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ABSTRACT

GROWTH AND CHARACTERIZATION OF ZnSnO
THIN FILMS ON POLYMERS FOR OLEDs

The use of flexible organic light-emitting diodes (OLEDs) in smartphones and
televisions with inclined screen shows significant improvements in commercial
applications. Recently, flexible OLEDs have been used in lightweight, portable,
wearable and even deformable screens, sensors as well as solid-state lighting
applications. Under favour of these applications, remarkable developments are observed
in the production of flexible electronics. The advantages of OLEDs according to the
existing liquid crystal display (LCD) technology are self-emission capability, wide
viewing angle, fast response time, simple structure, and low driving voltage. Highly
conductive and transparent anodes are required for efficiency and uniform light emission
in OLEDs. Indium tin oxide (ITO) which is one of the most promising anodes among
transparent conductive oxides (TCO), has superior electrical and optical properties such
as ~85% high transmittance at the visible region and ~10* Q' em 'good conductivity.
The reason is due to the bandgap range of about 3.70 eV. Zinc tin oxide (ZnSnO or ZTO)
is another TCO commonly used for many applications in the literature. Alternative
anodes eliminate the use of ITO due to the absence of indium element so that highly
desirable. In this thesis, ZTO is used as anode instead of ITO thin film and the eligibility
of ZTO as an anode in OLED production is explored. The advantages of the optimized
ZTO thin film according to the ITO are that is abundant on earth, has better performance,
has low surface resistance, has less surface roughness, is capable of being produced as
an anode in OLEDs. In this thesis to be successful, at the first stage ZTO thin films have
grown on soda lime glass by magnetron sputtering, then ZTO and ZTO/Ag/ZTO
multilayer thin films respectively have been deposited on flexible Polyethylene
terephthalate (PET) and Polyimide (PI) substrates by magnetron sputtering method. In
this way, the best coated thin films have been investigated using spectrophotometry,
energy-dispersive X-ray spectroscopy (EDS), scanning electron microscopy (SEM), X-
ray diffraction (XRD) and Raman spectroscopy.
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OZET

OLED’LER ICIN POLIMERLER UZERINE ZnSnO INCE FILMININ
BUYUTULMESI VE KARAKTERIZASYONU

Egimli ekranlara sahip akilli telefonlarda ve televizyonlarda esnek organik 151k
yayan diyotlar (OLED’ler) kullanilmasi, daha cok ticari uygulamalarda 6nemli
gelismeler gostermektedir. Son zamanlarda, esnek OLED’ler, hafif, tasinabilir,
giyilebilir ve hatta deforme edilebilir ekranlarda, sensorlerde ve ayrica kati hal
aydimlatma uygulamalarinda kullanilmaktadir. Bunun sonucunda esnek elektronik
tiretiminde dikkat ¢ekici gelismeler gozlemlenmistir. OLED’lerin mevcut sivi kristal
ekran (LCD) teknolojisine gore avantajlari, kendi kendine emisyon yetisine sahip
olmasi, genis goriis agis1 olmasi, hizli tepki siiresi olmasi, basit yap1 ve diislik ¢aligma
voltajidir. OLED’lerde verim ve homojen 151k emisyonu i¢in, yiiksek iletken ve seffaf
anotlar gereklidir. Saydam Iletken Oksitler (TCO) ince filmler arasinda en umut verici
anotlardan olan indiyum kalay oksit (ITO) goriintir bolgede ~%85’lik yiiksek
gecirgenlik ve ~10* Qlem ’lik iyi iletkenlik gibi {istiin elektriksel ve optiksel
ozelliklere sahiptir. Bunun nedeni ise yaklasik 3.70 eV genis bant aralifindan
kaynaklanmaktadir. Cinko kalay oksit (ZnSnO veya ZTO) literatiirdeki birgok uygulama
icin yaygin olarak kullanilan bir baska TCO’dur. indiyumun azhigindan dolay: ITO
kullanimim1 ortadan kaldiran alternatif anotlar oldukca arzu edilmektedir. Bu
aragtirmada ITO ince filmi yerine anot olarak ZTO kullanilmakta ve ZTO’nun OLED
tiretiminde anot olarak uygunlugu arastirilmaktadir. Optimize edilmis ZTO ince filmin
ITO’ya gore avantajlar1 yeryiiziinde bol miktarda bulunmasi, daha iyi performans
gostermesi, diisiik yiizey direncine sahip olmasi, daha az yiizey piiriizliiliigii olmas1 ve
OLED’lerde anot olarak iiretilebilme kabiliyetine sahip olmasidir. Bu tezde, amacimiza
ulagmak i¢in ilk olarak ZTO ince filmlerin soda kire¢ cam iizerine miknatissal sagtirma
yontemiyle biiyiitiildii, sonra sirasiyla ZTO ve ZTO/Ag/ZTO c¢ok katmali ince filmler
esnek polietilen tereftalat (PET) ve Poliimid (PI) alttaslar tizerine miknatissal sactirma
yontemi ile kaplanmistir. Boylece, en iyi kaplanan ince filmler, spektrofotometri, enerji
dagilimli X-151n1 spektroskopisi (EDS), taramali elektron mikroskobu (SEM), X-1s1m1

kirinimi (XRD) ve Raman spektroskopisi kullanilarak incelenmistir.
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CHAPTER 1

INTRODUCTION

1.1. Review of Organic Light Emitting Diodes

Attracting interest around the world, research on organic light emitting diodes
(OLEDs) have become the most promising displays, lighting and power-saving, it has
grown rapidly with the development of amorphous organic semiconductor materials of
available today. OLEDs technologies are used for commercial applications to generate
digital displays in devices like computer monitors, portable systems and television
screens. Also, the commercial applications from the portable systems are contained like
smartphones, digital media players, car radios, digital cameras, car lighting, handheld
game consoles, and PDAs. The OLED is a light emitting diode (LED) emits light in
response to an electric current. The electroluminescence (EL) is the emission of light
from materials in an electric field and most of all, it was observed from single crystals
of anthracene in 1960 (Helfrich and Schneider 1965). Therefore the EL devices stand
for the ultimate generation of light sources, OLEDs was firstly succeeded by Tang in
1986 who used the growth layer of molecular organic material to manufacture green
light emission (Tang and VanSlyke 1987). A great invention had consisted when Friend
and co-workers reported the first example of an OLED in which the light emitting
devices based on the organic macromolecules in 1990 (Burroughes et al. 1990).

Over the last few years, there has been the most important research investment
in growth of flexible OLEDs about using in the displays technologies and energy storage
devices because their very thin profiles, light and strong display systems, their talent to
flexible, twist, fold and roll for ultra-portability, and engineering design afforded by
these feature (K. H. Choi et al. 2008). Advanced polymer substrates are necessary for
the successful realization of obtaining ultra-performance flexible OLEDs. Therefore,
OLEDs are very important to assemble low resistances, immensely flexible and
transparent conducting electrodes on the difference polymer substrates (K. H. Choi et
al. 2008). Lately, the polymer materials are accepted as the potential candidates as the

substrate such as polyethylene naphthalate (PEN), polycarbonates (PC), polyether
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sulfone (PES) and polyethylene terephthalate (PET) (Kim et al. 2015). This polymer
substrate has great importance potential as an advanced one for flexible OLEDs. Hence,
the development of transparent conducting oxide (TCO) films on polymer substrates is
violently demanded in flexible OLEDs development and commercialization over the

next decade.

Light Emission

Caﬂlode

Figure 1.1. The basic structure of OLED.

The basic schematic diagram of a typical OLED is shown in Figure 1.1 (Shirota
and Kageyama 2007). The OLED is commonly composed of one or more specialty
semiconducting organic thin films that are sandwiched two electrodes, an anode and a
cathode organic layer in between of them, all deposited on a substrate, respectively.
Thus, these electrodes one of which must be transparent (Hung and Chen 2002).On the
other hand, ITO films are the most widely used material as a transparent conducting
oxide (TCO). As cathode materials in place of the commonly used low work function
metals which is typically aluminium, silver and calcium (Parthasarathy, Liu, and Duggal
2003). Depending on their applications, OLEDs structures usually can differ from one
to another. For example, in order to increase efficiency, the conductive properties and
the operational stability, the advanced layer structures like three-layer organic
electroluminescent structure shown in Figure 1.1 have been uncovered. It contains an
organic emission layer sandwiched between the hole transport layer and the electron

transport layer ETL, designated HTL/EML/ETL. The thickness of the organic layer in
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each case is very thin, between 100 nm and 200 nm because of the low carrier mobility

(Thejo Kalyani and Dhoble 2015).

Cathode

ETL

EL

HTL

Anode
Substrate

Three-layer type

Figure 1.2. The basic configuration of OLED.

OLEDs run on the principle of electroluminescence. For the basic configuration
of OLED, by applying a voltage (typically < 10 V) to such an OLED electrical current
flows between the electrodes, electrons will move from cathode to anode through
organic layers, which is depicted as Figure 1.2. Electrons are transported through the
lowest unoccupied molecular orbital (LUMO), while holes are transported through the
highest occupied molecular orbital (HOMO). Thus, as the anode is to a large extent
positive electrical potential from the cathode, injection of holes come about the anode
into the HOMO of HTL to the contrary the electrons are injected from the cathode into
the LUMO of ETL. Photons produced from the organic layers radiate through the glass
substrate and spread out to the air for light emission. So, the working principle of an

OLED is also described (Shirota and Kageyama 2007).

1.2. The Purpose of This Thesis

The aim of the work described in this thesis was to growth and characterization
of ZnSnO (ZTO) thin films on polymers for OLEDs. Highly conductive and transparent
anodes are necessary for efficiency and uniform light emission in OLEDs. In this study,

ZTO is used as anode instead of ITO thin film and the eligibility of ZTO as an anode in

3



OLEDs production is explored. The advantages of the optimized ZTO thin film
according to tin-doped indium oxide (ITO) are that is abundant on earth, has better
performance, has low surface resistance, has less surface roughness, is capable of being
produced as an anode in OLEDs. To achieve sheet resistance and high transmittance for
our ZTO thin films, various characterization techniques should be used in my thesis. In
my thesis, we suggested for the sheet resistance and optical transmission ZTO/Ag/ZTO
multilayer electrodes in addition to growing ZnSnO in the cost-efficient transparent
conductive oxides for OLEDs. The control of the thickness and morphology of the Ag
layer is critical to enhancing the transmission and the sheet resistance of the
ZTO/Ag/ZTO multilayer thin film electrodes. Spectrophotometry, scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX or EDS), X-ray
diffraction (XRD) and Raman spectroscopy are characterization techniques to define as-

growth ZTO thin films on polymers for OLEDs. The aims of this thesis are to:

v' Deposition accomplished by two different targets: one of them is Zn,Sn (ZT)
and the other one is ZnSnO (ZTO) to investigate the lowest sheet resistance
(Rs1) and the highest optical transmittance.

v' Researching the structural, electrical and optical properties of ZnSnO and
ZTO/Ag/ZTO thin films.

v The optimization of ZTO/Ag/ZTO multilayer thin film is made for
improvement of OLEDs.



CHAPTER 2

LITERATURE REVIEW

2.1. Transparent Conducting Oxides

The transparent conducting oxides (TCOs) was reported by Badeker when he
first achieved the conducting property of CdO thin films prepared by sputtering
cadmium in 1905 (Béadeker 1907). The unique properties such as the good electric
conductivity and high optical transparent depend on the thin films of TCOs have the
most common applications that continue to develop day by day. Generally, tin-doped
indium oxide (ITO), fluorine-doped SnO; (FTO), aluminum-doped ZnO (AZO), and
cadmium stannate (Cd>SnOs), are very often used TCO materials for various
applications (Zeng et al. 2003). The world is one of the fastest growing electronics
markets. Therefore, TCOs have turned into necessary components in a multitude of
modern devices with the inclusion of solar cells, portable electronics, transparent
heaters, touch screens, optics, sensors, multi-functional windows, flexible electronics
and flat-panel displays. Most of these applications could be developed transparent

conducting oxide of more activities (Ginley 2011).

2.1.1. General Properties of TCO

Majority of the beneficial oxide-based materials are n-type conductors that have
a wide-bandgap oxide semiconductors bandgap of >3 eV and transparent conducting
oxides have high optical transmittance at certain 400-700 nm and high electrical
conductivity because it is frequently induced by doping another element. Thus, TCO
materials are that the optical transmittance of around 80% in the visible region as well
as a low electrical resistivity of around 103-10% Q cm (Lewis and Paine 2000).
Therefore, the most commonly used TCO thin films for optoelectronic device
applications has been indium tin oxide, In03:Sn' typically called tin-doped indium
oxide or ITO, since the 1960s. ITO has largely used due to its inapproachable electrical
conductivity and optical properties like the best conductivity (10* Q! cm™!) and high

5



transmittance (~85%) at 400-700 nm in so far as its large bandgap of about 3.70 eV
(Tuna et al. 2010).

Table 2.1. History of processes and for references making TCOs
(Source: Ginley 2011).

Material Year Process Reference

Cd-0

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

Cd-0 1952 Sputtering G. Helwig, Z. Physik, 132, 621 (1952)

Sn-()

Sn0,:Cl 1947  Spray pyrolysis ~ H.A. McMaster, U.S. Patent 2,479 42()
SnL:Sh 1947 Spray pyrolysis  LM. Mochel, U.S. Patent 2,564,706

Sny:F 1951  Spray pyrolysis ~ W.0. Lytle and A E. Junge

Sn::5h 1967 CVD HF. Dates and J. K. Davis, USP 3,331,702

Zn-0

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

In-0

In,0,:5n 1947 M.J. Zunick, U.S. Patent 2,516,663

In.0y:5n 1951 Spray pyrolysis M. Mochel, U.S. Patent 2,564 707 (1951}

In,(h:5n 1955  Sputtering L. Holland and G. Siddall, Vacuum II1

In,04:5n 1966  Spray R. Groth, Phys. Stat. Sol. 14, 69 (1969)

Ti-(2

Ti0-:Nb 2005  PLD Furubayashi et al., Appl. Phys. Lett. 86, 252101 (2005)

Zn-Sn-0

Zn-Sn0y 1992  Sputtering Enoki et al., Phys. Stat Solid A 129, 181 (1992)

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

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

Cd-Sn-(}

CdySn0)y 1974  Sputiering A J. Nozik, Phys. Rev. B, 6, 453 (1972}

a-CdSn0O 1981  Sputtering F.TJ. Smith and S.L. Lyu, J. Electrochem. Soc. 128,
1083 (1981)

In-Zn-Q

Znalna g 1995  Sputtering Minami et al., Jap. J. Appl. Phys. P2 34, L971 (1995)

a-InZn0

Inra-Zn-0

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

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

Among the various TCO materials have accepted substantial attention include
tin oxide (SnO2) commonly doped with fluorine, and cadmium stannate (Cd2SnOs),
which is inherently doped. Table 2.1 clearly shows that is the wide diversity of a list of
current historically significant innovations in the TCO materials with references
compiled (Ginley 2011). In additionally, the majority carrier is electrons or holes and
the conductors are classified in n-type or p-type. The literature review shows that TCOs

have developed to contain the individual oxides of In, Cd, Sn, Ga, and Zn, even their



alloy mixtures and compounds (Pasquarelli, Ginley, and O’Hayre 2011). Figure 2.1 is
shown in the TCOs composition space. Also, the lines are amongst two oxides at edges
(binary systems), the areas are between three oxides at faces (ternary systems) and
individual oxides are located at the corners (Pasquarelli, Ginley, and O’Hayre 2011).
Appreciable values of electrical conductivity had been examined in many single, binary,
ternary and quaternary metal oxide systems since the discovery. From the practical
standpoint, it is desirable to develop TCO materials that are amorphous because uniform
films over large areas are desirable and amorphous layers are better suited to
accommodate strain which is the necessary condition for enabling flexible electronics

applications (Exarhos and Zhou 2007).

Ga,0,

Sno,

CdO

Figure 2.1. Composition space for conventional TCO materials
(Source: Pasquarelli, Ginley, and O’Hayre 2011).

Figure 2.2 clearly shows the comparison of the abundance for the dopants and
TCO cations. The common TCO cations are highlighted by coloured circles with
additional possible dopants shown with squares. Currently, because of indium’s rarity
and thus high price, there is great interest in non-indium based TCOs. Furthermore, ITO
films and other thin films the standard is detected by various factors like the thickness
surface morphology, the optically transparent, uniformity and electrical conductivity.
Moreover, the deposition technologies, operation conditions and post-deposition
thermal treatments influence the entire optical and electrical properties of ITO films.

Hence, alternative anodes that eliminate its use are highly desired owing to the scarcity



of indium. In this research ZTO has been used as a replacement of ITO and its

appropriate candidacy as an anode in OLED production has been explored.
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Figure 2.2. Comparison of the abundance for different TCO materials
(Source: Pasquarelli, Ginley, and O’Hayre 2011).

2.1.2. Electrical Conductivity and Resistivity of TCO

In general, the electronic properties of materials are necessitated to understand
that the electrical conductivity is a very property of TCOs. The most substantial
electrical feature of solid materials their resistance to flow of electrical current. Many
published literature discusses the electrical properties of TCOs in terms of resistivity
(p), which is the reciprocal of conductivity (o) and has units of  cm. The materials
have low resistivity provided that the electrons flow with ease through these materials.
Electricity has large hardship flowing through a material, so material has high resistivity.
Conductivity is the opposing of resistivity which is the inverse of electrical conductivity
to describe. So, the high electrical resistivity is identical with low electrical conductivity

(Ghorbani and Taherian 2019):

(2.1)

D |



The substrate temperature and the applied magnetic field of materials depend on
the electrical resistivity of the materials. In Figure 2.3, the material features are isotropic
in directions and homogeneous in regions. Electrical resistivity (p) can describe as

follows:

E=p] (2.2)

where the electric field is shown E, the current density is shown J and the resistivity is
shown p. The electric field E is offsetting by the voltage of V divided by the distance of
d over the voltage is adopted. Equation (2.3) is shown another form of Ohm’s law

equation.

E= (2.3)

QU<

In the sample supposed that materials are homogeneous, therefore the electrical
resistivity of p is a scalar magnitude. As shown in Figure 2.3, is taking into account the

sample in consequence of the current density of J is described by:
1
] = " (2.4)
To analyse material is bounded by two electrodes with the area of 4, in order to place

apart from another material with the distance of d, as shown in Figure 2.3. Combining the

equations (2.1), (2.2), and (2.3) and rearranging gives:
V=12 (2.5)

From Ohm’s law, R is even to the voltage across the material divided by the current.

The resistance between the two ends is given by:

d d d
R=pi=p =15 (26)



. . d . . .
% should have units (ohms) since - has no units. However, ’—;15 not the resistance of
sample. To distinguish between R and % , the ratio % is given the units (ohms/square)

and 1s named sheet resistance, Rg;. Hence the resistance of sample can be written as:

R = Rsh% ohms (2.7)
TV 174
Rsp = T 4.537 (2.8)
Voltmeter

—® Il
Ammeter Voltage

source

Figure 2.3. Simple technique for measuring the resistivity.

There are several correction factors such as geometry should be inputted to get a
much accurate and precise value of the sheet resistance (Rgp,). The electrical resistance
of sample relies on the geometry of the sample. In this way, the electrical resistance p is
independent of the sample size or the sample shape. The electrical conductivity is easily

related to the free electron density by:

(2.9)
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where the mass electron is m*, the number of electrons is n per unit volume carrying
current in the sample, the electrons charge is e, and the average interval between clashes
for a single electron is u. If the mass of the electron is increased, their movement will

be decreased and taken extended to get through samples (Ghorbani and Taherian 2019).

2.1.3. Optical Properties of TCO

In the n-type TCOs, the optical properties are determined not only by the optical
transitions between the valence bands and conduction bands but also between the
occupied conduction states and the other conduction band states. The important optical
characteristic of TCOs transmission (7), absorption (4) and reflection (R) could be

detected via its geometry consists of, refraction index n, band gap E; and extinction

coefficient k. So, geometry in measuring film surface roughness, film thickness and
thickness uniformity. While the geometry of thin film is extrinsic, which relying on the
chemical composition and material is that the intrinsic are 7, 4, and R (Wei and Segev
2005).The semiconductor band theory can be established the induction of electrical
properties of TCOs. The electrical conduction becomes inside the semiconductor
material, so the absorbed Photon energy must be induced the valence band maximum
(VBmax), the conduction band minimum (CByi»), respectively. The electron is induced
into conduction in order to require the higher energy photon for a wider band gap. For
this reason, in order to decrease the odds of stimulant the electron into the conduction,
in a material expands at the band gap E; > 3.0 eV while establishing a large separation
from VBax to CBuin of the material, then permitting transparency at the visible portion.
Furthermore, Transparent conducting oxides have been advanced by doping materials
so as to make easy the charge carrier generation within the structure. In the description
of the band, the model has a prominent difference from the basic band gap (the low
energy shift effect on the bulk HOMO) to the optical band gap (an extrinsic property)
which corresponded to allow the minimum energy for an optical transition (Dsy and
Peiris 2018). The optical band gap detects the transparency of a material which is
important in TCO applications. In order to achieve n-type conducting properties,
electrons are injected from the ionized donors straight in the valence band. Figure 2.4
shows that there is orbital overlap, it would permit delocalization of electrons from the

defect sites such that CB, filled up electronic states, in other words, the CByin down
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below Fermi level shifts. It is known as an effect that the Moss—Burstein shift is

efficaciously enlarged the optical bandgap.

E,=Ecp, . —Evg,,, (2.9)
to
EJP* =EMP +E; = Er —Eyp_,, (2.10)
Moss—Burstein shift:
EMB =Ep—Ecp (2.11)

where the optical band gap of Egpt is permitted the optical transition between the VB
and the CB, the fundamental energy gap of E is separated from VBpuax and CBpin , the
Moss-Burstein shift is Eg’B and The Fermi energy level is Er. Thus, TCOs of the lattice
defects will be increased both optical transparency and electrical conductivity.

The optical band gap is a very considerable direction in designing TCO. The next
electronic energy level (CBuin+1) and the conduction band level is different which a
broad interval is 3.0 eV. So, undesirable optical absorption prevents excited electron
(Dixon et al. 2016). Range of visible transmission window of the TCO films growth on
substrate is affected via the optical parameters and properties. On the other hand, the
refractive index mng,;, of the most widespread substrates is a refractive index
approximately ~1.45 for fused silica has a refractive index approximately ~1.6 for
various glasses. Various interference bands were formed in order to manufacture
minimal and maximal values is 7 which the wavelength and thickness have differed 100
nm thicker (Major and Chopra 1988). Furthermore, the maximum transmission is in air,
Tnax=90% and 93% for the coated films on glass and fused silica, respectively. The

minimum transmission (Tyy,;,) in air is cleared by (Castafieda 2011):

2
Toin = ——lisub (2.12)

(1+n2)(n2+n?,,)
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Figure 2.4. Graph of the Moss—Burstein shift
(Source: Dixon et al. 2016).

The refractive index for most TCOs resides in the visible range of n=1.8-2.8
and gives at least transmission within the range of T,;,;,,=0.5—0.8. Minimum transmission

may be approximated from equation.

Toin = 0.051n2 — 0.545n + 1.654 (2.13)

In the visible spectrum as refractive index decreases or increasing wavelength
affects optical transmission minimum increases. Although the extinction coefficient has
a significant effect on the transmission Ty qximum < Tsubstrate> the optical transmission
minimum of decrease. In this way, TCO the film will decrease depending on thickness,
the optical transmission will increase. For this reason, the sheet resistance will show an

increase.

2.2. What is Zinc Tin Oxide (ZTO)?

Non-centrosymmetric ternary oxides display unique symmetry-dependent and
spontaneous polarization properties, which are technologically important for

applications in ferroelectricity, piezoelectricity, and nonlinear optics. Zinc stannate is a
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ternary oxide of zinc (Zn) and tin (Sn) and thus also known as zinc tin oxide (ZnSnO or
ZTO). Moreover, zinc stannate or metastannate (ZnSnO3) and zinc orthostannate
(Zn2Sn0y) are the two compound forms that exist in the ZTO system. So, metastannate
is face centered perovskite, while orthostannate forms an inverse spinel structure
(AB20O4 type), as shown in Figure 2.5. (Bora et al. 2015). Zinc tin oxide has a high optical
band gap of >3 eV which provides the material highly transparent to visible light.

® Sn
20
» Zn

Perovskite Inverse spinel
(ABO,) (AB,O,)

Figure 2.5. Crystal structures of face centered perovskite and inverse spinel
(Source: Bora et al. 2015).

Zinc tin oxide is an n-type semiconductor, therefore, its stoichiometry is the most
generally defined like (Zn0),(Sn0,);_4 (0<x<1). Trigonal ilmenite ZnSnO5 and cubic
spinel Zn,Sn0,, two crystalline forms have been noticed. Using ZTO as an
environmentally friendly replacement for the industry standard materials in these
applications (ITO, CdS) can reduce the production costs and potentially improve device
performance (H. Q. Chiang et al. 2005). Transparent conductive oxides are an essential
component in many products such as flat panel displays, photovoltaic devices and
organic light emitting diodes. Although the binary oxides such as ZnO, SnO; and In2O3
find numerous applications, recently, spinel type cadmium stannate (Cd2SnOs) has been
identified as one of the best candidates for TCO applications due its promising electrical
and optical properties. Other materials, the oxides of indium, tin and zinc are currently
the most commercially important TCOs. In spite of their large band gap, which makes

them transparent under normal conditions; they can sustain a high concentration of
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carrier electrons with a high mobility (Stambolova et al. 1997). Development of these
and other TCO semiconductors is important because the expanding need for transparent
electrodes for optoelectronic device applications is jeopardizing the availability of
indium-tin-oxide (ITO), whose main constituent, indium, is a very expensive and scarce
material. ZTO semiconductors are promising as alternatives to ITO for thin-film
transparent electrode applications (Minami 2005). There are many conductivity and
mobility values for transparent conductive oxides in the literature, improving on the film

composition and growth technique.

In20s3

TualisO In4Sn3012

Zn3In206

ZnO Zn2Sn04 ZnSnO3 Sn0O2

Figure 2.6. TCO semiconductors for thin film transparent electrodes
(Source: Minami 2005).

With the purpose of obtaining highly transparent and conductive ZnO films, it
has been reported that tin doping ZnO films prepared by rf magnetron sputtering was
not effective (Minami 2005). In addition to that research into ZTO and other multi metal
oxide thin films have drawn increased attention in the past decade. Moreover, TCO
semiconductors like impurity-doped ZnO, In2O3; and SnO; and multi-component oxides
composed of combinations of these binary compounds are the best candidates for
practical use, as shown in Figure 2.6 (Minami 2005). In respect of a promising
alternative to ITO films from researches, oxide/metal/oxide the multilayer thin films
have been proposed to obtain lower resistivity than 10#Q cm of ITO thin films (Welzel
and Ellmer 2012). In a recent study, Koseoglu et al. observed that the effect of electro-
annealing in air and vacuum on the optical and electrical properties of ITO thin films
grown by large area DC magnetron sputtering at 250 °C substrate temperature (Koseoglu
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et al. 2015). In particular, ZTO thin films, with low resistivity and source materials that
are inexpensive and non-toxic, are the best candidates. Besides, further development of
the deposition techniques, such as magnetron sputtering as well as of the targets is
required to enable the preparation of ZTO thin films on polymer substrates with less
surface roughness. In the study of Demirhan et al. that in order to coat of ITO thin films
on PET substrate without heating were made, using a roll to roll large area DC
magnetron sputtering system. As a result of depending on the oxygen gas flow rate, the
effect of growth conditions has been investigated in the thin film properties which is
specifically resistivity and transparency (Demirhan et al. 2020). Schmidt et al. observed
that oxide/metal/oxide multilayer electrodes have been explored as transparent
conducting electrode, which has deposited at room temperature. ZTO/Ag/ZTO (ZAZ)
multilayer thin film electrodes found sheet resistance of 6 2/0 and optical transmittance
82% at 550 nm in this way, this research was first submitted for applications to

conductive electrodes (Schmidt et al. 2011).

Ag (111)

Ag 16nm

Intensity [a.u.]

20 30 40 50 60
2theta [deg.]

Figure 2.7. XRD plots of the ZAZ/SLG multilayer as a function of Ag thickness
(Source: Y. Y. Choi et al. 2011).

In the study of Choi et al. flexible dielectric/metal/dielectric (DMD) multilayers
like roll to roll grown flexible ZnSnO3/Ag/ZnSnO; have been reported as candidates for
flexible ZTO electrodes owing to their low cost, low sheet resistance, high optical

transmittance, and good flexibility. Also, due to the high cost of indium element, zinc

16



tin oxide is preferred (Y. Y. Choi et al. 2011). Moreover, XRD plots of the ZTO/Ag/ZTO
multilayers with increasing Ag thickness, to investigate the microstructural properties
of ZTO/Ag/ZTO multilayer thin film electrodes, as shown in Figure 2.7. Up to a
thickness of 8 nm, there was no peak related to crystalline Ag or ZTO. A crystalline Ag
(111) peak started to appear at an Ag metal layer thickness of 10 nm. Recently, in the
study of Seok et al. ZnSnO/AgPdCu/ZnSnO (ZTO/APC/ZTO) multilayer thin film
electrode that have grown on 1500 mm PET using mass-production-scale roll-to-roll

(RTR) sputtering at room temperature without breaking vacuum as shown in Figure 2.8.

Figure 2.8. Schematic of the continuous RTR sputtering process
(Source: Seok et al. 2019).

In addition to this ZTO/APC/ZTO multilayer on PET substrate is found the sheet
resistance of 3.43 Q/o and the optical transmittance of 80.99% (Table 2.2). In
comparison, the optical transmission results of the optimal thickness values ZTO (20
nm)/APC (14 nm)/ZTO (15 nm) multilayer and 125-nm-thick reference ITO thin films
sputtered on PET substrates at room temperature. Here, ITO thin film has shown sheet
resistance of 40.25 Q/o and resistivity of 5.03x10* Q cm. Compared to the reference
ITO thin film, the ZTO/APC/ZTO multilayer reduced sheet resistance of 3.43 /o and
resistivity 1.68x10° Q cm. Besides, the use of an Ag-Pd-Cu alloy interlayer has the
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identical metallic conduction such as Ag and improves durability against heat and

humidity because the Cu and Pd alloy elements reduce the surface diffusion of Ag atoms.

Table 2.2. Electrical and optical properties of the optimized ZTO/APC/ZTO multilayer
thin film electrode, and reference ITO (Source: Seok et al. 2019).

ITO ZTO/APC/ZTO
Sheet
Resistance 40.25 3.43
Q/o)
Resistivity 503x 10* 1.68 x 107
(ohm cm)
Mobility 25.18 4.15
(cm?/V s)
Concentration 4.93 x 1020 8.99 x 10%2
(cm?)
Transmittance 84.07 80.99
at 550 nm (%)

ZTO/APC/ ZTO multilayer thin film electrodes, the highly conductive APC
interlayer causes low resistivity, and DMD structure can prevent reflections from the
APC layer to produce the high optical transmittance. In addition, the low IR
transmittance and high reflection of the APC metal layer have been caused effective heat
shielding by the ZTO/APC/ZTO multilayer thin film electrode. Based on bending,
twisting, rolling, and folding tests, they have been confirmed the outstanding mechanical

flexibility of the ZTO/APC/ZTO electrodes (Seok et al. 2019).
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CHAPTER 3

EXPERIMENTAL DETAILS

Experimental details can be divided into two parts. The first part consists of thin
film growth including the experimental details such as substrate preparation, deposition
method of thin films. Moreover, the focus of this part, ZTO thin films were deposited
on soda-lime glass (SLG), polyethylene terephthalate (PET) and Polyimide (PI)
substrates by DC magnetron sputtering system using ZnoSn (ZT) target and ZnSnO
(ZTO) target. In the second part, the analysis and characterization techniques of those
properties have been explored the physics of the film mechanisms like Profilometry,
four-point probe, spectrophotometry, scanning electron microscopy (SEM), X-ray
diffraction (XRD), Raman spectroscopy. For this reason, in the steps of growth and
characterization of ZTO thin films on Polymers for OLED, it will be optimized to coat
ZTO thin film appropriate parameters such as pressure, target-substrate distance,
deposition time, etc. As a result, the annealing temperatures and the deposition
parameters will determine in order to obtain in the lowest sheet resistance and the highest

optical transmission.

3.1. Growth of ZnSnO Thin Films

In my thesis, the growth of ZnSnO thin films can be divided into four parts.
Firstly, polymer substrates are very important to clean for using ZTO as an anode in
OLED production so substrates preparation is to be expounded. Other parts, many
experimental details have been tried to optimize the sputtering conditions and the
different substrate temperature or room temperature parameters to get ZTO thin films
with desired properties using Zn>Sn (ZT) target and ZnSnO (ZTO) target. Despite the
differences in the various parameters, device structures of the many transparent
conductive oxides are shown similar and the schematic cross-section of thin films
structure is shown in Figure 3.1. (a). Primarily, After the thin films are deposited on
ZTO/SLG samples using Zn;Sn target, which is the lowest sheet resistance but at the

same time high transmittance at 550 nm, they become ready for the characterization
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techniques. After the thin films are deposited on ZTO/SLG samples, which is the lowest
sheet resistance but at the same time high transmittance at 550 nm, they become ready
for the characterization techniques. Aim of using soda-lime glasses substrates is to create
homogeneous films by optimizing thin film. As shown in Figure 3.1. (b), ZTO/Ag/ZTO
(ZAZ) multilayer thin film electrodes growth have been presented in a number of
different parameters for low sheet resistance and high optical transmittance. Actually,
the top side of the films is covered with Silver as interlayer by magnetron sputtering
technique to form multilayers for the lowest sheet resistance measurements. In the next
chapter, the optimization parameters will be given for the growth of ZTO thin films and
ZTO/Ag/ZTO electrodes as transparent conductive oxides used to appropriate candidacy

as an anode in OLED production.

7TO
Ag
710 7ZTO
SLG SLG, PET, PI

(a) (b)

Figure 3.1. (a) Device Structure of ZnSnO thin films using Zn,Sn target (b) ZAZ

multilayer thin film electrodes using ZnSnO target.

3.1.1. Substrate Preparation

In this work, the reason for the usage of SLG substrate as-growth of ZTO thin
films was that it must be resistant to substrate temperature to apply the substrate heating
process. SLGs were respectively cleaned in an ultrasonic bath in acetone, alcohol and
de-ionized water for 10 minutes in each, after that as the cleaning of the substrate was
accomplished by oxygen plasma etching on account of 10 min to eliminate organic
residual. As a result of polymer substrates are very important to assemble the eligibility
of ZTO as an anode in OLED production is obtained the reasonable usage of polymer

(PL, PET) substrates which have been cleaned with steps except for acetone.
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3.1.2. Deposition Method of ZnSnO Thin Films

Deposition methods as growth thin films are listed such as chemical vapour
deposition (CVD), physical vapour deposition (PVD), thermal evaporation, reactive
thermal evaporation, sol-gel process, spray pyrolysis, radio frequency (RF) magnetron
sputtering and direct current (DC) magnetron sputtering. Among these methods, DC
magnetron sputtering method is the most preferred technique because of having a high
accumulative speed and also to get high-quality thin films (Granqvist and Hultaker
2002). In the DC magnetron sputtering, target material particles linear motion of
electrons is perpendicular to both electrical and magnetic field to accelerate ambient
ionized Argon atoms. In this way, ion concentration on target can be increased. The
incident ion undergoes atomic and electronic interactions thus within transition of
particles from target (cathode) material to substrate (anode) a thin layer is formed
(Ellmer and Mientus 2008). Thin film growth is possible with this method. Figure 3.2
(a) illustrates the picture of DC magnetron sputtering system. Glow discharge which we
call plasma can be seen in Figure 3.2 (b), the substrate holder on top of plasma can be
placed. The DC magnetron sputtering system used in this thesis was used to sputter

ZnSnO thin films in order to be a popular method for coating high-quality thin films.

(b)

Figure 3.2. (a) The picture of DC magnetron sputtering system (b) purple colours of
plasma, during deposition process.
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The sputtering system equipped with a turbo molecular pump and a rough pump
had a two-stage pumping system. That's why, the evacuation system to below 2.0x10¢
Torr, we pumped the rough pump (RP) and then backing the turbo molecular pump
(TMP). Also, the target-substrate distance was 7 cm. In additionally, heat-treatment was
achieved with top ampoule heating. Then, during the deposition of ZTO thin films, the
substrate temperature was checked by a thermocouple. To evaluate base pressure of the
system, a cold cathode gauge is used. The content of sputtering gases introduced was
controlled by a separate mass flow control (MFC) by which channel 1 controlled the
amount of Argon (Ar), channel 2 controlled the amount of oxygen (O2). The MFCs are
available to measure gas flow rates from about 0.1 sccm (Standard Cubic Centimeters
per Minute). During deposition, baratron is used to measure pressure of vacuum
chamber. The sample holder was rotated in order to obtain better surface homogeneous

of the coated layer, during the deposition of ZTO films.

3.1.3. Heat Treatment of ZnSnO Thin Films

Heat treatments can be controlled the properties of the thin films by the heat
treatment steps. For example, heating of a material over a long time span that enables
strains and cracks to be removed or at least can provide stress relaxation inside the
material. In additional is briefly that used to define all of the controlled heating and
cooling operations performed on a material in the thin film for the purpose of altering
its microstructure and properties. The focus of this discussion also allows atoms to
diffuse inside the structure and rearrange itself to form the crystalline structure by

annealing. Figure 3.3 clearly shows that schematic representation of tube furnace.

l l Growth of ZnSnO
thin film

Figure 3.3. Schematic representation of tube furnace.
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Especially for my thesis, the characterization of ZnSnO thin films depends on
microstructure. So, in order to improve these properties, appropriate heat treatment steps
of 450 °C anneal procedure is applied to have a control on grain size and morphology.

Furthermore, it is aimed to get rid of stress inside the ZnSnO thin film samples.

3.2. Characterization Techniques

A wide variety of characterization techniques are used to evaluate the material
quality of the thin films. The structural properties of thin films are studied by scanning
electron microscopy (SEM) and X-ray diffraction (XRD). Composition measurements
are made by energy dispersive analysis of X-rays (EDX) equipped with SEM. The
electrical properties of the materials are investigated by Four-point probe measurements.
The optical properties of films are studied using transmission measurements. The focus
of this section is to characterize different experimental methods and devices used in

applications for understanding the properties of the ZTO thin film.

3.2.1. Profilometry

A profilometer is a surface contact instrument with a stylus that is scanned
across the samples surface for measuring film thickness. As the surface is scanned, a
three-dimensional height profile is constructed from data. While the stylus is moving, it
measures small surface variations in vertical. For example, thickness image of ZTO

sample is that it shows thickness with a size around 100 nm, as seen in Figure 3.4.

Figure 3.4. Thickness profile analysis of ZnSnO thin film.
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Figure 3.5. The picture of profilometer.

All ZTO thin films thicknesses that we used in this thesis were measured using
a Veeco DEKTAK 150 profilometer. Illustration of working principle is a stylus
profilometer in Figure 3.5. As the stylus is moved horizontally, the substrate will follow
the surface of sample. The ZTO film thickness can be determined, by measuring the

vertical movement of stylus.

3.2.2. Four-Point Probe

The four-point probe is a commonly used the technique to measure the
semiconductor resistivity. It is an absolute measurement without recourse to calibrated

standards and is sometimes used to provide standards for other resistivity measurements.

Figure 3.6. The picture of four-point probe.
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Figure 3.7. Schematic view of the four-point probe used in measuring resistivity.

In this method, the electrical contacts between setup and sample surface are
four evenly spaced metal probes which are placed in a straight line, as depicted in Figure
3.6. In common type, an ammeter measures a current that passed through the sample. At
the same time, a voltmeter measures a voltage of V produced across the inner part of the
material. The picture of the four probe method was shown in Figure 3.7. It is seen that
by applying current I between terminal 1 and 4 (outer terminals in the figure) and
measuring voltage V across terminal 2 and 3 (inner terminals) one can calculate sheet
resistance (Rsn) of the film using following equation. Also, when the distance between
the probes is far greater than the film thickness, the resistivity of the thin film can be
calculated from equation. (Schroder 2005).

nd V
Tm@1 Rsnd 3-1)

where p is resistivity in Q m, & is ZTO film thickness in m, Ry, is sheet
resistance in )/square, width (w) and height (?), 7 is measured voltage over two inner
probes, /is the current that is supplied to the outer probes and the distance between two
inner contacts of voltmeter probe is L (Schroder 2005).The sheet resistance (Rgy) of
sputtered conductivity of thin film on SLG such as ZTO thin films is used to measure
by four-point probe system which is from using a Keithley 2425 instrument. On the
other hand, the measured values of sheet resistance together with values of thickness of

ZTO thin films obtained that can be used to calculate resistivity.
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3.2.3. Spectrophotometry

A spectrophotometer is employed that reflection and transmission analysis of
materials as a function of wavelength. In order to obtain the optical transmittance and
the reflectance as a function of wavelength, a monochromatic light beam is used.
Especially, spectrophotometer can be determined, dependently the control or calibration,
so how much through calculations can be observed wavelengths of the samples. In my
thesis, the optical required specification of ZTO thin film has been investigated via a
PerkinElmer Lambda 950 UV/VIS/NIR portable spectrophotometer which includes
wavelengths between 200 and 2600 nm.

3.2.4. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is an effective method to image between
the morphology of thin films and the interfaces thin film layers. SEM resolves details
one to two order orders of magnitude smaller than those analysable with optical
microscopy. SEM analysis is used that creates an image of a small surface of thin films
by firing a high-intensity beam of electrons at sample surface and scanning it in a zig-
zag type pattern.SEM offered an insight into two dimensional and three-dimensional
imaging of microstructure, chemical composition, crystallography and electronic
properties (Egerton 2016). In this thesis, FEI-Quanta FEG 250 SEM by operating
voltage in 20 k V was utilized to feature ZTO thin films and in order to be of opinion
about the surface morphology and the existence of undesired phases aslope on ZTO thin
film surfaces. Energy dispersive X-ray spectroscopy (EDX) diagnostics are commonly
incorporated in scanning electron microscope setups since EDX measurements utilize

an electron beam which is focused onto the investigated sample.

3.2.5. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a powerful technique that can be used to identify
the atomic and molecular structure of a crystal, the crystalline phases that are present in
a material. Analysis of XRD is applied by a collimated beam of X-rays of wavelength
typically between 0.7-2 A incidents on the sample surface. The wavelength of X-rays is
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comparable with spacing between atoms. The beam is radiated by crystalline phases in

sample according to Bragg’s Law as shown in equation (Bragg 1913) :

nAd = 2dsinf (3.2)

where 721s an integer, / is the photon wave length, Z'is the distance between the parallel
lattice planes, # is the angle between the lattice plane and the incident radiation. The
microstructural properties of ZTO thin films are analysed by XRD measurements
performed in a Phillips X’ Pert Pro X-ray diffractometer with CuKa radiation (A=1.5406
A) under grazing incidence diffraction mode at a scanning rate of 0.016°/s in the 20

range 20°-70°. As a reference, the stored database results of comparing have given.

3.2.6. Raman Spectroscopy

In 1928, Raman spectroscopy depends on Raman influence initial found by
Raman (Klaassen and Hes 1986). It is described that can detect both inorganic and
organic species and evaluate crystallinity of solids. In order to problem-solve in material,
the susceptibility of crystal structure is one of the most important for Raman
spectroscopy. For example, different Raman shifts give slightly different crystal
orientations. The small amount of radiation energy is scattered when a beam of light is
passed through a transparent substance. If monochromatic radiation is used, scattered
energy will occur almost completely of radiation of incident frequency (Rayleigh
scattering), but in addition, certain discrete frequencies above and below that of incident
beam will be scattered. This extra inelastic scattering component is intended to as Raman
scattering (I. W. Chiang et al. 2001). The analysis of the Raman shift can provide
information about the chemical composition, molecular structure, and intermolecular
interactions of the sample. While Raman studies were performing, Micro Raman-
spectroscopy (S&I Mono Vista Raman System, 0.750 mm Imaging Triple Grating
Monochrometer) used with excitation wavelength of 514.5 nm Ion-Ar" laser with 25mW
power for ZTO thin films were taking with 600 gratings and 100x objective and using

Si main mode at 521 cm™, calibration was done.
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CHAPTER 4

RESULTS AND DISCUSSION

For the purpose of the ZTO films on polymer substrates for the characterization
properties and good adhesion, the exhaustive work on these structural and electrical
properties of the films is very important in my thesis. Also, to demonstrate that the
advanced ZTO anodes are compatible with the OLED fabrication and to evaluate their
performance. Coated thin films on SLG and polymers (PI and PET) were respectively
characterized using many techniques. As results are that the deposition of method DC
magnetron sputtering with the coated flexible ZTO/Ag/ZTO multilayer thin film
electrodes will be promising indium-free that 1t is important to can replace conventional
amorphous ITO electrodes. This chapter briefly outlines the thin film deposition
methods used to deposit various ZnSnO thin films. The structural, morphological,
characterization methods of thin films viz. profilometer, four-point probe,
spectrophotometer, EDX, SEM, XRD, and Raman analyses are discussed. The optical

and electrical methods to characterize semiconducting thin films are also discussed.

4.1 Sheet Resistance and Optical Transmission Measurements

Experimental stages can be divided into two parts. These parts consist of thin-
film growth process including the experimental details such as ZnSnO thin films using
ZT target and ZTO/Ag/ZTO thin films using ZTO target, respectively. Besides, the
result of these experimental stages has been suggested the growth of ZnSnO thin films
and ZTO/Ag/ZTO multilayer thin film electrodes like Profilometry, four-point probe,
spectrophotometry.

In this part of my thesis, discussion on resistance and optical transmission
measurements of the coated ZnSnO thin films and ZTO/Ag/ZTO multilayer thin film
electrodes have been presented. Thus, the expected result of our experimental
procedures is that, the surface resistance will be especially decreased from M /o to

Q/o in addition to the highest transmittance in the visible region.
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4.1.1 Growth Process of ZnSnO Thin Films Using ZT Target

Experimental studies are chosen to measure up the results of ZTO thin film
growth with Zn>Sn (ZT) target under vacuum together with various parameters. For this
purpose, Zn2Sn target material which has the formation 52% Zn and 48% Sn is grown
on SLG substrate (1mm) at room temperature or at certain temperatures by using DC
magnetron sputtering method. After the vacuum chamber was backfilled with flow rate
of 30.0 sccm argon, pre-sputtering was made for 5 min to eliminate the waste surfaces
of ZT target, and then shutter was opened. This some process is always done at every
stage of experimental study. Finally, transmittance values in all measurements were used

to measure at 550 nm is the SLG 91.6%, PI 73.1% and PET 59.2%.

Table 4.1. Sheet resistance, film thickness and transmittance for 450 °C-60 min annealed

ZTO/SLG thin films obtained in various oxygen quantities.

Target- Sheet
substrate =~ Deposition Ar/O2 Thickness Resistance Transmittance
distance Time (min) (sccm) (nm) es!l; / at 550 nm (%)
(cm) /o)
Empty-
SLG 0 0 0 0 0 91.6
ZT-01 7 5 30.0/5.0 72.0 5.98 k 73.3
ZT-02 7 5 30.0/7.5 70.3 14.0k 76.9
ZT-03 7 5 30.0/10.0  69.6 1.0M 77.8
ZT-04 7 5 30.0/12.5 58.8 5.0M 78.2

At the first stage of experimental procedures, during deposition applied power
was constant, with increasing amount of oxygen ZTO thin films are coated on SLG
substrates. The gas flow rate of Argon was sustained at 30.0 sccm while the gas flow
rate of oxygen kept at 5.0 sccm, 7.5 sccm, 10.0 sccm and 12.5 scem for these thin films,
respectively. The sputtering power was kept at 15 Watt (W). Target-substrate distance
was kept at 7.0 cm. The growth conditions were carried out at a DC power of 15 W
(watt), deposition time of 5 min, base pressure of 2.0x10°® Torr. In order to induce their
crystallization, the subsequent annealing process was carried out at 450 °C in an oxygen
atmosphere for 60 minutes. As seen in Table 4.1, ZTO/SLG thin films are acquired with
different thicknesses. Sheet resistance and optical transmittance values at 550 nm are

calculated as shown in Figure 4.1. Oxygen amount and film thickness of thin film with
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the lowest sheet resistance is detected. These measurements evince that sputtering power
was not affected by thin films electrical and optical characteristics distinctly. For this
reason, it was found that the oxygen amount of films with the lowest sheet resistance
was obtained at 5.0 sccm O and the best film properties were reached at ZTO thin films
thicknesses of about 70.0 nm. However, the different parameters were continued as sheet

resistance value is to be lower.
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Figure 4.1. Optical transmissions graph for 450 °C-60 min annealed ZTO/SLG thin films

obtained in various oxygen quantities.

At the second stage of experimental procedures, this deposition were applied at
the DC power is 15 W, the gas flow rate is 30.0 sccm Ar and the target-substrate distance
1s 8.5 cm. Evidence from the literature suggests that the knowledge regarding sheet
resistance in thin film will be decreased (Turkoglu et al. 2018). Therefore, we addressed
that stress on thin films could be considerably diminished by the rotating sample holder
during the deposition of thin films. As shows in Table 4.2, the upright interval from the
target to substrate holder was increased from 7.0 to 8.5 cm. Moreover, the sheet
resistances of the thin films are strongly related to the amount of oxygen vacancies and
microstructure. Especially, the expected result of our experimental procedures was that
the surface resistance decreased from k€/o to /o, so target-substrate distance was once
again changed back to 7.0 cm. The increased target-substrate distance has not decreased
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sheet resistance, but it has increased the optical transmittance at 550 nm was observed
in the visible. However, the graph indicates that the increase in the optical transmittance

is not complemented by the decrease in sheet resistance region, as seen in Figure 4.2.

Table 4.2. Sheet resistance, film thickness, and transmittance for ZTO/SLG thin films

obtained in increasing target-substrate distance.

Target Sheet
substrate Ar/O2 Deposition | Thickness Resistance Transmittance
distance (scem) Time (min) (nm) es(l; / at 550 nm (%)
(cm) Q/o)
Empty-
P 0 0 0 0 0 91.6
ZT-05 8.5 30.0/12.5 5 50.0 7.0M 83.2
ZT-06 8.5 30.0/12.5 10 72.0 2.0M 77.2
ZT-07 8.5 30.0/7.5 10 70.3 9.0 k 77.5
1 00 L] I L] L] L] I L] L] L] I L L] L] I L] L] L I L] L L I L
Empty-SLG

—12.5 02, 5 min

7.5 02, 10 min

—12.5 02, 10 min

Transmission (%)
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Figure 4.2. Optical transmissions graph for the increased target-substrate distance.

At the third stage of experimental procedures were enforced at DC power of 15
W, gas flow rate of 30.0 sccm Ar and 7.5 sccm O3, target-substrate distance of 7 cm and
deposition time of 10 min. Substrate temperatures were constantly kept at 100° C and
270° C, and surface temperature of SLG substrate was monitored by thermocouple and

controlled by heater during deposition. Furthermore, the coated ZTO thin films have
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decreased sheet resistance of this film homogeneously when the substrate temperature

has increased as shown in Table 4.3.

Table 4.3. Sheet resistance, film thickness, and transmittance for ZTO/SLG thin films

obtained in rising the substrate temperatures.

Target Deposition . Sheet .
substrate 02 Ti Substrate | Thickness Resistance Transmittance
distance (scem) ".ne Temp. (°C) (nm) at 550 nm (%)
(min) (Q/o)
(cm)
SR 0 0 0 0 0 91.6
ZT-16 7 7.5 10 270 67.5 1.0k 81.9
ZT-18 7 7.5 10 100 87.5 35.0k 84.5
100 T
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Figure 4.3. Optical transmissions spectra according to the substrate temperatures.

ZTO thin film observed to increase the optical transmission in the visible region
as illustrates in Figure 4.3. The expected result of our experimental procedures is that
the sheet resistance decreased at least 5.98 to 1.0 kQ/o, we have seen that it was found
the optical transmittance of 81.9% at the substrate temperature of 270 °C. In the visible
range, the transmittance of the ZTO/SLG sample is observed to be lower than that of the
bare SLG substrate however the variation is not substantial.

At the fourth stage of experimental procedures, in order to achieve dates on the

reduction of internal pressure, the difference of gas flow Ar/O: ratios was constant
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calibrated at the same temperature of 90 °C. The different deposition time has enforced
as 10 min and 20 min. For this reason, argon and oxygen values of 15.0/6.5 ratio have
been reached the result of good conductivity in Table 4.4. Therefore, transmission has

not changed against increase in the thickness of ZTO film in Figure 4.4.

Table 4.4. Sheet resistance, film thickness, and transmittance for ZTO/SLG thin films

obtained in reducing of working pressure.

sEl?sl;%fltte Ar/O2 Dep?sition Thickness S.h cet Transmittanc
distance (scem) Tll.ne (nm) Resistance e at 550 nm
(cm) (min) (Q/o) (%)

Empty-
SLG 0 0 0 0 0 91.6
ZT-27 7 20.0/8.5 10 40.0 7.6k 85.1
ZT-28 7 15.0/6.5 10 82.6 6.8 k 88.4
ZT-29 7 15.0/6.5 20 145.2 30k 88.3
ZT-30 7 20.0/8.5 20 115.9 19.0 k 85.1
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Figure 4.4. Optical transmission values dependently the working pressure.

At the final stage of experimental procedures were performed at the DC power
1s 15 W, the target-substrate distance is 7.0 cm, the gas flow rate is 15.0 sccm Ar and
5.5 sccm Oz, the deposition time of 10 min and the substrate temperature of 90 °C as

seen in Table 4.5. At the previous stage, sheet resistances and optical transmission values
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depending on the reduction of working pressure so it has determined to desired at good
resistivity and optical transmission. Sheet resistance and transmission values of 550 nm
wavelength changing in from tables and graphs on shows decrease the amplitude of
change in which it shows a fluctuation movement. In this study, the optical transmission
values and the electrical resistance magnitudes of the coated ZTO thin film on SLG

substrate that was found to vary depending on the thickness of peak values.

Table 4.5. Sheet resistance, film thickness, and transmittance for ZTO/SLG thin films

obtained in making no substrate temperature.

Target

substrate Ar/O2 Dep?sition Substrate Thickness S.h eet Transmittance
distance (sccm) Time Temp. (nm) Resistance at 550 nm (%)
(cm) (min) C) Qo) °
Empty-
o 0 0 0 0 0 0 91.6
ZT-31 7 15.0/5.5 10 90 98.3 8.1k 91.2
ZT-41 7 15.0/5.5 10 25 125.8 240.0 k 86.1
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Figure 4.5. Optical transmissions graph for the result of ZT-31 thin films.

The final result, As shows in Figure 4.5, the optical transmittance value at 550

nm and the sheet resistance as growth ZT-31 thin film, 90.1%, and 8.1 k€)/o values are
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that it has obtained as optimal values. Although the value obtained for the optical
transmission value was good enough, the sheet resistance was approached to desired
values. Thus, it is concluded that when the increased temperature was included in the
films the sheet resistance of the films decreased. Consequently, for the growth of ZT-31
thin film, we succeed to achieve transmittance values closer to bare SLG substrates

transmissivity.

4.1.2. Growth Process of ZTO/Ag/ZTO Thin Films Using ZTO Target

The focus of this growth process was coated ZTO, ZTO/Ag and ZTO/Ag/ZTO
(ZAZ) multilayer thin film electrodes on SLG by DC magnetron sputtering using ZTO
target at room temperature, respectively. And then, the same growth process was
deposited thin film on polymers (PET and PI) by DC magnetron sputtering using ZTO
target. The purpose of using soda lime glass before polymer substrate is using, ZAZ
multilayer thin film electrodes were also grown on SLG to characterize in experimental
details. Consequently, ZAZ electrodes, low resistivity, and high optical transmittance at
room temperature could be achieving. The purpose of the performances of
ZTO/Ag/ZTO multilayer electrodes indicate that ZAZ multilayers are promising as
indium-free, transparent electrode substitutes for conventional ITO electrodes in cost-

efficient OLEDs.

4.1.2.1. Deposition of ZAZ Multilayer Thin Films on SLG

The experimental procedure at the first stage, ZTO thin films were deposited
on SLG using ZTO target. In the best feature of the thin film could be coated by
magnetron sputtering system at room temperature. These used growth parameters were
applied via DC power of 15 W and target-substrate distance of 7.0 cm. Pre-sputtering
was performed for 5 minutes before deposition process, then shutter was opened.
Moreover, we have seen that when the gas flow of 30.0 sccm Ar and deposition time of
30 min values, the optical transmittance at 550 nm is the best values are given in Table
4.6. Optical transmittance spectra versus wavelength for growth and depending on the
coated ZTO/SLG thin films, as seen in Figure 4.6. Especially, depending on the

investigation of the effect of oxygen partial pressure and deposition time on the sheet
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resistance and the optical properties of ZTO/SLG thin films have been realized in the
experimental process. The decrease of the optical transmission while the argon gas flow
rate increases both 30.0 sccm to 60.0 sccm is obtained since when excessive argon was
included in the films the working pressure together with the sheet resistance of the films
decreased. Especially, the investigation of the effect of deposition time and the gas flow

rate on sheet resistance and optical properties of ZTO/SLG films have been realized.

Table 4.6. Film thickness and transmittance values of ZTO/SLG thin films.

Target

substrate PZO,}V er Ar Dep(.)sition Thickness | Transmittance
. (0} Time
distance (scem) . (nm) at 550 nm (%)
(Watt) (min)
(cm)
Empty-

SLG 0 0 0 0 0 91.6
ZTO-1 7 15 30.0 10 50.3 83.1
ZT0-2 7 15 30.0 30 86.7 91.2
ZT0-4 7 15 60.0 30 98.6 90.4
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Figure 4.6. Optical transmissions graph for ZTO thin films on SLG substrate.

The profile analysis of Ag thickness, which was grown in SLG at 10s, 15s, 20s,

25s, 30s and 40s, respectively, we have seen that it was chosen as interlayer conductor
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material as-growth of ZAZ multilayer thin film electrodes (Figure 4.7). Thus, the coating
time of Ag films was decided to be 15s for measuring thin film whose thickness range
of 10 to 20 nm in Table 4.7. Experimental studies in the literature of the ZTO/Ag/ZTO
multilayer thin film electrode has showed decreased sheet resistance and resistivity with
increasing Ag thickness. Especially, note that the result of the lowest resistivity is given
the ZTO/Ag/ZTO multilayer using deposition time of 15 seconds. Although the
thickness for obtaining Ag films by DC magnetron sputtering with various deposition
time on SLG with a 12-nm-thick Ag layer showed the lowest resistivity, the Ag thickness
was expected to be optimized at less than 12 nm, considering the low transparency of
the thick Ag layer. In the present study, we succeed to achieve transmittance values

closer to bare SLG substrates transmissivity.

Table 4.7. The thickness for obtaining Ag films by DC magnetron sputtering with

various deposition time on SLG.

Thickness (nm) 109 | 124 14.3 14.2 16.2 17.9

Deposition Time (s) 10 15 20 25 30 40

Thickness (nm)

0 n n n n [ | n n n » [} » n n n [ | n n n n [ |

0 10 20 30 40

Time (s)

Figure 4.7. Thickness of Ag layer as a function of deposition time.
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The experimental procedure at the second stage, the parameters of Ag thin film

was performed power of 15 W, argon flow rate of 40.0 sccm, deposition time of 15 s

and target-substrate distance of 7.0 cm. Therefore, Ag film was coated onto bottom ZTO

thin film layer. Thus, ZTO-1/Ag thin film was grown on SLG using a specially designed

dc magnetron sputtering method in room temperature at certain Ag dc powers under

optimized ZTO film deposition conditions. For this reason, ZTO-1/Ag was reached the

sheet resistance of 57.0 /o (Figure 4.8) and the optical transmittance 74.9% at 550 nm

as shown in Table 4.8.

Table 4.8. Sheet resistance and transmittance of ZTO/Ag thin films on SLG.

Target Deposition Power Ar Sheet T itt
substrate Time Ag Ag Resistance trzsusl(s)ml azl/ce
distance (cm) Ag (s) (Watt) (scem) Q/o) a nm (%)
Empty-SLG 0 0 0 0 0 91.6
ZTO-1/Ag 7 15 15 40.0 57.0 74.9
ZTO-2/Ag 7 15 15 40.0 58.2 70.1
ZTO-4/Ag 7 15 15 40.0 65.1 75.1
1 00 rg4g tsrsro- 7\r XA“{ Tr ™ yrmMmTrrrrTY |
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Figure 4.8. Optical transmissions graph for ZTO/Ag thin films on SLG substrate.
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The experimental procedure at the third stage, after the ZTO/Ag thin films
deposition, ZTO was coated on it with same parameters. ZTO/Ag thin film was coated
on SLG by magnetron sputtering at the previous stage and then ZTO was coated with
same parameters. As shown in Table 4.9 and Figure 4.9, the result of ZAZ-1 multilayer
thin film electrode was achieved very well such as the minimum of sheet resistance is

2.6 Q/o and the maximum of the optical transmittance is 88.9% at 550 nm.

Table 4.9. Sheet resistance and transmittance values of ZAZ multilayer on SLG.

Target Power | Deposition Sheet

Ar Transmittance
substrate 7TO Time Resistance °
distance (cm) | (Watt) (min) (scem) Q/o) at 550 nm (%)
Empty-SLG 0 0 0 0 0 91.6
ZAZ-1 7 15 10 30.0 12.6 88.9
ZAZ-2 7 15 30 30.0 3.0k 70.2
ZAZ-4 7 15 30 60.0 48.1 73.4
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Figure 4.9. Optical transmissions graph for ZAZ multilayer on SLG.
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4.1.2.2. Deposition of ZAZ Multilayer Thin Films on Polyimide

The experimental procedure at first stage, we had selected giver the best result
of ZAZ-1 multilayer thin film electrode in the previous stage, which has known that the
parameters were based on ZTO-1 thus The parameter of ZTO-1 has used in this stage.
For this reason, ZTO thin films were grown on Polyimide (PI) via DC magnetron
sputtering using of ZTO target at room temperature. this deposition was performed with
15 W, 30.0 sccm Ar, 10 min (deposition time) and target-substrate distance of 7.0 cm.
As shown in Figure 4.10, the result of ZTO-1 multilayer thin film electrode was found
to be the optical transmittance 66.9% at 550 nm. The experimental procedure at the
second stage, after the ZTO-1 thin film deposition, Ag layer was deposited with same
parameters before mentioned Ag (12.4 nm) layer.

Table 4.10 shows the sheet resistance of ZTO-1/Ag layer deposited on the PI
substrate. In additional that the result of ZTO-1/Ag was found to be the optical
transmittance 59.4% at 550 nm in additional to sheet resistance of 11.7 Q/o. The
experimental procedure at the third stage, in the previous stage, the Ag layer was
sputtered on the bottom ZTO layer at the same thickness. The top ZTO layer was
sputtered onto the Ag layers under the growth of the same conditions to those used to
deposit the bottom ZTO layer. The result of the coated ZTO-1/Ag/ZTO-1 multilayer
electrodes were found to be the optical transmittance 69.1% at 550 nm in additional to

sheet resistance of 13.0 Q/o.

Table 4 10. Sheet resistance and transmittance values of thin films on PIL

Sheet Resistance Transmittance at
(Q/o) 550 nm (%)
Empty-PI 0 73.1
ZTO-1/PI High resistance 66.9
ZTO-1/Ag/P1 11.7 594
ZTO-1/Ag/ZTO-1/P1 13.0 69.1
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Figure 4.10. Optical transmissions graph for ZAZ multilayer on PI substrates.

4.1.2.3. Deposition of ZAZ Multilayer Thin Films on PET

The experimental procedure at the first stage, ZTO thin films were coated on
PET films of 75 um by dc magnetron sputtering using ZTO target. This deposition was
performed with 15 W and target-substrate distance of 7.0 cm, 60.0 sccm Ar and 30 min
values, the optical transmittance at 550 nm is the best value of ZTO-4 film, as seen in

Table 4.11. Optical transmittance spectra versus wavelength depending on ZTO/PET
thin films in Figure 4.11.

Table 4.11. Optical transmittances values of ZTO/PET thin films.

Target-substrate = Power ZTO | Ar | Deposition = Transmittance
distance (cm) (Watt) | (scem) | Time (min) | at 550 nm (%)
Empty-PET 0 0 0 0 59.2
ZT0-1 7 15 30.0 10 54.9
ZT0-2 7 15 30.0 30 62.9
ZT0-4 7 15 60.0 30 63.3
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Figure 4.11. Optical transmissions graph for ZTO thin films on PET substrate.

The experimental procedure at the second stage, Ag layer was deposited with

same parameters Ag layer after the ZTO-1 thin film deposition. The sheet resistances of

ZTO-1/Ag layer deposited on the PET substrates are illustrated in Table 4.12. In Figure

4.12, the expected result of our experimental procedures was that ZTO-1/Ag was found

as optical transmittance 54.1% at 550 nm.

Table 4.12. Sheet resistance and transmittance values of ZTO/Ag/PET films.

Empty-PET

ZTO-1/Ag

ZTO0-2/Ag

ZTO-4/Ag

Target
substrate
distance
(cm)

0
7

Deposition
Time
Ag (s)

0
15

15

15

Power Ag
(Watt)

0

15

15

15

Ar
Ag
(sccm)

0
40.0

40.0

40.0

Sheet
Resistance

Q/o)
0
14.0

10.8

17.2

Transmittance at
550 nm (%)

59.2
50.9

54.1

53.0
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Figure 4.12. Optical transmissions graph for ZTO/Ag thin films on PET.

The experimental procedure at the third stage, Ag layer was coated on the
bottom ZTO layer at the same thickness at the previous stage. As a consequence, the
same thickness of the top ZTO layer was coated onto Ag layers under the growth of the
same conditions to those used to deposit the bottom ZTO layer. As shown in Table 4.13
and Figure 4.13, the result of ZAZ-1 multilayer thin film electrode was achieved very

well the sheet resistance of 20.8 /o and the optical transmittance of 62% at 550 nm.

Table 4.13. Sheet resistance and transmittance values of ZAZ/PET multilayer.

Target Power o, Sheet .
substrate Ar Deposition . Transmittance
distance ZT0 (sccm) Time (min) Resistance at 550 nm (%)
(cm) (Watt) (Q/o)

Empty-PET 0 0 0 0 0 59.2
ZAZ-1 7 15 30.0 10 20.8 54.9
ZAZ-2 7 15 30.0 30 21.3 55.9
ZAZ-4 7 15 60.0 30 21.7 53.3
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Figure 4.13. Optical transmissions depend on ZAZ multilayer on PET substrate.

4.2. SEM Analysis of Samples

Scanning electron microscopy (SEM) was used to define the morphology of
homogeneous surface. SEM images of ZTO thin films are very smooth without defects
such as cracks, pinholes, pores and protrusion under continuous DC magnetron
sputtering. The smooth surface is so significant that anode layers can cause break down
or short-circuit for flexible OLEDs. Composition of the thin films can be controlled with
energy dispersive X-ray spectroscopy (EDX) unit of the SEM, as the Zn, Sn, O, and Ag
can be detected. Also, another problem arises due to the low thickness of the thin films,
which causes an electron beam to penetrate through the thin film easily and access the
underlying SLG. Therefore, it was removed from used substrate information. SEM
images and EDX results of ZT-31 thin film on SLG substrate was shown in Figure 4.14.
It was shown uniform surface. Particle sizes almost the same O, Zn, Sn elements have
respectively 87.98%, 7.27% and 4.74% atomic ratios. In still another analysis, SEM
images and EDX results of ZTO/Ag (12.4 nm)/ZTO (ZAZ-1) multilayer thin film
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electrode on SLG substrate was illustrated in Figure 4.15. It was shown uniform surface.
Particle size almost the same O, Zn, Ag, Sn elements have respectively 82.19%, 13.65%,
1.15% and 3.01% atomic ratios. Despite both ZTO thin films and ZAZ multilayer thin
film electrodes were produced from target with elemental analysis performed by EDS
reveals that Zn-poorer thin films are obtained relative to the expected target

composition, as seen in Figure 4.14 and 4.15.
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Figure 4.14. EDX result of ZT-31 film using Zn>Sn (ZT) target on SLG substrate
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Figure 4.15. EDX result of ZAZ multilayer using ZnSnO (ZTO) target on SLG.
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Figure 4.16. SEM images of (a) ZT-31 thin film (50000x magnification) (b) ZAZ-1/SLG
multilayer thin film electrode (50000x magnification)
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Figure 4.17. SEM images of (a) ZAZ-1/PI multilayer thin film electrode (1000x
magnification) (b) ZAZ-1/PET thin film (1000x magnification)
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SEM measurements of (a) ZT-31 thin film (50000x magnification) (b) ZAZ-
1/SLG multilayer thin film electrode (50000x magnification), respectively. The ZTO
thin films were deposited both ZT-31 thin film and ZAZ-1 multilayer thin film electrode
on SLG by DC magnetron sputtering, as mentioned before (Figure 4.16). In additional
to that Figure 4.17 is shown SEM measurements of (a) ZAZ-1/PI multilayer thin film
electrode (b) ZAZ-1/PET multilayer thin film electrode. This results of the analysis are
in good agreement with the literature results. SEM images ZAZ sample were given that
thin films contain thickness with a size around 200 nm and ZT samples indicate that thin
films contain thickness with a size around 100 nm. The flexible ZAZ-1 electrodes were
continuously sputtered on polymers (PET and PI) substrates using a DC magnetron
sputtering system at room temperature under optimized ZTO growth conditions. From
the measurement of values, we determined that the flexible ZAZ-1/PI multilayer thin
film electrode was deposited to be the sheet resistance of 13.0 /o and optical
transmittance of 69.1% the optimized sample. In the same way, we determined that the
flexible ZAZ-1/PET multilayer thin film electrode was deposited the sheet resistance of
20.8 Q/o and optical transmittance of 62.0% the optimized sample. Regardless of used
polymers, the films exhibited surface morphology. At the optimized Ag thickness (12.4
nm), both the PI and PET substrates had smooth surface morphologies. All top ZTO
layers in the flexible ZAZ-1 multilayer thin film electrodes exhibited very smooth and
flat surface images, due to deposit at the low temperature of the polymer substrates,
which is constant maintained by the water cooling process. As a consequence, these

samples can be used to determine ZTO as an anode in OLED production.

4.3. XRD Analysis of Samples

X-ray diffraction (XRD) is a very considerable experimental technique in
revealing the crystal structure of thin films. X-ray diffraction measurement could be
determined the data involved the crystal structure of the films such as consist of unit cell
parameters, defects, stresses, grain size, compositions, hardness, etc. The XRD plots of
the ZTO film was grown on SLG and polymer substrate. Consequently, ZTO film was
enlarged by dc magnetron sputtering deposition condition, dense and uniform structure
was observed. However, the amorphous properties of some thin films have not
completely disappeared. Our x-ray diffraction analysis for ZTO thin film and ZAZ-1

multilayer thin film electrode from TCO products established no crystalline
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(amorphous) state of these glassy materials as seen in Figure 4.18 and 4.19. Furthermore,
the broadband of weak diffraction was observed, peaking at around 26 24.90° to 25.90°,
without concomitance of any diffraction line assigned to crystalline forms. This

distribution is characteristic of SnO-based oxide glasses studied for SnO-SiO» systems.
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Figure 4.18. XRD patterns of ZT-31 thin film.
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Figure 4.19. XRD patterns of ZAZ-1/SLG multilayer thin film.
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The results of X-ray diffraction patterns of the pristine polyimide film are
presented in Figure 4.20. It could be found that there are peaks at 20.2°, 26.5° and 38.2°
which could be indexed as (110), (012) and (111) respectively. It can be inferred that
the semi-crystalline structural pristine polyimide is still regularly ordered in certain
degrees. X-ray diffraction pattern matches with the standard data card (JCPDS file No.
28-1486). As shown in Figure 4.21, the XRD scattering angles at 25.84°, 38.02°, 44.38°
and 54.23° correspond to the (100), (111), (200), (241) crystal planes (hkl) respectively,
reveals an orthorhombic phase of ZnSnO3 (JCPDS 01-078-3428). Absence of any extra
peaks indicates high purity of ZnSnOs. The structure of ZTO films deposited on PET
substrates, meanwhile, was hardly understood from XRD pattern, since the diffraction
peaks of ZTO films are submerged in a very strong peak of the PET substrate. The peak
intensities of planes increase with increasing sputtering pressure, indicating that the

degree of preferential orientation toward these directions increases.
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Figure 4.20. XRD patterns of ZAZ-1/PI multilayer thin film.
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Figure 4.21. XRD patterns of ZAZ-1/PET multilayer thin film electrode.

4.4. Raman Analysis of ZT-31 Sample

Figure 4.22 is shown the Raman spectra of the coated ZTO thin film. Excitation
in 514.5 nm wavelength with 600 gratings and 150 nm penetration depth for the coated
ZT-31 film on SLG substrate was used to characterize this film. Under certain
temperature Raman spectrum of the ZTO thin film was also measured. Furthermore, the
Raman shift peaks at 559.80 cm™, 224.01 cm™ and 297.19 cm™ correspond to well-
known ZTO Raman shift peaks appear here. Moreover, this peak at 778.14 cm™ was
attributed to the first order Raman-active modes vibration modes of SnO> which are in
agreement with previously reported theoretical studies (Saafi et al. 2016). These results
are in good agreement with the results of Scott and other workers (Scott 1970). Such a
result confirms spinel-structured ZTO crystals with a tiny concentration of impurities.
Compared to other reports, the 559.80 cm™ peak here is broadened and split into two

peaks at ~553 cm™! and ~607 cm™.
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Figure 4.22. Raman spectra of SnO,—ZnSnOs films obtained at room temperature.
(Source: Saafi et al. 2016).

As aresult of literature is that, we consider that such variation may be regarded
as the size effect of thin films or the effect of oxygen and other defects (Anisotropy et
al. 1970). Moreover, the peak at ~553 cm™! could be ascribed to vibrational modes of the
vacancy related defect (Mereu et al. 2015). On the other hand, the signal at 559.80 cm'!

is associated with ZnSnO;. Finally, the peak observed at 1094.21 cm™! is due to glass
substrate (Yahia et al. 2008).
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Figure 4.23. Raman spectra of ZT-31/SLG thin film.

52



CHAPTER 5

CONCLUSION

In my thesis, as the result of the zinc tin oxide (ZTO) films and ZTO/Ag/ZTO
(ZAZ) multilayer thin film electrodes growth was presented in a number of different
parameters of low sheet resistance and high optical transmittance. Transparent
conductive ZTO thin films of low sheet resistance and high optical transmittance at 550
nm were coated on unheated substrates and certain substrate temperature with various
oxygen gas flows using DC magnetron sputtering system. Hence, based on the obtained
outcomes following remarks can be determined as follows:

To optimize conditions from the growth of ZnSnO thin films by ZT Target is
the best parameters that it was performed at the DC power is 15 W, the target-substrate
distance is 7.0 cm, the gas flow rate is 15.0 sccm Ar and 5.5 sccm Oa, the deposition
time of 10 min and substrate temperature of 90.4 °C. Consequently, the sheet resistance
and the optical transmittance of ZTO thin films with a thickness of 98.3 nm were 8.1
kQ/o and 90.1%, respectively. Also, the sheet resistance of thin film has shown to
decrease with increasing thickness of the ZTO thin film.

Knowing that the reason for the selection of Ag material from metals for
interlayer conductive material was chosen to obtain ZAZ multilayer thin film electrodes
with high conductivity and transmission. Moreover, the goal is to create ZAZ multilayer
thin film electrodes by increasing Ag layer (12.4 nm) between two ZTO coatings (each
layer 50 nm to 100 nm) to compare three different parameters for growth and
development of ZAZ multilayer thin film electrodes. As a result, the sheet resistance of
the upper layer ZTO can be decreased. In this way, the sheet resistance can so low much
while optical transmission can increase. Furthermore, in order to compare the
performance of the ZTO and ZAZ multilayer thin film electrodes as flexible and
transparent anodes for OLEDs, we fabricated typical thin films on ZTO/PI, ZTO/PET,
ZTO/SLG, ZAZ/Pl, ZAZ/PET, and ZAZ/SLG.

After that, ZAZ/SLG multilayer thin film electrode was found to be the lowest
sheet resistance of 12.6 Q/o and the optical transmittance of 88.9%. Then, ZAZ/PI1

multilayer thin film electrode was found to be the lowest sheet resistance of 13.0 Q/o
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and the optical transmittance of 69.1%. Finally, ZAZ/PET multilayer thin film electrode
was found to be the lowest sheet resistance of 20.8 /o and the optical transmittance of
62.0%. The obtained results for the sheet resistance, the surface morphology, the Optical
transmittance and the transmittance ratio of the ITO films deposed on PET substrate are
reported. Details on the sample preparations and experimental details have been
presented.

SEM images and XRD patterns have shown that the surface of the ZTO thin
film was smooth and that thin film had an amorphous structure both on SLG and polymer
substrates. As results are that the deposition of method DC magnetron sputtering with
the coated flexible ZAZ multilayer thin film electrodes will be promising indium-free
that it is important to can replace conventional amorphous ITO electrodes. These results
indicate that the ZAZ multilayer thin film electrodes with approximately 12.4 nm thick
Ag interlayer represents an alternative TCO film that can be utilized in a variety of
optoelectronic devices and large flat panel displays. The ZnSnOs/Ag/ZnSnO3 multilayer
thin film electrodes were produced by magnetron sputtering. The scanning electron
microscopy imageries exposed that ZTO and ZAZ multilayer thin film electrodes were
homogeneously on the surfaces of ZnSnOs thin films. The better sensitivity performance
of composites was based on ZnSnOj3 thin films with an enormous quantity of oxygen
components. As a consequence, we can be used these samples due to understanding the
eligibility of ZTO as an anode in OLED production. Thus, these films are promising for
flexible OLED applications. We believe that these experimental results will help in the
development of transparent conductive oxides with good flexibility, high efficiency,

reliability and high-quality levels for optoelectronic devices.
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