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A stainless-steel foil is an attractive candidate for the substrate of flexible display devices and integrated solar
modules. For electrical insulation and ion diffusion reduction, a barrier layer should be coated on the
stainless-steel foil surface. In this study, different barrier layers such as SiOy, TaOy, TiO, and TaO,/SiO, were pre-
pared on the flexible stainless-steel foils (SUS 304) by ion-beam assisted deposition. The dielectric properties of
the barrier layers, including resistance, reactance, leakage current density, breakdown field strength and perfor-
mance index, were investigated. The resistance to fatigue failure of the barrier layers was evaluated by insulating
tests after the specimen foils were flattened. The results show that the dielectric properties and the resistance to
fatigue failure of the TaO,/SiO, composite barrier layer are better than those of the SiO, or the TaO, barrier layer.
The best dielectric properties and resistance to fatigue failure are achieved with the 4-um thick TaO,/SiOy com-

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Most commercial thin-film solar modules and display devices are
fabricated on rigid glass substrates, but plastic film substrates and
metal foil substrates are attracting attention because of their flexibility.
While the concern about the chemical stability, the heat resistance and
the moisture resistance limits the use of the plastic film substrates, the
suitability of the stainless-steel foil substrates has been studied and
some prototype display devices have been produced [1-3]. Besides,
due to the impact resistance and low price compared to plastic films
[4,5], stainless-steel foil substrates are widely used in the solar energy
field.

For the electrical conduction, a barrier layer should be coated on the
surface of the stainless-steel foil substrate. Not only does the barrier
layer provide electrical insulation between the metal substrate and
the monolithically interconnected cell, but also reduce the impurity dif-
fusion from the metal substrate into the above functional layers. Shi et
al. reported that the ZnO, diffusion barrier layers prepared by direct
current magnetron sputtering could strongly reduce the diffusion of
Fe ions from the stainless-steel substrates into the Cu(In,Ga;_)Se;
thin films [6]. Evans et al. investigated SiO,, barrier layers deposited on
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stainless-steel substrates using flame-assisted chemical vapor deposi-
tion, and found that the SiOy layers significantly reduced ion diffusion
into the TiO, thin films and improved the photo-catalytic activity of
the TiO, samples [7]. Jin et al. adapted tantalum nitride films prepared
by radio frequency magnetron sputtering as barriers against the diffu-
sion of copper into the electronic device substrates [8]. Herz et al.
reported that a suitable SiO,, dielectric barrier layer could be obtained
by plasma-enhanced chemical vapor deposition (PECVD) on a titanium
metal foil substrate [9,10]. In a previous work, we investigated the elec-
trical insulation and bending properties of SiOy barriers prepared by dif-
ferent methods such as ion-beam assisted deposition (IBAD), sol-gel
deposition and PECVD, and the results showed that the best electrical
insulation and bending properties of the barrier layers were achieved
with 4-pm thick SiOy barrier layers prepared by PECVD [11]. However,
there have been few reports on the comparison of dielectric properties
and resistance to fatigue failure among SiOy, TaO,, TiO, and Ta0,/SiOy
barrier layers prepared by IBAD. In this paper, SiOy, TaOy, TiO, and
Ta0,/SiO, barrier layers were prepared by IBAD method on
stainless-steel foil substrates, and their dielectric properties and resis-
tance to fatigue failure were studied and compared.

2. Experimental details

The flexible stainless-steel foils (SUS 304, 150 pm) without deep
scratches and rolling traces were used as substrates in the experiment,
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the surfaces of which were pre-treated by mechanical polishing and
electrolytic polishing as our previous work [11]. After the polishing,
the surface medium roughness (R,) was 1.7 nm and maximum rough-
ness (Ry) 19.38 nm [12,13].

An electron beam evaporation system (ZZSX-800ZA, Beijing Beiyi
Innovation Vacuum Technology Co., Ltd) has been used in the exper-
iment. The main characteristics of the system are as follows: (1) the
vacuum pump is a low-temperature condensate pump, fabricated
by Ulvac corporation of Japan, and the ultimate vacuum is about
5x107° Pa; (2) the model of electron gun is THG-6, which is man-
ufactured by the East Gade Ltd. of China; (3) the thickness monitor
system is a MDC-360 quartz crystal control device, the thickness res-
olution of which is 0.01 nm; (4) the ion source adopted is Kauffman
type, which is produced by Space Research Center of Beijing.

The substrates were cleaned with commercial detergent and
de-ionized water before being loaded into the e-beam system. Prior
to deposition, the substrates were pre-cleaned using Ar™ ion-beam
bombardment for 5 minutes to further reduce the impurities on the
substrate surfaces [11]. The system parameters of the SiO,, TaO, and
TiO, barrier layers prepared by IBAD are shown in Table 1 [14,15].

The film thicknesses of the SiO,, TaO,, TiO, and TaO,/SiO, barrier
layers were in the range of 1-5 um, which were recalibrated by
post-deposition ellipsometry measurements (VASE, J.A. Woollam Co.,
Inc.).

The thickness ratio of the TaO,/SiO, composite barrier layer should
be suitable to achieve a good breakdown field strength effect, and the
suitable thickness ratio of the SiO, and the TaO, is calculated as fol-
lowing [16,17]:

di _Exp &
1 _ =28 %1 1
d, Ep & M

where the E1g and E;g are the breakdown field strength of SiO, and TaO,,
and the &; and &, are the permittivity of SiO, and TaO,. With E;z=4.86
MV/cm, E;p=2.67 MV/cm, &; = 3.5 and &, = 27, which are obtained
from the average values of five measurements of the barrier layers, Z—;
can be calculated to be 0.42.

Assuming that the thickness of TaO,/SiO, composite barrier layer is
1 um, we have estimated that the thicknesses of SiO, layer is 296 nm
and TaO, layer 704 nm. Since the adhesion between the TaO, layer
and the steel foil is better than that between the SiO, layer and the
steel foil, the TaO, (704 nm) layer has been prepared on the steel foil
firstly and then the SiO, (296 nm) layer has been deposited. Different
thicknesses of TaO,/SiO, composite barrier layers can be obtained by re-
peating this process for several cycles.

The surface morphologies of the prepared barrier layers were ana-
lyzed using atomic force microscopy (AFM, Needle-Sensor, TwinSNOM,
from Omicron Nano-Technology GmBH), operated in the contact mode
in conditions resulting in 50-nm lateral resolution.

The measuring program of the dielectric properties of the barrier
layers is as follows: 90 Cu contacts with a diameter of 1 mm were de-
posited through a Ti mask onto the barrier-coated steel foils, and the
data were averaged to characterize the dielectric properties of the bar-
rier layers. The experimental program of the resistance of barrier layers
to fatigue failure is shown as follows: the stainless-steel foils coated
with the barrier layers and Cu electrodes were subjected to 500 cycles
of outward or inward bending around a cylinder with variable radius
(R=15 mm, 25 mm, 35 mm). After the bent specimen foils were
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Fig. 1. Relationship between impedance and thickness of barrier layers: (a) Resistance;
(b) Reactance. Error bars represent the standard deviation of 5 measured data points.

flattened, the insulation resistance of the barrier layers was measured
by applying a direct current voltage of 30 V between the Cu electrode
and the stainless-steel foil. The resistance of barrier layers to fatigue
failure was evaluated by an insulation ratio, which was equal to N/90,
N being the number of the Cu electrodes where the insulation resistance
was 108 Q-cm? or higher. Detailed measuring program of the dielectric
properties and the resistance to fatigue failure of barrier layers was
described in reference [11].

3. Results and discussion
3.1. Dielectric properties

3.1.1. Impedance

Under the alternating current measuring mode, the barrier layer im-
pedance consists of resistance and reactance (Z=Rq+iR.). The resis-
tance and reactance of the SiO,, TaO,, TiO, and TaO,/SiOy barrier layers
deposited by IBAD are shown in Fig. 1(a) and (b), respectively. From
Fig. 1(a) and (b), we can see that the resistance and reactance of the
SiOy, TaO,, TiOy and TaO,/SiOy barrier layers does not increase lineally
with the thickness increasing, and the resistance and reactance of the
Ta0,/SiO, composite barrier layers is greatly higher than that of the
SiOy or the TaO, barrier layers. Meantime, the resistance and reactance
of the SiO, or the TaO, barrier layers is higher by 2 orders of magnitude
than that of the TiO, barrier layers with the same thickness. This can be
explained by: (1) under the preparation parameters in Table 1, the TiOy

Table 1
Preparation parameters of SiO,, TaO, and TiOy barrier layers.
Films Accelerating voltage/V beam current/mA 0,/sccm Ar/sccm Evaporation rate/(nm-s~ ') Vacuum/10~2 Pa Temperature/°C
SiOy 330 100 0 6 0.60 0.9 30-70
TaOy 330 100 23 3 0.30 2.0 30-70
TiOy 330 100 23 3 0.30 2.0 30-70
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Fig. 2. Relationship between leakage current density J and electric field strength E of
barrier layers at different thicknesses: (a) 3 um; (b) 4 um. Error bars represent the
standard deviation of 5 measured data points.
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barrier layer usually forms a polycrystalline structure (e.g. Anatase,
Rutile, Brookite, the titanium ions are not completely oxidized), and
the SiO, or the TaOy barrier layer usually forms an amorphous structure.
Therefore, more metal ions present in the TiO, barrier layer compared
to the SiOy or the TaO, barrier layer, so the impedance of the TiO, barrier
layer is lower than that of the SiO, or the TaO, barrier layer [18]; (2) the
intrinsic structure of the SiOy or the TaO, barrier layer is denser than
that of the TiO, barrier layer, for the tensile stress value of the SiO, or
the TaOy barrier layer is about 40 M Pa lower than that of the TiOy bar-
rier layer [19,20]; (3) the TaO,/SiO, composite barrier layer forms a
staggered structure, which could remedy the deficiencies of each
layer, so less Cu atoms of electrode can permeate into the TaO,/SiOy
composite barrier layer during Cu film coating for its dense structure.
In short, the above physical phenomenon might be explained by the
intrinsic material properties and the structures of the barrier layers.

3.1.2. Leakage current density

The relationship between leakage current density (J) and electric
field strength (E) of the SiO,, TaOy, TiOy and TaO,/SiO, barrier layers is
shown in Fig. 2(a) and (b), of which the barrier layer thicknesses are
3 um and 4 pm. Under the same electric field strength, the leakage cur-
rent density of the SiOy or the TaO, barrier layer is lower by 2-4 orders
of magnitude than that of the TiO, barrier layer, and the leakage current
density of the TaO,/SiO, composite barrier layer is lower than that of the
SiO, or the TaOy barrier layer. The reasons are as follows: (1) as the pre-
vious analysis, the impedance of the TaO,/SiO, composite barrier layer
is much higher than that of the SiO, or the TaO, barrier layer, and the
impedance of the SiOy or the TaO, barrier layer is higher than that of
the TiO, barrier layer. The leakage current density of the barrier layers
decreases with the impedance increasing under the same electric field
strength; (2) the SiO, or the TaO, barrier layer is denser and smoother
than the TiOy barrier layer, and the TaO,/SiO, composite barrier layer
is denser than the SiOy or the TaOy barrier layer from the peak-valley
values (Z-axis scales) of the AFM images shown in Fig. 3. It also can be
found that there are fewer pin-holes, impurities and defects in the
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Fig. 3. AFM images of SiO,, TaO,, TiO, and Ta0,/SiO, barrier layers.
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Ta0,/SiO, composite barrier layer for its staggered structure. Therefore,
the structure of the TaO,/SiO, composite barrier layer leads to the low-
est leakage current density.

As shown in Fig. 2, the leakage current density responds linearly to
the electric field strength when the thickness is 3 pm, but the relation-
ship changes when the thickness is 4 um (except for TiO,). The reason is
that the effect of the electric field strength on the leakage current den-
sity of the latter is less sensitive than that of the former for the denser
SiOy, TaOy and Ta0O,/SiOy barrier layers.

3.1.3. Breakdown field strength and performance index

The breakdown voltage (U) of barrier layers is defined as the voltage
at which the current increases sharply. All the thicknesses of the barrier
layers are kept the same as d =500 nm. The breakdown field strength
(Egp) is calculated according to the following formula: Egp =Y, and
the data are analyzed by averaging. The results are shown in Table 2.

The critical charge density or electric displacement when the barrier
layers are broken down is called the performance index (Qgp), which is
equal to the product of the permittivity (&) and the breakdown field
strength (Epp):Qsp = €X Epp (€=¢£p). The performance indexes of all
barrier layers are also shown in Table 2.

From the above data we can know that the Egp of the SiO, barrier layer
is the highest among the single barrier layers, and the Qgp of the TaO, bar-
rier layer is the best. However, the Egp and Qgp of the TaO,/SiO, composite
barrier layer are higher than those of the SiOy or the TaO, barrier layer.
This is because the composite barrier layer can change the way of break-
down from spread type into self-healing type, which can increase the
breakdown field strength and the surface charge density of the barrier
layer, and remedy the deficiencies of the single barrier layer [17]. Mean-
time, there are fewer pin-holes, impurities and defects in the TaO,/SiOy
composite barrier layer. So, most breakdown of the TaO,/SiO, composite
barrier layer is intrinsic, but it is non-intrinsic for the TiO, barrier layer be-
cause of its defects and loose structure. To summarize, the comprehen-
sive properties of permittivity and breakdown field strength of the
Ta0,/SiO, composite barrier layer is the best, which fully demonstrates
that the composite barrier layer can complement the deficiencies and
defects of each single barrier layer, and make the dielectric parameters
better than those of single barrier layer.

3.2. Resistance to fatigue failure

Because the dielectric properties of the TiO, barrier layer cannot
meet the insulation requirements, the resistance to fatigue failure of
the TiO, barrier layer is beyond our consideration. When the SiO,,
TaO, and TaO,/SiO, barrier layers are bent inward or outward, the
corresponding insulation ratios (N/90) under different bending radius
(R) are shown in Fig. 4(a) and (b), respectively.

From Fig. 4(a) we can see that the insulation ratio of the TaO,/SiOy
composite barrier layer is the highest and that of the SiOy barrier layer
is the lowest, when the barrier layers are bent inward. This illustrates
that the TaO,/SiO, composite barrier layer has good resistance to fatigue
failure, while that of the SiO, barrier layer is relatively weak. It is be-
cause the periodic alternating layers can effectively balance the residual
stress in the whole structure [21]. As the bending radius increases, the
insulation ratios of all barrier layers increase gradually, and are up to
100% at R>35 mm. The results from Fig. 4(b), when the films are

Table 2
Breakdown field strength and performance index of 500-nm thick barrier layers.
Barrier layers SiOy TaOy TiO, Ta0,/SiOy
Breakdown field  4.86 MV/cm  2.67 MV/cm 031 MV/cm  5.29 MV/cm
strength
Performance 1.70 uc/cm?  6.68 pc/cm®  0.86 pc/cm?  14.59 pc/cm?
index
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Fig. 4. Relationship between bending radius and insulation ratio of barrier layers: (a) Inward
bending; (b) Outward bending.

bent outward, are similar with those from Fig. 4(a), except that the in-
sulation ratios are lower than those of inward bending. The differences
indicate that the resistance to fatigue failure of barrier layers in inward
bending is better than those in outward bending under the same bend-
ing radius. The reasons are as follows: (1) all barrier layers prepared by
IBAD show a tensile stress, and the barrier layers have a shrink trend
compared to the steel foils [22-24]; (2) the tensile stress during out-
ward bending is easier to damage the barriers than that during inward
bending, which results in the formation of cracks.

4. Conclusion

We have prepared SiO,, TaO,, TiO, and TaO,/SiOy as barrier layers on
the flexible stainless-steel foils by IBAD, and the dielectric properties and
resistance to fatigue failure of all the barrier layers have been investigat-
ed. It is indicated that the dielectric properties and resistance to fatigue
failure of the TaO,/SiO, composite barrier layer are better than those of
the SiO, or the TaO, barrier layer. Stainless-steel foils coated with the
Ta0,/SiO, composite barrier layers have demonstrated excellent dielec-
tric properties and resistance to fatigue failure. High barrier resistance
(Rq>3x10% Q-cm?), high breakdown field strength (Egp>5 MV/cm)
and low leakage current density (J<10~8 A-cm~2) could be achieved
by preparing 4-pum thick TaO,/SiO, composite barrier layers on
stainless-steel foils. The resistance to fatigue failure of all barrier layers
in inward bending is better than that in outward bending with the
same bending radius. Measurement results of the relationship between
leakage current density and the electric field strength have demonstrated
the effectiveness of the TaO,/SiO, composite barrier layers and their
potential for further progress.
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