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Abstract Titanium dioxide thin films were obtained by a
dc sputtering technique onto heated glass substrates. The
relationship between the substrate temperature and the
electrical properties of the films was investigated. Electrical
resistivity measurements showed that three types of con-
duction channels contribute to conduction mechanism in the
temperature range of 13-320 K. The temperature depen-
dence of electrical resistivity between 150 and 320 K indi-
cated that electrical conduction in the films was controlled by
potential barriers caused by depletion of carriers at grain
boundaries. The conduction mechanism of the films was
shifted from grain boundary scattering dominated band
conduction to the nearest neighbor hopping conduction at
temperatures between 55 and 150 K. Below 55 K, the tem-
perature dependence of electrical resistivity shows variable
range hopping conduction. The correlation between the
substrate temperature and resistivity behavior is discussed by
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analyzing the physical plausibility of the hopping parameters
and material properties derived by applying different con-
duction models. With these analyses, various electrical
parameters of the present samples such as barrier height,
donor concentration, density of states at the Fermi level,
acceptor concentration and compensation ratio were deter-
mined. Their values as a function of substrate temperature
were compared.

1 Introduction

Transition-metal oxides are versatile for the design of vari-
ous electronic devices. This includes e.g., gas sensors,
ceramic membrane filters, and spintronic devices to name
just a few [1-3]. Among the many possible transition-metal
oxides materials, titanium dioxide (TiO,) is particularly
interesting because of its high energy band gap, high
refractive index and high dielectric constant [4-7].

There are some recent attempts to understand the out-
standing electronic properties of transition-metal oxides
[8-10]. However, the picture of electrical transport mecha-
nisms of these materials is not very clear yet, and a more
profound understanding is needed. At this stage, a clear
understanding of the unique microstructure of grain bound-
aries enhancing the film conductivity will be prerequisite for
practical electronic device application of these materials.

The electrical properties of semiconductors are very
sensitive to degree of compensation of the material.
Therefore, the determination of the concentration of donors
(Np) and acceptors (N4) is an important issue. The com-
pensation effects are revealed by the temperature depen-
dence of the apparent carrier concentration deduced by
Hall effect measurements. However, the carrier mobility
(@) in TiO, being very small (u <1 cm?/Vs), the
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electrical transport data are limited by the resistivity
measurements [9]. Hence, the concentrations of Np and N4
in TiO, thin films generally could not be determined by
Hall effect measurements.

One of the possible methods to obtain information on
electron transport in transition-metal oxides could be the
analysis of temperature dependence of resistivity. Therefore,
electron transport properties of TiO, thin films can be deeply
analyzed with the theoretical calculations which interpret
quantitatively the experimental resistivity data. The values
of Np and N, can also be estimated from temperature
dependent resistivity data by correctly identifying the pres-
ence of various conduction mechanisms in the material.

As far as we know, the values of N, and N4 have not yet
been directly related to the substrate temperature during
deposition of TiO, thin films. Therefore, it is important to
review and relate these two quantities with substrate tem-
perature (Ty) for extracting conduction mechanism in the
context of TiO, system. With the detailed investigation of
the effects of the substrate temperature on electrical con-
ductivity, it is clear that the various TiO, based electronic
devices which demands better conductivity may become
reliable to produce.

In this paper, we present the relationship between the
substrate temperature and the electrical properties of TiO,
thin films deposited by a dc sputtering technique using water
vapour as a reactive gas. The crystallite sizes and system
disorder were modified by increasing substrate temperature.

2 Experimental

TiO, films were deposited onto heated glass substrates (see
Table 1), by a dc sputtering technique. The target to sub-
strate distance was 150 mm, the total pressure being set at
2 x 107> mbar. The reactive gas (water vapour) partial
pressure was kept constant at 0.6 x 10~ mbar during the
deposition. The deposition rate was 0.03 nm/s. The film
thickness, measured by a profilometric method (Alpha-Step
500 Surface Profiler), is the same for the studied samples
(280 nm).

X-ray diffraction (XRD) measurements have been carried
out with a Rigaku Geigerflex computer-controlled diffrac-
tometer, with Cu Ko radiation. The geometry of the

Table 1 Substrate temperature (7,), weight percentage of anatase
phase (W,), average crystallite sizes for the anatase phase (D,) and
for rutile phase (Dg), mean crystallite size (L), barrier height (E),

diffractometer was the same for all the studied samples
(grazing incidence diffraction-5°, U = 40 kV, I = 30 mA)
[11]. Figure 1 shows XRD patterns of the investigated
samples. The average crystallite sizes (D) have been deter-
mined (Table 1), for anatase and rutile phase respectively,
from the diffraction peaks A(101), R(110) using the Debye—
Scherrer formula:

Y
"~ Bypcos0

(1)

where k is the Scherrer’s constant (k = 0.9), 4 is the X-ray
wavelength corresponding to CuKa, B,y denotes the full-
width at half-maximum of the peak and 0 is the Bragg
angle.

Electrical resistance measurements were performed with
a Keithley 196 at temperatures (10-320 K). Two gold
rectangular electrodes, placed parallel one to each other at
a distance of 0.5 mm, have been used. For temperature
dependent resistance measurements, the samples were
cooled in a continuous He flow cryostat (Cti-Cryogenics-
Helix Technology Corporation, USA) [11].

3 Results and discussion

From the plot of In(p) versus inverse temperature (Fig. 2),
one can see that the electrical resistivity of TiO, films is
influenced by the temperature of the substrate during films
deposition. The electrical resistivity measured at room
temperature decreases from 1.7 Qcm for films deposited at
T, = 523 K, t0 0.55 Qcm for those obtained at T, = 581 K.
This could be explained by the improvement in the crystal-
linity of the films (the increase in the crystallite size, as
revealed by XRD data.) with the increase in the substrate
temperature. Pure anatase films were obtained at lower
substrate temperature (523 K), while a mixed anatase/rutile
structure is developed at higher substrate temperature
(581 K) (Fig. 1).

As can be seen in Fig. 2, both samples display very
similar p—T behaviours. The resistivity of the films is found
to increase with decrease in temperature and the increase is
observed to be very gradual and small for temperatures
below certain values. As seen from Fig. 2, no single con-
duction law can fit the entire curve of the resistivity. From

donor concentration (Np), Debye screening length (Lp), the exper-
imental NNH activation energy (W% and the theoretical NNH
activation energy (W*”) with Eq. 10 for the TiO, samples

T, (K) Wi (%) D, (nm) Dy (nm) L (nm) E;, (meV) Np (cm™) Lp (nm) WP (meV) W' (meV)
581 56 20 12 16 59.6 8.24 x 10'® 3.73 3.5 3.64
523 100 13.9 - 13.9 67.6 6.41 x 10'8 3.04 7.9 6.41
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Fig. 1 XRD patterns of studied titanium oxide films
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Fig. 2 Temperature dependence of the resistivity plotted as In(p)
versus 10%/T in a temperature range 13-320 K

the plots, one may suggest that there are three types of
conduction mechanisms contributing to the resistivity in
different temperature ranges. These mechanisms may be
distinguished experimentally by operating in appropriate
temperature ranges, i.e. (i) T > 150 K, (i1)) 55 < T <150 K
and (iii)) 7 < 55 K.

Since a polycrystalline film has crystallites joined at their
surfaces via grain boundaries, the boundaries between
crystallites play an important role in determining the con-
ductivity of polycrystalline film. In a polycrystalline mate-
rial, high densities of defects are expected at the grain
boundaries which are often charged with majority carriers.
The charged states at the grain boundaries create depleted
regions which also act as potential barriers [12, 13]. The
XRD measurements indicate that the films obtained at

@ Springer

T, = 581 K have larger crystallites than those of the films
obtained at Ty = 523 K (Table 1). The mean crystallite sizes
were calculated as 16 and 13.9 nm for 7, = 581 K and
T, = 523 K, respectively. As the substrate temperature
decreases, the crystallite size decreases and this leads to an
increment in the trapping states at grain boundary. Trapping
states are capable of trapping free carriers and, as a conse-
quence, more free carriers become immobilized as the
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 crystallite size
can cause a decrease in grain boundary scattering, which
leads to a decrease in the resistivity.

At high temperatures, the temperature dependence of
electrical resistivity for polycrystalline films was analyzed
by the grain boundary model [12, 13]. Therefore, in the
present samples, resistivity (p) of thermally activated band
conduction can be expresses by grain boundary model for
the T > 150 K. The electrical resistivity can be expressed
as [12],

(2nm*kBT)l/2 Eb
p= (7&2[1 exp kB—T (2)

where e is the electron charge, 7 is the electron concentration
in neutral region of crystallites, L is the mean size of the
crystallites, kp is the Boltzmann’s constant, m* is the effec-
tive mass of charge carriers and E}, is the barrier energy at
boundary which can be described as [12],

_ L*¢Np
- 8

(3)

where ¢ is the low frequency dielectric constant. For samples
deposited at 7y = 581 K, which contain anatase phase in
proportion of 56%, the calculated dielectric constant (&) can
be taken as about 80 [14]. For other, 100% anatase phase
sample which is deposited at 7y = 523 K, ¢ is about 41.4
[14]. As mentioned earlier, applicability of grain boundary
model involve many grain boundaries. This effect is
examined by evaluation of the Debye screening length
(Lp) in comparison with the mean crystallite size (L). Lp is
given as [13],

Lp = \/kBTsos/ezND (4)

where ¢ is the dielectric constant of vacuum. If L, < L/2,
potential barriers exist in grain boundary region due to
interface trap states [13]. If, however, Lp, is larger than L/2,
the conduction band becomes flat without the potential
barrier [13], and the electrons are transported without grain
boundary scattering.

In Fig. 3, the linear part in the investigated temperature
range indicates the grain boundary scattering of the charge

b
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Fig. 3 Temperature dependence of the resistivity plotted as In(p T~ '/?)
versus 10%/7 in a temperature range 55-320 K. Solid lines are the best-
fit lines with Eq. 2

carriers is the predominant mechanism in the films. The
potential barrier height of the films (E,) was calculated
from the slope of the curves of Fig. 3. The potential barrier
height of the films decreased from 67.6 to 59.6 meV with
the increase of substrate temperature from 523 to 581 K,
respectively. The decrease of potential barrier height with
the increase of substrate temperature is due to the increase
of crystallite size resulting in the decrease of the scattering
of charge carriers at the grain boundaries.

The values of the donor carrier concentration (Np) and
Debye screening length (Lp) can be calculated with the
previously obtained values of E, and L. The calculated val-
ues of Np and Lp are given in Table 1. With an increase of the
substrate temperature, Np increases. It can be noticed that the
condition Lp < L/2 is obeyed for both sample. This condi-
tion is appropriate for a grain boundary model. Thus, the
approach of analyzing the data using the grain boundary
model for the thermal activation of conductivity is valid for
both samples in a temperature range of 150-320 K.

Deviations from the linearity in the temperature depen-
dence of the resistivity (Fig. 3) cannot be explained by band
conduction at temperatures below 150 K. Therefore, another
conduction model should be taken into account. For n-type
semiconductors, most of the free electrons are recaptured by
the donors at low temperatures. Then the electrons have not
sufficient energy to jump from donor levels to conduction
band [15]. In this case, the band conduction becomes less
important, and electron hopping directly between donor
states in the impurity band will bring the main contribution to
the conduction mechanism [15, 16]. When these impurity
centers are partially compensated, hopping conduction
becomes possible. Since TiO, has the high band gap energy
and small Bohr radius, it is possible to observe hopping
conduction at relatively high temperatures [17].
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Fig. 4 Temperature dependence of the resistivity plotted as In(p)
versus 10°/T in a temperature range 55-130 K. Solid lines represent
the best-fit lines with Eq. 9

By plotting In(p) versus 1000/7T in Fig. 4 for temperature
range of 55-150 K, a linear relationship is obtained partic-
ulary in a temperature range 55—125 K and 55-130 K for the
films deposited at Ty = 523 K and at T, = 581 K, respec-
tively. The estimated activation energies at this temperature
region have much smaller values as compared to the energy
(Ep) required for thermally activated band conduction. This
suggests that the electrical conduction in the films is domi-
nated by a hopping conduction which is called as nearest-
neighbor hopping (NNH) conduction mechanism [15]. In the
NNH conduction, electron hops to the nearest neighbor
empty site. For the localized states with an energy separation
W and the NNH distance r, the hopping probability can be
written as [15, 16].

Phop = Vph GXP(*z”/i - W/kBT) (5)

where v,,;, is the phonon frequency associated with hopping

process, and ¢ is the localization length. The diffusion

coefficient Dy, for hopping is given by [15, 16]

Dh(,p = Phopl"z/6. (6)
Using the Einstein relation, the resistivity can be written

as

1

P = DN Er) @)

Combining Eqs. 5-7, the temperature dependence of
resistivity in the NNH regime is found as [15, 16]

-1
p= EN(EF)vphezrz] exp(2r/& + W /kgT) (8)
p = p3exp(W/kgT) 9)

where (N(EFr)) is the density of states (DOS) and W is
defined as the average energy needed to hop to the nearest
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neighbor at a distance r. From simple potential
considerations W would be estimated using the following
equation [18]

W 0.99¢2N))*

de (10)

Utilizing the values of Np obtained from Eq. 3, the
theoretical values of W are obtained by Eq. 10. As seen
from Table 1, these theoretical values of W are in good
agreement with extracted experimental values from the
slopes of the curves in Fig. 4. Hence, one can expect that
the determined values of Ny are correct for both films.

With the decreasing temperature, the spatial term in
Eq. 5 begins to affect the resistivity. When the phonon
energy is insufficient, the more energetic phonon-assisted
hops becomes favorable, as a result of which the electrons
will tend to hop larger distance in order to locate sites
which are energetically closer than the nearest neighbors.
This new regime is known as Mott variable range hopping
conduction (VRH) regime [19]. Below a certain critical
temperature the hopping process changes from NNH to
VRH, where the carrier jumps between more remote defect
centers which are close in energy. The critical temperature
for transition from NNH to VRH proposed by Pollak [20] is
determined by

T, = 5.26*NY &y (4meey). (11)

Taking the value of 8.06 A for & [21], the values of the
critical temperature for transition from NNH to VRH are
determined. These values are collected in Table 2. It is
obvious from Table 2 that the value of critical temperature
decreases with increasing substrate temperature. The
theoretical finding is consistent with the experimental
observations. As seen from Fig. 2, the weak temperature
dependence of the resistivity for 7 < 55 K shows that the
conduction mechanism is possibly dominated by VRH
conduction mechanism instead of thermal excitation. The
difference between theoretical and experimental values of
critical temperature for transition from NNH to VRH may be
due to uncertainties in estimating the values of ¢ and e.

In the VRH conduction case, the resistivity should fol-
low the law [19],

Table 2 The critical temperature (7,) for transition from NNH to
VRH, characteristic hopping temperature (7;), density of states at
Fermi level N(Ef), acceptor concentration (N,), compensation ratio
(N4/Np) for the TiO, samples

T, (K) T.(K) T, (K) N(EF) Ny Nu/Np
(cmf3 eVﬁl) (cm73)

581 36 732 x 10> 544 x 102 991 x 107 0.121

523 58 975 x 10> 4.09 x 102 132 x 10"® 0.206
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Fig. 5 Temperature dependence of the resistivity plotted as In(p T~ v 2)

versus T~ "* in a temperature range 1355 K. Solid lines represent the
best-fit lines with Eq. 10

T 1/4
PZPOTI/ZGXP[(7O> ] (12)

where
l _ 3€2Vph N(EF)& I/2 (13)
po  (8m)'*L ks .

We have fitted our data for T < 55 K in the VRH model.
Figure 5 shows the fitting. Good linearity at considered
temperature range confirms VRH conduction for both films,
even though the films are deposited at different substrate
temperature. The values of 7}, obtained from the slope of the
curves of Fig. 5, are given in Table 2. Using these T, values,
the density of states at the Fermi level, N(EFr), have been
estimated using the relation [19],
= % (14)

kgN(EF)¢&

Estimated values of N(Ey) are also collected in Table 2.
The estimated values of N(Ep) are the same orders of
magnitude as reported for TiO, [8, 22].

The hopping conduction can be fulfilled only by donor—
acceptor compensation at low temperatures. We can now
obtain the acceptors concentration (N,4) using an expression
valid for a compensated material [18];

Ty

N(Ef) = (26/€®)NaN,' 3. (15)

Substituting the values of N(Er) and Np, into Eq. 15, the
values of N, and then compensation ratio N4/Np are
determined. Their values are collected in Table 2. An
increasing in the compensation ratio results in an increase
in resistivity of TiO, thin films. If a system is very lightly
compensated (N4/Np < 0.1), its relatively small average
binding energy allows only excitation to the conduction band
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at low temperatures [23]. Therefore, the VRH conduction
mechanism will be dominant at only low temperatures for
very lightly compensated systems. On the other hand, as the
compensation ratio increases, the relatively large average
binding energy allows only excitation to the conduction band
at relatively high temperatures [23]. Therefore, VRH
conduction mechanism will be dominant at even high
temperatures (13 < T < 55 K). The increase in compensa-
tion ratio reflects the value of T,. From Table 2, one can
observe a decrease in the value of T, with the increase in
substrate temperature. Since the value of 7 is a measure of
disorder in the material, the increase in the substrate
temperature results in a decrease in disorder of the films
[18, 19]. The only adjustable parameter in Eq. 14 which
might be affected by the substrate temperature is N(Er). A
higher substrate temperature may be expected to lead to an
increase in N(Er). If so, a decrease in T is expected as the
substrate temperature is increased.

4 Conclusion

TiO, thin films were obtained by a dc sputtering technique
onto glass substrates. The effect of substrate temperature on
the electric properties was investigated by studying of the
electrical resistivity in a temperature range of 13—320 K. The
electrical analyses results show three types of conduction
channel that contribute to conduction mechanism. Due to the
decrease in substrate temperature, almost all the physical
parameters of interest have consequently changed. It was
found that the crystallinity decreases with decrease in sub-
strate temperature. The limiting factor governing this change
in the physical parameters of the film is the crystallite size,
which decreases with decreasing substrate temperature. This
decrease in the crystallite size determines the increase of
defect states. Due to the decrease in substrate temperature
and hence, potential barrier height, the resistivity, charac-
teristic hopping temperature and compensation ratio have
increased. Various electrical parameters of the present
samples are found to be appropriate for various conduction
models.
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