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ABSTRACT

Increasing demand for every faster information throughput is driving the emergence of integrated photonic technology. The traditional
silicon platform used for integrated electronics cannot provide all of the functionality required for fully integrated photonic circuits, and
thus, the last decade has seen a strong increase in research and development of hybrid and heterogeneous photonic integrated circuits.
These approaches have enabled record breaking experimental demonstrations, harnessing the most favorable properties of multiple material
platforms, while the robustness and reliability of these technologies are suggesting entirely new approaches for precise mass manufacture
of integrated circuits with unprecedented variety and flexibility. This Tutorial provides an overview of the motivation behind the inte-
gration of different photonic and material platforms. It reviews common hybrid and heterogeneous integration methods and discusses
the advantages and shortcomings. This Tutorial also provides an overview of common photonic elements that are integrated in photonic
circuits. Finally, an outlook is provided about the future directions of the hybrid/heterogeneous photonic integrated circuits and their

applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0052700

I. INTRODUCTION

Integrated circuit technology has underpinned the informa-
tion revolution, enabling our computers, our smart phones, and the
information superhighway that connects us. From the very early
stages of this technology, there has been a push to have more and
more functionalities monolithically integrated with ever more com-
plex circuits using the same material and technology platform. How-
ever, traditional technology platforms have matured and reached a
plateau primarily limited by the bandwidth constraints imposed by
electronic input/output interfaces. The need to overcome this elec-
tronic bottleneck has led to the advent of integrated photonics with
the aim of providing a direct interface to the vast bandwidth that is
currently available with fiber optics.

Optical fiber systems are typically composed of discrete ele-
ments, such as lasers, modulators, and detectors often packaged in
a rack scale module. Photonic integrated circuits (PICs) are partic-
ularly attractive as they can shrink down these rack scale photonic
modules to a chip the size of a thumb nail—similar to the integrated
electronics that they interface. The integration of such systems on
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a chip comes with additional benefits, such as energy efficiency,
robustness, weight reduction, and ultra-fast feedback control. In the
laboratory, these properties have enabled unprecedented scientific
demonstrations, such as chip-scale optical frequency synthesizers,’
battery operated optical frequency comb sources,” and high-speed
optical communication experiments.’ Industrially, companies, such
as Cisco, Juniper, Infinera Corporation, and Huawei,’ are already
offering commercial products using PICs for broadband interfacing
of electronics; however, many are exploring the potential of PICs for
more sophisticated information processing functionalities as well.
PICs with many different waveguide material technologies
have been investigated over the years, such as silicon (Si),”°
silicon nitride (Si3Ny),”” doped silicon dioxide (SiO3)," gallium
arsenide (GaAs),'""” indium phosphide (InP),"*"'° lithium niobate
(LiNbO3),'° aluminum nitride (AIN),"”"" and gallium nitride
(GaN)."”""”" Arguably, the most prominent waveguide material
technology is silicon. The benefit of silicon is the availability of
high-quality wafer scale silicon thin-films, which can be patterned
with mature fabrication processes, due to the fabrication advances
of the complementary metal-oxide-semiconductor (CMOS)

6,061102-1

¥1:92:20 ¥20¢ Iudv GL


https://scitation.org/journal/app
https://doi.org/10.1063/5.0052700
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0052700
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0052700&domain=pdf&date_stamp=2021-June-28
https://doi.org/10.1063/5.0052700
http://orcid.org/0000-0003-4125-9118
http://orcid.org/0000-0001-8443-3396
http://orcid.org/0000-0002-9867-8279
http://orcid.org/0000-0002-8409-5638
http://orcid.org/0000-0002-4667-5092
http://orcid.org/0000-0002-2463-2956
mailto:andreas.boes@rmit.edu.au
mailto:arnan.mitchell@rmit.edu.au
https://doi.org/10.1063/5.0052700

technology driven by the demand of consumer electronics and
the potential to monolithically integrate silicon electronics and
photonics on the same platform.”’ However, over the years, it also
became clear that silicon cannot fulfill the needs for all applica-
tions that would benefit from PICs. For example, it is difficult
to achieve light sources in silicon due to its indirect bandgap.
Silicon also suffers from two photon absorption (TPA) at typical
communication wavelengths, which makes it difficult to be used
for nonlinear optical applications.”!”” Other waveguide materials
may overcome some of the shortcomings of silicon, but they may
have other limitations for the target applications. Current trends
in PIC material technologies indicate that there is no waveguide
material technology that can address the needs for all the potential
applications of PICs. Furthermore, advanced PICs may require the
best possible performance of a large number of different photonic
elements in a PIC to achieve the desired functionality, which may
not be possible with a single waveguide material technology.

A solution to overcome this limitation is to integrate different
material technologies into a single PIC or package. This approach
has the benefit that each material can be used to provide the pho-
tonic element functionality for which it is best suited without com-
promising the functionalities of the other elements in the system.
The integration of the different material technologies can be distin-
guished by two different integration processes: (i) hybrid integration
and (ii) heterogeneous integration.

In this Tutorial, we provide an overview of the hybrid and
heterogeneous photonic integration. In Sec. II, we examine differ-
ent material technologies that are relevant for hybrid/heterogeneous
integration. Section III gives a brief introduction into hybrid and
heterogeneous integration, and Sec. I'V describes diverse ways dif-
ferent material technologies can be interfaced with each other
to allow for low loss transitions among them. In Sec. V, we
analyze the different integration methods that can be used for
the hybrid/heterogeneous integration of photonic circuit elements.
Section VI gives an overview of hybrid and heterogeneous integra-
tion examples for real world applications, and Sec. VII takes a look
into future trends before concluding in Sec. VIII.

Il. MATERIAL TECHNOLOGIES

Many different material technologies have been investigated in
the decades of research on PICs, motivated by the aim of utiliz-
ing the best available material properties for a specific application.
Some of the most important material properties for PICs are the
refractive index, transparency across various wavelength ranges, the
direct/indirect semiconductor bandgap, nonlinear optical properties
[x? and y**'], the electro-optic coefficient, the piezoelectric coef-
ficient, the thermo-optic coefficient, acousto-optic properties, and
low waveguide propagation losses. It should be noted that this is not
a complete list of materials and platform properties that are attrac-
tive for PICs but are some of the most important ones and will be
further examined in the following.

The refractive index is an important material property for most
optical waveguide platforms as it defines the achievable refractive
index contrast between waveguide core and surrounding materials.
A higher refractive index contrast is beneficial to achieve a tight
waveguide bending radius and, therefore, a high integration density
as well as the ability to confine the optical waveguide mode tightly.
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The width of the waveguide material bandgap is an impor-
tant parameter for several different applications: (i) it defines the
lower edge of the wavelength transmission window of a material
and therefore the shortest wavelength (1; > Z—:) that the material

can be used for as an optical waveguide without suffering from high
optical losses due to the absorption [see Fig. 1(a)]; (ii) for semicon-
ductor photodetectors, it defines the longest wavelength (A; < g—;) of
detectable photons as the absorbed photons create free charge car-
riers (electron-hole pairs), which generate a current signal when
the detector material is biased with a voltage [see Fig. 1(a)]; (iii)
for nonlinear optical applications, it defines the shortest wavelength
A2 > ZE—hC) at which two photon absorption (TPA) can occur [see
Fig. 1(d)]; and (iv) for semiconductor light sources and amplifiers,
the bandgap defines the emission wavelength (1, = g—;) when charge

carriers recombine [see Fig. 1(b)]. In this fourth category, electri-
cally driven coherent light emission and amplification are generally
limited to direct bandgap materials [materials where the maximum
of the valence band and the minimum of the conduction band have
the same crystal momentum (k) in the Brillouin zone, e.g., GaAs and
InP] such that photons can directly stimulate the emission of pho-
tons with the same energy and phase [see Fig. 1(b)]. For materials
with an indirect bandgap [Fig. 1(c)] [materials where the maximum
of the valence band and the minimum of the conduction band have
different crystal momentum (k) in the Brillouin zone, e.g., Si and
Ge], while it is possible for photons to be absorbed by the gener-
ation of electron hole pairs via the generation of a phonon (heat),
which makes up the momentum mismatch, it is not possible for a
photon to directly stimulate another coherent photon in an indirect
bandgap material as this would rely on the presence and absorp-
tion of phonons of the appropriate phase and momentum, but as
phonons are incoherent and thermal in nature, such transitions are
statistically rare.”**

High nonlinear optical coefficients are desirable for generat-
ing new wavelengths. The y*® optical nonlinearity enables nonlinear
optical processes, such as second harmonic generation (SHG), sum
frequency generation (SFG), parametric down-conversion (PDC),
and difference frequency generation (DFG)*” as well as cascaded
processes that can emulate y® nonlinear optical processes.”*’
Such processes are particularly attractive for optical signal pro-
cessing in communications’®”’ and the generation of entangled
photon pairs for quantum optical applications.”” y* nonlinear
optical processes, which are caused by the Kerr effect, include
self-phase modulation (SPM), cross phase modulation (XPM),
and four wave mixing (FWM). Nonlinear refractive index n, is
used as a parameter for quantifying the Kerr nonlinearity of a
medium. One of the most prominent uses of this nonlinearity
at present is the generation of optical frequency combs by using
micro-resonators.””*

Materials with a high electro-optic coefficient are important
for applications that require fast manipulation of the optical wave’s
phase. Electro-optic materials exhibit the Pockels effect, which
changes the refractive index of the material, when an electric field
is applied. The refractive index change occurs without a change
in the imaginary refractive index (no additional absorption). The
instant changes to the refractive index and the ability to phase match
the electrical wave with the optical wave to achieve traveling wave
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FIG. 1. lllustration of direct bandgap (a) absorption and (b) emission processes. (c) Indirect bandgap absorption and emission processes. (d) Two photon absorption process.

modulators make this process very attractive, and modulation
speeds exceeding 100 GHz are feasible.”’**

Most materials will also change their refractive index with tem-
perature, and this characteristic is termed the thermo-optic coef-
ficient. A large thermo-optic coefficient can be both an advantage
and a disadvantage. For example, a large thermo-optic coefficient
is attractive to tune ring resonators®” or even as low speed optical
modulators.”* One the other hand, a large thermo-optic coefficient
can result in significant changes in the behavior of the components
on a PIC as the ambient temperature changes. If a PIC material has
a relatively high thermo-optic coefficient and the stability of the PIC
is very important, then the PIC will typically be packaged with an
active temperature controller so that the functionality of the circuit
is not impacted. This can introduce additional overhead in terms of
size, weight, cost, and power consumption, which can make them
less attractive for certain applications.

Some materials will deform mechanically upon application of
an electric field, which is characterized by a piezoelectric coeffi-
cient. Piezoelectric materials are generally crystals that are non-
centrosymmetric, including lead zirconate titanate (PZT), LINbOs3,
AIN, and quartz among others. Mechanically deforming optical
waveguides are attractive as it can be used to slightly change the
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length of a waveguide structure (e.g., ring resonator’), which can be
used for tuning. The piezoelectric effect in waveguide materials can
also be used to generate acoustic waves, which enable device func-
tionalities, such as acousto-optical modulators®® and acousto-optical
frequency shifters.””

Extremely low optical propagation loss (0.14 dB/km’*) has been
instrumental in the success of optical fibers, but it has only recently
become possible to achieve low losses (dB/m) in PICs. Low losses can
be important to maintain power budgets on transmission through a
PIC; however, recently, losses have become sufficiently low to enable
long optical delay lines on a chip with applications, including gyro-
scopes® and microwave photonics.*’ Ultra-low waveguide losses
(dB/m) are also required for the integration of high-quality factor
ring resonators that can be used for the efficient generation of optical
frequency combs."!

Table T lists some of the most commonly used optical wave-
guide materials together with the material properties as discussed
above and common material technology parameters, such as mode
size and waveguide losses, which enable us to compare different
waveguide materials. We have also included two material technolo-
gies (GaAs and LiNbO3), which had originally been demonstrated
on native substrates (GaAs) or as a diffused waveguide (LiNbO3),
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¥1:92:20 ¥20¢ Iudv GL


https://scitation.org/journal/app

APL Photonics TUTORIAL scitation.org/journal/app

TABLE 1. Overview of various photonic integration technology properties. Lithium niobate (LiINbO3) and aluminum nitride (AIN) are birefringent materials, which possess an
ordinary refractive index (no) and an extraordinary refractive index (ne).

Material

property/ GaAs InP

technology Silicon SizNy SiO, (native GaAs (native LiNbO3 LiNbO3 AIN
parameter (SiO, BOX) (SiO, BOX) (doped) grown) (SiO, BOX) grown) (doped)  (SiO BOX) (SiO, BOX)

Refractive n, =2.21 n, =2.21 ne =2.12
index 3.47 2.00 1.45 3.67 3.67 3.17
(at 1.55 ym) ne =2.14 ne = 2.14 ne = 2.16

Refractive
index contrast 2.2 0.53 0.003- 0.233* 2.22 0.03- 0.02* ~0.7% ~0.7
(at 1.55 ym) 0.011'0 0.77%

Bandgap 1.14 eV 5.0 9.3eV 143 eV 143 eV 1.34eV 3.7eV 3.7eV 6.0eV
(1.09 ym)  (0.25 ym) (0.13 ym) (0.86 ym) (0.86 ym) (0.93 ym) (0.34 ym) (0.34 ym) (0.21 pm)

Direct

Bandgap Indirect Indirect Indirect Direct Direct Direct Indirect Indirect .
(wurtzite)

Two photon
absorption
(at 1.55 ym)
(cm/GW)

1.5% 0% e 277 274 24-33%

Second order

nonlinearity
49 49 — 50 _ 50 51
d[1/2 X(Z)] 119 119 dyp =21 dp =21 1

(pm V)

Nonlinear
refractive
index (Kerr
coefficient)
n (m> W™

5x 1071852 2.4 x 107148 1.15 x 1079 1.59 x 1071754 1.59 x 10775 1.8 x 1071%° 1.8 x 10719%° 2.3 x 10719%°

Electro-optical
coefficient ...56 .. 6 .. 6 ra = 1.5%° ra = 1.5% e r33 = 337 r33 =337 r;3=1.0"
pm/V

Thermo-optic
coefficient 1.8 x 1077 24 x 107> 0.8 x 1075 2.67 x 107*% 2,67 x 10749 1.94 x 107% 3.34 x 107°7 3.34 x 1077 2.32 x 107>V
(K™

Piezoelectric
COCfﬁCieI‘lt 20 . .. .0 d14 = 2.650 d14 = 2.650 s d15 = 7456 d15 = 7456 d33 = 550
(pc/N)

Mode size

) 10-0.1 <1% 30-80'" 1-1.5 0.5% 1-15 2% 2% 1%
(pm”)

Waveguide
propagation
loss at 1.55 ym
(dB/cm)

0.1-0.5% 44 <0.1% 1.6 44 <0.5% 0.086" 0.4% 0.6"
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but have recently been transferred as thin-films on SiO, (buried
oxide, BOX), enabling the fabrication of optical waveguides with a
much greater refractive index contrast and, therefore, smaller mode
field diameters. For comparison, we included both the traditional
waveguide structure and the thin film waveguide structure with
buried oxide.

From Table I, one can see that the waveguide materials have
different strengths and weaknesses. For example, silicon is attractive
for its very high refractive index and mature fabrication processes,
but the small bandgap means that it can suffer from two photon
absorption at moderate powers, which limits the power handling
of the platform. SizNy4, on the other hand, offers ultra-low opti-
cal waveguide losses, which enable efficient optical frequency comb
generation, but active components such as light sources, high-speed
modulators, detectors, and amplifiers are not possible in Si3Nj. Sim-
ilar examples can be found for each of the materials. The conclusion
is that no single material can address all the needs of complex PICs
that require the integration of many different optical components
with different functionalities, such as passive, active, and nonlinear
on a single chip. Hence, there is a strong motivation to integrate dif-
ferent materials in PICs to increase the functionalities and use each
material for what it is best for. The integration of different materials
can be achieved by hybrid and heterogeneous integration, which will
be discussed in more detail in Sec. I11.

I1l. HYBRID AND HETEROGENEOUS INTEGRATION

The terms “hybrid integration” and “heterogeneous
integration” are not always clearly distinguished in the literature,

(a) Hybrid Integration

(Packaging Stage)

Fully processed dies

" -
/!

/
/

WireBond (P) Bond
Pad (P)

and sometimes, they are even used interchangeably. In this section,
we aim to define these two distinct technologies and provide a brief
introduction of the hybrid and heterogeneous integration processes.
We also outline the differences between the two concepts and their
advantages and disadvantages.

A. Hybrid integration

Hybrid integration is an integration process that connects two
or more PIC or photonic device chips usually from different mate-
rial technologies into one single package (see Fig. 2). This process
is, in general, performed at the packaging stage after the fabrication
of the PIC and photonic device chips. For example, hybrid integra-
tion has been used to integrate fully processed III-V devices, such as
laser chips,*”~** gain chips,*°® or even photodiodes,®” onto silicon®®
and silicon nitride® PICs. The processed chips can be mounted
either directly on the top of the PIC®* " or next to it.”’ The advan-
tages of this integration technique are that one can test and char-
acterize the device that needs to be integrated before the integra-
tion process. This enables to pick the best performing devices and
discard non-functional components, which increases the yield and
allows for tightening the performance control.”® Moreover, due to
the high flexibility of the integration process, it offers a path toward
highly accessible automated production.”’ Hybrid integration is also
very attractive for small scale production and bespoke circuits as
the photonic elements that need to be integrated in the photonic
circuit can be selected on a case by case basis. The disadvantage
of hybrid integration is that the assembly for the hybrid integra-
tion method is usually larger, when compared to the heterogeneous

(b) Heterogeneous Integration
(Fabrication Stage)

Thin films requiring post processing
/ /
LN

\\Pre-processed wafer

FIG. 2. Schematic illustration of (a) hybrid and (b) heterogeneous integration, with examples shown as insets. (a) Schematic and SEM image of a VCSEL on a SOI PIC,
reprinted with permission from Lu et al., Opt. Express 24, 16258 (2016). Copyright 2016 The Optical Society. (b) Schematic of a heterogeneously integrated optical isolator,
reprinted with permission from Huang et al., Optica 4, 23 (2017). Copyright 2017 The Optical Society.
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integration method. Furthermore, the photonic device alignment
and integration process is a serial process (one device or one bar
of devices at a time), which can be time consuming and can have
limited throughput. This makes this process less attractive for PIC
chips with extremely large quantities (such as might be required for
low-cost mass market consumer electronics).

B. Heterogeneous integration

Heterogeneous integration is an integration process that com-
bines two or more material technologies into a single PIC chip (see
Fig. 2). This process is generally performed at the early- to mid-
stages of fabrication of the PIC chip, for example, unpatterned III-V
thin-films integrated onto pre-processed silicon photonic wafers.
Heterogeneous integration’ has been a field of intense research
in recent years, particularly for the heterogeneous integration of
III-V material into silicon”' ¢ and silicon nitride’” PICs. The key
benefit of heterogeneous integration is that it can provide func-
tionalities similar to monolithic integration, resulting in high align-
ment accuracy and low losses when transitioning between different
waveguide material technologies. Other benefits are reliable perfor-
mance of the integrated photonic elements and the low cost due to
economy of scale. Therefore, it is suited for high-volume applica-
tions.”® A minor disadvantage of heterogeneous integration is that
it has stringent requirement of ultra-clean and smooth surfaces,
which can be challenging in university research facilities. How-
ever, in semiconductor foundries, this is not an issue due to the
dedicated and automated infrastructure and highly trained person-
nel. Another minor disadvantage of heterogeneous integration pro-
cesses such as die-to-wafer bonding is that it does not allow for
component-by-component modular testing before integration into
more complex PICs. Thus, it is somewhat “all or nothing” with tight
requirements on process control to improve the yield. Nevertheless,
die bonding has been used for the majority of integrated photonic
demonstrations.

IV. MATERIAL INTERFACING METHODS

The integration of different materials for hybrid and heteroge-
neous integration requires interfaces to transition from one material
to another, as the refractive index and, therefore, the light guiding
properties are different in each material. Generally, desired prop-
erties of these interfaces are that they have low loss, are tolerant
to variations in the fabrication process, and should often operate
over a certain wavelength range (e.g., the complete C-band). In the
following, we will describe material interfacing methods that are
commonly used for the hybrid and heterogeneous integration of
different waveguide materials. In particular, we will describe grat-
ing coupling, mirror coupling, butt coupling, and adiabatic taper
coupling.

A. Grating coupling

Grating coupling uses a periodic structure that is often etched
into the waveguide material, creating a periodic grating of high and
low refractive index regions, and can be used to couple light into
or out of the PIC. The periodic refractive index structure creates a
second-order Bragg grating, which, under normal conditions, cou-
ples the light vertically in and out. However, vertical coupling causes

APL Photon. 6, 061102 (2021); doi: 10.1063/5.0052700
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unwanted second-order reflection”*! and reduces coupling effi-
ciency, which is why the period of the grating is adjusted in such a
way that the coupling angle is tilted slightly off vertical,*** as shown
in Fig. 3 for a shallow etched grating coupler in the SOI technology.
The Bragg condition for a diffraction grating coupler is

. A
g — Ne sin 0 = mX,

where “nwg” denotes the effective index of the waveguide, “n.”
denotes the cladding refractive index, “A” denotes the wavelength,
“A” denotes the period of the grating, and “m” denotes the diffrac-
tion order.”

One should note that the perturbation from the grating affects
the diffraction of light going to the top and the bottom, usually
causing coupling losses that are larger than 3 dB as most of the
light scattered to the bottom (approximately half) is lost.** However,
the coupling efficiency can be increased by using specially designed
grating couplers, such as slanted grating couplers,® chirped grat-
ing couplers,***> grating couplers with an extra reflector,”*" and
dual-layer grating couplers,” °' which enables coupling losses below
2 dB'A\l“D 95

The ability to couple light in and out of a PIC surface is usually
used to interface optical fibers or fiber arrays with the PIC, enabling
wafer-scale testing. It also provides the flexibility of placing the opti-
cal interface anywhere on the chip surface.”> Moreover, it can also
be used to interface the PIC waveguide material with materials that
enable a different PIC functionality (see Fig. 4). For example, over
a decade ago, the integration of InP/InGaAsP photodetectors was
demonstrated on a SOI PIC by mounting the detectors (operation
wavelength: 1.55 ym) on top of grating couplers and using a thick
polymer (BCB) bonding layer.”” In addition, light sources can be
integrated by using grating couplers as demonstrated by Huihui Lu
et al., showing the integration of a tilted-VCSEL above a grating
coupler.®’

Scattered
wave

Top cladding
h A
— Si
Guided mode profile d Si0,
Si Substrate

FIG. 3. llustration of a grating coupler in the SOI technology.® “A” denotes the
period of the grating, “w/A” denotes the duty cycle of the grating coupler, “©”
denotes the scattered angle of the grating coupler, “h” denotes the depth of grating
teeth or etch depth, and “d” denotes the thickness of the BOX layer (SiOy).
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(a) Grating coupler interfaced photodetector
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(b) Grating coupler interfaced tilted-VCSEL laser
WireBond (P) Bond
Pad (P)
Bond
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FIG. 4. (a) Schematic and SEM image of the cross section of a photodetector on a SOI PIC, reprinted with permission from Wang et al., Opt. Express 24, 8480 (2016).
Copyright 2016 The Optical Society. (b) Schematic and SEM image of a VCSEL on a SOI PIC, reprinted with permission from Lu et al., Opt. Express 24, 16258 (2016).

Copyright 2016 The Optical Society.

An advantage of this integration method is that the required
positioning accuracy of the detector/laser is lower when compared
to other interfacing methods” as the beam diameter is usually in the
order of ~10 ym but can be controlled as required by adjusting the
grating coupler design. Some of the limitations of this interfacing
method are that it is challenging to achieve coupling efficiencies that
are better than ~2 dB (due to the grating coupler), the optical band-
width of the grating couplers can be too narrow (~58 nm for 3 dB
FWHM),” and the coupling is polarization-dependent.'*’

B. Mirror coupling

Another way to achieve a vertical coupling interface between
two different material technologies is to use mirror coupling. The
mirror couplers reflect light in/out of the waveguide by using an
angled, highly reflective material interface that is fabricated in the
waveguide plane. The angled material interface can be achieved
by different means, such as mechanically polishing,'”""'*> dicing

blades,'’"!%? and etching,'**'** and the high reflectivity can be
achieved by using metal coatings'” or total internal reflection.®>'%
Figure 5 shows two examples of such mirror coupling schemes,
which have so far mainly been employed to couple to optical fibers;
however—similar to grating couplers—these mirrors can also be
used to vertically couple two material technologies with each other,
as explained by Noriki'” ef al. and Song®'"” et al. They used a
chemically assisted ion beam etched mirror interface to redirect
the propagating light from a semiconductor optical amplifier wave-
guide into a SOI PIC with the help of a grating coupler in the silicon
layer.*>107

Mirror coupling as an interfacing method has some advan-
tages, when compared to grating coupling as a vertical interfacing
method. For example, mirror coupling does not suffer from the lim-
ited wavelength bandwidth of grating couplers and can, in principle,
achieve higher coupling efficiencies as they do not suffer from the
diffraction of light into the substrate. However, the mirror inter-
faces are usually more difficult to fabricate as they require additional
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Vertical optical coupling using turning 45° mirror
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FIG. 5. Two scenarios of mirror coupling: (a) Schematic of the cross-sectional image of vertical optical coupling using the turning mirror of the flip-chip bonded silicon
photonic chip. Reprinted with permission from Noriki et al., J. Lightwave Technol. 34, 3012 (2016). Copyright 2016 IEEE. (b) Side view schematic of vertical coupling using
the turning mirror and grating coupler of a 3D integrated hybrid laser, reprinted with permission from Song et al., Opt. Express 24, 10435 (2016). Copyright 2016 The Optical

Society.

fabrication steps, and depending on the fabrication method, they
may only be achievable at the chip end facets.

C. Butt coupling

Butt coupling is commonly used to interface fibers with PIC
chips, but it is also an attractive method to interface two differ-
ent PIC material technologies. Butt coupling has its name from the
coupling process, which requires the butting of the two devices to
be interfaced in a way that enables the coupling of the mode field

(a) Schematic of Butt coupling

Laser waveguide based on ITI-V
Si waveguide

/

Selectively grown III-V lasers on SOI for
integrated SiP

(c)

¥
l
&
< Buried oxide
Buried oxide

(b)

(d)

of the transmitter to the receiver device.'”® The coupling efficiency
depends on several factors:'* (1) the quality of the end facets, (2) the
angle at which light is reflected back from the end facet, (3) the spa-
tial misalignment of the modes, and (4) the matching of the modes
in the two material technology interfaces. (3) and (4) are usually
calculated together by using the overlap integral.!”®

Butt coupling was demonstrated by Urino et al.'” and Mack
et al.,''" who co-packaged a III-V laser diode interfacing with a
silicon photonic PIC,''? as shown in Fig. 6. They did hybrid inte-
gration of the laser with a Si PIC comprising modulators and PDs

Ge MSM photodetector integrated into a rib
silicon-on-insulator waveguide

Electrodes

Integration of epitaxially-grown III-V quantum
dot laser and a:Si-H waveguide on silicon

71:92:20 ¥20Z IdY GL

FIG. 6. (a) Schematic of hybrid integration of IlI-V and silicon photonic PIC through butt coupling.!! (b) Schematic diagram and electric field amplitude in a longitudinal
cross section of the integrated Ge MSM photodetector in SOI Rib waveguides, reprinted with permission from Vivien et al., Opt. Express 15, 9843 (2007). Copyright 2007
The Optical Society. (c) Heterogeneous integration of I1l-V laser and Si waveguide through butt coupling by using the “lateral ART” method. Reprinted with permission from
Han et al., J. Lightwave Technol. 39, 940 (2020). Copyright 2020 IEEE. (d) SEM image of an integrated InGaAs/GaAs quantum dot laser and hydrogenated amorphous
silicon waveguide on silicon,'?0 reprinted with permission from J. Yang and P. Bhattacharya, Opt. Express 16, 5136 (2008). Copyright 2008 The Optical Society.
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by flip-chip bonding.!*!!! This interfacing method is also com-
patible with heterogeneous integration as demonstrated by Han
et al.''> They presented the butt coupling of InP lasers with an
SOI PIC by in-plane InP epitaxy selective growth''>"!'® on a SOI
wafer.

Butt coupling is attractive as it is not very sensitive to different
polarizations and operates over a very broad range of wavelengths.
Furthermore, very high coupling efficiencies can be achieved by this
coupling method as the mode sizes at the interfaces can be matched
very well and scattering and reflection channels can be reduced by
appropriate designs.'”! However, it also has some drawbacks, such as
it is very sensitive to misalignment as the mode size is usually quite
small; therefore, small misplacements can cause a significant reduc-
tion in the coupling efficiency. It also possesses stringent require-
ments for the coupling facet'?” (smooth interface), and the interfaces
may cause undesired strong back reflections.

D. Adiabatic tapers

Adiabatic tapers are optical waveguide structures that slowly
vary their dimensions (most commonly, the waveguide width)
to adiabatically transition the guided waveguide mode from one

material technology to the other. Changing the width of the wave-
guide influences the effective refractive index of the waveguide
mode, which is used in adiabatic taper transitions to achieve a
smooth transition of light between the two materials.

Such adiabatic tapers have successfully been used to tran-
sition between many different waveguide material technologies
(see Fig. 7). Examples include adiabatic tapers between SizN4 and
LiNbO3 waveguides with transition losses as low as 0.9 dB,'**
between SizN4 and GaAs with transition losses below 1 dB,”” and
between Si and Si3sN, with transition losses as low as 0.5 dB.'**
Such transitions can also be used to interface with lasers and detec-
tors. For example, Lamponi et al. explored and used inverted adia-
batic tapers for heterogeneously integrated InP/silicon-on-insulator
(SOI) laser sources (evanescently coupled hybrid lasers), achieving
a 90% coupling efficiency for a taper length of 100 ym.'”> Simi-
larly, Wang et al.”® used adiabatic tapers for a heterogeneously inte-
grated InP/silicon photodetector and achieved 1.6 A/W responsivity
at 2.35 ym.

The advantages of adiabatic tapers are that they offer a way
to achieve extremely low loss, broadband, and fabrication tolerant
transitions between different waveguide technologies. For example,
the alignment tolerances of adiabatic couplers can be in the order

(a) Lithium niobate/Si Mach—Zehnder modulator

Si waveguide

A

Coupling between silicon and

(b)
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FIG. 7. (a) Schematic and SEM image of the cross section of lithium niobate on a silicon waveguide, 25 reprinted with permission from He et al., Nat. Photonics 13, 359
(2019). Copyright 2019 Nature Publishing Group. (b) Optical super-mode evolution in the adiabatic coupling system from a Si material waveguide to polymer material
waveguide.?” Reprinted with permission from Dangel et al., IEEE J. Sel. Top. Quantum Electron. 24, 1 (2018). Copyright 2018 IEEE. (c) Three-dimensional view of the
adiabatic taper coupler structure of the hybrid InP/SOI laser with the view of mode profiles in two cross sections. Reprinted with permission from Lamponi et al., IEEE

Photonics Technol. Lett. 24, 76 (2011). Copyright 2011 IEEE.
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of 1 ym,'” which makes this interfacing method very robust. A
systematic study investigated grating coupling, butt coupling, and
adiabatic coupling when transitioning between GeSbS and Si single-
mode waveguides and found that out of the three interfacing meth-
ods, adiabatic coupling offers the lowest coupling losses (0.7 dB) and
negligible back-reflections.'*

A downside of adiabatic tapers can be that they require a larger
footprint (100s of micrometers) when compared to grating coupling
and butt coupling. The larger footprint is required as the adiabatic
change in waveguide width means that the taper needs to have a
certain length in order to change the width sufficiently slowly to
transition the waveguide modes efficiently. Another issue of taper
couplers can be that the tip width of the taper is limited due to
fabrication limitations, which may cause undesirable reflections and
that it can be difficult to transition between waveguide materials that
have a large difference in their respective refractive indices.

V. INTEGRATION METHODS

Having considered how optical components can be interfaced
between different material platforms, we must now consider how
these different material platforms can be co-integrated and how the
devices can be aligned. In this section, we provide an overview of dif-
ferent integrations methods that are commonly used for hybrid and
heterogeneous integration for PICs. In particular, we describe flip-
chip, die and wafer bonding, transfer printing, and the direct growth
and deposition integration methods (which is rather a monolithic
integration approach). Several of these integration methods can also
be combined to achieve PICs that require the integration of several
material technologies.

A. Flip-chip integration

The flip-chip integration technique (also known as controlled
collapse chip connection) is a method to integrate and intercon-
nect manufactured chip dies to a carrier wafer or package sub-
strate using bumps of electrically conducting material for the adhe-
sion and electrical connection and was first developed by IBM 60
years ago.'”1?! In the integration process, the chip surface with the
electrodes is flipped or put face down on the carrier substrate.'*
This integration method was developed for the integration of elec-
tronic circuits and matured over the course of the electronic circuit

(a) Bonding process (b)

§older Bumps
L

Component aligned

& i Chip
) I
By — ?
/
4 4
& & ’
%0\5 Nl &
[ Substrate

revolution. However, in recent years, this integration method has
also attracted attention for the integration of optical components in
photonic integrated circuits."*"'?! In the following, we will provide
a brief overview of this integration method and how it has been used
for hybrid integration in PICs.

The flip-chip technique requires metal electrode pads on the
surfaces of the chip die and the wafer/larger chip that will be bonded
together. The pattern of the pads on the die and wafer surface
matches each other’s or is mirrored when viewed from the top [see
Fig. 8(a)]. These electrodes are then interfaced to each other using
“bumps” of solder or other metals, which are liquefied and wet
between the electrodes on the two surfaces [see Fig. 8(b)].

The fabrication process for creating the mirrored electrode
pads (also referred to as “under-bump metallization”) often uses
metal deposition methods, such as sputtering, plating, or evapora-
tion. The under-bump metallization is important as it provides a
strong adhesion interface between the die bond pad and the bump
metal, provides a low electrical resistance contact between the chip
and the bump metal, and prevents the diffusion of the bump material
into the chip, which can be undesired.'*>*** After the under-bump
metallization is completed, the bump is deposited on the bonding
pads of the chip. The bump material is commonly a low melting
point solder such as lead/tin, tin/copper/silver, or gold/tin, and it
can be deposited by plating, stencil printing, laser dispense, or mold
transfer.'’! In cases where very high frequency operation is required,
the bumps can also be pure gold deposited using a ball-bonder from
gold wire.'*

The last step of the flip-chip integration technique is to bring
the top chip in contact with the substrate and melt the solder bumps
by using thermocompression, thermosonic, or adhesive (isotropic,
anisotropic, and nonconductive) flip-chip joining methods."*" The
surface tension and the gravitational force of the molten solder
can create a force on the chip that centers the bonding pads,
which is also called a self-alignment phenomenon [as illustrated in
Fig. 8(b)].131:133

Common advantages of the flip-chip integration method are
that it is a very mature process (has been developed for decades),
it allows for good thermal management of the integrated dies,'?*'*°
the footprint of the contacts is small,’’! it increases the integration
density,"?’ it is a low-cost process, dies can be tested/characterized
before assembly, and it increases the yield.'”® Furthermore, the

Self alignment of solder bump after bonding

Solder fused * Bond complete

A B C

FIG. 8. (a) Bonding process of the flip-chip method'*' and (b) self-alignment phenomenon of solder bumps, reprinted with permission from Bernabé et al., Opt. Express 20,

7886 (2012). Copyright 2012 The Optical Society.
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electrical contacts have a low parasitic inductance and short inter-
connect length, making them suitable for high-frequency signal
transmission, i.e., tens of GHz.'*’

The mature flip-chip integration process also makes this
method attractive for the integration of optical components in
PICs. An example is the cost-effective hybrid integration of a laser-
source on a silicon photonic integrated circuit, as demonstrated
by Lu ef al.®* in 2016. They bonded a VCSEL diode on top of a
grating coupler and optimized the tilt angle to achieve low cou-
pling losses [see Figs. 4(a) and 4(b)], resulting in an insertion loss
of 11.8 dB.*”’ Flip-chip integration can also be used for achiev-
ing waveguide-to-waveguide interfaces via butt coupling. The pre-
cision alignment for this integration is achieved by using solder
aligned photonic flip-chip assembly [see Fig. 9(a)], as demonstrated
by Barwicz et al.,"’ including vertical and lateral mechanical stops,
which resulted in a minimum transmission loss of 1.1 dB over a
100 nm spectrum. Flip-chip integration is best suited to interfacing
relatively large chips together. In cases where much smaller chips
or more intimate contact is required, other techniques should be
considered.

Photonic die or wafer integration
process using Flip-chip

(@

Facet with optical
connection

TUTORIAL scitation.org/journal/app

B. Transfer printing

Micro-Transfer Printing (4TP) is a versatile micro-assembly
technology, which provides deterministically fast and precise assem-
bly of microscale components from their native substrates onto non-
native substrates with the help of an elastomer stamp.'*>"'** This
integration method was invented in 2003-2006 by Rogers et al.'*>!4°
and commercialized in 2006 by Semprius'*’ and X-Celeprint. This
assembly method has been used to transfer a range of materials and
devices, such as inorganic semiconducting materials, organic mate-
rials, functional polymers, metals, piezoelectric materials, photode-
tectors, sensors, filters for CMOS cameras, and MEMS. 4> 144147 T
the following, we will focus on the use of this assembly method for
integrating photonic components on PICs. An extensive overview of
this integration method can be found in Ref. 148.

The basic principle of the micro-transfer printing procedure
is shown in Figs. 10(a) and 10(b). The transfer process requires
a pickup and printing step and uses a viscoelastic material [poly-
dimethylsiloxane (PDMS)] as a stamp. In the first step, prefabri-
cated functional devices on their native substrate are picked up

Flip-Chip integrated InP DFB
laser

(b)

Hybrid-integrated SOAs

SSCs for fibers Si matrix switch [2)
~

H a; e e o’
A ALY
A

{Sf&# A
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FIG. 9. (a) The schematic of the solder-aligned flip-chip assembly of photonic dies, reprinted with permission from Lichoulas et al., Opt. Fiber Technol. 44, 24 (2018).
Copyright 2018 Elsevier. (b) Schematic of the silicon matrix switch, which uses the hybrid integrated SOA via flip-chip bonding.'“! Reprinted with permission from Matsumoto

etal., J. Lightwave Technol. 37, 307 (2019). Copyright 2019 IEEE.
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FIG. 10. Concept of uTP. [(a) and (b)] Prefabrication of lll-V devices on their native substrate and the ;TP integration sequence release, picking, and printing of the devices
on the target substrate.'“ The schematic of 4 TP-based integration of multiple devices on 200 or 300 mm Si photonic wafers in a parallel or serial manner using an elastomer
stamp, reprinted with permission from Zhang et al., APL Photonics 4, 110803 (2019). Copyright 2019 Author(s), licensed under a Creative Commons Attribution 4.0 License.

[(c) and (d)] Schematic diagram of critical energy release rates.!*?

by adhering to the stamp upon contact.'*"'** The pickup step
requires that the energy release rate of the device-stamp inter-
face is larger than that of the device-substrate interface, which can
be achieved by using high speed stamp movements.'**!*” The fast
stamp movements result in the adhesion of the device to the stamp,
which can then be used to transfer the device to a non-native sub-
strate for integration. In the printing step, the stamp is brought
in contact with the non-native substrate and the stamp is moved
out of contact slowly,'**!*” completing the printing process. The
slow movement speed results in a smaller energy release rate of
the device-stamp interface, when compared to the device-substrate
interface.!*>!*/

Micro-transfer printing has successfully been used to integrate
a range of active optical components on passive optical device lay-
ers. One of the first demonstrations in 2012 was the membrane
reflector (MR) surface-emitting laser on silicon that is based on
a multilayer semiconductor nanomembrane,'*’ which was quickly
followed by the transfer printing of diodes'”” and the integra-
tion of single-mode waveguide-coupled III-V-on-silicon broadband
light emitters.”” [To interface the transfer printed optical devices
with the waveguides, grating couplers,'>® adiabatic tapers,'** and
butt coupling’*® have been explored, where adiabatic tapers are

150
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particularly attractive for lasers and amplifiers due to the low inter-
face loses, grating couplers are attractive for detectors as the PICs
can be characterized beforehand with the same grating couplers, and
butt coupling because of the good thermal contact with the silicon
substrate (Fig. 11).] Since then, the integration method has enabled
the integration of high-quality DFB lasers,'”! semiconductor optical
amplifiers,””!*> modulators, and detectors'** onto SOL
Micro-transfer printing has matured significantly over the
years. It can transfer multiple active and passive components onto
non-native substrates with high precision +1.5 ym (3 sigma), high
speed (30-40 s),'”” and high transfer yields that exceed 99%.'*"-'*
Furthermore, the stamps used for the transfer have a long life-
time of more than 300 000 printing cycles.'” Similar to the flip-
chip technique, micro-transfer printing allows—in some cases—for
pretesting of the fabricated devices prior to integration on the target
wafer.'”> However, in contrast to flip-chip bonding, micro-transfer
printing is best suited to transferring very small elements—even
at the scale of individual devices onto a large substrate. Further-
more, the transferred “chiplets” are generally between 0.2 and 3 ym
thick, and hence, it is possible to conduct transfer printing mid-
way through fabrication of the PICs, planarize the surface after
the chiplet has been transferred, and proceed with additional
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FIG. 11. (a) Cross section and microscopic view of the Ill-V photodetector, !> reprinted with permission from Zhang et al., Opt. Express 25, 14290 (2017). Copyright 2017
The Optical Society. (b) Schematic layout and cut-out view of the silicon membrane reflector (MR) VCSEL, reprinted with permission from Yang et al., Nat. Photonics 6, 615

(2012). Copyright 2012 Nature Publishing Group.

lithography steps. In this way, micro-transfer printing can offer
some of the beneficial features of both hybrid integration and het-
erogeneous integration simultaneously.

Micro-transfer printing has enabled a number of experimen-
tal demonstrations, for example, the work of Zhang et al,'”’
who demonstrated a III-V photodetector array for O band
(1260-1360 nm), enabling Point-to-Point (P2P) fiber-to-the-home
(FTTH) optical networks. Yang et al.'”” used the micro-transfer
printing to demonstrate a nanomembrane laser on silicon, where
the quantum-well heterostructure of III-V InGaAsP is sandwiched
between two silicon membranes, where the III-V membrane and top
silicon membrane are integrated by micro-transfer printing.'*’

C. Die and wafer bonding

Die and wafer bonding is a process of joining a die/wafer to a
wafer to form a permanently bonded stack. This process is partic-
ularly attractive when large area films are required with excellent
material properties (e.g., crystalline materials that are difficult to
grow on non-native materials). The bonding process has been devel-
oped for the electronic integrated circuits and MEMS industries,

and bonding tools (commonly called wafer bonders) are commer-
cially available from most micro- /nano-fabrication equipment sup-
pliers.!”® Wafer bonders consist of wafer-handling stack and a pair
of chucks for applying heat, voltage, and force to the wafer stack. The
whole setup is usually placed in a chamber to control the atmosphere
during the bonding process (typically, vacuum to avoid trapping of
air), as illustrated in Fig. 12(a).’*® Different wafer bonding meth-
ods have been developed over the years, and they can be categorized
depending on the bonding mechanism, namely, without intermedi-
ate layer bonding and intermediate layer bonding, as illustrated in
Flg 13(b).159,16()

Bonding without an intermediate layer describes the method
to join two surfaces together without using an adhesion layer in
between, and the most commonly used bonding method for PICs'®
in this category is the direct bonding [see Fig. 13(a)]. Direct bonding
has been used since 1960 for many substrates and structures.'®~1%° A
breakthrough for the direct bonding technique was the demonstra-
tion by Lehmann et al. in 1989 and bonding III-V semiconductor
layers, such as GaAs and InP, on the bare silicon bubble free.'°® The
bonding strength of this method can be very high, enabling the fur-
ther processing of the wafers and even mechanically grinding and
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FIG. 12. (a) Schematic of the key components of a wafer bonder.'5¢ (b) Types of wafer bonding processes currently used in semiconductor technology. 6’

polishing the bonded dies/wafer. Furthermore, direct bonding pro-
vides an excellent thermal conductivity between the bonded film and
the target wafer,'°" which is very attractive for the thermal man-
agement of the integrated devices. The yield of integrated devices
can be very high when using the direct bonding integration method;

to be extremely clean and ultra-flat.'*>1°71%¢ If the surfaces are not
carefully prepared, the bond may suffer from issues such as out-
gassing, trapped particles, and a weak bond.'**'® When using direct
bonding at high-temperature (e.g., annealing at 600 °C'""), one also
needs to consider the thermal expansion coefficients of the materi-

however, it has stringent requirements on the surfaces, which need als that will be interfaced as the thermal mismatch can create stress,

(b) Intermediate laver wafer bonding

HI-V die

(a) Direct wafer bonding 1

II-V die Pre-processed wafers Pre-processed wafers
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(i) Wet surface processing and Wafer bonding | (i) Intermediate layer coating and Solvent evaporation
DVS-BCB layer

-—
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FIG. 13. Schematic process flow for (a) direct (O, plasma-assisted/SiO, covalent) wafer bonding'’* and (b) intermediate layer wafer bonding (DVS-BCB).!73
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which may be detrimental to the bond and, therefore, for the inte-
grated devices.'! However, the O, plasma assisted (SiO, covalent
bonding) method can achieve a high bonding strength even for a
low-temperature annealing process (<400 °C).!”!7?

The most commonly used intermediate layer bonding method
for PICs is adhesive bonding by using polymers such as BCB and
SU-8 as an adhesion material.'®” For the bonding process, the poly-
mer layer is spin coated on the target wafer followed by a soft
bake to remove any solvents (as they can create bubbles) and then
brought into contact with the dies/wafers that will be integrated
on the target wafer and finally perform a thermal annealing step
[see Fig. 13(b)]."”* When compared to the direct bonding method,
the intermediate layer bonding imposes far fewer restrictions on
the roughness and cleanliness of the surface;**'" in fact, the spin-
coating of the polymer can be used to fill gaps and provide a flat sur-
face. Furthermore, intermediate layer bonding offers a high bonding
strength at moderate temperatures (~250 °C), low bonding induced
strain, and good uniformity and scalability.'”* However, one poten-
tial disadvantage of the intermediate layer bonding when using poly-
mers is that the thermal conductivity of the layer is quite low, which
can make the thermal management of devices difficult. However,
typically, in a PIC context, the thermal resistance of the integrated
devices is determined by the buried oxide layer and not the adhesive
bonding layer.

Both bonding methods (direct bonding and intermediate layer
bonding) have enabled the integration of several optical components

Integration of InP/InGaAsP lavers

on top of SOI

DVS-BCB bonding layer

scitation.org/journal/app

on PICs'™ (see Fig. 14). A large effort of this work was the inte-
gration of III-V materials on silicon waveguides, enabling the inte-
gration of lasers,'””> modulators,'”® amplifiers,'”” and detectors.'”®
However, wafer bonding is also a very attractive method for inte-
grating high quality material films on waveguides, such as magneto-
optic materials'’? and nonlinear optical materials,”” enabling PICs
with a wide variety of useful functions, properties, and high per-
formance.'®” For example, wafer bonding can be used to produce
vertically integrated circuits using a crystalline Si layer on the top of
an ultra-low loss silicon nitride (SiN) waveguide layer;'®' the inte-
gration of crystalline magneto-optical materials [yttrium iron garnet
(Ce:YIG)] for nonreciprocal devices, such as optical isolators and
circulators;'**'*> and nonlinear and electro-optical materials, such
as LiNbO3.'”* Furthermore, in 2019, Hu et al. demonstrated a novel
photonic integration method of integrating III/V (MQW lasers)
materials into the SOI substrate by regrowth on a bonding tem-
plate. This unique process combines the advantages of both mono-
lithic growth and wafer bonding approaches.'®* A similar approach
is followed by NTT, resulting in high-performance III-V membrane
devices integrated on silicon waveguide circuits.'**

D. Layer deposition

Layer deposition is a monolithic integration process, where thin
films of materials are deposited on the target wafer. In general, one
can differentiate between two categories of deposition processes:

Heterogeneously integrated Ce:YIG/Si
(b) .
optical isolator

Au

(c) Heterogeneously integrated Si/InP photodetectors

[ electrodes [l Silicon wire
M p-InGaAs [0 Si;N, strip
[ i-nGaAs [ SiO,

SiO,
M n-InP

electrodes
p-InGaAs
i-InGaAs
n-InP
Siwire
Si3N4 Strip

FIG. 14. (a) Schematic layout of the Fabry—Perot laser diode and an underlying SOI waveguide, '’® reprinted with permission from Roelkens et al., Opt. Express 14, 8154
(2006). Copyright 2006 The Optical Society. (b) Schematic of a heterogeneously integrated optical isolator, reprinted with permission from Huang et al., Optica 4, 23 (2017).
Copyright 2017 The Optical Society. (c) Schematic layout and SEM image of the cross section of a heterogeneously integrated photodiode. Reprinted with permission from

Piels et al., J. Lightwave Technol. 32, 817 (2014). Copyright 2014 IEEE.
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(i) physical vapor deposition (PVD) and (ii) chemical vapor depo-
sition (CVD). A list of different deposition methods for the two
categories is given in Fig. 15. Physical vapor deposition is a vacuum
deposition process in which the co-deposited material undergoes a
transition from the solid state at a source to a gaseous state that
is directed to the target, and at the target surface, it condenses to
form a solid state, resulting in a thin film. Chemical vapor depo-
sition describes processes that expose target wafers to volatile pre-
cursor gases, which react and/or decompose on the target to form a
high-quality thin film of the desired material. In general, each of the
different deposition methods has its advantages and disadvantages
and is suitable for the deposition of a range of materials. In prac-
tice, the material that is desired for integration defines the deposition
method to enable the deposition of high-quality thin films on target
wafers. One of the main restrictions when such deposition methods
are used to integrate materials on PICs is that the processing tem-
perature in most cases should not be too high. Depending on the
PIC material technology, it is required that the processing temper-
ature stays below the dopant activation temperature for Si modula-
tors (1030 °C) or the thermal budget used for dislocation control of
Ge-on-Si photodiodes (825 °C). When applied in the back-end, it
is important that the processing temperatures stay below ~450 °C.
Another important property of the deposition process is the confor-
mality of the deposited layer. The conformality is, generally speak-
ing, lower in PVD processes, when compared to CVD processes, as
the directionality of to-deposited material is very high (particularly,
in the case of evaporation). A detailed description of the different
deposition methods would be too long for this tutorial; hence, we
recommend Ref. 185 for further information and focus in the fol-
lowing on examples of materials that can be deposited using some
of the deposition methods that are attractive to integrate additional
functionalities into PICs.

Highly efficient nonlinear acousto-optic waveguides can be
integrated on silicon waveguides by depositing chalcogenide glasses
using e-beam evaporation.'®® Chalcogenide glasses, such as As,Ss,
GeSbTe, and AgInSbTe, are attractive for acousto-optical appli-
cations (e.g., stimulated Brillouin scattering) as they can confine

acoustic modes even when a SiO; buffer layer is used.'®” Further-
more, chalcogenide glasses have a broadband infrared transparency
(0.8-20 pym)'** and high third order nonlinearity,'® which make
chalcogenide waveguides attractive for mid-IR applications, 170191
optical frequency comb generation,'”” supercontinuum genera-
tion,'”* and wavelength conversion.'”*

Si3Ny is an attractive material for integration on PICs as it
enables optical waveguides with low optical losses, which are attrac-
tive for routing optical signals over longer distances on chip and
for high Q-factor nonlinear optical microresonators.'”>!?® Different
deposition methods have been explored for the deposition of high-
quality SizsNy films, where low pressure chemical vapor deposition
allows ultra-low loss waveguides'” if processing temperatures of
>700 °C can be tolerated by the PIC; for lower temperatures (induc-
tively coupled), plasma enhanced chemical vapor deposition'®”
and sputtering'”® are attractive achieving waveguide losses below
0.5 dB/cm.

E. Direct growth

Direct growth is another monolithic integration process. The
difference in the deposition processes outlined above is that direct
growth is an epitaxial process in which crystalline layers are grown,
which is a very attractive way to integrate semiconductor materials
in a scalable manner. Crystalline growth is particularly important
for electro-optic active devices, such as lasers, amplifiers and detec-
tors, as defects and dislocations can be detrimental to the device
performance and lifetime. A challenge in reducing such defects is
to overcome crystal lattice mismatch between different materials.
For example, the lattice mismatch between GaAs and Si is around
4.1%.”"! This can cause structural defects during the growth, which
can occur in different sizes and ranges from 0D point defects (such as
vacancies or interstitials), over 1D line defects (such as misfit dislo-
cations), and 2D planar defects (such as stacking faults, twin defects,
misfit dislocations, and grain boundaries) to 3D defects (such as
voids and precipitates). Another challenge can be the significant dif-
ferences in the coefficient of thermal expansion’’” between different

Types of deposition
Physical vapour Chemical vapour 16, 15. Overview of denosit od
ogle oqs . 19. Overview of deposition metnods
deposition (PVD) deposition (CVD) that are often used for photonic material
l l technologies.
» Thermal Evaporation » Low Pressure CVD
» Pulsed laser deposition » Atmospheric pressure CVD
» Sputtering (DC and RF) » Plasma Enhanced CVD
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materials and the fact that a polar semiconductor (III-V) is grown
on a non-polar semiconductor (Si). A detailed overview of direct
growth and the different defects is given in Refs. 199 and 200. In
the following, we provide two examples of materials grown on PICs.
Germanium is a very attractive material for photodetectors on
silicon photonic integrated circuits. Germanium photodetectors can
be epitaxially and selectively grown by Reduced Pressure Chemical
Vapor Deposition (RP-CVD) in a silicon recess.!'”*** This process is
also available in current silicon photonic foundry processes. The ger-
manium film is grown at 730 °C on a germanium buffer layer, which
reduces the misfit dislocations and keeps the surface of the grown
germanium layer smooth.'"” Experimental demonstrations include
photodetectors with a responsivity of 1 A/W at a wavelength of
1.55 ym''*?% and a bandwidth of >67 GHz at 1 V reverse bias.”"*
The growth of III-V materials on silicon is also very attrac-
tive as it enables the integration of lasers, amplifiers, modulators,
and detectors on material technologies, such as SOI (see Fig. 16).
In recent years, there has been a considerable progress in this field,
demonstrating the direct epitaxial growth of bufferless 1.5 ym III-V
lasers by metal organic chemical vapor deposition (MOCVD) onto

scitation.org/journal/app

one of the standard SOI wafers with a silicon film thickness of
220 nm.”” When growing pure InP, lasing can be achieved at
the room temperature, emitting a wavelength of 900 nm. When
embedding InGaAs quantum structures inside InP, the lasing wave-
length can be shifted to the desired communication wavelength of
around 1500 nm.”” In addition, GaAs-based ridge lasers operat-
ing at an ~1000 nm wavelength have been demonstrated.'®* Pho-
todetectors can also be directly grown on SOI without the need
of a buffer layer, enabling the demonstration of a photorespon-
sivity of 1.06 A/W at 1.55 ym with an operating range from
1.45 to 1.65 ym.”"°

VI. HYBRID AND HETEROGENEOUS INTEGRATION
EXAMPLES FOR REAL WORLD APPLICATIONS

In this section, we provide an overview of three examples that
highlight and show the power of hybrid and heterogeneous integra-
tion approaches to achieve PICs with outstanding properties that
would not have been possible in a single PIC material technology.

(a) 111-V laser grown on Si-photonics

Buried oxide

Laser array

S 0
Buried oxide - e

(b) Brillouin lasing using As2S3 silicon (© Si and SiN combined for

hybrid circuit

4 mm

optical phased arrays

FIG. 16. (a) Schematic of the fabrication process of bufferless I~V lasers on SOI?0> and tilted and top view of the SEM image of the fabricated laser array, reprinted with
permission from Han et al., Optica 7, 148 (2020), Copyright 2020 The Optical Society. (b) Schematic of the integration of an As,S; ring resonator structure on SOI for a
Brillouin laser, reprinted with permission from Morrison et al., Optica 4, 847 (2017). Copyright 2017 The Optical Society. (c) Schematic 3D view and the SEM top view image
of a Si-SiN vertical coupler,2°” reprinted with permission from Marinins et al., Jpn. J. Appl. Phys., Part 1 59, SGGE02 (2020). Copyright 2020 The Japan Society of Applied

Physics.
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A. Transceivers

The transceiver market for data centers is driven by the rapid
growth of the Internet. Ideally, transceivers should have a high data
capacity, while they should be pluggable (small size) with low power
requirements. Furthermore, the price of transceivers should be as
low as possible, which requires a scalable technology with produc-
tion volumes in the multimillion per annum.”’® Arguably, the most
attractive material technology for scalability and with potential for
low prices is silicon photonic technology. However, the lack of light
sources requires hybrid/heterogeneous integration approaches to
achieve the required functionalities on silicon.

Transfer-printing-based integrated photodetectors have been
used for transceivers, such as the experimental demonstrations of a
silicon photonic transceiver array (four channels) by Zhang et al.'>*
[Fig. 17(a)]. They showed that transfer printing integration tech-
nology is suitable to integrate O-band III-V photodiodes, and by
choosing a cutoff wavelength of 1.37 um, it was possible to real-
ize a duplexing of the upstream (1310 nm O-band) and down-
stream (1550 nm C-band) signals. An example of a recent demon-
stration using die-to-wafer bonding is the III-V/Si transceivers
with integrated DFB lasers, Mach-Zehnder modulators, and wave-
length multiplexer for the transmitter, which has been demon-
strated and commercialized by Intel. The III-V heterogeneous inte-
gration can be done on 300 mm wafers, and the technology is
enabling fiber communication up to 10-km reach with data rates of
100 Gb/s [Fig. 17(b)].2%

B. Integrated optical gyroscopes

Precision positioning and navigation are forecasted to be a
rapidly growing market, which is driven by autonomously driving
cars and drone applications, among others. For such applications,
the efficient use of space, weight, and power is very important. Tech-
nological devices that promise to address such navigational needs
are integrated optical gyroscopes. The anticipated production value
for such integrated optical gyroscopes systems is estimated to be $20
x 10° per annum by 2025.2° Similar to transceivers, such high
production numbers make it attractive to utilize heterogeneously
integrated III-V materials on silicon photonic circuits as a mate-
rial technology. In the following, advances toward such systems are
provided.

For instance, John Bowers’ group in 2017 demonstrated a het-
erogeneously integrated optical engine for interferometric optical
gyroscopes (see Fig. 18). In this engine, all the active and pas-
sive components (a Fabry-Perot multi-mode laser, photodiodes,
phase modulators, and adiabatic 3-dB splitters) except the sensing
coil were fabricated on a chip within a 0.5 x 9 mm® area. Using
a 180-m-long polarization maintaining fiber (PMF) with 200 mm
diameter as a sensing coil, a minimum measurable rotation rate of
~0.53°/s (1908°/h) was achieved.”’"*'> To replace the bulky fiber
coil, they also investigated the integration of a waveguide coil by uti-
lizing ultra-low loss (<0.78 dB/m) SiN waveguides, which resulted
in a theoretical bias instability of 58.7°/h.”'* Although this result
is much higher than fiber optic gyroscopes, which can reach bias

(@) Fiber-to-the-home Si photonics transceiver array
& e 1310nm
S Si Ring Mod
=] upstream
S
m
o)

1550nm h
\ SiNx
SiOx
Ring Mod : Grating coupler
+ O-band PD
(b) InP/Si photonics CWDM transmitter of 4 X 25-Gb/s channel for transceiver
©
s  Electrical
54 Dataln
S 100 Gb/s Out of One
- Optical Fiber Up to
10-km Range

_~§ Hybrid Laser

Modulator

{g‘ Hybrid Laser NGHUIETGHE -

Hybrid Laser

Q
S
I

Modulator e
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FIG. 17. (a) Schematic layout of the Ill-V-on-silicon four-channel FTTH transceiver array and cross section of the O-band PD and silicon photonic integrated circuit, reprinted
with permission from Zhang et al., Opt. Express 25, 14290 (2017). Copyright 2017 The Optical Society. (b) Schematic layout of the integrated InP/Si photonic four-channel
CWDM transmitter. Reprinted with permission from Jones et al., IEEE Nanotechnol. Mag. 13, 17 (2019). Copyright 2019 IEEE.

APL Photon. 6, 061102 (2021); doi: 10.1063/5.0052700
© Author(s) 2021

6,061102-18

¥1:92:20 ¥20¢ Iudv GL


https://scitation.org/journal/app

(@) Integrated optical driver (10D)

Mode-size
converter
'

Gain region of

Photodiodes 3dB coupler
the light source AN

e
W,
Soess,

(b) Comparison with coin

Phase Modulators

"
"

n-v Si Buried Oxide  Si Substrate
Experimental setup for optical gyroscope . .

(c) - (d) Waveguide coil

driven by 10D
r 4k {_RF Amplifier }----["ESA | - - - Electrical Connection
rp—— k- Optical Connection
i [DCSupply]  [DCSupply ham- 1
' ' 10D " Sensing Coil
: - PMF
i i ZZ\ D =40 mm
' o ® outer

PMF N\

FIG. 18. (a) 3D illustration of the optical engine of the gyroscope, reprinted with permission from Tran et al., Opt. Express 25, 3826 (2017). Copyright 2017 The Optical
Society. (b) A set of 12 individual engines next to a US quarter dollar coin for size comparison, reprinted with permission from Tran et al., Opt. Express 17, 6252 (2009).
Copyright 2009 The Optical Society. (c) Schematic and setup image of the interferometric optical gyroscope driven by the engine, reprinted with permission from Tran et al.,
Opt. Express 25, 3826 (2017). Copyright 2017 The Optical Society. (d) Top view of a fabricated 3-m large-area coil waveguide made in SiN, coil illuminated using a red
laser, reprinted with permission from Xie et al., Opt. Express 27, 3642 (2019). Copyright 2019 The Optical Society.

instabilities of 0.0001°/h and below,”'* there is a huge potential to
further improve the integrated gyroscopes, making them compet-
itive for the market segment that is currently dominated by using
MEMS sensors. Furthermore, replacing the sensing fiber coil with
an on-chip waveguide coil (or resonator) will not only shrink down
the size but also make it less sensitive to vibration and shock,*'' 2%
which MEMS sensors are sensitive to.

C. Optical frequency synthesizer

Another excellent example of the power of hybrid and hetero-
geneous integration is the recent demonstration of an optical fre-
quency synthesizer by using integrated photonics (see Fig. 19).! This
demonstration required the integration of several optical material
technologies in order to utilize each material’s strengths: (i) Hetero-
geneously integrated III-V lasers on silicon photonic waveguides to
achieve tunable narrow linewidth lasers; (ii) ultra-high quality factor
silica toroid for the generation of a narrow spaced optical frequency
comb (22 GHz); (iii) high-quality factor silicon nitride microres-
onators for the generation of an octave spanning frequency comb
with a wide spacing (~1 THz); (iv) GaAs (or LiNbO3) for frequency
doubling the ~2 ym comb line, generating ~1 ym wavelength, which
is beating with a 1 ym wavelength comb line; and the beat frequency
is detected by using (v) high speed III-V photodetectors. Using

APL Photon. 6, 061102 (2021); doi: 10.1063/5.0052700
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a combination of hybrid and heterogeneous integration technolo-
gies to combine these elements together enabled the demonstration
of an optical frequency synthesizer that can be programmed by a
microwave clock across 4 THz with 1 Hz resolution and is excep-
tionally stable across this region with a synthesis error of below 7.7
x 1071 Achieving such an outstanding performance in a small
package has potential to disrupt research fields such as ultrafast sci-
ence and metrology,' data transmission,”'” physical sensors,”'® and
quantum photonics.”!”

VIl. FUTURE DIRECTIONS

Hybrid integration and heterogeneous integration enable the
integration of an increasing variety of active and passive optical
components on photonic integrated circuits. By their nature, active
integrated photonics require electrical contacts for the generation,
manipulation, and detection of the optical signals, and indeed, the
primary motivation for the industrialization of integrated photonics
is to relieve the electronic input/output bottleneck; hence, the co-
integration with electronic chips within a single package is already
being pursued with appropriate interposers.”’’ We believe that as
the hybrid approaches for mass manufactured transceivers mature,
there will be a new wave of densely integrated hybrid photonic chips
deployed across a wider variety of applications.
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FIG. 19. (a) lllustration of the integrated optical synthesizer by using hybrid and heterogeneous integration methods.! (b) Scanning electron microscope (SEM) image of the
heterogeneous II1-V/Si integrated components of the synthesizer on the chip.’ (c) Schematic diagram of spectral combination, integrated devices, and with the frequency
chain. (a)-(c) are reprinted with permission from Spencer et al., Nature 557, 81 (2018). Copyright 2018 Nature Publishing Group.

One of the main developments that we foresee is the integration
of more exotic materials on photonic integrated circuits. For exam-
ple, 2D materials have very attractive materials properties that enable
the generation, manipulation, and detection of light.”'* Hence, 2D
materials will become more attractive over the next few years as the
fabrication maturity and control of the material properties increase
rapidly. We also believe that there will be a strong push for interfac-
ing photonic integrated circuits with free space optics. Such technol-
ogy is currently pursued for LIDAR applications, but in the future,
one can also image that a similar technology can be used to probe
atomic transitions in on-chip vapor cells*'”*?" or manipulate ions in
complex ion traps.””?>

Furthermore, with the emergence of scalable techniques such
as micro-transfer printing, in combination with ever improving
direct-write maskless approaches, it is conceivable that quite com-
plex hybrid circuits could be “printed” digitally and on demand.
This would enable low-cost prototyping and even low volume man-
ufacture of photonic chip products tailored to the specific needs of
even quite niche customers. This would lead to an explosion of new
applications and opportunities.

VIil. CONCLUSION

The maturity of hybrid and heterogeneous photonic integra-
tion technologies is accelerating rapidly, enabling photonic inte-
grated circuit devices with unprecedented functionalities and a
reduction in device size, weight, power consumption, and cost. Fur-
thermore, hybrid integration onto a single substrate also provides
the additional benefit of increased robustness and potentially more
scalable automated manufacture than comparable systems assem-
bled from discrete components. The motivation behind the hybrid
and heterogeneous integration for photonic integrated circuits is to
use each material according to its strengths featured by the mate-
rial properties. As an introduction into this field, we provided an

overview of some of the most common photonic integrated materi-
als, hybrid and heterogeneous integration concepts, photonic inter-
faces to transition between the different materials, different inte-
gration methods, hybrid and heterogeneous integration examples
for real world applications, and an outlook into the future of these
technologies in this Tutorial.

We strongly believe that the future of photonic integrated pho-
tonics requires photonic circuits that use different material tech-
nologies, as the complexity and the requirements for photonic inte-
grated circuits grow with the applications that it enable. Hence,
we foresee a bright future of hybrid and heterogeneous photonic
integrated circuits with mass production applications, such as high-
speed communications and eventually computing. We also antic-
ipate that as this technology matures, it will enable economically
viable manufacture of hybrid chips for lower volume niche applica-
tions, such as microwave photonics, quantum photonics, precision
sensing, metrology, and spectroscopy among many others.
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