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Abstract

Second-harmonic (SH) re2ection and di3raction measurements are performed, at the wavelengths of a Ti:sapphire laser on
a GaAs/AlGaAs photonic crystal waveguide patterned with a square lattice, the basis consisting of rings of air in the dielectric
matrix. The measured angles of di3racted SH beams agree with those predicted from nonlinear di3raction conditions. Results
for re2ected and di3racted SH intensities as a function of incidence angle, polarization, and pump wavelength show that, due
to the low air fraction of the photonic crystal, the re2ected one is dominated by the crystalline symmetry of GaAs, while the
di3racted one is related to the photonic crystal structure. The large di3raction-to-re2ection ratio points to the importance of
nonlinear di3raction in photonic crystals. Preliminary measurements in the 1500 nm range reveal explicit features related to
photonic modes.
? 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

One- and two-dimensional photonic crystal slabs
based on GaAs [1] (For recent review see, e.g., [2])
are very well suited for second-harmonic generation
(SHG) studies of re2ection and di3raction, since the
second-order susceptibility of GaAs is large and pho-
tonic lattices at optical wavelengths can be de@ned
and patterned deeply on the samples by lithography
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and etching. In this work we report on SHG mea-
surements in re2ection and di3raction from an
air=GaAs=AlxGa1−xAs photonic crystal waveguide
patterned deeply with a 2D square lattice of air rings.
Patterning of the waveguide was performed by X-ray
lithography followed by reactive-ion etching (RIE),
the mask for X-ray lithography having been gener-
ated by electron-beam lithography [3]. The lattice
has a low air fraction (about 12%) and an etch depth
of more than 1 �m: indeed, linear variable-angle re-
2ectance measurements on this sample [4] showed
narrow resonances which point to the existence of
low-loss photonic modes, as @rst shown on triangular
lattices of holes in Ref. [5]. The orientation of the
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mask was chosen in such a way that the square axes
of the photonic lattices coincide with the crystallo-
graphic axis [1 1 0] of GaAs: the [1 0 0] axis of the
microscopic lattice (which determines the symmetry
properties of the �(2) tensor) and the [1 0] axis of
the photonic lattice (which produces the di3ractive
e3ects) are rotated by 45◦ with respect to each other.

2. Experimental

The source of excitation for SHGmeasurements is a
Ti:sapphire laser system providing pulses ≈ 130 fs in
duration at 80 MHz repetition rate, centered at wave-
lengths between 750 and 840 nm, with an average
power on sample up to 150 mW. The ultrashort pulsed
laser is here used to provide suKciently high intensity
for obtaining a detectable SH signal while minimizing
thermal load to the sample. Pulses are focused down to
40–50 �m in diameter with a 20 cm focal length lens
onto the sample after @ltering and control of intensity
and polarization. The SH radiation is collected by an
optical @ber (400 �m core diameter) and delivered in
front of a cooled photomultiplier after passing through
a combination of color @lters plus a wide-band inter-
ference @lter which reject the radiation at the pump
frequency. No polarization selection of the SH signal
has been implemented. The optical @ber is of UV/VIS
type, transmitting more than 95% of the radiation at
400 nm.
The geometry of the optical layout is sketched in

Fig. 1 where the notations for the angles involved in
the experiment are also reported. They are the angle
of incidence � of the pump radiation, the angle �
formed by the �–X direction of the photonic crystal
to the plane of incidence, the polar di3raction angle
�′ measured from the normal n to the sample, and the
azimuthal angle �′ of the di3racted beam measured
also from the plane of incidence. Of these four angles,
all are variable in the experimental setup except �′

which is kept @xed at 0◦ or 180◦. Thus only in-plane
di3raction beams (forward and backwards) are being
detected while �′ and � are remotely controlled in
0.225 degrees/step increments.
Optical alignment of the setup requires a set of

translation stages in order to have the horizontal azi-
muthal axis of rotation of the sample (de@ning �) and
its vertical axis of rotation (de@ning �) to cross at the
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Fig. 1. Geometry of the experiment. The incident (i), re2ected (r)
and di3racted (d) directions of the beams are indicated, n is the
normal to the sample surface and the relevant angles are indicated.

laser focal spot on the sample surface. Moreover, the
rotation of the optical @ber (de@ning angle �′) has to
share the same vertical axis of rotation.
The detection of the SH signal is performed using

a light chopper which modulates the pump radiation
up to a few kHz. The photomultiplier signal is then
recorded by an averaging oscilloscope so that the am-
plitude of the signal with respect to background is
evaluated.

3. Results and discussions

For a given incidence angle and sample orientation,
a SH beam is generated in all directions which satisfy
the following conditions:

k′‖ = 2k‖ +G; (1)

where k‖ (k′‖) is the parallel wave vector of the in-
cident (second harmonic) beam and G is a reciprocal
lattice vector of the photonic lattice. For G = 0 we
have SHG in re2ection. One can view the di3racted
SH beam (G �= 0 in Eq. (1)) as being due to SHG
in re2ection followed by di3raction at the harmonic
frequency, or else di3raction at the pump frequency
followed by SHG: the two processes are physically
indistinguishable.
The di3raction angles of the SH signal are shown

in Fig. 2 versus the angle of incidence � of the pump
beam at 814 nm wavelength. The SH di3racted signals
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Fig. 2. Measured and calculated angles of di3raction for radiation
incident along �–X and �–M crystal orientations and for s- and
p-polarizations, as a function of angle of incidence.

have been measured both for s- and p-polarization of
the incident radiation and both for the �–X (�= 0◦)
and �–M (�=45◦) photonic crystal orientations. The
theoretical SH di3raction curves with �=814 nm are
also reported for the two cases. Agreement between
the experimental results and the theoretical curves de-
rived from Eq. (1) is very good. The uncertainty over
incidence angles is about 1◦, due to the alignment pro-
cedure both of the sample and of the incident laser
beam. In the setup the optical @ber angular position is
not absolutely calibrated but is obtained by measur-
ing the position of the SH re2ected signal. Thus the
uncertainty in the angle of SH re2ected and di3racted
beams is of the same order as the uncertainty on the
incident angle.
For both re2ected and di3racted SH measurements,

the nonlinear re2ection and di3raction coeKcients, de-
@ned as RNL=IR(2!)=I(!)2 and DNL=ID(2!)=I(!)2

respectively, have been evaluated [6]. Absolute values
for RNL are very similar to those for bulk GaAs and
compare favorably with the ones found in the liter-
ature [7]. Both photonic crystal orientations give ap-
proximately the same RNL value of 8×10−23 m2 W−1

for p-polarization and up to 5 × 10−24 m2 W−1 for
s-polarization. The small deviation from bulk values
seems due to the low air fraction of the sample.
The di3raction eKciency �=DNL=(DNL +RNL), in

the case of s-polarization, is of the order of 30% for
both photonic crystal orientations, as shown in Fig. 3,
indicating that a consistent fraction of the SH power
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Fig. 3. Di3raction eKciency for the SH radiation generated by
814 nm pump wavelength for the indicated crystal orientations
and polarizations.

is diverted by the photonic crystal structure into the
di3raction mode. By considering nonlinear di3raction
into all modes, including those out of the plane of
incidence, the value of the di3raction eKciency would
be even higher.
The high di3raction eKciency observed is consis-

tent with the trend already observed in the linear case
[8] and is a characteristic feature of photonic crys-
tals with large etch depth. These measurements show
the key role played by photonic crystal structure in
the coupling of incoming electromagnetic radiation
generated with a nonlinear crystal such as GaAs.
Nonlinear di3raction is uniquely determined by the
periodicity of the photonic structure of the sample.
On the other hand, the photonic crystal bands of our
crystal lie at energies lower than those of the pho-
tons used in this experiment. Therefore, no speci@c
features in the SH signals have been observed in this
experiment.
In a search for resonant photonic bands signa-

tures, the experiment has been modi@ed by using
infrared pulses from an optical parametric oscillator
(OPO) in the wavelength interval between 1450 and
1600 nm as a source for excitation. The nonlinear
re2ectivity of the sample has then been measured
as a function of angles of incidence � and azimuth
� for di3erent excitation wavelengths �. Giant res-
onances characteristic of nonlinear interaction are
observed in the 1.4–1:6 �m range, as shown in Fig.
4 for � = 45◦ and � = 1540 nm. These resonance
peaks are due to coupling between the incident
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Fig. 4. SH re2ection signal from an infrared pump at 1540 nm
measured as a function of azimuthal angle for the values of
parameters indicated. The inset represents the calculated photonic
band diagram in the corresponding energy range.

radiation and the photonic mode at that particular
energy and in-plane momentum [9]. The peaks are
double and repeated four times in the 360◦ azimuthal
rotation due to the fourfold symmetry of the irre-
ducible inverse cell of the two-dimensional crystal
lattice. For comparison with the theory, the calculated
photonic bands in the energy region involved are
shown in the inset [4].
A preliminary analysis of the results suggests a

complete correspondence of the peaks observed in
nonlinear re2ectivity with those already measured in
linear re2ectance measurements, the former however
being signi@cantly more intense than the latter.
The extreme sensitivity of the nonlinear sig-

nal in mapping the band structure of these de-
vices as compared with linear methods in a simple
azimuthal re2ectance measurement suggests the

use of this technique for diagnostic and application
purposes.
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