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ABSTRACT We report the realization of strongly confined low-loss optical waveguiding at telecommuni-
cation wavelength by exploiting the hybridization of photonic modes guided by coupled dielectric mode
and Bloch surface polaritons on the interface between one-dimensional photonic crystal and dielectric
nanowire. Owing to the combined effects induced by the coupling between two types of guided modes, tight
field localization in conjunction with significantly lower propagation loss can be achieved simultaneously.
The characteristics of the hybrid modes are comprehensively numerically investigated through tuning key
structural parameters of the coupled dielectric nanowire and its distance to the photonic crystal surface. The
hybrid mode could effectively balance the compromise between the mode confinement and propagation loss
for a wide geometrical parameter range. It reveals the hybrid mode is capable of enabling larger propagation
distance (centimeter level) with subwavelength mode confinement, leading to a high figure of merit nearly
one order of magnitude larger as compared to the conventional hybrid waves in dielectric-metal-based surface
plasmon waveguides over the range of dimensions considered. The outstanding properties of the proposed
guiding scheme could open up possibilities for a variety of high-performance intriguing nanophotonic

components.

INDEX TERMS Optical waveguides, photonics, surface waves.

I. INTRODUCTION

Featuring simultaneously extraordinary optoelectronic prop-
erties and strong compatibility with chemical synthetic
methods, dielectric-nanowire waveguides that enable ultra-
low-loss lightwave transportation have been regarded as one
of the most fundamental building blocks for photonic inte-
grated components and circuits [1]-[5]. However, despite
their attractive performance in long-range light transmis-
sion, the poor field confinement capability of these struc-
tures greatly hinders the further downscaling of the optical
mode size beyond the diffraction limit. A promising strat-
egy to overcome this limitation is to integrate them with
metallic structures. Surface plasmon polaritons (SPPs), which
employ the surface electromagnetic waves in the metallic
nanostructures, has remarkable capability to manipulate light
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at the subwavelength scale beyond the diffraction limit.
The extraordinary feature could miniaturize the physical
dimensions of photonic components and has been regarded
as a promising candidate in ultracompact photonic devices
[6]-[11]. By combining metal with high-index nanowire,
hybrid plasmonic waveguides (HPWs) have attracted partic-
ular attention [12]-[20]. The strong hybridization between
plasmonic and dielectric modes enables efficient light trans-
portation at deep subwavelength scale in conjunction with
reasonable propagation distance, which outperforms the
pure dielectric nanowires and conventional SPP structures.
Despite the fact that the hybridized structures could improve
the guiding performance to a certain extent, the associ-
ated Ohmic loss induced by the SPP metallic structures
still restricts their further implementations in some practical
applications. A variety of modified HPW waveguiding con-
figurations have been proposed and demonstrated to alleviate
the compromise between mode confinement and propagation
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loss [21]-[25]. However, the additional fabrication complex-
ity brought in design is a major challenge in practical imple-
mentations of many modified HPW structures. Therefore,
exploiting guiding configurations that could further improve
the balance between filed confinement and modal loss, and
thus allowing high compatibility with practical implementa-
tions remains a topic of active research.

Another technology that rivals SPPs is Bloch surface
polariton (BSP) based counterparts excited in the all-
dielectric truncated periodic multilayer structures [26]-[28].
Similar with SPP, BSP exhibits remarkable electric field
enhancement at the surface, offering a promising route in
high-performance light guiding and transmission [29], [30].
In contrast to SPP, BSP exhibits some unique capabilities
for the realization of photonic components. Owing to the
elimination of metal in the periodic dielectric stack, BSP
waveguide could facilitate ultra-low-loss light transporta-
tion and thereby the propagation distance of the guided
modes can be dramatically extended. Besides, in contrast
to its SPP counterparts, the BSP structures can be designed
more flexible at a much wider operating wavelength by
either p- or s- polarization through engineering key struc-
tural parameters of the coupled dielectrics. Furthermore,
by adopting semiconductor material, BSP structures could
provide high refractive index contrast and thereby support
tight field confinement. The applications of BSP structures
in waveguiding schemes [31]-[34], optical sensing and fluo-
rescence enhancement have been investigated and reported in
recent years [35]-[42]. However, like other dielectric-based
waveguides, the further downscaling of light to the sub-
wavelength scale is still restricted by the diffraction limit,
due to the excitation of BSP mode based on the internal
reflection and refraction between multilayer dielectric layers.
This poses a great threat to their practical implementations
in the realization of high-performance integrated photonic
devices. By integrating metal films and periodic multilayer
structures, several typical studies have been proposed and
demonstrated based on the hybridization between BSP mode
and SPP mode, which show the prospect in enabling effec-
tively balance between the mode confinement and propaga-
tion loss [43]-[45]. Nevertheless, compared with their SPP
counterparts, limited attention has been paid to the research
of improving the guiding performance of BSP in photonic
components and devices up to date.

Here in this paper we would like to look into a more general
waveguide configuration by integrating dielectric nanowire
waveguides with BSP structures. For the investigated hybrid
BSP waveguide, a truncated one-dimensional (1D) photonic
crystal (PC) structure is explored to ensure the excitation of
BSP mode. Leveraging their outstanding ability for ultra-low
propagation loss and aiming at achieving simultaneous sub-
wavelength field confinement. Comprehensive investigations
on the guiding performance of the hybrid mode are conducted
by tuning the waveguide’s structural key parameters includ-
ing the coupled dielectric nanowire and its distance to the
truncated 1D PC structure surface. Owing to the hybridization
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FIGURE 1. Schematic diagram of the investigated hybrid waveguide.

between dielectric mode and BSP mode, the optical mode
size can be squeezed down to the subwavelength scale while
maintaining their remarkable, ultra-low-loss feature. In addi-
tion, the FOM (figure of merit) is carried out to provide
a deeper understanding of their applications. The proposed
structure could enable highly efficient light transmission in
constructing integrated photonic devices.

Il. GEOMETRY AND OPTICAL PROPERTIES OF THE
PROPOSED HYBRID WAVEGUIDE
Fig. 1 shows a schematic of the proposed hybrid BSP waveg-
uide (HBSPW), where a high-index dielectric nanowire is
separated from a truncated 1D PC dielectric multilayer
stack with a homogeneously thick low-index dielectric filling
the gap between the nanowire and multilayer stack. The
high-index dielectric nanowire is buried in air cladding and
the material of which is chosen as silicon (Si) with the radius
denoted as r. The truncated 1D PC dielectric multilayer stack
is configured to enable the excitation of BSP mode at the
operating wavelength of A = 1550 nm for an s-polarized
input light using transfer matrix method [26]. It comprises
of 7 alternating periods of high-index and low-index dielec-
tric layers, with a terminated truncated high-index layer.
In order to provide high compatibility with silicon photonic
devices, the high-index and low-index dielectric layers are
chosen as silicon (Si) and silica (SiO»), respectively. Through
engineering key structural parameters, the thicknesses of sil-
icon and silica in each layer are set as tg = 234 nm and t;, =
320 nm respectively, while the thickness of the terminated
truncated layer is tuned to optimize the mode characteristics
and denoted as t;. The low-index gap layer is assumed to be as
silica as well, and the size of the gap is represented by g. For
the considered wavelength, the refractive indices of Si, SiO»,
and air are taken as ngy = 3.476, n;, = 1.444, and n. = 1,
respectively. In the following, the modal characteristics of
the proposed waveguide are investigated in detail using the
finite-element method (FEM) based on COMSOL™, and the
guiding properties are analyzed by solving the eigenmode
value with scattering boundary condition.

As a simple demonstration, we start our investigation by
looking into the optical properties of the BSP mode sustained
by the traditional truncated 1D PC structure. The thickness
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FIGURE 2. Band structure of the 1D PC structure for s-polarized input. The green region is the allowed band and the grey
region is the band-gap. Dashed red line: light line for the excited mode effective index. Black solid circle: BSP mode.

(b) Two-dimensional (2D) electric field distributions and the corresponding one-dimensional (1D) normalized field plots
(c, d) of the BSP mode sustained by traditional truncated 1D PC structure with t; = 125nm. Inset in (d): the field profiles
are taken at the center of the truncated layer (horizontal dotted line) for (c) and (vertical dotted line) for (d) respectively.

of the truncated layer is chosen as t; = 125 nm to guarantee
the excitation of BSP mode. To demonstrate the excitation
of BSP mode, the photonic band gap distribution of the
1D PC structure is calculated using transfer matrix method
for s-polarized incidence [46]. As illustrated in Fig. 2(a),
the allowed bands are indicated by the green regions and the
forbidden bands are with the gray ones. The two dimensional
(2D) electric field distribution of the excited BSP mode is
investigated and depicted in Fig. 2(b), it shows that the elec-
tric filed is highly enhanced and confined in the truncated
layer, indicating the excitation of the optical surface mode
in the planned structure. Nevertheless, as shown in Fig. 2(c)
and (d), for the 1D cross-sectional electric field distributions
along the horizontal (x axis) and vertical (y axis) directions,
the electric field is highly squeezed in the y direction while
with a widespread distribution in the x direction, which
would be not conducive to the application in integrated opto-
electronic devices. For the considered working wavelength,
the excitation position of the BSP mode is marked in the
band structure by plotting the light line for the excited mode
effective index in Fig. 2(a), we can observe that the BSP mode
justlocates inside the band gap of the band structure, ensuring
the confinement of the mode on the surface.

Subsequently, the characteristics of the fundamental hybrid
BSP mode sustained by the proposed HBSPW are briefly
investigated first. Simulation results of the electric field dis-
tributions for the fundamental hybrid mode are depicted
in Fig. 3. Similarly, both 2D modal profiles as well as the
1D cross-sectional electric field distributions are plotted to
clearly demonstrate the field enhancement and confinement
inside the truncated layer. As revealed in Fig. 3, with the
geometric parameters of the proposed HBSPW are fixed at
tr = 125 nm, r = 150 nm, and g = 20 nm, owing to
the hybridization of the dielectric mode and the BSP mode,
the electric field is tightly squeezed and enhanced in the
truncated layer and the gap region, showing a dramatic field
confinement over the traditional BSP mode sustained by the
1D PC multilayer structure as shown above. In addition to the
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FIGURE 3. Two-dimensional (2D) electric field distributions (a) and the
corresponding one-dimensional (1D) normalized field plots (b, c) of the
hybrid BSP mode guided by the proposed HBSPW structure with

g = 20nm, t; = 125nm and r = 150nm. Inset in (c): the field profiles are
taken at the center of the truncated layer (horizontal dotted line) for
(b) and the dielectric nanowire (vertical dotted line) for (c) respectively.

prospect of enabling stronger optical confinement, the pro-
posed HBSPW offers possibilities for achieving improved
propagation distance over the traditional BSW, due to the gap
introduced between the two coupled structures.

Ill. MODAL ANALYSIS OF THE PROPOSED HYBRID
WAVEGUIDE

In order to obtain a comprehensive understanding of the opti-
cal performance of the proposed HBPSW structure, we con-
duct further investigations on the key geometric parameters’
effects on the guided modes’ properties. The hybridization
between the dielectric mode and BSP mode can be optimized
through tuning the gap size and other structural parameters
of the waveguide, and thus enables efficient compromise
between field confinement and propagation loss. Therefore,
we first investigate the effect of the gap size on the properties
of the guided hybrid BSP mode for waveguides with different
truncated layer thicknesses. By fixing r at 150 nm and the
truncated layer thickness t; at 125 nm, increasing the gap
size from 0 nm to 60 nm, the evolution of the field profiles
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FIGURE 4. (a)-(d) Electric field distributions of the hybrid mode: (a) g=0nm; (b) g=20nm; (c) g=40nm;
(d) g=60nm. Dependence of the modal properties on the gap size for different truncated layers:

(e) modal effective index (ngsf); (f) propagation length (L); (g) normalized mode area (Aqfr /Ag):

(h) confinement factor in the considered gap region (T).

together with the field distributions of the hybrid mode for
waveguides with the variation of gap size are depicted in
Fig. 4(a)-(d). As clearly illustrated from the field profiles
shown in the figures, by continuously increasing the gap
size, the field profiles vary significantly as observable in the
truncated layer and the gap region. When the gap size is small
(g = 0 nm), the field is mainly confined at the gap region
between the nanowire and the truncated layer, corresponding
to the strongest coupling between the BSP and dielectric
mode. As the gap size gets larger, the energy begins to shift
towards the truncated layer. A further increase in the size of
gap layer (e.g., g = 40 nm) results in the field enhancement
shrinks in the gap region and the field localization decreases
due to the weaker coupling between the BSP mode and
dielectric mode. Finally, almost all of the energy could be
stored inside the truncated layer when the gap size reaches
a certain value (e.g., g = 60 nm), corresponding to the BSP-
like mode. It is illustrated that with the varying of the gap
size, the widened gap size results in the weakened field con-
finement from subwavelength field localization which will be
quantitatively discussed in the following.

The hybrid modes’ properties against the variation of
the gap size are further investigated in order to gain deep
understanding of the optical performance for the waveguide.
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The key modal parameters characterized the propagation
mode include the mode effective index (.4 ), the propagation
length (L), the normalized mode area (A.y/Ao), and the
confinement factor (I'). Where, the mode effective index is
the real part of the complex modal effective index Ny . The
propagation length featured the effective propagation loss of
the mode is calculated using L = A/[4mIm(Ng)], whereas
the effective mode area A,y is calculated using the same
method asin [12], [47], and A is the diffraction-limited mode
area defined as A%/4. The confinement factor is defined as
the power ratio confined in the considered region to the total
power of the waveguide.

As illustrated in Fig. 4(e)-(h), relatively dramatic modal
behaviors can be observed within the whole parameter range,
subwavelength mode size in conjunction with long propaga-
tion distance can be obtained concurrently. The continuously
broadened gap size between the dielectric nanowire and mul-
tilayer dielectric stack has resulted in monotonic behavior in
the modal effective index, the effective mode area and the
power ratio inside the gap region, while leading to more com-
plicated trends in the propagation length. From the results, it
indicates that the optical performance of the hybrid mode is
quite nice and tolerant to the deviations of the gap size. For
waveguides with small gap size (e.g. g < 35 nm), the closely
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FIGURE 5. (a)-(d) Electric field distributions of the hybrid mode on the radius of the dielectric nanowire: (a) r=80nm;
(b) r=120nm; (c) r=160nm; (d) r=200nm. (e)-(j) Dependence of the modal properties on the radius of the dielectric
nanowire for different gap sizes: (e) modal effective index (ngff); (f) propagation length (L); (g) normalized mode area
(Aeff /Ag); (h) confinement factor in the considered gap region (I').

spaced multilayer dielectric stack and the dielectric nanowire
strengthen the coupling between BSP and dielectric modes,
leading to increased attenuation when the gap gets smaller.
As the size of the gap gradually increases, the propagation
distance enlarges along with a little sacrifice of the mode
confined capability. As can be seen from Fig. 4(f), the prop-
agation length of the hybrid mode can maintain at the mil-
limeter level. Decreasing of the thickness of the truncated
layer t; could lead to further increased propagation distance,
reaching centimeter level, while the corresponding mode area
can be still held within the subwavelength scale. This marked
feature of the proposed hybrid mode greatly facilitates the
goal of achieving ultra-long propagation distance with sub-
wavelength waveguiding. The translation occurs at moderate
g (e.g. g = 35 nm), where the lowest propagation loss can
be obtained. When the size of the gap is relatively large (e.g.
g > 35 nm), the overall characteristics of the waveguide is
mainly determined by the multilayer dielectric stack, result-
ing in increased propagation loss along with decreased field
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localization. The investigated mode properties combined
with the corresponding field distributions indicate that the
hybridized configuration could effectively confine the mode
into subwavelength scale with ultra-low propagation loss.
To further reveal the guiding properties of the proposed
hybrid waveguide, we then turn to explore the effect of the
size of the dielectric nanowire on the guided mode’s perfor-
mance. In Fig. 5(a)—(d), the evolution of field profiles of the
guided mode with the variation of dielectric nanowire are
investigated. In order to simultaneously achieve both mod-
erate propagation loss and small mode area, the thicknesses
of the truncated layer and gap size are fixed at t; = 125 nm
and g = 20 nm respectively, while the size of the dielec-
tric nanowire r varies within the range of 70 to 200 nm.
As clearly demonstrated from the field profiles depicted
in figures, an increase in the size of dielectric nanowire leads
to the evolution of mode field from spreading inside the
truncated layer toward concentrating inside the gap region
and finally moving to the nanowire, corresponding to the
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FIGURE 6. Dependence of the FOM on the gap size and the radius of the dielectric nanowire: (a) FOM for
different gap sizes, based on the results in Figure 4; (b) FOM for different nanowire sizes, corresponding to the

results in Figure 5.
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hybrid mode behavior from BSP-like to dielectric-like. Indi-
cated by the significant field enhancement and confinement
inside the gap region, the hybridization between the BSP
and dielectric modes is illustrated. Similar to the gap thick-
ness studied above, the modal properties with the variation
of the nanowire radius are further investigated to demon-
strate the propagating capability. As can be noted, for the
whole considered parameter region, the hybrid mode featured
long propagation distance in conjunction with subwavelength
mode confinement. In Fig. 5(e), as the nanowire gets bigger,
the mode effective index n.y increase monotonically. This
trend seems more obvious for relatively large nanowire with
a smaller gap size, due to the stronger interaction between the
BSP and dielectric modes. Enlarging the dielectric nanowire
leads to an extended propagation distance in combined with
enhanced optical confinement with a decreasing mode area,
owing to the increasing mode confinement in the low-index
gap region. As revealed, the proposed structure effectively
equilibrium the tradeoff between the propagation loss and
mode confinement ability, which is superior to many of the
existed hybrid waveguide schemes. As the nanowire gets to
a moderate size, a shortened propagation distance with a

191800

120 140

r (nm)

(b)

160

180

200

Y

Y

\ s

>
o & 7

L gl
S22~

z

80

100 120 140

r (nm)

(©

160 180 200

the dielectric nanowire: (a) propagation length (L); (b) normalized mode

decreased mode area can be observed, which can be attributed
to the energy movement towards the nanowire. Simultane-
ously, for the decreasing gap size, reduced mode size and
nonmonotonic propagation distance can be observed, which
is consistent with the above discussions on the gap size.
The corresponding confinement factor is also clearly denoted
in Fig. 5(h), the mode confinement ability inside the gap
region is calculated to indicate the transformation of optical
power. It shows that the power ratio resided in the gap region
slightly decreases. Our investigation also indicates the power
ratio within the truncated layer declines gradually, while
continuous enhancement in the confinement factor can be
achieved inside the dielectric nanowire. The result is consis-
tent with the field distributions shown in Fig. 5(a)-(d).

IV. FIGURE OF MERIT OF THE PROPOSED HYBRID
WAVEGUIDE

To further benchmark the guiding properties of the hybrid
BSP mode sustained by the proposed HBSPW structure.
A figure of merit (FOM) dependent on the key geometric
parameters is introduced to characterize the superiority. The
FOM is defined as the ratio of the propagation length to the
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effective mode size 2(A.q / 7)1/2. As shown in Fig. 6(a), when
the gap layer varies from 0 to 60 nm, originating from the
evolution of the coupled mode as investigated above, the non-
monotonic behavior of FOM can be observable. Under the
considered geometric parameter ranges, a thinner truncated
layer at the multilayer dielectric surface could result in strong
field confinement leading to enhanced FOM. From Fig. 6(b),
we can observe that the FOM values from 10 to 10, and rela-
tively high FOM can be obtained with the gradually increased
gap and nanowire size, which can be attributed to the sig-
nificantly increased propagation distance. As the gap size
further increases, the FOM decreases along with the reduced
propagation length and the sustainable enlarging mode area.
On the other hand, originating from the combined effects of
the thickened gap size and the increased nanowire, higher
FOM values are accomplishable at a moderate nanowire size
for a fixed gap size in the case of strong coupling hybrid
mode. These results are consistent with the conclusions made
in previous discussion.

To gauge the excellent optical performance of the proposed
HBSPW, the properties of the fundamental plasmonic mode
guided by the conventional HPW consisting of a dielec-
tric nanowire supported by a metallic substrate with a low-
index sandwiched gap in air cladding is also calculated.
For fair comparison, the high-index dielectric nanowire is
also selected as Si, and the radius of which are also set
within the range 70-200nm, the gap size selected as SiO;
is fixed at 20nm, 40nm, and 60nm respectively. Similar
with the reported conventional HPW [12], the metallic sub-
strate is chosen as Ag and the refractive index of which
is n, = 0.1453 + 11.3587i. As shown from the results
in Fig. 7, we can see that under the considered parameter
range, the propagation distance of the HPW travels from
microns to a millimeter with a deep subwavelength mode
confinement. It reveals that the effective mode area of the
proposed HBSPW (see Fig. 5(g)) is slightly larger than that
of the corresponding HPW. However, the propagation loss
of the proposed HBSPW (see Fig. 5(f)) in these cases is
significantly lower when compared to the conventional HPW.
The drastically reduced propagation loss of HBSPW also
leads to ultra-high FOM value, which is nearly one order
of magnitude larger than that of HPW (see Fig. 6(b) and
Fig. 7(c)). The results confirm the superior guiding properties
of the proposed waveguiding scheme in offering long-range
propagation distance with subwavelength mode confinement.

V. CONCLUSION

In conclusion, we have investigated the guiding properties
of a hybrid BSP waveguide structure that consists of a
dielectric nanowire placed on a 1D PC multilayer dielectric
stack. The comprehensive understanding of the waveguide’s
performance could be enabled by tuning the key structural
parameter including the size of the gap layer, dielectric
nanowire and the thickness of the truncated layer. The investi-
gations reveal that simultaneous realization of subwavelength
light transportation and ultra-low propagation loss can be
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achieved under appropriate geometric parameters through
the hybridization of BSP mode and dielectric mode. The
proposed structure shows high compatibility with standard
fabrication techniques and can be readily realized by employ-
ing atomic layer deposition (ALD) and chemical synthesis
methods, exhibiting appealing potential capabilities in the
realization in integrated photonic devices.
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