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Abstract—We present the design, fabrication, and test results
for ultra-compact 3-dB frustrated total internal reflection-based
trench couplers in an InP/InGaAsP monolithic integration plat-
form. The trench coupler is integrated with phase modulators and
a balanced photodiode (BPD) pair to enable a 180°-hybrid ultra-
compact coherent receiver. Several trench splitter designs exhibit
near 3-dB splitting with a loss of ~3 dB. The BPD pair is used to
characterize coherent mixing of two input optical signals into the
trench splitter, and coherence efficiency of 75% is achieved.

Index Terms—Beam splitter, coherent mixing, etched slot, frus-
trated total internal reflection (FTIR), 3-dB coupler, trench.

I. INTRODUCTION

AVEGUIDE couplers are important components in the

realization of compact, integrated optical circuits due
to their ability to split the light beam or change its direction in
a short distance [1]. A compact optical mixing element is re-
quired to minimize the footprint and optical path length. The
most commonly used beam splitter for photonic integrated cir-
cuits is the multimode interference (MMI) coupler, and although
recent advances in MMI design have yielded lengths as short
as 50 pm, the devices are still limited in geometry due to ra-
diation loss suffered in sharp bends [2]. In contrast, an etched
trench that cuts the optical waveguide can perform 3-dB split-
ting within a submicrometer length. This is achieved by using
the trench as a frustrated total internal reflection (FTIR) mirror,
where the angle of the input waveguide incident on the trench
is greater than the critical angle [3]. In a process analogous to
quantum mechanical tunneling, the incident wave creates an
evanescent field that penetrates into the lower index medium
of the trench. If the gap width is small enough, this evanes-
cent wave can couple across the gap to the waveguide on the
other side and form the transmitted wave. The reflected wave
still behaves as a totally internally reflected wave, exhibiting a
small lateral Goos—Hanchen shift from the incident wave. The
reflected and transmitted waves are complementary, behaving
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Fig. 1. SEM image of trench coupler illustrating reflection and transmission of
a wave incident on the trench coupler.
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Fig. 2. Schematic of trench splitter-based coherent receiver.

as a 180° hybrid [4]. The splitting of the incident wave into re-
flected and transmitted signals is shown in Fig. 1.

The theoretical framework for an FTIR based 3-dB coupler
design has been explained elsewhere [5]. Demonstration of
FTIR trench beam splitters has been reported in both Al-
GaAs and InGaAsP material systems [6], [7]. In this letter we
present a coherent receiver structure with a trench beam splitter
integrated with phase modulators and a balanced uni-travel-
ling-carrier photodiode (UTC-PD) for use in an ultra-compact
coherent optical receiver with feedback [8]. A schematic of the
coherent receiver can be seen in Fig. 2.

II. DESIGN AND SIMULATION

In this design, we use benzocyclobutene (BCB) with a re-
fractive index of 1.57 to fill the trench. With a calculated ef-
fective index of 3.265 for the InGaAsP optical waveguide, the
critical angle for the semiconductor/BCB interface is 28.5°. We
fabricated waveguides with values of crossing angle, ¢, that
range from 27°-32° to account for any error in the index of
the semiconductor or the BCB. Two-dimensional finite-differ-
ence time-domain (FDTD) simulations were carried out for each
of these angles in order to find the gap width corresponding to
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Fig. 3. Two-dimensional FDTD simulations of trench coupler splitting for TE
polarized light.

3-dB splitting. There are many assumptions in using a two di-
mensional structure for numerical simulation. For one, we as-
sume that the trench etch is deep enough to encompass the op-
tical mode. In practice, the aspect ratio of the etch is limited.
More importantly, the 2-D simulations significantly underesti-
mate loss and do not take into account beam divergence due to
nonidealities of fabrication such as tilted sidewalls, which is a
significant problem in high aspect ratio etching [9]. However,
we can still see many trends that help guide the design.

Simulated reflection and transmission of transverse electric
(TE) polarized light for different trench widths are shown in
Fig. 3. For ease of interpretation, only crossing angles 29°, 30°,
and 31° are shown. The point where the reflection and trans-
mission curves intersect is the 3-dB splitting point. The trend
from these simulations is that the design width decreases as the
crossing angle is increased above the critical angle. The simu-
lated widths for angles 29°-31° were found to be in the range
of 0.4 pm—0.8 pm. However, considering that 2-D simulations
overestimate the trench width needed for 3-dB splitting [6], we
select a width range of 0.15 tm—0.55 pum for our crossing angle
range of 27°-32°. Simulations for transverse magnetic (TM)
polarization yield a 3-dB gap width of less than 0.1 ym. Be-
cause this is impractically small for fabrication, we design 3-dB
splitters for TE polarized light.

The device epitaxial structure has roughly 1.8 pzm of p-InP
cladding on top of 0.4 zm of an InGaAsP multiple quantum well
(MQW) optical waveguide core. The optical waveguide consists
of a multiple quantum well (MQW) stack of 15 compressively
strained wells and 16 tensile strained barriers. The QW width is
65 A and the barrier width is 80 A.

Ideally, the etch depth should be below the MQW core and
have smooth and vertical sidewalls. We aim for a target etch
depth of 3.2 um which corresponds to an aspect ratio of larger
than 10:1 for our design widths, presenting a serious challenge
in realizing a straight sidewall trench of sufficient depth. In high
aspect ratio etching, an RIE-lag effect limits the etch rate of
small features with greater than 10:1 aspect ratios [10]. How-
ever, simulations show that we can etch a wider area around
the trench by as much as 1 m without causing significant re-
flection of the mode at the etched interface. Pre-etching of the
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trench area prior to the actual trench etch can reduce our target
etch depth to ~2.2 um, bringing the aspect ratio of most of our
design widths down to 7:1.

III. FABRICATION

In order to fabricate the coherent receiver, integrated
UTC-PDs are first defined by selective removal of photodiode
layers in nondetector regions. Waveguides are deeply etched to
a depth of ~3 pm using Cly : Ha : Ar = 7.6 : 11.4 : 2 sccm,
800 W ICP power, 125 W RIE power,p = 8 mT and ¢ = 120 s.
Contact metal is deposited and high energy Helium implants
are used to electrically isolate the PDs in the balanced photo-
diode pair. As mentioned above, windows over the trench areas
are opened and pre-etched by ~0.8 pm. Topography of the
waveguide is planarized using reflowed polymethylglutarimide
(PMGI) with openings over the pre-etched window in order to
write the trench features using electron beam lithography.

The trench etch was carried out on an inductively coupled
plasma—reactive ion etching (ICP-RIE) system employing
Cly/Hsz/Ar chemistry. Cls is generally known to contribute to
chemical etching while Ar acts as a physical milling process.
The addition of Hy acts to balance these two processes [11]. As
a starting point, we used the chemistry of the waveguide etch.
To find optimal etch conditions for a deep trench, we varied
etch time, pressure, RIE and ICP powers, and the relative flows
of Cly, Hy and Ar. The optimized trench etch condition was
Cl; : Hy : Ar :: 7 : 12 : 8 scem, 250 W RIE power, 800 W
ICP power, p = 8 mT, ¢ = 350 s, which is very close to the
waveguide etch process except for an increased Ar flow and
much longer etch time. The Ar presumably continues physical
milling of the trench even after the trench gets too deep for
Cl; chemical etching to occur, thus achieving the necessary
sidewall straightness. The longer etch time is necessitated by
the RIE lag effect and requires a very thick dielectric mask
of ~6000 A SiO, to withstand the etch to ~2.5 m depth.
After etching, BCB 4022-35 is used to fill the trench features.
Thick pad metal is deposited for the metal traces, and lastly the
devices are thinned and cleaved for characterization.

IV. TRENCH COUPLER CHARACTERIZATION

Trench devices were tested for splitting ratio and loss using a
laser source emitting at 1548.5 nm with 10 dBm at the facet.
Splitting ratio was determined simply by taking the detected
photocurrent in a given detector over the sum of the photocur-
rent in both detectors. The trench loss was determined by com-
paring current in one input modulator with the total current in
the detectors. First, current in a modulator is measured at high
reverse bias voltage so that the modulator absorbs practically all
input light. Assuming modulator responsivity to be 100% under
this condition, the measured modulator photocurrent represents
the optical power at the input of the modulator. Second, the total
current in the two detectors is measured for an unbiased input
modulator. Assuming a detector responsivity of 100%, the mea-
sured detector photocurrent represents the total optical power at
the input of the photodetectors. Dividing the modulator current
over the total detector current represents the optical power lost
in the trench, overestimated by the fraction of optical power lost
in the modulator due to scattering, free-carrier absorption, and
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Fig. 4. TE splitting ratios of several crossing angles.

other mechanisms that do not contribute to photocurrent. The
maximum power transmitted through the trench occurs for TE
polarized light, which also corresponds to the optimized split-
ting ratio for these devices. TM polarized light typically had
a very low transmission and very high reflection, which is in
agreement with simulations. Optical loss of an unbiased mod-
ulator is measured to be 2 dB/mm by comparing devices with
300 #m and 500 y#sm modulator lengths. Subtracting this from
the measured loss using the above method, trench coupler losses
for TE polarized light fell in the range of 2.5-3.5 dB, which is
very close to the AlIGaAs trench coupler losses reported in [6].

Many device designs throughout the range of crossing an-
gles (and corresponding trench widths) exhibited ~50 : 50
splitting for TE polarized light. Fig. 4 shows several devices
that achieved 3-dB splitting at different crossing angles/trench
widths. The crossing angles 31° and 32° did not achieve 3-dB
splitting most likely because the RIE-lag effect limited the etch
depth of the corresponding small trench widths. For trench
widths greater than 200 nm, the trench depth seems to have
been large enough to extend over most of the optical mode, and
the crossing angles of 27°-30° achieved ~3-dB splitting. The
measured values cannot be directly correlated to the 2-D FDTD
simulations, but the trend of smaller 3-dB trench width for
higher crossing angles is clearly observed. The trench couplers
were tested with a Tunics tunable external cavity laser source
over the C-band wavelength range. Splitting and loss for both
polarizations are seen to be relatively wavelength insensitive.
The wavelength dependence of the TE transmission splitting
ratio and trench loss are plotted in Fig. 5.

Lastly, the integrated BPD pair was used to observe the co-
herence efficiency of the coupler. A signal was split in two
and input into both sides of the coherent receiver, with one of
the arms being phase modulated. The envelope of the balanced
signal corresponds to the constructive and destructive mixing
of the two signals. Comparing this envelope to the maximum
envelope theoretically obtainable for the detected photocurrent
levels [12], we observed a coherence efficiency of 75%. We sus-
pect that the coherence efficiency suffers penalties due to modal
and polarization mismatch between the two arms of the interfer-
ometer.
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Fig. 5. Wavelength insensitivity of TE splitting ratio and loss.

V. CONCLUSION

We have designed, fabricated, and characterized 3-dB
FTIR-based trench couplers. Splitting ratio is optimized for TE
polarization and shows little wavelength dependence over the
C-band. The small footprint of the 3-dB trench couplers makes
them an enabling technology for ultra-compact InP PICs.
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