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Abstract

Propagation  characteristics  of  symmetrical and
asymmetrical multilayer hybrid insulator-metal-insulator
(HIMI) and metal-insulator-metal (HMIM) plasmonic slab
waveguides are investigated using the transfer matrix
method. Propagation length (L) and spatial length (L,) are
used as two figures of merit to qualitate the plasmonic
waveguides. Symmetrical structures are shown to be more
performant (having higher L, and lower L), nevertheless it
is shown that usage of asymmetrical geometry could
compensate for the performance degradation in practically
realized HIMI waveguides with different substrate
materials. It is found that HMIM slab waveguide could
support almost long-range subdiffraction plasmonic modes
at dimensions lower than the spatial length of the HIMI slab
waveguide.

1. Introduction

Plasmonic nanostructures has been considered extensively in
recent years as a platform to guide and manipulate
plasmonic waves (Surface Plasmon-Polariton (SPP)) at
dimensions lower than the diffraction limit. The major
challenge in plasmonic waveguides is the metallic loss
where it limits the propagation length. Consequently, many
designs are proposed to make a balance between
confinement and loss based on three primary structures of
metal—insulator (MI), insulator—metal—insulator (IMI) and
metal—insulator—metal (MIM) [1-8], among which “Hybrid
structures” are supposed to be a very promising choice [9].
They have two main advantages: 1. provide better balance
between confinement and loss in plasmonic waveguides and
2. provide a very suitable platform for nonlinear devices.

In a hybrid configuration, the dielectric layer next to the
metal is decomposed into 3 distinct layers of, low index
dielectric (L-layer), high index dielectric (H-layer) and
cladding. The main feature of such an arrangement is the
efficient coupling of the SPP wave at the metal and L-layer
interface with the dielectric wave in the H-layer. The hybrid
coupled mode provides a mechanism to control the amount
of energy penetration into the metal as well as the spatial
extent of wave. Several waveguide configurations (mainly
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Figure 1: Geometries of hybrid plasmonic slab waveguides: a.
hybrid insulator-metal—insulator, and b. hybrid metal-insulator—
metal.
2D cross sectional layouts) have already been investigated
which may be classified under three groups of HMI, HIMI
and HIMI structures, consistent with their non-hybrid
counterparts. Analysis of hybrid slab waveguide (HMI type)
is performed in refs. [10] and [20]. In refs. [10-14] the 2D
constrained HMI waveguide and related devices are
investigated. References [15] and [16] deals with 2D HMIM
waveguides and [17-19] with 2D HIMI waveguides.
Recently, a detailed analysis has been performed on HMI,
HIMI and compact form of HMIM slab waveguides so to
extract their properties and limits compared to each other
and to non-hybrid geometries [21]. The analysis was focused
on symmetrical geometries regarding layer thicknesses and

dielectric materials.

Here we analyze the symmetrical and asymmetrical HIMI
and generalized (non-compact) HMIM slab waveguides
(Fig. 1) using the transfer matrix method (TMM) (as
discussed in Appendix 1), so to extract and compare their
propagation characteristics and their potentials to improve
waveguide performances. The “propagation length” and
“spatial length” are the two figures of merit (FOM) utilized
to qualitate the plasmonic waveguides (Appendix 2). It is
shown that the asymmetrical structure provides a mean to
compensate for performance degradation caused by
realization aspects such as substrate-cladding material
difference. When used as a directional coupler (coupled
HMI structures from the metal or dielectric side), the
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Figure 2: a. Effective refractive index and b. Propagation length,

of the first two TM polarized hybrid-guided modes of the HIMI
slab waveguide in terms of dy and d; . Metal thickness is chosen to

be dy=20 nm. Indexes “s” and “a” stand for symmetric and anti-

symmetric modes, respectively.

asymmetrical structures presented here could also be used
to increase its performance criteria (e.g. extinction ratio).
It is also shown that HMIM waveguide could provide
almost long-range propagation at dimensions much lower
than ones achieved by the HIMI waveguide, paving a path
for realization of long-range subdiffraction SPP
waveguides.

0 50 200

2. Symmetrical Structures

Our analysis begins with symmetrical structures where we
assume: €= €12, €41~ €H2, €C1™ €2 and dL1: d]_z, dH1: de. It
is performed at the optical communication wavelength of
1550 nm (193.5 THz). Silica is used for the L and S-layers
(spacing layer in HMIM slab waveguide) and silicon is used
for the H-layer dielectric material with constants of 2.1 and
12.1, respectively. Cover/cladding layers (ec) are assumed
to be air. Silver is used for the metal layer due its lower loss
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Figure 3: Effective refractive index and Normal electric field (Ey)
profile of the first two TM polarized hybrid-guided modes of the
HIMI slab waveguide in terms of dy; for d4=100 nm and d; =25 nm.
compared to other common metals used in plasmonics.
Dielectric  function of silver is calculated to be
Eilver—127—j3.45 at A=1550 nm (by fitting the Drude

dielectric function to the measured values of [22,23]).

2.1. Symmetrical HIMI Waveguide

Effective refractive index (Fig. 2(a)) and propagation length
(Fig. 2(b)) of the first two TM polarized guided supermodes
(asymmetrical short-range TM," and symmetrical long-
range TM,°) are determined for H-layer thicknesses (dy) of
10 to 200 nm and L-layer thicknesses (dr) of 2, 25, and 100
nm. The metal thickness (dy) is chosen to be 20 nm. The
dielectric layer thicknesses are chosen so as to cover a
suitable range of values which results in the wide variation
of propagation characteristics (effective index and
propagation length). Consequently the modal behavior (1*
two modes) of the waveguides could be studied directly.
The metal layer thickness for the HIMI structure is chosen
so as to have a relatively strong coupling between the SPPs
on the two side of structure. Extraction of higher order
guided modes show that for the aforementioned layer
thicknesses, higher supermodes of HIMI waveguide are
almost nonpropagative. Variation of effective index due to
change in metal thickness from 20 to 90 nm and the normal
electric field profile (Ex) at the upper and lower limits are
also shown in Fig. 3 in which d4=100 nm and d =25 nm.
The metal thickness (dM) in the HIMI slab waveguide
controls the coupling strength between the coupled HMI
waveguides (HIMI slab waveguide is considered as a
coupled waveguide consisting of two similar back-to-back
HMI slab waveguides). As dy decreases, coupling becomes
stronger and field profiles of the symmetric and
antisymmetric modes depart further from one another. On
the other hand, with the increase of dy;, modes become more
similar until at about dy=100 nm they form degenerate
modes. It is known that the HIMI waveguide provides
subdiffraction long-range propagation via the long-range
antisymmetrical TM,* mode [21].
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Figure 4: a. Effective refractive index and b. Propagation length, of
the first two TM polarized hybrid-guided modes of the HMIM slab
waveguide in terms of dy and d;. Thickness of the S-Layer is

chosen to be ds=20 nm. Indexes “s” and “a” stand for symmetric
and anti-symmetric modes, respectively.

200

2.2. Symmetrical HMIM Waveguide

Effective refractive index (Fig. 4(a)) and propagation length
(Fig. 4(b)) of the first two TM polarized guided modes
(symmetrical TM," and antisymmetrical TM,") are
determined for dy=10-200 nm, d;=2, 25, and 100 nm and
ds=20 nm. Variation of effective index due to change in
ds=20-250 nm and the normal electric field profile (Ey) at
the upper and lower limits are also shown in Fig. 5 (with
dy=100 nm and d; =25 nm).

Similar to the compact HMIM waveguide [21], there is a
Quasi-TEM symmetrical mode available in HMIM
waveguide (fundamental mode). The second order mode is
an antisymmetrical one with a cut-off thickness for du
(infinite slope for the n.g curves). This means that for du
smaller than the cut-off thickness, no leaky mode is present
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Figure 5: Effective refractive index and Normal electric field (Ey)
profile of the first two TM polarized hybrid-guided modes of the
HIMI slab waveguide in terms of dg for d4=100 nm and d; =25 nm.
and it becomes guided very rapidly, contrary to the HIMI
slab waveguide (Fig. 2(a)) where the modes start as leaky

waves with very small slope.

The single mode operation area of the waveguide varies
from dy=0-35 nm for d;= 100 nm to dy=0-85 nm for d;=2
nm. Similar to the HIMI slab waveguide, spacing layer
thickness (ds) controls the coupling strength between the
coupled HMI waveguides (with coupling from dielectric
side). Decrease/increase in ds, strengthens/weakens the
coupling and consequently the similarize/disimilarize the
field profiles of the symmetric and antisymmetric modes.
Further discussions are done in the following sections. For
dg larger than 900 nm, the modes become degenerate.
Comparing the propagation length curves of the proposed
HMIM slab waveguide (Fig. 4(b)) shows that as the mode
order increases, the propagation length decreases. As a
result, the fundamental mode (TM,") has the best
propagation length. On the other hand, for every mode,
propagation length increases by the increase of both dy and
dr.

3. Asymmetrical Structures

In this section we analyze asymmetrical structures in which
asymmetry in dielectric thicknesses is considered. Modes
with highest propagation lengths are considered (TM,® for
HIMI and TM," for HMIM slab waveguides). Waveguides
are still assumed to be symmetrical according to dielectric
and metallic materials.

3.1. Asymmetrical HIMI Waveguide

Propagation length of HIMI slab waveguide with asymmetry
in H-layers are shown in Fig. 6(a). L-layer thicknesses are
assumed to be symmetrical with d;=25 nm. Three cases of
dip=10, 100 and 200 nm for dy;=10-200 nm are considered.
In Fig. 6(b), Propagation length of the waveguide with
asymmetry in L-layers is plotted. H-layer thicknesses are
symmetrical with d;=10-200 nm. Two cases of (d, ;=2 nm ,
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Figure 6: Propagation length of the long-range TM,® mode of HIMI
slab waveguide for: a. asymmetry of the H-Layer thicknesses at
dp ;=d;,=d; =25 nm (symmetrical cases of dj=25 and 100 nm are

included for comparison), b. asymmetry of the L-Layer thicknesses

for dy;=dy=di=10-200 nm.

d;,=48 nm) and (d. ;=15 nm , d;,=35 nm) are analyzed. The

symmetrical case is also shown for comparison.

The plots show that for both groups of asymmetry (H and
L-layers), the best propagation length is achieved by the
symmetrical geometry. This could be described by the fact
that, the HIMI slab waveguide is formed by the coupling of
two HMI slab waveguides which results in modes that are
complete supermodes (without cut-off thickness (Fig. 2(a)))
due to coupling through metal layer (waveguide fields do
not interfere with each other very much). According to the
coupled mode theory, strongest coupling occurs when the
coupled waveguides are fully symmetrical and matching is
complete. Therefore, one could conclude from the results
obtained here that the minimum loss (maximum propagation
length) occurs when the coupling strength reaches its highest
value. On the other hand, waveguide loss is proportional to
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Figure 7: Energy Density of the long-range TM,® mode at the
cross-section of HIMI slab waveguide with d;=25 nm, for: 1.
symmetrical case with dy=140 nm, and 2. asymmetrical case with
dy;=140 nm and dy,=100 nm. Percentage of energy in metal layer
is also included for comparison.
the wave’s relative energy density in metal layer. Figure 7
shows the cross-sectional energy density for the two cases of
symmetrical (dg=140 nm) and asymmetrical (dy;=140 nm
and dp=100 nm) waveguides. The increase in energy
density of asymmetrical case in metal layer is clearly shown
in comparison with the symmetrical one. Calculated relative
metal energy (W,) (normalized to the total energy) is 2.5%
for symmetrical and 4.7% for asymmetrical case, consistent

with their losses and/or propagation lengths.

A full judgment about the symmetrical and asymmetrical
waveguides is accomplished when their transverse
confinement ability is calculated using an appropriate
quantity. We use the “spatial length” (Ls) as described in
appendix 2. Figure 8 displays the results for the same
parameters of Fig. 6. One could conclude from the Fig. 8(b)
that asymmetry in L-layers decreases the confining ability of
waveguide. Figure 8(a) demonstrates that the minimum
spatial length is achieved by the symmetrical geometry
(L&=650 nm at dy;=140 nm). Nevertheless, for dy;<90 nm,
symmetrical waveguide is more confined although it’s
propagation length is also shorter. Yet, a different di. value
(other than 25 nm) could be found for which the
symmetrical case is superior in both L, and L, criteria. For
example, symmetrical HIMI slab waveguide with d;=100
and 25 nm, provides for better performance when dy<50 nm
and dyp>10 nm relative to the asymmetrical cases of
(dg=100, 200 nm) and (dg;=10 nm) respectively. As a
concluding remark, a symmetrical geometry of HIMI slab
waveguide could always be used to achieve a desired
performance.

3.2. Asymmetrical HMIM Waveguide

Propagation length and spatial length of the HMIM slab
waveguide considering the asymmetry in H and L-layers are
compared with each other and with the symmetrical case in
Fig. 9 and 11 respectively. Parameter values are the same as
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Figure 8: Spatial length of the long-range TM,® mode of HIMI slab
waveguide for: a. asymmetry of the H-Layer thicknesses at
dp=dp,= d; =25 nm (symmetrical cases of d;=25 and 100 nm are
included for comparison), b. asymmetry of the L-Layer thicknesses
for dy1= dyp= dy=10-200 nm.
ones used in Fig. 6 and 8. Similar to HIMI waveguide,
asymmetry in L-layers increases the loss. But this is not
strictly valid for asymmetry in H-layers. In the region where
the symmetrical waveguide has longer/shorter propagation
length (for 0 <dy;<200 nm when dy,=10 and 200 nm and
dy>100 nm when dy,=100 nm), it also has higher/lower

spatial length.

The different behavior of HMIM waveguide from the
HIMI waveguide is explained by the fact that, although
HMIM waveguide is also composed of two coupled HMI
waveguides, but the resulting modes are quite different from
the modes of HMI waveguides. This is firstly due to the
strong coupling through dielectric layers with strong
overlapping fields of each waveguide at the place of the
other one, and secondly to the existence of upper and lower
metallic layers. Consequently, variation of propagation and
spatial lengths with respect to the dielectric layer thicknesses
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Figure 9: Propagation length of the TM,® fundamental mode of
HMIM slab waveguide for: a. asymmetry of the H-Layer
thicknesses at di ;=d; ;= d; =25 nm (symmetrical cases of d;=25 ,50
and 100 nm are included for comparison), b. asymmetry of the L-
Layer thicknesses for dy;= dy,= dy=10-200 nm.

(H and L), is monotone contrary to the HIMI waveguide
which have extrema. Since the energy penetration into the
metal layer is relatively low, spatial length is almost
coincident with the summation of dielectric layer
thicknesses. On the other hand, along with the increase in
inter-metal separation distance, relative energy density in
metal decreases and the propagation length increases (see
Fig. 10). Thus, improvement in a criteria results in a degrade
in the other. Nevertheless, similar to HIMI waveguide, a
different di value could be found for which the symmetrical
case has a better performance. For example, symmetrical
HMIM slab waveguide with d;=50 nm/100 nm, could
perform better relative to the asymmetrical case at dgp,=100

nm/200 nm, when dy<50 nm (see Fig. 9(a) and 11).

3.3. Compensating the Effect of Different Substrate Material

Usage of a suitable substrate material in regards with the
choice of fabrication technology, is unavoidable for the
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Figure 11: Spatial length of the TM,® fundamental mode of HMIM
slab waveguide for asymmetry of the H-Layer thicknesses at
dp;=d;,= d; =25 nm (symmetrical cases of d;=25 ,50 and 100 nm
are included for comparison).
realization of aforementioned plasmonic slab waveguides.
As a consequence, symmetry of the structures are lost
regarding the dielectric materials of the lower and higher
layers and thus the waveguide performance is degraded.
This isn’t a matter of concern in HMIM slab waveguide due
to the limited energy penetration into the metal, but it is
different in HIMI slab waveguide. Using a silica substrate in
HIMI waveguide (ec1= gsy,=2.1), not only limits the guided
mode region (dg>~80 nm) (Fig. 12(a)), but also decreases
the propagation length (Fig. 12(b)) and increases the spatial

length (Fig. 12(c)).

To compensate for this imbalance, we could use
asymmetrical dielectric thickness. In fact, an effective index
could be considered for each side of the metal. Using a
higher index material for the substrate, increases the
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Figure 12: Comparing the propagation properties of HIMI slab
waveguide with and without silica substrate: a. effective refractive
index, b. propagation length and c. spatial length.
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effective index of the lower side. Balancing the two sides
requires either increasing or decreasing the appropriate
dielectric layer thicknesses on the upper or lower side
respectively (layer thickness corresponds to a weighting
coefficient for the index of that layer).

Figure 13 shows the propagation length (Fig. 13(a)) and
spatial length (Fig. 13(b)) for three cases: 1. Totally
symmetrical, 2. symmetrical thicknesses and asymmetrical
material (with silica substrate) and 3. asymmetrical with
silica substrate and different H-layer thicknesses. For all
cases we have di=25 nm. Usage of a H-layer with different
thickness (130 nm) improves the propagation length (for
dg=100-115 nm) relative to the maximum propagation
length of the case #2, yet keeping the spatial length very
low. The performance of symmetrical waveguide is very
much retrieved by this method.
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4. Comparing the Hybrid Waveguides

To finalized the evaluation of HIMI and HMIM slab
waveguides, we compare them explicitly through the
normalized propagation length (Ly/A¢) vs. normalized
propagation length (Ly/Lo) plot, in which L= A¢/2 is the free
space diffraction limit and A, is the free space wavelength.
These plots are a suitable form of displaying and comparing
the propagation characteristics of plasmonic waveguides,
since they are independent of primary parameters (thickness,
material, ...). Waveguides with the best performance have
trajectories toward the top left. This is done in Fig. 14.

The shaded areas show the coverage region of hybrid
waveguides regarding the change of di. from 2 to 100 nm
and dy from 10 to 200 nm for dy=ds=20 nm. HMIM
waveguide performance variation is also plotted for ds=2
and 50 nm for two cases of d;=2 and 100 nm. Free space
diffraction limit is shown by a vertical line. The ability of
HIMI slab waveguide to propagate long-range mode at
dimensions lower than the diffraction limit is clearly shown
(contrary to non-hybrid IMI slab waveguide). It is further
shown here that the HMIM slab waveguide provides for
almost long-range propagation at dimensions lower than the
spatial length of HIMI waveguide. This is more obvious for
smaller values of ds (~2 nm). For instance, at normalized
propagation length of about 400 (620 pm), normalized
spatial length is 1.3 (1000 nm) for HIMI and 0.7 (540 nm)
for HMIM slab waveguide. The HMIM waveguide is very
much suitable for usage in integrated optics since it provides
deep sub-diffraction dimensions as shown in Fig. 14. This is
not true for the HIMI structure, since it doesn’t cross the
diffraction limit line greatly. Instead, HIMI structure provide
very long propagation length as well as being more sensitive
to dielectric constant variations [21], making it suitable for
sensing applications.



5. Conclusions

We have presented a detailed analysis concerning the
symmetrical and asymmetrical hybrid insulator-metal-
insulator and metal-insulator-metal slab waveguides.
Propagation and spatial length is used as two figures of
merit to compare the propagation properties of plasmonic
waveguides. It is shown that one could always find a
symmetrical geometry which is more performant with
respect to the asymmetrical case. Nevertheless,
asymmetrical waveguide could be used to compensate for
performance degradation caused upon using different
substrate material for HIMI slab waveguide. It is concluded
that the HMIM slab waveguide provides for almost long-
range SPP propagation at dimensions lower than the
subdiffraction spatial length of HIMI slab waveguide.

Appendix A: Transfer matrix method

The Transfer matrix method is among the most efficient
methods for the analysis of multilayer waveguides.
Dispersion relation of an arbitrary multilayer structure
consisting of homogeneous lossy and lossless layers is
formed in a straightforward procedure. The guided mode
propagation constants of the waveguide correspond to the
zeros of this equation. Here we perform the zero-search
using a two step approach. Firstly, an algorithm is used to
find the minima of the absolute value of dispersion function
F. The F function for TM-polarized mode (supported by the
SPP wave) is defined as follows [24]:

Fy=—jCmyy +Lemp)—myy + Llem, 0 (AD
s 2 s€c

in which:

Ve =NV —kiE L ve =V? —kGe, (A2)

y is the complex propagation constant (y =8 -ja), e,and &,
are the dielectric constants of substrate and cover layers
respectively and m; coefficients are the total transfer matrix
(Mr) elements resulting from the products of M, (n=1,...,N:
number of layers) written as:

Mo = MMM _[mll ’”12}
r =MM;.My = >
My My
e (A3)
cos(k,d,) ——2sin(k,d,)
Mn = k kn
L0 gintk,d,)  cos(k,d,)
SVI
where
k, =«/k§£n —y? (A4)

and ¢, d, are the layer n dielectric constant and thickness
respectively.

The number of minima of |F| function equals to the number
of propagating modes (M). The minima of |F| could be
verified using real part of complex propagation constant
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(B:phase constant), since [ is greater than «a (attenuation
constant), by some orders of magnitude. Once f,;, are
found, they could be used as initial values for a suitable zero
finding code to find y,= Bu-jo, (m=1,....M). Using y for
each mode, the tangential electromagnetic fields at every
point within layer n could be expressed as a function of
fields at the bottom of that layer as:

[ H, (x) }_ —cos[k, (x =x,,)]
wege, B, (x) —jk, sin[k, (x —x )]

. -1
- JiSin[kn (x —Xy )] (AS)

n

COS[kn (x —Xp )]
. H./anl (x")
wgognEz,,,, (x,)

where x, is the lower boundary coordinate of the n’th layer.

Appendix B: Figures of merit

Among the different figures of merit used to quantify the
trade-off between confinement and loss in plasmonic
waveguides we have used: propagation length (L,) and
spatial length (L;). Propagation length is the distance
wherein the electric field intensity of a wave decays by a
factor of 1/e, defined by:

1 1

S S (®B1)
s Z‘Im(;/)‘ 2

Spatial length, describes the spatial extent of the propagating
mode by the distance between the points in the cladding and
substrate regions where the electric field decays to 1/e of its
peak value. Spatial length, in another words, is the physical
length of the propagating mode and is a descriptor
representing the integration ability of a plasmonic
waveguide and is written as:

L =n§[dn +Re(yls)+Re(ylc)}
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