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Abstract A TiO, film was prepared on Pt/Ti/SiO,/Si
substrate by a laser chemical vapor deposition method. The
rutile TiO, film with pyramidal grains and columnar cross-
section was obtained at a high deposition rate (Rgep =
114 um h™"). At 300 K and 1 MHz, the dielectric con-
stant (¢,) and loss (tand) of the TiO, film were about 73.0
and 0.0069, respectively. The electrical properties of TiO,
film were investigated by ac impedance spectroscopy over
ranges of temperature (300-873 K) and frequency (10°—
10" Hz). The Cole—Cole plots between real and imaginary
parts of the impedance (Z' and Z"') in the above frequency
and temperature range suggested the presence of two
relaxation regimes that were attributed to grain and grain
boundary responses. The ionic conduction in the rutile
TiO, film was dominated by the oxygen vacancies.

1 Introduction

The rutile TiO, films are widely investigated because they
have many applications such as capacitor, sensors, antire-
flection coatings and corrosion-resistant barriers [1-5]. The
dielectric constant (¢;) of rutile TiO, crystal is anisotropic
and has values of 170 in the ¢ direction and 89 perpen-
dicular to the ¢ direction, which indicates that TiO, film
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has the possibility application to future ultra-large-scale
dynamic random access memory (DRAM) [6, 7]. TiO,
films have been prepared by many methods, such as sput-
tering, conventional chemical vapor deposition, sol-gel
method, type-casting and laser chemical vapor deposition
(LCVD) [8-15]. Among these methods, the high-quality
film were prepared by LCVD with high deposition rate
(Rgep). Goto et al. [15] prepared TiO, films on alumina
plates with a mixture phase of rutile and anatase by LCVD
with very high Ry, (about 3,000 pm h™"). Recently, Gao
et al. [16] reported that the rutile TiO, films were deposited
on Yttria-stabilized zirconia (YSZ) plates by LCVD, and
the Rgep Was about 240 um h~'. However, they didn’t
study the dielectric property of the TiO, films. Numerous
research indicated that the dielectric and electrical prop-
erties of TiO, films were dependent on their microstructure
[17, 18]. The films prepared by LCVD always had the
characteristic columnar cross-section [19-23]. It is neces-
sary to investigate the electrical properties of the rutile
TiO, film prepared by LCVD.

To investigate the dielectric property and electrical
conductivity of the rutile TiO, film, a Pt/Ti/SiO,/Si sub-
strate, which had good electrical conductivity and thermal
stability, was used to replace the ceramic substrates in
references [15] and [16]. In this study, TiO, film was
prepared on Pt/Ti/SiO,/Si substrate by LCVD, and the
dielectric properties and electrical conductivity of TiO,
film were investigated.

2 Experimental
The TiO, film was prepared on Pt/Ti/SiO,/Si substrates by

LCVD with a continuous-wave Nd:YAG laser (wave-
length: 1,064 nm). A schematic of the LCVD apparatus has
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Table 1 Deposition conditions of TiO, film by LCVD
0 Substrate
Ti(Oi-Pr), (dpm), evaporation 423 K - -
temperature (7r;) =t 06 ('g
Substrate pre-heating temperature 773 K = B
(Tpre)
Total chamber pressure (Po) 600 Pa —
3
Gas flow rate o
Ar gas (FRa;) 83 x 107 m’s™! =2
@
0, gas (FRo) 1.7 x 1076 m®s™! & 5
Laser power (Py) 48 W £ -
Deposition time (f) 1,800 s
Substrate-nozzle distance 30 mm
Substrate Pt/Ti/Si0,/Si
(10 x 10 x 0.5 mm?)
been reported elsewhere [19, 20]. The substrate was put on 10 70

a hot stage with a pre-heating temperature (Tp,.) of 773 K.
A thermocouple was inserted at the bottom side of the
substrate to measure the deposition temperature (7gep). In
this study, T4, was 858 K. A laser beam, 14 mm in
diameter, was introduced through a quartz window to
irradiate the whole substrate. The laser power (Pr)
was 48 W. The titanium diisopropoxy-dipivaloylmethanate
(Ti(Oi-Pr), (DPM),, Toshima Manufactory) precursor was
heated at 423 K, and the vapor was carried into the
chamber with Ar gas. The O, gas was separately intro-
duced into the chamber through a double-tube gas nozzle.
The total pressure (P,) in the CVD chamber was held at
600 Pa. The deposition was conducted for 1,800 s. Details
of the deposition conditions are listed in Table 1.

The crystal structure was analyzed by X-ray diffraction
(XRD, Rigaku RAD—2C) using CuKo X-ray radia-
tion. The surface and cross section microstructures were
observed by a scanning electron microscope (SEM, Hitachi
S-3100H). To measure the impedance spectroscopy, the top
electrode was fabricated on the surface of the TiO, film
from Au paste, which was dried and decomposed by
gradually heating to 1,073 K. Impedance spectroscopic
measurements were performed using an impedance/grain-
phase analyzer (Hewlett Packard 4194) at an ac driving
voltage of 10 mV in the temperature range from 300 to
873 K over the frequency range of 10°-10 Hz.

3 Results and discussions

Figure 1 shows the XRD pattern of TiO, film. It was
indexed to the rutile TiO, phase (JCPDS 21-1276). The
single-phase TiO, film was obtained. Figure 2 displays the
cross-sectional and surface SEM images. As shown in
Fig. 2a, the TiO, film had columnar cross-section, and the
film thickness was about 5.7 pm that indicated the Ry., was
11.4 um h™', which was slower than these reported by

20 ()

Fig. 1 XRD pattern of the TiO, film

Goto et al. [15] and Gao et al. [16] due to the low T in this
study. However, the present Rqe, was still much higher than
that prepared by other methods [8—13]. The surface con-
sisted of pyramidal grains. Figure 2c shows the schematic
of crystal structure, which was illustrated by VESAT, a
three-dimensional visualization system [24]. In the rutile
crystal structure, the basic building block consists of a
titanium atom surrounded by six oxygen atoms in a more or
less distorted TiOg octahedral configuration. The two
bonds between the titanium and the oxygen atoms at the
apices of the octahedron are slightly longer [1]. The
pyramidal grains in the surface of TiO, film, as shown in
Fig. 2b, were attributed to the stacked TiOg octahedral.

Figure 3 presents the temperature dependence of
dielectric properties of the TiO, film in the temperature
range from 300 to 873 K at 1 MHz. At 300 K, the ¢, and
dielectric loss (tand) of the TiO, film were about 73.0 and
0.0069, respectively. The ¢, value in this work was close
to those of the rutile TiO, crystal perpendicular to the
¢ direction and the rutile TiO, film prepared by Kim et al.
[6, 7] which also indicated the single-phase rutile TiO, film
was prepared by LCVD. With increasing temperature, the
& slightly decreased, and then increased. A peak around
753 K was observed, which indicated that there was a
phase transition. Generally, the transition temperature is
about 1,173 K. However, it also depends on pressure,
stress, contaminants, oxygen deficiency, etc. [25]. The tand
increased slightly with increasing temperature from 300 to
753 K. As temperature was beyond 753 K, the tand
abruptly increased due to the phase transition.

Figure 4 depicts the frequency dependence of the imagi-
nary part of impedance (Z") at different temperatures. At
300 K, there was no peak in the measured frequency range,
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Fig. 2 Cross section a and surface b microstructures of the TiO, film,
and ball-and-stick model of the rutile TiO, crystal structure ¢

since the film had high resistance. With increasing the
temperature, the resistance decreased and the peaks (Z'/,..,)
with characteristic frequency maximum (f,,x) were
observed due to the grain effect. The peaks were sugges-
tive of relaxation processes with a spread of relaxation
time, which were temperature dependent. As temperature
increased, the f..x shifted to higher frequency and the
7' max decreased due to the decrease of resistance of TiO,
film.

Figure 5a depicts the Cole—Cole plots of complex
impedance data (the imaginary part Z” and the real part Z')
at different temperatures. The arrows in Fig. 5a showed the
direction of increasing frequency. At low temperatures, an
almost straight line with big slope was observed due to
high resistance. With increasing temperature, the resistance
decreased and the impedance semicircles were observed.

@ Springer
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Fig. 3 Temperature dependence of dielectric properties for the TiO,
film: a dielectric constant (&) and b dielectric loss (tand)

Figure 5b shows the enlarged Cole—Cole plot obtained at
870 K. There were two semicircles, which suggested the
presence of two relaxations that were attributed to grain
and grain-boundary responses. To analyze and interpret the
Cole—Cole plots, an equivalent circuit model comprising
two parallel RC elements in series was established as
shown in Fig. 5c. The low-frequency semicircle corre-
sponded to the grain-boundary response (Rg,Cyp) and the
high-frequency one corresponded to the grain response
(RyCy). Figure 5b showed the good agreement between the
experimental data (triangular patterns) and the theoretical
curve (dotted line, generated from ZVIEW software).
Figure 6 shows the ac electrical conductivity plots as a
function of frequency at different temperatures. At 562 K,
the conductivity—frequency curve had a frequency-inde-
pendent dc component at low frequency (100-10* Hz) and
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Fig. 4 Imaginary impedance (Z) as a function of frequency for the
TiO, film

a frequency-dependent ac component at high frequency
(10°-107 Hz). With increasing temperature, the curves
tended to flatten. Salam et al. [26] analyzed the frequency
dependent ac electrical conductivity data and proposed the
frequency dependence of electrical conductivity to be of
the form

o(w) = a(0) + Ajo™ + Ayo™ (1)

where a(®) is the total conductivity, a(0) is the frequency-
independent conductivity, and the coefficient A and
exponent n are temperature and material dependent.
The frequency-independent plateau at the low frequency
was associated with the term ¢(0) contributing to dc
conductivity. As frequency increased, two dispersion
regions appeared for all temperatures. The mid-frequency
dispersion (A;0™) was associated with the grain
boundaries, while the high-frequency one (A,w") with
the grains [27, 28]. The electrical conductivity of grain ()
was obtained from the grain resistance (R,) using the
relation.

t

- 2
O-g RgA ()

where ¢ is the film thickness and A is the electrode area.

The temperature dependence of 6, in Arrhenius format was
described by

0, = 0o exp(—E,/kT) (3)

where o is the pre-exponential factor, E, the activation
energy for the conduction process, k the Boltzmann con-
stant and 7 the absolute temperature. The Arrhenius plot of
0, is shown in Fig. 7. The values of E, for the grain con-
duction at high-temperature region (744-873 K) and
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Fig. 5 Complex impedance plots (Z' vs Z'') of the TiO, film: a at
different temperatures b the enlarged impedance plot of data obtained
at 870 K, and ¢ equivalent circuit used to represent the electrical
properties of the grain and grain-boundary effects

low-temperature region (555-744 K) were 1.06 and
0.69 eV, respectively. This result indicated that the dif-
ferent conductive mechanisms dominated in the different
temperature regions. TiO, can be hardly oxidized but easily
reduced to TiO,_, contains extra Ti and/or missing O
atoms, which suggests that the dominant native point
defects should be the oxygen vacancy Vg and the titanium
interstitial Ti; [29]. Iddir et al. [30] calculated the diffusion
barriers of V34" defect. They investigated the diffusion of
V' by moving the oxygen vacancy along three paths (path
A along [001], B along [110] and C from the plane to the
apex position of the octahedron) in the TiOg octahedron.
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Fig. 6 Frequency dependence plots of the ac electrical conductivity
of the TiO, film at different temperatures
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Fig. 7 Temperature dependence of the grain conductance for the
TiO, film

The diffusion barriers along path A, B and C were 1.77,
0.69 and 1.10 eV, respectively. According to Fig. 2b, the
columnar cross-section consisted of the stacked TiOg
octahedral. The E, of 0.69 eV indicated that the migration
of oxygen vacancy along path B dominated at the tem-
perature range of 555-744 K. As the temperature was near
744 K, the phase transition happened. And at the temper-
ature range of 744-873 K, the E, of 1.06 eV was close to
the 1.10 eV, which indicated that the migration of oxygen
vacancy along path C dominated. In the present study, the
ionic conduction in the rutile TiO, film was dominated by
the oxygen vacancies.

@ Springer

4 Conclusions

The rutile TiO, film was prepared on Pt/Ti/SiO,/Si sub-
strate with high Rye, (11.4 pm h™') by LCVD. The TiO,
film consisted of pyramidal grains with columnar cross-
section. At 300 K and 1 MHz, the ¢, and tand of the TiO,
film were about 73.0 and 0.0069, respectively. The E, of
the grain conduction in the TiO, film at high-temperature
region (744-873 K) and low-temperature region (555-—
744 K) were 1.06 and 0.69 eV, respectively. The ionic
conduction in the rutile TiO, film was dominated by the
oxygen vacancies. At 555-744 K, the migration of oxygen
vacancy along path B dominated at the temperature range.
And the migration of oxygen vacancy along path C dom-
inated at 744-873 K.
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