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Improvement of corrosion resistance of transparent conductive multilayer
coating consisting of silver layers and transparent metal oxide layers
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An optical filter for plasma display panel �PDP� requires an electromagnetic shield with very high
ability. The authors investigated a transparent conductive multilayer coating consisting of silver
�Ag� layers and transparent metal oxide layers. The durability of the multilayer sputter coating,
including the silver layer, is very sensitive to the surrounding atmosphere. For example, after an
exposure test they found discolored points on the multilayer sputter coatings, possibly caused by
migration of silver atoms in the silver layers. In their investigation, they modified the top surface of
the multilayer sputter coatings with transition metals to improve the corrosion resistance of the
multilayer coating. Specifically, they deposited transition metals 0.5–2 nm thick on the top surface
of the multilayer coatings by sputtering. They chose indium tin oxide �ITO� as the transparent metal
oxide. They applied the multilayer sputter coatings of seven layers to a polyethylene terephthalate
�PET� film substrate. A cross-sectional structure of the film with the multilayer coatings is PET
film/ITO/Ag/ITO/Ag/ITO/Ag/ITO. They evaluated the corrosion resistance of the films by a
salt-water immersion test. In the test, they immersed the film with multilayer coatings into salt
water, and then evaluated the appearance, transmittance, and electrical resistance of the multilayer
coatings. They investigated several transition metals as the modifying material, and found that
titanium and tantalum drastically improved the resistance of the multilayer coatings to the salt-water
exposure without a significant decline in transmittance. They also investigated the relation between
elapsed time after deposition of the modifying materials and resistance to the salt water.
Furthermore, they investigated the effects of a heat treatment and an oxide plasma treatment on

resistance to the salt water. © 2007 American Vacuum Society. �DOI: 10.1116/1.2722758�
I. INTRODUCTION

We use transparent conductive films for many applica-
tions, such as electromagnetic shields and transparent elec-
trodes for liquid crystal display, plasma display panel �PDP�,
and electroluminescent display. We have conventionally ap-
plied transparent conductive oxides such as indium tin oxide
�ITO� for the transparent conductive film. Lower electric re-
sistance is required for the transparent conductive film to
achieve a low-power-consumption display and high electro-
magnetic shielding. An optical filter for PDP requires the
electromagnetic shield to have very high shielding capability.
We have applied1 transparent conductive multilayer coatings
consisting of silver �Ag� layers and transparent metal oxide
layers.2

The multilayer sputter coatings with the silver layer are
very sensitive to the surrounding atmosphere.3–5 For ex-
ample, when the coatings are exposed to the atmosphere, we
found discolored spots on the multilayer sputter coatings,
possibly caused by the migration of silver atoms in the silver
layers.

Silver atoms aggregate around the presence of halogen
atoms. Chlorine is a typically present in the ambient atmo-
sphere and is well known that it deteriorates Ag based film. It
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is easy to imagine that chlorine in the surrounding atmo-
sphere causes the discolored spots on the multilayer sputter
coatings.

Figure 1 shows a schematic of the proposed process.
Firstly, the chlorine ion �Cl−� attacks the surface of the
multilayer sputter coating. Chlorine �Cl� atoms pass through
the ITO layer, and then reach the silver layer. Finally, the
silver atoms aggregate around the chlorine atoms and form a
cluster. Some of the clusters grow and can be seen by the
naked eye.

Preventing Cl− from invading the multilayer sputter coat-
ing is a strong candidate process for improving the corrosion
resistance of the transparent conductive multilayer. In this
study, we deposited a transition metal on the top surface of
the multilayer coatings by sputtering.

II. EXPERIMENT

A. Sample preparation

We prepared a film with multilayer sputter coatings of
nine layers and the top barrier layer was deposited from the
transition metal. The multilayer sputter coating consists of
silver �Ag� layers and ITO layers. Figure 2 shows a cross-
sectional structure of the film with multilayer sputter
coatings and the top barrier layer deposited from the transi-
tion metal. The cross-sectional structure is a PET
film/ ITO�36 nm� /Ag�9 nm� / ITO�77 nm� /Ag�13 nm� / ITO

�80 nm� /Ag�12 nm� / ITO�86 nm� /Ag�12 nm� / ITO�48 nm�/
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528 Koike et al.: Improvement of corrosion resistance of transparent conductive multilayer 528
top barrier layer deposited from the transition metal
�1.2 nm�. We deposited each layer on a polyethylene tereph-
thalate �PET� film substrate by dc magnetron sputtering.
Table I shows the transition metals we used for the top bar-
rier layer. We used Ti, Zr, Hf from the 4th group; V, Nb, Ta
from the 5th group; Mo, W from the 6th group; Mn from the
7th group; Ni from the 10th group and; and Cu from the 11th
group of the Periodic Table. The reaction gas was a mixed
gas of argon �Ar� and oxygen �O2� for ITO deposition, and
was pure argon �Ar� gas for silver and the top barrier layer
from the transition metal.

B. Sample analysis

We evaluated the optical and electric properties of the
multilayer sputter coatings with the top barrier layer depos-
ited from Ti. We measured the transmittance of the sample
by a spectrometer with an integrating sphere. We measured
the sheet resistance of the sample by a four-terminal resistiv-
ity meter.

We investigated the elemental composition of the surface
of the multilayer sputter coatings with the top barrier layer
deposited from Ti by x-ray photoelectron spectroscopy
�XPS�. The instrument was an ESCAB 220i XL. The source
of the x ray was Mg K�. The degree of vacuum was 2
�10−7 Pa. The resolution of the binding energy was 1 eV. A

FIG. 2. Cross-sectional view of PET film with multilayer sputter coatings for
PDP filter. Top barrier layer is deposited from transition metal target. Thick-
ness of the top layer measured by x-ray fluorescence thickness meter is

FIG. 1. Schematic of cross-sectional view of multilayer sputter coatings,
showing silver migration process that is activated by response to chlorine
ion.
1.2 mm.
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survey scan was made to determine the binding energies. We
evaluated the thickness of the top barrier layer deposited
from Ti by x-ray fluorescence thickness meter.

C. Salt-water immersion test

We applied a salt-water immersion test to evaluate the
resistance of the multilayer sputter coatings to chlorine ion.
Figure 3 shows a schematic of the salt-water immersion test
that we applied. We laminated the film with the multilayer
coatings on a 3-mm-thick plastic sheet. Dimensions of the
sample were 50�50 mm2. We immersed the sample in
0.1 mol/ l of salt water for 17 h. The aggregation of Ag
which occurs to the sample which was exposed to the atmo-
sphere is caused by the chlorine ion which the atmospheric
hygroscopic-moisture ionized. The salt-water immersion test
is the practical technique that it is possible to supply Cl−

while controlling the number of the ions.

D. Aging

We aged the film with multilayer sputter coating using the
top barrier layer deposited from Ti, expecting that corrosion
resistance of the multilayer sputter coating would improve.
We exposed the film to the atmosphere at room temperature
for five days. Then, we evaluated the corrosion resistance of
the film with multilayer sputter coating by the salt-water im-
mersion test.

E. Annealing

We also annealed the film with multilayer sputter coating
using the top barrier layer deposited from Ti at 60 °C for
17 h, expecting that the corrosion resistance of the multilayer
sputter coating would improve. We used two surrounding
environments for the annealing process: the atmosphere in a

TABLE I. Transition metals in the Periodic Table used in this study as a top
barrier layer.

4th 5th 6th 7th 10th 11th

4 Ti V Mn Ni Cu
5 Zr Nb Mo
6 Hf Ta W
FIG. 3. Schematic illustration of salt-water immersion test.
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drying oven, and vacuum in a drying oven. We also evalu-
ated the corrosion resistance of the films with multilayer
sputter coating by the salt-water immersion test.

III. RESULT AND DISCUSSION

A. Feature of sample with top barrier layer from Ti
metal target

Figure 4 shows the transmission spectrum of the film with
multilayer sputter coating with the top barrier layer from the
Ti metal target. The reference transmission spectrum of the
multilayer sputter coating without the top barrier layer is also
shown in Fig. 4. Transmittance of the multilayer sputter coat-
ing using the top barrier layer from Ti was lower by 2.9% at
550 nm compared to the reference. This transmittance drop
of 2.9% is still acceptable for optical filters. In addition, we
confirmed that the transmittance of the multilayer sputter
coating increased just after deposition of the top barrier layer
from Ti, and was close to the transmittance of the multilayer
without the top barrier layer possibly because of oxidation of
the top barrier layer from the Ti metal target. We therefore
concluded that the top barrier layer deposited from Ti would
not lower the transmittance of the multilayer sputter coating.

Table II shows the sheet resistance of the film with
multilayer sputter coating using the top barrier layer from the
Ti metal target. As a reference, the sheet resistance of the
film with multilayer coating without the top barrier layer is
shown in the lower column in Table II. The sheet resistance
was the same, 1.1 � / sq, in both samples. Figure 5 shows the
elemental composition of the surface of the film with
multilayer sputter coating using the top barrier layer from the
Ti metal target measured by XPS. We confirmed Ti 2p peaks
at 458.7 eV.

From the result of x-ray photoelectron spectroscopy
shown in Fig. 5. We think that the final state of Ti is very
near TiO2. But, when thinking of Ti top barrier layer thick-

FIG. 4. Transmittance spectra of films with multilayer sputter coatings.
Transmittance drop of 2.9% at 550 nm by top layer is acceptable.

TABLE II. Sheet resistance of films with multilayer sputter coatings. After
deposition of the top layer, high conductivity is still maintained.

With top layer from Ti target �� ”sq� 1.1
No top layer �� ”sq� 1.1
JVST A - Vacuum, Surfaces, and Films
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ness being 1.2 nm which are equivalent about 1 only for the
atomic layer, we think that the atomic density of Ti is not
enough to form the structure of general TiO2 which is rep-
resented by rutile or anatase.

B. Corrosion resistance of film with top barrier layer
deposited from transition metal targets

Figure 6 shows the samples after exposure to the salt-
water immersion test by 0.01 mol/ l salt water for 17 h. The
multilayer sputter coatings with the top barrier layer depos-
ited from Ti, Ta, Nb did not change and maintained their
transparency. There was a slight change for W, including a
slight loss of transparency. For Mn, the sample lost its trans-

FIG. 5. Elemental composition of surface measured by XPS. Ti2p peak at
458.7 eV is observed.

FIG. 6. Samples after the salt-water immersion test. Concentration of salt

water is 0.01 mol/ l. Test time is 17 h.
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parency only along the perimeter of the sample. The
multilayer coating with the top barrier layer deposited by Ni,
Cu, Zr, Hf, V, Mo, Pd became opaque.

We concluded that the ability of Ti, Ta, Nb to improve the
corrosion resistance of the multilayer sputter coating was
highest in the materials we evaluated. W follows these Mn,
Ni, Cu, Zr, Hf, V, and Mo do not show any ability for im-
proving the corrosion resistance of the multilayer sputter
coatings. We summarized the order of the ability for improv-
ing the corrosion resistance of the multilayer sputter coating
as Ta, Nb, Ti�W�Mn, V, Zr, Mo, Cu, Hf, Ni.

As well known, Cl− is the trigger leading to the aggrega-
tion of Ag. We can guess that major product of the corrosion
is Ag, and AgCl is not the main ingredient.

C. Gibbs’s free-energy study

We ranked the ability for improving the corrosion resis-
tance of multilayer sputter coating by applying Gibbs’s free-
energy difference between metal chloride and each transition
metal. The surface of the transition metals exposed to atmo-
sphere is oxidized at varying degrees and becomes more
stable. In our study, the transition metal atoms on the
multilayer sputter coatings would oxidize easily just after
exposure for the following two reasons. First, metal oxide is
in a lower energy state than a metal. Second, the transition
metal atoms can contact with oxide atoms, because the
1.2-mm-thick layer of the transition metal atoms is located as
an island structure. We considered that transition metals with
a high Gibbs’s free-energy difference between metal chloride
and metal oxides would provide a possible material for high
corrosion resistance.

Meanwhile, rates of oxidation differ among transition
metal. In the salt-water chloride ion approach to metal oxide,
the chlorine ion is exchanged for an oxide atom of the metal
oxide when metal chloride is more stable than metal oxide.
Then, the chlorine atom can reach the silver layer, and causes
a migration of silver atoms. We think that transition metal
layer with high Gibbs’s free energy difference between metal
chloride and metal oxide works as a transparent ion barrier
layer.

Based on the two assumptions—that �1� there is a high
Gibbs’s free-energy difference between metal chloride and

FIG. 7. Gibbs’s free-energy difference �kJ/mol� between metal chloride-
metal oxide. Transition metals with higher Gibbs’s free-energy difference
would lead to higher corrosion resistance.
metal oxides, and �2� high reactivity with oxide—the trans-

J. Vac. Sci. Technol. A, Vol. 25, No. 3, May/Jun 2007
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parent conductive multilayer coating layers will show high
corrosion resistance. Figure 7 shows the Gibbs’s free-energy
difference between the metal oxide and metal chloride for
each transition metal we applied to the top barrier layer.
Transition metal oxides have several possible structures. The
dots in Fig. 7 show the Gibbs’s free-energy6 difference for
the most feasible structure after deposition. The bars show
the range of the Gibbs’s free-energy difference for possible
structure. Focusing on the dots for each transition metal, Ti,
Zr, Hf, Nb, and Ta lead to a relatively large Gibbs’s free-
energy difference. The energy difference is more than
150 kJ/mol for these transition metals.

Ni, Cu, and Mn lead to a small Gibbs’s free-energy dif-
ference, and therefore these transition metals lead to less
corrosion resistance. These transition metals can be easily
attacked by chloride ions.

Titanium �Ti� has a high reactivity with oxygen7,8 and
forms an oxide layer, even in an ultrahigh vacuum environ-
ment. Therefore, we think that Ti oxidized just after exposure
to the atmosphere and becomes stable in our study. Ti with a
high corrosion resistance shown by the salt-water immersion
test satisfies two of the requirements for the high corrosion
resistance.

Ta, Nb lead to high corrosion resistance, as shown in Fig.
6. In Fig. 7, we confirmed that Ta, Nb have a high Gibbs’
free-energy difference between the metal oxide and metal
chloride. We predict that Ta and Nb have a high reactivity
with oxygen like Ti demonstrates.

FIG. 8. Aged samples after the salt-water immersion test. Concentration of
salt water is 0.1 mol/ l and test time is 17 h. The corrosion resistance in-
creased with time.

FIG. 9. Elemental composition analysis by XPS. Analysis of Ti2p peak
energy during aging process. Peak from Ti2p shifts to higher energy direc-

tion. Ti shifts to higher oxide state with time.
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We observed low corrosion resistance led by Zr, despite a
high Gibbs’s free-energy difference between metal chloride
and metal oxide for Zr. Oxidation of Zr thin film progresses
slower at room temperature.9 We think that Zr had not oxi-
dized sufficiently on the salt immersion test, in contrast to
the Ti case; therefore Zr possesses lower corrosion resistance
to the salt-water immersion test. V, W, Mo could be oxidized
and were in a low energy state. Figure 7 shows these metals
exhibited a high Gibbs’s free-energy difference between
metal chloride and metal oxide. We predict that the oxidation
rate for V, W, Mo is low from the result of the salt-water
immersion test, and these metals are in a relatively higher
energy oxide state just after exposure to the atmosphere.

D. Aging effect and annealing effect for the multilayer
with top barrier layer deposited from Ti

Figure 8�a� shows the aged sample after the salt-water
immersion test for 17 h by 0.1 mol/ l salt water. Colored
spots are visible on the sample. However, the sample still
maintains its transparency after the salt-water immersion test.
In Fig. 8�b�, the sample without aging lost its transparency
after the salt-water test. Thus, we conclude that the corrosion
resistance of the multilayer sputter coating with the top bar-
rier layer deposited from Ti was improved by the aging pro-
cess. Figure 9 shows a shift of the Ti2p peak by XPS analy-
sis with time during the aging process. We found that the
peak position shifted in a higher binding-energy direction.
This suggests that Ti shifts to a higher oxide state with time.
In addition, Figures 10�a� and 10�b� show the appearance of
the annealed samples after the salt-water immersion test for
17 h by 0.1 mol/ l salt water. The sample in Fig. 10�a� was
annealed in the atmosphere at 60 °C, and the sample in Fig.
10�b� was annealed in vacuum at 60 °C. Comparing these
with Fig. 8�a�, we conclude that the annealing accelerates the
aging process.

E. Gibbs’s free-energy study for aging and annealing
effect

We considered the aging and annealing effect, applying
Gibbs’s free-energy difference between metal chloride and
metal oxide. Titanium oxide shows several possible forma-
tions such as TiO, TiO �anatase, rutile�, Ti O , and Ti O .

FIG. 10. Annealed samples after the salt-water immersion test. Temperature
for annealing is 60 °C. Time for annealing is 17 h. Concentration of salt
water is 0.1 mol/ l. Test time is 17 h.
2 2 3 3 5
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Gibbs’s free energies6 are −495.0 kJ/mol for TiO,
−884.5 kJ/mol for TiO2 �anatase�, −889.5 kJ/mol for TiO2

�rutile�, −1434.2 kJ/mol for Ti2O3, and −2317.4 kJ/mol for
Ti3O5. The surface of Ti oxides changes to TiO2 just after
exposure to the atmosphere because the surface of Ti is very
reactive to oxide.10 However, for Ti film deposited on the
multilayer sputter coatings, we predict different chemical re-
action rates of oxidation from the surface of Ti, based on the
result of the aging and annealing effect. We consider that the
aging and annealing process changes the formation of tita-
nium oxide to a more stable form. When calculating the
Gibbs’s free energies difference between metal chloride and
metal oxide of each titanium oxide for 1 mol of Ti atom and
arranging to be big in order, we lead an order of TiO2, Ti2O3,
TiO. This order is equivalent to the order of the ability for
each titanium oxide to block chlorine. We could not identify
the formation of titanium oxide. However, we expect the
formation changes to be TiO first, Ti2O3 second, then TiO2.
In this process, the titanium oxide energy would decrease.
The Gibbs’s free-energy difference between titanium chlo-
ride and titanium oxide increases by decreasing the energy of
titanium oxide �Table III�. The aging or annealing effect im-
proves the corrosion resistance by increasing the Gibbs’s
free-energy difference.

IV. CONCLUSION

In this study, we investigated several transition metals as
the material for the top barrier layer of multilayer sputter
coatings to improve the corrosion resistance. We found that
titanium and tantalum drastically improved the resistance to
salt water without a significant decrease in transmittance. In
addition, we found that aging of the multilayer sputter coat-
ing with the Ti top barrier layer led to higher corrosion re-
sistance, and annealing drastically accelerates the aging
effect.
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