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Zinc tin oxide (ZTO)/Ag/ZTO multilayer thin films were grown by direct current (DC) magnetron sputtering
technique at room temperature on soda lime glass (SLG) and different polymer substrates such as polycarbonate
(PC) and polyethylene terephthalate (PET) for transparent conductive electrode (TCE) applications. The effect of
substrate on the structural, optical and electrical characteristics of ZTO/Ag/ZTO multilayers was investigated. All
prepared ZTO/Ag/ZTO films presented amorphous structure as expected from room temperature deposition
process and smooth surface quality with very low surface roughness. We found that ZTO/Ag/ZTO multilayer
films grown on SLG, PET and PC substrates have very high optical transmission and low surface resistance.
Moreover, after ZTO/Ag/ZTO multilayer thin film deposition on polymer substrates, the optical transmission was
found to be enhanced because the higher absorption due to Ag layer is compensated by lower reflectance. Our
results suggest that ZTO/Ag/ZTO multilayer thin films on any substrate can be a promising alternative to indium
tin oxide (ITO) films as a cost-effective, indium-free, flexible and transparent electrode for various applications.

1. Introduction

The research for transparent conductive electrodes (TCE) is driven by
the expanding need for optoelectronic device applications such as solar
cells, touch screens, Organic Light Emitting Diodes (OLEDs), Liquid
Crystal Displays (LCDs), Light Emitting Diodes (LEDs). There are various
transparent conductive oxides (TCOs) such as indium tin oxide (ITO) [1,
2], indium zinc oxide (IZO) [3], gallium zinc oxide (GZO) [4], aluminum
zinc oxide (AZO) [5,6], molybdenum-doped indium oxide (IMO) [7] and
hydrogenated zinc oxide films (ZnO:H) [8] that have been used in these
applications. ITO is the most commonly used TCE in commercial devices
due to its high transparency and low sheet resistance. Indium, which is
the main constituent of ITO, is known to be an expensive and scarce
material [9-11]. Therefore, high pricing and lack of sufficient indium
supplies could potentially limit ITO usage in future electronics. In
addition, manufacturing high quality ITO thin films requires higher
processing temperatures (over 300 °C) which could be a serious hin-
drance to fabricate ITO films on various substrates. Besides, the
increasing demand of ITO as transparent electrode for commercial
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products also increase the price of it [12]. Therefore, it is necessary to
replace ITO with a better TCE which can be grown at room temperature,
and have high transparency and conductivity.

The dielectric/metal/dielectric (DMD) multilayer thin film elec-
trodes have been considered as a promising alternative to ITO film [13].
Single layer TCOs, sputtered at room temperature, have been shown to
be highly transparent and conductive, yet these single layer systems can
generate a large optical loss (approximately 16%) due to Fresnel
reflectance at the interfaces [14]. Recently, functional multilayer thin
films consisting of a metal interlayer sandwiched between semi-
conductor layers have been proposed in order to enhance the electrical
and optical properties of TCEs [15]. Some of the recent studies presented
detailed design principles for optimizing the performance of the struc-
ture [16,17]. Most of these designs consist of two different dielectric
layers requiring three target materials. This issue complicates the
fabrication process and increases the cost of production. Therefore, for
the feasibility of fabrication, simple DMD structures have become more
attractive. Especially, Zinc Tin Oxide (ZTO)/Ag/ZTO [18], ITO/Ag/ZTO
[19], 1ZO/Ag/1Z0 [20], ZTO/Ag/ZTO [21], GZO/Ag/GZO [22],
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Fig. 1. Schematic diagram of DC magnetron sputtering system.

AZO/Ag/AZO [23], ITO/Ag/ITO [24], ZnO/Ag/ZnO [25] and Niobium
Titanium Oxide (NTO)/Ag/NTO [26] have been comprehensively
investigated. Among these multilayer thin film electrodes, ZTO/Ag/ZTO
is the most preferred one because of its low sheet resistance of about 10
Q/sq and high optical transmittance 85.5% at 550 nm in the visible
range of the spectrum [18,27].

Another advantage of these DMD multilayer thin film electrodes
apart from their feasibility of room temperature fabrication, high optical
transmittance and low sheet resistance, they can easily be grown on
thermoplastic materials such as polyethylene terephthalate (PET) [28],
polycarbonate (PC) [29], polyimide (PI) [30], polyether sulfone (PES)
[31] and polyethylene naphthalate (PEN) [32,33]. Thus, they could be
applied in flexible electronics. Although there have been some reports
demonstrating the room temperature growth of transparent conductive
ZTO/Ag/ZTO films on various plastic substrates via sputtering tech-
niques, to the best of our knowledge, ZTO/Ag/ZTO thin films on PC
substrate have never been investigated.

In this study, ZTO/Ag/ZTO multilayer thin film electrodes have been
grown by DC magnetron sputtering at room temperature on three
different substrates; soda lime glass (SLG), PC, and PET to investigate the
effect of the substrate. The structural, electrical and optical character-
izations of the ZTO/Ag/ZTO multilayer thin film electrodes were per-
formed by using x-ray diffraction (XRD), scanning electron microscopy
(SEM), atomic force microscopy (AFM), Raman spectroscopy and UV/
Vis/NIR spectrophotometry techniques.

2. Experimental

ZTO/Ag/ZTO multilayer thin films were grown by DC magnetron
sputtering technique without any substrate heating process under high
vacuum on 1.0 mm thick SLG, 21 mm thick PC and 75 pm thick PET. It is
mentioned in many publications that RF and DC magnetron sputtering
are the best techniques for fabrication of ZTO [12]. The sputtering was
done using a ZTO target (2 in.) with a Zn:Sn atomic ratio of 2:1 which is
thermodynamically stable. The substrates were cleaned in an ultrasonic
bath in alcohol and de-ionized water sequentially for 10 min. The
cleaning process was followed by an oxygen plasma treatment for 10
min to eliminate organic residue from the surface. Then the samples
were placed into the vacuum chamber as shown in Fig. 1. The vacuum
chamber was first evacuated to a pressure of < 5 x 10~2 Torr by a rough
pump, then a base pressure of less than 2 x 10~° Torr was achieved
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Table 1
Sheet resistance and transmission data for ZTO/Ag/ZTO/SLG multilayer thin
films having different Ag deposition rate.

Sample Ag Sheet Resistance Transmission at 550 nm
Deposition (ohm/sq) (%)
Time(s)
SLG - - 91.6
ZTO/Ag/ 20 11.7 £ 0.2 90.4
ZTO-1
ZTO/Ag/ 21 10.4 + 0.2 89.6
ZTO-2
ZTO/Ag/ 22 9.9+ 0.2 91.2
ZTO-3
ZTO/Ag/ 23 8.1+0.2 89.0
ZTO-4
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Fig. 2. Optical transmittance spectra of ZTO/Ag/ZTO/SLG with various Ag
deposition time.

using a turbo molecular pump (TMP) under Ar gas flow. The working gas
pressure, target to substrate distance and the sputtering power were set
as 2.0 x 1073 Torr, 7.5 cm and 15 W, respectively. Prior to each depo-
sition process, the surfaces of ZTO and Ag targets were pre-sputtered in
the Ar environment for 10 min in order to remove the native oxide layer.

The deposition process started with sputtering first ZTO layer for 10
min, then Ag interlayer was sputtered and finally, ZTO layer was sput-
tered for 10 min on top. The deposition time for Ag layer was varied
from 20 to 23 s and Transmission (%) and Sheet Resistance of ZTO/Ag/
ZTO structures were measured. Table 1 presents the obtained results
with respect to Ag deposition time and Fig. 2 shows the optical trans-
mittance spectra acquired from blank SLG and ZTO/Ag/ZTO/SLG
samples. Based on these results, 22 s was found to be the optimum
deposition time for Ag layer which gives the highest transmittance and

Table 2
The optimized growth conditions for ZTO/Ag/ZTO multilayer thin films.

Deposition Parameters Sputtering Conditions

Base pressure (Torr) <2 x 107° Torr

Deposition pressure (Torr) 2 x 1073 Torr
DC power (W) ZTO: 15 W, Ag: 15 W
Target-substrate distance (cm) 7.5 cm

Ar gas flow rate (sccm)
Deposition Time
Substrate temperature

ZTO: 30 sccm, Ag: 40 sccm
ZTO: 10 min, Ag: 22s
Room temperature
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Fig. 3. XRD spectra of ZTO/Ag/ZTO films on SLG, PET and PC substrates.

low sheet resistance. Because, when the deposition time was less than
22 s, Ag adatoms are homogenously distributed on ZTO layer, however
they do not electrically connect to each other to form a continuous film.
In addition, the grain size in the Ag layer was increased which led to a
decrease in grain-boundary scattering [34]. Therefore, the effect of Ag
layer was not observed in the optical and electrical properties of the
ZTO/Ag/ZTO multilayer as seen in Table 1.

Above a hundred sample were deposited for this study. After opti-
mum parameters given in Table 2 were obtained, ZTO/Ag/ZTO multi-
layer films were grown on three type of substrates. All the deposition
processes were performed at room temperature to prevent heating of the
polymer substrates. On the other hand, the temperature of the substrate
was measured to be reaching about 60-70 °C during sputtering process.

The thicknesses of the ZTO/Ag/ZTO samples were measured by a
surface profilometer (Veeco DEKTAK 150). The structural character-
izations were comprehensively studied via XRD measurements per-
formed with Phillips X’ Pert Pro X-ray diffractometer using Cu Ka
radiation (A = 1.5406 A) at a scanning rate of 0.016°/s in the 26 range of
20°-70°. The surface morphology was investigated with SEM images
(FEI-Quanta FEG 250 SEM) captured at an operating voltage of 20 kV.
The surface topography and root mean square (RMS) roughness were
analyzed by AFM scans of 5 pm x 5 pm. Raman measurements were
performed by micro-Raman spectrometer (S&I Mono Vista Raman Sys-
tem, 0.750 mm Imaging Triple Grating Monochrometer) using Ar-ion
laser with excitation wavelength of 514.5 nm at 25 mW for both ZTO
and ZTO/Ag/ZTO samples. Calibration was done using Si main mode at
521 cm ™! and the measurements were taken with 600 gratings using
100x objective. The surface resistances of ZTO/Ag/ZTO electrodes were
obtained by a four-point probe system equipped with a Keithley 2425
instrument. The transmittance data were acquired by PerkinElmer
Lambda 950 UV/Vis/NIR spectrophotometer between 200 and 2600

w

159 Element |Wt% Atomic %
| o 2102 |55.98
1 Zn 53.51  |34.88
10-] Sn 2546  |9.14
3] Total:  |100.00 |100.00
& - Zn
5 -
1ilo
'
0 'I'I'I'I|'I'I'I'l'|'l'l'l'l'|'l'l'l'l'|
0 5 10 15 keV|
Fig. 5. EDX analysis of ZTO Target.
E Element |Wt% _ |Atomic% - -
10-] 0 47.56 81.26 = m'
] Zn 35.02 |14.64 2o
. Ag 3.66 0.93 NEER Bl
3 ] sn 1376|317
g Total:  |100.00 |100.00

[

e

0 5 10 15 keV

=

Fig. 6. EDX analysis of ZTO/Ag/ZTO/SLG multilayer thin film electrodes.
nm.

3. Results and discussion

The thickness of each layer in ZTO/Ag/ZTO multilayer was obtained
from thickness profile as 40 nm for ZTO and 9.5 nm for Ag layers. In
addition, the total thickness of the multilayer structure on glass, PET and
PC substrate was measured as 90 nm.

Comparison of XRD patterns of ZTO/Ag/ZTO films deposited on SLG,
PET and PC substrates is given in Fig. 3. No crystalline peaks were
observed in any XRD spectra except for the one at 25.9° which is the
main diffraction peak of the PET substrate, as PET is a typical semi-
crystalline thermoplastic [35]. Consistent with the literature [18],
XRD analysis confirmed that all ZTO/Ag/ZTO films grown at room
temperature were found in amorphous state. Thanks to its amorphous
structure and the comparatively high flexibility of choosing deposition
parameters, ZTO/Ag/ZTO is well suited for TCE applications.

The surface morphology was extensively investigated by SEM anal-
ysis. Fig. 4 presents the SEM images of ZTO/Ag/ZTO multilayer struc-
tures deposited on SLG, PC and PET substrates. All ZTO/Ag/ZTO
multilayer thin film electrodes on the three different substrates exhibi-
ted very smooth and flat surface without any defects like cracks pin-
holes, pores and protrusion. The roughness seen on the ZTO/Ag/ZTO

Fig. 4. SEM images of (a) ZTO/Ag/ZTO/SLG, (b) ZTO/Ag/ZTO/PC and ZTO/Ag/ZTO/PET multilayer thin film electrodes.
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Fig. 7. (a) 3D and (b) 2D AFM images of ZTO/Ag/ZTO/SLG, (c) 3D and (d) 2D AFM images of ZTO/Ag/ZTO/PC, (e) 3D and (f) 2D AFM images of ZTO/Ag/ZTO/

PET samples.

thin film grown on PET substrate was caused by the surface of the
substrate underneath. The smoothness of TCE surface is extremely sig-
nificant for the applications, because such structural imperfections can
cause serious break down or short-circuit problems in various electronic
devices.

The atomic concentrations of ZTO target used for sputtering (Fig. 5)
and as deposited ZTO/Ag/ZTO thin films on SLG (Fig. 6) were deter-
mined by EDX analyses. EDX results showed that while the Zn/Sn ratio
was 3.8 for ZTO target, it was 4.6 for ZTO/Ag/ZTO film on SLG. This
difference in Zn/Sn ratios results from some of the tin evaporating away
from the structure during the coating process. When the surface of the
ZTO target is examined, white areas are seen on the surface. This is due
to the presence of different stoichiometry rates on the surface of the
target. EDX analysis of target were taken after racetrack was formed on
surface of 2-inch target by deposition process. The phase segregation
was occurred and the atomic concentration was changed by Ar ion
bombardment. On the other hand, there was no texture on the film
surface grown by using this target.

The surface topographies of the ZTO/Ag/ZTO multilayer thin films
deposited on SLG, PC and PET substrates were investigated by two (2D)
and three-dimensional (3D) AFM images shown in Fig. 7. The RMS
roughnesses of these electrodes at room temperature were calculated as
1.45 nm for SLG, 3.00 nm for PC and 5.90 nm for PET substrates. The
low surface roughness is one of the most important advantage of the
ZTO/Ag/ZTO multilayer thin films to be used as TCEs in optoelectronic
device applications, because smooth surface can prevent possible shunts
and leakage current in the devices [25,26].

Raman spectroscopy analysis was performed to investigate the
structural properties of ZTO/SLG and ZTO/Ag/ZTO/SLG samples.

1]
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Fig. 8. Raman spectra of ZTO/SLG and ZTO/Ag/ZTO/SLG thin films.

Raman spectrum of ZTO/SLG thin film at room temperature is depicted
in Fig. 8. Raman peaks appearing at 309.9 cm ™! and 366.2 cm ™! can be
attributed to E (LO) and Al (LO) symmetries, respectively, in ZnSnO3
whereas the peak at 776.4 cm ™! is assigned to the Bag (asymmetric Sn-O
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Fig. 9. Optical transmittance spectra for uncoated and ZTO/Ag/ZTO-coated (a) SLG, (b) PET and (c) PC substrates.

Table 3
Sheet resistance and optical transmittance of ZTO/Ag/ZTO multilayer thin films
deposited on SLG, PC and PET substrates.

Samples Sheet Resistance (ohm/sq) Transmittance at 550 nm (%)
SLG - 91.6
ZTO/Ag/ZTO/SLG 8.6 £ 0.2 91.2
PC - 75.7
ZTO/Ag/ZTO/PC 6.7 + 0.2 77.2
PET - 59.2
ZTO/Ag/ZTO/PET 11.2+0.2 62.0

stretching) vibration modes of SnOy [36]. A broad Raman peak at
1094.3 cm™! is related to the SLG substrate [37]. According to the
literature [36], ZnSnOg3 peaks are observed in Raman spectra of the
samples grown at room temperature. With a heat treatment up to 500 °C,
ZnySn04 phases appear at 521 em ™! and 669 em™! [38-40]. However,
due to the room temperature processing, these peaks were not observed
in the present study.

The optical transmittance data as a function of wavelength for un-
coated and ZTO/Ag/ZTO coated substrates are given in Fig. 9. The op-
tical transmittance values at 550 nm were found to be 91.6% for SLG
(Figs. 9a), 59.2% for PET (Figs. 9b) and 77.2% for PC (Fig. 9¢) sub-
strates. The optical transmittance and sheet resistance measurements
are summarized in Table 3 for ZTO(10min)/Ag(22s)/ZTO(10min) layers
deposited onto SLG, PET and PC substrates. The results clearly indicate
that all ZTO/Ag/ZTO multilayer thin films are highly transparent at 550
nm which is a remarkable achievement when compared to other popular
TCOs used in commercial products. For example, transmission of the
most preferred transparent electrode, ITO, is about 85% on SLG [1,41]
and 75% on PC [42]. Besides, we found that ZTO/Ag/ZTO films
deposited on PC and PET substrates show enhanced optical trans-
mission. Minimum reflection is obtained because of the absorption
taking place in the silver thin film layer [16]. To explain this phenom-
enon; absorption, transmission and reflection of ZTO/Ag/ZTO
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Fig. 10. Simulated absorption, transmission and reflection data of ZTO/Ag/
ZTO/PC sample.

multilayer on PC substrate was simulated using OpenFilters Software
[43]. Fig. 10 shows the simulation results of transmission, absorption
and reflection of the uncoated and ZTO/Ag/ZTO coated PC substrates
over the wavelength range 200-2600 nm. As seen in the figure, the
simulated transmission data are well matched for uncoated and coated
substrates indicating the enhanced transmission of substrates at 550 nm.
In addition, it was found that the absorption values of the coated sub-
strates increase while their reflection decreases at 550 nm. This indicates
that, the absorption takes place in the silver thin film layer so reflection
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Fig. 11. Photograph of a ZTO/Ag/ZTO/PC sample over IZTECH logo.

decreases and transmission enhances.

A photographic image of the ZTO/Ag/ZTO multilayer thin film
coated on a 21 mm thick PC substrate is shown in Fig. 11. As seen in the
picture, the logo can be clearly seen through the coated PC substrate
since the ZTO/Ag/ZTO multilayer film coating is highly transparent.

4. Conclusions

In this study, ZTO/Ag/ZTO multilayer thin film electrodes were
fabricated by DC magnetron sputtering onto various transparent sub-
strates, such as SLG, PC and PET. The structural, optical and electrical
properties of deposited ZTO/Ag/ZTO electrodes were extensively stud-
ied. As a result of the present investigation, it was shown that ZTO/Ag/
ZTO multilayer films are highly transparent and conductive compared to
conventional TCOs. Especially, high optical transmittance (77%) and
low sheet resistance (6.7 Q/square) of ZTO/Ag/ZTO multilayer film
deposited on 21 mm thick PC substrate at room temperature could be
useful for various device applications, since ZTO/Ag/ZTO multilayer
thin film deposited on PC and PET substrates showed an enhanced
transmission due to the higher absorption and lower reflection occurred
in Ag thin film layer and a decrease in grain-boundary scattering. While
the transmission of uncoated PC and PET are 75.9% and 58%, coated PC
and PET are found to be 77% and 62% at 550 nm, respectively. In
addition, ZTO/Ag/ZTO multilayer thin film electrodes on all substrates
exhibited very smooth surface with very low roughness, which is
essential for developing high performance OLEDs. This surface quality
could also be very advantageous for optoelectronic device applications,
as it can prevent break down or short-circuit. In addition, low surface
roughness of the ZTO/Ag/ZTO multilayer thin film electrodes could help
suppressing possible shunts and leakage current in the devices. As a
result, because of their excellent electrical and optical properties, ZTO/
Ag/ZTO electrodes can be a promising candidate for TCE applications.
The present work provides a good platform to further study room tem-
perature fabrication of flexible TCEs and thus develop novel flexible
optoelectronic devices.
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