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We report resonant Raman spectroscopy of neutral excitons X° and intravalley trions X~ in hBN-
encapsulated MoS, monolayer embedded in a nanobeam cavity. By temperature tuning the detuning
between Raman modes of MoS, lattice phonons and X°/X~ emission peaks, we probe the mutual coupling
of excitons, lattice phonons and cavity vibrational phonons. We observe an enhancement of X°-induced
Raman scattering and a suppression for X -induced, and explain our findings as arising from the tripartite
exciton-phonon-phonon coupling. The cavity vibrational phonons provide intermediate replica states of X°
for resonance conditions in the scattering of lattice phonons, thus enhancing the Raman intensity. In
contrast, the tripartite coupling involving X~ is found to be much weaker, an observation explained by the
geometry-dependent polarity of the electron and hole deformation potentials. Our results indicate that
phononic hybridization between lattice and nanomechanical modes plays a key role in the excitonic
photophysics and light-matter interaction in 2D-material nanophotonic systems.
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Nano-opto-electro-mechanical systems are of strong
interest in the study of light-matter interactions since they
intentionally couple electronic, optical, and vibrational
degrees of freedom having vastly different eigenfrequen-
cies [1-4]. Hereby, interband optical response becomes
sensitive to the local optical field and the state of motion
(phonons) in the nanosystem [5,6]. Monolayer transition
metal dichalcogenides (TMDs) are of particular interest in
this context since they (i) can be attached via van der Waals
bonding to a wide range of different substrates, and they
combine (ii) strong light-matter interactions through exci-
tonic transitions at room temperature with (iii) large photo-
elastic coupling strengths to the local deformations [7-10].
Recent works on 2D-material nanophotonic cavities report
that phonons modulate the light-matter interaction by
limiting the exciton mobility [11] and introducing vibronic
sublevels [12,13]. These phonon-mediated effects indicate
wide potentials of phononic technology in the cavity
QED study.

While these recent works spell out the key role played by
phonons in 2D-material nanocavities [11-14], the addi-
tional degree of freedom associated with the phononic
vibration from cavity nanomechanical modes and the
delicate interplay between lattice phonons, nanomechanical
modes, excitons, and cavity photons have not been pre-
viously elucidated. Indeed, besides the lattice phonons
from atomic vibrational modes [15-18], there also exist the
phononic vibrational modes of nanocavities [19-22]. The
cavity vibrational phonons also introduce deformations and

0031-9007,/23/130(12)/126901(7)

126901-1

interact with excitons [23,24]. Therefore, understanding the
interplay between different phonons and their mutual
coupling to excitons are the key to further explore and con-
trol phonon-mediated processes in light-matter interactions.

In this Letter, we reveal the tripartite coupling between
excitons, lattice phonons, and cavity vibrational phonons in
the cavity-MoS, system using resonant Raman spectros-
copy. We use optimized high-Q nanobeam -cavities to
embed hBN-encapsulated monolayer MoS, [11]. The
encapsulation suppresses disorder-induced fluctuations
[25-27] and allows clear spectral separation of pristine
neutral excitons X° and intravalley trions X~. We tune the
Raman modes of MoS, lattice phonons through the exciton
emission energies by the temperature [28]. The X°(X™)-
phonon coupling strengths in the X°(X~)-induced Raman
scattering are revealed by the X°-Raman and X~-Raman
resonant peaks in the detuning dependent Raman inten-
sity [28-31]. We observe a significant enhancement of
X% induced Raman scattering and a suppression for
X~ -induced. The enhancement of X’-induced scattering
is well explained by exciton-phonon-phonon coupling,
where the cavity vibrational phonons provide intermediate
replica states for resonance conditions in the scattering of
lattice phonons. In contrast, the X~ —cavity-phonon cou-
pling is very weak, explained by the near cancellation of
electron and hole deformation potentials in the ribbon-
shaped MoS, monolayers [32]. Thereby, the intermediate
state that enhances the Raman intensity does not occur for
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(a) Schematic of four distinct laser positions for spectroscopy: bare flake off to the side of nanobeam on the planar substrate,

supported on SizN, and suspended on etched SizN, part of the nanobeam, and the center position of the nanobeam cavity. (b) Calculated
vibrational modes of the nanobeam cavity. The MoS, deforms primarily along the axis of nanobeam. (c) Temperature-dependent raw
spectra recorded from the bare-flake showing both Raman and photoluminescence (PL) signals. (d) Raman spectra after subtracting the
PL emission baseline recorded from the bare flake (gray) and cavity C2 (green). Intensities are normalized to the SizN, peak.

Temperatures are denoted in Kelvin in the inset box in (c),(d).

X~. The temperature dependence of Raman enhancement
reveals that a discrete number of cavity phonons participate
in the coupling, further supporting the phononic hybridi-
zation between material and nanomechanical degrees of
freedom in the quantum system.

Our sample structures are depicted in Fig. 1(a). The
hBN/MoS,/hBN heterostructure is prepared using
mechanical exfoliation and viscoelastic dry transfer meth-
ods [11,33]. The monolayer MoS, is encapsulated by the
top (bottom) hBN with a thickness around 15 (55) nm,
transferred onto a 200 nm thick SizN, layer on a Si
substrate. The sample is patterned into series of photonic
crystal nanobeams [11,34]. We investigate the Raman
spectra recorded from four kinds of positions. The first
case, bare flake, corresponds to the region consisting of
only hBN-encapsulated MoS, on the planar Si;N, sub-
strate. Data recorded from this case are denoted by gray
datasets in this work. The second and third cases, denoted
by red and blue datasets, correspond to supported and
suspended positions in the nanobeam, respectively. Since
the photonic crystal trenches in this sample have a
periodicity of 2 pm and a lateral size of 1 pm, the laser
spot can be precisely and readily positioned on the
supported or suspended positions, respectively. These three
cases (bare flake, supported, suspended) are control experi-
ments, in contrast to the fourth case cavity corresponding to
the center position of high-Q cavities. In this work, we
present data recorded from two cavities with the different
nanobeam width 520 (420) nm for cavity C2 (C12). The
data recorded from cavity C2 (C12) is denoted by green
(purple) datasets, respectively. Optical and vibrational
modes of the cavity are formed by chirping the photonic

crystal periodicity to create photonic and phononic band
gap confinement [11,20]. Typical vibrational modes calcu-
lated via fully 3D finite element simulation are presented in
Fig. 1(b), and the calculation details are presented in Sec. II
in the Supplemental Material [35].

The three control experiments, i.e., bare flake, supported
and suspended cases are chosen to identify other factors
besides the optical and vibrational modes which might
affect the Raman properties in the cavity. For example, in
the cavity two types of local static strain are induced in the
TMD: tensile strain from SisN, structures [49,50] and
strain arising from the 2D heterostructure being freely
suspended. Effects from the former can be isolated by the
supported case, and effects from the latter can be revealed
by the suspended case. The reactive ion etching during
nanofabrication might also affect the hBN/TMD/hBN
heterostructure [51,52], and if this is the case, the effect
on Raman properties can be revealed by both supported and
suspended cases.

We implement resonant Raman spectroscopy by varying
the lattice temperature to tune the Raman modes of MoS,
lattice phonons through the X° and X~ emission. The
excitation cw-laser laser has the wavelength 632 nm with a
spot size ~1 pm and power ~100 pW. The excitation
conditions produce both exciton emissions and Raman
signals superimposed in spectra, as shown in the raw
spectra measured from the bare flake in Fig. 1(c).
Raman spectra are then extracted by subtracting the
emission baseline, and the results from the bare flake
and cavity C2 are presented in Fig. 1(d). We observe three
dominant Raman modes: the Si;N, phonon (525 cm~!) and
two MoS, lattice phonons as acoustic phonon 2LA
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(450480 cm™") and optical phonon A;, (409 cm™)
[53,54]. The intensity of 2LLA peak in both cases exhibits
a clear maximum around the resonance to X°, which is a
typical resonant Raman phenomenon [28-30]. Meanwhile,
differences are observed between cavities and control
experiments, e.g., the intensity of 2LLA peak at low temper-
ature, indicating the phonons and exciton-phonon cou-
plings are modulated in the cavity.

To further investigate the exciton-phonon couplings, we
normalize the Raman intensities by dividing the integrated
peak intensity by the Bose factor and the intensity of Si3Ny
peak [10], i.e.,

;o a,/(na, +1)
Ao Ign/ (nsin + 1)

r_ Iopa/(npa + 1)
AT Ign/(nsin+ 1)

where I, , I, and Iy, are peak intensities extracted
from Raman spectra. na,» NsiNe NLA are temperature-
dependent Bose distribution factors

1
np - eh(wLaser_mp)/<kBT) f— 1 ’

p = {A,,.2LA,SiN},
where @y 45, (hw),) is the energy of the laser (Raman
mode), kp is the Boltzmann constant, and 7 is the temper-
ature. Theoretically, the normalized Raman intensity con-
sists of signals from all possible light-matter intermediate
states, according to [55]

>

m

MmeepMmi 2

(wm - (i/z)ym - wLaser)(wm - (i/2)7m - wp)

’

where i, m, and f denote the initial, intermediate, and final
states, w,, and y,, are the energy and lifetime of the
intermediate state m, My, (M,,;) is the matrix element
of the optical f « m (m « i) transition, and M,, is the
matrix element quantifying the exciton-phonon coupling
strength. In our measurements, X0 and X~ are near resonant
to the outgoing Raman modes. Thus, the exciton-Raman
detuning (outgoing Raman resonance) dominates the
detuning-dependent Raman intensities. We thereby fit
the normalized Raman intensities using

Iy => gx Ry,
X

p= {A1g7 2LA}

X = {X° X"},

2

’

Rx,p = l/le - (i/2)7x —w,

where gy , reflects the exciton-phonon coupling strength
and Ry, is the exciton-Raman detuning modeled by
Fermi’s golden rule [28,30,31]. The Raman mode energy
w, are extracted from the Raman spectra. Since the exciton-
Raman resonance deforms the exciton emission line shape
[29,56], we extract the exciton energy @y and linewidth yyx
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FIG. 2. (a) Normalized Raman intensities of A;, and 2LA.

Dashed (dotted) peaks are from the X°(X™)-phonon coupling. In
control cases (gray, red, blue) the coupling strength gy , is
constant. In cavities (green, purple), gx- , is constant and gxo , is
enhanced with a TV dependence. (b) Comparisons between
exciton emission recorded using 632 nm-laser (dark) and
532 nm-laser (light) at 65 K, normalized by the X° peak.
(c) Schematic of doubly resonant scattering of Aj, around X~ -

Raman resonance, which converts X° to X~, thereby enhances
the X~ emission in (b) for the three control cases. (d) Schematic
of the doubly resonant scattering of 2LA around X°(X~)-Raman
resonance.

from the PL spectra excited by 532 nm-laser (off resonance,
see Sec. IV A in the Supplemental Material [35]).

The results of A, and 2LA measured from the three
control cases and two cavities are plotted in Fig. 2(a) as a
function of the energy detuning to X°. Dashed lines
represent the resonance arising from the coupling to X°,
and dotted lines represent the expected resonance arising
from the coupling to X~, ~35 meV detuned from X° [29].
In three control cases (gray, red, blue), the coupling
strength gy , is nearly constant [28,30,31]. The results
reveal that for A, only gx- a1, has a significant amplitude
whilst gxo A1, vanishes. For 2LA both gxo 5 o and gx- 1
have finite amplitudes. Another distinctive feature of
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X~-Raman resonance is the enhanced ratio of X~ /X°
emission intensity [29,56] as clearly observed in three
control cases presented in Fig. 2(b), where exciton emission
around 65 K recorded using the 632 nm-laser (dark, close
to X~ -Raman resonance) are compared with those using the
532 nm-laser (light, off-resonance). This is due to the
doubly resonant Raman scattering depicted in Fig. 2(c),
where XY is converted to X~ by the phonon scattering [56—
58]. In contrast to the three control cases, Raman spectra
recorded from the cavities exhibit entirely different behav-
iors that are traced to cavity vibrational phonons. As shown
in Fig. 2(a), gxo i, is clearly nonzero in two cavities,
evidenced by the resonance (dashed peak) which is in
contrast absent in the three control cases. Meanwhile,
gxoaa (dashed peak) is enhanced in cavities while the
amplitude of gx- 5 o (dotted peak) vanishes. Therefore, we
conclude that X°-phonon coupling strengths are enhanced
in cavities while X~ -phonon coupling strengths are sup-
pressed. The suppression of gx- , is also supported by the
exciton emission presented in Fig. 2(b). The X~ emission
enhancement [29] arising from X~ -Raman resonance
[Fig. 2(c)] is not observed in the cavity.

We note that ingoing Raman resonances have little
impact on the measured intensities, since the laser is far
detuned from both exciton peaks (X°-laser resonance
corresponds to 60 meV in X°-Raman detuning). More-
over, here A, g and 2LA contain doubly resonant Raman
scatterings [30,31,56], thereby, the ingoing excitation is not
limited to the zone center, as depicted schematically in
Figs. 2(c) and 2(d). For the ideal first-order Raman
scattering, the ingoing excitation is limited at the zone
center, thereby the ingoing resonance between wy ., and
wxo play a role in the variation of the Raman intensity. In
contrast, in our measurements around the exciton-Raman
resonance depicted in Figs. 2(c) and 2(d), only the outgoing
section is around the zone center, thereby the outgoing
resonances Ry , are expected to dominate the spectral
dependencies. Therefore, we fit the detuning-dependent
Raman intensities by Ry, as presented in Fig. 2(a).
Nevertheless, at this point we emphasize that the conclu-
sions above can be directly obtained from raw data, without
making this approximation and quantitative fittings as
discussed in Sec. III A in the Supplemental Material [35].

Furthermore, the cavity enhanced coupling strengths
9xOA,, and gyo, 4 are found to follow a temperature-

dependent power law TV, This can be seen in Fig. 3(a) that
shows gxoopa = I a/Rx0 24 from which we extract N =
1.14 +£0.18 and 2.21 £0.23 for cavity C2 and C12,
respectively. The selective enhancement of gy,
(p = {A,,,2LA}), and the TV dependence are two key
observations in this work, indicating the tripartite coupling
between excitons, cavity vibrational phonons and MoS,
lattice phonons. This exciton-phonon-phonon coupling we
envisage is illustrated schematically in Fig. 3(b): cavity
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FIG. 3. (a) T" dependence of gxo o 5 in cavities. (b) Schematic

depiction of the exciton-phonon-phonon coupling between X°

(black), cavity phonon (gray replicas), and lattice phonons (dark
red arrows).

vibrational phonons provide additional intermediate states
indicated by the gray replicas that can satisfy the resonance
conditions in the scattering of MoS, lattice phonons (dark
red arrows). The selectivity is due to the vibronic states
(gray replicas) that only occur for X° but not for X~. We
explain this suggest by the weak X~ —cavity-phonon cou-
pling originating from the geometry-dependent deforma-
tion potentials. In cavity vibrational modes, the embedded
ribbon-shaped MoS, monolayer extends primarily along
the nanobeam axis. For such uniaxially strained MoS,, Cai
et al. [32] calculated the width dependent deformation
potential for the electrons (D,) and holes (D;). D, was
always found to have a magnitude that is approximately
twice of D, [32]. Therefore, the X~ —cavity-phonon cou-
pling strength (x 2D, — D;) is expected to be much
smaller than the X°—cavity-phonon coupling strength
(x D, — Dy, [59-61]. This selectivity is further supported
by the temperature-dependent linewidth of excitonic PL
emission, discussed in SFig. 14 in the Supplemental
Material [35].

Meanwhile, the TV dependence is consistent with
the Bose occupation of cavity vibrational phonons
nep = 1/[e"@r/*T) _ 1], Since the cavity vibrational
phonon has low energy [Fig. 1(b)] Aw.p < kT, the
temperature dependent factor of either Stokes (n.p+1) or
anti-Stokes (n.p) processes is ~kzT/(hw.p) xT. Thereby,
N is determined by the number of cavity phonons partici-
pating in the tripartite coupling. Additional evidence for
the tripartite coupling is observed from the spatial depend-
ence of Raman enhancement and the temperature dependence
of Raman linewidth (anharmonicity) [62] as discussed in
Sec. IIIB in the Supplemental Material [35]. Similar
vibronic sublevel mediated processes have been reported
in photonic [12-14,63] and plasmonic systems [64,65]. In
contrast, other factors do not explain the experimental results.
For example, the control experiments in the supported and
suspended case show that both two types of static strain
without cavity vibrational modes do not result in the selective
Raman enhancement. Indeed, the static strain is not propor-
tional to temperature, and thereby, it cannot explain the 7V
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dependence. The resonant cavity optical mode could of
course enhance the Raman intensity by increasing the local
optical field for the laser [66,67] or exciton spontaneous
emissions [64,67,68]. However, these effects are strongly
dependent on the detuning of the cavity optical mode to the
laser or excitonic transitions. In our experiments, the exci-
tation laser and Raman modes are far detuned from the cavity
optical mode (> 20 meV), and the detuning is nearly
temperature independent. The coupling between X° and
the cavity optical mode is negligible [11], and no dependence
on their detuning is observed in Fig. 3(a). Therefore, several
pieces of evidence all indicate that the cavity optical mode
does not play the major role in determining the observed
Raman enhancement.

In summary, we performed spatially resolved Raman
spectroscopy to demonstrate how excitons, MoS, lattice
phonons and cavity vibrational phonons couple to govern
the exciton-phonon scattering in 2D-material nanophotonic
cavities. The selectivity to the neutral exciton indicates
such phononic technology can be applied to control light-
matter interactions based on different electronic transitions
(excitonic sorting). Moreover, our results are obtained for
thermally excited vibrational modes without external driv-
ing [22,23]. Therefore, our results indicate that the pho-
nonic hybridization between lattice and nanomechanical
modes has an intrinsic strong impact on excitonic photo-
physics and light-matter interactions in 2D-material nano-
photonic systems.
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