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25-channel 200 GHz AWG based on SOI ridge waveguides
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Abstract: A SOI-based 25-channel AWG with 200 GHz channel spacing is demonstrated. The minimum distance
between the input waveguides ( Ax;)/ output waveguides ( Ax,)/ arrayed waveguides (d) is optimized respective-
ly. Then the boundary structures between the free propagation regions ( FPRs) and the arrayed waveguides ( W,/
L,/L,) are optimized in detail. The experiment results show that the insertion loss of the AWG is 5 ~7 dB, and
the crosstalk of it is 13 ~ 15 dB. Compared with our previous work, the performance of AWG in this paper has
been improved greatly, and further methods to improve the performances of insertion loss and crosstalk have been

proposed as well.
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tonics is a promising solution for future high-speed optical

Introduction

Silicon photonics''?' has been the hot topic in opti-
cal communication system recently. With high refractive
contrast, silicon on insulator ( SOI) waveguides allow
small bent radius, small footprint and therefore high-level
integration of many optical functions """ on a single
chip. Besides, silicon photonics is compatible with the
mature complementary metal oxide semiconductor
(CMOS) technology. Based on these advantages, the
production cost of optical communication devices and sys-
tems can be greatly cut down, showing that silicon pho-
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interconnections.

Arrayed waveguide grating (AWG )" based on
SOl is a key component in wavelength division multiple-
xing (WDM) system. High confined silicon AWG allows
great reduction in footprint compared to tradition low-con-
trast waveguide platforms. However, high refractive con-
trast results in small tolerance in fabrication process. For
example, small side wall roughness will greatly increase
insertion loss; small fabrication non-uniformity in the sil-
icon layer thickness and mask layer will introduce large
phase error and thus increasing the crosstalk and wave-
length shift. Therefore, the reported performances of
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SOI-based AWGs such as crosstalk, insertion loss, loss
uniformity and flap top are not all that satisfactory.

Methods have been proposed either by improving the
fabrication process or by optimizing the designs to im-
prove the performances of AWGs. In this paper, a 25-
channel 200 GHz AWG based on SOI platform with 220
nm-thick top silicon layer has been fabricated and two
ways have been taken to stabilize the performance of the
AWGs. One is to widen the width of arrayed
waveguides, and the other is to adopt the double-etch
structure at the boundary between the free propagation
regions and the arrayed waveguides.

1 Design and fabrication
1.1 device structure and principle
A typical AWG is composed of input/output

waveguides, input/output free propagation region ( FPR)
and arrayed waveguides, as shown in Fig. 1.
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Fig.1 The structural diagram of an AWG
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Multi-wavelength optical signals from one of the in-
put waveguides (always the central one) will diverge at
the input free propagation region (1 FPR), and then
the divergent light with the same phase information will
couple to the arrayed waveguides. Because of the fixed
length  difference  between the adjacent arrayed
waveguides, the optical signal transmitting through the
adjacent arrayed waveguides have the same phase differ-
ence, which will interfere with each other at the output
free propagation region (2" FPR). Various wavelength
channels will be focused in different spatial position. As
a result, different optical signals with different wave-
length will be output by the output waveguides. Through-
out the process, the light propagation meets the grating
diffraction equation ;
n,(A)dsing;, + n,(A)dsing, + n,(A)AL = mAr (1)
where n_/n_ is the refractive index of the slab waveguide
at FPRs; A is the wavelength of optical signal; d is the
minimum separation distance between the adjacent ar-
rayed waveguides; 60,/0, is the diffraction angels at the
input/output slabs; AL is the length difference between
the adjacent arrayed waveguides; m is the diffraction or-
der.

1.2 Simulation and optimization

A rib waveguide is adopted in this paper. To ensure
the single mode condition, the width and the etching
depth of the waveguide is 500 nm and 150 nm, respec-
tively.

First of all, the minimum distances between the in-
put waveguides ( Ax;)/output waveguides ( Ax, )/ar-
rayed waveguides (d) must be determined to ensure that
there is no crosstalk caused by the mutual coupling be-
tween two waveguides. Figure 2 shows the corresponding
simulated results. Both Figs.2 (a) and (b) show the
contour map of electric field (E) and the relationship
between the monitored output optical power of both
waveguides and time (¢ is the velocity of light in vacu-
um, and T represents time) when the distance between
the two straight waveguides (D) is 0.6 pm and 1 pm,
respectively. From Fig.2 (a) and (b) it can be seen
that there is obvious coupling between the two
waveguides when the distance between them is 0.6 pm,
while there is hardly any coupling when the distance is
changed to 1 wm. Figure 2 (c¢) is the dependence of the
normalized output optical power on the distance between
the two waveguides. Obviously, the output optical power
of Wg. 1 increases and that of Wg. 2 decreases as the two
waveguides stay further, and then basically remains un-
changed when the distance is larger than 1pum for both
waveguides. So, it can be concluded that if the distance
between two straight waveguides is larger than 1pum, the
coupling between them can be neglected. As a result,
the minimum distance between adjacent arrayed
waveguides (d) is designed to be 1 wm, and the mini-
mum distance between adjacent input/output waveguides
(Ax,/ Ax,) is set to be 1.5 pum. The parameters of
AWG calculated according to the diffraction equation is
listed in Table 1.

Table 1 The designed parameters of the AWG
F1 AWG WigHHSH

Parameter Value

Thickness of top silicon of SOI (H) 220 nm
Waveguides width () 500 nm
Thickness of slab waveguides (h) 70 nm
Central wavelength (A,) 1.52 um
Channel spacing (AA) 1.6 nm
Number of input/output channels (N,/ N,) 5/25
Pitch width of arrayed waveguide (d) I pm
Pitch width of input/output waveguides ( Ax;/Ax, ) 1.5 pm
Radius of Rowland circle (R) 82.13 pum

Since the effective-refractive-index (n, ) related
optical performance of silicon AWG such as crosstalk is
severely sensitive to the fabrication tolerance and non-u-
niformity as described in the introduction section, meth-
ods must be taken to reduce the impact of fabrication
non-uniformity.

Figure 3 shows the dependence of the effective re-
fractive index of a waveguide on its width under different
etching depth (H,, ), from which it can be seen that the
width fluctuation has a smaller impact on the n_; of the
waveguide with a wider rib. Obviously it is preferable to
take a wider waveguide because for wider waveguide.
The fabrication non-uniformity of its width has a smaller
impact on its effective refractive index and then the
crosstalk of AWG may be impacted lightly. However,
there may be some disadvantages to take wider
waveguides, one of which is that the bending loss of wi-
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Fig.2 Simulation of the minimum distances between
input/output/arrayed waveguides (a) The optical field
distribution (D =0.6 um),(b) the optical field dis-
tribution (D =1 pm),(c) the dependence of the nor-
malized output power on the distance of the two
straight waveguides
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der waveguides may become larger because high-order
modes will generate in wider waveguides and the mini-
mum bent radius of high order modes is larger than that
of the fundamental modes. In conclusion, in order to re-
duce the phase error caused by the fabrication non-uni-

formity, the waveguides in the straight section of arrayed
waveguides are widened from 500 nm to 800 nm and in
order to reduce the insertion loss and avoid mode mixing
inside the 800 nm wide waveguides, the width of bend

waveguides remains 500 nm''"" | as shown in Fig. 4.
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Fig. 3 Simulated effective refractive index of
waveguide with different widths and etching depths
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Fig.4 The diagram of widened arrayed waveguides
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The insertion loss of an AWG consists of the propa-
gation loss, bending loss, the transition loss between
FPRs and arrayed/input/output waveguides, and the
transition loss accounts for the key part of the insertion
loss. So the boundary structures between the FPRs and
the arrayed/input/output waveguides must be optimized
to decrease the insertion loss. In this paper, tapers and
double-etch structures are used to reduce the insertion
loss.

The double-etch structure is shown in Fig.5, which
contains 3 stages. The first stage is a rib waveguide
structure with 70nm-slab thickness (h), the third stage
is a rib waveguide structure with 150 nm-slab thickness
(hy;), and the second stage is a double-rib structure
transiting from the first stage to the third stage. The pa-
rameters that need to be determined are the final width of

the 2" rib on the 2" stage (W, ), the length (L,) of the
2" stage, and the length of the taper on the 3™ stage
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(Ly) which connects the 2" stage and the FPRs.

Wy

W —D>
h 111 h, B hy=150 nm
)
w=500 nm m=70 nm
h=70 nm h:=150 nm 2 ot 1,

H=220 nm

Fig.5 The diagram of the double-etch structure
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First of all, the final width of the 2" rib on the second
stage can be obtained from Fig. 6, which is how the ef-
fective refractive index of the double - rib waveguide
changes with the final width of the 2™ rib on the second
stage (W,). It can be seen that the effective index in-
creases with W, being larger, and when W, is larger than
1.5 pm, the curve of Fig. 6 basically becomes flat and
remains unchanged. As a result, the parameter W, is as-
signed to be 1.7 pm to realize the perfect transition from
the 1° stage to the 3" stage without sudden change of the
refractive index. That means there is no sudden change
of mode field and thus decreasing the insertion loss.
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Fig.6 The dependence of the effective refractive in-
dex of the double-rib waveguide on the width of the 2™
rib (W,)
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Table 2 Comparisons with our previous work
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On the other hand, the length of the 2" stage (L,)
also needs to be determined. 3D-FDTD method is used to
simulate the transmission of the 2™ stage as a function of
the length of it, as is shown in Fig. 7. From Fig.7 it can
be seen that the output optical power increases gradually
when increasing the length of the 2™ stage and will stays
stable when the 2" stage is longer than 4 wm. This
means the perfect transition between two different modes
will be realized and the loss caused by mode mismatch
between the two modes is negligible when the length of
the 2" stage is longer than 4 pm. In this paper, the
length of the 2™ stage is selected to be 10 pm.
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Fig. 7 The dependence of the Normalized output

power on the length of the double-rib waveguide on
the 2™ stage
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At last, the transmission of the taper on the 3™ stage
as a function of the length of it (L,) is simulated as
shown in Fig. 8. From Fig. 8 it can be seen that the nor-
malized output power of the taper on the 3" stage raises
as the length of it (L,) increases, and when L, is larger
than 3 pum, the output power stays unchanged basically.
This is because longer taper makes slower mode conver-
sion from large spot size to a small one, and then the loss
caused by mode mismatch will decrease. When L, is lar-
ger than 3 pm, the taper is long enough to realize a per-
fect transition between two different modes. In this pa-
per, the length of the taper on the 3" stage is designed to
be 10 pm.

1.3 Device fabrication

The fabrication processes are as follows. First of
all, the waveguide pattern is transferred to the wafer by
deep ultraviolet lithography ( DUVL) technology, and
then silicon waveguides with etching depth of 150nm are
fabricated using the inductively coupled plasm ( ICP)
technology. Later, DUVL and ICP technology are both
used to form the waveguides with etching depth of 70

Reference The number of channels Channel spacing Ax;/Ax,/d Minimum insertion loss Crosstalk
Ref. [19] 16 200 GHz 2.25/2.25/2.25 um 6 dB 7.5 dB
This paper 25 200 GHz 1.5/1.5/1 pm 5 dB 13 ~15 dB
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nm. Finally, a 1.25 pm-thick SiO, protecting layer is
grown by plasma enhanced chemical vapor deposition
(PECVD) technology to protect the AWG. The fabrica-
ted chip of the 25-channel AWG is shown in Fig. 9.
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2 Characterization and discussion

The tested spectrum of the AWG is shown in Fig.
10, from which it can be seen that the insertion loss of
the AWG is 5 ~7 dB. The factors that contribute this in-
clude the loss of bent waveguides, the loss caused by the
side-wall roughness, and the loss caused by the mode
mismatch between the FPRs and the input/output/ar-
rayed waveguides. As mentioned earlier, double-etch
structures and tapers have been adopted to reduce the
loss generated at the boundary between the FPRs and the
input/output/arrayed waveguides, and the radius of the
bent waveguides is also large enough so that the bending
loss is negligible. So it can be concluded the fabrication
process needs to be optimized to reduce the side-wall
roughness and the boundary between the FPRs and the
input/output/arrayed waveguides may need further opti-
mization. The tested results also show that the crosstalk

of the AWG is 13 ~ 15 dB. The reasons to cause such

high crosstalk may be the fabrication process and the ta-
pers on the 3" stage. As is mentioned earlier, the
crosstalk , which is the result of beam defocusing at the
output waveguides due to unequal phase shifts of arrayed
waveguides, is very sensitive to fabrication non-uniformi-
ty. Widened arrayed waveguides have been taken alread-
y, and other ways such as the optimization of the fabrica-
tion process must be taken to decrease the fabrication
non-uniformity. On the other hand, the simulated opti-
mal length of the taper on the 3" stage is 3 um, while
the fabricated length is 10 pm, which will also introduce
extra crosstalk because the interactive distance of optical
signals in different waveguides grows longer. So the
length of the tapers on the 3" stage should be a little
shorter to achieve a better performance.

"
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1 540 1550 1 560 1570 1580

Wavelength/nm

Fig. 10 The tested spectrum of the fabricated AWG
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Compared with our previous work!"®’ which only
takes widened arrayed waveguides, the performances of
AWG in this paper with both widened arrayed waveguides
and double-etch structures have been improved greatly.
The performances of both AWGs have been listed in Ta-
ble 2, from which it can be concluded that by further op-
timizing the key parameters like Ax,/Ax,/d (the mini-
mum distance between the input waveguides/output
waveguides/arrayed waveguides) and W,/L,/L, (the de-
tailed boundary structure parameters between the FPRs
and the arrayed waveguides), the insertion loss and
crosstalk of AWG can be improved.

3 Conclusion

In this paper, a 25-channel AWG with 200 GHz
channel spacing is demonstrated. The optical transmis-
sion of two straight waveguides with different waveguide
distance (D) is simulated to determine parameters inclu-
ding the minimum distance between the input waveguides
(Ax;)/ output waveguides (/Ax,)/arrayed waveguides
(d). Then the arrayed waveguides are widened from 500
nm to 800 nm in order to get a high fabrication tolerance.
At last the boundary structures between the free propaga-
tion regions ( FPRs) and the arrayed waveguides are op-
timized in detail in order to get a boundary structure with
low loss. The experiment results show that the insertion
loss of the AWG is 5 ~7 dB, and the crosstalk of it is 13
~15 dB. Compared with our previous work, the per-
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formance of AWG in this paper has been improved great-
ly, and further methods to improve the performances of
insertion loss and crosstalk have both been proposed.
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