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Introduction

As we enter the 21st century, our
society faces new challenges. On the
one hand, recent years have seen the
need for increasingly faster compu-
ters, for communication networks
with data transmission
capacity and for the integration of
more functionality on a single chip.
Current electronics alone will not
be able to cope with these demands.
Computers will require smaller
transistors, which will soon reach
their physical limit given by the
atomic dimensions. Furthermore, as
more transistors are integrated on a
chip, the electrical that
interconnect them will accordingly
decrease in size, which aungments
electrical and
therefore limits the amount of
information (or bandwidch) that
they can carry. Integration of more
functionality on a chip will pose
many stringent requirements on the
inter-chip connections.
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On the other hand, in our aging
society, life expectancy
implies that coming years will see an
increase on the fraction of the
population over the age of sixty.
Radical approaches should be
applied to healthcare, moving from
the current treatment of the disease
towards prevention and diagnostics
at the earliest possible stage. Cheap,
portable and non-invasive diagno-
stic tools are fundamental to main-
tain the quality of life of an increa-
sing number of elderly people. Fi-

longer

nally, monitoring the evolution of
our fragile environment and ensu-
ring the well-being of our scarce re-
sources will permit to preserve our
planet for future generations.

Integrated optics is a key enabling
technology that can potentially help
to overcome the aforementioned
bottlenecks. Several decades ago,
optical fibers revolutionized the
communication field, providing
affordable connectivity between
people in different parts of the
world. A prime example is the
widespread of high-speed internet
and mobile communications which,
together with the advent of social
networks, have changed the global
human communication behavior.
Integrated waveguides are on-chip
versions of optical fibers. First
proposed in the 1960’s, integrated
optical circuits are analogous to
electronic integrated circuits. The
main difference is that the infor-
mation is processed in the form of
“light” instead of by electrical
signals, being therefore capable of
much higher transmission speed and
processing capabilities. By selecting
the correct set of materials, wave-
guides that confine and route light
with dimensions in the micrometer
range can be integrated on a chip.
Novel integrated waveguide techno-
logies, such as the ones based on
plasmonic propagation, will permit
confining the light to even smaller
dimensions, bridging the gap with
the size of photonic and electronic

integrated  circuits. The high
bandwidth and the high transmis-
sion capacity, together with their
compatibility with current electro-
nic circuitry, could make integrated
photonic devices the next stepping
stone that will permit to address the
challenges faced by current techno-
logies.

At the Integrated Optical Microsys-
tems (IOMS) Group of the Univer-
sity of Twente, we are working
towards setting the basis for the
future of on-chip nanophotonics. In
the following sections, our work on
on-chip lasers and amplifiers, opti-
cal waveguide devices for different
applications such as medical ima-
ging and sensing as well as pho-
tonics-electronics integration tech-
nologies will be detailed [1].

On-chip Integrated
Lasers and Amplifiers
On-chip waveguide lasers are of
particular importance for the reali-
zation of compact, robust and
reliable optical devices, since the
entire laser cavity along with the
optical feedback elements can be
fabricated on the same chip. Be-
sides, when an application requires
a laser array, e.g., for simultaneous
operation over a specific wave-
length range, an on-chip integrated
approach is advantageous in terms
of size, cost and power consump-
tion. In recent years, a great deal of
effort has been directed towards the
realization of on-chip lasers and
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figure 1: illustration of an advanced integrated photonic circuit with
amplification of existing signal light and additional signal light generated
by miniature Er-doped distributed feedback (DFB) waveguide

their integration on a silicon

platform.

At the Integrated Optical Micro-
Systems (IOMS) group, we use rare-
earth-ion-doped dielectric materials
to realize active photonic waveguide
circuits integrated on a single chip.
The main advantages of rare-earth
doped materials are the narrow
linewidths achievable as well as very
good gain properties, permitting the
amplification of high-rate optical
signals without distortion. Fig. 1
shows an example that includes
distributed-feedback waveguide la-
ser sources and high-speed erbium-
doped amplifiers.

Many materials can be used as hosts
for rare-earth ions. One of them is
aluminum oxide (Al,O3), which can
be easily deposited on different sub-
strates, enabling its integration with
other photonic devices. Its relatively
high refractive index (1.67 at 1.55
pm wavelength) compared to other
glasses permits the fabrication of
small waveguides with tight bends,
minimizing the device footprint.
Typical optical gain achieved is
around 2 dB/em, which means that
a device length of 1.5 cm is required
to double (+3 dB) the optical signal
intensity. Other very interesting
hosts for rare-earth ions are crys-
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talline materials belonging to the
family of double rtungstates,
KY(WO,),, KLu(WO,), and
KGd(WO,),. These materials are
grown as thin crystalline layers by a
relatively low-cost and efficient
technique called liquid-phase epi-
taxy (LPE). We have demonstrated a
very high gain per unit length,
~950 dB/em, in  Yb3T-doped
KGdy_ Lu (WO,),. Such gain will
permit doubling the intensity of the
optical signal in a device length of
30 pm, therefore appearing as a
very promising material for nano-
photonic devices. Finally, when low-
cost lasers and amplifiers are
required, polymers could be used as
the host material. Typical problems
with polymer host materials are the
lower stability of the material under
high light intensities and the flu-
orescence quenching due to the high
energy vibration of the O-H and C-
H bonds. By proper selection of the
polymer composition, we have
demonstrated both amplification
and lasing from a Nd3+-doped
polymer waveguide emitting at
1060 nm.

The narrow linewidths achieved in
the lasers based on rare-earth
materials (in the kHz regime) make
them enabling elements for appli-
cations such as the photonic gene-

ration of microwave signals (micro-
wave photonics), optical coherent
communications (telecommunica-
tions), swept-source OCT (medical
imaging) and optical clock gene-
ration, just to mention a few. A
narrow-linewidth monolithic erbi-
um-doped waveguide laser opera-
ting at a wavelength of 1.55 pm,
with a coherence length of more
than 55 km has been recently
demonstrated at the IOMS group
and will be used for the photonic
generation of microwave signals,

Integrated optics for
optical imaging and
sensing

Among the different waveguide
technologies available for the inre-
gration of sensing and imaging
devices on a chip, the IOMS Group
has focused on silicon oxynitride
(SiON), since it is transparent over a
broad wavelength range and
presents a tunable refractive index
from 1.45 to 2, permitting devices
with small footprint to be fabri-
cated. This technology has been
applied to the miniaturization of
OCT systems for optical imaging,
Raman spectroscopy on a chip and
sensing devices for the detection of
various analytes. Optical wave-
guides can also be combined with
microfluidic channels to achieve a
complete miniaturization on a chip.
'
OCT is an interferometric imaging
technique which has the ability to
generate high-resolution cross-sec-
tional images of biological tissue up
to a depth of a few millimeters.
Nowadays OCT is used commonly
in the clinic, particularly in
ophthalmology. Current state-of-
the-art OCT systems are Fourier-
domain systems based on either a
(SD, wusing a
spectrometer) or swept-source (SS,
using a rapidly tunable laser) system
design. These systems consist of a
multitude of fiber and free-space

spectral-domain
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optical components which make
them costly and bulky. The size and
cost of an OCT system can be
decreased significantly through the
use of integrated optics.

Our research is currently aiming to
the design of an on-chip SD-OCT
system in SiON, which is trans-
parent over the OCT wavelength
bands at 800, 1000, and 1300 nm.
One of the key components of a SD-
OCT system is the high-resolution
spectrometer, which is also the most
challenging part to integrate on a
chip. Arrayed-waveguide gratings
(AWGs) are commonly used for
wavelength demultiplexing in the
telecommunication field, offering
high resolution over a small band-
width. AWGs are also excellent
candidates large-bandwidth
applications, such as OCT and
spectroscopy. An AWG consists of
input/output waveguides, two free-
propagation regions and a phased
array of multiple waveguides with a
constant path-length difference
between neighboring waveguides.

for

In our group, we have successfully
designed; fabricated and charac-
terized SiION-based AWG spectro-
meters as a first miniaturizing step

of an SD-OCT system. Their wave-
length resolution (0.4 nm) and free
spectral range (78 nm) have been
determined by the OCT axial
resolution (18.5 pm) and depth
range (1 mm) requirements. In col-
the Amsterdam
Medical Center, we have performed
OCT imaging by using a fiber-based
OCT in combination with the AWG
chip (Fig. 2 (a)). An image of a
layered phantom consisting of three
layers of scattering medium inter-
leaved with non-scattering tape to
the required depth of 1 mm has
been obtained by scanning the OCT
beam over the sample (fig. 2 (b)).

laboration with

AWGs have also been designed and
fabricated for the miniaturization of
a Raman microspectrometer. On-
chip portable Raman spectrometers
can find many interesting appli-
cations, such as the detection of
dental caries even before it is
detectable with other techniques.
For many applications, it is very
interesting to be able to work on a
confocal configuration. AWGs pro-
vide a means to deliver light at a
certain depth inside the tissue
surface.

One of the latest developments in
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(a) waveguide waveguides (b)

the IOMS Group consists of a
grated waveguide (GWG) sensing
device integrated with microfluidics
and micro-mechanical structures. A
waveguide with a finite-length gra-
ted section acts as an optical reso-
nator, showing sharp fringes in the
transmission spectrum near the
stop-band edges of the grating. Any
small perturbations in the en-
vironment of the GWG, which
disturb the evanescent field of the
GWG resonant modes, will lead to a
shift of its transmission spectrum.
This effect can be exploited for
many sensing applications. Recently,
we have successfully fabricated
silicon-nitride  grated-waveguide
optical cavities as compact inte-
grated optical sensors for concen-
tration sensing (eg., detection of
DNA molecules passing on top of
the device surface), label-free
protein sensing (Fig. 3 (a)) and gas
sensing. This last application uses a
micromachined
placed on top of the sensor. As gas
sticks to the the
microcantilever, it deforms due to
stress  built-up, modifying the
propagation of the light in the
Sensor.

microcantilever

surface of

Finally, another very powerful bio-

Lateral distance (pm)

figure 2: (a) fiber-based OCT measurement set-up; (b) OCT image of the three-layered scattering phantom
measured with the AWG as spectrometer in SD-OCT
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figure 3: (a) device for label-free protein detection. Schematic of the device showing the
antigen-antibody reaction on the surface of the GWG sensor; (b) Schematic showing
plugs of fluorescently labeled molecules migrating along the microfluidic channel to the
detection point, where laser beams modulated with different frequencies impinge upon
them. Detection is carried out with a single ultrasensitive fast detector in a 90 deg

configuration

sensing technique is laser-induced
fluorescence detection (LIF). In
particular, sorting and sizing of
DNA molecules by capillary electro-
phoresis, in combination with LIF,
within the human genome project
have enabled the genetic mapping
of wvarious illnesses. Integrated
optics, together with microfabri-
cation techniques, permits the
integration of optical waveguides
with microfluidic channels to
produce low-cost, portable and fast
on-chip bic-analysis tools, which
aim at solving major challenges in
medicine. Several wavelengths are
typically used in order to enhance
the capabilities of the technique.
However, the use of several wave-
lengths implies the use of various
sources and detectors, considerably
increasing the complexity, size and
cost of the instrument.

In our group we have proposed a
multi-wavelength LIF detection
technique that requires only the use
of a single, ultra-sensitive, color-
blind, fast detector. The technique is
based on the modulation of each
excitation wavelength at a different
modulation frequency, followed by
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simultaneous detection of the
different fluorescence signals with a
single color-blind detector. Fourier
transformation of the measured
signal  permits obtaining the
fluorescence intensity of the
different wavelengths (i.e., modu-
lation frequencies) provided that
the excited-state lifetime of the
fluorescence dyes is significantly
shorter than the applied modulation
frequencies, the modulation fre-
quencies are harmonically uncorre-
lated with each other and the
detector can resolve the applied
modulation frequencies. After ap-
plying a band-pass filter around
each frequency and performing the
inverse Fourier transform, the time
domain data corresponding to each
of the tagged DNA molecules pas-
sing in front of the detector can be
obtained. Fig. 3 (b) shows a sche-
matic representation of the detec-
tion principle.

References:
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~ Photonic-

' Electronic
Convergence

In order to fully utilize
the benefits of integra-
ted photonics, it is ne-
cessary to have a means
to integrate photonics
and electronics in a
compact and reliable
way. One of the ongoing
research projects at the
IOMS Group deals with
the of
photonic and electronic
chips. Mirrors are being
utilized to direct the
output of the optical
waveguides towards the

corresponding  photo
diodes.
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Conclusions and outlook
It 1s expected that over the coming
decades photonics will impact most
areas of our lives, revolutionizing
societies and industries around the
world. Integrated optics and nano-
photonics has emerged as one of the
technologies of the 21st century,
hopefully permitting to overcome
the challenges that limit current
technologies, especially in the field
of telecommunications, health and
environmental monitoring. At the
IOMS Group of the University of
Twente we are positioning ourselves
as a'strong player in the field, set-
ting the basis that will enable us to
define the next generation of fully
integrated nanophotonic devices. B



