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Abstract A high-speed monolithic InP-based coherent photodetector PIC with a responsivity of 0.05
A/W at 1550 nm for polarization- and phase-diverse detection is demonstrated. The monolithic
integrated polarization-rotator-splitter enables a polarization extinction ratio of > 15 dB over the entire

C-band. ©2023 The Author(s)

Introduction

Polarization diverse modulation schemes allow
doubling the transmission capacity of optical
communication systems [1]. Therefore, coherent
receivers with polarization de-multiplexing are
widely deployed in long-haul communication
networks [1]. Silicon photonic integrated circuits
(PIC) with integrated polarization beam splitters
(PBS) allow dual-polarization detection [2]. An
advantage of InP-based high-speed coherent
receiver PICs compared to silicon devices is the
monolithic integration of the local oscillator [3],
and a superior trade-off between responsivity
and bandwidth. For this reason, next generation
InP-based coherent photodetector PICs for
100 GBaud applications have been proposed
recently [4, 5]. One of the major challenges for
monolithic InP-based PICs is the integration of a
polarization diversity circuit. Previous works on
InP-based coherent photodetector PICs were
based on active tuned asymmetric Mach-
Zehnder interferometers using the width
dependency of the birefringence [6]. Another
approach applies plasmonic-based directional
couplers with tight fabrication tolerances and
additional loss [7].

A more recent approach is based on two
steps: adiabatic TM, to TE,; conversion and
splitting of TE4 and TE, into TE, into two different
waveguides [8]. This polarization rotator-splitter
(PRS) concept is based on mode-evolution and
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has an increased process tolerance [9]. In this
contribution, a monolithic InP-based coherent
photodetector PIC with an integrated PRS is
demonstrated.

Chip Design and Fabrication

The PIC consists of two spot-size converters
(SSC), a 3 dB-splitter, a PRS, two 90° hybrids,
and eight photodiodes (PD) (Fig. 1). Because of
etching the waveguide layer at the beginning of
the spot size converter, the modes are confined
in a broad rib waveguide enabling efficient
coupling from a lensed fiber with a spot size of
3.5 pm. Due to an adiabatic taper the mode
transforms from the chip facet mode into the
higher confined waveguide mode. In the local
oscillator (LO) path a 3 dB-coupler follows the
SSC, splitting the LO light into the two 90°
hybrids. The signal light coupled by the SSC into
the waveguide is split, based on the states of
polarization (SOP) by a monolithically integrated
PRS. It consists of two parts: a mode converter
and an asymmetric splitter. To enable a strong
mode conversion effect vertical asymmetry of the
waveguide is needed. Therefore, the same
waveguide layers are used as presented in [10].
This enables an anti-crossing between the TM,
and the TE; modes at a specific waveguide
width. By adiabatically tapering the waveguide
width through this point, it is possible to convert
TM, into TE4. The splitter is an asymmetric y-
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Fig. 1. Fabricated coherent photodetector PIC (left) and schematic of the coherent PIC (right)
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Fig. 2. Responsivity for all different channel combinations

branch with a gap width of 100 nm, splitting TE,
and TE; into TE; modes of two different
waveguides.

A major advantage of this scheme is the
mode conversion of TMy to TE,. This allows the
LO SOP to be completely aligned to TEg to
maximize the beating between the signal and the
LO. The integrated 90° hybrids, realized as
multimode interferometers, allow the IQ
demodulation for both, the TE and the former TM
path. The different optical signals are
evanescently coupled into  single-ended
waveguide-integrated pin-photodiodes with an
InGaAs absorption layer.

The PIC is fabricated on a 3-inch wafer. The
epitaxial layers are grown by MOVPE. Contact
photolithography combined with lift-off, dry and
wet etching techniques is used to structure the
majority of the doped photodiode and semi-
insulating waveguide parts. An exception is the
shallow etched waveguide, exposed by electron
beam lithography to allow narrow gaps for the y-
branches. Photoresist and SiNx were used as
protective layers during the etching processes.
Electroplating formed the electrical contacts. The
PIC has an anti-reflection coating to increase the
coupling efficiency and to decrease reflections.
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Fig. 4. Frequency response of the 8 photodiodes
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Fig. 3. PER for the two signal paths
Measurement Results

The measurements of the responsivity, the
polarization extinction ratio (PER), and the RF
characteristics were carried out at a reverse bias
voltage of 2V. Fig. 2 shows the external
responsivity for the wavelength range of 1525 nm
to 1615 nm. It reaches a maximum of above 0.05
A/W at 1550 nm for both signal paths. Due to the
inherent 3-dB coupling loss, the LO paths have a
TE responsivity of 0.02 AW, showing an
imbalance between the TE- and the TM-path.
Since the 3-dB coupler has a symmetric design,
this imbalance might arise from fabrication
imperfections.

The PER was analyzed by measuring the
dependence of the responsivity of the input
polarization state with a polarization synthesizer.
Fig. 3 shows the polarization extinction ratio for
the TE and the TM signal path over a wavelength
range from 1525 nm to 1615 nm. The PER is
above 15 dB over the wavelength range from
1535 nm to 1605 nm. This large optical operation
bandwidth follows from the adiabatic design of
the PRS. An interesting fact to mention is that the
LO path also exhibits a higher polarization-
dependent loss (~10 dB at 1550 nm), due to the
polarization-dependent design of the
waveguides, enabling the polarization diversity
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Fig. 5. Measured intra-symbol phase error for both paths
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Fig. 6. DC CMRR for both paths
[10].

The RF transmission parameter |sz1| was
measured with a vector network analyzer
combined with an optical modulator. The
obtained 3 dB-bandwidth for all eight
photodiodes is approximately 53 GHz (Fig. 4),
limited by the electrical pad configuration rather
than the photodiodes themselves. Fig. 5 shows
the intra-symbol phase error. The phase error is
below 5° for all channels over the wavelength
range between 1530 nm to 1570 nm, showing the
excellent behavior of the integrated 90° hybrids.
The maximum common mode rejection ratio
(CMRR) for both optical inputs and both
polarization paths is shown in Fig. 6. The CMRR
for all configurations is below -25 dB over the
entire C-band. Fig. 7 shows the measurement of
the PD current for different bias voltages without
illumination, contributing to the noise behavior of
the PIC. The photodiodes have a dark current
below 1 nA for a reverse bias voltage of 2 V.

Conclusion

We demonstrate a monolithically integrated
polarization- and phase-diverse coherent
photodetector PIC based on InP. It has a
responsivity of 0.05 A/W at 1550 nm, an electrical
3dB-bandwidth of 53 GHz, and a PER above 15
dB over the entire C-Band. The integrated PRS
converts the TMy, mode to TE,, allowing the
alignment of the LO to TE polarization. The
presented device is a sophisticated example for
the capability of monolithic polarization diversity
integration into InP-based PICs.

While the PIC itself shows already good
metrics, many characteristics leave room for
further improvements. The size of the integrated
PRS can be reduced by various waveguide
optimization techniques, resulting in a reduced
chip size and increased performance. The
configuration of the electrical pads is a major
contributor to the 3-dB bandwidth limitation at 53
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Fig. 7. Dark current of the 8 photodiodes

GHz. By optimizing the pad configuration, we
should be able to improve the bandwidth up to 70
GHz for 100 GBaud applications without
sacrificing responsivity or any other performance
metric. Another advancement would be the
monolithic integration of the local oscillator into
the PIC.
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