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Ultraviolet surface-emitted second-harmonic generation in GaN one-dimensional
photonic crystal slabs
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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, cloégisoth® 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 crystal§PC9 are periodically textured struc- nance” effect studied by Reinisch and Neviére inside guiding
tures exhibiting remarkable optical properties related to thestructures consisting of a homogeneous slab lying under a
strong perturbation of their electromagnetic dispersiongrating couplet® On the other hand, it is worth noting here
curvest? Among those properties, the most commonly men-that this frequency conversion enhancement within vertical
tioned is the emergence of frequency ranges called photoniesonance conditions differs fundamentally from the tech-
band gaps inside which the propagation of light is forbiddennique provided by “nonlinear photonic crystiitelying on a
This band gap effect offers the attractive possibility to con-periodic inversion of the second-order susceptibility tensor
trol the propagation of light through the introduction of de- x?. The resonantly enhanced frequency conversion process
fects inside the periodic photonic lattice. However, in addi-was first proposed inside etched PC slab structures by Cowan
tion to photonic band gaps, the high index contrast of theet all® with theoretically predicted enhancement factors as
modulated slab is also responsible for a strong modificatiomigh as 18 inside GaAs structures. Consecutively, experi-
of the allowed bands. This is also of great interest since itnental demonstrations of enhanced second-harmonic genera-
generates high density of states regions, lying especialltion (SHG have been performed inside GaAs planar
close to the band gaps. Inside these regions, an enhancgs!®!’
optical response of the PC slab is generally observed, and is In this work, we report on the experimental demonstration
associated with a strong concentration of the photonic modesf a giant SHG process inside a GaN 1D PC slab. GaN-based
energy inside small volumes. Within this framework, notice-structures have already proven a massive impact on photon-
able improvements of nonlinear optical properties has beeits and optoelectronics. Here they provide new possibilities
demonstrated inside various PC structiiés. concerning frequency conversion processes. The main im-

PC slabs are periodically etched films with a finite heightprovement using GaN instead of GaAs lies in the ability to
providing a vertical confinement of electromagnetic modesconvert light from infrared to ultraviolet because of a wide
by total internal reflection. However, most of the photonictransmission range from 365 nm to 13/n. Despite GaN
modes are only partially confined inside the slab because afonlinear second-order susceptibiligf?’ is about 10 times
a diffractivelike coupling with the radiative continuum of the lower than in GaAs, it is expected to be enhanced in the
surrounding medium. These modes are then characterized Ipyesence of internal piezoelectric fields induced by quantum
a finite lifetime inside the slab and suffer intrinsic vertical wells!8 In this case, non-linear coefficients could be as high
losses during their propagation inside the PC slab. This mags inside GaAs. GaN also exhibits a high optical damage
severely limit the applicability of PC inside photonic inte- threshold® and a good mechanical ruggedness.
grated optical circuité:'® Recently, PC slab structures have  The sample studied here consists of a 260 nm thick bulk
nevertheless been proposed to be used as efficient vertic@iaN layer grown on thE0001] face of a sapphire substréte
resonant cavitie! In this context, the diffractive external and etched to obtain a succession of air stripes with a peri-
coupling process plays a positive role. First it allows inject-odicity of 500 nm(see Fig. 1 The air filling factor and the
ing light inside the slab using a free standing wave imping-stripes depth have been estimated to the respective values of
ing on the top surface of the textured slab. Inversely it is ar20% and 230 nm, by comparing the experimental band struc-
excellent way to collect the enhanced light signal emittedture to the numerical on&.The resonant SHG process fol-
from the surface, after the resonant interaction within thdows the subsequent description: an incident radiation first
optically active slab material. This resonance phenomenonnpinges on the above surface of the PC slab with a plane of
associated to the strong energy localization of the PC mode#)cidence perpendicular to the air strigé3( direction. This
significantly enhances light-matter interaction. It can then bencident radiation is characterized by its frequensyand
efficiently exploited in order to intensify nonlinear frequency in-plane wave vectok,. Inside the GaN part of the slab, the
conversion processé$Such a resonantlike exaltation of op- second-order induced polarizati NJ;ZSO)((Z):E(w)E*(w)
tical nonlinear effects is similar to the “guided-wave reso-[where E(w) is the fundamental electric fieldyenerates a
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proximation, the calculation proceddfeis simplified, as
Maxwell equation aw (fundamental frequengyand 2v» can

be separately and successively trefela. a first step calcu-
lation, Maxwell's equations at the fundamental frequency
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 ate2 This modeling takes into account the
refractive index dispersion for Galh=2.35 for the funda-
mental wavelengtm=2.55 for the SH half wavelengthThe

induced polarization inside the GaN materi@ymmetry
FIG. 1. Schematic representation of the 1D PC slab surfacroup gnm is taken a&26

excited by an incident beara.is the period of the photonic lattice,

and @ and¢ are, respectively, the incident and azimuth andtés) Py(2w) = 28¢d;5E4(w)Ew),
is the wave vector of the incident beakj(w) is the in-plane com-
ponent, ank (2w) is the wave vector of the radiated SH signal. Py(2w) = 2g0d;sE,(w)E(w),

second-harmoni¢SH) wave at 20 which is reemitted from _ 2 2 2
the surface in the surrounding vacuum. In this work, we only P22w) = £o0ail B @)+ By()7] + £00sf(w) @
consider the Oth-order diffracted SH wave, so that this outwith d;s=d3;=0d33/2=5.5 pm/V. The in-plane isotropic dis-
going wave is characterized by the in-plane wave vecdkgr 2 tribution of the susceptibility tensor of the GaN layer is due
With a uniform GaN slab, the frequency conversion processo the alignment of the GaN crystalaxis with thez direc-
would remain limited by the refractive index dispersion of tion.
the material which induces a phase mismatch between the The lower graphs in Fig. 2 show, for two fixed values of
fundamental and SH interacting waves. The enhancement &f (k,a/27=0.190 andk,a/27=0.158, the radiated second
the SHG process is here provided by the coupling with theharmonic intensity normalized against the intensity gener-
PC resonant modes allowed by the folding of the photonicated from the equivalent untextured GaN layer. This normal-
bands due to the periodicity. In this case, different exaltatiorization procedure is used in order to isolate the PC role.
situations with unequal effects exist. First, when the fre-Obvious enhancements of the SHG process are observed and
quencyw and the in-plane wave vectds; of the incident can be clearly attributed to resonances of the fundamental
wave match the frequency and the Bloch wave vector of and/or the SH modes of the photonic lattice. This is con-
resonant PC mode, the fundamental EM field is strongly confirmed by the calculated transmission spectra reported above
fined within the PC core, inducing a significantly enhancedeach diagram, showing the linear response of the slab to a
source of SHG. Secondly, the SH field can also match a-polarized incident radiation around both the fundamental
resonant mode of the PC slab @w,2k;) which can be (filled circles and the SHempty circle$ frequencies. These
efficiently coupled back in the surrounding vacuum. Thespectra are calculated using again a linear scattering matrix
third situation relies on the simultaneous fulfillment of both treatmeng? and they bear out the emergence of Fano-like
previous resonance conditions, and results in an optimizegdeaks occurring when the incident wave couples with a reso-
nonlinear conversion. These three situations will be respemant mode of the slab. The resonant modes of interest here
tively called resonant-nonresonafRNR), nonresonant- are labeled @ and 5, according to the number of the cor-
resonantNRR), and resonant-resonafRR) conditions. In  responding photonic band and the polarization of the match-
the last case, the coincidence of the resonances is fully réng incident wave. The 8 mode appearing in SH spectra is
lated to the periodicity of the refractive index and the result-a second order mode and will not be used here. Fig(ag 2
ing folding and mixing of the bands inside the first Brillouin deals with NRR and RNR situations and the relative ob-
zone, which involves inside the PC the fulfilment of the served enhancements are coherent with a stronger influence
equality X,=k,+G, via a reciprocal lattice vecto&. For  of the resonance of the fundamental mode, compared to the
this reason, the RR condition is also often called a “quatesonance of the generated SH mode. In addition to the fact
siphase matching” conditiol?. The relative impact of the that other parameters such as the quality factors of the reso-
RNR, NRR, and RR situations on the nonlinear process magiances have an influence on the enhancement factors, this is
nitude is worth to be evaluated. usually the case since the SH intensity has a square depen-
In order to highlight the occurrences of enhanced nonlindence on the fundamental field intengityn Fig. 2(b), the
ear response and their relation with resonances inside the R&alculated SHG generation highlights a maximal and giant
slab, we first give results obtained by extending the lineaenhancement of the SH intensity by a factor 4 B¥F. This
scattering matrix formalisk9-?? to the nonlinear response corresponds to the achievement of an RR condition, which is
calculation. The solving of Maxwell equations is made as-confirmed by the overlapping of the Fano peaks of the modes
suming the fundamental EM field unperturbed by the SHG2p and 5.
process. This is the undepleted pump approximation which is For a global insight of the SHG process in the GaN PC
justified by low-efficiency conversion rates. Within this ap- slab, Fig. 3a) gives a 3D plot of the normalized SH response
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g FIG. 2. Calculated normalized
€ . SH signal generated by the PC for
§ 7{ fixed values of the in-plane wave
\, vector, as a function of the radi-
1x1oi 0B 0B4 086 o058 5x10° oBZ 0B 08 058 ated. S!—| normgli;ed .frequency.
9x10* The incident radiation i polar-
> 8x10] Ri2p)-nR 4x10° R(2p)-R(5p) ized and the in plane wave vector
,e§ 7x10° ) is (@) ka/2w=0.190 and (b)
 6x10 ) 3x10°7 ka/27=0.158. Above are re-
g 5X107 . ported the corresponding linearly
5 22184: . nRR(R) 2107 calculated transmission spectra at
Q8 ox10" nR-R(5p) 1x10°1 fundamental (filled cirples) and
1x10*] SH frequency(empty circles.
S ) YRR PR ] "SR R in ik B im 140
©a/2rc ®a/2nc

as a function of the normalized frequeneg/27rc and of the  (solid line) and the SH modédashed ling which are ob-

in-plane wave vectok; along thel'X direction. Figure &)  tained by the scattering matrix poles calculation. The advan-
represents an upper view of the SH response in a @agr tage of the poles determination is that it allows us a more
online) logarithmic scale. The lines superimposed on thisprecise and direct calculation of the intrinsic properties of the

map are the dispersion curves of the fundamental modEesonant modes of the sldb?® The giant SH peak in Fig.
3(b) is clearly associated to the crossing of the calculated

dispersion curves: this corresponds to the fulfillment of the

5. RR condition, and results in a maximal enhancement factor
z close to 5< 10°. The single resonance conditions of both the
94+ 2p and 5 modes result in weaker enhanced peaks following
f.’ 3 exactly the corresponding photonic dispersion curves.
= v The above calculation procedure has demonstrated the ex-
\g 24 istence of a RR condition occurring for a normalized fre-
e quency of 0.629wavelength 795 ninand an in-plane com-
f, 14 ponent of the wave vectdga/27=0.158(angle of incidence
= ol #=14.69. The experimental demonstration of this giant SHG
1.g "0.38 (the setup is described in Ref.)lIsas been performed along

the following lines: gp-polarized incident wave produced by
a femtosecond laser beam at a fixed wavelengtif91 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
o detectable SH radiated signal in the near (3¢5 nm which
is detected from the above surface in a reflectionlike configu-
ration. For the convenience of the procedure, the angle of
& incidence is fixed #=14°) in order to avoid the realignment
of the detection system that would be needed for e@ch
value. The evolution of the nonlinear optical response of the
o sample is nevertheless studied as a function of the azimuth
626 03 0.34 0.38 angle ¢ in order to highlight the SH field enhancement re-
K2 8), lated to the achievement of the RR conditigfig. 4). As in
FIG. 3. (&) 3D insight of the numerical calculation of the nor- the numerical study, the intensity of the measured SH field

malized SH field intensity generated by the 1D PC alonglthe ~ 9enerated by the PC slab is normalized against the intensity
direction. Thex axis is the incident wave vector inmZa units  ©f the SH field generated by an unpatterned zone of the GaN

whereas the axis is the normalized frequencip) Photonic band ~ Sample. The experimental peak related to the RR condition
structure of the 1D PC superimposed on the gfeylor online reaches a 7500 times enhancement. This experimental result
scaled map of the SHG response of the slab. The solid line repra/alidates the previous modeling predictions. The discrepan-
sents the photonic mode dispersion curves at fundamental fresies between the SH intensity exaltation experimentally mea-
quency plotted at twice of their in-plane wave-vectors and fre-sured and calculated are mainly attributed to the nonvertical-
quency whereas the dotted line represents thenbde dispersion. ity of the stripe sidewalls, which decreases the vertical
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~ FIG. 4. Experimental azimuth variation of the normalized SH  F|G, 5. Intensity of thep-polarized second harmonic generated
field intensity atng=791 nm. Filled circles denote SH light gen- in the 1D GaN PhC at 791 nm and fér14° as a function of the
erated by g-polarized pump field ap=14°. polarization anglea of the fundamental beam, with an incident

quality factors of the resonances. This reduces the modéoéane along thd'X direction (¢=0°).
lifetime inside the nonlinear medium, and consequently thef the fundamental EM field is moreover demonstrated using
effects of light-matter interaction. a continuous variation of the incident beam polarization. A
In order to better understand the relative contribution ofsuccessful comparison is found between the theoretical pre-
each resonant couplin@t w and 2v) in the SHG process, dictions and the experimental occurrence of the RR condi-
we have also experimentally examined the dependence of th®n. These tools then constitute a powerful means for a fur-
SH signal intensity on the polarization angle of the incidentther optimization of the PC aiming at optimizing the SH
beam. Starting from the RR conditions, the polarization ofresponse intensity. They will in particular allow studying the
the pump was tuned fromto s polarization using a Babinet- influence of all the photonic structure parameters or the in-
Soleil compensator. The results are shown in Fig. 5. Whei¥finsic characteristics of the resonant modes such as their
the incident beam ip polarized(«=0) we observe, as ex- Vertical quality factor or the overlapping of the spatial energy
pected, the maximum SH signal. When the incident beam idistribution of the fundamental and SH modes. The aniso-
s polarized (#=90°), no resonant mode is excited at the tropy of such PC structures have not been considered here

fundamental frequency, and the SH signal is divided by zPUt it allows preserving _the same RR c_ondltlon on a wide
range of wavelength. This should give rise to new opportu-

facto_r 12.0' For th? unpatterned GaN !ayer under equwalerﬁities such as the possibility to provide compact tuneable
illumination conditions, the decrease is only by a factor 4'solid—state lasers. Furthermore, the same approach could be

We can 'then deduce that .coupling simultaneougly the fundaL]sed in more general nonlinear cases, such as third-harmonic
mental field to the photonic modepand the SH fieldtop 54 parametric conversion.

(p-inputp-output configurationis 30 times more efficient
than coupling only to the SH field top5(NRR condition. The authors would like to acknowledge Olivier Briot,
We have proposed in this paper a theoretical and experiSandra Ruffenach, and Roger Aulombard for the growth of
mental study of an efficient situation for the SHG process inGaN epitaxial layers, and David Peyrade and Yong Chen of
a GaN PC slab. In the RR configuration explored here, a higthe Laboratoire de Photonique et des Nanostructures UPR
enhancement of the SHG process is observed. The enhan@®, for the fabrication of the PCs. Professor Didier Felbacq
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