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Second- and third-harmonic generation in birefringent photonic crystals
and microcavities based on anisotropic porous silicon
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One-dimensional anisotropic photonic crystals and microcavities based on birefringent porous
silicon are fabricated. The reflectance spectra demonstrate the presence of photonic band gap and
microcavity modes with spectral positions tunable upon the sample azimuthal rotation around its
normal and/or rotation of polarization plane of incident light. Simultaneous enhancement of second-
and third-harmonic generation at the photonic band-gap edge due to the phase matching is observed.
The angular positions of the second- and third-harmonic peaks are controllable via the anisotropy of
the refractive indices of porous silicon layers. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2133910�
One of the potential applications of silicon-based photo-
nic crystals in optoelectronics and intergrated optics is the
fabrication of silicon compatible photonic devices.1 Re-
cently, significant progress has been achieved in the fabrica-
tion of silicon-based photonic band gap �PBG� structures of
different dimensionality mostly using the wet etching accom-
panied by the photolithography or focused-ion-beam
drilling.2,3 Apart from intensive studies of linear optical
properties of silicon photonic crystals, this generated much
interest in their nonlinear properties as well. For example,
ultrafast tuning of the band edge of silicon photonic crystals
due to the third-order optical susceptibility has been ob-
served recently.4,5 The efficient up-conversion, such as
second- and third-harmonic generation �SHG and THG�, has
also been demonstrated as a result of the enhancement of
photonic density of states and giant dispersion at the PBG
edge. The effective fulfilment of the phase-matching condi-
tions obtained as the fundamental radiation is tuned across
the long-wavelength PBG edge leads to the manyfold in-
crease of the second-harmonic �SH� �Ref. 6� and third-
harmonic �TH� �Ref. 7� intensities. Birefringence, which is
directly attributed to the optical anisotropy of the medium,
can also effectively control the up-conversion gain using the
different dispersion properties of ordinary and extraordinary
waves. The fabrication of silicon photonic crystals possess-
ing birefringence8–10 can open up prospectives to applica-
tions for integrated optics and on-chip devices of nonlinear
photonics requiring the controllable manipulation of the up-
conversion efficiency. Silicon crystal is isotropic due to the
cubic lattice, but porous modification of silicon can exhibit a
strong in-plane anisotropy of the refractive index due to
shape anisotropy of Si nanocrystals and voids assembling the
material.11 This form anisotropy is achieved by etching of the
�110� silicon wafers and introduced by the selective crystal-
lographic pore orientation in equivalent �010� and �100�
directions.

In this article, the simultaneous SHG and THG enhance-
ment is studied in one-dimensional photonic crystals fabri-
cated from the birefringent porous silicon when the funda-
mental radiation is tuned across the PBG edge. The angular
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positions of the SHG and THG peaks and the maximal in-
tensity enhancement are shown to be controllable via the
artificial birefringence of the porous silicon layers possessing
an optical axis along the �001� direction.

Samples of anisotropic photonic crystals and microcavi-
ties are fabricated by electrochemical etching of p+-type sili-
con wafers of the 50 m� cm resistance with �110� surface
orientation in 22% hydrofluoric �HF� aqueous solution with
ethanol. Porous silicon layers of different porosity and opti-
cal thickness are obtained by variation of the current density
and the etching time. Refractive indices of porous layers are
determined from reflectance spectroscopy of single porous
silicon layers. Photonic crystals consist of 24 pairs of porous
silicon layers with refractive indices of n1�1.81 and n2
�2.18, respectively, and optical thickness of �0 /4, where �0
is the wavelength corresponding to the PBG center at the
normal incidence. Microcavities are made of two Bragg re-
flectors of 12 pairs of porous silicon layers separated by a
�0 /2-thick cavity spacer. Coupled microcavities have two
spacers separated by additional intermediate Bragg reflector
of three porous layers. Refractive index anisotropy of porous
layers used is determined to be �n1�0.03 and �n2�0.04,
respectively.

The output of the YAG:Nd3+ laser with wavelength of
1064 nm, pulse duration of 10 ns with energy of 6 mJ per
pulse and spot diameter of 1 mm is used as the fundamental
radiation for SHG and THG k-domain �angular�
spectroscopy.

Birefringence of photonic crystals manifests itself in the
dependence of the reflectance on the mutual orientation of
the fundamental field polarization vector E and the main
plane formed by the wave vector and the optical axis of
photonic crystal. It is probed by rotation of E with the fixed
main plane or by the changing of the main plane orientation
keeping fixed the light polarization. Figure 1�a� shows the
reflectance spectra of porous silicon microcavity measured
for two values of the azimuthal angle � between the optical
axis and the plane of incidence with �=0° corresponding to

the coincidence of the incident and �11̄0� planes. Reflectance
increases up to 0.9 in the range from 780 to 900 nm corre-
sponding to the PBG and has a dip near 830 nm related to the
microcavity mode. The spectral shift of the PBG and micro-

cavity mode under sample azimuthal rotation is about 10 nm.
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The same spectral shift is obtained for reflectance spectra of
the anisotropic photonic crystal presented in the inset of Fig.
1�b�. This indicates that anisotropic photonic crystals and
microcavities can be considered as uniaxial negative birefrin-
gent media with the optical axis along the �001� direction in
the surface plane. The PBG and microcavity-modes shifts are
also observed in anisotropic coupled microcavities shown in
Fig. 1�b�.

Figures 2�a� and 2�b� show the angular spectra of the SH
and TH intensities, respectively, measured at �=0°. The
SHG spectra have peaks at �=31° and �=35° with half-
width at half-maximum �HWHM� about 10°. The THG spec-
tra have peaks at �=39° and �=44° with HWHM about 5°.
The SHG and THG enhancement by two and three orders of
magnitude in comparison with signal out of PBG, respec-
tively, is achieved at the long-wavelength PBG edge. The
largest contrast in the TH intensity is shown in the inset of
Fig. 2�b�. Rotation of polarization of the fundamental wave
leads to the 10-times changing in the TH intensity.

The SHG and THG enhancement results from the fulfil-
ment of the phase matching conditions at the PBG edge of
photonic crystals and microcavities. The coherency length of

FIG. 1. �a� Spectra of reflectance of the s- �open circles� and p- �filled
circles� polarized light from the anisotropic microcavity with �0=860 nm
measured for �=90°. Inset: The reflectance contrast measured for
s-polarized microcavity mode at �=90° upon sample rotation to �=0°.
Angle of incidence is �=20°. �b� The spectra of reflectance of the
s-polarized light from the anisotropic coupled microcavity with �0

=960 nm measured for �=0° �filled circles� and �=90° �open circles�. �
=20°. Inset: The spectra of reflectance of s-polarized light from the aniso-
tropic Bragg reflector measured for �=0° �filled circles� and �=90° �open
circles�.
SHG and THG in the studied samples of total thickness of
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9 �m is about 1.5 �m and 200 nm, respectively. The angular
position of the intensity maxima in the SHG and THG spec-
tra can be found using the phase matching conditions for
fundamental and harmonic wave vectors projections on the
periodicity direction in the reflection geometry written in the
form

kz
�2�� + 2kz

��� = 2G, kz
�3�� + 3kz

��� = 3G , �1�

where G=2� /d is the reciprocal vector of Bragg reflectors,
and d is thickness of a period. The angular shift of the SHG
and THG peaks for different polarization of fundamental
light is associated with the in-plane anisotropy of refractive
indices of the layers. The difference between the SHG and
THG peak positions attributes to different phase mismatch to
be compensated by the group velocity dispersion at the PBG
edge. For calculation of the porous silicon effective refrac-
tive indices at the fundamental wavelength, reflectance spec-
troscopy of single porous layers and the dependences of
mode spectral position on the angle of incidence and azi-
muthal angle are used. Figure 3�a� shows the microcavity
mode shift �� in the units of the mode HWHM � as a

FIG. 2. �a� The SH intensity angular spectra of the microcavity with �0

=1100 nm for the s- �filled circles� and p-polarized �open circles� funda-
mental wave. Arrows emphasize the angular shift of the SHG maxima. Inset:
Reflectance spectrum of this microcavity. Band shows the part of the spec-
trum corresponding to the angular tuning range. �b� The TH intensity angu-
lar spectra of this microcavity for the s- �filled circles� and p-polarized �open
circles� fundamental wave. Inset: The contrast of the TH magnitude mea-
sured for s- and p-polarized fundamental wave, �=37°.
function of azimuthal angle �, where � of 9 nm is a constant
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for changes of �. The shifts have the same absolute values
for �=0°, 90°, 180°, 270°, but signs of the shifts are differ-
ent for the orthogonal azimuthal positions since the sample
rotation leads to a change of the refractive index of the inci-
dence wave from ordinary to extraordinary one. Figure 3�b�
shows the angular dependences of �� /�. Dependences are
measured for the sample rotation from �=0° to �=90° in the
s- and p-polarization �cases 1 and 2� and for polarization
rotation from p to s with �=0° �case 3�. The relative shift
�� /� of the s-polarized mode is maximal and reaches 1.2.
The inset of Fig. 3�b� shows a cross-section of ellipsoids of
refractive indices at s- and p-polarized waves for �=0° and
�=90°. The angular dependence of refractive index aniso-
tropy �n��� is a constant for cases 1 and 3 and has the ellipse
arc shape for case 2. The ����� dependence is a result of the
dependence �n��� and the blueshift of the mode wavelength
for the oblique incidence ����=�0�1− �sin � /nMC�2�1/2. Us-
ing

����� = dMC��no
2 − sin2 ��1/2 − �ne

2 − sin2 ��1/2� �2�

for cases 1 and 3 and

����� = dMC�no
2 − sin2 ��1/2�1 − ne/no� �3�

for case 2, the main refractive indices no����2.21 and
ne����2.17 and the thickness dMC�195 nm of the cavity

FIG. 3. �a� Dependence of relative shift of the microcavity mode position
from s- to p-polarization on the sample azimuthal rotation for �=40°. �b�
The angular dependences of mode relative shift measured for the sample
rotation from �=0° to �=90° for s- and p-polarized modes �open and filled
circles, respectively� and for polarization rotation from the s to p at �=0°
�filled squares�. Curves are the fit within uniaxial birefringent crystal model.
spacer are obtained. The refractive indices of porous silicon
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layers at the SH and TH wavelengths estimated within the
effective medium approximation are shown in Table I. An-
gular positions of the SHG and THG peaks calculated using
expression �1� are �SH

s =31° and �SH
p =36°; �TH

s =39° and
�TH

p =44°, respectively, and in a good agreement with the
experimental values.

In conclusion, the enhancement of second- and third-
harmonic generation is achieved in birefringent silicon-based
photonic crystals and microcavities at the long-wavelength
PBG edge due to anisotropy of dielectric function of porous
silicon. Angular positions of the SHG and THG peaks coin-
ciding with that calculated using phase matching conditions
are shown to be shifted for different polarizations of the fun-
damental wave due to artificial birefringence in porous sili-
con layers. The results offer a practical means of controlling
the simultaneous enhancement of SHG and THG in photonic
crystals utilizing the combination of dispersion relations at
the PBG edge and birefringence that can be useful for
silicon-compatible devices of integrated optics.
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