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The effect of nitrogen addition to the sputter gas during Ag deposition on the salt-water durability of the Ag
thin films was investigated. The Ag thin films deposited in sufficient nitrogen exhibited better salt-water
durability and almost the same reflectance as the Ag thin films deposited in argon only. Additionally, it
was found that the haze growth observed after soaking the thin films in salt water was prevented by using
a ZnO under layer. From the microstructure analysis, it was found that the improvement in the salt-water
durability was attributable to the small crystallite of the Ag and the strong adhesion between the substrate
and each layer.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ag thin films have high visible-light reflectance and high electrical
conductivity; therefore, they have been widely used as optical reflec-
tors [1–6] and electrodes [7,8]. Thin films deposited by gas phase
methods generally exhibit good mechanical properties and strong
adhesion between a substrate and a thin film; hence, these methods
are usually used for the deposition of Ag thin films [1–7,9–12]. Various
gas phase methods, such as sputtering [4–6,9,13], thermal evaporation
[11] and electron-beam evaporation [7–10,12], and their applications
to thin films have been reported. In particular, magnetron sputtering
is the most promising technique for large-area coating because of its
good uniformity.

Although Ag thin films exhibit excellent optical and electrical
properties, their performance is easily reduced by several factors, such
as moisture, heat and the presence of chlorine or sulphur [7–9,11,14].
Thus, it is necessary to improve the durability of Ag thin films. The
doping of other metals into Ag thin films is an effective way to improve
their durability [9,13,14]. The Ag alloy targets are often used for the
fabrication of the durable Ag thin films in sputtering deposition;
however, the Ag alloy target is expensive compared to the pure Ag tar-
get. In addition, the reflectance of the Ag alloy thin films is often lower
than that of pure Ag thin films. For these reasons, an alternativemethod
to improve the durability of Ag thin films without use of the Ag alloy
target is desired. In this study, the effects of two methods that do not
use the Ag alloy target on the salt-water durability of the Ag thin films
were investigated; one is nitrogen addition to argon sputter gas during

Ag deposition; the other is a ZnO under layer. Additionally, the correla-
tion between themicrostructure and salt-water durability of the Ag thin
films is discussed.

2. Experimental details

2.1. Deposition conditions

The Ag and ZnO/Ag thin films were deposited on 3-mm-thick
soda–lime–silicate glass substrates, without heating, by magnetron
sputtering. The deposition apparatus was equipped with a load-lock
chamber system. The distance between the sputter target and substrate
was maintained at 70 mm. The sputter deposition was performed in a
multiple passmode. The coating chamberwas evacuated to a back pres-
sure of less than 2×10−4 Pa. For the Ag single layer deposition, a mix-
ture of argon and nitrogenwas used as the process gas, and the total gas
flowwasmaintained at 45 sccm. Each gaswas introduced into the coat-
ing chamber through amass flow controller. The total gas pressure was
0.30–0.34 Pa. The nitrogen gasflow ratio, defined as [N2/(Ar+N2)], was
set to 4, 20 or 60 vol.%. As a comparison, we also deposited the Ag thin
film in pure argon, which is defined as a nitrogen gas flow ratio of
0 vol.%. Pure Ag was used as a sputter target. The dc power supplied
to the Ag target was maintained at 0.52 W cm−2. For the deposition
of the ZnO/Ag layer, the ZnO thin films were deposited onto the glass
substrates by reactive magnetron sputtering using oxygen and pure
Zn as the process gas and sputter target, respectively. The total gas pres-
sure was maintained at 0.34 Pa. The dc power supplied to the Zn target
was maintained at 1.4 W cm−2. Then, the Ag thin films were succes-
sively deposited on the ZnO under layer. The deposition conditions
used to produce the Ag thin films corresponded to those used for the

Thin Solid Films 532 (2013) 141–146

⁎ Corresponding author. Tel.: +81 598 53 3160; fax: +81 598 53 3180.
E-mail address: yuki.nakanishi@cgco.co.jp (Y. Nakanishi).

0040-6090/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.tsf.2012.12.093

Contents lists available at SciVerse ScienceDirect

Thin Solid Films

j ourna l homepage: www.e lsev ie r .com/ locate / ts f

http://dx.doi.org/10.1016/j.tsf.2012.12.093
mailto:yuki.nakanishi@cgco.co.jp
http://dx.doi.org/10.1016/j.tsf.2012.12.093
http://www.sciencedirect.com/science/journal/00406090


Ag single layer. The Ag thin films with the thickness from 94 to 103 nm
and the ZnO thin films with the thickness from 27 to 29 nm were
obtained by adjusting the substrate conveyance speed. Additionally,
the deposition rates of theAg thin filmswere evaluated at each nitrogen
gas flow ratio.

2.2. Evaluation

The front side reflectance of the Ag and ZnO/Ag thin films was
measured with a spectrophotometer in the wavelength range from
300 to 2500 nm; furthermore, the visible-light reflectance (Rvis) was
calculated on the basis of ISO 9050:2003(E). The sheet resistance of
Ag and ZnO/Ag thin films was measured by four-point-probe system.
In our previous experiments, the ZnO under layer did not exhibit elec-
trical conductivity; therefore, the electrical conductivity of the Ag
layer was calculated using the sheet resistance and the Ag thickness.
The crystal structure of the thin films was evaluated by X-ray diffrac-
tion (XRD, RINT-Ultima III, Rigaku, using CuKα radiation) in the out-
of-plane configuration, and the crystallite size of the Ag was deter-
mined from the peaks identified as the Ag(111) and Ag(200) crystal
lattice planes using Scherrer's equation. The thickness of the Ag and
ZnO thin films was determined by X-ray reflectometry. The surface
morphology was observed with atomic force microscopy (AFM, SPM-
9600, Shimadzu) in the contact mode using the silicon nitride cantile-
vers (OMCL-TR800PSA, Olympus). The surface roughness (Ra) was esti-
mated by AFM analysis. The durability against salt water was evaluated
by soaking the thin films in 5 wt.% salt water. Their appearance, reflec-
tance, crystal structure and surface morphology were evaluated before
and after the soak.

3. Results and discussion

Fig. 1 shows the deposition rate of the Ag thin films deposited
with various nitrogen gas flow ratio. We used the moving substrate
configuration; hence, the growth rate of the thin films is described
as the dynamic deposition rate (DDR). The DDR is defined as the
product of the substrate conveyance speed and the Ag layer thickness.
It was found from Fig. 1 that the deposition rate of the Ag thin films
simply decreased with increasing nitrogen gas flow ratio. Nitrogen
ions exhibit low sputtering yield compared with argon ions; there-
fore, the Ag particles sputtered from the target decreasedwith nitrogen
addition. Additionally, nitrogen ions show low secondary electron
emission coefficient; hence, the electron concentration in the glow dis-
charge decreased with increasing nitrogen gas flow ratio. The positive
ion was produced by the collision of the process gas particles and the
electrons, the positive ions which attack the target were decreased in
the glow discharge with low electron concentration. It can be consid-
ered that the reasons of the deposition rate decrease were the increase
of nitrogen ion with low sputtering yield and the decrease of positive
ion which attacks the target.

The reflectance of the Ag and ZnO/Ag thin films is shown in Fig. 2.
The reflectance of both Ag and ZnO/Ag thin films decreased with an
increasing nitrogen gas flow ratio in the process gas; however, the
difference in visible-light reflectance between the thin films deposited
in the nitrogen gas flow ratio of 0 and 60 vol.% was very low and did
not exceed 0.8%. Moreover, the reflectance of the Ag and ZnO/Ag thin
films was almost equal, if they are compared using the same nitrogen
gas flow ratio.

The conductivity of the Ag and ZnO/Ag thin films was plotted in
Fig. 3. The conductivity of Ag decreased with increasing nitrogen gas
flow ratio in both Ag and ZnO/Ag thin films. In addition, there was
no big difference between the conductivity of Ag thin films and
ZnO/Ag thin films when compared in same nitrogen gas flow ratio.
The mechanism of the conductivity deterioration is discussed later
on the basis of crystallite size analysis.

The appearances of the Ag and ZnO/Ag thin films that were soaked
in salt water for 0.5, 1 and 3 h are listed in Table 1. Both the Ag and
ZnO/Ag thin films deposited in a nitrogen gas flow ratio of at least
20 vol.% were not hazy, even after soaking for 1 h in salt water. In
contrast, the Ag and ZnO/Ag thin films that were deposited in a nitro-
gen gas flow ratio of at most 4 vol.% became hazy after a 0.5-hour
soak. In addition, the visible-light reflectance of the thin films before
and after soaking for 1 h in salt water is shown in Table 2. When the
Ag layer was deposited in a nitrogen gas flow ratio of at least 20 vol.%,
the decrease in reflectance that resulted from soaking in salt water for
both Ag and ZnO/Ag thin films was less than 3.5%. On the other hand,
when the Ag layer was deposited in a nitrogen gas flow ratio of at
most 4 vol.%, the reflectance decrease of the Ag thin films greater

Fig. 1. DDR of Ag thin films as a function of the nitrogen gas flow ratio in the process
gas.

Fig. 2. Reflectance of (a) Ag and (b) ZnO/Ag thin films deposited in a mixture of argon and nitrogen during Ag deposition.
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