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Abstract: We investigate mode converters for Si wire to plasmonic slot waveguides at
1550 nm telecom wavelength. The structures are based on a taper geometry. We provide
optimal dimensions with more than 90% power transmission for a range of metal (Au)
thicknesses between 30-250 nm. We provide details on how to differentiate between the
total power and the power in the main mode of the plasmonic slot waveguide. Our analysis
is based on the orthogonality of modes of the slot waveguide subject to a suitable inner
product definition. Our results are relevant for lowering the insertion loss and the bit error
rate of plasmonic modulators.

Si Tel Dalga Kilavuzundan Plazmonik Yiv Dalga Kilavuzuna Kip Doéniisiimiinde Metal

Kalinhgimin Etkisi

Anahtar Kelimeler
Si fotonik,
Plazmonik yiv dalga
kilavuzlar,
Kip doniistiiriictileri

Ozet: Bu calismada 1550 nm telekom dalga boyunda calisan, Si tel dalga kilavuzundan
plazmonik yiv dalga kilavuzuna kip doniistiiriiciilerini inceledik. S6z konusu yapilar
gittikce incelen bir geometriye sahiptir. 30-250 nm arasindaki metal (Au) kalinliklar
icin %90’dan yiiksek gii¢ iletimine sahip en uygun boyutlar1 sunduk. Plazmonik yiv
dalga kilavuzuna eslenen gii¢ ile iletilen toplam giiciin nasil birbirinden ayrilabilecegini
ayrmtilariyla acikladik. Incelememiz yiv dalga kilavuzu kiplerinin uygun bir i¢ ¢carpim
tanim1 sonucu birbirlerine dikgen olmasina dayanmaktadir. Sonuglarimiz plazmonik

modiilatorlerin baglanma kaybi1 ve bit hata oranlarinin azaltilmasina katki sunacaktir.

1. Introduction

The practice of using waveguides to transfer information
between different points in space with high bandwidth pho-
tonic links is gaining popularity. Fiber optics have replaced
electrical wiring for a range of distances from thousands of
kilometers coast to coast long-haul connections, to meter
scaled rack to rack communications in data centers. The
burgeoning field of silicon (Si) photonics has made it pos-
sible to build integrated opto-electronic components for a
more intimate and efficient coupling of electronics for data
processing and optics for data transfer.

Si photonic links are based on the Si wire waveguides
which are typically fabricated on silicon on insulator (SOI)
wafers [1]. In addition to waveguides, photonic links also
require light sources, modulators for electrical to photonic
and photodetectors for photonic to electrical conversion of
information. Mach-Zehnder interferometers and resonant
microring cavities have been used in Si modulators [2].
Both technologies have relatively large power consump-
tion. In order to have energy efficient and small footprint
modulators, recent designs incorporated metallic (i.e. plas-
monic) and Si wire waveguides [3, 4]. The coupling rate
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from Si wire to plasmonic slot waveguides is an important
parameter that contributes to the insertion loss and hence
the bit error rate of the modulators [5].

Previous studies on Si wire to plasmonic slot waveguide
transitions focused mostly on relatively thick, 180-250 nm
Au layers [6-9]. A recent study focused on layers of 20-30
nm thickness [10]. The propagation length of the modes
in plasmonic slot waveguides changes as a function of
the slot dimensions [11]. There is a trade-off between the
amount of field enhancement due to the small size of the
slots and the propagation distance of the ensuing modes.
It would be advantageous to choose the necessary field
enhancement based on the light propagation constraints of
the application at hand. Field enhancement and metal layer
thickness are two closely coupled variables. In this work,
we cover a range of Au layer thicknesses between 30-250
nm and provide blueprints for coupling geometries that
work at 1550 nm telecom wavelength range with more than
90% coupling efficiency. We use numerical simulations
to verify our designs and we give details of our modeling
techniques which use both simple power extraction as well
as modal decomposition of scattered fields for estimating
the transmission efficiency of the couplers.



S. E. Kocabas / The Effect of Metal Thickness on Si Wire to Plasmonic Slot Waveguide Mode Conversion

2. Material and Method

The mode coupler parameters that we employ are illus-
trated in Fig. 1. The aim is to convert the Si wire mode on
the left to the mode of the plasmonic slot waveguide on the
right, through the taper region at the center. As shown in
Fig. 1(b), the Si wire and the slot waveguide are centered
with respect to one another in the y direction. The ambient
environment is SiO;. Such vertical alignment is possible
with clean room fabrication techniques as discussed in
[12].
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Figure 1. Geometry and the definitions of the parameters
of the mode coupler. a) Top view, b) Cross section view
superposing the cuts at the A — A’ and B — B’ planes.

We obtain the optical properties of Si from the Sellmeier-
type dispersion formula quoted in [13]. The refractive
index of glass is obtained from Eq. (20) in [14]. The
permittivity of Au is obtained from the supplemental data
provided in [15]. Since we will be working at a wavelength
of A = 1550 nm, we quote the relevant optical constants
of Si, SiO; and Au in Table 1. We use the exp(-+iot)
convention, thus Im(€,,) < 0.

Table 1. Permittivities of Si, SiO, and Au at 1550 nm.

Material ~Relative Permittivity (£/&)
Si 12.085
SiO, 2.0852
Au —126.80 —5.3664i

We use the finite element method implementation of the
COMSOL package (v5.1) to solve for the waveguide modes
of the Si wire and plasmonic slot waveguides as a function
of the height of Si (hg;) and Au (ha,) for fixed values of Si
width (ws;) and slot width (wg)t). Typical mode profiles for
|E|| are plotted in Fig. 2. The Si wire and plasmonic slot
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waveguide modes are TE-like with the E-field primarily
in the £ direction [1, 11]. The plasmonic slot waveguide
concentrates the fields within the slot region. The Si wire
guides light primarily within the Si region, with evanescent
waves leaking to the SiO region.

Figure 2. Plots of ||E|| for (a) Si wire and (b) plasmonic
slot waveguide modes.

The effective index (nes) of the modes are plotted in Fig.
3 as a function of waveguide height. At large heights,
the plasmonic slot waveguide modes approach the 2D
metal-insulator-metal modes [11] which have larger neg
for smaller slot widths. The price to pay for the large neg
is areduced propagation length (L,) as shown in Fig. 4. L,
is for the mode intensity and is given by 2T where k; is
the wave vector of the mode in the direction of propagation.
For the Si wire waveguide, the mode approaches the 2D
slab waveguide mode as the height increases.
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Figure 3. Effective index (nqr) at A = 1550 nm as a func-
tion of waveguide height for (a) plasmonic slot waveg-
uide with wgo = 30,50, 100,220 nm and (b) Si wire
waveguide with wg; = 400 nm.
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Figure 4. Mode intensity propagation length (L) at

A = 1550 nm as a function of waveguide height for
plasmonic slot waveguide with wgo¢ = 30,50, 100,220
nm.

We use COMSOL to simulate the 3D geometry as depicted
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in Fig. 1. We surround the simulation volume by perfectly
matched layers. We source the Si wire waveguide mode
from the left and solve for the fields at A = 1550 nm, as we
vary various geometric variables. We take advantage of the
symmetry of the waveguide modes and of the geometry in
the x—y plane, by putting perfect electric conductor (PEC)
and perfect magnetic conductor (PMC) boundary condi-
tions at planes that vertically and horizontally bisect the
waveguides, respectively [see Fig. 1(b)]. These boundary
conditions enable us to reduce the number of unknowns by
4-fold, speeding up the simulations.

We record the tangential (Ey,Ey, Hy, H,) fields along the
straight section of the plasmonic slot waveguide, at dif-
ferent z cuts, starting from z = 0 as shown in Fig. 1(a).
We calculate the time averaged total power by numeri-
cally integrating the z component of the Poynting vector,
IRe(ExH"), = %Re(ExHy* — EyHY) at different z cuts,
as shown by the blue ‘x’ symbols in Fig. 5. Fitting an
exponential to these data points (red curve) give us a prop-
agation length Lty = 5565 nm, which is smaller than
L, = 6105 nm for a slot waveguide of ha, = wyior = 30
nm.

The fields along different z cuts of the slot waveguide
include non-bound scattered fields as well. In order to
determine the power in the bound mode, we make a modal
expansion of the fields. The total electric and magnetic
fields at different z cuts, E, H can be expressed as

E=aEo+) B.E,, (1)
H=aH,+ ) BH,, )

where Eg, H are the waveguide modes of the slot waveg-
uide as illustrated in Fig. 2(b) and E,,, H,, are a decomposi-
tion of the scattered fields. The coefficient ¢ is what we
are after. We can obtain the power in the bound mode by
calculating

1
SRe { / / (Eq x o' HJ). dxdy}

1

In order to obtain the o coefficient, we make use of the
orthogonality property of the bound modes that can be
proved through the use of the Lorentz theorem. We define
an inner product between two sets of fields (E;,H;) and
(E,H,) similar to the one in [16] as

1
(E1Hy)- (B2, Hy) = 5 [ (Bix B+ B x Hy), dxdy.
)

With this definition, we can take the inner product of the
fields from a fixed z cut in the 3D simulation (1)-(2) with
the bound modes calculated before, (Eo,Hy), and use the
fact that the bound modes are orthogonal to the non-bound
modes, i.e. (Eo,Hp) - (E,,H,) =0 to get

(E,H) - (Eo,Hy)
(Eo,Hy) - (Eo,Hp)

&)
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We calculate o by numerically integrating the relevant
fields in (5). We calculate the power in the bound modes
from (3), and plot them as magenta ‘4’ symbols in Fig.
5. As expected, the power in the bound mode of the slot
waveguide is less than the total power in a given z-cut.
When we fit an exponential to the power in bound modes
(cyan curve), we get a decay length of Lyjode = 6283 nm, a
result much closer to L,,. We estimate the power conversion
efficiency of a given taper geometry by calculating the
power at the z = 0 cut. We use the total power at z = 1100
nm, and estimate the power at z = 0 by using the L, value
from mode analysis, see the black dashed lines in Fig.
5. This is an approximate method, albeit a practical one,
which gives a close estimate of the total power in the bound
mode of the waveguide at z = 0 (slightly less than 88% in
this example).
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Figure 5. Power transmission factor as a function of z
for a slot waveguide of hay, = wsjot = 30 nm. Different
calculation methods are explained in the text.

3. Results

We used the reported values in [8] and [10] for mode con-
version to plasmonic slot waveguides with 250 nm and
30 nm thick Au layers, respectively. We searched around
these design points, varied hg; and other dimensions to
come up with the optimized parameters in Table 2.

Table 2. Optimal dimensions for ay = 30 & 250 nm

Parameter Name Set 1 (nm) Set 2 (nm)
hau 30 250
hsi 300 725
wsi 400 400
Welot 30 250
Liaper 600 1700
Wend 0 0
Weap 20 75
start gap 200 200
slot extra 200 200

The norm of the electric field on the central plane that cuts
through the structure is plotted in Fig. 6. The ha, = 30 nm
case has a shorter £i;per, and the field intensities in the slot
region are higher due to the 30 nm width of the slot. This
case has a transmission factor of ~88%. The ha, = 250
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nm case has a longer taper and a larger slot width of 250
nm with a transmission factor of ~95%. It is noteworthy
that both sets have relatively thick Si layers, hsi > hay.

(a) Set 1 for ~p, = 30 nm

o

(b) Set 2 for ha, = 250 nm

T

Figure 6. Plot of ||E|| through the central plane.

After we had the optimal values for two different Au thick-
nesses, we linearly interpolated all the geometry variables
in between the two sets listed in Table 2 and calculated the
transmission factor of the resulting mode converter struc-
tures corresponding to Au thicknesses ranging from 30 to
250 nm. The results are provided in Fig. 7. We measured
the power at the z = 1100 nm cut, and back propagated to
z =0 by multiplying the results with exp(1100/L,) where
L, values are calculated separately for each (hau,Wsiot)
pair similar to Fig. 4.
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Figure 7. Power transmission factor as a function of Au
thickness.

4. Discussion and Conclusion

We investigated optimal structures for coupling the mode
of a Si wire waveguide to the mode of a plasmonic slot
waveguide. We concentrated on the taper geometry and
came up with designs that have over 90% power transfer
efficiency (approaching 95% in some instances) for Au
thicknesses ranging from 30-250 nm. The results that we
quote can find applications in compact plasmonic modula-
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tor designs with minimal insertion loss and low bit error
rates.

Although we focused on Si wire waveguides in this study,
the techniques that we present can easily be applied to
Si nitride waveguides that have been shown to be highly
advantageous for non-linear applications [17]. Lastly, al-
though our focus has been on taper structures, resonant
stub-like elements are another route for designing mode
converters as has been demonstrated in 2D structures [18].
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