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Porous silica layers on Si substrates were produced by sol–gel spin-on technique. The structural studies and ellipsometric
measurements have been carried out in order to investigate the dependence of silica properties on growth technology and
thermal annealing. The dense SiO2 layers from acid tetraethoxysilane-based precursors and the layers of increased porosity
obtained from precursors containing surfactant cethyltrimethylammonia bromide were investigated. The hybrid type Fe-doped
silica layers were also produced and studied. The provided investigations have shown that the method used is perspective for
fabrication of porous silica layers and for obtaining hybrid samples.
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1. Introduction

Porous materials have wide potential applications in
science and industry [1]. In particular, hybrid nano-
structures with special optical and magnetic proper-
ties can be produced by filling nanosized pores in
a dielectric media with metal, semiconductor materi-
als or organic molecules [2]. For this reason, for-
mation of porous films by a simple sol–gel tech-
nique is widely studied [3]. The most attractive fea-
ture of sol–gel technology is a possibility to form
thin films of different physical properties by mixing
sol with the solutions of various compositions. As
a porous medium, SiO2 is most frequently used due
to its thermal stability, mechanical resistance, and hy-
drophily.

In this work porous SiO2 films on Si substrates were
investigated. The samples were fabricated by sol–gel
spin-on technique. Sol–gel technology is a perspec-
tive inexpensive method for a formation of porous sil-
ica films at room temperature. This method allows one
to vary the structural and physical properties of silica
in a wide range. Tetraethoxysilane (TEOS)-based col-
loid acid solutions were used as precursors. The poros-

∗ This work was reported at the International Conference on Struc-
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nia.

ity of silica films was controlled by various growth
and thermal procedures and by introducing a surfactant
cethyltrimethylammonia bromide (CTAB) as a tem-
plate into the precursor.

The morphology and optical properties of the sam-
ples were studied by scanning electron microscopy
(SEM), atomic force microscopy (AFM), and ellipso-
metry. The silica films were characterized by mor-
phology and optical parameters. The dependence of
silica characteristics on the composition of the precur-
sor and technology was studied. In Section 2, the ex-
perimental techniques used in this work are generally
described. The growth method (Section 2.1) and opti-
cal measurements (Section 2.2) using null- and spec-
troscopic ellipsometry are described. The details of
technology for each sample groups are given below
along with the presentation and discussion of experi-
mental results (Section 3). Three main sample groups
have been investigated. Relatively dense silica films
on a Si substrate are discussed in Section 3.1. In Sec-
tion 3.2 the results obtained on silica layers of increased
porosity which have been fabricated by using surfac-
tants are presented. In Section 3.3 the hybrid-type
samples SiO2:Fe/Si are discussed. At the end of the
paper, the results of experimental studies are summa-
rized.
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2. Experimental

2.1. Formation of porous silica layers by sol–gel
spin-on technique

Thin films of silica with controlled porosity were
formed by sol–gel technique and deposited on Si sub-
strates by spin coating method. Porous silica was pro-
duced by hydrolysis and condensation of alkosilanes.
The alcohol solution of TEOS with small amount of
water and acid or base catalyst was used as a precursor.
Due to a high speed of the hydrolysis process

Si(OC2H5)4 + H2O

→ Si(OC2H5)3(OH) + C2H5OH, (1)

TEOS is an optimal precursor for silica. Simultane-
ously with hydrolysis, a polymerization process occurs:

≡Si−OH + ≡Si−OH

→≡Si−O−Si≡ + H2O, (2)

≡Si−OC2H5 + ≡Si−OH

→≡Si−O−Si≡ + C2H5OH. (3)

During the latter reactions, the sol is formed. At
condensation, two hydrolysed fragments join together
and either water (2) or alcohol molecules (3) are re-
leased. The condensation occurs by nucleophilic sub-
stitution or addition, i. e. when monomers join into
polymers during a condensation reaction. A complete
hydrolysis-condensation reaction is described by the
following equation:

nSi(OC2H5)4 + 2nH2O→nSiO2 + 4nC2H5OH.

(4)

In this way, the main polymeric chains, which consist
of Si atoms joint together by oxygen, are formed.

Thus, the polymerization runs in three stages [4]:
(i) formation of monomers; (ii) occurrence of poly-
meric chains in sol; (iii) coagulation of polymeric
chains into gel. The acidity of colloidal solution
favours hydrolysis. Therefore, under acid conditions
the elements can be completely hydrolysed before con-
densation takes place. Thus, short chains form, and a
dense final product [5] is produced after drying. Base
environment favours condensation. Therefore, under
base conditions the condensation starts before hydroly-
sis is ended. Rapid polymerization occurs and the par-
ticles, which form in a few minutes, quickly grow from

1–2 nm to 100–150 nm until equilibrium settles [6]. As
a result, silica layers formed by sol–gel technique from
base solutions possess large particles [4] and are not
stable in time [7].

Thus, the shape of the polymers (SiO2)n depends on
the technological parameters as the type and concentra-
tion of precursor and solvent, catalyst, water concen-
tration, pH value of solution, temperature, and gelling
time. Polymers, the stability of which chemical bonds
ascertain, present chains, bands, and frames.

The solution is poured into a vessel and dried. As
seen from Eqs. (2) and (3), at condensation small water
and alcohol molecules are released and evaporate un-
der drying. When solvent evaporates, the coordination
of particles increases under the influence of surface ten-
sion forces, the particles join intensively, and the frame
deforms. When the frame becomes strong enough to
withstand the surface tension, the voids form. In other
words, when gel is drying, the frame, which has been
composed in solution, becomes denser and deforms
due to formation of voids. Thus, the structure of dried
gel, i. e. xerogel, consists of a skeleton frame and voids.

The shape, size, and density of pores depends on for-
mation technology and further post-growth annealing,
during which molecular water is excluded and amor-
phous structure of SiO2 is formed. In order to con-
trol additionally the porosity of the synthesized mate-
rial, large organic molecules are inserted into silica sol
[8, 9]. In silica sol the groups of organic molecules
form micelles, which act as a template. Relatively
small oligomers of silicates adsorb on the active sur-
face of large-radius surfactant micelles. When gel is
dried, organic molecules are excluded chemically or by
annealing. As a result, porous matrix of silicon oxide
is formed in which the size of pores corresponds to the
size and shape of surfactant micelles or their aggregates
in sol.

On the one hand, bulk silica gels are widely applied
as adsorbents and catalysts. On the other hand, the sol–
gel technology is perspective for production of porous
silica layers for optoelectronic devices. By choosing
the composition of solution, the surface films with con-
trolled optical reflectance, transmission, and absorption
can be fabricated.

Using the sol–gel technique, the layers can be
formed by dipping the substrate into the solution,
spraying the solution on a substrate or by spin-coating
using a centrifuge. As compared with dipping tech-
nique, the spin coating method has some advantage
as by the latter method large-area layers of a uniform
thickness are produced. The layers weakly depend on
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the type of the substrate. However, the properties of
the layers obtained by sol–gel spin-coating differ from
those of bulk xerogels. The difference is caused by var-
ious conditions of structure formation. Drying and for-
mation of the gel structure go on for weeks and months
in xerogels whereas it takes several tens of seconds in
the layers produced by spin-coating. The process of
the structure formation during spin-coating is not well
studied as yet.

By choosing the synthesis parameters such as acid-
ity of solution (pH value), temperature, rotation speed
of the centrifuge, and the type of the template, differ-
ent silica layers were synthesized with varying poros-
ity. The technology in each particular case will be de-
scribed below at the presentation of experimental re-
sults and their discussion.

2.2. Optical measurements

The optical properties of silica films were studied by
ellipsometry technique, which is based on the analy-
sis of light polarization [10]. When the light of known
polarization is incident, the polarization of the light re-
flected from the sample is measured. From the analysis
of the polarization ellipse, the ratio ρ of the complex
amplitude reflection coefficients Rp and Rs for light
polarized parallel (p) and perpendicular (s) to the plane
of incidence

ρ =
Rp

Rs

= tan Ψ exp(i∆) (5)

is measured and the ellipsometric parameters, i. e. an-
gles Ψ, ∆, are determined. The ρ value is directly re-
lated to the complex dielectric function ε of the sample:

ε =

[(
1 − ρ

1 + ρ

)2

tan2 θ + 1

]
sin2 θ, (6)

where θ is the angle of the light beam incidence.
In the case of thin films deposited on the substrate

[11], the reflections from both film and substrate should
be considered. The Fresnel reflection coefficients at the
interfaces air–film and film–substrate were calculated
taking into account the Snellius law.

For a complex system of a stack of layers on the sub-
strate surface, the optical response of this multilayer
structure was analysed by a transfer-matrix technique
[12] modelling the propagation of an electromagnetic
wave by introduction of a 2D vector for electric and
magnetic fields taking into account the boundary con-

ditions at the interface between the layers. Each jth
layer was characterized by the matrix

Mj =

∣∣∣∣∣
cos βj (i/Ñj) sin βj

iÑj sin βj cos βj

∣∣∣∣∣ , (7)

where βj = (2πnjdj/λ) cos θj is the phase thickness,
Ñj = nj/ cos θj for p-polarization, and Ñj = nj cos θj

for s-polarization, θj being the angle of incidence,
εj = n2

j is the dielectric function, and dj is the thick-
ness of the jth layer.

In this work both null- and spectroscopic ellipso-
metry techniques were used. Using the null-ellipso-
meter LEF-3M, which is operating at 633 nm (He–Ne
laser), the dependence of ellipsometric parameters on
the angle of light incidence was determined. The ex-
perimental data were fitted by the model of a homo-
geneous layer on the substrate and the averaged values
of the dielectric function and thickness for silica layers
were calculated. The porosity of the silica layer was
evaluated from the obtained value of the refraction in-
dex as compared with that for the reference data [13].

A photometric spectroscopic ellipsometer with a ro-
tating analyser was used in the range 0.5–5.0 eV. The
detector signal was processed on-line by nonlinear re-
gression analysis. The characteristic ellipsometric an-
gles Ψ, ∆ were measured with an accuracy of 0.02◦.
The details of the experimental set-up are presented
elsewhere [5]. The experimental data were described
by the model calculations with adjustable parameters
like dielectric function, thickness, and porosity of the
layers.

2.3. Structural studies

The morphology and structure of silica layers were
studied by the standard SEM and AFM techniques. The
atomic force microscope Explorer was used in the con-
tact mode and the images of area from 1 × 1 µm2 to
100 × 100 µm2 were obtained with a resolution of
300 × 300 pixels. A scanning electron microscope
SUPRA 35 with resolution from 2.5 nm at 1 kV to
1.7 nm at 15 kV was used and the micrographs were
obtained with 3072 × 2304 pixels.

3. Results and discussion

3.1. Dense silica layers

As noted above, silica layers can be produced by
several methods. In this work the dense SiO2 films
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on the Si substrate obtained by thermal annealing were
used for control measurements.

3.1.1. Thermally oxidized Si wafers
Thermal oxidation of Si wafers is a technique which

is most widely applied for production of dense silica
films in electronic devices. The (111)-oriented n-Si
wafers of resistance 1 Ω·cm were annealed at 1150 ◦C
in dry oxygen for time varying in the range of 5–
20 min.

Figure 1 shows the spectral dependence of ellipso-
metric parameters for the Si surface thermally oxidized
for 15 min. The experimental data were described by
the system SiO2/Si taking into account a possible non-
homogeneity of the silica layer by dividing the film into
6 sublayers. The reference data for the dielectric func-
tion of Si [14] and SiO2 [13] were used. In the fitting
procedure the thickness and porosity of each silica sub-
layer were considered as adjustable parameters. From
the values of optimal fitting (Fig. 1) for this particular
case, the thickness of each 6 sublayers was in the range
of 20–25 nm with the total thickness of the silica layer
134 nm. The porosity of sublayers varied in the range
of 50% and decreased from the surface towards sub-
strate. For a series of the thermally oxidized Si wafers
it was found that the thickness of the silica layer de-
pended linearly on the annealing time.

A perfect correspondence between experimental and
simulated data confirmed the validity of the accepted
approach. It should be noted that a worse agreement
was obtained for a simple model of a uniform silica
layer.

3.1.2. Layers processed by sol–gel technique
Preparation. For preparation of dense though

porous layers of SiO2 by sol–gel technique, liquid com-
positions of Si(OC2H5)4–C2H5OH–H2O–HCl at the
volume ratio 20 : 40 : 4 : 0.1 were used. The main oxide
component TEOS Si(OC2H5)4 was dissolved in alco-
hol with addition of catalyst HCl and a small amount of
H2O for a hydrolysis of TEOS. The acid solution with
pH ≈ 2 favours rapid hydrolysis, and the sol forms in
it in 24 h. Sol of this acidity is stable. The formed
colloid particles of 2–4 nm in size stop to enlarge be-
cause of the equilibrium between polymerization and
depolimerization and join into linear aggregates [4].

The sol is deposited in 30–60 s on (100)-oriented
n-Si (0.5 Ω·cm) wafers mounted in a centrifuge rotat-
ing at a speed of 1000–2500 rpm. The solvent evapo-
rates during rotation and a film forms the thickness of
which depends on the rotation speed of the centrifuge.

Fig. 1. Experimental (points) and calculated (curves) spectra of
ellipsometric parameters for the SiO2 layer formed by thermal an-

nealing (15 min at 1150 ◦C in dry oxygen) on n-Si.

At the next step the layers are dried at 80–100 ◦C for 1 h
and annealed in air or argon at 300–700 ◦C for 1–2 h.
As a result, the layers of thickness 0.1–0.2 µm are ob-
tained on the substrate surface.

Morphology. Observations under an optical micro-
scope have shown that dense silica layers produced by
sol–gel spin-on technique are quite smooth and ho-
mogeneous. The morphology of annealed samples
was studied by the AFM technique. In Fig. 2 the
AFM pattern is presented for the SiO2 layer, which has
been processed from acid solution, dried at 80 ◦C, and
then annealed for 1 h at 300 ◦C in air and for 2 h at
550 ◦C in argon. As seen from Fig. 2(a), the surface is
dense and smooth though some inclusions of 1 µm in
height are observed. The fine structure of the surface
(Fig. 2(b)) shows the roughness of the surface of the
order of 250 nm. The rectangular-shaped particles of
size ∼50 × 50 nm2 and ∼50 nm in height are crystal-
lized on the rough surface. The regularly-shaped nano-
sized particles are characteristic of silica layers pro-
duced by the sol–gel spin-on technique and annealed
in Ar, in contrast to amorphous silica layers obtained
by dip coating and annealed in air [15].

Optics. The studies of the samples by null-ellipso-
metry have shown that silica layers produced by the
sol–gel spin-on technique on Si substrates were quite
dense and homogeneous. The porosity of SiO2 layers
dried at 103 ◦C for 1 h was 9% at the centre of the Si
wafer with ∅5 cm and 5% at the edge of the wafer.

The annealing of the samples has led to an in-
crease of refraction index for SiO2, hence to a decrease
of porosity. Figure 3 shows the results of the null-
ellipsometry measurements and the dependence of the
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(a)

(b)

Fig. 2. AFM surface images of the area (a) 100 × 100 µm2 and
(b) 5 × 5 µm2 of the sol–gel processed and annealed (in air 1 h at

300 ◦C and in argon for 2 h at 550 ◦C) SiO2/Si sample.

refraction index of the silica layers at the annealing
temperature tann. As seen from Fig. 3(a), experimental
data are quite well described by the simple one-layer
model. Figure 3(b) shows that the refraction index of
the SiO2 layer is increasing with an increase of tann.

The obtained results are in a good agreement with
the data obtained on silica layers produced by sol–gel
technique from TEOS and aqueous ammonia solution
in ethanol [16]. In [16] it was found that refraction in-
dex of these silica layers increased from 1.430 to 1.450
for samples dried at 60 ◦C and annealed at tempera-
tures of up to 800 ◦C. It is interesting to note that the
refraction index of the sol–gel silica films was smaller
than of those fabricated by dipping technique. In the
latter case, the refraction index varied in the range of
1.445–1.457 for the samples annealed under similar
conditions.

Some discrepancy between experimental results and
the data calculated in a one-layer model can be due

(a)

(b)

Fig. 3. Null-ellipsometry data for dense sol–gel processed SiO2

films on Si annealed at various temperatures tann in the range
300–600 ◦C. (a) Experimental (points) and calculated (curves) an-
gular dependence of ellipsometric parameters. (b) The dependence
of the refraction index of silica films on the annealing temperature
obtained from the data presented in (a). The curve in (b) is a guide

for an eye.

to some in-depth nonhomogeneity of SiO2 films. The
experimental results obtained by spectroscopic ellipso-
metry and modelling have shown that a better agree-
ment was achieved considering the silica layer as a
stack of multilayers. Figure 4 presents the results for
the SiO2 film of total thickness 245 nm which has been
dried at 103 ◦C for 5 min and the simulation data for a
stack of 5 silica layers with different porosity varying in
the range of 7–23%. As a whole a good agreement be-
tween experimental and calculated data was achieved.
Some discrepancy in the high-energy region can be due
to a short drying time at low temperature.

Some in-depth nonhomogeneity of sol–gel spin-on
processed silica layers was also confirmed by variable
angle spectroscopic ellipsometry measurements. The
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Fig. 4. Experimental (points) and calculated (curve) spectral depen-
dence of ellipsometric parameters for the sol–gel processed SiO2

layer on the Si substrate dried at 103 ◦C for 5 min.

best agreement between the experimental data and the
model calculations was obtained at slightly (5–7%) dif-
ferent values of adjustable parameters, when the re-
sults of ellipsometric measurements at various angles
of light incidence were treated separately. However, an
increase of the number of sublayers did not lead to the
fitting improvement indicating that nonhomogeneity of
dense sol–gel spin-on processed SiO2 layers is mainly
due to inclusions and possibly to the presence of sub-
oxides and remnants of chemical reactions.

Perspectives for application. The studies provided
have shown that the SiO2 layers formed by the sol–gel
spin-coating technique from acid TEOS colloidal solu-
tion and annealed in air/argon are dense, homogeneous,
and are characterized by a small porosity. These sil-
ica layers are suitable for surface passivation and for-
mation of masking coatings in the technological pro-
cesses of semiconductor electronic and optoelectronic
devices. However, the porosity of these silica layers is
too small for production of hybrid structures consisting
of nanoparticles of metals and their oxides in dielectric
media.

3.2. Layers of increased porosity

As noted above (Section 2.1), the porosity of bulk
xerogels can be varied by introducing organic molec-
ules into the precursor. In solutions organic molecules
coagulate into nanometric-sized aggregates, surfactant
micelles, possessing an active surface which attracts
Si–O molecules. After drying the xerogel and exclud-
ing organic molecules, porous bulk silica is obtained
with pores, the size of which correspond to that of mi-
celles or their aggregates.

The properties of silica layers prepared by sol–gel
spin-on technique from base solutions with surfactant
were studied in [7]. It was found that the silica layers
were not stable. The porosity evaluated from refractive
index and the stretching frequency due to –OH group
of chemisorbed hydrated ammonia varied in time for
20 days.

The role of surfactant on the formation of sol–gel
processed silica layers from acid solutions was not in-
vestigated as yet. For this reason, in this work we have
prepared the silica layers from precursors with surfac-
tant CTAB and studied their morphology and physical
properties.

Preparation. The colloid solution was prepared by
mixing TEOS and ethanol in ratio 5.1 and 8.1 ml, re-
spectively. Water solution of concentrated hydrochlo-
ric acid in amount of 3 ml was added into colloid so-
lution and mixed in a sonic bath for 15 min. Two
solutions of surfactant in amount of 10 ml each were
prepared by dissolving 0.34 g of CTAB in ethanol (I)
and water (II) and mixing in an ultrasonic bath. The
TEOS-based colloidal solution in amount of 5.4 ml was
mixed with 10 ml of surfactant solution I (or II) and
shaked ultrasonically for 2 h to intensify hydrolysis of
TEOS. The final precursor solutions with surfactant so-
lutions I and II were characterized by molar composi-
tions

1TEOS + 22C2H5OH + 5H2O

+ 0.004HCl + 0.096CTAB

and

1TEOS + 5C2H5OH + 60H2O

+ 0.004HCl + 0.096CTAB

with acidity pH equal to 2.20 and 1.86, respectively.
Silica layers were deposited in 1 min on n-Si wafers

(0.5 Ω·cm, (100)-orientation) placed on a centrifuge ro-
tating at 1000–2000 rpm. The SiO2/Si samples were
dried at ∼150 ◦C for 5 h, heated slowly up to 500 ◦C
and annealed at this temperature for 1 h.

Morphology. The morphology of these porous silica
layers was studied by SEM. As seen from SEM im-
ages (Fig. 5), the annealed silica layers are quite dense
and smooth. The roughness of the surface did not ex-
ceed 20 nm, in contrast to the case of dense SiO2 lay-
ers (Fig. 2), which consisted partially of recrystallized
particles. However, large defects of size ∼1 µm are
observed which can be related to the remnants of reac-
tion products. In particular, the large (up to 1.5 µm in
length) rod-like and spherical particles of ∅50–100 nm
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(a)

(b)

Fig. 5. SEM micrographs of (a) surface and (b) cross-section of the
SiO2/Si sample produced from precursor with CTAB dissolved in

H2O, dried at 150 ◦C for 5 h and annealed at 550 ◦C for 1 h.

are typical of CTAB molecules [9]. The cross-sectional
view of the SiO2/Si sample indicates that the thick-
ness of the silica layer is uniform though the adhesion
is quite weak. Note that the defect in the substrate
(Fig. 5(b)) influenced the structure of the silica layer.

The structural studies have shown that during spin-
coating the surfactant micelles are not destroyed.
Therefore, it is reasonable to predict that at reduced
concentrations of surfactant it is possible to form spher-
ical CTAB aggregates in SiO2 layers and hence to ob-
tain regularly distributed nanometric pores.

Optical studies. The null-ellipsometry studies were
carried out in order to determine the dependence of
porous silica layers on parameters of growth technol-
ogy. It was found that the refraction index of as-
grown silica layers produced from CTAB dissolved in
ethanol is equal to ∼1.47 at centrifuge rotation speed

Fig. 6. Experimental (points) and calculated (curves) dependence
of ellipsometric parameters Ψ, ∆ on the angle of light incidence θ

for as-grown and annealed SiO2/Si samples produced from precur-
sor with CTAB dissolved in ethanol.

of 1000 rpm. Thus, the porosity of as-grown SiO2 lay-
ers was quite small (∼7–10%) as the voids in the silica
matrix were filled by organic molecules. Annealing of
SiO2/Si samples has led to an increase of porosity of
the silica layer and to a significant decrease in thick-
ness (Fig. 6). This observation clearly demonstrates
that during annealing the major part of CTAB is evap-
orated resulting in formation of porous (∼65%) SiO2

layers. For the SiO2/Si sample characterized in Fig. 6,
the thickness and dielectric function were 580 nm and
2.156 for as-grown silica layer and 485 nm and 1.451
for the annealed one.

Null-ellipsometry studies have also shown that the
refraction index and hence the porosity of SiO2 lay-
ers depend on the solvent in which surfactant CTAB
was dissolved. The refraction index of annealed sam-
ples was equal to ∼1.20 and ∼1.49 for the silica layers
produced from the precursor with CTAB dissolved in
ethanol and water, respectively. It is reasonable to as-
sume that this difference is due to the fact that CTAB is
better dissolved in ethanol than in water, and therefore,
these silica layers are of larger porosity.

An increase of the centrifuge rotation speed results
in formation of thinner and denser SiO2 layers. For ex-
ample, the refraction index and thickness of silica lay-
ers produced from CTAB dissolved in ethanol and an-
nealed in air were ∼1.20, 485 nm and ∼1.23, 325 nm
at the centrifuge rotation speed equal to 1000 and
2000 rpm, respectively. Analogous values for SiO2 lay-
ers formed from precursor containing CTAB dissolved
in H2O were ∼1.50, 505 nm and 1.51, 305 nm, respec-
tively, for the same rotation speeds.
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3.3. Hybrid samples SiO2:Fe/Si

As noted above, the advantage of the sol–gel tech-
nique is the possibility to form hybrid samples like
thin silica layers with metal/metal oxide nanoclusters
by mixing the silicate sol with salts of various met-
als. Using further thermal treatment it is possible to
control the microstructure and the chemical compo-
sition of the multicomponent silica layer. As a re-
sult of such a sol–gel spin-on procedure, in this work
the hybrid samples were obtained which consisted of
Fe/Fe-oxides nanoclusters imbedded into inert, inor-
ganic, optically transparent, stable, and porous silicon
oxide matrix.

It is known [17] that Fe compounds accumulate in
the pores of bulk xerogels. In addition, from a mixture
of FeCl3 and water solution of CTAB, the nanoparti-
cles of α-Fe2O3 are formed [18]. Therefore, it was rea-
sonable to expect that a silica layer with inclusions of
Fe oxides could be formed by mixing TEOS sol with
CTAB and Fe salts.

Preparation of hybrid samples. In 40 ml of water,
an amount of 0.84 g FeCl3·6H2O and 0.6 g CTAB was
dissolved. The solution was ultrasonically shaken to
assure a complete dissolution of salts. A drop of the
prepared solution was spread over the surface of a Si
wafer (n-type, (100)-plane, 0.5 Ω·cm). The layer was
formed in 1 min in the centrifuge rotating at a speed of
2500 rpm.

The other type of samples was obtained from a
precursor of another composition. The in-advance
prepared sol of composition Si(C2H5O)4 (20 ml) +
C2H5OH (40 ml) + H2O (4 ml) + HCl (0.1 ml) was
mixed in the volume ratio 1 : 1 with another solution
of FeCl3 and water solution of CTAB (in the volume
ratio 1 : 1). The layer was formed on a Si substrate in
1 min in the centrifuge rotating at 2500 rpm. The as-
formed layers were dried in air at 80 ◦C for 4 h and
annealed in air for 1 h at 550 ◦C.

Morphology. Structural investigations by the SEM
technique have shown that the surface of as-grown sil-
ica layer doped with Fe/Fe–O was quite nonuniform as
if it was originated from a very viscous liquid. Large
inclusions of size up to 2 µm were noticed. Such a
surface is expected to be formed from FeCl3 and wa-
ter solution of CTAB in silicate sol. It is known [1] that
water solution of FeCl3 is a micelle-type colloid, which
forms due to a rapid hydrolysis reaction of FeCl3:

FeCl3 + 3H2O = Fe(OH)3 ↓ +3HCl. (8)

A large number of active Fe(OH)3 molecules occurs.
These molecules join together as (Fe(OH)3)m forming

the cores of colloidal particles. The core surface pos-
sesses a base type and attracts the Fe3+ ions, which
keep electrically chlorine ions around. Hence, the mi-
celles {[Fe(OH)3]m, nFe3+, 3(n − x)Cl−}3x+3xCl−

are formed. A rapid process can be stopped by intro-
ducing a surfactant into the solution [18]. However,
at the interaction of active surfactant micelles, iron hy-
droxide, and CTAB, the mesa-structure of the silicate
layer deforms and favourable conditions for the forma-
tion of inclusions occur [19]. The surface structure de-
pends significantly on the interaction at the interface
boundaries. Variation of the interactions at the inter-
faces leads to occurrence of nonhomogeneities at the
layer surface.

Figures 7(a, b) present the cross-sectional views of
the dried and annealed Fe-doped silica layer formed
from precursor containing TEOS and CTAB. As seen,
for the as-grown and just dried sample (Fig. 7(a)) the
surface roughness is of the order of 50 nm. Small tex-
tured particles join together and form smoothly-edged
larger roughness of ∼100 nm in height and ∼1 µm
in size. The surface layer of the annealed sample
(Fig. 7(b)) is smoother, though some sphere-like par-
ticles of ∼100 nm are formed.

On the surface of the as-grown and dried sam-
ple (Fig. 7(c)) large-sized (∼1 µm) inclusions are no-
ticed. It was proposed [20] that aggregates of sur-
factant and silicon oxide are formed which surround
the core consisting of surfactant micelles. Between
these large-sized defects, the pores of ∅30–100 nm
are clearly resolved. The annealed surface is more
homogeneous, though the density of pores is in-
creased. It should be noted that the size of pores
remains approximately the same as in the as-grown
and dried sample. The traces of surfactant disap-
peared though large inclusions of secondary phases
of 500–800 nm are still clearly seen. It is reason-
able to assume that Fe–O particles are accumulated
at the defects as it was in Fe-doped dense silica lay-
ers [21].

Optics. A specific feature of silica layers doped by
Fe and Fe–O is that, in contrast to pure silica layers,
effective dielectric function εeff evaluated from null-
ellipsometry data is a complex quantity, i. e. it pos-
sesses a nonzero imaginary part. This observation in-
dicates that the absorption due to Fe and/or Fe–O is
quite significant at the operating wavelength (633 nm)
of the null-ellipsometer. The dielectric function εeff

for the Fe–O layer of thickness ∼90 nm which has
been produced from a precursor containing CTAB and
FeCl3 was equal to (1.353, 0.168). For the as-grown
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(a) (b)

(c) (d)

Fig. 7. (a, b) Cross-sectional and (c, d) surface SEM micrographs of dried at 80 ◦C for 4 h (a, c) and annealed at 550 ◦C for 1 h (b, d)
Fe-doped silica layers formed from the precursor containing TEOS and CTAB.

and annealed Fe-doped silica layer, εeff is equal to
(1.754, 0.252) and (1.946, 0.084), respectively. The lat-
ter values show that annealing results in the transfor-
mation of Fe oxides.

The optical properties of Fe-doped silica layers were
investigated previously for the samples annealed in var-
ious atmospheres [21] and for silica layers of different
porosity [22]. In this work the spectral dependence of
the dielectric function of Fe-doped silica layers will be
analysed in more detail.

The other specific feature of Fe-doped porous SiO2

layers is that, in contrast to the case of dense silica films
deposited on Si substrates [21, 22], the interference pat-
tern is not so well resolved in the spectra of ellipsomet-
ric parameters (Fig. 8). This is due to a possible non-
homogeneity of the surface layers as well as due to the
increased extinction.

In the case of dense Fe-doped silica layers the
results of ellipsometric measurements were well de-
scribed [22] by the combined contributions of effective
layers consisting of Fe and Fe oxides. In the case of
porous Fe-doped layers this approach was not valid.
Therefore, the results of ellipsometric measurements
were interpreted by the optical response originating
from a stack of three layers each represented by three
Lorentzian type lines:

ε(E) = ε0 +
∑

j

Aj

E2
j − E2 − iEΓj

, (9)

where Aj , Ej , and Γj are oscillator strength, energy,
and broadening of the jth Lorentzian line. As seen
from Fig. 8, in this approach the calculated results rea-
sonably fit to the experimental data and allow one to



474 R. Šustavičiūtė et al. / Lithuanian J. Phys. 44, 465–476 (2004)

(a)

(b)

Fig. 8. Experimental (points) and calculated (curves) spectra of
ellipsometric parameters Ψ, ∆ for the dried (at 80 ◦C for 4 h) sur-
face layers grown on Si substrates from the precursor containing
(a) CTAB + FeCl3 + H2O and (b) CTAB + FeCl3 + H2O +

TEOS + C2H5OH.

analyse particular spectral features characteristic of the
surface layers.

The provided analysis has shown that the absorption
features typical of the layers of this type (Fig. 9) de-
posited on Si substrates can be compared with the char-
acteristic features of Fe [23] and Fe oxides [24, 25] with
relative intensities varying in particular samples. In the
layer produced from CTAB + FeCl3 + H2O the con-
tributions from the broad band at ∼2.8 eV, absorption
rising smoothly towards higher-energy photon region,
and infrared absorption band were revealed. These
contributions can be related to the optical response of
Fe2O3 [25], Fe3O4 [25], and Fe [23]. Similar contri-
butions can be revealed for the dried and annealed sil-
ica layers produced from precursors CTAB + FeCl3 +
H2O + TEOS + C2H5OH. However, for the dried

Fig. 9. The effective dielectric function of surface layers on the Si
substrate calculated from modelled ellipsometric spectra for dried
(at 80 ◦C for 4 h, samples N 60, N 61a) and annealed (at 550 ◦C
for 1 h, sample N 61b) surface layers grown from the precursor
containing CTAB + FeCl3 + H2O (N 60) and CTAB + FeCl3 +

H2O + TEOS + C2H5OH (N 61a, N 61b).

Fig. 10. Absorbance spectra of layers deposited by the spin-coating
technique on the glass substrate from precursors denoted in the

insert.

layer the contribution due to Fe2O3 was strong whereas
for the annealed silica layer the higher-energy line was
significantly increased. The latter feature can be origi-
nated from the particles of Fe3O4.

The absorption mechanism due to Fe–O particles in
the layers deposited on Si can also be compared with
direct absorbance measurements of the similar layers
deposited on the glass substrates. As seen from Fig. 10,
some weak optical features were observed in the region
2.0–2.7 eV followed by an absorption-edge-like fea-
ture with the onset at ∼2.0 eV typical of Fe2O3 [24].
The peaks at 3.3 and 3.7 eV in the band of fundamental
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absorption can be correspondent to absorption features
for Fe3O4 [25]. Nevertheless, from the chemical con-
siderations [23] it follows that the dominant Fe com-
pound in this case should be FeOOH.

The analysis of the optical data has shown that a va-
riety of Fe compounds were formed in the Fe-doped
porous silica layers produced by the sol–gel spin-on
technique. It is reasonable to assume that further an-
nealing in different atmospheres can lead to forma-
tion of dominating Fe–O as it was noticed in dense
Fe-doped silica layers [21].

4. Summary

The dense uniform silica layers of average poros-
ity 5–9% and roughness ∼250 nm were produced on
Si wafers of ∅5 cm by the sol–gel spin-on technique
from acid TEOS-based precursor. The porosity var-
ied in depth in the range of 7–23% for silica layers
of the total thickness ∼250 nm. The average refrac-
tion index of silica layers annealed at the temperatures
in the range 300–600 ◦C was equal to 1.42–1.46 indi-
cating a decrease of porosity. The silica layers of in-
creased porosity were produced from a precursor con-
taining surfactant CTAB. In this series of the samples,
the porosity of annealed silica layers was ∼65% as
compared with porosity of 7–10% for as-grown sam-
ples. In porous silica layers the Fe-containing particles
were most presumably in the form of Fe oxides Fe2O3,
Fe3O4, and FeOOH, and the relative amount of Fe3O4

was increased in the annealed samples.
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Santrauka

Zolio ir gelio bei sukininio padengimo metodu pagaminti ir
ištyrinėti įvairūs porėtojo silicio dioksido sluoksniai ant Si pa-
dėklų. Panaudojant rastrinį elektroninį ir atominės jėgos mikro-
skopus, buvo tiriama pagamintų sluoksnių morfologija, o jų opti-
nės savybės buvo nustatomos iš elipsometrinių matavimų. Nag-
rinėta Si dioksido sluoksnių savybių priklausomybė nuo gami-
nimo ir atkaitinimo sąlygų. Tankūs vienalyčiai 5–9% viduti-
nio porėtumo ir 250 nm paviršiaus netolygumo SiO2 sluoks-
niai buvo pagaminti iš tetraetoksisilano pagrindu paruoštų tir-
palų ant ∅5 cm Si plokštelių. Šių ∼250 nm storio sluoksnių
porėtumas, einant nuo paviršiaus į padėklą, keitėsi 7–23% ri-

bose. SiO2 sluoksnių, atkaitintų 300–600 ◦C temperatūroje, vi-
dutinis lūžio rodiklis atitinkamai padidėjo iki 1,42–1,46. Padi-
dinto porėtumo Si dioksido sluoksniai buvo pagaminti iš tirpalo,
kuriame buvo cetiltrimetilamonio bromidas, veikiantis kaip sur-
faktantas. Tos serijos bandiniuose atkaitinto SiO2 sluoksnio po-
rėtumas siekė ∼65%, palyginus su 7–10% porėtumu naujai paga-
mintuose ir dar neatkaitintuose sluoksniuose. Taip pat buvo pa-
gaminti ir ištirti hibridiniai dariniai, porėtieji Si dioksido sluoks-
niai su įterptomis Fe ir Fe oksidų dalelėmis. Remiantis spektro-
skopiniais tyrimais išaiškinta, kad Fe oksidai yra Fe2O3, Fe3O4

ir FeOOH, o atkaitintuose sluoksniuose padidėja santykinis Fe3O4

kiekis.


