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Mode composition of waveguides based on a van der Waals crystal

hyperbolic within the visible range
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The capacity for efficient transmission of light signals at the nanoscale makes optical waveguides a fundamental
element of nanotechnology applications. Plasmon polariton waveguides based on van der Waals material MoOCls,
which is hyperbolic in near-infrared and visible light, are demonstrated. The figure of merit (FOM) of waveguide
modes is found to be close to 40 within the 530—960 nm interval. Ultrahigh degrees of localization of waveguide
modes (up to ¢ = 15) are also observed. In addition, the dependence of waveguide characteristics on the angle
between the principal waveguide axis and the axis along which excitation may propagate in the crystalline layer is

calculated.
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In recent years, polaritons, which are hybrid states of
light and matter arising when photons bind to quantum
excitations of crystals (e.g., optical phonons or plasmons),
have become a key tool for light control at subwavelength
scales. Polariton modes are fundamental for such applica-
tions as plasmonic photocatalysis [1,2] and sensors [3], giant
Raman scattering spectroscopy [4], wavefront control [5-7],
and nonlinear optics [8,9].

The higher the effective refraction index of a polariton
mode is, the stronger is the field localization in it (i.e.,
the smaller is the spatial scale of localization). The
effective refraction index of a propagating wave in dielectrics
(anisotropic ones included) is limited fundamentally by
the largest component of the refraction index tensor. In
contrast, if one or two principal values of permittivity in an
anisotropic crystal are negative and the other values are pos-
itive, it may support waves with an arbitrarily high effective
refraction index. A material of this kind is called hyperbolic,
since isofrequency surfaces in the space of wave vectors
form a hyperboloid; the electromagnetic waves supported
by it are hyperbolic polaritons. Owing to their high effective
refraction index, hyperbolic polaritons allow for localization
of light on extremely subwavelength scales [10,11]. Hyper-
bolic materials, especially natural ones [12], are convenient
for fabricating photonic elements, such as resonators [13],
photonic crystals [14], and waveguides [15].

The study of geometric and chemical structure of crys-
tals [16] provides an opportunity to find new materials
for photonic applications. The MoOCI, van der Waals

64

hyperbolic material [17-19] is unique in that it remains
hyperbolic within a broad spectral band extending from the
visible range to the near infrared one, whereas virtually all
its known counterparts are hyperbolic in narrow intervals of
the mid-infrared range.

In the present study, hyperbolic waveguides based on thin
MoOCl; crystal films are examined numerically. The degree
of mode localization and the range of their propagation
are investigated, and the optimum waveguide parameters
needed to maximize the propagation range are identified.
Unlike dielectric waveguides of a similar size, which support
one or two waveguide modes, a hyperbolic waveguide
supports a technically infinite number of them (with the
mode propagation length decreasing as the mode order
increases) [20]. A classification of waveguide modes is
given, and their evolution with a varying angle of wave
propagation in an anisotropic film is revealed. In conclusion,
the obtained results are compared with the properties of
metal plasmonic waveguides. The waveguides examined
here support superlocalized modes with low propagation
losses, which opens up new opportunities in high-frequency
two-dimensional optoelectronics.

It can be seen in Fig. 1 that the waveguide was modeled
so that the [100] component of the dielectric tensor was
coaxial with the principal axis of the waveguide (Fig. 1, a),
since a hyperbolic law of wave propagation with the wave
propagating either along the [100] direction or at a certain
acute angle to it is seen within the wavelength range of
530—960 nm. This is attributable to the fact that Reejgg < 0
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Figure 1. Plasmon polariton waveguides in MoOCl,. @ — Diagrams illustrating the possibility of orienting a waveguide at an arbitrary
angle to the optical crystal axes and the crystal lattice structure (molybdenum nuclei are shown in blue; oxygen nuclei, in red; chlorine
nuclei, in yellow) with a unit cell (a, b) of the MoOCl, material. b — Dependence of the in-plane dielectric functions on the wavelength
of incident light; the region of hyperbolic behavior of the material is marked in blue. A color version of the figure is provided in the online

version of the paper.

and Reeg; > 0 within this frequency range (Fig. 1,5),
which, in turn, is due to the chemical composition and
geometric properties of the crystal lattice. The width and
height of our waveguide are 100 and 50 nm, respectively.

Examining the modes arising in the waveguide, we
classified them according to the number of oscillations of
the y-electric field component in the vertical and horizontal
directions in the waveguide cross section (Fig. 2,a). When
the ¢(1) dispersion (wave number g = ‘k—]:)‘, ko = 2, and
k is the wave vector) was plotted, it was noted that a
new family of dispersion curves Mj;, which intersect the
dispersion curves from zero family M; and originate from
mode My, emerges (Fig. 2,b). Having examined the
intersection points in more detail, we found that they have
the same real part of wave number Regq, but different
imaginary parts Img, which is attributed to an increase in
losses with an increase in number of oscillations i in the
horizontal direction in the waveguide cross section. This
raises the issue of Q factor of different modes.

To evaluate the quality characteristics of different modes,
we calculate their path length in the waveguide (Fig. 3, b)

1

Ldecay = m (1)

In addition, we calculate the ratio of real and imaginary

parts of the wave vector modulus (figure of merit, FOM;
see Fig. 3,a), which is proportional to the ratio of mean
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free path Lg..q, of a polariton to its wavelength 4,,, for

each mode:

o Rek _ Ldecay
FOM = [ — =27 v (2)

The dependences presented in Fig. 3 suggest an unex-
pected conclusion that the Q factor of the more localized
first mode (M) is higher than that of fundamental mode
M oo, which, however, propagates further. Thus, the MoOCl,
material is suitable for information applications of photonics,
since it addresses their primary challenge: fit as much
information as possible into a minimum space with minimal
losses in signal propagation.

The in-plane anisotropy of the material provides an
additional degree of freedom to the object under study,
which allows one to draw a conclusion regarding the nature
of influence of the angle between the principal waveguide
axis and the direction of wave propagation in the crystal
corresponding to the shortest possible wave vector (along
the [100] crystal axis) on the degree of localization of modes
in the waveguide. Comparing modes M4 and Mo (see the
inset in Fig. 4,a), one finds that the degree of localization
of both modes decreases with increasing angle (Figs. 4,a, b,
scale on the left, solid curves), which is contradictory to
what is observed in the film. The Q factor of modes also
decreases (Figs. 4,a,b, scale on the right, dashed curves).
The observed dependence will remain valid with a further
increase in angle due to the monotonicity of the function
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Figure 2. Classification of waveguide modes. @ — Distribution of the real part of the vertical component of electric field E, for modes
M;j (i — row, j — column) of a waveguide with a cross section of 100 x 50 nm at a wavelength of 570 nm (a color version of the figure
is provided in the online version of the paper). b — Dispersion of waveguide modes in a waveguide with a cross section of 100 x 50 nm.
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Figure 3. Qualitative characteristics of waveguide modes. @ — FOM of waveguide modes in a waveguide with a cross section of
100 x 50 nm oriented along the [100] axis. b — Wavelength dependences of the decay length for different modes.
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Figure 4. Comparative characteristics of modes Mo (1, 2) and Mo (3, 4) for waveguides oriented along the [100] axis and at an angle
of 5° to it, as well as the symmetric mode in metal (5, 6). @ — Dispersions of modes Mos and Mo for an angle of 0°, as well as the
metallic mode (solid curves; scale on the left); FOM of modes Mos and Mo for an angle of 0°, as well as the metallic mode (dashed
curves; scale on the right). » — Dispersions of modes M4 and Mo for an angle of 5° (solid curves; scale on the left); FOM of modes

Mo and M for an angle of 5° (dashed curves; scale on the right).

defining the wave number with respect to the angle of wave
propagation. This observation allows us to conclude that it
makes sense in actual applications to fabricate waveguides
coaxially with [100] in the hyperbolic crystal in question.

In conclusion, we note that an ultrahigh degree of
localization of waveguide modes (up to ¢ = 15, which is
significantly higher than in metal waveguides of a similar
size) was observed in the present study. To put this into
perspective, the localization in a rectangular gold waveguide
with a cross section of 100 x 50nm is just ¢ =4. The Q
factor of the M9 mode exceeds that of the mode in a gold
waveguide (Fig. 4, a, curves 5 and 6).

Thus, the mode structure of a waveguide based on a
hyperbolic material was presented. It differs qualitatively
from the one of a conventional dielectric waveguide in the
presence of increasingly higher degrees of localization at
higher mode orders. In addition, it was found that higher
modes are not only more localized, but also have a higher
Q factor than lower-order modes. This is bound to facilitate
the use of MoOCl, in fabrication of high-grade optical
waveguides.
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