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Abstract—This paper summarizes recent advances of integrate
hybrid InP/SOI lasers and transmitters based on wadr bonding.
At first the integration process of IlI-V materials on silicon is
described. Then the paper reports on the results okingle
wavelength distributed Bragg reflector lasers with Bragg
gratings etched on silicon waveguides. We then demstrate that,
thanks to the high-quality silicon bend waveguideshybrid IlI-

V/Si lasers with two integrated intra-cavity ring resonators can
achieve a wide thermal tuning range, exceeding the band, with
a side mode suppression ratio higher than 40 dB. Meover, a
compact array waveguide grating on silicon is integted with a
hybrid 11I-V/Si gain section, creating a wavelengthselectable
laser source with 5 wavelength channels spaced b9 GHz. We
further demonstrate an integrated transmitter with combined
silicon modulators and tunable hybrid I1lI-V/Si lasers. The
integrated transmitter exhibits 9 nm wavelength turability by

heating an intra-cavity ring resonator, high extindion ratio from

6 to 10 dB, and excellent bit-error-rate performane at 10 Gb/s.

Index Terms— Hybrid photonic integrated circuits, silicon
laser, semiconductor lasers, silicon-on-insulator SOI)
technology, adiabatic taper.

|I. INTRODUCTION

Silicon photonics is attracting a lot of attentionedto the
prospect of low-cost, compact circuits that intégra
photonic and microelectronic elements on a sinbip £1,2].
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It can address a wide range of applications froortsfistance
data communication to long-haul optical transmiss[8].

Today, practical Si-based light sources are stilssing,
despite the recent promising demonstration of aticalty

pumped germanium laser [4,5]. This situation haspelted
research on heterogeneous integration of Ill-V semductors
with silicon through wafer bonding techniques [6-B] this
approach, unstructured InP dies or wafers are kwhnde
epitaxial layers facing down, on an SOl waveguideudt

wafer, after which the InP growth substrate is reetband the
I11-V epitaxial film is processed. Such an approaotploits
the highly efficient light emission properties ainse direct-
gap llI-V semiconductor materials such as compouraised
on GaAs and InP.

Important achievements have been made in the pashe
heterogeneous integration of 11l-V on silicon agoded in [6-
8]. Two different waveguide structures for the hgthtl-V/Si
integration have been investigated. In the firste,oms
described in [6] and [8], the mode is mainly guidgdthe Si
waveguide and evanescently couples with the
waveguide, using a very thin bonding layer (<5 nm,
corresponding to the Si native oxide). In the secame
described in [7], the mode in the hybrid sectionmainly
guided by the 1lI-V waveguide, and the light is ptad from
the IlI-V waveguide to the silicon waveguide thrbug
waveguide tapering. In this case, the bonding fiater can be
relatively thick (from 30 to 150 nm, typically). €advantage
is that the optical mode experiences a high optieah in the
central region of the laser structure. This pap#rfacus on
the second waveguide structure, and will demorestthat
efficient mode transfer can be achieved betweetY IHNnd
silicon waveguide [9,10]

Large progress have also been made in the pasth®n t
emission spectrum control. For instance, distridutedback
(DFB) and distributed Bragg reflector (DBR) lasessth
single longitudinal mode emission have been repoirie[8].
In those lasers, the Bragg gratings are etched iligors
waveguides by keeping the llI-V waveguide as simate
possible. More recently, wavelength tunable lasétk large
tuning range have been published, showing very [siom
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results [11,12,13]. We demonstrate that the usgvofsilicon
ring resonators allows us to achieve a tuning rasfgmore
than 45 nm and a side mode suppression ratio (SNES&or
than 40 dB over the entire tuning range [11].

Thanks to the mature silicon fabrication processnemore
complicated silicon waveguides structures can hegnated
within a hybrid 11l-V/Si laser and used for laseavelength
control. For instance, an arrayed waveguide gratiig/G)
filter can be integrated in a laser cavity, togetiigh several
semiconductor optical amplifiers (SOA), in ordern@ke an
AWG laser. The first AWG laser on Si was reportedli4]
with 4 channels spaced by 360 GHz. The threshotdect
ranged from 113 to 147 mA, and the output powea fibre
from -23 to -14.5 dBm. We recently demonstratedch&nnel
AWG laser with 392 GHz separation [15], and alstchannel
AWG laser with 200 GHz channel spacing [16]. Theshold
current ranged from 38 to 42mA, and the output powwea
single-mode fibre from -8.4 to -2.2 dBm.

Integrated transmitters incorporating lasers andutaiors on
silicon are of primary importance for all commurioa
applications, and at the same time are the modiecgag to
fabricate due to the need of hybrid Ill-V integoati The first
demonstration of such a photonic integrated cir(RIiC) was

Il. HETEROGENEOUS INTEGRATION OHI-V ON SILICON

A. Heterogeneous integration process of IlI-V mateoial
silicon
Figure 1 outlines the process flow for silicon Pl@sng the
heterogenous integration of I1l-V material on Si.

Growth of the IlI-
V wafers

Processing of SOI
wafers (modulators,
detectors, passive
waveguides, etc.)

111-V die or wafer
= bonding on SOI
(unprocessed)

InP substrate
removal

Processing of Ill-V
dies/wafer

Metallization of lasers,
modulators and detectors

Figure 1 process flow of heterogeneous integraifdfi-V on silicon

The fabrication starts with 200mm SOI wafers witkygical
thickness of 440 nm thick silicon top layer. Thestfistep is the
formation of passive rib waveguides by etchingttgesilicon
layer. These waveguides are optimized for the dogphith

is composed of hybrid IlI-V/silicon lasers and ch Mach-

waveguides in a later step. After this etching stdpe

Zehnder modulators (MZM) operating in the waveléngtremaining silicon layer has a thickness of 220 Mot the

window of 1.3 um. However,
multiplexing applications usually require wavelemgtinable
laser sources. Moreover, tunable transmitters amsidered to
be an attractive option in optical network termitrahsceivers
for future access networks. The very large markeaczess
networks provides an opportunity for silicon phatsn We
reported for the first time on an integrated tuedbser MZM
(ITLMZ) operating in the wavelength window of 1.5mp
which combines a tunable hybrid IlI-V/Si laser amdilicon
MZ modulator [18]. Our ITLMZ demonstrates severawn
features: i) wavelength tunability over 9 nm; ii)sdlicon
modulator with high extinction ratio (ER) betweerafd 10
dB, and 3 dB modulation bandwidth as large as 1Z;Gidd
i) excellent bit-error rate (BER) performance.

This paper will summarize our recent advances tegnated
hybrid InP/SOI
bonding. It is organized as follows. Section Itl®voted to the
heterogeneous integration process of 11l-V mateasiakilicon,
including one of the key points of hybrid IlI-V/&sers: the
optical mode transition from 1lI-V to silicon waveigles.
Section Il gives the results of single-wavelenBtBR lasers
with high output power. Section IV will focus on waength-
tunable lasers, and Section V on wavelength-sddect@WG
lasers. Section VI reports on the performance ofTaiMZ
operating at 10 Gb/s. Finally, a conclusion is drawsection
VIL.

lasers and transmitters based onemwaf

wavelength-division-passive circuitry, additional etching steps areliadpto form

strip waveguides and other elements such as Beftgrtors
or vertical output couplers. To planarize the stefaf the SOI
wafer, a silica layer is deposited and a chemiocatimanical
polishing is applied [19].

In the meantime, 2" InP wafers are grown. TheMlkegion
consists of a p-InGaAs contact layer, a p-InP dlzgldayer,
typically 6 InGaAsP quantum wells surrounded by two
INGaAsP separate confinement heterostructure lageis an
n-InP layer.
established in order to simultaneously achieve faatiéree

surface morphology required for bonding and higkefa
performances. These InP wafers can now be bondedtios

SOl wafers [20].

After wafer bonding and InP substrate removal, etghing is
used to etch through the InGaAs layer and parti ¢he InP
p-doped waveguide cladding layer. The InP etchisg i
completed by chemical selective etching. The MQWeétas
etched by ChtH, RIE. Figure 2 shows a scanning electron
microscope (SEM) picture of a llI-V waveguide o tof a
silicon waveguide.

The active waveguide is
benzocyclobutene (BCB). A Ti/Pt/Au alloy is usedr fo
metallization on both p and n sides. Finally, tiabricated
lasers are ready to be tested on the wafer thrthgtuse of
vertical grating couplers.

Optimized growth conditions have been

encapsulated with DVS-
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Figure 2: (a) Cross-sectional SEM pictufea hybrid waveguide with whit
lines added to make the silicon waveguide visifidg schemtic cross section.

B. Adiabatic coupling between IN-and silicon waveguid

Fig. 3 gives a schematic view of ttaser structul, which can
be divided into three parts. In the center of tlewick the
optical mode is confined to the M- waveguid, which
provides the optical gain. At both s&lef this section there
a coupling region that couples light from the-V waveguide
to the underlying silicon waveguide. Af the coupling region
the light is guided by a silicon waveguide withdli-V on
top.

InGaAs
InP-p
MQw

InP-n
Silica

Silicon

OO N EEN

==

Figure 3 Top and cross-sectional viesishe coupling structure of the hybi
laser with representative mode profiles in theems«-sections

The intensity profiles of the fundamental mode eakeulatec
using the film mode matching methaahd are given in Fig.
at different points of the laser cavityhe calculated optici
confinement in the MQWayer in the center of the laser cav
is in the range between 5% and 12%.

To achieve index matching between the two waveg, a
deep ridge 11I-V waveguide is usuallyged in the doue taper
region. As shown in Fig.,3 double taper structure is usec
allow the efficient couplingf the fundamental mode from t
I1I-V waveguide to the silicon waveguic [10]. In the right
double taper region, the silicon waveguhas an increasing
width, while the 111-V waveguide’s widtls decreasing. Figure
4 shows the coupling efficienayf the double adiabatic tap

quickly with the taper length and other parameferssuch &
shorttaper. Longer (> 100 um) tapers are preferred deroto
get more robust coupling.
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Figure 4: @upling efficiency for different 1-V taper tip widths as a function
of the double taper length

In the case of thicker silicon waveguide 500 nm), only
the silicon waveguide needs to be tapered for tlosle-
transfer from the IV waveguide to the dcon waveguide
[9]. As narrow IlIV tapers are no longer required, thecess
of 1ll-V waveguides becomenuch more tolerant.

lll. SINGLE MODEDBR LASERS

A. DBR laser structure

In this sectionwe report orthe experimental demonstration
of a heterogeneousiytegrated II-V/Si DBR laser with low
threshold (< 20mA) and high output power 15 mW). The
laser performances are similar to those obtaineA. J. Zilkie
et al who built ahybrid externe-cavity DBR laser from a llI-
V reflective SOA buttoupled tr a 3 pm-thick Si waveguide
containing a Bragg grating reflec [21].

The optical cavity is defined ka Ill-V gain section of 400
pm length andwo DBRs spaced 6(um apart, as shown in
Fig. 5. The Bragg gratingias etchednto a silicon waveguide
with a width of 10 um. The grating pitch 237nm and the
duty cycle is50%. The etching depth is chosen to be onl'
nm, resulting in aeasonablegrating coupling coefficient,
of 83 cm’. The back-sidéBragg grating has a length of 3
um, leading to a calculatedodal reflectivity of 97.3% and a
3 dB bandwidth of 2.58m. The fron-side Bragg grating has
a length of 100 um. From calculation, this Braggtigig has
modal reflectivity of 46.4%nd ¢ 3 dB bandwidth of 3.98 nm.

fqr three values_ of the_ INA tip width: 0.4, 0.8 and 1 p and a The combined Bragg gratings lead to a sufficiemtirrow
silicon waveguide thickness of 400 . We can see that fjer to allow single longitudinal mode operat of the DBR

perfect caipling can only be achieved using a tip width cf
um or less. Thisequirement on the tip width linked to the
400 nm silicon waveguide thickness. For thicker silit
waveguides a larger tip width can be tolerated. d&lie alsc
observe highly efficientcoupling for short taper leng
(around 30 pum). However, the coupling efficiencyries

laser.
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Figure 5 a) Schematic representations of the hybri-V/Si laser, top and
side views. b) Optical lroscope image of the final fabricated de\

B. Experimental results

The continuous wave laser output power is collethenugha
surfacegrating coupler by a multimode fiber and tt
characterized by using both a spectrum analyzermarmptica
power meter. To determine the output power at the-

o] 1=118mA
A=1546,97Tnm

52,7 dB

1542 1544 1546 1548 1550 1552
Wavelength (nm)
Fig. 7 Lasingspectrum measured at a bias current of 11:

Fiber Coupled Power (dBm)
&
=]

Figure 8shows the lasing spectrum as a function of thee
current along with the correspondind-I-V curves.
Measurements were performed at room temperaWe can
see thathe device has a lasirturn-on voltage of 1.0 V and a
series resistance of 7¢a From the optical spectrum,e can
clearly observe jumps in the lasing longitudinaldaalue tc
mode hopsThis is due to the fact that the increase of
injection current into the gain sectiorsults in an increase of
the temperature of the IW- waveguide. Consequently t
refractive index of the II¥ materials increases, leading t
red shift of the longitudinal mode of the hybrid RBaser.
When the lasing mode is far enough from the reivity peak,
the dominantongitudinal mode hcs to another mode closer

reflectivity side of the hybrid DBR las, we measured the g thereflection peak of the Bragg grat.

insertion lossessing a reference structure on the same v

Figure 6 shows the fibamupled and front mirror outp
power-current(L-1) characegristics for operating temperatul
ranging from 15 to 65 °CAs can be seen from tiL-I curves,
the laser threshold is 17 mA with a maximum oufpawer of
15 mW at 20 °C (>#W in the fiber), leading to
differential efficiency of 13.3 %The differetial efficiency is
defined as the derivative of thellcurve, multiplied by e,
with e the electron charge and hhe photon ener¢ It
operates up to a stage temperature dfGWith a front mirrol
output power exceeding 2.4 mW.
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Fig. 6: L-I characteristics of the hybrid DBR laser for differteemperature

The lasing spectrurfor a drive current of 11 mA is shown in
Fig.7. We can see that there is a dominant mat
1546.97 nm, with a SMSR of about 8B.
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Fig. 8: Fiber-coupled L-¥ characteristic and normalized contour plot of
lasing spectra at room-temperature.

The smallsignal modulation response of the laser is show
Fig. 9.0ne can observe a flat response at low frequemacie
also resonance due to relaxation oscillatioThe 3 dB
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bandwidth of around GHz is obtained for bias currer
ranging from 125 mA to 150 mA.

10

5 ——80mA
- —100mA
I 125mA
I R —131mA
@
E =10
o 1
& 15 |
-3 :
o -20 I
u 1
-3254 [] \\_‘_-
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-30 .

2 4 6 8 10 12 14
Frequency (GHz)

Fig. 9 Roomtemperature frequency response of the hybrid DBfrldor
different bias currents.

IV. WAVELENGTH TUNABLE LASERS

A. Design and fabrication

The tunable laser, as schematically shownFig 10 (top),
consists of an InBased amplification secti, tapers for the
modal transfer between I\-and Si waveguides, tv ring
resonators (RRjor single mode selection, metal heaters
top of the rings for the thermal wavelength tunargl Bragc
gratings providing reflection and output fibre cbng. The
straight 111V waveguide has a width of 1.7 um &a length of
500 um.In the silicon sections, ring resonator 1 (R1) &
(R2) have dree spectral range (FSR) of 650 and 590 C
respectively. The slight difference between thege values
allows taking advantage of the Vernier effect for 1
wavelength tuning. Moreover, the bandwidth of thmulie
ring filter is designed to select only one Fe-Perot mode of
the cavity. The Bragg reflectors are made by péytetching
the silicon waveguide. The twor&yg reflectors, each with
pitch of 290 nm and 60 periods, adesigned to have a
reflectivity of more than 90%, and a 3 dB bandwitdiger
than 100 nm.

Bragg
£« reflector
Bragg
l reflector
Ring ~
resonator R2

/ Heater

=
A
\\

InP gain
section

« Ring
resonator R1

Bragggrating
Forvertical —>
light output

Figure 10 Schematic view (top) andhotograph (bottom) of the widely
tunable single-mode hybrid laser

In addition to the fabrication steps detailed irctém I, €
NiCr metal layer is deposited on top of the ringomator:
with contacts pads. This is to allow tuning of tiRR
wavelength via thermoptic effect by heating the silicc
waveguides. The last steps are the metallizatiortherlase
contacts and heater contacts.. 10 (bottom) shows a picture
of the fabricated tunable las.

B. Testing of passive circuit eleme

The passive ring resonatowere measured on separated test
samples on the same wafer « Fig. 11 shows the
transmission curves of the tvRRs from the input port to the
“through” port. Two combs of resonance peaks are obse|
corresponding to the two RRs with slightly differéfSRs. It
is remarkable that for each resonance peak, the falthwat
half minimum is estimated to taround 0.5 nm. Such narrow
resonance peaks show the high quality of the fateétsilicor
waveguides, and are key to achi a large tuning range with
high SMSR. Itis to be noted that the amplitude variation ie
presented curves is due tioe limited resolution bandwid
(0.07 nm) of the optical spectrum analyzer u:

LTI >

-10

-15 |

20 e RiNG 2

-25 T T T T !
1530 1540 1550 1560 1570 1580 E
Wavelength (nm) -

Figure 11 Measured transmission spectra of ring resonators. Inset:
photo of the fabricated silicon ringsonatc.

Ring 1

Transmission coefficient (dB)

C. Laser measurements

The lasers are tested on wafers with vertical Braggings
coupling the output light into a cleaved sir-mode fiber. The
coupling losses were measured to be arol0 dB. At 20°C,
the laser has a threshold current of 21mA. Fil2 shows the
laser spectrum at 20°C far current 0 80mA, measured by
heating the RRs. It clearghows singl-mode operation with
50 dB SMSR. Such rge SMSR is attributed to the narr
bandwidth of the RRs.
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Figure 12 Laser emission spectrum at 20°C, 80mA

The laser linewidth was measured using a self-hgmed
technique and also by a heterodyne technique thrdhg
beating with an external cavity laser. We foundt tkize
linewidth varies with the current injected into thain region,
and with the heating power applied to the RRsvdtlsies are
in the range between 1 and 10 MHz. Figure 13 stetypical
example of the measured heterodyne spectrum, with
Lorentzian fit. We can see that the lineshape iy etose to a
Lorentzian, and the linewidth is found to be 2.3 MH

0

-10

Measured
—— Lorentzian fit

6 7
Frequency (Hz)

Figure 13: Measured heterodyne spectrum through bibeting with an
external cavity lasers. A Lorentzian fit is alsotpéd

Figure 14 shows the superimposed laser emissiootrape
obtained by changing heating power levels applethé two
RRs. On the backgrounds of these spectra, as walhahat
of Fig. 12, one can observe transmission peakseddsy R2
and transmission dips created by R1. This is duth¢ofact
that the spontaneous emission generated by theealdtiV
waveguide is modulated by the drop transmissioR®fand
by the through transmission of R1. The power vemmeacross
the wavelength range is 6 dB and corresponds togtie
curve of the IlI-V material and the vertical coupspectrum.

Figure 15 shows the wavelength tuning curves ofldker by
heating simultaneously the two RRs with a laseedtipn

next ring interference order for which the two rirgggonance
peaks match. For wavelength setting, both ring powest be
adjusted so that one transmission peak of R1 matitteeone
of R2 at a desired wavelength. The wavelength turémge is
currently limited by the too large difference inetH-SR

between the two RRs. An optimized design shouldwall
covering the whole gain bandwidth of the IlI-V aeti
material. Also, the laser does not have a phastoseand

hence the wavelength is always bound to a FabrgtPeode

of the cavity. For a more precise wavelength turfi@2nm),

this laser requires adjusting of the injectiornrent.
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Figure 14: Superimposed laser spectra for diffe@mtents injected into
heater 1, at 20°C, laser injection current of 80rGArrent applied to heater 2
was fixed.
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Figure 15:Laser wavelength as a function of thetetal power in heater 1,
for different electrical powers in heater 2, at@@nd laser injection current
of 80mA

We demonstrated that such a hybrid IlI-V/Si lasan de
directly modulated at 10 Gb/s [22], an interestiagture for
access and metropolitan networks. Moreover,
demonstrated that such a laser can be used aala&uillator
in a coherent receiver for polarization division ltiplexing-
guadrature phase shift keying signal at 100 GHRZ. No
penalty was observed compared to a commercialljladola
external cavity tunable laser. Those results curistian
important milestone towards real applications ohatoie
hybrid I1I-V/Si lasers.

V. AWG-LASER DESIGN AND FABRICATION

current of 80 mA at 20°C. With less than 400 mW of
combined power in both heaters, a high SMSR (>40d®). Design

wavelength range over 45nm is achieved. For a gpamer
P1 in heater 1, as the power P2 in heater 2 inesedise ring
peak wavelengths shifts, and the laser wavelengtip$ to the

First AWG lasers on an InP substrate were repond®96
[23,24]. However hybrid 1lI-V/Si integration bringsiew
advantages for AWG lasers. As silicon based AWG} liave

we
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a reduced size compared to those on Ine to the high
refractive index contrast, the laser cavity becostester. Fo

instance, although deepétched InP waveguides allowed

fabricationof very compact InP AWG lasg, the laser chip
size wasstill 2x3 mmz?, as demonstrated[25, 26]. We report
here a hybrid IIIV/Si AWG laser with a footprint of 1.4x0

mm2, As a consequence of the smaller cava high side
mode suppression ratio can be easier to ach

Figure 16 (topshows a schematic of the AWG laser struct
The AWG laserconsists of an AWG made from silicon
insulator (SOI) waveguides and M-gain sections. The AW!
has a size of 300 x 400 um2. It counts 5 outpuhichks with
designed 400 GHz spacing. The designed interfererdsr is
20, with 50 strip waveguides in tlzgray part. To reduce tt
insertion losses of the filter and minimize theleetions, the
tapers between thevaveguides and the slab propaga
region are etched in two steps [2Zhe fre¢ spectral range
(FSR) is designed to be 46 nm, approximati the bandwidth
of the IlI-V material gaincurve. Such a large FSR allows
singlemode laser operation by preventing the neighbc
orders from lasing. The Bragg reflectors that teiate the
laser cavity are broadband; consequently they do
participae in the wavelength filtering for sin¢-mode
selection. The bacieflectors R1 are longer and designed f
99% reflectivity; the transmitted power through R1 can
used for monitoring purposesihe front eflector R2 is
designed for a 30% reflectivitand closes the Faf-Pérot
cavity at the other side. At the output side, digal grating
coupler is used to couple the output light to awsal singl-
mode fiber.

Light propagating in :

I11-V materials

B Siwaveguides

Bragg
reflector

”/

Laser

Gain sections
output

For different
wavelengths

I

Vertical
Grating coupler '\
Bragg
reflectors
R1

Fig 16 (top) Schematics and (bottom) photografién fabricated AWlaser

B. Laser Measurements

The lasers are tested on wafers, using a s-mode cleaved
fiber to collect the light that exits the chip thgh the vertica
grating coupler. The test bench temperature is laég al
20°C. All the measurements are performed usingtrical
probes. The 5 SOAs of the AV laser have a series resistance
around 7Q. Table | shows the main characteristics of €
wavelength channel biased at 110 mA. The lasingstiold
remains around 40 2 mA for all channels, with the highe
threshold caesponding to the lowest wavelength, bec:
this channel has the largest detuning with respmethe peal
gain wavelength: 1535 nm. For a given injectionrent (11C
mA), the power coupled to the fibre ranges fr-8.63 dBm to
-10.93 dBm. The couplingéses from the vertical coupler ti
single-moe fiber (SMF) were measured to be in the rang
12-10 dB between 1513 nm and 1525. Therefore, the
power in the silicon output waveguide is estimdtete in the
range of 13 mW. The high loss of the vical coupler comes
from the fact that the laser emission wavelengtesdaot
match with that of the maximum transmission. Intfabe
coupler has a peak transmission around 1560 nmaa3dB
passband of 45nm. The power variation with the \ength
chanrel can be explained by the shift between the AWiBr1
passband (1513 nm to 1525 nm) and th-V gain peak
around 1535 nm. This detuning is due to the deiatif the
fabricated waveguide dimensions with respect todésgnec
ones. The lasing wavelgths are spaced by 392 GHz
average, with = 40 GHdeviatior. This deviation is due to the
FabryPérot mode selections inside the AWG passh

TABLE |
LASER CHARACTERISTIC: AT 20°CFOR THES SECTIONS

Power coupled
to single mode | Wavelength
Active section| Threshold fibre (dBm). (nm) SMSR (dB)
number (mA) =110mA =110mA =110mA
1 38 -8.6 1525.33 38
2 39 -8.9 1522.56 33
3 38 -9.5 1519.4 35
4 38 -9.9 1516.4 32
5 42 -10.9 1513.33 30

Figure 17 showspower versus injection current for ec
wavelength channel biased individually. The irregitiles on
the curve are due to mode hops. The F-Pérot modes shift
with injection currentdue to temperature effects in the S
sections whereas the AWG wavengths stay constant as the
test bench temperature is regulated at 20 °C. Apamrt these
mode hops, the AWG laser remains in a simode
operation regime at currents up to 200 mA and teatpee:
up to 60 °C.
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Figure 18 shows the temperature behaviour of teerlfor
channel 5 between 10 °C and 60 °C. When the terpera
rises, the output power coupled to the fibre resainove 0.1
mW at a bias current of 200 mA. It is remarkablat tthespite
the thermal insulation due to the buried oxide Haged the
silica bonding layer, the laser can still operagpeta 60 °C in
the CW regime.
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110mA, at 20°C.

Figure 19 shows the superimposed spectra of alahmels
when being independently biased at
measurements were made using an optical spectratyzan
As the Fabry-Pérot modes of the AWG-laser are shd&
GHz apart, the spectral resolution of 0.07 nm adldwv verify

Duargt al., « Hybrid 11l-V on silicon lasers for photonictegrated circuits on silicon »

that each channel clearly operates in a single-ntedene
with an SMSR larger than 30 dB for all channeld Hd mA.
Such SMSR values are already sufficient for a numndfe
applications, although they can still be improved future
designs by decreasing the 3 dB bandwidth of the Afilt&
from the current value of 190 GHz. It is also tortmed that
despite the shift between the AWG filter wavelengttd the
maximum of the gain curve, the SMSR limited by &k&/'G
next order in the wavelength range 1560 nm - 15@5 n
remains at least 45 dB.

Power coupled in fibre (dBm)

1515 1520 1525

Wavelength (nm)

1530 1535

Fig 20. Spectrum of the laser with both channahd 2 being switched on,
with 110 mA current, at 20 °C.

Figure 20 shows the output spectrum when two cHarare
biased simultaneously. Both operate in a single eregiime
as in the case of single channel operation. Subkhaviour
shows independent operation of the two channelsh wit
negligible thermal cross-talk.

VI. INTEGRATED TUNABLE LASERMACH-ZEHNDER

MODULATOR

The developed ITLMZ chip consists of a single-mabgbrid
llI-V/silicon laser, a silicon MZM and an opticalutput
coupler, as shown in figure 21 (top: schematic viewd
bottom: a photograph). The single-mode hybrid laseudes

an InP waveguide providing light amplification, aadring
resonator allowing single-mode operation. Two Bragg
reflectors etched into the silicon waveguides cltiee laser
cavity. The MZM allows modulation of the outpughit
emitted by the hybrid laser.

In addition to the fabrication steps outlined inc&ms Il
(hybrid 11I-V/Si integration) and IV (heaters), thetegration
of an MZM necessitates several ion implantatiompsten
order to realize p++, p, n and n++ dopings.

110 mA. The
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Back Bragg |jI-v waveguide
reflector
Front Bragg reflector
Hybrid I11-V/Si laser C 99

Silicon MZ modulator  Qutput

1)
Figure 21: Schematic view (top) and picture (bojtofrthe ITLMZ chip

A. Tunable laser characteristics

The RR-based hybrid laser exhibits a CW threshaoldent
around 41 mA at 20°C and the output power couptethé
silicon waveguide is around 2.5 mW for an injectmmrent
of 100 mA. The maximum output power is around 6\ et
20°C, and the output power is still higher than\W rat 60°C.
Electrical current injection into the heater allowgermal
tuning of the ring resonance wavelength. As a teshe
selected cavity mode will jump to another one hgvihe
lowest threshold [27]. Figure 22 (top) plots thesing
wavelength as a function of the heating power. @ar
observe from this figure that a tuning range of 18 s
achieved. The wavelength tuning is incremental, guéhe

mode jumps with the increase of heating power. This

phenomenon is typical of this kind of cavity, aretywsimilar
to that observed in classical distributed feedtBicgg lasers
made on InP. The heater resistance is in the rah@é-100
Q, and the thermal tuning efficiency is in the ramfé.15—
0.4 nm/mW. Figure 22 (bottom) shows an examplehef t
superimposed optical spectra for 10 values of thatihg
power. Clearly, single-mode operation with SMSRgéar
than 40 dB is achieved.

B. Silicon Mach-Zehnder modulator characteristics

The silicon modulator is a depletion type lateral jpnction
modulator as described in [28]. The length of thedoiated
phase shifters is 3 mm. The arm length differerfdbe MZM
is 150um, resulting in a free spectral range otiado4.5 nm.
The estimated MLt for the modulator is around 3 V cm. The
extinction ratio (ER) depends on the operation {pdte value
is larger than 10 dB when the operation point aselto the
minimum transmission, and 6.5 dB close to the marinfor
a peak-to-peak voltage swing of 8 V. Thus the ayefdasses
are higher for the case of a larger ER. A tradebefiveen the
losses and the ER for the modulator is made in BER
measurements. Moreover, from the power level measeint
from a laser alone with the same structure and tlugroutput
of the ITLMZ chip, the intrinsic losses of the MZMre
estimated to be around 13 dB at its maximum trassiom
point.
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Figure 22 Lasing wavelength as a function of thating power (top) and
super-imposed optical spectra (bottom)

Figure 23 shows the small-signal modulation respasfsthe
integrated MZM for several values of the appliettage. One
can see that the modulation bandwidth increaseh wie
rising reverse bias voltage of the pn junction doea
reduction of the capacitance with voltage. For \&erge bias
larger than 2V, the 3 dB modulation bandwidth igéa than
13 GHz. The modulation response decreases veryysioith

the modulation frequency. Such a modulation
guarantees operation at 10 Gb/s, and should allodutation
at bit rates up to 25 Gb/s.

respons
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Figure 23: Small-signal modulation response of\fZemodulator for
different values of the applied voltage

C. BER measurement of the ITLMZ

The output of the ITLMZ chip is coupled to a lenddgkr,
amplified by an erbium doped fiber amplifier anérHiltered
out. One arm of the MZM is modulated with a voltayéng
of around 7 V, at 10 Gb/s using a pseudo-randonarpin
sequence (PRBS). The BER measurement is perforare8 f
different wavelengths distributed inside the tuniagge by
changing the power dissipated in the RR heater. [Eg] 24
shows the BER curves for all the wavelengths arst a
reference curve for a directly modulated laser,suezd using
a high sensitivity receiver including an avalanphetodiode.
The PRBS length is'2L, limited by the photo-receiver used in
this experiment. Fig. 25 shows the correspondireydéggram
for all those channels, independent of the lengtPRBS in
the range from 21 to 2%-1. The ER of the different
wavelengths varies from 6 to 10 dB, while the ER tloe
reference is only 4 dB. One can see from Fig. 4 dia
channels have better BER performance than theeraterfor
received power levels lower than -25 dBm, due ® higher
ER of the ITLMZ compared to that of the referen€er
power levels higher than -25 dBm, channélsA3, A4 andA5
behave slightly better than the reference, achgeeimor-free
operation with BER < 18 Other channels have minimum
BER between 10 and 1¢, mainly limited by the optical
signal to noise ratio (OSNR) due to the high coupliosses
between the ITLMZ output waveguide and the lendgbdrf
used. The power level difference to achieve thees®BR
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Figure 24: Bit error rate for different wavelengths

Figure 25: Eye diagrams for different wavelengths

VIl. CONCLUSION

among all channels is around 4 dB, explained by t{jdeterogeneous integration of 1ll-V on silicon seetasbe a
difference in OSNR and the achieved ER among tho¥&"Y promising way to fabricate laser sources tinosi. The

channels. Finally, the smaller slopes for all wawegth
channels compared to that of the reference in 8RB Burves
is attributed to their lower OSNR

performance of the fabricated IlI-V on silicon leseis
approaching that of a monolithically integrated &GP laser
on InP substrate. Moreover, the silicon waveguiaksw to
provide additional functionalities such as spedittdring in a
DBR laser or wavelength-tuning in lasers with im&¢gd ring
resonators. The integration of hybrid lasers oeail further
allows the fabrication of more complete photonicuwits such
as transmitters and receivers. Looking into theurit we
believe that the hybrid IlI-V on silicon lasers Wifind a
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number of applications ranging from chip-to-chip [17]A. Alduino, et al., “Demonstration of a High SpeedChannel

communications to long-haul optical transmission.
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