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Abstract: Nanoscale plasmonic phenomena observed in single and bi-
layers of molybdenum disulfide (MoS,) on silicon dioxide (SiO,) are
reported. A scattering type scanning near-field optical microscope (s-
SNOM) with a broadband synchrotron radiation (SR) infrared source was
used. We also present complementary optical mapping using tunable CO,-
laser radiation. Specifically, there is a correlation of the topography of well-
defined MoS, islands grown by chemical vapor deposition, as determined
by atomic force microscopy, with the infrared (IR) signature of MoS,. The
influence of MoS, islands on the SiO, phonon resonance is discussed. The
results reveal the plasmonic character of the MoS, structures and their
interaction with the SiO, phonons leading to an enhancement of the
hybridized surface plasmon-phonon mode. A theoretical analysis shows
that, in the case of monolayer islands, the coupling of the MoS, optical
plasmon mode to the SiO, surface phonons does not affect the infrared
spectrum significantly. For two-layer MoS,, the coupling of the extra inter-
plane acoustic plasmon mode with the SiO, surface transverse phonon leads
to a remarkable increase of the surface phonon peak at 794 cm™'. This is in
agreement with the experimental data. These results show the capability of
the s-SNOM technique to study local multiple excitations in complex non-
homogeneous structures.
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1. Introduction

Among the 2D electronic materials that have received increased attention recently are the
transition metal dichalcogenides. They consist of hexagonally structured layers of metal
atoms, typically Mo, or W-embedded between two layers of chalcogenes (typically S, Se, or
Te) [1], although the overall point group symmetry is Cs,. Depending on the combination of
the metal and the chalcogen, different material properties are obtained. In this work we focus
on MoS,. In contrast to graphene, MoS; is another intensely studied 2D electronic material,
but has a direct band gap (E, = 1.87 V) in the monolayer limit [2, 3] and therefore does not
require influence of the substrate [4], substrate hydrogen passivation [5], or dimensional
reduction to break metallicity [6—9]. Likewise doping with nitrogen or boron [10] is not
possible for MoS,. There is extensive literature for both MoS, and graphene describing their
electronic [1, 2, 11-15] as well as plasmonic properties [16-20], partially because of their
potential in plasmonic circuitry [21-23].

There are important, characteristic differences between MoS, and graphene: for instance,
in graphene the low-energy collective oscillations originate from intraband electron
resonances [20], whereas in single layer MoS, (1L-MoS;) there are not only a low-energy
oscillations [18, 20] but also a coupled system with an interband dipolar collective mode,
which lowers the plasmon dispersion [24]. Specific emphasis was put on the electronic and
optical properties of 1L-MoS,, as probed by photoluminescence (PL) spectroscopy [2, 3, 25,
26], Raman spectroscopy [27-29], and second harmonic generation [30-33]. These methods
make use of primary excitation in the optical regime. The use of photons with energies
exceeding the 1L-MoS, direct band gap leads to exciton modes that are present in
photoluminescence (PL) measurements [34], as well as strongly damped plasmons, in which
energy losses are connected to the interband transition processes. The latter ones reduce the
transition energy and the lifetime of the plasmons [35]. Direct excitation of the intraband
plasmons in such systems requires, however, infrared (IR) radiation. Since the wavevector of
the plasmons in extended monolayer graphene or 1L-MoS, is much larger than the
wavevector of freely propagating photons of the same energy, one needs to find a way to
overcome this mismatch for the successful excitation of plasmon polaritons.

Recent experiments by Fourier-transform infrared (FTIR) nanoscopy and nanoimaging on
exfoliated graphene demonstrated that confining IR radiation to a nanosized scattering object
results in an increased coupling to the in-plane momentum component and thus enables the
optical excitation of plasmons [36-39]. These experiments used the near-field based
technique namely scattering-type scanning near-field optical microscopy (s-SNOM) [40-43].
This method has gained broad interest because it not only enables imaging with a spatial
resolution below 20 nm [44] but in combination with a broadband IR radiation source i.e.,
difference frequency generation sources [44] or ultra-broadband synchrotron radiation [45—
49], it allows for probing the spectroscopic response of nanoscale objects as well as thin films.
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Here, we present high sensitivity imaging and nano-FTIR spectroscopy on 1L-MoS,
samples using the electron storage ring Metrology Light Source (MLS) [46, 47, 50] in the
mid-IR regime. We demonstrate that plasmonic enhancement of the SiO, phonon due to
coupling with the plasmon from a 2D material does not require the presence of an adlayer that
exhibits a “Dirac cone plasmon”, as surmised from previous experiments on exfoliated
graphene [39]. At fixed carrier concentration, the optical plasmon frequency in 1L-MoS; is
significantly lower as compared to the graphene plasmon frequency. Therefore, in order to
observe the effect of the exciton-plasmon coupling in 1L-MoS; on SiO,, one needs an order
of magnitude higher carrier concentrations in MoS, compared to graphene. However, one can
already observe an enhancement of the SiO, phonons by the MoS, plasmon in the case of the
double layer (2L-MoS,), i.e. at rather low charge carrier concentration levels. Specifically, as
is demonstrated below, we observe in the case of 2L.-MoS, an additional inter-layer (acoustic)
plasmon mode which is coupled to the corresponding SiO, transverse phonon mode. This
leads to a significant increase in intensity in the s-SNOM spectrum, as shown here.

2. Experimental part

The experimental setup has been described previously [46, 47]. It consists of a commercial s-
SNOM system (NeaSNOM, Neaspec GmbH, Germany), which combines an atomic force
microscope (AFM) operating in tapping mode with a typical oscillation amplitude of about 50
nm and an asymmetric Michelson interferometer. Au-coated silicon AFM cantilevers with a
metal layer thickness of about 20 nm and resonance frequencies in the range from 75 to 265
kHz were used for the experiments described below. The average tip diameter of near-field
probes did not exceed 50 nm. As an IR radiation source we either used a continuous wave,
grating-tuned CO, gas laser (PLS, Edinburgh Instruments, UK) working in sealed-off mode or
the IR radiation from the MLS storage ring (Berlin, Germany). The former source is
characterized by high intensity and frequency stability at discrete transition lines enhancing
suitability for nano-imaging experiments. The latter source is predominantly designed as an
ultra-broadband source for spectroscopy by delivering high brilliance radiation in the IR and
THz regimes.

In our experiments the emitted synchrotron radiation (SR) was directed to the
experimental setup from the storage ring by using several parabolic and planar mirrors. At the
end of the beamline a diamond window is mounted. From there the radiation penetrates
ambient conditions under which the s-SNOM experiments were carried out. At this point the
IR beam has a rhomboidal shape of approximately 10 mm x 25 mm in vertical and horizontal
directions, respectively. The integrated power was typically about 2 mW in the wavelength
range from 1 pm to 20 um at a ring current of 100 mA. The radiation is then guided through a
periscope-like mirror configuration [P in Fig. 1], in order to convert the initial horizontal
polarization of the SR into vertically polarized radiation. The SR is focused on the AFM tip
apex by a parabolic mirror [PM in Fig. 1].

The change in polarization direction is essential for s-SNOM operation, since a larger
component of the electric field vector parallel to the tip axis increases the electric field
enhancement at the tip apex. These fields interact locally with the surface of the sample by
exciting a spectroscopic response. This is collected by the same near-field probe which acts as
one arm of a Michelson interferometer. The second arm consists of a planar mirror which is
mounted on a piezo stage and has been translated over a distance of 800 um [I in Fig. 1]. The
collected signal is recorded as an interferogram as a function of the optical beam path in the
interferometer, which is subsequently Fourier transformed in order to derive an IR-spectrum.
The spectral resolution of about 6 cm™ is solely determined by the translation distance of the
reference arm. A liquid-nitrogen cooled Mercury-Cadmium-Telluride (MCT) detector
(J15D14, Teledyne Judson Technologies) [D in Fig. 1] with a sensitivity range from 2 pm to
13.5 um was used for these experiments. For near-field imaging using a CO, gas laser we
have used a pseudoheterodyne interferometric detection technique [51]. It is based on the
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phase modulation of the reference wave and enables unambiguous imaging of the near-field
optical amplitude and phase contrasts at a single laser line.

The investigated 1L-MoS, samples were grown in a tube furnace by chemical vapor
deposition (CVD) onto a 300 nm thin SiO,-layer on a Si substrate. Elemental sulfur and
MoOj; powder are used as S- and Mo-sources, respectively. The reactants were placed into
alumina crucibles and inserted into a quartz tube, so that ultra-high purity nitrogen, used as a
carrier gas, transports the sulfur vapor to the MoO; powder and onto the substrate, which is
placed on top of the crucible containing MoO;. The growth temperature was adjusted between
650 °C and 700°C [25, 52].

AFM

Fig. 1. Schematic diagram of the experimental setup. B represents the IR beam (SR or laser), P
is a periscope-like mirror arrangement, BS denotes the ZnSe beam splitter, PM is a parabolic
mirror, I corresponds to the translating mirror of the Michelson interferometer, D stands for the
MCT detector, AFM is the atomic force microscope in the other arm of the interferometer.

3. Results and discussion

Figure 2(a) shows a 7 um x 7 um AFM topography image of a typical substrate area with
MoS, triangular flakes. The edge length of the structures shown in the middle of Fig. 2(a) is
approximately 6 pm.

0 200 400 600
Distance (nm)

Fig. 2. MoS, monolayer structures on a SiO, substrate: (a) AFM topography image of various
triangularly shaped MoS, flakes. The red arrow denotes the direction and the position of the
cross section scan shown in (b); (b) line scan across the edge of a MoS; flake. The structure is
approximately (0.8 + 0.1) nm thick, which corresponds to a monolayer of MoS,.
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The height profile measured across the flake reveals a thickness of (0.8 + 0.1) nm,
representing a monolayer [cf. Figure 2(b)]. This result slightly differs from the expected
theoretical thickness of 0.615 nm [53], which is commonly ascribed to a combination of
different hygroscopicity/water accumulation on the SiO, substrate and the MoS, film as well
as the AFM tapping mode, which has been reported to produce lower accuracy than in contact
mode measurements, which has also been derived from the characterization of graphene
samples [54]. The CVD MoS, islands contain occasionally bilayer growth seeds near their
center. Compared to exfoliated layers CVD-grown samples exhibit stronger adhesion to the
substrate [25]. Simultaneously to the topographic information, near-field intensity maps were
acquired using a CO, laser source at 959.39 cm™ (P2 line) [see Figs. 3(a)-3(e)]. An area of 7
pm x 7 pm in size was scanned at a resolution of 256 x 256 pixels and at an integration time
of 20 ms per pixel. The first to the fifth harmonic signals were recorded (S,-Ss), respectively.
They denote the harmonics of the cantilever’s oscillation frequency () at which the signal
was demodulated. This is of crucial importance due to the relatively large size of the focused
SR spot [47], which illuminates both tip and sample simultaneously. With the demodulation
of the signal, and in combination with a lock-in amplifier, the strong far-field background can
be separated from the weak near-field signal, where the latter is the signal of interest. Note
that the demodulation works better when using higher harmonics (S,, n>1). Higher harmonics
signals correspond to decreasing the probing volume around the tip allowing for surface
sensitive measurements [see Fig. 3(f)], as derived from ref [55].). The intensity maps of S;-S;
do not show a clear optical response of the 1L-MoS,. The presence and definition of the 1L-
MoS, can only be resolved by the increased contrast resulting from the side products of the
MoS, growth process, such as MoQ;, which surround the triangular flakes and have an IR-
absorption in the same spectral regime [56]. The signals recorded at higher harmonics (S,, n >
3) reveal a difference in the near-field response between 1L.-MoS; and SiO,.

max max max

min

P

'ML-MDS

b

min min

Fig. 3. The near-field intensity maps recorded at higher harmonics (S,, 1 < n < 5) of the tip’s
oscillation frequency using a CO, laser at 959.39 cm™: (a)-(e) illustrates the signals detected at
S-S5 respectively; (f) schematic presentation of the probed volume for different harmonics
(reproduced according to [55]).
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Here, the intensity of the former (the 1L-MoS,) is higher. We attribute this difference in
response to an enhancement of the SiO, layer near-field excitation in the presence of the local
carrier concentration originating from the interaction of the 1L-MoS, with the tip. Mid IR
radiation can excite collective charge oscillations in 1L.-MoS, over a broad energy range [20]
suggesting the presence of near-field enhancement over a wider frequency range than that of
the SiO, phonon. The most significant advantage of using SR as a broadband IR radiation
source is the ability to perform nano-FTIR spectroscopy over an energy range that is limited
by the sensitivity range of the MCT detector only. Figure 4 presents near-field spectra derived
from the 4th harmonic (S4) recorded at the positions marked A and B on the 1L-MoS,
structure and a third one labeled C on the SiO, substrate [inset of Fig. 4]. The reference mirror
was translated over a distance of 800 pum at an integration time per data point of 100 ms. Each
response is an average of two interferograms gathered successively at the same spatial
position. The scattering amplitudes S; were normalized to (i) the near-field response of the Si
reference-substrate using the same acquisition parameters and (ii) to the current of the storage
ring. The 1L-MoS, double bond vibration around 469 cm™ [57] could not be observed since
the sensitivity range of the used MCT detector is limited to the spectral range from 740 to
5000 cm™'. All spatially resolved spectra are dominated by an intense feature at wsp; = 1132
ecm™'. This is due to the surface phonon-polariton originating from the resonant near-field
interaction between the SiO, and the probing tip. This finding is in agreement with results
reported by other groups [39, 47, 58—61]. Additionally, the near-field signal gives rise to a
less intense, lower-wavenumber response, ®spy, occurring around 794 cm™!, which is due to a
second surface phonon [39]. It occurs close to the transverse optical phonon frequency of
Si0, (w10 =797 cm™) [62].

The 1L-MoS, adlayer influences the near-field response of the SiO, substrate over a broad
spectral range, as can be seen from the blue and red curves in Fig. 4(a) taken on the MoS,
triangles as compared to the green curve on the bare substrate. Figure 4(a) reveals enhanced
intensity of msp; and wsp, on 1L-MoS, relative to bare SiO,. This effect is evidently a result of
the interaction of the surface phonons of the SiO, with the plasmons of 1L-MoS,.

——2L-MoS, (A)
—— 1L-MoS, (B)

2

S, (o) (arb. units)
S, (o) (arb. units)

. .
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0.0 L L
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Fig. 4. (a) Nano-FTIR spectra of 1L-MoS, derived by Fourier transformation at the 4th
harmonic of the interferograms recorded at the positions marked in the inset. The blue and red
curves were acquired at positions A and B, respectively. They originate from 1L-MoS, that is
deposited on 300 nm thick SiO,. Position C corresponds to the bare SiO, substrate (green
curve). Each spectrum represents the average of two interferograms gathered successively at
the same positions; they were normalized to the Si response S4 (1L-MoS; or SiO,)/S4(Si). ®sp;
and ogp, denote the frequencies of the SiO, phonon modes; (b) Theoretical results for the
magnitude of the 4th s-SNOM scattering harmonics of SiO,, 1L-MoS,-SiO,, and 2L-MoS;-
SiO, systems. It was assumed that the system’s carrier concentration is 0.01 electron per MoS,
unit cell (see text for further details).
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In principle, the electron-phonon coupling is a macroscopic coupling of the electronic
collective modes (plasmons) to the optical phonons that gives rise to the coupled plasmon-
phonon modes, i.e. hybrid modes. This is similar to the graphene/SiO, interface which was
intensely studied both teoretically [63] and experimentally [36, 39]. Contrary to those
previous results, the 1L-MoS, plasmon coupling to the phonon modes does not exhibit a
blueshift in the SiO, phonon relative to the bare substrate. To fully understand the underlying
processes of phonon-plasmon interaction between 1L-MoS, and the SiO, substrate a deeper
theoretical analysis is presented in the following Section.

4. Theoretical analysis

To calculate the s-SNOM intensity, we have used the point-dipole approximation for
modeling the AFM-tip. This is valid in the case when the effective tip radius is much smaller
than the characteristic wavelengths of the transition (see refs [36, 64].). To model the response
of the coupled tip-sample system, we considered a tip with a radius ¢ = 30 nm and
polarizability @’ that oscillates as z,(t) =b+z(t) = b+ Az(1—-cos(Qt)), where b = 0.7a is the
initial distance between the tip and the surface. Az = 40 nm, and Q = 140-190 kHz are the
tapping amplitude and frequency, respectively. The s-SNOM scattering harmonics of the

demodulated signal, described by complex functions s,e (s, is the amplitude and ¢, is the

phase,n=1,2, 3, 4,...), were calculated as s,e” =

[ e (1)
o 1= G(b+Az(1-cos 9), w)a’’
where the momentum-averaged sample-tip coupling function
Gz, 0) = [dq-q* - €77, (g, ), @)
0

depends on the distance between the oscillating tip and the surface b + Az(1-coso) [Eq. (1)]
and on the frequency- and momentum-dependent reflection coefficient r,(q,®). The latter
function, defined as the ratio of the amplitude of the P-polarized (transfer mode) reflected
field to the amplitude of the P-polarized incident field, is the key quantity for modeling the s-
SNOM spectrum. r,(q,0) fully describes the electrodynamics of the MoS,-SiO; interface. It is
calculated as:

4
Slko _gokl +M

r,(q,0) = (3)

drck ko’
£1k0+80k1+h

where g and g, = g/(®,q) are the dielectric functions of vacuum and SiO,, respectively. ¢ =
o(®,q) denotes the in-plane conductivity of MoS,. In Eq. (3), ko1 = (g0, (w/c)* - ¢*)"* are the
out-of-plane components of the momenta, where q is the in-plane component of the
momentum. To derive the expression for r,(q,®), we identified and took into account the
following excitations that are relevant for the experimental results shown in Fig. 4. For SiO,
these are the longitudinal and the transverse surface phonon modes at 1132 cm™ and 794
cm™, respectively. Both [Fig. 4(b)] are clearly seen as peaks in the experimental SiO, nano-
FTIR spectrum in Fig. 4(a). For MoS, islands the relevant excitations are plasmons. In a
single layer island of MoS, [spot B, inset of Fig. 4(a)], the optical plasmon mode with the
long wavelengths dispersion
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contributes to the s-SNOM IR spectrum. In Eq. (4), ®y = (4e’er/(2€0))"? is the frequency,
which is proportional to the bulk optical plasmon frequency. qre = me?/g, is the Thomas-
Fermi momentum. Furthermore, e and m are the electron charge and mass, respectively. The
Fermi energy r = mtn/m is defined by the electron carrier density n and m (see, e.g., Ref [20].
for details). The plasmon spectrum of 2L-MoS, [spot A in Fig. 4] is modeled by

@,,(q) = D (N1 £ (5)

27e*n

where @y, (q) = is the 1L plasmon dispersion. Note that there is one extra mode

£0m|q|
compared to the 1L system [63, 65, 66]. The spectrum contains two modes: (i) the “standard”

optical ( + ) mode, which is proportional to \/m at low momenta and (ii) a new acoustic (-)

mode (~ |q| ), which corresponds to inter-plane oscillations. As we show below, the transverse

low-energy mode plays a crucial role for the increase of the intensity of the 794 cm™ peak in
the experimental spectrum shown in Fig. 4(a).

Importantly, phonons in MoS, islands do not play an important role in the energy range
presented in Fig. 4. In particular, our calculations on 1L-MoS, yield a phonon spectrum with
energies below 500 cm™', which is in agreement with earlier experimental results [27, 67].
Furthermore, the phonon spectra of the 1L- and 2L-MoS, are rather similar in shape [57], as
compared to the optical phonon energies. They are much lower than the energies of the SiO,
modes that give rise to the intense spectral features shown in Fig. 4. Because of their different
energies, one cannot expect strong hybridization between the MoS, and SiO, surface phonon
modes and, hence, no significant shift of the s-SNOM spectra is anticipated. This resembles
the case of graphene, where the relevant phonon modes have much higher energy than the
Si0, modes (see, e.g., ref [68].) resulting in the absence of an observable spectral shift. For
details of the derivation of the excitation spectra, dielectric functions, and r,(q,w), we refer to
Ref [36]. The modeled spectra for the 4th harmonic of SiO,, 1L-MoS,-SiO,, and 2L-MoS,-
Si0, systems are presented in Fig. 4(b).

The theoretical results, summarized in Fig. 4(b), are in agreement with the experimental
data [see Fig. 4(a)]. It is important to note that the experimental results reveal that 1L-MoS,-
Si0,, and 2L-MoS,-SiO, systems do differ from the case of graphene [36]. Only for 2L-MoS,
is a small spectral shift of ~5 cm™ relative to the surface phonon peak of bare SiO, at 794
cm™' seen. This redshift is due to the coupling of the silica phonon with the transverse 2L-
MoS,; plasmon mode. The fact that the corresponding coupling does not lead to a shift of the
1132 cm™ peak in both 1L and 2L MoS, cases can be rationalized by the almost vertical
orientation of the tip-sample electric field that leads to a preference for coupling
predominantly to vertically oscillating modes.

Finally, we turn to the difference between the s-SNOM spectrum of MoS,/SiO, and the
corresponding spectrum for graphene. Contrary to our results, one observes a strong shift of
the 1132 cm™ peak of SiO, when it is coupled to graphene. Besides different momentum

dependence, in graphene the plasmon dispersion is given by @, (q) =, \/3(1—%). More
q

important is the difference of the dependence of the plasmon frequencies on the Fermi energy
in these two systems. For graphene, the Fermi energy is proportional to the plasmon
frequency and also to the square root of the carrier density n, er = (21)"*viVn, whereas for
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MoS; it is proportional to the density of electrons, gx = tn/m, a much smaller number for a
semiconductor with ~2 eV band gap. This leads to significantly lower plasmon frequencies in
MoS,, about 0.001 to 0.01 meV (~n"?), as compared to graphene (~n'"*), where typical values
of ~0.06 eV were found [36]. This is in agreement with the present experimental results. It is
important to point out, that despite significantly lower plasmon frequencies as compared to
graphene, one can still observe a notable shift of the ~800 cm™' phonon mode in the case of
2L-MoS,;. Evidently, such shift is a resonance mode of the out-of-plane SiO, phonon and 2L-
MoS, plasmon excitations, which is absent in graphene and 1L-MoS,. Thus, we have
demonstrated the capability of the s-SNOM technique to assign low-energy excitations in
layered MoS, deposited on SiO, including substrate-MoS, interactions. Importantly, it is
demonstrated that it is not required to have a Dirac-like spectrum to obtain a significant
coupling between the substrate phonon- and 2D-material plasmon-modes. It cannot be fully
excluded that some changes in the excitation spectra of 1L- and 2L-MoS, prepared by
different techniques might occur, such as e.g. exfoliated MoS, samples, which can be
rationalized due to possible defect states. However, we assume that such modifications of the
system will not affect significantly the collective plasmon excitations, so that the results for
the s-SNOM spectra shown in Fig. 4 will remain essentially unchanged.

5. Conclusion

We have demonstrated that SR-based near-field microscopy is a valuable tool not only for
imaging monolayer thick MoS, structures deposited onto SiO, substrates, but also for
investigating differences in the excitations in single and double layer islands of CVD-grown
MoS,. Our results revealed evidence of a strong interaction between the optical phonon
modes of the SiO, and the plasmon modes of MoS, giving rise to hybrid plasmon-phonon
modes. Depending on the number of layers, these modes exhibit an intensity enhancement as
well as a spectral redshift compared to the SiO, phonon modes. The coupling strength
between the surface modes strongly depends on the geometry of the system, i.e. the electric
field distribution around the tip apex, which allows for an efficient excitation of the vertically
oscillating modes. Our results are in agreement with theoretical calculations based on the
point dipole model. The model calculations confirm that s-SNOM can be used to detect
distinctly local excitations in layered systems, such as thickness variations, with high spatial
resolution and surface sensitivity, providing the experimental and theoretical foundation to
investigate other 2D-electronic materials.
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