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ABSTRACT Resonant Raman spectroscopy (RRS) is a very useful tool to study physical properties of r
materials since it provides information about excitons and their coupling with phonons. We present in this
work a RRS study of samples of WSe, with one, two, and three layers (1L, 2L, and 3L), as well as bulk
2H-WSe,, using up to 20 different laser lines covering the visible range. The first- and second-order Raman
features exhibit different resonant behavior, in agreement with the double (and triple) resonance
mechanism(s). From the laser energy dependence of the Raman intensities (Raman excitation profile, or
REP), we obtained the energies of the excited excitonic states and their dependence with the number of
atomic layers. Our results show that Raman enhancement is much stronger for the excited A’ and B’ states,

and this result is ascribed to the different exciton—phonon coupling with fundamental and excited excitonic states.
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like layered inorganic structures has ap-

peared into the scientific scene, and the
transition-metal dichalcogenides (TMDs)
are now produced as atomically thin struc-
tures. Serious efforts are now focused on
studying their unique electronic structure,
in comparison with their bulk phases.' 3
Monolayered TMDs, where the metal atom
belongs to the sixth column of the periodic
table, exhibit a direct gap that evolves to
an indirect gap as the number of layers
increase. Such an intriguing behavior, and
the possibility of producing heterostacked
samples including different bidimensional
(2D) materials, such as graphene and BN,
makes TMDs outstanding candidates for
optoelectronic applications. The electronic
structure and optical properties of various
bulk TMDs were already studied in the
past.>® Concerning the electronic and opti-
cal properties of monolayered TMD crystals,
MoS, was the first to be investigated,’*7”®
followed by WS,.>*° However, there exist
only few optical studies on WSe,,? and most

I n recent years, a new family of graphene-
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of them deal with the bulk phase. Here we
present a careful investigation of 1L, 2L, 3L,
and bulk WSe, using resonant Raman spec-
troscopy (RRS), and we were able to obtain
not only the excitonic transitions as a func-
tion of the number of layers, but also infor-
mation about electron—phonon coupling in
these fascinating systems.

The electronic structure of bulk WSe, was
first calculated by Bromley et al. in 1971,°
using the semiempirical tight binding meth-
od, in a two-dimensional approximation.
The optical transmission spectra of bulk
WSe, was measured by Beal et al. in 1972,°
and compared with the spectra of MoS; and
WS,. These three compounds exhibit two
characteristic peaks in the optical absorp-
tion spectra in the near-IR and visible region
that are ascribed to the so-called A and B
excitons. This pair is associated with the
lowest energy optical transitions between
the spin—orbit split valence band and the
lowest conduction band at K and K’ points
of the Brillouin zone. For WSe,, the optical
absorption spectrum also exhibits a further
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doublet (A, B') at higher energies. This extra doublet
was first ascribed to an interlayer effect, caused by the
overlap between anion orbitals of different layers.®
However, the (A’, B') doublet was recently observed
in the optical spectrum of monolayered WSe,, showing
that its origin can not only be related to an inter-
layer effect?® In a recent GW—Bethe—Salpeter first-
principles calculation of the optical response of mono-
layered MoS,, Qiu et al.® predicted the existence of an
extra pair of peaks, named as A’ and B’, which are also
spin—orbit split states of excitons localized near the K
and K’ valleys in the momentum space and correspond
to excited states of the exciton pair (A, B). It was also
proposed in this work that the lack of the observation
of A’ and B’ peaks in the MoS, optical spectrum could
be due to the short lifetime of the quasiparticles, which
broadens the spectrum from the visible to the ultra-
violet range.

Raman spectroscopy has turned into a powerful
technique for characterizing mainly semiconducting
TDMs. The Raman spectrum of various bulk TDMs was
measured years ago,'®~ "2 and the first-order spectrum
is dominated by two normal modes with A4 and Ey'
symmetries. In the particular case of WSe,, these two
modes have practically the same frequency. Additional
second-order features, associated with combination
and overtones of phonons, also appear in the Raman
spectra of TMDs. In this context, Sekine at al. studied
the Raman spectra of bulk 2H-MoS, using different
laser lines and showed that the intensities of both the
first- and second-order features are strongly depen-
dent on the laser energy.'® Stacy and Hodul studied the
Raman spectra of bulk 2H-MoS, and 2H-WS, using
different laser lines with energies near the optical
absorption edges and demonstrated that the second-
order Raman features become stronger as the laser
energy approaches the band gap energy.'” The recent
emergence of 2D TMD materials now allows us to
investigate the Raman spectra of samples with one,
two, or few layers,'® and it has been noticed that the
Raman spectra are significantly dependent on the
number of layers.'”'®

In all previous Raman studies in 2D TMDs, 1920
results were reported with only a few laser excitation
lines,?' thus preventing the determination of the ex-
citation profile (REP) of the Raman features and the
dependence on the number of atomic layers. In this
work, we present a complete RRS study of 1L, 2L, 3L,
and bulk WSe, using up to 20 excitation energies in the
visible range. We measured the REP of the most intense
Raman features, which allowed us to distinguish the
behavior of the first- and second-order Raman bands.
From the position of the maxima of the REP, it is
possible to obtain the energy of the (A’, B') exciton
pair as a function of the number of atomic layers. Our
results are in excellent agreement with previous ab-
sorption and photoluminescence studies® and provide
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Figure 1. Raman spectrum of bilayer WSe, measured with
the 457.9 and 647.1 nm excitation wavelengths in the
spectral range from 200 to 450 cm ™. Red and blue lines
represent the Lorentzian fitting functions of first- and
second-order bands, respectively. *See the assignment in
Table 1.

experimental support for the interpretation of the
(A, B) pair in the spectrum of WSe,. Our study also
provides new information about exciton—phonon in-
teractions in 2D WSe, with different number of layers
and shows the suitability of RRS as a nondestructive
tool for addressing the structural dependence of the
electronic properties in 2D semiconducting TMDs.

RESULTS

First- and Second-Order Raman Spectrum. The Raman
spectra of 2D WSe, crystals with different number of
layers have been recently described.'”'® Although
bulk 2H-TMDs belong to the Dg, point group, odd
and even few layer TMDs belong to the Ds, and Dsy
point groups, respectively. Therefore, the Raman
modes with A, and E; symmetries for bulk TMDs
become modes with A;’ and E' symmetry for odd few
layers TMDs and modes with A4 and E for even few
layers TMDs. In this work, and for simplicity, we decided
to label these modes just as A and E for all our samples.

As an example, in Figure 1 we present Raman
spectra of bilayer WSe, sample measured with the
457.9 and 647.1 nm laser lines (2.54 and 1.92 eV laser
energies, respectively) in the 200 to 450 cm™ " spectral
range. In the 457.9 nm spectrum, one can observe a
single peak associated with the two first-order Raman
modes with A and E symmetries, which have practically
the same frequency, appearing at around 249 and
251 cm ™', respectively. This accidental degeneracy pre-
vents a clear identification of the two contributions in the
spectrum. The evolution of these two first-order modes
with the number of layers has been recently described
using three different excitation energies, considering
polarized Raman experiments, and it was shown that
the frequency shift between the two bands can be used
to determine the number of layers in the sample.'

In the 647.1 nm spectrum, it is possible to observe a
number of features, below and above the first-order
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peak (A + E) around 250 cm ', that are associated with
second-order processes involving two phonons within
the interior of the Brillouin zone or involving one
phonon and a defect. The two features located at 260
and 263 cm™' might correspond, respectively, to the
overtone of the LA phonon branch at the M point
(named as the 2LA(M) feature) and to a phonon
belonging to the A-symmetry optic branch at the M
point, which becomes active due to structural disorder,
similar to the disorder-induced D band in graphene??
(labeled A(M) in this work). Further contributions, not
described before in the literature, appear around 225
and 242 cm™". On the basis of our theoretical predic-
tions, these contributions might correspond to a pho-
non mode of the E-symmetry optic branch at the Kand
M points of the Brillouin zone, respectively, that are
also activated by disorder (we will refer to them as E(K)
and E(M)). We can also observe other weak contribu-
tions in the spectral range from 300 to 400 cm™". The
first one appears at ca. 305 cm™ ', and its origin has
been recently reported as an A-symmetry first-order
mode corresponding to an interlayer vibration, which
becomes a Raman active mode for samples consisting
of just a few layers, bi and trilayer in our case;'”'® we
will refer to this feature as the A, band (I standing for
interlayer). At slightly higher frequencies, we can ob-
serve a group of three peaks around 360, 375, and
395 cm . A preliminary assignment of these bands
can be found in ref 21, and in Table 1 we present a more
detailed assignment combined from ref 21 and our
theoretical calculations. The origin of all these second-
order features is not yet well established; in contrast with
the assignment presented here, a recent publication
proposes the participation of the transversal acoustic
modes in the existence of these resonant bands.*

Resonance Raman Results. As shown in Figure 1, the
Raman spectra of 2D WSe, crystals are strongly depen-
dent on the laser line used to collect the data. In order
to address this issue, all samples in this work were
investigated with 20 different laser lines in a wide
range of excitation energies. In Figure 2, we display
selected resonant Raman spectra of WSe, samples with
one to three layers, as well as the bulk, collected with
different laser lines. Despite the fact that the relative
intensities of all Raman features are strongly depen-
dent on the laser excitation as well as on the number of
atomic layers, the decomposition of the registered
spectra as a sum of individual peaks reveals that none
of the described peaks shifts with the excitation en-
ergy. This is an expected result for the first-order
modes, but in the case of the second-order bands, it
indicates that these bands involve phonons within the
interior of the Brillouin zone belonging to almost
nondispersive branches (similarly to the LA phonon
dispersion curve close to the M point).

All recorded spectra were fit as a sum of Lorentzian
curves, allowing us to obtain the REPs of all Raman
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TABLE 1. Assignment of the Second-Order Raman
Contributions in the Spectral Range from 200 to 400 cm "

band

(m™) assignment”

25 EK°

242 E(M)?

260 AAM?>

263 AM)°

360 2615()° or Ar(M) + TAM)®; 2€() — LA(K)® and 24'+(T) — LA(K)®
375 E'y(M) + LA, £() + LAMY?, and A'(T) + LA()?

395 E/(T) + LA(K)® and A'y(I) -+ LA(K)® and 3LAM)*®

“The a and b superscripts stand for this work and ref 21, respectively.

bands, that is, Raman intensity vs laser excitation
energy. The intensities were normalized according to
the intensity of the silicon peak, taking into account the
Si Raman cross-section at each excitation energy,
reported in ref 24. We analyzed the combined intensity
of the first-order band around 250 cm™', associated
with both the E + A modes, as a function of the
excitation energy, since the two individual peaks are
almost degenerated, thus preventing a clear distinc-
tion of the contribution of each one to the total
enhancement. The same procedure was used to ana-
lyze the band around 260 cm ™', associated with both
second-order processes 2LA(M) and A(M). In this way,
we were able to accurately distinguish between the
behavior of the REP for the first- and second-order
bands.

Parts A and B of Figure 3 show, respectively, the REP
of the first-order band around 250 cm™' and the
second-order band around 260 cm™" for all the sam-
ples studied in this work. We can first observe that the
REPs of the first- and second-order features are differ-
ent. For monolayer WSe,, the REP of the first-order
peaks exhibit only one large maximum around 2.4 eV,
whereas the REP of the second-order bands, also
exhibit a second maximum at lower energies, around
2.1 eV.The energy separation of these two maxima for
the second-order features decreases when we add
more layers, and they converge to a single maximum
for bulk WSe,. We can also observe in the REP of the
first-order features the existence of another weak
maximum in the range 2.5—2.8 eV, which will be
discussed in the next section. Using the same proce-
dure discussed above, it is possible to obtain the
Raman excitation profile of all other Raman features,
and the complete analysis of our results is shown in the
Supporting Information. We have observed that the
REPs of all second-order Raman features are similar to
those shown in Figure 3B.

DISCUSSION

As explained above, the Raman signal can be en-
hanced when either the incident or scattered photons
are in resonance with electronic (or excitonic) transitions.
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Figure 2. Selected Raman spectra of WSe, samples with different number of layers registered with a wide range of excitation
wavelengths. The peak at 520 cm™' comes from the silicon substrate and was used for intensity normalization.
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Figure 3. Evolution of the REP with the number of layers for (a) the first-order modes (A + E) and (b) the second-order bands
(2LA(M) + A(M)). The first-order modes (in red) are fitted according to eq 1, whereas the second-order bands (in blue) are fitted
with Gaussian functions. (c) Comparison between the position of the Raman signhal enhancement obtained in this work (open
symbols) and the absorption data derived from ref 3 (solid symbols).

For a first-order Raman process, the intensity of a
Raman peaks as a function of the laser energy can be
described by the Fermi golden rule for a third-order
time dependent perturbation theory process, given by

(f|He-r|b)b|He-pn|aXa|He-r|)
a,b(EIaser - Egap - iy)(EIaser - Egap + Eph - iy)

Mm

I(Elaser) = C

where vy is the damping factor accounting for the
inverse lifetime of the excited electronic state in the
resonant scattering process,” and the phonon energy
Epn is fixed to the frequency of the analyzed Raman
feature. The two terms in the denominator of eq 1
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give rise to the enhancement of the first-order Raman
feature when the incident or scattered photons are
in resonance with electronic (or excitonic) transitions.
The three terms in the numerator correspond to the
matrix elements for the electron—photon Hamiltonian
(emission of the scattered photon), electron—phonon
Hamiltonian (creation of one phonon), and electron—
photon Hamiltonian (absorption of the incident photon),
respectively. The difference between considering in-
teractions of photons and phonons with electrons or
excitons is provided by the quantum states and not by
the perturbation Hamiltonians, which are the same for
both electrons and excitons.?® Therefore, eq 1 is valid
for both cases.
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As already mentioned, the optical absorption spec-
tra of WSe, exhibit four peaks in the near IR and visible
region that are ascribed to the two pairs of excitons,
(A, B) and (A/, B'). For monolayered WSe,, these four
peaks appear, respectively, at 1.65, 2.05, 2.40, and
2.80 eV. An important result shown in Figure 3A is
the fact that the first-order (A-+E) Raman features are
not enhanced (or very weakly enhanced) using laser
energies corresponding to the B exciton (the A exciton
is out of the range of laser energies used in this work).
Interestingly, the REP of this first-order band exhibits a
strong enhancement for laser energies near the A’ and
B’ exciton energies (the resonance with exciton B’ is
not observed for monolayer WSe; due to the excita-
tion range covered in our experiments). This result
can be understood by considering the middle term in
the numerator of eq 1, which gives the strength of
the electron—phonon coupling. It reveals that the
coupling of these first-order phonons is stronger for
the (A’, B') pair, showing that RRS provides information
about electron—phonon coupling in TMDs, which
cannot be obtained in optical absorption and photo-
luminescence experiments. Figure 3A also shows the
fitting of the experimental first-order REP data by eq 1,
and the fitting parameters are summarized in Table 2.
From these data we can observe the evolution of
the splitting (B'—A’) with the number of layers. Such
energy difference can be associated with both the
spin—orbit coupling (SOC)*” and the interlayer inter-
action; however the precision of our experimental data
prevent us from discerning between both effects,
since the difference (B'—A’) remain constant in about
(0.40 4 0.02) eV for the three samples.

Second-order Raman features involve, in general,
two phonon modes within the interior of the Brillouin
zone, and their intensities are described by a fourth-
order time dependent perturbation theory expression.
Therefore, eq 1 is not adequate to fit the REP of these
second-order features. Since the precise assignment
of these second-order features is not yet completely
established, Gaussian functions have been used to fit
the REPs shown in Figure 3B and to determine the
Raman enhancement energies. Contrary to the case of
the first-order features, which are only enhanced at
laser energies corresponding to the A’ and B’ excitons,
the second-order Raman bands exhibit a quite differ-
ent Raman excitation profile behavior: we can also
observe in Figure 3B a maximum at a lower energy, in a
position that coincides with that of the B exciton. The
different behavior of the REPs of the first- and second-
order features is, in fact, an expected result. First, for a
second-order process, there are three terms in the
denominator of the Fermi golden rule expression,®®
and therefore, the resonance conditions are different
from those described by the first-order expression
given in eq 1. Moreover, the phonons involved in the
second-order process are not at the I' point of the

DEL CORRO ET AL.

TABLE 2. Fitting Parameters, in eV, of the Full Curves
Shown in Figure 3A

N B’
Egap Y Egap Y
1L 242 0.22
2L 228 0.20 2.69 0.20
3L 220 0.19 261 0.22
bulk 216 0.08 2.55 0.13

Brillouin zone, and their symmetries depend on their
specific wavevector (g value). Consequently, the elec-
tron—phonon matrix elements involved in a second-
order process are not the same than those of the first-
order modes that take place at the center of the
Brillouin zone. The fact that the second-order Raman
features can be more intense than the first-order peaks
for laser energies in resonance with exciton B supports
the double-resonance mechanism for the enhance-
ment of these bands, similarly to what occurs in
graphene systems. 2?8

Let us finally discuss the dependence of the maxima
in the REPs with the number of layers and compare
them with previous results of optical studies in WSe,.
Figure 3C shows how the B, A, and B’ exciton energies,
obtained from optical absorption,® vary with the num-
ber of layers. It was also shown in ref 3 that the energies
of the A and B peaks are weakly dependent on the flake
thickness, whereas the energies of the A’ and B’ peaks
blueshift with decreasing the thickness of the WSe,
samples. We also plot in Figure 3C the energies ob-
tained from our Raman results. We observe that there is
an excellent agreement between the resonant Raman
and optical data and their dependence with the num-
ber of layers. While the pair (A’, B') energy decreases
with the number of layers, the B exciton energy slightly
increases with increasing number of layers. This is
reason why, in bulk samples, only a single enhance-
ment is observed around 2.20 eV, associated with both
the B and A’ excitons.

CONCLUSIONS

In summary, we have investigated in this work the
resonant Raman spectra of WSe, samples with one,
two, and three atomic layers (1L, 2L, 3L) and bulk WSe,,
using 20 different laser lines in the visible range. We
were able to obtain the Raman excitation profile of the
first- and second-order Raman features, which exhibit
different behaviors, and shows that the second-order
features come from a double (and triple) resonance
mechanism(s). From these REPs, we have obtained the
energies of the excited excitonic states and their
dependence with the number of atomic layers, which
are in excellent agreement with previous optical stud-
ies. Moreover, we observed that the enhancement of
the first-order Raman modes are much stronger for
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Figure 4. Photographs of the measured WSe; flakes with (a) one, (b) two, and (c) three layers and the bulk.

resonances with the (A’, B') excited excitonic pair than
with the (A, B) fundamental pair. Since Raman scatter-
ing involves both electron—photon and electron—
phonon interactions (in contrast with optical absorption

METHODS

Bulk 2H-WSe, crystals were produced using the chemical
vapor transport method described elsewhere.'® The crystals
were mechanically exfoliated and deposited on Si/SiO, sub-
strates to obtain the few-layered samples. In Figure 4 we present
photographs of the studied flakes, which present dimensions larger
than 20 um?. The Raman spectra were registered in backscattering
geometry using a triple monochromator spectrometer DILOR XY
with different laser sources (Ar/Kr and a dye laser with Rhodamine
6G and DCM-special dyes) to excite the sample using 20 different
laser lines in a wide energy range from 457.9 to 650.0 nm. The laser
power was kept below 0.6 mW to avoid damage of the sample. The
samples were focused by a 100x (N.A. 0.95) objective. Accumula-
tion times between 1 and 20 min were needed depending on the
excitation energy and the number of layers in the sample.
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