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Abstract— We demonstrated a photonic integrated circuit
(PIC) with heterogeneously integrated InP-based lasers and uni-
travelling carrier photodiodes (UTC-PD) for microwave
photonics applications. The InP components are integrated via
the micro-transfer printing (MTP) technique, which allows
scalable manufacturing process of the microwave photonic
chips. We used the photonic circuit to form an external cavity
with the transfer printed laser device and achieved tunable
single frequency lasing for use in heterodyne radio frequency
(RF) generation. The heterogeneously integrated UTC-PDs had
80 GHz bandwidth, and we validated RF generation on UTC-
PD with the emission from an on-chip laser.

Keywords—integrated microwave photonics, heterogeneous
integration, micro-transfer printing

I. INTRODUCTION

Microwave photonics (MWP) deals with converting RF
(radio frequency) data between electronic and optical
domains, and processing RF signals in the optical domain by
using a photonic circuit [1]. Microwave systems have now
access to the abundant bandwidth at optical frequencies and to
flexible design topologies thanks to reconfigurable photonic
circuits [2]. MWP has proven itself as a viable technology to
address the increasing bandwidth requirements of
telecommunication technologies while achieving the low
noise levels required by advanced modulation schemes [3].
Chip-scale integration of MWP components aim to address
the fundamental problems of traditional systems, which are
high power consumption and bulky instrumentation, and
advance the microwave technology to higher data throughput
at lower SWAP (size, weight and power consumption) [1].
There have been numerous reports on various microwave
processing functions on photonic chips [4, 5], establishing
reconfigurable photonic circuit platforms [2, 6] and maturing
integrated photonics platforms to realize MWP chips [4, 7-8].

The current technology relies on flip-chip bonding, die-
attach or fiber-attach to introduce laser light to the photonic
chips, which are serial processes that limit the manufacturing
throughput. Heterogeneous integration techniques, such as
wafer bonding and micro-transfer printing, has started to
prove their potential to enable mass-manufacturing of
photonic chips with high-performance active components [9-
12].

In this paper, we report for the first time a self-contained
microwave photonic chip enabled by multi-component micro-
transfer  print integration. As a proof-of-concept
demonstration, the photonic chip generates optical frequency
lines with the on-chip laser and converts them to microwave
signal on the high-speed photodetector heterogeneously
integrated on the same chip (Fig. 1(a)). Here we discuss the
design principles and the integration interfaces, explain the
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chip fabrication process and report on the component
characterization measurements.

Il. PHOTONIC CHIP DESIGN

A. Components for Heterogeneous Integration

We designed InP based separate confinement
heterostructure laser devices and uni-travelling carrier
photodiodes (UTC-PD) for micro-transfer print integration on
SiN photonic integrated circuit. UTC-PD requires small
dimensions in order to keep the capacitance to a minimum for
high-speed operation, which necessitates coupling from a
tightly confined waveguide. A laser, on the other hand, either
requires carefully engineered evanescent coupling structures
or edge-coupling to large waveguides, due to its relatively
large-spot size. In this study we demonstrated an often
overlooked advantage of MTP, which is the ability to integrate
different coupling interfaces on the same PIC as required by
the device properties (Fig. 1(b)). For the laser, we followed
the edge coupling approach and engineered an SU-8/SiN spot-
size converter (Fig. 1(c, d)). The dimensions of SU-8
waveguide were chosen to achieve high mode overlap with the
laser. The simulated modal area of the laser structure is 3 pm?
with a 2.5 um rib waveguide. The simulated overlap of the
laser mode with the mode of 0.8 um thick and 2 um wide SU-
8 waveguide is 90%. The light is evanescently coupled from
the SU-8 waveguide into the 400 nm thick SiN waveguide
through a tapered waveguide structure. UTC-PDs were
printed on 1 um wide SiN waveguides with a thin (< 50 nm)
adhesive layer and the light was coupled evanescently into the
InP/InGaAs layers. We used Lumerical MODE and Lumerical
FDTD software for the simulations of the modal properties,
mode overlaps, tapered spot size converter and the coupling /
absorption in the UTC-PD. Fig. 2 shows the epitaxial
structures of the laser and UTC-PD, and the mode profiles of
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B pmDevice

SU-8 Waveguide

SiN Waveguide

Fig. 1. (a) Optical microscope image of fabricated PIC with on-chip
lasers and UTC-PD. (b) Schematic cross-section showing the vertical
alignment of the waveguides and the active devices on the PIC. (c) SEM
image showing the front facet of the laser device and the SU-8 waveguide.
(d) Schematic drawing of the SU-8/SIiN spot size converter that edge
couples the light from the laser.



the laser with this epitaxial structure and the matching SU-8
waveguide.

Both devices are grown with the same AllnAs / InGaAs
release layer [12]. The laser has a multi-quantum well gain
stack between asymmetric waveguiding layers. The thickness
of the n-InP layer is chosen to match the mode height of the
laser to the SiN waveguide when the laser is printed on Si
substrate (with SiO, layer fully etched) to avoid additional
thermal resistance between the laser and the Si substrate.

We simulated the electrical properties of the UTC-PD in
Silvaco ATLAS. Within the practical limits, most layer
thicknesses are kept to minimum to achieve a small device
resistance. The absorber layer needs to be thick enough to
efficiently absorb the evanescently coupled light within a very
small device length (5-10 pm) while maintaining a small
transit time of photogenerated charge carriers and a small
device resistance. Similarly, due to the requirement of
incorporating a partial etching of the n-contact layer in the
fabrication process (to avoid placing the n-metal on the
collector, which would compromise the contact resistivity),
we used a relatively thick n-contact layer to maintain low
lateral resistance between the n-metal and the active device
area. The trade-off is a slight increase in the vertical device
resistance and reduced evanescent optical coupling to the
absorber layer from the underlying SiN waveguide. For a
device length of 10 um, Lumerical FDTD simulations could
achieve up to 70% absorption, which depended heavily on the
device geometry including the thicknesses of the coatings and
the adhesive layer.
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Fig. 2. (a) Epitaxial structure of the laser device. (b) E-field profile of the
TE mode of the laser. (c) E-field profile of the SU-8 waveguide that is
designed to give high overlap with the laser. (d) Epitaxial structure of the
UTC-PD.

B. Microwave Frequency Generator Photonic Circuit

We designed photonic circuits to obtain tunable, single
frequency emission from on-chip lasers, two of which could
be combined on the UTC-PD for heterodyne microwave
frequency generation (Fig. 3(a)). The photonic circuit was
designed to feedback the overlapping resonance wavelength
of two Vernier tuned ring resonators (r1= 50 pum, r =54 pum)
to achieve single frequency operation in an extended cavity
laser configuration (Fig. 3(b)). Additionally, we designed
another configuration to demonstrate RF generation with
micro-transfer printed laser and UTC-PD on the same SiN PIC
platform (400 nm SiN on 2 um SiOy). No SiO; over-cladding
was used to reduce the fabrication complexity but the full
fabrication process is compatible for the deposition and
patterning of the over-cladding layer. End-fire coupled output
ports of the SiN PICs were made with SU-8 waveguides (with
tapered spot-size converters similar to the ones used for edge-
coupling from the transfer printed lasers as shown in Fig. 1) to
increase the mode diameter of the output ports. A lensed fiber
was used to capture the emission from the end-fire output
ports of the PIC for optical power and optical spectrum
measurements.

For the bandwidth characterization of UTC-PDs, we
fabricated separate test platforms on SOI platform (220 nm Si
on 2 pm SiOz). The PIC had pairs of grating couplers
connected to each other. We transfer printed UTC-PDs on the
grating couplers on one side, and used the grating couplers on
the other side to couple modulated laser light into the chip
through a cleaved fiber.

I1l. CHARACTERIZATION

A. Single Frequency Lasing

Figure 4(a) and Fig. 4(b) show the lasing spectra obtained
from the PIC with transfer printed laser coupon and double
ring Vernier filter. The shift of the lasing wavelength with the
voltage applied to the microheaters adjacent to the ring
resonators is also visible in the lasing spectra.

In this photonic circuit, the lasing wavelength is ideally
tuned by the simultaneous control of both heaters to adjust the
lasing peak to the desired wavelength. As seen in the spectra
of Fig. 4 the lasing peak could be tuned by applying voltage
to only one heater, which should have caused the lasing peak
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Fig. 3. (a) Schematic diagram of the microwave frequency generator PIC
investigated in this study. (b) Optical microscope image of the Vernier
tuned ring resonator circuit.
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Fig. 4. (a, b). Lasing spectra measured from the on-chip laser with
different bias voltages applied to Heater-1 and Heater-2, respectively.

to disappear or jump to the next overlapping wavelength in a
photonic circuit with high-Q resonators. The observed results
indicate that the ring resonators are over-coupled in this PIC
fabrication. This unintended feature allows us to tune the
lasing wavelength with a single microheater but we expect the
optical power is mostly trapped in the external cavity and the
linewidth improvement with ring resonators is not present.
The measurement with simultaneous tuning of both ring
resonators could not be carried out due to the limitations of the
experimental setup.

B. UTC-PD Bandwidth and Heterodyne RF Generation

We carried out the bandwidth measurements of UTC-PDs
on 220 nm SOI platform by using grating couplers. Anritsu
MS 4647B 110 GHz Optical Vector Network Analyzer
(OVNA) was used for the measurements. Laser light
(1550.116 nm wavelength, 6.98 dBm optical output power)
was modulated with Port 1 output of OVNA and a half-wave
plate was used to adjust the polarization of the laser light
before coupling it to the PIC through a grating coupler. Port 2
was connected to the UTC-PDs through a V-cable, bias-T (65
GHz) and RF probes (65 GHz, GSG). Prior to the
measurement of UTC-PDs, an Anritsu 110 GHZ calibrated
photodiode was used to get the reference spectrum and to
correct for the response of the bias-T and V-cable that were
used in the measurement setup. We plotted the S21
measurement results for UTC-PDs with different device
dimensions in Fig. 5(a). We note that the response of the GSG
probes and contact pads are also included in the measured

bandwidth. The smallest device (Width: 2.5 um, Length: 5.0
um) has a 3 dB frequency of 42 GHz and 6 dB frequency of
80 GHz.

With the same test sample and a similar experimental
setup, we validated heterodyne frequency generation on UTC-
PDs (Fig. 5(b)). Two external laser sources were polarized
independently so that they could be combined on the grating
coupler with the same polarization (passing through 2x1
combiner, EDFA and bandpass filter). The wavelength of one
of the lasers was tuned to obtain a heterodyne signal on the
UTC-PD in the 5 GHz - 50 GHz range. The electrical spectra
were measured with Agilent 8565EC Spectrum Analyzer (30
Hz — 50 GHz).

C. Multi-component Integration for Frequency Generation

On the SiN platform, we fabricated a PIC to demonstrate
RF generation on the transfer printed UTC-PD with the light
generated by a transfer printed laser on the same PIC. A
schematic drawing of the PIC is shown in Fig. 6(a). The SiN
photonic circuit has a ring resonator that feeds the resonance
wavelengths of the ring back to the laser device to create an
external cavity and obtain single frequency lasing. One of the
through ports of the ring resonator is connected to the UTC-
PD and the other one is connected to an output port of the PIC.
The output port is also connected to UTC-PD through 1x2
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Fig. 5. (a) Bandwidth measurement of UTC-PDs with different device

dimensions. (b) Electrical spectra of Heterodyne RF signal generation
experiment on UTC-PD (Width: 2.5 pum, Length: 5.0 pm).
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Fig. 6. (a) Schematic diagram of the demonstrator PIC and the
measurement configuration. (b) Electrical spectra measured from the
UTC-PD under 1 V and 2 V reverse bias. Spectra show the harmonics of
the gain switching frequency (1 GHz) applied to the laser on the same PIC.
The inset is a close up on the peak at 4 GHz. The RF response increased
by 2.5 dB with the increasing reverse bias voltage.

MMI (multi-mode interference) couplers for testing purposes.
The laser device is gain switched with 1-2 GHz frequencies to
generate optical frequency lines at the harmonics of the drive
frequency. Harmonics up to 10 GHz were measured from the
UTC-PD on the same PIC with Agilent 8565EC Spectrum
Analyzer (Fig. 6(b)). Increasing the reverse bias from 1 V to
2 V increased the RF response by 2.5 dB.

IVV. CONCLUSION AND FUTURE WORK

On our photonic integration platform, we demonstrated
the joint operation of two InP based devices with very
different photonic interfaces, namely laser and UTC-PD.
Without the need for an external laser source, we showed RF
generation on the UTC-PD by gain switching the on-chip laser
to obtain the harmonics of the drive frequency. A heterodyne
generation PIC was designed, which would eliminate the need
for RF drive and allow better flexibility in RF generation. We
validated the viability of the designed heterodyne RF
generation PIC by measuring the tunable single frequency
operation of the lasers and high-speed operation of the UTC-
PD. Fabrication of the complete heterodyne RF generation
PIC on a low-loss photonic integration platform with high-Q
ring resonators remains as the next step to obtain narrow

linewidth lasers, and achieve tunable & low-noise RF
generation. Other important directions for research are
detailed analysis of the coupling between InP components and
the SiN waveguides for edge coupling and evanescent
coupling schemes, investigation of different laser designs for
high-power and low-noise operation, and a thorough study of
the linearity and responsivity of the UTC-PD designs and their
trade-off with coupling efficiency from the PIC. Advanced
packaging of the PIC with high-speed electronics is another
research challenge for the operation at microwave and mm-
wave bands.
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