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Abstract

This work presents the dependence of spatial soliton formation in AlGaAs slab waveguide versus significant param-
eters such as wavelength, light power, and pulse duration. Comparison between theory and experiments reveals the
importance of multiphoton absorption to understand the soliton behavior. Experimental measurements establish some
limits of soliton formation such as usable wavelengths and pulse durations.
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1. Introduction

In materials that exhibit optical Kerr effect, for
which the nonlinear index change 1s proportional
to the light irradiance, optical fields localized in
space or time can self-trap due to an optically in-
duced positive index change [1]. If the nonlinear
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effect exactly balances diffraction or dispersion,
respectively, spatial or temporal optical solitons
exist, resulting in propagation without change of
profile [2]. Solitons have received a great deal of
attention due to their unique physical properties
and a number of possible novel applications, such
as long haul data transmission in optical fibers or
light-induced reconfigurable waveguide structures
[3]. One of the main reasons for the interest n sol-
itons 1s their remarkable stability, which leads to a
particle-like behavior [4.5].
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Since the early mineties, much attention has fo-
cused on the use of semiconductors for realizing
nonlinear integrated optical devices [6,7]. In partic-
ular, AlGaAs operated below the half-band gap
spectral region has an almost ideal Kerr nonlinear-
ity [8]. Its nonlinear refractive coeflicient, n2 15 two
order of magnitude greater than in silica and the
absorption 15 low. In addition, the mature semi-
conductor fabrication technology available allows
low-loss integrated optical component fabrication.
Many publications deal with spatial solitons in Al-
GaAs [9-11]. Other works present this material’s
two- and three-photon absorption (2PA and
3PA) coeflicients and show the implications for
all optical switching and spatial solitons [8,12].
However, to the best of our knowledge, no direct
implications of the multiple photon absorption
(MPA) on solitons have been experimentally char-
acterized in AlGaAs. In addition no studies of sol-
iton behavior as a function of wavelength has been
published.

In this paper we show the importance of nonlin-
ear absorption on the soliton behavior as a func-
tion of light power. The influence of dispersion
of MPA and Kerr effect versus wavelength 1s also
explored. In addition we study the limits on soliton
formation as a function of wavelength. Finally, we
also discuss the influence of pulse duration on sol-
iton propagation.

The paper 1s orgamzed as follows. In Section 2
we introduce the basic equation and explicit the
physical meaning of the different constituting
terms. We present the expenmental setup used in
Section 3, along with typical results showing the
remarkable stability of solitons in AlGaAs, in Sec-
tion 4. We indeed propagate a soliton on 17 dif-
fraction lengths. The soliton behavior wversus
wavelength 15 presented and discussed in Section
5 and the mfluence of MPA on soliton behavior
versus power is analvzed in Section 6. The last sec-
tion, deals with the influence of pulse duration on
such solitons.

2. Theoretical backsround

The spatial soliton studied in this paper propa-
gates in a planar waveguide. This guided configu-

ration 15 necessary to obtain stable soliton in a
Kerr medium. The beam propagates in the z-direc-
tion and 1s confined in the y-dimension by the fixed
waveguide, diffraction can occur only in the third
x-dimension. Model for the propagation of pulsed
beam 1s based on the standard nonlinear Schri-
dinger equation which includes absorption

8 i & 2
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where E 1s the optical field related to the intensity
through the relation: 1= 1/2ceqn|E]". n2 is the Kerr
nonlinear coefficient, A 1s the wavelength in free
space, k 1s the propagation constant in the medium
whose average refraction index is n. The total
absorption =« 1s given by

%=y + wl + ml”, (2)

where =z 1s the linear absorption, =, 15 the 2PA
coeflicient and x5 15 the 3PA coeflicient. Eq. (1) 15
numerically solved using the Split Step Fourner
method, where the temporal shape of the beam 15
included. Absorption coeflicient and #n, values are
extracted from reference [8].

3. Experimental setup

The semiconductor waveguides used n the
experiments were grown by molecular beam em-
taxy. Two different structures have been used.
The structure of the first waveguide (WGI1) con-
sists of a l-um-thick guiding laver ol Alg-,.
Gag q9hs. a 3-um-thick lower cladding region
and a 1-pm-thick upper cladding region of Alg 5.
Gag 7As deposited on a GaAs wafer. It was cleaved
to give a 12-mm-long waveguide. The structure of
the second waveguide (WG2) consists of a 1.5-pm-
thick guiding laver of Alg24Gag 764s, sandwiched
between two claddings similar than the first wave-
guide. This waveguide 1s 14-mm long.

Three different laser sources have been used:
two optical parametric svstems continuously tun-
able in the near-infrared region, delivering either
femtosecond or picosecond pulses, and a 1.53-pym
laser providing nanosecond pulses. The femtosec-
ond system 15 an optical parametric amplifier
(OPA) pumped by a CW-titanium:sapphire. The
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Fig. 1. Optical setup. A/2 = half-wave plate, PBS = Polarizing beam splitter, Det = detector.

OPA repetition rate is 230 kHz. This svstem deliv-
ers 60-Ts pulses with a typical energy of 300 nJ. We
stretched the pulses in order to obtain a duration
of 300-f5 pulse using a two-prism system and a slit.
The second system used is a picosecond system,
which consist in an optical parametric generator
pumped by a mode-locked Nd:Y AG laser. It pro-
vides 20-ps long pulses at a repetition rate of
10 Hz, with an energy of about 100 uJ per pulse.
Spatial filtering 1s necessary to improve the beam
shape. The last source tested 1s a microchip laser
delivering nanosecond pulses of 5 pJ at 1.53 pm.

A scheme of the experimental setup 1s repre-
sented in Fig. 1. For all setups, the beam was ellip-
tically shaped using a set of cylindrical lenses
before it was launched in the slab waveguide using
a 20 microscope objective. Detection was made
with a vidicon camera.

4. Stability of solitons

A remarkable result obtained with waveguide
WG Tor a 30-ps pulse duration at 1480 nm, 1s
shown n Fig. 2. A strongly focused mmput beam
(6 pm HWHM) was launched at the entrance face
of the waveguide as shown in Fig. 2{a). At low
intensity, in the linear regime, the image at the exit
face of the sample (Fig. 2(b)) depicts a strongly dif-
fracted beam in accordance with the 17-diffrac-
tion-length long sample. As we increased the
injected beam intensity, diffraction 1s partially bal-

anced by the Kerr effect. At the proper beam
power, a similar beam width 1s present at the en-
trance and at the exit face of the sample, a spatial
soliton 1s formed (Fig. 2(c)). The smooth beam
profile 1s also an mdication of soliton formation.
Indeed, noise present in the input beam and cre-
ated by waveguide imperfections, 1s rejected during
soliton formation and propagation. For energy
shightly higher than the soliton threshold the input
face of the waveguide 1s damaged. We can con-
clude that this soliton size necessitates a beam
power close to the limit that can support the mate-
rial. We evaluate this intensity to be 4 GW/em?. As
a consequence smaller solitons could not be
formed in AlGadAs, at least at this pulse duration.
Spatial soliton for such a long propagation dis-
tance had never been shown in this semiconductor.
In next section we explore the soliton stability ver-
sus wavelength.

5. Influence of wavelength

In the literature, soliton experiments in AlGaAs
have been mostly done at a fixed wavelength
(1.55 pm), the influence of wavelength on soliton
propagation has consequently never been re-
ported. In this section, we report expenmental
results on self-focusing for wavelengths varving
from 1480 to 1570 nm in 10-nm steps. The results
are depicted in Fig. 3. The output profiles are pre-
sented after propagation in waveguide WG2, with
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Fig. 2. Experimental images and profiles at the input (a) and

output of the waveguide in linear regime (b) and soliton regime
obtained after propagation on 17 diffraction lengths (c).

300-fs pulses. The beam width at the mput s
around 20 pm (HWHM) which corresponds to
34 diffraction lengths.

We note that the optimal wavelength 1s 1530 nm
in accordance with the composition of this wave-
suide  (Alp24GageAs). The bandgap of Al
Gap - As 15 indeed shifted toward short
wavelengths when the concentration of aluminium
increases, that is why the optimal wavelength is
1530 nm in our case instead of 1550 nm as re-
ported for waveguides composed of 18% of alu-
minium [13]. At this optimal wavelength, we
have a cleaned focused beam, with no local maxi-
mum on its sides. On the contrary, for the shortest

wavelength we cannot obtain a clean focused beam
without appearance of wings on both sides. For
long wavelengths efficient self-focusing  effect
cannot be obtained even if we increase the injected
power. For example at A= 1570nm in Fig. 3, a
broad and noisy beam 1s present at the output face
of the waveguide.

It has been shown that 2PA and Kemr effect
coefficients are getting stronger for shorter wave-
lengths [8]. As a consequence of strong 2, focusing
remains present in our experiments, but 2PA ad-
versely affects the focusing effect and gives rise to
wings on both side of the central beam. This effect
will be confirmed later using a numencal model.
Experimentally, these side wings rise simulta-
neously with the clean central profile. The influ-
ence of 2PA will be discussed in more details in
next section. For long wavelengths the weak
self-focusing 1s mainly due to the Kerr effect that
wedkens for long wavelengths. Furthermore 3PA
increases rapidly with wavelength and becomes
non negligible [14]. We note that noise is removed
from the profile only for short wavelengths when
Kerr effect 15 strong which leads to a soliton-like
behavior.

Dispersion of the nonlinear coeflicients are key
parameters in self-focusing behavior versus wave-
length. We found that soliton propagation s eflec-
tive for a range of 40 nm. In the following part we
examine what happen at those optimal wave-
lengths when light power higher than the soliton
threshold is injected in the waveguide.

6. Self-focusing behavior versus power

Self-focusing behavior as a function of beam
power for 300-fs pulses 1s depicted in Fig. 4, where
experiments and simulations are presented. A 14-
um-wide beam (HWHM) 1s injected at the en-
trance face of waveguide WG2 as shown in Fig.
4A(a). At low intensity, in the linear regime, the
immage at the exit face of the wavegwde (Fig
4A(b)) shows the diffracted beam in accordance
with the 8-diffraction length long sample. The sol-
iton regime 15 reached in Fig. 4A(c). If we increase
the power above the soliton threshold, wings ap-
pear on each side of the beam. The wings become
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Fig. 3. Experimental output profiles showing the best “soliton’ profile obtained as a function of wavelength.

more intense as we further raise the power (Fig.
4A(d)) and a 3-peak profile finally appears (Fig.
4Aie)). These 3 peaks have about the same width
and thev appear when the injected power is
roughly three time the soliton power. For higher
power the central peak becomes less intense than
lateral ones as shown in Fig. 4A(f). Above this lim-
it the transmitted power decays rapidly due to the
nonlinear absorption, at the same time, the beam
widens and the profile becomes chaotic probably
due to modulational instabality.

To show the fundamental influence of MPA on
beam propagation at high power level [15], we
have plotted in Fig. 5 the time averaged beam pro-
file versus propagation length in absence and in the
presence of nonlinear absorption. A beam propa-
gation method has been appled to solve Eqg. (1).
Without nonlinear absorption we observe that
after a strong focusing stage the beam splits in
three peaks. These three peaks form a higher order
soliton charactenzed by closely located peaks. For
longer propagation length, the three peaks merge
showing a recurrence effect. In the presence of
MPA the three peaks are still obtained but they
rapidly move away from each other and no recur-
rence 15 observed. The experimental behavior pre-

sented 1n Fig. 4 15 in accordance with this last
description.

MPA has consequently been included in the
numerical results shown in Fig. 4 column B. A spa-
tio-temporal representation showing the pulse
reshaping 1s also presented. Because of nonlinear
absorptions, at high power, the central part of
the beam is highly absorbed and splits in two
parts. At this point the intensity 15 low enough
50 that nonlinear absorption becomes negligible.
In this case propagation 15 not affected anymore
bv the MPA and the beam evolves as ifit was com-
posed of two diverging solitons [16,17]. The front
and the back of the pulse are not affected by
MPA because of a lower power, and they self-
focus to finally form the central peak superposi-
tion of two time shifted solitons. It consequently
gives a 3-peak profile for the ime integrated beam.

The intensity ratio between the lateral peaks
and the central peak reaches a maximum for a gi-
ven injected power (Fig. 4(0)). This maximum ratio
depends on the amplitude of MPA and on the tem-
poral shape of the pulse. For example if MPA 15
very high the strong absorption on the center of
the temporal pulse prevents the spatial lateral
peaks to reach the same intensity than the central
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Fig. 4. Experimental profile (column A), numerical profile and spatio-temporal representation (column B) versus injected power. For
A=1520 nm and 14-mm propagation length. Injected beam (a) and output beam in linear regime P < P, (b), soliton regime P = P,
(where Iy = 0.5 GW/em?, in theory) (), P =2.2P;o (d), P =2.7P;5 (€), P =3P, (f).
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Beam propagation without MPA
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Fig. 5. Time-averaged beam evolution of an initially Gaussian beam versus propagation without and with MPA for an input intensity
of three time the soliton intensity (fo=3,=1.6 GWiem® and HWHM =20 pm). Material parameters used are A= 1.52 pm,
fr = 1752 1074 em®IGW, 2= 0,16 cm™!, 2 = 045 em/GW and 25 = 0.04 cmVGW?,

spatial peak and the behavior i1s then dominated by
the back and front of the pulse. On the contrary if
the temporal pulse shape 1s not gaussian, as taken
in the numencal calculation, but with a flat top
(super-gaussian), the lateral peaks will contain
most of the energy. In this case the back and front
of the pulse beam do not play a sigmficant role.
This situation 15 close to the case of a continuous
wave. The extreme case 1s a continuous beam that
would not produce a central peak at high power.
In addition. our numerical beam calculations
shows than 2PA and 3PA play a similar role on
the spatial profile, They both give rise to a profile
composed multiple peaks at high power.

We have shown that MPA playvs a major role in
self-focusing for intensity higher than the soliton
threshold intensity. It particularly prevents higher
order soliton and recurrence to occur in AlGaAs
waveguide.

7. Influence of pulse duration

In the previous part some influence of the pulse
shape has been shown. In this section we analyze
the effect of pulse duration on soliton formation.
Discrete pulse durations have been expenmentally
used. When using 60-fs pulses weak focusing eflect
15 observed, not sufficient to spatially trap even
wide beams. For high power transmussivity of the
waveguide decreases rapidly preventing soliton re-
gime to be reached. The rapid decay 1s due to both
MPA and chromatic dispersion. Most of our

experiments have been performed with 300-Ts
pulses for which optical damage of the AlGaAs
does not occur even for the highest used intensities.
For this pulse duration, we however suspect that
dispersion still has an impact on soliton formation
since narrow solitons cannot be formed despite suf-
fictent light power. On the contrary, 30-ps pulses
can generate very narrow solitons as shown in Sec-
tion 2. For picosecond pulses we could expect the
effect of carrier generation to induce defocusing
[18.12], we however did not observe experimentally
any mfluence of this effect on beam trapping. Fi-
nallv, for 2.5-ns pulses, we observed that wave-
guide facet damage occurs before appearance of
self-focusing. We suspect this damage to be due
to thermal effects. Moreover for these long pulses
the photo-generated free carriers induced by 2PA
and 3PA would result in a strong adverse defocus-
ing effect and we suspect that self-focusing would
not be possible. The experiments lead us to con-
clude that the optimum pulse duration for soliton
in AlGaAs is in the picosecond range.

8. Conclusion

We have demonstrated that Kerr sell-focusing
in AlGaAs can be obtained over a wide range of
wavelength (about 70nm) in the wicinity of
1550 nm. The soliton formation 15 however limited
to a narrower range whose lmits are due to
2-photon absorption on the short wavelength side
and a weak Kerr effect associated with 3-photon
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absorption for long wavelengths. Comparison be-
tween theory and expenments reveal that nonlin-
ear absorptions cannot be neglected even at the
optimal 1530 wavelength to fullv understand beam
self-focusing behavior as a function of power. The
multi-photon absorption prevents higher order
solitons to propagate in AlGaAs. At last, we ob-
serve that material chromatic dispersion imposes
a minimum value for pulse duration while matenal
damage threshold sets the maximum value. Pulses
in the picosecond range gives the best results for
spatial soliton formation. Finally we have shown
than solitons can propagate over a long distance
when optimum parameters are used. Stability has
been observed over 17 diffraction lengths.
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