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Plasmonic waveguides and conventional dielectric waveguides have favorable characteristics in photonic
integrated circuits. Typically, plasmonic waveguides can provide subwavelength mode confinement, as
shown by their small mode area, whereas conventional dielectric waveguides guide light with low loss, as
shown by their long propagation length. However, the simultaneous achievement of subwavelength mode
confinement and low-loss propagation remains limited. In this paper, we propose a novel design of an all-
dielectric bowtie waveguide, which simultaneously exhibits both subwavelength mode confinement and
theoretically lossless propagation. Contrary to traditional dielectric waveguides, where the guidance of
light is based on total internal reflection, the principle of the all-dielectric bowtie waveguide is based
on the combined use of the conservation of the normal component of the electric displacement and
the tangential component of the electric field, such that it can achieve a mode area comparable to its
plasmonic counterparts. The mode distribution in the all-dielectric bowtie waveguide can be precisely
controlled by manipulating the geometric design. Our work shows that it is possible to achieve extreme
light confinement by using dielectric instead of lossy metals.
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1 Introduction

Manipulating light at subwavelength scale has great im-
portance in nanophotonics [1]. Strongly confined light
at subwavelength scale has a variety of applications,
such as optical sensing and switching [2, 3], high-density
photonic integrated circuits [4], high-speed and high-
sensitivity photonic devices [5], electro-optic modulators
[6], compact lasers [7], and polarization control devices
[8]. Surface plasmon polariton (SPP) [9, 10] waveguides
are among the most promising candidates for large-scale
photonic integrated circuits owing to their unique ca-
pabilities to break the diffraction limit and to provide
tight light confinement at the deep subwavelength scale
[10–14]. However, structures based on SPP suffer in-
evitable high propagation loss due to the metallic ohmic
loss [15, 16], despite trying to alleviate losses by the de-
sign of hybrid plasmonic waveguides [17–29] and the use
of metamaterials [30, 31] and metasurfaces [32]. Conven-
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tional dielectric waveguides, such as photonic crystals
[33–35], can guide light with low loss; however, they are
subject to the diffraction limit in each direction. Al-
though the subwavelength mode confinement has been
implemented in all-dielectric coupled silicon waveguides
[36–39], it is limited to one dimension, because only the
boundary condition on the normal component of the elec-
tric displacement is applied.

In this article, by alternately applying the electro-
magnetic boundary conditions on the normal component
of the electric displacement and the tangential compo-
nent of the electric field, we propose a design process
for a novel all-dielectric bowtie (ADB) waveguide and
demonstrate the possibility of simultaneously achieving
deep subwavelength mode confinement in two dimen-
sions and theoretically lossless propagation in a single
all-dielectric waveguide. By manipulating the geometric
design of an all-dielectric waveguide, the mode distribu-
tion can be flexibly confined in the high-index or low-
index regions. Guiding mechanisms based on total in-
ternal reflection can only confine light in a high-index
material surrounded by a low-index material. Neverthe-
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less, the guidance of light in a low-index medium also has
plenty of applications, such as biosensors [40], avoiding
nonlinearity in high-index materials [41], and interaction
with low-index materials [33]. A similar design process or
a similar dielectric bowtie structure is also applicable to
other optical devices, such as the all-dielectric nanocav-
ities designed by the research groups of Weiss and En-
glund, with a mode volume comparable to its plasmonic
counterpart and a quality factor comparable to a tradi-
tional photonic crystal cavity [42, 43]. We believe, that
in the near future new implementations and applications
derived from the dielectric bowtie structure can be intro-
duced.

2 Theoretical background

The mode area (Aeff ) of an optical waveguide is given
by the ratio of the total electromagnetic energy and the
maximum electromagnetic energy density as [17],

Aeff =
1

max{W (r)}

∫∫
W (r)d2r, (1)

where W (r) is the electromagnetic energy density, while
for non-dispersive non-magnetic material

W (r) =
1

2
[ϵ(r)|E(r)|2 + µ0|H(r)|2]. (2)

Considering the position-dependence of W (r), if the
maximum electromagnetic energy density is significantly
increased at a certain localized position, then the pertur-
bation in the numerator of Eq. (1) is negligible, and the
mode area can be reduced significantly. For a slot waveg-
uide, shown in Fig. 1(a) (top), with normalized electro-
magnetic energy density and electric vector distributions
shown in Fig. 1(a) (bottom), the maximum electromag-
netic energy density can be increased by confining light
into the narrow nanoscale low-permittivity slot region
[Fig. 1(a) (bottom)], which is known as the slot effect
[36]. The concentration derives from the first electromag-
netic boundary condition (denoted by 1st-BC), that is
the continuity of the normal component of the electric
displacement

ϵlEn,l = Dn,l = Dn,h = ϵhEn,h, (3)

En,l =
ϵh
ϵl
En,h, (4)

where ϵh and ϵl are the permittivities of high- and low-
permittivity materials, respectively. Subscript n repre-
sents the normal component of the field, relative to the
dielectric boundary. As the electric field is highly polar-
ized perpendicular to the slot [Fig. 1(a) (bottom)], the
maximum electric energy density is approximately en-

hanced by the factor

We1

We0
=

ϵl|El|2

ϵh|Eh|2
≈ ϵl|En,l|2

ϵh|En,h|2
=

ϵh
ϵl
, (5)

where We0 and We1 are the maximum electric energy
densities in the high-permittivity material and in the slot
region of the slot waveguide, shown in Fig. 1(a) (top),
respectively. As the slot is narrow, the electric energy
density remains high over the whole slot region. Thus,
the average electric energy density in the slot can be used
to approximately represent the maximum electric energy
density and it is greatly increased compared to the maxi-
mum electric energy density in a high-permittivity mate-
rial. As the magnetic field is conservative at the dielectric
boundary for non-magnetic materials and varies slowly
across the structure, the maximum magnetic energy den-
sity is nearly constant compared to that in the high-
permittivity material, and can also be represented by
the average magnetic energy density in the slot. There-
fore, the maximum electromagnetic energy density in the
slot, which is approximately equal to the sum of the av-
erage electric and magnetic energy densities in the slot,
is much higher than that in the high-permittivity mate-
rial. As the slot is narrow, the integral term in Eq. (1)
remains nearly constant. Thus, the mode area is ulti-
mately reduced.

The mode area can be further reduced by applying the
second electromagnetic boundary condition on the tan-
gential component of the electric field (denoted by 2nd-
BC). Figure 1(b) (bottom) shows the normalized elec-
tromagnetic energy density and electric vector distribu-
tions for an antislot waveguide, shown in Fig. 1(b) (top),
which is constructed by introducing a narrow nanoscale
high-permittivity antislot in the slot waveguide, shown
in Fig. 1(a) (top). Clearly, the electromagnetic field is
mainly confined in the high-permittivity antislot region,
known as the antislot effect [43]. This confinement results
from the conservation of the tangential component of the
electric field at the interface between two materials,

Et,l = Et,h, (6)

as shown in Fig. 1(b) (bottom, white arrows), where sub-
script t represents the tangential component of the field
with respect to the interface. Compared with the slot
waveguide, the maximum electric energy density is ap-
proximately increased by the factor

We2

We1
≈ ϵh|Et,h|2

ϵl|Et,l|2
=

ϵh
ϵl
, (7)

where We2 is the maximum electric energy density in
the antislot region of the antislot waveguide, shown in
Fig. 1(b) (top). Similarly to the above analysis, the aver-
age electric and magnetic energy densities in the antislot
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Fig. 1 (a–d) Structures (top), normalized electromagnetic energy density and electric vector distributions (bottom) of
different waveguide structures, where the slots and antislots are introduced in turn. The width and height of the blue
rectangular region are 300 nm and 150 nm, respectively. The width of the slot or antislot is 65 nm, 50 nm, 30 nm, and 15 nm
in sequence from (a) to (d). (e) Schematic illustration of our proposed ADB waveguide. Two identical dielectric wedges with
relative permittivity εd are separated by a nanoscale gap of g. The background medium is a dielectric of relative permittivity
εc. εd = 12.25 (Si) and εc = 2.25 (SiO2) at the telecommunications wavelength λ = 1550 nm. The Si wedge has a height of
h, and the wedge tip has an angle of α and its curvature radius is set as r = 10 nm [25]. The center of the ADB waveguide
defines the origin.

can be used to represent the maximum electric and mag-
netic energy densities, respectively. The average electric
energy density is significantly increased compared to the
maximum electric energy density in the slot waveguide,
while the average magnetic energy density stays nearly
constant. Thus, the maximum electromagnetic energy
density is nearly equal to the sum of the average elec-
tric and magnetic energy densities in the antislot and it
is enhanced compared to the slot waveguide, while the
numerator of Eq. (1) remains nearly constant. Thus, the
mode area is further reduced.

Combining the 1st-BC and 2nd-BC enables the re-
alization of deep subwavelength mode confinement for
an all-dielectric waveguide in two dimensions. As shown
in Figs. 1(a)–(d), the alternating introduction of low-
permittivity slots (i.e., employing 1st-BC) and high-
permittivity antislots (i.e., employing 2nd-BC) can con-
tinuously squeeze the mode in y- and x-directions, re-
spectively. The mode is finally confined in the last slot
or antislot region. The geometry becomes a bowtie shape
in the limit of infinite number of slots and antislots, as
shown in Fig. 1(e), while Fig. 1 shows the development
of the idea as well.

3 Waveguide structure and mode properties

The designed ADB waveguide is composed of two iden-
tical high-permittivity silicon (Si) wedges embedded in
a low-permittivity silica (SiO2) cladding. The separation
between the two Si wedges is indicated by g [Fig. 1(e)].
In our study described in the following, we varied the Si
wedge height (h), wedge tip angle (α), and the gap dis-
tance (g) to control the effective mode area and electro-
magnetic field distribution of the quasi-TM eigenmode

of our ADB waveguide at the telecommunications wave-
length (λ = 1550 nm). The relative permittivities of Si
and SiO2 at λ = 1550 nm were εd = 12.25 and εc = 2.25,
respectively. The radius of curvature of the wedge tip
was r = 10 nm [25]. Figure 2(a) shows the dependence
of the normalized mode area (Aeff/A0) on h and α at
g = 2 nm, where A0 is the diffraction-limited mode area,
defined as λ2/4, and Aeff is calculated by finite element
method (FEM) [44]. The normalized mode area decreases
at first and then increases with the increasing wedge
height for all considered wedge tip angles. For a small
wedge height and tip angle (h < 180 nm, α < 80◦), the
electromagnetic energy of the quasi-TM eigenmode dif-
fuses in the cladding [Fig. 2(b)], which results in a large
mode area [Fig. 2(a)]. Nevertheless, a large wedge height
(h > 300 nm) results in the spreading of the electromag-
netic energy to the Si wedges [Figs. 2(c) and (d)], which
also results in a large mode area [Fig. 2(a)]. At medium
wedge height (180 nm < h < 300 nm), the electromag-
netic energy of the quasi-TM mode is strongly confined
within the gap region in two dimensions [Figs. 2(e)–(g)],
resulting in a small mode area [Fig. 2(a)]. The white ar-
rows in Figs. 2(e)–(g) indicate the in-plane electric vector
distributions of the guided mode of our ADB waveguide.
Clearly, the major electric field component is parallel
with the y-direction, indicating that the guided mode of
the ADB waveguide is a quasi-TM mode. The quasi-TM
mode is an eigenmode of the proposed ADB waveguide,
and as there are no metal constituents the theoretical
loss is zero, which is consistent with the negligible imag-
inary part of the effective refractive index, calculated
by FEM. Interestingly, despite the lossless propagation,
the ADB waveguide still provides strong subwavelength
mode confinement comparable to its plasmonic counter-
parts [Fig. 2(a)].

Wen-Cheng Yue, et al., Front. Phys. 13(4), 134207 (2018)
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Fig. 2 (a) Normalized mode area (Aeff/A0) versus wedge height (h) at different wedge tip angles (α) for g = 2 nm.
(b)–(g) Normalized electromagnetic energy density distributions for [h, α] = [150 nm, 60◦], [400 nm, 60◦], [400 nm, 140◦],
[220 nm, 80◦], [200 nm, 100◦], and [190 nm, 120◦], corresponding to the points indicated in panel (a). The white arrows in
(e)-(g) indicate the in-plane electric vector distributions.

Fig. 3 (a) Normalized mode area (Aeff/A0) versus gap (g) for the same set of h and α as in Figs. 2(e)–(g). (b–e)
Electromagnetic energy density distributions at x = 0 for g = 2 nm, g = 4 nm, g = 10 nm, and g = 25 nm, show the
mode confinement in the gap region (no shading). The blue shaded areas represent the region of the two Si wedges. (f)
Electromagnetic energy density distributions at y = 0 for the same set of g as in (b)–(e) show subwavelength confinement
along the x-direction, the inset shows the FWHM of the mode. The parameters in (b)–(f) are h = 200 nm, α = 100◦.

Figure 3(a) shows the dependence of the normalized
mode area (Aeff/A0) on the gap (g) for the same set
of wedge heights (h) and wedge tip angles (α) as in
Figs. 2(e)–(g). The normalized mode area increases to-
gether with the gap and they achieve their minimum val-
ues at g = 0 nm, which corresponds to the case when the
ADB waveguide ends with an antislot. The gap stores the
electromagnetic energy, enabling subwavelength mode
confinement in two dimensions. This can be further
verified by the distribution of the electromagnetic en-
ergy density at x = 0 or y = 0. The electromagnetic

energy density at x = 0 for different gaps is shown in
Figs. 3(b)–(e), where the electromagnetic energy density
is normalized with respect to the maximum electromag-
netic energy density (Wmax) and the normalized mode
area (Aeff/A0). Clearly, the electromagnetic energy den-
sity decreases sharply in the region of the two Si wedges,
demonstrating a subwavelength mode confinement in the
y-direction for all considered g values. Figure 3(f) shows
the electromagnetic energy density at y = 0 for the same
set of gaps as in Figs. 3(b)–(e). Similarly, the electro-
magnetic energy density is normalized with respect to
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Fig. 4 Effective refractive index (neff ) of the quasi-TM
eigenmode versus wedge height (h) for different tip angle (α)
when g = 2 nm. The black line represents the refractive index
of the cladding.

Table 1 Minimum normalized mode areas (Aeff/A0) and
the corresponding wedge height (h) for different tip angle (α)
at g = 2 nm.

α 20◦ 40◦ 60◦ 80◦ 100◦ 120◦ 140◦ 160◦

h (nm) 330 280 240 220 200 190 180 170

Aeff/A0 (10−3) 11.2 7.3 5.2 4.5 4.5 4.9 6.9 12.3

the maximum electromagnetic energy density and the
normalized mode area. The inset in Fig. 3(f) shows the
full-width at half-maximum (FWHM) of the mode. The
FWHM is much smaller than the wavelength, indicating
a subwavelength mode confinement in the x-direction.

In order to obtain a better understanding, we analyzed
the dependence of the effective refractive index (neff )
of the quasi-TM eigenmode on the h and α values at
g = 2 nm (Fig. 4). The parameters in Fig. 4 are the same
as in Fig. 2(a), and the black line in Fig. 4 represents the
refractive index of the cladding. The effective refractive
index of the quasi-TM eigenmode increases together with
the wedge height (h) and tip angle (α). A smaller wedge
height and tip angle results in the effective refractive
index to become closer to that of the cladding, result-
ing in diffused electromagnetic energy in the cladding
[Fig. 2(b)]. At a certain wedge tip angle, a wedge height,
where the mode area is minimal always exists [Fig. 2(a)].
Furthermore, the smaller the tip angle, the larger the
corresponding wedge height where the minimum mode
area is achieved. Table 1 shows the minimum normalized
mode areas and corresponding wedge heights for different
wedge tip angle values when g = 2 nm. These minimum
normalized mode areas are mainly in the order of mag-
nitude of 10−3. When h = 200 nm and α = 100◦ or
h = 220 nm and α = 80◦, the smallest normalized mode
area of 4.5 × 10−3 can be achieved for g = 2 nm, which
is approximately 1.3 times smaller than that of the hy-
brid plasmonic waveguide at the same gap [17]. As the
gap distance further decreases (g −→ 0), a much smaller
mode area can be expected [Fig. 3(a)].

4 Conclusions

We proposed a novel design for an all-dielectric waveg-
uide. In contrast to the conventional dielectric waveg-
uides, where the guidance of light is based on total in-
ternal reflection, the all-dielectric waveguide is designed
based on the use of the 1st-BC and 2nd-BC. The al-
ternating use of the 1st-BC and 2nd-BC can contin-
uously squeeze the mode in y- and x-directions, re-
spectively. Eventually, an all-dielectric bowtie waveg-
uide is achieved in the limit of infinite number of in-
terlocked low-permittivity slots (i.e., employing 1st-BC)
and high-permittivity antislots (i.e., employing 2nd-BC).
The ADB waveguide realized both deep subwavelength
mode confinement in two dimensions and a theoreti-
cally lossless propagation simultaneously. By manipulat-
ing the geometric design, the mode can be flexibly con-
fined in the high-index or low-index regions for different
applications. These enable a wide range of possible ap-
plications for the ADB waveguide in several fields, such
as improving the efficiency of near-field optical probes
[45], avoiding nonlinearity in high-index materials [41],
increasing the integration density of optical integrated
circuits [4], enhancing fluorescence signals in bioimaging
applications [46], and increasing the sensitivity of optical
sensing [2].
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