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Bandwidth.limited pícosecond pulse generation Ín an actively
mode.locked GaAs laser with intracavíty chirp compensatíon
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A Gires-Tournois interferometer has been applied for intracavity chirp compensation of an actively mode-locked
GaAs laser. Fourier-transform-limited pulses as short as 4.6 psec have been obtained at 790 nm.

Mode locking of semiconductor lasers in an external
cavity is an attractive technique for the generation of
picosecond optical pulses for optical-communication
and data-processing systems. Active mode locking is
accomplished by microwave current or pulse current
injection if the frequency is matched to the photon
round-trip time within the external resonator. Typi-
cal values for the pulse width in the range of 5.3-30
psec have been reported.l-5 In addition to the pulse
width, the spectral width of the mode-Iocked pulses is
of importance if , e.g., application in coherent-optical-
communication systems is considered. The character-
izatíon of a mode-locked pulse therefore requires sí-
multaneous analysis of the temporal and spectral
shapes of the emission. If the pulses are totally coher-
ent, which provides the minimum spectral width for a
given pulse width, the time-bandwidth product varíes
between 0.11 and 0.44,6 depending on the pulse profile.
Many efforts to reduce the pulse duration of mode-
locked semiconductor lasers reveal the difficulties in
approachíng the Fourier-transform limit. This is
partly because the spectrum often exhibits a dístinct
substructure reflecting the gain modulation by the
Fabry-Perot interference' pattern of the short-diode
crystal.T The pulse duration attainable from such a
modulated spectrum is limited by the width of the
individual Fabry-Perot mode, according to the rules ,

of Fourier transformation. The excessive bandwidth
generates only substructure below the pulse envelope
but cannot be utilized for pulse shortening. Suppres-
sion of the mode structure caused by the short crystal
can be accomplished by antíreflection (AR) coatings,8
by ínsertion of narrow-band étalons into the external
resonator,a or by fabrication of diodes with the active
stripe tilted with respect to the crystal faces.2

In additíon to this unwanted multimode structure,
diode lasers emitting pulses in the picosecond time
regime usually exhibit spectral broadening of the
modes comparable with the longitudinal mode spacing
of the semiconductor crystal. This dynamic broaden-
ing (chirp) is explained by the carríer-density depen.
dence of the refractive index.e'lo

If the laser is operating close to the gain maximum,
the refractive-index change associated with the emis-
sion of a pulse is dominated by the decrease of the
carrier concentration, causing an increase of the re-
fractive index and hence a red shift of the emission
(downchirp).

The recent progress in the generation of optical
pulses well below 100-fsec duration from colliding-
pulse mode-locked ring dye lasers has demonstrated
the potential of optical devices with tunable group-
velocity dispersion for pulse compression. By em-
ploying intracavity frequency-chirp compensation,
pulses as short as 27 fsec have been realized.ll

In this Letter we report on intracavity chirp com-
pensation of an actively mode-Iocked GaAs/AlGaAs
laser using thin Gires-Tournois interferometers
(GTI's). We showed in a previous paperl2 that the
pulse duration of a mode-locked GaAs laser can be
considerably reduced if the emission wavelength is
tuned from the gain maximum to higher photon ener-
gies. Combining operation at the short-wavelength
edge of the emission spectrum and chirp compensa-
tion, we have now succeeded in generating pulses as
short as 4.6 psec at 790 nm. The time-bandwidth
product of 0.13 is very close to the Fourier-transform
limit for pulses with a single-sided exponential profile.

The experimental setup, depicted in Fig. 1, is based
on the conventional configuration for active mode
locking of semiconductor lasers. Many details have
already been described in Ref. 12. The diode is an
index-guided buried-heterostructure laser (Hitachi
3400) temperature stabilized to 20oC. For the present
experiments the external optical resonator includes
the GTI13 and an additional t00Vo mirror adjusted
parallel to each other and mounted on a common turn-
table for angle tuning of the group-velocity dispersion
and an interference filter for wavelength tuning.

The ínterferometer is fabricated by covering the
front and back surfaces of a 300-pm solid quartz étalon
wíth dielectric mirrors of 30 and 100% reflectivity,
respectively. Small angles of incidence onto the rela-
tively thick étalon are necessary for sufficient spectral
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Fig. 1. Experimental setup of the diode laser cavity with
internal chirp compensation.

selectivity to be achieved. The antireflection coating
on the cleaved diode-Iaser surface facing the external
cavity has a residual reflectivity of <2 x L0-4.14 The
cw threshold of the entire laser setup amounts to 18.5
mA at the gain maximum (X = 823 nm) and increases
to 50 mA if the interference filter is tuned to the short-
wavelength limit. The diode is prebíased by a dc
current well below threshold with short electrical
pulses from a comb generator (duration 130 psec, repe-
tition rate 80 MHz) superimposed in order to produce
the rapid gain modulation above the threshold level.

The mode-locked laser output is spectrally analyzed
by a l-m double-grating monochromator with a reso-
lution of 0.1 cm-1. Depending on the pulse duration,
either a synchroscan streak camera (resolution 10
psec) or autocorrelation techníques utílizing second-
harmonic generation (SHG) in a 15-mm-Iong LiIO3
crystal have been employed for measurements of the
pulse width.

Fígure 2 displays the SHG autocorrelation trace to-
gether with the spectrum for the shortest pulses pro-
duced at 791 nm. In this particular case the diode is
biased with 3.5-mA dc current with pulses of 280-mA
peak amplitude superimposed. The carrier density is
estimated to be -4 X 1018 cm-3 at this strong pumping
level, resulting in considerable band filling, which is
required for laser operation at this high photon ener-
gy. The average output power is 160 pW. Small
cavity-length changes of *10 pm from the optimum
value lead to easily detectable broadening of the auto-
correlation trace. Thus the sensitivity to cavity de-
tuning is comparable with that of the synchronously
pumped dye laser.l5

The strikingly broad wings of the correlation func-
tion suggest the assumption of a single-sided exponen-
tial pulse profile. This assumptíon is confirmed by
the exponential slope of the trace, as demonstrated by
the logarithmic plot of SHG intensity shown in the
ínset. The autocorrelation trace for a single-sided
exponential pulse shape (FWHM = ttz) is given by
I(At) - exp[-(ln 2)At/tuzf.6 Deconvolution of the
autocorrelation trace in Fig. 2 thus yields a pulse dura-
tion (FWHM) of 4.6 psec. The corresponding emis-
sion spectrum of the mode-locked pulses is also shown
in Fíg. 2. The spectrum is appreciably narrower than
the transmission band of the interference filter and is
determined by the overlap of the filter transmission
and (toward shorter wavelengths) the sharply decreas-
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ing gain profile. The spectral width of the emission is
0.06 nm, and thus the time-bandwidth product is 0.13,
which is very close to the transform-limited value of
0.11.6 Significant pulse shortening for increasing
photon energy and a highly asyrnmetric pulse shape
(in particular, pulses with a rise time much slower than
the fall time) were observed previously at the high-
energy edge of the stimulated emission from semicon-
ductor lasers pumped by subpicosecond optical
pulses.16 In addition, these authors show that the
unusual pulse shape is predicted by a rate-equation
model including the dynamics in the hot-electron and
hole-energy distributions. Pulse shortening is a di-
rect consequence of the short lífetime of transient gain
for photon energies far above the band gap because of
the rapid decrease of the Fermi level.

The influence of intracavity chirp compensation is
illustrated in Fig. 3. The measured FWHM of the
intensity autocorrelation trace is plotted versus the
angle of incidence of the intracavity beam onto the
GTI. The solid line represents the calculated group-
velocity dispersion of the interferometer, which can be
varíed continuously between *8 psec/THz by angle
tuning. The dots correspond to measured pulse
widths with the laser wavelength fixed at 790 nm.
The dashed line connects the data points for better
visualization. The laser cavity length was optimized
for each measurement to eliminate unavoidable varia-
tions of the cavity length due to tuning of the GTI.
The shortest pulses are obtained if the GTI provides
positive group-velocity dispersion, as expected for a
downchirped pulse. If the dispersion is tuned to zero,
an increase of the pulse duration by about 20Vo occtJrs.
Negative group-velocity dispersion leads to remark-
able pulse stretching.

Attempts to apply the same intracavity pulse-com-
pression technique for shortening of pulses at the gain
maximum failed. We attribute thís negative result to
the fact that the 20-psec pulse duration at the gain
maximum is determined mainly by the long time per-
sistence of the gain at lower photon energies. This
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. Fig. 2. Intensity autocorrelation function and spectrum of
mode-locked pulses at 790 nm.
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Fig. 3. Group-velocity dispersion (solid line) of the intraca-
vity GTI and measured full width at half-maximum of the
intensity autocorrelation trace (dots) versus angle of inci-
dence.

effect is a consequence of the carrier dynamics in-
duced by recombination heating of the electron-hole
plasma during lasíng.16 Compared to this process' the
contributíons of chírpíng associated with the refrac-
tive-index modulation during gain depletion seem to
be of minor importance for pulse broadening at the
gain maximum.

In conclusion, we have demonstrated the generation
of bandwidth-limited optícal pulses as short as 4.6
psec from an actively mode-locked buried-hetero-
structure GaAs/AlGaAs laser by tuning the wave-
length to the high-energy edge of the gain spectrum
and applying GTf's for intracavity chirp compensa-
tion.

Note added in proof: After submission of the
manuscript of this Letter, it was brought to our atten-
tion that R. S. Putnam and M. M. Salourl? have also

applied interferometers for intracavity p,tl." compres-
sion of mode-locked semiconductor lasers.

* On leave from the Research Institute for Techni-
cal Physics of the Hungarian Academy of Sciences, H-
1325 Budapest, Hungary.
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