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SILICON PHOTONICS
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1.1 INTRODUCTION

Since the beginning of the century, silicon photonics has grown from a niche research
field to a field with strong industrial interest and several near-future applications
[1,2]. This rapid growth can be attributed to several unique characteristics of silicon
photonics. First of all, the use of silicon makes it possible to make photonic integrated
circuits (PICs) with much smaller building blocks than in other material systems [3].
This enables smaller chips, but also more complex photonic circuits. Also, silicon
is the base material for electronic circuits, and huge investments in manufacturing
technology can be put to work to make photonic circuits. This offers a route to high
volume, low cost photonic circuits that could be applied in many applications in
sensing [4, 5] and optical communication [6,7].

In this chapter, we will discuss current state of the art in silicon photonics. We will
look a bit closer in the applications, and from that we derive the functions needed on
the chip. Finally, we discuss the technology implementations.

1.2 APPLICATIONS

1.2.1 Interconnects

Integrated photonics has been mainly used for applications in optical communication,
especially in telecom backbone and metro networks. The advent of silicon photonics
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FIGURE 1.1 A WDM optical interconnection.

and its potential for low cost and low power transceiver chips has opened up new,
shorter-range interconnect applications in high-performance computing and datacen-
ters [8,9]. Silicon photonic chips might turn out to be a game-changer in interconnects
on an even smaller scale: it is the first technology that can offer an attractive solution
to solve the off-chip bandwidth bottleneck [10].

Typical optical links involve light sources, signal modulators, a waveguide
medium, and a photodetector. These individual functions are described in Section 1.3.
In the case of wavelength-division multiplexing (WDM), signals are encoded onto
different carrier wavelengths, which are multiplexed into the same waveguide. This
technique, illustrated in Figure 1.1, is widely used to increase the bandwidth of optical
links. As we will see in Section 1.3.2, silicon photonics can implement WDM filters
with a very small footprint.

1.2.2 Sensors and Spectroscopy

Another application field where silicon photonics can enable unique capabilities
is that of sensing. As we will see later in this chapter, silicon waveguides can be
extremely sensitive to different effects, such as temperature, cladding index [11],
strain [12] and deposition of layers [13]. Especially the latter is important, as proper
surface chemistry enables selective response to specific effects or molecules, enabling
biosensors [5] or specific gas sensors [14]. In addition to high sensitivity, the tech-
nology offers integration of many sensor functions on a single chip, potentially with
the inclusion of the read-out circuitry. Some examples of photonic sensors that could
be integrated on a silicon chip are shown in Figure 1.2: A ring resonator could be
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FIGURE 1.2 Two examples of silicon-photonics-based sensor systems. (a) A ring-resonator-
based biosensor [4] and (b) an on-chip spectrometer [15].

used to capture selective molecular binding events and thus measure concentrations
of specific (bio)molecules in a medium. Or, wavelength filters of multiplexers could
be used to make a spectrometer that could be used for a variety of spectroscopic
measurement systems [15].

1.3 OPTICAL FUNCTIONS

A PIC can accommodate many different optical functions. The most common func-
tions have to do with transport of light, wavelength filtering and coupling to off-chip
elements and fibers. These are called passive functions, as light is typically not altered
in the process. Active functions involve electro-optic elements such as light sources,
signal modulators, and photodetectors. We will discuss these functions and the state
of the art in terms of performance that has been demonstrated in silicon photonics.
The actual technology is discussed in Section 1.4

1.3.1 Waveguides and Routing

The key optical function on a PIC is guiding light between parts on a chip. An optical
waveguide consists of a high-index core surrounded by a lower-index cladding. The
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FIGURE 1.3 Silicon waveguides: (a) small-core photonic wires [17], (b) large-core rib
waveguides [20], and (c) oxidized waveguide [23].

higher the index contrast, the more compact you can make the waveguide core. As
it is, silicon has a very high refractive index in the regime where it is transparent
(wavelength > 1.2 pum). This way, it is possible to make high contrast waveguides
with core dimensions down to 200-500 nm, using a cladding oxide (n = 1.45) or air
(n = 1.0) [3, 16]. Such waveguides, often called photonic wires, can have bend radii
of only a few micrometers with low loss [17].

Apart from photonic wires, it is also possible to use silicon for large-core waveg-
uides. Such waveguides are defined in silicon of several micrometers thick [18-20],
and to obtain single-mode condition, they are only partially etched. Such waveguide
is shown, together with a photonic wire waveguide, in Figure 1.3. Because the index
contrast between the unetched core and the etched cladding is relatively low, such
waveguides still require a large bend radius.

The key performance metic for optical waveguides is the propagation loss. Typical
photonic wires have a loss of 1-2 dB/cm [16, 17,21]. Large-core waveguides have
a lower loss, on the order of 0.1 dB/cm [20]. To obtain lower loss in the small-code
waveguide system, one can also use a shallow-etched rib waveguide geometry, which
can reduce the losses with a factor of 3—4, but again with a penalty of larger bend
radius [22].

Because waveguide losses are largely caused by scattering at etched sidewalls,
alternative definition techniques can reduce the losses. For instance, waveguides can
be defined by oxidation, which provides a smooth sidewall surface [23].

The high contrast and submicron dimensions of silicon photonic wire waveguides
give them a rather strong dispersion. While the effective index of a 450 nm X 220
nm wire is around 2.4 (at 1550 nm wavelength), its group index is around 4.3. The
tight confinement also makes these waveguides very susceptible to small variations,
both in geometry and material parameters. A very small deviation of the width or
height will have a significant effect on the effective index, to the extent that for some
functions, nanometer-scale precision is required. Large-core waveguides, on the other
hand, are much less sensitive to geometrical variations.
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Small-core photonic wires are very birefringent. The TE and TM polarization
have a very different effective index. While it is in theory possible to make a
non-birefringent waveguide [24], the tolerances on the waveguide dimensions is
extremely stringent. Therefore, photonic wire waveguide circuits are typically opti-
mized to function at a single polarization only.

1.3.2 Wavelength Filtering

Wavelength filtering is one of the more common functions in photonic circuit. It is
important for multiplexing and demultiplexing WDM channels, but wavelength filters
are also often used for sensing applications. Wavelength filters can be implemented
in various ways, but their operation is always based on interferometry. Different types
of wavelength filters are shown in Figure 1.4.

Mach—Zehnder interferometers (MZIs) are by far the simplest filter in concept,
and as any other waveguide component, they can benefit from small bends to obtain a
reduced footprint. Also, the large group index of silicon wires will help, as the optical
delay in an MZI will scale with the inverse of the group index.

Ring resonators are a very widely used structure in silicon photonics, because
the rings can again be very compact [27]. In a ring, the light self-interferes to build
up a resonance, so a much sharper filter characteristic can be obtained, compared
to an MZI. The sharpness of the resonance is largely determined by the ring’s
losses, so the quality of the waveguide is important. Rings and Mach—Zehnders can
actually be cascaded into more complex spectral filter structures to obtain sharper
filter characteristics or flat transmission bands [26].

Instead of a single delay path, it is possible to use multiple delays. An arrayed
waveguide grating (AWG) distributes light over many waveguides with a different
delay, and by recombining the light in spherical phase front, the refocusing can be
directed as a function of wavelength: this way, different wavelengths are routed to
different output waveguides [28]. The same device can of course be used to combine
wavelength channels into a single waveguide. Similarly, an echelle grating introduces
multiple delays by etching a set of reflective facets in an unpatterned region of the
silicon [25].

All these different filter types can be implemented in both small-core and
large-core silicon waveguides, but of course the performance will differ. In large-
core waveguides, the devices will have a much larger footprint, because both the
waveguides and the bends are much larger. On the other hand, large-core waveg-
uides will make it easier to have wavelength filters fabricated to match the design
specifications. This is because these waveguides are much less sensitive to small
geometric variations, and the effective index of the waveguides can be better
controlled.

Photonic-wire-based wavelength filters can suffer easily from variability in the
manufacturing process, where geometric changes of the order of 1 nm can already
induce a wavelength shift of the same magnitude [29]. This makes it difficult to make
absolute wavelength filters without some tuning or active feedback mechanisms, such
as integrated heaters [30-32].
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FIGURE 1.4 Wavelength filters implemented in silicon: (a) Mach—-Zehnder interferometer,
(b) ring resonator, (c) Echelle grating or planar concave grating [25], and (d) arrayed waveguide
grating [26].

1.3.3 Coupling to Fiber

An essential function for many applications is efficient coupling to and from optical
fibers. As single-mode fibers are still the standard transport medium for light, this
means the optical mode in the silicon waveguide should be converted to a fiber mode.
Several mechanisms are possible and the most common are illustrated in Figure 1.5.

For large-core silicon waveguides, the mismatch in mode profile is relatively small,
and often a simple taper structure suffices to have an efficient butt-coupling between
waveguides and fiber [33]. Instead of full-size single-mode fibers, the use of ultrahigh
NA fibers, with a mode field diameter of about 3 ym, can relax the requirements for
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FIGURE 1.5 Coupling schemes for silicon photonic chips to and from optical fiber. (a) Edge

coupling for large-core waveguides, (b) an inverted taper for edge coupling of photonic wires,

(c) 1D grating coupler [34], and (d) a 2D grating coupler with polarization splitting [35].

the taper. The fibers can be mounted on the same substrate by etching V-grooves,
which control the horizontal and vertical alignment.

For small-core silicon photonic wires, the mode mismatch is very large. Direct
butt coupling would result in a coupling efficiency of only 0.1%. Expanding the
mode of the wire waveguide in the lateral direction can be accomplished by defining
a taper. However, the challenge is expanding the waveguide mode in the vertical
direction. This can be accomplished by tapering the waveguide to a very narrow width,
effectively pushing the mode towards cutoff and expelling it from the waveguide core.
Such an inverted taper structure in the silicon can then be accompanied by a larger-
core waveguide in a lower-index material (e.g., silicon oxynitride [24] or polymer
[36] with a cross section that is matched to an ultra-high numerical aperture (UHNA)
fiber). Such coupling structures have been demonstrated to achieve 95% coupling
efficiency.

An important drawback of edge coupling mechanisms is that this can only be done
after the wafer processing is complete and the devices have been diced, and if needed,
facet-polished. This means that wafer-scale testing of devices is not possible.

The alternative to edge coupling is vertical coupling. For this, the most used
component is a grating coupler [34]. A grating coupler is a diffraction grating that
diffracts light from a fiber into an on-chip waveguide, or vice versa. Depending on
the fabrication process, such gratings can have efficiencies upward of 50% [37,38].
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However, because of the birefringence of the silicon waveguides, such a grating
coupler couples only to one fiber polarization. To couple both polarizations, a 2D
grating can be used, which performs the same function for both fiber polarizations at
the same time [35].

By diffracting the light immediately in a thin silicon waveguide, the grating coupler
already performs a mode compression in the vertical direction. In the lateral direction,
ataper can be used, or the grating coupler can be designed to have a focusing function
[37,39]. This can even be done in two dimensions [37,40]. This way, a very compact
footprint coupling structure is possible that allows for wafer-scale optical probing of
a photonic chip.

The main drawback of grating couplers is that they have a limited wavelength
bandwidth, as the operating principle is based on a diffractive grating. Typical 3 dB
bandwidth is of the order of 60-80 nm.

1.3.4 Electro-Optic and Opto-Electronic Conversion

For active photonic circuits, efficient conversion of electrical signals to optical signals
is needed. For electro-optic modulation, silicon is actually a poor material: it has
no intrinsic electro-optic effects. Instead, indirect effects are needed to obtain a
modulation of the optical properties. Such mechanisms include mechanical structures
based on MEMS [41], thermal tuning using heaters [30, 42, 43], and electro-optic
cladding materials such as liquid crystals [44]. These mechanisms are typically
limited in operation speed and are used for tuning and switching rather than for
signal modulation.

For high speed modulation, the most-adopted mechanism is carrier manipulation.
The refractive index of silicon depends on the concentration of free electrons and
holes [45]. The density of carriers can be electrically influenced by incorporating
a junction or capacitor in the core of the waveguide [46]. The larger the spatial
overlap of the carrier accumulation or depletion region with the optical mode of
the waveguide, the stronger the modulation effect. The junction or capacitor can bet
either horizontally or vertically oriented and are electrically connected to the metal
interconnect layers, as illustrated in Figure 1.6.

The modulation of the carrier density will modulate the absorption in the wave-
guide, but the stronger effect is the modulation of the real part of the effective index
[45]. Carrier-based silicon modulators are therefore more effective as a phase modula-
tor rather than an amplitude modulator. To obtain amplitude modulation from a phase
modulator, the phase shifter section should be embedded inside an interferometer or
a resonator [46].

Carrier-based silicon modulators have now been demonstrated with quite good
efficiency [46] and modulation speeds over 40 Gbps. Modulators can be imple-
mented both in ring resonator configuration [47,48] and Mach—Zehnder configuration
[49-51].

For the conversion of optical signals back into electrical signals, the common
solution is the use of photodetectors. As silicon is transparent at the wavelengths
used for telecommunication, another material should be introduced. This can be I1I-V
semiconductor, which can be bonded onto the silicon [52], but the commonly accepted
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FIGURE 1.6 Different modulators in silicon. (a) P-N junction geometry and (b) capacitor
geometry.

material for photodetectors in silicon photonic circuits is germanium, as this can be
epitaxially grown on silicon [53]. Germanium photodetectors have been demonstrated
with good high speed performance (over 40 Gbps [54]), but typically suffer from
higher dark currents that their III-V counterparts. Also, avalanche photodiodes have
also been made in this technology, with very good bandwidth-gain products [55].
while Germanium detectors are more compact when integrated with thin-silicon
waveguides, it is also possible to integrate them with thick silicon rib waveguides [56].

1.3.5 Lasers

The most challenging function to integrate in a silicon photonic circuit is obviously
the light source. Silicon has an indirect bandgap, so light emission is not very efficient
compared to nonradiative recombination mechanisms. Therefore, alternative ways to
integrate a light source are needed.

The most obvious integration method for a light source is to just use an external
laser (or multiple lasers) and connect them to the silicon chip either through flip-
chip-like integration [37] or using a fiber connection. The advantage of this approach
is that the laser simply acts as an external optical power supply, and that it can be
electrically and thermally decoupled from the silicon chip.

In large-core silicon waveguides, it is possible to integrate lasers into the same
waveguide substrate using flip-chip assembly techniques. By defining proper align-
ment structures, the laser mode can be aligned with the silicon waveguide core [57].
The mode size of the silicon waveguide can be adapted to match that of the laser, to
obtain a good coupling efficiency.

To integrate laser directly into small-core silicon waveguide circuits, a suitable
laser material needs to be integrated. This can be accomplished by incorporating
suitable material (mainly III-V semiconductor stacks of quantum wells) on the chip.
Direct epitaxy is not trivial, so the most promising approach at the moment is bonding
[58]. Using various variations of this technique, lasers with outputs of several milli-
watts have been demonstrated [59], including DBR lasers [60], ring lasers [61], and
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widely tunable lasers. Also, microlasers with output power of the order of 100 pW
have been demonstrated using disk geometries [62] or photonic crystals.

While bonding has already shown promising results and is the likely technology
to provide short-term availability of on-chip lasers in silicon waveguides, the longer-
term objective is to have epitaxially grown lasers monolithically integrated into the
chip. III-V epitaxy on silicon is not yet sufficiently advanced to realize this objective,
but lasers have been demonstrated in epitaxially grown germanium on silicon. This did
require extensive bandgap engineering to favor recombination in the direct bandgap
[63], but it offers a future route for integrated lasers on silicon.

1.4 SILICON PHOTONICS TECHNOLOGY

In this section, we go deeper into the technology that is used to make silicon photonic
components and circuits, and the impact that technology has on the functionality of
the devices discussed in the previous section.

1.4.1 Passive Circuits

Passive silicon waveguide circuits, which include waveguides, wavelength filters, and
coupling structures, are usually fabricated with a simple lithographic process, both
in large-core platforms as small-core photonic wire-based platforms. A schematic
process flow is depicted in Figure 1.7 [17]. The base substrate material is silicon-on
insulator (SOI), which consists of a silicon substrate, and oxide buffer layer, and a
single-crystal top layer in which the waveguide circuit will be defined. The thickness
of the layer stack depends on the requirements of small-core or large-core silicon
waveguides. Small-core waveguides have a top layer of 200-500 nm, and require a
buried oxide of 2 ym or more to decouple the waveguide from the substrate. Large-
core waveguides have a thicker waveguide layer, and because the confinement is
larger in the thicker silicon, they can have a thinner buffer oxide layer, on the order
of 400-100 nm.

The pattern of the waveguide circuit is defined in a photosensitive resist using a
lithography step (optical or e-beam lithography). After development, the pattern is
transferred into the silicon layer. This is typically done using reactive ion etching or a

Bare SOI Resist coating ~ Lithography ~ Development Dry etch Resist strip

FIGURE 1.7 Fabrication process for passive waveguides. From Reference 17.
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similar plasma-based etch. The etch can be either completely through the silicon (for
strip waveguides) or partially in the silicon (for rib waveguides). After patterning,
the resist layer and hard masks can be stripped. Multiple patterns with different etch
depths can be applied subsequently, for instance, to implement shallow-etched grating
couplers in deep-etched strip waveguides [26].

The details of such a fabrication process have a significant effect on the perfor-
mance of the devices. As already mentioned, small geometry variations will induce
a change in the effective index of the waveguides. While the linewidth and the thick-
ness of the silicon waveguide have the largest impact, secondary factors such as
sidewall angle after the etch can impact bend losses or unwanted polarization con-
version [64]. The patterning itself also introduces imperfections. The lithography
process should have sufficiently high resolution. While for large-core waveguides
contact lithography or i-line lithography is sufficient, small-core waveguides require
deep UV lithography at 248 nm [3,65] or 193 nm [17]. E-beam lithography is
also used, but it has limited scalability with respect to circuit size and industrial
deployment.

Even with high-end lithography, the pattern definition can induce unwanted effects.
For example, (optical) proximity effects will affect feature dimensions if neighboring
features are present. In some cases, corrections can be applied, but it is difficult
to guarantee uniform dimensions. For example, a waveguide might get a different
linewidth in a directional coupler because of the presence of a second waveguide [3].
Also, the etch process might be influenced by the local and global density of patterns.

Controlling uniformity in silicon photonic waveguide circuits is especially chal-
lenging in small-core waveguides. Uniformity needs to be managed within a single
chip, between chips on a wafer and between wafers and lots. High-end lithography
tools already enable nanometer-level control of the linewidth [29]. However, a more
difficult problem is the control of the thickness of the silicon layer. While SOI wafers
can be manufactured with precision of a few percent, this still means variations on
the order of 10 nm. To correct this, it is possible to use local processing of the wafer
to make the top layer more uniform [66].

SOI is not the only material to make silicon waveguides. It is also possible to
manufacture high quality waveguides in deposited layers, such as amorphous silicon.
The advantage of such materials is that they can be used to add waveguides to
substrates that have already active structures on them, such as electronics. While
amorphous silicon has a somewhat higher optical absorption than crystalline silicon,
good waveguides have been demonstrated [67, 68]. Polycrystalline waveguides have
a higher propagation loss due to scattering and absorption at grain boundaries [69].

Deposited silicon (amorphous or poly) can also be used in combination with the
crystalline waveguide circuits to provide special functions, or add a degree of freedom
in defining local geometry where higher absorption losses have a lower impact [38].

1.4.2 Modulators

To implement carrier-based modulators, a junction or capacitor needs to be incor-
porated in the waveguide core. The most common way to define a junction is by
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ion implantation, where P-doping and N-doping are subsequently implanted after a
patterning step [46]. Of course, the alignment of the P and N patterns is crucial to
obtain good electrical properties as well as a good overlap with the optical mode [70].
Multiple junctions can be used to enhance this overlap [51], or the junctions can be
arranged in a finger pattern [70]. However, larger junction area might improve the
modulation efficiency (larger phase shift for the same bias voltage) but it will also
increase the electrical capacitance of the modulator, and thus limit the modulation
bandwidth. Higher implantation doses will also improve the modulation efficiency,
but at the expense of a higher optical loss.

Similar to a junction, a capacitor can be embedded into the waveguide. This is
not straightforward to implement in a horizontal geometry, but the capacitor can be
created with a vertical silicon-oxide-silicon stack [71,72]. With a thin oxide layer,
a capacitor can accumulate more charge than a reverse-biased p—n junction, and it
can have a higher modulation efficiency. Again, this can come at the expense of
RC-limited modulation bandwidth.

Both in the junction as the capacitor it is required to activate the implanted dopants.
This can be done by applying a short high temperature anneal (1000C). Depending
on the doping profile, this anneal will also induce some diffusion, so a good trade-off
between anneal conditions and performance is needed [73].

Electrically contacting the modulators requires the use of a compatible metal-
lization process. While different materials can be used, the preferred solution is to
use Complementary Metal Oxide Semiconductor (CMOS)-compatible contacting.
This usually involves a high dose implantation step, followed by a local silicida-
tion. CMOS-compatible contacts to silicide are typically implemented in a tungsten
(W) damascene process, involving etching, deposition and a chemical-mechanical
polishing step. Metal wiring is done using aluminium or copper.

1.4.3 Active Tuning

While carrier modulators can reach operational speeds up to 40 Gbps, they are not
the most effective method for slow tuning or switching. The effect is not that strong,
and the implants and carriers induce excess optical loss.

To implement active tuning, the most straightforward technique is to incorporate
heaters close to the waveguide structures. Heaters consist of an electrically contacted
resistor, and they can be implemented in the metal layers of the modulator metalliza-
tion, but also in dedicated resistive layers of tungsten [42] or titanium [74]. It is also
possible to use the silicon or silicide layers as a resistor, positioned next to the optical
waveguide instead of above it [75]. While often having different electrical properties,
most heater mechanisms have similar efficiency, expressed in induced phase shift per
dissipated power, on the order of 30 mW/z.

The main influence on tuning power is the thermal environment, rather than
the electrical or optical properties of the device. The tuning power can be reduced
dramatically by thermally insulating the optical element together with its heater
from the surroundings. This can be done by etching deep trenches around the
device [74].
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1.4.4 Photodetectors

Photodetectors often have the most extensive processing, as they require the introduc-
tion of Germanium onto the chip. Germanium can be grown epitaxially on silicon, but
it takes care to avoid the emergence of dislocations in positions where photocarriers
are generated or collected, as recombination or trapping of carriers could reduce the
efficiency of the detector.

Dislocations can be avoided or trapped by growing the germanium in a confined
area. This way, dislocations are diverted to the sidewalls of the confined area where
they cause no harm to the device. The epitaxy imposes a thermal budget on the rest
of the processing, such as the anneal step for the modulator implants. This needs to
be executed in advance.

Alternatively, amorphous germanium can be deposited and crystallized at a later
stage using solid or liquid phase epitaxy [63]. This is an alternative way of avoiding
dislocations. It does require a high temperature step to perform the regrowth.

1.4.5 Lasers

For lasers, we already discussed that bonding is the most likely solution for the short-
term implementation of lasers on silicon [58]. The technique consists of bonding
III-V epitaxial stacks onto the processed silicon photonic wafers, after which the
bonded material is thinned down to a film of 100-2000 nm thick, depending on the
applications. Multiple dies, or even entire III-V wafers, can be bonded on silicon
photonics wafer. After bonding and thinning, the thin films of III-V material can be
processed with wafer-scale processes similar to those used for the silicon processes.
A schematic process is shown in Figure 1.8.

The bonding itself can be done in different ways. Molecular bonding uses Van Der
Waals forces between two surfaces to attach the III-V material to the silicon circuit.
For this, it is required that both surfaces are close to atomically flat. This technique
has been used to demonstrate Fabry—Perot lasers [76], DFB-lasers [59], ring lasers
[61] as well as small microdisk lasers [77]. An advantage of molecular bonding is
that there is a close contact between the silicon layer and the III-V material, which
provides a decent thermal contact to sink the dissipated power in the laser. Still,
careful thermal design is needed.

An alternative to molecular bonding is adhesive bonding, which uses a glue layer
to attach the III-V material to silicon [78]. Because of the intermediate spin-coated
glue layer, this technique is more tolerant toward surface flatness. Bonding layers of
30 nm up to 1000 nm can be used, by tuning the viscosity of the adhesive, which
is typically Dynamic Vapour Sorption-Benzocyclobutene (DVS-BCB). Similar to
molecular bonding, different types of lasers have been demonstrated [62].

While epitaxial III-V materials are not yet sufficiently mature, germanium can
be grown onto silicon substrates. Germanium has an indirect bandgap, but also a
direct conduction band valley with a slightly higher energy than the indirect valley.
By applying strain in the germanium layer during the epitaxial growth, the difference
in energy can be partially compensated [63]. Subsequently, strong N-type doping
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11I-V substrate thinning 1l1-V device patterning 111-V metallization

FIGURE 1.8 Fabrication of bonded lasers. From Reference 58.

can saturate the indirect conduction band valley, favoring recombination of injected
electron—hole pairs via the direct conduction band valley [63]. A germanium laser
based on this principle has been demonstrated [79].

Processing an efficient laser on silicon will still require significant effort. While
it would definitely increase the flexibility of silicon photonic circuits, the currently
most relevant technique is still the use of an outside discrete source, flipchipped on
or fiber-pigtailed to the silicon chip.

1.4.6 Photonic-Electronic Integration

While silicon photonics can provide most optical functions on a chip, many of
these functions require electronic control (e.g., modulators, photodetectors, and tun-
ing elements). As circuits will become more complex, more electronics is needed.
Depending on the applications, the electronics is needed to control the optical func-
tions of the silicon chip, but in many cases, especially interconnect, the photonics
is introduced to augment the performance of the electronics (e.g., high speed inter-
connects). The requirements of the photonic—electronic integration might be very
different depending on this relation.

Different mechanisms exist for photonic—electronic cointegration. When no dense
integration is needed, the simplest solution can be wirebonding, or simple flipchip-
ping. When dense interconnects are needed, and especially operating at high speed,
flipchipping with microbumps is an option.

Even denser integration is possible using through-silicon vias (TSV). 3D stacking
using TSVs can enable very dense vertical interconnects with very little electrical
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parasitics. However, such dense integration can introduce problems with thermal
crosstalk. TSVs can be implemented in different metals, but typically the standard
CMOS materials such as W and Cu are used [80].

As SOl is not only a suitable material for photonics, but also for electronics, it is
possible to integrate photonics and electronics side by side in the silicon layer [37].
This has the advantage that there can be a very tight integration between electronics
and photonics, but on the other hand, it means that there is competition for floor space
between both technologies, which might in the end result in a much larger chip. Also,
process requirements can be very different for both technologies, so it is not always
possible to reconciliate the two technologies.

Instead of using crystalline silicon, it is also possible to use deposited silicon,
which can be amorphous or polycrystalline. Layers of this material can be deposited
on top of electronics layers, or anywhere in the stack of such wafers. This way, it is
possible to implement photonic circuits together with the metal interconnect layers,
without having a competition of floor space. The main issue is that amorphous silicon
has a poorer performance than crystalline silicon, and that it is difficult to implement
electro-optic modulators in it.

To use a crystalline silicon substrate for both electronics and photonics without
having a competition for floor space, it is possible to use both sides of the wafer,
one for photonics and one for electronics, and use TSVs to connect both layers. This
approach introduces difficulties in processing, as the patterned backside needs to be
protected during the processing of the front side. Also, TSVs need to pass through
the entire wafer, which requires large and deep holes.

1.5 CONCLUSION

In this chapter, we tried to sketch an overview of the field of silicon photonics. We
structured the technology from the applications downward, looking at the optical func-
tions that are needed and the technologies that can implement them. In this approach,
we mainly stuck to what is considered to be the mainstream silicon photonics, which
is being developed by silicon fabs in various places in the world [37, 65, 80].

Still, the field of silicon photonics is much richer than this, with a lot of research
exploring the introduction of new materials, design of waveguide structures, and
novel applications.

Given the potential of silicon photonics, we can expect to see it deployed in actual
products and industry in the coming years.
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