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Abstract: Wavelength division multiplexers/demultiplexers and variable optical attenuators(VOA;) are key
devices used in optical communication systems. In order to get their monolithic integrated chip with
simple fabrication process and fast time response, and considering the possibility of it to integrate with
other different optical devices, a 16 —channel 200 GHz arrayed waveguide grating (AWG) multiplexer/
demultiplexer was monolithically integrated with electro-absorption variable optical attenuators on a
silicon-on-insulator (SOI) platform. The on-chip loss was less than 7 dB and the crosstalk was less
than —22 dB. The power consumption of the electro-absorption VOA is 572.4mW (106 mA, 5.4V) at 20dB
attenuation. Besides, the device provides fast optical power attenuation, and in a 0—5 V square voltage,
the rising/falling time of the VOA is 50.5ns and 48 ns, respectively.
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0 Introduction

With the rapid development of the global
internet, the demand for communication capacity and
transmission rate is increasing dramatically, which can
be solved by Wavelength Division Multiplexing
(WDM) technology because of its ability to expand
the bandwidth of optical communication network.
Arrayed Waveguide Gratings (AWGs)!"™" and Variable
Optical Attenuators(VOASs)P™ are very important passive
optical waveguide devices in WDM systems. AWGs
with wavelength-division multiplexing/demultiplexing
function can realize different optical signal
transmission in one fiber or one waveguide, and can
take advantage of the huge bandwidth of the fiber to
realize the network capacity expansion of the optical
communication system. Variable optical attenuators
can balance the optical power of signals in each
channel and consequently realize the error-free and
long-distance optical signal transmission. Thus it is
expected that the integration of AWG and VOA can
achieve optical wavelength multiplexing/demultiplexing
and optical power equalizing, and enhance the
reliability and reduce the cost of the WDM system.
Previously, some monolithic integration structures
of AWG and VOA have been reported, such as an
AWG with thermo-optic VOAs fabricated on SOI
with 2 wm top silicon layer which has a relatively
slow time response ™, amonolithic heterogeneous
integration ofa silica-based AWG with a SOI —based
electro-absorption type VOA array which must take
sophisticated fabrication process'”!, and an integrated
chip ofan AWG with thermo-optic VOAs based on
silica, which can’t realize the monolithic integration
with other functional devices!”. So it can be concluded
that AWGs integrated with electro-absorption type
VOAs based on SOI is more preferable, which
exhibits fast response speed, takes simple manufacturing
technique, and can monolithically integrated with other

optical devices.Recently, AWGs and VOAs based on

SOI with submicron top silicon layer have been
attracting attention and are recognized as the most
promising solution for optical communication system
in the future because they have small footprint and
high integration rate. However, the performance of
AWGs and VOAs based on submicron SOI is
sensitive to the waveguide dimensions which leads to
the requirement for higher fabrication precision and
poorer performance than ideal. On the other hand,
AWGs and VOAs based on submicron SOI must take

e —beam lithography or ultraviolet lithography, which

is to the disadvantage of realizing the mass
production.
In this paper, we have demonstrated an

integration chip of an AWG with an electro-optical
VOA array on SOI platform with 3 pm top silicon
layer, which can be fabricated by photolithography.
The photolithography is a mature semiconductor
process, which is more cost-effective, and waveguides
based on micron SOI require relatively lower
lithography precision and thus having higher overall

yields.

1 Design and fabrication

Figure 1 (a) is the structural diagram of the
device, which consists of a 3x16 AWG with channel
spacing of 200 GHz and a 16 —channel -electro-
(EA) type VOA array. The AWG is

composed  of

absorption

input/output  waveguides, arrayed
waveguides and input/output free propagation regions
(FPRs). The EA—-type VOA is designed according to
the plasma dispersion effect of silicon, which is
composed of a rib waveguide and 4 lateral p—i—n
diodes connected in series, as shown in Fig.1. Insetl
in Fig.1 is the structure of the ridge waveguide, inset2
is the tapers between the input/output/arrayed
waveguides and the FPRs, inset3 is the top view of
the EA —-type VOA, and inset4 is the cross-sectional
structure of the EA—type VOA.

The AWG and EA -type VOA integrated device
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Fig.1 Structural diagram of the monolithic integration of an AWG with an EA—type VOA array based on a 3 pm—SOI platform

is fabricated on SOI wafer with 3 wm top silicon layer
(H), and ridge waveguides are used to ensure the
single mode propagation.The width (W) and etching
depth (h) of the waveguides are 3 pm and 1.2 pm
respectively. The optical field distributions of TEO
mode and TMO mode are shown in Figs.2(a) and (b),

respectively.

Fig.2 Optical field distributions of TEO mode (a) and TMO mode (b)

In AWG devices, a lot of bent waveguides are
used to get a compact structure and thus decreasing
the footprint of the AWGs. Bent waveguides will
introduce bending loss and smaller bent radius results
in smaller device size but larger bending loss, so the
normalized output optical power of a bent waveguide
with different bent radius is simulated, as shown in
Fig.3. With the radius of the bent waveguide growing
larger, the normalized output optical power rises at the

beginning and then tends to keep stable when the bent

radius is larger than 3 200 wm. So it’s obvious that
the minimum radius of bent waveguides in AWG
must be larger than 3 200 pwm. In this paper, we set

the minimum bent radius to be 3 500 wm.
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Fig.3 Dependence of the normalized optical power on the bent

radius of the bending ridge waveguide

The minimum distance between input waveguides
(Ax;), output waveguides(Ax,) and arrayed waveguides
(d) are very important parameters in AWG. Small
values of them will lead to the mutual coupling
between two waveguides and then will cause extra
crosstalk, but too large value of them will increase the
of AWG. The mutual

between two straight waveguides is simulated using

overall footprint coupling
beam propagation method (BPM), as shown in Fig.4.

Figures 4(a) and (b) show the optical field distribution
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and the monitored launch power of both waveguides
(Wg.1 and Wg.2) along Z direction when the distance
between the two straight waveguides (D) is 6 pm and
9 wm. The optical signal in Wg.1 is easily coupled into
Wg.2 when their distance is 6 pm, so the launch power
in Wg.1 (1 launch) decreases and the launch power in
Wg.2 (2 launch) increases along Z direction. But when
the distance between Wg.1 and Wg.2 is 9 pm, there is

hardly any coupling between them.
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Fig.4 Optical field distribution and monitored lauch power of two

straight waveguides with distance of 6 um (a) and 9 wm (b)

The normalized output optical power of the two
straight waveguides under different distance between
them is simulated, as shown in Fig.5. From Fig.5 we
can see that as the distance of two straight
waveguides grows small, the mutual coupling between
them is increasingly evident, and when the distance

between the two straight waveguides is larger than 9 pm,

the coupling between them can be neglected. In this
paper, the value of the minimum distance between
adjacent arrayed waveguides (d) is 9 wm, and the
value of the minimum distance between adjacent

input/output waveguides (Ax;/Ax,) is 10 pm.
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Fig.5 Dependence of the normalized output optical power on the

distance between two straight waveguides

Another important design in AWG is the taper
located at the joint of FPRs and input/output/arrayed
waveguides. Tapers are usually used to connect the
FPRs and the

decrease the mode mismatching between them. These

input/output/arrayed waveguides to

tapers are expected to be wide enough, which can
reach to the minimum distance between the adjacent
input/output/arrayedwaveguides (Ax/Ax,/d) theoretically
to receive as much light as possible, but considering
the fabrication limitation, there always leaves a narrow
gap (usually 1 pwm) between two adjacent tapers. On
the other hand, the tapers also should be long enough
for low-loss mode conversion. However, the narrow
gaps and long coupling distances between adjacent
tapers may also cause the degradation of crosstalk in
AWG. So it is expected to select a relatively short
taper length, which must simultaneously realize the
smooth mode conversion to decrease the insertion loss
and small optical coupling distance to decrease the
crosstalk. Figure 6 is the simulated dependence of
normalized output optical power on the length of
taper, from which we can conclude that when the
taper length is larger than 100 wm, the low-loss mode
conversion from the FPR to the input/output/arrayed

waveguides can be achieved. Finally, the length of the
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taper is designed to be 150 pm.
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Fig.6 Dependence of the normalized output optical power of taper

on its length

The detailed design parameters are listed in Tab.1.

Tab.1 Designed parameters of the monolithic

integration of an AWG and an EA-type

VOA array

Parameter Symbol Value

Thickness of top silicon layer H/pm 3

Width of ridge waveguides W/pm 3

Thickness of outer-ridge slab waveguides h/pm 1.8

Doping distance D/pm 10

Doping width W,/ pm 10

Doping depth D,/pm 0.9

Doping length L/cm 1
Doping concnetration C,/em™ 1x10"
Structure - Series

The minimum distance between input/

; 1
output waveguides (Axi/Ax,)/pm 0

Channel spacing AA/nm 1.6
Number of input/output waveguides N/N, 3/16
The mini dist: bet d
e minimum dis anc? etween arraye dlpm 9
waveguides
Central wavelength Ao/ pm 1.55

The micrographs of the fabricated monolithic
integration of AWG and VOA array are shown in Fig.7.
Figure 7(a) is the overall structure, (b) is the structure
of input waveguides, (c) is structure of the arrayed
waveguides, (d) is the structure of output waveguides

and (e) is the via electrodes and doping areas.

(a)

i TSR ‘

Fig.7 Micrographs of the monolithic integration of AWG and
EA-type VOAs

2 Measurement and discussion

The testing system of the monolithic integration
of AWG and EA-type VOAs is shown in Fig.8. The

integrated chip is placed in the 6 —axis adjustment

Motion controller

GPIB @ v i GPIB
— >l “a
. b =

Computer |

-

Power meter
Splitter

o
.

Optical spectral analyzer

Fiber
—_—

6-axis adjustment platform
ASE C-band source T

Digital multimeter Probe

Fig.8 Testing system of the monolithic integration of AWG and
EA-type VOAs

platform. The optical signal from a C —band ASE
(Amplified spontaneous emission) source is coupled
into a input waveguide of the integrated chip by a
single-mode lens fiber. The output waveguides of the
integrated chip are connected to a power meter and an
optical spectral analyzer through a spliter. Motion

controller is used to realize the precise control of the
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6—axis adjustment platform. Different DC voltage values
from the digital multi-meter are applied to the VOA
electrodes of the integrated chip through two probes.
First the spectrum of the integrated chip without
applying voltage to the VOA part is tested, as shown
in Fig.9. The maximum on-chip loss of the 16 —
channel AWG is about 7dB and the maximum crosstalk
is about —22 dB. The central wavelength is 1 550.48 nm,
shifting 0.48 nm from the designed wavelength. The
wavelength shift is partially caused by the difference
between the measurement temperature and the
designed temperature of AWG, and partially caused
by the waveguide dimension deviation from the

designed value inthe fabrication process.

Loss/dB

1535 1540 1545 1550 1555 1560 1565
Wavelength/nm

Fig.9 Demultiplexing with 200 GHz spacing in fabricated device

Then the performance of the VOA part of
the integrated chip is tested, as shown in Fig.10.
Figure 10(a) is the relationship between the attenuation
and the injected current, (b) is the dependence of
injected current on the applied voltage, and (c) is

thedependence of the attenuation on

the power
consumption. The attenuationand injected current of
the VOA are basically linear fitted, and the power
consumption of the VOA is 572.4 mW (106 mA, 5.4V)
at 20 dB attenuation.
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Fig.10 Performance VOA part of the integrated chip

The time response of the VOA part in the
integrated chip is tested, as shown in Fig.11. With
high/low level of the applied square voltage being
0 V/5V, the rising/falling time of the VOA is 50.5 ns/
48 ns, respectively.

Finally, the normalized output spectrum of the

integrated chip is tested with different voltage values
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(a) A square voltage with high/low level of 0 V/5V applied
to the Si VOA
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(b) Measured dynamic response curve of the VOA

Fig.11 Time response of the Si VOA
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being applied to the 16 VOAs to get different level of
shown in Fig.12. 0/5/10/15/20 dB
attenuation is achieved in channel 1-4/5-7/8-10/11-

attenuation, as

13/14-16, respectively. It can be concluded that the
AWG-VOA integrated chip in this paper can realize
excellent performance in wavelength de —multiplexing

and fast optical power equalization in all 16 channels.

Flattened

Loss/dB

1535 1540 1545 1550 1555 1560 1565
Wavelength/nm

Fig.12 Tested normalized output spectrum of the integrated chip
with different voltage values being applied to the

16 VOAs

3 Conclusions

In this paper, a monolithic integration of a 16—
channel 200 GHz AWG multiplexer/demultiplexer and
a 16 —channle EA —type VOA array is designed and
fabricated on SOI with 3 wm top silicon layer. The
fabricated device shows an on chip loss of less than
7 dB and a crosstalk of less than —22 dB. The power
consumption of the VOA part is 572.4 mW (106 mA,
5.4'V) at 20 dB attenuation and the rising/falling time
of the VOA is 50.5 ns/48 ns,
integrated chip in this paper is expected to be applied

respectively. The

to the large-capacity and high-speed optical

communication system.

References:

[1] Liu Zhiming, Chen Kunfeng, Gao Yesheng, et al.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

0818004-7

Determination problem of mode effective refractive index in
the free propagation region of AWG [J]. Infrared and Laser
Engineering, 2013, 42(8): 2146—2149. (in Chinese)

Pan Zepeng, Fu Songnian, Lu Luzi, et al. On-chip cyclic-
AWG-based 12x12 silicon wavelength routing switches with
minimized  port-to-port insertion loss  fluctuation [J].
Photonics Research, 2018, 6(5): 380-384.

Chao I-Fen, Lee Chain —Hung. AWG —-based WDM ring
networks: high-performance and low-cost system designs [J].
Computer Networks, 2018, 145: 64-75.

Akca B I, Doerr C R. Interleaved silicon nitride AWG
spectrometers  [J]. IEEE Photonics Technology Letters,
2019, 31(1):90-93.

Yuan Pei, Wang Yue, Wu Yuanda, et al. Variable optical
attenuators based on SOI with a 3 pum to silicon layer [J].
Applied Optics, 2019, 58(17): 4630—-4636.

Nan Xueli, Zhang Binzhen, Yang Xin, et al. Design and
implementation of MEMS switch broadband programmable
step attenuator [J]. Infrared and Laser Engineering, 2016,
45(10): 1020002. (in Chinese)

Huang Chongjia, Chan Erwin H W. Variable optical

attenuators  with  ability to independently control two

orthogonal linearly polarized light amplitudes [J]. Chinese
Optics Letters, 2018, 16(4): 042304.

Fang Qing, Song Junfeng, Zhang Gang, et al. Monolithic
integration of a multiplexer/demultiplexer with a thermo-
optic VOA array on an SOI platform [J]. IEEE Photonics
Technology Letters, 2009, 21(5): 319-321.

Dai Hongqing, An Junming, Wang Yue, et al. monolithic
integration of a silica-based 16—channel VMUX/VDMUX on
quartz substrate [J]. Journal of Semiconductors, 2014, 35
(10): 104010.

Hidetaka Nishi, Tai Tsuchizawa, Toshifumi Watanabe, et al.
Monolithic integration of a silica-based arrayed waveguide
grating filter and silicon variable optical attenuators based on

p—i—n carrier-injection structure [J]. Applied Physics Express,

2010, 3(10): 102203.



