
ABSTRACT 

SURESH, ARUN. Amorphous Indium Gallium Zinc Oxide Thin-Film Transistors,  
Non-volatile Memory and Circuits for Transparent Electronics. (Under the direction of Dr. 
John F. Muth). 
 

The ability to make electronic devices, that are transparent to visible and near infrared 

wavelength, is a relatively new field of research in the development of the next generation of 

optoelectronic devices. A new class of inorganic thin-film transistor (TFT) channel material 

based on amorphous oxide semiconductors, that show high carrier mobility and high visual 

transparency, is being researched actively. The purpose of this dissertation is to develop 

amorphous oxide semiconductors by pulsed laser deposition, show their suitability for TFT 

applications and demonstrate other classes of devices such as non-volatile memory elements 

and integrated circuits such as ring oscillators and active matrix pixel elements.  

Indium gallium zinc oxide (IGZO) is discussed extensively in this dissertation. The 

influence of several deposition parameters is explored and oxygen partial pressure during 

deposition is found to have a profound effect on the electrical and optical characteristics of 

the IGZO films. By optimizing the deposition conditions, IGZO TFTs exhibit excellent 

electrical properties, even without any intentional annealing. This attribute along with the 

amorphous nature of the material also makes IGZO TFTs compatible with flexible substrates 

opening up various applications. 

IGZO TFTs with saturation field effect mobility of 12 – 16 cm2 V-1 s-1 and subthreshold 

voltage swing of  < 200 mV decade-1 have been fabricated. By varying the oxygen partial 

pressure during deposition the conductivity of the channel was controlled to give a low off-

state current ~ 10 pA and a drain current on/off ratio of  > 1 x108. Additionally, the effects of 

the oxygen partial pressure and the thickness of the semiconductor layer, the choice of the 

gate dielectric material and the device channel length on the electrical characteristics of the 

TFTs are explored. 

To evaluate IGZO TFT electrical stability, constant voltage bias stress measurements 

were carried out. The observed logarithmic dependence of the threshold voltage shift to the 

stress duration was modeled using a charge trapping/tunneling mechanism at the 

semiconductor/dielectric interface. By incorporating platinum nanoparticles in the dielectric 



layer of the TFT, non-volatile memory characteristics were achieved. The devices exhibited 

good memory behavior and up to 10 % charge retention extrapolated over 10 years.  

The potential application for IGZO TFTs is examined by fabricating and characterizing 

5- and 7-stage ring oscillators. The 5-stage ring oscillators operate at more than 2 MHz and 

have a sub 50 ns propagation delay at a supply voltage of 25 V. To the best of our knowledge 

these are the fastest all-transparent ring oscillators reported to date. As a practical 

demonstration, we integrated IGZO TFTs with a novel thin film electroluminescent phosphor 

to form an active matrix pixel element. The output intensity of the phosphor was successfully 

modulated by the TFT. These results demonstrate that IGZO TFTs are viable candidates for 

transparent circuits and display applications. 
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CHAPTER 1 

 
INTRODUCTION  

 

1.1 Overview 

 

Anybody who has watched the movie Minority Report would have been struck by the 

futuristic nature of the displays that are shown. The images are formed on a transparent 

display and respond to a user's every touch and movement [1]. To arrive at such displays two 

critical components are required – a transparent light source and a transparent circuitry to 

control the pixel elements of the display. This monolithic integration of display driver 

circuits as well as other peripheral functions on the active matrix substrate leads to system-

on-panel displays as portrayed in the movie. Such a display can be deployed virtually 

anywhere a sheet a glass is present, such as the windscreen of a car. With the recent advent of 

transparent oxide semiconductors this futuristic idea is one step closer to being realized. 

Oxide thin films, with degenerate doping, have been utilized as passive elements with 

high conductivity and transparency for over half a century [2]. However, with the 

demonstration of the transparent thin-film transistor (TTFT) in 2003 using ZnO as the active 

layer [3-5], there has been a paradigm shift and this marked the inception of transparent 

electronics. Several metal oxides have started to be considered for their semiconducting 

properties and are identified as transparent oxide semiconductors (TOS) [6]. In 1996, Hosono 

et al. [7] reported on a new class of inorganic oxides based on multi-component 

combinations of heavy-metal cations with an outside shell electronic configuration of (n-

1)d10ns0 (n > 4). Apart from their visible transparency, the most attractive characteristic of 

these oxides is their relatively high mobility even in their amorphous state. A unique feature 

of TOSs is that the mobility is immune to structural disorder and amorphous TOSs still 

display considerable carrier mobility comparable to their crystalline counterparts. For 

instance, the mobility of single crystal silicon is ~ 2-3 orders of magnitude higher than that of 
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amorphous silicon (a-Si:H). Hence these TOSs, in their amorphous form, are referred to 

amorphous oxide semiconductors (AOS). Typically AOSs mobilities are an order of 

magnitude larger than that of a-Si:H. 

Currently for large area applications such as the displays mentioned before, hydrogenated 

amorphous silicon (a-Si:H) introduced by Spear and LeComber is the material of choice to 

create circuit functionality [8]. However, a-Si:H inherently possess several drawbacks, such 

as low carrier mobility ~ 1 cm2 V-1 s-1, relatively poor stability, opacity, sensitivity to light, 

etc. The low mobility degrades the drive current capability and the frequency performance of 

the a-Si:H thin film transistor (TFT). Nevertheless, a-Si:H TFTs are widely used as high 

dynamic range voltage-controlled switches in active-matrix liquid-crystal displays 

(AMLCDs) and have been researched over the past three decades.  AOS-based TTFTs have 

the potential to replace a-Si:H TFTs. Compared with their silicon and organic counterparts, 

AOS TFTs have much higher field-effect mobility, leading to a higher drain current density. 

Furthermore, low temperature process and the amorphous nature render AOS TFTs 

compatible with future generation of large area electronics that require flexible substrates.  

Current research focuses on material development, exploring both HMC’s and 

amorphous multicomponent heavy metal cation (a-MHMC) oxides for transparent channel 

material applications [9]. Research within this area of oxide electronics has burgeoned in 

recent years, and several companies have started the commercialization of oxide-based 

electronics for use in display technology [10,11]. The primary focus of these reports is the 

process optimization of the oxide semiconductor for use in TFTs [12]. Additionally, there are 

a few reports, which have used oxide-based electronics as switches for organic light emitting 

diode (OLED) and E-ink displays [13]. Functional TFTs have also been fabricated on plastic 

substrates for flexible electronic applications [14]. Furthermore, issues such as contact 

resistance, light sensitivity, short channel effects, and bias stress stability have been 

investigated [14, 15-17]. 

Apart from applications as display switching elements, other applications for oxide TFTs 

have been suggested. The higher current density provided by AOS TFTs make them well 

suited for driver transistors in current-driven OLED displays [18]. Oxide semiconductors can 
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show sensitivity to specific gases or humidity, which can open up new sensor based 

applications [19,20]. There have been claims about the suitability of oxide-based TFTs for 

sense and control elements for high-density memory applications [16].  

 
1.2 Research objective and Dissertation organization 

 
Though there has been a strong interest in amorphous oxide semiconductors, AOS based 

technology is still in the nascent stage. Like any new field, the advancement and successful 

implementation of transparent electronic applications would largely depend on the 

comprehensive understanding of AOS physics and chemistry, material and device processing 

issues and device physics. The primary goal of this dissertation is to develop indium gallium 

zinc oxide (IGZO) AOS thin films by the pulsed laser deposition process and to identify the 

dominant process and device parameters, which affect the IGZO TFT performance. Other 

important criteria such as device stability and dynamic characteristics have not been well 

addressed for AOS TFTs. In this dissertation electrical device stability and the dynamic 

behavior of IGZO TFTs are determined by fabricating ring oscillators and active matrix 

switching elements. Additionally, a non-volatile memory element for system-on-panel 

applications has been developed using the IGZO TFTs. 

The structure of the dissertation is as follows. Chapter 2 gives a brief review of the 

pertinent literature related to amorphous oxide semiconductors. Description of thin film 

transistor device physics and device operation is discussed to provide the background for the 

experimental work presented in this dissertation. Chapter 3 provides a description of the 

various fabrication (and characterization) tools and techniques employed, followed by a 

discussion on the relevant electrical TFT characterization methodology and figures-of-merit. 

Chapter 4 presents the influence of several deposition parameters for IGZO thin films in 

addition to TFT device development, fabrication, and characterization. The effects of process 

parameters, such as the oxygen partial pressure and the thickness of the semiconductor layer, 

the choice of the gate dielectric material and the device channel length on the electrical 

characteristics of the TFTs are explored. Chapter 5 describes the evaluation of IGZO TFT 

electrical stability under a constant gate voltage stress. The behavior is modeled using a 
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charge trapping/tunneling mechanism at the semiconductor/dielectric interface. Chapter 6 

describes the development of a non-volatile memory element based on the IGZO TFT. 

Memory characterization such as, programming, erasing and charge retention are elaborated 

as well. Chapter 7 reports preliminary results for IGZO based integrated circuits. Fabrication 

and characterization of inverters, ring oscillators and switching transistors for an active 

matrix pixel element are presented. Finally, Chapter 8 concludes by highlighting the salient 

results of the research presented in the dissertation and points out suggestions for future 

work..  
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CHAPTER 2 

 
OXIDE SEMICONDUCTORS AND THIN-FILM TRANSISTORS 

 
This chapter introduces the application of oxides in electronics followed by a brief 

discussion of transparent conducting oxides. Amorphous oxide semiconductors (AOS) are 

explored with the morphology and properties of indium gallium zinc oxide (IGZO) discussed 

in more detail since they are extensively used in this work. An introduction to thin film 

transistor structure and behavior is given. An overview of the research carried out on oxide 

semiconductor based thin film transistors is briefly reviewed, given that the thrust of this 

work is on devices. 

 

2.1 Oxides in Electronics 

 

Oxides are thermodynamic stable form of materials in standard ambient conditions. Metal 

oxides have traditionally been and still are used as heat resistant structural materials in 

addition to being used as raw materials for extraction of metals. The ancient knowledge 

about the transparency in silica and magnetism in magnetite has been augmented with a 

growing interest in the functional properties of oxides since mid-20th century. Recent 

advances in understanding the chemistry and the physics of the metal oxide systems has led 

to the exploitation of new electronic and chemical properties present in these oxides [21]. 

Applications that oxides have been studied for include, semiconducting sensors, 

ferroelectrics, superconductors, micro and optoelectronic devices, transparent conductors, 

magneto-optics and spintronics [22].  

Oxides are a ubiquitous part of electronics. The major advances in microelectronics in the 

20th century have been primarily due to silicon and its innate oxide, SiO2. The desire to make 

smaller and faster devices (Moore’s law) for nanoscale logic and memory devices, led to 

high-k dielectrics (such as HfO2, ZrO2 etc.) being investigated as a replacement for the SiO2 
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insulator [23]. Oxides have also been considered for active electronic materials. At present 

there is considerable interest in ferroelectric thin films based on PbZrTiO3 and BaSrTiO3 for 

applications in non-volatile data storage [24]. Magneto-optic and spin electronic devices have 

been reported in Mn, Co doped ZnO, TiO2 and SnO2 [25]. Oxide-based thin-films and 

hetero-structures are attractive for optoelectronic devices. ZnO and ZnMgO heterostructures 

have been utilized as UV photodetectors [26,27]. ZnO-based light emitting diodes (LED) 

have been studied. P-type oxide semiconductors have been used to obtain current-injection 

excitonic blue emission from an all-oxide LED structure [28]. 

The wide band gap of oxides makes them transparent to visible light, but transparent 

conducting oxides (TCO) provide additional functionality. TCOs have been used in 

electronic devices and their applications have been limited to passive components such as 

window electrodes and electrical interconnections in solar cells and flat-panel displays [29]. 

Lack of active devices such as p-n junction diodes had been due to the absence of p-type 

TCO. But recently Cu+-bearing oxides such as CuGaO2 and SrCu2O2 have led to the 

development of p-n diodes [30]. In this dissertation the focus will be on unipolar devices 

based on n-type transparent conducting oxides.  

 

2.2 Transparent conducting oxides 

 

Transparent conducting oxides (TCO) belong to a class of oxides that exhibit high 

conductivity as well as a large band gap (EGAP > 3.1 eV) due to the large electronegativity of 

oxygen, making them highly transparent in the optical portion of the electromagnetic 

spectrum. TCO characteristics were first observed in 1907 with cadmium oxide and since 

then several other TCOs have been used for their optical and electrical properties, such as tin 

oxide (SnO2), indium oxide (In2O3) and zinc oxide (ZnO).  

TCOs are degenerately doped to achieve high conductivity. In these materials, n-type 

conduction can be achieved from two sources: extrinsic substitutional doping (typically on 

the cation site) or the creation of point defects (such as oxygen vacancies and/or metal 

interstitials). In indium oxide, the point defects are due to either oxygen vacancies or indium 
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interstitials. Generation of free electrons, by the creation of oxygen vacancies is described as 

follows [31], 

2
-

OInOIn 3/2O  6e 3V 2In3O  2In +++→+ ••    (2.1) 

where InIn and OO denote neutral indium and oxygen atoms at the fixed positions, 

respectively, ••
OV represents an oxygen vacancy with positive divalent charge, -e an electron 

with a negative univalent charge, and O2 denotes gaseous oxygen. An excess of indium 

atoms at an interstitial site in In2O3 can also contribute to the generation of conduction 

electrons and can be described as, 

O
|x

iOIn 3O  2xe  2In3O  2In ++→+ +     (2.2) 

where x
iIn+ denotes interstitial indium, Ini, with positive charge of x. Ovadyahu et al. also 

describe the existence of indium atoms with different valences [32]. Indium oxide can also be 

extrinsically doped, typically with a tin ion on an indium site (In2O3:Sn). In this case, a 4+ tin 

sits on a 3+ site, resulting in one additional electron in the conduction band and a localized 1+ 

site. A similar behavior is seen in aluminum-doped zinc oxide [33]. Point defect 

concentrations can also be modified during the deposition process by appropriate selection of 

processing parameters or by subjecting the sample to an oxidizing or reducing post-

deposition anneal.  

Bellingham et al. have estimated the minimum theoretical resistivity limit for n-type 

TCOs as 4 x 10-5 Ω cm [34]. They arrive at this limit by taking into account the carrier 

transport in the film, which is constrained by ionized impurity scattering (µ < 90 cm2 V-1 s-1) 

and the carrier concentration limitations due to increasing optical reflection with increasing 

carrier concentration (n < 2 x 1021 cm-3 for > 90% optical transmission). Experimental results 

for single crystal tin doped indium oxide (In2O3:Sn) – minimum resistivity of  ~ 7.7 x 10-5 Ω 

cm (µ = 42 cm2V-1s-1, n = 1.9 x 1021 cm-3) indicate that the predicted theoretical resistivity 

limit is fairly accurate.   

TCOs are currently utilized in a number of passive applications, including thin-film solar 

cells and flat-panel displays. Of the commercially available TCOs, In2O3:Sn is the most 

conductive. But due to the limited availability and high cost of indium other TCOs are being 
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investigated [35]. Among the materials being explored is ZnO:Al, which is attractive for its 

ease of etchability, stability in a hydrogen plasma, and low process temperature requirement 

[36].  

 

2.3 Amorphous oxide semiconductors 

 

Since the pioneering work of Denton et al. in 1954, the electrical properties of amorphous 

and semiconductive oxide materials based on transition metals have been known [37]. Of this 

family, V2O5-based amorphous materials have been most extensively studied [38]. The 

mobility of electrons in these amorphous oxide semiconductors is of the order of 10-4 cm2 V-1 

s-1 at room temperature. Such a low mobility and intense coloring due to d-d absorptions of 

transition metal ions makes it unsuitable as a transparent semiconducting oxide. 

In 1995, Yasukawa et al. reported on a novel transparent and conductive, n-type 

amorphous AgSbO3 thin film [39]. The electrical conductivity of the sputter-deposited film at 

~ 300 K was increased by four orders of magnitude from ~ 10-5 S cm-2 to ~ 10-1 S cm-2 when 

the as-deposited films were heated at 500 °C. Upon heating, the film remained amorphous 

and carrier electrons were generated through the formation of oxygen vacancies and the 

mobility observed went up to ~ 7 cm2 V-1 s-1 at room temperature. Another interesting 

observation was that the mobility is almost the same as that in polycrystalline AgSbO3, 

obtained by crystallization of the amorphous film. Similar results with other material systems 

Cd2GeO4, CdPbO5, and MgIn207 led to new classification of the high mobility amorphous 

oxides called amorphous oxide semiconductors (AOS) [40-42].   

Hosono et al. propose a theory to explain the dramatic differences seen in the electronic 

and optical properties of traditional amorphous semiconductors and AOS [43,5]. In contrast 

to covalent semiconductors, oxide semiconductors are ionic in nature and the conduction 

band minimum (CBM) and the valence band maximum (VBM) are formed by different ionic 

species. When metal atoms and oxygen atoms come close, due to the large differences in the 

electron affinity and ionization potential, charge transfer takes place ionizing the atoms and 

leading to electrostatic separation of the anionic and cationic sites. This leads to the CBMs 
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being primarily composed of metal cations and the VBMs composed of oxygen 2p orbitals in 

most oxides although this does not hold for lanthanide and actinides and transition metal 

oxides. A large bandgap in oxides is attained by the low energy of the oxygen 2p orbitals 

leading to transparency. 

It has been proposed [43] that metal oxides composed of heavy metal cations (HMC) 

with an electronic configuration (n-l)d10ns0  where 4 ≤ n ≤ 6 would lead to realizing high 

mobility in amorphous oxides. To achieve high mobility a continuous conduction path is 

required and hence a large overlap between relevant orbitals is essential. Moreover the 

magnitude of the overlap needs to be insensitive to the structural randomness, which is 

intrinsic to the amorphous state and HMCs satisfy both these requirements. The bottom part 

of the conduction band in these oxides is primarily composed of ns orbitals of the HMCs. 

Given the spatial spread of the s orbital is large than the inter-cationic distance (by selecting a 

suitable value of n), and owing to the spherical symmetry of the s-orbital, large overlap and 

insensitivity to the amorphous state is achieved. 

As schematically shown in Figure 2-1(b), the spatial spreading of the s-orbital is 

considerable and the overlap between these ns orbitals with spherical symmetry is large and 

insensitive to any angular variation in the bonding angles compared with the cases of p-p or 

d-p orbitals having high spatial anisotropy. Figure 2-1(a) shows the spatial directivity of a 

typical covalent semiconductor having sp3 orbitals. Owing to this arrangement, the 

amorphous state leads to highly strained chemical bonds, which leads to rather deep and 

high-density localized states below the CBM and above VBM, causing carrier trapping. This 

would also explain why amorphous semiconductors typically exhibit much deteriorated 

carrier transport properties compared to their crystalline counterparts as shown in a-Si:H and 

chalcogenides whereas the electron mobility of AOS is comparable to their corresponding 

crystalline counterparts. 

The above electronic structure of AOS explains their peculiar properties not observed in 

conventional amorphous semiconductors. First, the electron mobilities (10 – 40 cm2 V-1 s-1) in 

AOS devices are relatively high, greater than a-Si:H by a factor > 10 and most organic 

semiconductors by a factor > 102. Second, a Hall sign anomaly is seen in conventional 
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amorphous semiconductors in which the sign of the Hall coefficient is different from that of 

the Seebeck coefficient [44]. This is presumably due to the short carrier mean free paths, 

which invalidates assumptions made in the Boltzmann transport equations [45]. In AOS, the 

Hall coefficient matches that of the Seebeck coefficient, which indicates that the length of the 

electron mean free path is longer translating to larger mobilities. Third, it is possible to dope 

AOS degenerately whereas this is not possible in conventional amorphous semiconductors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1: Comparison of atomic orbital overlap for covalent semiconductors (a, c) and 
oxide semiconductors (b, d) in both crystalline and amorphous configurations. The 
conduction band of covalent semiconductors consists of highly directional sp3 hybrid orbitals 
while the conduction band in oxide semiconductors is composed of large isotropic s orbitals. 
The direct measure of the mobility is the amount of overlap between neighboring atomic 
orbitals. Hence, when a covalent semiconductor is in an amorphous state (c) there is a 
substantial decrease in carrier mobility when compared to its crystalline counterpart (a) and 
in oxide semiconductors, the overlap is relatively unchanged between the crystalline (b) and 
amorphous (d) configurations. Schematic based on [43]. 

(b) (a) 

(d) (c) 
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Carrier conduction is conventional amorphous semiconductors takes place by hopping 

between tail states within the band gap of the semiconductor where the Fermi level is pinned 

leading to lower mobilities [44]. In contrast, with appropriate doping or via application of a 

gate bias in a thin film transistor structure, the Fermi level of AOS can be moved into the 

conduction band, resulting in degenerate or band conduction. Table 2-1 lists some of the 

properties that differentiate the two classes of amorphous semiconductors. 

 

Table 2-1: Comparison of the characteristics of conventional amorphous semiconductor and 
AOSs. 

 

Primarily TCO are based on heavy metal cations similar to AOS but are degenerately 

doped to achieve high conductivity. By achieving well-controlled and low carrier 

concentration active transparent devices, namely transistors, can be made using oxide 

semiconductors. Several AOS including, indium gallium zinc oxide (IGZO), have been 

proposed for application as the channel material for thin film transistors [46-55].  

 

2.3.1 Indium gallium zinc oxide  

 

Indium gallium zinc oxide (IGZO) is a wide band gap (~ 3.5 eV), n-type semiconductor 

containing three component oxides, In2O3, Ga2O3 and ZnO whose stoichiometry can be 

generally described as In2xGa2-2xZnkOk+3, where 0 < x < 1 and k is an integer greater than 0. 

Bulk samples with different stoichiometry (both x and k) of IGZO have been synthesized to 

study the solubility limits of the components [56,57]. Interestingly, it is seen that regardless 

 Conventional Amorphous 

Semiconductors (e.g. a:Si-H) 

Amorphous Oxide 

Semiconductors 

Mobililty 1-2 cm2 V-1 sec-1 10-60 cm2 V-1 sec-1 

Chemical Bonding Covalent Ionic 

Conduction Mechanism Hopping Band Conduction 

Doping degenerately Not possible Possible 
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of k, when x = 0.5, i.e. equal proportions of In and Ga, the structure of the compound is 

preserved. Single crystal indium gallium zinc oxide is composed of alternating layers of 
−
2InO  and +

4GaZnO ; the In3+ ion has octahedral coordination, the Ga3+ ion has pentagonal 

coordination, and the Zn2+ has tetragonal coordination.  

For k ≤ 3 the conductivity decreases as k increases which is observed in both thin film 

[57] and bulk samples [58]. This trend indicates that the conductivity of indium gallium zinc 

oxide is primarily associated with the In 5s states. However, for k ≥ 4, the fraction of Zn 

becomes increasingly large and Zn begins to contribute to conduction [58]. The ionic radii of 

Ga, In, and Zn are 1.27, 1.49, and 1.54 Å, respectively. If orbital overlap interaction is 

considered, and since the ionic radii of In and Zn are similar, the shift in conduction path as 

the fraction of Zn becomes large is evident. Indium contributes to the large spreading of the 

CBM. Another way to form greatly dispersed CBM is found in ZnO: a small Zn–Zn distance, 

due to fourfold coordination, increases CBM dispersion and results in high electron mobility 

[59]. Gallium oxide, which has a strong metal–oxygen bond is used to suppress the 

generation of free carriers via the formation of oxygen vacancies. In fact Ga3+ has two 

effects, first the introduction of aliovalent different-sized cations enhances amorphization and 

second, owing to the stronger Ga-O chemical bonds, compared to Zn-O and In-O, the 

generation of free carriers is suppressed [59]. 

Extended x-ray absorption fine structure (EXAFS), which is commonly employed to 

evaluate short-range order in materials, was used to examine the structure of both single 

crystal and amorphous IGZO thin films [60]. The nearest-neighbor distances for In-O, Ga-O, 

and Zn-O in the amorphous film are 0.211, 0.200, and 0.195 nm, respectively. This short 

range ordering is similar to that of the single crystal structure (0.218, 0.193, and 0.193, 

respectively). However, it appears that medium range ordering (second nearest-neighbor 

distances) near the Ga and Zn ions is lost in the amorphous films. Ab initio calculations were 

performed and are in good agreement with the EXAFS results. From the experimental and 

calculated results, the coordination numbers of In-O, Ga-O, and Zn-O are deduced to be 5, 5, 

and 4, respectively. Also, pseudoband calculations show that the conduction band minimum 

is composed of In 5s [60]. 
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Nomura et al. also calculate the amorphous IGZO band structure and found that the 

effective mass is small, about 0.2 me accounting for the high mobility and they conclude that 

no localized states exist near the conduction band, unlike a-Si:H. Hence the dominant 

conduction mechanism in IGZO is not variable range hopping (VRH), i.e. quantum 

mechanical hopping via band-tail states. However, the T-1/4 temperature dependence of the 

conductivity seen in IGZO for non-degenerate doping is the same relationship seen in VRH. 

Nomura et al. explained the similarity by employing a percolation mechanism, which also 

has a T-1/4 temperature dependence of conductivity [61].  

 

2.4 Thin film transistors (TFT) 

 

Thin film transistors (TFT) are a class of field effect devices in which the current through 

the device is modulated on the same basic principle as the MOS transistor. But unlike the 

MOS transistor where the substrate material is typically the semiconductor, thin films of the 

semiconductor material are deposited on a substrate to fabricate TFTs [62]. Though J. E. 

Lilienfeld is often credited for the invention of the TFT [63], the development of the first 

TFT as it is known today has been credited to P. K. Weimer [64]. Since Weimer’s initial 

work, which involved CdS as the channel material, the TFT structure, fabrication, integration 

and material systems employed have undergone extensive evolution, development and 

refinement. TFTs have been made using CdS, CdSe, hydrogenated amorphous silicon (a-

Si:H) and polycrystalline silicon (poly-Si) as the channel material. The most widely used 

application of TFTs is as switching transistors for active matrix liquid crystal displays 

(AMLCD) and the channel material of choice is a-Si:H followed by poly-Si. The typical 

characteristics of these technologies are mobilities in the range for 0.5 – 1.0 cm2 V-1 s-1 and 

10 – 80 cm2 V-1 s-1 for a-Si:H, and poly-Si with maximum processing temperatures around 

300 °C and 500 – 600 °C, respectively [65].  

In addition to silicon or inorganic TFTs another class of TFTs consists of those which 

employ organic materials as the channel layer [66]. Though these materials exhibit relatively 

low mobilities ~ 10-3 – 1 cm2 V-1 s-1, it is offset by the low cost of fabrication, such as spin 
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coating and printing. Moreover, the processing temperature of these devices is typically 

below 300 °C, allowing for deposition onto plastic substrates. A large number of these 

organic channel materials are p-type. However, n-type and recently ambipolar TFT have 

been demonstrated using organic channel layers [67]. In the following subsections, a brief 

description of the TFT device structures and basic device operation is given.  

 

2.4.1 Device structures 

 

Thin film transistor structures are usually categorized as co-planar or staggered. They can 

further be classified as either as bottom-gate or top-gate devices. Figure 2-2 shows the four 

possible device structures. The basic differences are in the relative position of the gate, 

source/drain, the semiconductor and the insulator. A staggered TFT structure has the gate and 

source/drain contacts on opposite sides of the semiconductor and hence there is no direct 

connection with the induced channel in the semiconductor. This arrangement provides a large 

contact area for the source/drain contacts for charge injection. On the other hand, the co-

planar TFT structure has the gate and source/drain contacts on the same side of the 

semiconductor. This configuration leads to the source/drain contacts to be in direct contact 

with the induced channel.  

In bottom-gate or inverted TFT structure the gate electrode and the gate insulator are 

present beneath the semiconductor, which leads to the top surface of the semiconductor to be 

exposed to atmosphere. In a top-gate TFT structure the gate electrode and the insulator are 

present on top of the semiconductor. In this configuration the semiconductor is covered by 

the insulator and hence the surface is inherently passivated.  

Process flow and process integration related issues can also determine the right kind of 

TFT structure for the application. In the co-planar top-gate structure, the semiconductor is 

deposited first. Therefore, the maximum semiconductor processing temperature is limited 

only by the semiconductor and the substrate. Also, in both the top-gate structures the 

insulator is deposited after the semiconductor layer. This implies that during the insulator 

deposition care must be taken to avoid damage of the semiconductor close to the interface 
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where the channel will be formed. A bottom-gate structure would possibly reduce such issues 

where the insulator is deposited before the semiconductor. The co-planar structure is difficult 

to realize in some technologies, such as a-Si:H. Typically staggered structure is usually 

adopted in the fabrication of amorphous silicon TFT while co-planar structure is usually 

adopted in the polycrystalline silicon TFT [62]. The staggered bottom-gate TFT is widely 

used in the manufacturing of active-matrix LCD back panes [62]. Various factors including 

processing temperature and sequence plays a role in determining the final TFT structure 

utilized.  

 

 

 

 

 

 
 
 
 
 
 
Figure 2-2: The four basic TFT structures: (a) staggered bottom-gate, (b) co-planar bottom-
gate, (c) staggered top-gate, and (d) co-planar top-gate. 
 

2.4.2 Basic device operation 

 

In this discussion an n-channel accumulation mode TFT is assumed. A similar treatment 

can be extended to p-channel TFT. Figure 2-3 represents the structure and the energy band 

diagram of the n-channel TFT. Note that the semiconductor layer is slightly n-type. Figure 2-

3(b) is the idealized case with the semiconductor and gate electrode having the same work 

function. Now let us consider two biasing conditions, VGS > 0 and VGS < 0. When a positive 

bias (VGS > 0) is applied to the gate, the voltage is dropped across the insulator and the 

semiconductor causing the bands to bend downwards, as in Figure 2-3(c), and delocalized 

electrons to accumulate, forming the channel near the semiconductor/dielectric interface. If a 

Dielectric 

Source/Drain 

Gate 

Semiconductor 

(a) (b) 

(c) (d) 
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positive voltage is applied to the drain electrode (VDS > 0) electrons are injected from the 

source electrode into the channel and a current flows between the drain and the source 

electrode. This current can be modulated by changing the gate voltage, which modulates the 

conductivity of the channel by increasing the degree of band bending in the semiconductor. 

On the other hand, when a negative bias (VGS < 0) is applied to the gate, the opposite 

band bending in the semiconductor occurs, leading to depletion of carriers at the 

insulator/semiconductor interface. As the magnitude of the negative gate bias increases the 

depletion region grows further into the semiconductor layer until eventually the entire 

thickness of the semiconductor can be depleted. In this condition, the channel is not formed 

and even a potential across the source and drain does not induce a current as in Figure 2-3(d).  

 

 

 

 

 

 

 

 

 
Figure 2-3: (a) Staggered bottom-gate TFT structure (b) the idealized energy band diagrams 
of the gate, insulator and n-type semiconductor in equilibrium (VGS = 0), (c) a positive bias 
applied to the gate electrode (VGS > 0) (d) a negative bias applied to the gate electrode (VGS < 
0). 
 

As mentioned earlier a positive drain bias (VDS) produces current when VGS > 0. Two bias 

conditions are depicted in Figure 2-4. Figure 2-4(b) depicts a device when biased with a low 

VDS. This is called the ‘linear’ regime of device operation where the drain current increases 

linearly with respect to VDS (for a given VGS), i.e. the channel acts like a resistor. The channel 

charge density is fairly uniform from the source to the drain as seen in Figure 2-4(b). The 

channel resistance depends on the accumulation channel sheet charge density, which is a 

function of the bias applied on the gate (VGS). 
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When a significantly high VDS is applied, the device enters the ‘saturation’ regime of 

operation. In this regime the drain current remains constant with further increases in VDS. The 

large drain voltage causes the channel to be fully depleted near the drain as shown in Figure 

2-4(c). This is called the pinch-off condition and the drain voltage at which this occurs is 

called the pinch-off voltage, Vpinch-off. 

A quantitative formulation of the ideal TFT operation has been derived using the square-

law theory and summarized below [68]. The equations for both the linear and saturation 

regions of operation are given as, 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4: Ideal n-channel thin-film transistor operation. The shaded region is the channel 
layer due to electron accumulation, which is not formed below cut-off, i.e. VGS < Von (a). At 
low VDS (VDS << VGS –Von) the channel formed at the semiconductor/dielectric interface is 
uniform from the source to drain and the drain current varies linearly with VDS – linear 
regime (b). When VDS ≥ VGS – Von the channel is ‘pinched off’ leading to ID being saturated 
with respect to VDS – saturation regime. Schematic based on [68]. 



 18

( ) ⎥
⎦

⎤
⎢
⎣

⎡
−−=

2

2
DS

DSTGSdiD
V

VVVC
L

WI μ   linear : VDS ≤ VGS – VT  (2.3) 

( )2

2
1

TGSdiD VVC
L

WI −= μ    saturation : VDS > VGS – VT (2.4) 

It has been argued that [69] Eqns. (2.3) and (2.4) are more suitable for field effect devices 

such as MOSFETs, while the equations below are more apt for TFTs due to its 

characteristics.  
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the differences between Eqns. (2.3), (2.4) and Eqns. (2.5), (2.6) are the replacement of VT 

with Von and that the gate bias dependence of channel mobility has been introduced. These 

features will be further discussed in detail in Section 3.7.3.2. 

As previously mentioned, by applying a negative bias the channel can be depleted of 

carriers. The depletion width is the function of the applied gate bias and is given by [70], 
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where εs is the semiconductor permittivity, ND is the intrinsic semiconductor carrier density. 

The intrinsic carrier density is responsible for any background current condition and to 

minimize this the semiconductor needs to be fully depleted. This implies that the carrier 

density in the semiconductor needs to be minimized or for a given ND the thickness of the 

semiconductor can be varied to bring about full depletion of the channel. 

The discussion so far has been pertaining to an ideal TFT behavior, while several non-

idealities might be present and need to be suitably accounted for to model the TFT behavior 

accurately. These include, but are not limited to, traps (acceptor or donor type) at the 

semiconductor/insulator interface or in the semiconductor, subthreshold conduction, interface 



 19

roughness, series resistance of contacts, conductive channel, channel length modulation, gate 

leakage etc. 

 

2.5 Oxide semiconductor based thin film transistors and applications 

 

Since zinc oxide based thin film transistors were first demonstrated in 2003 [3-5], a large 

variety of n-type oxide semiconductors have been utilized as channel materials. Channel 

materials based on single component oxides, such as ZnO, In2O3, SnO2, and Ga2O3 and 

multi-component oxides, such as zinc tin oxide (ZTO) [46-48], indium gallium oxide (IGO) 

[51,52], zinc indium oxide (ZIO) [49,50], and indium gallium zinc oxide (IGZO) [52-55] 

have been reported. The majority of the research is on discrete TFT performance but there 

are few reports on oxide semiconductor based circuits and integration with several display 

applications as well. The techniques to form the semiconducting channels range from, RF 

sputtering [5], ion beam sputtering [4], solution-based deposition [71], atomic layer 

deposition (ALD) [72], metal-organic chemical vapor deposition (MOCVD) [73], and pulsed 

laser deposition (PLD) [3,74]. In the next section, single component oxides, and IGZO have 

been emphasized. A brief description of some of the circuit applications is discussed as well. 

References are provided for the rest of the oxide semiconductor based research for additional 

information.  

 

2.5.1 TFTs with single component oxide channel: ZnO 

 

The first reports on oxide semiconductor TFTs were based on zinc oxide (ZnO). 

Demonstration of ZnO-based TFTs by Masuda et al. [3], Hoffman et al. [4] and Carcia et al. 

[5] in 2003 started the currently expanding research on oxide based transparent TFTs. Before 

the multi-component oxides were introduced as viable candidates for TFT channel 

application, ZnO was the most widely researched oxide semiconductor.  

Masuda et al. used PLD ZnO to fabricate bottom-gate TFTs. The ZnO layer was 

deposited at 450 °C with a double layer gate insulator consisting of SiO2 and SiNx used to 
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suppress leakage current. The Ion/Ioff ratio was 105 with a threshold voltage of 2.5 V and a 

field effect mobility of 0.03 cm2 V-1 s-1. Hoffman et al. fabricated ZnO TFTs using ion beam 

sputtering. The resistivity of the channel was increased by a rapid thermal annealing step, 

600 – 800 °C in O2. Enhancement-mode TFT operation with an Ion/Ioff ratio of ~ 107 was 

achieved. Threshold voltages and channel mobilities of devices were10 to 20 V and 0.3 to 2.5 

cm2 V-1 s-1, respectively. Carcia et al. reported on a room temperature process to fabricate rf 

magnetron sputtered ZnO TFTs on glass substrates. 

More recently, several other authors have explored ZnO-based TFTs with RF sputtering 

that do not require intentional post-deposition annealing treatments. Fortunato et al. [75] and 

Carcia et al. [76] use different deposition parameters of pressure and power to achieve high 

performance ZnO TFTs. The electrical properties of ZnO-based TFTs are shown to be 

strongly influenced by the O2 partial pressure in the deposition ambient. TFTs with mobilities 

approaching 25 cm2 V-1 s-1 were demonstrated. Additionally, ZnO-based TFTs on flexible 

polyimide substrates were also demonstrated [76]. 

Solution-based deposition techniques, such as spin coating and chemical bath deposition 

have been used to fabricate ZnO-based TFTs [77-79]. A high temperature post-deposition 

anneal is usually employed to achieve adequate crystallization and to drive away volatile 

components in spin-coated samples. This also enhances the device performance of the TFTs. 

Norris et al. spin a zinc nitrate and glycine precursor solution and anneal at 700 °C. The 

channel mobility and Ion/Ioff of these devices are 0.2 cm2 V-1 s-1 and 107, respectively [77]. Li 

et al. use a precursor solution with zinc acetate dihydrate, 2-ethanolamine and 

methoxyethanol and optimize the respective ratios to get high performance ZnO TFTs. TFTs 

annealed at 400 – 500 °C exhibited channel mobilities, threshold voltages, and Ion/Ioff ratios 

of 5-6 cm2V-1s-1, 20 V, and 105, respectively [78]. Cheng et al. utilize a chemical bath 

containing zinc nitrate and dimethylamineborane at 60 °C to grow ZnO films. TFTs 

fabricated with these films exhibited channel mobilities and and Ion/Ioff ratios 0.25 cm2 V-1 s-1 

and 105, respectively [79]. 

MOCVD has been recently used to deposit ZnO for TFT applications. Zhu et al. grew 

ZnO at 400 – 500 °C using MOCVD, SiO2 was used as the gate dielectric and achieved 



 21

depletion mode devices. ZnO grown on glass has an Ion/Ioff ~ 104 and a field effect mobility 

of 4.0 cm2 V-1 s-1. ZnO grown epitaxially on r-Al2O3 substrate yielded TFTs with field effect 

mobility ~ 35 cm2 V-1 s-1 and Ion/Ioff ratio of 108 [80]. Jo et al. fabricated ZnO TFTs, which 

were depletion mode and attributed it to the oxygen deficiencies during the deposition 

process [81]. By allowing sufficient oxidation time during growth, enhancement mode 

devices with 15 cm2 V-1 s-1 mobility and Ion/Ioff ~ 107, and a 5 V threshold voltage were 

realized. Levy et al. report on the fabrication of the gate dielectric and semiconductor layer 

via ALD [82]. Zinc oxide TFTs are fabricated with temperatures below 200 °C, exhibiting 

mobilities as high as 20 cm2 V-1 s-1 and no visible hysteresis.  

Hossain et al. [83] and Hoffman [69] have made contributions towards enhancing the 

understanding of oxide-based TFT operation. Hossain et al. analyze grain boundary effects 

for polycrystalline ZnO TFTs. The simulations that are carried out show a decrease in grain 

boundary barrier height with increasing free carrier concentration and a decrease in channel 

mobility with an increase in the number of grain boundaries in the channel. Hoffman uses 

basic semiconductor physics to formulate mobility extraction methodologies suitable for 

TFTs and discusses mobility characteristics of ZnO TFTs. These mobility extraction methods 

are discussed in further detail in Section 3.7.3.3. 

 

2.5.2 TFTs with single component oxide channel: In2O3, Ga2O3, SnO2 

 

In2O3 is not commonly employed as the TFT semiconductor layer due to the difficulty in 

controlling and reducing indium interstitials/oxygen vacancy formation in the films [84]. The 

propensity to form these defects leads to large carrier concentrations in the film, leading 

devices with highly negative threshold voltages (depletion mode). Wang et al. tackle this 

issue by utilizing an ion-assisted deposition process, and control the carrier concentration to 

1017 to 1020 cm-3 in In2O3 films by adjusting the O2 partial pressure and ion beam power. 

Using this technique, inorganic-organic hybrid In2O3-based TFTs with organic self-

assembled dielectrics were fabricated. These hybrid TFTs show very large field effect 

mobility (~ 120 cm2 V-1 s-1), and a near-zero threshold voltage [84]. Other reports on ion-
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assisted and reactive thermal evaporated In2O3 TFTs do not show promising device 

characteristics [85]. In2O3 nanowire (NW) TFTs have also been reported and will be 

discussed in Section 2.5.4.2. 

Like In2O3, Ga2O3 is not commonly employed as a TFT semiconductor layer due to its 

low mobility values. Matsuzaki et al. report on polycrystalline PLD Ga2O3-based TFTs 

processed at 550 °C with field-effect mobilities of 0.05 cm2 V-1 s-1 with Ion/Ioff ~ 20 and a 

threshold voltage ~ -6.7 V [86]. At higher processing temperatures, the field effect induced 

conduction of Ga2O3-based TFTs was lost indicating a high trap concentration. The small 

field-effect mobility is attributed to the granular structures of the film surface. 

Tin oxide is unique, since both n-channel (SnO2) [87] and p-channel (SnO) [88] TFTs 

have been reported. Presley et al. utilize extremely thin semiconductor layers (10-20 nm) to 

control the threshold voltage of SnO2-based TFTs. The semiconducting layer was deposited 

using RF magnetron sputtering and rapid thermal annealed in O2 at 600 °C to yield a field 

effect mobility ~ 2 cm2 V-1 s-1. Fully transparent SnO2 NW TFTs have been reported by 

Dattoli et al. [89] and Ju et al. [90]. Field effect mobilities ~ 120 – 170 cm2 V-1 s-1 have been 

extracted. Recently Ogo et al. reported on a p-channel TFT based on PLD SnO [88]. Top-

gated TFTs, using SnO channels grown epitaxially on yttria-stabilized zirconia substrates at 

575 °C, exhibited field-effect mobilities of 1.3 cm2 V-1 s-1, Ion/Ioff of 102, and a depletion mode 

device with threshold voltages of 4.8 V.  

 

2.5.3 TFTs with multi component oxide channel: IGZO 

 

Currently indium gallium zinc oxide (IGZO) is probably the most widely used channel 

material for oxide-semiconductor based TFT applications with a large number of reports in 

the literature. The very first report was in 2003 when Nomura et al. fabricated a transparent 

TFT based on a single crystal superlattice of InGaO3(ZnO)5 [91]. The IGZO channel was 

deposited by PLD on a single-crystal yttria stabilized zirconia substrate and annealed at 1400 

°C to undergo a reactive solid-phase epitaxy process. These TFTs employ a coplanar top-gate 

structure with an 80 nm thick HfO2 gate insulator. The TFTs exhibited a field-effect mobility 
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(μFE), a threshold voltage (VT) and an Ion/Ioff of 80 cm2 V-1 s-1, 3 V and 106, respectively. 

Following this report, in 2004, Nomura et al. demonstrated a flexible transparent TFT 

employing amorphous IGZO (a-IGZO) (with composition, In : Ga : Zn = 1 : 1 : 1 atomic 

ratio) as the channel material [43]. The TFT channel was deposited via PLD at room 

temperature onto polyethylene terephthalate substrates and the gate insulator was yttrium 

oxide. The TFTs showed a μFE, an Ion/Ioff and a VT of 6-9 cm2 V-1 s-1, 103 and 1.6 V, 

respectively. The device characteristics were found to be stable during repetitive bending of 

the substrate sheet. A follow up report on a similar structure showed improved mobilities and 

Ion/Ioff, >10 cm2 V-1 s-1 and ~ 106, respectively [59].  

Yabuta et al. explored amorphous IGZO-based (InGaZnO4) TFTs with a staggered top-

gate structure [53]. RF sputtering is used for deposition of the semiconductor and insulator 

(Y2O3) layers. While no intentional substrate heating is used, the maximum processing 

temperature is 140 °C due to heating from the sputtering process during insulator deposition. 

The channel mobility, VT, and Ion/Ioff are 12 cm2 V-1 s-1, 1 V, and 108, respectively. 

Iwasaki et al. explored the compositional optimization of IGZO channel using a 

combinatorial approach with rf co-sputtering from three individual sources, ZnO, Ga2O3, and 

In2O3 [92]. A staggered bottom-gate structure was used and the range of compositional 

variation was 10 – 70% for each component. Iwasaki et al. indicate that the optimal O2 

partial pressure employed during deposition changes for different stoichiometries. Higher Ga 

content required a lower O2 partial pressure; while higher In content required a higher O2 

partial pressure to produce functioning TFTs. Mobility is observed to be strongly related to 

the indium content of the film. The best TFT performance was achieved with a compositional 

ratio of In : Ga : Zn = 37 : 13 : 50. This ratio corresponds to a saturation mobility of 12 cm2 

V-1 s-1, a VT of 3 V, and an Ion/Ioff ~ 7x107. It is noted that the optimum composition for a 

specific application should be chosen after further study of long-term stability, process 

margins, and device specifications. 

In 2007 Hayashi et al. reported on the fabrication of 96 TFTs in a 1x1 square inch with a 

pitch of 1 millimeter between transistors to investigate uniformity [93]. The TFT array is 

fabricated on thermally oxidized silicon by RF magnetron sputtering the IGZO layer and 
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patterning it with photolithography and wet etching. All the devices exhibited virtually 

identical transfer curves. Electrical performance includes an average saturation mobility of 

14.55 ± 0.11 cm2 V-1 s-1, a VT of 2.25 ± 0.13 V with an average subthreshold swing of 0.197 ± 

0.006 V decade-1, and an average Von of -0.37 ± 0.13 V. They point out that the 

demonstration of uniformity is critical for the consideration of using AOS based TFTs in 

display applications. 

Kumomi et al. explored the impact of several variables on TFT performance including 

the structure, oxygen partial pressure during deposition, and choice of materials for the gate 

insulator [10]. In every case, the IGZO layer is sputtered at room temperature in an Ar/O2 

atmosphere. The electrical conductivity of the sputtered film is controlled by varying the 

oxygen partial pressure – the conductivity decreases monotonically with increasing oxygen 

partial pressure. The choice of Y2O3 as a gate insulator lends itself to a top-gated transistor 

structure while thermal oxide is more suited for a bottom-gated structure owing to the 

roughness of each layer.  

IGZO based TFT have been heavily researched by the corporate R&D department in 

Samsung SDI Company. They use a staggered bottom gate structure with patterned Mo metal 

as the gate electrode followed by a PECVD processed SiNx, which acts as the gate insulator. 

The channel is RF sputtered in an Ar/O2 atmosphere and the finished structures are annealed 

in nitrogen ~ 300 °C for 1 hr. Park et al. report on the effect of Ar plasma treatment on IGZO 

TFTs [94]. Before the source/drain metal (Pt/Ti) is deposited, the channel is subject to an Ar 

plasma for 30 s. This reduces the contact resistance between the Pt/Ti and IGZO channel. 

Without the treatment, TFTs exhibited a moderate μFE of 3.3 cm2 V-1 s-1, subthreshold swing, 

S, of 0.25 V decade-1, and Ion/Ioff ~ 4x107. After the Ar plasma treatment the device 

performance significantly improved, an S value of 0.19 V decade-1, Ion/Ioff ~ 108, as well as a 

μFE of 9.1 cm2V-1s-1, were recorded. Kim et al. have demonstrated a passivated IGZO TFT 

utilizing a CVD SiO2 as the passivation layer [95]. Devices with the passivation layer 

exhibited a μFE of 36 cm2 V-1 s-1 and a Von of 0 V, however devices without the passivation 

layer showed reduced performance due to damage during the source and drain patterning. 

The μFE reduced from 35.8 to 14.8 cm2 V-1 s-1 with decreasing channel length. The drop of 
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the apparent field-effect mobility in the short channel device (10 μm) was due to the 

existence of parasitic source/drain resistance. 

The effect of adsorbed oxygen on IGZO TFTs is explored by Kang et al. [96]. Transfer 

curves are measured and Von monitored at atmosphere and as a vacuum is pulled in a 

chamber (as low as 8.5x10-6 Torr). After reaching the lowest pressure, oxygen is then 

introduced into the chamber with measurements being made at varying intervals. In ambient 

air, Von is approximately −7 V. However, at a pressure of 8x10−6 Torr, Von dramatically shifts 

to nearly −47 V. When the oxygen is introduced in the chamber, the turn-on voltage returns 

to the normal value (Von in air). It is believed that the adsorbed oxygen forms a depletion 

layer below the surface, resulting in Von shifts. Song et al. examine the short-channel effects 

of IGZO based TFTs. TFTs with source-to-drain separation of 50 nm are fabricated utilizing 

e-beam lithography [15]. These devices showed a μFE of 8.2 cm2 V-1 s-1 and Von of -2 V. 

Varying the source-to-drain separation from 50 nm to 500 nm had minimal effects on the 

subthreshold swing and turn-on voltage. The drain current however did not scale linearly 

with source-to-drain separation, and is attributed to the effect of contact resistance. 

Jeong et al. examined the effect of channel deposition pressure when fabricating IGZO 

TFTs [97]. The performance of the transistors improved monotonically with decreasing 

chamber pressure. At a pressure of 1 mTorr, μFE and S of the TFTs were dramatically 

improved to 21.8 cm2 V-1 s-1 and 0.17 V decade-1, respectively, compared to those (11.4 cm2 

V-1 s-1 and 0.87 V decade-1) transistors prepared at 5 mTorr. The enhancement in the 

subthreshold characteristics was attributed to the reduction of the bulk defects of the IGZO 

channel, which might result from the greater densification of the IGZO films at the lower 

deposition pressure. Park et al. have also studied the effects of water on IGZO-based TFTs 

[98]. Two competing effects are analyzed, for films thicker than 100 nm, water appears to act 

as an electron donor, manifesting as a large negative threshold voltage shift. For films thinner 

than 70 nm, water appears to act as an acceptor-like trap, manifesting as a large increase in 

subthreshold swing characteristics. The mechanism for both electron donor- and acceptor-

like trap appears to be reversible. Recently Park et al. have formed IGZO TFTs with a self-

aligned process [99]. In a top gate device structure after patterning the gate electrode and gate 
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dielectric (100 nm of CVD SiO2) the device is exposed to an argon plasma, which dopes the 

exposed semiconductor region with oxygen vacancies, rendering them conductive and 

constitute the source and drain. Double-gated IGZO TFTs have also been reported [100]. 

Chiang et al. reported on the processing effects on IGZO TFT performance [101]. 

Transistors are bottom-gate inverted structures fabricated on thermally grown silicon 

dioxide/silicon substrates with the IGZO being deposited by RF magnetron sputtering. 

Oxygen partial pressure, sputtering power, anneal temperature, and deposition time (channel 

thickness) are all varied. In general, experimental variables (such as RF power and O2 partial 

pressure) have the greatest influence at lower post-deposition anneal temperatures (< 400 

°C). At higher temperatures (> 400 °C), the annealing treatment dominates device 

performance and minimizes the effect of deposition process variables. Solution-processed 

IGZO thin films have been used as TFT channel layer by Kim et al. [102]. A spin-coating 

method using acetate- and nitrate-based indium, gallium and zinc precursors was used. The 

IGZO film annealed at 450 °C had smooth morphology and fine grains with an average size 

of ~ 15 nm. Ion/Ioff, μFE, and S were ~ 106, 0.96 cm2 V-1 s-1, and 1.39 V decade-1, respectively. 

  

2.5.4 Oxide semiconductor based circuits 

 

The majority of the research reported on oxide semiconductor based devices has been 

focused on the development of discrete TFTs. While a large number of these reports describe 

the optimization of the DC characteristics of these TFTs, over the past couple of years there 

has been some interest in creating integrated circuits and studying the dynamic characteristics 

of oxide semiconductor TFTs. Basic structures such as inverters and ring oscillators have 

been reported. Oxide semiconductor based TFTs have been used as switching devices for 

liquid crystal displays (LCDs) and driving transistors for organic light emitting diodes 

(OLEDs). A brief description of some of these applications is given below. 
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2.5.4.1 Inverters and Ring oscillators 

 

The basic building block of digital circuits is an inverter. Its function is to provide an 

output that is the opposite of the input signal, i.e. if the signal is high the output will be low 

and vice versa. In standard complementary metal oxide semiconductor (CMOS) technology 

two transistors of opposite polarity (PMOS and NMOS) are used to achieve an inverter 

behavior. Whereas, oxide semiconductor based TFTs are unipolar in nature and hence two 

enhancement-mode transistors (load and control) are connected in series as shown in Figure 

2-5(a) to produce an inverter action. The load transistor is diode driven (in saturation) and 

this configuration is widely used in unipolar TFT technology [103].  

 The dynamic performance of TFTs is an important property for circuit and display 

applications. Ring oscillators (ROs) are used to evaluate how fast the TFTs operate. A RO is 

formed by connecting an odd number of inverters in series and tying the output of the final 

inverter back to the input of the first inverter as shown in Figure 2-5(c). Since there are an 

odd number of inverters the output of the final stage is opposite to that of the input of the first 

stage and leads to an indefinite oscillation (provided the gain of each inverter stage is greater 

than 1). ROs are used to determine the propagation delay, tp, of each inverter stage. 

  

 

 

 

 

 

 

 

 
 
Figure 2-5: (a) Inverter structure for an n-type transistor technology. The active load is an 
enhancement-mode TFT operating in saturation. (b) Representation of an inverter with gain. 
(c) A five-stage ring oscillator structure in which five inverters are connected in tandem. 
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 Presley et al. reported on the first transparent five-stage ring oscillator based on IGO 

TFTs [52]. The channel was deposited by RF magnetron sputtering; SiNx and ITO act as the 

gate insulator and the source/drain electrode, respectively. The gain of an inverter stage is 

measured to be ~ 1.5 and the oscillation frequency of the RO is found to vary approximately 

linearly with increasing supply voltage, VDD. The maximum frequency was determined to be 

~ 9.5 kHz at an applied bias of 80 V. Large gate-source/gate-drain overlaps of 200 µm and 

large channel lengths of 60 µm are attributed to the low oscillation frequency of this device. 

 Ofugi et al. [104] and Hayashi et al. [93] have reported on the performance of a five-

stage RO based on IGZO TFTs. Au/Ti metal was used as the gate and source/drain electrodes 

and patterned by lift-off. SiOx (gate insulator) and IGZO (channel) were deposited by RF 

magnetron sputtering and patterned by photolithography and wet etching. The structures are 

annealed at 300 °C for 20 min in air. Channel lengths are 10 µm with a gate-source/gate-

drain overlap of 5 µm. The RO starts to oscillate even at a low supply voltage of 1 V, and as 

the supply voltage increases the propagation delay per stage decreases. With a supply voltage 

of VDD = 18 V, the oscillation frequency is 410 kHz corresponding to a propagation delay of 

240 ns per stage. 

 RO based on plasma enhanced chemical vapor deposition (PECVD) processed ZnO have 

been reported by Sun et al. [105]. PECVD Al2O3 acts as the gate insulator, Al and Cr metal 

act as the source/drain and gate respectively. The individual TFTs exhibited a µFE ~ 0.05 cm2 

V-1 s-1. Five-stage RO oscillated at 1.2 kHz at a VDD = 60 V corresponding to a propagation 

delay of 100 µs. A rather marked improvement in ZnO based RO device performance was 

achieved by Sun et al. [106]. For this study a seven-stage RO was fabricated with ZnO and 

Al2O3 deposited using a spatial ALD process at 200 °C. A much improved µFE of ~ 13 cm2 V-

1 s-1 was extracted. For VDD = 25 V, the circuit operated at a frequency of 2.3 MHz 

corresponding to a propagation delay of 31 ns per stage. 

 Even faster RO based on IGZO TFTs has been very recently revealed by Yin et al. [107]. 

Five-stage RO with propagation delay times of 0.94 ns per stage for a supply voltage of 9 V 

is achieved. The reason for this superior performance is the small channel length and gate-

source/gate-drain overlaps each being 0.5 µm. Also a more complicated inverter structure 
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called bootstrapped inverter involving three TFTs was used. These reports show the 

capability of oxide semiconductors for circuit applications. 

 

2.5.4.2 Oxide semiconductor TFTs for display applications 

 

As mentioned earlier recently, oxide semiconductor based TFTs have been used as 

switching transistors for LCD and driver transistors for OLED applications. In 2006, Gorrn et 

al. reported the application of a ZTO TFT in combination with an OLED to create a 

transparent pixel [18]. The OLED is built vertically on top of the TFT structure and uses the 

drain electrode of the transistor as the cathode for the diode. The ZTO channel layer is 

deposited via oxygen plasma assisted pulsed laser deposition (PAPLD). The radical oxygen 

species in this technique prevent the formation of oxygen vacancies and hence reduces 

unintentional doping. No post-deposition anneal is employed, and the maximum processing 

temperature was 150 °C. The pixel has an average transmittance of greater than 70% in the 

optical portion of the spectrum. Threshold voltages of the ZTO TFT are reported to vary 

between -1 V and 1 V. A saturated μFE of 11 cm2 V-1 s-1 and an Ion/Ioff ~ 105 are also observed. 

The OLED had a luminance of 500 cd m-2 at a gate and anode bias of 5 V and 25 V 

respectively.  

Jeong et al. [108] of Samsung SDI have reported a full-color display driven by an IGZO 

backplane using two-transistors one-capacitor (2Tr-1C) circuitry. The discrete TFT 

fabrication is previously discussed in Section 2.5.3. The display is a full-color 12.1-inch 

WXGA (1280 x 768 pixels) active matrix OLED (AMOLED) display. There are 123 pixels 

per inch (ppi) and this is the largest AMOLED display driven by an amorphous oxide TFT 

backplane to date. Hayashi et al. [93] also briefly report on OLED cells driven by a 2Tr-1C 

circuit, which is illustrated in Figure 2.6. The OLED cell is monolithically integrated with the 

backplane circuit. The authors report successful illumination of the OLED while no discrete 

device performance is provided. 
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Figure 2-6: A commonly used two-transistor, one-capacitor (2Tr-1C) pixel circuit. The 
electroluminescent (EL) device, e.g. OLED, is made operational by turning ‘on’ the drive 
TFT by the right combination VSELECT and VDATA signals.  

 

Ito et al. have demonstrated the application of IGZO TFTs to electronic paper [13]. A 4” 

bottom gated IGZO TFT array was integrated with an electrophoretic frontplane. Both the 

channel (IGZO) and the gate insulator (SiON) were RF sputtered while the source and drain 

(Ag) was screen-printed. The TFTs show a high Ion/Ioff  ~ 107 and the extracted μFE was ~ 2.8 

cm2 V-1 s-1. The resolution of the display is 200 ppi and the number of the pixel is 640 x 480 

(QVGA). Ju et al. have reported on a transparent AMOLED display driven by an In2O3 

nanowire circuitry [109]. They describe the fabrication of the In2O3 TFT and its integration 

with the OLED structure. InO NWs were synthesized by pulsed laser ablation; the gate 

dielectric was a self-assembled nano dielectric (SAND) with ITO being the source and drain. 

Mobilities ~ 258 cm2 V-1 s-1 were reported. A single pixel consisted of one switching and two 

driving transistors. A major advantage is the transparency, which enhances the aperture ratios 

and the room temperature processing. 
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2.6 Bias stability in thin film transistors 

 

Long-term reliability is an important factor that needs to be addressed before any material 

system can be adopted for large-scale manufacturing. Instabilities in the device behavior can 

be classified as environmental or electrically induced. Instabilities have been explored for 

MOSFET, a-Si:H, organic TFTs (OTFT) and oxide semiconductor based TFTs. The 

instability is usually characterized by the presence of hysteresis or a threshold voltage shift 

but in essence instability manifests as an alteration of the current–voltage (I-V) characteristics 

of the TFT. This might include changes in the magnitude of the drain current, the mobility or 

the subthreshold slope. In the following section a brief description of the two major 

mechanisms that have been attributed for electrical instability in TFTs is discussed.  

Most types of electrical instabilities in TFTs arise from some form of charge 

rearrangement or generation in the semiconductor or the dielectric or at the 

semiconductor/dielectric interface. a-Si:H based TFTs exhibit both these forms of 

instabilities. As bias voltages are applied to a-Si:H TFTs, the band bending in the channel 

leads to the silicon atom having an unstable configuration. This unstable situation is resolved 

by the breaking of the weak Si-Si bonds and the formation of dangling bond defects [110], 
0
33

0
42 SiSieSi +→+ −−     (2.8) 

these dangling bonds create deep-gap states in the a-Si:H and alter the current–voltage 

behavior of the TFTs. The defect creation in a-Si:H channel occurs at lower positive gate 

voltages (e.g., VG < 25 V). It has been proposed that deep-state defect creation is 

characterized by a power law time dependence and is strongly affected by temperature and 

the threshold voltage shift seen due to bias stressing is given by [111], 

( ) ( ) βtVVAtV TiGT −=Δ     (2.9) 

where A and β are temperature-dependent parameters, VG is the gate bias stress voltage, VTi is 

the threshold voltage of the TFT before bias stress is applied, and t is the bias stress time 

duration. 
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The other mechanism, charge trapping, is considered to be due to the tunneling of carriers 

from the semiconductor into shallow traps at the insulator-semiconductor interface or into 

defects in the insulator due to the lowering of the energy barrier between the semiconductor 

and insulator during stress. A number of possible electron injection mechanisms leading to 

TFT instability were proposed by Powell [112], including (a) Fowler- Nordheim injection, 

(b) trap-assisted injection, (c) constant energy tunneling from the conduction band, (d) 

tunneling from conduction band to EF, (e) hopping at the Fermi level. While mechanics (a) 

and (b) occur at a relatively high electric fields, mechanism (d) and (e) have been used to 

account for charge trapping in CdSe TFTs and the time dependence of the threshold voltage 

shift is modeled as, 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=Δ

0

1log
t
trtV dT     (2.10) 

where rd is a constant which contains the density of traps Nt [cm-3] and a tunneling constant λ 

[cm] and to is the supply function dependent on the biasing temperature and state. A theory 

was proposed to explain the strong temperature dependence observed in the threshold voltage 

shift (ΔVT) seen in a-Si:H TFTs. A redistribution of the tunneled electrons in the insulator by 

hopping i.e., the electrons initially tunnel to states in the nitride but after certain time as the 

states get filled up to a depth xo, it becomes more favorable for electrons to hop from these 

filled states to states deeper in the insulator (i.e. x > xo) rather than deeper states (x > xo) 

getting filled directly by tunneling of electrons from the silicon channel. Libsch and Kanicki 

found that they could adequately model their bias temperature stress (BTS) data using the 

following standard exponential equation, 
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where β  is a constant, τ is expressed as ( )kTE /exp0 τττ = , Eτ is the effective potential 

barrier for carriers to enter the insulator and VT0 is the initial threshold voltage [113]. This 

behavior is especially seen in PECVD a-SiNx gate insulator TFTs due to the high defect 

density of SiNx, which leads to a charge trapping when the TFT undergoes bias stress.  
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Few bias stress studies have been carried out on oxide semiconductor based TFTs. 

Navamathavan et al. report on the bias stress stability of DC magnetron spluttered ZnO TFTs 

using PECVD SiNx as the gate insulator [114]. After applying a modest bias of VGS = VDS = 

10 V for 200 s the I-V characteristics is severely degraded with an increase in off-state 

current (about 3 decades) and an increase in the subthreshold slope. They attribute the 

degradation of device behavior to charge trapping at the SiNx/ZnO interface and the breaking 

of Zn-O bonding. Cross et al. studied the bias stability of RF magnetron sputtered 

ZnO/thermal SiO2 TFTs [115]. Positive gate bias stress leads to a positive ΔVT while 

negative stresses lead to negative shifts. At low bias levels the subthreshold characteristics do 

not change. This instability is attributed to charge trapping at/near the channel/insulator 

interface. Higher biases (VG > 30 V) cause a deterioration of the subthreshold shape and this 

is attributed to an increase in the defect state creation within the ZnO channel material. 

Another aspect of this study is that after the stress measurements, when the devices are left 

unbiased at room temperature, the original characteristics are recovered and without any 

necessity of annealing 

The effect of composition and processing temperature on zinc tin oxide (ZTO) TFT bias 

stress stability was studied by Gorrn et al. [17]. Pulsed laser deposition (PLD) was used to 

deposit the ZTO layer and the gate insulator used was an AlOx/TiOx nanolaminate (ATO). 

Highly stable transistors with the ZTO composition of [Zn]:[Sn] = 36:64 were fabricated 

with ΔVT ~ 30 mV after 1000 minutes of operation. A clear correlation between processing 

temperature and bias stability were ascertained. Both positive and negative threshold voltage 

shifts were observed and attributed to charge trapping and defect state creation in the 

semiconductor layer respectively.  

Various other reports on the oxide semiconductor TFT stability have been reported 

recently. Levy et al. report on atomic layer deposited ZnO TFTs and note that the bias 

stability improves markedly by passivating the device using ALD Al2O3 [82]. Park et al. 

have reported on the bias stability of TFT fabricated using a novel channel material ZrInZnO 

[116]. They compare the bias stability to IGZO TFTs and attribute the improved stability of 

ZrInZnO TFTs to the role of Zn ions as oxygen binders or structural stabilizers in the 
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ZrInZnO material system. Solution processed ZTO were examined by Seo et al. [117]. Cho 

et al. report on the charge trapping and detrapping as a mechanism of VT shifts in IGZO TFTs 

under static and dynamic stresses [118]. Jeong et al. attribute the bias stress instability of 

IGZO TFTs to the interaction between the exposed IGZO back surface and oxygen and/or 

water in the ambient atmosphere during the gate voltage stress [119]. Chiang et al. propose 

the trapping of charges as a mechanism for VT shift in IGZO TFTs under bias tress [101]. 

They achieve stable TFTs by minimizing the charges present in the channel (to minimize the 

trapping) by controlling the processing of the IGZO channel. 
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CHAPTER 3 

 
EXPERIMENTAL METHODS AND DEVICE CHARACTERIZATION 

 
This chapter presents information regarding the fabrication and characterization of IGZO 

based thin films and devices. Thin-film processing techniques used in this work including, 

pulsed laser deposition, plasma enhanced chemical vapor deposition and atomic layer 

deposition, are briefly discussed and thin film pattering techniques are explored. Thin-film 

characterization techniques are discussed including, Hall and optical transmission 

measurements. Finally, IGZO TFT characterization including, threshold voltage and channel 

mobility extraction from DC I −V measurements is discussed. 

 

3.1 Pulsed laser deposition 

 

A major part of the work in this dissertation involves the synthesis of thin films by pulsed 

laser deposition (PLD) the technique used to deposit indium gallium zinc oxide (IGZO) and 

indium tin oxide (ITO) thin films. In this subsection a brief description of the process along 

with the characteristics of our system and methods is given. PLD is a versatile thin film 

deposition technique in which short and high-energy laser pulses are used to ablate a solid 

target in a high vacuum chamber. Typically, a ceramic target is placed in a vacuum chamber 

and a pulsed laser beam is used to vaporize the surface of the target and the vapor condenses 

on a substrate producing a thin film of the target material.  

There are a few basic characteristics of the PLD technique that make it unique. Owing to 

the high power density of the system and the narrow bandwidth of the laser the radiation 

energy is enough to vaporize even the hardest and most heat resistant materials. Also the 

stoichiometry of the target is faithfully retained in the deposited films, since the extremely high 

heating rate of the target surface due to high energy laser pulses leads to congruent evaporation 

of the target irrespective of the evaporating point of the constituent elements or compounds of the 
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target. Another feature of PLD is the high energy (10 eV – 100 eV) of the ablated species in 

the plasma. As a comparison, the average energy of the impinging species in MBE is ~ 0.1 

eV and in sputtering is of the order of few eV. The higher kinetic energies lead to enhanced 

adatom mobility and increased surface diffusivity.  

PLD also provides us with a high deposition rate owing to the forward directed nature of 

the plume. This also ensures minimum contamination and preserves the stoichiometry in case 

of multi-component targets, as in our case with IGZO and ITO. The major disadvantage of 

the PLD process is its non – uniformity due to the narrow angular distribution of the ablated 

species. The other issue is the splashing or deposition of particulates on the film due to surface 

boiling or exfoliation of the target. The size of particulates may be as large as a few microns. 

These features limit the use of PLD in producing a large area uniform thin film. Most of the 

samples used in the present work were of the size ~15 mm x 15 mm and fairly uniform film 

growth can be achieved by controlling the deposition parameters and rotating the substrates. 

To reduce particulate issues low laser fluence ~ 150-160 mJ was used.  

A basic PLD system consists of primarily three components: 1) High power laser source, 

2) A vacuum chamber containing both the target and the substrate holder and, 3) Laser optics 

consisting of a set of lenses, apertures, and mirrors needed to guide the laser beam onto the 

target through a UV laser window. A schematic of a PLD set-up used in the present work is 

shown in Figure 3-1. The primary choice for the PLD radiation has been excimer lasers, 

since they emit radiation in the 200 – 400 nm wavelength range [120]. This is ideal since 

most materials show strong absorption in this wavelength range. Repetition rates as high as 

several hundred hertz and energies over 500 mJ/pulse can be easily achieved using excimer 

lasers. The wavelength at which the laser emits depends on the gases used. In the present 

work the KrF excimer laser was used as the laser source. 

The ITO thin films in this study were grown from a commercial target (91 mol% In2O3-9 

mol% SnO2). For IGZO films the target was made in-house. High purity In2O3, Ga2O3, ZnO 

powders were used. Powders were weighed to give the required composition of the IGZO 

target and mixed in a beaker with ethyl alcohol. The suspension was stirred and left to dry in 

a chemical hood. The dried out powder was then ground using a mortar and pestle. This 
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powder was transferred to an alumina crucible with a lid and calcined at 1000 ºC for 2 hrs in 

a box furnace. Next the powder was ground once again and is now ready to be pressed. A 1” 

die was used and lubricated with a small amount of oleic acid. About 5 to 6 grams of powder 

are transferred into the die and pressed. The amount of pressure is typically around 5000 psi. 

Next the pressed pellet is transferred into a clean alumina crucible and sintered in a tube 

furnace. Temperatures for sintering IGZO is usually from ~ 1200 ºC to ~ 1400 ºC, for about 3 

to 6 hours. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1: A schematic of a pulsed laser deposition chamber. 
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Samples and target are loaded into the PLD chamber which is then pumped down to a 

base pressure of ~ 1-2 x 10-7 Torr. Before the deposition the target was pre-cleaned with 

500 pulses at 5 Hz and 500 pulses at 10 Hz repetition rate with the sample covered with a 

shutter. The repetition rate and energy level of laser pulses are kept at 10 Hz and 150 ~ 160 

mJ in this study. During the depositions, the target is rotated and rastered to avoid target 

pitting. The substrate holder is also rotated during the growth for film uniformity. The 

oxygen partial pressure during deposition was actively controlled using a gate valve and 

varied between 5 mTorr and 100 mTorr and the number of pulses was varied to give the 

required film thickness. The PLD depositions were all carried out at room temperature with 

no intentional heating of the substrates.  

 

3.2 Plasma-enhanced chemical vapor deposition 

 

Chemical vapor deposition (CVD) is a thin film deposition technique in which gas-

phase sources are employed. In a thermal CVD method the introduced gas-phase precursors 

are transported by diffusion to the substrate where chemical reactions (driven by thermal 

energy) results in the formation of a thin film [121]. As a modification of the simple thermal 

CVD, alternate energy sources, such as plasmas and optical excitation can be used to drive 

the chemical reactions, allowing the deposition to occur at low temperature.  

Plasma-enhanced chemical vapor deposition (PECVD) techniques use RF energy to 

generate a glow discharge (plasma) and this transforms the gas mixture into reactive radicals, 

ions, neutral atoms and molecules, and other highly excited species. These atomic and 

molecular fragments interact with the substrate to complete the CVD reactions without a 

requirement of high substrate temperatures. Some of the desirable properties of PECVD 

films, apart from relatively low process temperatures, are good adhesion, good step coverage, 

and uniformity. In this work, an Oxford Plasmalab 80Plus parallel plate PECVD system is 

utilized is utilized to deposit both SiNx and SiOx for use as a gate dielectric.  
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3.3 Atomic layer deposition 

 

Atomic layer deposition (ALD) is a process for synthesizing thin solid films from 

alternating exposures of molecular precursors to a substrate. The main attribute of the ALD 

process, that differentiates it from other thin film depositions techniques, is its self-limiting 

nature. The process is such that the entire sample surface is reacted to completion, 

disallowing further reactions to take place. The self-limiting film growth mechanism in ALD 

ensures excellent film conformality and uniformity over large areas, and atomic level 

composition and thickness control. The one major limitation of the ALD process is its 

slowness since around one monolayer of the film is deposited during each cycle.  

In ALD the film growth takes place in a cyclical manner. An ALD growth cycle typically 

consists of four steps, as illustrated in Figure 3-2 for an ALD process employing trimethyl 

aluminum (TMA) and water as precursors.  

First TMA is pulsed into the reaction chamber and reacts with the surface hydroxyl 

groups in a saturating manner until a monolayer has been chemisorbed on the substrate. Next 

the excess of the precursor is purged away with an inert gas. The second precursor H2O is 

pulsed into the reactor and reacts with the chemisorbed TMA forming an AlOx layer on the 

substrate and CH4 gas as a byproduct. The CH4 gas and excess H2O are then purged with an 

inert carrier gas. The second purge completes one deposition cycle. The desired film 

thickness is obtained by repeating the deposition cycle an appropriate number of times. In the 

ideal case, a complete monolayer is formed in every deposition cycle and no impurities are 

introduced to the film. In practice, only a fraction of a monolayer may be deposited in each 

cycle due steric hindrances between bulky ligands in the chemisorption layer or lack of 

reactive surface sites [122]. 
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Figure 3-2: Schematic of aluminum oxide ALD using trimethylaluminum and water. 
 

When the deposition conditions in ALD are optimal, the film growth proceeds through 

saturative, self-limiting surface reactions. Processing temperature is a key parameter for 

controlling the saturation mechanism of the ALD process. The temperature range where this 

ALD-type self-terminating growth takes place often leading to a constant growth rate, is 

known as the ALD window. Figure 3-3 illustrates a graph of growth rate vs. temperatures 

with the ALD window identified. 

At low deposition temperatures the deposition rates could be high due to condensation, so 
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Alternatively, the growth rate can be low if the reaction of the precursors with the surface is 

retarded due to the low temperature. At high deposition temperatures, the precursor can 

decompose leading to a CVD type deposition process and an increase in growth rate. On the 

other hand, at high deposition temperatures, the precursor can chemically desorb from the 

sample surface lowering the growth rate.  

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 3-3: ALD process window. 
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Platinum metal [124] 

*Pt (s) + O2 (g)  *PtOx (s) 

CH3C5H4Pt(CH3)3 (g) + *PtOx (s)  *Pt (s)+ CO2 (g) + H2O (g) + other by-products (g) 

 

Table 3-1: ALD growth conditions for AlOx, and Pt used in this work. 

 

3.4 Thin film patterning  

 

Patterning of thin films is essential for device fabrication and integration. The films can 

be patterned either by photolithographic techniques or by using a shadow mask. Shadow 

mask patterning is the simplest, in which a physical mask is placed in the path of the 

incoming plume during pulsed laser deposition to create a pattern. This technique is widely 

used in applications in which the underlying layers are not compatible with photolithographic 

techniques or when the resolution is not critical for device fabrication. In this work 

photolithographic techniques were exclusively used. There are two routes for pattering films 

– additive, which involves photolithography and liftoff, or subtractive, which involves 

photolithography and etching. Both these techniques are described below. 
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Trimethyl Amuminum (TMA) 0.15 8 0-1 AlOx 200 

Water (H2O) 0.15 8 0-1 

(methylcyclopentadienyl)trim

ethylplatinum ((MeCpPtMe3) 

0.25 3 none  

Pt 

 

270 

Oxygen (O2) 1 3 none 
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3.4.1 Photolithography 

 

Lithography is the most important step for fabricating microscale structures. 

Photolithography, in which the energy source is ultraviolet (UV) light can be used to 

transfers a pattern onto another surface. The basic steps employed in photolithography are as 

follows. First, photoresist (a light sensitive material used to form the pattern) is coated on top 

of a thin film or substrate. The resist is then exposed to UV light through a mask, which 

contains transparent and opaque regions. The photoresist is then submerged in a developer to 

define the pattern, which selectively removes photoresist. Now post processing (etching, 

deposition, etc.) can be applied to regions without photoresist. Usually after the photoresist is 

coated on the substrate a soft bake is employed to drive out solvents and dehydrate the film. 

Other bake steps may be employed depending on the photoresist and the process involved. 

Photoresists are polymers that consist of three major components: resin, a photoactive 

component (PAC), and solvent. The type of PAC and its operation determines the photoresist 

type: negative or positive. The major difference lies in the solubility difference between the 

exposed and the unexposed portions of the resist. In a positive photoresist, the photoactive 

component decomposes when exposed to UV light; areas exposed to UV light become 

soluble in developer. In a negative photoresist, the photoactive component crosslinks when 

exposed to UV light and hence areas exposed to UV light become insoluble in developer.  

In this work an MJB 360 mask aligner with a 365 nm (i-line) UV light source with 

exposure energy of 275 mJ/cm2 was used. AZ5214E photoresist was used as both a positive 

and negative photoresist. In the positive mode the samples were developed directly after 

exposure. In the negative mode after exposure the samples were baked at 115 oC for 90 sec 

followed by a flood exposure (no mask required) for 90 sec before the samples were 

developed.  
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3.4.2 Lift-off patterning 

 

Lift-off patterning is the common additive technique to transfer a pattern from a mask on 

to the substrate. The lift-off process involves spinning and patterning the photoresist, and 

then the thin film is deposited directly on the patterned photoresist layer and the substrate. 

The substrate is then submerged in a solvent (usually acetone) to remove the photoresist, this 

also removes the film on top of the photoresist leaving the desired pattern of the thin film on 

the substrate. The presence of photoresist keeps the temperature limit of the subsequent 

deposition process below ~ 300 oC. In this work, the thin films deposited using PLD were 

patterned using the lift-off technique.  

 

3.4.3 Etching 

 

In this subtractive process, after photolithography is first used to define the pattern, the 

etching process is then used to selectively remove the exposed surface and form the desired 

patterns. Broadly there are three types of etching: (a) wet chemical etching, (b) physical 

etching, and (c) reactive ion etching (RIE), a combination of chemical and physical etching. 

In this work RIE was used exclusively as the etching process and is discussed further.  

RIE, or plasma etching, is carried out in a plasma chamber and is technically the reverse 

process of plasma-enhanced deposition described in Section 3.2. In RIE reacting gases 

dissociate through electron impacts into radicals, which then transport to the underlying 

substrate surface and react with it to form volatile products. Etching in a plasma environment 

combines the selectivity of purely chemical etching and the anisotropy of physical etching 

[121]. Also a wide range of etch processes are available with differing amounts of physical 

and chemical attack. In a typical plasma etch process, the surface of the film to be etched is 

subjected to an incident flux of ions, radicals, electrons, and neutrals. Generally the physical 

etching is related to the ion flux and the chemical etching is related to the radical flux, but in 

some cases the ion energy is required to stimulate the chemical reaction. 
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In this work, two RIE etch tools were used. SiNx and SiOx layers were etched in an 

Oxford Plasmalab 80Plus parallel plate RIE system and ITO layers were etched in a 

Plasmatherm batchtop RIE tool.  

 

3.5 Thin film characterization 

 

IGZO thin films were characterized for their optical and electrical properties. Optical 

transmission measurements provide information about the band gap energy and transition 

type of the films. Hall measurements can be used to determine the Hall mobility, carrier type 

and concentration. Four-point probe resistivity measurements are used to measure the 

conductivity of the thin films.  

 

3.5.1 Optical transmission 

 

IGZO films deposited on double side polished sapphire wafers were used for optical 

transmission measurements. The measurements in this study were performed on a dual-beam 

and double monochromator Perkin-Elmer Lambda 9 (UV-VIS-NIR) absorption 

spectrophotometer. The spectrophotometer has two light sources: a tungsten-halogen lamp 

and a deuterium lamp, and for NIR range optical detection it has a PbS detector. The two 

monochromator with UV/VIS gratings of 1440 line/mm and NIR gratings of 360 lines/mm 

are capable of operating at wavelengths from 185 to 3200 nm. To get the required spectral 

resolution, the slit width and the scan speed of the instrument are set as 1 nm and 120 

nm/min or 0.5 nm and 7.5 nm/min. 

 

3.5.2 Four-point probe resistivity measurements 

 

The four-point probe resistivity measurement technique is used to eliminate the effects of 

contact resistance while measuring low resistivity samples. The technique is relatively simple 

with four probes are placed on the test sample in a linear fashion as shown in Figure 3-4. A 
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constant current is forced through the outer probes while the potential drop across the inner 

probes is measured. The high impedance of the voltmeter minimizes the current flow through 

the inner probes. Thus, since there is no potential drop across the contact resistance 

associated with the inner probes, only the resistance associated with the sample is measured. 

If probes with uniform spacing s are placed on an infinite slab material, then the resistivity, ρ, 

is given by 

I
Vsπρ 2= for t >> s     (3.1) 

and 

I
Vt

2ln
πρ =  for s >> t     (3.2) 

with t representing the thickness of the thin film. Errors might be introduced in the 

measurements due to proximity of the probes to the edge of the sample or limitations in the 

lateral dimension of the sample, which need to be corrected accordingly. The apparatus used 

in the set up for this study consisted of a Keithley 6517A electrometer, Keithley 220 

programmable current source and a Lucas 302 four-point probe stand. The measurement 

head was made of four tungsten carbide probes with osmium tips, spaced .040” (~1 mm) 

apart. 

 

 

 

 

 

 

 

 
 
Figure 3-4: Schematic of the four-point resistivity measurement system. 
 

V

I



 47

3.5.3 Hall measurements  

 

 The Hall effect can be used to determine the carrier type and concentration, and 

mobility of a semiconductor sample [125]. The Hall effect is based on the Lorentz force seen 

by the carriers in a current carrying semiconductor when placed in a magnetic field. The 

charge carriers of the semiconductor experience a force in a direction perpendicular to the 

magnetic field and current. At equilibrium, the deflection experienced by the carriers (the 

direction depends on the carrier type) to the sample edges creating a potential known as Hall 

voltage, VH and is given by, 

qtn
BIVH =       (3.3) 

where q denotes the charge of the particle, B the magnetic field, I is the current, t is the 

thickness of the sample and n is the carrier concentration. We can also define the Hall 

coefficient, RH, 

BI
tV

R H
H =       (3.4) 

and the sign of the Hall coefficient indicates the dominant carrier type – a negative Hall 

coefficient indicates that electrons are the dominant carriers. The carrier concentration, n, can 

be calculated by, 

HqR
n 1

−=       (3.5)     

Without the presence of the magnetic field the sheet resistance, Rs, of the sample is assessed 

by measuring the film resistivity, ρ. Finally, the Hall mobility, μH, is determined by, 

ρ
μ H

H
R

=       (3.6) 

A typical Hall measurement involves soldering of gold wires using indium to the four 

corners of the samples. The potentials across two terminals are determined while passing 

current through the other two terminals to determine the resistivity of the films using the Van 

der Pauw technique. Following the determination of the resistivity of the films, positive and 
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negative magnetic fields are applied and Hall measurements are carried out. The 

measurement sequence and the Hall calculations to determine Hall mobility are detailed in 

Reference [126].  

 

3.6 Thin-film transistor structures  

 

In this dissertation two configurations of the bottom-gate staggered thin-film transistor 

structure – a fully transparent and a non-transparent TFT, are fabricated. The cross-section of 

both the devices are shown in Figure 3-5. The fully transparent TFT (TTFT) is fabricated 

using either ATO, or SiNx as the gate dielectric. TFTs using ATO as the insulator are 

constructed on commercially available substrates from Planar Systems Inc. that are OA-2 

borosilicate glass coated with a 250 nm (8 Ω/) sputtered indium tin oxide (ITO) and a 220 

nm atomic layer deposited AlOx and TiOx (ATO) superlattice with AlOx capped on both 

sides. TFTs using SiNx as the insulator are built on substrates from Delta Technologies Ltd. 

that are polished float glass passivated with SiO2 coated with a 60 nm (60 Ω/) sputtered 

ITO. The SiNx layer is deposited using PECVD at 300 °C. The ITO and ATO or SiNx layers 

constitute the gate electrode and gate dielectric, respectively, of a bottom-gate TTFT.  

The non-transparent TFT is fabricated on heavily doped (0.01-0.03 Ω/) p-type silicon 

substrates. The native oxide is etched using a 1 % HF solution and AlOx is deposited using 

ALD. A Cr/Au (5 nm/300 nm) layer is e-beam evaporated on the backside of the silicon 

substrate. In this case, the silicon acts as both as the substrate and the gate electrode while the 

AlOx acts as the gate dielectric. The IGZO channel and ITO source and the drain electrodes, 

are then deposited at room temperature by PLD. The channel and the source/drain electrode 

layers were patterned using standard photolithography and liftoff techniques. TFTs with 

various length and width dimensions were fabricated. 
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Figure 3.5: TFT structures used for the research discussed in this thesis, including (a) fully-
transparent thin-film transistor and (b) non-transparent thin-film transistor. 
 

3.7 Electrical Characterization of Devices 

 

This section defines the various figures-of-merit used to characterize TFT performance 

and discusses the methodology involved in extracting them from experimental data. These 

include the subthreshold voltage swing, drain current on/off ratio, threshold voltage, turn-on 

voltage, and channel mobility. This section also sets up the framework under which behavior 

of IGZO based memory transistors and pixel circuit can be described. 

 

3.7.1 Current-voltage characteristics 

  

Current-voltage (I-V) characterization of the IGZO based TFTs and devices were carried 

out on a Cascade probe station using 3 micromanipulator probes. The electrical potential of 
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the metal vacuum chuck is floating. I-V characteristics throughout this work are obtained 

using a Hewlett Packard 4155B Precision Semiconductor Parameter 

Analyzer. All measurements are performed in the dark unless stated otherwise. A “Medium” 

integration time was used for all measurements. The two most common measurements used 

to describe TFT performance are the transfer characteristics (log [IDS] vs. VGS) and the output 

characteristics (IDS vs. VDS). These are discussed below. 

 

3.7.2 DC I-V measurements: Output Characteristics 

 

IDS-VDS or output characteristics are obtained by measuring drain current as a function of 

drain voltage for several different gate voltages. This produces a “family of curves” as shown 

in Figure 3-6. This measurement provides qualitative information about the device under test. 

Saturation, as seen in Figure 3-6, in these characteristics indicate the ability to completely 

deplete the channel of carriers using the applied bias voltages. Also, significant deviations 

from linearity in the low-VDS region would indicate considerable contact resistance in the 

TFTs. 

 
 

 

 

 

 

 

 

 

 

 
 
Figure 3-6: Output characteristics of an ATO gated IGZO TFT. Drain current (linear scale) 
is plotted against drain voltage for gate voltages 0-16 V in 4 V steps. 35 nm IGZO grown at 
an oxygen partial pressure of 25 mTorr. TFT dimensions, L = 100 μm and W = 400 μm. 
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3.7.3 DC I-V measurements: Transfer Characteristics 

 
Log [IDS]-VGS or transfer characteristics is obtained by measuring drain current as a 

function of gate voltage typically at a low and a high VDS value and is presented in a semi-log 

plot as shown in Figure 3-7. This measurement generally provides more quantitative 

information regarding the device under test. Several of the TFT parameters extraction are 

possible and are discussed below. 

 

3.7.3.1 Subthreshold voltage swing and drain current on/off ratio 

 

The subthreshold voltage swing, S, and the drain current on/off ratio (Ion/Ioff) can be 

estimated from the transfer characteristics measured at a high VDS. S is the inverse of the 

maximum slope in the transfer characteristics, 

( )
1

max

log
−

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

=
GS

D

V
IS       (3.7) 

S gives a measure of the increase in gate voltage required to switch the transistor from an off-

state to an on-state. A small value of S is desirable because it corresponds to a fast transition 

from an off to on state. For the device shown in Figure 3-7, S ~ 250 mV decade-1.  

Drain current on/off ratio is another measure of the switching behavior of the TFT. It is 

simply the ratio between highest measured current (the on-state current, Ion) to the lowest 

measured current (the off-state current, Ioff) as shown in Figure 3-7. Ioff is also a measure of 

the gate leakage present in the device. For the device shown in Figure 3-7, the drain current 

on/off ratio is > 108. 

 

3.7.3.2 Threshold voltage and turn on voltage 

  

Threshold voltage, VTH, is an important TFT parameter, which indicates the onset of drain 

current in the device. In this work VTH was experimentally determined by biasing the TFT in 
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saturation, i.e. VDS ≥ VGS – VT. Using the square law model of a TFT, IDS in saturation is 

given by, 

( )2

2
1

THGSdiD VV
L

WCI −= μ      (3.8) 

and 

( )THGS
di

D VV
L
WC

I −=
2

μ
     (3.9) 

plotting √IDS vs. VGS as shown in Figure 3-8 and by extrapolating down to the x-axis, the 

threshold voltage can be determined. Though VTH is widely used in literature to describe 

TFTs, it is not a unique device parameter since there are several methods to extract VTH 

including extrapolating IDS vs. VGS curves when the device is biased in the triode region.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3-7: Transfer characteristics of an ATO gated IGZO TFT for 2 different VDS values, 
0.1 and 10 V. subthreshold voltage swing, drain current on/off ratio, and turn-on voltage are 
indicted. 35 nm IGZO grown at an oxygen partial pressure of 25 mTorr. TFT dimensions, L = 
100 μm and W = 400 μm. 
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on voltage, Von, has been used to evaluate the TFTs. Von has been identified in the transfer 

characteristic in Figure 3-7 and is defined as the gate voltage at which there is a sharp 

increase in the channel conduction. Alternatively the turn-on voltage corresponds to the 

applied gate bias at which an appreciable density of mobile carriers is present in the channel. 

Von is an easier parameter to handle especially in device analysis in which a shift in the onset 

of current conduction is observed such as during bias stress and memory transistor studies. In 

this work both VTH and Von are reported for the device tested.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8: √IDS vs. VGS characteristic of an ATO gated IGZO TFT when biased in the 
saturation regime with VDS = 20 V. Threshold voltage, VTH, and saturation mobility, μsat, can 
be extracted from this plot. 35 nm IGZO grown at an oxygen partial pressure of 25 mTorr. 
TFT dimensions, L = 100 μm and W = 400 μm. 
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Similar to VTH estimation, there are multiple techniques to extract the channel mobility, 

each resulting in slightly different values owing to the respective approximations involved. 

The most commonly encountered technique for determining the channel mobility employs 

MOSFET drain current equations. The effective mobility, μeff, and the field-effect mobility, 

μFE, are both determined from the linear portion of the triode region and the saturation 

mobility, μsat, is determined from the saturation region.  

Classic mobility estimation techniques are extensively employed in literature as 

estimators of TFT channel mobility with an assumption that the channel mobility of TFTs is 

a constant independent of VGS. This assumption would be valid for an ideal device, whereas 

TFTs may have several non-idealities including, carrier trapping, interface roughness 

scattering, velocity saturation, to name a few. Hoffman introduced two new mobility metrics, 

average mobility, μavg, and incremental mobility, μinc, which do not involve classic MOSFET 

equation manipulations and assumptions [69]. Hence these metrics are better suited to handle 

TFT non-idealities and provide us with a more physically meaningful and quantitatively 

representative metric of device performance. The physical significance of, μavg and μinc along 

with a short description of all five mobility estimates are discussed below. 

 

3.7.3.3.1 μeff, μFE, and μsat   

 

Consider the triode region of TFT operation. The drain current is given as, 

( ) ⎥
⎦

⎤
⎢
⎣

⎡
−−=

2

2
DS

DSTHGSdiD
V

VVV
L

WCI μ    (3.10) 

Note the use of VTH to follow classical formulation of μeff and μFE. In the linear regime if VDS 

is very small, 

( )[ ]DSTHGSdiD VVV
L

WCI −≈ μ     (3.11) 

Differentiating Eqn. (3.11) with respect to VDS and VGS yields the channel conductance, gd, 

and the transconductance, gm, respectively, 
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the effective mobility, μeff, and the field effect mobility, μFE, is then given by, 
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from Eqn. (3.14) it can be seen that μeff  is explicitly dependent on VGS. Now consider the 

TFT operation in the saturation regime. Square law theory states, 

( )[ ]2

2
1

THGSdiD VV
L

WCI −= μ     (3.16) 

μsat  is extracted by taking the square root of Eqn. (3.16) and differentiating with respect to 

VGS, and is given by,  
2
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in essence μsat is determined from the slope of the √IDS vs. VGS graph shown in Figure 3-8. μeff 

is the preferred way of mobility extraction since μsat is inaccurate as it gives an average of the 

mobility in the channel and the pinched-off region whereas μFE is considered unreliable due 

to the exclusion of gate voltage dependence in the determination of μFE. 

 

3.7.3.3.2 μavg, and  μinc   

 

Hoffman’s method of mobility extraction uses basic charge transport theory assuming 

drift-dominated transport [69]. It also includes the gate voltage dependence of mobility. 
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Average mobility, μavg as the name suggests, takes into account the mobilities of all the 

carriers in the channel. To determine μavg the channel conductance of the TFT is considered 

and is given by, 

( ) ( ) ( )GSindGSavgGSd VQ
L

WVVG μ=     (3.18) 

where Qind(VGS) is the cumulative charge per unit area induced in the channel by the applied 

gate voltage in excess of Von. Qind(VGS) can be approximated using simple electrostatics as,  

( ) [ ]onGSdiGSind VVCVQ −=      (3.19) 

Combining Eqn. (3.18) and Eqn. (3.19) and rearranging the terms we get, 

( ) ( )
( )onGSdi

GSd
GSavg

VV
L

WC

VG
V

−
=μ     (3.20) 

The expression for μavg, is very similar to one for μeff except for the dependence of the 

channel conductance on the applied gate voltage and that VTH is replaced with Von. μavg is a 

good indicator of TFT performance for circuit applications because it takes into account all 

the carriers in the channel. Incremental mobility, μinc, corresponds to the incremental 

mobility of carriers added to the channel as the gate voltage increases. To estimate μinc the 

differential channel conductance is determined and is given by,  

( ) ( ) ( )GSindGSincGSd VQ
L

WVVG Δ=Δ μ     (3.21) 

Differentiating Eqn. (3.19) substituting in Eqn. (3.21) we get 
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Δ
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Eqn. (3.22) is valid under the assumption that the mobility of the carriers already present 

does not change as additional charges are induced. μinc is a useful measure to study the 

transport properties of carriers in the channel. Both μavg and μinc are extracted at low VDS 

values i.e. VDS  0 since drift, rather than diffusion, is the dominant carrier transport 

mechanism in the linear regime. 
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In this work μsat, and μavg are used extensively to characterize IGZO TFTs. Figure 3-9 

shows the comparison of μsat and μavg for the same IGZO TFT.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-9: Comparison of mobility determination methods for an ATO gated IGZO TFT-
channel. For this device, Von and VTH are –3 and 1 V, respectively. μsat is determined using 
VDS = 20 V and Eqn. 3.17. μavg is determined using VDS = 0.1 V and Eqn. 3.20. 35 nm IGZO 
grown at an oxygen partial pressure of 25 mTorr. TFT dimensions, L = 100 μm and W = 400 
μm. 
 
 

  

  

 

  

-5 0 5 10 15 20
0

2

4

6

8

10

12

14

16

18

20

 

 

M
ob

ili
ty

 (c
m

2 V-1
se

c-1
)

VGS (V)

μavg
μsat



 58

CHAPTER 4 

 
INDIUM GALLIUM ZINC OXIDE THIN FILMS AND THIN-FILM 

TRANSISTORS BY PULSED LASER DEPOSITION 

 
Based on manuscripts: 

 

Transparent, high mobility of InGaZnO thin films deposited by PLD  

A. Suresh, P. Gollakota, P.Wellenius, A. Dhawan, and J. F. Muth 

Thin Solid Films, 516, 1326 (2008). 

 

Room temperature pulsed laser deposited indium gallium zinc oxide channel based 

transparent thin film transistors  

A. Suresh, P.Wellenius, A. Dhawan, and J. F. Muth 

Applied Physics Letters, 90, 123512 (2007). 

 

4.1 Abstract 

 

Transparent amorphous oxide semiconductor thin films based on indium gallium zinc 

oxide (IGZO) were prepared by pulsed laser deposition (PLD) at room temperature. The 

oxygen partial pressure during deposition can be used to vary the carrier concentration by 

several orders of magnitude from insulating to 1019 carriers/cm3. Hall mobilities as high as 16 

cm2 V-1 sec-1 were observed.  This is approximately an order of magnitude higher than the 

mobility of amorphous silicon. IGZO thin films deposited by PLD at room temperature was 

used as a channel layer to fabricate transparent thin film transistors (TFTs) with good 

electrical characteristics; saturation field effect mobility of 12-14 cm2 V-1 s-1 and subthreshold 

voltage swing of 200 mV decade-1. By varying the oxygen partial pressure during deposition 

the conductivity of the channel was controlled to give a low off-state current ~ 10 pA and a 
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drain current on/off ratio of  > 1 x108. Changing the channel layer thickness was a viable way 

to vary the threshold voltage. The effect of the gate dielectric on the electrical behavior is 

also studied. By measuring the electrical characteristics of TFTs of varying device 

dimensions the parasitic effects in the devices were evaluated. 

  

4.2 IGZO thin films by PLD 

 

4.2.1 Experimental Approach 

 

The IGZO target of the composition, In:Ga:Zn :: 1:1:5 atomic ratio were prepared and  

pulsed laser deposition was used to deposit uniform IGZO films on sapphire and glass 

substrates at room temperature in an oxygen ambient. The oxygen partial pressure was varied 

between vacuum and 80 mTorr. A mass flow controller regulates oxygen gas flow while a 

variable position gate valve maintains the desired chamber pressure. The structure of the 

films was studied by θ–2θ and transmission electron microscopy (TEM). The film 

composition was studied using the XPS technique. Hall mobility and carrier concentration 

were measured at room temperature using the Van der Pauw configuration at magnetic fields 

of 0.5 T. Conductivity measurements were carried out using a four-point probe stand, 

equipped with rounded osmium tips, spaced 1 mm apart.  

 

4.2.2 Discussion 

 

The room temperature deposited InGaO3(ZnO)5 films when studied using the θ-2θ x-ray 

showed only the peaks corresponding to the (0006) and (00012) crystal planes from the 

sapphire substrate. To remove the influence of the substrate, InGaO3(ZnO)5 were deposited 

on a glass substrate. Figure 4-1(a) shows the x-ray diffraction pattern of an IGZO film 

deposited at room temperature and used in this study. The film is amorphous with no obvious 

crystalline structure. The broad peaks seen are from the glass substrate. In Figure 4-1(b), a 

cross-sectional high-resolution transmission electron microscopy (HRTEM) image of a TFT 
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with the IGZO channel shows smooth films and the inset confirms that the IGZO film is 

essentially amorphous.  

 

 

 

 

 

 

 

Figure 4-1: (a) Typical XRD pattern of IGZO films. The film is amorphous and the broad 
peaks are from the glass substrate. (b) Cross-sectional HRTEM micrograph of the TFT layer 
structure and the magnified image of the ATO/amorphous IGZO interface.  
 

One potential complication of the pulsed laser deposition in the reactive oxygen 

atmosphere is that the fluctuations in the composition of the films can be influenced by the 

partial pressure. A set of XPS studies on the films deposited at various oxygen partial 

pressures showed the films indium to gallium ratio was closer to 1:1.5 than to 1:1 and the 

indium to gallium ratio decreased slightly with increased oxygen partial pressure. Due to the 

low melting point of indium the target preparation process likely produced an indium 

deficient target.  

The optical quality of the films was high, with optical transmission for films deposited on 

double side polished substrates greater than 80 percent throughout the visible spectrum. As 

shown in the transmission spectra presented in Figure 4-2(a), distinct interference fringes 

were also observed indicating smooth films with little scatter and a relatively sharp optical 

absorption edge near 345 nm for the film grown at 20 mTorr. The positions of the optical 

edges of all of the films grown were blue shifted with respect to the optical edge of single 

crystal ZnO as shown in Figure 4-2(b) due to the presence of Ga2O3 which has a higher 

bandgap of 4.7 eV [127]. The optical quality and conductivity of the films correlates with the 

oxygen partial pressure of deposition, with more conductive films having more near infrared 

absorption (5 mTorr).  
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Figure 4-2: (a) Optical transmission spectrum of InGaO3(ZnO)5 amorphous films deposited 
at various oxygen partial pressures. (b) Comparison of the optical band edge of amorphous 
InGa3(ZnO)5 semiconducting films with that of single crystal ZnO. 

 

The optical band edge or Tauc gap of the films also shifted to the red with films 

deposited at lower oxygen partial pressures. However it is interesting to note that with the 

exception of the film deposited in vacuum, the optical band edge remains relatively sharp.  

The increase of the absorption edge energy with increasing oxygen partial pressure may 

partially be due the decreasing indium to gallium ratio that was observed by XPS. However 
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the filling of absorptive defect states with oxygen under increased oxygen partial pressure 

may also have an influence. 

The carrier concentration and the Hall mobility of the films, shown in Figure 4-3(a) was 

found to vary strongly with the oxygen partial pressure of deposition and were found to be n-

type in agreement with Takagi et al. [128].  The film grown in vacuum was found to be 

metallic in nature with a carrier concentration of ~ 1020 but with lower mobilities (3-4 cm2 V-

1 sec-1) than films grown in an oxygen partial pressure. The mobility tends to decrease with 

the carrier concentration in the films. The Hall mobility and carrier concentration of films 

deposited at pressures greater than 20 mTorr were hard to measure accurately due to the 

limitations of our Hall measurement system with respect to high resistivity materials.   

 

 

 

 

 

 

 

 

 

 

Figure 4-3: (a) Carrier concentration and Hall mobility as a function of oxygen partial 
pressure during film growth. IGZO film with higher indium concentration (solid) and IGZO 
composition used in this work (open). (b) Conductivity of IGZO films as a function of 
oxygen partial pressure during film growth. 
 

The carrier concentration and Hall mobility of an IGZO film with a higher concentration 

if indium oxide (In2O3: Ga2O3: ZnO = 1:1:1) is also plotted in Figure 4-3(a) and as expected 
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carrier concentration decreased monotonically as the oxygen partial pressure during 

deposition increased. By extrapolation, it is assumed that the carrier concentration for the 

0 5 10 15 20 25
5

10

15

20

25

30

35

40

1017

1018

1019

1020

1021

C
arrier concentration (cm

-3)

 

H
al

l m
ob

ili
ty

 (c
m

2 V-1
s-1

)

Oxygen partial pressure (mTorr)

   (a)

 
   

0 20 40 60 8010-4

10-3

10-2

10-1

100

101

(b)

 

C
on

du
ct

iv
ity

 (S
cm

-1
)

Oxygen partial pressure (mTorr)



 63

insulating films was in the 1014-1015 carriers/cm3 range. For semiconducting films grown 

between 5 and 80 mTorr the conductivity decreased consistently with increasing partial 

pressure of oxygen as shown in Figure 4-3(b) due to both reductions in the carrier 

concentration and mobility of the films. 

 

4.3 IGZO thin-film transistors 

 

4.3.1 Experimental Approach 

 

The TFTs fabricated for this study were a bottom-gated structure with the IGZO channel 

deposited at room temperature by PLD. Two IGZO TFT configurations were studied – 

transparent TFTs (TTFTs) were fabricated on glass substrates and opaque TFTs were built on 

Si substrates. The fabrication process and the different TFT components are described in 

Section 3.6. The growth conditions for the channel layer (IGZO), especially the oxygen 

partial pressure during deposition and the number of pulses were varied and optimized to 

give the required carrier concentration and thickness of the film. Three dielectrics were 

evaluated, ALD ATO, and PECVD SiNx for TTFTs and ALD AlOx for IGZO TFTs on Si 

substrates. TFTs with a series of device dimensions – length (L) and width (W) were 

fabricated and measured. The capacitance of the gate dielectric (ATO, SiNx, and AlOx) was 

measured using a standard C-V meter and a HP4145 parameter analyzer was used to measure 

the DC I-V characteristics of the TFTs. All measurements were carried out in the dark in a 

double-sweep mode; the gate voltage was swept up and then back down for each drain 

voltage. 

 

4.3.2 Discussion 

 

Figure 4-4(a) shows the optical transmittance spectrum versus wavelength of the entire 

IGZO-TTFT stack, (glass/ITO/ATO/IGZO/ITO), and compares it to the substrate, 

(glass/ITO/ATO). The data represents raw transmission through the entire structure, i.e. the 
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measured transmission is not corrected for either reflection or absorption. The entire stack 

was highly transparent at visible wavelengths and the majority of the absorption coming from 

the ITO contact layer, which was deposited at room temperature. Depositing this layer at 

elevated temperatures would further improve the transparency, but was not done since the 

desire was for a room temperature process.  Using conducting IGZO source/drain contacts 

further improved the transparency. The transparency of working transistor chips with 

different source/drain material is shown in Figure 4-4(b).  

  

 

 

 

 

 

 

 

 

Figure 4-4: (a) Optical transmission spectrum for the complete IGZO TFT stack (solid) and 
the substrate alone (open). The PLD IGZO and ITO layers do not significantly reduce the 
transmission in the visible range. (b) The high transmission throughout the visible spectrum 
can be seen with the chips having functional transistors. The three chips shown have different 
source/drain material – (A) opaque metal (B) transparent ITO and (C) transparent IGZO. 

 

Figure 4-5(a) illustrates typical DC drain current – drain voltage [IDS – VDS] curves for an 

IGZO TTFT with the channel deposited at an oxygen partial pressure of 25 mTorr and 40 nm 

in thickness. It can be seen that the drain current exhibits pinch-off and current saturation 

indicating that the TFT follows standard field effect transistor characteristics. The IGZO 

TTFT is shown to be an n-type enhancement mode device and hard saturation is achieved, 

which means that the entire thickness of the IGZO channel layer is depleted of carriers.  

A typical DC transfer characteristic [log(IDS) – VGS] and gate leakage current [log(|IG|) – 

VGS] of a TTFT with IGZO channel thickness of 40 nm and grown at a oxygen partial 

pressure of 25 mTorr is shown in Figure 4-5(b). The curves indicate a low off state current of 
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1 x 10-11 A and a drain current on/off ratio of 5 x 107 was obtained. The off-state current 

matches well with the gate leakage current as seen in Figure 4-5(b). The subthreshold gate 

voltage swing, S, is given by the maximum slope in the transfer curve and was determined to 

be 200 mV decade-1. The average capacitance of the ATO gate dielectric was measured to be 

60 nF cm-2. We extracted a threshold voltage of 2 V and a saturation field effect mobility, μsat 

of 11 cm2 V-1 s-1. This is comparable to the mobility reported for other oxide based TFTs 

[52,53,129]. 

 

 

 

 

 

 

 

 

 

 

Figure 4-5: (a) Drain current – drain voltage [IDS – VDS] characteristics for an IGZO TFT. (b) 
Log(IDS) – VGS and log(IG) – VGS at VDS = 20 V for IGZO TFTs. The plot also has the gate 
leakage, IG, as a function of the gate bias. IGZO channel has a thickness of 40 nm. The TFT 
have ATO as the gate dielectric and the IGZO channel is deposited at oxygen partial pressure 
of 25 mTorr. TFT dimensions, L = 100 μm and W = 400 μm. 
 

The effect of semiconductor layer thickness, ts, on IGZO TFT performance was carried 

out. By changing the number of PLD pulses during IGZO deposition, the semiconductor 

layer thickness was varied and devices with ts ~ 35 nm, 70 nm, and 130 nm deposited at 25 

mTorr oxygen partial pressure were evaluated. The transfer characteristics [log(IDS) – VGS] 

curves and the average mobility, μavg, are plotted in Figure 4-6. In general, μavg does not vary 

significantly with ts (~ 10% variation). This is different from a-Si:H and ZIO based TFTs, in 

which the mobility could vary up to 3 times with ts [50,130]. In ZIO TFTs, the channel 

mobility decreases with an increase in ts and this is attributed to increased source-drain path 
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length with thicker channels. There is very likely an optimal semiconductor layer thickness 

below which the mobility would start to decrease, as the carrier flow would tend to get 

constrained by the thinner channel.   

The device parameters extracted from the transfer characteristics are summarized in 

Table 4-1. The most systematic effect of ts is on VTH and Von – both VTH and Von decrease with 

increasing semiconductor layer thickness. Von is a measure of filled and unfilled traps in the 

device structure [68]. A positive Von indicates that there are unfilled traps and a gate voltage 

= Von is required to fill the defect states. While a negative Von indicates, carriers are present in 

the semiconductor before the application of a gate voltage. This would imply a negative gate 

voltage would be required to completely deplete the channel. It is evident that the TFT with ts 

= 130 nm works as a depletion mode device and there is considerable drain current even 

when the gate voltage is zero. This also shows that changing the channel thickness would be 

an effective way to engineer the threshold voltage of the TFTs [50,130]. 

 

 
 

 

 

 

 

 

 

 

Figure 4-6: (a) Transfer characteristics at VDS = 20 V for IGZO TFTs with varying 
semiconductor layer thickness, ts. The arrow indicates the progression of the transfer curves 
as ts increases. (b) The extracted average mobility as a function of ts. The TFT have ATO as 
the gate dielectric and the IGZO channel is deposited at an oxygen partial pressure of 25 
mTorr. TFT dimensions, L = 100 μm and W = 400 μm. 
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Table 4-1: Device parameters extracted for IGZO TFTs with varying semiconductor layer 
thickness. 
 

Channel Thickness (nm)  
35 70 130 

Von (V) -0.6 -1.4 -3.1 
VTH (V) 1.7 1.5 0.35 

Subthreshold slope (mV decade-1) 180 170 220 
Saturation mobility (cm2 V-1 sec-1) 11.8 11.7 13 

Ion/Ioff 3 x 108 2 x 108 6 x 107 

 

If we model the TFT gate structure as a simple MOS capacitor, the free carrier 

concentration of the uniformly doped TFT can be estimated by assuming that the turn-on 

voltage would be the gate voltage when the semiconductor layer is fully depleted. This 

implies, 

s

ondi
D qt

VC
N =      (4.1) 

where Cdi, is the capacitance per unit area of the gate dielectric, q is the fundamental electron 

charge, ND is the channel doping concentration, and ts is the semiconductor layer thickness. 

Using data from Table 4-1, ND is estimated to be ~ 6 – 8 x 1016 cm-3 which is very similar to 

the extrapolated values from the Hall measurements shown in Figure 4-3(a). 

The effect of the oxygen partial pressure at which the IGZO channel layer is deposited 

was studied. Figure 4-7(a) compares transistors with AlOx gate dielectric with IGZO grown 

at 25 mTorr and 40 mTorr oxygen partial pressure. Few observations can be made from the 

log(IDS) – VGS curves. First, the turn-on voltages are not very different between the two 

transistors, Von(25 mTorr) ~ -0.2 V and Von(40 mTorr) ~ 0 V but the subthreshold gate swing 

is deteriorated for the TFT with the 40 mTorr channel, S(25 mTorr) ~ 175 mV decade-1 and 

S(40 mTorr) ~ 250 mV decade-1. Moreover, a large clockwise hysteresis is seen in the 

transfer curve of the 40 mTorr channel TFT while the 25 mTorr channel showed negligible 

hysteresis. This along with the poor subthreshold slope indicates that the defect or trap 
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density at the gate dielectric/IGZO channel interface is larger for the 40 mTorr compared to 

the 25 mTorr TFT. The drain current for the 40 mTorr IGZO TFTs is considerably lower 

compared to the 25 mTorr IGZO TFTs. The extracted average mobility of the TFTs is plotted 

in Figure 4-7(b). It is clearly evident that the 25 mTorr TFT has a superior mobility. We have 

earlier showed a monotonically decreasing Hall mobility of the IGZO films with an increase 

in the deposition oxygen partial pressure and the extracted mobility scales well with the data 

from Figure 4-3(a). A similar I-V behavior was observed in TFTs with ATO and SiNx gate 

dielectrics as well. 

 

 

 

 

 

 

 

 

 

 

Figure 4-7: (a) Transfer characteristics at VDS = 20 V for IGZO TFTs with AlOx gate 
dielectric both in the forward and reverse VGS sweeps. IGZO channel deposited at oxygen 
partial pressure of 25 mTorr and 40 mTorr. The TFT with the 40 mTorr IGZO layer shows a 
clockwise hysteresis. (b) The extracted average mobility for the 25 mTorr and 40 mTorr 
channel TFTs. Semiconductor layer thickness of 40 nm and TFT dimensions of L = 100 μm 
and W = 400 μm. 
 

In general, TFT electrical behavior and hence the field effect mobility strongly depend on 

the gate dielectric material and thereby the dielectric/semiconductor layer interface. To 

evaluate the effect of the gate dielectric, three dielectrics were studied ATO, PECVD SiNx 

and ALD AlOx. For the channel layer IGZO films, 40 nm thick were grown at an oxygen 

partial pressure of 25 mTorr. The log(IDS) – VGS characteristics for SiNx and the ATO gate 

dielectric transistors are compared in Figure 4-8. We observe that for the SiNx TFT the 
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threshold voltage was lower compared to the ATO TFT. The saturation field effect mobility 

for the SiNx transistors, with a capacitance per unit area 22 nF cm-2, was 4 cm2 V-1 s-1 and the 

inverse subthreshold voltage slope was 400 mV decade-1 and inferior to the ATO transistors. 

We also observed a hysteresis in the forward and reverse voltage sweeps for the VGS – IDS 

measurement for SiNx gated transistors while no significant hysteresis was observed in the 

ATO gated TFTs. Similar gate dielectric dependent observations have been reported in TFTs 

based on other material systems [52,131]. The device parameters extracted for the IGZO 

TFTs with ATO, SiNx and AlOx gate dielectric are summarized in Table 4-2. 

 

 

 

 

 

 

 

 

 

 

Figure 4-8: Comparing transfer characteristics at VDS = 20 V for IGZO TFTs with ATO and 
SiNx gate dielectrics both in the forward and reverse VGS sweeps. IGZO channel deposited at 
oxygen partial pressure of 25 mTorr. The TFT with the SiNx gate dielectric shows a 
significant clockwise hysteresis. Semiconductor layer thickness of 40 nm and TFT 
dimensions of L = 100 μm and W = 400 μm. 
 

Another reason for the importance of the gate dielectric is that these TFTs are essentially 

surface channel devices whose action depends on the formation of an electron channel at the 

gate interface between the gate dielectric and the active layer. In the output characteristics 

measurements in ATO gated IGZO TFTs, it was observed that at higher gate bias, for 

example greater than 24 volts, that for a given step change in gate voltage the separation in 

saturation current IDS curves decreased. This non-ideality in the IDS-VDS characteristics 
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implies a lower effective mobility at higher gate biases. This is consistent with carrier 

scattering at the interface as the electron channel narrows at a higher gate bias [49]. 

A straightforward way to improve TFT performance is to increase the gate capacitance 

density. This leads to a higher drive current, a decrease in the subthreshold swing and 

possibility of making the turn-on voltage very close to zero volts. An ALD AlOx gate 

dielectric with a capacitance per unit area of 120 nF cm-2 was used and the transistor 

characteristics are tabulated in Table 4-2. Developing dielectrics with such large capacitance 

densities along with the high mobility of IGZO should result in lowering of the operating 

voltages of IGZO TFTs. Figure 4-9 shows the output characteristics and hysteresis transfer 

characteristics of AlOx gated IGZO TFTs at low operating voltages.  

 

Table 4-2: Device parameters extracted for IGZO TFTs with different gate dielectrics. 
Gate Dielectric  

ATO SiNx AlOx 
Von (V) -0.5 -0.7 -0.2 
VTH (V) 1.7 2.9 1.2 

Subthreshold slope (mV decade-1) 190 375 175 
Saturation Mobility (cm2 V-1 sec-1) 11.2 4 14.7 

Ion/Ioff 2 x 108 1 x 107 1 x 107 
Hysteresis window (V) 0.2 1.7 0.07 
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Figure 4-9: (a) Output characteristics and (b) Transfer characteristics at VDS = 5 V of AlOx 
gated IGZO TFTs both in the forward and reverse VGS sweeps. Plots indicate the capability 
of IGZO TFTs to be operated at low voltages. IGZO deposited at an oxygen partial pressure 
of 25 mTorr and a thickness of 40 nm. TFT dimensions of L=100 μm and W=400 μm.  

 

Hard saturation is evident and a enhancement mode device with a Von close to 0 V and a 

low off-state current of 1 x 10-11 A which is essentially the gate leakage current and a drain 

current on/off ratio ~ 3 x 107 was obtained. The subthreshold gate voltage swing, S, was 

determined to be 90 mVdecade-1. We extracted a threshold voltage of 0.6 V and a saturation 

field effect mobility of 12 cm2 V-1 s-1. A small clockwise hysteresis window of ~ 0.03 V is 

observed when the gate voltage was swept in the forward and reverse directions. This is a 

sign of low trap densities at the semiconductor/dielectric interface.  

In ideal thin-film transistors, the source and drain (S/D) contacts are assumed to be 

Ohmic, but in reality some parasitic resistance is always present at the S/D contacts and the 

semiconductor layer. In long-channel devices this parasitic resistance could be a small 

fraction of the total resistance, RT, of the TFT, but it may become significant as the channel 

length of the devices shrink. The channel resistance method [132] was utilized to evaluate the 

parasitic resistances present in IGZO TFTs grown at 25 mTorr and a channel thickness of ~ 

35 nm. The parasitic source-to-drain resistance, RSD, and the effective channel length, Leff, 

were evaluated with TFTs having different designed channel lengths, Ld. Figure 4-10 shows 
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the transfer characteristics of TFTs with W = 100 μm and different Ld (Ld = 4 – 50 μm) 

measured in the linear regime at VDS = 0.1 V.  

 

 

 

 

 

 

 

 

 

 

Figure 4-10: Transfer characteristics of ATO gated IGZO TFTs with various designed 
channel lengths, Ld, and W = 100 μm at VDS = 0.1 V. The IGZO channel is grown at 25 
mTorr and with a thickness of ~ 35 nm. The arrow indicates the direction of increasing 
channel length, L. 
 

Using the curves in Figure 4-10 at VGS >> VDS, the total device resistance, RT, of the TFTs 

and Leff are given by,  
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   (4.2)  

where ΔL is defined as Ld - Leff, μeff is the effective mobility and Cdi is the capacitance per 

unit area of the gate dielectric. Figure 4-11(a) shows the dependence of RT on Ld at different 

values of VGS. Using Eqn. 4.2, RSD and ΔL values were extracted from the intersection point 

of the straight lines shown in Figure 4-11(b). A value of 2300 Ω was extracted, which when 

normalized for the width of the TFTs (RSDW) gave a resistance of 23 Ω cm. This value is 

similar to the ones reported by Sato et al. (34 Ω cm) [133] and Jeong et al. (25 Ω cm) [134] 

but it is much lower than those reported by Kim et al. (113 Ω cm) [95] and Park et al. (330 Ω 

cm) [94]. This indicates that the ITO forms good Ohmic contacts with very low parasitic 

resistance with the IGZO channel in our TFTs. The major contribution to the contact 
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resistance is due to the resistance to access the IGZO channel layer rather than S/D – IGZO 

interface resistance. A ΔL value of ~ 1 μm was also recorded which is the shrinkage of the 

channel and can be attributed to the loss of critical-dimension (designed channel length) 

during pattering using the lift-off process.  

 

 

 

 

 

 

 

 

 

 

Figure 4-11: (a) Total device resistance, RT, as a function of TFT channel length, L, and VGS. 
(b) Magnified view of (a) in the small L region. The point of intersection of the lines gives 
RSD and ΔL.  Data extracted from curves in Figure 4-10.  
 

Figure 4-12 plots the transconductance gm = ∂IDS/∂VGS as a function of the inverse 

channel length, L-1, and the field-effect mobility μFE = gm/((W/L)CdiVDS) as a function of L. It 

can be seen that gm is linearly dependent on L-1 implying that the gm is maximized; this is 

another consequence of achieving small values of RSDW. The field-effect mobility shows a 

channel-length independent behavior for long-channel TFTs and for short-channel TFTs the 

mobility shows a trend to decrease slightly with decreasing L, which can be attributed to the 

influence of RSD. The mobility changes ~ 10% as the TFT channel length varies between 50 

μm to 4 μm. 

It should be pointed out that so far in this study all the PLD depositions to fabricate IGZO 

TFTs have been at room temperature with no post-deposition annealing. Owing to the 

relatively low temperature of processing, TFTs based on the IGZO system can be fabricated 

on flexible substrates such as polyethylene theraphthalate (PET). A PET substrate coated 
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with ITO from Sigma Aldrich was used and mounted on a piece of silicon to improve 

handling of the sample. PECVD SiNx deposited at 175 oC was used as 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4-12: Transconductance, gm, versus the inverse channel length, L-1, (lover abscissa) 
and the filed-effect mobility, μFE, versus the channel length, L, (upper abscissa). The linear 
trend between gm and L-1 is observed.  
 

the gate dielectric. The channel layer and the source and drain electrodes were processed 

using a lift-off process similar to the IGZO TFTs made on glass substrates. A picture of the 

fabricated chip with working IGZO transistors on a PET substrate is shown in Figure 4-13.  
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Figure 4-13: Transparent IGZO TFTs fabricated on a flexible PET substrate. A bottom gated 
structure similar to TFTs fabricated on glass substrates was used. A low temperature PECVD 
SiNx deposited at 175 oC was used as the gate dielectric.  
 

Figure 4-14 shows the output characteristics and hysteresis transfer characteristics of 

IGZO TFTs on flexible PET substrates. The following electrical parameters were extracted – 

Von ~ -2.6 V, VTH ~ -0.5, S ~ 430 mV decade-1, Ion/Ioff ~ 1 x107 and μsat ~ 7 cm2 V-1 s-1. The 

transistors show good electrical characteristics with low leakage currents, high on/off ratios 

and good saturation behavior. This shows that the process is compatible with flexible 

substrates as well. 

 

 
 

 

 

 

 

 

 

 

Figure 4-14: (a) Output characteristics and (b) Transfer characteristics at VDS = 15 V of 
IGZO TFTs on a PET substrate with a SiNx dielectric both in the forward and reverse VGS 
sweeps. IGZO deposited at an oxygen partial pressure of 25 mTorr and a thickness of 40 nm. 
TFT dimensions of L=100 μm and W=400 μm. 
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4.4 Conclusions 

 

Highly optical quality, high mobility, InGaO3(ZnO)5 films have been deposited by PLD 

at room temperature. The electronic properties of the films were found to be controllable by 

varying the partial pressure of oxygen in the deposition chamber. The mobility demonstrated 

by these films is over an order of magnitude higher than that of amorphous silicon. Optically, 

the deposited films were all highly transparent throughout the visible region and into the 

near-infrared. Optimized IGZO films are used as a channel to construct transparent TFTs. 

The devices exhibit good electrical characteristics. The effect of deposition and device 

parameters along with the effect of the gate dielectric on the TFT behavior was studied.  
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CHAPTER 5 

 
BIAS STRESS STABILITY OF TRANSPARENT INDIUM GALLIUM 

ZINC OXIDE THIN-FILM TRANSISTORS 

 
Based on the manuscript: 

 

Bias stress stability of indium gallium zinc oxide channel based transparent thin film 

transistors 

A. Suresh, and J. F. Muth 

Applied Physics Letters, 92, 033502 (2008). 

 

5.1 Abstract 

 

The effects of bias stress on transistor performance are important when considering new 

channel materials for thin film transistors. In this chapter, the bias stress stability of indium 

gallium zinc oxide (IGZO) TFTs are evaluated. This study reveals that the effects of a 

constant gate bias stress and the resulting shifts in threshold voltage can be explained using a 

simple charge-trapping model. Applying a positive gate bias stress was found to induce a 

parallel threshold voltage shift without changing the field effect mobility or the subthreshold 

gate voltage swing. The threshold voltage change is logarithmically dependent on the 

duration of the bias stress implying a charge tunneling mechanism resulting in trapped 

negative charge screening the applied gate voltage. This time dependence was verified for 

both short and long stress durations. When the bias stress is removed, the voltage threshold 

recovers to its original value.  
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 5.2 Experimental Approach 

 

Transparent IGZO (In2O3:Ga2O3:ZnO = 1:1:10 mol%) thin film transistors (TFTs) were 

fabricated using a bottom gated configuration with the following elements – indium tin 

oxide, ITO (gate electrode ~ 250 nm), AlOx and TiOx superlattice, ATO (gate dielectric, Cdi – 

60 nF cm-2, ~ 220 nm), IGZO (channel ~ 40 nm) and ITO (source and drain electrodes ~ 175 

nm). The fabrication details are discussed in Section 3-1. The IGZO channel and the ITO 

source and drain were deposited using pulsed laser deposition (PLD) at room temperature. 

Good transistor characteristics were obtained without any annealing of the films, although as 

discussed later improvements in reducing the threshold voltage shift due to applied bias 

stress were obtained by post annealing the transistors. To obtain optimal TFT characteristics 

the oxygen pressure used during the IGZO deposition was set at 25 mTorr. Transistors used 

in the study operate as an n-channel enhancement mode device and exhibit good 

characteristics, with an extracted field effect mobility of ~ 14 cm2 V-1 s-1, drain current on/off 

ratios > 107, low off-state currents and good saturation. The TFT dimensions used for the 

bias stress study was100x400 μm2 (LxW). All the stress bias measurements were carried out 

at room temperature, in air and in the dark and a “virgin” device was used for each stressing 

condition. Gate bias stress was carried out for a predetermined time with the bias stress 

voltage in the linear regime using a VDS of 1 V. The linear regime was chosen instead of the 

saturation regime because the effect of bias stress on the threshold voltage shift is smaller in 

the saturation regime [135]. The transfer characteristics were measured before and after 

applying the stress in a dual sweep mode. The threshold voltage VTH, was extracted from 

the√IDS vs. VGS plots. I-V characteristics of the transistors were measured on a semiconductor 

parameter analyzer, Keithley 4200 and the C-V measurements were carried out on a LCR 

meter, HP 4284A.  
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5.3 Discussion 

 

Figure 5-1(a) shows two transfer characteristics of the same TFT device. After the first 

gate voltage sweep, the gate electrode was stressed at 30 V for 500 s. Following this the 

second gate voltage sweep was performed. It can be seen that the transfer characteristics [log 

(IDS) – VGS] of the device before and after the bias stress have a similar shape except for a 

parallel shift along the gate voltage axis in the positive direction, this is the typical threshold 

voltage shift seen in TFTs after bias stressing. Figure 5-1(a) also shows that the sub-threshold 

slope of the device (~ 250 mV decade-1) does not change even after the device has undergone 

bias stressing. This indicates that no new defect states are created at the channel/dielectric 

interface after the device was stressed [136]. This is important since the issue of defect state 

creation in a-Si:H devices leads to poor bias stress stability and indicates the suitability of 

oxide semiconductors for TFT applications. 

Figure 5-1(b) shows the plot of the square root of the drain current as a function of the 

applied gate bias. From the plot it is clear that the slope of the linear part of the curve, which 

is proportional to the field-effect mobility in the saturation regime, is similar for both curves. 

The extracted saturation field-effect mobility (~ 14 cm2 V-1 sec-1) seems to remain unaltered 

even after the application of gate bias stress. The phenomenon of a positive threshold voltage 

shift with an applied positive gate bias results from negative charge being trapped at the 

semiconductor channel/dielectric interface or getting injected into the gate dielectric. The 

positive threshold voltage shift is then explained by the negative charge screening the applied 

gate voltage. The lower effective gate bias results in a smaller current flowing through the 

channel, thus a larger positive voltage is required for the device to turn on and reach 

saturation. 
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Figure 5-1: Effect of bias stress on the drain current, the field effect mobility and the sub-
threshold voltage swing of the TFT. 30 V bias stress was applied on the gate electrode for 
500 s, while the VDS was kept at 1 V. The log(IDS) - VGS sweep was done at VDS = 15 V. (▲ – 
pre stress, and ■ – post stress). Only the forward sweep has been plotted. 

 

Figure 5-2 shows the room temperature C-V measurement of the ITO/ATO/IGZO/ITO 

capacitor structure. The capacitor was subjected to three back-to-back hysteresis loop sweeps 

of VG = -10 to 10 V, -20 to 20 V, and -30 to 30 V. From Figure 5-2 we observe that the flat 

band voltage, VFB, shifts successively to more positive voltage for each hysteresis loop 

during the return sweep. This is additional evidence that negative carriers are trapped at the 

channel/dielectric interface or injected into the dielectric from the IGZO channel. Also note 

that the forward sweep of curves, -20 to 20 V, and -30 to 30 V fall on the previous curves 

reverse sweep (i.e., -10 to 10 V, and -20 to 20 V respectively). This indicates that when a 

negative bias is applied to the gate no positive charges are injected from the IGZO channel 

into the gate dielectric and the capacitor maintains its characteristics from the positive part of 

the previous hysteresis loop. The slope of the curves in the transition region from 

accumulation to depletion is the same as that from depletion to accumulation, indicating that 

the bias stress does not change the trap density at the channel/dielectric interface.    
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Figure 5-2: Hysteresis behavior of ITO/ATO/IGZO/ITO capacitor structure. Hysteresis 
sweeps -10 to 10 V, -20 to 20 V and -30 to 30 V were made consecutively. The size of the 
capacitor pad is 200x1600 μm2. The directions of the forward and reverse sweeps are 
indicated. Measurements were carried out at (a) 1 MHz and (b) 1 KHz. Note the expanded 
scale in (b). 

 

This was further verified by applying negative voltages as a bias stress. Figure 5-3 

compares two TFTs, one having been subjected to a positive gate bias stress while the other 

undergoes a negative gate bias stress. It can be seen that as expected the positive bias stress 

causes a positive threshold voltage shift ∆VTH, where ∆VTH = VTH(t) – VTH(t=0) while the 

negative gate bias stress doesn’t change the threshold voltage and the transfer curve of the 

stressed TFT overlaps that of the unstressed TFT. This is an indication that when a negative 

bias is applied to the gate, the transistor channel is depleted of electrons at the 

channel/dielectric interface and no mobile charges are available for the charge trapping and 

tunneling process. 
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Figure 5-3: Comparison of the effect of positive and a negative gate bias stress on the 
transfer characteristics. Stress duration was 1000 s, VDS = 1 V. The log(IDS) - VGS sweep was 
done at VDS = 15 V. (■ – pre stress, ▲ – after +30 V stress, and ● – after -30 V stress). 

 

The dependence of the threshold voltage shift on the duration of the applied gate bias is 

plotted in Figure 5-4 for different gate stress voltages. From the plot a linear relationship 

between ∆VTH and logarithmic time can be seen. Figure 5-4(b) shows a similar trend even for 

longer stress durations for the sample stress biased at 10 V. This dependence is indicative of 

charge trapping phenomenon [115]. The relationship can be modeled by quantifying the total 

charge that get trapped at the channel/dielectric interface or in the dielectric for any given 

time t. Given the material parameters (work function, capacitance etc.) are invariant during 

biasing, the ∆VTH can be expressed as, 

( ) ( ) diTH CtQtV /=Δ      (5.1) 

where Q(t) is the total charge trapped and Cdi is the capacitance per unit area of the gate 

dielectric. By assuming a uniform distribution of traps in the dielectric, an expression for the 

total trapped charge is obtained by integrating over time and thickness of the gate dielectric 

in which traps are present [137], 
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Ntr is the density of traps in the dielectric and ( ) ( )λϖϖ /exp0 xx −=  is the time independent 

tunneling probability, where the tunneling constant λ is the product of the applied gate 

voltage and dielectric material parameters. The solution of the above equation leads to the 

∆VTH expression given below,  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=Δ

0

log
t
trV oTH      (5.3) 

where ro is a decay rate constant which is proportional to the product of Ntr (cm-3) and λ (cm).  

Since λ is dependent on the applied gate voltage, higher bias stresses will result in more 

charge trapping, larger decay rate constants and larger voltage shifts. 

 

 

 

 

 

 

 

 

 
 

Figure 5-4: (a) Logarithmic dependence of the threshold voltage shift, ΔVTH with the bias 
stress duration. The effect of the gate voltage is seen as well (■ – 10V, ● – 20V and ○ – 
30V). ΔVTH for TFTs bias stressed at 30 V based on an IGZO channel grown at  (○) 40 mTorr 
is plotted as well. (b) Logarithmic dependence seen for a 10 V gate bias for longer stress 
durations.  
 

One-way to reduce the threshold voltage shift during bias stressing would be to reduce 

the mobile carriers in the channel. We have previously discussed the effect of oxygen partial 

pressure during the PLD deposition of IGZO on the carrier concentration and mobility of the 

films in Chapter 4. Films grown at a higher oxygen partial pressure tend to have lower carrier 

concentration. The effect of IGZO growth conditions on ∆VTH is also shown in Figure 5-4(a). 

10 100 1000

0

1

2

3

4

5

30 V

30 V

20 V

10 V

 

Δ
V TH

 (V
)

Time (s)
101 102 103 104 105 106

0

1

2

3

10 V

 

Δ
V TH

 (V
)

Time (s)



 84

We can clearly see that the TFT fabricated with a 40 mTorr channel is less sensitive to gate 

bias stress with lower threshold voltage shifts. Varying the oxygen partial pressure during 

deposition of the channel slightly changes the composition of the film, this in itself could 

very well affect the channel/dielectric interface by changing the density of the interface states 

and thereby bringing about a reduction in the threshold voltage shifts. It should be noted that 

the decay rate constant appears to be a strong function of the applied gate bias. 

Annealing the IGZO films at temperatures as low as 200 oC in atmosphere for a few 

minutes leads to a drop in the carrier concentration. The highest temperature the as fabricated 

transistors were exposed to during processing is a 95 0C photoresist bake step. To investigate 

the effect of post deposition annealing, TFTs fabricated with a 25 mTorr channel were 

annealed at 200 oC for 10 min in atmosphere. Bias stress data was measured before and after 

anneal. It was found that the ∆VTH reduced from 4.6 V to 3 V for a bias stress of 30V and 

duration of 1000 s. This suggests that improvements in the channel/dielectric interface can be 

obtained, via reduction in charge trapping defects, with some improvement also resulting 

from a reduction in carrier concentration. A vast majority of the reports on oxide 

semiconductor based TFTs involve some form of post-deposition/fabrication anneal which 

shows a large improvement in the TFT characteristics [101,16,118].   

The threshold voltage, VTH can be recovered to the original value if the device is left 

unbiased. Also, charge trapped at the channel/dielectric interface appears to have the same 

effect as charge injected into the dielectric on the electrical characteristics of the TFT. This 

suggests that temperature dependent studies to determine the kinetics of the charge trapping 

would help in understanding the details of the threshold voltage shift and recovery.  

 

5.4 Conclusions 

 

In conclusion, we have investigated the effects of gate bias stress on IGZO thin film 

transistors. A threshold voltage shift (ΔVTH) was observed as a result of bias stress, and this 

shift was quantified as a function of bias stress voltage and duration. Both I-V and C-V 

measurements were used to determine that the voltage instability arises due to the process of 
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charge trapping in the channel/dielectric interface or in the dielectric due to bias stressing. 

The ΔVTH as a function of the stress duration was modeled using basic electrostatic 

considerations.  
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CHAPTER 6 

 
INDIUM GALLIUM ZINC OXIDE TRANSISTOR BASED FLOATING 

GATE MEMORY 

 
Based on manuscripts: 

 

Transparent Indium Gallium Zinc Oxide Transistor based Floating Gate Memory with 

Platinum Nano-particles in the Gate Dielectric 

A. Suresh, S. Novak, P. Wellenius, V. Misra, and J. F. Muth 

Applied Physics Letters, 94, 123501 (2009). 

 

Transparent Non-volatile Memory using Pt Nano-particles embedded in an Amorphous 

Indium Gallium Zinc Oxide Thin Film Transistor 

A. Suresh, S. Novak, P. Wellenius, V. Misra, L. M. Lunardi, and J. F. Muth 

Presented at MRS Fall 2008, Manuscript under review. 

 

6.1 Abstract 

 

This chapter deals with the development of a transparent memory element based on an 

indium gallium zinc oxide thin-film transistor. Atomic layer deposited platinum nano-

particles are incorporated in the gate dielectric stack of the transistor, which acts as a floating 

gate and a charge storage medium. The transfer characteristics of the device show a large 

clockwise hysteresis due to electron trapping and are attributed to the platinum nano-

particles. The presence of the platinum nano-particles is characterized by various techniques. 

The effect of the gate bias stress (program voltage) magnitude, duration and polarity on the 

memory window characteristics has been studied. Charge retention measurements were 

carried out and a loss of less than 25% of the trapped electrons was observed over 104 s 
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indicating promising application as non-volatile memory. One of the characteristics of the 

device is that it cannot be completely erased using a Fowler-Nordheim biasing scheme. This 

asymmetric program/erase characteristic has been explained taking into account the relative 

band offsets of the various components of the device. The use of ultraviolet light is shown to 

erase the memory. 

 

6.2 Experimental approach 

 

Two device structures were studied, (a) completely transparent memory based on the 

ATO TTFT, and an opaque TFT memory fabricated on a silicon substrate, based on the 

device structures described in Section 3.6. The ATO (220 nm) and the AlOx (50 nm) layers 

act as the blocking oxide of the devices, respectively. Before the IGZO channel is deposited, 

Pt-NPs were formed on the blocking oxide (ATO or AlOx) at 270 oC using the precursor 

MeCpPtMe3 and high purity oxygen [138]. The initial nucleation of the Pt film produces 

small, disbursed crystals, which can be grown further with subsequent ALD cycles. Next a 

thin layer, ~ 7 nm, of AlOx was deposited at 200 oC by ALD, which acts as the tunneling 

oxide. This was followed by the deposition and patterning of IGZO (channel) and ITO 

(source/drain) by pulsed laser deposition (PLD) at room temperature using standard 

photolithography and liftoff. The IGZO and ITO layers were grown at 25 mTorr (~ 40 nm) 

and 10 mTorr (~ 200 nm) respectively. Control samples without the Pt-NPs 

(ITO/ATO/AlOx/IGZO/ITO) and (p+ Si/AlOx/AlOx/IGZO/ITO) were also fabricated for 

comparison purposes. The fabricated devices were post-annealed at 250 oC in air for 1 hr. 

The TFT dimensions are L = 100 μm and W = 400 μm. Transmission spectra were obtained 

using a Perkin Elmer Lambda 9 UV/Vis/NIR dual beam spectrophotometer. Plan view 

images of the Pt-NPs grown on ALD AlOx layer were obtained using an analytical SU-70 

FESEM at 1 kV. A Hitachi HF2000 transmission electron microscope was used to image the 

Pt-NPs in plan view and in the cross-section of the device samples prepared by focused ion 

beam milling. X-ray photoelectron spectroscopy (XPS) was carried out using a Riber XPS 
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with dual Mg/Al anode source. The IGZO memory device characteristics were measured 

with an HP 4155B semiconductor parameter analyzer. 

 

6.3 Discussion 

  

The schematic cross-section of the TTFT IGZO memory device is shown in Figure 6-

1(a), which is similar to a bottom-gated TFT structure. To verify that the proposed device is 

transparent, optical transmission experiments using a spectrophotometer were carried out. 

The raw optical transmission versus the wavelength of the substrate and the entire IGZO 

memory device stack is shown in Figure 6-1(b), (A) represents the substrate 

(glass/ITO/ATO) and (B) represents the entire stack of the memory device 

(glass/ITO/ATO/Pt-NPs/AlOx/IGZO/ITO). At visible wavelengths the entire stack was still 

highly transparent throughout the visible spectrum. The addition of subsequent layers to the 

substrate did not cause an appreciable reduction in the transparency of the device and at 

visible wavelengths the entire stack was still highly transparent.  

 

 

 

 

 

 

 

 
 

 

Figure 6-1: (a) A schematic representation of the transparent IGZO memory device, (b) 
Transmission spectrum of the substrate (A) and the entire device stack (B).  
 

The schematic cross-section of the opaque IGZO memory device is shown in Figure 6-

2(a), which is again similar to a bottom-gated TFT structure. To verify the presence of Pt-
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NPs on the substrate several analytical techniques were utilized. Field emission scanning 

electron microscope (FESEM) was used to image the Pt-NPs grown on ALD AlOx. The Pt 

was grown for 30 cycles and Figure 6-2(b) shows disbursed Pt-NPs in the 4-5 nm size range.  

 

 

 

 

 

 

 

 

 

 

Figure 6-2: (a) A schematic representation of the opaque IGZO memory device. The ITO 
layer thickness was ~ 200 nm. (b) A FESEM image of the Pt-NPs grown for 30 cycles on 
ALD AlOx shows disbursed Pt-NPs in the 4-5 nm size range. 

 

To get a measure of the density of the Pt-NPs, a plan view transmission electron 

micrograph was used. A 5 nm AlOx layer was grown on a thin SiNx membrane obtained from 

Protochips Inc., following which Pt was grown for 30 cycles. The TEM image is shown in 

Figure 6-3. Finely disbursed Pt particles in the size range 3 – 5 nm is observed with few 

cases of neighboring particles coalescing.  
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Figure 6-3: (a) TEM image of Pt-NPs grown on an AlOx layer.  Pt was grown for 30 cycles. 
A rather uniform distribution of particles ranging from 3 – 5 nm in size is observed. (b) High 
resolution TEM image shows the lattice planes and the crystalline nature of the Pt-NPs.  
 

From Figure 6-3(a) the Pt-NP density was determined to be ~ 2.3 x 1012 cm-2. By 

increasing the number of Pt growth cycles Pt-NP density increases but brings about more 

variation in the particles size distribution due to nucleation of new particles. In Figure 6-3(b), 

the high resolution TEM image indicates that the Pt-NPs are essentially crystalline with 

distinct lattice planes. To analyze Pt-NPs grown on an ATO substrate XPS analysis was 

carried out. Figure 6-4 shows the XPS data for the platinum 4f and 4d signals after 25 and 35 

cycles of ALD Pt on ATO substrates. The signal intensity increases as a function of the cycle 

count. The increase is attributed to the increase in the number of Pt nuclei and the increasing 

size of the Pt nuclei. The Pt 4f peak overlaps with the Al 2p peak (~ 74 eV) but the Pt 4f 

doublet (~ 71 eV) becomes more apparent as the cycle count increases. We also use the 

weaker Pt 4d peak to confirm the presence of Pt after 25 cycles. Similar results were seen for 

Pt-NP grown on ALD AlOx samples [138].  

 

 

 

 

(b) 5 nm (a) 20 nm 
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Figure 6-4: XPS data showing an increase in signal intensity of Pt 4f and Pt 4d peaks with 
ALD Pt cycle count corresponding to the increase in Pt on the ATO sample surface.  
 

A cross-sectional transmission electron micrograph (TEM) of the TTFT IGZO memory 

device with Pt grown at 25 cycles is shown in Figure 6-5(a), and the various layers are 

indicated. Figure 6-5(b) is a micrograph at a higher magnification and clearly shows the 

presence of Pt-NPs. The particles appear spherical in nature and are about 3 nm in size.  

 

 

 

 
 

 

 

 

 

 

 

 

Figure 6-5: (a) Cross-section TEM micrograph of a TTFT IGZO memory device stack. (b) 
Embedded Pt-NPs are evident at a higher magnification and appear spherical and about 3 nm 
in size.  
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The transfer characteristics [log(IDS)–VGS] of the IGZO TTFTs both with (grown at 35 

cycles) and without Pt-NPs are shown in Figure 6-6(a) and (b). The gate voltage, VG, was 

swept in 0.2 V increments from a negative value to a positive value and back to the starting 

negative value (e.g. -10 to 10 to -10 V) while the source/drain voltage, VDS, was fixed at 10 

V. We define the TFT on-voltage, Vo, as the gate voltage where the drain current reaches 100 

pA. We can see in Figure 6-6(a) that the control transistors (without the Pt-NPs) show 

negligible hysteresis with the ΔVo [Vo (reverse sweep) – Vo (forward sweep)] ~ 0.35 V when 

the device was swept from -30 to 30 V and back. The following TFT characteristics were 

extracted for the control devices, VTH = -0.25 V, μeff = 14 cm2 V-1sec-1, Ion/Ioff
  > 107, and S = 

0.2 Vdecade-1. 

In contrast a significant hysteresis phenomenon can be seen in the devices with 

embedded Pt-NPs as shown in Figure 6-6(b). We see a clockwise hysteresis of the transfer 

curves. IGZO TFTs are basically n-type devices and a positive bias generates an 

accumulation layer of electrons in the channel close to the channel/dielectric interface. These 

electrons tunnel through the AlOx (tunneling oxide) and get trapped in the Pt-NPs when VG > 

0 during the forward sweep. During the reverse sweep the trapped electrons screen the 

applied gate voltage leading to a lower current and the observed clockwise hysteresis in the 

transfer characteristics. For the same reason the maximum current seen in the devices with 

Pt-NPs is about an order of magnitude lower than the control devices due to the electrons 

trapped in the Pt-NPs. We can also notice that the subthreshold slopes of both the forward 

and the reverse sweeps are similar indicating no defect creation at the 

semiconductor/dielectric interface due to the charging process. We also observed that the 

slope of the √IDS vs. VG characteristics does not change appreciably when the device was 

charged showing that the charging process has a minimal influence on the carrier mobility.  
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Figure 6-6: log(IDS)-VGS sweeps of (a) control TTFT (no Pt-NPs) and (b) memory TTFT 
(with Pt-NPs grown for 35 ALD cycles). Hysteresis sweeps (■) –10 to 10 to -10 V, (●) –20 
to 20 to -20 V, and (▲) –30 to 30 to -30 V were made consecutively. The directions of the 
forward and reverse sweeps are indicated. VDS = 10 V and TFT dimensions: L = 100 μm and 
W = 400 μm. 
 

From Figure 6-6(b) we can see that ΔVo increases by 5.1, 8.9, and 9.8 V as the VG sweep 

range increases from (-10 to 10 to -10 V), (-20 to 20 to -20 V), and (-30 to 30 to -30 V) 

respectively showing that the trapping sites are not completely saturated. The Ioff of the 

reversely swept curves are higher than that of the forward swept curves indicating that the 

trapped electrons are not released in the reverse sweep [139]. We observe that the Vo of the 

forward sweep for the three consecutive sweeps, (-10 to 10 to -10 V), (-20 to 20 to -20 V), 

and (-30 to 30 -30 V), increases also indicating the trapped electrons are not completely 

released during the reverse sweep. This is the result of the device being in a depletion mode 

when a negative gate bias is applied (VG < 0), hence the device would require a much larger 

time and/or negative potential to completely remove the trapped electrons [140]. 
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The charging efficiency of the Pt-NPs was verified by stressing the memory devices with 

a gate bias. Both positive and negative bias (program voltage) for a predetermined time (0.1, 

1, 2.5, and 10 s) was applied to the gate electrode while grounding the source and drain 

electrodes. The Vo was measured before and after the application of the stress and the shift in 

Vo is plotted in Figure 6-7. A positive gate bias induces a positive Vo shift as expected due to 

the electron injection into the charge-trapping layer. The hysteresis memory window [ΔVo = 

Vo (post) – Vo (pre)] increases with an increase in the applied gate bias and the stress 

duration. The shift in Vo tends to saturate for stress times above 3 s indicating that the number 

of electrons the nano-particle can store is saturating [141]. 

 

 

 

 

 

 

 

 

 

 

Figure 6-7: Shift in Vo for a TTFT IGZO memory device with Pt-NPs grown for 35 cycles as 
a function of gate bias and the stress duration for both positive and negative gate bias. Source 
and drain electrodes were grounded while stressing the gate. VDS = 10 V while reading the 
device. The curves are for visual aid. 

 

On the other hand a negative gate bias does not introduce a shift in Vo. The invariability 

of Vo with a negative bias on the gate can be explained by the lack of electrons in the channel 

due to the creation of the depletion layer and lack of holes, which are not generated in the 

semiconductor. This shows that in this device programming is done by electron trapping 

while programming with holes is not possible [6,142]. The control TFTs (without the Pt NPs) 

showed minimal (~0.2 V for +20 V bias for 10 s) variation in Vo with a positive gate bias and 

0 2 4 6 8 10

0

1

2

3

4

5

6

 

V o S
hi

ft 
( V

)

Time (s)

 +5 V       -5 V
 +10 V     -10 V
 +20 V     -20 V



 95

no shift in Vo for a negative gate bias confirming that the observed behaviors of the IGZO 

memory devices are due to trapping of electrons in the Pt-NPs. 

To study the effect of number of Pt-NP growth cycles on the memory effect, TTFT 

memory devices with two different cycle counts (25 and 35) were fabricated. Increasing the 

number of growth cycles has two effects. It increases the size of the existing Pt-NPs and also 

induces nucleation of new Pt-NPs. Though Novak et al. pointed out that subsequent grown 

cycles predominantly grows the existing particle size [138], nevertheless both these effects 

increase the number of trapping sites for the electrons and which in turn increases the 

tunneling probability for the electrons. In Figure 6-8, the IGZO memory device with Pt-NPs 

grown for 35 cycles shows a higher Vo shift compared to the one with 25 cycles as expected. 

Similar to data shown in Figure 6-7 we can see that the Vo shift starts to saturate above 3 s. 

 

 

 

 

 

 

 

 

 

 
Figure 6-8: The effect of the Pt growth cycles on the IGZO TTFT memory window.  The 
stressing voltage is VG = +10 V. Source and drain electrodes were grounded while stressing 
the gate. Legend indicates the Pt ALD growth cycles. VDS = 10 V while reading the device. 
The curves are for visual aid. 
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function of time is shown in Figure 6-9. Immediately after the stressing ΔVo is 3.45 V and 

within the first 500 s it drops down to ~ 3 V and then slowly reduces to 2.65 V after 104 s 

which amounts to less than 25% charge loss. The initial loss corresponds to electrons trapped 

in shallow interface states created during the Pt-NPs incorporation in the TFT dielectric 

while the majority of the electrons are strongly trapped at the Pt-NP sites. Further 

improvements in the device behavior are expected if the blocking oxide, ATO, thickness is 

reduced; this would lower the voltage requirements of the device leading to further 

optimization of the device structure. 

 

 

 

 

 

 

 

 

 

 

Figure 6-9: Charge retention characteristics of the IGZO TTFT memory with with Pt-NPs 
grown for 35 cycles after stressing at VG = 20 V for 2 s.  Less than 25% loss in stored charge 
seen after 104 s. 

 

Programming and charge retention experiments carried out on opaque IGZO memory 

devices samples showed similar behavior. Figure 6-10 shows the effect of programming time 

on the memory window for the memory device with Pt-NPs grown for 30 cycles. As 

expected the control sample show minimal Von shift on programming and a negative 

programming voltage on a memory device does not produce a memory window.  
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Figure 6-10: Shift in Vo for an opaque IGZO memory device with Pt-NPs grown for 30 
cycles as a function of the gate stress duration for both positive and negative gate bias. The 
control sample (without Pt-NPs) does not show a Vo shift. Source and drain electrodes were 
grounded while stressing the gate. VDS = 10 V while reading the device. The curves are for 
visual aid. 

 

The higher Vo shifts seen in this sample compared to the TTFT memory device is due to 

the relatively higher coupling factor, ~ 0.06 for TTFT and ~ 0.12 for the opaque IGZO 

memory device, or due to the change in the Pt-NP size and distribution between the two 

variants of the memory device. As seen earlier, the density of the Pt-NP grown on AlOx for 

30 cycles is ~ 2.3 x 1012 cm-2 and from Figure 6-10, a Vo shift of 2.5 V is observed when the 

device is programmed at 20 V for 1 s. A measure of the trapped charge density is given by, 

on
BO V
q

C
N Δ=     (6.1) 

where CBO (capacitance per unit area of the blocking oxide) and q have values of 149 nF cm-2 

and 1.6 x 10-19 C, respectively. Thus, the number of electrons stored in the Pt-NPs is 

estimated to be ~ 2.3 x 1012. This indicates that roughly 1 electron is stored per Pt-NP. When 

the same analysis is extended to the Vo shift seen when the memory device is programmed 

for 10 s (~ 6.5 V), it accounts for about 3 electrons stored per Pt-NP [140]. 

The charge retention characteristic of the opaque IGZO memory device was carried out 

at room temperature.  The shift in Vo was assessed after stressing the device at VG = 20 V for 
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5 s while the source and the drain electrodes were grounded. The measurement settings were 

similar to the TTFT memory device case. ΔVo as a function of time is shown in Figure 6-11. 

The charge retention is relatively enhanced compared to the TTFT memory case, which may 

be due to the smoother nature of the AlOx compared to ATO. A memory window loss of 50 

% was estimated to occur at ~ 1 x 106 s and ~ 10 % of the window was still preserved over 

10 years.  

 

 

 

 

 

 

 

 

 

 
 

Figure 6-11: Charge retention characteristics of the opaque IGZO memory TFT with Pt-NPs 
grown for 30 cycles after stressing at VG = 20 V for 5 s.  The linear extrapolation of the 
memory window loss with log time indicates a 50% charge retention at ~ 106 s and ~ 10% 
charge retention over 10 years.  
 

To understand the erase characteristics of the memory device a VG = -10 V was applied after 
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experiment, the gate bias was maintained at -10V and the source and drain electrodes were 

grounded when the device was idle and not being read. The change in Vo from the initially 

programmed state is converted as the stored electron charge loss with time, charge loss % = 

{[Vo(t = 0) – Vo(t)]/Vo(t = 0)} and plotted in Figure 6-12. The data presented in Figure 6-9 is 
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component and a slow gradual component and that the negative gate bias is not effective in 

completely erasing the device showing us the strong trapping of the electrons in the PT-NPs. 

In fact the charge loss difference between the stressed and unstressed devices (~ 5% over104 

s) is the amount of erasing induced by the negative gate bias. The IGZO memory devices are 

easy to program but difficult to erase and this can be understood by looking at the 

program/erase mechanisms using simple energy band diagrams shown in Figure 6-13. 

 

 

 

 

 

 

 

 

 

Figure 6-12: Effect of erasing the device with a VG = –10 V bias as measured as charge loss 
%. Data presented in Figure 6-9 is plotted as a comparison. The curves are for visual aid. 
 

In all the program/erase experiments, a Fowler-Nordheim (F-N) tunneling method was 

used, in which a positive (program) or a negative (erase) gate bias was applied while the 

source and drain electrodes were grounded. The number of charges tunneling through the 

thin AlOx dielectric, as expressed as a tunneling current density (J), which is also a measure 

of the Vo shift is given by [143], 
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where A and B are constants, Einj and Φb are the electric field and the energy barrier at the 

charge injection interface respectively. We can see from Figure 6.13 that Φb for electron 

injection during programming from the IGZO channel is about 3.1 eV. Owing to the large 

work function of the Pt (~5.6 eV), the Φb for electron injection during erasing from the Pt-
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NPs is about 4.6 eV. This large discrepancy between the electron barriers leads to the 

asymmetry in the program/erase characteristics of the IGZO memory devices. 

 

 

 

 

 

 
 

 

  

 

Figure 6-13: F-N tunneling program/erase mechanisms for IGZO TFT memory devices. The 
tunneling barrier seen by electrons while programming and erasing is 3.1 eV and 4.6 eV 
respectively. 
 

Erasable programmable read only memory is a class of non-volatile memory that can be 

electrically programmed but erased using an ultraviolet (UV) light [144]. The UV light 

provides sufficient energy for the trapped electrons to overcome the barrier resulting in 

memory erasure. A similar technique was used to erase the IGZO memory devices. After the 

devices were programmed at 20 V for 10 s, a UV light with a wavelength centered at 350 nm 

illuminated the sample for ~ 1 s which accounted for erasing the device. Five program/erase 

(P/E) cycles were carried out and the turn-on voltage, Vo of the device was recorded after 

each step (program and erase). Figure 6-14 complies the results from the P/E cycles. The 

memory window after the first program step is ~ 6.5 V and with the subsequent erase and 

program cycles the memory window shrinks. It can be noted that the memory window starts 

to saturate to a value close to 3.5 – 4 V as the number of P/E cycles increases. This may be 

due the interaction of the UV light with the layers of the device, which may create or reduce 

defect states leading to a reduction in the tunneling of carriers. The UV erase step seems to 

be sufficient enough to remove all the carriers trapped in the Pt-NPs as evidenced by the Vo 

of erased device being similar to that of the virgin device. There is also a tendency for the 
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device to be over-erased. This set of experiments was carried out to show that the IGZO 

memory TFTs could not only be programmed but erased as well. More studies with 

appropriate automation needs to be carried out to completely understand the physics behind 

the UV erase behavior of these devices. 

 

 

 
 
 
 

 

 

 

 

 
 

Figure 6-14: Program/Erase (P/E) behavior of IGZO memory TFTs.  Devices were 
programmed at 20 V for 10 s. The erase was carried out by shining a 350 nm wavelength 
ultraviolet lamp for ~ 1 s on the device. The read measurements to determine Vo were carried 
out by sweeping VG with VDS = 10 V. (●) – program (P) and  (■) – erase (E). The arrow 
indicates the evolution of the memory window as the number of P/E cycle increases.  
 

6.4 Conclusions 

 

In summary a transparent memory device utilizing Pt nano-particles and an amorphous 

oxide semiconductor TFT based on IGZO has been demonstrated. The charge trapping can 

be attributed to the presence of Pt-NPs and verified from the turn-on voltage shifts seen 

during positive gate voltage stress. Charge retention measurements show that the charges are 

strongly trapped in the Pt nano-particles and the non-volatility of the device was ascertained 

with only a 25% loss of the stored charge even after 104 s. An asymmetric response was 

observed between the programming and erasing nature of the IGZO memory TFT and was 

explained using the difference between the energy barriers that the electron encounters 
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during program/erase. Memory erasure was accomplished by illuminating a UV light source 

on the sample. 
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CHAPTER 7 

 
TRANSPARENT CIRCUITS BASED ON INDIUM GALLIUM ZINC 

OXIDE THIN-FILM TRANSISTORS 

 
Based on manuscripts: 

 

Transparent, high-speed ring oscillators based on indium gallium zinc oxide 

A. Suresh, P.Wellenius, H. Luo, L. M. Lunardi, and J. F. Muth 

To be submitted. 

 

An amorphous indium gallium zinc oxide active matrix electroluminescent pixel 

P.Wellenius, A. Suresh, H. Luo, L. M. Lunardi, and J. F. Muth 

Accepted in Journal of Display Technology, to be published in the special issue on 

transparent electronics.  

  

7.1 Abstract 

 

In this chapter transparent integrated devices and circuits using indium gallium zinc oxide 

(IGZO) thin film transistors (TFT) are fabricated and characterized. First, inverter circuits 

using two enhancement-mode transistors were designed and fabricated. The inverters show 

peak gain magnitude (dVOUT/dVIN) ~ 3. Using these inverters, five- and seven-stage ring 

oscillator (RO) circuits were fabricated. Five-stage ROs operated at a frequency as high as 2 

MHz for a supply voltage of 25 V, which corresponds to a propagation delay of 50 ns/stage. 

The effect of the individual device size and the design criteria used in fabricating the ROs on 

the oscillation frequency and propagation delay are explored. Second, an active matrix pixel 

was fabricated and characterized using IGZO thin film transistors and a novel 

electroluminescent Eu:IGZO thin film phosphor. The results show that even large and 
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unoptimized IGZO devices are capable of modulating at the frequencies necessary for 

modern display technology. The effect of the device sizes on the modulating efficiency of 

IGZO TFTs is evaluated. Furthermore, a rare-earth doped amorphous oxide semiconductor 

(AOS) electroluminescent phosphor integrated with a TFT to form a transistor controlled 

pixel element was demonstrated. 

  

7.2 Transparent IGZO inverters and ring oscillators 

  

7.2.1 Experimental Approach 

 

The circuits were fabricated on glass substrates coated with ~ 60 nm of sputtered indium 

tin oxide (ITO) from Delta Technologies Inc. The entire process employs four mask levels. 

The first step is patterning and reactive ion etching (RIE) the ITO layer to form gate 

electrodes. Next a 120 nm thick AlOx gate insulator is put down using atomic layer 

deposition (ALD) at 200 °C. The next step is the opening of contact holes to the gate 

electrode, which is carried out using photolithography and RIE. The next two mask levels 

involve a standard photolithography and liftoff process in which the IGZO (semiconductor) 

and ITO (source/drain and interconnect) are deposited at room temperature using pulsed laser 

deposition (PLD) at an oxygen partial pressure of 25 mTorr and 10 mTorr respectively. 

A plan view image of a processed chip with thirteen ring oscillators, twenty inverters and 

several discrete transistors is shown in Figure 7-1. The circuits are evidently highly 

transparent owing to the wide bandgap of the constituent layers. Individual TFTs and 

inverters were electronically characterized using a Hewlett Packard 4155B parameter 

analyzer. The transient response of the inverters was measured using an Agilent 20 MHz 

waveform generator to apply a square pulse train to the input terminal of the inverter. The 

transient response was observed by measuring the output voltage drain current using a 

Tektronix DPO4104 1 GHz oscilloscope. The oscilloscope was used to capture the output 

waveform of the ring oscillators, while a constant positive voltage in the 0 to 30 V range was 

applied to gate and the drain of the load transistors using a DC power supply. The voltage 
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supplied to the gates (VG) of the load TFTs was always set the same as that to the drains 

(VDD). 

 

 
  
 

 

 

 

 

Figure 7-1: Glass substrate containing several ring oscillators, inverters, and discrete 
transistors. Note the highly transparent nature of the circuits where the label below is clearly 
visible.  
 

7.2.2 Discussion 

 

Transistor characteristics of a TFT with W = 100 µm and L = 20 µm were extracted from 

log(IDS) – VGS and √IDS versus VGS curves, as shown in Figure 7-2(a). At a VDS = 20 V, a 

saturation field effect mobility of ~ 15 cm2 V-1 s-1, a threshold voltage of 3.75 V, a 

subthreshold slope of ~ 130 mV decade-1, and an Ion/Ioff ratio > 108 were measured. The 

maximum off-state current was < 1 pA, which is limited by the gate current. Figure 7-2(b) 

shows the output characteristics (IDS versus VDS) for several values of VGS for the same 

device. 
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Figure 7-2: (a) IGZO TFT log(IDS) – VGS and √IDS versus VGS characteristics for VDS = 20 V. 
(b) IDS – VDS characteristics of the same device. W/L = 100 µm/20 µm and Cdi ~ 60 nF cm-2. 

 

The most basic digital integrated circuit is a voltage inverter, which is shown 

schematically in Figure 7-3(a). Unlike CMOS inverters, in an n-type transistor based 

inverter, two transistors are connected such that one of them acts as a voltage-controlled 

switch (or driver) while the other acts as an active load (diode type). An optical micrograph 

of the fabricated IGZO inverter is shown in Figure 7-3(b) and the different components are 

indicated.   

 

 

 

 

 

 

 

 

Figure 7-3: (a) Schematic representation of a voltage inverter with an enhancement load. TL 
and TD represent the load and drive transistors, respectively. (b) Optical micrograph of an 
IGZO TFT inverter with a beta ratio = 5 (Ldrive = 10 µm, Wdrive = 200 µm, Lload = 10 µm, 
Wload = 40 µm). 
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An important attribute of the inverter is its geometry or device sizes. The beta ratio, β, is 

given by ratio of the size of the drive transistor to that of the load transistor, i.e. β = 

(Wdrive/Ldrive)/(Wload/Lload). The DC characteristics of the inverter was evaluated by applying a 

supply voltage, VDD on the load TFT and sweeping the input voltage, VIN while measuring the 

output voltage, VOUT. Figure 7-4(a) represents the evolution of VOUT as a function of VIN and 

VDD for an IGZO inverter with, Ldrive = 20 µm, Wdrive = 400 µm, Lload = 20 µm, Wload = 40 µm 

(a beta ratio of 10) and a source/gate and source/drain overlap of 2.5 µm. Figure 7-4(a) 

indicates that the output voltage decreases with increasing input voltage (toward positive 

voltage). It shows that the transfer characteristic of the inverter shows good logic level 

conversion. A near zero input voltage (corresponding to a binary value “0”), still results in a 

large positive output voltage (corresponding to a binary value “1”). The switching voltage 

(the input voltage at which the output voltage begins to decrease) occurs close to VIN = 0, 

which corresponds to the near zero Von of the TFTs. These inverter characteristics make them 

suitable to be used in ring oscillator (RO) circuits without the necessity of additional 

compensated circuits such as level shifters [52].  
 

 

 

 

 

 

 

 

 

 

Figure 7-4: (a) Transfer curve for a transparent inverter fabricated using IGZO TFTs for 
different values of VDD.  (b) The change in the inverter gain magnitude as a function of VDD. 
The inverter beta ratio = 10 (Ldrive = 20 µm, Wdrive = 400 µm, Lload = 20 µm, Wload = 40 µm) 
and a source/gate and source/drain overlap of 2.5 µm.  
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Another requirement for the inverters to be applied to RO circuits is a gain magnitude 

greater than 1 for sustained signal propagation. The peak gain magnitude of an inverter is 

obtained from its transfer curve and is given by, gain = dVOUT/dVIN. The gain is affected by 

the ratio between the drive TFT and load TFT impedances and ideally equals √β [103]. The 

impedance of the TFTs and hence the gain of the inverter are affected by the channel 

mobility, device geometry and biasing conditions. Figure 7-4(b) shows the inverter gain as a 

function of the supply voltage, VDD. We see that the inverter gain increases and flattens as 

VDD increases from 2 to 20 V. With the designed β of 10 for the inverter the gain approaches 

the theoretical value of 3.16. The difference between the theoretical value and the extracted 

value of the inverter gain may be due to the variation between the designed and the actual 

sizes of the TFTs. To further analyze the performance of the IGZO inverter a square pulse at 

different frequencies was applied to the drive TFT while a constant VDD was applied to the 

load TFT. Figure 7-5 represents the input and output waveforms and it can be seen that the 

inverter functionality is achieved. At a higher frequency (1 kHz), the response of the inverter  

 

 

 

 

 

 

 

 

 
 
Figure 7-5: IGZO inverter response to a pulse input at different frequencies (a) 100 Hz and 
(b) 1 kHz. The inverter beta ratio = 10 (Ldrive = Lload = 20 µm, Wdrive = 400 µm, Wload = 40 
µm) and a gate source/drain overlap of 2.5 µm. The amplitude of VIN and VOUT was 5.1 V and 
3.1 V respectively.  
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µm) and shows that it is faster to charge the capacitor than to discharge it possibly due to 

residual trapped charges. 

A ring oscillator consists of any odd number of inverters connected in series. In this study 

both 5- and 7-stage ROs were fabricated and characterized. Figure 7-6(a) shows the cross-

section of the fabricated RO and Figure 7-6(b) is the optical micrograph of a 7-stage IGZO 

RO. No level shifter circuitry or an output buffer was used in the RO design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 7-6: (a) Cross-sectional schematic of a RO. (b) Plan-view photograph of a seven-
stage IGZO RO as fabricated (Ldrive = 10 µm, Wdrive = 200 µm, Lload = 10 µm, Wload = 40 µm, 
beta ratio = 5, and 2.5-µm source/gate and drain/gate overlap). 
 

Figure 7-7(a) shows the output waveform of a 5-stage IGZO ring oscillator. The devices 

used in this ring oscillator had a minimum channel length of 10 µm and an overlap between 

the gate and source-drain electrodes of 2.5 µm. The width of the drive and load transistors 
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were 200 µm and 40 µm respectively giving a beta ratio of 5. The RO starts to oscillate at a 

supply voltage of 6 V. The DC offset voltage is ~ 0 V and the peak-to-peak voltage swing 

and frequency of oscillation at VDD = 25 V are 110 mV and 2 MHz respectively. Figure 7-

7(b) shows the oscillation frequency and the propagation delay per stage as a function of 

VDD. As expected, the oscillation frequency increases as VDD increases due to the reduction 

in the impedance of the load as well as drive transistors and this dependence is rather linear.  

The propagation delay per stage, tp is from the time period or frequency of the oscillation 

and is given by, 

fN
t p 2

1
=      (7.1) 

where, f is the frequency of propagation and N is the number of stages in the RO. The factor 

2 arises from the fact that a full cycle requires both a low-to-high and high-to-low transition. 

A propagation delay of 50 ns per stage is recorded for VDD = 25 V. 

 

 

  

 

 

 

 

 

 

Figure 7-7: (a) Output waveform of a five-stage RO with a supply voltage, VDD = 25 V 
operating at 2 MHz (the propagation delay of 50 ns/stage) and an output voltage swing ~ 110 
mV Vp-p. (b) Oscillation frequency and propagation delay as a function of VDD. (Ldrive = 10 
µm, Wdrive = 200 µm, Lload = 10 µm, Wload = 40 µm, beta ratio = 5, and 2.5-µm source/gate 
and drain/gate overlap). 
 

A similar analysis of a 5-stage RO circuit with a minimum channel length of 20 µm is 

shown in Figure 7-8. The DC offset voltage is ~ -0.1 V and the peak-to-peak voltage swing 

and frequency of oscillation at VDD = 25 V are 1.7 V and 640 kHz respectively. 
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Figure 7-8: (a) Output waveform of a five-stage RO with a supply voltage, VDD = 25 V 
operating at 640 kHz (the propagation delay of 156 ns/stage) and an output voltage swing ~ 
1.7 V Vp-p. (b) Oscillation frequency and propagation delay as a function of VDD. (Ldrive = 20 
µm, Wdrive = 400 µm, Lload = 20 µm, Wload = 80 µm, beta ratio = 5, and 2.5-µm source/gate 
and drain/gate overlap). 
 

It is evident that the geometry of the TFTs in the inverters of the RO governs the 

characteristics of the RO. In the next few plots the effect of channel length, the beta ratio and 

source/gate and source drain overlap in the inverters on the propagation delay and the 

oscillation frequency are studied. Figure 7-9 shows the effect of channel length on the RO 

performance. ROs with two different channel lengths, 10 µm and 20 µm are compared while 

the rest of the RO features are similar. As expected the RO composed of the smaller devices 

is faster with the oscillation frequency about 3 times higher. 
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Figure 7-9: Oscillation frequency (a) and propagation delay per stage (b) as a function of 
supply bias and channel length (10 µm and 20 µm) of a 5-stage IGZO ring oscillator  
(Ldrive/Wdrive = 20, and Lload/Wload = 4, beta ratio = 5, and 2.5-µm source/gate and drain/gate 
overlap). 
 

Figure 7-10 shows the oscillation frequency and propagation delay per stage as a function 

of supply bias for 5-stage ring oscillators with 2.5 μm and 5 μm gate to source and gate to 

drain electrode overlap. As expected, the propagation delay decreases with increasing supply 

voltage and with decreasing gate to source-drain electrode overlap. The smaller the electrode 

overlap the smaller is the parasitic capacitance of the circuit leading to faster circuits. Also 

since the IGZO TFTs have low subthreshold slopes high mobility and near zero turn-on 

voltages it is possible to operate these transparent RO circuits at relatively low voltages. RO 

circuits based on organic TFTs are usually operated at much higher voltages, 60 – 80 V 

[145,146].  
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Figure 7-10: Oscillation frequency (a) and propagation delay per stage (b) as a function of 
supply bias and gate to source-drain electrode overlap (2.5 µm and 5.0 µm) of a 5-stage 
IGZO ring oscillator (Ldrive = 20 µm, Wdrive = 400 µm, Lload = 20 µm, Wload = 80 µm, beta 
ratio = 5). 
 

To average out the propagation delay involved in a RO several stages are required. The 

intrinsic resistance and capacitance of the circuit have a larger effect on the circuit when the 

number of the RO stages increases giving a more accurate representation of the circuit 

performance. Figure 7-11 compares 5-stage and 7-stage ROs with 10 μm and 20 μm channel 

lengths. The oscillation frequency and the propagation delay scale very well as the number of 

stages increases. The 20 μm channel length 7-stage RO shows a slightly higher propagation 

delay compared to its 5-stage counterpart whereas in the 10 μm channel length RO the 

propagation delays are virtually identical especially at higher supply voltages.  

There are several features of the IGZO ring oscillator that warrant a discussion. It is 

observed that even though the oscillation frequencies achieved in IGZO ROs are excellent 

for an all-oxide transparent circuit, the maximum voltage swing achieved is quite low for the 

applied voltage compared to RO circuits in [52] and [104]. Threshold voltage does not have a 

large effect on circuit speed, but can be one of the dominant factors determining output 

voltage swing [147]. From the transfer characteristics of the IGZO TFT it is observed that the 

devices have positive threshold voltages with near-zero Von and a sharp device turn on. And 
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from the inverter behavior it is observed that the TFT characteristics are adequate to realize 

enhancement-enhancement inverters. 

 

 

 

  

 

 

 

 

 
 
Figure 7-11: Oscillation frequency (a) and propagation delay per stage (b) as a function of 
supply bias, channel length (10 µm and 20 µm) and number of stages (5- and 7-stage) of a 
IGZO ring oscillator (Ldrive/Wdrive = 20, and Lload/Wload = 4, beta ratio = 5, and 2.5-µm 
source/gate and drain/gate overlap). 
 

Another possibility is the lack of a buffer inverter stage at the output. The resistance 

offered by the oscilloscope might not be high enough when the signal is tapped within the 

ring oscillator leading to a voltage divider effect and loss of voltage swing of the ring 

oscillator. Uniform performance in the unit TFTs is required to achieve good operational 

speed and output swing. While the IGZO and ITO depositions within the dimensions of the 

circuit are definitely uniform, there might be issues with alignment of the various levels of 

the transparent circuit, which might lead to mismatch of device sizes and geometry. It is 

observed that the voltage swing in ROs made of TFTs with L =20 μm is ~ 20 times that of 

the ROs made of TFTs with L = 10 μm (2 V compared to 0.1 V). The misalignment, if any, 

would have a larger impact on a smaller device compared to a larger device. Further 

simulation and analysis is required to clarify the cause of low voltage swing see in these 

circuits.  
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7.3 Amorphous IGZO active matrix electroluminescent pixel 

 
7.3.1 Experimental Approach 

 

An addressable two-TFT active matrix pixel as shown by the circuit diagram in Figure 7-

12(a) is fabricated. Here, one TFT (labeled T1) has as inputs a row (drain) and column (gate) 

voltage signal. The gate of the other TFT (T2) is connected to the source of T1, and the 

source of T2 is grounded. When both the row and column are “high”, T1 applies a voltage to 

the gate of T2 and is biased into saturation, providing a low resistance path to ground for one 

terminal of the TFEL device. The other terminal of the TFEL is connected to a high AC 

voltage source. In this scheme, a “high” signal is required on the row and column inputs to 

produce electroluminescence, while all other combinations of inputs result in no EL output. 

High AC voltages are needed to operate TFEL devices, which cannot be properly modulated 

by the TFTs themselves, as negative potentials cannot be applied to the source or drain of n-

type TFTs. Thus, the TFEL output is modulated by creating a ground path via T2, which is 

effectively controlled via T1. 

Fabrication of the pixel involves six mask levels and was built on a Corning 7059 glass 

substrate with 250 nm ITO and 220 nm ATO films obtained from Planar Systems Inc. The 

first two process steps consist of plasma etching of the ITO and ATO layer to allow 

fabrication of interconnected bottom-gated TFTs. The ITO layer is significantly thinned 

during plasma etching to reduce the step height and off-state leakage current through the 

TFT. The ITO acts as the gate electrode of the TFTs as well as the bottom contact for the 

TFEL device. The ATO dielectric is only used for the TFEL device where a high breakdown 

voltage and high-k dielectric is critical to device performance. The cross section illustrating 

the integration of a TFEL device with a single TFT is shown in Figure 7-12(b). 

After substrate etching, a 200 nm thick SiNx dielectric layer is deposited by PECVD at 

300 oC. This conformal layer acts as the gate dielectric for the bottom gated TFTs. The SiNx 

layer is lithographically defined and plasma etched using standard techniques. The 50 nm 

IGZO channel layer, 200 nm Eu:IGZO phosphor layer and 200 nm thick ITO contact layers 
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were put down by PLD in oxygen ambient at room temperature. PLD layers were 

individually patterned using standard lift-off lithography techniques. A plan view image of a 

processed chip with four pixels is shown in Figure 7-12(c). The final pixel is highly 

transparent, owing to the wide bandgap of the constituent layers. The light emitting area of 

the TFEL device is 2 mm x 2 mm. Three different channel lengths for TFT T2 i.e., 100, 200 

and 400 µm, were fabricated to investigate the effect of channel size on the transient 

characteristics of the TFT as well as the ability to modulate the TFEL device. The channel 

width for all TFTs was 800 µm and a single geometry was used for T1 (W/L = 800/200).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7-12: (a) Two-TFT pixel circuit for modulating a TFEL device. (b) Schematic 
illustration of the TFEL device incorporated with a single TFT. (c) The image of the finished 
active matrix pixel. The grid is 0.25" square. Note the highly transparent nature of the 
finished pixel. 
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Individual TFTs were electronically characterized using a Hewlett Packard 4155B 

parameter analyzer. The transient response of individual TFTs was measured using an 

Agilent 20 MHz waveform generator to apply a square pulse train to the gate or drain 

contacts. The transient response was observed by measuring the drain current using an 

EG&G model 181 preamplifier connected to a Tektronix DPO4104 1 GHz oscilloscope. 

Measurement of the transient characteristics of two interconnected devices was accomplished 

in a similar way. TFEL devices were biased using an Agilent 20 MHz waveform generator 

with an inverting amplifier to achieve the necessary biasing. The optical intensity of the 

TFEL device was measured using a calibrated, large area Si photodiode whose output was 

measured using a Keithley picoammeter.  

 

7.3.2 Discussion  

 

The static characteristics of individual TFTs, including IDS vs. VDS and √IDS vs. VGS curves 

were measured. It was determined that the TFTs are of high quality and demonstrate hard 

saturation, as shown in Figure 7-13(a). An Ion/Ioff ratio greater than 108 and an-off state 

leakage current on the order of 1 pA is achieved as demonstrated in Figure 7-13(b).  The 

subthreshold swing of 400 mV decade-1 was extracted from the transfer characteristics 

displayed in Figure 7-13(b), indicating linearity that meets requirements for fast transient 

response of TFTs. 
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Figure 7-13: (a) DC IDS-VDS curves for VGS from 0 to +16V. W/L = 800 µm/200 µm. (b) 
log(IDS)-VGS transfer curves for three IGZO TFTs with different channel lengths, given in 
microns. All TFT channel widths are 800 µm. 

 

The threshold voltage (~1 V) was determined by extrapolating the linear portion of the 

√IDS-VGS curve to zero as shown in Figure 7-14(a) and a saturation field effect mobility, μsat, 

of 7 cm2 V-1 s-1 was extracted. The dependence of the average mobility, μavg, on VGS in the 

linear regime is plotted in Figure 7-14(b). Both measures of carrier mobility are in good 

agreement. 

 

 

 

 

 

 

 

 

 

Figure 7-14: (a) A √IDS-VGS plot where the linear portion has been extrapolated to zero to 
determine the threshold voltage. (b) Carrier mobility is plotted as a function of gate voltage 
for an IGZO TFT in the linear regime, (W/L = 800 µm/200 µm). 
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The individual transient behavior of a single TFT (W/L = 800/100) was characterized 

using a waveform generator to individually pulse either VDS or VGS. To measure the response 

to a changing VGS, the gate voltage was pulsed from 0 – 10 V with a 50% duty cycle while 

applying 10 VDC to the drain. Subsequently, VDS was pulsed from 0 – 5 V with a 50% duty 

cycle while 10 VDC was applied to the gate contact. As shown in Figure 7-15, the response of 

the TFT to a change in VDS is faster than to a change in VGS. The slow response to a pulsed 

VGS is mostly due to the large area of the TFTs. The response to a pulsed VDS is quicker 

because the TFT channel is already formed as VDS is pulsed. These devices have not been 

optimized for high-speed operation, but seem capable of operating at the frequencies required 

by modern displays. The frequency response could be substantially improved through the use 

of a gate insulator with a higher relative dielectric constant, or by reducing the TFT active 

area. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 7-15: Single TFT switching characteristics, (a) VDS is pulsed 0-10 V and (b) VGS is 
pulsed 0-5 V. The trigger waveform represents a TTL output from the waveform generator. 
The biasing scheme of the TFT is also shown. 
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More important for pixel operation is the transient response of the interconnected TFTs, 

T1 and T2. The results shown in 7-16 demonstrate that these large devices are capable of 

operating at 120 Hz, which is a common operating frequency for modern LCD displays. 

However, the devices can be optimized to further improve upon the transient characteristics. 

Features of the TFT design that can be addressed to improve the transient response include 

reducing the channel area, reducing the overlap between the source or drain and the channel 

and increasing the dielectric constant of the gate insulator. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 7-16: Transient response for two interconnected TFTs where the drain current from 
T2 is plotted as a function of time. (a) The drain bias on T1 is modulated from 0 – 10 V at 
120 Hz with a gate voltage of 10 V. (b) The gate bias on T1 is modulated from 0 – 5 V at 120 
Hz with a drain bias of 10 V.  In both tests, the T2 drain bias is 10 V. The biasing scheme of 
the interconnected TFTs is also shown. 
 

Eu doped gallium oxide and IGZO electroluminescent (EL) devices have been processed 

and characterized by Wellenius et al. [148]. The electroluminescence seen in these devices is 

due to the characteristic of the emission of the Eu3+ dopant where the most intense emission 
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results from transitions from the 5D0 state to the 7FJ manifold. The main emission peak is at 

615 nm, due to the 5D0 to 7F2 transition in the rare earth ion. The narrow emission peaks can 

be useful for display devices as the result is a color with high spectral purity and the lack of 

emission from the IGZO host preserves the spectral purity of the Eu dopant. CIE color 

coordinates based on the EL emission were found to be (0.621, 0.362), which agree well with 

previous successful red TFEL devices [149].  

Figure 7-17 shows the cathodoluminescence (CL) and electroluminescence (EL) spectra 

of Eu:IGZO films and TFEL devices. The spectral features are identical for both experiments 

and the CL emission intensity was shown to increase with increasing oxygen pressure. Figure 

7-17 also shows the TFEL device in an on and off state.  
 

 
 

 
 

 

 

 

 

 

Figure 7-17: (a) Cathodoluminescence and electroluminescence spectra of Eu:IGZO doped 
films and a TFEL device. Photographs of the TFEL device off (b) and on (c) [148]. 
 

The output intensity of an individual TFEL device was characterized as a function of the 

applied AC voltage. In Figure 7-18(a), the device was driven by a 300 Hz sinusoid with a 

peak voltage from 40 to 100 V. The device threshold is near 40 V, but EL intensity increases 

rapidly beyond 40 V until it saturates near 65 V. From 65 V to 100 V, less than 10 % change 

in EL intensity is observed. The largest recorded photodiode current corresponds to 

approximately 2.5 cd/m2, which can be seen by eye in a dark room. 

Though the pixel was designed to be switched on/off by controlling the inputs of the two 

control transistors, the EL intensity could still be modulated, or turned off altogether, using  

(a) 

(b) (c) 
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Figure 7-18: (a) EL intensity as a function of excitation voltage for an individual Eu:IGZO 
TFEL device, excited by a sinusoid waveform. The peak EL intensity corresponds to 
approximately 2.5 cd/m2. (b) EL intensity for a TFT-modulated TFEL device with a peak 
applied voltage of 70 V at 300 Hz. The channel length of the modulating TFT are shown in 
the figure next to the corresponding data. The biasing scheme of the TFEL and the pixel 
element is also shown.  
 

just the gate input to TFT T2. Here, the driving waveform is the same 300 Hz sinusoid, but 

the peak voltage is set to 70 V and VGS2 is varied from 8 to 16 VDC for two TFT sizes (W/L = 

800/200 and 800/100). As shown in Figure 7-18(b), both TFTs were capable of modulating 

the output of the TFEL device over a wide range of optical intensity and with a clear 

threshold for luminance. Three important features are observed to depend on the TFT 

channel length: 1) the EL luminance threshold, 2) the sensitivity of the TFEL device to the 

applied gate bias and 3) the maximum observed TFEL luminance. Another interesting 

observation is that the EL intensity saturates at high VGS, with intensity well below which the 

TFEL device emits at the same applied AC voltage. As a simplification, this may be 
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explained by discussing the TFT as a variable current-limiting device in series with the 

TFEL. The instantaneous current through a TFEL device can be quite large as the polarity of 

the applied electric field is reversed. In this scenario, the instantaneous current flowing 

through the TFEL is modulated by the TFT. A reduction in current through TFT T2 results in 

a proportional reduction in TFEL emission. The effect of the channel length is then 

approximately consistent with TFT device theory. An increased channel length reduces the 

drain current in both saturation and linear regions of operation and is a likely factor in effects 

1) and 3). Furthermore, in the linear region of operation, an increased channel length 

negatively affects the transconductance of the device, which may impact 2). This is a 

complex system and requires further investigation to fully understand the mechanisms at 

work in TFEL device modulation. 

 

7.4 Conclusions 

 

Using room temperature processed transparent IGZO TFTs basic digital circuits such as 

inverters and ring oscillators were fabricated. A 5-stage ring oscillator with a minimum 

channel length of 10 and a gate and source drain overlap of 2.5 operates at more than 2 MHz, 

corresponding to a propagation delay of 50 ns per stage at a supply bias of 25 V. Effect of 

TFT channel length and gate and source-drain electrodes overlap or the circuit performance 

was evaluated. IGZO TFTs were used as switching transistors to fabricate an active matrix 

pixel featuring a Eu:IGZO TFEL phosphor layer. This TFEL device was successfully 

integrated with and modulated by a TFT by applying a gate voltage in the range of 8 to 16 

VDC, using the TFT channel as a ground path for the TFEL. IGZO TFTs were pulsed at 120 

Hz with good transient response, demonstrating IGZO as a viable material for active matrix 

backplanes.  
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CHAPTER 8 

 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

 

8.1 Conclusions 

 

The focus of the research presented in this dissertation is to develop indium gallium zinc 

oxide (IGZO) AOS thin films by the pulsed laser deposition process for thin film transistor 

applications and to identify the experimental as well as design parameters that influence TFT 

performance. Before IGZO can be extensively used its electrical stability and dynamic 

characteristics needs to be ascertained. This is the other area of research that has been 

described in this document.  

 

High mobility indium gallium zinc oxide (IGZO) thin films were deposited using pulsed 

laser deposition at room temperature. The deposited films were amorphous in nature and 

highly transparent and have a relatively sharp optical absorption edge near 345 nm for the 

film grown at 20 mTorr. Hall mobilities as high as 35 cm2 V-1 s-1 were observed. Oxygen 

partial pressure during deposition was found to have a profound effect on the electrical 

characteristics of the IGZO films. The carrier concentration and the Hall mobility of the films 

decrease monotonically as the oxygen partial pressure during deposition increased. By 

varying the oxygen partial pressure during deposition from 5 to 80 mTorr, the conductivity of 

the IGZO films can be varied over several orders of magnitude – from conducting to 

insulating.  

With the ability to control the carrier concentration in the IGZO films, transparent thin 

film transistors (TFT) were fabricated. IGZO (InGaZn5O8) TFTs showed an n-type 

enhancement mode behavior. Typical IGZO TFT characteristics with an ATO insulator were 

– VTH, µsat, Ion/Ioff, and subthreshold voltage swing, ~ 2 V, ~14 cm2 V-1 s-1, > 107, and 200 mV 

decade-1, respectively.  The oxygen partial pressure during IGZO deposition was found to 
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have a profound effect on TFT characteristics. TFTs with 25 mTorr channel layer showed 

ideal behavior with double (~ 14 cm2 V-1 s-1) the mobility compared to a 40 mTorr channel. 

A large hysteresis is observed in the 40 mTorr film due to the higher interface traps present. 

The influence of the semiconductor thickness, ts, was investigated. The variation in µavg with 

ts is minimal (< 15% variation), while Von decreases as ts increases. TFT characteristics are 

shown to be dominated by the semiconductor-insulator interface. ATO and AlOx seem to be 

relatively optimal candidates for gate insulator while silicon nitride appears to be a poor 

choice. By utilizing AlOx with high gate capacitance density, TFTs with low operating 

voltages (< 5 V) were achieved with good characteristics. Using the channel resistance 

method the parasitic source-to-drain resistance (normalized for the width of the TFT) was 

determined to be 23 Ω cm, which indicates a low resistance contact between the ITO and the 

semiconductor. The mobility shows an almost channel-length independent behavior with 

mobility decreasing slightly (< 15%) as the channel length varied from 50 µm to 4 µm. 

Taking advantage of the room temperature process, IGZO TFTs with good characteristics 

were demonstrated on flexible substrates (PET).  

 

The bias stress stability of IGZO TFTs was evaluated. When a constant positive gate bias 

stress was applied, a positive threshold shift in the transfer characteristics was observed. The 

mobility and the sub-threshold voltage swing remain unchanged after the stress indicting that 

no new defect states were created at the channel/insulator interface after the device was 

stressed. The threshold voltage shift was observed to be logarithmically dependent on the 

duration of the bias stress. The logarithmic dependence of the threshold voltage shift on the 

duration of the bias stress was modeled using simple electrostatic considerations. The 

validity of the model was verified for both short (103 s) and long (105 s) stress durations. This 

logarithmic relationship is representative of charge trapping at the semiconductor/insulator 

interface. A negative bias stress does not induce a threshold voltage shift due to the 

unavailability of electrons for the trapping and tunneling process. 
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A transparent IGZO TFT with non-volatile memory characteristics was developed. 

Atomic layer deposited platinum nano-particles were incorporated in the gate dielectric stack 

of the transistor. The Pt-NPs act as a floating gate and charge-trapping layer. The Pt-NPs 

were in the 2 – 5 nm range and were imaged using several techniques such as FESEM and 

TEM. The Pt-NP density was determined to be ~ 2 x 1012 cm-2 and capable to storing 1 to 3 

electrons per particle depending on the programming voltage and duration. By applying a 

positive gate bias the memory device was programmed showing a positive Von shift. The 

memory window increases with programming duration and which tends to saturate after 3 s. 

50% charge retention after 106 s and 10% charge retention over 10 years was determined for 

the memory TFT. A negative bias was unable to erase the device completely and this was 

explained by the large energy barrier offset for the erase process. Using a UV light source the 

memory device could be erased showing that the photon energy from the UV illumination 

was needed to effectively overcome the barrier.  

 

Using room temperature processed transparent IGZO TFTs basic digital circuits such as 

inverters and ring oscillators were fabricated. The voltage gain of a simple inverter circuit 

was about 2.5 – 3 and the positive TFT threshold voltage permits the design of circuits 

without level shifting. 5- and 7-stage ring oscillators were fabricated with different channel 

lengths (10 µm and 20 µm) and gate and source-drain electrodes overlap (2.5 µm and 5 µm). 

A 5-stage ring oscillator with a minimum channel length of 10 and a gate and source drain 

overlap of 2.5 operates at more than 2 MHz, corresponding to a propagation delay of 50 ns 

per stage at a supply bias of 25 V. The circuits also operate at low voltages with oscillation 

beginning at a supply voltage of about 6 V. These results demonstrate that an all-transparent 

and fast circuit can be fabricated with IGZO films at relatively low temperatures.  

To explore the suitability of IGZO TFTs as switching transistors an active matrix pixel 

was fabricated featuring IGZO TFTs and europium doped IGZO as a TFEL phosphor layer. 

The phosphor demonstrates electroluminescence characteristic of the Eu3+ dopant, resulting 

in emission comparable to that of earlier red TFEL devices. This TFEL device was 

successfully integrated with and modulated by a TFT by applying a gate voltage in the range 
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of 8 to 16 VDC, using the TFT channel as a ground path for the TFEL. IGZO TFTs were 

pulsed at 120 Hz with good transient response, demonstrating IGZO as a viable material for 

active matrix backplanes. TFT channel geometry is an important consideration for TFEL 

modulation as the length was observed to affect many facets of the TFEL luminance. These 

results indicate the viability of IGZO TFTs for active matrix display applications. 

 

8.1 Suggestions for future work 

 

1. Channel material – Multicomponent oxide semiconductors offer an opportunity to vary 

the ratio of the constituent oxides to effectively give flexibility in the stoichiometry of the 

oxide used. A systematic method using a combinatorial approach can be used to identify the 

optimal composition of the oxide for TFT application. While picking a particular 

composition the entire spectrum of TFT figures-of-merit including, Von, VTH, Ion/Ioff, 

subthreshold swing and the long-term device stability need to be evaluated. 

2. Annealing of thin films and devices – In this dissertation all the pulsed laser depositions 

were carried out at room temperature with no intentional heating of the layers. 

Predominantly, the majority of the research on amorphous oxide semiconductor based TFT 

involves some form of post deposition or post fabrication annealing. Fundamental changes in 

the semiconducting oxide thin films and the interfaces due to annealing would dictate the 

properties of the TFTs. Preliminary annealing studies in our group show that annealing at 

modest temperatures brings about a reduction in the carrier concentration leaving the 

mobility largely unchanged [150] – Figure 8-1(a). We also observe that the bias stress 

stability improves with annealing – Figure 8-1(b). This shows that annealing studies on oxide 

semiconductors is critical. 
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Figure 8-1: (a) Effect of post-deposition annealing in air on electrical conductivity as a 
function of time for two different temperatures, (●) 175 °C and (■) 200 °C. (b) Evolution of 
normalized current and threshold voltage shift with bias stressing for an as-processed TFT 
and a TFT with a post deposition anneal (300 °C for 1 hr in air).  
 

3. Device passivation – Passivation is an integral part of circuit fabrication and integration 

for the mechanical/chemical protection of devices. Passivation especially on bottom-gated 

structures, where the back surface is exposed, would modify the entire electrostatics of the 

TFT. The back surface, which is usually depleted when exposed to air due to oxygen/water 

vapor being chemisorbed might not be completely depleted or in some cases form an 

accumulation layer and hence change the Von/VTH of the TFT. Depending on the passivation 

layer and the method of application the back surface of the semiconductor layer might get 

damaged. To factor in the changes due to device passivation, the semiconductor layer 

deposition conditions such as oxygen partial pressure and thickness would need to be 

optimized and/or post deposition anneals would be necessary. It has been also been reported 

that passivated TFTs show better bias stress stability compared to unpassivated TFTs making 

the study of TFT passivation important. 

4. Exploration of p-type material – In this dissertation some basic devices such as TFTs 

and memory elements were demonstrated. A p-n diode was not attempted due to the paucity 

in p-type oxide semiconductors. Probably the first step would be to develop a p-type 
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degenerate semiconductor, which might lead to the realization of a p-type oxide 

semiconductor TFT. P-channel TFTs would in turn lead to a complementary circuit 

technology. Several potential candidates have been proposed such as NiO, CuO, and SnO. P-

type oxides suffer due to low mobility and require a high temperature annealing treatment to 

improve their performance and also hole injection might be difficult in these films. 

5. Gate insulator – Apart from the channel material, the most important component of the 

TFT is the gate insulator since the carrier flow is at the semiconductor/insulator interface. 

The insulator dictates the characteristics of the TFTs as shown in this dissertation. 

Developing a low-temperature insulator with reasonable gate leakage and high capacitance 

per unit area to minimize device-operating voltages would be of great value. Atomic layer 

deposition seems to be an attractive method to achieve these characteristics. The 

compatibility of the insulator with the semiconductor, leading to low interface states and 

improved device stability, is another critical factor. 

6. Devices on flexible substrates – The compatibility of the TFT processing used in this 

study with flexible substrates was established. Further research is required to completely 

characterize the TFTs on flexible substrate and to make functional circuits and move towards 

flexible electronic applications. Especially the stresses involved during flexure and its effect 

on the TFT characteristics need to be determined. 

7. Kinetics of charge trapping – In Chapter 5 it was briefly mentioned that the threshold 

voltage shift seen after stress biasing recovered when the TFT was left unbiased. Figure 8-2 

shows the effect the bias voltage magnitude on VTH recovery. The device stressed at 30 V 

does not completely recover even after 6 hr. The evaluation of the kinetics of this recovery 

mechanism would shed more light on the energy levels of the defect states involved in the 

charge trapping process. Testing the TFTs at different temperatures could be used to extract 

the activation energy related to this process. 
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Figure 8-2: The VTH is recovered when the TFT is left unstressed, completely for a TFT 
stressed at 25 V (a) and partially for a TFT stressed at 30 V (b). Initial stress duration is 500 
s. 
  

8. Transistor structure – In this study and predominantly in literature, bottom gated TFT 

structures are used to evaluate oxide semiconductor TFTs. Design and characterization of top 

gated TFT structures would be desirable giving more flexibility in integrating these devices. 

Also the top gated structure could be used to determine the work function values of the 

various degenerately doped amorphous oxide semiconductors that are available. The top 

gated structure provides a natural passivation to the semiconductor layer as well. 

9. Device integration – Though in this study inverters and ring oscillators using IGZO TFTs 

were successfully demonstrated, it would be worthwhile to attempt other circuits such as 

logic gates, current mirrors. Additional requirements or constrains placed by these circuits 

would be helpful in ascertaining the limits of amorphous oxide semiconductor based devices. 

The pattering of the active layer (IGZO) in the ROs and pixel structure in this study was by a 

lift-off process. By developing an etch recipe for IGZO and other layers, smaller devices can 

be fabricated which potentially would lead to faster circuits and would be helpful to 

determine the full potential of oxide semiconductors.  
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