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The unique in-plane and out-of-plane anisotropy of @-MoO3 has attracted considerable interest with regard to poten-
tial optoelectronic applications. However, most research has focused on the mid-infrared spectrum, leaving its properties
and applications in the visible and near-infrared light spectrum less explored. This study advances the understanding of
waveguiding properties of @-MoO3 by near-field imaging of the waveguide modes along the [100] and [001] directions of
a-MoOs3 flakes at 633 nm and 785 nm. We investigate the effects of flake thickness and documented the modes’ dispersion
relationships, which is crucial for tailoring the optical responses of &-MoOj3 in device applications. Our findings enhance
the field of research into @-MoOs, highlighting its utility in fabricating next-generation optoelectronic devices due to its

unique optically anisotropic waveguide.

Keywords: waveguide, anisotropic materials, near-field imaging, van der Waals materials
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1. Introduction

Van der Waals (vdW) materials,!!3! characterized by
their layered structure with atoms weakly bound through van
der Waals (vdW) forces, exhibit fundamental out-of-plane
anisotropy. ¥ This unique property allows for easy exfoliation
for material preparation and endows vdW materials with ex-
ceptional physical and chemical performance, making them
a prime platform for developing future integrated photonic

devices.’~71 Graphene, with its outstanding electronic,®*!

0.1 and mechanical properties,!>!3! has become

14-18

optical!
one of the most well-known vdW materials. ! 1 However,
its zero-bandgap structure limits its application in digital
devices and high-performance photodetectors.!!”! Transition
metal dichalcogenides such as MoS, 2% and WSe,,[2!! with

their adjustable bandgaps, %!

extend the applications into a
broader range of optoelectronic devices beyond those possible
with graphene.!>3! However, the high in-plane symmetry of
graphene and MoS; leads to almost isotropic in-plane phys-
ical properties.!**! The discovery of black phosphorus (BP)
marked a significant milestone, being the first vdW mate-
rial with inherent in-plane anisotropy,'?>%! and sparked in-
creased interest in anisotropic materials. In-plane anisotropic
materials added the dimension of physical property manipu-
lation, opening up a new avenue for designing unique semi-

conductor devices and exploring novel applications, including
(28]

29]

polarization-sensitive photodetectors,?”! digital inverters
and polarization-controlled molecular electronic switches.|
However, BP is prone to chemical degradation under atmo-
spheric conditions, which will change its optical and electrical
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properties, limiting further application in devices.*"!

The -MoO3 has emerged as a promising candidate ma-
terial, exhibiting significant in-plane and out-plane anisotropic
properties in the mid-infrared (MIR) range!*!=33 and demon-
strating high stability in atmospheric conditions, making it
suitable for near polarization-sensitive!*!! and chiral®*33! ap-
plications. However, research on the optical properties of o-
MoO3 has predominantly focused on the MIR region, with
limited studies on its in-plane anisotropic optical properties
within the visible (VIS) and near-infrared (NIR) ranges. Ow-
ing to its wide bandgap (= 3.4 eV),’®! a-MoOj3 presents low
optical losses in the VIS and NIR ranges and exhibits minimal
nonlinear optical effects,*’! rendering it an excellent candi-
date for component and interconnect applications in nanopho-
tonic devices. However, the waveguide properties related to
the in-plane anisotropy of &-MoOj3 in the VIS and NIR ranges
have not been explored.

This study utilized scattering-type scanning near-field
optical microscopy (s-SNOM) to investigate the waveguide
modes excited in ®-MoQOj3 flakes within the VIS and NIR
ranges (633 nm and 785 nm). Our near-field imaging re-
sults demonstrate that the ot-MoO3 flakes support anisotropic
waveguide modes along the [100] and [001] directions. Ex-
perimental and theoretical analysis confirm that the thicker the
a-MoOs flakes, the higher the order of waveguide mode al-
lowed. Moreover, we have systematically investigated the dis-
persion relations of the TEy waveguide modes excited along
the [100] and [001] directions of the a-MoQOs3 flakes. This
work addresses the gap in near-field studies of ¢-MoO3 within
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the VIS and NIR ranges and introduces a novel material choice
for VIS and NIR waveguides, broadening the area of options
for future optical device engineering.

2. Structure and physical properties of ot-MoQO3

As shown in Fig. 1(a), the structural composition of -
MoOs is characterized by its twisted layers of [MoOg]. 138!
Each bilayer forms a zig-zag arrangement shared along the
[001] crystal direction at the edges and a corner-shared ar-
rangement along the [100] crystal direction with weak vdW in-
teractions stacking along the [010] direction.*” This arrange-
ment forms a distinctly layered structure, where the lattice
spacings differ significantly across the three axes; this leads to
in-plane and out-of-plane optical anisotropy of the a-MoOs.
Figure 1(b) exhibits the refractive indices of three directions
within the VIS to NIR range, using the Cauchy model and pa-
rameters from a previous study.*’! In Fig. 1(b), @-MoO3 ex-
hibits pronounced in-plane and out-of-plane optical anisotropy
within the VIS and NIR ranges, showing its potential for ap-
plications in advanced photonic devices such as wavelength-
selective filters and optical modulators.

The synthesis of bulk a-MoO3z employed in this study
was achieved through a physical vapor deposition method uti-
lizing an open tube furnace. Thin flakes of o-MoO3; were
mechanically exfoliated from the bulk a-MoO3. The direc-
tional growth tendency of a-MoQs3, favoring specific crystal-
lographic axes, 37! gives rise to its noticeable rectangular mor-
phology, as evidenced in the transmission electron microscopy
(TEM) image shown in the left panel of Fig. 1(c). The en-
larged image in the right panel of Fig. 1(c) reveals that the lat-
tice spacings along [100] and [001] directions of @-MoOs are
0.395 nm and 0.371 nm, respectively. These results indicate
that the directions of the long and short axes of &-MoO3 cor-
respond to the [001] and [100] orientations, respectively. [*!]

Polarization-dependent Raman spectroscopy was em-
ployed to affirm the crystallographic orientation of @-MoO3
flakes deduced via TEM. It has been previously reported that
the Raman peaks at 158 cm™! and 818 cm™! in ®-MoOj3 ex-
hibit sensitivity to laser polarization.[>3] Notably, the vibra-
tional mode corresponding to the 158 cm™! peak is associated
with vibrations along the [001] direction, while the 818 cm~!
peak resonates with vibrations aligned along the [100] direc-
tion. In the left panel of Fig. 1(d), the orientation angle v, in-
dicating the polarization direction of the incident light and the
longitudinal axis of ®-MoQOs3, was varied to discern its impact
on the Raman spectra. The right panel of Fig. 1(d) displays the
polarized Raman spectra of a-MoO3, where the intensity of
the 158 cm ™! peak increases and that of the 818 cm ™! peak de-
creases as the angle y decreases. This behavior highlights the
alignment of the long axis of the a-MoOs flakes with the [001]

direction and the short axis with the [100] direction. Conse-
quently, the correlation of TEM analyses with polarization-
dependent Raman spectroscopy confirms crystallographic di-
rections of [001] and [100] of a-MoOs for the long and short
axes, respectively.
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Fig. 1. The properties of &-MoO3. (a) The crystal structure of o-MoOs.
(b) The refractive indices of a-MoOj3 in [100], [001] and [010] directions
in the VIS to NIR range. (c) Left panel: TEM image of an o--MoOj3 flake.
Right panel: an enlarged examination of the area delineated by the rectan-
¢gle in the left panel. (d) Left panel: optical image of an &-MoO3 flake,
where the bidirectional black arrow indicates the polarization direction of
the laser. 7 is the angle between the polarization direction of the laser and
the long-axis direction of the ®-MoOj3. Right panel: the result of polarized
Raman spectroscopy under 532 nm laser excitation.

3. Near-field imaging of a-MoO3 flakes

The primary interference pathway for optical waveguide
modes with a relatively small effective refractive index ne
is tip excitation and boundary scattering, as illustrated in
Fig. 2(a).[**>%3] A top-down view is provided in an inset to
Fig. 2(a) to illustrate the interference pathways better. Specifi-
cally, the incident light (ki,) is focused on the tip by a parabolic
mirror. A portion of the tip-scattered light (ksc, ip) is back-
scattered into free space. However, due to the restricted collec-
tion angle of the parabolic mirror (numerical aperture = 0.37),
only the scattered light with wave vectors parallel to the inci-
dent light can be effectively collected. The tip-focused light
excites the waveguide mode (k) propagating to the sample
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boundary and is scattered back into free space (kscaedge) DY
the boundary. The scattered light from the tip (ksca,tip) and the
boundary (kgcaedge) interferes coherently to form interference
fringes. The periodicity of these fringes exhibits a significant
directional dependence on o and f in Fig. 2(a). « is the angle
between the incident light and the sample plane, which is 40°
in our s-SNOM. f3 is the angle between the in-plane compo-
nent of the incident light and the sample boundary. ki, /; in
Fig. 2(a) is the projection of the incident light wavevector in
the sample plane. The following equation can quantitatively

describe this relationship:[4%]

kp /ko = km /kocos ¢ +sin B cos e, (1)

where ky, is the wave vector of the waveguide mode. &, is
defined as 27 /p, where p is the period of the fringes and ko
is the wave vector of light in free space. ¢ is the propagation
angle of waveguide mode, which can be determined through
the conservation of momentum along the edge direction

¢ =sin"! [(lfo> cos(xcosﬁ] . 2)

Equation (1) describes the relationship between the fringe pe-
riod and the incident angle 3.
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Fig. 2. The interference path of the waveguide mode on ¢-MoO3 flakes.
(a) Schematic diagrams of near-field imaging on @-MoOj3 by s-SNOM. The
inset shows a top-down view. The xyz-coordinate system represents the spa-
tial coordinates, where the x-axis is parallel to the sample boundary and the
z-axis is perpendicular to the sample surface. (b) Near-field imaging of the
waveguide mode propagating along the [100] direction of an &¢-MoO3 flake
under 785 nm incident light excitation. The white arrow indicates the di-
rection of incident light. The yellow dashed lines indicate the boundaries of
the o-MoOs flake. (c) Fourier transform result of the near-field amplitude
curves extracted along the [100] direction from (b).

We conducted near-field experiments at room tempera-
ture and pressure using an s-SNOM from Neaspec with a Pt/Ir

tip (curvature radius ~ 30 nm). The resonance frequency was
270 kHz, with an oscillation amplitude of ~ 70 nm. Fig-
ure 2(b) displays the near-field image of an ®-MoQOj3 flake
under 785 nm incident light with perpendicular boundary in-
cidence. At the right boundary § = 90°, and at the left bound-
ary = 270°.
sult of Fig. 2(b). We can observe that the period of the left
fringes is larger than that of the right fringes, consistent with

Figure 2(c) shows the Fourier transform re-

Eq. (1). Furthermore, the fringes on the left side are brighter
than those on the right. Incident light enters from left to right,
and the parabolic mirror is on the left side of the sample.
Therefore, the AFM tip obstructs the signal scattered from
the right boundary, resulting in lower near-field intensity com-
pared with the left boundary. In subsequent sections of this
paper, near-field imaging is performed proximal to the right
boundary.

Three -MoOs thin flakes of varying thickness were se-
lected to investigate the waveguide modes at different thick-
nesses. The AFM images in Fig. 3(a) reveal remarkably
smooth and pristine surfaces in all three &-MoOj3 thin flakes.
In Fig. 3(b), the line profiles extracted along the red dashed
lines from Fig. 3(a) reveal the thicknesses of the three 2-MoO3
thin flakes to be 758 nm, 300 nm and 180 nm, respectively. We
utilized COMSOL to analyze the dielectric waveguides of a-
MoOj3 with three thicknesses (758 nm, 300 nm and 180 nm)
along the [100] direction to investigate the existing waveg-
uide modes and obtain the effective refractive index negr. The
simulation results in Fig. S1 illustrate the distribution of TE
and TM mode electromagnetic fields at the boundaries. The
758-nm-thick -MoO3 supports six waveguide modes, TEy,
TE, TE;, TMp, TM| and TM;, along the [100] direction. As
the thickness decreases, the number of supported waveguide
modes reduces. Specifically, the 300-nm-thick «-MoOj3 sup-
ports four waveguide modes (TEy, TE|, TMy and TM;) along
the [100] direction, while the 180-nm-thick &-MoQOj3 supports
two waveguide modes (TMy and TE) along the [100] direc-
tion. The ne¢ of different waveguide modes in &-MoOj3 flakes
with three different thicknesses are listed in Table S1.

Maintaining a vertical (8 = 90°) incidence of 785 nm
light from the left boundary, we conducted near-field imaging
on ®-MoOs flakes with three different thicknesses, as shown
in Fig. 3(c). The white curves in Fig. 3(c) correspond to the
near-field amplitude maps extracted along the [100] direction.
The observation location is near the right boundary. However,
the a-MoOs flakes exhibit a rectangular shape with smaller di-
mensions along the short axis ([100] direction). Therefore, the
near-field images near the right boundary are inevitably influ-
enced by the interference fringes from the left boundary. The
interference fringes from the left boundary are not included in
the subsequent waveguide mode enumeration.
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Fig. 3. Waveguide modes along the [100] direction on three -MoOj3 flakes of different thicknesses under 785 nm incident light at 90°.
(a) Atomic force microscopy images of three different thicknesses of a-MoOj3 flakes. The scale bar is 1 pm. (b) Line profiles extracted from
(a) along the red dashed line. (c) Near-field imaging of the a-MoOj3 flakes with 2 = 180 nm, 300 nm and 758 nm under 785 nm incident light
at 90°. The yellow dashed lines represent the right boundary of the &-MoO3 flakes. (d) Fourier transform results for the near-field amplitude
curves extracted along the [100] direction from (c). (e) TEgp mode E; distribution of the propagation field along the [100] direction of the
a-MoOs flakes. The scale bar is 500 nm. (f) Experimental and simulated relationship between the -MoOj thickness and the wavelength of
the TEp mode (Am = Ao /nesr) along the [100] direction excited by 785 nm incident light.

From the near-field images of the three different thick-
nesses, the near-field intensity of the -MoO3 flakes with a
thickness of 758 nm is significantly higher than that of the
300 nm and 180 nm -MoOs flakes. Fourier transforms were
performed separately on the extracted near-field profiles to an-
alyze the fringe patterns accurately, resulting in curves with
multiple peaks. By substituting the peak positions into Eq. (1),
the corresponding gy, values were calculated. Then, the ex-
perimentally effective refractive index was determined from
the equation negr = kyw/ko. By comparing the simulated neg
of different waveguide modes in Table S1, we can identify
the waveguide modes that correspond to each peak position.
The results are shown in Fig. 3(d). In Fig. 3(d), TEy and TE;
modes are observed in 758-nm-thick &-MoQOs3. For 300-nm-
thick ®-MoO3, TEy and TE; modes are present, while the
180-nm-thick ¢-MoO3 exhibits TEy and TMy modes. Our
experimental results confirm that thicker o-MoO3 flakes ex-
cite higher-order TE modes under the same incident condition.
Among these three thicknesses of &-MoOs, the TEy mode is
observed in all cases. The waveguide intensity for 758-nm-
thick -MoOs is significantly the highest among the three
thicknesses. Furthermore, by comparing the peak positions of
TEy in Fig. 3(d) we observed that, as the thickness decreases,
the peak of TEj shifts to the left, resulting in a decrease in the
effective refractive index, consistent with the trend shown in
Table S1.

In Fig. 3(d), the TEy mode was observed in all the Fourier
transforms of the waveguide modes. To validate the experi-

mental results, we adopted a three-layer model consisting of
air, @-MoOs3 and SiO; to calculate the E, distribution of the
TE( mode by COMSOL. As shown in Fig. 3(e), we calculated
the distribution of the propagation field of the TEy mode along
the [100] direction at different thicknesses (758 nm, 300 nm
and 180 nm). In Fig. 3(e), as the thickness increases, the elec-
tromagnetic fields dispersing in the substrate (Si0;) diminish,
which leads to stronger waveguide intensities in thicker «-
MoOs flakes. This also confirms our results in Fig. 3(c), where
the near-field intensity for 758 nm «-MoOj3 is significantly
higher than that for @-MoOs3 with thicknesses of 300 nm and
180 nm. Additionally, the simulation results indicate that Ay
of the TEy mode decreases with increasing thickness. For
comparison with experimental results, Fig. 3(f) exhibits the
dependence of the TEy mode on thickness for both simulated
and experimental data along the [100] direction. The red line
represents the simulation results, while the blue squares are
extracted from the experimental data. The close agreement be-
tween the experimental and simulated results indicates a neg-
ative correlation between thickness and wavelength.

The discussions above focus on waveguide modes along
the [100] direction. However, @-MoQOj3 flakes demonstrate in-
plane anisotropy within the VIS and NIR ranges. Therefore,
in addition to exciting waveguide modes along the [100] direc-
tion, waveguide modes can also be excited along the [001] di-
rection, and the properties of waveguide modes for [100] and
[001] directions should be different. In Fig. 4, we select an
0a-MoOs flake with a thickness of 248 nm to study the waveg-
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uide modes along the [100] and [001] directions under inci-
dent light at 633 nm and 785 nm. The incident angle f3 is 45°.
The AFM image of the 248-nm-thick ®-MoOj3 is presented in
Fig. S2. In Figs. 4(a) and 4(b), the near-field images display
interference fringes parallel to the right boundaries, indicating
that the waveguide modes of a-MoQj3 flakes can be excited by
incident light at wavelengths of both 633 nm and 785 nm. The
fringe period formed at 633 nm is shorter than that at 785 nm.
The simulation results reveal that 248-nm-thick &-MoO3 sup-
ports four waveguide modes, TEq, TE|, TMy and TM, along
the [001] direction under 633 nm and 785 nm laser excitation.
We performed Fourier transforms on the extracted fringe pat-
terns to further explore the mode information carried by the
fringes. As shown in Figs. 4(c) and 4(d), the &-MoO3 flakes
exhibit both TMy and TEj modes at a wavelength of 633 nm,
whereas at 785 nm only the TEy mode is observed.

A =633 nm 85 nm

2L

s4 (arb. units)
min s max
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A A
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Fig. 4. Waveguide modes along the [100] and [001] directions on 248-
nm-thick &-MoOj3 under different wavelengths of incident light at 45°.
(a), (b) Near-field imaging of the a-MoO; flakes with 7 = 248 nm un-
der 633 nm and 785 nm incident light at 45° for the [100] direction. The
yellow dashed lines represent the right boundary of @-MoOs flakes. The
scale bar is 1 pm. (c), (d) Fourier transform results of the near-field am-
plitude curves extracted along the [001] direction from (a) and (b). (e), (f)
Near-field imaging of the @-MoOj3 flakes with 7 = 248 nm under 633 nm
and 785 nm incident light at 45° for the [001] direction. The scale bar is
1 um. (g), (h) Fourier transform results of the near-field amplitude curves
extracted along the [001] direction from (e) and (f). (i), (j) Experimental
and simulated TE( mode dispersion relation of the & = 248 nm a-MoO3
flake along the [100] and [001] directions, respectively.

In Figs. 4(e) and 4(f), waveguide modes along the [001]
direction were investigated by near-field imaging in 248-nm-

thick -MoO3 flakes using 633 nm and 785 nm laser light at a
45° angle of incidence, which is the same equipment as used
for analyzing the waveguide modes along the [100] direction.
Comparing Figs. 4(e) and 4(f), the fringe period induced by
785 nm incident light is significantly larger than that induced
by 633 nm light. Based on the Fourier transform results shown
in Figs. 4(g) and 4(h), only a single TE, waveguide mode can
be observed in 248-nm-thick ®-MoOs3 along the [001] direc-
tion. Furthermore, unlike in the [100] direction, there are no
interference fringes from the left boundary in the Fourier anal-
ysis along the [001] direction. This discrepancy is attributable
to the rectangular shape of @-MoQs3, with the [001] direction
aligned with its long axis, rendering interference fringes of the
right boundary unaffected by those from the left boundary.

To quantitatively describe the in-plane anisotropy of the
a-MoOs waveguide modes, the dispersion relations of the
TE( mode along the [100] and [001] directions are plotted
in Figs. 4(i) and 4(j). As shown in Figs. 4(i) and 4(j), the
red lines respectively represent the simulation results for the
[100] and [001] directions, while the blue circles correspond
to the experimental results for the [100] and [001] directions,
respectively. Overall, the experimental and simulated data
show good agreement. The dispersion relationship demon-
strates that A, of the TEy mode increases with the increase
in the wavelength of the incident light. In-plane anisotropy is
evident from the dispersion relation, where A, is longer in the
[100] direction than in the [001] direction under the same in-
cident light, signifying a larger effective refractive index along
the [001] direction.

4. Conclusion and perspectives

In conclusion, our study on the near-field imaging of
anisotropic waveguide modes along the [100] and [001] direc-
tions of ®-MoQj3 flakes under VIS and NIR ranges (633 nm
and 785 nm) significantly enriches our current understanding
of the optical properties of ®-MoQO3. This detailed investi-
gation into the effects of thickness on the waveguide mode,
along with the documentation of the dispersion relationship of
the waveguides within the VIS and NIR range, paves the way
for the innovative application of @-MoOs in full-spectrum op-
toelectronic devices. Our findings not only supplement the
existing body of research on ®-MoQO3 materials but also high-
light the potential of a-MoQO3 as a versatile component in the
development of next-generation optoelectronic devices owing
to its in-plane optical anisotropy and lowloss waveguide capa-
bilities. The in-plane anisotropy of materials facilitates the de-
velopment of unique semiconductor devices for novel applica-
tions, including polarization-sensitive photodetectors, linearly

polarized pulse generators and high-gain digital inverters.
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