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Moore’s Law has set great expectations that the performance of information technology will improve expo-
nentially until at least the end of this decade. Although the physics of silicon transistors alone might allow
these expectations to be met, the physics of the long metal wires that cross and connect packages almost
certainly will not. Global-level interconnects incorporating large-scale integrated photonics fabricated on the
same platform as silicon microelectronics hold the promise of revolutionizing computing by enabling parallel
many-core and network switch architectures that combine unprecedented performance and ease of use with
affordable power consumption.

Over the last decade, remarkable progress has been made in research on low-power silicon photonic de-
vices for interconnect applications, and CMOS-compatible fabrication technologies promise a “Moore’s Law
for photonics” that could completely change the economics of integrated optics. In this survey, photonic tech-
nologies amenable to large-scale CMOS integration are reviewed from the perspective of high-performance
interconnects operating over distance scales of Imm to 100m. An overview of the requirements placed on
integrated optical devices by a variety of modern computer applications leads to discussions of active and
passive photonic components designed to generate, guide, filter, modulate, and detect light in the telecommu-
nication bands. Critical challenges and prospects for large-scale integration are evaluated with an emphasis
on silicon-on-insulator as a platform for photonics.
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1. INTRODUCTION

In 1965, Gordon Moore claimed in an article entitled “Cramming More Components
onto Integrated Circuits” that by 1975 the economics of semiconductors could allow as
many as 65,000 electronic elements to be incorporated onto a single silicon chip [Moore
1965]. His general observation that the number of components on semiconductor dies
had doubled every year since 1959 became known as “Moore’s Law,” and has remained
largely true over the last 50 years. Annual sales for the global semiconductor industry

Author’s address: R. G. Beausoleil, Information and Quantum Systems, HP Laboratories, 1501 Page Mill
Rd., Palo Alto, CA 94304-1123; email: ray.beausoleil@hp.com.

Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted
without fee provided that copies are not made or distributed for profit or commercial advantage and that
copies show this notice on the first page or initial screen of a display along with the full citation. Copyrights for
components of this work owned by others than ACM must be honored. Abstracting with credit is permitted.
To copy otherwise, to republish, to post on servers, to redistribute to lists, or to use any component of this
work in other works requires prior specific permission and/or a fee. Permissions may be requested from
Publications Dept., ACM, Inc., 2 Penn Plaza, Suite 701, New York, NY 10121-0701 USA, fax +1 (212)
869-0481, or permissions@acm.org.

© 2011 ACM 1550-4832/2011/05- ART6 $10.00

DOI 10.1145/1970406.1970408 http://doi.acm.org/10.1145/1970406.1970408

ACM Journal on Emerging Technologies in Computing Systems, Vol. 7, No. 2, Article 6, Pub. date: May 2011.




6:2 R. G. Beausoleil

have grown to US$300B in 2010 [Gartner 2010], and public awareness of Moore’s Law
has established expectations that the computing power per unit cost of commercially
available information technology will continue to double every 18 months over many
years to come.

Until recently, the computer processor industry has been able to concentrate on im-
proving the performance of single computer cores designed to support single-threaded
architectures and software applications. As the feature sizes of transistors have de-
creased over the last decade, however, physical limitations such as leakage current
and temperature, as well as the sheer cost of large-scale integration and fabrication,
have forced electrical engineers and computer scientists to implement parallel proces-
sors consisting of multiple cores. The number of cores is likely to increase exponentially
over the next 10-20 years, but the complexity and clock rate of individual cores is un-
likely to change significantly [Muller 2005; Colwell 2007]. The result will be highly
multi-threaded architectures that must access code and data that may reside in a non-
local cache or off-die in main memory, requiring a high-performance interconnect with
high bandwidth and low latency to allow efficient programming.

Without a breakthrough in interconnect technology, the performance characteristics
of multicore processors are likely to be severely limited by the physical scaling char-
acteristics of wires [Kumar et al. 2005]. As the size of an individual core shrinks, the
dimensions of the wires in the core will contract as well, and are unlikely to affect
the performance of the processor [Ho et al. 2001; Ho 2003]. However, the wires in the
upper metal layers that form the global interconnect will still need to span the die to
distribute power and clock signals, and must be used to connect cores to each other and
(through the data pins in the processor package) to main memory. The information-
carrying capacity of a wire with cross-sectional area A and length L is proportional to
A/L? [Miller 2000], so reducing the area of wires to increase interconnection density
is less effective then simply adding more layers of wires. Longer wires are typically
divided into short segments and connected through vias to repeaters, at an increased
cost in energy and latency. If the repeaters are designed to maintain bandwidth and
minimize latency across the die [Banerjee and Mehrotra 2002], then the corresponding
power cost can become an appreciable fraction of the total dissipation of the chip [Owens
et al. 2007]. The number of data pins available for off-chip communication is increasing
very slowly [ITRS 2009], and as the data rate per pin increases the data modulation
frequency is approaching the electrical carrier frequency, creating significant signal in-
tegrity issues. All of these limits have made it difficult to reduce the energy consumed
per transmitted bit in high-bandwidth on-chip and off-chip global interconnects below
2 picojoules (pd) [Poulton et al. 2007].

When faced with bandwidth, power, and signal integrity issues on long-haul net-
works, the telecommunications industry adopted and extended high-capacity fiber-optic
technology and wavelength-division multiplexing (WDM) based on lasers operating
near 1550nm [Gnauck et al. 2008; Essiambre et al. 2008]. As similar constraints have
overtaken large-scale computer performance, active optical cables based on vertical-
cavity surface-emitting lasers (VCSELs) have been introduced into data centers and
supercomputers [Narayan 2009; Henning and White 2009; Offrein and Pepeljugoski
2009; Pepeljugoski et al. 2010], and board-level intermodular interconnects based on
VCSELs have entered the advanced development phase [Doany et al. 2009; Tan et al.
2009a, 2009b].

As interconnect bandwidth requirements scale to 10 terabits/second (Th/s) and be-
yond, higher levels of integration will be required to increase bandwidth per pin (or op-
tical connector) at significantly reduced cost. Over the last decade, remarkable progress
has been made in research on low-power silicon photonic devices for interconnect ap-
plications [Lipson 2005; Jalali and Fathpour 2006; Soref 2006], and complementary
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Fig. 1. Simplified schematic of the major electrical and optical components in an on-chip data link. Optical
components have been drawn within the dashed rectangle, and are connected to each other by light-gray
arrows indicating optical signals; electrical components are connected to each other and to optical components
by black arrows indicating electrical signals in wires. An accurate accounting of energy dissipation in this
system should include the contributions of all electrical drivers. Not shown are supporting system functions
like clocking.

metal-oxide-semiconductor (CMOS) fabrication technologies promise a “Moore’s Law
for photonics” [Lipson 2009; Liang and Bowers 2009; Yoo 2009] that would probably
not arise from telecommunications supply and demand alone. Optical communication
signals have carrier frequencies of approximately 200 terahertz (THz), orders of mag-
nitude larger than modulation frequencies likely to be used in short-haul interconnects
(~10GHz), avoiding the signal integrity limitations of electronic interconnects. Prop-
agation losses in optical fibers over data center distance scales are negligible, and in
on-chip multimode silicon waveguides they can be reduced to much less than 1 deci-
bel/centimeter (dB/cm) [Fischer et al. 1996], allowing the elimination of repeaters.
Therefore, overall network latency is essentially determined by the propagation speed
of light in the fiber or waveguide, and network energy consumption becomes indepen-
dent of distance. On the processor die, waveguides with submicron cross sections can
be lithographically defined at pitches of 2—4 microns (um), and when used in a dense
wavelength division multiplexing (DWDM) system based on 64 channels operating at
10 gigabits per second (Gb/s), the bandwidth density of 160-320Gb/s/um exceeds that
of electrical wire interconnects by more than a factor of 100. With these potential break-
throughs in mind, computer architects have begun studying the impact that photonic
interconnects could have on core-to-core interconnects [Kirman et al. 2007; Bergman
and Carloni 2008; Vantrease et al. 2008; Lee et al. 2010] and processor-to-memory
interconnects [Batten et al. 2009], with the principal goal of significantly reducing the
degree to which programming models must rely on the locality of code and data.

In this survey, photonic technologies amenable to large-scale CMOS integration are
reviewed from the perspective of high-performance interconnects over distance scales
of Imm to 100m, beginning with a brief overview in Section 2 of the requirements
placed on integrated optical devices by a variety of modern computer applications. A
very simplified schematic diagram of a point-to-point optical link is shown in Figure 1,
with the optical components drawn within the dashed rectangle and connected to one
another by light-gray arrows. Several passive silicon photonic devices (such as couplers
and waveguides) designed to guide and filter light in the telecommunication bands are
introduced in Section 3, and the current state of the art in CMOS-compatible planar
modulators and photodetectors shown in Figure 1 is presented in Section 4. Another
important class of electro-optically active devices that are critical for the operation of a
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Fig. 2. The performance of the top supercomputers in May 2010. (Figure reproduced from TOP500 [2010]
with permission (©) 2010 TOP500.0rg.)

low-cost, low-power optical network is an efficient laser, and current research in CMOS-
compatible, ITI-V, and hybrid light sources is evaluated in Section 5. Finally, prospects
for integration are evaluated in Section 6, with an emphasis on silicon-on-insulator
(SOI) as a platform for photonics.

2. INTERCONNECT REQUIREMENTS FOR HIGH-PERFORMANCE COMPUTING

2.1. Supercomputers and Data Centers

As shown in Figure 2, top supercomputer performance has tracked Moore’s Law quite
closely [TOP500 2010], with the June 2010 record holder (the Jaguar XT5 system
built by Cray at the National Center for Computational Sciences at the Department of
Energy’s Oak Ridge National Laboratory [ORNL 2010]) relying on 18,688 compute
nodes to demonstrate 1.75 petaflops running the LINPACK benchmark. Each node
contains 16GB of DDR-800 memory and two hex-core AMD Opteron 2435 (Istanbul)
processors running at a clock speed of 2.6GHz, and is connected to the network through
a SeaStar2+ router with a peak bandwidth of nearly 60GB/s, or approximately half
a byte per flop [Bland et al. 2009]. Jaguar has a scalable I/O network using almost
5km of Zarlink active optical cables (in lengths up to 60m) [Zarlink 2010] to connect
over 3,000 Infiniband ports distributed over the two-story facility. The previous record
holder was the Roadrunner supercomputer built by IBM at Los Alamos National Labo-
ratory [LANL 2010; Narayan 2009; Henning and White 2009; Offrein and Pepeljugoski
2009]. Roadrunner also uses active optical cables, incorporating VCSELSs, large-area
photodetectors, and 92km of multimode optical fiber [Pepeljugoski et al. 2010].

If an exascale supercomputer were to be built using the same number of compute
nodes as Jaguar or Roadrunner, then progress in processor technology equivalent to ten
Moore’s Law generations (or 15 years) will be needed. But the power requirements of
such a system could be excessive: if we simply scaled the performance per unit power
of the current leader in efficient computing (~0.8 gigaflops/Watt [Green500 2010]),
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an exaflop-class machine would require over a gigawatt of continuous power. A major
challenge for the large-scale computer industry will be to improve this specification by a
factor of 25 to approximately 20 gigaflops/Watt, enabling an exascale system to operate
with 50 megawatts of aggregate electrical power. If we assume that approximately 40%
of this energy consumption is used by the transistors in the cores and main memory,
and another 40-50% by the hard drives and cooling system, this leaves only 10—20% of
the system power for the interconnect at all levels. It is clear that optics will be needed
to meet this requirement [Benner 2009; Pepeljugoski et al. 2010], and it is likely that
silicon photonics will become necessary to lower costs and enable DWDM for increased
bandwidth per connector.

While it is difficult to predict the demand for exaflop-class supercomputers in the
next decade, market trends already indicate that many data centers with exascale
storage and communication capacity will be required during the same time frame [Glick
2008; Astfalk 2009; Morris 2009]. Unlike the highly parallel nature of the processing
done by Jaguar or Roadrunner, data center traffic is highly random and will require
interconnect bandwidths at least as high as that of a supercomputing system. In 2007,
data equivalent to 650,000 copies of the entire contents of the Library of Congress
(nominally 10' bytes) were transmitted over the Internet every month, and at that
time the five-year-forward compound annual growth rate in traffic was expected to
be 46% [Astfalk 2009]. HP has announced long-term plans to instrument the earth
with over one trillion sensors, each capable of generating and transmitting data at 1—
1000kb/s, requiring an Internet bandwidth about 1,000 times greater than in 2007 [HP
2010]. If estimates are correct that every byte transmitted over the Internet causes
0(10%) bytes of data communications within at least one data center, the implications
for data center interconnects at the end of this decade are dire [Astfalk 2009].

2.2. Computer and Network Architectures

Computer architects have long anticipated the limitations of electrical interconnects as
electronic devices shrink [Meindl et al. 2002], and a number of proposals have appeared
recently to incorporate optics at deeper levels in integrated circuits. For example, one
approach advocated replacing the long global wires of a multicore processor with an
optical broadcast bus [Kirman et al. 2007], and another advanced a circuit-switched
photonic network that could significantly improve the performance of GPU-like chip
architectures [Bergman and Carloni 2008; Lee et al. 2010]. By contrast, Figure 3 shows
the physical layout of the “Corona” architecture for a processor with 256 cores divided
into 64 groups, targeted for a 16nm process available in 2017 [Vantrease et al. 2008;
Beausoleil et al. 2008; Ahn et al. 2009a]. Three of the four stacked physical layers, each
fabricated on a separate special-purpose die [Black et al. 2006], are shown: the cores
(each with an integrated L1 cache), the L2 caches (shared by each group), and the global
photonic interconnect. The silicon photonic layer is an all-to-all DWDM crossbar with
fiber-optic connections to DRAM, allowing high-bandwidth and low-latency communi-
cation to all memory in the system at an energy cost of approximately 290 femtojoules
per bit (fJ/b). The design is enabled by some of the active photonic devices discussed
in Section 4, such as silicon microring modulators, each operating at 10Gb/s (or twice
the target clock frequency of 5GHz), and integrated silicon-germanium photodetectors.
The extremely high degree of parallelism provided by this design is enabled by overpro-
visioning the active photonic devices by a factor of 64 above those in use at any given
time (accounting for half of the energy consumed by the photonic layer [Ahn et al.
2009a]), placing stringent requirements on the quality of the fabrication and integra-
tion technologies described in Section 6. High-bandwidth arbitration is provided by an
integrated photonic system (arguably a simple, but useful, optical computer) based on
the same components used in the interconnect, with a speed that is limited only by the
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Fig. 3. Physical layout of the Corona architecture for a processor with 256 cores divided into 64 groups.
Three of the four stacked physical layers—each integrated on a separate die—are shown: the cores (each
with an integrated L1 cache), the L2 caches (shared by each group), and the global photonic interconnect.
The L2 caches are connected via the photonics through an analog electronic driver layer (not shown). Fast,
high-bandwidth arbitration is provided in the photonic layer by the same types of components used in the
interconnect. (Figure reproduced from Vantrease et al. [2008] with permission (©) 2008 IEEE.)

time required for a light signal to propagate through a silicon waveguide once around
the chip [Vantrease et al. 2008, 2009].

An alternative architecture that also provides photonic cross-chip global interconnec-
tion between groups of cores, but emphasizes processor-to-main memory communica-
tion, is the “local meshes to global switches” (LMGS) topology shown in Figure 4 [Batten
et al. 2009]. The optical microring filter matrix supports a processor with 256 cores (di-
vided into 16 groups) and 16 DRAM modules operating at a clock speed of 2.5GHz. This
layout is targeted toward a 400mm? die fabricated using a 22nm technology, with a
poly-crystalline silicon photonic layer implemented on the back of the silicon logic layer.
The active and passive devices are under-etched using a novel approach to provide the
optical cladding discussed in Section 3; models of this technology show great promise,
but as discussed in Section 4 research on the performance of polysilicon active devices
is relatively immature compared to that on pure crystalline devices. Performance sim-
ulations of the LMGS interconnect architecture predict that photonics enables almost
an order of magnitude improvement in bandwidth to DRAM at similar latency and
power consumption of an electrical interconnect, with an energy consumption of only
250fJ/b.

Steering the computer industry toward photonic interconnects in and between pro-
cessors and memory will require a nontrivial collaboration of multinational semicon-
ductor and information technology companies. A nearer-term realization of a photonic
application-specific integrated circuit (PhASIC) that could have a substantial impact
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Fig. 4. Schematic of an optical microring filter matrix implementation of a local meshes to global switches
topology for a processor with 256 cores (divided into 16 groups indicated on each member core with a hex
number) and 16 DRAM modules. The global interconnect channel linking core group 3 to DRAM module 0
is highlighted. (Figure reproduced from Batten et al. [2009] with permission © 2009 IEEE.)

on supercomputer and data center performance may be an optically-enabled network
switch. “HyperX” has been proposed as a network architecture (adapted from hyper-
cube and flattened butterfly topologies) that could take advantage of the high-radix
switch implementations that large-scale integrated photonics could enable [Ahn et al.
2009b]. HyperX relies on a new adaptive routing algorithm that allows a favorable
balance to be found between performance, power, wiring complexity, and fault toler-
ance. This approach can provide performance levels equivalent to those of a folded-Clos
architecture, with fewer switches, and uses photonic components to enable a low-cost
packaging strategy for exascale data centers.

2.3. Device and Component Requirements

During the next decade, requirements for lower cost and power dissipation, reduced
latency, smaller physical size, and higher levels of integration with mainstream sili-
con electronics will create inexorable pressure toward adoption of CMOS-compatible
photonics. Although it is useful to use the ITRS roadmap [ITRS 2009] to extrapolate
interconnect performance requirements over the next ten years [Beausoleil et al. 2008;
Miller 2009], the recent leveling-off of on-chip clock speeds around 3GHz [Muller 2005]
makes the long-term ITRS projections of on-chip/off-chip clock rates of 14.3/67.5GHz
seem highly unlikely to be realized. Furthermore, projections of processor power scaled
to the 16nm technology node predict that the total processor, cache, memory controller,
and intermediate electronic interconnect of a 10-teraflops multicore CPU should dissi-
pate between 82 and 155 watts (W) [Vantrease et al. 2008]. If we double the half-byte
per flop supercomputer bandwidth discussed above to accommodate random data cen-
ter traffic, then the bidirectional on-chip and off-chip communication bandwidth should
be 20 terabytes/second (TB/s). Therefore, an interconnect that consumes no more than
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30% of the power used by the cores (consistent with ITRS interconnect projections)
should operate with an energy cost of 150-300£J/b.

This tight constraint on dissipated power discourages the use of serialization and
deserialization (SERDES), so at best a particular physical channel may operate at
twice the clock frequency (i.e., read or write two bits per clock to/from digital registers),
or 10Gb/s if it is assumed that on-chip and off-chip clock rates grow to 5 GHz over
the next decade. Therefore, 16,000 point-to-point physical channels will be needed to
connect cores to each other and to memory with a total bidirectional bandwidth of
20TB/s, and even more would be needed for an all-to-all crossbar [Ahn et al. 2009a]. In
principle, a point-to-point interconnect could be implemented in a tall package using
a free-space optical interconnect built with arrays of VCSELSs, photodetectors, and
MEMS-actuated mirrors [Xue et al. 2008], but (assuming that the packaging issues
can be solved using the wafer-bonding techniques described in Section 5) different
interconnect technologies would still be required for interconnects to memory and
other off-chip resources. Although over the next several years integrated single-channel
photonics or multilaser coarse wavelength-division multiplexing (CWDM) could be
used to communicate between packages, in the long term the use of DWDM in optical
interconnects is inevitable, and would allow the 20 TB/s bandwidth requirement to be
met with a single photonic global interconnect layer using 64-wavelength DWDM [Xu
et al. 2006; Vantrease et al. 2008; Beausoleil et al. 2008; Ahn et al. 2009a; Manipatruni
et al. 2010b].

Based on these observations, in the following sections the current state of the art of
CMOS-compatible photonic devices is evaluated, and their future prospects for mono-
lithic integration are assessed from the perspective of the high-bandwidth interconnect
requirements developed thus far. Key components shown in Figure 1 include:

Low-loss SOI waveguides. Waveguides fabricated on SOI using standard photolitho-
graphic patterning and reactive ion etching techniques have measured losses as low as
0.2dB/cm [Liu et al. 2004b], and there are indications that losses as low as 0.1 dB/cm are
within reach [Dong et al. 2010c]. However, as discussed in Section 6, the commercially
available SOI wafers used for this purpose today have top silicon layers with poorly
controlled thicknesses, and result in fabricated devices that require “trimming” into
compliance.

Low-power germanium photodetectors. Germanium has a smaller bandgap than sili-
con (0.7eV compared to 1.1eV), allowing detection of optical signals in the International
Telecommunication Union (ITU) wavelength bands near 1310nm (O-band) or 1550nm
(C-band). As described in Section 4, monolithically integrated Ge-on-Si photodetectors
offer the possibility of low-capacitance detectors that eliminate the need for power-
hungry amplifiers and clock recovery to build a nearly “receiverless” detection scheme
[Bhatnagar et al. 2004] for data rates (per channel) of 5Gb/s. At higher data rates, the
gain of the transimpedance amplifier can be modest, and the clock signal can be shared
by detector arrays in a WDM system.

Resonant modulators. In DWDM systems, the ring resonators described in Section 3
selectively modulate a single wavelength on a given waveguide, and can be moved to
an “OFF” state where they are transparent to the data flux in the waveguide. Using
methods outlined in Section 4, modulators work by changing the index of silicon using
carrier injection, depletion, or accumulation. Published results indicate that the target
modulation rate of 10Gb/s with energy consumptions as low as a few femtojoules per bit
can be achieved with CMOS technology [Xu et al. 2007; Manipatruni et al. 2007b; Watts
et al. 2008a; Zortman et al. 2010a]. These devices will need to be kept resonant with the
chosen wavelength by thermal and/or current tuning of their refractive indices. Since
the incident power needed to shift the resonance of a typical compact silicon microring
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Table I.
Sellmeier coefficients for silicon in Eq. (2), valid over the ranges 20K <
T <300Kand 1.1um < A < 5.6um. Units are K~/.

J Sy Saj Ss;

0 1.04907E+01 —1.34661E+03 4.42827E+07
1 —2.08020E—-04 2.91664E+01 —1.76213E+06
2 4.21694E—-06 —2.78724E—-01 —7.61575E+04
3 —5.82298E—-09 1.05939E—-03 6.78414E+02
4 | 344688E-12 —1.35089E—06  1.03243E+02
J Ayj Agj Az;

0 2.99713E-01 —3.51710E+03 1.71400E+06
1 —1.14234E—-05 4.23892E+01 —1.44984E+-05
2 1.67134E—-07 —3.57957E-01 —6.90744E+03
3 —2.51049E-10 1.17504E—-03 —3.93699E+01
4 2.32484E—-14 —1.13212E-06 2.35770E+01

resonator [Xu et al. 2008] by one linewidth is approximately 50mW [Soljacié et al. 2002;
Leuthold et al. 2010], an aggregate optical input power of ~3W is the upper limit for
a single-waveguide 64-channel DWDM system. Careful consideration of the number
of channels that can fit within a single ring’s “free spectral range” is another critical
system parameter [Manipatruni et al. 2010b].

Multiwavelength lasers. Multichannel light sources for low-cost DWDM systems with
precisely controlled and locked frequency intervals are treated in Section 5. One of the
possible approaches is the Fabry-Perot comb laser based on quantum dots [Kovsh et al.
2007], which has already been used to demonstrate a bit-error-rate of 10712 at 10Gb/s
over ten longitudinal modes [Gubenko et al. 2007; Innolume 2010]. Another possible
approach is the mode-locked hybrid Si/ITI-V evanescent laser [Koch et al. 2007], which
uses a silicon-waveguide laser cavity wafer-bonded to a III-V gain region. The laser
need only provide 1-2W of total optical power over 64 wavelength channels to supply
a 20TB/s network if the detector capacitance is low enough that only 10,000 photons
are needed to drive a 1V swing at the detector’s output terminal [Vantrease et al. 2008;
Ahn et al. 2009al].

3. PASSIVE SILICON PHOTONIC DEVICES: WAVEGUIDES, FILTERS, AND COUPLERS

Silicon is transparent at wavelengths longer than 1.1um (corresponding to energies be-
low the bandgap of 1.12eV), and has a refractive index with a dependence on wavelength
and temperature that can be modeled by a Sellmeier equation as [Frey et al. 2006]

3 si(THr2

2
P, T)-1=) ———,
22— )2

(D
i=1

where A = ¢/f is the vacuum wavelength in microns of an electromagnetic field with

optical frequency f, c is the speed of light, T' is the temperature in degrees Kelvin,

4
si(T)=Y_S;; T/, and (22)
Jj=0
4
)\i(T)EZAij T/, (2b)
Jj=0

The Sellmeier coefficients S;; and A;; for silicon are given in Table I [Frey et al.
2006]. Generally, the form of Equation (1) and Equation (2) are chosen to allow
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Fig. 5. Plot of the phase and group refractive indices of silicon as a function of vacuum wavelength at a
temperature of 300K.
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Fig. 6. High-index-contrast step-index waveguides for small-footprint large-scale integration. (a) Cross-
section of a step-index ridge waveguide. In SOI, the substrate is SiOy (on silicon) and has a refractive index
of ~1.5 in the telecom band, and the Si top layer has a material index of 3.5. The cladding layer could be
air or a passivating material similar to SiOg. (b) An SEM picture of a silicon wire microring resonator with
1.5um radius adjacent to a tapered bus waveguide. The field circulating in the ring is coupled to the bus
waveguide through evanescent field leakage from the outer surface of the ring. (Figure 6(b) reproduced from
Xu et al. [2008] with permission (©) 2008 OSA.)

an accurate fit to available optical data, and allow computation of the dispersion
(dn(i, T')/d2), the group refractive index (ng(A, T) = n(A, T') — Adn(r, T')/d1), and the
thermooptic coefficient (dn(i, T')/dT) at wavelengths and temperatures where direct
measurements are not available. A plot of the refractive index (also as known as the
phase index) and the group refractive index of silicon as a function of wavelength and
temperature is shown in Figure 5.

3.1. Waveguides

The waveguides most commonly used in large-scale silicon integrated photonics are
variations of the dielectric slab waveguide [Hu and Menyuk 2009] that is now com-
monly treated in textbooks [Okamoto 2006]. As shown in Figure 6(a), the dielectric
ridge waveguide has a light-guiding layer with a high-index core that is defined by
a ridge atop a pedestal, situated between lower-index substrate and cladding layers
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Fig. 7. Simulations of electric field mode profiles for a silicon wire waveguide with a width of 450nm and a
height of 250nm, with an SiOg substrate and no cladding (air). In the case of the TE mode, the electric field
is polarized horizontally, and the effective refractive index is n = 2.385, for the TM mode, the magnetic field
is polarized horizontally, and n = 1.772. (Courtesy of Di Liang.)

[Lipson 2005]. When the thickness of the pedestal is reduced to zero, the resulting
structure is known as a “wire” waveguide (or a “channel” waveguide when the refrac-
tive index of the substrate and cladding are the same) as shown in Figure 6(b). In SOI,
the substrate is SiO9 (on silicon) and has a material refractive index of ~1.5 in the
telecom band, and the Si top layer has a material index of ~3.5. The cladding layer
could be air or a passivating material similar to SiOs. This high index contrast between
the materials in the core and the substrate/cladding creates a strong confinement of
the propagating field within the silicon, with exponentially decaying evanescent fields
having extents of ~100—300nm at the index steps surrounding the core. Physically, this
process can be understood in terms of either total internal reflection in a ray-tracing
model or energy concentration in high-index regions in an electromagnetic boundary-
value problem.

Propagating modes in optical waveguides are characterized by their transverse field
profiles and the polarization (orientation) of their electric and magnetic fields. A trans-
verse electric (TE) mode has an electric field vector aligned primarily perpendicular to
the z (propagation) axis, while (depending on the waveguide composition and geome-
try) the magnetic field may have a component oriented along the z-axis. By contrast,
a transverse magnetic (TM) mode has a magnetic field vector aligned perpendicular
to the z-axis. (Generally, there are no propagating modes in purely dielectric ridge or
wire waveguide that are exactly TE or TM, so the corresponding field polarizations
are often designated as “quasi-TE” and “quasi-TM,” respectively [Mashanovich et al.
2008].) Transverse core dimensions of 4-8um enable multi-transverse-mode fields with
relatively low propagating losses of ~0.1dB/cm [Fischer et al. 1996], while the wire
waveguides shown in Figure 7 that are nominally 500nm wide by 250nm tall operate
in a single transverse mode with typical propagation losses of 1dB/ecm [Gnan et al. 2008]
when fabricated using e-beam lithography (EBL). The phase velocity of light in these
waveguides is ¢/n, where n is an effective refractive index that generally has a value
between the material indices of the core and cladding; the corresponding group velocity
is ¢/ng, where ng is an effective group refractive index that typically has a value that
is 2x that of the phase index. Recent demonstrations of large-core waveguides with
lateral dimensions of ~1.5um fabricated in SOI using standard photolithography and
etching techniques have demonstrated average propagation losses as low as 0.2dB/cm
for quasi-TE modes [Liu et al. 2004b], and there are indications that 0.1dB losses in
shallow-ridge waveguides with widths of 2um are within reach [Dong et al. 2010c].
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A number of technologies have been proposed and demonstrated to complete the set
of optical components amenable to large-scale integration on-chip with CMOS compat-
ible processes. Polarization rotators are commonly used in fiber-optic networks, and
an offset dual-core silicon channel waveguide structure with a rotation element with a
width of ~2um and a length of 35um has been demonstrated with a rotation angle of
72° and a polarization extinction ratio of 11dB [Fukuda et al. 2008], and a design based
on coupling through an intermediate multimode waveguide with similar dimensions
has been proposed that promises 90° rotation with an extinction ratio as high as 17dB
[Yue et al. 2009]. Although none of the architectures described in Section 2 require
purely passive crossed waveguides, as optical circuit element density grows, waveg-
uide intersections in the silicon plane may become necessary. SOl waveguides with
crossings showing losses of —0.16dB and cross-talk of —40dB have been demonstrated,
based on a design incorporating parabolically broadened waveguides to reduce lateral
refractive index contrast while maintaining high lateral mode confinement [Bogaerts
et al. 2007]. Models show that similar results could be obtained with more conventional
planar patterning and etching [Li et al. 2009]. However, an intriguing new approach to
CMOS-compatible waveguides relies on refractive index engineering using subwave-
length gratings rather than ridge or wire waveguides. This approach has been used to
demonstrate index-guided waveguides fabricated in a single etch step with propagation
losses as low as 2.1dB/cm with a low group index of ny ~ 1.5 over the entire telecom
C-band [Bock et al. 2010a]. When crossed waveguides are fabricated using the same
approach, the loss per crossing was measured to be as low as —0.02dB with crosstalk
less than —40dB [Bock et al. 2010b]. Other compact planar photonic devices such as
input couplers and multiplexor circuits have also been implemented with performance
characteristics comparable to those of ridge and wire waveguides [Cheben et al. 2010].

One of the principal contributions to the propagation and scattering losses of single-
mode high-index-contrast (HIC) channel and ridge waveguides is the roughness of the
sidewalls induced by patterning and etching processes, causing the observed loss rates
of ~1dB/cm that are two orders of magnitude higher than those of low-index-contrast
waveguides such as optical fiber. This optical loss is not simply incoherent scattering
from random surface perturbations into the substrate or cladding; rather, a nontrivial
fraction of the scattered power has been found to couple to backward-propagating modes
in HIC waveguides [Morichetti et al. 2010a, Morichetti et al. 2010b]. This backscatter-
ing can be extensive even in single-mode waveguides only a few hundred micrometers
in length, creating a possible barrier to some applications of high-density photonic
integrated circuits. A model of the scattering process is shown in Figure 8(a) for a
waveguide of length L, and nominal width w with rough sidewall surfaces. The com-
plex backscattering amplitude hg(z) for a waveguide segment of length dz depends on
the average loss coefficient o = (7/Ap)(dn/dw)dw, where Ap is the Bragg wavelength
corresponding to a simple sinusoidal corrugation in the waveguide sidewalls having
amplitude dw, and n is the effective index of the waveguide. In the small perturbation
regime, the backscattered power is proportional to |«|?, and as shown in Figure 8(b) can
reach nontrivial values for TE polarizations over relatively short distances. These mea-
surements were performed on waveguides fabricated using EBL [Gnan et al. 2008], and
should be repeated for guides fabricated using high-resolution CMOS photolithography
and etching technologies.

3.2. Filters

A complete toolbox of silicon-based optical components that enable low-cost, compact,
and/or WDM interconnect applications should include passive multiplexors and demul-
tiplexors, splitters/couplers, and filters. These generally fall into two classes: nonreso-
nant devices, which are well studied and understood and tend to have comparatively
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Fig. 8. Backscattering induced by sidewall roughness in high-index-contrast SOI channel waveguides.
(a) Model of a waveguide of length L,, and nominal width w with rough sidewall surfaces. The complex
backscattering amplitude hg(z) for a waveguide segment of length d z depends on the average loss coefficient
a. (b) Measurements of the backscattered power spectral density for an SOI waveguide with L, = 1mm
and w = 490nm for TE (solid curve) and TM (dotted curve) input polarization. (Figure reproduced from
Morichetti et al. [2010b] with permission (©) 2010 OSA.)

large footprints in silicon photonic integrated circuits; and resonant devices (such as
microring cavities) which can be quite compact, but with sensitivities to environmental
perturbations that present particular challenges for integration.

3.2.1. Nonresonant Couplers and Filters. The simplest nonresonant coupler, the 1 x 2
Y -junction beamsplitter, can be cascaded to distribute optical power over many waveg-
uides with low loss, minimal sensitivity to wavelength, and even power distribution
over the output ports [Tao et al. 2008]. SOI-based multimode interference couplers also
divide power from a single input port to multiple output ports by relying on spatial
interference in an intermediary slab region [Lipson 2005; Jiao et al. 2010]. Wavelength-
division multiplexing applications may require that different wavelength channels be
distributed into different waveguides, requiring spectral filters such as an arrayed
waveguide or echelle grating [Bogaerts et al. 2010].

Perhaps the most commonly used spectral filter in CMOS-compatible WDM photonics
is the silicon-wire Mach-Zehnder interferometer shown schematically in Figure 9. The
narrowband input field E;, enters the device through a single-mode wire waveguide, is
split into two equal parts by a Y -junction or multimode interference coupler, and then
is recombined using the same structure to produce the output field E,,;. The field in the
upper waveguide propagates through a section of length L containing an integrated
resistive heater [Liu et al. 2010a] which changes the local temperature by AT, causing
a change in the effective refractive index An = (dn/dT )AT, where the thermooptic
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Fig. 9. Schematic of a silicon Mach-Zehnder interferometer used as a spectral filter. An input field is split
by a 3-dB Y -junction or multimode interference coupler, and the mode in the upper arm is phase-shifted by
an integrated resistive heater. When the beams are recombined in another 3-dB coupler, the magnitude and
phase of the output field depends on the applied phase shift.

coefficient dn/dT ~ 2 x 10~* K~ for highly-confined modes in silicon [Frey et al. 2006].
In this case, the output field is given by

1 .
Eout(¢) = 5(1 + el¢)Ein, 3)

where ¢ = 27 AnfL/c and f is the optical (carrier) frequency of both fields. The output
power of the interferometer is proportional to

| Eout(@)I” = cos (‘;-’) |Einl” . 4)
Therefore, if AT is chosen so that ¢ = 2mn for some integer m (equivalent to the
condition AnL = ma) the fields in both arms constructively interfere at the output
coupler, and E,,; = E;,. However, if ¢ = (2m + 1)x, the fields destructively interfere,
and E,;; = 0. There are a number of variations on this simple design; for example,
the waveguides in the arms can be fabricated with different lengths to optimize filter
performance at a particular wavelength for AT = 0, but special care is then required

to reduce the sensitivity of the entire device to ambient temperature [Uenuma and
Moooka 2009].

3.2.2. Resonant Couplers and Filters. A particularly relevant example of a resonant filter
is the two-port microring resonator shown in Figure 10(a) consisting of two bus waveg-
uides and a ring waveguide with an effective refractive index n and power absorbtion
coefficient «. The mean radius of the ring, measured at the center of the circular
waveguide, is a, and the perimeter is p = 27a. Light is weakly coupled between the
curved waveguides and the nearby straight bus waveguides through the short-range
evanescent fields leaking from both structures. The magnitude and phase of these
couplings are determined by the dimensions of the waveguides and the separation be-
tween them, and are represented by the (ideally) broadband power reflectance R; o and
transmittance T4 o at ports 1 and 2. (For the time being, we neglect backscattering in
all waveguides, but we include the effects of dissipative optical loss in the couplers by
allowing R; 9+ T 2 < 1.) The microring resonator shown in Figure 6(b) [Xu et al. 2008]
is a single-port device with Ry = 1 and T3 = 0. A narrowband input field E;, produces
an output field E,; at port 1 and a cross-coupled field E,. at port 2, given by

1 Ry —(Ry + TyTe*

Eout(¢) = m 1 Tei® Einv (5a)
VT Toe—p/2 ¢i¢/2
Ex(§) = 15— Bin. (5b)
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Fig. 10. Two-port microring resonator. (a) Schematic of a two-port microring resonator consisting of two
bus waveguides and a ring waveguide with an effective refractive index n and power absorbtion coefficient
a. The radius of the ring—measured at the center of the curved waveguide—is a, and the perimeter is
p = 2ma. The broadband power reflectance R and transmittance 7' at ports 1 and 2 are determined by the
dimensions of the waveguides and the separation between them. An input field Ei, produces an output field
E,ut at port 1 and a cross-coupled field Ey. at port 2. (b) Plot of |Eeu(f)/Ein(f)I? as a function of frequency,
showing axial modes with resonant frequencies f;, = mc/np. The width of each resonance is determined by
the corresponding value of @y, and the separation between adjacent resonance frequencies is approximately
c/ngp, where ng is the average effective group refractive index in that frequency range.

where ¢ = 2nnpf/c and I'2 = Ry Ry e °? is the fraction of the circulating power remain-
ing in the ring after one round trip.

When f = f,, = mc/np for some positive integer m, ¢ = 2mm, and the microring
resonates at this frequency: the output field reaches a minimum value, while the cross-
coupled field reaches a maximum value. Since the frequency f and physical wavelength
A = A/n of an electromagnetic field propagating through a material with effective
refractive index n satisfy the relation A f = ¢/n, this condition may also be expressed
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in terms of wavelength as ma,, = p; in other words, a resonance is obtained whenever
an integer number of physical wavelengths fits exactly around the ring perimeter.
The value of the frequency f,, will shift when the mode index m, perimeter p, or the
refractive index n change. If these variations are small enough that we can ignore
second-order terms in the Taylor expansion, then
o _im_tp_tn ©
fn m p n
Now the effective refractive index n = n(f, T', ¢) may vary due to changes in the fre-
quency itself, the temperature T', and (as discussed in Section 4.1.1) the local carrier
density g, according to

9 9
sn="Tof+ sy g, 7)
q

so that the fractional shift in the resonance frequency of longitudinal mode m becomes

8fm n [(Sm Sp} 1 [Zm on }

fm_ng m p 8T8T+8q6q
where n, = n+ fon/df is the effective group refractive index introduced earlier as a
function of the vacuum wavelength. Similar considerations show that the correspond-
ing fractional change in the physical wavelength is §A/A = —(ng/n)8f/f. As an example
of the utility of Equation (8), in the case where m = +1,8p = 0,8T = 0, and g = 0, the
corresponding frequency separation between adjacent minima in |Eyy|? is known as
the free spectral range and is given by Afrsr = ¢/ngp. In general, careful simulations
of the transverse and longitudinal eigenmodes of microring resonators will also depend
on the waveguide width and height, and on the refractive indices of the substrate and
cladding.
Given values of @, Ry, and any dissipative losses in port 1, if we choose the dimensions
of the waveguides in port 1 so that R; = (Ry + T1)T", then the ring is critically coupled,
with

(8)

ng

1—e
Eout(¢) =V Rl 1_—Fei¢Ein~ (9)
In this ideal case, whenever the frequency f = f;,, the output power vanishes, and as
shown in Figure 10(b), at frequencies midway between f,, and f;,.1 the output power
achieves a maximum value proportional to |Eyy|? = |Ein|?4R;/(1 4 I')2. At a frequency
f = fn+ Af, where Af <« Afpsr, Equation (9) may be approximated by

_|Ry—iAf Afy/24 (24T /(1 + DA
Eout(Af) = ? Af2 T (Afm/2)2

Ein(f)s (10)

where Af,, = fin/Qn, and

VT
Q, =mn T (11)
As shown in Figure 10(b), the denominator in Eq. (10) characterizes a Lorentzian
resonance with a full-width at half-maximum of Af,,.

Both the precise values of the resonance frequencies f,, and the quality factors @,
of the ring are determined by the details of the ring geometry, the core material, and
the sidewall roughness of the ring waveguide [Lipson 2005; Xu et al. 2008]. Although
it is clear that both intrinsic absorption by the core material (generally negligible
in silicon at telecommunication wavelengths) and the scattering by the core sidewall
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Fig. 11. Model of the intrinsic optical quality factor @ and waveguide bending loss versus the ra-
dius for a quasi-TE mode of an uncoupled microring resonator at 1.55um computed using a 3D finite-
difference time-domain simulation. Here the SOI waveguide has a rectangular cross-section with dimensions
450nm x 250nm. (Figure reproduced from Xu et al. [2008] with permission (©) 2008 OSA.)

roughness described above causes loss that depends on the ring circumference, there is
a fundamental upper limit placed on @ by the curvature of the ring itself. As shown in
Figure 7, because the boundaries of a straight channel or ridge waveguide are dielectric
rather then metal in nature, the corresponding transverse mode profile has evanescent
wings that extend beyond the high index core into the lower index cladding. In the case
of the straight waveguide, these evanescent fields have phase profiles linked to the
propagating modes within the guide, traveling at a speed c¢/n. In a curved waveguide,
the evanescent fields on the outside of the core must travel faster than the propagating
field in the core, and beyond a critical distance the required propagation speed for the
phase front exceeds c/ngadding, coupling the evanescent fields to modes propagating
away from the ring [Lipson 2005]. As shown in Figure 11, this bending loss creates a
fundamental upper limit to the intrinsic (uncoupled) @ of a microring resonator [Xu
et al. 2008]. A completely uncoupled ring (i.e., with B; = Ry = 1 and ap < 1) has an
intrinsic @, ~ 2mm/ap, and the same ring when critically coupled through a single
port as in Figure 6(b) with R; = ¢ P has a loaded quality factor that is smaller by a
factor of 2.

Microring resonators can function as photonic integrated circuit elements in a variety
of configurations, particularly in the case where WDM is used to encode data on a comb
of multiple independent regularly-spaced frequency channels [Lipson 2005; Dong et al.
2010b; Manipatruni et al. 2010b]. In Figure 12(a), a ring tuned off-resonance allows
all data channels to propagate through the bus waveguide, while in (b) a ring with
a resonance frequency aligned with that of a particular data channel diverts light
from that channel into the ring, where it is scattered by the rough, curved surface
of the ring. As described in Section 4.1.3, electrically activating this tuning at high
speed allows the microring to be used as an electro optic modulator [Xu et al. 2005;
Chen et al. 2009; Lee et al. 2010]. In Figure 12(c), a ring (which need not be critically
coupled) with two bus waveguides can be used to divert one (resonant) channel from
one waveguide to the other, and Figure 12(d) shows that incorporating a photodetection
element (such as germanium) in a ring allows it to absorb diverted light and act as
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Fig. 12. Microring resonators as photonic integrated circuit elements. (a) A ring tuned off-resonance allows
all data channels to propagate through the bus waveguide. (b) A ring with a resonance frequency aligned
with that of a particular data channel diverts light from that channel into the ring, where it is scattered.
(c) A ring coupled to two bus waveguides can be used to divert one (resonant) channel from one waveguide
to the other. (d) Incorporating a photodetection element (such as germanium) in a ring allows it to absorb
diverted light and act as part of a receiver. (Figure reproduced from Vantrease et al. [2008] with permission
© 2008 IEEE.)

part of a receiver. Recent research has proposed that microrings can be used to provide
the optical isolation that is critical to minimize the effects of coherent backscattering
discussed below [Yu and Fan 2009]. Resonant structures similar to microrings, such as
microdisks [Watts et al. 2008a; Zortman et al. 2010a; DeRose et al. 2010], offer similar
opportunities for integrated photonics, but many of these devices have resonant higher-
order transverse modes that are problematic for WDM architectures.

As bidirectional bandwidth across a single CMOS die scales to 10 TB/s and beyond
[Vantrease et al. 2008], the increased circuit density enabled by compact resonant fil-
ters, modulators, and switches will become a significant driver for large-scale integrated
photonics. A microring filter with a smaller circumference has a larger free spectral
range, allowing a larger number of microrings resonant with different, equally-spaced
data channels to be attached in a small area to a common bus waveguide carrying a
higher aggregate data bandwidth [Manipatruni et al. 2010]. In the particular case of
the microring modulator discussed in Section 4.1.3, the power consumed by the device
is proportional to the capacitance (and therefore the circumference) and inversely pro-
portional to the @ of the ring. The electrical capacitance of devices demonstrated in
the laboratory has been reduced to a few femtofarads [Chen and Lipson 2009], lower-
ing their energy consumption to ~10fJ/b [Watts et al. 2008a; Zortman et al. 2010al].
After an SOI microring resonator with a diameter of only 4 um was incorporated into an
add/drop filter and demonstrated a @ = 6730 [Nawrocka et al. 2006], further reductions
in device footprint required careful attention to spatial and spectral mode-matching to
minimize the coupling between the fundamental transverse mode of the ring’s curved
waveguide and higher-order propagating modes in the straight bus waveguide [Xu
et al. 2008]. By tapering the bus waveguide to a width of ~290nm and increasing the
gap between the the straight waveguide and the ~440nm ring waveguide to ~340nm,
a microring resonator fabricated using EBL with a diameter of 3um was demonstrated
with a coupled @ ~ 9000.

In the ITU wavelength O-band and C-band, the thermooptic effect in silicon causes
the refractive index of tightly confined modes to shift with temperature by approxi-
mately dn/dT ~ 2 x 10~* K~!. Using Equation 9, this corresponds to a temperature-
dependent wavelength shift (TDWS) of a microring resonator operating near 1310nm
of 8A,, = T5pm/K—or §f,, ~ 13GHz/K—independent of the radius of the ring. Therefore,
a local temperature change of only 1K is sufficient to switch a microring coupled to a
bus waveguide with a @ chosen to provide a FWHM Af,, = 20GHz from an “off” state
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Fig. 13. Models of athermal coupled microring resonators based on slot waveguides incorporating polymers.
(a) Schematic of a slotted-waveguide microring resonator with an inset showing a cross-section of the waveg-
uide. (b) Simulated electric field profiles for TE modes in waveguides with w = 200nm and 2 = 250nm and
varying slot width s, showing that a substantial fraction of the mode energy is carried by the slot. (Figure
reproduced from Zhou et al. [2009a] with permission (©) 2009 by the authors.)

with |Eouwi( fin)/Eouwt(fn)|? — 0 to a state where the output power is 60% of the input.
Since temperature fluctuations within single-die CPU packages can exceed 40K, it is
clear that the use of resonant devices in information technology applications requires
techniques that mitigate thermooptic effects. One way to reduce the impact of temper-
ature shifts on a microring resonator is to couple it to another optical system (such as
a Mach-Zehnder interferometer [Guha et al. 2010]) that has an effective optical path
length nL designed to cancel changes in that of the ring, at the expense of an increase
in the aggregate size of the device. Alternatively, the device footprint can be retained by
changing the structure of the ring and bus waveguides to include a high-confinement
low-index slot waveguide [Lipson 2005] that can be filled with a material (such as a
polymer) that has a value of dn/dT < 0 [Lee et al. 2008; Zhou et al. 2009a]. Figure 13(a)
presents a schematic of a slotted-waveguide microring resonator with an inset showing
a cross-section of the waveguide, while Figure 13(b) illustrates simulated electric field
profiles for TE modes in waveguides with w = 200nm and A = 250nm and varying slot
width s, showing that a substantial fraction of the mode energy is carried by the slot.
Careful choice of the polymer and design of the slots and the coupling junction between
the ring and bus waveguides results in a cancelation of the TDWS [Lee et al. 2008],
but the high field intensity at the slot sidewalls shown in Figure 13(b) causes higher
levels of surface scattering and therefore lower cavity @ [Zhou et al. 2009a]. Recently,
an intermediate approach that reduces both the level of confinement and the effective
index of polymer-cladded silicon wire waveguides has shown a reduction of the TDWS
to 0.5pm/K for TM modes [Raghunathan et al. 2010]. The reduced confinement allows a
greater fraction of the transverse mode profile to extend into the polymer, but increases
the footprint of the waveguides and resonators. One design constraint common to all of
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these approaches is the need to tailor the waveguide dimensions to provide the same
confinement factor for each wavelength, complicating the design of DWDM systems.

In an integrated photonic DWDM system, the frequency channels propagate along a
common bus waveguide, interacting with devices such as modulators, filters, and de-
tectors resonant with particular channels. For example, as described in Section 4.1.3,
a microring resonator designed to act as a modulator for frequency channel m will cre-
ate a resonant loss at frequency f;, according to Equation (5a) with a magnitude that
depends on the values of Ry, T, I', and on the value of the refractive index of the ring.
(However, recent measurements of coherent backscattering by microrings resonant
with an incident field show that a significant fraction of the measured round-trip loss
in cavities fabricated using EBL can be caused by counterpropagating fields caused by
sidewall roughness of the ring waveguide [Morichetti et al. 2010]. This effect will need
to be studied for the case of critically coupled compact rings built using photolithogra-
phy and CMOS materials processing.) In addition, there will be a quasi-resonant loss
induced by microrings designed to operate at channels m — 1 and m + 1. Consider a
critically-coupled high-@ ring with R; ~ I' — 1 and Af;, = 20GHz. If the channel spac-
ing is 80GHz, then by Equation (10) the total power loss in channel m due to the two
rings resonant with the adjacent channels is 2 x 101log;, | Eout( f)/Ein(f)? ~ —0.13dB.
Rings more than a few channels away from m cause nonresonant losses that are not
predicted very accurately by Equation (10), because they arise from interactions of the
evanescent fields of the bus waveguide and curved waveguides comprising the rings.
If surface roughness is neglected, finite-difference time-domain models of the compact
microring cavity shown in Figure 6(b) estimate that the nonresonant scattering loss
along the bus waveguide due to the presence of a nearby curved waveguide is less than
—0.001dB per ring for both TE and TM modes.

As both physical component and channel densities increase to accommodate the
bandwidths demanded by Moore’s Law, the Lorentzian lineshape shown in Figure 10(b)
may not provide the out-of-band rejection ratios needed for adequate bit-error rates.
Instead, resonant filters incorporating multiple coupled microrings can provide higher-
order filter lineshapes without the complexity typical of thin-film filters [Little et al.
2004; Xiao et al. 2007]. Purely passive, low-loss thermally tuned filters incorporating up
to 11 microrings have been fabricated using chemical vapor deposition in Hydex with
an index contrast of 17% (corresponding to a core index of 1.70 and a cladding index of
1.45) [Little et al. 2004], and a third-order silicon microring add-drop filter fabricated
in SOI has been demonstrated with low loss, a passband of 125GHz, and out-of-band
signal rejection of 40dB [Xiao et al. 2007]. More complex resonator configurations,
such as microrings embedded within compact racetracks [Zhang et al. 2008a], allow
frequency responses tailored to particular applications.

4. ACTIVE SILICON PHOTONIC DEVICES: MODULATORS AND PHOTODETECTORS
4.1. Integrated CMOS-Compatible Modulators

The promise of large-scale integrated photonic interconnect links based on CMOS-
compatible devices has inspired an explosion of research and development on silicon-
based electro-optic modulators. A recent review of this progress by Reed et al. [2010] is
quite complete and includes a table of device performance results.

4.1.1. The Physics of Silicon-Based Switches and Modulators. Optoelectronic modulators
generally encode data on propagating light channels by changing the amplitude, phase,
or polarization of a continuous optical field through variations in the complex propaga-
tion vector of that field. In telecommunications systems, most modulators are based on
semiconductor linear and nonlinear optical mechanisms such as the Franz-Keldysh,
Pockels, and Kerr effects. However, in single-crystal silicon, the magnitude of these
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effects at the telecommunication wavelengths near 1310nm and 1550nm are too small
to allow energy-efficient operation of high-performance modulators [Soref and Ben-
nett 1987]. The most promising candidates for silicon optical modulators rely on the
free-carrier plasma-dispersion effect to change the silicon refractive index by vary-
ing electron and hole densities within the optical waveguide, or the quantum-confined
Stark effect to vary the refractive index [Reed et al. 2010]. The thermo-optic effect
in silicon is appreciable, but it is too slow to be used effectively for high-bandwidth
modulation [Lipson 2005].

Soref and Bennett used a numerical Kramers-Kronig approach to analyze absorp-
tion data in pure crystalline silicon over widely varying electron and hole densities and
computed the corresponding perturbations in the refractive index and absorption coef-
ficients at telecommunications wavelengths [Soref and Bennett 1987]. For example, at
an optical wavelength A = 1310nm, their results can be summarized by the formulas
[Gardes et al. 2008; Reed et al. 2010]

Angi(1310nm) = —6.2 x 10722cm? N, — 6.0 x 10 ¥cm?* N3, (12a)

Aagi(1310nm) = 6.0 x 10 ¥em? N, + 4.0 x 107 8cm? N, (12b)
and near A = 1550nm,

Ang;(1550nm) = —8.8 x 10722 cm?® N, — 8.5 x 10718 cm?* N2, (13a)

Aasi(1550nm) = 8.5 x 107 cm? N, + 6.0 x 107 ¥ cm? Nj,. (13b)

Here Ang; is the change in the (dimensionless) refractive index, Aasg; is the absorption
coefficient in em~1, NN, is the electron density in em~3, and N}, is the density of holes in
cm~3. (Note that Soref and Bennett found that the dependence of the refractive index
on the hole density is not linear, in contrast to predictions of simple free carrier or
Drude theory, but instead is characterized by the exponent 0.8.) In principle, moderate
changes in carrier density should provide significant refractive index modulation, but
in practice the absorption becomes a significant limit through device insertion loss. For
example, at a carrier density of 107cm?, we find that An(1310nm) ~ —3.0 x 10~ and
Ax(1310nm) ~ 1.0cm~1, and An(1550nm) ~ —4.3 x 10~* and Aw(1550nm) ~ 1.45cm1.

Modulators based on refractive index perturbation through the free-carrier plasma-
dispersion effect generally operate in one of three modes:

Carrier injection. [Xu et al. 2005; Reed et al. 2010] As shown in Figure 14(a), the
waveguide region defining the optical mode is confined within the intrinsic region of
a p-i-n diode to avoid optical absorption losses in the heavily doped p-type and n-type
regions. When the junction is forward-biased, carriers can be injected into the waveg-
uide through the doped regions in contact with metal wires, where they modify the
refractive index of the intrinsic silicon. Modulators based on injection mode operation
generally require low bias voltages (< 1 V) and allow large extinction ratios—the ra-
tio of light intensities representing bit values 1 and 0 in an on-off keying modulation
scheme—but are generally limited in speed by the long minority carrier lifetime of
silicon (~ 1ns for devices with few-micron-scale lateral dimensions). This limitation
can be partially mitigated either by using drive signal pre-emphasis [Xu et al. 2007]
or through the significantly smaller device volumes available from compact microring
resonators [Manipatruni et al. 2010].

Carrier depletion. If the waveguide in the carrier injection device is lightly doped
as shown in Figure 14(b), the resulting p-n diode can be operated in reverse bias to
deplete carriers from a central region that has a width that depends on the applied
voltage [Reed et al. 2010]. If the intrinsic capacitance and resistance of the device
is low enough, then the minority carrier lifetime is no longer a significant limitation
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optical mode

(a) Carrier injection mode

depletion region

(b) Carrier depletion mode

oxide barrier

(¢) Carrier accumulation mode

Fig. 14. Three commonly used carrier modes in silicon modulators. (a) In carrier injection, the heavily p-
doped and n-doped regions are separated by the intrinsic region containing the optical waveguide to form
a p-i-n junction. (b) In carrier depletion, lightly doped p-type and n-type regions contact in the waveguide
region to form a p-n junction. (c) In carrier accumulation (the MOS effect), a capacitative structure is formed
by placing a thin oxide barrier in the center of the intrinsic region. (After Reed et al. [2001].)

[Liu et al. 2007; Liao et al. 2007]. The dopant concentration in the waveguide must
be low enough to avoid significant absorption of the optical mode, thereby limiting
the maximum change in refractive index to the value obtained when the available
carriers are fully depleted. Although forward-bias operation [Spector et al. 2010] and
more complicated diode structures are available [Rasigade et al. 2010] in depletion
mode, p-n structures are commonly used to obtain low-power operation at moderate
modulation depths [Zheng et al. 2010; Watts et al. 2010; Zortman et al. 2010al].
Carrier accumulation. If the device structure of the injection-mode device is modified
to include a thin oxide barrier at the center of the waveguide, then the metal-oxide-
semiconductor (MOS) configuration shown in Figure 14(c) can be used to accumulate
carriers within the optical mode and thereby modify the local refractive index [Liu et al.
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2004a; Barrios and Lipson 2004]. The capacitative structure enforced by the barrier
allows the device to operate at speeds that depend primarily on its resistance and
capacitance rather than the minority carrier lifetime [Passaro and Dell’Olio 2008], and
a device with a length less than 0.5mm recently demonstrated by Lightwire delivers a
9dB extinction ratio at a data rate of 10Gb/s [D’Andrea 2009].

A promising alternative to refractive index modulation in pure silicon based on
the free-carrier plasma-dispersion effect is the electric-field-induced change in absorp-
tion observed in waveguide-integrated silicon-germanium devices. For example, an
electro-absorption (EA) modulator based on the Franz-Keldysh effect [Liu et al. 2008]
has demonstrated a 3dB-bandwidth of 1.2GHz and an energy consumption of 50fJ/b
at 1540nm. A similar effect that becomes significant in thin quantum wells is the
quantum-confined Stark effect (QCSE) [Kuo et al. 2005; Roth et al. 2007]. At room
temperature, QCSE absorption in germanium quantum wells grown on silicon has
been observed to be as large as that in III-V materials [Kuo et al. 2005; Rong et al.
2010], and EA at 10Gb/s has been demonstrated in 30um waveguides [Rong et al.
2010]. Although the insertion loss of QCSE devices is likely to remain quite high (~3—
4dB) compared to that of electro-refractive modulators fabricated from pure silicon, the
short interaction length that SiGe QCSE enables justifies vigorous further research.

4.1.2. Nonresonant Mach-Zehnder Modulators. The Mach-Zehnder interferometer struc-
ture discussed in Section 3.2.1 has been used by many groups to demonstrate high-
speed modulation in pure silicon, primarily due to the relative insensitivity of the
passive performance characteristics to temperature. Although some MZI modulators
have been implemented using charge accumulation [D’Andrea 2009] and charge injec-
tion [Green et al. 2007], most recent dramatic progress has been made using carrier
depletion [Liu et al. 2004a; Liao et al. 2007; Liu et al. 2007]. One of the most important
figures of merit of an MZI modulator is VL, the product of the potential difference
between the two interferometer arms needed to produce a phase shift of = at the
output port and the length of the arms. Over the past year, several groups have re-
ported depletion-mode devices [Feng et al. 2010b; Liu et al. 2010a; Watts et al. 2010]
with V,L ~ 1V-cm for devices with lengths of 0.5-1.0mm operating at bandwidths
of approximately 10Gb/s with extinction ratios of 4-7dB. The large sizes of these de-
vices results in an energy expenditure of approximately 5-10pdJ/b, but depending on
the application this is competitive with electronics at distances greater than about
a meter, and could enable high-bandwidth energy-efficient point-to-point links using
CWDM [Liu et al. 2010a].

4.1.3. Resonant Microring and Microdisk Modulators and Switches. Systems and applications
requiring bandwidths approaching 1Tb/s per optomechanical connector (e.g., a single
fiber optical core affixed to a chip or board) will require DWDM and therefore resonant
filters such as the microrings or microdisks discussed in Section 3.2.2. The first compact
silicon microring modulator capable of operating at 1.5Gb/s is shown schematically
in Figure 15(a) [Xu et al. 2005]. The device had a radius R = 6um and was based
on a p-i-n diode operated in carrier injection mode using a forward bias voltage of
Vr ~ 4V. DC transmission measurements of the microring at three different bias
voltages are plotted in Figure 15(b), with an inset showing the transmission of the
probe wavelength of 1,573.9nm as a function of bias. An extinction ratio as high as
15dB was found at this wavelength for a bias voltage change of only 0.3V. Subsequently,
the same group demonstrated a WDM link using four microring modulators operated
at 4Gb/s each [Xu et al. 2006], and a single modulator with bandwidths of 12.5 and
18Gb/s [Xu et al. 2007; Manipatruni et al. 2007b], leading to a demonstration of a
four-ring 50Gb/s transmitter [Manipatruni et al. 2010b]. At these modulation speeds,
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Fig. 15. The first compact silicon microring modulator capable of operating at 1.5Gb/s. (a) A schematic
diagram of the microring device with R = 6um based on a p-i-n diode. The modulator was operated in charge
injection mode using a forward bias voltage of Vi ~ 4V. (b) DC transmission measurements of the microring
at three different bias voltages, and an inset showing the transmission of the probe wavelength of 1,573.9nm
as a function of bias. An extinction ratio as high as 15dB was found at this wavelength for a bias voltage
change of only 0.3V. (Figure reproduced from Xu et al. [2005] with permission (©) 2005 NPG).

the problem of the long minority carrier lifetime in pure silicon is often compensated
by using signal pre-emphasis to overdrive the leading edges of square waves to load
the junction with carriers. The small size (and correspondingly low capacitance and
resistance) of these resonant devices allows them to be operated at the low voltages
and low driving power required by nanoelectronic technologies beyond 22nm CMOS
[Chen et al. 2009; Lee et al. 2010]. A 2.5um-radius modulator has been driven at
1Gb/s using only 150mV peak-to-peak in carrier injection mode [Manipatruni et al.
2010]. A similar device has been operated at 3Gb/s while consuming 120fJ/b [Chen
et al. 2009], and an injection-mode ring with a 2.5um radius has shown an 18dB DC
extinction ratio and a 6Gb/s modulation rate while dissipating only 45fJ/b. Silicon
microdisk modulators [Zhou and Poon 2006]—which unlike microrings typically have
higher-order resonant modes—formed as vertical p-n junctions and operated in carrier
depletion mode at about 10Gb/s with moderate extinction ratios of approximately 4dB
have been demonstrated that consume only 85fJ/b with a drive voltage of 3.5V [Watts
et al. 2008a] and only 3fJ/b at 1V [Zortman et al. 2010a]. Silicon microring modulators
operated in depletion mode [Dong et al. 2009] recently have been demonstrated at
12.5Gb/s with a 1V swing and an 8dB modulation depth (with a 3.5dB insertion loss)
that dissipate only 10fJ/b [Dong et al. 2010a]. The aggregate power consumption of
a compact resonant modulator or switch [Ng et al. 2008; Watts et al. 2008b] will
increase due to other factors, including integrated temperature control [Manipatruni
et al. 2008; DeRose et al. 2010; Dong et al. 2010a] and drive electronics [Zheng et al.
2010]. In principle, significantly higher modulation frequencies—even equal to the
free spectral range of a microring resonator—at similar fractional power dissipation
could be obtained by perturbing the coupling between the bus waveguide and the
ring waveguide, with the drive electronics becoming the chief performance limiter
[Sacher and Poon 2008]. Alternatively, a hybrid device based on a p-i-n-i-p structure
in silicon has been proposed [Manipatruni et al. 2007a] that would have characteristic
carrier injection and extraction times of approximately 10 ps, allowing a micron-scale
resonator to operate at 40Gb/s with 12dB extinction ratio while dissipating several
fJ/b. Finally, some progress has been made recently with polysilicon waveguides [Zhu
et al. 2009] and microring modulators [Preston et al. 2009], with (respectively) linear
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losses that are ~7dB/cm higher than that of the best single-crystal waveguides and
power consumptions that are ~100x that of the best demonstrated silicon modulators.

4.1.4. Resonant Hybrid Silicon/Polymer Modulators. An entirely different approach to in-
tegrated optical modulators relies on a purely electro-optic (EO) effect in polymer
claddings on microring resonators fabricated in silicon nitride on silicon oxide [Block
et al. 2008]. EO polymers are intriguing for large-scale integrated photonic intercon-
nects because many have electro-optic coefficients greater than 300pm/V (10x that of
lithium niobate), potentially very high modulation frequencies of more than 100GHz,
and a dielectric constant of 2.5-4 that is small enough to allow fabrication of low-
capacitance DWDM devices. The EO polymer cladding can be spin-cast onto existing
photonic devices after wafers emerge from the processing line, and the subsequent
polymer poling and annealing can occur at temperatures much lower than the 450°C
thermal process limit. Initial measurements of the frequency response of hybrid mi-
croring devices with R = 21um as a function of drive voltage and frequency showed a
1dB modulation depth using a 2.7V drive with 50% duty cycle at 10GHz [Block et al.
2008], but more recent experiments have demonstrated 8dB modulation depth at 6V
and 20Gb/s transmission performance [Young et al. 2010]. Almost purely capacitive
modulation at these size scales offers the possibility of low-power, high-density inte-
gration at the 45-nm technology node and beyond [Palaniappan and Palermo 2010].

4.1.5. Multi-Element Modulators and Switches. Recently, multielement structures have
been studied as a means to overcome some of the temporal limitations of single-element
resonant structure, such as a frequency passband with a relatively narrow Lorentzian
lineshape, and a modulation bandwidth that is limited by the long minority carrier
lifetime in silicon. For example, a silicon microring has been used in conjunction with
a Mach-Zehnder modulator to provide bandwidth equalization [Gill et al. 2010]. For
DWDM applications, dual-microring modulators and switches offer the potential for
much higher bandwidths with superior filter performance. High-speed control of the
@ of a silicon microcavity comprised of two separated microrings coupled by silicon
waveguides has been demonstrated with a switching time of 100ps [Manipatruni et al.
2008]. A spectrally hitless switch based on two microring resonators (each with an in-
dependently driven p-i-n diode) has demonstrated a 60GHz bandwidth with a footprint
of only 600m? [Lira et al. 2009]. Models of a compact silicon coupled-ring modulator
structure where only one ring is actively driven and over-coupled to a waveguide show
that the Vernier effect allows 20GHz modulation of the first ring to provide 60Gb/s
modulation, with a notch filter profile that is higher-order than that of a single ring. As
simulated, the combined system exhibits a smaller resonance shift and lower driving
electrical power than a single-ring configuration [Li et al. 2008]. Similarly, simulation
of the silicon dual-microring modulator shown in Figure 16 show that such a structure
should allow 40Gb/s operation with a modulation depth of 10dB and a factor of three
lower operating power than a single ring of the same dimension [Xu 2009]. The lay-
out of the silicon rings and waveguides used in this design is shown in Figure 16(a)
with an overlay of doped electrodes and driver circuits, and a cross-section of one ring
shown in the inset. Figure 16(b) illustrates an equivalent circuit model of the modula-
tor, showing the point A representing the n*-doped regions connected by wires, and the
diodes D; and Dy representing the p-i-n junctions across the two rings. The effective
contact resistance R¢ between the metal wires and the doped silicon should be much
smaller than the driver resistance Rg. The device is designed to operate in carrier-
injection mode, and the diodes D; and D, are biased with opposite signs depending on
the polarity of the driving voltage V4. As the driving voltage changes sign, carriers are
driven from one microring to the other at a rate determined by the value of R¢. Note
that the single-ring wavelength shift shown in Figure 15(b) occurs in opposite spectral
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(a) Optical Out l

Fig. 16. Schematic diagram of a silicon dual-microring modulator. (a) Layout of the silicon rings and waveg-
uides with an overlay of doped electrodes and driver circuits. A crosssection of one ring is shown in the inset.
(b) An equivalent circuit model of the modulator, showing the point A representing the n™-doped regions
connected by wires, and the diodes D; and Dy representing the p-i-n junctions across the two rings. The
effective contact resistance R¢ between the metal wires and the doped silicon should be much smaller than
the driver resistance Rg. (Figure reproduced from Xu [2009] with permission (©) 2009 OSA.)

directions in the dual-ring configuration, and the small quantity of charge dissipated
in the resistor Rg allows the total operating energy of the modulator (including both
the rings and the drivers) to be as low as 300fJ/b.

4.1.6. Signal Processing for Alternative Modulation Schemes. The previous section concen-
trated primarily on critically-coupled microring modulators using simple on-off-keying
protocols, but other configurations and modulation schemes are under active investi-
gation. For example, as shown in Figure 17(a), single-ring modulators with integrated
MOS electrodes can be divided into three types according to their operating regimes in
the optical domain: Type I (single-waveguide under-coupled), Type II (single-waveguide
critically-coupled), and Type III (dual-waveguide). For each type, the phase transition
across a resonance has been plotted as a function of frequency. In Figure 17(b), the
signal quality (@) as a function of increasing carrier transit time across the MOS ca-
pacitor is shown, demonstrating that Type II modulators exhibit higher tolerance to
longer transit times [Zhang et al. 2009; Zhang 2010a]. More complex multiring de-
signs, such as the “embedded-ring” modulator shown schematically in Figure 17(c),
can be operated in a highly nonlinear optical phase regime to enable high-speed mod-
ulation at lower voltage with higher power efficiency. Near the resonance, the plot
of the simulated signal @ shown in Figure 17(d) demonstrates insensitivity to varia-
tions in the value of the coupling between the rings near the optimum [Zhang 2008],
a critical requirement for manufacturability. Finally, a schematic of a microring-based
NRZ-DPSK modulation and demodulation schemes is shown in Figure 17(e). Dur-
ing modulation, a continuous-wave channel experiences a phase shift of 7 across the
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Fig. 17. Signal processing for alternative modulation schemes. (a) Single-ring modulators are divided into
three types according to their operating regimes in the optical domain: Type I (single-waveguide under-
coupled), Type II (single-waveguide over-coupled), and Type III (dual-waveguide). (b) Simulations show that
Type II modulators exhibit higher tolerance to longer transit times. (c) A schematic of an embedded-ring
modulator operated in a highly nonlinear optical regime to enable high speed modulation. (d) Near the reso-
nance, the signal @ is insensitive to the precise value of the coupling between the rings. (e) Microring-based
NRZ-DPSK modulation and demodulation schemes. (f) Dramatic improvements in signal  are provided by
modest increases in drive voltage. (Figure reproduced from Zhang et al. [2009] with permission © 2009 by
the authors.)

optical resonance, and a double-waveguide microring filter enables demodulation of
both duobinary and alternate-mark inversion components and thus provides bal-
anced detection with 50% less power consumption that on-off-keying. As shown in
Figure 17(f), signal @ improved dramatically when the ring modulator was driven
until the phase shift became greater than = [Zhang et al. 2008a, 2008b].

4.2. CMOS-Compatible Ge-on-Si Photodetectors

Photodetectors at all wavelengths operate by absorbing incident light, and then cre-
ating charge carriers that can be accumulated and measured by electronic circuits.
At the standard telecommunication wavelengths proposed for short-haul photonic
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interconnects, silicon is transparent and therefore not useful for the active element
of a photodetector. But in recent years the epitaxial integration of germanium (which
has an appreciable absorption at both 1310nm and 1550nm) with silicon waveguides
and CMOS current and voltage read-out circuits has led to several device structures
and topographies that are promising for high-bandwidth interconnects. An excellent
review of the historical development and current status of high-performance Ge-on-Si
photodetectors can be found in Michel et al. [2010].

4.2.1. Model of Photodetection. We begin by building a simple model of the bit-error-ratio
as a function of the parameters that are likely to be achieved beyond 22nm CMOS. The
detector will sense a current I(b) when photons representing a bit value b are incident
on the diode, and there will be a noise variance o(b) associated with each of these
values that corresponds with the width of the signal current distribution. If we choose
a threshold current approximately given by Iy, = [6(0)I(1)40(1)I(0)]/[c(0)+0(1)], then
we can define the bit value “0” for I < Iy, and the bit value “1” for I > I, [Ramaswami
et al. 2009]. Given finite values of the noise variances, we will misidentify the bit value
at a rate that is determined by the overlap of the distributions of I1(0) and I(1). For our
definition of I, this bit-error-rate is

I(1) — I(0)
where
K(z) = %erfc (%) (15)

is the overlap integral. The current produced by a photodetector with a responsivity A
and gain multiplier M is given by

I1(b) = AMP(b), (16)

where the optical power carried by a single “1” bit incident on the photodetector is
he
P = NVTB' am

Here we have represented the average optical power indicating the bit value “1” as N,
photons per bit multiplied by the energy per photon (given by the product of Planck’s
constant 2 and the speed of light ¢ divided by the vacuum wavelength of the light in
the detection region) and the average number of “1” bits arriving per unit time as the
bandwidth B. We specify the optical power carried by photons representing the bit
value “0” in terms of the extinction ratio x = P(0)/P(1).

If we assume that we will not require either optical preamplification or significant
transimpedance amplification (discussed below), and we approximate the electrical
bandwidth of the receiver as B, then the noise variance for bit value b is given by

o%(b) = [ZqMFI(b) + 2q(Iys + Iy, M?F) + ‘“;ELT] B. (18)

L

A model of the excess noise factor F is given by McIntyre [1966] and generally depends
on the dimensions of the depletion layer and the ionization probabilities of the electrons
and holes. In the case where those probabilities are equal, F = M; p-i-n photodiodes
can be modeled by taking M = 1, giving F = 1. The first term on the right-hand side
of Equation (18) represents the “shot noise” arising from fluctuations in the number
of photoelectrons created in the detection region [Ramaswami et al. 2009], while the
second term describes the contributions from dark current arising in the surface (Iys)
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Fig. 18. Bit error rates given by Equation (14) as a function of photon number representing a bit value of
“1” incident on a photodetector with responsivity A = 0.7A/W and gain multiplier M = 1. We have assumed
a data rate commensurate with a bandwidth B = 10GHz, and a load resistance R;, = 3k consistent with
device sizes in 22nm CMOS. The detector operates in silicon-germanium at 1310nm, and we have compared
BERs for two different modulation extinction ratios. (a) When x = 10dB and the dark current is 10uA, a
BER of 1020 can be obtained with 6000 absorbed photons. (b) When x = 10dB and the dark current is 10nA,
a BER of 10720 can be obtained with about 5000 absorbed photons.

and the gain region (Iy,) of the photodetector. The final term arises from thermal noise
(also known as “Johnson-Nyquist” noise) caused by thermal fluctuations in the energy
of the charge carriers in the detector circuit; here kg is Boltzmann’s constant, 7' is the
temperature, and Ry, is the load resistance of the circuit.

Figure 18 illustrates the bit error rates given by Equation (14) as a function of
photon number representing a bit value of “1” incident on a p-i-n photodetector with
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responsivity A = 0.7A/W. We have assumed a data rate commensurate with a band-
width B = 10GHz, and a load resistance R;, = 3k consistent with device sizes in
22nm CMOS. The detector operates in silicon-germanium at 1310nm, and we have
compared BERs for modulation extinction ratios of 5 and 10dB. In Figure 18(a) we
consider the case of a detector with a high total dark current of 10 A, and Figure 18(b)
we treat the low-dark current case by assuming that I; = 10nA. In both cases, for
the high-extinction-ratio case we can obtain a BER of 1072° with 5000-6000 absorbed
photons, corresponding to an absorbed power for b6 = 1 of about 10uW (-20dBm). With
an extinction ratio of 5dB, we require approximately 8000 absorbed photons per bit to
obtain a BER of 10720,

In typical point-to-point links, without impedance matching the receiver bandwidth
would be limited by the RC time constant determined by the load resistance Ry, (chosen
as large as possible to minimize thermal noise) and the capacitance C of the detector
element. Instead, transimpedance amplifiers (TIA) allow high-bandwidth operation of
the detection system by reducing the apparent load resistance at the receiver output
by a factor of G + 1, where G is the gain of the amplifier [Ramaswami et al. 2009].
However, if the detection element has a size typical of the dimensions of a high-index-
contrast SOI waveguide, then the natural capacitance of silicon (~ 200aF/um [Miller
2009]) allows detectors to be built with capacitances that are already well-matched to
the 10fF values typical of registers in an L2 cache beyond 22nm CMOS [ITRS 2009].
Since 1/(27 x 3 k2 x 10 fF) ~ 5GHz, in moderate-frequency DWDM links we should be
able to eliminate the TIA altogether, and design a “receiverless” detection circuit that
allows the charge accumulated (and perhaps amplified) from the absorbing element
to produce a voltage swing commensurate with the registers [Bhatnagar et al. 2004].
However, if modulation frequencies increase to 10Gb/s and beyond, it is unlikely that
a completely receiverless design could be used, because even if the capacitance of the
detector could be reduced significantly, some degree of impedance-matching would still
be needed with the digital silicon registers.

4.2.2. Epitaxial Ge-on-Si Waveguide Photodetectors. Achieving high bandwidth and re-
sponsivity is challenging in “free-space” Ge-on-Si photodetectors used to measure
normally-incident light, because thicker Ge volume is needed to increase the frac-
tion of photons absorbed, and smaller Ge volume is needed to reduce the characteristic
response time of the absorber and thereby increase the bandwidth. One way to decouple
the competing factors in this volume trade-off is to integrate the Ge active region with a
silicon waveguide [Michel et al. 2010], allowing the length of the waveguide to establish
the absorption depth of the Ge, while the small lateral dimensions of the waveguide
allow rapid carrier collection. Furthermore, the relatively small area of a high-index-
contrast ridge or wire waveguide limits the dark current at a given operating bias
voltage, since the dark current density tends to be independent of device size.

The first demonstration of high-performance monolithically waveguide-integrated
Ge photodetector used silicon nitride and silicon oxynitride channel waveguides fabri-
cated above a Ge p-i-n junction [Ahn et al. 2007]. Even though the principal absorp-
tion mechanism of this device was evanescent, it exhibited a responsivity of 1.1A/W
at 1550nm, with a bandwidth over 7GHz at 1V reverse bias. Soon thereafter, sim-
ilar results were demonstrated using an SOI rib waveguide butt-coupled to a Ge
metal-semiconductor-metal (MSM) photodetector [Vivien et al. 2007], and a vertical
n-i-p photodiode formed by epitaxial Ge grown on silicon rib waveguides in SOI [Yin
et al. 2007]. Recent work on butt-coupled n-i-p devices has increased the bandwidth
to 42GHz with a 4V reverse bias at 1550nm, and it appears that the bias voltage will
drop significantly for operation at 1310nm [Vivien et al. 2009]. A vertical Ge-on-SOI
p-i-n photodiode has been demonstrated using evanescent coupling with multimode
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waveguides [Feng et al. 2010a], and a lateral p-i-n structure using a cost-effective
200nm Ge membrane evanescently coupled to an SOI rib waveguide has shown mod-
erate internal responsivity at 1550nm with an 18GHz bandwidth and 1V reverse bias
[Wang et al. 2008]. As interconnect bandwidth requirements grow beyond 22nm CMOS,
device sizes and capacitances must shrink and further integration of multiple-device
components will be necessary. Ge-on-Si MSM photodetectors with capacitances of only
2.4fF have been integrated into a four-channel WDM system using passive microring
drop filters, and can be operated at 15Gb/s per channel [Chen and Lipson 2009]. A
similar photodetector has been monolithically integrated into a proof-of-concept on-
chip single-channel optical data link operating at 3Gb/s with a 0.5V modulator voltage
swing and 1.0V detector bias [Chen et al. 2009]. Excluding the drive electronics, the
total energy consumed by this link has been estimated to be ~120fJ/b. An 8-channel
receiver based on microring drop filters and vertical p-i-n Ge-on-Si photodiodes with
responsivities of ~1A/W has demonstrated an aggregate data rate of 160Gb/s [Fang
et al. 2010]. The BER of each channel when driven by —20dBm in the bus waveguide
was about 10711 at 10Gb/s, and should decrease further when the passive coupling
through the drop filters has been optimized.

Improvements in detector sensitivity of 5~10dB are possible using photoelectron gain
multiplication in an avalanche photodiode (APD) configuration [Michel et al. 2010].
In this structure, absorption of photons create a photocurrent which is amplified by
cascading electron impact ionizations in a high-electric-field layer. A monolithic free-
space Ge-on-Si APD operating at 1300nm with a gain-bandwidth product of 340GHz
has been demonstrated with a sensitivity of —-28dBm at a bandwidth of 10Gb/s and a
bias voltage of 25V [Kang et al. 2009]. This device relied on photoelectron generation in
the Ge layer, followed by amplification in the silicon layer, and was ~2um thick, thereby
requiring a bias voltage of 25V. By moving to a monolithically integrated structure with
Ge deposited on a SiON insulating layer on an SOI ridge waveguide, an APD has been
demonstrated that achieves avalanche gain of 10dB at 30GHz with a bias voltage of
only 1.5V [Assefa et al. 2010]. In this case, careful nanophotonic and nanoelectronic
engineering shaped the optical and DC electromagnetic field profiles, allowing the gain
to occur within the Ge layer with an overall reduction in the amplification noise level
of 70%.

5. LIGHT SOURCES FOR LARGE-SCALE INTEGRATED DWDM

Although some progress has been made in fabricating and packaging light-emitting
diodes for high-speed short-haul data transmission [Chen et al. 1999; Fattal et al.
2008], the workhorse light source of telecommunication networks remains the laser. A
laser is a regenerative oscillator comprised of three fundamental components: a gain
medium (or amplifier) that can store energy that is transferable to an optical field
through stimulated emission; a pump mechanism—typically electrical or optical—that
can inject energy into the amplifier; and a feedback system that recirculates the op-
tical field through the amplifier. Only two years after the demonstration of the first
laser fifty years ago, and long before silicon transistors were integrated into informa-
tion processing devices, laser oscillation was demonstrated for the first time in I1I-V
materials. Since that time, extensive research and development has brought to mar-
ket many single-wavelength sources for directly modulated, CWDM, and DWDM net-
works, particularly vertical cavity surface-emitting lasers (VCSELSs) and distributed
feedback (DFB) lasers with output powers typically in the range of 1-10mW and total
electrical-to-optical conversion efficiencies of 10-30%. However, future computer net-
works linking nodes over distances from 100m down to 1mm will require more highly
integrated multiwavelength sources capable of providing equivalent performance per
channel over many frequency channels, at a cost consistent with CMOS information
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Fig. 19. The energy band structure of a direct-bandgap material such as indium phosphide (left) differs
significantly from that of an indirect-bandgap material like silicon (right). In InP, the probability that
electron-hole recombination results in the emission of a photon is high, but in Si light generation by indirect
recombination is dominated by other physical processes such as Auger recombination and free carrier ab-
sorption. Here the vertical axis represents carrier energy, while the horizontal axis represents momentum.
(Figure reproduced from Liang and Bowers [2010] with permission (©) 2010 NPG.)

technologies. Furthermore, research in CMOS-compatible optical isolators [Yu and Fan
2009] will be critical in enabling stable operation of lasers that are copackaged with
dies incorporating the active devices described in Section 4.

5.1. Silicon Light Sources

In principle, silicon itself would be an ideal gain medium for large-scale integrated
lasers, but as shown in Figure 19, the physics of light generation processes in silicon
are highly unfavorable. In commonly used direct-bandgap III-V materials such as in-
dium phosphide, the plot of allowed carrier energies as a function of momentum shows
that the minimum energies of the conduction and valence bands occur at the same
momentum. Therefore, injected carriers can recombine efficiently to generate optical
photons because simultaneous conservation of energy and momentum are possible.
However, in an indirect bandgap material like silicon, the energy extrema of the con-
duction and valence bands are significantly different, rendering optical emission highly
unlikely. Instead, indirect recombination is dominated by other physical processes such
as Auger recombination and free carrier absorption [Liang and Bowers 2010], which
couple electron-hole pairs to phonons and have far shorter (nonradiative) lifetimes than
the (radiative) lifetime associated with photon emission.

5.1.1. Silicon Raman lasers. One approach to the momentum conservation problem for
optical transitions in silicon shown by Figure 19(b) is to use the inelastic scattering
of photons by phonons at optical frequencies, a process known as Raman scattering.
When electromagnetic radiation interacts with a material system with many available
energy levels, the most likely result is the elastic Rayleigh scattering responsible for
phenomena like the blue sky: the scattered photon has essentially the same energy as
the incident photon. However, with a probability of only 107—~10~?, a photon can inter-
act with an optical phonon and change the electronic or mechanical (e.g., rotational or
vibrational) state of the material. When the incident photon creates a phonon (Stokes

ACM Journal on Emerging Technologies in Computing Systems, Vol. 7, No. 2, Article 6, Pub. date: May 2011.



Large-Scale Photonics for High-Performance Interconnects 6:33

scattering), the emitted photon has lower energy; when the incident photon annihilates
a phonon (anti-Stokes scattering), the emitted photon has higher energy. Laser ampli-
fication in silicon based on stimulated Raman scattering can be obtained by driving
the material with an optical field tuned to a frequency below the bandgap of Si (which
suppresses Auger and free carrier recombination), allowing an optical field tuned to
the Stokes transition to realize gain [Jalali and Fathpour 2006]. Initial measurements
demonstrated stimulated Raman gain in high-index-contrast SOI waveguides as large
as 0.25dB at a wavelength of 1542nm [Claps et al. 2002] but the continuous-wave power
of 1.6W at the pump wavelength of 1427nm was high enough to create free carriers
through the nonlinear optical process of two-photon absorption (TPA) [Leuthold et al.
2010]. The subsequent demonstration of a pulsed silicon Raman laser used timing and
delay techniques to allow carriers generated by TPA to recombine prior to recircula-
tion of the laser pulse [Boyraz and Jalali 2004]. Soon thereafter, continuous-wave gain
[Jones et al. 2005] and laser oscillation [Rong et al. 2005] were demonstrated in SOI
by placing the laser amplifier in a reverse-biased p-i-n diode structure to extract the
free carriers created by TPA [Liu et al. 2004b]. The characteristics and performance
of the most efficient continuous-wave silicon Raman laser demonstrated to date are
summarized in Figure 20 [Rong et al. 2007]. In Figure 20(a), a schematic of the laser
resonator shows that the incident Raman pump power is coupled into the resonator,
and the corresponding initial pump power I,(0) is depleted by the amplifier until it
reaches the value I,(L) after one full trip around the high-@ SOI racetrack resonator
of length L. The directional coupler shown in a cross-sectional view in Figure 20(b)
was designed to maximize the value of I,(0) at the pump wavelength of 1550nm, but to
maintain a small output coupling (with correspondingly small coupling loss and higher
gain saturation) at the Raman laser signal wavelength of 1686nm. The output power
of the laser as a function of the coupled input power is plotted in Figure 20(c), showing
a laser threshold of 25mW and an internal optical conversion efficiency of about 17%.
Despite this impressive technical achievement, the aggregate operating efficiency of
this laser is substantially reduced due to the electrical-to-optical conversion efficiency
of the pump laser, the coupling efficiency of the pump field to the laser cavity, and the
power required to operate the large p-i-n junction used to remove the TPA free carriers
from the resonator.

5.1.2. Epitaxial Ge-on-Si Lasers. One approach to a CMOS-compatible light source that
could mitigate the large indirect bandgap momentum mismatch in silicon is the epi-
taxial growth of germanium on silicon. Although Ge is also an indirect bandgap mate-
rial, the momentum misalignment between the valence and conduction band is much
smaller, significantly increasing the probability that radiative recombination could oc-
cur. The differences between the lattice constants and thermal expansion coefficients
mismatch of Si and Ge is substantial, but the tensile strain of a Ge layer epitaxially
grown on a Si substrate actually reduces the band mismatch and increases the optical
gain available in the material system [Sun et al. 2010; Liang and Bowers 2010]. The
first demonstration of a Ge-on-Si laser operating at room temperature used pulsed op-
tical pumping of a Ge waveguide resonator with dimensions 1.6um x 0.5um x 4.8mm
grown on silicon [Liu et al. 2010b]. Laser threshold was reached in the Ge material
when the system was pumped with 1.5ns @-switched laser pulses carrying 6ud at a
wavelength of 1064nm, with a peak pump intensity of 300kW/cm? at 50udJ per pulse.
Studies of electrically pumped geometries are under way.

5.1.3. Parametric Amplification Using Four-Wave-Mixing in Silicon. In addition to Raman scat-
tering, silicon exhibits other third-order nonlinear optical phenomena such as self-
phase modulation, cross-phase modulation, third-harmonic generation, and four-wave
mixing (FWM) [Leuthold et al. 2010]. (Nonlinear optical effects are characterized by an
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Fig. 20. Continuous-wave silicon Raman laser based on a p-i-n junction design. (a) Schematic of the laser
cavity with the incident Raman pump. Note that I;,(L) is the value of the coupled input Raman pump power
I,(0) after traveling once around the resonator. (b) An SEM of the laser resonator in the region of the
input/output coupler. (¢) Laser output power for a 3-cm cavity as a function of coupled input pump power.
(Figure reproduced from Rong et al. [2007] with permission © 2007 NPG.)
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“order” equal to the number of input optical fields that interact to produce an output
field.) Recently, degenerate FWM has been used to demonstrate broadband parametric
gain in silicon waveguides with dimensions of roughly 300nm x 550nm x 6.4mm [Foster
et al. 2006]. In this configuration, two of the four interacting photons are absorbed from
the pump laser operating near 1525nm and produce two photons at nearby “signal”
and “idler” wavelengths, allowing on-off gain to be demonstrated over a wavelength
band of 28nm, and wavelength conversion in the range 1511-1,591nm with peak con-
version efficiencies of +5.2dB. Similar nonlinear optical techniques allowed the subse-
quent demonstration of a silicon-chip-based ultrafast optical oscilloscope [Foster et al.
2008] and ultrafast waveform compression using a time-domain telescope [Foster et al.
2009], and ensuing work showed electrical control of the phase mismatch in silicon
FWM wavelength converters [Tsia et al. 2008]. Subsequently, a monolithically inte-
grated CMOS-compatible frequency-comb source based on FWM was fabricated using
a silicon-nitride microring resonator coupled to a SiN ridge waveguide [Levy et al.
2010]. When pumped with 50mW of input optical power tuned to the resonance of the
microring near 1557.8nm, optical parametric oscillation in the ring generated more
than 100 new wavelengths simultaneously in the adjacent telecom band. Although the
absolute wavelengths of the channels depends on temperature, at high pump powers
one significant advantage of this source (shared by the frequency-comb sources dis-
cussed below) is that the frequency spacing between adjacent channels is fixed at a
value determined by the resonator geometry, and to first order is not affected by the
temperature of the system. A more recent demonstration of a FWM device based on
high-index glass microrings and waveguides fabricated within SiOs showed promis-
ing conversion efficiency, with a threshold of 54mW and a differential slope efficiency
of 7.4% for a single oscillating mode [Razzari et al. 2010]. At higher pump powers,
cascaded FWM resulted in a comb of wavelengths, and at a pump power of 101mW
approximately 9% of the pump power was converted into oscillating output modes.
One disadvantage of all sources based on third-order optical effects is that they tend
to be inefficient at the overall system level, relying on external optical pump lasers to
operate.

5.2. Hybrid IlI-V/Si Laser Structures

The problem of low intrinsic optical gain in silicon has led researchers toward laser
sources that couple the high single-pass direct-bandgap gain of III-V materials with
the CMOS compatibility of high-index-contrast silicon waveguides on SOI wafers.

5.2.1. SOA and Si External Cavity Lasers. The most direct approach to a CMOS-compatible
laser source for integrated optical interconnects is independent fabrication and opti-
mization of a semiconductor optical amplifier (SOA) and a silicon resonator that defines
the longitudinal and transverse mode structure of the light emitted by the device. Re-
cently, a tunable laser was demonstrated using an SOA and an external resonator
incorporating two silicon microring cavities connected through a multimode interfer-
ence coupler to form a loop-back reflecting resonator [Chu et al. 2009]. The device
has a footprint less than 0.32mm?, and can cover the C telecommunication bands for
DWDM applications. The dual microring filter allowed a tuning range of 38nm with a
total power consumption of 26mW, an ~85% reduction over devices that use external
cavities relying on SiON waveguides.

5.2.2. Heterogeneously Integrated Ill-V/Si Lasers. A promising approach to the problem of
fabricating compact, highly efficient laser sources for chip-scale data networks is the
heterogeneous integration of InP membranes onto an SOI substrate with an embedded
silicon ridge waveguide [Van Campenhout et al. 2007; Van Campenhout et al. 2008;
Liu et al. 2010]. The CMOS-compatible substrate of the laser shown in Figure 21
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Fig.21. Schematic of a heterogeneously integrated III-V microdisk laser evanescently outcoupled through a
silicon ridge waveguide buried in oxide. The InP-based microdisk has a diameter of 7.54m and a thickness of
1um. Gain in the active region is provided electrically by current injection. The device structure incorporates
a tunnel junction to efficiently contact the p-side of the p-n junction. (Figure reproduced from Liang and
Bowers [2010] with permission ©) 2010 NPG.)

was fabricated in a 200mm SOI wafer, with a 550nm x 220nm waveguide etched in
silicon above a 1um buried-oxide layer and then covered with a 750nm SiO; layer.
The InP-based epilayer structure was grown by molecular beam epitaxy (MBE) on a
two-inch InP wafer, incorporating an active layer consisting of three InAsP quantum
wells [Van Campenhout et al. 2007] and a 300nm sacrificial InGaAs etch-stop layer for
subsequent substrate removal. After dicing the InP wafer, the dies were molecularly
bonded to the SOI waveguide wafer. The microdisk structures were patterned to have
7.5um diameters using EBL and then etched to a thickness of 1um, leaving the 100nm
bottom contact layer shown in Figure 21. After deposition of the electrodes, laser gain
is provided by injecting carriers into the active region of the disk. This structure is
capable of room-temperature continuous-wave operation at a wavelength of 1.6 um with
a threshold current as low as 0.5mA, and has a thermally limited output power of about
10u4W for an input current of 1.5mA [Van Campenhout et al. 2007]. Four similar devices
have been integrated onto the same bus waveguide to provide multiwavelength output
suitable for CWDM, although coupling of the gain in the active region to higher-order
modes in the relatively thick disks resulted in unequalized output at the operating
wavelengths [Van Campenhout et al. 2008].

5.2.3. Wafer-Scale IlI-V/Si Hybrid Evanescent Lasers. Another approach to hybridized
lasers that heterogeneously integrate III-V laser gain and silicon waveguides uses
a laser resonator and output-coupling waveguide defined completely in the CMOS-
compatible SOI layer, but relies on evanescent coupling between the passive laser cav-
ity modes and a wafer-bonded III-V layer to provide gain [Liang and Bowers 2010]. The
hybrid propagating electromagnetic field mode is confined primarily in the Si waveg-
uide, but the dimensions of the waveguide are reduced until approximately 3-8% of
the power in the mode is carried along through the III-V material. In initial demon-
strations of this concept, Fabry-Perot laser resonators were defined in the top silicon
layer of SOI prior to bonding with an AlGalnAs-based wafer, and then after substrate
removal the membranes containing the laser amplifiers were processed using standard
techniques used for III-V lasers [Park et al. 2005; Fang et al. 2006]. This research has
been extended to CWDM sources that include other linear cavity topographies that
rely on more sophisticated wavelength-selective feedback methods that do not require
the same level of facet dicing and polishing, such as distributed feedback (DFB), dis-
tributed Bragg reflector (DBR), and sampled-grating DBR [Fang et al. 2009; Alduino
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Fig.22. Ahybrid integrated SOI/III-V microring laser. (a) A schematic of the laser structure showing the SOI
ring waveguide defining the laser resonator, the III-V gain region, and the SOI bus waveguide that transmits
power to tapered photodetectors. A transverse mode profile computed using the beam propagation method
is shown in the inset. (b) A microscope image of the integrated devices. (c) An SEM cross-sectional image of
the structure near the coupler between the laser resonator and the bus waveguide. (Figure reproduced from
Liang et al. [2009b] with permission (©) 2009 OSA.)

et al. 2010]. An alternate approach relied on a Si on-chip “racetrack” resonator laser
that in principle could be one of several such devices evanescently coupled to a common
bus waveguide for CWDM [Fang et al. 2007]. This laser demonstrated continuous-wave
output at 1590nm with a threshold current of 175mA, an output power of 29mW, and a
maximum operating temperature of 60C. Further reductions in the threshold current
require that the round-trip length of the racetrack cavity (which is greater than 2mm)
be decreased significantly. For example, the hybrid microring laser structure shown
in Figure 22 has a diameter of only 50um—as well as very low optical and electrical
losses—which allowed the device to be operated at a wavelength near 1530nm with a
threshold current as low as 5.4mA at 10°C [Liang et al. 2009b]. If high-temperature
performance can be demonstrated for this device class, then ring diameters below 10um
should enable threshold currents below 1mA, and the correspondingly small capaci-
tance of the device should allow direct on-off-keying modulation rates above 10Gb/s
[Liang and Bowers 2010]. As in the case of microdisk lasers [Van Campenhout et al.
2008], several of these microring lasers could be coupled to the same waveguide bus,
enabling highly integrated CWDM data transmission at low energy expenditures per
bit. Initial demonstrations of mode-locked hybrid evanescent lasers based on Fabry-
Perot cavities and generating 4ps pulses at 40GHz have been demonstrated with both
passive and active/passive locking techniques [Koch et al. 2007], an important first
step toward compact DWDM laser sources. More complex external cavity quantum-
well structures have demonstrated pulse durations as short as 60fs [Quarterman et al.
2009], but it isn’t yet clear that these devices are candidates for large-scale integration.

5.3. Frequency-Comb Sources for DWDM

Although the potential for the large-scale integration of heterogeneous III-V/Si lasers
is very promising, the case of ultra-high-bandwidth DWDM interconnects requires that
we consider optical “power supplies” with channel counts approaching 64 (or even 128)
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and channel spacings of 40-120GHz, and optical output powers of multiple tens of
milliwatts per channel so that we can link many network nodes to each other without
repeaters. Aggregating individual DFB lasers commonly used in the telecommunica-
tions industry for computer network applications is probably infeasible: not only is
the cost prohibitive, but also the channel wavelength spacings would vary significantly
with time. The extensive monitoring and control required to maintain high data rate
parallel links would also dramatically increase both system complexity and energy
consumption per received bit. Instead, as in the case of the optical parametric oscilla-
tor source described above, laser systems that provide a comb of frequencies with fixed
channel spacing would allow the absolute wavelength of only one or two of the channels
to be monitored, and a modification of the temperature of the package (for example)
would tune the entire comb.

5.3.1. Quantum-Dot Frequency-Comb Lasers. The Fabry-Perot (FP) resonator configura-
tion, a linear cavity of length L formed by two mirrors, is ubiquitous in the laser
industry, and (given a sufficiently broadband gain medium) is capable of producing
a large number of discrete wavelength channels separated from their nearest neigh-
bors by the FSR frequency Afrsr = c¢/2ngL. For III-V laser amplifier materials with
ng ~ 3, a laser with length L = 0.5mm has A frsg =~ 100GHz, compatible with the ITU
O-band or C-band. Since temperature and other systematic effects cause only small
fractional changes in ngL, the FP comb spacing remains fixed even when the absolute
wavelengths of the constituent channels shift significantly, allowing all channels to be
stabilized and tracked simultaneously.

In contrast with the quantum-well gain materials described previously, quantum dot
laser amplifiers tend to provide broadband gain profiles due to significant variation in
the size of the dots. The gain spectrum of an individual quantum dot is typically smaller
than the FSR of a short FP cavity and the inhomogeneity of the size distribution of many
dots grown using MBE can provide gain over a wavelength range of 40-60nm [Kovsh
et al. 2007], sufficient to support 50-100FP modes with 100GHz channel spacing. This
relatively large frequency separation also allows spectral hole burning in the gain
medium, which is an order of magnitude larger in quantum dots than quantum wells:
dots that interact strongly with a particular longitudinal resonator mode generally
interact weakly with other modes. This ensures that the relative intensity noise of
each mode will be small enough to achieve low bit error rates (BER) under high speed
modulation of each channel [Gubenko et al. 2007]. The laser structure reported in
Wojcik et al. [2009] is grown by MBE on a GaAs substrate and incorporates 10 stacked
planes of InAs/InGaAs quantum dots in a 3um x 440nm waveguide structure fabricated
using standard photolithography and etching techniques. The FP cavity is defined by
cleaved facets, and the output of a typical device is shown in Figure 23. Here the
frequency channel spacing is 43GHz, and each of the 13 channels within 3dB of the
most powerful channel is carrying at least 5mW. The relative intensity noise shown
in the figure for one channel over the range 100kHz to 10GHz is characteristic of a
single-channel device, indicating that the gain coupling between adjacent channels is
negligibly small.

5.3.2. Externally Modulated Frequency Comb Sources. Another method that can be used
to generate a fixed comb of frequency channels is the external modulation of conven-
tional ITI-V or fiber-optic laser sources. For example, the system shown schematically in
Figure 24(a) relies on a dual-electrode Mach-Zehnder (amplitude and phase) modulator
(DEMZM) to generate a broad and stable optical comb from a stand-alone continuous-
wave laser source [Zhou et al. 2009a]. Experiments using this approach have demon-
strated the output spectrum plotted in Figure 24(b) with 175 optical modes spanning
over 3.5THz at 1550nm. The pulses emerging from the DEMZM are strongly frequency
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Fig. 23. Electrically-pumped inhomogeneous quantum-dot gain regions can provide laser amplification over
a broad spectrum, allowing a Fabry-Perot laser to generate a comb of frequencies with a channel spacing that
depends only on the geometry of the resonator (left). The relative intensity noise of a given channel (right)
shows that the coupling between adjacent channels is negligibly small. (Figure reproduced from Wojcik
et al. [2009] with permission (©) 2009 SPIE.)
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Fig. 24. Broadband frequency-comb generation for “optical power supply” of a DWDM interconnect system.
(a) Schematic of a frequency-comb generation system comprised of a dual-electrode Mach-Zehnder modulator
and dispersion-decreasing fiber for pulse chirp reduction. (b) Plot of a comb of 175 frequency channels near
1550nm spanning a 3.5 THz optical spectrum with nearly flat spectral phase. (Figure reproduced from Zhou
et al. [2009] with permission (©) 2009 by the authors.)

chirped, so dispersion engineering in both conventional optical fiber and dispersion-
decreasing fiber was used to regularize the phase profile of the comb. This approach
has the advantage that the laser source can be chosen primarily for efficiency, output
power, and spectral stability, and the active and dispersive elements could be mono-
lithically integrated [Zhou et al. 2009a; Osgood et al. 2009]. However, the mode spacing
is limited by the modulation frequency of the DEMZM, and the laser output (after ex-
periencing the gain provided by the optical amplifier located between the two lengths
of fiber) must be large enough that ~1W power consumption of the DEMZM does not
significantly reduce the efficiency of the system.

6. PHOTONIC INTEGRATED CIRCUITS: INTEGRATION AND PACKAGING

Given that long-haul telecommunication has been the driver for much of the progress
made in the field of photonics over the last thirty years, the most common platform
for photonic integrated circuits (PICs) has been indium phosphide (InP) [Razavi 2002;

ACM Journal on Emerging Technologies in Computing Systems, Vol. 7, No. 2, Article 6, Pub. date: May 2011.



6:40 R. G. Beausoleil

Nagarajan et al. 2007]. Over the next decade, as bandwidth requirements for each
optomechanical connector grow to 1Tb/s and beyond, distances demanding high-
bandwidth interconnects shrink from meters to centimeters to millimeters, and the
cost per optical component falls from US$100-1000 to US$0.001-1, silicon as a plat-
form for PICs has become a strong contender [Gunn 2006; Liang and Bowers 2009;
Hochberg and Baehr-Jones 2010]. Moving from InP to Si PICs could inspire a “Moore’s
Law” for photonics, and provide enormous leverage for dramatic improvements in in-
tegrated optical technologies: annual sales for the global semiconductor industry have
grown to US$300B in 2010 [Gartner 2010], and historically investments in capital
equipment and R&D have been 10-15% and 15—20% of sales, respectively.

6.1. Integration: SOl as a PIC Platform

As discussed in Section 3, SOI is a promising PIC platform because it provides a
1-3um-thick low-index oxide substrate below a thin silicon top layer, providing an
ideal high-index-contrast environment for strongly confined optical waveguides. Much
of the progress in SOI PICs over the past decade has been made on individual de-
vices or partially integrated optical systems built using EBL [Chen et al. 2009], but
there has been substantial recent progress in moving photonics to low-cost commod-
ity CMOS-compatible processes. A collaboration of MIT, BAE Systems, Cornell, and
Lucent has demonstrated monolithically-integrated tunable optical filters, germanium
electro-absorption modulators, and germanium p-i-n diode photodetectors using silicon
wire waveguides within a full 150nm CMOS process flow [Beals et al. 2008]. Luxtera
demonstrated a 40Gb/s transceiver fabricated using a 130nm CMOS process in SOI
[Gunn 2006; Pinguet et al. 2008], made possible by high-speed operation of electronic
driver circuits built in SOI as well as photonic devices with submicron feature sizes
enabled by high-volume deep-UV photolithography. Intel demonstrated a WDM trans-
mitter using rib waveguides on SOI [Liu et al. 2010a] that has eight channels capable
of operating at 25Gb/s each, with integrated modulators and DEMUX/MUX based
on Mach-Zehnder interferometers (MZIs). The modulators were reversed-biased p-n
diodes operated in carrier depletion mode (discussed in Section 4), and the DEMUX
and MUX used a cascaded asymmetric MZI design that allowed the entire device to
have single fiber input and output. A 5Gb/s single-channel transmitter based on an
integrated microring modulator flip-chip bonded to an electrical driver circuit was fab-
ricated using a 130nm SOI CMOS process by Sun and Luxtera [Zheng et al. 2010], who
showed that the entire device dissipated 400fJ/b at CMOS drive voltages.

The incorporation of germanium in silicon PICs complicates prospects for monolithic
CMOS integration using SOI [Michel et al. 2010]. Previous demonstrations have relied
on a “front-end-of-line” (FEOL) approach, where after transistor fabrication SOI wafers
are shuttled from a silicon foundry (which usually does not have the capacity to grow
pure germanium) to a Ge epitaxy facility to create photodetectors in the same layer
as the Si electronics [Gunn 2006; Beals et al. 2008; Pinguet et al. 2008; Liow et al.
2010; Michel et al. 2010]. Although in the near term this approach is likely to remain
dominant for CMOS integration, in the long term a “back-end-of-line” (BEOL) process,
where photodetectors in amorphous global interconnect layers could be connected to Si
transistors through metal vias, would be preferable [Michel et al. 2010]. Over the next
decade, as wafer thinning and bonding technologies reaches mainstream semiconductor
products, a 3D die-stacking approach [Black et al. 2006; Vantrease et al. 2008; Ahn et al.
2009a] that connected separate electronic and photonic thinned wafers using through-
silicon vias [ITRS 2009] would allow separate optimizations of large-scale integrated
photonics and electronics (even those based on entirely different substrates).

It remains to be seen whether the SiGe lasers discussed in Section 5.1.2 can operate
with multi-milliwatt output powers and ~25% overall efficiency necessary for adoption
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in high-bandwidth computer interconnects, but their prospects for wafer-scale integra-
tion are similar to those of epitaxial Ge photodetectors on SOI. The III-V frequency
comb sources reviewed in Section 5.3 are designed to be used as stand-alone pack-
ages, and will need to reach economies of scale (e.g., cost per unit power per channel)
that are unprecedented for the III-V semiconductor industry that currently provides
lasers for telecommunications. The hybrid III-V/Si lasers described in Section 5.2 are
approaching the complexity and level of integration of the most advanced III-V pho-
tonic devices [Liang and Bowers 2009]. III-V epitaxial transfer of wafers as large
as 150mm in diameter [Liang et al. 2009a] and III-V die attachment to larger SOI
wafers [Fedeli et al. 2008; Liu et al. 2010c] indicate the potential of this approach
for high-volume manufacturability. Intel’s recent demonstration of a CWDM 50-Gb/s
link—incorporating hybrid lasers, low-voltage MZMs, passive silicon MUX and DE-
MUX, and SiGe photodetectors—is a tour de force of integration performed in standard
fabrication facilities [Alduino et al. 2010]. Despite this progress, it remains difficult to
predict the long-term reliability, performance, device uniformity, and cost of the hybrid
approach [Liang and Bowers 2010].

6.2. Trimming of Fabrication Imperfections in DWDM Systems

The feasibility of silicon as a platform for photonic integrated circuits requires that
devices are fabricated uniformly at both the die and wafer scales [Hochberg and Baehr-
Jones 2010]. Given spatial variations in feature sizes that are typical of CMOS ma-
terials and fabrication processes, the impact on the performance characteristics of
photonic devices is likely to be much greater than that of electronic devices [Selvaraja
et al. 2010], particularly in the case of resonant WDM systems [Peng et al. 2010].
For example, the resonance frequencies of microring resonators depend on the dimen-
sions and effective refractive index of the waveguide forming the ring, and the simple
discretization of identical microrings at different locations within the mask reticle can
cause significant variation in their passband locations. Variations in etch depths across
a wafer that would have little impact on the operation of a transistor could cause a
significant shift in the resonance wavelengths of microrings formed from ridge waveg-
uides. Batch-to-batch changes in the thickness of the top silicon of an SOI wafer—as
well as perturbations in this thickness across a single wafer—can cause problems even
if the etching is perfectly uniform.

To gain an appreciation for the magnitude of the problem for DWDM systems, con-
sider a silicon wire waveguide operating at 1550nm that is 500nm wide and 250nm
high on SOI. The effective group index of this waveguide is approximately n, ~ 4,
and the sensitivity of this index to small changes in the height of the waveguide is
dn/dh ~ 3.3 x 10~3nm~! [Selvaraja et al. 2010]. From the discussion in Section 3.2.2,
the shift in resonance m of a microring resonator formed from this wire waveguide is
Arp = (Am/ng)(dn/dh)Ah for a change in height Ah, or equivalently

Afm ¢ dn
— = ——— ~ 160GH . 1
AR " ngimdh 60GHz/nm (19)

The worst-case 3-0 batch-to-batch plus intra-wafer edge-to-edge variation in the thick-
ness of the top silicon layer of an 8-inch nominally 250nm Thick Unibond SOI wafer
available from Soitec [Soitec 2010] is +5%, or +12.5nm, corresponding to a variation
in microring resonance frequency of Af;,, ~ +2THz. Recent measurements of micror-
ing resonators operating at 1310nm and fabricated using 248nm photolithography are
consistent with a 3-0 edge-to-edge wafer thickness nonuniformity of 6nm peak-to-peak
[Peng et al. 2010].

ACM Journal on Emerging Technologies in Computing Systems, Vol. 7, No. 2, Article 6, Pub. date: May 2011.



6:42 R. G. Beausoleil

Although as design rules for future lithographic technology nodes are adopted the
problem may not be as severe for large-footprint nonresonant silicon photonic devices
[Selvaraja et al. 2010], it seems clear that some degree of “trimming” will be needed to
bring resonant devices in DWDM systems into compliance with their design [Zortman
et al. 2010b]. One approach may be to use negative-thermooptic polymers as a cladding
material and/or in slot waveguides to athermalize the microrings, as described in Sec-
tion 3.2.2. Alternatively, as part of postprocessing a PIC wafer, the characteristics of
individual devices could be diagnosed [Cooper et al. 2010] and then corrected by expos-
ing the polymer to UV light [Zhou et al. 2009b]. The most straightforward approach
would use a slow dynamic process to tune a monitored microring such as (for example)
a liquid crystal cladding [Cort et al. 2009] or an integrated resistive heater [Watts et al.
2009; Dong et al. 2010b; DeRose et al. 2010; Dong et al. 2010d; Zortman et al. 2010b].
Integrated heaters have been demonstrated with tuning ranges as large as 32nm and
response times as short as lus, at power cost of 4.4uW/GHz. Since dn/dT > 0 for
silicon, heating a microring will redshift (i.e., decrease) the resonance frequency of a
ring resonator. Alternatively, from Equation (12a), injecting carriers into a microring
will blueshift the ring. Using the DC shift data provided in [Xu et al. 2005] as a guide,
the blue shift caused by charge injection for a 5-um ring biased at 0.8V would dissipate
approximately 1254 W/nm (or 1. W/GHz) at 1550nm [Ahn et al. 2009a]. It is clear that
these corrections represent a nontrivial contribution to the total system power budget
if tighter control in the uniformity of fabricated rings can’t be achieved.

6.3. Packaging: Fiber-to-Waveguide Couplers

One of the most critical technologies that must be made cost effective before silicon
photonics can reach volume applications is the packaging of an interface between the
small transverse mode of a high-index-contrast wire or rib waveguide (with typical area
0.10-0.15um?) and the larger transverse mode profile of a low-index-contrast waveg-
uide such as an optical fiber (with typical area 50pum?). A practical solution—which may
require an optomechanical mount with either active [Zhang et al. 2010b] or passive
alignment [Zimmermann et al. 2008] in addition to an optical mode convertor—should
compete with the cost of a typical data pin (~US$0.01-0.02 per pin) on a standard
electronic IC package. In high-bandwidth applications requiring WDM, the optical
connector/convertor cost may be amortized over the total number of data channels,
resulting in a potentially significant reduction in packaging costs.

The adiabatically tapered spot-size convertor shown in Figure 25(a) first couples the
high-index-contrast wire waveguide mode to a larger low-index-contrast waveguide
before launching the mode into a laterally aligned butt-coupled (and possibly lensed)
optical fiber [Almeida et al. 2003; Gunn 2006; Tsuchizawa et al. 2005]. The device in the
figure has a silicon taper with a length of at least 200um and a tip that is typically less
than 100nm wide. The polymer waveguide core has 3um x 3um transverse extent and
a 3% index contrast. Coupling losses of ~0.5dB have been reported for tapered fiber
with a mode size of 4.3um, but this loss increases to 2.5dB for standard single-mode
fiber with a 9um core [Tsuchizawa et al. 2005] (compared to an insertion loss of 20dB
in the absence of a spot-size converter). In addition, the lateral alignment tolerance for
these couplers is generally less than 1um for an additional loss of 1dB [Almeida et al.
2003; Zimmermann et al. 2008].

Recent work on vertical mode conversion using high-index-contrast subwavelength
gratings in the configuration shown in Figure 25(b) has improved matching between
wire waveguide and standard single-mode fiber with relaxed lateral alignment re-
quirements [Van Laere et al. 2007a; Van Laere et al. 2007b; Roelkens et al. 2008;
Zimmermann et al. 2008; Tang et al. 2010; Vermeulen et al. 2010]. Because of the high
index, the grating can be relatively short (~25 periods) while providing a relatively
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Fig. 25. Mode convertors coupling optical fibers to silicon wire waveguides. (a) A schematic of an adiabat-
ically tapered spot-size converter in SOI. (b) Schematic of an adiabatically tapered subwavelength-grating
single-mode fiber-to-Si wire waveguide coupler in SOIL. (Tsuchizawa et al. [2005] and Van Laere et al. [2007b],
respectively, with permission (©) 2005 IEEE.)

large wavelength band where coupling is efficient. The grating is designed to operate
with light incident at an angle of about 10° to minimize backreflection into the fiber. A
subwavelength grating coupler fabricated in SOI using a CMOS pilot line with 193nm
DUV photolithography has been demonstrated with a peak coupling efficiency of about
70% [Vermeulen et al. 2010] (similar to that reported in Pinguet et al. [2008]), a 3dB
coupling bandwidth of 80nm, and a 1dB misalignment tolerance of 2um. The primary
advantage of this approach over that of the end-coupled adiabatic taper is that light
can be coupled onto the chip at any location that is convenient, which allows both
wafer-scale testing and packaging layout optimization.

Although a mechanically fixed connection between the cores of a single-mode waveg-
uide and a single-mode fiber is the most direct solution to the packaging of an optical
data “pin,” in some applications it may be economically more feasible to couple spatially
separated reference planes using a free-space optical interposer. Traditionally this has
been done using costly compound glass or plastic lenses with volumes on the order of
a few cubic millimeters, but recently a compact optic with strong focusing power has
been demonstrated that can be fabricated using planar CMOS fabrication technology
[Fattal et al. 2010]. Following earlier work on high-index contrast subwavelength grat-
ings (SWGs) for VCSELs [Huang et al. 2007, 2008], nonperiodic dielectric structures
[Gerke and Piestun 2010] have been shown to shape optical phasefronts to steer or fo-
cus incident light fields. Figure 26(a) is a microscope image of a mirror with a diameter
of 150um fabricated in 450nm of amorphous silicon on quartz. The mirror is formed in
a single etch step from a grating with a fixed period of 670nm, with grooves that vary
in width as a function of position. As shown in Figure 26(b), flat silicon cylindrical and
spherical mirrors imaged an incident collimated beam with a focal length of 20mm,
and more complicated groove patterns can focus light to diffraction-limited spots in
both mirror and lens configurations [Fattal et al. 2010].

7. CONCLUSION

Research on individual silicon photonic components has been so productive and rapid
over the last decade that the primary uncertainty in predicting system-level perfor-
mance has become the trade-offs which must be made to enable wafer-scale integration.
If SOI is ultimately the preferred platform for integration, then both batch-to-batch
and intra-wafer edge-to-edge variation of commercially available wafers must be more
tightly controlled. Uniformity of devices after lithography and etching—particularly
resonant structures such as microring filters and modulators—will determine the
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(a) Microscope image of a SWG mirror
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Fig. 26. Planar nonperiodic subwavelength grating reflector with focusing power. (a) Optical microscope
picture of a fabricated spherical SWG mirror, with SEM insets showing the groove width in particular
locations. (b) Schematic of the groove distributions flat (left), cylindrical (middle) and spherical (right) SWG
mirrors, designed for electric field polarizations oriented perpendicular to the grooves, with measured beam
profiles at the foci for the three mirrors. (Figure reproduced from Fattal et al. [2010] with permission ©
2010 NPG.)

extent to which static post-processing (which adds cost and complexity) or dynamic
trimming (which contributes to the energy consumption of the interconnect) are nec-
essary. Once these effects are well understood, then other trade-offs can be brought
forward for consideration. For example, a low-cost multiwavelength continuous-wave
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light source with a fixed channel spacing is vital as an “optical power supply” in a
DWDM system. There are several promising candidates, either under active research
or commercially available in prototype form, but until a route to a low-cost high-volume
product can be identified it is difficult to specify the details of the on-chip DWDM com-
ponents.

Therefore, although a strong case can be made using raw numbers and benchmark
models that future integrated circuits must inevitably rely on large-scale integrated
photonics for global-level interconnects, it is not yet clear exactly how this radically new
technology will reach the market. To limit costs, supercomputers and data centers tend
to rely on commodity components, which are unlikely to incorporate photonics without
a sustained collaboration of multinational semiconductor and information technology
companies and government funding agencies. It is possible that a nearer-term real-
ization of a monolithically-integrated PhASIC—such as an optically-enabled network
switch—could have a substantial impact on high-performance computing. In either
case, the Communications Technology Roadmap effort led by the MIT Microphotonics
Center [MIT 2010] should be encouraged and recognized as a critical step towards
bringing industry and academia together to establish a Moore’s Law for photonics.
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