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Abstract— Parasitic reflections can deteriorate the perfor-
mance of a photonic integrated circuit. This is especially true
in circuits containing amplifiers, but even in passive circuits,
small reflections can already have a strong influence on circuit
performance. It is known that strong reflections can be present
when using a 2 × 1 multimode interference coupler (MMI) as
a combiner. We investigate methods for reducing these spurious
reflections in a generic integration technology. We present a novel
MMI shape whose measurements show reduced reflections by
17.5 dB.

Index Terms— Integrated optics, optical waveguides, optical
couplers.

I. INTRODUCTION

MULTIMODE interference couplers (MMIs) are fre-
quently used as splitters and combiners in photonic

integrated circuits (PICs). However, because they contain
abrupt junctions, these components are liable to generate
parasitic reflections [1]. These reflections can disturb the
desired behavior of the circuit. In circuits containing ampli-
fiers, parasitic reflections may cause gain ripples or even
unwanted lasing. In this letter we discus a new geometry to
suppress parasitic reflections in MMI couplers. We will focus
on 1 × 2 MMIs, as they are known to be especially liable to
generate reflections when used as combiners [2].

When used as a splitter, 1 ×2 MMIs divide light efficiently
over the two output waveguides. Due to limited imaging
resolution, some light will be imaged on the back edge of
the MMI. The index step present there causes some light to
scatter back to the input. In splitter operation the amount of
back-scattered light is very low because almost all the light
ends up in the output waveguides. This is not the case when
using the same MMI as a combiner. Only when light in the two
inputs is coherent, in phase, and of equal magnitude, will it
be efficiently coupled to the output waveguide. When only the
fundamental mode in one input is present, no more than half
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Fig. 1. The COBRA layer stack. The layer thicknesses and composition are
indicated.

of the light will be coupled to the fundamental mode of the
output waveguide for reciprocity reasons. The other half of the
light will be scattered and some of it reflected backwards. This
reflection process can be highly efficient due to the imaging
properties of the MMI [2]–[4].

Previous attempts to reduce the reflection level of 2×1 MMI
combiners used lossy waveguides [2], or reduced contrast
access waveguides [5]. However, in some technologies these
approaches may not work. There may not be room for dummy
waveguides, or reduced contrast may not be offered by the
technology platform. In [6], the corners of the MMI were
cut to reduce reflections. Here we take the MMI structure
of [6] as a starting point, and add additional structures to
reduce reflections. The approach we present can be used in
any technology that offers designers to freely determine the
waveguide shape in the plane.

II. DESIGN

We consider deep-etched ridge waveguides in an indium
phosphide based generic integration technology, with the layer
stack shown in Fig. 1. The described approach can be applied
equally well to other technologies such as silicon on insu-
lator. The waveguides are defined by surrounding them with
deep-etched trenches of width wt. As a result, most of the
chip surface remains unetched. This stabilizes dry-etch rates,
improves mechanical robustness, and eases planarization.

Fig. 2 shows the proposed layout of the etched areas that
together define the MMI combiner. The parameters LMMI,
WMMI, wa and o, are the regular MMI parameters for the
length, width, access waveguide width, and offset, respectively.
The offset is defined with respect to the MMI center line.
In addition, the angles α1 through α4, together with width w1
and trench width wt, define the shape of the etched regions. All
surfaces where reflection could occur are angled in this layout.
Additionally, the openings on the top and bottom of the MMI
allow light to continue propagating to a slab region, instead of



Fig. 2. Low reflection MMI combiner layout. (a) 3D view of the device
layout. (b) 2D top view. The lighter areas are deeply-etched. The port numbers
are indicated by the bold numbers.

TABLE I

FABRICATED MMI PROPERTIES

Fig. 3. Optical microscope image of the fabricated devices. Devices
D through G use the new layout.

scattering backward. Care should be taken that this light does
not couple into other structures further along the slab. This
could be avoided by placing absorbing material some distance
away from the MMI.

We will compare the performance of the new proposed
layout to two previously reported MMI layouts. These are the
the regular rectangular layout, and the shape described in [6].
We refer to the first shape as ‘Regular’, and to the second
as ‘Cut’. A number of devices of these two types were also
included in our study to serve as reference devices. A total
of seven devices were designed for the layer stack of Fig. 1,
which has an effective slab index of 3.27 at a wavelength of
1550 nm. Their parameters are shown in Table I, and an image
of each fabricated device is in Fig. 3. The basic parameters like
LMMI, WMMI, wa and o are the same for all devices. We varied
the values for the angles α1 and α2. The angle α3 was kept
fixed at 60° and α4 was fixed at 15°. The width w1 is deter-
mined by the minimum lithographical feature size. This width
was fixed at 0.4 μm. The trench width wt was set to 10μm.

Fig. 4. FDTD simulation result. Reflection level from port 1 to port 1 and
from port 1 to port 2 is shown on the left y-axis. The transmitted light from
port 1 to port 3 is shown on the right y-axis. A low reflection of around
−35 dB can be obtained by setting α1 = 30° and α2 = 10°.

Fig. 5. Measurement setup. TLS: tunable laser source, LF: lensed fiber,
DUT: device under test, OSA: optical spectrum analyzer. The optical spectrum
analyzer is synchronized to the TLS. This strongly suppresses ASE noise from
the laser and enables high dynamic range.

III. SIMULATION

The amount of reflection in each of the designs was numer-
ically evaluated using a commercially available 2D Finite
Difference Time Domain method [7]. An effective slab index
of 3.27 was used for the non-etched areas, and index 1.0 for
the etched areas where semi-conductor material was replaced
by air. An 80 fs long modal pulse centered at a wavelength
of 1550 nm was used as the starting field for the simulation.
The pulse was launched into port 1. The total simulated time
was around 1 ns in order to obtain 110 unique samples in
the wavelength range from 1500 nm to 1600 nm. In order to
easily compare the performance of the different devices, we
took the average value over the recorded spectra.

Fig. 4 shows the simulation results for the various devices.
The parasitic reflections from port 1 to port 1 and from port 1
to port 2 are suppressed, as indicated by the triangular and
circular shapes in Fig. 4. The ‘Regular’ MMI, labeled A, has
reflection levels of around −13 dB. The ‘Cut’ MMI proposed
earlier can reduce this to −26 dB. The simulation indicates
that our device design can reach reflection levels of −35 dB.
Fig. 4 also shows the transmission from port 1 to 3 and that
it is not affected by the change in shape of the MMI.

IV. MEASUREMENT

The devices were fabricated at NanoLab@TU/e, in an all-
deep indium phosphide generic integration technology. The
devices were characterized by making a wavelength sweep.
The measurement setup used is shown in Fig. 5. An Ando
AQ4320A tunable laser is controlled by an optical spectrum
analyzer (Ando AQ6317) and the transmitted and reflected
power is recorded as a function of wavelength. A laser power
of 5 dBm was used and the OSA bandwidth was set to 2 nm.
The chip was temperature stabilized at 25 °C by a Peltier ele-
ment. We refer to the signal going from the first lensed fiber to
the second lensed fiber as ‘forward’, and to the signal at port 3
of the circulator as ‘backward’. A polarization controller was
used to ensure that only TE polarized light was coupled into



Fig. 6. Example length domain signals for devices A and E from quarter Q1.
The inset shows the possible paths (P,Q,R) through the chip. The bars above
the peaks show the integration range used. Path Q+R is not used.

Fig. 7. Measurement results of reflection level from MMI port 1 to port 1.
The forward points are obtained by analyzing the transmitted signal, the
backward points by analyzing the reflected signal. Q1, Q2, and Q3 indicate
three separately processed quarters of an InP wafer. Q1 and Q3 have an etch
depth of 3.16 μm. Q2 was intentionally etched deeper, down to 3.33 μm.

the chip. Port 1 and port 3 of the MMI are led to straight facets
using mono-mode waveguides. MMI port 2 is led to an angled
facet, which strongly suppresses reflections from that point.

The parasitic reflections of the different devices are evalu-
ated as follows. First a wavelength sweep from 1520 nm to
1580 nm with 12001 points was performed. Each uncoated
straight facet gives a reflection of around 30 %. There are now
multiple possible paths light can take through the chip. Light
from each path can interfere with light from each other path.
By taking a Fourier transform of the wavelength spectrum, a
length domain signal is obtained, where each combination of
paths causes a peak to appear at the length difference between
paths. The peak height is determined by the relative total path
loss in both paths. Fig. 6 shows the Fourier transformed signal,
and the identified paths (P,Q,R) together with their associated
peaks. By integrating over a peak, its energy content can be
determined. Each peak can be normalized with respect to the
peak formed by paths P and Q. For proper normalization,
the waveguide propagation loss needs to be known. This was
determined to be 2.0 dB/cm in a separate measurement. The
magnitude of the parasitic MMI reflection follows from the
peak height of paths P and R. This method can be applied to
either the forward or backward signal. Only the response from
MMI port 1 back to port 1 was characterized. The simulations
of the previous section show that the reflection level from
port 1 to port 2 is very similar.

The results of the analysis of the measurement data is
shown in Fig. 7. An uncertainty margin of ±1.5 dB is
indicated. Around 1 dB comes from uncertainties in the MMI
transmission, 0.3 dB from uncertainties in facet reflection, and

0.2 dB from waveguide losses. Devices from three quarters
(Q1, Q2, Q3) of the same wafer that were processed separately,
were characterized. Q1 and Q3 were etched 650 nm below
the core, while Q2 was intentionally etched deeper to 880 nm
below the core. Fig. 7 clearly shows that quarters Q1 and Q3
behave similarly. For some devices from Q2 the measured
value deviates from Q1 and Q3. The LR devices from Q2
perform either the same or better, which indicates that they
are more tolerant to variations in etch-depth. In all cases, the
values obtained for the forwards and backward measurements
are very similar. For Q1 and Q3, the regular and cut devices
perform better than expected from simulation. This can be
explained by the fact that the waveguide sidewalls are not
perfectly vertical, which is assumed in the simulation. The
simulation showed only a small difference in reflection level
between α2 = 20° and α2 = 10°. The measurements indicate a
stronger dependence on this angle, with α2 = 10° performing
significantly better. The measured values for the design with
α1 = 30° also differ notably from the simulated values. This is
quite surprising, because when looking at Fig. 2(b), it is clear
that the influence of α1 on the geometry is much less than
that of α2. A possible explanation for the observed difference
with simulation results is a change in fabrication tolerance
from device to device. A simulation, in which all widths
were increased by 0.1μm showed a slightly lower tolerance
for the new design (3 dB higher reflection vs 1 dB), but no
dependency on α1. Taking the average over all measurements,
device E performs the best with −34.8 dB. The best of the
Cut MMIs is C with −27.5 dB on average. This is a 7.3 dB
improvement, and a 17.5 dB improvement when compared to
the regular MMI.

V. CONCLUSION

It was shown experimentally that the reflection level in deep-
etched, high-contrast MMIs can be reduced to −34.8 dB by
optimizing the MMI geometry. This means a strong reduction
in parasitic reflections can be accomplished with respect to the
standard MMI. The improvement with respect to MMIs with
angled back-walls is 7.3 dB. This approach can be applied to
technologies that use trenches to define waveguides.
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