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able in organic systems, with typical Rabi 
splitting values of ≲150 meV or ≲6% 
of the exciton energy. In organic sys-
tems, Rabi splitting of >10%, which is 
in the ultrastrong coupling regime, is 
common.[11–18] In the ultrastrong cou-
pling regime, coupling interactions are 
expected to be more efficient and emer-
gent quantum coherent phenomena, such 
as ground-state virtual photons and entan-
gled pairs, are predicted to exist even at 
room temperature or without resolvable 
Rabi splitting due to broad resonators.[19,20] 
As such, it is desirable to achieve this 
regime in a CMOS-compatible system like 
the TMDCs. In this paper, we exploit the 
large oscillator strength of the C exciton 
in few-layer molybdenum disulphide  
(FL-MoS2) to achieve ultrastrong coupling 
at room temperature.

1.2. The C Exciton of 2D TMDCs has Unique Properties

The C exciton of the 2D TMDCs does not arise from the same 
type of band structure features as the more commonly studied 
A and B excitons near the band edge, and thus, it has unique 
behavior. The A and B exciton absorption features in FL-MoS2 
are labeled in Figure  1a. These excitons correspond to transi-
tions between the conduction band minimum and the spin–
orbit-split valence band maxima at the K point in Figure 1b. The 
next prominent absorption feature is the C exciton, which has 
significantly larger oscillator strength than the A or B, as seen 
by comparing the Lorentzian fits in Figure 1a.

Interestingly, the C exciton does not arise from transitions 
between two opposite concavity parabolic bands, but rather 
between regions of parallel bands, referred to as nested bands, 
shown by the shaded region in Figure 1b.[21] The C exciton oscil-
lator strength is large because of this parallel band region of 
k-space, and thus, the density of states at the C exciton transi-
tion energy is large.

An unusual consequence of the nested bands is that  
C exciton carriers are expected to spontaneously self-separate in 
momentum space[22–24] and exhibit slowed hot carrier cooling 
relative to the A and B excitons.[23] This slowed cooling has been 
seen by Wang et al.[23] and ourselves[25] in ultrafast spectroscopic 
studies. Typically, photoexcited hot carriers in semiconductor 
devices thermalize to the band edges on femtosecond timescales 
before reaching the contacts. Photovoltage is therefore limited 
to the bandgap potential. In contrast, for hot carrier devices, 

The 2D transition-metal dichalcogenides (2D TMDCs) are an intriguing 
platform for studying strong light–matter interactions because they combine 
the electronic properties of conventional semiconductors with the optical 
resonances found in organic systems. However, the coupling strengths 
demonstrated in strong exciton–polariton coupling in the 2D TMDCs remain 
much lower than those found in organic systems. In this paper, a new 
approach is taken by utilizing the large oscillator strength of the above-band 
gap C exciton in few-layer molybdenum disulphide (FL-MoS2). A k-space Rabi 
splitting of 293 meV is shown when coupling FL-MoS2 C excitons to surface 
plasmon polaritons at room temperature. This value is 11% of the uncoupled 
exciton energy (2.67 eV or 464 nm), ≈2× what is typically seen in the TMDCs, 
placing the system in the ultrastrong coupling regime. The results take a 
step toward finally achieving the efficient quantum coherent processes of 
ultrastrong coupling in a CMOS-compatible system—the 2D TMDCs—in the 
visible spectrum.
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1. Introduction

1.1. Strong Coupling and the 2D TMDCs

2D transition-metal dichalcogenides (TMDCs) have intriguing 
optical, electronic, and catalytic properties.[1–3] Their absorp-
tion is characterized by sharp excitonic resonances, making 
the TMDCs good candidates for strong exciton–polariton cou-
pling.[4] In fact, one of the most exciting results in exciton–
polariton systems—polariton condensation and lasing[5–7]—has 
recently been demonstrated in the TMDCs.[8–10] However, cou-
pling strengths have remained much lower than what is achiev-
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charge extraction occurs faster than thermalization, and photo-
voltage is, therefore, limited to the photon potential. Wang et al. 
took advantage of the slow cooling of excited C exciton states to 
achieve 80% charge extraction efficiency from the C exciton in 
MoS2–graphene heterostructures, showing the potential for har-
vesting hot carriers. In our previous work analyzing the kinetics 
of the ultrastrong coupling described here, we showed increased 
lifetimes of the two slowest C exciton decay processes by factors 
of 1.5 and 5.8.[25] Ultrastrong coupling of the C exciton in the 
TMDCs, therefore, may enhance hot carrier utilization for more 
efficient photovoltaic or photoelectrochemical energy conversion.

Another intriguing demonstration of C exciton physics in the 
TMDCs is the 400-fold enhancement of second harmonic genera-
tion (SHG) from the C exciton in monolayer WS2 when weakly 
coupled to surface plasmon polaritons (SPPs).[26] Strong coupling 
has also been used to enhance SHG in organics and TMDCs 
while also modifying the emission spectra via Rabi splitting.[27,28] 
Thus, as ultrastrong coupling at the C exciton in MoS2 prolongs 
carrier lifetimes,[25] it may offer a way to further tune and enhance 
the SHG, as well as other non-linear properties in the TMDCs.

Here, we study the steady-state optical properties of the C 
exciton in MoS2 under ultrastrong coupling and model the 
experimental observations using transfer matrix simulations 
and the semiclassical coupled harmonic oscillator model. We 
show that we may take advantage of the large oscillator strength 
of the C exciton to increase the exciton–plasmon polariton cou-
pling strength relative to the A and B excitons. We find that the 
enhancement pushes the coupling strength into the ultrastrong 
coupling regime, opening up the possibility to use the TMDCs 
as a CMOS-compatible platform for ultrastrong coupling 
studies in the visible spectrum.

2. Analysis in k-Space

2.1. Experimental Exciton–Plasmon Dispersion

We use the Kretschmann–Raether technique shown in 
Figure 2a to measure the p-polarized angle-resolved reflectance  

spectrum, R(θ), and calculate the experimental dispersion of 
Figure 2b. Absorptance, A(θ), is calculated as A(θ) = 1 − R(θ), 
where transmission is negligible under the total internal 
reflection conditions. A 40 nm Ag thin film coating the prism  
supports propagating surface plasmons that are excited 
through the backside of the prism (see Figure S2f, Sup-
porting Information, for an example of the bare Ag plasmon 
dispersion). We transfer ≈10 nm FL-MoS2 grown by chemical 
vapor deposition (CVD) onto the Ag to complete the sam-
ples. Finally, we convert the angle space, A(θ), dispersion into 
the more physically relevant[29] wavevector-space, A(k//), by  
k//  = (2π/λ)nsin θi, where n is the wavelength-dependent 
lossless refractive index of the prism and θi is the angle of 
incidence within the glass prism.

Compared to our earlier work showing strong coupling at 
the A and B excitons in thicker MoS2,[30] the features near 
the A and B excitons show only slight perturbations to the 
plasmon dispersion, indicating minimal coupling to these 
excitons (see Figure S1, Supporting Information, for dis-
persion showing the A and B excitons near 1.85 and 2  eV).  
However, at the C exciton position of 2.67  eV, a large Rabi 
splitting and avoided crossing is observed, indicating strong 
coupling. There is minimal overlap of two coupled modes 
labeled upper polariton (UP) and lower polariton (LP) due 
to the large splitting. We characterize the magnitude of the 
splitting in Section 2.3.

2.2. Simulated Exciton–Plasmon Dispersion

We performed transfer matrix model (TMM) simulations[31] of 
the observed dispersion in order to derive inputs for the semi-
classical coupled harmonic oscillator model used in the next 
section. Specifically, once we have a good TMM fit to the data, 
we can modify that model to simulate the bare plasmon, which 
is a necessary input for the coupled oscillator model (see the 
next section and Supporting Information for more details). 
The simulated system, shown in Figure  2c, reproduces the  
experimental data well, and thus, can be used to design future 
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Figure 1.  a) Absorptance, A, of FL-MoS2 film on 40 nm Ag on glass. Reflectance, R, of the film was taken and A calculated as A = 1 − R, where transmis-
sion is assumed to be negligible. b) Band structure and density of states of FL-MoS2 (17 layers), predicted from density functional theory. The arrows 
labeled A and B point out A and B exciton transitions while the shaded region labeled C shows the nested band region where C exciton transitions 
may be excited.
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experiments, for example, photoelectrochemistry studies in 
a liquid electrolyte, which we know shifts the plasmon and 
requires a judicious choice of optical glass for the prism. The 
optical constants (see Figure S2a, Supporting Information) 
and thickness (10  nm) of our MoS2 film were modeled from 
spectroscopic ellipsometry data, taken on the top (MoS2) side 
of the prism. We know from our previous study[30] that thick-
ness values extracted from ellipsometry closely align with those 
measured with atomic force microscopy and are further cor-
roborated by photoluminescence and Raman measurements 
that indicate few-layer films. The optical constants were fed 
into the transfer matrix simulations and the thickness was fit 
to reproduce the experimental data. The simulation fit value 
for the MoS2 thickness was 8 nm, near the value measured by 
ellipsometry of 10 nm.

In our previous study, we used ≈15  nm MoS2 to achieve 
strong coupling at the A and B excitons.[30] In that case, the 
additional thickness served to red shift the plasmon disper-
sion so that its maximum energy lay below the C exciton 
energy. Thus, no coupling to the C exciton was observed as 
the two modes did not overlap. Furthermore, as the maximum 
plasmon energy approaches the exciton energies (while still 
overlapping them), the coupling strength increases.[32] In the 
current study, the thickness is, therefore, tuned for coupling 
to the C exciton.

2.3. Semiclassical Coupled Harmonic Oscillator Model

The transfer matrix simulations serve to verify that our 
observations are to be expected based on applying Maxwell’s  
equations to the system at hand. However, they do not quantify  
the strength of the coupling or the composition of the new 
hybrid modes. To gain this insight, we solve the problem using 
a semiclassical coupled harmonic oscillator model. The Hamil-
tonian of the system can be written as in Equation (1)
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In this model, the problem is treated as a four-level quantum 
system coupled to classical electromagnetic fields. ESPP(k//) is 
the uncoupled or “bare” plasmon energy, which is a function 
of the in-plane wave vector as given by its dispersion (discussed 
below). EA, EB, and EC are the bare exciton energies. ΩA, ΩB, 
and ΩC are the Rabi splitting values. The off-diagonal zeros 
represent that there is no coupling between excitons, which 
is expected to be the case. The Hamiltonian is solved and the 
eigenvalues give the four coupled modes. The two relevant 
modes in the region of the C exciton are shown as yellow lines 
in Figure 3 (see Figure S3, Supporting Information, for all four 
modes). The model is fit by the least squares routine at each 
k-point to the experimental data. The experimental data, plotted 
in black in Figure 3, is represented by the peak energies found 
from fitting each branch of the dispersion to Lorentzians at 
each k-point.

EA, EB, and EC are set as fit parameters, with initial values 
taken from the positions of the absorptance peaks in Figure 1a. 
ΩA, ΩB, and ΩC are also set as fit parameters. Initial values of Ω 
are found by subtracting the energy of the branches on either 
side of each exciton and taking the minimum difference.

ESPP(k//) is not set as a fitting parameter, but is instead an 
approximated input to the model. Plasmons are sensitive to 
their local environment, defined by the near-field of the elec-
tromagnetic plasmon wave, ≈10–100  nm. Therefore, deter-
mining the bare plasmon energy, ESPP(k//), shown by the gray 
line in Figure  3, is more complicated than simply measuring 

Adv. Optical Mater. 2022, 10, 2200485

Figure 2.  a) Kretschmann–Raether method of measuring angle-resolved dispersion. P-polarized light is incident on the Ag–MoS2 film through the 
bottom of the prism. The surface plasmon polariton propagates in the direction of k//. b) Experimental dispersion. c) Transfer matrix model of  
the experimental dispersion. In (b) and (c), the upper polariton (UP) and lower polariton (LP) branches are labeled while the dashed line indicates the 
position of the uncoupled C exciton energy.
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the dispersion of a control Ag sample with no MoS2. The pres-
ence of several nanometers of any material, lossy or not, will 
modify the plasmon dispersion. In this case with MoS2 on 
Ag, the plasmon asymptotically approaches ≈3.5  eV, which is  
red-shifted from the bare Ag case. Here, we approximate the 
bare plasmon with a fictitious lossless MoS2 (see Supporting 
Information for further details). The bare plasmon dispersion 
is then fit to a Lorentzian at every k–point and the peak posi-
tions comprise ESPP(k//). The simulated bare plasmon overlaps 
well with the experimental data far from the point of maximum 
strong coupling, indicating a good approximation. Once we 
have the Hamiltonian inputs, we run the fitting routine and 
find that the fit matches the experimental data well, as seen in 
Figure 3. The results will be discussed after the next section.

2.4. Hybridization Coefficients in k-Space

The point of maximum coupling in k-space occurs at the 
point of minimum energy spacing between the two hybrid 
modes, marked by Ω in Figure  3. At this point, the hybrid 
modes are superpositions of the plasmon and C exciton states 
with equal weighting, however, as we detune away from this 
point to higher or lower k, the hybrid modes become more 

plasmonic or excitonic. We can calculate the contribution of 
the plasmon and exciton to the hybrid modes throughout 
k-space by calculating the eigenvectors of the Hamiltonian in 
Equation (1). This is useful as it tells us where in k-space the 
coupling is appreciable, and therefore, how accurate we must 
be when probing strong coupling effects in this system. Fur-
thermore, it allows us to spot any emergent exciton–exciton 
hybridization that may arise from simultaneously coupling 
the plasmon to multiple exciton modes, as we observed in our 
earlier work.[30]

We calculate the eigenvectors as follows. The new hybrid 
modes, |ϕ〉k, may be written in the basis of the uncoupled 
modes according to Equation (2).

| |SPP | | |1 2 3 4c c A c B c C
k

φ = + + + 	 (2)

The Hopfield coefficients[33] |cn|2 represent the plasmonic and 
excitonic (A, B, or C) weighting of the hybrid modes, as a func-
tion of the wavevector. Figure 4 plots the relevant coefficients 
for C exciton coupled modes (see Figure S4, Supporting Infor-
mation, for all four coefficients).

The analysis shows the expected result that at the crossing 
point of the uncoupled modes of Figure  3, energy is equally 
distributed between the plasmon and the C exciton compo-
nents. Away from this point, the ratio of the Hopfield coeffi-
cients |c4|2/|c1|2 falls to 1/e near k//  = 0.0136 and 0.0160 nm-1. 
Thus, in this region of k-space, coupling effects are expected to 
be appreciable. In Figure S4, Supporting Information, we show 
that exciton–exciton hybridization is minimal in this system.

2.5. Discussion

The resulting best fit of the oscillator model and the experi-
mentally observed values for the bare exciton energies and 
Rabi splitting values are summarized in Table  1. The differ-
ence between the experimental and fit values of the C exciton 
energy and Rabi splitting is ≤1%, indicating a good fit for the 
model in this region. The most important finding is that the 

Rabi splitting at the C exciton is 293 meV, which is η = Ω =
E

11%C

C

 

of the uncoupled exciton energy. Compared to the ≈70 meV 

Adv. Optical Mater. 2022, 10, 2200485

Figure 3.  Coupled oscillator model fit to data. Black data points are from 
peaks in experimental UP and LP data in Figure 2b. The dark gray line is 
the peak fit of the simulated bare plasmon, ESPP(k//); error bars represent 
the fit Lorentzian width. Yellow lines are coupled oscillator model fits to 
the data. The light gray line is a fit to the C exciton energy position; error 
bars represent the fit Lorentzian width of the bare C exciton in k-space. 
The best fit value of the Rabi splitting is Ω = 293 meV or 11% of splitting 
energy, indicating the ultrastrong coupling regime.

Figure 4.  Hopfield/weighting coefficients of coupled modes in terms 
of uncoupled modes, taken from semiclassical oscillator model fit to 
experimental data. Here we focus on the two branches, UP and LP, of 
the coupled C exciton. See Figure S4, Supporting Information, for the 
coefficients of all four branches.

Table 1.  Best fit parameters from coupled oscillator model for strong 
coupling to the C exciton in MoS2. Solved in k-space.

EA [eV] EB [eV] EC [eV] ΩA [meV] ΩB [meV] ΩC [meV] C

CE
η = Ω

Experiment 1.86 2.01 2.67 58 77 296 11%

Model 1.86 2.01 2.59 67 95 293 11%
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splittings at the A and B excitons in our similar systems,[30] this  
represents a factor of 2.4 increase in η, and enters the ultras-
trong coupling regime (η ≳ 10%), which is defined later.

We further note that the same oscillator analysis performed 
in θ-space (i.e., analyzing energy–θi rather than energy–k dis-
persion) yields a Rabi splitting fit of 532 meV which gives  
η = 21%. The experimentally observed Rabi splitting in θ-space 
is 561 meV, which also gives η = 21% due to a slightly different 
fit value to the bare C exciton position (see Figures S5–S8 and 
Table S1, Supporting Information).

In the theory underlying strong coupling, the transition 
point from weak coupling (both modes at a single energy level) 
to strong coupling (two hybrid levels) occurs with a coupling 
strength, g, much lower than that required to observe Rabi split-
ting.[34] For small values of coupling strength (relative to the 
energy of the bare modes), the absence of Rabi splitting is gen-
erally assumed to be an uninteresting case as losses through the 
individual states should dominate any strong coupling effects. 
Hence, the commonly applied condition of strong coupling is 
Ω  ≥ (γex  + γph)/2, where Ω is the observed Rabi splitting and 
γex and γph are the uncoupled exciton and photonic (e.g., cavity 
or plasmon modes) linewidths, respectively. In reality, this is a 
rule of thumb to help determine when strong coupling effects 
are large enough to be observable. Another rule of thumb is 
simply if Rabi splitting and anti-crossing are observable, then 
the modes are strongly coupled.[35] Furthermore, in this regime 
where Rabi splitting is observable, Ω ≈ 2g, and the terms Rabi 
splitting and coupling strength are nearly interchangeable. 
Ultrastrong coupling is defined for large values of coupling 
strength (relative to the energy of the bare modes), and unlike 
strong coupling, even in the absence of observable Rabi split-
ting due to lossy modes, interesting physics is still expected 
such as ground state virtual photons.[19] Thus, in the case of 
large observable Rabi splitting (i.e., within an order of magni-

tude of the bare mode energy, E), η = Ω
E

 ≳ 10%, the system is 

in both the strong and ultrastrong coupling regimes and associ-
ated physics are expected to be observable.

In our work, we meet both the strong and ultrastrong cou-
pling definitions. To further quantify the strong coupling, we 
compare the average line widths of the uncoupled modes to 
the observed Rabi splitting. The width of the bare C exciton 
in k-space, γex = 220 meV, is found by fitting the LP to a Lor-
entzian at large k, where mode is nearly completely excitonic. 
The fit to the bare plasmon at the point of coupling is γpl = 99 
meV. This gives an average of (γex  + γpl)/2 = 160 meV, much 
less than the measured splitting of Ω = 293 meV. This can be 
seen directly in Figure  3 by visually comparing the average 
of the error bars representing the bare mode widths to the 
Rabi splitting Ω. Alternately, we may make this comparison 
in θ-space, that is, comparing to the raw data (see Figure S6, 
Supporting Information). The width of the bare exciton from 
fitting the absorption spectrum of Figure 1A is 510 meV, while 
the θ-space plasmon width is 406 meV, yielding an average 
line width of 458 meV. This is also considerably less than  
the experimentally observed θ-space Rabi splitting of 561 meV. 
We further note that the peak seen in Figure  1a at 415  nm, 
corresponding to the D exciton, does not strongly couple to the 

plasmon as its width is far too large (see Supporting Informa-
tion for further details).

One of the first papers demonstrating ultrastrong coupling 
in the visible spectrum used an organic J-aggregate dye mole
cule coupled to a plasmonic nanohole array to achieve 250 meV 
Rabi splitting at 1.8 eV transition energy, a ratio of η = 14%.[11] 
Since then, η has reached as high as 60% in organic systems  
(e.g., J-aggregates, spiropyran, and squaraine) coupled to plas-
monic or dielectric cavity modes.[12–14] In inorganic semicon-
ductors, the ultrastrong coupling regime was first seen in the 
mid-infrared in 2009 by coupling microcavity modes to inter-
subband transitions (transition energy of ≈100 meV) in GaAs 
to achieve η  = 44%.[36] The only demonstration of ultrastrong 
coupling at optical frequencies in the TMDCs was in many-layer 
WS2 at cryogenic temperatures; the Fabry–Perot resonance of a 
32 nm flake was coupled to the A exciton to achieve 270 meV, 
or η = 13%.[37] There are many other reports of η = 4–9% in the 
TMDCs.[4,38–44] All of these reports couple to the lowest energy A 
or B excitons. By targeting the larger oscillator strength of the C 
exciton, we achieve ultrastrong coupling at room temperature in 
the TMDCs.

Strong coupling results in shifted band positions or energy 
levels, which can lead to fundamentally new electronic and 
catalytic properties. There has been some work showing that 
chemical photoreaction pathways and rates can be manipulated 
by strongly coupling the reactants or catalysts with polariton 
modes.[45–49] However, studies using strongly coupled semicon-
ductor electrodes in liquid electrolyte are lacking. This work 
uses the open “cavity” K–R configuration which makes such 
studies possible. Thus, ultrastrong coupling to the C exciton in 
TMDCs may find use in charge- or energy-transfer mediated 
photocatalytic chemical reactions, where the C exciton may have 
favorable energy and band-alignment for coupling to molecular 
orbitals of reactive species, intermediates, or products. Further 
applications specific to the C exciton in the TMDCs include 
slowed hot carrier cooling for enhanced conversion of solar 
energy into electricity or chemicals and enhanced SHG for 
coherent light sources in the violet/blue.

3. Conclusions

In summary, we find ultrastrong exciton–polariton coupling at 
the C exciton in FL-MoS2, at room temperature. The observed 
Rabi splitting of 293 meV (η  = 11%) is significantly larger 
than that found in previous studies of the A and B excitons 
in TMDCs, due to the large C exciton oscillator strength. This 
degree of coupling, both in magnitude and as a fraction of 
the uncoupled energy, has largely been the domain of organic 
semiconductors. Our findings suggest that the C exciton of 
the TMDCs offers a route to ultrastrong coupling studies in 
CMOS-compatible inorganic semiconductors at room tem-
perature. Further, the unique properties of the band-nested 
C exciton states, such as slowed hot exciton cooling, may be 
further enhanced through strong coupling, suggesting this 
system is a good candidate for hot-carrier studies toward 
controlling solar energy conversion to electrical or chemical 
potential.

Adv. Optical Mater. 2022, 10, 2200485

 21951071, 2022, 20, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202200485, W
iley O

nline L
ibrary on [20/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advopticalmat.de

2200485  (6 of 8) © 2022 National Renewable Energy Laboratory. Advanced Optical Materials published by Wiley-VCH GmbH

4. Experimental Section

Theoretical Calculations: The band structure of Figure  1b was 
calculated using ab initio density functional theory (DFT) methods to 
verify the band-nested structure in the 10 nm FL-MoS2 samples. Although 
standard correlation functionals such as GGA–Perdew–Burke–Ernzerhof 
(PBE) used here tend to underestimate the band gap, the band profile 
was expected to remain accurate. In comparison to previous G0W0 
calculations on mono-to-few layer (1–6) MoS2,[50] it was found that the 
band profile remained similar. 16- and 17-layer structures were calculated 
to both span the 10 nm thickness of interest (calculated thicknesses of 
9.7–10.3) and accounted for any even and odd layer dependence in the 
band structure.[51]

All calculations were performed using DFT with the JDFTx[52] software 
implementation. The PBE form of the generalized gradient approximation 
was used to describe the exchange–correlation interaction. The valence 
electron–nuclear interactions were described by optimized fully-
relativistic norm-conserving Vanderbilt pseudopotentials (ONCVPSP)[53] 
from the PseudoDojo Project[54] (stringent accuracy). A 45 Hartree cut-off 
was used for the plane-wave basis set. Calculations were performed 
with fully-relativistic spin to capture the effects of spin–orbit coupling 
on the MoS2 band structure. To capture the van der Waals interlayer 
interactions, the Grimme DFT + D2 scheme was used.[55]

The 16- and 17-layer MoS2 slabs were constructed from lattice 
optimized bulk MoS2. To prevent interaction between images, a vacuum 
layer of at least 15 Å was employed and truncated coulomb potentials[56] 
in the out-of-plane direction. The 2D multilayers were also allowed 
to fully relax to a final lattice parameter of 3.192 Å for both 16- and 
17-layer structures and a final thickness of 9.7 and 10.3 nm, respectively. 
To sample the Brillouin zone, a Γ-centered k–point sampling of  
12 × 12 × 3 was used for the bulk and 12 × 12 × 1 for the 2D multilayers. 
The convergence criteria were set to 1 × 10−6 Hartree for both structure 
and energy optimizations and converged via a variational minimization 
algorithm.[57] Finally, the density-of-states was obtained using the 
tetrahedron method for Brillouin zone integration.[58]

Prism Preparation: The right-angle prism used as a substrate was 
purchased from Edmund Optics (stock number 32–334), made from 
uncoated N-BK7 glass, with a 20  mm leg length. It was cleaned by 
sonicating in acetone and then isopropyl alcohol for several minutes, 
soaked in an aqua regia bath (3:1 hydrochloric acid:nitric acid) for an 
hour, rinsed twice with Milli-Q water, dried with a nitrogen spray gun, 
and further desiccated on a hot plate at 150 °C for several minutes. The 
cleaned prism was stored in a nitrogen dry box between cleaning and Ag 
deposition. Ag deposition was performed by electron beam deposition 
of ≈1  nm Ti followed by 40  nm of Ag, without breaking vacuum.  
The Ti serves as an adhesion layer but also damps the surface plasmon, 
so a minimum thickness was desired. The thickness of Ti/Ag was 
verified by profilometry and ellipsometry.

Few-Layer MoS2 CVD Growth: The FL-MoS2 growth procedures were 
adopted and modified from previous methods developed by Yu et al.[59] 
The CVD growth was carried out by a three-temperature-zone furnace. 
500 mg of sulfur pellets (Sigma Aldrich) were placed at Zone 1, while the 
sapphire wafer (University Wafer) was located at Zone 3. An insert tube 
in Zone 2 was used to create an isolated local environment. 2  mg of 
MoO3 powder (Sigma Aldrich) was loaded into the insert tube. 25 sccm 
Ar/O2 (4  vol. % of O2) premix gas flowed over the MoO3 powder into 
Zone 2. The O2 allows the MoO3 precursor to remain in oxidized form 
as it was carried through the insert. 125 sccm of Ar was supplied at Zone 
1 to carry the sulfur and balance the growth pressure at 1 Torr. During 
the growth, the temperatures in Zones 1, 2, and 3 were ramped at the 
rate of 35, 35, and 70 °C min−1 and then held for 30 min at 180, 530, and  
930 °C, respectively. The thickness of MoS2 was determined to be ≈10 nm 
by ellipsometry. The ellipsometry methods were previously verified 
against AFM and we further corroborated the few-layer thickness with 
Raman and PL on a film produced under the same growth conditions.[30]

MoS2 Transfer: To transfer the CVD MoS2 film onto the prism, the 
procedures described by Xu et al.[60] were followed. The CVD-grown MoS2 
was coated with polystyrene (PS, average molecular weight ≈192 000, 

Sigma-Aldrich) dissolved in toluene (50  mg mL−1) by spin-coating at 
3000  rpm for 60 s. The resulting PS/MoS2/sapphire film was dried in 
a 150 °C oven for 5 min. One edge of the film was scribed by a utility 
knife to create an opening for the etchant to access the MoS2/sapphire 
interface. The substrate was soaked in 80 °C 2 m NaOH solution until 
the NaOH etched the interfacial sapphire across the wafer and the  
PS/MoS2 film detached from the sapphire wafer. The PS/MoS2 film was 
carefully transferred to ultra-pure water (18.2 MΩ) bath to minimize 
NaOH residue. Then, the PS/MoS2 film, which naturally floats on the 
water surface, was transferred to the prism by lifting the prism from 
underneath the film. The PS coating was removed by soaking the prism 
in toluene. Finally, the prism was baked in N2 at 300 °C for 30 min.

Transfer Matrix Simulations: The model was built in MATLAB[31] as 
NBK7 substrate / 1  nm Ti / 43  nm Ag / 0.27  nm Ag2S / 8  nm MoS2. 
The substrate refractive index and the thicknesses of Ag and MoS2 were 
fit to reproduce the data. The NBK7 refractive index fit matched the 
specifications of Schott within ≈2%. The fit value for the MoS2 thickness 
of 8  nm was near the value measured by ellipsometry of 10  nm. The 
refractive index for MoS2 was measured from the top of the prism by 
ellipsometry and is shown in Figure S2a, Supporting Information. 
Refractive indices for Ag were modeled from ellipsometry data on 
witness samples and are in line with those of Palik[61] and Johnson and 
Christy[62] and the fit thickness was within 2 nm of that measured with 
ellipsometry. Refractive indices for Ti and Ag2S were taken from refs. [63] 
and [64], respectively. The thickness of Ti was set to be 1 nm while the 
thickness of Ag2S was derived from ellipsometry.
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