
374 PIERS Proceedings, Guangzhou, China, August 25–28, 2014

Higher-order Ring Resonators and Delayed Interferometers Based
on 300-mm SOI Technology for WDM Applications

Seok-Hwan Jeong, Yu Tanaka, and Ken Morito
Photonics Electronics Technology Research Association (PETRA)

AIST West-7SCR, 16-1 Onogawa, Tsukuba, Ibaraki 305-8569, Japan

Abstract— We introduce high-performance Si-nanowire WDM devices based on higher-order
coupled resonator optical waveguides (CROW) and multi-stage delayed Mach-Zehnder interfer-
ometers (DMZI) fabricated by 300-mm SOI wafer-scale ArF-immersion lithography process. For
the two kinds of WDM devices, we experimentally demonstrate low insertion loss, spectral flatness
and low crosstalk properties, together with high manufacturing tolerances.

1. INTRODUCTION

Recently, total bandwidth per central processing unit in high-performance servers reaches to a few
Tbit/s, which requires advanced optical interconnect technologies based on Si photonics to surpass
the limits of transmission bandwidth and power consumption by electric wirings [1]. Wavelength
division multiplexing (WDM) would be one of promising technologies to enhance the aggregate
bandwidth and to reduce the assembly cost for connecting to optical fibers [2]. WDM optical
interconnect normally requires Si-nanowire optical multiplexers/demultiplexers (MUX/DeMUX),
from the viewpoint of monolithic integration with compact and energy-efficient Si-nanowire op-
tical modulators and photo-detectors [3]. In almost cases, WDM devices work with the help of
the lightwave interference based on the splitting and remixing at multiple optical paths. Thus,
their operational performances strongly depend on the controllability of the relative phase rela-
tion between all of the optical paths [4, 5]. The phase controllability is mainly determined by the
sidewall roughness of Si-nanowire waveguides. 300-mm silicon-on-insulator (SOI) wafer-scale ArF-
immersion lithography technologies could be attractive for markedly reducing the phase errors in
Si-nanowire waveguides [6]. Here, we report high-performance Si-nanowire waveguide based WDM
devices such as higher-order coupled resonator optical waveguides (CROW) and multi-stage de-
layed Mach-Zehnder interferometer (DMZI) demultiplexers fabricated by phase controllable and
highly productive 300-mm silicon-on-insulator (SOI) wafer-scale ArF-immersion lithography pro-
cess [7, 8]. For the two kinds of WDM devices, we experimentally demonstrate low insertion loss,
spectral flatness and low crosstalk properties, together with high manufacturing tolerances.

2. FIFTH-ORDER MICRORING RESONATORS

As a feasibility study of ArF-immersion lithography technology, we designed and fabricated Si-
nanowire 5th-order CROW and characterized their spectral characteristics and spectral uniformities
on a 300-mm SOI wafer. We demonstrated flat-topped spectral response with an excess loss of
only 0.4 ± 0.2 dB and a high out-of-band rejection ratio of > 40 dB. Additionally, good spectral
uniformities in intra-dies and inter-dies were achieved.

The 5th-order CROWs were fabricated on a 300-mm SOI wafer with a 0.22-µm-thick Si core
layer and a 2-µm-thick buried oxide layer through ArF-immersion lithography process in National
Institute of Advanced Industrial Science and Technology. Fig. 1 shows the top views of the fab-
ricated 5th-order CROW based on 440-nm-wide Si-nanowire channel waveguides. Total chip area
was 50µm (width) ×150µm (length).

Then, the fabricated 5th-order CROW devices were characterized with a linearly polarized TE-
mode light. Fig. 2 shows the superimposed measured spectra in intra-dies uniformly spaced by
50-µm (a) and in inter-dies spaced by ∼ 3 cm on a 300-mm SOI wafer (b). For both cases, clear
flat-topped box-like spectral response was obtained by virtue of good phase controllability based
on ArF-immersion lithography process. In Fig. 2(a), the standard deviation of phase variation
was analyzed to be ∼ 0.03π radian for the optical path length of each microring. In Fig. 2(b),
the center wavelength deviation was less than 3.6 nm, although the tested dies were separated by
∼ 18 cm (distance between D2 and D8).

Spectral superiority over the ArF-immersion lithography process was reconfirmed by evaluating
the eye diagrams of 25 Gbps non-return to zero (NRZ) modulation signals [7]. Dynamic signal
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Figure 1: (a) Top views of the fabricated Si-nanowire based 5th-order CROW and (b) its schematic cross-
sectional view of the waveguide with 440-nm-width and 220-nm-thickness.

(a) (b)

Figure 2: Measured spectra of the fabricated 5th-order CROWs, (a) intra-die distribution and (b) inter-die
distribution.

waveforms were characterized by sending 25Gbps NRZ modulation signals to the device. As a re-
sult, 25 Gbps modulation signal transmission was successfully implemented within almost passband
wavelength range of the fabricated 5th-order CROW, which originated from the marked reduction
of spectral ripple and low excess loss. This high-precision fabrication technology could also be
applied to further advanced WDM DeMUX schemes. For example, by cascade-connecting such
higher-order CROWs where filtering wavelengths for each microring are properly adjusted not to
be overlapped with each other, optical DeMUX functionality could be achieved.

3. DELAYED-INTERFEROMETER-BASED OPTICAL MUX/DEMUX

Among several kinds of optical MUX/DeMUX, the DMZI-type devices [9–11] have a lot of advan-
tages. Compared with higher-order CROW or arrayed waveguide grating (AWG), the DMZI-type
device exhibits, in principle, much better spectral flatness that is one of important factors for relax-
ing the wavelength control accuracy of optical signal, without sacrificing insertion loss. Moreover,
since the DMZI-type device can be formed with Si-nanowire channel waveguides only and does not
need shallowly etched waveguide regions that are normally required to minimize scattering losses
at around star couplers in AWG, fabrication process can be much simpler [10, 11]. Fig. 3 shows
the device configuration of 1× 4Ch multistage DMZI-based optical DeMUX (a) and the measured
spectra of the fabricated DMZI DeMUX with the channel spacing (∆ν) of 10 nm (b) and 6.4 nm
(c). As shown in Fig. 3(a), the fabricated device is composed of cascade-connected 21 delayed
interferometers with different optical path lengths at each stage [8, 11].

In general, in order to spatially discriminate four different wavelength components, the device
configuration can be much simpler. Cascade-connecting only 3 delayed interferometers can make
1×4Ch optical DeMUX as already reported in [8, 9]. But, in that case, such device normally exhibits
sinc-function-shaped spectra. Thus, its spectral performance becomes inferior in term of spectral
flatness and low spectral crosstalk. These drawbacks can be overcome by introducing the device
configuration shown in Fig. 3(a). Redundant delayed interferometers with different optical path
lengths and optimized coupling ratios at each optical coupler make the optical DeMUX response
spectrally flat and low crosstalk, maintaining low insertion loss. However, it should be noted
that total phase errors becomes further higher than the case of the aforementioned simple device
scheme, since the configuration shown in Fig. 3(a) inevitably needs much larger number of DMZIs
with relatively longer interaction lengths even if we consider comparable phase errors at each DMZI



376 PIERS Proceedings, Guangzhou, China, August 25–28, 2014

(a)

(c)

(b)

Figure 3: (a) Device configuration of 1× 4Ch multistage DMZI-based DeMUX, and measured spectra with
(b) ∆ν = 10 nm and (c) ∆ν = 6.4 nm.

stage to the simple case. If the phase controllability of fabrication process far exceeds the degree
of degradation by accumulated phase errors, we can count on spectral improvement in the device
configuration shown in Fig. 3(a).

In this work, two kinds of ∆ν were designed, fabricated and characterized. As shown in Figs. 3(b)
and (c), irrespective of ∆ν, the DMZI-type device showed inter-channel-balanced flat-topped spec-
tral response, together with low crosstalk of less than −22 dB for all output channels. These high
performances resulted from good phase controllability enough to sustain desired spectral response
within each DMZI by utilizing 300-mm wafer-scale ArF-immersion lithography process [8].

Finally, we experimentally evaluated spectral uniformity between inter-dies. In this experiment,
the same multiple patterns equally spaced by ∼ 3 cm were fabricated on a 300-mm SOI wafer.
We characterized and compared DeMUX response of the devices located in the two nearest dies
in the center of a 300-mm SOI wafer. As a result, the measured spectral characteristics including
spectral shape, spectral flatness, insertion loss and crosstalk for the devices located in another die
were almost the same as those shown in Figs. 4(b) and (c). Furthermore, the deviation of filtering
wavelengths (δλ) was estimated to be < 0.65 nm for ∆ν = 10 nm and < 0.5 nm for ∆ν = 6.4 nm,
in spite of the fabrication imperfections and Si-core layer non-uniformity of the SOI wafer. That
is, δλ was ∼ 10 times smaller than the 0.5 dB flat-topped bandwidths of 6.7 nm (∆ν = 10 nm)
and 4.7 nm (∆ν = 6.4 nm), which justifies 300-mm ArF-immersion lithography process would be
a promising technique for realizing several kinds of WDM photonic integrated devices with good
production yields.

4. CONCLUSION

We reported recent progress of higher-order CROW and delayed interferometer type optical DeMUX
fabricated by 300-mm SOI technology for WDM applications. High precision fabrication technology
based on 300-mm wafer-scale ArF-immersion lithography process was proven to be very promising
to realize several kinds of WDM filter devices together with good production yields.
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