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ZnO has generated interest for flexible electronics/optoelectronic applications including 

transparent thin film transistors (TFTs). For this application, low temperature processes that 

simultaneously yield good electrical conductivity and optical transparency and that are 

compatible with flexible substrates such as plastic, are of paramount significance. Further, gate 

oxides are a critical component of TFTs, and must exhibit low leakage currents and self-healing 

breakdown in order to ensure optimal TFTs switching performance and reliability. Thus, the 

objective of this work was twofold: (1) develop an understanding of the processing-structure-

property relationships of ZnO and high-κ BaTa2O6 and Al2O3 (2) understand the electronic 

defect structure of BaTa2O6 /ZnO and Al2O3/ZnO interfaces and develop insight to how such 

interfaces may impact the switching characteristics (speed and switching power) of TFTs 

featuring these materials.   

Of the ZnO films grown by atomic layer deposition (ALD), pulsed laser deposition 

(PLD) and magnetron sputtering at 100-200ºC, the latter method exhibited the best combination 

of n-type electrical conductivity and optical transparency. These determinations were made using 

a combination of photoluminescence, photoluminescence excitation, absorption edge and Hall 

measurements. Metal-insulator-semiconductor devices were then fabricated with sputtered ZnO 

and high-κ BaTa2O6 and Al2O3 and the interfaces of high-κ BaTa2O6 and Al2O3 with ZnO were 

analyzed using frequency dependent C-V and G-V measurements. The insulator films were 

deposited at room temperature by magnetron sputtering using optimized processing conditions. 



Although the Al2O3 films exhibited a lower breakdown strength and catastrophic 

breakdown behavior compared to BaTa2O6/ZnO interface, the Al2O3/ZnO interface was 

characterized by more than an order of magnitude smaller density of interface traps and interface 

trapped charge. The BaTa2O6 films in addition were characterized by a significantly higher 

concentration of fixed oxide charge. The transition from accumulation to inversion in the Al2O3 

MIS structure was considerably sharper, and occurred at less than one tenth of the voltage 

required for the same transition in the BaTa2O6 case. The frequency dispersion effects were also 

noticeably more severe in the BaTa2O6 structures. XPS results suggest that acceptor-like 

structural defects associated with oxygen vacancies in the non-stoichiometric BaTa2O6 films are 

responsible for the extensive electrical trapping and poor high frequency response. The Al2O3 

films were essentially stoichiometric. The results indicate that amorphous Al2O3 is better suited 

than BaTa2O6 as a gate oxide for transparent thin film transistor applications where low 

temperature processing is a prerequisite, assuming of course that the operation voltage of such 

devices is lower than the breakdown voltage. Also, the operation power for the devices with 

amorphous Al2O3 is lower than the case for devices with BaTa2O6 due to the smaller fixed oxide 

charges and interface trap density. 
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CHAPTER 1  

INTRODUCTION 

1.1        Motivation 

Transparent electronic devices are an emerging technology and have attracted significant 

attention for next generation optoelectronic devices.  Currently, amorphous and polycrystalline 

Si, are commonly used for thin film transistors (TFTs).  However, Si suffers from drawbacks 

such as light sensitivity and low field effect mobility [1].  Recently, semiconducting zinc oxide 

has attracted significant interest for TFT applications because it combines high electrical 

conductivity with high optical transparency in the visible range.  The interest in ZnO extends to 

its potential utility for a variety of applications including piezoelectric devices, transparent 

electrodes in photovoltaic cells, photodetectors, thin film gas sensors, spintronic devices and 

solid lubricant thin films [2-8].  The author of this dissertation is particularly interested in the 

potential of ZnO for flexible electronics/optoelectronic applications including transparent 

conducting windows for flexible solar cells, transparent thin film transistors and thin film 

electroluminescent devices on flexible substrates [9].  For these applications it is desirable that 

incident or generated light not to be dampened or absorbed by the window material, and 

therefore understanding the various absorption and emission bands as a function of processing is 

important. In this regard, low temperature processes that simultaneously yield good electrical 

conductivity and optical transparency and that are compatible with flexible substrates such as 

plastic, are of paramount significance. 

The high concentration of free carriers in ZnO semiconductor is attributed to point 

defects including oxygen vacancies, zinc interstitials, and hydrogen, which introduce shallow 

donor levels below the conduction band edge.  However, the specific types and concentration of 
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defects and their influence on electrical properties are strongly dependent on the growth methods 

and parameters.  Growth temperature is particularly important because it strongly impacts the 

thermodynamics of the growth process, and further, it limits the types of substrates which are 

compatible with the growth temperature.  Thus, while semiconducting ZnO has been grown by 

various techniques including molecular beam epitaxy (MBE) [10], metal-organic chemical vapor 

deposition (MOCVD) [11], sputtering [12-14], atomic layer deposition (ALD) [15,16] and 

pulsed laser deposition (PLD) [ 17 - 19 ], not all of these methods satisfy the simultaneous 

requirements for low temperature processing, good electrical conductivity and high optical 

transparency.  Pulsed laser deposition, atomic layer and sputtering deposition are relatively 

simple, inexpensive and environmentally benign thin film deposition processes.  In this work the 

structural, electrical and optical properties of PLD films, ALD films, and sputtering films were 

studied, and the connection between point defects, electrical behavior and photoluminescence 

mechanisms is discussed.  In general, low temperature processes and materials are required to 

advance the emerging areas of transparent and flexible electronics and optoelectronics.   

With the perpetual miniaturization of devices, conventional SiO2 dielectrics are becoming 

inadequate, especially for thinner SiO2 layers, where the leakage currents become unacceptably 

large and thus limit the performance of devices.  Gate oxides are a critical component of TFTs, 

and must exhibit low leakage currents and self-healing breakdown in order to ensure optimal 

TFTs switching performance and reliability.  Therefore, the motivation for this work was 

identifying high-κ materials that are compatible with ZnO films processed at low temperatures.  

Due to the higher permittivity of high-κ materials, these gate oxides can be thinner while 

simultaneously exhibiting required smaller leakage currents.   
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Overall, this work involves two main focuses: (1) to develop an understanding of the 

processing-structure-property relationships of ZnO and high-κ material BaTa2O6 and Al2O3 (2) to 

understand the electronic defect structure of BaTa2O6 /ZnO and Al2O3/ZnO interfaces and 

develop insight to how such interfaces may impact the switching characteristics (speed and 

switching power) of TFTs featuring these materials.  

 

 1.2      Contributions of the Dissertation 

For the semiconducting ZnO there are two major contributions:  

(1) This study indicates that the optical and electrical characteristics of the ZnO films 

grown by ALD appear to be determined by the relative concentration of zinc interstitials and 

oxygen vacancies, whereas Zn interstitials appear to be primarily responsible for the electrical 

conductivity and photoluminescence of PLD and magnetron sputtered ZnO films.  The 

transmissivity of all of the films was in the 75%-90% range.  

(2) ZnO films could be fabricated by PLD, ALD and sputtering at a substrate temperature 

of only 100oC.  For the PLD, ALD and sputtered ZnO films the best free electron concentrations 

obtained were 1.11x1017 cm-3, 1.81x1016 cm-3, and 3.59x1018 cm-3, respectively. The 

corresponding resistivities were 3.87 Ω.cm, 303 Ω.cm and 0.05 Ω.cm, and the mobilities were 

14.6 cm2/V.s, 1.14 cm2/V.s and 35.21 cm2/V.s, respectively.  The sputtering ZnO films grown at 

100 oC exhibited significantly better electrical properties compared to PLD and ALD ZnO films 

grown at the same temperature.   

In summary, ALD, PLD and sputtering produced ZnO thin films with excellent 

transmissivity and electrical properties at low deposition temperatures, which are compatible 
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with flexible, plastic substrates such as polyethylene naphthalate (PEN), and flexible 

optoelectronic applications.  Mechanisms that explain the measured electrical behavior and 

photoluminescent properties are proposed. 

For the study of high-κ gate oxides on ZnO the main contributions are as follows: 

(1) Ag/BaTa2O6/ZnO/ITO and Ag/Al2O3/ZnO/ITO MIS structures were sputter 

grown between room temperature and 100 oC, which are compatible with flexible plastic 

substrates.  The interfaces of high-κ BaTa2O6 and Al2O3 with ZnO were analyzed using 

frequency dependent C-V (capacitance-voltage) and G-V (conductance-voltage) measurements 

and the density of interface traps determined.  Although the Al2O3 films exhibited a lower 

breakdown strength and catastrophic breakdown behavior compared to BaTa2O6/ZnO interface, 

the Al2O3/ZnO interface exhibited more than an order of magnitude smaller density of interface 

traps and interface trapped charge.  The frequency dispersion effects are also noticeably more 

severe in the BaTa2O6 structures.  A significantly higher voltage was required to transition the 

BaTa2O6/ZnO structure from accumulation to depletion which indicates that higher switching 

power would be required in these structures compared to the Al2O3/ZnO devices. 

(2) A chemical analysis using XPS analysis suggests that acceptor-like structural 

defects associated with oxygen vacancies in the non-stoichiometric BaTa2O6 films are 

responsible for the extensive electrical trapping and poor high frequency response.  The Al2O3 

films were essentially stoichiometric, which is postulated as the structural reason for the 

comparatively better electrical behavior observed in these structures.   

In summary, the results indicate that amorphous Al2O3 is better suited than BaTa2O6 as a 

gate oxide for transparent thin film transistor applications where low temperature processing is a 
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prerequisite, assuming that the operation voltage of such devices is lower than the breakdown 

voltage.   

 

 1.3      Organization of the Dissertation 

There are six chapters in this dissertation, which are organized as follows:  

Chapter 1 is an Introduction and summarizes the contributions of this whole work.  Chapter 2 

presents the Background related to transparent electronic devices, a Literature Review and also 

the Theories of MIS Structures.  In Chapter 3 the Instrumentation used and Experimental 

Procedures are discussed.  Chapter 4 discusses the obtained Properties of Zinc Oxide, Barium 

Tantalate and Aluminum Oxide, including their structural, electrical and optical properties.  

Chapter 5 reports the results of the electrical investigation of BaTa2O6/ZnO and Al2O3/ZnO 

interfaces using MIS structures and capacitance-voltage and conductance-voltage methods.  

Finally, Chapter 6 presents Conclusions and Future Work.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1        Transparent Thin Film Transistors and Oxide Semiconductors  

 This section provides an overview of transparent thin film transistors (TFTs) and oxide 

semiconductors.  The applications of transparent TFTs and materials for fabrication of MIS are 

discussed here as well.  An oxide semiconductor material, zinc oxide and gate oxide materials, 

BaTa2O6 and Al2O3 are particularly discussed due to their extensive use in this work.    

 

2.1.1 Transparent Thin Film Transistors Overview 

Si-based materials have been commonly used for most conventional TFTs in display 

technology.  Silicon TFTs can be fabricated using either crystalline silicon and poly-silicon, or 

amorphous silicon.  Table 2-1 shows a characteristic comparison of different TFTs and their 

corresponding applications [1].  Single crystalline silicon exhibits the highest mobility due to its 

crystal structure.  However, its high processing temperature limits the types of substrates that are 

compatible with this material.  Amorphous silicon and has the lowest mobility and is processed 

at the lowest temperature.  Poly-silicon can be formed in a range of temperatures that are 

compatible with glass and quartz substrates.  However, the low temperature end is around 500oC, 

which is not suitable for flexible plastic substrates.  The processing temperature of amorphous 

silicon is only 300oC and it is widely used in LCD monitors.  The primary application of TFTs is 

in liquid crystal displays. However a-Si-based TFTs are semi-opaque and restrict the amount of 

light that can be transmitted to the observer.  The need to increase the amount of out coupled 

light from LCDs has driven the interest in transparent TFTs for years [2-6].  As mentioned 

earlier, both a-si TFTs and p-si TFTs require a relatively high processing temperature of between 
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300oC~500 oC [1,7], which limits the selection of compatible substrates.  Transparent transistor 

technology and associated circuits are of great interest for applications including flexible 

displays, radio-frequency identification tags (RFID) and electronic paper [8], which all use 

plastic materials as substrates.  Therefore, the need for low temperature processing that is 

compatible with plastic substrates is of significant technological importance.   

 

Table 2-1 A characteristic comparison among different TFTs and their corresponding 
applications 

Switching Devices 
Mobility  
(cm2/V sec) 

Process 
temperature Major application 

a-Si TFT 0.3-1 ~300 oC (glass) 
Laptop screens, PC monitors, 
LCD TVs 

High-T poly-Si 
TFT 100-300 ~1000 oC (quartz) 

Projection light valves, view 
finders 

Low-T poly-Si TFT 10-200 ~500 oC (glass) 

PDA and laptop screens, 
Projection light valves, 
viewfinders 

Crystalline Si 
MOSFET 400 ~1100 oC (c-Si) 

Projection light valves, view 
finders 

 

Figure 2-1(a) illustrates the basic concept of TFT operation [6].  Here the voltage and 

charge polarities for n channel device (which means the channel current carried by electrons) are 

shown.  A positive gate voltage (VGS) draws additional electrons into the channel, while a 

negative gate voltage reduces the channel electron density.  TFT operation is quantified in terms 

of the drain current (ID), the voltage between source and drain (VDS) and the voltage between gate 

and source (VGS) i.e., the polarity and magnitude of the gate bias.  Basically, the drain current of 

a transistor is defined as a function of VDS, VGS and VT [6] according to:   

       
 

 
 (          )       (   ) 
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where μ is the mobility of electrons in the channel, Cox is the gate oxide capacitance per unit area, 

W/L is the ratio of channel width to channel length and VT is the threshold voltage of the 

transistor.  From the equation describing drain current, carrier mobility is an important parameter 

in determining device performance.  For high carrier mobility in silicon based TFTs, a high 

processing temperature is required, as is shown in Table 2-1.  The a-Si TFT only has a carrier 

mobility of only 0.3-1 cm2/V.sec due to its amorphous structure.  Although the carrier mobility 

of a-Si TFTs is enough for LCDs (liquid crystal displays) switching functions, it limits the use of 

a-Si TFTs with other applications.  Figure 2-1 (b) shows a diagram of the drain current versus the 

drain- to- source voltage at different gate voltages.  The ratio of the highest drain current to the 

lowest drain current (Ion/Ioff) is a key parameter in transistor operation.  A detailed discussion of 

the importance of these parameters in the evaluation of transistor performance is presented below. 

 

(a) 
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(b) 

           

Figure 2-1. (a) Schematic illustration of the central elements of TFT operation (b) the diagram of 
ID and VDS at different gate voltages [6] 

 

In addition to the requirements of transparency and low processing temperatures for TFTs, 

TFTs are aggressively being scaled down.  The limits of scaling down are imposed by the 

thickness of the gate oxide.  Thinner SiO2 leads to current leakage due to direct tunneling of 

electrons through the gate oxide.  For example, when 1V of gate voltage is applied in 

complementary metal oxide semiconductor (CMOS) applications, the leakage current in SiO2 

changes from 10-6 A/cm2 at 3 nm thickness to 10 A/cm2 when the thickness is reduced to 1.5 nm 

[9].  The magnitude of the current density increase is seven orders although the thickness 

changed by only a factor of 2.  To solve the issue of leakage currents, alternative materials have 

been investigated recently.  In particular, high permittivity dielectric (high-κ) gate oxides are 

being widely investigated as alternative gate oxide materials in metal-oxide-semiconductor 

devices [10,11].   

Summarizing the discussion above, the three main requirements for next generation TFTs 

are transparency, low processing temperatures and high-κ gate oxides.      
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2.1.2 Transparent Conducting Oxide Semiconductor Overview 

Transparent conducting oxide semiconductors have been widely investigated for optical 

and electronic devices, such as transparent p-n junction rectifiers [12,13], light-emitting diodes 

(LEDs) [ 14 ] and as mention above, transparent thin film transistors (TFTs) [3, 15 , 16 ].  

Transparent oxide semiconductors have many advantages over silicon semiconductors for some 

applications.  As their name suggests, transparent semiconductors are transparent in visible range. 

They are also environmentally stable, and have high field effect mobility when compared to 

silicon.  Transparent oxide semiconductors such as zinc oxide (ZnO), indium tin oxide (ITO) 

[17-19], tin oxide (SnO2) [20] and gallium doped zinc oxide (GZO) [21], have been investigated 

as channel materials in TFTs.  In particular, ZnO has attracted considerable attention due to its 

excellent electrical and optical properties.  ZnO is discussed in more detail in the next section. 

 

2.1.3 Introduction to Zinc Oxide 

Zinc oxide exhibits an interesting combination of optical, electrical, optoelectronic, 

semiconducting and piezoelectric properties [22].  The device applications for ZnO include 

sensors [23], photovoltaics [24], photodetectors [25] and TFTs [16-20, 26-28].  ZnO has a wide 

bandgap of 3.4 eV and its large exciton binding energy of 60 meV at room temperature is very 

useful for blue and ultra-violet light emitting devices. There are other favorable aspects of ZnO 

including compliance with wet chemical etching, low threshold power for optical applications, 

and biocompatibility [29].  These properties make it an ideal candidate for a variety of devices 

ranging from sensors to ultra-violet laser diodes and transparent TFTs for displays. 

ZnO crystallizes in the wurtzite (hexagonal) structure shown in Figure 2-2 [6]. The lattice 

parameters of the hexagonal are a = 0.3296 and c = 0.52065 nm [6].  As two interpenetrating 
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sublattices of Zn2+ and O2-, each Zn ion is surrounded by a tetrahedron of O ions, and vice-versa.  

This tetrahedral coordination gives polar symmetry along the hexagonal axis which is c-axis.  

This polarity is responsible for the piezoelectricity of ZnO.    

ZnO is a direct band semiconductor.  The excitation binding energy is 60 meV at 330 K. 

The electronic band structure of ZnO has been calculated, and is shown in Figure 2-3 [30,31].  

According to W. J. Fan et al. [31], the calculated band-edge energy at the Γ point for wurtzite 

ZnO is 3.4409 eV.  It is transparent in the visible region of the optical spectrum, and thus is less 

light sensitive than smaller bandgap materials.    

 

                                  

Figure 2-2. The hexagonal wurtzite structure of ZnO. O atoms are shown as large spheres and Zn 
atoms are the smaller ones [6] 
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                                         Figure 2-3. The band structure of wurtzite ZnO [31] 

 

The formation of defects in ZnO is mainly responsible for its conductive properties [32-

34].  C. Richard et al. [35] calculated the formation energies of the defects in ZnO, which are 

shown in Table 2-2.  They observed that the electrical properties of ZnO are strongly related to 

the types of defects including oxygen interstitials (Oi), oxygen vacancies (VO), zinc interstitials 

(Zni) and zinc vacancies (VZn).  The defect species act as donors or acceptors in ZnO by the 

mechanisms shown in Table 2-2 [35].  
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Table 2-2 The calculated energies for the defect formation in ZnO. The Kroger-Vink defect 
notation is used throughout [35] 

                          

                              

 

The reactions based on the Kroger-Vink notation [35] indicate electron contributions in 

ZnO from defects such as                        
        

    .  Therefore, when 

zinc interstitials exist in ZnO films, the material is expected to be n-type.  In contrast, reactions 

such as      
 

 
  ( )    

           
  

 

 
  ( )    

      , result in the formation of p-type 

ZnO.  Therefore both Zni and Vo are donor levels while VZn and Oi produce acceptor levels, 

which in turn determines the conductivity type.  However, the formation energies of defects must 

be considered.  The reactions for      
 

 
  ( )    

           
  

 

 
  ( )    

       have 

formation energies of 6.129 and 10.345 eV, respectively.  The reactions for              
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    have formation energies of 2.183 and 3.563 eV respectively, and 

are therefore more thermodynamically favorable than the formation of oxygen interstitials.  

Egelhaaf et al. [36] reported that the photoluminescence from ZnO thin films are caused 

by radiative transitions between shallow donors (Vo and Zni) and deep acceptor (Vzn).  B. J. Jin et 

al. [37] proposed a similar mechanism from ZnO thin films deposited on a sapphire (001) at 

400oC with different oxygen pressures.  The photoluminescence of ZnO thin films deposited on a 

sapphire is shown in Figure 2-4 and includes a narrow UV and a broad green-yellow band. The 

narrow peak near 375 nm (3.3 eV) is the band edge and the broad band around 490 (2.52 eV) ~ 

550 nm (2.25 eV) is a combination of emissions from defects which form deep levels [36].  The 

photoluminescence spectra related to the defects in ZnO thin films have been reported 

extensively [38-42].  H. Q. Wong et al. [43] discussed the energy level diagram of the defects in 

the band gap of ZnO, as is shown in Figure 2-5.  The blue emission at 2.9 eV (427 nm), is related 

to the transition of electrons between the zinc interstitial defect level and the valence band.  The 

green emission at 2.38eV (521 nm) is the transition between the conduction band and the antisite 

oxygen Ozn defect level.  The orange emission at 2.06eV (601.9 nm), is from the zinc interstitial 

defect level to the oxygen interstitial defect level.  Clearly, the emission properties of ZnO thin 

films depend critically on their microstructure which in turn depends on the deposition method.  

High intensity emission from ZnO films is obtained from a variety of methods including metal-

organic chemical vapor deposition (MOCVD) [44,45], molecular beam epitaxy (MBE) [46,47], 

sol–gel deposition [48,49], RF magnetron sputtering [50], pulsed laser deposition (PLD) [51,52] 

and atomic layer deposition [53].   
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Figure 2-4. PL spectra obtained from as-grown samples prepared under oxygen pressures of 50, 
200, 300, 400 and 500 mTorr at a substrate temperature of 400oC. [37] 

 

                           
                                      Figure 2-5. Calculated defect levels in ZnO films [43] 
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2.1.4 High- κ Materials for Gate Oxides  

High-κ materials refer to materials with a relative high dielectric constant κ as compared 

to silicon dioxide.  The dielectric constant of silicon dioxide is about 3.9, which has been used as 

a gate oxide for many years.  However, there are some limitations in the use of silicon dioxide.  

When the sizes of electronic devices such as transistors decrease, the thickness of the SiO2 gate 

oxide also decreases.  As the thickness of silicon dioxide scales below 2 nm, leakage currents 

increase drastically due to the tunneling effect [54].  Theoretically, in an ideal MIS (metal-

insulator-semiconductor) structure the conductance of the insulator layer is assumed to be zero 

[55].  However, some current will conduct through the insulator layer when the applied electrical 

field is sufficiently high.  Table 2-3 shows the basic conduction mechanism in insulators [55].  

 

       Table 2-3 Basic Conduction Processes in Insulators [55] 
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In a metal-insulator-semiconductor structure, the most common conduction mechanism in 

the insulator is tunneling effect at high electrical fields.  Tunnel emission is a quantum 

mechanical phenomena in which the electron wave function penetrates through a potential 

barrier [55].  Thermionic emission is the heat-induced excitation of carriers from the 

semiconductor over the potential barrier into a metal or from the metal over a potential barrier 

into a semiconductor.  This occurs because the carrier overcomes the potential barrier by 

acquiring thermal energy, so the carrier (electron or hole) transport is dependent on the 

temperature.  Frenkel-Poole emission is the emission of trapped electrons into the conduction 

band.  The supply of electrons from the traps is thermal excitation.  Charge carriers are excited 

by thermal energy and hop from one isolated site to the next.  Therefore, this mechanism will 

yield an Ohmic characteristic depending on temperature or low electrical field [55].  Ionic 

conduction mechanism can be described as a diffusion process.  Basically, ions cannot be 

injected into or extracted from the insulator.  However, when a field is applied on MIS, positive 

or negative space charges will accumulate near the surface of the metal and the semiconductor.  

The semiconductor-insulator interfaces will then cause a distortion of the potential distribution.  

After the applied field has been removed, the internal fields which are caused by the 

accumulation of charge remain and cause displaced ions to flow back toward their equilibrium 

positions.  Because of this residue of charges, hysteresis curves may be observed in current-

voltage traces.  A space-charge-limited current is due to carriers being injected into the insulator, 

where compensating charge is not present.  Conduction by the space-charge-limited process is 

typically small, since the mobility of carriers in insulators is very low.  
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 The leakage currents caused by the thinner silicon dioxide layers lead to power 

consumption and reduce the reliability of electronic devices. Therefore, many efforts are 

replacing silicon dioxide with high-κ materials and this has been ongoing for decades [54, 56-60]. 

The principle of replacing silicon dioxides with high-κ materials can be explained by the 

equation for a parallel plate capacitor: 

  
    

 
      (   ) 

where A is the capacitor area, κ is relative dielectric constant of the material, εo is the permittivity 

of free space, t is the thickness of the capacitor oxide. 

From the equation of the parallel plate capacitors, if a larger capacitance is needed, the 

thickness of capacitor has to be reduced.  However, the leakage currents limit further reduction 

of thickness, thus an alternative method to increase the gate capacitance is to replace silicon 

dioxide by high-κ materials.  Because of the high-κ value, a high-κ material can form a thicker 

gate layer, but keep the same capacitance. The thicker gate layer would reduce the leakage 

currents flowing through the structure, as well as improve the reliability of the gate dielectric 

layer.  There are many things to be considered when replacing silicon dioxide with a high-κ 

material.  The bulk and interface properties of the high-κ material must be comparable to those 

of silicon dioxide.  Many high-κ materials have been reported to have the potential to replace 

silicon dioxide, such as SiON, Si3N4, Ta2O5, Al2O3 and HfO2 [54, 56-61].  For example, H. J. H. 

Chen et al. [61] analyzed the electrical characteristics of ZnO thin film transistors with HfO2 gate 

dielectrics, as schematically shown in Figure 2-6 [61].  The capacitor structure is 

ITO/ZnO/HfO2/ITO/glass.  The leakage current of the HfO2 dielectric for this capacitor tested as 

a function of temperature is shown as Figure 2-7 [61].  For the as-deposited sample, the leakage 
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current was relatively high.  After annealing in ambient oxygen, the leakage current is reduced 

due to the significantly improved stoichiometry of the samples.  The results show that leakage 

currents can be reduced by optimal annealing conditions.   

                                        

Figure 2-6. Structure of a ZnO thin film transistor with high-k HfO2 [61] 

 

                   
Figure 2-7. Capacitor leakage current dependence on annealing temperature for HfO2 dielectric 
[61] 

 

2.1.5 Introduction to BaTa2O6 and Al2O3 

Barium Tantalate (BaTa2O6) is a high κ material with dielectric constant up to 30, and 

exhibits a low leakage current in high electrical field [62].  Due to the excellent electrical and 
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optical properties such as high transparency, BaTa2O6 thin films have good potential as a gate 

oxide layer for electronic devices [63,64].  BaTa2O6 is a ternary compound composed of BaO 

and Ta2O5.  Hexagonal Barium Tantalate could be obtained at high temperatures above 750oC 

[65]; otherwise, amorphous Barium Tantalate is formed at lower processing temperatures.  Y.S. 

Kim et al. [62] presented the electrical properties of the sputtered BaTa2O6 as a function of 

processing parameters, especially at lower temperatures.  They prepared three types of samples 

by varying the deposition temperature for amorphous-BaTa2O6 thin films.  The dielectric 

constant of amorphous BaTa2O6 thin films as a function of the substrate temperature is shown in 

Figure 2-8 [62].  The dielectric constant was as high as 30 and was almost independent of 

frequency from 0.3-100 kHz.  The characteristic of leakage currents for amorphous BaTa2O6 is 

shown in Figure 2-9 [62].  The leakage currents for the three types of BaTa2O6 thin films are on 

the order of 10-6~10-7 A/cm2 at the applied field of 1 MV/cm which is comparable with silicon 

dioxide [66].  These characteristics showed that of BaTa2O6 is potentially good for electronic 

devices.  
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Figure 2-8. Dielectric constant and loss factor of amorphous-BaTa2O6 with the different substrate 
temperature [62]  

 

                      
Figure 2-9. Characteristic leakage current of amorphous-BaTa2O6 thin films with different 
substrate temperatures [66] 
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Aluminum oxide (Al2O3) has been studied as a potential replacement for silicon dioxide 

as a gate dielectric for years [72-74].  The dielectric constant of Al2O3 is in the 7~10 range, 

which is almost twice that of silicon dioxide [67].  The basic properties of Al2O3 films grown as 

gate dielectrics are well understood [68-69], thus Al2O3 can be used as a reference to investigate 

new materials for alternative gate oxides.  M. Voigt et al. [70] fabricated Al2O3 thin films by RF 

magnetron sputtering.  They used an Al2O3 target with purity 99.99%, base pressure: 2 x 10-6 

mbar, a mixture Ar/O2 as the working gas, and working pressure of 1.3x10-3~8.0 x10-3 mbar.  

When 10% of O2 in the Ar/O2 was used as the working gas, the break down strength was 0.3 

MV/cm.  The current density versus applied electrical fields is shown in Figure 2-10 [70]. 

 

                       
Figure 2-10. Current density verse electric field strength of Al2O3 films prepared with 10% O2 of 
Ar/O2 mixture gas [70] 
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J. Choi et al. [71] also deposited Al2O3 thin films by sputtering at room temperature in a 

Ar/O2 mixture gas.  All of the Al2O3 films were amorphous regardless of the oxygen content in 

the working gas. This is shown in the XRD plot of Figure 2-11.[71]  The current density versus 

applied field for Al2O3 grown with various oxygen contents in the Ar/O2 working gas is shown in 

Figure 2-12 [71].  The leakage current was in the range of 10-6~10-7 at the applied field 600 

KV/cm.  

 

                                   
Figure 2-11. X-ray diffraction patterns of the Al2O3 films deposited with different O2 content in a 
working gas of Ar/O2 [71] 
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Figure 2-12. Current density versus applied field for Al2O3 films with various oxygen content in 
a Ar/O2 working gas mixture [71] 

 

2.2       Metal-Insulator-Semiconductor Structures 

A metal-insulator-semiconductor is composed of an insulator sandwiched between a 

metal and semiconductor layers.  Metal-insulator-semiconductor structures are very useful for 

evaluating the performance of electronic devices.  The following sections present more details. 

 

2.2.1    The Importance of Metal-Insulator-Semiconductor Structures to Transistor Technology 

The Metal-Insulator-Semiconductor (MIS) structure is one of the most useful devices for 

the study of the interface properties of semiconductor devices [55,72].  Most of the practical 

problems for the stability and reliability of all semiconductor devices are strongly related to the 

conditions at the interfaces.  Therefore, understanding the interface properties with the help of 
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MIS capacitors is of great importance.  The first MIS structure was made in 1960 and a 

comprehensive study can be found in MOS physics and Technology by Nicollian and Brews [73].  

The discussions here are applicable to all insulator-semiconductor systems, even though the 

example generally used is the SiO2-Si system. 

A typical MIS structure is shown in Figure 2-13 [55].  It is composed of a metal contact, 

an insulator layer, a semiconductor layer and an Ohmic contact in series. The insulator thickness 

is d.  , The energy band diagrams of n-type and p-type MIS structures without bias are shown in 

Figure 2-14 (a) and (b).  ϕm, ϕn and ϕp are the work functions of the metal, n-type semiconductor 

and p-type semiconductor, respectively [55].  Eg is the energy gap while Ec, Ei, EF and Ev are the 

energy levels of the conduction band edge, the Fermi level of the intrinsic material, the Fermi 

level of the doped material and the valence band edge, respectively.  χ and χi are the electron 

affinities of the semiconductor and the insulator.  For an ideal MIS, the following conditions 

apply:  

i. There are no interface trapped charges or any kind of oxide charge.  

ii. The resistivity of the insulator is infinite so there is no carrier transport through the insulator 

under dc bias. 

iii. There is no work function difference between the metal and the semiconductor.   

When an ideal MIS is positively or negatively biased, the energy band bending is as 

indicated in Figure 2-15(a)(b)(c) [55].  The top figures represent p-type semiconductors and the 

bottom figures represent n-type semiconductors.  Figure 2-15 (a) shows the accumulation case, 

where the accumulation of majority carriers (holes for p-type, electrons for n-type) near the 

semiconductor surface is caused by band bending when a negative voltage is applied to the metal 

contact (V<0) for p-type and a positive voltage is applied to the metal contact (V>0) for n-type.  
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Figure 2-15 (b) shows the inversion case with depleted majority carriers due to downward band-

bending when a small positive voltage (V>0) is applied to the metal contact for p-type and a 

small negative voltage (V<0) is applied to the metal contact for n-type.  When the applied 

positive or negative voltage to the p-type and n-type is larger, the bands bend even more severely 

downward. The intrinsic level Ei at the surface will cross over the Fermi level EF and then the 

minority carrier (electrons for p-type, holes for n-type) at the surface will be larger than majority 

carrier, which is shown in Figure 2-15 (c).  The surface is thus inverted and this is the inversion 

case.   

 

                                
 

Figure 2-13. A simple Metal-Insulator-Semiconductor (MIS) capacitor [55] 
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Figure 2-14. The energy band diagrams without bias for (a) MIS with n-type semiconductor and 
(b) MIS with p-type semiconductor [55] 
 
 
 
 

       

           
 
Figure 2-15. Energy band diagrams for (a) Accumulation case for MIS with p-type 
semiconductor (top) and MIS with n-type semiconductor (bottom) (b) depletion case for MIS 
with p-type semiconductor (top) and MIS with n-type semiconductor (bottom) (c) Inversion case 
for MIS with p-type semiconductor (top) and MIS with n-type semiconductor (bottom) [55] 
 

(a) (b) (C) 
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However, defects and impurities exist in real MIS materials and structures and the ideal 

description is only a theoretical construct.  Defects can be formed, for an example, when the first 

oxide layer on the Si is a partial monolayer, i.e., SiOx rather than SiO2. In such a situation 

interface traps and oxide charges will exist between the Si and a subsequently grown SiO2 layer, 

and will affect the metal-oxide-semiconductor characteristics.  In the following sections, a more 

detailed account of real MIS structures will be given.  

 

2.2.2   Factors Influencing MIS Performance and Characteristics: The Influence of Interfacial 

and Bulk Defects on Switching Speed and Power Required for Switching   

As mentioned above, MIS structures are very useful tools to evaluate the performance of 

thin film transistors.  In this regard, the threshold voltage, VT, is an important concept.  It 

accounts for the shift from non-zero flat band voltage which is due to extra charges from defects 

and the work function difference between the semiconductor and the gate material.  The 

threshold voltage can be calculated by the equation [55]: 

           
√      (   )

   
     (   ) 

(VT: the threshold voltage, VFB: the flat band voltage, ψB: the voltage across the semiconductor, εs: 

the dielectric constant of the semiconductor, NA: the doping concentration, Cox: the capacitor of 

the gate oxide)  

In an ideal MIS, there is no work function difference between the gate metal contact and 

the semiconductor layer.  However, in reality the work function difference between the metal 

contact and the semiconductor layer is not zero.  The work function difference will cause energy 

band bending at the interface.  Defects such as impurities and incompletely oxidized elements in 

insulator layers will induce interface traps and oxide charges.  To balance the energy band 
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bending caused by the extra charges from defects and the work function difference, an extra 

voltage has to be applied.  This extra voltage is known as a flat-band voltage (the voltage 

required to remove the band bending and establish flat-band conditions).  The switching power 

of transistors can be then estimated by shifts of the flat band voltages in MIS devices.  A large 

shift in flat band voltages is an indication of larger required switching powers for transistor 

operation.  The performance of MIS also affects the sub-threshold region in transistor operation.  

The sub-threshold region is the linear part of Figure 2-1 (b).  When the gate bias is below the 

threshold voltage and the semiconductor is in weak inversion or depletion, the corresponding 

current is the sub-threshold current which indicates how fast the current drops with the gate bias.  

A parameter to quantify how fast the transistor is switched on/off by the gate voltage is called the 

sub-threshold swing (S) which is the inverse of the sub-threshold slope.   

By the definition, the sub-threshold swing can be calculated according to [55]: 

  (    )
   

 (    )
       (   ) 

In the sub-threshold region, the drain current varies exponentially with the surface 

potential of the semiconductor, ψs. [55] 

                                (    )    

 (  )
 

                                  (    )   
 
(
      

   
)       (   ) 

where Cox is the capacitance of the gate oxide and CD is the capacitance of the depletion region in 

the semiconductor.   

If significant interface defects exist at the interface between the semiconductor and the 

gate oxide, the equation accounts for the capacitance of interface defects, Cit, which is taken to 

be in parallel with the depletion layer capacitance, CD.  Therefore,  
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From Equation 2-6, the properties of gate oxide also affect the performance of transistors 

profoundly.  If a large Cit exists, which means a large concentration of interface defects exist, 

then the slope of the drain current is smaller, which means the switching speed is slower in 

transistor operation.  

In addition, the charge trapped inside the oxide and traps at the interface between the gate 

oxide and the semiconductor also affect the performance of transistors.  This charge is trapped by 

impurities and/or crystalline defects.  Impurities may be intentionally or unintentionally 

incorporated during the films growth and the manufacturing processes of devices.  There are 

generally four types of trapped charge associated with MIS devices. These are shown in Figure 

2-16 [55].  They include 1) fixed oxide charges, 2) mobile oxide charges, 3) oxide trapped 

charges and 4) interface trapped charges.   

1) Fixed oxide charge: This charge is related to the oxidation process of the silicon 

oxide, and depends on the oxidation temperature, cooling conditions, and the 

orientation of silicon wafer.  Fixed oxide charges exist near the surface of the 

oxide and are immobile under any bias applied. 

2) Mobile oxide charge: This is due to ionic impurities such as sodium or other alkali 

ions and possibly H+.  They are mobile within oxide under high temperature and 

high electrical field operation.  

3) Oxide trapped charge: The oxide trapped charges are associated with defects in 

the SiO2 and are distributed inside the oxide layer.  Unlike fixed oxide charges, 

oxide trapped charges may be removed by thermal annealing.  
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4) Interface trapped charge:  Interface trapped charges are dependent on structural 

defects, oxidation-induced defects, and metal impurities and could be caused by 

radiation or bond breaking processes.   

Although the descriptions above use SiO2, as mentioned earlier, they apply to other gate oxides 

as well. 

 

                      
Figure 2-16. Terminology for the charge associated with MIS devices [55] 

 

2.2.3    The Current Status of MIS Technology  

Currently, SiO2 is the most widely used insulator layer in MIS devices.  A conventional 

MIS capacitor with SiO2 dielectric layer is fabricated using n-type or p-type Si (001), and a gate 

SiO2 (~3nm) layer, which is grown at 850oC in ambient oxygen [74].  For MIS capacitors having 

a thermally grown SiO2 on Si, some of the interface trapped charges can be neutralized by 

annealing.  The interface trapped charge concentration is normally in the 1010~1011 eV-1cm-2 

range.  SiO2 generally exhibits low defect density and high resistivity. However, with continuous 

scaling down of MIS technology involving the gate oxide being decreased below 2nm [75], 

conventional SiO2 dielectrics are becoming inadequate, because the leakage currents become 
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unacceptably large, and limit the performance of devices [75].  Therefore, considerable attention 

has been focused on the search for other insulator films that can replace conventional materials.  

For example, silicon oxynitride thin film is now investigated as a gate oxide material.  K. F. 

Albertin et al. [ 76 ] used SiOxNy films, and their results showed that a small nitrogen 

concentration (8%) in the films is enough to decrease the leakage current and also improve the 

Si/SIOxNy interface.  They reported an interface trap density of 4.55 x 1010 eV-1cm-2 [76].  E. H. 

Oulachgar et al. [77]  also used silicon oxynitride as gate oxides and observed an interface 

trapped density of 3.2x1010 - 4.5x1010 eV-1cm-2.  However, when the thickness of SiO2 or SiON 

was decreased below 2 nm, the leakage current and power consumption were unacceptable and 

caused reliability issues.  Therefore, high k materials have been investigated to replace Si-based 

gate oxides.  These include Ta2O5 [78,79], HfO2 [80,81], ZrO2 [82,83], and Al2O3 [84,85].  Some 

ternary compounds have also been investigated as potential candidates for gate oxides.  For 

example, B. Mereu et al. [86] used La2Hf2O7 as an insulator layer in MIS structures.  In his study, 

the interface trapped density ranged from 3.4 x1010 eV-1cm-2 to 4.8 x1012ev-1cm-2 depending on 

the processing parameters.   

 

 2.3      Electrical Characterization Techniques 

Capacitance-Voltage (C-V) measurements are fundamental characterization methods for 

MIS devices.  Capacitance is measured with an AC signal probe as a DC bias voltage is swept on 

the device.  A typical C-V curve of a MIS structure with a p-type semiconductor is shown in 

Figure 2-17 (a)(b)(c) [55].  Figure 2-17 (a) shows the capacitance-voltage dependence of an ideal 

MIS device.  When the DC bias is negative, the device is in accumulation.  When the DC bias is 

swept from negative to positive, the capacitance is decreased due to the fact that the majority 
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carriers are away from the interface between the insulator and the semiconductor.  When the DC 

becomes large and positive the structure is biased into inversion.  However, in a real MIS device 

the curve tends to be shifted due to the difference in work functions, as shown by the curve in 

Figure 2-17 (b).  In addition to the work function difference, the charge at the interface between 

the insulator and the semiconductor also contributes to the curve distortion.  This is shown in 

Figure 2-17 (c).  

 

                          
Figure 2-17. Typical C-V dependence for (a) an ideal MIS with p-type semiconductor (b)   the 
lateral shift in the C-V curve (c) distorted C-V curve [55] 

 

 

2.3.1    Capacitance-Voltage (C-V)  

As already mentioned, the procedure for taking C-V measurements involves sweeping a 

DC bias voltage across the MIS structure, while making the measurements with an AC probe 

signal.  In the accumulation region, a strong DC bias causes the majority carriers to accumulate 

near the semiconductor surface. Since the majority carriers cannot be transported through the 



36 
 

insulating layer, the capacitance is at maximum under this condition. Therefore, the maximum 

capacitance (Cmax) of the MIS device is equal to the oxide capacitance, Cox.  A simple circuit for 

a MIS structure with a p-type semiconductor is shown in Figure 2-18 [55].  As the DC bias is 

applied, incremental charge is added to the metal and the semiconductor.  The incremental 

charge is separated by the gate oxide.  Therefore, from the relation, Cox = εoεox A/ d, the dielectric 

constant or gate oxide thickness can be calculated if one of them is known  (εo is the vacuum 

permittivity, εox is the dielectric constant of the oxide layer, A is the contact area and d is the 

thickness of the oxide.).  Y. S. Noh et al. [78] reported on the C-V characteristics of a MIS 

structure with Ta2O5 oxide films on semiconducting ZnO, which is shown in Figure 2-19.  The 

C-V measurement was performed a 1MHz AC probe signal, and the DC bias was swept from -4 

V to 3V.  The maximum capacitance in the accumulation region is around 2.55nF.  The dielectric 

constant of Ta2O5 was calculated to be 25 when the oxide thickness is 105 Å [78.]   

 

 

 

 

 

 

 

 

Figure 2-18. The simple circuit of a MIS structure with p-type semiconductor [55] 
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Figure 2-19. High-frequency (1MHz) capacitance-voltage and conductance-voltage 
characteristics of MIS capacitors using Ta2O5 films deposited on ZnO layers [78] 

 

When the device starts to deplete, the majority carriers are pushed away from the 

semiconductor surface and minority carriers are attracted to the depletion region.  In other words, 

these minority carriers become dominant near the semiconductor surface.  The capacitance of the 

MIS structure now equals Cox plus the depletion layer capacitance in series.  The semiconductor 

surface charge now is inverted from positive to negative, as is shown in Figure 2-20.  If the probe 

frequency is high enough, the minority carriers cannot respond to changes in the gate voltage and 

the capacitance becomes equal to the oxide capacitance and the maximum depletion layer 

capacitance in series.  A simple circuit for the oxide capacitance and the maximum depletion 

layer capacitance in series is also shown in Figure 2-20 [55].  Under these conditions, the flat-

band capacitance is calculated by  

                                               )72(
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 where LD is the extrinsic Debye length,    √
        

   
 (εs is the dielectric constant of 

semiconductor, KB is the Boltzmann constant, q is the electron charge, and N is the carrier 

concentration).  Once the value of CFB is known, the value of VFB can be interpolated from the 

closest voltage value from C-V curves.   

 

 

 

 

 

 

 

 

Figure 2-20. The inverted surface charge on the p-type semiconductor surface and the simple 
circuit for the oxide capacitance and the maximum depletion layer capacitance in series [55] 

 

Another simple method for MIS characterization is to measure its hysteresis curve.  The 

hysteresis in the capacitance-voltage curves is due to injected electrons being trapped by 

interfacial traps between the oxide and the semiconductor.  Therefore, capacitance hysteresis is 

observed when the voltage is swept forward through accumulation, then reverse biased through 

depletion and into inversion.   E. K. Kim et al. [81] measured a C-V hysteresis with a voltage gap 

of 2.8 V for a MIS with ZnO measured at room temperature, as is shown in Figure 2-21.  Figure 
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2-21 indicates a counterclockwise hysteresis in the C-V curve, and suggests charging at the 

interface due to interfacial trapping.  The interface trapped charge can be calculated according to: 

)82( 


 Eq
qA

VC
N FBox

it  

where Cox is the previously discussed oxide capacitance measured in accumulation, ΔVFB is the 

flat band voltage shift as determined directly from the forward and reverse C-V sweeps, q is the 

electronic charge and A is the area.     

 

                         

Figure 2-21.  The hysteresis curves with a voltage gap of 2.8V for capacitance-voltage 
characteristics of the sample [81]  

 

2.3.2    Conductance-Voltage (G-V)  

When a DC bias is applied to a MIS device, the Fermi level moves upward or downward 

(as shown in Figure 2-15) with respect to the interface trap levels and then a change in the charge 

state of the interface traps occurs [55].  This change of charge affects the MIS capacitance and C-
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V curves.  Figure 2-22 (a) shows an equivalent circuit incorporating the interface traps effect.  Ci 

and Cd are the insulator capacitance and the semiconductor capacitance in the depletion region.  

Cit and R are the capacitance and the resistance associated with the interface traps.  Figure 2-22 

(a) can be converted into a frequency dependent capacitance Cp in parallel with a frequency-

dependent conductance, Gp, as is shown in Figure2-22(b) [55].  From the circuits, either a 

capacitance measurement or a conductance measurement can be used to evaluate the interface 

trap density, because both the input capacitance and input conductance in the equivalent circuits 

contain similar information about the interface traps.  However, difficulty arises in the 

capacitance measurement for evaluation of interface trap density.  As seen in Figure 2-22 (a), the 

capacitance measurement needed must be extracted from the measured capacitance which 

consists of the oxide capacitance, depletion layer capacitance and interface trap capacitance, so 

that greater inaccuracies arises when extracting the capacitance from the devices.  This difficulty 

does not apply to the measurement for conductance, which is directly related to the interface 

traps.  Therefore, the conductance measurement for evaluation of the interface trap density yields 

more accurate results [55].    
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Figure 2-22. (a) An equivalent circuit including interface trap effects, Cit and Rit (b) An 
equivalent circuit with a frequency dependent capacitance, Cp and frequency dependent 
conductance, Gp [55] 

 

Conductance-voltage characterization is used to investigate the traps density at the 

interface between the insulator and the semiconductor.  The interface trap density, Dit, was 

calculated from the peak of G-V plots by Nicollian, Goetzberger [87]. The interface trap density 

can be determined by using the equivalent parallel conductance Gp/ω. (Gp is the parallel 

conductance and ω is the angular frequency) 
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where Gm is the peak value of measured conductance, Cox is the capacitance of the 

insulator, Cm is the measured capacitance and q is the charge (q =1.602 x 10-19 C).  An example 

is the work by El H. Oulachgar et al. [77] who used conductance-voltage measurements to 

evaluate interface trap densities.  Figure 2-23 shows the conductance-voltage measurement of 

SiONC/(p)Si MOS structure at 1 MHz [77].  The peaks appeared as the bias was swept through 

the depletion region.  The interface trap density can be extracted by using Eq 2-10 above and 

were determined to be 3.24 x1010~1.26 x1011 eV-1cm-2. 

 

                                         

Figure 2-23. Conductance-voltage characteristics of a SiONC/(p)Si MOS structure measured at 1 
MHz [77] 
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2.3.3    Frequency Dependent C-V and G-V Methods  

In ideal cases C-V curves are frequency independent.  However, if a large number of 

interface traps exist, this causes frequency dispersion in the C-V measurements.  The interface 

traps may lead to dispersion both in the depletion and the accumulation regions.  At lower 

frequencies, the interface traps can easily follow the AC signal and when biased into 

accumulation the interface traps are filled, yielding an excess capacitance.  When a sufficient 

high frequency is applied and the interface traps cannot follow the ac signal, an excess 

capacitance cannot be produced. Therefore, the values of the capacitance decrease with 

increasing frequency [88].  Ilbilge et al. [88] investigated the C-V characteristics of Au/SiO2/n-Si 

MIS as function of frequency in the 0.5kHz-10MHz range at room temperature, as is shown in 

Figure 2-24.  Each C-V curve has a distinct accumulation, depletion and inversion region, and 

the capacitance decreases when the frequency is increased.   

 

                           
Figure 2-24. The measured capacitance at various frequency for Au/SiO2/n-Si MIS [88] 
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CHAPTER 3 

 EXPERIMENTAL PROCEDURES  

3.1       Introduction 

As discussed in Chapter 2, zinc oxide has generated interest for use as the conducting 

channel in transparent thin film transistors due to its optical transparency and compatibility with 

low processing temperature. It was noted that the properties of zinc oxide are affected by its 

processing parameters such as substrate temperature, deposition power, working gas, working 

pressure, etc.  J. N. Zeng et al. [1] grew ZnO thin films on Si (001) and quartz substrates by a 

KrF excimer laser deposition.  The wavelength of KrF excimer laser is 248 nm and the pulse 

width is 23 ns.  The laser power density was fixed at 100 mJ/cm2 and substrate temperatures 

were changed from room temperature to 750 oC.  The results of the sheet resistivity versus the 

substrate temperature are shown in Figure 3-1[1].  The measurements showed an increase in the 

sheet resistivity with increasing substrate temperature.  J. N. Zeng suggested that the defect 

electronic states such as zinc interstitials or oxygen vacancies are reduced when the films were 

deposited at higher temperature.  Here, ZnO thin films processed at low temperatures of between 

100 oC and 200 oC to obtain enhanced electrical properties and also fit the requirements for low 

temperature substrates (as mentioned in Chapter 2) are discussed. 
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Figure 3-1. The sheet resistivity of ZnO films as a function of substrate temperatures [1] 

 

Transparent TFTs with ZnO as conductive channels can potentially be used as the drive 

circuitry of organic light emitting diodes or other thin film electroluminescent devices.  A critical 

component of TFTs is the gate oxide, which must exhibit low leakage currents and self-healing 

breakdown in order to ensure optimal switching performance and reliability of TFTs.  As 

mentioned in Chapter2, high-κ materials such as HfO2, ZrO2, Al2O3 and Ta2O5 [2-4] have been 

intensively investigated as gate insulators for electronic devices.  In general, low temperature 

processes and materials are required to advance the emerging areas of transparent and flexible 

electronics.  However, replacing gate oxides with a high-κ material is still a challenge due to the 

requirement that the material bulk and interface properties must be comparable to those of silicon 

dioxide.  As discussed in the previous chapter, the gate oxide is critical for switching 

characteristics of a thin film transistor.  If there are large trapped charge concentrations inside the 

gate oxide, devices consume more power, in addition exhibit degraded switching performance. 
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Two insulator materials, namely, BaTa2O6 and Al2O3, are investigated in this study.  The process 

for each layer and fabrication of MIS devices are presented in this chapter.  

 

3.2       Substrate Preparation 

Corning 2974 glass was used for the ZnO thin films deposition by PLD, ALD and RF 

magnetron sputtering.  Glass/indium tin oxide (~20 Ω/square) substrates from Luminescence 

Technology Corporation of Taiwan were used for the investigation of the properties of insulators 

and MIS devices.   

 

3.2.1    The Procedures for Substrate Cleaning 

There are three steps for cleaning substrates.  First, the substrates are ultrasonically 

cleaned with acetone for 10 minutes and then rinsed by deionized water (DI water) for 30 

seconds.  Second, the substrates are ultrasonically cleaned with methanol for 10 minutes and then 

rinsed by DI water for 30 seconds.  Finally, the substrates are ultrasonically cleaned with DI 

water for 10 minutes.  After the ultrasonic cleaning, the substrates are blown by nitrogen gas and 

then oven-dried for 15 minutes.  The substrates were then loaded into a vacuum chamber for thin 

films deposition. 

 

3.3       Semiconductor Thin Films Growth 

For the investigation of optimal electrical and optical properties of the ZnO thin films, 

working pressure, power density, and substrate temperature were studied.  The ZnO thin films 

were grown by pulsed laser deposition, atomic layer deposition and RF magnetron sputtering. 
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3.3.1    Pulsed Laser Deposition 

Pulse laser deposition (PLD) is a thin film growth technique which uses a high power 

pulsed laser beam to ablate a target inside a vacuum chamber.   The target material is vaporized 

and expands and forms a plume containing many energetic species.  Those species from the 

target include atoms, molecules, electrons, ions, and clusters.  The plume deposits onto a 

substrate resulting in thin film growth.  Figure 3-2 shows the layout of the pulsed laser 

deposition system used in this work.  The distance between the target and the substrate is 5cm.   

In this study, the ZnO thin films are grown in a vacuum chamber, which can be evacuated 

by a turbo-molecular pump pumping to a base pressure of 5.0×10-6 Torr.  A KrF excimer laser 

(Lambda Physik, COMPEX 201, laser wavelength of 248nm, pulse duration of 25ns, repetition 

rate of 10 Hz) was used to ablate a ZnO target (diameter for 2 inches, purity 99.99%).  The used 

laser fluences were 1.06, 1.26, 1.54 and 1.98J/cm2, respectively.  The films were grown at 10 

mTorr of oxygen on Corning 2974 glass substrates.  The substrate temperatures are 100 oC and 

200 oC.  The deposition time was varied as the laser power density at the ZnO target was 

changed, in order to maintain a constant thickness of ZnO films.  Before every thin film 

deposition, the ZnO target was cleaned by the laser fluence for 1min 40 seconds (1000 shots).  

After cleaning the surface of the ZnO target, the shutter was opened for deposition onto the 

substrates. 
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Figure 3-2. The layout of the pulsed laser deposition system.  The distance between the target 
and the substrate is 5cm 

 

3.3.2    Atomic Layer Deposition 

ZnO thin films are grown on Corning 2974 glass substrates by atomic layer deposition 

(ALD) technique.  In this study the ALD ZnO thin films growth were performed in cooperation 

with Dr. Thomas W. Scharf’s research group, Department of Material Science and Engineering, 

UNT.. The more detailed discussion of the synthesis and structural characteristics of ALD ZnO 

can be found in Dr. Benedict A. Mensah’s dissertation [5], Department of Material Science and 

Engineering, UNT.  ALD thin film growth relies on two sequential surface reactions between 

precursor molecules and a solid surface.  The surface of the substrate is first exposed to a 

reactant, which reacts with the initial surface sites.  Then, after purging byproducts and excess of 

this first previous reactant, the surface is exposed to the reactant.  In this study, diethyl zinc, DEZ 
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[(C2H5)2Zn] and H2O, which are the respective precursors for zinc and an oxygen were 

alternately pulsed into the ALD reactor using nitrogen as a carrier gas using separate inlet lines 

and nozzles.  A Cambridge NanoTech Savannah 100 ALD reactor was used in this work.  An 

image of the system is shown in Figure 3-3.  In order to prevent gas-phase reactions that are 

caused by intermixing of the precursors which are supplied via mass flow controllers with a 

throughput of 20 sccm, nitrogen is also used to purge the reactant lines.  The pulse times for DEZ 

and H2O feed were the same at 15 msec, and the purge times were 8 sec, as shown in Table 3-1.  

The substrate temperatures were 100 oC and 200 oC.  The films were grown at a growth rate of 

0.14 nm/cycle.  The reaction sequence for ALD ZnO is as follows:  

ZnOH
*
 + Zn(CH2CH3)2  ZnOZn(CH2CH3)* + C2H6 (g) 

ZnOZn(CH2CH3)* + H2O  ZnOH* + C2H6 (g) 

where * indicates surface species. 

All of the settings such as the duration of the metal organic and the de-ionized water 

pulses, the purge time and the deposition temperature are controlled by Lab view software.  After 

finishing the deposition, the ZnO films are cooled inside the chamber to room temperature. 
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Figure 3-3. An image of the Savannah 100 ALD system (Source: Cambridge Nanotech Inc) 

 

Table 3-1.  Deposition conditions for ALD ZnO thin film growth 

Precursor Pulse time (s) Purge time (s) Deposition 

temperature 

Growth rate 

(nm/cycle) 

DEZ 

DI H2O 

0.015 

0.015 

8 

8 

100 oC and  

 200 oC 
0.14 

 

3.3.3    RF Magnetron Sputter Deposition 

A typical sputtering system consists of a vacuum chamber with substrate holders and 

magnetron sputtering guns, vacuum pumps, a gas supply system and RF power supplies.  A 

sketch for the sputtering chamber is shown in Figure 3-4.  Sputtering is a process where atoms 

are ejected from a target material due to bombardment by energetic particles, such as ionized Ar. 

A detailed review of sputtering including the design of magnetron guns can be found in REF [6].  

The sputtered ZnO thin films were prepared by RF magnetron sputtering technique on 2974 

Corning glass.  Prior to opening the substrate shutter for deposition, the surface of the ZnO target 



59 
 

was cleaned by exposure to the plasma for 10 minutes.  The separation the substrate and the 

target is 6 cm.  The deposition pressure was maintained at 20 mTorr of Argon and the sputtering 

power densities were varied at 4.44 W/cm2, 5.92W/cm2, 7.40W/cm2 and 8.88W/cm2. The 

substrate temperatures here were 100oC and 200 oC as with the PLD and ALD grown films.   

 

 

 

Figure 3-4. A sketch diagram of sputtering chamber 

 

 

3.3.4    Post Deposition Annealing Treatment 

Post deposition annealing was performed in controlled ambient conditions and specific 

substrate temperature.  During thermal annealing, thin films can react with the processing 

ambient such as oxidizing or reducing gases.  Crystallization and changes in grain size are 

possible outcomes of post growth annealing.  The ZnO thin films fabricated by PLD, ALD and 

RF sputtering deposition are annealed in vacuum (5x10-5 Torr), Ar (100mtorr) and air, 

respectively.  The temperature was ramped from room temperature to 400oC at a rate of 
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10oC/min.  After the temperature reached 400oC, the films are annealed for 2 hours.  The 

annealing curve is shown in Figure 3-5.  The samples were allowed to cool down to room 

temperature in the chamber before removal. 

 

                          

Figure 3-5. A sketch for annealing curve 

 

3.4       Insulator Thin Film Growth 

The insulator thin films were prepared by RF magnetron sputtering on ITO/glass 

substrates.  Two inch BaTa2O6 and Al2O3 targets with 99.99% purity are used for the insulator 

thin film deposition.  The separation from the substrate to the target was 6 cm.  The base pressure 

of the turbo pumped vacuum chamber was 5.0 x 10-6 Torr and prior to opening the substrate 

shutter for deposition, the surface of the insulator targets are cleaned by exposure to the plasma 

for 10 minutes.  Deposition were performed at a pressure of 20 mTorr of an Argon/Oxygen (Ar: 

O2 = 77%:23%) mixture and the substrates were at room temperature.  The sputtering powers 

used were 3.95W/cm2, 4.93W/cm2, 5.92W/cm2, 6.91W/cm2, 7.89 W/cm2and 8.88 W/cm2 for 

BaTa2O6 thin films deposition.  The sputtering power densities used for the Al2O3 thin films 

deposition were 4.93W/cm2, 5.92W/cm2, 6.91W/cm2, 7.89 W/cm2, 8.88 W/cm2 and 9.87W/cm2.  
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3.5       Metal-Insulator-Semiconductor Device Fabrication 

The ZnO and the insulators thin films that exhibited the best electrical/optical properties 

from the conditions used above were incorporated into MIS structures.  The fabrication steps of 

MIS devices are as follows:  

1. ITO glass substrates with 2 cm x 2 cm sizes were cleaned with the substrate cleaning 

procedure described in section 3.2.1.  A microscope slip cover was used to create a 

step as shown in Figure 3-6 (a) for the thickness measurement by profilometry. ZnO 

thin films were then deposited onto the ITO glass substrates, as shown in Fig 3-6 (b). 

The electrical contact between the ZnO and ITO is Ohmic. 

 2. A slip cover was then put on the ZnO thin film and the insulator layer was deposited 

on top of the ZnO thin films, as shown in Figure 3-6 (c).  

3. After the insulator thin film was deposited on ZnO/ITO glass, the slip cover is 

removed, which allows access to the ZnO underneath.  A shadow mask is then used to 

deposit metal contacts onto the insulator as Figure 3-7shows.  The metal typically used 

was thermally evaporated silver.  The based material was silver shot with a particle 

size of 1-3mm and 9.9999% purity.  A boat used for Ag deposition is shown in Figure 

3-8.  The boat (R. D. Mathis Company) is connected to a 250A Sorensen DC power 

supply that is controlled by a computer to two copper electrodes, at heated by passing 

a high current through it (Joule heating).  The deposition rate was 2A/s and the 

thickness of the Ag was typically ~150nm for all depositions.  A schematic of the 

complete fabricated MIS structure is shown in Figure3-10. 
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Figure 3-6. (a) A mask on ITO glass substrate (b) ZnO thin film on ITO glass substrate (c) mask 
on ZnO thin film for insulator deposition 
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Figure 3-7. (a) a mask on the insulator/ZnO/ITO glass (b) a top view 

                 

                          Figure 3-8. The boat for the Ag deposition  
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Figure 3-9. The schematic deposition of the thermal evaporation for silver layer on samples 
 

 

                     

                                   Figure 3-10. A schematic structure of MIS 

 

 

3.6       Materials Characterization 

3.6.1    Surface Profilometry 

Topography and thickness of the thin films were measured with a Veeco Dektak 150 

stylus profilometer.  As described above, a slip cover was used to create edges for measuring the 

topography and thickness.  Figure 3-11 shows the architecture of a thin film and the measuring 

arrangement with a stylus profilometer.   
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Figure 3-11. A schematic of the architecture of thin films with steps and the measuring 
arrangement with a stylus profilometer 

 

3.6.2    Scanning Electron Microscopy (SEM) 

A FEI Nova 200 Dual Beam system equipped with a 30kV SEM (scanning electron 

microscope) column and a 30 kV FIB (focused ion beam) column with a gallium source was 

used for SEM analysis.  The samples were milled with an accelerated Ga+ ion beam through the 

silver to the ZnO layer. The milled area was 10 μm x 4 μm and milling depths of around 600 nm 

reached to the glass substrates.  Images of interface between the insulator and ZnO were then 

scanned by SEM.  

 

3.6.3    Structure Properties Using X-ray Diffraction  

X-ray diffraction (XRD) analysis of the films was performed by using the 1.54056 Å Cu 

K1 line of a Rigaku Ultima III X-ray diffractometer.  To prevent measurements of the substrate, 

a glancing angle of 5 degrees was used for the ZnO thin films, and 0.5 degrees for the BaTa2O6 

and Al2O3 films.   
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3.6.4    X-ray Photoelectron Spectrometer (XPS) 

A PHI 5000 VersaProbe
TM Scanning X-ray Microprobe Spectrometer was used to 

analyze the chemical bond states and the composition of the materials.  XPS uses a 

monochromatic X-ray beam (Al Kα1, 1486.6eV) to probe the sample surface.  The chemical 

composition of the sample surface are analyzed by using the X-ray source of 10.9W, a pass 

energy of  58.7 eV,  a 45o take-off angle and a scan rate of 0.5 eV/step.  To clean the surface of 

samples, Ar+ sputtering is used to remove adventitious carbon on the surface.  The depth profile 

was facilitated by sputter removal of the material using Ar+ ions accelerated at 2 keV with a 

beam current of 2 μA.  

  

3.6.5   Optical Properties - Photoluminescence (PL) and Photoluminescence Excitation (PLE) 

and Transmittance  

The photoluminescence (PL) and photoluminescence excitation (PLE) characteristics of 

the specimens are determined using a reconfigurable optical bench which includes a xenon lamp, 

two ¼ meter monochromators with appropriate gratings, reflective optics, and photomultiplier 

tube and photodiode detectors.  Lock-in detection and a chopper is used to minimize background 

signals, and the system is integrated via Lab View software.  A schematic diagram of the setup is 

shown in Figure 3-12.   

For a photoluminescence measurement monochromator 2 allows selection of the required 

excitation wavelength from the Xenon lamp and photoluminescence generated in the specimens 

is collected and measured with monochromator 1 and the detector.  For measuring 

photoluminescence excitation (detecting the best excitation wavelength for the specimens), 

detecting monochromator 1 is set to the peak photoluminescence wavelength and the excitation 
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wavelength is scanned with monochromator 2.  For example, one of the known emission 

wavelengths of undoped ZnO is around 370 nm, as shown in Figure 3-13 [7].  Monochromator 1 

would be set to 370nm, and the excitation wavelength scanned with monochromator 2 to 

determine the best optimal excitation wavelength.  After the optimal excitation wavelength is 

known, it is used to excite the specimen in order to obtain the strongest PL intensity. 

 

 

 
 

Figure 3-12. A schematic diagram of photoluminescence measurement 
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Figure 3-13. PL spectra at room temperature of ZnO thin films grown under different oxygen 
partial pressures. The emission wavelength was around 370 nm [7] 

 

The transmittance is defined by the equation:   
 

  
     , where Io is the intensity of 

the incident light and I is the intensity of the light transmitted through the sample.  In this study, 

Io is the incident light through a blank glass (Corning 2974) substrate, and I is the light 

transmitted through the glass substrate onto which the ZnO or insulator thin films were deposited.  

                  

3.6.6    Optical Properties-Ellipsometry 

The refractive indices of the thin films are with a J.A. Woollam M-2000 Ellipsometer.  

The fundamentals of ellipsometry are well understood.  In summary, plane-polarized light 

impinges a sample at a certain angle, and the change of polarization of the reflected beam is 

analyzed.  The optical constants are determined from the measured relative phase change, ∆ and 

the relative amplitude change, ψ, introduced by reflection from the surface.  More specifically, ψ 

and ∆ provides the ratio between the s-polarized (rs) and p-polarized (rp) light reflected off the 

surface of interest [8];  
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which directly relates to the complex index of refraction through Fresnel’s Relations;  
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where rp and rs are the p and s components of the reflected polarized light, and n  is the complex 

index of refraction. Both Ψ and Δ are wavelength dependent.  Once the real (n) and imaginary 

components (k) of the complex index of refraction have been measured, the thickness 

determination is rather straightforward since the amplitude of the electrical component of the 

propagating light wave is: 
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where d is thickness and t is time. 

To determine the refractive index of thin films, 55o, 60o and 65o angles of the incident 

light were used.  The wavelength range used was 400 nm to 700 nm with a step of 5 nm.  The 

system recorded the spectra of psi (ψ) and delta (Δ) as function of wavelength (λ), then 

calculated the complex refractive index.   
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                     Figure 3-14. A schematic setup of an ellipsometry experiment. 

 

3.6.7    Electrical Properties-Hall Effect Measurement and Current-Voltage (I-V) 

The Hall Effect is used to determine the resistivity, the carrier type, the carrier 

concentration and the mobility of a specimen [9].  If an electrical current flows through a 

conductive specimen in a magnetic field, the magnetic field produces the Lorentz force:  

 ⃑   ⃑    ⃑   ⃑⃑  

where  ⃑ represents the electron charge,  ⃑ the velocity and  ⃑⃑ the magnetic field.  The Lorentz 

force deflects the moving carriers and pushes them to one side of the conductive specimen.  The 

deflected direction is determined by the type of carriers and the cross product of   ⃑   ⃑⃑.  The 

deflected carriers create a potential, known as the Hall voltage, VH [9].  The Hall voltage is 

defined as      
  

   
, where I is the electrical current, t is the thickness of the specimen, n is 

the carrier concentration.  A Hall coefficient is defined as    
   

  
  

 

  
 

The sign of the Hall coefficient indicates the dominant carrier type.  A negative Hall coefficient 

indicates that electrons are the dominant carriers.  A positive Hall coefficient represents that 

holes are the dominant carriers.  The Hall effect mobility, μH, can be obtained by    
  

 
 which 
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is related to the conductivity or resistivity of carriers.  A Hall Effect measurement requires four 

Ohmic contacts to the samples, which are usually in the Van der Pauw arrangement.  These are 

labeled 1, 2, 3, and 4 counterclockwise as shown in Figure 3-15 (a).  The film resistivity, ρ, for 

example, is first assessed using, ρ 
  

     
 
   

   
 

   

   
  , where V43 and V14 are defined as the 

potential difference between V4-V3 and V1-V4, respectively.  I12 and I23 indicate the current flow 

in the specimen entering through contact 1 and leaving through contact 2, and through contact 2 

to contact 3, respectively.  A schematic of the configuration is shown in Figure 3-15 (b). 

 

                                           

         
Figure 3-15. (a) The common geometry for contacts for Hall effect measurements. The labels 1-4 
are the contacts. (b) Schematic of current and voltage measurement  [9] 
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The equations describing the measurements can be expressed as   
  

     

             

 
, 

where        
   

   
        

   

   
 

In this study, an Ecopia HM-S5000 Hall effect measurement system using a current of 1 μA, and 

a magnetic field of 0.5 Tesla was employed for electrical characterization of the ZnO films. 

For the dielectric strength of insulators, MIS structures were biased into dielectric 

breakdown by applying a reverse electric field to the specimens.  Figure 3-16 shows an example 

of I-V measurements of BaTa2O6 [10].  The breakdown strength of BaTa2O6 thin films was 

around 1 MV/cm. 

 

                  
       Figure 3-16. A I-V measurement for BaTa2O6 thin films by sputtering deposition [10] 

 

 The breakdown characteristics of the BaTa2O6 and Al2O3 were determined using a Keithley 

2420 source-measure unit integrated with a Micromanipulator probe station via LabView.  
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3.7       Characterization for MIS Devices 

3.7.1    Capacitance-Voltage (C-V) Measurements     

The use of capacitance-voltage (C-V) measurements for the characterization 

semiconductor devices was discussed in some detail in the previous section.  In this study, 

frequency dependent C-V and conductance-voltage (G-V) measurements are performed using an 

Agilent 4294A impedance analyzer integrated with a Micromanipulator probe station.  

An ac oscillation (probe) voltage of 100 mV and frequency of 1MHz were use.  The dc 

bias range is determined by the inversion and accumulation regions for each MIS device and is 

swept from a negative voltage to a positive voltage.  Figure 3-17 [11] shows an example of a C-

V measurement where the dc bias was varied from the negative to the positive voltage for a MIS 

with n-type semiconductor at 1 MHz.  The capacitance of the oxide layer can be determined 

from the region of strong accumulation which is around 350 pF in this example.  

 

                   
Figure 3-17. A typical C-V measurement of a MIS with n-type semiconductor with the bias 
swept from the inversion region to the accumulation region [11] 
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3.7.2    Conductance-Voltage (G-V) Measurements 

As previously mentioned, both the capacitance and the conductance as functions of 

voltage and frequency contain identical information about interface traps.  However, the 

conductance is directly related to the interface traps and yields more accurate and reliable results 

[12].  The measurement setup was the same as the capacitance measurement (the ac oscillation 

voltage was 100 mV and frequency was 1MHz).  The dc bias range is determined by the 

inversion and accumulation regions for each MIS device and swept from a negative voltage to a 

positive voltage.    

 

3.7.3    Hysteresis Curve from C-V Measurements 

The interface charge can be estimated from the in a C-V measurement as discussed in 

Chapter 2.  For the hysteresis curve measurement, the C-V measurement was swept from the the 

inversion region to the accumulation region, then from the accumulation region to the inversion 

region.  The ac oscillation voltage was set to 100 mV and the frequency used was 1MHz.   

              

3.7.4    Frequency Dispersion from C-V Measurements 

Due to the strong dependence of MIS device capacitance on frequency, C-V 

measurements were performed at different frequencies.    In this study, to estimate the influence 

of frequency dispersion in the MIS devices, C-V measurements were performed at frequencies of 

500 kHz, 1 MHz and 2 MHz with an ac voltage probe of 100mV.   
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CHAPTER 4 

RESULTS:  THE PROPERTIES OF ZINC OXIDE, BARIUM TANTALATE AND 

ALUMINUM OXIDE1 

       

4.1       Properties of ZnO Thin Films by PLD, ALD and Sputtering  

As mentioned in Chapter 3, three techniques (pulsed laser deposition, atomic layer 

deposition and RF magnetron sputtering deposition) were used to fabricate ZnO thin films in 

order to evaluate which method resulted in the best combination of electrical and optical 

properties. The structural, optical and electrical properties of the resultant ZnO thin films are 

discussed in this chapter. 

 

4.1.1    Structural Properties and Compositional Analysis 

-Pulsed Laser Deposited ZnO Thin Films 

Figure 4-1 is the XRD spectra of the as-deposited PLD ZnO films grown at 100°C and 

200°C with a laser power density of 1.04 mJ/cm2 and 10 mTorr of oxygen.  The oxygen 

diffusion is depending on the growth temperature and inversely proportional to square root of 

growth temperature. However, the growth temperatures here are relative low, so the oxygen 

diffusion coefficients for 100oC and 200oC are considered similar which in the range of 10−15–

10−17 cm2/s. XRD confirmed that PLD ZnO thin films grown at 100ºC and 200°C are 

polycrystalline (wurtzite crystal structure).  PLD ZnO thin films exhibit strong (002) texturing 

which is often called c-axis orientation.  The c-axis orientation is commonly observed in ZnO 

                                                           
1 Results presented in this chapter have been published in Physica Status Solidi (a) Vol. 207, Issue 11 (2010) 2487 
and are used with permission from Wiley-VCH Verlag GmbH & Co. KGaA. 
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thin films because the c-plane which is perpendicular to the substrate is the most densely packed 

and thermodynamically preferred in the wurtzite structure [1].  In addition, there is another weak 

peak appearing at 2θ = 62.2o as shown in Figure 4-1, which corresponds to ZnO (103).  During 

the growth, the kinetics is mainly determined by the substrate temperature when the laser power 

density is fixed.  At a relatively higher temperature, the atoms on the substrate surface can 

diffuse quickly to find the highest energy sites, and form the low energy structure [2].  With the 

assumption of homogeneous strain, the average grain size D of (002) peak can be estimated from 

the well-known Debye-Scherrer formula [3], that is  

D = kλ /Bcosθ---------Eq (4-1) 

where  is the x-ray wavelength (1.54056 Å for the Cu K1 line), B and  are the FWHM (the 

full width at half maximum) and the Bragg diffraction angle of the dominant XRD peak, and k is 

a constant equal to 0.9.  Accounting for instrument broadening, the grain size of the PLD ZnO 

thin film grown at 100°C is 16.58 nm, which increases slightly to 18.20 nm when the substrate 

temperature is 200°C.  The crystallinity of the ZnO at 100°C and 200 °C are comparable and 

because of the  low temperature process requirement for compatibility with plastic substrates 

mentioned in Chapter 2, the substrate temperature of 100°C deemed to be appropriate.   

The laser power density was then varied with the substrate temperature being constant at 

100°C.  Figure 4-2 is the XRD spectra of the as-deposited PLD ZnO thin films grown at 100°C 

with the laser power densities of 1.04, 1.24, 1.54 and 1.94 mJ/cm2 respectively.  All of the PLD 

ZnO thin films exhibit strong (002) texturing.  Basal plane growth appears to be 

thermodynamically favorable in the energetic (due to atomic peening) pulsed laser deposition 

process.  The orientation of PLD ZnO thin films are not affected by the change of laser power 
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density, while the intensity of (002) peak increased slightly with the increase of the laser power 

density.   
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Figure 4-1.  X-ray diffraction spectra of PLD ZnO thin films grown at 100 oC (bottom), and 200 
oC (top).  The peaks are labeled in brackets and their 2θ angles given below 
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Figure 4-2.  X-ray diffraction spectra of PLD ZnO thin films grown at 100 oC with the laser 
power densities of 1.04 (black), 1.24 (red), 1.54 (blue) and 1.94 (green) mJ/cm2.  The peaks are 
labeled in brackets and their 2θ angles given below 

 

The PLD ZnO thin films deposited at 100°C and 1.04 mJ/cm2 were annealed in different 

ambient conditions.  Figure 4-3 presents the XRD spectra of the as-deposited PLD ZnO thin 

films and after annealing at 400 °C in air, vacuum (5x10-5 Torr) and Ar (1 Torr).  With the 

assumption of homogeneous strain, a calculation of grain sizes for the as-deposited PLD ZnO 

thin film and the films annealed in Ar, vacuum and Air is shown in Table 4-1.  The average grain 

size of the PLD samples synthesized at 100 oC grew from 16.58 nm to 25.93 nm after post 

deposition annealing at 400 oC in 1 Torr of Ar, which represents a 56.39 % increase.  The post 

deposition annealing in vacuum resulted in a 38.42 % increase from 16.58 nm to 22.95 nm.  The 

grain size of PLD ZnO annealed in air is 26.66 nm, which is an increase of 60.80% from 16.58 

nm.   
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Understanding the structure mentioned above and correlation with the composition would 

provide deeper insight to the processing-structure-properties of the ZnO thin films.  Therefore, 

XPS (X-ray Photoelectron spectra) measurements were performed.  Table 4-2 presents the Zn/O 

ratio determined by XPS for the as-deposited PLD ZnO thin films, and after annealing in Ar, 

vacuum and air.  As Table 4-2 shows, all of the films are oxygen deficient, and while annealing 

in Ar and vacuum slightly increases the Zn/O ratio, annealing in air has the opposite effect and 

clearly increases the oxygen content.  This information provides some insights and a tentative 

correlation between composition, electrical conductivity and optical properties.  We shall return 

to this discussion below after the electrical properties and the photoluminescence data of all ZnO 

thin films by PLD, ALD and sputtering have been presented. 
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Figure 4-3. XRD spectra of PLD ZnO as-deposited at 100oC (black) and annealed in Ar (red), 
vacuum (blue) and air (green) at 400 oC for 2 hours 
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Table 4-1. Grain sizes of PLD ZnO as-deposited at 100 oC and annealed in Ar, vacuum and air 

  Grain Size (nm) 

Grain size increasing 

percentage (%) 

As grown PLD ST 

100 16.58                                   --- 

Annealed PLD ST 

100 in Ar 25.93 56.39% 

PLD ST 100 in 

vacuum 22.95 38.42% 

PLD ST 100 in air 26.66 60.80% 

 

Table 4-2. The Zn/O ratio determined by XPS for PLD ZnO films in the as-deposited condition, 
and after annealing in Ar, vacuum and air 

XPS 
(Zn/O) 

As 
deposited               

 Annealed in 
Ar 

Annealed in 
vacuum 

Annealed in 
air 

PLD 
ZnO 1.17±0.1 1.21±0.1 1.18±0.1 1.10±0.1 

 

- Atomic Layer Deposition for ZnO Thin Films 

XRD spectra of the as-deposited ALD ZnO films grown at substrate temperatures of 

100°C and 200°C are shown in Figure 4-4.  The films grown at 100 and 200ºC are 

polycrystalline (wurtzite crystal structure).  The investigated angular region (2θ = 20o-90o) 

include the obvious peaks corresponding to 31.8o (100), 34.4o (002), 36.2o (101) and 56.7o (110).  

Both of the as-deposited films (at 100ºC and 200ºC) show predominantly prismatic (100) 

texturing, or preferred orientation, of the ZnO grains.  The intensity ratio (I100/I002) of the (100) 

peak compared to the (002) is 2.05 and 2.38 for the films grown at 100 ºC and 200 ºC 

respectively.  When the deposition temperature is increased to 200 ºC, the ZnO grains become 



83 
 

more randomly orientated, since the (101) peak grew to approximately the intensity of the (100).  

The grain size of the ALD ZnO (100) increased slightly from 20.24 nm to 24.70 nm when the 

substrate temperature is increased from 100 to 200 ºC.   

ALD ZnO thin films deposited at the substrate temperature 100 ºC were then studied as a 

function of different annealing conditions.  Figure 4-5 is the XRD spectra of the as-deposited 

ALD ZnO thin films at 100 ºC, and annealed at 400 ºC in Ar (1 Torr), vacuum (5x10-5 Torr) and 

air.  The films deposited by ALD exhibit an invariance of 2θ in their respective X-ray spectra 

before and after annealing, which suggests that possible processing induced micro-strain if 

present is homogeneously distributed throughout the films.  With the assumption of 

homogeneous strain, the average grain size D can be estimated.  Table 4-3 shows the grain size 

of ALD ZnO thin films before and after annealing.  After annealing in Ar of 1 Torr, the average 

grain size of the ALD ZnO samples synthesized at 100oC grew from 20.24 nm to 32.02 nm, 

which represents a 58.20% increase.  Annealing in vacuum resulted in a 40.32 % increase in 

grain size from 20.24 nm to 28.4 nm.  The grain size of ALD ZnO thin film annealed in air is 

29.98 nm, which presents a 48.12% increase from 20.24 nm. 

Table 4-4 presents XPS measurements of the composition of the ALD ZnO thin films.  

This shows that all of the films were oxygen deficient.  The Zn/O ratio of the as-deposited ZnO 

thin film is 1.17 and slightly increases to 1.18 and 1.19 when ALD ZnO was annealed in Ar and 

vacuum, respectively.  When ALD ZnO was annealed in air, the result was similar to the PLD 

ZnO thin film annealed in air; that is the oxygen content increased. 
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Figure 4-4.  X-ray diffraction spectra of ALD ZnO grown at 100 oC (bottom), and 200 oC (top).  
The peaks are labeled in brackets and their 2θ angles given below 
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Figure 4-5. XRD spectra of ALD ZnO as-deposited at 100oC (black) and annealed in Ar (red), 
vacuum (blue) and air (green) at 400 oC for 2 hours 
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Table 4-3. Grain sizes of ALD ZnO as-deposited at 100 oC and after annealing in Ar, vacuum 
and air 

  

Grain Size 

(nm) 

Grain size increasing 

percentage 

As grown 

ALD ST 100 20.24   

ALD ST 100 

in Ar 32.02 58.20% 

ALD ST 100 

in vacuum 28.4 40.32% 

ALD ST 100 

in air 29.98 48.12% 

 

Table 4-4. The Zn/O ratio determined by XPS for ALD ZnO films in the as-deposited condition, 
and after annealing in Ar, vacuum and air 

XPS 
(Zn/O) 

AS 
deposited               

 Annealed 
in Ar 

Annealed in 
vacuum 

Annealed in 
air 

ALD 
ZnO 1.17±0.1 1.18±0.1 1.19±0.1 1.15±0.1 

 

 -RF Magnetron Sputtering for ZnO 

The sputtered ZnO films were prepared by RF magnetron sputtering from a ZnO target in 

20 mtorr of Ar.  Figure 4.5 shows the XRD spectra of the sputtered ZnO thin films grown at 

100°C and 200°C with power density of 4.44 W/cm2.  Both films show a polycrystalline 

(wurtzite) crystal structure.  The film sputtered at 100 °C exhibits strong (002) texturing, but the 

film grown at 200°C is more randomly oriented.  The grain size of the sputtered ZnO increased 

slightly from 17.42 nm to 18.88 nm when the substrate growth temperature increased from 100 

ºC to 200 ºC.  The crystallinity of ZnO thin films at 100°C and 200 °C are comparable.  However, 

since films that were sputter grown at 100 °C showed a stronger (002) peak than the one 
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produced at 200°C, a substrate temperature of 100°C was used in subsequent process 

optimization 

With the substrate temperature fixed at 100 ºC, the sputtering power densities were varied.  

Figure 4-6 is the XRD spectra of that were sputter grown at power densities of 4.44 W/cm2, 5.92 

W/cm2, 7.40 W/cm2 and 8.88 W/cm2 respectively.  All of the sputtered ZnO films exhibit strong 

(002) texturing.  As shown in Figure 4-6, the orientations of sputtered ZnO films were not 

affected by the change of sputtering power densities.   
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Figure 4-6. X-ray diffraction spectra of sputtered ZnO grown at 100 oC (bottom), and 200 oC 
(top).  The peaks are labeled in brackets and their 2θ angles given below 
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Figure 4-7. X-ray diffraction spectra of sputtered ZnO grown at 100 oC with sputtering power 
density of 4.44 (black), 5.92 (red), 7.40 (blue) and 8.88 (green) W/cm2.  The peaks are labeled in 
brackets and their 2θ angles given below 

 

Figure 4-8 is the XRD spectra of sputtered ZnO thin films deposited at 100 ºC and 

annealed at 400 ºC in Ar (1 Torr), vacuum (5x10-5 Torr) and air.  With the assumption of 

homogeneous strain, the average grain size D can be estimated.  Table 4-5 shows the grain size 

of the sputtered ZnO thin films before and after annealing.  The average grain size of the 

sputtered ZnO sample grown at 100oC grew from 17.42 nm to 28.57 nm after annealing in 1 Torr 

of Ar, which represents a 64.01% increase. The sputtered ZnO thin film annealed in vacuum 

resulted in a 59.53 % increase from 17.42 nm to 27.79 nm.  The grain size of the sputtered ZnO 

thin film annealed in air is 29.93 nm, which presents a 71.81% increase from 17.42 nm. 

The composition of the sputtered ZnO thin films from XPS measurement is shown in 

Table 4-6.  Table 4-6 shows that the Zn/O ratios of the sputtered ZnO thin films have a similar 

trend to the ZnO deposited by PLD and ALD.  All of the films show oxygen deficiency, but 
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when they were annealed in Ar and vacuum there were slight increases in the Zn/O ratios. 

Annealing in air had the opposite effect and clearly increased the oxygen content.  The Zn/O 

ratio for the as-deposited sputtered ZnO thin film is 1.23.  After the ZnO thin films were 

annealed in Ar and vacuum, the Zn/O ratios increased to1.30 for both of them.  The Zn/O ratio 

for the ZnO annealed in air decreased to 1.09.   
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Figure 4-8. XRD spectra of sputtered ZnO as-deposited at 100oC (black) and annealed in Ar 
(red), vacuum (blue) and air (green) at 400 oC for 2 hours 
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Table 4-5. Gain sizes of sputtered ZnO as-deposited at 100 oC and after annealing in Ar, vacuum 
and air at 400 oC 

  Grain Size (nm) 

Grain size increasing 

percentage 

As grown ST 100 17.42   

ST 100 in Ar 28.57 64.01% 

ST 100 in vacuum 27.79 59.53% 

ST 100 in air 29.93 71.81% 

 

Table 4-6. The Zn/O ratio determined by XPS for sputtered ZnO films in the as-deposited 
condition, and after annealing in Ar, vacuum and air 

XPS 
(Zn/O) 

As 
deposited               

 Annealed 
in Ar 

Annealed in 
vacuum 

Annealed in 
air 

Sputtered 
ZnO 

1.23±0.1 1.30±0.1 1.30±0.1 1.09±0.1 
 

4.1.2    Electrical Properties 

Hall Effect measurements were carried out to investigate the electrical properties of the 

ZnO thin films.  An Ecopia HM-S5000 Hall Effect system measured each sample 10 times, from 

which average values are calculated.  The results are shown in Table 4-7 for all of the ZnO thin 

films grown at 100 oC and 200 oC by PLD, ALD and RF sputtering.  All of the signs of the 

carrier concentrations are negative, which show that all of the ZnO thin films are n-type 

semiconductors.  The ALD ZnO thin film grown at 100 oC has the lowest carrier concentration 

(Ne, cm-3
), smallest mobility (μ, cm2/V.s ), and highest resistivity (ρ, Ω.cm).  The specific Ne of 

the ALD ZnO thin film grown at 100 oC was 1.81x1016 cm-3, which increased to 8.85x1017 cm-3 
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at 200 oC.  The mobility of carriers of the ALD ZnO thin film increases from 1.14 to 16.51 

cm2/V.s for the 100 oC and 200 oC growth temperatures.  It has been proposed that trapped 

hydroxyl groups and associated deep levels lead to relatively poor electrical properties in ALD 

ZnO thin films processed at low temperatures.  Hall effect measurements showed that the free 

carrier concentration varied between 1019 and 1017 cm-3 while the conductivity remained at 10-1 

Ω-1cm-[4].  The increased carrier concentrations and the electron mobility together mentioned 

above suggest that higher substrate temperature leads to a reduction in non-radiative electronic 

trap concentrations.  This author proposes that the grain coarsening results in diminished grain 

boundary scattering which also contributes to the improved electrical behavior observed at 200 

oC compared to 100 oC.  Similar results are obtained in PLD ZnO thin films.  The carrier 

concentration and resistivity of the PLD ZnO at 100 oC and 200 oC are 1.11x1017 cm-3, 3.85 

Ω.cm and 7.61x1017 cm-3, 0.47 Ω.cm, respectively.  The mobility of carriers in the PLD ZnO thin 

film grown at 200 oC is 17.42 cm2/V.s, which is slightly higher than the 14.6 cm2/V.s measured 

for PLD ZnO thin film fabricated at 100 oC.  The electrical properties of ZnO films grown by 

ALD and PLD at 200 oC are comparable.  In comparison, the sputtered ZnO thin films grown at 

100 oC and 200 oC are characterized by significantly larger Ne, μ and smaller ρ values.  However, 

there is no significant influence of the substrate temperature on electrical properties of sputtered 

ZnO thin films.  The carrier concentration Ne, mobility, μ and resistivity, ρ values for the 

sputtered ZnO sample at 100 
oC are 3.59x1018 cm-3, 35.21 cm2/V.s and 0.05 Ω.cm, respectively.  

The carrier concentration, Ne, mobility, μ and resistivity, ρ values for the sputtered ZnO sample 

at 200 
oC were 4.24x1018 cm-3, 32.71 cm2/V.s and 0.048 Ω.cm, respectively.  Thus, the electrical 

properties of the ZnO thin films at sputtered 100oC and 200 
oC are comparable.  
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Table 4-7. Electrical properties of PLD, ALD and sputtered ZnO thin films grown at 100 oC and 
200 oC from Hall Effect measurement. The error percentage is 6% for the measurements. 

Sample Carrier 
concentration, 
Ne [ cm-3] 

Mobility, 
μ  

[cm2/Vs] 

Resistivity, ρ 

[ Ωcm] 

PLD 100 oC as-deposited -1.11x1017 14.60 3.850 

PLD 200 oC as-deposited -7.61x1017 17.42 0.470 
ALD 100 oC as-deposited -1.81x1016 1.14 303.000 
ALD 200 oC as-deposited -8.85x1017 16.51 0.420 
Sputtered 100 oC as-deposited -3.59x1018 35.21 0.050 
Sputtered 200 oC as-deposited -4.24x1018 32.71 0.048 

 

The electrical properties of as-deposited PLD, ALD and sputtered ZnO are compared 

with their properties after annealing in Table 4-8.  All of the samples exhibited n-type electrical 

conduction, and overall, post deposition annealing resulted in an increase of free carrier 

concentration (Ne, cm-3), and electron mobility (μ, cm2/V.s), except for the films that were 

annealed in air which became resistive.  The change of conductivity for annealed ZnO films 

could be related to the oxygen molecular density during the processing.  According to the defect 

reactions mentioned in Chapter 2, the interstitial zinc can be described as        
       

 

 
  .  The equilibrium constant can be expressed as   

 

 
[    ][  ]    

 

  
 

 
[  ]    

 

  (K: the 

equilibrium constant, [    ] : the concentration of the interstitial zinc, [  ]  the concentration of 

electrons, p: the partial pressure of oxygen).  The concentration of electrons [  ] is inversely 

proportion to the oxygen pressure   
, so the conductivity is inversely proportion to the oxygen 

pressure    
.  The oxygen molecular density for the annealing temperature, 400oC, Ar (1 Torr), 

vacuum (10-5 Torr) and air are 1.58E+15/L, 1.58E+15/L and 2.18E+21/L, respectively.  The ZnO 
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films which were annealed in air could get the most of oxygen molecular, therefore the ZnO 

films which are annealed in air become resistive as shown in Table 4-8.  These results are 

consistent with the literature, which reports  carrier concentrations of 1015-1017cm-3and resistivity 

of 10-2-103 Ω.cm for undoped ZnO thin films grown by ALD at ~100 oC [ 5 , 6 ].  The 

corresponding reported values for PLD films grown at ~100 oC range between 1017-1019cm-3 and 

10-2-10-3Ω.cm respectively [7,8].  For the sputtered ZnO thin films, they are in the range of 1017-

1019cm-3 and 10-2-10-3Ω.cm respectively [9,10].  The ALD films grown at 100 oC has a free 

carrier concentration of 1.81x1016cm-3, which increased by more than an order of magnitude with 

post deposition annealing in vacuum to 2.79x1017cm-3.  The mobility also improved noticeably 

from 1.14 to 15.75 cm2/V.s with annealing in vacuum, and the resistivity decreased from 303 to 

1.61 Ω.cm.  As Table 4-8 shows, annealing in Ar also enhanced the electrical characteristics of 

the ALD ZnO as-deposited films, although to a lesser extent.  In comparison as Table 4-8 shows, 

the sputtered ZnO thin film grown at 100 oC is generally characterized by a larger Ne, μ and σ 

values both in their as-deposited condition and after post deposition annealing in Ar and vacuum.  

These measurements show that of the PLD, ALD and sputtered ZnO thin films grown at 100 oC, 

the sputtered ZnO thin exhibits the best electrical properties.  

The improved carrier concentrations and electron mobility together with the observed 

grain coarsening suggest that post deposition annealing will lead to a reduction in non-radiative 

electronic trap concentrations, and reduced incoherent scattering from grain boundaries and 

ionized impurities.  We shall return to this discussion below after the photoluminescence data is 

presented to clarify the proposed conductive mechanism of the ZnO films. 
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Table 4-8. Electrical properties of as-deposited PLD, ALD and sputtered ZnO and annealed ZnO 
thin films by Hall Effect measurement. The error percentage is 6% for the measurements. 

Sample  

Carrier concentration, 
Ne Mobility, μ Resistivity, ρ 

[ cm-3] [cm2/V.s] [ Ω.cm] 
PLD ZnO as-deposited -1.11x1017 14.6 0.387 
PLD ZnO annealed in Ar -1.87x1018 19.80 0.169 
PLD ZnO annealed in vacuum -1.86x1018 12.92 0.260 
PLD ZnO annealed in air Films became resistive - - 
ALD ZnO as-deposited -1.81x1016 1.14 303 
ALD ZnO annealed in Ar - 2.1x1016 2.92 101 
ALD ZnO annealed in 
vacuum -2.79x1017 15.75 1.61 
ALD ZnO annealed in air Films became resistive - - 
Sputtered ZnO as-deposited -3.59x1018  35.21 0.050 
Sputtered ZnO annealed in Ar -3.69x1018 38.72 0.043 
Sputtered ZnO annealed in 
vacuum -4.20x1018  38.80 0.045 
Sputtered ZnO annealed in air Films became resistive - - 

 

4.1.3    Optical Properties 

Photoluminescence measurements provide insight to the band structure and defect levels 

in the band gap which can be assigned to structural models. Transparency and refractive index 

measurements are also discussed in this section. 

 

-PLD ZnO Thin Films 

Figure 4-9 represents the photoluminescence (solid) and photoluminescence excitation 

(dashed) spectra of the samples synthesized by PLD at the substrate temperature 100 oC (top) 

and 200 oC (bottom).  The photoluminescence of the PLD films grown at 100 oC was 
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characterized by a relatively narrow, near-UV peak at 385 nm (3.22 eV) and a shoulder at 425 

nm (2.92 eV).  The photoluminescence excitation maximum was 330 nm (3.76 eV).   Both 

emissions are assigned to radiative relaxation from a shallow donor band associated with zinc 

interstitials to the valence band [11-14].  A band of defects (E1-E4) with activation energies 

ranging from 0.12 eV to 0.57 eV below the conduction band edge has been measured in n-type 

ZnO by deep level transient spectroscopy [15].  The zinc interstitial reactions based on Kroger-

Vink notation:   
         

       and   
         

     have formation energies of 

2.183 and 3.563 eV respectively, and are therefore more thermodynamically favorable than the 

  
         

  reaction which has formation energy of 4.722 eV [16].  Figure 4-9 also shows 

that the near UV peak of the sample deposited at 100 oC is broader compared to the film grown 

at 200 oC and further, the intensity ratio of the two peaks I385nm/ I425nm of the film deposited at 

100 oC was smaller than the one grown at 200 oC.  The transmittance of the PLD ZnO thin films 

grown at 100 oC and 200 oC is in the 80-90% range as shown in Figure 4-10. 
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Figure 4-9. The photoluminescence (solid) and photoluminescence excitation (dashed) spectra of 
the samples synthesized by PLD at 100 oC (top) and 200 oC (bottom)     
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Figure 4-10. The transmittance of PLD ZnO grown at 100 oC (black) and 200 oC (red) 
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Fig 4-11 shows the photoluminescence (solid) and photoluminescence excitation (dashed) 

spectra of the samples synthesized by PLD at 100 oC (black curve) and annealed in Ar (red 

curve), vacuum (green curve) and air (blue curve). As seen, both the near-UV peak at 385 nm 

(3.22 eV) and a shoulder at 425 nm (2.92eV) of the annealed thin films increased in comparison 

to the as-deposited sample. The PLD ZnO annealed in vacuum has the larger PL intensity at 425 

nm compared to the one annealed in air.  Annealing in Argon and vacuum results in a loss of 

oxygen and enhances non-stoichiometry, which increases the density of zinc interstitials and PL 

intensity at 3.22 eV.  It is also likely that post deposition annealing reduces the concentration of 

deep levels (as opposed to shallow donor levels) which serve as electronic traps and non-

radiative pathways.  Such mechanisms are consistent with the increases in free carrier 

concentration and mobility that are obtained after annealing as shown in Table 4-8.  The overall 

electrical and photoluminescent characteristics are therefore determined by the relative zinc 

interstitial and oxygen vacancy concentrations which vary with annealing treatment.     

The chemical analysis by XPS mentioned previously confirms the loss of oxygen. The 

atomic concentration of Zn/O for the PLD ZnO thin films grown at 100 ºC before and after 

annealing are summarized in Table 4.2.  It indicates that ZnO annealed in vacuum lost the most 

of oxygen, so the peak (425 nm, 2.92eV) of interstitial zinc increased the most. The 

transmissivity of the as-deposited and annealed thin films are shown in Figure 4-12.  All of PLD 

ZnO thin films exhibit transmissivity in the 80-90 % range which was essentially unaffected by 

post deposition annealing. 
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Fig 4-11. The photoluminescence (solid) and photoluminescence excitation (dashed) spectra of 
the samples synthesized by PLD at 100 oC (black) and after annealing at 400 oC in Ar (red), 
vacuum (green) and air (blue) 
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Figure 4-12. The transmittance of the samples synthesized by PLD at 100 oC (black) and after 
annealing at 400 oC in Ar (red), vacuum (green) and air (blue) 
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- ALD for ZnO 

 The photoluminescence (solid) and photoluminescence excitation (dashed) spectra of the 

samples synthesized by ALD at 100 ºC (top) and 200 oC (bottom) are shown in Figure 4-13.   

The PL of the samples deposited at 100 oC is dominated by a broad band peak around 605 nm 

(2.05 eV) with a significantly weaker peak at 425 nm (2.92 eV). The photoluminescence 

excitation maximum is 367 nm (3.38 eV).  It has been proposed that the former luminescence is 

due to an overlap of the red, yellow and green defect bands [17], which accounts for its broad, 

unstructured character.  However, it must be noted that the specific origins of these individual 

emissions are still disputed.  For example, the green PL has been attributed to oxygen vacancies 

[18], a zinc vacancy acceptor [19], and a complex defect involving zinc interstitials, zinc-oxygen 

anti-site defects and oxygen vacancies [20].  Thus, the decrease in PL intensity with annealing 

could be related to a reduction in luminescent defect concentrations, but the broad width and 

unstructured nature of the band precludes assignment to specific defects. 

In contrast to the 100 oC film, the ALD sample grown at 200 oC, which is shown in 

Figure 4-13 (bottom), exhibits predominantly 380 nm (3.26 eV) photoluminescence under 

optimal, 330 nm (3.76 eV), excitation.  This near ultra-violet (UV) emission is relatively narrow, 

and a shoulder at 425 nm (2.92 eV) is also observed.  As with the discussion of the PLD films 

above, the both emissions are assigned to radiative relaxation from a shallow donor band 

associated with zinc interstitials to the valence band.  A series of annealing PL experiments were 

also performed for ALD ZnO thin films annealed in different ambient, which in combination 

with chemical analysis were expected to provide deeper insights to the active mechanisms.  The 

transmissivity of the films at deposited 100 ºC and 200 ºC is shown in Figure 4-14.  The ALD 

ZnO thin films exhibit transmissivity in the 80-90 % range which is essentially unaffected by 

deposition substrate temperature. 
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Figure 4-13. The photoluminescence (solid) and photoluminescence excitation (dashed) spectra 
of the samples synthesized by ALD at 100 oC (top) and 200 oC (bottom) 
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Figure 4-14. The transmittance of ALD ZnO grown at 100 oC (black) and 200 oC (red) 
 

Figure 4-15 shows the photoluminescence (solid) and photoluminescence excitation 

(dashed) spectra of the samples deposited by ALD at 100 oC before and after annealing at 400oC 
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in Ar (red), vacuum (green) and air (blue).  All of the samples are measured with identical 

spectrometer settings.  The PL of the 605 nm band diminishes with post deposition annealing 

while the intensity of the 380 nm peak increases with annealing in air as shown in the bottom of 

Figure 4-15.  The photoluminescence excitation maximum is 367 nm (3.38 eV) for the 605 nm 

peaks, and 330 nm for the 380 nm peaks.  These results indicate that the origins of these 

emissions are different.  Weak shoulders at 425 nm are also observed for these annealed ZnO 

films. Considered together, these observations suggest that a reduction in the concentration of 

oxygen vacancies is a possible explanation for the observed electrical and photoluminescent 

characteristics in this case.  

However, the situation is more complex because annealing in Ar and vacuum also 

reduced the intensity of the 605 nm PL band, but increased the free carrier concentration and 

mobility as shown in Table 4-8.  These anneals also increased the intensity of the 380nm PL 

peak as well as the 425 nm shoulder.  It must be noted that the PL intensity of these two peaks 

was significantly less intense than that of the broad 605 nm band.  Similar to PL from PLD ZnO, 

both emissions are assigned to radiative relaxation from a shallow donor band associated with 

zinc interstitials to the valence band. The ZnO thin films which were annealed in Argon and 

vacuum resulted in loss of oxygen and enhanced non-stoichiometry, which increased the density 

of zinc interstitials and PL intensity at 3.26 eV.  It is also likely that post deposition annealing 

reduces the concentration of deep levels (as opposed to shallow donor levels) which serve as 

electronic traps and non-radiative pathways.  Such mechanisms are consistent with the increases 

in free carrier concentration and mobility that are obtained after annealing.  According to 

Richard et al. [16], oxygen vacancies could contribute to a red-orange photoluminescence (at 2.1 

eV and below) which is close to our experimental peak at 2.05 eV.  However, after annealing in 
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air at 400 oC, the intensity of PL peak (2.05 eV) decreased. This might be due to the 

incorporation of oxygen into the film which was induced by annealing in air.  Thus, the oxygen 

vacancies and the intensity of the associated PL peak decreased.  A comparison of ZnO films 

annealed in vacuum with those treated in air indicates that the intensity of the 2.05 eV decreased 

more for the one annealed in air. By considering the fact that molecular density of oxygen in air 

is 8-9 orders of magnitude higher than in our vacuum annealing conditions (10-6 Torr), it is not 

unreasonable to expect that the diffusion of oxygen from air into the ZnO films is more probable 

than from a vacuum atmosphere.  This hypothesis was supported by the XPS analysis, the results 

of which are summarized in Table 4-4. The obtained Zn/O ratio in the ALD ZnO thin films 

grown at 100 oC and after vacuum annealing were 1.17 and 1.19 respectively, while for the 

sample annealed in air it was 1.15.  By assuming that the change in the amount of Zn is 

negligible, one can conclude that annealing in air increases the oxygen concentration.  Therefore, 

it can be concluded that oxygen vacancies contributed to the broad peak (605 nm, 2.05eV) of 

ALD ZnO deposited at 100℃, and after annealing in Ar, vacuum and air.  The transmissivity of 

the as deposited and as-annealed films is shown in Figure 4-16.  All of as-grown ALD and 

annealed ZnO films exhibit transmissivity in the 80-90 % range. 
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Figure 4-15. The photoluminescence (solid) and photoluminescence excitation (dashed) spectra 
of the samples synthesized by ALD at 100 oC (black), and after annealing at 400 oC in Ar (red), 
vacuum (green) and air (blue) 
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Figure 4-16. The transmittance of the samples synthesized by ALD at 100 oC (black) and after 
annealing at 400 oC in Ar (red), vacuum (green) and air (blue) 
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-RF Magnetron Sputtering for ZnO Thin Films 

             Figure 4-17 represents the photoluminescence (solid) and photoluminescence excitation 

(dashed) spectra of the ZnO samples synthesized by sputtering at the substrate temperature 100 

oC (top) and 200 oC (bottom).  The photoluminescence of both is characterized by a relatively 

narrow, near-UV peak at 385 nm (3.22 eV) and a shoulder at 425 nm (2.92 eV).  The 

photoluminescence excitation maximum was 330 nm (3.76 eV).  The both emissions are 

assigned to radiative relaxation from a shallow donor band associated with zinc interstitials to the 

valence band, which are similar with the emission from PLD ZnO thin films.  Figure 4-17 also 

shows that the intensity ratio of the two peaks I385nm/ I425nm of the film deposited at 100 oC was 

slightly smaller than one at 200 oC.  The transmittance of the sputtered ZnO thin films grown at 

100 oC and 200 oC are in the range of 75-85%, as shown in Figure 4-18. 
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Figure 4-17. The photoluminescence (solid) and photoluminescence excitation (dashed) spectra 
of the samples synthesized by sputtering at 100 oC (top) and 200 oC (bottom)     
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Figure 4-18. The transmittance of the sputtered ZnO grown at 100 oC (black) and 200 oC (red) 
 

Fig 4-19 shows the photoluminescence (solid) and photoluminescence excitation (dashed) 

spectra of the samples synthesized by sputtering at 100 oC (black color) and after annealing in Ar 

(red), vacuum (green) and air (blue).  As seen, a UV peak at 385 nm (3.22 eV) and a shoulder at 

425 nm (2.92eV) are observed for all of the sputtered ZnO thin films. The film annealed in air 

has the largest ratio of I385/I425 peaks compared to those annealed in Ar and vacuum.  Similar to 

the annealed PLD films, the sputtered samples that were annealed in Ar and vacuum resulted in 

loss of oxygen and enhanced non-stoichiometry, which increased the density of zinc interstitials 

and PL intensity at 425 nm (3.22 eV).  The photoluminescent and electrical characteristics are 

therefore determined by the relative zinc interstitial and oxygen vacancy concentrations which 

vary with annealing treatments.  The composition of the sputtered ZnO from XPS chemical 

analysis confirmed the loss of oxygen as previously shown in Table 4-6.  This data indicates that 

the films annealed in Ar and vacuum lost oxygen, which increased the density of zinc interstitials, 

so that the intensity of I385/I425 decrease after annealing in Ar and vacuum.  The transmissivity of 
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the sputtered ZnO films is shown in Figure 4-20.  All of as-grown and annealed ZnO films 

exhibit transmissivity in the 75-85 % range which was essentially unaffected by post deposition 

annealing. 
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Figure 4-19. The photoluminescence (solid) and photoluminescence excitation (dashed) spectra 
of the samples synthesized by sputtering at 100 oC (black) and after annealing at 400 oC in Ar 
(red), vacuum (green) and air (blue) 
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Figure 4-20. The transmittance of the samples synthesized by sputtering at 100 oC (black) and 

after annealing at 400 oC in Ar (red), vacuum (green) and air (blue) 

 

The refractive indices of ZnO thin films were measured with a J.A. Woollam M-2000 

Ellipsometer. The Cauchy Model [21] was used to fit the data in order to determine the optical 

constants of the samples.  The following formulas are used to define the refractive index (n) and 

from Cauchy Model: 

( )    
 

   
 

        ( )         [     (
 

 
 

 

 
)]    

where A, B, C, are constants and the extinction coefficient amplitude  , the exponent factor  , 

and the band edge   are fitting parameters for the best fit.    is the wavelength of the light.     

The incident angles of the light used were 55o, 60o and 65o.  The wavelength ranges are 

from 400 nm to 700 nm with a step of 5 nm.  The system recorded the spectra of psi (ψ) and 

delta (Δ) as function of wavelength (λ) and then converted to the data to the complex of 

refractive index,  ̃       .  For ZnO thin films deposited at 100oC, the best curve fits with 
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Cauchy model are shown in Figure 4-21; (a) PLD ZnO (b) ALD ZnO (c) Sputtered ZnO.  The 

red curves show the experimental data and the black curves are the Cauchy model fit.  The 

refractive indices of the ZnO films deposited at 100oC are shown in Figure 4-22.  The refractive 

index of the PLD ALD and sputtered ZnO is 1.9 at 500 nm, which is consistent with the reported 

literature [22,23].   However, the extinction coefficient could not be obtained because the 

material is transparent at wavelengths larger than 400 nm [23].  
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Figure 4-21. (a) The experimental data (red) and Cauchy model fit curves (black) for PLD ZnO 
grown at 1.04 mJ/cm2 and 100oC 
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Figure 4-21. (b) The experimental data (red) and Cauchy model fit (black) for ALD ZnO grown 
at 100oC 
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Figure 4-21. (c) The experimental data (red) and Cauchy model fit (black) for sputtered ZnO 
fabricated at 4.44 W/cm2 and 100oC 
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Figure 4-22. The refractive index as a function of wavelength for PLD, ALD, and sputtered ZnO   

 

4.2    Properties of BaTa2O6 and Al2O3 

In this section, the results of the investigation of the structural, electrical and optical 

properties of BaTa2O6 and Al2O3 deposited by RF magnetron sputtering on ITO-coated glass 

substrates are reported. 

 

4.2.1     Structure of BaTa2O6 and Al2O3 

Normally, barium tantalate ( BaTa2O6) has three types of structures with respect to their 

polymorphs [24].  An orthorhombic structure is obtained when the processing temperature is 

below 1150 °C. A tetragonal tungsten bronze (TTB)-type structure exists in the processing range 

of 1150–1300 °C.  A hexagonal structure (H-BaTa2O6) exists when the process temperature is 

above 1300 °C.  However, in this study BaTa2O6 films are grown at room temperature with 

sputtering power densities of 4.93 W/cm2, 5.92 W/cm2, 6.91 W/cm2, 7.89 W/cm2and 8.88 W/cm2.  
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The diffraction patterns are featureless and indicate that the BaTa2O6 films as amorphous.  For 

Al2O3 deposition, the most common form of crystalline alumina is corundum. The oxygen ions 

form a hexagonal close-packed structure with aluminum ions filling two-thirds of the octahedral 

interstices.  However, the Al2O3 films in this work were grown at room temperature, and all of 

the films were amorphous as evidenced by their essentially featureless diffraction spectra. The 

sputtering power densities used were 5.92W/cm2, 6.91W/cm2, 7.89 W/cm2, 8.88 W/cm2 and 

9.87W/cm2.  Figure 4-23 shows the featureless XRD spectra of BaTa2O6 and Al2O3 films, which 

were grown at 6.91 W/cm2 and 8.88 W/cm2 respectively.  
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Figure 4-23. X-ray diffraction patterns of BaTa2O6 (bottom) and Al2O3 (top) thin films deposited 
with RF magnetron sputtering power densities of 6.91 W/cm2 and 9.87 W/cm2, respectively  
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4.2. 2   Electrical Properties of BaTa2O6 and Al2O3 

Figure 4-24 displays the current density (J) vs. electric field strength (E) curves for 

BaTa2O6 films which were prepared at sputtering power densities of 4.93 W/cm2, 5.92 W/cm2, 

6.91 W/cm2, 7.89 W/cm2 and 8.88 W/cm2.  Dielectric breakdown is observed in all of the films 

at some field level.  For example, when the sputtering power was 6.91 W/cm2, the current 

increased exponentially after 1MV/cm.  When the sputtering power density increased from 4.93 

W/cm2 to 7.89 W/cm2, the breakdown strength increased from 0.2 MV/cm to 1.1 MV/cm. 

However, the breakdown strength decreases to 0.2 MV/cm when the sputtering power density 

was increased to 8.88 W/cm2. This may be due to gas bubbles being trapped in the films which 

reduce density and breakdown strength.  This study shows that the deposition window for 

BaTa2O6 at room temperature is in the range of 5.92 W/cm2 to 7.89 W/cm2. 

For semiconductor device applications, the leakage current of insulators must be as small 

as possible.  As seen in Figure 4-24, except for the BaTa2O6 films prepared at sputtering power 

densities of 4.93 W/cm2 and 8.88W/cm2, the leakage current of BaTa2O6 films are in the order of 

10-6-10-7 A/cm2 at the applied field of 1MV/cm. Specifically, the leakage currents were 5.73x10-6 

A/cm2, 1.19x10-6 A/cm2 and 9.16x10-7 A/cm2 when the sputtering power densities were 5.92 

W/cm2, 6.91W/cm2 and 7.89 W/cm2, respectively.    
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Figure 4-24. Current density vs. electric field strength of BaTa2O6 films sputtered with power 
densities of 4.93 W/cm2, 5.92 W/cm2, 6.91 W/cm2, 7.89 W/cm2 and 8.88 W/cm2   
 

 

Figure 4-25 depicts the current density vs. electric field of Al2O3 films synthesized at 

sputtering power densities of 5.92 W/cm2, 6.91 W/cm2, 7.89 W/cm2, 8.88 W/cm2 and 9.87 

W/cm2.  When the sputtering power density was 8.88W/cm2, the breakdown electrical field was 

0.55 MV/cm.  The same behavior was observed for Al2O3 films sputter grown at 9.87 W/cm2.  

The highest breakdown strength of the Al2O3 films was in the range of 0.55-0.62 MV/cm in this 

study, and the corresponding leakage currents were in the order of 10-7A/cm2 before breakdown.  

From the electrical properties of the BaTa2O6 and Al2O3 that were measured in this work, 

BaTa2O6 films grown at 6.91W/cm2 and 7.89W/cm2, and Al2O3 films grown at 8.88W/cm2 and 

9.87W/cm2 will be used for the insulators in the MIS structures discussed below. 
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Figure 4-25. Current density vs. electric field strength of Al2O3 films sputtered with powers 
densities of 5.92 W/cm2, 6.91 W/cm2, 7.89 W/cm2, 8.88 W/cm2 and 9.87 W/cm2   
 

4.2.3    Optical Properties of BaTa2O6 and Al2O3 

Figure 4-26 and Figure 4-27 show the transmittance of the BaTa2O6 and Al2O3 films 

grown with the sputtering powers described at the end of the previous section.  The average 

thickness of both materials is 100 nm -120nm.  As shown in Figure 4-26 and Figure 4-27, the 

transmittance of both are in the  80-90% range, which are not affected by the sputtering powers.   
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Figure 4-26. The transmittance of BaTa2O6 grown with sputtering powers of 6.91 W/cm2 (blue) 
and 7.89 W/cm2 (green)  
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Figure 4-27. The transmittance of Al2O3 grown with sputtering powers of 8.88 W/cm2 (purple 
pink) and 9.87 W/cm2 (black)  
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For the refractive index of insulator films, the best fit is obtained using a Lorentz Model 

[25].  The complex index of refraction of the BaTa2O6 films is shown in Figure 4-28 (a) and 

Figure 4-28 (b).  The red curves show the experimental data and black curves show the Lorentz 

Model fit.  The refractive index and extinction coefficient as a function of wavelength for the 

BaTa2O6 films are shown in Figure 4-29.  The refractive indexes of the BaTa2O6 grown with 

6.91W/cm2 and 7.89W/cm2 are around 2.0~2.1 at 500 nm while the BaTa2O6 film grown with a 

higher power density of 7.89W/cm2
 is slightly larger.  The extinction coefficients of the BaTa2O6 

films are only~ 0.00003, which means absorption is negligible in the visible region.  Similar 

results were obtained in the Al2O3 films.  The complex of refractive index of Al2O3 grown at 8.88 

W/cm2 and 9.87 W/cm2 is shown in Figure 4-30 (a) and Figure 30 (b). The corresponding 

refractive index and extinction coefficients are shown in Figure 4-31.  The refractive index of 

Al2O3 film grown at 9.87 W/cm2 is around 1.9 at 500 nm, and 1.7 at 500 nm for the film grown 

at with 8.88 W/cm2.  The extinction coefficient of the Al2O3 films is ~0.005, which is close to the 

literature reports [26].  
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Figure 4-28. (a) The experimental data (red) and Lorentz model fit (black) for BaTa2O6 grown at 
6.91 W/cm2 
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Figure 4-28. (b) The experimental data (red) and Lorentz model fit (black) for BaTa2O6 grown at 
7.89 W/cm2 
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Figure 4-29. The refractive index and extinction coefficient as a function of wavelength for 
BaTa2O6 films grown 6.91 W/cm2 and 7.89W/cm2 
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Figure 4-30. (a) The experimental data (red) and Lorentz model fit (black) for Al2O3 grown at 
8.88 W/cm2 
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Figure 4-30. (b) The experimental data (red) and Lorentz model fit (black) for Al2O3 grown at 
9.87 W/cm2 
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Figure 4-31. The refractive index and extinction coefficient as a function of wavelength for 
Al2O3 films grown at 8.88 W/cm2 and 9.87W/cm2 
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4.3       Conclusions:  Structure and Electro-optical Properties of ZnO, BaTa2O6 and Al2O3 Thin 

Films Deposition  

A comparison of the structural properties using XRD confirmed that both PLD and 

sputtered ZnO thin films grown at 100ºC and 200°C were polycrystalline (wurtzite) crystal 

structure.  PLD and sputtered ZnO films exhibit strong (002) texturing, which is commonly 

observed in ZnO films because the c-plane perpendicular to the substrate normal is the most 

densely packed and thermodynamically preferred in the wurtzite structure.  The ALD ZnO films 

deposited films deposited at 100 ºC and 200 ºC show predominantly prismatic (100) texturing.  

With regards to the electrical properties of ZnO films, the Hall Effect measurements show that 

all of the ZnO films exhibited n-type conductivity.  The ZnO sputtered at 100 oC and 200 oC 

have the highest free electron concentration of 3.6 x 1018 cm-3 and 4.41x1018cm-3, the highest 

mobility of 35.21 cm2/V.s and 38.10 cm2/V.s, the smallest resistivity of 0.05 Ω and 0.037, 

respectively.  The corresponding values for the PLD films were 1.1x1017 cm-3, 14.6 cm2/V.s, and 

3.85 Ω, respectively for ZnO films grown by at 100 oC, and 1.81x1016 cm-3, 1.14 cm2/V.s, and 

303 Ω for films grown at 100 oC by ALD.  The conduction mechanisms proposed for the ZnO 

films were supported by the photoluminescence and XPS analysis.  Interstitial Zn contributes to 

the conductivity in most of ZnO films.    The transparency ranged between 75 and 90 % for all of 

ZnO films.  The refractive index of the ZnO films irrespective of deposition method was around 

1.9 at 500 nm.    The results show that sputtered ZnO films exhibit the best combination of 

properties of the methods used to deposit films at 100 oC.  Sputtered films were therefore used 

for the MIS device studies.  

The insulators were deposited by radio-frequency magnetron sputtering at room 

temperature.  BaTa2O6 films grown at sputtering power densities of 6.91W/cm2 and 7.89W/cm2 
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had breakdown strengths of around 1.1 MV/cm and 1.6 MV/cm.  The leakage currents were in 

the order of 10-6-10-7 A/cm2 at an applied field of 1MV/cm.   Among the Al2O3 films studied, 

those grown at sputtering power densities of 8.88 W/cm2 and 9.87 W/cm2 exhibited the highest 

breakdown strengths of 0.58MV/cm and 0.62 MV/cm.  The leakage currents were in the order of 

10-7A/cm2 before breakdown.  The transparency of the BaTa2O6 and Al2O3 films were all in the 

of 80-90 % range.  The refractive index of the BaTa2O6 films is~ 2.0-2.1 while the refractive 

index of the Al2O3 films is approximately 1.7-1.9 at 500 nm.  From the electrical properties and 

optical properties of BaTa2O6 and Al2O3 that were observed in this work, BaTa2O6 films with 

6.91W/cm2 and 7.89W/cm2, and Al2O3 films with 8.88 W/cm2 and 9.87 W/cm2 were employed 

for the growth of the insulators in the MIS structures.  They are discussed in Chapter 5. 
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CHAPTER 5 

 RESULTS: QUANTIFICATION OF TRAP STATES IN THE HIGH-K BULK AND AT 

INTERFACE WITH ZINC OXIDE 

 

5.1       Fabrication of MIS Structures Employing High-k BaTa2O6 and Al2O3 

ZnO, BaTa2O6 and Al2O3 films with the processing techniques discussed in Chapter 4 

were incorporated into MIS structures by sequential sputter deposition onto ITO/glass substrates.   

ZnO was first deposited on ITO glasses by RF sputtering with a sputtering power density of 4.44 

W/cm2, 20 mtorr of Ar, and a substrate temperature of 100 oC.  BaTa2O6 was deposited at 

sputtering powers of 6.91 W/cm2 and 7.89 W/cm2, 20 mtorr of Ar and the substrate at room 

temperature.  Al2O3 was deposited at room temperature using sputtering powers of 7.89 W/cm2 

and 8.88 W/cm2 and 20 mtorr of Ar.  A thermally evaporated 200 nm thick Ag layer  on top of 

the insulator completed the MIS structure.  The two complete MIS structures were shown in 

Figure 3-11. 

 

5.2       Quantitative Determination of Trap States in MIS structures Employing High-k BaTa2O6 

and Al2O3  

The ZnO film in the MIS structure would be the channel material in complete thin film 

transistors.  The drain current in the transistor operation depends on the mobility of carriers in 

the channel, the properties of gate oxide, VDS, VGS and VT.  Sputtered ZnO was selected as the 

processing method in this work because of its high mobility (35.2 cm2/V.s) compared to the 

ALD and PLD films.  Simultaneously, the contacts between the ZnO and ITO substrates were 
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Ohmic, therefore understanding the bulk and interface properties of the high k dielectric becomes 

the focal issue. 

 

5.2.1    C-V Measurements 

Frequency dependent C-V measurements are performed using an Agilent 4294A 

impedance analyzer integrated with a Micromanipulator probe station.  Figure 5-1 is the C-V 

characteristics of the Ag/ BaTa2O6/ ZnO/ITO/glass  MIS structure measured at 1MHz.  Although 

the transition from accumulation to inversion is distinct, it is not sharp.  Further, as can be 

determined from Figure 5-1, the flatband voltages for the BaTa2O6 MIS structures are 

characterized by a noticeable positive bias shift, which indicates that the as-deposited films 

contain a high concentration of negative fixed oxide charge at the BaTa2O6/ZnO interface.  In the 

accumulation region the measured capacitance is the oxide capacitance (Cox) and for the 

BaTa2O6 films sputtered at 6.91 W/cm2 and 7.89 W/cm2, oxide capacitances of 7.71 nF and 

12.08 nF were measured respectively.  For a parallel plate capacitor containing a dielectric that 

completely fills the space between the plates, the dielectric constants can be calculated by 

                                      
   

    
            

where C is the capacitance, d is the thickness of insulator layer, εo is the permittivity of vacuum 

and A is the area of the electrodes.  The dielectric constant (k) of the films sputtered at 6.91 

W/cm2 and 7.89 W/cm2 are 33.8 and 37.5 respectively.  It is proposed that the enhanced 

energetic atomic peening facilitated by the larger deposition power leads to increased film 

density, and as a consequence increased dielectric constant, capacitance and also breakdown 

strength.(see Figure 4-22)  
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Figure 5-2 shows the results of the C-V measurement at 1 MHz for the Ag/Al2O3/ZnO/ 

ITO/glass MIS structure.  Compared to the BaTa2O6 films, the capacitance of the Al2O3 is 

significantly smaller at 3.54 nF and 3.75 nF.  The corresponding dielectric constants (k) of the 

films sputtered at 8.88 W/cm2 and 9.87 W/cm2 are 9.8 and 10.6, respectively.  Similar to the 

BaTa2O6 films, the higher dielectric constant, capacitance and breakdown strength (Figure 4-23), 

obtained at the higher deposition power, show that the higher film density facilitated more 

energetic atomic peening.  The voltage shift values for the two oxides (see Figures 5-1 and 5-2) 

show that the as-deposited Al2O3 films are characterized by a much smaller fixed oxide charge 

concentration.  The shift of the flat band voltages of the MIS structures with BaTa2O6 is almost 

18 times larger than the structure with Al2O3.  According to Eq 2-3, a lager shift of flat band 

voltages means a larger required switching power.  Thus, if transistors were made with BaTa2O6, 

they would  consume much more power than their equivalents made with Al2O3.   
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Figure 5-1. C-V at 1MHz for Ag/BaTa2O6/ZnO MIS diodes. The insulator was sputtered at 
6.91W/cm2 (red) and 7.89W/cm2 (black) 
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Figure 5-2. C-V at 1MHz for Ag/ Al2O3/ZnO MIS diodes.  The Al2O3 was sputtered at 
8.88W/cm2 (red) and 9.87W/cm2 (black) 

 

5.2.2    G-V Measurement 

Figure 5-3 shows that conductance-voltage (G-V) characteristics at 1 MHz of the 

Ag/BaTa2O6/ZnO MIS diodes.  The trap density (Dit) at the interface between the insulator and 

semiconductor, were determined by conductance-voltage measurements using the methodology 

developed by Nicollian-Goetzberger [1] and presented in detail by Schroder [2].  The equivalent 

parallel conductance was determined according to:  

 25
])([ 222
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max
2




 Eq
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GCG

mox
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which neglects leakage currents and the series resistance of the MIS structure. The interface trap 

density was then calculated using the single frequency approximation [3,4] : 
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In the above equations, Gp is the parallel conductance, ω is the angular frequency, Gmax is the 

peak value of the measured conductance, Cm is the capacitance that corresponds to the peak 

conductance value, Cox is the capacitance of insulator (the capacitance measured in 

accumulation), q is the electron charge (q =1.602 x 10-19 C), and A is the area of the junction 

which is effectively determined by the area of the metal contact.  Thus, the interface trap 

densities for the BaTa2O6 films sputtered at 6.91 W/cm2 and 7.89 W/cm2 were determined to be 

3.67x1011 eV-1cm-2 and 6.18x1011 eV-1cm-2 respectively.   

Similarly, Figure 5-4 shows the G-V characteristics measured at 1 MHz of the 

Ag/Al2O3/ZnO MIS diodes.  The interface trap densities were determined to be 2.96 x1010 eV-1 

cm-2 and 1.09 x1010 eV-1 cm-2 for the deposition powers of 8.88 W/cm2 and 9.87 W/cm2, 

respectively. 
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Figure 5-3. G-V at 1MHz for Ag/BaTa2O6/ZnO MIS diodes. The insulator was sputtered at 
6.91W/cm2 (red) and 7.89W/cm2 (black) 
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Figure 5-4. G-V characteristics at 1 MHz for Ag/Al2O3/ZnO MIS diodes.  The Al2O3 was 
sputtered at 8.88W/cm2 (red) and 9.87W/cm2 (black) 
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Another method to calculate the interface trap density is by measuring G/ω as a function 

of frequency.  Figure 5-5 (a) shows the capacitance of the MIS structure with Al2O3 grown at 

9.87W/cm2.  The capacitance decreased with increasing frequency and when the frequency was 

larger than 2 MHz, the capacitance became constant.  Figure 5- 5 (b) shows the G/ω versus 

frequency plots for the same structure with different bias voltages from 0.1 V to 0.9 V.  The 

higher values of capacitance and conductance are obtained at low frequency because the the 

population and depopulation of interface traps (Dit) can follow the ac signal in this frequency 

range.  The maximum peak value of G/ω was measured at 9.26 KHz and gate voltage at 0.1V.  

Dit can be estimated from [5]: 

    
   

 
(
 

 
)
   

           

The calculated Dit value for 0.1V and 9.26 MHz is 5.16 x 109 eV-1 cm-2.  Comparison with the Dit 

value obtained from the single frequency approximation discussed in Section 5.2.2 shows that 

the two values are close.  Specifically, 1.09 x1010 eV-1 cm-2 and 5.16 x 109 eV-1 cm-2 respectively 

were determined with the two methods.  However, Dit of the Al2O3 calculated from Figure 5-5(b) 

is smaller than the one calculated from Figure 5-4.  This is due to the fact that the peak value of 

conductance in Figure 5-4 was measured at 1 MHz, while the maximum peak in Figure 5-5 (b) 

obtained at the lower frequency of 9.26 KHz.  It should be noted that the peak value of 

conductance from the single frequency method (Figure 5-4) was obtained at 0.3V, the peak value 

of conductance from the frequency dependent method (Figure 5-5 (b)) was in the 0.1V to 0.3 V 

range.  Thus, the results for the conductance measurements are consistent with different methods.  
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Figure 5-5. (a) The capacitance as a function of frequency (b) G/ω vs frequency plots  at various 

bias from 0.1V to 0.9V.  
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5.2.3    C-V Measurements by Voltage Sweeps and Hysteresis 

A hysteresis C-V measurement is used for evaluation of the interface trapped charge and 

oxide charges, which govern how rapidly the structure transitions between accumulation and 

inversion and therefore provides insight to potential switching applications.  The oxide charges 

include the fixed oxide charge, the mobile ionic charge and the oxide trapped charge.  A 

hysteresis in the C-V curve originates from the polarization associated with charging and 

discharging during the bidirectional sweep, so that the interface charge and oxide charge can be 

estimated from the hysteresis curves.  These charges cause a parallel shift in the flat band 

voltages.  The influence of the charges can be explained qualitatively as an extra gate bias being 

needed to achieve the original semiconductor band bending.  The trapped charge is calculated 

according to: 

                                             55 


 Eq
qA

VC
N FBox

it  

here Cox is the previously discussed oxide capacitance measured in the accumulation region, 

ΔVFB is the flatband voltage shift as determined directly from the forward and reverse C-V 

sweeps, q is the electronic charge and A is the device area which is 0.04 cm2 in this study.   

Figure 5-6 shows that the C-V plots of the MIS with 6.91 W/cm2 BaTa2O6 (red curve) 

and 7.89 W/cm2 BaTa2O6 (black curve) exhibit strong hysteresis in sweeps from accumulation 

through depletion to inversion.  For BaTa2O6 films grown at 6.91 W/cm2 and 7.89 W/cm2, the 

ΔVFB values from Figure 5-6 are 8 V and 8.99 V respectively.  Thus, the trapped charges are 

determined to be 3.50 x 1011 cm-2 for the former growth condition and 5.82 x 1011 cm-2 for the 

latter.  The large ΔVFB observed for these films indicate poor structural quality which is not 
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surprising considering the fact that the depositions were performed without substrate heating, 

and that the films had not been subjected to post deposition annealing.  
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Figure 5-6. C-V plots of the BaTa2O6 MIS structure grown at 6.91 W/cm2 (red curve) and 7.89 
W/cm2 (black curve). Strong hysteresis is observed in sweeps from accumulation through 
depletion to inversion. The arrows indicate the sweep direction 

 

Figure 5-7 shows the C-V plots of the Al2O3MIS structure grown with 8.88 W/cm2 (red 

curve) and 7.89 W/cm2 (black curve) in sweeps from accumulation through depletion to 

inversion.  The smaller hysteresis area enclosed by the Al2O3 C-V hysteresis curves as shown in 

Figure 5-7 confirm a smaller trap concentration than in BaTa2O6.  The ΔVFB values for the Al2O3 

films are considerably smaller at 0.44 and 0.48 V for the 8.88 W/cm2 and 7.89 W/cm2 sputtering 

powers respectively. It indicates that the structural quality of the room temperature deposited 

Al2O3 is superior to similarly deposited BaTa2O6. Using the methodology outlined above, the 

interface trapped charge for the Al2O3 films was calculated as 1.06 x1010 cm-2 and 1.04 x 1010 
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cm-2 for the Al2O films grown at 8.88 W/cm2 3 and 7.89 W/cm2 respectively.  The data are 

summarized in Table 5-1 together with the BaTa2O6 analysis for comparison.  The results 

indicate that overall the BaTa2O6 films contain significantly more defects both at the interface 

and the bulk than their Al2O3 counterparts. 
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Figure 5-7. C-V plots of the Al2O3MIS grown at 8.88 W/cm2 (red curve) and 7.89 W/cm2 (black 
curve) in sweeps from accumulation through depletion to inversion. The arrows indicate the 
sweep direction. 
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Table 5-1. The interface trap density and trapped charge concentration of MIS structures with 
BaTa2O6 and Al2O3. 

 
MIS with 6.91 W/cm

2
 

BaTa2O6 

MIS with 7.89W/cm
2
 

BaTa2O6 

Interface trap density 3.67x1011    ev-1cm-2 6.18x1011    ev-1cm-2 

Trapped charge 

concentration 3.50 x 1011        cm-2 5.82 x 1011       cm-2 

 

MIS with 8.85W/cm
2
 

Al2O3 

MIS with 9.87W/cm
2
 

Al2O3 

Interface trap density 
2.96 x1010 eV-1 cm-2 1.09 x1010 eV-1 cm-2 

Trapped charge 

concentration 1.06 x1010          cm-2  1.04 x 1010         cm-2 

 

5.2.4    Frequency Dependent C-V Measurement  

High concentration of interface traps leads to frequency dispersion in the C-V behavior.  

Frequency dispersion may occur both in the depletion and accumulation regions and provides 

insights to how the upper limit of switching speeds that may be influenced by the gate oxide 

selected.  To evaluate the magnitude of these effects in the oxides studied here, C-V 

measurements are performed at 500 kHz, 1 MHz and 2 MHz.  Based on the trap concentration 

data (see Table 5-1), the BaTa2O6 and Al2O3 grown at 6.91W/cm2 and 9.87W/cm2 respectively 

were selected for this study.  As Figure 5-8 shows, severe frequency dispersion is observed in the 

MIS with BaTa2O6 both in the depletion and accumulation regions.  The insert shows the 

normalized C-V spectrum and shows how the flatband voltages shift with frequency more clearly.  

When the MIS structure is biased into the accumulation region, interface traps are filled by 
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charge.  At higher frequency, if population and de-population of the interface trapped charges 

cannot follow the ac signal, the measured capacitance will decrease.  As Figure 5-8 shows, the 

accumulation capacitance of the MIS with BaTa2O6 decreased by a factor of 6 between 

measurements at 500 kHz and 1 MHz.  Figure 5-9 shows the overlay of C-V measurements at 

500 kHz, 1 MHz and 2 MHz for the Al2O3MIS structure.  The inserted figure shows the 

normalized capacitance.  For the MIS with Al2O3, the corresponding decrease was 1.4 times as 

shown in Figure 5-9.  Overall, the  data indicates that not only are there fewer traps at the 

Al2O3/ZnO interface compared to those in the BaTa2O6/ZnO structure, but in addition they are 

shallow compared to the  BaTa2O6.   
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Figure 5-8. The overlay of C-V measurements at 500 kHz, 1 MHz and 2 MHz for BaTa2O6 MIS 
structure grown at 6.91W/cm2. The inset figure shows the normalized capacitance for the device. 
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Figure 5-9. The overlay of C-V measurements at 500 kHz, 1 MHz and 2 MHz for Al2O3 MIS 
grown at 9.87W/cm2.  The inset figure shows the normalized capacitance for the device.   

 

5.2.5    XPS with Depth Profiling for Composition Determination 

To develop qualitative insight to the relationship between the measured electrical 

properties and the structure of the materials, the stoichiometry of the BaTa2O6/ZnO and 

Al2O3/ZnO stacks were investigated using XPS with depth profiling.  Starting with the top 

surface, measurements are taken at 2 minutes interval throughout the approximately 120 nm 

thickness of the insulator, through the interface with the ZnO, and to a depth of roughly 80 nm 

into the ZnO.  As previously mentioned, Ar+ ions is accelerated at 2 keV with a beam current of 

2 μA used for sputter removal of material.  The depth profile measurements of the BaTa2O6/ZnO 

bi-layer show that the O(1s), Zn(2p3/2) and Ba(3d5/2) peaks are constant at 530.2 eV, 779.8 eV 

and 1021.8 eV, respectively, throughout the thickness analyzed.  This is shown in Figure 5-10 (a) 

(b) and (c), respectively.  For brevity these results are only presented as five peaks for each 

element. 
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Figure 5-10. (a) XPS Spectra of O(1s) during the depth profile for different etching levels (time) 
(b) XPS Spectra of Zn (2p3/2) during the depth profile for different etching levels (time) (c) XPS 
Spectra of Ba (3d5/2) during the depth profile for different etching levels (time)  

 

However, a constant peak position was not the case for tantalum.  Representative XPS 

spectra for this constituent starting with the topmost surface of the insulator, and penetrating into 

the bulk are presented in Figure 5-11.  Tantalum oxide peaks corresponding to Ta5+(4f7/2) and 

Ta5+(4f5/2) at 25.8 eV and 27.6 eV [6], respectively, are observed at each measurement including 

the surface.  However, as film layers were removed and the depth profile progressed, two 

additional peaks associated with metallic tantalum emerged and can be seen in Figure 5-11.  

These metallic peaks corresponding to Ta0(4f7/2) at 21.6 eV and Ta0(4f5/2) at 23.3 eV [6] are 

always present in the bulk and interface XPS signals, indicating an oxygen deficiency (Ta rich) 

in both regions of the BaTa2O6 film.  Figure 5-12 shows that the atomic concentration of 

tantalum, barium and oxygen are essentially constant throughout the thickness of the insulator 

and at the interface.  The Ba/Ta ratio was 0.12-0.13.  The results are tabulated in Table 5-2.  

Based on these findings and the electrical properties measured and discussed above, it is 
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hypothesized that the oxygen deficiency creates acceptor-type traps that accommodate electrons 

in the non-stoichiometric BaTa2Ox films.  Y. Lee et. Al [7] have similarly proposed that oxygen 

vacancies strongly influence the interfacial and bulk properties of BaTa2O6 films deposited at 

low temperature.   
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Figure 5-11. XPS Spectra of Ta 4f7/2 and 4f5/2 during the depth profile for different etching levels  
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Figure 5-12. The atomic concentration of tantalum, barium, and oxygen are essentially constant 
throughout the thickness 

 

             Table 5-2.  The atomic concentration and ratio determined by XPS for Ba and Ta 

 XPS for 
BaTa2O6 

BaTa2O6 near 
surface BaTa2O6 bulk 

BaTa2O6 interface 
with ZnO 

Ba 3.60±0.1 3.76±0.1 2.18±0.1 
Ta 27.03±0.1 31.72±0.1 16.79±0.1 

Ratio 0.13±0.1 0.12±0.1 0.13±0.1 
 

With regard with the MIS structures with Al2O3 no shifts are observed for the O(1s) and 

Al(2p) peaks at 530.2 eV and 74.9 eV respectively, or the Zn (2p3/2) peak at  1021.8 eV, as is 

shown in Figure 5-13 (a) ,(b) and (c).  Again, for brevity these results are only presented as five 

peaks for each element.  Figure 5-14 shows that the atomic concentration of aluminum, zinc and 

oxygen were essentially constant throughout the thickness of the insulator and at the interface, 

with an Al/O ratio of 0.55-0.60.  Table 5-3 shows the atomic concentrations and ratio of Al and 
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O in the Al2O3/ZnO stack.  The ratio of Al/O is 2.0/3.3 throughout the thickness of the film 

which is close to the stoichiometric 2/3 ratio.  The more stoichiometric Al2O3 is consistent with 

the smaller density of interface traps and concentration of trapped charge compared to the 

BaTa2O6 case. 
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Figure 5-13. (a) XPS Spectra of O(1s) during the depth profile for different etching levels (time)  
(b) XPS Spectra of Zn(2p3/2) during the depth profile for different etching levels (time) (c) XPS 
Spectra of Al(2p) during the depth profile for different etching levels (time)  
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Figure 5-14. The atomic concentration of tantalum, barium and oxygen were essentially constant   
throughout the thickness 
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            Table 5-3. The atomic concentration and ratio determined by XPS for Al and O 

 XPS for 
Al2O3 

 Al2O3 near 
surface  Al2O3 bulk 

Al2O3 interface with 
ZnO 

Al 35.52±0.01 37.52±0.01 17.65±0.01 
O 64.63±0.01 62.37±0.01 50.81±0.01 

Ratio 0.55±0.01 0.60±0.01 0.35±0.01 

 

5.2.6    Scanning Electron Microscopy 

The interface between insulators and semiconductor layers were evaluated with a FEI 

Nova 200 NanoLab Dual Beam FIB/SEM.  Cross-sectional samples were created by milling with 

an accelerated Ga+ ion beam (the focused ion beam).  Figure 5-15 shows that the interface 

between the insulator and zinc oxide semiconductor; (a) Ag/BaTa2O6(6.91 W/cm2)/ZnO/ITO 

glass, (b) Ag/BaTa2O6 (7.89 W/cm2)/ZnO/ITO glass, (c) Ag/Al2O3(8.88 W/cm2)/ZnO/ITO glass 

and (d) Ag/ Al2O3(9.87 W/cm2) /ZnO/ITO glass.  From the cross-sectional morphologies in 

Figure 5-15 (a), (b), (c), and (d), the insulator films deposited at room temperature consist of pin-

hole-free layers.  However, no significant observations can be related to the interface traps due to 

poor resolution caused by charging associated with the glass substrates.  
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Figure 5-15. Cross-sectional SEM images for (a)Ag/BaTa2O6(6.91W/cm2 )/ ZnO/ITO glass (b) 
Ag/BaTa2O6 (7.89W/cm2 )/ ZnO/ITO glass (c) Ag/Al2O3(8.88W/cm2)/ZnO/ITO glass (d) Ag/ 
Al2O3(9.87W/cm2) /ZnO/ITO glass 

 

5.3      Conclusions: Interfacial and Bulk Traps, Their Structural Models and The Implications 

for Transparent Thin Film Transistors Based on ZnO and High-κ BaTa2O6 and Al2O3 

The interfaces of high-k BaTa2O6 and Al2O3 with ZnO were analyzed using frequency 

dependent C-V and G-V measurements in Ag/BaTa2O6/ZnO/ITO and Ag/Al2O3/ZnO/ITO metal-

insulator-semiconductor structures that were sputtering grown between room temperature 

(insulators) and 100 oC (ZnO).  Although the Al2O3 films exhibit a lower breakdown strength and 

catastrophic breakdown behavior compared to BaTa2O6/ZnO interface the Al2O3/ZnO interface 

is characterized by more than an order of magnitude small density of interface traps and interface 

trapped charge.  The BaTa2O6 films in addition are characterized by a significantly higher 

concentration of fixed oxide charge.  The transition from the accumulation region to the 

inversion region in the Al2O3 MIS structure is considerably sharper, and occurred at less than one 

tenth of the voltage required for the same transition in the BaTa2O6 case.  The frequency 

dispersion effects are also noticeably more severe in the BaTa2O6 structures.  XPS results suggest 
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that acceptor-like structural defects associated with oxygen vacancies in the non-stoichiometric 

BaTa2O6 films are responsible for the extensive electrical trapping and poor high frequency 

response.  The Al2O3 films were essentially stoichiometric.  In summary, the results indicate that 

amorphous Al2O3 is better suited than BaTa2O6 as a gate oxide for transparent thin film transistor 

applications where low temperature processing is a prerequisite, assuming of course that the 

operation voltage of such devices is lower than the breakdown voltage.  Also, the operation 

powers for the devices with amorphous Al2O3 is lower than the devices with BaTa2O6 due to the 

lower fixed oxide charges and interface trap density.   
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

 

6.1 Conclusions 

This dissertation investigated ZnO for potential utility as the channel, and high κ 

BaTa2O6 and Al2O3 as the gate oxide for use in transparent thin film transistors. A key 

consideration was low temperature processing that is compatible with plastic substrates and 

flexible electronics and optoelectronics.  A particular emphasis was the electrical properties of 

the ZnO/insulator interfaces, which were evaluated with the help of MIS structures.  

In the first part of this work, ZnO films were deposited by PLD, ALD and sputtering, and 

their structural, electrical, and optical properties as well as chemical composition compared.  The 

sputtered ZnO films exhibited the best combination of structural, electrical and optical properties 

at a low processing temperature, and were therefore selected for the subsequent studies that 

investigated the semiconductor/insulator interfacial properties. The highest free carrier 

concentrations obtained by sputtering at 100 oC and 200 oC were 3.59 x 1018 cm-3 and 4.24x1018 

cm-3, the highest mobilities were of 35.21 cm2/V.s and 32.71 cm2/V.s, and the smallest 

resistivities were 0.05 Ω and 0.048 Ω.  The proposed conduction mechanisms in the ZnO films 

were based on photoluminescence (PL) characterization and composition analysis using XPS.  

Specifically, it is proposed that interstitial Zn is the dominant factor to determine the 

conductivity in the majority of the ZnO films.  The transparency range was between 75 and 90 % 

for all of ZnO deposited by sputtering.   



147 
 

The BaTa2O6 and Al2O3 insulators were deposited by RF magnetron sputtering at room 

temperature.  The BaTa2O6 films grown 6.91W/cm2 and 7.89W/cm2, and Al2O3 films 

synthesized at 8.88 W/cm2 and 9.87 W/cm2 exhibited the highest breakdown strengths and 

lowest leakage currents, and were therefore selected for use in the MIS structures.  The leakage 

currents of the BaTa2O6 films were on the order of 10-6~10-7 A/cm2 at an applied field of 

1MV/cm.  The leakage currents of Al2O3 films were on the order of 10-7A/cm2 before breakdown.   

Ag/BaTa2O6/ZnO/ITO and Ag/Al2O3/ZnO/ITO MIS structures were used to evaluate the 

interfaces of high-κ BaTa2O6 and Al2O3 with ZnO using frequency dependent C-V and G-V 

measurements. The BaTa2O6 films were characterized by a significantly higher concentration of 

fixed oxide charge.  The frequency dispersion effects are also noticeably more severe in the MIS 

with BaTa2O6 structures.  XPS results suggest that acceptor-like structural defects associated 

with oxygen vacancies in the non-stoichiometric BaTa2O6 films are responsible for the extensive 

electrical trapping and poor high frequency response.  The Al2O3 films were essentially 

stoichiometric.  In summary, MIS incorporating Al2O3 as the dielectric showed a small interface 

trap density and fixed oxide charge.  The results indicate that amorphous Al2O3 is better suited 

than BaTa2O6 as a gate oxide for transparent thin film transistor applications at low processing 

temperatures.   

 

6.2 Future Work 

Complete transparent TFTs can be fabricated based on the results above.  Transparent 

transistors based on oxide semiconductors have recently been proposed using undoped ZnO as 

the active channel material [1].  In this study, the ZnO obtained by RF sputtering at a low 
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processing temperature exhibited excellent electrical and optical properties.  The mobility of the 

sputtered ZnO obtained in this study is 35. 21cm2/V.s, which is comparable with the literature 

reports of 20-70 cm2/V.s [2].  A sketch of a ZnO transparent TFT with top gate electrodes is 

shown in Figure 6-1(a) and (b).  Moreover, high-κ materials were evaluated as replacements for 

SiO2 in this study.  Besides the interface traps and trapped charge in the bulk of high k materials, 

another challenge is a better understand of how the high-κ dielectrics affect the transistor drive 

performance, which is directly linked to the carrier mobility in the channel [3].  Mechanisms 

such as Coulomb scattering, phonon scattering, surface roughness scattering and charge trapping 

contribute to the mobility degradation [4].  These effects are yet to be quantified and should be 

performed in future work. These insights are expected to lead to the successful design and 

fabrication of transparent TFT devices.   

                                 

                                 

Figure 6-1 (a) a top view for the Transparent TFT (b) a side view for the transparent TFT 
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