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In this paper results of measurements on monolithic extended cavity ring passively
mode-locked semiconductor lasers (PMMLS) are presented. We have designed PMMLs
in various geometries in order to use them for theoretical model verification and
subsequent development of a library of short-pulsed lasers within an active-passive
integration platform. The different dynamic regimes depending on the voltage applied to
the saturable absorber and current injected into the amplifier are characterized in both
time and frequency domains. At the mode-locking operational conditions the output
signal features an optical comb centered at 1.55 um and a 3dB bandwidth of 8.5 nm.

I ntroduction

A large number of applications in areas as {sgeed communications [1], optical
recovery [2], and higispeed gas spectroscopy [3] require short stable optitses or
coherent optical frequencies which can be generated by-lockied lasers (MMLS).
However, such systems can be quite bulky, cormg@ad vulnerable. In order to
overcome these issues photonic integration approacis used. In this technology
passiveMLL s (PMLLS) can be realizeds aphotonic integrated circuit () on which
these lasersan becombined with other optical devices on the single monolithic chip.
The aim of this work is to study PMkLin the framework of activpassive integration
technology which enables the combination of passive and active waveguide devices
Through theuse of theactivepassive integratigrthe performance of a semiconductor
modelocked laser can be significantly improvdde to several reasari§irst, active-
passive integration allows for a decoupling of amplifier lengths and the resdeagth
which determines the repetitiorate. This helps to reduce the issue of amplitude
modulations [4] and selphase modulation as observed in-aitive twoesection
devices. Another advantage of this technology is that the relative positioe $Atand
SOA and output coupler in caviban be optimized But also other optical devices can
be included which can be freely located.

In integratedphotonics, as in mro-electronics, the broad rangeawfmplex circuitan

be realized usinga set of small standard components, so called building blocks.
Building blocks (BB) are organized in librari€ghis approach enaldeoneto designa
large variety of complex optt devicesrelatively fast by combining building blocks
from various libraries. Since there is large variety of complex opticate®which
require shorpulsediaser as aoptical source th&brary approach can be also applied to
the PMLLs.

In this wak we investigate PMLLs performance for various designs and operating
conditions in order to use them in shpuised laser development in actpassive
integration platform.The paperis organized as follow: in the first section we will
introduce thecorcept of the library of shoypulsed lasers and main steps that have to be
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made. In the next two sections we present the PMLLs geometry and main expdrimen
results that have been achieved. The conclusions are given in the last section.

Theidea of library of short-pulsed lasers

Depending on the circuitinctionality and applicatiorthe requirementsroaPMML can

vary over awide range. For examplé&r high speed gaspectroscopy applications the
pulses repetition rateshould not exceedd GHz and fora waveéngth division
multiplexing sourceit has to be in the order of tens of GHz. Thus, the BBs have to be
developed i way that designer in principle could chartge characteristics of output
signal without spending additional time on the BBs propertieslation. However,in
order to link the characteristics of output sigrashd BB layout the performance of
modelocked lasersneeds to be properly investigated using both experimental and
simulationapproachedn spiteof the fact that semiconductor melteked lasers have
been studied fomore than twodecades theoreticglredictionof their propertiesstill
remains challenging. A systematicstudy of theoretical preadictions andexperimental
resultsundera range obperating conditionsf a series of diffrent devices is required

to a) achieve high level of understandingtb& nondinear processes taking place in the
laser cavityand b) todeterminewhich theoretical modeis the most suitable tbe used

in laser library developmenior this purpose seka ring PMLLs of different geometry
were fabricated. In the next section we will detail the device design used irotkis w

Symmetrical ring mode-locked laser

Passive modéocking can be achieved by combining two elements a semiconductor
optical amplifie (SOA) which provides gain that saturates at high intensisied a
saturable absorber (SAyhich introduces losses that are relatively large for low
intensities but which become significantly smatlee to the saturation of absorption for

a pulse with gh intensity.In this work we present theng symmetricaldesign of
PMLL which includes not only SOA and SA sectidmgt also passe waveguides
(shallow and deepand a5 multi-interference coupler (MMIlputput coupler A
schematic sketch of the lasmvity is presented on Fig. 1.

soA |l soa ]—\
Passive PES_SW/El

=

Fig. 1.Sketd of symmetrical ring PMML.

The use of passive waveguidesarPMLL allows to overcomeor reduceissuesin
standard twosections all activ®MLLs, in particular seHphase modulations effects [4].

The symmetrical ring cavity enalleperating in aelfcolliding regime which provides
more stable modecking anda moredeeply saturated absorb&ue to the fact than

the ring cavitythere is no needf cleaved facets the repetition rate can be controlled
more accurately than that ofF@bry-Perot type structureith cleaved facets

In order to minimize back reflections into the device the output waveguidesteae
under an angle of 7 degre@fie SOA and SA section contariayer structure with four
InGaAs quantumwells. The SOA and SA sections were electrically independent by
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introducing electrical isolation sectionBne device results presented here are BiCa
fabricated within a multiproject wafer run available throagi©claro foundry service.
Three 16 GHz ring modelocked lasers with different lengtlof SOAs (1300 pum
1500pum and 1700 pjnand 50 pm long S&were fabricated. In the next section the
experimental results of the laser wah 700 umSOA are presented.

M easurementsresults

The device was mounted on a copper chuck and the temperature was stabilized at 12° C.
The output light wasollected usindensed fibers with antireflection coating. Optical
isolators were used to prevent baekections into the cavity. The PMLL laser was
operaedwith a total injection currer(lsog to the SOAsections andreverse voltage

(Vs9 applied to the SAThe mode-locking was confirmed by observation of RF spectra,
optical spectra and autocorrelation trace. The RF spectra were reasiigds0 GHz
electrical spectrum analyser connected to the fast photodiode. The optical speetra wer
characterizedising aropticalspectrum analys¢©SA) with aresolution of 0.16 pm. In
order to obtain autocorrelation traces the optical signal from PMML went thtbagh
polarization controller andias amplified by therbium doped fiber amplifieEDFA)

with a10 m long fibe.
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Fig. 2. a) Evolution of RF spectra, autocorrelation trace and optical spectra with injected current at Usa =
-2.1 V.b) RF spectrum, autocorrelation trace and optical spectrum a2l and Isoa = 44 m&) A
map of the RF peak heighs a function biasing conditions applied to the SOA and)Smap of the
spectral bandwidth (FWHM) measured at the same set of operating conditinr{g)as i

The device has been measured under various operating conditions. ThéafFghdvs

RF spectra, AC traces and optical spectra at the range of injected cuggntsl(
50mA). The maxinum injected current was determined by the maximal powehef
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optical signal which can be absorbedthg SA without causing damage. The lasing
threshold of the PMLL at 2\ applied reverse voltage wagal= 27 mA. The signal
recorded by th©SA shows continuous wave lasing at the currents above threstibld un
soa= 33 MA. At the injected currents aboyg, £ 33 mA thedevice operates iamode-
locking regime. At these conditioniset electrical spectrum showslear peak at 16.02
GHz which corresponds to the roundtrip timdealysis of autocorrelation showslpe
duration of 3.8 ps.

By further increasinghe injected currentthe beat tone between modes sttt lower
values. As described i®] the repetition frequency is led bychange of detuning due to
the gain/absorbesaturation effectsin our case weperate at low inje@n currents,
where most ofthe gain sectionsn’t saturated According to [5] at unsaturated gain
conditions the repetition frequency decreases with increasing pulse energy.
Increasing of the current leads to the optical spectrufhtehshorterwavelengths, this

Is caused by the blue shift of the gain spectra at higheecdensitiesExamples of the
RF spectrum, AC trace and optical spectrum at the fixed injected cutkgrt4# mA)

are presented on Fig. 2 (blrig. 2 €) shows a map of height of RF peak (in dB) at the
fundamental frequency over the low frequency nase function ofsp; and \ia The
main gray area indicates the presence of RF peak. Since the injected currents were
relatively low the signal to noise rataf the RF analyzer plays a role and therefore RF
peak heights don't exceed 40 dBhe maxinum observed RF height over the noise
floor is 41 dB. Fig.2(d) shows a map of the full width at half maximum (FWHM) of
the optical spectral width. The maxiam observed FWHM is 8.5 nm.

Summary

The ring geometry passively motieked laser realized as a PIC fabricated withia
OclaroInP generic technologhas been demonstrated. The méming regime over
range of the operating conditions was observed. The outmal $eatures a FWHM of
8.5 nm and a minimum pulse width of 3.8 ps.
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