
Abstract – Optical and electrical properties of titanium ox�
ide thin films deposited by reactive magnetron sputtering of
Ti target in the environment of Ar/O2 working gas mixture
were investigated. The sputtering was carried out at dischar�
ge power 1.0 kW in a power stabilization mode. The concen�
tration of O2 in the working gas mixture varied from 0 up to
50 % at the total pressure of 0.05–0.06 Pa in the chamber.
Doped Si (100), optical glasses BK7 were used as substra�
tes. Substrates were located at the distance of 11 cm from
the MSS target surface. The films were deposited up to
thickness 100–300 nm with the average deposition rate of
0.2–0.3 nm/s.
It was determined, that at high pumping speed the area of
magnetron discharge characteristics hysteresis considerably
decreased. That allowed stabilizing the reactive magnetron
sputtering process without application of special control sy�
stems.
The dispersions of refraction index n and extinction coeffici�
ent k in the waveband of 245–1650 nm at a different content
of O2 in the mixture of working gases was obtained. The de�
pendences of n and k at the wavelength 0.63  m on content of
O2 in mixture of working gases were estimated.
It was determined, that the reactive magnetron sputtering
method makes possible the reproducible deposition of titani�
um oxide films with refractive index in the range of
2.34–2.38 and the extinction coefficient in the range of
0.006–0.02.
Dielectric characteristics of TiO2 films were investigated.
The dielectric constant and dielectric loss tangent of films
were estimated on test structures representing capacitors
with the capacitor coating area of 0.64 mm2. The dependen�
ces of dielectric constant and dielectric loss tangent of films
on O2 concentration in the working gas mixture were deter�
mined. TiO2 films were obtained with the value of dielectric
constant of 25–38 and loss angle of 0.01–0.02.
It was concluded that these films may be used as optical co�
atings and dielectrics of capacitor structure for integrated
circuits.

1. Introduction

The titanium oxide (TiO2) thin films attract at�
tention as a perspective construction material to be
applied in different fields of advanced engineering
technologies due to their unique properties. Titani�
um dioxide is an excellent material for many solid�

state de�vices, i.e., sensors, solar cells, etc. [1, 2].
Having a high refraction index (n≈2.4), a large band
gap (3.0 eV for rutile and 3.2 eV for anatase), the
high thermal and chemical stability of properties the
titanium oxide is widely used as films for multilayer
optical filters [3], optical waveguides [4] and catalyst
[5]. Furthermore, TiO2 films have been considered as
future candidates for a thin dielectric in dynamic
random access memory storage capacitors [6–8].

Many techniques can be used to deposit TiO2

films. They include solgel process [9], chemical va�
por deposition [10], ion�assisted deposition [11],
and sputtering [12]. Among these methods, reactive
sputtering, one of the preferential methods, is cha�
racterized by the following features, which are at�
tractive for industrial applications: (1) metal targets
are used, (2) high deposition rate and (3) controlla�
bility of the film composition [13]. The properties of
the titanium oxide films depend not only on the pre�
paration techniques but also on the deposition con�
ditions.

For this paper we used reactive magnetron sput�
tering method to fabricate TiO2 thin films on diffe�
rent substrates. The dielectric and optical properties
of the films as a function of the reactive sputtering
process parameters were examined.

2. Experimental details

The schematics of experimental facility for depo�
sition of titanium oxide films by reactive magnetron
sputtering is shown in the fig. 1. The experimental fa�
cility was constructed on the basis of a vacuum unit
VU�2MP. The vacuum chamber of the experimental
facility was equipped with a magnetron sputtering sy�
stem (MSS) and an ion source (IS) on the bases of a
hall�current accelerator. The main feature of the
MSS is the decrease of the working pressure down to
0.03 Pa that is achieved by using the magnetic system
with an additional electromagnetic coil and the con�
figuration of the magnetic field optimized on the tar�
get surface [14–16]. It gives a possibility to work at
low gas flow (down to 50 sccm). Field strength at the
target surface was 0.065 T.

The Ti target (VT1�0) ∅ 160 mm and thickness
10 mm has been sputtered by the method of magne�
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tron sputtering in the Ar environment with a diffe�
rent content of the reactive gas (O2). The O2 content
in the working gas mixture varied from 0 up to 50 %
at the total chamber pressure of 0.05–0.06 Pa. Mass
flow controllers RRG�1 were used for the control gas
flow.

Fig. 1. Scheme of experimental facility for deposi�
tion of TiO2 films by reactive magnetron sputtering
method: IS – ion source; MSS – magnetron sputte�
ring system; PS – power supply unit; MFC – mass
flow control

The power supply source with the output power
of 1.5 kW and ability of operation in the current or
power stabilization mode was used for the MSS sup�
ply. To prevent an arc forming on the target surface
the power supply was completed by an antiarc sy�
stem.

The deposition of TiO2 films was realized at dis�
charge power 1.0 kW in a power stabilization mode.
Thus the MSS discharge current and voltage were
accordingly It≈2.2 A, Ut≈450 V.

Doped Si (100), optical glasses BK7 were used as
substrates. The substrates were placed on a revolving
type of substrate holder, and alternately brought to
deposition zone. Substrates were placed at a distance
of 11 cm from the MSS target surface.

The films were deposited up to thickness of
100–300 nm with the average deposition rate of
0.2–0.3 nm/s. Prior to start the deposition the sub�
strates ion clearing was performed. Thus the ion
source based on the hall�current accelerator was us�
ed. The vacuum chamber was pumped down to the
base pressure of 10–3 Pa. Ar was fed into the IS up to
the working pressure of 2.0.10–2 Pa. The clearing ti�
me, ion energy and discharge current in all experi�
ments were constant, and equal to 3 min, 700 eV,
40 mА accordingly.

The optical constants of deposited TiO2 films (re�
fraction index n, extinction coefficient k) on the wa�
velength of 0.63 μm were determined by the ellipso�

metry method by LEF�3M�1 ellipsometer under 65
in the light angle. Dispersions of the refraction index
and the extinction coefficient in the waveband of
245–1650 nm was studied by spectroscopic ellipso�
meter M2000UI under 75° in the light angle of.

The permittivity and the dielectric loss tangent of
films were determined on test structures. For this
purpose the TiO2 films were deposited on Si doped by
boron up to the surface by 0.85–1.15 Ohm/ . The
thickness of the deposited films, measured on the in�
terference microscope MII�4, was about 100 nm.
Then a Ni upper capacitor plate was deposited
through a mask by magnetron sputtering on a TiO2

film. The size of capacitors was 0.8×0.8 mm. Capaci�
tor capacity and the dielectric loss tangent were me�
asured by the digital RLC meter Е7�8 (frequency
1.0 MHz). The values of permittivity were calculated
according to the formula

where C – capacitor capacity, d – dielectric film
thickness, ε0 – dielectric constant ε0=8.85.10–12 F/m,
S – square of the capacitor.

3. Results and discussion

The dependence of MSS discharge voltage on re�
active gas O2 flow rate at sputtering Ti target at differ�
ent pumping rate in magnetron discharge power sta�
bilization mode (P=1.0 kW) were obtained. The flow
rate of Ar to chamber was constant and equal to
qAr=45 sccm. By changing the pumping system aper�
tures the pumping rate D was varied. Depending on
the pumping rate the chamber pressure was:
D=1150 l/s, p=0.07 Pa; D=800 l/s, p=0.1 Pa;
D=650 l/s, p=0.12 Pa.

It was determined, that the growth of the pum�
ping rate leads to the increase of MSS discharge vol�
tage and to the decrease in the voltage drop at transi�
tion from a metal to reactive mode and back (fig. 2).
At high pumping speeds the transition to reactive
mode of process was conducted at higher reactive gas
flow rate, and the area of the magnetron discharge
characteristics hysteresis considerably decreased,
that allowed stabilizing the reactive magnetron sput�
tering process without application of special control
systems.

The fig. 3 shows the dispersion of the refraction
index of TiO2 films deposited by the reactive magne�
tron sputtering method at different flow rate of the
reactive gas O2. The films were deposited in the
power stabilization mode Pt=1.0 kW (It≈2.2 A) and at
the target – substrate distance of 11 cm, Ar flow rate
of 35 sccm, p=0.06 Pa. Deposition time is 10 min.
On the spectral characteristic of the refraction index
of TiO2 films it is possible to select two fields: less
than 800 nm, where n has a strong dependence on
the wave�length and more than 800 nm, where n is
practically independent on the wavelength. Spectral
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characteristics of the extinction coefficient have si�
milar nature (fig. 4). 

Fig. 2. Magnetron discharge voltage as a function of
reactive gas O2 flow rate at a sputtering Ti target in
Ar/O2 gases mixture at a different pumping rate: a –
650 l/s, b – 800 l/s, c – 1150 l/s. The minimal dis�
charge voltage is accepted for zero

Fig. 3. Dispersion of refractive index of TiO2 films at
a different content of О2 in mixture of working gases:
a – 28.5 %, b – 26.0 %, c – 35.1 %, d – 23.7 %, e –
22.4 %, f – 38.0 %

Fig. 4. Dispersion of extinction coefficient of TiO2

films at a different content of О2 in mixture of work�
ing gases: a – 22.4 %, b – 23.7 %, c – 38.7 %, d –
28.5 %, e – 26.0 %

Fig. 5 and fig. 6 show the dependences of refrac�
tion index and extinction coefficient on the wave�
length of 630 nm on O2 flow rate when depositing of
TiO2 films by reactive magnetron sputtering. Sto�
ichiometric and close to stoichiometric films were
obtained with more than 24 % of the content of oxy�
gen in Ar/O2 working gas mixture Thus the refraction
index of films reached the value of 2.45. Close to a
stoichiometric film had a rather low extinction coef�
ficient (less than 0.05). It is necessary to notice, that
on a wavelength 630 nm the refraction index is 2.67,
and the extinction coefficient of a titanium is 3.72.
The increase of oxygen concentration in the working
gas mixture of more than 30 % led to a decrease in
the refraction index and sharp increase of absorption
of films.

Fig. 5. Refraction index of TiO2 films on a wave�
length 0.63 μm as a function of oxygen concentra�
tion in Ar/O2 gas mixture

Fig. 6. Extinction coefficient on a wavelength
0.63 μm as a function of oxygen concentration in
Ar/O2 gas mixture

Fig. 7. Dependence of dielectric constant of TiO2

films deposited by reactive magnetron sputtering
method on content of oxygen in Ar/O2 gas mixture
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Fig. 7 and fig. 8 show the dependences of permit�
tivity and dielectric loss tangent of titanium oxide
films deposited by the reactive magnetron sputtering
method on the oxygen content in mixture of working
gases. TiO2 films are obtained with the value of di�
electric constant of ε=25–40 and loss angle of
0.01–0.02. It was determined, what at the content of
oxygen about 23–27 % in the mixture of working
gases titanium oxide films were obtained with the va�
lue of dielectric constant of 25–38 and loss angle of
0.01–0.012.

Fig. 8. Dependence of loss angle of TiO2 films de�
posited by reactive magnetron sputtering method on
content of oxygen in Ar/O2 gas mixture

Conclusion

It was determined, that by the reactive magnetron
sputtering method it is possible to create the repeat�
able deposition of titanium oxide films with refracti�
ve index of 2.34–2.38 and extinction coefficient of
0.006–0.02. TiO2 films are obtained with the value of
dielectric constant of 25–38 and loss angle of
0.01–0.02. These films may be used as optical coa�
tings and dielectrics of condenser structure for inte�
grated circuits.
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