
BULLETIN OF THE POLISH ACADEMY OF SCIENCES
TECHNICAL SCIENCES, Vol. 60, No. 4, 2012
DOI: 10.2478/v10175-012-0079-5

OPTOELECTRONICS

Photonic integrated circuits – a new approach to laser technology

R. PIRAMIDOWICZ1∗, S. STOPIŃSKI1,2, K. ŁAWNICZUK1,2, K. WELIKOW1, P. SZCZEPAŃSKI1,
X.J.M. LEIJTENS2, and M.K. SMIT2

1 Institute of Microelectronics and Optoelectronics, 75 Koszykowa St., 00-662 Warszawa, Poland
2 COBRA Research Institute, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, Netherlands

Abstract. In this work a brief review on photonic integrated circuits (PICs) is presented with a specific focus on integrated lasers and
amplifiers. The work presents the history of development of the integration technology in photonics and its comparison to microelectronics.
The major part of the review is focused on InP-based photonic integrated circuits, with a short description of the potential of the silicon
technology. A completely new way of fabrication of PICs, called generic integration technology, is presented and discussed. The basic
assumption of this approach is the very same as in the case of electronic circuits and states that a limited set of standard components,
both active and passive, enables designing of a complex, multifunctional PIC of every type. As a result, functionally advanced, compact,
energy efficient and cost-optimized photonic devices can be fabricated. The work presents also selected examples of active PICs like multi-
wavelength laser sources, discretely tunable lasers, WDM transmitters, ring lasers etc.
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1. Introduction

It is well known that the rapid development of integrated elec-
tronics, observed in the past decades, started from very simple
analog systems, consisting of a number of separate, discrete
components, such as resistors, capacitors and transistors. The
resulting devices occupied considerable space and were con-
suming high amounts of electrical power. Also the reliability
was a serious problem. The situation changed with the advent
and further development of monolithically integrated circuits,
which revolutionized the way of thinking about electronic
circuits. The next major breakthrough was the establishment
of the CMOS (Complementary Metal-Oxide-Semiconductor)
technology standard. Rapid progress of the CMOS capabil-
ities enabled mass production of functionally advanced and
relatively cheap electronic integrated circuits (ICs). The evo-
lution of complexity of CMOS circuits follows Moore’s law,
which states that the number of transistors on integrated cir-
cuits doubles every two years. Nowadays, chips integrating
even milliards of elements are fabricated.

Simultaneously, the miniaturization of electronic devices
and development of integration technology enabled pro-
duction of multi-functional, energy efficient, compact and
portable devices, which may be effectively operated with
small-size batteries. A good example is the modern cell phone
with computational power far higher than early supercomput-
ers. All these factors caused that silicon-based ICs are now
ubiquitously applied in every field of technology and everyday
life.

A similar trend to miniaturization and integration is ob-
served in the semiconductor photonics industry. The rapid
development of semiconductor-based photonic devices start-
ed with the invention of the light emitting diode (LED) in

1955 [1] and semiconductor laser diode (LD) operating at
room temperature in 1970 [2]. The operating principle of
these components is based on radiative recombination of the
carriers within the forward-biased p-n diode made of direct
band-gap materials, which allows emission of light, amplifica-
tion and/or lasing (depending on the structure and materials
used). After four decades of continuous development LEDs
and LDs are key elements in modern telecommunication, da-
ta storage and data processing systems, optical sensors and
sensing networks, image processing systems etc. The progress
in semiconductor light sources was accompanied by intensive
research and development of other optical components – light
modulators, detectors, low-loss waveguides, couplers and (de)
multiplexers etc. At present, all of these elements are available
in integrated form. It should be noted here that from the point
of view of integrated solutions – the invention of the semicon-
ductor optical amplifier (SOA) [3] was a real breakthrough,
enabling both amplification of the optical signals with gain as
high as 30 dB [4] and design of various types of integrated
semiconductor lasers, described in the following part of this
paper.

Apart from impressive results obtained up to now in inte-
grated photonics the choice of an optimal technology is still
an open issue. In general, two main approaches are being
developed in parallel – the first is based on silicon technolo-
gies while the second is focused on group III-V semiconduc-
tors. This work is focused on the second approach, however
our intention was to provide also brief information on silicon
photonics.

1.1. Silicon photonics. When considering integration of sev-
eral functionalities on a single chip, the silicon platform is
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an obvious choice, as it has already demonstrated fabrica-
tion of very large scale (electronic) integrated circuits. It is
well known that the CMOS technology is mature, reliable
and relatively cheap. What is more, it offers a very attractive
possibility for integrating both photonic and electronic func-
tionalities. A significant drawback of silicon, however, is its
indirect band-gap which prevents effective amplification and
generation of light. Despite the fact that presently it is limited
to passive functionalities, the silicon technology platform for
photonics has been extensively developed [5], offering high
performance, good process control and low cost of fabrication
for photonic integrated circuits.

Another approach was proposed by Intel Corporation, as
an outcome of extensive research on optical data transmission
inside the computers, servers and data centers, as the tradi-
tional, copper-based solutions have been reaching the theoreti-
cal speed limits. Intel presented AlGaInAs based hybrid laser
integrated on a silicon chip which consists of waveguides,
amplitude modulators and an output multiplexer [6]. This so-
lution combines the advantages of both AlGaInAs (active ma-
terial) and silicon (good passive properties, low-cost and ma-
ture fabrication technology). The result is a 50 Gb/s photonic
data link consisting of a hybrid-integrated transmitter and a
fully-silicon receiver [7].

It should be noted that Intel achieved also laser action
in silicon itself, using Raman effect and cascaded operation
scheme, in which one laser line acted as the pump for the
next one [8]. However, this device required an external opti-
cal pumping, therefore not suitable for monolithic integration.

1.2. InP-based photonics. As an alternative to silicon for
fabrication of photonic integrated circuits, that also supports
integration of active components like lasers and optical ampli-
fiers, indium phosphide (InP) based compounds are discussed.
These manifest excellent electro-optical properties, such as a
direct band-gap that allows efficient light generation and de-
tection, light guiding and fast phase modulation. Moreover,
the emission wavelength of the ternary (InGaAs, InAlAs) and
quaternary (InGaAsP, AlGaInAs) compounds can be tuned
over a wide spectral range between 0.92 µm and 1.65 µm [9],
depending on the composition of the elements. Simultaneous-
ly, the lattice constant can be matched with InP, so that the
epitaxial growth of these compounds onto an InP substrate is
possible.

Effective integration on a single platform of both pas-
sive and active components is a great advantage of the InP
based technology. Invention of the arrayed waveguide grating
(AWG, alternatively named PHASAR) in 1988 [10] started
the era of wavelength division multiplexing (WDM) photon-
ic integrated circuits. The number of components in a single
chip has been continuously increasing, reaching now several
hundreds of components. Examples of already demonstrated
large-scale photonic integrated circuits are arrayed waveguide
grating (AWG) based multi-wavelength lasers [11, 12], DBR
(distributed Bragg reflector) and DFB (distributed feedback)
based WDM transmitters [13, 14], filtered-feedback based
WDM lasers [15], mode-locked lasers [16], WDM ring lasers

[12], quantum-dot based lasers for optical coherence tomogra-
phy [17], tunable lasers with integrated wavelength converters
[18], integrated receivers [19], optical time domain multiplex-
ers [20] and many others.

However, even though many InP-based large-scale pho-
tonic integrated circuits have been demonstrated already, the
commercial success is still limited. Nowadays the market of-
fer covers circuits which integrate relatively small number
of components. The only truly large-scale photonic integrat-
ed circuit, which is commercially available, is the 100 Gb/s
transmitter developed by Infinera Corporation [14], integrat-
ing ten DFB lasers, electro-absorption modulators (EAMs),
power monitors (OPMs), variable attenuators (VOAs) and an
output AWG multiplexer.

At the moment, photonic integration is considered as one
of the most promising technologies for fabrication of func-
tionally advanced, compact and cost-effective devices. Gen-
erally, photonic integrated circuits (PICs), compared to their
free space or fiber optic equivalents, offer advantageous per-
formance in terms of size and weight, energy consumption,
efficiency and reliability. On the other side, they can replace
electronic devices which perform the same functionality, with
a higher operation speed and bit-rate, while consuming less
energy. Undoubtedly, the major driver of the development of
the photonic ICs is the telecommunications market. Howev-
er, the devices based on this concept have potential applica-
tions in other fields, like fiber sensors, medical diagnostics,
metrology or switching in photonic interconnects in computer
backplanes.

2. Generic integration technology

In order to achieve the broad application of photonic integrat-
ed circuits novel, more efficient methods for their fabrication
are required. One of the most promising solutions is gener-
ic integration technology [21]. The primary assumption of
this approach is that complicated photonic devices can be di-
vided into basic building blocks (BBs) such as a waveguide,
a phase modulator and an amplifier. Additionally, it is as-
sumed that complex components (e.g. splitters, couplers, fil-
ters) and whole circuits can be obtained as a combination
of these fundamental elements. In order to obtain high yield
the technology processes are standardized and general design
rules are defined for all designers. In this approach it is cru-
cial to guarantee the performance of every BB by maintaining
its characteristic parameters, for example attenuation/losses of
the waveguides, phase shift in modulators, gain in amplifiers.

There is a clear analogy to CMOS technology, where com-
plex ICs are designed using limited number of fundamental
blocks, the parameters of which are specified by foundries
individually.

The concept of InP-based generic technology in photon-
ics has been developed since 2006 in the JePPIX platform
(Joint European Platform for InP-based Photonic Integrated
Components and Circuits) [22, 23]. The set of basic building
blocks for this platform consists of shallow and deep etched
passive waveguides, a waveguide with a top cladding removed
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for electrical isolation, an electro-optical phase modulator and
a semiconductor optical amplifier. Figure 1 presents the SEM
pictures of the BBs fabricated in the COBRA Research Insti-
tute [13, 23]. By using these basic elements, other composite
building blocks can be designed and fabricated. The most im-
portant examples of such advanced BBs were presented and
discussed below.

Fig. 1. SEM pictures of the basic building blocks of the COBRA
process [12, 22] a) shallowly etched waveguide b) deeply etched
waveguide c) phase modulator d) semiconductor optical amplifier

2.1. MMI based devices. One of the most commonly used
components are the MMI-based (Multi-Mode Interference)
devices [24, 25]. An MMI section is a piece of a straight
waveguide wide enough to support propagation of more than
one mode. The principle of operation is based on the cyclic
interference of the waveguide modes, due to their different
propagation constant. By properly positioning the inputs and
outputs of the section, one can design various devices, such
as mode filters, 1xN/Nx1 power splitters/combiners, NxM
power couplers and splitters with asymmetric splitting ratio
[26]. Furthermore, the MMI effect can be used for design of
reflectors with a high reflection coefficient [27]. The men-
tioned functionalities of the MMI components are illustrated
in Fig. 2.

Fig. 2. MMI-based components a) general MMI structure b) 1 × 2

(3 dB) power splitter c) 2× 2 (3 dB) power coupler d) power split-
ter with asymmetric (85%:15%) splitting ratio. Acknowledgement to

PhoeniX Software BV for the license

2.2. AWG multiplexer. Combination of a slab waveguide
and an array of deeply-etched waveguides can form a wave-
length (de)multiplexer, called AWG – arrayed waveguide grat-
ing [10, 28]. The principle of operation, schematically depict-
ed in Fig. 3, is based on introducing a phase difference among
the signals propagating through various arms of the array. The
optical field at the input diverges in the first free propagation
region (FPR), which is a piece of slab waveguide, and gets
coupled to the arrayed waveguides. The length of each arm
is equal to an integer multiple of the central wavelength (λc

– a parameter of the multiplexer). As a result, the signals
carried in λc have equal phase at the output of the arrayed
waveguides so that this channel is focused in the center of the
second FPR. However, other channels are focused in different
points, next to the central channel, as their phase front is tilted
due to the different lengths of the arrayed waveguides. The
AWG provides spatial (de)multiplexing of the WDM signals.
It is a reciprocal device, which acts as a multiplexer in one
direction and as a demultiplexer in the other.

Fig. 3. AWG principle of operation – the light is coupled to the ar-
rayed waveguide, phase difference at the output causes tilting of the
phase front so that the various wavelength channels are focussed in

different spatial positions

2.3. Mach-Zehnder amplitude modulator. Mach-Zehnder
amplitude modulators are obtained as a combination of a 3dB
power splitter, two phase modulation sections and a power
combiner. The SEM picture of such a structure, together with
an example of static power transmission characteristics versus
driving voltage is presented in Fig. 4. The voltage applied to
one of the modulator arms causes a phase change of the opti-
cal signal. As a result, the interference of the two signals at the
output can be switched between either constructive (full trans-
mission, logical “one”) or destructive (total extinction, logical
“zero”). As the power transmission characteristic has a sinu-
soidal shape, it is also suitable for analog modulation, while
operating in the linear region. Alternatively, instead of com-
bining the two arms with a power coupler, the phase shifter
arms may be terminated with reflectors, what would form an
amplitude modulator in Michelson interferometer configura-
tion.
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Fig. 4. SEM photograph of the Mach-Zehnder modulator and exam-
ple of a power transmission characteristic as a function of voltage

applied to one of the arms

2.4. 2×2 Switch. When the Mach-Zehnder modulator struc-
ture is modified so that splitters/combiners are replaced by
2x2 power couplers the resulting block acts as a 2x2 integrat-
ed optical switch. In this case the phase change in one of the
arms causes a continuous flow of the power from one output
port to another. Under digital modulation with a proper volt-
age (Vπ – causes the phase change with a factor of π) it will
discretely switch the signal between the output ports.

3. Selected examples of ASPICs (Application

Specific Photonic Integrated Circuits)

One of the most important applications for InP-based photon-
ic integrated circuits are laser sources of different function-
alities. Again, the major drivers for the development of InP-
based PICs are the WDM telecommunication systems, which
require highly effective, tunable light sources compliant with

the ITU grid. Photonic integration helps with providing lasers
that can generate several wavelengths simultaneously and can
be (discretely) tuned. Such lasers exist in various configura-
tions, described briefly below.

3.1. AWG-based WDM lasers. The simplest structure form-
ing a WDM laser source is an array of SOAs combined with
an output multiplexer [11, 12]. The resonator is defined by the
Fresnel reflections at the chip-air interface. Additionally, the
facet can be coated to increase the reflection coefficient. The
AWG is not only a multiplexer but acts also as an intra-cavity
filter so that the generated wavelengths depend on its pass-
band. The discrete tuning is obtained by turning on and off the
proper SOAs. It can operate both in a single and a multiple
wavelength mode, depending on the number of simultane-
ously biased SOAs. Additionally, a booster amplifier can be
applied in order to increase the generated output power. Fig-
ure 5 presents an example of an 8-channel multi-wavelength
laser together with the measured lasing spectrum [11]. An
alternative solution is shown in [29]. The gain section is on
the other side of the AWG (in the place of the booster), and
the SOAs in the array are very short – they are not used to
amplify the signal, but as optical gates to turn on and off the
individual laser channels.

A more complicated configuration has been proposed in
[30]. The resonator is formed by an N1xN2 AWG with N1+N2

amplifiers (in this specific case, N1 = 5, N2 = 8). As a result
forty (N1xN2) wavelengths can be generated, depending on
which combination of two amplifiers is biased at the same
time. The output signal is tapped from the resonator by one
of the arrayed waveguides of the AWG. The output signal is
amplified by a booster to increase the output power.

Fig. 5. Photograph and emission spectrum of 8-channel multiwavelength laser with a booster amplifier after Ref. 11
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3.2. Ring lasers. AWG based lasers may also operate in a
ring resonator architecture. An example of such a device is
presented in [13]. It is formed by a 4 × 4 AWG and four
SOAs which are placed in loops connecting the inputs and
outputs of the AWG. The power tapping is done by using two
of the arrayed waveguides – one for clockwise and the other
for counter clockwise laser signals. When the SOAs are indi-
vidually biased, they generate single wavelengths. Biasing of
two SOAs causes single-channel operation at slightly shifted
wavelengths.

3.3. Filtered-feedback lasers. Some of the integrated lasers
utilize standard, Fabry-Perot type resonators [15]. Comple-
menting these with some additional components, like an AWG
and a phase shifter, enables to lock the laser at a specific wave-
length, so called filtered-feedback operation. Figure 6 shows
a scheme and a photograph of such a filtered-feedback laser.
Apart from the laser itself, there are four Mach-Zehnder mod-
ulators added for generation of digital signals. In this case the
four channels are not multiplexed to a single output. The chip
has four independent outputs, each of them operating at dif-
ferent wavelength.

Fig. 6. 4-channel, filtered-feedback WDM laser/transmitter after Ref.
15. It is a Fabry-Perot type resonator with extended cavity, where
additional filtering (by AWG) and tuning (by phase shifters) is ap-
plied. Mach-Zehnder modulators are for digital signal generation.

Acknowledgement to Jing Zhao for the picture

3.4. WDM transmitters. The AWG is not the only way of
filtering of the longitudinal laser modes. The transmitter chip
manufactured by Infinera Corporation [14] (mentioned in the
introduction) consists of an array of DFB lasers and the se-
lection of the wavelength is done by means of a distributed
feedback resonators. The AWG in this circuit does not select
the laser modes, but multiplexes the ten digital signals gener-
ated by the DFB lasers followed by electro-absorption modu-
lators. A similar approach has been shown in [13]. However,

in this case the lasers are built with SOAs and tunable Bragg
gratings (building blocks offered by Oclaro Ltd. in a multi
project wafer run). The difference, in comparison to the In-
finera chip, is that this circuit generates four digital signals and
four CW signals (instead of only digital). Figure 7 presents a
photograph of a chip with such transmitters implemented.

Fig. 7. FTTH transmitters after Ref. 13. The 8-channel circuit
comprises an array of eight DBR lasers (right side of the chip).
Four channels are digitally modulated by Mach-Zehnder modulators
(downstream), four channels provide CW power for the upstream

signals

3.5. Mode-locked lasers. Integration technologies enable al-
so design and manufacturing of pulsed sources. The good ex-
ample is the device presented in [16] – mode-locked laser
with a tunable repetition rate. Its fundamental rate is 14 GHz,
however, as the device has a Mach-Zehnder modulator fol-
lowing the laser, some of the pulses can be extinguished by
proper modulation of the modulator (gating), thus decreasing
the repetition rate of the whole laser system.

4. Summary

Photonic integrated circuits are definitely one of the most
promising solutions for the next generation of optoelectron-
ic devices. Their main advantages – compact size, energy
efficiency, high speed operation and low cost large-scale fab-
rication are analogous to the electronic ICs. In recent years
the fabrication technology of integrated photonic devices has
been significantly developed and nowadays chips consisting
of hundreds of elements can be manufactured. However, lack
of a standard fabrication and packaging technology still ham-
pers the development and commercial application of PICs.
In comparison to microelectronics, integrated photonics has
not yet penetrated the commercial market on a large scale.
There is a lot of impressive results, but rather of the sci-
entific, than commercial value. It is obvious that at present
the main factor limiting development of PICs is the cost of
technology. That is why the leading European centres of in-
tegrated photonics are located in the western part of Europe,
having advanced technological facilities at their disposal. It
should be noted, however, that despite technological limita-
tions the research on this subject are also carried by several
Polish groups [33, 34].
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It is believed that the generic integration concept, being
developed and tested by the JePPIX platform may bring a
significant technological breakthrough and completely change
the state of photonic market. At present two large European
FP7 projects, which combine the scientific and technological
potential of key European players are focused on establish-
ing a generic manufacturing chain in InP-based photonics.
The first one is EuroPIC (European Manufacturing Platform
for Photonic Integrated Circuits) [31], which was launched in
August 2009 and completed in July 2012. The second one
is PARADIGM (Photonic Advanced Research and Develop-
ment for Integrated Generic Manufacturing) [32], launched in
October 2010, which will continue until September 2014.

Elaboration of the manufacturing chain requires achieve-
ment of several objectives – developing and providing all users
with unified building blocks (both basic and composite), de-
veloping professional software for simulations of the circuits
and mask designing, with implemented tools for design rule
checking, and, finally, determine the standard for packaging.
Then, the foundries have to provide on-wafer verification of
the manufacturing process. One of the means to provide low-
cost access to the advanced photonic technology is a multi-
project wafer (MPW) run – an idea taken from microelectron-
ics. Its main assumption is that the cost of the foundry run
is shared among the users, who pay for the circuits propor-
tionally to the occupied area. The MPW run concept allows
for reduction of research and development as well as proto-
typing costs of novel devices. It has been extensively tested
and used in microelectronics [35, 36] and now this idea is
being applied in photonics [21, 22]. First MPW runs have
already been performed in the framework of both projects at
Oclaro Ltd. (UK) and at the Fraunhofer Heinrich Hertz Insti-
tut (Germany). Additionally, the COBRA Research Institute
at Technische Universiteit Eindhoven (the Netherlands) also
performed six MPW cycles independently.

In September 2011 the Warsaw University of Technolo-
gy joined the PARADIGM project. One of the main tasks of
its activity is the establishment of a design centre for Poland
and neighboring countries – the Eastern Europe Design Hub.
This will be a contact point and design provider for com-
mercial companies, research institutes and universities from
Eastern and Central-Eastern parts of Europe.
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