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Abstract

2D materials support unique excitations of quasi-particles that consist of a material excitation and
photons called polaritons. Especially interesting are in-plane propagating polaritons, which can be
confined to a single monolayer and carry large momentum. In this work, we theoretically predict

the existence of a new type of in-plane propagating polariton, supported on monolayer
transition-metal-dicalcogonides (TMDs) in the visible spectrum. This 2D in-plane
exciton-polariton (2DEP) is described by the coupling of an electromagnetic light field with the
collective oscillations of the excitons supported by monolayer TMDs. We experimentally
demonstrate the specific conditions required for the excitation of the 2DEP and show that these
can be achieved if the TMD is encapsulated with hexagonal-boron-nitride (hBN) and cooled to
cryogenic temperatures. In addition, we compare the properties of the 2DEP with those of the
surface-plasmon-polariton at the same spectral range, and find that the 2DEP exhibit over two
orders-of-magnitude larger wavelength confinement. Finally, we propose and numerically
demonstrate two configurations for the possible experimental observation of 2DEPs.

Polaritons in 2D materials have attracted great
interest in the last few years, owing to their remark-
able properties and to the fact that they are sup-
ported by atomically thin monolayers [1, 2]. Dif-
ferent types of polaritons with different proper-
ties have been observed on a variety of 2D mater-
ials. Monolayer graphene, for example, supports
extremely confined and low loss in-plane propagat-
ing polaritons in the mid-infrared (MIR) and tera-
hertz (THz) spectral ranges, named graphene-
plasmons (GPs) [3-5]. Another example is hBN,
which is an anisotropic 2D material that supports
large momentum, in-plane propagating hyper-
bolic phonon-polaritons, in its MIR Reststrahlen
bands [6-8].

In the visible spectrum, TMDs such as MoS,,
MoSe;, WS, and WSe;, are known to support robust
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excitons with large binding energies, which interact
strongly with light [9-11]. When the TMD is placed
in an optical cavity, these excitons can couple with
cavity photons and form an out-of-plane propagat-
ing exciton-polariton [12, 13], similarly to excitons in
quantum-wells.

The uniqueness of polaritons arises from the fact
that the new formed quasi-particle inherits both the
properties of the photon and those of the particle (i.e.
plasmon/phonon/exciton etc), and is thus half light
and half matter in its nature. This fact enables to con-
trol one of these properties by manipulating the other.
For example, it allows to probe quantum effects via
classical light [14], to control particle propagation by
manipulating the photon wave properties [15-18],
probe bosonic condensation with exciton-polaritons
[19-21], and more.
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The type of polariton we focus on in this study
is commonly associated with transverse-magnetic
(TM) surface-polaritons, residing at the interface
between two bulk materials. The condition for the
existence of such a mode at the interface is that one
of the materials should exhibit a permittivity whose
real part is negative, while the other is usually taken
as a dielectric. The negative real part of the permit-
tivity relates the existence of charges in the material,
which are polarized by the impinging electromagnetic
field. For example, electron oscillations give rise to the
surface-plasmon-polariton (SPP) in metal surfaces
[22], or lattice oscillation in the form of optical phon-
ons that give rise to the surface-phonon-polariton
(SPhP) in polar dielectrics [23]. All of these exhibit a
negative real part of the permittivity in a certain spec-
tral range, and the response can be directly translated
from interfaces of bulk materials to bulky slabs and to
monolayers (i.e. very thin slabs) [1, 2]. Thus the fun-
damental question that requires answering in the case
of monolayer TMDs is whether a negative real part
permittivity can be achieved in these materials, and if
so, what would the properties of the formed polariton
be under these conditions?

In this work, we theoretically predict the exist-
ence of a new type of exciton-polariton in monolayer
TMDs, the 2D in-plane exciton-polariton (2DEP),
which propagates in-plane and is confined to the
monolayer in the out-of-plane direction (figure 1(a)).
It belongs to a specific family of polaritons, in which
the oscillations of the impinging TM electromagnetic
light field couples with collective oscillations of the
TMD excitons, and indeed exhibits the known signa-
ture of negative real part of its permittivity. We show
that owing to the resonant nature of the excitonic
optical response in TMDs, the formation of the
2DEP and its detection strongly depend on achieving
extremely narrow excitonic linewidths. Furthermore,
we demonstrate that the conditions for the formation
of the 2DEP are experimentally attainable by encap-
sulating a monolayer WS, with hBN, and cooling
down to cryogenic temperatures. In addition, we ana-
lyze the 2DEP properties under these conditions and
compare them to those of SPPs at the same spectral
range. We find that the 2DEP exhibit over two orders-
of-magnitude larger wavelength confinement, which
is accompanied with about four time larger propaga-
tion damping. Finally, supported by numerical sim-
ulations, we propose the usage of WS, nanoribbons
and metallic gratings, as two possible methods for the
experimental observation of 2DEPs.

The manuscript is structured as follows: first,
we present the general modelling approach of the
excitonic optical response of TMD materials, and
illustrate under which conditions negative real part
permittivities can be achieved. Next we analyze
the experimentally measured optical response of
hBN-encapsulated WS, TMD heterostructures, and
find that at cryogenic temperatures the real part of the
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permittivity becomes negative for a specific energy
range, which is a mandatory condition for the excita-
tion of 2DEPs. We then analyze the properties of the
2DEPs under these experimental conditions and pro-
pose two possible experimental configurations for the
observation of 2DEPs.

The general optical response of TMD excitons in
usually characterized by a Lorentzian complex sus-
ceptibility, taking the form [24]:

C Vr,0

R , 1
aoda—wnti (F )

X((U) = Xbg —

where p, is the background susceptibility, c is the
speed of light, wy is the exciton energy, d is the mono-
layer thickness, and 7y o, ynr» 74 are the radiative, non-
radiative and pure dephasing decay rates, respectively.
~ar and yq correspond to different physical loss chan-
nels, which affect the optical response of the TMD
in different manners. The approach previously intro-
duced in [11] allows for their separate modeling (and
thus extraction from experimental data), with the
total linewidth for a suspended TMD being defined
as YT = Yr,0+Yar+27d -

A typical frequency-dependent complex permit-
tivity, which is obtained from equation 1 using exper-
imentally extracted values (see table 1), is presented
in figure 1(b), indicating the behavior of both the real
and imaginary parts of the TMD, ¢; and &5, respect-
ively, at the spectral region of the exciton resonance
wp. It can be seen in figure 1(b) that £; is posit-
ive over the complete spectral range, which indeed
corresponds to what have been previously meas-
ured for non-encapsulated monolayer TMDs at room
temperature [25].

Whether ¢; takes positive or negative values
depends on two main attributes. The first is the back-
ground susceptibility xpg, which is an intrinsic prop-
erty that depends on all higher energy optical reson-
ances of the material. It basically shifts ¢; to higher
positive values, as it corresponds to the value of £; in
the absence of the excitonic resonance. The second is
the total linewidth of the exciton resonance, 71, which
affects the amplitude of the optical response through
Vr,0> Yor» and 4. For small enough ~yr, the amplitude
of both ¢; and ¢, increases significantly, allowing €,
to attain negative values (figure 1(c)).

The value of yr is determined by the homogen-
ous linewidth of the exciton, which depends on the
TMD quality [26], and on the interaction with other
quasi-particles, such as phonons and trions, and the
charge carrier density in the TMD [27-30]. There-
fore, v can be controlled via temperature, affecting
the phonon contribution to 7,,, and electrical doping
of the TMD, which modifies the formation of trions
and electron-electron interactions. It has been shown
that combining high quality TMDs with encapsula-
tion in hBN (figure 1(a)) and cooling down to cryo-
genic temperatures indeed yields narrow excitonic
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(b) 35
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In-plane propagating 2DEP

from table 1 for 300 K and 160 K, respectively.

Figure 1. Concept and conditions for existence of an in-plane 2DEP mode. (a) An hBN/monolayer TMD/hBN heterosturcute
supporting an in-plane prpogating 2DEP mode, which is confined vertically to the monolayer. Real and imaginary parts of the
TMD susceptibility, €; and €, respectively, obtained from equation (1) showing e; with, (b) all-positive values for large exciton
linewidth ~yr, and (c) negative values that can be obtained for smaller yr (pink shaded area). For (b) and (c) we used xpg = 12,
Yr,0 = 2.43 meV, v = 16.91 meV, yq = 2.41 meV, and Xbg = 12, ¥r,0 = 2.43 meV, nr = 5.54 meV, 74 = 0.74 meV, as taken
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linewidths [11, 29, 30]. However, the complex fre-
quency dependent optical properties of TMDs at
these conditions have not been studied.

The above treatment and considerations hold for
all of the four common TMDs, namely MoS,, MoSe;,
WS, and WSe,, although these exhibit excitons in dif-
ferent energies and linewidths. We thus next examine
the above discussions specifically for the case of an
hBN encapsulated WS,, on two different sample con-
figurations, and at temperatures spanning from 300 K
to 4 K. Figure 2(a) and (d) shows the measured tem-
perature dependent reflection extinction, 1 — R /Ry,
for two samples of monolayer WS, encapsulated by
hBN. The different spectral response observed in fig-
ure 2(a) and (d) stems from the different structures
of the samples. Sample Ul (figure 2(a)—(c)) con-
sists of an hBN/TMD/hBN heterostructure placed
on a single crystalline, atomically flat gold mirror
[31], with hBN thicknesses chosen to maximize the
excitonic absorption [11], resulting in a Voigt-like
line-shape. For sample U2 (figure 2(d)—(f)), a hetero-
structure with arbitrary hBN thicknesses was placed
on a sapphire substrate, and the resulting Fano-like
line-shape stems from the interferences in the multi-
layered structure [24].

Considering the two above described geomet-
ries, next we analyze the experimental measurements
presented in figures 2(a) and (d), in order to obtain
the complex frequency dependent permittivity of
the WS,, for both samples and their corresponding
experimental conditions. For this we use a specialized
transfer-matrix-method to calculate the reflectance
coefficient from the different heterostructures, with
the TMD excitonic response being described by equa-
tion (1). To address pure dephasing 4 independ-
ently from ~,,;, we account for processes that change
the phase of the exciton’s wavefunction, without
affecting the total number of excitons [11]. From
the experimental data measured in figures 2(a) and
(d) we extract vro,Ynr> Yd> and Xpg using the same
approach as in [11] (see methods), and these are
then used in equation (1) in order to obtain y(w)
and ¢(w).

The resulting frequency-dependent real and ima-
ginary parts of the permittivity, €; and &5, are presen-
ted in figures 2(b),(c),(e), and (f). For both samples,
it can be seen that already at room temperature €,
is slightly negative. This stems from the high qual-
ity TMDs used in these samples (see methods), as
well as their encapsulation with hBN, which result in
narrow ~yr (insets of figure 2(c) and (f)), in contrast
to an all-positive £; previously measured for non-
encapsulated, commercially obtained TMDs [25]. It
can also be seen that for both samples, decreasing the
temperature leads to a reduction of yr, and at the
same time €, gradually attains increasing negative val-
ues at the high energy region of the resonance.

This observed behavior implies that mono-
layer TMDs can indeed support propagating 2DEPs
under these conditions. It can further be seen in
figure 2(b),(c),(e), and (f), that the majority of the
spectral region where £, attains negative values cor-
responds to the spectral region where ¢, is large,
which translates to increased losses due to absorp-
tion. This observation implies that the losses experi-
enced by the excited 2DEPs in the system will depend
strongly on 1. The optimal case for such a resonant
system is that r is small enough to provide a spectral
region where ¢, is still negative and the value of ¢,
is very low, exhibited by the calculated ratio —e; /e,
in the insets of figure 2(b) and (e). For this reason
as well, it is crucial to obtain as narrow as possible
exciton linewidths, where the ideal case would be to
reach the homogenous linewidth limit of the excitons,
ranging between 1.5-4.5 meV for the common TMDs
at a temperature of 4 K [29, 30].

Next we analyze the 2DEP properties that are
obtained from the extracted permittivity in figure 2,
for the lowest temperature of sample U2. We present
in figure 3(a) the numerical solution for the dis-
persion relation for both an hBN encapsulated
WS, monolayer(see methods), with the permittivity
obtained from sample U2, and for that of an SPP at
an hBN/Au interface (see methods). The 2DEP mode
can be clearly seen, carrying larger momentum than
the free-space photon, i.e. the light-line (yellow line),
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Figure 2. Temperature dependent experimental measurements of the reflection contrast and extracted complex permittivity for
two different samples. (a) Reflection contrast measured for sample U1, with 15 nm hBN/monolayer WS,/30 nm hBN/gold mirror
structure, and (d) for sample U2, with 25 nm hBN/monolayer WS,/45 nm hBN/Sapphire substrate. (b),(c) and (e),(f) extracted
temperature dependent &, and &5, for samples U1 and U2, respectively. The insets in (b) and (e) correspond to the ratio —e; /e,
signifying the optimal area of confinement and loss.The insets in (c) and (f) correspond to the temperature dependent linewidth,
~r, measured for samples Ul and U2, respectively. See methods section for the extracted parameters.

as expected from the dispersion relation of this type of
polaritons. It can further be seen that the momentum
carried by the 2DEP is also significantly larger than
that of a SPP in the same spectral range (red line).
As SPPs are known for their abilities to carry high
momentum and confine and enhance the optical field
[22], it is worthwhile to compare their properties
to those attained by the 2DEP, especially since they
share the same spectral range. Figure 3(b) and (c)
show the extracted confinement factor, Ayode /Ao, and
propagation damping factor, Re(qmode)/Im(gmode)>
for the two modes, where the mode corresponds to
either the 2DEP or SPP, and ), is the free-space
wavelength. It can be seen in figure 3(b) that the 2DEP

confinement factor is over two orders-of-magnitude
larger, which results in a 2DEP group velocity that is
2.5-10° times smaller than the speed of light. This
group velocity is four orders-of-magnitude slower
than what has been observed for waveguided exciton-
polaritons in TMDs [32]. However, this increased
confinement factor is associated with an increase in
the propagation damping of about a factor of four
compared to SPPs (figure 3(c)). This corresponds
to an average of ~15 nm propagation length, sig-
nifying again the importance of achieving excitonic
linewidths as narrow as possible. The latter can be
obtained by using other TMDs, such as MoSe, and
WSe,, which were shown to reach exciton linewidth
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Figure 3. Polaritonic characteristics of 2DEPs and their comparison to SPPs. (a) Calculated dispersion relation of 2DEP (blue),
SPP (red) and the light-line (yellow), showing very large momentum, qpgp, carried by the 2DEP mode compared to the SPP and
the light-line. The inset shows the zoomed-in, low momentum area, where the SPP and the light-line dispersion relation resides.
(b) Extracted confinement factor, Ao /A2pep, showing over two orders-of-magnitude larger confinement of 2DEP compared to the
SPP (inset). (c) Extracted Re(qapep)/Im(qapep), showing that the 2DEP has on average 4 times larger propagation damping,
compared to the SPP. In these calculations, the extracted permittivity from sample U2 was used for the hBN encapsulated WS,

and for an SPP at the interface between hBN and Au [22].

closeto 1 meV [29, 30], compared to the best achieved
here of 5.5 meV for WS, in sample U2.

Next we propose two possible methods for exper-
imentally observing the 2DEP mode. First, by pat-
terning the monolayer TMD into nanoribbons, which
support standing waves formed by the propagat-
ing 2DEPs. Figure 4(a) depicts the rigorous-coupled-
wave-analysis (RCWA) [33] simulated normalized
TM/TE refection spectra (see methods) obtained for
20 nm nanoribbons of WS, with a period of 40 nm,
exhibiting several resonances on the high energy side
of the exciton resonance, corresponding to the spec-
tral range where ¢; is negative. The dashed line cor-
responds to the case of an unpatterned monolayer. An
examination of the electric field distribution of the
first order resonance (marked by the orange arrow)
is presented in figure 4(b), displaying the formed
standing wave pattern. This corroborates the excita-
tion of the 2DEP mode, similar to those observed for
graphene-plasmons on graphene nanoribbons [34].
The additional resonances appearing in figure 4(a)
correspond to higher order 2DEPs.

Patterning the TMD to nanoribbons will also
affect its optical response, as it usually creates rough
edges, which lowers the quality of the TMD and there-
fore broadens the linewidth. Owing to this, we pro-
pose a second approach which does not require pat-
terning of the TMD and is based on transferring
the hBN/TMD/hBN heterostructure on top of a thin
metallic grating. We chose Ti as the metal grating
and a bottom hBN thickness of 3 nm in this case, in
order to ensure efficient excitation. Figure 4(c) shows
the simulated RCWA TM and TE reflection spectra,
exhibiting an additional resonance (marked by the
orange arrow), which only exists in TM polarization,
as expected from this type of polaritons.

To corroborate its nature, we present its electric
field distribution in figure 4(d), showing a more com-
plex pattern. In this case, 2DEPs are excited both
above the metallic part and above the non-metallic

part, with different properties [35]. The reason is that
image charges in the metallic part screen the charge
carriers in the TMD, altering the properties of the
mode and its dispersion relation, similar to graphene-
plasmons on a graphene sheet placed close to a metal-
lic grating [35, 36]. Since screened 2DEPs are excited
above the metallic part and unscreened 2DEPs above
the non-metallic part, their interaction is more com-
plex and requires a more in depth analysis. However,
as these are distinct properties of propagating polari-
tons they corroborate the excitation of 2DEPs in this
system.

In conclusion, we have reported here the exist-
ence of a new type of in-plane propagating exciton-
polaritons on monolayer TMDs, which have not been
previously observed. We have identified the condi-
tions that are required for its excitation and also
provided experimental evidence that these can be
achieved. In addition, we have analyzed its polari-
tonic properties and compared them with those of
SPPs, finding over two orders-of-magnitude larger
2DEP confinement factors. Finally, we proposed and
numerically demonstrated two possible approaches
for the experimental observation of 2DEPs. The
results and analysis provided here paves they way
for the experimental observation of the 2DEP.
With the use of other TMDs supporting narrower
linewidths, lower losses might be obtained, improv-
ing further the characteristics of the 2DEP presented
here.

Methods

Optical setup Temperature dependent measurements
were done in an Attodry800 cryostat, and spectral
detection with an Andor spectrometer, with a white
light source. The light was focused using a Nikon
objective with NA = 0.6.

Synthesis WS, was grown using chemical vapor
transport with a WClg precursor in excess sulfur.
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Figure 4. Suggestions for the experimental observation of 2DEPs.

unpatterned monolayer. (b) Electric field distribution, |Ex|, of the

dashed white lines. Scale bar is 10 nm.

for 20 nm monolayer WS, nanoribbons, showing the exciton location (marked as X), and several resonances of the 2DEP
supported by the nanoribbons (marked as 2DEP and orange arrows). The dashed red line corresponds to the case of an

orange arrow in (a), showing the standing wave pattern formed by the 2DEP. The WS, nanoribbon is marked by the dashed white
lines. Scale bar is 10 nm. (c) The TM (blue curve) and TE (red curve) reflection spectrum obtained from an hBN encapsulated
WS;, placed over a 2 nm thick Ti grating, with 40 nm period and 80% duty-cycle, showing the exciton location (marked as X),
and the additional 2DEP resonance obtained only for TM polarization, marked by the orange arrow. (d) Electric field
distribution, |E|, obtained at resonance, showing the formation of the 2DEP mode. The WS, and Ti grating are marked by the

2.1

(a) Simulated normalized TM/TE reflection spectrum obtained

first order resonance of the WS, nanoribbon, marked by the

W, 99.999 %, and sulfur (99.9995 %) were first
loaded into a quartz ampoule in a 1:2, W:S, ratio
with an additional excess of 24 mg/cm’ of sulfur.
60 mg of WCls was added into the quartz ampoule
inside of a nitrogen glovebox, the ampoule was then
removed from the glovebox and quickly pumped
down to 5 x 107> Torr to avoid deterioration of the
WClg. The ampoule was then sealed under vacuum.
The reagents were subsequently heated to 1000 °C
within 24 h and with a 100 °C temperature gradi-
ent between the hot and cold zone. The ampoule was
then allowed to dwell at this temperature for 2 weeks
before being cooled to 400 °C over an additional
two weeks. The as harvested crystals were then rinsed
in acetone and isopropanol and dried in air before
being used.

Device Fabrication Monolayer flakes of WS,
were mechanically exfoliated from the aforemen-
tioned single crystals on to 285 nm SiO; chip. hBN
was exfoliated and picked up using a dry trans-
fer, PDMS/polypropylene carbonate (PPC) stamp
method mounted on to a glass slide. The final stack
is then transferred on to a the gold mirror/Sapphire
at 125 °C and rinsed in acetone.

Dispersion relation calculations and numerical
simulations For both the 2DEP and the SPP modes
we numerically solve the dispersion relation and from
the solution we obtain g;pgp and gspp, and their cor-
responding wavelengths. The dispersion relation of
the 2DEP presented in figure 3 is calculated by numer-
ically solving the following general equations for TM
polaritons supported by an encapsulated 2D conduct-
ing sheet [37]:

€1/k1 + €/ Kk +io(w)/w/ey =0, (2)

K12 = \/@5pgp — W3€12/E%, 3)

where €; and ¢, are the relative permittivities of the
top and bottom materials, respectively, x, and &, are

the out-of-plane wavevectors at the interfaces with
top and bottom materials, respectively, w is the fre-
quency, o(w) is the frequency dependent conduct-
ivity of the 2D conducting sheet (the TMD), ¢y is
the vacuum permittivity, g,pgp is the in-plane 2DEP
wavevector, and c¢ the speed of light. o(w) is obtained
directly from the TMD permittivity, and for hBN we
take €] = ¢, = 3.8756.

with
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Table 1. Extracted decay rates for Sample Ul.

T (K) 4 20 40 60 80 100

120 140 160 180 200 250 300

Yor (MeV) 199  2.05 229 254 298 3.50
w4 (meV) 004 0.08 014 022 025 031

4.09 475 554 6.62 784 12.02 1691
046 0.63 074 0.87 1.15 1.48 2.41

Table 2. Extracted decay rates for Sample U2.

T (K) 10 30 50 70 90 150 200 250 300
Ynr (MeV) 1.2 1.23 1.65 1.95 2.4 3.0 5.5 8.4 9.9
Y4 (meV) 0.5 0.7 0.75 0.73 0.85 1.4 2.6 3.8 5.9

The dispersion relation of the SPP is calculated
directly from [22]:

qspp = Ko/ €nBNEAn/ (€nBN + €au), (4)

where qspp and ko are the SPP and vacuum
wavevectors, respectively, enpy = 3.8756 is the hBN
permittivity and e, is the Au permittivity, taken from
[38].

The reflection curves and field distribution
presented in figure 4 were obtained by rigorous-
coupled-wave-analysis (RCWA) [33]. The period was
taken to be 40 nm in both cases. For the nanoribbon
simulations, 20 nm width nanoribbons were used,
with the permittivity obtained from figure 2. For the
Ti grating simulations, the permittivity of hBN was
taken as in the above, ngio, = 1.477 was used for the
SiO, substrate, and that of Ti was taken from [38].

Extracted data for Sample Ul We find that x,, =
12 and 7y,,p = 2.43 meV. For the refractive index of the
hBN ,/epgn = 2.2 have been used, and for gold we use
the same model used in [11].

Extracted data for Sample U2 We find that x;,, =
17 and ;0 = 3.52 meV. For the refractive index of the
substrate \/€sapphire = 1.715 have been used.
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