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Abstract

The fast-maturing photonic integration technology is calling for a versatile platform that
supports both active and passive functions as well as high scalability through component
miniaturization. Indium phosphide (InP) has long been recognized for its ability to deliver
a comprehensive suite of photonic components. InP membrane technology has emerged as
a next-generation solution that could unite the functional completeness with high scalability.
This paper describes recent advancements in the InP-membrane-on-5Si (IMOS) platform,
which supports high-performance passives, polarization and mode handling, native light
sources, amplifiers, modulators and detectors, and novel material integration.

Keywords: integrated photonics; nanophotonics; indium phosphide; photonic chips

1. Introduction

Since its first manifestation in the literature in 1969 [1], integrated photonics has grown
in a way that shows many similarities to the path of integrated electronics. From a few
components on a single chip in the early days, the complexity steadily grew to more than
100,000 components on a single chip recently [2]. This indicates that the field of photonics
is following its own Moore law [3], which was originally used to describe the growth of
the field of microelectronics. A clear difference between the electronics and photonics
market is the way the platforms are developed. Whereas in electronics the leading plat-
form is CMOS, photonics is more fragmented and platforms are often application-focused,
although generic photonic integration technologies have been gaining traction [4-6] in the
last decade. To achieve high-volume and low-cost manufacturing of complex photonic
chips, e.g., LIDAR transceivers and Stokes-vector modulators, it is paramount to move
towards generic, versatile technologies: generic for its capabilities to serve many appli-
cations with a set of basic building blocks and versatile for a wide applicability of novel
components and integration with novel materials. A versatile platform should feature
active—passive integration on the wafer scale, allow for high-density circuitry, be expand-
able in functionality, and have a possibility of upgrading the platform with novel materials.
Indium phosphide (InP)-based platforms offer monolithic integration of a variety of electro-
optic components, e.g., semiconductor optical amplifiers (SOAs) and phase modulators
(PMs), with passive waveguides. This integration is possible through various methods
of integration, e.g., vertical twin-guide integration [7], quantum well intermixing [8], or
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butt-joint integration [9]. Because InP is an interesting material because of its direct band
gap, several groups have created monolithic InP platforms using butt-joint integration [10]
(monolithic and hybrid) and vertical twin-guide integration [11].

On the indium phosphide-membrane-on-silicon (IMOS) platform, vertical twin-guide
integration is the typical integration strategy of choice, although other strategies are ex-
plored as well. When vertical twin-guide integration is used, the active and passive
components are created in different epitaxial layers, and the coupling between them is
realized by adiabatic tapering. InP membrane platforms typically consist of a thin InP
membrane bonded to a silicon carrier wafer; however, recently epitaxial growth of InP
wires on silicon-on-insulator (SOI) has also been demonstrated [12]. This can be achieved
by direct bonding [13] or adhesive bonding using a polymer, e.g., benzo-cyclobutene (BCB).
By subsequently removing the InP substrate, a high-index contrast is created, enabling
sub-micrometer waveguide dimensions, comparable to silicon photonics.

A schematic cross-section of the InP membrane platform is shown in Figure 1. A stack
of 5i0; and BCB is used to optically decouple the InP from the silicon carrier wafer, which
allows the InP layer to function as a nanophotonic waveguide.
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Figure 1. Schematic cross-section of the InP membrane platform. The active core consists of
four InGaAsP multiple quantum wells (MQWs).

A benefit of wafer bonding is the possibility of processing from both sides: part of the
processing can be performed before wafer bonding, and the rest of the processing can be
carried out after wafer bonding and substrate removal. This feat results in tremendous
flexibility in device design and enables a plethora of novel components. Due to the
relatively high thermal resistance of BCB, this also presents thermal challenges compared to
monolithic platforms [14]. In this paper, we summarize recent platform developments and
key performance metrics of novel components on InP membranes. Platform developments
include new building blocks and novel material integration. Building blocks that feature a
unique contribution to the platform are discussed in Section 2.
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2. Building Block Functionalities

To build a versatile platform, a portfolio of building blocks that provide basic function-
ality is essential. Several highlights of the portfolio are covered in this section, although this
list is not exhaustive. A complete overview of the basic building blocks available is given
in [15]; only key parameters of the core building blocks are given here, since in this paper
we focus on new insights and/or novel building blocks on the platform, demonstrating its
versatility. In [15], both vertical and lateral current injection devices are covered. In this
paper, vertical current injection devices are introduced and discussed, as the fabrication of
lateral current injection devices requires vastly different tooling and processes to achieve
the required doping profiles.

In separate sections, the passive and active functionalities are covered.

2.1. Passive Functional Blocks

Passive building blocks, e.g., surface grating couplers, waveguides, and MMIs, are
at the very core of any photonic integration platform. In this section, we highlight sev-
eral key functionalities on the InP membrane platform and how these functionalities
are implemented.

2.1.1. Light Reflection

Shallow-etched distributed Bragg reflectors (DBRs) are generally used as broadband
reflectors on the IMOS platform. Alternatively, photonic crystal (PhC) reflectors have
been designed and are introduced, providing an ultra-short, high-reflectivity device that
is seamlessly integrated due to its simple design. The reported reflectors feature a large
variety of bandwidths and reflectivity coefficients, which is essential for building lasers.
For robustness, the PhC reflectors are etched in a 700 nm-wide waveguide instead of the
standard 400 nm-wide waveguides. A schematic of the PhC reflector is shown in Figure 2.

Figure 2. Three-dimensional mock of a photonic crystal reflector.

The reflectivity of the reflectors is experimentally validated. Two methods have
been used to characterize the structures: a Fabry-Pérot method and a direct four-port
characterization method. The methodology is extensively covered in [16]; only the final
results are shown here. The measured reflectivity at the peak value is shown in Table 1, the
devices cover the c- and s-band with less than 0.5 dB reduction in reflectivity. It is observed
that the direct method yields better results, especially for higher reflectivity.

The insertion loss of these reflectors is an important parameter; however, it could not
be accurately measured with the available characterization structures.
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The PhC reflectors demonstrate above 99% reflectivity for nine holes; higher is possible
by further increasing the number of holes. The reflector with nine holes is only 3.1 pm long,
excluding the taper. The reflectivity and bandwidth of the reflector are shown in Figure 3.

Table 1. Obtained reflectivity of a PhC reflector with a Fabry—Pérot and direct 4-port measurement
method. Simulated values shown for comparison.

Number of Holes R (FP Method) R (Direct Method) R (Simulated)

5 0.871 0.902 0.932
7 0.932 0.968 0.972
9 0.944 0.990 0.991
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Figure 3. Spectrum of PhC reflector for various number of holes (N).

2.1.2. Polarization Control

Besides the amplitude and the phase of optical signals, the polarization state can
be exploited. On-chip polarization handling is essential for a state-of-the-art photonic
integration platform, and it enables new features, e.g., sensing and optical communication
formats. A polarization converter (PC) is the key component for enabling polarization
handling. PCs on the InP membrane platform were first introduced in 2012 [17]. This
device is based on mode hybridization, and the most recent design [18] is ultra-short: less
than 5 ym long. In comparison, converters based on directional couplers are typically at
least an order of magnitude longer. A schematic of the PC is shown in Figure 4.

Figure 4. Schematic of a polarization converter on the IMOS platform.

With this device, a polarization rotation device is added to the platform, and in a
Mach-Zehnder interferometer structure, a polarization splitter circuit can be realized.
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The performance parameters of the reported PCs demonstrate a polarization conversion
efficiency (PCE) of more than 99% and a simulated insertion loss of less than 0.6 dB.
Experimentally, aPE as high as 97% was achieved. The PC has recently been fully integrated
in the twin-guide active—passive platform [19], adding this functionality to the active—
passive platform, by reusing the n-doped InP layer for the top of the triangular sections.
Hereby, no changes to the epitaxial stack are required for this component.

2.1.3. Free-Space Interfacing

Optical antenna bridges are in-plane integrated photonics with free space. One major
application area for such functions is automobile light-based detection and ranging (Li-
DAR), which requires pencil-like beam emission with a high angular resolution [20]. The
key challenge here is the accurate control of light scattering to create a diffraction-limited
aperture. For shallow-etched grating antennas, normally a very small etch depth—in the
order of single nanometers—is required, bringing in process control complexities [21].
Here, this issue is addressed by using SiO, gratings on top of the InP waveguide, as seen
in Figure 5a. In this design, an etch-stop at the SiO, /InP interface is obtained, since the
fluorine-based etching recipe for SiO; has a strong selectivity over InP (30:1). In 2019, optical
antennas based on this design with millimeter-scale emission apertures were demonstrated
on the IMOS platform [22,23]. A metal mirror is additionally integrated, leveraging the
double-sided processing technique, to boost the upward emission efficiency.
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Figure 5. (a) Cross-sectional schematic of the grating antenna. (b) Measured far-field emission of the
grating antenna (black) and the Gaussian fitted profile (red).

For a 2 mm-long antenna, far-field measurement shows a 0.05° full-width half maxi-
mum (FWHM) beam width, as seen in Figure 5b. This is approaching the diffraction limit.
The emitted beam is steered by wavelength tuning, achieving a steering range of 13° and
over 250 total resolvable points. This is limited by the input tunable laser, and the grating
antenna presented here is inherently broadband [23]. In 2023, the integration of this grating
antenna with active components into a single process flow is further demonstrated [24,25],
showcasing the potential for full system-level realization on the IMOS platform.

2.2. Active Building Blocks

The InP material system for PICs provides a compelling solution for realizing active
components that can be seamlessly integrated with passives. Here, we review the recent
development on how each active function is implemented on the InP membrane platform.

2.2.1. Light Generation

The O- and C-bands are widely employed wavelengths for today’s PIC applications [26],
and they coincide with the optical fiber communication standards. InP, together with the
ternaries and quaternaries in the material system, offers efficient light generation with high
wavelength tunability in these bands. There is a long research history on conventional
InP-based semiconductor optical amplifiers (SOAs) and lasers [2]; however, it was not
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until recent years that those functions were miniaturized and realized on a membrane
platform [27,28].

The IMOS platform utilizes flexible epitaxy techniques to achieve active-passive
integration or active-modulator integration. For modulators, the number of quantum wells
can be as high as 25. The SOA epi-structure is a vertical p-i-n diode, grown on top of the
intrinsic InP waveguiding layer. The active waveguide is then fabricated in a double-sided
etching process, in which the sidewalls of the SOA are etched from different sides of the
membrane. A cross-sectional schematic of the final fabricated SOA is shown in Figure 6a.
At the outputs of the SOA, the lasing mode is vertically coupled into the fundamental mode
of the passive InP waveguide, which is positioned above the SOA layers after bonding.
Low-reflection coupling is ensured by using 2-stage tapers, as seen in Figure 6b. This
SOA structure is called a twin-guide [29], and it enables seamless integration of SOAs into
complex laser cavities, as well as into more sophisticated photonic circuits. By carefully
tuning the taper structure, the TE and TM modes can be simultaneously coupled. This is
explored in [30], where O-band SOAs with a polarization dependence of less than 1 dB
are realized.

(@)
p-InGaAs contact layer

4— SCH
4— Quantum wells

n contact

p contact

_ k< n-InP

Silicon carrier wafer il P

il _ passive InP waveguide

Si0;

(©)

Kl;assi\-‘e waveguide

Figure 6. Cross-section of the laser/SOA after bonding and schematic of the active—passive interface.
(a,b) Twin-guide IMOS [29]; (c) IMOS with butt-joint integration [31].

To further improve the flexibility and reduce the overhead in active-passive coupling,
a butt-joint interface has been developed recently [31]. In this case, the active waveguide
is directly connected to the passive InGaAsP waveguide, while the claddings are tapered
for reflection suppression, as seen in Figure 6c. Through this design, the coupling length
has been reduced from 50 pm to 25 pm, allowing for the realization of more compact
lasers and larger-scale active—passive integration. Distributed feedback (DFB) lasers can
be realized on IMOS utilizing the native SOA. Figure 7a shows a schematic image of
such a DFB laser realized with the twin-guide scheme. The DFB gratings are shallowly
etched into the passive InP waveguide, as seen in the SEM image in Figure 7b. Figure 7c
shows the LIV curves of a 400 pm-long DFB laser with a A /4 shift in the center. Output
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optical power levels of up to 1 mW in the fiber are demonstrated. Considering the 3-5 dB
coupling loss, the facet power is in the order of 2-3 mW. The threshold current is around
20 mA. A high side-mode suppression ratio of over 45 dB is also obtained, as seen in
Figure 7d. Kinks observed in the LI curve may be attributed to mode hopping due to
reflections from grating couplers, taper tips, or due to a change in the refractive index
inside the cavity because of heating and carrier injection. The shortest DFB lasers operating
in continuous-wave (CW) have an active region length of 100 um [31] and a threshold
current as low as 6 mA. Direct modulation experiments have been performed, as seen
in Figure 7e. The short 100 um-long DFB laser shows a bandwidth up to 21 GHz [31],
making them useful for optical communications. Tunable photon—photon resonance (PPR)
is achieved by integrating on-chip phase shifters with the DFB lasers [32]. These devices
showed a tuning of the PPR frequency of 5 GHz, significantly relieving the stringent phase-
matching requirement for high-speed operation. These lasers were used for back-to-back

data transmission experiments of non-return-to-zero (NRZ) signals, demonstrating a data
rate of 28 Gbit/s.
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Figure 7. (a) Schematic of a DFB laser; (b) SEM image featuring the A/4 shift [33]. (¢,d) LIV curve
and optical spectrum at 55 mA of a 400 um long and 1 pm wide DFB laser. (e) Small signal response
measured for DFB lasers of different lengths.

Apart from DFB lasers, a variety of lasers can also be realized by combining the native
SOA with passive circuits on the same membrane. Multi-mode lasers with strong DBR
gratings and photonic crystal reflectors (PhC) were demonstrated (Figure 8). Reflectivity up
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to 99% with a device around 10 um long is demonstrated [16]. The availability of different
reflectors and cavity types along with design flexibility makes the IMOS platform promising
for laser integration and complex laser designs, which will be further demonstrated in
Section 4.

_ coupler to o

N contact

Figure 8. The realized photonic crystal DBR laser with SEM images of the photonic crystal reflectors.
The SOA length and width are 600 um and 1.7 pm, respectively [33].

2.2.2. Light Detection

Uni-traveling carrier photodiodes (UTC-PDs) have been developed on the IMOS
platform for ultra-high-speed light detection. Not only is this an important building block
for optical communications, it can also enable applications in microsecond and terahertz
technologies [34].

We have realized a state-of-the-art UTC-PD that is compatible with SOAs and passives
within the same process flow. The IMOS UTC-PD uses the 300 nm InP waveguide layer
as an electron drift layer, which is sandwiched between a p-doped InGaAs absorber and
an n-doped InP collection layer. The p-InGaAs absorber, located below the waveguide,
consists of a graded p-doping section and an undoped region, which together also serve as
a p-contact. The n-InP collection layer on top of the waveguide is 80 nm thick and functions
as the n-contact of the device. The standard 300 nm passive IMOS waveguide layer is
sufficiently thin to enable transit time bandwidths of approximately 96 GHz at electron
saturation velocity. A schematic of the UTC-PD can be seen in Figure 9a.

The doping profile of the absorber creates an intrinsic electric field that boosts electrons
to an overshoot velocity of 3 x 107 cm/s [35], potentially increasing transit time bandwidths
up to 148 GHz. Combined with a miniaturized absorption volume that results in high RC
bandwidths, bandwidths beyond 110 GHz have been measured, as shown in Figure 9b [36].
The curves demonstrate a clear bias dependence, attributed to the lack of band-smoothing
layers. Including these layers has proven to result in high performance even at zero bias [37].
The direct waveguide integration results in the immediate coupling of the optical field into
the absorption region. Combined with high mode confinement, this enables devices as
small as 10 um? while still achieving a responsivity of 0.6 A/W. The butt-joint design of
the IMOS UTC-PD, combined with the flexible two-sided processing scheme, results in
inherent compatibility with other photonic and electric building blocks. Figure 9c shows
a UTC-PD integrated with an optical waveguide, a grating coupler, and an RF choke.
Furthermore, by flipping the UTC-PD epilayers, a single-growth epitaxial layer stack can
be realized, hosting UTC-PDs, SOAs, and high-efficiency thermo-optic phase shifters. All
three devices share the same InP n-contact and undoped InP waveguide layer, without
requiring design alterations to the SOA, phase shifter, and passive building blocks. This
results in a single, unified process flow without the need for regrowth, reducing fabrication
complexity. Molecular beam epitaxy, using beryllium as the p-dopant, is employed to
avoid dopant diffusion during growth, a common issue with zinc dopants in MOCVD.
The combination of these building blocks enables novel integrated systems, such as fully
integrated CW-THz spectrometers, and allows for complex optical transceiver designs,
including on-chip optical amplification or on-chip antennas.
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Figure 9. (a) Three-dimensional schematic depiction of the UTC-PD structure. (b) Opto-electric
bandwidth of a 10 pm? UTC-PD with a 3 dB bandwidth beyond 110 GHz at —4 V. (c) Microscope
image of a UTC-PD integrated with an optical waveguide and an RF choke.

Figure 10 shows a comparison of the IMOS UTC-PD with the state-of-the-art high-
performance photodiodes (PDs) integrated into photonic integrated platforms. These
include Si-Ge-based PDs integrated on passive silicon-on-insulator platforms [38—41] and
I1I-V-based PDs on passive-only InP platforms [42,43]. Additionally, detectors on SOA-
compatible III-V platforms, such as the IMOS platform [35,36,44], and transfer-printed
UTC-PDs on a SiNx platform [37], have been demonstrated. Furthermore, the combi-
nation of SOAs and high-speed PDs on a single platform has been shown to allow for
responsivities beyond the passive fundamental limit due to signal amplification by the
SOA [45-48]. The realized UTC-PD integrated on IMOS proves to be competitive in terms
of bandwidth-responsivity performance, particularly compared to other SOA-compatible
implementations. The integration with SOAs can enhance responsivity values by a fac-
tor of 10, assuming an optical gain of 10 dB, as demonstrated with the dual-pass SOA
structure [49]. Combined with an estimated maximum bandwidth of around 120 GHz [36],
the predicted performance of the IMOS UTC-PD + SOA is also shown in Figure 10 and is
expected to be competitive with other high-speed PD + SOA platforms.
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Figure 10. Bandwidth responsivity numbers reported on platform-integrated PDs, including per-
formance prediction in the case of IMOS UTC-PD + SOA integration. All measurements have been

carried out at C-band wavelengths.

2.2.3. Phase Control
Low-Energy Thermo-Optic Tuning

Phase control is essential for any photonic platform to realize active tuning function-
alities. Integrated phase tuning on the IMOS platform is available via the thermo-optic
(TO) effect, which is reliable when telecom-grade modulation speed is not required. Fast
electro-optic (EO) phase modulation on IMOS can be realized using EO polymers that will
be introduced later in Sections 2 and 3. Two types of TO phase shifters (TOPSs) are available
on the IMOS platform: a conventional metal-strip-based design [50] and an ultra-compact
and efficient microheater exploiting direct heating of the waveguide [51]. Both designs
are directly compatible with the platform and can be unified under the same process flow.
The cross-sections of both designs are shown in Figure 11a and Figure 11b, respectively.
The cross-section of the metal-strip-based design shown in Figure 11a is similar to what
is commonly used on the silicon-on-insulator (SOI) platform [52,53]. In this design, the
heat generated in the metal strip needs to go through the pm-thick top cladding, i.e., the
polyimide (PI) planarization layer, before reaching the optical waveguide. This imposes
challenges on the power efficiency, tuning speed, and footprint.

(a) Metal (b)
MMI Crossing
PI Metal ‘ \
- BCB
Pl
f

BCB

N\ Q1.2520 nm
i-InP 300 nm

Figure 11. Design of phase shifters on the IMOS platform (not-to-scale). (a): Cross-section of the
metal-strip-based TOPS. (b): 3D illustration of the microheater with direct waveguide heating.

Such issues can be tackled by directly heating the waveguide using an epitaxially-
grown n-doped layer on top of the i-InP waveguiding layer [51], as seen in Figure 11b.
The same n-InP layer is shared with the n-contact for PCs and SOAs, and therefore they
can be seamlessly integrated, allowing for high versatility in circuit design. To reduce the
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optical absorption from the close placement of accessing metal tracks to the optical mode,
a 1 x 1 multimode interference (MMI) crossing is used, so the optical path and electrical
conduction do not interfere with each other. This design offers physically minimized
heat capacity and therefore a high-power efficiency of 2.2 mW /7 for the wavelength of
1550 nm and a small thermal time constant of 13 ps, as seen in Figure 12a and Figure 12b,
respectively. The dimension of the n-InP conduction layer has been carefully designed
to allow for low-voltage (1-2 V) driving, compatible with CMOS electronics. Since heat
is centralized in the MMI crossing compared to the metal-strip-based design, thermal
crosstalk is also reduced. At a 13 um pitch, we measure 3.6% power leakage to the nearby
channel. This low amount of thermal crosstalk offers high versatility in circuit design, as
the design rules can be much more relaxed. For example, this thermal crosstalk level has a
negligible impact on the performance of optical switches [54] or optical phased arrays [55].

(a) Aom) — (b)
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Figure 12. Performance of the microheater with direct waveguide heating. (a): Optical transmission
as a function of heating power measured at different wavelengths. (b): Transient response of the
microheater when heating power jumps from 0 to P;;.

High-Speed Modulation

The IMOS platform also opens opportunities for novel phase modulators with reduced
footprints. Compared to substrate-based platforms, optical modes on the membrane
platform are more accessible for manipulation, due to the simple strip waveguide cross-
section, allowing for the realization of slot and plasmonic waveguides. These could offer
optical confinement enhancement and potentially stronger light-matter interaction. In
2020, an InP slot-waveguide-based phase modulator on the IMOS platform was first
demonstrated [56]. Organic electro-optic (OEO) polymer filling the slot waveguide is
leveraged to achieve field-induced refractive index change. The device cross-section with
design parameters is shown in Figure 13a. With a 100 nm-wide slot, the calculated optical
confinement in the OEO polymer approaches 30%. With a propagation loss of 150 dB/cm
in the slot waveguide section, the loss of the 500 pm-long slot waveguide modulator is
around 7.5 dB. Here, a polymer mainly optimized for thermal stability is used, whose bulk
r33 strength (a measure of the electro-optic activity) is 110 pm/V [57]. In the first attempt,
a modulation efficiency, as quantified by the half-wave-voltage-length product VL of
3.9 Vmm is measured. The VL can be further reduced to 1 Vmm levels if high-efficiency
polymers are utilized [58]. The 3 dB electro-optic modulation bandwidth is characterized to
be 37 GHz, as plotted in Figure 13b. This performance is comparable to the state-of-the-art
realizations with Si slot waveguides [59]. With further geometric and doping optimizations,
a beyond 100 GHz bandwidth is predicted [60].

Plasmonic-organic-hybrid (POH) modulators could potentially allow for smaller de-
vices and potentially higher bandwidth [61,62]. This is through further confinement en-
hancement with a plasmonic slot waveguide and smaller RC time reduction from the
high-conductivity metals as compared to doped semiconductors. The same OEO polymer
can be used in the metal slot waveguide to introduce index change. A 10 pm-long POH
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modulator was recently realized on the IMOS platform [57]. With a gold slot waveguide
of 200 nm slot width and 300 nm metal thickness, a calculated 72% optical confinement is
obtained. The optical loss of the plasmonic modulator is around 5 dB. In the experiment,
we measured a VL of 0.44 Vmm, an almost 10-fold improvement compared to the InP
slot waveguide modulator with the same OEO polymer. This is a combined result of the
higher confinement and effective index of the plasmonic mode. Preliminary high-speed
characterization showed a 3 dB bandwidth of more than 25 GHz, and this is currently
limited by the measurement technique [57].
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Figure 13. (a): Cross-section of the InP slot waveguide modulator. (b): Measured high-speed
electro-optic response of the slot waveguide modulator.

3. Membrane Integration Technology

The IMOS technology provides a single active—passive photonic layer that can be
versatilely transferred to different substrates, while all photonic components are integrated
in a continuous InP membrane. This is in contrast to the conventional die or wafer bonding
approach used in InP-5i heterogeneous integration, where only the active functions are
realized in InP, and passives are fabricated in Si [63,64]. The unique advantage of the IMOS
approach is the decoupling of the complete photonic circuitry from the substrate, allowing
for versatile wafer-scale assembly with various technologies. Furthermore, integrating
all functions in InP also enables advanced active—passive integration schemes such as
butt-joint regrowth [65].

Recently, the co-integration of a monolithic InP photonic layer with SiGe BiICMOS elec-
tronics has been realized via this approach [66]. Compared to conventional wire-bonding-
based electronic packaging, the link length is reduced from centimeters to micrometers, and
the interconnect footprint can be shrunk by more than one order of magnitude. Figure 14a
shows the cross-sectional structure of such an E-O integration concept. A thick BCB bond-
ing layer is applied here to tolerate up to 9 nm surface topology variations on the electronics
wafer. To reduce the performance degradation in the electronic integrated circuit (EIC)
due to postprocessing, low-temperature (240 °C) bonding is performed. A 4 pm pre-bond
wafer-to-wafer alignment accuracy is achieved via an optical alignment process. However,
the post-bonding wafer-to-wafer shift was 89 um due to residual strain release during the
bonding process [67,68]. The through-polymer vias (TPVs) are fabricated using a reflow-
and-etch process to realize sloped sidewalls [51,66]. Finally, the metal interconnection
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is fabricated with evaporation and electroplating. Figure 14b shows the final fabricated
dual-channel transmitter which contains two InP-based externally modulated lasers (EML)
integrated with their BICMOS drivers [66,69]. Characterization of the transmission lines
confirmed RF links with 3 dB bandwidth exceeding 67 GHz between the PIC and EIC,
validating the integration concept.

(b)

L
EEEEEEEEE S

Figure 14. (a) Cross-sectional schematic showing the integration of PIC and EIC. (b) Microscope
image of an electronic-photonic integrated InP EML transmitter [66].

To improve the alignment accuracy for wafer-to-wafer integration, a novel process
with BCB ‘anchors” was developed in 2023. This process is illustrated in Figure 15a—c.
Firstly, BCB anchors are patterned and hard-baked on the source wafer, while the target
wafer is coated with soft-baked BCB allowing for it to reflow. Then, the two wafers are
brought together under a vacuum. In this step, the hard-baked anchors penetrate through
the liquid BCB layer and reach the target wafer, providing a solid backbone locking the two
wafers in place and improving thickness uniformity. Finally, the entire stack is hard baked
for full BCB crosslinking. A void-free and uniform interface between the BCB anchors
and bonding layer BCB is achieved, as shown in Figure 15d [70]. With this technique, the
post-bonding alignment accuracy is improved by one order of magnitude, entering the
below-10 pm regime. The thickness uniformity of the bonding layer is increased by a factor
of 2-3 even with thick BCB layers in the range of 8-16 um. The additional alignment
error attributed to membrane stretching due to the mismatch of thermal expansion coef-
ficients of the wafers is further understood and quantified with e-beam lithography [71].
The conclusion is that these distortions can be predicted and pre-compensated to achieve
even higher post-bonding accuracy. Combining BCB anchors and membrane stretching
compensation, high topology tolerance, uniformity, and alignment accuracy can be simulta-
neously achieved, potentially allowing for the realization of ultra-dense micro-vias [72] for
large-scale photonic—electronic integration.

Wafer #1

et -

Wafer #1 Wafer #1

Figure 15. Wafer-to-wafer bonding with anchors. (a) pre-bonding. (b) BCB reflow and bond-
ing. (c) after BCB curing. (d) cross-sectional SEM image of the post-bonding interface with BCB
anchors [67].

The thick BCB layer provides good thermal insulation between different building
blocks. Heat dissipation can be realized where needed, using thermal shunts to the sub-
strates [30]. In the demonstration conducted in 2023, a 4 um-thick electroplated gold is used
as the heat conduction material to the substrate, which acts as the heatsink. This approach
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effectively decreases the SOA core temperature by at least 23 °C. This heat-sinking scheme
is also compatible with state-of-the-art packaging solutions [73].

4. Integrated Sub-Circuits

A wide range of circuits is enabled by our generic technology. Highlights are discussed
in this chapter.

4.1. Mode-Division Multiplexed Circuits for Efficiency Boost

Mode-division multiplexing (MDM) is an effort to explore light’s additional degree
of freedom—the mode space—and it has been demonstrated in passive circuits [74,75]
and modulators [76-78]. In modulators, the light-matter interaction can be enhanced
several times by MDM, which reuses the same functional section multiple times, resulting
in many-fold efficiency enhancement [78]. In 2023, for the first time, this concept was
applied to SOAs, one of the most power-hungry components in PICs [49]. In Ref. [49], a
resonance-free double-pass (DP) SOA is reported with the active—passive IMOS technology,
whose circuit schematic is shown in Figure 16a. In this DP-SOA, the gain section is a
bus waveguide supporting both the TEy and TE; mode, while optical interfacing with
fibers is realized with the fundamental mode. Starting from the input grating coupler,
the light first travels through the gain section in the TEy mode, is converted into the TE;
mode, is then multiplexed into the bus gain section and amplified again, and finally is
demultiplexed/converted back into the TEy mode. Therefore, the optical gain becomes the
total gain in two passes minus the excess loss from the (de)multiplexers and active—passive
coupling. The measured optical gain for both the DP case and standalone TEj and TE;
gain are plotted in Figure 16b for comparison. As can be seen, the DP gain matches well
with the total gain of TEy and TE;, confirming the multiplexed gain section. As a result, a
maximum 87% gain enhancement and 300% wall-plug efficiency (WPE) enhancement are
obtained without needing more electrical input power. The highest WPE achieved is over
10% for a 5 dBm on-chip optical input power.

SOA
(a) MDM (de)multiplexer
n
TE, 7 TEg TE, TE,
(I
( TE
\ (g, 1 TE,
FGC TE
0
A/P coupling
® I
k) L - 5
£ .
2 5 . DP TEo g
= TEO+TE1 . TE1
-10{ "

1520 1540 1560 1580 1600
Wavelength (nm)

Figure 16. Efficiency-boosted DP-SOA on the InP membrane platform [49]. (a) Top-view schematics
of the DP-SOA. (b) Enhanced optical gain of the DP-SOA as compared to single-pass TEy, single-pass
TE,, and the total of single-pass TEy and TE;.

4.2. Polarization-Independent Quantum Well SOA

An application can require equal gain for TE and TM modes from a semiconductor optical
amplifier (SOA). On most platforms, the layer stack is optimized to provide optimal gain for
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the TE mode, hence the TM mode experiences significantly lower gain. A common figure
to indicate the difference between gain for TE and TM modes is the polarization-dependent
gain (PDG). To minimize the PDG, several well-known methods are available, e.g., epitaxial
engineering of the gain medium [79,80] or placing a polarization rotator between two half-
length SOAs [81,82]. Changing the active core has a high impact on the photonic platform,
whereas the integration of a polarization rotator typically has a lower impact. However, using
bulk material instead of QWs does not require a polarization rotator. Depending on the
application, this can be preferred over the QW core with polarization rotator.

A polarization-independent SOA was demonstrated for the first time in [19] using the
concept described above—placing a polarization rotator between two half-length SOAs,
as shown schematically in Figure 17. The polarization rotator described in Section 2 is
used in this circuit. The resulting PDG has been measured for wavelengths in the range of
1570-1600 nm, as shown in Figure 18.

v

— SOAL/2 PC

v

SOCAL2 |—b>r

Figure 17. Schematic of the polarization-independent SOA. L is the length of the SOA. If the original
polarization state is required, an extra PC can be added before the first SOA section or after the second
SOA section.
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Figure 18. Polarization-dependent gain for injection currents up to 50 mA per SOA section and
wavelengths between 1570 nm and 1600 nm. (a) The PDG of a standard SOA. (b) The PDG for a
polarization-independent semiconductor optical amplifier (PI-SOA). Note that the measurements for
1590 nm and 1600 nm suffer from high losses from the surface grating couplers.

The PDG is improved significantly from up to 35 dB for a standard SOA to below 3 dB
for the full range of injection currents at 1570 nm and 1580 nm.

4.3. Dual-Polarization Light Source

An integrated light source that can provide both TE and TM light simultaneously
can be useful for communication and sensing applications. Various methods can be used
to achieve this, e.g., epitaxial engineering to achieve equal gain for TE and TM [80,83,84]
or rotating the polarization outside of the laser cavity. On the InP membrane platform,
such a light source has been demonstrated utilizing a Fabry—Pérot laser and a polarization
converter (PC) [85]. With this combination, a light source generating both TE and TM
polarizations is created by rotating the output on one side of the laser with a PC. The
schematic of this light source is shown in Figure 19, and a SEM image is shown in Figure 20.
The output of both polarizations is measured on both sides.
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DBR laser
SOA

Figure 19. Schematic of a dual-polarization light source. Components include photonic crystal
reflectors (PhCs), a semiconductor optical amplifier (SOA), a polarization converter (PC), and TE and
TM output couplers.

— 10um NanoLab 4/17/2021
2.00kV LEI SEM WD 17.4mm 15:19:45

Figure 20. SEM image of the fabricated circuit of a dual-polarization light source. Shown are the
polarization converter (a), active-passive taper (b), and SOA (c).

Although the optical power measured from this light source is low at around —20 dBm,
the power balance between the two modes is promising, with less than a 2 dB difference in
power, measured in the fiber for each of the outputs. These values are not compensated for
any excess loss in the couplers or waveguides and can be further improved by lowering
the active—passive taper loss.

4.4. Compact Tunable Laser

The seamless integration of active and passive components in the same nanophotonic
InP membrane enables complex active—passive circuits with miniaturized footprints. In
2023, a widely tunable laser was realized on the IMOS platform under a footprint of
0.83 mm? [25], four times smaller than a similar circuit realized on a substrate-based
platform [86]. This footprint is further reduced by optimizing the cavity design and mode
selection mechanism [87], resulting in a footprint of only 0.495 mm?. Microscope images of
the fabricated tunable lasers are shown in Figure 21a,c. Laser (a) comprises three tunable
MZIs, one phase tuning section, and an SOA. Each stage of the cascaded MZIs has a
different arm length difference. All the components are connected to form a ring structure.
Wavelength selection in the ring is achieved by aligning the peak transmission of each MZI
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and fine-tuning the phase section. In the experiment, a 50 nm tuning range is achieved,
as seen in Figure 21b. This is currently limited by the gain spectrum, while the tuning
mechanism itself supports a range of over 100 nm [88]. The peak output power collected in
a single-mode fiber is —10 dBm. When offsetting the fiber grating coupler (FGC) coupling
loss, this means 0 dBm on-chip output power. Similarly, laser (b) integrates an SOA gain
section and a parallel MZI wavelength selection section. The parallel configuration allows
for further footprint reduction. As seen in Figure 21c, the parallel MZI is made of four
arms each connected to a reflector. The wavelength is selected when the reflected waves
from all four arms are in phase, as determined by the thermos-optic phase shifter on each
arm. A 40 nm tuning range is demonstrated with this design, but this is limited by the
gain spectrum. The demonstration of such compact widely tunable lasers could contribute
to the further realization of complex PIC-based systems such as integrated optical beam
steerers or optical coherence tomography (OCT) light sources.
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Figure 21. (a): Microscope image of a fabricated tunable laser on IMOS. (b): Measured spectra in
fiber. The coupling loss is around 10 dB. (c): Microscope image of a fabricated tunable laser on IMOS.
(d): Measured spectra in fiber. The coupling loss is around 10 dB.

5. Novel Material Integration

In this section we discuss newly enabled functionality by integrating novel materials
on the IMOS platform. The materials are phase-change materials, MOKE materials, and
metal garnets.

5.1. Phase Change Material: SbyS3

Phase change materials are a promising addition to PICs since they open the way for
reprogrammable optical chips [89]. The optical devices this integration yields can serve
a similar role as programmable gate arrays in electronics, enabling complex logic circuits
and neural networks fully integrated on a chip [90]. Such devices have been demonstrated,
with applications in optical networks [91] and neural networks [92]. Sb,S3 has the largest
band gap among all phase change materials currently being explored for programming
photonic components [93]. The material is transparent for near-infrared wavelengths, can
be switched thousands of times, and multiple optical states can be achieved by partial
amorphization or growth crystallization tuning [93,94]. A SbyS3-tuned Mach-Zehnder
interferometer (MZI) is demonstrated on an InP membrane [95]. Optical switching behavior
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is realized by switching between amorphous and crystalline states of the Sb,S3, which have
refractive indices of 2.85 and 3.20 for a wavelength of 1550 nm, respectively. By placing
the material directly on top of a membrane waveguide, the propagation constant of the
mode can be changed. A microscope image of the device is shown in Figure 22, and the
performance of the device is shown in Figure 23.

Figure 22. Microscope image of the MZI device [95].
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Figure 23. Transmission spectrum for a reconfigurable MZI. (a) Simulated spectrum. (b) Measured

spectrum before and after crystallization with 7.5 mW, 50 ms laser pulses with a wavelength of
658 nm [95].

Laser crystallization of the SbyS3 resulted in 18 dB attenuation at a wavelength of
1540 nm. Re-amorphization was not possible due to thermal damaged to the BCB layer.
This can, in the future, be prevented by adding a thermal barrier layer, e.g., MoS;, between
the Sb,53 layer and the InP waveguide.

5.2. Co/Pt Magneto-Optical Kerr Effect (MOKE) Material

All-optical memory has been a topic in research for some time now [96,97]. Currently,
photonic memory is vastly outperformed by the electronic memory. However, magnetic
memory materials interact magneto-optically, which allows for optical memory functional-
ity in photonic integrated circuits. On the InP membrane platform, a magneto-photonic
device with a built-in, nano-scale magnetic memory bit applied to a standard optical waveg-
uide is demonstrated [98]. A ferromagnetic, multilayered film (12 nm thickness) containing
Co/Pt layers is applied as a top cladding, with perpendicular magnetic anisotropy [99].
Integration with a polarization converter can enlarge the sensitivity towards the relatively
small polarization rotation introduced by the MO cladding. The device and intended
operation of the device is shown in Figure 24.
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Figure 24. (a) Schematic of the magnetic memory. (b,c) Poincaré sphere representation of the
device [98].

The measured device shows hysteresis behavior when the magnetic field applied
to the cladding is flipped. The resulting relative transmission, which is the measured
difference when the magnetic field is flipped, is shown in Figure 25.
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Figure 25. The relative transmission of the device is shown for various lengths of triangular and rectan-
gular sections. A hysteresis effect is observed when swapping from positive to negative field strengths.

Devices with up to 1% optical transmission change are demonstrated with this princi-
ple, paving the way for photonic memory.

5.3. Yttrium Iron Garnet

Non-reciprocal optical components, such as optical isolators and circulators, are
essential in optical communication systems. However, their integration with lasers and
other optical components at the module level significantly increases packaging costs.
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Therefore, the challenge [100] of integration on the chip level is one that is desirable to
overcome. Most integrated optical isolators and circulators rely on non-reciprocal phase
shift (NRPS) [101]; however, non-reciprocal mode conversion (NRMC) has been given
more attention, since it can function independently of the polarization of the light [102].
A non-reciprocal device was demonstrated on the InP membrane platform by connecting
PCs with a MZI structure and adhesive bonding of a cerium-doped yttrium iron garnet
(Ce:YIG) layer on the waveguide [103]. A schematic of the device is shown in Figure 26,
the port numbers are indicated with numbers one to four for later reference.

Figure 26. Schematic of the integrated optical circulator [103].

The Ce:YIG is magnetized with an external magnet during characterization, with a
magnetic field strength of 50 Oe, measured with a gauss-meter, which is strong enough
to saturate the Ce:YIG. The transmission spectra are measured between port 2 and port
3 and vice versa, as shown in Figure 27. An isolation of 24.1 dB and 34.0 dB is measured
for TE-mode and TM-mode light, respectively. This device can be used as a circulator, as
shown by the spectra in Figure 28.
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Figure 27. Transmission spectra between port 2 and port 3 for (a) TE-mode light and (b) TM-mode light.
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Figure 28. Transmission spectra for different circulating directions for TE-mode input in (a) the
clockwise direction and (b) the counterclockwise direction. And for TM mode input in (c) the
clockwise direction and (d) the counterclockwise direction.
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6. Conclusions

With the InP material system promising a complete component portfolio, various
optical functions have been realized on the IMOS platform, spanning light generation,
fast optical modulation and detection, polarization conversion, and mode manipulation.
Several complex circuit demonstrations have been performed based on these basic building
blocks. Example circuits include widely tunable lasers, mode-division multiplexed am-
plifiers, and dual-polarization lasers, which are conveniently realized through the native
InP active—passive interface. Incorporating exotic materials further extends the platform’s
capability, unlocking new opportunities such as optical non-reciprocity and magneto-optic
functions. A summary of the key performance metrics for the building blocks presented in
this paper is shown in Table 2.

Table 2. Summary of key performance metrics for building blocks and integrated sub-circuits
discussed in this paper.

Building Block/Sub-Circuit Performance Metric Performance
PhC reflector [16] Reflectivity [%] 99.0%
Polarization converter [18] Conversion efficiency 97%
Optical antenna [23] Beam width 0.05° FWHM
Optical antenna [23] Steering angle >13°
Directly modulated laser [32] Modulation bandwidth 21 GHz
UTC PD [36] Bandwidth >110 GHz
TO phase shifter [50] Power efficiency 22mW/mt
TO phase shifter [50] Time constant 13 ps
EO polymer modulator [56] VxL 3.9 Vmm
EO polymer modulator [56] = Modulation bandwidth 37 GHz
Double-pass SOA [49] WPE enhancement 300% w.r.t. single-pass SOA
PI-SOA [19] PDG <3dB
Tuneable membrane laser [87] Tuning range 50 nm
Optical isolator [103] Isolation 24.1 dB (TE), 34.0 dB (TM)

State-of-the-art Si- and SiN-based platforms can also produce active—passive circuits
by heterogeneous integration with InP or GaAs and electro-optic materials like LiNbO3
and BTO to further enhance the modulation speed. While the performances of some
IMOS building blocks are still catching up with the best demonstrations on these Si-based
platforms, the IMOS approach offers a versatile one-stop PIC solution that allows for easy
interfacing with other technologies via wafer-level assembly. Performance scaling of active
components is now explored through advanced heat management by thermal shunting
and RF design optimizations. Double-sided processing on IMOS opens up new avenues to
minimize the access resistance, as demonstrated with the UTC-PD of a beyond-110 GHz
bandwidth. Active—passive integration on the same membrane also provides maximum
design flexibility in component placement within the PIC. This is in contrast to InP-Si
heterogeneous circuits realized by die-bonding, where inter-die mechanical conflicts have
to be considered.

Advanced tooling and volume scaling are being incorporated into the IMOS tech-
nology. Wafer size expansion to 100 mm and industrial-grade ArF DUV lithography are
now accelerating fast wafer iteration and yield learning. Such development is now further
pushing the commercialization of IMOS, with open-access initiatives supported by PDKs
and MPW shuttles offered through JePPIX.
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