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Abstract—The performance of relatively complex photonic in-
tegrated circuits (PICs) is now reaching such high levels that the
long sought goal of realizing low-cost, —size, -weight, and -power
chips to replace hybrid solutions seems to have been achieved for
some applications. This tutorial traces some of the evolution of this
technology that has led to an array of high-functionality InP-based
PICs useful in optical sensing and communication applications. Ex-
amples of recent high-performance PICs that have arisen out of
these developments are presented.

Fundamental to much of this work was the development of inte-
gration strategies to compatibly combine a variety of components
in a relatively simple fabrication process. For the UCSB work, this
was initially based upon the creation of a single-chip widely tunable
semiconductor laser that required the integration of gain, reflector,
phase-tuning and absorber sections. As it provided most of the ele-
ments needed for many more complex PICs, their creation followed
somewhat naturally by adding more of these same elements outside
of the laser cavity using the same processing steps. Of course, addi-
tional elements were needed for some of the PICs to be discussed,
but in most cases, these have been added without adding signifi-
cant processing complexity. Generally, the integration philosophy
has been to avoid patterned epitaxial growths, to use post-growth
processing, such as quantum-well intermixing to provide multiple
bandgaps, rather than multiple epitaxial regrowths, and to focus
on processes that could be performed with vendor growth and im-
plant facilities so that only basic clean room processing facilities
are required.

Index Terms—Photonic integrated circuits (PIC), quantum-well
intermixing (QWI), tunable lasers, wavelength converters.

1. INTRODUCTION

IGH-PERFORMANCE large-scale photonic inte-
grated circuits (PICs) in InP have recently been cre-
ated for transmitter, receiver, wavelength-conversion, and
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Fig. 1. Network traffic growth.

packet-switching applications [1]-[7]. Applications in coherent
transmitters and receivers as well as in signal-processing cir-
cuits are also being explored [8]-[11]. Integration provides a
reduction in system footprint, inter-element coupling losses,
packaging cost, and usually power dissipation, as a single
cooler can be used for multiple functions. Although yield issues
must be addressed, reliability appears to improve once such
issues are, because reliability is often related to packaging or
other external factors once the inherent semiconductor failure
mechanisms are satisfied [1], [2].

Other motivations for photonic integration include the desire
to eliminate or reduce the number of expensive and power-con-
suming optical-to-electronic-to-optical (OEO) conversions by
performing some of processing in the optical domain. The sim-
plest example might be optical amplification; more complex ex-
amples include tunable transceivers and wavelength converters
[4]-[6], [12], [13] and all-optical switching and routing chips
(31, [14].

In order to justify the cost of designing the chip and refining
the fabrication technology for a single unique PIC, however, one
must assume some significant volume for the chip that is being
produced. Otherwise, the cost might be difficult to recover. This
can be somewhat ameliorated by chip designs that use exactly
the same process, so that multiple chips can be placed on the
same wafer, and produced simultaneously. In practice it seems
that both issues are important to address. That is, generic design
rules should be developed that can be used for a wide variety of
PICs, and reasonable production volumes need to be identified.
Production volumes might also be increased by trying to define
a few general purpose PICs that can be used in a number of
applications by a wide number of users.

0733-8724/$26.00 © 2010 IEEE
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Fig. 3. Tunable DBR laser that also employed vertical coupling.

The demand for PICs has been aided by the significant in-
crease in network traffic in recent years as indicated by Fig. 1.
The bandwidth on the optical fiber network is now growing by
two orders of magnitude per decade due to the tremendous in-
crease in data transmission. Some years ago, when efforts on
photonic integration began, network traffic was only growing
by a factor of ~2.2 in each decade.

II. EARLY WORK

Work on the InGaAsP/InP materials system was still devel-
oping in the early 1980s when some of the first efforts to mono-
lithically integrate multiple elements together appeared. Fig. 2
illustrates an early tunable two-section laser effort that used an
etched groove as a partially transmissive mirror between the sec-
tions [15]. Such etched grooves provide a very compact mirror,
but due to difficulty in reproducibly fabricating them, they were
replaced by gratings for most applications. Recently, however,
more work is reappearing on etched grooves using improved
etching technology [16].

Fig. 3 shows some of the first integration of active and pas-
sive sections using distributed Bragg reflectors (DBRs) in the
InP system [17]. Multiple-regrowths were employed, and tun-
able single-frequency lasers were demonstrated, although with
a very modest amount of tuning. The DBR work continued as an
integration platform, but most of the work with grating devices
began to focus on distributed feedback (DFB) lasers in which
the grating is formed along the active region.

Fig. 4 shows an electroabsorption-modulated laser (EML),
first produced in the mid 1980s, but similar to those in produc-
tion today [18]. It indicates the use of the preferred single-fre-
quency DFB laser together with the integrated EA-modulator
that uses the absorption shift of the bandedge with a reverse
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Fig. 4. Early EML using DFB butt-jointed to EAM.

bias. It also uses a butt-joint regrowth step to form the modu-
lator next to the laser. Such EMLs are also formed by numerous
other active-passive integration technologies [19], [20].

Coherent technology was being widely explored in the 1980s
because of its promise of increased transmission distance that
should result from improved receiver sensitivity [21]. Er-doped
fiber amplifiers (EDFAs) [22] had not been developed, and
wavelength division multiplexing (WDM) was not very cost
competitive because of the cost of WDM repeaters. These
involved de-multiplexing and converting all of the wavelengths
into the electrical domain, amplifying, demultiplexing again to
a lower data rate, regenerating, multiplexing up to the higher
data rate, modulating the information back onto different op-
tical wavelengths, and multiplexing these back into the fiber
again. Indeed, a complex and costly system that didn’t compete
well with simply increasing the data rate or even adding more
fiber.

Thus, coherent approaches, which promised to perhaps
double the repeater separation were very interesting, and they
also offered the possibility of placing the WDM channels closer
together, because the channel filtering would be done by a fixed
IF filter in the RF-domain after heterodyne down-conversion
by tuning the optical Local Oscillator (LO), much as in a radio.

However, making an optical heterodyne receiver was quickly
found to be very difficult to make stable using bulk components.
But, if the components could be integrated on a single chip, per-
haps many of the difficult issues would be solved. Thus, some
efforts were initiated to explore this possibility. Fig. 5 illustrates
the most successful of these [23]. It includes all of the optical
components of a coherent receiver, including an integrated LO
laser, a 3 dB coupler, and a balanced detector pair.

Although the results from the chip of Fig. 5 were not ex-
tremely impressive, it did set a milestone on what could be ac-
complished by using photonic integration. Unfortunately, the
work on PICs for coherent did not progress too much further
than this, first because of an economic slow-down in the 1990
timeframe, and then second, because of the appearance of the
EDFA and improved optical multiplexers. These two technolo-
gies enabled practical WDM systems to expand to many wave-
lengths without the need to de-multiplex down to individual
channels for electronic regeneration every 30 km or so. Thus,
by the mid 1990’s dense WDM was being rapidly deployed [24]
and work on coherent was being terminated.

Both the coherent work and that on WDM identified a need
for tunable lasers. For coherent, one desired local oscillators
that could tune across the desired optical wavelength range of
the receiver [25]. For WDM, universal sources [26] that could
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output any channel wavelength across the C-band—the central
band of the EDFA used by fiber optic networks—were desired.
Thus, so-called ‘widely-tunable’ lasers were desired—ones that
could tune across 40 nm or more near 1550 nm. Such lasers were
also desired in various sensing applications where the resolution
was proportional to the wavelength span [27].

Therefore, beginning in the 1980s and throughout the 1990s
there was a lot of work on tunable lasers that continues even
to this day [28]. The widely-tunable lasers became especially
popular during the ‘telecom bubble times’ near the turn of the
century. Many companies were formed, and some were success-
fully acquired, but only a few of the original technologies con-
tinue to be produced today. One of these, the sampled-grating
DBR (SG-DBR) laser [29], as depicted in Fig. 6, is still at the
heart of some products of the JDS-Uniphase Corporation [30].

This single-chip widely-tunable SG-DBR laser, which
contains gain, phase-tuning, absorber and mirror sections,
integrates many of the basic building blocks needed in many
more complex PICs. It utilizes two multielement (sampled)
Distributed Bragg Reflector (DBR) mirrors to provide two
differently spaced multi-peaked reflectors, so that only one
peak from each mirror can line up for a particular current
injection. As the currents into the mirrors are varied, different
combinations of individual mirror peaks (typically spaced by
6 or 7 nm) can be brought into alignment to extend the tuning
range over a number of (~7) bands.

In fact, since this laser was invented at UCSB [31], it became
the starting point for much of the InP-based PIC work that has
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Fig. 7. Active-passive waveguide integration approaches.

been carried out at UCSB over the past two decades. As illus-
trated in Fig. 6, an amplifier and electro-absorption modulator
can be added external to the laser cavity by simply adding an-
other gain section and passive section (same as phase-tuning
section) along the same waveguide during the same fabrication
process. For the EAM, the terminal is reverse biased to provide
a reduction in the bandgap, and thus add absorption, whereas
for the phase-tuning section, the terminal is forward biased to
inject carriers into the waveguide, thereby reducing the index of
refraction to tune to laser wavelength to smaller values.

Of course, additional elements are needed for some of the
PICs to be discussed, but in most cases, these can be added
without adding significant processing complexity. Generally,
the integration philosophy at UCSB has been to avoid patterned
epitaxial growths, to use post-growth processing, such as
quantum-well intermixing to provide multiple bandgaps, rather
than multiple epitaxial regrowths, and to focus on processes that
could be performed with vendor growth and implant facilities
so that only basic clean room processing facilities are required.

III. BASIC INTEGRATION TECHNOLOGY

A. Active-Passive Axial Waveguide Integration

Fig. 7 illustrates five different approaches to integrate regions
with different absorption/gain properties together along a single
waveguide. As these have been discussed previously in some de-
tail [32], [75], we here will only focus on the right-most three
that have been the object of most of our work. All of these can
be formed with a single ‘blanket’ regrowth of semiconductor
cladding, which does not involve any foreign masking material
on the wafer surface to define the epitaxial growth dynamics
as do the two left-most approaches. In fact, we have been suc-
cessful in having these blanket regrowth steps done by multiple
vendors with minimal development effort.

Although we have previously [4] also included some discus-
sion of the active-passive platforms that do not require even
this type of simple regrowth, we have dropped the explicit dis-
cussion of approaches such as the vertical active-passive twin
guide [33] here because of the large transition distances that
are involved, and the resulting incompatibility with multiple
active-passive interfaces desired in a high-functionality PIC.
Single-material waveguide PICs are also similarly not consid-
ered because of the extreme limitations on their performance



COLDREN et al.: HIGH PERFORMANCE INP-BASED PHOTONIC ICS—A TUTORIAL

InP —
InGaAsP —— [ ] A e
Deeply-etched Ridge Buried channel Surface ridge Buriedrib

Higher index contrast

Fig. 8. Lateral waveguide choices.

and functionality. To summarize, the issues with regrowth
that these approaches sought to avoid are avoided with our
unpatterned blanket regrowth approach without making most
the compromises.

However, although it requires a patterned regrowth, it should
be pointed out that the butt-joint approach does provide the max-
imum flexibility in choosing the properties of the two waveguide
sections, as the properties of one can be almost totally divorced
from the other, aside from the need to be nominally latticed-
matched to InP. Thus, this approach is often used when no com-
promise in waveguide properties can be tolerated. Nevertheless,
there is a price to pay in fabrication complexity, compatibility
with other structures across a large PIC, and ultimately design
flexibility and yield in using such patterned-growth processes.

The ‘offset quantum-well’ configuration and its close cousin,
the ‘dual-quantum-well’ active-passive geometry are both fab-
ricated by an unpatterned regrowth of the upper cladding on a
base wafer, which has had regions of the MQW-active region
formed on top of a common waveguide removed where passive
waveguides are to be formed. The dual-quantum-well approach
has been used to enhance the performance of modulator sections
placed in the ‘passive’ regions [34].

The ‘quantum-well-intermixed’ (QWI) active-passive config-
uration [32], [75] is similarly fabricated with an unpatterned
cladding regrowth, but in this case the common waveguide con-
tains the MQW-active region, and the bandgap of the MQW re-
gion has been selectively increased by a patterned implant and
one or more annealing steps to selectively intermix the quantum-
well barriers and wells in regions that are to become passive, or
perhaps modulator sections, if the shift is not as large. Shifts
saturate ~100 nm in the 1550 nm InGaAsP materials and are
easily controlled. Intermediate shifts, as for modulators, require
careful calibration. The intermixing must also be done in the
absence of other rapidly diffusing species in the wafer, such as
zinc. Thus, as will be detailed in Section IV.D, QWI must be
completed before a zinc-doped p-cladding is regrown.

In all cases the interfaces between the active and passive re-
gions are slanted with respect to the axes of the waveguides that
will be eventually formed to prevent reflections back along the
waveguide.

B. Lateral Waveguide Choices & Mode Transformers

In order to complete the waveguides after their active-pas-
sive nature is decided along a particular length, some lateral
waveguiding geometry must be defined. Fig. 8 illustrates four
possibilities.

As indicated, they are arranged from the strongest wave-
guiding on the left to the weakest on the right. Correspondingly,
the waveguide loss tends to go in the opposite direction, with
the higher-contrast guides having the higher losses, assuming
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Fig.9. SEMs of deeply-etched ridge, surface-ridge, and buried-rib waveguides.
Deep ridge is formed by ICP dry etching; surface-ridge by HCI wet etching; and
buried-rib by dry etching followed by regrowth.
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similar surface roughness. This is also related to the fact that
the stronger (higher-index-contrast) waveguides need to be
smaller for single-mode operation.

The deeply-etched ridge and surface-ridge types can be
formed after epitaxial growth, whereas both the buried channel
and buried rib must be defined prior to epitaxial regrowth.
Dependent upon the type of active-passive technology used,
this may require a special regrowth. Fig. 9 shows SEM cross
sections of all but the buried channel type.

The surface-ridge waveguide has been a relatively popular
choice in the InGaAsP/InP system, both because of its ease of
fabrication and the fact that crystallographic wet etches can be
used to provide very smooth side walls along some directions in
InP. For example, an InGaAs contact layer can serve as a mask
for a strong HCI etch, which provides very smooth side walls
for InP-clad waveguides aligned with the (011) direction, and it
will stop-etch on a quaternary waveguide layer [35]. However,
this technique is not useful for waveguide orientations more than
a few degrees off of the (011) direction.

For the deeply-etched ridge as well as most of the other
waveguide types, dry-etching is generally used. Better pattern
transfer is possible, and orientation dependencies are not as
severe.

A major issue to be addressed if two or more of the dif-
ferent lateral guides are to be used on the same PIC is tran-
sitioning between them along some waveguide path. Fig. 10
gives simulated data and schematics for waveguide transitions
between surface-ridge to deep-ridge and surface-ridge to buried
rib guides [14]. As illustrated, in the first case the surface ridge
flares and tapers before the deep ridge section [36]. In the second
case, the surface ridge flares and butt couples to a tapering rib
section.

The other significant type of mode transformation that must
be considered is that in coupling the PIC to a fiber. In this case
the general problem is transforming the mode from an elliptical
shape to a round one as well as increasing its diameter. We will
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not consider butt-coupling to a fiber because that would require
too much mode expansion, but if the mode can be transitioned to
acircular cross section and increased in diameter by two or three
times, we have found that the coupling loss to simple lensed
fibers can be reduced from the typical ~5 dB to <1 dB.

Fig. 11 shows schematics of waveguide tapers as well as the
theoretical mode shapes and resulting coupling losses for one
mode transformer concept that can be incorporated into our
blanket regrowth platform.

C. Other Waveguide Elements

Waveguide couplers and splitters are other important ele-
ments in Photonic ICs. Multimode interference couplers have
become the most popular way to make 1 X 2 and 2 x 2 splitters
because the waveguides are separated at the inputs and outputs
and critical “Y-junctions” are avoided. Fig. 12 illustrates a
design example for a 2 x 2 coupler.

However, such standard MMI designs can become relatively
large, and if one desires a more compact design, it is possible
to collapse the structure by reducing the width and waveguide
spacing, in effect approaching a zero-gap directional coupler.
Fig. 13 illustrates a 3 dB coupler in which the coupling length
is only 45 pm [37].

Another interesting and useful coupler is one with variable
coupling. In order to obtain a very large range of coupling
values, one approach is to use a miniature Mach—Zehnder mod-
ulator as the variable coupler [38]. Fig. 14 illustrates this. Here
two 3 dB MMI 2 x 2 couplers are separated by intermediate
phase modulated delay lines. When the phase of the delay
lines is adjusted, the output power alternates between the two
output waveguides. As can be observed nearly full extinction is
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Fig. 13. SEM of compact 3 dB MMI coupler design. Waveguide width is 2 pm
and coupling length is 45 pm.
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Fig. 14. SEM of variable directional coupler; blow-up of input to MMI; plots
of relative output power to the two output ports.

possible on either output. Such couplers are especially useful
in filter design [39].

A Star coupler may be viewed as simply using a free-space
region to enable one of several input guides to equally illumi-
nate a number of output waveguides [40]. It can also be an-
alyzed via the multimode interference technique. Fig. 15 il-
lustrates a STAR coupler with 8 input and 34 output wave-
guides. This figure also shows a second device called an arrayed
waveguide grating router (AWGR) [41], [76]. It is formed by
placing a mirror-image STAR coupler at the opposite ends of the
output waveguides of a first STAR coupler once the intermediate
waveguide lengths have been adjusted to vary linearly across
the array. With such a design the device becomes dispersive
in wavelength and can function as a wavelength multiplexer or
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de-multiplexer in a WDM system [42], [43], and with multiple
inputs such AWGRs can also serve as a wavelength-controlled
switching fabric, since the wavelength at the input determines
to which output the power will be switched. In a later section
an array of wavelength converters integrated with an AWGR on
a single chip to demonstrate this kind of switching architecture
will be described.

IV. TOWARD MORE COMPLEX PICs

A. Motivation

As indicated in Section II, by the mid1990s EDFAs and im-
provements in wavelength multiplexers were enabling the rapid
expansion of WDM technology. Dozens of wavelengths could
be sent over hundreds of kilometers at 2.5 Gb/s per channel
without the need to demux down to single channels and regen-
erate in the electrical domain at lower data rates. This expensive
OEOQO every 30 km or so could be avoided. Tunable lasers were
on all of the roadmaps, because universal sources were needed,
and other applications were being proposed. Wavelengths on
fiber became channels between nodes.

One problem that quickly arose was that as some wavelengths
on some fibers became fully utilized, it was desired to change
the information to another wavelength, but this meant OEO, be-
cause there was no other way to do this. So researchers began to
look at means to do ‘wavelength conversion” without the need
to convert every bit of information into an electrical bit at some
lower data rate and then convert it back up to the optical domain
at a different wavelength again. Thus, research on optical wave-
length conversion also began in the mid 1990s [44].

At about the same time, it was realized that if one could
change the wavelength of the optical data, one could also use
a passive device, such as the newly devised AWGR to physi-
cally switch the data from one port to another, or from one fiber
to another. Thus, still another set of ideas were generated in this
direction [45].

At UCSB, as we were doing leading research on widely-tun-
able lasers necessary for useful wavelength converters and such

Slab-

Interference
Section

InP Substrate

s LLLLLLL L

Fig. 16. Crossbar switch using an array of wavelength converters as the ac-
tive switching elements feeding an AWGR, which acts as the passive switching
fabric.

crossbar switches, we quickly got involved in these new di-
rections, and proposed research on a monolithically integrated
space switch based upon integrating an array of wavelength
converters with an AWGR. Fig. 16 is taken from the original
proposal to AFOSR in 1995 [46]. Significant features included
novel wavelength converters consisting of SGDBRs directly-
modulated by integrated photodiodes and a compact AWGR
using corner reflectors in the waveguide array.

The chip illustrated in Fig. 16 set about a number of years of
research at UCSB. Most work on wavelength conversion at that
time was using isolated SOAs [47], which consumed a lot of
power and the results were not very impressive. These did not
seem suitable for integration. This was the main reason we de-
cided to go the route of integrating a detector that could directly
drive the gain region of the laser. Our initial proposal included
ideas about using avalanche photodetectors (APDs) for gain in
the detector or ‘gain levered’ active regions in the SGDBR. Soon
we realized that SOA preamplifiers as well as SOA post-ampli-
fiers, as illustrated in Fig. 17, could be made to be fairly efficient,
so these were also included in our designs [48], [77].

As the research continued over several years the desired data
rate for such wavelength converters and crossbar switches in-
creased to 10 Gb/s, and then even to 40 Gb/s. Thus, the directly-
driven approach of Fig. 17, was clearly inappropriate. It also
tends to distort the signals, so external modulation approaches
were soon found to be necessary. In fact, the work with a pho-
tocurrent-driven Mach—Zehnder modulator integrated with an
SGDBR was published in the same time period [50] as the work
in Fig. 17, as were the efforts to integrate nonlinear SOAs in the
arms of Mach—Zehnder modulators with direct optical injection
into them [51].

Whether to use photodetectors driving modulators or directly
inject the input optical signal into SOAs, which are within a
modulator configuration for wavelength conversion still remains
a topic of research [52]. The PD-modulator approach appears to
require less real estate and power, and no filters are required
to remove the input signal, but the nonlinear SOA approach is
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Fig. 18. QWI-based widely-tunable 40 Gb/s transmitter [52].

somewhat simpler to fabricate and may have higher yield in
arrays.

B. Transmitters, Wavelength Converters, and Other
Mostly-Serial Integration Efforts

Three more recent high-performance PIC efforts centered
around SGDBR widely-tunable lasers will be briefly reviewed
in this section. Then recent results with lattice filter PICs will
be introduced. The first laser-based result illustrates the use of
a quantum-well intermixing (QWI) integration platform for a
40 Gb/s SGDBR-EAM transmitter, while the second two use
the dual-quantum-well platform to demonstrate wavelength
conversion at rates up to 40 Gb/s using direct photocurrent drive
of either traveling wave EA or Mach—Zehnder modulators.

Fig. 18 gives results for the QWI-based 40 Gb/s SGDBR/
EAM transmitter [53]. As indicated by the photoluminescence
plots, the initial unshifted PL peak at 1540 nm is shifted by about
35 nm for the EAM and by about 95 nm for the other ‘passive’
regions of the device, which also include the tuning sections of
the SGDBR. This dual shift is accomplished by two annealing
steps; the second is performed after removing the implanted ma-
terial that supplies the diffusing vacancies from above the mod-
ulator region. (The ‘0-MQW’ photodetector region is not used
in this device.)

For the 175 pm long EAM of the test device, the 3 dB band-
width was 32 GHz, and the modulation efficiency was about
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parent to data format and bit rate. Photo, equivalent circuit, and eye diagrams
from 5 to 40 Gb/s [12].

20 dB/V over the 1536-1560 nm range, provided the DC bias
was properly adjusted at each wavelength. The rf modulation
was fixed at 2.5 V peak-peak for all wavelengths, and this pro-
vided >10 dB extinction (E.R.) for the 40 Gb/s eyes shown from
1547 to 1565 nm.

Fig. 19 illustrates an integrated optical wavelength converter
that can also function as a transceiver, if the receive and transmit
stages are operated independently. It integrates an all-photonic
SOA-PIN receiver with an SGDBR-traveling-wave-EAM mod-
ulator [12]. The by-pass capacitor and termination resistor are
also integrated, so it can be operated without any external rf
connections.

The all-photonic receiver includes a two-stage SOA pream-
plifier that incorporates both high-gain and high saturation
power stages prior to a high-saturation power PIN photodiode.
A signal monitoring port is also available. For wavelength-con-
verter operation as depicted, a transmission line directly con-
nects the photodiode to the velocity-matched traveling-wave
EAM stage.

For the device characterized in Fig. 19, less than 2 dB of
power penalty was observed across a wavelength span of 1548
to 1560 nm for all data rates and either RZ or NRZ modulation.
A termination resistance ~25 (2 led to about 1 dB of peaking in
the optical-to-optical response in the 10 GHz range and a 3 dB
bandwidth ~30 GHz. Input levels were ~ — 4.5 dBm, and the
output power varied from —6.0 to —4.0 dBm across the wave-
length range, so the device had near zero optical conversion loss.
Extinction ratios were in the 7-8 dB range. Overall power dis-
sipation was ~ 1-1.5 Watt range, dependent upon the tuning
current to the SGDBR mirrors at these conditions.

The second photocurrent-driven wavelength converter
example is shown in Fig. 20. In this case a series-push-pull con-
figured Mach—Zehnder (MZ) modulator follows the SGDBR in
the transmitter section [13].

Use of the Mach—Zehnder modulator enables better chirp
management compared to the EAM designs. A negatively
chirped output can compensate for some of the natural fiber
dispersion and extend the transmission distance. Transmission
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Fig. 21. Programmable lattice filter schematic and SEM of fabricated unit cell
with expanded view of compressed MMI coupler. Data illustrates one of many
possible filter responses from a single stage [55].

up to 60 km was demonstrated with 2 dB power penalty at
10 Gb/s.

For the reported results, a termination resistor of 25 {2 was
used, and less than 2 dB of power penalty was observed over
the wavelength range. The output levels were ~ — 7 dBm for
inputs ~ — 4 dBm.

The remaining example of a PIC that employs mostly serial
integration is the programmable lattice filter element shown in
Fig. 21. In this case no lasers are present, but it is desired to
rapidly tune and reconfigure the characteristics of complex op-
tical filters, so the filter does include a number of SOAs, phase
shifters, and couplers, which in some cases may be variable
couplers.

Such filters may be interesting for adaptive dispersion control
or equalization, but they appear to attract most interest as agile
pre-filters for signal-processing applications. Fig. 21 shows a
possible serial lattice configuration as well as an SEM of one
unit cell of the proposed lattice filter [37]. The experimental
result superimposes a zero resulting from the Mach—Zehnder
response of the upper and lower branches with two adjacent
poles of the ring resonator within the lower branch.

The filter passband is tunable over >100 GHz, and more re-
cent examples have illustrated flat-topped bandpass character-
istics, which result from coupling several stages together, pro-
grammable both in bandwidth and center frequency [54].

C. Multichannel PICs and Other Mostly Parallel Integration
Efforts

The work emphasizing the parallel integration of a number
of channels appeared in the mid 1990s with the emergence of

AR Coating

1xN Combiner

A4-Shifted —
DFB Lasers

Fig.22. Wavelength selectable laser employing quarter-wave shifted DFBs and
a 1/N combiner together with an SOA and an EAM [55].

arrayed waveguide

detector
array

s

Fig. 23. 8-channel receiver incorporating AWGR and PIN detector array with
2 nm channel spacing [42].

WDM. Fig. 22 shows a wavelength selectable laser [55], and
Fig. 23 shows a multi-wavelength receiver [42]. The wavelength
selectable laser, which employed a simple Star coupler with a
1/N splitting loss, later evolved into a multi-channel transmitter
by incorporating an EAM with each laser together with a low-
loss multiplexer such as an AWGR.

The wavelength selectable laser in the form shown competed
with widely-tunable lasers, such as the SGDBR, by also using
heating and cooling of the substrate to thermally tune the
wavelength of the laser array to cover the wavelength ranges
over the gaps between the room temperature values of the array,
A1, As, ... Ax. Thus, eight or ten DFB lasers arrayed in this
way might be able to cover over a 100 WDM channels using
this approach. Such lasers are still being used in WDM systems
today [56].

Figs. 24 and 25 illustrate commercial PIC designs of Infinera
that have been available in their products for several years.
Shown are the PICs contained in their ten-channel 10 Gb/s
transmitter and receiver modules, respectively [57]. As can be
seen the transmitter PICs consist of a parallel array of ten DFB
laser-based transmitter elements that feed an AWG multiplexer.
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Each transmitter element contains a DFB laser that can be
tuned by a small amount, an EA-modulator, a variable optical
attenuator (VOA) to adjust the output power level, and an
optical power monitor (OPM) behind the DFB.

Infinera has also demonstrated analogous 40 x 40 Gb/s
research results [58], and more recently, ten-channel polar-
ization-multiplexed differential-quaternary-phase-shift-keying
(PM-DQPSK) transmitter and receiver PICs operating at
400 Gb/s for coherent communications [59]. These latter
results will be reviewed in Section V below on Coherent PICs.

D. Serial/Parallel Integration—The MOTOR Chip

Some researchers and analysts have viewed the world of pho-
tonic integration as a complex plane with two axes: one labeled
serial integration, the other parallel integration. Thus, one might
chose to try to locate any particular PIC as some point in this
plane, dependent upon how much serial versus parallel integra-
tion technology it contained. For example, the transmitter PICs
of Figs. 6 and 18 might be considered entirely serial, the wave-
length converters of Figs. 19 and 20 mostly serial with just a
little parallel (a transmitter and receiver in parallel), and the
transmitter and receiver PICs of Figs. 23 and 24 as mostly par-
allel with a little bit of serial.

Now more controversially, some have even argued that serial
is more interesting than parallel integration. After all, parallel is
just putting a lot of the same thing side by side, and this is what
one always does when using semiconductor planar-processing
technology. Needless to say this latter statement is a little naive,
because in mostly parallel PICs the parallel channels are not
quite the same, they all have to work, and they ultimately are all
coupled together in some way. Nevertheless, we are amongst
those who argue that serial integration is more interesting and
sophisticated than parallel, mostly because we have tended to
do more of it.
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Fig. 26. Wavelength switched 8 X 8 crossbar switch/router: (a) MOTOR chip
and (b) element of the wavelength converter array with various components
labeled.

In what follows we present a compromise position, a device
that has a large amount of serial integration but a healthy amount
of parallel integration as well. The MOnolithic Tunable Optical
Router (MOTOR) chip basically has the same architecture as
the crossbar chip proposed in Fig. 16, but it is much more so-
phisticated, it was actually fabricated, and it works at 40 Gb/s
[71, [14].

Fig. 26 illustrates both the MOTOR chip and the wavelength
converter elements, which in this case are nonlinear-SOA-based
wavelength converters. Although not included here, these can
include packet header rewrite modulators in each—hence, the
designation as a router. Again, an SGDBR laser within each
wavelength converter provides the wide tunability of the out-
puts. The particular SOA-based wavelength converter employed
uses a differential modulation technique specific to a ‘return-to-
zero’ (RZ) modulation format. That is, the input signal is split,
and while one half is used to unbalance the MZ-modulator to
allow light from the SGDBR to be emitted, the other is de-
layed a bit, and then used to rebalance the modulator to turn off
the light in order to generate a pulse. The input light changes
the index of refraction of the modulator arms by saturating the
SOAs, thereby reducing their carrier densities, and increasing
the indexes of refraction in these regions.

As illustrated in Fig. 26 the MOTOR chip employed an 8 x 8
AWAGR, as also shown in Fig. 15 above, with 8 wavelength con-
verters receiving 8 inputs and 8 outputs transmitted from the
AWGR. The channel spacing was 200 GHz in the 1550 nm
range. The AWGR employed waveguide tapers into and out of
the Star couplers to reduce coupling losses.

A QWT  integration platform was chosen to provide active and
passive regions throughout the device. Fig. 27 gives the details
of the layer structures following the first and second epitaxial
growth steps.

There are actually two different types of ‘passive’ regions
where the quantum-wells are intermixed. Both are formed at the
same time. For the first, the unintentionally doped (UID) InP
implant buffer layer remains (as shown) to separate the optical
mode from the p-type doping in the upper cladding in order to
minimize optical losses; for the second, this implant buffer layer
is removed so that p-n junctions are formed for the modulator
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waveguide; (b) deeply etched waveguide; and (c) buried rib waveguide.

and phase-shift sections. The active sections include all of the
SOAs, the absorbers, and the gain regions of the SGDBRs.

As illustrated in Fig. 28, three different lateral waveguiding
structures are incorporated within the MOTOR chip. For most
of the wavelength converters, including the SGDBRs, the sur-
face-ridge structure is used; for the short 11 ps “S-shaped” dif-
ferential delay a deeply-etched waveguide was used to enable
the sharp bends required; and for the AWGR, a buried-rib wave-
guide was employed to minimize losses. Importantly, all are
formed with only a single ‘blanket’ regrowth step. The UID im-
plant buffer was left on for both the deeply etched and buried-rib
regions to further reduce optical losses.

Chlorine-ICP dry etching is used to form the deeply-etched
waveguide after regrowth, and methane-hydrogen-RIE is
used for the slight etch into the quaternary waveguide for the
buried-rib waveguide prior to regrowth. The surface ridge is
formed by a combination of an initial ICP etch followed by
an HCl-based “clean-up” etch to expose the smooth crystallo-
graphic ridge sidewalls as well as stop-etch on the quaternary
waveguide.

An example of the MOTOR chip’s operation is shown in
Fig. 29. In this case random RZ data at 40 Gb/s is injected into
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port 3, and this wavelength converter is then sequentially ad-
justed to translate the data to various wavelengths so that it exits
the device at each of its eight output ports.

The bit-error-rate (BER) illustrates some slight pattern de-
pendence that appears to be related to some saturation of the
SOA preamplifiers. In other efforts, higher saturation power
SOAs have been used [60], and this probably would address
this issue. Also no anti-reflection coatings were applied to this
device and this might have contributed to some pattern effects.
The power penalty was <4 dB@a BER of 10~ for this case.

Under nominal bias conditions the MOTOR chip consumed
about 2 W per channel. The signal insertion loss through the de-
vice was ~10 dB, the majority of which were due to waveguide
transition and AWGR losses. Both of these numbers could be
improved with further optimization using results that have been
previously demonstrated. For example, at least 2 dB is attributed
to each of the Star couplers in the AWGR. Crosstalk values be-
tween channels were generally better than —15 dB with the ex-
ception of one input port, which appeared to suffer from some
defects that lowered its level to about —13 dB.

V. BACK TO THE FUTURE—COHERENT PICs

A. Motivation

Referring back to Fig. 1, it may be apparent that meeting
future demand for bandwidth is going to be a continuing
challenge. Introductions of new and expanded services, such
as HD-TV, Youtube, Facebook, programmed stock trading,
and soon 3D-TYV, have continued to maintain the extreme 100x
increase/decade slope. Fig. 30 overlays some data for fiber
capacity on this total demand curve for both research and
commercial fiber links [61]. The straight lines indicate trends
for commercial systems, which show that the tremendous
growth in bandwidth, due to WDM adoption in the 1995-2002
timeframe, has now saturated due to a limitation in the number
of practical WDM channels as well as the data rate in each.

To increase fiber capacity further we are now looking to im-
prove the spectral efficiency (SE)—the net bits/s of data rate
per Hz of bandwidth, or more simply the channel rate/channel
spacing. This is being done with advanced modulation formats
and coherent detection—really a step toward making optical
communication closer to rf. Fig. 31 gives a set of tables that
summarize the system evolution over the past few decades as
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well as what a simple extrapolation might predict for the next
[61].

As might be immediately obvious, even with an extrapolation
of the current rapid growth in fiber capacity, it does not meet the
network demand by 2020, even if doubled or tripled by using the
fiber S and L bands in addition to the standard C-band which is
plotted in Fig. 30. Even worse, calculations show that we will
never be able to reach SE = 20 due to limitations in fiber dy-
namic range because of its limited power handling capacity [62],
[78]. An SE ~ 10 seems more realistic for transmission dis-
tances ~100-500 km, typical of WDM systems.

Having set these goals, it should be realized that even
reaching SE = 2 is nontrivial. Fig. 32 shows a bidirectional
link that provides SE = 2 by using quaternary phase-shift
keying (QPSK) [63]. By adding dual polarization multiplexing
(PM-QPSK) this can be doubled to SE = 4, but this also
doubles the number of components as well as requiring polar-
ization splitters and combiners. The transmitters use a nested
pair of Mach—Zehnder modulators (MZMs) following the laser
source with one of the outputs delayed by 90 degrees before
recombining with the other. The receivers split the signal, and
after a 90 degree delay in one leg, combine both with the local
oscillator laser in 2 x 2 couplers which illuminate balanced
photodetector pairs. One pair provides the in-phase (I) output
and the other the quadrature-phase (Q) output.

B. Recent Telecom Experiments

Infinera has demonstrated the integration of ten QPSK
40 Gb/s transmitters consisting of DFB lasers followed by a
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Fig. 32. Bidirectional QPSK link schematic showing transmitter and receiver
circuits involved. I and Q outputs available from center of balanced detectors.
The QPSK 4-phase constellation is also indicated over the complex plane.
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Fig. 33. Infinera 10-channel QPSK transmitter PIC providing 400 Gb/s output
together with received eye from one of the two I/Q channels.
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Fig. 34. Bell labs DQPSK modulator photo, schematic, and receiver output.

nested MZM pair together with an AWG multiplexer. Fig. 33
gives a schematic of their chip along with an eye diagram of
one of the two received I/Q outputs [59].

Doerr, et al., have also shown that it is possible to use different
integrated modulator configurations in addition to the nested
MZM:s to generate QPSK and even more advanced modulation
formats. Figs. 34 and 35 are examples. Fig. 33 shows a DQPSK
modulator that uses two asymmetrical STAR couplers together
with two EAMs to generate the 4-phase modulated constellation
[64]. Also shown is the demodulated result at 20 Gb/s for one
of the I or Q outputs.

Fig. 35 shows a 16 QAM modulator (SE = 4) integrated on
InP also using STAR couplers and EAMs [65].
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Other high-level QAM work has shown 64-QAM results
(SE = 6), but with a hybrid LiNbOs—silica planar lightwave
circuit, again with nested MZMs [66]. Much of the recent work
on coherent appears to be aimed at reducing the basic data rates
being transmitted along the fiber as well as into and out of the
links while increasing the transmission spectral efficiency. This
enables longer fiber runs before nonlinearities and dispersions
of various kinds become problematic as well as somewhat
simpler electronics at the ends, even though there are many
more parallel elements at the ends.

Fig. 36 shows a PIC transmitter circuit recently presented by
Infinera that lowers the basic baud rate to 10 Gbaud, but adds po-
larization multiplexing to a 10-channel QPSK chip to get back
to the 400 Gb/s chip rate [67], similar to that of Fig. 32. This is
clearly a fairly complex chip, but it was shown to function on all
channels. Also included is the architecture of the doubly nested
MZM modulator tree together with a typical characteristic of
the InP MZMs employed.

Fig. 37 gives Infinera’s Roadmap for large-scale PIC trans-
mitters on InP [67]. Although there are other competitive data
points that could be added from other investigators, they have
led in the area of scaling of InP-based highly-parallel transmitter
PICs for telecommunications. As can be seen they predict that
transmitter PICs will have capacities ~4 Tb/s by 2018 or so.

It is worth mentioning at this point that 40 x 40 Gb/s trans-
mitter and receiver chips were demonstrated a few years ago,
as mentioned above [58], but evidently it was found that due to
fiber transmission impairments, these were of little use in prac-
tical systems. Thus, they do not currently list this 1.6 Tb/s result
on their most recent roadmap.

C. Optical-Phase-Locked-Loops (OPLLs) Enabled by PIC
Technology

Coherent Receiver for RF Photonics Using Phase-Modula-
tion: Microwave photonic links using intensity modulation tend
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Fig. 37. Infinera Roadmap for large-scale DWDM transmitter PICs.

to be limited in dynamic range by the transmitter [68]. For direct
modulation of a laser the modulation speed must be kept sig-
nificantly lower than the relaxation resonance frequency of the
laser, or nonlinearities result for any modest modulation depth
as the carrier density becomes unclamped. For higher frequen-
cies external modulation must be used. Unfortunately, there are
no intensity modulators that inherently have a linear relation-
ship between drive voltage and the optical output.

If phase modulation is used, then linear modulators do exist
with the basic linear electro-optic effect. Also, an effectively
much deeper modulation can be imparted to the optical signal
because one is not limited to simple on/off, which might be
viewed as a 180° modulation, but one in principle could mod-
ulate to many times this level to enhance the potential signal/
noise. However, now the problem of linearity in the link has
been switched to the receiver, and this is the problem addressed
by the circuit of Fig. 38 [69].
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In Fig. 38 the negative feedback signal to the tracking mod-
ulator pair reduces the level of the interference signal on the
detectors so that the output is reduced to the linear range. The
differential pair also suppresses even order distortions that may
exist in the semiconductor modulators as well as amplitude
modulation. This approach also enables the use of > mw-mod-
ulation depth since the signals leaving the differential tracking
modulators are made to be almost in-phase even if hugely out
of phase because of a large phase modulation prior to them.

One major issue with this approach is that the tracking phase
modulators must nearly instantly track the phase deviation de-
tected in the diode pair. Thus, the delay must be very small.
In fact, for the circuit to work in the GHz range, it has been
found that delays >10 ps are unacceptable. This not only calls
for monolithic integration of both the electronics and photonics,
it also demands the elimination of any unwanted signal paths
between the two. Fig. 39 illustrates the flip-chip bonding con-
figuration that has been implemented to eliminate all additional
delays in the practical implementation of the circuit of Fig. 38.
The coupler has also been implemented as a beam-splitter to
further eliminate propagation delay in a directional coupler em-
bodiment, which was first explored.

Initial results from this configuration are shown in Fig. 40
[70], [71]. A calculated link gain of —2 dB and a spur-free dy-
namic range (SFDR) of 122 dB-Hz?/? with a transmitter V,, =
4.4 V and only 2.8 mA on each photodetector is found. Also,
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Fig. 40. (top) Plots of fundamental and third-order distortion levels versus RF
drive power. (bottom) Output versus frequency for various photocurrents as
input power is increased.

a peak-to-peak phase modulation depth of 1.62 7 was used for
these results, demonstrating the ability to employ a significant
modulation depth.

With higher photocurrents it is anticipated that significantly
higher SFDRs will be obtainable. However, in the embodiment
used, there were no optical mode transformers at the inputs and
the slot beam splitters were also rather lossy, so a significant
power loss was experienced.

Phase-Locked Tunable Lasers: Loop delay is also important
for phase locking lasers together. Fig. 41 shows a chart of ini-
tial laser linewidth versus loop delay for various levels of phase
error. Explicitly shown are lines that represent the phase error
allowed for different types of digital multilevel phase and am-
plitude coding. The corresponding SNRs in the signal band-
width are 9.5 dB (PSK), 12.5 dB (QPSK), 20 dB (16 QAM),
and 26.2 dB (64 QAM).

Widely tunable lasers as the SGDBR shown in Fig. 6 tend to
have inherent linewidths in the 1-3 MHz range. Fig. 41 would
indicate a need for OPLL loop delay <100 ps for a correctable
error rate of 107> in a 64-QAM digital system. But, this would
actually be a fairly distorted signal from a microwave photonics
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Fig. 41. Laser linewidth versus OPLL loop delay to enable 10~ error rate for
given modulation format.

perspective. Instead of an equivalent spectral efficiency of 6 bits/
symbol, we would like to see the line for 10 or 12 bits/symbol,
which would again require a loop delay <10 ps in the OPLL if
we started with the rather noisy SGDBR. So, again very tight
integration is called for.

Phase locking of semiconductor lasers is desired in order to
make inexpensive arrays of coherent sources for such applica-
tions as phased-array LIDAR and other optical-coherence-to-
mography (OCT) and imaging applications. It is also desired to
have temperature insensitive synthesized sources that are locked
to an offset from some stable reference to allow much more ef-
ficient use of the spectrum as in the rf domain. As a result, some
initial experiments have been done to demonstrate integrated
OPLLs formed from a pair of widely-tunable SGDBRs together
with most of the required optical elements.

Fig. 42 describes a heterodyne experiment in which two
SGDBR lasers are offset-locked together [72]. The circuit
schematic shows that an integrated modulator is used to gen-
erate sidebands on the mixed signal, so that the OPLL can lock
on one of these. In this case a 5 GHz fundamental offset locking
is illustrated. With deep phase modulation of the on-chip mod-
ulator it is possible to generate a number of side bands and such
modulators can be made with bandwidths up to ~100 GHz,
so it is anticipated that such offset locking might be possible
up to the THz range without having to generate rf higher than
100 GHz.

Fundamental offset locking as high at 20 GHz was demon-
strated with the current set up. Although a balanced detector
pair was available on the chip, the electronics used only had
a single-input amplifier, so only a single detector was used,
and this resulted in more AM and noise in the feedback loop
than necessary. Nevertheless, a respectable phase error vari-
ance ~0.03 rad? was measured over the 2 GHz measurement
window.

D. Future OPLL Directions

Fig. 43 illustrates a cartoon of a futuristic LIDAR
system-on-a-chip that will be one of the long-term research di-
rections of a newly formed “Photonic Integration for Coherent
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Fig.42. Circuit schematic; PIC schematic; heterodyne result; and SEM of InP-
based PIC.
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Fig. 43. Vision of future LIDAR system-on-a-chip [74].

Optics” (PICO) Center that involves five US universities [73].
As illustrated with OPLLs it is anticipated that both chirping
of the beam in frequency as well as sweeping it in angle will
be possible by rapid control of the offset locking as outlined
in Fig. 41. This will involve significant developments in the
control/feedback electronics as well as in the PICs themselves.
As also noted, it is anticipated that much of this work may
migrate to the hybrid-Si integration platform.

VI. SUMMARY

Some of the work that has led to current highly-functional,
high-performance photonic integrated circuits (PICs) is re-
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viewed, including a few of the basic integration approaches.
A number of recent medium-to-large scale PIC examples are
presented along with a sampling of results from them. Current
work on PICs for coherent communication and sensing appli-
cations is introduced and some examples of integrated optical
phase locked loops for such applications is given. It is suggested
that there are still many significant opportunities for further
improvements in the cost, size, weight, power consumption
and performance of future systems by employing photonic
integration.
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