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Abstract

Exciton-plasmon polaritons (EPPs) are attractive both for the exploration of fun-
damental phenomena and applications in nanophotonics. Previous studies of EPPs
mainly relied on far-field characterization. Here, using near-field optical microscopy,

we quantitatively characterize the dispersion of EPPs existing in 13-nm-thick tungsten
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diselenide (WSez) deposited on a monocrystalline gold platelet. We extract from our
experimental data a Rabi splitting of 81 meV, and an experimental effective polariton
loss of 55 meV, demonstrating that our system is in the strong-coupling regime. Fur-
thermore, we measure for the first time at visible wavelengths the propagation length
of these EPPs for each excitation energy of the dispersion relation. To demonstrate
the quantitative nature of our near-field method to obtain the full complex-valued
wavevector of EPPs, we use our near-field measurements to predict, via the transfer
matrix method, the far-field reflectivities across the exciton resonance. These predic-
tions are in excellent agreement with our experimental far-field measurements. Our
findings open the door towards the full near-field study of light-manipulating devices

at the nanoscale.

Introduction

Near-field microscopy is a powerful and versatile tool that has been used for the direct ob-
servation of polaritons in different structures across a wide range of excitation energies at
the nanoscale,’™ as well as the study of the local dielectric function of various materials. ¢
Many studies using a scattering-type scanning near-field optical microscope (s-SNOM)™E
have focused on the quantitative near-field characterization of polaritons in the mid-infrared
wavelength range.*? 17 In contrast, the full s-SNOM characterization of polaritons in the vis-
ible to near-infrared range remains unexplored. The confinement of polaritons in this range
is indeed moderate compared to other polaritons, such as plasmons in graphene.'® Thus, in
a reflection configuration, the polaritons can be launched both by the s-SNOM tip and by
the sharp edge of metallic samples. As shown in previous works, 1?21 this leads to three main
excitation channels for the polaritons, namely the tip-launched, the edge-launched, and the
tip-reflection edge-launched polaritons. The plurality of possible excitation paths leads to
complex interference patterns, which complicates the analysis of the measurements.

As many excitonic excitations have energies in the visible and near-infrared range,#2%24



the study and full quantitative characterization of polaritons in this range are highly relevant
for the future development of the field. In particular, exciton-plasmon polaritons (EPPs) are
hybrid states emerging from the coupling between excitons?? and surface plasmon polaritons

(SPPs).?¢ These polaritons have the potential to become a building block for applications??#2

29580 and new quantum emitters for quantum informa-

such as nanoscale polaritonic lasers,
tion processing.®! A pioneering work measured EPPs resulting from the interaction between
excitons in tungsten diselenide (WSey) and SPPs on gold, for thicknesses of WSe, ranging
from 35 to 110 nm.?? While showing impressive confinement of the EPPs at higher thick-
nesses, the high absorption losses associated with this thick excitonic material hindered the
retrieval of the upper polariton branch. Thus, the Rabi splitting energy was obtained from
numerical calculations. In addition, the propagation length of the EPPs, directly related

3 was not de-

to the amount of radiative and non-radiative losses present in the polaritons,
termined. This is however a crucial information to be retrieved experimentally in order to
assess the performances of a polaritonic device.

2021 we showed that by carefully choosing the azimuthal angle of

In our previous works,
incidence relative to the edge of monocrystalline gold platelets, we could isolate the excitation
path of interest, in this case the tip-launched SPP excitation path. Using Fourier analysis,
we could retrieve both the wavelength and the propagation length of moderately confined
SPPs on monocrystalline gold platelets.

In this work, we study EPPs propagating in a 13-nm flake of WSes deposited on a
monocrystalline gold platelet. We use a s-SNOM in the reflection configuration®! to mea-
sure the edge-launched EPP excitation path for excitation energies around the A-exciton
energy of WSey (1.63 eV). The choice of perpendicular incidence and a defocused beam al-
lows us to measure a clear signal coming from the EPPs. With this information, we are able
to retrieve with good accuracy the experimental dispersion relation, for the lower as well as

for the upper polariton branches. As we can resolve both branches, we are able to determine

a Rabi splitting based on experimental values only, without using numerical calculations or



simulations. Furthermore, we determine the propagation lengths of the EPPs for all the
measured energies. Thereby, we reconstruct the full complex-valued polariton wavevector,
giving us access to the fundamental properties of EPPs, such as the effective losses of the
hybridized light-matter excitation. The experimental determination of the polariton losses
shows us that our system is in the strong-coupling regime. In addition, the near-field exper-
imental values allow us to determine the in-plane dielectric function of WSey. These values,
obtained from the near-field measurements, are subsequently used to predict the far-field
reflectivity of our sample. We find good agreement with the reflectivity measured directly
with a far-field microscope.

This work reports the first quantitative full near-field characterization of the nanoscale
properties of strongly coupled light-matter states in the visible to near-infrared energy range,
the relevant range for most EPPs found in nature. The methodology presented here pushes
forward the analytical capabilities of state-of-the-art s-SNOM allowing the full retrieval of the
coupling strength, propagating losses and effective losses of EPPs. Furthermore, our results
show that it is possible to relate near-field information with far-field optical properties. This
link between the near- and far-field will be crucial in the design of new devices to manipulate
light and excitons on the nanoscale for future low-threshold nano-lasers, new fast quantum
gates, quantum emitters integrated in nanocavities, as well as the development of technology-

relevant metasurfaces.

Results and discussion

Near-field measurements of the EPPs

A sketch of the near-field experiment is presented in Figure [Ih. To investigate the properties
of EPPs in the near-field, we use a 100-nm thick monocrystalline gold platelet on silicon
dioxide, protected by a 2-nm layer of aluminum oxide. These platelets are similar to the ones

studied in previous works.202134 A 13-nm thick flake of WSe, is mechanically exfoliated and



transferred@ (see Methods) onto the gold platelet such that it covers the edge of the platelet.
The EPPs are measured using a s-SNOM in the reflection conﬁguration@ (see Methods).
A tunable laser is focused on the s-SNOM tip such that the laser beam is perpendicular
to the edge of the platelet in the plane of the sample (see red arrow in Figure [Ib). This
configuration allows to excite EPPs of wavelength A, and propagation length LiP at the
sharp edge of the monocrystalline platelet, for excitation energies from 1.5 to 1.7 eV.

The experiments are performed such that the sample is scanned under the fixed com-
bination of the oscillating tip and excitation light always focused on the tip apex. With a
highly focused beam, the excitation of the edge-launched EPPs would therefore depend on
the tip-edge position and thus influence the determination of LiP. To overcome this chal-
lenge, we slightly defocus the beam in front of the s-SNOM (see Methods), as in Ref. B The

resulting beam diameter at the tip apex is estimated to be about 50 pm.
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Figure 1: Near-field measurement of exciton-plasmon polaritons (EPPs) propagating on a
thin layer of WSe, deposited on a monocrystalline gold platelet. (a) Illustration of the exper-
iment. Here, A, is the wavelength of the edge-launched EPPs, and L;P is the propagation
length of the edge-launched EPPs. The 2-nm layer of aluminum oxide between the gold and
WSe; is not represented here. (b) Near-field intensity at three different excitation energies.
The origin of the z-axis is taken at the edge of the gold platelet, and the red arrow represents
the direction of the incident light.



Figure [Ib shows three examples of the near-field intensity obtained with our measure-
ments, below (1.54 eV), around (1.62 e¢V), and above (1.69 eV) the A-exciton energy. The
maps from all the measurements can be found in the Supplementary Information. The edge
of the platelet corresponds to the origin of the z-axis. The interference patterns seen on
the maps and parallel to the edge correspond to the interference between the edge-launched
EPPs and the background light scattered directly from the sample.**2¢ The wavevector of

the interference fringes K can be expressed as'®

2

Ka(0,¢) = ™ (— sin(0) sin(p) + \/sinz(ﬁ) sin?(y) — sin?(0) + n2) , (1)

where )\g is the wavelength of the incident light, # = 60° is the polar angle between the
incident light and the surface of the sample, ¢ = —90° is the azimuthal angle between the
incident light and the edge of the sample, and n is the real part of the effective refractive index
of the confined mode of the multilayer structure. At perpendicular incidence, Equation [I]
becomes equivalent to the expression for the wavelength of the interference fringes in Ref. |3.

It should be highlighted that K is the wavevector of the interference fringes obtained
with the near-field measurements. Due to the interference with the background scattered
light, K is different from the wavevector of the confined EPPs mode, K., = 2mn/\g. The

wavevector of the EPPs K, can be calculated as

n

Kop = el .
— sin(f) sin() + /sin?(0) sin?(p) — sin?(0) + n2

(2)

The energy dependence of the propagation length is already apparent from the near-field
intensity maps, with a shorter propagation length above than below the exciton energy, due
to the additional absorption losses of WSey. As the incident light has an azimutal angle ¢
perpendicular to the edge, the propagation length of the interference fringes is equivalent to

the propagation length of the EPPs: L& = L.



Real-space and Fourier analysis of the EPPs

Figure 2h presents the profiles made by averaging the experimental maps in the direction
parallel to the edge, for all the measured excitation energies. Above the A-exciton energy -
corresponding to the upper polariton branch - exponentially decaying interference patterns
can be seen up to a distance of about 2 to 4 pm, depending on the excitation energy. Below
the exciton energy, the propagation lengths are longer, and the interference patterns are
more complex. The fringes indeed display a revival behavior, hinting to the contribution

from two different excitation paths.
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Figure 2: (a) Fringe profiles on the WSey/AlyO3/gold structure at the different excitation
energies measured with the ss=SNOM. The red sections of the profiles are used for the Fourier
transform. (b) Fourier transforms of the profiles (red crosses), and their fits (black curves).
The red arrows highlight the position of the edge-launched polaritons peaks of wavevector
K. The black dotted line is a guide to the eye.

For a better analysis of the wavevector components at different energies, we apply the
Fourier transform on the profiles, using the same procedure as our previous work.?! The

first 1.4 pm of the profiles (see the black dotted lines in Figure 2h) induce a background



interfering with the rest of the signal, possibly due to multiple scattering between the tip
and the sample at the edge of the platelet. Thus, the sections from x =0 pm to x = 1.4 pm
are removed for the Fourier transform. The resulting spectra are shown in Figure Pb. The
peak corresponding to the first type of edge-launched EPPs? is indicated by the red arrows
and the dotted line. As the energy varies, the peak positions present a sizeable back-bending
indicating coupling between the SPPs and the A-exciton. Above the exciton energy, mainly
one peak can be seen in each spectrum. A second peak can sometimes be seen around
12 pm~!, and has a wavevector corresponding to the tip-reflected edge-launched polaritons
excitation path.1%2Y Below the exciton energy, a small peak around 17-19 ym~! can also be
observed. This peak corresponds to the tip-launched EPPs excitation path. The revival of
the interference fringes at lower energies is thus due to the interference between tip-launched
and edge-launched EPPs. The peak due to the tip-launched EPPs cannot be seen at higher
energies, because the tip-launched EPPs travel twice the distance compared to the edge-
launched EPPs. Hence, their signal becomes too weak due to higher losses in the material.

To extract the value of the EPP wavevector as a function of the energy, we fit the
spectra as the sum of two Lorentzian functions. We use Lorentzian functions since edge-
launched polaritons can be well approximated by plane waves.?2! The results of the fitting
are presented as the black lines in Figure 2b. The fit of the spectra allows to retrieve
the wavevector K, and the propagation length Lf)l of the edge-launched EPP interference
patterns. However, the interference profiles have a finite interval length, which implies for
the Fourier transform that our signal is inherently multiplied with a square window. Thus,
each spectral shape is the convolution between a Lorentzian function and a sinc function.
Therefore, while the Fourier transform gives an accurate value for the wavevectors, the
accurate determination of the propagation length is hindered. To fit the propagation length
with a higher accuracy, we directly fit the interference profiles from Figure Za. To help the
fitting procedure, the value of the wavevectors are fixed and taken from the fitting results of

the Fourier transformed spectra. Our analysis thus makes use of the advantages of both the



Fourier and the real spaces.

Reconstruction of the full complex-valued wavevector

The wavevectors of the EPPs are calculated from the retrieved values of K using Equation 2.
The experimental dispersion relation resulting from this process is depicted as the white line
in Figure Ba. The vertical error bars correspond to the linewidth of the incident laser,
and the horizontal ones are the fitting uncertainty on the peak position. To compare our
experimental results with theory, we use the transfer matrix method (TMM) adapted to the
case of an anisotropic material. Since WSe, is a uniaxial anisotropic crystal, we use the
2 X 2 matrices presented in Ref. |37 in the case of p-polarization. For our calculations, we
use values of the dielectric function of gold from McPeak et al.,*® as it has been shown to
have good agreement with the dielectric function of monocrystalline gold.?¥3 The dielectric
function of aluminum oxide is set at 2.56. To obtain the dielectric function of WSe,, we
first fit the WSe, dielectric function data from the tabulated values of Munkhbat et al.4C
Then, we measure with a far-field microscope (see Methods) the reflectivity of our multilayer
structure, and compare it with the reflectivity calculated using the values from Ref. 40. The
experimental and calculated reflectivities differ, as can be seen in Figure 3d. This difference
in reflectivities hints at a difference in the in-plane dielectric function of WSe,. There could
be several reasons for this difference, as the measurement of the dielectric function of WSe,
in Ref. 40 was performed on a thicker WSe, flake deposited on silicon dioxide. To assess
the influence of the substrate, we also measure the reflectivity of our WSe, flake on the
silicon dioxide substrate next to the gold platelet. The comparison between the reflectivities
of WSes on the monocrystalline gold platelet and on silicon dioxide can be found in the
Supplementary Information. This comparison shows that the reflectivity of our WSe, flake
on silicon dioxide follows much better the reflectivity calculated using the values from Ref.
40. Thus, we attribute the difference in reflectivity of WSey; mainly to a change in the in-

plane dielectric constant of WSes due to the presence of a metallic substrate. To take this



change into account, we adapt the parameters from the in-plane WSes dielectric function
fitted based on Ref. 40 to correspond better to our experimental reflectivity. The dielectric
function of WSes so obtained can be found in the Supplementary Information.

The theoretical dispersion relation, plotted as the orange line in Figure Bh, is calculated
by finding the poles of the reflection coefficient 7, of our multilayer structure.*! The numerical
solution to this first approach is a complex-valued wavevector, from which the real part gives
the dispersion relation. The colour plot shows, as a second approach, the imaginary part
of the reflection coefficient Im(r,) - which has been linked to the optical density of states
(DOS). #4532 The two approaches both give consistent results and show a clear agreement
with the experimental results.

To characterize the Rabi splitting, we first consider the difference between the upper and
lower polariton branches at zero detuning, with zero detuning defined as the intersection
of the exciton mode and the surface plasmon mode without coupling to the A-exciton of
WSe,.42 The dispersion of these two modes is shown as the yellow and blue dashed lines
in Figure Bh, respectively. The vertical cross-section of the theoretical DOS at the zero
detuning (g = 9.4 nm™!) gives a value for the Rabi splitting energy of Frapi, = 89 meV.
This method has, however, the disadvantage of being correlated with the experiment in an
indirect manner, as the Rabi splitting energy is measured from the theoretical calculations
and the comparison between the theory and the experimental data is here qualitative. In our
case, the center of the experimental and theoretical back-bendings are considerably shifted
compared to the zero detuning determined by the method explained above. This effect
has also been observed in a previous theoretical study.*? Adding or removing the A-exciton
resonance for a 13-nm thick WSe, has indeed a stronger influence on the WSe, dielectric
function overall, and thus on the confinement of the surface plasmons, compared to the
monolayer case. Thus, the determination of the zero detuning condition is difficult since
it depends strongly on the thickness of the excitonic material used and on the retrieval

of the A-exciton. A method relying only on experimental data is therefore preferable to
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Figure 3: Retrieval of the EPP properties. (a) Dispersion relation of the exciton-plasmon
polaritons for a 13-nm-thick WSe, deposited on gold. The colormap displays the imaginary
part of the reflection coefficient, calculated with the TMM. The white line with error bars
corresponds to the experimental wavevector extracted from the data. The vertical error bars
correspond to the linewidth of the incident laser, and the horizontal ones are the fitting
uncertainty on the peak position. The orange line to the theoretical dispersion relation
calculated using the TMM. The red dashed line represents the light line in air, the horizontal
dashed line the energy of the A-exciton of WSey, and the blue dashed line the dispersion
of the sample without the A-exciton. (b) Dispersion relation of the EPPs compared to the
coupled-oscillator model (COM). The two polariton branches are plotted in purple, and the
experimental wavevector is in black. (c¢) Experimental (black curve) and theoretical (orange
curve) propagation lengths of the polaritons. The horizontal error bars correspond to the
uncertainty of the fit. (d) Comparison between the reflectivity of 13-nm-thick WSe, on gold,
calculated using the WSe, dielectric function from Munkhbat et al.*’ (blue dotted line),
measured directly with a conventional far-field microscope (green line), calculated using a
dielectric function adapted to fit the far-field reflectivity (red line), and extracted from the
near-field measurements (purple squares).
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find the amplitude of the Rabi splitting. At the center of the theoretical back-bending
(g1 = 9.0 pm™!), we find a value for the Rabi splitting of Erapi, = 77 meV, while Frapi, = 83
meV at the center of the experimental back-bending (g = 8.9 pm™!). By comparison, fitting

our experimental dispersion data with the coupled-oscillator model (COM )4

(see Figure
Bb) gives a value of Fgrai, = 81 meV. In the following we will use the more conservative
value of the Rabi splitting determined experimentally, i.e. 81 meV. The experimentally and
theoretically determined values of the Rabi splitting fall all within a 10 percent interval
around this value, showing the excellent agreement between experiment and theory.

As the solutions to finding the poles of the reflection coefficients are complex-valued
wavevectors, the theoretical propagation length can also be deduced from the imaginary
part of these wavevectors. The theoretical and experimental propagation lengths are plotted
as a function of the energy in Figure Bk. The experimental propagation length is found by
fitting the profiles in real space and clearly follows the theoretical calculations.

With the characterized dispersion relation and the propagation lengths, we can recon-
struct the energy dependence of the complex-valued wavevector from near-field measure-
ments of EPPs in the optical energy range, for the first time to our knowledge. This allows
us to calculate the effective dielectric function of the EPPs; relying only on experimental
measurements. The EPP effective dielectric function is plotted in the Supplementary Infor-
mation, as a function of the excitation energy. The imaginary part of this dielectric function
is associated with the polariton losses. By fitting the polariton dielectric function as the
sum of two Lorentz oscillators, the polariton losses are found to be equal to I' = 55 meV.
Thus, we can infer that our system is in the strong-coupling regime, relying only on near-field
experimental results, without inference via theoretical calculations or simulations.

As a benchmark of the quality of our data, we compare the reflectivity measured with
a far-field microscope with the reflectivity predicted from the near-field measurements. We
use the TMM to find the values of the in-plane WSe, dielectric function from the experi-

mental values of the complex-valued wavevector f(ep =Ko, +1/ LiP. The new values of the
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WSe, dielectric function are then used to calculate the reflectivity. The reflectivity recalcu-
lated from the near-field data shows a clear dip due to the A-exciton absorption, and agrees
well with the direct far-field measurement of the reflectivity (see Figure Bd). Interestingly,
almost all the data points from the near-field experiments lie in between the reflectivity
calculated using directly the data from Ref. 40 and the reflectivity calculated using the
adapted in-plane WSe, dielectric function (see Supplementary Information). Our proce-
dure highlights the correspondence between material parameters obtained from polaritonic
near-field measurements and the ones obtained with far-field methods. Compared to other
s-SNOM studies of the dielectric function®¢ our method does not extract the dielectric
function at the nanoscale, but gives the averaged dielectric function felt by the EPPs. Our
method allows us to retrieve the complex-valued dielectric function of the excitonic material
in the strong coupling regime and makes the reconstruction of far-field optical properties of

nanometer-thin materials possible.

Conclusion

In this work, we used a s-SNOM in the reflection configuration to measure EPPs on a
multilayer structure made of gold and 13-nm thick WSe,, at different energies around the A-
exciton energy. By expanding the incident laser beam and carefully choosing the direction of
the incident light, we could resolve both the higher and lower polariton branches of the edge-
launched EPP excitation path. By using a combination of Fourier and real-space analysis,
we characterized the wavevectors and, for the first time to our knowledge, the propagation
lengths of the EPPs. We observed a clear back-bending of the dispersion relation, hinting at
strong coupling. Using the experimental data only, we retrieved the Rabi splitting energy of
ERrapi = 81 meV and polaritonic losses of I' = 55 meV, thus demonstrating that our structure
is indeed in the strong-coupling regime. Furthermore, our analysis allowed us to highlight

the importance of the substrate for the accurate determination of the in-plane dielectric
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constant of thin-layered WSey. The quality of the data was then demonstrated by predicting
the far-field reflectivity of our sample based on the values obtained through the near-field
measurements, with excellent agreement with the direct measurement of far-field reflectivity.
The methods developed in this work can be applied to the quantitative characterization of
the complex-valued wavevectors of different types of polaritons, for a s-SNOM in a reflection
configuration. It can thus be used for the investigation of quantum related phenomena in

2444 at the nanometer scale and at visible frequencies. Moreover, relating

polariton physics,
the far-field and the near-field information is crucial in the design of new polaritonic devices,
in the understanding of material properties in the strong-coupling regime, as well as in the

design of new metasurfaces.

Experimental methods

Sample preparation: A WSe, crystal (HQ graphene) was mechanically exfoliated with a
light blue tape (1007R, SPS Ltd). A 13-nm-thick WSe, flake resulting from the exfoliation
was then transferred onto the monocrystalline gold platelets (NanoStruct GmbH), using the
dry-transfer method.?
Near-field measurements: The measurements were performed with a commercial s-SNOM
in reflection mode (neaSNOM, Attocube Systems AG). The polaritons were excited with a p-
polarized femtosecond Ti:sapphire laser (Tsunami Model 3960, Spectra-Physics Inc.) and the
near-field signal was recorded using a 10-MHz adjustable photodiode (2051, Newport Corp.).
The laser was directed towards a platinum-coated AFM tip (Arrow-NCPt, NanoAndMore
GmbH) with a nominal apex radius of 25 nm. The tip is oscillating above the sample at a
frequency of fy ~ 300 kHz and with an oscillation amplitude of about 40 nm. The signal
recorded by the photodiode is demodulated at 3 fj.

To defocus the beam spot at the tip apex, a combination of a divergent lens of focal

length f; = —200 mm and a convergent lens f. = 300 mm is placed - 5 cm apart - in front
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of the s-SNOM setup. With this effective divergent lens, the diameter of the spot at the tip
is calculated to be 53 pm.

Far-field measurements: The reflection measurements were performed with a customised
microscopy setup based on an inverted microscope (Eclipse Ti-U, Nikon). A white light
source was focused onto the sample with a 10X objective. The collected light was extracted

with the same objective and sent to a spectrometer (Andor Solis 303I).
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