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Surface-plasmon-polariton (SPP) waveguides made of materials available in nature have, in general, been found to suffer from
very high absorption loss when light confinement is beyond diffraction limit. In this paper, the possibility of combining both
the conventional index-guiding and the SPP-guiding mechanisms together into one single waveguide is being explored. Such
waveguides, expectedly, inherent the low-loss feature of all-dielectric waveguides as well as the superior mode field confinement
possessed by SPP waveguides. By using experimentally ready materials, it is theoretically shown that compact metallodielectric
waveguides can be designed with a ~ 500 X 500 nm? core size around the 1550 nm telecommunication wavelength. The examined
waveguides can be interpreted as a gap SPP waveguide with an inner dielectric core. Compared to pure SPP waveguides, such
hybrid waveguides have a comparable mode field size, but with significantly lower loss (~ 0.05dB/um for either quasi-TE or
quasi-TM operation). Therefore they can be potentially deployed for a range of integrated photonic applications.

Copyright © 2007 M. Yan and M. Qiu. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Recently, there has been a revived interest on surface-
plasmon-polariton (SPP) waveguides [1]. Such waveguides
can confine light without a diffraction limit. Therefore, they
are promising for applications in integrated optics. However,
the propagation loss of almost all SPP waveguides is found
to be inversely proportional to their mode field confinement
(see, e.g., [2]). Most SPP waveguides proposed so far have
their propagation lengths limited to only several microme-
ters once light is squeezed beyond the diffraction limit [3—
5]. Such a high loss value ultimately prevents the waveguides
from being deployed as integrated photonic circuits. In this
paper, we look into a type of waveguides which guide light
using both the dielectric index-guiding mechanism and the
SPP effect. Such hybrid waveguides should inherit both the
low-loss feature of all-dielectric waveguides as well as the
superior mode confinement possessed by SPP waveguides.
Compared to SPP waveguides, the proposed waveguides are
expected to be able to achieve a comparable mode field con-
finement and lower propagation loss.

The waveguide to be examined, in a 1D slab limit, has
a high-index dielectric core layer surrounded by low-index
dielectric cladding layers, which is then further jacketed by
metal claddings (see Figure 1(a)). When the distance be-

tween two metals (or metal gap size) is large enough, both
TE and TM modes can be guided by the central high-index
dielectric core. As the gap distance gets smaller, the effect of
metal claddings becomes more evident. In fact, if the gap dis-
tance is close to the wavelength, the dielectric materials be-
tween metal claddings can be treated as an effective dielectric
medium. Among the two modes, the TE mode will be cut-
off if the metal gap is as short as half of the light wavelength
(measured in the effective dielectric medium), while the TM
mode is an SPP in nature and does not suffer from a diffrac-
tion limit. In practice, the waveguide in Figure 1(a) should
be fabricated with a finite height. Figure 1(b) depicts the
schematic cross-section of a corresponding planar 2D waveg-
uide. Modes guided by the waveguide shown in Figure 1(b)
are all hybrid. The first two modes have their major elec-
tric field polarized along either x or y direction. These two
modes, therefore, can be referred to as quasi-TE or quasi-TM
mode. Both index-guiding and SPP-guiding mechanisms, in
general, contribute to the mode field confinement in such a
waveguide. Without the central high-index core, the waveg-
uides shown in Figures 1(a) and 1(b) correspond to the pre-
viously reported metal-insulator-metal (MIM) [6] and metal
gap waveguides [4, 7-9], respectively. We will show that in-
troduction of a high-index inner core will reduce metal ab-
sorption loss considerably for the TM mode (or quasi-TM
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FIGURE 1: Schematic diagrams of the hybrid optical waveguide
cross-sections. (a) 1D; (b) 2D.

mode for a 2D waveguide). At the same time, the TE mode
(or quasi-TE mode) can be saved from cutoff, due to an in-
crease in the effective index of the dielectric filling between
two metal claddings. The optimum inner core thickness will
be determined for achieving relatively low-loss quasi-TE or
quasi-TM operation around 1550 nm wavelength, given a
fixed metal cladding separation.

2. 1D ANALYSIS

We choose commonly available materials, namely silver (Ag),
silica (SiO,), and silicon (Si), for the current theoretical
study. Throughout this paper, we have explicitly considered
the material dispersion. The dielectric constant of silver is de-
scribed in Drude model as

(€0 — €w) W3

€(Ag) = €w — L (1)

w? +iwy

with €, = 4.017, €9 = 4.896, w, = 1.419 x 10" rad/s, and
y = 1.117 x 10" rad/s. This Drude model is fitted accord-
ing to the measured data from Palik’s handbook [10]. The
dielectric constant of silica is assumed to adhere to the well-
recognized Sellmeier equation [11]. And similarly, a Sell-
meier equation for silicon [10] is adopted. The operating
wavelength is chosen to be within the range 1.2~2.0 ym, in
which both silica and silicon are transparent.

We have employed a transfer-matrix method (TMM) for
deriving modes propagating in the 1D waveguide. A time de-
pendence of exp(jwt) is assumed throughout this study for
harmonic electromagnetic field. The guided modes in a 1D
waveguide can be separated into TE and TM two groups. We
describe briefly the method for deriving TM modes. TE pro-
belms can be handled accordingly. As a mode field in any
single layer fulfills the wave equation in homogeneous mate-
rial, and its general solution for the tangential field H, can be
written as

H,; = Aexp(jkyix) + Bexp( — jkyix), (2)

where k2 = k3u,.€,; — . Care should be taken for choosing
the sign of the square root when deducing k;. ko is the free-
space wave number. f3 is the propagation constant which is,
in general, complex. The effective mode index is defined as
nes = P/ko. In (2), the first term denotes the left-propagating

wave, and the second denotes the right-propagating wave.
Another tangential field E, can be derived as

xi Xi
wEe

Ezi =A E'eXP( - jkxix)~ (3)

. k
iexp(]kxix) — Bw

Equations (2) and (3) can be written compactly as

R

As tangential fields are continuous across an material inter-
face, by setting x = x; with x; the ith interface position, we
can relate fields in two adjacent layers by

Hyi _ . Hy,i+1

|:Ezi:| =M. I:Ez,i+1:| ’ )
where My; = M; M, is the transfer matrix. In this man-
ner, the field in the leftmost layer can be related to that
in the rightmost layer. By considering there is no right-
propagating wave in the leftmost layer, and that there is no
left-propagating wave in the rightmost layer, we can get a
characteristic equation. 3 values can be determined by solv-
ing for the roots of the equation.

Figures 2(a) and 2(b) show, respectively, the variations of
the TE and TM modes in their n.g and loss values as the Si
layer thickness d is changed from 0 to 500 nm while the dis-
tance between two metals w is kept at 500 nm. Wavelength
is at 1550 nm. For the first TE mode, its propagation loss
decreases sharply by more than one order and reaches its
minimum at 25.7 dB/mm around d = 220 nm. The loss in-
creases gently as d is further increased. In fact, the TEy mode
is close to cutoff at d = 0nm, and introduction of the Si
layer pushes the cutoff to longer wavelength, which explains
the initial sharp decrease of loss. When d reaches 275 nm, the
second TE mode (TE;) begins to be guided. We can easily
avoid this TE; mode by letting d < 275 nm. The TM modes
in Figure 2(b), in general, exhibits the same trend. The first
two modes, TM, and TM, are the Fano mode pair in a con-
ventional MIM slab waveguide. Among them, the TM, mode
does not experience cutoff even if w decreases to a near-
zero value. Propagation loss of this fundamental mode de-
creases as d increases. The minimum loss of 22.6 dB/mm oc-
curs when d = 340 nm. This drop in loss is attributed to the
trapping of light in the Si layer, and therefore the interac-
tion of mode with metal surfaces is reduced. Notice that all-
Si filling results in a higher loss than that induced by all-SiO,
filling. The TM,; mode is close to cutoff at d = 0, and it be-
comes better confined as the Si layer is introduced. However,
the improvement is not as significant as that for the funda-
mental mode. The is due to the fact that there is a nodal line
for the dominant field of the TM; mode, which effectively
expels light out of the Si layer. The TM, mode appears at
d = 275nm, which experiences similar dispersion and loss
behaviors as the TE; mode. The Fano mode pair is seen to al-
ways exist regardless of d. However, we will show in the next
section that the second Fano mode can be stripped off if a
proper substrate and superstrate are deployed for a realistic
2D waveguide. Here w = 500 nm has been chosen for our
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FIGURE 2: The variations of n.s (upper panel) and loss (lower panel) values for the TE (a) and TM (b) modes with respect to the Si layer

thickness.

(a)

FIGURE 3: Modes supported by 1D waveguides. (a) Field compo-
nents of the TE; mode guided by a slab waveguide with d = 200 nm.
(b) Field components of the TM, mode guided in a slab waveguide
with d = 340 nm. In both cases, the z field component is the minor
component.

case study. Although not shown in this paper, we point out
that an extra Si layer only helps to reduce propagation loss
when w is larger than ~250 nm. When w = 200 nm, no TE
mode is supported, and loss of the first TM mode increases
monototically with d.

In Figure 3(a), we plot the fundamental TE mode at
d = 200 nm, and the fundamental TM mode at d = 340 nm
in Figure 3(b). It is evident that a major part of the light is
trapped in the Si layer, which reduces the interaction of the
modes with the metal claddings. The field penetration into
metal claddings is limited to only tens of nanometers (so-
called skin depth). Therefore, it is expected that such waveg-
uides can be placed very close to each other without suffer-
ing from heavy cross-talks, which is key for achieving high-
density optical integration.

3. 2D ANALYSIS

In 2D scenario, the waveguide in Figure 1(a) will have a fi-
nite height h. A substrate and a superstrate will be present
below and above the waveguide, respectively, as shown in
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F1GURE 4: Dispersion of the TE (a) and TM (b) modes as the waveguide height is changed. d = 200 nm.

Figure 1(b). The guided mode is affected not only by the
height of the planar waveguide but also by the indices of
substrate and superstrate. Most importantly, the high-order
modes that appear in 1D waveguides as shown in Figure 2
can be trimmed off for some adequate substrate or super-
strate. For example, it is relatively simple to achieve low-loss
single-mode quasi-TE operation at A = 1550 nm, since a sub-
strate and a superstrate made of SiO, (n = 1.444) would
be sufficient to get rid of the TE; mode at d = 200nm
(see Figure 2(a)). For low-loss single-mode quasi-TM op-
eration a substrate and a superstrate of index greater than
~2.0 (but less than 2.75) can be used to get rid of the odd
Fano mode (TM;) while d can be kept around 340 nm (see
Figure 2(b)). In the following, we will introduce two sepa-
rate waveguides that are, respectively, intended for low-loss
quasi-TE and quasi-TM operations.

3.1. Waveguide for quasi-TE operation

For low-loss quasi-TE operation, we let both substrate and
superstrate be silica. d is fixed at 200 nm. In 1D limit, the loss
of the TE-mode will be as low as 26.1 dB/mm at 1550 nm
wavelength (see Figure 2(a)). A further complication is on
choosing an appropriate height 4 to prevent nodal line from
appearing in the vertical direction. Although a vector finite-
element method (FEM) can be used to decide h for single-
mode operation, we have found the effective-index method
(EIM) a much more efficient way to achieve the objective.

In EIM, a 2D planar waveguide is simplified to a
horizontally-placed three-layer slab waveguide. For the par-
ticular waveguide shown in Figure 1(b), the upper and bot-
tom layers of the corresponding simplified waveguide are
simply SiO,. The central layer has a refractive index which
is the ncq value of the mode guided by the waveguide shown

in Figure 1(a)). The EIM is noticed to have a reasonable
accuracy, especially when wavelength is small (not shown).
Figure 4(a) shows the geometric dispersion curves for the
first four TE modes as h is varied at A = 1550nm. We
have only considered the TE;, mode in Figure 2(a). It is
seen that all high-order modes approach cutoft when h de-
creases. When # is less than ~400 nm, only one mode, that
is, TEo,,! is supported. In the same manner, we have exam-
ined the geometric dispersions for the TM modes, as shown
in Figure 4(b); and it is noticed that all high-order modes
have been cutoff for & < ~500 nm. Again, only TM, mode
in Figure 2(b) is studied here. Although the second mode in
Figure 2(b) (TM;) has an n.s = 1.472768, which is slightly
larger than the refractive index of the substrate/superstrate
(1.444024), the effective index of all modes in 1D case will
be reduced as the height of the waveguide is reduced. It will
be shown in the following paragraph that TM; , modes will
not be supported in our designed 2D waveguide by using an
appropriate h.

Next, we use a vector FEM method to investigate explic-
itly a particular 2D planar waveguide that is optimized for
low-loss quasi-TE operation. The advantages of FEM include
its accurate definition of material boundaries as well as its
adaptive meshing of the numerical domain. The waveguide
under study has a height of 450 nm. The dispersion and loss
curves for the first four modes are plotted in Figures 5(a) and
5(b). It is seen that the high-order TMy; and TE; modes
approach to their cutoffs at A ~ 1380 nm and A = 1430 nm,
respectively. Hence the waveguide operates in single mode

! The first subscript in the mode designation corresponds to the number
of nodal lines along x direction, while the second subscript denotes the
number of nodal lines along y direction. Although the modes are all hy-
brid, for simplicity we still use the abbreviations “TE” and “TM.”
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FIGURE 5: Dispersion (a) and loss (b) values for the first four modes
guided by a 2D waveguide with d = 200 nm and & = 450 nm.

for each polarization at wavelength beyond ~1430 nm. At
A = 1550 nm, the waveguide is highly birefringent, with bire-
fringence value (defined as |n%; — nlg|) as high as 0.3569.
This indicates that the TMyy and TE( modes, though both
supported by the waveguide, will hardly interact with each
other. A careful excitation by a linearly polarized light source
will ensure that only one of the modes will be propagating
down the waveguide. Generally speaking, the propagation

Beat length L, (um)

600 700 800 900 1000 1100 1200 1300 1400

Waveguide separation S (nm)

—O— With Ag
—O— Without Ag

FIGURE 6: Beat length variation as a function of waveguide sepa-
ration for the quasi-TE mode at A = 1550 nm. The inset in the
upper-left corner gives the TE(, mode supported by an individual
waveguide with metal cladding, while that in the bottom-right cor-
ner gives the same mode supported by a waveguide without metal
cladding. The field contour lines are in 3 dB separation. The first
contour line is an exception, which is at 90% of the maximum value.
Domain size of the field plots: 2 x 2 ym?.

loss of the waveguide increases as h is decreased. The propa-
gation losses of both TEgy and TM modes are, in general,
higher as compared to the pure 1D modes. The propagation
loss of the TE(y mode at 1550 nm is 44.9 dB/mm, and that
for TMy 1 -like mode 150.1 dB/mm. The loss of the TE, ;-like
mode is almost equal to that of the SPP mode supported by
a single Ag-SiO, surface (see Figure 5(b)), which is in the-
ory impossible to be achieved by the coupled SPPs in MIM
waveguides.

To know how strong two waveguides placed in paral-
lel interact with each other, one needs to examine the beat
length L, for the coupled supermodes. Beat length is de-
fined as L, = 2n/|f, — fB,|, where 3, and 8, are propaga-
tion constant of the even and odd supermodes, respectively.
The longer the L,, the weaker the two waveguides interact. In
Figure 6, we show the variation of beat length as a function of
the waveguide separation S (defined as the distance between
core center to core center). The same curve is also derived
for an identical waveguide but without the metal claddings.
Both curves are approximately linear with the beat length
represented in logarithmic scale. It is observed that the beat
length is increased to their 3.5 times when metal claddings
are present. With the same cross-talk requirement, waveg-
uides with metal claddings can be put 23% closer as com-
pared to without metal cladding. According to the coupled-
moded theory, field overlapping of two waveguide modes
(examined for each individual waveguide in separation) has
direct effect on the coupling strength between two waveg-
uides. From the field distribution of the mode supported by
the hybrid waveguide (upper-left inset in Figure 6), it is not
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FIGURE 7: Dispersion (a) and loss (b) curves for guided modes in a waveguide with d = 340 nm and & = 480 nm. A = 1550 nm.

difficult to understand that the field overlapping of such two
modes will be smaller, as compared to waveguides without
metal claddings.

3.2. Waveguide for quasi-TM operation

In this subsection, we look into waveguides that can oper-
ate with a relatively low-loss TM,y mode. We follow the pre-
vious sub-section by setting w = 500 nm. To get rid of the
odd Fano mode shown in Figure 2(b), we can choose Sili-
con Nitride (Si3Ny, whose index is assumed to be 2.05 for
A = 1.2~2 um) as both the substrate and the superstrate. The
Si3Ny layers are not placed in direct contact with the metals
in order to avoid the high loss induced by Ag-SisN4 SPP. In
the present study, the Si3;N4 materials 200 nm away from the
metal surfaces. See Figure 8 insets for the waveguide cross-
section.

First, according to Figure 2(b), we choose d = 340 nm in
order to minimize the absorption loss. Again, using EIM we
estimate that the height & of the core layer should be kept less
than 500 nm. In this investigation, we select & = 480 nm. In
Figure 7, we show variation of the n and loss values with
respect to wavelength. Similar to previously designed waveg-
uide, the current waveguide supports both TEqy and TMg
two modes at A = 1.55 ym. Losses of the two modes are com-
parable at 45.3 dB/mm and 42.0 dB/mm, respectively. The
birefringence at A = 1.55 ym is noticed to be 0.052, which is
smaller as compared to the value possessed by the waveguide
shown in the previous subsection. Still, the birefringence is
significantly larger than those in commercial HI-BI fibers,

which are normally in the order of 10~*. Therefore, a care-
fully launched polarization state is likely to be preserved at
the output end of the waveguide.

To examine the coupling strength between such two
waveguides placed in parallel, we show the beat length L, as
a function of their separation S in Figure 8. The same curve
for an identical waveguide but without the metal cladding is
also superimposed. With the metal cladding, the beat length
is increased to its 5.0 times at S = 600 nm and 10.7 times at
S = 1400 nm. At the same level of cross-talk requirement, the
proposed hybrid waveguide can be placed up to 25% closer as
compared to the waveguides without metal claddings (exam-
ined around S = 700 nm). The major magnetic field H, sup-
ported by an individual waveguide for both with and without
metal claddings are shown as insets in Figure 8. Comparing
the two fields, it can be seen that the mode guided by the
hybrid waveguide is better confined laterally due to the pres-
ence of metal claddings. In fact, the major field components
H, and E, are antiresonant with the horizontal Ag-SiO; in-
terfaces; therefore, a quicker field decay along the surfaces is
resulted.

4. DISCUSSION AND CONCLUSION

The losses of the designed waveguides are in the range of
40~50 dB/mm. Such a loss value allows a signal to be trans-
mitted for a ~100 ym distance before its power is dropped to
its 1/e. Since the cross-sections of the waveguides are around
0.5 X 0.5 um?, the functioning waveguides have a length-to-
cross-section aspect ratio of ~200. This value is reasonably
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FIGURE 8: Beat length variation as a function of waveguide separa-
tion for the quasi-TE mode at A = 1550 nm. The inset in the upper-
left corner gives the TMj,, mode supported by an individual waveg-
uide with metal cladding, while that in the bottom-right corner
gives the mode supported by a waveguide without metal cladding.
The field contour lines are in 3 dB separation. The first contour line
is an exception, which is at 90% of the maximum value. Domain
size of the field plots: 2 X 2 ym?.

large for achieving a wide varieties of photonic applications
(e.g., ring resonators, couplers, etc.).

The designed waveguides have confirmed that it is pos-
sible to obtain both reasonably low-loss propagation as well
as good confinement by combining both index-guiding and
SPP-guiding mechanisms. There are several ways to achieve
even lower loss, probably at the expense of field confinement.
First, the propagation loss can be reduced by using some di-
electric material with a lower epsilon value (e.g., air), in re-
placement of the SiO, material in the proposed structures.
A drop in propagation loss is expected because that the SPP
guided by an Ag-air interface has a significantly lower loss
than that guided by an Ag-SiO, interface. However, planar
waveguides with their core exposed in air are relatively more
vulnerable to environmental changes. Notably, contamina-
tion of water molecules will affect the guided modes signifi-
cantly. Second, propagation loss can be drastically reduced if
the gap size is allowed to increase to some higher value. Fi-
nally, waveguides with lower loss may be possible by applying
the same design methodology to other waveguide structures,
other than based on the MIM structure.

In conclusion, we have proposed the deployment of
waveguides which propagate light by both index-guiding and
SPP-guiding principles. With the hybrid guidance mech-
anism, it is possible to realize low-loss, compact-optical
waveguides using commonly available materials. As a sim-
ple illustration, we have designed waveguides with their
cross-sections at ~500 x 500 nm? functioning around the
1550 nm telecommunication wavelength. The waveguides

can be optimized for low-loss quasi-TE or quasi-TM guid-
ance. An increase in packaging density by up to 25%
is observed compared to using waveguides without metal
claddings. The waveguide in quasi-TM operation deserves
some special attention, since a down-tailoring of the waveg-
uide does not lead to a cutoff of the guided quasi-TM mode,
even when the waveguide’s high-index inner core ceases to
exist. We are currently exploring the possibility of coupling
light efficiently from a waveguide proposed in this paper to
a deep-subwavelength metal-gap SPP waveguide without an
inner dielectric core though such a tailoring.
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