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Giant microcavity enhancement of second-harmonic generation
in all-silicon photonic crystals
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Second-harmonic generation~SHG! spectra of single and coupled porous silicon-based photonic
crystal microcavities are studied in both frequency and wave vector domains. For the fundamental
field resonant to the microcavity mode the second-harmonic intensity is enhanced by 102 times in
comparison with that outside the photonic band gap. SHG spectroscopy in identical microcavities
coupled through the intermediate Bragg reflector reveals two SHG peaks if the fundamental field is
in resonance with the splitted mode of coupled microcavities. The spatial confinement of the
resonant fundamental radiation is directly probed at the microcavity cleavage by scanning near-field
optical microscopy. ©2002 American Institute of Physics.@DOI: 10.1063/1.1510968#
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One of the issues regarding the application of photo
crystals1 is the control of the nonlinear-optical response e
hancement in a preset spectral region.2 For instance, the mul-
tiple reflection interference of forward- and backwar
propagating waves can compensate the phase mism
between the fundamental and second-harmonic~SH! waves
and fulfills the phase-matching conditions in the spec
ranges of the edges of the photonic band gap~PBG!.3–7 Ad-
ditional enhancement mechanism can be realized in the
nar photonic crystal microcavities~MC! constituted of two
Bragg reflectors separated by a submicron-thick spacer.
cavity mode located inside PBG manifests as a sharp dro
the high reflectivity plateau of the linear reflection spectru
The optical field is strongly confined inside MC as the wav
length of the incident field is in resonance with the cav
mode. The recently observed enhancement of seco
harmonic generation~SHG! in microcavities with a nonlinea
spacer is due to the confinement of the SH8,9 or
fundamental10 radiation between the linear Bragg reflecto
or the metallic mirrors. The SHG enhancement is also
tained in MC with dual-wavelength nonperiodic Brag
reflectors11 or with the spacer fabricated from a quasipha
matching stack of alternating GaAs and AlAs layers.12 Since
the resonant optical field significantly expands into Bra
reflector the constructive SHG buildup in microcavities c
be achieved if both the MC spacer and Bragg reflectors
composed from nonlinear materials. The SHG enhancem
in this case arises from the combination of the phase m
match compensation and the optical field confinement.

Macroporous and mesoporous silicon MC and photo
crystals13,14 are attractive for all-silicon-based optoelectron
applications being easily incorporated in the semicondu

a!Electronic address: aktsip@shg.ru
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technology. Various optical effects such as the strong pho
luminescence narrowing,15 the Raman scattering
enhancement,16 the large birefringence,17 and the giant third-
harmonic generation18 are recently observed in porous sil
con ~PS! microcavities and photonic crystals.

In this letter the experimental study of the SHG enhan
ment in all-silicon photonic crystal microcavities is pr
sented. SHG spectroscopy in both frequency and wave
tor domains reveals the giant SHG enhancement
mesoporous silicon MC. The resonant SHG enhanceme
also observed in identical coupled microcavities.

The MC samples are fabricated by conventional elec
chemical technique.14 The peculiarities of the method ar
described in detail in Ref. 19. Briefly, the Si~001! wafer etch-
ing in the HF:C2H5OH solution forms the mesoporous sil
con layer. The PS layers with different porosity and thickne
are obtained by the variation of the current density and
etching time. MC with the mode centered at the wavelen
of lMC for normal incidence are composed from two Bra
reflectors separated by thelMC/2-thick MC spacer. Each
Bragg reflector has 5 or 5.5 pairs oflMC/4-thick PS layers
with two different refractive indices~porosities!.

The output of a ns-OPO laser system is used as the
damental radiation with wavelengthlv tunable from 730 to
1050 nm. The pulse duration is of 4 ns with the energy of
mJ per pulse and the spot diameter of 5 mm. The w
vector domain SHG spectroscopy is performed by tuning
angle of incidenceu of the 1064 nm output of a 10 n
yttritium–aluminum–garnet:Nd31 laser19 with energy of 6
mJ per pulse and spot diameter of 1 mm. Thes-in, p-out
polarization combination is chosen. For scanning near-fi
optical microscopy~SNOM! the MC cleavage perpendicula
to the MC surface is placed onto 3-axes piezotube scan
and illuminated through the multimode fiber perpendicular
it. The fiber tip-sample distance is controlled by a shear fo
5 © 2002 American Institute of Physics
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feedback system. SNOM works in the collection mode,
light confined in the sample is collected into the fiber tip.

Figure 1~a! shows the linear spectra of thes-polarized
fundamental radiation reflected from MC withlMC

5945 nm. The spectra have the plateau with almost full
flection corresponded to PBG and the dip related to the
mode. Figure 1~b! shows the SH intensity spectra acquir
for this MC. The SH intensity is strongly enhanced atlv

.785 nm foru545° and atlv.810 nm foru540° as the
fundamental field is in resonance with the mode, i.e., iflv

5lMCA12nMC
22 sin2 u, wherenMC is refractive index of the

MC spacer. The largest enhancement is detected foru545°
and is 130 times in comparison with that averaged outs
PBG in thelv interval from 975 to 1025 nm and indicated
Fig. 1~b! by the arrow. Two other spectral features atlv

.915 nm for u545° and atlv.735 nm for u540°, re-
spectively, correspond to both PBG edges. Asu decreases to
30°, SHG peaks redshift@inset of Fig. 1~b!# in accordance
with the angular dependence of the spectral positions of
PBG edges and the MC mode. The large difference in
magnitude of the SHG peaks at the PBG edges foru540° is
most likely associated with the two-photon resonance of
quadratic susceptibility related to theE08/E1 critical point of
the crystalline silicon band structure.

The MC confinement of the fundamental field is al
achieved by tuning the angle of incidence of the fundame
radiation with the fixedlv. Figures 2~a! and 2~b! show the
angular spectra of the linear reflection coefficient atlv

51064 nm and the SH intensity, respectively, acquired
MC with lMC51350 nm. The SHG angular spectrum has
narrow peak atu.50° corresponded to the dip in the line
reflection spectrum and attributed to the fundamental fi

FIG. 1. ~a!. The linear reflection spectra of the PS microcavity measured
various angles of incidence.~b!. The SHG spectra foru545° ~filled circles!
andu540° ~open circles!. Curves are the result of the combined fit to line
reflection and SHG spectra. Inset: The angular dependence of positio
SHG peaks at the MC mode~open circles! and the PBG edges~filled
circles!, and the calculated angular dependences of the PBG edges~lines!.
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resonance with the MC mode. The two broader peaks at
and 65° are related to the PBG edges. The edge at laru
values is unresolved in Fig. 2~a! due to the strong angula
dependence of the Fresnel factors. However, the SHG a
lar spectrum of the other PS photonic crystal with PBG c
tered atlPC51200 nm for normal incidence@inset of Fig.
2~b!# reveals a peak with the similar angular width and p
sition to the SHG peak at 65° for MC. The different magn
tude of the SHG peaks at the PBG edges is a result, in p
of the the angular dependence of the isotropic SH
component.20 The calibration of the resonant SHG sign
from MC is performed using the Si~001! substrate. The SH
intensity in the maximum of the SHG angular spectrum m
sured at this silicon surface in ap-in, p-out polarization
combination is at least 150 times smaller.

The SHG spectra are approximated using the nonlin
transfer matrix formalism,21 which can be used for descrip
tion of SHG in periodic media among a Green’s functi
approach.22 The peculiarities of the model and details of th
fit are presented in the forthcoming article.19 Curves in Figs.
1 and 2 show the results of the least-square fit to the S
spectra and demonstrate a good agreement with the data
SHG resonance at the MC mode is caused by the sp
confinement of the fundamental field inside the spacer
the constructive interference of complex SHG contributio
from each PS layer which accounts for the phase-matchin
the periodic MC structure.19 The SHG enhancement at th
PBG edges is due to the phase matching and the slight
mogeneous fundamental field amplification inside MC.6,7,19

Figure 3 shows the topographical and resonant SNO
images acquired at the MC cleavage. The topographical
age shows the high MC lateral quality and periodicity. T

r

of

FIG. 2. ~a! The angular spectrum of thes-polarized fundamental wave re
flected from MC withlMC51350 nm.~b!. The SHG angular spectrum o
this MC. Arrow emphasizes the SHG peak at the low-angle PBG ed
Curve is the result of the model calculations. Inset. The SHG angular s
trum of the photonic crystal withlPC51200 nm.
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SNOM image obtained for the 633 nm-pump radiation de
onstrates the bright strip in the vicinity of the MC spac
surrounded by dark bands corresponded to Bragg reflec
The contrast between maximum and minimum of intensity
.10 and describes the field localization degree. The cr
section conforms good to the envelope of calculated inten
distribution. The fine structure of the intensity distributio
with the period of the standing wave is not resolved. T
implies that the apertureless tip detects the field scattere
the neighboring PS layers, loosing the fine lateral resolut
The increase of the intensity at the surface area below

FIG. 3. Resonant SNOM~left! and topographical~right! images of the
cleavage of MC withlMC5620 nm. Inset. The cross section of the intens
distribution extracted from the SNOM image~dots! and calculated within
transfer matrix formalism~line!. Rectangular curve shows the profile of th
real part of the PS layers refractive index at 633 nm.

FIG. 4. ~a! The angular spectrum of thes-polarized radiation of 1064 nm
reflected from coupled MC withlMC51250 nm. ~b!. The SHG angular
spectrum of this MC. Inset. The spectrum of the linear reflection coeffic
of coupled MC withlMC5680 nm. Arrows indicate positions of the splitte
cavity modes.
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nm is more likely caused by sample surface scattering of
pump radiation.

Further, the SHG spectrum is measured for the sam
with the two identicallMC/2-thick spacers separated by th
intermediate semitransparent Bragg reflector. Figure 4~b!
shows the SHG angular spectrum of coupled MC withlMC

51250 nm. The spectrum has the peak atu.25° coinciding
with the PBG edge and two resonances at approximately
and 67° corresponding to splitted modes of coupled MC. T
SHG resonance at 55° correlates with the dip in the fun
mental field reflection spectrum@see Fig. 4~a!#. The second
mode of coupled MC at 67° is unresolved in linear spectr
due to the strong angular dependence of the Fresnel fac
However, the linear reflection spectrum measured in the
quency domain at the similar coupled MC sample proves
presence of split modes.

In conclusion, SHG spectroscopy in all-silicon photon
crystal microcavities is reported. The fundamental field co
finement in the microcavity spacer combined with the ph
matching in the periodic MC structure causes the giant S
enhancement if the fundamental wave resonance with
cavity mode. The simplicity of the mode tuning and the po
sibility of the integration of all-silicon microcavities in sem
conductor technology highlight their potential use for int
grated optics applications including optical sensors a
frequency converters.
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