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An efficient numerical scheme developed on the basis of Green’s function method is applied to the investigation
of structural effects on the performance of planar grated waveguide at the first resonance wavelengths next to
the band-edges. Restricting ourselves to the transverse-electric waves, this study is focused on the effects in-
duced by variations of the grating cell number and the depths of its four outer grooves on both sides. The dif-
ferent patterns of groove depth gradation or apodization considered in this study are all characterized by de-
creasing depth toward the ends while retaining the longitudinal grating symmetry. The effects of the
modifications are expressed in terms of changes in the modal transmittance, reflectance, and out-of-plane scat-
tering loss as well as the group velocity and resonant field enhancement. The most favorable result character-
ized by 15% transmittance enhancement and 85% loss reduction is achieved for the case with the most gradual
changes in the groove depth. It is further shown that, for the investigated range of parameters, both the group
velocity and field enhancement can best be improved by increasing the length of the uniform grating, without
introducing any modification. © 2010 Optical Society of America
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1. INTRODUCTION

The results of early studies on photonic crystals (PhCs)
and their potential functionalities [1-3] have led to world-
wide research activities for the development of a new gen-
eration of photonic devices. To that end, a large variety of
three-dimensional (3D), two-dimensional (2D), and one-
dimensional (1D) PhC structures have been considered,
and their promising applications as building blocks of
novel and high performance photonic devices have been
demonstrated both numerically [4-9] and experimentally
[4,10-15]. Unfortunately, the technology for precisely con-
trolled fabrication of reproducible 3D device at the
submicron- and nano-feature size has yet to be fully de-
veloped. On the other hand, the fabrication of quasi-2D
planar PhC structure considered in the grated waveguide
(GWg) systems is more amenable to the existing fabrica-
tion technology [16]. As a result, more reliable experimen-
tal verification of the numerical models can be performed
on these systems as reported in [16-20]. This type of
structures, while relatively simplified, still offer a large
enough room for the exploration of a wide ranging appli-
cations with enhanced and new functionalities [19].
Studies of planar GWg systems and their promising ap-
plications have been reported previously by a number of
research groups [17-22], and different numerical tools
have been developed by different research groups such as
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the method of lines, finite difference time domain, eigen-
mode expansion, etc. [8,23]. Aside from the desirability for
further exploration of the system functionalities, one has
to address the ubiquitous problems concerning the out-of-
plane scattering loss due to mode mismatch between the
modal fields of the un-grated section and that of the
grated section of the structure. Previous studies aiming at
the reduction of loss and enhancement of planar GWg
functionalities have been mostly restricted to the consid-
erations of a variety of uniform grating structures of dif-
ferent geometries such as different duty cycles, mark-
space ratios, and different index contrasts [22,23].
Possible effects of more detailed local structural varia-
tions in the graded structures have been for some reason
largely left unexplored.

The graded grating structures have also been consid-
ered extensively for improving the performance of fiber
Bragg grating (FBG) systems, leading to what is known
as apodized FBG. The gradation of the grating structure
was studied in detail for optimizing the spectral and dis-
persion characteristics of FBG in the design of optical
wave filters used in wavelength division multiplexing
(WDM) system [24]. The general and efficient differential
inverse scattering formulations implemented with genetic
algorithm [5] and layer-peeling algorithm [6,7] have been
developed for the synthesis of FBG. The apodized grated
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structure designed by those methods can be tailored to
meet the required spectral characteristics for specific ap-
plications.

In the present study, a numerical scheme implemented
on the basis of rigorous ab initio Green’s function method
following Dyson formulation [25-27] is employed to inves-
tigate the local structural effects of planar GWg. Com-
pared to the other methods used for the study of planar
GWyg [8,23] and FBG systems [4-7], this formulation has
the advantage of being quite efficient for handling pertur-
bations due to local structural variations in a limited
small area. Further, the computational window can be
made relatively small owing to the built-in perfectly
transparent boundary condition, which is typical for the
Green’s function method.

We consider in this work a number of GWg systems
with uniformly grated central parts of various lengths
and systematically modified edge sections of four grating
teeth. The results reported here describe the effects of
those structural variations on the device performance pa-
rameters such as its transmittance (T'), reflectance (R),
and loss (L), as well as the group velocity and the confined
energy stored inside the GWg. The study will be focused
on the device performance at the first resonance wave-
lengths next to the band-edges, since the operation at
these wavelengths will help to meet the very much
sought-after merits of high wavelength selectivity and
sensitivity for high performance optical filters, resona-
tors, and optical sensors.

The rest of this paper is organized as follows. In Section
2 the Green’s function formalism and its numerical imple-
mented scheme are discussed. In Section 3 the basic grat-
ing structure is introduced along with the structural
modifications considered, as well as the performance pa-
rameters to be evaluated. The computational results and
the related discussion are presents in Section 4. The pa-
per ends with a summary given in Section 5.

2. GREEN’S FUNCTION AND ITS
NUMERICAL FORMULATION

In the following explanation of the Green’s function
method, we suppress the time dependent factor of exp(
—iwt) in the electric field expression. The basic three-layer
structure of the system considered is shown in Fig. 1. For
this system, the zz component of the transverse-electric
(TE)-mode Green’s tensor is obtained from the following
implicit equation [25]:

G(r,r’):GB(r,r’)+f GE(r,r"\kiAe(r)G(r",r')dA",
A

(1)
where (r,r')=(x,y,x',y’), kg=w/c is the free-space wave
number, Ae=e—¢p is the contrast between the permittivi-
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Fig. 1. Basic uniform GWg.
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ties of the scatterer (¢) and background (eg), while A is
the area of integration covering the entire computational
domain. The background Green’s function GE in Eq. (1)
for the corresponding three-layer background medium is
determined as follows in terms of its Fourier components,
m;, pertaining to the /th layer [26]:

PR
GP(r,r')= Ef dk, explik(x — x")Im(k.;y,y"), (2)

where y and y’ denote the observation point and the po-
sition of the unit source, respectively. The m; function is
expressed as a combination of the up-going (4;) and down-
going (B;) wave amplitudes:

ke
m; = E[Az(y,y’)exp(ikz,yy) +B(y,y")exp(-ik;,y)], (3)

2y
with ;= k7 -k (Re(k;,)=0) and /=1,2,3 as labels for
the air, slab, and substrate layers, respectively. Further,
each of those amplitudes is decomposed into its two com-
ponents: Alef7 +AZD , BlzB}7 +Bf) , with the superscripts 1
denoting the indirect contributions of the source via re-
flection or refraction and D denoting the direct contribu-
tion of the source in the /-layer. The integral in Eq. (2) is
to be evaluated in the complex %, -space. By following the
procedure given in [26,27], we obtain the following ex-
pressions for the A; and B; amplitudes for layer / in the
case where the source and the observation points are lo-

cated in the same layer:

fiz+fos eXp(2ik2,yh)
1+f1 92,3 exp(2iky h)

Al = exp(-iky h) exp(ik1,y’),

AD =0y -y")exp(-ik1,y'), (4)
Bl =0,
BY=0(y' -y)exp(ik,,y'), (5)

ne fo,3 expliky h)
27 1~ fyrfas exp(2iky h)
+ eXp(ikZ,yy,)]v

[f2,1 exp(ikmh)exp(— ikZ,yy’)

A7 =0y -y )exp(-iksyy), (6)

i f2a1 exp(ikmh)
*T 1= forfas exp(2ikayh)

+exp(—tkg,y')],

[f2,5 exp(ikg  h)exp(iky y")

B2 =0(y' - y)expliky,y'), (7)
Al=o,
AP =0y —y"exp(~iks,y'), (8)

f3,2+ 12,1 exp(2iky h)
1+f39f5,1 €xp(2ikgy h)

Bé = exp(— lk3’yh) eXp(— ik3,yy’) 5
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BY =0y -y)expliks,y'), (9)

where h denotes the slab thickness, while ® represents
the step function. Note that there are no indirect contri-
butions to B; and A3 due to the semi-infinite structure of
the two outer layers.

B,

and for y<y’,

B,

where the coefficients s are defined as v, =(ks1,
+k1y) 2k 101y, Vy<y =(Ryy+Ri_1,)/2k;_1,, and the param-
eters d; and dy are chosen to be d{=h, d9=0 as specified
later in Fig. 2. The Fresnel coefficients f;;.; in Egs.
(4)—(11) are given by

kl,y - kltl,y

fl,lil = (12)

kl,y + kltly
Given the analytical expressions for the amplitudes with
all the coefficients defined above, the integral in Eq. (2)
can be computed numerically and efficiently by using the
Gauss—Kronrod quadrature [27].

Having obtained the numerical result for GB(r,r’), the
Green’s function G(r,r’) in Eq. (1) can be determined nu-
merically by solving the discretized equation:

P
A&‘i
Gj=GE+ D GhEiAe,AAG+ MkiAeGyj - LS—Gij,
i=1,=1, B
i%kj#k
(13)

where G;;= G(ri,rjf), the summation runs over all P mesh
points, while the M; and L parameters are introduced to
handle the Green’s function singularity according to the
expressions given in [28]. However, instead of solving Eq.
(1) directly, we adopt the simpler scheme introduced in
[25] in which the contribution of each scatterer mesh is
added one by one recursively.

With the result for the Green’s function at hand, the
electric field can be determined from the following explicit
Dyson equation:

(Al) ~ ( explid;(ky.1y — kiy)]
=0\ explidy(ysy + k)]

(Al> : ( eXP[idH(kz-M - kl,y)]
T\ explidy (e + Byl
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For the case where the observation points are located
in different layers, the corresponding amplitudes can be
derived by using transfer matrix taking into account the
continuity conditions. The result for y>y’ is given as
follows:

1101 expl-id;(kyy1y + kz,y)]> (Am) (10)
exp[—id;(ky1, — k)] B.1)’
fr1-1 expl—idy(k;_1, + kl,y)]) (Al—1> 1)
expl—id;_1(k;_1y—k1y)] )\Bi_1)’

Ez(r)zEf(r)+J G(r,r’)k%Aa(r’)Ef(r’)dr’, (14)
A

where EZ is the electric field of the fundamental TE-mode
of the effective slab waveguide, while A covers the entire
computational window.

3. BASIC STRUCTURE, ITS
MODIFICATIONS, AND CONSIDERED
PERFORMANCE PARAMETERS

The GWg systems considered in this study are composed
of different grating sections etched into a slab having a
thickness of A=160 nm as described in Fig. 2. The core
section in the middle of the GWg is a uniformly grated
part of N teeth with a 100 nm groove depth (g=100 nm),
for N=8, 10, or 12. Each of the edge sections consists of
four grooves with depths denoted by g;’s where i
=1,2,3,4. We choose the refractive indices of the materi-
als as denoted in Fig. 2 and a fixed periodicity of A
=200 nm with 0.5 duty cycle for all grating sections, while
the electromagnetic field is assumed to propagate in the x
direction with TE polarization along the z direction
(s-wave). In this work, the effects of changing the struc-
tural parameters (except A, the duty cycle, and g) on the
operational characteristics will be systematically investi-
gated for cases of different N’s.

The considered structural variations cover 12 different
combinations specified by the aggregate groove-depth pa-
rameters on the edge sections g1, g9, g3, g4 as arranged in
Table 1. Note that the serial numbers have been chosen in

E. é—» Edge Section

n=198

Core Section with N teeth

n=1.44

Fig. 2. GWg structures considered with the modifications at the edge described by the aggregate groove-depth parameters (g;,29,953,94)

and the number of teeth N in the core section.



2746 J. Opt. Soc. Am. B/Vol. 27, No. 12/December 2010

Table 1. Modified Edge Grating Structures

Corresponding to Aggregate Groove-Depth
Parameters and the Associated Serial Numbers for
the Resulting Structures

81 82 83 84
No. (nm) (nm) (nm) (nm)
1 0 0 0 0
2 20 20 20 20
3 40 40 40 40
4 20 40 60 80
5 40 40 60 80
6 40 60 60 80
7 60 60 60 60
8 60 60 60 80
9 60 60 80 80
10 60 80 80 80
11 80 80 80 80
12 100 100 100 100

the order of increasing total groove area of the edge sec-
tions. Further, the GWg’s structures no. 1 and no. 12 ac-
tually correspond to the regular GWg with N and N+8
teeth, respectively.

Next, we introduce the evaluated parameters relevant
for the device performance, which will be discussed in the
following section. The modal transmittance (7') and reflec-
tance (R) of the system are to be calculated at external po-
sitions x; and x,, located at distances of 10 and 3
%X 10% nm from the left end and right ends of the device,
respectively. The chosen positions are sufficiently far from
the grating ends to ensure insignificant contributions
from the scattered fields. These two quantities are calcu-

lated according to the following definitions:

h
f |E,(x,,y;N)|*dy
. (15)

>

T= 7
f |E. o(x;,55M) P dy
0
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h
f |E.(x;,y;\) = E, (x50 [dy
0

R= (16)

’

h
J |E. o(x;, ;M) [P dy
0

where E,(x,,y;\) is the total external field at a position x;
and E,(x;,y;N) is the total field at a position x;, while
E, o(x;,y;\) is the guided fundamental modal field at x;.
Using the calculated 7' and R for each case, one can de-
termine the out-of-plane scattering loss L by applying the
following relation:

L=1-T-R. a7
Next, the normalized group velocity (vy/c) is determined
on the basis of the following equation [29]:

Ug 2’77LG
e (18)
¢ Ndldn

In this expression L is the total length of the whole
grated structure including the core and edges, while ¢ is
the phase of the following complex transmission coeffi-

cient:

h
f Ez(xR’y7)\)dy
. (19)

>

- h
f E, o(x1,y;N)dy
0

where x;, and xp denote the positions of the left and right
grating ends, respectively. In addition to the above pa-
rameters, we also investigate the energy confinement ef-
fect by calculating the total energy confined, W, within a

certain area A,

sz eslab|E|2dA; (20)
A

where A covers the non-GWg area in a fixed core section
of eight teeth for all cases.
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Fig. 3. Calculated spectral profiles of T'(\) (dashed-line), R(\) (dotted-line), and L(\) (solid-line) presented for the GWg structures of (a)
no. 1, (b) no. 6, and (c) no. 12 with N=8, as specified in the text. The solid dots indicate the position of resonance wavelength.
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4. RESULTS AND DISCUSSION

The computational window chosen for the numerical
study is defined along the x-axis by [x;,x.]=[0,8]
X 10% nm and by [y;,y,]1=[-0.04,0.2]X 10° nm along the
y-axis. For the discretization, a rectangular mesh of area
AA=2X%102nm? is chosen, with Ax=10nm and Ay
=20 nm, which has proved small enough to give conver-
gent results.

The spectral profiles of T(\), R(\), and L(\) are calcu-
lated over the entire wavelength range of the bandgap
and covering both of its edges for each of the GWg struc-
tures denoted by the numbers from 1 to 12. This calcula-
tion is separately carried out for cases with N=8, 10, and
12. In order to better exhibit the characteristic effects in-
duced by structural changes of the GWg system, the cal-
culated results are presented in Fig. 3 for only three dis-
tinct cases with GWg structures of nos. 1, 6, and 12 with
N=8. It is observed that the resonance wavelengths cor-
responding to maximum transmittance at the left and
right edges of the bandgap show opposite shifts as the
structure varies from no. 1 to no. 12 (see Fig. 4). It is im-
portant to note that L(\) attains its remarkably smaller
values for case no. 6 around the right resonance wave-
length. On the other hand, L(\) appears to increase mo-
notonously with respect to the same order of structural
variation around the left resonance. It is obvious that its
values at the left resonances are generally too large to be
of practical interest.

The following discussion will be focused on the
structure-modification-induced changes in the device op-
erational parameters at resonances. Figure 5 shows the
variations of T'(\,.s) [Fig. 5(a)l, R(\,s) [Fig. 5(b)], and
L(\es) [Fig. 5(c)] at both the left and right resonances (at
the left and right panels, respectively) as the results of de-
tailed structural changes over the entire range of the edge
grating variation from no. 1 to no. 12. These calculations
are performed separately for the cases with N=8, 10, and
12. We note that all three parameters (T,R,L) at each
resonance wavelength display generally consistent pat-
terns of variations for the three cases of different N’s.
However, it is also clear that the variation patterns at the
left and right resonances are distinctly different. First,
the reflectance (R) at the right resonance shows a pro-
nounced “immunity” to the structural changes which
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Fig. 4. (Color online) Variations of resonance wavelength show-
ing the qualitatively different and generally opposite trends of
shift with respect to structural variation from no. 1 to no. 12 for
N=8 (black circles), 10 (red squares), and 13 (blue diamonds) at
left (a) and (b) right.
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Fig. 5. (Color online) Variations of (a) T, (b) R, and (c) L at left
resonances (left panels) and right resonances (right panels) for
N=8 (black circles), 10 (red squares), and 12 (blue diamonds).
Note the consistently flat responses to structural changes of R (b)
on the right panel as compared to the relatively complicated al-
beit consistent responses shown on the corresponding left panel
for different N’s.

clearly does not hold for the left resonance as shown by
comparing the two panels in Fig. 5(b). Second, combining
this R(\) with the T'(\) spectral profiles depicted in Fig.
5(a), a remarkably low and relatively flat minimum loss
at the right resonance is found as shown in Fig. 5(c), in-
dicating a certain degree of robustness against structural
changes. In particular, the loss reduction calculated for
GWg structure no. 6 is about 85.3% for N=10, which is
only slightly different from those for the structures with
N=8 and 12. This result is consistent with the increasing
adiabatic effect introduced by more gradually varied
groove depth at the edge sections of the device. This effect
is demonstrated by the calculated result presented in Fig.
6, where T, R, and L are plotted with respect to the varia-
tion of edge grating section in the order of decreasing the
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abruptness between neighboring g;’s, namely, 1’. (0, 0, 0,
80) nm, 2. (0, 0, 60, 80) nm, 3'. (0, 60, 60, 80) nm, and 4.
(40, 60, 60, 80) nm.

We turn next to the variations of group velocity and en-
ergy confinement effect. The calculated results are pre-
sented for the cases of left and right resonances in the left
and right panels of Fig. 7, respectively. Interestingly, the
normalized group velocity shown in Fig. 7(a) exhibits
similar and generally decreasing v,/c at both resonances
for different N’s. Meanwhile, the same structural changes
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Fig. 7. (Color online) Comparisons between structure-variation-
induced changes in at left resonances (left panels) and right reso-
nances (right panels) of (a) the normalized group velocity and (b)
the effect of energy confinement, W, for N=8 (black circles), 10
(red squares), and 12 (blue diamonds).

also produce qualitatively similar rising trends of energy
confinement, W, at both left and right resonances as
shown in Fig. 7(b), although the confinement effect at the
right resonance is more pronounced. It is worthwhile to
note that the remarkable loss reduction attained by the
structural modifications considered here does not produce
concurrent favorable effects on group velocity and energy
confinement. Further inspection of Fig. 7 shows, however,
that a larger N generally gives rise to a more favorable
effect on both counts. In fact, the lowest vg/c of 0.2707
and strongest energy confinement effect characterized by
an enhancement factor of 2.21 are simply achieved by the
uniform grating with the largest number of grooves con-
sidered here, i.e., N=12, or a grating of 20 teeth with uni-
form groove depths.

5. SUMMARY

We have studied, using the Green’s function method, the
changes in device performances at the first resonance
wavelengths next to the band-edges of a grated wave-
guide (GWg) due to modification of the edge grating struc-
tures. The results of the numerical calculations show that
the structure-modification-induced effects on the device
operational characteristics differ distinctly at the left and
right resonances. An appropriate modification of the edge
grating having the smoothest graded structure has re-
sulted in a most favorable transmittance enhancement of
14.9% and a maximum loss reduction of about 85.3% at
the right resonance for the GWg structure no. 6 with N
=10. It is also shown that enlarging the core grating sec-
tion (increasing N) generally improves those two perfor-
mance parameters. On the other hand, the normalized
group velocity and energy confinement effect are not fa-
vorably affected by the changes of the GWg edge struc-
ture. Instead, simply increasing the length of uniform
grating turns out to have significant favorable effects on
both the group velocity and the energy enhancement ef-
fect.
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