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Abstract Matching one-dimensional photonic bandgap theory with the grating condition,
a novel design approach of the etched diffraction grating for the demultiplexer was pro-
posed. With a stack of eight alternating dielectric layers per grating tooth, a computed
reflection efficiency of 98% around the central wavelength was achieved by this method.
The grating efficiency approached —0.78 dB with a channel uniformity of 0.06 dB over
120 nm bandwidth, and the neighbor channel crosstalk was better than —20 dB. An
analysis of etching deviation suggests that the diffraction grating designed by this approach
is very tolerant concerning fabrication imperfections.

Keywords Diffraction grating - One-dimensional photonic crystal - Wavelength
division multiplexer - Reflection bandgap - Plannar waveguide

1 Introduction

The increasing demand for data transmission has contributed to the development of wave-
length division multiplexing (WDM) communication system. Optical demultiplexers are
essential components of the system, which can significantly enhance the optical fiber
capacity (Fujii and Minowa 1983). Among various technologies available for implementing
(de)multiplexer functionality, planar integrated devices have drawn much attention owning
to their compactness, better stability, and lower cost (He et al. 1998). The two main tech-
niques commonly used are the array waveguide grating (AWG) and the concave diffraction
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grating (CDG) (Smit and Van Dam 1996; Janz et al. 2004). AWGs based on silica on silicon
with low index contrast material system have been commercially used due to advantages of
fabrication tolerance, low propagation losses, and good direct coupling to optical fibers
(Fujii and Minowa 1983; He et al. 1998). However, the AWG uses an array of waveguides to
define a wavelength-dependent phase distribution, which occupies a relatively large area on
the chip. Crosstalk may also occur owning to phase errors, and it also has a poor thermal
stability. Furthermore, the efficiency of the device is limited due to the mode-field transition
loss that occurs at the junction between slab and arrayed waveguides (Okamoto 2014).

Compared to the AWG, the CDG works in reflection mode, and only one laterally free
propagation region is required. In addition, by replacing the array of waveguides with the
grating teeth to disperse the wavelengths, the size of the grating can be further reduced,
which makes it more competitive (Wang et al. 2004; Pathak et al. 2014). Conventional
CDGs need arelatively deep etching, so that the performance of the device critically depends
on the smoothness and verticality of the grating facets (Jafari and Kirk 2011). Several
configurations have been proposed to overcome these constrains, e.g. total internal reflecting
(retro-reflecting) facets, and metallized grating facets (Erickson et al. 1997; Pottier and
Packirisamy 2012). However, the grating efficiency is limited due to the corner effect in
fabrication and absorption. A more promising approach is the use of a Bragg reflector with
shallow etching for each facet, which offers advantages of high efficiency, low insertion loss,
and simple fabrication process. Much research has been performed on the Bragg-CDG
designs. Brouckaert et al. (2007) prepared a four-channel plannar concave grating on SOI
platform, and the insertion loss can be reduced down to 1.9 dB by replacing each facet with a
second-order distributed Bragg reflector (DBR). However, the DBR grating does not allow
for a continuity of Bragg layers between successtive facets, leading to an extra scattering loss
when fabricated. Pottier and Packirisamy (2013) proposed an etched grating based on
continuous elliptical Bragg facets followed by an odd-order quarter wavelength dielectric
reflector with a considerable reflection efficiency. But the Bragg period derived from the
diffraction condition can not match with a perfect Bragg reflection condition exactly, as the
refractive indices of materials cannot be freely chosen practically, causing a narrow output
bandwidth. Moreover, a complicated fabrication process was required, since the Bragg facet
consists of twenty periods of alternating dielectric stripe.

It is necessary to attain high reflectance in designing the diffraction grating, and a
photonic crystal can be a perfect mirror for light from any direction within a specified
frequency range (Winn et al. 1998). Therefore, this paper presents a novel method based
on one-dimensional photonic bandgap structure to design the CDG, which makes a good
match between the reflection condition and diffraction condition. The reflection condition
of the photonic crystal is related to a transfer matrix, so that the appropriate grating
parameters can be obtained. Two gratings with different reflection conditions are designed
and simulated using a finite-difference time-domain (FDTD) method. In addition, the
effect of the etching deviation on the grating efficiency is discussed. Finally, a three-
dimensional (3D) simulation of an individual Bragg grating facet is performed. The
simulation results and analysis are also presented.

2 Design theory

A one-dimensional photonic crystal (1-D PC) consists of alternating dielectric layers
coupled to a homogeneous medium, shown in Fig. 1. d; and d, are the width of stripes with
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Fig. 1 Schematic of a one-dimensional photonic crystal structure

refractive indices of n; and n, for the respective layers, which creates a basic period
d (d = d, + dy) of the photonic crystal.

The 1-D PC structure can reflect a specified range of frequencies incident from a
particular angle or angular range effectively, which is the optimum choice of grating tooth.
Combining the 1-D PC structure with the Roland configuration, a concave diffraction
grating was built as shown in Fig. 2. The input and outputs are placed along a circle of
radius R,. (the Roland circle). The grating tooth made of 1-D PC sit on a grating circle with
a radius 2R, which is tangent to the Roland circle. This concave grating can both diffract
and focus the reflected light into the output waveguides on the Roland circle efficiently.

Roland circle

Fig. 2 Schematic layout of a Roland configuration based etched diffraction grating composed of 1-D PC
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Fig. 3 The reflection band structure of multilayers with n; = 1.44, n, = 1, and ¢ = 5°. Propagating states,
black; evanescent states, white

The grating teeth are titled at an angle 0 to the grating surface. N is the number of
periods per diffraction grating period a. Other parameters, appearing in Fig. 2, are: the
incident angle o and the diffracted angle f§ with respect to the grating normal, the incident
angle ¢ on the facet elements.

The propagation characteristics of light waves in the 1-D PC can be related to a unitary
2 x 2 translation matrix (Fink et al. 1998). The reflection efficiency of the multilayers can
be calculated according to the matrix (Born and Wolf 1982). It is convenient to obtain the
reflection efficiencies of the infinite structure by projecting the reflectivity formulae onto
the w-h; plane. With a particular material system and incident angle ¢, the reflection band
of such structure can be calculated, as shown in Fig. 3. The white areas represent regions
with high reflection efficiency, whereas the black areas are regions of propagating states. In
Fig. 3, with a selected width ratio h; (hy = d;/d), the light wave at a frequency w =
@ - 27c/d within high reflection band edges (the respective reflection efficiency are 85%
and 95%) will be reflected effectively by the photonic crystal. We define @ as the nor-

malized frequency
_od d
T 2mc A

(1)

For the high reflection band edge from @, to @, , the respective wavelength ranging from
A2 to 21 can be obtained according to Eq. (1),

M:i @_i. (2)

(] ’ w7

To keep an accurate symmetrical reflection spectrum, the central work wavelength of the
grating has the form,

Ay = %()1 + /12). (3)

On substituting Eq. (2) into (3) and solving for d
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d= 2;»()W11U2 . (4)
@ + @
Then the respective dielectric layer thickness d; can be determined from the equation
d; =d x h; (i = 1,2). With this method, a multilayer grating tooth with high reflection and
accurate bandgap can be obtained. For different material systems and incident angles, the
design approach can also be used to achieve a large reflection bandwidth by choosing
proper width ratio.
For a diffraction grating, the grating condition needs to be fulfilled,

M = na(sin o + sin f§), (5)

where M is the diffraction order, n is the effective index of the free propagation region, and
a is the grating period. From the grating-stripes geometry (the triangle EPQ), we have

20— (©)
Nd

Equation (5) then reduces to,

M= n,Nw (sino + sin f3). (8)
sin 6

With M an integer, the light with frequency @ in the high reflection band will be diffracted
efficiently. Setting ny, ny, ¢, hy, « and Ay as the design parameters, d is then obtained from
Eq. (4), 6 from (6), a from (7), and f from (8).

Up to this point, only the reflection condition is considered. The grating has the max-
imum efficiency in the given order when it has the identical output angle, i.e., the blazing
condition,

o—pf=2¢. 9)
Using this criterion, Eq. (8) then takes the form,
M = 2nNwcos ¢. (10)

This restricts somehow the freedom, as the refractive index n and frequency @ cannot be
freely chosen because M can only be an integer. However, as shown in the following
section, with a small incident angle, good performance can be obtained even away from the
blazing condition.

3 Simulation and analysis

Using the theory presented in the preceding section, two concave diffraction gratings with
different reflection conditions were designed. The common parameters are
ny = 1.44(Si0,), np = 1 (air), ¢ = —5°, dop = 1.55 um, and each facet comprises eight
periods. The photonic bandgap of the grating facet for TE mode was calculated by the
translation matrix method as shown in Fig. 2.

@ Springer



263 Page 6 of 10 Y. Mao et al.

Table 1 Configuration parameters of Grating A and B based on the 1-D PC bandgap theory

Grating n @ w5, d (nm) N 0(%) a (nm)

A 0.39 0.376 0.481 654.2 1 35 1140.6

B 0.39 0.389 0.468 658.5 1 35 1148.1
1.0

Grating A
Grating B
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Fig. 4 The reflection spectra of an individual facet of Grating A and B
3.1 Comparision of two gratings

With h; = 0.39, we choose reflection efficiencies of 85% (Point A; and A,) and 95%
(Point B and B,) as the bandgap edge to design Grating A and B, respectively. d can be
calculated according to Eq. (4). The parameters of Grating A and B are listed in Tabel 1.
With the incident angle o« = 30° and R,. = 400 pm, the simulations were performed using
FDTD Solutions software in a two-dimensional way. The reflection spectra of two gratings
were calculated in Fig. 4. Note that both Grating A and B have large reflection bandwidths
and efficiencies up to 98% around the central wavelength. The reflection efficiency will
further increase with the number of dielectric layers each grating facet. Moreover, the
reflection band of Grating B exhibits a red shift compared to that of Grating A, which can
be deduced from Eq. (2). For a given width ratio, the respective @ is constant (solid
vertical line in Fig. 3) so that the light wavelength increases with the period d.

The computed efficiencies of Grating A and B are displayed in Figs. 5 and 6, respec-
tively, which corresponds to the grating efficiency for the diffracted order. For Grating A,
the diffraction efficiency is about —0.78 dB, and the next-channel crosstalk is —20.7 dB.
The channel uniformity is 0.06 dB over the 120 nm spectral range. For Grating B, the
diffraction efficiency is about —0.79 dB, and the next-channel cross talk is -20.9 dB. The
channel uniformity is 0.09 dB over the 120 nm spectral range. It shows that Grating A and
B have high diffraction efficiencies and low next-channel crosstalk with similar level,
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Fig. 5 Output spectra efficiencies of Bragg Grating A with the numbered channels
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Fig. 6 Output spectra efficiencies of Grating B with the numbered channels

which indicates that both gratings can be used for the demultiplexer. In addition, Grating A
performs slightly better than Grating B in the channel uniformity due to the fact that
Grating A has a flatter reflection band from 1.49 to 1.59 pum (see Fig. 4).

The spatial distributions of light of two gratings for TE mode with four channels in a 20
nm channel spacing are presented in Fig. 7. It can be observed that different light waves
get diffracted into different directions with a considerable linear dispersion, and the
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Fig. 7 Spatial distribution of light of the CDG from 1510 to 1590 nm with a channel spacing of 20 nm,
Grating A (a), and Grating B (b)

diffraction angle has a slight difference owning to the difference of the grating period
between Grating A and B.

Moreover, for the two gratings, almost all the light gets diffracted into an order of
M =1 and the other diffraction orders are suppressed. As a result, both gratings exhibit
high diffraction efficiencies at the expected directions.

In summary, both Grating A and B behave well in terms of efficiency, crosstalk and
channel uniformity. This suggests the performance of grating designed by 1-D PC bandgap
theory is insensitive to changes in grating parameters, which results in a good tolerance on
fabrication errors for the grating. A further research was carried out to support it.

3.2 Etching deviation analysis

For Grating A, with d constant, the deviation of the width ratio varies from —10 to 10%
(corresponding to the etching deviation of the layers). Figure 8 presents the reflection
spectra of gratings for different cases. The reflection bands are red-shifted when the
deviation of &, is from —10 to 10%. However, the entire 1.45-1.63 um wavelength range
keeps a high reflection efficiency more than 96%, and all the gratings have almost the same
output spectra around the central wavelength (see Fig. 8), i.e., a 20% deviation does not
lead to a significant decrease in reflection and diffraction efficiencies for wavelengths from
1.49 to 1.59 um. An illustration of the result is shown in Fig. 2. The high reflection band
edge (w) drops slightly as Ak varies from —10 to 10%, and the wavelength is negatively
correlated with the normalized frequency as d keeps constant (Eq. 2). Moreover, the
grating period a is constant (Eq. 7), and reflection bands from 1.45 to 1.63 pm remain
unchanged. As a result, the deviation of width ratio has little effect on the output spectrum .

3.3 3D simulation

To estimate the scatting loss of the grating in the third dimension, a three-deimensional
(3D) FDTD simulation was also performed. Due to the computation limitation, the
reflection of an individual facet of Grating A at the central wavelength of 1.55 pm was
calculated. The facet consists of a waveguide core of thickness d,., surrounded by a
cladding of n.;,,. The index of the core layer was chosen itself so that the effective index of
the core keeps constant (n,y = 1.44) with a air cladding (n.,¢ = 1), which corresponds to
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Fig. 8 The reflection spectra for diffraction gratings with a variation of width ratio from —10 to 10% (thick
color lines), the output through different channels from 1.49 to 1.59um (thin color lines). (Color
figure online)

the configuration (Fig. 3). The reflection efficiency of the grating facet with different core
thickness was simulated, as shown in Fig. 9. Note that the reflection efficiency increases
with the etching depth, and it can be up to 92.5% even if the core thickness is reduced
down to 0.5 pm. This suggests that the configuration has an extremely low scatting loss
and could be employed to realize the demultiplexer.
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Fig. 9 The reflection efficiency of the Bragg facet calculated by a 3D FDTD simulation when the core
thickness was from 0.5 to 3 pm (ny = 1.44 and ngeq = 1)
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4 Conclusion

We combine 1-D photonic crystal bandgap structure with Roland configurations to design
the EDGs. With this method, two gratings with different parameters were designed and
simulated. The results showed that both gratings provide high reflection efficiencies up to
98% with a large bandwidth, and the on-chip loss was reduced down to 0.78 dB with
greater channel uniformity. Moreover, this method is very tolerant concerning parameters
selection and fabrication imperfections. Such devices can be integrated on a chip to realize
the demultiplexer and microspectrometer.
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