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ABSTRACT

THE EFFECT OF BENDING CYCLES ON OPTICAL AND
ELECTRICAL PROPERTIES OF MULTILAYER ZTO/AG/ZTO AND
ITO TRANSPARENT CONDUCTIVE OXIDE THIN FILMS GROWN

BY MAGNETRON SPUTTERING

This thesis aims to investigate and characterize the structural, electrical and
optical properties of Zinc Tin Oxide (ZTO, Zn,Sn04)/Ag/ZTO (ZAZ) and Indium Tin
Oxide (ITO, In203:Sn0y) thin films grown on flexible substrates before and after bending
cycles.

There are many reasons why ITO and ZTO/Ag/ZTO (ZAZ) thin films were chosen
for comparison. One of these main reasons is the decreasing availability of the Indium
element in nature. Another reason is that the processing and market value of this element
is relatively expensive. Due to these situations, researchers have started to search for new
sources with higher availability and processability. As a result of the studies, a sandwich
structure consisting of a Zinc Tin Oxide compound was developed as an alternative to the
Tin doped Indium Oxide composition and the intermediate layer was completed using the
Silver element. This structure offered similar properties to ITO in Transparent conducting
oxide (TCO) materials requiring high conductivity and high transparency.

In experimental studies, optimum parameters were determined for thin film coated
samples prepared using the magnetron sputtering technique and the necessary samples
were prepared for characterization. In this process, after the substrates were prepared, the
growth processes were completed, and the samples were made ready. The coatings were
grown on polycarbonate (PC) rulers at room temperature. Adhesion test, profilometry and
Scattering Electron Microscopy (SEM) were used for structural characterization of the
samples, 2-probe and 4-probe methods were used for electrical characterization, and
spectrophotometer was used for optical characterization.

As a result of this study, it was determined that the ZAZ multilayer structure
performed better compared to ITO coatings. The obtained data revealed that an alternative
ZAZ structure could be used to eliminate the use of ITO due to the limited availability of
Indium. Additionally, this study not only demonstrates the potential of using ZAZ thin
films instead of ITO thin films but also serves as a guide for the future applicability of

ZAZ films in various flexible wearable material technologies.



OZET

BUKULME DONGULERININ MIKNATISSAL SACTIRMA ILE
BUYUTULMUS COK KATMANLI ZTO/AG/ZTO VE ITO SEFFAF
ILETKEN OKSIT INCE FILMLERIN OPTIK VE ELEKTRIKSEL
OZELLIKLERI UZERINDEKI ETKiSi

Bu tez calismasi, esnek alttaglar {izerine biiyiitillen ZTO/Ag/ZTO ve ITO ince
filmlerin, biikiilme dongiileri uygulanmadan 6nce ve sonra yapisal, elektriksel ve optik
Ozelliklerinin incelenmesini ve karakterizasyonunu amaglamaktadir.

ITO ve ZAZ ince filmlerin kiyaslama i¢in sec¢ilmesinin bir ¢ok sebebi vardir. Bu
temel sebeplerden bir tanesi dogada indiyum elementinin bulunabilirliginin azalmasidir.
Bir bagka sebep ise bu elementin islenme ve piyasa degerinin gorece pahali olmasidir. Bu
durumlar nedeniyle arastirmacilar bulunabilirligi ve islenebilirligi daha yiiksek olan yeni
kaynaklarin arayisina girmistir. Calismalar sonucunda, Kalay katkili Indiyum oksit
bilesimine alternatif olarak, Cinko Kalay Oksit bilesiginden olusan sandvi¢ yapi
gelistirilmis ve ara katman, Giimiis elementi kullanilarak tamamlanmistir. Bu yapi yiiksek
iletkenlik ve yiiksek seffaflik gerektiren TCO malzemelerde ITO ile benzer 6zellikleri
sunmustur.

Deneysel calismalarda magnetron sactirma teknigi kullanilarak hazirlanan ince
film kapli Ornekler i¢in optimum parametreler belirlenmis ve karakterizasyon igin
gerekli Ornekler hazirlanmistir. Bu siirecte alttaglar hazirlandiktan sonra biiylitme
islemleri tamamlanmis ve Ornekler hazir hale getirilmistir. Kaplamalar oda sicakliginda
polikarbonat  (PC)  cetveller iizerine  biiyiitiilmiistii. =~ Orneklerin  yapisal
karakterizasyonlari i¢in bant testi, profilometri ve Sagilma Elektron Mikroskobu (SEM),
elektriksel karakterizasyonu i¢in 2-prob ve 4-prob yontemi, optik karakterizasyonu i¢in
spektrofotometre kullanilmistir.

Bu ¢alismada sonug olarak, ZAZ ¢ok katmanli yapisinin ITO kaplamalara kiyasla
daha iyi performans gosterdigi belirlenmistir. Elde edilen veriler, Indiyumun sinirh
olmasi nedeniyle ITO kullanimini ortadan kaldirabilecek alternatif bir ZAZ yapisinin
kullanilabilecegini ortaya koymustur. Ayrica bu ¢aligma sadece ITO ince filmler yerine
ZAZ ince filmlerin kullanabilcegini gostermekle kalmayip, gelecekte ZAZ filmlerin
esnek giyilebilir malzeme teknolojisinde ¢esitli uygulamalarda kullanilabilirligi agisindan

yol gosterir nitelik tasimaktadir.

Vi
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CHAPTER 1

INTRODUCTION

Transparent conducting oxides are electrical conducting materials that possess
low light absorbing properties. TCOs are a class of materials that possess two key
properties: Optical transparence, they transmit visible light through them and therefore
they are considered as optically transparent. Electrical conductivity, even though they are
rather transparent, they display good electrical conductivity, which is quite rare for most
clear materials. TCOs were reported by Badeker when he first achieved the conducting
property of CdO thin films prepared by sputtering cadmium in 1905 (Badeker 1907).
These materials exhibit high optical transparency in the visible spectrum (Y. Zhu et al.
2006), allowing light to pass through with minimal absorption, and have good electrical
conductivity, enabling the flow of electrical current while maintaining transparency. This
property is essential for applications where both transparency and conductivity are
required, such as in-touch screens, flat panel displays, electrochromic devices, and thin
film solar cells. (Betz et al. 2006; Katayama 1999; Hosono 2007; Guillén and Herrero
2011; Granqvist 2007; Martin et al. 2004). They have low resistivity (Dhamodharan et al.
2015) which is essential for efficient conduction of electricity with minimal power loss.
Also, they are chemically stable, resistant to oxidation, and can withstand exposure to
harsh environments without significant degradation in performance (Mirletz et al. 2015).

Furthermore, TCO materials can be deposited as thin films on flexible substrates,
making them suitable for applications requiring mechanical flexibility, such as flexible
electronics and wearable devices (Guillén and Herrero 2011). It provides good contact
and stability in device manufacturing due to its good adhesion properties to the substrates
(H. Zhu et al. 2021). The ability to maintain its properties without deterioration at high
temperatures encountered during the operation of the device is due to the good thermal
stability of the TCO material. They can be tailored by adjusting the composition and
deposition parameters, allowing for customization to meet specific application

requirements (Chopra, Major, and Pandya 1983).
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Some common TCO materials include Indium Tin Oxide. It is one of the most
widely used TCO materials due to its high transparency in the visible region and good
electrical conductivity. It is mostly used in applications such as flat panel displays (Ruske
et al. 2007) touchscreens, and solar cells (Baxter and Aydil 2006), Zinc Oxide (ZnO) is
another popular TCO material known for its high transparency and good electrical
conductivity. It is used in including solar cells, light-emitting diodes and various

optoelectronic devices (Lewis, 2000).
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Figure 1. Commonly used TCO materials and additional dopants in the literature, along
with a comparison of the abundance of various materials. (Source: Pasquarelli et

al., 2011)

Doping is a common technique used to modify the properties of TCO materials as
shown in Figure 1. Doping with elements like indium, gallium, aluminum, tin or fluorine
can enhance the conductivity and transparency of TCOs (Heo et al. 2004; Singh,
Chaudhary, and Pandya 2016) Fluorine-doped Tin Oxide (FTO) is another TCO material
where tin oxide is doped with fluorine. In addition, Aluminium-doped Zinc Oxide (AZO)
is another TCO material that offers high conductivity and good transparency (H. Zhu et
al. 2014). It is often used as an alternative to ITO due to its lower cost and abundance of

source materials. The need to obtain Zinc Tin Oxide stems from its unique properties and



advantages that make it valuable for various applications, especially in the field of TCOs.
Alternative to Indium-Based TCOs because of indium scarcity and rising costs, the
development of ZTO provides a cost-effective option for transparent and conductive

coatings.

Table 1. The history of processes and creating TCOs (Source: Ginley, 2011)

Material Year  Process Reference

Cd-O

CdO 1907  Thermally K. Badeker, Ann. Phys. (Leipzig) 22, 749 (1907)
Oxidation

Cd-O 1952 Sputtering G. Helwig, Z. Physik, 132, 621 (1952)

Sn-0

SnO,:Cl 1947  Spray pyrolysis  H.A. McMaster, U.S. Patent 2,429,420
SnO,:Sb 1947  Spray pyrolysis  J.M. Mochel, U.S. Patent 2,564,706
SnO,:F 1951  Spray pyrolysis ~ W.O. Lytle and A.E. Junge

SnO,:Sb 1967 CVD H.F. Dates and J K. Davis, USP 3,331,702

Zn-0

Zn0:Al 1971 T. Hada, Thin Solid Films 7, 135 (1971)

In-O

In,O5:Sn 1947 M.J. Zunick, U.S. Patent 2,516,663

In,O5:Sn 1951  Spray pyrolysis  J.M. Mochel, U.S. Patent 2,564,707 (1951)

In,O03:Sn 1955  Sputtering L. Holland and G. Siddall, Vacuum III

In,03:Sn 1966  Spray R. Groth, Phys. Stat. Sol. 14, 69 (1969)

Ti-O

TiO,:Nb 2005 PLD Furubayashi et al., Appl. Phys. Lett. 86, 252101 (2005)

Zn-Sn-0

Zn,SnO, 1992  Sputtering Enoki et al., Phys. Stat. Solid A 129, 181 (1992)

ZnSnO; 1994  Sputtering Minami et al., Jap. J. Appl. Phys. 2, 33, L1693 (1994)

a-ZnSnO 2004  Sputtering Moriga et al., J. Vac. Sci. & Tech. A 22, 1705 (2004)

Cd-Sn-0

Cd,Sn0O4 1974  Sputtering A.J. Nozik, Phys. Rev. B, 6, 453 (1972)

a-CdSnO 1981  Sputtering F.T.J. Smith and S.L. Lyu, J. Electrochem. Soc. 128,
1083 (1981)

In-Zn-0O

Zn,In;05 1995  Sputtering Minami et al., Jap. J. Appl. Phys. P2 34, L.971 (1995)

a-InZnO

In-Ga-Zn-O

InGaZnO, 1995  Sintering Orita et al., Jap. J. Appl. Phys. P2. 34, 1550 (1995)

a-InGaZnO 2001 PLD Orita et al., Phil. Mag. B 81, 501 (2001)

ZTO (Zn2Sn04) has also advantages over ITO in terms of flexibility, thermal
stability, better electrical performance, and compatibility with large-area deposition
(Al Armouzi et al. 2021).

ZTO is often used in thin-film transistors (TFTs) and semiconductor applications
due to its semiconducting properties, high electron mobility, and potential for use in

electronic devices. ZTO is valued for its electrical properties rather than its transparency,
14



making it more suitable for applications where semiconducting behavior is required rather

than transparent conductivity (H. Zhu et al. 2014).
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Figure 2. The material structure type is defined by the energy band structure
(Source: Ghorbani & Taherian, 2018)

Since transparent conducting oxides are frequently induced by doping elements,
they have high electrical conductivity and high optical transmission at specific 400—700
nm wavelengths. The most profitable oxide-based materials are n-type conductors with a
large band gap oxide semi-conductor band gap of >3 eV. According to Lewis et al., TCO
materials have an optical transmittance of about 80% in the visible region and weak
electrical resistance of about 10>-10~* ©Q cm (Lewis 2000).

ZTO typically has a band gap in the range of 3.6 to 3.8 electron volts (eV) as a
semiconductor material. The band gap of a material refers to the energy difference
between the valence and the conduction band. This band gap value determines its optical
and electrical properties. This property makes ZTO suitable for various high-energy
applications (Dazai et al. 2020) ZTO structure combines with silver (Ag) to form
ZTO/Ag/ZTO material and is used as multilayer coatings. So, each material has its
strengths and applications within the TCO realm, with the ZTO/Ag/ZTO (ZAZ)
multilayer structure offering a unique combination of properties for specific
optoelectronic applications requiring both transparency and conductivity.

Studies show that the presence of Ag in the ZTO/Ag/ZTO (ZAZ) configuration
potentially enhance the thin film performance of TCO applications as it maintains the
electronic properties without losing its transparency (Kao, Chang, and Lin 2023; Dazai et

al. 2020). For metal oxide materials, Behrendt et al. This was proven in experiments that
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showed the added stability of the metal oxide layer through Sn-doping. Previous studies
have also demonstrated that doping with oxygen atoms into the silver interstitial sites can
lower the free energy of the silver mesh layer/oxidized phosphorus interface. This
enhancement significantly improves dewetting capability and material stability while also
impeding thermal degradation (Behrendt et al. 2015). Research on the stability of
Oxide/Metal/Oxide materials subjected to high temperature and humidity conditions at
85°C / 85% reveals that SnO exhibits superior structural stability compared to other
conductive metal oxides. Behrendt et al. experimentally approved that doping with Sn
improves the stability of the metal oxide layer, as mentioned in the literature (Silva et al.,
2023) On the other hand when it comes to the metal layer, Jeong et al.'s research results
demonstrate that doping the oxygen atom interstitial sites with Silver(Ag) can lower the
free energy of the interface for the silver middle layer, significantly enhancing dewetting

and material stability while also hindering thermal degradation (E. Jeong et al. 2021).

1.1. The Purpose of This Thesis

In this thesis, direct current (DC) magnetron sputtering was used to create
multilayer thin films of ZTO/Ag/ZTO over polycarbonate (PC) at room temperature for
use in transparent conductive oxide (TCO) applications. The aim of this study is to
growth, characterization, and after bending cycle structural, electrical and optical
properties of ITO and ZTO thin films on polycarbonates.

While selecting these materials used in experimental studies, some important
advantages were taken into consideration. ZAZ thin film optimized according to tin-
doped indium oxide has been preferred, as it is abundant availability and also has low
surface resistance, better performance, and less surface roughness.

As a result of the studies, the electrical and optical characterization of ITO and
ZTO/Ag/ZTO coatings after the bending cycle process is presented in detail. In addition,
it is envisaged that ZTO/Ag/ZTO multilayer films can be used as an alternative to ITO

among TCO materials.
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CHAPTER 2

LITERATURE REVIEW

In TCO/metal/TCO multilayer systems, the metal layers are frequently chosen
based on the desired thin-film properties from different metals, such as molybdenum
(Mo), copper (Cu), silver (Ag), and gold (Au). Three-layer structures such as
ZTO/Ag/ZTO (Choi et al. 2011; Ekmekcioglu et al. 2021) and IZO/Au/I1ZO (J. A. Jeong,
Park, and Kim 2010), ZnO/Ag/ZnO (Sarma and Sarma 2018; Sahu, Lin, and Huang
20006), AZO/Ag/AZO (Bingel et al. 2016; Jung et al. 2013; Sutthana, Hongsith, and
Choopun 2010), NTO/Ag/NTO (Park et al. 2010) are reported for use in several
applications. Since Ag thin films (< 20 nm thickness) display good transmittance in the
range of 400-700 nm and low resistance, Ag is the most preferred middle layer in
Dielectric / Metal / Dielectric multilayers. Various Dielectric / Ag / Dielectric multilayer
films, including metal-based dielectrics like Sn (Shihui Yu et al. 2014), Ti-In-Zn, ZnS (Z.
Yuetal. 2012), Al (Zhang et al. 2017), Zr (Song et al. 2013), Zn-Sn (Winkler et al. 2012),
Zn (Mohamed 2008) and Ti (Wu et al. 2013) have been studied.

2.1. Optical and Electrical Properties of Silver Layer

According to previous research in the literature, Ag was chosen as the
intermediate layer for the sandwich structure in this thesis study, and it was positioned
between the ZTO layers. Studies, where Ag was used as the intermediate layer in
multilayer materials and its optical and electrical properties, were compiled in the
literature review that is given below. The bending process results (flexibility, resistivity,
strength, etc.) were evaluated for various multilayer materials.

Wau et al. TiOx/Ag/TiOx (TAT) multilayers were constructed by amorphous TiOx
films sandwiching an Ag layer of 10 to 25 nm in thickness, and detailed investigations of
the optoelectrical characteristics were carried out by XRD, XPS, UV-Vis-NIR, and AFM,
respectively. Their transmittance of the samples was < 88% at 550 nm. The best
performance is obtained from the 18 nm film of the multi-layer sample among all the

samples (Wu et al. 2013).
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Moreover, Chiu et al demonstrated the ion-assisted deposition method used for
electron-beam evaporation to create a transparent and conductive Ag layer sandwiched
between two distinct TiO; and SiO> oxides. It was shown that 6.5 Q/o of sheet resistance
and an average transmission of ~89% in the 400—700 nm wavelength range were acquired

by optimizing the thicknesses of the dielectric films and metal (Chiu et al. 2014).

2.2. Performance of Multilayer Structures

In another study where Ag was used as a middle layer, Girtan examined the
optoelectrical characteristics of ITO(20nm)/Ag(7nm)/ITO(20nm) that were sputtered
onto PET and glass substrates using metallic targets such as In:Sn, Ag in an inert
environment for metallic interlayers and a reactive atmosphere for oxides. At room
temperature, the tri-layer films yielded a resistivity of around 3x107° Qcm and a
transmittance of ~90-97% at 550 nm (Girtan 2012).

To realize bulk-heterojunction organic solar cells, Choi et al. also focused on the
optical and electrical properties of ZnO/Ag/MoOs; multilayer electrodes which were
prepared on glass substrates by radiofrequency and direct current sputtering, respectively.
Even without a post-annealing treatment, the transparent composite electrodes showed a
sheet resistance of 5 Q/o, which was comparable to that of the ITO electrode of 20 Q/o
(Choti et al. 2011).

Sarma et al. present a thorough investigation of transparent and conducting
Zn0O/Ag/Zn0O thin films. ZAZ is deposited using the magnetron sputtering process on
glass and flexible substrates. For ZnO/Ag/ZnO thin films deposited on glass substrates,
the low sheet resistance of 17.0 /o and high transmission of 81.8% is obtained, while
for ZnO/Ag/ZnO films grown on PET substrates, the low sheet resistance of 14.7 Q/o
and high transmittance of 77,3% is noted. Understanding the effect of ZnO texture and
residual stress on the electrooptical characteristics of ZnO/Ag/ZnO multilayer films is
made easier by XRD research. XRD studies and electro-optical tests reveal that the main
reason for the tensile residual stress of ZnO over a certain threshold, which is suitable for
lower sheet resistance, is the lattice expansion in the cross direction to the film surface

(Sarma and Sarma 2018).

18



2.3. Mechanical Flexibility and Weathering Resilience

In another study, using radiofrequency (RF) magnetron sputtering, transparent
conductive zinc tin oxide (ZTO) thin films were grown on a glass. Sn-ZnO (ZTO) thin
films were deposited on glass. The effect of spray powder (90-240 W) on the morphology,
electrical, and optical properties of the samples was examined. According to the AFM
pictures, ZTO films with minimal roughness (Rq) should be produced using low
sputtering powers of less than 210 W. All the ZTO films had average light transmittances
between 87.1 and 93.4% in the 400-900 nm wavelength range, although the light
transmittance curves of the films deposited at high sputtering powers showed a multi-
peak oscillation feature. The films' bandgaps showed a red shift in comparison to pristine
Zn0O, and they ranged from 3.18 to 3.31 eV (Shijin Yu et al. 2021).

The optical and electrical characteristics of highly conductive and transparent
multilayer electrodes made by thermal evaporation of Ag and radiofrequency sputtering
of tin-doped zinc oxide (ZTO) as the top connection point for transparent organic light-
emitting diodes (TOLED) were examined by Winkler et al. At ~500 nm, ZTO/Ag/ZTO
(20 nm)/(8 nm)/(39 nm) exhibited a transmittance of approximately 82% and a sheet
resistance of 9 Q/o (Winkler et al. 2012).

In her master's thesis, Ekmek¢ioglu is investigating the suitability of using ZTO
as an anode instead of ITO thin film in OLED production. Initially, ZTO thin films
were generated on soda lime glass using magnetron  sputtering.
Afterwards, flexible Polyethylene Terephthalate (PET) substrate was coated with
ZTO thin film, and then Polyimide (PI) substrate was coated with ZAZ
sandwich structured tri-layer thin film using the same magnetron sputtering technique.
Spectrophotometry, energy-dispersive X-ray spectroscopy (EDS), scanning electron
microscopy (SEM), X-ray diffraction (XRD), and Raman spectroscopy have all been used
to examine the best coated thin films. The optimal parameters that were used were: DC
power of 15 W; target-substrate distance of 7.0 cm; gas flow rate of 15.0 sccm Ar and 5.5
sccm Oo; deposition time of 10 min; and substrate temperature of 90.4 °C. These were
the best conditions for optimizing the growth of ZnSnO thin films by ZT Target. As a
result, a ZTO thin film thickness of 98.3 nm yielded sheet resistance and optical
transmittance of 8.1 kQ/o and 90.1%, respectively. Additionally, it has been demonstrated

that when ZTO thin film thickness increases, so does its sheet resistance. Consequently,
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it is possible to reduce the upper layer of ZTO's sheet resistance. In this manner, optical
transmission can rise while sheet resistance can be significantly reduced.

Subsequently, the ZAZ/Soda Lime Glass (SLG) multilayer thin film electrode was
determined to have the lowest optical transmittance of 88.9% and the lowest sheet
resistance of 12.6 /0. Then, it was discovered that the ZAZ/PI multilayer thin film
electrode had the lowest optical transmittance of 69.1% and the lowest sheet resistance
of 13.0 Q/o. Ultimately, it was discovered that the ZAZ/PET multilayer thin film
electrode had the lowest optical transmittance of 62.0% and the lowest sheet resistance

of 20.8 /o (Ekmekcioglu, 2019).

2.4. Comparative Studies and Future Directions

Turkoglu's studies are similar to other studies, SLGs were used to create
ZTO/Ag/ZTO electrodes at room temperature via DC magnetron sputtering. The
effectiveness of these electrodes was examined in thin film thicknesses and the location
of the Ag intermediate layer inside the multilayer. It was found that by varying the
thicknesses of the top ZTO, middle Ag, and bottom ZTO films, it is possible to achieve
lower sheet resistance and better optical transmittance. With a transmittance of 87.11%
and a sheet resistance of 3.61 Q/o, the highest FoM was 69.69x10° Q!. When the
manufactured multilayers' solar spectrum selectivity was examined, however, the
multilayers with FoM < 60.12x107> Q! produced the best matches (Turkoglu et al. 2022).

Ekmekcioglu et al.'s research, for transparent conductive electrode (TCE)
applications, ZTO/Ag/ZTO multilayer thin films were grown at room temperature using
a direct current (DC) magnetron sputtering process on soda lime glass (SLG) and various
polymer substrates, including polycarbonate (PC) and PET. Investigations were
conducted into how the substrate affected the ZTO/Ag/ZTO multilayer films optical,
structural, and electrical properties. ZTO/Ag/ZTO multilayer thin film grown ona 21 mm
thick PC substrate at room temperature showed enhanced transmission due to higher
absorption and lower reflection in the Ag thin film layer and decreased grain-boundary
scattering. At 550 nm, the transmission of coated PET and PC is found to be 62% and
77%, respectively, while that of uncoated PET and PC is 58% and 75.9%. ZTO/Ag/ZTO
electrodes can therefore be a good option for TCE applications due to their superior

electrical and optical qualities (Ekmekcioglu et al. 2021).
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Hengst et al. investigated the behavior of two and three layer coating systems
which are composed of an electrode, an absorption layer, and a barrier for flexible a-Si:H
solar cells under mechanical stress. Two sets of ITO conductive coatings were created to
show how the microstructure of a single film influences the mechanical behavior of the
entire multilayer coating. As layer thickness increased, the number of defects that cause
crack formation increased along with the crack-starting strain of a-Si:H. It's interesting to
note that as film thickness increased using roll-to-roll (R2R) sputtering, the crack onset
strain (COS) of those films rose as well. This was explained by the films' growing
compressive stress. Lastly, depending on the ITO film shape, the failure behavior of
ITO/a-Si:H bilayers was investigated. Compared to ITO-2 and a-Si:H, the adhesion
between ITO-1 and a-Si:H was shown to be (qualitatively) stronger (Hengst et al. 2017).

Kim and colleagues explored a new kind of flexible, transparent electrode made
from a multilayer film composed of zinc tin oxide (ZTO), silver (Ag), and indium tin
oxide (ITO). They tested these films on flexible PET (polyethylene terephthalate)
substrates and found some impressive results. The ZTO/Ag/ITO films, with various layer
thicknesses, showed a high level of transparency in the visible light spectrum, ranging
from 79.4% to 89.2%. Notably, these multilayer films had lower electrical resistance
compared to a standard ITO layer of the same thickness (60 nm). The study revealed that
increasing the thickness of the silver layer from 6 nm to 14 nm led to a rise in both the
carrier concentration and the mobility of the film. Specifically, the carrier concentration
went up from 4.12x107"21 to 1.11x10"22 cm?, and the mobility increased from 8.14 to
17.4 cm?/Vs. The optimal configuration they found was a film with 20 nm of ZTO, 10 nm
of silver, and 30 nm of ITO, which had a sheet resistivity of just 9 /0. This combination
also proved to be highly flexible, maintaining its performance even when bent. Overall,
the research indicates that this ZTO/Ag/ITO multilayer film could be a great choice for
flexible organic photovoltaic cells and photonic devices, thanks to its combination of
transparency, low resistance, and flexibility. (Kim et al. 2015).

Seok et al. made a detailed comparison between the mechanical, electrical, and
optical properties of RTR-sputtered ZTO/AgPdCu(APC)/ZTO thin films deposited on
PET surfaces and those of conventional sputtered ITO films. In specifically, a lab-made
bending, twisting, rolling, and folding test equipment was used to compare the
mechanical flexibility of ITO and ZTO/APC/ZTO. The ZTO/APC/ZTO multilayer is

effectively insulated against heat due to the low IR transmission and strong reflection of
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the APC metal layer. Tests for bending, twisting, rolling, and folding verified the
ZTO/APC/ZTO electrodes' exceptional mechanical flexibility (Seok et al. 2019).

In another work, Kao et al. conducted both outdoor and indoor accelerated
weathering tests on commercial oxide/metal/oxide (abbreviated as OMO) samples made
of ZTO/Ag/ZTO coatings on PET substrates. They investigated how environmental
stressors like mechanical bending, high temperatures, and ultraviolet (UV) radiation
affected the ways that OMO samples degraded. As a result, the OMO coatings'
mechanical flexibility and bendability were reduced by the embrittled PET substrates.
The study's findings offer a thorough grasp of the resilience and weatherability of flexible
transparent conductive materials with an OMO based on silver (Kao et al., 2022).

For usage in affordable flexible organic solar cells (FOSCs), the mechanical
flexibility of ZTO/Ag/ZTO tri-layer thin films coated on flexible PET substrates by roll-
to-roll sputtering was examined by Lim et al. Using testing equipment for twist bending,
stretching, and outer/inner bending created in laboratory conditions, the ZTO/Ag/ZTO
films' resistance changed. It was demonstrated that the improved Ag layer (12 nm),
positioned between two ZTO films, offered greater flexibility along with a low sheet
resistance of 5.37 /0 and a transmittance of 86.03%. When it came to outer bending
durability, the ZTO/Ag/ZTO electrode outperformed inner bending. After cracks were
generated, the overlapped films created a conducting channel, which was responsible for
the variations between the crack initiation positions and the electrical resistance changes.
The ZTO/Ag/ZTO electrode's resistance to 50,000 bending cycles was demonstrated by
the outer bending fatigue test. Furthermore, the ZTO/Ag/ZTO multilayer's flexibility and
ability to withstand an angle of up to 38° were demonstrated by the twisting test.
Compared to the traditional ITO film, the uniaxial stretching test demonstrated superior
stretchability, with cracks beginning at 3% strain. This suggests that the transparent and
flexible R2R sputtered ZTO/Ag/ZTO tri-layer electrodes are a potentially reasonable
electrode choice in cost-sensitive applications of FOSCs (Lim et al. 2012).

Experimental methods based on the literature studies cited above will be

explained in detail in Chapter 3.
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CHAPTER 3

EXPERIMENTAL DETAIL

3. Thin Films and Deposition Techniques

3.1. Definition and Characteristics of Thin Films

Thin films are coatings made on surfaces or substrates by using one or the other
established deposition methods. These films could be classified as 2D materials based on
the assertion of thin films being very thin and having a thickness that is significantly lower
than other layers (Tvarozek et al. 1998). The employment of thin films in this technology
gives it a relatively high surface-to-volume ratio, which makes them different from bulky
materials with the same composition (Mylvaganam et al. 2014). Generally, thin films are
thin layers with a thickness of fewer than one micrometer, usually on the order of tens of

nanometers.

3.2. Thickness Comparison

According to Figure 1, thin films are intermediate range regarding their thickness
as they are not physically as thin as materials that have a thickness of the atomic or
molecular scale but are thinner in comparison to sheets/plates. For instance, foil may be
thinner than thin films but not as thin as any layer of material that may perhaps be termed

thick films the thickness of which is more than 1 pm.
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Figure 3. Thin Film Thickness Range (Source: Sumarni Mansur, 2024)

3.3. Deposition Techniques

Table 2. Thin film deposition methods and classification

Thin Film
Deposition

Physical

Sputtering

low Discharge
Sputtering

—

Triode Sputtering

Magnetron
Sputtering

A.C Sputtering

Evaporation

Chemical

Vacuum
Evaporation

Flash Evaporation|

Chemical Vapour]|
Deposition

Laser Evaporatio

Plasma Enh d
Vapour Deposition

Electron Beam
Evaporation

Atomic Layer
Deposition

panels

Liquid State

Ultrasonic Assisted
Deposition

Chemical Bath
Deposition
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Thin film deposition methods are essential techniques used to create thin coatings
on various substrates. There are a few different ways to deposit thin films, and they can
be grouped into three main types: Physical Deposition Methods (PDM), Chemical
Deposition Methods (CDM), and Solution-Based Chemistry. These methods are
commonly employed in fields such as semiconductors, optics, and energy systems. Each
method offers distinct advantages and is suited for different applications and materials.

Together, these techniques play a critical role in modern technology and materials science.

3.3.1. Physical Deposition Methods (PDM)

Physical deposition methods are vacuum-based method used for thin film coating
processes. In this technique, a solid or liquid material is vaporized and then condensed
onto a substrate to form a thin film. The PVD process consists of three main stages: the
vaporization of the material, the transport of the vapor through the vacuum chamber, and
the condensation of the vapor onto the substrate.

Common PVD techniques include thermal evaporation, which is suitable for
materials with low melting points, sputtering, which uses plasma to eject atoms from a
target material, and molecular beam epitaxy (MBE), which allows for precise control of
film properties.

The advantages of PVD include high purity, excellent adhesion, and a wide range
of applicable materials. This method has significant applications in the production of
electronic components, optical coatings, decorative finishes, and enhancing the durability
of cutting tools. Overall, PVD plays a critical role in modern materials science and
engineering.

The Magnetron Sputtering method, which is a PVD techniques and is also used in

this thesis, is examined in detail under the heading 3.4.

3.3.2. Chemical Deposition Methods (CDM)

Chemical deposition methods are techniques used to create thin films or coatings
on substrates through chemical reactions. Chemical vapor deposition techniques, also

known as CVD, involve using high temperatures. What happens is that the precursor is
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heated up until it turns into a gas. Then, this hot gas is reacted with the surface of the
substrate, which leads to the formation of a thin film.

Among these methods, Chemical Vapor Deposition (CVD) involves the reaction
of gaseous precursors to form solid films on heated substrates, making it ideal for
applications in semiconductors and protective coatings. Atomic Layer Deposition (ALD)
is a specialized form of CVD that deposits films one atomic layer at a time, allowing for
precise control over thickness, which is particularly valuable in semiconductor
manufacturing.

The sol-gel process transitions a liquid sol into a solid gel, leading to thin film
formation after drying and annealing, and is commonly used for ceramics and optical
devices. Electrochemical deposition utilizes electric current to reduce metal ions from a
solution onto a substrate, finding applications in electroplating and battery manufacturing.
Lastly, the Langmuir-Blodgett technique allows for the controlled deposition of
monolayers of surfactant molecules onto substrates.

Overall, these methods offer advantages such as uniformity, versatility in

materials, and precise control over film properties.

3.3.3. Solution-Based Chemistry

Solution-based chemistry involves chemical reactions that occur in a liquid phase,
typically with solutes dissolved in a solvent. In this category, chemical solutions can be
used to make different kinds of films. Thick films, thin films, multilayered films, porous
films, and dense films can be created (Ukoba et al., 2018). Key concepts include
solubility, concentration, and reaction conditions, which influence reaction rates and
outcomes.

Common techniques include precipitation reactions, solvothermal and
hydrothermal synthesis, the sol-gel process for creating thin films, and electrochemical
methods for driving reactions.

The advantages of this approach are its versatility, scalability for industrial use,
and the ability to control reaction conditions effectively. Applications of solution-based
chemistry are vast, including the synthesis of nanomaterials, drug formulation, and

environmental chemistry for assessing water quality.
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In my thesis, films were grown using the magnetron sputtering method, which is
a physical deposition method. To understand this study, it is necessary to examine this

method in detail.

3.4. Magnetron Sputtering: Process and Mechanism

Magnetron sputtering is one of the deposition techniques that falls under physical
vapor deposition otherwise referred to as PVD and is used widely in thin film
applications. It encompasses phenomena in which atoms are ejected from a target and
then deposited on a substrate. This technique is appreciated due to high-rate deposition

thickness with very good uniform thin films.
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Figure 4. Schematic representation of magnetron sputtering (Source: Hassan, 2017)

3.4.1. Process Mechanism

Ionization of Argon Gas: The appropriate noble gas such as argon gas is

introduced into the vacuum chamber. This is because already the anode is at a higher
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potential as compared to the cathode which makes it ionize the Argon gas and Argon gas
transforms to Argon ions (Ar+).

Acceleration of Ions: The ionized argon particles are then attracted or repelled by
magnets within the Sputter gun towards the target material depending on the applied
electric field, which is a function of the potential difference between the two electrodes.

Collision with Target Material: The argon ions that get ionized reach high kinetic
energies and collide with the target material atoms. When it interacts with a target
material, a portion of the energy with which Argon ions are traveling is felt by the atoms
in the particular material. This energy transfer makes the atoms in the target material to
be ejected out of the surface. It is also characterized by a sequential process in which
material is expelled from the target to the substrate which is known as sputtering.

Deposition on Substrate: The atoms emitted by the target material pass through

the vacuum and in turn condense on the substrate to produce a layer of thin layer.

3.4.2. Role of Magnetic Field

Magnet Configuration: On top of these magnets target material resides whereas at
the other end of the magnets, a magnetic field is applied to the target material. This
magnetic field is important in confining the plasma in the surrounding of the target
material surface.

Efficiency Enhancement: The applied electric field ensures that the electrons are
kept nearest to the target material, which in turn increases the frequency of ionization of
argon gas. It also creates a higher presentation of ions within the confined area hence
presenting a dense ionization which implies that there are more Argon ions which in an
instance can hit the target material hard enough to sputter it. The argon ions are directed
to the target material through the influence of a magnetic field to improve the rapture and
abraded of the material.

Magnetron sputtering is one of the most effective processes in thin film deposition
prospecting on the ionization of Argon gas and application of magnetic field for improved
sputtering. Hence, with the feeble regulation of the thin-film deposition process and
properties of the target material, high-quality thin films can be sputtered and deposited on

different substrates for uses in electronics, optics, and even material science.
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3.5. Deposition Methods

In my study, ZTO/Ag/ZTO (ZAZ) and ITO thin film layers were grown on
polycarbonate (PC) rulers using the magnetron sputtering technique to observe the effect
of the bending process on the thin film properties. Additionally, experimental studies on
transparent conductive oxide materials such as AZO, ITO, and ZTO, utilizing this
technique, have also contributed to the literature (Turkoglu et al. 2018; Ozbay et al. 2020;
Ekmekcioglu et al. 2021). Subsequently, before proceeding with the multilayer film
growth process, the parameters (coating power, pressure, gas ratios, etc.) for depositing
the ZTO thin film layer were examined and optimized. In our study, the layers of the thin

films are shown in Figure 5, and the final state of the samples placed on the sample holder

used for coating these films is shown in Figure 6.

Au Au
Au Au
ITO 7TO
Ag
ZTO
PC PC

Figure 5. Schematic representation of coating layers on PC substrates

Figure 6. Image of film coated ruler substrates
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This system entails two 2-inch magnetron sputtering sources, water cooling, and
controlling gas inlet and electrical power supply. To obtain the high vacuum region of
1.0x10-5 hPa was done using both a turbo molecular pump (TMP) and a mechanical
pump. The pressure of the system was monitored with the help of a full range vacuum
gauge. At the pressure of 1.0x10-5 hPa, a mass flow controller was used to control the
flow rates of 137 sccm Argon (Ar) gas (high purity 99%). The operating pressure after
the gas was sent was measured using a baratron and plasma was produced inside the

chamber by using a DC power supply.

3.5.1. Substrate Preparation

In my thesis, to examine the coating properties, flexible and durable
Polycarbonate (PC) (Ci¢H1403) material in large sizes was cut into 30x3x0.6 cm
dimensions and prepared in the form of a ruler. Before the ZTO/Ag/ZTO films were
grown, the protective layers on the PC samples were removed and cleaned using C3HsO
Propanol with > 99.0% purity and placed in the system. Later, a Gold (Au) contact layer
was coated on the ITO and ZAZ coatings for electrical characterization. These stages will

be examined under the headings.

3.5.2. Film Deposition

Under this heading, the parameters of the ITO, ZTO, Ag and Au coatings made in

the thesis study are given in detail under separate headings.

3.5.2.1. ITO Film Deposition

To make a comparative analysis of the ZAZ coatings, the ITO coatings deposited
in the in-line system which the moving substrate holder were enlarged with the following
parameters. Besides, there are other parameters which include the following; when the
system reached down to 6.0x10” Torr pressure, Ar (80.0 sccm) and O gas (2.5 sccm)
were sent, and the target sample distance was kept at 7.5 cm and the substrate holder

speed is set to 9 cm/min.
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Table 3. ITO thin film coating parameters

Sample Power Voltage Current ‘::::I:L':g
(W) \)) (A) (mTorr)
LAITO-928 900 370 2.46 2.23

3.5.2.2. ZTO Film Deposition

To achieve the objectives of this study, such as good optical transmittance and low
sheet resistance, we developed the growth of ZTO/Ag/ZTO tri-layer thin film electrodes
in a sandwich structure as follows. In fact, in the current study, several layers with the
lowest sheet resistance were formed by depositing silver as an interlayer on the films
using the magnetron sputtering process.

In addition to these parameters, in this 150 cm diameter cylindrical system which
moving targets, the optimum speed of the target (10 cm/min) was determined as a result
of previous studies, and the speed of the target was kept the same in coating. The same
amount of Ar gas (137 sccm) was sent to the system in during coating and the distance

between the target and the sample was set as 8 cm.

Table 4. ZTO thin film coating parameters

sample | Pouer | Voltage | cument | p 2
(mTorr)
T-192-1 77.88 354 0.22 7.76
T-192-2 80.08 364 0.22 7.82
T-192-3 79.42 361 0.22 7.84
T-193-1 76.56 348 0.22 7.70
T-193-2 77.22 351 0.22 7.71
T-193-3 77.66 353 0.22 7.74
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3.5.2.3. Ag Film Deposition

The Ag layer selected as the mid layer of the ZTO/Ag/ZTO film in the sandwich
structure was completed with the following parameters in each coating. In addition to

these parameters, 137 sccm Ar gas was sent to the system throughout the coating and the

target sample was passed from 10 cm to scan at 80 cm/min.

Table 5. Ag thin film coating parameters

Sample Power Voltage Current ‘:::::::g
(W) \)) (A) (mTorr)
T-192 48.45 323 0.15 7.76
T-193 48.00 320 0.15 7.69

3.5.2.4. Au Film Deposition

To examine the electrical properties of ITO and ZAZ coatings, a 10 mm wide Gold
(Au) contact layer was coated on both ends of the samples, with the target at a height of
7 cm and scanning the sample at 9 cm/min, with the parameters given in the table below.
As in other layers, 137 sccm Ar gas was sent to the chamber in this layer. The coated

contact layer is shown in Figure 6.

Table 6. Au thin film coating parameters

Sample Power Voltage Current ‘::::I::::g
(W) (V) (A) (mTorr)
Au 45.73 412 0.11 7.89
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In order to precisely characterize the ITO coated ruler samples, which will be
examined in detail under the section 4.2. Electrical Characterization, and to eliminate the
contact resistance formed in the 2-probe method, two more Au contacts were coated

symmetrically with the same parameters.

3.6. Characterization Techniques of Films

Many methods can be employed in the characterization of thin films about the
material quality. Structural properties of thin films are achieved through SEM analysis
and thickness measurements. Characterization of the electrical properties of the materials
is done by the two-point and four-point measurements. The optical properties of films are
investigated with the transmission measurements. This section aimed to describe various
experimental techniques and instrumentation for the applications leading to the

characterization of the properties of the ZTO and ITO thin film.

3.6.1. Structural Characterization

Adhesion testing on thin films is performed to evaluate how well the film adheres
to a substrate. This test is critical in many areas such as electronic components and optical
applications. Tape testing is a common method used to evaluate the adhesion quality of
thin films. Then, the adhesive tape is carefully placed on the film and quickly removed.
The amount of film remaining on the tape and the condition on the surface are observed.
These results are used to determine the durability of the material and potential needs for
improvement.

A profilometer is a surface contact that has a stylus that is scanned systematically
over the sample to measure the thickness of a layer. From the data that is obtained through
scanning of the surface a three-dimensional height profile is reconstructed. In the
drawing, the stylus can react to nuances of the direction of the upright surface. To measure
the thickness of a thin film photoresist was dripped onto the substrate prescribed the
following procedure: Subsequently, to enhance the contrast between the film and the
substrate after the deposition of the former, the layer of the photoresist was removed using

acetone.
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The thickness measurements of the ZTO/Ag/ZTO and ITO thin films were determined

using a Veeco DEKTAK 150 surface profilometer.

Figure 7. Veeco DEKTAK 150 profilometer

Scanning Electron Microscopy (SEM) is a highly effective tool for analysing the
surface structure and composition of materials at very high magnifications. SEM works
by directing a beam of electrons onto the sample’s surface. The interaction between the
beam and the surface atoms causes electrons to be either emitted or ejected, producing
secondary electrons, backscattered electrons, and X-rays. The secondary and
backscattered electrons are then collected to create detailed images of the sample,
including topographical and elemental maps. This technique allows us to see very fine
surface details and analyse the material’s microstructure with precision.

In this thesis, the surfaces of the selected thin-film deposited samples were analyzed using
the FEI-Quanta FEG 250, a high-performance SEM equipped with a field emission gun.
The surface topography was imaged using a Circular Backscatter Detector (CBS) and an

accelerating voltage of 7 kV at 10,000X magnification in a high vacuum with a spot size

of 4.0.
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3.6.2. Electrical Characterization
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Figure 9. Experimental setup for measurements of ZTO/Ag/ZTO coated rulers

Two probe method

The electrical properties of deposited ZTO/Ag/ZTO and ITO thin films were

extensively studied. The measured resistance value was taken from the system

KEITHLEY 2100 6 Y4 Digit Multimeter while the bending process measurements were
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taken on every increment of 0.025 mm. Data were recorded by making 50 complete cycles
for each sample.

As aresult of the tests performed on ITO thin film coated rulers, it was stated that
four gold contacts were coated using the 4-probe method in order to obtain more sensitive
measurements and eliminate contact resistance under the heading 3.5.2.4. Au Film
Deposition. The current source required for the method used in the electrical
characterization of the ITO rulers was selected as KEITHLEY 220 Programmable Current
Source and 1.0mA constant current (3V max voltage) was applied and the resistance
values were recorded via the KEITHLEY Digit Multimeter.

In Figure 10, Figure 11 and Figure 12, the current source used for characterization,
the experimental setup and the visuals of the sample in the testing process are presented

respectively.
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Figure 10. KEITHLEY 220 Programmable Current Source
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Figure 11. Experimental setup for measurements of ITO coated rulers

Four probe method

Figure 12. Ruler substrate in the bending stage

3.6.3. Optical Characterization

The coated samples were characterized for their optical properties with the help
of UV/VIS/NIR Perkin Elmer Lambda 950 spectrophotometer, where the optical
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transmission of the synthesized films was carried out in the wavelength region 200-2600

nm.

Figure 13. UV/VIS/NIR Perkin Elmer Lambda 950 spectrophotometer

3.6.4. Electromagnetic Shielding

The electromagnetic testing method uses electricity and magnetism in the
detection and assessment of faults, fractures, corrosion, or other conditions of materials.
The strategy here adopted is that magnetic fields and electric currents (or either of them)
are produced within the test FRP composite while the electromagnetic signal is measured.
Some of the identified EM techniques are; Eddy current (EC) inspection, Microwave
open-ended waveguide imaging, Couple spiral inductors, alternating current field
measurement (ACFM), magnetic flux leakage (MFL), and remote field testing (RFT).
They all develop different physics based on their, own partial differential equations
(PDEs).

Let’s use the formula for attenuation or power change in dB:

P
Agp = 1010g( Ij”t>

in
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If Pout (output power) is less than Pin (input power), the ratio will be less than 1, and the
logarithm of a fraction (less than 1) is negative.
For instance, if the output power is only 1/10th of the input power, the attenuation

would be:

Az = 10logqg (%) =10(—1) = —10dB
This means the wave has lost 10 dB of power, or 90% of its original power has been
attenuated, leaving only 10% of the initial power.

In electromagnetic shielding, a negative dB value would describe how much EM
energy is reduced after passing through a shield. For instance, a -20 dB shielding
effectiveness means that only 1/100th of the EM wave's original power gets through the
shield.

In this study, S21 transmission measurement was performed using Agilent
8720ES S-parameter Network Analyzer, 50 MHz to 20 GHz, with WR90 waveguide in
the frequency range of 8.20 GHz and 12.40 GHz. The discussion of the data obtained is
under the title 4.4. Electromagnetic Shielding is presented.
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CHAPTER 4

RESULT

4.1. Structural Characterization

4.1.1. Adhesion Test

Figure 14. Samples during the tape test, a) ITO sample before tape removal, b) ITO
sample after tape removal, ¢) ZAZ sample before tape removal, d) ZAZ sample

after tape removal

The adhesion strength of thin film-coated samples was assessed using the tape test
method. Figure 14 illustrates the adhesion strengths of both ITO and ZAZ coated samples
on a PC substrate. The results indicated that neither film detached from the surface nor
exhibited breakage upon tape removal, suggesting that the adhesion quality and strength

were considerably high.

4.1.2. Thickness Measurements

The thicknesses of the growth processes, which were made to be the same as the

optimum values determined as a result of previous studies for structural characterization,
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were determined using the Veeco DEKTAK 150 surface profilometer. Thickness
measurements were determined by scanning the region where the photoresist layer was
removed from the substrate and the region where the film was grown.

As a result of the measurements, the thickness of the ITO coatings was measured
as 247 nm, the layers of the ZTO/Ag/ZTO coatings were measured as 34 nm/15 nm/35
nm, respectively, and the thickness of the Au layers used for electrical measurements was

measured as 69 nm.

Au 69nm Au 69nm
Au 69nm Au 69nm
ITO 247 nm ZTO 35 nm
Ag 15 nm
ZT0 34 nm
PC 6 mm PC 6 mm

Figure 15. Layer thicknesses of ZAZ and ITO coatings

Table 7. Layer thicknesses of ZAZ and ITO coatings

ZAZ ITO

Layer | Bottom | Middle Top Au First Au

Thickness | 5/ 15 35 69 247 69
(nm)

4.1.3. SEM Analysis

Figure 16 shows the SEM images of the ZAZ grown ruler samples after 50
bending cycles at 300um, 100pm, 50um and 20um scales, respectively. Figure 16 shows

the same-scale SEM images of the ITO grown rule samples after 50 bending cycles.
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Figure 16. SEM analysis of ZAZ as-grown thin films after 50 bending cycles,
a) 300um, b) 100um, ¢) 50um, d) 20um scale image

Figure 17. SEM analysis of ITO as-grown thin films after 50 bending cycles,
a) 300pum, b) 100pm, c) 50um, d) 20pm scale image
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Figure 18. SEM analysis of as-grown ITO thin films after 50 bending cycles using CBS
after 50 bending cycle, a) 300um, b) 50um scale image

Figure 18 shows the detailed surface topography of the ITO samples using
CBS-Z Contrast and the SEM images are shown. Here Z is expressed as atomic number.
In the CBS images, high atomic number samples are bright and low atomic number
samples are dark. Dark cracks represent Carbon atoms (low atomic number) in the
substrate, and bright areas represent Indium (ITO, high atomic number) atoms. After the
tests, more cracks were observed on the ITO-coated samples than on the ZAZ-coated

samples. This result explains the irregularities in the graph seen in Figure 27.

4.2. Electrical Characterization

When the electrical characterization of ZAZ and ITO coated rulers was performed
during the bending process using the coating parameters presented in the experimental
section, the following graphs were obtained and discussed.

Figures 19 and 20 show the Resistance/Cycle graphs drawn with the data obtained
with the 2-probe method for ITO samples.
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Figure 19. Resistance/Cycle graph of ITO 928-2 sample drawn with data obtained
with 2-probe methods
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Figure 20. Resistance/Cycle graph of ITO 928-4 sample drawn with data obtained
with 2-probe methods

When these graphs were examined in detail, a high amount of contact resistance
was detected at the peaks. To obtain more precise measurements from these samples and

eliminate the observed contact resistance, data were taken using the 4-probe method
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during the bending cycle. The graphs drawn with these data are seen in Figure 21 and

Figure 22. Figure 23 shows the comparative graph of two ITO samples.
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Figure 21. Resistance/Cycle graph of ITO 928-2 sample drawn with data obtained
with 4-probe methods

When the changes between the peak and trough points of the graph for Figure 21
are examined, that is, when the changes between the maximum bending point and the
initial state of the ITO coated sample are taken into consideration, an average difference
of 140-150 Qs is seen for each cycle. The image of the sample during the bending process

is presented in Figure 11 and 12.
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Figure 22. Resistance/Cycle graph of ITO 928-4 sample drawn with data obtained with
4-probe methods

When the changes between the same points are examined for Figure 22, it is
determined that the average changes are between 150 Qs and 20 Qs and an average of

120-130 Qs difference is seen for each cycle.
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Figure 23. Resistance/Cycle comparison graph of ITO 928-2 and ITO 928-4 sample



In Figure 23, where the two samples are compared, it is noteworthy that similar

results are obtained between the two samples as expected. As can be seen from this graph,

the coatings on the substrates and the measurement results support each other.
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The graphics of the ZAZ thin film coated samples are presented in Figure 24,

25 and Figure 26.
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Figure 24. Resistance/Cycle graph of ZAZ 192-3 sample drawn with data obtained with

2-probe methods

The Resistance/Cycle graph of the ZAZ 192-3 sample is seen in Figure 24. When

the graph resulting from the data taken for this sample is examined, it is seen that the

average change between the peak and trough points is 60 Qs.
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When similar points are investigated in Figure 25, in this graph where differences

of 10 Qs are seen in places, the average change is in the range of 160-180 Qs and this

difference is determined as 20 Qs on average.
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Figure 26. Resistance/Cycle comparison graph of ZAZ 192-3 and ZAZ 193-3 sample
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In Figure 26, the Resistance/Cycle graphs of the ZAZ thin film coated samples

are presented together. When Figure 26 and Figure 23 are compared with each other, it is

seen that the graphs of the ZAZ samples are more consistent in shape than the graphs of

the ITO coated samples.
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27. Comparative graph of normalized Resistance/Cycle of ZAZ192-3 and

ITO 928-2 sample
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In Figure 27, the resistance data up to approximately 7 cycles were normalized
and plotted on figure for more detailed analysis of the ZAZ 192-3 and ITO 928-2 samples.

When the behaviors of the two samples at the peaks are investigated, it is clearly
seen that the ZAZ coated sample shows a smooth change while the ITO coated rulers
show irregular and unordered changes. The reason for these irregularities the cracks
formed in the ITO thin films, as can be seen in the SEM analysis in the physical
characterization section.

Due to the small change between the peak and trough points on the graph is the
most important factor in terms of the applicability of a coating on flexible substrates. In
the case of a significant difference, a decrease in electrical conductivity levels is expected.
Furthermore, it is predicted that in the final product where the coating will be applied,
non-repeating cycles may occur, leading to unpredictable behavior in the conductivity
levels.

The results obtained when the electrical characterization is performed pave the
way for the use of ZAZ thin film coatings for flexible optoelectronic devices and wearable

materials.

4.3. Optical Characterization

For optical transmission, the transmission values of ITO and ZAZ thin film coated
samples before and after the bending cycle, approximately 550 nm in the visible region

range, were investigated.
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Figure 28. Transmission graphs of the ITO 928-2 sample before and after
the bending cycle
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Figure 29. Transmission graphs of the ITO 928-4 sample before and after
the bending cycle
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Figure 30. Transmission graphs of the ZAZ 192-3 sample before and after
the bending cycle
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Figure 31. Transmission graphs of the ZAZ 193-3 sample before and after
the bending cycle

In Figure 28, Figure 29, Figure 30 and Figure 31, the transmission values for
ITO 928-2, ITO 929 4, ZAZ 192-3 and ZAZ 193-3 samples before and after the bending

cycle are presented comparatively. As expected, as a result of the investigations,
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a decrease of 1.95% for ITO 928-2 sample, 2.56% for ITO 928-3 sample, 1.18% for ZAZ
192-3 sample and 1.21% for ZAZ 193-3 sample was observed at approximately 550 nm.
The obtained data is presented in Table 8. The transmission values of interest are at a
wavelength of approximately 550 nm. The wavelength at which photons from the Sun are
most intense is 550 nm and is located in the middle of the visible light spectrum. For this

reason, it is in the region to which the human eye is most sensitive.

Table 8. Transmission values measured before and after the bending cycle

Transmission (%) (~*550 nm)

Sample Before Bending After Bending Difference
ITO 928-2 69.45 + 0.73 67.50+0.98 -1.95
ITO 928-4 71.68 £0.84 69.12 £ 0.92 -2.56
ZAZ 192-3 75.47 £ 0.42 74.29 £0.18 -1.18
ZAZ 193-3 75.50+0.44 74.29+0.26 -1.21

When the transmission values of the ITO coated ruler samples were compared
with the values of the ZAZ coated samples, a decrease of approximately 2 times was
observed. Although this change on the rulers is physically incomprehensible to the naked
eye, it is an undeniable amount in the final product production.

Upon close examination of the transmission spectra, a significant decline in
transmission values is observed in the wavelength range below 400 nm. This reduction
can be attributed to the band gap properties of the substrate. The uniformity of this decline
across all spectra within the region of interest suggests that it is primarily linked to the
band gap energy of the substrate rather than that of the thin films. The PC material
employed as the substrate exhibits strong absorption characteristics for wavelengths

shorter than 400 nm, resulting in a transmission value that approaches zero in this region.

4.4. Electromagnetic Shielding

S21 transmission measurement was conducted operating in the frequency range
of 8.20 GHz to 12.40 GHz with a WR90 waveguide, and the resulting data was used to
draw S21 graphs against frequency.
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Figure 33. S21 Transmission graph of LAITO928-4 sample

Figure 32 and 33 the frequency-dependent S21 graphs for ITO samples are shown. In the
measured frequency range, S21 values are observed to be around -16, -17 dB for the

LAITO928-2 sample, while they are around -17, -18 dB for the LAITO 928-4 sample.
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Figure 34. S21 Transmission graph of T192-3 sample
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Figure 35. S21 Transmission graph of T193-3 sample

Figure 34 and 35 the frequency-dependent S21 graphs for ZAZ samples are
shown. In the measured frequency range, S21 values are observed to be around -9, -11
dB for the T192-3 sample, while they are around -15, -16 dB for the T193-3 sample.

As mentioned under the heading 3.6.4., the decrease in the power ratio ratio, i.e.
the negative increase in S21 values, shows that the attenuation value increases and

therefore the transmission decreases. In line with this information, when the S21 values
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of the ITO and ZAZ samples are compared, it is observed that the ZAZ samples give
higher transmission in certain frequency ranges compared to ITO, which is frequently

used in the literature.
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CHAPTER 5

CONCLUSION

In this thesis, the studies commenced with the preparation of substrates, followed
by the growth of thin films and subsequent characterization processes. Polycarbonate
(PC) ruler substrates were fabricated by cutting large flexible polycarbonate sheets into
dimensions of 30 x 3 x 0.6 cm. ZTO/Ag/ZTO (ZAZ) thin film coatings were applied to
the prepared ruler samples using the DC magnetron sputtering technique, employing
optimized parameters at room temperature within a cylindrical vacuum system featuring
a diameter and length of 150 cm. Indium Tin Oxide (ITO) samples were prepared
utilizing the same method under identical conditions in a mobile inline vacuum system.
After the bending process was performed on the fabricated ZTO/Ag/ZTO and ITO thin
film samples, their structural, optical, and electrical properties were characterized.

Within the optimized parameters, 80 sccm Ar and 2.5 sccm O» gas were sent to
the vacuum system for ITO coatings. The target sample distance was set as 7.5 cm, DC
power as 900w and sample holder speed as 9cm/min. 137 sccm Ar gas was sent to the
vacuum chamber for ZTO, Ag and Au coatings. For the ZTO layer, the target sample
distance was set to 8 cm, the DC power was set to an average of 77 W and the target speed
was set to 10cm/min. For the Ag layer, the target sample distance was set to 10 cm, the
DC power was set to an average of 48 W and the target speed was set to 80cm/min.
Finally, for the Au contact layer required for electrical characterization, the target sample
distance was set to 7cm, the DC power was set to an average of 45 W and the target speed
was set to 9cm/min.

In the structural characterization of the films, the adhesion strength of the films
was first examined. In order to evaluate the performance of the films on the substrates,
the tape test method was used, in which the remaining film amount and surface condition
were observed by placing tape on them and then removing them. When the results were
evaluated, it was seen that the films did not separate from the surface and did not show
any signs of breakage when the tape was removed; this shows that both films showed

high adhesion quality and strength.
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As aresult of the thickness measurements of the samples, the thickness of the ITO
coatings was determined as 247 nm and the thickness of the ZAZ coatings as
34 nm/15 nm/35 nm, respectively. The thickness of the gold layer, which is the contact
layer, was measured as 69 nm. At these thickness values, the maximum conductivity and
maximum optical transparency data were achieved in ZAZ and ITO thin films in
accordance with the literature research.

SEM analysis after 50 bending cycles reveal that ZAZ-coated samples exhibited
fewer cracks compared to ITO-coated samples, indicating better structural integrity.
CBS-Z Contrast imaging of ITO samples further showed that cracks corresponded to low
atomic number carbon atoms, while the brighter areas represented high atomic number
indium atoms. The increased cracking in ITO samples explains the irregularities observed
in the normalized cycle-dependent resistance graph of Figure 27, suggesting that ZAZ
coatings offer superior mechanical flexibility and durability under stress.

For the electrical characterization of the samples, the behavior during the bending
cycle process was recorded. The 2-probe method was used for the ZAZ samples and the
4-probe method was used for the ITO samples. These methods are detailed under the title
Electrical Characterization. When the change between the maximum bending point of the
2nd sample with ITO coating during the bending process and the initial state was
examined, it was seen that it was 140-150 Qs and 120-130 Qs for the 4th sample. When
the ZAZ coated samples were examined under the same conditions, it was seen that this
change was 60 Qs and 10 Qs on average. The high resistance change during the bending
process will both reduce the electrical conductivity and create an undesirable situation
that will prevent balanced and stable electrical transfer. The irregular changes that occur
at the peaks of the ITO coating in the detailed graph seen in Figure 27 prove the cracks
that occur in the ITO coating at the end of the bending process.

When the optical characterization of the samples was performed, the difference
between the transmission values before and after the bending process was applied at
approximately 550 nm was 1.95% - 2.56% in ITO coated samples 928-2 and 928-4, and
1.18% - 1.21% in ZAZ coated samples 192-3 and 193-3. When these difference values
were compared, a change of approximately 2-fold supported the use of ZAZ coating as
an alternative to ITO coatings. A significant decline in transmission values below 400 nm
is observed, attributed to the band gap properties of the substrate rather than the thin films.
The polycarbonate substrate absorbs light in this wavelength range, resulting in

transmission approaching zero.
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Finally, when the samples were subjected to Electromagnetic Shielding
Measurements, S21 measurements revealed that ZAZ samples exhibit higher
transmission than ITO samples. While ITO (LAITO928-2 and LAITO928-4) shows S21
values ranging from -16 to -18 dB, ZAZ (T192-3 and T193-3) ranges from -9 to -16 dB,
indicating better performance. The observed decrease in power ratio confirms that
increased attenuation leads to decreased transmission. This suggests that ZAZ materials
may be advantageous for applications needing higher transmission.

The characterizations made in this thesis study show that ZAZ coatings can offer
higher performance or cost advantages. As a result, due to their excellent electrical and
optical properties, ZTO/Ag/ZTO thin films offer a promising option for TCO applications
compared to ITO thin films. This study provides a strong basis for investigating the
suitability of flexible TCOs for applications requiring mechanical flexibility and for

developing innovative flexible optoelectronic devices.
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