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ABSTRACT: We demonstrate numerically that sharp 90°
bends and T-splitters can be designed in plasmonic coaxial
waveguides at deep-subwavelength scale to operate without
reflection and radiation over a broad range of wavelengths,
including the telecommunication wavelength of 1.55 ym. We
explain the principles of the operation using a transmission line
model of the waveguide in the quasi-static limit. The compact
bends and T-splitters open up a new avenue for the design of
densely integrated optical circuits with minimal crosstalk.
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Routing of light in arbitrary directions inside a submi-
crometer-scale volume is one of the most basic functions
sought after in nanophotonics.' ™ Plasmonic waveguides,
despite Ohmic loss inherent in metals, have therefore been
considered important components of nanophotonics due to
their capability of guiding light through deep-subwavelength
mode areas.*”” A natural question arose as to whether basic
waveguide components such as sharp 90° bends and T-splitters
can be constructed in plasmonic waveguides in a simple and
compact manner. In two-dimensional (2D) metal—dielectric—
metal (MDM) waveguides, it was numerically demonstrated
that these components can bend and split input power almost
perfectly without introducing additional reflection and radiation
loss on top of the inherent Ohmic loss of the straight
waveguide.'’

In realistic three-dimensional (3D) plasmonic waveguides,
however, it turns out to be significantly more difficult to design
sharp 90° bends and T-splitters without additional loss into
undesirable channels such as reflection and radiation. For
example, plasmonic slot waveguides,'" which are 3D analogues
of the 2D MDM waveguides, suffer from substantial reflection
of about 16% when bent sharply by 90° for near-infrared
wavelengths.'> The reflection can be suppressed by rounding
the sharp corner and hence increasing the bending radius of
curvature slightly,u’13 but there always exists loss into radiation
and surface waves."* These extra loss channels also induce
unwanted crosstalk between optical components; such crosstalk
can be especially detrimental in densely integrated optical
circuits, where optical components are placed close to each
other."
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V-grooves are another type of plasmonic waveguides for
which nearly perfect transmission of optical waves through
sharp 90° bends was reported.'® However, the lossless
transmission through the bends in the V-grooves is narrow-
banded because it relies on an interference phenomenon.'”
Moreover, unless the taper angles of the V-grooves are very
narrow, the modes of the V-grooves may not be at deep-
subwavelength scale.>'®"”

In this Letter, we propose to use a different type of plasmonic
waveguides, namely, plasmonic coaxial waveguides, for
implementing sharp 90° bends and T-splitters. The plasmonic
coaxial waveguides have been studied both theoretically***!
and experimentally,”” and they have been applied to achieve a
variety of novel functions such as deep-subwavelength
focusing,”>** enhanced transmission,”> >* and negative re-
fraction.” 3! In addition to this repertoire of applications, we
demonstrate that the plasmonic coaxial waveguides are also
useful for building sharp 90° bends and T-splitters that
experience nearly no loss other than the inherent Ohmic loss of
the straight waveguide itself over a broad range of wavelengths,
including the telecommunication wavelength of 1.55 ym. The
structures of a bend and T-splitter are described in Figure la
and b.

Unlike most of the previous works, we use coaxial
waveguides with square rather than circular cross sections
because they are easier to fabricate using lithography-based
fabrication techniques. The cross section of the “reference
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Figure 1. Structures of a sharp 90° bend and T-splitter in plasmonic
coaxial waveguides. (a and b) Structures of a bend and T-splitter with
the propagation directions of light indicated by red arrows. (c) Cross
section of the reference plasmonic coaxial waveguide. Silver is used as
the metal, but it is substituted by perfect electric conductor (PEC) to
illustrate some of the physics.

waveguide” examined in this Letter is described in Figure lc.
The waveguide is placed on top of a silicon (Si) substrate, and
the space between inner and outer coaxial metals is filled with
silica (SiO,). Throughout this Letter, we use silver (Ag) as the
metal. We also use the perfect electric conductor (PEC) to
illustrate some of the physics. The choice of the metal used will
be specified explicitly for each numerical result.

To study the properties of the reference waveguide as well as
the bends and splitters implemented in it, we use the 3D finite-
difference frequency-domain (FDFD) method to solve
Maxwell’s equations numerically for each vacuum wavelength
20>>** The FDFD method allows us to use tabulated dielectric
constants of dispersive materials such as silver* directly,
including both the real and the imaginary parts. For accurate
yet efficient solution, we use nonuniform spatial grids whose
cells are as small as 1 nm inside the waveguide region and as
large as 20 nm further outside. To simulate infinitely long
waveguides, we surround the entire simulation domain by the
stretched-coordinate perfectly matched layer (SC-PML), which,
for frequency-domain solvers, was proven to be much superior
to the more commonly used uniaxial PML.>®

The fundamental mode of the reference waveguide made of
silver is a quasi-transverse-electromagnetic (quasi-TEM) mode.
The quasi-TEM mode inherits many desirable properties of the
true TEM mode of the same coaxial waveguide made of
PEC.""*° First, it has a nearly linear dispersion relation as
shown in Figure 2a. Therefore, the waveguide has a nearly
constant group velocity over a broad range of wavelengths and
has no cutoft wavelength; the latter means that it can guide light
with wavelengths much larger than the cross-sectional
dimensions of the coaxial waveguide. Second, the E- and H-
fields of the quasi-TEM mode are tightly confined between the
two metals, as shown in Figure 2b and ¢ for a vacuum
wavelength 4, = 1.55 pm. Remarkably, we find that only a 25-
nm-thick outer metal layer is sufficient for confining the fields
within the waveguide, because the opposite electric charges and
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Figure 2. Properties of the reference waveguide. (a) Dispersion
relations of the fundamental modes of the reference waveguides made
of silver and PEC. The data points are obtained from the FDFD mode
solver.'*® The blue solid line is the light line in silica, and its
alignment with the blue open dots proves the accuracy of the mode
solver results. The red open dots and cross hairs are for the waveguides
with 25-nm-thick and infinitely thick outer silver layers, respectively,
and their coincidence proves the effectiveness of the 25-nm-thick outer
silver layer. The red dashed line connects the origin and the data point
for A = 1.55 pm, for which the guide wavelength is 4, = 0.68 ym, and
its alignment with the red open dots shows that the mode is quasi-
TEM. The propagation length'’ for 4, = 1.55 ym is L, =682 um. (b
and c) Magnitudes (colors) and directions (arrows) of the transverse
E- and H-fields of the fundamental mode of the reference waveguide
made of silver for 4; = 1.55 ym. The longitudinal components are not
shown because they are much smaller than the transverse components.
The dielectric constants of silicon,” silica,®” and silver®* are taken
from tabulated data.

currents carried by the inner and outer metals cancel the fields
outside the coaxial waveguide efficiently. Note that the area of
the silica region, where most of the fields are confined, is less
than (1.55 pm/10)? which is at deep-subwavelength scale for
the vacuum wavelength 4, = 1.55 ym. In fact, because of the
above-mentioned field cancellation effect, the area of confine-
ment stays almost the same even if 4, increases from 1.55 ym,
so the confinement becomes even stronger for longer
wavelengths.

Now, we examine the performance of the sharp 90° bend in
the reference waveguide made of silver shown in Figure la. For
each vacuum wavelength 4, between 1 and S ym, we excite the
fundamental mode of the waveguide by an electric current
source plane located 0.5 ym before the bend; in reality the
fundamental mode can be excited by coupling the lowest-order
transverse magnetic (TM,;) mode of optical fibers®® or the
quasi-TEM mode of plasmonic coaxial lasers.®® We then
measure the transmitted power through a flux plane located 0.5
um after the bend.

Figures 3a and b shows the solutions of Maxwell’s equations
for such measurement for 4, = 1 um and 4, = 1.55 pm; notice
that for 4, = 1 ym a strong standing wave pattern is formed in
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Figure 3. Performance of the sharp 90° bend. (a and b) Plots of the
amplitude of the H-field component normal to the plane containing
the axes of the input and output waveguides for 4y = 1 ym and 4, =
1.55 pm. Silver is used as the metal. The distances from the center of
the junction to the electric current source plane (green) and the flux
measurement plane (cyan) are both 0.5 um. Notice the strong
standing wave pattern in the input waveguide in (a) due to significant
reflection of the input wave at the junction. (c) Transmittance spectra
through the bend. The transmittance is higher for the PEC waveguide
than the silver waveguide, but both converge to 100% as the vacuum
wavelength A, increases. For the silver waveguide, T = 97.5% is
obtained at 4; = 1.55 pm. The nearly perfect transmission is achieved
for Ay > 1.55 pm, a broad range of wavelengths; note that the
horizontal axis is on a logarithmic scale.

the input waveguide by the interference between the input and
reflected waves, whereas for 4, = 1.55 um the pattern is
diminished significantly, which means that most of the input
power is transmitted through the bend without reflection. We
perform a similar measurement of the power transmitted over
(0.5 + 0.5) um in a straight waveguide. The ratio of the
measurement in the bend with respect to the measurement in
the straight waveguide is the transmittance of the bend. Such a
definition of transmittance is intended to capture loss that is
added on top of the propagation loss of the straight waveguide;
the additional loss can be due to additional Ohmic loss
introduced by the bend or due to reflection and radiation loss
at the bend.

The measured transmittance is shown as a spectrum in
Figure 3c. It shows that the transmittance approaches 100% as
the wavelength increases. Especially, a transmittance of 97.5% is
achieved for 4, = 1.55 pum without any optimization of the
geometry of the bend. This remarkable phenomenon can be
explained as follows. For wavelengths much larger than the
cross-sectional dimensions of the waveguide, the quasi-static
approximation applies, and hence the junction between the
input and output waveguides at the bend can be accurately
modeled as a junction between two transmission lines.*’
Because the input and output waveguides have the same cross-
sectional shape, the two transmission lines have the same
characteristic impedance. Therefore, the transmittance should
be 100% in the quasi-static limit. The perfect transmission in
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the quasi-static limit also occurs in a bend in the reference

waveguide made of PEC as shown in Figure 3¢, which is

consistent with the result in the classical microwave literature.*!
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Figure 4. Performance of the sharp 90° bend in the PEC coaxial
waveguide with various cross-sectional dimensions. The parameters a
and b are indicated in the inset figure. The transmittance is measured
while varying a for b = 50 nm (open dots), varying b for a = 150 nm
(solid dots), and varying b for a — b = 20 nm (cross hairs). Note that
the high transmittance for b = S0 nm is not very sensitive to the
variation of a. On the other hand, the variation of b affects the
transmittance significantly.

We note that the nearly perfect transmission is a broadband
phenomenon achieved from 4, = 1.55 pm to mid-infrared,
because the quasi-static approximation applies to any
sufficiently long wavelengths. The closed structure of the
coaxial waveguide that prohibits coupling with other leakage
channels such as radiation is crucial for the nearly perfect
transmission; in other conventional 3D plasmonic waveguides
that are open to the leakage channels, the transmission does not
become perfect in the quasi-static limit because additional loss
into the leakage channels is unavoidable.

Even though the quasi-static approximation holds in general
when the cross-sectional dimensions of the coaxial waveguide
are much smaller than the wavelength, we find that the size of
the inner metal is the most critical among all cross-sectional
dimensions. In Figure 4, we measure the transmittance through
the PEC coaxial waveguide bend for a vacuum wavelength 4, =
1.55 pm as varying cross-sectional dimensions of the waveguide
while maintaining one of the following three parameters the
same: a, b, and a — b (see the inset of Figure 4). The figure
shows that the transmittance stays high as long as b is much
smaller than the wavelength, whereas it decreases fast as b
increases even if the other two parameters are at deep-
subwavelength scale. The strong impact of b, that is, the size of
the inner metal, on the transmittance can be explained by the
electromagnetic field distributions of the waveguide mode
shown in Figure 2b and c: the fields are strongest near the inner
metal, so the size of the inner metal is likely to affect
transmission properties significantly. We note, however, that
the nearly perfect transmission is still quite tolerant of the
changes in parameter values; for example, when b changes by
10% from 50 nm, the transmittance stays above 98% for both a
=150 nm and a — b = 20 nm.

Next, we examine the performance of the T-splitter in the
reference waveguide made of silver shown in Figure 1b. By the
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Figure S. Performance of the T-splitter. (a) Transmittance into one of
the two output waveguides of the splitter shown in Figure 1b. Silver is
used as the metal. Both the output waveguides are the reference
waveguides, while the input waveguide is either the reference or the
optimal (see Figure 6) waveguide. For the reference input waveguide
the transmittance reaches 44.4% as the vacuum wavelength 4,
increases, whereas for the optimal input waveguide it reaches the
ideal 50.0% over a broad range of wavelengths of 1, > 1.55 um; note
that the horizontal axis is on a logarithmic scale. (b) Flow of electric
current in the T-junction, in which the three reference waveguides are
modeled as three transmission lines with the same characteristic
impedance Z,. When the voltage difference V;, is applied between the
inner and outer metals, the current I is launched in the input
waveguide and equally divided into the two output waveguides at the
junction. Note that the three seemingly separate outer metal pieces
shown in the figure are actually a single connected outer metal layer.

same method used for the bend, we measure the transmittance
through one of the two output waveguides. An ideal splitter
should transmit 50% of the input power into each output
waveguide. However, for the splitter shown in Figure 1b for
which the input and output waveguides have the same cross-
sectional shape, it turns out that the transmittance reaches only
44.4% even for long wavelengths as shown in Figure Sa. This
asymptotic value of the transmittance can be also explained by
modeling the T-junction as a junction between three
transmission lines in the quasi-static limit. Because all of the
three waveguides connected at the T-junction have the same
cross-sectional shape, the characteristic impedance Z;, of the
input transmission line and Z, of each of the two output
transmission lines have the same value Z, that is, Z,, = Z . =
Z,. The two output transmission lines form a parallel
combination of impedances with respect to the input
transmission line, because the current flowing through the
input transmission line is equally divided into the two output
transmission lines as indicated in Figure Sb. Therefore, the load
impedance seen by the input transmission line is Z; = Z,./2,
and the reflectance is calculated as

-z 1Zo2 -2z 1

1]

1Z, + Z,°  1Zy/2+ Z)F 9

1

(1)

The remaining 1 — R portion of the input power that is not
reflected should be equally divided into each output trans-
mission line, because no leakage channels such as radiation are
coupled at the junction. Therefore, the transmittance into each
output transmission line should be T = (1 — R)/2 = 4/9 =
44.4% in the quasi-static limit, which is exactly the asymptotic
value in Figure Sa.

Equation 1 suggests one way of eliminating the reflection,
which is to decrease Z;, from Z, to Z,/2. We note that for the T-
splitter in the 2D MDM waveguide the recipe was opposite,
that is, to increase Z;, because the two output waveguides
formed a series rather a parallel combination of impedances.'®
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Figure 6. Optimization of the T-splitter. (a) Structure of the T-splitter
on the vertical cross section containing the axis of the input waveguide.
The inner metal size by, of the input waveguide is increased from the
original size S0 nm to eliminate the reflection of the input wave at the
T-junction. The red arrow and bullseye indicate the propagation
direction of light. (b) Spectra of the actual reflectance in the 3D FDFD
solution of Maxwell’s equations (open dots) and the reflectance
predicted by the transmission line model (solid dots) for the T-splitter
in the silver coaxial waveguide. The actual reflectance almost vanishes
for b, = 90 nm, but the transmission line model slightly
underestimates the optimal b;,. (c) Similar spectra for the T-splitter
in the PEC coaxial waveguide, but the prediction by the transmission
line model is made using the analytic formula of the characteristic
impedance of the PEC coaxial waveguide. (d and e) Amplitude of the
H-field component normal to the plane containing the axes of the
input and output waveguides of the splitters with the reference (b, =
50 nm) and optimal (b;, = 90 nm) input waveguides. Only a half of the
splitter is shown by virtue of the mirror symmetry. Silver is used as the
metal, and the distances from the center of the junction to the electric
current source plane (green) and the flux measurement plane (cyan)
are both 0.5 ym. Notice the strong standing wave pattern in (d) due to
significant reflection of the input wave at the T-junction.

It is important to emphasize that the plasmonic coaxial
waveguides and 2D MDM waveguides have very different
topologies in their transmission line models for the T-splitters,
despite a close connection between these two classes of
waveguides in terms of the modal properties of the straight
waveguides.21

To eliminate the reflection, we decrease Z;, gradually by
increasing the size by, of the inner metal of the input waveguide
as described in Figure 6a and measure the reflectance for 4, =
1.55 pm. Figure 6b shows that indeed the reflection almost
vanishes for b, = 90 nm, for which the reflectance is only
0.17%. We note that the nearly vanishing reflection is quite
tolerant of the change in by,; for example, even if b;, changes by
10% from the optimal value, the reflectance stays below 2%.
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Figure 6d and e shows the solutions of Maxwell’s equations for
b,, = 50 nm and b, = 90 nm for 4, = 1.55 ym. Notice the
presence of a strong standing wave pattern in the input
waveguide in Figure 6d and the absence of such a standing
wave pattern in Figure 6e, which confirms that the choice of by,
= 90 nm indeed results in nearly perfect transmission.

Even though the splitter is optimized for 4y = 1.55 um, the
same splitter turns out to exhibit nearly perfect transmission
over a broad range of wavelengths spanning from 4, = 1.55 um
to mid-infrared as shown in Figure Sa. The broadband perfect
transmission is also explained by the transmission line model as
follows. Because the mode of each plasmonic coaxial waveguide
is quasi-TEM, its characteristic impedance is nearly independ-
ent of wavelength. Therefore, for sufficiently long wavelengths
for which the transmission line model holds, eq 1 predicts the
nearly constant transmittance, which is T = 50% for the
optimized splitter.

To assess the validity of the transmission line model more
quantitatively, we predict the reflectance by substituting
numerically calculated impedances Z in the formula for R in
eq 1; Z is calculated as V/I, where the voltage difference V'
between the inner and the outer metals and the electric current
I flowing through the inner metal are calculated by numerically
integrating the E- and H-fields of the fundamental mode of the
waveguide.12’42 In Figure 6b, the predicted reflectance is
compared with the actual reflectance in the 3D FDFD solution
of Maxwell's equations. In Figure 6c we make a similar
comparison between the predicted and actual reflectances for
the splitter in the PEC coaxial waveguide, for which the analytic
expression for Z exists.”>™*® For both the silver and the PEC
coaxial waveguides, the prediction from the transmission line
model correctly describes the overall trend of the actual
reflectance as a function of b, but we find that the model
slightly underestimates the optimal by, for vanishing reflectance.

In addition to its dependence on the impedances of the input
and output waveguides, the reflectance also depends on the
detailed shape of the junction between the input and output
waveguides: it turns out that the reflectance does not reduce to
zero unless the thicker inner metal of the input waveguide
extends into the junction and reaches the central axis of the
output waveguide as shown in Figure 6a. Such dependence on
the detailed shape of the junction is of course not incorporated
in the simple transmission line model above. Following the
literature of microwave circuits one could develop a more
sophisticated model that includes additional lumped circuit
elements*”*® to describe the properties of the junction more
accurately. Nevertheless, as we can see here the simple model
above does provide very important guidance for the overall
design of the T-splitter.

In conclusion, we have proposed and analyzed compact and
realistic designs of sharp 90° bends and T-splitters in plasmonic
coaxial waveguides, which can be useful in delivering optical
signals into a submicrometer-scale volume such as a nano-
photonic detector. The bends and splitters transmit optical
waves nearly perfectly without parasitic reflection and radiation,
so they help to minimize undesirable crosstalk in integrated
optical circuits. Also, because the nearly perfect transmission
occurs over a broad range of wavelengths, the performance of
our bends and splitters should be tolerant of fabrication errors,
thermal expansion, and wavelength detuning than previously
proposed bend and splitter designs based on interference and
resonance. The proposed designs can be fabricated either by
standard lithography-based fabrication methods, or by more
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sophisticated methods utilizing silver nanowire bends*”*® and

dielectric-coated silver nanowires.>’ > Another interestin

approach is to use metal-coated semiconductor nanowires®*>

as conductive inner pieces of plasmonic coaxial waveguides;
because the semiconductor nanowires can be grown into
various structures such as bends,*® branches,*”*® and combs,*’
they can be useful for building networks of plasmonic coaxial
waveguides. We believe that our theoretical study will inspire
further experimental works on actual fabrication and character-
ization of complex optical circuits based on plasmonic
waveguides.
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