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Abstract—An overview of the most recent developments and im-
provements to the low-loss TriPleX Si; N, waveguide technology is
presented in this paper. The TriPleX platform provides a suite of
waveguide geometries (box, double stripe, symmetric single stripe,
and asymmetric double stripe) that can be combined to design com-
plex functional circuits, but more important are manufactured in
a single monolithic process flow to create a compact photonic inte-
grated circuit. All functionalities of the integrated circuit are con-
structed using standard basic building blocks, namely straight and
bent waveguides, splitters/combiners and couplers, spot size con-
verters, and phase tuning elements. The basic functionalities that
have been realized are: ring resonators and Mach-Zehnder inter-
ferometer filters, tunable delay elements, and waveguide switches.
Combination of these basic functionalities evolves into more com-
plex functions such as higher order filters, beamforming networks,
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and fully programmable architectures. Introduction of the active
InP chip platform in a combination with the TriPleX will intro-
duce light generation, modulation, and detection to the low-loss
platform. This hybrid integration strategy enables fabrication of
tunable lasers, fully integrated filters, and optical beamforming
networks.

Index Terms—Beam steering, integrated optics, lasers, optical
communication, optical filters, optical waveguides.

1. INTRODUCTION

ILICON photonics has reached significant interest in the
S last 15 years [1] for applications in datacom and telecom-
munications.

The manufacturing of silicon photonics circuitry shows great
similarity with manufacturing process flows of microelectronics
circuits and requires lithography equipment to accurately pattern
the planar silicon wires to guide the light. The transparency
of silicon waveguides for wavelengths between 1100 nm and
1550 nm is compatible with the use of optical fibers for optical
signal transport. Silicon nitride, especially high-quality SigNy,
extends the usable spectral window towards 405 nm [2]. The
high index contrast of silicon nitride with respect to silicon oxide
makes it a perfect candidate for production of compact photonic
circuitry for both infrared and visible light applications. This
paper reports on numerous different applications of different
types of silicon nitride waveguides, each with its specific and
unique optical confinement and transmission properties.

With the development of several different, standardized,
building blocks that can be monolithically combined in the man-
ufacturing process flow, complex functions can be obtained that
can serve application domains such as high-speed and high-
capacity optical communication, microwave photonics and med-
ical diagnostics, to mention a few.

Moreover, the development of several tool kits, product de-
velopment tool kits (PDKs), for circuitry design, mask layout
and performance simulation of these photonic devices, has im-
proved the access to this field of integrated photonics. The
user-friendliness and availability of the right tools supports the
foundries that provide access to manufacturing line in the form
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of multi-project wafer (MPW) service, where industrial and aca-
demic customers share the cost in a rapid prototyping shuttle run.

A big challenge for both silicon photonics and silicon nitride
waveguides, is the integration of active sources such as lasers
and amplifiers. Although a breakthrough was reported by In-
tel in 2005 [3], where they presented their continuous silicon
laser, alternatives to interface and integrate lasers with the pas-
sive silicon platform are still investigated. This paper presents a
novel approach of a planar integration strategy of InP and SigN,
photonic circuits. It highlights the most important interface and
assembly challenges, which have successfully been overcome,
and resulted in a new world-record-performance for a narrow-
linewidth hybrid laser. This hybrid approach is the foundation
for the design and fabrication of more complex devices and mod-
ules that are built from hyperfunctional InP and SigN, chips.
The requirement to develop a means and capability to fabricate
these products in an economical way in medium to high vol-
ume is evident and drives the need for process optimization,
automation and standardization of processes and workflows.

The structure of the paper is organized as follows. Chapter
II describes the properties of silicon nitride (SizN4) waveguide
structures, particularly TriPleX geometries and their fabrication
processes. The descriptions of basic building blocks, straight
and bent waveguides, splitters/combiners and couplers, spot
size converters and phase tuning elements, are given in
Chapter III. Chapter IV describes basic functionalities, such as
ring resonator, Mach-Zehnder interferometer filters, delays and
switches. These functionalities are combinations of the basic
building blocks. More complex functionalities, with higher
level of integration, are described in Chapter V. Combination
of passive and active functions, using hybrid integration of InP
and TriPleX, is described in Chapter VI. The paper ends with
Chapter VII giving a prospect of these technologies for future
applications.

II. TRIPLEX WAVEGUIDES; MODELING

TriPleX waveguides are a family of waveguide geometries
that is based on an alternating layer stack consisting of two
materials: SigNy (silicon nitride) and SiO, (silicon dioxide)
that have refractive indices of about 1.98 and 1.45, resp., at
1.55 pm wavelength. Most commonly used substrate is single-
crystal silicon, for some applications fused silica glass substrates
have been used too (e.g., if a transparent chip in the visible
light region is required). Table I demonstrates cross-sections
and SEM photographs of four different waveguide geometries
that will be described in more details in Sections II-A to II-D.
An overview of the manufacturing process can be found in
Section II-E.

A. Box Shell

The box shell geometry consists of a SiO, box-shaped core
surrounded by a SizNy shell. Two geometries have been defined:
a low-index-contrast (LIC) variant, which allows for low-loss
coupling of light to or from a glass fiber, and a high-index-
contrast (HIC) variant, which allows for compact device layouts
because of a small bending radius. The LIC geometry optimized
for telecom applications at 1.55 pm wavelength consists of a
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TABLE I
SCHEMATIC LAYOUT OF TRIPLEX GEOMETRIES AND SEM IMAGES OF
REALIZED STRUCTURES THAT ALLOW FOR LOW OPTICAL PROPAGATION LOSS:
BoOX SHELL (A), SINGLE-STRIPE (B), SYMMETRIC DOUBLE-STRIPE (C), AND
ASYMMETRIC DOUBLE-STRIPE (D) [4]

TriPleX geometry SEM image

i, - Si0, core

PECVDSi0) top cladding
LPCVD 510, top cladding

A* 50, battomclodding

Depending on the layer thicknesses LIC and HIC versions of A-to-D exist.
“The deposition techniques are discussed in Section II-E.

1 x 1 um? SiOy core surrounded by a 50 nm thick SizNy
shell [5], while the HIC geometry has a 0.5 x 0.5 ym? core sur-
rounded by a 170 nm shell [6]. A noteworthy property of the box
shell geometry is that optical birefringence caused by material
anisotropy can be compensated for by geometrical anisotropy
[7]. The bending radius and mode-field diameters (MFDs) are:
R =500 ym, MFDy,, = 3.6 x 3.6 um for the LIC geometry
and R = 150 pm, MFD, ., = 1.4 x 1.4 ym for the HIC geom-
etry. If a mode-field diameter is specified in this article, it refers
to the diameter where the optical power has dropped to 1/e* of
the maximum intensity.

B. Single-Stripe

The single-stripe geometry consists of a single SisNy stripe
and is the most interesting geometry for achieving ultra-low-loss
propagation on-chip. This can be realized by choosing the stripe
thickness in the range of several tens of nm, and by optimizing
the stripe width [8]. However, the low propagation loss is at the
cost of a large bending radius in the order of thousands of pm.
Propagation losses as low as 0.03 dB/cm have been achieved at
1.55 pm wavelength, using a bending radius of R = 2000 pm,
see also Section V-D. A further reduction of these propagation
losses has been achieved by replacing the PECVD SiOs layer in
the top cladding by a bonded thermally grown SiO» film [9]. A
single-mode single-stripe of 50 nm thickness and 5.3 pm width



ROELOFFZEN et al.: LOW-LOSS S13 Ny TRIPLEX OPTICAL WAVEGUIDES: TECHNOLOGY AND APPLICATIONS OVERVIEW

Fig. 1. Schematic cross-section of the standard TriPleX SDS waveguide for
the TEgp mode at 1.55 pm wavelength: on the left-hand side is the HIC
waveguide with stripe thicknesses t;; = t,2 = 170 nm; on the right-hand side
is the LIC waveguide with stripe thicknesses t;1 = 42 = 35 nm; same for both
HIC and LIC: intermediate layer thickness ¢;,; = 0.5 pum, a waveguide width
of w = 1.2 pum, and an etching angle of oy = 82°. Typical layer thicknesses for
the SiO2 bottom cladding ¢; and for the SiOy top cladding ¢. are 8 or 15 pm.
Color legend: g = Si3Ny4, 5 = SiO2, gg = Si substrate, gg = background
material (e.g., air).

processed in this way has shown a loss of 0.007 dB/cm [10],
while the best result of 0.001 dB/cm obtained so far was on
single-stripe geometries at 1.58 pm wavelength: one of 40 nm
thickness and 13 pm width, and another of 50 nm thickness and
6.5 pm width [9].

C. Symmetric Double-Stripe or SDS

The symmetric double-stripe (SDS) geometry consists of two
stripes of SizNy of the same thickness at the top on top of each
other, separated by an intermediate SiO, layer. The optimized
geometry that is also offered in the current TriPleX IR MPW
runs and has been used in many optical beam-forming networks
(OBFN) devices [11], that is discussed more elaborately in Sec-
tion VI-C. A schematic cross-section of the HIC SDS can be
found in Fig. 1. The propagation loss of the HIC SDS wave-
guide is below 0.1 dB/cm, and MFDy ., = 1.6 x 1.7 um. The
effective index and group index for the TEy; mode at 1.55 pm
wavelength are 1.535 and 1.72, resp. A minimum bending radius
of 100 um is feasible, based on the criterion that bend losses
should be below 0.01 dB/cm [14].

By vertically tapering the thickness of both SizN, layers
from 170 nm down to 35 nm near the end-facets, while the
intermediate SiO, layer thickness is kept constant at 500 nm,
allows for a spot-size converter (SSC) for low-loss fiber-to-chip
coupling to standard telecom glass fibers with a MFD of 10 pm:
fiber-to-chip coupling losses from SMF28 single-mode fiber to
the LIC SDS waveguide below 0.5 dB/facet have been achieved.

D. Asymmetric Double-Stripe or ADS

The asymmetric double-stripe (ADS) has a similar waveguide
geometry to the SDS: the main difference is that the thickness of
the upper SizNy stripe is different than the lower SizNy stripe,
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Fig. 2. Schematic cross-section of the standard TriPleX ADS waveguide for
the TEgp mode at 1.55 pm wavelength: on the left-hand side is the HIC
waveguide, with bottom stripe thickness t,1 = 75 nm, intermediate layer thick-
ness t;,¢ = 100 nm, top stripe thickness t,o = 175 nm, a waveguide width of
w = 1.1 pm, and an etching angle of a;, = 82°; on the right-hand side is the
LIC waveguide, made by locally removing the top Si3Ny layer after deposition
of the ADS layer stack. Typical layer thicknesses for the SiOy bottom cladding
t;, and for the SiO» top cladding ¢ are 8 or 15 pm. Color legend: g = SizNy,
3 = SiO2, gg = Si substrate, gg = background material (e.g., air).

see Fig. 2 for a schematic cross-section, while also the thickness
of the intermediate SiO, layer is significantly smaller: instead
of 500 nm as for the SDS geometry, a thickness of 100 nm
is used for the ADS geometry. The lower SigNy layer of the
ADS geometry allows for optimization of coupling to exter-
nal components such as fibers and/or active materials without
adjusting its thickness, while the upper SigNy stripe thickness
can be optimized for a target bending radius and is removed
completely (tapered down to zero thickness) elsewhere in the
circuit. The thickness for the upper SizNy stripe of 175 nm has
been chosen to give the HIC ADS geometry the same effective
index of 1.535, the same minimum bending radius of 100 pm
as the HIC SDS geometry. Please note that the group index is
not the same as for the SDS waveguide: the ADS waveguide
has a slightly larger group index of 1.77. The mode-field size
is MFDy ., = 1.5 x 1.2 pum which is also different than for
the SDS waveguide (especially in vertical direction the ADS
mode field is more compact). Compared to the SDS geometry,
the ADS geometry requires less fabrication steps, going with
higher yield and even better optical characteristics. Propagation
loss values on ADS waveguides are reproducibly measured to
show similar or better values compared to SDS waveguides, so
<0.1 dB/cm The ADS propagation losses are expected to be
reduced further to values close to 0.01 dB/cm.

The complete removal of the thick top layer of SigN, allows
for a “natural” transition from the LIC ADS to the HIC ADS
waveguides, which -in turn- makes it possible to combine the
potentially ultra-low-loss properties of the single-stripe geome-
try with the small bending radii of the HIC ADS geometry, by
placing a spot-size converter in between (for more discussion
on this topic, see Section III-C).

Table II gives an overview of the most important properties of
the different TriPleX geometries discussed in this Section. The
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TABLE II
OVERVIEW OF THE MOST IMPORTANT PROPERTIES OF THE DIFFERENT TRIPLEX WAVEGUIDE GEOMETRIES

WG type Box shell Single-stripe Symmetric double-stripe Asymmetric double-stripe
Stack HIC BOX LICBOX  tgizna =65 HIC SDS LIC SDS HIC ADS LIC ADS
(tgisna/tsioa/tgizsna)  170/500/170  50/1000/50 170/500/170  35/500/35  70/100/175 75/100/0
A [nm] 1550 1550 1550 1550 1550 1550 1550
mode TEoo TEgo TEoo TEgo TEqo TEoo TEoo
w [pum] 0.84 1.1 4.2 1.2 1.0 1.1 0.8
wsMB [pm] 0.8 2.8 42 1.5 4.5 1.4 3.7
MFDy [pm] 14 3.6 4.7 1.6 10 1.5 10
MFDy [pm] 1.4 3.6 2.9 1.7 10 1.2 10
Runin [pm] 150 500 2000 100 0 100 0
Neg 1.555 1.455 1.459 1.535 1.447 1.535 1.446
Ng 1.76 1.49 1.50 1.72 1.46 1.77 1.46
Qprop [dB/cm] <0.03 <0.1 <0.1

design wavelength A and mode are given, the waveguide width
w. The parameter wyy,;, is the waveguide width at the single-
mode boundary, MFDy , are mode-field diameters where the
optical power has dropped to 1/e* of the maximum intensity,
R,,in 18 the minimum bend radius, where the bend losses are
below 0.01 dB/cm, N.¢ is the effective index, N, is the group
index, and a,,,), is the waveguide propagation loss.

E. Manufacturing Process of the Basic TriPleX Geometries

The general process flow is illustrated schematically in Ta-
ble III for the production of the different basic TriPleX ge-
ometries. The left-hand column shows the production process
for the box shell, the right-hand column is related to the other
geometries, the double-stripe SDS and ADS. The scheme for
single-stripe is nearly the same as for the double-stripe geome-
tries, except that step 4 and 5 can be skipped then.

The applied deposition techniques are the result of many
years of production optimization and characterization. The cur-
rent scheme contains as many batch processes as possible, using
equipment that is present in most CMOS foundries: this makes
production of TriPleX waveguides suitable for mass produc-
tion. At the same time the optical properties also have been
optimized. The highest quality SiO, layer results from wet ther-
mal oxidation of single-crystal silicon substrates to create an
SiO, layer (Table I11, steps 1, 2), typically at temperatures equal
to or above 1000 °C. As discussed earlier in Section II-B, the
lowest reported propagation losses have been achieved using a
bonded thermally grown SiO, layer as top cladding.

Low-pressure chemical vapor deposition (LPCVD) is used
for the SigN, layers and, where thermal oxidation is not ap-
plicable, also for the SiOy layer. For the latter process, the gas
tetraethylorthosilicate (TEOS) is used. LPCVD deposition re-
sults in high quality layers, shows very good layer uniformity,
both in thickness and in refractive index, good step coverage
because of conformal growth, and the layer is deposited on both
sides of the substrate at the same time (Table III, step 3, 4, 5, 7,
and 9) [15], [16].

Drawback of this technology is the limited layer thickness:
for SizNy, the critical layer thickness is in the order of 300 nm,
for SiOs the critical layer thickness is about 1500 nm. Above the

critical layer thickness, cracks will occur, caused by the inter-
nal stress due to differences in coefficient of thermal expansion
(CTE) between the deposited layer and the silicon substrate.
However, the stress of Si3N, films on Si is tensile, while SiOo
films on Si are compressive: alternating stacks of oxide and
nitride therefore show reduced macroscopic stress values, and
consequently allow for more nitride incorporated in the wave-
guide. This forms the basis for the patented TriPleX technology.

As typical top cladding thicknesses of at least 8 pum cannot
easily be achieved if only LPCVD TEOS SiO; is being de-
posited, a part of the top cladding is deposited using another
deposition technique: plasma-enhanced chemical vapor depo-
sition (PECVD). Typical deposition temperatures are between
300 °C and 400 °C. This growth technique is directional, and as
the substrate has to lie down on a bottom electrode (for the gen-
eration of the plasma), this type of film is deposited on one side
of the substrate. The stress in PECVD SiO, layers (Table III,
step 10) is much less than in LPCVD layers, allowing for much
thicker layers.

Besides the optical quality and the surface roughness of the
used deposition techniques, another factor that is important for
low-loss propagation of light is the sidewall roughness or line
edge roughness (LER), which is determined by the details of
the photolithographic process and the etching technique that is
used for the waveguide definition (Table III, steps 6, 8) [4].

III. BASIC BUILDING BLOCKS (BASIC STRUCTURES &
FUNCTIONALITIES)

TriPleX waveguide technology in principle is passive, as it
is not (yet) possible to monolithically integrate light sources,
electro-optical modulators, or detectors with competing spec-
ifications. However, to be able to tune optical properties of
integrated optical (IO) devices, thermo-optical tuning can be
achieved by means of resistive metal-based heaters on the top
cladding [17], [Section III-E], stress-optical tuning is possible
by integration of PZT piezoelectric devices on top of the top
cladding [18], [Section III-F], and electro-optical tuning can be
realized by locally defining sensing windows through the top
cladding until near the guiding layer that are filled with a liquid
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TABLE III
GENERIC PROCESS FLOW FOR THE FABRICATION OF THE BASIC TRIPLEX GEOMETRIES [4]

TriPleX box shell TriPleX SDS, ADS

TriPleX box shell TriPleX SDS, ADS

1. Silicon substrate

6. Waveguide patterning after etch and resist removal

2. S8i0; bottom cladding by wet oxidation

7. Si;Ny layer by LPCVD

N/A

3. Si3Ny layer by LPCVD

8. Local removal of Si;N, layer

N/A

4. SiO; intermediate layer by LPCVD TEOS

—— e [

9. 8i0; top cladding layer by LPCVD TEOS

5. SisNy layer by LPCVD

N/A

10. SiO; top cladding layer by PECVD

crystal, and by generation of an electric field across the liquid
crystal [19], [20].

In this section, an overview is given of the basic building
blocks that are also available through MPW runs [11], [12],
[13].

A. Routing Building Blocks

The most elementary basic building blocks are routing build-
ing blocks, that are based on regular straight waveguide build-
ing blocks (either with constant width or with varying width
for lateral tapers), and on polar bend building blocks (based
on bends with constant radius of curvature). Based on these
building blocks, more advanced routing building blocks can be
defined, such as S-shaped bends. Furthermore, transition losses
between different routing elements due to a lateral offset in the
position of maximum light intensity (caused by a difference in
radius of curvature) can be solved geometrically in two ways:
either by introducing a lateral offset at the junction between
the elements to avoid discontinuity in the position of maximum
light intensity, or by designing a different type of bend shape
that adiabatically changes the radius of curvature such ase.g., a
(co)sine-shaped bend.

B. Spot-Size Converters

SSCs modify the MFD of a waveguide either by using a
vertical taper, as discussed in Section II-C, and/or by changing

the waveguide width using a lateral taper. The vertical taper can
be designed to locally and adiabatically change the thickness
of the guiding layer(s) such that discontinuities in MFD are
avoided, to minimize the excess loss of the SSC, at the cost of
a length of typically several hundreds of pum. The SSC can be
used to minimize coupling loss to e.g., a glass fiber, where the
end-facet waveguide typically has a 90° angle, as the effective
index of TriPleX waveguides are quite close to that of standard
glass fibers for telecom). Another application is coupling to a
waveguide from another integrated optical chip such as light
sources manufactured in InP technology. Because of the much
larger effective index of waveguides in other technologies such
as InP, SOI, the SSC coupling loss can be decreased by placing
it under a suitable angle different than 90°, more can be found
in Section VI-A.

C. Splitters/Combiners and Couplers

To split light in a waveguide into two or more branches (or
to combine light from two waveguides into one branch), a Y-
junction is an interesting option, as the splitting (or combining)
ratio is theoretically 50% and wavelength- and polarization-
independent. However, to make the Y-junction splitting ratio
robust against technological variations, a certain minimum gap
between the two branches has to be taken into account. The extra
robustness is at the penalty of additional excess loss (sub-dB
level), which is also wavelength- and polarization-dependent.
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If lower excess loss is required, a directional coupler (DC)
is more interesting, if one can tolerate the wavelength- and
polarization-dependency of the coupling ratio. The excess loss
of a DC, opposed to a Y-junction, is not dependent on wave-
length. The coupling ratio is determined by both the gap be-
tween the two branches and the coupling length, which makes
the DC more versatile than the Y-junction which is limited to
50% splitting ratio.

A more versatile splitter/combiner is the multi-mode inter-
ferometer (MMI) and a more generic coupler is the star coupler
(SC), both of which can be designed as M x N devices. More
complex building blocks such as arrayed-waveguide gratings
(AWGs) are typically based on such M x N devices. How-
ever, if one has to deal with only a few waveguides, it could
be that (a cascade of) Y-junctions or DCs have more interesting
specifications, because the MMI and the SC have a wavelength-
and polarization-dependent excess loss.

D. Phase Modulators

The phase modulator that is standardly used for the examples
in this paper is based on thermo-optical tuning by means of
heaters on top of the top cladding above a waveguide. These are
manufactured by defining structured metal patterns based on a
chromium layer and a gold layer. The gold layer is removed
locally where the heat has to be generated, and from the traces
that are covered with gold for efficient transport of electrical
current to the heater. By combining e.g., two Y-junctions and
two straight waveguides, one with a phase modulator and the
other without, one can define a tunable coupler based on a
Mach-Zehnder interferometer (MZI).

Thermo-optic actuators on TriPleX are reliable, straightfor-
ward to manufacture, and offer tuning speeds around 1 ms.
However, thermo-optic actuators suffer from power dissipation,
in the order of 300 mW per 7 phase-shift per modulator, and
thermal cross-talk from neighboring heaters requires a distance
of at least 250 psm to the nearest neighboring waveguide. While
their tuning speed is sufficient to drive applications such as
beamforming matrices and programmable photonic processors,
the constant power dissipation of thermo-optic actuators makes
them inappropriate to support large scale waveguide-based ma-
trices. For these reasons, alternative types of phase modulators
have been developed, as is mentioned in the first paragraph
of Section III, namely stress-optic modulators (see the next
section).

E. Stress-Optic Actuator

To drastically decrease the power dissipation, ultra-low-
power stress-optic phase actuators are implemented in the
TriPleX platform for visible light [ 18] as well as for the telecom-
munication C-band [21]. In these stress-optic actuators, the
stress is induced into the waveguide by a piezoelectric PZT
(lead zirconate titanate) layer, which is actuated by applying a
voltage at an electrode. When the PZT on top of the waveguide
is exposed to an electric field, the PZT expands in the direc-
tion along the electric field while simultaneously contracting
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Fig.3. (a) SEM picture of the stress-optic actuator. (b) Phase shift as a function
of applied voltage for a top electrode (length of 14.8 mm and width of 5 pm)
with (orange triangles) and without a supportive glass cover (blue circles).

in the two other directions resulting in stress in the waveguide
structure.

Fig. 3 shows a scanning electrode microscope (SEM) picture
of the cross-section of a stress-optic actuator for the C-band. For
actuators in the C-band the efficiency of the actuator is optimized
by, amongst others, focusing the applied stress in the waveguide
core region through a local increase of the top cladding. The
stress-optic actuators were fabricated using a symmetric double
stripe TriPleX geometry (see Section II-C). Afterwards a bottom
electrode consisting of a 10 nm thick titanium adhesive layer
and a 100 nm thick platinum layer was deposited. The PZT layer
with a thickness 2 pm was grown using pulsed laser deposition
allowing for the growth of high-quality layers on large wafer
sizes and at commercial throughput [22]. Finally, platinum top
electrodes with a thickness of 100 nm were deposited. Using
a Mach-Zehnder interferometer, a half-wave voltage, V, was
measured at 18 V at a wavelength of 1550 nm using an actuator
with a top electrode width of 5 ym and an actuator length of
14.8 mm as shown in Fig. 3(b). The performance of actuator
can even be further improved by a supportive glass cover plate
on top of the actuator. The improved actuator showed a V. of
14.5 V and even a phase tuning of 27 at 50 V without applying
any bias voltage.

The measured static power consumption of the stress-optic
phase actuator is in the pW-region as it is only determined by
small leakage currents (<0.1 @A), which could not be measured
in experiment. While the dynamic power consumption at a rise
time of 1 ms (1 kHz excitation) is calculated to be less than
1 mW per actuator for an actuator capacitance of 3 nF. This
makes the stress-optic actuator at least 1000 times more power
efficient than thermo-optic tuners in the static case and more
than 300 times at 1 ms rise time.

To ensure the ultra-low loss characteristics of TriPleX waveg-
uides, it is important to choose a sufficiently thick silica top
cladding to prevent excess losses introduced by the Pt bottom
electrode. The TriPleX stress-optic actuator goes with a calcu-
lated excess loss of less than 0.01 dB per actuator only.

IV. BASIC FUNCTIONALITIES

A. Ring Resonator Filter

An important functionality that can be realized with low loss
TriPleX waveguide is optical filtering via micro-ring resonators
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Fig. 5. Transmission spectrum of a single resonance peak of an add-drop ring
resonator. A Lorentzian fit is performed and a full-width-at-half-maximum of
~2.4 pm is obtained. This corresponds to a quality factor Q ~ 700 thousand.

(MRRs). Such MMRs have been shown to be very important
and useful for many applications such as optical delay lines [23]
enabling optical beam-forming networks [24], bio-sensing [25]
and many non-linear processes [26].

A first-order ring resonator filter is composed, in an add-drop
configuration, by a waveguide closed on itself (having a ring
topology) and two straight waveguides (bus and drop) coupled
together (Fig. 4).

When light in the bus waveguide approaches the coupling
region it will or won’t tunnel into the ring, depending on whether
it’s wavelength is resonant with the optical cavity length. The
ring waveguide behaves thus as a wavelength selective optical
cavity that stores, enhances and drops out only resonant light,
while all other light is transmitted to the output.

The cavity life-time determines the optical filtering band-
width where a longer cavity life-time corresponds to a narrower
filtering bandwidth. The life-time of the cavity, that determines
the Q-factor of the resonator, is heavily affected by the in-
ternal losses. In order to increase the cavity life-time and Q-
factor, the internal losses of the cavity, of which propagation
loss is a main contribution, need to be substantially reduced.
The TriPleX technology is able to provide an optimized com-
bination of straight-propagation loss and curvature loss via se-
lecting an appropriate cross-section (Section II) [8]. Thereby,
high-Q-factor ring resonators can be fabricated within a stan-
dard and well-reproducible fabrication process. In Fig. 5 we
report the measured transmission spectrum of a single reso-
nance of an add-drop ring resonator filter which shows a Q-
factor ~700 thousand, as achieved with standard fabrication.
From the Q-factor it is possible to derive the value of the prop-
agation losses which are, in the case presented in Fig. 2, as
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low as 0.07 dB/cm. The add-drop ring resonator is fabricated
with a single stripe cross-section of 2.5 um width and 250 nm
thickness, and with a radius of 365 pum. As discussed previ-
ously (Section II-B) the described dimensions of a single stripe
cross-section enable the lowest propagation loss, compared to
the other cross-sections, at the given radius of the resonator.

Such a high Q-factor is well desirable for applications as high-
resolution on-chip spectrometers and for nonlinear conversion
[27]. One example would be optical parametric oscillation and
comb generation. We calculated the threshold power [28] for
which we used the Q-factor given in Fig. 5 and the resonator
length of 3400 um. However, because the confinement is only
moderate with a mode field area of about 10 qu, the gain is
mainly due to the lower nonlinear index of the SiO, cladding
[29], and the mode volume is relatively large. This yields a
threshold in the order of 10 W, and due to normal dispersion
the spectral coverage would remain closely around the pump
wavelength. A wide spectral coverage of hundreds of THz can
be obtained with dispersion engineering via tight confinement
to about 1 qu mode area [30], [31]. In spite of increased losses
(0.37 dB/cm [32]), the much larger nonlinear index of the Siz Ny
core can be accessed (see [30] and refs. therein), and the mode
volume can be significantly reduced. For a resonator radius of
320 pum and 0.5% coupling we calculate a threshold of about
100 mW, which is well comparable with previous experimental
data based on similar material [33]. Of high interest is bringing
the threshold further down into the range that is accessible to
on-chip lasers as described in Section VI.

B. Mach-Zehnder Filter

An addition to the ring resonator-based wavelength filters are
Mach-Zehnder filters (MZFs). Especially for a large free spec-
tral range (FSR), an MZF can be build where ring resonator-
based filters are limited by bending loss (see Section II). Fig. 6(a)
shows the schematic of an MZF, where the incoming light
is split by a directional coupler into two arms with a path
lengths difference, AL, and combined again using a second
coupler. Ideally, the spectral response (transmission spectrum)
of an MZF is, a sinusoidal function where the FSR is given by:
frop = c/(ngAL), where c is the speed of light and n, is the
group index.

An example of the spectral response of an MZF is shown
Fig. 6(b). Here an MZF was actuated using a stress-optic ac-
tuator with an electrode length of 1.5 cm and a AL between
the two arms of 100 pm resulting in an FSR of 14.5 nm (see
Section II-F). The highest obtained suppression ratio was more
than 30 dB, while suppression ratios for individual wavelengths
differ due to the wavelength dependence of the directional cou-
pler. If properly designed, MZFs can be realized to be versatile
wavelength filters in both suppression ratio and FSR. Further-
more, higher-order filters can be realized to achieve flat-top filter
response [14].

C. Ring Resonator Based Delay Lines

Tunable delay lines are essential building blocks for imple-
menting optical signal processing functions on chips. In partic-
ular, microwave photonic applications like optical beamforming
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Fig. 6. (a) Schematic of a Mach-Zehnder filter; DC: directional coupler.
(b) Spectral response of a Mach-Zehnder filter based on stress-optic actua-
tion for various voltages. The filter has a path difference of 100 zsm between its
two arms resulting in a free-spectral-range of 14.5 nm.

networks for phased array antennas with physical apertures in
the order of tens of cm or larger and highly-selective spectral
filters with MHz-level frequency resolution need many and long
delays on one chip. In accordance, these delays must be in the
same order of length, i.e., tens of cm or larger (equivalently mul-
tiple nanoseconds in time), and therefore low-loss waveguide is
an essential requirement for the implementation.

TriPleX waveguides provide a path for practical solutions,
where ring resonators are used comprising tunable phase shifts
in the ring loops and tunable couplers. The conventional ring
resonator delay lines use identical ring resonators, which have a
frequency-periodic delay response. This means that when used
for multi-1 based tapped-delay-line filters, in general, each A
will require an independent delay line to generate the different
delays of the filter taps. This gives rise to circuit complexity
issues for filters with a large number of taps. An alternative ap-
proach to address this issue is to create delay lines that are able
to simultaneously provide multiple different delays at different
wavelengths or optical carrier frequencies. We proposed and
experimentally demonstrated such delay lines using the Vernier
configurations of ring resonators [34], namely combining ring
resonators of different FSRs. Two types of Vernier configura-
tions were considered as shown in Fig. 7, i.e., the serial cascade
(referred to as delay line A) and coupled configurations (referred
to as delay line B), where the former features easier control (as
each ring resonator is independent from the others) and the latter
less chip area (as B uses about half the footprint size as com-
pared to A). The core concept here is to implement multiple
different delays staggered in frequency. In principle, a combi-
nation of ring resonators with N different FSRs allows for the
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Fig. 7. A photo and schematics of two Vernier configurations of ring res-

onators as delay lines implemented using TriPleX waveguide, associated with
measurements of different delays tuned via ring resonator coupler coefficient «,
which are in agreement with the theoretical calculations.

simultaneous generation of 2N-1 different delays per frequency
period. This can be employed in multi-A schemes of tapped-
delay-line filters to significantly reduce the system complexity.
In the experiment, an inter-delay step of 550 ps and a maximum
delay of 1650 ps for a bandwidth of 500 MHz were achieved
using 4-ring Vernier configurations with ring resonators having
FSRs of 16 GHz and 24 GHz, as shown in Fig. 7.

D. AWG Based Wavelength Independent Switch

To switch ~100 nm broadband light between multiple fiber
outputs, without any moving parts, a wavelength independent
optical switch with 3 inputs and 80 outputs was designed and
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Fig. 8.  (Top) Photograph of a 3-to-80 port AWG, with red light, only used for
illustrative purposes, inserted in a single waveguide. Output shows three outputs
instead of one, because of higher order spatial modes. (bottom) Legend of the
AWG, where 1 indicates the input waveguide, 2 indicates a multimode interfer-
ometer (MMI), 3 indicates the dispersive part of the AWG with 103 waveguides,
4 indicates the output-side MMI and 5 indicates the output waveguides.

Normalized power [dE

Fig. 9. Switching between 10 different output ports of the AWG, while mea-
suring the output power of all 10 ports simultaneously. In this measurement, a
typical cross-talk suppression of >12 dB per waveguide is shown.

fabricated by using a so-called zero-order AWG. Contrary to
other AWGs, a zero-order AWG is wavelength independent. By
adding tuning elements, such as heaters, on the arms of the
AWG it acts as a wavelength independent switch. As exam-
ple, in Fig. 8(a) zero-order AWG design is shown, containing
3 inputs, 103 arms and 80 output waveguides without tuning
elements with red light coupled into the waveguide. The design
is developed for a wavelength range from 1530 nm to 1565 nm.

For a wavelength of 660 nm, only used for illustrative pur-
poses, the higher order spatial modes are present in the outer
waveguide outputs, causing multiple outputs (three in this case).
A similar AWG has been measured where tuning elements were
added onto the waveguide arms, such that they can be tuned
from O to 27 individually. By tuning the individual tuning ele-
ments, the output port can be switched and the suppression of
the other output ports can be optimized. This building block can
be designed for many required output numbers.

As example, we show switching between 10 output waveg-
uides in Fig. 9. From this measurement, it is clear that a high
suppression can be achieved with optimizing the AWG settings.
A suppression of >12 dB for each waveguide was measured,
i.e., if optimized for output at a single waveguide, a maximum of
—12 dB was measured (compared to the optimized waveguide)
at any of the other AWG output waveguides. Measurements
on the insertion loss of such an AWG around a wavelength
of 1550 nm, optimized for maximum output power in a single
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Fig. 10.  Schematic overview switched delay line.

waveguide, indicate that the insertion loss of the used AWG is
less than 2 dB.

V. COMPLEX FUNCTIONALITIES
A. Switched Delay Line

Switched delay lines are commonly used in OBFNs, sig-
nal processers, signal routers and buffering [35]. An example
of an OBFN with continuously variable delays is discussed in
Section VI-C. This section focuses on a delay line with discrete
delay steps. It is clear that for large delays, low loss waveguides
offer advantages in the difference between propagation losses
for different delay-line settings (called dynamic loss), as well
as absolute loss of the delay line (insertion loss). To demon-
strate this, a 4-bit switched delay with tunable couplers (TC)
between the different delay lines has been designed and fab-
ricated. The schematic layout is shown in Fig. 10. The delay
targets for the fabricated 4 bits were, respectively, A7 = 3.2 ps,
2AT = 6.5 ps, 4AT = 13 ps and 8AT = 26 ps.

For statistics, 13 individual delay lines were measured, with
thermal-optical based TCs. As the average consumed power per
TC is ~0.3 W, the average power consumption of the switched
delay line is ~1.5 W. The optical cross talk, being the light
travelling through an unwanted delay path interfering with the
wanted delay path, is twice the amount of optical suppression
of a tunable coupler. This results from design, where from input
to output the light goes at least through two TCs in cross state.
Typical values for the suppression were between 15 to 25 dB,
leading to an optical cross talk lower than —30 to —50 dB.
The measured delay values are shown in Fig. 11, where the
dashed lines indicate the target delays (as mentioned above)
and the different dots indicate the measured delays (each dot
per delay corresponds to a different delay line) and the blue
line indicates the trend, which is as expected a linear line. The
absolute difference per delay, which we call the delay error, is
smaller than +0.5 ps, as is shown in Fig. 12, where each dot
indicates a separate measurement. The measured switching time
was less than 0.4 ms. As is clear from these measurements, low-
loss TriPleX is very suitable for fabricating switched delay lines.

B. Reconfigurable Photonic RF Filter

Photonic implementation of RF filters enables unprecedented
features in terms of bandwidth, tunability, and ability to integrate
with other signal processing functions in the optical domain.
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Fig. 11. Measured delays of 13 individual 4-bit switched delay lines. The
measured delay is plotted as function of the target delay. The solid straight line
(blue) intersects the target delays.

1At 2At 4At 8At
= ! — !
a I
— i
E 0.5 . + -
| ®
> 0 £ 3 ' {8
i 5 [ ¥ :
0-0.5 e T
1
1 . I | | |
0 5 10 ' 15 20 25 30
Target delay (ps)
Fig. 12. Measured error per targeted delay value for the 13 individual 4-bit

switched delay lines. Each dot indicates a separate measurement.

However, from a practical perspective, the filter performance
is highly dependent on the optical losses as most implemen-
tations have the eventual RF-to-RF insertion loss in quadratic
relation with the optical losses due to the square-law effects of
the optoelectronics used therein. For this reason, TriPleX ap-
pears to be a very promising platform for RF applications. Next
to this, another key feature for the filter design is the filter shape
reconfigurability as it significantly broadens the potential for
application of a filter. Besides, having an entire filter fully inte-
grated on a unit provides the ultimate system stability, control
precision, and device compactness. In this context, a highly re-
configurable photonic RF filter is proposed which comprises a
serial cascade of three of silicon nitride ring resonators [36]. In
the experimental demonstration, double sideband modulation is
employed, which can be easily implemented using an intensity
or phase modulator.

Regarding the ring resonators, a pair of identical ring res-
onators are used for filter shape synthesis and a third ring res-
onator with a smaller FSR is used to perform the function as
modulation transformer [37] that enables a separate manipula-
tion of the phase of the optical carrier. Then, through optical
detection, a RF filter with a nearly DSP-level of shape reconfig-
urability is implemented, as shown in Fig. 13. All the reconfig-
uration operations including filter frequency tuning, bandwidth
variation, and switching between band-pass and band-stop filter
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Fig. 13.  (a) A schematic of an integrated microwave photonic implemen-
tation of a RF filter using a nonuniform 3-ring SCISSOR. (b) A photograph
of a fabricated test chip with indications of the ring resonators. Experimen-
tal demonstrations of (c), (d) the bandpass and bandstop RF filter shapes,
(e), (f) the tuning of filter center frequency, and (g), (h) the varying of bandwidth.

shapes are implemented using the tuning mechanism on the ring
resonators.

C. High-Granularity WDM Filter

TriPleX circuits also promise a significant impact on the next
generation elastic optical communication networks, where tech-
nologies enabling high spectral efficiency and fine granularity
transmissions are of significant use to increase the network ca-
pacity and flexibility. One reason for this is that the low-loss
feature of the waveguide supports designs of filter structures
with long delay paths, e.g., multiple cm, and therefore enables
spectral processing with resolution finer than 1 GHz, which in
contrast is challenging to implement using free-space optics.
One interesting function is a Nyquist-filtering (de)interleaver
[38] implemented using a ring resonator-assisted Mach-Zehnder
interferometer (RAMZI) circuit that comprises an asymmetric
MZI with each arm coupled with a ring resonator as shown in
Fig. 14.

The design presented here employs a total of seven tuning
elements, i.e., two tunable couplers at the input and output of the
MZI, two tunable couplers of the two ring resonators, and three
tunable phase shifters in the ring loops and MZI delay line. This
concept has been experimentally demonstrated using a RAMZI
with an interleaver period (FSR) of 25 GHz and a 3 dB passband
bandwidth of 12.5 GHz as shown in Fig. 14. The RAMZI is used
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Fig. 14.  (a) Design and (b) spectral filtering of a reconfigurable RAMZI circuit
as a Nyquist-filtering interleaver for WDM superchannel demultiplexing.

as a pre-deinterleaving stage in combination with a commercial
wavelength selective switch (WSS) to implement a resolution-
enhanced WSS. Using this combination, a WDM superchannel
ROADM was enabled, which supports a sub-channel spacing
of 12.5 GHz, a factor of four smaller than the current 50 GHz
DWDM grid.

D. High-Order Ring Resonators

Another interesting application of high-order ring resonators
is input and output multiplexers (IMUXs and OMUXs) of satel-
lite transponders in the field of satellite communications. These
functions have stringent requirements for filter selectivity, typ-
ically in the order of MHz. As these devices are to be space
borne or airborne they need to be small in size and weight,
and simultaneously provide low power consumption (SWaP).
Currently, the implementation of these functions relies on bulky
electronics.

However, microwave photonics using TriPleX waveguide
opens an alternative solution. For example, a Ku-band IMUX
requires a channel bandwidth ranging from 27 MHz to 95 MHz
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Fig. 15.  (a) Picture and layout of the fabricated high order filter in TriPleX,

and (b) Measured transmission response of the fabricated MWP filter.

for the frequency band from 10.7 GHz to 12.75 GHz. Fig. 15
shows an example of such a circuit which comprises an optical
carrier-sideband demultiplexer and a multiplexer with a highly
frequency-selective optical filter in between [39]. The optical
filter is an 8th-order coupled ring resonator network, whose
layout and picture are presented in Fig. 15(a) with an FSR of
1.4 GHz and has tunable couplers and tunable phase shifters in
all ring loops.

By properly configuring these tuning elements, a remarkable
filter performance was experimentally demonstrated, i.e., a3 dB
passband of 72 MHz, a —30-dB bandwidth of about 140 MHz,
and a stopband rejection of 51 dB, while maintaining a very
low filter insertion loss (excluding fiber-chip coupling losses)
of <6 dB. As an important milestone of the waveguide tech-
nology, this filter shows an excellent combination of frequency
selectivity, power rejection, and insertion loss when using the
longest waveguides that were ever applied in such filters, i.e.,
each ring loop having an optical length of 21 cm. A single pass
through all resonators thus corresponds to about 1.7 m, and tak-
ing into account that multiple roundtrips are performed in the
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resonators, the effective optical path length amounts to several
meters. It is important to highlight that realizing such a filter in
a chip-format has been possible only because of the very low
waveguide loss, measured as low as 1.4 dB/m, provided by the
single stripe waveguide presented in Section II-B.

E. Programmable Photonic Integrated Circuits for General
Purpose Optical Processor Chip

Integrated optical signal processors promise a wide range of
applications in several different fields including optical commu-
nication networks, microwave photonics, optical sensing, bio-
photonics, and quantum optics. Conventional solutions use the
so-called application-specific photonic integrated circuits (AS-
PICs), in which each is designed to perform a particular function.
In practice, this paradigm may have issues of cost and flexibility,
which are determining factors from a commercial perspective.
A radically different approach in contrast to ASPICs is so-called
programmable optical chips [40], i.e., universal signal proces-
sors integrated on optical chips. By programming such a pro-
cessor suitably, it is possible to implement different functions
as desired. This is a similar concept as digital signal processors
and field-programmable gate arrays (FPGAs) in microelectron-
ics, where, through a software-defined approach, common hard-
ware is shared for multiple functionalities. A first design of such
aprogrammable optical signal processor chip has been proposed
[41] and experimentally demonstrated. The chip comprises sev-
eral identical Mach-Zehnder couplers that are interconnected
in the topology of a two-dimensional lattice mesh network as
shown in Fig. 16. The Mach-Zehnder couplers have their both
arms equipped with phase tuning elements. This design allows
each Mach-Zehnder coupler to be configured to perform either
a 2 x 2 coupler or an optical path routing switch, with the ca-
pability of simultaneously controlling the optical amplitude and
phase, and therewith serving as a basic programmable unit. In
principle, when provided with a sufficiently large network scale,
one can program those Mach-Zehnder couplers to implement an
arbitrary interferometric circuit topology for signal processing
purposes, e.g., FIR and IIR filters, with full control of circuit
parameters (amplitude and phase of each optical path in the cir-
cuit). It is worth mentioning that in principle such a chip on its
own would be able to implement all the optical processing func-
tions described in this works and beyond, implying a remarkable
potential for applications and commercial prospect of TriPleX
platform. However, as the network size scales up, waveguide
loss plays an increasingly significant role for the device perfor-
mance. In return, this would provide a strong motivation for the
further development of the waveguide and therewith establish
a key benefit of TriPleX platform. Moreover, such processors
also allow for implementations of a multi-port switch network
or a bank of parallel signal processing functions.

F. All-Optimized Integrated MWP Notch Filter

Microwave photonics (MWP) is an emerging technology of
which photonic technologies are used to generate, distribute,
process, and measure RF and microwave signals [42]. Recently,
there is a strong paradigm shift towards the incorporation of
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Fig. 16.  (a) Concept of programmable optical chips. (b) a proof-of-concept
device fabricated in TriPleX technology. (c) experimental verification of func-
tional programmability.

photonic circuits in MWP leading to integrated MWP devices
and systems [43].

To find practical applications in existing microwave systems,
integrated MWP devices need to satisfy a number of stringent
performance metrics including low insertion loss, high signal-
to-noise ratio, and high linearity to maintain signal quality [44].
In RF photonics, these requirements translate to a high RF link
gain, a low noise figure (NF), and a high spurious-free dy-
namic range (SFDR). Achieving on-chip functionalities with
these stringent requirements has been proven challenging due
to excessive insertion losses of functional photonic circuit. Re-
cently, the first integrated MWP filter with fully-optimized RF
performance, exhibiting an RF gain of 8 dB, a record-low NF of
15.6 dB, and a record-high SFDR of 116 dB.Hz*?, was reported
[45]. This unparalleled performance is simultaneously obtained
with advanced notch filtering functions featuring dual indepen-
dently tunable stop-bands, each with a rejection of >50 dB
and a high spectral resolution of 150 MHz. The key to these
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Fig. 17. (a) Schematic of experimental realization of the integrated RF
photonic filter with spectra measured at different points. LSB: lower side-
band; USB: upper sideband; UC: under-coupled; OC: over-coupled. Spectra of
(b) dual-band filter with high extinction and resolution, and (c) measured RF
gain, NF and SFDR over the entire tuning range.

breakthrough results is the use of a low-loss silicon nitride
TriPleX circuit consisting of series of ring resonators as op-
tical filtering units with unique phase responses. The loss in
the ring resonators plays a key role in determining the chip in-
sertion loss and the quality factor of the ring. The waveguide
geometry used in this work was the symmetric double-stripe
waveguide (Section II-C) with loss of 0.1 dB/cm and ring bend
radius of 125 microns. This leads to a ring filter with FSR of
25 GHz and quality factor of >900,000 allowing high resolu-
tion filtering of 150 MHz. Operating this circuit in conjunction
with low-biasing of a Mach-Zehnder modulator (MZM) allows
noise figure optimization technique to be achieved simultane-
ously with advanced filtering [44], [45]. The schematic of the
integrated MWP filter is shown in Fig. 17(a).

The demonstrated dual-band filter with high rejection,
achieved with 4 low-loss ring resonators, is shown in Fig. 17(b).
Due to the low waveguide propagation loss, the filter width can
be as low as 150 MHz. The measured RF gain, noise figure
and dynamic range of the filter in the range of 1-12 GHz is
shown in Fig. 17(c). The filter consistently achieved RF ampli-
fications in the filter passband over the entire band of interest,
with NF variations of 15.6-19.5 dB and SFDR variations of
113-116 dB.Hz?".

G. Planar Waveguide Based Sensor

The monitoring of the wavelength of light is crucial for
many applications such as in optical communications [46],
wavelength-division-multiplexing [47], specifically for real-
time wavelength control and tuning of on-chip hybrid lasers
[48]. As shown in previous work [49], [50], a single micro-ring
resonator (MRR) can be used as high-precision integrated wave-
length meter [49] with reproducible and thermal-drift immune
response [50]. In these cases the optical response (transmitted
power vs wavelength) is evaluated with a readout algorithm
that comprises a neural network (NN) as fit function of the
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Fig. 18. Implementation scheme of a wavelength meter based on a single MRR
and a Neural Network (NN) readout algorithm. For each input wavelength a set
of transmitted powers, each corresponding to a heating voltage, is measured and
used as calibration data that are fitted by the NN. In case of an unknown input
wavelength the set of transmitted powers is given to an optimization algorithm
that, in order to estimate the unknown wavelength by searching for the minimum
in the error distribution.

Fig. 19. Waveguide circuit used for an extended-range wavelength meter
based on two MRRs in Vernier configuration. The red trace shows the light
path, extending from the input on the left, passing through the Vernier filter,
and leaving the circuit through a directional coupler towards the right-hand
side. Shown in green are the electric contact pads which enable to apply two
adjustable voltages (to thermally tune the resonant frequencies of the rings with
two heating currents).

calibration data, and an optimization algorithm, for determining
the unknown input wavelength (Fig. 18).

An advantage of using MRR is the possibility to realize wave-
length meters via high-Q resonators that can offer a smaller
footprint and a much higher resolution as compared to other
integrated optic approaches such as, e.g., Mach-Zehnder inter-
ferometers.

Previous results have led to a wavelength meter working
within a relatively small wavelength range (~1.5 nm) but with
precision (50 pm) and ~0.3 nm resolution. The named estima-
tion range, however, would not be sufficient for many applica-
tions, e.g., monitoring on-chip hybrid lasers across the entire
C-band that comprises tens of nanometers. We note that the
estimation range of such wavelength meter is limited to a few
nanometers, if based on a single MRR. This is limited by the
largest FSR that can be realized with a single MRR as given by
curvature loss.

In order to extend the estimation range of such wavelength
meter it is thus required to extend the FSR with a different device
structure, for which we used two coupled MRRs in a Vernier
configuration as shown in Fig. 19.

In Fig. 20 shows an example of a measured transmission
spectrum in comparison with a calculated spectrum. It can be
clearly seen that the FSR has become much wider compared to
previous work, reaching a value of 43 nm.

To investigate the described circuit with regard to its readout
properties, a NN approach is used. The wavelength meter was
first calibrated with 1001 different known input wavelengths, by



4400321

----- Calculated
w—Measured

Normalized output power

1550
Wavelength (nm)

1570

Fig.20. Transmission spectra of the waveguide structure shown in Fig. 19. The
black thick line is the experimentally acquired spectrum while the red dashed
line shows the transmission as calculated from the manufacturing specifications.
The small deviation of the two spectra is within the fabrication errors. An overall
FSR of 43 nm is found, much greater than the FSR with a single MRR (2.6 nm).

recording the circuit transmission per single wavelength with 49
different combinations of the heating voltages for the two ring
resonators. The wealth of the acquired data, i.e., transmitted
power versus input wavelength at 49 heater settings, was then
represented by the response of a NN. The expectation is that
the range of correct readout of unknown wavelengths would be
much wider than 1.5 nm, due the much increased FSR. Below we
compare the performance of two types of readout algorithms.
In the first, as in previous work, the search and optimization
algorithm relies on minimizing the deviation between the cal-
ibrated (trained) NN response and the measured transmission
for injected unknown wavelengths. The second uses the calibra-
tion measurement data directly, i.e., without a NN fit as look-up
table, to minimize the deviation and thereby identify unknown
wavelengths.

The graphs in Fig. 21 summarize the fidelity of the resulting
wavelength estimation for the first and second case (top and
bottom respectively). For comparison, the blue line indicates
the response of an ideal wavelength meter. In the first case (NN)
it can be seen that the estimation range is indeed extended,
however, only to about 2 nm while the estimation is relatively
precise (about 130 pm). In the second case (look-up table ap-
proach) the range is significantly extended, up to about 45 nm.
However, the average precision is now noticeably lower (about
200 pm) due to more cases with a larger readout error. Current
work aims on combining the two estimation approaches, in or-
der to provide both a wide estimation range and a high precision
with the shown Vernier circuit as example. The derived opti-
mized readout strategy may then be extended and generalized,
for readout with other waveguide circuits. Specific examples
would be MRRs with much higher Q value, such as in depicted
in Fig. 5. Other options are circuits with a higher number of
resonators, and involving MZIs.

VI. INTEGRATED SYSTEMS & APPLICATIONS

A. InP-TriPleX & Packaging

Low fiber to TriPleX PIC interface losses (~1 dB) for
both telecom (ADS/SDS, HIC) and visible (Single stripe, LIC)
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Fig. 21.  Estimated wavelengths (red circles) versus known input wavelength
for a NN fit and optimization algorithm (top) and for a look-up table method. The
diagonal line corresponds to an ideal response where the estimated wavelength
is exactly the same as that of the input. It can be clearly seen that the first case
(top) provides a precise estimation but for a limited range, while the second
case (bottom) provide a less precise estimation but for much wider range. Both
cases however show an improvement in the estimation range compared to the
case of a single ring (black circles).

applications can be achieved by tapering of the HIC TriPleX
waveguides in both horizontal and vertical direction, as was
pointed out in Sections II-B through II-D. The coupling losses
between the TriPleX platform and different platforms such as
InP, SOI, Polyboard, have been optimized to enable efficient
hybrid integration. The hybrid integration allows for the com-
bination of multiple material platforms and interfacing a broad
range of waveguide technologies using TriPleX.

The advantage of hybrid integration is evident as shown in
Fig. 22, showing a TriPleX optical beamforming network (1,
Section C) having multiple hybrid interfaces to an array of InP
detectors (2), a TriPleX spotsize converter (3), an InP modulator
array (4) and a fiber array containing 23 single mode polarization
maintaining fibers (5). Besides various optical interfaces, the DC
and RF electrical interfacing is performed via gold wire bonds
that are connected to separate printed circuit boards, whereas the
thermal management takes place via a copper submount which
is mounted onto a thermo-electric cooler (TEC).

Experimental data has been produced to confirm the nu-
merical models we use to design the optimal taper structures.
Fig. 23 shows the experimentally achieved interface loss be-
tween TriPleX and an InP high gain section, where the width of
the waveguide at the chip facet in the TriPleX platform has been
varied to match to the mode field of the InP gain section. An
optimal configuration is found for a waveguide width of 2.7 pym
providing a theoretical limit of ~0.3 dB of hybrid interface loss.
The discrepancy of 1.5 dB compared to the experimentally ob-
tained loss of ~1.8 dB is caused by the gap that was present be-
tween the InP and the TriPleX, which was in the order of 10 pm,
caused by the submount on which the InP was flip chipped.
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Fig. 22. Photograph of a TriPleX OBFN combining optical, electrical and
thermal interfaces to various material platforms.
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Fig. 23.  Measured InP-TriPleX interface loss for various TriPleX waveguide
widths.

Proper design of the InP submounts and mode matching of
the TriPleX waveguides to the InP waveguide characteristics
enable high coupling efficiency as can be seen in Fig. 23. The
combination of the intrinsic low propagation loss of TriPleX
waveguides and the high coupling efficiency to other technology
platforms allows us to build very narrow bandwidth hybrid InP-
TriPleX lasers, as will be further discussed in Section VI-B.
Fig. 24 shows an example of a packaged and fiber pigtailed
hybrid InP-TriPleX laser, having 2 optimized optical interfaces,
i.e., the high gain InP (1) coupled to the TriPleX PIC (2) forming
the hybrid tunable laser cavity and the TriPleX PIC coupled to
the PM fiber output (3).

The working principle and specifications of the hybrid tunable
laser will be described in the next section.

B. Tunable Hybrid Lasers With High Coherence

Enabled by the low-loss properties and the mature tapering
options that offer high chip-to-chip coupling efficiency, TriPleX
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Fig. 24.  Photograph of a fiber pigtailed hybrid tunable laser in a butterfly
package containing a TEC and NTC for thermal control of the narrow linewidth
laser cavity.
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Fig. 25. Schematic diagram of a MRR-ECL. The thermal tuning elements in
the external cavity are shown in green color ([53]).

is a highly suitable waveguide platform to realize external feed-
back circuits with long optical cavity lengths for bandwidth
narrowing of diode lasers. When a semiconductor diode gain
section is efficiently coupled to such a long TriPleX waveguide,
the overall laser cavity shows an increased cavity lifetime. As
a result, such hybrid lasers are able to provide laser light with
a much higher spectral purity as compared to typical DFB and
DBR lasers, i.e., single-mode oscillation with narrow spectral
linewidth.

1) Laser Cavity Design: The typical waveguide circuit lay-
out of such hybrid laser, is shown in Fig. 25 [48], [51], [52] and
may be called Micro-Ring Resonator External Cavity Diode
Laser (MRR-ECDL). In the experimental realization, the laser
comprises an InP reflective semiconductor optical amplifier
(RSOA) coupled to the external TriPleX waveguide circuit. The
RSOA usually possess a HR coated back-facet to reduce cavity
losses, and a low reflectivity front facet to impose lasing via the
feedback from the external waveguide resonator circuit. A low
reflectivity is achieved via an AR coating combined with a tilted
facet.

The RSOA chip is butt-coupled to the TriPleX waveguide cir-
cuit, which carries a circuitry composed of two cascaded micro-
ring resonators (MRRs) with slightly different radii, exploiting
the Vernier effect as was also described above in Section G.
Here the circuits are used as a highly frequency selective feed-
back mirror for imposing single-frequency operation at a narrow
spectral linewidth. The two slightly different radii of the MRRS
and their power coupling coefficients are selected such that a)
the total free spectral range (FSR) of the Vernier mirror ex-
ceeds the 3 dB gain bandwidth of the RSOA, and b) that the
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TABLE IV
OVERVIEW PERFORMANCE OF ASSEMBLED LASERS

Laser Assembly (year) Aw (kHz) Ax(nm) PmW) SMSR (dB)

A (2013) 25 43 1 50

B (2014) 24 46 2 50

C (2016) 90 43 2 35

D (2016) 65 50 16 45
72t A
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Fig. 26.  Self-heterodyne beat spectrum of MRR-ECL assembly A. The black

dots represent the measured RF-beat spectrum. A Lorentzian fit, red line, shows
a 3-dB bandwidth of 50 kHz, corresponding to a laser bandwidth 25 kHz [51].
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Fig.27.  Output power spectrum of the MRR-ECL assembly A. The measured
side-mode suppression ratio is 50 dB [51].

reflectivity peaks next to the main Vernier peak are suppressed
to avoid lasing at undesired side modes.

2) Laser Properties: In this section, we report on the ex-
perimental characterizations of chip-based InP-TriPleX hybrid
lasers. Below we summarize the results of 4 similar laser as-
semblies (A to D) that differ with regard to their chip-to chip
coupling efficiency, waveguide cross section and also type of
SOA [48], [51], [52], [53]. A chronological overview of the re-
sults, including those of the other two assemblies, assembly B
and C, are listed in Table IV.

A spectral linewidth of 25 kHz was obtained [51] with assem-
bly A, see Fig. 26, with a side mode suppression ratio (SMSR)
of 50 dB in Fig. 27. The output spectrum is shown in Fig. 28.
An example of a large tuning range (50 nm) is reported with
MRR-ECL assembly D and is shown in Fig. 28 [53].
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stage 1

Fig.29. Schematic diagram of a binary tree-based 1 x 8§ OBEN for transmitter
system. [24].

Because of the high Q value of the cascaded MRRs, the
effective optical pathlength inside the cavity easily sums up to
several cm. For this reason, low propagation loss waveguides
(<0.2 dB/cm) are required. Another key to low cavity roundtrip
losses is low-loss (<2 dB) chip-to-chip coupling as can easily
be achieved with TriPleX through two-dimensional tapering.

The systematic reduction of losses, which is the key to proper
intra-cavity filtering and long photon lifetimes, is what enables
chip-based hybrid lasers with a very high degree of coherence in-
volving spectral linewidths of well below 100 kHz. Current work
explores laser feedback with TriPleX circuits of even lower loss
and (<0.1 dB/cm) aims on further laser linewidth reduction [54].

C. Binary Tree Optical Beamforming Network

Phased array antenna systems can be found in multiple appli-
cations as radar systems, radio astronomy and communication
systems like the upcoming 5G mobile networks systems. Opti-
cal beamforming networks (OBFN)s can be used to control the
beam shape and direction. Fig. 29 shows a schematic diagram
of a binary tree ring resonator based OBFN which has been
manufactured in TriPleX [24].

This 1 x 8 binary tree OBFN divides the input signal over
8 outputs, where each output feeds an antenna port, thereby
shaping and directing the beam. The use of cascaded ring
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Fig. 30. Measured group delays at the output ports of the 1 x 8 OBFN. The

rings are configured such that the delays cover a bandwidth of 2.5 GHz, with the
largest delay value of approximately 1.2 ns and delay ripple of approximately
0.1 ns at the center wavelength of 1550.00 nm. [24].

resonators has two benefits [55]. First, for a certain target delay
value the maximum delay bandwidth increases approximately
linear with the number of ring resonators. Second, larger delays
can be obtained by adding up multiple smaller delays which are
generated by separate delay lines (ring resonators).

The manufactured OBFN has ring resonators with an FSR
of 14 GHz. The ring resonators are fully programmable, both
power coupling coefficient and roundtrip phase are tunable. By
thermal-optic tuning linearly increasing delays from outputs 2 to
8 can be achieved where output 1 is the zero-delay reference, as
shown in Fig. 30.

The ring resonators are tuned such that a linearly increasing
delay is achieved over the 8 outputs, from 0 to 7 cascaded
ring delays aligned to a wavelength of 1550.00 nm. The delays
cover a bandwidth of 2.5 GHz, with the largest delay value of
approximately 1.2 ns (corresponding to 36 cm distance in air)
and delay ripple of approximately 0.1 ns (3 cm)). The TriPleX
technology with waveguide losses well below 0.1 dB/cm makes
even more complex OBFNs with larger delays feasible.

VII. OUTLOOK

The activities in the past decade have provided great insights
in the possibilities and the capabilities of the TriPleX platform.
Several appealing chip designs and photonic modules for dif-
ferent applications have been highlighted in this paper. The first
goal is to disclose this platform technology to designers and
photonic circuit architects and provide validated product design
kits (PDKs) for the existing and new building blocks. The avail-
ability of new basic building blocks builds upon the release of a
stable and reproducible front-end manufacturing process which
is accessible through periodic multi-project wafer (MPW) runs.

The asymmetric double stripe (ADS) and local adiabatic ta-
pering are enabling features that optimize the coupling to ex-
ternal components such as fibers and/or active materials. These
PDKs will be released shortly to support hybrid platform and
a higher confinement for tighter bending radii to increase the

4400321

integration density, reduce the circuit footprint, and hereby re-
duce the cost of manufacturing.

Current research and development on the implementation of
a stress-optic actuator for fast modulation has already proven
to be at least 1000 times more power efficient than thermo-
optic tuning, thus very attractive for complex processors such
as Optical Beamforming Networks.

Assembly and Packaging are considered major challenges for
development of a robust hybrid platform, especially when scal-
ing to very complex hybrid processors where modulator-arrays,
detector-arrays and gain sections monolithically integrated on
InP.

Manufacturing of these relatively large chips requires invest-
ments in manufacturing, testing, inspection and automation in
order to stabilize and mature the front-end processes and bring
the yield to acceptable levels.

Moreover, modelling and measurements on RF-performance
and thermal behavior of the assemblies and modules is key to
develop robust solutions for automotive, life sciences and space
applications.

In the end all challenges in integrated photonics are related
to different fields of expertise, such as materials science and
engineering. Challenges and solutions evolve out of combined
expertise of multidisciplinary teams. The examples and work
presented in this paper are the results of collaborations and
intensive research in the past decade.
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