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Abstract

We report the observed self-modulation phenomena in an external-cavity semiconductor laser, in which a slant
ridge-loading waveguide was formed for the gain medium. A region beside the ridge at a cleaved end of the waveguide
served as a saturable absorber for self-modulation. Under different conditions of injection current and cavity alignment, we
observed three laser operation regimes, including pure cw oscillation, constant-amplitude pulse-like signal on the top of a cw
component, and amplitude-modulated pulse-like signal coexistent with a cw component. The amplitude modulation
phenomenon is different from the previously reported concurrence of mode-locking and self-pulsation. A model was
proposed to explain the observed results. q 2000 Published by Elsevier Science B.V. All rights reserved.
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Pulsed signal generation from a laser, particularly
from a semiconductor laser, is crucially important for
high-speed optical communications. In semiconduc-
tor lasers, short pulse generation can be implemented
through gain switching, mode-locking, and the com-
bination of the last two methods with the fiber

w xtechnology 1,2 . Although active mode-locking or
hybrid mode-locking leads to more stable pulse trains
w x3–5 , passive mode-locking bears the advantage of
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w xsimplicity 6,7 . The most commonly used mode-
locking mechanism for semiconductor laser is ab-
sorption saturation. The interplay of absorption satu-
ration in the section of saturable absorber and gain
saturation in the section of gain medium can result in
the generation of picosecond or shorter pulses. In a
semiconductor laser system with a saturable ab-
sorber, besides passive mode-locking, self-pulsation

w xwas commonly observed 8 . Self-pulsation in semi-
conductor lasers is similar to passive Q-switching in
solid-state lasers. In this mechanism, pulsed laser is
generated during absorption saturation of the sat-
urable absorber. Laser is self-switched off when
carriers relax and absorption resumes. Because both
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are induced by absorption saturation in the saturable
absorber, passive mode-locking and self-pulsation
can usually observed simultaneously in a semicon-

w xductor laser with a saturable absorber 8,9 . In such a
situation, the amplitude of the mode-locked pulse
train is modulated, similar to the output of an ac-
tively Q-switched, passively mode-locked Nd:YAG
laser. Such phenomena were observed in a multiple-
section semiconductor laser. They were also ob-
served in a semiconductor laser without designated
saturable absorber. In this situation, the regions on
the two sides of the ridge-loading waveguides, which
receive fewer injection carriers, serve as the sat-

w xurable absorbers 10 .
In this paper, we report our results of self-modula-

tion of an external-cavity semiconductor laser. In this
laser system, pulse-like signals are accompanied with
cw components. Carrier concentration evolution in
an unintentional saturable absorber leads to the alter-
nating dominance between the pulse-like signal and
the cw component. This phenomenon is different
from the aforementioned Q-switched mode-locking
case as reported previously. Instead, what we ob-
served represents the self-modulation of the pulse-like
signal generation mechanism. It is related to the
competition between the pulse-like and cw compo-
nents. In the discussions below, a model will be
proposed to explain the observed phenomena.

Fig. 1 shows the layout of the external-cavity
semiconductor laser, in which the semiconductor

Ž .optical amplifier SOA was fabricated with an epi-
taxial structure of GaAsrAlGaAs multiple quantum

Žwells three GaAs wells of 6.5 nm in thickness and
.two Al Ga As barriers of 20 nm in thickness0.25 0.75

Fig. 1. Layout of the external-cavity semiconductor laser. SOA:
semiconductor optical amplifier; Ob1 and Ob2: collimating objec-
tives; OSA: optical spectrum analyzer; BS: beam splitter; OSC.:
oscilloscope.

Fig. 2. L-I curve under a set of alignment condition. Three laser
operation regimes can be identified.

with the gain peak near 840 nm. The quantum well
layers were sandwiched by 0.1 mm intrinsic
Al Ga As separate confinement layer on each0.25 0.75

side. The prn-type Al Ga As claddings were 1.60.4 0.6

mm in thickness. On the top, a p-type GaAs layer of
0.1 mm was grown for protection. A slant ridge-load-
ing waveguide of 4 mm in width was formed with an
angle of 12 degrees between the waveguide axis and
the normal of the cleaved facet. This angle was
designed to reduce the end-facet reflectivity down
below 10y6 so that multiple-reflection would not
occur in the external-cavity laser. The ridge-loading
waveguide was formed by etching a depth of about 1
mm. The lengths of the external cavities on the two
sides could be arbitrarily chosen.

A set of L-I data is shown in Fig. 2, from which
the threshold current at 55 mA can be seen. With the
injection current between 55 and 115 mA, pure cw
laser output was observed. After the kink around 115
mA, pulse-like trains were observed. At a fixed
injection current between 115 and 135 mA, the
pulse-like train has a constant amplitude, accompa-
nied with a constant cw component. However, be-
yond 135 mA self-modulation of the pulse-like com-
ponent could be observed. Note that the transitions
between the three regimes were not abrupt. The
aforementioned current values for dividing the three
regimes are the estimated values. Fig. 3 shows a
pulse-like train of constant pulse and cw components
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Fig. 3. A steady pulse-like train in the situation of constant-ampli-
tude pulse-like and cw components coexistent.

when the injection current is 125 mA. The pulse-like
repetition rate at 150 MHz is the same as the free
spectral range of the resonance cavity, whose length
is 100 cm in this case. Hence, the pulse-like signal
generation can be attributed to mode-locking or
mode-beating. Unfortunately, no autocorrelation trace
was obtained for confirming mode-locking. The

Ž .nearly sinusoidal pattern actually not sinusoidal can
be attributed to the slow responses of the used

Ž .photodetector 200 ps response time and oscillo-
Ž .scope 500 MHz . Fig. 4 shows a result of amplitude

modulation of the pulse-like component when the
injection current is increased to 153 mA. Here, one
can see that the pulse-like component is modulated
with a frequency of about 20 MHz. This modulation

w xis different from those previously reported 11 . Pre-
viously, amplitude modulations with lower frequen-
cies of pulses were reported. However, the result
shown in Fig. 4 describes the periodical dominance
of the pulse-like and cw components.

In Fig. 5, three curves are plotted for the output
spectra recorded when the injection current was 111
Ž . Žpure cw output , 125 constant-amplitude pulse-like

. Žand cw components coexistent , and 153 mA mod-
.ulated pulse-like and cw components coexistent ,

respectively. One can first notice the well-known
trend of red-shift with increasing injection current.

Also, the spectrum is broadened when the pulse-like
component appears. The secondary humps here may
contribute to the cw components. Note that the pri-
mary humps have a width of about 3 nm. Since the
cavity length of 1-m in order of magnitude corre-
sponds to a modal spacing of a few tenths of pm,
more than 10 000 modes exist in the laser output.

The observed phenomena can be explained with
the model shown in Fig. 6, in which the possible
light beam end-fire coupling scenarios into the slant
ridge-loading waveguide are depicted. It is noted that
with our 40= objectives for focusing the feedback
light beam, the focal spot size cannot be smaller than
20 mm. Therefore, the 4 mm wide guiding region of
the waveguide cannot accept all the incoming power.
The shaded ellipse in the figure represents the fo-
cused light spot, which distributes part of power
outside the ridge-loading region. This region, de-
noted by SA, can serve as a saturable absorber for

Žthis part of power before it eventually at least
.partially couples into the waveguide for gain. In

other words, this laser system consists of two simul-
taneous oscillating components. The part of power

Ždirectly coupled into the ridge-loading region de-
.noted by A oscillates to produce the cw component.

On the other hand, the oscillation of the part coupled
into the SA region is responsible for the pulse-like

Fig. 4. A pulse-like train in the situation of modulated pulse-like
and cw components coexistent.
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Fig. 5. Spectra of three laser outputs corresponding to the three
laser operation regimes.

component. These two components may compete for
dominating the laser oscillation. In the injection cur-
rent range between 115 and 135 mA, a balance is
reached. However, as the current increases, more
carrier supply leads to the possibility of complete
absorption saturation in the SA region. When absorp-
tion in the SA region is deeply saturated, the pulse-
like signal generation mechanism is suppressed, lead-
ing to a stronger cw component. After carriers are
relaxed, this mechanism resumes its operation. Such
a periodical process results in the modulated pulse-
like signal as shown in Fig. 4. A close look at the
modulation in Fig. 4 reveals the relatively faster
recovery of the pulse-like signal generation mecha-
nism, compared with its decay. This indicates that
carrier relaxation in the SA region may be faster than
band filling. Since the modulation frequency is at the
order of few tens MHz, carrier dynamics involved in
the aforementioned process may be related to carrier
diffusion besides carrier recombination. However,
this claim requires further confirmation.

From the discussions above, one can see that the
laser operation is determined by the location and size
of the feedback light beam. Meanwhile, they are
controlled by the orientations of the end mirror and
output coupler and the positions of the two collimat-
ing objectives. The variation of alignment conditions
results in various modulation results. In one of the
tests, we fixed the light beam location in the direc-

tion of material growth and moved the beam later-
ally. Under the condition of a fixed injection current,
we observed the consecutive results of no laser, pure
cw laser, constant-amplitude pulse-like and cw com-
ponents coexistent, modulated pulse-like and cw
components coexistent, and no laser again as the
feedback light beam moved from the bottom to top
in Fig. 6. Such variations of laser output assure the
validity of the proposed model. We also varied the

Žratio of the lengths of the two external cavities fixed
.total cavity length and found no significant changes

of the results in pulse-like repetition rate and modu-
lation frequency. This excludes the possible mecha-
nism of pulse colliding in our laser system. Recently,
stable mode-locked pulses from a ring-configuration
external-cavity semiconductor laser with a slant ridge

w xwaveguide were observed 12 . The mode-locking
mechanism was proposed to be self-bending at the
edge of the slant waveguide. However, our results
cannot be attributed to self-bending since no pulse-
like results were observed when we replaced ridge-

Žloading waveguides with ridge waveguides etching
.depth 1.8 mm . In other words, when we etched

away the active layer in the regions outside the
Ž .waveguide to form a ridge waveguide , only cw

laser could be implemented. In this situation, pulse-
like signals and their self-modulation could not be
observed.

In summary, we have observed self-modulation of
pulse-like signal generation mechanism in an exter-
nal-cavity semiconductor laser. The regions outside
the ridge at the cleaved ends of the slant ridge-load-
ing waveguide served as saturable absorbers for
pulse-like signal generation and self modulation.

Fig. 6. Model used to explain the self-modulation of the pulse-like
signal generation mechanism. SA: saturable absorber region; A:
active region with gain.
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With different laser system conditions, including in-
jection current and cavity alignment, three laser op-
eration regimes could be realized. They included
pure cw oscillation, constant-amplitude pulse-like and
cw components coexistent, and modulated pulse-like
and cw components coexistent. A model based on
the variation of feedback beam coupling situation
was proposed to explain well the observed phenom-
ena. Although we could not assure whether mode-
locking was achieved so far, we did observe the
novel phenomena of self-modulation of pulse-like
signal generation mechanism. Further investigations
include the improvement of the laser system and the
measurement arrangement for assuring mode-lock-
ing. A better control of the light beam coupling into
the waveguide for suppressing the cw component is
also interesting.
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