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Giant second-harmonic generation in a one-dimensional GaN photonic crystal
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In order to determine the angular geometry that satisfies quasi-phase matching conditions for enhanced
second-harmonic generation~SHG!, the equi-frequency surfaces of the resonant photonic modes~that lie above
the light line! of a one-dimensional GaN photonic crystal have been experimentally and theoretically studied as
a function of frequency, angle of incidence, and azimuthal direction. Enhancement of the SHG has been
observed when the angular configuration satisfies the quasi-phase matching conditions, i.e., when both the
fundamental and second-harmonic fields coincide with resonant modes of the photonic crystal. The SHG
enhancement achieved to the double resonance was 5000 times with respect to the unpatterned GaN layer. A
smaller, but still substantially enhanced SHG level was also observed when the fundamental field is coupled
into a resonant mode, while the second-harmonic field is not.

DOI: 10.1103/PhysRevB.69.085105 PACS number~s!: 42.70.Qs, 42.65.Ky, 78.66.Fd
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I. INTRODUCTION

Photonic crystals~PhCs! have attracted widespread inte
est in recent years because of their ability to alter the dis
sion relations of photons.1–3 Among the many practical ap
plications which are likely to be found for the unique optic
properties of PhCs, one of the most exciting issues reside
the possibility of obtaining a large enhancement in the n
linear optical response.4

In the case of noncentrosymmetric crystals with sign
cant second-order nonlinear coefficients, the phase-matc
conditions for processes such as second-harmonic gener
~SHG! are not normally fulfilled because of material dispe
sion. This problem can be solved however by using perio
cally modulated materials.5–10In this case it is the periodicity
which provides the phase matching conditions for the in
dent and generated beam. This mechanism is called qu
phase matching~QPM!11,12 and takes into account the recip
rocal lattice vectors of the periodic structure to compens
for the wave vector mismatch in situations where dir
phase matching is not possible. Furthermore, PhCs high
fractive index contrast contribute to the SHG enhancemen
two ways: not only do they make it possible to satisfy t
QPM conditions, but the strong spatial confinement of
fundamental and second-harmonic~SH! fields can enhance
the nonlinear response considerably.8 Previous reports have
demonstrated that efficient SHG can be achieved in o
dimensional PhCs.8,9,13,14

PhCs in planar geometry can support two kinds of mo
classified according to their position with respect to the lig
line: ~i! purely guided bound modes that are completely c
fined inside the waveguide, without any coupling to exter
radiation; these modes lie below the light line of the cladd
material; ~ii ! resonant modes also termed quasi-guid
modes,15,16located in the vicinity of the waveguide; the latt
modes lie above the light line and possess in-plane Fou
components which can be phase-matched to external ra
tion. Cowan and Young recently reported in Ref. 17 a cal
lation showing that the SH conversion efficiency can in pr
0163-1829/2004/69~8!/085105~8!/$22.50 69 0851
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ciple be enhanced by up to six orders of magnitude wh
both the fundamental and the SH fields are coupled into s
resonant modes. In this case the QPM condition is writ
as17

Dk5ki~2v!22ki~v!6G50, ~1!

whereki(v) andki(2v) refer to the in-plane wave vector
of the resonant fundamental mode atv and of the resonan
SH mode at 2v, respectively, whileG is a reciprocal lattice
vector. Because these QPM conditions might occur aw
from the high-symmetry directions, it is then essentially im
portant to consider thefull photonic band structure of th
PhC.

Although the strong confinement of both the fundamen
and the SH fields has been shown to play a decisive rol
SHG enhancement,8 experimental SHG enhancement has
far been observed when only the fundamental field
confined.7,18

To obtain efficient SHG, a nonlinear material with hig
nonlinear coefficients is required. Nitrides are attractive m
terials for optical wavelength conversion19 with second-order
susceptibility x (2) comparable to conventional nonlinea
crystals such as KDP or LiNbO3, a wide electronic bandgap
~without absorption either of the fundamental wave in t
near infrared or of the second-harmonic in the near UV!, and
a high optical damage threshold. Nevertheless, the efficie
of the SHG in bulk GaN is too low for practica
applications19,20because GaN is a highly dispersive materi
Appropriate PhC structures patterned in GaN on sapp
waveguides should provide the flexibility required to fulfi
QPM conditions and enable much higher conversion e
ciency. We have previously reported band-structure meas
ments of two-dimensional PhC structures realized in GaN
sapphire samples21–23 as well as measurements of their ph
toluminescence properties.24,25

The full band diagram for allk wave vectors in the first
Brillouin zone~not only along the high symmetry directions!
has been also calculated or experimentally investigated
©2004 The American Physical Society05-1
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various PhCs.26–37 However only linear optical propertie
were considered in these works whose major aim was
explain anomalous propagation phenomena by analyzing
shapes of the equi-frequency surfaces~EFS! of the photonic
bands.

In this paper we demonstrate the giant enhancemen
SHG in a one-dimensional~1D! GaN PhC structure cause
by the simultaneous confinement of both fundamental
SH fields which occurs when the QPM conditions@Eq. ~1!#
are fulfilled. First, we have studied, experimentally as well
numerically, the linear dispersion properties of the reson
modes that characterize the 1D-GaN PhC for various p
and azimuthal directions. The theory based on a rigor
scattering matrix method38 has provided a good descriptio
of the photonic bands and of the EFS and has enabled u
construct the EFS for the frequencies unavailable experim
tally. We shall then show that the EFS may be used to id
tify the angular configurations in which QPM conditions@Eq.
~1!# can be satisfied. The SH intensity from the 1D-GaN P
is then recorded as a function of the wavelength and
muthal angles, for a fixed angle of incidence. A giant SH
enhancement was achieved due to simultaneous spatial l
ization of the both fields, while a smaller, but still substa
tially enhanced, SHG level was also observed when only
fundamental field is phase matched with a resonant mo
while the SH field is not.

II. SAMPLE AND SETUPS

A thin GaN epitaxial layer was grown by metalorgan
vapor phase expitaxy on the~0001! surface of a sapphire
substrate with thec axis of the GaN crystal normal to th
surface. A 1D GaN PhC structure was fabricated by te
niques described in Ref. 39 in the 260-nm-thick GaN lay
The unpatterned GaN layer forms a monomode waveguid
a wavelength of 791 nm and supports three guided mode
395.5 nm. The refractive index of GaN isn52.345 at 791
nm andn52.546 at 395.5 nm. The PhC structure consists
a succession of air-GaN stripes with a periodicity ofa
5500 nm over a patterned area of 5003500mm2. The stripe
depth was estimated using atomic force microscope meas
ments to be 230 nm. The stripe sidewalls are not exa
vertical, and the air-filling factor varies over thez extension
of the PhC. The average air-filling factor was estimated to
0.20. The wurtzite structure of GaN belongs to the 6 m
point group symmetry; then the three nonzero tensor
ments of the second-order susceptibilityd15, d31, and d33
are therefore responsible for the SHG. These tensor co
cients are related to each other asd15'd31 and d33/d31
'22 while the measured value ofd33 is 24.5 pm/V.19 GaN
films on sapphire having theirc axis normal to the surface
are optically uniaxial and thus SHG is suppressed at nor
incidence. However by increasing the angle of incidencu
up to roughly 55°,p–p ~p-polarized incident fundamenta
beam andp-polarized SH signal! ands–p ~s-polarized inci-
dent fundamental beam andp-polarized SH signal! polariza-
tion measurements of the SHG intensity are observed to
crease and to be independent of the azimuthal orientatio
the sample.40 Therefore, for a given fundamental waveleng
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and polarization, the SHG intensity is dependent on the la
thickness and on the angle of incidence of the fundame
beam only. Consequently the GaN film and the PhC can h
arbitrary orientations in contrast to a GaAs film.41,18

Our SHG measurements were conducted in two ste
First, the characterization of the photonic band structure
dispersion relationv(k), was carried out using an angular
resolved transmission and reflection surface coupl
technique.42–45,35,22,16,46In this technique the 1D PhC is use
to couple incident light into the resonant modes. The peri
icity of the dielectric here provides the necessary in-pla
wave vector enhancement via a reciprocal lattice vectorG.
That is, in the plane of the PhC:

kRM~v!5ki~v!6G. ~2!

HerekRM(v) andki(v) denote the in-plane wave vecto
of the resonant mode and the incident field, respectively.
have observed the zero-order transmission and reflec
spectra~in this caseG50) for collimated broad-spectrum
light incident on the surface of the PhC over a range
incidence and azimuthal angles. The local coordinate sys
which is used here is illustrated in Fig. 1. The incident wa
vector k~v!, together with thez axis normal to the PhC
plane, defines the plane of incidence. The direction of
wave vectork~v! is specified by the angle of incidenceu
betweenk~v! and thez axis (uki(v)u5uk(v)usinu), and by
the azimuthal anglew between the in-plane wave vecto
ki(v) and the direction perpendicular to the stripes. T
sample holder was mounted on two rotary stages which
low u to vary from 0° to 55° andw from 0° to 90°. The
orientation of the PhC was determined from the diffracti
pattern: if all the diffracted beams lie in the plane of inc
dence, thenw is set equal to zero. The beam divergence w
estimated to beDu'2°. The polarization of the inciden
light was selected to be eithers or p by using a prism polar-
izer. Transmission and reflection spectra were acquired w
a Fourier-transform spectrometer over two spectral rang
the visible-near IR range 450 nm–1.1mm, with a spectral
resolution of 4 cm21 ~0.8 nm at 500 nm!, and the near IR
range 833 nm–2.5mm with a spectral resolution of 8 cm21

~0.8 nm at 1mm!. This experiment makes it possible to me
sure the topology of the photonic band structure of the re
nant modes. Each band is then represented by a surface

FIG. 1. Schematic diagram illustrating the 1D GaN PhC in p
nar waveguide geometry, and the coordinate system used in
study. Herea is the periodicity of the PhC.
5-2
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FIG. 2. Experimental incidence-angleu de-
pendent transmission spectra along theG –X di-
rection, i.e., perpendicular to the stripes (w
50°) with ~a! s- and ~b! p-polarized light. Solid
~dotted! vertical bars mark the resonances arisi
from coupling tos ~p! resonant Bloch modes. Th
feature at 632.8 nm observed for the two pola
izations is due to the HeNe laser used to cont
the position of the mirror of the FTIR spectrom
eter.
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EFS are obtained by the intersection of these surfaces an
horizontal plane associated with a constant value of the
quencyv.

Second, a femtosecond titanium:sapphire laser pumpe
a frequency doubled YAG laser was used as source~funda-
mental beam! to investigate the SHG in the 1D GaN PhC
The wavelength of the source could be varied continuou
in the range 720–850 nm and had a measured full widt
half maximum intensity~FWHM! of 15 nm. At the repetition
rate of 82 MHz, the energy per pulse was 10 nJ. T
s-polarized fundamental beam was weakly focused on
sample surface by a 10 cm focal-length lens that produce
focal-spot less than 80mm in diameter. The correspondin
pump pulse intensityI (v) was approximately equal to
GW/cm2. The intensityI R(2v) of the zero-order diffracted
SH beam was measured in a reflection geometry and a hi
nonlinear crystal~BBO! was used as reference to align t
system; the direction of the zero-order diffracted SH be
then coincides with that of the zero-order reflected fun
mental beam. These two beams were separated by an A
prism and the SH signal was dispersed by a 0.60 m mo
chromator using a 1200 grooves/mm grating and a slit wi
of 600 mm. Detection was performed with an UV enhanc
photomultiplier. In order to express the SH generated by
PhC in absolute units, the radiation emitted by the BBO cr
tal was filtered to eliminate the fundamental frequency a
successively directed to a power meter for measuring
average output power and to the neutral filter/spectrome
photomultiplier tube combination. The SH response from
PhC was then measured using the spectrome
photomultiplier tube combination using an identical s
width and compared with the SH signal generated by
BBO crystal.

The wavelength range of the laser beam allows coup
into the second lowest resonant mode. The SHG inten
was recorded by varying the wavelength, the angleu, and by
tuning w. In this experimental configuration,w50° again
corresponds to propagation along theG –X direction. The SH
intensity was then compared with that obtained on the un
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terned GaN layer near the PhC, under the same angular
polarization conditions in order to specifically character
the contribution of the PhC in the nonlinear conversion.

III. LINEAR PROPERTIES: EQUIFREQUENCY
SURFACES

Figures 2~a! and 2~b! show typical angular resolved trans
mission spectra obtained for the 1D GaN PhC fors- and
p-polarized incident light, respectively, with the plane of i
cidence aligned along theG –X direction. The resonance fea
tures visible in the spectra correspond to the coupling of
incident beam into the resonant modes. Whenu was in-
creased from 0° up to 50°, these resonances were cle
observed to disperse. Along theG –X symmetry direction the
modes can be excited selectively by using eithers- or
p-polarized light and can thus be labeled accordingly. F
propagation directions away fromG –X, these two polariza-
tions are mixed and modes radiate an elliptically polariz
field.45 However in the following text, for convenience i
their labeling, the modes will be referred to ass or p by
continuity according to their polarization atw50°. In trans-
mission ~reflection! measurements, we have chosen t
minima~maxima! as the wavelength positions of the excite
resonant modes.

Figures 3~a! and 3~b! show typical azimuthal-angle de
pendentw reflection spectra for a fixed value ofu544°
when the plane of incidence twists away from theG –X di-
rection over thew range from 0° to 90°. For azimuthal ori
entationswÞ0°, the symmetry is broken and the polariz
tion of the reflected signal at the resonance wavelength
elliptic. The evolution of the resonances fromw50° to 90°
shows progression of the polarization mixing; the light in
dent ass(p) can emerge at the resonances wavelengths w
a p(s) polarization component due to the polarizatio
rotation47,36@Figs. 3~a! and 3~b!#. Hence, the 1D PhC may b
used to couple ans-(p-) polarized beam to a resonant mod
identified asp(s) at w50°.

A plot of the frequency positions of the resonances a
5-3
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J. TORRESet al. PHYSICAL REVIEW B 69, 085105 ~2004!
FIG. 3. Typical azimuthal-anglew dependent
experimental reflection spectra with incident lig
at fixed angle of incidence ofu544° for ~a! s-
and~b! p-polarized light.w varies from 0° (G –X
direction! to 90°. Along theG –X symmetry di-
rection the modes are excited by eithers- or
p-polarized light. For propagation direction
away from G –X, these two polarizations are
mixed and modes radiate an elliptically polarize
field. For convenience in their labeling, th
modes are referred to ass or p by continuity ac-
cording to their polarization atw50°. Solid~dot-
ted! vertical bars mark the resonances arisi
from coupling tos- ~p-! labeled resonant Bloch
modes. The feature at 632.8 nm observed for b
polarizations is due to the HeNe laser used
control the position of the mirror of the FTIR
spectrometer.
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function of the in-plane wave-vector values along theG –X
symmetry direction is given in the diagrams of Figs. 4~a! and
4~b! for s and p polarization, respectively. The heavy-sol
lines represent the air light-lines, delimiting the range
wave vectors accessible by an incident photon from the
side.

A scattering matrix method38 was used to model the ex
perimental dispersion curves and to obtain the band struc
in the wavelength region unavailable experimentally. T
calculation contains all the information related to the etch
photonic structure, such as refractive indices~the frequency
dispersion of the refractive indices of GaN and sapphire
taken into account by calculating each band with appropr
values of refractive indices taken at an average frequen!,
layer thickness~260 nm!, and etch depth~230 nm!. The Fou-
rier transform of the inverse of the dielectric constant w
modeled according to Ref. 48 and 109 plane waves w
used in the calculations. The nonverticality of the walls d
to the etching process has been taken into account via
08510
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effective air-filling factor considered as a fitting paramet
For the two lowest resonant modes a good agreement
the experimental results was achieved by using an effec
air-filling factor equal to 0.20. As can be seen from the fi
ures, small quantitative discrepancies still remain for
third mode. This could be related to the experimental unc
tainty in the determination of the values ofu andw angles, to
the energy position estimation for the Fano-shaped exp
mental resonances, and to the shape of the holes. Note
the first band of the photonic band structure@not shown in
Figs. 4~a! and 4~b!# is a guided mode. The second ban
above the light cone, corresponds to the lowest reson
mode.

Keeping the same value for the filling factor paramet
the construction of the corresponding EFS can be obtai
numerically.

Figure 5 illustrates in a polar reciprocal-space, as a fu
tion of the azimuthal anglew, the experimental and calcu
lated EFS corresponding to the second-lowest resonant m
N
FIG. 4. Photonic band structure of the Ga
PhC for ~a! s- and ~b! p-polarized light as deter-
mined from the incidence-angleu dependent
transmission spectra~closed dots! and from theo-
retical calculation~solid lines and open dots! for
incidence plane along theG –X direction.
5-4
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GIANT SECOND-HARMONIC GENERATION IN A ONE- . . . PHYSICAL REVIEW B 69, 085105 ~2004!
for various frequencies (0.55<va/2pc<0.72) and for
s-polarized incident light. In this representation,kx
5ukusinu cosw and ky5ukusinu sinw. Data have been re
corded in transmission by varyingw between 0° and 160°
The EFS are labeleds or p considering whether the mode
excited eithers or p at w50°. These EFS describe ellipses
polar reciprocal space, the long axes of which are aligne
the direction of they (w590°) axis~Fig. 5!. However these
ellipses are clearly deformed near theX point, an effect that
can be attributed to an increased band mixing around
high symmetry points, close to the band-edge.33

Figure 6 shows the EFS for the second-resonant m
at 791 nm @va/(2pc)50.632# when p-polarized and
s-polarized incident beams were used for excitation. T
solid curves report the results of the numerical calculatio
which are found to be in excellent agreement with the
perimental data. This demonstrates that our calculation
cedure, which uses only one free parameter determined
fitting the two lowest bands in theG –X direction, is able to
reproduce accurately the 1D GaN PhC bands along any
rection in the whole range 0.4<va/(2pc)<1.0. This gives
us some confidence in the construction of the EFS for hig
lying modes for which the experimental resonances are
wavelength range unavailable for our angular resolved tra
mission and reflection measurement set-up (va/(2pc)
>1.0).

IV. EXPERIMENTAL SECOND-HARMONIC GENERATION

By using the calculated EFS, it is possible to identify t
geometrical configurations which will allow QPM to be sa
isfied and observed experimentally in the available wa
length range of the laser. In addition we have chosen a wa
length value which fulfilled a QPM condition atu around 45°
for which the SHG response of the unpatterned GaN laye
sufficient. A wavelength of 791 nm satisfied such a requ
ment. Actually in the case of zero-order diffracted beam
phase-mismatch is given as

FIG. 5. Experimental EFS~the different EFS are one after an
other represented with closed or open dots to better appreciate
evolution! for the second resonant mode compared with theor
cally calculated results~solid lines!. Incident light is s-polarized
with 0.55<va/(2pc)<0.72. Data and calculations have been o
tained betweenw50° andw590°, and reflected about thex andy
axes to produce the full 360° polar map.
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Dk5ki~2v!22ki~v!. ~3!

The comparison of the calculated EFS atv and 2v allows
the determination of the QPM conditions under whichuDku
50 is satisfied. Solid lines in Fig. 7 represent the calcula
EFS at 791 nm~EFS labeleds is in-filled circles, andp
in-filled squares! with which the fundamental field can b
phase matched. In a similar manner dashed lines indi
EFS calculated at 395.5 nm~EFS labeleds is in open circles,
andp in open squares! and plotted at half their frequency an
in-plane wave vector,17 with which the SH field can be phas
matched. The large circles in Fig. 7 indicate points where
absolute value ofuDku reaches zero. The QPM condition

eir
i-

-

FIG. 6. Experimental and calculated EFS for the seco
resonant mode atva/(2pc)50.632 (l5791 nm). Experimental:
closed~open! dots for s- ~p-! polarized incident light. Calculated
solid ~dashed! lines fors- ~p-! polarized incident light. The excellen
agreement between experimental data and calculations give
some confidence in the construction of EFS for higher-lying mo
for which wavelength range is unavailable for our experimen
setup.

FIG. 7. Calculated EFS at fundamental wavelength 791
@va/(2pc)50.632# and at SH wavelength 395.5 nm@va/(2pc)
51.264, plotted at half its in-plane wave vector# for s- and
p-polarized incident light. Fundamental:s-polarized ~closed
circles!, p-polarized~closed squares!. SH:s-polarized~open circles!
p-polarized~open squares!. Circles indicate two coincidence point
(u548.2°, w582.7°) and (u514.8°, w50°) where the QPM
should occur. The dashed-dotted quarter circle represents the
tremity of the in-plane wave vectoruk(v)usinu with u548.2°,
while w is tuned from 0° to 90°.
5-5
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J. TORRESet al. PHYSICAL REVIEW B 69, 085105 ~2004!
should be satisfied for two geometrical configurations:~i!
when the EFS labeledp for the fundamental field crosses th
EFS labeleds for the SH field (u548.2° andw582.7°) and
~ii ! when the EFS labeledp for the fundamental field crosse
the EFS labeledp for the SH field (u514.8° andw50°). In
unpatterned GaN films, the SH signal is much greater fou
548.2° than foru514.8°, so we chose to investigate SH
at u close to 48.2°. The dashed-dotted quarter circle in Fig
represents the extremity of the in-plane wave vec
uk(v)usinu with u548.2°, whilew is tuned from 0° to 90°.
The dashed-dotted quarter circle intersects the EFS labes
for 791 nm atw574°. In this geometrical configuration, th
fundamental field alone is efficiently confined and the QP
is not achieved.

Experimentally the variation of the SHG intensity may
measured by scanning either the fundamental wavelengt
the incidence and azimuthal angles. Keeping the angle
incidence constant avoids the difficulty of changing dram
cally the optical path of the SH generated signal. This la
procedure has thus been adopted in this work.

The azimuthal anglew was tuned to obtain the maximum
efficiency at the fundamental beam wavelength of 791 n
According to the band structure diagrams this fundame
beam which wass-polarized can then match the second lo
est resonant modes, labeled eitherp or s. Figure 8 shows the
reflected SHG intensity as a function of the azimuthal an
w at fixed incidence angleu544°. The results have bee
normalized against the SH signal from the unpatterned G
layer illuminated under identical conditions. The SHG ang
lar spectrum shows two sharp peaks at 83° and 98° an
broad peak at 69°. A comparison with the angular repres
tation of the EFS~Fig. 7! makes it possible to associate th
sharp maximum at 83° with the achievement of the QP
condition at the crossing between thep-resonance fundamen
tal wavelength~closed squares! and the s-resonance SH
wavelength~open circles!. The resulting SH intensity at th
QPM conditions is more than 5000 times the inherent va
for GaN. The peak at 98° is symmetrical with that at 8
with respect to the anglew590° such as the QPM condition
are again observed. On the other side the broad peak at 6
due to the sole confinement of the fundamental field in
vicinity of the resonant mode labeleds ~intersection between
the dashed-dotted quarter circle and the EFS represente
closed circles in Fig. 7!. As a result, the SHG is increased b
a factor of approximately 350. Away from the resonant int
action conditions, in the ranges ofw from 85° to 95° and
from 52° to 62°, the SHG signal is similar with that for Ga
regions adjacent to the PhC.

When both confinement~fundamental and harmonic!
mechanisms occur the SHG signal magnitude is found to
approximately 15 times higher and the FWHM is a factor
2 narrower when compared with the SHG enhancem
achieved with the sole confinement of the fundamental fie
This clearly demonstrates the combined roles of the fun
mental and SH fields confinement in the enhancement of
SHG signal from the 1D PhC.

Figure 9 represents the SH pulse intensityI R(2v) gener-
ated when the QPM conditions are satisfied~s-polarized fun-
damental beam, withu544° andw583°) as a function of
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the beam pulse intensity. As expected, the curve follow
quadratic behavior. The nonlinear reflection coefficient d
fined asRNL5I R(2v)/I (v)2 was estimated to be greate
than 4.3310222 m2 W21. This nonlinear reflection coeffi-
cient is nearly two orders of magnitude better than the n
linear reflection coefficient achieved in Ref. 18 for a Ga
PhC when the fundamental field alone is phase matched
a resonant mode. Note that for subpicosecond pulses,
enhancement is strongly reduced due to the broad freque
content of the pulse. Furthermore, we have shown in Fig

FIG. 8. SH intensity generated by a fundamental beam au
544° inside the one-dimensional GaN PC, measured in reflec
geometry as a function of the azimuthal rotation anglew. The fun-
damental wavelength is 791 nm and iss-polarized. The SH signa
was normalized against the SH signal of the unpatterned GaN l
for each azimuthal angle. The line connecting the experimental
points is a guide for the eye. The fundamental beam w
s-polarized, however due to the polarization mixing forwÞ0° the
fundamental beam can be resonant with ap-polarized mode. Inset:
Experimental configuration where the zero-order diffracted SH s
nal is collinear with the specular reflected fundamental beam.

FIG. 9. The pulse intensity of the SH as a function of the pu
intensity of the fundamental incident onto the PhC. The fundam
tal beam wass-polarized,u544° andw583°. The squares repre
sent the measured points and the solid line is a quadratic fit.
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that a second QPM condition might be fulfilled foru
514.8° andw50°, i.e., along theG –X direction for which
polarization mixing is absent. Hence, a larger enhancem
in the SH should occur at the predictedp–p SHG process.

The SH intensity normalized to the unpatterned GaN la
as a function of the fundamental wavelength is shown in F
10 at u544° and w583°. The observed dependence
dominated by the enhancement due to the QPM conditio
791 nm, superimposed on a signal due to the broad spe
FWHM of the laser beam, together with the FWHM of th
relevant resonances for the fundamental and SH fields.

The angular configuration at the maximum SHG po
(u544° andw583°) obtained from the nonlinear exper
ments agrees closely with QPM conditions (u548.2° and
w582.7°) determined beforehand from the EFS in Fig.
The slight departure can be attributed to~i! the small differ-
ences, observed for example in Figs. 4~a! and 4~b! between
experimental and calculated photonic band structure,~ii ! the
angle of incidence step of either 2 or 3 degree for both lin
and nonlinear measurements which add directly to the in
curacy of the result,~iii ! the accumulated errors in angul
measurements~position of zero foru andw!.

Comparison with previous theoretical studies by Cow
and Young in Ref. 17 shows that the magnitude of the S

FIG. 10. SH intensity normalized against the SH signal of
unpatterned GaN layer as a function of the fundamental wa
length. The fundamental beam iss-polarized and the incidence an
azimuthal angles areu544° andw583°, respectively. The line
connecting the experimental data points is a guide for the eye.
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enhancement obtained in our investigations is approxima
one- to two-orders-of-magnitude smaller. However, for t
particular 1D GaN PhC, the enhancements have not yet b
optimized. Especially, the availability of resonant mod
with strong fundamental and SH fields overlap could lead
a greater enhancement of SHG. Moreover, Cowanet al.17

have shown clearly how the SH response is strongly in
enced by the quality factorQ of the resonant modes whic
allow one to accumulate large local field in the vicinity of th
PhC surface. Therefore, a way for further improvement is
engineering of the quality factor of the relevant modes
the future photonic structures. The efficiency of SHG sho
be increased by taking advantage of the piezoelectric fi
which can enhance the second-order susceptibility obse
in nitride quantum wells.49 In InGaN/GaN quantum wells, a
value ofx (2) one order of magnitude larger than the intrins
value for GaN was obtained.

V. CONCLUSIONS

We have experimentally demonstrated giant enhancem
of the SHG by a factor of 5000 in a one-dimensional G
PhC when the fundamental and the SH fields are ph
matched with the second and the fourth lowest reson
modes, respectively. We interpret this enhancement as b
primarily due to the simultaneous confinement of both fu
damental and SH fields which occur when the QPM con
tions are fulfilled. The angular configuration at the maximu
SHG point agrees closely with QPM conditions determin
beforehand from either the experimental or the calcula
EFS at 791 and 395.5 nm.

To our knowledge, this is the first demonstration of t
new possibilities offered by the use of PhCs to provide gi
SHG in GaN. The enhancements have clearly not yet b
optimized. Optimization will require a careful search in
parameter space that includes the layer and substrate re
tive indices, the layer thickness—and the photonic crys
periodicity and filling factor, as well as the angle of inc
dence.
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