Chapter 14
Trends in High Speed Interconnects:
InP Monolithic Integration

Kevin Williams and Boudewijn Docter

14.1 Introduction

Performance has proved to be the primary driver for integrated circuit technology.
Wafer scale integration is instrumental in removing assembly complexity and vari-
ability and enables sustained increases in the functionality, performance and circuit
reliability while at the same time reducing size, power and cost [1, 2]. PIC-enabled
products now outperform equivalent combinations of discrete components at the
functional level for telecom systems. Digital coherent transceivers are a striking
example of circuits which could not be produced cost-effectively in any other
way [3]. Wavelength-multiplexed transceivers [4] and potentially optical packet
switching circuits [S] may be expected to follow.

Yield has been improved through sustained technology development for
InP-based epitaxial growth, fabrication processes and device design innovations.
Killer defect densities have been driven down to levels comparable with silicon
CMOS in the early 1990s [4] with Infinera reporting random killer defect densities
in the range 0.5-1.25 cm~2 and functional yields as high as 70% for 440 element
circuits [2]. Improved reliability becomes a key advantage for InP-integrated
photonics technology as the performance-yield envelope is dominated by packaging
and assembly. Strict design methodologies and tightly controlled, standardized
processes have been essential. Vertically integrated corporations such as Infinera [4]
and open access platforms such as JePPIX [6] have adopted methodologies for
InP-based PICs which exhibit similarities to the CMOS electronic IC approach.
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Scaling laws for InP-integrated photonics are similar to other thin film fabrication
technologies like CMOS electronics and silicon photonics. Cost is defined by the
market volumes, so an increased wafer size and fab throughput leads to a decreasing
price-per-square-millimetre price [7]. Current volumes of photonic product are
addressed with wafer sizes of 3” and 4”, but as volumes increase, the cost advan-
tages of moving to larger wafer sizes, increasing wafer batch sizes and levels of
automation will appear. Integration becomes increasingly important as the volumes
scale. Much as in electronics, costs will be dominated by test and assembly rather
than wafer production providing the driver for further integration.

In this chapter, we review the InP integration techniques most relevant to current
and future data interconnection. The InP building blocks are first reviewed, before
integration methods, and compared. State-of-the-art devices and circuits are over-
viewed for direct detection and coherent communications. Components for trans-
parent optical networking are addressed before considering trends in technology
integration and wafer-scale assembly.

14.2 The Building Blocks

The rich diversity of InP components can be concisely described in terms of basic
building blocks [6] which may be visualized through waveguide cross-sections.
Figure 14.1 shows examples of basic building blocks from an open access InP-
integrated photonics platform. The five different types of waveguide cross-sections
are shown from left to right: (i) optical amplification and absorption, (ii) electro-
optic phase modulation, (iii) shallow-ridge optical waveguiding, (iv) deep-ridge
optical waveguiding and (v) polarization rotation. Enhanced performance is enabled
through adjustments to the precise cross-section and process flow used. The power
of monolithic integration is to create these building blocks in the same plane, on the
same wafer and in the same process flow, making optical losses and reflections
between components negligible.

Amplifiers are implemented through the simultaneous confinement of optical
field and charge carriers within a separate confinement heterostructure. Figure 14.1
shows confinement of the optical field (white) in the SCH region (green) and with
an additional active layer (red). Here a shallow-ridge waveguide is shown, but
deep-ridge and buried heterostructures are also feasible. The function is imple-
mented in a p-i-n diode structure with electronic contacting layers optimized for low
electrical resistance and low optical losses. Operating in forward bias enables
amplification, while reverse bias enables detector, electro-absorption modulators or
a saturable absorber functions. The precise active layer structure can be optimized
depending on the precise performance requirements and function. Both multi-quan-
tum well (MQW) and bulk quaternary layer stacks consisting of either InGaAsP or
InAlGaAs materials are possible, where the InAlGaAs materials generally provide
better high-temperature operation properties.
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Fig. 14.1 Basic building blocks in InP photonic integration. From left to right, an amplifier or
absorber, phase modulator, shallow-etch waveguide, deep-etch waveguides and polarization rotator

Phase modulators also use a p-i-n diode waveguide structure, but now the band
gap is detuned from the signal wavelength. An increasing reverse bias applied across
the junction induces a refractive index perturbation and an increasing phase shift.
While bulk waveguide layers can be used, MQW InP modulators offer the most
energy-efficient electro-optic conversion. Here the quantum-confined Stark effect
(QCSE) is exploited. MQW layers within a PIN structure are designed with exciton
absorption at a wavelength well below the desired operation wavelength. InP phase
modulators require a larger detuning between signal and band gap wavelength than
used for electro-absorption [8], and therefore Mach-Zehnder modulators that are
built from these phase modulators have lower insertion loss. Phase modulators can
also be operated in forward bias current injection mode. In this case the detuning
needs to be smaller, and therefore the insertion loss is higher, but the phase tuning
efficiency is very much increased. Typical values are 5 mA to tune 180 degrees in a
100 pm phase section. These phase shifters are commonly used inside laser cavities
and distributed Bragg reflector (DBR) gratings to tune the lasing wavelength.

Shallow-ridge optical waveguides provide a means to connect active devices and
create interferometric devices without the need to etch through the waveguide core.
The removal of the contacting layers provides isolation between active components.
Shallow etches may offer advantages in terms of reduced optical losses which arise
from finite levels of surface roughness. As processing is increasingly well con-
trolled, it is the dopants which dominate losses. In the absence of p-dopants, losses
of below 0.5 dB/cm become feasible [9].

Deep-ridge optical waveguides provide a higher optical confinement and more
compact optical bends. Bends with radii of order 20 pm have been reported [10, 11].
Deep-ridge structures are commonly used for multimode couplers, filters and
arrayed waveguide grating de/multiplexers [12]. Distributed Bragg reflectors can
also be implemented within the waveguides through a variation in the waveguide
width, although it is more common to implement these in a separate epitaxial
growth step.
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Polarization rotators may be anticipated to provide the workhorse for a broad
range of polarization-processing devices. Controlling the polarization within inte-
grated circuits both accommodates variations in the input state of polarization and
also allows an extra dimension for capacity scaling. Slanted side-wall waveguides
have been long proposed to rotate the polarization [13]. So far, however, integrated
polarization rotation devices have suffered from tight fabrication tolerances [14].
Recently a double-section polarization converter structure has been proposed and
validated which has been able to correct for critical dimension variation [15, 16].
Combinations of phase modulators and polarization rotators may be implemented for
conversion, splitting and combining, through to modulation [17] and analysis [18].

14.3 Monolithic Technology

Photonic-integrated circuits can be considered as multiple, interconnected, basic
building blocks with varying epitaxial layers and waveguide cross-sections.
Figure 14.2 shows an example schematic view for a WDM transmitter circuit imple-
mented with a high number of different devices and band edges. Four methods stand
out in the development of integrate devices with different band edges: vertically
coupled epitaxial layers, quantum well intermixing, selective area growth and butt-
joint integration. These methods are described below.

Vertically coupled layers have been used to enable the separate growth of active
and passive integrated circuits, with notable examples in optical packet switch
matrices [20], transceivers [21] and mode-matching elements [22]. The techniques
have been extended most recently to enable the inclusion of InP devices on silicon
photonic waveguides and facilitate efficient end-fire fibre coupling from PICs in
general. The reliance on precision epitaxy and lithography impacts the yield-
performance envelope, but this may be expected to improve with new generations
of tooling in photonic circuit production. The physical size of tapers between ele-
ments will impact footprint and density. For some variants of silicon-based photon-
ics where some of the active photonic building blocks originate from InP wafers,
laser and amplifier integration becomes part of the assembly methodology.

Quantum well intermixing is typical of a broad range of post-growth techniques
which allows the post-growth re-engineering of the band gap at the building block
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level across the wafer [23-25]. The use of masked capping layers in combination
with an annealing process allows a change in the composition and definition of the
quantum wells and an associated change in emission wavelength. This enables the
wavelength of the laser to be tuned relative to passive and absorber structures.
Tunable lasers with electro-absorption modulators have been created with such an
approach [26].

Selective area growth engineers the band edge during the epitaxial growth.
Masking is used to locally enhance the growth rate. The dimensions of the mask
define the thickness of the grown quantum wells and therefore the emission wave-
length for quantum well lasers and band edge for modulators and detectors [27, 28].
Multiple band gaps can be defined across the same wafer to create combinations of
building blocks with a higher level of functionality within one circuit. Lasers are
readily incorporated with electro-absorption modulators [29, 30], and lasers can be
integrated with passive components [31, 32]. Most recently, eight-channel distrib-
uted feedback laser arrays have been created with wavelength coverage from
1447 nm to 1602 nm. Threshold currents of 20 mA and output powers of up to
18 mW at 150 mA indicate efficient operation [33].

Butt-joint integration involves the etching and regrowth of different layer stacks
across the wafer. The process can be repeated multiple times with the advantage that
the epitaxial layer stack can be optimized at the building block level. For instance,
the laser active regions require relatively few QWs for low threshold and high effi-
ciency compared to the modulator where a high optical confinement factor is para-
mount [3]. This is also the most compact scheme with no inherent distance between
the active and passive elements in the circuit [34] and very low reflections from the
interfaces [35].

14.4 Transmitters

The techniques and building blocks used for converting electronic signals into the
optical domain are increasingly diverse, reflecting a broad range of needs from
today’s links and networks. The most high-profile techniques in terms of research,
development and deployment currently include:

e Directly modulated lasers (DML)

* Integrated laser modulators (ILM)

» Reflective semiconductor optical amplifiers (RSOA)

¢ Mach-Zehnder modulators (MZMs) and vector modulators

The functionality can be derived from a relatively small set of high-performance
building blocks to enable optical gain, wavelength selection and phase modulation.
The sophistication in integration technology scales as the module level performance
increases to meet continued scaling demands in bandwidth, footprint and power
consumption.
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Directly modulated laser (DML) has been demonstrated for short, high grating
strength distributed feedback lasers with high confinement factor InGaAlAs quan-
tum wells. The cavity length directly influences modulation speed, with 25Gb/s
demonstrated for 200 pm length devices and 40 Gb/s for 100 pm length devices [36].
High numbers of high-confinement wells ensure the high differential gain required
for the modulation bandwidth, and a high grating strength ensures the low-threshold
operation necessary. A current practical consideration for die handling necessitates
the butt-joint connection of a passive waveguide for very short devices. Direct
modulation bandwidths of 29GHz (3 dB) have been achieved, with a modulation
efficiency of 4.85 GHz/mA'”, enabling 40-Gb/s transmission over 40-km-long sin-
gle-mode fibre. The approach has most recently been extended to incorporate high
electronic confinement 1.3-pm InGaAlAs active layers and the low-leakage ridge-
shaped-buried heterostructures for a low threshold current of 5.6 mA at 85 °C. Clear
eye openings and 10-km signal transmission have been claimed with 50Gb/s data
transfer [37]. This already indicates suitability as a cost-effective light source in 400
GbE and OTUS applications, and the integration with a passive section opens up
possibilities for further functional integration. Passive feedback lasers offer an
enhanced modulation bandwidth through the interaction with the feedback field.
Integration is key in enabling precise phase control in a stable cavity. 40 Gb/s opera-
tion was demonstrated [38, 39] with a two-section device comprising a DFB laser
and an integrated passive cavity.

Integrated laser modulators are most compactly implemented with the combi-
nation of DFB lasers and electro-absorption modulators. The initial challenge had
been to control chirp and laser frequency in the presence of spurious back reflec-
tions [40], but significant progress has been made in terms of reflection suppression
and modulation bandwidth. An InGaAlAs-based electro-absorption-modulated
DFB laser has been operated with up to 56 Gb/s with low chirp and high output
power. Lanes operate with extinction ratios of >9 dB at peak-to-peak voltages
below 2 V and milliWatt mean modulated power levels in fibre. Such technology
can be readily applied for O-band, C-band and L-band transmitters [41-43]. PAM4
coding has also been demonstrated with 56 GBaud/s symbol rates [44]. Beyond
100Gb/s becomes feasible with PAMS coding at the 28 GBaud/s symbol rate [45]
on a single wavelength.

Reflective SOAs have received renewed attention for access networking where
the prospect of colourless operation enables enhanced network flexibility with
simplified hardware. The amplified spontaneous emission (ASE) may be spectrum
sliced, self-seeded or externally seeded by a remote transmitter. The limited modu-
lation bandwidth can be accommodated with bit- and power-loaded discrete mul-
titone (DMT) modulation to achieve data rates of order 30.7 Gbit/s with an
externally seeded scheme [46]. Data rates of 28 Gb/s are independently achieved
over 20 km with a directly modulated RSOA with the polar return-to-zero (RZ)
N-ary pulse-amplitude modulation (PAM) format [47]. Leveraging advanced digi-
tal signal processing and digital to analogue conversion has enabled up to 40 Gb/s
transmission [48].
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Dense wavelength division multiplexing (DWDM) is exploited in the highest
capacity PICs. Considerable progress has been made at Infinera, with 1700 compo-
nents per chip and chip capacity exceeding 2 Tb/s in 2014 [49]. A high proportion
of these devices are either energy-efficient InP modulators or lasers, ensuring an
inherently scalable and complete chip-scale solution to ever-rising data rate require-
ments. Figure 14.3 shows the constituent parts in a WDM chip created using open
access generic technology (jeppix.eu). From right to left, for the lower part of the
die, there is a column of single-frequency distributed Bragg reflector lasers which
connect to Mach-Zehnder modulators, an arrayed waveguide grating multiplexer,
and then one single fibre-optic connection at the bottom left of the image. In this
case, the device is designed according to a generic integration concept, using stan-
dardized building blocks, and is fabricated in a multiproject wafer run. The device
delivers up to 4 dBm of optical power into the fibre with a modulation data rate of
12.5 Gbps per transmission channel [50].

Mach-Zehnder modulators (MZMs) in their simplest implementation enable
on-off-keyed amplitude modulation. Lithium niobate modulators continue to set the
standard in terms of modulation linearity and bandwidth, but the efficient quantum-
confined Stark effect in InP MQW MZMs provides significantly smaller, submilli-
metre, interaction lengths compared to devices based on the Pockels effect [3].
InP offers the smallest and most energy-efficient, commercially produced modula-
tors and already enables direct integration with the laser source [51, 52]. By detun-
ing of the material band edge energy by 120 nm from the laser wavelength,
InP Mach-Zehnder modulators are sufficiently broadband to allow operation over
ninety 50-GHz-spaced DWDM channels [8]. The V,, modulation efficiencies are
less than 5 V with an extinction ratio of more than 25 dB [53]. Enhanced optical
confinement is able to improve efficiency further with the very high optical overlap
achieved in substrate-removed devices: Values as low as 0.6 Vr mm have now been
reported under push-pull drive [54, 55], and the longer devices have enabled
bandwidth demonstrations to 67 GHz.

Fig. 14.3 Wavelength
division multiplexed
transmitter [50]
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Vector modulators, also known as 1&Q (in-phase and quadrature) modulators
and nested MZMs, enable the simultaneous modulation of phase and amplitude. For
higher data rates, the adoption of more complex modulation formats has contributed
to the industry achievement of increasing capacity while satisfying the same link
design rules as developed for 10 Gb/s transmission. The adoption of coherent tech-
nology, incorporating a local oscillator laser with a polarization and phase-diversity
receiver, in combination with powerful CMOS digital signal processing (DSP), has
further extended the achievable line rate and spectral efficiency. A dual-polarization
(DP) 1&Q modulator consisting of four MZMs can be employed to transmit
16-QAM modulation at 32 GBaud/s for a data rate of 200 Gb/s using a single wave-
length [13]. Increased optical modulation complexity and loss can be compensated
by the integration of optimally located SOA elements to achieve efficient optical
gain, low noise figure and high saturation power. This is confirmed by operation
within a CFP2 pluggable module [56]. An integrated tunable laser and vector modu-
lator used with external polarization division multiplexing (PDM) emulation and
digital coherent detection enabled data rates of 256 Gb/s per wavelength with PDM-
16-QAM [57] and power dissipation as low as 3.2 W achievable [58]. The need for
even greater capacity and spectral efficiency drives higher cardinality modulation
formats such as PM-64QAM [59]. Further energy and footprint reductions are con-
ceivable through, e.g. the integration of polarization optics, and innovative photonic
design enables DAC-free operation, integrating traditionally electronic functionality
within the PIC itself [60].

Integrated tuneable lasers leveraging sampled grating technologies have been an
important enabler for telecom networking. The primary motivation was for inven-
tory reduction, but considerable research interest has explored the potential for fast
wavelength reconfigurability [61, 62]. For network reconfiguration, tunable laser
products have been wavelength retuned within several nanoseconds with appropri-
ate electronic control planes for the compensation of thermal crosstalk [63]. A pro-
grammable wavelength is an enabler for flex-grid and grid-less architectures, and
the use of lasers with coherent systems enables optical filter-free detection.
Integrating the lasers and modulators has the important manufacturability advan-
tage of enabling full photonic testing at the wafer scale, to ensure the packaging of
known good die. Performance parameters such as laser power, threshold and wave-
length tuning characteristics as well as modulator switching voltage can be deter-
mined with wafer probe testing, before single dies are separated and packaged. Test
components that have no function in the final application, such as test laser sources
on WDM receiver chips, are now being designed into devices to get as much test
and yield data before chips are committed to the packaging and assembly process.

Scaling to higher information densities requires a mitigation and suppression of
thermal, optical and electronic crosstalk. The thermal crosstalk between active and
passive components can limit the performance of integrated Mach-Zehnder (MZ)
modulators operating at high radio frequencies and has been quantified by measur-
ing the effects on the electro-optical response of neighbouring MZ modulators [64].
The role of substrate thickness is similarly important as this defines the relative
proximity of the heat sink [65]. Thermal crosstalk can be reduced through the
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incorporation of deep trenches [66]. Electrical crosstalk is also observed between
interconnect lines and electro-optical phase shifters in photonic-integrated circuits.
Crosstalk originates from radiative and substrate coupling between lines and from
shared ground connections [67].

14.5 Receivers

The photodiodes at the heart of an optical receiver convert optical amplitude-
modulated signals to analogue electronic waveform. The range of detectors which
have been developed reflects the optimizations which can be made in terms of sen-
sitivity, power handling and electrical energy use. The early emphasis in direct-
detection, long-haul fibre optic links has driven ever more sensitive receivers,
although more recently, short-reach and digital coherent links have required high
operating optical powers. The shorter-reach links have focussed on energy reduc-
tion at the link level, and higher received optical powers can lead to energy savings
through reduced electronic amplification in the receiver. The main classes of
detector include:

*  Waveguide P-I-N detectors

e Avalanche photodiodes (APD)

e Optically amplified receivers

e Unitravelling carrier detectors (UTC)
e Coherent detection

Waveguide P-I-N detectors provide a highly efficient, wide-band means to con-
vert amplitude-modulated data into the electronic domain, but the sensitivity is ulti-
mately limited by the thermal noise in the receiver and any dark current. Early
experimental evidence indicated that high-speed response with bandwidths of
110 GHz [68] was feasible with waveguide integration, and theoretical estimates
indicated that 200 GHz should be feasible with appropriate levels of fabrication
control. The waveguide approach enables the simultaneous optimization of detec-
tion efficiency and bandwidth efficiency [69]. A 40Gbit/s PIN diode integrated with
a transimpedance amplifier can achieve a sensitivity of —10.5 dBm at a BER of
107° [70]. Side-illuminated photodetectors show an improved high-power behav-
iour, as the absorption is distributed laterally into a larger length of a thinner absorp-
tion layer in a controlled manner, compared to perpendicular illuminated detectors.
Line rates of 85Gb/s and bandwidths of 110GHz have been achieved on semi-insu-
lating substrates [71]. Ultimately PIN photodiodes will show saturation due to large
densities of carriers generated in the depletion region [72].

Avalanche photodiodes are implemented with waveguides to achieve both
high-speed performance and high responsivity through the exploitation of inter-
nal gain [72, 73]. A typical improvement of the photoreceiver sensitivity would
be 5-10 dB compared with PIN photodiodes [71, 74]. Waveguide-integrated
devices with sensitivity of -19 dBm at 40 Gb/s have been demonstrated [75, 76].
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Waveguide integration also enables the further integration with other photonic
components. Progress in epitaxial growth and specifically techniques with low
residual doping and precise control of heterostructure interfaces have been instru-
mental in optimizing detectors, and this is particularly true for APDs where par-
ticularly high electric fields are required for avalanche gain. APD performances
are related to electron and hole ionization coefficients in the multiplication
region. Very low-noise APDs were demonstrated using a wide range of very thin
avalanche layers, including InP, Al In; (As, GaAs and Al,Ga; As.

Optically preamplified receivers with an SOA-PIN combination can enhance the
sensitivity of a PIN detector to —17.5 dBm at 40 Gb/s [77]. The combination of
optimized SOA preamplification and TIA design enables a large responsivity of 44
A/W, a polarization dependence below 2 dB, a low noise figure of 8.5 dB and a 3-dB
bandwidth of 35 GHz [78]. Recently a 40-Gb/s photoreceiver module with differen-
tial outputs designed for short-reach applications such as access network and data
centre interconnect was reported [79]. It consists of an InP semiconductor optical
amplifier monolithically integrated with a p-i-n (SOA-PIN) photodiode, co-
packaged with an InP linear transimpedance amplifier (TTA) and a matching circuit
between the SOA-PIN and the TIA in order to increase the cutoff frequency. The
module exhibits a — 3 dB bandwidth of 43 GHz, a single-ended optoelectrical con-
version gain of 10,000 V/W for an optical input power of —25 dBm and a record
sensitivity of —22.5 dBm at a bit error rate of 10~ at 40 Gb/s in non-return-to-zero
on/off -keying operation (Fig. 14.4).

Unitravelling carrier photodiodes (UTC) offer a means to scale in power and
bandwidth. Unipolar photodiodes offer a particularly powerful structure to reduce
space charge effect limitations since they use only electrons as active carriers [71].
High-speed unitravelling carrier photodiode has been demonstrated for 100 Gbit/s
applications with a 3 dB bandwidth exceeding 110 GHz, a dark current of 1 nA and
a peak saturation current of about 30 mA at —2 V [80]. When monolithically inte-
grated with a semiconductor optical amplifier (SOA), a 95 GHz 3 dB bandwidth is
still feasible with 8 dB noise figure and a polarization-dependent loss of 1-2 dB. The
SOA integration enables a 95 A/W peak responsivity corresponding to record gain-
bandwidth product of 6.1 THz [81]. UTC technology has also been extended to

Fig. 14.4 UTC detector
with >67 GHz bandwidth
using InP membrane on
silicon (IMOS)
technology [83]
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continuous-wave terahertz (THz) signal generation at 1.25 THz [82]. Integration of
high-speed UTC devices with the substrate-free IMOS InP-membrane-on-silicon
platform also enables integration with surface grating couplers and a route to high-
density integration [83]. The higher optical confinement ensures a smaller cross-
section, smaller bend radii, the possibility to use high-contrast reflectors for cavities
and a route to smaller and denser packed devices. For the case of the photodiodes, a
150 nm thin p-type doped InGaAs layer is used both as the absorption layer and as
the p-contact layer. The photogenerated holes are collected directly by the p-contact,
while the electrons travel to the non-intentionally doped depletion region. The
thickness of the p-layer is chosen as a trade-off between the optical absorption coef-
ficient for efficiency and the electron transit time for bandwidth.

Coherent detection requires further integration, implementing the mixers with
near-identical, ground-isolated, photodiodes to enable phase-sensitive detection
and a richer range of bandwidth-efficient modulation formats. InP-based MMI
(multimode interferometer)-mixer chip has been integrated with photodiodes by the
butt-joint process to achieve high responsivity in a chip size of 2.0 mm x 5.1 mm.
The 3 dB bandwidth is more than 20 GHz, and uniform characteristics of over four
PDs have been achieved to enable 100Gb/s operation [84]. InP coherent receiver
chip with the highest reported responsivity (0.15A/W) together with excellent RF
bandwidth (32GHz) and 4 x 4 MMI width fabrication control (< 60 nm 90% popu-
lation) provides a highly manufacturable receiver for pluggable CFP2 modules
[85]. InP offers an attractive and manufacturable platform for size and cost reduc-
tion as well as a common platform for full transceiver (laser, transmitter and
receiver) integration.

14.6 Optical Switching

The energy and latency cost converting signals back and forth between the electrical
and optical domain has long motivated R&D into optical switching technologies.
While wavelength-selective switches, photonic switches and reconfigurable optical
add-drop multiplexers are now an established part of the network, the technologies
so far deployed have been operated as circuit switches. This is primarily a technol-
ogy limitation. Microelectro-mechanical systems are widely used to provide high
connectivity switching fabrics with hundreds of fibre connections. These approaches
use free-space imaging of fibre arrays onto two-dimensional arrays of voltage-
actuated micromechanical switch elements. This approach can be energy efficient
as the low switch actuation power and optical power loss are both loss, and the
devices can be transparent to bandwidth, enabling the routing of many tens of high
bandwidth channels. However the actuation times, the requirement for power level-
ling and physical size continue to pose system implementation challenges. A rich
vein of InP PIC research has sort to exploit nanosecond switch actuation, on-chip
levelling and chip-scale implementation to enable reduced latency networking [86].
Switch architectures are primarily aligned to photonic switches with broadband
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any-port-to-any-port routing and wavelength-selective switches. Multi-degree
ROADMs may be implemented with combinations of the two architectures.

Photonic switches have been implemented at the chip scale using InP PICs with
connectivities ranging 1 x 100 and 16 x 16. Single-input-port, integrated, phased-
array optical switches offer a high port-count scalability and broad spectral cover-
age and can be used as building blocks of large-scale optical routers. Single stages
of a 1 x 16 switch feature wavelength-independent nanosecond switching character-
istics [87]. Scaling to 1 x 100 is demonstrated with an active-passive integration
technology and a two-stage phase array interferometric switch. The inclusion of
active SOA gates on the output enables an enhanced switch extinction [88] and the
possibility for gain compensation. Such circuits have even been used to enable opti-
cal buffering experiments [89]. The implementation of multiple arrayed waveguides
with shared free-space regions has also been explored with the creation of a strictly
nonblocking 8 x 8 switch for high-speed, WDM optical interconnection [90]. The
circuit consists of over 200 functional devices such as star couplers, phase shifters
and avoided waveguide crossings. C-band operation with extinction ratio perfor-
mance of more than 20 dB was achieved with nanosecond reconfiguration times.
N x N switching matrices have also been implemented with combinations of Mach-
Zehnder interferometers and SOA gates for 8 x 8 switch fabrics [91]. Broadcast and
select architectures have been implemented in multiple stages to enable higher lev-
els of connectivity in 16 x 16 fabrics [11, 92].

Reconfigurable optical packet switches enable per wavelength routing between
multiple ports. InP PICs have been created using filter elements such as chained
Mach-Zehnder interferometers [93], cross-point matrix implementations of third-
order ring resonators [94] and arrayed waveguide grating-based wavelength
selectors [95]. Wavelength selector circuits have also been implemented in parallel
on the same die [96]. The demonstrated nanosecond switching of high line-rate
data using such switches has provided a powerful means of enabling packet level
routing at the chip level. Many-to-many connectivity with wavelength granularity
becomes feasible with the combination of shuffle networks and parallel wave-
length selectors. An example circuit is shown in Fig. 14.5 with eight-input to

Fig. 14.5 Reconfigurable optical packet switch operating on eight input fibres (left), eight
wavelength channels and eight output fibres (right) [5]
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eight-output connectivity with cyclic arrayed waveguide grating routers operating
on eight individual wavelengths or combs of wavelengths [5]. Dynamic routing
has been demonstrated with real-time path reallocation with 16 channels with
microsecond time slots [97].

14.7 Outlook

InP-integrated photonics scales along the same trajectory as other wafer-scale
technologies. An increased production volume can be expected to lead to further
yield improvements and cost reductions. The low-energy requirement from
quantum-well-based building blocks enables shorter components with enhanced
packing density for a given thermal load and chip area. This provides an important
route to very high-density integration for terabit-class transmitters, receivers and
routing circuits. Progress over the last decades has already led to the observation
of a Moore’s Law in photonic integration [98]. Indium phosphide membrane on
silicon technology [99] may be expected to lead to a further step in miniaturization
through high-confinement, ultradense InP optoelectronics for further footprint and
energy reductions.

The package for PICs currently requires optomechanical connections, electronic
connections and thermal management, each of which adds losses and cost. In tele-
communications, the achievable data rate for a given link outweighs cost. For the
data centre interconnect, data rate, cost and energy use are all critically important.
Packages will become smaller with increasing levels of electronics co-packaged
with the PIC. New methods to enable relaxed precision assembly will be critical.
New techniques for automated optical alignment [100, 101] and reduced complex-
ity electronic connection [100] become areas of active research.

Systems integration will become critical. Matching electronic and photonic
design — co-design — and designing for uncooled (high temperature) operation are
expected to have a major impact on both energy use and also assembly cost. As with
electronic ICs, costs are initially dominated by auxiliary components, package and
test, rather than the enabling chip itself. Here InP has a striking advantage. The
monolithically integrated light sources already enable wafer-scale self-test.
Uniquely, the lasers and amplifiers are created within one chip with high-
performance multi-quantum well modulators, detectors and passives without intro-
ducing assembly steps between photonic devices. The epitaxial growth of
energy-efficient multi-quantum wells and the use of thermally conductive wave-
guide cladding layers offer important energy efficiency advantages. Butt-joint inte-
gration allows component packing at the density limit, without the use of adiabatic
tapers or extra-thick cladding layers. Other platforms offer subsets of devices and
therefore may be assembled with other platforms in the packaged part, but the
monolithic approach feasible for InP PICs ensures a chip-scale solution for sustained
year-on-year scaling.
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