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Abstract In this study, we have studied the effect of
repeated annealing temperatures on TiO, thin films pre-
pared by dip-coating sol-gel method onto the glasses and
silicon substrates. The TiO, thin films coated samples were
repeatedly annealed in the air at temperatures 100, 200, and
300 °C for 5 min period. The dipping processes were
repeated 5 to 10 times in order to increase the thickness of
the films and then the TiO, thin films were annealed at a
fixed temperature of 500 °C for 1 h period. The effect of
repeated annealing temperature on the TiO, thin films
prepared on glass substrate were investigated by means of
UV-VIS spectroscopy, X-ray diffraction (XRD), and atomic
force microscopy (AFM). It was observed that the thick-
ness, average crystallite size, and average grain size of
TiO, samples decreased with increasing pre-heating tem-
perature. On the other hand, thickness, average crystallite
size, and average grain size of TiO, films were increased
with increasing number of the layer. Al/TiO,/p-Si metal—
insulator—semiconductor (MIS) structures were obtained
from the films prepared on p-type single silicon wafer
substrate. Capacitance—voltage (C-V) and conductance—
voltage (G/w-V) measurements of the prepared MIS
structures were conducted at room temperature. Series
resistance (R,) and oxide capacitance (C,y) of each struc-
tures were determined by means of the C-V curves.
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Introduction

The popularity of such studies on Schottky diodes with
native or deposited insulator layer is rooted in their
importance in semiconductor technology. In the recent
years, insulator layers forming on Si, such as SnO, and
TiO, films, have been examined as a potential material
to replace SiO,. The main advantages of these films are
the lower densities of these surface states and their high-
dielectric permittivity when compared to SiO,. The
titanium dioxide (TiO,) has attracted considerable
attention for its potential applications in optical compo-
nents including photocatalysts, optical filters, gas sensors,
integrated optical amplifiers, solar cells, and -electro-
chromic displays [1-3]. Various methods have been
employed to prepare TiO, thin films, for example sput-
tering [4], e-beam evaporation [5], chemical vapor
deposition [6], and sol—-gel process [7, 8]. TiO, exhibits
three crystalline phases (anatase, rutile, and brookite) but
its orientations in thin film form depend upon the con-
ditions and parameters of the fabrication method [9, 10].
The sol-gel method is one of the promising methods
because optical and other properties of thin films can be
controlled easily by changing the solution composition
and deposition condition. The film deposition on the
substrate can be generally realized by dip-coating and
spin-coating techniques.

The metal-insulator—semiconductor (MIS) structure is
the most useful device in the study of semiconductor sur-
faces. Due to the technical significance of MIS structures,
these devices have been extensively studied over the past
four decades; however, very little experimental information
is still available on the barrier formation at insulator—
semiconductor interface. The electrical characteristics of
these devices do not obey the ideal Schottky theory.
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In this paper, it was mainly planned to investigate the
effect of repeated annealing temperature on the TiO, thin
films prepared by sol—gel dip-coating process on glass and
silicon wafer substrate and it was aimed to analyze and
report its effects on the structural, optical, and electrical
properties which will be measured and determined by
means of X-ray diffraction (XRD), UV-VIS spectroscopy,
atomic force microcopy (AFM), and capacitance—voltage
(C-V) measurements.

Experimental details

The glass substrates in Imm x 26 mm x 76 mm dimen-
sions were cleaned by de-ionized water for 30 min in
ultrasonic bath and then they were kept in acetone
(CH3COCHj;, Merck) in the ultrasonic bath. Finally they
were dried in the furnace 200 °C at for 10 min. A lot of
metal-insulator—semiconductor (Al/TiO,/p-Si) structures
were fabricated on the 5 inch diameter float zone <111>
p-type (boron-doped) single crystal silicon wafer with a
thickness of 600 pm and a resistivity of 5-10 Qcm. For the
fabrication process, Si wafer was degreased through RCA
cleaning procedure [i.e., a 10-min boiling in NH,OH + H,
O, + 6 DI (18 M Q de-ionised water), which was followed
by a 10-min boiling in HCl 4+ H,0O, + 6 DI] [11]. Next, it
was subjected to the drying process in N, atmosphere for a
prolonged time. Following the drying process, high-purity
aluminium (99.999%) with a thickness of 150 nm was
thermally evaporated from the tungsten filament onto the
whole back surface of the Si wafer under the pressure of
107 Torr. In order to obtain a low-resistivity ohmic back
contact, Si wafer was sintered at 580 °C for 3 min in N,
atmosphere. The native oxide on the front surface of the
substrate was removed in HF:H,O (1:10) solution and
finally, the wafer was rinsed in de-ionised water for 30 s
before forming an organic layer on the p-type Si substrate.

In order to prepare a TiO, solution, firstly, 1.2 mL
titanium tetraispropoxide [Ti(OC3;H;)4, Merck] was added
to 15 mL ethanol [C;HgO, Merck] and the solution was
kept in a magnetic stirrer for 1 h. Then, 5 mL of glacial
acetic acid [C,H40,, Merck] and 10 mL of ethanol were
added to the solution and after each additive component
was added, it was mixed in the magnetic stirrer for 1 h. In
the final step, 1.5 mL of trietilamine [(C,Hs);N, Merck]
was added in the solution and the final solution was mixed
in the magnetic stirrer for about 3 h. Solution preparation
stages are indicated in Fig. 1.

Dipping process was held through homemade motorized
system and each sample was dipped for 5 to 10 times. After
each dipping process of cleaned glass and p-type silicon
crystal into the solution, one substrate of glass and alloy
formed surface of Si wafer were cleaned with ethanol.
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Fig. 1 The flowchart diagram of the sol-gel process for the
preparation of TiO, thin films on the glass and Si wafer

After each dipping process, samples were left to repeated
annealing processes at 100, 200, and 300 °C. Finally, all
the samples were post-annealed at a fixed temperature of
500 °C for 1 h period.

In order to obtain a rectifying contact on front p-Si
surface with TiO, coating high-purity aluminium was
coated in high-vacuum under the pressure of 10~ Torr.
The structure of Al/TiO,/p-Si/Al (MIS) structure is given
in Fig. 2.

X-ray powder diffraction (XRD) measurements of TiO,
thin film on glass was performed at room temperature by
the Rigaku D/MAX-2200 with CuKo-radiation unit. The
UV-VIS transmittance measurements of TiO, thin films on
the microscope glass were performed with Shimadzu UV-
3600 in the spectral range of 300-1,100 nm. AFM, the
surface morphology of TiO, thin films on the microscope
glass was observed using a SPM Solver-PRO (NT-MDT) in

"
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* p-Si
]
Al

Fig. 2 Schematic diagram of Al/TiO,/p-Si (MIS) structure
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semi contact mode. The images were recorded with a
resolution of 128 x 128 points per lineona 1 x 1 pm area
using commercial Si cantilevers NSG 10 series with the Au
conductive coating, with a nominal elasticity constant
Kn = 11.5 N/m. The forward and reversable bias capaci-
tance—voltage (C-V) and conductance—voltage (G-V)
measurements were performed at 1 MHz by using a HP
4192 A LF impedance analyzer (5 Hz—13 MHz) and the
test signal of 50 m V. All measurements were carried
out at room temperature and in the dark.

Results and discussion

XRD patterns of TiO, thin films on the microscope glass
with 5 and 10 layers in Fig. 3 shows obvious peaks. The
TiO, films exhibits (101), (004), and (020) peaks of anatase
structure [12]. The anatase (101) peak is expected at
20 = 24°. The crystallite size of these samples was cal-
culated from X-ray line broadening by means of the
Scherrer Formula [13],
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Fig. 3 XRD patterns (a) 5 layer and (b) 10 layer of TiO, thin film on
the glass
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where A, 0, and f§ were the X-ray wavelength, the Bragg
angle, and the integral breadth of reflection located at 20
full width to half maximum, respectively. The crystallite
sizes are given in Table 1. It was observed that the average
crystallite size increases with the increasing number of
layers and decreasing repeated annealing temperatures. The
X-ray results were compared with the results in the liter-
ature [12]. Similar results like (i) the films consist of TiO,
phase and (ii) the orientation of the crystallite with the
annealed temperature were obtained.

The AFM images of TiO, thin films on the microscope
glass, in three dimensions, having 1 x 1 (um)? area, are
exhibited in Figs. 4 and 5. It was observed that average
grain size values of the TiO, thin films increased with the
increasing number of layer and decreasing repeated
annealing temperature. Furthermore, average roughness
values of thin TiO, films decreases with the increasing
number of layer and decreasing repeated annealing tem-
perature. The AFM images TiO, are compared with the
published results [14, 15]. There are some differences in
the surface roughness of the films. These differences were
also attributed to the film preparation method, design of
apparatus, used solution, and its molaritites.

Figure 6 show the UV-VIS spectra of TiO, thin films on
the microscope glass for different repeated annealing
temperatures, in wavelength range of 300-1,100 nm. This
region was the transparent region of the films. In the
transparent region a minimum for normal incidence of the
impinging light was given by T = 4ning/(n? + ng)?
where n; and ng are the index of refractions of the film and
substrate, respectively. The value of n¢ can be deduced for
the wavelength at the minimum of transmission. If ng is
known the pattern of transmisson in the transparent region
with successive minima and maxima can be used in order
to evaluate the thickness of the TiO, films. The thickness of
the layer can be calculated from two maxima or two
minima by means of the equation [16]

d = My ia/2](Gane(3a) — dan(2))], (2)

where M, n; (4;), and n; (1,) are the number of oscillations
between the two extrema occurring at Ay, A, and the
corresponding refractive indices, respectively. Usually in
this region ng is nearly constant: n¢ ~ n¢(41) = ne(4,) and
the value of n¢(= 2) can be deduced from he wavelength at
the minimum of transmission (7;,)

np = {[16(2 = Tin) + 25(1 = Toin) ]/ Tuia}' %, (3)

Figure 7 shows the TiO, thin film thickness versus
repeated annealing temperature. It can be seen that the
thickness of TiO, thin films decreases with the increase in
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Table 1 Crystallite size, grain size, and roughness parameters of TiO, thin films on the glass

Sample Number Repeated annealing Post-annealing Average crystallite Average grain Average
number of layers temperature (°C) (5 min) temperature (°C) (1 h) size (nm) size (nm) roughness (nm)
ND1 5 100 500 242 55 222

ND2 10 100 500 38.3 82 1.15

ND3 5 200 500 17.2 49 4.05

ND4 10 200 500 214 53 1.63

ND5 5 300 500 11.4 49 4.25

ND6 10 300 500 15.2 51 1.82

Fig. 4 The surface images of 5
layer TiO, thin films taken by

atomic force microscope (AFM)
(a) ND1; (b) ND3; and (¢) ND5

Fig. 5 The surface images of
10 layer TiO, thin films taken
by atomic force microscope
(AFM) (a) ND2; (b) ND4; and
(c) ND6

the repeated annealing temperature and decrease in the
number of layers. The optical band gap of TiO, thin films
has also been determined by means
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transmission measurements as shown in Fig. 6. For this the
fundamental absorption coefficient () was evaluated using
the equation o = (In7~')/d where d is the film thickness
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Fig. 6 The transmittance spectra of TiO, thin films prepared at
various repeated annealing temperatures and number of layers
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Fig. 7 The thickness of 5 and 10 layer TiO, thin films on the glass
versus repeated annealing temperature

and T is the transmittance. Figure 8 shows the variation of
(ahv)* versus hv for all the films. The nature of the plots
indicates the existence of direct optical transitions. The
band gap (E,) is determined by extrapolating the straight
line portion of the plot to the energy axis. In Fig. 6, it is
easy to observe that the direct energy band gaps range from
3.38 to 3.59 eV. The band gap energy (E,) values of the
films obtained at different deposition temperatures lie in
the range of 3.00-3.80 eV [17-20], which is quite com-
parable with the reported values. These differences were
also attributed to the film preparation method and annealed
temperature.

The series resistance (Ry) is an important parameter for
MIS structure. When a voltage is applied across the MIS
structure, the series resistance of the structure will share
applied voltage. In this study, the values of the series
resistance (R,) was evaluated from the reverse and forward

hv (eV)

Fig. 8 The plots of ahv versus hv curves of 5 and 10 layer TiO, films
on the glass
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Fig. 9 The voltage dependent plots of the high-frequency (1 MHz)
(a) capacitance and (b) conductance curves of Al/TiO,/p-Si (MIS)
structure at room temperature

bias C-V and G/w-V data at the high-frequency (1 MHz)
using the method developed by Nicollian and Goetzberger
[21]. The C-V and G/w-V plots of Al/TiO,/p-Si (MIS)
structure, obtained in the voltage range of —4 V to +4 V,
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Tab!e 2 Various parameters Sample Number Insulator layer Insulator layer Cox (F/cmz) Rs (Q)
obtained from C-V (1 MHz) . .
" . . number of layers (Repeated annealing (Post-annealing
characteristics of Al/TiO,/p-Si . .
temperature and time) temperature and time)

(MIS) structures at room

temperature NDD1 5 100 °C, 5 min 500 °C, 1 h 2.88 x 10710 292
NDD2 10 100 °C, 5 min 500 °C, 1 h 7.19 x 107'° 561
NDD3 5 200 °C, 5 min 500 °C, 1 h 1.71 x 107° 201
NDD4 10 200 °C, 5 min 500 °C, 1 h 126 x 1071 357
NDD5 5 300 °C, 5 min 500 °C, 1 h 5.14 x 107" 95
NDD6 10 300 °C, 5 min 500 °C, 1 h 527 x 107" 223

are given in Fig. 9a and b, respectively. As seen from
Fig. 9a and b both curves have three distinct regimes of
accumulation—depletion—inversion. When the MIS struc-
ture is biased in to strong accumulation, the impedance
(Zma = 1/Y,) is given by [21]

1

T = ——————,
e Gma +]wcmd

(4)
where C,,, and G, are the measured capacitance and
conductance, in strong accumulation region. Series
resistance is the real part of the impedance (Z,, =
1/Yma) or:

Gma

= _—, 5
G2, + (0C)’ ®)

Rs
The insulator layer capacitance (C,x) is obtained by
substituting R from Eq. 5 into relations

G 2
comea (%)

The effect of interface states can be eliminated when the
C-V and G/w-V plots are obtained at high-frequency
(f = 500 kHz) [22], since interface states (Ng) cannot
follow ac signal. In this case, the R seems to be the most
important parameter which causes the main electrical
parameters (C, G) of MIS structure. As seen from Table 2,
the values of R; decreases with increasing repeated
annealing temperatures and decreasing insulator layer. In
addition the values of C,, decreases with increasing
number of layer.

818014
= 6
o, (©)

Conclusions

The X-ray diffraction patterns, atomic force microscope
(AFM) images, and UV-VIS spectra showed that crystal-
linity in TiO, thin films were significantly affected by
repeated annealing temperature. It was observed that the
average crystallite size and average grain size of TiO, films
were decreased with increasing repeated annealing tem-
perature. On the other hand, the average crystallite size and
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average grain size of TiO, films were increased with
increasing number of layer. Furthermore, average rough-
ness values of thin TiO, film decreases with the increasing
number of layer and decreasing repeated annealing tem-
perature. The values of R of Al/TiO,/p-Si (MIS) structures
decreases with increasing repeated annealing temperatures
and decreasing insulator layer. In addition the values of Cx
decreases with increasing number of layer. It was con-
cluded that the repeated annealing temperature should be
controlled at 300 °C in order to grow TiO, thin films with
good crystallite and optical quality.
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