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ABSTRACT  

Thin-film transistors (TFTs) are primarily used as a switching element in liquid crystal 

displays. Currently, amorphous silicon is the dominant TFT technology for displays, but 

higher performance TFTs will become necessary to enable ultra-definition resolution 

high-frequency large-area displays. Amorphous zinc tin oxide (ZTO) TFTs were 

fabricated by RF magnetron sputter deposition. In this study, the effect of both deposition 

and post annealing conditions have been evaluated in regards to film structure, 

composition, surface contamination, and device performance. Both the variation of 

oxygen partial pressure during deposition and the temperature of the post-deposition 

annealing were found to have a significant impact on TFT properties. X-ray diffraction 

data indicated that the ZTO films remain amorphous even after annealing to 600° C. 

Rutherford backscattering spectrometry indicated that the Zn:Sn ratio of the films was 



 

~1.7:1 which is slightly tin rich compared to the sputter target composition. X-ray 

photoelectron spectroscopy data indicated that the films had significant surface 

contamination and that the Zn:Sn ratios changed depending on sample annealing 

conditions. Electrical characterization of ZTO films using TFT test structures indicated 

that mobilities as high as 17 cm2 V-1 s-1 could be obtained for depletion mode devices. It 

was determined that the electrical properties of ZTO films can be precisely controlled by 

varying the deposition conditions and annealing temperature. It was found that the ZTO 

electrical properties could be controlled where insulating, semiconducting and conducting 

films could be prepared. This precise control of electrical properties allowed us to 

incorporate sputter deposited ZTO films into resistive random access memory (RRAM) 

devices. RRAM are two terminal nonvolatile data memory devices that are very 

promising for the replacement of silicon-based Flash. These devices exhibited resistive 

switching between high-resistance states to low-resistance states and low-resistance states 

to high-resistance states depending on polarity of applied voltages and current 

compliance settings. The device switching was fundamentally related to the defect states 

and material properties of metal and insulator layers, and their interfaces in the metal-

insulator-metal (MIM) structure. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

©Copyright by Jaana Saranya Rajachidambaram 

December 21, 2011 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 



 

Evaluation of Amorphous Oxide Semiconductors for Thin Film Transistors (TFTs) and 

Resistive Random Access Memory (RRAM) Applications 

 

by 

Jaana Saranya Rajachidambaram 

 

 

 

A THESIS 

submitted to 

Oregon State University 

 

 

 

in partial fulfillment of 

the requirements for the 

degree of 

 

Master of Science 

 

 

 

Presented December 21, 2011 

Commencement June 2012 

 

 



 

Master of Science thesis of Jaana Saranya Rajachidambaram presented on December 
21,2011 

 

APPROVED :  

 

 

Major Professor, representing Chemical Engineering  

 

 

 

Head of School of Chemical, Biological & Environmental Engineering 

 

 

 

Dean of the Graduate School 

 

 

 

 

 

I understand that my thesis will become a part of the permanent collection of Oregon              
State University libraries. My signature below authorizes release of my thesis to any            
reader upon request  

 

 

 

Jaana Saranya Rajachidambaram, Author 



 

ACKNOWLEDGEMENTS 

First and foremost, I would like to thank my mom, Chithra and dad, 

Rajachidambaram for their sincere prayers, enormous concern and support throughout 

my graduate life. I would also like to thank my sweet sister Priya and my brother-in-law, 

Gopi who encouraged me towards pursuing MS degree in the US and took care of my 

initial living expenses. I should thank their new born baby Akanshaa who kept me 

cheerful and enthusiastic during the month of my MS defense. 

I would like to specifically thank my advisor, Dr. Gregory S. Herman for his 

guidance, patience, encouragement and funding to carry out my research and I am happy 

to have been one of his first two students in the research group. Though I had a lot of 

responsibilities, I enjoyed learning new things while being in the research group. 

I would like to express my heartfelt thanks to scientists from Pacific Northwest 

National Laboratory (PNNL), Dr. Thevuthasan for offering me an Alternate Sponsored 

Fellowship to perform a portion of this research work and Dr. Nachimuthu, Dr.Varga, Dr. 

Shutthanandan and S.Sanghavi for their help with data acquisition and analysis. I would 

also like to thank Dr. S.L. Golledge from CAMCOR for his guidance with acquiring 

SIMS data. 

 I would like to recognize all my research group members including Brendan 

Flynn and Richard Oleksak who took time to review my thesis documents and Eric 

Hostetler, Udit Suri, Lane Porth, Charith Abeywarna, who have helped me in 

accomplishing research tasks. 



 

Special thanks to Chris Tasker for his help with using research tools in the OSU 

cleanroom. A warm thanks to Santosh Murali and Dr.Conley for their assistance with the 

memristor project. I would like to thank Dr.Chang and Dr.Han for their participation and 

inputs in the weekly memristor meeting. 

I am very grateful to Dr.Williamson and Janet Mosley for the scholarship offer 

and their guidance. 

The substrates for TFTs and RRAMs were provided by Hewlett-Packard (HP) and Sharp 

Laboratories of America (SLA). 

The research was performed using facilities at the Microproducts Breakthrough 

Institute at Oregon State University and at the Environmental Molecular Sciences 

Laboratory (EMSL), a national scientific user facility at Pacific Northwest National 

Laboratory (PNNL) sponsored by the U.S Department of Energy. JSR thanks PNNL for 

providing an Alternate Sponsored Fellowship during a portion of these studies. 

The project was funded by the Oregon Nanoscience and Microtechnologies 

Institute (ONAMI) and the Office of Naval Research (ONR) under contract number 

200CAR262. 

 



TABLE OF CONTENTS 

          Page 

CHAPTER 1 - INTRODUCTION TO OXIDE MATERIALS AND DEVICES…. 1 

1.1 Introduction on Thin-Film Transistors………………………………… 1 

1.2 TFT device structure and Operation…………………………………… 2 

1.3 Transparent Amorphous Oxide Semiconductors………………………. 8 

1.3.1 Indium Gallium Zinc Oxide (IGZO)………………………… 10 

1.3.2 Zinc Tin Oxide (ZTO)……………………………………….. 12 

1.3.3 Zinc Indium Oxide (ZIO)……………………………………. 14 

1.3.4 Indium Gallium Oxide (IGO)………………………………... 15 

1.4 Introduction to Resistive Random Access Memory…………………….17 

1.5 RRAM device structure and operation………………………………… 18 

1.6 Oxide RRAM Overview……………………………………………….. 29 

1.7 References ………………………………………………………………32 

CHAPTER 2 - EXPERIMENTAL TECHNIQUES……………………………….. 39 

2.1 Thin Film Deposition Techniques………………………………………39 

2.1.1 Radio-Frequency Magnetron Sputtering……………………...39 

2.1.2 Thermal Evaporator…………………………………………...42 

2.2 Lithography…………………………………………………………….. 43 



 

TABLE OF CONTENTS (Continued) 

          Page 

2.2.1 Shadow Mask Lithography……………………………………43 

2.2.2 Photolithography………………………………………………44 

2.3 Post-deposition annealing……………………………………………….46 

2.4 Thin film characterization techniques………………………………….. 47 

2.4.1Spectroscopic Ellipsometry……………………………………47 

2.4.2 Scanning Electron Microscopy………………………………. 51 

2.4.3 X-ray Diffraction…………………………………………….. 52 

2.4.4 X-ray Photoelectron Spectroscopy……………………………53 

2.4.5 Rutherford Backscattering Spectrometry……………………..56 

2.5 Electrical characterization using semiconductor parameter analyzer….. 59 

2.6 References………………………………………………………………60 

CHAPTER 3 – INVESTIGATION OF AMORPHOUS ZINC TIN OXIDE 
FILMS FOR THIN FILM TRANSISTOR APPLICATIONS…………………….  62 

 3.1 Introduction…………………………………………………………….. 62 

3.2 Experimental details…………………………………………………….64 

3.3 Results and discussion…………………………………………………. 67 

3.4 Conclusion………………………………………………………………82 



 

TABLE OF CONTENTS (Continued) 

          Page 

3.5 References ………………………………………………………………83 

CHAPTER 4 – BIPOLAR RESISTIVE SWITCHING IN SPUTTER DEPOSITED 
AMORPHOUS ZINC TIN OXIDE DEVICES…………………………………… 86 

 4.1 Introduction……………………………………………………………. 86 

4.2 Experiments…………………………………………………………… 88 

4.3 Results and discussion………………………………………………… 89 

4.4 Conclusion………………………………………………………………102 

4.5 References ………………………………………………………………103 

CHAPTER 5 - CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK……………………………………………………………………………... 107 

 5.1 Conclusions……………………………………………………………. 107 

 5.2 Recommendations for future work…………………………………….. 108 

Bibliography……………………………………………………………………….. 109 

Appendix: Sol-gel chemistry for zinc tin oxide (ZTO)……………………………. 124 

 

 

 

 

 

 

 



 

LIST OF FIGURES 

 

Figure             Page 

Figure 1.1: Four basic TFT layouts: (A) staggered bottom gate, (B) staggered top 
gate, (C) coplanar bottom gate, (D) coplanar top gate………………………………3 

Figure 1.2: Energy band diagram for n-type accumulation mode TFTs.(A) at zero 
bias (B) negative voltage is applied to the gate (C) positive voltage is applied to the 
gate………………………………………………………………………………….4 

Figure 1.3: Plot of log(ID) and log(IG) versus VGS (V) to illustrate the on-off ratio 
and turn-on voltage…………………………………………………………………6 

Figure 1.4: Plot of VGS (V) versus µ (cm2/V·s)…………………………………….7 

Figure 1.5: Atomic orbital overlap (shaded) (A) Crystalline covalent 
semiconductors, (B) Amorphous covalent semiconductors, (C) Crystalline oxide 
semiconductors and (D) Amorphous oxide semiconductors………………………  9 

Figure 1.6: A portion of the periodic table for selecting AOS materials excluding 
expensive (shaded white) and toxic (shaded red) elements. Gallium and indium are 
also expensive……………………………………………………………………...10 

Figure 1.7: Side view and top view for RRAM device cross bar structure………..19 

Figure 1.8: AUTOCAD photomask design for 10000 um2 cross bar structure……20 

Figure 1.9: Bipolar resistive switching in RRAM…………………………………21 

Figure 1.10: Unipolar resistive switching in RRAM………………………………22 

Figure 1.11: Gentle forming process – soft breakdown of oxide material…………23 

Figure 1.12: Forming, SET and RESET operation in RRAM leading to conductive 
filament formation and rupture…………………………………………………...... 26 

 



 

LIST OF FIGURES(Continued) 

 

Figure            Page 

Figure 1.13: Resistive switching due to redox reactions at the metal 
electrode/oxide Interface…………………………………………………………… 28 

Figure 2.1: Schematic of sputter deposition system……………………………….. 41 

Figure 2.2: Schematic of thermal evaporator system. ………………………………43 

Figure 2.3: Schematic of the dark field and bright field photomask sets used in 
this study for fabrication of RRAM cross bar structures : (A) Bottom electrode 
mask, (B) : Pad mask and (C) Top electrode mask………………………………… 46 

Figure 2.4: Ellipsometer for measurement of thickness and optical constants…….. 47 

Figure 2.5: Two kinds of MSE minima called local minima and global minima...... 50 

Figure 2.6: SEM image of platinum bottom electrode of ZTO RRAM cross bar 
structure…………………………………………………………………………… 52 

Figure 2.7: Principle of X-ray diffraction………………………………………….. 52 

Figure 2.8: Principle of XPS (left) and ejection of a photoelectron from inner shell 
of an atom (right)…………………………………………………………………... 54 

Figure 2.9: XPS spectra for Zn 2p3/2 with binding energy and photoelectron 
intensity as X and Yaxis…………………………………………………………… 55 

Figure 2.10: Principle of RBS……………………………………………………… 56 
Figure 2.11: RBS spectra of ZTO deposited on SiO2/Si substrates with channel 
number and backscattering yield as X and Y axis…………………………………. 58 

Figure 3.1: XRD spectra for ZTO thin films as-deposited and annealed to 600° 
C and 650° C…………………………………………………………………… . .. 68 

Figure 3.2: SEM image of as-deposited ZTO film taken at 65,000x magnification. 69 

 



 

LIST OF FIGURES (Continued) 

 

Figure            Page 

Figure 3.3: XPS of Zn 2p3/2 from ZTO films deposited with 1 SCCM of oxygen and 
annealed to 300 °C and 600 °C………………………………………………………. 70 

Figure 3.4: XPS of Sn 3d5/2 from ZTO films deposited with 1 SCCM of oxygen and 
annealed to 300 °C and 600 °C………………………………………………………. 71 

Figure 3.5: XPS of O 1s from ZTO films deposited with 1 SCCM of oxygen and 
annealed to 300 °C and 600 °C………………………………………………………. 72 

Figure 3.6: XPS of C 1s from ZTO films as-deposited with 1 SCCM of oxygen and 
annealed to 300 °C and 600 °C……………………………………………………… 73 

Figure 3.7: XPS sputter depth profile of ZTO film deposited with 1 SCCM of 
oxygen……………………………………………………………………………….. 75 

Figure 3.8: RBS spectra from an as-deposited ZTO film with 0 SCCM of oxygen…. 76 

Figure 3.9: TFT transfer characteristics with as-deposited ZTO channel layer with 0 
SCCM, 1 SCCM, 2 SCCM of oxygen………………………………………………. 78 

Figure 3.10: TFT transfer characteristics with ZTO channel layer deposited with 0 
SCCM, 1 SCCM, 2 SCCM of oxygen and annealed to 300 °C……………………… 78 

Figure 3.11: TFT transfer characteristics with ZTO channel layer deposited with 0 
SCCM, 1 SCCM, 2 SCCM of oxygen and annealed to 600 °C……………………… 79 

Figure 3.12: Change in average channel mobility as a function of oxygen flow rate 
and post-annealing conditions……………………………………………………….. 81 

Figure 4.1: RBS data from sputter-deposited ZTO films. The inset shows the XRD 
data from the ZTO films after annealing to 600 °C…………………………………. 90 

Figure 4.2: ToF-SIMS depth profile on Al/ZTO/Pt structure………………………... 92 

Figure 4.3: Bipolar resistive switching in ZTO RRAM crossbar device; inset 
shows an image of device structure………………………………………………... 94 

 

 



 

LIST OF FIGURES(Continued) 

 

Figure            Page 

Figure 4.4: Bipolar resistive switching in ZTO RRAM crossbar device; inset shows 
a schematic of the device stack and dependence of RLRS and RHRS on cell 
area………………………………………………………………………................... 95 

Figure 4.5: Ohmic conduction at low voltage regions of LRS and HRS (V < V 

RESET) and the insets show plots for Schottky emission and Poole – Frenkel 
emission for the high voltage regions (V > VRESET) of HRS……………………...  97 

Figure 4.6: Statistical distribution of SET and RESET voltages for 30 cycles 
where µ denotes mean and σ denotes standard deviation………………………... 99 

Figure 4.7: RLRS and RHRS over 30 resistive switching cycles………………………. 100 

Figure 4.8: Retention characteristics of ZTO memory device taken for a read 
voltage of 0.1 V…………………………………………………………………..….. 100 

 

 

 

 

 

 

 

 



 

LIST OF TABLES 

 

Table            page 

Table 3.1: XPS table of binding energies for Zn 2p3/2, Sn 3d5/2, O 1s and C 1s for 
ZTO films with different deposition conditions and annealing temperature……… … 74 

Table 3.2: XPS table of atomic ratios for as-deposited ZTO thin films……………... 75 

Table 3.3: Fitting parameters for RBS spectra obtained using simulation……………77 

Table 4.1: Experimental values for optical dielectric constant (εr) for ZTO 
calculated using slopes (S1 and S2) of Schottky and Poole-Frenkel conduction 
mechanism at the high voltage regions (V > VRESET) of HRS. The optical dielectric 
constant εr,o for ZTO was determined to be ~ 4 from spectroscopic ellipsometry….. 97 

 

 

 



1 
 

 

CHAPTER 1 - INTRODUCTION TO OXIDE MATERIALS AND 
DEVICES 

This chapter provides an overview of amorphous oxide semiconductor materials and 

device structures that have been reported in the literature. Information on the principle 

concepts of thin film transistors (TFT) and resistive random access memory (RRAM) will 

also be covered. 

1.1 Introduction on Thin-Film Transistors 

The first metal-oxide-semiconductor field-effect transistor (MOSFET) was 

fabricated in 1960 on a silicon substrate using SiO2 as the gate dielectric. Several of these 

MOSFETs were combined to fabricate integrated circuits by Texas Instruments and 

Fairchild Semiconductor [1, 2]. In 1963, the invention of complementary MOS (CMOS) 

was a major breakthrough where both n-channel and p-channel MOSFET were integrated 

into circuits with the advantage that negligible standby power dissipation for CMOS as 

opposed to PMOS or NMOS. Thin film transistors (TFT) are a special kind of field effect 

transistor where the gate insulator, channel layer and the metal contacts are deposited as 

thin films. TFTs have been studied since their invention in 1930 [3-6] and used for a 

broad range of applications, but with liquid crystal displays being the dominant 

application and amorphous-silicon (a-Si) being the dominant TFT technology. 

A recent advance for TFTs was realized in 1996 when oxide semiconductors were 

first used as the channel material for TFTs. These materials initially were focused on tin 

oxide (SnO2) as the semiconductor where antimony (Sb) was used as a dopant [7]. 

However, in 2003 polycrystalline ZnO was used as the channel material [8] and these 
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studies indicated that ZnO TFTs had significantly better performance than a-Si based 

TFTs [8]. Considerable advancements have been made for ZnO based TFTs including 

enhanced electrical properties with low processing temperatures [9]. More recently a 

general class of materials commonly termed multi-component oxide based 

semiconductors has been studied which includes, indium gallium zinc oxide (IGZO) [10], 

zinc tin oxide (ZTO) [11], indium zinc oxide (IZO) [12], and indium gallium oxide (IGO) 

[13].  It has been demonstrated that these amorphous materials have relatively high 

electron mobilities despite being amorphous [14]. For the research in this thesis the focus 

has been on ZTO, which is an amorphous oxide semiconductor. 

1.2 TFT Device structure and Operation 

Figure 1.1 shows the schematic for four basic TFT layouts:  (A) staggered 

bottom-gate, (B) co-planar bottom-gate, (C) staggered top-gate, and (D) co-planar top-

gate [15]. The staggered TFT device structures have the source/drain contacts and gate 

contacts placed on opposite sides of the channel-insulator interface and in co-planar TFT 

device structures the source/drain contacts and gate contacts are placed on the same side 

of the channel-insulator interface. TFTs are also classified as top and bottom gate based 

on the placement of the gate electrode in the device stack. The top gate TFTs have the 

gate electrode placed on the top of the channel layer and bottom gate TFTs have the gate 

electrode beneath the channel layer. There are several advantages and disadvantages 

associated with each structure. In this study, the staggered bottom gate structure is 

employed.  
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where Cox is the capacitance of the gate oxide, W and L are the width and length of the 

channel, VON is the voltage at which electrons start to flow through the channel and 

current conduction begins, µ is the channel mobility, VGS and VDS are the gate-to-source 

and drain-to-source voltages, respectively[16]. 

When a large drain voltage is applied, electrons are depleted in the channel layer 

near the drain electrode and ID becomes independent of drain voltage. 

= 12μ 	[( − ) ], = ( −	 ) 
A derivation of the ideal square law model is available elsewhere [16]. All the 

devices were tested using a probe station with an Agilent 4155 semiconductor parameter 

analyzer. The I-V curves were obtained using the double sweep mode with gate voltage 

ranging from -20 to 20 V with drain voltage fixed at 1V. 

Turn-On Voltage  

The turn-on voltage (Von) is the gate voltage at which the drain current increases 

due to current conduction in the channel. The plot of log (ID) versus VGS shown in Figure 

1.3 is used to determine the value for Von where an arrow indicates the voltage at which 

the drain current starts to increase.  

 



6 
 

 

 

Figure 1.3: Plot of log (ID) and log (IG) versus VGS (V) to illustrate the on-off ratio and 
turn-on voltage. 

Drain current ON to OFF Ratio 

The drain current on-to-off ratio is defined to be the ratio of drain to source 

current from the “on” state to the “off” state obtained from the plot of log (ID) versus VGS 

shown in Figure 1.3. Typically, on-off ratios are considered acceptable when their values 

are greater than 106 [17]. On-off ratios are useful in accessing how well a device will 

work as a switch.  

Mobility 

Mobility is a measure of the transport of carriers in the channel. A higher mobility 

contributes to a faster switching time, which is indicative of the time the device takes to 

switch between the on and off states. Two types of mobility calculated in this study that 
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depends on VGS are incremental mobility (µinc), which is the increase in mobility due to 

carriers added to the channel as the gate voltage differentially increases in magnitude, and 

average mobility (µavg), which is the average mobility of all the carriers present in the 

channel [8]. A plot of VGS (V) versus µ (cm2/V·s) is shown in Figure 1.4.  

 

Figure 1.4: Plot of VGS (V) versus µ (cm2/V·s). 

The incremental mobility is calculated by 

μ ( ) = ( )	 	 
where G’
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the width to length ratio of the channel layer between the source and drain, and Cins is the 

capacitance of the insulator.  

The average channel mobility is calculated by 

μ = ( )	 [ − ] 
where GCH is the channel conductance as a function of gate voltage VGS, and VON  is the 

voltage at which the device switches on. 

1.3 Transparent Amorphous Oxide Semiconductors 

In 1996 amorphous oxide semiconductor (AOS) materials were explored for their 

application as transparent conducting oxides (TCO) [18]. More recently these strategies 

have been applied to TFT applications as well [19].  For these applications it was found 

that AOS materials were promising due to their low processing temperature, lack of grain 

boundaries and smoothness of the surface. These metal oxides are composed of spatially 

spread s-orbitals of heavy metal cations (HMCs) with an electronic configuration of (n-

1)d10ns0 [18,20]. The magnitude of atomic orbital overlap is proportional to electron 

mobility in the material. When compared to crystalline Si shown in Figure 1.5A, a-Si is 

greatly affected by structural randomness as their carrier transport paths are composed of 

strongly directional sp3 orbitals as shown in Figure 1.5B. In case of crystalline oxide 

semiconductors as shown in Figure 1.5C, the overlap of spherical s metal orbitals are 
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TFTs had good performance with an on-off ratio of 106 and a field effect mobility of 80 

cm2/V·s. In 2004, Nomura et al. demonstrated the room temperature fabrication of 

amorphous IGZO TFTs on flexible polymer substrates. The IGZO was deposited using 

pulsed laser deposition (PLD). The TFTs displayed good performance with saturation 

mobilities of ~ 6 to 9 cm2/V·s, an on-to-off ratio of 103 before and after bending [23]. 

Following this initial work, several research groups focused on improving the IGZO TFT 

performance. For example, in 2011 Liu et al. demonstrated that doping nitrogen into the 

a-IGZO film during deposition improved performance of the IGZO TFT [25]. These 

TFTs were fabricated with an inverted staggered bottom gate structure where the active 

channel layer was formed using DC reactive sputtering with a power of 100 W and 

deposition was performed with Ar and N2 gas flow in the deposition chamber. It was 

proposed that the nitrogen was incorporated into the a-IGZO film, and substituted 

nitrogen atoms for inactive oxygen atoms.  The inactive oxygen atoms can react with 

ambient air and form oxygen vacancies, which significantly affect the electrical and 

ambient stability of IGZO TFTs. Experimental results show that TFT device parameters 

including threshold voltage, sub-threshold swing, and carrier mobility were enhanced as a 

result of nitrogen doping. The devices have also proven to be electrically stable under 

applied gate bias stress and were stable in ambient conditions. This was attributed to 

reducing the oxygen desorption effect caused by interaction of inactive oxygen atoms of 

IGZO with the atmosphere through the incorporation of nitrogen into film during 

deposition [25].  
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1.3.2 Zinc Tin Oxide (ZTO)  

Zinc tin oxide, also called zinc stannate, is a wide band gap (3.3-3.9 eV) n-type 

semiconductor material, which is also commonly investigated for TFT applications. The 

ZTO stoichiometry can be described generally as (ZnO)x(SnO2)1-x  with 0 < X < 1. The 

two crystalline forms of ZTO that have been studied in the literature are ilmenite ZnSnO3 

(x=0.5) and cubic spinel Zn2SnO4 (x = 0.66), with the ilmenite structure exhibiting more 

thermal stability [11, 26]. ZTO has many attractive attributes, such as its resistance to 

chemical etching [27], and physical robustness to scratching. Moreover, Zn and Sn are 

relatively low cost and abundantly available. Besides TFT applications, ZTO has also 

been used for gas sensor [28] and solar cell applications [29]. 

It has been demonstrated that ZTO films can be formed by many deposition methods 

including vacuum based techniques like RF magnetron sputter deposition [11,21], 

chemical vapor deposition [30] and solution based techniques including spin coating [31-

33], ink jet printing [34,35] and dip coating [36].  

In 2005, Chiang et al. demonstrated n-type bottom gate TFTs with ZTO as a channel 

layer [11]. These TFTs were fabricated using glass substrates coated with a 200 nm thick 

gate electrode composed of sputter deposited ITO and a 220 nm thick gate insulator 

composed of alternating AlOx and TiOx (ATO) deposited by atomic layer deposition. The 

sputter deposition of the ZTO channel layer and ITO source/drain was done with a 

90%/10% Ar/O2 mix and 100% Ar at a substrate temperature of ~175 °C. The ZTO films 

were deposited from a target containing 1:1 and 2:1 molar ratios of ZnO:SnO2 . The 
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devices were furnace annealed for 1 hour in air at 300 °C and 600 °C following the ZTO 

deposition. The XRD results indicated the ZTO films were amorphous up to 600 °C and 

polycrystalline above 650 °C and the entire device structure with ZTO as channel layer 

had high transparency with ~ 84 % optical transmittance. The TFTs annealed at 300 °C 

had field effect mobilities of 5 to15 cm2/V·s and a turn-on voltage of 0 to15 V whereas 

the TFTs annealed at 600 °C had field effect mobilities of 20 to 50 cm2/V·s and a turn-on 

voltage of -5 to 5 V [11]. 

Following the successful fabrication of TFTs using ZTO as a channel layer, research has 

focused on improving the electrical stability of ZTO based TFTs. For example, in 2011 

Avis et al. investigated the stability of unpassivated ZTO based TFTs to assess the impact 

of air exposure and bias stress [37].  The ZTO thin film was formed with bottom gate, 

bottom contact structure on glass substrate with 200 nm of SiO2 buffer layer deposited on 

top of it using plasma-enhanced chemical vapor deposition (PECVD) [37]. The 

source/drain and gate electrodes were formed using sputter deposited IZO (40 nm). The 

gate dielectric was a SiO2 layer (150 nm) and the ZTO was deposited on top of the TFT 

backplane by spin coating from a solution containing ZnCl2 and SnCl2 dissolved in 

acetonitrile and ethylene glycol with Zn : Sn ratio of 1:1, 2:1, and 1:2. Annealing was 

performed at 500 °C for 1 hr in air and resulting thickness of ZTO was 20 nm. XRD 

analysis showed that the films were amorphous at 500 °C. Electrical measurements 

showed that the best values for linear mobility and on-off ratio were 6.77 cm2/V·s and 

106
 respectively, which were obtained for TFTs fabricated with ZTO channel layer 

containing a Zn : Sn ratio of 1:1.The impact of air exposure on TFTs increased the off-
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current by approximately six orders of magnitude. The impact of positive gate bias stress 

revealed a large threshold voltage (Vth) shift. On the other hand, the impact of negative 

gate bias stress revealed no marked Vth shifts. This study illustrated the necessity of 

having a passivation layer above the ZTO channel layer for stable TFT performance [37].  

1.3.3 Zinc Indium Oxide (ZIO) 

Amorphous zinc indium oxide is best known for its excellent optical transparency, 

high electrical conductivity, thermal and electrical stability and film smoothness for TCO 

applications [38-40]. 

In 2005 Dehuff et al. reported the fabrication of n-type bottom gate TFTs with 

ZIO as a channel layer [40]. These TFTs were fabricated using glass substrates coated 

with a 200 nm thick gate electrode composed of sputter deposited ITO and a 220 nm 

thick gate insulator composed of alternating layers of AlOx and TiOx (ATO) deposited by 

atomic layer deposition. The sputter deposition of the channel layer  ZIO was done at 

room temperature using a target made from 2:1 molar ratio of ZnO:In2O3. Process 

parameters were varied, including oxygen flow rate and target-to-substrate distance 

during ZIO channel layer deposition. The devices were furnace annealed in air for 1 hour 

at 300 °C and 600 °C following the ITO source/drain deposition. The XRD results 

indicated the ZIO films to be amorphous up to 500 °C and polycrystalline at 600 °C and 

the devices had high transparency with ~ 85 % optical transmission. The TFTs 

performance varied significantly with annealing temperature, where TFTs annealed at 

600 ° C operated in depletion mode with threshold voltages between -20 and -10 V, 
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incremental channel mobility of 45 - 55cm2/V.s, and drain current on-off ratios of 106. In 

contrast the TFTs annealed at 300 ° C operated in enhancement mode with threshold 

voltages between 0 and 10 V, incremental channel mobility of 10 – 30 cm2/V.s, and drain 

current on-off ratios of 106 [40].  

In 2011 Han et al., evaluated the effect of ozone annealing in comparison to air 

annealing on IZO TFT performance for solution processed IZO [41]. Bottom gate TFTs 

were fabricated on boron doped silicon substrates with a 100 nm silicon oxide gate 

insulator, and a 500 nm gold layer deposited on the back side of the substrate for gate 

contact. The IZO thin film was spin coated at 300 rpm for 30 seconds using a precursor 

prepared by dissolving InCl3 and ZnCl2 precursors in acetonitrile solvent. The films were 

annealed for 2 hours in air and O2/O3 at temperatures between 280 °C and 500 °C. X-ray 

photoelectron spectroscopy and atomic force microscopy studies were performed to study 

the IZO film stoichiometry and morphology. TFT electrical device characterization 

indicated that the TFTs prepared by annealing in ozone at 300 °C had a field effect 

mobility of 0.94 cm2/V·s which was 30 times higher than the value of field effect 

mobility by annealing in air at 300 °C. In this study it was shown that high mobility TFTs 

could be obtained at low processing temperature using an ozone anneal [41].  

1.3.4 Indium Gallium Oxide (IGO) 

IGO has mainly been studied for application as a TCO [42, 43]. IGO is an 

alternative amorphous oxide n-type semiconductor material with a wide band gap of 3.3-

3.4 eV [44].  In 2006, Chiang et al. fabricated IGO TFTs with staggered bottom gate 



16 
 

 

structure employing p-doped Si substrate with 100 nm SiO2 gate dielectric. The IGO 

channel material and ITO source/drain material were RF magnetron sputter deposited and 

patterned using shadow masks [44]. The sputter deposition was done using two ceramic 

targets with different In/Ga ratios (InGaO3 and In1.33Ga0.67O3). Following the channel 

layer deposition, the devices were furnace annealed in air at temperatures between 200 °C 

and 800 °C. The effect of channel layer stoichiometry, post-deposition annealing, and 

oxygen partial pressure on TFT electrical performance was studied and it was found that 

oxygen partial pressure variation had a significant impact on the TFT performance. The 

µinc of the devices increased with decreasing oxygen partial pressure whereas the VON 

decreased (negative value) with decrease in oxygen partial pressure. The highest value 

for the µinc was found to be 27 cm2/ V·s, with Von and on-off ratio measured as -14 V and 

106 respectively for TFTs annealed at 600 °C. Additionally the µinc was found to be 19 

cm2/ V·s with VON of 2 V for TFTs annealed at 200 °C [44].  

In 2010, further research was done by Goncalves et al. to understand the 

structural, morphological, optical and electrical properties of IGO thin films as a function 

of oxygen partial pressure [45]. IGO films were deposited onto soda lime glass using RF 

magnetron sputter deposition at room temperature using a 3 in. ceramic target made with 

2:1 ratio of In2O3:Ga2O3. IGO films at room temperature and those annealed to 150 °C 

were employed to fabricate staggered bottom gate TFTs .The XRD results indicated that 

the films tend to be crystalline when deposited in the absence of oxygen and were 

amorphous when deposited in the presence of oxygen. Film morphology studies using 

AFM indicated that amorphous films were smoother (RMS = 1.2 nm) when compared to 
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the polycrystalline films (RMS = 11.5 nm) and the films deposited in the presence of 

oxygen had 80% transparency when compared to films deposited in absence of oxygen 

had  less than 10% transparency. High performance TFTs were produced at room 

temperature with high saturation mobility of 43 cm2/ V·s and on-off ratio of 108
 [45].  

1.4 Introduction to Resistive Random Access Memory 

Resistive random access memory (RRAM) is a modern semiconductor non-

volatile memory which has attracted significant attention in the electronic industry due to 

its simple structure, low power consumption, and fast operation speed [46]. When 

compared to flash memory applications, RRAM requires a lower operating voltage 

compared to several other competing technologies and is suitable for low power 

applications. Since the early 1960s there was significant effort to study resistance 

switching effects in thin films. In 1962, negative resistance was first observed in oxide 

thin films including SiOx, Ta2O5, ZrO2, Al2O3 and TiO2 confirmed from current-voltage 

characteristics [47].  A peak-to-valley ratio of 30:1 and a switching time of < 0.5 µs was 

achieved but the mechanism behind negative resistance was unclear. Later in 1967 a 

memory device was proposed with SiO thin films where change in resistance state was 

reported to be due to electron penetration in electron-beam scanned areas, causing an 

increase in the generated current within the device [48]. A review of switching observed 

in various metal oxide films was put forward in 1970 which included discussion on 

charge transport in insulators, observations and models of the forming process, and 

differential negative resistance and its possible mechanisms [49]. 
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A major advancement took place with the integration of RRAM into a 64 bit non-

volatile memory based on perovskite oxide, PCMO (Pr0.7Ca0.3MnO3), as a switching 

element [50]. Beginning in 2004, a significant amount of research has focused on the 

fabrication of RRAM based devices using binary transition metal oxides (TMO), 

including NiO[51],TiO2[52], and CoO[53] as switching materials. These compounds 

were found to have stable resistive switching where the best performance was found for 

NiO films which had the lowest programming voltage and current. For the past seven 

years, the research based on RRAM with oxides as the switching material has been 

accelerated with non-volatile resistive switching observed in doped perovskite oxide 

SrZrO3 [54], Al2O3[55], ZnO[56], ZrO2[57], HfOX[58], CuXO,[59] IGZO[60] and gallium 

zinc oxide (GZO) [61].  

To investigate the underlying mechanism of resistive switching a variety of 

characterization techniques were used including conductive atomic force microscopy (C-

AFM), Auger electron spectroscopy (AES), and transmission electron microscopy 

(TEM). In addition, analysis of I-V characteristics including change in resistance with 

RRAM cell area have been performed. 

1.5 RRAM device structure and operation 

RRAM devices have a capacitor like structure in which the switching material is 

sandwiched between two metal electrodes as shown in Figure 1.7. In 2008, HP 

announced the development of a new circuit element termed the memristor [62]. The 

memristor devices in this study have metal- insulator- metal (MIM) structures arranged in 
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the device and RON refers to low resistance state (LRS) of the device after the SET 

process. 

 

Figure 1.9: Bipolar resistive switching in RRAM. 

There are two kinds of resistive switching, bipolar and unipolar.  In bipolar 

resistive switching the SET and RESET operation of the device depends on the polarity 

of the applied voltage as described earlier whereas in unipolar resistive switching the 

SET and RESET operation of the device depends on the amplitude of the applied voltage 

[63]. Figures 1.9 and 1.10 depict the bipolar and unipolar behavior of the RRAM devices. 
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Figure 1.10: Unipolar resistive switching in RRAM. 

 Forming process  

Forming refers to the soft breakdown of the oxide material (insulator) by applying 

an external voltage on the top electrode, Al in this case. Figure 1.11 shows the effect of 

slowly increasing the current for a device initially in the HRS. It has been proposed that 

the forming process gives rise to the formation of a filamentary conductive path that 

connects the top and bottom electrodes. This filamentary formation may possibly be due 

to the application of bias voltage polarity on the top electrode. This could cause the 

migration of oxygen ions (O2-) in one direction, or the migration of oxygen vacancies 
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(Vo
2+) or metal ions (m+) in the other direction.  It is the accumulation of these defects in 

metal oxide that may lead to the formation of filaments in the metal oxide film, and may 

lead to conduction pathways [46]. A conductive path expansion due to drift of Vo
2+ 

towards the top electrode interface from the applied negative voltage is called “virtual 

cathode”. This “virtual cathode” will ultimately transform into a complete conducting 

path when it reaches the bottom electrode and the device switches to the LRS [46,64].  To 

switch the device back to the HRS an opposite bias voltage polarity is applied which 

results in the dissolution of the formed filament. This electroforming process is 

considered necessary for subsequent stable bipolar switching operations.  

 

Figure 1.11: Gentle forming process – soft breakdown of oxide material. 
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Mechanisms of resistive switching 

The conductive filament model and interface model are two widely discussed 

models to describe the resistive switching mechanisms for RRAM devices.  

Conductive filament model 

It has been proposed that oxygen ion defects, such as oxygen vacancies, in metal 

oxides have a major role in resistive switching and have been considered to be much 

more mobile than cations [65]. Following the electroforming process, bipolar switching 

may take place through localized reduction/oxidation reactions.  It is possible that these 

redox reactions at the oxide and the metal electrode interface can cause the formation and 

rupture of the conductive filaments. Understanding these conductive filaments began 

formally when the filament model was first introduced early 1960’s [66]. Several 

research groups have proposed that the mechanism behind resistive switching is the 

formation and dissolution of conductive filaments in the oxide materials [67,68]. For 

example, in 2009 Hangbing et al. investigated the resistive switching of Cu-oxide films 

with several different top metal electrodes (Al, Pt, Ti ) [56]. It was found that the Al top 

electrode showed good stability, endurance and a larger resistance ratio compared to the 

other metals. After initial forming, LRS was achieved by applying a positive voltage on 

the top electrode during the SET process.  It was suggested that O2-  ions were attracted to 

the top electrode interface resulting in the formation of a thin AlOx layer. During the 

RESET process the HRS was achieved by applying a negative voltage to the top 

electrode where the O2-  ions were repelled away from the top electrode interface which 
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are incorporated into the oxygen vacancies. Analysis using AES and TEM techniques 

were performed to better understand the switching mechanism for these devices. The 

TEM studies indicated the presence of a 5-7 nm AlOx layer at the Al-CuxO interface. 

These results were consistent with AES results which showed enhanced signals of Al and 

O near the Al-CuxO interface. Depending on the polarity of the applied voltage, the AlOx 

layer acted as a supplier of oxygen or as an oxygen reservoir. This paper also reported 

both unipolar behavior and proposed that this switching results from the formation and 

dissolution of conductive filaments due to joule heating [59,69].  

Measuring I-V characteristics using conductive atomic force microscopy (C-AFM) for 

studying resistive switching in metal oxides has proven to be an effective method to 

investigate switching in RRAM devices [70-72]. In 2009, Kim et al. investigated resistive 

switching in NiO thin films by measuring its electrical properties by using C-AFM. The 

data suggested that conductive filaments composed of metallic Ni clusters were generated 

as a result of oxide reduction in NiO thin films from the external voltage biases [70]. A 

general schematic for the forming, set and reset process associated with the conductive 

filament model is shown in Figure 1.12.  
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magnetron sputtering from a Ta target in an oxygen ambient. X-ray photoelectron 

spectroscopy indicated that the material consisted of two phases of TaOx, mainly TaO2-β 

in the bulk and Ta2O5-δ near the anode. During the RESET operation, when a positive 

voltage was applied on the anode, the O2- ions migrated from the bulk TaOx layer 

(oxygen reservoir) and accumulated at the anode leading to oxidation of TaO2-β to Ta2O5-

δ which enlarged the band gap of the oxide material and increased the interfacial barrier 

height. This increase in the barrier height causes the device to be in the HRS. On the 

other hand, in the SET operation the reduction of Ta2O5-δ occurs due to the migration of 

O2- ions away from anode due to applied negative voltage. This process reduced the band 

gap of the oxide material, and thereby decreasing the interfacial barrier height causing the 

device to be in the LRS. The evidence of redox reaction happening at the interface was 

confirmed by hard X-ray photoemission spectroscopy [75].  The spectra showed 

increased signals from reduced components during the device’s transition from HRS to 

LRS. Resistive switching following the same mechanism described above was previously 

suggested by Muraoka et al. for FeO RRAM [74].  A general schematic for the SET and 

RESET processes associated with the interface model is shown in Figure 1.13.  
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1.6 Oxide RRAM Overview 

The first practical application of RRAM was reported in 2002 by Zhuang et al. 

with the fabrication of 64 - bit non-volatile memory based on perovskite oxide, PCMO 

(Pr0.7Ca0.3MnO3), as the switching element using a 0.5 µm CMOS process [50]. At room 

temperature the resistance ratio between the high resistance state to low resistance state 

was larger than 1000. In 2003, Gould et al. evaluated the performance of aluminum top 

and bottom electrodes on the resistive switching in comparision to gold top and bottom 

electrodes for SiOx devices. This study suggested that electroforming took place with 

these Al-SiOX-Al structures at the expense of more voltage cycles and the sample 

stability with Al top electrodes was inferior in comparison to RRAM with gold as the top 

electrodes, which could be due to comparatively lower melting point of Al [77].  

Furthermore, the Poole – Frenkel effect was proposed to be the mechanism behind the 

negative resistance observed in the SiOX films [77].   

In 2004, Baek et al. demonstrated fabrication of RRAM based on a binary 

transition metal oxide (TMO) switching material. The TMO was called OxRRAM and 

was fabricated using 0.18 µm CMOS technology. The authors claimed that binary TMOs 

are advantageous compared to perovskite oxides because of poor controllable of crystal 

structure and stoichiometry for perovskite materials [51]. Their cells had a MIM structure 

with polycrystalline TMO layer sandwiched between two noble metal electrodes. A 

voltage pulse independent of voltage polarity was required to switch from a low 

resistance to high resistance state and vice versa. The cell size dependency on the 
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resistance of the cells indicated that the SET resistance and RESET resistance decreased 

only slightly with an increase in cell size which suggested that the switching mechanism 

was due to the formation of filament current paths in the oxide film [51]. 

RRAM based on binary TMOs have attracted significant attention, especially for 

resistance switching using TiO2. For example, Choi et al. demonstrated that RRAM 

devices fabricated with TiO2 thin films with thicknesses of 20 nm to 57 nm could have 

more than a few hundred continuous switching cycles with resistance ratios greater than 

102. Conductive atomic force microscopy studies confirmed that the resistive switching 

mechanism may be due to formation and elimination of conducting spots [52]. Shima et 

al, have also shown that other  binary TMOs have good performance for RRAM, 

including Pt/NiO/Pt and Pt/CoO/Pt structures [53]. 

In 2007 Lin et al. studied resistive switching on doped films, in this case Mo – 

doped SrZrO3 (SZO) [54]. SiO2/Si substrates were coated by RF magnetron sputtered 

LaNiO3 that was the bottom electrode and 30 and 50nm SZO films were spincoated using 

a solution containing strontium acetate, zirconium acetate and varying concentrations of 

molybdenum acetate (0.1, 0.2, 0.3%) dissolved in acetic acid and acetylacetone. An Al 

top electrode was evaporated and patterned using metal masks. I-V measurements 

revealed good resistive switching for the SZO films doped with 0.1 and 0.2% Mo. The 

resistance at the on and off state was stable over 104 s [54]. 

Xu et al., have studied the mechanism of resistive switching for TiN/ZnO/Pt 

based RRAM devices, including dependence on cell area, operating temperatures, and 
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frequencies [56].  In this study ZnO was coated on a Pt electrode by reactive sputtering 

and annealed at 450 °C for 30 min in O2/N2 ambient. XPS studies on the ZnO film 

confirmed a high content of non-lattice oxygen ions in the material. Resistive switching 

in the devices was observed without requiring the electroforming process. Based on the 

change in resistance of the device on cell area and the temperature, it was concluded that 

the current conduction in the device could be due to locally confined filaments and 

electrons hopping through the oxygen vacancy defects [56]. 

Chen et al, have studied amorphous oxide materials for RRAM applications using 

amorphous IGZO [60].  In this study the bottom electrode was 100 nm ITO coated on to a 

glass substrate. The IGZO switching material was sputter deposited at room temperature 

from a target containing 1:1:1 atomic ratio of In: Ga: Zn with a power of 50 W and 

working pressure of 4 mTorr. Finally the ITO top electrode was sputter deposited through 

a shadow mask with feature sizes of 100-800 µm on top of the IGZO film. For all these 

measurements, the bottom electrode was grounded. The entire device was highly 

transparent having 70 – 80% transmittance and XRD studies showed that the IGZO films 

were amorphous. Stable bipolar resistive switching behavior was observed in the device 

without an electroforming process. A compliance current of 10 mA was applied in the 

SET process to prevent the device from breaking down. The resistance ratio between 

HRS and LRS was found to be greater than 101. By plotting current density versus 

voltage and determining the slopes at LRS and HRS, it was found that ohmic behavior 

dominates the conduction in LRS whereas conduction in HRS was dominated by space-

charge-limited current.  These studies strongly support the filament model [60].   
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CHAPTER 2 - EXPERIMENTAL TECHNIQUES 
 

This chapter covers various thin film deposition and patterning techniques 

involved in fabrication of the TFT and RRAM devices. Additionally, material 

characterization techniques for structural and compositional analysis of the amorphous 

oxide material and TFT and RRAM device electrical characterization are discussed.  

2.1Thin Film Deposition Techniques 

Physical vapor deposition (PVD) refers to a group of vacuum-based techniques 

used to deposit thin films by condensation of materials from the vapor phase onto solid 

substrates. The two main PVD techniques used in this work are radio frequency (RF) 

magnetron sputtering and thermal evaporation. In this section, the fundamental basis of 

these techniques will be discussed, as well as important process variables that should be 

considered when depositing films by these techniques. 

2.1.1 Radio-Frequency Magnetron Sputtering 

Sputter deposition is one of the most commonly used techniques for thin film 

deposition. Sputtering occurs when a gas (usually argon) is ionized by an applied 

potential resulting in a plasma. Due to electric and magnetic fields the ions are 

accelerated towards the target, which consists of the desired material to be deposited. 

When argon ions impinge on the target with high enough energy, a series of binary 

collisions occur which results in the removal of atoms from the target material. These 

ejected atoms can be transported from the target through the plasma, and are deposited on 
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the surface of the substrate. This process is allowed to take place for a given time until a 

film of sputtered atoms is deposited on the substrate with the desired thickness. Sputter 

deposition has several process advantages when compared to other deposition techniques, 

including good film uniformity, high reproducibility, good control of film thickness, and 

consistent film stoichiometry. 

The RF plasma creates both positive and negative charged argon ions, although 

positive charged ions are the dominant ionic species.  The plasma is initiated by 

application of a high RF voltage between a cathode and the anode with a low background 

pressure of gas. The plasma in the system is sustained by ionization of the gaseous 

species due to ion bombardment by secondary electrons emitted from the cathode. 

Magnetron sources are employed to create a magnetic field that can be used to 

trap secondary electrons close to the target. The electrons following helical paths due to 

the magnetic field lines, and undergo more and more ionizing collisions near the target. 

This cascading effect increases the ionization of gaseous species in the plasma, which 

leads to an enhanced sputter rate from the target. A significant portion of the sputtered 

atoms are not charged and are unaffected by the magnetic field from the magnetron. 

RF sputtering was used in these studies due to the use of an insulating zinc tin 

oxide target [1]. Since insulating targets tend to build up charge on the surface, an RF 

potential can be used where an alternating negative/positive potential is applied to the 

target electrode.  During the first portion of the RF cycle ions are accelerated towards the 

target surface when the target has a negative potential leading to sputtering of the target 
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that separates the load lock (where the substrates are loaded) from the main chamber 

(where the depositions are performed). The system can deposit on substrates as large as 6 

inch diameter, using either 1 inch or 3 inch diameter targets. The system capabilities 

include in-situ substrate heating, and can perform reactive and non-reactive sputter 

deposition. 

In this study both reactive and non-reactive sputter deposition were used to 

deposit ZTO thin films for both TFT and RRAM applications where argon and oxygen 

were used as the sputter gases.  

2.1.2 Thermal Evaporation 

Thermal evaporation is a physical vapor deposition technique in which a vapor of source 

material is created by heating the material of interest to temperatures that increase the 

materials vapor pressure. The evaporator used in this study was manufactured by Poloron 

and is located in the OSU cleanroom in Owen Hall. Figure 2.2 shows a schematic of a 

thermal evaporator. 

The system is a high vacuum system and has a glass bell jar assembly. The system can 

achieve a base pressure of 5 x 10-7 mbar using a diffusion pump. In these studies 

aluminum (source material) is placed in a tungsten basket which is resistively heated by 

passing a current of ~ 25 A through the basket. The aluminum slowly melts, subsequently 

vaporizes, and finally condenses on to the substrate which is placed directly above the 

source. In this study, the aluminum metal contacts for TFT source/drain and RRAM top 

electrodes were deposited using thermal evaporation. 
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used in photolithography. However, there are limitations in minimum feature size (> 

1µm) which prevents its use in high precision applications [3]. In this study the ZTO 

semiconductor layer and aluminum metal source-drain contacts for TFTs were patterned 

by deposition of ZTO and aluminum through shadow mask sets. Our minimum feature 

sizes using this technique was 100 µm gaps for the distance between source and drain for 

TFTs. 

2.2.2 Photolithography 

Photolithography is a thin film patterning technique widely used in semiconductor 

processing. This process involves transfer of patterns from a photo mask to a photoresist 

(photosensitive organic polymer) under exposure to ultraviolet light [1]. The metal 

electrodes and the ZTO for the RRAM devices were patterned using photolithography. 

For a typical process positive S1818 photoresist was spin-coated on to the substrates. The 

photoresist was soft baked at 90 ºC to remove solvents. A photomask is then placed 

between the photoresist and an ultraviolet light source. The photomask prevents UV light 

to interact with the photoresist in certain regions and allows the light to interact with the 

photoresist in other regions. The interaction of UV light with the positive photoresist 

drives photochemical reactions that cause the photoresist to become soluble in developer 

solutions. The exposed regions of the positive photoresist were removed using Micro 

Posit 351 developer. At this point the desired patterns as defined by photomask are left 

behind. Pre-bake and post-bake of photoresist is done before and after development at 85 

°C on a hot plate to avoid shrinking and cracking of photoresist. Typically, the films not 
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covered by photoresist are etched away. The photo resist is then removed from the 

substrates by acetone, leaving behind the patterned film. 

Another photolithography process that was used is lift-off where a material is directly 

deposited on the substrate with patterned photoresist. The film is deposited on exposed 

regions of the substrate and onto the resist. The undesired film was “lifted” away by 

immersing the substrate in an acetone bath. Likewise, the film remains on the substrate 

where there was no photoresist. The substrates were ultrasonicated to further remove any 

unwanted film from the substrate. Lift-off was used as a replacement to shadow masks 

and was useful when it is difficult to remove materials by etching due to poor etch 

selectivity. One of the major disadvantages of lift-off patterning was that there can be 

contamination at the interface between films since photoresist is deposited on to the 

substrate prior to film deposition. In this work lift-off patterning of ZTO was performed 

to pattern active switching material and aluminum was performed to pattern the metal top 

electrodes for RRAM devices. 

The photomasks used for the RRAM device fabrication process was designed using 

AUTOCAD and the mask layout is shown in Figure 2.3. 



 

 

F
fo
m

 

2

P

am

m

in

ch

re

an

re

al

[5

igure 2.3: Sc
or fabrication

mask and (C)

.3 Post-de

ost-depositio

morphous ox

material can b

n the electron

hannel mate

eduction in t

nnealed in a

esulting in d

lso helps imp

5]. The tube 

chematic of 
n of RRAM 
) Top electro

eposition a

on annealing

xide semicon

be increased

n carrier con

rials can be 

the electron c

ir using a tub

iffusion of o

prove the se

furnace mak

the dark fiel
cross bar str

ode mask.  

annealing

g is often use

nductor mat

d by annealin

ncentration in

reduced by a

carrier conce

be furnace. D

oxygen into t

emiconductor

kes use of re

ld and bright
ructures : (A

ed to modify

erials. For ex

ng in a reduc

n the materia

annealing in

entration [4]

During anne

the film that

r/dielectric i

esistive coils

t field photo
A) Bottom el

y the electric

xample, the 

cing atmosph

al, or conver

n an oxidizin

]. In this wor

ealing films r

t help passiv

interface by 

s as heating e

omask sets us
lectrode mas

cal propertie

conductivity

here resultin

rsely the con

ng atmospher

rk, the chann

react with O

ate defects. 

reducing the

element and 

sed in this st
sk, (B) : Pad 

s of the 

y of the chan

ng in an incre

nductivity of

re resulting i

nel materials

O2 in the air, 

The annealin

e number of 

is equipped

46 

 

tudy 

nnel 

ease 

f the 

in a 

s are 

ng 

f traps 

d with 



47 
 

 

a thermocouple for temperature monitoring. The samples were placed on a ceramic boat 

during annealing in order to avoid contamination. A heating ramp rate of 10 °C/min and 

dwell time of 1 hour was used for 300 and 600 °C post-deposition anneals. 

2.4 Thin film characterization techniques 

2.4.1 Spectroscopic Ellipsometry 

Spectroscopic ellipsometry was used to determine the thickness of transparent films and 

to obtain their optical constants by measuring the change in polarization of light from 

either reflection or transmission as shown in Figure 2.4.  

 

Figure 2.4: Ellipsometer for measurement of thickness and optical constants.  

Thickness values ranging from sub- nanometer to several micrometers can be accurately 

determined using this technique. The change in polarization is represented as Psi (ѱ) and 

Polarizer Sample

Rotating 
analyzer

J.A. Woollam Co., Inc.
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delta (∆) which depends on the optical properties and thickness of the films. Ѱ and ∆ are 

related to the change in amplitude and phase of the polarized light by the following 

equation, 

= tan(ѱ) ∆ 

Where the terms Rp and Rs are the complex Fresnel reflection coefficients for the p- and 

s- directions of the polarized light [6].  

A material’s optical properties influence its interaction with light and can be modeled by 

two values, the complex refractive index (ñ) and the complex dielectric function (ℰ). The 

complex refractive index is represented by 

ñ = −  

where k is the extinction coefficient, which is related to absorption of light, and k=0 for 

fully transparent materials and k>0 for absorbing materials. Likewise, n is the index that 

characterizes the velocity of light, which is decreased as it enters a material with a higher 

index of refraction. The complex dielectric function is represented by 

ℰ = 	ℰ + 	 ℰ  

where ℰ1 is the real part of the dielectric function which is related to how strongly charge 

in a material is polarized by the incident field, ℰ2 is proportional to amount of energy 

absorbed from an applied field. 
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A regression analysis is performed using a model which allows one to compare extracted 

information to the experimental data points. An initial estimate was used for the values of 

thickness and optical constants for the film. Using these values a preliminary calculation 

was performed using Fresnel’s equation. Depending on what is to be extracted, either the 

film thickness or optical constants can be varied by an iterative process until the model 

provided a good fit to the experimental data. 

The mean squared error (MSE) is the measure of difference between the model and 

experimental data [6]. The lower the value of MSE, the better the match between 

experimental data and the model. The MSE function is 

= 12 − 	 	 ѱ −	ѱѱ, + ∆ −	∆∆, 	 
where a number of measured ѱ and ∆ pairs are represented by N, the total number of real 

valued fit parameters are represented by M, and the standard deviations of ѱ and ∆ pairs 

are represented by σexp
ѱ  and σexp

∆ [6] . 

There are two kinds of MSE minima called local minima and global minima which are 

given by the regression model depending on how far the initial estimated value was from 

the actual value, as shown in Figure 2.5 for an example thickness estimation. The global 

minimum is the one which gives the correct thickness, which corresponds to the lowest 

MSE value.  
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JA Woollam, Critical reviews of Optical Science and Technology, vol. CR72, pp. 3, 1999 

Figure 2.5: Two kinds of MSE minima called local minima and global minima. 

The extracted film thickness was correlated to the optical constants of a material which 

will vary for different wavelengths. For transparent materials, the value of refractive 

index is estimated using the Cauchy relationship,  

( ) = + +  

Where  n represents the refractive index of the material, λ represents wavelength of light 

and A, B and C are constants [3]. The Cauchy model was used in this work to determine 

the thickness of various oxide films. 
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2.4.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a technique that scans a beam of high energy 

electrons (0.5 - 40 KeV) across a surface. This incident electron beam causes low energy 

secondary electrons to be emitted from the surface of the sample and the secondary 

electron current intensity is monitored with respect to the position of the scanned electron 

beam [1]. Structure at the surface can be observed due to changes in the secondary 

electron yield or secondary electron current intensity from the sample.  For insulating 

surfaces it is necessary to minimize charge build-up on the surface by the electron beam. 

To minimize surface charging the corner of the sample was connected to a sample stub to 

provide a conducting path from the surface and the surface can be coated with a thin 

conductive film in addition to provide a means of charge dissipation. An example of an 

SEM image is shown in Figure 2.6.  

The magnitude of the secondary electron current strongly depends on the sample material 

and sample topography, as there is more secondary electrons that escape from the 

protruding edges that appear brighter in the image than recessed regions which appear 

darker in the image. The image above was taken at a magnification of 25,000x and SEM 

can provide magnifications of 500,000x [7]. 
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The lattice spacing of the crystalline planes can be derived using Bragg’s relation 

= 2  

Where λ represents the X-ray wavelength, d represents spacing between the lattice 

planes, θ represents the scattering angle, and n represents order of reflection where n is an 

integer [8].  

A wide variety of information can be obtained from XRD, including crystal structure, 

lattice parameter, nanoparticle size, stress in the film, and an estimate on other properties 

including disorders and imperfections in crystal structure. 

The nanocrystallite size of a material can be determined using the Scherrer formula 

< >=  

where the nanocrystallite size (<L>), the peak width (β) and the scattering angle between 

the incident beam and the angle normal to the reflecting plane (θ) are defined [8]. 

In this work, the XRD was used to determine the structure of the oxide thin films, 

primarily the temperature for the amorphous to crystalline transition. 

2.4.4 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique used to 

determine atomic composition and oxidation state of material surfaces [9]. As shown in 

Figure 2.8, this technique works by irradiating a sample surface with monochromatic X-
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1). This transition defines the characteristic x-ray energy from the source.  Insulating 

samples need charge neutralization, which is performed by impinging low-energy 

electrons or ions on the surface using a flood gun. 

 

Figure. 2.9: XPS spectra for Zn 2p3/2 with binding energy and photoelectron intensity as 
X and Y axis. 

As shown in the XPS plot in Figure 2.9, the elements present in the sample can be 

identified from peaks at characteristic binding energies where in this example the Zn2p3/2 

indicates the presence of Zn in the sample. For these studies the peaks were fit using 

XPSPEAK4.1 software. The four main peak fitting parameters include peak position 

(binding energy), peak area, peak full width at half maximum (FWHM) and % 

Lorentzian – Gaussian (Line shapes). The background was approximated using a linear 

approach. 
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2.4.5 Rutherford Backscattering Spectrometry 

RBS is an analytical technique widely used to determine the structure and composition of 

materials. For RBS the sample is irradiated with a mono-energetic beam of high energy, 

low mass helium ions, typically in the energy range of 1-3 MeV which gives the ions a 

high penetration depth. The technique works by measuring the energy and number of 

backscattered ions after colliding with atoms in the sample, the technique is 

schematically shown in Figure 2.10. In this research the RBS technique was used to 

determine the concentration of elements in the sample.  

 

Figure 2.10: Principle of RBS. 

For RBS, low mass incident ions are backscattered after undergoing elastic collisions 

with the heavier atomic nuclei in the sample, resulting in a characteristic backscattered 

energy. Furthermore, there is energy loss associated with the path length of the ions as 

they travel through the sample.  The RBS method is able to determine elemental 

He+ Ion beam 
(2 MeV) 150°

He+
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composition based on the energy of the backscattered ions, and the thickness and depth of 

the film based on the width of the peak associated to a specific species. RBS is more 

sensitive to detection of heavier atoms in comparison to lighter atoms because heavier 

atoms tend to back scatter the incident ions more effectively. 

An incident ion upon collision with surface atoms will backscatter at a different energy 

than when it collides with a deeper atom in the lattice. When the collision of incident ion 

with the deeper atoms takes place there is a greater loss of energy due to the incident ion 

traveling through the matrix of atoms. This mechanism allows for depth profiling in RBS. 

E1, the incident ion energy after collision is given by 

= 		( 	 	± 	 −	 ( ) 	)( + ) ∗  

where m1 and m2 are the masses of incident ion and target atoms respectively, θ is the 

scattering angle and E0 indicates incident ion energy [11]. The area under each individual 

peak obtained from the analysis represents the total number of atoms of each element 

present in a layer. By taking the ratio of the peak areas of two different elements, the 

concentration ratio of the elements present in the film can be calculated with the 

equation, 

=  
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2.5 Electrical characterization using semiconductor parameter analyzer 

All of the electrical characterization for TFTs and RRAMs were acquired using a probe 

station with an Agilent 4155C precision semiconductor parameter analyzer. This 

instrument measures data using four source monitor units (SMU's) (-40 V ≤ Vsource ≤ 

40V), (1 fA ≤ Isource ≤ 100mA). Three tungsten probes tips are used one each for the gate, 

source and drain contacts for I-V measurements on TFTs and two tungsten tips are used 

one for the bottom electrode and one for the top electrode for I-V measurements on 

RRAMs.  
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CHAPTER 3 – INVESTIGATION OF AMORPHOUS ZINC TIN 
OXIDE FILMS FOR THIN FILM TRANSISTOR APPLICATIONS 

3.1 Introduction 

Thin film transistors (TFTs) with transparent amorphous oxide semiconductors 

(TAOS) represent a major advance in the field of thin film electronics.1 It has been 

demonstrated that TAOS materials which contain heavy-metal cations with (n−1)d10 ns0 

(n ≥4) electronic structure constitute a new class of high performance TFT channel 

materials.1,2,3 It has been proposed that the high electron transport of TAOS materials is 

due to the overlap of spherically symmetric empty metal s orbitals. These metal s orbitals 

are unaffected by disorder due to the non-directionality of metal-metal s orbital overlap 

and the nearly constant metal-metal distance in amorphous and crystalline materials.4 

Consequently, these TAOS materials possess relatively high electron mobilities in spite 

of being amorphous.3,4,5,6,7,8 Examples of TAOS materials include indium gallium zinc 

oxide (IGZO),9  zinc tin oxide (ZTO),3 indium zinc oxide (IZO),10 and indium zinc tin 

oxide (IZTO).11 Of these materials, ZTO does not contain indium or gallium and is 

relatively inexpensive by comparison. ZTO has been used primarily as transparent 

conductors12, as active material in sensors,13 and more commonly as a channel material 

for TFTs.3,4,6,14 ZTO is a wide-bandgap (3.35 – 3.89 eV), n-type semiconductor material 

which is transparent in the visible region of the electromagnetic spectrum4,6 and exists in 

two crystalline phases: the cubic spinel Zn2SnO4 and the trigonal ilmenite ZnSnO3.
 3,8  In 

addition, ZTO has several good physical and chemical properties such as scratch 

resistance, surface smoothness, and robustness to several chemical etchants.3,6 



63 
 

 

Several studies of ZTO TFTs have used RF magnetron sputter deposition, where 

ceramic targets were used with a range of ZnO:SnO2 molar ratios.3,4 A combinatorial RF 

sputtering technique has also been reported in which the ZTO channel layer was formed 

by sputtering from two separate ZnO and SnO2 targets resulting in films with varying 

Zn:Sn molar ratios.15 In these studies the performance of ZTO TFTs were investigated as 

a function of channel stoichiometry3,4,15,16 and channel layer annealing temperature3,4. 

McDowell et al. reported that TFTs with (ZnO)x(SnO2)1-x stoichiometry had the highest 

values for electron mobilities at x = 0.25 and 0.80, although good performance was 

observed over a broad range of stoichiometry.15  

Chiang et al. reported that the mobility of the ZTO TFTs increased with 

increasing annealing temperature and this could be due to the improved quality of the 

channel – insulator interface with annealing. TFTs with channel layers annealed to 300 

°C and 600 °C had channel mobilities ranging from 5 – 15 cm2/V.s and 20 – 50 cm2/V.s, 

respectively. Hoffman recently demonstrated that the channel layer stoichiometry and 

processing temperature strongly influenced a variety of device characteristics.4	It was	
shown that the turn on voltage (Von), on-off ratio, incremental mobility, and device 

hysteresis were all sensitive to processing and composition. The highest values of 

incremental mobility were ~ 25 to 30 cm2 V-1 s-1 which was obtained for ZTO films 

formed with intermediate compositions of Zn and Sn and post- annealed to 400 – 600°C. 

Several research groups have also studied the effect of oxygen partial pressure17 

and doping 18 on ZTO films. Both optical and electronic properties of amorphous ZTO 

films can change significantly due to differences in oxygen partial pressure during 
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deposition. Oxygen partial pressures of 2 – 7 Pa resulted in high carrier concentrations 

and mobilities.17 Satoh et al. have also shown that conductivity and free carrier 

concentration can be modified by incorporating Al in ZTO films.18 	
 Other methods for depositing ZTO films have been demonstrated where several 

groups have used solution-based methods including spin coating, 19, 20 ink jet printing21, 22 

and dip coating.23 Although these methods are simple and may eventually lead to a low 

cost path to manufacture TFTs, we have used sputter deposition since it allows excellent 

control over the electrical and optical properties by varying pressure, power, and oxygen 

partial pressure. 

 In this paper we report the physical and electrical characterization of ZTO films 

formed by RF sputter deposition. These films were deposited at room temperature with 

constant RF power where the argon/oxygen ratios were varied during deposition. Film 

and device characteristics were evaluated for ZTO films following post-deposition 

annealing.  

3.2 Experimental details 

All TFTs were prepared using test structures consisting of heavily doped p-type 

silicon coupons that served as the gate and had a 140 nm thick thermal oxide that served 

as the gate dielectric. Prior to ZTO deposition the substrates were sonicated in acetone, 

methanol and iso-propyl alcohol for 5 min each and then rinsed with DI water. The 

substrates were then blow dried using nitrogen and heated on a hot plate for 5 min at 150 

°C to remove moisture prior to deposition. 
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The ZTO channel layer was deposited via RF magnetron sputter deposition using 

a 3 inch ZTO target. The ZTO target was purchased from AJA International Inc. with a 

ZnO:SnO2 ratio of 2:1 which represents a stoichiometry of Zn2SnO4. The ZTO films were 

deposited with a constant 20 SCCM flow rate, but with different O2:Ar ratios 

corresponding to 0:20, 1:19, 2:18 SCCM. Throughout the deposition process, the power 

was maintained at 100W with a chamber pressure of 4 mTorr. Substrate rotation was 

used to improve film uniformity and deposition times were adjusted to obtain the desired 

thickness of 50 nm, which was confirmed by spectroscopic ellipsometry. The channel 

layer was patterned using a shadow mask during the deposition process. The ZTO films 

were post-annealed in air with a ramp rate of 10 °C/min and 1 hour dwell time at either 

300 °C or 600 °C. 

TFTs were fabricated using a staggered bottom gate structure, where source and 

drain electrodes were patterned by depositing ~500 nm of Al via thermal evaporation 

through a shadow mask. The width/length (W/L) ratios of the fabricated devices were 

1000 µm/200 µm and 1000 µm/100 µm. TFT transfer characteristics were measured 

using a 4155C Agilent semiconductor parameter analyzer and a probe station. 

 Scanning electron microscope (SEM) imaging was performed on the as-deposited 

samples using a FEI Helios Nanolab dual-beam focused ion beam/scanning electron 

microscope (FIB/SEM). The ZTO samples studied in this investigation had an insulating 

surface that caused charge build-up on the surface by the electron beam. To minimize 
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charge build-up the corner of the sample surface was connected to the sample stub using 

carbon tape to provide a conduction pathway. 

 X-ray diffraction (XRD) measurements were performed to identify the structure 

of the films obtained under different sputter and annealing conditions.  The 

measurements were performed using a Rigaku Rapid image-plate system with a rotating 

anode Cr Kα radiation source that was collimated using a 0.3 mm pin-hole and a 15° 

incident angle. 

Surface and bulk compositional analysis was performed using X-ray 

photoelectron spectroscopy (XPS) and Rutherford backscattering spectrometry (RBS), 

respectively. The PHI 5000 VersaProbe XPS system used  monochromatic Al Kα 

radiation with a photon energy of 1486.6 eV. The analyzer was operated with a pass 

energy of 23.5 eV and all spectra were taken at normal emission. An electron flood gun 

was used for charge compensation for the insulting samples. XPS sputter depth profiles 

were obtained using an Ar ion beam (2 keV) on a 1x1 mm2 area for ZTO films deposited 

with 1 SCCM of oxygen at room temperature. For the XPS experiments from annealed 

samples, the samples were placed into the loadlock directly after annealing once they 

were ≤ 100 °C to minimize ambient surface contamination. RBS data was acquired using 

a high energy helium ion beam (2 MeV) system that has been described previously.24 For 

these studies we used an incident angle of 90° and a backscatter angle of 150°. The RBS 

data was analyzed using SIMNRA. 24 
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3.3 Results and discussion 

In Figure 3.1 we show XRD data obtained from as deposited ZTO films and after 

annealing to 600 °C and 650 °C.  There is a lack of strong diffraction peaks in the spectra 

for both the as deposited and 600 °C films, indicating that the films are amorphous even 

after annealing up to these temperatures.3 These results are similar to those published 

previously for ZTO films where broad peaks at 34° and 56° are representative of 

amorphous ZTO.1,16,20,25,26,27,28 Also shown in Figure 3.1 are the location of major 

diffraction peaks for both ilmenite ZnSnO3 and spinel Zn2SnO4.
3  

After annealing the ZTO films to 650° C we found that the ZTO crystallized, 

which is evident from the sharp XRD peaks shown in Figure 3.1.  These results are 

similar to prior literature data,3,25,29,30 where the broad peak at 52.33° corresponds to the 

(311) Zn2SnO4 diffraction plane while the peak at 38.5° corresponds to the (200) SnO2 

diffraction plane. We found that the spinel Zn2SnO4  was the dominant crystalline phase 

with trace amounts of SnO2 after annealing at 650 °C which matches the results from 

several other authors and is expected based on the stoichiometry of the films.31,32,33  
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Table 3.1 gives the binding energy values for Zn 2p3/2, Sn 3d5/2, O 1s, and C 1s 

for samples deposited with different O2 flow rate and post-annealing conditions. The 

binding energy shifts for each condition varied < 0.1 eV. The atomic compositions of Zn, 

Sn, O in the ZTO films were estimated using the area under the individual peaks and the 

relative sensitivity factors, and the atomic concentrations are given in Table 3.2. The 

Zn/Sn and O/(Sn +Zn) ratios were determined to be 1.61 and 1.47 for the as-deposited 

ZTO film prepared with 1 SCCM of oxygen during deposition, which is close to the 

target stoichiometry which are 2 and 1.33 respectively. On average, the atomic 

concentrations of Zn, Sn and O were consistent regardless of changes in oxygen flow rate 

during deposition.  

 

Table 3.1: XPS table of binding energies for Zn 2p3/2, Sn 3d5/2, O 1s and C 1s for ZTO 
films with different deposition conditions and annealing temperatures. 

 

CONDITIONS                           O1s (I)             O1s (II)          O1s (III)         Zn 2p3/2 Sn 3d5/2        C1s (I)      C1s (II)      C1s (III)

0 sccm - RT 529.96 531.42 532.37 1021.53 486.22 284.60 286.27 288.59
0 sccm - 300 °C 530.12 531.61 532.59 1021.59 486.40 284.60 286.17 288.49
0 sccm - 600 °C 529.98 531.50 532.44 1021.46 486.16 284.60 286.16 288.75
1 sccm - RT 530.02 531.50 532.52 1021.49 486.22 284.60 286.21 288.57
1 sccm - 300 °C 530.00 531.40 532.46 1021.44 486.23 284.60 286.19 288.94
1 sccm - 600 °C 530.03 531.46 532.49 1021.46 486.23 284.60 286.20 288.75
2 sccm - RT 529.90 531.30 532.31 1021.30 486.12 284.60 286.15 288.66
2 sccm - 300 °C 529.95 531.47 532.39 1021.44 486.15 284.60 286.29 288.25
2 sccm - 600 °C 529.92 531.37 532.37 1021.31 486.13 284.60           ---        ---

BINDING ENERGY (eV)
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The RBS data indicates that the as-deposited film had atomic percentages of Zn 

and Sn close to that of target composition and the XPS data. Table 3.3 shows the ratios of 

Zn/Sn for the as-deposited ZTO films with 0 SCCM, 1 SCCM and 2 SCCM of oxygen 

during deposition. No significant change in film stoichiometry was observed between 

ZTO films but all the values differ slightly from the nominal target composition. 

 

Table 3.3: Fitting parameters for RBS spectra obtained using simulation 

In Figures 3.9, 3.10, and 3.11 we show the transfer characteristics for ZTO TFTs 

that have not been annealed or have been annealed to 300° C or 600° C, respectively. For 

these measurements the drain current (ID) and gate current (IG) were measured while the 

gate to source voltage (VGS) was scanned from -20 V to 20 V in a double sweep mode 

where the drain to source voltage (VDS) was held constant at 1 V. In this work we use the 

definition of the turn-on-voltage (Von) which is the gate voltage at which there is sharp 

increase in ID in the log ID -VGS transfer curves. Other parameters of interest include the 

ID on to off ratio and channel mobility.1,41 

0 sccm 3.00 X 1017 1.60
1 sccm 2.90 X 1017 1.61
2 sccm 2.90 X 1017 1.80

ZTO AS - DEPOSITED FILMS WITH VARIOUS OXYGEN PERCENTAGE   FILM THICKNESS (at/cm2)         Zn/Sn                                Zn/Sn 
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insulating which is evident from the low drain currents. After annealing the ZTO to 300° 

and 600° C we have found that the TFTs have negative turn-on voltages of approximately 

-15 V to -5 V depending on chamber oxygen flow rates and annealing conditions. This 

suggests that carrier concentration can be controlled by the O2 partial pressure during 

deposition where higher carrier concentration shifts the turn-on voltage more negative. 

Similar results were also observed previously by Hong et al .6 Another important 

parameter that determines the switching quality of TFTs is the drain current on-to-off 

ratio.8 Both Figure 3.10 and 3.11 show that the drain current on-to-off ratio can be greater 

than 106 for a broad range of processing conditions and their values increased with 

increasing anneal temperature. Channel mobility is another parameter that quantifies the 

performance of the semiconductor channel.3 The average mobility (µavg) corresponds to 

the average mobility of all carriers in the semiconductor channel. We have found that the 

average mobility for a given oxygen flow rate increases with increase in temperature due 

to a variety of reasons, one of which is the modification of the semiconductor-insulator 

interface and the change in the nature of traps in the semiconductor.3,4 It was observed 

that the average channel mobility changed with respect to oxygen flow rate with two 

different trends. As shown in Figure 3.12 the ZTO samples annealed at 300 °C had a 

significant decrease in µavg with increasing oxygen flow rate, while at 600 °C there was a 

slight increase in µavg with increasing oxygen flow rate. These results indicate that the 

ZTO films electrical properties are still strongly influenced by the film deposition 

conditions for lower annealing temperatures, while the initial deposition conditions are  
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characteristics can be tailored to behave as insulating, semiconducting, or conducting.  

High average mobilities have been obtained for ZTO TFTs suggesting that TAOS 

materials can be considered as a replacement for amorphous silicon TFTs for next 

generation displays. 

3.4 Conclusion 

We have analyzed the role of both deposition and post annealing conditions on 

ZTO film structure, composition, surface contamination, and TFT device performance. 

We found that the ZTO thin films were amorphous even after annealing to 600 °C and 

that the as-deposited ZTO film composition was close to the target stoichiometry of 

Zn2SnO4. XPS indicated that the ZTO films had significant surface contamination, and 

that these could be reduced by higher temperature anneals. ZTO TFTs with a high 

channel mobility of ~17 cm2/V·s were fabricated for sputter deposited ZTO films after 

annealing to 600 °C. Device results also indicate that the electronic properties are closely 

linked to deposition conditions, surface contamination, and post-processing conditions.  
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CHAPTER 4 – BIPOLAR RESISTIVE SWITCHING IN SPUTTER 
DEPOSITED AMORPHOUS ZINC TIN OXIDE DEVICES 

4.1 Introduction 

Resistance random access memory (RRAM) devices have the potential to replace 

silicon-based flash memory or other advanced memory architectures due to the simple 

device structure, high areal density, low power consumption, and compatibility with 

complementary metal oxide semiconductor (CMOS) technologies [1]-[4]. It has recently 

been argued that the non-volatile switching of RRAM devices can be correlated with 

memristors where the resistance of the device can depend on the charge that passes 

through it [4, 5]. These devices are fabricated using metal-insulator-metal (MIM) 

structures where the devices can be switched between a high resistance state (HRS) and a 

low resistance state (LRS) depending on polarity of applied voltages and the initial state 

of the device. The observation of large negative resistance in oxide thin films, including 

SiOx, Ta2O5, ZrO2, Al2O3 and TiO2, was first reported in 1962 [6]. However it was not 

until much later before oxide materials were incorporated into switching devices with 

controlled structure and electronic properties [1, 7]. In the literature many oxide based 

materials have been shown to have resistive switching including NiO[2], TiO2[8], 

CoO[3], SrZrO3[9], Al2O3[10], ZnO[11], ZrO2[12], HfOX[13], CuXO [14] [15], TaOx 

[16], indium gallium zinc oxide (IGZO) [17] and gallium zinc oxide (GZO) [18].  

Recently, transparent amorphous oxide semiconductor (TAOS) materials have 

been used as resistive switching materials [19]. These materials contain heavy-metal 

cations with (n−1) d10 ns0 (n ≥4) electronic structure. Unlike hybridized covalent 
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semiconductors, the electron conduction band is made up of large, spherically 

symmetrical metal s orbitals, and their overlap is unaffected due to structural disorder 

[20]. These TAOS materials provide several benefits for RRAM devices including low 

temperature processing, high uniformity, and atomic-scale surface smoothness. One 

promising TAOS material is zinc tin oxide (ZTO), a wide band gap n-type semiconductor 

material which is relatively inexpensive when compared to IGZO which contains 

increasingly expensive gallium and indium based materials. ZTO has several good 

physical and chemical properties such as high scratch resistance and robustness to several 

chemical etchants [21], [22].  

Recently sputter deposited IGZO was evaluated for RRAM applications where a 

transparent indium tin oxide (ITO)/IGZO/ITO structure was fabricated at room 

temperature [17]. Stable bipolar resistance switching was observed without the need for 

an initial electroforming step and the switching ratio between the high resistance state 

(HRS) and low resistance state (LRS) (RHRS/RLRS) was ~30 after ~100 switching cycles. 

The conduction mechanisms for the LRS and HRS were dominated by Ohmic and space 

charge limited current (SCLC), respectively. The authors proposed that the observed 

switching was consistent with a conductive filament model. An all solution-processed 

transparent RRAM with an ITO/GZO/ITO structure has recently been demonstrated [18]. 

For these devices good switching endurance was observed, however a fairly low 

RHRS/RLRS ratio of ~15 was obtained. These devices also did not require a forming step 

prior to switching and it was proposed that the main conduction mechanism during the set 

process is due to trap-controlled space-charge limited current, where the resistance 
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change is due to modulation of the potential barrier height due to Fowler-Nordheim 

tunneling. 

In this study, we fabricate amorphous ZTO based RRAM and demonstrate bipolar 

resistance. We have found that the switching properties of ZTO were closely related to 

the electrical test conditions and the electrode materials. The physical and electrical 

characterization of the ZTO materials and devices, along with the switching mechanisms 

will be discussed. 

4.2 Experiments 
 

Memristor cross bar structures were fabricated using lift-off processing. The 

bottom electrode was 50 nm thick platinum with a 25 nm thick titanium adhesion layer. 

Both layers were deposited using an e-beam evaporation without removing from vacuum 

between depositions, and the substrate was a silicon wafer with an insulating SiO2 layer. 

Just prior to the ZTO deposition the substrates were rinsed with acetone, isopropyl 

alcohol, DI water and then blow dried using nitrogen, and heated for 5 min at 100 °C on a 

hot plate in order to remove absorbed moisture. A 50 nm ZTO layer was deposited via 

RF magnetron sputter deposition using a 3-inch ZTO target with a ZnO : SnO2 ratio of 

2:1 (Zn2SnO4). The ceramic target was purchased from AJA International Inc. The ZTO 

films were deposited with 100 W power, a 20 SCCM flow rate with a 2:18 O2:Ar ratio, 

and ~ 4 mTorr chamber pressure. The deposition time was adjusted to obtain a ~ 50 nm 

thick film which was measured using spectroscopic ellipsometry. Substrate rotation was 

used during deposition to improve film uniformity. No post-deposition annealing of the 

ZTO films was performed. The aluminum top electrodes were also patterned by lift-off 
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where ~200 nm Al was deposited by thermal evaporation onto the ZTO film. The cross 

bar structures had widths of 10, 20, 50 and 100 µm leading to cross bar cell areas of 100, 

400, 2500 and 10000 µm2.  

X-ray diffraction (XRD) measurements were performed using a Rigaku Rapid 

image-plate system with Cr Kα radiation, a 0.3 mm pin-hole collimator, and a 15° 

incident angle provided by a rotating anode. XRD was used to confirm that the as 

deposited films were amorphous. RBS measurements were performed on the as-deposited 

films using a high-energy helium ion beam (2 MeV), an incident angle of 90°, and a 

backscatter angle of 150°.  The data was analyzed using SIMNRA. RBS was used to 

confirm the stoichiometric composition of the ZTO films. Sputter depth profiles were 

obtained from the Al/ZTO/Pt stack using an ION-TOF IV Time-of-Flight Secondary Ion 

Mass Spectrometry (TOF-SIMS) using 1 keV Cs+ ions for the sputter depth profile and 

25 keV Bi3+ ions for analysis. The positive secondary ions were analyzed for these 

studies. The electrical switching characteristics were measured using a 4155C Agilent 

semiconductor parameter analyzer and a probe station. All electrical measurements were 

performed at room temperature in the dark.  

4.3 Results and Discussion 

Figure 4.1 shows experimental and simulated RBS spectra for as-deposited ZTO 

films. Peaks related to Zn and Sn are found at higher channel numbers in the spectra, 

which corresponds to high backscattering energy, due to their high atomic masses. 

Likewise, Si and O are found at lower channel numbers in the spectra, which correspond 
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The lack of strong diffraction peaks in the spectra indicates that the ZTO films are 

amorphous even after annealing to these temperatures, which is consistent with prior 

studies [24]. 

 

Figure 4.2 shows a depth profile from the Al/ZTO/Pt stack using ToF-SIMS. The 

profile is plotted as the log of the ion intensity versus sputter depth time in seconds. The 

left side of the figure corresponds to the top of the device whereas the right side of the 

figure corresponds to bottom of the device. An AlOx interface layer was identified due to 

the increase of the oxygen signal prior to an increase in intensity of the zinc or tin signals 

from the ZTO film.  Based on sputter etch rates we estimate that there was a 3-4 nm of 

aluminum oxide at the interface between the Al top electrode and the ZTO film.  It was 

also found that the Al signal still has significant intensity ~1/3 of the way through the 

ZTO layer, which can be contrasted by the relatively sharp interface at the Pt electrode 

(although significant Zn intensity is observed in the Pt). This suggests that there may be 

important interfacial reactions between Al and ZTO that take place due to the high 

oxygen affinity of Al [25].  
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voltage there was a drastic increase in current as the device transitions from the initial 

HRS to the LRS. This is the SET process (device switched “on”) and the voltage at which 

this transition takes place is the SET voltage (VSET). In contrast, when a positive voltage 

was applied to the top electrode, when the device is in the LRS, there was a transition 

back to the HRS. This transition is the RESET process (device switched “off”), and the 

voltage at which this transition takes place is the RESET voltage (VRESET).  

To avoid electrical breakdown of the devices, the compliant current (CC) was 

used during the SET process prior to performing the I-V measurements. We found that a 

gentle forming process was required to obtain stable bipolar switching characteristics. 

During the forming process, the limiting CC was slowly increased in steps from 100 nA 

to 350 µA. We continued ramping up the CC until the devices switched from its initial 

unipolar to bipolar switching. For these studies the forming voltage was relatively low 

and the value was maintained close to the SET voltages for successive cycles to obtain 

stable switching of the devices. Prior studies have also found that stable bipolar switching 

could be obtained using low forming voltages and CCs of less than 1 mA [28] [29].  

Figure 4.4 shows bipolar resistive switching for more than 30 cycles for a 20 x 20 

µm2 Al/ZTO/Pt cross bar cell obtained after an initial gentle forming process. The CC 

was set to 350 µA for these measurements. It can be seen that there was significant 

variation in VSET while VRESET stayed fairly constant.  
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ln( / )	~	[( ) ] 	 
where q is electric charge, d is thickness of film, εr is dynamic dielectric constant and ε0 is 

permittivity of free space, kB is Boltzmann’s constant and T is the absolute temperature. 

From the slopes of ln (I/V) Vs V1/2, the values for εr can be estimated [31].  

Also shown in the inset of Figure 4.5, the high voltage region of HRS (V > 

VRESET) has two linear regimes in the ln (I) versus V1/2 plot. Schottky emission can be 

evaluated with the I-V data and the following equation, 

ln( )	~	[( ) ] 2  

From the slopes of ln I Vs V1/2, the values for εr can also be estimated [32][33].  

Table 4.1 gives the experimentally determined values for the optical dielectric constant 

(εr) of ZTO, which was calculated using slopes (S1 and S2) assuming either Schottky or 

Poole-Frenkel emission at the high voltage regions (V > VRESET) of HRS.  For 

comparison, the value of optical dielectric constant (εr,o) for ZTO was found to be ~ 4 

using the refractive index (n=2) of the ZTO films obtained from ellipsometry and using 

the relation n= εr,o
1/2 [34][35]. 
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As mentioned above the slope changes from one regime (S1) to another (S2) whether the 

data was plotted ln (I) versus V1/2 or ln (I/V) versus V1/2, although S1 occurs over a wider 

range of data. Changes in slope in the high voltage regime have also been observed in 

prior studies [36]. For Schottky emission the calculated values (with T = 298 K and d = 

50 nm) for εr were significantly smaller than εr,o for ZTO obtained from ellipsometry. For 

Poole-Frenkel emission the value for εr obtained from region S1 gave a value fairly close 

to εr,o  for ZTO, however the value for εr obtained from region S2 was significantly lower 

than εr,o. Since the S1 covers a wider range of data, we propose that Poole-Frenkel 

emission was the dominant conduction mechanism for the high voltage regime of the 

HRS. It has been shown in the literature that Poole-Frenkel emission dominates for oxide 

films greater than 10 nm thick  , whereas Schottky emission dominates for oxide films 

less than 10 nm thick [33][37]. 

Figure 4.6 shows the statistical distribution of VSET and VRESET for more than 30 

switching cycles. The values for mean of VSET and VRESET were determined to be -1.97 

and 0.47 with standard deviations of 0.57 and 0.34 , respectively. These results suggest 

that stable and uniform distribution for VSET and VRESET could be obtained for ZTO based 

RRAM. 
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The proposed bipolar resistive switching model for the Al/ZTO/Pt cross bar 

memory cell will be discussed below. The devices were initially in the HRS due to the 

inclusion of oxygen during ZTO sputter deposition process, which limits the number of 

oxygen vacancies, as well as reducing the carrier concentration in the ZTO. ToF-SIMS 

suggests that an insulating AlOx interface layer was formed by a redox reaction between 

Al and ZTO at the interface which is expected due to the enthalpies of formation for 

Al2O3, ZnO, and SnO2 [38]. This interfacial redox reaction results in the formation of 

oxygen vacancies and metal cation interstitials at the ZTO interface leading to a higher 

carrier concentration.  

During the forming process, when a negative voltage was applied to the Al top 

electrode localized conductive filaments may be formed between the top and bottom 

electrodes by the drift of oxygen vacancies (Vo
2+) or metal interstitials (e.g., Zn2+, Al3+, 

Sn4+, etc.) towards the top electrode, or by the drift of O2- ions towards the bottom 

electrode. It may also be possible that the AlOx layer becomes more conductive due to the 

migration of O2- ions from the AlOx layer and into the ZTO layer. It is the accumulation 

of these defect species that forms the conductive filaments resulting in switching to the 

LRS [14]. We also found that the device did not have stable resistive switching when the 

top Al electrode was grounded and the voltage was applied to bottom electrode. This 

suggests that the redox reaction at the Al/ZTO interface may be important for the 

switching observed in our devices.   
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Alternatively the devices can be returned to the HRS by application of a positive 

voltage at the Al electrode (RESET process). The switching to the HRS may be due to 

reduction/oxidation reactions that cause the dissolution of filaments near the Al/ZTO 

interface layer and the resulting drift of the defect species discussed above. It is also 

possible that during the SET process (V<0), that devices switch from HRS to LRS due to 

the transport of O2- ions from the AlOX interface layer into the ZTO films and likewise 

for the RESET process (V>0) devices switch back to HRS due to the transport of O2- ions 

from the ZTO films into the AlOX interface layer [39][40]. Further studies on the role of 

Al intrinsic cation and oxygen vacancy drift need to be performed to better understand 

the switching mechanisms. 

4.4 Conclusion 

In conclusion RRAM devices based on sputter deposited ZTO have been investigated for 

non-volatile memory applications. The ZTO films were found to remain amorphous even 

after annealing up to 600 °C with the Zn/Sn ratios of 1.8. The as-deposited amorphous 

ZTO based RRAM devices had stable bipolar switching characteristics with a large 

RHRS/RLRS  ratio > 104 and the HRS and LRS were found to be stable for retention times > 

104 sec. The driving mechanism behind resistive switching was proposed to be due to 

combination of bulk effect (formation and dissolution of filamentary conduction paths) 

and interface effect (redox reactions at the Al/ZTO interface) although further 

investigations are required to determine the exact mechanism.  
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CHAPTER 5 - CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 

5.1 Conclusions 

In this thesis, TFTs with amorphous ZTO as a channel layer was demonstrated 

successfully. The effect of both deposition and post annealing conditions on film 

structure, composition, surface contamination, and TFT device performance were 

studied. The XRD results proved that films were amorphous even after annealing at 600 

°C. The RBS and XPS studies on the ZTO thin films indicated that the film stoichiometry 

was close to the target stoichiometry of Zn2SnO4.The electrical test results on ZTO films 

using TFT test structures indicated that mobilities as high as 17 cm2 V-1 s-1 and a high 

value for drain current ON-OFF ratio could be obtained for depletion mode devices 

suitable for practical applications. We also found that with changes in deposition 

conditions and annealing temperature we can control the electrical properties of the films 

where insulating, semiconducting, or conducting ZTO films could be obtained.  

RRAM devices based on amorphous ZTO have been investigated for non-volatile 

memory application. The as-deposited amorphous ZTO based RRAM devices exhibited 

stable bipolar switching characteristics with a large RHRS/RLRS  ratio > 104 which was 

stable for long retention times of more than 104 sec The driving mechanism behind 

resistive switching is proposed to be due to combination of bulk effect (formation and 

rupture of filamentary conduction paths) and interface effect (redox reactions at the 
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Al/ZTO interface) although further investigations are required to determine the exact 

mechanism.  

5.2 Recommendations for future work 

Though, we were able to achieve stable bipolar resistive switching with sputter 

deposited amorphous ZTO material system, the mechanism behind the resistive switching 

needs further investigation. A thorough understanding of the role of interface AlOx in 

device switching is necessary to determine if the switching is due to changes at the 

interface. For these studies, SIMS depth profiling can be performed with the devices at 

various switching conditions and focus on how the signal of ions at the Al/ZTO and 

ZTO/Pt interfaces are modified with different device conditions. In addition, conductive 

atomic force microscopy (CAFM) or Kelvin probe force microscopy (KPFM) studies on 

ZTO RRAM after removal of the top electrode can be used to determine if the driving 

mechanism behind resistive switching supports conductive filament model or the 

interface model for switching. 
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Appendix: Sol-gel chemistry for zinc tin oxide (ZTO)  

In order to make ZTO films by sol-gel method, zinc chloride ZnCl2 and tin oxide (SnO2) 

powders were purchased from Alfa Aesar and  used as starting materials. Since the SnO2 

is very resistant to several solvents, SnO2 was converted to tin iodide which is also called 

stannic iodide (SnI4) which readily dissolved in non-polar solvents. SnI4 is comparatively 

expensive when purchased directly. So, concentrated hydriodic acid (HI) ACS grade, 

(47%, stab. with 1.5% hypophosphorous acid) purchased from Alfa Aesar was used to 

convert the SnO2 to SnI4. 0.1553 g of stannic oxide was added to the 3 ml of HI in a 

reaction vessel with a magnetic stirrer. The reaction vessel was kept on a hot plate and at 

about 90-100 °C, there was constant boiling of hydriodic acid and the reaction started. 

The reaction vessel was closed with a watch glass. With the successive addition of HI 

with specific time intervals the reaction was complete in less than 20 min. The end of 

reaction was marked by formation of orange-red stannic iodide and on the walls of the 

reaction vessel it appeared as a yellow to orange colored sublimate.  

The reaction could be, 

 

The excess HI along with non-dissolved tin oxide was separated from newly formed 

stannic iodide by centrifugation. To remove water and excess acid the extracted SnI4 

powder was dried in a desiccator filled with calcium chloride, metallic copper and 

potassium hydroxide. 
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