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Silicon photonics has attracted considerable attention for fascinating features such as 
compact size, integration of various functional devices, and controllability by electronics. Bragg 
grating is used for various optical filters. One of the problems in the development of Bragg 
grating as silicon photonic device is birefringence of the waveguide. Therefore, we developed a 
new design of nonbirefringent waveguide. Furthermore, an inverse scattering method enables 
realization of a Bragg grating design for complex optical characteristics such as chromatic 
dispersion compensator (CDC). The development of a silicon photonic device using the 
nonbirefringent structure and the design by inverse scattering method is introduced.

1. Introduction
Recently, for a large demand of capacity in telecom-

munication systems, Dense Wavelength Division Mul-
tiplexing (DWDM) systems are commonly used in 
core networks. DWDM is a technology that multiplex-
es multiple-wavelength optical signals on a single opti-
cal fiber and expands the capacity. In DWDM systems, 
various kinds of optical filters such as optical add-drop 
filters are widely used. Some of them are required to 
have complex optical characteristics over a wide wave-
length region. Bragg grating has attracted attention 
for its wide application to optical filters having com-
plex optical characteristics. For example, multichan-
nel chromatic dispersion compensator (CDC) based 
on fiber Bragg grating, in which multiple Bragg grat-
ings for each channel are written on the same portion 
of the fiber, is reported1).

Meanwhile, silicon photonics has been extensively 
researched. It is a technology that realizes various sili-
con-based optical devices on a silicon substrate. As the 
refractive index of silicon is much higher than that of 
silica, high-index-contrast waveguides can be made of 
silicon and silica. In such high-index-contrast wave-
guides, strong confinement of the light allows wave-
guide having a small cross-section and a sharp bend 
with low loss. As a result, devices can be formed in a 
small space and are highly integrated. Furthermore, 
silicon has much potential such as controllability by 
electronics and use of traditional silicon manufactur-
ing techniques for electrical devices. For such reasons, 
silicon photonic devices based on the Bragg grating 

waveguide have been studied 2).
One of the problems in planar waveguide devices 

such as silicon photonic devices is birefringence of a 
waveguide. In a cross-section of a planar waveguide, 
vertical structure is usually different from horizontal 
structure. The difference causes birefringence in a 
waveguide. Namely, incident light couples to modes 
propagating with different effective refractive indices 
depending on its polarization state. As a result, optical 
characteristics depend on its polarization direction of 
the incident light. It is known that an appropriate de-
sign of width and thickness in a cross-sectional struc-
ture can reduce birefringence. However, Bragg grat-
ing waveguides for devices with complex optical 
characteristics, such as CDC, need to have a complex 
design that has an effective refractive index distribu-
tion with nonuniform period and amplitude. It is diffi-
cult in fabrication to apply the design reducing bire-
fringence to Bragg grating waveguides having complex 
waveguide structure along the light propagation direc-
tion.

In this paper, we introduce the development of a 
silicon photonic device based on Bragg grating wave-
guide, which is nonbirefringent and can be fabricated 
on a planar substrate. Furthermore, a design method 
using inverse scattering for Bragg grating realizing 
complex optical characteristics is reported.

2. Design of nonbirefringent waveguide

2.1   Restriction in fabrication of the planar wave-
guide

A planar-type waveguide is fabricated using planar 
process. In planar process, waveguide structures are 
formed by etching process. In the etching process, a 

 
1 Institute of Microelectronics, A*STAR
2  Applied Electronics Technology Department of Optics and Electronics 

Laboratory



2

horizontal structure is copied from a mask pattern. As 
it is possible to make masks complex shaped, a com-
plex horizontal structure can be fabricated. In contrast, 
the etching process basically provides the same depth 
structure over the whole wafer. So, a fabrication of 
multithickness structure requires many etching pro-
cess steps. From the point of view of production effi-
ciency, a vertical structure should be simplified.

An effective refractive index profile required in a 
Bragg grating waveguide is provided by a structure 
change along the light propagation direction. In order 
to realize the filters having complex optical character-
istics such as multichannel CDC, complicated effec-
tive refractive index with nonuniform period and am-
plitude is needed. But, a multithickness structure is 
difficult to be fabricated. Thus, the complex optical 
characteristics and nonbirefringence are incompati-
ble.

Then, we propose a new design of cross-sectional 
structure for a waveguide that become nonbirefrin-
gent by adjusting parameters relating to horizontal 
structure. With this structure, Bragg grating wave-
guides having complex effective refractive index dis-
tribution along the light propagation direction can be 
realized.

2.2  Cross-sectional structure

Figure 1 shows the schematic cross-section of the 
waveguide. The waveguide is composed of silicon ni-
tride (Si3N4) core and silica (SiO2) clad. Recently, loss 
reduction of Si3N4 core waveguide is reported3). The 
core is based on rectangular shape and has a trench on 
the top.

The incident light couples to two modes, transverse-
electric (TE)-like mode and transverse-magnetic 
(TM)-like mode, in the waveguide depending on its 
polarization state. Effective refractive indices of each 
mode in the waveguide are affected by parameters of 
cross-sectional structure, for example, core width wc, 
trench width wt, core thickness tc, and trench depth tt. 
The effective refractive indices of two modes are dif-
ferent from each other in most cases. But by adjusting 
the core width wc and trench width wt with fixed core 
thickness tc and fixed trench depth tt, the effective re-
fractive indices of two modes become almost equal to 
each other.

Using the property of the cross-sectional structure, 
the waveguide with complex distribution of effective 
refractive indices along the light propagation direction 
is realized by adjusting core width wc and trench width 
wt. As the vertical structure decided by core thickness 
tc and trench depth tt is uniform in the whole wafer, the 
waveguide can be fabricated by conventional photoli-
thography and etching processes.

2.3   Relation between waveguide widths and an effec-
tive refractive index

Here, a property of the cross-sectional structure and 
an example of design are introduced. In this example, 
core thickness tc = 1.4 µm and trench depth tt = 0.1 µm 
are kept in a whole waveguide.

Figure 2 shows an effective refractive index change 
in case only one parameter is changed with the other 
fixed. (a) is a case only the core width is changed with 
the trench width fixed and (b) is a case only the trench 
width is changed with the core width fixed. From these 
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Fig. 2. Effective refractive index changes under the condition 
that (a) wt is fixed and (b) wc is fixed.

Fig. 1. Schematic cross-section of waveguide.
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Panel 1. Abbreviations, Acronyms, and Terms.

CDC–Chromatic Dispersion Compensator
DWDM–Dense Wavelength Devision Multiplexing
TE–Transverse Electric
TM–Transverse Magnetic

DSF–Dispersion Shifted Fiber
TMM–Transfer Matrix Method
IME– Institute of Microelectronics
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figures, it is evident that the core width affects the ef-
fective refractive index of TE-like mode more strongly 
than that of TM-like mode. And the trench width af-
fects the effective refractive index of TM-like mode 
more strongly than that of TE-like mode. Therefore, 
by adjusting both  widths concurrently, the effective 
refractive indices of both modes can be increased and 
decreased with keeping the values equal to each oth-
er.

Figure 3 shows a relation between core width wc, 
trench width wt, and an effective refractive index neff 
under the condition that effective refractive indices of 
TE-like mode and TM-like mode are almost equal to 
each other. The relation is obtained over the range 
from 1.928 to 1.940. In a design of a Bragg grating 
waveguide, required effective refractive index of a 
waveguide is changed along the light propagation rela-
tion and is continuously distributed over a certain 
range. From the relation in Fig. 3, we can know the set 
of the core width wc and the trench width wt, which 
realizes both the required effective refractive index 
and the nonbirefringence of the waveguide.

3. The design of Bragg grating pattern

3.1   The design method using inverse scattering algo-
rithm.

The design method of Bragg grating waveguides 
has mainly two steps. The first step is to know an effec-
tive refractive index profile neff(z), which is an effective 
refractive index distribution along the light propaga-
tion direction. Then, the second step is to obtain a 
waveguide structure along the light propagation direc-
tion from the effective refractive index profile. In the 
cross-sectional structure introduced above, the wave-
guide structure along the light propagation direction 
is decided from waveguide width profile, namely a 
core width profile wc(z) and a trench width profile 
wt(z).

Regarding the calculation of the effective refractive 

index profile in the first step, we introduce an inverse 
scattering algorithm4). Considering the forward-travel-
ing wave and backward-traveling wave, Maxwell equa-
tions are transformed to coupled-mode equations. An 
inverse scattering problem is a problem of determin-
ing a potential profile from information of a scattered 
wave. As for an inverse scattering problem of the cou-
pled mode equations, the solution method using 
Gel’fand-Levitan-Marchenko (GLM) equations is stud-
ied5). GLM equations relate an impulse response to the 
potential profile transformed from the effective refrac-
tive index profile. As the impulse response is an in-
verse Fourier transform of a reflection spectrum, the 
effective refractive index profile is derived from the 
reflection spectrum through GLM equations.

Once the effective refractive index profile is ob-
tained, the core width profile wc(z) and the trench 
width profile wt(z) are transformed from the effective 
refractive index profile neff(z), using the relation be-
tween the waveguide widths and the effective refrac-
tive index in the second step.

The procedure for the design of Bragg grating wave-
guides using inverse scattering method is summarized 
as follows:
(1) A reflection spectrum required for a device is de-
fined.
(2) The reflection spectrum is transformed to an im-
pulse response by inverse Fourier transformation.
(3) From the impulse response, a potential profile is 
derived by numerical calculation of GLM equations.
(4) The potential profile is converted into an effective 
refractive index profile.
(5) Waveguide width profiles are obtained from the ef-
fective refractive index profile using the relation be-
tween the widths and the effective refractive index in 
the waveguide.

In subsequent sections, these steps are explained 
with an example of the design of CDC.

3.2   Calculation of an effective refractive indices pro-
file from a reflection spectrum

In this section, a design of an effective refractive in-
dex profile for CDC is described. The CDC is designed 
to compensate chromatic dispersion including disper-
sion slope for dispersion-shifted fiber (DSF) of 40 km 
over the wavelength range of L-band with 50 ch of 100 
GHz spacing. The required reflection spectrum for the 
CDC is shown in Fig. 4. In the figure, only a group 
delay spectrum is shown for simplicity. The field re-
flectance is 0.9 over the targeted wavelength range.

From the defined reflection spectrum in Fig. 4, we 
can obtain an effective refractive index profile using 
inverse scattering algorithm. The effective refractive 
index profile calculated from the reflection spectrum 
is shown in Fig. 5. The inset in Fig. 5 is a close-up 
around the distance z = 4.294 mm from the edge of the 
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Fig. 3. Relation between core width wc, trench width wt, and an 
effective refractive index neff.
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Bragg grating. The calculated pitch along the light 
propagation direction is one fifth of Bragg grating pe-
riod. The plot is interpolated 10 times by Whittaker 
Shannon interpolation formula6). Then, the sampling 
pitch becomes 1 over 50 of Bragg grating period. The 
local period in the closed-up figure approximately cor-
responds to Bragg grating period of L-band.

For the calculated effective refractive index profile, 
we introduce an analysis by spectrogram for effective 
refractive index profiles7). The effective refractive in-
dex profile neff(z) is decomposed to the average effec-
tive refractive index nav and an oscillation component 
∆neff(z). In Fig. 6(a), the spectrogram calculated from 
the oscillation component is shown. The right side of 
the figure shows the oscillation component ∆neff(z). In 
the figure, the horizontal axis displays wavelength, 
which corresponds to Bragg wavelength calculated 
from local spatial frequency Λ of the spectrogram 
through relation 2navΛ. The left vertical axis displays 
the delay time transformed from the waveguide posi-
tion. Figure 6(b) is a close-up around Bragg wave-
length corresponding to the channel of a center wave-
length at 1591.255 nm.

Focusing on one channel in Fig. 6(b), the high-am-
plitude area of the spectrogram shifts from the longer 
to shorter local spatial frequency with increasing delay 
time. This chirping of spatial frequency corresponds 

with CDC characteristics in a channel. In a full range 
of devices, similar structure is repeated. Thus, the cal-
culated effective refractive index profile for Bragg 
grating has the optical characteristics compensating 
chromatic dispersion in all channels concurrently. Ad-
ditionally, there is a difference between channels cor-
responding to the dispersion slope of the DSF.

3.3  Conversion to a Bragg grating profile

As the last procedure for design, we obtain core 
width profile wc(z) and trench width profile wt(z), 
which decide structures of core widths and trench 
widths along the light propagation direction. From the 
aspect of fabrication process control, it is difficult to 
measure precisely the dimensions of a structure in-
cluding a number of curves. Then, converting the con-
tinuous change of the effective refractive index to an 
abrupt one, waveguide width profiles shown in Fig. 7 
are obtained.

In order to confirm that the designed Bragg grating 
achieves required optical characteristics, a reflection 
spectrum is calculated using transfer matrix method 
(TMM)8). The calculated group delay spectrum is 
shown in Fig. 8. As shown in the figure, the spectrum 
defined in Fig. 4 is reconstructed from waveguide 
width profile obtained using inverse scattering algo-
rithm.
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Fig. 6. Bragg grating spectrogram and oscillation component of effective refractive index profile.
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4. Fabrication of the waveguide
The Bragg grating waveguides have been fabricated 

at Institute of Microelectronics. The stepper based on 
248 nm KrF excimer laser is used in lithography. Fig-
ure 9 is SEM image taken after etching process for 
Bragg grating pattern on the sidewall of waveguide. 
The Bragg grating pattern of the trench on top of the 
core is formed by another process.

5. Conclusion
In this paper, the silicon photonic device based on 

Bragg grating waveguide is discussed. The key tech-
niques used in the development are nonbirefringent 
cross-sectional structure and design method of Bragg 
grating pattern by inverse scattering algorithm. The 
combination of these techniques is applicable not only 
to CDC described here but also to various kinds of op-
tical filters on silicon substrate.
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