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The present paper describes the effect of target power on the properties of Ti thin films prepared by DC magnetron sputtering
with (triode mode) and without (diode mode) supported discharge. The traditional diode magnetron sputtering with an addition
of a hot filament has been used to sustain the discharge at a lower pressure. The effect of target power (60, 80, 100 and 120 W)
on the physical properties of Ti thin films has been studied in diode and triode modes. XRD studies showed that the Ti thin
films prepared at a target power up to 100 W in diode mode were amorphous in nature. The Ti thin films exhibited crystalline
structure at much lower target power of 80 W with a preferred orientation along (0 0 2) plane. The grain size of Ti thin films
prepared in triode mode increased from 64 nm to 80 nm, whereas in diode mode, the grain size increased from 2 nm to 5 nm.
EDAX analysis confirmed that the incorporation of reactive gases was lower in triode mode compared to diode mode. The
electrical resistivity of Ti thin films deposited in diode mode was found to be 85 uQ-cm (target power 120 W). The electrical

resistivity of Ti thin films in triode mode was found to be deceased to 15.2 uQ.-cm (target power 120 W).
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1. Introduction

Recently, many researchers are working on im-
proving the physical properties of materials which
can be used in numerous applications. For many
industrial applications, material property is an im-
portant criterion. The structural and microstructural
properties of the films are influenced by deposition
technique as well as processing parameters such as
working pressure, deposition rate, energy of the ar-
rival atoms, substrate temperature, etc. By lower-
ing the working pressure, the mean free path of the
atoms/molecules can be increased which, in turn,
leads to less loss of energy of the arrival atoms due
to reduced number of collisions. This will influence
surface morphology and crystalline structure of the
deposited film [1]. The increasing substrate tempe-
rature results in an increase in the kinetic energy
of adatoms, and high film density [2]. By exposing
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the growing films to energetic particles (ions/fast
neutrals) before and during deposition, adhesion
and packing density can be increased. The ion bom-
bardment can be accomplished by applying nega-
tive bias voltage to the substrate [3, 4]. Microscale
transition-metal thin films have been developed by
many researchers using PVD techniques, such as
vacuum arc evaporation [5, 6], cathode arc [7], re-
active sputtering [8—10] and ion plating [11, 12],
etc. Out of these deposition techniques, sputter-
ing was modified with supported discharge/triode
magnetron sputtering. DC sputtering method with
supported discharge gives high purity, good adhe-
sion and high deposition rates due to lower opera-
tion pressure even at room temperature deposition,
controlled deposition rates and crystalline struc-
ture in nanoscale. Several researchers have done
research in triode magnetron sputtering by biasing
the substrate, and at a higher substrate temperature
to achieve the required stoichiometry, structure and
physical properties of deposited layers [13—16].
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In the present work, an existing DC magnetron
sputtering system has been modified to operate at
lower working pressure (argon) by incorporating a
thermionic filament which was negatively biased.
With the help of the discharge sustained by this as-
sembly, argon pressure of operation could be sig-
nificantly reduced from 3 Pa to 0.7 Pa. Due to
this independent discharge it was possible to con-
trol pressure of operation, target voltage and cur-
rent, independently. The effect of discharge cur-
rent caused by the thermionic filament on the tar-
get has been studied at various target voltages. The
main objective of the present work was to prepare
Ti films in standard DC magnetron sputtering and
in supported discharge at room temperature, with-
out biasing and compare the structural properties of
the deposited films.

2. Experimental

The DC magnetron sputtering system having
supported discharge (triode) assembly is shown
in Fig. la. It consists of water cooled cylindri-
cal chamber of 40 cm diameter and 40 cm height.
A 50 mm in diameter (5 mm thick) magnetron
cathode assembly is fixed at the center of the top
flange of the chamber. A substrate holder (anode) is
mounted facing the cathode assembly and kept at a
constant distance of 4 cm. The electrical circuit di-
agram of supported discharge is shown in Fig. 1b.
The supported discharge assembly consisting of a
tungsten filament mounted onto two low tension
(LT) electrodes is attached to the flange. This flange
is fixed into a double walled water cooled cylin-
drical port mounted horizontally to the chamber
wall. In order to sustain the discharge, the fila-
ment is heated to emission temperatures by pass-
ing AC current. A negative DC voltage superim-
posed onto the electrodes repels the emitted elec-
trons away from the filament. These electrons dur-
ing their travel away from the filament undergo col-
lisions with the background gases which results in
ionization. This creates the additional ions avail-
able to sputtering the target in addition to the ions
generated during collisions with secondary elec-
trons emitted from the target. This system may also
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Fig. 1. (a) schematic diagram of DC magnetron sputter-
ing with supported discharge, (b) electrical cir-
cuit diagram of the supported discharge.

be adapted to the conventional DC sputtering by
switching off the power given to filament.

The discharge characteristics (filament bias cur-
rent/discharge current in the chamber) were studied
at different argon gas pressures (0.5, 0.7, 0.8 and
1 Pa, by keeping the filament AC heating voltage
constant (14 V) and at different filament DC bias
voltages (10 V, 20 V, 30 V, 40 V, 50 V, and 60 V).
The influence of filament bias current/discharge
current on the current at sputtering target was mea-
sured to evaluate the system performance at differ-
ent DC target voltages (400 V, 500 V, 600 V, 700 V,
800 V, and 900 V). Different voltages were applied
to the magnetron target (titanium disc) to observe
the effect of discharge current at the target.
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In order to study the discharge behavior, the
chamber was first evacuated to a base pressure of
5 x 10™* Pa. Argon gas was introduced into the
chamber to achieve the earlier assumed pressure
values. Then, at 14 V AC voltage on the filament,
the bias voltages were varied and the resulting fila-
ment bias currents/discharge current (0.2 A, 0.4 A,
0.6 A, 0.8 A and 1.0 A) were noted. The experi-
ment was repeated for different pressures and fil-
ament voltages. After studying the discharge char-
acteristics at different discharge currents, different
voltages were applied to the magnetron target to
observe the effect of discharge current at the target.

3. Characterization techniques

The crystal structure of the Ti thin films was
studied using Philips PAN analytical X-ray diffrac-
tometer with CuKo (A = 1.541 A) radiation. The
thickness of the as-prepared Ti thin films was mea-
sured using a stylus profilometer. The sheet resis-
tance was measured with a standard two-probe in-
strument. Elemental analysis was performed with
EDAX (TSL AMETEK Make) using FESEM (FEI
Quanta 200). The surface topography and surface
roughness of Ti thin films were investigated using
atomic force microscope (Model-A 100 AFM) over
an area of 1 ym x 1 pm.

4. Results and discussion

4.1. Characteristics of the supported dis-
charge system

A typical voltage-current relationship in diode
and triode modes is shown in Fig. 2. It can be ob-
served that it is possible to control the target current
for a given target voltage by varying the filament
bias current. This is because of the availability of
sufficient number of ions in the chamber due to the
discharge sustained by the biased-thermionic fila-
ment. Similar effect on the target current for differ-
ent target voltages at a constant filament bias cur-
rent of 1.0 A for different pressures has been shown
in Fig. 3. An increase in target current with a de-
crease in pressure, in the triode discharge system
is observed, which has also been noticed by other

researchers, Gunasekhar et al. [14] and Swar-
nalatha et al. [17]. The range of pressure in which
the current increases followed by its decrease is
dependent on the location of the thermionic fila-
ment source and target with respect to each other.
From the figure, it is possible to control the tar-
get current independently of pressure by varying
the target voltage. The observed data also show
that it is possible to sputter the deposited films at
much lower argon pressure in the supported dis-
charge system compared to that operating in diode
mode, where the discharge could not be sustained.
It is also possible to control the target voltage, tar-
get current and pressure independently of one an-
other, unlike in diode discharge, where they are mu-
tually dependent. For depositions at a lower pres-
sure, the sputtered atoms undergo lesser number
of collisions before reaching the substrate. This in
turn, could result in higher number of atoms reach-
ing the substrate at relatively higher energies due
to which the physical properties, such as structure
and microstructure of the deposited films are likely
to be altered.

160
—@— Triode mode Filament
{ —=—Diode mode bias current

j— 1A
é 120 1 0.8 A
pry
=
5
=
= 804
1
-
|5}
&0
=
= 404

04

500 600 700 800 900

Target voltage [V]

400

Fig. 2. Voltage-current characteristics in diode mode
and triode mode at different filament bias
currents.

4.2. Physical properties of the titanium
films

Pre-cleaned substrates (Si wafers) were loaded
into the vacuum chamber and the chamber was
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Fig. 3. Variation of target current with target voltage at
a constant filament bias current of 1.0 A for dif-
ferent pressures.

evacuated to a base vacuum of 4 x 10~ Pa. High
purity argon gas (99.99 %) was admitted into the
vacuum chamber through a fine controlled needle
valve and the chamber pressure was maintained at
0.7 Pa to sustain the discharge. Titanium thin films
deposition was carried out at different target pow-
ers (60 W, 80 W, 100 W and 120 W) in triode mode
for 20 min. The applied AC voltage across the fil-
ament was maintained at 14 V, resulting in 13 A
current through the thermionic filament. The nega-
tive DC voltage was maintained at —25 V to sustain
a discharge current of 1.0 A. The details are shown
Fig. 1b. Keeping all other parameters the same as in
triode mode, Ti thin films were deposited in diode
mode (pressure of 3 Pa) with varying target power
(60 W to 120 W). The films deposited both in diode
and triode modes were studied in terms of compo-
sition as well as structural/morphological and elec-
trical properties.

4.2.1.
sition

Rate of deposition and elemental compo-

Fig. 4. shows the dependence of thickness/rate
of deposition on target power for the films de-
posited in diode (at 3 Pa) and supported discharge
(at 0.7 Pa) modes. The relationship between sput-
tering pressure and mean free path (A) is governed
by the relation [18]:

A =2330x 10787 /(P§52) (1)

where T is the room temperature in [K], P is argon
sputtering pressure in [Pa] and &y, is the molecular
diameter in [cm]. From the above equation, when
sputtering pressure is high, the mean free path is
short; the sputtered atoms undergo higher number
of collisions resulting in loss of sputtered atoms
due to scattering. Hence, lesser number of atoms
arrives at the substrate. At lower pressure the mean
free path is relatively high, so the number of col-
lisions decreases and the number of atoms reach-
ing the substrate is high. As a result it is possible
to achieve higher thicknesses with decreasing pres-
sure for a given target power [19].
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Fig. 4. Variation of thickness/rate of deposition on tar-
get power for the films deposited in diode and
supported discharge modes, for ds_t = 4 cm.

Typical EDAX spectra for the Ti films deposited
at an argon partial pressure of 3 Pa in diode mode
and at 0.7 Pa in supported discharge mode at target
power of 120 W have been shown in Fig. 5. From
the spectra it is clear that the films deposited at
lower pressures in supported discharge mode have
better purity. The reason for obtaining relatively
pure films is probably caused by lesser incorpora-
tion of background gases into the film at higher in-
cident rate of the sputtered atoms as well as lesser
interaction collisions with residual reactive gases
in the chamber due to longer mean free path before
reaching the substrate.
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Fig. 5. EDS spectra for the Ti thin films deposited at (a)
3 Paand (b) 0.7 Pa.

4.2.2. Structural analysis

Structural variations of Ti films deposited in
diode mode at a pressure of 3 Pa and in supported
discharge mode at a pressure of 0.7 Pa at different
powers are shown in Fig. 6a and Fig. 6b, respec-
tively. From Fig. 6a, the films deposited at a power
up to 100 W do not show any crystallinity. Only
at a power of 120 W the films show crystallinity
with preferred orientations of (1 0 0) and (0 0 2). In
the films deposited at lower pressure of 0.7 Pa with
supported discharge, the onset of crystallinity starts
at the power of 80 W with a preferred orientation
of (0 0 2), while no crystallinity has been observed
in the films prepared at 60 W. Further increase in
power to 100 W resulted in another preferred ori-
entations of (1 0 0) along with (0 0 2). At a power
of 120 W, the intensity of the peaks increased with
the appearance of (1 0 1) peak [20]. Similar results
were obtained by Chawla et al. [9] who prepared
Ti thin films by DC magnetron sputtering at sub-
strate temperature of 200 °C. Junga et al. [3] de-
posited Ti thin films with grid-attached magnetron
sputtering in which the substrate bias of 150 V was
applied. Fontana et al. [1] prepared Ti thin films by
triode magnetron sputtering at substrate tempera-
ture of 100 °C and substrate bias of 300 V. Golan
et al. [13] deposited Ti thin films using triode sput-
tering by biasing the substrate and at substrate tem-
perature of 50 °C.

Both, the target power and working gas pres-
sure have a great influence on crystallinity of the
growing film. The increase in target power for a
given pressure results in an increase of the plasma
density and hence, higher Ar ion density at the
target surface. As a result more titanium atoms
get sputtered. This leads to an increase in film
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Fig. 6. XRD patterns of Ti thin films deposited at a pres-
sure of (a) 3 Pa, (b) 0.7 Pa at different target
powers.

deposition rate. With increasing target power, the
substrate will also be subjected to a more energetic
electron/ion interaction. At low sputtering pressure
(0.7 Pa), the mean free path of Ti atoms travelling
through Ar gas is of the same order as the target-
substrate distance. In this case, they can reach the
growing surface without losing energy due to lesser
number of gas collisions. In addition, ionization of
Ti and Ar occurs due to electrons emitted by the
thermionic filament. This results in higher energy
of Ti atoms/ions reaching the substrate, which leads
to improved crystallinity of the films. These effects
might account for the observed changes in the crys-
tallinity. Similar observations were made by other
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reserachers [21, 22]. However, as the pressure is
increased, both the electron temperature and the
electron density decrease. At higher argon pressure
(3 Pa) it may not be possible because the plasma
is confined very close to the target surface and the
effect of plasma can be reduced at the substrate
surface.

The qualitative analysis of particle size and rel-
ative intensity is shown in Table 1. The grain size
increases as the target power increases. Movchan
et al. [23] and Thornton [24] reported an increase
in the crystal size with an increase in temperature.
Our present studies indicate an increase in crystal
size with increasing the target power. Hence, the
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effect of increasing target power and reduced gas 1 um 2

pressure is similar to that of increasing the substrate

temperature. Fig. 8. Ti thin films deposited in triode mode at the tar-
get power of (a) 60 W, (b) 80 W, (c) 100 W and
(d) 120 W.
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Fig. 7. SEM images of Ti thin films deposited in diode Fig. 9. AFM images of Ti films deposited in supported

mode at the target power of (a) 60 W, (b) 80 W, discharge system at the target power of (a) 60 W,
(c) 100 W and (d) 120 W. (b) 80 W, (c) 100 W and (d) 120 W.
4.2.3. Microstructure analysis surface with larger grains has been observed in

The SEM photographs of Ti thin films de- triode mode. The films deposited at both triode
posited at the pressures of 3 Pa and 0.7 Pa at dif- and diode modes show an increase in the grain
ferent target powers (60 W to 120 W) are shown size with an increase in target power. The mi-
in Fig. 7 and Fig. 8. The film deposited in diode crostructure of the Ti coating is directly influ-
modes has smaller grains as compared to the films enced by kinetic energy (i.e. surface mobility) of
deposited at 0.7 Pa, in triode mode. A very smooth the titanium atoms reaching the substrate. Hence,
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Table 1. Qualitative analysis of crystallite size.

Working Target Grain Relative Surface
pressure [Pa]  power [W] size [nm]  intensity [%] roughness [nm]

80 64 36 7

0.7 100 65 62 12

120 80 100 15

80 12 8 2

3 100 13 9 4
120 20 12 5

an important parameter to be considered is vapor
flux arriving at the substrate. At the higher pres-
sure (3 Pa), the amount of thermalized flux in-
creases and fewer energetic titanium atoms reach
the substrate. At the highest gas pressure, the fine-
grained structure is more porous, since the low-
est kinetic energy is achieved under these con-
ditions [25]. This can be confirmed by the SEM
image shown in Fig. 8. At lower working pres-
sure (0.7 Pa), the mean free path increases and the
number of collisions is reduced before reaching
the substrate. As a result, the sputtered Ti atoms
grow into larger grains with different crystal ori-
entations having fine rounded edges, which can be
confirmed by AFM as shown Fig. 9d. Fig. 9 shows
the Ti thin films deposited at different target pow-
ers with supported discharge. The film deposited at
lower target power exhibits smooth surface with-
out any pits and pinholes over the surface. Higher
target power with a lower working pressure re-
sulted in the large agglomerates with bigger grains.
The AFM images show an increase in surface
roughness values from 3 nm to 15 nm with an in-
crease in target power.

4.2.4. Electrical properties

The electrical resistivity of titanium thin films
as a function of target power is shown in Fig. 10.
The resistivity decreases as the target power in-
creases from 60 W to 120 W for both diode and
triode system. There is a large difference in re-
sistivity of the films deposited with and without
supported discharge. This can be explained by the
difference in crystalline structure and on the ba-
sis of Matthiessen’s rule. The Ti thin film prepared

in diode mode has an amorphous structure with
smaller grains. According to Igasaki et al. [26],
when the grain size is smaller than the mean free
path of electrons, the scattering mechanism causes
an increase in the resistivity. The influence of
gaseous impurities incorporated during the depo-
sition process as discussed in EDAX also raises the
electrical resistivity. The Ti thin films prepared in
supported discharge mode have larger grains and
lower amount of incorporated impurities, which re-
duces their electrical resistivity.
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Fig. 10. Variation of electrical resistivity with target
power of Ti thin films deposited in diode and
triode mode.

5. Conclusions

In summary, the supported discharge is more
efficient sputtering deposition method compared
to the conventional diode magnetron sputtering.
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The supported discharge system enables control of
target current independently of operating pressure
and target voltage. The influence of target power
on the physical properties of the coatings obtained
in the supported discharge mode has been studied
with respect to the diode system. The supported
discharge DC magnetron technique makes possi-
ble to achieve the required physical properties of
Ti thin films much more efficiently than the other
sputtering techniques.
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