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Quasi phase matching in GaAs–AlAs superlattice waveguides
through bandgap tuning by use of quantum-well intermixing
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We report the observation of second-harmonic generation by type I quasi phase matching in a GaAs–AlAs
superlattice waveguide. Quasi phase matching was achieved through modulation of the nonlinear coefficient
x �2�

zxy , which we realized by periodically tuning the superlattice bandgap. Second-harmonic generation was
demonstrated for fundamental wavelengths from 1480 to 1520 nm, from the third-order gratings with peri-
ods from 10.5 to 12.4 mm. The second-harmonic signal spectra demonstrated narrowing owing to the finite
bandwidth of the quasi-phase-matching grating. An average power of �110 nW was obtained for the second
harmonic by use of an average launched pump power of &2.3 mW. © 2000 Optical Society of America
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The use of second-order nonlinearities in III–V
semiconductors, which have intrinsically large x �2�

coeff icients, offers the possibility of efficient opti-
cal frequency conversion. The mature GaAs-based
fabrication technology and the potential for direct
integration with laser diodes could lead to the de-
velopment of numerous functional devices,1,2 ranging
from second-harmonic-generation structures to in-
tegrated devices for difference frequency generation
(with applications in wavelength-division multiplexed
channel conversion3), parametric amplif ication, and
oscillation. Because of the lack of intrinsic bire-
fringence in III–V semiconductor structures and
the large normal dispersion, it is difficult to phase
match the second-order nonlinear process. Recently
a technique was developed to induce an artif icial
birefringence by means of embedding native oxide
layers in the waveguide, but work is still in progress to
overcome the excessive optical losses incurred in these
waveguides.4 Greater f lexibility is possible with
quasi phase matching (QPM), and in initial studies of
semiconductors, domain inversion by use of growth on
patterned substrates was investigated.5,6 Although
promising, patterned substrate growth is still associ-
ated with high optical losses and low yield.

An alternative technology, described here, is
domain-disordering QPM obtained by postgrowth
sample processing. Modulation of x �2� in semi-
conductor waveguides was previously obtained by
amorphization with implantation.7 Here we realize
domain-disordering QPM through the modulation of
the heterostructure bandgap while preserving the
crystalline structure, which subsequently provides
modulation in the bulklike x

�2�
xyz and x

�2�
zxy coefficients

when operating near a material resonance. The
values of this modulation in GaAs–AlAs superlattices
are predicted to be as large as those attained in peri-
odically poled LiNbO3.8 The bandgap modulation is
achieved by use of quantum-well intermixing (QWI),
by which lateral control over the heterostructure
bandgap can be obtained with no substantial increase
0146-9592/00/181370-03$15.00/0
in optical losses.9 In addition, domain-disordering
QPM by use of QWI is attractive because it is based on
nondestructive, postgrowth, lithography-based semi-
conductor fabrication. One can also use QWI with
asymmetric heterostructures to modulate additional
induced x �2� tensor elements,10 but these coefficients
tend to be relatively small (typically a few pm V21).11

In this Letter we present measurements of sec-
ond-harmonic generation from third-order quasi-
phase-matched gratings achieved with QWI. The
structure used was composed of 0.6 mm of a sym-
metric superlattice waveguide core made of 14:14
monolayers of GaAs:AlAs. The lower and upper
claddings were bulk Al0.6Ga0.4As of 4 and 1.5 mm
width, respectively. A 100-nm GaAs cap was used to
cover the upper cladding. The structure was nomi-
nally undoped and grown by molecular beam epitaxy
on a semi-insulating GaAs substrate. The room-
temperature photoluminescence emission wavelength
of the structure was 745 nm from the central portion of
the wafer. This design will allow an operating funda-
mental wavelength of �1550 nm at 30 meV below the
half-bandgap, allowing us to avoid two-photon absorp-
tion and use the modulation attained in the resonant
component of x �2� as the bandgap of the structure is
shifted. We achieved domain disordering by use of
sputtered silica defect–induced intermixing12 with
electron-gun-deposited silica caps to suppress the pro-
cess. The sputtered-silica intermixing process does
not introduce any signif icant optical loss; for example,
the band-edge absorption is reduced to just 4 cm21

in a InGaAs–InGaAsP laser structure.13 After an-
nealing of the present sample, the room-temperature
photoluminescence peaks were observed at 725 and
680 nm; the peaks originated from the suppressed
and the disordered regions, respectively.

The optical source used in the measurements is a
synchronously pumped singly resonant femtosecond
periodically poled LiNbO3 optical parametric oscilla-
tor (OPO) based on a semimonolithic cavity design.
The OPO was pumped by a Kerr-lens mode-locked
© 2000 Optical Society of America
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Ti:sapphire laser at 820 nm that provided pulses of
�100-fs duration at an 80-MHz repetition rate. An
average power of 80 mW was obtained from the OPO
before chopping with a 50% duty cycle for lock-in detec-
tion. A 4-mm-long sample with grating periods from
5.8 to 12.4 mm was mounted on an end-fire coupling
rig. TE-polarized light from the OPO was launched
into the waveguide, and the output of the waveguides
was aligned into a monochromator. A photomulti-
plier tube (PMT) was then used to detect the second
harmonic at the output of the monochromator with an
internal PMT amplif ier and a lock-in amplif ier. The
PMT has a spectral range 185–900 nm, and therefore
no signal from the fundamental could be detected.
We plotted the power into the waveguide as a function
of the detected fundamental power at the waveguide
output to ensure a linear relation, conf irming that
there was no significant two-photon absorption of the
fundamental.

The periodic modulation in the superlattice bandgap
induces a modulation in x�2�, as illustrated in Fig. 1,
in which intermixing occurs under the sputtered sil-
ica caps only. There are two possible phase-match-
ing geometries: (1) type I phase matching exploits the
modulation in x

�2�
zxy , which we obtain by launching the

fundamental TE polarized at the input and the sec-
ond-harmonic that is expected with TM polarization,
and (2) type II phase matching that exploits the modu-
lation in x

�2�
xyz, accessible with mixed TE:TM polariza-

tion for the fundamental and the second harmonic is
expected with TE polarization. These two cases will
be phase matched at different QPM grating periods
as a result of the variation in propagation constant
with polarization mode. The superlattice breaks the
degeneracy between x

�2�
xyz and x

�2�
zxy that exists in bulk

semiconductors with a zinc-blende structure but is re-
stored on QWI, with the larger modulation predicted
for x

�2�
xyz.8

A typical measurement of the type I SH spectra
is shown in Fig. 2, in which there is a clear sec-
ond-harmonic signal for TM polarization and no
signal for the TE. The measured bandwidth of the
second-harmonic (FWHM, 3 nm) is limited by the
finite width of the monochromator slit at an acceptable
signal-to-noise ratio, whereas the measured FWHM
is 11 nm for the fundamental. Therefore additional
spectral narrowing occurs, owing to the fact that the
bandwidth of the QPM grating is smaller than that of
the input optical pulse. The second-harmonic signal
appears only when the output spectrum of the OPO is
tuned so that it contains the appropriate wavelength
for the QPM grating under test. Figure 3 shows
a typical result for the dependence of the second-
harmonic power on the fundamental power. The best
fit to the slope on a log–log plot is 1.9, confirming the
expected parabolic power dependence with no observed
saturation. The wavelength of the SH generated as
a function of various grating periods available in the
sample is plotted in Fig. 4. As the grating period is
decreased the QPM wavelength also decreases in this
normally dispersive medium. The lower wavelength
limit is reached when the second-harmonic photon
energy approaches the material bandgap and experi-
ences excessive band-edge absorption.

At the PMT the largest average second-harmonic
power measured was 25 nW for a wavelength of
758 nm. However, the optical measurement system
has a measured 5-dB loss between the waveguide and
the PMT, and with a further 30% ref lection loss at
the rear facet of the waveguide we can specify the best
average second-harmonic power of �110 nW in the

Fig. 1. Illustration of the type I second-harmonic genera-
tion process, in which we modulate the resonant part of
the x �2�

zxy bulk coeff icient by selective area QWI to achieve
QPM. SL’s, superlattices.

Fig. 2. Typical second-harmonic spectra showing both
output polarizations. The waveguide used in this ex-
ample has a QPM grating period of 12.4 mm.

Fig. 3. Second-harmonic output average power (measured
at the PMT) as a function of the fundamental input aver-
age power (measured after the chopper) on a log–log scale.
The best fit to the slope is 1.9, confirming the expected
parabolic power dependence.
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Fig. 4. Tuning curve indicating the second-harmonic
wavelength as a function of the QPM grating period in
the waveguides.

waveguide. In this case we measure a transmitted
fundamental average power of 250 mW, which, with a
30% loss at the rear facet and measured optical loss of
�2 dB�nm in the waveguide, translates to an average
pump power of &2.3 mW just after the front facet of
the waveguide. We note that there is a reduction of
approximately 2 orders of magnitude in fundamental
power between the OPO output and the guided mode,
which is due principally to coupling losses.

Hence we obtain a maximum second-harmonic con-
version of �0.02% with the present setup, for which
there is considerable room for improvement: (1) The
coupling losses at present severely limit the funda-
mental power launched into a guided mode by the
end-fire rig. (2) The femtosecond optical source has
a bandwidth larger than the QPM grating, and hence
the majority of the guided fundamental power is not
phase matched. Furthermore, dispersion will result
in significant temporal broadening of the fundamental
pulse as it propagates in the waveguide. A transform-
limited picosecond source would avoid both of these
restrictions. (3) In this sample we have used a
third-order grating because of initial concerns about
the resolution of the intermixing process. However,
the period of the grating for phase matching is larger
than our first estimates, and first-order gratings
should be acceptable, with potentially an order-of-mag-
nitude improvement in conversion efficiency. Indeed,
we were able to observe second-harmonic generation
by first-order QPM, using our shortest grating period
at the long-wavelength limit of our optical source.
(4) Preliminary spatially resolved photoluminescence
studies indicate that there may be some residual
intermixing under the electron-gun-deposited silica
caps plus a degree of lateral spreading. Hence the
depth of modulation of the nonlinearity has room for
improvement by reduction of the upper cladding layer
and further optimization of the sample processing.

In conclusion, second-harmonic generation by type I
quasi phase matching in GaAs–A lAs superlattice
waveguides has been demonstrated. QPM was
achieved through modulation of the bulklike non-
linear coefficient x

�2�
zxy, which was realized by periodic
tuning of the superlattice bandgap with quantum-well
intermixing. Although there will be an associated
modulation of the refractive index, this is minimal
in the vicinity of the half-bandgap, and hence the
observed efficiency of the process in a third-order
grating is far larger than can be attributed soley to a
refractive-index change.14 Second-harmonic genera-
tion was demonstrated for fundamental wavelengths
from 1480 to 1520 nm, from third-order gratings
with periods from 10.5 to 12.4 mm. The second-
harmonic signal spectra were found to exhibit spectral
narrowing owing to the f inite QPM bandwidth. An
average power of �110 nW was obtained for the second
harmonic with an average pump power of &2.3 mW.
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