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Abstract

Thin film deposition techniques, such as dip coating, spin coating, and spray pyroly-
sis, are applied for the production of SiO,-, poly-(methylmethacrylate) (PMMA)-, and
SiO,-/polyester-based “hybrid” matrices. The factors influencing the film properties are
briefly discussed. The morphology of the films presented is studied by different micros-
copy techniques such as atomic force microscopy, electron (scanning and transmission)
microscopy, and fluorescence microscopy. The composites based on SiO,-, PMMA-, and
SiO,/polyster “hybrid” matrices possess the optical properties of the immobilized com-
plexes of Ru(Il) and Eu(IIl) with different organic ligands. The preparation of the PMMA
matrix by the monomer methylmethacrylate polymerization (instead of using of PMMA
solution) caused partial destruction of the less stable complexes and thereby a decrease
in the fluorescence intensity.

Keywords: dip coating, spin coating, spray pyrolysis, SiO,-based films, poly-
(methylmethacrylate)-based films, SiO,/polyester “hybrid” matrix, morphology,
immobilization, composites, optical properties

1. Introduction

The methods applied for thin film production by deposition have been divided into two
groups, physical and chemical, based on the nature of the deposition process [1]. Among
them, the chemical methods include gas-phase deposition and solution techniques. The sol-
gel process can produce glassy materials by reactions of precursors at room temperature. This
process is suitable for thin film fabrication because the sol can easily be deposited on different
substrates. It is very easily combined with deposition methods such as dip coating, spin coat-
ing, or spray pyrolysis. The convenience of such a combination will be shown in the chapter
below along with the characterization of the films by different microscopy techniques such as
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atomic force microscopy, AFM, and electron microscopy, transmission, TEM and scanning,
SEM. The morphology of the sol-gel produced films coated on different substrates as well as
their roughness, surface formations, and thickness are crucial parameters for the application
of the films. One of the applications of such films is as a support matrix for the immobilization
of complexes. The immobilization of complexes with optical properties in films and matrices
is among the approaches applied to obtain new materials with interesting optical properties.
Besides the fact that the new materials can possess the properties of both the complex and the
matrix, the immobilization itself can improve the stability of the complex immobilized and
can protect its properties, for instance, the quenching of fluorescence by the environment mol-
ecules. Three different types of composites with immobilized complexes were produced: SiO,-
and poly-(methylmethacrylate) (PMMA)-based composites as well as composites based on a
SiO,/polyester “hybrid” matrix. Complexes with different organic ligands of Ru(Il) and Eu(III)
were used because of their fluorescence in the visible region of the spectrum. The optical prop-
erties of the composites as well as the deposition techniques influencing them are presented.

2. Dip-coating technique

2.1. Advantages of dip-coating technique

Dip-coating is a low-cost, waste-free process that is easy to scale up and offers a good control
on thickness of the films made by it, so it is popular in research and in industrial production
as well. It has been demonstrated that the method is good enough to fill porosity, to make
nanocomposites, as well as to perform nanocasting [2]. In spite of the ways of deposition pro-
posed, involving a capillary induced convective coating [2], usually dip coating is combined
with a sol-gel process and a substrate is immersed and withdrawn from a sol of the precursor
at a certain rate, followed by evaporation of the solvent. Different substrates such as glass,
polycarbonate and polymethylmethacrylate have been tested for production of transparent
films of SiO,, ZnO, indium tin oxide [3] as well as substrates such as Si, S5i,N, and SiO, for lay-
ers of y-Fe,O, nanoparticles [4].

The factors determining the structure of the films produced via dip coating such as structure of the
precursors, relative rates of condensation and evaporation, capillary pressure, and substrate with-
drawal speed are presented in [5-7]. An essential factor for the film quality is the film thickness,
which is determined by the hydrolysis and condensation behavior characteristics of the precur-
sors and depends on their concentration in the starting solution [8-12], the pH of the sol [13-15],
the aging time [8, 12-14], the withdrawal speed [16, 17], the number of immersions, and the ratio
of water and precursor [8, 13, 14, 16]. By careful control of hydrolysis and condensation reactions
of selected precursors, various surface roughnesses and morphologies can be been achieved [18].

Information about the surface morphology including surface area and roughness is provided
by an atomic force microscopy, AFM [18-20]. The united power of the SEM, TEM, and AFM
methods contributes to the examination of the surface morphology of thin films prepared by
the sol-gel technique using different types of precursors and different parameters of the dip-
coating deposition procedure [19].
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2.2. Films, matrices and composites produced by dip coating
2.2.1. Sol-gel produced SiO,-based films and composites by dip coating

The process conditions as well as the solution properties are factors influencing the thickness
and uniformity of thin films. The SiO,-based films were made using Si-containing precursors
such as the alkoxysilanes TEOS (tetraethoxysilane), OtEOS (octyltriethoxysilane), and MtEOS
(methyl triethoxysilane). The latter two are also called organic modified silanes or ormosils
because of the C-5i bond in the structure of these hybrid materials. On the surface, the silanol
groups are replaced by alkyl groups that have a poor affinity for water so by that they are
keeping the sol-gel surface hydrophobic [13]. Films deposited at a withdrawal speed of 0.4
mmy/s with variations of the number of the immersions (from 1 to 7) on microscope glass using
gels produced from TEOS, OtEOS, or mixtures of TEOS/OtEOS (mole ratio 1:1) as well as
TEOS/MEOS (mole ratio 1:3) were obtained, showing the influence of the alkoxysilane used
[19]. It can be seen that the films obtained from pure TEOS sol have smooth, glassy surface
(Figure 1). By using organic modified silanes (OtEOS, MtEOS), structuring of the surface is
observed (Figures 1-7), and the appearance of formations with raindrop or ellipsoid shape
with a widely varying size is observed; both the size and the concentration of the shapes
depend on the film deposition conditions.

Sol P 1000x 5000x
TEOS 3
MtEOS 7
OtEOS 1

TEOS/MtEOS 1

Figure 1. SEM images of films, obtained from different sols, at a withdrawing speed of 0.4 mm/s and different number
of immersions, P [19].
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SEM images of layers, prepared from TEOS, TEOS+tMtEOS, MtEOS, and OtEOS containing
sols with different numbers of immersions and different speeds (Figure 2), show the influence
of these factors on the film morphology.

Films, 10 000 x P Dip speed, Main grain
mim/s size, nm
1 04 550 x 300
3 04 400 x 200
5 04 300 x 180
3 0.3 400 x 150

up to 1200 x 540

1 0.2 600 x 300
3 0.2 500 x 350
5 0.2 300 x 200

Figure 2. SEM images (10,000x) of the matrices, produced by dip coating from TEOS/MtEOS sol at different withdrawal
speed and number of immersions, P [19].

The ellipsoid or rhombohedral grains observed (approximately 200 nm in size, Figure 3)
showed a decreasing size and an increasing number per unit surface area with increasing
number of immersions (Figure 2).
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Figure 3. SEM image (30,000x) of the films obtained after (a) 3 and (b) 5 immersions with withdrawing speed (a) 0.3 and
(b) 0.4 mm/s, produced from sol TEOS/MtEQS (ellipsoid or rhombohedral grains are approximately 200 nm in size) [19].

The dot distribution can be ascribed to and connected with the randomly formed macroscopic
“pores” or hollows observed in the AFM images (Figure 4), with a higher concentration and
better appearance in samples prepared with larger numbers of immersions.

nm Section Analysis

Figure 4. AFM images of films produced by dip coating (withdrawing speed 0.4 mm/s) from TEOS/OtEOS sol
(1 immersion), bearing area 0.8 pum?. The section analysis is performed along the diagonal of the bearing area [19].

Sol-gel produced SiO,-based composites were made by orthosilanes with immobilization of
the complex Rudpp, (Ru(ll)-tris(4,7-diphenyl-1,10-phenanthroline) dichloride, [Ru(dpp),]
Cl). The films produced (10-15 mm) from TEOS/OtEOS and Rudpp sols at withdrawal speed
of 0.4 mm/s and up to 5 immersions have a good uniformity and thickness of about 500 nm.
Smoothness of the films, combined with the good linkage between the layers, is ensured by
these conditions [19]. The presence of Rudpp in the films produced from TEOS leads to the
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appearance (due to microcrystallization of the Rudpp) of dots (Figure 5b—d) on the otherwise
smooth surface of the Rudpp-free dip-produced film (Figure 5a).

Figure 5. SEM images of layers without and with Ru(dpp), produced from TEOS-containing sols (a) TEOS (1), (b) TEOS-
Rudpp (1), (c) TEOS-Rudpp (5), and (d) TEOS-Rudpp (7) (in brackets the number of the immersions) [19].

The synthetic conditions were improved by applying an ultrasound treatment to the
sol after its magnetic stirring. It was found that this improves the surface of the films.
Uniform, smooth films were obtained, and no microcrystallization of the complex was
observed in the SEM or TEM images. Apparently, the ultrasound treatment of the sol is
a powerful tool to avoid microcrystallization of the complex, leading to production of
high-quality films. Films from non-sonicated sol show some heterogeneity due to micro-
crystallization of the Rudpp [21] (Figure 6), whereas films produced from sonicated sol
are entirely homogeneous [19].

16kU  X18,8088  1mum JSM-5518

Figure 6. TEM (a, b) and SEM (c, d) images of TEOS/OtEOS/Rudpp dip-coated films without (a, c) and with (b, d) gel
sonication [21].
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The presence of OtEOS causes roughness of the films with sharply expressed hills and valleys
as observed with AFM (Figure 7b). The chain-like surface structure in the OtEOS Rudpp film
may be due to the presence of the long CH,-(CH,), radicals that are likely difficult to fit into
the SiO, network.

Figure 7. AFM images of films produced by dip coating (withdrawing speed 0.4 mm/s) from sols TEOS/OtEOS/Rudpp
(a), and OtEOS-Rudpp (b); 1 immersion [19].

2.2.2. Sol-gel produced SiO,-based matrix made from TEOS with immobilized Eu(DBM),
and Eu(DBM),dpp complexes

A sol-gel produced SiO,-based matrix was used for immobilization of the europium (III)
complex with dibenzoylmethane (DBM), Eu(DBM), and the mixed-ligand complex
Eu(DBM),dpp (dpp is 4,7-diphenyl-1,10-phenanthroline). The synthetic procedure for
obtaining the composites is presented in [22]. To a magnetically stirred ethanol-dimethyl-
formamide (DMF) solution (volume ratio 1:4) of the complex (2.5 g/dm?), TEOS was added
dropwise until an ethanol:TEOS mole ratio of 4 was obtained. After that water (with pH §,
adjusted by aqueous ammonia solution) was added in the same way, by this reaching mole
ratio ethanol: TEOS:water = 4:1:4. Experiments with ratios 8:1:4 were also performed. After 2
h stirring, the sol obtained was aged at 50-70°C for different times. In some experiments, the
fresh sol was sonicated for 30 min in an ice-water ultrasound bath. From the prepared gels,
films with a typical thickness of ~300 nm were produced from one immersion with a with-
drawing speed of 0.2 mm/s. Membranes (1-2 mm in thickness) were prepared by casting of
a gel in a Teflon® mould. The influence of the temperature (ambient to 70°C) and time (3 h
to 4 weeks) of ageing of the sol before film/membrane preparation and of their drying on
the photoluminescence properties was investigated. When adding distilled water to the sol
instead of water with pH = 8, a sol with pH of ~5 was obtained. Films produced from such
sols showed no photoluminescence; it was concluded that the complex suffered destruction
at this pH, by this the importance of pH control is shown [22]. Despite the positive effect of
the sonication on the uniform distribution of the complex in the immobilization matrix [19],
it caused quenching of the photoluminescence. This was probably due to some destruction
of the complexes, and sonication is thus not recommended when these complexes are used.
Emission spectra of the pure powdered complexes Eu(DBM), and Eu(DBM),dpp along with
the SiO,-based composites containing these complexes are shown in Figure 8. The charac-
teristic emission band for Eu* is preserved in the spectra after immobilization.
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Figure 8. Emission spectra of Eu(DBM), (1) and Eu(DBM),dpp (3) and of the composites containing Eu(DBM), (2) and
Eu(DBM),dpp (4) [22].

When larger amounts of DMF solvent were used than described above, it was found that
after 6 weeks storage of the composites, they became opalescent and their optical proper-
ties changed. A possible explanation could be the disturbance of the Eu** coordination shell
caused by the strong donor ability of the DMF. The presence of contaminant ions (using NaOH
instead of NH,OH for adjustment of the pH for alkoxide hydrolysis) strongly decreases the
lifetime of the excitation states to 31 us for Eu(DBM), and to 19 us for Eu(DBM), dpp containing
composites, compared with 82 and 318 us for the pure complexes, respectively.

2.2.3. 5i0O,/polyester hybrid (inorganic/organic) matrix with immobilized Rudpp

Inorganic-organic hybrids combine the functional variety of organic compounds with the
benefits of thermally stable and strong inorganic substrates and they can be promising pre-
cursors for immobilization matrices [23]. In the review quoted [23] different ways of making
such “hybrid” materials are mentioned and among them is the simultaneous condensation
of silica and organosilica precursors (“cocondensation”). A similar possibility is given by the
application of the polymerized complex method [24], where a formation of polymeric resin is
a result of condensation and polyesterification between a hydroxopolycarboxilic acid (pref-
erably citric acid, CA) and a polyvalent alcohol (most often ethylene glycol, EG). If simulta-
neous hydrolysis of tetraethoxysilane (TEOS), esterification of the hydrolyzed product with
CA, and esterification between CA and EG can happen, then it can be expected a formation
more complicated structure in comparison with the relatively regular one obtained from pure
TEOS. The formed polymer net may ensure suitable places for entrapping a complex and its
uniform distribution (which may be very important, for example for gas sensor ). Mole ratios
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of TEOS:CA:EG = 4:1:1, 4:2:2, 2:1:1, and 1:1:1 were used, and an ultrasound treatment time
was 40 min was applied. Substrates such as microscope glass were used. Before deposition,
the slides were cleaned by 15 min treatment in an ultrasound bath consecutively with distilled
water, methanol, acetone, and finally with distilled water. The factors influencing the prop-
erties of the composites synthesized based on SiO,/polyester “hybrid” are (i) the mole ratio
TEOS:CA:EG, (ii) the sol production method, (iii) the sol sonication, and (iv) the film thick-
ness, determined itself by the sol composition, aging time, and withdrawing speed.

Microcrystallization of Rudpp complex was found to occur in a SiO, matrix produced from
acid-catalyzed non-sonicated sol [21]; no indications for such a separation were found in the
SiO,/polyester “hybrid” films. Immobilization in the SiO,/polyester films does not signifi-
cantly change the fluorescent properties of the Rudpp complex, as shown in the fluorescence
microscopy images (Figure 9).

a b c d

Figure 9. Images from fluorescence microscopy (x160) of films produced on microscope glass by dip coating at mole
ratios TEOS:CA:EG = 4:1:1 (a), 4:2:2 (b), 2:1:1 (c), and 1:1:1 (d), respectively [25].

The fluorescence intensity from different regions of a “hybrid” film were followed in time.
It can be seen that after a 150 s stabilization period, the fluorescence emission intensity from
different regions stays constant within about 1.8% (Figure 10) [25].
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Figure 10. Fluorescence intensity from different regions of a “hybrid” film as a function of time [25].
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The matrix composition (ratio TEOS:CA:EG) does not influence the excitation (Figure 11a)
and emission (Figure 11b) spectra of the films and the position of the maxima (310 and 619
nm, respectively).

300 400
250 ‘
200

150 4

Intensity, a. u.
]

100 ‘|

Absorbance, a. u.

50 |
|

200 3I;0 N 4[')[:
Wavelength, nm Wavelength, nm
a b

Figure 11. Excitation (a) and emission (b) spectra of Rudpp in hybrid matrix (TEOS:CA:EG =4:1:1) [25].

The results obtained gives the opportunity to conclude that by formation of SiO,/polyester
“hybrid” matrix the films can be produced with a good stability, density and homogeneity,
as well as with a good adhesion to different substrates such as glass, silica, and ceramics. An
additional advantage of that matrix is the uniform distribution of the optically active complex
immobilized, especially the fact that it preserves its optical properties. The film morphology
strongly depends on the sol composition and deposition mode. Films prepared by dip coat-
ing at a withdrawing speed of 0.4 mm s™ from sonicated sol with molar ratio TEOS:CA:EG =
4:1:1 produced by acid catalysed hydrolysis were found promising as an active component of
optical sensors [25].

2.2.4. Composites based on poly-(methylmethacrylate), PMMA, with immobilized complexes
2.2.4.1. Immobilization of Rudpp in PMMA-based composites

A PMMA matrix was prepared by a catalytically induced polymerization of the monomer
methylmethacrylate (MMA), following a procedure described in [26]. It was found that
poly(methylmethacrylate) films produced from monomer, containing 1.5% Rudpp, are dense
with a smooth surface and uniform distribution of the complex (Figure 12a, b) and fluo-
rescent properties (Figure 12c). The fluorescence emission intensity from films produced by
polymerization of the monomer MMA was significantly (2.5-fold) weaker in comparison with
those prepared from PMMA solution, probably due to partial destruction of the complex.

Using a chloroform solution of PMMA, membranes and thin films of good quality can be
obtained. Membranes (0.4-1.5 mm in thickness) were prepared by casting of the PMMA solu-
tion or partially polymerized MMA into a Teflon® mould. Both types of samples were dried
at 50°C for 24 h. The use of PMMA as an immobilization matrix for Rudpp is a cheap and easy
to be applied composite preparation method, ensuring the production of dense and smooth
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specimens with uniformly distributed optically active complex with the possibility to prepare
membranes up to 1 mm thick. No significant interaction of the complex with the matrices
takes place, and the emission spectra of the complexes are practically unchanged as a result
of immobilization in both types of studied matrices (Figure 13a, b). The reported results show
the preparation of PMMA by the polymerization of the monomer MMA in the presence of
benzoyl peroxide as a polymerization initiator is not a suitable method for the production of
Rudpp-PMMA composites due to a partial destruction of the complex.

Figure 12. AFM (at different scanning area) (a, b) and fluorescence (x160) (c) images of dip-coated films from Rudpp-
containing composite prepared from catalyst-induced polymerization of MMA [26].
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Figure 13. Emission spectra of a PMMA/Rudpp-containing membrane (excitation at 450 nm) prepared from catalyst-
induced polymerization of MMA (a) and from PMMA solution (b) [26].

2.2.4.2. Immobilization of Eu(IlI) beta-diketonates in PMMA

The optically active complexes (Eu(DBM),, Eu(DBM), phen, Eu(DBM),dpp, Eu(TTA),phen,
and Eu(TTA),dpp) are well-known fluorescent dyes with high fluorescent emission inten-
sity (phen is phenanthroline, and TTA is thenoyltrifluoroacetone). The complexes of the type
Eu(DBM),Q (Q is phen or dpp) are of special interest due to their higher stability (compared
to Eu(DBM),) and increased luminescence intensity [27].
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A PMMA matrix was prepared by a catalytically induced polymerization of the monomer
MMA [28]. The deposited films were aged at 50°C for 4-6 h. The experiments showed that
thicker membranes can be prepared by applying 24 h of aging time at the temperature men-
tioned. The content of the complex in the final product after evaporation of the solvent was
determined to be 1.5%. Using a solution of PMMA, films were deposited and membranes were
prepared with a complex concentration in the final matrix of 1.0%. Films were deposited by
dip coating at a withdrawal speed of 0.4 mm/s, using the device described in [29]. The films
were uniform with a typical thickness of 200 nm. By varying the withdrawal speed, films with
thickness of 0.1-1 um were prepared. Membranes 0.1-1 mm in thickness can be easily obtained
by placing the initial complex-binder mixture in a mould or by pouring along glass slides. SEM
(Figure 14) or AFM (Figure 15) showed that no microcrystallization or aggregation (observed
for example in [30], reaching 10 nm in size) of the complexes in the matrix took place and that
cracks in films and membranes were absent. Qualitative tests with adhesive tape and brass
edge showed that films thicker than 400-500 nm have poorer adhesion to the microscope glass.

18, aas 1 rarn

Figure 14. SEM images of dip -coated films of Eu(DBM), (a) and Eu(TTA),phen (b, ¢,) in MMA (b) and PMMA (a, c) [28].
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Figure 15. AFM images of dip-coated thin films of immobilized Eu complexes: Eu(DBM), (a), Eu(DBM),phen (b),
Eu(DBM),dpp (c), Eu(TTA),dpp (d) in PMMA, produced from the monomer, and Eu(DBM), (e) in PMMA produced
from polymer solution [28].
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Embedding of the complexes causes some changes in the excitation spectra but does not influ-
ence the emission spectra significantly. The uniform distribution of the complex in the matrix
and lack of aggregates, obtained by the applied deposition methods, also have a positive effect
on the preservation of the lifetime of the excited states of the embedded complexes (Figure 16).
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Figure 16. Lifetime of the excited state of composite Eu(TTA), phen in MMA [28].

The preparation of the matrix by the monomer polymerization leads to partial destruction
of the less stable complexes and thereby a decrease in the fluorescence intensity. It was
shown that the films produced by dip coating from europium-diketonates-PMMA chloro-
form solution can be used both as components of luminescent devices and for temperature
sensing [28].

3. Spin-coating technique for film production

The basic principles of the spin-coating technique and the parameters controlling the process
are presented, for example in Ref. [31], including the spin speed, spin time, acceleration, etc.
The process generally involves four stages, namely a dispense stage (or deposition), substrate
acceleration (spin-up) stage, a stage of substrate spinning at a constant rate, and evaporation
[31, 32]. Evaporation may accompany the other stages [32, 33]. In order to understand the
mechanism of thin-film formation by spin coating, the relationship between the thickness
and the solvent evaporation rate of spin-coated thin films has been studied [34]. Spin coating
combined with the sol-gel process offers a simple, low cost, and highly controlled way of film
deposition [35]. In recent years, the method has been used for coating in microelectronics [36]
and studied for deposition of transparent conducting oxides [37], for ferroelectric thin films
[38], for indium oxide thin films [39], for doped and undoped hematite films [40], for ZnO thin
films [35, 41-44], for titanium oxide films [45], for yttria-stabilized zirconia thin films [46], for
mesoporous silica thin films on a silicon substrate [47], and so on.
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3.1. SiO, films and composites produced by spin coating

The spin-coating technique was applied for sol-gel produced SiO,-based films. The deposition
was done by means of a KW-4A (USA) spin coater at 2000-6000 rpm, spinning time 20-60 s,
and 1-3 spinning procedures (0.5 cm® sol per procedure) [19]. Different orthosilanes were
used for SiO, precursors, such as TEOS, OtEQOS, or their mixture. The morphology of the films
prepared from TEOS and TEOS/OtEOS is shown in the SEM images (Figure 17).

Figure 17. SEM images of films produced by spin coating at a spinning speed of 3000 min-1 from sols: TEOS (a); TEOS/
OtEOS (b) (spinning time 30 s); TEOS/OtEOS (60 s), at an image angle of 90° (c) or 45°(d) [19].

The alkoxysilane used has an influence on the morphology of the spin-coated films. Films
prepared using TEOS are similar to the dip-coated films (part 2.2.1.), that is, the films are dense
and uniform (Figure 17a). The use of an ormosil-type precursor (TEOS/OtEOS mixture) leads
to the production of “structured” films (Figure 17b) whose SEM images are different from
those of dip-deposited films. The “structuring” improves with increasing of the spinning time
from 30 to 60 s (Figure 17b—d), that is, with decreasing film thickness, which is opposite to the
effect of the same parameter for dip coating.

A well expressed chain-like surface structure is seen in the AFM image (Figure 18a, without
Rudpp) where the above mentioned hills and valleys are very regular. The section analysis
(Figure 18b, with Rudpp) reveals hollows with diameters of 25-60 nm and depths of 1-1.6 nm
and differences between the lowest and highest points in the scanned region of 2.8 nm. There
is an influence of the spinning time: chains are observed at a spinning time of 60 s that are not
noticed at 30 s spinning time (Figure 17c, d).

The thickness of the spin-produced films can be controlled by the gel spinning rate and
the time. The thickness decreases with increasing spinning rate (20004000 min™) and time
(2040 s). The effect is significant (a factor two) when the spinning time was increased from
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Figure 18. AFM images of films produced by spin coating (60 s, 3000 min) from TEOS/OtEOS (a) and TEOS/OtEOS-
Rudpp sol (b). The section analysis is performed along the diagonal of the bearing area [19].

20 to 30 s. No significant differences were found between films produced from TEOS/OtEOS
and pure TEOS at spinning times of 30 and 40 s [21]. The thickness of the produced films
(1 x 1 cm), measured by a Talystep profilomer, depends on the deposition conditions and
is typically around 300 nm for dip-coated films. The thickness of the spin-deposited films is
much larger: from 7 pm (at 0.5 cm?® gel, 3000 rpm, 30 s) to 19 um (1.5 cm® gel, 2000 rpm, 20 s)
[19]. Their morphology depends mainly on the nature of the precursor and somewhat on the
deposition method [19].
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The ruthenium complex Rudpp was immobilized in a SiO, matrix by following a commonly
used sol preparation procedure (with 1.25-2.5 g Rudpp/dm? sol). It was found that microcrys-
tallization of the complex occurs with formation of randomly distributed crystals of 100-400
nm in size. An ultrasound treatment of the sol by means of an ultrasound disintegrator leads
to homogeneous distribution of the complex without observable crystallization (Figure 18b).

3.2. Rudpp complex immobilized in a SiO, /polyester “hybrid” composite

A SiO,/polyester “hybrid” with immobilized Rudpp complex was prepared, using a pol-
ished fused silica substrate spinning at 2000 min™ and a precursor solution with mole ratio
TEOS:CA:EG = 1:2:2. The sol aging time was 2 h, the spraying/spinning time was 30 s, and
ultrasound treatment time was 40 min [21]. It was found that the spin-produced specimens
obtained from sols enriched in CA and EG were not uniform.

4. Spray pyrolysis method for film production

Spray pyrolysis is a simple and inexpensive technique, which does not require high-quality
substrates or chemicals for the production of various materials. It is easy for preparing films
of any composition, such as thin films with large surface area, ceramic coatings, dense films,
porous films at relatively low temperatures, and multilayered films [1].

It has been used for decades in the glass industry and in solar cell production [1], for powder
production [48] and for electrodes and counter electrodes for dye-sensitized solar cells [49]. The
method is used for deposition of thin ferrite films [50], thin films of the perovskite LaFeO, [51],
thin films of TiO, (pure or modified) [52-55], films of poly-(methyl)methacrylate [28], and thin
films of cerium-doped yttrium-iron garnet [56], each of them with potential applications in water
purification, oxygen sensing, thermosensors, for deposition of thin yttria-stabilized zirconia films
[1, 57, 58], for crystalline and non-crystalline iron oxide (a-Fe,O,) thin films onto glass substrates
at different temperatures [59, 60], highly structured ZnO layers [61], transparent conducting zinc
oxide thin films [62], lead(II) oxide thin films [63], nanoporous aluminum oxide [64], europium
doped lanthanum oxide films [65], and UV excited green emitting Eu(II) activated BaAlL O, and
SrALO, [66] and etc. Typical spray pyrolysis equipment consists of an atomizer, precursor solu-
tion, substrate heater, and temperature controller. The atomizers usually used in spray pyrolysis
technique are mentioned and explained in [1], namely air blast (the liquid is exposed to a stream
of air), ultrasonic (ultrasonic frequencies produce the short wavelengths necessary for fine atom-
ization), and electrostatic atomizer (the liquid is exposed to a high electric field).

4.1. Factors influencing the properties of the films produced by spray pyrolysis

The processes involved in the spray pyrolysis technique as well as the effects of spray pyroly-
sis parameters on film quality such as the influence of the substrate surface temperature on
the film roughness, cracking, and crystallinity are discussed in Ref. [1]. The substrate surface
temperature is a parameter that determines the film morphology and properties so that by
increasing the temperature, the film morphology can be changed from a cracked to a porous
microstructure [1]. The influence of different parameters on the thickness, morphology, crystal
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structure, and adhesion of the films is discussed in [5, 67], and optimal values are given (in
brackets) for the nature of the carrier gas (oxygen or nitrogen) and its flow rate (0.5-1.2 dm?/
min), the substrate temperature during the spraying (350°C or 400°C), the spraying angle (var-
ied in the interval 20°-90°), the distance between the substrate and the nozzle (15-25 cm), the
duration of spraying (10-20 s), the interval between the consecutive sprayings (1-5 min), the
number of sprayings (1-20 cycles), the postdeposition annealing temperature (350-480°C), and
the type of substrate. A comprehensive model for spray pyrolysis using solutions is presented
in [67]. Different solutions or suspensions have been used such as ethylene glycol solution of
mixed metal citrate complexes [67, 68] and aqueous or methanol suspensions containing TiO,
and EG or PEG [54]. In some of the experiments, sonication for 20 min by means of ultrasonic
disintegrator, UD, 20 (Technopan, Poland) was applied before spraying [54]. The device used
[69] is suitable for film deposition. The suspension was passed through a pneumatic nebu-
lizer with a 1 mm nozzle diameter using pressurized O, [5, 54] or N, [50] as a carrier gas. A
nebulizer with nozzle of 0.7 mm in diameter was also used [50]. Microscope slides and optical
grade glass of various shapes and sizes were used [51]. The substrate was situated at 20 cm
from the nozzle at an angle of 45° and heated at temperatures, depending on the nature of the
substrate and of the spraying material and kept within the limits of +5°C. The suspension was
sprayed for 30 s periods, separated by intervals of 5 min. The deposited films were heated at
300-500°C for 1 h [54] or 480-750°C for 0.5-3 h [50] in static air. The prepared films had a very
good adhesion to the substrate as demonstrated by the standard tests with scotch tape and
brass edge. The film thickness was controlled by the number of spraying cycles [50]. Typically,
10 cycles can be applied to produce 0.5 mg/cm? layers of TiO, that were approximately 1.5 um
thick [54]. With O, as a carrier gas, more uniform films were formed compared with those
prepared using N, at the same conditions. This is probably due to a more even and complete
burning of the organic components in the initial solution, when citric complexes were applied
as precursors (Figure 19) [51].
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Figure 19. AFM images of films deposited on microscope glass slides at a substrate temperature of 350°C; as carrier gas
are used O, or N,, at a flow rate of 1 dm?/min; annealing of the films in air for 3 h at 350°C (O,-produced films) or 380°C
(N,-produced films) and at 480°C (rms: root mean square roughness) [51].
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The method is suitable for the production of films up to ~700 nm thickness. The film thick-
ness above 700 nm can cause cracking during the thermal treatment, following the deposi-
tion [51]. Thin films of La,Ti, O, were deposited by spray pyrolysis using as starting material
the ethylene glycol solutions of La-Ti citric . The films produced on silica glass and Si
substrates after 2 h postdeposition annealing at 750°C were with good stoichimetry, homo-
geneous and with highly crystallinity. It was found that the size of the crystallites was
between 25 and 45 nm and it depended on the nature of the substrate and slightly on the
conditions for deposition and postdeposition. Using the number of the spraying cycles, the
thickness of the films can be controlled (up to 1.2 mm). The size of the grains may also be
controlled by the diluents used and by the conditions for annealing [68]. Highly crystalline
uniform Y, O, films (0.2 1 um) were obtained using EG solutions of yttrium citric complexes,
demonstrating that thin films can be deposited using spray pyrolysis of nonaqueous solu-
tions of citric complexes as a starting material and using O, as a carrier gas. The substrate
was heated at 350°C during the deposition, and a postdeposition annealing at 850°C for 2
h was applied [70].

The optimal coating conditions were similar to the ones used in [53]. The suspension was
passed through a pneumatic nebulizer with a 1 mm nozzle diameter using pressurized O, as
a carrier gas. The substrate was situated 20 cm from the nozzle at an angle of 45° and heated at
temperatures that depended on the nature of the substrate and of the spraying material. The
suspension was sprayed for 30 s periods, separated by intervals of 5 min. The deposited films
were heated at 300-500°C for 1 h in static air. The prepared films had a very good adhesion to
the substrate as demonstrated by the standard tests with scotch tape and brass edge. The film
thickness was controlled by the number of spraying cycles. Typically, 10 cycles can be applied
to produce 0.5 mg/cm? layers that were approximately 1.5 um thick [54].

4.2. Spray pyrolysis for immobilization of complexes and synthesis of composites with
optical properties

4.2.1. PMMA-based composites

The composite Eu(DBM),/PMMA was obtained by two methods. The first one includes the
dissolving of the complex into the MMA monomer solution followed by polymerization, and
the second one includes the dissolving of the polymer and the complex in a solvent, followed
by the evaporation of the latter. After the solution was prepared, the spray pyrolysis device,
described in details in Ref. [69], was applied. The spraying conditions for Eu(DBM),-containing
solution of MMA are as follows: a nebulizer with a nozzle diameter of 0.8 mm, under an angle
of 45° and at a distance of 20 cm from the substrate surface was used. As a carrier gas, air was
applied with a flow rate of 0.7-0.9 dm?/min. The substrates used were heated at temperature
varied between 50 and 70°C. The spraying time was 15 s, and the interval between different
layer depositions was about 30 min. [28]. An example of the morphology of the films can be
seen in Figure 20.

A tendency for decreasing film roughness when the monomer MMA polymerization was
applied can be seen. This is explained by the relatively fast polymerization inside the very
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small droplets as well as by the sharp temperature decrease in the solution containing oligo-
merized monomer during deposition. This limits the possibility of formation of long chains
and disturbs the structure obtained when PMMA polymer solution is used.
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Figure 20. AFM-image of Eu(DBM),/PMMA film produced by spray coating [28].

The optical properties of the Eu(DBM), complex and its derivatives as well as of Eu(TTA), phen
after their immobilization both in films and in membranes produced from MMA or PMMA
solutions were followed. For both types of matrices, the excitation spectra of the complexes
showed some changes (with general pattern preserved), whereas the emission spectra were
not disturbed (Figure 21) [28].
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Figure 21. Emission spectra of (a) complex in solid state, (b) immobilized in a matrix from MMA solution, and (c)
immobilized in a matrix from PMMA solution [28].
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The lifetime is 75, 214, and 265 us for the pure Eu(DBM), and the complex immobilized in
MMA and in PMMA, respectively. The preparation of the matrix by monomer polymeriza-
tion leads to partial destruction of the less stable complexes and thereby a decrease in the
fluorescence intensity.

4.2.2. Spray pyrolysis produced composites based on SiO /polyester “hybrid” matrix

The synthetic procedure for composited preparation consists of citric acid (a measured
amount) dissolved in ethanol under stirring, and of EG added in small portions to the solu-
tion obtained. Stirring for 15 min was applied in order to obtain a homogeneous final solu-
tion. To the latter one, TEOS was added dropwise in an amount that the desired mole ratio of
TEOS:CA:EG:EtOH to be reached. By adding HC1 (0.1 M), the pH value was adjusted equal to 2.
To obtain a complex concentration of 2.5 g dm™ sol, an ethanol solution of Rudpp (0.014 g mL™)
was added. The variation of the complex concentration was experimented, but it did not show
an effect on the main functional parameters of the films produced.The films produced by
spray pyrolysis were uniform, without cracks and with a satisfactory adhesion, and contained
pores that were about 100 nm in diameter (Figure 22).

Figure 22. AFM images of based on SiO, polyester hybrid film made by spray pyrolysis [25].

The pores are probably due to the faster evaporation of the excess of EG in the course of
spraying on the heated surface. It is concluded that the chain structure is common for spray-
produced films based on SiO,/polyester “hybrid” [25].
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