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Raman spectroscopy is a fundamental tool for the characterization of two-dimensional materials. It provides
insights into the electronic and vibrational properties of these materials and is particularly rich in features when
the incident laser energy approaches the electronic energy transition of the material. Among these features, the
double resonance Raman process provides important information on the electron, phonon, and electron-
phonon properties. It was on the study of carbon-related materials that the double resonance bands sparkled
showing their potential and, since then, have been deeply searched in the study of novel 2D materials. Here,
the authors review the double resonance Raman process in 2D materials focusing on graphene and
semiconducting MoS, highlighting the origin of the bands mediated by the two-phonon and phonon-defect
processes. The authors discuss the observed properties of the double resonance bands and compare the
processes for graphene and MoS, to find guiding principles for the appearance of double resonance bands. The
authors also discuss the new findings of the intervalley scattering process in transition metal dichalcogenides. A
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brief discussion of the defect-induced bands in both materials is also presented.

In the past years, Raman spectroscopy has presented itself as
a key tool to obtain information about structure and physical

Of special interest is the observation of second-order
double resonance Raman bands in 2D materials. Double

resonance bands have been used in the literature to obtain

properties of 2D materials. It can provide better understanding important information from III-V' group semiconductors [29, %
of the electronic and vibrational properties in several types of ~ 30> 31], cadmium telluride alloy [32], graphite and graphene [2, £
2D systems such as graphene [1, 2, 3], black phosphorus [4], 3, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43], and extensive studies %
hexagonal boron nitride [5, 6, 7], and transition metal from bulk to monolayer regimes of TMDs as well [11, 14, 21, -
dichalcogenides (TMDs) [8, 9]. The analysis of the Raman 22, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58]. The é
spectrum of TMDs, for instance, allows us to gather informa- double resonance process arises from the intervalley or intra- 2
tion about the interlayer interactions [10], spin-orbit splitting valley scattering where two phonons or one phonon and one -
[11], exciton-phonon interactions [12, 13, 14], as well as defect participate in the scattering of the excited electron. The (;
dependence of the phonon frequencies with the number of double resonance bands can help us characterize both elec- A
layers [15, 16, 17, 18, 19, 20, 21, 22], among many other  tronic and vibrational properties of these materials. These s
relevant characteristics that are fundamental to unveil the  contributions can aid in the understanding of changes in basic g
underlying physics in these systems [10, 23, 24, 25, 26]. In properties brought by defects, which could in turn allow the =
addition, Raman spectroscopy can probe the intravalley and  application of 2D materials to new relevant technologies [59, k=
interlayer phonon interactions in twisted bilayer heterostruc-  60]. i
tures, where new Raman bands arise due to periodic potentials The first-order Raman scattering only allows the observa- g
of Moiré patterns that create allowed states in inner points of  tion of phonons at the Brillouin zone center (the I' point). This %’j
the Brillouin zone [27, 28]. is justified by the fact that the momentum carried by light is ,—2
© Materials Research Society 2019 cambridge.org/JMR 1976
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much smaller than the size of the Brillouin zone and,
consequently, much smaller than the momentum required to
reach phonons away from the I' point. Therefore, the optical
transitions can be regarded as strictly vertical [61]. The second
requirement is that the irreducible representations must trans-
form as quadratic base functions [2, 8, 9]. Semiconducting
monolayer TMDs such as MoS,, with trigonal prismatic
symmetry, belong to the Dj}, point group, which predicts two
Raman active modes, A;" and E’, in the backscattering
configuration [9]. Thus, only two peaks can be seen in their
first-order Raman spectrum.

Figure 1(a) represents the Raman process (Stokes) when
one phonon is participating in the inelastic scattering process
of a photon in a parabolic band semiconductor (first-order
process). Here, a photon with energy ho impinging on the
hypothetical material creates an electron-hole pair, promoting
the electron from the initial state |i) to an excited state
|a) through an electron-radiation interaction (H._g). This is
a similar process to light absorption. Then, the excited electron
interacts with the crystal lattice (electron-phonon interaction,
H,_pp,) and goes to the state |b) by emitting a phonon of energy
hopy. Finally, the electron-hole pair recombines by emitting
a photon with energy equal to 7w — #wpy, going to the final
state |f) through another electron-radiation interaction. The
equation of the Raman process that describes the relation
between incoming and outgoing photon energies and its

intensity is given by [12]

)

(1)

1) = Z I( (f|He—r|b)(b|He—pn|a){a|Her|i)

2 ho — Ex + iy)(ho — hopy, — Ex + iy)

where Ex is the optical transition energy of the material and y
is inversely proportional to the lifetime of the Raman process.
If the incoming photon energy is equal to either Ex or Ex +
hopy, the process is resonant and the intensities of the Raman
modes are strongly enhanced. Therefore, Eq. (1) is essential to
the study of all 2D materials, because it provides information
on the electron-phonon interactions.

Meanwhile, two-phonon Raman bands obey different
selection rules, which do not only consider vertical transitions
but also the scattering of the excited electron throughout the
entire reciprocal lattice as long as momentum conservation is
achieved [1, 36, 50]. The intensity of the two-phonon bands
can be described by the following equation:

I(ho) =

) \ (f|He-r|c)(c|He-pt |b) (b|He-rpn|a) {a| He-r i) [
bt \(hm — Ex + iy)(ho — hopn, — Ex + i) (7o — hiopy — hop, — Ex + iy){

@)

Notice the presence of a second electron—-phonon interac-
tion and a third intermediate state, |c), due to the creation of
a second phonon with energy impy, in contrast with Eq. (1).
Figure 1(b) illustrates a two-phonon process. First, similar to

the first-order process, the electron is promoted from the

1)
AN A
hew — hop,(K)
No o /N .
(a) (d K K’ (e) K

Figure 1: First-order and double resonance Raman scattering. (a) Schematic of the first-order resonant Raman scattering process in a parabolic band
semiconductor. First, an electron is excited from the valence band (]i)) to the conduction band (|a)) by a photon with energy 7. The interaction between electron
and lattice emits a phonon close to the I' point with energy fwen, (|b)). When the excited electron recombines with the hole in the valence band, a photon is
emitted with energy 2w — hawpy, (). (b) Schematic of a two-phonon intervalley scattering. After the electron is excited to the conduction band (|a)), a phonon
with momentum k, represented by the dashed line, scatters the excited electron to the K’ valley band (|b)). To conserve momentum, the electron is scattered back
to K valley by another phonon with wavevector —k (|c)). After the recombination of electron-hole pair, a photon is emitted with energy o — hpn(k) — fpy(K).
() Schematic of a two-phonon intravalley scattering. The same states from the intervalley scattering are observed, only now the scattering happens along the same
valley. (d) Schematic of a phonon—defect intervalley scattering process, where a defect, represented by the dotted line, scatters the electron back to the K valley. (e)
Schematic of a phonon-defect intravalley scattering. This is the representation of a hypothetical material intended for illustration purposes only. All scales have
been exaggerated for clarity.
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valence band (state |i)) to the conduction band (state |a)) and it
interacts with the lattice to emit a phonon with energy Zimpy,
(state |b)). However now, instead of a zone center phonon, the
emitted phonon has enough momentum to scatter the electron
from one point in the Brillouin zone to another (K to K’ in our
example). To guarantee momentum conservation, the electron
at K’ must emit another phonon with the same amount of
momentum that the first phonon had and energy hopy, (state
|c)). Finally, the excited electron-hole pair recombines and
a photon with energy equal to iw — hwp, — Apy is emitted.
Due to the scattering of the electron from one valley to the
other, this process is frequently called intervalley scattering
[50]. Another example of two-phonon process could be the
intravalley scattering, where instead of the electron being
scattered from the K valley to the K’ valley, the electron is
scattered in the same valley, following the same trajectory as
Fig. 1(c). The same procedures from intervalley process can be
applied, just the length of the wavevector changes.

One could ask the question of how would defects change
the Raman process. Figures 1(d) and 1(e) present the defect-
induced Raman process expected for a low-defective material (a
material with a defect density low enough that its basic
properties are not very affected by defects). In this case, the
same process for intervalley and intravalley scatterings occur,
but the transition from state |b) to state |c) is carried by a defect
instead of a phonon. Then, the energy of the scattered photon
will be i — hwpy, like in the case of the first-order bands, but
the phonon participating in the Raman process is not a zone-
center phonon. The intensity of this process can be explained
by means of Eq. (2) as well [35], after some minor changes to
include the electron-defect interaction.

The processes illustrated in Figs. 1(b)-1(e) have only
shown the scattering of the electron from one point to the
other in the electronic structure. As a matter of fact, the
electron is not the only entity that can be scattered, but the hole
in the valence band can be scattered as well [11, 42]. For the
case where the electron is the only entity scattered in an
intervalley or intravalley process, we call it electron-electron
scattering. If both electron and hole are scattered, we call it
electron-hole scattering and the case where just the hole is
scattered can be called hole-hole scattering.

Unfortunately, the two-phonon bands have very low
probability of happening, such that their intensity is much
smaller than that of first-order modes. Nevertheless, when the
incoming laser energy reaches resonance with the electronic
transition of the material, or when the defect density is high
enough, the intensity becomes comparable or even higher than
that of the first-order modes [43, 50, 62, 63]. When it happens,
the bands approach a resonant behavior like that of the first-
order modes. But, since the choices are not limited to the zone-

center phonons, other terms in the denominator of Eq. (2) can
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be null at the same time. That is why these bands are called
double resonance bands or even triple resonance bands in some
cases [50, 64].

In this review, we present some of the recent advances on
the double resonance Raman process in two dimensional
materials. We also discuss some information that can be
obtained from the analysis of the double resonance Raman
bands and its applications, e.g., investigation of defects in 2D
materials. We start by revising the double resonance process in
graphene and follow up with the recent findings in TMDs, in
particular for MoS,. Further, a perspective of possible future

studies for other classes of 2D materials is presented.

The appearance of double resonance Raman bands can be
originated by an intervalley scattering of the excited electron by
a combination of two phonons of same wavevectors but with
opposite signs. The process is resonant if at least one of the
states accessed by the electron is a real electronic state.
However, the double resonance process is characterized by
two real states connecting each other [2, 38]. It can be either
a band state in the conduction band, such as in the case of
graphene, or it can be an excitonic state, such as in the case of
TMDs. The phonons that participate in the process will be
limited to those with wavevectors that can connect states with
similar energy of the excited electron [2, 38]. Such is the case
for the D and 2D bands in the Raman spectrum of graphene.
These bands arise from the contributions of the TO branch
around the K point [see Fig. 2(a)] [1]. In the case of the MoS,,
a semiconducting TMD, it has been recently demonstrated that
the double resonance band in the material has contributions
from the longitudinal acoustic (LA) and transversal acoustic
(TA) phonon branches in the vicinities of the K and M points
[see Fig. 2(b)] [8, 49]. The aforementioned considerations help
us to understand some rules regarding the double resonance
process and, the information that it can provide, such as the
electron or phonon velocity along a certain region in the
electron or phonon dispersion [3]. In the next sections, we
address some physical properties of graphene and TMDs
focusing mainly on their electronic and vibrational properties,
which are essential for understanding the observed double

resonance bands in these materials [8, 50].

Graphene

Graphene was the first isolated 2D material, and it is regarded
as the strongest material due to its in-plane double sp* bonding
[65]. At the same time, it was one of the first 2D materials to
have its Raman spectra measured [1].

The electronic properties of graphene can be well described

by the tight binding approach considering two p, orbitals [66].
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Figure 2: The two-phonon Raman bands. Comparison between the double
resonance intervalley scattering in (a) graphene and (b) monolayer MoS,.
Reprinted with permission from Ref. 8.

Thus, the one electron dispersion of graphene is characterized
by the presence of Dirac cones near the K point in the Brillouin
zone, where the valence and conduction bands touch each
other, making graphene be considered a zero band gap semi-
conductor [67]. In a first approximation, the electronic band
structure around the K point can be regarded as linear and,
consequently, the dependence of the electronic density of states
presents a linear behavior near the Fermi level [68]. The optical
transitions in graphene are characterized by vertical transitions
from valence band to the conduction band close to the K point,
with constant light absorption in the near infrared (NIR) and
visible spectral regions [69]. As for the vibrational properties of
graphene, there are six phonon branches at the I' point, three
acoustic and three optical phonon branches, named longitudi-
nal acoustic (LA), transversal acoustic (TA), and out of plane
transversal acoustic (ZA); out of plane transversal optic (ZO),
longitudinal optic (LO), and transversal optic (TO). Among
these phonon branches, only the LO and TO modes at the '
point are Raman active and correspond to a degenerate Ej,
representation (the G band). Thus, the expected Raman
spectrum should consist of a single first-order band.

Nevertheless, the Raman spectrum of pristine graphene is
characterized by the presence of mostly four bands, named as
G, D + D, 2D, and 2D’ in frequency order [Fig. 3(a)] [3]. In
the presence of defects, new features arise in the Raman
spectrum of graphene; thus, besides the four Raman bands
observed in a pristine graphene, three other bands are also
observed, named as D, D', and D + D’ [see Fig. 3(a)].

The G band (the E,; mode) originates from a first-order
Raman process, as shown in Fig. 1(a). As a first-order process,
it will be present in the Raman spectrum of pristine and
defective samples regardless of the excitation laser energy and
number of layers [1, 2, 43, 70, 71, 72]. An interesting aspect of

© Materials Research Society 2019

the G band is its classical behavior for the scattering process
across the visible range, where its intensity is proportional to
the fourth power of the laser frequency [63]. The other bands
are related to a double or triple resonance process discussed
before.

The bands that arise from double or triple resonance may
be affected not only by excitation laser energy and defect
density, but also by the number of layers as well, where an
increasing number of layers will affect the number of allowed
processes due to changes in the electronic structure [1, 2].
Although we name the double or triple resonance processes as
intervalley and intravalley, we must remember that graphene
presents Dirac cones in its electronic structure, not parabolic
bands. For the sake of comparison between materials, though,
we will stick with this name. The intervalley scattering process
[see Fig. 3(b)] occurs when the excited electron is scattered
from the conduction band near K point to the conduction band
near K’ point, whereas the intravalley scattering process [see
Fig. 3(c)] scatters the electron along the same valley. Once the
excited electron is scattered, it can return to its original band
through another phonon or a defect, and then it recombines
with the hole in the valence band emitting a scattered photon.

The 2D (or G') band in graphene, appearing between 2600
and 2800 cm ™ in Fig, 3(d), is an example of a band originated
from the electron-hole intervalley scattering. This process is
mediated by two TO phonons (one for the excited electron and
one for the hole) around the K point in the phonon dispersion
and the recombination happens around the K' point [2, 33,
42]. This association is made because the phonon wavevector is
around the size of the distance between K and K’ points,
corresponding to the approximate distance between the I'" and
K points [see Fig. 3(b)], which can be mapped to the phonon
dispersion. Additionally, the 2D band frequency presents a high
dispersion as the excitation laser energy is tuned [around
100 cm ™ Y/eV, see Figs. 3(d) and 3(e)]. The reason for this
comes from both the linear electronic dispersion near K point
of graphene, and the Kohn anomaly, which manifests as
strongly dispersive LO branch in the vicinity of the I' and K
points [73]. Thus, for laser energies close to the linear regime of
the electronic dispersion, the intensity of the 2D band is greatly
enhanced.

When a graphene sheet presents a significative defect
density, a band with approximately half the frequency of the
2D band appears, and it is called D band [36]. The D band is
a double resonance process, and its intensity is strongly bound
to the defect density [43, 70]. The 2D band, on the other hand,
decreases in intensity for increasing defect density [43], which
could be argued as a preference for the phonon-defect process
instead of the phonon-phonon process of recombination. We
mention that as the number of graphene layers increases, the

number of intervalley processes increases as well, in accordance
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Figure 3: The Raman scattering process in graphene. (a) Raman spectrum of pristine graphene (top) and defective graphene (bottom). Reprinted with permission
from Ref. 3. (b) Intervalley and (c) intravalley wave vector scattering processes. (d) Raman spectrum of graphene collected at different excitation wavelengths from
NIR to UV. Reprinted with permission from Ref. 63. (e) Frequencies of the 2D and D + D" (G' and G*) bands as a function of the laser energy. Reprinted with
permission from Ref. 42. (f) Raman spectra of monolayer, bilayer, and trilayer graphene at the same laser energy showing the differences in the observed intervalley
processes of the 2D band. Reprinted with permission from Ref. 64. (g) Intensity of the 2D band as a function of the inverse of the laser energy. Reprinted with
permission from Ref. 63. (h) Phonon dispersion of single layer graphene with the phonons that participate in the intervalley and intravalley bands, data from Ref.

76.

to the changes in the electronic structure [see Fig. 3(f)] [2, 64].
Also, as the excitation laser energy approaches the UV range,
the 2D band intensity considerably decreases (with the first-
order process prevailing) such that its intensity is inversely
proportional to the excitation laser energy [see Figs. 3(d) and
3(g)] [63]. The D + D" band, also known in the literature as G*
band, is associated with an intervalley scattering involving
phonons from TO (D) and LA (D") branches. Contrarily to the
2D band, the D + D" presents a negative dispersion due to the
behavior of the LA phonon branch around the K point
[Fig. 3(e)] [2, 42, 74].

The 2D’ band is an example of a phonon-phonon intra-
valley scattering process [75]. The scattering of the excited
electron happens along the K cone through the emission of two
LO phonons close to the I' point [75]. Analogously, one can
also see a D’ band, which is a phonon-defect intravalley
scattering [75]. Interestingly, the 2D’ band does not present
a strong enhancement of its intensity, showing an intensity
smaller than that of a first-order mode. This could be related to
the strong interaction between electrons and LO phonons near
the K point, such that the numerator is also an important
factor. Therefore, the electron-phonon interaction is an im-

portant factor for the double (or triple) resonance process.

© Materials Research Society 2019

The D' and 2D’ bands are not very dispersive, i.e., their
frequency position does not change much when tuning the
excitation laser energy, but they are related to phonon
dispersion points where the LO phonon branches are maxi-
mum [76].

We comment that combinations of intravalley and in-
tervalley scattering are also possible. For instance, the D + D’
band comes from the scattering of an electron to the K’ point
mediated by a TO phonon close to the K point and then
scattered back by a TO phonon close to the I' point. Afterward,
electron and hole recombine mediated by a defect [3, 43].

Figure 3(h) shows the phonon dispersion of graphene
depicting all the contributions from the double resonance
Raman bands associated to their specific points [76]. In
summary, the ability to probe phonons away from the I' point
in such way that they can be mapped out by their wavevectors
is one of the most interesting features of the double Raman
resonance bands in layered material.

Before going further, lets analyze all the information
gathered so far from the Raman spectra of graphene. The most
intense feature in the Raman spectra of monolayer graphene is
the 2D band. From the process introduced before, we can infer

that not only the triple resonance due to Eq. (2) is important,

cambridge.org/JMR

www.mrs.org/jmr

Jun 28, 2019

Issue 12

Volume 34

Journal of Materials Research

1980


http://multimediafluids.uam.elogim.com/JMR
http://www.mrs.org/jmr
https://doi.org/10.1557/jmr.2019.167

https://doi.org/10.1557/jmr.2019.167 Published online by Cambridge University Press

B NN 22 enncs

but also a strong interaction between electron and phonons can
play a big role for the probability of the process. In fact, the
electron-phonon interaction has been found to be twice as
strong for LO phonons close to the K point than for phonons
close to the I' point [35]. This relatively small difference
becomes rather strong when we remember that Eq. (2) has
a product of two electron-phonon interaction terms that are
squared. Thus, an intensity difference of at least eight times can
be expected from the 2D and 2D’ bands [35]. Graphene can be
considered a semimetal, meaning that it has electronic states
available everywhere, except at E = 0. Looking at Eq. (2), we
realize that there is a term for the electronic transition energy,
which is 0 (zero) for graphene. This means that while the linear
behavior of the electronic structure is satisfied, graphene is
always in resonance. This is true for the NIR and visible
spectral regions. This remotes to another important point in
the characteristics of the double or triple resonance process, the
fact that it is coupled with the position of the electron in the
electronic band. Finally, the phonons that participate in the
process must conserve momentum, as we have previously
mentioned. But, as long as momentum is conserved, any
combination of phonons is possible, although the final intensity
varies due to the electron-phonon interaction.

Now, we use the guiding principles from graphene and
apply them to the analysis of other materials, mostly MoS,-like
TMDs. We emphasize that the knowledge obtained from the
analysis of the graphene’s Raman spectrum can be extended to
other 2D layered materials, although the field has not been
thoroughly explored yet and the diverse properties of the

material at hand must be considered as well.

TMDs

Few vyears after the isolation of graphene, semiconducting
TMDs monolayers, such as MoS, and WS,, were obtained
through the mechanical exfoliation technique and their phys-
ical and chemical properties were characterized (77, 78, 79, 80,
81, 82, 83].

TMDs are layered materials composed by a sheet of
transition metals (M) sandwiched between two sheets of
chalcogens (X) presenting the general chemical formula MX,.
These materials are believed to lead future developments on
electronic devices such as optoelectronics [84], valleytronics
[85, 86], and wearables [87] in a few years. A diversity of
physical properties can be obtained depending on the combi-
nation of the transition metal and chalcogen. For instance, it
can range from semiconducting (MoS,, WS,) to metallic
(NDbSe,, NbS,) [88, 89]. Besides, thousands of layered materials
are yet to be found [90], showing the great potential of the 2D
systems. Despite this great diversity, the study of double

resonance Raman scattering is still in progress in these
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materials. Therefore, in this review, we only focus our analysis
on semiconducting MoS,-like TMDs, discussing the recent
advances.

These materials present a characteristic indirect band gap
ranging from 1.0 to 1.3 eV when in bulk form [91]. They
present strong many-body interactions, such that their optical
transitions are governed by excitons, and even at room
temperature, their excitonic transition are observed in absorp-
tion experiments [92]. Besides, a transition from indirect to
direct band gap occurs upon the reduction from bulk to
monolayer regime [93]. Due to a strong spin-orbit coupling,
a split in the valence band at the K point occurs and gives rise
to the excitonic transitions named A and B, according to their
energy values [92, 94]. Figure 4(a) shows the transition from
indirect to direct band gap in the electronic dispersion of MoS,.
The indirect band gap in bulk, which is the phonon-mediated
optical transition from the I'" to the Q point (the midpoint of
I'-K path), becomes a direct band gap at the K point for
a monolayer. The phonon dispersion of the MoS, class of
TMDs is characterized by the presence of nine phonon
branches, three acoustic (LA, TA, and ZA) and six optical
branches, of irreducible representations A,’, A;’, E’, and E”
at the I" point. Therefore, the expected phonons to participate
in the Raman spectrum should be the A;’, E’, and E” phonons,
the last of which is expected to be active only in a right angle
configuration.

The nonresonant Raman spectrum of semiconducting
TMDs, collected in the backscattering configuration, is mostly
restricted to first-order modes, which are known in the
literature as the out-of-plane A;" (A;g for bulk) and the in-
plane degenerate E’ (E,, for bulk) mode [8, 9] [see top of
Fig. 4(b)]. On the other hand, when the incoming laser energy
closely matches the A and B excitonic transitions, new
contributions arise in the Raman spectrum of the material
[see bottom of Fig. 4(b)]. These new features can be associated
with the intervalley scattering mediated by acoustic phonons
[11, 47, 48, 50, 52, 53, 58, 95]. For instance, in MoS,, two bands
are mainly observed in its resonant Raman spectrum: a band at
approximately 420 cm ™' commonly known in the literature as
“b” band [50, 52, 53], and a broad and asymmetric band at
approximately 460 cm ', which is related to two LA phonons
[Fig. 4(c)] [44, 50, 54, 57, 96, 97]. A detailed discussion about
the origin of these bands will be presented later on.

Before that, to understand the physical meaning of the
double resonance bands involving the acoustic phonons, it is
necessary to separate the simple second-order Raman process
and double resonance process that overlap in a resonant
Raman spectrum of TMDs.

Second-order bands are present in the Raman spectrum of
several materials, and their main characteristic is the fact that

they are the reflection of the phonon density of states of the
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Figure 4: The Raman scattering process in MoS, transition-metal dichalcogenide. (a) Electronic band structure with a close-up of the K, Q, and I" points showing
the indirect to direct band gap transitions from bulk to monolayer MoS,. The A and B excitons are highlighted by vertical arrows. (b) Raman spectra of monolayer
MoS; off-resonance (top) and on-resonance (bottom) with the excitonic transition. (c) The LA phonon branch dispersion close to the K and M points. Reprinted with
permission from Ref. 50 (from supplementary information). Raman spectra of monolayer MoS, off-resonance (top) and on-resonance (bottom) with the excitonic
transition. (d) Raman spectra of monolayer MoS, collected at different laser energies across the A and B excitons. (e) Frequencies of the LA + TA(~K) band and the
components of the 2LA band: singularity, 2LA(~K) and 2LA(~M) as a function of the laser energy. (c—e) Reprinted with permission from Ref. 50.

material with double the original frequency. This means that
their position does not change with the laser energy in contrast
to double resonance bands. A recent theoretical work for
silicon has shown that the Raman intensity of the second-
order bands are highly affected by the many-body effects that
come into play [98]. Thus, the second-order bands are greatly
enhanced when the laser energy matches the electronic
transition of the material. The difference between second-
order and double resonance bands, however, can be observed
when several laser lines are used to measure the Raman spectra
close to the electronic transition, revealing the pattern where
the dispersion of the bands can be observed.

Several works have reported the study of the double
resonance process in TMDs [47, 48, 50, 63, 95, 99, 100]. These
reports show that the double resonance bands observed in
TMDs are mostly due to intervalley scattering. As it can be seen
in Fig. 4(b), the peak at around 460 cm ™'
a double resonance band is asymmetric and its shape strongly

associated with
depends on the excitation laser energy and number of layers,

thus more than one process may be participating in this band
3, 35, 43].

© Materials Research Society 2019

The first observation of a double resonance band in bulk
MoS, was reported by Sekine et al. in 1984, where the authors
observed a dispersive Raman feature named as “b” band located at
approximately 420 cm™' [53]. This feature presented a high
dispersion with the laser energy close to the A and B excitons. To
explain such high dispersion, the authors proposed a mechanism
considering a two-phonon scattering of one quasiacoustic phonon
and an optical phonon, parallel to the ¢ axis of the crystal [53].
Similar mechanism was later proposed for the “b” band by taking
into account the explanation of the anti-Stokes process [58].
However, these models were not compatible with the observed
resonant Raman spectrum of a monolayer MoS,, which had
a similar band but lacked a quasiacoustic phonon branch.
Additionally, Chen et al. and later Stacy et al. reported another
band in the resonant Raman spectrum of bulk MoS, located at
460 cm ™, the intensity and shape of which strongly change as the
excitation energy is tuned [54, 96]. This band has been attributed
to a combination of two LA phonons at the M point. Henceforth,
few other works have tried to associate this band to different
combinations of phonons [97, 101], but none of these works

presented a satisfactory explanation of the origin of this band.
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Using what we saw for graphene, we can start to propose
a better explanation based not only on the rules observed, but
also on other known features of the TMDs, such as their
phonon dispersion and electronic structure. Considering an
electron-electron two-phonon intervalley scattering from K to
K’ in the conduction band of MoS,, we can ask which phonons
could participate in such process. Since, from graphene, the
phonons must present strong interaction with the electron, we
can suppose that the phonons involved in the intervalley
scattering must be acoustic phonons, due to the strong
correlation between the excitonic transitions in MoS, and the
acoustic phonons [102, 103, 104, 105]. This is especially true
since the phonon energy that we observe experimentally is very
close to double the frequencies of the LA phonons in the K and
M points [Fig. 4(c)]. This means that there could be a double
resonance process occurring that actually involves those
phonons.

Using the train of thought above, it was proposed in Ref. 50
a model based on theoretical and experimental results to
explain the origin of both b and 2LA bands [see Figs. 4(d)
and 4(e)] [50]. The authors have performed resonant Raman
measurements across the A and B excitons levels on monolayer
and bulk MoS,. By tracking the behavior on frequency and
intensity of the b and 2LA Raman bands and calculating the
on-resonance electrons and phonons that participate in the
scattering process, it was shown that the b band could be
associated with a combination of phonons from the LA and TA
phonon branches around the K point due to a double
resonance electron-electron intervalley scattering process, i.e.,
LA + TA(~K). This process is analogous to the D + D" band
in graphene, where two different phonons with the same
wavevector participate in the electron scattering process.

As for the 2LA band, the authors deconvoluted this broad
band by a set of Lorentzian peaks and showed that it is
composed of at least three components that can be highlighted:
two double resonance bands and one second-order band [see
Fig. 4(d)]. The two double resonance features are associated
with the electron scattering by two LA phonons at the
proximities of the K and M points, which were assigned as
2LA(~K) and 2LA(~M) located around 460 c¢cm ' and
470 cm Y, respectively. The second-order mode is located at
452 cm ' related to a singularity in the phonon density of
states present due to a saddle point in the LA phonon branch
between the K and M points. The above assignment was
proposed due to the analysis of the observed difference in
intensity band from bulk to monolayer, where the 2LA(~M)
phonon has higher contribution in few layers and bulk than in
monolayer since this process is mediated by the indirect band
gap [49, 56].

The frequency position of 2LA(~K) and 2LA(~M)

decreases as the laser energy increases, this negative dispersive

© Materials Research Society 2019

behavior is contrary to the observed for the 2D band of
graphene but resembles the behavior of the D + D” band.
The negative dispersion is a result of the wavevectors that are
accessed by the excited electron as it is scattered from K to K’
points. The frequency of the LA branch decreases for wave-
vectors further from the K or M points [Fig. 4(b)], which will
both contribute to the double resonance bands, hence resulting
in a negative dispersion. To this date, the dispersive behavior in
TMDs has only been reported for semiconducting MoS, [50].

Some works have reported the study of the Raman
spectrum of MoS, in the UV range to gain further information
about other high-order resonance processes. Sun et al. observed
that the Raman spectrum of MoS; in bulk, monolayer, bilayer
and trilayer samples, collected with an excitation energy of 3.81
eV [see Fig. 5(a)], presents three strong bands in the 750 to
840 cm ™' spectral range, which were associated to combina-
tions of E; and A;; modes [11]. It was proposed that these
bands are originated by a triply resonant hole-hole Raman
scattering process, where the hole would be scattered from the
bottom of the spin-orbit split at the valence band to the top
valence band and later recombines with the electron [see
Fig. 5(b)]. Liu et al. have observed the presence of several
new peaks between 560 and 820 cm ' spectral range in the
Raman spectrum of monolayer MoS, collected with a 3.50 eV
laser energy [47] [see Fig. 5(c)]. The observed bands were
related to intervalley scatterings between points at half way
from I'" to K, where the absorption of this laser energy is
strongest according to the theoretical calculations reported [see
inset of Figs. 5(c) and 5(d)]. The observed phonons were
associated with their correct wavevectors in the phonon
dispersion [see Fig. 5(e)] [47]. A similar study has also been
done recently for WS, [100].

Guo et al. have investigated the Raman spectra of MoTe,
using three laser lines of energy 1.58, 1.96, and 2.33 eV [48]
[see Fig. 5(f)]. A set of new Raman bands was observed and
associated with intervalley scattering between the proximities
of M point [see Fig. 5(g)]. The contribution of each laser energy
to the observed bands was calculated and connected to their
correct wavevectors [see Fig. 5(h)]. Although these works are
promising, they are still in infancy because further probe by
tuning the excitation laser energy and number of layers (that
helps to unveil the Raman scattering process) needs to the
performed for the 2D family.

Most of the works in the literature investigate the Raman
spectrum of TMDs by tuning the excitation laser energy to
probe the resonance effects. However, a closer inspection at the
Raman intensity equations [see Eqgs. (1) and (2)] can provide
more insightful thoughts regarding the Raman scattering pro-
cess. The intensity can be tuned not only by changing the
excitation laser energy, but also by changes in the excitonic

transition energy itself. Such changes in the excitonic transition
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Figure 5: Double resonance Raman bands above the excitonic transitions. (a) Raman spectrum of monolayer, bilayer, trilayer, and bulk MoS, collected with a UV
laser of 3.81 eV. (b) Proposed triple resonance process. (a) and (b) Reprinted with permission from Ref. 11. () Raman spectrum of monolayer MoS, collected with
a UV laser of 3.50 eV. The inset shows the calculated absorption probability for this laser energy. (d) Proposed scattering process near the I' point responsible for
the observed Raman bands in (c). () Complete phonon dispersion of MoS, with the different contributions of the double resonance bands in (c) and (d) ascribed to
their respective points in the Brillouin zone. (c-€) Reprinted with permission from Ref. 47. (f) Raman spectra of monolayer MoTe, collected for three laser energies.
(9) Proposed electron scattering near the M points for a laser energy of 1.96 eV. (h) Phonon dispersion of MoTe, with observed contributions to the Raman spectra
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from the three laser energies ascribed to their respective points in the Brillouin zone. (f-h) Reprinted with permission from Ref. 48.

energy can be achieved, for example, by in situ variation of the
sample’s temperature or pressure. For instance, tuning the
exciton energy for bulk MoS,, either by temperature or
pressure changes, affects the double resonance processes just
like if the excitation laser energy is being tuned [58]. Recent
works on monolayer MoS, have shown that under temperature
variation the frequency position of the double resonance LA +
TA(~K) band (i.e., the b band) disperses by a rate of (Aw/AT)
= 0.035 cm /K, while the first-order A’; mode disperses
(Aw/AT),, = 0.008 cm™'/K [52]. This represents a dispersive
rate ratio of around 4.4 times between the double resonance
and first-order bands, which is a good indicative of changes in
the excitonic effects leading to the strongly dispersive behavior
of the b band.
We end this section reminding that the strong enhance-
ment of the double resonance Raman bands in MoS,-like

TMDs comes from the resonance with the excitonic transitions.

© Materials Research Society 2019

Therefore, out of resonance, the Raman bands should show
little intensity, and would barely be observable, which is the
case shown in Fig. 4(b), where we compare the spectra of
monolayer MoS, at a laser far from resonance (2.41 eV) and
a laser very close to resonance with the A exciton (1.96 eV).
These are important considerations because in the next section
we will discuss defects in 2D systems, and resonance with the
electronic levels of the material is fundamental to measure the

contributions of defect-induced bands to the Raman spectra.

Controlling defects in materials is of utmost importance for the
development of technology due to its role on tuning the doping
concentration or carrier types, reducing contact resistance in
electronic devices, and improving the responsivity, speed, and

operation wavelength of photodetectors in novel optoelectronic
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devices, such as photodetectors and LEDs [60]. Therefore,
a quantitative way to control the density of defects in 2D
materials is a key ingredient to the development of 2D
materials technology. In this aspect, Raman spectroscopy is
a simple and nondestructive tool that allows the characteriza-
tion and quantification of defects in 2D materials.

Defects can be generated either during (in situ defects) or after
(ex situ defects) the synthesis process [59], where the latter is
extended to exfoliated samples. Several kinds of in situ defects can
be generated such as vacancies of chalcogens and metals (usually
accompanied with their bonds) in TMDs, antisites, grain bound-
aries, edges, and line defects [106]. These in situ defects are not
controllable. However, ex situ defects can be created in a controllable
way due to the improvement of the defect engineering in 2D
materials. For example, electron beam irradiation [107, 108] and
ion (Mn" and Ar") bombardment [62, 109] have been used to
create chalcogen vacancies in TMDs, where the distance among
vacancies can be controlled by the beam dosage. The same
approach can also be used to create MoS, nanocrystallites [110].
Additionally, the introduction of vacancies by electron irradiation
can be followed by doping [111]. Indeed, oxygen substitution of
chalcogenides may occur in normal ambient conditions despite the
slow rate of the reaction and difficulties to be controlled [112].
However, oxygen passivation of chalcogen vacancies using laser
annealing has been performed in WSe; as an alternative, improving
its conductivity and photoconductivity [112]. Besides, doping by
potassium [113] was achieved before theoretical studies for alkali
metals (Li, K, and Cs) doping in TMDs [114] while lithium doping
has been recently done [115]. All this shortly highlights the
importance to probe defects in 2D materials. Hence, in the
following, we briefly comment the study of defects in graphene
and semiconducting TMDs by Raman spectroscopy, which allows
to probe and understand the defects scattering in 2D systems.

Defects in graphene

Defects allow the appearance of new features in the Raman
spectrum of graphene considering that the defect density
increases up to a certain threshold, as shown in Fig. 6(a). The
defect density is related to the fluence of ions into the samples (in
order of 10" to 10™) [116], but most works in the literature
quantify the amounts of defects by the average defect distance
(Lp), given by Lp = 1/ Vs where 1) is the defect density [3, 35,
43, 62, 70, 71, 72]. The reason for this choice is because it
provides a direct correlation between defects and their effects on
the Raman spectrum. The Raman spectrum of a defective
graphene sample presents three new features assigned as D,
D', and D + D’ bands, as it is shown in [see Fig. 6(a)] [43].
These new Raman bands are the result of intervalley, intravalley,
and combination of both processes where the conservation of

momentum is preserved by the presence of a defect.
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Figure 6: One-phonon defect Raman spectrum of a defective graphene. (a)
Raman spectrum of monolayer graphene for different values of interdefect
distance (Lp) collected with a 2.41 eV laser. (b) Intensity ratio of D to G band
multiplied by the fourth power of the laser energy as a function of interdefect
distance. Reprinted with permission from Ref. 43.

In Fig. 6(a), we can notice that the D band is the most
intense one of the defective Raman features in graphene. It has
half the frequency of the 2D band and shows a dispersive
behavior as the excitation laser energy is tuned [43]. Addition-
ally, the D band also depends on the average defect distance,
Lp, because its intensity increases as the Lp value decreases [see
Fig. 6(a)]. Notice that D band intensity can even surpass the G
band intensity. The intensity ratio of both bands (Ip/Ig)
provide a route to characterize the sample quality [see
Fig. 6(a)] [43]. The relationship between of the Ip/I intensity

ratio can be expressed as a function of L, given by [43, 70]

Ip (rﬁ — rg) rg rIZ\ r%
—=Cp——— —n—=] — —n-—=+n—= R
I AR—22) TP\ ) TP\ T

(3)

where 7, and rg are length scales related to either the regions

that contribute to the scattering of the electron to form the D
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band or to the disorder caused by defect formation. C, is
a weight parameter that depends on the laser energy. By Eq.
(3), it is possible to observe the behavior of the intensity of the
D band as a function of both laser energy and defect length. A
laser-independent relationship can also be obtained by multi-
plying the left side of Eq. (3) by E.*, as it is shown in Fig. 6(b)
[43]. This new expression allows to monitor and control the
defect density in graphene for its applications, independently of
the laser line used.

It is worthy of note that after the threshold of the defect
amounts is reached, i.e., the Lp is considerably small, there is
a change in the crystallinity of the sample becoming increas-
ingly rich in sp’ amorphous carbon [3, 43]. At this point,
several changes in the Raman spectrum are observed, including
broadening and asymmetry of the bands, shifts in frequency of
the first-order modes, among others [3, 43, 70, 71].

Defects in TMDs

As in graphene, the presence of defects can also impact the
Raman spectrum of TMDs. However, the impact in TMDs is
far less sensitive than those observed for graphene. For
graphene, the D band can be directly observed in the Raman
spectrum with L up to 25 nm [43, 70]. Graphene is always in
resonance on the NIR and most of the visible range; thus, most
of the double resonance processes involving defects are fairly
strong, in special when the Ly, is low enough that we can expect
a big enhancement of the defect-induced bands. For semi-
conducting TMDs, unless the sample is resonantly excited [49,
50] across the excitonic transitions, the disorder-induced bands
can be barely observed. These bands are associated to the
acoustic branches and can only be observed when a small Ly, is
reached, meaning a high defect density [49, 62, 110].

As the size of the analyzed crystal decreases, the selection
rule for zone center phonons can be dropped. Therefore, a new
domain size where Lp needs to be accounted for must be
considered for confinement effects. The uncertainty principle
states that the momentum uncertainty of the electron will be
proportional to (Lp) ", which will involve phonons away from
the I' point. As a result, the shape of the Raman bands changes
from a regular Lorentzian, related to a forced, damped
harmonic oscillator, to a broader and asymmetric shape. This
new shape can be described by a weighted sum over all the
phonons in the Brillouin zone within a Gaussian distribution
related to the mean defect distance [62, 110],

eXP(‘(qLD/2“)2>
l(o) = / @—om@y+apt @

The o parameter is a constant that relates the mean defect

distance to the phonon confinement length by defects or
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microcrystalline size, wpy, (q) is the phonon branch frequency,
and 7y is a broadening factor that increases as the defect mean
distance decreases. Notice that as Ly increases to infinity (for
pristine samples), the usual Raman line shape of a Lorentzian is
recovered. This model can be used to describe the disorder in
several systems other than TMDs, as it has already been used
for graphene and graphite [71, 116], silicon [117, 118], and
GaAs [119].

The first-order bands are also affected by increasing the
disorder density. The effects observed are frequency shifts and
an increased broadening in contrast to pristine samples.
Figure 7(a) shows the nonresonant Raman spectrum of semi-
conducting MoS, monolayers with different L. We can clearly
observe how the first-order E' and A,’ modes are altered. A
new peak associated with the defect-induced LA mode is also
observed [56, 57]. This defect-induced peak is located at
around 230 cm %, half the frequency of the 2LA band [56, 57].

The shift and increased broadening observed in the Raman
spectrum of MoS, are related to a smaller phonon correlation
length Lc, which is a measure of the phonon confinement by
defects or microcrystallite size and it is proportional to the Lp
parameter. Similar to graphene, the intensity ratio of the
disorder-induced LA band and the first-order modes A;" and
E’, ie,, 1 a/In1 and Ij o/Ig, can provide a way to quantify the
amounts of defects [see Fig. 7(b)] [62]. This has also been
observed by Li-doped MoS, monolayer samples, where the LA
band is rapidly intensified for increasing lithium exposure time
[115].

One important remark is that the disorder-induced LA
band is composed by at least three components: LA(~K),
LA(~M), and a band associated to a singularity from the
phonon density of states [Fig. 7(c)]. The peak position of these
Raman bands presents half the frequency of the bands
composing the 2LA band. Therefore, the LA(~K) and
LA(~M) modes also present a dispersive behavior with the
excitation laser energy, following a similar trend as the
dispersive two-phonon features composing the 2LA band
[50]. The observation of these three components in the
defect-induced LA band, and the fact that these components
present half of the calculated dispersion of the 2LA(~K) and
2LA(~M) bands, further strengthens the intervalley double
resonance scattering model claim proposed in Ref. [50] for
semiconducting MoS, [see Fig. 7(d)].

To our knowledge, such detailed analysis of the double
resonance process in defective TMDs sample was only explored
for the MoS,. Recently, however, it was reported the presence
of two new bands in the tip-enhanced Raman spectrum of
a defective WS, sample, called D and D’ [120]. The appearance
of these new bands was related to an increased number of
sulfur vacancies, and the D band was associated with the A,

phonon branch. The D’ band was associated with the infrared-
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Figure 7: Phonon-defect Raman spectrum of monolayer MoS,. (a) Raman spectrum of monolayer MoS, for different values of interdefect distances collected with
a 2.41 eV laser. (b) Intensity ratio between LA band and the A;’ and E’ bands. The observed line is a fit with a curve proportional to (LD)’Z. Reprinted with
permission from Ref. 62. (c) Deconvolution of the defective LA band in monolayer MoS,. (d) Frequencies of the LA band components in (c) as a function of the laser

energy. Reprinted with permission from Ref. 50.

active A," [120]. This study, however, was a single laser line
study of the Raman spectrum of WS, and the only one so far
about this material where defect-induced bands appear.

There are a few other works that have measured the
contribution of the defect-induced bands in the Raman
spectrum of semiconducting TMDs [49, 62, 110]. These works
reported changes to the observed spectra related to different
wavevectors accessed by the high density of defects present in
the samples. More importantly, they have observed mainly
changes around the first-order modes, which means that the

main contributions are related to optical phonons.

In this review, we have discussed the double resonance Raman
bands in 2D materials. We have focused on the state-of-the-art
2D materials: graphene and semiconducting MoS,. We have
explained the most pronounced bands that arise from the
electron—electron, electron-hole, and hole-hole intravalley and
intervalley scattering process. These scattering processes allow
phonons at the Brillouin zone edge to participate in the
scattering where the momentum conversation is preserved by

a two-phonon or one-phonon defect process. Such processes

© Materials Research Society 2019

allow the observation of the D, D', D + D", 2D, and 2D’
Raman bands of graphene mediated by phonons at the vicinity
of the K and I' points, whereas the electron-electron intervalley
scattering allows the observation of the LA, b, and 2LA Raman
bands in MoS, mediated by phonons near the K and M
Brillouin zone edge points.

There are other few works on the study of the double
resonance Raman bands in other TMDs providing insights on
the scattering process. However, up to this date, the detailed
analysis of the double resonance Raman process has been
described only for the semiconducting MoS,. The latter has
shown that a more in-depth resonant Raman study for the
other materials is still needed to properly observe the possible
double resonance contributions in the Raman spectrum of the
other TMDs. In particular, the study of other classes of TMDs
is lacking, especially those with high anisotropic optical
properties such as ReS, and ReSe, [121, 122]. It could be very
interesting to observe the possible behavior of double reso-
nance bands of these materials, even though their optical
transitions are very far from the most common lasers used in
the collection of the Raman spectrum at 1.3-1.5 eV [121, 122].

A recent study of bulk black phosphorous has observed the

presence of several small intensity bands, which were ascribed
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to two-phonon bands [123]. The intensity of these bands
reaches a maximum close to a laser energy of 2.4 eV, indicating
a presence of an electronic transition [123]. It remains to be
seen whether the same effect will be visible in single layer or
even few layers samples. One study has observed the presence
of new bands in defective monolayer and few layers of black
phosphorus, which were assigned to phonon-defect intravalley
processes [124]. Although, in comparison with graphene, more
works should be done to assess some other possible effects that
could be present.

The emerging of new 2D materials shows that the field on
double resonant Raman process is still in progress and more
work needs to be done for a deeper understanding of the
underlying physics of the double resonance process in other
materials. The double resonance Raman mechanism provides
important information for the understanding of the photo-
physics of 2D materials, the quantification of defects, and to
describe the intervalley and intravalley scattering of electrons
essential for the development of the spintronics and

valleytronics.
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