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Silicon-on-Insulator (SOI) Phased-Array
Wavelength Multi/Demultiplexer with
Extremely Low-Polarization Sensitivity

P. D. Trinh, S. YegnanarayanaMgmber, IEEE F. Coppinger and B. Jalal§enior Member, IEEE

Abstract—We demonstrate the first phased-array wavelength star couplers
multiplexer fabricated in the silicon-on-insulator (SOI) wave-
guide technology. The four-channel wavelength division multi-
plexer (WDM) has a channel spacing of 1.9 nm centered at
1550-nm wavelength and a 3-dB channel bandwidth of 0.72 nm.
The crosstalk to neighboring channels is less thar 22 dB and the
on-chip insertion loss is below 6 dB for all channels. The TE-TM
shift is less than 0.04 nm which is the smallest attained without
compensation techniques in any integrated optic technology.
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con integrated photonics, SOIPIC, wavelength-division multiplex- Fig. 1. Schematic of the phased-array waveguide grating multiplexer.

ing.
the silicon-on-insulator photonic integrated circuit (SOIPIC)
|. INTRODUCTION technology. The SOIPIC technology is fully compatible with

AVELENGTH-division multiplexing (WDM) technol- the silicon CMOS integrated circuit process.
ogy promises increased transmission capacity and flex-
ibility in future broad-band optical fiber telecommunication II. DESIGN AND FABRICATION
networks. The wavelength multiplexer/demultiplexer is one of
the central components in WDM networks. Various materiﬂ

systems including AlO3, InP, LiNbO;, polymer, and silica 0 o by an array of waveguides of constant incremental

(glass()j Tsveleeen usetq t? ;rgplement wayeltgngth mulltlplea%racth length difference. The array and input/output waveguides
around the 1.53m optical fiber communication wavelength, . positioned based on Rowland circle mounting [18]. Fig. 1

and excellent performance has been reported [1]-{8]. S"icoghows the schematic of the wavelength multiplexer. The input

on-insulator (SOI) technology has shown to be a promi\%ht diverges in the first slab and couples to the array

N9 rt}echnfo Iog;& f())\r gu1|dzed Wavi photc;)mc d;evgcgls opzra:jtm aveguides. After traveling through the array waveguides, the
In_the in rare ( - “m)'. number o guide light beams interfere constructively onto the focal point in the
wave optical devices and circuits with high performanc econd slab and couple to the output waveguide. The array

have already been demonstrated [9}-[13]. The recent em&fs'perses the different spectral components of the signal to the

gence OT SOI-CMOS mtegrated circuits as the future l_OV\ijferent outputs. The center wavelength of the device satisfies
power, high-speed electronic technology ensures the a"a"aPHé relation:nAL = mA, wheren is the effective refractive

ity of h!gh—quallty low-cost substrgtes. In qddmon, S'l'.c.onindex of waveguideA Lis the path length difference of array
germanium heterostructures permit the realization of silico

7 i is the diffracti f th i
based photodetectors within the 1.2—Li®- infrared wave- aveguidesp is the diffraction order of the grating, and

is the center wavelength. The dispersion of the focal position

length window over which crystalline silicon is highly trans- -\ in respect to wavelength is given as

parent [14]-[16]. Therefore, SOI technology offers tremendous
potential for cost-effective integration of a monolithic multi- de _ fm

wavelength optical receiver system including the wavelength d\ ~ nd

demultiplexer, photodetectors, and electronic circuitry. In this. . . .
letter, we present the design, fabrication and the performar?;(:i'(%zwfwljv(';f;;?J ig)ec?)lit:;ng_lt_zeog éfrli(ca) d?lcit;/ g?qtlr?g r:ﬁﬁilsl (:er .
of a four-channel phased-array wavelength mux/demux (')btained by assigning FSR: NAX. The design goal was

Manuscript received November 18, 1996; revised February 24, 1997. Tlﬁ\sfour'ChanneI Mux/Demux filter with a channel spacing of
work was supported by DARPA/ONR under Contract N 00014-95-1-0675.2 nm at 1550-nm center wavelength and a free-spectral range
The authors are with the Optoelectronic Circuits and Systems LaboratO(;:SR) of 8 nm. The device is designed to operate at the grating
Department of Electrical Engineering, University of California at Los Angeles . .
Los Angeles, CA 90095-1594 USA. drder of 193, with a path length difference of 8guh between

Publisher Item Identifier S 1041-1135(97)04932-X. adjacent grating waveguides, and star coupler focal length of

The filter is based on the phased-array waveguide concept
1, [3], [17] consisting of two slab waveguide star couplers
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Fig. 2. Photograph of the fabricated SOI wavelength multiplexer. @
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(b)
\',:Vig\-/;éng?ﬁasured wavelength response of four output channels a5 Fig 4. (a) TE-TM polarization dependence of SOI phased-array wavelength

multiplexer with a rib height of 2¢em. (b) TE-TM polarization dependence
of multiplexer with deeper waveguide etch with a rib height qird.

4469,m. The grating array consists of 30 waveguides and the

input/output waveguide pitch is 25m. _ _ spontaneous emission from an erbium-doped fiber amplifier
Fig. 2 shows a photograph of the _fa_br!cated deylce. (EDFA) covering 1520-1570-nm wavelength range as the
90° grating geometry was chosen to minimize the chip aregnt source. We experimentally established that the coherence
This geometry also minimizes variations in effective Unipngin of this source is sufficiently long for characterization
path length,nAL, due to bends. The device size is X7 ot our filter. The light source is coupled into the center input
2.7 cnt with a conservative 2-cm waveguide bend radius. Theanne through a polarizing fiber and collected at the four
multiplexer was fabricated on a bond and etchback silicogy, ¢ channels by a cleaved single-mode fiber. The spectrum
on-insulator (BESOI) wafer having a /am-thick Si on t0p 5 measured using an HP optical spectrum analyzer with 0.1
of a 1um Si0, layer. After photolithography and pattern,m wavelength resolution. The measured FSR is 7.6 nm and

formation, the device was etched to a rib height oL@ o channel spacing is 1.9 nm (237 GHz). The transmission
using a two step reactive ion etching (RIE) process [12]. The, oy have the Gaussian profile witB-dB bandwidth of 0.72
first SF; etch was performed at 100 mTorr Wlt-h 250 W RFymy corresponding to a 38% bandwidth/channel spacing ratio.
power for 6 min. This was followed by a $#09,:85 mTort/ g agiacent channel crosstalk is less th@® dB measured

15 mTorr etch at 250 W RF power for 2 min. The two Stefs e signal to noise ratio within a channel. The on chip loss
etch was developed in order to avoid problems associated V\{gh<6 dB and the output nonuniformity is less than 2 dB.
polymerization of the photoresist.

Fig. 4(a) shows polarization sensitivity measurements. A
TE-TM shift of approximately 0.04 nm is observed. This,
to the best of our knowledge, is the lowest polarization shift
Fig. 3 shows the measured wavelength response of four ocolbserved in any waveguide technology without compensation
put channels at 1.5pm wavelength. We use the broad-bantechniques. The insertion loss is higher for TM with respect

Wavelength (nm)

Ill. RESULTS AND DISCUSSION
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to TE as a result of higher propagation loss of TM modg2]
compared to TE. The polarization sensitivity in integrated
waveguides stems primarily from two sources: 1) The stress in
the waveguiding layer and 2) the cross-sectional geometry
the waveguide. Unlike silica (glass) waveguides, SOI films do
not have intrinsic stress. Therefore, we believe that the residugl
spectral sensitivity of 0.04 nm and the observed difference
in the propagation loss of TE and TM modes is due to the
asymmetry of the rib geometry, and in principle, should not’!
be present in deeply etched rib waveguides which resemble a
symmetric channel waveguide geometry. We have confirmed
this hypothesis by increasing the rib height touh. The [6]
result shown in Fig. 4(b) shows a negligible TE/TM spectral
shift of 0.02 nm, and nearly identical propagation loss for the
two modes. Therefore, the TE-TM dependence can be near;
eliminated with a deep waveguide etch. However, there is a
limit to the rib height as too deep an etch could result in
multimode waveguiding and the concomitant distortion of the8l
spectrum. This effect can be seen as the small shoulder on
the right flank of the passband in Fig. 4(b). The multimode[9
propagation also affects the crosstalk which was increased to
< —15 dB in the deeply etched device.
IV. CONCLUSION [10]

We have successfully demonstrated a four-channel phased-
array waveguide grating wavelength multiplexer operating Bt
1.55 pzm in SOI technology. The device exhibits low on-
chip loss of <6 dB and crosstalk o< —22 dB. It has (1
extremely low-polarization dependence. In principle, the filter
can be made very compact due to the tight optical confinement
possible in the SOI structure. The results demonstrate tHél
potential of the SOl waveguide technology as a platform
for realization of low cost, high performance, and reliablg 4
WDM components that are truly compatible with the silicon
IC technology. The combination of silicon integrated opticg15]
VLSI circuits, and even micromechanics could lead to high
performance and reliable microsystems with vast capabilities.

[16]
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