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Abstract 

 

Indium-Gallium-Zinc Oxide (IGZO) thin films have received great attention in Display 

technology because of their good electrical, electronic and optical properties. Their electronic 

device applications are being enhanced owing to their remarkable performance, e.g., high 

electron carrier mobility, better uniformity over a large area, and potential optical 

transparency. Moreover, IGZO can be a promising thermoelectric candidate for its good 

thermoelectric performance to other oxide candidates. The thermal conductivity of IGZO 

indicates its ability for heat conduction, which is subjected to various factors, and can be 

subdivided into electro- and phono-thermal conductivities revealed by phonon–phonon and 

electron–electron scattering. Most studies on IGZO thin films focused on electrical, 

electronic, and optical properties . The thermal properties of IGZO thin films are also of vital 

importance for heat dissipation and thermal management of devices. Although the atomic-

scale structure of IGZO films has been lacked to reveal whether these are amorphous or 

crystalline, few fundamental studies have been performed on the relationship between the 

thermal conductivity and microstructure of IGZO thin films. 

From the above perspective, this thesis emphases towards the development of the 

relationship between the  temperature dependence of thermal conductivity of the Indium–

Gallium–Zinc–Oxide (IGZO) thin films and microstructure analysis. The research strongly 

stress on two factors, firstly, Scanning transmission electron microscopy (STEM) 

observations were also carried out to characterize the nanometre-scale microstructure of the 

IGZO thin film. Secondly, the  temperature dependence thermal conductivity of the Indium–

Gallium–Zinc–Oxide (IGZO) thin films was investigated with the differential three-omega 

method (3ω) for the clear demonstration of nano-crystallinity. Electron microscopy 
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observations revealed the presence of nanocrystals embedded in the amorphous matrix of the 

IGZO films. The typical size of the nanocrystals was approximately 2 to 5 nm with the lattice 

distance of about 0.24 nm to 0.26 nm. These experimental results indicate that the 

nanocrystalline micro-structure controls the heat conduction in the IGZO films. To perform 

the differential three-omega (3ω) method experiment, the IGZO thin films were deposited on 

an alumina (-Al2O3) substrate by direct current (DC) magnetron sputtering at different 

oxygen partial pressures ([PO2] = 0 %, 10 %, and 65 %). Their thermal conductivities at room 

temperature were measured to be 1.65, 1.76, and 2.58 Wm–1K–1, respectively. The thermal 

conductivities decreased with increase in the ambient measurement temperature. This thermal 

property is similar to that of crystalline materials.  

To analyse the IGZO thin-film transistor application, the back-channel etched Indium–

Gallium–Zinc–Oxide (IGZO) thin-film transistors (TFTs) with copper (Cu) source and drain 

(S/D) which are patterned by a selective etchant was fabricated and investigated the electrical 

properties. The main challenge of this work strongly stress on two factors, firstly patterned 

the source and drain contact by photolithography process with special Cu etchant without 

damaging the IGZO layer. Secondly, to protect the Cu diffusion into the IGZO thin film. The 

fabrication process parameters are optimized and the electrical properties is discussed. The 

Cu S/D were fabricated on molybdenum (Mo) layer to prevent the Cu diffusion to the active 

layer (IGZO). In this work, the IGZO TFTs with Mo/Cu S/D exhibits good electrical 

properties as the linear region mobility is 12.3 cm2/V-s, saturation region mobility is 11 

cm2/V-s, threshold voltage is 1.2 V and ION is 3.16 x 10-6 A. The results suggested an 

effective fabrication method for fabricating high mobility metal oxide TFT based on Cu S/D.  
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Chapter 1  

Introduction 

 

1.1 Background 

Metal oxide semiconductor especially indium gallium zinc oxide (IGZO) based thin 

films, have attracted huge research attention in display technology because of high electron 

carrier mobility, better uniformity over sizeable area and good optical transparency [1–3]. 

Nomura et al. reported first the amorphous and single crystalline IGZO active layer based 

thin film transistors (TFTs) in 2004 [4]. Figure 1.1 shows some important application based 

on IGZO TFTS.  

 

Figure 1.1: Important applications of IGZO TFTs. [5] 
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Compared with low-temperature poly-silicon (LTPS) and hydrogenated amorphous silicon 

(a-Si:H) TFTs, the IGZO TFT technologies are rapidly gaining popularity for enabling 

flexible or stretchable displays [6] [7]. Moreover, ZnO active-channel TFTs are promising 

solutions to high-resolution display technologies but are not suitable for large-area display 

applications owing to their small feature sizes[8]. Hsieh et al. fabricated ZnO TFTs with 

varying active-channel lengths and widths and achieved a saturation region mobility of >8 

cm2/Vs [9]. Concurrently, Yabuta et al. employed amorphous IGZO (a-IGZO) active 

channels in TFTs and observed good electrical properties, which indicate the possibility of 

large-area, high-resolution, and integrated circuit (IC) applications [1]. In transparent IGZO 

TFTs, it was first used as a single crystalline active channel material because of its high 

electron mobility (80 cm2/(Vs)) [10]. On the other hand, a-IGZO is also popular for 

stretchable or flexible electronics for its capability to be fabricated at room temperature with 

high mobility (µ ˃10 cm2/(Vs)) [11]. Figure 1.2 shows the historical overview of the 

development of oxide semiconductor based TFT devices. Moreover, IGZO can be a 

promising thermoelectric candidate for its comparable thermoelectric performance to other 

oxide candidates [12].  

 

Figure 1.2: Historical improvement of oxide semiconductor based TFT devices [13]. 



CHAPTER 1 

 

INTRODUCTION 

 

 

13 

 

 

Recently, IGZO TFTs are used as a switching device in the flat panel display such as 

active-matrix organic light-emitting diode (AMOLED) displays, active-matrix liquid crystal 

displays (AMOLCD) and electrophoretic displays [14][15]. Table 1.1 Summary of the 

comparison of the Different TFT technologies for next generation display technology. It is 

clear that a prospective semiconductor material is highly desired with high mobility and 

uniformity over large area capability. As increasing the resolution (≥ 8 K), display size (≥ 110 

inch) and high frame rate (≥ 480 Hz) for the flat panel display; the low-resistance metals are 

remarkably required for the source (S) and drain (D) electrodes. Because it will help to 

reduce resistance-capacitance (RC) delay of display panel to avoid image distortion and 

shading [16].  

 

Table 1.1 Summary of the comparison of the Different TFT technologies for next generation 

display technology. 

Materials of 

Active Layer 

Mobility 

(cm2/Vs) 

Visible Light 

Transparency 

Uniformity Over 

large Area 

Features 

a-Si:H < 1 Poor Good Low mobility 

Poly-Si ~ 100 Poor Poor Required 

addition process 

for 

crystallization 

ZnO 20 ~ 50 Good Poor High tendency to 

form poly phase 

IGZO 3 ~ 12 Good Good Balanced 
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between 

uniformity and 

mobility 

 

1.2 Motivation 

The motivation of this research is originated from the lack of detail studies on 

microstructure analysis of IGZO thin films and Cu S/D IGZO TFTs. IGZO can be a 

promising thermoelectric candidate for its good thermoelectric performance to other oxide 

candidates. The thermal conductivity of IGZO indicates its ability for heat conduction, which 

is subjected to various factors, and can be subdivided into electro- and phono-thermal 

conductivities revealed by phonon–phonon and electron–electron scattering. The thermal 

properties of IGZO thin films are also of vital importance for heat dissipation and thermal 

management of devices. Fundamental studies are needed to reveal the relationship between 

the thermal conductivity and microstructure of IGZO thin films. There is an argument about 

the microstructure of IGZO thin films. So the atomic-scale structure of IGZO films is 

important to investigate whether these are amorphous or crystalline. 

 

In the TFT application, the low-resistance metals such as Cu has attracted more 

attention as a S/D electrodes  to reduce resistance-capacitance (RC) delay but there is a big 

challenge to pattern the Cu S/D selectively using photolithography process without damaging 

the active layer (IGZO). Most of the Cu etchant are acidic which can damage the IGZO layer 

easily. Another concern is to prevent the Cu diffusion into the IGZO layer. The diffusion of 

Cu into IGZO deteriorates the electrical performance because it is acting as acceptor-like trap 

states of IGZO TFT.  
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1.3 Objectives of the Research 

To achieve the above-mentioned problem statement, following initiatives have been 

taken and the results are reported in this thesis: 

 

I. Scanning transmission electron microscopy (STEM) observations has carried out to 

confirm the presence of nanocrystals embedded in the amorphous matrix of the 

IGZO films. 

II. The temperature dependence of thermal conductivity of the Indium–Gallium–

Zinc–Oxide (IGZO) thin films has investigated with the differential three-omega 

method for the clear demonstration of nano-crystallinity. 

III. The electrical performance of the back-channel etched Indium–Gallium–Zinc–

Oxide (IGZO) thin-film transistors (TFTs) with copper (Cu) source and drain (S/D) 

has investigated. The Cu S/D was fabricated on molybdenum (Mo) layer to prevent 

the Cu diffusion in the active layer (IGZO).We deposited the Cu layer using 

thermal evaporation and performed the selective wet etching of Cu using non-

acidic special etchant without damaging the IGZO active layer. 

 

1.4 Organization of the thesis 

The thesis includes six chapters explaining the various theoretical and experimental 

findings. Microstructure analysis, temperature dependence of Thermal conductivity utilizing 

Three-omega method and back-channel etched IGZO TFTs have been studied. The 

arrangement of the thesis is as follows: 

 

Chapter 1: Introduction 
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Chapter 2: Microstructure Analysis of IGZO Thin Film 

Chapter 3: Overview of the Thermal Conductivity Characterization Techniques for Thin 

Films  

Chapter 4: Temperature Dependence of Thermal Conductivity of IGZO Thin Films 

Chapter 5: Application to Indium Gallium Zinc Oxide (IGZO) Thin Film Transistor 

Application 

Chapter 6: Overall conclusion and future recommendation 

 

The key points of each chapter are given:  

 

CHAPTER 1 

The chapter covers on the introduction to the IGZO thin films and TFTs, a summary of 

the different TFT technologies, motivation, aim of this research. Finally, this chapter clarifies 

the motivation and objectives of the thesis.  

 

CHAPTER 2 

The chapter illustrates the brief introduction of microscope features of scanning 

transmission electron microscope. It also presents the specimen preparation for scanning 

transmission electron microscopy(STEM) analysis using focus ion beam (FIB) milling 

process. Detail explanation of microscopic image is covered to understand whether the IGZO 

thin film is amorphous or crystalline. Further analysis of the annular dark-field STEM 

observation and selective area diffraction patterns are analysed to calculate the crystal size 

and lattice distance. 

CHAPTER 3 
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The chapter covers the overview of the thermal conductivity characterization 

techniques for thin films to make the comparison. The theory and measurement process of the 

Three-Omega (3ω) method is described in this chapter. The advantages and disadvantages 

and the solution to the characterization methods are also included. 

 

CHAPTER 4 

The chapter explains the brief sample preparation process for the temperature 

dependence of thermal conductivity using the 3ω method. This chapter also includes the 

temperature dependence thermal conductivity characterization of the Indium–Gallium–Zinc–

Oxide (IGZO) thin films utilizing the differential three-omega (3ω) method. Instead of results 

analysis, the phonon mean free path is estimated. Finally, this chapter includes the 

circumstantial conclusion of this research and clarifies the relationship between the 

temperature dependence thermal conductivity of IGZO thin films and microstructure.  

 

CHAPTER 5 

The chapter is covers the brief introduction and electrical characteristics analysis of 

IGZO TFTs, which clearly clarify the effect of Cu diffusion into IGZO thin film. Next, the 

work covers the electrical properties analysis and uses of the selective Cu etch which can etch 

the without damaging the IGZO layer.  

 

CHAPTER 6 

The chapter concludes the thesis ends with the major findings where the originality and 

contribution of the author, and recommendations for future improvement, have been made.  

  



  

 

 

 

Chapter 2  

Microstructure Analysis of IGZO Thin 

Film  

 

2.1 Introduction 

The preliminary aim of microscopy is to uncover objects those are very tiny not to be 

seen by eyes. The human eyes can not discover the objects which are too small as a few tens 

micrometer. There are many objects and structures that affect and control our daily life, 

which order of magnitude is smaller not able to observe by eyes. Microscopes are an 

important tool to explore and understand objects such as grain structure of crystalline 

materials, nano crystallinity, individual cells and viruses. Microscope surpass the natural 

physical limits and help to understand details of the environment. So, microscopes are the key 

to unlock the micro and nano universe. Every microscopy has specific characteristics to 

characterise the object. Indeed, it is completely unusual to unravel the whole nature of the 

object, most cases known part is analyzed quite a lot. Typically, there is an available priori 

information in the database, and there are specific questions which are needed to address 

during microscopic observation. The microscope reveals the form of magnified image of an 

object and unknots the unknown questions. The magnified image is supposed to reflect 

certain characteristics of a given object, such as its constitution, structure and shape. The 

microscope produces the details of the image which is not possible to see by eye. Although 

the image is never equivalent to the object. An image is all about an interpretation of the 
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object. In the microscopy, the interpretation is strongly associated with the proof or the 

radiation which is used to explore the object. 

By utilizing conventional optical microscope, the observation can be expand down to 

the objects that are bit smaller than a micrometer. Even though the image form is 

substantially better than what is doable with a normal vision of eyes. Although it is still very 

insufficient to resolve the atomic structure analysis of the materials. So the basic skeleton of 

materials is remaining out of reach. In order to understand the fundamental constitution of 

materials such as structure and physical properties, it is necessary to measure the information 

about materials’ atomic framework. As a diffraction techniques, Neutron and X-ray 

diffraction are powerful to capture atomic structure information but diffraction pattern does 

not contain any local information. To analyze the species of atom, location of individual 

atom, measuring element of atom and how it is connected with the neighboring atom; 

structural and local information is very important. 

Electron microscopy offers the opportunity to observe the materials which have smaller 

accessibility by optical microscope. Instead of optical light, transmission electron microscopy 

and scanning electron microscopy employ electron with energies between 50 to 1000 keV. 

The wavelength of electrons in between 5 and 1 pm. So that the magnitude of resolving 

conventional high resolution microscope is two order larger. This resolution is enough 

sufficient to access some kind of atomic resolution information, though the atom spacing on 

crystal lattice is in the order's range of 200 pm. Electron microscopy is enough good for 

atomic resolution imaging at but it is not effective for those materials whose surface atom can 

remove quite easily. The electron can damage the materials significantly. Furthermore, the 

resolution problem of conventional electron microscopy is not only related to the electron 

wavelength. There are many other factors which can affect the resolution of the microscope. 

One factor is aberration effect, i.e. non ideal imaging characteristics of lenses. The aberration 
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effect of image characterization carry the false or truncsted object informstion. The image is 

comprises a wrong interpretation of an object. The light and electron optics are not equivalent 

regarding aberrations. For this reason, the imaging characteristics of electron lenses are not 

perfect. Surely, there is no real light optical lenes which are perfect. Serial arrangement of 

convex and concave lenses can compensate for the aberration effect. 

The resolution limitation imposed by the aberrations but it does not mean that there is 

no object information in resolution limit micrograph. Modern but conventional electron 

microscopes transfer the object information to the image, which reaches beyond the actual 

resolution limit. However, the high resolution is not free from aberration effect. Though we 

can not read it from the micrograph directly. Hence, atomic resolution imaging is workable 

with scanning electron microscopes, as lens aberration may cause image artifacts. The image 

artifacts obscure the object information in a micrograph. By correcting the intrinsic 

aberrations of round electromagnetic electron lenses, the aberration effect can be minimized. 

Aberration-corrected image is the formation of micrographs which no longer suffer from 

aberrations. Thus, it shows an improved resolution which contains accurate information and 

simple interpretation of the object. 

This chapter covers the Scanning transmission electron microscopy (STEM) 

observations we to characterize the nanometer-scale microstructure of the IGZO thin film. 

The specimen preparation process is also described elaborately. 

  

2.2 Scanning Transmission Electron Microscopy 

2.2.1 Overview 

A scanning transmission electron microscope (STEM) is a type of transmission electron 

microscope (TEM). By passing through a sufficiently thin specimen, the conventional 

transmission electron microscopy image is formed. In STEM, the electron beam is focused on 
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a fine spot and scanned all over the sample in a raster illumination system constructed. For 

this reason, the sample is illuminated at each point with the beam parallel to the optical axis. 

Typically the spot size is 0.05 - 0.2 mm. The rastering of the beam across the sample makes 

suitable analytical techniques such as Z-contrast annular dark-field imaging, and 

spectroscopic mapping by energy dispersive X-ray (EDX) spectroscopy, or electron energy 

loss spectroscopy (EELS). Figure 2.1 shows the schematic of scanning transmission electron 

microscopy mode. 
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Figure 2.1: Schematic of STEM mode. 

2.2.2 STEM detectors and imaging mode 

2.2.2.1 Annular Dark – Field Imaging 

Annular dark-field imaging is a method of mapping of samples in a STEM. These 

images are formed by collecting the scattered electrons by using annular dark-field detector. 

In conventional TEM, an objective aperture is used to form dark-field imaging, which only 

collects scattered electrons that pass through. In contrast, STEM dark-field imaging uses an 

annular detector to collect only scattered electrons, but not use any aperture to differentiate 

the scattered electrons from the main beam. Consequently, the contrast mechanisms are 

different between conventional dark field imaging and annular dark field. An annular detector 

collects electrons from an annulus around the beam and it can sampling more scattered 

electrons than can pass through an objective aperture. This allows the main beam to pass to 

an electron energy loss spectroscopy (EELS) detector. Annular dark field imaging is 

commonly performed in parallel to bright-field STEM imaging and in parallel with energy-

dispersive X-ray spectroscopy.  

2.2.2.2 Bright-Field Imaging 

Bright-field detector of STEM is located in the path of the transmitted electron beam. 

The Axial bright-field detectors are located in the centre of the illumination of the transmitted 

beam. This detector collects the electrons transmitted in the path of the beam close to the 

optical axis. It often provides complementary images of annular dark-field imaging. 

Sometimes, the bright-field detectors have been used to obtain atomic resolution image. 
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2.3 Sample Preparation  

2.3.1.1 Thin Film Deposition 

A 500 nm IGZO (In:Ga:Zn = 1:1:1) thin films with were deposited on an alumina 

substrate by DC magnetron sputtering method at room temperature. The deposition rate of 

IGZO is around 2.5 nm/min. A mixture of Ar and O2 gas was used during the sputtering 

process. The oxygen partial pressure [PO2] was calculated from the ratio of O2 gas flow rate 

and total Ar/O2 flow rates. Three samples at various [PO2] such as [PO2] = 0 % (Sample A), 

[PO2] = 10 % (Sample B, and [PO2] = 65 % (Sample C) were deposited for pursuing the 

measurement. 

2.3.1.2 Sample preparation using FIB milling for STEM Analysis 

The focus ion beam (FIB) milling technique is commonly use to prepare the sample for 

transmission electron microscope or scanning transmission electron microscope analysis. The 

sample should be very thin around 100 nm or less.  

 

Figure 2.2: The principle of Focus Ion Beam milling. 
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The nanometre-scale resolution of FIB allows to mill the chosen exact region of interest 

is shown in Figure 2.3. The primary ion  gallium hits the sample surface produces secondary 

electrons (e−). It sputters a small amount of material, which leaves the surface as either 

secondary ions (i+ or i−) or neutral atoms (n0). The focused Ga-ion beam milling in a dual-

beam apparatus to prepare the cross-sectional sample. 

 

 

Figure 2.3: FIB milling Process 

Before performing focused ion beam (FIB) milling, Platinum (Pt), Tungsten (W), and 

Carbon (C) protection layers on the IGZO thin film. First, in the FIB milling process, we 

milled both sides of the cross-sectional sample of the IGZO thin film down to a thickness of 

1.0 µm at 30 kV and 1.0 nA. Second, this sample was thinned down to 0.5 µm at 30 kV and 

0.5 nA. Third, the sample was milled down further to 0.3 µm at 30 kV and 0.3 nA. Finally, 

we performed FIB milling at 30 kV and 0.1 nA to obtain a cross-sectional sample with a 

thickness less than 50 nm. Figure 2.4 shows sample preparation process using FIB milling. 

Exact region for FIB milling 
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After the FIB milling processes, additional Ar ion milling  was performed to remove the 

damaged layer formed on the sample surfaces by the Ga ion bombardment. Transmission 

electron microscopy (TEM) and scanning transmission electron microscopy (STEM) 

observations were performed using a Thermo Fisher Scientific Titan G2 60-300 (Thermo 

Fisher Scientific, USA) and JEOL ARM-200F (JEOL, Japan) electron microscope equipped 

with spherical aberration correctors. 

 

 

 

(a) 
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(b) 

 

 

(c) 
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(d) 

 

(e) 
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(f) 

 

(g) 

 

Damage layer 

Removed damage layer after Ar milling 

 

IGZO 
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(h)  

Figure 2.4: Sample Preparation using FIB milling (a)1st milling step, (b) 2nd milling 

step, (c) transfer the sample from specimen substrate using needle, (d) fixed on the sample 

holder (e) 3rd milling step, (f) 4th milling step (g) Bright-field (BF) transmission electron 

microscopy (TEM) image of a cross-sectional IGZO/α-Al2O3 film indicating Ga ion beam 

damage (red box), (g) a cross-sectional BF-TEM image after subsequent low-power Ar 

milling that effectively removed the damaged layer on the cross-sectional specimen (red 

box), and (h) a plan-view secondary-ion microscopy image of the thin foil specimen with a 

thickness less than 50 nm prepared by the Ga/Ar ion beam-milled Sample B. 

 

2.3.2 Microstructure Analysis 

The crystallinity of the IGZO thin films is verified using STEM observations. A typical 

result is shown in Figure 2.5. As shown in Figure 2.5 (a) and (b), the cross-sectional STEM 

images acquired from the different regions of the IGZO film show nano crystallinity. Herein, 

the IGZO specimen of less than 50 nm thickness was prepared by FIB. This shows the 

Less than 50 nm 

FIB Specimen  
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imperfect crystallinity with local variations in lattice spacing. Because such areas with non-

perfect crystallinity overlap with one another along the electron beam direction, it is 

challenging to directly visualize the local crystallinity. Nevertheless, certain areas showed 

evident lattice fringes in the amorphous matrix. The selected area electron diffraction pattern 

in Figure 2.6 (a) and (b) exhibits certain intensity maxima on the Debye ring. This feature 

strongly supports the formation of nanocrystals in the IGZO films. From the real and 

reciprocal space data, it is interpreted that (i) the average crystalline grain size is ap-

proximately 2–5 nm and (ii) the most common lattice spacing is approximately 0.24 nm to 

o.26 nm [ Figure 2.7 (a) and (b)]. 
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(a) 
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(b) 

Figure 2.5: Cross-sectional scanning transmission electron microscopy (STEM) observation 

of Sample B. (a) and (b)Annular dark-Field (ADF) STEM image in different position. 
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(a) 
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(b) 

Figure 2.6: (a) and (b) selective area diffraction pattern acquired from the IGZO film under 

the TEM (parallel beam) mode at different region of specimen. 

 

 

0.26 nm 
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(a) 

 

(b) 

Figure 2.7 (a) and (b) lattice distance in two different regions 

2.4 Conclusion 

Electron microscopy observations revealed the presence of nanocrystals embedded in 

the amorphous matrix of the IGZO films. The annular dark-field (ADF) STEM observations 

revealed that nanosized crystals with an average crystal size of 2–5 nm and a lattice distance 

of approximately 0.24 nm to 0.26 nm were formed in the amorphous matrix of the fabricated 

IGZO thin films. 



  

 

 

 

Chapter 3  

Overview of the Thermal Conductivity 

Characterization Techniques for Thin 

Films 

Equation Chapter (Next) Section 1 

The knowledge of the thermal conductivity is used in a wide range of the applications 

in device application, photonics, microelectromechanical system (MEMS) and thermoelectric 

[17–19]. The thermal conductivity measurement technique for thin film has been developed 

significantly in last 20 years [20][21]. Despite these advancements, the thermal conductivity 

characterization of thin films remains a difficult task. In direct thermal conductivity 

measurement method, heat flux and the temperature difference between two points of the 

sample has required to determine. There are two types of measurement method for direct 

thermal conductivity measurement of thin film.  

1. In-Plane thermal conductivity measurement 

2. Cross-plane thermal conductivity measurement. 
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Figure 3.1: Sample configuration and challenges of the characterization [22]. 

 

Figure 3.1 shows the typical thin film sample configuration and the experimental 

difficulties with the thermal transport analysis of thin film on the substrate. To obtain the 

cross-plane thermal conductivity, it is required to measure the temperature drop across the 

film thickness. The challenge comprises two factors. first, reasonable temperature drop is 

created without creating large temperature rise in the substrate. Secondly, it is very difficult 

to experimentally measure the temperature drop across the thin film. The key problem of the 

in-plane measurement is the heat leakage through the substrate. For this reason, it is very 

difficult to measure the actual heat flow in the plane of the thin film, whose thickness is from 

nanometres to microns.  

The cross-plane thermal conductivity measurement can be divided into two methods, 

such as, 

I. The Three-Omega (3ω) Method 

II. Steady-state Method 



CHAPTER 3 

 

OVERVIEW OF THE THERMAL CONDUCTIVITY 

CHARACTERIZATION TECHNIQUES FOR THIN FILMS 

 

 

38 

 

To avoid in-plane thermal conductivity measurement problems, there are three types of 

method, such as, 

I. Membrane Method 

II. Bridge Method, and 

III. Heat spreading method 

 

In these sections, each of the mentioned methods are generally explained to choose the 

suitable measurement technique for thermal conductivity measurement of IGZO thin films. 

3.1 Electrical heating and sensing techniques 

Electrical heating and sensing techniques are used to obtain the thermal conductivity 

characterization of thin films. Some methods employed the heaters also as a temperature 

sensor. In other techniques, separate heater and sensors are used. The electrical heating and 

sensing technique is better than optical heating and sensing technique because the heat 

transfer into the sample is possible to control. For this reason, it is possible to determine the 

temperature rise clearly. So that it is easier to measure the thermal conductivity directly. 

Sometimes, micro-heaters and micro-sensors are used to create high heat flux and 

temperature rise is possible to measure in micron scale. In cross-plane method, the strategies 

are measuring the surface temperature of the sample rather than the temperature drop by 

creating a large heat flux through the thin film while the substrate heat flux is minimized. 

Figure 3.2 shows the cross-plane thermal conductivity measurement strategy. 
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Figure 3.2: Cross-plane thermal conductivity characterization strategy.  

 

3.2 Cross-plane thermal conductivity measurement of thin-film 

3.2.1 The Three – Omega (3ω) Method 

In the Three-Omega (3ω) method, a thin metallic strip is deposited on the sample 

surface which is act as a temperature heater and temperature sensors. An alternating current 

(AC), with angular frequency (ω) and amplitude 𝐼𝑜 passing through the metallic strip. 

According to joule heating, the strip generates a heating source with power,  

Ac current,  𝐼(𝑡) = 𝐼𝑜cos⁡(𝜔𝑡)     (3.1) 

𝑃(𝑡) = 𝐼𝑜
2𝑅ℎ𝑐𝑜𝑠

2(𝜔𝑡) = (
𝐼𝑜
2𝑅ℎ

2
)
𝐷𝐶

+ (
𝐼𝑜
2𝑅ℎcos⁡(2𝜔𝑡)

2
)
2𝜔

  (3.2) 

 

Where 𝑅ℎ is the resistance of the metallic strip under the experimental condition. The 

temperature rise of the sample is also a superposition of DC component and 2ω AC 

component:  

𝑇(𝑡) = 𝑇𝐷𝐶 + 𝑇2ωcos⁡(2ωt + φ)    (3.3) 
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Here, 𝑇2ω is the amplitude of the AC temperature rise and φ is the phase shift induced 

by the thermal mass of the system. The resistance of the heater will change with 2𝜔 variation 

if the resistance of heater depends lineally on temperature. So the resistance of the metallic 

strip is,  

𝑅ℎ(𝑡) = 𝑅𝑜[1 + 𝐶𝑟𝑡{𝑇𝐷𝐶 + 𝑇2𝜔cos⁡(2𝜔𝑡 + 𝜑)}]   

= 𝑅𝑜(1 + 𝐶𝑟𝑡𝑇𝐷𝐶)𝐷𝐶 + (𝑅𝑜𝐶𝑟𝑡𝑇2𝜔 cos(2𝜔𝑡 + 𝜑))2𝜔  (3.4) 

 

Where 𝐶𝑟𝑡 is the temperature coefficient of the resistance (TCR) of the heater and 𝑅𝑜 is 

the heater resistance at room temperature. The voltage drop across the strip can be calculated 

by multiplying current (3.1) and the resistance (3.2):  

𝑉(𝑡) = 𝐼(𝑡)𝑅ℎ(𝑡)      

= [𝐼𝑜𝑅𝑜(1 + 𝐶𝑟𝑡𝑇𝐷𝐶) cos(𝜔𝑡)]𝑝𝑜𝑤𝑒𝑟𝑠𝑜𝑢𝑟𝑐𝑒 + (
𝐼𝑜𝑅𝑜𝐶𝑟𝑡𝑇2𝜔

2
cos(3𝜔𝑡 + 𝜑))

3𝜔
 

 

+(
𝐼𝑜𝑅𝑜𝐶𝑟𝑡𝑇2𝜔

2
cos⁡(𝜔𝑡 + 𝜑))

1𝜔
  (3.5) 

 

This expression contains the voltage drop of 1𝜔 frequency based DC resistance of the 

heater and two new components which is proportional of the temperature rise in the heater, 

modulated at 1𝜔 and 3𝜔 frequencies, respectively. The 3𝜔 voltage component is detected by 

lock-in-amplifier or LABVIEW digital to analog (D/A) converter to extract the temperature 

amplitude of the heater: 

𝑇2𝜔 =
2𝑉3𝜔

𝐼𝑜𝑅𝑜𝐶𝑟𝑡
≈

2𝑉3𝜔

𝑉1𝜔𝐶𝑟𝑡
     (3.6) 
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The heat conduction model is used to obtain the thermal conductivity of substrate and 

thin film. The temperature amplitude of the heater can be written as, 

𝑇𝑆+𝐹 = 𝑇𝑆 +
𝜌𝑑𝑓

2𝑏𝑤𝑘𝑓
     (3.7) 

Where 𝑏 is the half-width of the heater, 𝜌 𝑤⁄  is the power amplitude dissipated per unit 

length, 𝑑𝑓 is the film thickness, 𝑘𝑓 is the thermal conductivity of the thin film, and 𝑇𝑆 is the 

temperature rise between the film and substrate. To determine the thin film thermal 

conductivity, the temperature between film and substrate is important to determine 

accurately. The way to estimate the temperature drop across the thin film is to infer it 

experimentally [23]. This technique measures the difference between the top surface 

temperature rise between the sample and the reference (only substrate). Figure 3.3 shows the 

schematic diagram and example of the method.  

 

(a) 

(b) 
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Figure 3.3: (a) Schematic diagram of sample and reference, (b) example of the experimental 

method [22]. 

3.2.2 Steady – State Method 

A steady-state method has also employed to determine the cross-plane thermal 

conductivity of thin film and the thermal boundary resistance between the micron size 

heater/thermometer and the substrate [20][24]. In this method, at least two, and sometimes 

three, metallic strips are used to determine the temperature rise of thin film and reference. 

One stripe has a large width for the temperature rise of the film surface which is acting as a 

heater as well as thermometer. A second thermometer is placed nearness at a known distance 

to the heating strips, which provides the temperature rise of the substrate. Using the two-

dimensional heat conduction model and a known thermal conductivity of the substrate, 

temperature rise of the substrate is possible to determine. If the substrate thermal conductivity 

is unknown, then a third thermometer is at the different position away from the heater is used 

to determine the substrate thermal conductivity. By depositing thermometer array onto the 

substrate, the thermal boundary resistance between the heater and the substrate is possible to 

measure. In conclusion, the 3ω method is easier than steady-state method. 

3.3 In-plane thermal conductivity measurement of thin-film 

The thermal conductivity measurement in-plane direction, often used the strategy to 

remove the substrate for the determination of the heat flux through the thin film. The 

structure of the film with a heater which is suspended from the substrate is called free-

standing structure. Another technique is deposit thin film onto thin and low thermal 

conductivity sample which minimize the heat leakage. Another method sometime takes 

advantages of the lateral heat spreading at surrounds of the heater. Figure 3.4 shows the 

thermal conductivity characterization strategies in the in-plane direction. 
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Figure 3.4: In-plane thermal conductivity measurement strategies 

3.3.1 Membrane Method 

There are two strategies have been developed for the thermal conductivity measurement 

of film using membrane method. One of the configurations of membrane structure is a 

suspended structure where the heater and thermometer are fabricated on a large membrane 

[25–29]. The membrane can be the film on a thin substrate structure which is suspended 

between massive heat sink [25]. Another way is to remove the substrate underneath the film, 

making the film as a free-standing structure. Figure 3.5 shows the configuration of membrane 

method. In both cases, the heat is generated through the heater and spreads from the middle 

of the membrane towards its edges. The heater detected the temperature profile. The thermal 

conductivity of the film can be determined as,  
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𝑘 =
𝜌𝐿

𝑤𝑑(𝑇ℎ−𝑇𝑠)
      (3.8) 

Where 𝜌 𝑤⁄  is power dissipation of the heater per unit length, L is the distance from heater to 

heat sink, 𝑇ℎ is the temperature rise of the heater, and 𝑇𝑠 is the temperature of sink. The 

experiment should be carried out in a vacuum state.  

 

(a) 
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(b) 
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(c) 

Figure 3.5: Important experimental methods for in-plane thermal conductivity 

characterization: (a) membrane method, (b) bridge method, and (c) in-plane heat spreading 

method using buried thermal barriers with narrow width wire [22].  
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3.3.2 Bridge Method 

The principle of the bridge method for the in-plane thermal conductivity 

characterization is shown in Figure 3.5 (b). This method is only applies if a current can pass 

through pass through the film. If the film is insulating, then another conductive layer with 

known properties is needed to deposit onto film. The film is patterned as thin strip which 

makes a bridge between the gap of two heat sinks. The film itself acts as a heater and 

thermometer when an AC current passes through it. The temperature rise of the heater is 

determined by the change of its resistance. The experiments should be performed in vacuum 

ambient as membrane method to minimize the convection heat transfer effect.  

 

3.3.3 Heat spreading Method 

In this method, the film is deposited on thin and low thermal conductivity supporting 

films. General deposition process is not applicable, the film should be grown epitaxially. 

Figure 3.5 (c) shows the sample structure of the heat spreading method. Low thermal 

conductivity supporting film acts as a thermal insulation. A heating strip is deposited onto the 

film surface, which is act as a heater [30]. When an AC current passes through the heater, the 

temperature rise is sensitive to the in-plane thermal conductivity of the film. Ju et al. reported 

that the steady-state temperature distribution in the film plane is determined by electrical 

resistance thermometry in heater strip at different distance to the heat source [31]. The 

thermal conductivity of film can be determined from the experimental temperature rise and 

input power. The model considers the heat conduction across the thermal insulating layer to 

the substrate and along the film.  

 



  

 

 

 

Chapter 4  

Temperature Dependence Thermal 

Conductivity of IGZO Thin Films 

 

Indium–Gallium–Zinc-Oxide (IGZO) thin-film transistors (TFTs) have attracted 

considerable research attention in the area of TFT technology. Their electronic device 

applications are being enhanced owing to their remarkable performance, e.g., high electron 

carrier mobility, better uniformity over a large area, and potential optical transparency  [3]. 

Moreover, IGZO can be a promising thermoelectric candidate for its comparable 

thermoelectric performance to other oxide candidates [12]. The thermal conductivity of IGZO 

indicates its ability for heat conduction, which is subject to various factors, and can be 

subdivided into electro- and phono-thermal conductivities revealed by phonon–phonon and 

electron–electron scattering [32]. The thermal properties of IGZO thin films are also of vital 

importance for heat dissipation and thermal management of devices. Although the atomic-

scale structure of IGZO films is unclear whether these are amorphous or crystalline [33–35]. 

Regardless of various studies on thermoelectric properties of IGZO thin film, there are no 

significant studies which on the relation between temperature dependence thermal 

conductivity and microstructure analysis. Consequently, first this chapter presents the 

fabrication process and conditions of IGZO thin films. Secondly, this chapter includes  the 

temperature dependence thermal conductivity characterization of the Indium–Gallium–Zinc–

Oxide (IGZO) thin films with the differential three-omega (3ω) method. Thirdly, instead of 
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temperature dependence thermal conductivity results analysis, the phonon mean free path is 

estimated. Finally, this chapter includes the circumstantial conclusion of this research.  

 Sample Preparation for 3ω measurement 

A 500 nm IGZO (In:Ga:Zn = 1:1:1) thin films with were deposited on an alumina 

substrate by DC magnetron sputtering method at room temperature. The deposition rate (2.5 

nm/min) of this method is higher than others, such as pulsed laser deposition (PLD), radio 

frequency (RF) sputtering [36]. A mixture of Ar and O2 gas was used during the sputtering 

process. The oxygen partial pressure [PO2] was calculated from the ratio of O2 gas flow rate 

and total Ar/O2 flow rates. Three samples at various [PO2] such as [PO2] = 0 % (Sample A), 

[PO2] = 10 % (Sample B, and [PO2] = 65 % (Sample C) were deposited to pursue the 

measurement. Figure 4.1  shows a plan view of the dimension of shadow mask and a cross-

sectional view of the film samples and reference. A 30 nm aluminum wire strip is deposited 

on the IGZO thin film in vacuum using 30 µm width and 2 mm length shadow mask for 

three-omega measurements [37]. 

 

 

 

(a) 
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(b) 

 

 

(c) 

Figure 4.1: Plan view of the shadow mask of the heater with the length of 15 mm, width of 10 

mm and a thickness of 20 µm (a) and the schematic diagram of a film sample (b) and the 

reference (c). 

 

4.1 Temperature Dependence Thermal Conductivity Measurement Using 3ω Method 

The 3ω method is a highly simple, accurate and effective thermal conductivity 

measuring technique of thin films and bulk materials [38][39]. In this method, an insulating 

thin layer is required between aluminium thin wire and IGZO thin film to prevent the current 

flow through the sample and substrate. The aluminium wire strip act as a heater and 

thermometer at the same time. An alternating current (AC) was applied through the 
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aluminium wire strip with an angular frequency of ω. Furthermore, a 10 Ω shunt resistance 

was connected in series to acquire the reference signal at a frequency of ω. The metallic wire 

strip was Joule heated at a frequency 2ω, of according to P = I2R. The metallic resistance 

temperature coefficient, (1 / R) (dR / dT), was measured by heating the sample. With the 

application of an AC at ω, voltage oscillation at a frequency of 3ω (denoted as V3ω) could be 

observed. The temperature oscillation (T2ω) at the frequency of 2ω, expressed as 

 

𝑇2𝜔 = 2
𝑑𝑇

𝑑𝑅
∙ ⁡

𝑅

𝑉1𝜔
∙ 𝑉3𝜔     (4.1) 

 

The electrical resistance is proportional to the temperature. For this reason, the 

temperature is also fluctuated at 2ω due to Joule heating at 2ω. The metallic wire resistance 

was varied with the oscillation at 2ω, i.e., T2ω. The thermal conductivity of the thin film, Kf, 

can be expressed as follows: 

 

κf =
Pdf

wl∆T2ω,f
      (4.2) 

 

where P is the AC heating power, df is the thickness of the film, w is the width, and l is 

the length of the wire strip. A 16-bit digital-analog converter and LabVIEW® system were 

functioned to track the 3ω signal. The 3ω is ten thousand times smaller than that of the ω 

voltage signal and it is possible to measured even at an intensity. The thermal conductivity of 

various temperature was also measured from room temperature to 373 K. To determine the 

thin film thermal conductivity, the temperature between film and substrate is important to 

determine accurately. The way to estimate the experimentally temperature drop across the 
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thin film is to infer it. Figure 4.2 shows the temperature oscillation (1 / R) (dR/dT) across the 

IGZO thin film (T2ω, f) at the frequency of 2ω. The difference between the top surface 

temperature rise between the sample and the reference (only substrate) is measured from the 

experimental values of temperature oscillation with increasing of frequency. 

 

(a) 
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(b) 

 

(c) 

Figure 4.2: Temperature oscillation Amplitude of (a) Sample A, (b) Sample B, and (c) 

Sample C at room temperature. 
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The thermal conductivity values of Samples A, B, and C at room temperature are  1.65, 

1.76, and 2.58 W m –1K–1, respectively. The thermal conductivity of samples B and C is 

higher than sample A because of higher oxygen partial pressure of IGZO thin films. Oxygen 

partial pressure is directly associated with the oxygen vaccancies. Figure 4.3 shows the 

thermal conductivity values of samples A, B, and C at different temperatures. It is clearly 

revealed that the thermal conductivity decreased with an increase in temperature. This 

temperature dependence is similar to that for crystalline materials because the thermal 

conductivity of amorphous materials increases with an increase in temperature in the room-

temperature region [40–43]. The thermal conductivity is directly associated with the mean 

free path and have proportional relationship. The phonon mean free path of all amorphous 

materials is shorter than crystalline materials. 

 

Figure 4.3: Temperature dependence of thermal conductivity of IGZO thin films in the 

temperature range from room temperature to 373 K. 
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4.2 Estimation of Mean-Free Path 

Heat conduction in solids is possible to explain using the phonon-phonon interaction 

phenomenon. The thermal conductivity of phonon can be described according to the phonon 

gas model, can be expressed using the following equation: 

 

k =
1

3
Cvvl     (4.3) 

 

Where k is the thermal conductivity of phonon, Cv, v and l are the specific heat 

capacity, average phonon velocity, and phonon mean free path, respectively. The specific 

heat capacity of the thin film may be fixed and not dependent on the film thickness or 

chemical composition. The average phonon velocity (v) can be assumed as the sound 

velocity, which is calculated using the following equation: 

 

v = √
E

ρd
.      (4.4) 

 

Where E is Young’s modulus and ρd is the film density. Film density may vary 

depending on film thickness or deposition condition, but it is negligible. The thermal 

conductivity directly dependent on the mean free path, so that it is a very important 

parameter.  Figure 6 shows the values of Young’s modulus, which is measured by the nano-

indentation method at various indentation depths. Although it is not evident why the 

measured values increase with the indentation depth, the average Young’s modulus of the 

IGZO films can be determined around 200 GPa from a narrow plateau at the indentation 
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depth of 100 nm. The Young’s modulus and the phonon velocity are constant across the 

sample. The density and specific heat capacity of the IGZO films are reported to be 5.86 

g.cm–3 and 426 Jkg–1K–1[43]. 

 

 

Figure 4.4: Young’s modulus with various indentation depths of 500 nm IGZO thin films 

 

The phonon mean free paths were estimated at room temperature using equations k =

1

3
Cvvl     (4.3) and v = √

E

ρd
.     

 (4.4), which are very narrow around the nanometer range. In Figure 4.3, the thermal 

conductivity of [PO2] = 65 % (Sample C) is higher than those of [PO2] = 0 % (Samples A) 

and [PO2] = 10 % (Sample B). This indicates that the phonon mean free path of [PO2] = 65 % 

(Sample C) is longer than others. The thermal conductivity is decreasing with an increase in 

temperature because the phonon-phono scattering is increasing with an increase in 
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temperature. This phenomenon is a common feature for all crystalline materials. The mean 

free path has an inverse proportional relationship with the temperature. Hence, the thermal 

conductivity of T–1 dependence is negligible in amorphous materials (glass) significant in 

crystal. At low temperatures, the mean free path is intrinsically short owing to the short-range 

order atomic arrangement . Therefore, the temperature dependent thermal conductivity of 

IGZO thin films shown in Figure 4.3 indicates a clear demonstration of the significant 

crystallinity. 

 

4.3 Conclusions 

The temperature dependence thermal conductivity of the IGZO thin films clearly 

demonstration the presence of nano-crystallinity. The thermal conductivities decreased with 

increase in the ambient measurement temperature is similar thermal property to that of 

crystalline materials. This study clearly states a relationship between microstructure analysis 

and thermal conductivity characterization. 

  



  

 

 

 

Chapter 5  

Application of Indium Gallium Zinc Oxide 

(IGZO) Thin Film Transistor Application 

 

5.1 Overview of Indium Gallium Zinc Oxide TFTs 

In 1792, Alessandro Volta first introduced the term “semiconducting” [44]. After that, 

the semiconductor materials and devices started to change the world beyond its expectation. 

The history of semiconductors really dates to 1833, when Michael Faraday scientifically 

observed experimentally the effect of electrical conductivity of silver sulphide increased with 

increasing temperature [45]. Based on the understanding of a metal-semiconductor contact 

i.e. Schottky diode, in 1939 [46], Shockley invented an electronic switching device named 

metal-semiconductor field-effect transistor (FET). Thin-film transistors (TFTs) are a special 

kind of FET made by deposition of semiconductor thin film layers which is acting as an 

active layer and dielectric layer and metallic contact on a substrate. The journey of TFTs era 

has started when P.K. Weimer invented a staggered structure of TFT with source and drain 

contacts on the opposite side of semiconductor thin film layer from the gate at RCA 

laboratory in 1962 [47]. The semiconductor channel layer of TFTS can be made using 

various types of semiconductor materials, such as silicon, polycrystalline silicon, organic and 

compound semiconductor. High field-effect mobility, uniform, and stable TFT technology 

has attracted great attention for application in next generation flat-panel displays (FPDs). 
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5.1.1 Amorphous Hydrogenated Silicon (a-Si:H) TFTs 

Since 1976, amorphous silicon (a-SI) TFTs have been used in active-matrix flat panel 

displays, X-ray image sensor and optical scanners as an addressing circuit [48][49][50]. The 

common feature of amorphous materials is the disorder of atomic structure. For this reason, 

there is a very high defect in a:Si which limits the performance of the semiconductor devices. 

To overcome this problem, hydrogenated amorphous silicon (a-Si:H) was described by 

Lecomber et al. in 1979 and after that has been used in electronic devices because of it has 

asignificantly low number of defects [51–55]. The a-Si:H TFTs have been widely used in the 

active-matrix liquid crystal display (AMLCD) industry. However, the stability of a-Si:H 

TFTs is deteriorated in organic light-emitting diodes (AMOLEDs) displays while employing 

a-Si:H TFT backplanes on clear plastic substrate. The threshold voltage increases with the 

time because of the charge trapping in the gate insulator (GI) and defect creation in the a:Si 

layer [56]. This problem becomes severe for low process temperature TFTs on a clear plastic 

substrate (<<300 °C). The device performance is limited by low field effect mobility (less 

than 1 cm2/V-s) of active channel materials.  
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Table 5.1: Comparison of different TFT technologies 

Items Poly-Si TFT a-Si:H TFT Organic TFT a-metal oxide 

TFT 

Mobility ~100 <1 1 – 10 >10 

Uniformity Poor Good Poor Good 

Scalability 4 G >10 G 8 G 8 G 

Reliability Bias 

Stress 

Very good Poor Poor Good 

Reliability 

light Stress 

Very good Poor Poor Good 

TFT mask 5 - 9 4 - 5 4 - 5 4 - 5 

Cost / Yield High / low Low / high Low / high Low / high 

Process 

temperature 

250 ~ 500 °C ~ 250 °C <200 °C RT - 400°C 

Deposition 

method 

PECVD PECVD Printed, 

Solution 

Sputtering 

Band gap ~ 1.5 eV ~ 1.7 eV 2 – 3 eV ~ 3 eV 
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5.2 Amorphous Oxide TFTs 

Amorphous oxide TFTs are widely using as a switching and driving devices for active-

matrix flat panel displays (AMFPDs) based on AMLCDs and AMOLEDs, medical imagers, 

bio-sensors, pressure sensors, low-power communication and energy harvesting [5,57,58]. 

Different TFTs technologies such as a-Si:H, Poly-Si, metal oxide and organic semiconductors 

have received great attention for the rapid developments TFTs for next generation displays. 

Table 5.1 shows the comparisons among different TFT technologies. The electrical properties 

of  poly-Si TFT have better than a-Si:H, such as high carrier mobility (> 100 cm2/V-s), 

excellent light and bias stability [59]. Poly-Si is widely used in lightweight, portable, low 

power and high resolution FPDs because it has some drawback such as the uniformity and 

scalability due to grain boundaries. On the other hand, a-Si:H TFTs will be difficult to apply 

in the OLED displays because it has many demerits such as low mobility, electrical bias 

stress and instability under illumination [60–62]. So higher field-effect mobility, minimum 

threshold voltage, and high on current are still challenge. Figure 5.1 shows the required 

mobility of TFT as functions of the number of pixels in the display. 
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Figure 5.1: Requirement of mobility for higher-definition FPDs 

 

5.3 Current issues on TFT technology 

Nowadays Indium–Gallium–Zinc-Oxide (IGZO) thin-film transistors (TFTs) have 

received considerable research attention as active-matrix backplanes for the next generation 

display technology [5][63]. Recently, IGZO TFTs are used as a switching device in the flat 

panel display such as active-matrix organic light-emitting diode (AMOLED) displays, active-

matrix liquid crystal displays (AMOLCD) and electrophoretic displays [14][15]. As 

increasing the resolution (≥ 8 K), display size (≥ 110 inch) and high frame rate (≥ 480 Hz) for 

the flat panel display; the low-resistance metals are highly required for the source (S) and 

drain (D) electrodes of IGZO TFTs to reduce resistance-capacitance (RC) delay of display 
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panel to avoid image distortion and shading [16,64,65]. However, several reports have been 

revealed that Cu can be a promising material for S/D contact but the diffusion of Cu into 

IGZO deteriorates the electrical performance because it is acting as acceptor-like trap states 

of IGZO TFT [66–70]. Recently, a low resistance stacked structure of S/D on IGZO was 

introduced to enhance the contact properties [71–73]. The Ti and Mo has used widely as an 

interfacial layer to protect the Cu diffusion into IGZO and to reduce the impact of the 

Schottky barrier. The work function of Mo and Ti is 4.7 eV and 4.3 eV, respectively which 

are very closer to IGZO (4.5 eV). In this aspect, Mo-Cu stacked layer is becoming more 

popular for S/D contact but it is very difficult to pattern the Cu selectively with Cu etchant 

without damaging active layer which is the main focus in this research. 

5.4 Experiments 

5.4.1 Fabrication process 

An inverted staggered bottom-gate IGZO were prepared on a glass substrate. First, the 

gate electrode with Al-Nd (85 nm)/ Mo (15 nm) was deposited on a glass substrate by DC 

magnetron sputtering. Figure 5.2 shows the schematic diagram of DC magnetron sputtering 

method. Al-Nd alloy is deposited to avoid the electro migration and Mo is used as a barrier 

layer. The gate electrode was patterned using the photolithography process and wet etching. 
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Figure 5.2: Diagram of the DC magnetron sputtering process [74] 

Subsequently, a gate insulator (GI) of 150-nm thick SiO2 was formed using plasma 

enhanced chemical vapor deposition (PECVD). Then, a 15-nm IGZO thin film as an active 

layer was deposited by DC magnetron sputtering in the mixture gas of Ar and Ar-O2 (90%-

10%) at 150°C, from the ceramic target atomic ratio In:Ga:Zn = 1:1:1. The deposition 

chamber pressure was evacuated less than 1x105 Pa and the working pressure was 1 Pa. After 

that the active layer and GI layer was patterned. The oxygen partial pressure was calculated 

as [P (O2) = O2 / (Ar + O2)] and fixed at 1%. A 40 nm of 99.999% pure Cu interlayer was 

deposited on patterned active layer and labelled Sample A [ 

Figure 5.5 (a)]. Stacked films of 20 nm Mo and 40 nm Cu were deposited using thermal 

evaporation and patterned again the S/D contact for all samples and labelled Sample B [ 

Figure 5.5 (b)]. Figure 5.3  shows the process flow of the samples used in this report. 
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 Figure 5.3: Process flow of bottom gate top contact IGZO TFTs. 

Thinner Cu layer was deposited to reduce contact resistance, but it is possible to deposit 

thicker one. The special Cu etchant etch the Cu layer only, which doesn’t etch the IGZO 

active layer. S/D were patterned by photo mask and photolithography process. Active channel 

width and length were 10 µm and 20 µm, respectively. Finally, 200 nm SiO2 passivation 

layer was deposited for both device with working pressure at 110 Pa at 200° C by chemical 

vapor deposition (CVD) process. Furuta et al. reported that certain amount of H2 may 

diffused into IGZO active layer from passivation layer, which can act as a shallow donor in 

IGZO films [75]. The SiO2 passivation layer was deposited at the partial pressure of SiH4 of 

P[SiH4] = 1.36 % using N2, SiH4 and N2O gases. This passivation layer was also patterned by 

photolithography process to make the contact. At the end, all the devices were annealed at 
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350° C at N2 environment for 1 hour. Figure 5.4 shows the microscopic image of IGZO TFTs 

samples with no defects after using Cu etchant. 

 

(a) 

 

(b) 

Figure 5.4: Microscopic image of bottom gate top contact IGZO TFTs after using the special 

Cu etchant 
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(a) 

 

(b) 

 

(c) 

Figure 5.5: Schematic cross-section of IGZO TFT on a glass substrate with bottom gate 

top contact structure. (a) sample A, (b) Sample B, and (c) top view of IGZO TFTs. 
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The active layer defines the channel width, and the separation of S/D electrodes defines 

the channel length. In this design, the edge of the active layer has a chance to be damaged by 

the etching. Ferric chloride (FeCl3), Cupric Chloride (CuCl2), Hydrogen peroxide - Sulphuric 

acid (H2O2-H2SO4), Chromic - Sulphuric acid (CrO3-H2SO4), ammonium persulphate 

((NH4)2SO4) and Citric acid are widely used as a Cu etchant but all of them contains strong 

acid such as HCL and H2SO4 [76–78]. All the etchants have high etched rate, high Cu 

dissolved capacity and very acidic [79]. For this reason, those acidic Cu etchants can damage 

the IGZO layer and device structure easily and affect the device performance, respectively. 

Because of this reason, most of the researchers are using shadow mask to deposit S/D to 

avoid wet Cu etchant [73,80–82]. TFTs characteristics are usually presumed from the transfer 

characteristics, where the drain to source current (Id) is plotted against gate to source voltage 

(Vg) for various drain to source voltage (Vd) and from output characteristics, where Id is 

plotted against drain to source voltage (Vd) for various gate to source voltage (Vg). The 

parameters of the output characteristics, transfer characteristics of sample A and B are as 

follows; the gate voltage (Vg) was 0 V, 5 V and 10 V and drain voltage was 0.1 V, 5 V and 

10 V, respectively. At the value of drain voltage (Vd) at 1 V, threshold voltage (Vth) 

represents the gate voltage (Vg) corresponding to the drain current (Id) of 1 x 10-9 A. 
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(a) 

 

(b) 

Figure 5.6: (a) Output and (b) transfer characteristics of sample A without annealing after 

deposition Cu S/D electrode. 
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Figure 5.6 and  Figure 5.7 represent the output and transfer characteristics of sample A 

before and after annealing with Cu S/D electrodes. The electrical characteristics of Figure 5.6 

are better comparing Figure 5.7, though the mobility is tiny and threshold voltage is quite 

high. Figure 5.6 is the electrical properties of sample A, which are calculated before 

annealing the sample with Cu S/D electrode. Therefore, it has less chance of Cu diffusion 

into IGZO layer. Moreover, the electrical characteristics of sample A after annealing with Cu 

S/D electrode are becoming worst after post-annealing (Figure 5.7). The reason might be 

described by the diffusion of Cu into the IGZO layer for post annealing after deposition Cu 

S/D contact or for depositing Cu onto the channel layer directly. 
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(b) 

Figure 5.7: (a) Output and (b) transfer characteristics of sample A with annealing after 

deposition of CU S/D electrode. 

Sample B has a 15-nm thick Mo layer at the S/D contact, which makes ohmic contacts 

after annealing and prevents the diffusion of Cu into the IGZO layer. Figure 5.8 (a) and (b) 

show the output and transfer characteristics of sample B after post-annealing with Mo/Cu S/D 

electrode, respectively. The electrical characteristics of sample shows the good TFT 

characteristics. The reason might be described that the Mo layer prevents the diffusion of Cu 

into the IGZO layer after post annealing with deposition of Mo/Cu S/D contact.  
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(a) 

 

 

(b) 

Figure 5.8: (a) Output and (b) transfer characteristics of sample B after annealing with Mo/Cu 

S/D electrodes. 
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The sample B for W/L of 10/20 (µm/µm) achieves improved performance: Vth of 1.2 V, 

µSAT of 11 cm2/V-s, and ION of 3.16x10-6 A. This experimental data assure that the non-acidic 

selective Cu etchant has no effect on IGZO layer. The hysteresis has minimized completely 

from the output characteristics, but still there is hysteresis at transfer characteristics. The SS 

value becomes high because the density of acceptor-like trap states of IGZO is also increased. 

The H2 atom from passivation layer may diffused into IGZO layer because of annealing, 

which can enhance the electrical properties. Table 1 exhibits the details analysis between 

sample A and B after post-annealing. 

Table 5.2: Electrical performance of sample A and B after post annealing 

S/D μFE (cm2/V-s) μSAT (cm2/V-s) Vth (V) ION (A) SS    

(V/decade) 

Cu 9.2×10-5 1.8×10-5 5 1.6×10-9 - 

Mo/Cu 12.3 11 1.2 3.2×10-6 0.58 

 

5.5 Conclusion 

A back-channel etched Indium–Gallium–Zinc–Oxide (IGZO) thin-film transistors 

(TFTs) with Cu and Mo/Cu source and drain (S/D) have successfully fabricated using 

photolithography process. Cu S/D contact using special non-acidic Cu etchant, which can 

etch Cu properly and avoid the damage to IGZO layer. The electrical properties of IGZO 

TFTs with Mo/Cu S/D ensure the selectivity of Cu etchant. Post annealing treatment formed 

an improved the TFT characteristics and Mo interlayer prevented the Cu diffusion into active 

layer. 

  



  

 

 

 

Chapter 6  

Conclusions and Recommendations 

 

The chapter presents the conclusion on the obtained findings and recommendation on 

the future work. 

6.1 Introduction 

In conclusion, the objective of the research are achieved successfully. The method and 

flow of research are discussed in reflecting to the previous research studies by other 

researchers. The findings on the research are obtained and described properly. The main 

findings can be concluded as. 

 

6.1.1  Microstructure analysis of IGZO thin films 

6.1.1.1 Analysis from STEM observation 

(i) The ADF-STEM observations revealed that nanosized crystals with an average 

crystal size of 2–5 nm and a lattice distance of approximately 0.24 nm to 0.26 

nm were formed in the amorphous matrix of the fabricated IGZO thin films. 

(ii) The ADF-STEM observations shows the imperfect crystallinity with local 

variations in lattice spacing. Because such areas with non-perfect crystallinity 

overlap with one another along the electron beam direction, it is challenging to 

directly visualize the local crystallinity. Nevertheless, certain areas showed 

evident lattice fringes in the amorphous matrix. 
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(iii)The selected area electron diffraction pattern exhibits certain intensity maxima 

on the Debye ring. This feature strongly supports the formation of nanocrystals 

in the IGZO films. 

6.1.1.2 Analysis from temperature dependency of thermal conductivity of IGZO thin film 

using 3ω method 

(i) The measured total thermal conductivity of the IGZO thin films increased with 

an increase in the O2 / Ar flow ratio. So, thermal conductivity of thin films is 

proportional to the O2 flow ratio. It is indicated that the increase in the mean 

free path of phonons propagating in the films owing to the reduction in the 

number of oxygen vacancies and the consequent improvement in the nano 

crystallinity of the films, caused the increase in thermal conductivity. 

(ii) The temperature dependent thermal conductivity of IGZO thin films shown a 

clear demonstration of the significant crystallinity.  

(iii) This is because the phonon-phono scattering is increasing with an increase in 

temperature. This phenomenon is a common feature for all crystalline materials. 

The mean free path has an inverse proportional relationship with the 

temperature. 

6.2 Application to IGZO TFTs: 

(i) The back-channel etched Indium–Gallium–Zinc–Oxide (IGZO) thin-film 

transistors (TFTs) with copper (Cu) source and drain (S/D) has fabricated 

successfully which are patterned by a non-acidic selective etchant of Cu.  

(i) The experimental data assure that the non-acidic selective Cu etchant has no 

effect on IGZO layer. 
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(ii) Post annealed IGZO TFT with Mo/Cu S/D, improved performance: Vth of 1.2 

V, µSAT of 11 cm2/V-s, and ION of 3.16x10-6 A. This result proves that Mo as a 

barrier layer can prevent the Cu diffusion into IGZO from S/D 

 

6.3 Future Recommendation 

(i) Analysis on temperature dependence thermal conductivity, the measurement 

was conducted at high temperature. The measurement can be done at low 

temperature.  

(ii) At various deposition condition the temperature dependency thermal 

conductivity measurement can be done to investigate the detail relation between 

thermal conductivity and microstructure.  

(iii)The subthreshold swing of the IGZO TFTS are not good. So there is huge 

opportunities to improve the device characteristics. 

 

In summary, the research work on IGZO thermal, microstructure and electrical 

properties are discussed well with the future recommendation. 
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