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1 INTRODUCTION, AIM OF THE WORK 

Nanotechnology attracts significant scientific interest as 
an important area of modern materials science. Some of 
the greatest challenges are to find out the connection 
between structure and properties of various nanomaterials 
and to form structures consciously, in a controllable way 
at the nanoscale. For these purposes model-level 
investigations are necessary. 
One of the main applications of the nanostructures is the 
deposition of thin layers onto solid substrates. Such 
coatings provide favorable optical, electric, magnetic, 
catalytic, photovoltaic, biological (e.g. antibacterial) or 
wetting (e.g. water repellent, superhydrophobic) 
properties for the substrate, maintaining its advantageous 
bulk properties.  
Many parameters can influence the properties of the 
layers: the bulk material of the film (and the 
characterizing surface groups as well), its thickness, 
surface roughness and in-depth structure (e.g. dense or 
porous). Hence well controllable processes are necessary 
for the preparation of coatings with the desired properties. 
Many layer deposition techniques are included in the 
group of wet chemical methods. These processes have a 
lot of advantageous properties: they are usually simple, 
cheap and increasing their dimensions can be easily 
carried out in many cases compared to nanophysical 
methods. Multilayered structures can be formed by 
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repeating the layer deposition process („layer-by-layer” 
type structure formation). 
For the preparation of coatings with special properties it 
is often necessary to form hierarchical structures or 
coatings prepared from different materials. Applying the 
„layer-by-layer” technique various structures can be 
formed, in which each layer is from different bulk 
material and/or owns different thickness, porosity or 
other property. Possibilities can be broadened by the 
application of different methods for the formation of 
individual layers. 
In this work basically the structure formation of silica 
particles prepared by the Stöber method was studied. 
Supported coatings of the particles were deposited 
applying the Langmuir – Blodgett technique. Effect of 
particle size on the structure formation was studied using 
bidisperse systems. Nanostructured coatings were 
prepared by the consecutive application of dip coating 
sol-gel and LB methods. The aim of the process was the 
preparation of coatings with special properties, utilizing 
the robustness and controllable thickness of sol-gel layers 
and the highly ordered, well defined structure of LB 
films. Mechanical strength, optical and wetting properties 
and surface morphology of these coatings as well were 
studied. 
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2 EXPERIMENTAL PROCESSES 

The following methods were applied for the preparation 
of solid supported thin layers: 

1) Dip coating sol-gel (SG) method 
Sol-gel methods are generally based on the controlled 
hydrolysis and polycondensation of metal alkoxides or 
salts. Applying the dip coating technique the substrate is 
immersed into the prepared precursor sol and pulled out 
with a constant speed. The final step of the process is the 
heat treatment of the formed coating at elevated 
temperature. In the present work compact (cSiSG) or 
porous (pSiSG) silica and titania (TiSG) films were 
prepared. 

2) Langmuir – Blodgett (LB)-technique 
Differently sized (size range: 35-230 nm) silica 
nanoparticles prepared by the Stöber method were spread 
onto the water-air interface in a Wilhelmy film balance. 
By the compression of the system close-packed 
monolayer of the particles (Langmuir-type film) was 
formed, which was transferred onto solid substrate by its 
preliminary immersion and withdrawal during the 
compression process. 

3) Preparation of combined coatings 
Combined, bilayered coatings were prepared by the 
consecutive application of the two previously described 
methods. Two basically different types of combined 



4 
 

coatings were formed: in case of SG-LB type coatings a 
silica particulate LB film was deposited onto a non-
conditioned SG layer, while in the reverse case (LB-SG 
type coatings) the particulate LB film was coated by a SG 
layer. The final step of the process was conditioning at 
elevated temperature for both coating types. 

For the characterization of prepared nanostructures the 
following methods were applied: 

Optical model investigations: Solid supported coatings 
were studied using UV-vis spectroscopy and scanning 
angle reflectometry (SAR) methods. Calculated 
transmittance spectra and reflectance curves were fitted to 
the measured ones by applying different optical models. 
Fitted parameters (refractive index, layer thickness) 
provided information about the structure of the coatings. 

Imaging methods: Structure and surface morphology of 
solid supported coatings were studied using field 
emission scanning electron microscopy (FESEM) and 
atomic force microscopy (AFM) methods. 

Film balance studies: Structure formation of silica 
nanoparticles spread onto the water-air interface was 
studied by taking their surface pressure-surface area 
isotherms. Characterizing parameters of the isotherms 
(contact cross sectional area, collapse area, collapse 
pressure) were determined. 
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Adhesive tape test: Mechanical strength of particulate 
layers was studied by adhesive tape test. In this process 
an adhesive tape was stuck onto the coating which was 
peeled off from the surface with constant speed and a 
peeling angle of 180° using a universal tensile testing 
machine. The force required to peel the laminate was 
monitored. 

Wettability studies: Advancing and receding water 
contact angles (and the difference between them: the 
contact angle hysteresis) were measured on the surface of 
(mildly or strongly) hydrophobized cSiSG-LB type 
combined coatings. For the estimation of the contact 
angle values for particles the Cassie – Baxter-equation 
was used assuming a close-packed layer of monodisperse 
spherical particles. 

3 RESULTS 

3.1 Characterization of single-layered sol-gel coatings 
Characterizing refractive index and layer thickness values 
for sol-gel films prepared at different withdrawal speeds 
were determined analyzing their transmittance spectra. 
Dependence of layer thickness on the withdrawal speed 
was in accordance with the Landau – Levich equation 
(directly proportional to the 2/3rd power of withdrawal 
speed). Surface of the coatings was considered to be flat 
based on AFM and wettability studies: compact silica 
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layers did not show contact angle hysteresis either at mild 
hydrophobization. 

3.2 Characterization of single-layered Langmuir – 
Blodgett-type films 
3.2.1 Systems with narrow size distribution 
(monodisperse systems) 
Structure formation of silica particles was studied by 
taking their surface pressure-surface area isotherms. 
Characterizing area parameters were found to be directly 
proportional to the spread amount, i.e. the area covered 
by a single particle was found to be independent of the 
spread amount of the particles (concentration at the 
interface). Transmittance spectra and FESEM images of 
particulate LB films showed that their structure can be 
assumed as a close-packed monolayer of monodisperse 
spherical particles. 

3.2.2 Bidisperse systems 
Size dependence of the structure formation of silica 
particles was studied using bidisperse systems with 
different compositions. Surface pressure-surface area 
isotherms showed that the coating ability of particles was 
additive in case of small difference between particle sizes 
(mixture of 61 and 100 nm particles). In case of bigger 
difference between particle sizes (mixture of 37 and 100 
nm particles) smaller particles were able to locate 
themselves between the bigger particles (if the bigger 
ones were in majority), hence the measured 
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characterizing area values were lower compared to the 
calculated ones, assuming the additive of the respective 
coating abilities. Evaluation of transmittance spectra of 
bidisperse LB films showed that the effective refractive 
index of the layer could be precisely tuned by varying the 
particle sizes and the composition of the system. Optical 
model investigations provided information about the in-
depth structure of the coatings through the parameter of 
inhomogeneity. Its value showed whether the refractive 
index increases or decreases across the layer from the 
substrate side. It was supposed based on the fitted value 
of this parameter that smaller particles were 
accommodated at the outer side of the film in case of 
majority of bigger particles (maintaining the assumed 
structure of the layer at the air-water interface, Fig. 1., b) 
and all of the particles were situated on the substrate in 
case of majority of smaller particles (Fig. 1., a). Supposed 
structures were confirmed by FESEM images, too. 

 
Figure 1. Supposed structure of the bidisperse film, if the refractive 

index decreases (a) or increases (b) from the substrate side 

3.3 Characterization of bilayered (combined) coatings 
3.3.1 SG-LB systems 
SG-LB type coatings were prepared on glass substrates 
using compact silica and titania sol-gel films as well. 
Results of optical model investigations (evaluation of 
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transmittance spectra and reflectance curves) and FESEM 
images showed that there was no significant overlap 
between the two layers of the coatings (Fig. 2.). 

 
Figure 2. Cross section FESEM images of SG-LB type bilayered 

coatings (left: cSiSG-LB; right: TiSG-LB) 

Adhesive tape tests prove that mechanical strength of 
particulate LB layers significantly increased in SG-LB 
type coatings compared to single-layered LB films (Fig. 
3.). This experience could be attributed to the outstanding 
mechanical resistance of sol-gel films and the joint 
annealing of the two layers at elevated temperature. 
Sufficient stability of coatings and the well defined 
structure of the particulate layer made possible to carry 
out wettability model studies. Water contact angle for 
particles was estimated from water contact angles 
measured on differently hydrophobized surfaces using the 
Cassie – Baxter equation. The method can be applied 
theoretically for all particles with a contact angle value of 
higher than 61°. In case of mildly silylated coatings 
(monofunctional silylating agent in a concentration of 
0.02 vol%) significant (~30°) contact angle hysteresis 
was observed, while in the case of stronger silylation 
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(bifunctional silylating agent in a concentration of 5 
vol%) the hysteresis was negligible. This phenomenon 
was probably caused by the different coverage of the 
surfaces by non-polar groups which could be influenced 
by the surface morphology of the coatings, concentration 
of the silylating agents and the possible polymerization of 
the bifunctional agent as well. Size of particles in the LB 
film did not affect the measured contact angle values (in 
accordance with the Cassie – Baxter equation). 

 
Figure 3. Results of the adhesive tape test for silica LB films, and 

bilayered, SG-LB type combined coatings (TiSG-LB and cSiSG-LB) 
(x: peel distance, Fnorm: normalized peel force) 

Coatings with advantageous optical properties (enhanced 
transmittance for broad wavelength range) were prepared 
on glass substrates by stratifying a compact silica SG 
layer and a silica particulate LB layer. Appropriate layer 
parameters were previously determined via simulations. 
Wavelength range for enhanced transmittance was varied 
by changing the particle size (Fig. 4.). Analogously 
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coatings with decreased reflectance were prepared on 
silicon substrates. In accordance with the different 
refractive index of the substrate the refractive index 
gradient was developed using titania and porous silica SG 
layers. 

 
Figure 4. Measured and fitted transmittance spectra of cSiSG-LB 
type bilayered coatings on glass substrates (symbols are measured 

and solid lines are the fitted curves) 

3.3.2 LB-SG systems 
Surfaces with different morphology were prepared 
covering particulate LB films by sol-gel films with 
different thicknesses (LB-SG type coatings). AFM 
images confirmed that the penetration of the precursor sol 
among the particles resulted in different surface 
roughness depending on the thickness of the sol-gel film, 
while the highly ordered structure of the particulate film 
was maintained (Fig. 5.). Results of optical model 
investigations (evaluation of transmittance spectra and 
reflectance curves) also showed that the precursor sol 
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penetrated into the particulate film without its complete 
wetting, which resulted in a layer with lower refractive 
index and containing voids on the substrate side. 

 
Figure 5. AFM images and profile analysis from samples LB-cSiSG 
(a), LB-TiSG (b) and LB (c); surface profiles were measured along 

the lines marked on images 
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4 THESES 

1. It has been shown that difference between particle 
sizes in bidisperse systems of solid microphases 
significantly influenced the coating ability of particles in 
their Langmuir type films. Coating ability of particles 
was additive in case of small difference between particle 
sizes, while in case of bigger difference smaller particles 
were able to locate themselves between the bigger 
particles resulting in a layer with denser structure [2]. 

2. It has been shown that the effective refractive index of 
Langmuir – Blodgett (LB) type monolayers prepared 
from bidisperse suspensions can be precisely tuned by 
changing the particle size and the amount of differently 
sized particles. Results of optical model investigations 
indicated that the in-depth structure of the films was 
influenced by the composition of Langmuir type films: 
smaller particles were accommodated at the outer side of 
the film in case of majority of bigger particles 
(maintaining the assumed structure of the layer at the air-
water interface) and all of the particles were situated on 
the substrate in case of majority of smaller particles [2]. 

3. Method has been presented for the preparation of novel 
nanostructures based on the consecutive application of 
dip coating sol-gel (SG) and LB techniques. Results of 
optical model investigations and imaging methods 
showed that in case of SG-LB type coatings (LB film was 
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deposited onto a SG film) there was no significant 
overlap between the two layers of the coating, while in 
the reverse case (LB-SG type coatings) precursor sol 
penetrated into the particulate film without its complete 
wetting [3]. 

4. Adhesive tape tests have proven that mechanical 
strength of particulate LB layers significantly increased in 
SG-LB type coatings compared to single-layered LB 
films, which has been attributed to the joint annealing of 
the LB layer and the lyogel film [3]. 

5. In accordance to the Cassie – Baxter model, apparent 
water contact angle for hydrophobized LB layers of 
spherical silica particles was found to be independent of 
the particle size in the studied range (80-230 nm). Based 
on this finding a novel method has been suggested for the 
estimation of the so called Young water contact angle for 
particles. It has been shown that the method can be 
applied theoretically for all particles with a contact angle 
value of higher than 61° [4]. 

6. After optical model calculations it was experimentally 
confirmed that SiO2 based SG-LB type coatings prepared 
on transparent substrates showed enhanced transmittance 
in a broader wavelength range compared to single-layered 
LB films. It has been shown that the wavelength range for 
enhanced transmittance could be consciously influenced 
by changing the particle size [5]. 
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7. Novel method has been suggested for controlling the 
surface morphology of LB-SG type bilayers. It has been 
proven that surface morphology of LB-SG type bilayers 
can be designed and controlled by varying the thickness 
of the SG layer which can be influenced by the 
withdrawal speed in the simplest way [3]. 
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