54 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 10, NO. 1, JANUARY 1998

Spatio-Temporal Characteristics of Filamentation
In Broad-Area Semiconductor Lasers:
Experimental Results

John R. Marciante and Govind P. Agraw&akllow, IEEE

Abstract—We experimentally study the spatial and tempo- The samples used for the measurements were two sets
ral characteristics of filamentation in broad-area semiconductor of quantum-well lasers with 50m stripe widths, one set
lasers. Near-field measurements show that the spacing betweenoperating at 808 nm and the other at 980 nm. The linewidth
filaments decreases as either the pumping level or the linewidth- . :
enhancement factor is increased. Spectral measurements reveal®Nhancement factors for these devices are known to be near
that spatial filaments are accompanied by periodic or chaotic « = 4 (£1) for AlGaAs lasers operating near 808 nm [5]-[8]
temporal variations. Our experimental results show excellent and « ~ 2 (+0.5) for InGaAs lasers operating near 980 nm
quallta.tlve agreement W|th a theory ba_sgd on a Ilnee_lr stability [8]-[11]. Light emitted from the devices was imaged onto a
analysis of the rate equations for an infinitely wide stripe laser. photodiode array to display the near-field profile, from which
_ Index Terms—Beam filamentation, broad-area lasers, dynam- the spatial information could be extracted. As the injection
ics, laser stability, optical propagation in nonlinear media, semi- current was varied, the devices displayed either a multiple-
conductor lasers, spatio-temporal instabilities. . ' .

lobed filamentary pattern, noted by deep modulation and the
clarity of independent spatial lobes, or exhibited a spatial

N THE FIELD of semiconductor lasers, beam filamentatiopattern consisting of several spatial frequencies, resulting in

is a critical issue that inhibits their use in high-powea reduced modulation depth on our slow photodiode array.
applications. The origin of filamentation comes from change® ensure that the spatial data was extracted correctly, the
in the carrier density which affect both the optical gaimjection current was chosen such that the modulation depth
and the refractive index seen by the intracavity field; sugf a given filamentation pattern was maximum. In this way,
index changes are quantified by a parameter known as the pump level for which a given spatial pattern dominates
linewidth-enhancement factor and denotedcbyAs a result, could be accurately determined.
spatial-hole burning induces self-focusing of the optical beam|n Fig. 1, we plot the dominant filament spacing for the two
within the semiconductor laser, breaking it up into multiplgets of devices as a function of the pump levalefined as
filaments and Iimi_ting the focusable output power of thg _ J/Ju, where J is the injected current density ant;,
device. As one might expect, the parameteigoverns the s its value at threshold. The solid lines in Fig. 1 are fit to
extent of filamentation. Numerical simulations indicate thahe experimental data from a previously published theoretical
filamentation for broad-area lasers with a stripe Wig80 im  hoqe| [4]. Several trends are evident in Fig. 1. First, the
occurs ifa exceeds 0.5 [1]. Since typically exceeds 2 for fiament spacing decreases with increasing pumping level, as
such devices, filamentation is a common problem. has been noted previously [12]. More practically, this means

While numerical studies have indicated that spatial fllame[h-at more filaments fit under the current stripe contact as

tation is often accompanied by periodic or chaotic variationge cyrrent is increased. Since diffractive spreading becomes

of tdhet Iaserhppwterb[lz't]., [3]’4 ar:ﬁ a re(t:_entt analyt||cal tmod(? creasingly stronger as the filament spacing becomes smaller,
predicts such instabilities [4], the spatio-temporal nature iS observation is a clear indication that increasing the pump-

filamentation in semiconductor lasers has not been extensivi . . . .
My level increases the severity of flamentation. The second

studied experimentally. In this letter, we present experimenta . . : L
. . rend shown in Fig. 1 is that the filament spacing is smaller for
measurements that show spatial and temporal trends in broad- : .
. arger values of the linewidth-enhancement factoAlthough
area semiconductor lasers, and compare these results wi : o .
. I . . asers fabricated in different material systems generally have
theoretical predictions. We also briefly discuss the use of the

spatial measurements as a simple technique that can be &y, meters that vary somewhat from one another, this second

for directly comparing the severity of filamentary behavio?sbservation is indirect evidence that self-focusing induced by

among different devices. _spatlal—hole burning is respon5|_ble for fllamentat|on. Whlle it
is well known that both pumping level and the linewidth-
Manuscript received June 16, 1997; revised September 19, 1997. This wetthancement factor contribute to the increased severity of
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Publisher Item Identifier S 1041-1135(98)00442-X. the spatial measurements shown in Fig. 1. By splitting off

1041-1135/98%$10.001 1998 IEEE



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

20 E T T T ] 4 T
g
3 18 | — =

N

g) 16 | - an
E 14 . S
2, B . B 2
@ 12 980-nm lasers %
= 10 | (o = 2) 3
: 5
= 8 I =
- 808-nm lasers
= 6 F (o = 4) —

4 1 1 L 1 1 0r.........l....1....1............

1 1.5 2 2.5 3 3.5 4 1 15 2 25 3 35 4 45
Pump Parameter r = J/J | Pump Parameter r = J/J
Fig. 1. Measured filament spacing as a function of pump level J//Jin  Fig. 2. Measured variation of the relaxation-oscillation and filament frequen-

for 980-nm (solid circles and squares) and 808-nm (empty circles) serBjes (2, and(lg respectively, with the pump level= J/J;, for a 980-nm

conductor lasers with a 50m stripe width. Solid lines are fitted using the aser. Solid lines are fitted using the theoretical model discussed in the text.
theoretical model discussed in the text.

a portion of the light before it was sent to the photodiodsupport the hypothesis that the laser makes a transition toward
array, we measured the spectral properties of the filamentdthos through a quasiperiodic route. As the pump current
beam. In this branch, the light was sent through astigmati@s increased beyond this range, the filament frequency re-
collimation optics, an isolator, and then finally focused ontemerged accompanied by another dominant spatial pattern
a fast photodiode, whose signal was sent to a microwafiee., one more filament than was present in the fundamental
spectrum analyzer. Any temporal fluctuations in the opticghttern). For this pumping range, the peak at the filament
field inevitably lead to relaxation oscillations, resulting in @requency was rather broad. At a pump levet-of 4, the noise
well-known peak at the relaxation-oscillation frequeriey;. spectra showed not only two broad peaks locatef},at and
However, our measurements show that another frequency Whg, but also another broad peak locatedat {24, in support
dominant in the intensity noise spectrum of the laser. W our hypothesis of a quasiperiodic route to chaos. Further
refer to this frequency at the filamentation frequeriey;. increase in pump led to a broad-band, nearly featureless
Fig. 2 shows the evolution of the relaxation-oscillation anspectrum, as would be expected in the chaotic domain.
filamentation frequencies as a function of the pump level for To understand the experimental data, we make use of
a 980-nm laser. The upper curve was fit to a function of ttee recent model [4] based on the linear stability analysis
form Av/r — 1, whereA is a fitting parameter, while the lowerof the continuous-wave (CW) solution of the underlying
curve was linearly fit to the experimental data by using thgynamic equations which include carrier diffusion, diffraction,
previously published theoretical model [4]. The data indicasnd gain saturation (spatial hole burning). Prediction of the
that spatial filamentation is accompanied by self-pulsing atspatial properties of filamentation have been made by previous
frequency in the 0.5-1.0-GHz range. This periodic modulati@nalytic models [2], [13], [14]. The analysis in [14] is only
of the steady state is a result of the interplay between thelid for amplifiers, while the laser models neglect either
nonlinear and diffractive effects that occur during propagatiararrier diffusion [13] or propagation of the field in the laser
within the semiconductor laser medium. cavity [2]. While the laser model presented in [4] includes
As discussed earlier, the near field of the laser does rmith diffusion and propagation, it also allows for temporal
always show well-separated and nearly identical filamentaodulation of the filaments, a trait not present in any of the
In these regions, the spectral data does not show a clpeevious models yet observable in broad-area semiconductor
indication of{2g, (shown dashed in Fig. 2). The dashed regiolasers exhibiting filamentation.
for 1 <r < 1.5 is easily understood by noting that the laser is The analytic theory in [4] assumes an infinitely-wide emis-
close enough to threshold and its output power is low enougive area in the lateral direction, while the lasers we measured
that -induced self-focusing has yet to produce filamentatiohad a finite stripe of 5@sn width. As a result, the theory
Near » = 1.6, the nonlinear effects become strong enoudé not likely to provide quantitative agreement but its qual-
that the laser enters a self-pulsing regime in which the optidtdtive predictions should be borne out by our experimental
intensity is also spatially modulated. At a pumping levedata. The linear stability analysis assumes that a perturba-
of r = 2.1, where the laser displayed a clear, modulateédn propagating at a spatial frequenéy. and a temporal
spatial pattern the intensity-noise spectrum showed a narrbeguency{2 becomes unstable under certain conditions and
peak at the filamentation frequency, accompanied by sevegabws exponentially. The growth rate is given in [4] and
harmonics. At pumping level of = 2.5, the laser exhibited a depends on many parameters such at the pumping level
nonperiodic spatial pattern, as described earlier. The intensitlye diffusion coefficient of the carriers, the carrier lifetime,
noise spectrum showed multiple peaks, reminiscent of thad the linewidth-enhancement factarFilamentation occurs
beating of two frequencies. These observations appearfoo values ofk, and2 for which the growth rate is maximum
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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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