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Abstract—This paper isasurvey of our recently published and new results on nonlinear-optical studies of pho-
tonic band-gap (PBG) structures formed from mesoporous silicon. The studies are performed on photonic crys-
tals, high-quality-factor microcavities (MC) with a half-wavelength-thick microcavity spacer, and on series of
coupled microcavities with two identical microcavity spacers and controllable coupling by intermediate Bragg
reflector transmittance. The enhanced second-harmonic generation (SHG) is observed and analyzed for the fun-
damental wavelength at the PBG edge and in resonance with the microcavity mode. The second-harmonic
intensity is enhanced by afactor of approximately 10? in comparison with that outside the photonic band gap.
Theinterrelation of two enhancement mechanisms, spatial field localization and phase matching, is determined.
The dependence of the shape of SHG spectraon coupling is studied at resonance with one of the splitted modes
of coupled microcavities. The experimental results on third-harmonic generation in PBG materials are pre-
sented. The resonant enhancement is observed both at the PBG edge and in the MC mode. The intensity
achieves 10° at the photonic band-gap edge and 5 x 10° in the MC mode in comparison with an off-resonant
value. A peculiar factor istheinterplay of silicon absorption and the cubic susceptibility resonance at the third-

harmonic wavelength near the E; /E critical point of silicon.

1. INTRODUCTION

In nonlinear processes, an important role is played
by the phase relations between interacting waves. The
presence of dispersion leads to limitation of the effec-
tive interaction length to the value of the coherence
length. For example, thisis the key factor for paramet-
ric processes of harmonics generation. There are sev-
eral well-known methods for compensating for phase
mismatch. One of them isbased on birefringency utiliz-
ing different group vel ocities of ordinary and extraordi-
nary waves [1]. Another technique is spatial modula-
tion of x@ with a period of the coherence length, for
example, x@ sign inversion by spatially periodical
external field poling of aferroelectric materia [2]. The
second factor influencing the nonlinear response is
optical-field enhancement via spatial or time localiza-
tion. For example, surface-enhanced Raman scattering,
giant second-harmonic generation (SHG), and giant
Raman scattering by metal nanoparticles and cold
noble metal films are illustrations of local-field
enhancement [3]. Photonic band-gap (PBG) structures
allow manipulation of both phase relations and local
field [4]. Compression of femtosecond pulses in one-
dimensional photonic crystals (PCs) [5], field enhance-
ment for a particular wavelength at the PBG edge[6] or
localization at a defect cell have been demonstrated.
Effective four-wave mixing is observed in a PC at the
PBG edge. Raman scattering enhancement by one-
dimensional photonic-crystal microcavities (MCs) was

studied in [7, 8]. Effective compensation of phase mis-
match in multilayers was proposed as far back as in
1962 by Bloembergen [9] and observed later in Bragg
reflectors formed from different materials [10-14].
Third-harmonic generation in a PC is described theo-
retically both by the direct coupling via the cubic sus-
ceptibility [15] and by cascade processes of second-
harmonic and sum-frequency generation [16]. One of
the convenient materials for fabrication one-dimen-
siona PBG structures is porous silicon (PS), which
allows easily controllable variations of the optical
thickness and refractive index of aparticular layer [17].
Proper layer periodicity and sharp internal interfaces
can be achieved, resulting in bright effects, such as nar-
row strong photoluminescence [18], manifold
enhanced Raman scattering [ 7], and harmonics genera-
tion[19, 20]. PS sampleswith acomplicate structure of
double or multiple spacers can be fabricated with ahigh
guality factor of resonances[21, 22].

In this paper, the enhanced quadratic and cubic non-
linear-optical response is studied in three classes of
one-dimensional PBG structures: photonic crystals,
photonic-crystal microcavities [14], and coupled
microcavities (CMC) formed from mesoporous silicon
with controllable coupling [23]. The enhancement
mechanisms of quadratic (second-harmonic genera-
tion) [19] and degenerated four-wave mixing (third-
harmonic generation (THG)) [24] are analyzed.
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Fig. 1. (Left) Sketch of the MC sample; (right) sketch of the
CMC sample.

The paper is organized asfollows. Section 2 contains
the phenomenological description of SHG and THG
mechanismsin PS. In Section 3, the detail s of fabrication
of single and coupled PS microcavities and the experi-
mental setups employed are presented. In Section 4, the
experimental results of the SHG and THG spectroscopy
of single and coupled microcavities in frequency and
wave-vector domains are shown and discussed. Section
4 a'so contains numerical resultsin MCsand CMC and
a comparison of the SHG experiment and model. All
results are summarized in Section 5.

2. BACKGROUND

The type of nonlinear sourcesin PS (electric dipole
or quadrupole) and the localization (the PS surface or
bulk) have been intensively discussed in the literature
[25, 26]. The dipole contribution to quadratic polariza-
tion can be induced at the PS interfaces as well as at
inner pores surfaces, where inversion symmetry of bulk
silicon is necessarily broken. The quadrupole term is
expected from the bulk of silicon nanocrystals forming
PS, and the nonlocal quadrupole-type contribution can
stem from the inner pore surface dueto large field gra-
dients at silicon—air interfaces. The experiments show
that the mechanism of dipole nonlinear sources uni-
formly distributed over the bulk of each PSlayer can be
taken [19]. The corresponding symmetry group of the
individual PS layer is supposed to be com. The effective
dipole quadratic polarization inside the jth PS layer is
given by

P2 = £ EP(QE(2), )
with three nonzero independent components of the sec-
ond-order susceptibility tensor of the jth layer, X(Z)'j :

X1= Xxx = Xyzy = Xxxz = Xyyzr
X2= Xox = Xayys @)
X3 = Xazze

These components determine the presence of the SHG
signa only for the s-in, s-out and p-in, p-out polariza-
tion combinations.

The THG can be observed only for the p-in, p-out
and sin, sout polarization combinations. The TH
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intensity in the p-in, s-out and s-in, p-out polarization
combinations is negligible. The electric-dipole cubic

polarization, P®(3w) = X©® :E(w)E(w)E(w), is sup-
posed 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 surfaces due to
theinversion symmetry of the bulk silicon. Each porous
silicon layer is considered as macroscopically in-plane
isotropic having nine nonzero x® elements:

@ _ 03 (3)
nyzz - Xszz1 Xzzzz’

® _ 0
Xzzxx - Xzzyyv (3)

Xi(i?J? =V 3Xi(i3ii)l
withi,j=x, V.

3. SAMPLES

Photonic crystals and microcavities are fabricated
by the conventional electrochemical etching procedure
[17] using p*-type doped (0.005 Q cm) Si(001) wafers
in electrolyte containing 15% fluoric acid, 27% water,
and 58% ethanol. After chemical removal of the native
oxide, the silicon wafer is set into the electrochemical
cell and tightly clamped by its backside to aflat copper
cathode. The platinum spiral anode is immersed into
the electrolyte. The modulation of the refractive index
along the surface normal zisachieved by time variation
of the etching current. The thickness of the mesoporous
silicon layers is controlled by the etching time. The
optical thickness of the layers is obtained using the
refractive index values calculated within the effective
medium approximation [27]. Atomic force microscope
images show that the pore size is significantly smaller
than the optical wavelength.

The MC samples consist of a half-wavel ength-thick
microcavity spacer (Ayc = 1300, 1200, and 940 nm)
sandwiched between two distributed Bragg reflectors
formed from five pairs of quarter-wavelength-thick lay-
ers (Fig. 1). Ayc denotes spectral position of microcav-
ity mode, that is the double optical thickness of the
microcavity spacer. The refractive indices of the layers
inthe Bragg reflectorsareny = 1.79 and n_ = 1.42, and
the porosities are f,; = 0.64 and f, = 0.77, respectively.
The refractive index of the microcavity spacer is
Nuc = N.. The Q factor is dightly below 10? and is
restricted by losses dueto light scattering in the pores.

The CMC samples consist of three photonic crys-
tals, separated by two identical Ayc/2-thick spacers
Amc = 1200 nm (Fig. 1). External Bragg reflectors are
formed from four pairs of Ay,c/4-thick layers of porous
silicon. The number of layersin the intermediate Bragg
reflector (IBR), N, is changed in series from three to
nine. The refractive index of spacersisn.. The CMC
with N =5 and the samerefraction indices, but with Ay,
No. 5
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Fig. 2. The SHG angular spectrum of the photonic crystal
with PBG centered at 1200 nm.

shifted to 800 nm, is fabricated for linear reflection
spectroscopy in the wavel ength domain.

Tuning the fundamental radiation across the PBG
edge and resonance of the fundamental wave with the
MC mode, k,dy,c = T, wherek, isthe normal component
of the fundamental wave vector inside the MC spacer,
are achieved in both frequency and wave-vector
domains. SHG and THG spectroscopy in the frequency
domain is realized by tuning the fundamental wave-
length A, a afixed angle of incidence 8. In the wave-
vector domain SHG and THG spectroscopy, 6 is varied
at fixed A, The 4-ns-pulsed output of the optical para-
metric oscillator tunable from 750 to 1300 nm and the
10-ns-pulsed infrared output of the Nd**:YAG laser are
used, respectively. The energy of fundamental radiation
is below 5 mJ/pulse. The radiation reflected from the
sample passes through color and interference filters,
which extract the SH or TH light, and a Glan prism sep-
arating the required polarization. A monochromator is
used to check the spectral background. Since there is
high UV absorption of the silicon substrate, only the
reflected TH and SH radiation is detected.

4. RESULTS AND DISCUSSION
4.1. SHG in Photonic Crystals and Microcavities

4.1.1. Photonic crystals and microcavities. Figure
2 shows the angular spectrum of intensity of the SH
generated by the photonic crystal with PBG centered at
1200 nm for normal incidence. This spectrum revealsa
peak at 60° related to the right edge of the PBG. The
peak of the SH intensity results from the homogeneous
enhancement of the fundamental field and achievement
of the phase-matching condition [13, 28]. Figure 3a
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Fig. 3. (@) Thelinear reflection spectra of the PS microcav-
ity measured for various angles of incidence. (b) The SHG
spectra for 6 = 45° (solid circles) and 6 = 40° (empty cir-
cles). The curves are the result of the combined fit to linear
reflection and SHG spectra. Inset: Angular dependence of
positions of SHG pesks at the MC mode (open circles) and
the PBG edges (filled circles), and the calculated angular
dependences of the PBG edges (lines).

shows the linear spectra of the s-polarized fundamental
radiation reflected from MC with Ayc = 945 nm. The
spectra have a plateau with almost full reflection corre-
sponding to PBG and a dip related to the MC mode.
Figure 3b shows the SH intensity spectra acquired for
this MC in s-in, p-out geometry. The SH intensity is
strongly enhanced at A, = 785 nm for 8 = 45° and at
A, = 810 nm for 6 = 40°, as the fundamental field isin
resonance with the mode, e, if A, =

Amca/1— nh_,lzcsinze , Where ny,¢ is the refractive index

of the MC spacer. The largest enhancement is detected
for @ = 45° and is 130 times on comparison with that
averaged outside PBG in the A, interval from 975 to
1025 nm and indicated in Fig. 3b by the arrow. Two
other spectral features at A, = 915 nm for 6 = 45° and
at A, = 735 nm for 8 = 40° correspond to both PBG
edges. As O decreasesto 30°, SHG peaks redshift (inset
to Fig. 3b) in accordance with the angular dependence
of the spectral positions of the PBG edges and the MC
mode. The large difference in the magnitude of the
SHG peaks at the PBG edges for 6 = 40° ismost likely
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Fig. 4. (a) Angular spectrum of the s-polarized fundamental
wave reflected from MC with Ay = 1350 nm. (b) SHG

angular spectrum of this MC. The arrow emphasizes the
SHG peak at the low-angle PBG edge. The curve is the
result of model calculations.
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Fig. 5. Reflection spectrum of the porous silicon CMC with
Amc = 800 nm and N = 5 measured for a45° angle of inci-
dence of the s-polarized wave. The curveisthefit to the data
by the transfer-matrix formalism. Arrows indicate the
eigenmode positions.

associated with the two-photon resonance of PS qua
dratic susceptibility related to the E, /E; critical point
of the crystalline silicon band structure.

The MC confinement of the fundamental field isalso
achieved by tuning the angle of incidence of the funda-
mental radiation with fixed wavelength. Figures 4a and
4b show the angular spectra of the linear reflection
coefficient at A, = 1064 nm and the SH intensityac-
quired for MC with Ay = 1350 nm. The SHG angular
spectrum has a narrow peak at 6 = 50° corresponding
to adip in the linear reflection spectrum and attributed
to the fundamental field resonance with the MC mode.
The two broader SHG peaks at 30° and 65° are related
to the PBG edges. The edge at large 6 values is unre-
solved in Fig. 4a due to the strong angular dependence
of the Fresnel factors. However, the SHG angular spec-
trum presented in Fig. 2 reveals a peak with a similar
angular width and position to those of the SHG peak at
65° for MC. The different magnitude of the SHG peaks
at the PBG edges is a result, in part, of the angular
dependence of the isotropic SHG component [29]. The
calibration of the resonant SHG signal from MC is per-
formed using the Si(001) substrate. The SH intensity in
the maximum of the SHG angular spectrum measured
at thissilicon surfacein ap-in, p-out polarization com-
bination is at least 150 times smaller.

4.1.2. Coupled microcavities. The linear reflection
spectrum of the porous silicon CMC measured in the
wavelength domain is shown in Fig. 5. The spectrum
has a plateau with high reflectivity, corresponding to
the PBG, and two resonant dips at approximately 730
and 780 nm. These drops in the reflection coefficient
correspond to the split CMC modes, since the funda-
mental radiation resonant with the CMC eigenmodes
propagates efficiently in CMC and islocalized into and
inthevicinity of spacers, asisshownin Figs. 6aand 6b.

Figure 7 showsthe angular spectra of the fundamen-
tal wave reflection and the SH intensity measured for
the series of porous silicon CMC with different reflec-
tivity of the intermediate Bragg reflector. The linear
spectra have two dips, where the reflection coefficient
value decreases up to 0.2, corresponding to the reso-
nance of the fundamental radiation with the CMC
modes. In the other parts of the spectra, the reflection
coefficient reaches the values of up to 0.85, which cor-
responds to the PBG. For all CMC samples, the right
dip in the spectra related to the long-wavel ength mode
of CMC isshallower than theleft one, that can be attrib-
uted to the monotonous decrease in the optical thick-
ness of porous silicon layers with the depth [30].

The angular spectra of the SH intensity have reso-
nant features in the range of © from 20° to 70°. 2

and 6°?* denote angular positions of resonance fea-

tures in linear and SHG spectra corresponding to the
short- and long-wavelength modes of CMC, respec-
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tively. The angular positions of the SHG peaks at Géw

and eﬁ‘*’ correlate with the CMC mode positions

defined from the reflection spectra of fundamental radi-
ation. However, they are slightly shifted from the posi-
tions of the dips in the linear reflection coefficient and
are located mostly on their external slopes. The SH
intensity increases up to two orders of magnitude in
comparison with the SHG signal in the PBG. For all

CMC samples, the amplitude of the SHG peak at 6

exceeds the SHG enhancement in the peak at 9;‘”. The

full width at half maximum (FWHM) of thelong-wave-
length peaks increases with the decrease in R from
approximately 9° for CMC with N = 9 to 16° for the
sample with N = 3. An additional buildup of SH inten-
sity at approximately 65° is observed in the SHG spec-
tra of the CMC samples with N =7 and N = 9. The
angular splitting of dips in the reflection spectra and
SHG pesaks as a function of the thickness of the inter-
mediate Bragg reflector is shown in Fig. 8. It decreases
gradually with the increase in the IBR reflectivity, that
characterizes the reduction of the coupling between
microcavities.

The observed SHG enhancement is caused by the
increase in the amplitude of the resonant fundamental
field inside CMC. The spatial distributions of the field
strength along the periodicity direction z are shown in
Figs. 6aand 6b. They are calculated for CMCwithN=5
by using the transfer-matrix formalism with the plane
z =0 corresponding to the CMC—air interface. The fun-
damental field amplitude in the spacer centers is
approximately tenfold enhanced in comparison with
that of theincident wave. Since fundamental field local-
ization inside the microcavity spacersis maximal at the
resonance with the CMC modes, the angular positions
of the SHG peaks are located nearby the dips of thelin-
ear reflection spectra. The fundamental field is
enhanced both in spacers and in surrounding layers of
the Bragg reflectors, and the nonlinear sources contrib-
uting to SHG are extended over amicron-size distance.
Thus, the magnitude and shape of the SHG peaks are
influenced significantly by the interference of the par-
tial contributions to the total outgoing SH field from
various layers of CMC. The phases of these partial SH
fields, calculated within the nonlinear transfer-matrix
formalism [31], depend essentially on the spectral posi-
tion of CMC modes governed by the refractive indices
and thicknesses of porous silicon layers. It is shown
that destructive interference of the SHG partial contri-
butions results in the splitting of the SHG peaks at the
long-wavelength mode for the sample with N = 7 and
N = 9 and in the changes in their amplitudes. Interfer-
ence effects also define the spectral shift of the SHG
resonances from the dip minima of the linear reflection
spectra.

SHG spectra are fitted within the nonlinear transfer-
matrix formalism. The effective dipole quadratic sus-
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dence of the splitting of the linear reflection coefficient dips
for anideal CMC. Inset: Angular positions of SHG and lin-
ear reflection resonances.

ceptibility of mesoporous silicon layersin CMC, x@1,
that arise due to the inversion symmetry breaking at the
pore walls is supposed to be constant inside each jth
layer [14] and depends on porosity proportionally to
1—f,. The X contributions from opposite pore walls
no longer interfere destructively, as it was in
microporous silicon, since the pore size in mesoporous
silicon is of the order of several tens of nanometers.

Macroscopicaly, this leads to the xiﬂ’j = xﬁ@’j non-

zero elements of x@- for the s-in, p-out polarization
combination related to the medium that is isotropic in
the xy plane. The model spectra of the reflection coeffi-
cient and the SH intensity are calculated for the ideal
CMC structure, in which the optical thicknesses of the
layers of Bragg reflectors are equal to Ayc/4 exactly

and thelayer thicknesses are taken to be Dﬁm =212nm
and DCM =169 nm for Ay, = 1200 nm. The curves fit

well the SHG resonances and dropsin the linear spectra
but demonstrate higher quality factors for resonances
and smaller splitting values, as shown in Fig. 8. This
indicatesthat the Bragg reflectorsin thereal CMC have
a smaller reflectivity than expected. Better agreement
with the data is achieved if corrections are taken
accounting for the increase in porosity and decrease in
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Fig. 9. (8) Linear spectrum of the s-polarized fundamental
radiation reflected from porous silicon microcavity. Arrows
indicate positions of the peaks in the THG spectrum.
(b) (filled circles) THG spectrum of MC measured in the s-
in, s-out polarization combination; (empty circles) Part of
the spectrum magnified 100x.

the refraction index of porous silicon layers with depth
[22]. The porosity modulation is caused by theinhomo-
geneity of the etching process with the depth and the
gradual porous silicon oxidation [30] inside the CMC
samples. The curvesin Fig. 7 show the results of simul-
taneousfit of the spectraachieved with the same param-
etersfor all CMC samples. The best agreement with the
data is obtained with parabolic modulation of the
porosity. The porosity of the jth layer is taken as f; =

fo + A%L - E%EZE, wheref, ; istheinitia porosity,

K is the total number of layers, and A is the maximal
porosity modulation. The maximal deviation of the
refractive index of the deepest layer from the idedl
model doesnot exceed 0.05. A similar result isachieved
by reducing the layer thickness with depth: the deeper
layers have smaller thickness than the layers near the
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Fig. 10. Angular THG spectrum of the porous silicon MC
measured in the p-in, p-out polarization combination (filled
circles); linear reflection spectrum of s-polarized funda
mental radiation of 1064 nm (open circles).

surface of the sample. Thefit of the experimental spec-
trawith asmall parabolic deviation of the parameters of
the CM C samples with depth can be used for updating
the technique of preparation of photonic crystals and
microcavities based in porous silicon.

4.2. THG in Photonic Crystals and Microcavities

Figure 9 shows reflection and THG spectra mea-
sured in the frequency domain at 8 = 45°. The PBG is
located at A, > 950 nm, where reflectance is close to
unity, and the MC mode is centered at A, = 1072 nm.
The THG spectrum has a strong peak which coincides
with the MC mode. The TH intensity is approximately
5 x 10° times larger in comparison with that in the pass
band. The other THG peaks, magnified in Fig. 9b, are
approximately 500 times smaller. They correlate with
the minima in the linear reflection spectrum being
dightly redshifted. The largest shift of approximately
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 10b
shows the THG spectrum measured in the wave-vector
domain. The TH intensity revealsa strong enhancement
at 8 = 55° that is close to the MC mode and aresonance
in SHG located at 8 = 58°. The THG peak is approxi-
mately two times broader than the MC mode drop in
linear reflection. This is apparently associated with the
Q-factor values for the p-polarized fundamental radia-
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tion being smaller than those for the s-polarized one.
The TH intensity increases also at 8 < 30°. This THG
growth is even stronger than the enhancement in the
MC mode and corresponds to the short-wavelength
PBG edge.

The primary mechanism of the SHG and THG
enhancement in the MC mode is the fundamental light
localization inside the M C spacer and the surrounding
layers of the Bragg reflectors. The partial contributions
to thetotal harmonic field of the M C spacer and the sur-
rounding layers of the Bragg reflectors are obtained
within the nonlinear transfer-matrix formalism [31]. It
is shown that the phase shift between dominating har-
monic-wave contributions does not exceed 12 provid-
ing their constructive interference. In a certain sense,
this interference is equivalent to phase matching since
the optical thickness of the MC spacer is effectively Q
times extended in the MC mode.

The harmonic peaks at the PBG edge and at the min-
imain the reflection spectrum are treated as resonances
in photonic crystals due to the small role of the MC
spacer in the formation of the PBG edge. The funda-
mental field penetrates efficiently into photonic crystals
of MC at these spectral positions, and the SHG and
THG enhancement stems from constructive interfer-
ence of the partial harmonics contributions of layers of
the Bragg reflectors, which accomplishes effective
phase matching. Additional enhancement of the ampli-
tudes of the partial SH (TH) fields is provided due to
the fundamental field localization in the finite-size pho-
tonic crystals [6]. Absorption in porous silicon at the
SH (TH) wavelength varies both the amplitude and the
phase of the partial harmonic wave fields, lessening the
amplitude of the SHG (THG) peaks.

5. CONCLUSIONS

We have surveyed the recent studies of enhanced
second- and third-harmonic generation in three types of
one-dimensional photonic band-gap structures formed
from mesoporous silicon. The samples fabricated by
the electrochemical technique are photonic crystals
consisting of quarter-wavelength-thick layers, photo-
nic-crystal microcavities with a half-wavelength-thick
microcavity spacer, and a series of coupled microcavi-
tieswith two identical cavity spacers and coupling con-
trollable by intermediate Bragg reflector transmittance.
Second-harmonic spectra of the structures are studied
in the fundamental wavelength range from 730 to
1050 nm. An increase in second-harmonic intensity is
observed for the fundamental wavelength at the PBG
edge up to 50 timesin comparison with the off-resonant
value outside the PBG. The matrix formalism analysis
shows that the effect is caused by effective compensa-
tion of the phase mismatch at the PBG edge and by
enhancement of the fundamental field inside the struc-
ture. The ratio of the resonant SH intensity in the MC
mode to the off-resonant one reaches 130 times result-
ing from strong localization of thefield at the microcav-
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ity spacer. A monotonic dependence of the MC mode
splitting on the transmittance of the intermediate Bragg
reflector is observed in the SH angular spectra of cou-
pled microcavities. Constructive interference of the
outgoing SH fields from the various layers of CMC
resultsin redistribution of the amplitudes of SHG reso-
nances and their shift from the angular positions corre-
sponding to the maximal localization of the fundamen-
tal field. Finally, the experimental observation of third-
harmonic generation in PBG materials is presented.
The resonant enhancement is observed both at the PBG
edge and in the MC mode. The intensity reaches 10° at
the photonic band-gap edge and 5 x 10° in the MC
mode in comparison with an off-resonant value. The

presence of the critical point E,/E; of silicon at
approximately 360 nm results in competition between
two opposite factors, i.e., high cubic susceptibility and
strong adsorption of the ultraviolet TH wave in porous
silicon, reducing the amplitude of the THG peaks.
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