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A planar waveguide concave grating employing dielectric mirrors
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Abstract

Dielectric mirrors, which yield high-reflectances on grating facets, are proposed for the design of a planar waveguide concave grating.
The transfer-matrix method is used to derive an expression for the reflectance of a series of air slots and high-index stacks. The Full-
WAVE software, a finite difference time-domain EM solver from R-Soft, is used to evaluate the loss of the resulting 2D waveguide grat-
ing. The simulation results show that the polarization-dependent loss (PDL) is below 0.25 dB when the proposed dielectric mirror is used.
The influence of the width variation of the dielectric stack is also taken into account.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Planar waveguide demultiplexers/multiplexers, such as
arrayed waveguide gratings (AWGs) and planar waveguide
concave (etched) gratings, are of recent interest for the
optical telecommunication systems due to their advantages
of low insertion loss, low crosstalk, great potential for mass
production, and high spectral resolution [3]. However,
arrayed waveguide gratings encounter the inherent limits
due to the larger die sizes, the lower free spectral range,
and the higher sensitivity to environment perturbations.
In contrast, the sizes of planar waveguide concave gratings
can be smaller than those of AWGs because of the geome-
try of folded beams [6]. Concave gratings have been widely
used in spectrographs [1–8] and narrow bandwidth lasers
[9].

In this paper, a planar waveguide concave grating with a
dielectric mirror is proposed to yield a high-reflectance and
low polarization-dependent loss (PDL). Although metal-
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ization [10–13] can also be used to increase the reflectance
of the grating, a metalized grating usually yields a higher
PDL. This is particularly true in a Littrow mount [11].
To solve the problem, we show that a grating with facets
employing dielectric mirrors can produce a high-reflectance
bandwidth covering the entire C-band.

2. Transfer-matrix analysis

We first used the transfer-matrix method [14] to design a
high-reflectance multi-slot stack. The E- and B-fields are
continuous across the interfaces of the films. For the dielec-
tric mirror design, a series of the air slots and the high-
index stacks with the quarter-wave widths yield a desired
high-reflectance. The fields at two outmost boundaries
can be expressed in matrix form as

Ea

Ba

� �
¼ R

Eb

Bb

� �
; ð1Þ

R ¼
m11 m12

m21 m22

� �
¼ R1R2R3 � � �Rn; ð2Þ

where Ea and Ba are the E- and B-fields at the input bound-
ary, Eb and Bb denote the E- and B-fields at the output
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boundary. The overall transfer-matrix R is the product of
all individual 2 · 2 transfer matrices. The individual 2 · 2
transfer-matrix Rj of the jth air slot or high-index stack
can be expressed as [14]

Rj ¼
cos dj

i sin dj

cj

icj sin dj cos dj

" #
; ð3Þ

where dj denotes the phase difference due to one travel of
the jth air slot or high-index stack and can be expressed as

dj ¼ k0Dj ¼
2p
k0

� �
njwj cos hj: ð4Þ

For TE modes,

cj ¼ nj
ffiffiffiffiffiffiffiffiffi
�0l0

p
cos hj; ð5Þ

for TM modes,

cj ¼ nj
ffiffiffiffiffiffiffiffiffi
�0l0

p
= cos hj; ð6Þ

where k0 denotes the propagation constant for the design
wavelength k0, nj, wj, and hj denote the refractive index,
the width, and the refractive angle of the jth air slot or
high-index stack, respectively. The transmittance and the
reflectance can be obtained as

T ¼ 2c0

cam11 þ cacbm12 þ m21 þ cbm22

����
����
2

; ð7Þ

R ¼ cam11 þ cacbm12 � m21 � cbm22

cam11 þ cacbm12 þ m21 þ cbm22

����
����
2

; ð8Þ

where ca and cb denote the transmission constants for the
input medium and the output medium. The width of the
jth air slot or high-index stack, needed for the odd multiple
m of quarter-wavelength, can be derived from (4) as

wj ¼
Dj

nj cos hj
¼

m � k0

4

nj cos hj
: ð9Þ

The side view of the slab waveguide structure with the
proposed planar waveguide concave grating is shown in
Fig. 1. The etched trenches form the air slots and the
non-etched parts form the high-index stack for the dielec-
tric mirror design. The slab waveguide consists of a 6 lm
SiON core layer with the upper 6 lm and the lower
Fig. 1. Side view of the etched trenches for the dielectric mirror.
10 lm SiO2 cladding layers grown on the silicon substrate.
The refractive indices for the core layer, cladding layer, and
the silicon substrate are 1.456, 1.450, and 3.476, respec-
tively. The effective indices of TE0 and TM0 modes are
1.45393 and 1.45392, respectively. The slab waveguide sup-
ports the fundamental mode for both polarizations.

Fig. 2 shows the top view of a planar waveguide concave
grating with dielectric mirrors. The entire C-band, covering
from 1528.77 nm to 1560.61 nm, includes 81 wavelength
channels with a channel spacing of 0.4 nm according to
ITU grids [15]. The central wavelength is chosen to be
1544.69 nm. In the planar waveguide concave grating
design, the blaze angle of the grating is chosen to make
the incident angle of the light to be equal to the reflective
angle of the light relative to the facet normal. In a Littrow
mount, this leads to the light incident at normal incidence.
From (5) and (6), the reflectances R for TE and TM modes
are the same at normal incidence while they behave differ-
ently for oblique incidence.

In a Littrow mount with the air and high effective indi-
ces of 1 and 1.456, respectively, at a design wavelength k0

of 1544.69 nm and m of 11, the widths wl and wh of the
air slot and the high-index stack can be calculated with
(9) to be 4.25 lm and 2.92 lm, respectively. Simulation
results show that the bandwidth of the high-reflectance
region increases with the number N of the air slots
increases as shown in Fig. 3. Here, the high-reflectance
region is defined as the region of which the reflectance is
higher than 95%. When the number N of the air slots is
below 5, the reflectances of the wavelengths in the C-band
are all below 95%, therefore the bandwidth of the high-
reflectance region does not exist according to this
definition.

For further analysis, the number N is chosen to be 15
and the calculated bandwidth of the high-reflectance region
versus m in a Littrow mount are summarized in Table 1. By
choosing m = 11 and N = 15, the reflectances R for TE and
TM modes in a Littrow mount are shown in Fig. 4. Notice
that the diffraction efficiency of a conventional metalized
Fig. 2. Top view of a planar waveguide concave grating with dielectric
mirrors.



Fig. 3. Bandwidth versus N in a Littrow mount with m of 11 at a design
wavelength k0 of 1544.69 nm.

Table 1
Bandwidth results of the high-reflectance region in a Littrow mount with
N of 15 and k0 of 1544.69 nm

m wl (lm) wh (lm) Range (nm) Bandwidth (nm)

1 0.39 0.27 1377.26–1758.26 381.00
3 1.16 0.80 1484.79–1610.14 125.35
5 1.93 1.33 1508.28–1583.41 75.13
7 2.70 1.86 1518.58–1572.22 53.64
9 3.48 2.39 1524.36–1566.07 41.71

11 4.25 2.92 1528.06–1562.19 34.13
13 5.02 3.45 1530.63–1559.51 28.88
15 5.79 3.98 1532.52–1557.55 25.03
17 6.56 4.52 1533.97–1556.05 22.08
19 7.34 5.05 1535.12–1554.87 19.75
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grating is polarization-dependent, originating from the
induced surface current of the metal. The proposed grating
employing a dielectric mirror with a dielectric-air interface
therefore would be able to mitigate this undesired loss.
Fig. 4. Reflectances R for TE and TM modes versus the corresponding
wavelength in a Littrow mount with m of 11 and N of 15 for the transfer-
matrix analysis.
3. 2D waveguide analysis

For the analysis presented above, we assumed only the
transverse fundamental mode along the z-axis is supported.
To further evaluate the effect of etching depth on the reflec-
tance and the bandwidth of the high-reflectance region, we
further analyze the 2D waveguide with FullWAVE soft-
ware from R-Soft. The waveguide structure of the etched
trenches for one stack is coded into the software.

Fig. 5 shows the reflectance R versus the etched depth D

in a Littrow mount with m = 11. We can see that almost no
light is reflected by the mirror until the trench is etched to
the core layer. Then the reflectance increases sharply and
then saturates when the trench reaches to the lower clad-
ding layer. The reflectance maintain stable when the etched
depth is larger than 13 lm. Therefore, in our analysis the
etched depth is chosen to be 13 lm. The waveguide is
excited with the slab mode launched at the input, and the
optical field is partially reflected by the dielectric mirror.
The reflected field is analyzed with a time monitor posi-
tioned at the ending facet of the input medium. Most of
light propagates in the core layer so the reflectance is low
until the trench is etched through the core layer to reach
the lower cladding layer.

Fig. 6 shows the reflectances of the TE and TM modes
versus m in a Littrow mount with N of 15, D of 13 lm,
and k0 of 1544.69 nm. Simulation results show that the
reflectances for both modes decrease as m increases. The
loss mainly comes from the scattering of light to the air
when passing through the air slot. So when the width of
the air slot increases with m, it leads to a deterioration of
the reflectance. The PDL, defined as the difference between
the diffraction efficiencies for the TE and TM modes, is
0.25 dB with m of 11, N of 15, and D of 13 lm. Fig. 7
shows the reflectance versus the corresponding wavelength
in a Littrow mount with m of 11, N of 15, and D of 13 lm.
Compared with the results obtained from the transfer-
matrix method, the reflectance and the bandwidth of the
high-reflectance region both decrease and the reflectances
Fig. 5. Reflectance R versus D in a Littrow mount with m of 11 and N of
15 at a design wavelength k0 of 1544.69 nm.



Fig. 6. Reflectance R versus m in a Littrow mount with N of 15 and D of
13 lm at a design wavelength k0 of 1544.69 nm.

Fig. 7. Reflectance R versus the corresponding wavelength in a Littrow
mount with m of 11, N of 15, and D of 13 lm for the 2 D waveguide
analysis.

Fig. 8. Loss due to the width variation Dw in a Littrow mount with m of
11, N of 15, and D of 13 lm at a design wavelength k0 of 1544.69 nm.
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for the TE and TM modes are not identical in a Littrow
mount. The reason is that the incident light used in the
transfer-matrix analysis is the plane wave while optical
beam profile used in the 2D waveguide analysis has a finite
beam waist, which turns out to have a large influence on
the reflectance.

For a conventional design, the metal coating on the
shaded facet is the main source of the PDL especially in
a Littrow mount [11]. The induced surface current does
not exist in a dielectric-air interface and the dielectric mir-
ror mitigates the effect of the PDL. However, the grating
nonideality due to the width variation Dw of the air slot
and the high-index stack during the fabrication process
can significantly decrease the reflectance. The perturbed
width w0l and w0h of the air slot and the high index stack
can be expressed as

w0l ¼ wl þ Dw; ð10Þ
w0h ¼ wh � Dw: ð11Þ
Fig. 8 shows that the additional loss increases as the
width variation increases. Simulation results show that
when the width variation Dw is below ±0.1 lm the losses
can be kept below 0.40 dB for both modes so the width var-
iation below 0.1 lm is required to yield a dielectric mirror
with high-reflectance.

4. Summary

In this paper, a planar waveguide concave grating
employing dielectric mirrors is proposed to mitigate the
PDL which comes from the induced surface current of the
metal, especially in a Littrow mount. The transfer-matrix
method is used to obtain the reflectance R and the number
N of the air slots is chosen to be 15. Simulation results show
that the reflectance is high for a wide range of the wavelength.
The FullWAVE software from R-Soft is used to analyze the
reflectance R for the 2D waveguide with etched air slots. Sim-
ulation results show that the PDL 6 0.25 dB can be achieved
with m of 11, N of 15, and D of 13 lm. The impact of the fab-
rication error of etched air slots is also taken into account. To
yield a proposed grating with high-reflectance, the width var-
iation Dw should be below ±0.1 lm.
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