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~Received 3 January 1997; accepted for publication 20 March 1997!
We experimentally demonstrate surface-emitting second harmonic generation in a waveguide
containing asymmetric coupled GaAs/AlGaAs quantum wells. The nonlinear conversion efficiency
is enhanced by reversing the asymmetric well orientation every coherence length, in order to
quasiphase match the vertical second harmonic generation process. The measured spectrum of the
asymmetric quantum well susceptibility is dominated by an excitonic peak at a pump frequency
corresponding to half of the first electron-heavy hole transition energy. © 1997 American Institute
of Physics. @S0003-6951~97!03320-2#
Nonlinear frequency conversion in semiconductor heterostructures is a promising approach to the realization of
compact tunable infrared sources, wavelength converters1 for
optical networks, and optical processing. Asymmetric quantum wells ~AQWs! have been recognized2–7 as a suitable
nonlinear optical material, thanks to the high second order
nonlinear coefficient and possibility of integration with semiconductor laser sources. Furthermore, it is possible to engineer the sign and the shape of the AQW nonlinearity to
achieve useful frequency conversion efficiencies in
waveguides. For example, reversing the AQW asymmetry
can be used to optimize modal phase matching6 and to
achieve quasiphase matching8 ~QPM! in surface-emitting
second harmonic generation ~SESHG!. Alternatively, selective intermixing can be used to extinguish the AQW nonlinearity and achieve quasiphase matching in copropagating
SHG.9 Although the highest nonlinear coefficients are obtained at midinfrared wavelengths, where only intersubband
transitions are involved, most applications require nearinfrared pumps, which involve virtual interband transitions.
In the interband case, the nonlinear coefficient is expected to
be smaller,10 due to the small dipole moments for interband
transitions, the absence of a double resonance, the distributed
nature of the transition, and a sum rule,10 which cancels out
the zero order contribution in the sum over the levels. Theoretical calculations10–12 which take this sum rule into account estimate nonresonant values in the 10–20 pm/V range
for the largest x (2) tensor element, namely the (xzx) ~z being
the growth direction!. Taking into account excitonic effects
leads13,14 to peak values in the 200 pm/V range. The x (2)
value in asymmetric coupled GaAs/AlGaAs quantum wells
for frequencies above half the band gap has been
(2)
measured15,16 in a reflection geometry: x (2)
xzx ' x zxx
'15 pm/V. In the transparency region for the second harmonic, the (xzx) element was shown17 to be dominant in
symmetric biased quantum wells, with values around 25
pm/V for a 50 kV/cm applied field. Excitonic peaks were
observed in asymmetric coupled GaAs/AlGaAs quantum
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wells for pumps in the band gap frequency region,18 and
recently in symmetric quantum wells at half the band gap,19
although such symmetric wells should present no additional
tensor elements with respect to the bulk. An excitonic peak
was also observed in second harmonic generation at half the
band gap of ZnCdSe/ZnSe asymmetric coupled quantum
wells.20 Nevertheless, to the best of our knowledge, no application of quantum well interband second order nonlinearity to waveguide frequency conversion has been demonstrated so far. In this letter, we experimentally demonstrate
QPM SESHG in a waveguide with periodically reversed
asymmetric GaAs/AlGaAs quantum wells, using the concept
of ‘‘quantum well domain structures’’ introduced by
Khurgin,6 in the geometry proposed by Harshman et al.8 By
periodically reversing the orientation of the wells, a 30-fold
enhancement in the peak conversion efficiency is obtained
with respect to a nonreversed sample. This geometry also
allows us to measure the x (2) of the AQWs in the vicinity of
the band edge. The resulting spectrum is dominated by a
strong excitonic peak at half the first electron-heavy hole
transition energy. These results stress the importance of
seeking a compromise between nonlinearity and absorption
for AQW-based frequency conversion devices.
The waveguide was designed for quasiphase matched
second harmonic generation of a 1.55 mm pump. The sample
was grown by molecular beam epitaxy on a ~100! GaAs substrate, and consists of a 0.6726 mm superlattice embedded
between a 2-mm-thick Al0.5Ga0.5As lower cladding layer and
a 0.6 mm Al0.5Ga0.5As upper cladding layer. The AQW core
layer ~sample No. 1! is composed of three periods of a two
domain structure. Each domain is made up of five asymmetric coupled quantum wells ~as confirmed by transmission
electron microscopy!: 15 Å GaAs/12 Å Al0.4Ga0.6As/27 Å
GaAs/160 Å Al0.4Ga0.4As ~barrier!; the two domains in each
period have the AQW asymmetry reversed. Each domain is
0.1161 mm thick, i.e., half of the second harmonic wavelength in the material. Since reversing the AQW asymmetry
changes the sign of the x (2) , 6 periodically reversing the
asymmetry provides quasiphase matching for the SH wave
emitted normally to the waveguide surface8,21 ~see the inset
in Fig. 1!. A second sample ~No. 2! was grown as a reference, identical to the first except that all the AQWs were
oriented in the same way. The calculated first electron-heavy
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FIG. 1. Surface-emitting second harmonic generation efficiency
@ P 2 v /( P TEP TM) # as a function of pump wavelength in sample No. 1 ~reversed AQWs!. Pump polarization angle is 45°. In the inset: principle of
QPM in the vertical direction.

hole ~e1-hh1! transition energy is 1628 meV at room temperature.
Room temperature and low temperature photoluminescence were performed on the two samples using HeNe excitation. At room temperature, sample No. 1 has a e1-hh1 peak
at 765.2 nm ~1620 meV!, which corresponds to the calculated value considering a 8 meV excitonic shift. A shoulder
on the high energy side indicates a electron-light hole ~e1lh1! transition at 751 nm ~1651 meV!. The same peaks are
shifted in sample No. 2 @e1-hh1: 761.3 nm ~1629 meV!, e1lh1: '748 nm ~1658 meV!#, probably due to less than 2 Å
difference in quantum well thickness. We also measured the
low temperature photoluminescence linewidth: full width at
half-maximum (FWHM)57.4 meV ~sample No. 1!,
FWHM57.9 meV ~sample No. 2!. This rather wide linewidth is attributed to well-to-well inhomegeneity.
Ridge waveguides 4 to 10 mm wide and 0.2 mm deep
were fabricated on the two samples using standard photolithography and chemical etching. As a pump for the second
harmonic generation experiment, we used a synchronously
mode-locked tunable OH:NaCl color center laser, pumped
by a 76 MHz, 110 ps mode-locked Nd:YAG laser. Typical 2
mW average power is end-fire coupled in the waveguide.
The two counterpropagating beams necessary for the SESHG
are provided by the reflection of the incident beam on the
waveguide exit facet. A lens ( f 5142 mm) images the
sample surface on a CCD camera. In this configuration, the
near-field image of the surface emitted second harmonic
~SESH! is accumulated on the CCD. The SESH appears as a
periodic pattern of streaks distributed along the propagation
direction. The periodicity is related to the birefringence,22
since the SESH is produced by the interaction of TE and TM
beams. Indeed, in the surface emitting geometry, the only
effective tensor elements are the (xyz) of the bulk and the
(xzx) of the AQWs ~the crystalline axes x and y are at 45°
angle with the TE polarization in the waveguide!. Both tensor elements produce a nonlinear mixing of TE and TM
modes.
We measured the SESHG efficiency as a function of
wavelength. To optimize mode locking, we used the SESHG

FIG. 2. Surface-emitting second harmonic generation efficiency
@ P 2 v /( P TEP TM) # as a function of pump wavelength in sample No. 2 ~nonreversed AQWs!. Pump polarization angle is 45°. In the inset: two-photonpumped photoluminescence efficiency ( P PL / P 2TE) for a TE polarized pump
as a function of pump wavelength in sample No. 2.

nonlinear waveguide as an optical autocorrelator.21 The
length of the SH streak along the guide gives the correlation
of the incident and reflected part of the pulse, hence the pulse
duration. We used pulse durations of about 10 ps; however,
the SESHG efficiency was confirmed to be independent of
pulse duration as long as the latter is shorter than twice the
guide length.23 Figure 1 shows the SESHG efficiency ( h
[ P 2 v /( P TEP TM), P 2 v , P TE , P TM being average powers! in
sample No. 1 ~reversed AQWs! as a function of pump wavelength. Input polarization angle is 45°. The SESH intensity
spectrum shows a large peak superposed on a continuous
background, which increases towards higher energies. The
peak is centered at l51530 nm ~810.3 meV!, which corresponds to half of the e1-hh1 transition energy as measured
by room temperature photoluminescence. The peak was fitted with a Gaussian lineshape with a FWHM56.2 meV. The
same measurement was repeated in sample No. 2 ~nonreversed AQWs! ~Fig. 2!. Also in this case the SESH peak is
centered (l51520 nm2815.9 meV) at half of the photoluminescence e1-hh1 transition energy; for this sample, however, the peak conversion efficiency is a factor of 30 lower
than in the quasiphase matched sample. The FWHM of the
Gaussian fit is 3.7 meV. Subtracting the background and
integrating over the SESH peak we get an enhancement factor of 47 in the quasiphase matched sample compared to the
nonphase matched one. In sample No. 2, it was impossible to
measure the SESH below 1510 nm. This is due to the fact
that the low SESH signal is dominated by the photoluminescence of the AQWs pumped by two-photon absorption
~TPA!. In the inset of Fig. 2, we plot the TPA-pumped photoluminescence efficiency ( P PL / P 2TE) for a TE polarized input as a function of pump wavelength. As the pump energy
becomes smaller than half of the e1-hh1 energy, the TPA
mechanism is no longer efficient in pumping the photoluminescence.
To interpret the spectral dependence of SESHG, computer simulations of the SESHG process were performed.
We model the x (2) in the reversed AQWs region as the sum
of the bulk x (2) corresponding to an average composition
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FIG. 3. Calculated SESHG efficiency for the two samples as a function of
wavelength, assuming x~2!~AQWs!50.04x~2!~GaAs!.

Al0.31Ga0.69As layer and the x (2) from the AQWs, whose
sign changes in correspondance to domain reversals. For the
nonreversed sample, the AQWs x (2) is constant in sign. The
bulk x (2) values were interpolated from long-wavelength
measured values by the use of Miller’s rule.23 Local-field
effects24 are not taken into account. Figure 3 shows the calculated SESHG efficiency for the two samples as a function
of wavelength, assuming a wavelength-independent
x~2!~AQWs!50.04x~2!~GaAs!. In the QPM case, the efficiency varies slowly in the region of interest, due to the
small number of QPM periods. On the contrary, the nonQPM efficiency has an oscillating behavior, related to the
presence of Maker fringes ~only a half-period oscillation is
seen in the range shown in Fig. 3!. This resonant effect explains the increase in the SESHG efficiency towards lower
energies in sample No. 2. From the flat wavelength dependence of the calculated QPM efficiency, we deduce that in
the QPM sample the spectral variations are due to the x (2)
variation with frequency. The AQWs x (2)
xzx shows a clear excitonic peak and increases towards higher energies, probably
due to broad high energy resonances. The calculated 35-fold
enhancement due to QPM agrees well with the measured
value. A comparison of the measured SH response with the
calculated QPM efficiency shown in Fig. 3 gives an estimated peak x (2) of the AQWs of 20 pm/V, assuming a
x (2) ~GaAs!'500 pm/V near the midgap resonance. No resonance is found in correspondance to the e1-lh1 transition
~which should be at 1502 nm!. This confirms that light holes
contribute a lower nonlinear coefficient, as predicted by
theory.10,12 We attribute the smaller FWHM of the excitonic
peak in the non-QPM sample to the combined effect of phase
mismatch and absorption, which isolate the contribution of
the top few wells, thus reducing the effective inhomogeneous
broadening.
In conclusion, we have reported observation of quasiphase matched surface emitting second harmonic genera-

tion in coupled asymmetric quantum well waveguide. This
geometry greatly enhances the conversion efficiency and allows to isolate AQWs contribution from the bulk. The measured spectrum shows a large excitonic peak. This confirms
that excitonic effects strongly enhance the quantum well susceptibility in the midgap frequency region. These results are
promising for the realization of frequency conversion devices based on AQW waveguides. We also demonstrated use
of this device as a optical picosecond autocorrelator.
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