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a b s t r a c t

In this paper we made a study on the effect of films thickness on the electrical conduction properties
of nanostructured TiO2 thin films deposited by d.c. reactive sputtering. The deposition was performed
on heated (573 K) glass substrates, using water vapor as reactive gas. The electrical conductivity of the
films was investigated in the temperature range 13–320 K. The temperature dependence of electrical
conductivity between 80 and 320 K indicated that electrical conductivity in the films was controlled
by potential barriers caused by depletion of carriers at grain boundaries in the material. Values of grain
barrier heights and surface trap density at the grain boundaries were extracted from the high temperature
2.20. Ee
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iO2
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rain boundary

data for the investigated samples. Both the grain barrier heights and surface trap density at the grain
boundaries were found to depend significantly on film thickness into the deposition process. The low-
temperature (T < 80 K) conductivity of the films was described in terms of variable-range hopping (VRH)
conduction. Characteristic parameters describing the low-temperature conductivity, such as the hopping
distance, hopping energy and density of states were determined, and their values as a function of film
thickness were discussed in the light of variable-range hopping conduction model.
hickness

. Introduction

Titanium oxide (TiO2) with a wide band gap of about 3.0 eV is
ne of the excellent semiconductors, having many applications in
hotovoltaics [1], spintronics [2], gas sensors [3,4] etc. Most of these
pplications depend on the remarkable electrical properties of TiO2.
t is important to control the requested properties, by controlling
he deposition process, knowing that they are generally affected by
he deposition method, substrate temperature and nature, reactive
as nature and partial pressure, thickness, etc. [4–8].

A polycrystalline material is made of small crystallites joined at
heir surfaces via grain boundaries [9–11]. Therefore, the conduc-
ivity of polycrystalline materials is related to the potential barriers

uilt up around grain boundaries. According to grain boundary
odel, in a polycrystalline film, the grain boundary region con-

ists in a large number of defects which act as effective carrier
raps [9–11]. Grain boundary model states that, when the trapping
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states in grain boundary region are occupied, they create a deple-
tion region in the crystallite and a potential barrier at the interface
[9–11].

The presence of a large number of defects in the grain boundary
region results in the formation of trapping states that are capable
of trapping carriers. This reduces the number of free carriers avail-
able for electrical conduction. After trapping the mobile carriers and
the traps become electrically charged creating a potential energy
barrier, which obstructs the motion of carriers, thereby reduces
the mobility of carriers [9–11]. Finally, when the traps states in
the grain boundary region are present, the conductivity of mate-
rial changes due to the capture of free carriers. The grain boundary
region increases as a result of a decrease in the grain size. There-
fore, the grain boundary plays the dominant role in the conduction
process of polycrystalline materials. The shrinkage of the grain size
results in a decrease in the conductivity [9–11].

One of the sensing mechanisms of TiO2 gas sensors is the trans-
duction function which represents the dependence of the electrical

conductivity on the occupied surface trap density (Nt) determining
the Debye screening length (LD) of the material. If L is the average
crystallite size, the highest sensitivity is obtained when 2LD > L [3].
Therefore, surface trap density (Nt) should be determined in TiO2.
Although this is vital in TiO2 gas sensors applications, to the best of

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yildizab@gmail.com
dx.doi.org/10.1016/j.jallcom.2009.12.061
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Table 1
Weight percentage of anatase phase (WA), average surface roughness (RAFM), mean crystallite size of anatase (DA) and rutile phase (DR). The average crystallite size (L), barrier
height (Eb), donor concentration (ND), Debye screening length (LD), and surface trap density (Nt) for m* = 1 and m* = 25 for the TiO2 samples.
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conclusion based on a large number of experimental data, that the
average crystallite size increases with the increasing of the thin film
thickness, while the surface of the crystallite boundaries decreases.
Still, from XRD analysis (Table 1), one can see that this observation

Fig. 1. XRD patterns plotted for the studied samples.
Sample WA (%) RAFM (nm) DA (nm) DR (nm) L (nm) E

Thin (200 nm) 50 7.2 10 15.0 12.5 4
Thick (850 nm) 18 8.6 25 12.6 18.8 2

ur knowledge, surprisingly, it has not been reported so far data on
urface trap density using temperature dependence conductivity.

In order to explain electronic transport properties of TiO2 thin
lms, several conduction models have been found in the literature.
hese models are the simple thermally activated conduction [5],
ariable-range hopping (VRH) conduction [12,13], small-polaron
opping conduction [14] and grain boundary models [15]. It is
ecessary to do a detailed analysis for determining suitable con-
uction mechanism. In a series of previous works [12–14], we have
xplained the electronic transport properties of TiO2 thin films by
sing some of these models. In the case of polycrystalline TiO2,
ne can expect that electronic transport at high temperatures can
e explained using model that invoke potential barriers at grain
oundaries. However, at sufficiently low temperatures, electronic
ransport becomes dominated by hopping between defect states
elatively close to the Fermi level.

In this work, we extended our investigations by studying the
emperature dependence of the electrical conductivity on the film
hickness in nanostructured TiO2 thin films deposited by d.c. reac-
ive sputtering. The temperature-dependent conductivity of these
lms was explained in terms of grain boundary and variable-range
opping models at high and low temperatures, respectively.

. Experimental

A reactive d.c. sputtering magnetron technique was used to obtain titanium
xide films with much different thickness (200 nm and 850 nm). The investigated
lms were deposited onto glass substrates, heated at 573 K. Water vapor were used
s reactive gas, and argon as sputtering gas. Other deposition conditions can be found
n our previous work [8]. The film thickness was determined by surface profilometry,
sing a Tencor Alpha-Step 500 instrument.

X-ray diffraction (XRD) measurements were performed using a computer-
ontrolled diffractometer (Cu K� radiation, grazing incidence diffraction—5◦ ,
= 40 kV; I = 30 mA). For the studied samples, which present mixtures of anatase and

utile phases, the weight percentage of the anatase phase, WA , has been determined
sing the equation [16]

A = 1
(1 + 1.265IR/IA)

(1)

here IA and IR denote the intensities of the anatase reflection A(1 0 1) and rutile
eflection R(1 1 0), respectively (see Table 1).

The average crystallite size values for the anatase phase (DA) and for rutile phase
DR) were calculated with the Debye–Scherrer formula [17]:

= 0.9�

B cos �
(2)

here B is the peak width, � is the diffraction angle and � is the X-ray wavelength
orresponding to Cu K� radiation.

The surface morphology of the films has been investigated by atomic force
icroscopy (AFM) in noncontact mode (Explorer, TopoMetrix) [8].

Electrical resistance measurements were performed, as a function of temper-
ture, with a Keithley 196 apparatus, by cooling the samples in a continuous He
ow cryostat (Cti-Cryogenics-Helix Technology Corporation) from 320 K to 13 K.
wo thin-film gold rectangular electrodes, placed parallel one with each other at
distance of 0.5 mm, have been deposited on the studied titanium oxide films, by
acuum thermal evaporation.

. Results and discussion
The XRD patterns and AFM images revealed a polycrystalline
tructure, which it is specific for thin films deposited on heated
ubstrates [5–8]. While keeping all the other deposition parame-
ers the same, we could study the influence of thickness on the
tructure, morphology and, hence, on the electrical properties of
) ND (cm−3) LD (nm) Nt (cm−2) (for m* = 1) Nt (cm−2) (for m* = 25)

1.02 × 1019 3.35 1.33 × 1012 8.54 × 1012

3.72 × 1018 6.51 7.29 × 1011 4.56 × 1012

titanium oxide films. A decrease in the weight percentage of the
anatase phase, from the 50% to 18%, is observed with the increas-
ing in thickness from 200 nm till 850 nm (see Fig. 1). As can be seen
from Fig. 2, AFM analysis shows an increase in the average size of the
nodules at the sample surface from 50 nm to 150 nm, with the men-
tioned increase in thickness. In Ref. [18], it is specified, as a general
Fig. 2. 3-D AFM images for (a) thin (200 nm) sample, and (b) thick (850 nm) sample.
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becomes flat without the potential barrier [11]. Then electrons are
ig. 3. Temperature dependence of the conductivity plotted as ln(�) vs. 103/T in a
emperature range 13–320 K.

s valid only for the anatase crystallites. The observation, sustained
or a large number of samples [7,8] could be explained by consider-
ng that the crystallization rate for the crystallites having an anatase
tructure is higher than that of the corresponding rutile crystallites.

In order to determine the dominant conduction mechanism in
iO2 films, the electrical conductivity (�) has been investigated
rom 13 K to 320 K. Fig. 3 shows the measured electrical conduc-
ivity of the TiO2 films with different thickness as a function of
emperature. As seen from the Fig. 3, no single law conduction
an fit the entire curve of the conductivity. The plot suggests that
here are two main types of conduction mechanisms contribut-
ng to the conductivity in different temperature ranges. These two

echanisms may be distinguished experimentally by operating in
ppropriate temperature ranges. The data reveals a continuously
arying slope in �, which becomes almost independent of tem-
erature for the investigated samples at temperatures lower than
ertain values, depending on the film thickness.

However, for both sample, the conductivity curves can be
ivided into two regions, i.e. (i) above 80 K and (ii) below
0 K denoted by “high temperatures” and “low temperatures”
espectively. The high temperature slope is connected to the
hermally activated band conduction (� = �0exp(−Ea/kBT)). The
ow-temperature slope is related by the hopping conduction
ln(�T1/2) is proportional to T−1/4). In order to explain the tem-
erature dependence of conductivity in region (i), there are several
onduction models in the literature. Among these models, the grain
oundary model [9–11] goes to fore in our samples due to their
olycrystalline structure.

As can be seen in Fig. 3, the thickness of the films has a drastic
ffect on the conductivity, changing it by almost three orders of
agnitude. In addition, the slope of ln(�) vs. 1000/T curves, that is

ctivation energy (Ea), also changed considerably as the thickness
f films is increased. When the crystallite sizes of two samples are
onsidered, this difference could be explained by grain boundary
odel [9–11]. On the other hand, XRD measurements indicate that

he thicker films have larger crystallites than that of thinner films;
he 850 nm thick film has an average crystallite size of 18.8 nm
nd while the 200 nm thin film has an average crystallite size of
2.5 nm [8]. Since a polycrystalline film has crystallites joined at
heir surfaces via grain boundaries, the boundaries between crys-
allites play an important role in determining the conductivity of

olycrystalline film. As the thickness decreases, the crystallite size
ecreases and this leads to an increment in the trapping states at
rain boundary. Trapping states are capable of trapping free carriers
nd, as a consequence, more free carriers become immobilized as
ompounds 493 (2010) 227–232 229

trapping states increases. On the other words, the larger crystallite
size results in a lower density of grain boundaries, which behave as
traps for free carriers and barriers for carrier transport in the film.
Hence, an increase in the grain size can cause a decrease in grain
boundary scattering, which leads to an increase in the conductivity.

We now apply grain boundary model to explain the high tem-
perature data of the present samples. The assumptions of this
model are: (i) the crystallites have similar size and shape; (ii) there
is only one type of monovalent trapping states with Nt surface trap
density. The temperature dependence of electrical conductivity for
polycrystalline films was analyzed by Baccarani et al. [9] based on
the grain boundary scattering theory of Seto [10]. According to this
treatment, the variation of electrical conductivity with tempera-
ture depends on whether the grains are fully depleted or partially
depleted of charge carriers. Since the electrical properties of TiO2
are dominated by oxygen vacancies as well known [6], we can
suppose the samples are n-type and donor concentration is ND.
According to grain boundary model [9], we can define a critical
value of impurity concentration (N∗

D). For ND < N∗
D, the crystallites

are entirely depleted, and Fermi level energy (EF) becomes aligned
with energy Et (with respect to EF at the interface). In this regime,
the conductivity can be written in the form [9]

� =
[

L2e2NcNdvc

2kBT(Nt − LNd)

]
exp

(
− Ea

kBT

)
(3)

and vc is the collection velocity [9]:

vc =
(

kBT

2�m∗

)1/2

(4)

where e is the electron charge, L is the average size of the crys-
tallites, kB is the Boltzmann’s constant, m* is the effective mass of
charge carriers and NC is the conduction band effective density of
states which is described as,

NC = 2
(

2�m∗kBT

h2

)3/2

(5)

where h is the Planck’s constant.
In the second case ND < N∗

D, the grains are only partially
depleted. The electrical conductivity can be expressed as [9,10],

� =
(

Le2nvc

kBT

)
exp

(
− Ea

kBT

)
(6)

where n is the electron concentration in neutral region of crystal-
lites. In this regime, the activation energy (Ea) equals the barrier
energy (Eb) at boundary. Eb can be described as [9,10],

Eb = L2e2ND

8ε
(7)

where ε is the low frequency dielectric constant. As mentioned ear-
lier, applicability of grain boundary model involves many grain
boundaries. This effect is examined by evaluation of the Debye
screening length (LD) in comparison with the average grain size
(L). LD is given as [11],

LD =
√

kBTε0ε

e2ND
, (8)

where ε0 is the dielectric constant of vacuum. If LD < L/2, poten-
tial barriers exist in grain boundary region due to interface trap
states [11]. If, however, LD is larger than L/2, the conduction band
transported without grain boundary scattering.
To recognize different regimes where the crystallites are fully

depleted or partially depleted of charge carriers, we redraw plots
of conductivity vs. temperature as seen in Fig. 4 at temperatures



230 A. Yildiz et al. / Journal of Alloys and Compounds 493 (2010) 227–232

F
t

r
v
t

c
t
t
t
d
1
t
E
l
h
T
d
i
5
v
t

l
(
L

F
S

ig. 4. Temperature dependence of the conductivity plotted as ln(�) vs. 103/T in a
emperature range 80–320 K.

ange 80–320 K. We can distinguish two different thermally acti-
ated regions at certain temperature values depending on the film
hickness in Fig. 4.

According to grain boundary model [9–11], the carrier con-
entration decreases with increase of temperature at higher
emperatures because of increasing contribution of the crystallites
o the conductivity. This clearly suggests that the electrical conduc-
ion is controlled by charge carriers which are trapped by partially
epleted grains in the temperatures from 80 K to 170 K and 80 K to
40 K for thin and thick films, respectively. Therefore, we assume
hat the partially depleted grains model, which is expressed in
q. (6), is valid in these temperature ranges. From the slopes of
n � = f (1000/T) curves in Fig. 5, the values of the energy barrier (Eb)
ave been calculated for two samples and their values are given in
able 1. Eb decreases, as the film thickness increases. Then, we can
etermine the values of donor concentration (ND) using Eq. (7) for

nvestigated samples. Since our thin and thick samples are with
0%-rutile and 82%-rutile [8] respectively, in Eq. (7) we used the
alues of dielectric constants (ε) as about 80 and 110 for thin and

hick samples, respectively [19].

Knowing the values of ND, the values of the Debye screening
ength (LD) can be calculated. The calculated values of LD from Eq.
8) are given in Table 1. With an increase of the film thickness,
D comes near L/2. However, it can be noticed that the condition

ig. 5. Temperature dependence of the conductivity plotted as ln(�T1/2) vs. 103/T.
olid lines are the best fit lines with Eq. (6).
Fig. 6. Temperature dependence of the conductivity plotted as ln(�T−1) vs. 103/T.
Solid lines represents the best fit lines with Eq. (3).

LD < L/2, appropriate for a grain boundary model is still obeyed here
for both sample. Thus, the approach of analyzing the data using the
grain boundary model for the thermal activation of conductivity is
valid for both samples.

In the light of above discussion, the electrical conduction in our
samples is controlled by charge carriers which are trapped by fully
depleted crystallites in the temperatures from 170 K to 320 K and
140 K to 320 K for thin and thick films, respectively. In these tem-
perature ranges, it can be assumed that the fully depleted grain
model which is given in Eq. (3) is valid. The values of surface trap
density (Nt) have been calculated for the two samples, and their
values are given in Table 1. The fully depleted crystallite formula
(1) gives a well fit to the conductivity data for the studied samples
in the considered temperature range (Fig. 6). In Eq. (3), values of Nt

are deduced from the straight line of the plot of ln(�T−1) vs. 1000/T.
In Eq. (3), the effective mass (m*) has two different values of 1 m0
or 25 m0, depending on anatase or rutile crystal phase [20]. Hence,
we have utilized these two values of effective mass in calculating
the values of surface trap density (Nt).

The obtained results can be explained fairly well from the origin
of grain boundary trapping states. Grain boundary trapping states
can be thought to be caused by large quantities of dangling bonds
at grain boundaries; therefore the value of grain boundary surface
trap density (Nt) should agree with the value of the surface state
density of various systems having the same origin, which is in the
order of magnitude of 1012. Nt is perfectly in agreement with the
reported values for polycrystalline systems [10]. As expected, the
values of Nt decrease with increasing film thickness.

Now we come to the results of the low-temperature electrical
conduction properties of TiO2 films. At temperatures lower than
80 K, and, in particular, less than 60 K, deviations from the linearity
in the conductivity–temperature relationship became remarkable.
This type of behavior has been observed in many disordered semi-
conductors, and it is a characteristic of the change in conduction
mechanism from thermally activated at high temperatures to the
variable-range hopping conduction at low temperatures [21]. It is
caused by hopping conduction between defects localized states in
the grain boundary space-charge region. The existence of the local-
ized states for such a conduction process is a consequence of imper-
fections associated with polycrystalline films. In polycrystalline

materials, the VRH conduction process exists in the grain bound-
aries at temperatures at which the carriers do not have sufficient
energy to cross the potential barrier and to transfer themselves into
the crystallite by the process of thermionic emission [22].
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ig. 7. Temperature dependence of the conductivity plotted as ln(�T1/2) vs. T−1/4 in
temperature range 13–60 K. Solid lines represents the best fit lines with Eq. (9).

The low-temperature slope is not totally constant but varies
ith temperature suggesting VRH conduction. In this regime, the

onduction occurs via VRH of the charge carriers in the localized
tates near the Fermi level, and is characterized by Mott’s relation
21],

= �0vT−1/2 exp (−T0/T)1/4 (9)

here

0� = 3e2�

(8�)1/2

[
N(EF )
˛kB

]1/2

(10)

0 is a characteristic temperature coefficient which depends on the
ensity of states N(EF) at the Fermi level in the form [21]:

0 = 18˛3

kBN(EF )
(11)

here ˛ is the localized state wave function and � is the typical
honon frequency. The hopping conduction is considered to be
alid, if the hopping parameters satisfy the hopping conditions.
or VRH conduction, the temperature-dependent hopping distance
Rhop) and average hopping energy (Whop) are calculated from Eqs.
12) and (13) respectively [21]:

hop =
[

9
8�N(EF )˛kBT

]1/4
, (12)

hop = 3
4�R3N(EF )

. (13)

Presentations of the temperature dependence of the conductiv-
ty according to Eq. (9) are given in Fig. 7, at low temperatures.
hese graphs show that Mott VRH conductivity can be found in
he low-temperature part of conductivity. The experimental data
f the films show a good fit with Mott’s formula. The characteris-

ic temperatures T0 are obtained from linear fits of these plots. The
btained parameters are collected in Table 2. In these calculations,
he localized state wave function (˛) was assumed to be 0.124 Å
23].

able 2
RH parameters for the TiO2 samples.

Sample T0 (K) N(EF) (cm−3eV−1) Rhop (Å) Whop (meV)

Thin (200 nm) 7.77 × 103 5.13 × 1022 12.1 2.61
Thick (850 nm) 1.12 × 104 3.54 × 1022 13.3 2.85
ompounds 493 (2010) 227–232 231

The obtained values indicate that the density of localized states
N(EF) at the Fermi level increase with the decrease of the film thick-
ness. This indicates that our TiO2 thin film contains higher density
of defects compared with thick film. These defects are responsible
for the presence of the localized states. With increasing film thick-
ness, the number of defects is minimized. The values of the Whop
and Rhop for T = 30 K are also listed in Table 2. The average hopping
distance and hopping energy increase with increasing film thick-
ness. It can be related that an increasing in thickness produces more
crystalline films, due to increasing crystallite size and the filling
of the hopping sites with charge carriers. This reduces the energy
sites available for hopping and carriers require higher energy for
hopping between adjacent states.

It is worth mentioning that the requirements Rhop ˛ ≥ 1 and
Whop > kBT, which are essential for the validity of Mott’s VRH model,
is clearly satisfied. Also the obtained values of VRH parameters are
of the same order of magnitude as that found in a variety of metal
oxide systems [12,24,25]. This indicates that the conduction in the
considered temperature range is due to VRH in the investigated
samples.

4. Conclusions

In this work, we have studied the influence of film thickness on
the electrical properties of titanium oxide thin films. The samples
were obtained on heated glass substrates, by d.c. reactive sputter-
ing, using H2O vapor as reactive gas. The samples are polycrystalline
with mixed anatase/rutile structure. We have shown that electron
transport in the investigated samples is dominated by grain bound-
ary potential barriers at high temperatures (T > 80 K). Values of
density of surfaces states at the grain boundaries have been calcu-
lated from the high temperature data for the investigated samples.
It was found that film thickness significantly influences electrical
properties of titanium oxide thin films. As the film thickness is
increased the crystallite size increases. Increasing the film thickness
reduces both the value of potential barrier height and the value of
density of surfaces states at the grain boundaries, and thus increases
the conductivity for the investigated samples. The films conduc-
tivity follows the VRH conduction at low temperatures (T < 80 K).
The values of calculated hopping parameters such as density of
states, hopping energy, and hopping distance are in agreement with
reported values in the VRH regime. It is obtained that the density
of localized states at the Fermi level is increased with decreasing
the film thickness. According to results based on above investiga-
tion, to eliminate effects of grain boundary and defects on carrier
transport in titanium oxide thin films, the film thickness should be
increased.
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