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The recently emerging laminar transition metal dichalcogenides provide an unprecedented platform for
exploring fascinating layer-dependent properties. Determining the dependence of exciton-phonon coupling (EPC)
on dimensionality would set a foundation for these exotic thickness-dependent phenomena. Here we report the
observation of layer-dependent EPC between the A;,(I") phonon and A’ exciton in WSe, down to the monolayer
limit. Our results uncover that the strength of EPC increases dramatically with a descent of layer thickness.
Compared with their bulk counterparts, the strength of EPC in monolayer WSe, is enhanced by nearly an order
of magnitude. Furthermore, our work demonstrates that the giant EPC in the monolayer plays a prominent role
in the exotic interlayer EPC of WSe,/boron nitride heterostructures. The gigantic EPC in the two-dimensional
limit provides a firm basis for understanding and manipulating the peculiar phenomena and novel optoelectronic

applications based on atomically thin WSe;.
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Exciton-phonon coupling (EPC), a fundamental interaction
between elementary excitations, plays a vital role in a wide
range of properties in condensed-matter physics [1]. For
instance, EPC drives the formation of Cooper pairs [2], enables
the emergence of superconductivity in iron-based materials
[3], favors the Peierls instability [1,4], and dominates photo-
carrier dynamics [5]. Two-dimensional (2D) transition metal
dichalcogenides (TMDCs) have sparked significant attention
due to a cornucopia of exotic phenomena [6-9]. Because of the
quantum confinement effect, EPC plays a fundamental role in
determining the intriguing physics, e.g., phonon-limited elec-
tron mobility [10], anti-Stokes emission from trion to neutral
exciton [11], strongly enhanced charge density wave transition
temperature [12], and EPC-dictated exciton dynamics [13-15].

Since the electronic structures of TMDCs depend strongly
on the number of layers [16—18], a strong dependence of EPC
on thickness is expected in principle. In fact, it has been shown
that the amplitude of EPC in MoS, decreases monotonically
with a descent of the thickness and only a tiny EPC strength
appears in the monolayer limit [19-22]. In contrary to MoS,,
whose A1,(I") mode is coupled with the A exciton, WSe; is
found to display atypical EPC [23,24]. The A;,(I") phonon in
WSe; is coupled with the A’ exciton instead of the A exciton.
What is the layer-dependent EPC between the A;,(I") phonon
and A’ exciton in WSe,? The influence of layer number on the
strength of EPC has not been experimentally explored in WSe;
thus far. Moreover, recent results demonstrate the fascinating
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interlayer coupling between boron nitride (hBN) phonons and
WSe, excitons [25,26]. However, a detailed understanding
of the microscopic mechanism that drives such emergent
properties has remained elusive. A possible mechanism is that
the interlayer EPC in WSe, /hBN heterostructures is mediated
by WSe, phonon [26]. If this microscopic theory is true,
intralayer EPC in WSe; could play a key role in determining the
interlayer EPC of WSe,/hBN heterostructures. Thus, in-depth
experiments are highly required to deciphering the EPC of
atomically thin WSe,. Demystifying the EPC of 2D WSe, is
fundamentally important in both understanding the mechanism
of interlayer EPC between WSe; and hBN, and searching for
novel future electronic applications.

In this paper, we perform off-resonant and resonant Raman
scattering on WSe, samples with various layer thicknesses to
elucidate the layer-dependent EPC. Our experiments reveal
that the strength of EPC in WSe, associated with the A,(I")
mode and A’ exciton increases dramatically with a descent
of the thickness, in stark contrast to phenomena observed in
MoS,. The giant EPC in atomically thin WSe, has profound
effects on the interlayer EPC of WSe,/hBN heterostructures.
Our results not only are of fundamental importance in deter-
mining the evolution of novel phenomena in 2D limit but also
provide guidance for future optoelectronic applications.

Monolayer, bilayer, and few-layer WSe, samples were
placed on 300-nm SiO,/Si substrates by mechanical exfoli-
ation from bulk crystal. Figures 1(a)-1(c) show the optical
images of typical WSe, samples with the number of layers
overlaid. Atomically thin WSe, flakes were first identified
by their interference contrast through the optical microscope
and then confirmed by a combination of light absorption,
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FIG. 1. Microscopy and characterization of WSe, with different layers. (a)—(c) White-light microscope images of 1L-6L. WSe, samples
with a x 100 magnification. The scale bars shown in (a)—(c) are 10 um. (d) Light absorption as a function of the layer number. The dotted line is
the linear fitting with a slope of 6%. (e) Normalized PL spectra by the intensity of the A exciton of WSe, for layer numbers = 1L-9L. Feature A
labels the direct-gap transitions, and I labels the luminescence from an indirect gap interband transition. The spectra were taken under the same
conditions using 2.33 eV excitation. (f) Dependence on the layer number of the relative integrated PL intensity normalized by the intensity of

the monolayer at 1 (right) and the peak positions of A and I excitons (left).

photoluminescence (PL), and Raman spectroscopy. Optical
absorbance (see Supplemental Material [27]) as a function
of the layer number is shown in Fig. 1(d). Monolayer WSe,
possesses a high light absorption of 7% normal incident light,
in good agreement with the previous prediction [28]. The
light absorption increases linearly with a constant rate of 6%
up to 7 L, providing a reliable fingerprint for determining
the layer thickness. Figure 1(e) presents the evolution of
normalized PL versus the number of layers, exhibiting quite
distinct features between mono- and few-layer samples. The
PL spectrum of the monolayer consists of a single narrow
feature centered at 1.652 eV with FWHM of 36 meV. In
stark contrast, few-layer samples display two emission peaks
(direct-gap transition A and indirect band-gap luminescence
I) [29,30]. The peak positions of A exciton depend weakly on
the flake thickness, while I peak quickly shifts toward higher
energies with decreasing the number of layers and fades to null
at the monolayer limit [the left of Fig. 1(f)]. The strong layer
dependence of the indirect gap originates from out-of-plane
Se-p, orbitals at I' and Q points [18,20], leading to a large
interlayer hopping and significant energy change. In addition
to the significant difference in the peak energy, PL intensity
from the direct interband transition dramatically increases and
reaches a maximum at the monolayer limit, more than 1 order
of magnitude higher than that of the bilayer and 3 orders of
magnitude stronger than that of 9 L [the right of Fig. 1(f)].
Combined with the Raman intensity of the silicon substrate,
which has been used to identify the thickness of graphene

and TMDCs (Supplemental Material [27]) [31,32], we could
identify the layer number of WSe; up to 20 L easily.
Although odd layers (D;h space group) and even layers
(D3, space group) belong to different symmetries, we denote
all phonons with the irreducible representations of the bulk
phase (Dgh space group) for simplicity. Figure 2(a) shows
the nonresonant Raman scattering of WSe, with 633-nm
excitation. The out-of-plane vibrations of Se atoms [A(I")
band] and in-plane breathing mode [Eég(l“) band] are close

to 250cm~! and degenerate in monolayer, in fair agreement
with the previous study [33]. Being akin to MoS, and WS,,
the frequency of the Ay, (Ezlg) phonon of WSe, blueshifts
(redshifts) with increasing the number of layers [Fig. 2(b)]
due to the van der Waals interaction and dielectric screening
[33,34]. In addition, we can clearly see, from multipeak
Lorentzian fittings, that the asymmetrical and broad peak at
~ 260 cm~! consists of three phonons instead of one phonon
[35]: Bag(M)at256 cm™', 2LA(M) at 260 cm ™', and 3TA(M)
at 262 cm~!, which is usually assigned wrongly to the A,(I")
mode (see Supplemental Material [27]).

When the incident light (2.33 eV) is in resonance with
the A’ exciton of WSe, [23,24,33], the Raman scattering
shows a significant difference. First, the A;,(I") and Eég(l”)
modes cannot be distinguished clearly and only a single peak
appears near 250cm ™! [Fig. 2(c)]. To confirm if the single
peak near 250cm™! is from the A;,(I") mode or E, (I')
phonon, we carried out the polarization-resolved Raman spec-
troscopy measurements. The intensity at around 250 cm™! in
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FIG. 2. Resonant and off-resonant Raman spectra of WSe,. (a) Off-resonant Raman spectra using 633-nm line in the range of 210—280cm ™.
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Multipeak Lorentzian fittings of 1L. WSe, are overlaid. (b) Frequencies of Ezlg(F) and A;,(I") Raman modes (left) obtained from Lorentzian
fittings of (a) and their difference (right) as a function of layer number. (c), (d) Resonant Raman spectra with 532-nm laser in the range of
210—280cm™! (c) and 295—320cm~" (d). Inset in (c) is the Raman spectrum of bilayer WSe, obtained in two scattering configurations:
copolarized [Z(XX)Z] and cross-polarized [Z(XY)Z], where Z and Z indicate wave vectors of incident and scattered light.

cross-polarized configuration is much weaker than that in the
copolarized configuration [inset in Fig. 2(c)], indicating that
the intensity of the Ezlg(I‘) mode can be ignored as compared
with the A,(I') mode [33,36]. Thus, we assign the peak
near 250cm™! to the Aig(I") phonon when discussing the
layer-dependent Raman intensity and EPC below. Second, a
new peak at ~ 308cm~! [Fig. 2(d)], corresponding to the
leg(M ) mode, is observed for the multilayer (layer number
> 2), resulting from the breaking of Raman selection rules due
to resonant Raman processes [36]. The intensity of this mode
decreases with increasing the thickness, being an excellent
indicator for the number of layers. A series of multiple phonon
replica, combinations, and edge phonons of the Brillouin zone
are also observed and assigned in Table S3 (Supplemental
Material [27]).

Figure 3(c) presents the layer-dependent Raman intensity
normalized by the intensity of phonon in bulk counterparts
under 1.96 eV excitation (off-resonance). It can be seen that
the intensities of all the Raman modes, in close analogy to
the case of graphene [37] and MoS, [38], increase almost
linearly with layer numbers up to 7 L and then decline for
even thicker layers. The intensity of all phonons in 7 L is about
18 times higher than those of the bulk. More interestingly, the
normalized intensities of all the Raman modes as a function

of layer numbers are akin to each other, indicating that the
evolution of Raman intensity with the number of layers is
attributed to the multilayer interference occurring for both the
incident light and emitted Raman radiation [37].

In stark contrast, the intensity of phonons under resonance
excitation is quite distinct from off-resonant Raman scatter-
ing. Figure 3(d) shows the layer-dependent phonon intensity
normalized by Raman intensity in the bulk phase, excited by
2.33 eV radiation on resonance with the A’ exciton [33]. The
intensities of all the phonons reach the maximum at the bilayer,
and the intensity in the bilayer is much larger than that in
the bulk. Especially for the A;¢(I") mode, the intensity in the
bilayer is 860 times higher than that in the bulk phase, in good
harmony with Raman intensity mapping of A;,(I") phonons
shown in Fig. 3(b). Besides, distinct phonons harbor different
layer dependences of normalized Raman intensity, ruling out
that the giant Raman intensity in the bilayer stems from optical
interference.

To the best of our knowledge, Raman scattering involves
an electron-mediated three-step process embodying photon-
electron, electron-phonon, and electron-photon interactions.
The Raman signal (Raman cross section) can be enhanced
significantly when either the incident or inelastically scat-
tered photons are in resonance with the electronic transitions
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FIG. 3. Layer-dependent exciton-phonon coupling in WSe;. (a) Optical image of other representative WSe, samples on 300-nm-thick SiO,.
We overlay the layer number on top of the corresponding thickness. Scale bar: 15 um. (b) Raman intensity mapping of the A;,(I") mode for
WSe, shown in (a) with 2.33 eV excitation. (c), (d) Raman intensity normalized by the intensity of the bulk as a function of layer number with
1.96 eV excitation (c) and 2.33 eV excitation, on resonance with the A’ exciton (d). (¢) Raman intensity normalized by the bulk versus exciton
energy. The black theory line is described by Eq. (3). (f) Raman intensity ratio between the A;,(I") mode and B,,(M) band as a function of

layer number.

(excitons). For the first-order Raman process, the Raman
intensity is described by the Fermi golden rule for a third-order
time-dependent perturbation theory and is given by [19,23]

. 2_77 (lee—r|m2><m2|He—ph|ml><ml|He—r|i) :
h (EL - Eex - ly)(EL - Eex - Eph - lV) ’

ey

where |i), | f) and |m ) /|m,) are initial, final, and intermediate
states, respectively; H,_, and H,_p, are the electron-radiation
and electron-phonon interaction Hamiltonians, respectively;
E;, E,., and E,, are laser energy (2.33 eV), excitonic state
(layer-dependent A’ exciton in our case), and phonon energy

of the analyzed Raman feature, respectively. And y represents
damping constants related to the lifetimes of the intermediate
states. From the denominator of Eq. (1), we could expect that
the Raman intensity would reach its maximum when incident
energy is in resonance with the energy of the A’ exciton. This is
in fair agreement with our results that all the phonons possess
the strongest intensity in the bilayer, as the energy of the A’
exciton (2.28 eV) in the bilayer, derived from Refs. [23] and
[30], is closest to 2.33 eV.

To obtain the layer-dependent EPC associated with the A’
exciton, we first inspect whether the amplitude of the EPC is
the same in distinct thickness or not. If the strength of the EPC
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is thickness independent, Eq. (1) could be written
1
I o< — ; ;
h (EL - Eex - ly)(EL - Eex - Eph - l)’)

In order to compare with our experimental results, Eq. (2)
is normalized by the intensity of the bulk:

(233 =216 —iy1)(2.33 — 2.16 — E — i)
T (233 = Epy — iy2)(2.33 — Eor — Epp — i)

2

2w )

2

)

3

where 2.16 eV is the energy of the A’ exciton in the bulk,
and y; and y, are damping constants of bulk and few-layer
WSe,, respectively. From Ref. [23], it can be known that y,
is 0.08. Figure 3(e) and Fig. S5 (Supplemental Material [27])
demonstrate that the intensities of Byg (M), E21 (M)—LAM),
and A;,(M)—LA(M) modes show good agreement with
Eq. (3) [theory curve in Fig. 3(e) with y, 0.16 and E;,
31 meV], indicating that the EPC between these phonons
and the A’ exciton is almost independent of the number of
layers. Strikingly, the intensity of the A,(I") mode cannot be
described by the theory curve at all [Fig. 3(e)], revealing that
the strength of EPC between the A,(I") phonon and the A’
exciton is strongly dependent on the number of layers.

Although the energy of the A’ exciton is a function of layer
numbers, we can eliminate these effects and obtain the layer-
dependent EPC between the A1,(I") phonon and A’ exciton as
follows:

1(A1(D)
1(Bag(M))

2
|<m2|Hefph|m1)| Ap(T)

x EPC(A,(IN)),
|<m2|Hefph|ml)|232g(M) ¢

“
where |<m2|Hefph|m1>|2A]g(r) and |<m2|Hefph |m1>|232g(M) are
the strength of EPC between the A’ exciton and A;,(T") and
B, (M) modes, respectively. Since EPC between the A’ exciton
and the B,,(M) phonon is independent of the layer thickness,
the intensity ratio between the A,(I") and B,,(M) modes is
proportional to the strength of EPC between the A’ exciton
and A1,(I") phonon. Figure 3(f) presents Raman intensity ratio
between Aj,(I') and Byg(M) modes versus the number of
layers. The resonant Raman intensity ratio between Ag(I")
and B,,(M) modes (blue symbols) drops exponentially as the
thickness increases [39], demonstrating that EPC between the
A1,(T") mode and A’ exciton increases dramatically with a
descent of the thickness and possesses its maximum in the
monolayer limit. This is in good harmony with the results
of optical 2D Fourier transform spectroscopy that the EPC
of monolayer WSe; is a factor of 5-10 larger than that of
quasi-2D semiconductor quantum well systems and plays a
key role in the intrinsic homogeneous linewidth of excitons
[40]. Such a colossal EPC in monolayer WSe,, being akin
to the case of NbSe, where a strongly enhanced EPC in
monolayer leads to a significantly enhanced charge-density-
wave transition temperature [12], is of particular significance
for exciton dynamics [11,15] and would give rise to a variety of
surprising novel quantum phenomena. On the other hand, the
Raman intensity ratio between A ,(I") and By, (M) modes with
off-resonance excitation is thickness independent, as shown in
Fig. 3(f) (magenta symbols).
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FIG. 4. Layer-dependent interlayer exciton-phonon coupling
from 1L WSe,/hBN (black), 2L WSe, /hBN (red), 4L WSe,/hBN
(blue), and an adjacent atomically thin hBN (magenta) excited
by 2.33 radiation. Inset is the optical micrograph of hBN/WSe,
heterostructures. Thin hBN with uniform thickness is highlighted by
the dashed black line. Monolayer, bilayer, and quadrilayer WSe, are
highlighted by red, yellow, and magenta lines, respectively. Scale bar:
10 pm.

Recently, extraordinary interlayer coupling between hBN
phonons and WSe, excitons has been demonstrated in
WSe,/hBN heterostructures. A detailed microscopic mech-
anism that leads to the interlayer EPC has, however, re-
mained elusive. One of the possible mechanisms is that this
exotic interlayer EPC is mediated by WSe, phonons [26]. If
this is correct, we expect that the intralayer EPC in WSe;
would play a key role in determining the interlayer EPC of
WSe, /hBN heterostructures. To confirm this view, we covered
a thin hBN on WSe, by a dry transfer method based on a
polydimethylsiloxane (PDMS) stamp [41] and measured the
influence of WSe, thickness on interlayer EPC of WSe, /hBN
heterostructures. The inset of Fig. 4 presents the white-light mi-
croscopic image of monolayer, bilayer, and quadilayer WSe;
covered by a thin hBN (~ 6 nm). Figure 4 presents the Raman
spectra for 1L WSe, /hBN (black), 2L WSe, /hBN (red), 4L
WSe,/hBN (blue), and an atomically thin hBN (magenta)
using 532 nm excitation. In stark contrast to pristine hBN,
Raman silent hBN ZO mode (99 meV) becomes Raman active
in WSe;/hBN heterostructures, in line with previous findings
[25,26]. Strikingly, it can be seen that the intensity of hBN
Z0 phonons in WSe; /hBN heterostructures increases sharply
with decreasing number of layers and reaches a maximum at
the monolayer WSe,, in good harmony with the giant EPC of
WSe, monolayers. Our results show unambiguously that the
intralayer EPC in WSe, is fundamentally important for the
exotic interlayer EPC of WSe, /hBN heterostructures.

In conclusion, we have measured layer-dependent Raman
spectroscopy of WSe; under both resonant and off-resonant
excitations with an A’ exciton. We demonstrate the strength of
EPC between A,(I") and the A’ exciton in WSe, as a function
of the number of layers. The EPC in WSe, harbors a sharp
increase with a descent of the layer thickness. The giant EPC in
atomically thin WSe, fundamentally determines the interlayer
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EPC of WSe, /hBN heterostructures. Our work provides a firm
basis for elaborating the mechanism of the interlayer EPC in
WSe,/hBN heterostructures and will foresee a variety of novel
applications in the fields of electronics and optoelectronics.
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