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Moreover, the optical absorbance of TiO2 thin films exhib-
ited high UV–visible light absorption with band gap energy 
shifted to the higher wavelength (low energy photons). The 
band gap energy (Eg) of the films decreased from 3.79 to 
3.16 eV and from 3.95 to 3.75 eV significantly for direct 
band allowed and indirect band allowed, respectively, with 
the increasing annealing temperatures.

1 Introduction

There are a large number of efforts have been carried out to 
find an alternative oxide with higher dielectric constant (k) 
such as Al2O3, ZrO2, HfO2, Ta2O5, La2O2, Gd2O2 and TiO2 
that are allowed to enhance gate capacitance and thus negate 
the effect of the associated leakage. Among these high-k 
dielectric materials, titanium dioxide (TiO2) exhibits as the 
ideal candidate to replace the conventional oxide material of 
silicon dioxide (SiO2). It is because SiO2 has become vulner-
able to direct tunnelling (gate leakage) at a low dimensional 
which resulted indirectly drastic increases in the leakage cur-
rent (Paily et al. 2002). Therefore, the design of nanostruc-
tures of TiO2 thin films has attracted great attention around 
the world due to its unique electrical properties because it 
possess a credible alternative dielectric due to its higher die-
lectric constant and higher breakdown strength as compared 
to SiO2 (Campbell et al. 1997). Thus, TiO2 thin films have 
been widely used as a gate dielectric layer in metal oxide 
semiconductor (MOS) (Gou and Ma 1998). Besides, TiO2 
thin films is an n-type semiconductor with excellent optical 
properties such as wide energy band gap of 3.1 eV and high 
refractive index of 2.6 (Gugliemi et al. 1992).

There are a lot of application of TiO2 such as gas sensors 
(Paul et al. 2012), dye-sensitized solar cells (Enache-Pom-
mer et al. 2007), optical coatings (Tachibana et al. 2007), 
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photo-catalysts (De Anda Reyes et al. 2012), biomedical 
fields (Jing-Xiao et al. 2003) and anti-microbial materials 
(Yaşa et al. 2012) because of non-toxic and good stability 
of TiO2 in various environments (Mathews et al. 2009a, 
b). TiO2 thin films can be prepared using several methods 
including radio frequency (RF) magnetron sputtering (Li-
jian et al. 1993; Turkevych et al. 2008), metal–organic 
chemical vapor deposition (Horprathum et al. 2012), spray 
pyrolysis (Oja et al. 2006), e-beam evaporation (Lottiaux 
et al. 1989), and sol–gel process (Brinker and Harrington 
1981). However, among the methods mentioned above, 
the sol–gel method has a number of benefits than the other 
methods such as low reaction temperature, low cost pro-
duction and simple steps are required, to synthesize a thin 
and homogeneity of film over a large area of substrates 
(Foo et al. 2011, 2012a, b, c, 2013, 2014). It is known that 
the physical properties of TiO2 material is highly depend-
ent on the method of deposition and annealing tempera-
ture which influences the transformation of polycrystalline 
TiO2 thin films from amorphous to anatase and followed 
by rutile phase (Mathews et al. 2009a, b). In the present 
work, TiO2 thin films were prepared on a glass and p-type 
(100) orientation silicon substrates by using the cost effec-
tive sol–gel technique. To the best of our knowledge, this is 
considered the first report of the investigation on the effect 
of annealing temperatures on the TiO2 thin film deposited 
on the Al/TiO2/SiO2/p-Si from the perspective of crystal-
line structure, surface morphology, optical and electrical 
properties. Another significance of our work is the Al/TiO2/
SiO2/p-Si structure shows smaller band gap energy which 
is very suitable for solar cell application.

2  Experimentation

2.1  Starting material

The high-k TiO2 thin films were deposited on a p-type 
<100> oriented silicon substrate which used as a starting 
material with the resistivity of 1–10 Ω cm and dimen-
sions of 2.5 cm × 2.5 cm. Prior to the oxidation in high-
temperature, the p-Si substrates were chemically cleaned 
using RCA-1, RCA-2 and Buffered Oxide Etchant (BOE) 
to remove any residual contamination matter (dirt, scum, 
silicon dust, etc.) and native oxide layers from the surface 
of the silicon wafers. The oxidation layer was deposited on 
the wafer substrate to reduce the parasitic device capaci-
tance and indirectly enhance the performance of the final 
device. After that, the substrate surface was blown with 
N2 gas for drying purpose using the nitrogen spray gun. In 
order to perform the optical measurement, soda lime glass 
slides were used as a substrates to deposit the films. Prior to 
the deposition, the glass substrates were cleaned by rinsed 

into deionized water and then immersed in Decon 90 in an 
ultrasonic bath for 2 h. The cleaned glass slides were dried 
in nitrogen ambient.

2.2  Thin films preparation

In sol–gel precipitation technique, nano-structure pure 
TiO2 thin films were prepared using titanium tetra-iso-
propoxide (Ti{OCH(CH3)2}4) with a purity of 97 %, ace-
tic acid (CH3COOH) with a purity of 99.5 % and ethanol 
(M = 46.07 g mol−1) with a purity of 99.8 % without any 
further purification. In order to obtain a stable sol solution, 
the proportion of Ti(OC3H7)4, C2H6O and C2H4O2 must be 
controlled to avoid the TiO2 films from crack upon anneal-
ing. The procedures for the preparation of TiO2 thin film was 
started with the dissolution of 8 mL of titanium tetra-isopro-
poxide into a 60 mL of ethanol to form a mixture which was 
magnetic stirred for 1 h. In final step, 4 mL of acetic acid 
were slowly dropped into the mixture and the final solution 
was subjected to the magnetic stirred for another 1 h. The 
composition of the obtained gel was TTIP:EtOH:AA with 
a ratio of 2:15:1. The mixture has a low condensation rate 
which enhanced the possibility of obtaining a stable and 
clear sol gel by spin coating process. The resultant homoge-
nous solutions were aged for 2 days in a stable environment 
before dispersed on the substrate surface.

2.3  Thin film deposition

To form double gate layers, firstly a SiO2 dielectric layer 
with thickness of 3000 Ǻ was grown on the p-Si substrates 
by wet oxidation at 1000 °C for 1 h and then, following by 
the deposition of TiO2 thin film. Prior to the TiO2 thin films 
deposition, both of the glass slides and p-Si substrates were 
cleaned thoroughly using acetone and rinsed using isopro-
panol in ultrasonic bath. Then, they were heated at 100 °C 
for 15 min, and finally cooled naturally to room tempera-
ture. The TiO2 thin film were deposited on glass slides and 
p-Si substrates using spin coating technique which spun at 
3500 rev./min for 30 s under suction. After the deposition, 
the TiO2 thin films were pre-heated at 80 °C for 30 min 
to evaporate the solvent and remove the organic residual. 
At least 5 successive deposition were done to form the 
required film thickness. For TiO2/p-Si, the samples were 
inserted into the muffle furnace for annealing for 1 h at dif-
ferent annealing temperatures of 300, 500, 700 and 900 °C. 
For TiO2/glass slides, the samples were annealed from 200 
to 700 °C for an hour as well.

2.4  Thin film characterization

X-ray diffraction (XRD) (model D2 PHASER) was per-
formed to determine the crystalline phase and to estimate 
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the crystallite size of the particles which annealed at various 
annealing temperatures. The XRD patterns were recorded 
by step scanning in the range of 20–60° with a step of 0.02° 
a measuring time of 5 s/step. All peaks measured by XRD 
analysis were identified by comparing with those of JCPDS 
data. A high-resolution atomic force microscopy (AFM) 
(model SPA-400) was performed to study the surface mor-
phology which induced by thermal annealing under 2D 
imaging and projection of 800 × 800 nm. The absorbance 
and transmittance of TiO2 thin films which coated on glass 
slide were examined at normal incident by using a UV–vis-
ible spectrometer (UV–VIS) (PerkinElmer model Lambda 
35). The electrical resistivity of TiO2 thin films was meas-
ured at room temperature using the two-point probe tech-
nique coupled with sources meter (model Keithley 2400), 
interfaced by a Lab view Leios TMXpert simulator and 
voltage supply ranging from zero to +2 V was used. Elec-
trical measurements were performed to investigate the elec-
trical properties of the TiO2 thin films. In order to perform 
the electrical measurement, the Al/TiO2/SiO2/p-Si metal 
insulator semiconductor (MIS) structure was developed 
by metalizing with aluminium (Al) on the silicon substrate 
thin films using a thermal evaporator (PVD) vacuum coater 
(model AUTO 306). To obtain a thickness of 300 nm of 
the deposited Al, current of 50 mA for 15 min, deposition 
rate of 5.3 nm/s and vacuum background pressure rate of 
50 μTorr were chosen. Figure 1 shows the overall experi-
mental process in this research.

3  Result and discussions

3.1  Morphological properties

Figure 2 illustrates the X-ray diffraction (XRD) pattern 
of TiO2 thin films. It is clearly shows that the absence of 
spurious diffractions is good in agreement with the find-
ing reported by Mulayam et al. (2010) which indicates 
that the high crystallinity of TiO2 thin film were formed. 
In Fig. 2, anatase phase, rutile phase and silicon substrate 
are denoted as A, R and Si, respectively. It was found that 
amorphous and polycrystalline phases were formed in the 
prepared TiO2 thin films. In Fig. 2a, the XRD diagrams of 
as-deposited (un-annealing sample) thin films shows that 
amorphous phase was formed only which is correlated with 
the work as reported by Kabasakaloğlu et al. (2003). On the 
other hand, the diffraction patterns of samples annealed at 
300 and 500 °C show the presence of diffraction peaks at 
(101), (004) and (200) planes, are assigned to the tetrago-
nal anatase TiO2 lattice, as agreed with the JCPDS card no. 
21-1272 (anatase TiO2). The increase of annealing temper-
atures from 300 to 500 °C increased the intensity of dif-
fraction peaks, suggesting that the crystallinity of anatase 

phase was increased, which is in agreement with the find-
ing demonstrated by Hasan et al. (2008).

When TiO2 thin films were annealed at 700 °C, rutile 
and anatase phases were appeared at (110) and (101), 

Substrate/Wafer Cleaning:
• RCA-1, RCA-2 and 

BOE Standard Cleaning

Drying Process:
• 80°C (30 minutes)

Characterization Process:
• XRD 
• AFM
• UV-VIS 
• I-V analysis

Coating Process:
• Deposit TiO2 onto 

substrate (5 layers)

Annealing Process:
• 300, 500, 700 and 

900°C (1 hour)

TiO2 Solution Preparation:
• Stirred, Heat & Aging

Substrate/Wafer 
preparation

Fig. 1  Flow chart of the preparation of nano-TiO2 powders using a 
sol–gel technique

Fig. 2  XRD pattern of TiO2 thin films a as-deposited (un-annealed 
sample), annealed at b 300, c 500, d 700 and e 900 °C, respectively
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respectively. The diffraction peaks at 33.5° are assigned to 
the silicon substrate. It is noticeable that the amount of rutile 
phase (JCPDS card no 21-1276) increased with increasing 
annealing temperature from 700 to 900 °C. At 900 °C, the 
anatase phase disappeared and replaced by rutile phase, 
indicating that a complete transformation from the anatase 
phase to rutile phase has occurred which is in agreement 
with the work done by Jin Kim et al. (2002) that the anatase-
to-rutile phase formation occurred at 1000 °C. The average 
crystallite sizes of the samples were estimated by consider-
ing the Debye–Scherrer’s equation as expressed below:

where D is diameter of crystalline, λ is the X-ray wave-
length of Cu Kα radiation, βhkl is broadening of the hkl dif-
fraction peak width at half height of the maximum inten-
sity (FWHM) in radians and θhkl is the diffraction angle 
(Bragg’s angle) in degrees. Figure 3 shows that an increase 
in annealing temperatures produces bigger crystallite size. 
For instance, when the annealing temperature increased 
from 300 to 900 °C, the crystallite size of the anatase phase 
increased from 7.53 to 46.43 nm for an annealing time of 
1 h. The crystallite size of rutile phase also increased with 
the increasing annealing temperatures from 700 to 900 °C. 
For TiO2 thin films containing anatase and rutile phase 
only, the percentage of mass fraction (XA) for anatase phase 
in the solution was calculated using the relative intensity 
of maximum peak of anatase phase (101) and a maximum 
peak of rutile phase (110). The XA is expressed using the 
following equation (Spurr and Myers 1957);

(1)Crystallite size, D = 0.9�
/

(βhkl · Cos θhkl)

(2)Mass fraction, XA = [1+ 1.265 · IR
/

IA]
−1

where XA referred as a contents of anatase phase in the 
solutions, IA is the intensity of the maximum anatase phase 
peak, IR is the intensity of maximum rutile phase peak 
and 1.265 is the scattering coefficient (Zhu et al. 2007). 
In Table 1, it is observed that the XA of anatase phase 
was 64.17 % and it decreased to 29.53 % as the anneal-
ing temperature increased from 700 to 900 °C, respec-
tively. Rutile-anatase (mixed-phase photocatalysts) phase 
compositions of nanoparticles TiO2 have been reported to 
exhibit enhanced photoactivity relative to single phase tita-
nia (Addamo et al. 2004; Ohno et al. 2001). It is considered 
widely that this is the result of improved charge carrier sep-
aration, possibly through the trapping of electrons in rutile 
and consequence reduction in electron–hole recombination 
(Ohno et al. 2003).

Figure 4 shows the surface morphologies of as-deposited 
TiO2 thin films annealed at different temperatures of 300, 
500, 700, 900 °C. In Fig. 4a, the AFM images show that 
smooth surface, compact, bulky, not uniform and column-
like structure were observed for the TiO2 thin films surface. 
Besides, AFM images also indicate that the changes of sur-
face morphology and roughness of TiO2 thin films were 
highly dependent on the annealing temperatures.

According to Wei et al. (2003), the key to improve the 
TiO2 photocatalytic efficiency was to control the distribu-
tion and nanoparticle size of TiO2 thin films. The calculated 
root mean square roughness (RMS) values were presented 
in Fig. 4. The results show that less than 1 nm of RMS was 
found for the as-deposited and annealed thin film at 300 
and 500 °C. It increases with increasing annealing tem-
peratures which suggesting that the regular grains shapes 
were formed in the TiO2 thin films. Figure 4b is the surface 
morphologies image of TiO2 thin films annealed at 300 °C. 
Some column-like crystal grains of 24.57 nm in diameter 
were seen in Fig. 4b. Our experiments are in agreement 
with the work done by Ya-Qi et al. (2003) that the annealed 
temperatures influenced the morphology of TiO2 thin film 
and therefore, the anatase phase was formed at 300 °C.

When the annealing temperatures was increased to the 
500 °C, the sample exhibited a preferred orientation of 
regular grains shaped, which suggesting the growth of the 
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Fig. 3  The increase of crystallite sizes of anatase and rutile phases at 
annealing temperatures of 300, 500, 700 and 900 °C

Table 1  Crystallite size (nm) and percentage of mass fraction (XA) 
for anatase and rutile phases in various annealing temperatures

Annealing  
temperature (°C)

Crystallite size (nm) Mass fraction, 
XA (%)

Anatase (1 0 1) Rutile (1 1 0)

As-deposited – – –

300 7.53 – 100.00

500 13.19 – 100.00

700 26.83 31.08 64.17

900 33.54 46.43 29.53
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crystalline structure of TiO2. It is noticeable that the RMS 
increased with increasing annealing temperatures from 
700 to 900 °C (Fig. 4d, e), indicating that the grains sizes 
increased with increasing annealing temperatures. This 
shows that higher annealing temperatures resulted in the 
agglomeration of small grains to form larger grains. Con-
sequently, anatase phase was transformed into rutile phase 
with increasing annealing temperatures (Richards 2002) as 
correlated with the work done by Mathews et al. (2009a, 
b) that the dramatic change of topography and crystal-
lization of TiO2 thin films were due to the increasing of 
thermal annealing temperatures. The AFM results are in 
good agreement with XRD analysis, which shows that 
the crystalline structures were formed at high annealing 
temperature.

The TiO2 thin film thickness and surface roughness as 
a function of annealing temperatures is shown in Fig. 5. 

Fig. 4  2-D AFM images of TiO2 thin film a as-deposited, annealed at b 300 °C, c 500 °C, d 700 °C and e 900 °C, respectively. The scan area is 
800 nm
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As expected, the film thickness and surface roughness sig-
nificantly increased from 0.45 to 20 nm and from 0.841 
to 2.924 nm, respectively, for the annealing temperatures 
range of 300–900 °C. The increase in thickness and rough-
ness at the higher temperature probably was due to the 
growth of small grains sizes to larger and domed grains 
sizes. It also can be attributed to enhancement of nucleation 
and coalescence of grains (Dubal et al. 2011). This work 
is in agreement with the finding reported by Al-Obaidi and 
Yousif (2013) that surface roughness of the TiO2 thin film 
increases with film thickness, annealing time and annealing 
temperatures.

3.2  Optical absorption and band gap

Figure 6 shows the UV–Visible light absorption spectra of 
prepared TiO2 thin films which annealed at various temper-
atures under ambient conditions by scanning from 250 to 
600 nm. The spectra reveals that an increases of annealing 
temperatures, the absorption edge is shifted to higher wave-
length (low energy photons). The band gap energy (Eg) of 
TiO2 thin films were calculated according to the following 
equation (Zachariah et al. 2008):

where h is Planck’s constant, c is the speed of light and �int,  
the wavelength (nm) corresponding to the intersection of 
extension of linear parts of the spectrum y-axis and x-axis. 
The TiO2 thin films exhibited a dramatically increase in 
absorption in excess of 250 nm (Fig. 6). Low absorption 
was seen in the visible region of 400–600 nm, which cor-
responds to the properties of TiO2 thin films. In this region, 

(3)Band gap energy, Eg =
hc

�int

tailing of the absorbance was observed (Mayabadi et al. 
2014). The energy gap of TiO2 thin films and the absorp-
tion coefficient (α) were evaluated using an optical trans-
mittance spectrum. From the measured transmittance (T) 
given in Fig. 9, the optical absorption coefficient can be 
determined using the following relations (Subramaniam 
et al. 2009):

where d is the thickness of the films (from Fig. 5) and T 
is its transmittance values. It is known that TiO2 has direct 
and indirect band gaps (Janitabar-Darzi et al. 2009). To 
evaluate the optical energy band gap of the TiO2 thin films, 
Tauc plot model is applied in the region where the highest 
percentage of absorption appeared in the optical absorp-
tion spectra in Fig. 6. The relationship between the absorp-
tion coefficient (α) and the incident photon energy (hv) is 
expressed as follows (Tauc et al. 1966):

where K is constant depending on the transition probability, 
hv is photon energy, Eg is the optical band gap between the 
valence band and the conduction band and n is the power, 
which characterizes the type of electronic transition, either 
directly or indirectly during the absorption process. Spe-
cifically, n refers to is, 2, and 3 for direct allowed, indirect 
allowed, direct forbidden and indirectly forbidden transi-
tions, respectively. The nature of the optical absorption 
transition can be determined by plotting a graph of (αhv)1/2 
as the function of the incident photon energy (hv). The opti-
cal band gap Eg values are defined by extrapolation values 
of the absorption coefficient α to a zero ((αhv)1/2 = 0). In 
Fig. 7, the energy gap for as-deposited and annealed TiO2 
thin films were found to decrease with increasing anneal-
ing temperatures in the range of 3.79 to 3.16 eV for direct 
allowed and from 3.95 to 3.75 eV for indirect allowed as 
listed in Table 2. The results show that the band gap energy 
of annealed TiO2 thin films was smaller than the value of 
the as-deposited TiO2 thin films, which can be attributed to 
the effect of increases of grain sizes with increasing anneal-
ing temperatures (Justicia et al. 2002). An increase of the 
grain sizes has weakened the quantum size effects and thus, 
lead to the decreased in the band gap energy and caused 
a gradually shift of the absorption edge towards a longer 
wavelength (Fig. 6) (red shift) (Kumar et al. 2012). Fig-
ure 8 shows the variations of the Eg for direct and indirect 
allowed as a function of film thickness. It can be seen that 
the band gap energy decreased with the increasing grain 
sizes and thickness of TiO2 thin films due to the increases 
annealing temperatures as summarized in Table 2. This sug-
gests that the grain sizes increased linearly with thickness 

(4)Absorption coefficient, α =
1

d
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(

1
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(5)Tauc equation,α =
K(hν - Eg)n

hν

250 300 350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6
Ab

so
rb

an
ce

 (a
rb

.u
ni

ts
)

Wavelength (nm)

 as-deposited
 200°C annealed
 300°C annealed
 400°C annealed
 500°C annealed
 600°C annealed
 700°C annealed

Fig. 6  UV-Vis absorption spectra of as-deposited and annealed TiO2 
nanoparticles thin film at 200, 300, 400, 500, 600 and 700 °C



877Microsyst Technol (2016) 22:871–881 

1 3

of TiO2 thin films (Tayade et al. 2007; Çörekçí et al. 2011). 
When the values of band gap decreased, densely packed 
crystalline structures of the films were formed (Kumar 
et al. 2012). The values of the band gap energy can support 
the XRD results in which large grain sizes are correlated 
with small band gap energy (46.43 nm, 3.16 eV) however, 
small grain sizes are correlated with large band gap energy 
(7.53 nm, 3.79 eV).

The transmittance of as-deposited and annealed thin 
films were recorded from 300 to 600 nm. In order to pre-
vent the influence of the absorption edge on the substrate 
surface, the glass slides was used as the substrates in this 

Fig. 7  Tauc plot of (αhv)1/n vs. (hv) of the as-deposited and annealed TiO2 nanoparticles thin films a direct band gap and b indirect band gap

Table 2  Determination of band gap energy of as-deposited and 
annealed TiO2 thin films

Sample (°C) Absorption  
edge (nm)

Band gap energy (Eg)

Direct (eV) Indirect (eV)

As-deposited 327 3.79 3.95

200 332 3.73 3.91

300 348 3.56 3.87

400 355 3.49 3.84

500 374 3.31 3.80

600 385 3.22 3.78

700 392 3.16 3.75
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measurement. As shown in Fig. 9, a gradual increase in 
transmittance is observed with an increase of wavelength 
from 450 to 600 nm. The average transmittance of as-
deposited and annealed films at 200, 300 and 400 °C show 
high transparencies of 85, 80, 75 and 70 %, respectively, in 
the visible region. The relatively high transmittance of the 
TiO2 thin film indicates good homogeneity and low surface 
roughness (Hosseini et al. 2013). Focusing attention is paid 
to the transmittance spectrum where the transmittance began 
to fall-off rapidly at a wavelength about 340 nm for all TiO2 
thin films and approached zero at approximately 310 nm. 
The decreases of transmittance was due to the absorption of 
light had caused the excited electron to immigrate from the 
valence band (occupied band) to the conduction band (un-
occupied band) of TiO2 nanoparticles. It is noticeable that 
a slight reduces of transmittance values with the increasing 
annealing temperatures was observed. The TiO2 thin films 
that annealed above 500 °C reveals significantly reduced 
in transmittance as compared to those for the film treated 
at 200 °C within the visible light region, indicates that the 
films became translucent after annealed at higher tempera-
tures. At a temperature of 600 °C, the percentage of trans-
mittance decreased about 45 % at the wavelength of 380 nm 
which corresponds to the band gap energy of TiO2 (anatase). 
The decreases of transmittance for the films prepared at 
higher temperatures can be attributed to the annihilation of 
porous surfaces resulting from the increases of grain sizes, 
phase transformation from nanocrystalline anatase to rutile 
phase and diffusion of light scattering in the TiO2 thin films 
(Habibi et al. 2010; Choi et al. 2010).

3.3  Electrical Properties

In order to measure the electrical resistivity and conduc-
tivity of the produced TiO2 thin films, the current–voltage 
(I–V) measurements were performed using the circular Al 
dots as the metal contacts which applied to the surface of 
the TiO2 thin films coated on silicon substrates. The meas-
ured current (I) was the current passing through the TiO2 
thin films, while the measured voltage (V) was the voltage 
that charge the capacitor. The results show that the value of 
current flow was extremely small as seen in Fig. 10. The 
measured electrical resistivity decreased with the increas-
ing annealing temperatures. Figure 11 shows the effect of 
annealing temperatures on the resistivity (ρ) and conductiv-
ity (σ) for as-deposited and annealed thin films. The resis-
tivity is expressed by the following equation:

where V is the applied voltage, I is the current, A is the 
area of the film and L is the length of the electrode between 
two dots of the film. When the annealing temperatures 

(6)Resistivity, ρ =

(

V

I

)(

A

L

)

was increased, the resistivity decreased considerably and 
reached its minimum value of 6.714E+7 Ω cm for a TiO2 
thin films annealed at 900 °C. The decreases in resistivity 
over the annealing temperatures can be explained as fol-
lows: at a higher annealing temperature, the volume of the 
grains size became larger and increased the surface contact 
between the grains. Consequently, it improved the move-
ment of electrons from one particle to the neighbouring 
particles and thus, decreased the size or thickness of grain 
boundaries and resistivity (Mathews et al. 2009a, b; Ahmad 
et al. 2010). Furthermore, the annealing treatment also pro-
duces better physical attachment which improves the elec-
tronic contacts between all the particles of the thin films 
(Ahmad et al. 2010). Since the TiO2 is an n-type semicon-
ductor materials, the existing concentration of Ti4+ in TiO2 
films forms a donor level between the band gap of TiO2 
which reduced the recombination rate of photo-generated 
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electron–hole pairs (Hanini et al. 2013; Zhao et al. 2008). 
As a result, Ti4 + ion have greater concentration in the films 
which annealed at higher annealing temperature, which 
eventually caused an increase in the free electrons concen-
trations and subsequently caused reduction in films resistiv-
ity. The values of the calculated resistivity and conductivity 
are tabulated in Table 3.

It is well known that the electrical conductivity of TiO2 
is affected by oxygen vacancies which are intrinsic for any 
oxide material and act as electron donors that can influ-
ence the n-type TiO2 conductivity (Pomoni et al. 2011). In 
Table 3, the electrical conductivity increased as following 
this order: as-deposited <300 °C <500 °C <700 °C <900 °C, 
indicates that the resistivity of the annealed TiO2 thin films 
decreased with increasing annealing temperatures. It can be 
explained that at a higher annealing temperatures, the band 
gap between the valence and conduction bands became 
smaller and consequently, smaller energy was used for elec-
trons to be excited from the occupied band (valence band) to 
the unoccupied band (conduction band) (Sarah et al. 2010). 
Thus, more electrons were jump to the conduction band and 
consequently, the conductivity was increased. The electrical 
conductivity can be described in the following equation:

where σ is the conductivity inverse proportional to the 
resistivity, ρ. The conductivity and resistivity data that 
shown in Table 3 are in agreement with that Eq. 7. Owing 
to the lowest conductivity and highest resistivity of as-
deposited thin film, it is reasonable to speculate that more 
energy was needed to excite electrons from valence band 
to conduction band. Therefore, smaller amount of electrons 
flowed in the conduction band and decreased the conduc-
tivity of as-deposited thin films.

4  Conclusion

The effects of different annealing temperatures on the mor-
phology, optical and electrical properties of TiO2 films 

(7)Conductivity, σ =
1

ρ

were studied. The XRD results suggest that the presence 
of amorphous, tetragonal anatase and mixed anatase/rutile 
phase structures were affected by increasing annealing tem-
peratures. The surface roughness increased with increasing 
annealing temperatures. UV–vis results show that the optical 
band gap energy of TiO2 thin films decreased with increas-
ing annealing temperatures in the range of 3.79–3.16 eV 
(direct allowed) and 3.95–3.75 eV (indirect allowed) which 
closely related to an increases of the grain sizes of TiO2 thin 
films. It was further found that the TiO2 thin films became 
translucent after annealed at higher temperatures and sub-
sequently, reduced the transmittance. This is basically due 
to the annihilation of porous surfaces which caused by the 
particles sizes growth, phase transformation from nanocrys-
talline anatase to rutile phase and the light scattering in the 
films. Lastly, as the annealing temperatures increased, the 
resistivity of the TiO2 thin films decreased and lead to the 
higher electrical conductivity of TiO2 thin films. In short, 
our present work highlights the key significance of rational 
engineering of TiO2 thin films by coupling with SiO2/p-Si 
as the next generation MIS structure, which would bring 
huge potential to remarkably improve the dielectric constant 
and higher breakdown strength of SiO2/p-Si for addressing 
the current and future semiconductor-related issues.
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