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Abstract: We present the design, fabrication, and measurement of a compact and low-loss
multimode interference (MMI) coupler based on the silicon nanowire waveguide. The device
is carefully designed to achieve both a good performance and a compact size by using the
mode matching method. The device is fabricated on silicon-on-insulator (SOIl) with 0.13-zm
CMOS technology. By measuring the MMI coupler with a cascaded configuration, a very low
excess loss of 0.06 dB at the wavelength of 1550 nm is obtained. The device can also work
well for a wide wavelength band. The present MMI coupler is very compact with a footprint of
~3.6 x 11.5 um? for the multimode region.

Index Terms: Multimode interference (MMI) coupler, low loss, silicon photonics.

1. Introduction

Silicon-on-insulator (SOI) has been considered as a promising platform for photonic integrated
circuits (PICs), largely because of its potential process compatibility with CMOS electronics [1].
Besides, the high index contrast between Si and SiO, enables it to construct waveguides (usually
called photonic wire waveguides, silicon nanowire waveguides, etc.) with submicron cross
sections and very small bending radii [2], [3], leading to an ultra-high integration density of photo-
nic devices. Low-loss silicon nanowire waveguides have been demonstrated [4]-[6]. For many
applications, optical splitters are frequently used for signal distribution or to construct more complex
devices, e.g., Mach—-Zehnder interferometers (MZI) [7]. Compared with other kinds of splitters, such
as Y-branches [8] and directional couplers [9], multimode interference (MMI) couplers [10] are
superior in terms of relaxed fabrication requirements and have been widely used.

Several work has been done to develop high-performance MMI couplers based on the silicon
nanowire waveguide. Tsuchizawa et al. developed a very compact MMI coupler (~1.8 x 2.6 um?)
with an excess loss of ~0.4 dB [11]. Thomson et al. demonstrated an MMI coupler for MZl modu-
lators with an excess loss < 1 dB and a good channel balance [12]. By employing a double etching
scheme, the loss of the MMI coupler was reduced to 0.2 dB [13]. In this paper, a compact and low-
loss MMI coupler based on silicon nanowire waveguides is realized on SOl with CMOS technology.
The device is carefully designed by optimizing various structure parameters. The footprint of the
optimal MMI coupler is only ~3.6 x 11.5 um? for the multimode region. Through elaborate design
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Fig. 1. (a) The cross section of the silicon nanowire waveguide; (b) the schematic of the MMI coupler.
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Fig. 2. Simulated excess loss of the MMI coupler with different structure parameters.

and well-controlled fabrication process, the device achieves a very low excess loss of 0.06 dB and a
broad operation bandwidth.

2. Design and Fabrication

The MMI coupler considered here is based on the silicon channel waveguide with a width (wg,) of
500 nm (for the input and output waveguides) and a height (he,) of 220 nm. Fig. 1(a) and (b) shows
the cross section of the silicon channel waveguide that we use and the schematic of the 1 x 2 MMI
coupler, respectively. As shown in Fig. 1(b), the input and output waveguides are broadened
through linear tapers. This could help reduce the excess loss by alleviating the mode mismatch
between the input/output waveguides and the multimode region, which will be shown in the
following.

The operation principle of the MMI coupler is based on the so-called self-imaging theory [10]: in a
multimode waveguide, the input field can be reproduced in single or multiple images at periodic
intervals along the field propagation direction. Fora 1 x 2 MMI coupler, twofold images are needed.
To obtain the imaging position, the beam propagation method (BPM) [14] can be used. However,
BPM is not accurate enough for a high index contrast system [15]. Instead, we use the commercial
software FIMMWAVE, a full-vectorial simulation tool based on the mode matching method, to find
the imaging position and evaluate the device performance, such as the excess loss. Fig. 2 shows
the simulation results for TE mode at the wavelength of 1550 nm, where different multimode region
widths (Wuwmi) and different taper widths (W;) are considered. The length of the multimode region
(Lmwi) is also optimized for each condition, as it scales proportionally to the square of Wy and is
slightly different as W; varies for a constant Wy . One sees that the excess loss is effectively
reduced by increasing W; for each Wyw. This is because a better mode matching happens when
the width difference of the access waveguide and the multimode waveguide is smaller [16]. In order
to present a more comprehensive comparison, Table 1 summarizes the device performances with
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TABLE 1
Device performances with different structure parameters

Wymi (um) Wi {pm) W (um) Excess loss (dB) AEL (dB)

1.8 0.6 0.3 0.069 0.11

2.5 0.9 0.35 0.055 0.061

3.6 1.2 0.6 0.039 0.027
0.1
0.08

0.06 /
0.04 .

Transition loss (dB)

Taper angle (degree)

Fig. 3. Transition loss for different taper angles.

different structure parameters, where Wy(= Wumi/2 — W;) represents the gap between the two
output waveguides [see Fig. 1(b)], and A EL is defined as the excess loss degradation when W;
decreases by 0.1 um. Actually, A EL is a measure of the fabrication tolerance, i.e., a smaller
A EL means a larger fabrication tolerance for the device structure parameters. From Table 1, low
excess loss (< 0.1 dB) can be achieved for all the three MMI widths. However, for a smaller MMI
width (e.g., Wum = 1.8 um or 2.5 um), Wy is required to be quite small (~0.3 um), which is
undesirable for the ease of fabrication or for avoiding the intercoupling of the two output
waveguides. Moreover, the corresponding A EL is quite large, indicating that a precise fabrication
process is necessary. Further examination of the excess loss variations with respect to Lyy and
Wum also shows that the device with a larger Wiy has a better fabrication tolerance. As one can
imagine, a certain size variation (e.g., £50 nm) will induce less impact on the device with a larger
size than that with a smaller size. Therefore, we choose Wyw and W; to be 3.6 um and 1.2 um,
respectively, which gives an excess loss of ~0.04 dB. Further increasing Wuw could help improve
the device performance further to some extent. However, the device size would become much
larger since Ly scales proportionally to the square of Wywm.

As the input/output waveguides are broadened through linear tapers, the taper length, or more
generally, the taper angle 6 should be carefully designed to guarantee an adiabatic transition. Fig. 3
shows the transition loss for different taper angles, where the widths of the frontend and backend
are fixed as 0.5 um and 1.2 um, respectively. Generally, the transition loss increases as the taper
angle increases. The local minima and maxima in Fig. 3 are induced by the higher order mode
excitation when the taper angle is not small enough for an adiabatic transition. The taper loss
should be kept much smaller than the intrinsic MMI loss (i.e., 0.04 dB in this case) as it is only an
additional loss induced by auxiliary structures. Therefore, we choose 6 = 1°, which corresponds to
a taper loss of 0.003 dB and is negligible compared with the intrinsic MMI loss. It is worth to mention
that the taper optimization is necessary since the taper transition loss may even overwhelm the
intrinsic MMI loss when the taper is not carefully designed.

The optimal device parameters are summarized as follows: Wy = 3.6 um, W; = 1.2 um,
Wy = 0.6 um, Lymi = 11.5 um, and 6 = 1°.
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Fig. 4. SEM picture of the fabricated MMI coupler.

Fig. 5. Microscopic picture of the MMI couplers arranged in a cascaded configuration.

The devices were fabricated on SOI with 0.13-um CMOS technology. We started from the
200-mm SOI wafer with a top silicon layer of 220 nm and a buried oxide (BOX) layer of 2 um. A
silicon nitride (SiN) film was first deposited on the wafer surface as a hard mask layer for the
subsequent Si etching. 248-nm deep-ultraviolet (DUV) lithography was then used to define the
waveguide pattern. To reduce the sidewall roughness, the thickness of the bottom anti-reflection
coating (BARC) layer and the exposure condition were both optimized. After transferring the
photoresist pattern to the SiN hard mask, silicon waveguides were formed using inductively coupled
plasma reactive ion etching (ICP-RIE). The silicon etching recipe was tuned to achieve both a
smooth sidewall and a vertical profile. Finally, a thick SiO layer was deposited on the wafer surface.
The SEM picture of the fabricated MMI coupler is shown in Fig. 4. The footprint of the multimode
region is ~3.6 x 11.5 um?. For efficient fiber coupling, shallow-etched grating couplers [17] for TE
mode were fabricated on chip at each input/output end.

3. Measurement and Discussion

The propagation loss of the fabricated waveguides was first measured to be 2.4 dB/cm through the
cutback method. To determine the excess loss of the device, we measured the transmission of the
MMI couplers arranged in a cascaded configuration, as shown in Fig. 5. Then, the excess loss of
the device can be deduced by comparing the transmission after different number of branches. Fig. 6
shows the measured results for TE mode at the wavelength of 1550 nm, where the data is linearly
fitted. The equation of the fitted line is also shown. The excess loss can be extracted through the
slope of the fitted line and is ~0.06 dB. This value is very small and is comparable with the
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Fig. 6. Measured transmission of the cascaded MMI couplers at the wavelength of 1550 nm.
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Fig. 7. Simulated and measured excess loss for different wavelengths.

simulated result. The y-intercept (11.1 dB) represents the coupling loss of the two fiber-coupling
interfaces, which agrees well with the coupling efficiency of the present shallow-etched grating
couplers.

Fig. 7 shows the measured excess loss for different wavelengths. For comparison, the simulated
results are also shown. One sees that very low excess loss (< 0.1 dB) is obtained experimentally for
the wavelength range of 1530 nm ~ 1570 nm. Note that the measured results for the wavelengths
far from the central wavelength of the grating coupler (i.e., ~1550 nm) are less reliable since the
linearity of the measured data is poorer for those wavelengths. This is because the coupling
efficiencies of different grating couplers are a little different for those wavelengths. Nonetheless, the
simulated results indicate that the present MMI coupler can work well for a wide wavelength band
from 1500 nm to 1600 nm.

4. Conclusion

The design, fabrication, and measurement of a compact and low-loss MMI coupler have been
demonstrated. The intrinsic MMI loss is minimized through careful design of the structure param-
eters. To minimize the transition loss induced by the taper structures, the taper angle is optimized.
The device has been fabricated in a 0.13-um CMOS line with improved DUV lithography and
etching processes. The measured excess loss of the fabricated 1 x 2 MMI coupler is only 0.06 dB
as a synthetic result of elaborate design and well-controlled fabrication process. The device can
also work well for broadband applications. The high-performance MMI coupler can be used to
construct more complex devices, such as MZI modulators.
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