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Third-harmonic generation(THG) 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 E08 /E1 critical point.
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Nonlinear-optical phenomena in photonic band gap
(PBG) materials are determined by electron energy spectrum
of the host materials, electromagnetic modes configuration
and effective dispersion relations in PBG structures.1–3 Reso-
nances in electron energy spectrum of forming materials,
which are singularities in electron band structure, yield the
resonances in nonlinear susceptibilities. Together with pecu-
liarities in the group velocity behavior and density of optical
modes inside photonic crystals, this strongly controls the
nonlinear response of photonic crystals on the optical field.
For example, large cubic nonlinearity, along with the balance
between the anomalous group velocity dispersion and the
self-phase modulation, allows the gap solitons formation in
photonic crystals.4 The fulfillment of phase-matching condi-
tions in photonic crystals with large quadratic susceptibility
leads to a significant enhancement of second-harmonic gen-
eration(SHG), if the second-harmonic(SH) or fundamental
wavelength coincides with the PBG edge.5 The local en-
hancement of the electromagnetic field or the intensity-
dependent refractive index lead, for instance, to optical bi-
stability observed in photonic crystals with a large cubic
nonlinearity.6 The optical wave localization at the defect of a
photonic crystal or at the spacer of a photonic-crystal micro-
cavity (MC) enhances manyfold the SHG response, which
has been recently observed in MCs with chromophore,7

polymeric,8 or semiconductor9,10 spacers.
The problem of a third-harmonic generation(THG) en-

hancement in photonic crystals has been intensively dis-
cussed during the last several years. Theoretical studies pre-
dict an intensity enhancement at the PBG edge by means of
the direct coupling of three fundamental photons via the cu-
bic susceptibilityxs3d (Ref. [11]) or due to cascade processes
of second-harmonic and sum-frequency generation,v+2v,
via the quadratic susceptibilityxs2d.12 The small group veloc-
ity of the fundamental radiation implements the phase mis-
match compensation at the PBG edge.13 The local enhance-
ment of a transient standing wave in finite-size photonic
crystals14 is also expected to contribute to the THG effi-
ciency by analogy with efficient SHG observed recently in
photonic crystals fabricated from stratified semiconductors.15

In this paper, enhanced THG is observed in one-
dimensional photonic crystals and microcavities. The THG
spectra measured both in frequency and wave-vector do-
mains reveal the intensity enhancement, when the fundamen-
tal radiation is tuned across the PBG edge as well as in
resonance with the MC mode. The peak at the band edge is
common for photonic crystals, while the THG resonance at
the mode originates from the microcavity and strongly de-
pends on the MC quality factor.

Photonic-crystal microcavities are grown from mesopo-
rous silicon. The high quality factorsQ.102d and the high
reflectancesT.0.95d in the PBG are achieved by the large
contrast in porosities and, therefore, in the refractive indices
of adjacent layers, achieving values up toDn.0.7.16 Con-
trollable variation of the pore size allows the PBG tuning.
Significant enhancement of photoluminescence and Raman
scattering, observed in photonic crystals and MCs formed
from porous silicon,16 also proves their high quality factor.
Recently, fascinating band-edge effects in optical pulse
propagation have been observed in Fibonacci quasicrystals
fabricated from several hundred layers of mesoporous
silicon.17

Microcavities are fabricated by the conventional electro-
chemical etching procedure16 using p+-type Si(001) wafers
with resistivity of 0.005V cm. The modulation of the refrac-
tive index along the surface normalz is achieved by the time
variation of the etching current. The thickness of the meso-
porous silicon layers is controlled by the etching time. The
optical thicknesses of the layers are calibrated using the re-
flectance spectra of the single porous silicon layers. Atomic-
force microscopy images show that the typical pore size is in
order of 30 nm and significantly smaller than the optical
wavelength. MCs are designed to possess the PBG for ob-
lique angles of incidence below 900 nm, where optical ab-
sorption is negligible, and with the MC mode in the vicinity
of the three-photonxs3d resonance corresponding to the
E08 /E1 critical point of the silicon band structure.18 The latter
is chosen to compensate the significant UV absorption of
porous silicon.19 The samples consist of a half-wavelength-
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thick cavity spacerslMC.1300 nmd sandwiched between
two distributed Bragg reflectors formed from five pairs of
quarter-wavelength-thick layers(inset in Fig. 1). lMC de-
notes the MC mode for normal incidence. The refractive in-
dices of the layers in the Bragg reflectors arenH.1.9 and
nL.1.6, the thicknesses aredH.170 nm anddL.200 nm,
and the porosities arefH.0.64 andfL.0.77, respectively.
The cavity spacer thickness isdMC=2dL. The Q-factor is
slightly below 102 and restricted by losses due to light scat-
tering in the pores. A high UV absorption of the silicon sub-
strate imposes the reflection experimental geometry.

The tuning of the fundamental radiation across the PBG
edge and the resonance of the fundamental wave with the
MC mode,kzdMC=p, wherekz is the normal component of
the fundamental wave vector inside the MC spacer, is
achieved in both frequency and wave-vector domains. THG
spectroscopy in the frequency domain is realized by tuning
the fundamental wavelength,lv, at fixed angle of incidence,
u. In wave-vector domain THG spectroscopy,u is varied at
fixed lv. The 4-ns-pulsed output of the optical parametric
oscillator tunable from 750 to 1300 nm and the
10-ns-pulsed infrared output of the Nd3+:YAG laser with

energy below 5 mJ/pulse are used. The third-harmonic(TH)
radiation is separated by a set of appropriate color filters and
detected by a photomultiplier tube. A monochromator is used
to check the spectral background.

Figure 1 shows reflection and THG spectra measured in
the frequency domain atu=45°. The PBG is located at
lv.950 nm, where reflectance is close to unity. The MC
mode is centered atlv.1072 nm. The THG spectrum has a
peak, which coincides with the MC mode. The TH intensity
is approximately 53103 times larger in comparison with that
in the pass band. The other THG peaks, magnified in Fig.
1(b), are approximately 500 times smaller. They correlate
with the minima in the reflectance spectrum being slightly
redshifted. The largest shift of 15 nm is observed at the
short-wavelength PBG edge. THG is strongly suppressed out
of these peaks in both the photonic band gap and the pass
band. Figure 2 shows the THG spectrum measured in the
wave-vector domain. The TH intensity reveals an enhance-
ment atu.55°, which is close to the MC mode, and reso-
nance in SHG located atu.58°. The THG peak is approxi-
mately two times broader than the MC mode drop of the
linear reflection. This is apparently associated with smaller
Q-factor value for thep-polarized fundamental radiation than
that for thes-polarized one. The shift of the THG peak from
the mode position and the SHG peak stems from different
mode positions of thes- and p-polarized fundamental light.
The TH intensity increases also at the short-wavelength PBG
edge foru,30°. This THG growth is even stronger than the
enhancement at the MC mode.

The electric-dipole cubic polarization, Ps3ds3vd
=xs3d

]EsvdEsvdEsvd, is supposed to be the only source of
THG in porous silicon MCs. Cascade THG is neglected since
small electric-dipole SHG is expected only at the pore sur-
faces due to the inversion symmetry of the bulk silicon. Each
porous silicon layer is considered as macroscopically in-

FIG. 1. (a) The reflectance spectrum of thes-polarized light
from porous silicon microcavity. Arrows indicate positions of the
peaks in the THG spectrum.(b) Closed circles: the THG spectrum
measured in thes-in, s-out polarization combination. Open circles:
the 100 times magnified part of the spectrum. Lines are the fit to
data using nonlinear-transfer matrix formalism. The inset shows
scanning electron microscope image of porous silicon microcavity.

FIG. 2. Closed circles: the angular THG spectrum of the porous
silicon MC measured in thep-in, p-out polarization combination.
Open circles: the reflectance spectrum of thes-polarized radiation
of 1064 nm. Small circles: the angular spectrum of the SH intensity
measured in thes-in, p-out polarization combination.
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plane isotropic film having nine nonzeroxs3d elements:
xyyzz

s3d =xxxzz
s3d , xzzzz

s3d , xzzxx
s3d =xzzyy

s3d and xii j j
s3d =1/3xiiii

s3d with i , j
=x,y. The symmetry considered is confirmed by the THG
enhancement for thep-in, p-out ands-in, s-out polarization
combinations and negligible TH intensity in thep-in, s-out
ands-in, p-out polarization combinations.

The primary mechanism of the THG enhancement at the
MC mode is the fundamental light localization inside the MC
spacer and the surrounding layers of the Bragg reflectors.
The spatial distribution of the resonant fundamental radiation
across the MC with similar parameters was probed at the MC
cleavage by scanning near-field optical microscopy.10 These
direct studies revealed the six- to eight fold enhancement of
the amplitude of the standing wave inside the MC spacer
with respect to the incoming field in agreement with calcu-
lations performed using the matrix formalism. The partial
contributions of the MC spacer and the surrounding layers of
the Bragg reflectors to the total TH field are obtained using
nonlinear transfer-matrix technique.20 It is shown that the
phase shift between dominating THG contributions does not
exceedp /2 providing their constructive interference.21 In
some sense, such interference is equivalent to the phase
matching since the optical path inside the MC spacer is ef-
fectively Q times extended at the MC mode.

The combined fit to reflectance and THG spectra using
nonlinear transfer matrices is shown in Fig. 1 and demon-
strates a good agreement with experimental data. The THG
peaks at the PBG edge and at the minima of the reflectance
spectrum are treated as THG resonances in photonic crystals
due to the small role of the MC spacer in the formation of the
PBG edge. The fundamental field with the wavelength at the
PBG edge penetrates efficiently to photonic crystals. The
THG enhancement stems from constructive interference of
the partial THG contributions of the layers, which accom-
plishes effective phase matching.21 Additional enhancement
of the partial TH field amplitudes is provided due to the
fundamental field localization in the finite-size photonic
crystals.14 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 thej th layer of the Bragg
reflector is steadily decreased with the layer number,njdj
=lMC/4− jh. The reflectivity spectrum of MC fabricated
with h=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
lv.942 nm. The THG spectrum has the peak atlv

.1074 nm, which correlates with the MC mode, and two
other peaks atlv.952 nm andlv.1173 nm. They corre-
spond to PBG edges and have the amplitudes comparable
with the THG peak at the MC mode. The intensity enhance-
ment is observed also atlv.838 nm, which almost coin-
cides with the minimum in the reflectance spectrum. How-
ever, the THG efficiency both at the band edge and the mode
is restricted by the significant porous silicon absorption at the
TH wavelength19 estimated to be approximately 104 cm−1 at
370 nm for porosity off .0.77. Absorption losses are com-
pensated by the resonance of the cubic susceptibility of po-
rous silicon at the TH wavelength. The spectrumxs3ds3vd is
supposed to be similar to that of the crystalline silicon with

the three-photon resonance atlv.1100 nm corresponding
to theE08 /E1 critical point of the silicon band structure.18 In
silicon, the resonance contributions from critical points of
combined density of electron states dominates the nonlinear
susceptibilities spectra. In spite of absorption losses, the

FIG. 3. Closed circles: THG spectrum of MC with monoto-
nously modified layer thickness measured foru=45° in thes-in,
s-out polarization combination. Open circles: reflectance spectrum
of the s-polarized fundamental radiation.

FIG. 4. Closed circles: SHG spectrum of MC foru=30°. The
peak at the MC mode and the SHG growth at the long-wavelength-
edge of PBG due to the resonance of the fundamental radiation with
the MC mode and the phase-matching at the PBG edge(Ref. 10)
are seen. Open circles: SHG spectrum of the Si(001) surface. Gray
circles: reflection spectrum of thes-polarized fundamental radia-
tion. Curves: the SHG spectra of MC calculated using nonlinear
transfer matrix technique with Lorenz line shape ofxs2d (dashed
curve) and with the spectral-independentxs2d (solid curve).
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THG efficiency at thexs3d resonance is significantly larger in
comparison with that in the transparency band. Thus, the
combination of large density of optical modes at the funda-
mental wavelength and the singularity of electron density of
states providing thexs3d resonance at the TH wavelength
yields the optimal conditions for the enhancement of the TH
intensity in silicon photonic crystals.

The basic role of electron resonances of nonlinear suscep-
tibilities in the enhancement of the nonlinear-optical re-
sponse is evident for giant SHG in silicon PBG structures.
Figure 4 shows the SH intensity spectrum of MC withlMC
.945 nm measured in thes-in, p-out polarization combina-
tion. The significant enhancement of the SH intensity is ob-
served at the short-wavelength edge of PBG, where phase
matching is expected only for the anomalous dispersion. The
SHG spectrum of the Si(001) substrate measured in thep-in,
p-out polarization combination has a peak at the similar
spectral position corresponding to the two-photon resonance
at theE08 /E1 silicon critical point. Thus the SHG enhance-
ment at the short-wavelength PBG edge is attributed entirely
to the electronxs2d resonances.

In conclusion, THG spectroscopy of one-dimensional
photonic crystals formed from mesoporous silicon reveals an
intensity enhancement at the PBG edge up to 103 in compari-

son with that outside the photonic band gap. The THG en-
hancement is interpreted as the result of effective phase-
mismatch compensation and the fundamental field
localization in the finite-size Bragg reflectors. The 53103

enhancement of the TH intensity is observed if the funda-
mental radiation is in resonance with the mode of photonic-
crystal microcavities. This THG peak originates from the
fundamental field localization inside the MC spacer. The
resonance features of electron energy spectrum of the host
silicon in the vicinity of theE08 /E1 critical point reveals the
interplay of silicon absorption and thexs3d resonance at the
TH wavelength. These results indicate that photonic crystal
and microcavity effects offer a practical means of controlling
the THG enhancement. The use of electrochemical micro-
structuring to control the nonlinear-optical response of sili-
con presents future opportunities for optical applications uti-
lizing all-silicon technology.
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