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We report on the observation of an exalted second-harmonic generation process related to a resonant effect
inside a GaN photonic crystal slab. The measured enhancement factor, close to 104, is the highest measured in
this photonic crystal slab resonant configuration. This frequency conversion process is also successfully com-
pared to a rigorous modeling using a scattering matrix formalism. In addition, an original polarization study is
proposed, leading to an evaluation of the relative contributions of the fundamental and the second-harmonic
modes resonances in the second-harmonic response magnitude.
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Photonic crystalssPCsd are periodically textured struc-
tures exhibiting remarkable optical properties related to the
strong perturbation of their electromagnetic dispersion
curves.1,2 Among those properties, the most commonly men-
tioned is the emergence of frequency ranges called photonic
band gaps inside which the propagation of light is forbidden.
This band gap effect offers the attractive possibility to con-
trol the propagation of light through the introduction of de-
fects inside the periodic photonic lattice. However, in addi-
tion to photonic band gaps, the high index contrast of the
modulated slab is also responsible for a strong modification
of the allowed bands. This is also of great interest since it
generates high density of states regions, lying especially
close to the band gaps. Inside these regions, an enhanced
optical response of the PC slab is generally observed, and is
associated with a strong concentration of the photonic modes
energy inside small volumes. Within this framework, notice-
able improvements of nonlinear optical properties has been
demonstrated inside various PC structures.3–8

PC slabs are periodically etched films with a finite height
providing a vertical confinement of electromagnetic modes
by total internal reflection. However, most of the photonic
modes are only partially confined inside the slab because of
a diffractivelike coupling with the radiative continuum of the
surrounding medium. These modes are then characterized by
a finite lifetime inside the slab and suffer intrinsic vertical
losses during their propagation inside the PC slab. This may
severely limit the applicability of PC inside photonic inte-
grated optical circuits.9,10 Recently, PC slab structures have
nevertheless been proposed to be used as efficient vertical
resonant cavities.11 In this context, the diffractive external
coupling process plays a positive role. First it allows inject-
ing light inside the slab using a free standing wave imping-
ing on the top surface of the textured slab. Inversely it is an
excellent way to collect the enhanced light signal emitted
from the surface, after the resonant interaction within the
optically active slab material. This resonance phenomenon,
associated to the strong energy localization of the PC modes,
significantly enhances light-matter interaction. It can then be
efficiently exploited in order to intensify nonlinear frequency
conversion processes.12 Such a resonantlike exaltation of op-
tical nonlinear effects is similar to the “guided-wave reso-

nance” effect studied by Reinisch and Nevière inside guiding
structures consisting of a homogeneous slab lying under a
grating coupler.13 On the other hand, it is worth noting here
that this frequency conversion enhancement within vertical
resonance conditions differs fundamentally from the tech-
nique provided by “nonlinear photonic crystal”14 relying on a
periodic inversion of the second-order susceptibility tensor
xs2d. The resonantly enhanced frequency conversion process
was first proposed inside etched PC slab structures by Cowan
et al.15 with theoretically predicted enhancement factors as
high as 106 inside GaAs structures. Consecutively, experi-
mental demonstrations of enhanced second-harmonic genera-
tion sSHGd have been performed inside GaAs planar
PCs.16,17

In this work, we report on the experimental demonstration
of a giant SHG process inside a GaN 1D PC slab. GaN-based
structures have already proven a massive impact on photon-
ics and optoelectronics. Here they provide new possibilities
concerning frequency conversion processes. The main im-
provement using GaN instead of GaAs lies in the ability to
convert light from infrared to ultraviolet because of a wide
transmission range from 365 nm to 13.5mm. Despite GaN
nonlinear second-order susceptibilityxs2d is about 10 times
lower than in GaAs, it is expected to be enhanced in the
presence of internal piezoelectric fields induced by quantum
wells.18 In this case, non-linear coefficients could be as high
as inside GaAs. GaN also exhibits a high optical damage
threshold19 and a good mechanical ruggedness.

The sample studied here consists of a 260 nm thick bulk
GaN layer grown on thef0001g face of a sapphire substrate20

and etched to obtain a succession of air stripes with a peri-
odicity of 500 nmssee Fig. 1d. The air filling factor and the
stripes depth have been estimated to the respective values of
20% and 230 nm, by comparing the experimental band struc-
ture to the numerical one.21 The resonant SHG process fol-
lows the subsequent description: an incident radiation first
impinges on the above surface of the PC slab with a plane of
incidence perpendicular to the air stripessGX directiond. This
incident radiation is characterized by its frequencyv and
in-plane wave vectork i. Inside the GaN part of the slab, the
second-order induced polarizationP2v

NL =«0xs2d :EsvdE*svd
fwhere Esvd is the fundamental electric fieldg generates a
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second-harmonicsSHd wave at 2v which is reemitted from
the surface in the surrounding vacuum. In this work, we only
consider the 0th-order diffracted SH wave, so that this out-
going wave is characterized by the in-plane wave vector 2k i.
With a uniform GaN slab, the frequency conversion process
would remain limited by the refractive index dispersion of
the material which induces a phase mismatch between the
fundamental and SH interacting waves. The enhancement of
the SHG process is here provided by the coupling with the
PC resonant modes allowed by the folding of the photonic
bands due to the periodicity. In this case, different exaltation
situations with unequal effects exist. First, when the fre-
quencyv and the in-plane wave vectork i of the incident
wave match the frequency and the Bloch wave vector of a
resonant PC mode, the fundamental EM field is strongly con-
fined within the PC core, inducing a significantly enhanced
source of SHG. Secondly, the SH field can also match a
resonant mode of the PC slab ats2v ,2k id which can be
efficiently coupled back in the surrounding vacuum. The
third situation relies on the simultaneous fulfillment of both
previous resonance conditions, and results in an optimized
nonlinear conversion. These three situations will be respec-
tively called resonant-nonresonantsRNRd, nonresonant-
resonantsNRRd, and resonant-resonantsRRd conditions. In
the last case, the coincidence of the resonances is fully re-
lated to the periodicity of the refractive index and the result-
ing folding and mixing of the bands inside the first Brillouin
zone, which involves inside the PC the fulfilment of the
equality 2k i=k i+G, via a reciprocal lattice vectorG. For
this reason, the RR condition is also often called a “qua-
siphase matching” condition.15 The relative impact of the
RNR, NRR, and RR situations on the nonlinear process mag-
nitude is worth to be evaluated.

In order to highlight the occurrences of enhanced nonlin-
ear response and their relation with resonances inside the PC
slab, we first give results obtained by extending the linear
scattering matrix formalism10,22 to the nonlinear response
calculation. The solving of Maxwell equations is made as-
suming the fundamental EM field unperturbed by the SHG
process. This is the undepleted pump approximation which is
justified by low-efficiency conversion rates. Within this ap-

proximation, the calculation procedure24 is simplified, as
Maxwell equation atv sfundamental frequencyd and 2v can
be separately and successively treated.23 In a first step calcu-
lation, Maxwell’s equations at the fundamental frequencyv
are solved, which leads to the determination of the electric
field distribution produced by the incident wave inside the
nonlinear GaN material. In a second step, the induced non-
linear polarization is determined from the fundamental elec-
tric field, and is treated as a source term inside Maxwell’s
equations solved at 2v. This modeling takes into account the
refractive index dispersion for GaNsn=2.35 for the funda-
mental wavelength,n=2.55 for the SH half wavelengthd. The
induced polarization inside the GaN materialssymmetry
group 6mmd is taken as25,26

Pxs2vd = 2«0d15ExsvdEzsvd,

Pys2vd = 2«0d15EysvdEzsvd,

Pzs2vd = «0d31fExsvd2 + Eysvd2g + «0d33Ezsvd2 s1d

with d15=d31=d33/2=5.5 pm/V. The in-plane isotropic dis-
tribution of the susceptibility tensor of the GaN layer is due
to the alignment of the GaN crystalc axis with thez direc-
tion.

The lower graphs in Fig. 2 show, for two fixed values of
ki skia/2p=0.190 andkia/2p=0.158d, the radiated second
harmonic intensity normalized against the intensity gener-
ated from the equivalent untextured GaN layer. This normal-
ization procedure is used in order to isolate the PC role.
Obvious enhancements of the SHG process are observed and
can be clearly attributed to resonances of the fundamental
and/or the SH modes of the photonic lattice. This is con-
firmed by the calculated transmission spectra reported above
each diagram, showing the linear response of the slab to a
p-polarized incident radiation around both the fundamental
sfilled circlesd and the SHsempty circlesd frequencies. These
spectra are calculated using again a linear scattering matrix
treatment,22 and they bear out the emergence of Fano-like
peaks occurring when the incident wave couples with a reso-
nant mode of the slab. The resonant modes of interest here
are labeled 2p and 5p, according to the number of the cor-
responding photonic band and the polarization of the match-
ing incident wave. The 3p8 mode appearing in SH spectra is
a second order mode and will not be used here. Figure 2sad
deals with NRR and RNR situations and the relative ob-
served enhancements are coherent with a stronger influence
of the resonance of the fundamental mode, compared to the
resonance of the generated SH mode. In addition to the fact
that other parameters such as the quality factors of the reso-
nances have an influence on the enhancement factors, this is
usually the case since the SH intensity has a square depen-
dence on the fundamental field intensity.27 In Fig. 2sbd, the
calculated SHG generation highlights a maximal and giant
enhancement of the SH intensity by a factor 4.53106. This
corresponds to the achievement of an RR condition, which is
confirmed by the overlapping of the Fano peaks of the modes
2p and 5p.

For a global insight of the SHG process in the GaN PC
slab, Fig. 3sad gives a 3D plot of the normalized SH response

FIG. 1. Schematic representation of the 1D PC slab surface
excited by an incident beam.a is the period of the photonic lattice,
andu andw are, respectively, the incident and azimuth angles.ksvd
is the wave vector of the incident beam,k isvd is the in-plane com-
ponent, andks2vd is the wave vector of the radiated SH signal.
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as a function of the normalized frequencyva/2pc and of the
in-plane wave vectorki along theGX direction. Figure 3sbd
represents an upper view of the SH response in a greyscolor
onlined logarithmic scale. The lines superimposed on this
map are the dispersion curves of the fundamental mode

ssolid lined and the SH modesdashed lined which are ob-
tained by the scattering matrix poles calculation. The advan-
tage of the poles determination is that it allows us a more
precise and direct calculation of the intrinsic properties of the
resonant modes of the slab.10,23 The giant SH peak in Fig.
3sbd is clearly associated to the crossing of the calculated
dispersion curves: this corresponds to the fulfillment of the
RR condition, and results in a maximal enhancement factor
close to 53106. The single resonance conditions of both the
2p and 5p modes result in weaker enhanced peaks following
exactly the corresponding photonic dispersion curves.

The above calculation procedure has demonstrated the ex-
istence of a RR condition occurring for a normalized fre-
quency of 0.629swavelength 795 nmd and an in-plane com-
ponent of the wave vectorkia/2p=0.158sangle of incidence
u=14.6°d. The experimental demonstration of this giant SHG
sthe setup is described in Ref. 15d has been performed along
the following lines: ap-polarized incident wave produced by
a femtosecond laser beam at a fixed wavelengthl=791 nm
impinges on the upper surface of the sample. In this setup,
we suppose that the finite diameter of the beam does not
cancel the role of the periodicity, as it covers about 80 peri-
ods of the PC. This fundamental incident wave generates a
detectable SH radiated signal in the near UVs395 nmd which
is detected from the above surface in a reflectionlike configu-
ration. For the convenience of the procedure, the angle of
incidence is fixedsu=14°d in order to avoid the realignment
of the detection system that would be needed for eachu
value. The evolution of the nonlinear optical response of the
sample is nevertheless studied as a function of the azimuth
anglew in order to highlight the SH field enhancement re-
lated to the achievement of the RR conditionsFig. 4d. As in
the numerical study, the intensity of the measured SH field
generated by the PC slab is normalized against the intensity
of the SH field generated by an unpatterned zone of the GaN
sample. The experimental peak related to the RR condition
reaches a 7500 times enhancement. This experimental result
validates the previous modeling predictions. The discrepan-
cies between the SH intensity exaltation experimentally mea-
sured and calculated are mainly attributed to the nonvertical-
ity of the stripe sidewalls, which decreases the vertical

FIG. 2. Calculated normalized
SH signal generated by the PC for
fixed values of the in-plane wave
vector, as a function of the radi-
ated SH normalized frequency.
The incident radiation isp polar-
ized and the in plane wave vector
is sad kia/2p=0.190 and sbd
kia/2p=0.158. Above are re-
ported the corresponding linearly
calculated transmission spectra at
fundamental sfilled circlesd and
SH frequencysempty circlesd.

FIG. 3. sad 3D insight of the numerical calculation of the nor-
malized SH field intensity generated by the 1D PC along theG-X
direction. Thex axis is the incident wave vector in 2p /a units
whereas they axis is the normalized frequency.sbd Photonic band
structure of the 1D PC superimposed on the greyscolor onlined
scaled map of the SHG response of the slab. The solid line repre-
sents the photonic mode dispersion curves at fundamental fre-
quency plotted at twice of their in-plane wave-vectors and fre-
quency whereas the dotted line represents the 5p mode dispersion.
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quality factors of the resonances. This reduces the modes
lifetime inside the nonlinear medium, and consequently the
effects of light-matter interaction.

In order to better understand the relative contribution of
each resonant couplingsat v and 2vd in the SHG process,
we have also experimentally examined the dependence of the
SH signal intensity on the polarization angle of the incident
beam. Starting from the RR conditions, the polarization of
the pump was tuned fromp to s polarization using a Babinet-
Soleil compensator. The results are shown in Fig. 5. When
the incident beam isp polarizedsa=0d we observe, as ex-
pected, the maximum SH signal. When the incident beam is
s polarized sa=90°d, no resonant mode is excited at the
fundamental frequency, and the SH signal is divided by a
factor 120. For the unpatterned GaN layer under equivalent
illumination conditions, the decrease is only by a factor 4.
We can then deduce that coupling simultaneously the funda-
mental field to the photonic mode 2p and the SH field to 5p
sp-input-p-output configurationd is 30 times more efficient
than coupling only to the SH field to 5p sNRR conditiond.

We have proposed in this paper a theoretical and experi-
mental study of an efficient situation for the SHG process in
a GaN PC slab. In the RR configuration explored here, a high
enhancement of the SHG process is observed. The enhance-
ment factor of 7500 is higher than the one measured before
on the same sample.21 The prevailing role of the confinement

of the fundamental EM field is moreover demonstrated using
a continuous variation of the incident beam polarization. A
successful comparison is found between the theoretical pre-
dictions and the experimental occurrence of the RR condi-
tion. These tools then constitute a powerful means for a fur-
ther optimization of the PC aiming at optimizing the SH
response intensity. They will in particular allow studying the
influence of all the photonic structure parameters or the in-
trinsic characteristics of the resonant modes such as their
vertical quality factor or the overlapping of the spatial energy
distribution of the fundamental and SH modes. The aniso-
tropy of such PC structures have not been considered here
but it allows preserving the same RR condition on a wide
range of wavelength. This should give rise to new opportu-
nities such as the possibility to provide compact tuneable
solid-state lasers. Furthermore, the same approach could be
used in more general nonlinear cases, such as third-harmonic
and parametric conversion.
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