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We report the realization of low-loss optical waveguiding at telecommunication wavelength by exploiting
the hybridization of photonic modes guided by coupled all-dielectric nanowires and plasmon waves at
planar metal-dielectric interfaces. The characteristics of the hybrid plasmon polaritons, which are yielded by
the coupling between two types of guided modes, can be readily tuned through engineering key structural
parameters of the coupled nanowires and their distances to the metallic surfaces. In addition to exhibiting
significantly lower attenuations for similar degrees of confinement as compared to the conventional hybrid
waves in single-dielectric-nanowire-based waveguides, these hybridized plasmonic modes are also capable
of enabling reduced waveguide crosstalk for comparable propagation distances. Being compatible with
semiconductor fabrication techniques, the proposed guiding schemes could be promising candidates for
various integrated photonic devices and may lead to potential applications in a wide variety of related areas.

eaturing simultaneously the size of nanoelectronics and the speed of microphotonics’, surface plasmon

polariton (SPP) structures that exploit engineered micro/nano-metallic configurations have been identified

as promising building blocks for the next-generation integrated optical components and circuits>®. Among
the wide variety of plasmonic waveguiding configurations being investigated®, including metal nanoparticles'
and nanowires'' ", thin metallic stripes'®, wedges'’~'*/grooves*’/slots*' ** cut into metal substrates, coaxial plas-
monic structures®**® and dielectric ridges on metal surfaces®”*°, hybrid plasmonic waveguides (HPWs) represent
a class of competitive candidates for light confinement and transport at the sub-diffraction-limited scale because
of their subwavelength mode size, reasonable propagation distance, low waveguide crosstalk and broadband
feature®**. By taking full advantages of the remarkable optical properties of hybrid plasmonic structures,
numerous integrated optical devices, including plasmon nanolasers®**, modulators®, directional couplers**~*,
splitters* and ring-resonators*>*® have been theoretically proposed and experimentally demonstrated. Moreover,
these HPWs enable a number of intriguing applications as well, such as giant optical forces*”*, enhanced
molecular fluorescence®, strengthened nonlinear interaction®>* and bio(chemical) sensing™.

In addition to the significant efforts devoted to the practical implementations of hybrid plasmonic schemes,
substantial attention has also been paid to an expanding family of modified hybrid structures with unique optical
properties®. In contrast to the conventional hybrid waveguides that exploit the coupling between dielectric and
one-dimensional (1D) surface plasmon waves at planar metal-dielectric interfaces®"*?, these new types of hybrid
configurations fully leverage the hybridization of dielectric modes and two-dimensional (2D) plasmon polaritons,
which include tightly localized plasmonic modes in metal strips™~’, wedges®®* (ridges®*)/grooves®
(trenches®)/slots***’/nanowires®** 7 as well as low-loss plasmon modes such as long-range SPPs”'7”.
Although these modified HPWs promise reduced mode size or extended propagation distance as compared to
their traditional hybrid counterparts, the simultaneous realization of mitigated modal attenuation in conjunction
with enhanced field confinement is still out of reach for most of these designs. On the other hand, the critical issue
of enhancing hybrid waveguides’ properties based on modifications of dielectric nanostructures have so far
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received limited attention””’, which may potentially lead to further

reduction of the modal attenuation of hybrid plasmon polaritons
(HPPs) without compromising their confinement capability.

Here in this work, we propose and numerically demonstrate a
novel kind of HPWs by integrating coupled all-dielectric nanowire
structures with metallic surfaces, which we refer to as hybrid coupled
nanowire plasmonic waveguides (HCNPWs). As we will show later,
the hybridization of coupled dielectric modes with SPPs could lead to
high-performance HPPs featuring both tight field localization and
low propagation loss. By tuning key structural parameters of the
waveguides, the coupling between dielectric and plasmonic modes
can be readily controlled. Optimized configurations could enable a
satisfactory compromise between optical confinement and modal
attenuation, leading to improved optical performance over conven-
tional HPWs. In the following, comprehensive numerical investi-
gations regarding the dependence of modal properties on waveguides’
physical dimensions will be conducted at telecommunication wave-
length. Furthermore, we will also reveal the crosstalk property
between adjacent HCNPWs and discuss some of the interesting
applications that could potentially be enabled by these hybrid
structures.

Results

The geometry of the proposed HCNPW is shown schematically in
Fig. 1, which comprises a vertical high-index dielectric nanowire pair
right above a metallic substrate, with a nanoscale low-index dielectric
gap between the lower nanowire and the metal surface. The guiding
properties of this hybrid configuration are investigated by using a
finite element method (FEM) based software COMSOL™., Without
loss of generality, we use a representative wavelength of 1550 nm and
set the permittivities as g = 12.25 (GaAs), . = 2.25 (Si0,) and g, =
—129 + 3.3i% (Ag), respectively. In the numerical studies, dielectric
nanowires with circular cross-sections are chosen as a proof-of-con-
cept. While our calculations show that comparable guiding perform-
ance can also be enabled by hybrid configurations with elliptical-,

Figure 1| Schematic of the hybrid coupled nanowire plasmonic
waveguide, which comprises two vertically spaced high-index dielectric
nanowires separated from a metal substrate by a nanoscale low-index
dielectric gap. The gap region is defined as the area of low-permittivity
dielectric between the nanowires and the metal substrate. The radii of the
upper and lower dielectric nanowires are R and r. The size of the slot
between two nanowires is denoted by s, whereas the distance of the gap
between the lower nanowire and the metal substrate is g. The permittivities
of the high-index dielectric nanowires, low-index dielectric gap/cladding
and metal surface are g4, €. and &,,, respectively.

triangular-, rectangular-, trapezoidal-shaped or other similar dielec-
tric nanostructures incorporating ‘slot-like’ features.

We start our investigation by looking into the optical properties of
HCNPW with kissing nanowires (i.e. s = 0 nm) directly loaded at the
metal substrate, which corresponds to the condition g = 0 nm. To
reveal the deep-subwavelength confinement and low loss feature of
HCNPW, we calculate the dependence of the fundamental hybrid
mode’s characteristics on the dimensions of the dielectric nanowires.
The considered modal properties include the real part of the modal
effective index (n.4 = Re(N,p)), the propagation length (L) and the
normalized mode area (A 4/ Ao). As illustrated in Figs. 2 (a)-(b), non-
monotonic trends can be observed for both the propagation distance
and the mode area, which are quite similar to the optical behaviors of
conventional HPWs*' and nanowire-loaded surface plasmon polar-
iton waveguides (NLSPPW3s)”®. The hybrid mode features low loss, in
combination with large mode size when the radius of the upper
nanowire approaches the two limits of R ~ 50 nm and R ~
250 nm, respectively. Our calculations indicate that the power con-
fined inside the high-permittivity nanowires enhances continuously
as R gradually increases, whereas the power ratio within the gap
region experiences a non-monotonic trend with the variation of R.
In addition to quantitatively resolving the mode power in detail, the
field confinement and enhancement in each region of the waveguide
can also be revealed by plotting the corresponding electric field dis-
tributions of the guided modes. As illustrated in Figs. 2 (e)-(j), the
most significant field enhancement inside the gap region occurs at R
~ 110 nm, around where the minimum of both mode area and
propagation distance can be observed as well. Under these circum-
stances, the proposed HCNPW demonstrates considerably smaller
mode size than NLSPPW, while simultaneously exhibiting lower
mode attenuation. As clearly shown in Figs. 2(a) and 2(b), in addition
to enabling larger propagation distance, the mode area of HCNPW
with a lower nanowire radius of 2 nm can be more than one order of
magnitude smaller than that of the corresponding NLSPPW as well,
which suggests a clear improvement in the guiding performance. The
pronounced local field enhancement and tight optical confinement
of HCNPW can be attributed to the continuities of the displacement
fields at GaAs-SiO,-GaAs and GaAs-SiO,-Ag interfaces, which lead
to strong normal electric field components within both the slot and
gap regions. These effects are further amplified by the dominant
electric field components that are normal to the interfaces, and
enhance significantly as the slot/gap diminishes. Calculation of the
waveguide’s figure of merit (FoM), which is defined as the ratio
between the propagation length and the effective mode diameter
2(A.4/m) /2", indicates that nearly five-fold enhancement in FoM
can be enabled by HCNPW as compared to its conventional
NLSPPW counterpart.

In order to gain a better understanding in the above optical beha-
vior of HCNPW, we calculate the modal effective index, and show the
mode character (see methods) of the hybrid modes with different
structural parameters. Owing to the continuously enhanced dielec-
tric-like-feature of the hybrid mode, the modal effective index exhi-
bits monotonic increase with gradually enlarged upper dielectric
nanowire. As illustrated in Fig. 2 (d), the non-monotonic optical
behaviors of propagation distances and mode areas shown in
Figs. 2(a) and 2(b) originate from the transition of the mode char-
acter from SPP-like toward dielectric-like, which can be attributed to
the varied coupling strength between the coupled dielectric nanowire
modes and SPPs. In addition to changing the size of the upper dielec-
tric nanowire, the hybridization between dielectric and plasmonic
modes in HCNPW can also be tuned through controlling the size of
the lower nanowire. The point of strongest coupling, where the
hybrid mode exhibits equal dielectric and SPP characteristics (i.e.
|a]* = 0.5), corresponds to the condition ncyw = nsppw. Here
nenw and ngppy are the effective indices of coupled dielectric nano-
wire mode and SPP at 1D Ag-SiO, interfaces, respectively. By con-
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Figure 2 | Modal properties and field profiles of HCNPWs with different nanowires (s = g = 0 nm). (a)-(d) Dependence of HCNPW’s modal
properties on the radius of the upper nanowire (R): (a) propagation length (L); (b) normalized mode area (A.4/Ap); (c) modal effective index (1,5);
(d) mode character (lal?). Dashed and dash-dotted black lines in (a) correspond to propagation distances of pure SPP modes at Ag—SiO, and Ag-Si
interfaces. The results of NLSPPW (corresponding to the case of r = ¢ = 0 nm) are also plotted for comparisons. The inset in (c) shows schematically the
cross-section of the studied HCNPW. (e)—(j) Normalized electric field distributions for different structures (corresponding to the points indicated in
(b)): (¢) r=5nm, R =50 nm; (f) r =5 nm, R = 110 nm; (g) r = 5 nm, R = 200 nm; (h) r = 40 nm, R = 50 nm; (i) r = 40 nm, R = 90 nm;

(j) r =40 nm, R = 200 nm. Arrows in the 2D field panels indicate the orientations of the electric fields. Note that all the fields are normalized with respect

to the power flow in the cross-sections.

tinuously increasing r, the critical coupling radius R would decrease
correspondingly. It is seen in Fig. 2 (d) that the critical hybridization
radius R is around 110 nm for r = 2 nm, while reducing down to
~90 nm for r = 40 nm. At the strongest coupling condition, the
mode areas of HCNPWs can be nearly four orders of magnitude
smaller than the diffraction-limited area in free space (4, = 4°/4).
Such deep-subwavelength optical confinement, which is much stron-
ger than that achieved by conventional HPWs, arises from the effi-
cient hybridization of SPP at SiO,/Ag interface and the ‘slot-like’
coupled delectric nanowire mode featuring tight field localization.
To further reveal the potential of HCNPW in enabling low-loss
propagation, we investigate the effect of the slot size and gap distance
on the guided mode’s properties. In the numerical studies, the radius
of the lower nanowire is fixed at 5 nm to ensure both small mode size
and moderate attenuation. We first vary the gap size and the upper
nanowire radius to control the modal characteristics, while fixing the
gap distance at 0 nm. For the considered slot sizes, similar optical
behaviors with non-monotonic trends can be observed in propaga-
tion distances, mode areas and field enhancement inside the gap
region, as illustrated from the curves in Figs. 3(a)-(b) and the cor-
responding electric field plots in Figs. 3(e)-(j). The propagation
lengths of the hybrid mode can be increased, up to more than
100 pm, through adopting larger s, while still capable of maintaining
a subwavelength mode area more than one orders of magnitude

smaller than the diffraction-limited area in free space. By fixing R
at 110 nm, we conduct subsequent investigations about the effect of
the gap size on the properties of the hybrid mode. As shown in Figs. 3
(c)-(d) and (k)-(p), the dimension of the gap serves as an additional
parameter to control the propagation properties of HCNPW. The
propagation distance of the hybrid mode could even exceed 200 pm,
while simultaneously preserving tight field confinement, which
clearly indicates its potential for high-performance optical waveguid-
ing at the sub-diffraction-limited scale.

After revealing the guiding properties of HCNPW based on struc-
tural parameters mapping, we turn to make a detailed comparison
between its optical performance and that of the conventional
HPW?!/NLSPPW”®. Here, NLSPPW with a dielectric nanowire in
direct contact with the metal substrate can be regarded as a special
type of HPPW with ¢ = 0 nm. The 2D parametric plot in Fig. 4 (a)
clearly indicates that compared to HPW/NLSPPW, the proposed
HCNPW is capable of achieving smaller mode size for similar pro-
pagation distance when the slot size is small (e.g. s = 0 nm and
5 nm). While for HCNPW with large s (e.g. s = 100 nm), its modal
attenuation can be considerably lower than that of the HPW/
NLSPPW for similar degrees of confinement. These results further
confirm that our studied HCNPWs promise better guiding perform-
ance than their conventional hybrid and nanowire-loaded plasmonic
counterparts. To further demonstrate the unique feature of
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Figure 3 | Modal properties and field profiles of HCNPWs with various slot sizes, upper nanowire radii and gap distances (r = 5 nm).

(a)-(b) Dependence of HCNPW’s modal properties on R for various s (g = 0 nm): (a) propagation length (L); (b) normalized mode area (A.4/Ao);
(c)-(d) HCNPW’s characteristics versus gat different s (R = 110 nm): (c) propagation length (L); (d) normalized mode area (A.4/Ay). Dashed and dash-
dotted black lines in (a) correspond to propagation distances of pure SPP modes at Ag—SiO, and Ag-Si interfaces. The insets in (b) and (d) show
schematically the cross-sections of the studied HCNPWs: s # 0 nm, g = 0 nm for (b), and s = 0 nm, g# 0 nm for (d). (¢)—(p) Normalized electric field
distributions for different waveguides (corresponding to the points indicated in (b) and (d)): (e) g= 0 nm, s= 5 nm, R= 50 nm; (f) g= 0 nm, s=5 nm,
R=110 nm; (g) g=0 nm, s =5 nm, R =200 nm; (h) ¢=0 nm, s =50 nm, R =50 nm; (i) g= 0 nm, s = 50 nm, R= 110 nm; (j) g¢= 0 nm, s = 50 nm,
R =200 nm; (k) R=110 nm, s =5 nm, g¢= 5 nm; (I) R= 110 nm, s = 5 nm, g = 20 nm; (m) R = 110 nm, s = 5 nm, g = 50 nm; (n) R = 110 nm,
$=50 nm, g=5 nm; (0) R=110 nm, s = 50 nm, g= 20 nm; (p) R= 110 nm, s = 50 nm, g= 50 nm. Arrows in the 2D panels reveal the orientations of
the electric fields. All the fields are normalized with respect to the power flow in the cross-sections.

HCNPWs in offering tight field localization and their potential for
compact integrations, we investigate the crosstalk between identical
such waveguides, while also comparing the result with that of the
conventional HPWs*' having the same modal attenuations. In order
to evaluate the crosstalk property of the studied HCNPWs, here we
calculate the coupling lengths (L) between adjacent identical struc-
tures. The geometries of typical coupling systems consisting of par-
allel HCNPWs with center-to-center separations of S are shown
schematically in the insets of Figs. 4(b) and 4(c). Based on the
coupled mode theory™, the coupling length between parallel wave-
guides can be calculated by:

Le=mn/lks—ka| (1)

where k; and k, are the wavenumbers of the symmetric and anti-
symmetric modes of two coupled waveguides, respectively. In Figs. 4

(b) and (c) we plot the coupling lengths of HCNPWs and HPWs as a
function of the waveguide separation, where the waveguide config-
urations are chosen according to the gray dashed and dash-dotted
lines shown in Fig. 4(a). As illustrated from the curves, the proposed
HCNPWs feature much longer coupling lengths than the corres-
ponding HPW counterparts for a certain waveguiding spacing, sug-
gesting clear reductions in crosstalk for closely spaced structures. The
ultra-low crosstalk feature of HCNPW s makes them appealing build-
ing blocks for ultra-compact photonic devices and promising candi-
dates for high density optically integrated circuits.

Discussion

Since the proposed HCNPW:  feature deep-subwavelength light con-
finement and strong local field enhancement, in conjunction with
low modal attenuation, they promise interesting applications in a
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Figure 4 | Performance comparison between HCNPW and conventional HPW/NLSPPW: (a) Parametric plot of normalized propagation length (L/A)
versus normalized mode area (A.4/Ay) for HCNPW, HPW and NLSPPW. A trajectory corresponds to a range of gap size: ¢ = [0, 100] nm. Arrows indicate
increasing the size of the gap (g). The curves for HCNPWs are obtained by replotting the results in Figs. 3 (c)—(d). The structural parameters of HCNPWs
are R=110 nmand r = 5 nm. For HPW and NLSPPW, the geometries and dimensions are chosen according to Ref 31. and Ref. 78, which consist of 200-
nm diameter silicon nanowires embedded in silica near planar silver surfaces. Gray dashed and dash-dotted lines in the figure represent two critical
conditions with exactly the same modal attenuations. (b)—(c) Dependence of the coupling length on the waveguide separation, where the waveguide
parameters are chosen according to the gray dashed (for (b)) and dash-dotted (for (c)) lines plotted in (a). The L. of conventional HPPWs are plotted to
allow comparisons between their performances. The insets in (b) and (c) depict the geometries of typical coupling systems containing horizontally parallel
HCNPWs with center-to-center separations of S. Note that the coupling lengths for the two types of HCNPWs in (c) are almost the same, which leads to

the overlapping of their curves.

number of related areas. The significant local field enhancement and
small mode size could facilitate strong light-matter interactions,
enabling, for instance, strengthened nonlinear effect, high-perform-
ance optical sensing, enhanced optical forces as well as other applica-
tions relating to the manipulation of light at the deep-subwavelength
scale. In particular, due to the enhanced field localization within the
low-index nanoscale gap and ultra-small mode size, these HCNPWs
could also facilitate the implementations of loss compensation using
gain media, and be promising candidates for active components like
plasmon nanolasers. In addition, ultra-compact passive photonic
devices, including directional couplers, mode splitters and ring-reso-
nators, could also be realized based on the presented hybrid schemes.
Another interesting application that could be potentially be enabled
by such HCNPWs is nanoscale light focusing, which may be realized
through the conversion between conventional hybrid modes and
hybrid coupled nanowire modes (see supplementary information
for details).

In addition to the HCNPWs employing flat metallic substrates in
our case studies, the concept of combining coupled dielectric nano-
wire waveguiding with SPP transport can be extended to numerous
other metal/dielectric composites as well. In Fig. 5, we show schem-
atically the configurations of some typical modified structures and
plot the field profiles of their guided hybrid plasmonic modes. By
exploiting the hybridization of coupled dielectric nanowire modes
and plasmonic modes in 2D metallic nanostructures, such as metal
wedges/grooves/ridges/slots/nanowires, these modified waveguides
hold the promise of further enhancing the confinement properties of
their 1D metal-plane-based hybrid counterparts. On the other hand,
by integrating coupled dielectric nanowires with insulator-metal-
insulator-like configurations (not shown here), the modal attenua-
tions of the waveguides can be further reduced. Both the above two
types of modified structures represent potential steps toward high
performance optical waveguiding, but meanwhile with a higher fab-
rication barrier as opposed to the 1D configurations studied here. It is
also worth mentioning that, considering the associated fabrication
issues such as compatibility with large-scale fabrications, nanowires
with rectangular cross-sections might be better alternatives than the
currently adopted circular-shaped geometries.

In conclusion, we have introduced a new class of hybrid plasmonic
waveguides by integrating coupled all-dielectric nanowire structures
with metallic configurations. Through optimizing the hybridization

of coupled dielectric nanowire modes with SPPs, high-performance
plasmonic modes featuring simultaneously subwavelength mode
sizes, reasonable propagation distances and low waveguide crosstalk
can be obtained. Comparisons with previously demonstrated hybrid
plasmon waveguides and nanowire-loaded plasmonic structures
show that our proposed hybrid configurations could enable better
optical confinement with comparable travelling distances. In addi-
tion to comprehensively revealing the guiding performance of the
hybrid structures based on geometric parameter mapping, we also
explore the feasibility of extending the current waveguide concept
into other metallic configurations, and discuss applications that
could potentially be enabled by these hybrid structures. The studies
are expected to lay foundations for the future design and imple-
mentation of coupled-nanowire-based hybrid guiding schemes.

Methods

The modal properties of HCNPWs are investigated numerically by solving the
Helmbholtz equation using the eigenmode solver of a finite element method (FEM)
based software COMSOL™ with the scattering boundary condition, which is a
commonly employed approach to mimic the necessary open boundary. Convergence
tests are done to ensure that the numerical boundaries and meshing do not interfere
with the solutions. The properties of the hybrid mode are characterized by a complex
wave vector, whose parallel component defines the propagating constant with f + io..
Here, ff and « are the phase and attenuation constants, respectively. The real part of
the modal effective index is calculated by n.; = Re(N,p) = Blko, where ko is the
vacuum wavevector. The propagation length is obtained by L = 1/2a =
//[4nIm(N,g)], whereas the effective mode area is calculated using™":

Agy= ﬂ W(r)dA/ max (W(r)) (2)

Ay is the diffraction-limited mode area in free space, which is defined as °/4. In order
to accurately account for the energy in the metallic region, the electromagnetic energy
density W(r) is defined as*":

1 dle

LRe ANy 4L P 6

W(r)= J

In equation (3), E(r) and H(r) are the electric and magnetic fields, &(r) is the electric
permittivity and y, is the vacuum magnetic permeability.

The hybrid mode (zcnpw) can be described as a superposition of the coupled
dielectric nanowire waveguide (without the metallic substrate) and the SPP (without
the coupled dielectric nanowires) modes based on the coupled-mode theory.

Yrenew =W onw + bW sppwy (4)

where a and b are the amplitudes of the constituent coupled dielectric nanowire
modes (cnw)and SPP modes (sppw), respectively. The square norm of the coupled
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Figure 5 | Geometries of modified HCNPWs incorporating 2D metallic nanostructures and normalized electric field distributions of their
fundamental hybrid plasmonic modes. The radii of the upper and lower dielectric nanowires are R and r, whereas the sizes of the slot and gap are sand g.
(a),(b) Waveguides based on metal wedges (wedge angle: 0, wedge height: h). Geometric parameters for (b) are: R = 100 nm, r = 30 nm, s = g¢= 5 nm,
0 = 60°, h— =; (c),(d) Waveguides with metal groove substrates (groove angle: 0, groove height: h). Structural parameters for (d) are R = 100 nm,
r=30 nm,s=g=>5 nm, 0 = 30°, h = 300 nm; (e),(f) Metal-ridge-based configurations (ridge width: w, ridge height: h). Physical dimensions for (f) are
R=100 nm, r=30 nm, s= g=>5 nm, w = h = 50 nm; (g),(h) Waveguides incorporating metal slot substrates (slot width: w, slot height: h). Structural
parameters for (h) are R =100 nm, r = 30 nm, s = g= 5 nm, w = h = 50 nmy; (i),(j) Metal-nanowire-based structures (diameter of the metal nanowire:
d). Geometric dimensions for (j) are R = 100 nm, r = 30 nm, s = ¢ = 5 nm, d = 100 nm.

dielectric nanowire mode amplitude |a|* provides a measure of the character of the
hybrid mode®, which indicates the degree of hybridization between the constituent
two modes:

2 MHCNPW — Nsppw
la|” = ()
(nHenpw —nonw) + (mHenpw — nspepw)
In this respect, the mode is dielectric-like for |a|> > 0.5 and SPP-like otherwise. At the
critical condition |a|*> = 0.5, the hybrid mode consists of equal proportions of
dielectric and SPP modes, which corresponds to the strongest hybridization between
the two types of modes.
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