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Parametric fluorescence in oxidized aluminum gallium
arsenide waveguides
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Parametric fluorescence in low-loss oxidized aluminum gallium arsenide heterostructure
waveguides is quantitatively analyzed. A parametric fluorescence efficiency as high as 6
X 10" "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% \&m?, eight times
higher than with LiINbQ waveguides. This opens the perspective of a microoptical parametric
oscillation threshold below 100 mW. @001 American Institute of Physics.
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Parametric fluorescencdP in nonlinear crystals has technique, nonlinear optics in a semiconductor passive wave-
been demonstrated as soon as the availability of strong arglide was so far severely limited by optical losses. Measured
coherent optical sources gave birth to nonlinear optics in theonversion efficiencies were typically lower than expected
early 1960’st PF involves the interaction of a classical field by more than 2 orders of magnitu@.
with the quantum noise. The most well known applications  In this letter, PF in low-loss oxidized AIAs/AIGaAs
of PF are the optical parametric oscillataf@PO3, com-  Wwaveguides is quantitatively analyzed. A normalized conver-
monly used as widely tunable coherent sources, and twigion efficiency, scaled with the waveguide length, of about

photon sources for quantum optics purpo%es‘ 1000% cm‘ZW_l is measured, Ieading to an OPO threshold
Parametric processes have been also studied in nonline@ptimation below 100 mWw. _ _
waveguides:* Integrated parametric oscillatrand wave- The sample used for the PF experiment consists of:

length converters for telecommunications were proposed ifGaAs (001  substraty1000 nm  AlAs/1000 nm
LiNDO,.% Integrated OPOs are attractive not only as smaliAlo.7G8.AS/4X (37 mm AIAs/273 nm GaAg37 nm AlAs/

and cheap systems but also for seeding large solid-stafe?00 NM Ab7G& As/30 nm GaAs. Alloy compositions and
OPOs; thus improving stability, efficiency, and spectral line-12yer thicknesses have been designed to present a type | de-
width. In addition, all optical processing through parametricdenerated three-wave mixing at about 1064(pomp wave-

frequency conversion is being considered as a possible solfENdth after oxidation. The waveguides were oriented along

tion for next generation routers in telecommunication net-N€(110 direction in order to exploit the nonzero component

works. of the nonliriear susceptibility tens X%’)Z'_ All AlAs layers
Gallium arsenide has a very high second-order suscept!¢"® fEIGCtLVe'y converted into a low-inden<1.6) Al-

bility [dg is in the range of 100200 pmj\VThis advantage, _OXIde Alox. Detail_s on the oxidation process can b_e found

together with the possibility of integration with laser sources,m Ref. 11. Waveguide losses have been reduced with respect

; 10
make this material very attractive for integrated nonlinearto Ogr p_rtiwoushwlo rlf, and_sa_mpl_e s as long as_S ?m can be
optics. However, GaAs is not birefringent and alternativeS€¢ With @ whole ransmissidmicroscope objective cou-

phase matching techniques must be used. Recently, the ¢ ling included greater than 10%. Detalils on procesfsing im-
cept of form birefringence in a selectively oxidized GaAs/ provements and losses measurements will be published else-

: . 2 : where. A CW Ti:Sa tunable from 950 to 1070 nm was
AlAs waveguides has been introduced@hanks to this tech-

nique, phase-matched difference frequency genefatiod coupled into the waveguide with a piezoglectric posm_oning
. system and two standard 40 0.65 NA microscope objec-
second harmonic generatibhave been observed.

L ) ives. The IR signal f indi i i
PF through form birefringence phase matching has beetlves € IR signal was focused onto an indium antimonide

. Hetector, the pump being completely absorbed by a germa-
reported recent)? The spectra of the output signal were nium filter. A half-wave plate and a Glan—Thompson polar-
measured, but the “selection rules”

o i on pump a_nd signal Pojzer \ere used to verify the selection rule on the pump po-
larizations were not fulfilled. We explain this with the huge |,iization. whereas a metallic grid analyzer was used to

scattering losses in the waveguide, dramatically affecting thep ok the IR signal polarization. As expected by the selec-

IR signgl, and also responsible for mode and poIarizatic_)rﬁon rules imposed by the crystal symmetries and by, the
scrambling. Furthermore, regardless of the phase matCh”}Shase matching, the signal and idler were found to be per-

fectly transverse electridE) polarized for a transverse mag-
dElectronic mail: alfredo.derossi@thalesgroup.com netic (TM) pump. For a TE polarized pump, the outcome is
Ypermanent Address: Laboratoire “Matix et Pheaomenes Quantiques,” gn unpo|arized signa| several orders of magnitude weaker
‘L]JquRsiedue sg%’(s)?‘;‘zrgograiteumve”Sme”'s Diderot-Paris VII, 4 Place 4 in the previous case, hardly emerging from the optical
9Permanent Address: Italian Institute for the Physics of Matter INFM-RM3, NOIS€E. m the case of a waveguide, the_ PF t_Ota| optical power
University “Roma IIl,” Via della Vasca Navale, 84, 00146 Roma, Italy.  in the signal spectral band.e., P4 defined in the spectral
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FIG. 2. Calculated parametric tuning cur¢olid line) and experimental

FIG. 1. PF signal vs pump wavelength. Inset: PF signal vs pump power #lata(circles. Experimental twin points correspond to a single measurement:

degeneracy. one energy(signal or idler, depending on the transmission energy of the
interference filter in the range 1800—2400 )ninas been measured, and the
other one has been reported considering the conservation of the energy.

range As<2\,) is given, as a function of the pump fre-

quency, by*? o _ _ :
asymmetric with a sharp fall on the right-hand side. Moving
P(w,)= % KN 1 from the degeneracy towards shorter pump wavelengths, the
s\ @)= o 9 @ signal decays smoothly. The output signal power depends

nearly on the pump powefinset in Fig. 1, as expected at

At the same time, PF is also generated in the idler Specm?!jnoderate pump poweii.e., whengL<1). The degeneracy
band_. In this formulaus Is the ph_ase-matchgd freqyency n point is clearly defined, meaning that the sample is highly
the signal bandg is the parametric gain defined as: homogeneous. Figure 2 shows the phase matching curve, as
2 wos , Py deduced by the dispersion relations, and the experimental
effA_eﬁ’ 2 points, in good agreement, measured using interference fil-
ters covering the range from 1800 to 2400 nm with a line-
whereP, is the waveguided pump poweke is the effec-  width of 10 nm. The range of the tunability was limited by
tive area taking into account the nonlinear overlap ofthe experimental setufdetector bandwidth, optics absorp-
the interacting modes ardly is the nonlinear susceptibility tion in the IR. In a 3.2-mm-long waveguide we measured a
tensor prOjeCted on the field pOlarization axis. The |a5tt0ta| PF power at degeneracy of 4 nW for a pump power at
term in Eq.(1) is the spectral linewidth of the emission, the input microscope objective of 50 mW. About 32% of the
defined asAw(wp) =Aws=Aw;= [ sin¢(AkL/2)dws with  available input power is coupled into the fundamentalggM
Ak(wp, @) =kp(wp) = Ks(ws) —ki(wp—ws) the mismatch.  mode. In fact 30% is lost due to Fresnel reflections. In addi-
Far from degeneracy, the calculated signal spectrum hasfyn, 25% is due to objective losses, whereas we estimate to
simple siné[(w—wy)/Aw] line shape; at degeneracy the o g the geometrical coupling factor between the input beam
lineshape is almost rectangular and very broad. Intuitivelygnd the fundamental guided mode. Similarly, only 25% of
Eq. (1) can be interpreted as follows: the PF in the signakne generated signal reaches the dete@oesnel reflections
spectral band is given by the “effective input power” of the 4t the germanium filter and at the waveguide facet, objective
vacuum fluctuation®{® in the idler phase-matched spectral psses. Since photons are emitted in pairs, the ratio between
bandA w;, times the probability that a single noise photon isthe generated power in signal and idler is fixed. However,
converted, equal tog’L?X ws/w;.*® The effective input Fig. 3 shows that close to degeneracy the measured broad-
power is obtained by putting one quantum of enet@y. in  pand signal appeared weaker in the idler spectral band than it
each of the waveguide longitudinal modes participating toyas expected, because it is partially absorbed by the micro-
the parametric interactiofi.e., phase matchgand then di-  scope objective. Taking into account this loss, the contribu-

2

9°=—33
(€0C)° Npning

viding by the transit timer=Lns/c. Its expression is tion of the signal wave to the measured spectrally integrated
5o signal was estimated to about 60%, i.e., 2.4 nW. The PF
P§°)=2—7T'Awi . (3)  efficiency 7pg, defined as the amount of power carried by

the signal wave divided by the waveguided pump power
Due to the spectral broadening at degeneracy, the genewas: npg=Ps/P,=6X 10" "W/W. This corresponds to a
ated spectrally integrated signal increases rapidly as the dg+obability for pump photon to be downconverted, which is
generacy is approached. At a longer pump wavelength, algppX wp/ws=1.2X 10" ®. The conversion efficiency can be
most no signal is generated, because phase-matcheduced by dividing the PF signal byDi(O), ie.,
parametric downconversion is forbidden. Figure 1 shows the;= PS/Pi(O). In the limit of low conversion efficiency, it is
measured spectrally integrated sigfia., signal plus idler  related to the normalized conversion efficiehby the for-
as a function of the pump wavelength. The peak appeamiula 7,om=7/P,. The bandwidth measured with the
clearly, and agrees well with the theoretical expectation demonochromator can be seen in Fig. 3, where the PF spectrum

duced from Eq(1) (dashed ling in particular, the peak is is reported. We found the effective input power
Downloaded 11 Nov 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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lar, we expect the pump power threshold for a doubly reso-
nant system provided with 90% dielectric mirrors to be be-
low 100 mW.

This work was supported by the E.C. project OFCORSE

IW. H. Louisell, A. Yariv, and A. E. Siegeman, Phys. Ré&24, 1646
(1961); S. E. Harris, M. K. Oshman, and R. L. Byer, Phys. Rev. L&g.
732(1967).

2p, Kwiat, K. Mattle, H. Weinfurter, and A. Weilinger, Phys. Rev. L&,
4337(1995; J. Brendel, N. Gisin, W. Tittel, and H. Zbinden, Phys. Rev.
Lett. 82, 2594(1999.

3W. Sohler and H. Suche, Appl. Phys. Led, 255 (1980.

FIG. 3. Calculated normalized emission spectra and experimental data closel- Chanvillard, P. Aschieri, P. Baldi, D. B. Ostrowsky and M. De Micheli;

to degeneracyfor a pump wavelength of 1061.3 nm, solid line and crosses
and off degeneracgfor a pump wavelength of 1059.5 nm, dashed line and
open circles

P(®=600nW in our 3.2-mm-long waveguide, leading to
Tnorm= 100% W. A figure of merit independent on wave-

guide length is the normalized conversion efficiency scaled

with the sample length:

2
Tnorm _ Ws g

LZ o P,

4
p

We deduce 7,m/L%=1000% cm?W™L. In conclu-
sion, the PF efficiency and the normalized conversion effi

ciency are comparable, though lower than what reported re=

cently with LINbO;; if scaled with the waveguide length, the

1

L. Huang and D. J. Bamford, Appl. Phys. Left6, 1089 (2000, and
references therein.

SM. A. Arbore and M. M. Fejer, Opt. LetR2, 151(1997); H. Suche and W.
Sohler, inIntegrated and Guided Wave Optic®SA Technical Digest
Series Vol. 5Optical Society of America, Washington DC, 1988. 176.

5M. H. Chou, J. Hauden, M. A. Arbore, and M. M. Fejer, Opt. L&8,
1004 (1998.

"A. Fiore, V. Berger, E. Rosencher, P. Bravetti, and J. Nagle, Nahme-
don) 391, 463(1998.

8p. Bravetti, A. Fiore, V. Berger, E. Rosencher, J. Nagle, and O. Gauthier
Lafaye, Opt. Lett23, 331(1998.

9A. Fiore, S. Janz, L. Delobel, P. van der Meer, P. Bravetti, V. Berger, E.
Rosencher, and J. Nagle, Appl. Phys. L&8, 2942(1998.

10G. Leo, V. Berger, C. OwYang, and J. Nagle, J. Opt. Soc. Ami6B1597

(1999.

1A. Fiore, V. Berger, E. Rosencher, N. Laurent, S. Theilmann, N. Vodjdani,
and J. Nagle, Appl. Phys. Let$8, 1320(1996.

P. Baldi, M. L. Sundheimer, K. El Hadi, M. de Micheli, and D. B. Os-
trowsky, IEEE J. Sel. Top. Quantum Electrd).385(1996.

normalized conversion efficiency is one order of magnitude®A. Yariv, Quantum Electronics3rd ed.(Wiley, New York, 1988.

higher*1214 Using this value for the parametric conversion

4S. Tanzilli, H. De Riedmatten, W. Tittel, H. Zbinden, P. Baldi, M. De
Micheli, D. B. Ostrowsky, and N. Gisin, Electron. Le&7, 26 (2002).

efficiency and the measured values for optical losses, we CaBg, p, Bava, I. Montrosset, W. Sohler, and H. Suche, IEEE J. Sel. Top.

deduce the conditions for the operation of OF@ particu-

Quantum Electron?, 42 (1987).

Downloaded 11 Nov 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



