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Coupling performance between a short range surface plasmon polariton (SRSPP) mode and a
conventional dielectric waveguide mode is demonstrated numerically. Simulation results show that
the coupling length, as short as tens of microns, can be realized because the field of SRSPP
extremely concentrates to the metal surface. SRSPP-based hybrid coupler provides not only an
approach to realize highly compact functional devices, such as the TE-pass polarizer with high
performance, but also an integratable route for efficiently exciting SRSPP mode, which is very
useful in the SRSPP-based biosensor or SRSPP-assisted emission enhancement devices. © 2009
American Institute of Physics. [DOI: 10.1063/1.3111001]

Surface plasmon polariton (SPP) is a transverse-
magnetic surface electromagnetic excitation that propagates
along an interface between metal and dielectric medium.
For a thin metal film embedded in dielectrics, the SPPs on
the upper and lower metal-dielectric interfaces couple and
form a symmetric mode and an asymmetric mode.” The sym-
metric mode with field extending into the dielectrics has
comparatively lower loss and is referred to as long range
SPP (LRSPP).” The metal strip guided SPP modes had been
studied® and various LRSPP-based optical devices had been
shown.*? However, the asymmetric mode, referred to as
short range SPP (SRSPP) mode, receives less attention than
the LRSPP mode due to its much higher propagation loss and
unclear applications. Besides, for the SRSPP mode, the 7
phase difference between the field on the two metal film
surfaces makes it nearly impossible to be excited with
present integratable method.’®

Recently, it was reported that the SRSPP mode is prom-
ising for the biosensor to detect the refractive index change
in ultrathin layer with high sensitivity7 and the enhancement
in internal quantum efficiency of silicon nanocryst:flls.&9
Therefore an integratable excitation method for the SRSPP
mode is required for its further applications. Our group has
proposed the hybrid coupler structure and demonstrated the
high efficient coupling between the LRSPP mode and the
dielectric waveguide mode.'""" In this paper, based on a ver-
tical hybrid coupler structure, it is theoretically demonstrated
that the SRSPP mode also can be excited by using the cou-
pling property with the conventional single dielectric wave-
guide mode. This not only provides an efficient route for
exciting SRSPP mode within a rather short length, which is
very useful for the integratable SRSPP biosensor of ultrathin
layer detection and the light sources with SRSPP-assisted
emission enhancement structure, but also makes it possible
to realize some highly compact functional devices, such as
the TE-pass polarizer with much shorter length, high extinc-
tion ratio (ER), and comparatively low insertion loss (IL)
due to the characteristics of the SRSPP mode.

Figure 1 shows the proposed vertical hybrid coupler. The
two arms have different width, W,, and W, and different film
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thicknesses, T, and T, to get similar effective index for high
efficient coupling. D stands for the separation between the
two arms. Coupling occurs only for TM mode because SR-
SPP is TM polarized. Here, we assume that the Au (g,,=
—132+iX12.65) strip is surrounded by SiO,(n,=1.444) at
A=1.55 um, with fixed thickness of 7,,=15 nm and width
of W,,=2 um. SiN,(n,=2) (Ref. 12) waveguide is chosen
for the dielectric arm with 7,=220 nm and W;=1 um.

The proposed coupler has two bounded TM polarized
eigenmodes, mode A and B, which were calculated by using
software  FEMLAB.">  Their complex amplitudes of
x-directional magnetic fields (H,) are shown in Fig. 2, where
D=1.2 um. Figures 2(a) and 2(c) show the 2—dimentional
mode pattern of real part of H, for mode A and B, respec-
tively. The corresponding line profiles of field distribution
across the center of two arms are also illustrated. It can be
seen from both the 2D mode pattern and line profiles of field
that the field surrounding the upper Au arm is antisymmetric
distribution, which clearly shows the modal property of SR-
SPP. The eigenmode A and B arise from the in-phase and
opposite-phase coupling between SRSPP and dielectric
waveguide mode, respectively.

Different from the LRSPP-based coupler,w’”’14 in the
case of the SRSPP, the imaginary part of the field can be
comparable with the real part and should be taken into ac-
count. This is for the reason that the SRSPP mode, with field
much more concentrated to the metal strip, has compara-
tively high loss. Figures 2(b) and 2(d) show the imaginary
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FIG. 1. Vertical hybrid coupler, white arm (upper) stands for metal strip and
dark arm (lower) stands for dielectric waveguide. The right lower inset
shows the x-y plane cross-section of the hybrid coupler and the dashed line
crosses the center of two arms.
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FIG. 2. Complex amplitudes of H, of two TM eigenmodes in x-y plane. (a)
and (b) shows real and imaginary part of mode A. (c) and (d) shows real and
imaginary part of mode B. The line profiles are corresponding 1D field
distribution along the dashed line shown in inset of Fig. 1.

part of mode A and B, respectively. By comparing (b) and
(c), it can be seen that the imaginary part of mode A looks
like the real part of mode B, but with smaller magnitude.

With above eigenmodes, any TM mode supported by the
hybrid coupler can be expressed as follows:

H(x,y,2) = axe PA7H A (x,y)e Part
+ aBe—BBiZHB(x,y)e_iBBrZ. (1)

Here, H, and Hy are the complex magnetic fields of eigen-
modes A and B (z=0), respectively, and Ba=Ba,—i X Ba;
and Bp=pLg,—i X Bg; are the corresponding complex propa-
gation constants. Both of them can be calculated by software
FEMLAB. At the input end, the incident field H, (E,) of indi-
vidual dielectric (lower) arm is considered as a single TM
mode, then the corresponding mode coupling complex coef-
ficients a, and ag can be derived from

1 .
am = Ef (Ed X Hm)fdA = |am|e“9m (m = A9B)‘ (2)

According to the unconjugated version of Eq. (11-16) in
Ref. 15, all the modes are normalized and orthonormalized.
Where |a,,| and 6,, represent the magnitude of amplitude and
coupling initial phase of corresponding eigenmode, respec-
tively. Different from low-loss modes, here the phase part of
the coupling coefficient 6, is no longer just O or 7, which
results in complex initial amplitude of the eigenmode a,,.
According to Eq. (1), the intensity of the magnetic field sup-
ported by the coupler can be expressed as

[H(x,y,2)* = 2 b2 [H,,(x,y)?

m

+2bsbgRe{H  (x,y)Hy(x,y)e 2P,

(bm = ame_Bmiz’ m= A7B’ Aﬁ = IBAr - BBr) . (3)

According to Eq. (3), we can depict how energy couples
from the lower arm to the upper arm. Figure 3 shows the
intensity of the magnetic field along z direction and the real
part of H, at the coupling distance z=L,. It is clearly shown
that the TM mode in the lower dielectric arm transfers gradu-
ally to the SRSPP mode in the upper metal arm. This cou-
pling characteristic provides not only a method to excite SR-
SPP mode, but also an approach to realize highly compact
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FIG. 3. Intensity of TM polarized magnetic field (sampled along dashed line
in the inset of Fig. 1) as a function of propagation length z when D
=1 um. The left upper inset shows the TE mode directly passing through
the dielectric arm. The line profile is the real part of H, at the coupling
distance z=L..

functional devices. At the coupling distance z=L/[L,
=7/(Ba,—Bs,)], Eq. (3) can be simplified as

|H(x,y,LL.)|2 = |bAHA(X,)’) - bBHB(xvy)|2- (4)

According to the field pattern in Fig. 2, Eq. (4) indicates that
most of the energy has been coupled to the upper Au arm
when z=L,.

The effective indices of the eigenmode A and B and the
coupling length L. are shown in the inset of Fig. 4, as a
function of D. It can be seen that L, of SRSPP coupler could
be diminished to less than 25 wum, which is about 1/10 of
LRSPP-based coupler. 10.14

It can be noticed from Fig. 3 that output power from the
upper metal arm is lower than the input power because of the
high loss of mode A and B, demonstrated by attenuation
constant B3;/k, (Fig. 4). When D<1 um, the coupling
length L, is relatively short [19-31 um when D
=0.7-1 um (inset of Fig. 4)]. In this case, the transmission
loss within L, is comparatively low (1.1-4.4 dB when D
=0.7-1 um). While when D>1.2 um, the coupling be-
comes weak and L. increases dramatically, which results in
high transmission loss over 10 dB. Therefore, compared with
LRSPP-based coupler, high efficient coupling should be op-
erated under much smaller D due to the tightly bounded
SRSPP mode. Both smaller arm separation and shorter cou-
pling length are significant for realizing highly compact op-
tical components. Here, we ignore the coupling between LR-
SPP mode and dielectric waveguide mode because the
significantly large effective index difference between LRSPP
mode and SRSPP mode supported by thin metal strip3 makes
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FIG. 4. Attenuation constants (3;/k,) of mode A (solid curve), mode B
(dashed curve), and TE mode (dot-dashed curve) vs arm separation D. Inset
shows corresponding effective index of each mode as well as coupling
length (dotted curve).
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FIG. 5. ER curve of TM mode vs length L of proposed polarizer, labeled
with D=0.8 um (dotted) and 1.15 wm (thick solid). Also, the insert loss of
TE mode when D=1.15 um is shown as the thin solid line.

it difficult to get effective coupling for LRSPP mode to di-
electric waveguide which has been designed to couple with
the SRSPP mode.

Coupling characteristics between the two arms of the
hybrid coupler discussed above is just for TM mode. For the
TE mode guided by dielectric arm, no coupling can occur.
The influence of Au arm can be ignored for relatively large
D, while when D becomes smaller, the influence of Au arm
gets noticeable. In the region of D <(0.6 wm, the attenuation
of TE mode increases and the effective index decreases dra-
matically, and the cutoff distance is found at D=0.25 wum
(Fig. 4).

According to the coupling and loss characteristics ana-
lyzed above, a compact polarizer can be realized. Let us
consider that TE and TM modes are input into the dielectric
arm simultaneously, the TE mode will pass directly through
the dielectric arm (inset of Fig. 3), while the TM mode will
be filtered rapidly within a very short transmission length
due to the coupling between two arms. Therefore, high TM
ER and low TE IL can be realized.

At the output end z=L, coupling coefficient between the
coupled mode and individual dielectric waveguide TM mode
H, (E,) is

1
ar=7 | [E,X Hlx.y.L)JidA
= 2 |am|2g_Bnu’Lei(2am_erL)’ (m = A’B) . (5)

Therefore the total loss of TM mode is determined by
-20 Ig(|ag|). For TE mode, the similar formula could be de-
duced. Here loss of TM mode approximately regresents the
ER, and that of the TE mode represents the !

Using Eq. (5), the ER of TM mode with D=0.8 and
1.15 um as a function of the coupler length L were calcu-
lated, respectively (Fig. 5). It can be seen that the ER curve
of TM mode increases rapidly along L with a strong ripple.
The ripple indicates the coupling between the dielectric
mode and SRSPP mode or the interference of eigenmodes A
and B. The peak corresponds to the position where the TM
mode transforms almost to the SRSPP mode. The period of
the beat is in close agreement with 2L.. However, as seen in
Eq. (2) and (5), the difference in the phase of complex cou-
pling coefficients (A 6= 6, — 6g) resulting in nonzero couple-
induced phase difference between two eigenmodes. There-
fore the position of first peak appears at z=(7+2A0)/(Bx,
—Bg,), which is a little longer than L.

Compared with conventional SPP-based TE-pass wave-
guide polzlrize:r,16’17 the proposed polarizer can have shorter
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device length, high ER, and comparatively low TE IL. Since
the SRSPP mode has much higher loss than general SPP
modes, the ER for TM mode increases rapidly along L. In
addition, due to the concentrated field of SRSPP mode, small
arm separation D can be adopted to achieve extremely short
coupling length. It is noticeable in Fig. 5 that the ER is high
up to 20 and 30 dB at the first peak position when D=0.8
and 1.15 wm, with the transmission length is only about 25
and 50 um, respectively. Benefit from such short device
length, the IL of TE mode can be comparatively low. Take
D=1.15 um, for example, the IL of TE mode is only about
0.1 dB when L=50 wum (Fig. 5). Therefore, TE-pass polar-
izer with high performance and rather short length could be
realized. Furthermore, it is estimated that device size can be
further reduced with thinner metal thickness, since increased
loss for TM mode caused by more concentrated field of SR-
SPP mode make it easier to obtain high ER in shorter length,
so long as we decreased D to maintain the strong coupling.

In conclusion, we demonstrate numerically the high ef-
ficient coupling between SRSPP mode and conventional di-
electric waveguide TM mode. The proposed coupler has
rather compact size because the field of SRSPP extremely
concentrates to the metal surface. Simulation results show
that the length of SRSPP-based coupler can be as short as
tens of microns. This provides not only an approach to real-
ize highly compact functional devices, such as the TE-pass
polarizer with much shorter length, high ER, and compara-
tively low IL, but also an integratable route for efficiently
exciting SRSPP mode, which solves the bottleneck for the
SRSPP-based integratable biosensor and SRSPP-assisted
emission enhancement devices.
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