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Abstract—The methods of van der Pau, spectrometry, and atomic force microscopy were used to study the
optical and electrophysical properties of multilayer ZnO:Ga/Ag/Zn0O:Ga coatings applied by magnetron
sputtering. The effect of the thickness of the coating layer was studied with respect to the surface resistance,
transparency, and reflection of the multilayer structure in the visible and infrared wavelength ranges. The
coating surface morphology and moisture resistance was studied. The ZnO:Ga/Ag/Zn0O:Ga coatings were
shown to have a high transparency (T = 90%) in the visible range, high reflection coefficient in the IR range
(R=93%), and low surface resistance (R, = 4.88 Ohm/sq). The moisture resistance studies showed the high-
est moisture resistance of ZnO:Ga (25 nm) / Ag (15 nm) / ZnO:Ga (75 nm) coatings, which are not changed
by testing and can be used for the effective protection of silver films against degradation.
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INTRODUCTION

The ultrafine (nanoscale) metal (Au, Ag, Cu) films are
widely used in various sciences and technologies due to
their unique properties, which are not typical for bulk
materials [1, 2]. Silver films are used, inter alia, as the basic
functional layer in multilayer low-emission coatings.
However, we know that silver films are unstable in humid
atmosphere, where they start to degrade with worsening
electrical and optical properties. Moisture was shown to
strengthen the migration of silver atoms in the film
brought to agglomeration. For this reason, low-emission
silver coatings with dielectric—silver—dielectric structure
should be carefully packed with desiccants in the course of
storage or transportation [3]. Therefore, it is important to
study the increasing resistance of Ag films to degradation.
For example, as was suggested in [4], for lower surface
roughness and higher adhesion and resistance, we applied
silver films by ionic assistance. The films applied by an
electron beam evaporation together with ion beam surface
bombardment at a current density of 10 mcA/cm? were
shown to have a more compact structure that prevents the
penetration of water vapors into the film.

As was suggested in [5], the thermal stability of silver
films is strongly affected by the substrate properties. Thus,
ifapplied to the ZnO substrate (2—3 nm thick), silver films
had preferential orientation in the plane of the most com-
pact packing (111). They were also characterized by sig-
nificantly fewer agglomerates that arise on the film surface
due to the diffusion of silver atoms than in the case of a
coating consisting of stochastically oriented grains. It is
considered that the nucleation sites of the formed agglom-
erates are interfaces of film grains [6]. Other authors [7]

found that Ag films applied to ZnO substrate are more sta-
ble to moisture degradation. For higher corrosion
strength, silver is often alloyed with Au, Pd, Pt, Cu, or
other metals [8] or buffer metal layers (Ti, etc.) of subna-
nometer thickness (~2 nm) are applied between the layers
of silver and dielectric [9]. Our earlier studies [10, 11]
showed that silver films applied to glass substrates by AC
magnetron sputtering become continuous and fairly com-
pact with thicknesses of about 8 nm. However, the use of
pulse magnetron sputtering enables one to significantly
improve the quality of the applied films. Pulse-current
applied films with the same thickness have better texture,
higher IR reflection coefficient and density of structure,
and lower specific resistance and surface roughness. Using
this method, we produced continuous silver films with
thicknesses of 4 nm and surface roughness of 0.52 nm.
Therefore, in this work, silver films were applied by pulse
magnetron sputtering at a frequency of 40 kHz and rela-
tive pulse duration of 50%.

This work was targeted to study the structure of
ultrafine silver films produced by pulse magnetron sput-
tering, their degradation rates in free condition and in the
multilayer structure of MeO,/Ag/MeO, low-emission
coating, as well as methods of the purposeful deceleration
and suppression of this process. We selected transparent
gallium alloyed zinc oxide as the oxide layer material. This
alloyed zinc oxide has lower specific resistance and better
optical properties than fluorine alloyed tin oxide.
Recently the optical and electrophysical properties of zinc
oxide were signifcantly improved and it was considered to
be a real alternative for replacing expensive In-Sn oxide
(ITO) coatings.

438



PROPERTIES OF MULTILAYER ZnO:Ga/Ag/Zn0O:Ga COATINGS

439

Application parameters of ZnO : Ga/Ag/Zn0O : Ga multilayer coatings

Material Pressure, Pa Discharge Discharge | Discharge power, Power mode Specimen rotation
voltage, V current, A W speed, rpm
ZnO 0.2 320 0.37 120 DC 2.5
Ag 0.1 650 0.65 430 f=40kHz 10
EXPERIMENTAL they were formed by ZnO:Ga,0; cathode sputtering in

The coatings were applied in a set with a vacuum
chamber made of stainless steel and having the dimen-
sions of 600 x 600 x 600 mm. In addition to the evacuation
system based on a turbomolecular pump, the sputtering
set was equipped with two magnetron sputtering systems
(to apply silver and oxide layers), an ion generator with
closed electron drift (for prior plasma ion substrate clean-
ing), two ApEI-M power sources for magnetron sputter-
ing systems, and ApEI-IS power source for ion generator.
The magnetron design and plasma characteristics were
described in [12]. The magnetron cathodes were disks (Ag
and ZnO : (3.5% at/at) Ga,O; with diameters of 100 mm
and thicknesses of 6 mm. Silver was sputtered in the pulse
mode at the frequency of 40 kHz and ZnO:Ga,0,
ceramic target was sputtered in the DC mode. The arc
control system of the magnetron power sources provided
an arc energy release that did not exceed 50 mlJ.

The ZnO:Ga/Ag/Zn0O:Ga coatings were applied by
layers of zinc oxide and silver. Here, the thickness of each
layer was regulated by the sputtering time. The coatings
were applied at room temperature to 4 mm MO architec-
tural glass substrates. For uniform coatings to be applied
along the substrate, the latter was rotated around the vac-
uum chamber axis. The distance between the substrate
and magnetron was 130 mm. The coating transparency in
the visible wavelength range (400—800 nm) was measured
with a USB 2000-VIS-NIR spectrometer. The coating
reflection coefficient in the IR wavelength range was mea-
sured with an IKS-29 spectrophotometer at the wave-
length of 8 um.

The film thickness was measured with a Solver P47
atomic force microscope. A step was made between the
film and substrate by partial removal of the coating. Then,
the atomic force microscopy produced the film relief and
substrate pattern. The film thickness was assumed as the
height of this step. The surface resistance of the produced
coatings was measured by the van der Pau method in 0.61
T magnetic film at the room temperature. The test speci-
men dimensions were 17 x 17 mm.

RESULTS AND DISCUSSION

The goals of this work included the degradation studies
of silver films placed for protection from atmospheric fac-
tors between gallium alloyed zinc oxide layers. Because

argon atmosphere, there was no need in application of any
buffer layers protecting silver from oxidation. The coating
conditions are represented in Table 1. We produced a
series of Zn0:Ga/Ag/Zn0O:Ga coatings with ZnO:Ga
layer thickness of 25 or 50 nm and Ag layer thickness was
1.5—18 nm.

The surface resistance of the multilayer coating is lower
for thinner silver layers (Fig. 1). If the Ag layer is 4.5 nm
thick, the coating surface resistance is high, evidencing
discontinuous coating. For Ag layer of 15 nm and thicker,
the surface resistance decreases to 4 Ohm/sq, then
changes insignificantly. Apparently, a complete Ag film is
formed at the thickness of 10—12 nm because the surface
resistance sharply increases below this level. As follows
from these results, ZnO:Ga layers produce the minimum
effect to the electrical characteristics of the whole multi-
layer structure, whose conductivity is determined prima-
rily by the conductivity of Ag layer.

At a thicker silver layer, the coating transparency
decreases in the visible wavelength range and the reflec-
tion coefficient increases in the IR range. Figure 2 repre-
sents the ZnO:Ga/Ag/Zn0O:Ga coating transparency at
the wavelength of 550 nm vs. silver layer thickness.

We know that, like most metal coatings, silver films
start to grow from islets, which grow and associate into
closed chains and the network structure, and, finally,
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Fig. 1. Surface resistance Ry, of ZnO:Ga/Ag/Zn0O:Ga coat-
ings vs. silver layer thickness d.
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Fig. 2. Transparence 7 of ZnO:Ga/Ag/ZnO:Ga coatings
vs. silver layer thickness d (A = 550 nm).
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Fig. 3. Reflection coefficient R of ZnO:Ga/Ag/Zn0O:Ga coat-
ings vs. silver layer thickness d (A= 8 pum).
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Fig. 4. FOM p ;¢ of Zn0:Ga/Ag/Zn0O:Ga coatings vs. silver
layer thickness d.

make the continuous films [13]. When the film formation
takes place at the stage of islets, light transmission through
the coating weakens due to scattering on these islets.
However, the transparency of the coating is still high and
the IR reflection coefficient is low. Along with the increas-
ing area occupied by the growing film islets, the system
transparency in the visible wavelength range sharply
decreases and the IR reflection coefficient sharply
decreases. At the stage of coalescence of islets and forma-
tion of continuous film, its transparency is 85—90% and
the IR reflection coefficient is 90—95%. For a thicker film,
the light scattering effect to transparency and IR reflection
decreases and these parameters tend to 0 and 100%,
respectively.

Figure 2 shows that the ZnO:Ga/Ag/Zn0O:Ga multi-
layer coating transparency depends on the thickness of
both silver and oxide layers. There is a characteristic Ag
layer thickness, where the transparency of the
7Zn0:Ga/Ag/Zn0O:Ga coating is maximum. Apparently,
the maximum coating transparency is achieved when the
silver layer thickness corresponds to the formed contin-
uous film thickness. The transparency of thinner or
thicker films is lower due to light scattering on islets or
higher reflection of Ag layer, respectively. For the
Zn0O:Ga layers of 25 nm thick, the coating has the high-
est transparency at the Ag layer of 6 nm thick. However,
for 50-nm-thick oxide layers, the coating is most trans-
parent at an 8—15-nm-thick Ag layer. Here, the range of
the thickness of the Ag layer is wider for the maximum
transparency (~90%) of the multilayer coating.

As follows from the reflection coefficient of the
7Zn0:Ga/Ag/Zn0O:Ga coating versus the curves of the
thickness of the Ag layer (Fig. 3), at a thickness of 9 nm,
the reflection coefficient achieves a level of 90%, but
hardly changes along with a further increase in thickness.
Because the lower resistance of transparent conducting
coatings is normally due to thicker coatings with inevita-
bly lower transparency, it is necessary to know the film
thickness corresponding to the optimum resistance/trans-
parency ratio.

Transparent conducting coatings with the known
transparency and electrical resistance are compared with
the figure of merit (FOM, pyc) [14, 15]. G. Haake [16]
was the first to suggest the use of FOM calculated by the
formula prc = T'°/R,, where T is the optical transparency
of coating in the range of 400—780 nm and R is the sur-
face resistance. In the case of a ZnO:Ga/Ag/Zn0O:Ga
multilayer coating, FOM enables one to find the Ag and
Zn0:Ga layer thicknesses by providing the best combina-
tion of optical and electrical properties of the structure in
general.

Figure 4 shows ppc vs. layer thickness in
Zn0:Ga/Ag/Zn0O:Ga coating. As we see in these curves,
if the oxide layer thickness increases from 25 to 50 nm, the
optimum Ag layer thickness increases from 6 to 15 nm.
Here, the range of Ag layer thicknesses, which provide the
maximum prc values, significantly widens. Therefore,
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(b)

(C) 10 mm

Fig. 5. Appearance of coated specimens after moisture test:
(a) Ag (15 nm), (b) ZnO:Ga (25 nm) / Ag (12 nm) /
Zn0:Ga (25nm), (c) ZnO:Ga (25 nm) / Ag (15nm) / ZnO:Ga
(75 nm).

with respect to the optical and electrical characteristics,
the optimum structure is ZnO:Ga (50 nm) / Ag (15 nm) /
Zn0:Ga (50 nm), which has the highest transparency 7=
90%, reflection coefficient R = 93%, and FOM pc =
0.071, but the lowest surface resistance R, = 4.88 Ohm/sq.

In order to study the moisture resistance of the pro-
duced coatings, we selected the test described in GOST
30733-2000 (“Glass with Low-Emission Solid Coating:
Technical Specifications”). Here, the term “solid coat-
ing” refers to tin oxide applied by pyrolysis in the course of
making float glass (K glass). According to these specifica-
tions, coated specimens are placed in a bath with distilled
water. Water is heated to a temperature of (100 + 2)°C,
which is maintained for 2 h. After testing, the number and
size of defects is measured for each specimen. The rate of
degradation of the coating was estimated visually.

Figure 5 represents the appearance of coatings after
the moisture test. For comparison, we used 15 nm Ag
film applied directly to the glass and ZnO:Ga (25 nm) /
Ag (12 nm) / ZnO:Ga (25 nm) multilayer coating. After
the moisture test, the Ag film showed few defects
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Fig. 6. Transparence of Ag (15 nm) (a) and ZnO:Ga
(25 nm) (b).

(Fig. 5a) and significantly lost the transparency in the
wavelength range of 500—800 nm (Fig. 6a). This lower
transparency is due to the film agglomeration and light
scattering on the formed islets. These changes in the
film structure are evidenced by the surface morpholog-
ical studies carried out by atomic force microscopy
before and after the moisture test (Fig. 7). We see that
the surface of moisturized Ag film contains much more
agglomerates up to 20 nm high formed by the migration
of Ag atoms into sphere-like formations with a base
diameter of up to 100 nm.

After the moisture test of ZnO:Ga (25 nm) / Ag
(12 nm) / ZnO:Ga (25 nm) coating, we found (Fig. 5b) its
full peeling and removal in the major part of the specimen
surface. Apparently, the outer ZnO:Ga (25 nm) layer does
not prevent the penetration of water molecules to silver
film. In order to terminate the access of moisture to the Ag
layer, the thickness of the outer ZnO:Ga layer was
increased to 75 nm, while that of the Ag layer was
increased to 15 nm, which decreased the coating transpar-
ency to 83%, but increased the coating continuity and

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES Vol. 46 No. 4 2010
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Fig. 7. AFM patterns of 15 nm Ag film on glass substrate
before (a) and after (b) moisture test. Scan dimensions
1 pum X 1 pm.

nm
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100

Fig. 8. AFM patterns of ZnO:Ga (25 nm) / Ag (15 nm) /
ZnO:Ga (75 nm) coating. Scan dimensions]l pm X 1 pm.

eliminated minor defects that promote the penetration of
water to the Ag layer. However, the thickness of the inner
7Zn0:Ga layer did not change. The moisture tests of
Zn0O:Ga (25nm) /Ag (15 nm) / ZnO:Ga (75 nm) coating
showed no changes in the tested coating that could be seen
by the naked eye (Fig. 5¢).

SOLOV’EY et al.

The electrical and optical studies of the given coating
showed good reflection capacity (R = 91%) and relatively
low surface resistance (R, = 11.5 Ohm/sq). The transpar-
ency measurements before and after the moisture testing
showed no changes in the film transparency (Fig. 6b). Our
surface morphology studies of ZnO:Ga (25 nm) / Ag
(15 nm) / ZnO:Ga (75 nm) coating (Fig. 8) showed that,
if the Ag layer is applied to ZnO substrate, the resulting
coating has a significantly smoother surface with a grain
size of 25—50 nm compared to a single Ag coating of
15nm (Fig. 7a). This confirms the fact that Ag films
applied to ZnO substrate have better quality and higher
substrate adhesion, while the surface migration of Ag
atoms on this substrate is less strongly expressed.

CONCLUSIONS

1. The electrical and optical characteristics of a
Zn0:Ga/Ag/Zn0O:Ga multilayer coating were studied.
The given characteristics can be regulated by selecting the
thicknesses of Ag layer and ZnO:Ga outer layer. The opti-
mum thicknesses of Ag and ZnO:Ga layers were found in
the ranges of 12—15 and 50—75 nm, respectively. The
coating structure of ZnO:Ga (50 nm) / Ag (15 nm) /
Zn0:Ga (50 nm) has the highest FOM (pyc = 0.071),
high transparency in the visible range (T = 90%), highest
reflection coefficient in IR range (R = 93%), and low sur-
face resistance (R, = 4.88 Ohm/sq).

2. We showed that ZnO:Ga/Ag/Zn0:Ga multilayer
structure can be used to increase the corrosion stability of
silver films. In the given coating, the first ZnO:Ga layer
improves adhesion of Ag layer to the glass substrate, while
the second ZnO:Ga layer protects silver from the atmo-
spheric factors. The advantages of this structure are
accounted for by the fact that zinc oxide has high moisture
resistance and its transparency is fairly high in order to
provide the transparency of the multilayer system in gen-
eral.

3. Our moisture tests showed that ZnO:Ga (25 nm) /
Ag (12 nm) / ZnO:Ga (75 nm) coating is most stable to
the degradation caused by the effects of moisture.
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