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Abstract

®

CrossMark

Multi-layered tungsten disulfide (WS,) coated silicon/silica (Si/Si0O,) substrate and SiO;
micro-bottle resonators (MBRs) have been prepared by van der Waals epitaxy method. Raman
spectra of WS;-coated MBR show that the out-of-plane Raman mode is sensitive to the
polarization of the excitation laser. The quality factor (Q) values of the whispering gallery

modes (WGMs) in the transmission spectrum of an MBR decrease by 2 orders of magnitude on
coating with WS,. On coating, a cleaner spectrum is obtained along with a concomitant effect of
decrease in the number of lossy modes. Fano resonances as well as Autler-Townes splitting

(ATS) was observed for the WGMs in the cleaned transmission spectrum. From the simulations

it has been verified that the scattered electric field of the WS, flakes contributes to the
observation of the Fano resonances and ATS in the coated MBR spectra.

Keywords: Raman spectroscopy, 2D materials, microbottle resonators, whispering gallery

modes, Fano resonances

(Some figures may appear in colour only in the online journal)

1. Introduction

Two dimensional (2D) materials and their heterostructures
have attracted considerable attention since the discovery
of graphene [1]. The layered transition metal dichalcogen-
ides (TMDCs) [2] fall under the category of 2D materials.
These compounds are of the form MX, having a structure
with a constituent tri layer consisting of a metal (M=Mo,
W, Nb) sandwiched between two chalcogen layers (X=S,
Se, or Te). These materials exhibit phenomena such as
indirect to direct band-gap transitions [3], strong photo- and
electro-luminescence [3, 4] and are promising materials for
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optoelectronic devices [5]. Integration of TMDCs with optical
cavities can lead to phenomena of low threshold lasing [6],
enhanced Raman scattering [7] and strong light-matter coup-
ling [8, 9].

One of the actively investigated TMDC is tungsten disulf-
ide (WS;). The bulk WS; is an indirect band-gap semicon-
ductor with a band gap range of 1.3-1.4 eV depending on
its phase [10]. The properties of WS, depend on the number
of layers. It becomes direct-band gap material for its mono-
layer that exhibits strong photoluminescence. Nano antenna
enhanced light matter interaction has been reported in atom-
ically thin WS, [6, 11]. Raman spectroscopy has been used to
determine the number of layers in a TMDC [12]. WS, exhibits
two main Raman-active vibrations, the in-plane E! 2¢ mode and
the out-of-plane A;; mode. The Ajg mode indicates the out-
of-plane displacement of S atoms (OC modes) while the Elzg
modes corresponds to the relative motion of W and S atoms
(IMC modes) [13]. The frequency difference between the two

© 2020 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic of an MBR. D,—bottle diameter, L,—Ilength
of the MBR and D;—stem diameter.

modes increases with the increase in the number of layers and
thus can be used to monitor the number of layers in the pre-
pared sample [12].

WS, has been integrated with optical microcavities to
enhance the strength of light-matter interaction in a fully
monolithic cavity with distributed Bragg reflectors [8, 14].
One of the important class of microcavities are whispering
gallery mode (WGM) microcavities [15]. WGMs are observed
in dielectric microstructures with rotational symmetry such as
spheres, rings, and toroids [15—17]. The light is localized due
to the total internal reflection in WGMs [15]. These microcav-
ities offer high quality factor (Q-factor) and low mode volume
[16] and are sensitive to size, shape and the surrounding
refractive index [18]. In contrast to the spherical microcavity
[15], the micro-bottle resonators (MBRs) [19] have a highly
prolate spheroidal shape and support WGMs that are exten-
ded along the z-axis of the resonator [20]. Figure 1 shows the
schematic of an MBR. The outer diameter of the MBR can be
fitted with a truncated harmonic oscillator profile: D(z) = D,
[1 + (Akz)*]1~"2 where Dy, is the diameter at the center of
the MBR and Ak is the curvature of the resonator profile.
The MBR is characterized by three quantum numbers (m,p,q)
where m denotes the azimuthal quantum number or mode
number, p denotes the radial quantum number and ¢ the axial
quantum number.

MBRs have higher axial radii compared to microspheres
and hence the axial modes are well separated as shown in
figure 2(A). Finite element method (FEM) in COMSOL Mul-
tiphysics (5.3a) was used for simulation of electric field dis-
tribution of MBR. The electric field distribution of different
axial modes (¢ = 1-5) for TMos mode has been calculated
(figure 2(B)).

The spectra of MBRs contain large number of WGMs due
to its shape. Cleaning of such spectra to obtain relatively
small number of WGMs is essential for the applications in
sensors for monitoring a specific WGM. It has been repor-
ted that the cleaner spectrum of an MBR can be obtained by
changing the diameter of the tapered fiber from 2 to 10 um
[21]. In this paper, the cleaned spectra have been obtained by
coating the MBRs with WS, flakes. The Q-factor has been
found to decrease from 107 to 10° in the cleaned spectra.
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Figure 2. (A) Electric field distribution of TM¢s mode for different
axial modes ¢ = 1-5 (i—v) in MBR. (B) The electric field as a
function of the axis of the MBR along with the corresponding
frequencies. The dotted line shows the fitted truncated harmonic
oscillator profile for the MBR in (A) with D;, = 19.69 pm and

Ak =0.031 ym ™"

The simulations indicate that the interaction of the WGMs
of MBRs with the Mie scattering of WS, flakes gives rise to
the Fano [22-24]—type and electromagnetic induced trans-
parency [25, 26] (EIT)-type resonances as well as the Autler
Townes splitting (ATS) in the observed spectra.

The paper is organized as follows. Section 2 gives the
experimental details. In section 3.1, WS, has been charac-
terized by the techniques of Raman, photoluminescence (PL)
and atomic force microscopy (AFM). The effect of polariz-
ation on the Raman spectra is also given here. Section 3.2
gives the characterization of the MBR on coating with WS,.
Observation of Fano resonances in coated MBR is given in sec-
tion 3.2.2 while section 3.2.3 gives the details of the observed
ATS. Conclusions are given in section 4.

2. Experimental details

The MBRs used in the present study were prepared by melt
and fuse method developed by Murugan et al [19]. In brief,
in this thermo-mechanical process, two ends of a cleaved
fiber are pushed toward each other, heated at the same time
thereby they melt and fuse forming bulge shaped structure.
WS, has been synthesized on fused silica substrate and MBR
by van der Waals epitaxy (VAWE) using tungsten hexachlor-
ide (WClg) as the precursor to react with hydrogen sulf-
ide (H,S) gas [27, 28]. VAWE has number of advantages
over the transfer method [29], such as conformal coating
on the MBR and substrate and the sizes are typically in
25 mm x 25 mm. For coating the MBRs with WS, the tails
of preformed MBRs were affixed on the top surface of a fused
silica plate (25 mm x 25 mm x 1 mm) with the help of a
high temperature ceramic epoxy (Ceramix TC, FortaFix) and
these MBRs were suspended above another fused silica plate
(25 mm x 25 mm x 0.5 mm) as the reference sample. This
set up (as shown in figure 3(A)) was placed on top of a quartz
boat and kept inside the VAWE quartz reactor for WS, to be
conformally deposited on the MBRs and the reference fused
silica substrate.
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(B)

Figure 3. (A) Experimental arrangement for coating the MBR. (B)
The expended view of the MBR and the tapered fiber geometry used
for the MBR characterization.

Raman and PL spectra were recorded using a micro Raman
spectrometer (Jobin Yvon, Labram HR 800) with a resolution
of <1 cm™! at the excitation wavelength of 488 nm (Argon ion
laser). Polarization dependent measurements were carried out
by using a half wave (A\/2) plate at the excitation side and an
analyzer on the detector side. The polarization of the excita-
tion laser was changed using a half wave plate. A scrambler
is placed after the analyzer to cancel out the errors due to
polarization effects of the grating and the detector. The sur-
face topography images of the WS, coated Si/SiO; substrate
were generated by the AFM (NX10 Park) system. For trans-
mission measurements, a tapered fiber with a waist diameter
of ~2 pum was used to couple the light in and out of the res-
onator. One end of the tapered fiber is connected to the tun-
able laser source (Agilent 81600B, with tuning range from
1440 to 1640 nm) and the other end was connected to a power
meter. The tapered fiber was coupled to the center of the MBR
with the help of micro-positioning stages. The experimental
arrangement for the light coupling with the MBR is shown
in figure 3(B). Transmission measurements were done both
before and after the coating of WS, on the MBRs to check
their Q-factors. The measurements were done with a step size
of 0.1 pm.

3. Results and discussion

3.1. Characterization of WS>

3.1.1. Determination of the number of layers of WS,.  The
first order optical modes of WS, are denoted by E's, and
Aj;. Raman spectra of different layered samples of WS,
on fused silica substrates were recorded as shown in fig-
ure 4(A). According to Liang er al [12], the frequency differ-
ence between the A, and Elzg WS, peak points with mono-
layer and bi-layer are 60.31 and 62.18 cm™', respectively;
on the other hand for three and four layers it is 63.13 and
63.50 cm ™!, respectively. Table 1 gives the data of the num-
ber of layer determination of the samples used in the present
study.

The PL spectra were recorded for the identical exposure
time of the excitation laser as a function of the WS, layers
(figure 4(B)). It can be seen that the PL intensity decreases
for the multi-layered sample. Moreover, the spectrum shows a
red-shift on increasing the layer number. With conformal coat-
ing of VAWE-grown WS,, the majority of WS, were bi-layer
with a few layer WS, flakes on the reference sample. The AFM
images recorded for few layered WS, shows triangular flakes

(figure 4(C)) with a height of ~6 nm (figure 4(D)). The mono-
layer WS, has a thickness of 0.8 nm indicating that the sample
has ~7 layers.

3.1.2. Polarization dependent Raman spectra of WS, coated
MBR. The Raman signal of WS, coated MBR was studied
as a function of the polarization angle of the incident beam.
Figure 5 shows the Raman intensity at the polar angles of 0°
and 100° (figure 5(A)) and 0° and 180° (figure 5(B)) respect-
ively of the excitation laser. The intensity of the E', and A,
modes at 0° has been denoted by Igg and I, respectively. The
intensity ratio of the modes at different angles to that at 0°
has been plotted as a function of the polarization angle and is
shown in figure 5(C). It was observed that although the intens-
ity ratio of the Elzg mode is almost constant (curve b), the
Az mode ratio shows an oscillating feature (curve a). The
ratio between A, mode and Elzg mode as a function of the
polarization angle is shown in figure 5(D). It is noted that for
the incoming (&;) and outgoing polarization (g¢) the Raman
cross section (& Y | < &gy IR;le; > a being a constant) is finite
for OC modes but zero for IMC modes. Here, the incoming
and outgoing lights are assumed to have the same helicity.
The polarization state of the scattered photon can be obtained
from the value of R; which denotes the appropriate Raman
tensor [13, 30]. The Raman tensors for A, and Elzg mode are
given by

0 0 d 0
RAng 0 andRE; = d 0 0
b * 0 0 0

S O
S Q O

The value <gglR;le;> can be found to be equal to a (for Ay,
mode) and zero (for E12g mode) and thus the OC modes have
the effect of polarization to the incident light. It is to be noted
that the Raman intensities for the A, is o (ac0s29 + bsinzﬁ)
where 6 is the input polarization of the laser and a, b are pro-
portionality constants [31] and Raman intensity of E'5, mode
is independent of polarization of laser [32]. Some variation in
the intensity ratio of the Elzg can be observed in figure 5(C).
This is because the optics does not have similar reflectivity in
the s- and p-polarized states and these change with respect to 6
[31]. The intensity ratio feature of the Az mode with respect
to the polarization angle is similar to that obtained for Si wafer
[33]. Thus, the independence of the Elzg mode to the polariz-
ation of the excitation laser can also be used for identification
of the material WS,.

3.2. Influence of coating of few layered WS, on the MBR

3.2.1. Characterization of the MBR.  The characteriza-
tion of the MBR was done before and after its coat-
ing with WS, to determine the Q-factor of the WGMs
(figure 6(A)). The transmission spectra exhibit groups of
sharp resonance dips corresponding to the same azimuthal
quantum number. The Q-factors were determined by fitting
a Lorentzian function to the WGM as shown in figures 6(B)
and (C). The value of Q is given as the ratio of the
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Table 1. Obtained frequencies, frequency difference (Av) for the Raman modes and their intensity ratios (Aex = 488 nm).

1

Phonon modes Raman shift +£1 cm ™ Avem™ Intensity ratio (IAlg/IEIZg) No. of layers
Aig (ecm™ ) Elyg (em™") 418 356 62 0.95 2
Ajg (cm ) E'pg (em™h) 419 356 63 0.73 3
Ajg (em™") E'y, (em™) 419 354 65 0.45 Few layered
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Figure 4. (A) Raman spectra for WS, on silica substrate for different number of layers: (a) few-layered, (b) bi-layer and (c) tri-layer WS,.
(B) PL spectra of (a) few-layered (>3 layers), (b) tri-layer, and (c) bi-layered WS, respectively. (C) The AFM image of few-layered sample

and (D) The height profile of one of the triangular flakes.

peak wavelength ()\g) of the mode to its full width at half
maximum (AN\).

The total Q-factor (Q,,) of a microresonator strongly
depends on the material losses (0,,1) and the scattering losses
due to surface roughness of the resonator (0t and can be
written as 5 = 5 + 5 4 5 where Q, ) is the radiation
loss due to the curvature of the microresonator corresponding
to the intrinsic quality factor. The modes in MBR are called
higher order axial modes (bottle modes). The bottle modes are
the result of broken degeneracy between WGMs with same
azimuthal but different axial mode numbers. The free spectral
range in MBRs are an order of magnitude smaller than that of
microspheres of equal diameter [19] and are highly tunable.

These dense modes cause complications when MBRs are to
be used for refractometry sensing.

The property of introducing the effect of scattering Q-factor
can be used to attenuate some of the modes in an MBR. The
coated MBR has a Q-factor ~10° in contrast to its uncoated
counterpart with a corresponding value of ~107. Although
there is a significant decrease in the Q-factor by two orders
of magnitude, well separated modes in the transmission spec-
trum are observed. Thus, by coating few layer WS, on the
MBR a cleaner spectrum can be obtained (figure 6(A)). The
decrease in Q-factor is due to the overlap of Mie scattering
of atomically thin WS, layer with the WGMs of the MBR at
1550 nm.
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Ajg, (a) and Elzg (b) with respect to the intensity at 0° at various polarization angles. The fitted sine squared function is also given (- - - ) for
the case of Ajg mode. The dashed line in Elzg mode is simple spline connecting the measured data for guide to eye. (D) The intensity ratio
between the A, and Elzg modes at various polarization angles with experimental results () and sine squared fit to the data (- - - ).

3.2.2. Observation of Fano resonances. Figure 7 shows a
portion of the cleaned spectrum with high resolution scan of
the coated MBR. The transmission spectrum (A) shows series
of dips of varying shapes. For example, the symmetrical peak
(peak II) fits to the EIT profile as shown in figure 7(B) while
the asymmetrical dip (dip III) fits with the Fano type resonance
(figure 7(C)). Fitting a spectral line with Fano formula can be
a conclusive test for the observed Fano resonances [34]. Res-
onance III has an asymmetrical line profile and can be fitted to
the Fano line shape (equation (1)). The Fano resonances in a
MBR is given by [35]

A—Xo
SW
A—Xo
Sw

)2
)2

(1+
1+ (

TFano :Tl+Hl (1)

where T()\) is the transmission at wavelength A, T” is a con-
stant, H' is the amplitude, )\ is the resonance wavelength, w
is the width and s is the Fano asymmetry parameter. Fano
resonance is the interference between a resonant scattering
process and background. In general, in a typical tapered-
fiber coupled WGM microresonator, the transmission profile
consists of series of repetitive dips, which are Lorentzian-
a state for the system. To produce a Fano-type line shape,
we need another state- discrete or continuum to couple with
the WGMs. The discrete state can be produced by intro-
ducing another WGM with a higher Q-factor [36] and also
by coupling with a different resonator’s mode by a wave-
guide [37]. Fano resonances were observed in a self-assembled
MBR [35]. WS, does not have absorption in the 1500 nm
regime. So, the decrease in Q-factor and appearance of
different line shapes can be attributed to Mie scattering of the
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Figure 7. (A) observed WGMs of the coated MBR in high resolution scan. (B), (C) The close up of the resonance peaks II and III (....) and

the fit with equation (1) (__).

atomically thin WS, layer which overlaps with the WGMs
of the MBRs at 1550 nm. The transmission profile of the
uncoated MBR shows symmetrical Lorentzian profiles con-
firming that the asymmetrical line shape appears due to the
interference of the WGMs of the MBRs at 1550 nm and
Mie scattering of WS,. Resonance II has an EIT-type line
profile; the asymmetry parameter s has been found to be

0.003. The transparency window in EIT has been found to be
0.001 nm.

3.2.3. Autler Townes splitting. It was observed that the spec-
trum has features of mode splitting. This is a feature of strong
coupling. Some of the resonance modes in the transmission
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Figure 8. ATS in the transmission spectrum of the MBR (peak I as
indicated in figure 7(A)). The solid curve shows the fit with the ATS
profile (equation (2)).

profile split into two associated modes thus giving rise to a
transparency window in between.

For example, the resonance I (figure 7(A)) shows two asso-
ciated dips in the transmission spectrum. This resonance can
be fitted with AT type of splitting (figure 8).

The resonance mode (I) in the transmission profile splits
into a symmetric doublet and gives rise to a wide transparency
window. The transmission of ATS has the contribution of two
Lorentzian profiles as given by [38]

r/2
A=)+ (5)°

r/2

A2+ (5)?
(2)

Tars(A\) =T" +C, +G

where T, T' are constants and ). is the center wavelength.
As shown in figure 8, the profile has been fitted with equa-
tion (2) and the Q factors for the adjacent pair of modes are
found to be Q; =2.3 x 105, 9, = 1.8 x 10°. The effects of
ATS in the transmission profile is similar to EIT as they both
display a transparency window, i.e. reduction in the absorp-
tion spectrum. The transparency window has been found to be
0.013 nm which is an order of magnitude wider than trans-
parency window observed in EIT (0.001 nm) similar to that
reported in literature [39]. Here ATS may originate due to lift-
ing of the frequency degeneracy of the eigenmodes, thereby
splitting into two resonances due to strong tapered fiber-MBR
coupling.

The coherent interaction of the scattering modes of the WS,
flakes and WGMs of the microcavity can lead to the asymmet-
ric line profile and splitting [40, 41]. In order to estimate scat-
tering mode spectrum of the WS, flakes, we performed FEM
simulations in which the triangular WS, flakes with varying
side lengths from 100 to 300 nm and a thickness of 6 nm, sim-
ilar to that observed from the AFM data (figure 9) was sim-
ulated. The triangles have been taken to be equilateral. It can
be observed that the scattering spectrum show maxima in the
1500-1700 nm range. A red shift is observed with the increase

Normalized Electric Field (V/m)

0.0

1500 1600 1700 1800

Wavelength (nm)

Figure 9. Scattered electric field spectra of different sizes of
triangular WS, flakes. Inset shows the hotspots at the apex of the
triangle.

in length of the flakes. WS, does not have absorption in the
1550 nm regime [42]. Hence, the decrease in Q-factor and
appearance of different line shapes can be attributed to Mie
scattering of the atomically thin WS, layer which overlaps
with the WGMs of the MBRs at 1550 nm. Since Fano profiles
are not observed for the WGMs of the uncoated spectrum, it
can be concluded that the appearance of these asymmetric pro-
files is due to the coherent interaction of the scattering E-field
of the WS, flakes with the MBRs WGMs already present at
1550 nm.

4. Conclusions

A few layered films of the TMDC material WS, have been
fabricated on a fused silica substrate and MBR by VAWE
method. The number of layers have been determined by using
the Raman spectroscopy. The A, Raman mode of the sample
shows polarization dependence of the excitation light. WGMs
were observed in the transmission spectrum of the uncoated
and WS;-coated MBR. The Q-factor of few-layer WS,-coated
MBR decreases by two orders of magnitude as compared
to that of the uncoated MBR. The coated MBR shows a
cleaned spectrum with specific WGM resonances. The WGMs
now exhibit resonance dips and peaks that fit with Fano-like
asymmetric resonance and ATS, a feature of strong-coupling
regime. Simulations show that the Fano resonances appear
because of the interference of the WGMs at 1550 nm and Mie
scattering of the WS, flakes. It is expected that the Fano res-
onances can be tuned by variation of the layer number of the
TMDC material.

The integration of TMDC to a microresonator have pro-
spects in device applications including low threshold microlas-
ing, enhanced Raman sensing and strong light-matter interac-
tion with associated nonlinear effects. The resonance spectrum
of a coated MBR is much cleaner with well-defined peaks,
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which is essential for sensing applications. If required, the Q-
factors can be controlled by (a) allowing only few nanocrys-
tals to grow on the microresonator, which will decrease both
scattering losses and material absorption and (b) by growing a
more uniform coating on the resonators to reduce the scatter-
ing losses.
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