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Transmission Characteristics of Long-Range Dielectric-Loaded
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Abstract A novel long-range dielectric-loaded surface plasmon polariton waveguide (LR-DLSPPW) structure based
on the golden ratio is proposed. Transmission characteristics, like the normalized electric field distribution, mode
effective index, attenuation constant, propagation distance, mode width, figure of merit (FOM), and coupling
length of this kind of waveguide, have been analyzed and numerically calculated via the finite element method at the
telecom wavelength of A, = 1.55 pm. The results show that the LR-DLSPPW based on the golden ratio has a longer
propagation distance of 1.36 mm and a smaller mode width of 1.35 pm compared to non-golden ratio waveguides.
When the height-width ratio of the dielectric ridge is at the golden ratio with a fixed area of 0.9 pum?®, its FOM has
a maximum value larger than 6.15X10°. In addition, the crosstalk can be ignored when the distance between two
adjacent waveguides exceeds 3 pm. Consequently, the designed waveguide has significant potential for applications
in design of high density integrated optoelectronic circuits.
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1 Introduction

Over the past decade or so, plasmonic polariton waveguides have gained extensive attention due to their ability to
confine electromagnetic modes on the sub-wavelength scale. Hence, they provide the possibility to fabricate high
density integrated photonic circuits' . Surface plasmon polaritons (SPPs) are electromagnetic waves ( EMs)
propagating at the interface between a dielectric and a metal conductor that can confine the EMs at the sub-
wavelength scale beyond the diffraction limit®* . The electromagnetic fields of SPPs reveal a maximum value at the
metal-dielectric interface that decays exponentially away from it, thus exhibiting a strong intrinsic confinement in
the direction perpendicular to the interface™ . Because of the SPP field confinement properties, a great variety of
plasmonic waveguides based on SPPs have been investigated and validated over the past several years. These
plasmonic waveguides include metallic stripes®™ , metallic nanowires™ , channel SPP waveguides™ , dielectric-
loaded SPP waveguides (DLSPPWs) which place a thin dielectric ridge on the surface of the metal®'"”, long-range
dielectric-loaded SPP waveguides (LR-DLSPPWs) which insert a thin metallic stripe into the dielectric ridge™*'™
and so on. Several plasmonic devices have been designed and manufactured based on these waveguides!*'” .
However, for these waveguides, there is a common obstacle, i.e. the trade-off between the propagation distance
and the field confinement. For example, DLSPPWs have a better field confinement, but the propagation distance is

“18 In order to overcome this problem, LR-DLSPPWs have been investigated™*'"* | which can

relatively short"
not only ensure considerable propagation distance, but also have a wavelength scale mode confinement. Therefore,
they can better balance between the sub-wavelength constraint and the transmission loss related to the metal.
Furthermore, this type of waveguide provides an additional opportunity to control plasmonic signals by modifying
the properties of the dielectric forming the guide®™ . Currently, LR-DLSPPWs are made of low index dielectric

polymers™ .

Lately, in order to integrate the photon loop into the electronic chip, the DLSPPW technology is
introduced into the CMOS logic circuit. The high refractive index of the materials used to manufacture the
DLSPPWs should be matched with the manufacturing process of the electric chip. Hence, silicon, as a high
refractive index material, has been mainly used®” . Recently, the LR-DLSPPW technology has been applied to the
design of the CMOS logic circuit, thus an LR-DLSPPW with a high refractive index that can be matched with the
CMOS logic circuit has been proposed and investigated™ .

In order to further optimize the trade-off between the propagation distance and the mode width of the LR-
DLSPPW that can be matched with the CMOS logic circuit, a novel LR-DLSPPW structure based on the golden
ratio is proposed. The research on the fundamental mode transmission characteristics of the waveguide is carried
out at the telecom wavelength of A, = 1.55 pm, and the characteristics include the normalized electric field
distribution of the fundamental mode, mode effective index, propagation distance, mode width, figure of merit
(FOM), and coupling length™ . When compared with traditional LR-DLSPPWs that can be matched with the
CMOS logic circuit, this waveguide does a better confine the field in the dielectric ridge, but also has a longer
propagation distance and higher FOM. Therefore, this kind of waveguide can offer a higher value for practical
applications to fabricate plasmonic devices. All simulations are performed by using rigorous numerical schemes
based on the finite element method (FEM). The basic idea of the FEM is to divide the computational domain into
many finite triangle areas through the weighted residual quantity method and variation principle. In the process of
solving, we selecte some nodes in each grid as interpolation points, and then rewrite the variables of the differential
equations into linear expressions that are composed of the interpolation functions and the variables’ derivatives.
Finally, we solve the differential equations using the weighted residual quantity method and variation principle. For
the designed waveguide in this paper, we selected, for boundary conditions, a perfect magnetic conductor field
around the outside and inside is continuous. At the same time, we set up the communication wavelength at A, =1.

55 pm, and the field type and solving methods are the hybrid-mode wave and mode analysis, respectively.

2 Theoretical analysis and waveguide structures

The diagram of the LR-DLSPPW based on the golden ratio is shown in Fig. 1. The waveguide is composed of a
thin copper film (with thickness h, width g, and refractive index n,) embedded in a golden rectangle ridge (with
thickness ¢, width w, area S,, and refractive index n;) which is composed of silicon nitride (Si; N, ) surrounded by
air (with refractive index n,), and two semiconducting dielectric layers (SiO, and Si) which are supported by a
2-pm-thick SiO, layer (with refractive index n;) and a silicon substrate (with refractive index n,). Furthermore,

the formed top of SiO, is used to thermally oxidize the Si layer. The thickness of the Si layer decreases with
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increasing thickness of the layer, but there is a relative ratio between them, i.e. 1 (silicon) to 2.27 (SiO,)®7 . If
we set the initial and final thicknesses of the silicon layer to be ¢, and z,, respectively, the thickness of the upper
SiO, layer can be solved by the formula ¢, = ¢, —¢, )X 2.27. In addition, several fundamental parameters are used
in the numerical calculation of this waveguide as follows. For the golden rectangle dielectric ridge, n, =1.98%";
for the copper film, n,=0.606+8.92i, g =500 nm, Ah=15 nm"" ; for the SiO, layer, n, =1.45""; and for the Si
layer, n,=3.48%" . COMSOL Multiphysics, a simulation software, is used to perform numerical simulations and

the telecom wavelength is selected as A,=1.55 pm in the process.

Fig. 1 Diagram of the cross section of the LR-DLSPPW based on the golden ratio
In SPP waveguides, the propagation distance can be calculated by the following formula:
N dnlm (n.) ’

where Im(n.;) is the imaginary part of the effective mode index n.. Better mode field confinement can ensure

oY

P

smaller mode width, and smaller mode width is good for high density integration components in the integrated
circuit, which furthermore reduces the transmission loss of unit elements. The mode width is the width of the peak
at a field value of 1/e™" . The calculation of the mode width is used to classify the field column m , and each column
gets n electric field values. Then we add the absolute value of the electric field of each column, and use array
A (A=la,,a,, - ,a,]) to express the obtained m data. Secondly, we find the maximum value of array A,
expressed by max(a, ,a,, - ,a,); then the data in the original array A is divided by max(a, ,a,, - ,a,). Array B
(B=1[b,,b,, - ,b,]) is used to express the obtained normalized m data. If there are b, and b, with a value in the
vicinity of 1/e & 0.6379 in array B, and their transverse coordinates are x, and x,, respectively, the mode width

w can be written as follows:

w= |z, —x,]. (2
The FOM of the waveguide can be defined by the following formula“" .
; Ao
Srom =L (3)

2 -
"Re(ng) w’ ’

where Re(n) is the real part of the effective mode index 7.

3 Simulation results and discussion of transmission characteristics
3.1 Normalized electric field distribution of fundamental mode of waveguides

In order to investigate the transmission characteristics of the LR-DLSPPWs based on the golden ratio, we
conducted the numerical simulation using the FEM. The normalized electric field (normalized with respect to the
maximum value of the input electric field) distribution of the fundamental mode of the waveguide is shown in Fig.
2. The field is better confined in the rectangle ridge, the transmission loss in the waveguide is reduced, and the
propagation distance is improved.
3.2 Influence of dielectric ridge area on mode effective index and attenuation constant

Firstly, in order to investigate some of the basic performance of the proposed novel waveguide, we carried out
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Fig. 2 Normalized electric field distribution of the fundamental mode of the designed waveguide

numerical simulations for this structure using the FEM method. The curves of the mode effective index and the
attenuation constant versus the dielectric ridge area are given in Fig. 3. It can be observed that the total dielectric
ridge area varies from 0.6 pm® to 1.4 pum’. Tt can be discovered that the mode effective index increases with
increasing dielectric ridge area, and the smaller the height-width ratio of the dielectric ridge is, the larger the mode
effective index is when the area of the dielectric ridge is fixed. This is because the mode effective index is related to
the dielectric on the surface of the metal. When the height-width ratio of the dielectric ridge decreases, the
corresponding dielectric ridge width also decreases, which causes the weak confinement of the field.

In addition, we also find that the attenuation constant first decreases and then increases with the area increase of
the dielectric ridge. Hence, for each of the curves of the height-width ratio, there is a minimum value, and for each
of the curves, the corresponding area is different for every minimum value point. Moreover, the field attenuation is

the smallest in the area distribution.
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Fig. 3 Curves of the mode effective index and the attenuation constant versus

the area distribution of the dielectric ridge

3.3 Influence of dielectric ridge area on propagation distance, mode width, and FOM

According to Fig. 3, we can calculate the propagation distance, mode width, and FOM of the waveguide at the
telecom wavelength of A, =1.55 um, and these curves versus the area distribution of the dielectric ridge are shown
in Fig. 4.

Fig. 4(a) is the curve for the propagation distance. From the curves, we can see that, when other parameters
are kept constant, the propagation distance initially increases with the increase of the area of the dielectric ridge,
but when the dielectric ridge area reaches a certain threshold, the propagation distance rapidly decreases and for
each of the curves, the dielectric ridge area corresponding to the maximum point of the propagation distance is
different. The dielectric ridge area threshold shifts right along with the decrease of the height-width ratio. This is
because of the loss of the plasmonic waves in the propagation, which is related to metal absorption loss. The larger
the height-width ratio of the dielectric ridge is, the faster the attenuation increases. The larger attenuation constant
corresponds to a smaller propagation distance, which is consistent of the attenuation constant curve in Fig. 3.

Fig. 4(b) is the curve of the mode width versus the dielectric ridge area. We can observe that the mode width
increases with the increase of the dielectric ridge area for each of the curves of the height-width ratio of the dielectric
ridge, and for a fixed dielectric ridge area, the smaller the height-width ratio of the dielectric ridge is, the larger the
mode width is. This is because of the increase of the dielectric ridge width. The dielectric ridge for the field is

weakly confined when the dielectric ridge area constant is kept constant and the height-width ratio of the dielectric
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Fig. 4 Variation relationship between area distribution of the dielectric ridge

and (a) propagation distance; (b) mode width; (¢) FOM

ridge is smaller.

Fig. 4(c) is the curve of FOM versus dielectric ridge area. We can see from the figure that the tendency for
FOM is initially increasing and then decreasing as the dielectric ridge area continues to increase. When the ridge
area is 9.0 pm’, the height-width ratio of the dielectric ridge is 0.618. This dielectric ridge is a golden rectangle,
and the maximum value of FOM exceeds 6.15X10°. Therefore, for further study of the transmission performance
of the fundamental mode of the proposed waveguide, all simulations are based on the golden rectangle in which the
dielectric ridge area is 9.0 pm®.

3.4 Influence of height-width ratio of dielectric ridge on mode effective index and attenuation constant

We investigated the influence of the height-width ratio of the dielectric ridge on the mode effective index and the
attenuation constant when other parameters were kept constant. The relevant calculation results are shown in
Fig. 5. We can observe from the curves that the mode effective index increases initially, then decreases with
increasing height-width ratio of the dielectric ridge, and reaches a maximum value when the height-width ratio of
the dielectric ridge is about 0.35. Additionally, the attenuation constant initially decreases and then increases with
increasing height-width ratio of the dielectric ridge, and a minimum value is obtained when the height-width ratio of
the dielectric ridge is about 0.5. At this point, the field attenuates slowly, which is one of the advantages in the

wave transmission.
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Fig. 5 Curves of the mode effective index and the attenuation constant versus the height-width ratio of the dielectric ridge

3.5 Influence of height-width ratio of dielectric ridge on propagation distance, mode width, and FOM

In order to further investigate the characteristics of the waveguide with respect to the height-width ratio of the
dielectric ridge, the relationships between propagation distance, mode width, FOM of the waveguide and the
height-width ratio of the dielectric ridge are calculated and shown in Fig. 6.

Fig. 6(a) shows the curves of the propagation distance versus the height-width ratio of the dielectric ridge. We
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can see from the curves that the propagation distance increases initially and then decreases with increasing height-
width ratio of the dielectric ridge, and reaches a maximum value when the height-width ratio of the dielectric ridge
is about 0.5, corresponding to the attenuation constant which has a minimum value at this point. According to the

definition of the propagation distance, the lower the attenuation is, the longer the transmission is.
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Fig. 6 Relationship between (a) propagation distance,

mode width, (b) FOM and the height-width ratio of the dielectric ridge

The curves of the mode width versus the height-width ratio of the dielectric ridge are shown in Fig. 6(a). We
find that the mode width decreases with increasing height-width ratio of the dielectric ridge. This is because the
width of the dielectric ridge decreases with increasing height-width ratio of the dielectric ridge when the dielectric
ridge area is kept constant, which causes the weakly confined field.

In addition, Fig. 6 (b) shows the curve of FOM versus the height-width ratio of the dielectric ridge. It is
observed that FOM initially increases and then decreases with increasing height-width ratio of the dielectric ridge,
and the maximum value is obtained when the height-width ratio of the dielectric ridge is about 0.618. Taking into
consideration that FOM is a key factor to estimate the overall performance of the waveguides, when it obtains its
largest value, as illustrated in the proportion relationship, this waveguide has optimal comprehensive performance.
This point is a very useful reference value for designing and processing plasmonic waveguides and optoelectronic
devices.

3.6 Relationship among many parameters to evaluate waveguide performance

We can see from Fig. 7 (a) that the propagation distance decreases with increasing normalized attenuation
constant. This is consistent with the theory of SPP wave propagation, i.e. the smaller the attenuation is, the
longer the propagation is. From Fig. 7(b), we can observe that FOM and the propagation distance first increase

and then decrease with the increase of the mode width, and FOM decreases faster than the propagation distance.
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Fig. 7 Curves of (a) propagation distance versus the attenuation constant; (b) FOM and propagation distance
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normalized attenuation constant
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This is because FOM is proportional to the square of the propagation distance, and is inversely proportional to the
cube of the mode width from the computational formula for FOM. Additionally, from Fig. 7(c), we draw the
three-dimensional scatter map of FOM versus the mode effective refractive index and the normalized attenuation
constant, in which we can see the relationship among the three variables. FOM remains almost stable in the range
0.55<Ch/w<<0.7, and it achieves the maximum value at the point of h/w=0.618.
3.7 Coupling length

In addition to the basic characteristics of the waveguide in the preceding research, there is crosstalk between two
adjacent waveguides in actual process. Therefore, in order to integrate the photon components into a chip, the
coupling length between the adjacent waveguides needs taking into consideration. This is due to the fact that the
coupling efficiency between the two waveguides depends on the spatial field distribution rather than the mode
width. Therefore, the calculation of the coupling length is defined by the mode effective index difference between
the symmetric and the asymmetric modes™’ ,

Ao

2X (N.—N )’

where N, and N _ are the mode effective refractive indexes of the symmetric and the asymmetric modes,

4

L coupl —

respectively. The coupling length calculation includes two cases, which are waveguide's horizontal placement and
vertical placement, respectively. Because a substrate structure with double layers of silicon and silica is used, the
waveguide is asymmetric in the vertical direction. Hence, the coupling length calculation of the proposed waveguide

'8 The curve of the coupling length versus the separation distance S

uses the waveguide's horizontal placement’
between two adjacent waveguides is shown in Fig. 8. The calculated results indicate that when the distance of the
two adjacent waveguides is more than 3 pm, the coupling length is over 5 times of the propagation distance. The
crosstalk can be ignored when the coupling length is larger than 5 times of the propagation distance™" .

Consequently, the proposed waveguides have a much better isolation distance.
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Fig. 8 Curves of the coupling length of two adjacent waveguides versus the center-to-center separation distance S

4 Conclusion

A novel LR-DLSPPW based on the golden ratio is proposed, and the numerical simulations are conducted at the
telecom wavelength A, =1.55 pm by using the FEM. The results indicate that this structure does not only confine
the mode field in the golden rectangle ridge, but also has better transmission characteristics. When the dielectric
ridge is the golden rectangle, meaning that the height-width ratio of the dielectric ridge is the golden ratio, and
when the dielectric ridge area is 0.9 pm”, this waveguide has a relatively longer propagation distance L ,=1.36 mm
and a relatively smaller mode width of 1.35 pm. In this situation, the waveguide also has a maximum value for
FOM that exceeds 6. 15 X 10°. Due to the fact that FOM is a key factor to estimate the overall waveguide
performance, this kind of waveguide has better transmission characteristics when compared with the dielectric ridge
of other shapes. Finally, the coupling length of the two adjacent waveguides is also calculated and it indicates that
the crosstalk between the two waveguides can be avoided when the distance of the two adjacent waveguides is larger
than 3 pm. Consequently, the proposed LR-DLSPPW based on the golden ratio does not only have relatively better
transmission characteristics, but also has significant potential for application to the design of the plasmonic

waveguide components and high density integrated optoelectronic circuits.
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