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Third-harmonic generation in silicon photonic crystals and microcavities
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Third-harmonic generatioGTHG) is observed in photonic crystals and microcavities formed from porous
silicon. The THG spectra reveal an intensity enhancement at the photonic band gap edge of these photonic
crystals and at the resonance of the fundamental radiation with the microcavity mode. The enhancement is
related to the combination of the phase matching and fundamental light localization. The amplitudes of the
THG peaks are strongly affected by the competition between the porous silicon absorption at the third-
harmonic wavelength and the three-photon resonance of cubic susceptibility of silicon achieved in the vicinity
of the Ej/E; critical point.
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Nonlinear-optical phenomena in photonic band gap In this paper, enhanced THG is observed in one-
(PBG) materials are determined by electron energy spectrurdimensional photonic crystals and microcavities. The THG
of the host materials, electromagnetic modes configuratiogpectra measured both in frequency and wave-vector do-
and effective dispersion relations in PBG structuréReso-  mains reveal the intensity enhancement, when the fundamen-
nances in electron energy spectrum of forming materialsga| radiation is tuned across the PBG edge as well as in
which are singularities in electron band structure, yield theesonance with the MC mode. The peak at the band edge is
resonances in nonlinear susceptibilities. Together with pecysommon for photonic crystals, while the THG resonance at
liarities in the group velocity behavior and density of optical ihe mode originates from the microcavity and strongly de-
mod_es inside photonic crystals, this strongly con_trols_thependS on the MC quality factor.
nonlinear response of photonic crystals on the optical field. Photonic-crystal microcavities are grown from mesopo-

For example, large cubic nonlinearity, along with the balanc " . : = i
between the anomalous group velocity dispersion and the(reous silicon. The high quality factdQ=10") and the high

self-phase modulation, allows the gap solitons formation ir{eflectange(T:O.Q_S) in the PBG are gchleved by _the _Iarge
photonic crystalé. The fulfillment of phase-matching condi- contrast in porosities and,_therefore, in the refraclgve indices
tions in photonic crystals with large quadratic susceptibility© adjacent layers, achieving values up&a=0.7.> Con-
leads to a significant enhancement of second-harmonic geffollable variation of the pore size allows the PBG tuning.
eration(SHG), if the second-harmonitSH) or fundamental  Significant enhancement of photoluminescence and Raman
wavelength coincides with the PBG edy@he local en- scattering, observed in photonic crystals and MCs formed
hancement of the electromagnetic field or the intensity-from porous silicor? also proves their high quality factor.
dependent refractive index lead, for instance, to optical biRecently, fascinating band-edge effects in optical pulse
stability observed in photonic crystals with a large cubicpropagation have been observed in Fibonacci quasicrystals
nonlinearity® The optical wave localization at the defect of a fabricated from several hundred layers of mesoporous
photonic crystal or at the spacer of a photonic-crystal microsilicont”
cavity (MC) enhances manyfold the SHG response, which Microcavities are fabricated by the conventional electro-
has been recently observed in MCs with chromopHore,chemical etching procedufeusing p*-type S{001) wafers
polymeric® or semiconductdr'® spacers. with resistivity of 0.005(2 cm. The modulation of the refrac-
The problem of a third-harmonic generatiéhHG) en-  tive index along the surface normals achieved by the time
hancement in photonic crystals has been intensively disvariation of the etching current. The thickness of the meso-
cussed during the last several years. Theoretical studies prperous silicon layers is controlled by the etching time. The
dict an intensity enhancement at the PBG edge by means ofptical thicknesses of the layers are calibrated using the re-
the direct coupling of three fundamental photons via the cuflectance spectra of the single porous silicon layers. Atomic-
bic susceptibilityy'® (Ref.[11]) or due to cascade processesforce microscopy images show that the typical pore size is in
of second-harmonic and sum-frequency generatiof2w, order of 30 nm and significantly smaller than the optical
via the quadratic susceptibility®.12 The small group veloc- wavelength. MCs are designed to possess the PBG for ob-
ity of the fundamental radiation implements the phase mislique angles of incidence below 900 nm, where optical ab-
match compensation at the PBG ed§&he local enhance- sorption is negligible, and with the MC mode in the vicinity
ment of a transient standing wave in finite-size photonicof the three-photony'® resonance corresponding to the
crystals* is also expected to contribute to the THG effi- E)/E, critical point of the silicon band structuté The latter
ciency by analogy with efficient SHG observed recently inis chosen to compensate the significant UV absorption of
photonic crystals fabricated from stratified semiconductors. porous silicont® The samples consist of a half-wavelength-
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g FIG. 2. Closed circles: the angular THG spectrum of the porous
E 6 silicon MC measured in the-in, p-out polarization combination.
@ Open circles: the reflectance spectrum of shgolarized radiation
E 44 of 1064 nm. Small circles: the angular spectrum of the SH intensity
E measured in the-in, p-out polarization combination.
2 energy below 5 mJ/pulse are used. The third-harm@riit)
radiation is separated by a set of appropriate color filters and
07-50 detected by a photomultiplier tube. A monochromator is used

to check the spectral background.

Fundamental Wavelength (nm) Figure 1 shows reflection and THG spectra measured in
the frequency domain a®=45°. The PBG is located at

- . . - o N\o>>950 nm, where reflectance is close to unity. The MC
from porous silicon microcavity. Arrowg indicate positions of the mode is centered at, = 1072 nm. The THG spectrum has a
peaks in the THG spectrunth) Closed circles: the THG spectrum peak. which coincides with the MC mode. The TH intensity

measured in the-in, s-out polarization combination. Open circles: ! . v 5¢ 108 ti | . . ith th
the 100 times magnified part of the spectrum. Lines are the fit tds approximately times larger in comparison with that

data using nonlinear-transfer matrix formalism. The inset showd! the pass band. The other THG peaks, magnified in Fig.
scanning electron microscope image of porous silicon microcavityX(P), are approximately 500 times smaller. They correlate
with the minima in the reflectance spectrum being slightly
thick cavity spacer\yc=1300 nm sandwiched between redshifted. The largest shift of 15 nm is observed at the
two distributed Bragg reflectors formed from five pairs of short-wavelength PBG edge. THG is strongly suppressed out
quarter-wavelength-thick layergnset in Fig. 3. \yc de-  of these peaks in both the photonic band gap and the pass
notes the MC mode for normal incidence. The refractive in-band. Figure 2 shows the THG spectrum measured in the
dices of the layers in the Bragg reflectors aye=1.9 and wave-vector domain. The TH intensity reveals an enhance-
n_=1.6, the thicknesses ady =170 nm andd, =200 nm, ment at¢=55°, which is close to the MC mode, and reso-
and the porosities arg,=0.64 andf =0.77, respectively. nance in SHG located #-=58°. The THG peak is approxi-
The cavity spacer thickness ,c=2d,. The Q-factor is mately two times broader than the MC mode drop of the
slightly below 16 and restricted by losses due to light scat-linear reflection. This is apparently associated with smaller
tering in the pores. A high UV absorption of the silicon sub- Q-factor value for thep-polarized fundamental radiation than
strate imposes the reflection experimental geometry. that for thes-polarized one. The shift of the THG peak from
The tuning of the fundamental radiation across the PB@Ghe mode position and the SHG peak stems from different
edge and the resonance of the fundamental wave with theode positions of the- and p-polarized fundamental light.
MC mode,k,dyc=, wherek, is the normal component of The TH intensity increases also at the short-wavelength PBG
the fundamental wave vector inside the MC spacer, i€dge ford<30°. This THG growth is even stronger than the
achieved in both frequency and wave-vector domains. TH@nhancement at the MC mode.
spectroscopy in the frequency domain is realized by tuning The  electric-dipole  cubic  polarization, P®®(3w)
the fundamental wavelength,,, at fixed angle of incidence, =x'®: E(w)E(w)E(w), is supposed to be the only source of
6. In wave-vector domain THG spectroscopyis varied at THG in porous silicon MCs. Cascade THG is neglected since
fixed \,. The 4-ns-pulsed output of the optical parametricsmall electric-dipole SHG is expected only at the pore sur-
oscillator tunable from 750 to 1300 nm and the faces due to the inversion symmetry of the bulk silicon. Each
10-ns-pulsed infrared output of the RdYAG laser with  porous silicon layer is considered as macroscopically in-

FIG. 1. (a) The reflectance spectrum of tteepolarized light
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plane isotropic film having nine nonzerg® elements: TH Wavelength (nm)

X;B;/)zz:)(g(i)zz X(zs;)zz X(z:?xx:)((zs;)yy and _Xi(ig'):]'./?’xi(i:i)’i) with 1] 2'75 3?0 3?5 3?0 3?5 4(')0 1.0

=X,y. The symmetry considered is confirmed by the THG ° 0P

enhancement for thp-in, p-out ands-in, s-out polarization 8- '@% -ow ,

combinations and negligible TH intensity in thpein, s-out o && ° .‘,% 08

ands-in, p-out polarization combinations. ﬁzg ¥ }

The primary mechanism of the THG enhancement at the & e Oé

MC mode is the fundamental light localization inside the MC S 6 9 o3 v

spacer and the surrounding layers of the Bragg reflectors. € '_8: s oy -06 o

The spatial distribution of the resonant fundamental radiation > 2 o * P } '! o8

across the MC with similar parameters was probed at the MC g 4 g‘; o . 23 '] §

cleavage by scanning near-field optical microscljpyhese E & o0 e e & 049

direct studies revealed the six- to eight fold enhancement of £ §° 0O e o s N A

the amplitude of the standing wave inside the MC spacer b 2% - :’ ¢ L

with respect to the incoming field in agreement with calcu- 24 g S o° e e 8 ‘0‘ 02

lations performed using the matrix formalism. The partial . - f * !

contributions of the MC spacer and the surrounding layers of l i ' . u y

the Bragg reflectors to the total TH field are obtained using 0 —— loo
800 900 1000 1100 1200

nonlinear transfer-matrix techniqd@.It is shown that the
phase shift between dominating THG contributions does not
exceed /2 providing their constructive interferenéeln
some sense, such interference is equivalent to the phaﬁ%
mat_chlng since the optical path inside the MC spacer is ef's-ou'[ polarization combination. Open circles: reflectance spectrum
fectively Q tlmes extended at the MC mode. . of the s-polarized fundamental radiation.

The combined fit to reflectance and THG spectra using

nonlinear transfer matrices is shown in Fig. 1 and demon; .
. . e three-photon resonance }g§=1100 nm corresponding
strates a good agreement with experimental data. The TH f - . I
o Q the E}/E; critical point of the silicon band structut&.in
peaks at the PBG edge and at the minima of the reflectance,. L " :
licon, the resonance contributions from critical points of

spectrum are treated as THG resonances in photonic CryStailsombined density of electron states dominates the nonlinear
due to the small role of the MC spacer in the formation of thesusce tibilities Sy ectra. In spite of absorption losses. the
PBG edge. The fundamental field with the wavelength at the P P ' P P '

Fundamental Wavelength (nm)

FIG. 3. Closed circles: THG spectrum of MC with monoto-
usly modified layer thickness measured #x45° in thes-in,

PBG edge penetrates efficiently to photonic crystals. The
THG enhancement stems from constructive interference of
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the partial THG contributions of the layers, which accom- - . _
plishes effective phase matchifigAdditional enhancement ."-f:-. . S e
of the partial TH field amplitudes is provided due to the Rt s
fundamental field localization in the finite-size photonic t" . \ D 4
crystals'* Absorption in porous silicon at the TH wavelength

varies both the amplitude and the phase of the partial TH
fields lessening the amplitudes of the THG peaks. To reduce
the phase mismatch the specially designed MC is grown, in
which the optical thickness of thgh layer of the Bragg
reflector is steadily decreased with the layer numbes,
=\uc/4-jn. The reflectivity spectrum of MC fabricated
with #=0.8 nm is shown in Fig. 3. Apart from the drop at the
MC mode, the spectrum has a feature at the PBG edge at
A,=942 nm. The THG spectrum has the peak N
=1074 nm, which correlates with the MC mode, and two
other peaks ak,=952 nm and\,=1173 nm. They corre-
spond to PBG edges and have the amplitudes comparable
with the THG peak at the MC mode. The intensity enhance-
”.‘e”t |s_observeq _also %:838 nm, which almost coin- FIG. 4. Closed circles: SHG spectrum of MC fér30°. The
cides with the minimum in the reflectance spectrum. HOW'peak at the MC mode and the SHG growth at the long-wavelength-
gver, the THG eff'C'e_”C_y_ both at the bgnd edge and'the mOdgdge of PBG due to the resonance of the fundamental radiation with
is restricted by the significant porous silicon absorption at thghe Mc mode and the phase-matching at the PBG ¢Bgé. 10

TH wavelength® estimated to be approximately16m™ at  are seen. Open circles: SHG spectrum of th@G) surface. Gray
370 nm for porosity off =0.77. Absorption losses are com- circles: reflection spectrum of thepolarized fundamental radia-
pensated by the resonance of the cubic susceptibility of pajon. Curves: the SHG spectra of MC calculated using nonlinear
rous silicon at the TH wavelength. The spectryffl(3w) is  transfer matrix technique with Lorenz line shape ¢ (dashed
supposed to be similar to that of the crystalline silicon withcurve) and with the spectral-independey® (solid curve.
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THG efficiency at they!® resonance is significantly larger in son with that outside the photonic band gap. The THG en-
comparison with that in the transparency band. Thus, théancement is interpreted as the result of effective phase-
combination of large density of optical modes at the fundamismatch compensation and the fundamental field
mental wavelength and the singularity of electron density ofocalization in the finite-size Bragg reflectors. Thex 50°
states providing they® resonance at the TH wavelength enhancement of the TH intensity is observed if the funda-
yields the optimal conditions for the enhancement of the THnental radiation is in resonance with the mode of photonic-
intensity in silicon photonic crystals. crystal microcavities. This THG peak originates from the

_ The basic role of electron resonances of nonlinear suscepyngamental field localization inside the MC spacer. The
tibilities in the enhancgment of .the' nonlmear—optlcal '®-resonance features of electron energy spectrum of the host
sponse is evident for giant SHG in silicon PBG structuresgjjicon in the vicinity of theE}/E, critical point reveals the
Figure 4 shows the SH intensity spectrum of MC wiifjc interplay of silicon absorption and thg¢® resonance at the
=945 nm measured in trein, p-out polarization combina- T avelength. These results indicate that photonic crystal
tion. The significant enhancement of the SH intensity is 0bynqg microcavity effects offer a practical means of controlling

served at the short-wavelength edge of PBG, where phasge THG enhancement. The use of electrochemical micro-
matching is expected only for the anomalous dispersion. Theycturing to control the nonlinear-optical response of sili-

SHG spectrum of the 8101) substrate measured in tpén,  con presents future opportunities for optical applications uti-
p-out polarization combination has a peak at the S'm'larlizing all-silicon technology.

spectral position corresponding to the two-photon resonance

at the Ej/E; silicon critical point. Thus the SHG enhance-  This work is supported in part by the Russian Foundation

ment at the short-wavelength PBG edge is attributed entireljor Basic ResearckiGrants No. 04-02-16847, 03-02-39010

to the electrony'® resonances. and 01-02-04018 the Presidential Grant for Leading Rus-
In conclusion, THG spectroscopy of one-dimensionalsian Science Schoo{dlo. 1604.2003.% DFG Grant No. 436

photonic crystals formed from mesoporous silicon reveals aRUS 113/640/0-1, NATO Grant PST.CLG.979406, and the
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