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Building blocks of photonic integrated circuitry (PIC), optical waveguides, have long been considered

transparent. However, the inevitable Fresnel reflection from waveguide facets limits their transparency.

This limitation becomes more severe in high-index waveguides in which the transparency may drop to

65%. We overcome this inherent optical property of high-index waveguides by engineering an

appropriate facet landscape made of sub-wavelength artificial features unit cells. For this, we develop
a semi-analytical formalism for predicting the metasurface parameters made of high-index dielectric

materials, to be engraved on the facets of optical waveguides, based on Babinet's principle: either
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extruded from the waveguide facet or etched into it. Our semi-analytical model predicts the shape of

anti-reflective metasurface unit cells to achieve transmission as high as 98.5% in near-infrared from 1 pm

DOI: 10.1039/d0na00346h
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1 Introduction

Passive optical waveguides are widely used for transferring
signals between two physical locations within a chip.’® A single
semiconductor chip with a common area of several mm? can
include up to several hundred optical waveguides. These chips
are commonly used in cameras, telescopes, multiplexers,
devices that include on-chip laser, filters, light sources, ampli-
fiers, and other optical devices.>® However, the fact that an
optical waveguide is embedded in a semiconductor chip limits
the material choices for constructing the waveguide to those
that are commonly used in the semiconductor industry. Due to
their unique guiding properties, high-index core waveguides
made of semiconductor materials such as silicon, silicon-
nitride, gallium arsenide, etc., are very commonly used in
fields ranging from communications, interconnectors and
biosensors® to switching, multiplexing, division and mode
conversion. As a result of the high refractive index of the
semiconductor core materials,'® such on-chip waveguides suffer
from low transmission efficiency. One of the main reasons for
this low efficiency is the inevitable Fresnel reflection from the
high refractive index facet. Commonly used silicon and gallium
arsenide, having indexes of around 4, cause the optical signal to
lose about 30% of its energy at the inward transition between
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to 2 um. This new class of metasurfaces may be used for the improvement of PIC devices for
communication and sensing, where device transparency is crucial for high signal-to-noise ratios.

the air medium and the core material of the waveguide.® Being
transferred through in- and out-waveguide facets, the optical
signal loses about 51% of its energy just due to these air-
semiconductor media transitions. Clearly, such losses are very
significant and result from the inherent properties of the
materials. Conventional waveguides, such as those used in
passive fiber-optics™>** with silica glass-core, only lose about 4%
of their energy at the transition from the air to the fiber-optic
glass-core, and vice versa, therefore this efficiency problem is
much less significant in passive glass-based optical fibers.

Despite the vast research published on optical transparency,
very little is known about how to make optical waveguide
transparent via sculpturing their facets with metasurfaces. For
example, inside the absorption region one can use
electromagnetic-induced-transparency (EIT) equivalent struc-
tures, made either of metals or all-dielectric materials e.g.,
silicon.”>™ These structures are utilizing the outside-generated
energy to introduce a transparent region inside the absorption
region. In a Si or GaAs waveguide, however, the excitation in
a transparent region, and the losses they experience, are due to
the reflection but not absorption.

One typical prior art solution to the efficiency problem
mentioned above suggests the application of coatings such as
aluminum, aluminum oxide, barium fluoride, calcium fluoride,
cerium(wv) oxide, and others to the input and output facets of an
optical waveguide. This typically reduces reflections in a specific
spectrum range.'*>" However, the above coatings are not

Nanoscale Adv., 2020, 2, 2977-2985 | 2977


http://crossmark.crossref.org/dialog/?doi=10.1039/d0na00346h&domain=pdf&date_stamp=2020-07-11
http://orcid.org/0000-0002-4338-349X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00346h
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA002007

Open Access Article. Published on 03 June 2020. Downloaded on 7/29/2025 10:17:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

applicable to avoid reflections on the tiny surfaces of polished
waveguide facets. Even where the deposition of a coating is
possible, this solution still suffers from another problem: in
harsh conditions, the coating tends to crack and even gets off
the core. This is particularly noticeable in environments of high
temperature, high-pressure or environmental stress changes,
such as in airplanes, satellites, high-power devices and space
stations. Matching oils are widely used to minimize Fresnel
reflection. However, they are mainly suitable for a laboratory
environments.

Changing the landscape of the waveguide facet at the
nanoscale was proposed to avoid reflection;>*** however,
a broadband anti-reflection property for waveguides was never
achieved. It is, therefore, the object of the present work to report
on improving the efficiency of on-chip waveguides having high-
index core, by obtaining broadband transparency. While
developing the methodology to improve the transmission effi-
ciency of waveguides, we set a goal: to study silicon particle-
based metasurfaces®?! in order to maximize the mean value
of transmission at a given spectral range. The on-facet meta-
surfaces possess two fundamental properties: (1) a gradient
index profile between two optically coupled media, and (2)
a light trapping effect. To demonstrate the transparency effect
in waveguides we developed the semi-analytical method, which
allows for predicting the shape of the unit cell and its
parameters.

The following sections provide the theory as well as numer-
ical proof-of-concept simulations exploring the properties of
dielectric metasurfaces engraved in - or extruded from - the
waveguide facets, to study the waveguide transparency effect.

2 Unit-cell shape: analytical
description

When exploring the maximization of transmission through
a waveguide, one must first eliminate the absorbency of the
waveguide medium, ie., choose the proper spectral range.
However, when dealing with metasurfaces on facets, deter-
mining the non-absorption band is not a trivial task. This is due
to the light trapping effect, which significantly increases the
contribution to the overall absorption.**

It is well known that for a single wavelength, one can obtain
almost zero reflection.*® However, any widening of the spectral
range affects the reflection at this specific wavelength. In the
present analytical description, we consider the minimization of
the mean value reflection at a given spectral range, together
with minimizing the deviation value.

The choice of the unit cell for the metasurface is also not
trivial since neither the shape nor the geometry are prescribed
by general theoretical arguments. Therefore, let us consider
a periodic arbitrarily shaped metasurface on a waveguide facet
(Fig. 1a).

All parameters of the considered structure, except its total
width, are small in comparison to the incident wavelength A in
a vacuum.
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Fig.1 Schematics of (a) an arbitrarily shaped metasurface engraved on
waveguide facet with of refractive index my, is represented as a layered
system consisting of y,, layers. Incident illumination is indicated by the
vector K. Light reflected from the facet is indicated by R. g, is the area
of unit cells in n™" layer made of index my,. H indicates the height of
a unit-cell, X is the period of the structure, O, is the filling parameter.
(b) The optimal structure according to the formulation is a linear a(y),
which in 2D configuration imply a cone structure.

Next, we divide the facet into infinitesimally thin layers y,,.
Since the structure is sub-wavelength, the formalism of effective
medium theory can be used. In addition, under the geometrical
optics approach, we approximate the description to one in
which the higher-order scattering is ignored. Assuming the
period of the structure is X < A, the height is designated as H
(which is unknown at this point), and the refractive index of the
medium as my,. If we denote ¢, as the part of the period filled by
the medium in the n™ layer, then the effective refractive index in
this layer can be estimated as:

o,y +X — o, Ty
m,= —— "= 1 my — 1)—. 1
e + (my )X 1)
100 T T T T
- H=800 nm
9951 —— H=850nm |
X 99
[0}
[&]
C
_g 98.5
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2
c 98
'_
97.5
97 1 1 1 I
1 1.2 14 16 1.8 2

Wavelength (um)

Fig. 2 The transmittance as a function of wavelength as a result of
a plane wave incident on a half-plane with a refractive index ng = 3.5. A
linear gradient index matching layer is applied to the interface of the
half-plane. The gradient index layer thickness is H. The incident wave is
propagating and being reflected in vacuum.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00346h

Open Access Article. Published on 03 June 2020. Downloaded on 7/29/2025 10:17:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

(b) Truncated tip

—id,

+

(c) Hemispherical tip (d) Parabolic

—id,

Fig. 3 (a) Schematic cross-section of the silicon rib waveguide facet;
rib width W of 10 um, height T of 2.4 um and silicon nanostrip thickness
t of 0.5 pm with engraved silicon metasurface made of unit-cells of
conical shape with: (b) truncated tip, (c) hemispherical tip and (d)
parabolic tip. (e) Calculated fundamental TE mode profile for the
smooth waveguide facet. (f) 3D illustration of the extruded conical
structures from the facet.

Considering the normal incidence illumination, the reflec-
tion r, from the boundary between n™ and (n + 1)™ layers is
My — My
My + my,

Opyl — Op

- (@)
X[2+ (my — 1)7”"“)(+ Tn

Iy = = (my — 1)

At the upper surface of the facet (blue solid line in Fig. 1), the
contribution of r,, is

R =1 G 3)

Now lety,, — y,—1 — 0 and describe the structure of the facet as
a continuous medium rather than a layered metasurface, with y
instead of y,, and o(y) instead of a,,.

The wave number k(y) can be written as

k(y) =ko 1+(mh—1)$ . (4)

Generally, the reflection of a layered structure is represented
by the bulk relation, where the analysis of such representation
is a relatively cumbersome task. Here, we restrict ourselves by
assuming that: |r,| < 1, and also that the transmitted wave
approximately preserves its amplitude; in other words, |¢,| = 1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Transmission spectrum as a function of wavelength for
hexagonal array of truncated cones on a rib waveguide facet for
different cone heights. The cone base and upper diameters are d, =
550 nm and d,, = 200 nm, respectively. (b) Transmission spectrum for
the metasurface with hexagonal grid made of truncated cones on arib
waveguide facet for different cone base diameters. The cone height
and upper diameters are H = 900 nm and d, = 200 nm, respectively.

In the framework of this approximation, the total reflection can
be written as Ry = > R,, and represented by the integral as
n

%
Rr = my — 1 JH dy eZiKk(y/)dy/d,V. (5)
2X o 1+(Mh—1)%

The absolute value of Ry has to be minimized. We solve this
minimization problem for a monochromatic wave. Dealing with
a fixed H, the problem can be defined as a variational one. The
shape of the unit-cell, which is represented by o(y), will now be
determined. Suppose 3¢ is a small variation of o(y); then the
total reflection for this new unit-cell is

do . d(30)
Ros ~ my — 1 " " dy dy eiﬁ’k02[1+<mh—1)"}5"]dy’dy’
2X 0 o+ o0
1 + (Wlh — 1) Y

(6)
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Fig. 5 Transmission through the waveguide with engraved metasur-
face on its facet having the conical shape of the unit cells with the
height of H = 900 nm, the lower diameter of d, = 450 nm and of
different tip shapes: hemispherical tip, truncated tip and parabolic tip.
Inset shows zoomed transmission exhibiting spectral variations for
waveguide output signal when the unit cell is of different tip shapes.
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Fig. 6 Far-field 3D scattering patterns of silicon particle of truncated-
cone shape with H = 900 nm at A wavelength of 1100 nm and illu-
mination direction is from the tip, for: (a) spherical tip and (b) truncated
tip; normalized to the maximum 2D directivities for (c) the plane of the
incident electric field polarization; (d) the plane of the incident
magnetic field polarization.

where ko, = 2ko. Utilizing the calculus of variations, there is
a challenge we face: in a vicinity of y = 0, also ¢ = 0. In this
vicinity, the Volterra series (the analog of the Taylor series for
functions)* with respect to d¢ cannot be used. For overcoming
this problem, a new function is introduced:

y(y) = W’ 7)
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Fig. 7 Inverted-tips structure as an AR metasurface. (a) An illustration
of an hexagonal array of conical holes etched in waveguide facet. (b)
The cross-section of a row of conical holes on waveguide facet.

with the initial value v(0) = 1. Based on the new function, the
variation becomes

mh—l

Bv(y) = do(n) ™. ®)

For simplicity, we denote the function a(y) by ¢ and y(y) by .
In terms of y(y), eqn (6) takes the form of

L d(3y)
Ry = l J dy dy ¢ J: Koay-+57)dy’ dy. 9)
+v—1+93y
my — 1

For obtaining y(y) in a closed form, we assume that the
function f(y) = [} ko2dydy — dy(y)y is an order smaller than
137 (o(]|3v|)), where ||3y]| is a certain norm of v in the interval
y € [0, H]. While this may be not correct for an arbitrary dvy, and
an arbitrary y, at least for small A, the integral contribution of
wrong y points will be small.

In the framework of the above-mentioned assumption
f) = JJ ko2dydy — dy(y)y, we obtain the variation of Ry, as

1 H
OR1; = 3 J ikoa Y Y ?57
0 +y—1 Y
my — 1
1 dy
- )
X 2y
( +v - 1>
my — 1
n 1 ijﬂ o Iy k-1 dy. (10)
+y—1 Y
my — 1
1 dd
After integrating the term = by parts, the
1 b
+v—-1
mp —1

real part vanishes, and we obtain a simplified form of 3R; as

1 H
ORm: = 3 J [ik°2%$
0 —— -1
my —
—1 i 1y
_ikoX’Yij_'Y 576!0](02(7 1)dy dy. (11)
+v-1 Y
mh—l
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Fig. 8 (a) Transmission as a function of wavelength for an hexagonal grid of inverted cones carved on a waveguide facet. The inverted cone has

a base diameter of d, = 450 nm, an upper radius of d, = 200 nm and the depth H varies from 800 nm to 950 nm in steps of 50 nm. (b)
Transmission as a function of wavelength for the hexagonal grid depth of H = 900 nm, an upper radius of d, = 200 nm; the base radius dy, varies
from 350 nm to 650 nm in steps of 100 nm. (c) Transmission as a function of wavelength for an hexagonal grid. The blue line represents an array
of truncated cones with a base radius of dp, = 450 nm, a top radius of d, = 200 nm and a depth of H = 900 nm. The red line represents an array of
paraboloids with a bottom radius of dy, = 450 nm, and a depth of H = 900 nm.

According to calculus of variations, we set dRt; = 0, and thus,
the eqn (11) leads to
1 dy

y———(—-1=0.

Y dy (12)

In eqn (12), the point y = 0 is singular and should be treated
with care, since also y — 1 = 0, and thus, (y — 1)/y are undefined
at y = 0. Therefore, one should choose a trajectory for integra-
tion in the complex plane. By doing so, the solution y =1 + Cy is
obtained, and the integration constant C can be taken as 1
without lost of generality.

Then, for o(y) the following is obtained:

y
dﬁ=m_y

(13)

Eqn (13) describes a linear dependence of the y-level fill-
factor on y. It shows that each unit-cell has a constant slope.
This prescribes a conical or pyramidal shape of the unit-cells as
shown in Fig. 1b.

Analytically obtained optimal shape of a unit-cell providing
anti-reflection can be found in the state of the art experimental
studies.”*** We stress, however, that although explored
experimentally, the correct parameters of these structures have
not yet been obtained as optimal ones to suppress reflection in
a broad spectral range.

A linear function for the filling fraction o(y) implies that the
effective refractive index is also linear in y according to eqn (1).
In Fig. 2 we show the transmittance as a result of a plane-wave
incident on a half plane with refractive index ngy = 3.5. At the
interface of the incidence we added a gradient index matching
layer with thickness H. The matching layer was divided into
slices with a thickness of 10 nm, where every slice had
a refractive index according to the linear function

ng — 1
H

n(y) =ns — V. (14)

This journal is © The Royal Society of Chemistry 2020

The structure was simulated based on transfer-matrix
method® to obtain the transmittance of this structure. In
Fig. 2 one can notice that the transmittance is significantly
higher than 69%, which is the direct transmittance from a half-
plane with n = 3.5. One can also notice that the transmittance
does not exhibit any resonant behavior. In other words, the anti-
reflection property holds for wide bandwidth.

By taking into account higher-order effects such as multiple
scattering, the shape can be modified, and the new form can be
calculated by solving numerically the wave-equation for wave-
guide systems. However, if we consider that o(H) = X, it is
immediately obtained from eqn (13) that H = X(m, — 1).
Therefore, the above assumption with respect to a small value of
H is justified for my;, close enough for 1. This justifies also the
main assumption about the small value of |r,|, and thus the
possibility of ignoring the multiple scattering.

Based on the gradient index (GRIN) optics, it can also be
stated that the lowest reflection can be achieved by structuring
the entire area of the waveguide facet with the metasurface. This
means that the optimal filling factor O, of the facet prescribes
unit-cells being densely distributed on the facet. Otherwise,
a step change of the refractive index would occur at the layer
where y = H. The arguments above also show a weak effect of
the randomization of the unit-cells location on the facet: such
a process generally contradicts the requirement of dense
spatially distributed unit-cells within the metasurface.

The trapping of photons also contributes to the trans-
mission. Therefore, the value of H predicted above turns out to
be overestimated. It is also expected that multiple scattering
would contribute more in the bottom layers than in the upper
ones. It is plausible to estimate the likelihood of every trapped
photon (and thus, contribution to transmission) by the addi-
tional factor of p*t/s, where p is the reflectance of each unit-cell,
7 is the transmittance through the metasurface, and s is the
distance between interacting unit-cells. This difference between
the upper base d,, and the bottom base dj, in the multi-scattering

Nanoscale Adv., 2020, 2, 2977-2985 | 2981
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process may be corrected by fitting the shape of the truncated
cone by a paraboloid.

3 Proof-of-concept numerical results

While considering structures on the waveguide facet of a high
refractive index, the multiple scattering effects should also be
considered. Therefore, the shape of the unit-cells should be
confirmed by calculations taking into account multiple scat-
tering contributions. Here, therefore, we report also on
a numerical model and proof-of-concept calculations.

Based on our theoretical evaluations described in the
previous sections, we found that a periodic lattice made of
densely distributed cones minimizes the reflection effect. To
prove this, we built a full-wave numerical simulation using
Lumerical and CST Finite-Difference-Time-Domain (FDTD)
solvers and calculated the optical characteristics of an arbitrary
waveguide. In our numerical investigation, we consider the rib
waveguide with the structure depicted in Fig. 3a. This contains
the silicon guiding layer (Si, n = 3.4784 (ref. 40)) on silicon-
dioxide substrate (SiO,, n = 1.444 (ref. 41)) with rib width of
W = 10 um, height T = 2.4 um and rib height ¢ = 0.5 um. We
note that the unit cell is extruded from the same material as the
waveguide. The calculated fundamental TE mode profile is
shown in Fig. 3e.

It is important to stress, that even though the silicon wave-
guides can be produced with smaller cross-sections, which is
commonly used to support a single mode propagation, the
proposed AR structure is not mode dependent and works well
also for the multi-mode waveguides. In addition, as the cross-
section area increases, the array of cones becomes larger,
which improves the collective effect of the structure as a meta-
surface, and reduces the effects caused by the edges. Smaller
cross-section would require smaller unit-cells, which is more
challenging to fabricate. For these reasons a larger cross-section
was chosen in our simulation. In the numerical model, we
launch the Gaussian beam into the waveguide with a radius of
1.5 pm where the waist (focal point) is 1.5 um from the source.
The beam is directed in parallel to the waveguide axis z and
polarized linearly to the y direction. The facet is placed at
a distance of 1.5 um where the beam focuses. The center of the
beam is aligned with the center of the waveguide guiding layer
such that maximal power is incident upon the facet. This
anticipates realistic experimental conditions, where fiber is
butt-coupled to the waveguide. Since the beam spot profile is
larger than the dimensions of the waveguide facet, it leads to
the beam-facet mismatch losses. We calculate the transmission
by integrating the power flow in the z direction at a distance of 2
pm from the facet (the plane of the cone bases). The integration
is done over the area of the facet, i.e., x € [-5, 5] pm, and y € [0,
2.4] pm. The integrated power was normalized to 1 watt, which
is the total power of the Gaussian beam source.

To estimate the sensitivity to different structural parameters
of the conical shape unit cells, we modeled a hexagonal lattice
of truncated cones (Fig. 3b) placed on the facet and adjacent to
each other such as in Fig. 3a. The hexagonal grid was chosen
over a rectangular one since it is more efficient due to the larger
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fill-factor and was chosen for our numerical test as seen in
Fig. 3a. The transmission spectrum as a function of wavelength
for several cone heights H is shown in Fig. 4a. The cone base d},
and upper d, diameters are kept constant at d,, = 550 nm and d,,
= 200 nm, respectively.

One can see from Fig. 4a that as the cone height increases,
the overall average transmission increases as well. Although
theoretically higher cones may produce better performance,
practically, the larger aspect ratio of the cones (height vs. base
diameter) is limited due to fabrication constraints. One can also
notice the dip at 1100 nm, which is a result of a resonance due
to the periodic structure. At that particular wavelength, the
period of the structure is exactly A/2. To understand the influ-
ence of height on the transmission, while neglecting the
collective effect, we calculated the scattering angular diagrams
of the unit cells of truncated conical shape (Fig. 3b) for the
wavelength of 1100 nm from Fig. 4a. Inset of Fig. 4a shows that
when the particle height increases, backward scattering is
suppressed while allowing the angular dependence of the
forward scattering effect.

Next, we study the sensitivity of the transmission to the base
diameter dj, of the unit-cell. Fig. 4b shows the transmission
spectrum as a function of wavelength for an hexagonal array of
truncated cones with varying base diameters while the height
and upper diameters are fixed at H = 900 nm and d, = 200 nm,
respectively.

Base diameter of d, = 550 nm (red line in Fig. 4b) exhibits
the highest transmission over the chosen spectral range with T
= 96.2% with H = 900 nm. The base diameter is closely related
to the periodicity of the structure, which in turn affects the
spectral behavior of the device. The change of the base diameter
affects the filling factor and therefore affects the transmission.

The transmission of T = 96.2% was obtained for the cone
height of H = 900 nm and the base diameter of d, = 550 nm.

Decomposing a unit cell of the periodic grid made of trun-
cated cones into its Fourier components can explain why it
yields worse performance characteristics compared to the cones
with the hemispherical tip or of paraboloidal shape. The
decrease in performance occurs since more energy is carried in
higher diffraction orders. The orders destructively interfere with
each other and reduce the overall transmission. Thus, the
smoothing of the sharp edges of the cones results in a more
uniform transmission in a required spectral band.

The transmission spectrum as a function of wavelength for
different cone shapes is shown in Fig. 5a with the cones
distributed in a hexagonal grid. This allows comparison of the
performance characteristics for different tip shapes, such as
truncated tip and a parabolic tip, as shown in Fig. 3b-d. In
addition, we maximized the filling factor of the facet by
decreasing the base unit-cell diameter dy,, against the previous
estimations. As a result, the diameter leading to the highest
transmission occurred when d, = 450 nm. The height and
upper diameter for the truncated tip cones are kept constant at
H =900 nm and d,, = 200 nm, respectively.

Fig. 5a shows the averaged transmission as high as 98.13%
in the wavelengths range from 1 um to 2 um using cones with
parabolic tips (Fig. 3d) in the hexagonal grid. Fig. 5b shows the

This journal is © The Royal Society of Chemistry 2020
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reflection spectrum from the input waveguide facet. The facet
has an hexagonal grid of conical unit cells with dj, = 450 nm and
H =900 nm.

While changing the shape of the unit-cells, we analyze the
results based on the diffraction grating model. Minimizing the
overall reflection involves minimizing the reflection of some
orders of this grating. This can also be formulated as a = phase
shift at the diffraction angle 8 = /2. Since the beam is incident
upon the facet from the air medium, the requirement dictates
the relation H = 2,/2 for a chosen wavelength of A,. Considering
the spectral range A € [Amin, Amax); it would be natural to take A,
= (Amin + Amax)/2. However, for a wide spectral range, this can
lead to an appearance of the reflection maximum at the shortest
wavelength.

3.1 Influence of the tip shape

To explore the effect of the tip shape on the far-field scattering,
we calculated the angular diagrams of scattered electric and
magnetic fields shown in Fig. 6 for the conical particles of the
truncated tip and hemispherical tip shapes. Fig. 6a and b show
3D scattering patterns of scattered electric field amplitude for
the particles with hemispherical and truncated tip shapes
respectively. Higher transmission for the metasurface contain-
ing particles with hemispherical tip (compared to truncated)
can be seen in Fig. 5 for the wavelength of 1100 nm, which can
be explained by the 2D analysis of the far-field scattering
patterns shown in Fig. 6¢ and d, for the single particles. Parti-
cles with hemispherical tip experience a stronger forward
scattering effect compared to particles with truncated tip. For
both hemispherical and truncated tips, the backward scattering
of the electric field is suppressed.

We note that the structures we predicted can be fabricated
using conventional focus ion beam (FIB) machine. Beginning
with a smooth facet, the FIB machine can etch the facet based
on a pre-programmed computer-aided design (CAD), and
remove material, to produce the facet as in Fig. 3. For example,
a FIB machine, Thermo Fisher Scientific, dual-beam G3, can be
used to create the truncated cones.

3.2 Exploring inverted-tips structures based on Babinet's
principle

In the previous sections, an AR structure was explored with
extruded unit cells out of the waveguide facet. Although such
a structure is very interesting from a fundamental point of view,
it is challenging in terms of fabrication. In order to fabricate
such a structure, one has to grow layers of silicon through
cumbersome processes following several stages, including
masking of the facets. However, according to Babinet's prin-
ciple, the diffraction pattern from an opaque body is identical to
that from a hole of the same size and shape, except for the
overall forward beam intensity.** Therefore, according to this
principle, the fabrication process can be facilitated by means of
inverted features drilled into the waveguide facet. This may be
realized by employing techniques such as FIB. In this section,
we discuss the structure shown in Fig. 7.

This journal is © The Royal Society of Chemistry 2020
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First, we explore the influence of truncated cone shapes on
AR properties of the waveguide facet. To this end, we inte-
grate the power flow in the z direction behind the structure,
at a distance of 2.5 um from the facet. The choice of this
distance is dictated by the overall simulation sizes. The unit-
cells distribution is chosen to be hexagonal, the same as was
done in the extruded structures case. In addition, we inte-
grate the power inside the waveguide (the transmitted power)
for 4 planes at a distance of 9-13 pm from the facet. Then we
average the transmitted power to eliminate noise. We note
that for shorter wavelengths, the unit-cell size is not sub-
wavelength in terms of the wavelength propagating in
silicon. Therefore, at these wavelengths, the structure expe-
riences near-field effects due to diffraction. We noticed that
for the short wavelengths the power inside the waveguide is
unstable for a distance of approximately 6 pm from the facet.
For this reason, we calculate the transmitted power as far as 9
um from the facet. The waveguide structure was terminated
after 14 pm with an absorbing boundary condition (perfectly
matched layer-PML) so that the simulated structure behaves
as an infinite waveguide.

Fig. 8a shows a comparison of the transmittance as
a function of wavelength. The diameter of the truncated
cones is 450 nm and the depth is varied from H = 800 nm to H
= 950 nm in steps of 50 nm. As expected from Babinet's
principle, the calculated results are very close to those shown
in Fig. 4a, obtained for the extruded features. The trans-
mission drops for longer wavelengths since H becomes
shorter in terms of wavelength at these regions. The decrease
in transmission can also be seen in Fig. 2, where we simu-
lated a plane-wave incident on an infinite gradient index
layer. The lower transmittance can be attributed to several
factors, such as unit cell size and discontinuity in the
refractive index. The size of the unit-cells is not small enough
for the structure to operate in shorter wavelengths due to the
large refractive index of the waveguide core material (silicon
in our case). Also, the effective refractive index is not
continuous at the air-metasurface interface and at the
metasurface-waveguide core interface, since the filling factor
in cone structures cannot reach 100% with round features.

Next, we compare the effect of the unit-cell size in Fig. 8b.
Here, we consider the depth of the cones as a constant value of
900 nm and vary the base diameters for values of d}, = 350, 450,
550, and 650 nm. As expected, the shorter wavelengths region
shows higher transmission as the structure approaches the sub-
wavelength regime. However, the results for d, = 350 nm also
exhibit stronger resonant behavior due to the increase in the
effective index at the interfaces. Even though a unit-cell size of
d, = 350 nm can increase transmission by up to 99.4%, one can
achieve transmission above 95% over a spectral range of 1-1.8
um by increasing the unit cell by up to d;, = 450 nm.

Now, we compare the truncated cone holes with a diameter
of d,, = 450 nm and height of H = 900 nm, to paraboloids with
the same depth and base diameter. Fig. 8c shows the result of
this comparison. We note that the AR structure on a facet made
of paraboloids exhibits less resonant behavior, due to the
continuity of the effective index at the tip of the metasurface. By
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using a parabolic array of holes one can achieve transmission of
more than 94% over the entire spectral range of 1-2 pm.

4 Conclusions

To conclude, we demonstrated the transparency effect in optical
waveguides. For this, we developed a semi-analytical formalism
to predict the metasurface parameters made of high-index
dielectric materials, to be engraved on optical waveguides fac-
ets. Our proof of principle calculations show that the waveguide
with a cone-shape and parabolic tip-shape unit-cell of the
metasurface exhibits transmission as high as 98.5%, compared
to 70% transmission from the blank waveguide. We noticed
that for the conical metasurface with parabolic tip, the trans-
mission and reflections become uniform in the broad spectral
range. Importantly, the silicon nanoparticle tip-shape influ-
ences the far-field scattering patterns. Engraved-on-facet silicon
metasurface of hemispherical tip shape experiences a strong
forward scattering effect making them more transparent, as
compared to the metasurface of truncated tip shape. Finally,
based on Babinet's principle, we proposed that inverted tips -
i.e. implementing air-filled unit-cell shapes - should exhibit
similar behavior. Indeed, the results for inverted tips are,
although not identical, but similar to those of non-inverted
shapes. Even though theoretically, deeper holes would
improve the transmission through the facet, in practice the
depth of the holes is limited fabrication limited and should be
approximately twice the base-diameter. Engraved features are
also more preferable in terms of fabrication as compared to
challenging extruded features. Our results show a broadband
transparency effect on a chip and may generate a new class of
devices spanning a broad range of applications.
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