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The nonlinear optical properties of one-dimensional all-solid-state photonic-crystal microcavities (MCs) are ex-
perimentally studied by second-harmonic generation (SHG) spectroscopy in both the frequency and the wave-
vector domains. The studied single and coupled MCs are formed by the alternating of mesoporous silicon
layers of different porosities. When the fundamental radiation is in resonance with the MC mode the second-
harmonic intensity is enhanced by a factor of approximately 102. The resonant SHG response is compared
with the off-resonance response, as the fundamental wavelength is outside the photonic bandgap. The split-
ting of the modes of two identical coupled MCs is observed in the wave-vector domain spectrum of enhanced
SHG. The SHG enhancement is attributed to the combined effects of the spatial localization of the funda-
mental field in the MC spacer and the fulfillment of the phase-matching conditions. The confinement of the
resonant fundamental field is probed directly at the MC cleavage by a scanning near-field optical microscope.
The role of the phase matching that is associated with the giant effective dispersion in the spectral vicinity of
the MC mode is deduced from a comparison with the SHG peaks at both edges of the photonic bandgap.
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OCIS codes: 190.2620, 230.4170.
1. INTRODUCTION
The considerable interest in photonic crystals from both
the fundamental and the applied viewpoints is due to the
potential use of the photonic bandgap (PBG) in control-
ling the emission and the propagation of light. The vari-
ety of spectacular properties of photonic crystals, such as
suppression of group velocity,1,2 inhibition of spontaneous
emission,3 and large birefringence,4,5 can lead to many
useful applications in integrated optics. Other effects
are related to nonlinear optical properties of photonic
crystals. For example, ultrafast optical switching6 and
bistability7 can be observed in photonic crystals with cu-
bic nonlinearity as a result of self-induced transparency,
leading to a dynamic or a steady-state shift of the spectral
position of the PBG. Other phenomena are enhanced fre-
quency conversions, such as second-harmonic generation
0740-3224/2002/092129-12$15.00 ©
(SHG) and sum-frequency generation. Enhancement of
SHG can be achieved in nonlinear photonic crystals8,9 by
the reversal of the sign of the nonlinear polarization with
a period equal to two coherence lengths to compensate for
the phase mismatch between the fundamental and the
second-harmonic (SH) waves. In the one-dimensional
(1-D) case such quasi-phase matching was performed in
GaAs waveguides10 or in periodically poled lithium
niobate.11 Quasi-phase matching in two-dimensional
nonlinear photonic crystals based on hexagonally poled
lithium niobate was recently observed.12 Phase match-
ing in photonic crystals with periodic modulation of the
refractive index can be achieved when the fundamental
wavelength is tuned near the PBG edge.13 SHG en-
hancement was observed in 1-D photonic crystals—
distributed Bragg reflectors (DBRs), formed by GaAs/
2002 Optical Society of America
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AlGaAs,14 AlAs/AlGaAs,15 and ZnS/SrF2 (Ref. 16) layers,
or alternating layers of porous silicon (PS) with different
porosities.17,18

Several approaches are used for the calculation of SHG
enhancement at the PBG edges of photonic crystals. One
operates with a dispersion relation for optical waves in
1-D periodic structures,19 and the group velocity of the
fundamental wave tends to zero at the PBG edges.20 In
this case the SH field generated is calculated by use of the
slowly varying envelope approximation in time21 or in the
effective medium model.22 Other approaches are based
on the nonlinear transfer-matrix23 or the Green’s
function24 formalisms. The SHG gain at the PBG edges
can also be calculated by use of the recurrence-relation
method.25

One-dimensional photonic crystals with a modified or a
replaced crystal cell act as microcavities (MCs) with dis-
tributed mirrors. The MC mode is located inside the
photonic bandgap, and it’s spectral position with respect
to the PBG center is defined by parameters of the MC
spacer (thickness and refractive index). If the fundamen-
tal wave is in resonance with the MC mode, the funda-
mental field is strongly localized inside the MC, and the
nonlinear optical response of the MC is enhanced. A few
studies have been devoted to SHG enhancement in
photonic-crystal MCs. A significant increase in the SH
intensity generated from a monolayer of chromophores
that were embedded in the air spacer between two dielec-
tric DBRs was reported.26 Resonant SHG in a poled-
polymer layer squeezed between a silver mirror and a
SiO2 /TiO2 DBR27 and in a ZnSe MC with two SiO2 /Si3N4
DBRs28 was recently demonstrated. The SHG reso-
nances were achieved because of the confinement of the
SH26,28 or the fundamental27 field in a MC spacer with a
thickness smaller than the coherence length. Recently,
the nonlinear magneto-optical Kerr effect in SHG was ob-
served in 1-D magnetophotonic MCs built from two non-
magnetic DBRs that were separated by a magnetic garnet
half-wavelength-thick cavity spacer.29 SHG spectroscopy
of identical coupled MCs is a natural extension of the
study of MCs with a single spacer. In these structures
MC spacers are separated by an additional DBR. The
electromagnetic coupling between cavities is controlled by
variation of the separating DBR transmittance and leads
to specific localization of the fundamental field. SHG en-
hancement in a 1-D coupled-resonator optical waveguide
is predicted.30,31

A combination of phase matching and fundamental
field confinement was used in a vertical MC with a spacer
consisting of a quasi-phase-matched stack of alternating
GaAs/AlAs layers.32 However, the small Q factor of the
MC restricted SHG enhancement. Another way to com-
pensate for the destructive interference that is due to dis-
persive propagation in MCs with a dual-wavelength non-
periodic DBR was proposed in Ref. 33. In photonic-
crystal MCs consisting of a nonlinear spacer and
nonlinear DBRs the SHG efficiency is significantly in-
creased by the phase-mismatched compensation over the
entire MC length and by the penetration of the resonant
fundamental field into the DBR.

PS MCs are very attractive for all-silicon-based opto-
electronic applications. The MCs consist of alternating
PS layers of differing porosities and, as a consequence,
differing refractive indices. The spectral and the angular
positions of the PBG and the MC mode can easily be
tuned by one’s controlling the thickness and the porosity
of the PS layers.34 The high quality of PS-based MCs is a
result of optically flat layers with small interface corruga-
tions and of the high contrast in refractive indices of ad-
jacent layers. Various optical effects have been observed
in PS photonic-crystal MCs (for a review, see Ref. 35).
Recently, strong narrowing and enhancement of photolu-
minescence was demonstrated in single36 and coupled37

PS MCs. Raman scattering enhancement38 and giant
third-harmonic generation39 were observed in PS MCs.

This paper focuses on experimental studies of resonant
SHG in single and coupled MCs that are based on
mesoporous-silicon photonic crystals. The contributions
of resonant fundamental field localization and phase
matching in the photonic-crystal MCs to SHG enhance-
ment are derived from a comparison of experimental SHG
spectra with numerical simulations within the nonlinear
transfer-matrix formalism.23 This approach is conve-
nient for the analysis of partial SHG contributions of in-
dividual layers. Such an analysis manifests the features
of the spatial distribution of optical fields and nonlinear
sources in MCs. The paper is organized as follows: In
Section 2 the details of single and coupled PS MC fabri-
cation and experimental setups are presented. In Sec-
tion 3 the experimental results of SHG spectroscopy in

Fig. 1. (a) Scanning shear-force microscope image of the MC
cleavage with lMC . 620 nm. The scan area is 1.8 mm
3 1.8 mm. (b) Scanning electron microscope image of the MC
cleavage with lMC . 1700 nm.
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the frequency and the wave-vector domains are shown.
A scanning near-field optical microscope (SNOM) image of
the MC is presented. In Section 4 a phenomenological
description for SHG in 1-D photonic-crystal MCs is given.
In Section 5 numerical results indicating the role of
phase-matching and fundamental field confinement in
SHG enhancement are discussed, and the experimental
SHG results are compared to the numerical simulations.
All results are summarized in Section 6. Detailed ex-
pressions for SHG in 1-D photonic-crystal MCs are de-
rived in Appendix A.

2. SAMPLES AND SETUP
The PS photonic-crystal MCs are fabricated by use of
techniques described in Ref. 35. Briefly, anodic etching
in a HF(36%):C2H5OH solution (2:3 by volume) of the
H-terminated Si (001) surface leads to the formation of
the mesoporous-silicon layer. The H-terminated surface
is obtained during a 5-min treatment of the natively oxi-
dized p1-type Si (001) wafer with a resistivity of 0.01
V cm in the same etching solution. The PS layers with
different porosities f (air fractional volume) and different
thicknesses are obtained by the variation of the current
density from 25 to 130 mA/cm2 and an etching time of the
order of several seconds. The dependences of the poros-
ity and the etching rate on the current density are ex-
tracted from IR reflection spectra measured at single PS
layers with a Fourier transform IR spectrometer. MCs
with the MC mode centered at lMC . 945 nm and lMC
. 1300 nm at normal incidence are composed of two
DBRs separated by a MC spacer with an optical thickness
of lMC/2. The bottom DBR is formed by 5 pairs of
lMC/4-thick PS layers with high nH and low nL refractive
indices, corresponding to porosities of fH and fL , respec-
tively. The top DBR has 5.5 pairs for the sample with
lMC . 945 nm and 5 pairs for the sample with lMC
. 1300 nm. The cap low-refractive-index lMC/2-thick
PS layer is grown on top of the first MC to lessen oxida-
tion effects. The refractive indices of the first sample are
nH . 1.41 and nL . 1.18 at 950 nm for porosities fH
. 0.77 and fL . 0.88, respectively. For the second
sample the corresponding quantities are nH . 2.0, nL
. 1.65, fH . 0.6, and fL . 0.7 at 1064 nm. The MC
spacer is fabricated from the low-refractive-index PS
layer. For preparation of coupled-MC samples the time
modulation of the current density is changed to obtain
two identical lMC/2-thick spacers with lMC . 1250 nm
and separated and surrounded by DBRs. The intermedi-
ate DBR consists of 3.5 pairs of lMC/4-thick layers, and
each external DBR consists of 4 pairs.

Independent characterization of the MC samples is per-
formed by means of scanning shear-force and electron mi-
croscopy. Figure 1 shows images of two different MC
Fig. 2. Top panels: v-domain SH intensity spectra for MC with lMC . 945 nm, and bottom panels: spectra of the linear reflection
coefficient of the s-polarized fundamental wave, both measured for angles of incidence of (a) u0 5 45°, (b) u0 5 40°, and (c) u0 5 30°.
Curves are fits of numerical-calculation results within a nonlinear optical transfer-matrix formalism to the data. The fit parameters are
as follows: top, DBR-layer thickness of dL . 240 nm and dH . 150 nm; bottom, DBR-layer thicknesses of dL . 230 nm and dH
. 140 nm, a cavity-layer thickness of dMC . 305 nm, and layer porosities of fL 5 fMC . 0.88 and fH . 0.77.
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cleavages obtained with a scanning shear-force micro-
scope with a piezoelectric tuning-fork detector and a scan-
ning electron microscope. The sharp interfaces between
PS layers and the high lateral quality of the MC are ob-
served.

SHG spectroscopy in the v domain is measured by use
of a conventional SHG setup. The output of a
nanosecond-tunable optical parametric oscillator laser
system operating in the range from 720 to 1050 nm with
energy of approximately 10 mJ/pulse is used as the fun-
damental radiation. The SHG radiation is selected with
an appropriate set of filters and detected with a photo-
multiplier tube. To normalize the SH intensity spectrum
over the laser fluence and the spectral sensitivity of the
detection system, we used a SH intensity reference chan-
nel with a slightly wedged Z-cut quartz plate and a detec-
tion system identical to the one in the sample channel.
The SHG spectroscopy in the k domain is performed by
use of 1064-nm output of a nanosecond YAG laser. The
angle of incidence of the fundamental radiation is tuned
from 0° to 90° in steps of 0.5° by use of a step-motorized

Fig. 3. Top panel: k-domain SH intensity spectra of the MC
sample. Bottom panel: angular spectra of the linear reflection
of the s-polarized fundamental radiation.
goniometer. An s–in, p–out polarization combination is
used because photonic effects are more pronounced for the
s-polarized fundamental radiation.

The SNOM setup is used for spatial field-distribution
measurements. The SNOM tips are fabricated from a
single-mode optical fiber (3M, FS-4224) by the tube-
etching method. The MC cleavage that is perpendicular
to the MC surface is placed onto a three-axis piezo tube
scanner. The tip–sample distance is controlled by an
electrical shear-force feedback system that is based on the
tuning-fork technique. The sample is translated under
the fixed, apertureless tip and illuminated through an ex-
ternal multimode fiber that is perpendicular to the sur-
face. SNOM operates in the collection mode as the scat-
tered light and the evanescent tail of the light confined in
the sample are collected into a fiber tip and detected with
a photomultiplier tube.

Fig. 4. Top panel: k-domain SH intensity spectrum of the
coupled-MC sample. Bottom panel: angular spectrum of the
linear reflection of the s-polarized fundamental radiation. Inset:
v-domain spectrum of the linear reflection coefficient from the
coupled-MC sample with lMC . 680 nm at an angle of incidence
of 30°. The arrows indicate the positions of the coupled-MC
modes.
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3. EXPERIMENT
The photonic band structure or dispersion relation v(k)
appears in linear and SHG spectroscopy in both the fre-
quency and the wave-vector domains. Complete analysis
requires studies of both cross sections in (v, k) space.
The experimental results of SHG spectroscopy of MCs in
the v and the k domains are presented in this section.
Apart from PBG and MC effects the SH intensity mea-
sured in the frequency cross section of (v, k) space is de-
fined by spectral line shapes of linear and quadratic sus-
ceptibilities. The k-domain spectrum of the SH intensity
is modulated by the angular dependence of the Fresnel
factors.

Figure 2 shows the SH intensity spectrum of a PS MC
measured in the v domain at three angles of incidence:
u0 5 45°, 40°, 30°. The corresponding spectra of the lin-
ear reflection coefficient of the s-polarized fundamental
radiation Rs measured at the same alignment and de-
tected by a photodiode are shown in the bottom panels.

Fig. 5. Top panel: spatial distribution of the light intensity at
the MC cleavage measured with SNOM. Bottom panel: cross
section of the intensity distribution perpendicular to the MC sur-
face as extracted from the SNOM image (circles) and calculated
by transfer-matrix formalism (curve). The dashed lines mark
the cavity layer.
The SH intensity I2v is strongly enhanced, whereas the
fundamental wave is in resonance with the cavity mode.
I2v is enhanced by more than 100 times in comparison
with that outside the PBG. The Q factor of the SHG
resonance, Q45° 5 l0 /Dl0 (l0 is the resonant fundamen-
tal wavelength, and Dl0 is full width at half-magnitude)
is approximately 67 6 2. Two other spectral features
can be observed when the fundamental wavelength is
tuned through the PBG edges. The SHG enhancement
at these peaks is significantly smaller and does not exceed
25. The decrease in the angle of incidence leads to a
monotonic red shift of all resonances, in accord with the
angular dependence of the spectral positions of the PBG
edges and the cavity mode. The mean Q factor of the
SHG resonance at the MC mode appears to be mostly
angle independent: Q 5 69 6 4.

Figure 3, top panel, shows the angular dependence of
the SH intensity in a MC with lMC . 1300 nm. The
SHG angular spectrum has a sharp resonance at 59° and
two broad peaks at 24° and 77°. A comparison with the
angular dependence of the reflection coefficient of the
s-polarized wave (bottom panel) allows one to associate
the first SHG resonance with the MC mode, whereas the
other SHG resonance peaks with the PBG edges. The
SH intensity in the MC mode achieves 102 with respect to
the intensity outside the PBG. The long-wavelength
edge of the PBG is not pronounced at the linear angular
reflection spectrum because of the strong angular depen-
dence of the Fresnel factors at large angles of incidence.
The asymmetry of the amplitudes of the SHG peaks at
the PBG edges results, in part, from the well-known an-
gular dependence of an isotropic SHG component.

Figure 4, top panel, shows the k-domain SH intensity
spectrum of a coupled-MC sample with two identical spac-
ers. The SHG angular spectrum demonstrates three
resonant features: The first feature, at approximately
25°, is a peak at the PBG edge. The main resonances are
localized in the vicinity of 55° and 67° and correspond to
the SHG enhancement at the split cavity modes that is
due to fundamental field localization in the vicinity of cav-
ity spacers. The linear reflection spectrum measured in
the wave-vector domain is shown in the bottom panel.
The SHG resonance at 55° is correlated with the drop in
the reflection spectrum. The second mode at 67° is not
clearly resolved in the linear reflection spectrum because
of the strong angular dependence of the Fresnel factors at
large angles of incidence. However, the linear v-domain
spectrum measured for an analogous coupled-MC sample
clearly shows the mode splitting (inset of Fig. 4).

The spatial confinement of the fundamental optical
field in the vicinity of the MC spacer is probed directly by
means of SNOM. Figure 5 shows the resonant SNOM
image measured in the MC with lMC . 620 nm and
pumped by the resonant 633-nm output of a cw He–Ne la-
ser under normal incidence. The SNOM image demon-
strates a broad bright strip in the vicinity of the MC
spacer. The dark bands correspond to minimum inten-
sity and coincide with the DBR. The contrast between
the maximum and the minimum intensities is approxi-
mately equal to 10 and describes the field-localization de-
gree. The bright spot at the surface area (z , 200 nm) is
most likely caused by sample-surface scattering of the
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pump radiation. The cross section of the spatial distri-
bution of the light intensity across the MC conforms well
to the envelope of the intensity distribution calculated
with transfer-matrix formalism (bottom panel). How-
ever, the fine structure of the intensity distribution with
the period of the standing wave of the optical field is not
resolved, although the lateral tip resolution is of order of
10 nm. This result implies that the apertureless tip de-
tects the optical field scattered by pore edges and neigh-
boring PS layers, decreasing the fine lateral resolution.

4. MODEL
The nonlinear transfer-matrix formalism23 is used for the
approximation of the experimental SHG spectra both in
the v and the k domains. With this approach, first, the
light propagation through the multilayer structure, tak-
ing into account multiple-reflection interference, is de-
scribed. The spatial distribution of the fundamental field
amplitude and the linear reflection coefficient are evalu-
ated. Second, the spatial distribution of the quadratic
polarization inside the MC is calculated. Finally, the
problem of the SH wave propagation in a 1-D MC, includ-
ing homogeneous and inhomogeneous wave interference,
is considered.

The linear propagation of light through a multilayer
structure is a standard problem of optics and can be
solved by use of the transfer-matrix formalism.19 Briefly,
the linearly polarized plane wave E0

1 exp@i(k0
vr 2 vt)#

is directed to the surface of the multilayer structure from
the air at angle of incidence u0 , as shown in Fig. 6. The
z axis is the normal to the layers, and xz is the plane of
laser beam incidence. The spatial distribution of the op-
tical field across the MC is evaluated as a product of
transfer matrices Mij for every ijth MC interface, describ-
ing the boundary conditions, and of matrices Fj , describ-
ing the wave propagation in the jth MC layer (see Appen-
dix A).

The mesoporous-silicon layers of MC are considered to
be optically homogeneous layers because the typical
length scale (e.g., pore size) is much smaller than the
light wavelength. In this long-wavelength limit optical
properties of the PS layers are characterized by the effec-
tive complex dielectric function40 e j , where j represents
the number of a PS layer. e j is calculated with the effec-
tive medium (Bruggeman) approximation36,40

~1 2 fj!
eSi 2 e j

eSi 1 2e j
5 fj

e j 2 1

1 1 2e j
, (1)

where the porosity fj is a measure of the air volumetric
fraction of a jth PS layer, fj is a phenomenological param-
eter used for calculation of e j in the experimental spectral
region on the basis of e j values in the IR region extracted
from the Fourier transform spectra of the reference PS
layers, and eSi is the dielectric function of crystalline sili-
con. For mesoporous silicon it is believed that the pore-
wall material can be considered to be bulk silicon. Thus
the spectral dependence of complex eSi determines the
spectral behavior of e j .

To obtain the spatial distribution of the quadratic po-
larization across MC by means of a known spatial distri-
bution of the fundamental field requires first that a model
of the quadratic susceptibility tensor of the MC, x̂ (2), be
defined. The types of nonlinear sources in PS (electric di-
pole or quadrupole) and the localization (the PS surface or
bulk) are discussed extensively in the literature.41,42 The
dipole contribution to quadratic polarization is induced at
the PS interfaces as well as at the big area of the inner
pore surfaces, where the inversion symmetry of bulk sili-
con is necessarily broken. The quadrupole term can be
expected from the bulk of silicon nanocrystals forming PS.
However, the quadrupole term should possess bulk-silicon
symmetry and demonstrate fourfold symmetry in the
SHG azimuthal anisotropic measurements. On the other
hand, the experiment shows the independence of the SH
intensity from the azimuthal angle of the PS MC and al-
lows us to consider the PS layers constituting MC as iso-
tropic in the plane. Thus for the present model the
mechanism of dipole nonlinear sources uniformly distrib-
uted over the bulk of each PS layer is taken. The corre-
sponding symmetry group `m describes the presence of
an infinite number of symmetry planes containing z axes
that are perpendicular to the surface and imposed by the
etching geometry.

The effective dipole quadratic polarization inside the
jth PS layer is given by

Pj
2v~z ! 5 x̂ j

~2 ! : Ej
v~z !Ej

v~z !, (2)

with three nonzero independent components of the
second-order susceptibility tensor of the jth layer, x̂ j

(2) :

x1 [ xxzx 5 xyzy 5 xxxz 5 xyyz ,

x2 [ xzxx 5 xzyy ,

x3 [ xzzz . (3)

Then the modules of the s- and the p-polarized quadratic
polarization vectors Ps and Pp , respectively, can be writ-
ten as

Ps~z ! 5 2x1Es
v~z !Ep

v~z !sin u,

Pp~z ! 5 ~P'
2 1 P i

2!1/2, (4)

where Es
v and Ep

v are s- and p-polarized fundamental
waves, respectively, and all quantities relate to the jth PS

Fig. 6. Schematic of a multilayer nonlinear medium. The wave
vectors of forward- and backward-propagating homogeneous SH
waves in the ith and the jth layers and of inhomogeneous SH
waves in the jth layer are shown.
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layer. P'(z) and Pi(z) are perpendicular and parallel to
the wave vector ks 5 2kj

v components of Pp :

P' 5 x1~Ep
v!2 sin 2u cos u 2 x2~Ep

v!2 cos2 u sin u

2 x2~Es
v!2 sin u 2 x3~Ep

v!2 sin3 u,

P i 5 x1~Ep
v!2 sin 2u sin u 1 x2~Ep

v!2 cos3 u

1 x2~Es
v!2 cos u 1 x3~Ep

v!2 sin2 u cos u. (5)

Multiple reflections of the fundamental field are correctly
taken into account in the complex quantities Ps(z) and
Pp(z).

The spectral dependence of the PS quadratic suscepti-
bility x̂ j

(2) can be modeled with the same spectral line
shape as that of crystalline silicon because the quantum
confinement is assumed to be negligible in mesoporous
silicon with a pore size of the order of tens of nanometers.
For the SH photon energies of less than 3.45 eV used in
the experiment, two-photon resonance is taken with the
Lorentzian line shape corresponding to the E08/E1 critical
point of the crystalline silicon band structure.43 To take
into account the volume fraction of silicon in a PS layer,
we normalize the quadratic susceptibility by porosity:

x̂ j
~2 ! 5 @a 2 b/~2V 1 2v 1 iG!#~1 2 fj!. (6)

Here the resonant amplitude b and the spectral back-
ground a ! b are adjustable parameters, the central en-
ergy is V . 3.35 eV, and the broadening is G . 0.1 eV.

The quadratic polarization vector Pj
2v given by

Pj
2v 5 Ps 1 P' 1 Pi (7)

generates the inhomogeneous SH wave in the jth layer44:

E~s ! 5
4p

e j~v! 2 e j~2v!
~Ps 1 P'! 2

4p

e j~2v!
Pi . (8)

Pj
2v of the jth PS layer is independent of other layers if

the fundamental wave depletion is negligible. Then the
problem of interference of the homogeneous and the inho-
mogeneous SH waves in the nonlinear multilayer struc-
ture can be transformed into a problem of generation and
propagation of the SH wave from the single jth nonlinear
layer that is incorporated into a stack of linear slabs.
The boundary conditions at both surfaces of the jth layer
take into account the interference of the homogeneous SH
wave Ej propagating inside the jth layer with the inhomo-
geneous SH wave E(s) generated there.44 These condi-
tions are described by two additional matrices, Mi

(s) and
F (s), by analogy to the formalism described in Ref. 23 for
third-harmonic generation in a multilayer structure.
The matrices reflect the simple fact that the inhomoge-
neous SH wave propagates in the direction determined by
the linear dispersion at the fundamental wavelength.
Outside the jth layer the homogeneous SH wave is multi-
ply reflected in the linear multilayer structure, producing
the complex partial SH field in air E0,j . The total SH
field generated in the MC is given by the summation of
such complex partial contributions from all layers. The
derivation of equations for the calculation of E0,j is given
in detail in Appendix A.

The approach of the complex partial SH fields gener-
ated in every MC layer inherently takes into account the
phase-matching effects because the phase of the E0,j field
contains all the phase shifts produced by the interference
of backward- and forward-propagating waves at both the
fundamental and the SH wavelengths.

5. DISCUSSION
A. Numerical Results
For numerical simulations an ideal MC sample similar to
the one studied in the SHG spectroscopy experiments in
the v domain (Fig. 2) is considered. The MC is assumed
to consist of a top DBR with 5.5 pairs of layers with an
exact thickness of lMC/4, a lMC/2-thick cavity spacer, and

Fig. 7. Amplitudes of outgoing partial SH fields uE0,ju gener-
ated in every jth layer of the MC plotted as functions of the layer
number calculated for fundamental wavelengths at the cavity
mode (top panel), near the PBG edge at the spectral position of
the SHG peak (filled bars in middle panel) and outside the PBG
(crosshatched bars in middle panel), and inside the PBG (bottom
panel). The spectral positions are marked at the sketched lin-
ear reflection and SHG spectra in the insets. The dashed lines
indicate the cavity spacer, and the topmost layer is layer 1. De-
tails of the ideal MC sample used for calculation are given in the
text.
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a bottom DBR with 5 pairs of lMC/4-thick layers. The top
DBR is assumed to be covered by an additional
lMC/2-thick layer. The refractive indices of the layers are
taken to be nL 5 nMC 5 1.17 and nH 5 1.41, with lMC
. 960 nm. The s-polarized fundamental radiation is as-
sumed to be directed at an angle of incidence of
u0 5 45°. Dispersion and absorption are neglected.
The SH field is calculated for four specific wavelengths of
the linear reflection spectrum, which are shown schemati-
cally in the insets of Fig. 7, namely, at the cavity mode, at
the long-wavelength PBG edge, at the point with minimal
reflectivity near the PBG, and inside the PBG with maxi-
mum reflectivity achieved.

Figure 7 shows the amplitudes of the partial SH fields
uE0,ju plotted as functions of the layer number j calculated
for marked specific points of the photonic band structure.
The dependences clearly demonstrate the role of the
fundamental-field localization in the enhancement of the
SHG response of 1-D MCs. For the cavity mode (top
panel, Fig. 7), uE0,ju are strongly enhanced, especially in
the vicinity of the spacer, and are almost 1 order of mag-
nitude larger than the partial SH fields calculated for the
PBG edge, which are depicted in the middle panel of Fig.
7. The largest enhancement of the SH field is produced
in the DBR layers near the MC spacer. These results are
consistent with the enhancement of the fundamental field
in the vicinity of the cavity spacer in which the funda-

Fig. 8. Partial SH contributions E0,j presented at the complex
plane and calculated for the fundamental wavelength at the cav-
ity mode (top panel), near the PBG edge (middle panel), and in-
side the PBG (bottom panel).
mental field is increased by a factor of approximately 5 in
comparison with the incoming field. At the MC mode,
the spatial distribution of the fundamental field across
the spacer is symmetric, and half of the fundamental
wavelength is exactly equal to the optical thickness of the
MC spacer. The SH field from the left-hand half of the
spacer destructively interferes with the SH contribution
from the right-hand half. In the extreme case of n(v)
5 n(2v) the SH signal from the MC spacer tends to zero.
At the PBG edge (middle panel of Fig. 7) uE0,ju are slightly
enhanced as a result of the homogeneous increase of the
fundamental field inside the MC, which is consistent with
previous SHG studies.16,25 The bottom panel of Fig. 7
shows the SH fields uE0,ju calculated for the fundamental
wavelength inside the PBG. uE0,ju are almost negligible
and exponentially decay deep into the MC, in accord with
the fundamental field decay for forbidden states inside
the PBG.

Figure 8 shows the same partial SH field contributions
E0,j at complex planes and demonstrates the role of phase
matching in SHG enhancement at the cavity mode and
the PBG edges. For the case of the MC mode depicted in
the top panel most of the E0,j fields have phases in the
narrow angular region with a width of approximately 10°.
This outcome means that the E0,j contributions interfere
constructively, fulfilling phase-matching conditions, and
produce enhancement of the total SH field, strengthening
the fundamental field localization effect.

For SHG enhancement at the PBG edge phase match-
ing is even more important. The middle panel of Fig. 8
shows polar diagrams for the fundamental wavelengths
near the PBG edge. All significant partial SH field con-
tributions for the SHG maximum (filled circles) interfere
constructively because the phase shifts between them do
not exceed 90°. Meanwhile, the phases of the E0,j contri-
butions for the SHG minimum (open circles) are spread
almost homogeneously, and the SH fields from the top
DBR destructively interfere with those from the bottom
one. At the same time the amplitudes of E0,j for the SHG
maximum at the PBG edge are comparable with those for
the SHG minimum.

B. Discussion and Comparison with the Experiment
The experimental v-domain SH intensity and linear re-
flection spectra (Fig. 2) are fitted by use of the nonlinear
optical transfer-matrix formalism described in Section 4.
First, linear reflection spectra for all three angles of inci-
dence are fitted simultaneously by the least-squares pro-
cedure. The adjustable parameters are the thicknesses
of the low-refractive-index and the high-refractive-index
PS layers, dL and dH , and their refractive indices, nL and
nH , respectively. The dispersion of nL and nH at both
the fundamental and the SH wavelengths is determined
by Eq. (1) by use of the dispersion of bulk silicon and the
corresponding porosities fL and fH . Then the SH inten-
sity spectra for all three angles of incidence are simulta-
neously fitted with the fixed layer thickness and disper-
sion. The adjustable parameters for this approximation
are the parameters of the spectral profile of the effective
quadratic susceptibility of the PS layers given by Eq. (6).
The ratio of the resonant amplitude b over the spectral
background a appears to be b/a . 8.5. The results of the
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approximation shown in Fig. 2 by the curves fit the ex-
perimental data well and prove the presence of both SHG
enhancement mechanisms discussed above. The MC
spacer thickness dMC is smaller than lMC/2 expected.
Other parameters are in a good agreement with the val-
ues expected from the independent calibration of the PS-
etching rate.

For comparison the observed MC enhancement, SHG
spectroscopy of two reference samples was performed.
The first sample is the single PS layer with a porosity of
f . 0.7 and a refractive index of n . 1.65 at 1064 nm.
The PS-layer thickness is approximately 2 mm, which is
close to the total thickness of studied MCs. The SHG
spectroscopy of such single PS layers allows us to deter-
mine the influence of the buried MC interfaces on the
SHG enhancement. The second reference sample is the
natively oxidized Si (001) wafer, which is used as a sub-
strate for the PS MCs. The Si (001) layer was chosen be-
cause SHG from the silicon surface does not influence the
phase-matching mechanism, and the SH intensity is de-
termined directly by the corresponding components of the
quadratic susceptibility tensor.

Figure 9, top panel, shows the SHG spectrum of the ref-
erence PS layer measured in the wave-vector domain.
The wide maximum in the SH intensity at u0 5 50° and
the oscillation in the reflection coefficient spectra (bottom
panel of Fig. 9) indicate that the SHG signal is generated
from the PS bulk. Because of the high silicon refractive
index, the reflection of the fundamental wave from the

Fig. 9. Top panel: k-domain SH intensity spectra of the refer-
ence PS slab. Bottom panel: angular spectra of linear reflec-
tion of the s-polarized fundamental radiation.
PS-layer–silicon-substrate interface is large, and the PS
layer acts as a Fabry–Perot filter. Its Q factor is sub-
stantially smaller than that of the PS MC; therefore the
SHG peak for the reference PS layer is approximately 4
times smaller and 4 times wider (FWHM) in comparison
with the SHG resonance at the MC mode shown in Fig. 3.
An additional cause of the SHG increase in the single PS
layer is the fact that the coherence length for the PS with
a porosity of f . 0.7 is estimated to be ;3 mm at the fun-
damental wavelength of 1064 nm. For the Si (001) sur-
face the angular SHG spectrum is measured in the maxi-
mum of the rotational azimuthal anisotropy in a p–in,
p–out polarization combination. The dependence demon-
strates the shape that is conventional for the azimuthal
isotropic SHG component45 with the maximum at ap-
proximately 60° of incidence. The maximal SH intensity
is at least 150 times smaller than that achieved in the
MC.

The internal reference for normalization of the MC
SHG enhancement would be the SH intensity generated
in the same MC but for the off-resonant fundamental
wavelength outside the PBG. In this spectral region, the
MC is transparent for the fundamental field, and there is
no suppression of the SHG signal such as takes place in-
side the PBG, where the fundamental field exponentially
decays. On the other hand, there is no effect of funda-
mental field confinement leading to SHG enhancement.
Moreover, the partial SHG contributions from individual
layers of the MC are not in phase as long as their con-
structive interference provides the phase-matching
mechanism of enhancement. The SH intensity averaged
over the slight interference oscillations outside the PBG
is taken as the reference SHG signal. The MC enhance-
ment obtained for a MC with lMC . 945 nm [u0 5 45°,
Fig. 2(a)] relative to the off-resonant SH intensity aver-
aged over the fundamental wavelength interval from 925
to 1025 nm appears to be approximately 130 times.

6. CONCLUSIONS
In summary the SHG spectra of single and coupled
photonic-crystal MCs have been experimentally studied
in both the frequency and the wave-vector domains. The
photonic crystals (DBRs) forming the cavity mirrors were
fabricated from alternating quarter-wavelength-thick lay-
ers of mesoporous silicon with differing porosities. The
cavity spacer was a half-wavelength-thick mesoporous
silicon layer. Resonance enhancement of the SH inten-
sity has been observed in the case of the fundamental
field resonance with the cavity mode. The SHG enhance-
ment achieved was 130 times relative to the off-resonant
SH intensity measured for the fundamental field outside
the PBG and more than 200 times relative to the SHG
signal from the Si (001) surface.

From a comparison of the experimental results with
numerical simulations within the nonlinear transfer-
matrix formalism two mechanisms have been shown to be
responsible for this SHG enhancement: (i) the high SHG
efficiency resulting from the spatial confinement of the
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fundamental field inside the cavity spacer, and (ii) the
constructive interference of the SH fields generated in
DBR layers near the spacer.

Additional SHG enhancement has been observed in the
MC spectra at the PBG edge. This SHG enhancement is
analogous to the SH intensity increase conventionally ob-
served at the PBG edges of photonic crystals and is
caused by combined effects of phase matching and the
uniform enhancement of the fundamental field in the
DBR.

Finally, the angular spectrum of the SHG response of
two identical MCs coupled through an additional DBR
has been studied. Two SHG resonances attributed to
split modes of identical coupled cavities have been ob-
served. The amplitudes of the SHG resonances have
been shown to be dependent on the parameters of the in-
termediate DBR that separates two cavity spacers.

APPENDIX A
In this appendix the expressions for the reflection coeffi-
cient and the SH intensity spectra of 1-D MCs are derived
by use of the nonlinear optical transfer-matrix formalism.
Wave propagation through a linear multilayer structure
can be evaluated with the well-known optical transfer-
matrix method.19 SHG in a single nonlinear slab sand-
wiched between two linear dielectrics was described in
Ref. 44. The general case of the nonlinear optical re-
sponse of a multilayer structure was discussed in Ref. 23
for third-harmonic generation.

Let us consider a linearly polarized fundamental plane
wave with the wave vector k0

v directed onto the surface
of a multilayer structure at an angle of incidence u0 , as
sketched in Fig. 6. The fundamental field inside the jth
MC layer is the superposition of forward- and backward-
propagating waves

Ej
v~z, t ! 5 Ej

1 exp@1ikz, j
v~z 2 dij! 1 ~ikx

vx 2 ivt !#

1 Ej
2 exp@2ikz, j

v~z 2 dij!

1 ~ikx
vx 2 ivt !#, (A1)

where the tangential component of the wave vector kx
v

5 ukj
vusin uj remains constant across the structure, the

normal wave-vector component is kz, j
v 5 ukj

vucos uj , and
dij is the z coordinate of the ijth interface. u j is the angle
of incidence of the fundamental wave inside the jth layer.
As a result of the translation symmetry in the xy plane
and the steady-state case, the term exp(ikx

vx 2 ivt) is
omitted. The fundamental radiation in the jth and the
ith layers near the ijth interface are given by Ej

v 5 Ej
1

1 Ej
2 and Ei

v 5 Ei
1 1 Ei

2. The relation between Ei
v

and Ej
v is determined by the boundary conditions. The

continuity of the tangential components of the electric
and the magnetic fields leads to a system of two charac-
teristic equations. Solution of this system can be written
as a matrix equation

FEi
1

Ei
2G 5 F 1/tij rij /tij

rij /tij 1/tij
G FEj

1

Ej
2G , (A2)
where tij and rij are Fresnel transmission and reflection
coefficients for the light incident from the ith layer. De-
note the two-component vector as

FEj
1

Ej
2G 5 Ej (A3)

and the matrix as

F 1/tij rij /tij

rij /tij 1/tij
G 5 Mij . (A4)

The matrix Mij is the transfer matrix for the ijth inter-
face. The fundamental fields at points zj and zj 1 z,
both located inside the jth layer, are connected as

Ej~zj 1 z! 5 Fj~z!Ej~zj! (A5)

by means of the propagation matrix

Fj~z! 5 Fexp~ikz, j
vz! 0

0 exp~2ikz, j
vz!

G . (A6)

The total transfer matrix from the air (the zeroth layer) to
the silicon substrate (the lth layer) has the form

T 5 Ml~l21 !F~l21 ! ¯ M10 , (A7)

where Fm 5 Fm(dm) and dm is the thickness of the mth
layer. The reflection coefficient is R 5 2T21 /T22 , where
T21 and T22 are matrix elements of T. If the amplitude of
the incident fundamental wave is a unit, the two-
component vector of the fundamental field in air is E0

v

5 $1, R%, and the spatial distribution of the fundamental
wave inside the MC is the following:

Ej
v~z ! 5 Tj~z !E0

v

5 Fexp~ikz, j
vz ! 0

0 exp~2ikz, j
vz !

G
3 Mj~ j21 !F~ j21 ! ¯ M10F 1

R G . (A8)

To obtain the spatial distribution of the quadratic po-
larization Pj

2v(z), we convolute the second-order suscep-
tibility with the distribution of the fundamental field
Ej

v(z). The inhomogeneous SH wave E(s), which is as-
sociated with Pj

2v(z), is given by Eq. (8). The problem of
propagation of both the homogeneous and the inhomoge-
neous SH waves in a multilayer structure can be reduced
to that in a single nonlinear layer sandwiched between
two stacks of linear slabs if the depletion of the funda-
mental field can be neglected. The interference of the ho-
mogeneous Ej and the inhomogeneous E(s) SH waves in-
side nonlinear slab is taken into account by means of
boundary conditions on the slab interfaces. If we assume
that the jth layer has only nonzero second-order suscepti-
bility x̂ j

(2) , boundary conditions at the ijth and jkth inter-
faces for the SH waves in the matrix method have the
form

Ei 5 MijEj 1 Mi
~s !E~s !,

MkjFjEj 1 Mk
~s !F~s !E~s ! 5 Ek . (A9)

Matrices Mi
(s) , Mk

(s) , and F(s) are organized as matrices
Mij , Mkj , and Fj , respectively, related to the homoge-
neous SH wave, but all subscripts j are replaced with su-
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perscripts (s). Superscript (s) denotes quantities related
to the inhomogeneous SH wave such as ks 5 2kj

v, us
5 u j , and es 5 e j(v). The simultaneous solution of Eq.
(A9) gives the SH field in the kth layer

Ek 5 MkjFj~MjiEi 1 Sj!, (A10)

where

Sj 5 @F̄jMj
~s !F~s ! 2 Mj

~s !#E~s ! (A11)

and matrix F̄j is the inverse of Fj . Expression (A10)
gives the SH field in the kth layer as a superposition of
the SH wave, transmitted from the ith layer, and the SH
wave, generated by nonlinear sources in the jth layer.
The vector Sj reflects interference of the homogeneous
and the inhomogeneous SH waves in the jth nonlinear
layer. Let El, j 5 $El, j

1,0% and E0,j 5 $0,E0,j
2% denote

the partial contributions of the jth layer to the SH field in
the lth and the zeroth layers. Then Eq. (A10) can be
written as follows:

RjlEl, j 2 Lj0E0,j 5 Sj . (A12)

Matrices

Rjl [ F̄jMjkF̄k ¯ F̄~l21 !M~l21 !l , (A13)

Lj0 [ MjiFiMi~i21 ! ¯ F1M10 (A14)

describe the propagation of the homogeneous SH waves
from the lth (substrate) and the zeroth (air) layers to the
jth layer. Therefore the calculated Sj vector allows us to
find the contribution from the jth nonlinear layer to the
reflected SH wave in air. Finally, the total SH wave is a
summation of the partial contributions E0,j over all lay-
ers.

ACKNOWLEDGMENTS
The authors are pleased to acknowledge D. V. Kazantsev
and D. Schuhmacher for help in the SNOM and the SHG
experiments. This study was supported by the Russian
Foundation for Basic Research (RFBR) and the Deutsche
Forschungsgemeinschaft (DFG): DFG grant 436 RUS
113/640/0-1, RFBR grants 01-02-16746, 01-02-17524, and
01-02-04018, special grant for Leading Russian Science
Schools 00-15-96555, and International Association for
the promotion of cooperation with scientists from the New
Independent States of the former Soviet Union (INTAS)
grant YSF-2001/1-160. N. Otha acknowledges the Obu-
chi Fellowship Program (Japan–Russia Youth Exchange
Center).

O. A. Aktsipetrov’s e-mail address is aktsip@shg.ru;
the URL is http://www.shg.ru.

REFERENCES
1. A. Imhof, W. Vos, R. Sprik, and A. Lagendijk, ‘‘Large disper-

sive effects near the band edges of photonic crystals,’’ Phys.
Rev. Lett. 83, 2942–2945 (1999).

2. K. Sakoda, Optical Properties of Photonic Crystals
(Springer-Verlag, Berlin, 2001).

3. E. Yablonovitch, ‘‘Inhibited spontaneous emission in solid-
state physics and electronics,’’ Phys. Rev. Lett. 58, 2059–
2062 (1987).
4. A. Ortigosa-Blanch, J. C. Knight, W. J. Wadsworth, J. Ar-
riaga, B. J. Managan, T. A. Birks, and P. St. J. Russell,
‘‘Highly birefringent photonic-crystal fibers,’’ Opt. Lett. 25,
1325–1327 (2000).

5. F. Genereux, S. W. Leonard, H. M. van Driel, A. Birner, and
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