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ABSTRACT

We discuss our view of the on-chip optical interconnect infrastructure for future multi-core processers based on
wavelenglh-division-multiplexing (WDM) and our recent results on some key devices for such structures. Cascading
performance of various wavelength multiplexers and de-multiplexers including arrayed waveguide gratings (AWGs) and
cchelle gratings based on the silicon-on-insulator platform are discussed and compared. 111V based electro-absorption
(EA) modulators on silicon realized through benzocyclobutene (BCB) adhesive bonding are analyzed. Ultra short
adiabatic taper based mode converters between passive and active structures are designed. The integration of multi-
channel modulators, detectors and wavelength de-multiplexers is realized.
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1. INTRODUCTION

Given the increasing demands on interconnects, traditional electrical interconnects has encountered a bottleneck on
speed and power consumption [1], which forms a barrier for further improving high-performance multi-core processors
in next generation supercomputers. Optical interconnects can offer better performance considering the above aspects [2).
Due to the compatible fabrication processes with Complementary Metal Oxide Semiconductor technology, silicon
photonics has drawn much attention towards large seale integration of photonic devices [3]. Multifunctional, high-speed,
and highly-integrated photonic circuits built on silicon have been demonstrated recently, which shows a great potential
for next generation on-chip optical interconnect [4, 5].

The on-chip optical interconnect infrastructure we propose to implement is shown in Fig.1, where a photonic layer is
built on a multi-core processor. Each core is connected through optical interface modules (including modulators,
detectors, and wavelength multiplexers/de-multiplexers) and a central switching fabric. In this paper, we will focus on
the optical transceiver module. To increase the total transmission rate, a wavelength division multiplexer (WDM)
scheme is adopted with 6 different wavelength channels. A modulator or a detector is implemented on each wavelength
channel in the transmitter part and the receiver part, respectively. The data rate of each wavelength channel is designed
to be 30Gb/s, and thus a one-way aggregated interconnect rate of 180Gb/s in one physical waveguide channel can be
realized between processer cores. Due to fabrication errors and temperature variations, the center wavelengths of a
multiplexer are inclined to vary from the designed values. Poor cascading performances of the multiplexer at the
transmitter part and the de-multiplexer at the receiver part, such as high insertion loss and large cross talk, can be the
result, In this paper, various cascading multiplexers and de-muliiplexers including AWGs and echelle gratings on the
silicon-on-insulator (SOI) platform are designed, fabricated, and compared, in order to obtain the optimized component
structure which would give the best performance to the WDM system in the proposed on-chip optical interconnect. The

*liu.lin@coer-scnu.org; phone +86-20-34725186 ext, 8306; fax +86-20-34728410



shallowly etched reflection-type AWGs has shown the best cascading performance yielding a 10dB insertion loss with
41dB non-uniformity, as compared to the cascaded echelle gratings and the deeply etched transmission-type AWGs,
which show an 11dB insertion loss with +2dB non-uniformity and a 13dB insertion loss with +3dB non-uniformity,
respectively,

ITTV based EA modulators utilizing the quantum-confined Stark effect of a multiple quantum well (MQW) structure on
silicon have been developed for applications beyond 50 Gb/s [6], which is also adopted in this paper for realizing both
modulators and detectors. Hybrid integration technology through BCB adhesive bonding is employed to integrate the
IV structures on the SOI circuits. Ultra short adiabatic tapers for mode conversion between the SOI waveguide and the
hybrid active structure are designed. Over 95% coupling efficiency with a tapered coupler of less than 10um length can
be realized.

An interconnect link consisting of two 6-channel AWGs with 1.6nm channel spacing and 12 EA-based modulators and
detectors is fabricated on an SOI chip. A data rate of 30Gb/s in both modulation and detection channels is measured with
a clear eye open,
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Figure 1, Sketeh of the proposed WDM based on-chip optical interconnect system.

2. COMPARISON OF CASCADING PERFORMANCE OF (DE)YMULTIPLEXERS ON
SILICON

Using WDM is an effective way to expand the bandwidth of a single waveguide channel in an on-chip optical
interconneet, Integrated silicon photonic devices to realize a high bandwidth multiplexing/de-multiplexing function
mainly include AWGs, echelle gratings, micro ring resonators (MRR). Due to the high insertion loss of MRR [7], we
focus on AWGs and echelle gratings as the WDM component of the proposed on-chip interconnect system. The
alignment of center wavelengths between the multiplexer and the de-multiplexer, as well as the channel uniformity,
within one interconnect is very important. The misalignment of center wavelengths can lead to high insertion loss in the
cascaded multiplexer/de-multiplexer. Meanwhile, the channel non-uniformity of a single (de)multiplexer would further
increase the insertion loss, as well as large channel non-uniformity, when cascaded. Here, three types of WDM devices
based on deeply-etched transmission-type AWGs (T-AWGs), echelle gratings, and shallowly-etched reflection-type
AWGs (R-AWGs) on SOI with 400GHz channel spacing are fabricated with electron-beam lithography and dry etching,
Their cascading performances are studied.

We have achieved ultra-small 1515 deeply-etched T-AWGs recently [8], but there is no report about the cascading
performance of such AWGs so far, We designed and fabricated standalone T-AWGs and pairs of cascaded ones where
the two T-AWGs, used as a multiplexer and a de-multiplexer, respectively, are connected by SOI waveguides. All the T-
AWGs are on the same silicon chip and have 8 channels at 400GHz channel spacing. From Fig.2 (a), one can find that
the misalignment of center wavelengths of two standalone T-AWGs can be as large as 0.4nm. An insertion loss of about
5dB and a channel non-uniformity of larger than 6dB can also be observed. This large wavelength misalignment causes a



high insertion loss of 13dB and a channel non-uniformity of +3dB when cascading this type of T-AWGs for wavelength
multiplexing and de-multiplexing as shown in Fig. 2(b).
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Figure 2, (a) Measured spectra of two single deeply-etched T-AWGs of 8 channels, The solid curve is for a standalone T-
AWG, and the dotted curve is for one T-AWG in the cascading case, where only 6 channel outputs are present since
the other two channels are used for cascading. (b) Measured spectra of cascading T-AWGs, Inscts show the
corresponding mask layouts,
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Figure 3. Measured spectra of (a) two standalone echelle gratings of 6 channels and (b) cascading echelle gratings. Insets
show the corresponding mask layouts.

Echelle gratings are also a candidate for integrated multiplexer/de-multiplexers in WDM applications. As compared to
AWGs, echelle gratings can offer potentially smaller device footprints and a higher integration density for devices with
large channel counts [9]. 6-channel standalone and cascading echelle gratings with shallowly etched access waveguides
and deeply etched grating reflection facet are also fabricated in the same chip. A shown in Fig. 3(a), the misalignment of
the center wavelengths of two standalone echelle gratings is only about 0.1nm and the insertion loss is about 6dB with a
non-uniformity of 4dB. As a result, in the cascaded case an insertion loss of 11dB and a channel non-uniformity of £2dB
can be achieved (see Fig.3 (b)), which is better than those in the cascaded deeply etched T-AWGs shown previously.

To further improve the cascading performance, all shallowly ctched R-AWGs with straight arrayed waveguides (see
Fig.4) were designed [10]. The straight arrayed waveguides in the R-AWGs are formed by etching 70nm on the 200nm



thick top silicon layer, which is the same etch depth as the reflection DBR at the end of each waveguide, The all shallow
ctching process, the shortening of the arrayed waveguides, and the one free-propagation-region (FPR) structure
effectively reduce the accumulation of phase errors [11], and thus stabilizes the center wavelengths, The side lobes and
crosstalk are also suppressed. Figure 4 shows the cascading performance of the shallowly ctched R-AWGs. An insertion
loss of 10dB and a channel non-uniformity of £1dB are measured. A cascade crosstalk of about -25dB can also be
achieved.

Comparing the three structures, the R-AWG structure shows the best performance in cascading. Due to the two FPR and
deeply-etched waveguide structure, the T-AWGs need a high process consistency, which induces a low reproducibility.
On the other hand, there is only one FPR in the echelle grating and R-AWG cases. The shallow etching process of
shorter and straight arrayed waveguides makes the R-AWGs more tolerant on fabrication errors. This reduces the
accumulation of phase errors, and thus lowers the insertion loss and provides good channel uniformity,
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Figure 4. Transmission spectra of cascading shallowly etched R-AWGs. Inset shows the mask layout.

3. ULTRA SHORT ADIABATIC TAPERS FOR MODE CONVERSION BETWEEN
PASSIVE AND ACTIVE STRUCTURES

Among various Si/ITTV hybrid integrated devices, a common critical issue is to design a compact mode coupler structure
to efficiently route light between the hybrid active section (normally thick to feature vertical electrical injection) and the
silicon waveguide (normally thin for single-mode operation). An adiabatic taper has been considered an optimal
structure for a mode converter, given its low insertion loss, low reflection losses, and good fabrication tolerance [12].

We propose an ultracompact bi-sectional adiabatic tapered coupler consisting of two linear tapered sections only in the
[TV structure, and the underneath SOI waveguide is kept straight with a common dimension of 600nm=220nm. The bi-
sectional tapered coupler mimics a semi-3D taper, which avoids exciting high-order modes in the thick p-cladding layer,
Figure 5(a) shows the cross-sectional view of the Si/II1V hybrid section. Here, the silicon waveguide is kept untapered
throughout the whole structure, and the BCB layer thickness Az is chosen to be 50nm, which is a common value in the
BCB adhesive bonding technology. The IV epi-layer structure in Ref. [6] is also adopted here for realizing modulators
and detectors. Figure 5(b&c) show a sketch of the proposed bi-sectional tapered coupler, as well as the definition of
various parameters. Those parameters are optimized numerically, and the results are listed in Tab. 1. The total length of
the tapered section is 9.5um. The light propagation in this 9.5um-long tapered coupler is shown in Fig. 6(b). The
fundamental mode coupling efficiency reaches 95% over a wide wavelength range. As a comparison, in Fig. 6(a), a
conventional single-section taper design with the same taper parameters is also simulated. The only difference is that the
thick p-cladding layer covers the whole taper. The coupling efficiency in this case is only 83%. One can sce obviously
that high-order modes are exited in the thick p-InP cladding layer along the taper.



Figure 5. (a) Cross-sectional view of the hybrid Si/III-V waveguide. (b) 3D and (c) top view of the bi-sectional adiabatic
tapered coupler, respectively,

Table 1. Optimized parameters of the tapered coupler.
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Figure 6. Light propagation in (a) the conventional taper with the p-cladding all over the taper and (b) the proposed bi-
sectional tapered coupler, Field profiles at the end of the first tapered coupler and the second tapered coupler are also
shown.

4. THE INTEGRATION OF MULTI-CHANNEL MODULATORS, DETECTORS, AND
WAVELENGTH (DE)MULTIPLEXERS

Based on the scheme shown in Fig.1, we have fabricated 4 groups of such WDM based on-chip optical interconnect
systems integrated with 6 EA modulators and 6 detectors in each wavelength channel. The mask layout is shown in Fig.
7, together with some pictures of the fabricated chip. The channel spacing of the wavelength multiplexer is 1.6nm, An
external tunable laser is used as the light source, which is input to the chip through grating couplers, An Anritsu pattern
generator and a radio frequency amplifier are used to drive the modulator with a Vi, of ~1.5V. After multiplexing and
de-multiplexing, the optical signal is launched to the detector which has the same structure as EA modulator, and is then
analyzed by an Agilent digital sampling oscilloscope. In between the multiplexer and de-multiplexer, a small portion



(5%) of the multiplexed signal is drawn out from the bus waveguide and routed directly off chip for monitoring, as well
as for analyzing the EA modulators and detectors separately.
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Figure 7. (a) Mask layout of the optical interconnect chip. (b) Fabricated hybrid active section just before the over-cladding
deposition, (¢) Finished modulator/detector.
Figure 8(a) shows the measured eye pattern of one EA modulator through the aforementioned monitoring channel. An
erbium doped fiber amplifier is used to amplify the output signal, The EA modulator is driven at 30Gb/s with nonreturn
to zero code of 2’-1 pseudo random bit sequence. A clear eye open can be observed. The on-chip detector performance
was also measured through the monitoring channel by using an external commercial modulator, The result is shown in
Fig. 8(b), which shows a similar behavior as that of the EA modulator.

Figure 8, Measured eyc patterns for (a) the EA modulator and (b) the detector. Data rate is at 30Gh/s.

5. CONCLUSIONS

In this paper, the cascading performance of various wavelength multiplexers and de-multiplexers including AWGs and
echelle gratings realized on SOI are discussed and compared. The shallowly etched R-AWGs show the best cascading
performance with 10dB insertion loss with £1dB nen-uniformity. An ultracompact bi-sectional adiabatic tapered coupler
is proposed, which can give a 95% coupling efficiency between the SOI waveguide and the hybrid active section with a
taper length of 9.5um. A WDM based on-chip optical interconnect system integrated with 6 EA modulators and 6
detectors in each wavelength channel is fabricated. The modulators and the detectors share the same structure. A data
rate of 30Gb/s for both modulation and detection is measured with a clear eye open,
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