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A Low-Loss Beam Splitter with an
Optimized Waveguide Structure

Youngchul Chung, Ralph Spickermann, D. Bruce Young, and Nadir Dagli

Abstract—Novel beam splitters with optimized waveguide
structures are designed and fabricated using reactive ion etch-
ing. At 1.15 p.m the excess loss of the beam splitter is measured
to be 1.2 dB for TE and 1.8 dB for TM polarizations, respec-
tively, which are the lowest among the reported values.

NTEGRATED beam splitters and turning mirrors in

III-V compound semiconductors are important compo-
nents for the realization of compact integrated optical
circuits due to their ability to split the beam or change its
direction in a very short distance. After the first demon-
stration of waveguides with total internally reflecting mir-
rors [1], [2], a self-aligned etching scheme was introduced
to reduce the loss due to the displacement and the rota-
tion of the etched mirror surface from its ideal position
[3], [4]. Subsequently, turning mirrors have been employed
to realize several kinds of photonic devices, such as laser
diodes with turning mirrors in their cavity [4], 2 X 2
matrix switches [5], beam splitters integrated with laser
diodes [6], amplifier arrays [7], and ring lasers [8]. The
reported losses of turning mirrors are typically less than 1
dB per mirror.

For the realization of beam splitters, either a partially
grooved geometry [9] or a splitting mirror at the center of
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a tapered waveguide have been employed [6]. In the
partially grooved beam splitter geometry, the calculated
excess radiation loss is always larger than 3 dB. The
reported experimental results also showed too high excess
radiation loss eliminating this structure from practical use
[9]. In the tapered waveguide structure with a splitting
mirror [6], the incoming optical field has its peak at the tip
of the splitting mirror. But most fabricated beam splitters
do not have ideal sharp tips but rather have unintention-
ally formed round tips resulting in high scattering loss.
This loss can be significantly reduced if one reduces the
optical field intensity at the tip of the splitting mirror.
This can be achieved by using a triple-moded waveguide
of appropriate length in front of the splitting mirror.
Modal interference in this waveguide section could result
in a desired mode shape in front of the splitting mirror
reducing the undesired scattering loss significantly. In this
letter, design, fabrication, and characterization of such
novel beam splitters with optimized waveguide structures
are described.

DESIGN, FABRICATION, AND CHARACTERIZATION OF
BEAM SPLITTERS WITH OPTIMIZED WAVEGUIDE
STRUCTURES

The geometry and the basic principle of operation of
the new beam splitter based on optimized waveguide
structure are shown in Fig. 1. It is basically an improved
version of the tapered waveguide geometry with a splitting
mirror. The single mode input waveguide excites the two
even modes of the triple moded waveguide in front of the
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Fig. 1. The geometry and basic principle of operation of the beam
splitter with optimized waveguide geometry. L varied from 100 to 400
pm. Inset shows cross sectional profile of the 4 wm wide single mode rib
waveguides. Epitaxial layers are undoped.

splitting mirror. If these modes are excited with equal
amplitude“and if the length of the triple moded waveguide
is chosen such that these modes go 180° out of phase at
the beginning of the splitting mirror, the field amplitude
will be very small at the tip of the mirror. Hence, the
roundness of the tip will not contribute a significant loss.
A similar idea was proposed for an optimized waveguide
Y-junction design [10]. Another advantage of this ap-
proach is the following. With this design the incoming
field distributed is divided into two lobes, hence into two
halves at the beginning of the splitting mirror. When
these halves are reflected from the two sides of the
splitting mirror, the reflections will overlap very well with
the fundamental modes of the single mode output wave-
guides. If the incoming beam is not split into two lobes
and is directly incident on the splitting mirror, as in the
conventional design, overlap of the reflections with the
eigenmodes of the output waveguides will be very poor.
This will result in a significant radiation loss which will be
in the vicinity of 3 dB. On the. other hand, one pays a
price for these improvements in the form of increased
length and wavelength sensitivity. The length can still be
made much shorter than a Y junction splitter and the
wavelength sensitivity is not a problem for most applica-
tions. Therefore this design can be suitable for the major-
ity of the practical applications.

The lateral dimensions of the pattern on the mask as
well as the cross sectional profile are shown in Fig. 1. The
epitaxial layers are grown on semi-insulating GaAs usin
molecular beam epitaxy. In the fabrication first a 500 i
PMMA layer is spin coated onto the wafer and a 700
A-thick Si layer is electron beam evaporated on top of it.
Then regular liftoff technique is used to generate a 1000
A thick Ni pattern, which is the etch mask for the wave-
guide geometry. Then photoresist is spin coated and open-
ings in the mirror areas are formed using standard pho-
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tolithography. Next Cl, based RIE is carried out to form
the mirror etch to a depth of 4 um. For the mirror etch
the mask that defines the mirror interface is the Ni layer
patterned by lift off. The thick photoresist layer protects
the sample from being etched everywhere except in the
mirror openings. After the mirror etch O, based RIE is
done to remove photoresist. Then Cl, (to etch Si), O, (to
etch PMMA), and Cl, (to etch the semiconductor) based
RIE are sequentially used to etch waveguides. This way
the waveguide geometry and the mirror plane are defined
by the same Ni mask, hence the process is self aligned.
The waveguides are etched 0.5 um deep and during
waveguide etching, He-Ne laser interferometry is used to
monitor the etching depth in situ. After the formation of
the mirror and the waveguide, the etching mask is re-
moved by soaking the sample in acetone. For this wave-
guide design, the proper length of the 12 pm-wide
waveguide is about 250 pum based on an effective index
analysis.

The scanning electron microscope picture of a fabri-
cated beam splitter as well as the detail of a splitting
mirror are shown in Fig. 2. The transmission characteris-
tics of the beam splitters are measured both for TE- and
TM-polarizations. In the measurements, a 1.15 um He—-Ne
laser output is end fire coupled and the output of the
waveguides are measured using both an IR-vidicon cam-
era and a Ge detector. By comparing the output power of
the waveguide with a beam splitter with those from the
straight waveguides, the excess radiation loss is measured.
The characteristics of the beam splitters with perfect
mirrors are also simujated using two-dimensionat FD-BPM
combined with effective index approximation [11] as well
as the three-dimensional semivectorial explicit finite dif-
ference BPM [12]. The results are found to be almost the
same and the optimum length is about 250 pm. The
results of both experiments and calculations are shown in
Fig. 3. The calculations show that the excess radiation loss
of the beam splitter can be as low as 0.2 dB for an
optimum length if the mirrors are perfect. This loss is due
to deviations in the modal interference and mode overlap
from the ideal. The minimum measured excess radiation
loss is about 1.2 dB for TE mode and 1.8 dB for TM
modes for L =250 um. These values are the lowest
among the measured values reported. These results com-
bined with the theoretical analysis indicate that mirror
losses for these structures could be as fow as 0.5 dB/mir-
ror. As seen in Fig. 3, TM polarization has always higher
loss than TE polarization. Due to Goos-Hanchen phase
shift upon total internal reflection, optimum mirror posi-
tion is slightly different (difference being 0.2 pwm for the
particular case) for TE and TM polarizations. In the mask
design, mirror position was optimized with respect to TE
polarization so it was off about 0.2 um for TM polariza-
tion. But after the photolithography, lift-off, and etching,
the mirror plane turned out to be about 0.3 um off from
its intended position. The direction of the error was such
that it increased the displacement error for TM polariza-
tion to about 0.5 pwm. This approximately results in an
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in photolithography and etching could reduce these fac-
tors resulting in better turning mirrors.

CONCLUSIONS

Beam splitters with optimized waveguide structures were
designed and fabricated. They exhibited excess radiation
losses as low as 1.2 dB for TE polarization and 1.8 dB for
TM polarization which are the lowest values reported for
integrated waveguide beam splitters. Trends of the mea-
sured characteristics agree well with the theoretical esti-
mations. By optimizing the geometry and fabrication pro-
cesses, the excess losses could be reduced further. In
conclusion, it is demonstrated that low loss beam splitters
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Fig. 2. (a) Scanning electron microscope picture of a fabricated beam
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splitter. (b) Enlarged view of the tip of the splitting mirror.
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Fig. 3. The simulated and measured transmission characteristics of

beam splitter with optimized waveguide structure. Points show the
experimental results and continuous curves are the results of simulations
assuming perfect mirrors.
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0.35 dB more loss for TM polarization. Additional loss is m
due to a combination of several factors, such as mirror
surface roughness and the tilt of the mirror plane in the
vertical direction. Further improvements and optimization
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can be realized through careful waveguide design.
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