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Spatio-Temporal Characteristics of Filamentation
in Broad-Area Semiconductor Lasers:

Experimental Results
John R. Marciante and Govind P. Agrawal,Fellow, IEEE

Abstract—We experimentally study the spatial and tempo-
ral characteristics of filamentation in broad-area semiconductor
lasers. Near-field measurements show that the spacing between
filaments decreases as either the pumping level or the linewidth-
enhancement factor is increased. Spectral measurements reveal
that spatial filaments are accompanied by periodic or chaotic
temporal variations. Our experimental results show excellent
qualitative agreement with a theory based on a linear stability
analysis of the rate equations for an infinitely wide stripe laser.

Index Terms—Beam filamentation, broad-area lasers, dynam-
ics, laser stability, optical propagation in nonlinear media, semi-
conductor lasers, spatio-temporal instabilities.

I N THE FIELD of semiconductor lasers, beam filamentation
is a critical issue that inhibits their use in high-power

applications. The origin of filamentation comes from changes
in the carrier density which affect both the optical gain
and the refractive index seen by the intracavity field; such
index changes are quantified by a parameter known as the
linewidth-enhancement factor and denoted by. As a result,
spatial-hole burning induces self-focusing of the optical beam
within the semiconductor laser, breaking it up into multiple
filaments and limiting the focusable output power of the
device. As one might expect, the parametergoverns the
extent of filamentation. Numerical simulations indicate that
filamentation for broad-area lasers with a stripe width50 m
occurs if exceeds 0.5 [1]. Since typically exceeds 2 for
such devices, filamentation is a common problem.

While numerical studies have indicated that spatial filamen-
tation is often accompanied by periodic or chaotic variations
of the laser power [2], [3], and a recent analytical model
predicts such instabilities [4], the spatio-temporal nature of
filamentation in semiconductor lasers has not been extensively
studied experimentally. In this letter, we present experimental
measurements that show spatial and temporal trends in broad-
area semiconductor lasers, and compare these results with
theoretical predictions. We also briefly discuss the use of the
spatial measurements as a simple technique that can be used
for directly comparing the severity of filamentary behavior
among different devices.
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The samples used for the measurements were two sets
of quantum-well lasers with 50-m stripe widths, one set
operating at 808 nm and the other at 980 nm. The linewidth
enhancement factors for these devices are known to be near

4 ( 1) for AlGaAs lasers operating near 808 nm [5]–[8]
and 2 ( 0.5) for InGaAs lasers operating near 980 nm
[8]–[11]. Light emitted from the devices was imaged onto a
photodiode array to display the near-field profile, from which
the spatial information could be extracted. As the injection
current was varied, the devices displayed either a multiple-
lobed filamentary pattern, noted by deep modulation and the
clarity of independent spatial lobes, or exhibited a spatial
pattern consisting of several spatial frequencies, resulting in
a reduced modulation depth on our slow photodiode array.
To ensure that the spatial data was extracted correctly, the
injection current was chosen such that the modulation depth
of a given filamentation pattern was maximum. In this way,
the pump level for which a given spatial pattern dominates
could be accurately determined.

In Fig. 1, we plot the dominant filament spacing for the two
sets of devices as a function of the pump leveldefined as

, where is the injected current density and
is its value at threshold. The solid lines in Fig. 1 are fit to
the experimental data from a previously published theoretical
model [4]. Several trends are evident in Fig. 1. First, the
filament spacing decreases with increasing pumping level, as
has been noted previously [12]. More practically, this means
that more filaments fit under the current stripe contact as
the current is increased. Since diffractive spreading becomes
increasingly stronger as the filament spacing becomes smaller,
this observation is a clear indication that increasing the pump-
ing level increases the severity of filamentation. The second
trend shown in Fig. 1 is that the filament spacing is smaller for
larger values of the linewidth-enhancement factor. Although
lasers fabricated in different material systems generally have
parameters that vary somewhat from one another, this second
observation is indirect evidence that self-focusing induced by
spatial-hole burning is responsible for filamentation. While it
is well known that both pumping level and the linewidth-
enhancement factor contribute to the increased severity of
filamentation, Fig. 1 shows that this increase is directly corre-
lated with a decrease in the filament spacing.

To confirm the spatio-temporal nature of filamentation, one
must make temporal or spectral measurements together with
the spatial measurements shown in Fig. 1. By splitting off

1041–1135/98$10.00 1998 IEEE



MARCIANTE AND AGRAWAL: SPATIO-TEMPORAL CHARACTERISTICS OF FILAMENTATION IN BROAD-AREA SEMICONDUCTOR LASERS 55

Fig. 1. Measured filament spacing as a function of pump levelr = J=Jth
for 980-nm (solid circles and squares) and 808-nm (empty circles) semi-
conductor lasers with a 50-�m stripe width. Solid lines are fitted using the
theoretical model discussed in the text.

a portion of the light before it was sent to the photodiode
array, we measured the spectral properties of the filamented
beam. In this branch, the light was sent through astigmatic
collimation optics, an isolator, and then finally focused onto
a fast photodiode, whose signal was sent to a microwave
spectrum analyzer. Any temporal fluctuations in the optical
field inevitably lead to relaxation oscillations, resulting in a
well-known peak at the relaxation-oscillation frequency .
However, our measurements show that another frequency was
dominant in the intensity noise spectrum of the laser. We
refer to this frequency at the filamentation frequency .
Fig. 2 shows the evolution of the relaxation-oscillation and
filamentation frequencies as a function of the pump level for
a 980-nm laser. The upper curve was fit to a function of the
form , where is a fitting parameter, while the lower
curve was linearly fit to the experimental data by using the
previously published theoretical model [4]. The data indicate
that spatial filamentation is accompanied by self-pulsing at a
frequency in the 0.5–1.0-GHz range. This periodic modulation
of the steady state is a result of the interplay between the
nonlinear and diffractive effects that occur during propagation
within the semiconductor laser medium.

As discussed earlier, the near field of the laser does not
always show well-separated and nearly identical filaments.
In these regions, the spectral data does not show a clear
indication of (shown dashed in Fig. 2). The dashed region
for 1.5 is easily understood by noting that the laser is
close enough to threshold and its output power is low enough
that -induced self-focusing has yet to produce filamentation.
Near 1.6, the nonlinear effects become strong enough
that the laser enters a self-pulsing regime in which the optical
intensity is also spatially modulated. At a pumping level
of 2.1, where the laser displayed a clear, modulated
spatial pattern the intensity-noise spectrum showed a narrow
peak at the filamentation frequency, accompanied by several
harmonics. At pumping level of 2.5, the laser exhibited a
nonperiodic spatial pattern, as described earlier. The intensity-
noise spectrum showed multiple peaks, reminiscent of the
beating of two frequencies. These observations appear to

Fig. 2. Measured variation of the relaxation-oscillation and filament frequen-
cies,
rel and
�l respectively, with the pump levelr = J=Jth for a 980-nm
laser. Solid lines are fitted using the theoretical model discussed in the text.

support the hypothesis that the laser makes a transition toward
chaos through a quasiperiodic route. As the pump current
was increased beyond this range, the filament frequency re-
emerged accompanied by another dominant spatial pattern
(i.e., one more filament than was present in the fundamental
pattern). For this pumping range, the peak at the filament
frequency was rather broad. At a pump level of 4, the noise
spectra showed not only two broad peaks located at and

, but also another broad peak located at , in support
of our hypothesis of a quasiperiodic route to chaos. Further
increase in pump led to a broad-band, nearly featureless
spectrum, as would be expected in the chaotic domain.

To understand the experimental data, we make use of
a recent model [4] based on the linear stability analysis
of the continuous-wave (CW) solution of the underlying
dynamic equations which include carrier diffusion, diffraction,
and gain saturation (spatial hole burning). Prediction of the
spatial properties of filamentation have been made by previous
analytic models [2], [13], [14]. The analysis in [14] is only
valid for amplifiers, while the laser models neglect either
carrier diffusion [13] or propagation of the field in the laser
cavity [2]. While the laser model presented in [4] includes
both diffusion and propagation, it also allows for temporal
modulation of the filaments, a trait not present in any of the
previous models yet observable in broad-area semiconductor
lasers exhibiting filamentation.

The analytic theory in [4] assumes an infinitely-wide emis-
sive area in the lateral direction, while the lasers we measured
had a finite stripe of 50-m width. As a result, the theory
is not likely to provide quantitative agreement but its qual-
itative predictions should be borne out by our experimental
data. The linear stability analysis assumes that a perturba-
tion propagating at a spatial frequency and a temporal
frequency becomes unstable under certain conditions and
grows exponentially. The growth rate is given in [4] and
depends on many parameters such at the pumping level,
the diffusion coefficient of the carriers, the carrier lifetime,
and the linewidth-enhancement factor. Filamentation occurs
for values of and for which the growth rate is maximum
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Fig. 3. Measured filament spacing as a function of pump levelr for 50- and
30-�m stripe-width lasers (� � 2), and the theoretical predictinn for infinite
stripe-width lasers (� = 2).

for a given set of laser parameters. By maximizing the growth
rate, we can find how the filament spacing and
the filament frequency vary with the pumping
level and the linewidth-enhancement factor. The solid lines in
Figs. 1 and 2 were obtained by using this model except that
the predicted value was linearly scaled to fit the data. The
good agreement between theory and experiment shows that
the model predicts the correct qualitative behavior in spite of
its assumption of an infinitely wide stripe.

The linear scaling needed for a quantitative fit is attributed
to the finite stripe width of our lasers. To test this hypothesis
further, we performed the same spatial measurements of the
dominant filament spacing on a 980-nm laser from the same
epitaxial wafer as the other 980-nm lasers, but with a narrower
stripe width of 30 m. The results are displayed in Fig. 3,
along with previous measurements of the 50-m-stripe lasers
at 980 nm and theoretical predictions for 2. From this
figure, we see that the effect of a finite stripe width is to
squeeze the filaments more tightly together; the narrower the
stripe, the more closely spaced the filaments become. Fig. 3
suggests that measurements on a laser with a wide enough
current stripe ( 200 m) should agree quite well with the
theoretical predictions both qualitatively and quantitatively.

It is well known that increasing either the pumping level
or the linewidth-enhancement factor results in a greater
degree of filamentation for a broad-area laser. What we
have experimentally shown, and what the analytic theory [4]
predicts, is that the increase in filamentary behavior causes
a decrease in the filament spacing. From a practical point
of view, one can use this analysis as a way to compare
the severity of filamentation in different devices. Since the
reduction in the filament spacing is a direct measure of
the filamentary tendencies of the device, a quick and easy
measurement of spatial characteristics as presented above can
be used to qualitatively compare the severity of filamentation
among different semiconductor lasers.

In conclusion, we have experimentally studied the spatial
and temporal characteristics of filamentation in broad-area

semiconductor lasers. Near-field measurements show that the
spacing between filaments decreases as either the pump-
ing level or the linewidth-enhancement factor is increased.
Spectral measurements reveal periodic or chaotic temporal
variations and support the hypothesis that the laser makes
a transition toward spatio-temporal chaos at high pumping
levels. Our experimental results show excellent qualitative
agreement with a theoretical model based on a linear stability
analysis of the rate equations. We experimentally determined
that discrepancies between experiment and theory are due to
the finite stripe width of the laser. Since the spatial behavior
of the laser can be directly linked to filamentary tendencies,
this simple measurement technique can be used to compare
the severity of filamentation in different semiconductor lasers.
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