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We present a detailed study of the anisotropic optical properties of mesoporous silicon layers prepared from
substrates having different doping levels under various preparation conditions. We demonstrate that the mor-
phology of the layers strongly depends on the preparation conditions. It correlates with measured optical
anisotropy values and defines the directions of the optical axes. The experimental data are explained in the
framework of an effective medium model which takes into account the different morphologies of the layers.
Modifications of the optical anisotropy of the layers in a controlled manner by filling the pores with dielectric
substances and by oxidation of the structure confirm that form birefringence is the origin of the optical
anisotropy.
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I. INTRODUCTION

Nanostructuring is a fast growing field in modern solid-
state physics. Among other techniques it enables to over-
come restrictions entailed with the naturalsbulkd materials
via tuning their physical properties as desired for applica-
tions. As an example we refer to photonic crystals, artificially
created structures consisting of spatially ordered well-
defined fragments having sizes comparable to the wave-
length of near-infrared light.1,2 A strong wavelength-
dependent scattering of light leads to the appearance of
photonic bandgaps. But even when the wavelength of light
sld is much longer than the constituentsssize<ad of a pho-
tonic system the propagation of light can be noticeably in-
fluenced. Two scenaria can be distinguished: either the con-
stituents exhibit an intrinsic optical anisotropy or optically
isotropic constituents are arranged spatially anisotropicsex-
amples are bulk materials assembled by elongated
molecules3 or atoms in a noncubic lattice,4 respectivelyd.
Whenl@a it is not possible to distinguish between the sce-
naria mentioned above for composite materials.

Recently we have shown that mesoporous siliconsPSid, a
spongelike network of nanometer-sized pores and siliconsSid
wires, can exhibit an enormously large in-plane optical an-
isotropy in the visible and infrared spectral range.5–7 We con-
cluded that the texture of layers prepared froms110d Si sub-
strate supports form birefringence as the origin of the optical
anisotropy.6 The optical anisotropy parameters of bulk sys-
tems are fixed. The advantage of thePSi layers is that these
parameters can be adjusted to a desirable level via modifica-
tion of their morphology. It is well known that their morphol-
ogy strongly depends on the doping level of the bulk Si
substrate as well as the etching current densitysfor a given
electrolyted. However, up to now no systematic studies on

the correlation of the optical anisotropy with the morphology
of the PSi layers and the directions of the optical axes has
been performed. Our purpose in this paper is to present a
systematic study of these issues. We demonstrate that the
birefringence level can be continuously tuned up to 0.25 via
a proper choice of the etching current density and doping
level of the substrate. The paper is structured as follows: in
Sec. II we deal with the preparation of thePSi layers and the
experimental techniques used. In Sec. III the morphology of
the PSi layers and their optical properties are presented. The
experimental results are discussed in Sec. IV. Finally, Sec. V
contains an investigation of the optical anisotropy modified
by incorporation of dielectric substances into the pores of the
layers and a comparison of the experimental results with ef-
fective medium approximationsEMAd calculations.

II. EXPERIMENT

The PSi layers were prepared by electrochemical anodic
etching of boron-dopeds110d oriented bulk Si wafers having
specific resistivity 30–70 mV cm fin the following denoted
as p+ s110d PSi layerg and 1–5 mV cm fp++ s110d PSi
layerg, respectively. The etching solution was a 1:1sby vol-
umed mixture of hydrofluoric acids49 wt.% in waterd and
ethanol. Free-standing layers were obtained by an electropol-
ishing step at the end of the etching procedure. Further de-
tails of the preparation procedure can be found elsewhere.8

The thickness of the layers was determined using an op-
tical microscope. Various etching current densities
s10–100 mA/cm2d were employed to obtain a wide range of
porositiess<50–70% forp+ layers and<65–80% forp++

layers, respectivelyd. The orientation of crystallographic di-
rections in the plane of the layer surface was determined by
X-ray diffraction analysis. For the imaging of remnant Si
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fragments and pores, a TEM setup having atomic resolution
and a high resolution SEM setup have been used.
Polarization-sensitive transmittance and reflectance measure-
ments in the visible and near-infrared ranges400–2000 nmd
have been performed utilizing collimated white light or laser
beams. Glan-Thomson prisms have been used as polarizing
elements. The detection unit was either a single monochro-
mator followed by a Si charge-coupled device or a Ge pho-
todiode. The layers were mounted on a rotation stage in a
chamber which can be evacuated or connected to a reservoir
of various vapors. Vapor pressures were adjusted and con-
trolled by a microvalve and a membrane pressure gauge.
Measurements in the mid-infrared rangesl.2 mmd were
performed with a Bomem FTIR spectrometer. Infrared light
was polarized by a wire-grid polarizer. The spectral response
of the experimental setup was taken into account in the spec-
tra recorded.

III. STRUCTURAL AND OPTICAL PROPERTIES

In order to correlate optical and structural properties of
the s110d PSi layers, we start with an inspection of their
microscopic structure. Figure 1 shows TEM micrographs of
the s110d surface plane of ap++ sad and ap+ sbd layer, re-
spectively. For thep++ layer a macroscopic anisotropic align-

ment of the Si nanowiressdarkd and poressbrightd from the
bottom left to the upper right along thef11̄0g crystallo-
graphic direction is clearly seen. For thep+ layer the wires
tend to branch more randomly but a partial alignment of
nanowires and pores can be identified. In Fig. 2, SEM mi-
crographs obtained from the cleaved edgess11̄2d planed of a
p++ sad and p+ sbd layer, respectively, are presented. In the
p++ layer nanowiressbrightd are elongated from the upper
right to the bottom left and the upper left to the bottom right.
The morphology of thep+ layer appears to be randomized
and a preferential alignment of nanowires and pores is diffi-
cult to identify. In general, the sizes of pores and nanowires
found in the TEM/SEM images are comparable with those in
layers prepared froms100d oriented bulk Si but their spatial
alignment differs.9,10 For s100d PSi layers Si nanowires and
pores are elongated perpendicular to the surface planesf001g
crystallographic directiond and no anisotropic alignment can
be observed in the surface plane. During the electrochemical
etching process pores grow preferentially ink100l crystallo-
graphic directions due to the better polarizability of Si-H
bonds on thes100d Si surfaces. Fors110d Si surfaces pores
are growing preferentially in thef010g and f100g crystallo-
graphic directions and their projection on the surface plane

FIG. 1. sad TEM image of thes110d surface of ap++-PSi layer.

Bottom left to top right corresponds to thef11̄0g crystallographic
direction. sbd The TEM image of thes110d surface of ap+-PSi
layer.

FIG. 2. sad SEM image of as11̄2d plane of ap++-PSi layer
prepared from as110d oriented Si substrate.sbd SEM image of a

s11̄2d plane of ap+-PSi layer prepared from as110d oriented Si
substrate.
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results in an overall alignment in thef11̄0g crystallographic
direction, as seen in Fig. 1sad.

The anisotropic morphology of thesePSi layers results in
their anisotropic optical properties.5,6 Since the sizes of the
Si nanowires and pores are significantly smaller than the
wavelength of visible and infrared light standard spectro-
scopic techniques can be employed to characterize the opti-
cal properties of the layers. First of all, the reflectivity of
linear polarized light under normal incidence ofs110d p+ and
p++ layers has been measured as a function of the in-plane
polarization direction. The refractive indices shown in Fig. 3
exhibit a strong dependence on the polarization direction of
the linearly polarized light. The patterns can be properly de-
scribed by assuming uniaxial in-plane birefringence of the
PSi layerssFig. 3, solid lined.

According to Fig. 3 the refractive indices of thep++ layer
nf11̄0g=2.20 and nf001g=2.0 were extracted, wherenf11̄0g,
nf001g are the refractive indices for light polarized along the

orthogonal in-plane crystallographic directionsf11̄0g and
f001g, respectively. For thep+ layer the refractive indices are
found to benf11̄0g=1.42 andnf001g=1.45. Note that the bire-
fringenceDn= unf11̄0g−nf001gu is smaller for thep+ layer and

that the optical anisotropy is reversed forp++ andp+ layers.
The value of the mean refractive indexn̄=snf11̄0g+nf001gd /2 is
in agreement with the measured isotropic in-plane refractive
index for mesoporous Si samples prepared froms100d bulk
Si having comparable porosities.11 For light polarized along

one of the principal in-plane refractive index axessf11̄0g,
f001gd no change of the polarization state of the transmitted
light is observed.

We extend the investigation of the birefringence ofPSi
layers to the infrared spectral range when the photon energy
is far below the value of the bandgap of bulk Si. Figure 4sad
shows the spectrum of infrared light polarized either along

the f11̄0g or f001g crystallographic direction transmitted
through ap++ s110d PSi layer. Well-pronounced interference
fringes arising from multiple reflections indicate that the
thickness of the layer is homogeneous. The spacing between
the fringes depends on the polarization direction of the inci-

dent light. It is smaller for the polarization in thef11̄0g di-
rection. This evidences the larger value of the refractive in-
dex. Forp+ s110d PSi layers the refractive index is larger for
light polarized along thef001g crystallographic direction.
Employing unpolarized light, the optical properties of aPSi
layer are averaged over all polarization directions. In Fig.
4sbd the reflectance spectrum of ap++ s110d PSi layer for
randomly polarized infrared radiation is shown. Randomly
polarized light has two components polarized along the

f11̄0g andf001g directions and their interference results in a
characteristic beat structure. A quantitative analysis of the
spectrum allows us to estimate both the average refractive
index n̄=1.68 from the oscillations having small spacing
sDn1d as well as the birefringenceDn=0.19 from the enve-
lope function of the beatssDn2d.

Experiments under normal incidence do not allow to de-
duce the exact symmetry of the birefringent layers because
they can be uniaxial or biaxial as well as negative or posi-

FIG. 3. Angular dependence of the refractive index of ap+- sad
andp++- sbd PSi layers obtained from reflectivity measurements of
linearly polarized light. The polarization direction of a linearly po-
larized Ar+-ion laser beamsl=514 nmd has been rotated around an
axis perpendicular to the layer surface. The zero degree corresponds

to the in-planef11̄0g crystallographic direction. Solid lines are re-
sults of a fit.

FIG. 4. sad Transmittance spectrum of ap++ s110d PSi layer for
linearly polarized infrared light.sbd Reflectance spectrum of ap++

s110d PSi layer for randomly polarized incident light.
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tive. To clarify the symmetry of birefringent layers, angular-
resolved transmission measurements with polarized infrared
light were performed. Transmission spectra of infrared light

for the sample rotated around either thef001g or the f11̄0g
axis have been measured. The incident light was polarized

either alongf001g or f11̄0g scrystallographic directions for
normal incidenced. The refractive index obtained for light
polarized perpendicular to the optical axis of a uniaxial layer
is constant while the layer is rotated around the optical axis
sordinary beamd. However, light polarized in the plane
spanned by the optical axis and the wave vector experiences
a refractive index given by Eq.s1d,12

nsud =
nf11̄0gnf001g

Înf11̄0g
2

sin2 u + nf001g
2 cos2 u

; s1d

u denotes the angle between the optical axis and the propa-
gation direction inside of the layer andf001g is assumed to
be the optical axis. The rotation of ap++ layer around the

f11̄0g axis affects the refractive index only when the incident
light is polarized alongf001g while in all other geometries
the refractive index is insensitive to the angle of incidenceg
ssee Fig. 5d. Therefore the optical axis can be assigned to the
f001g crystallographic direction. The solid line in Fig. 5 rep-
resents a corresponding calculation whereu was recalculated
from g according to Snells law. The measured dependence of
nsgd coincides with calculations what confirms the optical
uniaxiality of thep++ layers. For ap+ sample the small bire-
fringenceDn complicates quantitative analysis of the angular
dependence of the refractive index values. Therefore these
measurements can be performed accurately only for large
angles of incidence. The maximal variation of the refractive
index has been found to be on the order of 0.01. We conclude
that it is also optically uniaxial and the direction of the op-

tical axis isf11̄0g. Thus, both layers exhibit the optical prop-
erties of negative uniaxial birefringent crystals.

To define the anisotropy parameters in a wide spectral
range, the layers were placed between two polarizing ele-
ments and the light was incident normal to the surface. The
polarization direction of the incident light was oriented 45 `

to thef11̄0g andf001g axes, respectively. For each layer, two
transmission spectra have been recorded:I' for crossed and
I i for parallel polarization directions of the polarizer and the
analyzer, respectively. From the ratioI' / I i for a flat birefrin-
gent layer having uniform thicknessd, the spectral dispersion
of Dn can be extracted according to Eq.s2d,

I'

I
sld =

sin2S2p

l
d

Dn

2
D

cos2S2p

l
d

Dn

2
D . s2d

In Fig. 6 the ratioI' / I i for a p++ layer is shown. The
function is oscillating but poles expected when the denomi-
nator in Eq.s2d equals zero are absent. This fact and the
decreasing amplitude for smaller wavelengths can be attrib-
uted to a small thickness nonuniformity of the layer.

While light travels through the optically anisotropic layer

its components polarized alongf001g and f11̄0g directions
experience a phase shiftDf. According to Eq. s2d the
maxima in theI' / I i curve correspond to odd, minima to
even orders ofp. The phase-shifts are indicated in Fig. 6.
According to the relationDn=sl /2pds1/ddDf, the aniso-
tropy parameter can be determined.l denotes the wave-
length of the maximum or minimum corresponding to the
phase shiftDf. For smaller wavelengths the spectral spacing
of maxima and minima inI' / I i becomes smaller and their
spectral positions become redshifted due to the spectral dis-
persion ofDn.

IV. DISCUSSION

At this point we want to discuss the origin of birefrin-
gence in solids and specify the mechanism of birefringence
in PSi layers on the basis of the results presented until now.

FIG. 5. Dependencies of refractive index values for ap++-PSi
layer on the angle of incidence of infrared radiations400–

4000 cm−1d polarized alongf001g and f11̄0g, respectively. Error
bars result from uncertainties in the layer thickness and the angle of
incidence. A solid line shows the result of calculations.

FIG. 6. I' / I i obtained for ap++-PSi layers j =30 mA/cm2d pre-
pared from as110d Si substrate. Phase shifts are related to the
maxima and minima are indicated.
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Later our conclusions will be supported by additional experi-
ments. In bulk crystals birefringence is governed by a back-
ground sPenn gapd and a resonant electronic contribution.
The anisotropic arrangement of atoms in the unit-cell ofAII
−BVI compounds induces a splitting of the hh-lh bands. Their
coupling strength to linearly polarized light is different
which leads to a resonant contribution to birefringence most
efficient at the band gap. Si having a highly symmetric
diamond-type unit cellsTd symmetryd is optically isotropic.
Only a small birefringence on the order of 10−5 is observed
due to spatial dispersion effects.13 Additionally, in bulk crys-
tals birefringence can be induced by application of external
stress. According to X-ray analysis nanowires inPSi layers
possess the diamondlike lattice structure of bulk Si. Simple
estimates based on elasto-optic constants show that the bire-
fringence induced by the distortion of the crystalline lattice
structure on the surface of the nanowires is negligibly
small.14 The crystalline structure of Si nanowires is therefore
believed to be optically isotropic.

In 1904, Braun suggested that birefringence can be
achieved in a composite system by an anisotropic spatial
arrangement of its optically isotropic constituents.15 This ef-
fect is referred as form birefringence and anisotropic optical
properties of the system arise from polarization-dependent
screening induced by the electric field of the propagating
light wave. Form birefringence was found to play an impor-
tant role in the optical properties of nanostructures, e.g.,
stacks of semiconductor layers.16 Particularly in this case an
additional contribution to birefringence caused by
polarization-dependent selection rules for electronic quantum
confined states is present. For a composite structure local
field effects have to be taken into account. However, the
sizes of nanowires in mesoporous Si layers suggest that
quantum confinement effects can be neglected here. The in-
direct nature of optical transitions in Si in the vicinity of the
fundamental band edge and consequentially the small oscil-
lator strength rule out a contribution to birefringence caused
by polarization-dependent optical transitions in the spectral
range investigated. To confirm that form birefringence is the
origin of optical anisotropy ofs110d PSi layers we investi-
gated how the spatial alignment of the microstructure affects
the anisotropy parameterDn. The morphology ofPSi layers
can be changed either by varying the doping level of the Si
substrate or the etching current density. The mean size and
spatial alignment of remnant Si nanocrystals depend strongly
on the doping level of the Si substrate used.10 Figure 7 shows
the spectral dispersion of the anisotropy parameter forp+ and
p++ PSi layers. Over the whole spectral range the anisotropy
parameter is substantially larger for thep++ layer. This agrees
with the anisotropic alignment of Si nanowires in thes110d
layer surface plane shown in the TEM image of Fig. 1. The
level of alignment of Si nanowires is significantly larger for
p++ layers which correlates with the birefringenceDn. Next,
in Fig. 8 the spectral dispersion ofDn for different etching
current densities used to formp++ sad and p+ sbd layers is
compared. The dependence forp++ andp+ layers is opposite.
For p++ layers the birefringence increases with etching cur-
rent density while it decreases forp+ layers. It should be
noted that even for the highest current density used forp+

and the lowest forp++ layers,Dn is still three times larger for
p++ layers.

The dissolution of Si is promoted by a weakening of
hydrogen-passivated Si bonds by fluorine atoms. The mor-
phology ofPSi layers is determined by the anisotropic pore
growth and the stability of pore walls. Hydrogen passivation
is most efficient for h111j surfaces having the smallest
amount of Si dangling bonds. It has been demonstrated for a
variety of Si substrates, that pore growth proceeds preferen-
tially along k100l and, to smaller extent,k113l directions.17

FIG. 7. Spectral dependence of the anisotropy parameterDn of
PSi layers prepared from substrates having different doping levels.
All layers have been prepared with equal etching current densities
s j =50 mA/cm2d.

FIG. 8. Spectral dependence of the anisotropy parameterDn of
p++- sad and p+- sbd PSi layers prepared from as110d Si substrate
with different etching current densities.
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For h100j and h113j surfaces the saturation of the dangling
bonds is comparably slow what results in pore propagation
perpendicular to these planes.

For s110d oriented Si substrate the preferential pore
growth is alongf100g andf010g directions aligned 45 ` to the

surface with projectionf11̄0g in the surface plane. Perpen-
dicular to that pore growth proceeds in thef001g direction
lying in the surface plane. This consideration explains the
characteristic anisotropic morphology shown in Fig. 1 with

nanowires aligned alongf11̄0g. The structure sizes of the
nanowires and pores inPSi layers are determined also by the
doping level of the substrate influencing the thickness of the
space-charge region in remnant Si fragments. In thep+ sub-
strate the morphology is determined by pore wall passivation
controlled by the formation of a charge carrier depletion
layer. The holes are diffusively driven through the depletion
layer by the electric field having its highest value at the pore
tips, resulting in narrow pores. When further hole diffusion is
blocked by the repulsive local electric field of a charged
dopant atom the pore growth is guided to another preferential
growth direction. The frequent changes of pore growth direc-
tions reduce the level of morphological and, therefore, opti-
cal anisotropy. Increased etching current densities lead to a
more isotropic morphology with the subsequent reduction of
optical anisotropy. For heavily dopedp++ substrates the pore
growth proceeds via tunneling of holes through the ex-
tremely narrow space-charge region. Pore diameters are
larger in this regime since the electric field required to inject
the holes through the depletion layer is small. Thus,PSi
layers prepared fromp++ substrates possess an extended
morphological and, therefore, optical anisotropy. Further-
more, an increase ofDn for larger current densities can be
explained by a better alignment of Si nanowires and pores
along the preferential pore growth directions.

V. THEORY AND MODEL

Form birefringence is a well-known phenomenon and has
been successfully described theoretically. We would like to
model the optical anisotropy of thePSi layers and compare
model predictions with experimental results. By means of an
effective medium approach a composite systems having het-
erogeneous microscopic structure is transformed into a ho-
mogeneous anisotropic medium featuring effective physical
properties. To describe the optical properties ofPSi layers
we employed the Bruggeman effective-medium model
sEMAd.18 The mean sizes of Si nanowires and pores inside
our mesoporous Si layers are in the range<5–50 nm and
are therefore significantly smaller than the wavelength of
light used to probe the layers. Thus, the conditions for appli-
cability of the EMAsstatic electric field modeld are fulfilled.
ThePSi layers contain anisotropically aligned nanowires and
pores and the original isotropic EMA has to be extended to
account for polarization-dependent depolarization effects re-
sulting in a tensorial character of the dielectric function.19

We consider thePSi layers as a system of dielectric ellip-
soids having refractive indexnSi and nP representing the
nanowires and pores, respectively. The anisotropic polariz-

ability of the ellipsoids has been taken into account using
different depolarization factorsL1,2,3 for the ellipsoids main
axes. The uniaxiality of thes110d PSi layers is modeled by
dielectric ellipsoids which possess rotational symmetry with
their symmetry axes aligned in a single direction. Further, for
simplicity it is assumed that all ellipsoids have the same
depolarization factors. In general, the depolarization factors
fulfill the relation oi=1,2,3Li =1. To account for the negative
uniaxiality of p++ andp+ layers, their depolarization param-
eters are assumed to beLf11̄0g=1−2·Lf001g and Lf001g=1
−2·Lf11̄0g, respectively.20 For the generalized EMA the fol-
lowing equations have to be solved for the refractive indexn
dependent on the polarization direction of the external elec-
tric field:20

s1 − Pd ·
nSi

2 sld − nf11̄0g,f001g
2

nf11̄0g,f001g
2

+ Lf11̄0g,f001g · fnSi
2 sld − nf11̄0g,f001g

2 g

+ P ·
nP

2 − nf11̄0g,f001g
2

nf11̄0g,f001g
2

+ Lf11̄0g,f001g · fnP
2 − nf11̄0g,f001g

2 g
= 0.

s3d

Subscripts denote the polarization directions of the inci-
dent light andP is the porosity of the layer. Note, that the
spectral dispersion of the refractive index of bulk SinSisld is
taken into account. The spectral dependence ofDnf001g,f11̄0g
for PSi layers prepared from substrates having different dop-
ing levels and etching current densities is obtained using
only one parametersthe depolarization factorLd to achieve
the best fit to the experimental data. The straight lines in Fig.
9 display the spectral dispersion ofDn calculated for ap++

layer sP=73% ,L=0.43d and ap+ layer sP=63% ,L=0.34d.
Both the birefringence values and their spectral dispersion
can be described successfully by the EMA. While the bire-
fringence values depend on the morphology of the layers
their spectral dispersion is completely governed by the spec-
tral dispersion of the refractive index of bulk Si.

This indicates that other contributions to the optical an-
isotropy different from form birefringence, e.g., polarization-
dependent optical transition matrix elements, are either ab-
sent or negligibly small. The constant anisotropy parameter
Dn in the infrared spectral region and its rise towards shorter
wavelengths can be fully attributed to the spectral dispersion
of the refractive index of bulk Si. Below the indirect bandgap
nSi is constant. Above the bandgap it rises very slowly due to
the small oscillator strength of the indirect transition and the
fact that the photon energy is still far below the direct band-
gap.

We performed additional experiments to support the EMA
model describing the optical anisotropy ofPSi layers. The
incorporation of a dielectric substance having a refractive
index smaller than bulk Si into the pores ofPSi layers re-
duces their optical anisotropyse.g., a resubstitution of the
pores with Si would result in the original optically isotropic
bulk Sid.21 Thus, a parameter in Eq.s3d, namely the refrac-
tive index of the pores, can be modified in a controlled man-
ner. The pores ofp++ andp+ layers were filled with various
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dielectric substancessliquid nitrogen and argon, acetone, cy-
clohexane, and benzene having refractive indices 1.2, 1.22,
1.36, 1.43, 1.5, respectivelyd and for each case the transmis-
sion spectrumI i and I' was determined. Due to the reduced
optical anisotropy the phase shiftsDf appear at shorter
wavelengths and theI' / I i curve is blue-shifted. The blue-
shift of I' / I i for a p++ layer was so large that it fell in the
strong absorption range of thePSi layers. In Fig. 10 we
presentI' / I i for a p+ layer filled by various dielectric sub-
stances. For larger values of the refractive index of the in-
corporated substance the blue-shift of a certain maximum or
minimum corresponding to a phase shiftDf is larger. To test
EMA predictions we first fitted the spectral dependence of
Dnsld for the layer in air. Then the refractive index of the
pores was replaced by the refractive index of the liquids. The
spectral position of the minimum havingDf=4p was calcu-
lated with the EMAfthe solid line in Fig. 10sbdg. A good
agreement between measured valuessopen circlesd and pre-
dictions of EMA is clearly seen.

For porous silicon another variable parameter is the re-
fractive index of wires assembling the layers. Thermal an-
nealing ofp+ andp++ layers at 950 °C for 1 min in air trans-
forms Si nanowires to SiO2 wires having a constant
refractive indexnSiO2

<1.5 in the visible and near-infrared
spectral range. After the annealing the layers appear to be
completely transparent, i.e., are converted into porous quartz.
Dn for the oxidizedp++ layer is<0.02. For thep+ layer,Dn
is negligibly small. The substantially smaller optical aniso-

tropy can be accounted to the smaller refractive index of
SiO2 compared to Si. EMA calculations predict a reduction
of Dn for the p++ layer by a factor of 15, which is in good
agreement with the determined value. Since the expansion of
SiO2 wires during the oxidation can change their shapes, a
more detailed quantitative analysis is difficult.

VI. SUMMARY

We presented a comprehensive study of the morphology
and anisotropic optical properties of mesoporous Si prepared
from s110d bulk Si wafers. We found a strong correlation
between the morphology of the layers and the optical aniso-
tropy. This indicates a form birefringence nature of the ob-
served effect. Values of the in-plane birefringence of the me-
soporous Si layers depend on the doping level of Si
substrates and the etching current densities and can be con-
tinuously tuned up to 0.25. The mesoporous Si samples ex-
hibit the properties of a negative optically uniaxial birefrin-
gent crystal while the direction of the optical axes depends
on the doping level of the substrate. These observations are
discussed in detail and form birefringence is experimentally
verified by reducing the optical anisotropy via either the in-
corporation of various dielectric substances into the pores or
by oxidation of the layers. The possibility of fine-tuning of
the birefringence level gives an opportunity to employ me-
soporous Si layers as a phase-matching matrix for nonlinear
wave interactions with active media having normal disper-
sion of the dielectric function embedded in the pores.

FIG. 9. A comparison of the spectral dependence ofDn for a p+-
sad and ap++- sbd PSi layer with the results of calculations accord-
ing to the Bruggeman EMAssolid linesd.

FIG. 10. sad Shift of the minimumsDf=4pd in the I' / I i curve
after filling of the pores by different dielectric substances.
1—empty pores; 2—liquid nitrogensn=1.2d; 3—liquid argon sn
=1.22d, 4—acetone sn=1.36d; 5—cyclohexane sn=1.43d; and
6—benzenesn=1.5d. sbd A comparison of the spectral shift shown
in sad with the result of a calculation according to the Bruggeman
EMA ssolid lined.
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