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ABSTRACT 

 

PROCESSING OPTIMIZATION OF SiO2-CAPPED ALUMINUM-DOPED 

ZnO AND AMORPHOUS In-Zn-Sn-OXIDE THIN FILMS FOR 

TRANSPARENT HEATER AND NEAR-INFRARED REFLECTING 

APPLICATIONS 

 

 

 

 

Can, Hilal Aybike 

Master of Science, Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. Tayfur Öztürk 

Co-Supervisor: Assoc. Prof. Dr. Hasan Akyıldız 

 

 

February 2022, 164 pages 

 

In this study, AZO/SiO2 and amorphous In-Zn-Sn-oxide (a-ZITO) functional coatings 

were developed with combinatorial approach for transparent heater and heat reflecting 

applications. AZO/SiO2 and amorphous In-Zn-Sn-oxide (a-ZITO) coatings were 

obtained via magnetron sputtering. A series of optimization steps were carried out 

specific to each method and coating type. The samples were produced on 75x50 mm2 

glass substrates. Further, optimum post-deposition annealing conditions were 

identified as 400 °C and Ar+%4 H2 atmosphere to improve electrothermal properties. 

750 nm thick and polycrystalline AZO/SiO2 coatings displayed impressive room-

temperature electrical conductivity of nearly 3774 S/cm with a sheet resistance of 3.53 

Ω/□, carrier concentration of 1.14x1021 cm-3, and Hall mobility of 20.48 cm2/Vs. These 

films exhibited very high optical transmittance (96%) in the visible range and 

reflectance (73% at 2.5 µm) in the NIR region. Electrothermal tests demonstrated that 

the achievable saturation temperature was 161 °C with a power density of 5981 W/m2 

in case of applying 12 V. Deicing tests were performed with samples cooled to -40 °C 

and resulted with complete removal of ice/water only within 180 s.  

a-ZITO coatings were deposited using a 3” sputtering target on substrates held at 150 

°C. This target was prepared within a particular oxide composition which was 
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determined via combinatorial approach. The films were remained amorphous after the 

annealing step and demonstrated room-temperature electrical conductivity of 1805 

S/cm, sheet resistance of 7.49 Ω/□, carrier concentration of 0.3x1021 cm-3, and Hall 

mobility of 36.59 cm2/Vs. The transmission in the visible range and reflectance at 2.5 

µm were measured as 86% and 35%, respectively. a-ZITO coating was displayed a 

saturation temperature of 112 °C and a power density of 4635 W/m2 whereas 

defrosting within 173 s (initial temperature -40 °C) was observed with 12 V input.  

 

 

Keywords: Transparent heaters, Heat reflecting mirrors, AZO, ZITO, Magnetron 

sputtering
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ÖZ 

 

AZO/SiO2 ve a-ZITO İNCE FİLMLERİN SAYDAM ISITICI VE ISI 

YANSITMA UYGULAMALARINA YÖNELİK OPTİMİZASYONU 

 

 

 

Can, Hilal Aybike 

Yüksek Lisans, Metalurji ve Malzeme Mühendisliği 

Danışman: Prof. Dr. Tayfur Öztürk 

Eş Danışman: Doç. Dr. Hasan Akyıldız 

 

 

Şubat 2022, 164 sayfa 

 

Bu tez çalışmasında, saydam ısıtıcı ve ısı yansıtıcı uygulamalarına yönelik olarak 

AZO/SiO2 ve amorf In-Zn-Sn-oksit (a-ZITO) fonksiyonel kaplamalar 

geliştirilmiştir. Her iki kaplama türü de magnetron sıçratma yöntemi ile üretilmiş, 

fakat a-ZITO kaplamaların geliştirilmesinde kombinatoryal yöntemden 

faydalanılmıştır. Nihai fonksiyonel kaplamalara bir dizi optimizasyon sonrası 

ulaşılmıştır. Örnekler 75x50 mm2 cam altlıklar üzerinde biriktirilmiştir. Ayrıca, 

elektrotermal özelliklerin iyileştirilmesi için biriktirme sonrası tavlama koşulları 400 

°C ve Ar+%4 H2 atmosferi olarak belirlenmiştir. 

750 nm kalınlıkta ve polikristalin yapıda üretilen AZO/SiO2 kaplamalar, oda 

sıcaklığında 3774 S/cm elektriksel iletkenlik, 3,53 Ω/□ düzlemsel direnç, 1,14x1021 

cm-3 taşıyıcı konsantrasyonu ve 20,48 cm2/Vs Hall mobilitesi değerlerini sağlarken, 

görünür bölgede %96 ışık geçirgenliği ve 2,5 µm’de %73 reflektans sergilemiştir. 

Elektrotermal testler, 12 V uygulama durumunda 5981 W/m2 güç yoğunluğu ile 

yüzey doyum sıcaklığının 161 °C olduğunu göstermiştir. Buz giderme testleri, -40 
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°C'ye soğutulmuş numunelerle gerçekleştirilmiş ve tüm buz ve suyun giderilmesi 

için gereken sürenin 180 saniye olduğunu ortaya koymuştur. 

Nihai, a-ZITO kaplama kompozisyonu kombinatoryal biriktirme yöntemi 

kullanılarak belirlenmiş ve bu kompozisyon dahilinde üretilen hedef malzemeden, 

150 °C altlık sıcaklığında kaplamalar oluşturulmuştur. 750 nm kalınlığındaki ZITO 

kaplamalar, tavlama sonrası da amorf yapıyı korumuştur. Bu kaplamaların, oda 

sıcaklığı elektriksel iletkenliği 1805 S/cm, düzlemsel direnci 7,49 Ω/□, taşıyıcı 

konsantrasyonu 0,3x1021 cm-3 ve Hall mobilitesi 36,59 cm2/Vs olarak belirlenirken, 

görünür bölge ışık geçirgenliği %86 ve 2,5 µm’de reflektans değeri %35 şeklinde 

ölçülmüştür. 12 V gerilim altında yüzey doyum sıcaklığı 112 °C, güç yoğunluğu 

4635 W/m2 ve -40 °C’den başlayacak şekilde buz giderme süresi 173 saniye olarak 

saptanmıştır. 

 

Anahtar Kelimeler: Saydam Isıtıcılar, Isı yansıtıcılar, AZO, ZITO, Magnetron 

Sıçratma 
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CHAPTER 1  

1 INTRODUCTION  

Outdoor materials, including the photovoltaic cells, luminous diodes, panels, touch 

screens, and glass surfaces, are highly affected by environmental factors. For 

example, they may lose their functionality in terms of visible region transparency 

due to condensation below dew point or icing even at lower temperatures. 

The icing or fogging of any surface is a usual climatic phenomena and seems quite 

ordinary, but it actually cause many problems related to variety of applications such 

as billboards that require transparency to display informations/advertisements, 

commercial freezers used in the markets, bus stops and traffic lights, security 

cameras on streets or buildings that need transparency for recording, optical systems 

(camera and sensors), front/rear and fog lights used in automobiles, flight control 

tower glasses at airports, sports goggles, windows or windshields of marine, air or 

railway vehicles, and etc. 

In case of automobiles, fogging or icing in the cold seasons may cause undesirable 

results in terms of energy and safety issues. Today, the traditional technology to 

defog or deice an automobile windshield requires blowing of the preheated air to the 

corresponding glass surface. Currently, the heating of this blowing air is provided by 

the waste heat of the engine. Especially in the case of deicing, additional fuel 

consumption may be needed up to 20 to 30 min to generate a sufficient amount of 

waste heat. Further, warm air blowing is an inefficient process due to the low thermal 

conductivity of air ( 0.025 W/mK at 25 °C), thus causing loss of energy and time. 

The second problem related to fogging/icing is the interruption of the driver's vision, 

which is extremely important for driving safety.  
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On the other hand, considering the hot weather conditions, another undesirable 

environmental effect occurs due to the solar radiation beyond the visible region of 

the spectrum. About 50% of the total radiation coming from the sun is in the near-

infrared (IR) region (0.8 µm - 2.5 µm). Radiation at these wavelengths may increase 

the temperature of the interior of an automobile, simply by passing through the 

transparent windows. In addition, substances that absorb the sunlight can re-radiate 

the heat in the form of IR radiation at the wavelength range of 2.5 to 20 µm, and 

therefore indirectly increase the heat of the indoor environments. In this case, two 

different problems arise for the automobiles. The first is that the air conditioning, 

which is preferably used to cool down the cabin, causes high fuel consumption. The 

other one is the damage that may occur on the interior surfaces and driver/passenger 

skin due to long-term exposure to the sun.  

These problems may be solved using special types of optical coatings which covers 

a variety of materials for different purposes. Figure 1.1 shows these material systems. 

As seen from this figure, metals, metal oxides, polymers, carbon-based materials, 

and their hybrids can be used for heating or spectral filter purposes. Here, the 

principal approach is the deposition of a transparent conductive layer which consists 

one of these functional materials or their hybrids on a substrate, such as glass. Among 

them, metal oxides are the first employed group for transparent heater applications. 

The process was developed during the World War II for the windshields of airplanes. 

In this application, the windshield was coated with transparent and conductive 

Antimony-doped Tin Oxide (SnO2:Sb) layer using the pyrolysis method. Then, by 

applying a specific voltage to this coating, the temperature of the windshield was 

increased, thereby the airplane could operate at higher altitudes in cold weather 

conditions without any frosting on the windows. Joule heating of the windshield or 

side windows with transparent heaters is still essential today for automobiles, marine, 

railway or aeronautical transportation applications [1], [2]. 
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Figure 1.1. Schematic representation of transparent heaters currently in use/in 

development; as can be seen, transparent heaters include one of four primary material 

groups (metal oxides, metals, conductive polymers, and carbon) or a combination of 

these in the form of hybrid/nanocomposite systems. The figure also reveals the 

diversity and abundance of materials in transparent heaters technology 

 

Transparent heaters are functional coatings/devices exhibiting electrical conductivity 

and transmittance in the visible region. According to Joule's law, a current "I" passing 

through a homogeneous conductive material with electrical resistance "R" releases 

heat of I2R per unit time [3]. Therefore, when a potential applied through the edges 

of a transparent heater layer, the material heats up due to the Joule effect. With this 

effect, the material reaches a saturation temperature depending on the balance 

between the applied power and heat losses [4]. Heat loss occurs in three ways. These 

are losses; i) by conduction to the substrate, ii) to the surrounding by convection, and 

iii) by radiation emitted from the hot surface.  

Today the market for transparent heaters covers a wide range of industrial field such 

as military technologies, transportation, architectural structures, health, and sports. 

The research on transparent antennas, smart windows, deicers/defoggers, displays, 
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thermal therapy pads, and sensors has attracting growing attention. For example, 

transparent heaters can extend the operating temperature range of liquid crystal 

displays in cold environments and prevent the formation of fog/ice in many optical 

systems. In case of specific industrial processes, transparent heaters can keep the 

displays, microfluidic chips, kiosks, or handheld devices at an appropriate 

temperature. The fastest development regarding to transparent heaters is observed in 

the display technologies and smart windows industries. This is mostly depending on 

the configurable optical and electrical properties of these materials. Today, these 

devices are on the market with a wide range of visible transmittance, heating power 

and dimensions both for transport and interior/exterior architecture applications. 

The level of optical transmittance required by a transparent heater may vary 

depending on the application. For example, such a coating in automobile windshield 

is subjected to narrower limitations than that of smart windows used in the buildings. 

In terms of visible region transmittance (Tvis), automobile windshields have to ensure 

a minimum value of 75% in Europe and 70% in the U.S. and Japan. Further, the 

coating should reach a sufficient temperature under low input voltages (maximum 

12 V) with a minimum response time to remove ice or fog. If heat reflection is 

required from the coating, the coating should additionally exhibit reflective 

properties in the IR region.  

One of the essential criteria for the heating function is the low sheet resistance (RS). 

The lower the sheet resistance, the higher the power density (W) obtained under any 

applied constant voltage. RS can be reduced by increasing the coating thickness or 

electrical conductivity (σ). On the other hand, visible region transmittance is 

inversely propotional to the coating thickness. While electrical conductivity can be 

increased by the carrier concentration (n) and Hall mobility (µ) of the material, a 

decrease in transmittance can be observed. On the other hand, an excessive increase 

in carrier concentration will decrease the plasma wavelength (p) due to the inverse 

ratio between them. For reflectivity in the IR region, a highly conductive coating, 

high carrier concentration (1020-1021 cm-3), and mobility are required [5]. This will 
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also affect the visible region transmittance of the material. Considering these 

relationships, optimization of the production process of functional coatings is crucial.  

Therefore, the current study aims to produce thin films of transparent conductive 

oxides which can successfully provide enough heating power to deice an automobile 

windshield at a shorter time when compared to conventional warm air blowing. For 

this purpose, two different functional coatings were developed using magnetron 

sputtering. These were preferred as SiO2 capped Al-doped ZnO (AZO) as an Indium 

free composition and amorphous In-Zn-Sn-oxide (a-ZITO) coatings with reduced 

Indium content compared to the well-known transparent heater material Tin-doped 

In2O3 (ITO). The samples were obtained on 75x50 mm2 glass substrates. A series of 

optimization steps were carried out specific to each coating type. Among them, 

AZO/SiO2 thin films were achieved by successive sputtering of high purity AZO and 

SiO2 targets, whereas the final composition for a-ZITO coatings were determined by 

co-sputtering of In2O3, ZnO, and SnO2 targets using the combinatorial approach. 

Then, a mixed oxide target was produced with a single composition based on the 

results obtained from the combinatorial study. Further, optimum post-deposition 

annealing conditions were identified for each type of transparent heater coatings. 

This thesis comprises 6 chapters. Literature review is presented in Chapter 2 

following the introduction section. In Chapter 3, the experimental set-up, 

optimization steps, and characterizations are given in details. The production of 

crystalline AZO/SiO2 thin films and determination of a single a-ZITO composition 

using the combinatorial approach and deposition of final amorphous mixed oxide 

thin films are discusused in Chapter 4. These two chapters emphasizes all 

experimental results, a broad discussion on the optimization and production of these 

films and their electrothermal properties. The conclusions derived from the current 

study are given in Chapter 5. Finally, future study is defined in Chapter 6.    
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CHAPTER 2  

2 LITERATURE REVIEW 

Today, the use of smart windows grows continously in many application areas such 

as display technologies, construction and automotive industries. Considering the 

automobiles, the producers aim to increase customer perception, driving/vehicle 

safety, and passenger comfort by developing new technologies. Smart materials 

constitute the most important part of these developing technologies. These are 

relatively new types of materials that designed to alter their properties (shape, 

stiffness, fluidity, vibration damping, light transmittance, temperature, etc.) in a 

controlled manner, depending on the external factors such as temperature, pH, 

voltage, humidity, magnetic field, and light. Examples of these materials include 

thermo-responsive materials, piezoelectrics, shape memory alloys and polymers, 

photo-chromic and thermo-chromic materials, electro-rheological, and electro-

thermal materials. When considered in this context, driving safety, driving comfort, 

and energy-saving in automobiles have been increased to higher levels than in the 

past, with the use of smart windows.  

Smart glasses can either be produced to react to external factors by tailoring the glass 

composition or surface modification (e.g. thin film coating). In applications where 

functionality is achieved through a coating, for example, the mentioned glass is an 

automotive windshield, the coating also needs to have a high visible light 

transmittance (e.g. ≥ 75% for Europe) [6]. In addition, the deposition method has to 

allow the coating to be applied on large areas with homogeneous layer thickness. It 

should be compatible with the thermal expansion of the glass and stable against 

environmental effects such as humidity. It also has to exhibit enough strength against 

mechanical effects such as scratching or impacts.  
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Considering the discussion given above, the main objective of this study is to develop 

high-performance transparent heater coatings on glass substrates that is free of In or 

contain reduced amount of In in its composition compared to commercial ITO 

coatings. In addition, the study aims to examine and determine the heat reflecting 

behaviour of the coatings in near infrared region. Therefore, the section below, first 

discusses on which problems can be solved in automobiles by using commercially 

available transparent conductive materials, then comparing with the alternatives, 

why AZO/SiO2 and a-ZITO as the functional coatings and combinatorial approach 

for thin film processing were preffered within the scope of this study. 

2.1 Overview of Transparent Heaters 

Transparent heater applications were dominated by transparent conductive oxides 

until the mid 90’s. Depending on the layer thickness, transparent conductive oxides 

can exhibit electrical conductivity in the range of 103–104 Scm−1, with a visible light 

transmittance of around 90% [7]. Despite their superior optoelectronic properties, 

due to their ceramic-based nature, these materials are not suitable for flexible 

applications, such as heating pads used in healthcare. Therefore, for the last two 

decades, carbon nanotubes, graphene, metallic nanowires, conductive polymers, or 

hybrid/nanocomposite structures have attracted attention for flexible transparent 

electrode or heater applications [4], [8]–[10]. 

ITO is the most widely used material among the traditional transparent heaters, 

especially for the display applications. However, since In is toxic, rare, and 

expensive, it does not seem possible to use it in high amounts in near future. For this 

reason, transparent heaters having compositions with reduced In or without In are 

becoming more and more critical.  

In environments where the air temperature drops, automobile windows can be 

covered with ice or snow. This situation can easily hinder the vision of the driver. 

The most common method currently used for defogging/de-icing of the windshields 
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is the utilization of the waste heat of the engine. The blowing air temperature was 

raised with this waste heat and then blowed to the glass through channels. This is 

simply, the heating of the glass by  convection mechanism [11]. Within this method, 

if the outside temperature is very low, approximately 20 to 30 min  requires to defrost 

the windshield and reach safe driving conditions [11], [12]. On the other hand, if it 

is assumed that the electric cars will be the first choice instead of cars with internal 

combustion engines in near future, a continuous supply of warm blowing air to the 

windshield by using the waste heat of the engine also appear as a problem that needs 

to be solved. 

Visible light transmittance of the glass parts on automobiles are subjected to some 

limitations by law. So, any coating layer on the windshield must first provide enough 

visible transmittance. Since, metal-based thick heating elements that employed on 

the rear windows can not be used on the windshield due to transmittance concern, 

micro-wire approach was proposed for the windshields in 1974. This method is still 

in use today and employ thin (15-29 µm diameter) tungsten wires as the heating 

element. These wires are used by embedding directly in the glass or more commonly, 

into the polyvinyl butrial (PVB) layer to provide a certain pattern and fixation 

between the two glass plates. The wires can be supplied with voltages in the range 

of 12 to 440 V by the busbars for heating purposes, depending on the type of the 

application (e.g., higher voltages for marine vehicles). The available heating power 

can vary between  0.03 W/m2 - 0.3 W/m2 [13]. Depending on the application, 

defrosting can be done within 10-15 min (12 min at -18 °C, and 5 min at -7 °C). This 

approach is much more effective than blowing hot air because no melting is obtained 

with conventional air blowing within the first 5 min of defrosting. 

Although the glass-embedded micro-wire heater approach is widely used in 

automotive, railroad, and marine vehicles, this approach has certain disadvantages. 

The first requirement is the production of these wires in low diameters to ensure the 

visibility is not affected from the wire itself. As for comparison, for a 60-watt 120-

volt incandescent lamp, the diameter of the tungsten filament is 46 μm and the 

efficiency of the lamp increases with a larger filament diameter. As the filament of 
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a lamp is clearly visible to human eye, the micro-wires for heating applications have 

to be much thinner than 46 μm.  On the other hand, to achieve the necessary power 

density for homogeneous heating, the distance between the wires must be shortened. 

Therefore, in this approach optical distortions can occur due to the arrangement of 

the micro-wires in a pattern, especially during night time driving. [14]. Optical 

distortions appear in the form of diffractions. Thus, the drivers can easily be 

distracted due to irritation of their eyes by the head lights of the oncoming cars or 

streetlights. On the contrary, transparent conductive materials (metallic, carbon, 

polymeric or oxide-based) can eliminate this problem if they can be applied on the 

surface of the windshield in the form of a continuous thin film layer.  

Silver (Ag) (σ = 6.3x105 Scm-1) is one of the most widely studied material in terms 

of wire-based heater approach [15]. However, Ag exhibits high optical absorption 

coefficient that prevents light from traveling too far in the material. For Ag thin films 

to compete with conventional transparent conductive oxides in terms of visible light 

transmission, the film thickness should not be more than 5-10 nm. Therefore, wire-

approach is more reasonable than using the Ag as in the form of a continuous thin 

film layer for transparent heater applications. Following this idea, Ag-nanowires 

(AgNWs) with 4-12 µm length and 45-100 nm diameter were produced at relatively 

low temperatures by the polyol process [16]. These wires can be dispersed in liquids 

such as methanol/ethanol and coated on substrates using spraying, dropping, Meyer 

stick, membrane transfer or Langmuir-Blodgett methods [17]–[21]. While the liquid 

phase is removed by evaporation at room temperature, a mesh structure consisting 

of randomly oriented wires remained on the substrate. In these coatings, Tvis = 80% 

and RS values of 10-100 Ω/□ can be achieved depending on the wire density per unit 

area [17]–[19]. Each contact point between the AgNWs on this deposit serves for 

heating purposes due to ohmic resistance. On the other hand, these hot spots also 

accelerate degradation of the coating and cause problems in long-term use [22]. In 

addition, considering the requirements for de-icing in automobile windows, the mass 

production of nanowires is still limited because their prices are quite high. Further, 
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their applicability to large-area surfaces is limited (>100 mg per m2), the surface 

roughness is high, and the spacing between the wires causes parasitic lateral currents.  

Copper (Cu) is an another highly conductive material that is widely studied in 

transparent heater nano-wire applications. The motivation behind using Cu instead 

of Ag is the low price of this metal when compared to Ag. Figure 2.1 shows an 

example on how Cu meshes can be effectively designed for de-icing applications. In 

this study, a Cu-network is prepared and placed on the inside of a car windshield and 

heated in a snowy weather under 20 V for 5 min. At the end of this time, snow is 

melted due to produced heat by the metallic heater, Figure 2.1 (b and c) [23]. 

 

Figure 2.1. Pictures showing the melting of snow on an automobile windshield by a 

30 x 47 cm2 Cu-NWs mesh type transparent heater [23] 

 

However, it is known that the oxidation resistance of Cu-based nanowires is quite 

low.  For this reason, many research have been carried out to increase the stability of 

metallic nano-wires by depositing an organic or inorganic outer layer. For example, 

a transparent coating made of Cu-nanowires becomes completely electrically non-

conductive after 250 min in air at 75 °C. On the other hand, the decrease in 

conductivity can be decelerated after passivation of the wires with a benzotriazole 

outer layer and conductivity can be extended up to almost 50 days [24]. 

Another popular material among the transparent heater’s family is graphene. 

Graphene is the name given to sp2-bonded monolayer of carbon (C) atoms in a two-

dimensional (2D) honeycomb lattice. Graphene can exhibit very high “µ” values 

such as >15000 cm2V-1s-1 [25]. It can also be deposited on relatively large substrates 
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by chemical vapor deposition (CVD) and reduction of graphite oxide [26], [27]. 

However, graphene coatings can absorb 2.3% of white light even though they are 

only one atom thick for a single layer [28]. In addition, the sheet resistance of 

graphene coatings is usually in the order of several hundreds Ω/□ [29]. Therefore, 

the voltage values that will provide the necessary heating are also high. The 

conductivity can be increased by increasing the layer thickness, but the light 

transmittance must be sacrificed in this case. Considering the production processes 

and properties, graphene coatings are more suitable for use in touch screens than 

automobile glasses and flexible electronic materials due to their high mechanical 

strength. Since graphene coatings have very high IR region transmittance like 

AgNWs (see Figure 2.2), their use in this study was not considered [30]. 

 

Figure 2.2. Visible and IR region transmittance of ITO, AZO, PEDOT: PSS 

(poly(3,4-ethylene dioxythiophene) polystyrene sulfonate), silver nanowires, and 

carbon nanotube coatings (RS values of coatings are given in parenthesis) [31] 

 

Another carbon-based material that has been extensively studied for transparent 

heater applications is the carbon nanotubes (CNT). The electrical properties of 

single-walled CNTs depend on their chiral vector, that is, in which direction the 

graphene plate is folded. For transparent heater applications, CNTs can be produced 

in metallic or semiconductor character, with large sizes or diameters [32]. On the 
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other hand, the performance of coatings made of carbon nanotubes is not sufficient 

to work as a heater in large areas such as automobile windshields due to their high 

contact resistance [33]. But it is also worth to mention here that the commercial 

heaters based on carbon nanotubes are available today. These coatings are not 

applicable to large areas as big as a car windshield, but can be applied to headlights 

on the cars or housings of cameras and sensors [33].  

As it is clear from Figure 2.2, the IR reflectance of CNTs (≤ 10%, =1.0 - 2.0 µm) 

is almost negligible [31], [34]. Moreover, CNTs are both expensive and labor-

intensive to manufacture for transparent conductive heater applications [35]. 

Therefore, the use of this material in this thesis was not considered.  

Table 2.1 Comparison of the general properties of transparent conductors [31] 

Fabrication method TCOs Graphene CNTs AgNWs 

Chemical vapor deposition +++ +++ + - 

Sputtering +++ - - - 

Spin coating - + ++ ++ 

Spray deposition ++ + +++ +++ 

Screen printing -- + ++ ++ 

Cost Low-High High High Medium 

Processing temperature (°C) 200–1000 RT–1000 RT–700 RT–700 

Uniformity +++ + to +++ ++ ++ 

Typical thickness (nm) 100-300 <5 <10 25 > 600 

Typical RS (Ω/□)  5–100 30–5000 60–300 1–50 

Typical transmittance (at 550 nm) 80–97% 80–96% 80–91% 80–96% 

 

Table 2.1 summarizes the discussion given above for the comparison of different 

type of transparent conductive materials. As can be seen, in terms of transmittance 

in the optical region, all transparent conductors provide the Tvis ≥ 75% that is the 

lower limit for automobile windshields. In addition, the RS values of carbon-based 

materials are generally higher than the others. Therefore, it is not appropriate to heat 

a windshield using carbon-based materials with 12 V supply in automobiles. Further, 
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when other factors such as applicability to large areas and IR region transmittance 

are considered, transparent conductive oxides seem more feasible among the others 

in terms of the objectives of this study.  

The haze factor is defined as the ratio between the diffuse transmitted light intensity 

divided by the total transmitted intensity [36]. As is the case for displays, low haze 

values are essential for window defrosting applications. Therefore, it is desirable to 

achieve transparent heaters with low haze, high transmittance and high electrical 

conductivity all at once. On the other hand, the relationships between the optical 

scattering, transparency and electrical conductivity of transparent heaters involve 

trade-offs. The haze factor should be typically below 2 or 3% if the transparent heater 

is to be used on windscreens, visors or displays to ensure eye comfort in terms of 

blurriness. The haze factor is generally low for TCOs (especially for vacuum 

deposited thin films),  while  it  can  vary  drastically  for  other  transparent heater  

technologies [4]. 

Therefore, we aimed to develop two separate transparent conductive oxide coatings 

instead of using other alternative materials for de-icing and IR reflecting 

applications. It has been stated in the previous sections that these materials are AZO 

and ZITO. For this reason, in the following section, an introductory discussion will 

be given on transparent conductive oxide materials, and then the reasons why AZO 

and a-ZITO are preferred among many other transparent conductive oxides. 

2.2 Transparent Conductive Oxides (TCOs) 

Transparent conductive oxides are a group of materials that exhibit both optical 

transmittance and electrical conductivity. The transmittance in the visible region is 

due to the wide band gap (≥ 3.0 eV) of these materials and the low electrical 

resistivity results from high concentration of charge carriers. The carrier 

concentration increases by forming a degenerate semiconductor through doping of 

the material with intrinsic defects or extrinsic atoms. In other words, the material can 
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be modified to become metallically conductive via the shifting of the  Fermi level 

within a band with a large density of states (DoS) [37]. This generates high 

concentration of mobile charge carriers due to this DoS distribution, degenerate 

doping in oxide material with widely scattered conduction bands enables high charge 

carrier mobility and small effective masses with low optical absorption [37], [38]. 

Furthermore, due to the structure of these highly scattered energy bands, the Fermi 

level is displaced above the conduction band minimum (CBM) – a phenomenon 

known as the Burstein-Moss band-filling effect, which enhances the optical bandgap 

broadening [39], [40]. Many binary metal oxides, such as In2O3, SnO2, CdO, and 

ZnO behave as TCO as a result of the defects created in the structure by intrinsic or 

extrinsic doping. 

 

Figure 2.3. a) Structure of a typical smart glass coated with a TCO heater [41] b) 

Optical interference formation due to ITO transparent heater coating on an airplane 

cockpit windshield. The film thicknes is not uniform on the entire surface to ensure 

homogenous heating [42]  

 

As mentioned above, TCO coatings are on the market for transparent heating 

applications since the World War II.  Today, most of the commercially available 

transparent heating systems used in military equipments or vehicles are based on 

ITO [43]. ITO coatings can be produced in different thicknesses by sputtering, 

chemical/physical vapor deposition, and spray pyrolysis methods, Figure 2.3 (a) 

[41], [44]–[46]. The resistivity of these thin films is generally 10-4 Ω.cm, and the 

carrier concentrations are ~1021 cm-3. Commercially available ITO heaters (diagonal 

length  2.5-150 cm) can be obtained with RS values in the range of 1 to 350 Ω/□ and 
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power densities of 155 – 7750 W/m2 [47]. These thin films are produced with low 

defect densities and surface roughness. In addition to their excellent adhesion to the 

substrate, they are generally coated with an extra protective layer to increase 

mechanical strength, impact resistance, and chemical stability. Further, additional 

optical coatings can be applied to improve reflection losses or haze.  

Although ITO thin films are widely used in transparent heaters, this material has 

many disadvantages. ITO coatings are not stable at high temperatures, especially 

under reducing atmosphere conditions [48]. The films of ITO are quite brittle which 

makes them suitable for flat and rigid substrates [49]. In order to eliminate this 

disadvantage, ITO coatings can be coated on an already bended glass, intentionally 

in non-uniform thickness to provide homogeneous heating. However, this causes 

aesthetically undesirable colorations, especially at high angles, due to optical 

interference as seen in Figure 2.3 (b) [42]. Further, In is a rare, expensive and toxic 

element. At this point, AZO attracts attention because it consists of both less toxic 

and much cheaper elements compared to ITO.  

2.2.1 Al-doped ZnO (AZO) Transparent Conductive Oxide Thin Films 

When the literature on transparent heater applications is examined, it is seen that one 

of the most important candidates among alternative materials that can be used instead 

of ITO is ZnO due to its relatively low price, availability, and high transmittance [12, 

15, 55]. While ZnO has very high electrical resistance in its pure form, coatings with 

10-4-10-5 .cm resistivity and 1020-1021 cm-3 carrier concentration can only be 

obtained if ZnO is doped with other elements [51]. In case of 1-2 wt.% Al doping, 

electrical and optical properties can be tuned in a wide range by substitutional doping 

of Zn2+ (0.74 Å) with Al3+ (0.53 Å) ions [52]. Moreover, AZO is more stable than 

ITO under high temperature-reducing atmosphere conditions.  
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AZO thin films can be produced on variety of substrates by using vacuum or 

solution-based methods. These methods include spray pyrolysis, magnetron 

sputtering, sol-gel, and pulsed laser deposition [53]–[55].  

Table 2.2 compares the properties of AZO and ITO thin films. As seen from this 

table, AZO thin films are comparable to ITO coatings in terms of electrical 

conductivity and visible transmittance. On the other hand, it should be noted that the 

values given here are measured on films produced by pulsed laser deposition (PLD) 

or magnetron sputtering methods [16]. Another point is the importance of the 

oxidizing atmosphere in the production of AZO thin films with a carrier 

concentration of around 1021 cm-3. The oxidizing atmosphere significantly effects the 

amount of oxygen absorption at the surface and grain boundaries. Thus the 

conductivity decreases in the films produced in a highly oxidizing atmosphere [57]. 

Therefore, in deposition methods other than PLD, a weak oxidizing atmosphere, 

target material with low oxygen content, or annealing in a reducing atmosphere is 

necessary to achieve 10-5 .cm resistivity values. In addition, AZO thin films exhibit 

higher crystallinity with PLD, thus the mobility (50 cm2V-1s−1) is higher for PLD 

deposited thin films compared to that of obtained by magnetron sputtering (25 

cm2V-1s−1). 

Table 2.2 Comparison of the properties of AZO and ITO thin film transparent 

electrodes [56] 

 AZO ITO 

Resistivity (.cm) 10-5 10-5 

Practical resistivity (.cm) 2-3 x 10-4 1 x 10-4 

Eg (eV) 3.3 3.7 

Index of refraction 2 2 

Transmittance (@ 550 nm)  %85  %90 

Cost Inexpensive Expensive 

Acid solution stability Good Stable 

Alkali solution stability Good Stable 

Oxidizing atmosphere at high temperature Good Stable 

Reducing atmosphere at high temperature Stable Good 
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Table 2.2 also compares the stability of ITO and AZO thin films under different 

environmental conditions. As seen from the table, AZO is a stable composition at 

high temperatures, especially under reducing atmosphere, whereas ITO is more 

stable in acidic, alkaline, high humidity, and oxidizing atmospheres. At this point, it 

is also worth to mention that the stability of thin films can be improved substantially 

using a protective capping layer consist of metals, polymers or oxides [48], [58]. 

AZO thin films produced in this study are coated with a SiO2 capping layer. This 

layer was basically used for two purposes. The first is to isolate the active layer from 

the environment. A resistive heater for an automobile windshield can be applied to 

the interior or outer surface of the glass or with the PVB layer in between the two 

glass layers. In the micro-wire approach, the wires are used together with the PVB 

layer inbetween the two glass layers to prevent the degradation of the wires due to 

atmospheric conditions. In terms of efficient heat transfer during deicing, it is 

reasonable to apply the functional coating to the outer surface of the windshield. This 

approach requires the exposing of the coating to open atmosphere. Therefore, using 

a capping layer can be useful to increase the resistance against external factors.  

One of the most important disadvantages of transparent conductive oxides obtained 

by doping is the degradation of electrical properties with aging, especially in humid 

high temperature atmospheres [59]. In case of AZO, the degradation in time is 

attributed to the decrease in carrier mobility due to oxygen absorption along the grain 

boundaries [58], [60]. Capping of the film with a proper top layer is a widely used 

approach to overcome this problem [58], [61], [62]. Besides metallic top layers, 

oxides such as Al2O3 and SiO2 are also used as coating materials for TCOs [63], [64]. 

These extra layers are generally applied to increase light transmission, increase or 

decrease reflectivity and protect the underlying TCO layer from the environmental 

factors. For instance, previous studies have shown that the transmittance and 

electrical stability of AZO thin films can be improved by layering of the films with 

a SiO2 top layer [65], [66]. In addition, this coating can protect the active layer from 

the detrimental effects of the environment to a certain extent. Therefore, in addition 
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to environmental concerns, the SiO2 capping layer was employed to optimize the 

visible and IR region transmittance of the developed AZO coatings in this study.  

As mentioned previously, the heat reflecting properties of the coatings are also 

important for the purposes of this study. The reflectivity of AZO thin films is known 

to increase with the increasing film thickness [67]. It was shown that the films 

deposited at a substrate temperature of 350 °C could exhibit 50% reflectance at a 

wavelength of 2000 nm [68]. Das and Ray claimed that the IR reflectivity of AZO 

can be increased by depositing non-stoichiometric films with sputtering gas 

atmosphere containing hydrogen [69]. In addition, it is known that the reflectivity of 

AZO can be increased by annealing in a reducing atmosphere [70].  

Antireflection coatings are generally used on semiconductor thin films to reduce the 

surface losses associated with reflected light. These coatings also act as a shield 

against electromagnetic radiation by scattering the static charges on the surface. For 

this purpose, two low refractive index materials, i.e., MgF2 and SiO2, are widely used 

[71], [72]. Following this idea, AZO thin film was deposited in a sandwich structure 

between two 100 nm thick SiO2 layers by magnetron sputtering method [73]. The 

AZO layer thickness was 800 nm. The average transmission was measured to be ≥ 

90% in the wavelength range of 380-760 nm. In addition, it has been stated that the 

reflectivity values of this multilayer structure vary between 27- 40 % in the near IR 

and 70-90% in the mid and far IR regions. Thus, the SiO2 capping layer used in this 

study is expected to improve optical properties of AZO thin film layers. 

Figure 2.4 (a) shows the optical properties of a 670 nm thick AZO thin film deposited 

on glass substrate by magnetron sputtering. In AZO and, indeed, in TCOs in general, 

the transmittance at wavelengths below 400 nm depends on the band gap absorption. 

In comparison, at wavelengths of 750 nm and above, the number of free charge 

carriers affects the optical properties. As can be seen from this figure, AZO exhibits 

a high optical reflectivity with metal-like behavior in the near IR region. The 

electrical and optical behaviour of AZO thin films can be tailored by microstructural 

modifications and  also by changing the processing parameters [70], [74]. Figure 2.4 
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(b) and (c) shows the change in the electrical and optical properties of AZO thin 

films as a function of substrate temperature and sputtering power, respectively. The 

lowest electrical resistivity value was obtained as 4.5x10-4 .cm for the thin film 

sample produced at a substrate temperature of 350 C with 730 nm thickness. In 

addition, it has been reported that these films showed the best IR reflectance (15% 

at 1500 nm and ~50% at 2000 nm) and visible tranmittance above 87%. These results 

indicate that the deposition temperature and the thickness of the film affects the 

properties significantly. Further, Figure 2.4 (c) clearly shows that the optical 

properties of AZO thin films can be tuned as a function of sputtering power. The 

transmittance spectra given in this figure indicates that the visible and near IR 

transmittance of the films increases with the decrease of sputtering power at constant 

substrate temperature.    

 

Figure 2.4. a) Transmittance, reflectance and absorption values of 670 nm thick AZO 

thin film coated on glass by sputter deposition [75], b) Variation of resistivity (ρ), 

carrier concentration (ne) and Hall mobility (µ) values as a function of substrate 

temperature in AZO thin films deposited with PLD [68], c) The change in the 

transmittance of AZO thin films up to 3000 nm as a function of sputtering power 

[76] 
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As it is clear from the above discussion, the RS, Tvis and IR reflection of AZO thin 

films are highly dependent on the processing parameters. Therefore, it will be usefull 

to examine the following equations to understand the relationship between the 

parameters in detail. These equations show the dependency of sheet resistance, 

carrier concentration and mobility of the charge carriers to the film thickness. 

𝜎 = 𝑛𝑞𝜇 = 1 𝜌⁄  (2.1) 

𝑅𝑠 = 𝜌 𝑡⁄  (2.2) 

 

In equation (2.1), σ (S m-1), ρ (Ω m), and q (1.6x10-19 C) refers to electrical 

conductivity, electrical resistivity, and charge of an electron, respectively. As can be 

seen from the relationship between σ and RS, carrier concentration, carrier mobility, 

or film thickness must be increased to decrease the sheet resistance or increase the 

conductivity in TCO thin films.  

In the thin films, the onset of infrared reflectivity frequency (c) is related to the 

plasma frequency (p) according to Equation (2.3).  

𝜔𝑐 = 𝜔𝑝(휀∞ 휀0 − 1)⁄
1

2⁄
 (2.3) 

 

Further, the relation between the p and m*e, n, and µ is given in Equations (2.4) and 

(2.5);  

𝜔𝑝
2 = 𝑛𝑒2 [휀0𝑚𝑒

∗(휀∞ − 1)]⁄ − 𝛾2 (2.4) 

  

𝛾2 = 𝑒 [𝑚𝑒
∗𝜇]⁄  (2.5) 

 

Here, m*e is the effective mass of an electron and equals to 0.38me, 0 is the 

permittivity of the vacuum, and  is the dielectric constant at high frequency (3.85). 

Thus, the plasma wavelength p can be expressed as; 
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𝜆𝑝 = 2𝜋휀0 𝜔𝑝⁄  (2.6) 

  

In order to increase the reflectivity in the near IR region, p should be increased or 

p should be decreased. Considering the above equations, it is clear that one of the 

simplest ways of increasing reflectivity is to increase the carrier concentration and 

charge mobility. This also led to decrease in the sheet resistance of the film.  

According to the literature, the carrier concentration of AZO depends on parameters 

such as the type of the doping element and its concentration, the deposition method, 

sputtering gas pressure and its composition, post-deposition annealing temperature 

and annealing atmosphere [69], [77]–[82].  

ZnO can be doped with Al, Ga, B, Sc, Si, V, and F. Very similar optical and electrical 

properties can be obtained with 2-7 wt.% Ga-doped ZnO thin films compared to 

AZO [9]. This is due to the localization of electrons in anisotropic p or d states in the 

presence of Ga ions. On the other hand, since Ga is an expensive element, it was not 

considered as a doping agent in this study. 

Since the final behaviour of AZO thin films depends on the sputtering parameters, 

the substrate temperature [82]–[84], sputtering gas pressure [79], [85], [86], and 

radio frequency power [87] have been widely studied in literature. In addition to 

these, the crystallinity, surface chemistry and morphology, defect concentration, and 

electrical and optical properties of the films were tried to be improved by post-

deposition annealing under vacuum, Ar, or forming gas atmospheres [88]–[94]. 

Therefore, to control the optical and electro-thermal properties of AZO coatings, the 

sputtering deposition conditions must be optimized. 

Electrothermal properties of AZO-based transparent heaters on rigid glass substrates 

have been reported in literature [95]. These studies have shown that the 

electrothermal properties of the films scatters widely. In addition, the potential of 

AZO thin films for flexible transparent heater applications were recently revealed on 

substrates such as polietilene teraphtalate and mica [95], [96]. These examples from 

the literature showed that AZO thin films can be produced on rigid and flexible 
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substrates via the sputtering method for a variety of applications including the 

transparent heaters and heat mirrors.  

In this thesis study, AZO thin films were produced using magnetron sputtering 

method. The deposition temperature, layer thickness and post-deposition annealing 

of AZO thin films were optimized to achieve thin films with optimum optical and 

electrical properties. Then, the final coatings were achieved by applying a thin SiO2 

capping layer on top of the AZO layers.  

2.2.2 Amorphous Transparent Conductive Oxides 

As mentioned previously, in this thesis study, a mixture of Zn-In-Sn-oxide was 

selected as the second coating material. One of the important details about this 

composition is that the coating is planned to be produced in an amorphous structure. 

The first study on the production of amorphous TCOs was carried out in 1995 [97]. 

Comparison of the basic properties of crystalline and amorphous ITO is given in 

Table 2.3. 

As can be seen from this table; amorphous TCOs can exhibit properties comparable 

to crystalline ones in terms of carrier concentration, mobility, and visible region 

transmittance.  

Table 2.3 Basic properties of crystalline and amorphous TCOs   

Property Crystalline TCOs Amorphous TCOs 

Carrier concentration, η (cm-3) 
⁓1019 (VO) 

⁓1021 (doping) 
≤1020 

Carrier mobility, µ (cm2 V-1s-1) 10-100 10-60 

Eg (eV) ≥3 Reduced optical band gap 

Transmittance (visible region, %) 80–90% 
Transparent upon 

Burstein–Moss shift 

Production temperature High Low 

Mechanical behavior Brittle Flexible 
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As an advantage, amorphous TCOs can be produced at relatively lower temperatures 

when compared to their crystalline counterparts. This simplifies the deposition 

process and extends the range of usable substrates, for example, to polymers. More 

importantly, amorphous films are not brittle like crystalline ones. As it is well known, 

crystalline ITO thin films are brittle in nature and its optoelectronic properties 

deteriorates by mechanical deformation [98]. In addition to low-temperature 

production and mechanical flexibility, amorphous TCOs exhibit lower surface 

roughness than crystalline-ITO. They are also more stable at higher temperatures i.e., 

350-600 C [99]–[101].  Further, the films are chemically and electrically stable for 

long periods under atmospheric conditions, even at very high doping amounts [102].    

Commercially available TCOs mainly consist of In, Ga, Zn, Sn, and Cd oxides. 

These elements belong to heavy metal cation group, and their electronic 

configuration is (n-1) d10ns0. Binary oxides of these elements show strong s-

character. Due to the large spherical s-orbitals in the amorphous structure, the 

overlap of the “ns” orbitals causes the formation of conduction channels for electron 

transport. Therefore the electrical conductivity of amorphous TCOs (due to high 

mobility) can be quite high [103]. In addition, the lack of grain boundaries in the 

amorphous structure reduces carrier scattering [98]. 

In TCOs, carrier concentration and plasma wavelength are inversely proportional (p 

 1/n)½). Therefore, the best way to increase the electrical conductivity without 

reducing light transmission is to increase mobility. Amorphous TCOs are also 

advantageous at this point as they have high carrier mobility [104]. In addition, short-

distance ordering is similar in amorphous and crystalline structures. The difference 

is that the bond angles vary in the amorphous structure. However, this does not 

prevent electron conduction. Moreover, the absence of high electron density traps in 

the band gap with strong ionic bonding also contributes to mobility. In amorphous 

TCOs, carriers are typically formed due to anion vacancies. Cation doping does not 

increase the number of carriers but increase the stability of the amorphous phase. 

Therefore, the carrier density of the amorphous TCOs can be modified in a wide 
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range without decreasing the carrier mobility. In crystalline TCOs, electron mobility 

is mainly determined by ionized impurities, phonons, and grain boundary scattering. 

On the other hand, in amorphous TCOs the mobility determined by the local 

distortions in metal-oxygen polyhedra and by the long-distance structural ordering, 

if present. Considering the discussion given above, it is clear that amorphous TCOs 

can exhibit good electrical properties due to their unique structure. 

When the literature on amorphous TCOs is examined, it can be seen that three basic 

approaches were followed in the production of these materials. The first is the 

amorphization of already existing TCOs (e.g., AZO or ITO) [105], [106]. 

Amorphous thin films of these materials are generally produced by vacuum 

deposition methods on substrates maintaned at low temperatures, e.g., liquid N2 

cooled substrates for AZO deposition. It is also noted that the literature on this field 

has been focused basically on how the properties are changing with the amorphous 

structure and the dependence of these properties on parameters such as substrate 

temperature, deposition pressure, and atmosphere. The second approach is to form 

amorphous  oxide systems by heavy doping of In2O3 with elements such as Zn, Ti, 

Mo, ZnO with Al and Sn, and SnO2 with elements such as Ga and Zn [107]–[109]. 

The third and final approach is based on making In2O3 amorphous by doping with at 

least two of the elements such as Zn, Ga, and Sn [100]–[102], [110]–[116]. 

Within the context of these approaches, amorphous TCOs are produced using two 

different techniques. The first one is to produce a single composition sputtering 

target using powder metallurgy processes. This target consists of the respective 

composition of the relevant oxides and a single composition thin film samples are 

produced from this source [109], [110], [113]. However, it takes quite a long time to 

develop new materials (compositions) with this approach. Therefore, this method 

may be preferred for the production of the samples if only one well-known 

composition is aimed. The second method is the use of the combinatorial approach 

[107], [108], [117]–[119]. Figure 2.5 (a) shows the deposition geometry as an 

example for the use of combinatorial approach in the production of mixed ZnO-ITO 

thin films. The obtained samples are presented in Figure 2.5 (b). Here, in a single 
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experiment, a compositional gradient can be obtained amongs the thin film samples. 

This is realized by using a suitable deposition geometry. As it is obvious, these thin 

film samples look very different from each other. Thus, if high transmittance in the 

visible region is desired, only the first three compositions from the left provide this 

qualification. A similar evaluation can easily be carried out on each sample for 

electrical resistance, IR-reflectance, and thermal response so that the optimum 

composition can be easily specified for any specific application. 

 

Figure 2.5 a) Schematic overview of the combinatorial deposition process, b) ZnO-

ITO sample libraries obtained via using the deposition geometry given in (a) [117] 

 

Figure 2.6 shows the compositional dependence of the structure (amorphous, 

crystalline, mixed) and electrical properties of the ZITO thin films obtained in 

another study which employed combinatorial approach [117]. Samples were 

deposited from two different targets on glass substrates at room temperature. As a 

result, thin films with atomic compositions of 17-57% Zn/(Zn+In+Sn) are formed in 
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an amorphous structure. Throughout the range of amorphous composition, the 

electrical resistance exhibited almost a constant value. Here again, one of the 

remarkable points regarding the electrical resistance is that the lowest resistance is 

obtained in the amorphous+crystalline and amorphous compositional ranges. In 

stating this finding, the purpose is not that the Zn-doped amorphous thin films have 

better conductivity than pure ITO, but relatively high conductivity values can be 

obtained in a-TCOs depending on the composition. This finding further shows that 

it is possible to achieve conductivity values close to pure ITO with 10 at.% Zn 

contribution which means a reduction of 30 at.% In in the relevant composition. In 

addition, in terms of optical properties, all samples in this study showed an average 

of more than 80% transmittance in the visible region. 

 

Figure 2.6 The change in the electrical resistance, carrier concentration, and mobility 

of ZITO thin films as a function of at. Zn %  in the composition and RF power used 

in ZnO sputtering [117] 

 

In a similar study, the lowest electrical resistance in ZITO thin films produced in 

amorphous structure by magnetron sputtering was reported as 6.6×10−4 Ω.cm, in the 

sample with 17% Zn atomic content. And the transmittance was 80% in the visible 

region [113]. It was also claimed that the films deposited, especially at low oxygen 
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partial pressures (𝑃𝑜2), exhibited better electrical properties. Moreover, it was stated 

that the properties could be further improved by annealing in a reducing atmosphere 

after deposition. Deposition at low oxygen partial pressure increases the mobility of 

the charge carriers by increasing the number of oxygen vacancies; similarly, 

annealing in a reducing atmosphere contributes to the oxygen vacancy 

concentrations. These findings show that Zn-In-Sn-oxide thin films with amorphous 

structure can be used for the purpose of the current thesis study.  

Amongst the others, the only similar deposition geometry to the geometry used in 

the current thesis study in terms of ZITO thin film deposition was employed by 

Ndione et al. (2016) [100]. In this study, amorphous ZITO thin films were obtained 

by using co-sputtering of In2O3, ZnO, and SnO2 targets [100]. Samples were 

deposited on 5x5 cm2 substrates at room temperature. The target-to-substrate 

distance was 10 cm. 10 mTorr Ar was used as the sputtering gas for 20 to 30 min of 

deposition duration. RF power ranging between 20 to 65 W for In2O3 and SnO2 

targets and 100 W for ZnO targets were used. Films with amorphous structure have 

been produced with thicknesses ranging from 50 to 230 nm. Then the samples were 

electrically, optically, and mechanically characterized. Regardless of the 

composition, it was stated that all films formed in amorphous structure according to 

the XRD analysis and exhibited minimum 85% transmittance in the wavelength 

range of 400-800 nm. These finding clearly reveals that the composition does not 

have a dominant effect on the structure and optical properties. As a result of the 

examination of the mechanical properties, it was stated that the dependence of the 

elastic modulus on the composition was quite low, and the hardness increased with 

decreasing Sn amount. The obtained hardness and elastic modulus values implied 

that the amorphous ZITO is bendable enough to be employed in flexible devices. 

Moreover, since the hardness values are about twice to that of ITO and equal to or 

higher than that of glass, it has been stated that these thin films are stable in terms of 

wear resistance. 

In contrast to the findings on other properties, the conductivity of a-ZITO thin films 

were found to be highly dependent on the composition of the film. For example, the 
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maximum conductivity value of 2415 Scm-1 was obtained for the film composition 

of In0.87Zn0.07Sn0.06Oy. This composition corresponds to the range where the In/Zn 

ratio is 0.6-0.88, and the In/Sn ratio is 0.8-0.88. This conductivity value is 

comparable to crystalline ITO. The conductivity was changed from 702 to 17 Scm-1 

for the films with compositions of In0.52Zn0.38Sn0.15Oy and In0.08Zn0.41Sn0.51Oy, 

respectively. These values clearly show the dependency of electrical conductivity on 

the constituent cations in the film composition.  

The study further shown that the sputtering pressure has significant effect on the final 

conductivity of the films. The highest conductivity (2415 Scm-1) was obtained under 

10 mTorr Ar pressure, whereas for 20 mTorr Ar, it dropped to 15 Scm-1. Similarly, 

the presence of oxygen in the chamber, i.e., 𝑃𝑜2 of 0.1 % leads a reduced 

conductivity of 145 Scm-1. Finally, the change in the conductivity of different 

compositions was attributed to change in the carrier concentration which means that 

the Hall mobility of the films were almost the same.    

Within the scope of this study, the two aforementioned techniques for a-TCOs 

production were combined to achieve amorphous ZITO thin film heaters. First of all, 

the optimum composition was determined via the combinatorial approach. Then, a 

3” sputtering target with this composition was produced by mixing and sintering the 

relevant oxide powders. And then, large-area samples were produced from this target 

and characterized in terms of structural, morphological, optical, electrical, and 

electrothermal properties.  
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CHAPTER 3  

3 EXPERIMENTAL  

In this section, the method and the parameters used in the production of AZO and a-

ZITO thin films will be given. After that, the electrical and electrothermal property 

measurement systems established within the scope of this thesis will be introduced, 

and other general characterizations applied to the samples will be mentioned. 

3.1 Magnetron Sputtering of AZO/SiO2 and a-ZITO thin films 

All thin film samples in this study were produced using magnetron sputtering, which 

is also a suitable method for combinatorial approach. Figure 3.1 shows the thin-film 

deposition geometry used in the chamber. The substrate holder allows the use of a 

single circular substrate up to a diameter of 150 mm (magazine type multi-substrate 

carriers were used for this study), and the holder can be rotated at a speed of 30 rpm, 

if necessary. The system is equipped with four infrared lamps for substrate heating 

up to 300 °C. 

The deposition process was started by placing the pre-cleaned substrates on the 

substrate holder; then, the vacuum pump was started. If the deposition condition 

requires the heating of the substrates to any temperature above RT, then the infrared 

lamps were turned on. When the chamber reached a vacuum level of 1x10-6 Torr, 

high purity argon gas was sent to the chamber with a flow rate of 20 sccm. Prior to 

deposition, each of the existing shutters on the sputtering targets were opened, and 

the pre-sputtering process was carried out for 10 min to clean the targets surfaces. 

During this process, the main shutter under the substrate holder was kept closed, thus 

preventing contamination of the samples. Afterwards, thin films were deposited until 

the desired film thickness was achieved. The thickness was monitored with a QCM, 

and when the desired thickness was achieved, the main shutter was closed, and the 
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sputtering process was terminated. The heated samples were always cooled down to 

room temperature in the vacuum environment. 

 

Figure 3.1 Thin-film deposition geometry used for the sample production 

 

In this study, SiO2-capped AZO and a-ZITO thin films were produced by employing 

two different types of multi-substrate carrier magazine. The digital images of these 

carrier magazines can be seen in Figure 3.2 (a and b), which are used in the 

depositions of AZO/SiO2 and a-ZITO thin films, respectively. AZO thin films were 

produced using a 2”, 2 wt.% Al2O3-doped ZnO (99.99%, Kurt J. Lesker Co.) target.  

The position of the target and the deposition geometry can be followed from Figure 

3.2 (c). The films were collected on glass substrates. In order to optimize the 

deposition parameters, AZO thin films were first deposited on 0.17 mm thick, 18 

mm diameter glass substrates which arranged on the substrate carrier as given in 

Figure 3.2 (a). On the other hand, commercial soda-lime glass substrates with 5.0 cm 

x 7.5 cm dimensions and 3 mm thickness were used for the films tested in de-icing 

experiments. All substrates were cleaned with alkaline detergent, ethanol (99.5%, 

J.T. Baker) and deionized (DI) water for 10 minutes, respectively, in an ultrasonic 

bath and dried with a hot air gun before deposition. In the optimization process, 

substrate temperatures of RT, 100, 200, and 300 °C were used. The depositions were 

carried out under sputtering gas pressure of 3 mTorr Ar, 1.2 Å/s deposition rate, and 
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100 W RF power. In addition, films with 4 different thicknesses (250, 500, 750 and 

1000 nm) were obtained to determine the optimum thickness to achieve optimal 

electrical and optical properties.  

 

Figure 3.2 Multi-substrate carrier magazines employed in the deposition of a) 

AZO/SiO2, b) a-ZITO, and deposition geometries for c) AZO/SiO2, d) a-ZITO thin 

films. (Substrates were rotated at 8 rpm during AZO/SiO2 thin film deposition) 

 

In order to form the thin SiO2 capping layer on the AZO thin films, a 2” diameter 

SiO2 (Kurt J. Lesker Co.) target with 99.995% purity was used. This target was 

installed to one of the remaining two guns in the chamber, as seen in Figure 3.2. SiO2 

capping layer deposition process was carried out at room temperature using 75 W 

RF power.   
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a-ZITO thin films were obtained from a 3” and single composition target following 

an optimization step performed with 2” diameter SnO2 (99.99%), ZnO (99.99%), and 

In2O3 (99.99%) (Kurt J. Lesker Co.) targets. The layout of these targets in the 

chamber can be seen in Figure 3.2 (d). Similar to the approach used during AZO thin 

film deposition, optimization of a-ZITO deposition was performed on 18 mm 

diameter glass substrates and a triangular type of substrate carrier magazine (see 

Figure 3.3 a) Schematic drawing of the arrangement of the components in the 

vacuum chamber, b) Schematic drawing of the deposition geometry used during the 

optimization step of a-ZITO thin-film production via combinatorial approach (t: the 

thickness of the depositing film) 
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Figure 3.3 (b)). The first set of experiments was carried out to determine optimal 

parameters such as sputtering powers, sputtering gun positions, and thickness-time 

relationships for each target. For this purpose, first, all corners of the triangular 

arrangement on the magazine were aligned with one of the oxide targets, as 

demonstrated in Figure 3.3 (a). Successive depositions (30 min each) were conducted 

systematically by shifting the position of the sputtering gun head on the y-axis and 

its angle on the z-axis. The focus of this trial-and-error depositions was to obtain a 

film thickness of “3t” on the corner sample, while a film thickness of “t” on the 

central sample as presented in Figure 3.3 (b). During the process, the thicknesses of 

the samples were determined by SEM measurements after each run. This approach 

was applied respectively for all three targets. After completing the 

positioning/aligning of each gun, deposition experiments were performed using a 

variety of sputtering powers. During these experiments, thicknesses of ⁓600 nm for 

the sample in the corner and ⁓200 nm for the sample in the center were monitored. 

The results are summarized in Table 3.1.  

Table 3.1 The achieved film thicknesses after 30 min of depositions with samples #1 

(corner) and #8/9 (center) as a function of sputtering power 

Gun 1 - SnO2 Gun 2 - ZnO Gun 3 - In2O3 

Sample 1    Sample 8/9  Sample 1   Sample 8/9 Sample 1   Sample 8/9 

80 W 110 W 85 W 
 

1200 nm 

 

    350 nm 

 

 

      342 nm 

 

 95 nm 

 

 

930 nm 

 

315 nm 

 

40 W 130 W 100 W 
 

728 nm 

 

    215 nm 

 

 

     410 nm 

 

   230 nm 

 

 

⁓604 nm 

 

⁓190 nm 

 

37 W 150 W  
 

⁓608 nm 

 

   ⁓188 nm 

 

 

     470 nm 

 

   260 nm 

 

 

30 W 175 W  
 

470 nm 

 

     150 nm 

 

     583 nm 

 

 

  ⁓190 nm 
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From now on, for Figure 3.1 and for the following sections, SnO2, ZnO, and In2O3 

targets are denoted as gun 1, gun 2, and gun 3, respectively. Following a similar 

labeling approach; sample 1 refers to the thin film sample which is nearest to the 

sputtering gun 1 (SnO2 corner/gun 1), sample 16 refers to the sample which is nearest 

to the sputtering gun 2 (ZnO corner/gun 2), and sample 21 refers to the sample which 

is nearest to the sputtering gun 3 (In2O3 corner/gun 3). Other sample numbers can be 

seen from Figure 3.3 (b). As seen from Table 3.1, the 3/1 ratio in terms of film 

thicknesses in the corner and the center were achieved by employing RF powers of 

37 W for SnO2, 175 W for ZnO, and 100 W for In2O3 deposition. 

Finally, the thickness and compositional distribution on each 21 substrates were 

examined by co-deposition of SnO2, ZnO, and In2O3 targets using these 

predetermined parameters. Two different sputtering pressures were applied during 

these experiments, i.e., 5 and 10 mTorr. Film depositions were carried out at room 

temperature for 15, 30, 45, and 60 minutes. Then, the obtained samples at each 

sputtering pressure and deposition duration were subjected to optical and electrical 

characterizations. Thus, the change in properties as a function of deposition 

parameters were determined. Finally, new sets of samples were produced under the 

determined optimum time and pressure values, and these thin films were subjected 

to structural, compositional, morphological, electrical, and optical characterization 

in both deposited and annealed states (see section 3.2). 

After determining the optimal deposition parameters, the best composition among 

21 samples which provided the optimum electrical and optical properties was 

transferred to a single target. This was achieved by mixing proper amounts of high 

purity SnO2, ZnO, and In2O3 powders in appropriate proportions and sintering them 

into a 3” sputtering target. Then, a-ZITO thin films were produced on 5 cm x 7.5 cm 

glass substrates that were kept at RT, 150 °C, and 250 °C. The sputtering pressure, 

power, and deposition rate for each run were set to 3 mTorr, 100 W RF, and 2.2 Å/s, 

respectively.  
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3.2 Post-deposition annealing of thin films 

Annealing processes were carried out following the deposition step in order to 

improve the electrical and optical properties of the thin films. In this step, different 

environments such as air, vacuum (1x10-6 Torr), Oxygen (99.999%), Nitrogen (N2) 

(99.999%) or forming gas (Argon + 4% H2 by volume) were tested. In this way, the 

annealing medium that will provide the most superior properties has been 

determined. The sputtering system itself was used for annealing the samples under 

vacuum. On the other hand, an atmosphere-controlled furnace was used for 

annealing in other atmospheres. The annealing temperature was set to 300 °C or 400 

°C., depending on the annealing atmosphere and capability of the heating 

equipments, i.e., vacuum chamber or furnace. Heating was carried out at a rate of 2 

°C/min for all samples, and the existing atmospheric condition was maintained 

during natural cooling.  

The annealing conditions used for the AZO thin films were as follows: vacuum 

(1x10-6 Torr) at 300 °C, high purity Ar (99.999%) at 400 °C, and Ar + 4% H2 at 400 

°C for 1 h. Similar to AZO thin film samples, annealing was carried out for a-ZITO 

thin films under different conditions. The a-ZITO samples produced at room 

temperature were annealed in air atmosphere at 400 °C, in Ar atmosphere at 300 °C 

and 400 °C, and in forming gas atmosphere at 400 °C for 1 h. In addition, these films 

were also annealed in such a way that the films were heated to 400 °C under Ar+4% 

H2 atmosphere, then the furnace atmosphere switched to pure Ar, and the samples 

were kept under this condition for 1 h. For a-ZITO samples produced at 250 °C, only 

Ar and Ar+4% H2 atmosphere annealings at 400 °C and 1 h were employed.  

3.3 Characterization 

The structural properties and phase distribution of the produced thin films were 

determined by X-ray diffraction (XRD) method. For this purpose, a Bruker D8 

Advance diffractometer was used. XRD patterns were obtained using CuKα radiation 



 

 

38 

with a wavelength of λ=1.5406 Å in Bragg-Brentano mode, and a step-size of 0.02° 

in the range of 2θ = 20-80°. The Scherrer equation given below was used to calculate 

the crystallite sizes of AZO-based samples.  

 

𝐷 =
𝑘𝜆

𝛽 cos 𝜃
 (3.1) 

 

In this equation, D, k, λ, β and θ represents the crystallite size in the direction 

perpendicular to the corresponding lattice planes under consideration, k is the 

numerical factor (crystallite-shape factor and taken as 0.9), λ is the wavelength, β is 

the width (full width at half-maximum) of the XRD peak in radians, and θ is the 

corresponding Bragg angle, respectively. The in-plane stress values developed 

during the film growth were calculated using the Equation (3.2) and the biaxial strain 

model [120].  

 

𝛿 =  
((𝑑 − 𝑑0)|𝑑0) 𝑥 [2𝑐13

2 − 𝑐33(𝑐11 + 𝑐12)]

2𝑐13
 (3.2) 

 

c11, c12, c13, and c33 in this equation are the elastic stiffness constants of crystalline 

ZnO and taken as 208.8, 119.7, 104.2, and 213.8 GPa, respectively [121]. The 

interplanar spacing value for (002) planes, which is denoted by “d” was calculated 

from XRD patterns and using the Bragg equation (Equation 3.3). 

 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (3.3) 
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The d0 value in Equation 3.2 was taken as 5.206 Å for the (002) peak using the Joint 

Committee on Powder Diffraction Standards (JCPDS) Card No: 36-1451 which 

belongs to ZnO. In determining the lattice parameters, (Equation 3.4) was used.  

 

1

𝑑2
=

4

3
[
(ℎ2 + ℎ𝑘 + 𝑘2)

𝑎2
] +  

𝑙2

𝑐2
 (3.4) 

 

In this equation, h, k, and l are the miller indices of the relevant plane, and a and c 

are the lattice parameters in hexagonal crystals. 

In the morphological examination of the the films, FEI Nova NanoSem 430 model 

field emission scanning electron microscope (FE-SEM) and Veeco Multi-Mode V 

model atomic force microscope (AFM) were used. The 3D surface topography of the 

samples was extracted from the AFM measurements which were conducted in non-

contact mode. In determining the surface roughness values, scans were made in an 

area of 2 µm x 2 µm. Film thicknesses and average grain sizes were determined using 

SEM, AFM and Image J software. Energy-dispersive X-ray spectroscopy (EDX) 

was used to determine the elemental distribution and atomic ratios of the elements 

present in the films.  

VWR 3100-PC model UV-Vis (ultraviolet-visible) spectrophotometer was used to 

determine the visible light transmittance of thin film samples. Spectra were obtained 

in the wavelength range of 300-1000 nm. In calculating the average light 

transmittance (Tvis) values, the average light transmittance of the sample in the 

wavelength range of 400-700 nm was used. On the other hand, absorbance and 

reflectance values were determined by Cary 5000 model ultraviolet-visible-infrared 

(UV-Vis-NIR) spectrophotometer. 

To calculate the band energies (Eg) of the films, visible region transmittance, 

equation (3.5), and Tauc plots were used [122].  
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(𝛼ℎ𝑣)2 = 𝐴(ℎ𝑣 − 𝐸𝑔)1 2⁄  (3.5) 

 

In this equation, A, α, hν, and Eg represent a constant, absorption coefficient, photon 

energy, and optical bandgap energy for direct transitions, respectively.  

The Eg value is obtained by intersecting the tangent line from the linear portion of 

the (αhν)2-hν curve with the x-axis. 

The electrical properties of the thin films were examined in Van der Pauw 

configuration, either using a Nanomagnetic Instruments ezHEMS model Hall-effect 

measurement system or a custom-made four-point probe electrical measurement 

setup. In the four-probe measurement, the probes are collinear and the distance 

between the probes are equal. During the measurement, the current flows through 

the outer probes and the voltage values are recorded across the two inner probes. The 

general view of the latter system is given in Figure 3.4. The setup consists of a 60 V 

DC power supply (Tektronix PWS4602, left), a probe station, and an LCR meter 

(inductance, capacitance, and resistance measurement system, Hioki IM 3536, right), 

Figure 3.4 (a). The probe station can perform measurements on thin film samples up 

to substrate size of 15x15 cm2, Figure 3.4 (b). In determining the sheet resistance 

(RS, Ω/□), the values of R12.34, R23.41, R34.12, R41.23 were recorded under 5 mA constant 

current, and an average value for RS of each film was obtained by placing the 

corresponding values in Equation (3.6).  

 

𝑅𝑆 =
𝜋

ln (2)
𝑥 (

𝑉

𝐼
)

𝑎𝑣𝑔
 (3.6) 

 

The (V/I)avg value in this equation refers to the average of R12.34, R23.41, R34.12, R41.23 , 

that is the average of four different resistance values measured for each film.  
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Figure 3.4 a) General view of the system used in the electrical property 

measurements of the thin films, b) a closer view of the probe station of the system 

in Van der Pauw geometry 

 

The performance criterion (figure of merit, FOM, (φTC)) of the deposited films were 

determined by the Haacke equation given below.  

 

𝜑𝑇𝐶 = 𝑇550 𝑛𝑚
10 𝑅𝑠⁄  (3.7) 

 

In this equation, T550 is the transmittance at 550 nm wavelength, and RS (Ω/□) is the 

sheet resistance of the corresponding thin film sample. 

Transparent heater characteristics of the thin films produced within the scope of this 

thesis study were determined using a custom-made measurement setup presented in 

Figure 3.5 (a). The setup consists of an infrared camera (Optris Xi 400), a computer 

used for temperature recording and image processing, and a 60 V DC power supply 

(Tektronix PWS4602 model) used to apply voltage to the samples. The sample 

holder is shown in Figure 3.5 (b). The electrical connection between the power 

source and the film is provided by duck mouth Cu crocodiles and Ag electrodes 

applied to the film surface. The distance between the film surface and the camera 

was set to 55 cm.  
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Samples were evaluated using two different initial conditions. To determine the 

response time, saturation surface temperature, stability, recyclability, and thermal 

resistance as a function of applied voltage, all samples were subjected to various 

constant voltages (0-18 V) at ambient temperature. On the other hand, deicing tests 

were performed after cooling the samples to low temperatures for 1 h in a thermally 

insulated dry-ice-filled box. The deicing performance of the heaters was revealed for 

input voltages of 3, 6, 9, and 12 V, starting from −40 °C sample temperature.  

The response time was assumed as the required time to reach 90% of the value of 

surface saturation temperature for the heater under an applied constant voltage. The 

stability test was performed by monitoring the surface temperature of the sample for 

a relatively long period (e.g., 3600 s) under a certain constant voltage loaing. This 

was used to evaluate the changes in the surface temperature over time. Equation 3.8 

was employed in the determination of the surface temperature homogeneity (TU) of 

the heaters [123]. 

Figure 3.5 a) General view of the system used for electrothermal measurements, b) 

sample, c) schematic drawing of the system 
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Tu(%) = [
(TH − TL)

2 Tavg
] x100 (3.8) 

 

 TH, TL, and Tvis values were recorded from the surfaces of the samples during the 

stability measurements. As mentioned before, the sample surface temperature was 

recorded by an infrared camera, and if necessary, this record can be processed at any 

time by the camera's software. Therefore, the symbols given above represent the 

maximum, minimum, and average temperatures (°C), respectively, detected at 

different points on the surface of the sample with this software. Maximum and 

minimum temperatures were determined in the 1 mm x 1 mm measuring area, while 

the entire active area of the heater was used to determine the average temperature. 

For cyclic electrothermal behavior, samples were examined at switching voltages of 

0 and 12 V. During the measurements, the heater was first subjected to 12 V at 25 °C, 

and then the power was turned off when the IR camera confirmed a mean surface 

temperature of 100 °C. Then the heater was left to cool naturally to 25 °C before the 

application of 12 V for the next heating cycle. This procedure was repeated for 25 

heating/cooling cycles.   

Thermal resistance and thermal resistivity are two distinct heat properties that 

generally confused to each other. The former is a temperature difference 

measurement by which a material resists to heat flow. On the other hand, the latter 

expresses the thermal resistance of a material per unit area and has the unit of 

m2K/W. A transparent heater should exhibit a high thermal resistance value as a 

function of the applied electrical power. The thermal resistance of the heaters was 

calculated from the slope of the linear relationship between the input power vs. 

saturation temperature. Here, the surface saturation temperature was determined for 

each applied voltage value and plotted against the respective areal power densities 

(total electrical power/total active area). Since the relationship between them is 

linear, the thermal resistance of the samples was obtained from dT/dP [10]. 
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Prior to deicing experiments, the dry-ice cooled samples were installed on the sample 

holder. When the IR camera indicated a mean surface temperature of -40 °C, the 

samples were loaded with a constant input voltage. This test was repeated under 

different constant voltage values (i.e., 6, 9, and 12 V), and the de-icing capacity of 

the samples was determined as a function of time. This time refers to the total time 

required for melting of all ice and evaporation of all water-based droplets from the 

heater surface. The evaporation of water from the surface was followed by the naked 

eye, and the thermal camera was used to record the temperature change on the surface 

during this process. 

The areal power density of the heaters can be determined simply by using the basic 

electrical formula P/A. Here, A is the active surface area of the heater (the area 

between the Ag-electrodes), and P is the electrical power, and it can be deduced from 

the formula P=I2R using the current (I) passing through the sample and the resistance 

(R) of the film. While the current is obtained by monitoring the value directly from 

the power source, the R=ρ(L/Wedk) equation was used to calculate the resistance of 

the samples. In this equation, ρ (Ωcm) represents the resistivity of the film and was 

calculated by multiplying the thickness (dk) of the film in “cm” with the measured 

sheet resistance. The film thicknesses were obtained from SEM examinations. L and 

We are the length of the heater and the distance between the two silver electrodes, 

respectively, both in “cm”. 
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CHAPTER 4  

4 RESULTS AND DISCUSSION 

In this thesis study, AZO/SiO2 as an In-free composition and ZITO thin films with 

reduced In content were produced for transparent heater and heat reflecting 

applications. A series of optimization steps were carried out prior to production of 

the final thin film samples. Thus, initial sections of this chapter are devoted to the 

deposition optimization of AZO thin films. Then, in the following sections the results 

obtained on AZO/SiO2 thin film heaters are presented. 

4.1 Optimization of Production of AZO Thin Films on Glass Substrates by 

Magnetron Sputter Deposition 

4.1.1 Thickness optimization 

To identify the optimal layer thickness, AZO thin films with thicknesses of 250, 500, 

750, and 1000 nm were deposited on glass substrates kept at RT. Structural, 

morphological, optical, and electrical properties of these samples were examined 

both in the deposited and annealed states. Figure 4.1 shows the XRD patterns of these 

films. In all cases, the films developed a crystalline structure and showed preferred 

orientation along the c-axis. Different from others, (100) and (101) peaks were 

appeared in the pattern of 1000 nm thick sample. Further, the intensity of (002) and 

(004) diffraction peaks increased with increasing film thickness. For all patterns, the 

peaks were indexed well with the hexagonal ZnO wurtzite crystal structure in 

accordance with the JCPDS Card No. 36–1451. No diffraction peaks corresponding 

to any metallic or oxide impurities other than AZO could be detected in the patterns. 
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Figure 4.1 XRD patterns of AZO thin films deposited at RT and thicknesses of 250, 

500, 750, and 1000 nm 

 

Table 4.1 presents the thickness-dependent structural changes for RT deposited AZO 

thin films. The data of bulk ZnO are also given for comparison. The recorded 2θ 

value for the (002) plane at each film thickness shows a shift to lower angles 

compared to standard bulk ZnO. The substitution of smaller Al3+ (0.53 Å) ions with 

larger Zn2+ (0.74 Å) is expected to induce a contraction in the lattice. However, the 

c-parameter of the films decreased with the increasing film thickness. A value of 

5.207 Å was calculated for 1000 nm thick film, which is equal to the c-parameter 

value of standard bulk ZnO. At first glance, this seems to indicate that the highest 

amount of Al3+ substitution into Zn-sites occurs for 1000 nm thick film. On the other 

hand, it should be noted that the large structural mismatch between the amorphous 

glass substrate and crystalline thin film develops significant in-plane stress in AZO 

layer [124]. The corresponding values of the residual stress are also listed in this 

table. As evident from the negative values, the stresses are all compressive. The 

highest stress was calculated for the film with 250 nm thickness, and the stress 

decreased with increasing film thickness. It is therefore clear that the observed shift 

in the peak positions for the films with different thicknesses both depends on the 
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developed stress and incorporation of Al ions into ZnO lattice and the competition 

between the effect of these two phenomena on lattice parameter. The crystallite sizes 

of the samples as a function of thin film thickness is also demonstrated in Table 4.1. 

It was observed that the crystallite size increased from 23 to 33 nm depending on the 

film thickness. This reveals that the crystal quality of the films is increasing with 

thickness. 

Table 4.1 Thickness dependent structural properties of AZO thin films deposited at 

RT with various thicknesses 

 

Figure 4.2 (a-d) demonstrates the FE-SEM surface images of AZO thin films 

deposited at RT with four different thicknesses. As can be seen from these pictures, 

the films exhibit a hillock appearance, which is quite common in sputter-deposited 

AZO thin films. Among the obtained thicknesses, 750 nm thick film both has a 

spherical-like grain structure and exhibits a less rough surface. 

Figure 4.3 (a-d) depicts the cross-sectional FE-SEM images of AZO thin films 

produced at RT with four different thicknesses. As seen from these micrographs, 

AZO thin films could be obtained almost with intended thickness due to optimized 

deposition conditions. In addition, one can see the formation of the columnar grains 

with preferred orientation. Further, these images reveal that the films were deposited 

in a high-density structure and were free from intergranular porosity. 

 

Thickness 

(nm) 

2θ(002) (°) 2θ(100) (°) a (Å) c (Å) δ (GPa) Crystallite 

Size (nm) 

250 34.29 - - 5.227 -0.89 23 

500 34.36 - - 5.217 -0.47 24 

750 34.41 - - 5.210 -0.13 29 

1000 34.42 31.76 3.25 5.207 0 33 

Standard ZnO 34.42 31.76 3.25 5.207 - - 
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Figure 4.2 Surface SEM images of AZO thin films deposited at RT with various 

thicknesses; a) 250 nm, b) 500 nm, c) 750 nm, d) 1000 nm 

 

Figure 4.3 Cross-sectional SEM images of AZO thin films deposited at RT with 

various thicknesses; a) 250 nm, b) 500 nm, c) 750 nm, d) 1000 nm 
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The optical properties of RT deposited AZO thin films with various thicknesses were 

investigated with UV–Vis spectrophotometer. Figure 4.4 gives the transmittance 

spectra of these films in the wavelength range of 300 to1000 nm. As expected, the 

average transmittance (Tvis @ 400–700 nm) in the visible region is highly dependent 

on thickness [125]. The Tvis values were calculated as 91%, 88%, 74%, and 71% for 

the films with 250, 500, 750, and 1000 nm thicknesses, respectively. In addition, the 

absorption edge at a wavelength of 340 nm for 250 nm thick film increased to 365 

nm for the film with 1000 nm thickness, which reveals that transmittance in the UV 

region decreased. As shown as an inset in Figure 4.4, the Eg values of AZO thin films 

decrease from 3.65 to 3.39 eV as the film thickness increases, i.e., a red shift occurs 

with increasing layer thickness. This is probably due to the difference in charge 

carrier concentration, increasing crystallinity, and reduction of the residual stress in 

the films with greater thickness. 

It has also been observed that the oscillatory character of the transmittance spectra 

of as-deposited AZO thin films varies depending on the film thickness. The 

interference fringe patterns arise due to multiple reflections at the interfaces (front 

and back interfaces) of the film and the frequency and depth of the reflectance are 

controlled by the film thickness and optical constants. Similar to previous studies, it 

is seen that the the number of interference fringes increases as the thickness of the 

as-deposited AZO thin film increase [126], [127]. Furthermore, the presence of 

interference fringe pattern in the transmittance curve generally attributed to the 

smoothness of the film surfaces, which is desired for transparent heater applications 

[128]. 
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Figure 4.4 Transmittance spectra of AZO thin films deposited at RT with various 

thicknesses (The inset shows the estimated direct band gap energy of the films) 

 

Figure 4.5 demonstrates the electrical properties of RT deposited AZO thin films as 

a function of film thickness. The RS values of the films were measured as 204.31 (± 

0.204), 57.81 (± 0.007), 25.63 (± 0.004), and 12.96 (± 0.011) Ω/□ for the films with 

250, 500, 750 and 1000 nm thickness, respectively. This means that the RS value is 

decreased by about one order of magnitude when the film thickness is increased from 

250 to 1000 nm. In the same order, the resistivity values of the films were determined 

as 5.11(± 2.03x10–6)x10–3, 2.87 (± 1.12x10–6)x10–3, 1.92 (± 1.03x10–6)x10–3, and 

1.29 (± 1.25x10–6)x10–3 Ω.cm, respectively, indicating a decrease in electrical 

resistivity. These findings imply that there is a trade-off between the electrical and 

optical properties since the thicker the film the higher the conductivity, but also the 

lower the transparency. This also dictates a limiting thickness for RT deposited AZO 

thin films, as the heater needs to be sufficiently transparent. 
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Figure 4.5 Electrical properties of AZO thin films deposited at RT with various 

thicknesses 

4.1.2 Annealing optimization 

RT deposited AZO thin films with different thicknesses were annealed in various 

atmospheres to determine the changes in their optical and electrical properties. 

Figure 4.6 (a-c) presents the transmittance spectra of AZO thin films (RT deposited, 

250–1000 nm) after annealing for 1 h under vacuum (300 °C, 1x10–6 Torr), high 

purity Ar (400 °C, 99.999%), and Ar + 4% H2 (400 °C), respectively. It is seen that 

the optical properties of RT deposited AZO thin films vary depending on the film 

thickness and annealing condition. The corresponding Tauc plots are given as insets. 

The numerical values for each condition can be followed from Table 4.2. 

As seen from these figures and the listed values in Table 4.2., independent of the 

annealing condition employed, the Tvis values of the films were decreasing as the 

film thickness increasing. This can be attributed to the increase in the amount of 

scattering, reflection, and optical absorption on the film surface with increasing 

thickness. In addition, the losses also increase with the increasing of volume which 

is interacting with the light [125]. It is seen that annealing process does not affect the 

Tvis value of thinner films (e.g. 250 nm) but changes it significantly for the thicker 

films such as 750 and 1000 nm.  
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Figure 4.6 Transmittance spectra of AZO thin films (RT, 250–1000 nm) after 

annealing under various atmospheres for 1 h; a) vacuum, 300 °C, b) Ar, 400 °C, c) 

Ar + 4% H2, 400 °C (The insets show the estimated direct band gaps of the films for 

each condition) 
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Annealing under vacuum or Ar atmospheres yielded similar transmittance values 

although the annealing was performed at different temperatures, i.e., 300 °C for 

vacuum and 400 °C for Ar. Forming gas annealing, on the other hand, substantially 

improved the optical behavior of the samples. As seen from Table 4.2, the Tavg values 

of the films were measured as 96 (± 3.07), 95 (± 3.13), 93 (± 3.63), and 93 (± 2.16) 

% for the films with 250, 500, 750, and 1000 nm thickness, respectively after forming 

gas annealing. Similar observations were also reported in previous studies and this 

improvement is attributed to decreased defect concentration at grain boundaries with 

better crystallization of the films in the presence of H2 [94].  Further, annealing 

induced a blue-shift in the absorption edge of the films compared to their as-

deposited state. The highest shift was obtained in case of Ar + 4% H2 annealing. This 

shift can be ascribed to Burstein-Moss effect [129], [130] and decrease in electron 

trapping sites on the surface as a result of oxygen desorption [131]. Accordingly, 

post-annealing deposition was increased the Eg of the films whereas the highest 

values were obtained again in case of forming gas annealing, Table 4.2.  

Table 4.2 Optical properties depending on thickness and annealing condition in RT 

deposited AZO thin films  

 

The electrical properties of RT deposited AZO thin films vary depending on the film 

thickness and annealing condition. 

Thickness 

(nm) 

As-deposited 

RT 

Argon, 

400 °C, 1 h 

Vacuum, 

300 °C, 1 h 

Ar+4% H2, 

400 °C, 1 h 

 Eg 

 (eV) 

Tvis 

(%) 

Eg  

(eV) 

Tvis 

(%) 

Eg  

(eV) 

Tvis 

(%) 

Eg  

(eV) 

Tvis 

 (%) 

250 3.65 91 3.65 92 3.73 90 3.78 96 

500 3.50 88 3.60 91 3.65 86 3.67 95 

750 3.41 74 3.55 88 3.57 88 3.64 93 

1000 3.39 71 3.53 85 3.56 81 3.64 93 
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Table 4.3 Electrical properties depending on thickness and annealing condition in 

RT deposited AZO thin films  

 

Table 4.3 shows that the sheet resistance and resistivity values of the films measured 

after annealing for 1 h under vacuum at 300 °C, under high purity Ar at 400 °C, and 

under Ar+4% H2 atmospheres. It is clear from the obtained RS values that annealing 

improves the electrical conductivity of AZO thin films in comparison to as-deposited 

state and independent from the atmosphere used during the process. On the other 

hand, depending on the annealing environment used, the best results were obtained 

after annealing under Ar + 4% H2 atmosphere. Particularly, for films with 750 nm 

(11.06 (± 0.013) Ω/□) and 1000 nm (7.45(± 0.036) Ω/□) thickness, the RS values are 

approaching the RS values of commercially available ITO thin films (8–12 Ω/□). The 

corresponding resistivity values for these films were recorded as 8.29 (± 1.03x10–6) 

x10–4 and 7.43 (± 3.66x10–6) x10–4 Ω.cm, respectively. 

The increase of electrical conductivity in AZO thin films after annealing is well 

documented in literature and generally attributed to decrease in grain boundary 

scattering, increase in the number of oxygen vacancies, carrier concentration, and 

Hall mobility of the carriers, formation of metallic Zn and substitutional hydrogen 

impurities, and modification of surface chemistry [88], [125], [132], [133]. As the 

lowest RS and the highest T550 values were obtained after annealing under forming 

gas atmosphere, the highest FOM values were also achieved under this annealing 

condition. The FOM values for all cases are listed in Table 4.4. As can be seen from 

this table, AZO thin films with 250, 500, 750, and 1000 nm thicknesses exhibited 

Thickness 

(nm) 

As-deposited 

RT 

Argon, 

400 °C, 1 h 

Vacuum, 

300 °C, 1 h 

Ar+ 4% H2, 

400 °C, 1 h 

 RS 

(Ω/□) 

ρ*10-4 

(Ω.cm) 

RS 

(Ω/□) 

ρ*10-4 

(Ω.cm) 

RS 

(Ω/□) 

ρ*10-4 

(Ω.cm) 

RS 

(Ω/□) 

ρ*10-4 

(Ω.cm) 

250 204.68 51.17 83.75 20.93 71.21 17.8 38.84 9.7 

500 57.81 28.77 30.44 15.22 33.27 16.63 23.49 11.74 

750 25.63 19.22 16.89 12.67 15.45 11.58 11.06 8.29 

1000 12.96 12.96 8.68 8.68 7.35 7.35 7.45 7.45 
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FOM values of 0.017, 0.025, 0.043, and 0.063 Ω-1, respectively. These findings 

imply that optical and electrical properties of RT deposited AZO thin films can be 

improved remarkably by post-deposition annealing under forming gas atmosphere. 

Table 4.4 FOM values depending on thickness and annealing condition in RT 

deposited AZO thin films  

 

At this point, it is worth emphasizing that the film with a thickness of 750 nm was 

selected for further optimization. The idea behind this choice can be justified as 

follows: This study was carried out to demonstrate an optimization route to produce 

a high-performance transparent heater and NIR reflecting mirror based on AZO 

coatings via RF magnetron sputtering. As seen from the achieved values given 

above, the optical transmittance of all films was above 90% after forming gas 

annealing which is quite sufficient for transparent heater applications. On the other 

hand, considering the lowest RS and highest FOM values, among all film thicknesses, 

only two films (750 and 1000 nm) look suitable for transparent heater applications. 

However, when very large-area depositions for industrial applications are 

considered, the 1000 nm thick film requires longer deposition times and ~ 33% more 

material consumption compared to 750 nm thick film. And since the 750 nm also 

demonstrated satisfactory optoelectronic behavior, an optimal thickness of 750 nm 

was chosen for deposition temperature optimization experiments. 

Thickness 

(nm) 

As-deposited 

RT 

Vacuum, 

300 °C, 1 h 

Argon, 

400 °C, 1 h 

Ar+4% H2, 

400 °C, 1 h 

 φTC  (Ω
-1) φTC  (Ω

-1) φTC  (Ω
-1) φTC  (Ω

-1) 

250 1.9x10-3 4.8 x10-3 5.1 x10-3 1.7 x10-2 

500 4.7 x10-3 6.7 x10-3 1.2 x 10-2 2.5 x10-2 

750 1.9 x10-3 1.7 x10-2 1.8 x 10-2 4.3 x10-2 

1000 2.5 x10-3 1.6 x10-2 1.4 x 10-2 6.3 x10-2 
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4.1.3 Deposition temperature optimization 

750 nm thick AZO thin films were deposited at three different substrate 

temperatures, i.e., 100, 200, and 300 °C, to determine the optimal deposition 

temperature. XRD patterns of these samples are shown in Figure 4.7. These films 

revealed strong preference for orientation along the c-axis (the strongest for 200 °C 

deposited), just as those deposited at RT. Similar intensity evolution as a function of 

substrate temperature was previously reported for AZO thin films deposited under 

similar conditions [134]. This may be owing to the difference between the 

temperature dependency of aluminum, zinc, or oxygen adatom diffusion 

coefficients. Furthermore, the sticking coefficients of these atoms are also 

temperature dependent [135]. Structural data for these samples are presented in Table 

4.5. In contrast to the observed peak positions of RT deposited AZO thin films, the 

(002) peaks here are all shifted to higher angles, indicating a shrinkage in the c-

parameter. The highest shift (2θ = 34.53°) (compared to the standard (002) peak 

position of ZnO, 2θ = 34.42°) was observed for the films deposited at 200 °C, Table 

4.5. 

  

Figure 4.7 XRD patterns of 750 nm thick AZO thin films deposited at 100, 200, and 

300 °C substrate temperatures 

 

The calculated stresses all have positive values in relation with the shrinkage in the 

c-parameter, indicating that all samples are under tensile stress. The thermal 
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expansion coefficients of the substrate and the crystallographic planes parallel to the 

c-axis in ZnO can be assumed to be similar (~ 3x10–6 °C-1), up to a temperature of 

300 °C [136]. On the other hand, the thermal expansion coefficient of the planes 

perpendicular to the c-axis in ZnO was reported as 4.7x10-6 °C-1. Thus, the planes 

vertical to the c-axis in the film have higher thermal expansion coefficient than the 

substrate. This mismatch involves much greater contraction along these planes 

during heating/cooling, which might result in the development of tensile stresses on 

the deposited coatings. The amount of stress was increased than two folds with the 

increase of substrate temperature from 100 °C (0.327 GPa) to 200 °C (0.719 GPa) 

and then decreased slightly for the films deposited at 300 °C (0.588 GPa). This may 

be due to transition of stress mode from tensile to compression at higher deposition 

temperatures [137]. Furthermore, the films formed at 200 °C yielded the largest 

crystallite size (48 nm), indicating a higher crystallization rate than the others. 

Table 4.5 Structural properties of 750 nm thick AZO films produced at substrate 

temperatures of 100, 200 and 300 °C 

 

Figure 4.8 (a and b) shows the optical and electrical properties of these films, 

respectively. Tvis values were found to be 81, 84, and 87 for the films deposited at 

substrate temperatures of 100, 200, and 300 °C, respectively. These values were 

higher when compared to the Tvis value of RT deposited 750 nm thick AZO thin film, 

but lower than those measured after annealing under various atmospheres. It is 

obvious that when the deposition temperature increases, the optical transmittance 

rises as well. Further, the films present remarkable absorption in the UV region, with 

the highest absorption edge (347 nm) measured for the film produced at 200 °C. 

Substrate  

Temperature (°C) 

2θ(002) 

(°) 

2θ(100) 

(°) 
a (Å) c (Å) σ (GPa) 

Crystallite 

Size (nm) 

ZnO 34.42 31.76 3.25 5.207 - - 

100 34.47 - - 5.199 0.327 31 

200 34.53 31.13 3.31 5.190 0.719 48 

300 34.51 31.12 3.31 5.193 0.588 44 
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Moreover, more frequent interference fringe patterns for the films deposited at 200 

°C and 300 °C suggests that these films had a lower surface roughness compared to 

the films deposited at 100 °C. The corresponding (ahv)2-hv plots are given as inset 

of Figure 4.8 (a). As can be seen from the calculated Eg values, the highest redshift 

was observed for the film deposited at a substrate temperature of 200 °C. This is 

probably due to higher amount of Al-Zn substitution at this temperature when 

compared to others. 

 

       

Figure 4.8 a) Transmittance spectra and b) electrical properties of 750 nm thick AZO 

thin films as a function of substrate temperature (The inset in (a) show the estimated 

direct band gaps of the films) 
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The electrical properties as a function of substrate temperature in 750 nm thick AZO 

thin films are shown in Figure 4.8 (b). The RS values were measured as 9.03 (± 

2.33x10–5), 4.93 (± 3.30x10–5), and 5.74 (± 1.43x10–5) Ω/□ for the films deposited at 

100, 200, and 300 °C, respectively, Table 4.6.  These values were lower than those 

measured for RT deposited and Ar + 4% H2 annealed 750 nm thick AZO thin films. 

Accordingly, the resistivity values were calculated to be 6.77 (± 1.87x10–9)x10–4, 

3.70 (± 2.49x10–9)x10–4, and 4.30 (± 1.49x10–9)x10–4 Ω.cm, respectively. According 

to these values, the highest conductivity could be obtained with the films deposited 

at a substrate temperature of 200 °C.  

Table 4.6 Electrical properties of 750 nm thick AZO thin films produced at different 

substrate temperatures 

 

In order to examine the effect of post-deposition annealing on the electrical and 

optical properties, 200 °C deposited sample was further processed under various 

annealing atmospheres.  Figure 4.9 (a and b) presents the transmittance spectra and 

direct band gap values of AZO thin films, respectively after annealing in vacuum, 

Ar and Ar+4% H2 atmospheres.  

As it is clearly seen from the spectrum given in Figure 4.9 (a) with blue color, in 

comparison to as-deposited state, the highest improvement in the visile region 

transmittance can be obtained by forming gas annealing of the sample. In this case, 

the corresponding band gap was estimated as 3.57 eV, Figure 4.9 (b). In order to 

compare the optical properties of this sample with the others, the corresponding 

optical values of 100, 200, and 300 °C deposited and post-deposition annealed AZO 

thin films are summarized in Table 4.7. 

Substrate Tempereature 

(°C) 
RS (Ω/□) ρ*10-4 (Ω.cm) 

100 9.03 6.77 

200 4.93 3.70 

300 5.74 4.30 
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Figure 4.9 a) Transmittance spectra, b) Tauc plots and direct band gap values of 750 

nm thick AZO thin film deposited at 200 °C and annealed under various atmospheres 

 

As seen from the listed transmittance and band gap values, among others, the highest 

visible light transmittance (93%) was demonstrated by the sample deposited at the 

substrate temperature of 200 °C and then annealed under forming gas atmosphere at 

400 °C for a duration of 1 h. As to remind, this sample exhibited a higher crystallite 

size than that of 100 and 300 °C deposited thin films (in as-deposited state). 

Therefore, higher visible tranmittance of this thin film may be attributed to improved 

crystallization, a higher crystallite size and decrease in the optical scattering after 

post-deposition annealing.  

Table 4.7 Comparison of the optical properties of 750 nm thick AZO thin films in 

as-deposited state and after annealing under various atmospheres 

 

Substrate 

Temperature 

(°C) 

As Deposited 

RT 

Vacuum, 

300 °C, 1 h 

Ar, 

400 °C, 1 h 

Ar+%4 H2, 

400 °C, 1 h 

 Eg 

(eV) 

Tvis 

(%) 

Eg 

(eV) 

 Tvis   

(%) 

Eg 

(eV) 

Tvis 

(%) 

Eg 

(eV) 

Tvis 

(%) 

100 3.51 81.14 3.55 88.06 3.55 83.78 3.65 87.92 

200 3.41 84.03 3.56 82.30 3.53 83.09 3.57 93.00 

300 3.47 87.03 3.53 87.58 3.55 87.06 3.61 88.05 
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The electrical properties of AZO thin films vary depending on the deposition 

temperature and annealing atmosphere. Table 4.8 presents the corresponding 

electrical values of AZO thin films deposited on substrates at 100, 200, and 300 °C 

and then annealed  for 1 h and 300 °C under vacuum, 400 °C under Ar, and 400 °C 

under Ar+4% H2 atmospheres. 

Table 4.8 Comparison of the electrical properties of 750 nm thick AZO thin films in 

as-deposited state and after annealing under various atmospheres 

 

According to the values given in this table, the thin film deposited at 200 °C is more 

conductive than the others, both in deposited and annealed states. The lowest sheet 

resistance and resistivity values were obtained after forming gas annealing as 4.85 

Ω/□ and 3.63x10-4 Ω.cm, respectively.  In addition, this film outperformed all other 

RT deposited films in terms of electrical characteristics. This may be attributed to 

the effect of higher substrate temperatures on the crystallinity and doping efficiency 

of Al atoms in the ZnO lattice. 

The FOM (Ω-1) values of 750 nm thick AZO thin films deposited at different 

substrate temperatures and annealed under various conditions are demonstrated in 

Table 4.9. Once more, this table proves the superiority of 200 °C deposited sample 

to others in terms of optoelectronic properties. The highest FOM value among all 

samples was obtained with the sample after deposition at 200 °C substrate 

temperature and then post-annealed under Ar+4% H2 atmosphere. The FOM value 

Substrate 

Temperature 

(°C) 

As-deposited 

RT 

Vacuum, 

300 °C, 1 h 

Ar, 

400 °C, 1 h 

Ar+%4 H2, 

400 °C, 1 h 

 RS 

(Ω/□) 

ρ*10-4 

(Ωcm) 

RS 

(Ω/□) 

ρ*10-4 

(Ωcm) 

RS 

(Ω/□) 

ρ*10-4 

(Ωcm) 

RS 

(Ω/□) 

ρ*10-4 

(Ωcm) 

100 9.03 6.77 8.65 6.48 8.42 6.31 6.78 5.08 

200 4.93 3.70 6.20 4.65 6.22 4.66 4.85 3.63 

300 5.74 4.30 6.78 3.67 6.90 5.17 4.90 3.67 
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of this thin film was calculated as 28.4x10-2 Ω-1 using a transmittance value of ⁓90% 

at 550 nm wavelength and sheet resistance of 4.85 Ω/□.  

Table 4.9 Comparision of the FOM values of 750 nm thick AZO thin films in as-

deposited state and after annealing under various atmospheres 

 

These findings clearly reveal that the optimum processing conditions for the AZO 

thin film coatings are layer thickness of 750 nm and deposition at a substrate 

temperature of 200 °C followed by annealing in an Ar+4% H2 atmosphere. Thus, the 

final AZO/SiO2 thin films were produced using these parameters for the AZO layer.   

4.2 Production of AZO/SiO2 thin films  

AZO/SiO2 thin films were produced on 50x75 mm2 glass substrates. Prior to 

deposition, the substrates were heated to 200 °C in the vacuum chamber and AZO 

layer deposition was performed at a fixed substrate geometry, i.e., without substrate 

rotation. After the deposition completed, the thin films were cooled down to room 

temperature and removed from the sputtering system. The edges of the AZO layer 

were covered with a polymeric coating (Figure 4.10 (a)) and then installed back into 

the vacuum system. SiO2 top layer deposition was performed at RT on these samples 

and the substrates were rotated at 8 rpm during the deposition process. The sample 

was then annealed for one hour at 400 °C in Ar+4% H2 atmosphere. The digital 

image of this sample is given in Figure 4.10 (b), showing the film is highly 

transparent. 

Substrate 

Temperature (°C) 

As-deposited 

RT 

Vacuum, 

300 °C, 1 h 

Argon, 

400 °C, 1 h 

Ar+%4 H2, 

400 °C, 1 h 

 φTC  (Ω
-1) φTC  (Ω

-1) φTC  (Ω
-1) φTC  (Ω

-1) 

100 1.99 x10-2 3.05x10-2 1.73x10-2 3.26x10-2 

200 5.49 x10-2 2.35x10-2 4.00x10-2 28.4x10-2 

300 7.43 x10-2 5.60x10-2 6.61x10-2 8.86x10-2 
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Figure 4.10 Digital images of 750 nm thick AZO/SiO2 thin film a) deposited at 200 

°C, b) after annealing under Ar+4% H2 atmosphere for 1 h at 400 °C 

4.2.1 Structural analysis of AZO/SiO2 thin films 

Figure 4.11 (a) presents the XRD patterns of AZO samples deposited at 200 °C, then 

capped with SiO2 after cooling, and then annealed for 1 h at 400 °C in an Ar+4% H2 

atmosphere. For comparison, the pattern of single layer AZO thin film is shown at 

the bottom. The detailed view of (002) peaks in this patterns are demonstrated in 

Figure 4.11 (b). 

 

Figure 4.11 a) XRD patterns of AZO and AZO/SiO2 thin films deposited at substrate 

temperature of 200 °C, along with annealed AZO/SiO2 thin film b) Magnified view 

of the (002) peaks for the given pattern (a) 
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As it is seen from the patterns, SiO2 capping layer formed in amorphous structure. 

There is no sign of crystallization for this layer after annealing. Further, the pattern 

belongs to annealed sample did not provide any evidence for the formation of any 

crystalline phase as a result of any reaction between the SiO2 and AZO layers. As 

can be remembered from the discussions given on Figure 4.7 (b), with the heating of 

the substrate, the peak positions shifted to right for AZO in comparison to the peak 

positions of standard ZnO reported in JCPDS Card No.36-1451. This is also valid 

for the sample that was deposited at 200 °C and then capped with SiO2 layer Figure 

4.11 (b). With annealing, there was no further change in the peak positions. The XRD 

pattern obtained after annealing showed a minor increase in the intensity of the (002) 

and (004) peaks rather than a change in their positions. This result might be 

interpreted as an increase in the crystallinity of the thin film due to annealing. 

4.2.2 Morphological analysis of AZO/SiO2 thin films 

Figure 4.12 (a and b) demonstrates the 2D AFM surface images of AZO thin films 

that were produced at a substrate temperature of 200 °C, cooled down to RT, and 

then coated with a thin SiO2 layer. These images suggest that AZO and AZO/SiO2 

thin films exhibit equiaxed grains (due to the c-axis preferred orientation for AZO 

thin films), but the grains appear finer in case of SiO2 top layer. The average grain 

size of AZO thin film formed at 200 °C substrate temperature was calculated to be 

71 nm using Image J software. This analysis was conducted on 1 μm x 1 μm area 

using at least 30 different grains. This value (71 nm) is greater than the crystallite 

size obtained from XRD data (48 nm). The larger size obtained from the AFM image 

can be explained by the fact that the coarser grains in AZO thin films are formed by 

the aggregation of small crystallites with identical orientations [138], [139]. On the 

other hand, the difference between the obtained sizes could be due to the low 

resolution of the AFM images, where the combination of numerous small crystallites 

might be thought as one grain. However, under all circumstances, investigations 

show that AZO thin films deposited at a substrate temperature of 200 °C have grains 
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finer than 100 nm. Figure 4.12 (a) also demonstrates that the film is highly dense, 

crack-free, and has a certain level of roughness 

 

Figure 4.12 AFM surface images of AZO and AZO/SiO2 thin films a) deposited at 

200 °C, b) SiO2 top layer coated at RT following the deposition at 200 °C (inset 

images (a) and (b) provide a general view of the surface) 

 

The SiO2 coated surface has considerably finer particles compared to the that of 

uncoated AZO surface, Figure 4.12 (b). Although the SiO2 layer was found to be 

amorphous from the XRD measurements, we have also conducted crystallite size 

calculation on this sample, due to grainy appearance on the surface. The average size 

was found to be 53 nm. When the final sizes and the inset images for both samples 

compared, AFM results imply a finer and less rough surface after SiO2 capping. 

Figure 4.13 (a) and (b) shows three-dimensional topographies of AZO and 

AZO/SiO2 thin films. These images were generated using a 2 μm x 2 μm surface 

area. The maximum height on the y axis is 200 nm. As can be seen, for both samples, 

the surfaces are uniform, dense, and free of cracks/voids. On the other hand, the 

surface without the SiO2 capping layer appears rougher. This statement is in 

accordance with the estimated root mean square roughness (RMS) values using these 

images. The RMS roughness of the AZO and AZO/SiO2 thin films were measured 

to be 21.7±0.90 nm and 6.29±0.26 nm, respectively. This indicates that a thin SiO2 

capping layer can significantly reduce the roughness of as-deposited AZO thin films. 

This property is especially important for reducing mechanical wear and chemical 



 

 

66 

reactivity of any transparent heater which will be exposed to environmental 

conditions. 

Figure 4.13 (c) and (d) shows FE-SEM surface images of AZO (as-deposited, 200 

°C, 750 nm thick) and AZO/SiO2 (annealed, Ar+% H2, 400 °C, and 1 h) thin films. 

The surface topography of AZO thin film in its as-deposited state is relatively rough, 

with hills and valleys, but uniform and compact, with no cracks. This agrees well 

with the AFM topography results. This is a fairly common appearance for sputtered 

AZO thin films on glass substrates at a deposition temperature of 200 °C [140], 

[141]. The inset provides for a larger scale analysis of the morphology and shows 

the film's homogeneity. In the case of annealed films with a SiO2 capping layer, the 

hill/valley morphology was replaced with a smoother surface. The inset presents the 

through thickness fracture surface image of this film. 

 

Figure 4.13 AFM surface topography of a) 200 °C as-deposited AZO, b) SiO2 

capped as-deposited AZO, and FE-SEM surface images of c) 200 °C as-deposited 

AZO, d) Ar+4% H2 annealed AZO/SiO2 (the insets given in (c) shows the general 

view of the surface of as deposited AZO and (d) cross-section FE-SEM image of Ar 

+ 4% H2 annealed AZO/SiO2 sample) 
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The thin SiO2 layer on the surface was barely visible, therefore the boundary between 

the two layers is separated by the dashed line as a guide for the eye. An increase in 

grain size and a more textured surface morphology have previously been discussed 

in the literature for AZO thin films annealed in an Ar+H2 atmosphere [142], [143]. 

However, there are several inconsistencies in the effect of post-deposition annealing 

on the grain size and roughness of AZO thin films [141], [144], [145].  

According to the XRD data, the crystallite size of the as-deposited AZO/SiO2 thin 

film increased from 48 nm to 51 nm after annealing in an Ar+4% H2 

environment.  These results indicate that annealing of AZO thin films with a SiO2 

capping layer improved both crystallinity and surface characteristics. 

4.2.3 Optical analysis of AZO/SiO2 thin films 

4.2.3.1  Visible region 

Following the structural and morphological analysis, the optical characteristics of 

AZO/SiO2 thin films were studied using UV-Vis and UV-Vis-NIR 

spectrophotometers. Figure 4.14 (a) shows the transmittance spectra of AZO, SiO2 

coated AZO, and anneled AZO/SiO2 thin films for the wavelength range of 350 to 

900 nm. As seen in the figure, the SiO2 capped sample does not provide a significant 

improvement in transparency compared to the uncoated sample in the visible region. 

The Tvis values of these samples between 400 and 700 nm were calculated to be 84 

and 85%, respectively. On the other hand, annealing considerably affected the 

average light transmittance of SiO2 capped sample. By annealing this sample, 

transmittance could be improved to 96%. As previously discussed, Tvis of AZO thin 

films made without SiO2 coating can be increased by up to 93% using forming gas 

annealing. When the absorption edges of the samples are evaluated, an increasing 

blue-shift can be observed in the spectra in the order of AZO, AZO/SiO2, and 

annealed AZO/SiO2. These findings imply that the transmittance of AZO thin films 

can be improved further by using a capping layer like SiO2.  
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Figure 4.14 a) Transmittance spectra and b) Tauc’s plots of as-deposited AZO, SiO2 

capped as-deposited AZO, and Ar+4% H2 annealed AZO/SiO2 thin films 

 

The calculated band gap values of these films can be seen in Figure 4.14 (b). The 

band gap increased slightly with the SiO2 coating compared to the uncoated sample 

(3.36 eV to 3.38 eV). As given above, SiO2 capping layer led an increase of only 1% 

on the transmittance. On the other hand, the broadening of band gap is much more 

obvious for the annealed sample and band gap energy of this sample was found to 

be 3.67 eV.  

4.2.3.2 Near-Infrared Region  

UV–Vis–NIR spectroscopy was used to investigate the NIR reflection behavior of 

as-deposited AZO, AZO/SiO2, and annealed AZO/SiO2 thin films up to a wavelength 

of 2.5 µm. Figure 4.15 depicts the reflectance spectra of these samples. In the as-

deposited condition, AZO thin films exhibited very low NIR reflection, with only 

16.5% at 2.5 µm. NIR reflectance was greatly enhanced after SiO2 capping. 

Reflection started to increase for this film at a wavelength of 1520 nm, reached 30% 

at 2.2 µm, and reached a maximum of 47% at a wavelength of 2.5 µm. This implies 

that the reflection of the sample at NIR-region can be improved via a capping layer. 
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On the hand, heat reflecting behaviour was essentially improved after annealing of 

the sample. In case of post-deposition annealed AZO/SiO2 thin film, the reflectance 

starts to increase at 1475 nm and reached 30% at 1.8 µm. As seen from the blue 

colored spectrum in the figure, the reflectance of the film increased further with the 

increasing wavelength and reached a value of 73% at a wavelength of 2.5 µm. 

 

Figure 4.15 Reflectance spectra of as-deposited AZO, SiO2 capped as-deposited 

AZO, and Ar+4% H2 annealed AZO/SiO2 thin films 

 

The ability to adjust optical transmittance and reflectivity by determining an  

approprite sheet resistance for the AZO coatings is well documented in the literature 

[146]. As a result, the improvement in reflection can be attributed to an increase in 

the carrier concentration of AZO thin films with annealing and also to the boundary 

effect observed in semiconductor/insulator multilayer thin films. This statement will 

be supported by Hall measurements in the following sections [73].  

As will be remembered from the introduction section, one of the aims of this study 

is to develop an In-free transparent heater and heat reflecting coating composition. 

Therefore, it is worth to mention that the value of 73% reflectance obtained by 

AZO/SiO2 thin films at 2.5 μm is almost 3.5 times higher than the value of 20 % 

reflectance which was reported for commercial ITO coatings for this wavelength 

[147]. The data presented here for SiO2 capped AZO thin films is quite encouraging 
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when compared to other values reported in literature. As an example, Miao et al. 

used Ar annealing to improve the reflectivity of sputter-deposited AZO thin films, 

and achieved only 20% reflectance at 2.5 µm [67]. Ghosh et al. recently used Zn 

deposited glass as a blanket during the annealing of AZO thin films in Ar+H2 

environment. The annealing process was conduted at a higher temperature than 400 

°C, i.e., 550 °C. At a wavelength of 2.5 µm, the films had a maximum reflectance of 

roughly 50%. Most of the IR-reflective AZO and AZO/Cu/AZO thin films had much 

lower values [70], [77], [86], [148], [149]. On the other hand, reflectance values 

above 70% were mostly obtained in composite films, such as when a silver interlayer 

was used in between the two AZO layers [70], [150]. Furthermore, following the 

annealing step, the SiO2 capping layer considerably improved the film's 

transmittance in the visible region, as seen in Figure 4.14 (a). Chen et al. showed 

similar changes in optical characteristics, which attributed to the protective effect of 

a dense SiO2 layer after hydrogen annealing [65].  

4.2.4 Electrical analysis of AZO/SiO2 thin films 

The electrical properties were determined using Hall effect measurements. I-V 

measurements were conducted at RT, in Van der Pauw geometry, under 10 mA 

current, and were repeated three times. Table 4.10 shows the values obtained for as-

deposited and annealed AZO/SiO2 samples. As can be seen, the as-deposited sample 

displayed relatively consistent values for each parameter throughout all 

measurements. This reveals the formation of very homogenous thin film deposits via 

the employed deposition process. The average of the values obtained in each 

experiment are presented as ρ = 2.65x10-4 Ω.cm for resistivity, RS = 4.93 Ω/□ for 

sheet resistance, η =1x1021 cm-3 for the carrier concentration, and μ =16.72 cm2/V s 

for the carrier mobility in the 4th row of this table. Morever, these values were further 

improved by annealing of this thin film at 400 °C for 1 h in Ar+4% H2 atmosphere. 

The avarega values were obtained as as ρ = 3.7x10-4 Ω.cm for resistivity, RS = 3,53 

Ω/□ for sheet resistance, η =1.146x1021 cm-3 for the carrier concentration, and 
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μ=20.47 cm2/V s for the carrier mobility, after annealing. These findings imply that 

the improvement in the electrical conductivity of thin film with annealing is 

slightly related with increase in carrier concentration but strongly related with 

increase in carrier mobility. Thus, it can be stated that annealing of AZO/SiO2 thin 

films promotes the displacement of Al3+ and Zn2+ ions while minimizing scattering 

by increasing grain growth, oxygen desorption, and reducing surface roughness. 

Table 4.10 Electrical properties Measurements of as-deposited and annealed 

AZO/SiO2 thin films 

Sample Measurement 
ρ*10-4 

(Ω.cm) 

RS 

(Ω/□) 

η*1021 

(cm−3) 

µ 

(cm2/V s) 

Deposited at 200 °C 

1 3.70 4.93 1.00 16.72 

2 3.70 4.93 1.00 16.72 

3 3.70 4.93 1.00 16.72 

 
Average 

Values 
3.70 4.93 1.00 16.72 

 

Annealed in Ar +4% H2 

atmosphere at 400 °C for 1h 

1 2.65 3.53 1.15 20.45 

2 2.65 3.53 1.14 20.57 

3 2.65 3.53 1.15 20.41 

 Average 

Values 
2.65 3.53 1.146 20.47 

 

4.2.5 Electro-thermal performance of AZO/SiO2 transparent heaters 

The electro-thermal performance of 50x75 mm2 sized AZO/SiO2 thin films were 

investigated by applying various input voltages to the samples kept at room 

temperature. The results are shown in Figure 4.16 (a-e). The reponse of the heater to 

the applied voltage was investigated between 1 and 12 V, Figure 4.16 (a). In this test, 

the voltage was increased in 1 V increments at each 60 s, and the temperature 

increase was measured/recorded with an infrared camera. The insets refer to the 

captured images of the sample at the time prior to each voltage increment. The mean 
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surface temperature was increased almost linearly with the applied voltage over 3 V. 

A maximum of 150 °C was recorded for the surface temperature after applying 12 V 

to the sample.   

Figure 4.16 (b) displays the saturation temperature and response time of the heater 

at 3, 6, 9, and 12 V applied potentials. The insets in the figure are the images of the 

samples taken with an infrared camera at the obtained steady state temperature for 

each condition. Temperatures of 38, 69.5, 109, and 161 °C were recorded at the 

applied potentials of 3, 6, 9, and 12 V, respectively. These values represent the 

average temperature of the entire sample surface, excluding the Ag-coated regions. 

In the same order, the response time, which defines the time to reach the plateau, was 

recorded as 65, 67, 67, and 65 s, which is almost equal in all cases, indicating that 

the maximum temperature is mostly influenced by the input power. 

Power density (W (Watts/m2) is one of the most essential metrics to consider while 

designing a transparent heater [2]. Thus, the power densities for each voltage input 

were determined and plotted against the associated saturation temperatures, Figure 

4.16 (c). Then, the thermal resistance (∆T/∆W) of the transparent heater was 

calculated using this plot.  

As shown in Figure 4.16 (c), the relationship between the surface saturation 

temperatures and corresponding power densities are nearly linear. The thermal 

resistance of the transparent heater was calculated using a linear fit and was found to 

be 219 °C cm2 /Watt. Thus thermal resistance of the heater is comparable (80 cm2 

Ag mesh, 255 °C cm2/Watts, 0.77 cm2 Pt mesh, 258 °C cm2/Watts, 50 cm2 CuS 

nanosheet network, 197 °C cm2/Watts, 4 cm2 graphene, 163 °C cm2/ Watts) to 

various types of transparent heaters reported in literature [15], [151]–[153]. The 

sample can provide a power density of 5981 Watt/m2 under an applied potential of 

12 V. In comparison, the power density of ITO-based commercial transparent heaters 

was stated to be between 155–7750 Watts/m2. This indicates that the AZO/SiO2 thin 

films presented here have heater properties comparable to other commercial or 

research-based products.  



 

 

73 

         

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.16 Electro-thermal response of AZO/SiO2 transparent heater; a) thermal 

response of the heater to incremental input voltage increase, b) heating behavior 

under different applied voltages, c) surface temperature vs power density plot, d) 

long term loading stability, e) cyclic loading performance of the heater  (the insets 

in a, b, and d refer to thermal camera images of the sample at the relevant 

temperature) 
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The surface temperature of the sample was evaluated as a function of time under a 

constant input voltage of 8.5 V to investigate the stability of the AZO/SiO2 

transparent heater (Figure 4.16 (d)). The surface of the sample reached a saturation 

temperature of 91 °C. The heating behavior was monitored for 3600 s. The 

temperature variation of the surface over the entire duration was observed to be 

insignificant, i.e., ± 1.0 °C. The inset given in this figure denotes the IR camera 

image of the film and reveals the homogeneity of heat distribution on the surface.  

Using this inset and Equation (3.8), the temperature homogeneity of the AZO/SiO2 

transparent heater was determined to be 13.66 %. This value is better than nano-

wire-based defrosters used in car windows [154]. Hudaya et al. (2015) demonstrated 

that the temperature homogeneity in metal/FTO transparent heaters coated with a 

metal quantum nanoparticle layer is 14.65 % for Cr/FTO, 19.2 % for NiCr/FTO, 30% 

for Ni/FTO, and 19.7 % for monolayer of FTO [123]. Therefore, the surface 

temperature homogeneity of the AZO/SiO2 transparent heater produced in this study 

can be considered to be quite good. 

The thermal stability of the AZO/SiO2 transparent heater was further investigated by 

cyclic loading (25 cycles) of the sample. During this test, 12 V was applied first and 

then switched to 0 V when the surface mean temperature reached a value of 100 °C, 

Figure 4.16 (e). The graph demonstrates that the peak temperature was routinely 

reached at around 40 s and the scattering of maximum temperature was negligable.  

These findings indicate that the optimized AZO/SiO2 heater has remarkable heating 

stability and reproducibility under constant or cyclic loadings. 

The deicing performance of the AZO/SiO2 transparent heaters was evaluated after 

cooling the samples to low temperatures for 1 h in a thermally insulated box filled 

with dry ice. The cooled sample was then placed in the measurement setup, and the 

DC source was turned on when the IR-camera revealed a mean temperature of -40 

°C on the surface of the heater. The tests were terminated by the removel of all water-

based residues from the surface. Figure 4.17 (a) displays the sample's deicing 

performance at various input voltages, e.g., 6, 9, and 12 V. As seen from the inset 
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values next to each heating curve, the temperature of the surface reached a different 

maximum value depending on the applied voltage. As a result, 53 °C for 6 V, 84 °C 

for 9 V, and 109 °C for 12 V were achieved. This once more proves that the heating 

and deicing performance of the samples depends on the input power. 

 

Figure 4.17 a) Deicing performance and heating curves of dry-ice cooled AZO/SiO2 

transparent heater with various input voltages, b) digital images showing the course 

of deicing on 5.0 x 7.5 mm2 AZO/SiO2 transparent heater under 12 
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During deicing, the ice began to melt (Figure 4.17(b)), and the frosted appearance 

was turned into water droplets on the surface. The drops get smaller and eventually 

vanished from the film surface. With increasing input voltage, the time required for 

the last droplet to disappear was decreased. The digital images Figure 4.17 (b) 

belongs to sample loaded with 12 V. It is apparent that the heat produced by the Joule 

effect was initially consumed to melt the ice and heat the substrate. Therefore, the 

average temperature of the sample did not rise above ~30 °C during the first minute. 

However, as soon as the ice melted entirely and water droplets began to form on the 

surface, the temperature rapidly climbed up to 80 °C, and all droplets were 

evaporated at an average surface temperature of 109 °C after 3 min. In case of lower 

input voltages, a similar pattern was observed, just with lower maximum final 

temperatures and longer durations. This demonstrates that the optimized AZO/SiO2 

transparent heaters are tunable and can remove ice/water from the glass surface even 

at very low input voltages, such as 6 V. For practical applications, at very low 

ambient temperatures, the condensed ice may be melted first using a higher, e.g., 12 

V input voltage, and then the nucleation of new ice crystals may be prevented by 

applying lower input voltages.  

As mentioned in the introduction section, the performance of AZO transparent 

heaters has generally been reported for samples with considerably smaller active 

surfaces than our sample. Due to the possibility of increase in the concentration of 

defects (e.g., porosity, cracks, and so on) with increasing film size and considering 

the negative impact of these defects on conductivity, the results provided here for 

heaters with 37.5 cm2 active area highlights the quality of the produced functional 

thin film coatings. 
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4.3 Optimization of amorphous ZITO thin film production 

4.3.1 Deposition time and sputtering pressure optimization 

 The combinatorial approach was utilized to determine the a-ZITO composition with 

the best optical and electrical properties. Thin films were produced using the 

deposition geometry and multi-substrate carrier magazine given in Figure 4.18 (a 

and b). First, the effects of sputtering pressure (high purity Ar) and time on the 

properties of thin films were examined. The tests were started with 5 mTorr pressure. 

The films were reproduced for four different deposition time, i.e., 15, 30, 45, and 60 

min, on glass substrates kept at RT. The digital images of these ZITO thin films are 

presented in Figure 4.18 (a-d), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen in the images, the samples 1, 2, and 3 (close to gun 1) and the samples  

Figure 4.18 Digital images of ZITO thin films deposited at 5 mTorr sputtering 

pressure for various deposition time a) 15 min, b) 30 min, c) 45 min, and d) 60 min 

(the center schematic drawing shows the arrangement of the substrates on the carrier 

magazine with reference to gun 1, 2, and 3) 
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As can be seen in the images, the samples 1, 2, and 3 (close to gun 1) and the samples 

7, 11, 12, 16, 17, and 18 (close to gun 2) appears to be trasparent for all deposition 

conditions. Similarly, samples 6, 9, 10, 14, 15, 20, and 21, which are close to gun 3 

and SnO2-In2O3 line are almost opaque. After being visually examined, these thin 

films were electrically characterized. The results are demostrated in Figure 4.19. The 

x-axis in this figure shows the sample numbers based on the location of the sample on 

the substrate holder. In addition, the y-axis is given in logarithmic scale, because 

some samples presented very high and the others very low sheet resistance values. 

A sheet resistance of 100 Ω/□ was accepted as a limit in terms of the highest sheet 

resistance, and this limit is indicated with a dashed red line in the figure.  

 

Figure 4.19 Sheet resistance of ZITO thin films deposited at 5 mTorr sputtering 

pressure for 15, 45, and 60 min 

 

Independent of deposition time, no conductivity was obtained for samples 1-6. This 

is due to the fact that the resistance values of these samples are probably beyond the 

measurement range of the 4-point probe electrical measurement system utilized. In 

addition, for all deposition times, there is a decreasing trend in the sheet resistance 

values with increasing sample number. Further, this is also the case for increasing 

deposition time probably due to increasing film thickness. According to the data 
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points given in this figure, only one sample (sample 21; 70 Ω/□) at 15 min, two 

samples (samples 20 and 21; 92 and 18 Ω/□) at 45 min, and four samples (sample 

17, 18, 20, and 21; 83, 74, 100, and 14 Ω/□) at 60 min deposition time exhited RS 

values below the limit value of 100 Ω/□. This finding suggests that for shorter 

deposition time, the films with In-rich compositions exhibit higher electrically 

conductivity and in case of longer deposition times, shifting of this behaviour to the 

films which are In and Zn-rich in their compositions.   

Although the electrical measurements revealed an increase in the conductivity of the 

films for 60 min deposition, visual inspection showed that the optical properties are 

deteriorating with increasing deposition time. Thus, for further experiments, it was 

decided to examine 45- and 60-min deposition times. Figure 4.20 (a and b) shows 

the digital images of ZITO samples deposited at 10 mTorr sputtering pressure for 45 

and 60 min, respectively. 

 

Figure 4.20 Digital images of ZITO thin films deposited at 10 mTorr sputtering 

pressure a) 45 min, b) 60 min 

 

If the films in Figure 4.20 are compared in terms of their transparency with the films 

given in Figure 4.18 (c, 5 mTorr, 45 min), one can see that the samples (1,2, and 3) 

which are close to gun 1 and samples (7, 11, 12, 16, 17, and 18) that are close to gun 

2 appears similar, but the transparency is much more obvious for the films deposited 

at 10 mTorr Ar pressure. This might be ascribed to the decrease in the thickness of 
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the films for the latter case due to decrease in the deposition rate at higher sputtering 

pressures. When a similar comparison was carried out between the films deposited 

under 10 mTorr Ar pressure for 45 and 60 min, it is clear that all samples are colored 

in the case of 60 min deposition, (see Figure 4.20 (a and b)). Further, all samples are 

opaque for this deposition time, except the samples 1, 2, 3, 11, 12, and 18. On the 

other hand, only 5 samples exhibited opaque appearance for 45 min deposition. 

These were the samples 10, 14, 15, 20, and 21 which are located close to gun 3.  

Figure 4.21 (a) compares the sheet resistance of ZITO samples deposited for 45 and 

60 min at 10 mTorr Ar pressure. Among the samples deposited for 45 min, 

7,8,10,13,14,17,18, and 19 exhibited lower sheet resistance values than that of the 

films obtained after 60 min. Thereby, samples 11, 15, 16, 20, and 21 were found to 

have higher electrical conductivity after 60 min of deposition. In each case four 

samples were recorded with RS value lower than 100 Ω/□. These are the samples 16, 

17, 18, and 21 (51, 76, 68, and 22 Ω/□) and samples 15, 16, 20 and 21 (98, 46, 98, 

and 20 Ω/□) which were obtained after 45- and 60-min deposition, respectively. 

Among these, sample 21 displayed the lowest RS for each deposition time. This 

sample is the nearest sample to gun 3 and its composition can be expected to be very 

close to In2O3. However, these thin films are completely opaque for both deposition 

time. 

Figure 4.21 (b) compares the sheet resistances of ZITO thin films deposited for 45 

min at 5 and 10 mTorr sputtering pressures. As can be seen from the data points in 

the figure, all thin films except the samples 10, 19, 20, and 21 showed lower RS 

values after being produced with a sputtering pressure of 10 mTorr. Furthermore, 

only the two samples (20 and 21; 92 and 18 Ω/□) deposited at 5 mTorr sputtering 

pressure have provided sheet resistance values below the 100 Ω/□ limit, whereas the 

number of samples increased to four, for 10 mTorr sputtering pressure. As a result 

of these findings, it was decided to use a sputtering pressure of 10 mTorr and 45 min 

deposition time to determine the final a-ZITO composition. In addition, it is worth 

to mention as a pre-assessment that the samples 16, 17, and 18 are promising for the 

purpose of this thesis study in terms of both transparency and conductivity. 
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Figure 4.21 Sheet resistance of ZITO thin films a) deposited at 10 mTorr sputtering 

pressure for 45 and 60 min, b) deposited at 5 mTorr and 10 mTorr sputtering 

pressures for 45 min 

 

Following the optical and electrical characterization, the samples 1, 16, and 21 

nearest to gun 1, 2, and 3, and samples 5, 9, and 13 that are located roughly in the 

center were subjected to EDX analysis. The data obtained from these measurements 

are shown in Table 4.11 and Figure 4.22.  

The data in Table 4.11 and Figure 4.22 reveals that the composition of the thin films, 

which are located at the corners of the sample holder, includes almost 90% of cation 

atoms belongs to the nearest target material.  

Table 4.11 EDX results belongs to ZITO thin film samples 1, 5, 9, 13, 16, and 21 

deposited for 45 min at a sputtering pressure of 10 mTorr 

 

Sample Composition 

1 (gun 1, SnO2 corner) Zn0.054In0.058Sn0.887Ox 

5 Zn0.322In0.205Sn0.471Ox 

9 Zn0.328In0.340Sn0.330Ox 

13 Zn0.447In0.355Sn0.196Ox 

16 (gun 2, ZnO corner) Zn0.915In0.044Sn0.040Ox 

21 (gun 3, In2O3 corner) Zn0.077In0.901Sn0.021Ox 
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Figure 4.22 EDX results of samples 1, 5, 9, 13, 16, and 21 deposited for 45 min at 

10 mTorr sputtering pressure (relevant sample numbers and their location on the 

sample holder are given as insets) 
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Figure 4.23 shows the XRD patterns of ZITO samples deposited for 45 min under 

10 mTorr sputtering pressure. When the patterns in this figure are analyzed, a 

noticeable crystallization can be seen for samples 11, 16, 17, and 21. Other samples 

formed in amorphous structure, as aimed for this thesis study. Among these 

crystallized samples, number 16 is the nearest sample with respect to gun 2 and 11 

and 17 are the samples located on the line just below this thin film. In addition, 

sample 21 is the nearest sample to gun 3. So, it is clear that the crystallization 

tendency was increased for the samples with compositions closer to pure In2O3 or 

ZnO. The peaks in the XRD pattern of sample 16 are all matching with the peaks 

belong to (100), (002), (101), (103), and (004) planes in bulk ZnO and showed (002) 

preferred orientation. Similar peak matching can be practiced for the patterns of 11 

and 17, but with a slight shift to lower angles in the line positions. This is probably 

due to the effect of In3+ and Sn4+ ions which have solubility in the lattice of ZnO 

[155], [156]. Finally, the XRD pattern of sample 21 showed only two detectable 

peaks which belongs to (222) and (440) planes of In2O3. In fact, it is clear that the 

majority of the compositions could be obtained in amorphous structure and therefore, 

these films will be referred to as a-ZITO in the following sections. 

 

Figure 4.23 XRD patterns of ZITO thin films deposited at 10 mTorr sputtering 

pressure for 45 min 
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Figure 4.24 (a and b) demonstrates the transmittance spectra and Tauc’s plots of a-

ZITO thin films, respectively. The targeted optical transmittance window (≥75% @ 

400-700 nm) is denoted with a shaded area in Figure 4.24 (a). As it is seen, three 

samples provided sufficiently high transmittance values, but only in the the 

wavelength range of about 600-700 nm. These are the samples 1, 2, and 3 which are 

the nearest samples to gun 1. All other samples revealed transmittance values below 

75% for all visible wavelengths. 

 

 

 

Table 4.12 emphasizes the optical properties of these samples. When Figure 4.24 

and Table 4.12 are considered together, it is seen that the samples 7, 11, 12, 17, and 

18 had slightly higher Tvis and Eg values compared to others. These are the samples 

that appear to be the most transparent in the digital photo shown in Figure 4.20 (a). 

In addition, samples 1, 2, and 3 have relatively high average light transmittance as 

well, but their Eg values are less than 3.0 eV due to their absorption edges greater 

than 400 nm. Sample 16, which contains more than 91% Zn by atomic ratio, appears 

relatively transparent in the digital image of  Figure 4.20 (a), albeit with some 

coloring. However, it can be seen from Table 4.12 that the Tvis and Eg values of this 

sample are calculated as 26% and 2.99 eV, respectively. Further, samples 9, 15, 20, 

and 21 were obtained as opaque. Among these, 15, 20, and 21 are the nearest samples 

to gun 3 and have relatively higher amount of In in their compositions. On the other 

Figure 4.24 a) Transmittance spectra, b) Tauc’s plots of a-ZITO thin films deposited 

for 45 min at 10 mTorr sputtering pressure 
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hand, sample 9 was located close to the center of the carrier magazine which includes 

almost equal amounts of In, Zn, and Sn in its composition. Finally, it is worth to 

mention that the Eg value of the samples showed a decrease in comparison to the Eg 

of pure oxides, with the increase of the second and third cations in the composition. 

This is in accordance with the literature findings on the band gap of In2O3-ZnO and 

Sn-doped In2O3-ZnO thin films [157], [158]. 

Table 4.12 Optical properties of a-ZITO thin films deposited at 10 mTorr sputtering 

pressure for 45 min 

 

 

  

 

 

 

 

 

 

 

4.3.2 Deposition temperature optimization 

As mentioned above, among the samples produced at room temperature (10 mTorr 

sputtering pressure, 45 min), only four samples (16, 17, 18, and 21) displayed sheet 

resistance values less than 100 Ω/□. These samples are all located on the ZnO-In2O3 

binary equilibrium line and exhibited Tvis values of 27%, 37%, 56%, and less than 

Sample Tvis (%) Eg (eV) 

1  46 2.58 

2 43 2.65 

3 50 2.76 

4 17 - 

5 15 2.46 

6 12 2.23 

7 40 3.28 

8 3 1.71 

9 1 1.43 

10 2 1.64 

11 42 3.07 

12 55 3.22 

13 8 2.03 

14 3 1.55 

15 <1 - 

16  26 2.99 

17 37 3.12 

18 56 3.17 

19 5 1.82 

20 <1 - 

21  <1 - 
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1% in the visible region, respectively. In other words, none of them accomplished 

the objectives of this thesis study. Therefore, in order to examine the effect of 

deposition temperature on optical properties, coatings were produced under the same 

deposition conditions but at a substrate temperature of 250 °C.  

Figure 4.25 (a) illustrates the digital photos of these samples on the carrier magazine 

in comparison with the ones deposited at room temperature, 

Figure 4.25 (b). When these images are compared to each other, once can see that 

the increase in substrate temperature improves to the transmittance of the samples, 

which are located closely to the center (e.g. 8, 9, and 13), rather than the films close 

to the corners. 

 

Figure 4.25 The digital images of a-ZITO thin films deposited at 10 mTorr sputtering 

pressure for 45 min at different substrate temperatures, a) 250 °C, b) RT (given as 

comparision) 

 

 

Figure 4.26 XRD patterns of a-ZITO thin films deposited for 45 min at a sputtering 

pressure of 10 mTorr and a substrate temperature of 250 °C 
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Figure 4.26 shows the XRD patterns of a-ZITO thin films deposited for 45 min at a 

sputtering pressure of 10 mTorr and a substrate temperature of 250 °C. When 

compared to the patterns of the samples deposited at RT (Figure 4.23 (a)), it is seen 

that higher number of samples showed crystallization during deposition at 250 °C, 

as expected. These are the samples 10, 11, 12, 15, 16, 17, 18, 20, and 21. In this case, 

pattern of sample 16 displayed only (002) and (004) peaks and exhibited complete 

preffered orientaion along the c-axis. On the other hand, the peaks on the patterns of 

the samples 14, 15, 20, and 21 can be indexed as In2O3 according to JCPDS Card 

No: 06-0416. The (222) peak of In2O3 is clearly visible in the pattern of sample 10. 

This sample is located on SnO2- In2O3 binary equilibrium line and contains 42 at. % 

In in its composition. The peaks in the patterns of sample 11 and 17 are well matching 

with the peaks of bulk ZnO, but with a slight shift at peak positions, as mentioned 

previously for the patterns of these films deposited at RT. Finally, samples 12 and 

18 presented peaks matching to ZnO. However, for these samples, the preffered 

orientation along the c-axis which is valid for sample 16 was complete deteriorated 

and the peaks of (101), (102), and (103) planes were recorded. These samples are 

located next to each other on the substrate carrier magazine and can be expected to 

possses similar compositions. Thus, these samples contain higher amount of In and 

Sn in their compositions compared to that of 11, 16, and 17. Accordingly, the 

preferred orientation changed in these samples similar to other studies reported in 

literature [159]. 

Figure 4.27 (a) shows the transmittance spectra of a-ZITO thin films (10 mTorr, 250 

°C, and 45 min) in the wavelength range of 350-900 nm. As can be seen, higher 

number of samples now can provide visible region transmittance in the desired range 

compared to the ones deposited at RT temperature (see Figure 4.24 (a)). However, 

only sample 18, among them exhibited 75% transmittance at around 470 nm 

wavelength, and then at ⁓500 nm, samples 7 and 12 reached to the lowest limit, and 

their transmittance increased with an increasing slope up to 700 nm. As will be 

mentioned in the annealing section below, when the samples (RT deposited samples) 

are annealed under Ar atmosphere at 400 °C, all samples intersect with this region 
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except samples 15, 16, 20 and 21. Therefore, improved transmittance is an expected 

result under Ar gas sputtering and substrate heating conditions. Figure 4.27 (b) gives 

the corresponding Tauc’s plots of these samples and Table 4.14 presents their optical 

properties in numerical values. 

 

 

 

Figure 4.27 a) Transmittance spectra, b) Tauc’s plots of a-ZITO thin films deposited 

at 10 mTorr sputtering pressure and 250 °C substrate temperature for 45 min 
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Table 4.13 Optical properties of a-ZITO thin films deposited at 10 mTorr sputtering 

pressure and 250 °C substrate temperature for 45 min 

 

When Figure 4.27 and Table 4.13 are evaluated together, one can see that the samples 

of 5, 7, 8, 11, 12, 16, 17, and 18 demonstrated higher Tvis values compared to the 

others. In addition, the band gaps are above 3.0 eV for these samples. Among them, 

only samples 7 and 18 provided sufficiently high Tvis values, i.e., 77% and 76%, 

respectively. The band gap of these thin films was estimated as 3.31 and 3.21 eV, as 

in the same order. It is also worth to mention that sample 12 also exhibited good 

optical behavior with 72% average transmittance and Eg of 3.18 eV.  

Optical examination of 250 °C deposited thin films revealed that the films close to 

the ZnO corner generally exhibit higher transmittance than others. In fact, the 

Sample Tvis (%) Eg (eV) 

1  48 - 

2 45 2.73 

3 45 2.69 

4 58 - 

5 51 3.13 

6 49 2.83 

7 77 3.31 

8 63 3.26 

9 32 2.73 

10 4 1.88 

11 55 3.09 

12 72 3.18 

13 33 2.96 

14 4 1.87 

15 3 1.56 

16  44 3.06 

17 59 3.07 

18 76 3.21 

19 27 2.76 

20 4 1.83 

21  <1 - 
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samples 7, 12, and 18 are the best three samples and all located on the third line from 

the ZnO corner. Further, sample 7 stands on the ZnO-SnO2 binary equilibrium line, 

sample 18 stands on the ZnO-In2O3 binary equilibrium line, and sample 12 is located 

in between these two. With reference to gun 2, sample 16 is nearest sample to ZnO 

target and the samples 11 and 17 are present on the second line from this corner. 

Therefore, the former includes higher amount of Zn in its composition compared to 

others. On the other hand, Tvis values of these samples were calculated as 44%, 55%, 

and 59% for samples 16, 11, and 17, respectively. If Tvis values of samples 7,12, 

and 18 are included to this discussion, it is clear that the optical proeperties of ZITO 

thin films change depending on the Zn/[In+Sn] ratio. Moreover, higher Eg values 

were again obtained with the samples close to ZnO corner and also from the mid-

region with the films having a certain amount of In+Sn in their compositions. In 

contrast, the samples located on and close to In2O3-SnO2 binary equilibrium line 

presented lower Eg values. 

Figure 4.28 compares the sheet resistances of samples 15-21 that are deposited at 10 

mTorr sputtering pressure for 45 min at 250 °C to those of films deposited at RT.  

 

Figure 4.28 Sheet resistance values of a-ZITO thin films deposited at RT and 250 °C 

substrate temperatures for 45 min at 10 mTorr sputtering pressure 

As can be seen from this figure, among the RT deposited samples, only 16, 17, 18, 

and 20 exhibited sheet resistance values less than 100 Ω/□. The sheet resistances 
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measured after depositing at higher temperature revealed two types of change in the 

electrical properties of the thin films. First, increasing the substrate temperature 

improved the RS of the samples 15, 19, and 20 significantly (5 to 6-fold decrease in 

their RS). The Rs of these samples were measured to be 28, 82, and 34 Ω/□, 

respectively. These samples were all formed in amorphous nature during 

RT deposition, but 15 and 20 were crystallized at 250 °C. Thus, the increase in 

conductivity may be attributed to crystallization of the films or increase in ionic 

displacements as the temperature is raised. On the other hand, the change in the RS 

of samples 16, 17, 18, and 21 was negligible after being deposited at 250 °C. The RS 

of these samples were measured to be 47, 71, 37, and 19 Ω/□, respectively. These 

samples were formed as crystalline in both conditions, except sample 18. This thin 

film was obtained as amorphous at RT and crystallized after deposition at 250 °C. 

The change in the RS of 18 is relatively high compared to 16, 17, and 21, which also 

supports the discussion given above on the improvement of RS with increasing 

substrate temperature. As it is obvious from the reported vales above, among others, 

the lowest RS values were obtained with the samples 15, 20, and 21. However, these 

samples are still opaque after deposition at 250 °C.  

At this point, sample 18 seems to be the most notable among all samples, with 76% 

average light transmittance in the visible region and relatively low sheet resistance 

of 37 Ω/□.  

4.3.3 Annealing optimization of a-ZITO thin films 

A variety of post-deposition annealing experiments were conducted in order to 

improve the optical or electrical properties of RT deposited samples. Figure 4.29 (a 

and b) shows the digital images of these samples (15-21) in as-deposited state and 

after 1 h annealing at 400 °C in air atmosphere, respectively. As seen in the figures, 

annealing in air can improve the optical properties of samples 15-20. Especially, the 

sample 18 becomes quite transparent after annealing. Figure 4.29 (c) compares the 

measured sheet resistances of these thin film samples. Similar to optical 
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enhancement, annealing of the samples in air improved the electrical conductivity of 

almost all samples, except the sample 18. After air annealing, the sheet resistance 

values were measured to be 20, 46, 43, 85, 28, and 14 Ω/□ for the samples 15, 16, 

17, 19, 20, and 21. On the other hand, the RS of the sample 18 increased from 68 Ω/□ 

(as-deposited) to a very high value of 14.8 kΩ/□, after air annealing. It is obvious 

from these data that the lowest sheet resistance values can be obtained with the 

samples 15, 20, and 21. Despite having the lowest RS values, these thin films did not 

become transparent after annealing.  

 

Figure 4.29 Digital images of a-ZITO thin films produced for 45 min at 10 mTorr 

sputtering pressure and RT,  a) as deposited, b) annealed in air atmosphere for 1 

h at 400 °C, c) sheet resistance of thin films given in (a) and (b) 

 

To examine the effect of air atmosphere annealing on the structure of thin films XRD 

data from the as-deposited and annealed states of samples 17 and 18 were obtained 

and are given in Figure 4.30 (a and b). As previously stated, the sample 17 

crystallized during the deposition process and revealed peaks that are well matching 

with the ZnO. However, the peak positions have slightly shifted to lower angles, and 

this was attributed to the presence of In3+ and Sn4+ in the structure. 
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Figure 4.30 XRD patterns of ZITO thin films in as-deposited state (RT, 45 min, 10 

mTorr Ar) and after annealing in air atmosphere at 400 °C for 1 h, a) sample 17, b) 

sample 18  

 

The XRD pattern of annealed sample revealed a right shift for the positions of these 

peaks, probably due to relaxation at high temperatures. However, the lattice 

parameters are still greater than that of pure ZnO. Other aspects of this pattern are 

the decrease in the peak intensity of (100) and (002) peaks, a slight increase in the 

intensity of peaks such as (102) and (103) and narrowing of the peak widths with 

annealing. These can be interpreted as an increase in grain size and a slight 

improvement in crystallinity due to change in the preferred orientation during 

annealing. Looking at the XRD data of sample 18, which was amorphous in the as-

deposited state, very low intensity and barely seen (102) and (103) peaks appeared 

after 400 °C annealing in air atmosphere. Besides, (002) peak can not be detected in 

this pattern due to superimposing of this peak with the hump. After all, it can be 

assumed that this sample still exhibits an XRD amorphous structure, which suggests 

that annealing of this thin film sample (amorphous in as-deposited state), at a 

moderate temperature such as 400 °C, did not change its structure significantly. 

Therefore, a maximum of 400 °C was selected as the safe annaealing temperature 

for other atmospheres.  
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Figure 4.31 shows the sheet resistance of the samples annealed in Ar atmosphere at 

300 and 400 °C, in comparison with their as-deposited state. The table given next to 

this figure, lists the samples with sheet resistance vaues less than 100 Ω/□, under any 

applied condition. When the data in Figure 4.31 are analyzed, it is seen that the 

samples 1-7 still behave as insulator, even after annealing in Ar environment at 300 

°C. However, after increasing the annealing temperature to 400 °C, measurements 

on these samples become available. This result is important, because it demonstrates 

the effect of annealing temperature on the electrical properties of the samples under 

consideration.  

  

 

 

 

 

 

 

 

Sample 18 showed a higher transmittance than other samples, with 56% Tvis and an 

acceptable sheet resistance of 68 Ω/□, in the as-deposited state. Its transmittane 

improved after annealing in air atmosphere, but its electrical conductivity dropped, 

and the sheet resistance increased to extremely high levels, i.e., 14.8 kΩ/□. A similar 

alteration observed here, and the sheet resistance of the sample first increased to 227 

Ω/□ after annealing at 300 °C and then to 2.5 kΩ/□ at 400 °C under Ar atmosphere. 

This sample have an In- and Zn-rich composition due to its location on the sample 

holder. As a matter of fact, if the sheet resistance of the sample decreases with high-

temperature deposition in vacuum (37 kΩ/□) and increases with increasing 

temperature in the Ar atmosphere (2.5 kΩ/□), and if the value increases further with 

Sample As-

deposited  

( Ω/□) 

300 °C, 

Ar 

( Ω/□) 

400 °C, 

Ar 

( Ω/□) 

11 146 189 84 

14 2713 40 217428 

15 175 9 12 

16 51 52 21 

17 78 97 37 

18 68 227 2508 

19 458 118 69 

20 172 12 15 

21 22 10 9 

Figure 4.31 Sheet resistance of a-ZITO thin films deposited at RT and then annealed 

in Ar for 1 h at 300 °C and 400 °C; (the table shows the sheet resistance of samples 

which are lower than 100 Ω/□, in any applied condition) 
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high-temperature annealing in air (14.8 kΩ/□), an insulating phase containing 

oxygen in its composition should first decompose and then crystallize with 

annealing. However, based on the XRD patterns of this sample after high 

temperature deposition and atmosphere annealing, it is obvious that crystallization 

occurred to create only ZnO crystal structure with some preferred orientated. 

Therefore, the change in electrical conductivity of this sample may be related to 

changes in oxygen vacancy concentration or differences in ionic displacement 

caused by different environments and temperatures, rather than formation of a 

crystalline insulating phase. On the other hand, the sample 19 locates next to sample 

18 on the sample holder, on the ZnO-In2O3 binary equilibrium line, and its electrical 

conductivity was increased significantly by annealing of the sample in Ar. In case of 

400 °C annealing, its RS value was decreased down to 69 Ω/□ from 458 Ω/□, in its 

as-deposited state. Following the same binary line on the carrier magazine, samples 

20 and 21 stands at much closer location to gun 3 and therefore, their compositions 

are In-rich. The sheet resistance of these samples was measured to be 12 and 10 Ω/□, 

respectively, even after annealing at 300 °C temperature. This indicates that the 

properties of the films are highly composition dependent, and the applied 

combinatorial method provide a gradient in terms of composition for the samples 

even if they are located next to each other on the sample holder.  

According to these results, samples exhibited better sheet resistance values after 

annealing at 400 °C. Figure 4.32 (a and b) demonstrates the digital images of these 

400 °C annealed samples in comparison with their as-deposited state.  

It is clear from the images provided in Figure 4.32 (a and b) that annealing in Ar 

atmosphere could not change the appearance of sample 21 only, which is the nearest 

sample to gun 3. Apart from that, films 15 and 20, which are also very close to this 

corner, showed slight discoloration after annealing. Furthermore, samples 10, 14, 

and 19, which were brownish when as-deposited, seemed almost transparent after Ar 

annealing. The yellow/brown colored samples near the SnO2 target turned into pure 

yellow color as a resul of annealing. Finally, the samples located close to the ZnO 

target remained as transparent. Figure 4.32 (c) shows the digital images of the 
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samples which gone through a profound change in their appearance upon annealing 

in Ar atmosphere in comparison to their as-deposited state. Among these, especially 

samples 7, 12, and 18 become completely transparent after annealing. 

 

Figure 4.32 Digital images of a-ZITO thin films; a) annealed in Ar atmosphere for 1 

h at 400 °C, b) in as-deposited state, c) samples with profound change in their 

transmittance after annealing 

 

The effect of annealing on the optical properties of a-ZITO thin films were 

investigated by UV-Vis spectrophotometer in the wavelength range of 350-900 nm. 

Figure 4.33 (a) depicts the transmittance spectra of these Ar-annealed samples. In 

contrast to as-deposited samples, after annealing, only four samples could not satisfy 

the lowest transmittance limit of 75%. These are the samples 15, 16, 20, and 21 that 

are located closely to the ZnO and In2O3 targets. Figure 4.33 (b) shows the Tauc’s 

plots of these samples, while It is apparent from Table 4.14 that after annealing in 

Ar environment, 14 samples exhibited band gap values greater than 3.0 eV, and 

seven of them have Tvis greater than 75 % limit value. This can be observed easily 

from Figure 4.33 (c), by checking the data points above the dashed line which 
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indicates the lowest limit of 75% for average transmittance in the visible region. The 

average transmittance values were calculated as 80, 82, 83, 84, 84, 87, and 88 % for 

the samples 11, 10, 19, 14, 18, 7, and 12, respectively. On the other hand, the lowest 

visible tranmittance was demonstrated by the samples 15, 20, and 21, which are the 

three closest sample to gun 3. Their Tvis values were calculated to be 28%, 24%, and 

1%, respectively. 

 

 

Figure 4.33 a) Transmittance spectra, and b) Tauc’s plots of Ar-annealed (400 °C, 

1h) a-ZITO thin films, c) comparison of the Tvis values of as-deposited and 

Ar- annealed a-ZITO thin films 

 

It is apparent from Table 4.14 that after annealing in Ar environment, 14 samples 

exhibited band gap values greater than 3.0 eV, and seven of them have Tvis greater 
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than 75 % limit value. This can be observed easily from Figure 4.33 (c), by checking 

the data points above the dashed line which indicates the lowest limit of 75% for 

average transmittance in the visible region. The average transmittance values were 

calculated as 80, 82, 83, 84, 84, 87, and 88 % for the samples 11, 10, 19, 14, 18, 7, 

and 12, respectively. On the other hand, the lowest visible tranmittance was 

demonstrated by the samples 15, 20, and 21, which are the three closest sample to 

gun 3. Their Tvis values were calculated to be 28%, 24%, and 1%, respectively. 

Table 4.14 Optical properties of a-ZITO films annealed in Ar atmosphere at 400 °C 

for 1 h after being deposited at RT under 10 mTorr sputtering pressure for 45 min 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Tvis (%) Eg (eV) 

1  52 2.73 

2 56 2.85 

3 57 2.95 

4 64 3.02 

5 61 2.97 

6 61 3.01 

7 87 3.27 

8 66 3.11 

9 65 3.12 

10 82 3.23 

11 80 3.13 

12 88 3.19 

13 71 3.23 

14 84 3.16 

15 28 2.89 

16  40 3.18 

17 72 3.17 

18 84 3.12 

19 83 3.11 

20 24 2.79 

21  <1 - 
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Up to this point, only two samples could exhibit Tvis values above 75% and RS values 

below 100 Ω/□. These are sample 11 (80%, 84 Ω/□) and sample 19 (83%, 69 Ω/□). 

The values given in parenthesis for each sample can be assumed close to each other. 

On the other hand, the former includes only 6 wt.% In in it’s composition, whereas 

the latter have 44 wt.% In. This indicates that the applied deposition conditions 

allowed the production of very different samples with various In content succesfully, 

but with similar optical or electrical properties.  

The effect of annealing on the electrical and optical properties of a-ZITO thin films 

were further investigated under Ar+4% H2 atmosphere. Figure 4.34 shows the sheet 

resistance of the samples annealed in forming gas environment at 400 °C for 1 h, in 

comparison with the data belong to as-deposited state. Following a similar 

demonstration given above, a table is prepared and presented beside the figure to 

identify the samples with RS values below 100 Ω/□, in any processing condition. 

 

 

    

 

 

 

 

 

 

Figure 4.34 imply that Ar+4% H2 annealing improves the electrical properties of the 

samples as compared to their as-deposited state. The only exception here is sample 

8. As shown in the table next to the figure, nine samples (11,12, 15, 16, 17, 18, 19, 

20, and 21) had sheet resistance values less than 100 Ω/□ after forming gas 

Sample As-

deposited 
( Ω/□) 

400 °C 

Ar+%4 H2 

( Ω/□) 

11 146 72 

12 218 74 

15 175 13 

16 51 7.3 

17 78 52 

18 68 46 

19 458 43 

20 172 16 

21 22 13 

Figure 4.34 Sheet resistance of a-ZITO thin films deposited at RT and then annealed 

in Ar+4% H2 for 1 h at 400 °C (the table shows the sheet resistance of samples lower 

than 100 Ω/□, in any applied condition) 
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annealing. Furthermore, the sample 16, which exhibited 51 Ω/□ sheet resistance in 

the as-deposited state, reached a RS of 7.3 Ω/□ after Ar+4 % H2 annealing. This value 

is comparable to RS values provided by commercial ITO heaters. Based on these 

considerations, it is obvious that for some specific samples (e.g., 12 and 18), 

annealing under forming gas is more advantageous comapared to Ar annealing in 

terms of their electrical conductivity. The RS of these samples were measured to 74 

Ω/□ and 46 Ω/□, respectively, after annealing under Ar+4 % H2 atmosphere. These 

values are in the order of two magnitudes lower than that of obtained by Ar annealing 

at 400 °C. 

Figure 4.35 (a and b) displays the digital images of ZITO thin films after annealing 

at 400 °C for 1 h under Ar+4 % H2 atmosphere and in-as deposited states, 

respectively. Similar to Ar annealing, the images given here demonstrate that 

forming gas annealing could improve the transparency of most samples. However, 

samples 15, 20, and 21 are still opaque with dark brown color. Figure 4.35 (c) clearly 

imply that only the sample 18 reached quite sufficient transparency among others. 

Although they exhibited some degree of coloration, a similar statement might be 

given for the samples 11, 12, and 17. This observation indicates that in terms of 

optical transmittance, forming gas annealing is not that successful compared to Ar 

atmosphere annealing.  
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Figure 4.35 Digital images of a-ZITO thin films a) annealed in Ar+4% H2 

atmosphere for 1 h at 400 °C, b) in as-deposited state, c) samples with profound 

change in their transmittance after annealing 

The effect of Ar+4% H2 atmosphere annealing on the optical properties of a-ZITO 

thin films were investigated via UV-Vis spectrophotometer in the range of 350-900 

nm and corresponding transmittance spectra are shown in Figure 4.36 (a). Similar to 

Ar annealing, the transmittance of the samples improved significantly after forming 

gas annealing. Only five samples showed lower visible tranmittance values below 

75% and did not present any value in the shaded area. On the other hand, the samples 

18, 12, 7, 11, and 17 reached to this lower limit at much lower wavelengths. Among 

them, sample 18 exhibited 75% transmittance at ⁓420 nm and its tranmittance 

increased to 95% at 700 nm wavelength. The average tranmittance between this 

wavelength range was calculated to be 86%, for this sample. The numerical values 

for other samples are presented in Table 4.15. 
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Figure 4.36 a) Transmittance spectra, and b) Tauc’s plots of Ar+4% H2 annealed 

(400 °C, 1h) a-ZITO thin films, c) comparison of the Tvis values of as-deposited, Ar 

annealed and Ar+4% H2 annealed a-ZITO thin films 

 

According to this table, 9 samples exhibited Eg value greater than 3.0 eV. However, 

only samples 7, 11, 12, 17, and 18 meet the thesis objectives by providing 78%, 75%, 

81%, 75%, and 86% average light transmittance in the visible region, respectively. 

The comparison of the Tvis values of the samples in as-deposited state and after 

annealing in Ar or forming gas annealing are demonstrated in Figure 4.36 (c). As 

clearly seen from this image, the number of the samples with ≥75% average visible 

transmittance after Ar+4% H2 annealing is less than the number of samples after Ar 

atmosphere annealing. At this point, it is worth to mention that only three samples 

(11, 14, and 19) were satisfied the objectives of this study after Ar annealing, 

whereas four samples (11, 12, 17, and 18) exhibited high transmittance and 

conductivity after forming gas annealing. No sample was satisfied the requirements 
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in the as-deposited state. This clearly indicates that the post-deposition annealing 

step improves the properties of the samples. On the other hand, the results imply that 

in terms of electrical conductivity the prominent compositions are In- and Zn-rich 

compositions, whereas for optical transparency Zn-rich samples are more 

convenient. 

Table 4.15 Optical properties of a-ZITO films annealed in Ar+4% H2 atmosphere 

for 1 h after being deposited at RT under 10 mTorr sputtering pressure for 45 min  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Tvis (%) Eg (eV) 

1  56 2.75 

2 58 2.86 

3 58 2.84 

4 62 2.90 

5 60 2.93 

6 59 2.90 

7 78 3.34 

8 61 3.04 

9 58 2.95 

10 50 2.98 

11 75 3.20 

12 81 3.28 

13 50 2.80 

14 54 3.06 

15 6 1.91 

16 40 3.18 

17 75 3.22 

18 86 3.25 

19 63 3.30 

20 18 2.49 

21  2 1.48 
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As discussed above, Ar annealing produced better results than forming gas annealing 

in terms of optical properties. In contrast, Ar+4% H2 annealing yielded samples with 

lower sheet resistance. Therefore, the samples were subjected to successive 

annealing in order to benefit from the advantage of Ar medium on optical properties 

as well as the favorable effect of Ar+4% H2 medium on electrical properties. During 

this experiment, the thin films were loaded in an atmosphere-controlled furnace at 

RT and heated to 400 °C with a temperature increase of 2 °C/min under Ar+4% H2 

atmosphere, and first remained at this temperature for 1 h. Then, the furnace 

atmosphere was shifted to pure Ar and the samples kept under this gas for 1 h. The 

samples were cooled down to room temperature under flowing Ar gas. Digital 

images of these samples on the substrate holder is shown in Figure 4.37 (a). If the 

above-mentioned statement is followed, it can be seen visually that successive 

annealing improves transparency in all samples, with the exception of samples 15, 

20, and 21.  

Figure 4.37 (c) demonstrates the images of samples which showed profound change 

in their appearance with successive annealing. Among them, 11, 12, 17, and 18 

appear quite transparent, with noticeable coloration for the samples in 11 and 17. In 

contrast to them, samples 12 and 18 looks better compared to their as-deposited state.  

Indeed, the optical property analyses presented below show that these two samples 

have Tvis values greater than 75%. 
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Figure 4.37 Digital images of a-ZITO thin films a) successively annealed in Ar+4% 

H2 and Ar atmospheres for 1 h at 400 °C, b) in as-deposited state, c) samples with 

profound change in their transmittance after annealing. 

 

As shown in Figure 4.38 (a), samples 12 and 18 were the first two samples which 

entering the shaded target region, and both thin films demonstrated 87 % Tvis in the 

400-700 nm wavelength range. Apart from these two samples, none of other 

compositions provided an average of 75% visible light transmittance. The Tauc’s 

plots of these samples are shown in Figure 4.38 (b), and the band gap energy values 

of all samples are listed in Figure 4.38. Most samples exhibited Eg values in the range 

of 2.5-3.0 eV. The following samples presented Eg values greater than 3.0 eV: 7, 10, 

11, 12, 16, 17, and 18. These findings revealed that annealing in successive gas 

environments does not provide any advantage in terms of optical properties of a-

ZITO thin films when compared to annealings under pure Ar or forming gas 

atmospheres.   
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Figure 4.38 a) Transmittance spectra, b) Tauc’s plots of a-ZITO thin films annealed 

successively in Ar+4% H2 and Ar atmospheres for 1 h at 400 °C 

 

Figure 4.39 (a) compares the sheet resistance values of successively annealed a-

ZITO thin films with their RS values in as-deposited state. As can be seen, electrical 

property of many samples can be improved via successive annealing process in 

forming gas and Ar atmospheres. The sheet resistance value of six samples (10, 11, 

15, 17, 19, and 20) were measured to be lower than 100 Ω/□. Apart from sample 10, 

all other samples already exhibited low sheet resistance values after annealed in pure 

Ar or Ar+4 % H2 atmospheres. Further, none of these samples provide sufficient 

transparency in the visible region, Figure 4.39 (b). Moreover, the samples with high 

transparency (12 and 18) revealed sheet resistance values above 400 Ω/□. Therefore, 

annealing of ZITO thin films in successive gas environments also does not provide 
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any advantage in terms of electrical properties when compared to annealings under 

pure Ar or forming gas atmospheres. As a result, it is not possible to conclude that 

successive annealing is an effective way to improve electrical and optical properties 

of the films simultaneously, under the experimental conditions applied. 

Table 4.16 Optical properties of a-ZITO thin films annealed successively in 

Ar+4%H2 and Ar atmospheres for 1 h at 400 °C 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Tvis (%) Eg (eV) 

1  56 2.75 

2 58 2.85 

3 56 2.84 

4 25 2.65 

5 61 2.89 

6 60 2.91 

7 74 3.28 

8 26 2.64 

9 57 2.90 

10 48 3.10 

11 72 3.22 

12 87 3.21 

13 44 2.94 

14 32 2.77 

15 1 - 

16 44 3.20 

17 71 3.22 

18 87 3.15 

19 27 2.67 

20 1 - 

21  <1 - 
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Figure 4.39 a) Sheet resistance of as-deposited (RT, 45 min), and annealed 

(successively in Ar+4 % H2 and Ar for 1 h, 400 °C) a-ZITO thin films, b) Tvis values 

of as-deposited and annealed a-ZITO thin films (data for various annealing 

atmospheres denoted via different colored spheres) 

 

Table 4.17 provides a useful view as a summary of the preceding studies conducted 

in this thesis until now and the basic criteria for the sample selection for further 

studies. Instead of giving all samples, the table contains only those that meet the 

optical requirements. Therefore, only the samples 7, 11, 12, 17, 18, and 19 are 

included in the table. Since none of the air atmosphere annealed samples were 

optically successful, they are not listed here. Highlights indicates the Tvis or RS values 

of the samples which provided the objectives. Accordingly, none of the samples 

deposited at RT for 45 min at 10 mTorr Ar pressure could provide 75% Tvis limit. 

From an electrical perspective, sample 18 had the lowest sheet resistance with 68 

Ω/□, among the as-depoisted samples. 

After annealing under Ar, all samples have displaye Tvis values of ≥80%, with the 

exception of sample 17. The sample with the highest electrical conductivity was 

number 19 with a RS of 69 Ω/□. This thin film also exhibited 83% Tvis value. After 

Ar+4% H2 annealing, 5 samples had Tvis values that are within the project's goal. 

Sample number 18 distinguishes from others when the lowest RS value is considered 

along with high transparency (Tvis = 86% and RS = 46 Ω/□). No samples were 
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provided both satisfactory optical and electrical property simultaneously as a result 

of successive annealing in Ar+4% H2 and Ar atmospheres.  

Table 4.17 Candidate samples for a-ZITO transparent heater production 

Sample 7 11 12 17 18 19  

Tvis (%), As-deposited 40 42 55 37 56 5 

R
T

 

RS (Ω/□), As-deposited 1433 146 218 76 68 458 

       

Tvis (%), Ar Annealed 87 

7982 

80 88 72 84 83 

RS (Ω/□), Ar Annealed 84 4255 37 2508 69 

       

Tvisr (%), Ar+%4 H2 Annealed 78 75 81 75 86 63 

RS (Ω/□), Ar+%4 H2 Annealed 216 72 73 51 46 42 

       

Tvis(%), Ar+%4H2 ve Ar Annealed 74 72 87 71 87 27 

RS (Ω/□), Ar+%4H2 ve Ar Annealed 145 55 412 35 471 97 

        

Tvis (%), As-deposited 77 55 72 58 76 27 

2
5

0
 °

C
 

RS (Ω/□), As-deposited 150 146 93 71 37 82 

       

Tvis(%), Ar ve Ar+%4H2 Annealed 73 61 76 67 78 32 

RS (Ω/□), Ar ve Ar+%4H2 Annealed 147 72 74 36 46 42 

 

In case of the films deposited at a substrate temperature of 250 °C, the lowest sheet 

resistance (37 Ω/□) was provided with high enough (76%) average visible region 

transmittance by the sample 18. Further, after successive annealing under Ar+4% H2 
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and Ar atmospheres, the Tvis of this sample was increased to 78% at the expense of 

the sheet resistance. The value of RS was increased to 46 Ω/□ after the annealing step. 

But yet, sample 18 is still the best among others after successive annealing in terms 

of optical and electrical properties.  

According to the interpretations given above, it is concluded that the sample 18 

provides the the most suitable composition for the objectives of this study. Therefore, 

the as-deposited state EDX data was obtained and used to determine the composition 

of this thin film sample.  

 

Figure 4.40 EDX spectrum and elemental composition of sample 18 (the sample was 

obtained under 10 mTorr sputtering pressure for 45 min and on substrates kept at 

RT) 

 

The EDX spectrum of sample 18 is given in Figure 4.40. This spectrum demonstrates 

that the thin film is composed of In, Zn, Sn, and oxygen elements. In other words, 
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this thin film includes 33.71 wt.% Zn, 53.15 wt.% In, 7.23 wt.% Sn, and 5.9 wt.% 

oxygen. Based on a calculation that excludes the oxygen element, the cation ratios 

in the thin film are found to be 49.60 at.% Zn, 44.52 at.% In, and 5.86 at.% Sn. It is 

known that the composition of commercial ITO consists of 74 wt.% In, 18 wt.% O2, 

and 8 wt.% Sn. From this perspective, sample18 includes ⁓21 wt.% less In in its 

composition when compared to commercial ITO. 

4.4 Production and characterization of a-ZITO transparent heaters 

In order to obtain the final a-ZITO transparent heaters, a 3” target was produced 

using high purity ZnO, In2O3, and SnO2 powders based on the composition of sample 

18 given above.  This target material was used to deposit a-ZITO thin films on glass 

substrates with dimensions of 50 mm × 75 mm size. As described in Chapter 3, a-

ZITO thin films were deposited at various substrates temperatures, i.e., RT, 150, and 

250 °C. In the process, all depositions were continued to achieve a thin film thickness 

of 750 nm. Deposited samples were annealed under Ar+4% H2 for 90 min at 400 °C. 

For other characterization purposes, samples were also reproduced on 18 mm 

diameter glass substrates. 

4.4.1 Visual examination 

Figure 4.41 (a) shows the digital images of a-ZITO thin films deposited on the 

substrates arranged on a multi-substrate carrier magazine. Unlike the previous 

examples obtained via the combinatorial approach, all of the samples in this case 

appear to be the same, since all 21 samples on the holder for each temperature have 

the same composition. Further, one can see that that the deposition temperature does 

not lead significant difference between the samples in terms of appearance. For this 

reason, a-ZITO thin films were produced on larger substrates. Digital images of these 

samples are displayed on the left side in Figure 4.41 (b). It is ssen that the films are 

quite transparent for all substrate temperatures. Among them, the one deposited at a 
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substrate temperature of 150 °C seem slightly better than others, i.e., particularly 

transparent and colorless. The right side of this image shows the appearance of these 

thin films after 90 min of annealing in Ar+4% H2 atmosphere at 400 °C. These 

images clearly illustrate that annealing can entirely remove the partial coloration 

observed at the as-deposited samples. This further indicates that a-ZITO thin films 

with very high visible transmittance can be produced independent of substrate 

temperature. 

 

 

Figure 4.41 Digital images of a-ZITO thin films deposited at various substrate 

temperatures, a) on 18 mm diameter glass substrates b) on 5 cm x 7.5 cm glass 

substrates, left; as-deposited, right; after annealing under Ar+4% H2 atmosphere for 

1.5 h at 400 °C 

(b) 
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4.4.2 Structural examination 

Figure 4.42 (a and b) shows the XRD patterns of a-ZITO thin films produced on 

glass substrates at RT, 150 °C, and 250 °C, and then annealed in Ar+4% H2 

atmosphere at 400 °C for 90 min., respectively. The patterns belong to as-deposited 

state of the samples indicate that all thin films, regardless of deposition temperature, 

were developed in amorphous structure. As a result, a low intensity and wide peak 

in the region of 2θ = 30-35° are recorded in the patterns. Furthermore, the patterns 

shown in Figure 4.42 (b) shows that the amorphous structure can be preserved after 

annealing the thin films at 400 °C for 90 min.   

  

 

 

It is known that the grain boundaries in thin films of oxides such as In2O3 or ZnO, 

have a negative effect on mobility due to charge scattering [110]. The absence of 

long-range order in amorphous materials eliminates the effect of grain boundaries on 

electrical properties, therefore, the charge carrier mobility can be expected to be quite 

high for the current a-ZITO thin films.  

Figure 4.42 XRD patterns of a-ZITO thin films deposited on glass substrates at 

various temperatures a) as-deposited, b) after annealing in Ar+4% H2 atmosphere at 

400 °C for 90 min. 
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4.4.3 Morphological examination 

Figure 4.43 (a, c, and e) demonstrates high magnification surface SEM images of a-

ZITO thin films deposited at RT, 150 °C, and 250 °C substrate temperatures, 

respectively. As can be seen from the scale bar given on lower right, these images 

were obtained from a relatively small area of the surface. The surfaces of the films 

are featureless in general. On the other hand, for the images of RT and 150 °C 

deposited thin films, in some regions, the surfaces exhibited hill-like protrusions. 

These hill-like formations are clearly seen in the 3D AFM surface topography images 

of these samples as given in Figure 4.44 (a and b). It is obvious that the hills are 

much smaller in diameter (up to 80 nm) in the RT deposited sample, but their 

frequency is high. On the other hand, for 150 °C deposited sample, their diameter 

can reach up to 300 nm, but they are more scattered. In addition, these topography 

images revealed that the height of these hill-like protrusions are not higher than 20-

30 nm. While these thin films were obtained at relatively low substrate temperatures 

and under low diffusion conditions, these features may be formed during the 

nucleation stage and continue to grow for the entire deposition process due to 

shadowing effect. Because the sample surface deposited at 250 °C is free from these 

formations, see Figure 4.44 (c).  

The inset SEM images in Figure 4.43 (a.c, and d) were obtained from a much larger 

area on the surfaces of these thin films and shows that a-ZITO samples can be 

deposited with high homogeneity and without any cracks, voids, and so on. Further, 

AFM measurements revealed that the surface with highest roughness was obtained 

in the sample deposited at 150 °C with an RMS value of 3.12 nm. In contrast, the 

surface with lowest roughness was formed in the thin film deposited at 250 °C. The 

RMS value of this sample was calculated to be 0.453 nm. And finally, RMS value 

was measured as 1.83 nm for the sample deposited at RT. The surface roughness of 

glass substrates used here is ⁓2 nm. This shows that, a-ZITO thin films can be 

obtained with much lower roughness when compared to that of sputtered AZO/SiO2 

thin films. 
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Figure 4.43 Surface SEM images of a-ZITO thin films produced at various substrate 

temperatures, as-deposited a) RT, c) 150 °C, e)  250 °C, after annealing in Ar+4% 

H2 atmosphere at 400 °C for 90 min. b) RT, d) 150 °C, f)  250 °C (inset images  

provide general view for the surfaces) 

 

Figure 4.43 (b, d, and f) shows the surface SEM images of RT, 150 °C, and 250 °C 

deposited a-ZITO thin films, respectively, after annealing in Ar+4 % H2 atmosphere 

for 90 min at 400 °C. It is clear from these images that the annealing process led to 

coarsening of the surface of the films, regardless of the initial deposition temperature. 

This phenomenon is most noticeable in the annealed surface image of the film 

deposited at RT. In this SEM image, the surface can be seen in relatively higher 
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detail than the as-deposited surface. On the other hand, the inset images given in 

each figure reveals that the thin films have remarkably homogenous surfaces, after 

annealing.  

 

 

 

 

 

 

 

 

 

 

, 

 

 

 

 

 

 

AFM measurements showed that the surface roughness could be reduced at 

approximately 50% for all samples after annealing. This can clearly be seen by 

comparing the AFM topographies images of the samples given in Figure 4.44 (b, d, 

(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.44 3D AFM images of a-ZITO thin films produced at various substrate 

temperatures, as-deposited a) RT, c) 150 °C, e)  250 °C, after annealing in Ar+4% 

H2 atmosphere at 400 °C for 90 min. b) RT, d) 150 °C, f)  250 °C 
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and e) with their topography in as-deposited state. Annealing reduced the number of 

protrusions significantly for RT deposited sample, whereas for 150 °C deposited thin 

film, the sizes of these hill-like features decreaed. This is probably due to effect of 

high temperature used during annealing which allows the formation of surface 

reactions. The RMS values of a-ZITO thin films after annealing were found to be 

0.808, 1.98 and 0.294 nm over a surface area of 2 µm x 2 µm, respectively for RT, 

150 °C, and 250 °C deposited samples. 

 

 

 
Figure 4.45 Through thickness fracture surface SEM  images of a-ZITO thin films 

produced at various substrate temperatures, as-deposited a) RT, c) 150 °C, e)  250 

°C, after annealing in Ar+4% H2 atmosphere at 400 °C for 90 min. b) RT, d) 150 °C, 

f)  250 °C. (inset images  provide general views of the surfaces) 
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Figure 4.45 (a, c, and e) demonstrates high magnification cross-sectional SEM 

images of a-ZITO thin films deposited at RT, 150 °C, and 250 °C substrate 

temperatures, respectively. It is seen that the films are almost exhibit the same 

thickness for all deposition temperatures. This is achieved via the tuning of the 

deposition rates. The annealed cross-section images are given in Figure 4.45 (b, d, 

and f). Similar to the SEM surface images given above, the cross-sections of both 

as-deposited and annealed thin films present no recognizable features, due to 

amorphous nature. The inset images given in each figure indicate that all samples 

were deposited with uniform thickness and without any peeling from the substrate 

even after moderately high temperature annealing. 

 

Figure 4.46 EDX analyses of a-ZITO thin films produced at various substrate 

temperatures, as deposited at a) RT, c) 150 °C, e) 250 °C, after annealing in Ar+4% 

H2 atmosphere at 400 °C for 90 min  (The inset tables denote the elemental ratio of 

the cations present in the samples) 
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As mentioned above, these a-ZITO samples were produced using a 3” sputtering 

target where its composition was based on sample 18. As to remind, the composition 

of sample 18 was determined as 44.52 at. % In, 5.86 at.% Sn, and 49.60 at.% Zn by 

EDX. The composition of the thin films produced from this starget was also 

characterized via EDX and the results are presented in Figure 4.46 (a, c, and e) for 

the as-deposited and in Figure 4.46 (b, d, and f) for the annealed samples. EDX 

analyses of the deposited thin films reveal that the compositions are enriched by In, 

in comparision to the target’s composition. The amount of In in the thin film samples 

was found to be around 47 at. % for all three substrate temperatures. Further, there 

are 1-2 at.% interchangings between the quantity of Sn and Zn with changing 

substrate temperature. Following annealing, the atomic composition of the films 

approached to the desired composition and enriched in terms of element Zn for all 

substrate temperatures. This indicates that the annealing process provides an atomic 

distribution in the film that is relatively close to the desired ratios. At this point, it is 

important to point out that the difference in the atomic composition of the films with 

respect to the target or each other are in the limit of the measurement error of EDX. 

Therefore, practically, it can be stated that the a-ZITO samples produced at various 

substrate temperatures exhibited almost the same composition with the target 

material. 

4.4.4 Optical analysis of a-ZITO thin films 

Optical properties of a-ZITO thin films were investigated by UV-Vis and UV-Vis-

NIR spectrophotometers. Figure 4.47 (a) shows the transmittance spectra of a-ZITO 

thin films deposited at substrate temperatures of RT, 150 °C, and 250 °C. As seen in 

the figure, regardless of the substrate temperature, all thin films exhibited very high 

transmittance in the visible region. Tvis values were calculated as 82.53 %, 85.96 %, 

and 84.08 % for the thin film samples deposited at RT, 150 °C, and 250 °C, 

respectively. In the same order, the films exhibited 75% transparency at wavelengths 

of 441, 437, and 434 nm. This implies a slight shift towards lower wavelengths with 
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increasing deposition temperature. The lowest absorption edge among these thin 

films was recorded as 371 nm for the sample deposited at a substrate temperature of 

150 °C. Accordingly, the band gap values of a-ZITO thin films were found to be 3.13 

eV, 3.17 eV, and 3.09 eV, as shown in Figure 4.47 (b). Therefore, a linear 

relationship could not be established between the average visible region 

transmittance, band gap energies and substrate temperatures for a-ZITO thin films. 

Although the samples produced at different substrate temperatures showed similar 

optical transmittance behaviour, the one deposited at 150 °C substrate temperature 

presented the highest values (Tvis=85.96 %, T550=90 %). 

 

  

Figure 4.47 Transmittance spectra and Tauc’s plots of a-ZITO thin films produced 

at various substrate temperatures, a) and b) as-deposited, c) and d) after annealing 

in Ar+4% H2 atmosphere at 400 °C for 90 min (the inset numerical values given in 

(b) and (d) denotes the band gap values of the corresponding samples). 
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Figure 4.47 (c) shows the transmittance spectra corresponding to a-ZITO thin films 

after annealing in Ar+4% H2 atmosphere for 90 min at 400 °C. Tvis values of 85.60 

%, 85.60 %, and 85.50 % were calculated for thin films deposited at RT, 150 °C, and 

250 °C, respectively. This implies that annealing under forming gas does not led a 

significant improvement in the optical transmittance of the samples, as expected. On 

the other hand, annealing induced a blue-shift of the absorption edge for all thin films 

and further, band gaps of all samples were widened ⁓0.1 eV. Therefore, the films 

satisfy the minimum transmittance of 75% at lower wavelengths when compared to 

their as-deposited states. It is found that the transmittance reached to shaded are at 

423 nm, 433 nm, and 428 nm, in accordance with the increasing substrate 

temperature.  

These findings indicate that a-ZITO thin films produced at different substrate 

temperatures are qualified enough to satisfy the current study's optical transmittance 

goal. Furthermore, these findings demonstrate that the optical properties of the films 

produced from a single source, result in significantly different values than those 

produced from three separate sources (i.e., In2O3, SnO2, and ZnO).  

  

Figure 4.48 a) Reflectance spectra, and b) absorption spectra of a-ZITO thin films 

deposited at 150 °C substrate temperature and annealed at 400 °C Ar+4% H2 for 90 

min 
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Figure 4.48 (a) shows the reflectance spectra of a-ZITO thin films after annealing in 

Ar+4 % H2 atmosphere for 90 min at 400 °C. The figure comprises the spectra of 

RT, 150 °C, and 250 °C substrate temperatures. The results were recorded up to a 

wavelength of 2500 nm. As seen from these spectra, samples deposited at RT and 

250 °C did not show any noticeable reflectance in the wavelength range considered. 

On the other hand, the reflectance of 150 °C deposited sample exhibited an increase 

in the near infrared region. After the sample showed a minimum of around 3% at 

1956 nm, its reflectance increased rapidly with increasing wavelength. At the 

targeted wavelength of 2.5 µm, the value reached ⁓35%. This value is significantly 

greater than the reflectance value presented by as-deposited AZO thin films, but it is 

almost half of that exhibited by annealed AZO/SiO2. Since the reflectivity in the IR 

region is primarily determined by the charge carrier concentration and their mobility, 

and because the carrier concentrations of both as-deposited and annealed a-ZITO 

thin films are probably lower than that of annealed AZO thin films, it is not surprising 

that the reflectance is lower for the former. 

Absorption spectra of 150 °C deposited sample are given in Figure 4.48 (b) for as-

deposited and annealed states. In accordance with high optical transmittance, the 

sample exhibits low absorbance in the visible region in both states. On the other 

hand, as-deposited sample presented a significant absorbance peak extending from 

1700 nm to wavelengths beyond 2500 nm. Therefore, this sample showed a very low 

reflectance (less than 10 %, the data is not shown here) value at the wavelength of 

2.5 µm. After annealing, however, the intensity of this absorbance peak decreased 

while its width is increased. The center of the peak was shifted ⁓300 nm to lower 

wavelengths and located at 1952 nm. As can be seen from Figure 4.48 (a), the 

reflectance of the sample is at its minimum at around this wavelength and then started 

to increase suddenly with the decreasing absorbance at higher wavelengths. This also 

indicates that the plasma wavelength of this sample could be shifted towards the 

visible region as result of annealing. 
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4.4.5 Electrical analysis of a-ZITO thin films 

The electrical properties of a-ZITO thin films were determined by Hall effect 

measurements, in as-deposited state and after annealing under Ar+4% H2 atmosphere 

for 90 min at 400 °C. I-V measurements were carried out at RT using Van der Pauw 

geometry and 10 mA current and were repeated three times. The results are listed in 

Table 4.18. Figure 4.49 (a and b) emphasizes the average of the sheet resistance and 

resistivity values obtained from these measurements. As clearly seen from the data 

points given in this figure, the thin film deposited at 150 °C exhibited the lowest 

sheet resistance among all samples, with RS of 24.23 Ω/□. The resistivity of this 

sample was determined as ρ = 17.93x10-4 Ω.cm. Further, the carrier concentration 

and carrier mobility values were measured as η=0.0828x1021 cm-3 and μ=42.01 

cm2/Vs, respectively. The film deposited at 250 °C exhibited slightly higher mobility 

(μ =44.56 cm2/Vs), although its carrier concentration (η =0.0457x1021 cm-3) is about 

the half of that deposited at 150 °C. As a result, the sheet resistance (RS=41.41 Ω/□) 

of 250 °C deposited sample was obtained almost twice as high compared to one 

deposted at 150 °C. The RT produced sample has both lower mobility (μ=36.77 

cm2/V s) and slightly lower carrier concentration (η=0.0764x1021 cm-3) compared to 

the thin film deposited at 150 °C. Accordingly, its sheet resistance was measured to 

be RS=30 Ω/□. 

  

Figure 4.49 Electrical properties of a-ZITO thin films as a function of substrate 

temperature a) Sheet resistance and b) resistivity values of the films in as-

deposited state and after annealing for 90 min at 400 °C in Ar+4 % H2 atmosphere. 
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As proved by the XRD measurements, all ZITO thin films were obtained in 

amorphous structure, regardless of the employed substrate temperature. And this was 

maintained after annealing at moderately high temperatures. It is known that the 

absence of grain boundaries or long-range ordering in amorphous materials 

contributes to increases the charge carrier mobility [100]. The conduction band 

minimum in amorphous oxides is composed of spherically expanded orbitals of 

metal atoms and overlapping of these orbitals with neighboring metal orbitals does 

not result in a significant change. Therefore, since the conduction band minimum is 

unaffected by local bond stresses in these materials, electron transport can occur if 

the mobility is high [98], [160], [161]. The mobility values given in Table 4.18 for 

the as-deposited thin films were quite high, confirming these statements. Further, 

mobility values achieved here vary between 36 to 44 cm2/V s depending on the 

substrate temperature, which is almost over twice the value of μ =20.47 cm2/V s, that 

obtained for the annealed AZO thin films.  

As can be seen from Figure 4.49 and Table 4.18, after annealing under Ar+4% H2, 

the sheet resistance of all samples is improved. The RS of as-deposited thin films 

were changed from 30 Ω/□ to 12.21 Ω/□ for RT deposited, from 24.23 Ω/□ to 7.49 

Ω/□ for 150 °C deposited, and from 41.41 Ω/□ to 11.45 Ω/□ for 250 °C deposited 

sample. Although the film deposited at a substrate temperature of 150 °C exhibited 

the lowest sheet resistance after annealing, the highest improvement was obtained 

for 250 °C deposited sample with a reduction of 3.6-fold in its sheet resistance 

compared to as-deposited resistance. On the other hand, the electrical conductivities 

of these samples were calculated as 1106, 1805 and 1180 S/cm, respectively. 

Accordingly, the FOM values of RT, 150 °C, and 250 °C deposited a-ZITO thin 

films were obtained as 11.79x10-3, 34.21x10-3, and 17.35 x10-3 Ω-1, respectively.  
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Table 4.18 Hall effect measurement results for a-ZITO thin films deposited at 

various substrate temperatures and after annealing for 90 min at 400 °C in Ar+4 % 

H2 atmosphere. 

                Sample 
ρ*10-4 

(Ω cm) 

RS 

(Ω/□) 

η*1021 

(cm−3) 

µ 

(cm2/V s) 

As-deposited 

RT 

22.2029 30.003 0.07642 36.787 

22.2027 30.003 0.07647 36.765 

22.2026 30.003 0.07645 36.774 

150 °C 

17.9328 24.233 0.08285 42.012 

17.9325 24.233 0.08284 42.015 

17.9323 24.232 0.08284 42.016 

250 °C 

30.6582 41.430 0.04564 44.608 

30.6437 41.409 0.04573 44.536 

30.6428 41.410 0.04572 44.548 

Ar+%4 H2 Annealed, 

400 °C, 90 min 

RT 

9.0421 12.219 0.1766 39.089 

9.0422 12.219 0.1766 39.088 

9.0409 12.217 0.1767 39.053 

150 °C 

5.5466 7.495 0.3076 36.580 

5.5466 7.495 0.3074 36.609 

5.5465 7.495 0.3075 36.596 

250 °C 

8.4743 11.451 0.2100 35.068 

8.4743 11.451 0.2100 35.060 

8.4741 11.451 0.2101 35.053 

 

The Hall effect measurements revealed n-type conductivity for the produced a-ZITO 

thin films. Therefore, the conductivity in these samples depends on the charge of an 

electron, carier concentration, and mobility.As seen from the listed values in Table 

4.18, the carrier concentration of as-deposited thin films was measured as 

0.0764x1021, 0.0828x1021, and 0.0457x1021 cm-3 for the films deposited at RT, 150 

°C, and 250 °C, respectively. 

On the other hand, the highest carrier concentration after the annealing process was 

obtained as 0.307x1021 cm-3, for the sample deposited at 150 °C substrate 

temperature. This value is almost 2 and 1.5 times higher than that of RT (0.176x1021) 

and 250 °C (0.21x1021) deposited samples, respectively. The carrier mobility of as-
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deposited thin films was measured as 36.775, 42.014, and 44.564 cm2 /Vs for the 

films deposited at RT, 150 °C, and 250 °C, respectively. After annealing, the carrier 

mobility of these thin films was changed to 39.07, 36.54, and 35.06 cm2 /Vs, as in 

the same order for the employed substrate temperatures. This indicates a slight 

increase in the carrier mobility of RT deposited sample after annealing. On the 

contrary, the carrier mobility of 150 °C and 250 °C deposited thin films were reduced 

13% and 20%, respectively, as compared to their mobility values in the as-deposited 

sate. One can see that for the as-deposited thin films, the carrier mobility increased 

with the increasing substrate temperature. On the other hand, this is not the case for 

carrier concentration. The carier mobility first slightly increase with the increase of 

substrate temperature from RT to 150 °C, but then significantly decrease for 250 °C. 

This might be attributed to partial relaxation of the amorphous structure with the 

increasing substrate temperature. Therefore, similar to the increase of mobility with 

the increasing substrate temperature under high vacuum conditions (𝑃 𝑂2
≅ 0), the 

increase in the moblity of RT deposited sample after annealing (𝑃 𝑂2
≅ 0) can be 

expected. However, the observed decrease in the mobility of other samples after 

annealing, indicates that the improvement of the electrical conductivity with 

annealing mostly depends on the increase of carrier concentrations instead the 

change in the carrier mobility of the samples. Ndione et al., (2016) stated that the 

electrical conductivity in amorphous In-Zn-Sn-oxide thin films depends on the 

cation composition and partial pressure of oxygen during sputter deposition. In the 

current study, all thin film samples were deposited under the same conditions from 

a single target and annealed under identical conditions. If the small differences in the 

elemental composition of the films that determined by EDX is ignored, it is clear that 

the conductivity of these thin films depends on the employed substrate temperature 

and carrier concentration of the samples. It is known that the electrical conductivity 

of amorphous thin films composed of different cations depends on the atomic 

substutition induced electron/hole formation and oxygen vacancies [100], [160], 

[162]. For the current study, deposition under high purity Ar atmosphere on 

substrates held at various temperatures probably effects the number of successful 
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atomic substitutions and the concentration of oxygen vacancies in the bulk or surface 

of the films. Further, annealing in reducing atmosphere at moderately high 

temperatures modify the concentration of donors and oxygen vacancies and also 

doping of hydrogen to the structure which provides free electrons to contribute 

conductivity [98]. Moreover, the energy provided by annealing, probably induce the 

rearrangement of amorphous structure through the diffusion of oxygen [163]. This 

reduced the inordered distribution of charge density to the structure and suppress the 

strongly localized defects. As a result, the carrier concentration of all samples was 

improved after anneling. For the current study, the highest increase in carrier 

concentration and also the highest decrease in mobility was recorded for the sample 

deposited at 250 °C, after annealing. Due to inverse relationship between them, the 

observed decrease in mobility after annealing is not surprising. In amorphous oxides, 

mobility is effected from a variety of local or mid-range structural properties [164], 

such as the difference between the bond strength of In-O, Zn-O, and Sn-O, the 

modification of metal-oxygen coordinations and distortions in the metal-oxygen 

polyhedras, the formation of InO6-SnO6 chains andrandom distribution of ZnO4. 

Therefore, the statements given above on the difference or the change of the 

electrical properties of a-ZITO thin films depends on the current experimental 

observations and literature data and requires more detailed characterization to be 

proven. 

The reported data up to this point clearly imply that among others the sample 

produced at 150 °C is more suitable for the objectives of this thesis study in terms of 

visible light transmittance, near IR reflectivity, and electrical conductivity.   

4.4.6 Electro-thermal analysis of a-ZITO thin films 

The heating behavior and de-icing capacity of a-ZITO thin films deposited at various 

substrate temperatures were investigated by electro-thermal property measurements. 

The tests were conducted on samples with 50 mm x 75 mm dimensions. The response 

time, saturation surface temperature, stability, recyclability, and thermal resistance 
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of the heaters were determined using the samples kept at ambient temperature and 

by applying 3, 6, 9, and 12 V.  

  

  

  

Figure 4.50 Heating behaviour of a-ZITO transparent heaters as a function of applied 

voltage a) RT deposited, b) annealed, c) 150 °C deposited, d) annealed, e) 250 °C 

deposited, f) annealed (annealing was performed at 400 °C for 90 min under Ar+4% 

H2 atmosphere, the inset images given in each figure refers to the thermal camera 

image of the sample at the corresponding saturation temperature) 
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Figure 4.50 displays the heating behavior of a-ZITO thin films as a function of input 

voltage. The heating curves of as-deposited thin films are given in Figure 4.50 (a, c, 

and e). As seen from these curves, the saturation temperature increases with 

increasing supply voltage for all samples. As previously indicated, the mentioned 

temperature values are the average temperature of the entire surface, excluding the 

Ag-electrodes. Surface temperatures were recorded as 29, 45, 65, and 85 °C in case 

of applying 3, 6, 9, and 12 V, respectively, to the RT deposited sample. The 

transparent heater showed a linear response to input voltages over 3 V, such that the 

surface saturation temperature increased by 20 °C with every 3 V increment. This 

reveals that the achieved maximum temperature is depending on the supplied 

electrical power. For 150 °C deposited a-ZITO transparent heater, the surface 

saturation temperatures can be listed as 30, 47, 69 and 89 °C with the increasing 

voltage,  Figure 4.50 (c). Similarly, 28, 41, 59, and 85 °C were measured for 250 °C 

deposited sample by applying 3, 6, 9, and 12 V, respectively.  

Figure 4.50 (b, d and f) shows the heating behavior of these a-ZITO transparent 

heaters after annealing at 400 °C in Ar+4 %H2 atmosphere for 90 min. Similar to the 

tests conducted with the as-deposted samples, here the heaters were subjected to 

input voltages of 3, 6, 9, and 12 V. In the order of increasing voltage input, saturation 

temperatures of 29, 46, 69, and 94 °C for RT deposited, 33, 55, 82, and 112 °C for 

150 °C deposited, and 33, 51, 74, and 98 °C for 250 °C deposited sample were 

recorded. These results showed that annealing improves the heating behaviour of the 

samples, as expected. As observed for as-deposited samples, the film deposited at 

150 °C substrate temperature exhibited the best heating performance among others, 

after annealing. The response time of this transparent heater in case of 6, 9, and 12 

V inputs were recorded as 124, 114, and 102 s, respectively. As compared to the 

reported values previously for the response time of AZO/SiO2 transparent heater 

(⁓65 s), the response time of a-ZITO thin films is longer. This might be due to  slower 

heat conduction in the amorphous structure [165]. Furthermore, the dependence of 

the response time to the input voltage in case of AZO/SiO2 thin films is insignificant, 

whereas for a-ZITO thin films it is decreases with increasing voltage. This indicates 
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an increase in thermal conductivity, and can be attributed to increase in the specific 

heat of the film with increasing input power due to higher voltage inputs [166]. 

 

Figure 4.51 Heating behavior of annealed a-ZITO thin films under 12 V  

 

Figure 4.51 is given to compare the heating behavior of annealed a-ZITO thin films, 

under 12 V supply. As previously stated, the highest saturation temperature achieved 

with these samples are 94, 112, and 98 °C, in accordance with the increasing 

substrate temperature. The figure shows that the 150 °C deposited sample not only 

provides the highest saturation temperature but a higher heating rate than the others. 

The heating curve of the sample deviates at the 7th s from the curve of RT deposited 

and at the 29th s from the curve of 250 °C deposited thin film. Accordingly, the 

response time were measured to be 124, 102, and 105 s, respectively with the 

increasing substrate temperature. In other words, the lowest response time was 

recorded for the sample deposited at 150 °C. These findings once more indicate that 

the best sample among the produced a-ZITO thin films, in terms of the purposes of 

this thesis study is the one deposited at a substrate temperature of 150 °C.  

Figure 4.52 demonstrates the heating behaviour of this sample in different aspects. 

The response of the heater to incremental voltage increase is given in Figure 4.52 

(a). In this test, an initial voltage of 2 V was applied from both edges (5 cm) of the 

sample at RT, and the sample kept under this condition for 60 s, and then the voltage 
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was increased to 4 V. The experiment was continued in this way up to 12 V. Thus, 

the change in the surface temperature of the sample as a function of voltage 

increment and time was determined. The obtained curve shows that there is no 

significant change in sample surface temperature up to 4 V. The heater responded 

similar to each voltage increase after 4 V and the surface temperature increased 

almost linearly beginning from 6 V. From the thermal camera images given as insets, 

one can see that the temperature of the heater increases with increasing input voltage. 

After waiting for 60 s at 12 V, the test was terminated at a surface temperature of 

⁓96 °C. 

 

  

   

Figure 4.52 Electro-thermal response of 150 °C deposited a-ZITO transparent heater 

after anneling under Ar+4% H2 for 90 min at 400 °C; a) thermal response of the 

heater to incremental input voltage increase, b) long-term loading stability, c) cyclic 

loading performance of the heater, d) power density vs. surface saturation 

temperature plot (the insets in (a) and (b) refer to thermal camera images of the 

sample at the relevant temperature) 
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In order to evaluate the heating performance of a-ZITO transparent heater in cyclic 

or long-term loadings, two separate tests were carried out using samples kept at RT. 

The first of these tests was applied by increasing the sample to a constant temperature 

of 60 °C by applying a constant voltage such as 7 V, and by monitoring the change 

in the surface temperature for 3600 s., Figure 4.52 (b). As can be seen, the mean 

surface temperature of the sample remains almost constant (±0.4 °C) throughout this 

duration. This result reveals the operational stability of the heater inexcess of 3600 

s, under atmospheric conditions when kept at 60 °C. The inset image shows the 

homogeneous temperature distribution of the sample under these test conditions. The 

surface temperature homogeneity of the heater was determined as 19.66% using this 

inset and Equation (3.8). This value is better than the temperature uniformity 

provided by wire-patterned de-icers proposed for automobile windows [154], and 

Ni-quantum nanoparticle coated FTO transparent heaters [123]. Further, its 

comparable to temperature uniformity of NiCr/FTO (19.2 %), and bare FTO 

(19.7 %) heaters, but less than Cr/FTO (14.65 %), AZO/SiO2 (13.66 %), FTO/AZO 

(11.42 %), and AZO (17.70 %) thin film transparent heaters [52], [167], [168]. 

Figure 4.52 (c) represents the result of the cycling loading behavior of the a-ZITO 

transparent heater. During measurement, first the sample was supplied with 12 V and 

when the surface temperature reached 60 °C, the input voltage was shifted to 0 V to 

allow the cooling of the sample to 30 °C. Then the sample loaded again with 12 V 

up to 60 °C. This succesive loadings were repeated for 25 cycles. The thermal cycle 

limits are shown by the red dashed lines at the top and bottom of the figure. In each 

cycle, the sample reached the peak temperature in around 25 s and cooled within 1 

min. This shows that the heater can provide a heating rate of 1.2 °C/s in the case of 

12 V input.  

The areal power densities of the transparent heater were calculated for each voltage 

value and plotted against the corresponding saturation temperatures and presented in 

Figure 4.52 (d). Then, the thermal resistance of a-ZITO transparent heater was 

obtained as 181.7 °C.cm2/Watt from the slope of T vs. P. This value is slightly lower 
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than the thermal resistance (219 °C.cm2/Watt) determined for the AZO/SiO2 

transparent heater. This is not surprising due to lower thermal conductivity of the 

sample in related to its amorphous nature. 

Using P=I2R and R=(L/Wedk) equations, the power consumption of this heater is 

calculated to be 3.95 W (L=5 cm, We = 6.44 cm, and dk = 7.5x10-5 cm). Finally, the 

power density of the heater under 12 V supply was calculated to be 0.4635 Watt/cm2 

which is in the range (0.4-0.77 Watt/cm2) necessary for deicing applications. 

 

 

Figure 4.53 a) Deicing performance and heating curves of dry-ice cooled a-ZITO 

transparent heater with various input voltages b) digital images showing the course 

of deicing under 12 V on 5.0 x 7.5 mm2 a-ZITO transparent heater (the insets given 

in (a) shows the thermal camera images of the sample during deicing at some certain 

time and temperatures) 

(b) 
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The de-icing performance of 150 °C deposited sample was examined by holding the 

sample in a dry-ice filled box for 1 h, prior to measurements. The tests were 

conducted by loading certain constant voltages (6, 9, or 12 V) to sample at -40 °C. 

By doing this, the tunability of its deicing capacity was determined. The de-icing 

curves under these conditions are presented in Figure 4.53 (a). The inset values given 

next to each curve refers to elapsed time until the last water droplet was evaporated 

from the surface and the maximum recorded mean surface temperature at the end of 

this time.  

In case of 6 V, the mean surface temperature of the heater increased 0 °C after 45 s 

and reached to 20 °C at the 66. s. The overall time for de-icing was recorded as 299 

s. At this point the mean surface temperature was measured as 50 °C. For the input 

voltage of 9 V, 0 °C was achieved at 29th s and all ice/water-based residues were 

removed at 57 °C after 195 s.   

Finally, for 12 V the mean surface temperature was reached to 92 °C and de-icing 

was completed in a shorter time than others, i.e., after 173 s. 0 °C was attained in 

⁓23 s., and a temperature of ⁓30 °C was recorded after ⁓50 s. Above this 

temperature, the slope of the temperature rise was steeper and the lineer fit yielded a 

heating rate of 0.68 °C/s. The inset images given in this figure corresponds to thermal 

camera images of the sample at the beginning of the test (left), at 50 °C mean surface 

temperature and at the end of deicing process (right). As it is clear from the left 

image, at -40 °C the color of the sample is Prussian blue. At about 50 °C, the 

appearing of the sample is not homogenous, there are some dark spots on the image 

corresponding to water draplets after melting of the ice. Finally, at the end of the test 

all water droplets are evaporated, and the image is more homogenous in terms of 

color distribution.  

Real-time images of the sample during deicing are shown in Figure 4.53 (a). In the 

beginning of the process the sample is covered with ice and there is no visibility. 

Partial melting is observed at the 15. s, the mean temperature is still below -0 °C and 

the sample is blurry with low visibility. With increasing temperature all ice melted, 
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and only scattered water droplets are left on the surface. Finally, all droplets are 

evaporated, and a clear visibility was obtained. 
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  CHAPTER 5 

 

5 CONCLUSION 

In this thesis study, AZO/SiO2 and a-ZITO coatings were produced on 5.0 x 7.5 cm2 

glass substrates for transparent heater and heat reflection applications. Most of the 

work is devoted to determining the optimum magnetron sputtering conditions, 

specific to each type of coating. SiO2-capped AZO thin films were achieved via 

successive sputtering of high purity AZO and SiO2 targets. On the other hand, the 

final composition of a-ZITO coating was determined via the combinatorial approach 

and co-sputtering of In2O3, ZnO, and SnO2 targets. Among the produced sample 

library, the best sample’s composition was selected according to electrical and 

optical properties, and then this composition was transferred to a 3” single target. 

Final a-ZITO thin films were produced by sputtering of this mixed-oxide target. All 

samples were subjected to post-deposition annealing under vacuum, Ar or Ar+4% 

H2 atmospheres to improve the optoelectronic properties of the samples. Annealing 

experiments were conducted at 300-400 °C in the sputtering system or using an 

atmosphere-controlled furnace.  

Indium free AZO/SiO2 coatings were deposited at a thickness of 750 nm. The AZO 

layer was first achieved at 200 °C substrate temperature, then the SiO2 layer was 

formed at RT. AZO coatings were obtained in polycrystalline form with strong 

preferred orientation along (002). Ar +4% H2 atmosphere was determined as the 

optimum annealing condition for these coatings and therefore, the films were 

annealed at 400 °C for 1 h under flowing forming gas environment. The RMS surface 

roughness value was measured to be ~6 nm after SiO2 top layer coating. In the 

annealed state, the sheet resistance at RT, the average light transmittance in the 

visible region, and reflectance at 2500 nm wavelength were determined to be 3.53 

Ω/□, 96%, and 73%, respectively. Electrothermal property measurements showed 
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that the mean surface temperature of AZO/SiO2 transparet heater can reach to 161 

°C under 12 V input.  Under these conditions, the power density of the heater was 

calculated to be 0.5981 Watt/cm2. Further, the heater provided remarkable deicing 

performance and removed all ice/water from the surface within 3 min, starting from 

-40 °C. The heating rate was obtained as 0.82 °C/s.  

a-ZITO coatings, with reduced Indium in their composition compared to commercial 

ITO coatings, were produced from a single target. The target composition was 

determined as 53.15 wt. % In, 33.71 wt.% Zn, 7.23 wt.% Sn, and 5.9 wt.% O2 via 

the combinatorial approach. Thin films were produced at a thickness of 750 nm, on 

substrates kept at RT, 150 °C, and 250 °C. Their compositions were determined 

almost similar to the target composition after post-deposition annealing. Therefore, 

the thin films produced were comprise of ⁓21% less In in their compositions than 

that of commercial ITO. Characterizations showed that all samples were obtained in 

amorphous structure, and this structure was maintained after annealing in Ar +4% 

H2 atmosphere at 400 °C for 90 min. Among them, the sample produced at 150 °C 

exhibit the best properties in terms of sheet resistance (7.49 Ω/□), average visible 

light transmittance (⁓86%), and reflectance at 2500 nm (35%). Further, this film 

provided a very low RMS value of 1.98 nm. In case of 12 V input, the mean surface 

temperature reached to a maximum of 112 °C and the power density of the heater 

was calculated as 0.4635 Watt/cm2. The deicing performance of the heater was tested 

under identical conditions with the AZO coatings and revealed a total deicing time 

of 2 min 53 sec. The heating rate of the heater was obtained as 0.68 °C/s.   

Finally, the study has shown that the produced samples provide sufficient power 

density in the proposed range (0.4-0.77 Watt/cm2) for deicing applications. By 

assuming identical electrical properties for 1 m2 heater, an areal projection 

calculation has revealed that AZO/SiO2 coatings can compete with commercially 

available transparent heaters under 12 V of input values. Further, very high 

reflectivity of 73% at 2500 nm makes this functional coating a suitable choice for 

heat reflecting applications. In case of a-ZITO coatings, the necessary power density 

range for deicing applications can be satisfied by 13.5 V. If its reflectivity can be 
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improved, these amorphous thin films can successfully compete with commercial 

ITO heaters due to its reduced In content.  
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  CHAPTER 6 

 

6 FUTURE STUDY 

In this thesis study, AZO/SiO2 and a-ZITO coatings were developed using RF 

magnetron sputtering method, which is a vacuum-based thin film deposition 

technique. As mentioned in detail in the previous sections, both functional coatings 

provided sufficient performance as a transparent heater in the laboratory 

environment. Furthermore, although it is not included in the scope of this study, and 

despite the fact that the heaters have been proven to be stable under working 

condition for 1 h or cycling thermal loading, it is suggested that the long-term 

stability tests can be performed for practical applications. At this point, one of the 

important points to be considered is the necessity of applying these performance tests 

in cold ambient condition. 
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