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Heterogeneously Integrated
InP/Silicon Photonics

Fabricating fully functional transceivers.

SILICON (SI) PHOTONICS RESEARCH
and development started more than 30
years ago and has intensified in the last
15 years as levels of device functionality,
photonic integration, and commercializa-
tion have all increased [1]. The key drivers
for using Si in photonics arise from the
quality of wafers and the superior process-
ing capabilities developed and funded by
the microelectronics industry. It has the
promise to revolutionize the photonics
industry in the same way that CMOS

design and processing revolutionized
the microelectronics industry, by driving
down photonic chip cost while enabling
higher levels of photonic integration and
functionality. Commercialization, so far,
has focused on optical communication
(Telecom [2] and data center [3]) and bio-
sensing [4], with a wealth of future appli-
cation areas, including high-performance
computing [5], automotive (lidar) [6],
optical switches [7], and artificial intel-
ligence [8].

Si has many advantages as an optical
material. It has a high index contrast with
its stable oxide, which leads to smaller
waveguides and denser optical chips. It is
transparent for wavelengths greater than
~1.1 pm, allowing it to be used in the
O- and C-band communication windows.
Also, it can take advantage of mature
CMOS processing on large wafers to drive
down costs while allowing for higher
levels of integration. The Si-on-insula-
tor (SOI) platform has demonstrated an
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FIGURE 1 The number of components integrated on photonic chips for different integration

platforms. PICs: photonic-integrated chips.

almost complete suite of photonic devices,
but it lacks one key element, an efficient
electrically pumped laser. The reason is
that Si is an indirect band gap material
and, therefore, is not naturally capable of
efficient radiative recombination. There
has been much active research in devel-
oping Si-based light sources using vari-
ous approaches, including utilizing the
Raman effect (optical pumping), rare-
carth doping (optical pumping), and ger-
manium-engineered structures (extremely
high current densities), but none of these
approaches address commercial needs [9].

An alternative solution to Si’s light
emission problem is to combine com-
pound semiconductor material, which
is typically used to manufacture semi-
conductor lasers, with the SOI platform.
To leverage the benefits of Si photon-
ics infrastructure, such a process should
allow the efficient coupling of the laser
output to the Si waveguides and be scal-
able to large wafer sizes with no precise
alignment steps. Bonding of optically
[10] and electrically [11] pumped indium
phosphide (InP)-based lasers to Si sub-
strates was demonstrated in 2001 and
20006, respectively, using an Si dioxide
(SiO2) layer and confining the optical
mode solely in the III/V material. This
approach enabled integration of lasers
onto Si but did not allow the coupling of
the laser output to an Si waveguide.

An alternative solution with optical
coupling to Si waveguides was proposed
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in 2004 using spin-on glass or benzo-
cyclobutene bonding layers, and it had
the challenges of control and sensitivi-
ty to the thickness of the spin-on layer
being used for bonding [12]. Using plas-
ma-assisted bonding of InP material to
SOI waveguides was first demonstrated
in 2006, which overcame these issues to
realize an electrically pumped laser that
was optically coupled to the underlying
Si waveguide [13]. This heterogeneous
integration approach using plasma-assist-
ed direct bonding of III/V to Si, as pio-
neered by the University of California,
Santa Barbara and Intel, has gained sig-
nificant traction with many demonstrations
following the initial laser result, including
amplifiers, single-frequency lasers, modula-
tors, and many other components [14],
[15]. Similar integration approaches have
been pursued through a variety of bonding
methods by industry, research institutions,
and academia leading to a wealth of activ-
ity in this area as reviewed in [16]. As an
example, Figure 1 shows the rapid increase
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FIGURE 2 The schematic of the heteroge-
neous platform commercialized by Intel.

in the number of integrated components
on a heterogeneous Si-II1/V chip com-
pared to monolithic Si, or InP approaches.

We review heterogeneous integration
as a means to fabricate fully functional
Si photonic transmitters and results from
Intel’s commercial 300-mm wafer fabri-
cation process. It demonstrates the com-
mercialization of this technology, which
is in high-volume manufacturing and
shipping a million or more units/year
for data center communications. This
article is split into three sections, which
will review heterogeneous integration,
followed by a review of the Si modula-
tor, laser, and transmitter results. Finally,
future application areas are discussed,
and conclusions are made.

HETEROGENEOUS INTEGRATION

As discussed, one of the key techni-
cal gaps for Si photonics is the lack of a
monolithically integrable light source.
In lieu of a monolithic solution, there
is a range of solutions that have been
commercialized to combine compound
semiconductor lasers with a Si photonic
chip. One approach is to package a semi-
conductor laser separately from the Si
photonic chip, using an optical fiber
to couple light from the laser to the Si
photonic chip [2]. This approach has the
advantage of a better thermal environ-
ment for the laser, especially for applica-
tions requiring high power dissipation
on the Si chip, but at the expense of
package size, complexity, and coupling
loss. A second approach is to butt couple
the laser directly to the Si chip or via a
more complicated optical subassembly
that is copackaged with the Si photonic
chip [17], [18
footprint photonic devices with lower

|. This allows for smaller-

coupling loss but still involves substantial
back-end assembly complexity and cost.
Evanescent coupling to integrate
molecular bonded InP to SOI waveguides
was first proposed by Park et al. [19] and
integrates I111/V compound semiconductor
material onto an Si photonic chip using
plasma-assisted bonding [20] (Figure 2).
Once bonded the IIT/V material can be pro-
cessed into lasers, or other active compo-
nents, and the evanescent coupling allows for
an intimate connection between the II1/V
components and the Si chip. In the same



process, multiple lasers can be fabricated
from a single bond step. This integration
at the component level reduces coupling
loss and allows the testing of all key trans-
mitter functions at the wafer level, reduc-
ing packaging complexity and cost and
allowing for improved module assembly as
well as higher levels of integration.

The heart of heterogeneous integra-
tion is the plasma-assisted bonding of an
InP die to an SOI wafer. There are no
critical alignment steps during this process
because it is done using an unpatterned
InP die, and the InP die to SOI wafer
process is scalable to different Si wafer sizes
independent of the source InP material. A
single InP die can be bonded over multiple
SOI waveguides to create multiple lasers
from a single bond, and different InP
designs can be bonded on different areas
of the Si photonic chip to obtain differ-
ent functionality in various parts of the Si
photonic chip. Intel has used this approach
to commercialize the first integrated Si
photonic four-channel course wavelength
division multiplexed (CWDM) transmitter.

After bonding, the InD substrate is
removed leaving compound semiconduc-
tor epitaxial layers bonded to the SOI
wafer. The laser fabrication can then be
completed using standard processes,
including etching, implantation, and
metallization. The same waveguide used
to route light on the Si photonic chip is
also used to define the laser cavity, auto-
matically aligning the laser output with
the Si photonic chip. By optimizing the

Top Arm of MZI

design of the coupling between the laser
and Si photonic chip, we consistently
obtain a <0.5-dB coupling loss.

The ability to integrate compound semi-
conductor material with Si is an attractive
proposition that allows the best of both
worlds to function on one chip. Low loss
and cost Si photonic passive and high-speed
components combined with the active func-
tionality of III/V components with InP,
gallium arsenide (GaAs), multiple quan-
tum well, and quantum dot material have
been demonstrated [13], [21]. With so
many options of what can be integrated, it
is important to use IIT1/V integration only
where it makes sense and provides a perfor-
mance benefit, while minimizing the area
used so that cost and performance of Si
photonics can be optimized.

COMMERCIAL HETEROGENOUS
SI PHOTONICS

INTEGRATED SI PHOTONIC
MODULATORS

A key advantage of heterogencously
integrated photonics is the inherent self-
alignment between the laser and inte-
grated optical components that comprise
the transmitter chain. This is beneficial
from the perspective of high-volume man-
ufacturing because robust and mature
300-mm Si processing tools can be direct-
ly leveraged to reduce costs and improve
performance variability of photonic inte-
grated circuits. However, this advantage
relies on the development and maturation

Modulator Segments, Top Arm

of commercial high-performance Si-based
components, including active devices,
such as efficient Si optical modulators.

Si is not a traditional electro-optic
material since its centrosymmetric crys-
talline structure negates the Pockels
effect commonly used for phase modu-
lators. However, it has been shown that
free-carrier dispersion (FCD) is suffi-
ciently strong in Si to enable a carri-
er-based electro-optic effect [22] and,
thus, Si-based modulators. Si photonic
modulators based on FCD have been
extensively studied [23] with most dem-
onstrations focusing on reverse-biased
p-i-n junction phase modulators built
into Mach-Zehnder interferometrics
(MZIs) to create intensity modulators
for standard nonreturn to zero modula-
tion formats.

Intel has been driving the commer-
cialization of Si photonics for data cen-
ter applications through the development
of the Intel Si photonics platform, and
25 Gb/s Si MZI modulators are a corner-
stone technology enabling our current prod-
uct deployments, including 100 G PSM4
and 100 G CWDM4 optical transceivers.

The general architecture of our
25 G modulator is shown in Figure 3.
A segmented clectrode (SE) push/pull
modulator architecture is chosen, where
a phase shifter based on reverse-biased
p-i-n junctions is broken into individual
subsections, with the cathode of cach
driven at 1 V by CMOS inverter ampli-
fiers and left unterminated.

Optical Output

Segment 2
Electrical Input (+) Drivers
Optical Input
Electrical Input (=)
Segment
Drivers

Bottom Arm of MZI

Modulator Segments, Bottom Arm

FIGURE 3 An overview of the segmented modulator/driver architecture. Twelve 300-um modulator segments are used in each arm of the MZI, and
the modulator is driven in a push/pull configuration.
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The SE modulator configuration has
key differentiations compared to traveling
wave electrode (TWE) modulators. TWE
modulators distribute the total capaci-
tive phase shifter load along a transmis-
sion line, which, in turn, suffers from high
radio-frequency (RF) loss as a result. The
consequence is that bandwidth (BW) and
modulated extinction ratio (ER) are cou-
pled to one another through the length of
a TWE modulator, preventing independent
control over BW and ER without adjusting
the electrical swing. This is in contrast to
an SE modulator where the individual SE
segments can be considered to be separate
modulators connected in series optically.
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Thus, the aggregate optical modulator BW
is simplified to the BW of an individual
segment, while the modulated ER is deter-
mined by the number of segments. The
decoupling between ER and BW for an
SE modulator is a significant advantage,
allowing for the design of high-BW high-
ER modulators even for modest voltage
swings. Furthermore, the unterminated
segments of the SE modulator allow for
rail-to-rail voltage swings across the entire
phase shifter and avoids the need for ter-
mination networks. Group velocity match-
ing for an SE modulator can be readily
managed through electrical time delays on
the driver side. The main disadvantage of
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FIGURE 4 The (a) PE distribution and (b) modulator absorption loss across a 300-mm wafer.

FIGURE 5 (a)—(e) An eye diagram for all four wavelength channels from a typical CWDM4 trans-
mitter mounted on an evaluation board. Channel 0 (CHO) is shown at both 25 °C and 70 °C.

20 | IEEE NANOTECHNOLOGY MAGAZINE | APRIL2019

an SE modulator is the need for a custom
driver to drive and interface with the SE
segments and increased driver complexity.

The p-i-n junctions are optimized
within the rib waveguide structure
through numerous implantation and
activation steps to control the series resis-
tance accessing the junction as well as
the junction length, junction location,
junction profile, and depletion width,
which together determine the junction
capacitance and the junction/optical
modal overlap. All doping steps used in
defining the junction location and shape
are engineered to be self-aligned, making
modulator performance robust against
lithographic registration.

Figure 4 shows variability plots of
the phase efficiency (PE) and absorption
loss measured for the modulator phase
shifter across the test sites of a 300-mm
wafer. The nominal value of the measured
PE was ~2.2 V-cm (for a voltage swing
between 0 and 1 V) with a standard devi-
ation <0.1 V-cm across the wafer. The
absorption loss (at 0 V) was characterized
through phase shifter length cutbacks, and
for the 12 SE segments per arm used in
the 25 G modulator, the nominal absorp-
tion loss was characterized to be 1.25 dB
with a standard deviation of ~0.1 dB. The
resulting nominal efficiency-loss modula-
tor figure of merit is 7.6 V-dB.

Figure 5 shows a typical modulator and
driver subsystem characterization result
for a CWDM4 transmitter. The eyes of
all four channels are clear and open, with
cach featuring an eye-mask margin >55%,
an ER of ~4.8 dB, and a crossing percent-
age of 50%. Figure 5(a) and (¢) shows an
example of the temperature dependence
of the modulator and driver, where chan-
nel zero is characterized at 25 °C and 70 °C,
respectively, without any significant degra-
dation in performance observed. Together,
the results demonstrate that high-perfor-
mance Si photonic modulators can be
designed and fabricated on this heteroge-
neous integration laser platform.

As data centers continue to scale, BW
density and demand are increasingly vital,
motivating solutions that feature increased
wavelength multiplexing, increased parallel
channels, support for higher-order modu-
lation formats, faster baud rates, reduced
power consumption per bit, reduced cost



per bit, and more densely integrated foot-
prints. Toward this end, the Intel Si pho-
tonics platform is perfectly positioned to
meet these growing needs.

One option for scaling the modulator,
in particular, toward smaller footprints,
reduced power-consumption, higher
baud rates, and higher-order modulation
formats is through integrated microring
modulators (MRMs). MRMs benefit from
ultrasmall footprints, which allow them to
be operated as a single, lumped element,
low-capacitance device. Furthermore,
the sharp Lorentzian transfer function of
MRMs allows for large optical swings to
be realized with small phase shifts, at the
expense of more precise bias-point control.

We previously reported on a 128-Gb/s
pulse amplitude modulation (PAM)
4 MRM fabricated on Intel’s Si photon-
ics platform [24]. The ring featured a
10-zm radius, 0.5-V-cm PE, 50-GHz
optical BW, and a loaded quality factor of
~5,000, and it used an efficient integrated
Si resistor heater for initial phase control.
Figure 6(a) shows a top-down micrograph
of the modulator, outlining the ground
signal ground (GSG) RF modulator pads
and the terminals of the Si heater.

To demonstrate the potential perfor-
mance of this compact MRM, a 2.4-Vpp
PAM4 drive signal was created using an
arbitrary waveform generator, linear RF
amplifier, bias-tee, and 50-Q terminated
probes. Figure 6(b) shows the result, where
both 112-Gb/s and 128-Gb/s PAM4 eyes
are clear and open. The eyes were further
measured using the standard Transmitter
and Dispersion Eye Closure Quaternary
(TDECQ) reference receiver in the digi-
tal communications analyzer revealing
TDECQ values at 112 Gb/s and 128 Gb/s
of 2.37 dB and 3 dB, respectively. An esti-
mated 0.5 dB of the TDECQ penalty origi-
nates from the optical noise added by the
prasecodymium doped fiber amplifier, and
further reductions in TDECQ are expected
through optimization of the drive signal.
More detail on the modulator design and
characterization can be found in [24]. These
results highlight one possible pathway for
dense integration of the laser and modulator
blocks within future transceivers, enabling
potential paradigm shifts in future transceiv-
er complexity, performance, density, cost,
power consumption, and architecture.

HETEROGENEOUSLY
INTEGRATED LASER
PERFORMANCE

As previously discussed in the section
“Heterogeneous Integration,” heteroge-
neous integration of Si with InP offers
an elegant path for the inclusion of a
laser source on an Si photonics platform,
allowing very low coupling losses of the
laser to the Si waveguide and also offer-
ing a unique potential to build multi-
color CWDM transceivers.

CWDM laser arrays are difficult to
fabricate because they require very large
optical BW as each channel is separated
by 20 nm and, therefore, cannot be sup-
ported by a single active material because
of the limited gain BW of the III/V
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semiconductor. Wafer bonding offers
the unique ability to bond different gain
materials on the same Si photonics plat-
form, thereby offering the flexibility to
build multicolor CWDM sources with a
large number of channels.

Distributed feedback (DFB) lasers are
designed by using gratings patterned in
the Si waveguide prior to III/V bond-
ing. Optimizing the Si and III/V design
produces results that are comparable to
commercially available III/V lasers fabri-
cated on an InP substrate. Using photo-
lithography to define the grating process
allows for the grating period to be tuned
for different laser wavelengths on differ-
ent waveguides in the multicolor laser
array. As an example, Figure 7 shows a
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FIGURE 6 (a) A micrograph showing the GSG RF pads and heater terminals (H+/H-). (b) The
112- and 128-Gb/s PAM4 eye-captured before and after TDECQ processing. The ER was mea-
sured at 112 and 128 Gb/s to be 5.1 and 4.2 dB, respectively.
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FIGURE 7 The light (coupled in the Si waveguide) versus current characteristics of a 1,310-nm
111/V-Si DFB laser from 20 °C to 150 °C by 10 °C steps.
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FIGURE 8 The voltage versus current characteristics of a 1,310-nm I11/V-Si DFB laser at 20 °C

and 150 °C.
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light current (L-I) curve for a III/V-Si
DFB laser. Lasing can be observed up
to 150 °C and output power exceeds
10 mW with less than 70 mA at 100 °C
and 20 mW at 80 °C for less than 100 mA
bias current. These are the best results for
a laser integrated on an Si photonic chip
to date and are achievable using a 300-
mm high-volume wafer process.

These results compare favorably with
1,310 nm uncooled discrete lasers espe-
cially because it includes the coupling to
the Si waveguide. Figure 8 shows that
the voltage for these operating powers
can be maintained below 2 V at all tem-
peratures. Wall plug efficiency exceeds
10% at 100 °C and 15% at 80 °C.

In addition, this level of performance
can be obtained on eight-wavelength laser
arrays, with a channel spacing of 20 nm, of
a CWDM transceiver operating between
1,270 nm and 1,410 nm, as shown in Fig-
ure 9. As explained previously, each of the
eight channels uses a different gain mate-
rial that has been wafer bonded locally in
a separate region of the Si die, along with
lithographically defined Bragg gratings. It
is worth mentioning that each channel can
be finely tuned to the International Tele-
communications Union grid thanks to the
unique ability offered by the Si microelec-
tronic industry in terms of lithography and
process control. The full spectrum of eight-
channe] CWDM transmitters is shown in
Figure 10 and highlights the potential of
wafer-bonding technology to design and
build complex optical photonic circuits
for the next generation of 400 G optical
uncooled transceivers [25].

Reliability is also an important challenge
to meet when designing laser sources for
uncooled applications because the device
can run at temperature as high as 80 °C
during extended periods of time along the
span of its lifetime. Figure 11 shows that
running IIT1/V-Si laser at a temperature of
80 °C and a stress current of 150 mA, dur-
ing more than 19,000 h, results in only a
modest drift of the bias current required to
produce 10-mW output power. This exper-
iment demonstrates the excellent long-term
stability of lasers fabricated with this hetero-
geneous integration platform, with average
drift ~1%, and shows that III/V-Si lasers
can meet stringent reliability requirements
of uncooled applications.



HETROGENEOUS INTEGRATED
CWDM4 TRANSMITTER

Continued from previous work of a 44
x 12.5-Gb/s CWDM [26], [27] Si pho-
tonic transmitter [28], [29], we have
demonstrated and commercialized a
heterogeneous integrated 414 x 25-Gb/s
CWDM Si photonic transmitter tech-
nology with integrated DFB lasers,
25-Gb/s Mach-Zchnder modulators,
and wavelength multiplexer, as depicted
in Figure 12. The heterogenecously inte-
grated DFB lasers, MZI modulators, an
optical multiplexer (MUX), and pho-
tonic passive devices are fabricated using
Intel’s 300-mm heterogeneous integra-
tion process.

Figure 13(a) shows the optical spec-
trum of the four transmitter channels
overlapped with the MUX transmission
spectrum, and Figure 13(b) indicates the
accurate targeting of wavelength relative
to the ITU grid with tight distribution
(a standard deviation of 0.3 nm) on a
300-mm wafer. This is enabled by robust
laser design and tight process control.
The superior laser power performance up
to 80 °C combined with large BW per-
formance of MUX enables the uncooled
operation of the CWDM transmitter
over an 80 °C temperature range.

The transmitter has kink-free L-I curves
over the end of life operating bias cur-
rent range and over the full temperature
range, enabling fiber communication of
up to 10-km reach. The laser stability and
spectrum integrity of this CWDM4 trans-

mitter are demonstrated by a low relative
intensity noise (RIN) below 150 dB/Hz
as shown in Figure 14(a) and a high side-
mode suppression ratio (SMSR) of 50 dB
displayed in Figure 14(b). The transmit-
ters operate with low RIN noise and high

SMSR in the entire bias current window
across the full temperature range. The
tight process control in Intel’s heteroge-
neous integration process leads to low vari-
ability for transmitter performance in the
laser wavelength, bias current and voltage

Normalized Bias Drift (%)

2,500

5,000 7,500

10,000

12,500 15,000 17,500 20,000

Aging Time (h)

FIGURE 11 The relative drift of bias current for 10-mW laser output power for 36 I11/V-Si lasers
operating at a stress condition of 80 °C/150 mA over 19,000 h.
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of the laser, SMSR, RIN, and transmitter
output power across a 300-mm wafer.

This 44 x 25-Gb/s CWDM Si pho-
tonic transmitter has been fully qualified
with excellent reliability and performance.
Heterogeneous integration has enabled
the high-volume production of CWDM4
transceivers for data center and enterprise
applications and allows scaling to 400 G/
800 G and Tb/s optical interconnects.

FUTURE OUTLOOK

With the technology reaching maturity
and datacom products shipping in vol-
ume, we will now provide future per-
spectives. There are at least three future
opportunities where the technology has a
potential to transform the field. First are
higher-performing single devices, such as
narrow-linewidth lasers or high-power,
high-BW photodetectors, as the tech-
nology works to provide the best from
different material systems and enriches
the optimization space. Also, there are
more complex photonic integrated cir-
cuits that are based on a combination
of Si and III/V materials optimized
for 1.31- and 1.55-#m communication
bands but that combine different epitaxi-
ally grown III/V thin films on a single
die to optimize the performance of each
component. Finally, there are photonic
integrated circuits that combine addition-
al materials or structures to bring new
functionalities to the platform. Examples
would be magnetic materials that break
reciprocity, which allows one to integrate,

¢.g., isolators or circulators, or interband
cascade laser (ICL) and quantum cascade
laser (QCL) structures for lasing in the
midinfrared (MIR) wavelength range.
Here, we give a brief overview, though a
more detailed treatment is given in [15].

OPTIMIZED SINGLE DEVICES
Heterogeneous Si photonics works
to provide the best of both worlds:
high-performance active devices from
optimized III/V materials and supe-
rior waveguide technology of the SOI
platform. In the last 10 years, many
high-performing components have
been demonstrated, some of which
outperform native III/V components.
The improvement in performance can
be attributed to at least two factors:
reduced propagation losses in Si and
added flexibility in controlling the
overlap between the optical field and
the carriers. Low-noise lasers, cither
narrow-linewidth single-frequency or
short-pulse mode-locked lasers, are
definitely one of the key strengths of
the platform, but the platform has also
demonstrated record high-BW high-
power detectors.

The improvement in laser linewidth
comes primarily because of reduced cav-
ity losses. For single-frequency lasers,
the ability to control confinement in the
quantum wells and separation of the pho-
ton resonator (in low-loss Si waveguide)
and highly absorbing active medium
allowed for sub-kilohertz instantaneous
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linewidth demonstrations with DFB
lasers. Widely tunable lasers in Si photon-
ics are most commonly realized by utiliz-
ing the Vernier effect and ring resonators,
in contrast to native I11/V lasers, where
sampled gratings are more common. Ring
resonators, provided that the utilized
waveguide platform offers sufficiently low
propagation losses, have an advantage as
the effective cavity length at ring reso-
nance is significantly enhanced, directly
reducing linewidth. The latest ring-based
fully integrated lasers with on-chip opti-
cal amplifiers have demonstrated 40 nm
of tuning with a 2.5-kHz linewidth, as
shown in Figure 15 [30].

Si photonics commonly utilizes germa-
nium (Ge)-based waveguide detectors, but
the heterogeneous platform can provide
indium gallium arsenide detectors that typi-
cally absorb up to 1.7 gm with no drop-in
responsivity. This, combined with added
flexibility of tailoring the Si waveguide and
II1/V widths mesa allows for flattening
the absorption profile and suppressing the
localized saturation leading to a record
RF output power of 12 dBm at 40 GHz.
Performance has been further optimized
leading to high bandwidths (65 GHz)
and record high-RF output powers of
-2 dBm at 70 GHz with very low dark cur-
rents of 1 nA [31].

MULTIPLE EPITAXIAL BONDING

A complex photonic-integrated chip
(PIC) might require a number of dif-
ferent high-performing components.

SMSR at 0 °C
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FIGURE 14 The CWDM4 transmitter (a) RIN distribution at 0 °C and (b) SMSR distribution at 0 °C across a 300-mm wafer.
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The ability to bond different epitaxial-
ly grown III/V thin-films on a single
die allows for optimization of individual
device performance without a need for
regrowth. This powerful approach has
been used to demonstrate many complex
PICs for communications, signal genera-
tion, and sensing [15]. Examples include
a fully integrated photonic microwave
signal generator capable of generating
tones from 1 to 112 GHz and composed
of high-BW photodetectors, widely tun-
able narrow-linewidth lasers, and phase
modulators, all of this in an area of just

~8.4 mm?

, as shown in Figure 16(a). A
second example of such integration is the
interferometric optical gyroscope front
end that comprises a light source (Fabry-
Perot laser with broad optical spectrum),
photodetectors, phase modulators, and
broadband splitters/couplers. A similar
structure can be used in magnetometers
and current sensors using special sensing
waveguides or fibers.

Lidar is currently a very interesting
topic, because, among other things, it
might be necessary for autonomous driv-
ing, and demonstrations in heterogeneous
Si photonics include a fully integrated
phased array with an optical source com-
posed of 164 optical components includ-
ing lasers, amplifiers, photodiodes, phase
tuners, grating couplers, splitters, and a
photonic crystal lens. A first-generation
chip is shown in Figure 16(b) that allows
for steering over 23° x 3.6° with beam
widths of 1° x 0.6° giving a total of 138
resolvable spots in the far field.

On-chip interconnects are another
area where heterogenecous photon-
ics might provide a solution for ever-
increasing BW requirements that are,
currently with copper, limited by wire
resistance and capacitance. An optical
network-on-chip that connects cight
nodes, each node having cight dense
wavelength division multiplexing chan-
nels capable of on-off keying data trans-
mission of up to 40 Gb/s, bringing the
total on-chip capacity to 2.56 Tb/s was
demonstrated. The chip is composed of
more than 400 functional components,
including lasers, modulators, amplifiers,
detectors, switches, and arrayed-wave-
guide gratings in an area of 176 mm?2,
and it is shown in Figure 16(c).

MIR SOURCES AND PICS,

BREAKING RECIPROCITY

The heterogeneous platform has been
extended, in recent years, beyond near-
infrared telecommunication wavelengths
to the MIR (2-20 zm) regime using
an number of waveguide platforms (Si,
SiO2, Si nitride, Ge...) and laser tech-
nologies, such as InP Type I and Type II

| “Ring 2 Laser Gain Section

Tuner

diodes, Ga antimonide Type I diodes
and ICL structures, and InP, GaAs,
and InAs QCL structures. These wave-
lengths hold potential for an extensive
range of sensing applications. A more
detailed overview is given in [32].

As the complexity of PICs increas-
es, optical crosstalk can become an
issue because lasers are known to be
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FIGURE 15 (a) A microscope photograph of a widely tunable laser with labeled key elements.
(b) A wavelength-tuning map of the laser as power delivered to the two rings is changed, and
(c) the frequency noise spectrum of the laser shows a white noise level of 800 Hz, correspond-
ing to a 2.5 kHz Lorentzian linewidth. SOA: semiconductor optical amplifier.
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FIGURE 16 (a) The optical microscope image of the fully integrated photonic microwave gen-
erator chip. (b) A confocal microscope picture of the fully integrated beam-steering PIC and (c)
size comparison between optical network-on-chip and U.S. quarter. epi: epitaxial.
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extremely sensitive to the feedback
effect. To provide on-chip isolation, one
has to break the symmetry in the propa-
gation of light, and a common way to
do that (in bulk optics) is to employ
magneto-optic (MO) materials. An
almost identical approach can be pur-
sued in integrated photonics by bond-
ing MO materials. Such an approach
has led to demonstrations of both isola-
tors and circulators. Because the field is
controlled by supplying current, both
devices are reconfigurable by changing
the direction of current flow [15], [33].

CONCLUSION

We examined a heterogeneous integra-
tion approach to combine compound
semiconductor lasers on an Si photon-
ic chip using plasma-assisted bonding,
which, we believe, is the best tradeoff
between cost and performance to fabri-
cate PICs. We reviewed data from het-
erogeneous Si PICs with example results
being shown of multiwavelength lasers
and a CWDM4 transmitter, fabricated
using Intel’s 300-mm heterogeneous
integration process. It is an exciting time
for Si photonics as this technology moves
ahead with commercialization and as
higher levels of photonic integration are
demanded by applications as diverse as
next-generation data center interconnects,
sensing, and artificial neural networks.
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