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Active mode locking is reported for a 1.58m semiconductor laser with a curved waveguide and
passive mode expander, placed in a wavelength tunable external cavity. One facet with a very low
reflectivity of 8x 10 is achieved through a curved active region that tapers into an underlying
passive waveguide, thus expanding the mode to give reduced divergence. 10 GHz pulses of 3.1 ps
duration have been generated, with a linewidth of 0.81 nm.2@®3 American Institute of Physics.
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A variety of applications ranging from optical communi- tapers down towards this facet to allow the guided mode to
cations to radar systems require picosecond optical pulses expand into an underlying passive wavegufideis further
high repetition rates. Active mode locking is one techniquereduces the reflectivity due to the smaller divergence of the
used to generate such pulses from semiconductor lasers lexpanded mode, while also enhancing the coupling effi-
applying a rf drive current at a frequency matching theciency and relaxing alignment tolerances out into the exter-
roundtrip of the laser cavity. The cavity lengths of conven-nal cavity? The resulting inner facet reflectivity has been
tional semiconductor lasers are typically a few hundreds ofeported to be 8< 1078, while the outer facet maintains a
microns, leading to roundtrip frequencies of the order of 100conventional reflectivity of approximately 0.3. The features
GHz. Placing a device in an external cavity system is onéf very low reflectivity at only one facet and an expanded
option to reduce these roundtrip frequencies to the order ohode waveguide make the device ideal for use in an external
gigahertz for applications in present-day optical communicaCavity setup.
tions systems. Mode locking of external cavity lasers is a  The semiconductor structure is approximately 1 mm in
well-established technique, with picosecond and subpicosed¢ength and has a buried heterostructure design. Figlae 1
ond pulses being achievéd. shows its active layer, with eight quantum wells of

When using an external cavity configuration it is desir-N0.s458.16AS0 662032 at 70 A thickness, straineé 1% with
able to have h|gh reﬂectivity at the Output facet of the Semi_respect to the InP substrate. The barriers are 140'A'th|Ck 1.3

conductor laser while maintaining very low reflectivity at its #M INGaAsP with a strain of-0.5%, and at the top and
inner facet to couple to the external cavity. With imperfectbottom of the active region is a 100-A-thick separate con-
antireflection coatings at this facet, multiple pulses are genfinément heterostructu(&CH) of the same composition and

erated at the semiconductor laser roundtrip frequéfithese  Strain as the barriers. _ _ .
additional pulses are undesirable for most applications, and N Fig- 1(b) a schematic top-view diagram of the chip is
also deplete the power of the primary pulse. An inner facef0Wn. displaying the curved and tapered active layer. The

reflectivity of 10°* is often quotetias a minimum value for ChIP Pegins with a 30qum untapered active section of 1.2

satisfactory mode locking operation, but facet reflectivities™ width that curves to a final angle of 10°. Next a 4o

of the order of 10° are needed to more completely suppress"’mt've section tapers down to a width of 0.4, and the

the formation of subpulsés guided mode expands into the underlying passive waveguide
Semiconductor lasers with angled facets have a reduceoe; ’Lr: ;n q \;V(;ditr?c.r-ergsedtmelgsslgrnz ?;[ ts?se F;gsr?:\;fd?l#]dai c?frzn
reflectivity due to the reduction in overlap between the re- 9 b

flected light and the guided mode, and have been modgptl.caI fiber, while the active tape_r length IS optlml_zed for
. . . rinimal loss between the two sectichsThe final section of
locked in the past.So too have devices with a curved or

“bent” waveguide to realize both high and low reflectivity 250 um is purely passive and allows the expanded mode to

. stabilize.
facets on the same devit&here has also been mode lock-

. f d de | ith ¢ d acti The device is situated in an external cavity formed be-
g o 7".’1 curved waveguide faser with a tapered aclivg, oo, the conventional facet of the semiconductor laser and
region; in this case the active region increased in width to

: ] . ) a moveable grating. The grating selects a small group of
give higher powers due to multimode operation. g g g g group

; : X modes for amplification through the semiconductor and sub-
This letter presents the active mode locking of a 1.55

) ) , sequent mode locking, and may be tuned through a wave-
um semiconductor laser with a curved waveguide to reduc?ength range of approximately 30 nm. An antireflection-

the reflectivity at only one facet, and an active region that.oated ball lens is used to couple the light from the low
reflectivity facet out into the external cavity, and a tapered
dElectronic mail: craig@williamson.name fiber is brought up to the outer semiconductor facet to moni-
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300 pm 450 ym 250 ym FIG. 2. Results of active mode locking at 10 GHa) Autocorrelation
untapered tapered passive functions for uncompressed and compressed pulses, relating to symmetric
active active two-sided exponential pulses of pulse widths 6.1 and 3.1 ps, respecttvely.

Spectrum of the mode locked pulses showing mode spacing due to the 10
FIG. 1. Structure of the semiconductor laser used in the active mode lockin@Hz driving frequency and the 2.5 GHz cavity length.
experiments(a) Composition of the active regioitb) Top-view schematic
showing the curved and tapered active region.

single pulses with an autocorrelation function full width at
) ] half maximum(FWHM) of 14.8 ps were obtained, without
tor the light output from the external cavity systefn. any visible subpulses. Through the nonoptimized compres-
~ Abatch of five identical devices has been mode lockedsion, this was reduced to 7.5 ps. The autocorrelation func-
using a cavity frequency of 2.5 GHz, corresponding t0 anjons most closely match those given by symmetric two-
external cavity length of approximately 5.6 cm. The setupgjgeq exponential actual pulse shapes. Under this
was mode locked in fundamental operation at 2.5 GHz, andssumption, the actual pulse widths were 6.1 and 3.1 ps for
also in harmonic operation at 10 GHz. The results obtaineghe uncompressed and compressed pulses, respectively.
with each of the devices were comparable within the experi- Figure 2b) shows the spectrum obtained from these
mental uncertainties, and the results of a typical device Wi”pulses. The smaller mode spacing corresponds to 2.5 GHz as
now be discussed. rf powers were the maximum availableietermined by the cavity length, while the spacing of the
from the equipment, with 35 dBm at 2.5 GHestimated to  sharper mode spikes relates to the 10 GHz driving rf fre-
be around 170 mA and 30 dBm at 10 GHeapproximately  quency. The FWHM linewidth was measured to be 0.81 nm,
56 mA). A higher dc biag50 mA) was required for satisfac- giving time-bandwidth products that were 4.4 and 2.2 times
tory mode locking performance at 10 GHz to compensate fothe transform limit for the uncompressed and compressed
the reduced rf power, as compared with 30 mA for 2.5 GHz pulses, respectively. Coupled average powers were limited to
Due to the linear red chirp created in the active modethe microwatt range due to the manual fiber alignment at the
locking process by the variation in refractive index with car-output facet. The picosecond pulsewidths, subnanometer
rier density*? it is possible to compress pulses by the intro- linewidth, and wavelength tuning capability makes this setup
duction of a length of optical fiber with negative dispersion.a candidate source for a multiwavelength optical time divi-
The compression of pulses has not been optimized, but resion multiplexed(OTDM) communications system.

sults with a 100 m length of fiber with a dispersion-690.6 When mode locking at 2.5 GHz, there were no subpulses
ps/nm/km at 1550 nm are given to demonstrate that theisible once again. An uncompressed autocorrelation width
pulses can indeed be compressed. of 12.5 ps was obtained, which was compressed to 6.9 ps

Figure 2a) shows autocorrelation functions of the mode with use of the dispersion compensating fiber. Again match-
locked pulses obtained at 10 GHz. Without compressioning to symmetric two-sided exponential pulse shapes, this
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