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Abstract

clleclive

The effective permittivity of gold thin films with an N

external thin dielectric layer on the top and core of the slot
waveguide was evaluated as an effective compound semi-
metal layer of the surface plasmonic polariton slot
waveguide that will vary due to some environmental
factors. By uses simple parallel and series permittivity of Numerical evaluation;
compound material, this value need for the computation of f,‘enﬁ;mf}’,‘yd Ef,ﬁ?;{;:,ﬁ l

Sensor Design: resonance
length computation.
Sensor ability Computation;

the effective propagating vector PBsp. This takes for a sensor complex layer
model designing which the external environment

effectiveness was changed by the surface plasmonic mode ' —

.. . . =R Simulation

in its slot waveguide. So the resonance length and grating :@w I &
period are evaluated for the sensor model in the first. : pm— _ I -
Further, the propagation of the SPP surface wave mode . ’
along the interface between the compound cladding and Si
dielectric waveguide is computed, while the effective
refractive index of the compound cladding of the slot

waveguide is increased from 1 — 1.50. The computation e iRt
results showed that the TMo mode power transfer and

propagation length seem to vary with this effective refractive index of the compound cladding on the surface plasmonic
polariton waveguide. The 140 nm gap width and 3.70 um long waveguide is also simulated by the finite different time domain
method in the optiwave program, where the TMo mode transition output is corrected, while the refractive index of the
environment layer is changed. The results of the simulation showed good agreement with the computation in that the TMp
mode depends on the external refractive of index and input wavelength. This result shows that loss peak ships vary with the
external refractive index thin film layer and input wavelength. Thus, they seem to be useful for sensor applications such as the
solution concentration analytic.
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Introduction

The resonance wave at the interface between the thin ~ Photonics, [1 — 4] optoelectronics, [5 — 7] nanosensor,
metal film and dielectric is called the Surface Plasmon [8 — 12] communications [13 — 16], metamaterials
Polariton (SPP), which the transverse magnetic (TM) mode [9], and nanotechnology [14, 16]. Many prototypes of
is oscillating at the metal-dielectric interface even though the SPP devices and waveguides have been researched over the
input transverse electric (TE) mode can’t pass through this years. The slot waveguide has been a popular model used in
waveguide. For many years, SPP waveguides have been SPP waveguide research. The waveguide was previously
reported in many branches of research such as optics and designed as a metal-dielectric metal SPP slot waveguide,

called an MDM slot waveguide. Globally, this waveguide
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has been applied in sensor and device research [1 — 16].
Many researchers have tried to prove that the inner effect of
SPP single slot waveguide shows the possibility of using
nano sensors and nano devices [1 — 2, 16 — 18], but this
research trends to prove that the external effective
permittivity may be included with metal thin films as single
compound thin slot of waveguide that may be changed by
the external environments such as chemical absorption or
thermal inducing. So the compound effective permittivity of
Au thin film and dielectric core layer is computed in simple
local parallel and perpendicular polarization equation that
the model of single slot sensor is designed as resonance
length. And the model consists of 2 and 4 arrays of single
slot lines along the waveguide that has a small space gap
between each slot is also proved by grating period
computation. The SPP TMy power transfer mode is
evaluated which assumes that thin metal and external
environment gaps are compounded together which has an
only effective permittivity of only a thin layer slot that is
placed on the Si substrate. The computation result shows that
the SPP mode seems to vary with the external permittivity
of the environment gap. The simulation model is designed
from computation value and the simulation with changing
gap refractive index is simulated that TMo mode output is
corrected for graph plotting between TMy mode intensity
and the external refractive index gap, which is changed from
1 —1.50 (this value corresponds to some solution as seem to
be real environment) The input wavelength is also changed
from 850 — 1,500 nm in the simulation (this wavelength is
active IR SPP wavelength of gold) , and the result of the
situation shows good agreement within the computation.
This shows the ability for sensor applications though there
are some loss peaks which ship by the changing of the
refractive index of external thin layer adding. In addition,
many slot waveguides seem to be more sensitive than a
single slot. This may be helpful to the SPP sensor model
design before simulation and fabrication.

The electric field along the metal dielectric metal
(MDM) slot waveguide, as in Fig. 1(a), is an equation of time
and z component;

E,(t) = E,(x)e/®t-iFz €N

where t is a time, o is the resonance angular frequency,
B is a propagation vector and the electric field in function of
X in z component Ez(X) can be expressed in the condition:
Eysinh(yx + @), x| < a
E,(x) ={ Eysinh(ya + p)e %9, x>a; (2)
—Eysinh(ya — @)e%C+a), x < —q

Eo is an dielectric amplitude, a is the dielectric gap width,
v is the propagation vector in x component of dielectric core,
as and o are the propagation vector in x component of two

Au claddings, which ya + ¢ = atanh (— %) and ya —

@ = atanh (—%) —jmm, ps = ‘Z—f, Pe = I and f is an

&c
dielectric permittivity,
permittivity, and

Y = ’ﬂz_ktz)gflac=\/ﬂ2_kgscv as=Vﬁ2_kggs (3)

ko is a propagating vector of electromagnetic wave in
free space in z direction

e and & are the two cladding
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Fig. 1 shows the model of the waveguide and certain
properties in the model including (a) MDM waveguide, (b)
model of SPP slots line waveguide, (c) effective value of the
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permittivity for the cladding of the waveguide and (d) Hy
TMo mode.

The electric field of this waveguide is in the form of eq.

4);
E, =— _]_fz 0xE, (4)

while the magnetic field of TMo mode in the slot
waveguide is eq. (5);

Hy = LExv Nrm = g (5)

nT™M WEQES
while TMg mode in y direction wave shows as in eq. (6);

Hycosh(yx + @), x| <a
H, (x) { Hycosh(ya + @)e~%*=0),  x >a; (6)
—Hycosh(ya — @)e%s*+®) x < —q

TMo mode cut off depends on the width of the gap slot
as a function of eq. (7);

2
= —VAPelePsts 1 onp(2ya) 7

DcQctPsas

|4

g=1 if it is the free space gap and & = & = eau
(permittivity of gold) in this MDM waveguide. All these
equations were evaluated by the MATLAB program, which
has many useful support functions to evaluate certain values
such as B, y, power transfer in the waveguide, cut-off gap
width and propagation length.

Materials and Methods

The Lorenz-Drude dispersion materials equation is
computed for the permittivity of the metal surface that can
be expressed in the form of eq. (8);

Gm Q%
£r(@) = &+ Zin=0 g7 yrmior ®)

where g is the relative permittivity in the infinity
frequency, Qn is the plasma frequency, om is the resonant
frequency, and I'm is the damping factor or collision
frequency. In this study, the &y in the 3 equation is computed

from the approximation value of this equation that has a
table of all six orders of Au in the optiwave manual. This
value is also used for evaluating the effective refractive
index of MDM cladding for the slots waveguide as a
compound cladding in Fig. 1(c). The refractive index of core
dielectric is about 1.33 — 1.50 for some dielectrics such as
solution, silicone, and thermal polymer [19] which is
changed by the environment in this study. The B value is
evaluated for TMg power mode transfer, and propagation
length is verified for sensitivity to the effective refractive
index changing of compound cladding. The oscillation
length (L, = %) and grating period length (L) of the sensor

(Bsau(Lg — Lsp) + BspLsp = (2m + 1) are computed for
the sensor designing that use in the simulation model. While
Bsau IS propagating vector in gold slot length, L is the grating
length and L, is the space length and Bsp is the propagating
vector in space. The Bsa is also evaluated in from Au/Au
solution permittivity which step of concentration change is
0.01 %. If Lsy=0.10 pm and m = 0, so grating length is

Ly = LSPLP —0.1 ©)

In the simulation model within finite difference time
domain method algorithm, this value is embedded in
optiwave software; we must take all terms in the table in the
optiwave manual as a parameter of the object properties of
gold in the SPP waveguide. The gap refractive index of the
model in Fig. 1(b) is usually constant, but it may be changed
by external effects in some cases such as chemical reactions,
polymer heating in the gap, and chemical absorption, which
could be useful for some environment sensor applications.

Results and Discussions
Microstructure characterization

The results of the computation in MATLAB show a
good gap width that is used for the sensor model from about
50— 150 nm for 1,100 — 1,500 nm input wavelength. The
TMo mode is not cut off in this range, as in Fig. 2, A graph
of an effective refractive index increased rapidly at near the
narrow gap in all of the wavelength inputs as in Fig. 2(a).
Since the effective refractive of index trends to maximum
when the gap width is close to zero, non-slope of graph lines
at more than 200 nm gap width, so the good selection in gap
width  of design  sensor model should be
50 — 100 nm. This gap width varies less than the cut-off TMg
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mode gap width, even though its refractive index is changed
from 1 — 1.50 (with 0.01 in each step) as in the computation
of the TMo mode cutoff in Fig. 2(b).
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Fig. 2 the computation result of, (a) the relation between the
effective refractive index of waveguide depends on gap
dielectric (10 nm in each step), the gap width near zero to
200 nm is the best, and (b) the relation between the cutoff
TMo gap width and core refractive index (0.01 in each step)
at IR wavelengths from 850 nm to 1,300 nm.

This shows that the relation between the cutoff TMg gap
width and the core refractive index of some IR wavelengths
is linear. It is also shown that TMy mode cutoff vary to input
wavelength. Also, in the relation between the propagation
length of surface plasmonic mode and input wavelength at
some core refractive index shows a curve that it depends on
the gap refractive index and gap width as in Fig. 3. This
shows that the propagation length computation of the SPP
mode in the waveguide longer than 3.75 pum of the design
sensor length by more than ten times, which is long enough
to cover a range that is changed by the refractive index of the
gap from 1.33 — 1.50, even though the input wavelength is

changed from 850 — 1,500 nm and gap width from 100 — 160
nm, as in Fig. 3a to Fig. 3d. The result of the computation in
Fig. 4 shows very clearly that the propagation length of the
SPP mode varies increasingly with gap width as in Fig. 4(a)
and depends on input wavelength covering all 850 nm —
1,500 nm as in Fig 4(b). For the narrow gap width of about
100 — 200 nm with a 1.33 gap refractive index, the
propagation length is a nearly smooth curve, as in Fig. 4(a).
This gives a situation gap width for the sensor model in the
simulation. The good computation result shown in Fig. 4(b)
reveals that the propagation length decreases linearly
according to the gap refractive of index at some near IR input
wavelength, the best slope in the graph is 1,300 nm input
wavelength. The propagation length of the SPP mode
decreases with gap refractive index covering all 1 — 1.50.
This decreasing is not the problem for the designing model,
since the important property is power transfer and situation
sensor length. The power transfer of the SPP mode is also
dependent on the input wavelength at some gap refractive
index, as shown in Fig. 5; the rapid decrease of power
transfer varies with input wavelength for all gap widths of
100 nm, 140 nm and 160 nm in Fig. 5(a) — 5(c) that has best
power transfers in narrowest gap width, but not much
difference between in each gap refractive index. Thus, the
two-gap refractive index of the SPP waveguide is fixed at 1
and 1.33, while the gap width and input wavelength are
varied. The results show more significance for sensitivity to
input wavelength, as in Fig 6(a) and 6(b). The best
computation for power transfer in Fig. 6(a) shows that it
depends on the change of gap refractivity from about 1 to be
1.33 in the gap. This results reveal that there is more
difference in total power transfer for each value of the gap
width in the waveguide and shows the significance about
0.0009 Arb.unit/nm and 0.0008 Arb.unit/nm that depends on
the gap refractive index. This show good sensitivity to the
input wavelength, and gap refractive of index changing. This
shows good significance in the sensor model. So the
resonance length L, of only the Au single slot sensor
waveguide is computed for sensor designing and the result
is shown in Fig. 7(a). And the single slot waveguide with
50%:50% per volume of thin Au layer and dielectric thin
layer on the top that the result shows as in Fig. 7(b). This
show the best importance for the simulation, that the result
of 4 times of resonance length L, computation is about 3.10
— 4.00 um. Then the resonance length of the 4 slots was
determined for both only Au and Au : dielectric (Au : D)
type, the result shows that its length near about 3.50 um to
4.20 um as in Fig. 8 both all of only AU thin film only
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Fig. 3 The computation results of the relation between propagation lengths of plasmonic and wavelengths (10 nm in each
step) at some core refractive of index for a gap width is (a) 100 nm, (b) 120 nm, (c) 140 nm, and (d) 160 nm.
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Fig. 4 The computation results of (a) the relation between propagation lengths of plasmonic and wavelengths (10 nm in each
step) at 1.33 core refractive of index for a gap width are 2a = 100, 2a = 120, 2a = 140, and 2a = 160 nm and (b) the relation
between propagation lengths of plasmonic and core refractive of index (0.01 in each step) at some wavelength for a 140 nm
gap length.
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Fig. 5 The computation results of the relation between power transfer in gap and wavelength (10 nm in each step) at some
core refractive of indexes with gap widths of (a) 100 nm, (b) 140 nm, and (c)160 nm.
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Fig. 7 The result of sensor length design which was
computed in each input wavelength and refractive index
(0.01 in each step) (a) from resonance length equation of
single Au slot and (b) from grating period length equation of
four slots (about % of sensor length).

(Fig.8(a)) and 50%:50% of Au with dielectric on the top
(Fig. 8(b)). And the grating period Lq of 4 Au only slots like
grating manner sensor waveguide is evaluated that the result
show as in Fig. 9(a), and in Fig 9b was the result of Au thin
film with dielectric layer on the top that the 4 times of Lg
was nearly to 3.50 — 4.00 um. So the 3.75 um model length
is selected in the simulation model which is best easily
designed. In addition, the active sensor length was designed,
Fig 7 — 9 show that a 140 nm gap width with
3.50 — 4 um long can be a model of the sensor in which the
refractive index is changed by an environment.

These shows agree well together in both the I, and Lg
equation. Thus, the 3.75 um is about 4 times of mean of Ly
and L, computation value that is good for the simulation
model. This design was proved by the simulation result, this
show the possibility of sensor applications for the model, as
in Fig. 10(a). This picture shows the TMy mode which
oscillates along a slot waveguide, this mode is the near field
intensity of surface wave at the output of the waveguide
which is directly read on screen. The SPP TMjy of the single
slot model in Fig. 10(a) is corrected while the gap refractive
index of the slot is about 1.33 — 1.48 with 0.01 in each step
that the four input wavelength was simulated, as in Fig.
10(b). Their result shows that there is a difference in the
sensitive region of gap refractive index, but not enough
benefit for sensor application.
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Fig. 8 The computation results of resonance length of 4 slot
line, that has verity core refractive index (0.01 in each step)
at some wavelengths which 4 times of resonance length
computed of slot waveguide, (a) with only Au thin film and
(b) with thin Au and dielectric on the top.
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Fig. 9 The grating period of the computation results of 4
slots, that that has verity core refractive of index (0.01 in
each step) at some wavelengths which was computed one
period, (a) form only Au thin slot and (b) form thin Au with
dielectric on the top.

For a single slot, it has less sensitivity than in the simulation
of the two and four slots, as in Fig. 11, which shows slope
and loss peaks that seem to have an effective refractive index
of gap dielectric layer changing. This shows that more slots
seem to enable more slope and deep loss peaks. Furthermore,
the slope and peak seem to depend on input wavelength, as
in Fig. 11(a) and 11(b), so the shipping of loss peak is very
good in Fig. 11(b) at 1,300 nm input wavelength. It has more
shipping of gap refractive index than in Fig. 11(a), and it
seems that the loss peak of the 4 is deeper than in the 2 slots
and the single slot. This shows that TMy mode intensity is
effected by the gap refractive index. The dielectric liquid

solution layer was added for improving the environmental
sensitivity of the sensor as in simulation results shown in Fig
12(a) reveal that some thin layers form as a thin
environmental layer, which shows that the ship of loss peak
depends on the external environment refractive of index and
input wavelength. This shows that there are many loss peaks
along with the 850 — 1,450 nm input wavelength, which
seems to show more sensitivity of TMo mode in SPP with
the environment layer on the gold thin films. Furthermore,
Fig. 12(b) shows that the SPP environment sensors model
may be beneficial as it has a ship of loss peak vary to some
refractive index of thin-film layer in some short-range input
wavelengths. This was improved by the result of the
simulation with lower step input wavelengths. The loss of
peak shipping depends on the external environment and the
effectiveness permittivity of layers.This seems beneficial for
sensor applications. So this sensor model also shows good
sensitivity to environmental changing by an external factor
such as temperature or other chemical refractive index.
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Fig. 10 The results of the simulation, (a) TM mode along the
waveguide gap is simulated that shows SPP mode
oscillations along the waveguide and (b) The simulation
results show the graph of TMo mode Hy field intensity (dB),
and refractive index (0.01in each step) of the gap at some
wavelength inputs from 1.10 — 1.70 um of the single slot
with only thin Au films.
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step) of the gap at some wavelength inputs (a) 1.10 um and
(b) 1.30 um.

Conclusion

The computation result of some values of the MDM
SPP slot waveguide sensor such as effective refractive index,
mode cutoff, sensor length, propagation length, and SPP
power transfer seem to offer a suitable sensor model that is
approved for sensor applications with 3.75um and 140 nm
gap width of the simulation model. This model has some
effect on the gap refractive of the index (from 1 — 1.50) by
the external environment at low IR input (from 850 — 1,500
nm). This sensitivity seems to agree well with the
computation and simulation. It may be a sensor model with
an effect on the change of external environment layer on the
waveguide such as a temperature sensor or chemical
absorption sensor. This must be a further study that will use
a new bester metal thin film and new good sensitive gap
material.
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Fig. 12 Relation between the intensity of TMg (dB) and input
wavelength (10 nm in each step) at some external refractive
index layers, (a) long range input wavelength and (b) short
range input wavelength, on some external refractive of index
layers.
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