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Photonic crystals (PCs) are the microstructures with
periodically modulated optical (including high-order)
susceptibility with a period on the order of the optical
wavelength. They possess unique physical properties
and are of great practical interest. The presence of a
photonic band gap, i.e., the range of optical frequencies
where the electromagnetic field exponentially decays
inside the PC, renders them candidates for use in opti-
cal switches and optical transistors [1], as well as in PC
lasers with extremely low lasing threshold [2]. PCs
exhibit unique optical effects such as giant optical dis-
persion [3], optical bistability [4], and light localization
[5]. So far, most attention in studying the nonlinear
optical properties of PCs has been given to efficient fre-
quency doubling, because the conditions for quasi-
phase-matching are fulfilled in PCs. Quasi-matching
can be attained (1) in nonlinear PCs with quadratic sus-
ceptibility periodically modulated in one or two direc-
tions and uniform linear susceptibility [6] and (2) in
PCs with modulated linear susceptibility [7, 8]. In the
latter case, the quasi-matching condition can be ful-
filled if either the pump frequency or the second har-
monic (SH) frequency falls on the edge of the photonic
band gap in the PC. Naturally, such PCs were fabri-
cated from noncentrosymmetric materials with large
bulk quadratic susceptibility: lithium niobate [6], gal-
lium arsenide [7], and zinc sulfide [8]. Of particular
interest is the investigation of the nonlinear optical
response of a PC fabricated from centrosymmetric
materials, e.g., porous silicon (PS) [9]. Porous silicon
PCs are grown using a comparatively simple electro-
chemical technique that provides high reproducibility

of parameters. This method has become part of modern
silicon technology, thereby resulting in the high practi-
cal importance of porous silicon PCs and microstruc-
tures on their base. It is of interest to explore the nonlo-
cal effects in the nonlinear optical response of
PC-based microcavities (MCs). The parameters of the
distributed PC mirrors of such Fabry–Pérot microcavi-
ties determine the MC 

 

Q

 

 factor. This permits the con-
trol of the electromagnetic field localization in the MC
at the frequency of the cavity mode, providing enhance-
ment of the MC optical response, e.g., luminescence
[10] and Raman scattering [11]. The MC mode within
the photonic band gap is analogous to the impurity level
within the semiconductor electronic energy gap. The
spectral position of the cavity mode in the photonic
band gap can be changed by varying the MC parame-
ters [layer thicknesses in PC mirrors and the MC
(“impurity”) level], allowing the control of the
enhancement effects in the nonlocal nonlinear MC
optical response.

This work reports the experimental results on the
intensity spectrum of the SH generated in porous sili-
con microcavities. The enhancement of the SH
response was observed in the vicinity of the cavity
mode and at the edges of the photonic band gap. The
SH generation in a multilayer structure with distributed
nonlinear sources is phenomenologically described
with account taken of the multiple interference of the
pump and SH fields. It is shown that the enhancement
of SH response at the frequency of the MC mode differs
in nature from the enhancement at the edges of the pho-
tonic band gap: the mode SH resonance is caused by the
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The experimental spectral dependence of the intensity of the second harmonic (SH) generated in microcavities
based on porous silicon photonic crystal demonstrates resonant intensity enhancement (by a factor of
~2 

 

×

 

 10

 

2

 

) in the vicinity of the cavity mode and at the edges of the photonic band gap. The enhancement is due
to the combined effect of pump radiation localization inside the microcavity, multiple SH interference in the
photonic crystal, and two-photon resonance of the porous silicon quadratic susceptibility at the SH frequency.
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localization (amplification) of the standing pump wave
in the vicinity of the MC layer, whereas the SH reso-
nance at the edge of the photonic band gap is caused by
a uniform amplification of the pump field in the distrib-
uted PC mirrors of the microcavity.

Microcavity samples (Fig. 1a) were composed of
two one-dimensional PCs formed by five pairs of quar-
ter-wave (

 

λ

 

0

 

 = 945 nm) PS layers and a half-wave PS
cavity layer as a spacer. The samples were prepared by
electrochemical etching [12] of a single-crystal 

 

p

 

-type
silicon wafer in the crystallographic (001) orientation
with a resistivity of 0.01 

 

Ω

 

 cm in an electrolyte consist-
ing of a 50% solution of hydrofluoric acid and ethyl
alcohol taken in 1 : 2 v/v ratio. The alternating PS lay-
ers of different porosity (air volume concentration)
were obtained by periodic modulation of the current
density flowing through the silicon wafer perpendicu-
larly to its surface. The etching rate was determined by
the current density of the electrochemical process and
the resistivity of the silicon wafer. The porosities and
thicknesses were, respectively, 

 

f

 

h

 

 = 0.77 and 

 

d

 

h

 

 =
160 nm for the optically denser PC layers and 

 

f

 

l

 

 =
0.88 and 

 

d

 

l

 

 = 200 nm for the less dense layers. The cav-
ity layer was formed from PS with 

 

f

 

r

 

 = 0.88 and 

 

d

 

r

 

 =
400 nm. Figure 1b is the MC cut image obtained on a
scanning force microscope with a piezoelectric quasi-
friction force detector based on a 32.8-kHz quartz tun-
ing-fork. The scanning tip was made from a single-
mode fiber by etching in a protective envelope. Light
areas in the image correspond to a high longitudinal
friction, i.e., to the less porous regions. The strict peri-
odicity in the PS layers and the 5-

 

µ

 

m-scale longitudinal
homogeneity of the structure confirm the high quality
of the prepared samples. However, it was hard to deter-
mine the thickness ratio for the PS layers of different
porosity because the scanning tip had a large radius (on
the order of 50 nm) of curvature, resulting in an asym-
metry toward the denser PS layers.

The SH spectra were recorded using a Spectra-Phys-
ics MOPO 710 optical parametric oscillator (OPO),
tuned in the range 730–1100 nm, with a 10-ns pulse
duration and pulse energy of approximately 10 mJ,
excited by the third harmonic of a YAG laser. Collinear
phase matching in the OPO nonlinear crystal provided
a fixed angle of incidence 

 

θ

 

 for the pump radiation upon
frequency tuning. The SH radiation from the MC sam-
ple was filtered and focused onto the photomultiplier
cathode. To normalize the SH spectrum to the fre-
quency-dependent photomultiplier sensitivity and filter
transmission coefficients, a portion of the pump radia-
tion was fed into the reference channel that was identi-
cal to the main channel and contained 

 

z

 

-quartz crystal
as a source of calibrating SH radiation. For linear spec-
troscopy, the pump radiation reflected from the MC
sample was detected by a photodiode and normalized to
the intensity of incident light.

For the 

 

p

 

- and 

 

s

 

-polarized pump radiations (

 

p

 

–

 

p 

 

and

 

s

 

–

 

p 

 

geometries, respectively), the intensity of the

 

p

 

-polarized SH radiation reflected from the MC was
independent of the angle of rotation of the MC sample
about its normal, to within the experimental error
caused by a weak inhomogeneity of the MC in its
plane.

The dependence of the SH intensity 

 

I

 

2

 

ω

 

 on the pump
wavelength 

 

λ

 

ω

 

, measured for the angle of incidence 

 

θ

 

 =
45

 

°

 

 in the 

 

s

 

–

 

p

 

 geometry, is shown in Fig. 2a. For com-
parison, the spectrum of the linear reflection coefficient
(

 

R

 

s

 

) of the 

 

s

 

-polarized pump radiation is presented in
Fig. 2d. In the vicinity of 780 nm, corresponding to the
spectral position of the MC mode, 

 

I

 

2

 

ω

 

 increases by a
factor of ~2 

 

×

 

 10

 

2

 

, as compared to the SH intensity in
the band gap. Another resonance feature is observed in
the vicinity of 910 nm (~50-fold enhancement), which
coincides with the long-wavelength edge of the photo-
nic band gap. The increase in the SH intensity at the
short wavelength edge of the photonic band gap is much
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Fig. 1.

 

 Left: porous silicon MC structure and geometry of the experiment; light regions correspond to the optically denser PS layers.
Right: MC cut image obtained on a scanning microscope with a quasi-friction detector. The gray scale of the displacement of the tip
with respect to the MC cleavage face at a constant friction force is given on the right.
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smaller. When changing 

 

θ

 

 to 40

 

°

 

 (Fig. 2b) and 30

 

°

 

(Fig. 2c), the SH resonances are shifted to longer wave-
lengths. This correlates with the angular dependence of
the cavity mode in the 

 

R

 

s

 

(

 

λ

 

ω

 

) spectra (Figs. 2e, 2f). The
greatest SH enhancement at the edge of the photonic
band gap (~1 

 

×

 

 10

 

2

 

) is observed at 

 

θ

 

 = 55

 

°

 

 (Fig. 3a).
The spectrum of the SH radiation reflected from the

PS microcavity was calculated by using the following
phenomenological approach. At the first step, the trans-
fer-matrix formalism was used to solve the problem of
multiple interference of pump radiation in a multilayer
structure with the dispersion 

 

ε

 

PS

 

(

 

λ

 

) calculated for each
PS layer in the effective-medium approximation [13]
taking the dispersion 

 

ε

 

Si

 

(

 

λ

 

) of single-crystal silicon as a
basis [14]:

(1)

This was used to calculate the reflection coefficient 

 

R

 

s

 

(

 

p

 

)

 

of the polarized pump radiation and the spatial distribu-

tion of the amplitude (

 

z

 

) = exp(

 

z

 

) +

exp(–

 

z

 

) of the pump standing wave inside the

 

j

 

th layer of the microcavity. At the second step, the
components of quadratic polarization were calculated
for each layer to determine the coupled SH wave field.

1 f–( )
εSi εPS–

εSi 2εPS+
---------------------- f

εPS 1–
1 2εPS+
-------------------.=

Eω
j( ) Eω

+ j( ) ikω z,
j( )

Eω
j( )– ikω z,

j( )

It was assumed that the quadratic susceptibility χ(2)( j) is
uniformly distributed inside the jth layer and that only

the  =  components are involved in the SH
generation by the s-polarized pump radiation (the point
group of the PS layer was assumed to be ∞m). The
spectral behavior of the effective components of qua-
dratic susceptibility was modeled for the jth layer by
the sum of two Lorentzians, χ(2)( j)(2ω) = (a – b1/(–Ω1 +

2ω + iΓ1) – b2/(–Ω2 + 2ω + iΓ2)) , with "Ω1 =
3.36 eV and "Ω2 = 4.3 eV corresponding to the direct

electronic transitions /E1 and E2 in silicon [14].
Next, the nonlinear transfer-matrix formalism, analo-
gous to that applied in [15] to the generation of the third
harmonic, was used to solve the problem of interfer-
ence of the coupled and free SH waves in the jth layer
and the problem of linear propagation of the SH wave
in the structure with multiple interference. The SH
amplitude from the whole microcavity was found by
summing the SH fields from each of the layers.

The calculated SH and linear reflection spectra are
shown in Figs. 2 and 3a by solid lines to demonstrate
good qualitative agreement with the experiment. The
calculations were carried out for all angles of incidence
and the following MC parameters: thicknesses dl =

χzxx
2( ) j( ) χzyy

2( ) j( )

f j
2–

E0'

Fig. 2. Intensity of the p-polarized SH radiation as a function of the wavelength of s-polarized pump radiation, measured in the
porous silicon MC at different angles of incidence: θ = (a) 45°, (b) 40°, and (c) 30°. The SH intensities in panels (b) and (c) are given
on 7- and 20-fold enlarged scales, respectively. Solid lines are the results of model calculations. Reflectivity spectra are given for
the s-polarized pump radiation at different angles of incidence: θ = (d) 45°, (e) 40°, and (f) 30°.

(nm)
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204 nm, dh = 165 nm, and dr = 408 nm and porosities
fh = 0.774 and fl = fr = 0.882. Figures 3b and 3c show
the spatial distribution of the absolute value of local

amplitude | (z)| of the pump standing wave in the
MC at two characteristic wavelengths: λω, 1 = 781 nm
(corresponding to the MC mode) and λω, 2 = 909 nm
(coinciding with the SH maximum at the long-wave-
length edge of the photonic band gap). In the vicinity of
λω, 1, the pump field is mostly localized in the microcav-
ity and the volume energy density of pump radiation
exponentially decreases as the outer edges of the PC
mirrors are approached. At the wavelength λω, 2, the
pump field is amplified uniformly throughout the MC.

Since the induced quadratic polarization is (z) ∝

(z) (z), the resonance enhancement of the SH
signal in the vicinity of λω, 1 is caused by the effects of
pump field localization in the MC layer and the adja-
cent layers of the PC mirrors. Note that, due to the half-
wave thickness of the MC layer, its contribution to the
SH at λω, 1 is much smaller than from the nearest lying
layers of the PC mirrors, and it is nonzero only due to
the dispersion. The increase in the SH intensity in the
vicinity of λω, 2 is caused by the uniform amplification
of the pump field. The SH resonance at the short-wave-
length edge of the band gap has the same origin: the
strong θ dependence of the SH enhancement in this
region is caused by the strong dispersion of the PS qua-
dratic susceptibility in the vicinity of 370 nm, which is
close to the energy of two-photon resonance of the
direct electronic transitions /E1 in silicon. This

Eω
j( )

P2ω
2( ) j( )

Eω
j( ) Eω

j( )*

E0'

explains why the intensity increase at the edge of the
photonic band gap is the largest at θ = 55° (Fig. 3a).

Thus, when built in the porous silicon photonic
crystal, the microcavity layer gives rise to an additional
SH resonance, analogous to the resonant increase in the
combined density of states for the direct electronic
transitions to the impurity level in the semiconductor
energy gap. The nonlinear polarization is localized in
the vicinity of the microcavity layer. The spectral posi-
tion of the cavity mode and the radius of localization
can be varied by varying the microcavity parameters.
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Fig. 3. (a) Intensity of the p-polarized SH radiation as a
function of the wavelength of s-polarized pump radiation,
measured in the porous silicon MC at θ = 55°. Solid line is
the result of model calculations. (b) Spatial distribution of
the pump standing wave amplitude in the MC, calculated for
the wavelength λω, 1 = 781 nm corresponding to the micro-
cavity mode at θ = 45°, and (c) λω, 2 = 909 nm correspond-
ing to the edge of the photonic band gap. Vertical lines indi-
cate the boundaries of the cavity layer.
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