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Abstract Titanium films of different thickness at
different substrate temperatufres are prepared using
PVD method. The nanostructure of these films was
obtained using X-ray diffraction (XRD) and AFM,
while the thicknesses were measured by means of
Rutherford back scattering (RBS) technique. Resistiv-
ity, Hall coefficient, concentration of carriers and the
mobility in these films are obtained. The results show
that, the rutile phase of TiO, is formed which is
initially amorphous and as the film thickness increases
it tends to become textured in (020) direction, which is
more pronounced at higher temperatures and possibly
transforms to anatase TiO, with (112) orientation for
thickest films of 224 nm. The conductivity and concen-
tration of carriers increase with thickness, while the
Hall coefficient and the mobility decrease. The activa-
tion energies in these samples were obtained from the
Arrhenius plots of ¢ and Ry. For thinner films
( E;=0.4—0.6 eV) and for thickest film (224 nm) a
break point is observed at about 500 K, which is
consistent with the idea of more processes becoming
activated at higher temperatures.

H. Savaloni (<) - M. S. Alaee

Department of Physics, University of Tehran,
North-Kargar St., Tehran, Iran

e-mail: savaloni@khayam.ut.ac.ir

H. Savaloni - K. Khojier

Plasma Physics Research Center, Science and Research
Campus of Islamic Azad. University, P. O. Box 14665-678,
Tehran, Iran

Introduction

Titanium and its nitride coatings are used as protective
coatings against wear and corrosion [1-3] as well as
optical and decorative coatings [4-6]. Titanium films
are also used as a biomaterial or medical devices or
dental application due to its superior performance [7].

Organic waste removal from water and air by
semiconductor photocatalytic treatment, using systems
based on titanium dioxide, TiO,, in thin films and
nanocrystalline form, has been a subject of consider-
able interest in the last few years as a low-cost material
in photocatalysis [8-10], in photovoltaics [11, 12], or as
gas sensors [13, 14]. For example, when used for
photocatalytic treatment usually reduces toxic organic
compounds to non-toxic inorganic compounds, such as
carbon dioxide, water, ammonium or nitrides, and
chloride ions. The thin film technique is becoming a
standard for the preparation of TiO,-based photocat-
alysts. One of the advantages of the thin film photo-
catalysts is that the catalysts layer may be connected to
an external power source to reduce the recombination
of UV-activated electrons and holes and increase the
catalyst efficiency [15]. In most research work in
photocatalysis carried out up to now, TiO, has been
used in the form of powder particles, often dispersed in
solution. On the other hand, for many applications a
more suitable form of a TiO, photocatalyst would be a
(thin) film strongly bound to a substrate such as glass
or ceramic [16].

For optimal performance of devices, these films
should have special properties. Different properties of
thin films are strongly influenced by the nano-structure
of films such as grain sizes, nano-strain, crystallo-
graphic orientation and other features. It is shown that

@ Springer



2604

J Mater Sci (2007) 42:2603-2611

nano-structure of thin films are strongly affected by
film preparation procedures and deposition condition.
For example substrate temperature [17-20], angle of
incidence [21-23], deposition rate [24-26], and film
thickness [26, 27] have important effects on the
morphology and nano-structure of thin films.

Among the modern methods of thin solid film
preparation, the physical vapor deposition (PVD) is
one of the most flexible, applicable to the preparation
of doped films or multilayer structures. In this paper we
have shown that, how easily one can obtain TiO, films
with a (020) preferred orientation through deposition
of Ti in a vacuum of ~10~> mbar without any need for
presence of extra oxygen during deposition or further
treatments such as annealing after deposition. For this
we are in debt of the gettering property of titanium and
decomposition of water in the vacuum chamber at
higher temperatures. The structural and electrical
properties of TiO, films produced are characterized.

Experimental details

Titanium films of 53-224 nm thickness were produced
by resistive evaporation from W boats, at substrate
temperatures of 380-580 K. The purity of titanium was
99.98%. An Edwards (Edwards 360) coating plant with
a base pressure of 5x 10~ mbar was used. The
pressure during evaporation was typically about
2 x 10~ mbar, owing to the gettering property of Ti.
In order to keep the evaporation condition for all
substrates and temperatures constant, a substrate
system with a solar system configuration was designed
and constructed, in which up to six substrate holders
(planets) were able to move on six arms from the
center of the system, providing positions for different
angles of incidence, and rotate about cylinder axis and
the main (solar) system axis, providing uniform depo-
sition. Detailed description of this system is given in
our earlier work [22]. On each copper disk substrate
holder the substrate (a disk of 25 mm diameter and
1.0 mm thickness glass cut from microscope slides, or
22 x 22 x 0.15 mm thick glass cover slips) can be fixed
by a stainless steel mask. The substrate temperatures
were controlled by programmed thermostats and
thermocouples fixed inside a hole on the surface of
copper disk substrate holder.

Just before use all glass substrates were ultrasonically
cleaned in heated acetone then ethanol. The surface
texture of the substrates was measured by a Talysurf
profilometer. The rms substrate roughness R, for both
kinds of glass substrates was 0.3 nm. The substrate
positions were chosen, so that their normal to the
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direction of incidence of the evaporant beam was at 10°
and the distance between the center of the evaporation
boat and the center of the substrate holder system was
20 cm. In order to provide a point source for geomet-
rical reasons, a plate of W with a 5 mm diameter hole in
the middle was used as a mask (cap) on top of the
evaporation boat. In this way, six films can be produced
at six different substrate temperatures, under the same
evaporation condition, in one evaporation run. The
deposition process was repeated several times and
reproducibility of the results was confirmed. Film
thickness was measured using the RBS technique. A
typical RBS spectrum of 64 nm Ti film produced at
503 Kiis given in Fig. 1. The electrical resistivity and the
Hall coefficient of Ti films were measured using a
4-point probe and a Hall effect measurement system
with a magnetic field strength of 2500 Gauss, respec-
tively. The nanostructure of these films was obtained
using a Philips XRD X’pert MPD Diffractometer
(Cu K, radiation) with a step size of 0.03° and count
time of 1 s per step, while the surface physical mor-
phology and roughness was obtained by means of AFM
(Park Scientific) analysis. The details of samples pro-
duced for investigation in this work, surface roughness,
electrical parameters, peak position in the XRD pattern
and related d-spacings obtained are given in Table 1.

Results
Nanostructure of the films

Polycrystalline films deposited on substrates generally
show preferred orientation, with a strength which
depends on the deposition method, film material, and
deposition conditions. Savaloni et al. [28, 29] found a
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Fig. 1 RBS spectrum of 64 nm Ti film deposited on glass
substrate at 503 K substrate temperature
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Table 1 Details of samples investigated and the electrical parameters obtained

Sample  Group t(nm) T (K)  26° Ry (A) R, Ry w(m?vts™) n (em™)
no. (1€ cm) (em® A7's7h x 10* x 108
Til I 53 387 a 36.7 330 2.37 0.71 2.6
Ti2 64 387 a 272 287 1.96 0.68 31
Ti3 77 387 38.17 23.4 153 1.02 0.66 6.2
Ti4 224 387 38.80 19.0 132 0.79 0.59 7.9
Ti5 I 53 473 a 29.1 274 1.54 0.61 4.0
Ti6 64 473 38.03 48.1 204 1.21 0.56 5.1
Ti7 77 473 38.31 471 116 0.80 0.59 7.8
Ti8 224 473 38.32 53.6 102 0.35 0.35 172
Ti9 111 53 503 38.32/64.58 71 210 1.35 0.64 44
Ti1l0 64 503 38.19/76.80 9.4 201 0.99 0.49 6.0
Till 77 503 38.20/64.62/77.1 12.5 86 0.42 0.49 14.8
Til2 224 503 38.42 28.1 66 0.11 0.17 53.6
Til3 v 53 579 a 52 174 0.93 0.53 6.7
Til4 64 579 38.16 24.6 151 0.52 0.34 121
Til5 77 579 38.20 28.1 76 0.27 0.35 231
Til6 224 579 38.52 323 39 0.06 0.14 124.0

t, film thickness; T, substrate temperature; R, film surface roughness; R,,, average resistivity; Ry, Hall coefficient; u, mobility of

carriers; n, number of carriers; a, amorphous

(002) preferred orientation in erbium (hcp, rare earth
metal) thin films produced by electron gun evapora-
tion, which reached its maximum at 575-775 K sub-
strate temperature and was stronger for higher
deposition rate of 2.5 nm/s compared with 0.55 nm/s.
Huang et al. [30] in comparing an evaporated thin Ag
(fcc, noble/transition metal) film with Ag film produced
using Ar ion bombardment concluded that the latter
shows much less (111) preferred orientation. Savaloni
and Bagheri Najmi [22] also found a (002) preferred
orientation for Zn (hcp, transition metal) films on glass
and stainless steel substrates which reached a maxi-
mum at about 400 K for Zn/glass and a maximum at
about 370 K for Zn/SS, while a (111) preferred
orientation for Cu (fcc, noble/transition metal) on
glass and SS films reached its maximum at about 590 K
for Cu/glass and at about 560 K for Cu/SS. Both Zn
and Cu films were produced by resistive evaporation
technique and at a pressure of 10~ mbar. They also
discussed the effect of residual gas and degassing of
substrates (i.e., glass and SS) on the preferred orien-
tation. Savaloni et al. [27] also observed strong (100)
preferred orientation for Ti/glass sputtered films.

Titanium dioxide can be formed in three crystalline
modifications, anatase, brookite and rutile [31]. It
should be noted that other oxides, Ti,O, TiO, Ti,Os,
Ti305 and Ti,0,, 1 (n = 4-10) (Magneli phases) may
be formed at low oxygen concentrations. The anatase
TiO, is more stable than the rutile form for the
temperatures lower than 800 °C. The phase transition
anatase — rutile occurs at 800 °C, when a sample is
heated; on cooling, the back transition does not occur
because of the high activation energy.

Many authors have tried to characterize the TiO,
films using X-ray diffraction (XRD) and/or transmis-
sion electron microscopy (TEM) [32-36]. TiO, films
produced by reactive evaporation or PECVD methods
are characterized by a lower density and grow in
amorphous state below 573 K [37, 38] (our samples
(Table 1) are produced at lower or about this temper-
ature). On the other hand, sputtering and ion beam
assisted deposition, i.e., methods characterized by
higher particle energies, can produce both amorphous,
and crystalline TiO, films below 473 K. The published
results of experimental studies using these deposition
methods are, however, different and in some cases
show contradictory results. For example, Meng et al.
[39] reported only the anatase structure for a wide
range of working pressure, while Okimura et al. [40]
observed the phase transition with increasing pressure,
and Kazunori et al. [41] obtained single crystalline
rutile TiO, on sapphire (0001) and (11°20) substrates.
Tokuda et al. [42], using RF sputtering deposition on
glass substrate at 573 K substrate temperature found a
structural dependence on film thickness; 56 and 84 nm
films were amorphous, 112 and 140 nm thick films were
rutile polycrystalline, and 280 nm thick film was a
mixture of rutile and anatase polycrystalline structure.

Typical examples of X-ray phase analysis of the
titanium films of different thicknesses are given in
Fig. 2a, b for films prepared at 387 and 503 K substrate
temperatures, respectively, while the peak position
(260°) in the XRD pattern for each sample is given in
Table 1. Our results (26°) in general are consistent with
TiO, rutile phase, including the diffraction lines of (020)
((20° = 38.14); JCPDS Card: 48-1278), (310) and (202)
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Fig. 2 XRD patterns of TiO, films produced at (a) 387 K;
(b) 503 K substrate temperatures for films of different thickness

((20° = 64.038) and (20° = 76.508), respectively;
JCPDS Card: 21-1276), considering the shift of peak
position due to stress developed in the film structure and
the uncertainty in determining the peak position due to
poor intensity. However, there exists an exception for
thickest films of groups I, II and III which can possibly
be assigned to (112) lattice plane of the anatase phase of
TiO, with reference to JCPDS Cards: 02-0406
(20° = 38.969) and 21-1272 (26° = 38.575). One should
also point out that the diffraction line of (110) $-Ti with
(20° = 38.482) though is close to the latter cases but with
respect to the rutile phase obtained for thinner films in
all groups, there should be high doubt in transformation
of oxide film to metallic by increasing film thickness.
The structure in lower thicknesses is so weak that can
also be considered as amorphous structure, similar to
Tokuda et al. [42] results, who used RF sputtering from
TiO, target. It can be seen that, both the film thickness
and the substrate temperature have direct influence on
the phase formation and the preferred orientation of
titanium oxide films. This shows that, despite the
discussion of the preceding paragraph, in fact it is
possible to produce rutile TiO, films with (020)
preferred orientation, by simple resistive evaporation
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of Ti at a pressure of ~10~> mbar, without any need for
using more complicated techniques, such as dc magne-
tron sputtering with reactive oxygen gas [43], deposition
from solution using microwave heating [44] or CVD [45].
This should be as a result of decomposition of water in
the vacuum chamber (particularly around the heated
substrate holder) and the gettering property of titanium.
Savaloni et al. [28], used a quadrupole mass spectrom-
eter and analyzed the partial pressure of the residual gas
inside their UHV chamber (base pressure of 107'° mbar;
evaporation pressure of 10® to 10~ mbar) before and
after deposition of erbium as a function of substrate
temperature. They reported that the substrate holder
assembly is an important site for out gassing and for
reactions, including those between deposited erbium and
residual gases. In particular they found that water
decomposes at about 600 K (see Fig. 4 in Ref. [26]).
They suggested that the water and its products arise from
out gassing and reactions at the substrate and substrate
holder. They also related the low partial pressure of
oxygen to its rapid reaction with deposited erbium
(erbium is also like titanium a powerful getter, but with
less gettering effect for oxygen and much higher gettering
effect for hydrogen [46]).

With regard to the formation of TiO, films in this
study, one should consider the following points:

a) the pressure in our chamber (i.e., ~10~ mbar) is
much higher than Savaloni et al’s work [28].
Therefore, there should be much higher partial
pressure for residual gases, in particular for water.
Hence at high temperatures (e.g., >500 K) there
should be a large amount of oxygen and hydrogen
as a result of decomposition of water and out
gassing from substrate holder assembly in the
vacuum chamber,

b) titanium is a very powerful getter and reacts
readily with oxygen [46],

c) at high temperature the oxide is more thermody-
namically stable [47, 48]. Therefore, it is possible
that by increasing the substrate temperature, the
available oxygen around the substrate holder
reacts and become gettered by titanium atoms to
form various forms of titanium oxide. Increasing
the substrate temperature, in addition to the above
processes, will increase the diffusion process on the
substrate surface, by providing sufficient energy
and mobility for titanium dioxide particles to
crystallize in higher energy phases of rutile or
anatase, so producing domains of TiO,, as
observed in the results (e.g., Figs. 2b, 3, 4).

In Fig. 2a and b, it can be seen that the width of TiO,
diffraction peak decreases with increasing the film
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Fig. 3 3D AFM images of
TiO; films produced at 387 K
substrate temperature for
different film thicknesses.

(a) 53 nm, (b) 64 nm,

(¢) 77 nm, (d) 224 nm

thickness, indicating that the grain size (coherently
diffracting domains) increases with film thickness. This
in fact may be confirmed by correlating the grain sizes
with the conductivity of the film through Arrhenius
plots of grain size GS « exp(—E,/KT) and conductivity
(0 x exp(—(E,/2KT)). Figure 6 shows that conductiv-
ity or grain size increases with film thickness. This
result is also reported by savaloni et al. for erbium [28,
29], and copper and titanium [27] films. Typical 3D
AFM images of Ti films of different thickness pro-
duced at two different temperatures of 387 and 503 K
are shown in Figs. 3a—d and 4a-d. The increase of

Fig. 4 3D AFM images of
TiO, films produced at 503 K
substrate temperature for
different film thicknesses.

(a) 53 nm, (b) 64 nm,

(¢) 77 nm, (d) 224 nm

physical grain size with both film thickness and
temperature is also obvious in Figs. 3a—d and 4a—d,
and are consistent with the structure zone model
predictions [49, 50] and the above discussion. The rms
roughness obtained from the AFM analysis for all
samples are also given in Table 1. It can be seen that
the roughness increases with film thickness for three
groups of samples produced at 473, 503 and 579 K
substrate temperatures (i.e., groups II, III and IV in
Table 1), while samples produced at the lowest
substrate temperature of 387 K (group I in Table 1),
behave differently (i.e., roughness decreases with
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Fig. 5 Variation of voltage as a function of current for TiO,
films produced at (a) 387 K, (b) 503 K substrate temperatures for
different film thicknesses

increasing thickness). The behavior of the lowest
temperature films may be concluded from observation
of both XRD patterns (Fig. 2a) and AFM images
(Fig. 3a—d), in which amorphous structure is dominant
and by increasing thickness, as it is well known [51] the
voids/valleys in the film structure fills up and smoother
surfaces are produced. On the other hand, as it can be
seen in AFM images (Fig. 3a—d) at this temperature
the film surface is inhomogeneous, the degree of which
decreases with increasing film thickness. This behavior
can also be the cause of decreasing roughness in group
I of the samples. The reason for the manner in which
higher temperature films behave can be explained as
follows: for thinner films (XRD results (Fig. 2b), shows
an almost amorphous structure), the developed grains
are smaller and AFM images (Fig. 4a—d) show an
almost a uniform surface, while by increasing the
thickness larger grains tend to form (XRD results
(Fig. 2b), show the development of TiO, (020) rutile
crystallographic structure), and in some regions, larger
grains stand at higher heights than the rest of the
film surface. This can be due to the formation of
TiO, grains with (020) orientation having a higher
rate of growth than the rest of the film [52], owing to
the increased diffusion process in higher temperature
films.
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Electrical properties

In this section, we discuss the results obtained from the
measurements of the dc resistivity and the Hall effect.
In order to investigate the influence of possible (low
frequency) charging effects at the electrical contacts
and leads, current-voltage (I-V) curves were recorded,
scanning the voltage both in increasing and decreasing
increments. Figure 5a and b show the results of films of
different thicknesses for two different substrate tem-
peratures of 387 and 503 K. However, it should be
noted that the current was kept low enough, in order
not to heat up the samples. A linear I-V curve was
obtained, independent of the scan direction, and there
was no indication of hystersis effect. In order to
investigate the anisotropy effect in our samples, the
I-V curves measurements were also carried out in four
different directions on the samples, namely, two
vertical (along the sample length and normal to the
length) and two diagonal directions. The values of
resistivity for all samples are given in Table 1. The
results of resistivity measurements carried out on the
thin film samples produced with different film thick-
ness, as expected showed that the resistivity decreases
with increasing film thickness at all substrate temper-
atures examined, and for films of same thickness, the
resistivity also decreases with increasing the substrate
temperature. The latter behavior is due to the increas-
ing diffusion processes in film and the former is due to
the reduction of voids and valleys as the film becomes
thicker. Figure 6 presents the variation of electrical
conductivity in the form of Arrhenius plot. Linear fits
were performed in order to determine the activation
energy E,. Using the mass action law, one can find that
the conductivity o is related to E, by the expression:

E,
oo exp| — 1
e 1)
15
n Eg = 1.6ev
145
o 14 E,=0.58 ¢V
) Eg=0.56 eV
3
1357 E,= 0.48 eV
a 83 (nm)
- &4
w 224 (nm)
12.5 T T
1.5 2 2.5 3

1000/T, (K™

Fig. 6 Arrhenius plot of conductivity
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as is indicated on Fig. 6, values of E, = 0.4-0.6 eV are
determined for thinner films of 53, 64, and 77 nm, while
there exists a break point for 224 nm thick films at
(Ts = 500K; Ts/Tm =0.26). In this case the value of
E, =~ 0.6eV at lower temperatures corresponds to the
manner in which thinner films behave (with a gradual
increase depending on film thickness), while at higher
temperatures the activation energy is increased consid-
erably. This behavior is consistent with our previous
results obtained for erbium [28] and copper and zinc
[22] films and with the model of Grovenor et al. [52]
and with the idea of more processes becoming activated
at higher temperatures. In Fig. 6 the influence of
thickness at higher temperatures can also be observed.

The Hall’s effect is important because it enables us
to make measures of mobility and concentration, and
gives insight into the mechanism of conductivity in
semiconductors. Figure 7a and b and Table 1, show the
variation of Hall coefficient, Ry, with film thickness
and substrate temperature, respectively. Ry decreases
sharply with increasing the film thickness to ~70 nm
(Fig. 7a) then this decrease becomes graduated up to
the highest thickness of ~224 nm. Figure 7b shows a
gradual decrease of Hall coefficient with substrate
temperature, which has lowest values for thickest film.

387 (K)
473 (K)
4503 (K)
0 579 (K)

Qo
o
1

-]

0 100 200 300

(b) 1

Log Ru

« 53 (rm)
a 64 (rrm)
£ 77 (rm)
224 (nm)

3

1000/Ts (K™

Fig. 7 (a) Variation of Hall coefficient, Ry, with film thickness
for TiO, films produced at different substrate temperatures.
(b) Arrhenius plot of Ry

In fact the Hall coefficient’s behavior is the same as the
film resistivity. We can also calculate activation ener-
gies from the Hall data, using the formulae
Ry x exp(E,/KgT). These are given on Fig. 7b. Com-
parison of the activation energies obtained from the
Hall coefficient with those obtained from electrical
conductivity in Fig. 6, shows a very close agreement,
particularly for thickest films (i.e., 224 nm), with a
break point at the same temperature observed in
Fig. 6.

The variation of Hall mobility p = gRy, with film
thickness and substrate temperature is given in Table 1
and shown in Fig. 8a and b. Again the mobility, y, also
decreases with film thickness, while its change with
substrate temperature is gradual and shows lowest
value for thickest film. The behavior of Hall mobility
with temperature suggests that scattering by ionized
impurities is the dominant mechanism.

Carrier concentration, n, increases with film thick-
ness, shows a little increase with substrate temperature
for films of less than 77 nm thickness (Fig. 9a, b). This
change is very pronounced for the thickest film from
about 500 K substrate temperature up wards, and in
fact shows a break point at a reduced temperature of
T/ Tm ~ 0.26; near the zone I to zone II boundary in
thin film structure zone model [49, 50]. This break
point occurs at the same temperature as it was
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o
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“ | |
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S m 64 (nm)
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m 224 (nm)
7 T T
15 2 25 3

1000/Ts (K™
Fig. 8 (a) Variation of mobility, x , with film thickness for TiO,

films produced at different substrate temperatures. (b) Arrhenius
plot of u
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Fig. 9 (a) Variation of carrier concentration, n with film
thickness for TiO, films produced at different substrate temper-
atures. (b) Arrhenius plot of n

observed in Fig. 6 for conductivity (increasing activa-
tion energy) and Fig. 7b for Hall coefficient.

Conclusions

TiO, rutile and anastase thin films were produced by
deposition of Ti (99.98% purity) at 10~ mbar onto glass
substrates by resistive technique. It is shown that there
is no need for the use of more complicated techniques to
produce TiO, rutile or anatase phases. The electrical
properties of these films (53-224 nm) produced at four
different substrate temperatures, are studied. The
microstructure of these films, obtained by means of
XRD and AFM, showed an increase of grain size,
surface roughness and development of (020) orientation
by increasing the film thickness. The results of resistiv-
ity, Hall coefficient, concentration of carriers and the
mobility in these films showed that, conductivity and
concentration of carriers increase with thickness, while
the Hall coefficient and the mobility decrease. From the
exponential dependences of ¢ on 7" and Ry on T7',
values of the activation energies (0.4-0.6 eV) were
derived for thinner films, while a break point for thicker
film of 224 nm at ( 75/ Ty, = 0.26; the zone I to zone 11
boundary in structure zone model) is observed, which is
consistent with the idea of more processes becoming
activated at higher temperatures. This break point is
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also observed in Arrhenius plot of carrier concentra-
tion, .
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