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a b s t r a c t

Thiourea modified nanocrystalline titanium dioxide (TiO2) thin films were prepared by sol–gel route and
were thermally treated at five different temperatures (400, 500, 600, 800 and 1000 ◦C). The films were
studied using GIXRD, PIGE and UV–vis spectroscopy. It was observed that the anatase to rutile phase
transformation of TiO2 was inhibited by the thiourea modification. The transmittance of the modified
films appeared reduced which was attributed both to the modification of TiO2 with thiourea and the light
scattering in the films. The dark conductivity and the transient photoconductivity of the modified TiO
eywords:
and S co-doped TiO2

ark conductivity
ransient photoconductivity
ol–gel
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sol–gel thin films were studied in vacuum and in air. The environment does not influence significantly the
dark conductivity, because of the almost equivalent competition between oxygen and water adsorption.
The photoconductivity reaches high values for all samples in both environments, with the sample treated
at 500 ◦C to present the highest value. The larger values in vacuum can be attributed to the reduced amount

e surf
anocrystalline
V–vis

of adsorbed oxygen at th

. Introduction

Titanium dioxide (TiO2) has been the focus of extensive
tudies in recent years in view of its various applications in
lectrochromics, photocatalysis as well as gas in sensing and photo-
oltaic devices [1]. Several of the technological applications depend
n the remarkable electrical properties and photocatalytic activ-
ty of TiO2. The temperature dependence of the conductivity can
rovide fundamental information on charge transport mechanisms
nd activation energy, useful for optimizing the properties of vari-
us devices [2]. The electrical properties of TiO2 can be controlled
ither by oxygen vacancies or by doping. It is well known that
ncorporation of Niobium into TiO2 results in the enhancement of
he electrical conductivity of TiO2 [3–6]. Dopants like Fe [7,8], Ni
9], Cr [10] have been used to control the electrical properties of
iO2. However, the effect of doping with anionic species like N, S,
and B to the conductivity behavior has not sufficiently studied

11–13].
In photocatalytic applications, doping of pure TiO2 with foreign

toms has been widely investigated. TiO2 photocatalyst is activated

nly by UV light irradiation, because of its large band gap, which is
round 3.0 eV for rutile and 3.2 eV for anatase phase. Doping is one
f the typical approaches adopted to extend the absorption edge of

∗ Corresponding author. Tel.: +30 2610 997482; fax: +30 2610 997451.
E-mail address: pomoni@physics.upatras.gr (K. Pomoni).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.152
ace, which acts as electron scavenger.
© 2011 Elsevier B.V. All rights reserved.

TiO2 to the visible region, in order to take advantage of the main
part of the solar spectrum. It has been shown that modification of
TiO2 using transition metals can shift the optical absorption edge
of TiO2 from the ultraviolet to the visible range [14–18]. However,
metal-doping into TiO2 causes thermal instability and low quantum
efficiency of the photoinduced charge carriers [19–21].

Over the last several years, the doping of TiO2 with non-metal
elements has received much attention [22–37]. The substitution
of oxygen in TiO2 with anionic species like N, C, S or F leads to
a band gap narrowing and a higher photocatalytic activity under
visible light. Namely, N- and S-doped TiO2 are considered excel-
lent candidates, since they exhibit enhanced photoactivity under
visible light irradiation due to the shift of the absorption edge to
a lower energy [22,24,25,29,31–33,35–37]. Some research groups
report that the observed band-gap narrowing can be attributed to
the mixing of N 2p states with TiO2 valence band (VB) or S 3p states
with TiO2 VB [22,24]. Alternatively, it is considered that the dopants
introduce additional isolated states above the VB [38–41] or on
both the above mentioned mixing and the induced states above VB
[42]. The co-doping of non-metal elements within the oxide lattice
has attracted considerable interest. A remarkable improvement in
activity, mainly arisen from a red shift in the absorption edge, as
well as a great enhancement of photocatalytic behavior have been

reported for N and S co-doped TiO2 and are both attributed to the
cooperative action of the dopants. The use of thiourea as a precur-
sor for the simultaneous N and S doping of TiO2 catalyst has also
been studied [21,43,44].

dx.doi.org/10.1016/j.jallcom.2011.03.152
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:pomoni@physics.upatras.gr
dx.doi.org/10.1016/j.jallcom.2011.03.152
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The sol–gel technique has been adopted as one of the best
ethods for the preparation of metal and non-metal doped

anocrystalline TiO2 because of its advantages, such as purity,
omogeneity and flexibility in introducing dopants in large con-
entrations [45]. In recent reports, non-metal doped TiO2 materials
ynthesized by the sol–gel method have been investigated towards
heir photocatalytic activity under UV and visible light illumination,
s well as their structural, optical, and other properties [35,46,47].

Although widespread applications of TiO2 are credited to its high
evel of photoconductivity [36], up to now, the conductivity and the
hotoconductivity of non-metal doped TiO2 materials in different
nvironments have been poorly studied. Based on the literature
eview, no research effort has been devoted to the conductivity
nd transient photoconductivity study of sol–gel nanostructured N
nd S co-doped TiO2 films using modification with thiourea.

In this work, we present our results on processing and on
tructural, electrical and photoconductive properties of thiourea
odified sol–gel TiO2 thin films. Furthermore, the influence of the

hermal treatment of the films and of the environment on the con-
uctivity and photoconductivity is discussed.

. Experimental details

.1. Preparation of thiourea modified sol–gel TiO2 thin films

Modified TiO2 thin films on Quartz substrate were prepared by sol–gel route.
etrabutylorthotitanate (TBOTi), Fluca, and thiourea, Acros Organics, were used as
i precursor and modification agent respectively. Ethanol absolute (Eth), Panreac,
as used as solvent in molar ratio Eth/TBOTi = 40. The quantity of thiourea was

alculated towards Ti in S/Ti = 1/1 atomic ratio. The thiourea was dissolved in the
lcohol and the solution was stirred in a closed round bottom flask for 40 min at room
emperature. Then, the TBOTi was added and the stirring was continued for 16 h
nder the same conditions. The resultant transparent, stable, light-yellow solution
as used for dip-coating deposition on Quartz Plates 50 mm × 10 mm × 1 mm. The
ipping process was performed at constant speed of 3.33 × 10−3 m/s. The obtained
el films were thermally treated in air for 1 h at different temperatures, namely 400,
00, 600, 800 and 1000 ◦C. A “Carbolite” muffle furnace was used with a heating rate
f 5 ◦C/min. All films appeared semitransparent and white in color. The thickness of
he films was determined by talystep profilometer and found to be 100, 92, 89, 86
nd 80 nm for the samples treated at 400, 500, 600, 800 and 1000 ◦C, respectively.

.2. Grazing incidence X-ray diffraction (GIXRD) and UV–vis spectroscopy

The GIXRD measurements were performed on a D8 Advance Bruker diffractome-
er using CuK� radiation and a parallel beam stemming from a Göbel mirror. The
verage size of the crystallites was determined using the Scherrer’s semi-empirical
quation for the stronger Bragg peak

= K�

ˇ cos �
(1)

here � is the wavelength of X-rays (0.154 nm), ˇ is the full width at half maximum
f the peak in radian, � is the Bragg angle, and K = 0.9. In Eq. (1), the instrumental line
roadening was subtracted in order to take into account only the peak broadening
ue to the sample.

The phase content (%) of the samples was calculated from the integrated inten-
ities of anatase (1 0 1) and rutile (1 1 0) peaks using the Spurr equation [48]

R = IR(1 1 0)
0.8IA(1 0 1) + IR(1 1 0)

(2)

here IA (1 0 1) and IR (1 1 0) are the stronger peak intensities of anatase and rutile
espectively, and WR is the rutile mass fraction.

UV–visible transmittance spectra of the samples were recorded using UV-2100
himadzu spectrophotometer in the wavelength range of 200–900 nm.

.3. Electrical conductivity and photoconductivity measurements

For the electrical conductivity and photoconductivity measurements, coplanar
ilver electrodes with a distance of 0.8 mm were vacuum deposited on the samples.

vacuum cryostat was used, while the temperature was adjusted by an Oxford
TC502S temperature controller. A constant bias voltage of 5 V was applied to the
amples, since no deviation from linearity in current–voltage curves was observed in

he voltage range 1–10 V. A 100 W (white light) Xenon lamp was used as light source
or the transient photoconductivity measurements. The white light was heat filtered
nd the full light intensity at the samples’ surface was set to 500 W/m2 by means of
calibrated Si-photodiode of known quantum efficiency. The light was switched on
nd off in 20 min intervals. The photocurrent response was measured by a Keithley
Fig. 1. GIXRD patterns of the thiourea modified TiO2 samples, treated at: (a) 400 C,
(b) 500 ◦C, (c) 600 ◦C, (d) 800 ◦C and (e) 1000 ◦C. The asterisk (*) denotes the anatase
Bragg peak positions, and the open circle (o) the rutile Bragg peak positions.

617 electrometer and recorded every 10 s by means of a computer via IEEE-488
bus. Before measurement, the samples were annealed at 440 K for 90 min and left
to cool down, for the elimination of persisting effects of previous light exposure.
Consequently, the samples remained in the dark for 24 h at room temperature before
performing the photoconductivity measurements.

3. Results and discussion

3.1. Crystalline structure and transmittance

The GIXRD patterns of the synthesized TiO2 films, heat treated
at 400, 500, 600, 800 and 1000 ◦C, are illustrated in Fig. 1. It can
be observed that the modified TiO2 sample annealed at 400 ◦C is
amorphous, whereas the annealing at 500 and 600 ◦C results in
the development of anatase phase. With further increase of the
annealing temperature to 800 ◦C, rutile phase is developed, with
anatase remaining the dominant phase. According to the literature,
the rutile phase appears at 700 ◦C [49] and it is almost completed at
800 ◦C. The measured 3% mass fraction of the rutile (Table 1) in the
sample treated at 800 ◦C is considered low, as well as in the sam-
ple treated at 1000 ◦C where the rutile content is increased (by a
factor of 7) but not completed. Brookite, which is the high temper-
ature crystalline modification of TiO2, was not found in the sample
treated at 1000 ◦C. These results indicate that the modification with
thiourea inhibits the anatase to rutile phase transformation of TiO2.

The obtained average crystallite sizes (Table 1) reveal a small
increase with temperature for anatase crystallites. The rutile crys-
tallites appear at 800 ◦C with an important increase of their size at
1000 ◦C (58.4 nm), due to the phase transformation from anatase
to rutile and the sintering phenomena which favour the growth of
rutile.

The transmittance UV–vis spectra of the modified films are pre-
sented in Fig. 2. The spectra reveal that all the films absorb the
electromagnetic radiation at wavelengths lower than 300 nm. The
transmittance reaches approximately the value of 20% at a wave-
length of 380 nm that corresponds to the band gap of TiO2. A gradual
increase in the transmittance is observed with increase of the wave-
length and transmittance values of 60–70% are recorded for the
wavelengths 600–900 nm. For the films heat treated at 500 and
600 ◦C, the transmittance values appear significantly reduced in
comparison to those for the film treated at 400 ◦C. Further increase

of the treatment temperature up to 1000 ◦C does not practically
influence the transmittance of the films. In the films treated at 500
and 600 ◦C, the reduced transmittance can be attributed both to
the diffuse light scattering in the films and the modification of TiO2
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Table 1
Phase and crystallite size of thiourea modified TiO2 sol–gel thin films annealed at various temperatures.

Thermal treatment temperature [◦C] 500 600 800 1000
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ing that, during the illumination in vacuum, the recombination
Phase Present Anatase Anatas
Average crystallite size [nm] 28.2 28.6
Phase content [%] 100 100

ith thiourea. Finally, in the films prepared at higher temperatures,
he diffuse scattering of the light becomes a major mechanism of
he maintenance of the reduced transmittance values.

In addition, it is worth mentioning that interference fringes in
00–900 nm wavelength range, characteristic for thin films [50],
ere not observed.

.2. Dark conductivity

As it is well known, the conductivity of TiO2 is highly sensitive
o the environment and can be affected by oxygen vacancies. These
acancies are intrinsic for any oxide material and act as electron
onors, determining the TiO2 n-type conductivity. In this section,
he electrical conductivity in the dark of the thiourea modified TiO2
ol–gel films, heat treated at various temperatures, is presented.
he dark conductivity was measured both in air and a vacuum
nvironment.

In order to determine the mechanism of electrical transport,
etailed measurements of the dark conductivity (�d) as a function
f the specimen’s temperature in the range 300–410 K were per-
ormed, in vacuum (10−2 Pa) and in air. It is important to note that,
ecause of the small thicknesses of the samples, the dark currents
ere smaller than the limit on measurements (<10−14 A).

In this respect, measurements were possible only in vacuum
or the sample heat treated at 500 ◦C, and in both vacuum and air
or the sample heat treated at 600 ◦C. The �d values in vacuum,
t 330 K, are 4.3 × 10−8 and 6.99 × 10−9 �−1 m−1 for the samples
hermally treated at 500 and 600 ◦C respectively, while the corre-
ponding �d value in air for the sample thermally treated at 600 ◦C
s 6.39 × 10−9 �−1 m−1 (Table 2). The difference in the �d values in
acuum (more than half an order of magnitude) for the treatment
emperatures 500 and 600 ◦C can be assigned to thiourea modifica-
ion that contributes to the increase of the electrical conductivity.
ince the modification agents (N and S) escape gradually from the

lms with the increase of the treatment temperature [43,51], the
dditional donor states are significantly reduced causing a decrease
n �d for the sample heat treated at 600 ◦C. For the heat treat-

ent temperature of 600 ◦C, the �d value in air is slightly lower

ig. 2. UV–vis spectra of the thiourea modified TiO2 films treated at various tem-
eratures.
Anatase Rutile Anatase Rutile
29.3 24.8 31.8 58.4
97.1 2.9 79.3 20.7

than that in vacuum, probably due to the competition between two
mechanisms that act in air: (i) oxygen adsorption which causes the
decrease of �d and (ii) water adsorption which increases it [52–54].
It is evident that the influence of oxygen adsorption prevails in this
sample.

The activation energies Ea were calculated from the log �d
versus 103/T Arrhenius plots obtained from the temperature
dependent conductivity studies (Fig. 3). It was found that the acti-
vation is temperature dependent, indicating that band conduction
is the main charge transport mechanism. The least squares fitting
to the data in the high temperature regime gives the activation
energies Ea (Table 2). It is well known that in anatase TiO2, the free
carriers arise from stoichiometric deviations, mainly due to oxygen
vacancies located below the conduction band edge at 0.75–1.18 eV
[55]. The decrease shown in the Ea value for the sample heat treated
at 500 ◦C is attributed to the modification with thiourea, which
causes the increase in electrical conductivity.

3.3. Photoconductivity

The study of the photoconductivity behavior is a useful tool
for interpreting the competition among charges’ photogeneration,
recombination and trapping in semiconductors. In the present
work, charge transport properties of thiourea modified TiO2 thin
sol–gel films have been studied, using transient photoconductivity
measurements.

3.3.1. In vacuum
The transient photoconductivity �p of the thiourea modified

TiO2 nanocrystalline thin films in vacuum (10−2 Pa) is presented
in Fig. 4. The �p values after 20 min of illumination are presented in
Table 2. For the thermal treatment temperature of 400 ◦C [Fig. 4(a)],
the rise is sharp, following an almost linear dependence, indicat-
and thermal release rates follow the same change with time. It is
worth mentioning that no evidence of saturation during the time
of measurements is observed. The sample, at the end of the first

Fig. 3. Temperature dependence of the dark conductivity versus 103/T in vacuum
and in air, plotted as log �d = f(103/T) for sample treated at 600 ◦C and the linear
regression fits for the determination of the activation energies Ea. The temperature
dependence of the dark conductivity in vacuum for sample treated at 500 ◦C is given
as an inset of the figure.
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Table 2
Electrical conductivity �d, activation energy Ea and photoconductivity �p of thiourea modified TiO2 sol–gel thin films in vacuum and in air.

Thermal treatment temperature [◦C] 400 500 600 800 1000

In vacuum, �d [�−1 m−1] 4.3 × 10−8 6.99 × 10−9

In air, �d [�−1 m−1] 6.39 × 10−9

In vacuum, Ea [eV] 0.54 0.72
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In air, Ea [eV]
In vacuum, �p [�−1 m−1], after 20 min of illumination 5.35 × 10−6

In air, �p[�−1 m−1], after 20 min of illumination 2.24 × 10−8

llumination period, presents a low �p value, attributed to its amor-
hous structure. When the light is switched off, the decay is initially
brupt, suggesting that the recombination rate becomes impor-
ant, but soon the increasing thermal release rate of the trapped
lectrons results in a lower decay rate. At the end of the second
llumination period, �p reaches much higher values. This signifi-
ant asymmetry between first and second rise originates from the
act that transient photoconductivity at the end of the first decay
eriod has not taken its initial dark value yet [52,53].

The �p behavior for the sample heat treated at 500 ◦C is shown
n Fig. 4(b). During the first and second rise it follows the usual
ublinear trend [52]. After 20 min of illumination, �p reaches the
igh value of 1.70 �−1 m−1, which is more than eight orders of
agnitude higher than its �d value. The high values of �p sug-

est a high conduction band electron density which enhances the
ecombination rate. As a consequence, a decrease in the asymme-
ry between the first and second rise is observed, compared to the
ample heat treated at 400 ◦C. When the light is switched off, a slow
ecay follows, due to the high thermal release rate from the traps.

The samples heat treated at 600, 800 and 1000 ◦C [Fig. 4(c)–(e)]

how a significant decrease in their �p values with increase of
he thermal treatment temperature. In comparison with the sam-
le heat treated at 500 ◦C, a reduction of six and eight orders of
agnitude is noticed for the heat treatment temperatures of 800

ig. 4. The photoconductivity response at 300 K, in vacuum, under white light illuminat
00 ◦C, (c) 600 ◦C and (d) 800 ◦C. The photoconductivity response (e) of the sample heat t
0.85
1.70 1.01 × 10−1 1.75 × 10−6 5.40 × 10−9

2.5 × 10−3 1.43 × 10−3 9.73 × 10−7 2.91 × 10−8

and 1000 ◦C respectively. As revealed by XRD analysis, the samples
treated at 800 and 1000 ◦C exhibited a considerable increase in the
grain size with a simultaneous rise in their rutile/anatase content.
It has been reported that the recombination rate is enhanced when
the grain size and the rutile/anatase ratio is increased [56,57]. The
effect of an increased recombination rate at the first stages of illumi-
nation is obvious for the sample heat treated at 600 ◦C. In addition,
a quasi saturation behavior is shown during the last stages of the
illumination periods. As a consequence of the high recombination
rate, lower values of �p during the second rise are obtained.

The decay for the samples heat treated at 600, 800 and 1000 ◦C
occurs in a high rate, indicating that recombination is prevalent, and
slows down only when the rate of the trapped electrons activated
to the conduction band increases significantly.

3.3.2. In air
Fig. 5 illustrates the �p behavior at 300 K in air, of the thiourea

modified samples heat treated at the five different temperatures,
ranging from 400 to 1000 ◦C. The �p values in air after 20 min of
illumination are presented in Table 2. As it can be observed, the �p
values in air are several orders of magnitude lower than those in
vacuum. The decrease is attributed to the shortening of the electron
lifetime in air caused by the surface adsorbed oxygen gas molecules
and the creation of a great number of electron scavengers O−

2 [58].

ion of full intensity (Fo = 500 W/m2) of the samples heat treated at: (a) 400 ◦C, (b)
reated at 1000 ◦C is given as an inset of (d).



K. Pomoni et al. / Journal of Alloys and Compounds 509 (2011) 7253–7258 7257

F ion of
( ated a

F
r
e
t
v
g
d

d
o
t

F
v

ig. 5. The photoconductivity response at 300 K, in air, under white light illuminat
c) 600 ◦C and (d) 800 ◦C. The photoconductivity response (e) of the sample heat tre

or the thermal treatment temperature of 400 ◦C [Fig. 5(a)], the
ise during the first illumination period follows the usual sublin-
ar trend. The �p value, after 20 min of illumination is more than
hree orders of magnitude lower than the corresponding value in
acuum. The �p falls off rapidly when the light is turned off, sug-
esting the domination of recombination in air, and the decay slows
own only when the thermal release rate becomes important.

In the case of 500 ◦C [Fig. 5(b)], the �p versus time plot is quite

ifferent. The recombination rate dominates from the early stages
f illumination, while �p rises quickly to a maximum value and
hen decreases rapidly. An increase of five orders of magnitude in

ig. 6. The photoconductivity at the end of the first illumination period, at 300 K,
ersus the different temperatures of thermal treatment, in vacuum and in air.
full intensity (Fo = 500 W/m2) of the samples heat treated at: (a) 400 ◦C, (b) 500 ◦C,
t 1000 ◦C is given as an inset of (c).

�p compared with the case of the heat treatment temperature of
400 ◦C is shown, which is attributed to the amorphous structure
of the modified TiO2 films at 400 ◦C. The high recombination rate
becomes determinant during the second illumination period, not
permitting photoconductivity to reach high values.

The �p behavior of the samples heat treated at 600 ◦C, 800 ◦C and
1000 ◦C is shown in Fig. 5(c)–(e), respectively. A further significant
drop in �p values occurs due to the additional recombination cen-
ters created with the increase of crystallite size and rutile content
[59].

Photoconductivity of the thiourea modified samples at the end
of the first illumination period as a function of the thermal treat-
ment temperature is shown in Fig. 6. The values are obtained at
300 K, both in vacuum and in air.

The sample treated at 400 ◦C is characterized by low �p val-
ues, attributed to the amorphous structure of the film. For thermal
treatment temperatures higher than 500 ◦C an effective decrease of
�p results. It seems that the heat treatment temperature of 500 ◦C
is the optimum choice for achieving high �p values in thiourea
modified films.

4. Conclusions

The effect of thermal treatment temperature on the microstruc-
ture, UV–vis transmittance, electrical conductivity and transient
photoconductivity of thiourea modified nanocrystalline sol–gel
TiO2 films was investigated. In addition, the influence of the envi-

ronment on conductivity and photoconductivity was studied.

The films exhibited amorphous, anatase and mixed
anatase/rutile structure, depending on the heat treatment
temperature. The presence of thiourea inhibited the anatase to
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utile phase transformation of TiO2. The reduced transmittance of
he TiO2 films was attributed to both the thiourea modification
nd the light scattering in the films.

Furthermore, the heat treatment at 500 ◦C results in lower ther-
al activation energy Ea due to the new states above the valence

and of TiO2 introduced through the thiourea addition. In air, the
hotoconductivity is reduced three orders of magnitude more than
hat in vacuum, because of the adsorbed oxygen. The transient pho-
oconductivity behavior of the samples in air suggests the prevalent
ole of the recombination rate. The decrease of �p values by several
rders of magnitude when the treatment temperature is increased
s ascribed to the considerable increase in the crystallite sizes
nd the simultaneous rise in the rutile/anatase ratio. To summa-
ize, the heat treatment at 500 ◦C yields the optimum results for
he achievement of high photoconductivity in thiourea modified
lms.
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