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Influence of sputter power on structural and
electrical properties of TiO, films for Al/TiO,/Si
gate capacitors

M. Chandra Sekhar,® N. Nanda Kumar Reddy,? B. Venkata Rao,”
G. Mohan Rao® and S. Uthanna®*

Titanium dioxide (TiO,) thin films were deposited onto p-Si substrates held at room temperature by reactive Direct Current (DC)
magnetron sputtering at various sputter powers in the range 80-200 W. The as-deposited TiO, films were annealed at a temperature
of 1023 K. The post-annealed films were characterized for crystallographic structure, chemical binding configuration, surface
morphology and optical absorption. The electrical and dielectric properties of Al/TiO,/p-Si structure were determined from the
capacitance-voltage and current-voltage characteristics. X-ray diffraction studies confirmed that the as-deposited films were
amorphous in nature. After post-annealing at 1023 K, the films formed at lower powers exhibited anatase phase, where as those
deposited at sputter powers >160 W showed the mixed anatase and rutile phases of TiO,. The surface morphology of the films
varied significantly with the increase of sputter power. The electrical and dielectric properties on the air-annealed Al/TiO,/
p-Si structures were studied. The effect of sputter power on the electrical and dielectric characteristics of the structure of Al/

TiO,/p-Si (metal-insulator-semiconductor) was systematically investigated. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Titanium dioxide (TiO,) is a nontoxic oxide semiconductor drawn
wide attention over the years because of its optical, photocata-
lytic and electronic properties. Because of its high dielectric
constant and high resistivity, it attracted much attention for use
in the fabrication of capacitors in microelectronic devices.
Campbell et al® and Majewski et al.”® explored the high dielec-
tric properties of TiO, for its use as the gate dielectric in hole
transporting p-channel thin film transistors. In addition, it is a
potential candidate to replace the silicon dioxide as a gate
dielectric in complementary metal oxide semiconductors be-
cause of its high dielectric constant. Its photocatalytic property
enables the application of TiO, films to environmental problems
such as water decontamination processes, treatment of industrial
effluents, air purification and destruction of microorganisms.”!
Also, because of its high chemical stability and modest bandgap,
TiO, in thin film form are widely used as photocatalysts,’® gas
sensors””! and dye-sensitized solar cells.®

Recently, the analysis of rectifying metal-semiconductor (MS)
contacts (Schottky barrier diodes) is of prime interest for most
of the elemental and compound semiconductors.”'® The earlier
experimental results" "% of the Schottky barrier diodes revealed
that the electrical characteristics of the devices strongly depend
on the MS interface. It is well known that, unless specially fabri-
cated, a Schottky barrier diode possesses a thin interfacial native
oxide layer between the metal and the semiconductor. The
presence of such an insulating layer converts the Schottky barrier
diode into a metal-insulator-semiconductor (MIS) diode!*'¥ that
influences on the device electrical parameters."*'> Generally,
the electronic properties of a Schottky diode are characterized
by its main electrical parameters such as diode ideality factor,

Schottky barrier height and series resistance, which provide
useful information on the nature of the diode.""® In recent years,
Si Schottky diodes have received much attention, because of
their maximum potential for high-power devices in novel band
engineered heterostructure devices.""%"”!

TiO, is known to exist mainly in three crystalline forms
namely anatase (A-tetragonal), rutile (R-tetragonal) and brookite
(B-orthorhombic). Among these, anatase and rutile phases com-
monly exist in thin films of TiO,. Anatase is a metastable phase
exist at temperatures <873 K that transforms into highly stable
rutile phase at temperatures >1073 K!"® Anatase TiO, is potential
for commercial used as photocatalyst because of its high photo-
catalytic activity. The rutile phase TiO, is extensively used as a
dielectric layer for microelectronic applications. TiO, with a rutile
structure is quite eccentric in terms of the dielectric constant
among the other binary oxides. Brookite is the least stable of the
three phases. The differences in assembly of titanium and oxygen
atoms within the chains and in the lattice structures result in
difference in band structure and bandgap (3.20eV for anatase
and 3.05 eV for rutile phase) of the TiO, in two phases.["!
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In the earlier works, TiO, thin films were deposited by a variety
of methods such as sol-gel process,”® thermal oxidation,?"
pulsed laser deposition,*? chemical vapor deposition,>® spray
pyrolysis** and DC/Radio Frequency (RF) sputtering.”>>*) Among
these methods, DC magnetron sputtering can produce highly
uniform films with good adhesion to the surface of substrate. This
method also offers the advantage of depositing films on large area
substrates and on large scale that makes suitable for industrial
applications. Physical properties of the sputter deposited films
significantly depend on the sputter process parameters such as
oxygen partial pressure, substrate temperature and substrate bias
voltage fixed during the growth of the films. The post-deposition
annealing also accelerates the crystal growth in turn influences
the physical properties. In our earlier investigations, the films
formed by DC magnetron sputtering of metallic titanium target at
an oxygen partial pressure of 6x 10 2Pa were of stoichiometric
Ti0,.?? The TiO, films formed at substrate bias voltages greater
than or equal to —150V showed low leakage current and high
dielectric constant and also correlated the variations in electrical
transport properties with their structural and optical proper-
ties.2% TiO, films formed at substrate temperatures 673K
exhibited high dielectric constant and also noticed an increase
in the thickness of interfacial layer of SiO, layer thickness
results in decrease in leakage currents. The growth of interfa-
cial layer of SiO, between TiO, film and silicon substrate can
be decreased by post-deposition annealing instead of deposi-
tion of TiO, films at elevated substrate temperatures. Hence,
in the present investigation, an attempt is made to deposit
TiO, films onto unheated p-type silicon substrate at various
sputter posers. The as-deposited films were annealed in air at
1023K and studied the influence of sputter power on the
structural, electrical and dielectric properties.

Experimental techniques

Thin films of TiO, were deposited by DC reactive magnetron
sputtering using titanium target (99.99% pure) of 100 mm
diameter. The sputter chamber was evacuated to achieve an
ultimate base pressure of 2x10 *Pa using diffusion pump
backed by rotary pump. The sputtering was performed in an
atmosphere of argon and oxygen gas mixture. The films were
deposited on the well cleaned p-type silicon (100) substrates held
at room temperature (303 K) at a fixed oxygen partial pressure of
6x1072Pa and sputter pressure of 2x 107" Pa at different
sputter powers in the range 80-200W. The as-deposited films
were annealed in air for 1h at 1023 K.

After deposition of the TiO, films, aluminum top electrodes
(area (A)=7.8 x 10> cm?) were deposited on the deposited TiO,
films using shadow mask. Thick platinum back contacts were
made on Si using photolithography technique. High doping in
Si ensures that this back contact would serve as ohmic. The
thickness of the films was determined by Veeco Dektak depth
profilometer (FTIR, NICOLET 5700 Thermo Electro Scientific IN-
STRUMENTS, LLC 5225 Varona Road Madison WI, 53711-4995,
USA). The deposited films were characterized by studying their
chemical binding configuration, crystallographic structure, sur-
face morphology, and electrical and dielectric properties. The
crystallographic structure of the films was studied with the X-ray
diffractometer (Seifert model: 1003 TT Rich.Seifert and Co.
Rontgenwerk, Bogenstrabe 41 D-22926, Ahrensburg Germany) in
260 range 20-60° using CuK,;, radiation with wavelength of

0.15405 nm. The chemical binding configuration of the films was
recorded with Fourier transform infrared spectroscope (Nicolet
model 5700 FTIR) in the wavenumber range 400-4000cm . The
surface morphology of the films was studied by atomic force
microscopy (Veeco Instruments, Santa Barbara, CA). The electrical
properties such as capacitance-voltage (C-V) and current-
voltage (I-V) of the Al/TiO,/p-Si capacitors were measured by
using LCR meter (MIOKI model 3532-50) and Hewlett-Packard
(model hp 4140B) pA meter (lISc, Bangalore), respectively.

Results and discussion

In order to study the influence of the sputtering power on the
physical properties of TiO, films, the films were deposited under
different sputtering powers in the range 80-200W at the opti-
mized oxygen partial pressure of 6x1072Pa using DC magne-
tron sputtering technique.®" The thickness of the deposited
films was measured with depth profilometer. The deposition rate
was calculated from the thickness and duration of the deposition of
the films. The dependence of deposition rate of the TiO, films on
the sputter power is shown in Fig. 1. The deposition rate of the films
at low sputter power of 80 W was 1.3 nm min~ . The deposition rate
of the films increased to 6.7 nm min~ " with the increase of sputter
power to 200 W. At low sputter powers, the energy of the argon
ions bombard the sputter target was low that leads to lower sputter
yield hence of low deposition rate. At higher sputter powers, high
argon ion flux bombardment on the target with high kinetic energy
that will eject more atoms from the sputter target hence by
increase in the deposition rate.

Figure 2 shows the X-ray diffraction profiles of the films formed
at different sputtering powers. All the TiO, films deposited at
room temperature (303 K) were of X-ray amorphous. In order to
crystallize the films, the as-deposited films were annealed (T,) in
air at 1023 K. The films formed at low sputter power of 80 W
and annealed at 1023K showed the X-ray diffraction peaks at
20=25.24°, 33.1°, 38.02° and 47.7° correspond to (101), (110),
(004) and (200) reflections indicated the growth of TiO, with
anatase phase.*? It indicated that the films formed at 80 W and
annealed in air at 1023 K contained smaller size crystallites with
anatase phase of TiO, were embedded in the amorphous matrix.
As the sputtering power increased to 120 W, in addition to these
peaks, another diffraction peak at 27.3° related to the (110)
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Figure 1. Variation of deposition rate with sputter power of TiO, films.
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Figure 2. X-ray diffraction profiles of TiO, films formed at different
sputter powers.

reflection of rutile phase TiO, indicated the presence of mixed
phase in the amorphous matrix.>* The films formed at 160 W
were of polycrystalline in nature with enhanced crystallite size
as noticed by the increase in the intensity of the diffraction peaks.
The intensity of the reflections (101) was decreased with the in-
crease of sputter power from 120 to 200 W that indicated the de-
crease in anatase phase in the TiO, films. The full width at half
maximum of (101) decreased with the increase of sputter power
indicated the decrease in the crystallite size of anatase phase. The
intensity of rutile (110) peak was increased and full width at half
maximum decreased with the increase of sputter power from 120
to 200 W indicated the growth towards rutile phase at higher
sputter powers. The crystallite size of the films was calculated
from the diffraction peaks using Debye-Scherrer’s relation

L =0.891/BcosO (1

Here, 1 is the wavelength of the X-rays, f the full width at half
maximum intensity of the diffraction peak and 6 the Bragg dif-
fraction angle. The crystallite size of the grown anatase TiO; films
decreased from 40 to 20 nm with the increase of sputter power
from 80 to 200 W, while the crystallite size of the rutile phase
TiO, films increased from 10 to 30 nm with the increase of sputter
power from 80 to 200 W.

Fourier transform infrared transmittance spectra (FTIR) of the
annealed TiO, films deposited at different sputtering powers is
shown in Fig. 3. The FTIR spectrum of the film deposited at low
sputter power of 80W showed a broad absorption band at
438cm ! related to the stretching vibration of Ti-O-Ti in anatase
phase Ti0,.** When sputter power increased to 120 W, the absorp-
tion bands at 494 and 668cm ™' were observed with minimum
intensity. The bands situated at 494 and 668 cm™' related to the
rutile phase of TiO, with vibration modes of Ti-O-Ti.>*! Further,
increase of sputter power to 160 W, the intensity of the bands at
494 and 668 cm ™' increased because of increase in the crystallinity
of rutile phase in the films. The intensity of absorption band located
at 438cm™' was decreased that indicated the decrease of the
anatase phase TiO, with the increase of sputter power. These
results were well supported by the X-ray diffraction studies.
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Figure 3. Fourier transform infrared transmittance spectra of TiO, films
formed at different sputter powers.

Figure 4 shows the atomic force micrographs of the TiO, films
deposited at different sputter powers. The micrographs showed
that the TiO, films deposited at low sputter power of 80 W were
of smoother and less dense in structure. At low sputter powers,
the adatoms with low kinetic energy result in negligible surface
diffusion. When sputter power increased to 120 W, the TiO, films
appeared to be continuous with fine-sized grains might be due
to the presence of mixed phase. Further, increase in sputter
power to 160 W, the grain size of the films increased. The surface
diffusion of the adatoms was enhanced with the momentum
transfer to the growing surface resulted an increase in the grain
size of the films. The enhancement in crystallinity of the films
was achieved at higher sputter power of 200 W because of larger
impact energy of the bombarding particles, which lead to better
surface mobility. The higher the sputter power, the more likely
the film formed were of continuous and with higher crystallinity
due to sufficient high adatom mobility that improved the surface
diffusion. The grain size of the TiO,; films increased from 115 to
130 nm with the increase of sputter power from 80 to 200 W.
Song et al.®® reported that the increase in the grain size was a
result of bombardment to the growth surface by more energetic
particles with increase of sputter power.

Figure 5 shows the capacitance-voltage characteristic curves
at different frequencies for Al/TiO,/p-Si capacitors formed at dif-
ferent sputtering powers in the range 80-200 W and annealed
at 1023 K. The capacitance of the TiO, capacitors was decreased
with the increase in frequency. The high capacitance at low fre-
quencies depends on the ability of the electron concentration
to follow the applied signal. While the decrease in the capaci-
tance at high frequencies, the charge at the interface cannot
follow an Alternating Currents (AC) signal. The capacitance-voltage
measurements on the TiO, films formed at different sputter powers
and at fixed frequency of 1 MHz are shown in Fig. 6. The experimen-
tal characteristics are similar to the normal capacitance-voltage
characteristics, where the charge accumulation, depletion and
inversion could be easily recognized. For negatively biased struc-
ture, negative electron charge at the gate is balanced by positive
hole charges accumulated near the surface of the semiconductor
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(p-type). In an ideal Metal-Oxide-Semiconductor (MOS) system,
capacitance (C) measured in this accumulation state is equal to ox-
ide capacitance Co, = 2.8 nF at sputter power of 80 W. Switching the
bias voltage into positive direction makes semiconductor surface
depleted from the holes so that the additional capacitance of space
charge layer C; is series in connection with Co,. Moreover, the pos-
itive gate biasing at low frequencies, an inversion in the type of
conduction occurs. In the strong inversion conditions, potential
changes at the gate are determined by the presence of electrons
at the semiconductor metal interface. Thus, the total measured ca-
pacitance, similar to the accumulation state, approaches to the Co,.
The capacitance of TiO, films was decreased from 2.8 to 1.3 nF with
the increase of sputter power from 80 to 200 W. Such a decrease in
the capacitance with the increase of sputter power was also
noticed by Huang et al®” At low sputter powers, the capacitance
of the TiO, capacitors was high because of the low thickness of
the films. From the measured capacitance and the physical
thickness (t), the dielectric constant (k) of the TiO, capacitor can
be calculated. The dielectric constant (k) of the films was calculated
from the capacitance-voltage curves using the following relations:

C = keoA/t 2)

where Cis the capacitance, k the dielectric constant of the material,
&, the permittivity of free space (8.85x10 >fFum™') and A the
area of the capacitor. The dielectric constant of the TiO, films
formed at sputter power of 80 W was 10, and it increased to 30 with
the increase of sputtering power to 200 W. The dielectric constant
of the films increased with the increase of sputter power. The
(b) pm annealing of films formed at different sputter powers leads to de-
crease of structural defects and the change of the phase transfor-
mation from anatase to rutile phase, hence enhance in the
dielectric constant of the TiO, films.

Figure 7 shows the forward and reverse current-voltage
characteristics of the MIS (Al/TiO,/p-Si) structured capacitors
formed at different sputter powers for negative and positive
applied voltages. For the current-voltage measurements, a step
time of 1s and a step voltage of 0.1V were used. It is seen in Fig. 7
that the leakage current increased with the increase of sputter
power. The minimum leakage current achieved for sputter power
of 80W at a gate bias voltage of 1.5V was 6.38x10™'°A and it
was increased to 9.0x 1077 A by increase of sputter power to
200 W. The increase in leakage current density with sputtering
power was due to the increase in oxygen defects in the TiO, films
and also increases in the structural defects. Such an increase in
leakage currents with the increase in sputter power was also
observed in MgTiO; films formed by DC/RF sputtering.®”

Moreover, we made an attempt to study the effect of sput-
tering power on Schottky barrier parameters such as Schottky
barrier height (®,), ideality factor (n) and series resistance (Rs)
from the forward and reverse /-V characteristics of Al/TiO,/p-Si
device (Fig. 7). The forward -V characteristics were analyzed by
using thermionic emission relation for electron transport from a
metal/semiconductor is given by the relation!*

4 —qV
I =lgexp (%) {1 — exp (k—qT)] (3)

and
*% —qdy
2 lo = AATTT? exp( ZT ) 4)
Figure 4. Atomic force micrographs of TiO, films formed at (a) 80, ~ Where I, is the saturation current, g the electronic charge, A” the
(b) 120, (c) 160 and (d) 200 W. effective Richardson’s constant that is 32 Acm 2 K? for p-Si,'” k
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3.0n 1E-3
T =1023K Sputter Power T,=1023K

1E-4 |- —o— 80W
2.5n —%x— 120 W
1E-5 —o— 160 W
<
2.0n £ 156
) o
o S
2 3 1e7 T
S 15n ) -
5 % 1E-8
8, o
] - "
O 1.0n 169
1E-10
500.0p
1E-11
- -2 -1 0 1 2 3
0.0 Gate Voltage (V)
-3 -2 -1 0 1 2 3
Gate voltage (V) Figure 7. Current-voltage characteristics of TiO, films formed at different

sputter powers.

Figure 6. Capacitance-voltage curves (at 1MHz) of Al/TiO,/p-Si

itors at different sputt . . . . . .
capacitors at difierent sputter powers The Schottky barrier height (®,) is determined from the relation

is the Boltzmann'’s constant and n the ideality factor. The ideality kT AN T2
factor is calculated from the slope of the linear region of the for- ®p =—1In (6)

ward-bias In/ versus V plots using Equation (4) as a lo
n :i( av ) ) Using linear curve fitting for the forward characteristics of
kT \d(In/) In/ versus V data, the barrier height and ideality factor can
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be determined from the y-axis intercept and the slope of the
fitted curves, respectively.

Calculations indicated that the Schottky barrier height of the
Al/TiO,/p-Si structure is found to be 0.71eV for the TiO, film
deposited at 200W. The estimated Schottky barrier heights of
contacts are 0.76 eV for 160 W, 0.84 eV for 120 W and 0.87 eV for
80W. Thus, it is observed that the Schottky barrier height
increased from 0.71 to 0.87 eV with a decrease in the sputter
power from 200 to 80W. The barrier height extracted for the
TiO, film deposited at 200 W is similar to that reported by Pakma
et al'” for Al/TiO,/p-Si structure.

The calculated ideality factor for the TiO, film deposited at
200 W is found to be 3.76. However, the ideality factor decreases
to 1.27 at sputter power 80W. The ideality factor (n) values
greater than unity can be ascribed to the effects of the bias
voltage drop across the interfacial insulator layer, the distribution
of interface states at the insulator/semiconductor interface
and the barrier inhomogeneities prevailing at the metal/
semiconductor interface.233°! The variation of barrier height
and ideality factor values with sputter power for the Al/TiO,/
p-Si structure is shown in Fig. 8.

Figure 9 shows the plots of experimental dV/dInl versus | for
different sputter powers. The In/-V curves are generally no longer
a straight line at voltages in excess of 0.25V. The reason for the
deviation of forward bias I~V curves from the linearity could be
due to the effect of series resistance (Rs), the interfacial insulator
layer and the interface state density when the applied voltage is
sufficiently large.*® The series resistance values are obtained
from the forward-bias -V curves using the method developed
by Cheung and Cheung." The forward bias current-voltage
characteristics due to thermionic emission of a Schottky contact
with the series resistance can be expressed as Cheung’s function

dv kT
m:”“”@ 7

The values of series resistance of Al/TiO,/p-Si structure were
calculated from the plots of dV/dInl versus I. The extracted values
of Rs for Au/TiO,/p-Si structure were changed from 14.8 to
2.57 MQ at 80 and 200 W, respectively, and the series resistance
(Rs) values are tabulated in Table 1.
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Figure 8. The barrier height versus ideality factor as a function of sputter
power for Al/TiO, /p-Si structure.
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Figure 9. The experimental dV/dIn(/) versus [ plot obtained from forward
bias current-voltage characteristics (Fig. 7) of the Al/TiO, /p-Si structure.

Table 1. Variation of electrical parameters of Al/TiO,/p-Si structure

obtained using current-voltage characteristics

Sputter Leakage current (A)  Barrier Ideality Series

power (W) (at 1.5V) height (eV) factor (n) resistance
(MQ)

80 6.38x10 '° 0.87 127 14.8

120 826x107° 0.84 1.99 12.5

160 329%10°8 0.76 2.56 7.77

200 9.0x10 0.71 3.76 2.57

Conclusion

TiO, thin films have been deposited by using DC magnetron
sputtering of titanium target onto unheated quartz and p-silicon
substrates at an oxygen partial pressure of 6x 10 2Pa and at
different sputtering powers in the range 80-200 W. The deposi-
tion rate of the films was increased with the increase of sputter
power. The effect of sputter power on structural, electrical and
dielectric and optical properties of the air-annealed films was
studied. The structural properties were determined by using
X-ray diffraction, and FTIR studies. All the as-deposited were
of X-ray amorphous. The structural analysis of the annealed
films revealed that the films formed at low sputter power of
80 W showed anatase phase, while those deposited at higher
sputter powers 2160 W were exhibit-mixed phase of anatase
and rutile. The crystallite size of the films increased with the
increase of sputter power. The surface roughness of the thin
films increased with the sputter power as revealed by Atomic
Force Microscopy (AFM). The electrical and dielectric properties
of the Al/TiO,/p-Si stacks were studied by using C-V and -V
measurements. The dielectric constant of the TiO, films was in-
creased from 10 to 30 with the increase of sputter power from
80 to 200W. The formed capacitors exhibited Schottky emis-
sion at lower electric fields. Also, the influence of sputtering
power on the electrical characteristics of Al/TiO,/p-Si (MIS)
structure has been reported in the range 80-200W.
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