1. INTRODUCTION
High-power semiconductor lasers are key devices in tele-
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We report on the observation of spatiotemporal dynamics on picosecond time scales for an antireflection-coated
ridge waveguide laser diode that is only 5 um wide. Depending on the applied current, three dynamic regimes
can be distinguished, showing the transition from regular to irregular spatiotemporal emission. We discuss
the underlying mechanisms and develop a comprehensive understanding of this dynamic behavior. First, for
moderate pumping, we find a typical relaxation oscillation behavior of the fundamental lateral mode. Second,
at intermediate current levels, we observe lateral high-frequency switching of the output intensity between the
left-hand and the right-hand parts of the active region. The switching frequency increases linearly with the
excitation current and is of the order of 10 GHz. We give evidence that this switching behavior results from
the coexistence and interaction of fundamental and first-order lateral modes that belong to different longitu-
dinal mode families. The observed dependence of the switching frequency on the bias current can be attrib-
uted to a change in the width of the emission profile. Third, at high pumping levels, irregular spatiotemporal
dynamics with the coexistence of low- and high-frequency spatial switching and temporal pulsations can be
found. Finally, the influence of waveguide design and consequences for applications are considered and dis-
cussed. © 1999 Optical Society of America [S0740-3224(99)01911-6]
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coupling. Several approaches have been developed to

calculate the optimum parameters of index-guided lasers
2,10-12

communication systems, e.g., for pumping of rare-earth-
doped fiber amplifiers. Therefore narrow aluminum-free
InGaAs ridge waveguide (RW) laser diodes emitting near
a 980-nm wavelength have been considered in recent
years to be one of the best candidates for use in such
systems.’™® Compared with the AlGaAs system, they are
less sensitive to catastrophic optical damage (COD) and
therefore have increased reliability, which is essential for
applications in public network systems and, particularly,
in submarine transmission cables. The waveguide de-
sign is crucial for attaining not only efficient fiber cou-
pling but also higher output power. One can achieve
higher output power by enlarging the width of the active
region. A width of ~10 um is regarded as the lower limit
above which higher-order lateral modes and even spa-
tiotemporal instabilities can occur. A detailed under-
standing of the spatiotemporal phenomena and of the rel-
evant mechanisms is imperative for improvement of
modern high-power semiconductor lasers. The best per-
formance of pump laser diodes requires that the active
area have the maximum width that will still guarantee
stable lateral single-mode operation to achieve good fiber
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(e.g., ridge lasers) for lateral single-mode behavior.
However, temporally and spatially resolved model calcu-
lations are necessary to describe the spatiotemporal dy-
namics of those semiconductor laser devices (see, e.g.,
Refs. 13 and 14).

Furthermore, such a transverse optical system is of
great current interest in the field of nonlinear dynamics
because of the formation of spatiotemporal patterns that
cover a variety of phenomena. In particular, broad-area
semiconductor lasers are important model systems for the
study of spatiotemporal dynamics with one relevant
transverse degree of freedom.’®2° Typical widths of
broad-area semiconductor lasers range from 10 to 500 um
with an emission power of as much as several watts.
However, because of the fast time scales of semiconductor
laser dynamics, only a few experimental investigations
with simultaneous temporal and spatial resolution have
been performed. The observed spatiotemporal instabili-
ties, which manifest themselves in irregular pulsing and
dynamic filamentation, have been explained by micro-
scopic model calculation as an interplay of self-focusing,
diffraction, and spatial hole burning.*>-%’
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In this paper we present experimental investigations
and numerical simulations of the spatially and tempo-
rally resolved near-field emission of aluminum-free RW
lasers with a ridge width of 5 um. The results that are
presented in this paper are interesting for two reasons.
Knowledge of the observed spatiotemporal dynamics is
imperative for the design of new laser structures because
these instabilities cause a deterioration in fiber coupling
of the emitted light intensity. Additionally, from the
nonlinear dynamic point of view, the threshold and the
phenomena at the onset of spatiotemporal instabilities
are of great relevance. We concentrate on the depen-
dence of the spatiotemporal behavior on the injection cur-
rent and develop a comprehensive understanding of the
underlying mechanisms by comparing the experimental
data and the results of a subsequent analysis that uses
methods from nonlinear dynamics with numerical model
calculations. For measurement of the near field on a pi-
cosecond time scale, we used a single-shot streak camera,
which has proved to be a valuable tool for the study of the
dynamic behavior of semiconductor lasers.*>=*721-22  our
simulations were carried out on the basis of laterally re-
solved rate equations. In what follows, we briefly de-
scribe the laser structure and laser performance and our
experimental setup. In Section 3 we discuss the ob-
served experimental and modeled spatiotemporal dynam-
ics of the near field at several pumping levels. We also
introduce and present results of eigenmode analysis.
This method is a powerful tool for nonlinear dynamics
that can be used to characterize the dynamics of spa-
tiotemporal systems. Finally, we discuss the observa-
tions with respect to pumping of rare-earth-doped fiber
amplifiers.

2. LASER STRUCTURE AND
EXPERIMENTAL SETUP

InGaAs lasers grown upon GaAs substrates have good
electrical and thermal conductivity! and a number of
properties that are superior to those of an AlGaAs system,
e.g., their low nonradiative surface recombination velocity
(<1.5 cm/s),?* excellent resistance to rapid degradation by
propagation of dark defects,®?* and facet oxidation.®
These properties yield high insensitivity to COD. The
aluminum-free diode laser consists of a GalnAs quantum-
well region surrounded by quaternary GalnAsP
waveguides and GalnP cladding layers. The length of
the laser is 1.6 mm, and the lateral width of the ridge is 5
pum. A high-reflectivity (HR) rear-facet coating (reflectiv-
ity of approximately 95%) and an antireflection (AR)
front-facet coating (residual reflectivity of approximately
0.07%) yield a threshold current of ~65 mA. For similar
lasers with other AR—HR coatings, as reported in Refs. 1
and 3, there are no saturation effects, even in pulsed-
mode operation up to the point of COD at 1200 mA with
an output power of 800 mW. Thermal roll-over tests
were repeated 10 times,?® and the detected light output-
versus-current curves were identical, thus demonstrating
the extremely high short-term reliability against COD of
these lasers. The measured far-field angles were ap-
proximately 9° X 27° FWHM (¢, X 6,), with no lateral
beam-steering effects for increasing current.1?72%  Addi-
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Fig. 1. Experimental setup for near-field measurements of a
RW laser. MO, microscope objective; the other abbreviations
are defined in the text.

tionally, coupling tests of similar laser structures to
single-mode fibers in the low-power regime (50 mW of
fiber-coupled power at 180 mA) resulted in coupling effi-
ciencies of more than 50%.8 More-detailed descriptions
of the laser structure, the growth system, and procedures
can be found elsewhere.!=3

The experimental setup is shown in Fig. 1. The near-
field intensity distribution at the AR-coated facet of the
laser diode (LD) is magnified and projected onto the input
slit of a Hamamatsu C1587 streak camera with an M1952
single-sweep unit. This setup permits measurements of
single-shot traces with a time resolution of as little as 10
ps, depending on the length of the selected time window.
Synchronization (Sync.) of the streak camera is achieved
by use of a pulse generator that supplies the RW laser via
a power divider with short electrical pulses and produces
a trigger signal for the camera. A second pulse genera-
tor, which is synchronized to the first one, triggers the
gate of the streak camera. The laser is driven with short
electrical pulses of 25 ns at a repetition frequency (Rep.
Freq.) of 1 kHz and with maximum current amplitudes of
1500 mA. These values correspond to an average electri-
cal power of less than 5 dBm and ensure that junction
heating is minimized. To select the temporal position of
the streak-camera traces with respect to the trigger pulse
of the camera we use an electrical delay line. The traces
can be read out by a CCD camera, digitally stored, and
processed by a linked computer.

3. EXPERIMENTAL AND THEORETICAL
INVESTIGATIONS

We have studied the dependence of the spatiotemporal
dynamics on the applied current. For moderate pumping
(I = 100-350 mA, corresponding to 1.5-5.4 times the
threshold current), we observe the well-known relaxation
oscillations that are the dynamic response of the laser to
the leading edge of the injected current pulse. The ob-
served typical relaxation oscillation behavior is confirmed
by the expected linear increase of the square of the reso-
nance frequency as a function of the intensity, however,
with a saturation behavior at higher intensities, which
compares well with model calculations based on rate
equations including gain saturation.’®> This regime has
been already studied in detail.”®> If the current is in-
creased to intermediate pumping levels, the laser shows
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regular spatiotemporal dynamics, which can be tuned by
the applied current. At even higher pumping levels we
find irregular spatiotemporal dynamics. These two last-
named regimes, with their different spatiotemporal dy-
namics, are considered and discussed in what follows.

A. Regular Spatiotemporal Dynamics for Intermediate
Pumping Levels (I = 350—700 mA)

For intermediate pumping levels of approximately 350—
700 mA, corresponding to 5.4-10.9 times threshold cur-
rent, we find a high-frequency switching of the output in-
tensity between the left-hand and the right-hand parts of
the active region with characteristic switching frequen-
cies of the order of 10 GHz. Typical near-field traces for
injection currents of 1 = 350mA and | = 550 mA are
shown in Figs. 2(a) and 2(b), respectively. The emitted
intensity is linearly encoded by means of gray scales,
where white corresponds to high intensity values and
dark to low intensities. The near-field trace has a tem-
poral length of 1.0 ns and shows, in accordance with the
ridge of the laser, a spatial emission width of approxi-
mately 5 um. It is striking that the switching frequency
increases with increasing injection current. We mea-
sured the detailed current dependence and found a linear
increase of the switching frequency with an increase of
the excitation current amplitude, as shown in Fig. 2(c).

This switching between the left-hand and the right-
hand parts of the active region can be observed even for
longer current pulses and for long delay times of ~60 ns
after the first relaxation oscillation. Even when cw cur-
rent was applied, qualitatively similar switching behavior
was observed. These observations prove that the sus-
tained spatiotemporal dynamics for intermediate pump-
ing levels is a nontransient behavior.

To model this regular spatiotemporal behavior we use
laterally dependent rate equations for the complex elec-
trical field E(x, t) and the charge-carrier density N(x, t).
Lateral effects are introduced by lateral coupling through
optical diffraction [diffraction coefficient D, = (1/2k,),
where k, is the wave number in the propagation direc-
tion] and charge-carrier diffusion (diffusion coefficient
Dy):

n
—E
c

iDpd°E

= [ye + i9(X)]E + F'(X)[g(N) + ikoon(N)]E,
@)

2€0C

A(x) + Did®N = ynrN — g(N)[E[%.

@
Pump parameter A(x) of the current injection via a stripe
width w, the confinement factor I'(x), and #(x)
= kon(x) with the lateral index step n(x) have been pro-
vided with a rectangular lateral dependence that takes
into account the stripe geometry of the laser.*®* Further-
more, ynr represents the nonradiative decay rate of the
carrier density; n,, the refractive index of the active
layer; c, the speed of light; €5, the vacuum permittivity;
and oy and kg, the carrier frequency and the vacuum
wave nhumber, respectively. We use the following
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approximations®® for the variation of the optical gain
and the refractive index of the medium with the carrier
density:

g(N) = gn(N = No), (3)
on = _agNN/ko, (4)

with the constant linear gain coefficient gy for all bias
currents and the carrier density at transparency Ng.
The linewidth enhancement factor is also assumed con-
stant as @« = 2.5. The mirror loss is represented by the
damping constant

InVR;R;,

2L ®)

YE =
where L is the length of the laser and R, and R, are the
power reflectivities of the front and the rear facets,
respectively. We solve the equations by assuming ab-
sorbing boundary conditions®® in the lateral direction.
The model parameters have been adapted from the ex-
perimental conditions and from the literature®'3'* (see
Table 1).

Figure 3 shows the calculated spatiotemporal evolution
of the intensity for 1/1, = 10 for a time window of 50 ps.
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Fig. 2. Spatiotemporal near-field traces of the emitted light in-
tensity at currents of (a) | = 350 mA and (b) I = 550mA. The
length of the time windows is 1 ns, with a delay to the first re-
laxation oscillation of 7 ns. (c) Dependence of the oscillation fre-
quency on the laser current. The double plus signs indicate the
spread in uncertainty.

Table 1. Parameters Used for Simulations of the
Ridge Waveguide Laser

Parameter Symbol Value
Laser length L 1600 um
Stripe width w 5.0 um
Thickness of the active layer [ P 6.0 nm
Reflectivity of the front facet R, 2.0 x 107*
Reflectivity of the rear facet R, 0.95
Laser wavelength A\ 975 nm
Refractive index of the active layer n; 3.59
Diffraction coefficient Dp 22X 10 °m
Diffusion coefficient D¢ 4 xX104*m?s?t
Transparency density Ny 1.8 X 10%m™3
Threshold current lin 65.0 mA
Spontaneous emission rate By 08X 107%mis™t
Confinement factor r 0.5
Alpha parameter a 25
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Fig. 3. Calculated spatiotemporal near field of the emitted light
intensity at /1y, = 10. The length of the time window is 0.05
ns, with a delay to the turn-on of the current pulse of 8 ns.

Compared with the measured streak-camera traces, Fig.
3 shows a qualitatively similar spatiotemporal behavior
with switching between the left-hand and the right-hand
sides of the active region. However, the oscillation fre-
quency of the simulation is of the order of 230 GHz and
thus approximately a factor of 20 higher than in the ex-
perimental results. This discrepancy and the origin of
the switching behavior are discussed and analyzed in
what follows.

To gain insight into the physical origin of the spa-
tiotemporal switching we analyze the dynamic behavior
by performing a complex eigenmode analysis of the nu-
merical data of the calculated complex optical field ampli-
tude. This method yields the modes of the complex opti-
cal field together with their respective oscillation
frequencies, in contrast to eigenmode analysis applied to
intensity traces, which permits the estimation of the sys-
tem'’s number of degrees of freedom.”:?3

The resultant N eigenvectors P;(x) of the complex
eigenmode analysis are used for an expansion of the origi-
nal complex optical field:

E(x, 1) = 2 aj(t)Pj(x), (6)
j
where aj(t) are the time-dependent expansion coeffi-
cients.
The eigenvalues \; of covariance matrix C,; are given

by

1 T
Ckl = —f E*(Xk, t)E(X| y t)dtv kv I = 1"'NXv
) T 0
7

where T and N, denote the length of the time series and
the number of lateral grid points, respectively. They de-
termine the probability of the appearance of the corre-
sponding eigenvectors P; in the laser output.

Figure 4(a) shows the spatial distribution of the ex-
tracted two dominant eigenmodes. The fundamental
mode is symmetrical and therefore couples mainly to the
center of the active region and poorly at the edges,
whereas the first lateral mode is asymmetrical and
reaches its maximum at ~1.5 um from the lateral center
of the active region. The real eigenvalues of the covari-
ance matrix for the two eigenmodes are A; = 66.4% and
Ny, = 33.5%. Thus the dynamics of the fundamental
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mode and the first eigenmode are the dominant contribu-
tions. The corresponding frequency spectrum, which is
obtained by a fast Fourier transformation of expansion co-
efficient a;(t), is depicted in Fig. 4(b). It shows a fre-
quency difference Av between the fundamental mode and
the first eigenmode of ~230 GHz, which corresponds to
the switching frequency of the calculated temporal evolu-
tion of the intensity in Fig. 3.

Consequently, the switching can be understood as coex-
istence and interaction of the fundamental mode and the
first lateral mode (in what follows, this is called beating).
However, the numerically obtained frequency difference
of the two modes, which is responsible for the switching
frequency, is approximately a factor of 20 higher than the
frequency observed in our experimental results. There-
fore it can be excluded that the beating originates from an
interaction between transverse modes that belong to the
same longitudinal mode family. However, it may be that
the beating transverse modes belong to different longitu-
dinal mode families. To resolve this difficulty we mea-
sured an optical emission spectrum of the laser with a
high-resolution grating spectrometer. The resolution of
the spectrometer was ~0.025 nm. The measured spec-
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Fig. 4. (a) Real part of the eigenmodes P; of the calculated data
for the fundamental and the first lateral eigenmodes, depending

on the lateral position. (b) Spectrum of the fundamental and
the first lateral modes.
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Fig. 5. Measured output spectrum at a current of | = 500 mA.

The indices q, i of some lateral modes are shown in accordance
with our theoretical calculations.
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trum is depicted in Fig. 5. It shows the dependence of
the spectral intensity on the wavelength for an injection
current of I = 500 mA. It indeed reveals that the laser
does not emit in a single longitudinal mode. Obviously,
several longitudinal modes are excited simultaneously.
The mode separation between adjacent longitudinal
modes is ~25 GHz, in coincidence with the length of
L = 1.6 mm of the laser. On the low-energy side (at
higher wavelength) of each longitudinal mode we observe
smaller peaks that correspond to higher-order lateral
modes. Usually, first-order lateral modes have higher
frequencies, because of the additional component k, of the
wave number, than the corresponding fundamental mode
with the same longitudinal mode number.?” The fre-
quency difference from the neighboring mode of ~10 GHz
corresponds to the observed spatial switching frequency.
Consequently, the switching can be attributed to funda-
mental modes and to first-order lateral modes that belong
to different longitudinal mode families, as indicated in
the numbering of the modes in Fig. 5. The wavelength
difference of fundamental modes and first lateral modes
that belong to the same longitudinal mode family are not
indicated in the spectrum, because the emission band-
width of the investigated RW laser (the total width of the
abscissa in Fig. 5 is 0.63 nm) is smaller than the calcu-
lated frequency difference of 230 GHz (corresponding to a
wavelength difference of 0.7 nm). It is remarkable that
we observe the beating behavior in the presence of the
multiple longitudinal modes. This means that there
must be phase locking among the beat frequencies that
correspond to different longitudinal mode numbers, and
this underlines the finding that nonlinear interaction is a
key mechanism for this phenomenon. The experimental
proof that, indeed, locking effects mediated by the nonlin-
ear susceptibility of the semiconductor material®® may
make a significant contribution has already been
demonstrated.?®

After identification of the origin of the spatial switching
behavior we discuss three mechanisms that can result in
the dependence of the switching frequency on the injec-
tion current:

(1) The phenomenological linewidth enhancement fac-
tor « is not a device-specific constant; it shows frequency
and carrier density dependence. In the center of the ac-
tive region the carrier density corresponds to the thresh-
old density even with increasing current, whereas in-
creasingly more carriers accumulate at the edges with
increasing pumping. Therefore the fundamental and the
first lateral modes experience different effective values of
a because of the different lateral profiles. This result is
associated with a change in the refractive index and thus
with a change in the frequency difference. However,
these changes result in an increase in the mode separa-
tion between the fundamental mode and the first lateral
mode of the same mode family with increasing current,
and consequently the first lateral mode moves closer to
the fundamental mode with which it is beating. There-
fore this mechanism cannot explain the increase in the
switching frequency.

(2) Thermal influences on the refractive index, e.g.,
thermal lensing, can be neglected, because of the tem-
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perature stabilization and the low duty cycle of the ap-
plied electrical pulses.

(3) Finally, lateral changes in the width of the intensity
profile caused by carrier-induced changes of the
waveguiding properties with increasing current can occur
for these weakly index-guided ridge lasers. Therefore we
have to estimate the influence of the lateral width of the
emission profile. From the modeling we know that dif-
fraction determines the frequency difference of the lateral
modes and hence the switching frequency. We can
roughly estimate the frequency separation of the modes
by looking at the diffraction term in the rate equations

[Ea. (DI:

CA

D, 3 2E(X, 1), D,= ——.
pAEOG ) P 4an,pw?

®

If we take into account that the electrical field vanishes
at the edges of the waveguide and we assume that the
first lateral mode corresponds to a half-period and the
second lateral mode to a full period within the stripe
width (which is normalized to 1), we obtain the wave
numbers of these modes as Ky = 27 X 0.5 and K,
= 2 X 1.0, respectively. The diffraction term then
gives a frequency separation Dy[kg)? — K)’]
~ 230 GHz, which should decrease with w2 according to
D,.
pTherefore we plot in Fig. 6 the inverse square of the
width w of the experimentally measured lateral profiles
as a function of the injection current. We find that w2
decreases with current I, which is equivalent to a de-
crease in the mode separation of consecutive lateral
modes with increasing current. However, because the
beating occurs by interaction between different longitudi-
nal mode families, as discussed above, this decrease in
the frequency separation within one mode family is ac-
companied by an increase of the separation to the adja-
cent, different mode families, which finally results in an
increase of the beating frequency, in accordance with our
observations of the spatial oscillation frequency. There-
fore, at least qualitatively, the tendency of an increase in
the switching frequency that is obvious from Fig. 2(c) is
well reproduced if we assume this mechanism.

T T " T 1
20 |
3 4+
«©
‘i18 - +*
£ | +y
216 | + $
=7 F+tt
14 |
L | L 1 L | L |

300 400 500 600 700
Current (mA)

Fig. 6. Dependence of the inverse square of the width of the
emission profile on the applied current for several single-shot
traces. The various data points for one current indicate the
spread in measurement uncertainty.
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To sum up the observations in this current regime, we
find that regular spatiotemporal instabilities can likely
occur even for 5-um-wide lasers. The modeling correctly
describes the interaction mechanisms and the fundamen-
tal instability by means of the beating of two lateral
modes. The calculated separation of fundamental and
first lateral modes of 230 GHz shows up at smaller fre-
quency differences in our experiments, because of the ex-
isting longitudinal multimode behavior. The experimen-
tally measured switching frequency of ~10 GHz is within
the relaxation oscillation bandwidth, making the occur-
rence of spatiotemporal dynamics more likely. To
achieve a comprehensive and fully quantitative under-
standing of the observed instabilities of such lasers, the
theoretical model must account for the various longitudi-
nal modes by considering counterpropagating waves.*°
Further theoretical investigations are currently in
progress.

B. Irregular Spatiotemporal Dynamics for High
Pumping Levels (I = 700—1500 mA)

The laser shows irregular spatiotemporal dynamics,
equivalent to a nonperiodic behavior, as depicted in Fig. 7
for 1 = 1000 mA, if the current is increased to higher
pumping levels from 700 to 1500 mA, corresponding to
10.9-23.1 times threshold current.

After the occurrence of the first relaxation oscillation
the light intensity starts to migrate to one side of the
waveguide, as shown in Fig. 7(a). The time constant of
the migration depends on the applied current and de-
creases from ~2 to ~0.5 ns with increasing current from
I = 700mA to | = 1500 mA. This spatiotemporal evolu-
tion dominates all single-shot traces.

Furthermore, concentrating on the time windows ~5 ns
after the first relaxation oscillation, we experimentally
find the coexistence of low- and high-frequency spatial
switching and fast temporal pulsations [Fig. 7(b)] with
frequencies up to 10 GHz. Laterally integrated time se-
ries show the irregularity of the emission for these pump-
ing levels.

Qualitatively similar behavior can be obtained in the
numerical simulations. After initial relaxation oscilla-
tions, the laser operates in the fundamental lateral mode.
After some nanoseconds, however, a spontaneous symme-
try breaking occurs that shows up in a gradual shift of the
emission to one edge of the stripe in combination with
continuously decreasing power. Having reached the re-
spective stripe edge, the emission jumps back to the stripe
center, which results in the emission of a large pulse.
This process is repeated almost periodically, the charac-
teristic period decreasing with increasing pump current,
in analogy with the experimental findings. The anti-
guiding effect represented by the linewidth enhancement
factor turns out to be responsible for this phenomenon.
An accumulation of charge carriers not only provides op-
tical gain but also causes a repulsion of the optical field
because of the local decrease in the refractive index. An
arbitrarily small initial displacement of the optical mode,
e.g., to the left, results in a faster increase of charge car-
riers on the other side, here the right, of the stripe.
These additional carriers at the right-hand side then re-
sult in a stronger shift of the optical mode to the left, and
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Fig. 7. Streak-camera images of the near field of the emitted
light intensity for an applied current of | = 1000 mA. (a)
Turn-on behavior, (b) 5 ns later. The length of the time win-
dows is 5 ns.

so on. When the optical mode has reached the left-hand
stripe edge, a high carrier density has accumulated on the
right-hand edge, which, finally, is depleted by a strong in-
tensity pulse that occurs in the stripe center. This pro-
cess goes on repetitively. Larger pump currents result in
a faster accumulation of charge carriers, which in turn re-
sults in faster time scales for the drifting and jumping of
the light emission. It is important to note that, when we
chose @ = 0, no such phenomenon could be observed in
the simulation. To understand the fast pulsing behavior
from Fig. 7(b) we found it necessary to extend the theo-
retical model to multiple longitudinal modes by consider-
ing counterpropagating waves, as mentioned in Section 2.

Finally, we verified by polarization-dependent mea-
surements that the observed spatiotemporal dynamics is
not a result of polarization switching, as reported, for in-
stance, in Refs. 31 and 32 for RW lasers. More than 95%
of the emitted light is TE polarized, corresponding to the
biaxial compressive strained GalnAs/InGaAsP quantum-
well structure of the lasers.

4. DISCUSSION

In this paper we have shown, for the first time to our
knowledge, that, in a RW laser only 5 um broad, regular
and irregular spatiotemporal dynamics can be observed.
This is interesting from the point of view of nonlinear dy-
namics as well as for an understanding of the fundamen-
tal physics of such pump laser diodes with respect to their
application. In what follows, we discuss the results of
the measured spatiotemporal dynamics for moderate and
high pumping levels and compare them with those of in-
vestigations reported in the literature.

For intermediate pumping levels from I = 350 mA to
I = 700 mA we found that the spatiotemporal dynamics
is dominated by beating of the fundamental and the first
lateral modes. This type of beating of different lateral
modes has been observed for other laser systems, e.g., a
Nd:YAG ring laser.3® However, in that case the spec-
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trum showed no further longitudinal modes and only one
fundamental and one first lateral mode. Additionally, no
measurements with spatial resolution or current depen-
dency of the oscillation frequency were reported.

Multimode behavior and mixed mode combs of funda-
mental and first lateral modes have been observed for
GaAs—(GaAl)As, channeled-substrate planar lasers®
with a width of the active region of 10 um. For higher
currents, even seventh-order lateral modes were observed
in the time-integrated optical spectrum. Unfortunately,
no time-resolved measurements of the emission or at
least measurements of the electrical spectrum of the de-
tected light were performed in the research reported in
Ref. 34 to get some information about the occurrence of
spatiotemporal dynamics.

We also performed investigations of RW lasers with dif-
ferent widths of the RW. All the lasers were processed
upon one wafer, with ridge widths of 3, 4, and 6 um and
facet reflectivities of the front and rear facets of R;
= 95% and R, = 5%, respectively. Establishing these
values allowed us to compare directly the dynamic behav-
ior of the lasers. We found that for our structural dimen-
sions lasers with a width of 4 um emit in the fundamental
mode, even for higher current amplitudes. For broader
laser structures the occurrence of first spatiotemporal ef-
fects was observed.

Besides the ridge width, one must take further param-
eters into account to achieve emission in the fundamental
lateral mode. In general, a trade-off among etching tol-
erances for the waveguide, sensitivity to carrier-induced
changes of the refractive-index step, and sensitivity to
high intensities on the output facet has to be made.

First, the etching depth of the ridge can significantly
influence the stability of single-lateral-mode operation, as
was investigated in detail in Ref. 2. On the one hand,
narrow RW lasers with a waveguide width of 3 um are
easier to produce with respect to the etching tolerances
for fundamental mode operation. However, narrow la-
sers are more sensitive to high power densities on the out-
put facet and are thus more likely to suffer COD. On the
other hand, broader ridges permit higher output power,
as the power density scales almost linearly with the
width,? but the etching tolerances for single-lateral-mode
operation become smaller. Thus such ridges will more
likely show a spatiotemporal pattern formation such as
dynamic filamentation in the near field, which leads to a
deterioration of the fiber coupling efficiency.

Second, higher carrier densities lead to a larger contri-
bution to the refractive-index profile across the ridge. In
lasers that have the same waveguide design but different
cavity length, facet reflectivity, or threshold carrier den-
sity, the carrier-induced index change can even surmount
the built-in index step, and the active zone of the laser be-
comes antiguiding. These dynamic index changes were
investigated in Ref. 2 for gain-guided broad-area lasers.
We have investigated a 5-um-wide RW laser with a lower
residual reflectivity of the AR-coated facet (R = 0.02%)
compared with the laser described in Section 3. The
measured streak-camera traces showed no spatiotempo-
ral dynamics, even for very high pumping currents up to
I/ly, = 15. The lower residual reflectivity leads to a
higher carrier density, which reduces the built-in
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refractive-index step across the ridge; the laser tends to
remain in the fundamental mode. This means that by
tailoring the carrier density, e.g., by the parameters men-
tioned above, one can fine tune the index step.

To sum up with respect to applications, the ridge width,
the etching depth of the ridge, and carrier-induced
changes in the built-in refractive-index step are impor-
tant parameters that all have to be taken into account for
the occurrence of regular and irregular spatiotemporal
dynamics in RW lasers. This is important for optimizing
the devices, because the observed lateral instabilities ob-
viously lead to a deterioration of the fiber coupling effi-
ciency, which is relevant for applications such as the
pumping of rare-earth-doped fiber amplifiers.

5. CONCLUSIONS

In conclusion, we have shown that, even for a ridge wave-
guide laser diode only 5 um wide, spatiotemporal dynam-
ics on a picosecond time scale can be observed. We inves-
tigated the current dependence of the dynamic behavior
and found that three types of spatiotemporal emission dy-
namics can be distinguished.

First, at moderate pumping levels we observed the
well-known relaxation oscillations that can be modeled by
simple rate-equation calculations. Second, at intermedi-
ate current levels we found high-frequency switching of
the output intensity between the left-hand and the right-
hand parts of the active region with a frequency that in-
creases linearly with the excitation current and is of the
order of 10 GHz. We conclude from our numerical re-
sults obtained from laterally dependent rate-equation cal-
culations and complex eigenmode analysis that this
switching behavior results from beating between funda-
mental and lateral modes that belong to different longitu-
dinal mode families. We have shown that calculations
that incorporate lateral dependencies as well as counter-
propagating waves are indispensable for modeling the
complex spatiotemporal dynamics, because of the multi-
mode behavior of such devices. Additionally, for this
pumping regime we observed an increase in the width of
the emission profile by which we could explain the in-
crease in switching frequency. Finally, the third regime
showed irregular spatiotemporal dynamics with the coex-
istence of low- and high-frequency spatial switching and
temporal pulsations.

The observed spatiotemporal instabilities in the second
and the third regimes, both experimentally and in simu-
lations, are mainly the result of two effects: first, the ex-
citation of additional spatial modes, and second, the de-
stabilizing influence of the antiguiding effect. Both
phenomena lead to spontaneous symmetry breaking of
the optical emission in the lateral direction.

Our results are relevant not only for an understanding
of the fundamental physical phenomena of these laser de-
vices but also for the design of more-reliable pump laser
diodes; thus they demonstrate the influence of longitudi-
nal multimode behavior on the onset of spatiotemporal in-
stabilities. Numerical simulations of model equations
that take into account both the lateral and the longitudi-
nal dimensions are currently in progress.
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