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in GaAs–AlGaAs waveguides for
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Performance-limiting asymmetric distortion is observed in the spectra of fundamental pulses transmitted
through GaAs Al0.9Ga0.1As multilayer waveguides designed for surface-emitted second-harmonic generation.
This behavior is attributed to refractive-index changes resulting from the accumulation of free carriers created
by two-photon absorption in the GaAs layers. Numerical simulations of the intensity-dependent spectra by
use of the separately measured two-photon absorption coefficient are shown to be in good agreement with the
observed spectra.  1999 Optical Society of America
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For high-intensity pulses in semiconductor wave-
guides, two-photon absorption (TPA) can become
signif icant not only as a loss mechanism but also as
a source of carrier-induced refractive-index changes.
The resulting asymmetric distortion of the pulse
spectrum through self-phase modulation can be more
detrimental in certain applications than the loss
associated with TPA alone. One example is surface-
emitted second-harmonic generation1 (SESHG)
in quasi-phase-matched (QPM) waveguides, which
exploits the large x s2d of semiconductors and the
relative ease of producing QPM vertical layers by
use of conventional epitaxy techniques. Owing to
the limited interaction length associated with coun-
terpropagating short pulses in the surface-emitted
geometry, conversion efficiencies are typically low, and
large input intensities are needed for useful SESHG
powers. If the intensity is large enough for signif-
icant TPA, the associated carrier-induced spectral
distortion can negatively affect wavelength-dependent
SESHG device applications, such as integrated op-
tical spectrometers.2,3 Furthermore, SESHG cor-
relators4 and temporal demultiplexers5 are also
penalized by the associated temporal distortion. Here
we present results from a SESHG experiment in which
the fundamental spectrum is distorted asymmetri-
cally, and we demonstrate by simulation that this
distortion can result from refractive-index changes
caused by TPA-generated carriers. The separately
measured TPA coefficient in the QPM waveguide is
consistent with the self-phase modulation needed to
produce the observed distortion.

The waveguide is designed for operation near
lfund ø 1.5 mm, with a multilayer core consisting of six
half-wavelength layers of GaAs fhigh x s2dg alternating
with five layers of Al0.9Ga0.1As flow x s2dg so that a
QPM condition is achieved.1,6 The upper and lower
Al0.9Ga0.1As cladding layers are 1.66 and 1.73 mm
0146-9592/99/110756-03$15.00/0
thick, respectively, with a 10-nm GaAs cap and a
six-period AlAs–GaAs distributed Bragg ref lector
below. The distributed Bragg ref lector ref lects the
downward-propagating portion of the second harmonic
back toward the surface, where it can be collected.
The entire structure was grown by molecular beam
epitaxy on (100)-oriented semi-insulating GaAs.
Channel waveguides were formed by reactive-ion
etching 3-mm-wide ribs to a depth of 2.4 mm.

For all the data reported here the fundamental wave-
length was near 1.50 mm and the FWHM pulse width
was 240 fs. The polarization state was controlled with
a half-wave plate, and the power was adjusted with a
variable attenuator. The fundamental pulse trans-
mitted through the waveguide was collected with a
standard single-mode fiber and measured with an op-
tical spectrum analyzer. Similarly, the SESHG that
was generated by the fundamental pulse was collected
with a 100-mm-core multimode fiber positioned above
the waveguide. We readily obtained the counterpropa-
gating geometry by allowing the fundamental pulse to
ref lect through itself at the rear waveguide facet.

Since the fundamental photon energy is greater than
one-half the bandgap of GaAs, TPA can occur. The
presence of TPA was verif ied by separate waveguide
transmission measurements, which also provided
the TPA coefficient. Furthermore, the recombina-
tion of TPA-generated free electron–hole pairs was
observed as band-edge luminescence, as shown in
Fig. 1. The time-averaged band-edge luminescence
was collected above the input facet, where the peak
intensity and TPA are highest. The peak emission
wavelength shifted by less than 5 MeV, from 872 nm
at 4 GWycm2 to 875 nm at 20 GWycm2, showing that
thermal effects that may be present are not large.
The slope of the high-energy luminescence also con-
firms the absence of significant heating. The linear
polarization of the input fundamental was oriented at
 1999 Optical Society of America
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Fig. 1. Room-temperature band-edge luminescence result-
ing from the subbandgap fundamental sl , 1.5 mmd,
measured above the input facet of the waveguide. The
intensity dependence confirms that carrier generation is
dominated by TPA. The peak emission wavelength and the
high-energy tail verify minimal heating.

45± from vertical, equally exciting both the TE and the
TM modes as required for SESHG in (100)-oriented
(Al)GaAs.7 For pure TE or TM excitation we observed
polarization dependence in the TPA, with the TE-
polarized fundamental producing as much as double
the luminescence intensity of the TM. We observed a
similar dependence in the effective TPA coefficient b,
which was determined to be 8 cmyGW for the TE mode
and 3 cmyGW for the TM mode in a separate nonlinear
transmission experiment. The effective b that was
used here incorporates the overlap of the mode with the
multilayer waveguide core. We note that this depen-
dence is in agreement with that observed previously in
bulk AlGaAs waveguides.8

Spectral and temporal distortions resulting from
free-carrier-induced changes in the refractive index
are both instantaneous and potentially long lived.
In contrast with previous work,9 – 11 we focus on the
spectral distortions related to carriers produced by
TPA. Here, TPA-generated carriers created by the
first portion of the pulse reduce the index that is ex-
perienced by the remainder of the pulse. Thus, when
the free-carrier density changes during the time of the
pulse, both temporal and spectral asymmetries result.
These asymmetric spectral distortions are apparent in
Fig. 2(a), in which the observed spectra are shown for
the transmitted TE and TM fundamentals. The spec-
tra are increasingly distorted and blueshifted for in-
creasing peak intensities. This asymmetric spectral
distortion and eventual splitting at high power are
characteristic of carrier-induced self-phase modula-
tion.9 In contrast, symmetric spectral distortion is
observed for self-phase-modulation related to instan-
taneous processes, such as the Kerr effect, that are not
cumulative. The asymmetric spectral distortion that
was observed here requires a cumulative effect, such
as a time-dependent carrier density related to the total
time-integrated absorption.
We model the evolution of the fundamental complex
electric field in the waveguide by coupling the spatial
dependence of the electric field with the time depen-
dence of the carrier density9,11:
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Imax, a is the linear propagation loss,
Imax is the peak intensity, k0 is the free-space wave
number, N is the carrier density, n2 is the bulk non-
linear index, and t is the carrier lifetime. Time is
measured in a reference frame propagating with the
pulse. Linear absorption is dominated by light scat-
tering out of the guide, and thus carriers are produced
only through TPA. The refractive-index change per
carrier pair density, sn, is estimated with12,13
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where meff is the reduced effective mass. The fre-
quency dependence of sn is negligible since the fun-
damental is far from resonance. Using n0  3.37,
we find that sn  27.4 3 10221 cm3. Equations (1)
and (2) were solved numerically for our 1.28-mm
guide with a  15 cm21, l  1.5 mm, and t  1 ns.
A Gaussian input pulse with tFWHM  240 fs was

Fig. 2. (a) Transmitted TM and TE fundamental spec-
tra for 1.5-mm excitation at various peak intensities in-
side the waveguide. (b) Corresponding simulation results,
with bTM  3 cmyGW, bTE  8 cmyGW, and n2  8 3
10214 cm2yW.
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Fig. 3. (a) Normalized fundamental spectra showing
asymmetric distortion for 22-GWycm2 peak intensity
oriented to excite both the TE and TM modes. (b) Cor-
responding calculated and measured SESHG spectra.
Note that the SESHG would be centered at 750 nm for an
undistorted 1.5-mm fundamental.

assumed. Thus, only the effective nonlinear index n2
and a fixed coupling efficiency into the guide were ad-
justable parameters. The numerical simulation pro-
duced the temporal behavior of the transmitted pulse,
and the power spectrum was then obtained by a
Fourier transform.

The calculated spectra for increasing input intensi-
ties are shown in Fig. 2(b). The consistent agreement
with the observed data in Fig. 2(a) was achieved by use
of n2  8 3 10214 cm2yW for all spectra. With all other
parameters fixed, the relative intensity of the trans-
mitted fundamental scales the same as do the observed
data. Furthermore, the simulation clearly shows the
experimentally observed blueshifts and asymmetric,
multipeaked behavior at higher intensities. We note
that the n2 used in the simulation is smaller than
that typically reported for GaAs.8 This is expected
since the waveguide is a GaAs Al0.9Ga0.1As layered
structure. The fact that the spectra observed for
four different input intensities are all well simulated
with fixed parameters validates the model and shows
that the observations are consistent with the TPA
mechanism.

A representative SESHG spectrum and the corre-
sponding fundamental are shown in Fig. 3. The data
were observed for a peak fundamental intensity of
22 GWycm2 with the input polarization at 45±, corre-
sponding to a peak carrier density of 8 3 1017 cm23.
The calculated SESHG spectra in Fig. 3(b) are ob-
tained from the fundamental spectra in Fig. 3(a) with
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NLsvd is the nonlinear polarization producing

the SESHG and Esv1d and Esv2d are the counterpropa-
gating fundamental fields. Since only the power spec-
tra P svid are known, we approximate Esvid ø

p
jP svidj.

The measured SESHG spectrum is clearly blueshifted,
as expected from the observed distortion of the fun-
damental. The additional features in the measured
SESHG spectrum result from the wavelength response
of the distributed Bragg ref lector.

In summary, we have presented data showing asym-
metric spectral distortion of 240-fs pulses transmit-
ted through a multilayer GaAs Al0.9Ga0.1As SESHG
waveguide. The distortion is consistent with the in-
dex changes caused by TPA-generated free carriers in
the GaAs layers. We have measured the effective TPA
coefficients for the waveguide to be bTM  3 cmyGW
and bTE  8 cmyGW, and we have reproduced the mea-
sured spectra by a simulation using the experimentally
measured parameters.
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