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ABSTRACT

Heterogeneously integrated DFB lasers, consisting of thin InP membranes coupled to low loss Si wire
waveguides possess several advantages compared to traditional all-InP DFB lasers. The thin membranes give
a large optical confinement factor and their small surface area results in relatively small parasitic capacitances.
Both properties make these lasers very well suited for high speed direct modulation. The low loss silicon wire
waveguides furthermore lend themselves very well for the implementation of low loss external cavities.
Coupling membrane DFB lasers to such an external cavity allows exploiting photon-photon resonances in the
modulation response.

In this paper we report on the high speed modulation results of our heterogeneously integrated DFB laser
diodes. Below we mainly focus on results for on-off-keying, but at the conference we will also present eye
diagrams and BER curves for duobinary and PAM-4 modulation formats. We also discuss link experiments done
with the lasers and some ideas for further improvement. The excellent large signal modulation and transmission
results and the potential to integrate them into WDM modules make the laser diodes particularly suited as
transmitters for longer distance optical interconnects inside or between data centers.
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1. INTRODUCTION

There is an increasing need for very high speed optical interconnections, a.o. for inter or intra data center
interconnects. Maximum distances for intra data center interconnects are around 2km while distances go up to 80
km for inter data center interconnects [1]. Several standards for 100 GbE are based on 4 lanes carrying slightly
over 25 Gb/s each, while the emerging 400 GbE will most likely make use of 8 lanes carrying 56 Gb/s each [2].
Moreover, power consumption is very important as present day datacenters consume a lot of power and the
networking/interconnect infrastructure is responsible for a significant part of that power consumption [1]. Direct
intensity modulation and direct detection normally provide the most cost effective and power efficient solution.
In the past, optical interconnects were preferably implemented using vertical cavity surface emitting lasers
(VCSELSs) or arrays of such lasers and multimode fiber. However, multimode fibers are getting replaced fast by
single mode fibers [3]. Although VCSELs are continuously improving in output power and have recently been
demonstrated with 56 Gb/s direct modulation [4], they still have some disadvantages. Their output power, albeit
now close to few mW, is not enough to guarantee a large signal to noise ratio at the receiver for longer links. In
addition, VCSELs don’t lend themselves well for integration with other photonic components, required e.g. to
multiplex the output of several VCSELSs in wavelength, let alone for co-integration with driver electronics.

InP membrane DFB laser diodes, heterogeneously integrated on silicon-on-insulator (SOI) waveguides, form
a good alternative. As will be shown below, such lasers can exhibit high output power and high modulation
bandwidth. Their output is coupled to silicon waveguides and the laser diodes therefore lend themselves very
well for integration with different kinds of passive waveguide components, which can be implemented in SOI
waveguide technology. In principle it is also possible to co-integrate the laser diodes with e.g. BICMOS driver
electronics [5].

Below, we first elaborate on the advantages of the use of InP membrane lasers on silicon for high speed direct
modulation. Then we discuss some of the results that have been obtained using this approach. We conclude by
giving some considerations on how the laser diodes and their speed can be further improved. We have
demonstrated 28 Gb/s direct modulation of heterogeneously integrated DFB laser diodes and transmission over
2 km. In principle four such directly modulated laser diodes could be integrated on SOI and integrated with
a wavelength multiplexer in a straightforward way and this would make an ideal transmitter for 100 GbE.
We also demonstrated 40 Gb/s PAM-4 and duobinary modulation. Very recently, a laser diode with 34 GHz
small signal modulation bandwidth has been fabricated and large signal modulation experiments with that laser
will be done in the near future.

2. ADVANTAGES OF HETEROGENEOUS INTEGRATION OF INP MEMBRANES ON SOl

The lasers are fabricated by bonding very thin membranes on top SOI waveguide structures, with a cross section
as shown schematically in Fig. 1. The silicon waveguides have very small dimensions (400 nm thickness and
width), the bonding layer can be as thin as 10 nm and the InP substrate is removed after bonding. This leads to
a laser mode which is very well confined to the active layer of the laser structures, i.e. a high optical confinement
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factor I. Since a high modulation bandwidth requires a high resonance frequency for the relaxation oscillation
and since the squared resonance frequency is given by I'(dg/dN)v,.(I-ln)/qV, a large confinement factor over
active layer volume is advantageous for high speed operation. dg/d¥N is the differential gain and I is the
difference between bias current and threshold current.
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Figure 1: (a) Schematic of the realized device with the lasing mode intensity profile, predominantly confined in
the III-V waveguide, (b) cross section of the fabricated hybrid DFB laser.

The Bragg gratings in our approach are implemented in the underlying silicon waveguide and are formed by
the very large contrast in refractive index between silicon and BCB. The coupling coefficient of the gratings can
be varied by modifying the thickness of the BCB bonding layer. For very thin bonding layers (and they can be as
thin as 10nm), very large coupling coefficients x of over 150 cm™ can be obtained, giving a xL of 4.5 for
2 300 pm long grating. Thicker bonding layers lead to smaller coupling coefficients. Large kL values lead to
small mirror loss, low threshold gain and low carrier density in the quantum wells. As we used strained layer
multi quantum well active layers (both InGaAsP and InAlGaAs), the differential gain increases with decreasing
carrier density. Hence, by using thin bonding layers and large kL values we can also get high differential gain.
So far, active layers with 6 quantum wells were used, and probably even higher differential gain could be
obtained by using a larger number of quantum wells.

A third advantage is related to the fact that the light output from the membrane lasers is coupled to SOI
waveguides and that these waveguides have very low loss [6]. It has been shown before [7] that the modulation
bandwidth of laser diodes can be extended by using a second resonance caused by the addition of an external
cavity and with a resonance frequency determined by the roundtrip time in the compound cavity. However, as
shown in [7], this only works well when the loss in the external cavity is small enough. Obviously, because of
the low loss of silicon waveguides it is not difficult to connect membrane laser diodes to low loss external
cavities. A simulated intensity modulation response for a 2-section DBR laser diode, for various losses in the
passive Bragg section, shown in Fig. 2, shows how the modulation bandwidth is increased by the external cavity
resonance but only if the loss in the passive section is low enough.
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Figure 2. Intensity modulation response (at 150 mA bias current) of the DBR laser with AR-coated facet at the
Bragg section and k= 30 cm” for =5 (*),10 (#), 15 (x), 20 (W) and 25 (A) em’”,

3. RESULTS

First fabricated membrane laser diodes were without (intentional) external cavity, using 6 InGaAsP strained
layer multi quantum wells, with a coupling coefficient of 135 cm™ and grating length of 300 pm. The light is
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coupled from the InP membrane to the silicon using tapers and these tapers are pumped as well and act as
semiconductor optical amplifiers. The bonding layer thickness was 50 nm. The lasers typically have a threshold
current of 17 mA, a series resistance below 10 Q and an output power (in the Si waveguide) of 6 mW at 100 mA.

Small signal results for these lasers are typically as shown in Fig. 3. The maximum 3 dB bandwidth is 15 GHz.
In many small signal responses, there seems to be a low frequency contribution. This could possibly be the result
of the modulation of the current injected into the SOAs but it may also be caused by spatial hole burning. Both
effects have a cut-off frequency determined by the carrier lifetime, which could be a few GHz. The laser from
Figure 3 has then been used to demonstrate 28 Gb/s NRZ on-off-keying (OOK) modulation, as well as 40 Gb/s
duobinary and PAM-4 modulation. Eye diagrams for 28 Gb/s NRZ OOK are shown in Fig. 4 for the back-to-
back configuration and after transmission through 2 km of NZ_DSSMF fiber. Bit-error-rates were in both cases
below the FEC limit [8]. PAM-4 and DB results will be presented at the conference.
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Figure 3: (a) Small signal response at different bias currents; (b) The dependence of relaxation oscillation
Jrequency (f;) on the driving current.
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Figure 4. Eye diagrams for back-to-back (left) and afier 2 km NZ_DSSMF fiber transmission (right) at 28 Gb/s
using a 2"'-1 data pattern length (bias current of 100 mA at 20 C).

More recently, membrane DFB laser diodes were fabricated with 6 InAlGaAs strained layer quantum wells.
In addition, a thinner bonding layer of 10 nm was used, which increased the coupling coefficient further. The
grating couplers, used to couple the light from the Si waveguide to the fiber, provided an external reflection for
this laser and formed a compound cavity with a roundtrip time of 5 ps. This resulted in a small signal modulation
bandwidth of 34 GHz, enough for OOK modulation beyond 40 Gb/s. Results on the modulation of this laser will
be shown during the conference.

4. CONCLUSIONS AND OUTLOOK

We have illustrated how the specific properties of membrane laser diodes, heterogeneously integrated on SOI
waveguides can be exploited to obtain very high speed direct modulation. This has so far resulted in a laser diode
with a small signal modulation bandwidth of 34 GHz, which can be modulated beyond 40 Gb/s.

Several improvements can still be made to these laser diodes that might possibly increase the maximum bitrate
to 56 Gb/s. First, one can be try to increase the relaxation oscillation resonance frequency further by increasing
the differential gain and by increasing the output power. Increasing the differential gain will be attempted by
using 9 or 12 quantum wells instead of 6. The output power or internal power can be increased for fixed bias
current by providing better heat sinking. At present, heat sinking is not very good because of the small surface of
the InP membrane and the thick oxide between the silicon substrate and the membrane laser. This can be
overcome by providing a metallic connection between the upper silicon and the substrate [10]. A higher first
resonance frequency obviously allows shifting the external cavity resonance also to a slightly higher frequency.
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A higher relaxation oscillation resonance frequency is in principle also possible by making use of detuned
loading. This is typically something which can be implemented with 2 section DBR lasers and allow exploiting
the dispersion in the Bragg reflection to increase the relaxation oscillation resonance frequency [7].
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