
Strong coupling of excitons with transverse-
electric-polarized polaritons for high-precision
MoS2 layer number sensing in Au/MoS2

heterostructures
LEYANG LI,1 YUNBAO ZHENG,2 MIN OUYANG,1 HAIHUA FAN,1 QIAOFENG DAI,1 HAIYING LIU,1,*
LIJUN WU,1 AND SHENG LAN1

1Guangdong Basic Research Center of Excellence for Structure and Fundamental Interactions of Matter, Guangdong Provincial Key
Laboratory of Nanophotonic Functional Materials and Devices, School of Optoelectronic Science and Engineering,
South China Normal University, Guangzhou 510665, China
2School of Optoelectronic Engineering, Guangdong Polytechnic Normal University, Guangzhou 510665, China
*Corresponding author: hyliu@scnu.edu.cn

Received 6 May 2025; revised 1 July 2025; accepted 15 July 2025; posted 21 July 2025 (Doc. ID 566250); published 1 October 2025

Surface plasmon polaritons (SPPs) on metal surfaces excited by p-polarized light have long been a crucial method
for achieving light–matter interactions due to their small mode-field volumes and strong optical localization
properties. However, the significant losses generated in metals greatly limit the intensity of the SPPs and their
potential application scenarios. In this paper, we leverage the high refractive index properties of two-dimensional
(2D) transition metal dichalcogenides (TMDCs) to generate transverse-electric (TE) polarized waves excited by
s-polarized light on the surface of gold nanofilms by accurately controlling the number of the TMDC layers and
the spatial refractive index variations with the structure. Unlike the SPPs excited by p-polarized light, the TE
surface waves on the surface of the gold film exhibit low loss and high quality factor (Q factor). Moreover, the
difference in refractive index causes the TE surface waves to be electromagnetically separated in space, lifting the
electric field component in the excited TE surface waves from the surface of the metal film into the TMDCs,
thereby minimizing the ohmic loss in the metal and enabling strong coupling between the TE surface waves
and the two-exciton states (A-exciton and B-exciton) in the TMDCs. Experimental results demonstrated the
strong coupling of TE waves with double excitons (A-exciton and B-exciton) in multilayer MoS2 by exciting
the Au∕MoS2 heterostructure using a Kretschmann–Raether configuration, showing ultrahigh Rabi splitting
up to about 310 meV. Furthermore, the number of MoS2 layers can be accurately determined by measuring
the redshift of the Rabi splitting peak of the strong coupling spectra in the Au∕MoS2 heterostructure. Our find-
ings open a new avenue for manipulating strong exciton–photon coupling in 2D materials and offer a novel
approach for accurately characterizing the thickness of TMDCs. © 2025 Chinese Laser Press

https://doi.org/10.1364/PRJ.566250

1. INTRODUCTION

The interaction between light and matter has been a promi-
nent research topic in the field of modern optics. It is well
established that when the rate of energy exchange between
photons and excitons exceeds the average damping rate be-
tween them [1–4], the photons and excitons will be superim-
posed to form a hybrid state with part-light and part-matter
characteristics [5,6], also known as an exciton polariton. This
process, also referred to as the exciton–photon strong cou-
pling process, is evidenced by the presence of Rabi splitting
in the spectrum [7–11]. Exciton–photon strong coupling has
important applications in ultrafast optical switching [12–14],

low-threshold semiconductor lasers [15–17], and quantum
manipulation [18,19].

In recent years, transition metal dichalcogenides (TMDCs)
have emerged as a significant platform for investigating light–
matter interactions [20–23]. TMDCs have a variety of exci-
tonic states with large binding energies and dipole moments
at room temperature [24–26], which provides ideal conditions
for studying exciton–photon strong coupling. MoS2 and WS2
are two commonly used materials for achieving strong exciton–
photon coupling in TMDCs. Both materials exhibit two stable
existing exciton resonances in the visible spectral range, known
as A-exciton and B-exciton (XA and XB), respectively [27–30].
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In most cases, only the strong coupling occurring in the A-
exciton is observed, since the dipole moment of the B-exciton
is much smaller compared to the A-exciton. As the thickness of
the TMDC gradually increases, the number of excitons in-
volved in the coupling also increases. This allows for the ob-
servation of B-exciton involvement in the strong coupling
process. Plasma–exciton strong coupling in multilayer MoS2
has been investigated [31], and reports on strong coupling
in multilayer TMDCs have been gradually increasing in recent
years [32–38]. When the TMDCs increase from a monolayer
to a multilayer, they undergo a shift from a direct band-
gap material to an indirect bandgap material. This change
significantly impacts the photoluminescence (PL) and exciton
response of the TMDCs [39–45]. At the same time, the num-
ber of layers of TMDCs will further affect its valley-selective
properties [46–51] and nonlinear optical response [52–55].
Therefore, accurate characterization of TMDCs layers is crucial
in understanding light–matter interaction.

Taking advantage of the high refractive index of monolayer
TMDCs, the multibeam interference effect causes multilayer
TMDCs with varying thicknesses to exhibit different colors
under the microscope [38,56,57]. This color variation enables
rapid determination of the number of layers in TMDCs.
However, this method can only give an estimated range of
the number of layers of TMDCs, which should only be
considered an indicative rather than an accurate means of thick-
ness characterization. Alternatively, the number of TMDCs
layers can be determined by Raman spectroscopy. However,
this method is typically applicable for determining the layer
number of monolayer to few-layer TMDCs. For TMDCs with
a thickness exceeding 10 nm, Raman spectroscopy shifts are not
easily discernible [58,59]. Currently, the principal nonoptical
methodology for quantifying the number of layers in the
TMDCs continues to rely on atomic force microscopy
(AFM) or the observation of scanning electron microscopy
(SEM) images of cross sections of the TMDCs. However, it
is important to note that all of the aforementioned methods
have the potential to inflict varying degrees of damage upon
the two-dimensional (2D) material itself, which could ulti-
mately compromise its structural integrity.

It has been demonstrated that the exciton–plasma strong
coupling can be achieved by using surface plasmon polaritons
(SPPs) supported in metal films [60,61]. Compared to metal
nanoparticles or nanostructures, SPPs supported on the surface
of the metal films have more open geometrical surfaces, making
it easier to introduce excitonic materials and manipulate strong
coupling. However, the ohmic losses generated during the
propagation of SPPs in metals significantly reduce the quality
factor (Q factor) and coupling strength of the strong coupling
system, severely limiting its application in practical optical de-
vices. SPPs supported on the surface of a metal film can only
be excited by p-polarized transverse magnetic (TM) light, as
s-polarized transverse electric (TE) light cannot induce the
collective oscillation of electrons on the metal surface. How-
ever, TE waves can propagate on a metal surface when it is
coated with a dielectric layer of sufficient thickness [62].
For instance, low-order TE modes have been achieved by cover-
ing Ag thin films with a Si3N4 layer of a certain thickness [63].

Additionally, covering the Ag∕Si3N4 heterostructure with
TMDCs enables the strong coupling of single exciton.
Nevertheless, the TE wave generated in this manner primarily
propagates along the surface propagation of the dielectric layer,
with only a portion of the electric field localized in the 2D
material, leading to losses that severely restrict the range of
TMDC thickness in the strong coupling, while the weak elec-
tric field localization effect significantly reduces the coupling
strength. Furthermore, the presence of the dielectric layer com-
plicates the subsequent regulation of strong coupling device
based on the TMDCs.

In this paper, we utilize Au∕MoS2 heterostructures com-
posed of Au nanofilms and multilayered MoS2 to realize
TE polarized waves that propagate stably in the visible light
range excited by s-polarized light. By accurately controlling
the dimensions of the TMDCs and the thickness of the Au
nanofilms, stable TE wave propagation is achieved. The high
refractive index of the TMDCs (around 4.5 for MoS2), allows
the TE wave propagation to be realized directly in the
Au∕MoS2 heterostructure provided the thickness of the modu-
lated 2D material exceeds the critical thickness threshold, thus
obviating the need for a dielectric layer on the metal surface.
This configuration results in very low losses and high Q factor
up to 42.9 in the Au∕MoS2 heterostructure, with the electric
field component of the spatial electromagnetic separation being
almost entirely localized in the MoS2, significantly enhancing
the system’s coupling strength. Consequently, the TE wave
strongly couples with the MoS2 double excitons (A-exciton
and B-exciton), allowing for tuning of the photon–exciton de-
tuning in the strong coupling system by varying the incident
light angle and adjusting theMoS2 thickness. Experimentally, it
is demonstrated that the Kretschmann–Raether (K–R) device
can be used to excite Au∕MoS2 heterostructures and extract
strong coupling information. Using polystyrene (PS) nano-
spheres with broad lines in the visible spectrum as scattering
antennas, an ultrahigh Rabi splitting of 310 meV is measured
in the strong coupling scattering spectrum. Furthermore,
by preparing different Au∕MoS2 heterostructures with MoS2
layers ranging from 33 to 39 (thicknesses corresponding to
20.2 to 25.1 nm), we observe a clear redshift in the Rabi split-
ting peak as the number of MoS2 layers increases. The change
in the number of MoS2 layers and the shift in the strong cou-
pling spectrum follow a certain linear relationship, with spectral
redshift enabling accurate and nondestructive sensing of the
MoS2 layer number through the strong coupling of TE waves
to MoS2 excitons.

2. RESULTS AND DISCUSSION

A. Theoretical Analysis and Numerical Simulation
of TE-Polarized Wave
In Fig. 1(a), we show the heterostructure consisting of a 50 nm
Au film deposited on a SiO2 substrate and multilayers ofMoS2
covering the Au film. In Fig. 1(b), we show schematically that
the excited TE wave propagates in MoS2 and produces strong
coupling with A and B excitons. Strong interaction is sensitive
to changes in the number of MoS2 layers. We first examined
the number ofMoS2 layers in the Au∕MoS2 heterostructure by
Raman spectrum, as shown in Fig. 1(c). As the number of
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MoS2 layers gradually increases from one to five, the two char-
acteristic peaks of MoS2 in the Raman spectra can be clearly
seen as they gradually shift towards 379 cm−1 and
407 cm−1. When the number of MoS2 layers reaches five
and continues to increase, the shifts of the two characteristic
peaks of MoS2 become unrecognizable due to the weakening
of the shearing and compression modes. The right peak stabil-
izes at 407 cm−1, and the left peak also stabilizes and remains at
379 cm−1 when the number of layers continues to increase to
10. It can be observed that the two characteristic peaks in the
Raman spectra ofMoS2 for layers 33 and 37 almost completely
overlap at 379 cm−1 and 407 cm−1. In Fig. 1(d), we show the
strong coupling scattering spectra of Au∕MoS2 heterostruc-
tures with 33 and 37 layers ofMoS2, respectively. The TE wave
excited in the Au∕MoS2 heterostructures interacts with the
A- and B-excitons in the MoS2 entering the strong coupling
interval. The scattering spectrum shows a double Rabi splitting
due to strong coupling, with three clearly identifiable Rabi
splitting peaks. The shift in the strong coupling spectra is sen-
sitive to the number of MoS2 layers, with the Rabi splitting
peak in the strong coupling spectra redshifted by 4 nm for
two additional layers of MoS2 (i.e., a 1.3 nm increase in thick-
ness). Meanwhile, by adjusting the number of MoS2 layers in
the Au∕MoS2 heterostructure, the system can be tuned to
strong coupling regime. The Rabi splitting of about
242 meV is obtained by fitting the three-resonator coupling
model, as shown in Fig. 1(e).

In general, the SPPs supported by the surface of a metal film
(or the metal–air interface) are TM waves, which can only be
excited by p-polarized light, with the longitudinal electric field
(Ex) generated by the collective oscillation of free electrons on

the metal surface. However, TE waves cannot establish the
same propagating electric field on the surface of a thin metal
film, and no analytical solution exists for its corresponding
Maxwell’s equations. It has been demonstrated that propagat-
able TE waves can be established by covering a metal film with
a high refractive index dielectric layer of a certain thickness.
Utilizing the mirror effect of metal nanofilms, magnetic dipoles
(MDs) in metal–TMDC heterostructures can be established
from electric dipoles (EDs) excited in TMDCs. By further ex-
panding the transverse dimensions of the TMDCs, periodically
aligned MDs can be generated in the heterostructures, thus es-
tablishing a TE wave with one electric field component (Ey)
and two magnetic field components (Hx and Hz). This results
in the formation of a strong localized electric field in the MoS2
layer; when the optical thickness of the TMDCs exceeds a criti-
cal value, the TE wave resonance supported by the Au∕MoS2
heterostructure is located in the visible spectrum where an ana-
lytical solution to the set of Maxwell’s equations for the TE
wave exists (see Appendix A).

To further investigate the physical properties of TE waves
that are deeply involved in strong coupling processes, we se-
lected an Au∕MoS2 heterostructure with appropriate thickness
and excited at an incident angle of 46° as the numerical sim-
ulation model. Under these structural parameters and incident
angle, the resonance position of the TE wave in the Au∕MoS2
heterostructure coincides with the wavelength of the MoS2
exciton. In Figs. 2(a) and 2(b), we have calculated the electro-
magnetic field distribution in the Au∕MoS2 heterostructures
under s-polarized light excitation along the y-axis direction
(hAu � 50 nm, hMoS2 � 25 nm, θ � 46°) using numerical
simulation. The red dashed line represents the bottom of

Fig. 1. (a) Schematic showing the excitation of TE waves in an Au∕MoS2 heterostructure by using s-polarized light and the extraction of scattering
spectra by using a PS nanosphere. (b) Schematic showing the TE wave strong coupling with the A- and B- excitons inMoS2; its variation is sensitive
to the number of layers in MoS2. (c) Raman spectra of MoS2 samples with different numbers of layers (1–5, 10, 33, and 37 layers). (d) Strong
coupling scattering spectra of 33- and 37-layer MoS2 samples. (e) UP, MP, and LP branches (solid symbols) extracted from the scattering spectra.
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the Au nanofilm, and the two black dashed lines represent the
height of MoS2 on the Au nanofilm. It has been demonstrated
that the TE wave supported by Au∕MoS2 heterostructures ex-
hibits the characteristic of electromagnetic field spatial separa-
tion. The magnetic field of the TE wave is predominantly
localized at the interface between the Au film and MoS2,
whereas the electric field of the TE wave is strongly localized
within the MoS2 layer. This greatly minimizes the propagation
loss due to the collective oscillation of the electrons in the metal
film, thereby enhancing the Q factor and narrowing the line-
width of the TE wave. In Fig. 2(c) the TE wave forms a hori-
zontally oriented magnetic standing wave (Hx) at the interface
between the Au film and MoS2 during propagation, while
Fig. 2(d) indicates the existence of a standing wave (Ey) in
theMoS2 layer, which results in the formation of a strong local-
ized electric field in the MoS2 layer, which confirms the theory
we presented above. Therefore, the TE wave supported by
Au∕MoS2 heterostructures has a stronger local electric field
and lower damping rate. This allows the TE wave to be utilized
to generate a stronger interaction with the excitons of MoS2.

The TE wave resonance supported by the Au∕MoS2 heter-
ostructures varies with the incidence angle. By turning off the

two excitons of MoS2, we have demonstrated the 2D reflec-
tance spectra of the Au∕MoS2 heterostructures at different in-
cidence angles through numerical simulations. A change in
incidence angle of about 15° is sufficient to make the TE wave
resonance shift across the entire visible spectral region. We
switched on two excitons of MoS2 located at 625 and
670 nm to observe the strong coupling behavior of the
Au∕MoS2 heterostructures. When focusing on the wavelength
of 600–700 nm, we observe the anticrossing behaviors of the
reflection spectrum at the two exciton wavelengths of MoS2,
which implies the existence of exciton–photon strong coupling
(see Appendix B). The exciton–photon coupling in the
Au∕MoS2 heterostructure can be described using the coupled
harmonic oscillator model. Its corresponding Hamiltonian with
three eigenvalues can be expressed as

Ĥ �

0
B@

ETE −
jℏγTE
2 gTE−exA gTE−exB

gTE−exA EA − jℏγA
2 g exA−exB

gTE−exB g exA−exB EB −
jℏγB
2

1
CA: (1)

Here ETE, EA, and EB are the resonance energies of the un-
coupled TE wave, A-exciton, and B-exciton. γTE, γA, and γB are

Fig. 2. (a) Total magnetic field and (b) electric field distribution in the XZ plane calculated for the TE wave in the Au∕MoS2 heterostructure
(hAu � 50 nm, hMoS2 � 25 nm, θ � 46°). (c) Hx component and (d) Ey component of TE wave. Dependence of the resonant wavelength of the
TE wave on the thickness of MoS2 calculated for the Au∕MoS2 heterostructure with θ � 46° with MoS2 excitons switched off (e) and on (f ).
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the corresponding dissipation rates. Dissipation rates can be
obtained from the reflection spectrum of TE waves and the
PL spectrum of MoS2, respectively (see Appendix C). gTE−exA ,
gTE−exB , and g exA−exB are the coupling strengths between the TE
wave and the A-exciton, between the TE wave and the B-
exciton, and between the A-exciton and the B-exciton. Since
the resonance energies of the two excitons are far apart, we have
g exA−exB � 0. The Rabi splitting values extracted from the zero
detuning energy of our strong coupling reflection spectra are
ΩTE−exA ≈103.6meV and ΩTE−exA ≈105.9meV, both of which
satisfy the strong coupling criterion of ℏΩTE−ex> jγTE�γexj∕2.
This is an indication that our exciton–photon hybrid system
has entered the strong coupling range. We can manipulate
the coupling strength of the TE wave–exciton hybrid system
by adjusting the angle of incidence.

Similarly, we observe that the thickness of MoS2 in the
Au∕MoS2 heterostructures affects the resonant peak position
of the TE waves, while changes in the thickness of the Au film
cause a broadening of the TE wave linewidth (see Appendix E).
As shown in Fig. 2(e), we first switched off the MoS2 excitons
and fixed the angle of incidence at 46°. We then calculated the
2D reflectance spectra of Au∕MoS2 heterostructures with a
series of thickness gradients of MoS2, while keeping thickness
of the Au film unchanged. Our results show that as the thick-
ness of MoS2 is gradually increased from 21 to 27 nm, the res-
onance of TE wave is gradually redshifted from 600 to 690 nm
sweeping through the two excitons of MoS2 at 625 and
670 nm. Similarly, we observe a significant double Rabi split-
ting at the two exciton leaps in MoS2 in Fig. 2(f ). The strong

exciton–photon coupling in the Au∕MoS2 heterostructure is
produced by the thickness change.

B. Experimental Measurement of Strong Coupling
Spectra in the Au/MoS2 Heterostructure
In the experiment, we used the K–R configuration shown in
Fig. 3(a) to measure the strong coupling information of the
Au∕MoS2 heterostructure. We added a polarizer to the excita-
tion light source system to control the polarization state of the
incident light and used an angle adjustment knob arm to con-
trol the incident angle of the excitation light source, with an
accuracy of 0.5°. To experimentally verify the exciton–photon
strong coupling arising in the Au∕MoS2 heterostructure, we
use the reflection spectra at different incidence angles from
45.5° to 48° to extract the Rabi splitting. At this point, the
resonant wavelength range of the TE wave coincides with
the exciton state transition of MoS2. Changes in the incident
angle support energy exchange between the TE wave and the
exciton during the resonant shift process, thereby achieving
strong coupling. In experiments, we used collimated white light
with a diameter of about 1.0 cm to excite TE waves in
Au∕MoS2 heterostructures. The large area of Au nanofilms en-
abled us to continuously change the angle of incidence for mea-
surements to find the optimal coupling strength. However, it
was difficult to precisely focus the spot onto the small-sized
MoS2 in reflectance spectroscopy measurements. As an alterna-
tive, we introduce PS nanospheres (which have a low refractive
index of about 1.5) with a diameter of about 350 nm above the
Au∕MoS2 heterostructure, which can be used as a scattering

Fig. 3. (a) Schematic showing the excitation of TE waves in the Au∕MoS2 heterostructure by s-polarized light incident K–R configuration [64]
and the extraction of TE waves using PS nanospheres. (b) Microscope bright-field image of PS nanospheres placed on theMoS2∕Au heterostructure.
(c) Microscope dark-field image of PS nanospheres placed on the MoS2∕Au heterostructure (inset is SEM image of PS nanosphere).
(d) Experimentally measured scattering spectra of PS nanospheres on Au films with/withoutMoS2 and PS nanospheres onMoS2 without Au films.
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antenna for the measurement of TE waves. The PS nanospheres
have a broad scattering spectrum in the visible spectral range
and do not have any optical resonance. In our experiments,
we obtained multilayer MoS2 using mechanical stripping
method and transferred MoS2 onto a SiO2 substrate deposited
with 50 nm Au nanofilms by the PDMS transfer method. We
then dropped aqueous solution containing PS nanospheres
on the surface of the Au∕MoS2 heterostructure and allowed
it to dry naturally. In our experiments, we measure the forward
scattering of PS nanospheres to extract strong coupling infor-
mation. The experimental setup is shown in Fig. 3(a). The
bright-field image of Fig. 3(b) demonstrates the experimentally
prepared Au∕MoS2 heterostructure, and in the dark-field im-
age of the microscope in Fig. 3(c) we can clearly observe the PS
nanospheres randomly distributed on the surface ofMoS2. The
inset shows the SEM image of the PS nanospheres. We simul-
taneously measured the scattering spectra of PS nanospheres on
Au films and Au∕MoS2 heterostructures, as shown in Fig. 3(d).
Rabi splitting in the scattering spectra is observed in the pres-
ence of MoS2; the Rabi splitting in the spectra is caused by the
strong coupling of the TE wave to the excitons in MoS2. We
also measured the scattering spectra of PS nanospheres on
MoS2 without Au films. The scattering intensity in the spec-
trum decreases significantly, and no Rabi splitting phenomenon
is observed. This is because the absence of the Au film prevents
TE waves from forming in the Au∕MoS2 heterostructure, while
the high absorption rate of the multilayer MoS2 causes most of
the incident light to be strongly absorbed.

In Fig. 4(a), we show the angle-resolved scattering spectra
measured in the Au∕MoS2 heterostructure. The Au∕MoS2
heterostructure used in the measurements has aMoS2 thickness
of 22.7 nm and an Au film thickness of 50 nm. When the angle
of incidence is gradually increased from 45.5° to 48°, the scat-
tering spectra at each angle can be observed at the positions of
the two exciton states at 625 and 670 nm, with clear
Rabi splitting, indicating strong exciton–photon coupling.
Meanwhile, the detuning of the exciton–photon coupling sys-
tem can be dynamically adjusted by the change of the incident
angle. The strong coupling system in the Au∕MoS2 hetero-
structure reaches zero detuning state when the incident angle
reaches 46.5°. In Fig. 4(b), we show the dependence of the en-
ergy of the three hybrid modes on the detuning energy among
the TE wave, the A-exciton, and the B-exciton, while fitting the
hybrid system with the coupled harmonic oscillator model
mentioned above. The experimental measurements are in very
good agreement with our theoretical predictions. Since the TE
wave excited in the Au∕MoS2 heterostructure is characterized
by low loss and a high Q factor, and because we directly
use multilayerMoS2 as the heterostructure constituent material
instead of covering the TMDCs on top of the high refractive
index dielectric layer, we achieved a stronger electric field locali-
zation effect in the upper layers of the heterostructure. As
a result, we obtain an ultrahigh Rabi splitting of about
310 meV at the zero-detuned harmonic of the hybrid system.
This value greatly exceeds the Rabi splitting of all previous
double-resonance subsystems and is also the largest value of

Fig. 4. (a) Experimentally measured scattering spectra of PS nanospheres placed on Au∕MoS2 heterostructures and excited with s-polarized light
at different angles of incidence. CCD images of PS nanospheres are shown as insets. (b) Energy dependency of the hybrid modes on the energy
detuning. The points are the experimental results, while the solid colored curves are the fitting results based on the coupled harmonic oscillator
model. (c) Fraction of TE waves and two excitons (A-exciton and B-exciton) in the LP (top), MP (middle), and UP (bottom) branches of the hybrid
modes.
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coupling strength observed in a triple-resonance system under
room-temperature air conditions reported to date (see Table 1).
In Fig. 4(c), we calculate the percentages of excited TE waves,
A- and B-excitons in each of the three polarizers branches in the
Au∕MoS2 heterostructure. The results show that both A- and
B-excitons have a nonnegligible contribution (25%) to the MP
branch, suggesting that we have tuned the strong coupling sys-
tem by a suitable incidence angle. This adjustment allows the
TE waves with a suitable linewidth to successfully mediate the
hybridization of A- and B-excitons in the multilayer MoS2.

C. MoS2 Layer Number Sensing Based on Strong
Coupling Spectra
The effect ofMoS2 thickness on the strong coupling spectra in
the Au∕MoS2 heterostructures allows us to accurately measure
the number of MoS2 layers by observing the shift in the strong
coupling spectra. In our experiments, we prepared MoS2 sam-
ples with 31, 33, 35, 37, and 39 layers, respectively, and trans-
ferred them to Au films, each with a thickness of 50 nm.
Figure 5(a) shows the measured scattering spectrum obtained
under the excitation of s-polarized light at an angle of incidence
of 46°. In the scattering spectra of the Au∕MoS2 heterostruc-
ture with 31 layers of MoS2, we observe Rabi splitting peaks
due to strong exciton–photon coupling at about 570, 640, and
695 nm wavelengths, which are labeled as Peak 1, Peak 2, and
Peak 3, respectively. The shift variations of the peaks are cor-
respondingly indicated by red dashed, blue dashed, and pink
dashed lines in Fig. 5(a). In accordance with theoretical predic-
tions, the Rabi splitting peaks of the scattering spectra shift with
the change of thickness of MoS2. When the number of MoS2
layers is gradually increased from 31 to 39, Peak 1 is redshifted
from 570 to 586 nm, Peak 2 is redshifted from 640 to 657 nm,
and Peak 3 is redshifted from 690 to 711 nm. The Rabi split-
ting peaks 1, 2, and 3 are redshifted by about 16 nm when
MoS2 is increased by eight layers. These shifts are clearly
and accurately detected by our spectrometer. We extracted
the wavelength values corresponding to the Rabi splitting peaks
1, 2, and 3 in the scattering spectra of each group of the
Au∕MoS2 heterostructures and fitted them as shown in

Fig. 5(b). The fitting results show that the Rabi splitting peaks
in the strong coupling scattering spectra are linearly related to
the change of the number of layers of MoS2, i.e, for each in-
crease of the thickness ofMoS2 (here we uniformly assume the
thickness of one layer ofMoS2 to be 0.65 nm). The three Rabi
splitting peaks in the strong coupling scattering spectra are red-
shifted by about 2 nm, and the spectrometer can easily and
accurately capture this level of displacement in the experiment,
which allows us to accurately identify the number of layers of
MoS2 by optical methods. In Fig. 5(c), we used AFM to mea-
sure the thickness of MoS2 in samples 1–5 and measured the
corresponding thicknesses of 20.2, 21.4, 22.7, 23.6, and
25.1 nm for the 31, 33, 35, 37, and 39 layers ofMoS2, respec-
tively. The results of AFM are in high agreement with the
results of our optical sensing approach. Meanwhile, we fit
the experimental data using the coupled harmonic oscillator
model and obtained a Rabi splitting of about 242 meV.
The Rabi splitting line shape of the scattering spectrum changes
with the thickness ofMoS2, demonstrating that detuning of the
strong coupling system in the Au∕MoS2 heterostructure can be
achieved by adjusting the thickness of MoS2 (see Appendix F).
The MoS2 layer number sensing method based on the Rabi
splitting peak displacement of strong coupling scattering spec-
tra has high sensitivity and accuracy and malleability. The num-
ber of MoS2 layers of 31–39 measured in the experiment is
linearly related to the redshift of the Rabi splitting peak, so this
measurement method can be extended to the detection of
TMDCs in a larger range of layer numbers.

3. METHODS

A. Sample Preparation
The Au∕MoS2 heterostructures used in this paper were prepared
by the following steps. First, an Au film with a thickness of
50 nm was deposited on a SiO2 substrate by magnetron sput-
tering. Then, multilayers ofMoS2 were obtained by mechanical
stripping, and MoS2 was transferred onto the Au film by the
PDMS transfer method. An aqueous solution containing PS
nanospheres was dropped onto the Au∕MoS2 heterostructures
and dried naturally. Measurement of MoS2 thickness was done
by AFM (Nano Wizard 4 Nanoscience, JPK Instruments AG).

B. Optical Characterization
The TE wave excited in the Au∕MoS2 heterostructure, as
shown in Fig. 4(a), can be excited by the K–R configuration.
A prism made of SiO2 is placed on the sample and coated with
silicone oil (the refractive index of silicone oil is close to that of
SiO2) between the sample and the prism. The s-polarized light
is coupled into the Au∕MoS2 heterostructure using total inter-
nal reflection occurring on the surface of the prism. Scattering
spectra of PS nanospheres placed on Au∕MoS2 heterostructures
were collected by an inverted microscope (Axio Observer A1,
Zeiss) configured with a color charge-coupled device (CCD,
DS-Ri2, Zeiss) and a spectrometer (SR-500i-B1, Andor).
A polarization analyzer was inserted in the collection channel
to control the scattered light’s polarization, and dark-field im-
ages were measured by a commercial optical microscope
equipped with a standard dark-field illumination module
(BX51, Olympus) using a 100× dark-field objective

Table 1. Comparison of Coupling Strengths of Different
TMDC Materials Coupling Systems

2D
Material Mode T

Rabi Splitting
(meV) Ref.

1 L WS2 LSPR-
Exciton

RT 106 [22]

1 L WS2 LSPR-
Exciton

6–300 K 120–150 [31]

1 L WSe2 LSPR-
Exciton

RT 83 [40]

1 L WS2 LSPR-
Exciton

RT 85 [60]

Multilayer WS2 LSPR-
Exciton

RT 100 [61]

Multilayer WSe2 LSPR-
Exciton

RT 137–144 [63]

Multilayer MoS2 TM-Exciton RT 81–93 [65]
1 L WS2 TE-Exciton RT 145 [66]
Multilayer MoS2 TE-Exciton RT 310 This work
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(NA 0.8, MPLFLN, Olympus). Raman spectra of multilayered
MoS2 on Au nanofilms were acquired using a confocal Raman
spectrometer (Renishaw InVia), using a 50× objective (NA 0.5,
Germany 566036, Leica).

C. Numerical Simulation
The numerical simulations in this paper were conducted using
the finite-difference time-domain (FDTD) technique (FDTD
Solutions). In the numerical simulations, the dielectric con-
stants of Au and MoS2 were taken from the previous literature
[67,68]. The thickness of each MoS2 layer was set to 0.65 nm,
the refractive index of the prism was set to 1.5, and the refrac-
tive index of the surrounding medium was set to 1.0. A mesh
size as small as 0.2 nm was used in the gap region between the
nanosphere and MoS2 to ensure the convergence of the
numerical simulations and the achievement of accurate results.
Perfectly matched layer (PML) boundary conditions were used
to terminate the finite simulation region.

4. CONCLUSION

In summary, we have realized TE surface waves with low
loss and a high Q factor that can be excited by s-polarized

light and stably propagate in metal-TMDC hetero-
structures by controlling the dimensions of the TMDCs
and the spatial refractive index difference in the structure.
Leveraging the high refractive index of the TMDCs, the
electromagnetic field of the TE wave induces a special sepa-
ration in the subwavelength thickness dimension, which lifts
the strong local electric field into the TMDC layer, enabling
strong coupling between the TE wave and the two excitons in
theMoS2, with a coupling strength significantly stronger than
that of a typical system. In experimental studies employing PS
nanospheres as scattering particles, we extracted the strong
coupling scattering spectra between the TE waves and the
two excitons, revealing the photon–exciton strong coupling
through the angular and thickness-resolved scattering spectra.
Further analysis of these scattering spectra confirmed the lin-
ear relationship between the displacement of strong coupling
scattering spectra and the number ofMoS2 layers, allowing for
accurate sensing of MoS2 thickness, verified by AFM. Our
findings not only open new avenues for manipulating strong
light–matter interactions in TMDCs but also introduce a
novel method for precisely characterizing the thickness
of TMDCs.

Fig. 5. (a) Experimentally measured scattering spectra of PS nanospheres excited by s-polarized light placed on Au∕MoS2 heterostructures with
different thicknesses ofMoS2; CCD images of the scattered light are shown as insets (five samples in total, numbered Sample 1–Sample 5). (b) Layer-
wavelength shift relation corresponding to the three Rabi splitting peaks extracted from the strong coupling scattering spectrum. (c) AFM images of
Sample 1–Sample 5 (left column) and corresponding height distributions (right column).
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APPENDIX A: REFLECTANCE SPECTRA
OF Au/MoS2 HETEROSTRUCTURES

In Fig. 6, we show the reflection spectra of the Au∕MoS2 het-
erostructure and the imaginary part of theMoS2 dielectric con-
stant corresponding to this thickness, obtained by numerical
simulations for an Au film thickness of 50 nm, a MoS2 thick-
ness of 30 nm, and an incidence angle of 46°. We note that TE

waves with suitable linewidths and resonant wavelengths can be
obtained by properly tuning the structural parameters, thus
realizing the strong coupling system in multilayer MoS2.

APPENDIX B: ELECTRIC AND MAGNETIC
FIELD COMPONENTS OF TE WAVE

As shown in Fig. 7(a), we calculated 2D reflectance spectra
of the Au∕MoS2 heterostructures at different incidence angles
and switched on two excitons of MoS2 located at 625 and
670 nm, observing the strong coupling behavior of the
Au∕MoS2 heterostructures in Fig. 7(b).

APPENDIX C: DISSIPATION RATES
OF TE WAVES AND EXCITONS

In Fig. 8(a), we present the reflection spectrum of TE waves
in the Au∕MoS2 heterostructure (hAu � 50 nm, hMoS2 �
25 nm, with MoS2 excitons switched off ) calculated by
numerical simulation. The dissipation rate of TE waves can
be obtained from the linewidth of the TE wave reflection peak
as γTE � 23.3 meV. In Fig. 8(b), we measured the PL spec-
trum of MoS2, and the dissipation rates of the A-exciton
and B-exciton of MoS2 can be obtained by extracting the line-
width of the corresponding exciton peaks in the PL spectrum,
which are γexA � 41 meV and γexB � 63 meV.

Fig. 6. Numerically simulated reflectance spectra of Au∕MoS2 het-
erostructures (θ � 46°, hAu � 50 nm, hMoS2 � 30 nm) and the
imaginary part of the dielectric constant of multilayer MoS2.

Fig. 7. Dependence of the resonant wavelength of the TE wave on the incidence angle of the excitation s-polarized light calculated for the
Au∕MoS2 heterostructure with hMoS2 � 25 nm with MoS2 excitons switched off (a) and on (b).

Fig. 8. (a) Reflection spectrum of TE waves in Au∕MoS2 heterostructures (hAu � 50 nm, hMoS2 � 25 nm, with MoS2 excitons switched off ).
(b) PL spectrum of the MoS2.
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APPENDIX D: ANGLE-RESOLVED CHANGES
IN THE TE WAVE ELECTRIC FIELD

In Fig. 9, we calculate the results of the Ey distribution in the
XZ plane placed on the Au∕MoS2 heterostructure and excited
using s-polarized light with different angles of incidence.
Figures 9(a) and 9(b) show the calculated electric field distri-
butions at θ � 45.5° and 46°; as the TE wave approaches the
exciton resonance from the low-energy side, a weakening of the
electric field and a broadening of the linewidth can be observed.
Figures 9(c) and 9(d) show the calculated electric field distri-
butions at θ � 47° and 48°. A significant electric field decay is
observed as the TE wave propagates to the high-energy side of
the exciton resonance, thereby indicating that the energy ini-
tially stored in the lower-branch TE wave has been transferred
to the upper-branch MoS2 exciton.

APPENDIX E: Au THICKNESS-RESOLVED
DISPERSION DIAGRAMS OF Au/MoS2

HETEROSTRUCTURES

We calculated the thickness-resolved dispersion diagrams of
Au∕MoS2 heterostructures with different thicknesses of Au
nanofilms as shown in Fig. 10(a) and reflectance spectra as
shown in Fig. 10(b). It can be found that the thickness of
the Au nanofilms affects the resonance of the TE wave excited
in the Au∕MoS2 heterostructure to some extent and influences
the linewidth of the TE wave to a larger extent. Therefore, we
choose 50 nm Au nanofilms to construct Au∕MoS2 hetero-
structures with TE wave resonances that can cover the intervals
of the two exciton leaps of MoS2 and have suitable linewidths
to realize the hybridization of A- and B- excitons in multi-
layer MoS2.

Fig. 9. Numerically simulated Ey electric field components of TE waves of Au∕MoS2 heterostructures excited at different incidence angles
(a) 45.5°, (b) 46°, (c) 47°, and (d) 48°.

Fig. 10. (a) Thickness-resolved dispersion plots and (b) TE wave reflectance spectra of Au nanofilms in Au∕MoS2 heterostructures.
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APPENDIX F: STRONG COUPLING FITTING
IN Au/MoS2 HETEROSTRUCTURES AND
COMPARISON OF THEIR COUPLING
STRENGTHS

In Fig. 11(a), we used the coupled harmonic oscillator model to
fit the scattering spectra of Au∕MoS2 heterostructures with dif-
ferent thicknesses ofMoS2 in Fig. 5(a) of the main text. A Rabi
splitting of about 242 meV is obtained by fitting, demonstrat-
ing that the hybrid system based onMoS2 thickness tuning has
entered the strong coupling interval. Meanwhile, the TE waves
excited in the Au∕MoS2 heterostructure and the percentage of
A- and B-excitons in each of the three polarizer branches are
plotted in Fig. 11(b), and both A- and B-excitons have non-
negligible contributions to the MP branch, suggesting that
we have modulated the strongly coupled system by changing
the dimensions of theMoS2 and made the TE waves with suit-
able linewidths successfully mediate the A- and B-excitons in
the multilayer MoS2 hybridization.

In Table 1, we summarize the strong photon–exciton cou-
pling achieved in different monolayers and multilayers of
TMDC materials combined with nanocavities or metal films
reported in the literature. We observe Rabi splitting up to
310 meV in the Au∕MoS2 heterostructure system by adjusting
the angle of incident light, which is the maximum value of the
coupling strength observed in two-mode and three-mode sys-
tems at room temperature air conditions reported so far
[22,31,40,60,61,63,65,66].
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