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Abstract

®

CrossMark

Transition metal dichalcogenides (TMD) have attracted considerable attention in the field of

photonic integrated circuits due to their giant optical anisotropy. However, on account of their
inherent loss in the visible region and the difficulty of measuring high refractive index materials,
near-field characterizations of the optical anisotropy of TMD in the visible region have inherent
experimental difficulties. In this work, we present a systematical characterization of the optical
anisotropy in tungsten disulfide (WS,) flakes by using scattering-type scanning near-field optical
microscopy (s-SNOM) excited at 671 nm. Transverse-electric and transverse-magnetic (TM)
waveguide modes can be excited in WS, flakes with suitable thickness, respectively. With the
assistance of the Au substrate, the contrast of the near-field fringes is enhanced in comparison
with the SiO, substrate. By combining waveguide mode near-field imaging and theoretical
calculations, the in-plane and out-of-plane refractive indexes of WS, are determined to be 4.96
and 3.01, respectively, indicating a high birefringence value up to 1.95. This work offers
experimental evidence for the potential application of WS, in optoelectronic integrated circuits

in the visible region.

Supplementary material for this article is available online

Keywords: optical anisotropy, WS, flakes, near-field characterizations, visible-region

waveguides
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1. Introduction

Giant optical anisotropy materials have emerged as an
essential role in light manipulation. Birefringence crystals
exhibiting optical anisotropy are the fundamental components
of phase retardation elements, such as waveplates and phase-
matching elements [1-3]. The phase difference between the
different modes in phase retardation elements is proportional

* Authors to whom any correspondence should be addressed.

0957-4484/22/345201+08$33.00 Printed in the UK

to the transmission distance of the modes, as well as the
thickness and the birefringence of the materials [4]. Conse-
quently, materials with higher birefringence values offer a
good candidate for light manipulations, which is conducive to
making compact and efficient optical devices [5, 6]. In gen-
eral, birefringence materials are inorganic crystals [7], liquid
crystals [8, 9], and some artificial semiconductor nanos-
tructures [10], but their maximum birefringence value is less
than 0.8. By comparison, transition metal dichalcogenides
(TMD) show a much larger optical anisotropy due to the

© 2022 I0P Publishing Ltd
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symmetry breaking, which is ascribed to the fundamental
differences between intralayer strong covalent bonding and
weak interlayer van der Waals interaction [11]. Therefore,
TMD offer a very promising candidate for the smaller and
more energy-efficient structures in integrated nanopho-
tonics [12].

High-quality 2D layered materials are usually obtained
by the mechanical exfoliation processes from bulk TMD
crystals, producing flakes with a size of micrometers and the
thickness of nanometers [13—15]. In general, far-field spec-
troscopic techniques, including reflectance, transmittance, and
ellipsometry measurements, are used to characterize the
optical properties of TMD flakes. However, the atomic
thickness of TMD flakes limits the length of light-matter
interaction, indicating a very weak effective signal for the
mentioned techniques. Therefore, it is a challenging task to
measure the anisotropic optical response of the exfoliated
TMD crystals [16]. Recently, scattering-type scanning near-
field optical microscopy (s-SNOM) has been used to quanti-
tatively characterize the optical anisotropy of TMD flakes
[17, 18]. By mapping the waveguide modes in real space, the
birefringence index of TMD flakes can be determined. Pre-
viously, this near-field method is mainly applied in measuring
van der Waals flakes in the near- and mid-infrared region,
many novel discoveries have been reported, such as volume-
confined hyperbolic polaritons [19-22], surface-confined
hyperbolic polaritons [23, 24], and even ghost hyperbolic
phonon polaritons [25]. Besides, the van der Waals polaritons
are manipulated by artificially engineering the interface, such
as polariton lenses [26], prisms [27, 28], meta-optics [29-31],
and moiré engineering [32-34]. However, near-field mapping
on TMD flakes is still quite difficult to carry out in the visible
region. Since TMD flakes show strong absorption in the
visible region and the inherent difficulties in measuring such
high refractive index materials, it leads to a small transmis-
sion distance and a low contrast of the measured near-field
fringes. Due to some important optical properties of the TMD
flakes in the visible region, such as exciton-polariton transport
and Zenneck surface waves [35-38], it is still highly required
to develop a method on the near-field characterization on
TMD flakes with an enhanced contrast of near-field fringes.

In this work, we report the systematical near-field optical
characterization of the tungsten disulfide (WS,) by using s-
SNOM under the excitation of a continuous laser at 671 nm.
The polarization-dependent near-field fringes are observed
under s- and p-polarized excitation, indicating the TE and TM
modes in the WS, flakes with varied thicknesses. Dielectric
waveguide theory is employed to calculate and extract the
dispersion relations of various modes. It reveals a high
refractive index of 4.96/3.01 (in- and out-of-plane), indicat-
ing a giant birefringence (An = 1.95) of WS, flakes at
671 nm. Interestingly, the contrast of the observed near-field
fringes in the WS, waveguide is enhanced with Au substrate
in comparison to SiO, substrate, which is ascribed to the
localized and enhanced electromagnetic (EM) near field
between the metallic tip and the Au substrate (gap-mode
enhancement), enabling tip-enhanced light scattering [39—42].
Therefore, our work not only provides a feasible solution for
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Figure 1. A schematic showing the near-field experimental set-up. A
vibrating tip is illuminated by a beam of visible light and then excites
the WS, waveguide modes.

the diagnosis of waveguide modes in high absorption bands
of 2D materials but also offers experimental evidence on the
potential application of WS, flakes in optical manipulation
and energy-efficient modulators in photonic chips.

2. Experimental section

2.1. Sample preparation

Our WS, flakes were exfoliated from a bulk WS, crystal
using Polydimethylsiloxane and transferred onto a gold-
coated substrate (silicon +300 nm wet thermal oxide +50 nm
e-beam evaporated gold with 5 nm chromium for adhesion) or
standard Si wafers with a 300 nm thick SiO, layer. The
samples were then heated at 50 °C for three minutes to
eliminate the remaining organic residuals.

2.2. S-SNOM characterization

A VistaScope from Molecular Vista is used for the s-SNOM
measurements. The s-SNOM is based on a tapping-mode
atomic force microscope (AFM) illuminated by a mono-
chromatic laser of wavelength 671 nm, as shown in figure 1.
The AFM topographies of all flakes can be generated
simultaneously with the s-SNOM images. The tip-tapping
frequency is around 270 kHz and the tip-tapping amplitude is
50 nm for all experiments. The radius of curvature of the Au-
coated silicon tip is about 10 nm. By demodulating the near-
field signal at the third harmonic of the tip-tapping frequency
of the AFM tip, the background signal can be greatly sup-
pressed. Our s-SNOM experiments were all performed at
ambient conditions.

3. Results and discussion
To introduce experimental parameters more conveniently, we

simplified the experimental device diagram as shown in
figures 2(a) and (b), which illustrate the 3D view and the front
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Figure 2. Experimental schematic diagram and nanoimaging of WS, planar waveguide on Au substrate. (a) 3D schematic diagram. The x-
direction represents the direction of signal propagation, the y-direction represents the sample edge, and the z-axis is perpendicular to the
sample surface. (b) Front view of the 3D experimental installation. Three main paths for what are labeled as P1(black), P2 (red), P2’ (red),
and P3 (blue) arrows. (c)—(f) Near-field images of WS, flakes with different thicknesses. The real-space fringe profiles on the sample are
marked by a solid orange line. The white dashed lines mark the sample edge. The yellow and black dashed lines mark the SPPs propagation.
Scale bars, 1 pum. (g) The momentum space profiles are obtained by FT of the (c)—(f) fringe profiles in WS, samples. These peaks refer
directly to the experimental momentum of the TE; mode and are indicated by blue arrows.

view of the near-field experimental set-up, respectively. The
incident laser at Ay = 671 nm is focused on the apex of a
gold-coated silicon-tip by the parabolic mirror (PM), and the
focus spot size under the tip is about 2 ym x 1 pum.
Meanwhile, the scattered photons from the tip-sample system
are also collected by the PM, and then coupled to a silicon
detector. The polarization of the incident laser can be adjusted
by rotating a half-wave plate to s-polarization (namely,
electric-field perpendicular to the x—z plane) or p-polarization
(namely, electric-field parallel to x—z plane). Also, the meta-
lized tip illuminated by the incident light can provide suffi-
cient momentum to satisfy the momentum matching
condition. Therefore, the waveguide modes in WS, flakes can
be excited as cylindrical waves near the sample surface,
which is represented by the fringes as shown in figure 2(a).
The angle between the incident light wavevector and the x—y
plane is kept as o = 38°. 3 is defined as the angle between
the sample edge and the projection of the incident light on the
x—y plane, which can be adjusted by manually rotating the
sample. Note that the scanning area is kept much smaller than
the entire area of WS, flakes in our experiment, avoiding the
signal interference from other boundaries. In figure 2(b), it
illustrates three possible paths of photons collected by the
detector. Specifically, path P1 indicates that the incident
photons are scattered by a tip and then propagate back to the
PM directly. When the guide mode in WS, flakes is excited, it

propagates radially away from the tip, and then a part of it is
converted into photons at the right edge (path P2) and the left
edge (path P2’) of the sample, and the other part is reflected
by the sample edge and reaches the tip again (path P3). The
observed fringes on the sample surface are attributed to the
interference of the photon collected by these paths.

Figures 2(c)—(f) present the measured s-SNOM images of
WS, flakes with different thicknesses (see figure S1 for
the optical images and AFM topographies). The top and the
bottom panel of figure 2(c) show two near-field images of
the same WS, flake (9 nm thickness) under the s-polarized
to p-polarized excitation, respectively. Interestingly, the
waveguide mode of the 9 nm WS, flake is excited under
s-polarized excitation. As the polarization of incident light is
changed to p-polarization, waveguide mode fringes are dis-
appeared and surface plasmon polaritons (SPPs) fringes on
Au substrate are appeared. Since y-directional dipole is
induced in the tip under s-polarized excitation, only TE
modes can be excited, which contain electric fields along the
in-plane direction (E,) [43]. While z-directional dipole is
induced under p-polarized excitation, both TM modes (con-
tain electric fields E, and E,) in the WS, flakes and the SPPs
modes (contain electric fields E, and E,) on Au substrate can
be excited. Thereby, both of the waveguide modes (TE and
TM mode) in WS, flakes and the SPPs mode on Au substrate
can be simultaneously excited by adjusting the polarization of
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Figure 3. Near-field imaging of the WS, planar waveguide on Au substrate under the p-polarization laser. (a) 103 nm (b) 115 nm. The fringe
profiles on the sample are marked with solid orange lines. The fringe profiles of SPPs propagation on Au substrate are indicated by yellow
dashed lines. The white dashed lines mark the sample edge. Scale bars, 1 pm. (c) FT analysis of the real-space profiles in (a) and (b),
respectively. The arrows indicate the FT peaks of the WS, waveguide mode.

incident light, propagating with different wavelengths and oppo-
site wavevectors (figure S2 (available online at stacks.iop.org/
NANO/33/345201 /mmedia)). SPPs are electromagnetic
waves that arise via the collective oscillation of electrons on
the surface of the conductor by electromagnetic field. The theo-
retical value of SPPs wavelength can be calculated by Agpps &~
)\0\/ (Re(ey) + 1)/ Re(e,,) = 647 nm [44], where the wave-
length of the incident light is Ay = 671 nm and the Au dielectric
constant is €, = —15.88 + 1.29i [45]. And the period of the
SPP fringes in the bottom panel of figure 2(c) is measured to be
320 nm, which is equal to the half of the wavelength of SPPs and
in good agreement with the theoretically expected value (figure
S4(d) illustrates the mechanism by which SPPs fringes occur on
Au substrate). Note that the impurity on Au substrate can also
excite SPPs, indicated by the black stripes in the bottom panel of
figure 2(c). Hence, Au substrate is very helpful to distinguish the
specific polarization of the incident laser.

In figures 2(c)—(f), the propagation of TE; mode in the
WS, flakes with different thicknesses (d = 9 nm, 23 nm,
33 nm, and 66 nm) under s-polarized excitation is observed.
Within these images, we see clearly the interference fringes in
parallel to WS, flake edges (white dashed lines), and the
fringes period shows an apparent thickness dependence.
Specifically, the fringe period is decreased from 891.1 to
217.7 nm as the thickness of the flakes is increased, while the
number of fringes shows a significant increase for thicker
WS, flakes. To extract the fringe period, figure 2(g) shows the
relevant results by Fourier transform (FT) from the intensity
profile of the fringes in figures 2(c)—(f), and the peak positions
of 0.805kq, 0.753ky, 1.747ko, and 3.082k, indicate the
obtained wavevectors of the fringes, where ky is the wave-
vector of incident light. It should be noted that the fringes
period near the edge of the sample (d = 66 nm) is half of that
in the middle part of the same sample, as shown in figure 2(f).
It can further be supported by the related FT result that an
additional peak at 6k can be found, which is twice 3.082 k.
According to the calculation of optical path difference (OPD),
the fringes period generated by the interference between the

path P1 and P2 is in accordance with the guided wavelength,
while the fringes period by the path P1 and P3 is about half of
the guided wavelength (SI, section 2). Therefore, the
observed fringes with a smaller period near the sample edge
are ascribed to the weak back reflection by the sample edge.
In general, the interference between P1 and P3 is quite hard to
be observed in the visible region because the wavevectors of
guided modes in WS, flakes are too small for sufficient
reflection by sample edge. The previous works just reported
the interference of surface phonon polaritons in hBN or SPPs
on graphene between the path P1 and P3 at the infrared
region, the wavevectors of which are much larger than the
wavevector of incident light [21, 22, 46].

Figures 3(a) and (b) present the measured s-SNOM images
in the WS, flakes with the thickness of 103 nm and 115 nm
under p-polarized excitation, respectively. Within these two
images, we see the near-field fringes of TM; modes in WS, and
that of SPPs in Au substrate. Following the above methodology,
the wavevectors of fringes in WS, are extracted to be 1.714k,
and 1.805k, by performing FT analysis as shown in figure 3(c).
Furthermore, the fringes period on Au substrate is also measured
to be 320 nm, which is consistent with the previous theoretical
prediction. It should be noted that the fringes near the edge
appear to be irregular in figure 3(a), which is ascribed to the
irregular edge reflection (see the corresponding AFM topography
and height profile in figure S1(e)). Therefore, the accurate fringes
period can be obtained by subtracting the first stripe near the
sample edge in performing Fourier transform.

For comparison, a similar experiment is also carried out in
the WS, flakes on a standard SiO,/Si wafer. Figures 4(a), (b),
and (d) present the measured results in the WS, flakes (d =
53nm, 98 nm, and 62 nm) under p-polarized excitation. As
shown in figure 4(c), the wavevectors of fringes in figures 4(a)
and (b) are extracted to be 2.071ky and 2.833k, by performing
FT. Besides, there is also another FT Peak (about 1.6kp) that does
not vary with sample thickness, which is typical of the air mode.
From the left fringes of samples in figures 4(a), (b), and (d), one
can still find that the fringe period is decreased with the increase
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Figure 4. Near-field imaging of the WS, planar waveguide on a
standard SiO,/Si wafer substrate under the p-polarization laser. (a),
(b) Near-field imaging of WS, flakes at d = 53 nm and 98 nm and
their fringe profiles. Scale bars are 1 pm. (c) FT analysis of the fringe
profiles in (a) and (b). (d) Near-field image of 62 nm WS, nanobelt.
The scale bar is 2 um. (e) FT analysis result of the fringes profiles of
the left and the right edge of (d), respectively.

of sample thickness. By studying a WS, nanobelt in figure 4(d),
the influence of left and right edges on the near-field fringes can
be observed more intuitively. In detail, the difference between the
fringe spacing near the right and left edge of the WS, nanobelt is
derived from the different OPD of P1-P2 and P1-P2’. Through
the calculation of OPD (SI, section 2), the WS, waveguide mode
effective indices of refraction, n.g, can be written as,

Neff = kR—’L + cos «a sin 53, (1)
ko
where k1) = 27 / PR.L) is the wavevector of the fringes near
the right and left edge and pg 1 is the fringe period measured
from the right and left edge, respectively. In other words, it can
be seen from equation (1) that if we measure the left and right
edges of a sample at the same time, the wavevector of the right
edge will be 2 cos « sin 3 less than that of the left edge, that is,
the measured fringe period of the right edge will be
7/ cos « sin (3 larger than that of the left edge. In figure 4(e), the
dominant FT peak is located at 1.02ky and 2.12k for kg and ki,
respectively. By using equation (1), n.s of the right and left
fringes are determined to be 1.51 and 1.62, respectively. Noting
that there is a slight deviation between the n.g value of the right
and left fringes. This is mainly caused by the 2 nm difference in
thickness between this sample’s right and left sides, which is
supported by AFM measurement (figure S3). Another reason is
the partial overlap between the TMy mode and the air mode can
be observed in the left-fringes-profiles FT, leading to a closer
position of the peak of the TM, mode and the air mode, which is
similar to the previous study [17].

To understand the experimental results more intuitively, WS,
flakes with three typical thicknesses (115 nm, 64 nm, 9 nm) are
selected for theoretical analysis. Figure 5(a) shows the simulated
result of three modes of TE, TE,, and TM,, that can propagate
inside the 115 nm thick WS, waveguide, indicating the guided
modes are confined well in WS,. Compared with the related
experimental result in figure 3(b), it is found that TM,, mode can
be selectively excited by using the p-polarized incident laser.
Figures 5(b) and (c) present the calculated results in the WS,
flakes at d = 64 nm and 9 nm, showing the waveguide mode of
TM, and TE, respectively. Considering a finite thickness of the
SiO, layer (300 nm), one can observe that the waveguide modes
are passed through the SiO, layer and dissipated in the Si layer
below, forming the leaky modes. In general, when the effective
refractive index of the waveguide mode is less than the refractive
index of the silicon, the energy inside the WS, flake tends to leak
into the Si layer. Therefore, it indicates that the waveguide modes
in the thicker samples can propagate farther.

Figure 6(a) lists the obtained values of the fringes contrast
from our experimental results on Au substrate and SiO, substrate
(see calculated process in SI, section 3), and it is defined as

Epeak - Evalley

)

Contrast =

p— )
peak + Evalley

where Eje,x is the averaged peak values of the bright fringes and
Eyaney is the averaged valley values of the dark fringes. The
fringes contrast on the Au substrate is much higher than that on
the SiO,/Si substrate. The main mechanism for the tip-enhanced
EM is near-field coupling between the Au-coated tip and the Au
substrate. Thus, it is useful to perform s-SNOM characterization
on the Au-film substrates, showing an enhanced contrast of the
fringes.

In figure 6(b), equation (1) is used to summarize the
experimentally obtained data on the effective indices of refrac-
tion, n.s. Specifically, the data points of TE, and TM, mode on
Au substrate are marked with stars and squares, while the data
points of TM, on the SiO, substrate are marked with triangles.
For the optical anisotropy in the WS, flakes in the visible region,
the experimental results are further analyzed by using the planar
waveguide model, extracting the values of the anisotropic di-
electric constant of the WS, flakes. The theoretical model we use
here is a sandwich structure (see the illustration in figure S6),
with air on the top, WS, in the middle, and a substrate on the
bottom. Different from the traditional waveguide structure, the
core layer used in this theoretical model is an anisotropic med-
ium. This is analogous to ordinary and extraordinary rays in bulk
anisotropic crystals, it has been proven in reference [17]. The
thickness dispersion of TE and TM modes in this system can be
obtained by the following equations

2
n — &
2 . eff, TE
k()d &l — neff’TE = tan —
_ 2
€L — Neff,TE
2
Netr, TE — €2

+ tan™! +mr (3)

2
€L + —Ngg TR
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Figure 5. Numerical simulations of guided modes propagation in WS,. (a) Numerical simulations of different modes propagation in 115 nm
thick WS,. The wavelength of incident light input at the left port is 671 nm. (b), (c) Numerical simulations of WS, with d = 9 nm for TE,
and d = 64 nm for TM, under 300 nm SiO, substrate. The red arrows indicate the propagation directions of the leaky mode in the Si layer.
To see the evanescent wave distribution more clearly, 200% color saturation was selected in (a), (b), and (c).
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Figure 6. Analyses of experimental results. (a) Comparison of the contrast of the fringes in the near-field images on Au and SiO, substrates.
(b) Experimental data and theoretical dispersion relations of TE, and TM, waveguide modes, respectively, for WS, flakes on Au and SiO,
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and
2
€L 2 | VELEI NMeitTM — &
kod |—\e| — negrrym = tan~! -
&l & gl — Nér™
[2
[ELE nff‘TM — &
+ tan~! | NTe - + nm,
=2 € — Meff,T™ )
where kg = 2x/Ag (Ao = 671 nm) is the incident light

wavevector; d is the WS, thickness; €, is the in-plane relative
dielectric constant (perpendicular to the optic axis of WS,,
namely z-axis), and g is out-of-plane relative dielectric constant
(parallel to z-axis), respectively; nes g and nes v are effective

indices of refraction for TE and TM modes, respectively; g = 1
and &, (ep, = —15.88, esi0p = 2.12 at 671nm) [45, 47] are the
relative dielectric constants of superstrate and substrate, respec-
tively; m and n are the order numbers of TE and TM modes,
respectively (m, n = 0, 1, 2, ...). By substituting the n.g of TE,
mode with d = 66 nm and TM, mode with d = 115 nm into
equations (3) and (4), respectively, it is obtained that the di-
electric constants of the WS, flakes are g) = 24.65, £, = 9.09.
Therefore, the in-plane refractive index and the out-of-plane
refractive index of WS, are n, = \/?” =496, n, = \Je, =
3.01, respectively. And the birefringence value of WS,
(An = n, — n,) reaches 1.95. Compared to the other materials
(An of calcite is 0.17, designed liquid crystal is 0.7, and the
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maximum value of GaP nanowire An is 0.8) [7-10] and some
results of measurements of the same type of work (An of hBN
at 633 nm is 0.58, An of MoS, at 1530 nm is 1.4, and An of
PtSe, at mid-infrared is 0.56) [17, 48], the giant optical
birefringence indicates that WS, is a promising candidate for
integrated phase retardation application.

Figure 6(b) shows the calculated thickness-dependent
dispersion curves of the WS, flakes on Au or SiO, substrates
by solving equations (3) and (4) numerically, showing a good
agreement with the experimental data. While there are some
higher-order waveguide modes in the thicker samples, we
only present the modes of TE, and TM, (see dispersion
curves of more waveguide modes in SI, section 4). In
figure 6(b), the significant anisotropy of WS, is showed that
the effective refractive index of TE mode and TM modes
approaches asymptotically to n, and n, with the increase of
thickness, respectively. As previously analyzed, due to the
interference of air mode, the values of n.g for the left edge
fringes (d = 53, 98, 62 nm) measured in figures 4(a), (b), and
(d) are slightly smaller than the theoretically calculated
curves. Note that the cutoff thickness for TE, dispersion
curves on Au and SiO, substrates is 15.4 nm and 5 nm,
respectively. And the waveguide mode of the WS, flake at
d = 9 nm on Au substrate is consistent with the theoretical
curve of the SiO, substrate in figure 6(b), probably because
the thickness of Au substrate used is too thin to shield
ultrathin WS, flakes from the effect of SiO,.

4. Conclusions

In summary, we present a systematical near-field character-
ization on the WS, flakes with different thicknesses by using
the s-SNOM technique. With the assistance of an Au sub-
strate, the contrast of the near-field fringes is enhanced in
comparison with that in conventional SiO,/Si wafer. It is
observed that TE, and TM, waveguide modes in the WS,
flakes can be separately excited by choosing a specific
thickness under specific polarized incident light. And then,
the in-plane and out-of-plane refractive indexes of WS, are
determined to be 4.96 and 3.01, respectively, indicating a
high birefringence value up to 1.95. It is well supported by the
theoretical simulations. Therefore, our work paves the way
for the potential applications of WS, flakes in optical circuit
integrations in the visible region, such as the tunable single-
mode waveguides, the nano-integrated polarization-sensitive
devices, and exciton dynamics.
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