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Abstract

Titanium dioxide (TiO,) thin films were prepared using Titanium [bis(dipiraloymethanate) diisopropoxide] (Ti(dpm)z(OPri)z) and Titanium
isopropoxide (Ti(OPr')4) complex compound precursors by Chemical Vapour Deposition (CVD) and photo-assisted CVD. Structural information
on TiO, thin films was obtained in synchrotron radiation experiments: high-resolution Grazing Incidence X-ray Diffraction (GIXRD) and 6-26
XRD experiments were performed on the high-resolution powder diffractometer at the Hamburg Synchrotron Laboratory. Chemical composition
of thin films was studied by high-resolution Laser Ionization Mass Spectrometry technique, surface composition by X-ray Photoelectron
Spectroscopy, and surface morphology by Atomic Force Microscopy. Photocatalytic activity of TiO, thin films was studied using a photocatalytic
reactor. The fungicide Fenarimol was chosen as chemical indicator and its degradation kinetics was followed by High Performance Liquid

Chromatography.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium dioxide (TiO,) has attracted significant attention of
researchers because of many interesting physical properties that
make it suitable for a variety of applications. For instance, its
high dielectric constant gives it a potential as an insulator for
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capacitors for Dynamic Random Access Memory devices.
TiO, has high corrosion resistance and chemical stability and
an excellent optical transparency in the visible and near-
infrared regions as well as high refractive index that makes it
useful for anti-reflection coatings in optical devices. Since the
discovery of photocatalytic splitting of water on TiO, electro-
des [1], efforts were devoted to the development of efficient
water and air purification technologies, based on TiO,
photocatalysis. Such a treatment typically reduces toxic organic
compounds to non-toxic inorganic compounds, such as carbon
dioxide, water, ammonium or nitrates, and chloride ions.

A number of techniques, such as spray pyrolysis [2,3], sol-
gel method [4,5], sputtering [6,7], solvothermal method [8],
pulsed laser deposition [9], atomic layer deposition [10],
Chemical Vapour Deposition (CVD) [11-15] and photo-
assisted CVD [16] have been used to deposit TiO, thin films.

Each of the techniques for the TiO, thin film preparation has
its own advantages and disadvantages, and it remains unclear at
present as to which of these will eventually prove to be the most
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cost—quality effective. However, some features of the CVD
synthesis, such as its flexibility as regards the shape of the
substrate, including the capability to create films on the inner
surface of pipes and on flexible substrates; compatibility with
lithographic methods; high quality of the prepared thin films and
their good adhesion, make the CVD technique one of the most
relevant for practical applications. It also should be mentioned
that Atmospheric Pressure CVD is entirely compatible with the
standard glass fabrication processes. Presently we pay special
attention to the capability, by choosing an appropriate precursor,
to produce either anatase or rutile crystal modification of TiO,
thin films. Such a capability is useful for practical applications
in photocatalysis and microelectronics. Additionally, we pro-
pose a method of lowering the synthesis temperature by use of
UV-radiation from, for example, a standard mercury UV lamp,
which can also be a valuable technological resource allowing to
accommodate a wider range of substrates.

In spite of large efforts that have been aimed at studying
both the solid state interfacial processes and the near-surface
chemistry, there is no clear understanding of the mechanisms of
decomposition of organic compounds. Therefore, we will first
specifically concern ourselves with the properties of the TiO,
thin film photocatalyst, setting aside the near surface chemistry
that can be individual for each organic compound. There is no
common standard developed for comparing photocatalytic
activity, which makes it difficult to compare the films prepared
by different methods and to optimise the photocatalyst
preparation procedures. Recently, a technique has been
proposed for quality comparison of the thin film photocatalysts
prepared by different methods, which uses the photocurrent
images [17]. Indeed, a correlation between photocurrent and
photocatalytic activity had been demonstrated in certain cases;
in some films, however, an increase in photocurrent is not
accompanied by an increase in the contaminant degradation
rate [12]. Therefore, other relevant parameters apart from the
photocurrent should exert a strong influence on the photo-
catalytic activity. The photocatalytic activity depends strongly
on the surface redox potential and the lifetime of the photo-
generated electron-hole pairs. Titanium dioxide exists in three
different crystalline phases: anatase, rutile and brookite [18].
Anatase was found to be more active photocatalytically than
rutile [19]. This enhanced photoactivity is attributed to the
larger bandgap existing in this crystalline phase, which
generally leads to an increase of both the surface redox
potential and the charge carrier lifetime. Photocatalytic activity
is also very sensitive to the surface charge stabilisation
attributed to variations of crystalline orientation. Recently a
new technique for characterising photocatalytic activity of thin
films that employed a pulsed laser excitation with subsequent
registration of the carrier lifetime without metal contacts has
been reported [20]. The method was used to study highly
oriented TiO, thin films in the anatase and rutile forms.

In practice, however, resulting from the need to establish a
common point of reference, the photocatalytic activities are
frequently compared to that of the Degussa P25 TiO, powder,
which is a mixture containing of 80% of the anatase and 20%
of the rutile phases.

The existence of two different crystalline forms should
allow optimisation of the titanium dioxide properties for
applications such as dielectrics for thin film capacitors or as
photocatalysts for water and air purification. Indeed, the low
values of photocurrent due to electron-hole trapping by
impurities should limit the usage of rutile in the photocatalysis.
Instead, this modification should be more useful in applications
such as dielectric ceramics.

Presently, we have used the CVD techniques to prepare
titania thin films from two different precursors, and compre-
hensively investigated their chemical composition, crystal
structure, surface composition, and photocatalytic activity.
The photocatalytic activity was compared to that of the
Degussa P25 powder.

2. Experimental details
2.1. Materials

The TiO, thin films were prepared using titanium[(dipir-
aloymethanate) diisopropoxide] Ti(dpm)z(OPri)z (precursor
A) and titanium[isopropoxide] Ti(OPr')4 (precursor B)
(dpm=2,2,6,6-tetramethylheptane-3,5-dione, Pr'=isopropyl)
as the complex compound precursor materials. Initially the
precursor A was purchased from the Institute of Inorganic
Chemistry of the Siberian Branch of Russian Academy of
Sciences. It later became commercially available at Aldrich
Chemicals (UK). The A-type precursors purchased from both
of the above-mentioned sources demonstrated identical
results. Precursor B was purchased from Aldrich Chemicals.
All precursors were used as received. Precursor A is a solid
powder and precursor B is a liquid. Their structural formulas
are presented in the Fig. 1. The thermal properties of the
precursors A and B are described in Refs. [21,22],
respectively.

To study the utility of photo-activated processes during a
thin film synthesis (photo assisted CVD), absorption spectra
of the precursor vapours were investigated. A photo assisted
CVD process of thin film synthesis using Ti(OPr'), as
precursor and krypton—chlorine (KrC1*, 2=222 nm) excimer
lamp as UV radiation source had been proposed recently
[16]. However, the absorption spectrum of this precursor
remained unknown. The absorption spectra of the vapours of
the Ti(OPr'); and Ti(dpm)z(OPri)z precursors are shown on
Figs. 2 and 3, respectively, and were recorded on a CINTRA
40 UV-VIS spectrophotometer.

HyC, C,Hy
HC ocC
o o H C0 \ / H,
Y55 AN
HeCZ N CHo HCO  OCH,
H,C,0 OC,H,
A B

Fig. 1. Structural formulas for Ti(dpm),(OPr'), (precursor A, left) and Ti(OPr'),
(precursor B, right).



V.G. Bessergenev et al. / Thin Solid Films xx (2005) xxx—xxx 3

20 1
1.8
16 N

b \e—T=360K
21215\
c I
§1.o \R\—hsmx
§u.a

Ti(OPri)4 vapour |

0.6 (q\'———-____
T=2320K
0.4
0.2
0.0 T T T T T 1
200 250 300 350 400 450 500

Wavelength (nm)

Fig. 2. The absorption spectra of Ti(dpm),(OPr'), (precursor A) vapours at
different temperatures.

Comparing Figs. 2 and 3, we note that the light absorption by
the vapours of the precursor A starts at the wavelength of ca. 380
nm. This value is much higher than 250 nm, where the precursor
B starts to absorb. Using this knowledge, the photo assisted
CVD process was implemented using two high-pressure
mercury lamps. The mercury lamps were placed outside the
vacuum chamber and the deposition substrates were illuminated
through fused silica windows at a distance of 50 cm, without any
optical elements. Estimates show that only a small part of the Hg
lamp radiation was absorbed by the precursor vapour in this
photo-assisted process. Nevertheless, the synthesis temperature
could be reduced to 360 °C as compared to 420 °C required for
the conventional CVD deposition process.

2.2. TiO, film preparation

The synthesis of titanium dioxide thin films by low pressure
CVD has been described in detail elsewhere [14,15]. Briefly, the
TiO, films were obtained in a standard vacuum apparatus with a
turbo-molecular pump ALCATEL TMP 5400 CP (pumping
capacity ~0.4 m>/s at P<10~ > Pa) producing vacuum down to
5% 1077 Pa (5 x 10~ " mbar). Vaporisation was conducted from
an open surface evaporator. The temperature of the vapour
source was varied in the 90—210 °C range, and the substrate
temperature was stabilised in 450—600 °C range. Different
types of rectangular or round glass and fused silica plates of
78.5 cm” maximum area were used as substrates. All substrates
were cleaned carefully right before loading, using the following
procedure. First, the substrates were cleaned in water using a
detergent and then rinsed in distilled water. Second, the
substrates were immersed in sulphuric acid (~95%) for about
24 h, then rinsed by distilled water and washed with acetone and
finally dried in a flux of filtered air.

The film thickness ranged from 30 to 2000 nm and was
measured by weight with an expected error of 10%. The
growth rate could be varied from several nanometres to several
tens of nanometres per minute.

The CVD apparatus [14,15] was presently modified by
addition of gas supply lines that allow to introduce inert gases
(Ar, He) and oxygen into the chamber. The pressure in the
CVD chamber was varied between 1.2x 10~% Pa and 10 Pa
(1.2x 10" * and 0.1 mbar), with the system working either in

the molecular vapour stream or gas flow regime. The pressure
of the volatile precursor decomposition products determined
the available lower pressure limit. Some of the film preparation
conditions are summarised in the Table 1.

2.3. Methods

Structural information on as-prepared TiO, thin films was
obtained from the synchrotron radiation experiments. High-
resolution grazing-incidence X-ray diffraction (GIXRD) as
well as 0-20 experiments were performed at the high-
resolution powder diffractometer at the DESY/HASYLAB
synchrotron radiation laboratory, using grazing-incidence
angles o; between 0.9° and 1.0° and synchrotron radiation
wavelength of 0.11315 nm. Thin films deposited on either glass
or fused silica substrates were analysed.

The trace analysis of the TiO, films was performed by laser
ionization mass spectrometry (LIMS). A double-focusing mass
spectrometer with Mattauch—Herzog geometry and laser
plasma ion source (EMAL-2) was used. The energy output
of Nd-YAG laser (wavelength of 1064 nm), its pulse duration,
repetition rate and diameter of laser spot on the sample surface
were adjusted to evaporate and ionize the deposited films only.
The glass substrates are transparent to the Nd-YAG laser
radiation and suffered almost no laser damage. At the chosen
radiation power density (~1x10° W/ecm?) the measured
concentration of Si (the main component of the substrate)
never exceeded 10~ 2 at.%. Step motors provided for scanning
of the sample in two directions (X—Y). The area of the
analyzed sample surface was about 0.5 cm® The concentra-
tions of impurities were evaluated with respect to Ti (matrix
element of the deposited layer) as the internal standard.

The TiO, films were analysed by X-ray Photoelectron
Spectroscopy (XPS) using XSAMS00 (KRATOS) X-Ray
Spectrometer operated in the fixed analyser transmission mode.
A Mg K, (1253.7 eV) X-ray source was used. The analyser
was operated at 20 eV pass energy both for detailed and survey
spectra. All the binding energies were referenced to the C 1s
peak at 285.0 eVor O Is peak at 529.9 eV. Shirley backgrounds
were subtracted and Voigt profiles (Gaussian and Lorentzian
products) were used for fitting purposes.
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Fig. 3. The absorption spectra of Ti(OPr'), (precursor B) vapours at different
temperatures.
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Table 1
Typical conditions of TiO, thin film synthesis
Sample Precursor Substrate Thickness T'sub P max. X R (MQ) Flux, %
(nm) (°C) 10% (Pa) Ar/0,
1 A Glass 250 540 12x107* Vacuum
2 Quartz 250 450 1.4%x10°% Vacuum
3 Quartz 150 500 24x107° Vacuum
4 Quartz 295 550 1.6x107% Vacuum
5 Quartz 300 600 40x107* Vacuum
6 Quartz 255 450 5.7%1072 >200 50/100
7 Quartz 575 500 1.8x 107! >200 50/100
8 Quartz 655 500 1.8x107! >200 50/100
9 Glass 150 450 1.4x107" >200 50/100
10 Glass 215 450 1.4%x107! >200 50/100
11 Glass 465 470 12x107! 50/100
12 Glass 300 470 12%x107! 50/100
13_UV Quartz 45 400 15%10°° Vacuum
14_UV Glass 60 400 12x107° Vacuum
15 Glass 85 420 1.4x107% Vacuum
16 Glass 40 450 7.8%107° Vacuum
17 Glass 110 450 2.8x107*4 Vacuum
18 Ceramic 165 465 1.1x10"* Vacuum
19 Ceramic 360 480 2.8x10°° Vacuum
20 Ceramic 140 520 6.4x10"* Vacuum
21 Ceramic 220 450 12x107% Vacuum
22_UV Quartz 45 400 1.5%x107° Vacuum
23 B Quartz 55 450 2.1x107! >200 100/0
24 Quartz 485 450 6.4x107° >200 Vacuum
25 Glass 345 450 6.4x107° 0.3-6.6 Vacuum
26 Glass 250 400 1.2x10™ Vacuum
27 Glass 1475 450 2.8x107% 0.06-0.5 Vacuum
28 Glass 360 375 40x107* 0.05-0.9 Vacuum
29 Glass 760 360 5.1x107* 0.03-0.3 Vacuum
30 Glass 1745 400 2.1x107! >200 50/100
31 Glass 970 450 3.7%x 107! >200 50/100

100% of gas flux corresponds to 25 ml,/min (ml,—millilitres at normal atmospheric pressure).

Atomic Force Microscopy (AFM) measurements were
performed on a Nanoscope-2000 AFM system (Digital Instru-
ments) at room temperature and atmospheric pressure. SiN
uncoated AFM probes were used (Veecol, Inc.), with the
following geometric parameters: 35° angle, 20 nm nominal tip
radius, and 60 nm maximum tip radius. Tapping mode was
employed with the resolution of 256 x 256 samples and 3.13
Hz scan rate.

2.4. Photocatalytic activity measurements

The layout of the photoreactor apparatus is described in
detail in Ref. [15]. Briefly, the volume of irradiated solution
was of 7.9 mL at 1 mm optical thickness. A 200 W Xenon
lamp was used as an UV light source and a water filter with
fused silica windows was used in order to avoid excessive
heating of the solution. The photocatalytic process in water
requires the presence of O, as electron acceptor, thus a low
(ca. 3 mL/min) continuous flow of air was injected by means
of an air pump.

Fenarimol (Riedel, 99.7%) 5 mg/L solutions were prepared
in bidistilled water. The Fenarimol solutions were left in
contact with the reactor cell about 12 h in the dark before
irradiation in order to achieve the adsorption equilibrium of
the pesticide between the solution and the cell surfaces. This

step was necessary because of low pesticide solubility and
large surface area of the reactor cell.

During irradiation, 100 pL samples were taken every 0.5
or 1 h, and immediately analysed on a High Performance
Liquid Chromatography (HPLC) system (Merck-Hitachi
655A-11 system with 655A-22 UV detector) in the following
experimental conditions: LichroCART 125-4 column: Lichro-
spher 100 RP-18, 5 um; eluent: acetonitrile (Merck Lichro-
solv) 65%, bidistilled water 35%; 1.1 mL/min flow; UV
detection at 220 nm.

The total irradiation time was between 3 and 5 h for each
sample. To compare the reaction rates obtained for the thin
films, commercial TiO, P25 powder (Degussa) with identical
amount by weight (7 mg) was deposited on fused silica
substrates by evaporation from a TiO, aqueous suspension
and tested under identical experimental conditions.

3. Results and discussion
3.1. Crystal structure of the thin films

The structural phases that may be formed in titanium
dioxide samples are the amorphous phase, the metastable

crystalline forms brookite and anatase, and the high-
temperature stable phase rutile [18]. It should be noted that
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other oxide phases, Ti,O, TiO, Ti,O;, TizOs and Ti,0,,_;
(n=4, ..., 10) may also appear at low oxygen concentrations.

The transition from the amorphous to the anatase form
usually requires temperatures close to 300 °C. In nanocrystal-
line TiO, powders, the irreversible anatase—rutile phase
transition occurs between 600 and 800 °C [23]. In bulk
specimens, the anatase-to-rutile transition occurs at tempera-
tures above 800 °C.

GIXRD studies of crystal structure for samples prepared
from precursor A as well as thermal decomposition mass
spectrometry studies for precursor A in vacuum and in the
presence of oxygen were reported in detail earlier [14,15]. In
the present work, thin films prepared from precursors A and B
in vacuum and in Argon/Oxygen gas flux were studied by X-
ray diffraction (Figs. 4 and 5).

As illustrated in Figs. 4 and 5, a significant difference
between films deposited from precursors A and B is that for
precursor A polycrystalline rutile films were obtained, while
for precursor B the films consist of polycrystalline anatase. It is
important to emphasize that all the synthesis conditions for the
films derived from both precursors were very similar (see Table
1) and the resulting crystal structure was independent on the
substrate (glass, fused silica, or Si wafer). Thus the choice of
the precursor can be used to control the form of the titanium
dioxide produced.

We are unable to rigorously explain these experimental
results, either theoretically or by modelling, due to the lack of
knowledge on the structure and geometry of the principal
molecular fragments of these precursors participating in the
thin film. Moreover, the information about the molecular
geometry of the precursors A and B and their eventual
clusters in the vapour phase is also missing. The crystal
structures of these precursors are equally unknown, because of
difficulties in growing single crystals for the precursor A and
the liquid phase state of the precursor B in normal conditions.
It has been shown [21] by mass spectroscopic analysis of the
decomposition fragments of precursor A that its decomposi-
tion pathways in vacuum and in the presence of oxygen are

1200
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Fig. 5. X-ray diffraction patterns for the samples prepared from precursor B
(A)-JCPDS data, Card 89421 [45].

formulas only (Fig. 1), we note that the molecular structure of
the precursor B is more symmetrical then that of the precursor
A. Additionally, the intermolecular interactions are weaker in
B, which, contrary to A, stays liquid in normal conditions.
This could be the reason for the metastable anatase phase to
be produced from the precursor B. This idea is supported by
the fact that the structure initially formed in the sol—gel
powder is amorphous, and may be subsequently transformed
into anatase and then into rutile by annealing [23].

At higher processing temperatures the intensities of the
diffraction peaks increase for both precursors and for the
same type of substrate. Note, for example, that the peak
intensities for Sample 31 are much higher although the
Sample 30 film is thicker. Both samples were deposited from
the precursor B on glass substrates. Higher synthesis
temperatures lead to formation of coarser microstructures.
Additionally, the specimens may contain a certain amount of
amorphous TiO,, which cannot be detected by X-ray
diffraction for films deposited on glass substrates. In fact, it

Table 2
The results of mass-spectrometry analysis*

different. However, the samples prepared from the precursor Impurity Sample I~ Sample 2 Sample 3 Sample 4 Sample 5
A either in vacuum or in the Ar/O, atmosphere always had ¢ ~5x107" ~5x1070 =5x1070 5% 107! ~5x 107!
the rutile crystal form. Therefore, considering the structural N <2x107% <2x107% <2x107% <4x107? <4x10°?
Na**  <2x107' <2x107' <2x107' <2x10°!' <2x10°!
Mg#*  <Ix1072 <Ix107? <Ix107%? <Ix107% <I1x107?2
o0 Y Al 5x107°  3x107%  7x107°  4x107°  1x1072
700 P 3x100%  3x10°*  3x10°? 1x103 2x10°3
N Rutile, [44] cl 1x1072  5x1072  1x1072  7x107%  4x1072
= 600 r T s —1 -2 -2 -2 -2
c . 4 K 2x10 4x10 2x10 1x10 2x10
5 5001 Mo 2 T SuweeN Ca 7x1072  1x107"  3x107? 8x1072 8x 1072
5 400 4 e T Cr 1x10°  7x100*  5x100*  1x10°  5x10°°
> I b L e Mn 6x10°%  1x107%  9x10°*  3x107*  1x1073
= = 'Y -2 —1 —1 —1 —1
5 300 ; e e Fe 1x1072 3x1071 2x107' dxl0”! dxdo”!
S 200 et b i i 2 Co /(6 X107 %) n/f(6 x10™%) n/f(6 x10™%) n/f(6 x10~%) n/f(6 x10~ %)
£ =11, Temt, a70°C Ni 2x107°%  8x10°*  n/f(6x107 Y n/f(6x107 %) 5% 103
100: — G, Teyni 450°C Cu 3x107°  4x107! 2x107' 1x107' 1x107!
04 , > e , i ! Zn 3x107% 4x107%  1x107! 2x107%  5x1072
10 20 30 40 50 60 70

26 ()

Fig. 4. X-ray diffraction patterns for the samples prepared from precursor A
(A)—JCPDS data, Card 89—-4920 [44].

The values are given in at.%. n/d—not detected, the detectability threshold is
given in brackets.

* Standard deviation s,=0.15-0.25.

** Detectability limited by the superimposed signal of doubly charged ions of
the matrix.
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Fig. 6. XPS survey spectra for the surface of TiO, films prepared from the
precursors A and B.

was impossible to observe the diffraction pattern peaks by the
0—-20 method for the samples prepared by photo assisted
CVD, Sample 13_UV and Sample 14_UV (see Table 1) at
Tsynt=400 and 350 °C.
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3.2. Trace mass spectrometric analysis

So far, little is known about the real composition of TiO, thin
films used for photocatalytic activity studies, probably because
of the complexity of such studies. However, one of the factors
that have a strong influence on the photocatalytic activity can be
a contamination of TiO, thin films by the dopants. Average
concentrations of impurities in the TiO, films were obtained by
laser ionization mass spectrometry. The results of LIMS analysis
are shown at Table 2. All the analyzed samples were synthesized
on fused silica substrates, so that the presence of Na and Ca is
relatively small and should be related to ceramic parts used in the
construction of the substrate heater. Large sample to sample
variability is observed for contamination by Fe, Cu, K and Zn.
Because of the absence of a representative statistic (only five
samples were studied by LIMS) the presence of some impurities,
such as K for the Sample 1 and Zn for Sample 3 is yet unclear and
probably occasional. However, we can still obtain a clear notion
about the level of different elements present in the samples, as
shown in Table 2. The Fe and Cu impurities probably originate

Table 3

Composition (atomic percentage, at.%) of TiO, films and binding energies according to XPS analyses

Attribution Sample 1 Sample 2 Sample 3 Sample 4 Sample 7 Sample 11 Sample 30 Sample 31
Angle= 0°

Ti2p 3,2 8.6 4.1 8.4 8.1 8.5 11.2 14.1 14.0
Ti2p 1,2 43 1.9 4.0 3.9 4.2 5.4 6.8 6.7
Metallic oxygen 26.1 16.9 29.9 28.1 30.5 41.1 53.0 51.3
Organic oxygen 5.6 9.9 6.4 4.6 5.2 5.0 59 4.0
Adsorbed oxygen 7.6 3.5 24 14.4 9.1 2.1 43 3.7
Hydroxyl oxygen 1.4 0.52 22 1.5 0.6 1.2

Carbon total 39.0 54.9 42.8 30.4 355 34.6 14.8 20.3
Aliphatic carbon 22 1.5 31.0 9.6 15.5
C-0 3.9 3.6 3.1 1.6 3.4 1.3 2.6 1.5
Cc=0 3.4 4.8 3.0 6.7 2.2 23 2.5 3.4
Til/Ti2* 2.0 2.2 2.1 2.1 2.0 2.1 2.0 2.1
Metallic oxygen/Ti TiO02.0 TiO2.9 TiO2.4 TiO2.3 TiO2.4 TiO2.5 TiO2.5 TiO2.5
Angle= 60°

Ti 2p3;2 8.2 5.5 8.5 5.1 12.1 11.5 15 14.1
Ti 2py 3.8 2.7 3.9 2.4 5.9 5.6 7.5 7.1
Metallic oxygen 28.4 20.8 30.3 18.2 37.9 41.7 54.7 49.4
Organic oxygen 6.1 8.3 9.9 32 10.3 3.8 4.7 2.3
Adsorbed oxygen 6.2 6.0 54 17.5 9.4 2.9 43 4.6
Hydroxyl oxygen 1.0 2.6

Carbon total 39.4 45.4 36.9 40.9 23.4 34.1 12.5 22.6
Aliphatic carbon 22 1.1 30.5 8.2 18.4
c-0 3.4 4.7 2.7 1.59 2.0 1.3 2.3 1.1
C=0 3.6 4 2.5 9.1 1.6 2.3 2.0 3.1
Til/Ti2* 2.2 2.0 22 2.1 2.1 2.0 2.1 2.0
Metallic oxygen/Ti TiO2.4 TiO2.5 TiO2.4 TiO2.4 TiO2.1 TiO2.4 TiO2.4 TiO2.3
Binding energy, eV (angle=0°)

Ti 2p 31 458.6 458.5 458.6 458.6 458.7 458.6 458.6 458.6
Ti2p 1 464.3 464.2 464.2 464.3 464.4 464.2 464.3 464.2
Metallic oxygen 529.9 529.9 529.9 529.9 529.9 529.9 529.9 529.9
Organic oxygen 531.6 531.7 531.7 531.0 531.5 531.7 531.6 531.6
Adsorbed oxygen 532.5 532.6 532.4 532.1 532.4 532.39 532.4 532.4
Hydroxyl oxygen 533.9 533.6 533.5

Aliphatic carbon 285.1 285.1 284.9 284.7 285.0 284.7 284.7 285.0
c-0 287.2 287.0 286.8 286.8 287.5 286.82 286.3 286.8
C=0 288.8 288.8 288.6 288.8 288.9 288.53 288.8 288.8

*Ti 2p3,2/Ti 2py/, theoretical value=2.
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from the interaction of the precursor vapours with the metallic
parts of the CVD apparatus. The presence of C at 5 x 10~ ' at.%
level can be attributed to the residual carbon deposited during the
process of precursor decomposition.

3.3. XPS studies

Fig. 6 shows the XPS survey spectra taken at the surface of
TiO, films prepared from precursors A and B. All the spectra
were taken at the sample angles of 0° and 60° to document
changes in the film composition at the sample surface. Fig. 6
shows that the films contain Ti, O and C. The relative contents of
these elements and their binding energies are given in the Table 3.

The XPS results demonstrated that the samples 30 and 31
are slightly contaminated with sodium and zinc, respectively.
The origin of sodium contamination comes from the glass
substrate, as had been shown, for example, in Ref. [24].
However, the origin of zinc contamination is unclear. These
samples were analysed by XPS after their photocatalytic
activity studies were performed, thus the respective contami-
nation may originate from the aqueous solutions that have been
in contact with the sample surface. Comparing the mass
spectrometry data with those of the XPS analysis, we note that
a larger concentration of carbon is found on the surface
compared to the bulk, indicating the redistribution of carbon
during thin film growth. The strong and seemingly stochastic
variations of the carbon contents at the very surface (as
monitored by the XPS data taken at 0° and 60°, see Table 3)
indicate that carbon is distributed extremely heterogeneously
within the surface atomic layers, both laterally and vertically.
These results, however, remain consistent with the mass-
spectrometry results, which always produce the average carbon
contents over the whole thickness of the film, which is ca. 1000
atomic layers, whereas XPS analyses the layer which is
typically only 10 atomic layers. Several process parameters
affect the surface contamination by carbon, including the
synthesis temperature, the oxygen concentration in the vapour
phase during film growth, the type of precursor, etc. The total
carbon content as determined by XPS analysis is shown in the
Fig. 7.

60
o Samples 2,3, 1, 4
_g’ 50 Precursor A, vacuum “‘x_.\
c
o
3]
o 40
o Samples 11, 7 J—
o Precursor A, Ar/O = 50/ 100
30
E
g 20 A
c /__Samples 30, 31
B Precursor B, AO = 50/ 100
= 10
]
(6]
0 T r T T T
300 350 400 450 500 550 600

Tsynt (°C)

Fig. 7. Total carbon contents determined by XPS at different experimental
synthesis conditions. Atmosphere: Ar/O=50/100 means 50% gas flux of
argon and 100% gas flux of oxygen, 100% corresponds to 25 ml,/min (ml,—
millilitres at normal atmospheric pressure).

gt
. e h

»" e

SR ARG

e
Fig. 8. This is an AFM image of the Sample 12: the field size is 2 um by 2 pm;
the shades of grey correspond to the vertical scale of the recording of 0 to 80 nm.

The total carbon content decreases with increasing process
temperature for samples synthesised from precursor A in
vacuum. The carbon content is also lower for samples prepared
in the presence of oxygen under otherwise identical conditions,
which may be explained in at least two different ways. First, as
earlier shown by MS analysis of the precursor A decomposition
products [21], the thermolysis mechanism on the heated surface
in the isolated molecule approximation is different in vacuum
and in oxygen. Second, the decomposition products will form
gaseous CO and CO, much easier in presence of oxygen than
in vacuum.

The total carbon content of samples prepared from
precursor B in the presence of oxygen is even lower and
increases with increasing processing temperature, which is
probably related to a different kinetic mechanism of thin film
growth. The latter hypothesis is supported by the fact that the
crystal structures of films prepared from the two precursors
are different.

3.4. AFM results

The AFM results demonstrated that the TiO, film samples
have a porous polycrystalline structure, with a typical
crystallite size of about 100 nm. The typical film thickness
of about 500 nm suggests that the entire volume of the film
should be accessible to the aqueous reactants. A typical
micrograph is shown in Fig. 8.

3.5. Photocatalytic activity

The HPLC results of the photocatalytic activity studies are
summarised in Table 4. The parameter that characterises the
fungicide Fenarimol decomposition rate (k) is determined from
the first-order reaction equation as In(Po/P)=k x t, Py and P,
being the initial and current concentrations of Fenarimol.

The photocatalytic activity of TiO, thin films was estimated
not only by the decrease of Fenarimol chromatographic peak
area but also by the decay of intermediate photoproducts,
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Table 4

Results of photocatalytic activity studies

Sample Precursor  Tgynys Ar/0O, K (h™")  Photocatalytic
°C effect

15% A 420 Vacuum  0.53+0.03 Not observed

16* A 450 Vacuum  0.53+0.04 Not observed

17° A 450 Vacuum  0.39+0.01 Not observed

18° A 400 Vacuum  0.49+0.01 Not observed

19°¢ A 450 Vacuum  0.31+£0.02 Not observed

20° A 520 Vacuum  0.11+0.01 Not observed

214 A 450 Vacuum  0.41+0.02 Not observed*

22-UvVee A 400 Vacuum  0.36+0.05 Not observed

9* A 450 50/100 0.36£0.03 Not observed

10* A 450 50/100 0.34+0.01 Not observed

26° B 400 Vacuum  0.85+0.02 Observed

27% B 450 Vacuum  0.80+0.04 Observed

28 B 375 Vacuum  0.99+0.04 Observed

29% B 360 Vacuum  0.72+0.03 Observed

30% B 400 50/100 0.96+£0.01 Observed

Degussa Film obtained by evaporation 52404 Observed

powder P25" of aqueous suspension with
7 mg of TiO, powder

Deposition on ordinary glass. "Stripped glass. “Quartz. “Ceramic glass. “Film
deposition assisted by UV light.

*The results of the first experiment using these conditions were not
reproducible.

namely the photoproduct with m/z 328 [22,43]. This
photoproduct is more stable to irradiation than Fenarimol
when adsorbed on a glass or quartz surface. A first
chromatographic peak appearing in the chromatograms (Fig.
9) corresponds to non-retained low molecular weight com-
pounds. This peak increases with the degradation of Fenarimol
itself as well as a consequence of degradation of all
intermediate photodegradation products. Two concurrent
degradation processes occur in the photoreactor, namely the
direct photodegradation caused by the UV light absorbed
directly by the test compound and the photocatalytic
degradation. Therefore, the chemical stability of the interme-
diate photoproducts depends also on the photocatalytic activity
of the TiO, thin films.

Typical chromatograms shown in Fig. 9 were obtained with
two kinds of samples, Sample 10 (precursor A) and Sample 30
(precursor B), and also with the Degussa P25 powder. All
samples were analysed using identical experimental conditions,
clarifying the differences between Fenarimol degradation
process induced by the samples prepared from two different
precursors and the film prepared from an aqueous suspension
of Degussa P25 powder. In spite of the Fenarimol degradation
rate for Degussa powder film being markedly higher, the
degradation process for Sample 30 follows an identical
tendency.

The kinetics of Fenarimol decay and the kinetics of its
intermediate photoproduct (m/z 328) formation for the thin
films listed in Table 4 are shown in Fig. 10 (A) and (B),
respectively. The abundances of Fenarimol and of its interme-
diate photoproduct is expressed here in terms of the respective
chromatographic peak areas, which, for the same experimental
conditions, are proportional to the chemical concentrations for
each instant of analysis time.

Of all the films tested, the TiO, films prepared from the
precursor B were the only samples to exhibit any photocatalytic
activity. Indeed, for these samples the concentration of the
intermediate photoproduct starts to decrease after about 1.5 h of
irradiation. Besides, Fenarimol decay rate is also clearly
improved for these samples.

There are different factors that can have a strong influence
on the photocatalytic activity and should be taken into account
when the photocatalytic activity of TiO, thin films is analysed.
These are: the crystal modification, the bulk and surface
chemical composition, and the effective surface area or the
surface morphology. As it was shown by LIMS and XPS
(Sections 3.2 and 3.3, respectively) the bulk carbon content is
about 0.5 at.%, there also exist strong variations in the degree
of surface carbon contamination. The difference in carbon
content amounts to a factor of 2 (see Fig. 7) for the samples
from precursor A (ca. 35 at.% of C) and precursor B (15-20
at.% of C) prepared in the Ar/O, atmosphere. The absence of
photocatalytic activity for samples prepared from precursor A
can only be explained supposing that there exists a threshold in
the catalytic activity as a function of the degree of surface
carbon contamination. It has been shown, however, that
samples prepared via the sol—gel method [24—26] as well as
via plasma source ion implantation method [27] with anatase
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Fig. 9. Chromatograms of Fenarimol (5 mg/L aqueous solution) degradation for
three TiO, thin films samples, after 1 and 3 h of UV irradiation. Notes for this
figure: 1—Initial time; 2—After 1 h of irradiation; 3—After 3 h of irradiation.



V.G. Bessergenev et al. / Thin Solid Films xx (2005) xxx—xxx

140000

120000 sample 10

100000 -

80000 -

Fenarimol abundance (arb. units) »

sample 9 N

sample 13_UV

60000 -
40000 - sample 18
i sample 26
20000 Degussa P25 —
0 v sample 30
0 0.5 1 1.5 2 25 3 3.5 4
time (hours)
B
w 40000 -
ke,
3 35000 - ] sample 18
£ P <
& 30000 \@ sample 9
]
2 25000 -
3 sample 10
5 20000 1 <—— sample 13_UV
o
© 15000 -
o «——— sample 26
S 10000 -
©
g 5000
1 Degussa P25 \
‘E . ‘A/ sample 30

0 0.5 1 1.5

2 25 3 3.5 4

time (hours)

Fig. 10. Contents of Fenarimol (A) and intermediate photoproduct (B) in aqueous solutions, in function of time under UV illumination in contact with different TiO,

thin films.

crystal modification are photocatalytically active at 9.6—14.9
at.% [24], at 20 at.% [27], and or even at 31—-43 at.% [25,26] of
surface carbon contamination (XPS data). The microscopic
mechanism of the influence of the superficial and near-
superficial carbon on the photocatalytic activity, which might
involve electron-hole trapping, fast electron-hole recombina-
tion at the impurity, and the electron density redistribution, is
yet unknown. Furthermore, in at least two cases carbon was
reported as beneficial for the photocatalytic activity [28,29].
Therefore, the hypothesis of a carbon contamination threshold
may be discarded.

The photocatalytic properties of TiO, thin films doped with
metals have been discussed recently for Na (14.4 and 8.5 at.%)
[24] Na (3.35 and 1.37 at.%) [26], Fe (0.76 at.%), Co (0.62
at.%), Ni (0.60 at.%), Mo (0.56 at.%), Nb (0.88 at.%), W (0.52
at.%) [30], V (3 x 10'® and 6 x 10'® jon/cm?), Cr, Mn, Fe, [31],
Sn (2 x 10" ion/cm?) [32] and Sn (2 x 10"° jon/ecm?) [33], Au
(0.8 pg/em?) [34], Fe (2 x 10" ion/cm?) [35], Pt (4 wt.%) [36],
and doped with nitrogen (the nitrogen 1s peak had been
detected in the XPS spectra, although the concentration of N
ions was not determined) in Ref. [37,38]. There are two main
reasons for film doping: first, to extend the light absorption
interval toward the visible spectrum, with a purpose to increase
the efficiency of solar-light photocatalysis. The second is to

create trapping centres for electron-hole pairs in order to
prolong their lifetime before recombination. Except [24,26],
where Na entered the film by thermal diffusion from the
substrate (soda lime glass), the samples were especially doped
by various techniques. The dopant concentrations shown in
brackets are the values presented in the respective papers and
determined by XPS analysis. The authors of these papers
concluded that doping of TiO, thin films is favourable for the
photocatalytic activity in some cases.

According to the LIMS analysis (Table 2) the concentrations
of C, Na, Fe and Cu are all of the same order of magnitude
(~0.1 at.%). However, as was already mentioned in Section 3.4,
only carbon was detected by XPS in all samples, with additional
traces of Na and Zn found in samples 30 and 31 only. This
means that the spatial distribution of metallic impurities is very
different from that of carbon, and that the surface concentrations
of these elements are below the detection limit of XPS. As to the
sample 30 for which both the photocatalytic activity and the
XPS spectra were studied, we may assume that according to
Refs. [24,26], the presence of Na can slightly decrease the
photocatalytic activity (note that the concentration of Na in the
sample 30 is much lower than those used in Refs. [24,26]).

Of all the commercial sources of TiO,, the Degussa P25
powder has become widely recognised as the golden standard,
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due to its high specific surface area (about 50 m?/g) and the
resulting high activity [13]. The photocatalytic performance of
the Degussa P25 powder of the same weight deposited on the
glass is markedly better than that of the CVD films (Table 4).
We should, however, take into account the difference in the
specific area of the CVD thin films and those deposited from
suspensions of the Degussa powder. The CVD films grown for
this study had a good transparency to the eye. AFM images
revealed film crystallites of about 100 nm in diameter.
Therefore, following Ref. [12], we may presume the electrode
specific surface area is not very different from the geometric
area (7.85 x 10~ > m?). Meanwhile, a suspension of 7 mg (the
typical mass of a CVD film) of the Degussa P25 powder in
water has the surface area of ca. 0.35 m?% assuming well-
separated microcrystals. It is clear, however, that the powder
deposited on the glass substrate does not constitute such a large
specific surface area for the photocatalytic purposes. The
reason is that only a half of the TiO, particle, oriented toward
the light source, can be directly illuminated by the UV light.
Another factor that reduces the effective specific surface area is
the agglomeration of powder particles. The lower limit of the
effective surface area is the geometric area of the film.

A recent discussion had been devoted to the photocatalytic
properties of the two polycrystalline TiO, phases—anatase and
rutile. In general, it is assumed that the crystallite size is larger
for rutile, its catalytic activity, however, is lower as compared
to the anatase form. The difference in the lattice structure
causes different mass densities and electronic band structures of
the two TiO, forms. As a result, the band gap increases and the
band edges shifts to larger redox potentials, making the anatase
form of TiO, a much better catalyst than the rutile form.

The problem of the rutile 110 surface activity was recently
studied both experimentally and theoretically. Based on the
experimental results, it has been variously proposed that water
(a) adsorbs molecularly on the 110 surface and only
dissociates at defect sites [39], (b) adsorbs dissociatively at
low coverages and thereafter molecularly [40], (c) adsorbs
either molecularly or dissociatively depending on temperature
[41]. One point of consensus is that if dissociation does occur,
it only occurs at low concentrations. It was recently calculated
[42] using the first principles density-functional method that a
monolayer of H,O on the rutile 110 surface would contain
water in both molecular and dissociated forms. Based on
these results, it is possible to conclude that the 110 surface
should be photocatalytically active. The CVD thin films
annealed at high temperatures had been shown to have the
110 crystal orientation [15], thus we can expect the same 110
termination to be present in the films prepared at lower
temperatures.

Considering Fig. 10, we conclude that there operate at least
two different mechanisms of photodegradation of Fenarimol.
Considering that the films prepared from precursor A have
shown no evidence of the photocatalytic activity (see Table 4),
the catalytic effect was attributed to the anatase phase of the
samples prepared from precursor B.

A possible explanation of these different photocatalytic
properties of anatase and rutile can be derived from the recent

developments in the photo-induced transient charge separation
[20]. The optical bandgap E, values, derived from extrapo-
lation of the absorption coefficients of oriented thin films of
anatase and rutile forms, are 3.23 and 3.02 eV, respectively.
The threshold energies of the photoconductivity spectra were
found to agree well with the optical bandgap values [20].
These values are in fact quite close for the two forms of
titania. The parameter that does make a large difference
between the two forms is the charge separation efficiency of
the photogenerated electrons and holes in the wavelength
range of 340—380 nm [20], which is significantly higher for
the anatase films.

4. Conclusions

The physical and photocatalytical properties of thin films
prepared by CVD from two different precursors, titanium[(-
dipiraloymethanate) diisopropoxide] Ti(dpm)z(OPri)z and tita-
nium[isopropoxide] Ti(OPr'), were discussed. It was
demonstrated that the photoassisted CVD method can be
implemented for thin film synthesis using the Ti(dpm),(OPr'),
precursor and high-pressure mercury lamps as a UV light
source. Two different crystalline forms, rutile and anatase,
could be prepared using these precursors, as demonstrated by
XRD. LIMS and XPS analyses revealed that surface
composition is different from that of the bulk of the film.
The structure of the TiO, thin film photocatalysts has a
dominating effect on the photodegradation rate of the
Fenarimol test compound.
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