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Abstract: A novel high-order three-dimensional (3-D) discontinuous Galerkin time domain (DGTD) method based
on a normalized formulation of Maxwell's equations is developed for modeling and simulating silicon-on-insulator
(SOD thin-ridge waveguide. The DGTD method employs unstructured meshes and piecewise high-order polynomi-
als for spatial discretization, and Runge-Kutta methods for time integration. It is found that the numerical results
of the leakage loss of SOI thin-ridge waveguide agree well with those of analytical solutions, which proves that the
proposed method is an ideal tool for the quantitative analysis for SOI thin-ridge waveguide.
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INTRODUCTION

In the emerging area of silicon photonics, sil-
icon-on-insulator(SOI) waveguides have attracted
much attention because of their importance for

[ Unlike com-

many integrated photonic devices
mon semiconductor waveguides like glass, poly-
mer, and III-V, the SOI waveguides retain rela-
tively large mode areas with large index of refrac-
tion contrast between the core and both the upper
and the lower cladding layers. However, when
operated in transverse-magnetic ( TM) modes,

I show

this kind of shallow ridge waveguides
strong evanescent fields and experience severe in-
herent lateral radiation leakage loss®*!, which
causes strong waveguide width dependence of the

propagation loss™™.

This strong width-dependent
loss can limit usefulness of this SOI waveguide
for traditional optic applications. Therefore, ef-
fective simulation methods are highly required for
modeling SOI waveguide structure to acquire
leakage loss minima. It is noted that many meth-

ods have been used to analyze SOI waveguide, in-
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cluding analytical mode matching technique®"

and numerical methods such as finite difference
time-domain (FDTD) approach based on tradi-

]

tional Yee' s scheme'™ and the finite element

method (FEM) using vector wave equation™®®’,
However, these numerical methods suffer from
low accuracy, low efficiency and complex bounda-
ry condition.

Therefore, a high-order three-dimensional
(3-D)
(DGTD) method"*' is introduced and first ap-

plied to simulate thin shallow ridge structure.

The DGTD method dates back to the utilization in

021 4n

discontinuous Galerkin time domain

the context of steady-state neutron transport
1973. In later works, it has also been used in oth-
er research fields such as acoustics, plasma phys-
ics, and photonics. Combined with Runge-Kutta
scheme®, the DGTD method shows promising
results for hyperbolic systems. Recently, this
method has been developed for dispersive media
and the perfectly
(UPML)® - Compared with FDTD and FEM
methods, the DGTD method has shown obvious

uniaxial matched layer
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advantages including: (1) High-order accuracy in
both spatial and temporal domain, (2) Unstruc-
tured meshes for conforming structure, (3) Dis-
continuous boundary easy treatment, (4) High
efficient parallel implementation. In this paper,
we adopt the DGTD method to analyze the struc-
ture of SOI ridge waveguide by utilizing men-

tioned advantages.

1 UNIFIED FORMULATION OF
MAXWELL'S EQUATIONS WITH
UPML

In order to normalize the Maxwell' s equa-
tions, the following unit-free variables are first
used
t:iz:, x:i;;, y:ii

L L L
z:%,%,H:ZOfI,E:E‘ (D
where the quantities with wavy lines "~" denote
the non-normalized fields, ¢, and Z, = (o /eo)"*
are the speed of light and wave impedance in free
space, respectively, E and H the electric field and
the magnetic field vectors,and L is the reference
length relating to a given problem.

Then the fully 3-D time-dependent Maxwell's
equations in physical and UPML regions are con-
sidered, and the x-component variables are given
as follows, where the auxiliary differential equa-
tion (ADE) technique® is used to handle the
temporal convolution of the electromagnetic fields
in the UPML region

JE. aH. oH,

& o T oy  9s &lote.—e)E P,
JH, ~ JE. | JE, B B
Mo dy 9= wloy+o.—0)H, — Q.

(2)
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where P and Q are the auxiliary polarization cur-

rents and Eq. (3) is ADE. The UPML loss ¢ is u-

sually set to get a polynomial profile!*® as

m

a;(r):(dL> Cimax L =X sYs2 4)

where r is the distance away from the interface
between UPML and the physical solution do-
main, d the thickness of UPML, and ¢,.. the
maximum loss in each direction.

The material property matrix is as follows

e, 0 0 O
0 p 0 0
= (5)
¢ 0O 0 1 o0
0 0O 0 1
The state vector is
g=[E H P Q]' (6)
And the flux is
—B,XH
F,
e, XE
F: Fy ’F,(q):
F:
I=Xx,y,2 7

The source term which represent body forces
(here the body forces are actually polarization
currents) is
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Then, it is easy to reformulate Eqgs. (2—3)

as the conservation law

Q(ZTZJrV-F(q):S 9

2 DGTD METHOD

In order to solve Eq. (9) for general geome-
tries problem, the physical domain 2 under con-
sideration is tessellated into K non-overlapping
physical elements Q*, k=1,++,K. Typically in 3-

D cases, the domains are meshed by tetrahed-
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rons. For arbitrary element (', the fields are
then expanded in terms of interpolating LLagrange

polynomials L, (r)

N, N,
g (rit) ~ D¢ (ri 0L (r) = > g4 (DL (r)
i=1 i=1

(10
where r=(x,y,2) is the position vector, N, the
number of the coefficients that have been utilized
as well as the number in the term in the local ex-
pansion. The relationship between N, and the
polynomial expansion order N is given as N, = (N
+1)(N+2)(N+3)/6 for tetrahedrons. The
state vector ¢* contains the unknown fields’ val-
ues to be solved. A carefully chosen set of inter-
polation nodes r; lead to good numerical behav-
iort™,

The classic Galerkin method involves multi-

plying Eq. (9) with L, (r) and integrating over an

element Q, which yields

~k
fo}

To facilitate the coupling with the neighbor
elements, we integrate Eq. (11) by parts and ob-
tain

j (¢ %L, ~S'L - FYL)dr—

n/«
—35 (n* « FOL,dr
47_(/‘“

where n* = (n,, n,,n.) is the outward-pointing
unit vector normal to the contour of element k.
Then, after replacing the physical flux F(g*)
in the right-hand with the so-called numerical flux
F* (¢") and conducting a second integration by

parts, we get

J.gk (¢ %*SW VB L dr—

3€ b e (F*—F )L (rdr (12
a0

This is the strong formulation of Eq. (9).
We can obtain the proper numerical flux by sol-

to-141 - which can

ving a local Riemann problem
make this formulation a stable and convergent
scheme. One preferable choice is the well estab-
lished pure upwind flux®! as Eq. (13), which

leads to strong damp of the unphysical modes

—Z'ax(Z"'[Hl—n X [ED]D

Y 'n X (Y [E]+nx[HD
0
0

ne(F—F" )=

(13)
where [E]=E~ —E" and [H]=H —H " meas-
ure the jump in the field values across an inter-
face, i.e. superscript "+" refers to the field val-
ues from the neighbor element while "—" the field
values from the local element. For the possible
difference of material properties between two ele-
ments, it is required to define local impedance
and conductance Z* =1/Y" =/;; /e, and the sums
Z=7"4+7,Y=Y"+Y of the local impedance
and conductance, respectively. Here the super-
script k is dropped for clarity of notation.

Now, inserting the expansions Eq. (10) to-
gether with the numerical flux Eq. (13) into Eq.
(12) and assuming parameters ., u, and ¢; con-
stant in each element, we obtain the explicit ex-
pressions for the fields, which are ordinary differ-
ential equations (ODEs)

L IE"
&0

— [ H
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k
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Y
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Jdt
k
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where E*, H*, P*, and Q" are actually N,-vectors

in element Q*. And we have also defined the mass
. " . . k
matrix M", the stiffness matrices 2,,, along the

coordinate axes m, and the face mass matrix F*

with respect to the element contour Q" as below

(Mk)ij :J ,VL,LJdr
o
(S, :J kL,-c?,,,Ljdr m e {x,y,z}
Q

(F*), :j LiLdr jeljlreon
Q

a.
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To recover the solution of the above ODEs, a
forth order, five-stage, low-storage Runge-Kutta

113 js chosen, which is more efficient than

scheme
the traditional methods like finite difference

method and Newmark difference method.

3 NUMERICAL RESULTS AND
DISCUSSIONS

In this section, we introduce a 3-D numerical
scheme based on DGTD to analyze the lateral
leakage of the TM-like mode in thin-ridge SOI

straight waveguides.

3.1 Simulation geometry and parameter visualiza-

tion experiment

Fig. 1 shows the cross-sectional geometry of
the SOI thin-ridge waveguide, and the refractive
indices n of each layer. This waveguide geometry
consists of a core which has a thin ridge formed in
a silicon slab, a lower cladding which is typically
Si0, and an upper cladding which can be air or
other dielectrics. Despite the high index contrast
between the core and the cladding regions, this
structure here can remain single-model at central
frequency of 1.55 um wavelength according to

(1923] * The main in-

Soref's and Powell’s criteria
terest of this waveguide is the width dependence
of its lateral leakage loss with TM-like mode exci-
tation, where minima exists at a particular width
w usually called the "magic width". And this
lateral leakage loss is not caused by any side-wall
roughness but only the TM/transverse electric

mode(TE) conversion at the ridge boundariest™’.

y
Y .
Air n=1.0 |
Si n=34797 }300mm I 210 mm
Sio, r=1.444 1 pm
o X

Fig.1 Cross section of SOI thin-ridge waveguide

In our simulation, as shown in Fig. 2 where
TF means the total field and SF scattering field,

the computational domain is 8 pm X8 um in cross

section and 91 in the longitude, where A =
1.55 yum. And a 1 pm-thick UPML is placed in-
side the computational domain, closed to the
computational boundary. The boundary is consid-
ered as perfectly electric layer (PEC) with ¢, =
30 and m = 3. Afterwards, we place a SOI thin-
ridge waveguide in the middle of the computation-
al domain, and set the center of the ridge as the
origin of the coordinate system. The width of
waveguide denoted as w varies from 0.5 to
1.6 pm in 0. 05 pm increment.

Modeling and meshing process is carried out
by Gambit v2.4. As DGTD has a high-order ac-
curacy, the average edge length of grids is usually
less than 0. 8) of the interesting central frequency
to reduce the numerical dispersion™*. Therefore,
an average edge length of 0.5 pm is used and a-
bout 11 000 vertexes and 60 000 tetrahedrons are

obtained.

UPML

Si
Sio,

TF

SF

Fig. 2 Cross section of computational domain (not to

scale)

3.2 Source injection

The total field (TF) and scattering field
(SF) technique™™ is employed to incorporate
plane wave sources by simply changing the flux in
Eq. (13) on the interface between TF and SF. As
the TF is the caring fields, the SF domain and
UPML is fully overlapped in this simulation.

The introduced source is a pulsed source with
1. 55 pm wavelength, including both spatial and
temporal distribution. In spatial domain, the

source is a Gaussian beam imitating the laser in

optical

o W o .
E(r,2) =E, w(z)eXp< wz(z))

. kr’
GXP[—J</€Z SR> @(@)J (15
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And consider the time dependence

(ti t())z
2AL*

where w. is the central frequency of 1.55 pm

G(t):sin[wc(t*to)]exp[— } (16)

wavelength here, ¢, the location of the pulse peak
in time domain and Az half the pulse width.
After the combination and the normalization

of Egs. (15—16), the whole source is as below

— _Wo o ‘ .
E(r,z,t) =E, w(Z)exp< wZ(Z))CO“D(Z)
(t—t,—T)27 .
exp [— 227#} sinw, (t —t, — T) aan
where
T=n 2 Z+ r J=z—xz
‘ k: | ZR(Z)’ delay

3.3 Monitors and output

In order to recover the loss of SOI
waveguides, two monitors in the longitude of the
waveguide is placed to compare the incident pow-
er with the transmitted one. As the length of the
waveguide is 91, both two monitors are 3X apart
from the beginning and the end of the waveguide
to let the evanescent waves decay, thus the effec-
tive length is 3X. As the longitude of the
waveguide is z-directional, the only power we

care about is the time-averaged Poynting vector

(S.) as
(S :%Re[E,mC) CH: GO —E, @) -

H: (@)] (18)
With the above information, the transmit-

tance T at central frequency is easily obtained via

JI (ST ) dady
D

H (S ) dxdy
D
And finally, the leakage loss of SOI thin-

ridge waveguide can be evaluated by

_ 10logT
Length

T(a.)= (19

Loss (20)

3.4 Simulation results

Firstly, the simulation results of E, compo-
nent of different basis function order N is shown
in Fig. 3. They are all from the same modeling.
From these curves, we can observe a good con-

vergence of this method working on the SOI thin-

E/(V+m")

20 30 40 50 60
Normalized time

Fig. 3 E, of different N with respect to time

ridge waveguide model.

Then, compared to analytical mode matching
method, the L*-norm of the error of E, with dif-
ferent orders N is shown in Fig. 4. It indicates
that the error decreases exponentially with the in-
crease of order N. Combining Fig. 3 and Fig. 4,
we can conclude that N=3 is accurate enough for

this problem.

0.09
0.08 -
0.07
0.06 -
0.05 |
0.04 -
0.03
0.02
0.01
0.00

(A

N

Fig.4 L?-norm of error of E, with different orders N

simulation results

Finally, the of SOI
waveguides with different rib widths using DGTD
are shown in Fig. 5 by the line with triangles.
The other two results are represented by the line
with squares carried out by Lumerical FDTD So-
lutions v7. 5, and the solid line which is the result
of mode matching method from Ref. [ 25], noted
as MM. It is found that the result of DGTD
agrees very well with that of the mode matching
method. And competing with the commercial
FDTD, the main advantages of DGTD method are
as follows.

(1) The accuracy of the DGTD method deal-
ing with SOI thin-ridge waveguide is better than
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that of the FDTD method, as the result of the
former is closer to the analytical result.

(2) The efficiency of the DGTD method ex-
ceeds that of the FDTD method, as the average
computation time of different modelings is about
5 h by the DGTD method compared to more than
6 h by the FDTD method.

In addition, it can be observed that for parti-
cular width such as 0.71 pm and 1.43 pum, the
destructive interference of radiating TE waves re-
sult in low loss for TM-like guided mode. And it
coincides with the width dependence of the leak-
age loss of such SOI waveguides. Hence, it can
be concluded that the width-dependent leakage
loss due to TM-TE conversion of straight SOI
thin-ridge waveguides can be simulated efficiently

and accurately by our DGTD scheme.

Loss/(dB * cm™)
2

107
10°
0 v v
0506 0708091011121314151.6
Rib width / pm

Fig. 5 Simulation results between DGTD and FDTD

4 CONCLUSION

A high-order accuracy 3-D DGTD method is
proposed for the calculation of the leakage loss of
SOI thin-ridge waveguides. The method accurate-
ly predicts the strong width-dependent leakage
loss of the TM-like mode in these waveguides,
which proves it to be a more suitable scheme than
the FDTD method for SOI thin-ridge waveguides

or even more complex nano-optical devices.
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