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1 Introduction 

Thin-film transistors (TFTs) and transparent thin-film transistors (TTFTs) based on 

amorphous oxide semiconductor channel materials such as InGaZnO (IGZO) and ZnSnO 

(ZTO) have generated recent interest [1-7] for applications requiring high mobility, high 

current transistor elements such as active matrix organic light emitting diode (AMOLED) 

display backplanes.  Because such displays are emissive and current driven, high mobility is 

important. The stability of the TFTs that control the visual elements is critical for high display 

quality, because shifts in the turn-on voltage during operation will strongly affect the 

individual pixel brightness and produce visual artifacts. 

Thin film transistor technology is currently dominated by amorphous hydrogenated 

silicon (a-Si:H), yet this material exhibits several drawbacks. Perhaps most significantly, a-

Si:H  mobility is generally limited to less than 1 cm2/V·s which limits its use in current-

driving applications. Another major drawback is that significant irreversible instabilities occur 

upon exposure to light and bias stressing [8-10]. Even with these drawbacks, the use of silicon 

nitride as a gate dielectric has allowed for operation stable enough for the flat panel display 

market to be dominated by a-Si:H. 

AOS materials generally exhibit high mobilities relative to a-Si, in the range of 20 

cm2/V·s, depending on deposition parameters and annealing temperatures [11]. This is roughly 

an order of magnitude better than current a-Si technology. Many AOS materials are capable of 

low-temperature processing while retaining high mobility. ZTO and IGZO in particular have 

relatively high mobilities of >10 cm2/V·s at  low processing temperatures (less than 400 °C) 

[7,12,13]. ZTO has the additional advantage of having extremely inexpensive base elements 
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compared to most other AOS materials which incorporate rare gallium or indium. Despite 

these advantages, stability and reliability issues are still a barrier to commercialization. It is 

known that the stability and reliability of TFTs can depend critically upon the 

dielectric/channel interface [14-17]. However, it is possible that dielectric materials which 

form favorable dielectric/channel interfaces may have undesirable bulk behavior, and vice-

versa. It would therefore be ideal to be able to independently change the bulk and interface 

properties of dielectric materials. 

In this thesis, nanolaminate structures of ZrO2 and Al2O3 (hereafter collectively referred 

to as ZAO) deposited by atomic layer deposition (ALD) are used to optimize the long-term 

stability and overall performance of IGZO TFTs. The use of layered structures allows more 

freedom in the selection of bulk and interface material properties compared to the use of a 

single oxide. Looking at the case of ZAO, Al2O3 alone is generally fully amorphous as-

deposited and remains so up to 900 °C, but can introduce VON instability when interfaced with 

AOS channels as a bulk material [16, 17]. ZrO2 alone has a high κ but has high leakage and 

can have a rough surface as-deposited [18]. Nanolaminate high-κ dielectrics can allow 

independent tuning of dielectric properties, because the interface material can be chosen to 

suit the channel material [15] while the bulk can to be composed of a different or mixed 

material. A material with superior properties to its constituent elements, optimized for a 

particular semiconductor material, can be formulated by varying the composition and layering 

details of the nanolaminate. 

This thesis is organized into the following sections: Chapter 2 contains background 

information and an overview of TFT structures and testing methods, as well as a summary of 

the development of the materials used; chapter 3 outlines the methods of device fabrication 
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and testing; chapter 4 contains the results of experiments supporting the importance of 

interfacial materials; chapter 5 presents the results of experiments with an array of ZAO 

material structures and interface types; chapter 6 gives conclusions and future research 

recommendations. 
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2 Background 

This chapter contains an outline of the structure and operational parameters of TFTs, and 

a summary of the materials used and their recent development. 

2.1 Thin Film Transistors 

2.1.1 Device Structures 

Thin film transistors (TFTs) can be made in four distinct varieties [19] according to the 

location of the gate (above or below the channel) in relation to the source and drain (on the 

same side of the channel as the gate or the opposite). As seen in Figure 1, the four types are: 

(a) staggered top gate, (b) coplanar top gate, (c) staggered bottom gate, and (d) coplanar 

bottom gate. Coplanar structures (b) and (d) have the advantage of conducting directly from 

the source/drain to the accumulation region, rather than across the total thickness of the 

channel, while staggered structures (a) and (c) can be easier to fabricate. The particular type of 

TFT used in this research is a common variation of the staggered bottom gate structure, with a 

shared substrate and gate forming the bottom layer. 
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Figure 1. The four major thin-film transistor structure types: (a) staggered top gate, (b) 

coplanar top gate, (c) staggered bottom gate, and (d) coplanar bottom gate 

2.1.2 Operation and Characteristics 

In general, AOS TFTs are accumulation-mode devices, with the channel forming an 

accumulation layer for conduction, in contrast to traditional CMOS transistors, where the 

channel forms an inversion layer to create the conduction region. This difference is in part due 

to the large band gap of transparent oxides which requires that a large surface potential be 

present for inversion, as well as the extremely low intrinsic carrier concentration which 

severely limits the minority carrier generation rate [20]. This limits the regions of operation to 

those seen in Figure 2: (a) accumulation, (b) flat-band, and (c) depletion. The accumulation-

mode operation leads to a change in terminology where the threshold voltage (VT) associated 

with a metal-oxide-semiconductors field effect transistors (MOSFET) is replaced by the 

analogous turn-on voltage (VON) for TFTs [21], described below. This eliminates the 



6 

 

 

 

ambiguity of VT being defined only for inversion-mode devices and introduces a parameter 

with the practical definition of the gate voltage at which a sudden, rapid drain current increase 

is observed. Most TFTs in practice are also enhancement-mode devices. This means that they 

are normally in the off state when no gate bias is applied and require a positive gate bias to 

turn on. The less-frequently-used depletion-mode TFTs are normally in the on state and 

require a negative gate bias to turn off. 

 

 

Figure 2. Energy band diagrams for an ideal n-channel TFT under bias conditions of (a) 

VGS < 0, (b) VGS = 0, and (c) VGS > 0, 

2.1.3 Operational Parameters 

There are several key parameters which serve as indicators of overall device quality and 

performance. Firstly, the turn-on voltage (VON), analogous to the MOSFET threshold voltage, 

determines the voltage applied to the TFT gate which allows conduction through the channel. 

It is shown graphically in Figure 3. It is empirically defined as the gate voltage which 

produces an onset of drain current, and corresponds, ideally, to the transition from flat-band to 

EC 
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EC 

EV 
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(1) 

accumulation in the TFT channel [1], which leads to the onset of drain/source current through 

the accumulation layer. For enhancement-mode TFTs, a VON slightly above 0V is generally 

desirable, depending on requirements. Changes in turn-on voltage (referred to as ∆VON) that 

result from biasing the device for long periods of time are detrimental and undesirable. 

 

Figure 3. Graphical locations of VON and ION/IOFF relative to a typical TFT transfer curve 

 

The mobility (µ) of the channel determines the overall "driving ability" of a TFT element 

in the on-state. There are several variations of mobility calculations that could be used, but the 

parameter used in this work is the incremental mobility (µinc), extracted using the method 

described by Hoffman [21]. µinc is analogous to the field-effect mobility of MOSFET 

structures, and characterizes the mobility of additional carriers introduced into the channel by 

an incremental increase in gate bias. µinc is defined as 
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where Gd is the channel conductance extracted from the ID/VGS transfer curve and CG is the 

calculated geometric capacitance of the gate oxide. The maximum incremental mobility, 

µinc(max), is reported. Charge trapping instabilities in TFTs may screen the applied gate 

electric field, resulting in shifts in VON, which correspond to rigid horizontal shifts in the 

ID/VGS curve. To ensure that a consistent effective gate field is used, µinc(max) is defined as the 

µinc at which an electric field 1 MV/cm beyond VON is applied to the gate. 

ION/IOFF is a measure of the ratio of on-current to off-current. A TFT ION/IOFF on the order 

of 106 or higher is generally desirable to maintain robustness and noise immunity when 

devices are integrated into circuits. A graphical representation of ION/IOFF is also shown in 

Figure 3. 

An important aspect of TFT operation is the subthreshold swing (SS), defined as 

	  

and reported in units of mV per decade, a decade being a tenfold increase in ID. SS depends 

strongly upon the capacitance density of the gate dielectric, as well as the density of interface 

states at the dielectric/channel interface. SS is desired to be as low as possible, because it 

determines the speed of transition between the on and off states of a transistor. Faster on-off 

transitions translate into both faster device operation and decreased power consumption in 

circuits. Decreasing SS provides a strong motivation for high-κ dielectric materials to increase 

the speed of device turn-on. 
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TFT hysteresis is a horizontal shift in the ID/VGS transfer curve between the positive- and 

negative-going sweep direction. Any hysteresis is undesirable as it is indicative of a change in 

VON, which is ideally constant. Hysteresis can be clockwise (positive-going curve to the left) 

or counterclockwise (positive-going curve to the right). Hysteresis is defined as the difference 

in VGS between the positive-going and negative-going sweep that produces a constant ID, and 

is measured in the subthreshold region. An example is shown in Figure 4. For measurement 

accuracy, the constant ID measurement point used is approximately ID = 10-9 A, where the SS 

is steep and the change in VGS more apparent. 

 

Figure 4. Hysteresis measurement example 

2.1.4 Reliability and Stability 

To investigate and compare the stability of devices under long-term bias conditions, bias 

stress tests were performed and ∆VON versus stress time (plotted on a semi-log scale) was 

Hysteresis

Constant ID point 
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extracted. As discussed earlier, the change in VON over time as a TFT is under biased 

conditions is of critical importance to the suitability of AOS TFTs to commercialization This 

is particularly important in current-driver application such as in AMOLED displays where 

shifts in VON will directly affect pixel brightness. 

2.2 Channel Materials 

This section briefly reviews the current amorphous silicon (a-Si) technology and outlines 

the recent development of amorphous oxide semiconductor (AOS) channel materials. AOS 

materials have a number of advantages over a-Si which may lead toward their eventually 

replacing a-Si as the dominant commercial TFT channel material. 

2.2.1 Amorphous Silicon 

Hydrogenated amorphous silicon (a-Si:H) is currently the dominant semiconductor used 

in TFT display manufacture. Besides being opaque, a-Si:H exhibits low mobility (~1 

cm2/V·sec) which limits its use as a current-driving element. This is due to the conduction in 

silicon taking place through highly directional sp3 orbitals, which have very little overlap 

when amorphous, but are tightly aligned when crystalline [3]. Another major drawback is that 

significant irreversible instabilities occur during light exposure and bias stressing [8-10]. Even 

with these drawbacks, the use of silicon nitride as a gate dielectric has allowed for operation 

stable enough for the flat panel display market to be dominated by a-Si:H. 

2.2.2 Amorphous Oxide Semiconductors 

The precursors to AOS materials began with the development of transparent 

semiconductors, which in 2003 accelerated with nearly simultaneous reports of  ZnO-based 
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TFTs by Masuda et al. [4], Hoffman et al. [1], and Carcia et al. [2]. ZnO TFTs had been 

attempted earlier [22] but did not exhibit true saturating behavior. Carcia et al. in particular 

showed that adequate performance at very low temperature processing was possible with 

transparent oxide materials. 

Multi-component materials that were fully amorphous, indium-gallium-zinc-oxide 

(IGZO) in particular, were first used for TFT channel layers starting in 2004 [3]. AOS 

research has accelerated further with the recent introduction of many novel material 

combinations such as zinc-indium- oxide (ZIO), zinc-tin-oxide (ZTO), and gallium-indium-

oxide (GIO). The mobility of these materials can be much higher than that of a-Si because the 

method of conduction is via large, symmetric ns-orbitals which do not depend on an oriented 

crystalline structure to have a high degree of overlap [3]. Although their performance is 

impressive, commercialization of AOS-based technologies will require further optimization of 

overall performance and reliability of devices [11,23]. 

2.3 Nanolaminate Dielectric Materials 

The use of multi-layer or nanolaminate gate dielectrics can allow for independent tuning 

of the properties of the bulk dielectric and the dielectric/channel interface to attain superior 

performance to that of simple binary oxide dielectrics [24-26]. This can make the use of some 

high-κ dielectrics more attractive if undesirable properties can be mitigated by using an 

appropriate interface layer [13,14,17]. ALD is particularly suited to this purpose, as it can 

deposit very high-quality films without requiring potentially damaging environments such as 

those associated with sputter deposition [5]. 
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2.3.1 ZrO2/Al2O3 structures 

ZrO2 has several desirable properties such as a high κ of approximately 25, depending on 

the dominant crystalline structure (if present), and fairly good transparency. However, it 

crystallizes readily during deposition and subsequent annealing which may not be desirable 

for TFT manufacture where a smooth dielectric/channel interface is necessary. Al2O3 can be 

added in layers to control the crystallinity and interface properties of ZrO2 in order to optimize 

the overall dielectric material structure. ZrO2/Al2O3 structures have been recently investigated 

for use in MIM capacitor structures for memory and high-frequency applications [27-29] as 

greater and greater capacitance densities are required. A very thin Al2O3 layer is frequently 

employed in the middle of a much thicker ZrO2 layer (referred to as a ZAZ dielectric structure, 

Figure 5a) to reduce the crystallinity of the ZrO2 by interrupting grain growth [27-29]. For 10 

nm layers of ZrO2, it was found that at least 0.5 nm of Al2O3 was needed to successfully 

prevent large crystal grains from growing and propagating throughout the material [18]. An 

alternate structure [30] has also been used in developing MOS structures, composed of thin 

Al2O3 layers on the outside of a thicker ZrO2 inner layer (referred to as AZA, Figure 5b), 

which can be used to control oxygen migration and formation of undesirable oxides at the 

dielectric/semiconductor interface. 
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Figure 5. Two typical variations of zirconium oxide / aluminum oxide dielectric for 

DRAM or high-frequency capacitors 

The purpose of the multi-layering, in many cases, is to suppress crystallization in the 

ZrO2 layers, especially at or near the interfaces. Multi-layering can also reduce leakage and 

provide barriers to diffusion. In TFTs in particular it is also possible, because many different 

materials can be used to halt grain formation in a bulk oxide, to select interfacial materials 

which exhibit favorable properties in conjunction with the channel material that is used. There 

is relatively little work, however, on the development of thick-film dielectrics using the 

ZrO2/Al2O3 multilayered structure such as thick ZAO nanolaminates. A thin ZrO2/Al2O3 

bilayer been proposed as an alternative to SiO2 dielectrics for MOS devices, citing improved 

dielectric properties compared to ZrO2 or Al2O3 alone [24], although performance in actual 

devices was not examined in that study.  Thick-film dielectrics based upon the ZAZ or AZA 

structure can be nanolaminates composed of repetitions of the same two-layer structures 

(AZAZAZ for example) [25,28]. By controlling the relative amounts of each component and 

choosing the material to reside at the interfaces, the dielectric constant and other dielectric 

properties can be tailored. 

Al2O3 

Al2O3 

ZrO2 

ZrO2 

ZrO2 

Al2O3 

ZAZ layered dielectric AZA layered dielectric 



14 

 

 

 

3 Experimental Methods 

This sections outlines the experimental and testing methods used in this work. First, the 

device structures used in this work are described. Next, substrate preparation techniques are 

described. Deposition methods are reviewed and finally, measurement and analysis methods 

are described. 

3.1 TFT Fabrication 

The staggered, bottom-gate devices used in this work are designed to minimize the 

number steps in fabrication, exposure to atmosphere, and use of chemical agents. The 

structure has four electrical layers as seen in Figure 6: drain/source, channel, dielectric, and 

gate. It uses two masks to define active areas: one for the channel and one for the source/drain 

contacts. A blanket gate dielectric is used, consisting of pure ALD Al2O3, PECVD SiO2, ALD 

Al2O3 capped with a thin PECVD SiO2 layer, or an ALD ZAO nanolaminate. The silicon 

substrate is used as a bottom gate electrode. 

 

 

Figure 6. Particular TFT cross-section used in this work. The substrate and gate share a 

common electrical layer 

Gate dielectric 

AOS channel 

Drain Source 

Substrate / gate 
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The top-down schematic of a representative TFT is shown in Figure 7. The nominal 

dimensions of the TFT are a length of 100 µm, set by the source/drain shadow mask (red in 

Figure 7), and a width of 1000 µm, set by the channel layer shadow mask (blue in Figure 7). 

The source/drain contacts are deposited with aluminum, and either ZTO or IGZO is used as 

the channel material. 

 

 

Figure 7. Top-down schematic of TFT structure. 

3.2 MIM and MIS devices 

To quickly evaluate the electrical parameters of gate dielectrics, simpler structures than 

TFTs are used. Metal-insulator-semiconductor (MIS) and metal-insulator-metal (MIM) 

devices consisting of a blanket dielectric are deposited on a silicon substrate, followed by an 

evaporated aluminum contact defined by a shadow mask. Use of lightly-doped silicon as a 

substrate results in an MIS device (Figure 8) while heavily-doped silicon results in an MIM 

device (Figure 9). The evaporated aluminum contacts set the device area. Three different areas 

(0.012 mm2, 0.025 mm2, and 0.050 mm2) are used to calculate parameters. 

W 

L
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Figure 8. MIS capacitor cross-section. 

 

Figure 9. MIM capacitor cross-section. 

3.3 Dielectric Bilayers 

The nanolaminate dielectric structures used in this work are composed of repeating 

elements referred to as bilayers, composed of two material layers of varying relative 

thicknesses. A single bilayer is repeatedly deposited a number of times to build a film of the 

desired thickness, as shown in Figure 10. The composition of the laminate is determined by 

⁄  where  is the thickness of ZrO2 and  is the thickness of Al2O3 within 

the bilayer. Composition is reported as a percentage, e.g. % ZrO2. 
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Figure 10. Schematic of a nanolaminate dielectric structure composed of three bilayers 

 

3.4 Device Preparation 

3.4.1 Substrate Materials 

Two types of substrates are generally used for the transistor structures covered in this 

thesis: silicon and ITO-coated glass. Silicon substrates for CV measurements on MIS 

capacitors are boron doped to a resistivity of 12-15 Ω/cm (dopant concentration NA ≈ 1014), 

while silicon substrates for MIM capacitors  and TFTs are boron doped to a lower resistivity 

of 50-80 mΩ/cm (NA ≈ 1019). ITO-coated glass substrates (obtained from Delta Technologies) 

are made from Corning 1737 borosilicate glass, coated with approximately 180 nm of 

transparent indium-tin-oxide with a nominal sheet resistance of 15 Ω/sq. 

3.4.2 Substrate Surface Preparation 

The following is an overview of the substrate preparation and cleaning methods 

employed before film deposition, used when making TFTs and MIM/MIS capacitors. 

Al2O3 

ZrO2 

Al2O3 

ZrO2 

Al2O3 

ZrO2 % ZrO2 

% Al2O3 

Bilayer thickness 

Total thickness 
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3.4.2.1 Silicon Substrate Dicing 

Silicon substrates are obtained from 6 in. wafers diced to 25 x 25 mm substrates. Scribe 

lines are etched using a laser (ESI5330 UV laser), along the (100) cleavage planes. After 

scribing, the substrates are separated by applying uniform stress along the scribe lines. Silicon 

dust is removed with high pressure nitrogen. 

3.4.2.2 Cleaning 

Both glass and ITO substrates are cleaned using an AMD (acetone, methanol, DI water) 

clean in which methanol is replaced by (functionally equivalent) isopropyl alcohol (IPA). 

Prior experiments have shown that if acetone evaporates on a substrate, an organic film is left 

behind that significantly affects later processing, ultimately with catastrophic effects on device 

performance. Therefore, great care was used to ensure full wetting of acetone and the 

complete liquid-phase dissolution of any acetone in IPA. Ultrasonic cleaning was briefly used 

in earlier experiments with ITO substrates to assist in oily film removal (the film having been 

introduced during manufacturing, handling, and shipping) but resulted in increased surface 

roughness as determined by AFM measurement, and did not improve device performance over 

a standard AMD clean cycle. Sonication is not used for current devices. The wet clean is 

followed by a N2 blow dry and dehydrating bake at 125 °C for a minimum of 15 min before 

further processing. 

3.4.2.3 Handling 

Substrates are handled with particular attention to minimizing surface contaminates. With 

the aim of reducing handling time and the duration exposed to air, substrates are held with 

tweezers during the entire cleaning cycle, without repositioning or changing the hold location. 

This leaves the small covered area on the edge of substrates without cleaning, however, it is 
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well outside of the electrically active area. This technique has been seen to increase device 

yield compared to a longer, more thorough cleaning involving many changes of tweezer 

positions. Experiments are performed in a class 1000 cleanroom with face masks worn at all 

time when substrates are exposed to reduce the transfer of airborne particles. Substrates are 

stored in an N2 atmosphere when not under measurement or transport. 

3.4.2.4 Interfacial surface 

Notable in the substrate preparation, described above, is the absence of an etching step to 

remove the native oxide from silicon substrates. It was found that hydrofluoric acid became 

quickly contaminated with particulates and other substances which left a spotty film on etched 

substrates. Nucleation in the ALD process can also be modified by the presence of a 

hydrogen-terminated surface, which is more hydrophobic than the native oxide hydroxide-

terminated surface. Because of this, the native oxide was retained on the silicon substrates and 

assumed to be of negligible thickness compared to the relatively thick ALD film layers. All 

devices in this work were manufactured from silicon wafers packaged for the same duration 

under identical conditions. The native oxide thickness is therefore assumed to be constant 

between devices. This assumption has been reinforced by periodic measurement of native 

oxide thickness, which lies in the range of 1.2 to 1.5 nm. 

3.5 Deposition Techniques 

3.5.1 Atomic Layer Deposition 

All oxides other than SiOx are deposited by atomic layer deposition (ALD) using a 

Picosun Sunale 150 ALD reactor. ALD utilizes a process similar to chemical vapor deposition 

(CVD), but separates each precursor's surface reaction into separate steps. Alternating pulses 
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of precursors are used with nitrogen purge periods placed between exposures in order to 

prevent any gas-phase reactions between the two precursors. 

An ALD process cycle is shown in a simplified fashion in Figure 11. A complete ALD 

cycle consists of (1) Precursor A injection into the reaction space forming (ideally) a single 

monolayer of  Precursor A chemisorbed on the substrate surface, (2) purging of the reaction 

space with nitrogen to remove all excess and physisorbed (weakly bonded due to van der 

Waals forces as opposed to the chemically bonded monolayer) precursor, (3) injection of 

Precursor B into the reaction space forming a second monolayer atop the A layer, and (4) 

again purging the reaction space in preparation for repeating the cycle. Repeating this process 

cycle will result in a film of AXBY being deposited at a very controllable rate, ideally 

specifiable to monolayer precision. 
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Figure 11. ALD cycle diagrams. 

 

Al2O3 was deposited at 250 °C using 97% purity trimethylaluminum, Al(CH3)3 (referred 

to as TMA) and water, both evaporated at room temperature. ZrO2 was deposited also at 

250 °C using 96% purity tetrakis(ethylmethylamido)zirconium, Zr[N(CH3)(C2H5)]4 (referred 

to as TEMAZ) evaporated at 95 °C in a heated precursor vessel and water evaporated at room 

temperature. The deposition temperature was chosen to be 250 °C based upon the overlap of 

the temperature ranges of the deposition of both Al2O3 and ZrO2 which produce consistent 

film quality. Water used as an oxidizer in ALD was purified and deionized to 18.2 MΩ. 

Details of the deposition timing parameters for each material are given in Table 1. Pulse and 

purge times are found from characterization of the precursor system, and are typical for ALD. 
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Table 1. ALD precursor parameters 

Material Metal Precursor 
Pulse Time (sec) 

Metal Precursor 
Purge Time (sec) 

Water Pulse 
Time (sec) 

Water Purge 
Time (sec) 

Al2O3 0.1 3.0 0.1 3.0 
ZrO2 1.0 8.0 0.2 8.0 
 

3.5.2 SiO2 Chemical Vapor Deposition 

SiO2 gate insulators were deposited by plasma-enhanced chemical vapor deposition 

(PECVD) at 400 °C using 2% silane (balanced in helium) and nitrous oxide as precursors. The 

thickness of the resulting oxide is proportional to the exposure time in the deposition chamber. 

Process gasses (silane, nitrous oxide, helium) were commercially available ultra-high purity. 

3.5.3 AOS Channel Sputtering 

ZTO and IGZO channel layers were deposited via RF sputtering through a shadow mask 

in an Ar/O2 atmosphere using ceramic targets. ZTO was deposited using 100 W of RF power 

(2.2 W/cm2), a 90/10 argon/oxygen ratio, and a deposition pressure of 5 mTorr using an AJA 

sputtering system. IGZO is deposited using 100 W of RF power (2.2 W/cm2), a 90/10 

argon/oxygen ratio, and a deposition pressure of 5 mTorr, using a custom-built sputtering 

system. For either channel material, the nominal deposited channel thickness is 60 nm. 

3.5.4 Al Contacts 

Al contacts were deposited via thermal evaporation through a shadow mask using a 

Polaron evaporation station. Contacts are nominally 400 nm thick, from two clips of pure 

aluminum wire evaporated under high vacuum from a tungsten evaporation basket. Electrode 

area is found optically by measuring the Al deposition area via computer imaging software. 
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3.6 Annealing 

All TFT devices were annealed after channel deposition and prior to source/drain contact 

evaporation. The anneal temperatures were chosen from existing work [31,32] and prior 

experience to produce good overall performance and consistency. Higher anneal temperatures 

can produce high mobilities, but may result in partial crystallization of oxides in the AOS 

semiconductor. An anneal temperature of 400 °C was chosen for ZTO and 300 °C for IGZO. 

The ramp rate and anneal hold time for ZTO are 5 °C/min and 1 hour, respectively. For IGZO 

the ramp rate and hold time are 2 °C/min and 1 hour. 

3.7 Measurement Methods 

All electrical measurements are performed in air at room temperature, within a dark box 

and probe station equipped with a floating ant-vibration table. 

3.7.1 Ellipsometry 

Pure oxide film thicknesses were measured using single-wavelength ellipsometry. Film 

thicknesses are verified against more accurate but time-consuming spectroscopic ellipsometry 

periodically to confirm accuracy. 

3.7.2 X-ray Diffraction 

As is has been shown that ZrO2 can be partially crystalline as-deposited [18]. A Bruker-

AXS D8 Discover X-ray diffraction (XRD) tool was utilized to determine the presence of 

crystallinity in ZrO2 film samples. 
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3.7.3 Dielectric Properties 

Dielectric properties are measured on two ways, with capacitance-voltage (C-V) 

measurement and with current-voltage (I-V) measurement. 

3.7.3.1 C-V Measurement 

The dielectric constant, κ, for a given dielectric thickness was measured by analyzing 

capacitance-voltage (CV) curves from three sizes of MIS capacitor. The curves were measured 

using an Agilent E4980a RLC meter at a frequency of 1 MHz. The MIS device is modeled as 

a parallel resistor and capacitor (parallel-equivalent circuit model), appropriate for the 

relatively small capacitance compared with its impedance. The ramp rate is constant at 250 

mV/sec. Final capacitance values for each dot size were determined by averaging two 

measurements of the maximum accumulation capacitances (see Figure 12 for the point of 

measurement). The dielectric constant is defined as 

 

where d is the dielectric thickness, A is the capacitor area, and ε0 is the vacuum permittivity, 

and Cacc is the accumulation extracted from CV measurements. κ values are extracted from the 

slope of C versus A, as shown in Figure 13. 
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Figure 12. Representative C/V curve for an Al2O3 MIS capacitor showing point of 

accumulation capacitance measurement  

 

 

Figure 13. Calculation of dielectric constant from C/A slope 
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3.7.3.2 I-V Measurement 

To measure the leakage properties of dielectric films, a ramped electric field (in this work 

a 250 mV/sec ramp rate) was applied across an MIM capacitor structure similar to the MIS 

structure used for generating C-V curves. Breakdown fields were measured by raising the 

voltage across the MIM capacitor structure until breakdown occurs, as defined as an abrupt 

increase in current to a compliance limit (10 mA). As seen in Figure 14, breakdown is 

registered by a sudden jump in leakage current limited by the compliance current limit of the 

analyzer. Final values were determined by averaging the results of two measurements on each 

dot size. The breakdown voltage was found to be not significantly area-dependent. There is 

also a characteristic "knee" in the leakage curve, the location and steepness of which results in 

some of the notable effects of nanolaminate dielectric stacks and differences between them. 
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Figure 14. Sample I/V curve for an Al2O3 MIM capacitor showing the point at which 

irreversible breakdown occurs 

3.7.4 TFT Transfer Curves 

Plots of ID versus VGS (transfer curves) are measured using an Agilent 4155C 

semiconductor parameter analyzer (SPA). To measure the transfer curve of a TFT, the gate is 

swept from 20 V to -5 V and back to 20 V with the drain/source voltage (VDS) held at 1 V 

while measuring the drain current. 

3.7.4.1 Measurement Timing Parameters 

Of particular importance to the interpretation of TFT transfer curves are the timing 

parameters with which the measurement was taken. The Agilent 4155C SPA has several 

variable parameters used for sweeping VGS. Typical output of the VGS channel is shown in 

Figure 15, where the following timing parameters are used. 

Breakdown 

Conduction knee
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TH Hold time. Period of time before the first measurement is taken to allow the device to 

reach a steady initial state. 

TD Delay time. Delay between the change in voltage of the output pin and the beginning 

of the next measurement cycle. Allows transients to settle and the device to reach a 

steady operating point. 

TPLC Integration time. Measurement time as a multiple of power line cycle (PLC) events, 

normally at 60 Hz. The noise floor of the measurement is directly related to the PLC 

time, as is the accuracy. 

TOH Overhead time. This is an undefined additional delay time on the order of 100 mS 

which accounts for the switching of power supplies, internal calculations, and range 

changing. 
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Figure 15. Output timing of a 4155C SPA output channel pin. 

 Selecting a suitable TH is a straightforward matter of ensuring that the device has 

settled to an initial state, which should not take significantly longer duration than the delay 

time, as the device is undergoing a similar electrical transition. Attention needs to be paid to 

whether long-term stresses are occurring during the initial voltage hold time. In this work, TH 

is set at 2 sec. The delay time is also fairly straightforward to set, but requires that attention be 

paid to the interplay between it and the integration time, and concerns associated with both. 

Essentially, the delay time is set long enough so that further increases in duration do not 

change the measured output curves, while remaining short enough so that electrical stressing 

does not occur. This ensures that device transients are settled while not introducing additional 

variation. 
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Setting the integration time, on the other hand, can be quite complex, and involves trade-

offs between parameter accuracy, bias-stressing error, and measurement time. If slow shifts in 

device parameters occur as a function of bias stress, then for large integration times (and delay 

times, if comparable) these parameters are changing during the measurement itself. This can 

result in skewed transfer curves due to the change in the effect of increments in VGS. Short 

integration times reduce acquisition time and stress-induced parameter shift, but they can 

greatly increase the noise floor (hence reducing the measurement accuracy) of the readings for 

small signals. This can, for example, give incorrectly high leakage readings on gate dielectrics. 

Long integration times result in asymptotically greater accuracy, but can greatly increase the 

total measurement time and add device parameter drift due to electrical stressing. 

Because of these trade-offs, multiple measurements with different parameters were used 

to completely characterize TFTs. A short integration time (resulting in a ~1.5 V/sec effective 

sweep rate) was used for extracting bias-stress sensitive parameters such as subthreshold 

swing. A separate measurement with long integration time (~125 mV/sec effective sweep rate) 

was used for extracting mobility, ION/IOFF, etc. 

3.7.4.2 ID negative turn-off current 

The forward-going and negative-going gate voltage sweeps produce differently shaped ID 

curves in the region of the on/off transition, as seen in Figure 16. The positive-going sweep 

produces a negative ID just prior to VON. This non-ideality may be associated with trapping 

and detrapping of electrons, as proposed by Hoshino [ref. 33, section 5.2, page 101]. It might 

also result from displacement current (current associated with the charging of the gate 

capacitance of the TFT) in the measured device, especially for shorter measurement times. 
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Figure 16. Sample ID/VGS transfer curve showing off-current anomaly 

3.7.4.3 Subthreshold Swing Anomaly 

Because of the off-current anomaly, discussed earlier, a falsely large SS can be reported 

for the positive-going sweep due to the sudden transition from positive to negative current. 

This effect is shown in Figure 17. This transition to negative current corresponds to a very 

high slope at the crossover point. Therefore, only the negative-going sweep is used to model 

SS. 
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Figure 17. Subthreshold swing versus VGS. Negative off-current produces an artificially 

large value for SS over the transition 

3.7.5 Bias Stress Measurement 

Long-term bias stress stability was tested by holding the gate voltage at 20 V and the 

drain at 1 V (keeping the device out of saturation) for approximately 105 sec. Measurements 

were taken at room temperature and in a dark box. Stress was interrupted at approximately 

logarithmic time intervals to measure transfer curves, after which the bias stress was reapplied. 

The time taken to measure the transfer curve is on the order of 102 seconds and may result in 

slightly more bias stress time being applied to devices than is assumed for shorter stress 

durations. Rigid shifts in the transfer curve away from the initial curve correspond to a change 

in effective turn-on voltage (VON) of the device, which is extracted and plotted versus bias 

stress time. 
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4 Results and Discussion 

This chapter outlines the results of the experiments in this thesis in three major sections: 

nanolaminate-dielectric capacitor measurements, capping layer effects on ZTO TFTs, and 

nanolaminate-dielectric TFTs. 

4.1 MIM and MIS ZAO Capacitors 

Electrical characterization of an array of MIM and MIS ZAO capacitor structures in 

which the insulator consists of ZAO nanolaminates is presented in this section. Dielectric 

constant, breakdown strength, and leakage are investigated as a function of the bilayer 

structure, and a region of the ZAO experimental array is identified as having desirable 

compromises in terms of capacitance and leakage. 

The nanolaminate experimental array consists of bilayer thicknesses of 5, 10, and 20 nm, 

and composition ratios (referred to by the percentage of ZrO2) of 25%, 50%, and 75%, for a 

total of nine device permutations plus two additional pure-oxide films. The array can be 

thought of as two dimensional, with the center at the 50% 10 nm bilayer film and the corners 

at the 25% 5 nm bilayer, 25% 20 nm bilayer, 75% 5 nm bilayer, and 75% 20 nm bilayer films. 

For 0% ZrO2 (equivalent to pure Al2O3) and 100% ZrO2 (equivalent to pure ZrO2) pure-oxide 

dielectrics, bilayer thickness does not have physical meaning as there is only one oxide 

present, so only one device of each type is used in addition to the nanolaminate ZAO array.  

For capacitor devices, the total thickness was set at 40 nm. 



34 

 

 

 

4.1.1 Dielectric Constant 

Shown in Figure 18 is a plot of the dielectric constant, κ, vs. ZrO2 content for a series of 

nanolaminate dielectrics. κ was experimentally determined using the C/A slope method. The 

monolithic Al2O3 and ZrO2 films were found to have average κ values of 8.0 () and 25.3, 

respectively. The dashed line in Figure 18 shows the calculated values when ideal serially-

connected capacitive dielectric layers are assumed. The measured dielectric constant values fit 

well with the idealized serial-capacitor model, increasing with ZrO2 content and bounded by 

the values for pure oxide films. Bilayer thickness does not appear to correlate with changes in 

dielectric constant, indicating that the material structure is largely the same between Al2O3 and 

ZrO2 layers, spanning the range of sub-layer thicknesses from 1.25 to 15 nm. 
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Figure 18. Measured dielectric constants for 40 nm dielectric films plotted against 

calculated values assuming serially-connected capacitive layers 

4.1.2 ZrO2 Crystallinity 

As-deposited ALD Al2O3 is amorphous. ZrO2, however, is known to be at least partially 

crystalline as-deposited with high surface roughness at deposition temperatures above 

approximately 150 °C [18]. To determine the crystal structure of ALD ZrO2, pure as-deposited 

ZrO2 films on silicon substrates were analyzed by XRD. An XRD plot of magnitude (arbitrary 

units) vs. 2*theta for a 40 nm thick ZrO2 film is shown in Figure 19. The strong peaks at 30 

degrees (111C or 111T), 35 degrees (200C or 110T), and 50 degrees (220C or 202T) strongly 

indicate the formation of cubic (JCPDS Card No. 17-923 [34]) and/or tetragonal (JCPDS Card 
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No. 49-1642 [34]) crystalline phases of ZrO2. It is possible that the monoclinic phase (JCPDS 

Card No. 37-1484 [34]) is also present. In practice, the cubic and tetragonal phases of ZrO2 are 

impossible to separate without extremely fine XRD measurements; thus they are often left 

undistinguished in literature [18,29]. Based upon the presence of crystalline grains in ALD 

ZrO2, it can be inferred that a nanolaminate oxide surface may be rough in pure ZrO2 or ZrO2-

heavy films, which is not ideal for semiconductor channel interfacing. However, partially-

crystalline ZrO2 in the bulk of a laminate dielectric is desirable, due to the high κ of the 

tetragonal (~47) and cubic (~37) phases versus amorphous (~22) [35], as long as any negative 

effects at the interface can be mitigated. 

 

Figure 19. XRD plot of as-deposited ALD ZrO2 

 

4.1.3 MIM Device Properties 

To characterize the leakage properties of ZAO and pure oxide films, the leakage current 

density of 40 nm dielectric MIM capacitors was measured as a function of applied field. 
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Representative current density vs. electric field curves are shown in Figure 20. Pure single 

layer films showed an average breakdown strength of approximately 8.1 MV/cm for Al2O3 

and 3.5 MV/cm for ZrO2. Nanolaminate breakdown strength trends lower with increasing 

ZrO2 content. An exception is the 25% ZrO2 content film which showed a slightly increased 

breakdown strength over the pure single layer Al2O3. 

 

 

Figure 20. Typical leakage curves for 5 nm bilayer ZAO films as well as those of pure oxides 

A plot of the average breakdown strength vs. ZrO2 content and bilayer thickness is shown 

in Figure 21, with pure oxides shown at the 0% and 100% ZrO2 endpoints. Bilayer thickness 

did not have a strong impact on the average breakdown strength of the nanolaminates. The 
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shape of the current density vs. electric field curve is strongly affected by the ZrO2 content, 

indicating the dominance of different conduction mechanisms for the pure Al2O3, pure ZrO2, 

and ZAO laminate films. Note that increasing the amount of ZrO2 first raises the location of 

the leakage "knee" (the field at which the leakage slope increases but breakdown does not 

occur)  relative to that of Al2O3, then lowers it as the amount reaches 75%. For the 25% and 

50% laminates, the conductive knee occurs at somewhat higher fields than for the pure Al2O3 

film whereas in the 75% ZrO2 film, this "knee" occurs at a lower field. Because of this, the 

impact of ZrO2 content on the leakage current density is a function of the applied electric field. 

 

Figure 21. Effect of ZrO2 content and bilayer thickness on average breakdown field 
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By inspection of the leakage curve knee (Figure 20), it is expected that all film types, 

possibly excepting pure ZrO2, will have smaller differences in leakage performance at lower 

fields versus at higher fields where the differences in the location of the “knee” will 

exaggerate leakage current differences. To illustrate the effect of the difference in leakage 

curves for different bilayer structures at different fields, leakage currents extracted at various 

electric fields can be compared to give a "snapshot" of relative dielectric behavior. 

Shown in Figure 22 are plots of the average leakage current density vs. ZrO2 content at 

(a) 1 MV/cm, (b) 2 MV/cm, (c) 3 MV/cm, and (d) 4 MV/cm applied electric fields. Once 

again, data points at 0% and 100% ZrO2 content refer to pure single layer Al2O3 and ZrO2 

dielectrics, respectively. At low fields of approximately 1 MV/cm (Figure 22a) the current 

density increases very weakly with ZrO2 content. Between the pure Al2O3 and pure ZrO2 films, 

the current density increases only by a factor of three. Fields of this magnitude are typical of 

TFT operation. For example, a gate drive of 20 V across a 200 nm dielectric (typical of the 

TFTs used in this work) is 1 MV/cm. 

At 2 MV/cm (Figure 22b), the leakage of pure ZrO2 films is seen to increase relative to 

other films, while the 0% through 75% ZrO2 bilayers retain approximately the same leakage 

values as at 1 MV/cm. The bilayer thickness does not appear to have a strong effect at either 1 

or 2 MV/cm. Given the weak effect of high ZrO2 content at lower fields, if the relative 

dielectric constants of the films are taken into account then the leakage current density of 

laminates could be reduced in ZrO2-heavy films of equivalent capacitance density, as they can 

be thicker than Al2O3-heavy films. This is an advantage in gate dielectric applications to 

obtain low SS values and/or lower operating voltages by increasing the gate capacitance. 
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At 3 and 4 MV/cm (Figure 22c and Figure 22d), the relationship between leakage current 

density and ZrO2 content is more complex. By the time the applied electric field reaches 4 

MV/cm, all of the pure ZrO2 films have experienced breakdown and therefore are not shown 

within the graph area. The delayed leakage "knee" of the 25% and 50% ZrO2 films compared 

to the pure Al2O3 gives rise to lower relative leakage at the same higher field. In both the 3 and 

4 MV/cm cases, the 25% ZrO2 content films exhibited significantly lower leakage current than 

did pure Al2O3. At 50 % ZrO2 content, both the 5 and 10 nm bilayer films showed lower 

leakage than did pure Al2O3 while the 20 nm bilayer films were slightly higher. The 20 nm 

bilayer thickness generally shows inferior performance, compared to 5 nm and 10 nm, at fields 

of 3 MV/cm and above. This may be caused by the larger crystal grains in thicker ZrO2 layers, 

which are allowed to grow further until terminated with an Al2O3 layer, increasing the 

roughness of the films [18]. Between 5 nm and 10 nm films at higher field, there is no clear 

trend. 
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Figure 22. Leakage current density as a function of ZrO2 content at (a) 1 MV/cm, (b) 2 

MV/cm, (c) 3 MV/cm, and (d) 4 MV/cm 

To further characterize the trade-off between the simultaneously-desired low leakage 

current and high capacitance density, a figure of merit proposed by Kukli et al. [36,37] known 

as the charge storage factor (designated Q) was calculated for the nanolaminate dielectrics. Q 

is defined as the charge storage density at an applied voltage sufficient to produce an 

arbitrarily chosen level of leakage current density. Q is given by 
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where VCR is the critical voltage which produces a leakage current chosen to be 1 

µA/cm2, C is the dielectric capacitance, and A is the capacitor area. 

A plot of Q versus ZrO2 content for various ZAO dielectrics is shown in Figure 23. The 

experimental array corners (25% ZrO2 5 nm bilayer, 25% ZrO2 20 nm bilayer, 75% ZrO2 5 nm 

bilayer, and 75% ZrO2 20 nm bilayer) are not shown as they are not used in the IGZO TFT 

experimental array, described in the next section. It can be seen from Figure 23 that pure 

Al2O3 trades low leakage current for low oxide capacitance, while pure ZrO2 does the 

opposite. A clear peak in Q is observed in the approximate center of the array, with the 50% 

ZrO2 5 nm bilayer, 50% ZrO2 10 nm bilayer, and 75% ZrO2 10 nm bilayer films attaining the 

best Q. The poorer performance of 20 nm bilayer films at medium fields (see Figure 22c) may 

be responsible for the low Q of the 50% ZrO2 20 nm bilayer film. 
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Figure 23. Charge storage factor Q for the nanolaminate ZAO dielectrics for the IGZO 

TFTs used in this work 

In summary, it can be seen from the leakage vs. ZrO2 content and κ vs. ZrO2 content plots 

that while pure Al2O3 has the lowest overall leakage current density at applied fields typical of 

TFT operation, significantly higher capacitance densities can be achieved with little penalty in 

leakage by incorporating layers of ZrO2 in a nanolaminate structure. High amounts of ZrO2 in 

the nanolaminate, however, degrades leakage current to the point where the leakage current 

penalty outweighs the gain in capacitance density. This result is reinforced by the use of the 

charge storage factor, or Q, metric which exhibits a peak between the Al2O3 and ZrO2 pure 

oxides. 
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4.2 Capped-Oxide-Dielectric ZTO TFTs 

It is known that the semiconductor/dielectric interface can dominate the properties and 

long-term stability of field-effect devices. This section outlines the results of experiments to 

determine the effect of the near-interfacial dielectric material on TFT operational stability. It is 

shown that the near-interfacial region dominates long-term stability. ZTO-channel TFTs with 

either pure 200 nm Al2O3, pure 100 nm PECVD SiO2, or PECVD SiO2-capped 200 nm Al2O3 

dielectrics were made (see cross-sections in Figure 24). For pure SiO2 devices, 100 nm thick 

dielectrics were used to approximate the equivalent gate capacitance of the corresponding 

Al2O3-dielectric device. The capping layer used for SiO2-capped dielectrics was 

approximately 2 nm thick, using a PECVD deposition time of 15 seconds. 
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Figure 24. ZTO TFT structure cross-sections showing: a) SiO2-capped Al2O3, b) pure Al2O3, 

and c) pure SiO2 gate dielectrics 

4.2.1 Operational Parameters 

Shown in Figure 25 is a representative ID/VGS transfer curve of a PECVD SiO2-dielectric 

TFT. The measurement conditions, which are common to all the ZTO TFTs tested in this 

section, were VDS = 1 V while VGS is swept from -5 to 20 V and back to -5 V (referred to as a 

double-sweep). The positive-going sweep in the transfer curves is always the leftmost one, a 

result of all devices exhibiting clockwise hysteresis. It is typically observed that AOS TFTs 
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require several I-V sweeps before operation is stabilized, and in pure Al2O3-dielectric devices 

this is particularly the case. The first sweeps of these devices typically exhibit large hysteresis 

caused by rapid positive shift of the transfer curve during the sweep measurement itself. After 

several sweeps the curve is stabilized. Because of this, the 5th double-sweep is reported. The 

rigid positive VON shift (no significant change in SS or mobility) combined with room 

temperature recovery of VON after stressing suggests that defect creation is not occurring 

[38,39]. TFTs with pure SiO2 gate dielectrics showed SS = 350 mV/dec, ION/IOFF = ~107, and 

µinc(max) = 18.3 cm2/V·s, and hysteresis = 0.30 V.  

 

Figure 25. Transfer curve (5th double-sweep shown) of a PECVD SiO2-dielectric ZTO 

TFT 

The double-swept transfer curve of an ALD Al2O3-dielectric TFT is shown in Figure 26. 

These devices had SS = 380 mV/dec, ION/IOFF = ~107, and µinc(max) = 13.3 cm2/V·s, and 
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hysteresis = 0.50 V.  Although the SS values for Al2O3 dielectric and SiO2 dielectric TFTs are 

similar (due to having similar maximum ID-VGS slopes), the slope of the ID-VGS curve of the 

SiO2 devices (Figure 25) remains steep over more of the turn-on transition than that of the 

Al2O3 devices (Figure 26), resulting in a sharper overall turn-on and suggesting that the 

overall trap density at the SiO2/ZTO interface is lower than that of the Al2O3/ZTO interface. 

 

Figure 26. Transfer curve (5th double-sweep shown) of an ALD Al2O3-dielectric ZTO 

TFT 

 

In an effort to combine the apparently higher interface quality of the PECVD SiO2 with 

the higher dielectric constant of Al2O3, a combination of the two materials was used. The ALD 

Al2O3 dielectric was capped with a thin (~2 nm) layer of PECVD SiO2 prior to channel 

sputtering. The device parameters of the SiO2-capped devices (Figure 27) are similar to pure 

Al2O3 devices: SS = 460 mV/dec, ION/IOFF = ~107, µinc (max) = 12.2 cm2/V·s, and hysteresis = 
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0.50 V. Extracted parameters for all three device types are shown in Table 2. It can be seen 

from comparing the transfer curves of the pure Al2O3 and SiO2-capped Al2O3 devices that the 

latter appears very much like the former in curve shape, shifted by approximately 4 V in the 

negative direction. This suppression of the VON shift during initial transfer curve 

measurements by the thin SiO2 capping layer strongly suggests that electron trapping at or 

very near the channel/Al2O3 interface dominates. During measurement, it is observed that the 

difference is due to rapid horizontal shifts (or lack thereof) of VON, which occur on the 

timescale of the measurement cycle. This further indicates that the trap density of the 

SiO2/ZTO interface is lower than that of Al2O3/ZTO. 
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Figure 27. Transfer curve (5th double-sweep shown) of an SiO2-capped-Al2O3-dielectric 

ZTO TFT 

Table 2. Tabulated ZTO TFT transfer curve parameters 

Composition SS (mV/dec) Hysteresis (V) µinc(max) (cm2/V·sec) 

SiO2 350 0.30 18.3 

Al2O3 380 0.50 13.3 

SiO2-capped Al2O3 460 0.50 12.2 

 

4.2.2 Effects of O2 Plasma Exposure 

It is known that exposure to O2 plasma, which is present during channel material 

deposition, can degrade the electrical properties of gate dielectrics [5,40]. To show the effects 

of plasma exposure, selected Al2O3 dielectric TFTs were exposed to an additional 3 min of 75 
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W O2 plasma immediately prior to channel sputtering. The 5th double-swept transfer curves of 

the devices, both with and without additional plasma exposure, are shown in Figure 28. It is 

seen that the mobility, ION/IOFF, hysteresis, and short-term stability are all severely worsened 

by the additional exposure. 

 

Figure 28. Transfer curves (5th double-sweep shown) of two otherwise identical Al2O3-

dielectric ZTO TFTs with one exposed to 3 min of O2 plasma at 75 W RF power 

Based upon the effects of the additional plasma exposure on Al2O3 and the much-

improved short-term stability of the 2 nm SiO2-capped Al2O3 devices (Figure 27), it is inferred 

that the protection from sputtering damage is a likely effect of the thin SiO2 capping layer. Oh 

et al. [5] have also shown stabilizing effects in TFTs from similar measures taken to protect 

the dielectric/channel interface from sputter plasma damage. 
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4.2.3 Bias Stressing 

All three devices in the capped-dielectric experiment were subjected to positive bias 

stressing to determine the long-term effects of a thin interfacial layer adjacent to the channel 

layer. The bias stress conditions were VGS = 20 V, VDS = 1 V, applied for approximately 105 

seconds, with stress interrupted at logarithmic time intervals to measure ID-VGS transfer 

curves. 

Semi-log plots of ∆VON vs. stress time for the three device types are shown in Figure 29. 

For all three devices, ∆VON is a positive shift.   Upon removal of the bias voltage, near-full 

VON recovery was observed over approximately 36 hours in the dark at room temperature.  For 

the Al2O3 dielectric devices, ΔVON exhibits a clear logarithmic dependence on stress time and 

suffers from an early rapid shift in VON which can be seen at the 102 stress duration. 

A logarithmic dependence on stress time can be modeled by considering the total charge 

transferred to traps [41,42], defined as 

exp  (1) 

where. Ntr is the trap density, x is the maximum tunneling distance, and exp  is 

the probability of tunneling where λ is the product of a constant (which depends upon the 

properties of the material, such as the capture cross-section) and the gate voltage. The turn on 

voltage, which is given by 

∆  (2) 

can be found by integrating Q(t), which gives the logarithmic time-dependence of VON, given 

by 

∆ log  (3) 
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where r0 is a decay constant proportional to the applied gate bias, and τ is a time constant. The 

formulation of the charge transfer Q(t) assumes trapping at pre-existing defects in the 

dielectric or dielectric/channel interface which are uniformly distributed, with a single capture 

cross section and without creation of new defects [9,42,43]. 

 

Figure 29. Bias stress results for Al2O3, SiO2, and SiO2-capped TFTs with a ZTO channel 

The SiO2 and SiO2-capped dielectric devices showed a significantly smaller ∆VON over 

the 105 sec time than that of Al2O3 devices, and the shift is non-logarithmic. Instead, ∆VON for 

these devices can be well described by the stretched-exponential model. It is apparent from 

Figure 29 that the SiO2 capping layer not only increases stability, but also strongly influences 

the trapping behavior, with the 2 nm SiO2-capped Al2O3 gate dielectric devices more closely 

resembling PECVD SiO2 devices rather than the Al2O3 devices. The similarity between the 
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SiO2 and the 2 nm SiO2-capped Al2O3 devices further suggests that the near-interfacial area 

dominates trapping behavior. 

Stretched-exponential models were originally used to model a-Si devices under positive 

bias temperature stress [44], and have been recently used to model AOS devices [45,46]. The 

SE equation is defined as 

∆V 	 	 ∆V 1	 	exp  (4) 

where β is the stretching exponent which can be related to different trapping characteristics, τ 

is the characteristic time constant for trap redistribution, and ∆VON0 is the saturation voltage 

shift, which is asymptotically approached at very long stress times. The rate of charge trapping 

increases with temperature [19,46,47] and may proceed very slowly at room temperature, 

which means that the characteristic leveling-off of ∆VON toward ∆VON0 may not occur until 

very long stress times impractical to produce within an experimental timeframe. Since the 

transfer curves shift rigidly with bias stress, ∆VON can be substituted for ∆VT in the original 

formulation of the stretched-exponential model, as the same effect (a rigid horizontal shift in 

the transfer curve) can be ascribed to a change in either parameter. 

Two distinct assumptions can be made, in modifying the logarithmic model, that each 

result in the stretched-exponential equation. The first possible assumption is that trapped 

charge is redistributed from shallow to deeper traps for long stress times [44]. In this case, β 

relates to the energy barrier to charge redistribution to energetically deeper states. The 

exponential form results from the power-law term introduced from the time-dependence of 

 in the logarithmic model [9]. The redistribution model is frequently used for a-Si devices 

to model bias-temperature stressing behavior. The second assumption, more recently 
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formulated for high-κ dielectrics, is that the capture cross-section is not single-valued, but is 

normally distributed with a characteristic distribution width associated with the β parameter 

[47]. In this case, the exponential form results from a power-law dependence of the trapped 

charge to the injected carriers. 

Because the stretched-exponential equation can be arrived at with very different 

assumptions about defect behavior, the close fit of the stretched-exponential model to the SiO2 

and SiO2-capped devices may be interpreted to point to either (1) a redistribution of the 

trapped charge to deeper states in the SiO2 (and in the capped devices, the Al2O3 layer) or (2) 

the presence of a distribution of trap capture cross sections in PECVD SiO2 layers. Without 

additional information about point defects such as could be provided by electron spin 

resonance [23,48], linking a specific mechanism to the β parameter is not straightforward. 

4.3 ZAO-Dielectric IGZO TFTs 

IGZO TFTs with ZAO dielectrics were fabricated to examine the performance of ZAO 

dielectrics, particularly long term bias-stress behavior. Several dielectrics that exhibited 

favorable performance in MIM and MIS devices also performed well in TFTs. Transfer curve 

parameters were measured and long-term bias-stress behavior was analyzed. Finally, a 

dielectric that exhibits very good overall performance as both a dielectric and as an interface 

material to IGZO is identified. The array of ZAO dielectrics used in TFTs is a subset of the 

array used in the MIM/MIS experiments consisting of the same ZAO permutations except for 

the array corners (see page 33). The remaining laminate permutations allow a comparison 

between bilayer thicknesses at the 50% ZrO2 composition, and composition at the 10 nm 

bilayer thickness. The TFT dielectric thickness was set at 200 nm. 
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4.3.1 Operational Parameters 

Transfer curves for the entire ZAO structure space covered are shown in Figure 30. It can 

be seen that all devices exhibit hysteresis under 500 mV (with some approaching 0 V) and an 

ION/IOFF ratio of ~107 except for the pure ZrO2 device with ION/IOFF = ~106. The pure ZrO2 

device (Figure 30b) has somewhat higher off-current (0.1 uA) than all other devices. 
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Figure 30. Transfer curves of IGZO TFTs with ZAO and pure oxide dielectrics 

(a) 0% ZrO2 (b) 100% ZrO2

(c) 50% ZrO2 5 nm bilayer (d) 50% ZrO2 10 nm bilayer

(e) 25% ZrO2 20 nm bilayer (f) 25% ZrO2 10 nm bilayer

(g) 75% ZrO2 10 nm bilayer
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The operational parameters of the IGZO TFTs for all ZAO structures, extracted from the 

transfer curves in Figure 30, are shown in Table 3. The value of SS for pure ZrO2 is lower than 

that for any other film, likely due to the very high gate capacitance. Interestingly, the 50% 

ZrO2 ZAO film has a lower SS than the 75% ZAO, in disagreement with the effects of higher 

capacitance. This variation may be caused by the larger fraction of ZrO2 increasing the 

interface roughness. The lowest hysteresis is found at the 50% and 75% ZrO2 10 nm bilayer 

films as well as the 50% ZrO2 20 nm bilayer films. Pure ZrO2 and pure Al2O3 exhibit 

significantly higher hysteresis than any ZAO film except for the 25% ZrO2 10 nm bilayer film, 

likely due to an abundance of dielectric/channel interface traps and/or roughness caused by the 

large grains sizes of the crystalline ZrO2 layer. The physical cause of the high hysteresis of the 

25% ZrO2 10 nm bilayer film is unknown. 

The mobility, µinc(max), of the IGZO TFTs spans a relatively large range, from ~7 to ~22 

cm2/V·sec. The highest mobility is found at the 75% ZrO2 dielectric composition, which, 

coupled with the high capacitance of this bilayer, will increase even further the saturation 

current of this device for a given gate voltage. 

Taking into account the trade-offs between TFT parameters, some of the most promising 

films are 50% ZrO2 5 nm bilayer, 50% ZrO2 10 nm bilayer, and 75% ZrO2 10 nm bilayer 

structures. The films used in these three device types also exhibited the three highest charge 

storage factors. While good DC parameters are seen for TFT using several different ZAO 

films, the bias stress behavior of each film will determine suitability for long-term usage. 
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Table 3. Tabulated IGZO TFT transfer curve parameters 

Composition SS (mV/dec) Hysteresis (V) µinc(max) (cm2/V·sec) κ 

Pure Al2O3 151 0.45 12.0 8.0 

50% ZrO2 20 nm bilayer 324 0.02 10.0 10.6 

50% ZrO2 5 nm bilayer 188 0.03 15.3 11.0 

25% ZrO2 10 nm bilayer 247 0.24 7.2 9.3 

50% ZrO2 10 nm bilayer 131 0.01 14.2 12.4 

75% ZrO2 10 nm bilayer 152 0.02 22.3 14.4 

Pure ZrO2 100 0.19 16.1 25.3 

 

4.3.2 Bias Stressing 

Positive bias stress testing was performed on IGZO TFTs to evaluate the long term 

stability of the ZAO nanolaminates. The bias stress conditions were VGS = 20 V, VDS = 1 V, 

applied for approximately 105 seconds, with stress interrupted intermittently to measure ID-

VGS transfer curves. 

∆VON vs. bias stress time for IGZO TFTs are presented in Figure 31. Each device has 

been fitted with a stretched-exponential function to interpolate between data points. TFTs with 

pure ZrO2 dielectrics exhibit far more ∆VON than any other TFTs (right vertical axis in Figure 

31). Besides the increased interface roughness likely caused by the partially-crystalline ZrO2 

film, the increased susceptibility of ZrO2 to positive gate bias stress may also be due in part to 

the smaller conduction band offset of ZrO2 to IGZO, which allows higher injection currents to 

the ZrO2 which in turn leads to increased electron trapping and increased ∆VON. An 

Al2O3/IGZO interface, which has a larger conduction band offset, may help in preventing 

electrons from being injected into the ZrO2 layer and thus lead to a reduction in ∆VON as a 



59 

 

 

 

function of stress time. Overall, the 75% ZrO2 10 nm bilayer film exhibited the lowest ∆VON 

over the 105 sec period, closely followed by the 50% ZrO2 10 nm bilayer film. The 10 nm 

bilayers with 50% and 75% ZrO2 content appear to form an "island" of stability in ∆VON, with 

thicker or thinner bilayers being less stable. 

 

Figure 31. ∆VON vs. time bias stressing results for IGZO TFTs with ZAO and pure oxide 

dielectrics 

Figure 32 shows only data for the three bilayer thicknesses at 50% ZrO2 content. 

Although there is no clear trend with bilayer thickness, the 10 nm bilayer appears the most 

stable. The increase in stability from 20 nm to 10 nm bilayers might be explained by the 
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suppression of large crystal grains in the ZrO2 layers, while the decrease in stability going to 5 

nm bilayers might be linked to number of  layers close to the interface which could contribute 

to the redistribution of trapped charge. 

 

Figure 32. Effect of bilayer thickness on ∆VON for 50% ZrO2, ZAO-dielectric IGZO 

TFTs 

Looking at only the ZrO2 content with a fixed 10 nm bilayer (Figure 33), all three films 

have greater stability than the 5 nm or 20 nm bilayer films, with stability increasing with ZrO2 

content up to 75%. At 75% ZrO2 content, there is virtually no VON shift over the 105 sec 

period, with a final ∆VON of only 200 mV. 
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Figure 33. Effect of ZrO2 content on ∆VON for 10 nm bilayer, ZAO-dielectric IGZO TFTs 

Taking into account the bias-stressing results, both the 75% ZrO2 and 50% ZrO2 10 nm 

bilayer ZAO films with Al2O3/channel interfaces are top performers with regard to long-term 

stability, charge storage factor, and favorable leakage properties at gate electric fields suitable 

for TFT operation. 

4.3.3 Interface material effects 

SS, hysteresis, and mobility for 50% ZrO2 10 nm bilayer TFTs with Al2O3/ZTO, 

Al2O3/IGZO, ZrO2/ZTO, ZrO2/IGZO interfaces are presented in Table 4. It can be seen that a 

ZrO2 interface with either ZTO or IGZO channel materials is accompanied by a decrease in 

mobility and an increase in hysteresis. SS does not have as clear a trend with interface type, 

and this is likely the result of the variability and sensitivity of SS to surface effects beyond the 

102 103 104 105
0.0

0.2

0.4

0.6

0.8

1.0
∆

V
o

n
(V

)

Time (sec)

10 nm, 25% ZrO₂ 10 nm, 25% ZrO₂ fit
10 nm, 50% ZrO₂ 10 nm, 50% ZrO₂ fit
10 nm, 75% ZrO₂ 10 nm, 75% ZrO₂ fit



62 

 

 

 

choice of the interface material. Based upon the property changes, an Al2O3 interface clearly 

appears the better choice for interfacing with both ZTO and IGZO. 

Table 4. Interface effects for IGZO and ZTO TFTs with 10 nm, 50% ZrO2 bilayers 

Interface SS (mV/dec) Hysteresis (V) Mobility (cm2/V·sec) 

Al2O3/IGZO 131 0.01 14.2 

ZrO2/IGZO 158 0.04 10.7 

Al2O3/ZTO 260 0.39 15.4 

ZrO2/ZTO 226 0.85 13.6 
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5 Conclusions and Recommendations for Future Work 

5.1 Conclusions 

The interface adjacent to the channel material was shown to have a strong effect on the 

short-term and long-term behavior of ZTO TFTs. For SiO2-capped Al2O3 dielectrics a very 

thin (~2 nm) layer covering the Al2O3 surface was sufficient to greatly improve device 

stability, making the devices resemble pure SiO2 devices under bias stress. A likely 

contributor to the increase in stability is protection of the Al2O3 from sputtering plasma 

damage, which the SiO2 appears better able to withstand. Bias stressing revealed a logarithmic 

time dependence of VON shift in the Al2O3/ZTO devices (indicative of trapping at pre-existing 

interface defects with a single small capture cross section) but a stretched exponential time 

dependence in the SiO2/ZTO devices. The stretched exponential time dependence may be 

interpreted as either a distribution of capture cross sections or redistribution over time of 

trapped charge. 

ZrO2 / Al2O3 (ZAO) nanolaminate dielectrics were deposited via ALD and using an array 

of bilayer combinations. The percentage of ZrO2 content was varied by adjusting the ratio of 

ZrO2 to Al2O3 layer thickness within each ZrO2 / Al2O3 bilayer. The effective dielectric 

constant of the ZAO laminate films was found to track well with a simple series capacitor 

model. At low electric fields in the range suitable for TFT operation (1-2 MV/cm), the 

dielectric constant of ZAO can be substantially improved over pure Al2O3 with very little 

leakage current penalty, which makes ZrO2-rich films desirable. At higher fields (~ 4 MV/cm), 

Al2O3-rich films perform better and laminate films with 25% and 50% ZrO2 were found to 

have lower leakage than pure Al2O3 oxide films. Neither effective dielectric constant nor 
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leakage were found to be strongly affected by bilayer thickness, although bilayer thickness did 

affect the performance of TFTs. 

ZAO nanolaminates used as gate dielectrics for IGZO and ZTO TFTs were found to be 

affected by the terminating material layer, resulted in improved device characteristics for 

IGZO and ZTO devices with Al2O3 interfaces to the channel material. It was found that ZAO 

nanolaminate dielectrics could be engineered to outperform their constituent pure single layer 

dielectrics in AOS TFTs, providing good TFT performance and excellent stability compared 

to pure oxide films. However, the lack of clear trends in some device parameters such as SS 

vs. ZrO2 content and ∆VON vs. bilayer thickness suggests that there are multiple factors at 

play. For example, SS depends on many material properties in addition to the κ of the 

dielectric, and the increase in capacitance of ZrO2-rich films may be fighting an increase in 

interface roughness from the thicker adjacent ZrO2 layer. ∆VON in particular is affected by a 

multitude of material properties such as the capture cross-section, trap density, trap 

distribution, and channel defects. 

For IGZO TFTs, both 50% and 75% ZrO2 content 10 nm bilayer films showed good 

performance with electron mobilities as high as 22.3 cm2/V·sec for the 75% ZrO2 film, low 

hysteresis, and very low Von shift during extended positive bias stressing. Although the 

properties of TFTs made with these two nanolaminates are not optimum in every respect, their 

excellent long-term stability makes them good choices for further research. 



65 

 

 

 

5.2 Future Work Recommendations 

It would be desirable to know the physical reasons for the "island" of stability for the 10 

nm bilayer ZAO laminates, as the ZAO laminates could be optimized even further and 

possible take advantage of more highly crystalline ZrO2 layers. 

The corners of the ZAO structure array were omitted from the IGZO TFT array in this 

work. However, performing bias stress testing on the corner structures may shed additional 

light on the effects of thicker or thinner bilayers on stability. 

Finally, the thickness accuracy of the ZAO laminates is not perfect, and the device 

parameters can more reliably calculated by using x-ray reflectivity measurements to gauge the 

thickness with high accuracy. Highly accurate bilayer thickness measurements can also shed 

light on the nucleation behavior of the Al2O3 / ZrO2 ALD system to better predict film 

thickness and composition ratios. 

The ZAO nanolaminate dielectrics investigated in this work have shown a wide range of 

TFT operational parameters, and several have exhibited remarkable long-term stability, 

especially when compared with films made from their constituent pure-oxide materials. With 

more detailed investigation of the physical reasons for certain films having superior properties, 

AOS TFTs with ZAO dielectrics may be developed which exhibit superior all-around 

performance and long-term stability. 
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