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Wettability and interfacial interaction of the Ta2O5/Cu-Al system were studied. Pure Cu does not wet the
Ta2O5 substrate, and improved spreading is achieved when relatively a high fraction of the active element
(�40 at.% Al) was added. The Al2O3 and AlTaO4 phases were observed at the Ta2O5/Cu-Al interface. A
thermodynamic evaluation allowed us to suggest that the lack of wetting bellow 40 at.% Al is due to the
presence of a native oxide, which covers the drop. The conditions of the native oxide decomposition and the
formation of the volatile Al2O suboxide strongly depend on the vacuum level during sessile drop experi-
ments and the composition of the Cu-Al alloy. In our case, Al contents greater than 40% provides ther-
modynamic conditions for the formation of Al2O (as a result of Al reaction with Al2O3) and the drop
spreading. It was suggested that the final contact angle in the Ta2O5/Cu-Al system (50�) is determined by Ta
adsorption on the newly formed alumina interlayer.

Keywords interfaces, tantalum pentoxide, thermodynamics,
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1. Introduction

Tantalum pentoxide (Ta2O5) displays transparency in a wide
wavelength range, low losses, and high stability in the near-UV
and -IR regions and has very high reflection index. Due to its
high dielectric permittivity, Ta2O5 gained attention in the
integrated circuit technology as a gate insulator and as a
capacitor (Ref 1-5), and it is of technological interest to develop
brazing alloys for joining tantalum pentoxide with metals and
other ceramics. No wettability properties of Ta2O5 in contact
with liquid metals as well as information about interfacial
interaction were reported in the literature. In the present study,
interfacial interaction of Ta2O5 with molten Cu alloyed with an
active element (Al), and the wetting behaviors in these systems
were investigated.

2. Experimental

Ta2O5 (99.8 purity) samples were prepared using cold press
followed by sintering in air at 1673 K for 3 h. The measured
density of the samples by the Archimedes method was 94% of
the theoretical density. For wetting experiments, the surface of
the samples was polished down to 1 lm diamond paste (the
measured substrate roughness (Ra) was 0.16 lm) and cleaned
ultrasonically in acetone and ethanol.

The metals used for these experiments were 99.99% pure,
and the alloys were prepared in situ by co-melting of the
appropriate amounts of metals. The sessile drop wetting
experiments were performed at 1423 K, in a dynamic vacuum
furnace (10�3 Pa) with a dwell time of 30 min for each
experiment.

The contact angles were measured using a Nikon 990
Coolpix digital camera and derived from the magnified images
using the ‘‘Image Pro 4’’ software. After solidification, the
samples were cross sectioned, and the interfacial structure and
composition were studied by scanning electron microscope
(SEM; Jeol GSM 5600, HRSEM-Jeol 7400F) equipped with
energy dispersive spectrometer analyzer (EDS).

XRD analysis of the Ta2O5 surface after the removal of the
Al drop was carried out using RIGAKU Dmax 2100 apparatus
(Cu Ka).

3. Experimental Results

3.1 Spreading and Final Apparent Contact Angles

The drop spreadings in the Ta2O5/Cu-Al system for various
aluminum concentrations are presented in Fig. 1. At low
aluminum contents (up to �20 at.%), the spreading is limited,
and the final contact angle is about 130�. As the aluminum
content increases greater than 25 at.%, the spreading leads to
the final apparent contact angle after 25-30 min. This angle
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(Fig. 2) decreases slightly for aluminum content of up to
40 at.% Al (from 130 to 120�), and subsequently drops
significantly to 60� for aluminum content of 60 at.%. The
contact angle for pure Al is about 50�.

3.2 Interfacial Characterization

For the Ta2O5/Cu-Al systems, the formation of a thin
(�1 lm) continuous wavy shape Al2O3 layer beneath the
metallic drop and a noncontinuous AlTaO4 phase between the
newly formed Al2O3 and the Ta2O5 substrates were detected
by EDS analysis (Al2O3 and Ta2O5 were used as standards).
Typical BSE-SEM images of the cross-sectioned samples after
the sessile drop experiment are presented in Fig. 3. It has to
be pointed out that Al3Ta particles attached to the alumina
layer (10-20 lm) were randomly found (Fig. 3c) and were
probably formed during cooling. In order to clarify the results
of the EDS analysis, the metal drops were removed from the
substrate (by etching with 30% NaOH solution) and the later
was characterized by XRD analysis. The existence of Al2O3

and AlTaO4 (in addition to Ta2O5) was confirmed (Fig. 4).
The intermetallic particles in the Ta2O5/Al system were
removed together with the metal drop and its peaks are
absent.

4. Discussion

4.1 Interfacial Interaction

The moderate thermodynamic stability of oxides of elements
from V group compared with stable oxides, such as Al2O3 or
MgO, is presented in Fig. 5.

We assume that the observed noncontinuous layer of the
ternary oxide phase is formed by a solid-state reaction of the
initially formed Al2O3 layer with the substrate and does not
affect the spreading and the final contact angle.

It is reasonable to assume that Al dissolved in liquid Cu
reacts with Ta2O5 according to the reaction (1):

3Ta2O5 Sð Þ þ 10Al Lð Þ ¼ 5Al2O3 Sð Þ þ 6TaðLÞ ðEq 1Þ

where (S) and (L) denote solid and liquid standard states of
the oxide phases and metallic components in a liquid Cu-Al-
Ta solution, respectively.

It has to be pointed out that Ta solubility in molten Cu is
extremely low (0.0088 at.% at 1473 K), and no stable inter-
metallic compounds exist in this system (Ref 7). According to
the binary Ta-Al phase diagram, the tantalum solubility in
liquid Al at 1423 K is also limited (to about 1.5 at.%), and at
greater tantalum content, the Al3Ta intermetallic phase is stable
(Ref 8).

At 1423 K, DḠ and the equilibrium constant, K ¼ a6Ta
�
a10Al

,

for the reaction (1) are �1.699 106 J and 7.229 1061,
respectively (Ref 6). According to these thermodynamic data,
extremely low fraction of Al has to be added to the molten Cu
to form an alumina layer and effect tantalum transfer to the Cu-
Al melt. As a result of the interaction, a thin continuous
alumina layer covers the substrate and prevents its direct
contact with the melt. Thus, the Ta fraction in the melt is
limited, and the Al3Ta intermetallic phase is formed only during
cooling. Nevertheless, even a small amount of Ta fraction is
sufficient to lower the contact angle in comparison with the
Al2O3/Al system because of its adsorption at the Al2O3/melt
interface. The effect of an adsorbed element on wetting angle
was widely discussed in the literature (Ref 9-13).

The results of the thermodynamic analysis are in a good
agreement the observations of the metal/ceramic interface.

4.2 Wetting Mechanism

The above analysis shows that interfacial interaction
between the Cu-Al melts and the substrate occurs at even low
fraction of aluminum, and an alumina layer is formed.
However, its presence affects the wetting behavior only for
aluminum concentration greater than �40 at.% (Fig. 2). We
suggest that this feature is attributed to the formation of volatile
aluminum sub-oxide (Al2O) as a result of alumina reaction with
liquid Al as was reported previously (Ref 14, 15). It is clear that
the decomposition of the aluminum native oxide and the
formation of the sub-oxide, according to reaction (2), depend
on aluminum activity in the melt, the vacuum level in the
experimental chamber, and the temperature.

Al2O3ðSÞ þ 4Al Lð Þ ¼ 3Al2O Gð Þ ðEq 2Þ

where (G) denotes the gaseous phase. According to (Ref 16),
at 1423 K, DḠ for reaction (2) is 491 kJ.
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Fig. 1 Spreading of Cu-Al alloys on the Ta2O5 substrate at 1423 K
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Fig. 2 Final apparent contact angles in the Ta2O5/Cu-Al system at
1423 K
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Using thermodynamic data for reaction (2), the thermody-
namic properties of the Cu-Al liquid solution (Ref 17), and
equilibrium parameters of the Al-O system were calculated [as
was done in (Ref 18)]. We assumed that reaction (2) takes place
if the partial pressure of Al2O is greater than the pressure in the
experimental chamber (10�3 Pa). According to the calculated
parameters at 1423 K, presented in Fig. 6, this condition is
fulfilled if the Al content in the Cu-Al melt is greater than
�30 at.%.

Furthermore, examination of our previous results (Ref 18-
20) on the wetting behaviors of various oxides in contact with
Cu-Al shows that the nonwetting-to-wetting transition occurs at
almost the same aluminum content, regardless of the substrate
and the nature of the interfacial interaction (Fig. 7). Thus,
wetting behaviors of Al-containing melts in contact with oxide
substrate is determined by the possibility of the dissolved

Fig. 3 BSE images of the cross-sectioned (a) Ta2O5/Cu-40at.%Al; (b) Ta2O5/Al samples. A continuous wavy (�1 lm) Al2O3 layer was formed
adjacent the drop, and a noncontinuous AlTaO4 layer between the Ta2O5 substrate and the newly formed substrate of Al2O3 layer was observed;
and (c) Al3Ta precipitates, probably formed during cooling, were randomly distributed close to the interface
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Fig. 4 XRD pattern from the Ta2O5/Al interface after removing the
Al drop
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Fig. 5 The standard free Gibbs energy for formation of various
oxides (per 1/2 mole of O2) (Ref 6)
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aluminum to react with a native aluminum oxide layer and to
form the volatile sub-oxide.

5. Summary

The wetting behavior and interfacial interaction in the
Ta2O5/Cu-Al system were studied. The moderate thermody-
namic stability of Ta2O5 compared with Al2O3 results in the
formation of a thin continuous alumina layer at the interface
even for Cu-Al melts with low Al contents. Nevertheless, the
improved wetting was achieved for melts for Al contents
greater than 40 at.% Al. It was shown that for Ta2O5/Cu-Al as
well as for other oxide/Cu-Al systems, wetting behavior is
determined by the possibility of the dissolved aluminum to
react with a native aluminum oxide layer and to form the
volatile sub-oxide.

We suggest that even small Ta fraction transferred from the
substrate to the melt could be adsorbed to the Al2O3/melt
interface and lead to a lower contact angle compared with the
Al2O3/Al system.
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Fig. 6 Equilibrium partial pressure (in Pa) of Al2O as a function of
aluminum content in the Cu-Al melt
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Fig. 7 Equilibrium contact angles for various Cu-Al/ceramics sys-
tems (Ref 18-20)
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