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Abstract

In this paper, a nanoscale three-dimensional plasmonic waveguide (TDPW), created by depositing an Ag stripe on a SiO, layer
with an Ag substrate, is introduced and theoretically investigated at visible and telecom wavelengths. By applying the effective
index method and finite-difference time-domain numerical simulations, the authors find that the propagation properties of surface
plasmon polaritons (SPPs) in the TDPW, including the propagation length and beam width, are mainly decided by the core (the
SiO; layer just under the Ag stripe) itself, due to the much stronger localization of SPPs in the core than in the two side claddings
(the SiO, layer without the covered Ag stripe). And propagating SPPs in the TDPW are strongly confined in the core region, even
with a very small waveguide cross section. Furthermore, based on the stronger localization of propagation SPPs in the TDPW,
two kinds of bending waveguides, oblique bending and 90° circular bending waveguides, are also investigated. For wavelength
of 1550 nm, the 90° circular bending guide with a minimum radius as small as 2.6 wm show nearly zero radiation loss, even with
a small waveguide cross section of 70 x 80 nm”. The proposed TDPW is suitable for planar integration and provides a possible
way for constructing various nanoscale counterparts of conventional integrated devices such as splitter, resonator, sensor, and
optical switch.

Keywords Surface plasmon polaritons - Nanoscale optical waveguide - Photonic integrated circuits - Finite-difference
time-domain

Introduction

The demands of giant information processing stimulate the
processing circuits to have ultrahigh data transfer speed simul-
taneously with extra small size. Conventional integrated opti-
cal devices have raised considerable interests in the race to
overcome data transfer limitation in electronic circuits for their
high bandwidth; however, they are difficulties to be scaled
down to nanoscale due to the light diffraction limit. As an
evanescent electromagnetic wave propagating along the inter-
face of metallo-dielectrics, surface plasmon polaritons (SPPs),
quantized hybrid modes derived from the resonant interaction
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between exciting photons and surface electrons of metal, are
considered to possess the advantages of photons and elec-
trons. SPPs not only show the capability of overcoming the
diffraction limit, but also can localize light energy in a nano-
scale domain, and thus are regarded as a representative infor-
mation carrier for next-generation integrated nanophotonic
devices [1-3].

Currently, tremendous efforts are being devoted to develop
SPPs-based nano waveguide and circuits including chains of
metal nanoparticles [4], metal nanowires/stripes [5, 6], metal
gap waveguides [7-9], trench/slot waveguides in metal thin
films [10, 11], metal heterostructure [12—15], low-index core
of metal-dielectric waveguides [16], V-shaped/wedge metal
waveguides [17-20], and hybrid type V-shaped/wedge metal
waveguides [21]. Practically, the application of the wave-
guides should consider the trade-off between propagation loss,
field confinement, structure dimensions, and fabrication.
Recently, a plasmonic structure by depositing a dielectric
stripe on a metal surface, called dielectric-loaded SPPs wave-
guide [22-24], is proposed. On the one hand, the waveguide is
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suitable for planar integration; on the other hand, it can solve
the problem on the increased light scattering with the
diminishingly metal stripe edges, which is met in metal stripe
waveguide, but the dimension of dielectric stripe perpendicu-
lar to SPPs propagation direction still cannot be decreased any
more. Furthermore, hybrid dielectric-loaded SPP waveguides
[25-31] were proposed, such as a structure by depositing a
high refractive index media stripe on the low refractive index
stripe of dielectric-loaded SPP waveguide [26]. The wave-
guide shows possessing a large propagation length, and the
light seems to be squeezed into the low index dielectric stripe
within a very small structure cross section, but in fact, the field
still extends into the high index layer.

In this paper, a nanoscale three-dimensional plasmonic
waveguide (TDPW) with sample structure is proposed by de-
positing a metal stripe on a dielectric film with a metal sub-
strate. The waveguide can be viewed as a hybrid of two fun-
damental of planar plasmonic waveguides and is suitable for
planar integration. The SPP propagation properties in the
straight TDPW are investigated by carrying out the effective
index method (EIM) and the finite-different time-domain
(FDTD) method, and the waveguide shows that it can strongly
confine propagating SPPs in the core area even with a very
small waveguide cross section. In addition, oblique bending
and 90° circular bending waveguides structured with the
TDPW are also investigated, and a 90° circular bending wave-
guide for wavelength of 1550 nm with a radius as small as
2.6 um shows nearly zero radiative loss. The rest of this paper
is organized as follows. In the “Design and Theoretical
Analysis” section, the geometric model of the TDPW and
theoretical analysis of SPP propagation properties in the
TDPW calculated by EIM are presented. In the “Numerical
Simulations and Discussions” section, numerical results of
SPPs propagating in the TDPW by FDTD, as well as the
transmission properties of two kinds of bending waveguides,
are displayed, and some discussions based on the EIM results
and FDTD results are also presented. Finally, conclusions are
drawn in the “Conclusions” section.

Design and Theoretical Analysis

The considered two fundamental planar plasmonic wave-
guides (infinite along y axis), shown in Fig. la, are metal-
dielectric-metal waveguide (MDMW) and metal-dielectric-
air waveguide (MDAW). One can get the complex propaga-
tion constant (=0 + i/3;) of SPPs in the MDMW and MDAW
by solving the dispersion equations [32]:

€4q 1—ekata
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Fig. 1 a Schematics of MDMW and MDAW. Dependence of b ne/f and ¢
L, of MDMW (solid curve) and MDAW (dashed curve) on the thickness
of dielectric layer ¢, for wavelength of 635 nm (red) and 1550 nm (black).
d Three-dimensional schematic of the TDPW (color figure online)
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respectively, with k; = (kﬁad—ﬂz)l/z, p= (ﬁz—kﬁea)l/z,

and g = (ﬁ2—k(2)5m)1/2, where ¢,,,e4,6,are the permittivities
of metal, dielectric, and air, respectively. #; is the thickness
of the dielectric layer, and k&, presents the wave vector of the
incident light in vacuum. The effective refractive index (n.4)
of'the electromagnetic mode in the waveguides can be defined
as nyy= nL/; + inqﬁ? = (/ky, and the corresponding propagation
length (L,) is obtained from L, = M(4mnegr ); here A is the
wavelength of incident light. As the metal and dielectric are
chosen as silver and SiO, (with a constant permittivity of ;=
2.25), Fig. 1b, ¢ shows the dependence of neﬁl and L, on 1,
respectively, for two wavelengths of 635 and 1550 nm, as the
permittivities of Ag, fitting data from [33], are ,,,= — 18.4 +
0.5i (A=635 nm) and ¢,, = — 129.6 + 3.2 (A=1550 nm).
From Fig. 1b, it can be clearly noticed that ”c/f of MDMW
and MDAW decreases and increases, respectively, with the
increase of #;; moreover, the former is always larger than the
latter with the same ; and \, but the difference of 7.,y between
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MDMW and MDAW reduces with the increase of 7;. As
shown in Fig. lc, the L, of SPPs in MDAW and in MDMW
reduces and increases, respectively, with the increase of .
And the L, of SPPs in MDAW is always larger than that in
MDMW with the same ¢; and A, but the difference between
them will reduce to zero as #; increases to be a large value. It is
well known that light tends to spread with a lower velocity at
which the effective index is higher. According to this fact, a
nanoscale TDPW, shown in Fig. 1d, is proposed just by de-
positing a Ag stripe on a MDAW. The core of the TDPW is the
region from bottom to top covered with the Ag stripe, which,
in fact, can be seen as a MDMW with finite size in the y
direction, and the two side claddings of the TDPW are regions
without Ag stripe cover. The thickness of the SiO, layer and
the width and height of the Ag stripe are three important ge-
ometry parameters of the TDPW, donated as ¢4, w,,, and 4,
respectively, as shown in Fig. 1d. SPPs in the TDPW are
expected to propagate along the SiO, region just under the
Ag stripe along the x direction.

A theoretical analysis of the SPP propagation properties in
the TDPW is made by EIM, of which the TDPW is treated as a

three-layer symmetry dielectric planar waveguide. And the 7.4

of the core and claddings needed in the EIM analysis is ac-
quired from those of MDMW and MDAW, respectively.
Figure 2 illustrates the EIM results of the dependence of the
neﬁi, L, and beam width (w) of SPPs in the TDPW on #; and
w,, as h,, is large enough (> 1 um). From Fig. 2a, b, one can
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Fig. 2 EIM results of dependence of a, b nq,'-, ¢, d L, and e, fw, of
propagating SPPs in the TDPW on ¢, and w,,. a, ¢, e A=635 nm. b, d, f
1550 nm (color figure online)

observe that the an' of SPPs in the TDPW decreases at first
and then increases slowly with the increase of 7, as w,, is fixed
for both wavelengths, and when ¢, is fixed, it gradually in-
creases with the increase of w,,,. For A =635 nm, as shown in
Fig. 2c¢, the L, of SPPs in the TDPW undergoes a gradual
increase with the increase of ¢; with a fixed w,,; however, for
A=1550 nm, L, also shows a gradual increase with the in-
crease of z;as w,, is fixed to a value larger than 100 nm (shown
in Fig. 2d), but undergoes an increase at first and then de-
creases with the increase of ¢, when w,, is fixed to a value
smaller than 100 nm. And, as w,,, is fixed, the w;, of SPPs in the
TDPW also gradually increases with the increase of 7, for both
wavelengths. On the other hand, when ¢, is fixed, L, and w;,
both gradually reduce with the increase of w,, for both wave-
lengths. For A =635 nm, the maximum and minimum L,, are
11.0 and 3.3 um with waveguide cross sections of 120 x

30 nm? (namely, ¢,= 120 and w,, = 30 nm; the format is suit-
able for all below) and 30 x 100 nm?, respectively. And for
A=1550 nm, the maximum and minimum L, are 256.0 and
15.4 um with waveguide cross sections of 70 x 30 and 30 x

200 nm?, respectively. The minimum w, of the EIM results is
0.15 and 0.37 um for A =635 and 1550 nm, with waveguide
cross sections of 30 x 90 and 30 x 200 nm?, respectively.

Numerical Simulations and Discussions

Following the EIM analysis, FDTD numerical simulations is
applied to depict the electric field distribution of SPPs propa-
gating in the TDPW. In the FDTD simulations, the size of cells
in the x, y, and z directions are set asAx= Ay = Az=10 nm,
and the time step is set asA¢ = Ax/2¢, where c is the velocity of
light in vacuum. A Gaussian TM-polarized wave with mag-
netic field parallel to the y axis (see Fig. 1d) is illuminated on
the input end of the TDPW along the positive x axis, and the
beam width of incident light is set to be larger than the width
of the Ag stripe.

Since the Ag stripe with a large 4, is not suitable for
nanofabrication processing, the influence of #,, on SPP prop-
agation properties in the TDPW is then firstly investigated in
FDTD simulations. The FDTD results of the dependence of L,
of SPPs in the TDPW on #,, are shown in Fig. 3a, b for A=
635 nm (with waveguide cross section of 70 x 60 nm?) and
1550 nm (with waveguide cross section of 70 x 80 nm?), re-
spectively. One can observe that L, increases with #4,, and
becomes stable as 4, is larger than 90 nm for A =635 nm
(see Fig. 3a). And L, increases to saturation as /,, is larger
than 200 nm for A = 1550 nm (see Fig. 3b).

Based on the results shown in Fig. 3a, b, the 4,, of TDPW
for A =635 and 1550 nm are fixed to 90 and 200 nm, respec-
tively, for all the simulation work below. Figure 3c, d shows
the dependence of L, and wy, on #; and w,,, respectively, for
A =635 nm. Corresponding results for A=1550 nm are
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Fig. 3 FDTD results of the dependence of L, of propagation SPPs in the
TDPW on £,, a for A =635 nm (with a waveguide cross section of 70 x
60 nm?) and b for 1550 nm (with a waveguide cross section of 70 x
80 nm?). Dependence of ¢, e L, and d, f w,, of propagating SPPs in the
TDPW on t; and w,,. ¢, d A=635 nm (with fixed 4,,=90 nm). e, f
1550 nm (with fixed 4, =200 nm). Dependence of L, of propagating
SPPs in the TDPW g onw,, with ¢, fixed at 70 nm and h on ¢, with w,,
fixed at 80 nm, for 1550 nm (color figure online)

displayed in Fig. 3e, f, respectively. FDTD simulation results
show that L, and w;, both increase with #; when w,, is fixed,
which accords with the results of EIM. Since the larger the 7,
the smaller the ohmic loss of the core of the TDPW (see Fig.
1¢), and simultaneously, the smaller the difference of nd be-
tween the core and the two side claddings (see Fig. 1b), the
lower the confinement of SPPs in the core; as a result, L, and
wy, both ascend with #,. Therefore, when w,, is fixed, the re-
sults of FDTD and EIM, regarding the dependence of the L,
and wj, on t;, accord with each other.

When ¢, is fixed, FDTD results show that L, and w,, also
both increase slightly with w,,; however, the result shows a
discrepancy with the EIM results as shown in Fig. 2.
Furthermore, one can also find that the values of L, and w,
based on FDTD are much smaller than those of corresponding
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EIM results, and the maximum L, in the TDPW of FDTD
result is close to that in the MDMW with the same #,. For
example, the L, and w,, of FDTD results are 29 pm and
130 nm (with the FDTD-simulated electric field [|E[*] distri-
butions in the yz and xy plane shown in Fig. 4c, d), respective-
ly, while those of the EIM results are 96 um and 886 nm, for
A=1550 nm and with waveguide cross section of 70 X
80 nm’. And for \= 635nm, as waveguide cross section is
70 x 60 nmz, the L, and w,, of FDTD results are 5.21 um
and 108 nm (with the FDTD simulated |E[* distributions in
the yz and xy plane shown in Fig. 4a, b), respectively, while
those of the EIM results are 8.6 um and 254 nm, respectively.
As mentioned in the “Design and Theoretical Analysis” sec-
tion, the TDPW is treated as a three-layer symmetry dielectric
planar waveguide in the EIM analysis. In view of the three-
layer dielectric waveguide, the larger the width of the core
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Fig.4 FDTD-simulated electric field (|E]) distributions in the a, ¢ yz and
b, d xy plane. a, b A =635 nm, with a waveguide cross section of 70 x
60 nm? (namely, #;=70 nm and w,, =60 nm). ¢, d A =1550 nm with a
waveguide cross section of 70 x 80 nm? (color figure online)
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layer (namely, the w,,), the stronger the confinement of light in
the core, and thus the smaller the wy,; furthermore, the smaller
the L, in the EIM analysis (see Fig. 2) due to the fact that the
ohmic loss of the core is higher than that of the two side
claddings (see Fig. 1c). However, there is a weakness in the
EIM analysis that EIM neglects the fact that the localization of
electromagnetic field in the MDMW is much stronger than
that in MDAW. Due to the much stronger localization of
SPPs in MDMW, the SPP is strongly confined in the core of
TDPW (which can be regarded as a MDMW with finite size in
the y direction, see Fig. 1d) and only expending a very small
distance into the cladding layer (one can clearly see from the
field distributions in Fig. 4); thus, the w;, of FDTD results is
much smaller than that of EIM results. Also, the w;, of FDTD
results increases with the increase of w,,, instead of reducing
with the increase of w,, (EIM results). The phenomenon that
the wy, of FDTD results is smaller than that of EIM results is
also shown in planar hetero-metal waveguides [13], which is
attributed to the fact that EIM neglects the stronger localiza-
tion of electromagnetic field on the Ag surface than that on the
Al surface. Furthermore, still due to a strong confinement of
propagating SPPs in the core of TDPW (see Fig. 4), one can
also find that the propagating properties of SPPs are mainly
decided by the properties of the core of the TDPW itself, and
are almost not affected by the properties of two side claddings
of the TDPW. And thus, as FDTD results show that L, in-
creases with w,,, to a maximum value and to a stable value (see
Fig. 3g), and on the other hand, the maximum L, is approxi-
mate to that of MDMW with the same #, (see Fig. 3h), which
is much smaller than the result of EIM. Figure 3g shows that
the diminishing L,, with the decrease of w,, is due to the edge
scatter of light by the Ag stripe. In a word, the contradiction
between the results of FDTD and EIM, in regard to the depen-
dence of L, and w;, on w,, as 1, is fixed, is attributed to the
strong localization of SPPs in the core of the TDPW, while this
was neglected in the EIM analysis. Finally, as far as the prac-
tical utilization of the devices based on the TDPW in the future
is concerned, the oxidization of Ag can inevitably decrease the
properties of the devices. In order to avoid the oxidization of
Ag, the Ag stripe can be covered with a very thin layer of SiO,
(10~20 nm), which will nearly not affect the propagation
properties of the TDPW.

With the strong confinement of propagating SPPs in the
TDPW, some bending components are considered based on
the straight waveguide. First, an oblique bending constructed
with the TDPW, shown in Fig. 5a, is investigated. Figure 5b, ¢
presents the dependence of bend transmission on bending an-
gle (0) for A = 635 nm with a waveguide cross section of 70 x
60 nm?, and for A=1550 nm with a waveguide cross section of
70 x 80 nm”. The transmission of the bend is obtained through
the ratio between the |E|” integrals in the core of the waveguide
with a distance of 0.5 um after (P, and before (P;,) the
bending junction (see Fig. 5a). For A =635 nm/1550 nm, it

(a)

0.2 {e—e—o with loss
1 =0=0=0- without loss

0

(d)

R=0.7pm
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2 A=1550nm

Transmission

0 — 0+— . ——
10 30 50 70 90 0 1.0 2.0 3.0 4.0 5.0
Bending angle 0(°) R/pm

Fig. 5 Three dimensional schematics of a oblique bending and d 90°
circular bending constructed with TDPW. FDTD results of dependence
of bend transmission on bending angle (6) for b A=635 nm and ¢ A=
1550 nm. FDTD results of dependence of bend transmission on R for e
A=635 nm and f A =1550 nm, with b, e a waveguide cross section of
70 x 60 nm>, and ¢, f with a waveguide cross section of 70 x 80 nm>.
Solid curve with solid circles for those with ohmic loss, and dashed curve
with hollow circles for those without ohmic loss. The insets in b, ¢, e, fare
FDTD-simulated electric field (|E[*) distributions in the xy plane (color
figure online)

can be noticed that when 6<30°/60°, the transmitted power
decreases slowly with the bending angle 6, while the transmit-
ted power declines rapidly when 6 exceeds 30°/60°. And at
0=30°/60°, the transmittance is 63%/74%, with the distribu-
tion of |E[* shown in the inset of Fig. 5e, .

Furthermore, a 90° circular waveguide bend with a radius
of R structured with the TDPW is studied, as shown in Fig. 5d.
Figure 5Se, f exhibits the dependence of bend transmission on
R for A=635 nm with a waveguide cross section of 70 x
60 nm?, and for A = 1550 nm with a waveguide cross section
of 70 x 80 nm?. The transmission of the bend is obtained
through the ratio between the |E|2 integrals in the core of the
waveguide at the end (P, and at the beginning (P;,) of the
bend section (see Fig. 5d). For A =635 nm, the real transmis-
sion (solid curve) shows that when R<0.7 um, the transmis-
sion of the bend increases with R, and while R > 0.7 um, the
transmission decreases gradually. This is because a smaller
bending radius R leads to a high radiative loss (see dashed
curves, the transmission of the bend considering without ohm-
ic loss); as R is increased, the ohmic loss is increased with the
length of the bending. Thus, determined by the trade-off
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between the radiative loss and ohmic loss, there exists an
optimal radius R=0.7 um, reaching a maximum transmit-
tance about 68%; the corresponding electric filed distribution
is shown in the inset of Fig. Se. Therefore, the optimal radius
for 1550 nm is R=1.1 um with the maximum transmittance of
91.3%, as the field distribution is shown in the inset of Fig. 5f.
Moreover, surprisingly, due to the strong localization of SPPs in
the TDPW, for A =1550 nm, the bend with a minimum R of
2.6 um may realize a nearly zero radiation loss (see dashed
curve in Fig. 5f), compared with the circular bend structured
with dielectric-loaded plasmonic waveguide still with a radiation
loss of near 10%, where the minimum Ris at least 7 um [23].

Conclusions

In conclusion, the authors propose a TDPW with a very sim-
ple structure, which is created by depositing an Ag stripe onto
MDAW. By employing EIM analysis and FDTD simulations,
we find that the propagation properties of the TDPW are main-
ly decided by the core itself, due to the much stronger local-
ization of SPPs in the core than in the two side claddings. The
SPPs propagating in the TDPW even with a very small wave-
guide cross section is strongly confined in the core and only
extends a very small distance in the two side claddings.
Besides, two bending waveguides, oblique bending wave-
guides and 90° circular bending waveguides, are also investi-
gated. For A=1550 nm, the 90° circular bending with the
smallest radius of 2.6 um shows a nearly zero radiative loss,
even in a small waveguide cross section of 70 x 80 nm?”. The
proposed TDPW is suitable for planar integration, and will be
useful for building various types of nanophotonic components
and will find its applications in photonic integrated circuits.
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