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Abstract—We review recent progress in nanophotonic devices
for compact optical interconnect networks. We focus on
microdisk laser based transmitters and discuss improved design
and advanced functionality including all-optical wavelength
conversion and flip-flops. Next we discuss the fabrication
uniformity of the passive routing circuits and their thermal
tuning. Finally we discuss the performance of a wavelength
selective detector.
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Heterogeneous Integration, Microdisk Laser, Network-on-Chip,
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I. INTRODUCTION

With the required data rates ever increasing optical
communication is coming closer and closer to the chip.
To be a valid alternative for electrical communication,
the optical link has to provide at least the same bandwidth as
current copper solutions at lower cost and with improved
density. Current short reach optical interconnect solutions are
mostly based on multimode fibers and/or waveguides in
combination with VCSELSs [1, 2]. These do not provide a long
term solution for the bandwidth density problem however. The
line rates are limited and the currently proposed systems often
require costly assembly techniques because they are not
compatible with wafer scale fabrication.
Silicon photonics potentially could provide optical links, which
are scalable in bandwidth, e.g. by using wavelength division
multiplexing (WDM) and which are compatible with
waferscale fabrication and testing. Recently it was shown by
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several groups that it is possible to fabricate very compact
optical waveguide circuits using the same type of equipment
and tools as those used for fabricating the most advanced
electronic integrated circuits [3-5]. The waveguides are
fabricated starting from a silicon-on-insulator substrate with a
200nm-250nm thick silicon top layer, on which the devices are
patterned using either electron beam lithography or deep UV
lithography. Subsequently the waveguides are defined using
reactive ion etching. Due to the high index contrast a very
small bend radius can be used (0.01dB/90° loss for a 5um bend,
0.04dB/90° loss for a 2um bend). However, also because of the
high index contrast, even the smallest remaining sidewall
roughness - published values range from 1 to 3nm - gives rise to
considerable propagation losses (1-3dB/cm). Thanks to the
compactness of the devices, the propagation loss often has only
a minor impact on their overall performance however. Several
groups now also demonstrated active devices such as
modulators [6-8] and high speed photodetectors integrated with
such waveguide circuits [9]. When using an off-chip source,
these devices in principle provide sufficient functionality for
building data links [10] or even more complex optical networks
[11-13]. Further improvement in power consumption and size
of these components is still required though [14].

For complex optical networks, using an off chip optical source
becomes increasingly difficult however. The circuits required
for distributing the optical feed may induce considerable loss,
consume an important fraction of the available space and are
difficult to design. Therefore we investigated the possibility for
integrating compact micro sources directly on top of the
electronic circuits. The requirements for these micro sources
are very stringent. They should have low power consumption
and compact footprint, they should be electrically injected and
compatible with direct modulation at 5 to 10Gb/s and they
should couple the light efficiently to the silicon optical
waveguide layer. In addition, they should be compatible with
waferscale fabrication technologies. In section Il of this paper
we describe the micro disk laser we developed for this purpose
and its basic properties (threshold, spectrum, direct
modulation). In section Ill, we describe some advanced
properties, which may be necessary for scaling up wavelength
routed networks [15], such as all optical wavelength
conversion, all-optical gating and optical bistability. In section
IV we give some more details on the fabrication and
characteristics of the passive waveguide circuits and in
particular on the fabrication uniformity and tolerances. We also
propose integrated thermal tuners, which may help to overcome
the device non-uniformity. In section V we describe the
development of a wavelength selective detector.
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Il. MICRODISK LASER BASED TRANSMITTER

A. Introduction

Thus far, only compound semiconductor materials with a direct
bandgap have shown to exhibit sufficient gain for realizing
compact electrically driven micro sources. Unfortunately, due
to the large lattice mismatch, monolithic integration with
silicon has proven to be difficult. Hybrid integration, whereby
prefabricated components are integrated with the waveguides
using accurate pick-and-place equipment does allow for
prescreening of the lasers but is not compatible with wafer scale
integration and hence not suitable for use in combination with
very dense optical network circuits [16-18]. Therefore, several
research groups proposed and demonstrated an alternative
integration process based on the use of wafer and/or die
bonding [19-21]. Thereby high quality InP-based epitaxial
layers are bonded on-top of preprocessed silicon waveguides.
Direct bonding processes [22] as well as molecular
(silica-to-silica) [23] and adhesive bonding processes have
been used [24]. Subsequently the substrate is removed and the
optoelectronic  devices are defined collectively using
waferscale processes.

The microsources we developed were fabricated using this
so-called heterogeneous integration process. Because they had
proven to be efficient light emitters already using a monolithic
integration platform [25], we decided to focus on microdisk
type devices. Initial devices were optically pumped [26, 27] or
not yet coupled to silicon waveguides [28]. In 2007 we
demonstrated for the first time an electrically injected
microlaser [29]. Continuous wave operation (CW) could be
shown but the optical output power and external efficiency
were still low. Recently we demonstrated a new generation of
devices with improved epitaxial layers and processing scheme,
leading to a considerable decrease in threshold current and the
demonstration of new functionality such as bistable operation
(see section I11). In the next section, we describe these design
improvements in more detail.

B. Improved micro disk laser design and operation

Fig. 1 gives a schematic representation of the heterogeneously
integrated microdisk laser. The device was etched in a thin
InP-based membrane, which was bonded on top of the silicon
waveguides using an adhesive bonding process based on
Benzocyclobutene (BCB). The silicon waveguide underneath
was 500nm wide and had a thickness of 220nm (see [30] for
details on the fabrication process). The laser mode is
evanescently coupled to this waveguide. Careful alignment of
the disk with respect to the waveguide is important to achieve a
good coupling efficiency (see [31] for details on the
disk-waveguide coupling design). Electrical injection is
possible via a top metal contact in the center of the disk and a
bottom contact on a 100 nm thin lateral contact layer. The
details of the layer structure are shown in Table 1.

The heterostructures were grown at 490°C using solid source
molecular beam epitaxy (SSMBE) on a two inch InP wafer
supplied by InPact S.A. An InGaAs sacrificial etch-stop layer,
which is removed following bonding, was grown first. The
structure consists, starting from the bottom layer, of a 95 nm
thick 5x10™® cm™ Si doped InP bottom contact layer, a 120 nm

thick InGaAsP quaternary emitting at 1.2pum (Q1.2 ) 1x10®
cm® Si doped n layer, a 25 nm Q1.2 spacer layer, three 6 nm
thick compressively strained InAsP quantum wells (QWSs)
embedded in 15 nm Q1.2 barriers, a 25 nm Q1.2 spacer layer, a
135 nm thick 5x10*" to 1x10® cm™ Be doped InP layer, and the
p-type contacts layers. Metal contacts have usually a poor
resistivity on p-type InP, and in standard devices it is necessary
to add a p-type InGaAs contact layer to improve the contact
resistance. This InGaAs layer is highly absorbing around
1.55um however. To overcome this issue, we replaced the
p-contact by a p+/n+ tunnel junction and a n+ contact layer. The
top contact then constitutes of a 20 nm thick p+ (2x10*cm)
InGaAsP emitting at 1.3um (Q1.3) layer, a 20 nm thick n+
(1x10*cm™) Q1.3 layer, and finally a 80 nm n+ (5x10*® to
1x10*® cm™®) InP contact layer. This tunnel junction based
contact can be used either as the bottom contact, as was the case
in our earlier work [29] or as the top contact, which is the case
here. When used as a bottom contact, the tunnel junction acts
as an etch-stop layer during the fabrication of the bottom
contact slab. However, in this configuration the tunnel junction
is close to the waveguide below the microdisk and the optical
losses due to the high p-doping level increases. Therefore, in
our recent work we reversed the growth order and now the
tunnel junction forms the top contact of the device, leading to
lower optical confinement and hence lower optical losses in this
layer.

Siwaveguide -7 o

Fig. 1 Schematic representation of a microdisk laser heterogeneously integrated
on SOI.

N+ {(5x10"%cm>to 1x10* ¢cm3) InP : 80 nm
P contact

N++ (1x10" cm~) Q1.3 : 25 nm } Tunnel
P4++{2x10" cm) Q1.3 : 25 nm junction

P+ {5x107cm to 1x10%cm= ) InP : 135 nm

Q1.2 {nid) Q1.2 : 25 nm

3 x 6 nm InAsP QWs / 3 x 15 nm Q1.2 barriers

Q1.2 (nid) Q1.2 : 25 nm

N {1x10%cm~) Q1.2 : 120 nm

N+ {5x10'%cm3) InP : 95 nm N contact

Table 1 Layer structure of improved microdisk design. Note: structure is grown
upside down for compatibility with bonding process.

The new epitaxial structure has a total thickness of 580nm,
which is significantly thinner than the previous structure (955
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nm). This has a positive effect on the scattering loss and the
coupling efficiency. It can be shown that, taking into account
the large vertical confinement, the scattering loss, which is
caused by the sidewall roughness of the microdisk, scales
roughly linearly with the thickness of the device [32]. The
coupling efficiency to the underlying waveguide also increases
for a thinner structure, because there exists a larger exponential
tail in the cladding, and thus also a larger overlap with the
silicon waveguide.

In earlier devices, the low thermal conductivity of the dielectric
layers surrounding the microdisk device, including the SOI box
layer, the bonding layer and the passivation layers, resulted in
severe self heating of the device [33]. Therefore, in the current
design we implemented an improved thermal heat sink under
the form of a thick layer of gold (600 nm) on the top contact of
the microdisk. Although a thermal roll-over effect is still
present, saturation of the output power now occurs around a
drive current of 4 mA instead of 2 mA in previous devices.

For these devices continuous wave lasing at room temperature
was observed for microdisks with a diameter of 7.5 um and
10um. Fiber grating couplers [34] were used to collect the light
at one end of the silicon waveguide. The fiber coupled power
fora 7.5um diameter microdisk, is shown in

Fig. 2, together with the voltage-current response. A threshold
current of 350 A and a maximum output power in the fiber of
38 uW was measured. The oscillations in the light output curve
are due to reflections of the grating couplers, which are placed
at both sides of the output waveguide. The abrupt change in the
curve around 2.4 mA is related to a change in the lasing
wavelength from 1554nm to the next fundamental mode with a
lower azimuthal mode number at 1584 nm, due to self heating
of the device. Since the output couplers are wavelength
dependent, this at least partly explains the jump in the output
power. The grating couplers have an efficiency of 21% at 1554
nm and 30% at 1584 nm, which means the maximum power
coupled into the waveguide is 120uW. This is a considerable
improvement compared to the previous generation. The optical
spectrum when a 4 mA drive current is applied to the microdisk
is shown in Fig. 3. The lasing wavelength is 1584 nm and the
fundamental mode has a FSR of about 30 nm. The side mode
suppression ratio (SMSR) is 35 dB. The power consumption of
the device will be dominated by its static drive power, which is
about 4mW at 2mA drive current. For a 10GBit/s data stream
this leads to a power consumption of 400fJ/bit, not including
the dynamic part of the power consumption and the
consumption in the driver circuits. Hence further
improvements are needed to reach the 100fl/bit target [35].
These could include single sided emission, reduced injection in
centre of disk, smaller disk radius and improved processing.

40

[}
o
T

Output Power [uW]
N
=]
Voltage [V]

10

Q 0.5 1 1.5 2 25 3 35 4
Current [mA]

Fig. 2 LIV curves for a 7.5um diameter microdisk laser.
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Fig. 3 Optical spectrum of a 7.5um diameter microdisk.

C. Multi-Wavelength Transmitter

As discussed already in the introduction, WDM technology is
essential for scaling up the communication capacity of a single
link. Wavelength information can also be used to improve the
functionality of an optical interconnect network, e.g. to control
the routing of the communication signals towards the different
cores within the network. For these applications a
multi-wavelength laser (MWL) source, which can emit several
wavelength signals, preferably at a predefined channel grid, is
required. Such a laser can be implemented straightforwardly by
cascading several microdisk lasers (MDLS) on a single silicon
bus waveguide as shown in Fig. 4(a) [1]. Fig. 4b and c show the
measured spectra of two 4-channel multi-wavelength lasers:
one with 6 nm channel spacing, the other with 8 nm channel
spacing. The bias currents of the MDLs have been adjusted
individually, in order to achieve a uniform power for all
channels. Due to the fabrication accuracy, the lasing
wavelengths of identical micro-disks vary about 500 pm
within the same chip. Therefore, wavelength trimming, e.g.
through the thermo-optical effect by implementing a local
heater, is needed to align each of the lasing peaks to the
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designed channel grid. A possible implementation is discussed
in the following section.
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Fig. 4 (a) Fabricated multiwavelength laser before metallization, composed of
four MDLs on a single silicon bus waveguide. (b-c) Spectra of multiwavelength
lasers with 6 nm and 8nm channel spacing. The bias current of each MDL and
the laser number is indicated on the corresponding lasing peak [36].

D. Dynamic response of microdisk laser

The dynamic response of an MDL was tested by directly
modulating the bias current, using first generation devices
(having limited output power). Fig. 5 shows the response of a
7.5um diameter MDL modulated with a periodic square-wave
signal at 1.5GHz. The low level of the drive signal was slightly
above threshold, the high level was at the current giving the
highest power. The extinction ratio of the output laser signal is
approximately 10dB after the amplification by an Er-doped
fiber amplifier (EDFA). The rise and fall times are 110ps and
150ps, respectively. Due to the low output power (2 uW
coupled to fiber), eye diagrams nor bit error rate could not be
measured reliably at this stage. It is believed that the data

transmission performance will be improved using a MDL with
the improved design as discussed above where over 30uW was
measured in fiber.
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Fig. 5 Direct current modulation response of a 7.5um diameter MDL with an
electrical driving signal of a periodic square-wave at 1.5 GHz [37].

E. Tuning of microdisk laser wavelength

For tuning the lasing wavelength, we propose a microdisk laser
design with an integrated heater as shown in Fig. 6(a). The
heater (which is fabricated in the same I11-V layers also used for
the disk) is a ring sitting around the microdisk cavity where the
laser field is confined. Fig. 6b shows an SEM-picture of the
structure immediately following the I11-V etching step. The
gap between the ring and the central disk is a critical parameter,
and should both be small enough to allow for efficient heating
and large enough to avoid leakage of the cavity whispering
gallery mode to the heater. Simulation suggests that 1.0um -
2.0um is an optimal value. Fig. 6(c) shows the calculated
temperature field distribution when the diameter of the disk is
7.5um and the gap is 1.6um. The heating efficiency determined
at the edge of the central disk is about 3.4K/mW, corresponding
to a tuning rate of 0.34nm/mW.
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Fig. 6 (a) sketch of the microdisk laser with an integrated ring heater consisting
of a forward biased I11-V pin-junction. (b) Scanning electron microscope
picture of the microdisk cavity and ring heater. (c) Temperature distribution in
the proposed device.

Fig. 7 shows the lasing spectra from the microdisk laser with
different electrical powers applied to the integrated heater. The
laser driving current was fixed at 1.5mA. The tuning rate was
measured to be 0.31nm/mW, close to the simulated result. A
2.2nm shift without severe impact on the lasing power could be
demonstrated. Larger tuning is possible by applying a higher
current to the heater, but comes at the expense of decreasing
laser output power.
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Fig. 7 Tuning of the microdisk laser wavelength. Along the arrow direction, the
powers applied to the integrated heater are OmW, 1.6mW, 3.5mW, 5.3mW, and
7.1mW, respectively.

F. Design of microdisk with external cavity

The modes in the standard microdisk laser can be labeled by a
set of numbers (I,m,n) denoting the radial (1), azimuthal (m) and
vertical (n) mode number [38]. By careful design of the metal
top contact and the position of the gain layer the modes (0,m,0)
will have a considerable lower intrinsic loss rate 7,1 compared
to the higher order modes with non zero | and n numbers and
will have a much lower threshold gain [31]. However, there is
no clear mechanism to select the azimuthal mode number m.
For microdisks with radius larger than 2um, the free spectral
range (FSR) will typically be smaller than the gain bandwidth
and lasing in multiple orders may occur. In addition, both clock
wise and counter clock wise lasing may occur, which may be
undesirable in practical applications or result in decreased
usable output power. To resolve these issues, we propose a new
configuration as shown in Fig. 8. At one side the microdisk is
coupled to an external cavity, in the silicon waveguide layer.

At the other side, the two outputs are coupled together using e.g.

a multi-mode interference coupler (MMI).
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Fig. 8 Microdisk coupled to an outer loop, with a single optical output.

Then, using coupled mode theory [39], we can demonstrate that
the phase difference A, between the two possible optical
paths going from A to B both controls the resonance frequency
o and the quality factor Q of the lasing mode:

W= wy— %Agrc‘lsin(A(pAB)

_ w )
Q= r31+rc_1(1+Agcos(A<pA3))
Hereby A, is defined such that (1 — A,) represents the relative
amplitude attenuation for the mode propagating in the passive
waveguide path connecting points A and B. w,, is the resonance
frequency of the cavity without the external racetrack. The
coupling rate between the disk and a single waveguide is given
by 7. and t, determines the intrinsic cavity lifetime. By
controlling the relative phase difference Ag,; and for low
losses in the waveguide we now can:
- Vary the quality factor Q between the values for a standard
microdisk coupled to two waveguides without feedback

(= %QC = %TCw for constructive interference) and the intrinsic
quality factor Q, = t,w (for destructive interference).

—1
- Adjust the resonance frequency w by + TCT

Fig. 9 shows the evolution of the Q factor as a function of the
external waveguide length Z (which controls the phase
difference Agp,g) for 5 modes with increasing azimuthal mode
number n of a 4 um radius microdisk. Depending on the
external waveguide length Z, we denote a different overall
behavior. For specific sizes of the external loop (e.g. a few um
in Fig. 9a), the modes are regularly distributed. Then, by
controlling the refractive index of the material, e.g. thermally or
through carrier injection, we can fine tune the resonant
wavelength, e.g. to compensate small fabrication variations,
while still maintaining a high contrast in quality factor between
the different azimuthal modes and hence ensuring single mode
operation. In the case of Fig. 9b the odd modes and even modes
each almost share the same phase condition. The frequency
separation between two modes with high Q-factor is doubled,
resulting in a doubling of the practical FSR and hence higher
SMSR. In Fig. 9c all modes almost share the same phase
condition. Then a slight index change in the external waveguide
leads to a mode jump. In this particular example, we can switch
from A=1.643 pum to A =1.490 pm with only a few %o variation
in the optical paths (i.e. Z from 14.44 to 14.47 pm in terms of
waveguide lengths). If the FSR of the microdisk corresponds to
the channel spacing in the communication system, we can now
hop to the different channels by using only a very small
refractive index change.
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Fig. 9 Q factor variation as function of external loop length for resonant modes
of a 4 um radius and 0.55 um thick microdisk coupled to a 200x500 nm Si
waveguide. Differently coloured curves corresponds to the
TE(0,31,0)=1645nm up to the TE(0,35,0)=1490nm resonances of the resonator.
The minimum value of Q can be arbitrary low and is determined by the
coupling rate.

I1l. ADVANCED FUNCTIONALITY OF MICRODISK LASER

A. Microdisk EO-switch

Also low power optical switching is an essential network
functionality. Here we demonstrate that a microdisk laser
coupled to two bus waveguides (Fig. 10a) can be used to switch
an input digital signal between two outputs. The switching is
based on the plasma dispersion effect, which induces a shift in
the resonance wavelength when injecting current in the
microdisk cavity. The experiments were carried out using a
10um diameter microdisk. Forward biasing the microdisk blue

shifts the resonance as shown in Fig. 10. The best working
point for switching was found to be 55uA (0.9V). The
bandwidth of the switch at resonance was 0.7nm, in principle
allowing to switch 10GB/s and even 40GB/s data signals. In the
current device, the drop port loss was 10dB, which is probably
due to a slight unbalance between the coupling coefficients to
the bus waveguides related to a misalignment in the microdisk
fabrication. To demonstrate the dynamic response of the
proposed switch, we used a 10GHz periodically modulated
optical signal (center wavelength at 1610.19nm) as the input
beam, and the bias of the microdisk was swept from -1.1V
(negligible current) to +0.9V (55uA). The results are shown in
Fig. 11. Switching from drop port to through port takes about
70ps. However, in the opposite direction the switching time is
about 1.2ns due to the relaxation oscillation in the
carrier-injection transient. The dynamic extinction ratio is
about 15dB, similar to that of the static case as shown in Fig.
10.
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Fig. 10 Schematic layout of the proposed switch (inset) and the influence of the
injection current on the through (solid) and drop (dashed) port transmission
characteristics of the microdisk cavity (curves for OuA, 55uA (0.9V), 100uA
(1V) and 200uA (1.1V))
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Fig. 11 Switching characteristics of the microdisk electro-optical switch. (a)
and (c) are the off and on transients at the through port, respectively; (b) and (d)
are the on and off transients at the drop port, respectively
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B. All-optical wavelength conversion

To improve the scalability of wavelength routed networks,
all-optical wavelength conversion is an important function
[15]. In [40] we demonstrated for the first time that the
microdisk laser can be used as an ultra-low power wavelength
convertor. Static wavelength conversion with a control power
of 6.4 uW and dynamic conversion using a 5GB/s
non-return-to-zero bit sequence was demonstrated. Recently,
we improved these results further and demonstrated up to
10GB/s wavelength conversion [41] (using first generation
microdisk lasers). The experimental setup is shown in Fig. 12.
The pump signal was tuned to a non-dominant lasing mode of
the microdisk laser. The converted signal (at the dominant laser
mode) is extracted using a circulator and is inverted with
respect to the input signal. In this second experiment we also
added a seed laser (tuned to the dominant laser mode), which
supports the recovery of the laser signal.

Pulse Pattern " Probe |
Generator | Station | Tunable
| | Laser
| | (Seed)
i | INP VDL |
Tunable Mach- 50GHz
Laser Zehnder Sampling
(Pump) Modulator Scope

Error Analyzer

Fig. 12 Experimental setup for micro-disk based all optical wavelength
conversion (from [41]).

Using this setup we measured the bit-error-rate at 2.5GB/s. Due
to the weak output power the bit-error-rate at 10GB/s could not
be determined but clearly inverted signals were obtained using
a sampling scope.

C. All-optical flip-flops

It has been shown before that ring or disk lasers can be used to
implement all-optical flip-flops [42], with switching taking
place between two unidirectional (clockwise-CW and
counterclockwise-CCW) lasing states. Theoretical work has
revealed however that such unidirectional operation is only
possible if the coupling between the CW and the CCW lasing
modes is sufficiently small and if the photon density in the
lasing mode is sufficiently large [43].

In the heterogeneously integrated microdisk lasers described
above, we can obtain high power density in the whispering
gallery mode owing to the high index contrast of the InP
membranes. Due to the improved heat sinking obtained through
the thick top contact, we can also drive the microdisk lasers up
to relatively high currents and high power levels.

Coupling between CW and CCW modes is mainly caused by
the scattering at the disk surface and by the reflections in the
silicon waveguides at the grating couplers. This coupling was
substantially reduced when using the optimised lithography and
etching processes discussed in section I, resulting in minimum
sidewall surface roughgness. In addition, we have employed a
relatively thick (250nm) DVS-BCB bonding layer to reduce the

coupling between disk and straight SOI waveguides and thus to
reduce the influence of the reflections at the grating couplers.
A typical power vs. current characteristic, measured at both
ends of the silicon waveguide, is shown in Fig. 13.
Unidirectional operation is obtained from 1.7mA onwards. Due
to the single mode operation of the laser, we did not observe
any switching of the unidirectional operation when changing
the bias current.
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Fig. 13 Typical output power versus current characteristic of a
microdisk laser for AOFF operation, measured at both ends of the SOI
waveguide.

Switching between CW and CCW modes in disk and ring lasers
is achieved through injection locking. Optical pulses at the
laser wavelength injected at the left, resp. right hand side lock
the CCW, resp. CW laser mode and cause switching off of the
CW, resp. CCW mode. We performed switching experiments
using 100 ps long set and reset pulses, which were alternatively
injected to the left and the right grating couplers and biased the
microdisk laser at 3.5 mA (roughly twice the threshold for
unidirectional operation). The output power measured from the
right grating coupler, showing switching on and off of the CW
mode, is shown in Fig. 14. Due to the design of the device (with
only one straight waveguide coupled to the disk), it was not
possible to separate the switching pulses and the laser output.
Switching was obtaind in less than 100 ps using pulses with an
energy of only 1.8f). For more details we refer to [44].
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Fig. 14 Switching on and off of the microdisk laser, at a bias current of
3.5 mA and using 100ps long pulses.

D. Optical gating

Optical gating can be implemented using the microdisk lasers
below their lasing threshold current or even without or with
negative bias. In both cases it is based on carrier density
changes induced by the data, which cause changes in the
microdisk resonances that are in turn affecting the transmission
of clock pulses.

We performed gating experiments using microdisk lasers with
10um radius and the improved design described in section 11B.
We applied a bias varying from 0 to -2Volt and used a CW
probe beam in combination with a pump beam consisting of
10GHz pulses. Fig. 15 shows the transmission at the through
port versus wavelength for bias voltages of -2, -1 and 0V and
for a probe beam of 0.5mW, which fully saturates the
absorption. Rise and fall times together were 50ps.
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Fig. 15 Transmission at the through port of a negatively or zero biased
microdisk laser vs. wavelength of the probe beam.

IVV. PASSIVE OPTICAL ROUTING DEVICES

A. Fabrication accuracy of silicon hanophotonic circuits

One of the major drawbacks of high index contrast waveguide
platforms is the very limited tolerance for manufacturing
imperfections. Slight deviations in device dimensions (height
and width) can cause considerable shift in the spectral response
of the filters used for routing and selecting wavelength
channels. In complex circuits such as those proposed for
on-chip optical networks [11-13], which consists of a
concatenation of multiple wavelength dependent devices, this
leads to high losses or even errors in the routing process. We
investigated in detail the performance of the currently available
process, based on 193nm DUV lithography and dry etching
[45]. We found that the variations manifest themselves at two
different levels: variations over a single die and variations over
a wafer. At both levels the photolithography and the dry etching
process are the two main causes for linewidth variations during
pattern definition. Next to these, waveguide thickness
variations originating from the base wafer (SOI) may further
induce resonant wavelength variations. By careful process

design the non-uniformity of the devices can be improved
considerably. We have demonstrated that a device
non-uniformity of <0.6 nm within a die and <2nm within a
wafer can be achieved [46, 47]. Further enhancement requires
improvement of the circuit design however. To illustrate this,
we investigated a design containing 4 ring resonators separated
by 1.5mm. In the neighborhood of the ring resonators the
overall device density (density of patterns around the ring
resonators under study) changes abruptly. The design was set
up in such a way that this change was relatively small in the
neighborhood of the first ring and then gradually increased
towards the fourth ring. We then measured the uniformity of
the resonance wavelength of the four rings from 11 chips
selected from a single 200mm wafer.
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Fig. 16 Non-uniformity of four ring resonators with different local pattern
density over a 200 mm wafer. The inset shows the local pattern density.

To avoid any environmental disturbances, the circuits were
characterized in a cleanroom environment. From the results in
Fig. 16 it can be clearly seen that abrupt changes in the device
density (ring 4) create considerable device non-uniformity (¢ =
1.55 nm), while ring 1, which had the lowest variation has also
lower non-uniformity (o = 0.98 nm). Thus, designing the
circuits in such a way that the device density is kept as uniform
as possible is important in achieving the optimum uniformity.

As a further test for the high resolution fabrication process we
designed higher order ring resonator based filters. Both
coupled cavity filters (CCF) and all-pass filters (APF) were
implemented, using race track resonators as the base element.
In case of the CCF from 10 up to 30 identical ring resonators
were side coupled to each other and the coupling gap between
the resonators was tuned to reduce the pass-band ripple [48].
Fig. 17 depicts the spectral response of a 10" order CCF filter.
Despite the variation in the coupling rate a pass-band ripple of
approximately 2 dB is observed, which we believe to be related
to mask discretization errors (a 5 nm grid was used). The
increased passband width of these filters (1.8nm FWHM) can
be used to compensate for variations in the laser wavelengths or
filter resonances. The APF configuration is implemented by
cascading identical race-track ring resonators to a common bus
waveguide (see inset Fig. 18). The spectral response of two
identical APFs with 200 rings each is shown in Fig. 18. The
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response of the two filters is very similar, which demonstrates
the uniformity of the fabrication process.

In literature, it was suggested that these devices can be used as a
compact optical buffer [49]. Therefore we also measured the
optical delay through higher order APFs and CCFs with up to
200 resonators, for which we found a delay of 6.0ps/ring and
1.2ps/ring respectively. Even though the APF configuration
yields substantial higher delays, the insertion loss at resonance
is very high making them at this moment impractical for
implementing an optical buffer.
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Fig. 17 Spectral response of a 10™ order CCF, inset shows details of a single
wavelength band.
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Fig. 18 Spectral response of two APF devices with 200 identical race-track ring

resonators coupled to a common bus waveguide. Inset shows SEM picture of
the APF.

B. Thermal tuning of silicon nanophotonic circuit

Despite the progress in fabrication technology, in many cases
further fine tuning of the wavelength selective devices is
required. Here we present thermo-optic tuning of microring
based filters. The filters and the heaters discussed in this
section where fabricated using 248nm DUV lithography.
Following definition of the waveguides, they were covered by
SiO, grown at low temperature and further planarized by
chemical mechanical polishing. A 550nm thick layer remained
on top of the microring resonators, which is a compromise
between minimizing the optical loss and optimizing the heat
transfer. The heaters consist of a 100nm thick titanium layer

(sheet resistance of 6 Q/[1), which is compatible with the
fabrication constraints of the CMOS pilot line. The inset of
Fig. 19 shows a top view of the fabricated device.

Taking into account a thermo-optic effect dn/dT=+1.8x10" K™*
for silicon, we expect a spectral shift of 0.1nm/°C for the silicon
ring resonators. We simulated the proposed heater using a
finite element method and found a thermal resistance of
4600°C/W for the 2um silica layer between the titanium heater
and the silicon substrate, in which the silicon waveguide is
encapsulated. We also derived that 10mW heat dissipation
leads to an increase of the heater temperature by 46°C. The
temperature of the silicon ring resonator, which is 550nm
below, increases by up to 35°C. Therefore, the theoretically
expected spectral shift is 0.35nm/mW.

The ring resonators of the 8-channel add-drop were designed to
have either a free spectral range (FSR) of 32nm or 23nm.
Within the same circuit, slight changes in the microring radii
ensure a channel spacing AXA between adjacent channels of 4nm
(FSR=32nm) or 3nm (FSR=23nm) to cover the whole FSR.
Fig. 19 shows the experimentally measured FSR (29nm and
22nm resp.) and channel spacing (3.3nm and 2.8nmresp.). The
slight deviation between simulated and measured values is
related to an underestimation of the waveguide group index.
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Fig. 19 Experimentally measured channel wavelengths for two 8-channel
add-drop multiplexers with resp. 29nm (circles) and 22nm (squares) FSR. The
inset shows a microscope image of the fabricated heater with underlying ring
resonator.

Tuning of the microring resonant wavelength by dissipating
power in the heater is shown in Fig. 20. A linear red shift of
0.3nm/mW is observed, which correspond to an efficiency of
26pUW/GHz, comparable with the best values reported in
literature [50, 51]. The maximum power that can be dissipated
in the heaters is 40mW, so tuning over the full channel spacing
is possible without any problem. We confirmed that there is no
thermal crosstalk between two adjacent ring resonators, which
were spaced 200um apart (center to center).
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Fig. 20 Tuning of spectral response for increasing power consumption.

V. WAVELENGTH SELECTIVE DETECTORS

Wavelength selective detection is necessary for the
aforementioned optical interconnect involving WDM and
wavelength routing networks. We recently demonstrated a
compact resonant metal-semiconductor-metal photodetector by
integrating a short I11-V absorbing mesa directly onto an SOI
ring resonator [52]. Here, we further expand the functionality of
this device by integrating a local heater for tuning the detection
wavelength. Fig. 21 shows some pictures of a fabricated device.
The InGaAs absorption layer was first bonded on top of the SOI
circuits by using DVS-BCB polymer (see [53] for details on
layer structure). Then the mesa, with a width of 3um, was
defined by optical lithography and wet chemical etching. In the
next step, a DVS-BCB overcladding layer was spun onto the
whole chip for isolating the SOI circuits from the metal wires.
A via was opened on top of the 111-V mesa. A 100nm thick Ti
layer (heater) was subsequently deposited on some part of the
SOl ring. Finally, a Ti/Au metal layer was deposited to form the
Schottky contacts and the wiring.

Au wire

Fig. 21 (a) top view and (b) cross-sectional view of a fully fabricated resonant
detector.

Fig. 22(a) shows the optical transmission and the detected
current of a fabricated device at a bias voltage of 7V. Obviously,

the detected current shows a wavelength selective response. At
the resonant wavelength, the detector responsivity reaches
0.47mA/mW. Off resonance, the detected current drops by
about 10dB. In the transmission spectrum, resonant dips can
also be observed, but the extinction ratio is only about 6-10dB.
Note that the responsivity and extinction ratio shown here do
not yet reach the theoretical optimum. By carefully designing
the coupling ratios from the ring cavity to the SOI bus
waveguide and to the I11-V absorption mesa, up to 1A/W has
been achieved [52]. The present device also exhibits a shoulder
voltage of 3V, and a dark current of 0.1nA up to 10V bias. By
sending a current through the integrated Ti heater, the resonant
wavelength of the present device can be tuned, as shown in Fig.
22b). A maximum red-shift of 3nm was obtained by applying
an electrical power of 8.2mW to the heater. No degradation of
the responsivity or dark current was observed up to this point.
Although the amount of tuning is still not sufficient to cover the
whole FSR of the ring cavity, it can be used as a trimming
method to compensate the wavelength drift from, e.g.,
fabrication errors.
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Fig. 22(a) Measured transmission spectrum and detected current of a fabricated
device. Solid line indicates the incident power spectrum; dashed lines indicate
the transmission spectrum; dotted lines indicate the detected current. Since
grating couplers were used to interface to the access fibers, the input light
follows a Gaussian spectrum (b) Transmission and current at different electrical
powers applied to the heater. Along the arrow direction, the applied powers are
0mWw, 4.2mW, and 8.2mW, respectively..
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VI. CONCLUSION

We described the design and operation of a microdisk laser,
fabricated using heterogeneous operation and its possible
application in compact optical networks. Through improved
design and processing, the threshold current could be decreased
to 350uA and the output power under CW operation increased
to 120uW. The latter in turn allowed to demonstrate more
advanced functionality, needed for scaling up the optical
network capacity, such as all-optical wavelength conversion at
high speed and optical flip-flop operation. Next we discussed
the passive waveguide circuit fabrication process, its
robustness versus fabrication variations and the implementation
of thermal tuning to overcome these variations. Finally we
proposed a tunable resonant detector, which may become an
essential component in wavelength routed networks.
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