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Effect of Droplets on Corrosion Resistance
of Tantalum Oxide Films Fabricated by PLD
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Tantalum oxide films were prepared using pulsed laser deposition without any exchange of the
Ta target. As the number of laser shots increased, the density of metal-rich droplets on the film in-
creased and the droplet diameter became larger, leading to an increase in the total surface area of
droplets. The corrosion resistance of the films was characterized by potentiostatic testing in a 3.5
mass% NaCl solution at 400 mV. It was found that the corrosion resistance improved as the O/Ta
composition ratio approached its stoichiometric value. Corrosion was observed to originate at local
surface pits produced by CI" ions. These pits were formed at the boundaries between the film and
droplets whose diameters were larger than the film thickness.
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1. Introduction

Due to its high dielectric constant (g=25), tantalum
oxide is often considered to be the most promising re-
placement for SiO, (g=3.9) for use in dielectric films in
storage capacitors for Gbit-generation dynamic random
access memory (DRAM) [1-6]. On the other hand, it is
also attractive as a corrosion-resistant coating film [7-11].
Recent trends towards miniaturization of electronics de-
vices and precision equipment, referred to as "nano tech-
nology", have placed increasingly stringent restrictions on
the acceptable thickness of corrosion resistance films. Tan-
talum (Ta) is known to have a corrosion resistance similar
to platinum (Pt), and is particularly resistant to attack by
CI" ions. This is especially true for highly stable Ta-based
passivation films formed on surfaces, even though tanta-
lum itself is not a very noble metal.

We have previously reported on the formation of tanta-
lum oxide films by pulsed laser deposition (PLD) using
Ta,Os and Ta targets in either pure O, gas or O, gas with 5
mass% O; [12]. Dense flat films with a stoichiometric
composition were obtained at an atmospheric gas pressure
of 10 Pa, even when different types of targets were used
[13]. We have previously shown that both the O/Ta compo-
sition ratio and the Ta-O binding state are factors influenc-
ing the corrosion resistance of such films [14]. However,
one drawback of the PLD process is the formation of
metal-rich droplets on the film surface [15-20]. These
droplets can accelerate corrosion through the formation of
local cells. In this study, the effect of such droplets on the
corrosion resistance of tantalum oxide films was investi-
gated.

2. Experiment procedures
Tantalum oxide films were produced in a stainless steel
vacuum chamber using an ion source. A 99.95 mass% Ta
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target was fixed on a holder, which was rotated at 60 rpm
to maintain uniformity of the target surface. A stainless
steel substrate (SUS304; 18Cr-8Ni) with a mirror finish
was set at a distance of 50 mm from the target. A KrF ex-
cimer laser with a wavelength of 248 nm and a pulse width
of 22 ns was focused on the target at an angle of 45 de-
grees.

05(5 mass%)-O, gas or pure O, gas was introduced
into the chamber at a pressure from 10 mPa to 10 Pa. Films
were deposited using a laser fluence of 6.4 J/em® and a
repetition rate of 10 Hz without exchange of the target be-
tween depositions. Table 1 shows the experimental condi-
tions used in the present study. Film A was deposited using
the initially polished target with a laser irradiation of 15000
shots. Film B was subsequently deposited using the same
target with a laser irradiation of 30000 shots. This sequence
was repeated for the remaining films without any exchange
of the target.

Scanning electron microscopy (SEM) and electron
probe micro analysis (EPMA) were used to observe the
surface of the films and determine their composition.

The corrosion resistance of the films was evaluated by
anodic polarization and potentiostatic testing in a 3.5
mass% NaCl solution. The reference electrode was a satu-
rated calomel electrode and the counter electrode was a Pt

Table 1 Experimental conditions for PLD.

Film Shot range Shot number | Thickness (um)
A 0~15000 15000 1.15
B 15000~45000 30000 2.30
C 45000~60000 15000 1.20
D 60000~900000 30000 2.30
E 90000~120000 30000 2.30
F 120000~135000 15000 1.20
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Fig. 1 SEM image of film destroyed
by pitting corrosion.
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Fig. 2 Relationship between gas pressure and
penetration potential.

plate. The solution was deaerated by pure argon gas for 60
min. An epoxy resin was used as an isolator to restrict the
sample area to 25 mm” during the tests. After the films had
been soaked in the solution at a static potential for 10 min,
the passivation current density was measured at a corrosion
potential of 400 mV at room temperature.

3. Results and discussions

The penetration potential is defined as the critical po-
tential where the current density suddenly rises and the
films are destroyed, as shown in Figure 1. Figure 2 shows
the penetration potential of films fabricated in O, and O;(5
mass%)-0, gas. For the case of O, gas, the penetration
potential increases steeply with gas pressure up to 1 Pa.
The largest penetration potential is observed at pressures
from 5 to 10 Pa, indicating the highest corrosion resistance.
For the films produced in O3(5 mass%)-0O,, the penetration
potential is almost constant at 1100 mV below 100 mPa,
and increases slightly to 1400 mV at a pressure of 5 Pa.
Thus, the addition of O; caused a remarkable increase in
the corrosion resistance of films deposited at pressures
below 1 Pa. This is because the addition of O3 led to the
formation of stoichiometric films at lower pressure [14],
and such films are naturally more resistant to corrosion.
However, as shown in Figure 3, when the corrosion resis-
tance was compared for films of the same composition
ratio, there was no advantage in adding Os.
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Fig. 3 Effect of O/Ta ratio on penetration potential.
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Fig. 4 Relationship between the number of pits
and O/Ta ratio.

In a previous study, the O/Ta composition ratio and
Ta-O binding state were found to found to be the main fac-
tors affecting the corrosion resistance of tantalum oxide
films [13]. However, for deposition at pressures lower than
1 Pa, the formation of metal-rich droplets on the surface
must also be taken into consideration. Such droplets are
ejected from molten pools on the target surface and can be
transported to the substrate due to a reduction in the num-
ber of collisions with the ambient gas at lower pressure.
The presence of such droplets on the film surface leads to a
locally inhomogeneous composition and the formation of
cells, which can result in enhanced levels of corrosion.

In order to investigate the corrosion process, the num-
ber of pits existing within a surface area of about 10°*m’
(100 pmx100 pm) was counted after anode polarization
testing. This testing was carried out at a potential of 200
mV, which was found to give rise to pitting corrosion of
SUS304 steel. Figure 4 shows the effect of the O/Ta ratio
on the measured density of corrosion pits. The pit density
is seen to decrease with increasing O/Ta ratio and exhibits
a minimum for stoichiometric conditions. This correlates
with the penetration potential results. Corrosion of the film
began locally by the generation of pits on the surface by
CI" ions during anodic polarization testing, and this con-
tinued until the film was destroyed at some critical poten-
tial. Thus, the corrosion process is not uniform.
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Fig. 5 Relationship between droplet density on the film
and total number of laser shots for deposition.
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Fig. 6 Tllustrations of existence conditions of droplets.

Figure 5 shows the density of droplets of different sizes
on the surface of films prepared in O;(5 mass%)-O, at a
pressure of 10 Pa under the laser irradiation conditions
shown in Table 1. These data were measured from SEM
images of an approximately 10? mm” region at the center
of the films. In addition, the surface of the target was found
to exhibit ripples several microns in width and to be very
rough following deposition of all films. Thus, many mi-
cron-sized droplets solidified after ejection from the top of
the ripples, and their sizes were almost identical to those of
the droplets on the film surface. Films A, C and F were
deposited using 15000 laser shots, and had a thickness of
about 1.15 um. On the other hand, films B, D and E were
deposited using 30000 laser shots, and had a thickness of
about 2.3 pm. From this it was concluded that the deposi-
tion rate was constant at 0.08 nm/pulse. It can be seen from
the figure that as the number of pulses increases, the drop-
let density and average size also increase. In this study, it is
shown that the morphology of the target prior to deposition
is another factor that affects droplet formation.

From SEM observations, we believe that there are two
types of droplets, whose diameters (d) are less than or
greater than the film thickness, as illustrated in Figure 6(a)
and (b). The droplet surface areas S; and S, can be calcu-
lated as follows.

Let us consider circular droplet with radius r and centre
(1, 0).
(x-r)Y+y*=r’
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Fig. 7 Effect of total number of shot on surface area of

droplet.
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Fig. 8 Relationship between droplet density and passivation
current density.

A spherical zone may be thought to be formed when an
arc of the circle rotates around the x axis. For finding the
area of the zone, we can use the formula of the entry area
of surface of revolution.

S, = 27zjby‘f1+(d—y] dx
¢ dx

Let the ends of the arc correspond the values a and b of
the abscissa such that b—a=h is the height of the spherical
zone. In the formula, we must use the solved form of the
equation of the circle.

)

y=Arx—x* €)]
The formula then yields following equation.
2
S, =2z['Nrx - x° 1+(F—XJ dx
Vrx —x*
=27 rdx =2zr(b-a
! (b=a) @)
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Fig. 9 Pitting corrosion on the boundaries between the film
and droplet.

Hence the area of a spherical zone is calculated fol-
lowing equation.

S, =2nrh ®)

From here one obtains as a special case h=2r the area of
the whole sphere:

S, =4nr? (6)

The total surface area of droplets (Sq) per unit area of
the film can be calculated as SxDg, where Dy is the droplet
density and S is the average of S; and S.

Figure 7 shows Sy as a function of the number of laser
shots. After initially increasing, the curve appears to satu-
rate for more than 12x10* shots. We suggest that the laser
fluence, pulse repetition rate, and atmospheric gas pressure
are likely to affect droplet formation. The target morphol-
ogy prior to deposition is also thought to have an influence.

Figure 8 shows the effects of the density and diameter
of droplets on the corrosion resistance of the films. Drop-
lets number and corrosion resistance were compared with
each films prepared in the simultaneous period in order to
reduce the affect by condition of PLD system. The number
of droplets changed at the site on the substrate. In this study,
droplets at the central part of the substrate were observed.
It is important to examine the distribution of droplets on
the substrate. Though the experimental results should be
verified for each films included experimental error bars,
some factors such as the condition of PLD system and the
set up position of substrate are included, and it is difficult
to investigate the cause of the experimental error.

The current density is seen to increase linearly with
droplet density regardless of the diameter of the droplets.
The gradient of the straight lines increases with droplet
diameter. These results confirm that the presence of drop-
lets deteriorates the corrosion resistance of the films. In
particular, droplets with diameters larger than the film
thickness led to rapid corrosion.

Figure 9 shows the surface of film F after 10 min of
potentiostatic testing. Corrosion is seen to have occurred at
the boundaries between the droplets and the film. Local
cells were formed at these regions when the film was
soaked in 3.5 mass% NaCl solution, because the chemical
composition of the film and droplets were different. The
corrosion proceeded rapidly at the boundaries between the
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Fig. 10 Effect of surface area of droplets on current density
corrosion.

film and droplets larger than 3 um. However, for the case
of droplets less than 1 um, the corrosion rate was much
lower.

Figure 10 shows the effect of the total surface area of
droplets on the corrosion resistance. The current density is
seen to increase with increasing Sy. Film A exhibits high
corrosion resistance and had a passivation current density
as low as that of the tantalum plate used as a target al-
though the film thickness was only 1 pm. Droplets larger
than the film thickness are related to the morphology of the
target surface prior to deposition. Polishing the target sur-
face before each PLD was found to decrease the density of
such droplets and improve the corrosion resistance of the
film.

It can be seen from Fig. 10 that the relationship be-
tween the current density and S, is not linear. Droplets with
diameters larger than the film thickness had a much more
significant influence on the corrosion resistance. Such
droplets can also form short circuits to the substrate. This is
not the case for droplets with diameters less than the film
thickness. Therefore, control of the droplet diameter is cru-
cial to improve the corrosion resistance of such films.

4. Conclusions

In this work the influence of metal-rich droplets on the
corrosion resistance of tantalum oxide films was studied.
The numerical density of such droplets was found to in-
crease with the number of laser shots, with a concurrent
increase in the droplet diameter. This led to an increasingly
rough surface morphology. It was found that changing the
initial roughness of the target allowed the droplet density to
be controlled. Significant corrosion occurred only at the
boundaries of the film and droplets larger than the film
thickness. In order to improve corrosion resistance, the
number of droplets with such large diameters should
therefore be reduced.
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