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Abstract—By using the technique of quantum-well intermixing at the interface. The particular intermixing technique used,
(QWI), monolithically integrated passive, and active waveguides jmpurity free vacancy disordering (IFVD), allows controlled

can be fabricated. It is shown that mode-locked extended cavity 4 reproducible blue shifts in the QW bandgaps. The sample
semiconductor lasers with integrated low-loss passive waveguides. lated by dielectri ; Sid h d
display superior performance to devices in which the entire IS encapsulate y dielectrics, using o1t enhance an

waveguide is active: the threshold current is a factor of 3-5 lower, Phosphorus doped SiO(P:Si0;) to suppress disordering,
the pulsewidth is reduced from 10.2 ps in the all active laser to followed by rapid thermal annealing (RTA) of the sample.

3.5 ps in the extended cavity device and there is a decrease in theThe SiQ, is porous to out-diffusion of Ga atoms, so generating
free-running jitter level from 15 to 6 ps (10 kHz-10 MHz). group IIl vacancies which results in diffusion of Al atoms from
Index Terms—ntegrated optics, mode-locked lasers, pulse gen- the barrier to the well and hence a widening of the material
eration, quantum-well lasers, semiconductor lasers. bandgap. QWI is suppressed in the active regions because the
P:SiQ, is impermeable to Ga atoms [4].

I. INTRODUCTION

HE ABILITY to generate short optical pulses using semi-
conductor lasers is crucial for high bit-rate optical sys- Il DEVICE CONSTRUCTION AND FABRICATION

tems. There are various techniques for short pulse generatiorRidge waveguides 3.xm wide and 0.8m deep were
but passive modelocking (ML) generates the shortest opti¢abricated using a self aligned reactive ion etching (RIE)
pulses, and is achieved simply by introducing a saturaltechnique [4]. For the experimental work of this letter, a 5-
absorber into the laser cavity. Monolithic semiconductor lasemsm-long AAL and a 4-mm-long ECL were studied, the former
working at frequencies of 10-30 GHz have recently attractegbrking at around 8 GHz and the latter at around 10 GHz.
considerable attention but very long cavitigs millimeters) The AAL had a 491Q:m-long gain section and an §om-
are required to achieved such “low” repetition rates. Sevelahg saturable absorber, and the ECL had a gaBlong gain
device constructions have been studied [1], [2]; in this lettesection, a 5Q:m-long saturable absorber and a 3508-long
we report the improvements obtained when usingended extended cavity, as shown in Fig. 1. To assist construction
cavity mode-locked semiconductor las€isCL), made by optimization, we performed numerical simulations using a
quantum-well intermixing (QWI) instead dfll-active mode- distributed time-domain model [5], taking into account gain
locked semiconductor lase(&\AL). and group-velocity dispersion, self-phase modulation (with

The AAL configuration is simple to fabricate but, as willgain section linewidth enhancement factor 4.0) and fast gain,
be shown in the following sections, has some drawbackbsorption and refractive index nonlinearities. The simulations
in comparison with the ECL such as emission of broaderedicted that ECL lasers with shorter absorber sections than
pulses and self-pulsations behavior [3]. The passive sectitiwse used in experiment (3@m) may not reach complete
of the ECL was fabricated using an initial QWI step to wideML, whereas longer absorber sections (7®) lead to very
selectively the bandgap of the extended cavity [4] giving strong self-pulsing modulation up to currents 2.5-3 times
low-loss passive waveguide section. This fabrication technigabove threshold. Although the simulated situation for the AAL
is much easier and has a higher yield than those involvimgas similar, devices fabricated with 10-, 20-, 30-, and 50-
material regrowth [2]. Furthermore, the use of QWI ensurgan-long saturable absorbers did not show well developed
perfect alignment between the active and passive sectidnk, and therefore an 8@m-long absorber was used. Thus,
of the device and results in a negligibly small reflectioboth configurations were optimized in the sense that they

were fabricated with the minimum saturable absorber length
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(b) Fig. 2. Temporal measurements from the AAL (a) and ECL (c), and auto-

Fig. 1. Diagram of the (a) All-active mode-locked semiconductor laser. (

%rrelation data and fittedtraces and fitting curves for the AAL (b) and ECL
Extended cavity mode-locked semiconductor laser. ().

Ill. EXPERIMENTAL RESULTS

ty (a-}l-)

From the light versus currentL{I) characteristics, taken
under pulsed excitation with the saturable absorber floating,
the threshold current for the ECL was 32 mA, less than a =|
third of that of the AAL which was 105 mA. The increase in
threshold current under CW operation, due to heating effects,
was less than 10% in both casds-I characteristics of the @)
ECL were very similar when measured from the active or
from the passive end of the laser, which indicates that the _
passive waveguide losses are very low [4]. With both sections 3|
forward biased, the ECL threshold current was reduced to 18z
mA, and the AAL threshold current only to 100 mA, more §
than five times that of the ECL.
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Besides the improvement in threshold current, using the g33 854 256 858 862
optimized ECL construction eliminates self-pulsations (SP) Wavelength (nm)
regimes accompanying ML. Depending on the negative bias (0)

on the absorber and the current in the gain section, the A&lg. 3. Lasing spectra: Spectral measurements taken with (a) measured with
i iati i i ich i saturable absorber floating; (b) measured with the saturable absorber

operated in several distinct dynamlcal regimes, which mcludggerse d biased from the AAL 4 Ith = 2.0 (upper graph) and ECL at

pure ML, pure SP, an.d. ML (?Omb'ned with a deep SP enveloper, — 2.9 (lower graph) and; (c) simulated at the same bias.

[3]. For all bias conditions investigated, the ECL showed no

SP modulation of the ML pulse train. _ ) ] o _
Fig. 2 shows temporal measurements taken with a hig'i'?—e dispersive effects (gain and group velocity dispersion) that

speed streak camera, and autocorrelation data with fitepaden the ML pulse are much stronger in the active parts
curves. Fig. 2(a), measured from the 5-mm-long AAL, depic® the cavity.

a ML pulse train at approximately 8 GHz, while Fig. 2(c), Fluctuations in mode-locked lasers include variations in
measured from the 4-mm-long ECL, shows a ML pulse trafpoth pulse intensity and pulse timing. Carrier density fluctua-
at around 10 GHz. Although not resolved by the streak camefi@ns modulate the round-trip time for the optical pulses inside
the ECL pulse width varied from 3.5 to 6.5 ps (FWHM assunthe laser cavity, and cause jitter in ML devices. The root-
ing hyperbolic secant square shape), depending on the biaditggn-square (rms) timing jitter, under continuous-wave (CW)
conditions, while the AAL pulsewidth varied from 10.2 to 13.8peration, was estimated by the frequency-domain technique
ps, again depending on the biasing conditions. The pulsewid@. The AAL jitter (10 kHz—10 MHz) was found to be around
was measured with a two-photon absorption semiconducfdr ps, while the ECL jitter (10 kHz-10 MHz) was just 6
waveguide autocorrelator [6], which is sensitive enough fes. The ECL shows the expected reduction in jitter levels
allow us to acquire autocorrelation measurements under putgedicted by Dericksost al.[7]. The jitter levels are larger for
excitation, Fig. 2(b) and (d). The decrease in the pulsewiddfi-active waveguide configurations than for extended cavity
in the ECL as opposed to the AAL is expected since all theonfigurations due to the fact that, for similar carrier density
nonlinear phenomena (slow and fast gain saturation) and laNels in each active waveguide, the phase noise level will be
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TABLE |
Active section ML TThreshold  Pulse Time- Timing jitter  Wavelength
length (mm)  frequency (mA)  FWHM  bandwidth (ps) ()
(Gllz) s product
AAL[7] 61 55 116 10 4 12.5 (150 kHiz- 085
50 MHz)
Lixternal 05 5 13 25 18 12.2 (1.5 kHz- 085
cavity |7] 50 MHz)
ECIL[2] 065 8.6 50 5.5 7 1.55
Our AAL 5 7.6 105 10 7 1510 kHz- 0.86
10 Miiz)
Our ECL 05 93 18 35 25 6 (10 kilz- 0.86

10 Milz)
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reported monolithically integrated Fabry—Perot constructions.
Only external cavity constructions have shown better ML
parameters, however external cavity constructions have major
disadvantages, such as mechanical instabilities and difficulties
in eliminating secondary pulses.

IV. CONCLUSION

We have reported the fabrication of mode-locked semicon-
ductor lasers with active and passive waveguides. By using the

larger in the AAL than in the ECL roughly by the ratio of thelFVD technique to fabricate the low-loss waveguide, the ECL
active waveguide lengths, the former being 5 mm long amde simple to make. Improvements over the AAL are seen in
the latter being 50Q:m long.
Optical spectra were taken with an optical spectrum analyzbe time-bandwidth product, resulting in a set of mode-locking

with a resolution of 0.1 nm. Fig. 3 shows spectra takgparameters which is, to the best of our knowledge, the best
from the AAL and ECL when (a) the saturable absorber washieved so far with a monolithic Fabry—Perot diode laser at
not biased and (b) the devices were mode-locked. For ba#petition frequencies around 10 GHz.

constructions, the optical spectra suffer a shift of more than 2

nm to longer wavelengths when the laser in ML, become very
asymmetric and the spectral width changes from 0.4 nm at zef

terms of the threshold current, pulsewidth, timing jitter, and
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