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The simultaneous realization of nanoscale field localization and low transmission loss remains one of the
major challenges in nanophotonics. Metal nanowire waveguides can fulfill this goal to a certain extent by
confining light within a subwavelength space, yet their optical performances are still restricted by the
tradeoff between confinement and loss, which result in quite limited propagation distances when their
mode sizes are reduced down to the nanometer scale. Here we introduce a class of low-loss guiding
schemes by integrating silicon-on-insulator (SOI) waveguides with plasmon nanowire structures. The
closely spaced silicon and metal configurations allow efficient light squeezing within the nanometer, low-
index silica gaps between them, enabling deep-subwavelength light transmission with low modal
attenuation. Optimizations of key structural parameters unravel the wide-range existence nature of the
high-performance hybrid nanowire plasmon mode, which demonstrates improved guiding properties over
the conventional hybrid and nanowire plasmon polaritons. Excitation strategy of the guided mode and the
feasibility of the waveguide for compact photonic integrations as well as active components are also
discussed to lay the foundations for its practical implementations. The remarkable properties of these
metallic-nanowire-loaded SOI waveguides potentially lend themselves to the implementations of high
performance nanophotonic components, and open up promising opportunities for a variety of intriguing

applications on the nanoscale.

1. Introduction

Metallic nanowires are considered as ideal candidates for
miniaturized integrated components and circuits, having found a
wide range of intriguing applications in advanced photonic
systems As subwavelength information carriers, metal
nanowire structures can support tightly confined surface plasmon
polaritons (SPPs), thus allowing efficient squeezing of the optical
mode size down to the subwavelength scale far beyond the
diffraction limit 2. Compared with many other SPP guiding
configurations °, these nanowire plasmonic waveguides have
received increasing attention in recent years due to their
simplicity in nature, remarkable optoelectronic properties and
compatibility with a wide variety of synthetic methods.
Numerous high-performance nanowire-based nanophotonic
devices, including directional couplers *, logic gates °, resonators
6 and nanolasers ’, have also been demonstrated.

For a typical metal nanowire embedded in a homogenous
dielectric material, the fundamental plasmonic mode (known as
the TM, mode) exhibits rather weak field confinement for
relatively large nanowire radius, while demonstrating strong
localization around the nanowire interface when its geometric
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size is reduced down to the sub-wavelength scale. A sacrifice
associated with such sub-diffraction-limited mode confinement is
the relatively large Ohmic loss, which results in quite limited
propagation distance. The loss problem is further exacerbated
when both the physical dimension of the nanowire and its mode
size are squeezed into a deep-subwavelength scale, which hinders
the further implementation of many practical applications.
Despite significant efforts devoted to nanowire waveguides and
modified guiding structures in recent years, including various
schemes based on substrate-mediated guiding of nanowire
plasmonic modes *'2, the optical performances of these nanowire
waveguides are still severely restricted by the tradeoff between
confinement and loss. In particular, when the metallic nanowire is
brought in close vicinity to a high-index dielectric substrate,
dramatically shortened propagation distance due to the leakage
radiation into the substrate would pose a great challenge for the
implementation of high-performance light guiding using these
metallic nanowire structures.

To overcome the limitations of single-dielectric-layer mediated
plasmon waveguiding, hybrid configurations that integrate
finitely thick silicon waveguides with crystallize metallic
nanowires are recently proposed and theoretically studied by
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Zhang et.al *. These waveguides not only offer improved balance
between confinement and loss over the conventional nanowire-
based plasmon structures, but also provide high compatibility
with modern semiconductor fabrication strategies, thereby
potentially lending themselves to a variety of practical
applications. Although the guiding properties of metal nanowires
sitting directly on thin silicon waveguides have been studied in
a more general waveguide configuration that incorporates an
additional buffer layer between the metal nanowire and the high-
index dielectric layer has not yet been reported and systematically
investigated so far. Moreover, detailed comparisons of such a
structure with traditional nanowire and hybrid plasmonic
waveguides, along with practical issues like waveguide crosstalk
and feasibility for active components have yet to be explored. To
address these here conduct comprehensive
investigations on the characteristics of these metallic-nanowire-
loaded SOI waveguides at telecommunication wavelengths. In
addition to revealing their capabilities for low-loss light transport
at the nanoscale, we also confirm that these waveguides not only
feature low crosstalk, but also can be implemented as loss-less
subwavelength guiding schemes when appropriate gain is
introduced in low/high-index dielectric materials. Our studies are
expected to pave the way for their potential applications in high-
performance passive and active photonic components.

issues, we

SOI structures for
Studies on guided

2. Metallic-nanowire-loaded
nanoscale light transport:
mode's properties

30 Fig.1 Metallic-nanowire-loaded SOI waveguide. (a) Sketch of the three-

dimensional (3D) geometry, which is composed by a silver nanowire
(with a radius of r and a refractive index of ny,) sitting above an infinitely
wide, but finitely thick silicon waveguide (with a thickness of ¢ and a

refractive index of ng) over a silica substrate (with a refractive index of ny).

35 The silica gap layer between the silicon waveguide and the silver

nanowire has a thickness of g and a refractive index of n,. The upper
cladding is assumed to be air (refractive index n). (b) Scanning electron
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microscope (SEM) image of a chemically synthesized silver nanowire on
a silicon substrate (i.e., g = 0 nm, t —).

The metallic-nanowire-loaded SOI waveguide (MNLSOIW),
shown schematically in Fig.1(a), consists of a metal nanowire
placed near a SOI substrate, with a low-index, nanometer-scale
silica buffer sandwiched between them. The low-index layer
offers efficient squeezing of the optical mode within a nanoscale
gap region, thus enabling further reduction of the modal loss.
Furthermore, similar to the previously studied hybrid waveguides
1419 the hybridization between the nanowire plasmon and SOI
photonic modes can be regulated through tuning the gap size and
other structural parameters of the waveguide, and thus allows
efficient control of the modal characteristics. The SEM image of
a fabricated configuration with a silver nanowire directly placed
atop a silicon substrate is shown in Fig.1(b). In the following, the
properties of the MNLSOIWs are investigated numerically by
solving the Helmholtz equation using the eigenmode solver of a
finite element method (FEM) based software COMSOL™ with
the scattering boundary condition. Convergence tests are done to
ensure that the numerical boundaries and meshing do not
interfere with the solutions. The refractive indices of SiO,, Si, air
and Ag at an operating wavelength of 1550 nm are taken as n, =
1 and n,, = 0.1453+14.3587i ',

6o ng = 1.444, ng = 3.476, n, =
respectively.
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Fig.2 2D electric field distributions and the corresponding 1D normalized
field plots of the fundamental hybrid plasmonic modes guided by the

6s MNLSOIWs with different gap sizes. (a) g =0 nm; (b) g =5 nm; (¢c) g =

10 nm. Other geometric parameters of all these waveguides are chosen as:
r =50 nm, ¢ = 40 nm. The field profiles are taken at the bottom corner of
the Ag nanowire for g = 0 nm, while at the center of the gap for g =5 nm
and 10 nm.
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In Fig.2, we plot the electric field distributions of the
fundamental plasmonic modes guided by typical MNLSOIWs
with different gap sizes. Note that the extreme case of g = 0 nm
(see Fig.2(a)) corresponds to a nanowire-over-substrate (NWOS)

s structure 3, where the silver nanowire stands directly on the
silicon waveguide. It is clearly seen that for the configuration
with g = 0 nm, the field is strongly localized near the bottom of
the silver nanowire, resulting in an ultra-small mode area.
Introducing a thin silica layer between the nanowire and the

10 silicon waveguide could lead to pronounced field enhancement
inside the low-index gap region (see Figs.2(b)-(c)), which is also
beneficial for the realization of tight optical confinement. The
portion of the mode field confined inside the gap can be further
increased through adopting a slightly thicker silica layer.

15 Although the local field enhancement becomes less significant for
the larger gap case, the associated modal attenuation reduces
correspondingly, leading to extended propagation distances. The
evolution of the field profiles and modal properties in Fig.2
reveal that by choosing an appropriate gap size, tight field

20 confinement in conjunction with reasonable propagation distance
can be achieved simultaneously by MNLSOIW.

To quantitatively illustrate the waveguide's potential in low-
loss subwavelength light transport, we calculate its key modal
parameters with the variation of physical dimensions. The

25 properties of the guided plasmon mode are characterized by a
complex wave vector, whose parallel component defines the
propagating constant with # + ia. Here, ff and « are the phase and
attenuation constants, respectively. The real part of the modal
effective index is calculated by n.; = Re(N,y) = plk,, where k; is

30 the vacuum wavevector. The propagation length is obtained by L
= 1/2a = M[4nIm(N,)]. The normalized mode area is defined as
A4y, where the effective mode area is calculated using 14

Ay = [[W(r)dA/ max(W(r)) (1)
In order to accurately account for the energy in the metallic
35 region, the electromagnetic energy density W(r) is defined as:

W) =5 RetLE O g+ L

@

In Eq. (2), E(r) and H(r) are the electric and magnetic fields, &(r)
is the electric permittivity and u, is the vacuum magnetic

40 permeability. 4, is the diffraction-limited mode area in free space,
which is defined as A%/4. The confinement factor is defined as the
ratio of the power inside the considered region to the total power
of the waveguide. In order to enable comparisons between the
optical performances of different configurations, a figure of merit

45 (FoM), defined as the ratio between the propagation length and
the effective mode diameter 2(4,,/m)"2 s also calculated.

We start our investigation by studying the effect of the silicon
layer on the modal properties of MNLSOIWs with different gap
sizes. Figure 3 shows the modal effective index, propagation

so length, normalized mode area and confinement factor of the
fundamental plasmonic mode for different silicon layer's
thicknesses when g varies from 0 to 12 nm, where the radius of
the silver nanowire is fixed at 50 nm. The gradual thickening of
the silica gap layer leads to monotonic behaviors of the effective
ss index, propagation distance and mode area, while resulting in
more complicated trends in confinement factors within both the

gap region and the silicon layer. Widening the gap from 0 to 12
nm results in a several-fold enhancement in the traveling distance
of the plasmonic mode (up to more than 60 um), while sacrificing

e its field confinement capability to a certain extent. Interestingly,
deep-subwavelength mode size can be maintained within the
considered structural parameter range, along with reasonable
power confinement inside both the low-index gap and high-index
dielectric layer. The relatively large modal overlap with the low-

es and high-index dielectric regions are quite beneficial for
applications in nanolasers and other active components, which
will be shown in our later discussions.
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Fig.3 Dependence of the modal properties on the size of the silica gap for
70 different silicon layers (» = 50 nm): (a) modal effective index (1ef); (b)

propagation length (L); (c) normalized mode area (Ae/Ao), where the

inset plots the confinement factor inside the silicon layer (I's;).; (d)

confinement factor in the hybrid gap (/). Dashed black line in (a)

represents the refractive index of the SiO, substrate (ns=1.444). The inset
75 in (d) shows schematically the considered gap region in the study.

We then turn to explore the feasibility of controlling the
guiding properties of MNLSOIW by varying the size of the silver
nanowire. Since the fundamental plasmonic mode originates from
the hybridization of nanowire plasmon and silicon waveguide

so modes, its modal property shares similarity with that of the pure
metallic nanowire mode to a certain degree. In the simulations,
the thickness of the Si layer is fixed at 40 nm to ensure low
propagation loss, subwavelength mode size and reasonable
confinement inside both the low-index gap and high-index

ss dielectric layer. As the nanowire grows larger, decreased field
localization, along with gradually extended propagation distance
can be observed for MNLSOIWs with different gap sizes. It is
seen in Figs.4(b)-(c) that when r varies within the range of 10 to
80 nm, the mode sizes are maintained at the deep-sub-diffraction-

o0 limited scale, with 4,,/4, falling within the range of 10°~1072,
while reasonable propagation distances around a few to tens of
microns can be achieved simultaneously. Calculations further
reveal that the power ratios confined inside both the hybrid gap
and the silicon layer experience relatively slight changes with the

os variation of the nanowire, indicating quite stable optical
confinement in both the low- and high-index dielectric regions
for waveguides with different metallic nanowires.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00—00 | 3



Nanoscale

—g=0nm

g=2nm
—g=5nm
—g=10 nm

0 20 30 40 50 60 70 80
r(nm)

0.3
(C) 0.3 (d) 5%
3 ~0.1
S0 00
i} Q 20 40 60 80
& $0.2\ rinm]
<, 4y N
10
~—— ]
0.1

10

5
10 20 30 40 50 60 70 80
r(nm)

10 20 30 40 50 60 70 80
r(nm)

Fig.4 Dependence of the modal properties on the radius of the silver
nanowire for different gap sizes (¢ = 40 nm): (a) modal effective index
(nef); (b) propagation length (L); (c) normalized mode area (Aef/Ao); (d)

s confinement factor in the gap (/,,), where the inset plots the confinement
factor inside the silicon layer (/y;). Dashed black line in (a) corresponds to
the refractive index of the SiO, substrate (ns=1.444).

To benchmark the optical performance of the considered
MNLSOIW, comparisons with a bare metallic nanowire in an air
10 cladding and a conventional hybrid plasmonic waveguide (HPW)
are made by performing 2D parametric plots of normalized mode
area versus normalized propagation length. Detailed results in
Fig.5 ilustrate that for similar propagation distances, the mode
area of MNLSOIW can be 1~2 orders of magnitude smaller than
15 that of the metal nanowire waveguide (MNW) in air, while being
1 order of magnitude smaller as compared to the conventional
HPW. Calculations of FoMs further confirm the superior guiding
properties of metallic-nanowire-loaded SOI structures. The FoMs
of MNLSOWs can exceed the order of 10°, revealing significant
20 enhancements over the conventional MNWs, HPWs and many
other subwavelength plasmonic waveguides ' under
comparable conditions (see S1 of the supplementary information
for details).

— MNLSOIW (g =0 nm)
10"} — MNLSOW (g=2 nm)
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25 Fig. 5 Parametric plots of normalized mode area (4./4y) versus
normalized propagation length (L/4) for MNLSOIWs, MNWs and HPWs.
The curves for MNLSOIWs are obtained by replotting the results in
Figs.4 (b)-(c). A trajectory corresponds to a range of silver nanowire
radius: 7 = [10, 80] nm. Arrows indicate increasing the size of the

30 nanowire. For MNWs, the radii are also varied within the range of 10 nm

to 80 nm. For HPWs, the geometries and dimensions are chosen

according to ', which are composed of 200-nm diameter silicon

nanowires embedded in silica near planar silver surfaces. The refractive
indices of the materials for both MNWs and HPWs are the same as those
35 of the studied MNLSOIWs to allow fair comparisons.

3. Metallic-nanowire-loaded SOI waveguides for

practical applications : Investigations on
waveguide crosstalk and gain-assisted light
guiding

40 For practical implementations of MNLSOIW, one of the most
important issues to be addressed is the efficient launching of its
guided mode. Owing to the hybrid nature of the fundamental
plasmonic mode supported by MNLSOIW, excitation strategies
that are similar to the conventional " ** and modified metal

ss nanowire waveguides ' 2> % such as near-field coupling
techniques 2.2 far-field illumination methods ®>*3° and other
ways that can overcome the momentum mismatch, can be
adopted. By performing full-wave 3D FEM simulations, here we
numerically demonstrate the excitation of the fundamental

so plasmonic mode guided by MNLSOIW. The schematic of the
excitation setup is shown in Fig.6 (a), where a paraxial Gaussian
beam is focused normally onto the left terminus of the silver
nanowire 2*. Simulation results shown in Figs.6 (b)-(d) clearly
reveal that when the incident polarization of the beam is parallel

ss to the silver nanowire (i.e. along the z axis), a plasmonic mode
featuring tight field localization near both the nanowire and the
gap region can be effectively launched and propagates along the
structure with moderate attenuation, which confirms the feasiblity
of MNLSOI mode excitation using focused laser beams.

v - —3

Excitation Beam

Fig. 6 Excitation of the fundamental plasmonic mode guided by
MNLSOIW. (a) 3D schematic of the excitation setup. In the simulations,
the length of the silver nanowire is assumed to be 4 pm. The structural
parameters for the cross-section of the configuration are: » = 50 nm, ¢ = 40
6s nm, g = 10 nm; (b)-(c) 2D transmitted electric field plots in the y-z plane
(x = 0); (d) 2D electric field profile at the cross-section of the structure (x-

y plane).

A key parameter to evaluate the potential of plasmonic
waveguides for compact photonic integrations is the crosstalk
70 between adjacent structures, which can be gauged through
calculating the coupling lengths of two closely spaced
waveguides *"**2. Here we look into the crosstalk property of the
MNLSOIW, and compare it with that of the conventional MNW

4 | Journal Name, [year], [vol], 00—00
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in an air cladding. In Fig.7 (a), we show schematically the
configuration of a coupling system that comprises two
horizontally parallel MNLSOIWs with a center-to-center
separation of S. The major components of the electric fields for
the symmetric and anti-symmetric super-modes in a typical
MNLSOIW-based system, as plotted in Fig.7 (b), illustrate
relatively weak modal overlap between neighboring structures,
which is beneficial for the realization of large coupling length and
low waveguide crosstalk. Fig.7 (c) reveals the calculated
normalized coupling lengths (L/L) for various waveguide
separations, where the coupling length (L.) between neighboring
MNLSOIWs/MNWs are obtained based on the coupled mode
theory **:

LC:TE/V{,?'kal (3)
In Eq.(3), k, and k, are the wavenumbers of the symmetric and
anti-symmetric modes of two coupled waveguides, respectively.
As clearly seen in Fig.7 (c), owing to the high optical
confinement of MNLSOIWs, their normalized coupling lengths
are significantly larger than that of the conventional MNW with
the same metallic nanowire, which suggests clear reductions in
crosstalk for nearby waveguiding structures. Furthermore, our
calculations reveal that MNLSOIWs also demonstrate relatively
good propagation charactertistics through 90° bends (See S2 of
the supplementary material). The low crosstalk and nice bending
properties of MNLSOIWSs could facilitate potential applications
in optical interconnects and enable the implementations of
numerous ultra-compact photonic devices.
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Fig. 7 Studies on the crosstalk between adjacent MNLSOIWs. (a)
Schematic of the coupling system containing horizontally parallel
MNLSOIWs with a center-to-center separation of S; (b) E, field
distributions of the symmetric and anti-symmetric plasmonic modes in the
MNLSOIW-based coupling systems (» = 50 nm, =40 nm, g =5 nm, S =
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500 nm); (c) Dependence of normalized coupling length (L/L) on the
separation (S) between two MNLSOIWs (» = 50 nm, ¢ = 40 nm). The
result of a bare metallic nanowire waveguide in an air cladding (» = 50
nm) is also plotted to enable comparisons between their performances.

Although our previous studies indicate that low-loss light
propagation can potentially be enabled by MNLSOIW, the
attenuation of its guided mode still exists owing to the damping
of electromagnetic waves in the metallic nanowire. One of the
most effective approaches to overcome this challenge is by
implementing loss compensation strategies, which can be
achieved through incorporating gain media into the dielectric
layers of the waveguide. For the currently studied MNLSOIW,
the pump light may be introduced through back-side illumination
¥ 35 Quch gain-assisted light guiding can enable complete
compensation of the modal loss as long as appropriate gain is
provided, thereby leading to loss-less transport of the plasmonic
mode. By assuming that gain is introduced in the high-index
silicon layer or the low-index silica layer just beneath the silver
nanowire, we conduct detailed investigations on the loss
compensation the proposed metallic-nanowire-loaded
waveguides. Here we first look into the gain enhancements that
could be enabled by these guiding configurations. The
enhancement in gain is evaluated by calculating the ratio og,, /
Ositicon (0Zm | Ogsitica), Where g, 1is the gain of the guided
plasmonic mode and gg;jicon (Zsirica) Tepresents the gain of the bulk
material (i.e. silicon/silica). Note that the gain coefficients of the
plasmon mode and the bulk material are written in terms of the
imaginary part of the modal effective index or refractive index,
i.e. 2 X2m/AX Im(N) *. As shown in Figs. 8 (a)-(b), g, / 0Zsitica
experiences more significant changes with the variation of the
silver nanowire than 0g,, / 0gjicon. FOor waveguides with small
nanowires and relatively large gaps, the enhancement ratios in
silica cases approach 1. While our calculations indicate that such
ratios can even exceed 1 through structural parameter tuning, e.g.
by further enlarging the gap, minimizing the nanowire size and/or
increasing the thickness of the silicon layer. The large gain
enhancement ratios under these circumstances also indicate that
more gain can be achievable in the guided structure than that
would be possible in bulk media, which is largely attributed to the
combined effects of the high power confinement inside the
low/high-index region and the significant improvement of the
group index over the bulk refractive index, similar to that
observed in high-index contrast silicon slot waveguides **. Such
unique features also potentially facilitate the implementation of
compensating the modal loss of MNLSOIW. To demonstrate the
feasibility of loss compensation, we show the loss or gain of the
plasmonic mode supported by a specific MNLSOIW when gain
in the silicon/silica layer gradually increases. In the calculations,
the radius of the metallic nanowire is fixed at 50 nm to ensure
relatively large confinement factor and small modal loss. As seen
in Figs.8 (c)-(d), the loss or gain increases linearly as the gain in
bulk medium increases, illustrating that the modal loss can be
reduced dramatically as long as moderate gain is introduced.
When gain is large enough, the attenuation of the mode can be
fully compensated, which is revealed by the crossing points of the
solid and dashed black lines in Figs.8 (c)-(d). At these critical
conditions, the imaginary part of the modal effective index equals
zero, enabling lossless propagation of the mode at the nanoscale.

in

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00—00 | 5



Nanoscale

Such a critical material gain for lossless light transport, which is
subject to the tradeoff between modal loss/gain and field
confinement, may be further reduced by adjusting geometric
parameters.
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Fig. 8 Loss compensation in MNLSOIWs (» = 50 nm, ¢ = 60 nm): (a)-(b)
Gain enhancement ratios for the fundamental plasmonic modes supported
by various geometries when gain is introduced in the silicon layer (0g,, /
0gsiiicon) OF the silica layer (0g,, / Ogsiica)- (¢)-(d) Dependence of the modal
10 gain/loss on the introduced gain coefficient in the silicon/silica layer.

For the studied MNLSOIW in the previous section, an
alternative structure is a dielectric-coated silver nanowire on a
SOI substrate, as shown schematically in Fig.9 (a). Despite its
slightly increased modal attenuation, this waveguide enables

15 better confinement inside the silica gap layer and requires less
material gain for loss compensation applications, which is also a
marked difference from the previously investigated MNLSOIW.
Remarkably, both types of MNLSOIWs are technologically
feasible from a practical point of view’ ™, thus allowing further

20 implementations of numerous compact photonic devices based on
these nanowire integrated SOI configurations. Moreover, the
enhanced guiding properties of MNLSOIWs over traditional
metallic nanowire waveguides also facilitate a wide variety of
potential applications, including those in (bio) chemical sensing,

25 opto-mechanics and quantum photonics. Here it is worth
mentioning that in addition to the circular nanowire studied here,
metallic configurations with triangular '/, rectangular ** *!,
pentagonal *° or other similar cross-sectional shapes ** can also be
adopted to build high-performance MNLSOI structures.

30 Furthermore, the proposed waveguide concept can be extended
into many other metal-dielectric nanostructures as well, such as
metal-insulator-metal and insulator-metal-insulator structures,
which may result in improved field confinement or reduced
modal attenuation as compared to the MNLSOIWs studied here

35 (see S3 in the supplementary information for details).

Fig. 9 An alternative MNLSOI configuration consisting of a silica-coated
silver nanowire on a SOI substrate with an air cladding. (a) 3D schematic
of the waveguide structure; (b) Electric field profile of the fundamental

40 plasmonic mode in a typical waveguide, whose structural parameters are:
7 =50 nm, =40 nm and g = 10 nm. Here, g denotes the thickness of the
silica coating, which also defines the size of the gap between the silver
nanowire and the silicon waveguide.

4. Conclusion

45 In conclusion, we have shown that high-performance plasmon
waveguiding can be enabled by integrating SOI substrates with
metallic nanowires. The low-index buffer layer sandwiched
between them greatly facilitates the hybridization of dielectric
and plasmonic modes, thus allowing efficient light transport on

so the nanoscale with reasonable propagation distance ranging from
tens to hundreds of microns at telecommunication wavelength.
Studies on mode excitation, waveguide crosstalk and gain-
assisted light propagation further reveal the potential capabilities
of SOl-integrated nanowire structures in building both passive

ss and active components. Due to their promising optical properties,
the studied metallic-nanowire-loaded SOI waveguides can be
useful additions to the expanding family of nanowire and hybrid
plasmonic structures, opening exciting venues in a variety of
application fields.
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