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Abstract.  The self-action of light in birefringent mesoporous silicon 
films is studied using picosecond laser pulses. Two mechanisms of 
self-action of light in mesoporous silicon are found. One of them 
manifests itself at laser intensities below 3 MW cm–2 and tends to 
saturation. The other dominates at intensities above 10 MW cm–2. 
The former is related to the resonant excitation of electronic states 
on the surface of silicon nanocrystals, whereas the latter is due 
to  the local fields in the nanocomposite. For the aforementioned 
ranges of the laser intensity, the cubic nonlinear susceptibility of 
the films exceeds that of single-crystal silicon by six and four orders 
of magnitude, respectively, and the figure of merit for the films 
exceeds that for single-crystal silicon by an order of magnitude.

Keywords: two-photon absorption, nonlinear refraction, mesoporous 
silicon films, picosecond lasers.

1. Introduction 

Semiconductor nanotechnology appears to be promising for 
new photonics materials. Many semiconductors are known to 
have quadratic and cubic nonlinear optical (NLO) suscepti-
bilities, which are one-to-two orders of magnitude higher 
than the corresponding values of the crystals traditionally 
used in nonlinear optics [1]. Semiconductor-based nanostruc-
tures make it possible to increase even more the efficiency of 
their nonlinear-optical response, which can be used in new 
photonics devices.

In this paper, we report the results of studying the effects 
of self-action of light in films of mesoporous silicon (meso-PS). 
This nanocomposite is formed by silicon nanocrystals from 
5 to 100 nm in size (depending on the fabrication conditions), 
separated by pores of comparable size [2 – 4].

Previously most attention was paid to microporous silicon 
(micro-PS), in which the pore size did not exceed several nano

meters. This interest was primarily related to the micro-PS 
photoluminescence in the visible spectral range, which is caused 
by the quantum-size effect in silicon nanocrystals. The non-
linear-optical properties of micro-PS were actively investigated 
using the methods of harmonic generation [5 – 8], photoinduced 
time-resolved transparency and absorption [9 – 11], two-pho-
ton absorption (TPA) [12, 13], and z-scan [14 – 16]. The results 
of these studies indicate a decrease in the harmonic genera-
tion efficiency for micro-PS in comparison with crystalline 
silicon (c-Si) [5, 7, 8]. Concerning the real part of the cubic sus-
ceptibility c(3)(w; w, –w, w) (which determines the efficiency of 
nonlinear refraction), according to [14 – 16], it ranges from 
10–12 to 10–8 esu. Note that for c-Si c(3) it ranges from 
(3 + 0.3i) ́  10–12 [17] to (7 + 1i) ́  10–12 esu [18].

The optical properties of semiconductor nanostructures 
are determined to a great extent by the contributions of the 
surface electronic states and local-field effects [19]. The for-
mation of pores in the silicon bulk leads to an increase in 
the  surface area and the concentration of surface states per 
unit volume in this nanocomposite in comparison with the 
unit volume of c-Si [3]. Local fields are most pronounced in 
meso-PS; in particular, they cause its birefringence. This effect 
is due to the preferred orientation of pores in meso-PS in the 
direction of á100ñ crystallographic axes [4]. When the substrate 
is heavily doped c-Si (110), the optical axis of meso-PS coin-
cides with the [001] axis [20].

A simple effective-medium model, which makes it pos
sible to describe well the optical anisotropy of meso-PS, is as 
follows: silicon nanocrystals and pores are considered as 
oblate spheroids, whose rotation axes coincide with the [001] 
crystallographic axis [21]. Then the effective permittivity eeff 
of meso-PS has anisotropy, and the local field E in silicon 
nanoparticles is related to the applied field E0 by a factor L i: 
Ei = L i E0, i. For the electrostatic effective-medium model,

L i = [ 1 + Li (eSi – eeff, ii )/eeff, ii ] –1,	 (1)

where eSi is the permittivity of c-Si; Li is the depolarisation 
factor, which is determined by the nanocrystal shape and elec-
tric field direction; and i is the Cartesian coordinate along one 
of the spheroid axes. The use of the effective-medium approach 
for meso-PS is quite justified because the characteristic sizes 
of nanopores and nanocrystals in this material are smaller 
than the light wavelength, while meso-PS samples do not 
exhibit pronounced scattering.

The generalisation of this model to the case of NLO sus-
ceptibility of a cubic nanocomposite, which was performed, 
for example, in [22], yields 
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c(3)eff, ijkl = (1 – p) L i(w) c
(3)
ijkl (w; w1, w2, w3)

	 ´ L j(w1) L k(w2) L l(w3),	 (2)

where p is the porosity.
In accordance with (1) and (2), the optical anisotropy 

caused by the orientation of pores along appropriate crystal-
lographic directions should manifest itself in the effective 
cubic susceptibility of meso-PS. Indeed, experiments on the 
generation of the third optical harmonic in meso-PS demon-
strate a significant NLO anisotropy; however, the generation 
efficiency in meso-PS is an order of magnitude higher than in 
c-Si  [8, 23], which is inconsistent with the aforementioned 
model. These effects are primarily related to the increase in the 
local fields in meso-PS. Hence, these fields should be thor-
oughly studied.

The experimental data on the light self-action, which is 
rather sensitive both to different electronic states and to the 
local fields in the nanocomposite [24, 25], supplement well the 
existing data on the optical properties of meso-PS. The photo
induced changes in the optical absorption coefficient Da = bI 
and the refractive index Dn = n2I, where I is the laser intensity, 
are characterised by the effective values of the TPA coefficients 
b ~ Im  c(3)eff and nonlinear refraction n2 ~ Re  c

(3)
eff. Here, we 

experimentally investigated the self-action of laser pulses in 
optically anisotropic meso-PS. The experiments were per-
formed on birefringent films, because they allow one to study 
more thoroughly the manifestation of local-field effects in this 
material.

2. Measurement results and discussion 

Meso-PS films were prepared by electrochemical etching of 
c-Si (110) wafers with a resistivity of 3 mW cm in a HF (48 %) : 
C2H5OH = 1 : 1 solution. The etching current densities were 
25 mA cm–2 (sample A) and 75 mA cm–2 (sample B). We used 
free-standing films, detached from the substrate under a short 
high-density current pulse. The film thickness (see Table 1), 
measured with an METAM RV-22 optical microscope, was 
constant throughout the sample surface. The films obtained 
were optically anisotropic: their optical axis laid in the surface 
plane and coincided with the [001] crystallographic direction.

The effective refractive indices of meso-PS films were 
determined by measuring their transmission spectra in the 
IR range (0.78 – 2.0 mm) for ordinary and extraordinary (see 
Fig. 1) waves on a Bruker IFS 66/v spectrometer. The trans-
mission spectra for the ordinary wave are similar to those 
shown in Fig. 1; however, the transmittance is 1 % – 2 % lower 
than that for the extraordinary wave (because of the higher 
refractive index and reflection coefficient). An analysis of the 
position of interference maxima and minima [21] allowed us 
to find the dispersion of the refractive indices for the ordinary 

and extraordinary waves in samples A and B in the afore
mentioned spectral region (Fig. 1, inset). The parameters of 
samples A and B are listed in Table 1.

The nonlinear-optical properties of anisotropic meso-PS 
films were investigated by measuring the distortion of the 
beam profile in the far field (Fig. 2) [24 – 29] under self-action 
of Nd : YAG laser pulses (wavelength, 1.064 mm; pulse width, 
42 ps; repetition frequency, 10 Hz). The laser radiation had a 
Gaussian spatial distribution, and the laser beam was 2 mm in 
diameter. The laser pulse energy did not exceed 1 mJ, and the 
radiation intensity on the sample was controlled by a gradient 
neutral filter. The sample was located behind the plane of the 
laser beam waist and was oriented so as to make the radiation 
polarisation direction coincide with either the [11

–
0] crystallo-

graphic axis (ordinary wave) or the [001] axis (extraordinary 
wave). During the experiment the radiation intensity was first 

Table 1.  Structural and optical parameters of the samples and FOM values at a wavelength of 1.064 mm.

	 I0 < 3 MW cm–2	 I0 > 10 MW cm–2

Sample	 j/mA cm–2	 p (%)	 d/mm	 Polarisation	 n	 L	 Re c(3)	 Im c(3)	 FOM	 Re c(3)	 Im c(3)	 FOM
							       (10–6)	 (10–9)		  (10–8)	 (10–13)

A	 25	 49	 26	 ^	 2.22	 0.32	 4.7	 5.9	 45	 10.8	 11.2	 56
				      ||	 2.14	 0.36	 3.0	 5.8	 29	 9.7	 6.9	 83 

B	 75	 73	 24	 ^	 1.55	 0.30	 3.4	 1.4	 60	 2.6	 3.4	 21
				      ||	 1.42	 0.40	 2.2	 1.5	 34	 2.7	 0.5	 143

Note: j is the etching current density; p is the porosity; d is the sample thickness; n is the refractive index; L is the depolarisation factor, and c(3) is 
the cubic NLO susceptibility (in esu).
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Figure 1.  Transmission spectra for an extraordinary wave in mesopo-
rous silicon samples A and B. The inset shows the dispersion relations 
of the refractive index for (^) ordinary and ( || ) extraordinary waves. 
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increased and then decreased. All the results demonstrated the 
reversibility of the response.

The measurements were performed using three photodi-
odes: diode D1 recorded the laser pulse energy incident on the 
sample, diode D2 measured the total energy of the beam 
transmitted through the sample (total sample transmission), 
and diode D3 measured the laser pulse energy transmitted 
through the sample at the beam axis (on-axis transmission). 
To select the contribution of nonlinear refraction against the 
background of photoinduced absorption, the dependence of 
the on-axis transmission on the radiation intensity was nor-
malised to the corresponding dependence for the total trans-
mission.

For a plane wave the dependence of the total transmission 
coefficient T on the intensity I has the form [28]

T(I ) = T0/[1 + q(I )],	 (3)

where T0 is the linear transmission coefficient, q(I ) = bI ́
[1 – exp(– ad)]/a, a is the linear absorption coefficient, and d 
is the sample thickness. For a Gaussian intensity distribution 
over radius and a Gaussian pulse temporal shape the depen-
dence of T on the peak intensity I0 at the beam axis is approx-
imated well by the expression [29]
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The radiation transmitted through the sample undergoes 
absorption, and its phase changes; the transmission coeffi-
cient at the light beam axis Ta can be written as a series in the 
nonlinear phase variation j0 = 2pn2I0 [1 – exp(– ad)]/(al) (l is 
the wavelength) with the coefficients ci (i = 1, 2, ...), determined 
by the geometry of the experiment:

Ta(I0) » 1 + c1 j0 + c2 j0
2 + ...  .	 (5)

Having fitted certain ranges of the experimental dependences 
T(I0) and Ta(I0) according to formulas (4) and (5), we find the 
TPA and nonlinear refraction coefficients [24, 28, 29].

Information about the photoinduced light absorption in 
meso-PS can be derived from the experimental dependences 
of the total transmission coefficient T on I0 (Fig. 3), which 
contain two characteristic ranges: I0 < 3 MW cm–2 and 

I0 > 10 MW cm–2. The former is characterised by a significant 
(6 % – 10 %) decrease in the total transmission. Here, the TPA 
efficiency is practically independent of the polarisation of 
incident radiation. At large I0 the decrease in T slows down 
with an increase in the laser pulse energy and differs signifi-
cantly for ordinary and extraordinary waves [27].
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r

Figure 2.  Schematic of the setup: (ОA) optical attenuator (gradient  
filter); (D) diaphragm on the beam axis; (S) sample; and (D1, D2, D3) 
diodes measuring, respectively, the energy of the incident laser pulse, 
the total energy of transmitted laser pulse, and the energy of transmitted 
pulse on the beam axis.
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Figure 3.  Total transmission of mesoporous silicon films, normalised to 
their linear transmission, as a function of the peak laser pulse intensity 
at a wavelength of 1.064 mm for (^, dashed curves) ordinary and ( || , 
solid curves) extraordinary waves in samples A and B. 
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Figure 4.  Dependences of the on-axis transmission in the far field, nor-
malised to the total transmission, on the peak laser intensity in the case 
of (^, dashed curves) ordinary and ( ||, solid curves) extraordinary 
waves in samples (a) A and (b) B. 
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In contrast, the dependences of the on-axis transmission 
coefficients Ta on I0 (Fig. 4) differ considerably for different 
polarisations at I0 < 3 MW cm–2: in the case of the ordinary 
wave the increase in Ta is more pronounced; it is due to the 
laser radiation self-focusing in the aforementioned intensity 
range. The Re c(3)eff value exceeds Im c

(3)
eff by three orders of 

magnitude (Table 1). With a further increase in I0 the rise in 
the on-axis transmission first changes to drop (however, its 
magnitude remains larger than in the linear case), and then (at 
I0 > 10 MW cm–2) Ta slowly rises.

The used radiation intensity is three orders of magnitude 
lower than the intensity at which the absorption by free carriers 
becomes dominant in silicon (40 GW cm–2) [30]; therefore, the 
contribution of free-carrier generation to the aforementioned 
effects is insignificant. The difference in the behaviour of the 
on-axis transmission at low and high laser pulse intensities, as 
well as its nonmonotonic dependence on the pump radiation 
intensity, are related to two mechanisms of self- 
action of light. The former manifests itself at I0 < 3 MW cm–2; 
in this case both Re c(3) and Im c(3) values in meso-PS are fairly 
large. This increase in the cubic nonlinear susceptibility can 
occur when the radiation frequency approaches the transition 
frequency between some energy states of the material; these 
states can be related to the defects in the thin silicon oxide 
layer at the boundaries of nanocrystals and pores. Defects with 
activation energies of 1.20 and 1.18 eV, which are close to 
the laser photon energy (1.17 eV), were found at the Si/SiO2 
interface by the photocurrent method [31] and photothermal 
spectroscopy [32], respectively. The drop in the dependence 
T(I0) at I0 < 3 MW cm–2 and the weak dependence T(I0) at 
I0 > 3 MW cm–2, as well as the nonmonotonic character of 
Ta(I0), indicate saturation of the photoinduced effects caused 
by these states at the peak intensity Is » 2 – 3 MW cm–2. The 
saturation-induced decrease in TPA is known for a number of 
semiconductors and organic materials [26, 33, 34]. The drop in 
the dependence Ta(I0) at I0 > 3 MW cm–2, which indicates a 
decrease in n2, is also typical of the saturation effect [35].

The energy lost in the sample due to the photoinduced 
absorption is ~10 mJ. Taking into account the sample thick-
ness and laser photon energy, one can estimate the defect con-
centration per unit volume of the meso-PS layer; it is no less 
than 1016 cm–3. Note that the surface density of these defects 
was estimated to be 4.7 ́  1012 cm–2 in [31]; with allowance for 
the specific surface area of the material (~100 m2 cm–3), this 
value yields a volume defect concentration of ~1019 cm–3 in 
the meso-PS layer. The difference in the estimated concentra-
tions can be related to the large width of the spectral band 
corresponding to the aforementioned states (1.15 – 1.30 eV) [32] 
and to the fact that only small fraction of defects are involved 
in the resonant process.

For sample B both Re  c(3) and Im  c(3) values are smaller, 
which is explained by the decrease in the specific surface area 
of nanocrystals and silicon oxide coating with an increase in 
the porosity [3]. TPA is almost insensitive to the polarisation 
of the incident laser radiation, which may be related to its 
approach to saturation, whereas Re  c(3) exhibits a significant 
anisotropy due to the difference in the strengths of the local 
fields directed along the optical axis and perpendicular to it. 
Note that the relation Re c(3)^^^^/Re c(3)||  ||  ||  || = L 4

^/L 4
|| [see (2)] 

is satisfied well for sample A (Re c(3)^^^^/Re c(3)||  ||  ||  || » 1.57, 
L4

^/L4
|| » 1.5). For sample B the Re c(3)^^^^/Re c(3)||  ||  ||  || ratio 

remains nearly the same as for sample A, whereas L4^/L4|| » 3.4.
In the range I0 > 10 MW cm–2 the c(3)eff values are two orders 

of magnitude smaller than at I0 < 3 MW cm–2. Nevertheless, 

in this case the Re c(3)eff and Im c
(3)
eff values are, respectively, three-

to-four and one-to-two orders of magnitude larger than the 
corresponding values for c-Si. The reason is that the NLO 
response of meso-PS is determined by the contribution of all 
atoms of silicon nanocrystals, and the anisotropy of Im c(3)eff is 
pronounced. The Im c(3)^^^^/Im c(3)||  ||  ||  || ratios are 1.6 and 6.8 
for samples A and B, respectively. The ratio for sample A is in 
agreement with that obtained within the electrostatic effec-
tive-medium model (2), whereas for sample B this ratio can-
not be described in terms of this approximation. At the same 
time, the anisotropy of Re c(3)eff is much smaller than that of 
Im c(3)eff (almost zero for the sample with 73 % porosity). Along 
with similar deviations from the model under consideration, 
which were found in the experiments on third-harmonic gen-
eration in meso-PS [8, 23], this circumstance indicates that the 
electrostatic approximation is not valid in this case, maybe 
because of the field inhomogeneity in the bulk of meso-PS [8].

The properties of NLO media are often characterised by 
the figure of merit FOM = Dn/(Dal) = n2 /(bl). Our data indi-
cate that for mesoporous silicon at I > 10 MW cm–2, depend-
ing on the radiation polarisation, the FOM value ranges 
from 21 (ordinary wave) to 143 (extraordinary wave), whereas 
for c-Si different estimates yield FOM ranging from 0.17 [17] 
to 2.9 [18].

3. Conclusions 

Two mechanisms of light self-action in optically anisotropic 
meso-PS have been found for the first time. We relate these 
mechanisms to the defect states (for radiation intensities below 
3 MW cm–2) and to the contribution of local fields in silicon 
nanoparticles (for radiation intensities above 10 MW cm–2); 
the former process exhibits saturation. The nonlinear refrac-
tion at low intensities and TPA at high intensities have a pro-
nounced anisotropy. It is shown that the figure of merit for 
meso-PS layers is at least an order of magnitude larger than 
for c-Si, which indicates good prospects of this material for 
novel photonics applications.
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