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Abstract: Here, highly transparent, conductive, and stable ZnO/Ag/ZnO electrodes on transparent
rigid glass and flexible substrates were prepared by facile, room-temperature magnetron sputtering,
in which the continuous Ag layers were obtained by means of oxidization-induced effect under an Ar
atmosphere with tiny amounts of O;. The results showed an appropriate amount of O, was beneficial
to form continuous Ag films because of the adsorption of oxygen between the ZnO and Ag layers.
When the concentration of O, in the Ar atmosphere was 2.0%-3.0%, ZnO (40 nm)/Ag (10 nm)/ZnO
(40 nm) films on rigid glass showed visible-range transmittance of 94.8% and sheet resistance of
8.58 O-sq !, while the corresponding data on flexible PET substrates were 95.9% and 8.11 Q-sq !,
respectively. In addition, the outstanding electrodes remained stable for more than six months under
air conditioned conditions. The electrodes are fully functional as universal rigid/flexible electrodes
for high-performance electronic applications.

Keywords: ZnO/Ag/Zn0O; oxidization-induced effect; flexible; transparent electrode

1. Introduction

Conductivity and transmittance profoundly affect the performance of transparent conductive
electrode-based optoelectronic devices, such as organic light emitting diodes (LEDs), photovoltaic cells,
light-emitting diodes, efc. [1-3]. Nowadays, the most common electrode material is indium-doped tin
oxide (ITO) film, in which the transmittance is 90% and the sheet resistance is about 10 Q-sq~! on glass
prepared at a high temperature (about 300 °C). However, on flexible substrates, the sheet resistance
is larger than 40-200 Q)-sq~! when prepared at room temperature [4]. Moreover, the high-cost of
indium is a drawback for low-cost electronic devices. Therefore, pursuing ideal high transparent and
conductive, low-cost electrodes to replace ITO on rigid and flexible substrates has become an essential
objective for next generation optoelectronic devices.

Nowadays, several alternative transparent electrodes have been reported, such as carbon
nanotubes [5,6], grapheme [7,8], doped ZnO conducting films [9,10], conducting polymes [11,12],
metal materials [13,14], etc. Currently, Ag nanomaterial is regarded as one of the most appealing
transparent electrodes due to its excellent conductivity. However, Ag nanomaterial has poor optical
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transmittance. Furthermore, Ag nanomaterial cannot stay stable for a long time when exposed
to air. To overcome these shortcomings, dielectric/Ag/dielectric multilayer structures have been
proposed, which possess the characteristics of high conductivity and stability [15-17]. However,
dielectric/ Ag/dielectric films have poor visible-light transmittance compared with those of alternative
electrodes, such as the ZnO/Ag/Zn0O films with less than 90% visible-light transmittance [18,19].
Herein, Ag nanofilms were formed continuously by the oxidization-induced effect in
Zn0O/Ag/ZnO multilayers on glass and PET substrates by room-temperature magnetron sputtering
under an Ar atmosphere with a tiny amount O;. First, the influence of the concentration of flowing O,
on the transmittance and conductivity was characterized and discussed. Then, the deposition time
of ZnO and Ag layers has been investigated to get the optimal sputtering parameters for optical and
electrical properties. The study showed that the ZnO (40 nm)/Ag (10 nm)/ZnO (40 nm) films achieved
high optical transmittance of 94.8% and low sheet resistance of 8.58 ()-sq~! on rigid transparent
glass, and optical transmittance of 95.9% and low sheet resistance of 8.11 Q-sq~! on flexible PET
substrate when the O, ratio was 3.0% relative to the Ar content. Meanwhile, the ZnO films absorb
ultraviolet (UV) light, resulting in UV protection of the ZnO/Ag/Zn0O electrodes, which can be applied
the UV-damped photoelectric devices, such as perovskite solar cells [20,21]. Moreover, the above
electrodes show perfect stability over six months under an air atmosphere. The ideal ZnO/Ag/ZnO
transparent electrode with continuous Ag films on rigid/flexible substrates will greatly broaden the
applications for enhanced-performance transparent conductive electrode-based optoelectronic devices.

2. Results and Discussion

Figure 1a,b shows schematic diagrams of ZnO/Ag/ZnO films with discontinuous and continuous
Ag films, respectively. In Figure 1a, the Ag film is discontinuous inserted between both ZnO layers
when the deposition of Ag was performed in the absence of O,. When a percentage of O; in Ar
atmosphere was introduced during the deposition of Ag, the O atoms guide the Ag to form a
continuous film and evenly deposit on the ZnO film, where the guiding force results from the strong
interaction of oxygen between Ag and ZnO layers. As the schematic diagram in Figure 1b shows,
the morphology of the Ag film is continuous under the oxidation-induced effect, and the continuous
Ag film favors light transmission and charge transfer. The obtained ZnO/Ag/ZnO films on rigid
glass and flexible PET substrates, which exhibit outstanding transparency, are pictured in Figure 1c,d,
respectively. The phenomenon where the oxygen does not penetrate through the Ag layer and attaches
itself to the ZnO surface, while the arriving Ag atoms are adsorbed independently and rearrange
because of the adsorption of oxygen between ZnO and Ag layers, as shown in Figure le, was illustrated
by Wiistner [22].
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Figure 1. Schematic pictures of ZnO/Ag/ZnO films: (a) without O,; and (b) with O,. Optical images
of ZnO/Ag/ZnO with O, on: (c) rigid glass substrate; and (d) flexible PET substrate. (e) Schematic
diagram of the oxidation-induced effect.
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Figure 2 indicates the X-ray diffraction (XRD) patterns that verify the phase of ZnO/Ag/ZnO
films. The peaks at 33° was assigned to the (002) plane of ZnO (JCPDS No. 36-1451) and the obvious
peaks at 38° correspond to the (111) plane of the Ag phase (JCPDS No. 87-0597). It is worthwhile to
note that there were no peak impurities besides the ZnO and Ag phases. Consequently, pure Ag can
be successfully deposited on a ZnO layer even though there was little O, in the Ar atmosphere.
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Figure 2. X-ray diffraction (XRD) patterns of ZnO/Ag/ZnO films obtained at different f(O,): (I) 0;
(IT) 1.0%; (ITT) 2.0%; (IV) 3.0% and (V) 4.0%.

The morphology of the Ag layers deposited on a bottom ZnO layer at different concentrations
of Oy in the Ar atmosphere was observed by scanning electron microscope (SEM) technology, as
shown in Figure 3a—e. The O, concentration greatly affected the morphology of the Ag films. If O,
was absent from the Ar atmosphere, the morphology of the Ag film was not completely continuous.
In the presence of a percentage of O, in the Ar atmosphere, the Ag particles get together and form
continuous films on the ZnO layer because of the adsorption of oxygen. When the concentration of Op
was 3%, the morphology of the Ag film was completely continuous. However, too much O, absorbed
more Ag leading to much larger Ag particles that overlap together, such as seen in Figure 3e for a 4%
concentration of O,. Figure 3f shows the cross-sectional views of SEM images of a ZnO/Ag/ZnO
multilayer grown on the ITO substrate, where the Ag film was continuous.

The morphology of the Ag layer would influence the upper layer of ZnO, which was characterized
by SEM and atomic force microscope (AFM) technologies. Figure 3g,h displays images of top ZnO thin
films on Ag/ZnO surfaces (f(O;) = 0 and £(O;) = 3.0%, respectively). The ZnO film on the Ag/ZnO
(£(Oy) = 0%) was very rough, because of the resulting discontinuous Ag film. The superior morphology
of the top ZnO films on Ag/Zn0O (f(O;) = 3.0%) was more smooth because of the more continuous Ag
films. To further illustrate the morphology of ZnO/Ag/ZnO films, AFM measurements were carried
out to reveal clear differences in the roughness of the surface topography, as shown in Figure 3i,.
The root mean square (RMS) roughness was calculated as 1.66 nm and 0.365 nm for ZnO/Ag/ZnO
(f(O2) = 0%) and ZnO/Ag/ZnO (£f(O;) = 3.0%), respectively. The differences of smoothness between
the ZnO films could be primarily explained by influences of the discontinuity and granularity states
of the Ag films on the bottom ZnO morphologies, which corresponded to the SEM morphology
mentioned above.

For optimal structures, the effect of the thickness of ZnO and Ag layers on optical transmittance
and electrical conductivity of ZnO/Ag/ZnO electrodes was investigated. Herein, the thickness of the
ZnO film was varied from 24 nm to 48 nm by controlling the sputtering time. As it can be seen from
Figure 4a,b, up to the film thickness of 40 nm, the optical transmittance and electrical conductivity
of multilayer films increases with the thickness of ZnO which the maximum transmittance, 94.8%
at A =560 nm, the minimum sheet resistance, 8.58 ()- sq_l, are achieved with thickness of 40 nm.
The main reason is that the 40 nm ZnO layer has been completely formed continuous and smooth
film as shown the inserted picture in Figure 4b. When the film thickness increases to 48 nm, a slight
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decrease occurs in the transmittance respect. Figure 4c shows the transmittance as a function of the
Ag interfacial layer for thicknesses varying from 5 nm to 20 nm, while the thicknesses of both bottom
and top ZnO films are kept constant at 40 nm. At a thickness of 5 nm, the Ag film is discontinuous,
giving a no optimized antireflection effect, more scattering, and plasmonic absorption [23]. With 10 nm
thickness of Ag, the ZnO/Ag/Zn0O transparent electrode shows maximum transmittance in that
the interfacial layer changes from islands to continuous films as shown in the insert in Figure 4d.
For thicknesses >10 nm, the transmittance shows an abrupt decrease that attenuates the effects of the
morphology improvements. On the other hand, the sheet resistance shows the largest drop when the
thickness varies from 5 nm to 10 nm as shown in Figure 4d. Based on these results, the optimized
thicknesses of the ZnO and Ag layers were 40 nm and 10 nm, respectively.

Figure 3. Scanning electron microscope (SEM) of the surface morphology of Ag with different f(O,):
(a) 0; (b) 1.0%; (c) 2.0%; (d) 3.0% and (e) 4.0%. (f) A cross-section image of ZnO/Ag/ZnO (f(O,) = 3%).
SEM of the surface morphology of ZnO/Ag ZnO with different f(O,): (g) 0 and (h) 3.0%. Atomic force
microscope (AFM) of the surface morphology of ZnO/Ag/ZnO with different £(O;): (i) 0 and (j) 3.0%.
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Figure 4. Properties of ZnO/Ag/ZnO multilayer for different ZnO thicknesses: (a) optical
transmittance spectra; and (b) conductivity. Properties of ZnO/Ag/ZnO multilayers for different Ag
thicknesses: (c) optical transmittance spectra; and (d) conductivity.

The transparency is a vital factor for a transparent electrode. It was obvious that the transmittances
in the stacked ZnO/Ag/ZnO multilayer are strongly affected by the morphology of the Ag layer which
is due to the O, concentration. Figure 5a shows the optical transmittance of ZnO/Ag/ZnO electrode
deposited on glass at different £f(O,) from 0% to 4.0%.
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Figure 5. Properties of ZnO/Ag/ZnO multilayer films for different £f(O,) from 0% to 4.0% on glass:
(a) optical transmittance spectra; and (b) absorption spectra; Properties of ZnO/Ag/ZnO multilayer
films for different f(O,) from 0% to 4.0% on PET: (c) optical transmittance spectra; (d) absorption spectra.
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If O, was absent during Ag deposition, the obtained ZnO/Ag/ZnO electrode on transparent glass
had poor optical transmittance (less than 80% in 350-800 nm). When an appropriate amount of O, was
used in the Ag deposition, the optical transmittance of the ZnO/Ag/ZnO electrodes was obviously
improved. In particular, when the O, concentration was 3%, the optical transmittance reached a
superlative value of 94.8% at the wavelength of 560 nm, consistent with the SEM and AFM results.
Meanwhile, the transmittances are not more than 40% in the wavelength range of 300—400 nm which
indicated that the ZnO/Ag/ZnO system can be viewed as a UV-protected electrode for optoelectronic
devices [20].

The corresponding absorption spectra in visible wavelengths for ZnO/Ag/ZnO films for different
£(O,) values are shown in Figure 5b. The absorption value was the largest if there was no O, during the
Ag deposition, while the value was the smallest when the O, concentration was 3%. The representation
further confirmed our results whereby the continuous Ag film provides excellent optical transmittance.
The transparent flexible electrode of the ZnO/Ag/ZnO films on PET substrate gave the same result
again, as shown in Figure 5c,d. The electrode of 3.0% O, under optimized conditions shows a
transmittance of 95.9% at a wavelength of 570 nm.

The conductivity of the electrodes on transparent rigid glass and flexible PET substrates are
characterized by the four point probe technology in Figure 6a and the schematic diagrams of the
four-point probe system used to measure the sheet resistance is shown in Figure 6b [24]. In Figure 6c,
the ZnO/Ag/ZnO flexible electrode (Rs = 9.23 Q) sqfl, T =94.2%) can replace electric wire to complete
the circuit and enable light-emission from a LED, demonstrating its high conductivity. As illustrated in
Figure 6d, on the rigid glass substrate, the sheet resistance decreased from 17.54 Q)-sq~! to 8.58 Q-sq !
when the f(O,) ranged from 0% to 2.0%. The conductivity was greatly improved based on the
continuous Ag film formed by oxidation-induced deposition on the ZnO layer. However, when the O,
concentration was over 3.0%, there was slight increment in the sheet resistance. The ZnO/Ag/ZnO
films deposited on PET substrate has the same sheet resistance trend from 12.57 () sq_l (f(Oy) =0)
to 8.11 O)- scf1 (f(Oy) = 2.0%), then to 11.07 Q- scf1 (f(Og) = 4.0%). Importantly, we obtained a low
sheet resistance 8.11 Q)-sq~! for ZnO/Ag/ZnO flexible electrodes, which is outstanding in the field of
transparent flexible electrodes [25-27].
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Figure 6. (a) Sheet resistance of the transparent electrodes (f(O;) = 2.0%) measured using a four-point
probe instrument; (b) the schematic pictures of four-point probe; (c) flexible transparent film
(f(O2) = 2.0%) in an electrical circuit powering three LEDs; (d) electrical properties of ZnO/Ag/ZnO
multilayer films with different f(O;) from 0% to 4.0%; (e) ®1c of ZnO/Ag/ZnO multilayer films with
different f(O,) from 0% to 4.0%; and (f) sheet resistance changes of ZnO/Ag/ZnO (£f(O,) = 2.0%) under
an air atmosphere at room temperature for six months.
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The figure of merit ($r¢) is an important parameter to evaluate the performance of transparent
electrodes, which was defined by Haacke as follows [28]:

Prc = T'/Rg 1)

where T is the optical transmittance at a wavelength of 550 nm and Rg is the sheet resistance. ¢ was
calculated as shown in Figure 6e, as was as high as 4.53 x 10~2 Q! when the f(O,) was 2.0%, matching
well the foregoing results. The ®1¢c of ZnO/Ag/Zn0O is higher than the reported value (0.88 x 1072) of
ITO [29]. The result indicates that highly transparent and conductive ZnO/Ag/ZnO can be prepared
by the inclusion of a remarkably small amount of oxygen while the Ag films are deposited. The ZnO
layer in ZnO/Ag/Zn0O electrodes also prevents the oxidation of Ag to enhance the stability for long-life
flexible electronics. We investigated how the sheet resistance changed under an air atomsphere with
the exposure time, as shown Figure 6f. After six months, the electrical performance of ZnO/Ag/ZnO
(f(Oy) = 2.0%) electrode was still perfect.

The structural durability of ZnO/Ag/ZnO (f(Oz) = 2.0%) multilayer on flexible PET was
characterized by a bending test under tensile stress. Figure 7 shows the sheet resistance of
Zn0O/Ag/Zn0O electrode bent 800 times under different bending radii from 1 nm to 10 mm. When the
bending radius is less than 2 mm, the resistance after 800 bending repetitions almost remained constant
as before bending. When the bending radius was 2 mm, the sheet resistance increased only about 0.5 (
after 800 bending cycles. The sheet resistance did not change significantly even when the bending
radius decreased to 1 mm. The insert picture is a bending test of ZnO/Ag/ZnO multilayer on PET for
1 mm bending radius. This means that the ZnO/Ag/Zn0O (f(O;) = 2.0%) multilayer on flexible PET
has excellent flexibility due to the existence of the Ag metal layer.
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Figure 7. Sheet resistance of ZnO/Ag/ZnO multilayer films after 800 bending repetitions for different
bending radii.

3. Materials and Methods

3.1. Fabrication of ZnO/Ag/ZnO Films

The ZnO/Ag/ZnO transparent electrodes on glass and PET substrates were deposited using a
tilted dual-target radio frequency (RF) and direct current (DC) magnetron sputtering system (TSU-450,
Techno, Beijing, China) at room temperature. The glass and PET substrates were ultrasonically cleaned
in deionized water, acetone and ethanol for 15 min, respectively, followed by drying under flowing N5.
For preparing the electrodes, the pressure in the chamber was pumped down to <8 x 10~ Pa, while the
working pressure was set at 2.0 Pa. Before deposition, the ZnO and Ag targets were all systematically
pre-sputtered during 15 min under a pure Ar atmosphere. Both ZnO films were deposited with a
RF power of 100 W from ZnO target (99.9% pure). The Ag films were obtained from 99.99% purity
Ag under Ar atmospheres with different ratios of O; {f(Oy): (O2/(O + Ar) (I) 0; (II) 1.0%; (III) 2.0%;
(IV) 3.0%; (V) 4.0%)} with a DC power of 20 W. The thicknesses of the ZnO and Ag layer were controlled
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by the sputtering time. Table 1 shows the experimental conditions for the deposition of ZnO/Ag/ZnO
multilayers.

Table 1. Sputtering conditions of ZnO/Ag/ZnO multilayers.

Conditions
Deposition Parameters
Top ZnO Ag Bottom ZnO
Target Zn0O (99.9%) Ag (99.9%) Zn0O (99.9%)
Target diameter (inch) 2 2 2
Sputtering power (W) 100 (RF) 20 (DC) 100 (RF)
Gas flow rate (sccm) Ar: 63 O; flow rate: 0—4, Ar flow rate: 96-100 Ar: 63
Initial pressure (Pa) 8 x 1074
Working pressure (Pa) 2.0
Substrate temperature Room temperature (~22 °C)

3.2. Characterization

The crystal structure of ZnO/Ag/Zn0 films was investigated using XRD (D8 ADVANCE, Bruker,
Karlsruhe, Germany) with Cu-Ko (A = 0.15405 nm) radiation. The surface morphology of the Ag films
was characterized by using SEM (S-4800, Hitachi, Tokyo, Japan) and atomic force microscopy (AFM,
XE-100, Park System, Tokyo, Japan). The thickness of the films was checked by quartz crystal thickness
monitor (Dektak XT, Bruker). The transmittance of ZnO/Ag/ZnO electrodes was measured using a
UV /visible spectrometer (Lambda 35, PerkinElmer, Waltham, MA, USA). The sheet resistance of the
ZnO/Ag/ZnO electrodes was analyzed by a four-point probe (5T-2258A, Suzhou lattice Electronics
Co., Ltd., Suzhou, China). The structural durability of the ZnO/Ag/ZnO on PET was evaluated by
bending test using an electronic tensile testing machine (CMT-6304, Zhuhai Sust Electrical Equipment
Co., Ltd., Zhuhai, China).

4. Conclusions

In summary, we have developed highly stable, transparent and conductive ZnO/Ag/ZnO
electrodes on arbitrary transparent substrates, such as glass and PET, by a simple and room-temperature
magnetron sputtering method under an Ar atmosphere containing an appropriate amount of O, to
prepare continuous Ag films. Our studies have shown that O, flows with concentrations between 2%
and 3% could greatly induce the growth of Ag films, which is very good for the transmittance and
conductivity of ZnO/Ag/Zn0O electrodes. The best performance based on ZnO/Ag/Zn0O electrodes
achieved 94.8% visible transmittance, 8.58 Q- sq~! on transparent glass, and 95.9% visible transmittance,
8.11 Q-sq~! on PET substrate. The UV-protective properties of the ZnO/Ag/ZnO electrodes could
be readily applied to UV-damped photoelectric devices. Importantly, the above electrodes indicated
good stability after six months under an air atmosphere. We believe that the high-performance
ZnO/Ag/ZnO electrodes with continuous Ag film on rigid/flexible transparent substrates will
greatly broaden the applications of enhanced-performance transparent conductive electrode-based
optoelectronic devices.
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