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Parametric fluorescence in oxidized aluminum gallium
arsenide waveguides

A. De Rossi,a) V. Berger,b) M. Calligaro, G. Leo,c) V. Ortiz, and X. Marcadet
Thales Research and Technology, 91404 Orsay, France

~Received 11 April 2001; accepted for publication 27 September 2001!

Parametric fluorescence in low-loss oxidized aluminum gallium arsenide heterostructure
waveguides is quantitatively analyzed. A parametric fluorescence efficiency as high as 6
31027 W/W has been measured in a 3.2-mm-long waveguide. This corresponds to a normalized
conversion efficiency, scaled with the waveguide length, of about 1000% cm22 W21, eight times
higher than with LiNbO3 waveguides. This opens the perspective of a microoptical parametric
oscillation threshold below 100 mW. ©2001 American Institute of Physics.
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Parametric fluorescence~PF! in nonlinear crystals has
been demonstrated as soon as the availability of strong
coherent optical sources gave birth to nonlinear optics in
early 1960’s.1 PF involves the interaction of a classical fie
with the quantum noise. The most well known applicatio
of PF are the optical parametric oscillators~OPOs!, com-
monly used as widely tunable coherent sources, and t
photon sources for quantum optics purposes.2

Parametric processes have been also studied in nonl
waveguides.3,4 Integrated parametric oscillators5 and wave-
length converters for telecommunications were propose
LiNbO3.

6 Integrated OPOs are attractive not only as sm
and cheap systems but also for seeding large solid-s
OPOs; thus improving stability, efficiency, and spectral lin
width. In addition, all optical processing through paramet
frequency conversion is being considered as a possible s
tion for next generation routers in telecommunication n
works.

Gallium arsenide has a very high second-order susce
bility @deff is in the range of 100–200 pm/V#. This advantage
together with the possibility of integration with laser sourc
make this material very attractive for integrated nonline
optics. However, GaAs is not birefringent and alternat
phase matching techniques must be used. Recently, the
cept of form birefringence in a selectively oxidized GaA
AlAs waveguides has been introduced.7 Thanks to this tech-
nique, phase-matched difference frequency generation8 and
second harmonic generation9 have been observed.

PF through form birefringence phase matching has b
reported recently.10 The spectra of the output signal we
measured, but the ‘‘selection rules’’ on pump and signal
larizations were not fulfilled. We explain this with the hug
scattering losses in the waveguide, dramatically affecting
IR signal, and also responsible for mode and polarizat
scrambling. Furthermore, regardless of the phase matc
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technique, nonlinear optics in a semiconductor passive wa
guide was so far severely limited by optical losses. Measu
conversion efficiencies were typically lower than expec
by more than 2 orders of magnitude.8,9

In this letter, PF in low-loss oxidized AlAs/AlGaAs
waveguides is quantitatively analyzed. A normalized conv
sion efficiency, scaled with the waveguide length, of ab
1000% cm22 W21 is measured, leading to an OPO thresho
estimation below 100 mW.

The sample used for the PF experiment consists
~GaAs ^001& substrate!/1000 nm AlAs/1000 nm
Al0.7Ga0.3As/43 ~37 mm AlAs/273 nm GaAs!/37 nm AlAs/
1000 nm Al0.7Ga0.3As/30 nm GaAs. Alloy compositions an
layer thicknesses have been designed to present a type
generated three-wave mixing at about 1064 nm~pump wave-
length! after oxidation. The waveguides were oriented alo
the^110& direction in order to exploit the nonzero compone
of the nonlinear susceptibility tensorxxyz

(2) . All AlAs layers
were selectively converted into a low-index (n'1.6) Al-
oxide ‘‘Alox.’’ Details on the oxidation process can be foun
in Ref. 11. Waveguide losses have been reduced with res
to our previous work,8,10and samples as long as 3 mm can
used with a whole transmission~microscope objective cou
pling included! greater than 10%. Details on processing im
provements and losses measurements will be published
where. A CW Ti:Sa tunable from 950 to 1070 nm w
coupled into the waveguide with a piezoelectric positioni
system and two standard 403, 0.65 NA microscope objec
tives. The IR signal was focused onto an indium antimon
detector, the pump being completely absorbed by a ger
nium filter. A half-wave plate and a Glan–Thompson pol
izer were used to verify the selection rule on the pump
larization, whereas a metallic grid analyzer was used
check the IR signal polarization. As expected by the sel
tion rules imposed by the crystal symmetries and by,
phase matching, the signal and idler were found to be p
fectly transverse electric~TE! polarized for a transverse mag
netic ~TM! pump. For a TE polarized pump, the outcome
an unpolarized signal several orders of magnitude wea
than in the previous case, hardly emerging from the opt
noise. In the case of a waveguide, the PF total optical po
in the signal spectral band~i.e., Ps defined in the spectra

,

8 © 2001 American Institute of Physics
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range ls,2lp! is given, as a function of the pump fre
quency, by:12

Ps~vp!5
\vs

2p
g2L2Dv. ~1!

At the same time, PF is also generated in the idler spec
band. In this formulavs is the phase-matched frequency
the signal band,g is the parametric gain defined as:

g25
2

~e0c!3

v ivs

npnins
deff

2 Pp

Aeff
, ~2!

wherePp is the waveguided pump power,Aeff is the effec-
tive area taking into account the nonlinear overlap
the interacting modes anddeff is the nonlinear susceptibility
tensor projected on the field polarization axis. The l
term in Eq. ~1! is the spectral linewidth of the emission
defined as:Dv(vp)5Dvs5Dv i5* sinc2(DkL/2)dvs with
Dk(vp ,vs)5kp(vp)2ks(vs)2ki(vp2vs) the mismatch.
Far from degeneracy, the calculated signal spectrum h
simple sinc2@(v2vs)/Dvs# line shape; at degeneracy th
lineshape is almost rectangular and very broad. Intuitiv
Eq. ~1! can be interpreted as follows: the PF in the sig
spectral band is given by the ‘‘effective input power’’ of th
vacuum fluctuationsPi

(0) in the idler phase-matched spectr
bandDv i , times the probability that a single noise photon
converted, equal tog2L23vs /v i .13 The effective input
power is obtained by putting one quantum of energy\v i in
each of the waveguide longitudinal modes participating
the parametric interaction~i.e., phase matched! and then di-
viding by the transit timet5Lns /c. Its expression is

Pi
~0!5

\v i

2p
Dv i . ~3!

Due to the spectral broadening at degeneracy, the ge
ated spectrally integrated signal increases rapidly as the
generacy is approached. At a longer pump wavelength,
most no signal is generated, because phase-mat
parametric downconversion is forbidden. Figure 1 shows
measured spectrally integrated signal~i.e., signal plus idler!
as a function of the pump wavelength. The peak appe
clearly, and agrees well with the theoretical expectation
duced from Eq.~1! ~dashed line!; in particular, the peak is

FIG. 1. PF signal vs pump wavelength. Inset: PF signal vs pump powe
degeneracy.
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asymmetric with a sharp fall on the right-hand side. Movi
from the degeneracy towards shorter pump wavelengths
signal decays smoothly. The output signal power depe
linearly on the pump power~inset in Fig. 1!, as expected a
moderate pump power~i.e., whengL!1!. The degeneracy
point is clearly defined, meaning that the sample is hig
homogeneous. Figure 2 shows the phase matching curv
deduced by the dispersion relations, and the experime
points, in good agreement, measured using interference
ters covering the range from 1800 to 2400 nm with a lin
width of 10 nm. The range of the tunability was limited b
the experimental setup~detector bandwidth, optics absorp
tion in the IR!. In a 3.2-mm-long waveguide we measured
total PF power at degeneracy of 4 nW for a pump powe
the input microscope objective of 50 mW. About 32% of t
available input power is coupled into the fundamental TM00

mode. In fact 30% is lost due to Fresnel reflections. In ad
tion, 25% is due to objective losses, whereas we estimat
0.6 the geometrical coupling factor between the input be
and the fundamental guided mode. Similarly, only 25%
the generated signal reaches the detector~Fresnel reflections
at the germanium filter and at the waveguide facet, objec
losses!. Since photons are emitted in pairs, the ratio betwe
the generated power in signal and idler is fixed. Howev
Fig. 3 shows that close to degeneracy the measured br
band signal appeared weaker in the idler spectral band th
was expected, because it is partially absorbed by the mi
scope objective. Taking into account this loss, the contri
tion of the signal wave to the measured spectrally integra
signal was estimated to about 60%, i.e., 2.4 nW. The
efficiency hPF, defined as the amount of power carried
the signal wave divided by the waveguided pump pow
was: hPF5Ps /Pp5631027 W/W. This corresponds to a
probability for pump photon to be downconverted, which
hPF3vp /vs51.231026. The conversion efficiency can b
deduced by dividing the PF signal byPi

(0) , i.e.,
h5Ps /Pi

(0) . In the limit of low conversion efficiency, it is
related to the normalized conversion efficiency6 by the for-
mula hnorm5h/Pp . The bandwidth measured with th
monochromator can be seen in Fig. 3, where the PF spec
is reported. We found the effective input pow

at

FIG. 2. Calculated parametric tuning curve~solid line! and experimental
data~circles!. Experimental twin points correspond to a single measurem
one energy~signal or idler, depending on the transmission energy of
interference filter in the range 1800–2400 nm! has been measured, and th
other one has been reported considering the conservation of the energ
 license or copyright; see http://apl.aip.org/apl/copyright.jsp



to
e-
le

ffi
r

e
d
n
c

so-
e-

SE

v.

li;

hier

E.

ni,

-

e

op.

clo
es
nd

3760 Appl. Phys. Lett., Vol. 79, No. 23, 3 December 2001 De Rossi et al.
Pi
(0)5600 nW in our 3.2-mm-long waveguide, leading

hnorm5100% W. A figure of merit independent on wav
guide length is the normalized conversion efficiency sca
with the sample length:

hnorm

L2 5
vs

v i

g2

Pp
~4!

We deducehnorm/L251000% cm22 W21. In conclu-
sion, the PF efficiency and the normalized conversion e
ciency are comparable, though lower than what reported
cently with LiNbO3; if scaled with the waveguide length, th
normalized conversion efficiency is one order of magnitu
higher.4,12,14 Using this value for the parametric conversio
efficiency and the measured values for optical losses, we
deduce the conditions for the operation of OPO.15 In particu-

FIG. 3. Calculated normalized emission spectra and experimental data
to degeneracy~for a pump wavelength of 1061.3 nm, solid line and cross!
and off degeneracy~for a pump wavelength of 1059.5 nm, dashed line a
open circles!.
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lar, we expect the pump power threshold for a doubly re
nant system provided with 90% dielectric mirrors to be b
low 100 mW.
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