
that both the A and Ezlgmodes redshift as the temperature in-
creases from 83 to 473 K under the 532 nm laser excitation.
The observed data for the Raman peak positions versus tem-
perature were fitted using the Griineisen model!!!6:120]

o(T)=awy+xT, 3)

where @y is the frequency of the Raman mode at O K, and x
is the first-order temperature coefficient of the relative Raman
mode. T stands for the changed temperature. The first-order
temperature coefficient corresponds to the slope of the Raman
mode as a function of temperature. The FWHM of A in few-
layer MoS, decreases as the temperature increases from 83 to
523 K (Fig. 9(c)). The A1z mode is selected for the evalua-
tion of the thermal conductivity because the intensity of the
Ajgmode is much higher than that of the E21g mode. The ther-
mal conductivity is calculated by the authors as follows:

1 Sw\ !
k=20 \5m )\ 5p) -

Here, xa,, is the first-order temperature coefficient for the A ;g

“)

mode, and g—g is the change of the Ajg frequency with the in-

cident laser power. The parameter & represents the thickness
of the sample (6.5 nm in the reported work). The value of
g—g obtained from the slope of the laser-power-dependent A,
(Fig. 9(d)) is 5.7 cm~'/mW. The first-order temperature co-
efficient for the Aj, mode is —1.23 x 1072 cm~!/K, as seen
in Fig. 9(a). The thermal conductivity of the few-layer MoS,
sample is ~ 52 W/mK calculated using Eq. (2) and the existing
data. Yan et al.[®¥ found that both the A ¢ and Ezlg modes of
exfoliated monolayer MoS, also redshift with increasing tem-
perature (for 514.5 nm laser wavelength). However, the ther-
mal conductivity was evaluated to be ~ 34.5 W/mK, which is
smaller than the result of Sahoo et al. (~ 52 W/mK), where
the MoS; sample was prepared by chemical vapor deposition.
Thripuranthaka et al.!''7! found that the A, ¢ and Ezlg Raman
peak positions for single-layer WS, redshift when the temper-
ature increases from 77 to 623 K under the 514.5 nm laser
excitation. The behavior of Raman modes for varying temper-
ature is similar to the case of MoS;. Zhang et al.!'’!l stud-
ied the low-temperature Raman response of few-layer BP and
found that the Aé, Aé, and A, vibration modes stiffen as the
temperature decreases from 20 to —160 °C. They also found
that, for few-layer phosphorene, the Raman shift is more sen-
sitive to temperature than for graphene and MoS, due to the
mechanical flexibility of phosphorene. Xia et al.['*?! reported
that the Raman modes of anisotropic 2D SnS flakes blueshift
when the temperature decreases from 25 °C to —195 °C under
the 532 nm laser excitation. It is interesting that the result
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demonstrates that 2D SnS flakes exhibit a higher temperature
sensitivity than black phosphorus (BP). Pawbake et al.l!?0]
found that the Raman peaks of titanium trisulfide (TiS3) shift
toward lower frequencies when the temperature increases from
88 K to 570 K. All the results described above prove that
the frequencies of typical Raman modes could be used to
study the thermal conductivity of 2D materials in a non-
destructive way. Chen et al.l!?3
nique and successfully separated the thermoelectric voltage
(AV) in a graphene/hBN/graphene heterostructure device. The
Raman 2D and G peaks shift with temperature at a rate of
—0.057 cm~'/K and —0.022 cm~ /K, respectively.['?* The
shifts of the 2D and G peaks are converted to the temperature
gradient (AT). Then, the Seebeck coefficent (S = AV /AT) of
—99.3 uV/K is obtained.

I applied an AC lock-in tech-

3.4. Raman scattering for studying photoelectricity

Combining materials with different work functions can
generate photoexcited electrons and holes accumulated in dif-

1251 The p—n junction devices are implemented

ferent layers.|
by bringing p-doped and n-doped materials in contact. vdW
heterostructures, which consist of different 2D materials held
together by weak vdW forces, have wide applications in pho-
tovoltaic devices. The carrier transport in vdW heterostruc-
tures is dominated by the interfacial properties of the adja-
cent layers with lattice mismatch. The interlayer coupling,
charge transfer, lattice vibrations, and interface diffusion in
vdW heterostructures transform the band structure, shift the
Fermi level, and introduce band offsets.>! The low-frequency
Raman spectroscopy is a powerful tool to detect the interlayer
coupling and polytypes of heterostructures because the S and
LB modes are sensitive to the stacking order.

There have been many reports on vertical and in-plane
heterostructures in recent years.!!01-126-137] Zhang et al.11%7]
studied vertical MoS;/WS, heterostructures with AA and AB
stacking grown by chemical vapor deposition (CVD) and
vertical MoS,>/WS, heterostructures obtained with the trans-
fer technique. The structure of CVD-prepared MoS,/WS,
heterostructures is associated with more efficient interlayer
charge transfer and spatially separated exciton recombina-
tion than the mechanically transferred heterostructures, which
due to the strong coupling. Figure 10(a) shows the typical
Raman modes of CVD-grown MoS,/WS, heterostructures.
As seen from Fig. 10(b), the Raman spectra of mechani-
cally transferred MoS,/WS; heterostructures show a simple
superposition of the individual Raman modes of WS, and
MoS;, whereas the Aj; modes of CVD-grown MoS,/WS,
heterostructures blueshift by 3-4 cm™! comparing with the
modes of WS, and MoS,. This reveals strong interlayer cou-
pling in the CVD-grown MoS;/WS, heterostructures. As seen
from Fig. 10(c), the frequency of the LB mode of an AB-
stacked heterostructure is ~ 2 cm™! higher than that of an
AA-stacked heterostructure. This may be due to the shorter
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Fig. 10. Raman study on a 2D heterostructure as a photovoltaic device.
(a) Raman vibrational modes of a vertical bilayer WS,/MoS, heterostruc-
ture. (b) Raman spectra of as-grown 1L WS, and MoS, and as-grown,
as-transferred WS>/MoS; heterostructures. (c) Raman spectra of the LB
and S modes for as-grown MoS, films on WS,, AA stacked, AB stacked,
and transferred twisted stacked MoS,/WS; heterostructures, respectively.
Reproduced with permission from Ref. [127]. Copyright 2016, Wiley-
VCH Verlag GmbH & Co. KGaA. (d) Raman mapping results for lateral
WS,/MoS; heterostructures, MoS,, and WS, respectively. (e) I-V curve
of a lateral WS,/MoS, heterostructure diode in the dark (black line) and
under illumination with a wavelength of 514 nm and power of 1 mW (red
line). Inset shows the photovoltaic effect. Reproduced with permission from
Ref. [138]. Copyright 2015, American Chemical Society. (f) Schematic of
vertical and lateral WS>/MoS, heterostructures. Reproduced with permis-
sion from Ref. [136]. Copyright 2014, Nature Publishing Group.

interlayer distance and stronger interlayer coupling of AB-
stacked heterostructures compared to AA-stacked heterostruc-
tures. Moreover, the vibrational frequency of the LB mode
of an as-grown AB stacked MoS,/WS, heterostructure is 2—
4 cm~! higher than that of a transferred twist MoS,/WS, het-
erostructure, demonstrating the weak interlayer coupling and
lower packing efficiency of the transferred twist heterostruc-
ture. In comparison, the S modes can be observed only when
heterostructures have perfect commensurate stacking due to
the restoring force of the lateral displacement. In addition

to vertical heterostructures, Chen er al.l'3®1 studied lateral
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MoS,/WS, heterostructures prepared by the CVD method.
The obtained Raman mapping images of as-grown WS,/MoS;
heterostructures are shown in Fig. 10(d), which demonstrates
the features of an in-plane WS,/MoS, heterostructure, with
a triangular monolayer MoS, domain as the core and WS,
as the shell layer. Figure 10(e) shows the I3;—Vjys curves of
a p—n diode of the lateral WS;/MoS; heterostructure in the
dark (black line) and under illumination with a wavelength of
514 nm and power of 1 mW (red line), with the inset show-
ing the photovoltaic effect. The open-circuit voltage Voc is
~ 0.15 V, and the short-circuit current Isc is ~ 5.2 pA un-
der the laser illumination of the device. The current recti-
fication observed in the figure indicates that there is a p—n
diode formed in the WS,/MoS, lateral heterostructure. The
output current was found to increase with the increasing posi-
tive gate voltage under different back gate voltages of 0—80 V.
This indicates that the n-type monolayer MoS, partly limits
the charge transport in the p—n diode. Lateral heterostructures
based on TMDs can dramatically enhance the performance of
optoelectronic devices.!'?! Gong et al.!'3® studied both ver-
tical and in-plane MoS,/WS; heterostructures. The structures
of vertical and lateral WS,/MoS, heterostructures are shown
in Fig. 10(f). The Raman spectra of vertical WS,/MoS, het-
erostructures are the same as reported by Zhang er al. The
Raman spectra of lateral WS,>/MoS, heterostructures are the
same as reported by Chen et al. They show that the p—n junc-
tions of in-plane WS,/MoS, heterostructures without external
electrical tuning exhibit a two orders of magnitude higher for-
ward bias current compared to the the reverse current.

Currently, most 2D heterostructures are created by the mi-
cromechanical stacking technique with only certain combina-
tions of interfaces, and the direct growth of heterostructures by
CVD or vdW epitaxy with their own inherent limitations is not
yet well developed. Therefore, further study of heterostruc-
tures is necessary.

4. Conclusion

The electronic and optical properties of 2D materials
make the interlayer coupling in a multilayer structure depen-
dent on the number of layers. We reviewed the phonon struc-
ture and symmetry of TMDs and the application of Raman
spectroscopy for studying 2D materials. Raman spectroscopy
is a powerful tool to investigate the fine structure, atomic
bonds, and mechanical and thermal properties of 2D materi-
als. Raman spectroscopy is expected to be an ideal tool to
detect various interesting phenomena in van der Waals het-
erostructures fabricated by different techniques. The control
of surface reconstruction, charge transfer, and built-in electric
fields in vdW heterostructures is yet to be demonstrated. The
interlayer vibrational modes, S and LB, will provide a useful
means to study the interface coupling and layer stacking in
various vdW heterostructures.
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