
 

 

 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

APPROVED: 
 
Thomas W. Scharf, Major Professor 
Brian P. Gorman, Committee Member 
Rajarshi Banerjee, Committee Member 
Reza Mirshams, Committee Member 
Nigel Shepherd, Departmental Program 

Coordinator 
Richard Reidy, Interim Chair of the Department of 

Materials Science and Engineering 
Costas Tsatsoulis, Dean of the College of 

Engineering 
Sandra L. Terrell, Dean of the Robert B. Toulouse 

School of Graduate Studies 

STRUCTURE AND LOW-TEMPERATURE TRIBOLOGY OF LUBRICIOUS 

NANOCRYSTALLINE ZnO/Al2O3 NANOLAMINATES AND  ZrO2  

MONOFILMS GROWN BY ATOMIC LAYER DEPOSITION 

Maia Castillo Romanes, B.S., M.S. 

Dissertation Prepared for the Degree of 

DOCTOR OF PHILOSOPHY 

UNIVERSITY OF NORTH TEXAS 
 

December 2008 



Romanes, Maia Castillo, Structure and Low-temperature Tribology of Lubricious 

Nanocrystalline ZnO/Al2O3 Nanolaminates and ZrO2 Monofilms Grown by Atomic 

Layer Deposition. Doctor of Philosophy (Materials Science and Engineering), December 

2008, 176 pp., 18 tables, 62 illustrations, chapter references. 

 Currently available solid lubricants only perform well under a limited range of 

environmental conditions. Unlike them, oxides are thermodynamically stable and 

relatively inert over a broad range of temperatures and environments. However, 

conventional oxides are brittle at normal temperatures; exhibiting significant plasticity 

only at high temperatures (>0.5Tmelting). This prevents oxides’ use in tribological 

applications at low temperatures. If oxides can be made lubricious at low temperatures, 

they would be excellent solid lubricants for a wide range of conditions. Atomic layer 

deposition (ALD) is a growth technique capable of depositing highly uniform and 

conformal films in challenging applications that have buried surfaces and high-aspect-

ratio features such as microelectromechanical (MEMS) devices where the need for robust 

solid lubricants is sometimes necessary. This dissertation investigates the surface and 

subsurface characteristics of ALD-grown ZnO/Al2O3 nanolaminates and ZrO2 monofilms 

before and after sliding at room temperature. Significant enhancement in friction and 

wear performance was observed for some films. HRSEM/FIB, HRTEM and ancillary 

techniques (i.e. SAED, EELS) were used to determine the mechanisms responsible for 

this enhancement. Contributory characteristics and energy dissipation modes were 

identified that promote low-temperature lubricity in both material systems.  



 

 ii

Copyright 2008 
 

by 
 

Maia Castillo Romanes



 iii 

 

 
ACKNOWLEDGMENTS 

 What a journey it had been! I would not have reached this point without the help 

of many along the way. Foremost, I am deeply grateful to my major professor, Dr. 

Thomas W. Scharf, for his very able guidance and generous support during the course of 

my doctoral program here at UNT.  I am truly blessed to have him as my adviser. 

Grateful appreciation is extended to Dr. Brian P. Gorman for mentoring me on electron 

microscopy and spectroscopy. Dr. Gorman, together with Drs. Raj Banerjee, Rick Reidy 

and Reza Mirshams are gratefully acknowledged for serving in my dissertation panel. 

Their valuable suggestions to this study improved it tremendously. Much thanks to Dr. 

Nandika D’Souza for advising me on academic matters as well as on life and career. To 

past and present members of the MTSE departmental staff (Alberta Caswell, Olga Reyes-

Alexander, Wendy Agnes, Joan Jolly, Lindsay Quinn, Craig Collins, John Sawyer and 

David Garret): Thank you so much! I am very grateful to Dr. Dave Diercks and Nancy 

Bunce of UNT CART for their generous assistance in the use of CART equipment. The 

friendship and assistance of Drs. Jun Hwang, Dave Jaeger, Uma Choppali, Laxmi Sahu, 

Casey Smith, Tea Datashvili, Katya Vinogradova and Ali Shaito are very much 

appreciated. Thanks to Kris Mahdak for teaching me FIB-thinning techniques that rock.  

I would not be here without the love, support and prayers of my parents, brothers, 

cousins and friends in the Philippines, Canada and New Mexico. They are much 

appreciated and cherished. Lastly, to the One Who gave me everything and Who holds 

everything together, the LORD Jesus Christ, I humbly and gratefully offer this work. 



 

 iv

TABLE OF CONTENTS 

Page 
 

ACKNOWLEDGMENTS ................................................................................................. iii 
 
LIST OF TABLES............................................................................................................ vii 
 
LIST OF ILLUSTRATIONS........................................................................................... viii 
 
Chapters 
 

1. INTRODUCTION .......................................................................................1 

1.1 Motivation........................................................................................1 

1.2 Applications .....................................................................................6 

1.3 Contributions of Dissertation...........................................................7 

1.4 Organization of Dissertation ............................................................7 

1.5 Chapter References ..........................................................................8 
 
2. OVERVIEW OF OXIDE CERAMIC, TRIBOLOGY AND ATOMIC 

LAYER DEPOSITION..............................................................................10 

2.1 Fundamentals of Tribology............................................................11 

2.2 Tribological Behavior of Conventional Ceramics .........................13 

2.3 Plastic Deformation in Nanocrystalline Oxides.............................15 

2.4 Low-temperature Lubricious Oxides .............................................20 

2.5 Atomic Layer Deposition...............................................................24 

2.5.1 ALD Al2O3.........................................................................28 

2.5.2 ALD ZnO...........................................................................29 

2.5.3 ALD ZrO2 ..........................................................................30 

2.6 Chapter References ........................................................................34 
 
3. EXPERIMENTAL PROCEDURES..........................................................39 

3.1 Substrate Preparation .....................................................................39 

3.2 Film Deposition .............................................................................40



 

 v

3.2.1 ZnO/Al2O3 Nanolaminates.................................................40 

3.2.2 ZrO2 Monofilms.................................................................40 

3.3 Film Characterization.....................................................................43 

3.3.1 Ellipsometry.......................................................................43 

3.3.2 Atomic Force Microscopy .................................................43 

3.3.3 X-ray Diffraction and Reflectivity.....................................44 

3.3.4 Tribometry .........................................................................45 

3.3.5 Optical Microscopy............................................................49 

3.3.6 Scanning Electron Microscopy and Focused-Ion Beam 
Microscopy and Micromachining ......................................50 

3.3.7 Transmission Electron Microscopy and Ancillary 
Techniques .........................................................................51 

3.3.8 X-ray Photoelectron Spectroscopy ....................................51 

3.4 Chapter References ........................................................................52 
 
4. STRUCTURE AND TRIBOLOGICAL BEHAVIOR OF ALD ZnO/Al2O3 

NANOLAMINATES.................................................................................53 

4.1 Surface and Subsurface Structure ..................................................53 

4.1.1 Surface Morphology ..........................................................53 

4.1.2 Film Texture.......................................................................58 

4.1.3 Film Composition ..............................................................65 

4.1.4 Cross-sectional Analysis....................................................67 

4.1.5 Development of Microstructure.........................................73 

4.2 Tribological Behavior ....................................................................75 

4.2.1 50-gram Test Results .........................................................76 

4.2.2 Run-in Region....................................................................80 

4.2.3 Worn Surfaces....................................................................81 

4.3 Cross-sectional TEM of Worn Films.............................................86 

4.3.1 1-bilayer Nanolaminate......................................................86 

4.3.2 8-bilayer Nanolaminate......................................................89 

4.3.3 16-bilayer Nanolaminate....................................................91 

4.3.4 64-bilayer Nanolaminate....................................................94 



 

 vi

4.4 Chapter Summary ..........................................................................96 

4.5 Chapter References ........................................................................99 
 
5. STRUCTURE AND TRIBOLOGICAL BEHAVIOR OF ALD ZrO2 

MONOFILMS..........................................................................................101 

5.1 Surface and Subsurface Structure ................................................101 

5.1.1 200°C Films .....................................................................101 

5.1.2 250°C Films .....................................................................102 

5.1.3 300°C Films .....................................................................106 

5.1.4 350°C Films .....................................................................106 

5.1.5 Film Thickness.................................................................109 

5.1.6 1200-cycle Films..............................................................110 

5.1.7 Development of Microstructure.......................................123 

5.2 Tribological Behavior ..................................................................125 

5.2.1 Twenty-gram Load Tests (Po = 0.57 GPa) .......................125 

5.2.2 Fifty-gram Load Tests (Po = 0.87 GPa) ...........................133 

5.2.3 Summary of Tribometric Results.....................................135 

5.3 Analyses of Worn Films ..............................................................136 

5.3.1 Wear Track Surface Morphology ....................................136 

5.3.2 XTEM of Worn Films......................................................140 

5.3.3 Development of Worn Microstructure.............................162 

5.4 Chapter Summary ........................................................................164 

5.5 Chapter References ......................................................................169 
 
6. CONCLUSIONS AND FUTURE WORK ..............................................171 

6.1 Conclusions..................................................................................171 

6.2 Future Work .................................................................................174 

6.3 Other Works Consulted................................................................175 



 

 vii

LIST OF TABLES 
 

Page 
 

2.1 Physical and mechanical properties of materials used...........................................16 

2.2 ALD growth modes................................................................................................27 

2.3 Unit cell properties of low-pressure ZrO2 phases ..................................................32 

2.4 Characteristics of ALD ZrO2 grown by various routes .........................................33 

3.1 Deposition conditions for ZnO/Al2O3 nanolaminate films....................................40 

3.2 Deposition conditions for growing ALD ZrO2 ......................................................42 

3.3 POD test design matrix ..........................................................................................45 

3.4 Hertzian point contact conditions ..........................................................................47 

3.5 Surface temperature analysis .................................................................................49 

4.1 Nanolaminate bilayer thickness measurements by XTEM and VASE..................68 

4.2 Average steady-state coefficient of friction for all POD tests ...............................79 

5.1 ZrO2 film thicknesses...........................................................................................109 

5.2 Coefficient of thermal expansion of component materials ..................................112 

5.3 Characteristics of 1200-cycle ALD ZrO2 films via XTEM.................................117 

5.4 Summary of POD results for 20-gram tests.........................................................126 

5.5 Lattice spacings of cubic and tetragonal phases from SAED of unworn 250°C 
film.......................................................................................................................152 

5.6 Lattice spacings of tetragonal and monoclinic phases from SAED of worn 250°C 
film.......................................................................................................................158 

5.7 Values of Δ measured from various points in the unworn and worn ALD 250°C 
ZrO2 using EELS .................................................................................................160 



 

 viii

LIST OF ILLUSTRATIONS 

Page 

2.1 Schematic of proposed mechanism for low-temperature lubricity in oxides by 
Zabinski and co-workers........................................................................................21 

2.2 Identified chemisorption mechanisms in ALD......................................................26 

2.3 Wurtzite structure of ZnO......................................................................................30 

2.4 Low-pressure forms of ZrO2..................................................................................31 

3.1 Stock photo of Savannah 100 ALD system used for ZrO2 depositions.................41 

4.1 Coupled SEM and AFM surface scans of 1-bilayer nanolaminates grown at 200°, 
250° and 350°C......................................................................................................55 

4.2 Effect of growth temperature on the surface roughness parameters of 1-bilayer 
nanolaminates ........................................................................................................56 

4.3 Coupled sem and af surface scans of 1-, 8-, 16- and 64-bilayer nanolaminates 
grown at 200°C ......................................................................................................57 

4.4 Effect of interfacial density on the nanolaminate surface roughness ....................58 

4.5 Al2O3-ZnO phase diagram .....................................................................................59 

4.6 GIXRD spectra of 1-bilayer ZnO/Al2O3 nanolaminates grown at 200°, 250° and 
350°C and comparison of 200-nm 1-bilayer ZnO/Al2O3 nanolaminate with ZnO 
monofilms at two thicknesses grown at 200°C......................................................62 

4.7 GIXRD spectra of 1-, 8-, 16- and 64-bilayer ZnO/Al2O3 nanolaminates grown at 
200°C .....................................................................................................................65 

4.8 XPS results for 200°C 1-bilayer ZnO/Al2O3 nanolaminate...................................66 

4.9 Coupled XTEM bright-field and dark-field images of 1-bilayer ZnO/Al2O3 
nanolaminates grown at 200°, 250° and 350°C .....................................................70 

4.10 XTEM bright-field images of as-deposited 1-, 8-, 16- and 64-bilayer ZnO/Al2O3 
nanolaminates grown at 200°C ..............................................................................72



 

 ix

4.11 Schematic showing development of microstructure in ZnO deposition................73 

4.12 Friction behavior of 1-bilayer nanolaminates grown at 200°, 250° and 350°C 
compared with pure ZnO monofilm ......................................................................77 

4.13 Friction behavior of 1-, 8-, 16- and 64-bilayer nanolaminates grown at 200°C....79 

4.14 Run-in regions of 200°C 1-bilayer , 250°C 1-bilayer, 350°C 1-bilayer, 200°C 8-
bilayer, 200°C 16-bilayer and 200°C 64-bilayer nanolaminates ...........................81 

4.15 Representative wear track images of worn 200°C 1-layer, 250°C 1-bilayer and 
350°C 1-bilayer with corresponding pin surface images.......................................83 

4.16 Representative wear track images of worn 200°C 8-bilayer, 16-bilayer and 64-
bilayer nanolaminates with corresponding pin surface images .............................84 

4.17 High magnification images of middle track surfaces of 200°C 1-bilayer, 350°C   
1-bilayer, 200°C 8-bilayer, 200°C 16-bilayer and 200°C 64-bilayer for two tests    
................................................................................................................................85 

4.18 XTEM image of the worn 1-bilayer grown at 200°C ............................................88 

4.19 XTEM image of worn 8-bilayer nanolaminate at two magnifications ..................89 

4.20 XTEM image of worn 16-bilayer nanolaminate....................................................94 

4.21 XTEM images of worn 64-blayer nanolaminate ...................................................95 

5.1 AFM scans of 200°C films grown at 300, 600 and 1200 cycles with RMS 
roughness plot ......................................................................................................103 

5.2 Offset GIXRD plots for ZrO2 films grown at 200°, 250°, 300° and 350°C ........104 

5.3 AFM scans of 250°C films grown at 300, 600 and 1200 cycles with RMS 
roughness plot ......................................................................................................105 

5.4 AFM scans of 300°C films grown at 300, 600 and 1200 cycles with RMS 
roughness plot ......................................................................................................107 

5.5 AFM scans of 350°C films grown at 300, 600 and 1200 cycles with RMS 
roughness plot ......................................................................................................108 

5.6 SEM surface images of 1200-cycle films grown at 200°, 250°, 300° and 350°C      
..............................................................................................................................112 

5.7 Grain size analysis of 1200-cycle ALD ZrO2 films.............................................113 



 

 x

5.8 Bearing area curves of 1200-cycle ALD ZrO2 films ...........................................114 

5.9 XTEM images and XRR models of the 1200-cycle ZrO2 films grown at 200°, 
250°, 300° and 350°C ..........................................................................................116 

5.10 HRXTEM image of film-subtrate interface in 250°C ZrO2 film showing 
amorphous and crystalline phases........................................................................117 

5.11 Indexed GIXRD plot for 1200-cycle ZrO2 films with (101)T/(111)C peak enlarged   
..............................................................................................................................120 

5.12 Variation of texture coefficient with growth temperature ...................................121 

5.13 XPS sputter profile of 200°C ALD ZrO2.............................................................122 

5.14 Schematic of nucleation and growth events for ALD ZrO2.................................124 

5.15 POD results for 200°C ZrO2 film with chrome steel pin at 20-gram load...........127 

5.16 POD results for 200°C ZrO2 film with Si3N4 pin at 20-gram load ......................127 

5.17 POD results for 250°C ZrO2 film with chrome steel pin at 20-gram load...........128 

5.18 POD results for 250°C ZrO2 film with Si3N4 pin at 20-gram load ......................129 

5.19 POD results for 300°C ZrO2 film with chrome steel pin at 20-gram load...........130 

5.20 POD results for 300°C ZrO2 film with Si3N4 pin at 20-gram load ......................130 

5.21 POD results for 350°C ZrO2 film with chrome steel pin at 20-gram load...........131 

5.22 POD results for 350°C ZrO2 film with Si3N4 pin at 20-gram load ......................131 

5.23 POD plots for 50-gram load tests performed on 1200-cycle ZrO2 films grown at 
200°, 250°, 300° and 350°C.................................................................................134 

5.24 Low-magnification SEM images of the wear tracks for 200°, 250°, 300°, 350°C 
after testing with either chrome steel or silicon nitride pins at 20-gram and 50-
gram loads............................................................................................................138 

5.25 SEM surface images of the 300°C film at various states.....................................139 

5.26 XTEM images of unworn and worn 200°C ZrO2 film ........................................141 

5.27 XTEM bright-field images of the 250°C in unworn and worn states ..................144 



 

 xi

5.28 High-magnification image of the amorphous surface layer sandwiched between 
nanocrystalline ZrO2 and Pt protective coating ...................................................145 

5.29 Coupled bright-field and dark-field XTEM images for unworn and worn 250°C 
films .....................................................................................................................147 

5.30 XTEM image showing grain-bending in the sliding direction in worn 250°C film   
..............................................................................................................................148 

5.31 XTEM image showing arrested microcracks in the worn 250°C film ................149 

5.32 Selected-area diffraction pattern of unworn 1200-cycle 250°C ZrO2 film..........151 

5.33 Selected-area diffraction pattern of worn 1200-cycle 250°C ZrO2 film..............154 

5.34 Selected-area diffraction pattern of unworn 1200-cycle 250°C ZrO2 film showing 
reflections from monoclinic phases .....................................................................157 

5.35 Representative Oxygen K-edge EELS spectrum form middle of as deposited and 
worn 250°C ZrO2 film .........................................................................................159 

5.36 Schematic showing envisioned development of microstructure in ZrO2 during 
sliding...................................................................................................................163 



 1

 

 
CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

Friction can be friend or a foe. This all depends on the requirements of a specific 

situation. When one needs to stop or prevent movement, friction is a helper because it 

exerts a force acting opposite the direction of motion. It becomes an enemy when one 

wants objects to move and keep moving without losses in energy. For situations where 

friction is adversarial, men (and women) have learned to use lubricants between 

interacting surfaces to minimize friction’s contrary effects. The Egyptians used water to 

ease the transport of massive stone monuments [1]. Vegetable oils, animal fats and bees 

wax were also among the early lubricants used. In modern times, these natural lubricants 

have been replaced by synthetic oils and greases from petroleum distillates because 

lubricants are required to perform more functions in modern machinery besides reducing 

friction. They include: keeping surfaces separated, transferring heat, transmitting power, 

protecting against wear, preventing corrosion, carrying away contaminants and debris and 

even preventing smoke and fire [2]. Lubricants are normally liquid and designed to be 

used for a limited range of temperature. For example, the highest rated synthetic oils can 

only be used between -45 and 250oC. 

Liquid lubricants are very useful but there are a lot of applications were they 

cannot be used. These include (but not limited to) operating at extreme temperatures, at 

high vacuum environments or inert atmospheres, exposure to high energy radiation, in 
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prosthetic devices (will be immersed in body fluids) or where contact with food is 

expected. For these sensitive and demanding applications, solid lubricants can be used. 

However, the solid lubricants that are available today also perform best under a limited 

range of conditions. Polymeric solid lubricants such as silicone and PTFE, used for 

cooking utensils and biomedical products can only be used at moderate temperatures 

(<300oC). Graphite, a lubricious allotrope of carbon, is poor in vacuum and starts to 

oxidize beyond 350oC. Gaseous composition of the environment affect the friction of 

graphite - any reactive gases result in reduction of friction.  The edges of the hexagonal 

lamellae are high energy sites and bond strongly to other edge sites.  Condensed vapors 

are adsorbed selectively to the high-energy edge sites, saturating the bonds, reducing the 

adhesion with the mating surface, and thus lowering the friction.  However without 

vapors, some edge sites will always be exposed, responsible for high friction in vacuum.  

The quantity of water vapor or other reactive gases necessary to reduce the friction is 

typically very small.  Unlike graphite, molybdenum / tungsten disulfide  (MoS2/WS2)  are 

good in vacuum but poor in moist air and also oxidize beyond 350oC for MoS2 /450oC for 

WS2. The low friction of MoS2 does not depend upon adsorbed vapors, therefore, it is an 

intrinsic solid lubricant.  MoS2 performs best at low humidities (ppm O2 and H2O vapor) 

and ultra-high vacuum (commonly used solid lubricant material for space applications). 

Other solid lubricants, such as CaF2, BaF2, PbO and B2O3 are effective to 450-700oC but 

are inherently brittle at low temperatures [3]. Hence, there is a significant need for 

alternative solid lubricants that can perform well under a wide range of environmental 

conditions.  
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Candidates for wide-range solid lubricants include multi-component or composite 

coatings [4] often with both graphite and MoS2/WS2, such as MoS2/Sb2O3 /graphite, YSZ 

(yttria stabilized zirconia)/Mo/Ag/WS2, MoS2/Sb2O3 /Au. Each component is selected to 

provide lubricity at a specific set of conditions so that working together, the coating will 

perform well over a wider range of extreme conditions. Another potential candidate is 

lubricious oxides.  Unlike most solid lubricants cited above, oxides are 

thermodynamically stable compounds. They are stable at normal and extreme 

temperatures and environments. However, bulk, larger grain size oxides are brittle at 

normal temperatures. This leads to cracks that eventually produce hard, third body 

abrasive particles that can progressively increase friction and wear. Wear is material loss 

from the surface of a component as a result of motion against another surface and almost 

always accompanies frictional processes. 

 Conventional polycrystalline oxides only exhibit significant plasticity at elevated 

temperatures about half their melting temperatures and some are used as solid lubricants 

in this temperature range due to plastic flow. However, a lot of tribological applications 

happen at lower temperatures or require cycling between low and high temperatures 

during operation. If oxides can be made lubricious even at low temperatures then they 

can be used in a wide variety and range of environments. Fortunately, in a 1987 letter to 

Nature, Gleiter and coworkers [5] first reported that polycrystalline ceramics can be made 

ductile at low temperatures if the grain size is reduced to a few nanometers. Grain size 

refinement as a way to toughen ceramics has since then been widely applied. However, it 

has not been explored as a way to make oxides lubricious at low temperature until  



 4

Zabinski and coworkers [6] first reported significantly low friction (μ~0.2) than bulk ( μ 

=0.7-0.8) and  long wear lives (106 cycles) at room temperatures for nanocrystalline zinc 

oxide (ZnO) monofilms grown by pulsed laser deposition (PLD). However, as the grain 

size approaches that of conventional oxides especially as grain size increases with coating 

thickness, this lubricity is lost. It is hypothesized that to grow thick films and still have a 

nanocrystalline (nm-sized grains) structure, ZnO can be alternately deposited with a 

second oxide in a nanolaminate configuration to preserve the nm-grain size. 

Nanolaminates are composite films consisting of alternating layers of different materials 

that have individual layer thicknesses in the nanometer scale [7]. The periodic 

introduction of a second oxide that produces an amorphous layer in between several 

polycrystalline regions has been shown to inhibit crystalline growth and the associated 

surface roughness [8]. In addition, since ZnO is relatively soft, a high elastic modulus 

second oxide is desired for high-load applications to enhance composite film strength. 

Al2O3 is a very good candidate as a second oxide to grow with ZnO using Atomic Layer 

Deposition (ALD) because: (a) it deposits as an amorphous film by ALD, (b) it has a high 

elastic modulus, (c) like ZnO, it is transparent which is desirable for optical applications 

and (d) both of them are well-studied ALD materials. The growth and surface properties 

of ALD-grown ZnO/Al2O3 nanolaminates have been extensively studied by Elam and co-

workers [9,10,11] with a focus on optical applications, e.g. transparent conducting oxides 

(TCO). However, the tribological behavior of ZnO/Al2O3 nanolaminates is yet to be 

reported; in particular the effect of growth temperature and interfacial density on 

tribological properties of ZnO/Al2O3 nanolaminates.     
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 Zirconium dioxide (ZrO2) is a high elastic modulus oxide and the toughest among 

ceramics at low temperatures when the stabilized tetragonal phase is present. If ZrO2 can 

be made lubricious at low temperature, it will be an even better lubricant than ZnO for 

highly loaded applications.   In 2005, Nistorica and coworkers [12] reported low friction 

for microtribological studies done on ALD ZrO2 (μ~0.2) and TiO2 (μ~0.25) thin films 

(t~20-36 nm) deposited and tested on a silicon-on-insulator (SOI)-based thermal 

actuation MEMS device. They found no evidence of microfracture or plasticity in the 

films after testing and inferred that the observed friction reduction is related to roughness 

and hydrophobicity of the surfaces. No updated report was found from the group 

regarding this topic. Part of this dissertation seeks to look deeper into the low-

temperature tribological behavior of ALD ZrO2 and probe into the underlying 

mechanism(s) that account for the improvement in friction and wear behavior. 

         Tribological studies of lubricant films are normally limited to surface 

characterization of the wear scars and debris. As such, subsurface processes and 

deformation can, at best, only be inferred based on indirect evidence, which is 

inadequate. This study is also aimed at providing both direct surface and subsurface 

characterization toward a more complete view of the tribological properties of ALD 

coatings. This is the first known study to use site-specific high resolution scanning 

electron microscopy (HRSEM) with focused-ion beam (FIB) capabilities coupled with 

high resolution transmission electron microscopy (HRTEM) and ancillary techniques 

such as Selected Area Electron Diffraction (SAED) and Electron Energy Loss 

Spectroscopy (EELS) for direct subsurface investigation of worn, lubricious 
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nanocrystalline oxide films using FIB cross-sectioned samples. Hopefully, this holistic 

approach will become common in future tribological studies. 

1.2 Applications  

The technological importance of ALD as a deposition technique is only beginning 

to be appreciated by the microelectronics industry as the pool of film growth techniques, 

that is able to keep pace with the diminution of device dimensions, shrinks. Currently, 

ALD is still very much confined to research laboratories. However, it is up-scaleable and 

thus projected to replace Physical and Chemical Vapor deposition (PVD/CVD) as device 

length scales continue to diminish and film quality, uniformity, conformality and 

thickness become more critical [13]. Also of particular interest are micro- and nano-

electromechanical systems (MEMS/NEMS) which are an emerging field of technology. 

MEMS/NEMS are ultra-small devices that are, or have the potential to be, used as 

sensors, gears, actuators, motors and control systems. One of the biggest concerns stalling 

the commercialization of MEMS/NEMS that have moving parts is the high adhesion, 

friction and wear that increasingly dominate in this length-scale [14]. Hence, there is 

great need for compatible ultra-thin solid lubricant films that are reliable in a wide range 

of service conditions. In these minute devices, the small dimensions, gaps, tolerances, 

large aspect ratios and buried/shadowed spaces exclude the use of line-of-sight deposition 

techniques. ALD is ideally suited for coating these systems with solid lubricants because 

of its ability to deposit conformal films with excellent control of composition and 

thickness down to a monolayer.  
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1.3 Contributions of Dissertation 

 This present work aims to provide the following:    

a) An initial investigation of the structure-tribological interrelationships of ALD-

grown ZnO/Al2O3 nanolaminates and in particular, using elaborate diffraction 

and  microscopy studies, relate the low-temperature tribological performance 

to the growth temperature and interfacial density of these oxide 

nanolaminates;  

b) A description  of the surface and subsurface characteristics of ALD-grown 

ZrO2 monofilms, an analysis of  their tribological behavior at  room 

temperature and determine the mechanisms underlying the lubricity of these 

oxides at low temperatures; 

c) Recommendations on ways the low-temperature lubricity of nanocrystalline  

oxide solid lubricants can be improved; and,  

d) A good initial demonstration how HRSEM/FIB and HRTEM with its ancillary 

techniques (e.g. SAED and EELS) can provide holistic and site-specific 

interrogation of tribological surface and subsurface processes. 

1.4 Organization of Dissertation 

 This dissertation has six main chapters. This chapter, Chapter One, provides a 

brief introduction for the whole work. Chapter Two provides an overview of tribology 

and of metal oxides, their known deformation behaviors at the macro- and nanoscales and 

most recent studies on their potential as low-temperature solid lubricants. It also contains 

an overview of the ALD process in general as well as details of the ALD process for 
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growing Al2O3, ZnO and ZrO2 and their resulting film characteristics from recent studies. 

Chapter Three describes the experimental procedures and characterization techniques. In 

Chapter Four, the results for ZnO/Al2O3 nanolaminate tests and characterizations are 

presented, analyzed and discussed, while similarly those for ZrO2 monofilms are 

provided in Chapter Five. Based on the preceding parts, conclusions, recommendations 

and future work are given in Chapter Six. A list of works consulted ends each chapter.  
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CHAPTER 2 

OVERVIEW OF TRIBOLOGY, OXIDE CERAMICS AND ATOMIC LAYER 

DEPOSITION 

 Oxide ceramics are materials that result from the reaction of a metal with oxygen. 

Depending on the difference in electronegativities (EN) between the metal and oxygen, 

they will be principally covalent (similar EN) or ionic (large difference in EN). These are 

often the strongest of bonds, therefore these materials exhibit high strength, hardness, 

chemical and thermal resistance. They are excellent engineering materials for demanding 

applications requiring these characteristics. The main disadvantage in loaded contacts is 

their brittleness (i.e. low fracture toughness) at low temperatures due to the difficulty of 

slip/dislocation motion. Brittle fracture is the typical failure mode in these materials. This 

happens when a critical stress is reached at a vulnerable point, normally a surface defect, 

a crack forms and rapidly travels throughout the material, causing catastrophic failure. 

Little or no ductile deformation occurs in the surrounding areas of the crack. When used 

in interacting or sliding surfaces, progressive crack generation in oxide ceramics results 

in the formation of wear particles that are abrasive to both contacting surfaces. This 

results in high friction and significant wear by a third body abrasive wear mechanism, 

which eventually leads to device or equipment failure. 

Notwithstanding the low fracture toughness of oxide ceramics at ambient 

temperatures, they have found significant use in demanding tribological applications such 
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as mechanical seals, prosthetic devices and ball bearings, where high hardness and 

chemical inertness are desired. Nevertheless, brittleness remains a problem and 

significant wear is expected. If oxide ceramics could be made to deform plastically 

during sliding at low temperatures without crack and deleterious debris formation and/or 

multiplication, they would make very reliable materials for a wide range of applications 

and extreme conditions.  

2.1 Fundamentals of Tribology 

 Tribology, a multidisciplinary science, is the study of interacting surfaces in 

relative motion. It deals with every aspect of friction, lubrication and wear. Friction is the 

force resisting the relative motion of two surfaces. The frictional force, Ff, is related to 

the force or load acting normal to the direction of motion (Fn) by the coefficient of 

friction, COF, whereby 

n

f

F
F

COF =                                                           2.1 

The COF, and any other tribological property,  is a function of the nature of the 

interacting surfaces, contact load, temperature, velocity and other environmental factors, 

and is, thus, a system’s property and not a material’s property. At the location of contact, 

the surfaces experience a shear stress, τ, due to the frictional force  

r

f

A
F

=τ                                                                 2.2 

where Ar is the real area of contact. Therefore,  

n

r

F
A

COF
τ

=                                                            2.3 
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that tells us that COF increases when the real area of contact increases. The real area of 

contact is a function of the surface topography, material properties and interface loading 

conditions.  

 Real surfaces are never perfectly flat. Rather, their profiles have roughness in the 

form of peaks and valleys when viewed in the micro- or nanoscales The appearance of 

these peaks and valleys may be completely random or have a distinct regular pattern 

(surface texture). When two surfaces come in contact, they initially touch at the peaks, 

commonly called asperities. The areal sum of these asperity contact points is Ar.  During 

contact, the asperities may experience elastic (temporary) and/ or plastic (permanent) 

deformation depending on loading conditions and material properties of the surfaces. 

Plastic deformation may come in the form of lattice distortions (e.g. dislocations, 

stacking faults, etc.), macrostrain (shape change), asperity fracture, inter/intra-granular 

cracks and grain pull-out. The latter three involve formation of new surfaces that often 

lead to third body wear debris formation. Obviously, these deformations require certain 

amounts of energy in order to take place. In loaded contacts, the energy normally comes 

from the applied mechanical forces, gravity and friction-induced heating. Furthermore, as 

interaction between the surfaces continues, Ar changes because the contact conditions 

change due to plastic deformation and from equation 2.3, the COF will also change. 

 Surface roughness can be measured by various means including mechanical 

stylus, optical methods, scanning probe microscopy (SPM), fluid methods, electrical 

methods and electron microscopy. Of these methods, SPM has the best spatial and 

vertical resolution of 0.2-1 nm. Atomic force microscopy (AFM) is a form of SPM 
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wherein a very sharp tip mounted on a flexible cantilever is scanned across the sample 

surface and using a laser beam, the deflection of the cantilever due to ultra-small forces 

between the tip surface and the sample surface is measured. The traces are put together to 

form a topographical image of the surface and can be further processed to yield valuable 

information on the nature of the surface, such as height and spatial distribution.  

2.2 Tribological Behavior of Oxide Ceramics 

 This study is concerned with nanostructured oxide ceramics specifically ZnO, 

ZrO2 and Al2O3. However, as a starting point and for comparison purposes with later 

results for these oxides, the tribological behavior of bulk or monolithic oxide ceramics 

will be described. Oxide ceramics are typically polycrystalline. Bulk oxides normally 

have crystal grain sizes of more than 1micron (10-6m).  Oxide ceramics for a wide range 

of structural and engineering applications fall under this category. Materials having grain 

sizes less than 100 nanometers (e.g.1 nm=10-9m) in all dimensions are considered 

nanostructured. Mesostructured materials occupy the gap. 

 In bulk oxide ceramics, plastic deformation by slip (e.g. dislocations move along 

preferred planes and directions within the crystal grains) does not occur or occurs only in 

a very limited extent so that cracks are sharp at the atomic level [1]. This results in 

particulate debris that are sharp-edged and hence, very abrasive. The wear behavior of 

bulk oxide ceramics has been reviewed by Rainforth [2].   He classified wear in oxide 

ceramics as being mild or severe. Most oxide ceramics are used in the mild regime since 

operating in the severe regime means rapid failure. The transition from mild to severe 

wear is a point that is much studied in order to prevent its occurrence. The mild wear 
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regime is characterized by a smoothing of the worn surface and the formation of 

tribofilms or transfer/surface layers. These layers were shown to positively modify 

friction and wear behavior in oxide ceramics by several mechanisms [3]: (a) isolate the 

two “first bodies” from contact (minimizes their wear), (b) control the friction values, 

usually through interfacial sliding between the transfer layer and wear track, (c) affect the 

wear rate and wear life by reducing the frictional stresses, and (d) increase the endurance 

because third bodies recirculate in and out of the sliding contact. These third body layers 

are often different in structure from the compacted underlayers of the first body. 

However, little is known about the structure, composition and properties of tribofilms and 

how they form. Careful and high-resolution microscopy and spectroscopy are required to 

detect them. 

The key to increasing the resistance to fracture in oxide ceramics lies in 

modifying the microstructure. Rainforth identified and discussed three broad strategies 

for increasing reliability in oxide ceramics: (a) general reduction in the microstructural 

scale, specifically that of grain size and porosity, (b) formation of duplex structures, 

particularly nanocomposites and, (c) transformation toughening as related to zirconium 

dioxide or zirconia. All these courses were explored in this present work but at the 

nanoscale. For (a), all the film layers investigated have nanoscale grains and dimensions. 

For (b), the nanolaminate geometry was explored using the ZnO/Al2O3 system. Rainforth 

pointed out that although zirconia-based ceramics have the highest toughness among 

ceramics, they have found limited success in tribological applications due to apparent 

anomalies in tribological behavior. This is unfortunate because zirconia is inexpensive, 
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easily-synthesized and environmentally benign. For (c) therefore, the structure-

tribological property interrelationships of ZrO2 monofilms were intensively investigated 

in this work. 

A typical tribological study includes low resolution surface images of ex-situ 

surface features that help to explain friction and wear behavior. This is inadequate 

because though friction is a surface phenomenon, its effects go below the surface and 

what happens subsurface have numerous effects. Therefore, if possible, subsurface 

investigation should be an integral part of every careful tribological study. Many studies 

have been done on the microstructural evolution underneath the wear surface, especially 

in metals/alloys [4], but only transmission electron microscopy (TEM) has the requisite 

resolution for imaging nanometric features. Since early 1980's, TEM has been used for 

cross-section tribological studies [5,6].  However, they suffered from the difficulties of 

using conventional TEM sample preparation that include drilling/sawing, grinding, 

electropolishing and dimpling. These processes have inherent limitations in isolating 

specific sites of interest and can introduce significant extraneous deformation and 

impurities in the area of interest. In 2003, focused-ion beam (FIB) sample preparation 

method was first used in wear tracks by Prasad and coworkers to make cross-sections of 

wear scars in LIGA nickel [7]. To date, no tribological study has been reported using the 

FIB-TEM for cross-sectional studies on worn nanocrystalline oxides and this work is an 

initial step in this direction. 
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2.3 Plastic Deformation in Nanocrystalline Oxides  

 Deformation can be elastic or plastic. Elastic deformation is temporary change in 

shape while the force or stress remains applied on a material. No interatomic bonds are 

broken, just stretched. On the other hand, plastic deformation is deformation that remains 

even after force or stress is removed. This entails the breaking of atomic bonds at certain 

areas of the material causing permanent deformation. Plastic deformation is normally 

associated with slip which is the process by which dislocations move within a crystalline 

material along preferred planes and directions. Dislocations are line imperfections in an 

otherwise perfectly periodic arrangement of atoms (i.e. lattice) in a crystal. A dislocation 

is described by its Burger's vector, a vector required to close a rectangular loop of equal 

atom spacings around the dislocation. The stress needed to move a dislocation, called 

Peierls-Nabarro stress, is given by  

⎟
⎠
⎞

⎜
⎝
⎛ −=

b
kdcexpτ                                                     2.4 

where c and  k are material constants, d is the interplanar spacing and b is the magnitude 

of the Burger's vector.  

 Plastic deformation is difficult to induce in polycrystalline oxides at room 

temperature. They only exhibit significant plastic flow at elevated temperatures about 

half their melting points. As given in Table 2.1, these can be very high and beyond the 

operating temperatures of a lot of non-refractory applications. The poor ductility of 

oxides is due to the limited number of slip systems and the difficulty in activating them 

without the introduction of heat energy in these materials [8]. The challenge, therefore, is 
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how to make these materials exhibit significant plastic deformation even at low 

temperatures without cleaving or brittle crack formation. 

Table 2.1: Physical and mechanical properties of  polycrystalline materials used. 

Physical Property Al2O3 ZnO ZrO2 Silicon Chrome 
Steel 

Density (g/cm3) 3.97 5.61 6.0 2.33 7.83 
Specific Heat (J/kg.K) 880-930 520 400-500 700 460 
Melting point (oC) 2054 1975 2715 1414 1424 
Elastic Modulus 
(GPa) 

380 
160☼ 

108 
145☼ 

200 125 203 

Mohs Hardness No. 
Hardness (GPa) 

9 
11☼ 

4 
9☼ 

8.5* 6.5 6.5-7 

Poisson’s Ratio 0.25-0.3 0.30 0.23-0.32 0.22 0.28 
Coefficient of 
Thermal Expansion  
(x10-6cm-1) 

 
8.4 

 
3.0-6.5 

 
13.5 

 
2.6 

 
6.5 

Thermal Conductivity 
at 20oC  (W/m.K) 

 
35 
 

 
2.5 

 
2 

 
156 

 
16-61**  

Band Gap (eV)at 
20oC 

9.5 3.37 5-7 1.1 -- 

*cubic ZrO2; ☼for ALD films, unpublished nanoindentation results; **after Ref[9]  

 

 Metal oxides are composed of metal cations and oxygen anions. Electrical 

neutrality is always conserved hence, the total positive charge is equal to the total 

negative charge.  However, ions of similar charge repulse each other so that the stable 

crystallline arrangement is that each anion is surrounded by cations as nearest neighbors 

and vice versa. This arrangement makes slip in oxides difficult for at least two reasons: 

(a) movement of dislocation disrupts the charge balance around anions and cations 

requiring bonds between them to be broken, and (b) the Burger's vector is larger than that 

of metals and alloys [10].  Hence, from the Peierls-Nabarro relationship, oxides need 
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larger applied stresses for dislocations to move but it will likely cleave or twin before slip 

occurs at low temperatures.  At elevated temperatures, the mechanical and thermal energy 

at sliding contacts favor the movement of the cations and anions allowing for easier slip 

[11] and therefore, increased ductility in oxides. 

 In 1987, Gleiter and coworkers [12] reported large plastic deformations at 

ambient temperature for polycrystalline TiO2 and CaF2 having grain sizes of a few 

nanometers. The surprising ductility was attributed to increased diffusional flow of atoms 

along the intercrystalline interfaces. They proposed that nanocrystalline ceramics could 

exhibit this enhanced diffusional creep for two reasons: reduction in crystal size and 

enhanced grain boundary diffusivity. Two years later, they proposed that this ambient 

temperature softening with decreasing grain size in nanostructured materials is evidence 

of the Inverse Hall-Petch effect which is only operative in the nanoscale [13]. It 

generated much debate and since then, only a few sets of results, all for metals, are 

considered uncontroversial. In normal Hall-Petch, deformation occurs by slip and yield 

stress, τ, is related to the grain size, d, by the relation: 

    τ = τo + kd-1/2                                                        2.5 

where τo and k are constants. Hence, the material becomes stronger as its grain size is 

refined in the normal Hall-Petch regime due to a greater total grain boundary area to 

impede dislocation motion. This relationship holds well down to ~1 micron grains. In the 

Inverse Hall-Petch, deformation happens along grain boundaries so that finer grained 

materials are softer and more deformable. In a recent report, Gleiter et. al.[14]  provided 

empirical support to the strain-rate dependent deformation of nanostructured materials in 
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the grain size range where the Inverse Hall-Petch effect is observed. This has also been 

reported for copper through computer simulations by Schiotz and coworkers [15]. The 

theory is that there exists a critical grain size, dc ,  also called cross-over grain size, where  

the dominant deformation mechanism changes from dislocation motion (normal Hall-

Petch) to grain boundary processes (inverse Hall-Petch) [16].
  Pande and Masumura [17]  

proposed a general equation for yield stress applicable to any polycrystal:  

   τ = τo + kd-1/2 + k1 + Bo/d  + Bd3                                             2.6 

where k1, B and B0  are all constants. The critical grain size, dc can be obtained by 

equating the first two terms with the last three terms on the right-hand side.  

 Schuh and coworkers [18] recently showed that a cross-over/transition grain size 

range exists for nanocrystalline Ni-W. They found that the normal Hall-Petch relation 

holds down to at least d~20nm, followed by a breakdown regime and even apparent 

weakening. They also found that this breakdown is related to two other mechanical 

property transitions: (1) the apparent activation volume for deformation decreases as 

grain size is refined to d=10-20 nm, where a minimum is subsequently found and (2) the 

sensitivity of deformation to contact pressure/normal load becomes more pronounced 

with grain size reduction and peaks in the range of d=10-20 nm. The inverse Hall Petch 

effect has been observed via computer simulations in nanocrystalline copper [19], 

aluminum [20] and nanocolumnar nickel [21]. In-situ quantitative tensile experiments 

observed under a TEM performed on free-standing nanoscale aluminum and gold films 

on Si revealed unmetal-like behavior such as low modulus, non-linear elasticity, lack of 

work hardening and macroscopic brittleness, when the average grain size is 50 nm or less 
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[22]. The absence of dislocations even at high stresses pointed to a grain-boundary-based 

mechanism behind the nanoscale deformation in the metal films. The decrease in 

modulus was attributed to the abundance of grain boundary regions that are elastically 

softer than the grain interior. In general, what these studies show is that nanostructured 

materials behave differently than their coarse-grained counterparts and this deviation may 

be exploited for different applications. In this study, it is to promote plasticity and 

lubricity in a normally brittle material. 

2.4 Low-Temperature Lubricious Oxides  

 For a material to be considered lubricious, it must be self-lubricating. This means 

that as the lubricating layer wears away, the material has ways of replenishing it through 

friction-induced processes. Oxides can be used as solid lubricants at elevated (>0.5 

Tmelting ) temperatures where they exhibit significant plasticity. At low temperatures 

however, they are normally brittle. In 1997, Zabinski and co-workers reported low 

coefficient of friction for pulsed-laser deposited (PLD) substoichiometric nanocolumnar 

ZnO thin films (μ~0.2 vs. 0.7 for bulk ZnO) sliding against 440C steel balls at room 

temperature [23]. The films are highly textured, exhibiting (0001) columnar grains with 

widths of ~20nm and lengths spanning film thickness (t = 0.5-1.0 μm) containing 

subgrains within the columns (mosaic substructure). They demonstrated that by 

controlling the stoichiometry and microstructure, good tribological properties are possible 

for ZnO at low temperatures. They also projected that it can be done for other oxides. 

Three years later, they proposed the underlying mechanism for this low temperature 

enhancement [24]. The proposed mechanism for the enhanced lubricity of these films is 
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that the textured (0001) ZnO film having a defective nanocolumnar structure with a 

mosaic substructure within the columns is able to deform plastically and therefore, prone 

to re-orientation during sliding contact. This enables the formation of a thin surface layer 

as shown in Figure 2.1. This layer is thought to be truly nanocrystalline, more plastic and 

readily adsorbs passivating gases that renders it less ‘sticky’ than the original structure. 

The film’s nanocolumnar grain structure was thought to favor deformation via diffusional 

creep and grain boundary sliding, thus aiding in the formation of the surface layer. 

However, no evidence of this deformed subsurface region was presented. The authors 

acknowledged that site-specific transmission electron microscopy is required to 

investigate these regions and is left for a future study. However, as of this writing, no 

updated report has been published by their group or any other on this subject.    

 

 

Figure 2.1: Schematic of proposed mechanism for low temperature lubricity in oxides

by Zabinski and co-workers. Adapted from Ref [24]. 
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 In 2003, Mayer and coworkers [25] reported from preliminary tests, promising 

friction reduction (μ=0.3) for a Si3N4 ball sliding on a flat, 10 nm thick stoichiometric 

amorphous ALD Al2O3-coated substrate.  They also determined the coatings were 

conformal and uniform on an actual MEMS gear-hub testing device .  In 2005, Nistorica 

and coworkers [26] reported low friction for microtribological studies performed on ALD 

ZrO2 and TiO2 coatings deposited and tested on a silicon-on-insulator (SOI)-based 

thermal MEMS actuator. The tests were performed at room temperature with normal 

force variation between 5-50 μN at sliding speed of 12.5 μm/s. For ALD ZrO2 (t~36 nm), 

low friction (μ~0.2) was observed which was insensitive to humidity levels. The higher 

roughness of the film, partial hydrophobicity and high fracture toughness were inferred to 

account for the friction reduction. For ALD TiO2 (t~20nm), low friction (μ~0.25) was 

only seen at humidity levels higher than 18%RH and thought to be a consequence of  

TiO2’s photocatalytic response to full-spectrum fluorescent lights that renders the surface 

hydrophilic. Wear debris (identified as amorphous oxidized silicon) were observed after 

300,000 sliding cycles in both films and the friction coefficient decreased slightly. 

Notably, they reported no evidence of microfracture or plasticity in these ALD coatings 

after testing.    

 Clearly, nanoscale oxides have a strong potential to be lubricious at low 

temperatures. However, more research is needed to realize this potential. Currently, little 

is known about the low temperature structure-tribological property relationships in these 

oxides. Even more so for ALD solid lubricant films because it is a relatively recent 
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processing technique for depositing ultra thin films (< 40 nm) targeted for next 

generation moving mechanical assemblies such as gears and bearings. 

 One of the major applications intended for the nanostructured oxide lubricants 

investigated in this work is micro/nanoelectromechanical systems (MEMS/NEMS). Line-

of-sight deposition techniques do not work because of high-aspect-ratio features and 

buried surfaces will not be coated uniformly or at all in these miniature devices. ALD is 

by far, the best available deposition technique for these applications. Remarkably 

uniform and conformal oxide coatings by ALD can enhance MEMS/NEMS reliability by 

preventing electrical shorting, improve wear resistance, prevent stiction/adhesion or 

impart biocompatibility [27]. Other leading-edge applications for ALD include depositing 

high-k dielectric films in deep- trench DRAM capacitors, MOS gates and magnetic 

heads, in particular, Al2O3 and HfO2 [28].  

 2.5 Atomic Layer Deposition 

 ALD is a unique chemical vapor deposition (CVD) process that can be used to 

deposit elements, binary and ternary materials. It is based on the following unique 

features [29]:  

 alternate precursor pulsing and the subsequent chemisorption  of 

the precursors, 

 self-terminating reactions, i.e., irriversible, self limiting gas-

surface reactions proceed to a saturation point; and,  

 separated reactions by purging with inert gas. 
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ALD is effectively a CVD reaction broken up into two half reactions (A and B). For a 

XY binary material, these half reactions will generally follow: 

   A surface + XS(g)  → surface:X + S(g) 

   B surface:X + YT(g) → surface:XY + T(g) 

Thus, one ALD cycle is composed of A-purge-B-purge sequence. This will ideally 

deposit one monolayer of XY. The film can be built up by simply doing a number of 

cycles until the desired thickness is achieved. For single element ALD, the B reaction 

maybe a pulse of sacrificial precursor, a plasma exposure or a thermal spike to take away 

unwanted molecules from the surface allowing it to be reactive for the next A reaction. 

Inert gases such as nitrogen and argon are used not only to separate the reactions but also 

to carry precursors (XS and YT) to surface sites and purge out unreacted precursors and 

by-products (S and T) from the surface. 

 ALD's unique features allow the growth of highly conformal films with accurate 

thickness over large areas. Ritala and Leskelä [30] list other benefits of ALD including:  

• large-batch  compatibility, 

• insensitivity to non-

uniform precursor 

vaporization rate,  

• good reproducibility,  

• straightforward scale-up 

(i.e. film thickness is only 

dependent on the number 

• capability to produce sharp interfaces 

and superlattices,  

• lack of gas phase reactions favors use 

of highly reactive precursors and 

leads to effective material utilization, 

• low processing temperatures, and  

• capability to prepare multilayer 

structures in a continuous processing 
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of deposition cycles), 

• composition control down 

to atomic level, 

due to relatively wide processing 

temperature window. 

 The major limitation of ALD is its low growth rate since at best, only one 

monolayer of the material is deposited per ALD cycle. Growth rates of 100-300 nm/hr 

are typical. However, this is compensated by the large-area and large-batch capabilities of 

ALD. In addition, because of the continuous diminution of device dimensions, film 

thicknesses have shrunk to levels wherein ALD is competitive with other deposition 

techniques. Another limitation is limited number of compatible precursor compounds. 

The list of requirements that an ALD precursor must satisfy is quite lengthy and few 

compounds can adequately satisfy all of them. It includes the following [30]: volatile, 

thermally stable (non-self-decomposing), aggressive, non-etching of/and insoluble in film 

and substrate materials, produces non-reactive by-products, sufficiently pure, 

inexpensive, easy to synthesize and handle, non-toxic and environmentally friendly.  In 

particular, precursor vapor pressure and volatility limit the types of reactants, hence the 

number of compounds that can be synthesized. The interested reader is referred to the 

works of Ritala and Leskelä [30] and Puurunen [31] for exhaustive lists of materials that 

can be deposited by ALD and their associated precursors. 

Irriversible chemisorption reaction must happen between the precursor molecules 

and the surface species. Three chemisorption mechanisms have been identified for ALD 

[30] and illustrated in Figure 2.2: (a) ligand exchange, (b) dissociation and (c) 

association. These mechanisms can occur simultaneously until saturation is reached. Two 
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factors have been identified that can lead to saturation in a self-terminating surface 

reaction: steric hindrance of ligands and insufficient number of reactive surface sites [31]. 

The former pertains to the shielding of reactive sites by ligands of chemisorbed species 

making them inaccessible. This is most likely for larger precursor molecules and those 

having large side groups. The latter happens when not enough reactive sites are available 

for maximum coverage of the surface by precursor molecules. Hence, the geometries of 

the reacting molecules and the density of adsorption sites on the surface have significant 

influence on the growth rate [32].  

 

 

 

 

ALD is a nucleation and growth process.  While the nucleation process in ALD is 

not well-understood, several growth modes have been identified [30]: two-dimensional 

growth, island growth and random deposition. Table 2.2 provides a comparison of these 

modes. The mode may also change during the course of the deposition depending on 

growth conditions.   

Figure 2.2: Identified chemisorptions mechanisms in ALD. Adapted from Ref [30].
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Table 2.2: ALD growth modes.  

Name/s of Mode Description 
 
Two-dimensional/Layer-by-
layer/Frank-van der Merwe 

 New material units settle on the lowest unfilled 
material layer 

 Results in a full monolayer per cycle 
 Not universally valid 

 
 
Island Growth/Volmer-Weber

 New material units settle on preferential sites 
 Results in a fraction of a monolayer per cycle  
 Yields textured microstructure and rougher 
surface 

 Most common 
 
Random Growth 

 New material units are deposited with equal 
probability on all surface sites 

 Results in less than one monolayer/cycle 
 Yields smoother film surfaces 
 Less common 

 

Since ALD is a surface-adsorption and reaction-controlled process, growth 

temperature plays a critical role in the extent of reaction and in the desorption of ligands 

and by-products [33]. Therefore, uniform substrate heating is crucial as are reliable gas 

delivery without depletion and complete purging of the reaction zone for uniform growth 

rate. Note that precursor flux need not be uniform as long as enough molecules are 

introduced for the reactions to proceed to saturation. The self-terminating nature of ALD 

is only achievable under conditions where the precursors do not decompose on their own 

in the gas phase [27].  Precursor decomposition and dissociation lead to CVD-like growth 

that is continuous and therefore non-saturating. Precursor decomposition rate increases 

exponentially with temperature [27].  
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2.5.1   ALD  Al2O3 

 The growth of Al2O3 is the most studied and documented ALD process. It is often 

used to model how ALD works. Trimethylaluminum (TMA,Al(CH3)3) and water are the 

metal and oxidant precursors respectively. The TMA/H2O ALD process is considered a 

nearly ideal ALD process because the growth-per-cycle (GPC) is high (30-40% of a 

monolayer), results in highly uniform and conformal films and the methane by-product is 

inert [34]. An in-depth summary has been compiled by Puurunen [35] on this system. The 

surface alternates between a methyl-terminated and a hydroxyl-terminated surface after 

TMA and water pulses respectively. If the substrate is hydroxylated silicon, the following 

half reactions (A and B) occur at the first TMA and water pulses: 

A  Si:OH* + Al(CH3)3 → Si:OAl(CH3)* + CH4(g) 

B Si:OAl(CH3)* + H2O → Si:OAlOH* + CH4(g). 

where * indicates surface species. The above reactions use the ligand exchange 

mechanism. The GPC was found to be linearly correlated with the surface OH-group 

concentration [34]. When no hydroxyls are present, the growth proceeds by 

dissociation/association mechanisms. ALD Al2O3 is normally grown below 300oC 

because TMA decomposes above this temperature. It is amorphous when grown below 

300oC, i.e. below the crystallization temperature. In this system, the growth rate was 

found to increase with temperature and levels off in 230-330oC range [36]. 
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2.5.2 ALD ZnO 

 Besides PLD,  ZnO thin films can be grown using various deposition techniques 

notably, sol-gel, CVD, sputtering and molecular beam epitaxy (MBE). ALD-grown ZnO 

is less common and less studied judging from the few studies found that are less than 10 

years old [37,38,39,40]. Of these studies, diethyl zinc (DEZ, Zn(CH2CH3)2),  is the most 

common metal precursor used which was also employed in this work. However, dimethyl 

zinc, zinc chloride, and zinc acetate [41] have been used. The most common oxidant 

precursor is deionized water but O2, ozone (O3) and hydrogen peroxide (H2O2) have been 

tried, especially for very low temperature ALD growth on temperature sensitive 

substrates such as polymers. These stronger deoxidizers help enhance the removal rate of 

reaction by-products but have not been found to increase deposition rate. This is because 

ALD growth rate for oxide films is determined by the bulkier metal precursor [25].  The 

two half reactions reported to occur for ALD ZnO using DEZ and water [42] are:  

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

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

where * indicates surface species.  

 ALD ZnO deposits in the hexagonal wurtzite structure (Figure 2.3) and exhibits 

preferred orientation (texture) depending on deposition temperature. Using DEZ and H2O 

precursors, (100)† texture was observed at <200oC and a (002) texture for >200oC [40].  

 

 

                                                 
† The simpler (hkl) notation for planes is used instead of the (hkil) notation for hexagonal systems where 

h+k=-i. 
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2.5.3 ALD ZrO2 

 Zirconium dioxide has been touted as a promising substitute for SiO2 for ultra-

thin gate dielectric material in CMOS devices because its high dielectric constant (k = 22) 

and wide band gap (Eg = 5.4 eV) offer excellent barrier to leakage currents [43]. ZrO2 has 

three low pressure polymorphs: monoclinic, tetragonal and cubic. The unit cell models 

are shown in Figure 2.4. Orthorhombic variants occur at high pressures between 3-15 

GPa [44] so they are not included in this study. Of the low pressure forms, monoclinic is 

the stable phase at temperatures below 1400K, beyond which the tetragonal form is stable 

until 2570K, at which point it transforms to the cubic phase [45,46].  

Table 2.3 provides a comparison of lattice parameters and related properties of 

these phases. The tetragonal and cubic phases can be stabilized at ambient conditions by 

several ways [47,48,49,50]: (a) doping with Y2O3, CaO or MgO, (b) making the grains 

Figure 2.3: Wurtzite structure of ZnO. Gray (small) and red (big) spheres are Zn and 

oxygen atoms, respectively. (Courtesy of Dr. Jincheng Du, The University of North 

Texas). 
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very small, (c) growing as thin films, and (d) using substoichiometric composition. In the 

presence of an applied stress, the tetragonal phase reverts back to monoclinic in a 

martensitic-type transformation. This is accompanied by a 5-7% volume expansion that is 

used as a toughening mechanism in polycrystalline tetragonal-stabilized zirconia. 

Transformed grains produce compressive regions around crack tips that can arrest their 

advance. This is why tetragonal-stabilized zirconia is the toughest among oxide ceramics. 

 

 

 

 

 

 

 

 

 

   

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4: Low-pressure forms of ZrO2. Red and Blue spheres are O and Zr atoms,

respectively. (Courtesy of Dr. Jincheng Du, The University of North Texas.) 
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Table 2.3: Unit cell properties of Low-pressure ZrO2 phases [46,51]. 
 

 
 

For ALD grown ZrO2, the crystal structure is sensitive to the precursors used, 

growth temperature and film thickness [52]. Table 2.4 summarizes various results from 

several investigations. This system is quite ambiguous to characterize using X-ray 

diffraction. The phases have overlapping reflections that make it difficult to specifically 

identify one phase from the others [53]. Table 2.4 shows that depending on the ALD 

ZrO2 precursor used, various phases are obtainable. 

 

 

 

 

 

 

 

 

Property Cubic ZrO2 Tetragonal ZrO2 Monoclinic ZrO2
Lattice parameters (Å) 

a 
b 
c 

 
5.034 
5.03 
5.03 

 
5.037 
5.037 
5.113 

 
5.098 
5.171 
5.264 

Temperature (K) >2570 1400 to 2570 <1400 
Coordination Zr=8;  

O1=4; O2=4 
Zr=8;  
O1=4; O2=4 

Zr=7;  
O1=3; O2=4 

Volume  (Å3) 127.57 129.73 136.77 
Density (g/cc) 6.17 6.172 5.814 
Space Group Fm-3m P42/nmc P21/c 
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Table 2.4: Characteristics of ALD ZrO2 grown by various routes. 

Zr precursor O 
precurs
or 

Thick-
ness 
(nm) 

Temp (oC) Phase/s Found* 
 

Ref 

ZrCl4 H2O or 
H2O2 

~50 
 
 
5 
10-50 
~50 

180-210 
 
≤400 
600 
230-600 
≥300 

C for nonstoichiometric 
films 

T + C; {001} PO 
C  
T 
M 

 
[43]  

ZrCl4 H2O - <275 
275-375 
>375 

A 
Weakly T 
M appears 

 
[54] 

ZrCl4 H2O or 
H2O2 

40-48 
26-40 
30-34 
40 
31 
36 

180 
210 
300 
400 
500 
600 

A; xtalline traces 
A + T; weak texture 
T, textured 
T + M 
T + M 
T + M; no texture 

 
[55] 

Zr(NMe2)4 H2O 100 50 
200 

Mostly A 
T or C; unresolved 

 
[56] 

Zr(thd)4 
 
 
Cp2ZrCl2 
 
 
Cp2Zr(CH3)2 

O3 - 250-500 
 
 
250-300 
 
>300 
<300 
300-500 

Weakly xtalline; 
overlapping M and O 
peaks 
Slightly xtalline; 
overlapping M and O  
M; (-111) PO 
Weakly xtalline 
M (-111) + O(111) PO 

 
[57] 

* A-amorphous, M-monoclinic, T-tetragonal, C-cubic, O-orthorhombic, PO-preferred orientation 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

 Unless otherwise stated, all procedures for deposition and characterization of the 

films were performed using the facilities of UNT’s Department of Materials Science and 

Engineering and Center for Advanced Research and Technology (CART). Images and 

details of the CART equipment used can be found at http://cart.unt.edu. 

3.1 Substrate Preparation 

Approximately 1in. x 1 in. pieces were cut from (100) p-type silicon wafers to 

serve as substrates for ALD. These were degreased using methanol for 10 minutes 

followed by rinsing in deionized water for 5 minutes, both with sonication. Drying was 

done by blasting with high purity nitrogen gas.  Ellipsometric measurements show that 

the native oxide on silicon is indeed 1.8nm thick. 

3.2 Film Deposition 

3.2.1 ZnO/ Al2O3 Nanolaminates 

 The nanolaminates were grown at the facilities of Sandia National Laboratories 

in Albuquerque, New Mexico. Since then similar deposition results, not reported here, 

were obtained at UNT using the Savannah 100 ALD tool described below in Section 

3.2.2.  In order to study the effect of deposition temperature, three 1-bilayer (e.g. ZnO 

on top of Al2O3) coatings were deposited at 200, 250 and 300oC while keeping the layer 

thickness at 100 nm and total thicknesses constant at 200nm. Another batch consisted of 

three films all grown at 200oC to the same total thickness but having 8,16, and 64 
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bilayers. In these films, the Al2O3  is deposited first on the silicon with native oxide, 

ZnO next and then alternated until the target number of bilayers is reached. The ZnO is 

always the top surface layer. Table 3.1 provides a concise description of the 

experimental conditions. 

 
Table 3.1: Deposition conditions for ZnO/Al2O3 nanolaminate films. 
 

Film# Growth 
Temperature 

(oC) 

Number of 
Bilayers 

ZnO:Al2O3 
Cycles/layer 

Theoretical layer 
thickness : total 

thickness (nm:nm) 
1 200 1 654 : 855 100 : 200 
2 250 1 654 : 855 100 : 200 
3 300 1 654 : 855 100 : 200 
4 200 8 82:107 12.5 : 200 
5 200 16 41 : 53 6.25 : 200 
6 200 64 10 :13 1.56 : 200 

 

The ALD ZnO/Al2O3 nanolaminate films were grown by sequential reaction of 

liquid precursors DEZ or TMA and H2O at a temperature range of 200 to 350°C in a 

hot-wall viscous flow ALD reactor using N2 as the carrier and purge gas. The vapor 

pressures of DEZ, TMA and water are high enough at room temperature, so they do not 

require extrinsic heating. In fact, the cylinders get hot through the temperature of the 

ALD valves to be in gas phase. Nitrogen gas was supplied via a mass flow controller 

(MFC) with a throughput of 50 sccm on the reactant lines. The reactor design is similar 

to the ALD viscous flow reactor of Elam et.al. [1]. The pulse times were 2 s and the 

purge times were 15 s at a total pressure of 2 torr.  
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3.2.2 ZrO2 Monofilms 

 A Savannah 100 (Cambridge NanoTech Inc.) viscous flow hot wall single wafer 

ALD reactor was used to deposit ZrO2 onto cleaned silicon substrates with native oxide. 

A representative image of the system showing an open reactor chamber and computer 

control interface is shown in Figure 3.1. The internal reactor space is 100 mm diameter x 

6 mm deep.  Except for the insertion and removal of the substrates and precursors, all 

operation is controlled by the LabView software.  

 

 

 

 

 

 

 

 

 

 

 

Tetrakis (dimethylamido) zirconium(IV) “Zr(NMe2)4” (Sigma Aldrich), a solid, 

and de-ionized water were used as Zr and O precursors, respectively. Research grade 

 

Figure 3.1: Stock photo of Savannah 100 ALD system used for ZrO2 depositions. 

(Source: Cambridge Nanotech Inc.) 
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nitrogen flowing at a constant rate of 20 sccm was used as a carrier and purge gas. Base 

pressure was maintained near 0.5 torr. Prior to the first precursor pulse, a ten-minute 

equilibration time was allowed after the substrate was placed inside the chamber. The 

deposition parameters such as, durations of Zr(NMe2)4 and DI H2O pulses (variable), 

purge time between precursor pulses (variable), number of cycles (variable), inner 

disk/substrate temperature (variable), outer disk temperature (variable), precursor 

temperature (75oC), precursor valve temperature (115oC), stop valve tee temperature 

(150oC) and bellows temperature (150oC)  were all set and controlled in LabView. Table 

3.2 gives the deposition parameters used for growing the zirconia films investigated in 

this study. The maximum allowable outer disk temperature is 250oC so it was set equal 

to the substrate temperature until 250oC and kept there for the higher temperature 

depositions.   

 
Table 3.2: Deposition conditions for growing ALD ZrO2. 

Substrate/ 
Growth 

Temperature 
(oC) 

 
No. of cycles 

 
Zr pulse 

(s) 

 
H2O pulse 

(s) 

 
Purge 

time (s) 

 
GPC 

(nm/cycle) 

 
200 

300 
600 
1200 

 
0.1 

 
0.025 

 
9 
 

 
0.133 

 
250 

300 
600 
1200 

 
0.1 

 
0.025 

 
7 

 
0.135 

 
300 

300 
600 
1200 

 
0.1 

 
0.025 

 
5 

 
0.185 

 
350 

300 
600 
1200 

 
0.1 

 
0.025 

 
5 

 
0.188 
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After deposition, the samples were removed from the chamber and allowed to 

cool in ambient air before storage. Based on thickness measurements later performed by 

ellipsometry, the growth-per-cycle (GPC) were determined for each temperature using 

linear regression trend fitting option in Microsoft® Excel software. These are also given 

in Table 3.2. 

3.3 Film Characterization 

3.3.1 Ellipsometry 

 A J.A. Woolam variable angle spectroscopic ellipsometer (VASE) was used for 

thickness measurements of the zirconia films. It is equipped with a Czerny-turner 

scanning monochromator with a focal length of 160 mm and an effective aperture ratio 

of f/4.5. It was operated in the 400-1000 nm spectral range for all measurements. The 

Wvase32 software that came with the instrument was used to acquire and model the data 

points.    

3.3.2 Atomic Force Microscopy 

 A Veeco Nanoscope III Scanning Probe Microscope operated in the tapping 

AFM mode was used for topographic and roughness interrogation of the films. Silicon 

cantilevers (Tap300-10 from BudgetSensors) with a resonant frequency of 300 kHz 

were used as probes. For each film, two 1μm x 1um scans and one 500nm x 500nm scan 

were made on 3 different areas in the sample. The roughness values from these scans 

were averaged to get the roughness values for a particular film. Two height-to-height 

roughness parameters were selected: Z-range and Rq. The Z-range gives the difference in 

the highest and lowest points of the scanned area while the Rq is root mean square 
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roughness. Using the representative AFM scans, the bearing area curves of the ZrO2 

films were acquired in order to further compare the surface characteristics of the films. 

3.3.3 X-ray Diffraction and Reflectivity (XRD/XRR) 

 A Rigaku Ultima III diffractometer was employed for both grazing-angle XRD 

and XRR studies in the parallel beam mode using a thin film stage and a scintillation 

detector. CuKα x-rays were generated at 40 kV and 44 mA. For all 5-80o 2theta GIXRD 

scans, the following settings were kept constant:  0.45o incident angle, 0.03o step size,10 

mm divergence height limiting slit, 5o incident side Soller slit, open attenuator, 0.5o 

diffracted side parallel beam (PB) slit and 1.0mm for all divergence, scattering and 

receiving slits (DS/SS/RS). Reflectivity measurements were made with 0-3o 

2theta/omega scans using a 10 mm divergence height limiting slit and 0.2mm for SS and 

RS. No Soller and PB slits were used in order to maximize signal intensity. Attenuator 

size was varied from 1/800 to 1/100 depending on signal intensity. Jadev7.0 and 

XRRv2.0 softwares were used to process scan results for GIXRD and XRR, 

respectively.  

 The Debye-Scherrer equation relates the grain size to the broadening of the 

diffraction peaks. It was used to study the behavior of grain size, d, with temperature and 

interfacial density in the nanolaminates. The Debye-Scherrer equation is  

θ
λ

cos
9.0

B
d =                                                          3.1 

where λ is the X-ray wavelength (λ=1.54Å for CuKα), B is the full-width at half-height 

of the peak and θ is the Bragg angle. 
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3.3.4 Tribometry 

A Falex ISC200 pin-on-disc (POD) tribometer was used to measure the friction 

coefficient of the films while sliding against a stationary 1/8 inch diameter pin/ball. For 

ZnO/Al2O3 nanolaminates, the normal loads tested were 50 and 100 grams, while for 

1200-cycle ZrO2 films, the loads used were 20 and 50 grams. Chrome steel (type 52100) 

and silicon nitride pins were used to vary the contacting material pairs (metal/ceramic 

and ceramic/ceramic, respectively), as well as contact stresses. Table 3.3 provides the 

test design used for the films. The pins were degreased with methanol prior to testing. 

All POD tests for a particular film were made on the same sample. However, each test 

runs on a fresh surface by changing the test radius. The revolutions per minute (RPM) is 

adjusted whenever the test radius is changed to keep the linear speed constant at 2.2 

cm/s for all POD tests. A 0.5-1.0 mm gap was maintained between radii.  After each 

test, loose wear debris were ejected from the surface using compressed air. 

 

Table 3.3: POD test design matrix. 
 

 
 

 

 

 

Set Normal Load (g) Pin Material Replicates 

ZnO/Al2O3 

(6 different films) 

50 Chrome Steel 

Si3N4

2 

2 

 

ZrO2 

(4 different films) 

20 Chrome Steel 

Si3N4 

2 

2 

50 Chrome Steel 2 
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In analyzing the tribological behavior of the films, the Hertzian point contact loading 

conditions were used to determine the contact parameters. For Hertzian point contacts in 

the elastic regime, the contact radius, a, is given by 

*
3

4
3

E
WRa =                                                              3.2 

 
where W is the normal load, R is the relative radius of contact and E* is the reduced 

elastic modulus. R and E* are defined below. 

21

111
RRR

+=                                                          3.3 

where R1 and  R2 are the radii of the contacting surfaces, e.g. radii of pin and disc. 

Radius is positive for a convex surface and negative for a concave surface. Infinity is 

normally used for radii of flat surfaces (semi-infinite half space).  

2

2
2

1

2
1

*

111
EEE
νν −

+
−

=                                                 3.4 

where ν and E are the Poisson’s ratio and elastic modulus of the respective contacting 

materials. In a circular (point) contact, the mean pressure is   

2a
WPm π

=                                                                 3.5  

The maximum pressure, Po, occurs at the center of the contact and given by  

2
3 m

o
P

P =                                                                  3.6 

Using the above equations, Table 3.4 gives the Hertzian conditions for each material 

when sliding against the chrome steel and silicon nitride pins. The elastic moduli and 
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hardness values for ALD ZnO and Al2O3 films were incorporated, but bulk E values 

were used for Si and tetragonal ZrO2, since no ALD film values are presently available. 

The load to initiate yield, Wy, was computed using the Tresca criterion from the 

relationship, 

2*

32

)(
17.21
E

YRW y =                                                         3.7 

where Y is the yield stress of the material of interest and related to the hardness by 

H~2.83Y.  

 
Table 3.4: Hertzian point contact conditions.  
 

Property 
Si (100) 
p-type Al2O3 ZnO 

ZrO2 
(stabilized) 

R (mm) inf inf inf inf 
E (GPa) 125b 160 145 200b 

Poisson's ratio, ν 0.22 0.30 0.30 0.31 
Hardness (GPa) 8.7 b 11 9 12.7 b 

W (N), applied 0.196 / 0.49 0.49 0.49 0.196 
Wy,  (N), yield 239 342 209 416 
Contact conditions using Chrome steel pin 
RCS= 1.6 mm, ECS= 203 GPa, νCS = 0.29 
E* (GPa) 82.48 98.05 92.70 110.73 
a (μm) 14.2 / 19.2 18.2 18.5 12.9 
Pm (GPa) 0.31 / 0.42 0.47 0.46 0.38 
Po (GPa) 0.47 / 0.63 0.71 0.68 0.57 
Contact conditions using Silicon nitride pin 
RSN= 1.6 mm, ESN= 310 GPa, νSN = 0.27 
E* (GPa) 94.45 115.23 107.92 133.15 
a (μm) 13.6 / 18.4 17.2 17.6 12.1 
Pm (GPa) 0.34 / 0.46 0.53 0.50 0.43 
Po (GPa) 0.51 / 0.69 0.79 0.76 0.64 

bbulk value/s used 

The extent of interfacial heating during sliding was analyzed by assuming a 

circular (point) Hetzian contact and classical flash temperature (heat transfer) theories 
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originally formulated by Blok, Jaeger, and Archard and summarized in G. Stachowiak 

and A. Batchelor [2]. The surface (flash) temperature (oC), Tfa,  first assuming a fast 

moving heat source was computed using:  

5.0

308.0 ⎟
⎠
⎞

⎜
⎝
⎛−

+=
UaKa

UUW
TT BA

ofa
χμ

                                      3.8 

where To is the initial temperature (e.g. 25oC),  μ is the coefficient of friction, W is the 

applied normal load [N]; UA and UB are the surface velocities of solid A and solid B, 

respectively [m/s]; U is the velocity of A or B; a is the contact radius [μm]; and χ is the 

thermal diffusivity [m2/s] equal to K/ρc in which K is the thermal conductivity [W/mK], 

ρ is density [kg/m3] and c is specific heat [J/kgK]. Table 3.5 shows the results for Si, 

ZnO and ZrO2 sliding against chrome steel pin assuming a fast-moving  heat source 

first. Based on the values of the Peclet number, this assumption was adjusted. The Peclet 

number, Pe, is the ratio of the speed of the surface to the rate of thermal diffusion into 

the solid [3] and determined by  Pe = Ua/2K. Thus for a slow moving heat source, the 

flash temperature is given by: 

5.0*424.025 −+= Pe
K

ahTfa                                           3.9 

where h* = μ P U, is the heat input. When computed using silicon nitride pin, the flash 

temperature changed by less than 1oC for the three materials. Under both pin types, 

results show that only minimal heating occurred during sliding and should not cause any 

thermally-induced transformations in the films. 
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Table 3.5: Surface temperature analysis  

Propeties 
Si (100) P-

type ZnO 
ZrO2 

(stabilized) Remarks 
Density (kg/m3) 2330 5600 6000  
Sp. heat (J/kg K) 700 520 450  
Therm. Conductivity  
(W/mK) at RT 156 2.50 2.00  
Normal Load (N)  0.20 0.49 0.20  
Contact radius (m) 1.42E-05 1.82E-05 1.29E-05   
Coefficient of friction 0.12 0.20 0.12  
Therm. Diffusivity 
(m2/s) 9.56E-05 8.59E-07 7.41E-07  

Ave. Flash Temp rise  
(oC) 1.26 21.43 10.03 

Assuming 
fast moving 
heat source 

Ave. Flash Temp   
(oC) 26.26 46.43 35.03 

Assuming 
fast moving 
heat source 

Peclet No. 0.002 0.233 0.191 

Since 
Pe <1, 
indicates a 
slow moving 
heat source 

For a slow moving 
heat source:     
Ave. Flash Temp rise  
(oC) 0.06 12.85 5.45  
Ave. Flash Temp  
 (oC) 25.06 37.85 30.45  

 
 

3.3.5 Optical Microscopy 

 A Nikon Eclipse ME600 optical microscope was used for imaging pin surfaces 

that contacted the tribofilms at 20 and 50X magnifications immediately after 

tribotesting.  
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3.3.6 Scanning Electron Microscopy and Focused-ion Beam Microscopy and 

Micromachining 

Surface imaging of the as-deposited and worn films was performed using the FEI 

Nova Dual Beam SEM/FIB operated at 3 kV. High-resolution SEM images were used to 

measure the sizes of ZrO2 grains. The widths of the grains were measured using the 

magnification bar as guide. 15-21 distinct grains per sampled from each film. This type 

of quantitative measurement of grain size was not performed for the nanolaminates due 

to lack of good high-resolution SEM images where grain boundaries are clear. This was 

due to significant charging and beam damage encountered in getting to high 

magnification and focus.  

Most of the work performed on the SEM/FIB was to prepare Transmission 

Electron Microscope (TEM) samples. 10-20 μm long cross-sectional specimens of 

<100nm thickness were prepared by micromachining using Ga ions in the FIB.  Prior to 

any micromachining, Pt was deposited to protect the region of interest from ion damage. 

Three layers of protective Pt were deposited: first, a thin layer (~50nm) of electron-beam 

Pt deposited at 3kV,4.3 nA, then a 500nm ion-beam Pt at 10 kV,0.1nA and lastly, a 1μm 

ion-beam Pt at 30 kV,0.12nA. Rough milling was done at 30kV starting at 7nA spotsize 

and progressively decreased to 50pA as the foil is thinned down to <100nm. A 5kV, 

70nA   cleaning/final thinning step was done to eliminate ion damage from specimen. 

After this, the foil was lifted out using an Omniprobe® nanomanipulator onto a 3-mm 

TEM Cu grid and Pt-welded to it.  TEM samples were subsequently cleaned using Ar 
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plasma to remove carbon and other impurities from the sample surfaces prior to 

introduction into the TEM.  

3.3.7 Transmission Electron Microscopy and Electron Energy Loss Spectroscopy 

For high resolution TEM and EELS studies, a FEI Tecnai G2 F20 S-Twin 

Schottky field-emission Scanning Transmission Electron Microscope (S/TEM) operated 

at 200kV was used.  It is equipped with a high angle annular dark field detector 

(HAADF) for Z-contrast imaging in STEM mode, an EDAX® energy dispersive X-ray 

spectrometer (EDS), a Gatan Tridiem parallel electron energy loss spectrometer 

(PEELS) and 2k x 2k CCD for energy-filtered imaging and high rate spectrum imaging 

in EELS.   The oxygen K-edge PEELS spectra were used to determine the phases of 

ZrO2 present in the worn and unworn 250oC film. They were acquired under STEM 

mode using a 2 mm spectrometer entrance aperture, 50 mm camera length, a 0.05 

eV/pixel dispersion and 530 eV energy shift. Using the zero-loss peak, the specimen 

thicknesses were determined using to be 0.4-0.5 of mean free path so plural scattering 

removal was unnecessary. Background signal was removed using Gatan software 

routines. The spectra were further smoothed using 0.4 eV numerical filter following 

procedure described in Ref[4].  

 
3.3.8  X-ray Photoelectron Spectroscopy 
 
 Some of the ZnO/Al2O3 nanolaminate films were characterized using PHI 5000 

Versaprobe X-ray Photoelectron Spectrometer to determine composition of the films. 

Depth profiling was done using an Ar+ ion beam at 2 kV rastering an area of 2mm x 
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2mm. The depth profile samples were characterized using a 200μm X- ray spot at 50 W 

power. 
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CHAPTER 4 

 
STRUCTURE AND TRIBOLOGICAL BEHAVIOR OF ALD ZnO/Al2O3 

NANOLAMINATES 

 This chapter presents the results of various processing-structure-property 

interrelationships for ALD ZnO/Al2O3 nanolaminate films. It follows a “top-down” 

approach wherein the presentation starts from surface characteristics going down 

towards the substrate. In addition, the as-deposited film results precede results from 

post-tribotest characterizations. A summary of findings is provided at the end of this 

chapter. 

4.1 Surface and Subsurface Structure 

4.1.1 Surface Morphology 

AFM and SEM were used to investigate the surface characteristics of as-deposited 

nanolaminate films. Figure 4.1 gives AFM and SEM images of 1-bilayer films grown at 

200, 250 and 350oC. The deposition conditions for these films were previously given in 

Table 3.1. These images reveal a change in grain shape from a mixture of 

elongated/worm-like and small round/equiaxed grains at 200oC to uniformly equiaxed 

grains at 350oC. The 250oC surface appears to be a transition between the other two 

surfaces. AFM roughness measurements plotted in Figure 4.2 indicate that the change in 

the grain shape mix is accompanied by an increase in the height range of the asperities 

(Z-range) and in the RMS roughness. In Section 4.1.2, the change in grain shape and 
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roughening will be correlated to a change in preferred crystallographic orientation and 

grain size coarsening as the growth temperature is increased from 200oC to 350oC.  

The effect of interfacial density (i.e. the number of bilayers) on the surface 

characteristics is shown in Figure 4.3. It shows side-by-side SEM and AFM surface 

scans of 1,8,16 and 64 bilayers all deposited at 200oC. The SEM images show a decrease 

in grain size as the number of bilayers increases from 1 to 64.  The AFM images show 

that there is clustering of these small grains. This clustering can explain the higher RMS 

roughness when the number of bilayers increases especially for the 16 bilayer film as 

shown in Figure 4.4. Clustering of small grains is a mechanism that allows the film to 

attain a lower surface energy. 
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Figure 4.1: Coupled SEM (left) and AFM (right) surface scans of 1-bilayer 
nanolaminates grown at 200oC (left), 250oC (middle) and 350oC (right).  
Magnification bar is 500nm for all SEM images. AFM scan size is 1 X 1 μm. 

  
 

  
 



56 
 

 

 

Figure 4.2: Effect of the growth temperature on the Surface Roughness Parameters of 1-

bilayer nanolaminates. 
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Figure 4.3: Coupled SEM (left) and AFM (right) surface scans of 1, 8,16 and 64 

bilayer nanolaminates grown at 2000C arranged from top to bottom. The 

magnification bar for the SEM images is 500nm. AFM scan size is 1 X 1 μm. 
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Figure 4.4: Effect of interfacial density (number of bilayers) on the nanolaminate surface 

roughness.  

 

4.1.2 Film Texture 

ALD ZnO crystallizes in the hexagonal close-packed (HCP) wurtzite structure 

(shown Figure 2.3) while ALD Al2O3 is amorphous [1].GIXRD (incident angle = 0.45o) 

was used to investigate the crystallographic structure of the nanolaminates. Only peaks 

attributable to ZnO and Si were found in the spectra. No reflections belonging to Al2O3 

and aluminum-zinc oxide (AZO, ZnAl2O4) were detected. AZO can form under 

equilibrium conditions as determined from the Al2O3-ZnO phase diagram (Figure 4.5). 

Figure 4.6a shows the GIXRD spectra of the 1-bilayer films grown at 200, 250 and  



59 
 

 
Figure 4.5: Al2O3-ZnO phase diagram [2]. 

 

350oC. In the GIXRD plots, only the 2θ = 30-40o range is shown where ZnO reflections 

were found. Very intense (220) and (400) Si reflections from the substrate that can be 

found at 2θ ~ 47 o and 69o respectively, were not shown because they drown the ZnO 

reflections. All three 1- bilayer nanolaminates showed dominant (002)* orientation that 

increased with temperature. This (002) texture, otherwise called c-axis orientation, is 

commonly observed in ZnO films grown by various methods because the c-plane 

perpendicular to the substrate normal is the most densely packed and thermodynamically 

preferred in the wurtzite structure [3]. ZnO films grown on glass and amorphous 

substrates also yield c-axis orientation [4]. Notice that while (002) intensity increased 

with temperature, the (100) and (101) intensities diminished so that at 350oC, the (100) 

and (101) reflections are gone, leaving a completely (002) texture.  The same behavior 

in the intensities of (002), (100) and (101) reflections was observed by Singh and co-

                                                 
* The simpler (hkl) notation  for planes is used instead of the (hkil) notation for hexagonal systems where 

h+k=-i. 

oC 
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workers [5, 6] for reactively sputtered ZnO films on quartz in the 200 to 300oC range. In 

their full results, all films exhibited strong (002) preferred orientation from 100 to 

600oC. However, low intensity (100) and (101) peaks appeared in the 150-250oC range 

but were gone by 300oC. The (002) intensity generally increased with temperature by as 

much as two orders and was highest at 300oC. They also found that films deposited 

below 300oC have uniform strain (>103) but this became negligible above 300oC. In the 

present results, the (002) intensity increased by an order of magnitude going from 200 to 

350oC. There is also the narrowing of the (002) peaks at FWHM (full-width at half 

maximum), suggesting that the (002) ZnO grain size increased with increasing 

temperature according to the Debye-Scherrer equation (Section 3.3.3). This is supported 

by previous AFM and SEM images in Section 4.1.1. In the work of Singh and coworkers 

[6], the film grown at 200oC also showed a mixture of flattened grains and small round 

grains while that of 300oC had uniform large round grains. Since the 300oC film showed 

only (002) peaks and no (100) and (101) peaks, the round grains can therefore be 

attributed to (002) reflection while the flattened/elongated grains correspond to (100) 

and (101) reflections. In this present work, the same behavior in terms of grain shape 

and preferred orientation was seen. The 200oC nanolaminate showed (002), (100) and 

(101) peaks and had a mixture of elongated/worm-like and equiaxed/round grains while 

the 350oC nanolaminate showed only (002) peak and had uniform equiaxed grains. 

Therefore, the change in the dominant grain shape and the increased roughness with 

temperature can be related to the increase in (002) intensity and the coarsening of the 

(002) grains. A (002) texture in has been shown to promote good tribological properties 
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in pulsed laser deposited (PLD) ZnO [7], so promoting its growth in the nanolaminates 

is productive for tribological applications.  

Fujimura and coworkers [8] also reported remarkable change in texture from 

(110) to (002) when the substrate temperature is increased from room temperature to 

500oC in rf magnetron sputtered ZnO films. They attributed this to the enhanced 

migration of sputtered species at the substrate surface toward the formation of low 

surface energy tetrahedral coordinates. Recall from Figure 2.3 that the ZnO has a 

tetrahedral coordination in the wurtzite structure with the direction of the apex of each 

tetrahedron parallel to the c-axis. In this configuration, the (002) plane is parallel to the 

substrate surface. Thus, with higher temperature, the (002) texture is easily grown. The 

same reasoning can be applied for the ALD process. The increased growth temperature 

allows for higher mobility in the precursor molecules on the surface that enable them to 

more easily form the low energy tetrahedral coordination and thus, the (002) texture. 
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Figure 4.6: (a) GIXRD spectra of  1-bilayer ZnO/Al2O3 nanolaminates grown at 200, 250 

and 350oC and (b) comparison of 200-nm 1-bilayer ZnO/Al2O3 nanolaminate with ZnO 

monofilms at two thicknesses grown at 200oC.  
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In Figure 4.6b, the role of the Al2O3 layer is revealed by comparing the spectra 

of the three films that were all grown at 200oC: 1-bilayer ZnO/Al2O3 nanolaminate film 

(a ~100nm top ZnO layer grown on top of amorphous ~100nm Al2O3 bottom layer on Si 

substrate) and two pure ZnO monofilms of thicknesses, 100 nm and 200 nm, 

respectively, grown directly on amorphous SiO2 native oxide on Si substrates. It is 

evident that the (100) reflection increased with thickness in the ZnO monofilms. In 

addition, the (100) and (002) peaks have comparable intensity. However, in the 200-nm 

monofilm, the (100) is much larger than the (002), becoming its preferred orientation. 

Comparing the 100-nm ZnO monofilm with the 1-bilayer nanolaminate, the (002) 

reflection is much higher in the nanolaminate. The ZnO layers in both films have the 

same thickness of ~100nm. The main difference is that in the monofilm, the ZnO is 

grown on amorphous SiO2 native oxide (t~2nm) while in the nanolaminate, the ZnO is 

grown on top of 100 nm-thick amorphous Al2O3. These results show that amorphous 

Al2O3 promotes the growth of (002) orientated grains while amorphous SiO2 promotes 

(100) grain growth. Thus, by alternating ZnO and Al2O3 layers in a laminate structure 

one can build a solid lubricant coating to a desired total thickness while allowing the 

ZnO to have  a strong (002) preferred orientation.  

 The foregoing shows that (002) ZnO growth is substrate-dependent which is 

common in ALD. Since the initial surface is amorphous for both SiO2 and Al2O3, there 

will be no influence of epitaxy. While both initial surfaces are amorphous, there are 

several differences between them: (a) the native SiO2 is normally stoichiometric while the 

ALD Al2O3 was revealed to be substoichiometric (Al2O2.54, see Section 4.1.3), (b) 
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alumina is more ionically bonded than silica, thus alumina is more polar [9], (c) alumina 

surface is more acidic than silica surface [10]. These differences are inferred to affect the 

diffusion of surface species in favor of alumina in the formation of low surface energy 

tetrahedral coordination that promotes (002) texture. 

Figure 4.7 compares the GIXRD spectra of the 1, 8, 16 and 64-bilayer 

nanolaminates grown at 200ºC.  A strong ZnO (002) reflection was observed for 1, 8, 

and 16 bilayers and none for the 64-bilayers.  This does not imply that the 64-bilayer 

nanolaminate has no (002) grains since at ~1.5nm ZnO layer thickness, the grains maybe 

already X-ray amorphous. For the 1-bilayer laminate, the (100) reflection is quite 

distinct. The intensity of the (002) reflection is highest at 8 bilayers, goes down at 16 

bilayers and has disappeared by 64-bilayers. In addition, the FWHM of the (002) peaks 

widens with increasing number of bilayers. This suggests, according to the Debye-

Scherrer relationship, that the grain size decreased with increasing number of bilayers. 

Since the thickness of the ZnO layers decreased as number of bilayers increased, this 

grain size refinement may be thickness-related. Cross-sectional TEM analysis will be 

shown to confirm this. However, this behavior suggests that another advantage of a 

laminate-structured solid lubricant film is that the grain size can be controlled via 

control of layer thickness.  
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4.1.3 Film Composition 

 A XPS depth profile of the 200oC 1-bilayer film is shown in Figure 4.8a. It 

shows that both the ZnO and Al2O3 are oxygen-deficient. This is also true for the depth 

profiles of 8- and 16-bilayers. ZnO should have a 50%-50% zinc-to-oxygen atomic 

concentration ratio. However, the ZnO layer in the nanolaminate shows a 62:38 ratio. 

This translates into a ZnO0.61
 substoichiometry. For the alumina layer, it is Al2O2.54. 

Adventitious carbon was seen only on the surface and none within the film itself as the 

C1s montage plot shows in Figure 4.8b. 

 

 

 

Figure 4.7: GIXRD spectra of 1,8,16 and 64-bilayer ZnO/Al2O3 nanolaminates grown at 

200oC. 
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Figure 4.8: XPS results for 200oC 1-bilayer ZnO/Al2O3 nanolaminate. (a) XPS depth 

profile for Zn, O, Al and Si, (b) C1s montage plot.  
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4.1.4 Cross-sectional Analysis 

Coupled cross-section TEM (XTEM) bright-field and dark-field images of the 1-

bilayer nanolaminates are shown in Figure 4.9. Several observations can be made from 

these images: 

a) The ZnO layer is indeed crystalline while the Al2O3 layer is amorphous and the 

interface between them is distinct and smooth; 

b) The ZnO layer has nanocolumnar grains for all temperatures.  Increase in growth 

temperature causes increase in grain size and change in dominant grain shape. This 

corroborates AFM/SEM and GIXRD results.  However, for the 200 and 250oC 1-

bilayer films, there are smaller crystals near the ZnO-Al2O3 interface that are not 

present in the 350oC 1-bilayer; 

c) The surface roughness does increase with temperature as evident by the surface 

undulations profiled by the tops of the columnar grains; 

d) Whereas the 200 and 250oC films have more wedge-shaped grains that start out small 

then grow slightly wider toward the surface, the 350oC film has more rectangular 

grains having wider bases. 

e) There is a visible thinning of the layers with temperature. Thickness measurements by 

VASE and XTEM given in Table 4.1 quantitatively show this thinning effect. There 

is a 3.5Å decrease in thickness per 1oC increase in temperature.   
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      Table 4.1: Nanolaminate bilayer thickness measurements by XTEM and VASE. 

 

  

 

 

 

 

 

 

Thinning was also observed by Elam and George [11] in the growth of ALD 

ZnO/Al2O3 alloy films as well as in studies referred therein.  Quartz Crystal 

Microbalance (QCM) measurements revealed that the thinner-than-expected ZnO and 

Al2O3  layers were the result of reduced growth rate of ZnO on  Al2O3  and  Al2O3 on 

ZnO at the start of each layer. A nucleation period of 4-6 cycles for ZnO on  Al2O3 and 2-

3 cycles for Al2O3 on ZnO were found. In effect, each oxide has a difficult time 

nucleating on the surface of the other oxide. They also found that the Zn was being 

etched out of the ZnO layer by the Al(CH3)3 precursor during Al2O3  cycles with    

  ZnOH* + Al(CH3)3  → Al(OH)(CH3)* +  Zn(CH3)2(g) 

as possible reaction. * denotes a surface species. It is expected that the nucleation- and 

etching-related thinning issues will worsen with an increase in temperature because the 

increased thermal energy will hinder metastable nuclei from reaching stable sizes as well 

as increase the impingement energy of precursor molecules. Thus, the thinning seen in 

 
T 

(oC) 

 
XTEM thickness 

(nm) 

 
VASE thickness 

(nm) 

200 ZnO           99 
Al2O3      107 

ZnO      97 
Al2O3  105 

250 ZnO          89 
Al2O3        95 

ZnO      74 
Al2O3    80 

350 ZnO          49 
Al2O3        75 

ZnO      48 
Al2O3    62 
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the present film layer with temperature may be explained by these events. In addition, the 

presence of numerous small crystals at the ZnO-Al2O3 interface for the 200 and 250oC 

films and their very limited presence in the 350oC film support the nucleation difficulty at 

higher temperatures. The wedge-shaped nanocolumnar grains in the lower temperature 

films are the direct result of numerous randomly oriented crystallites that form in these 

films at the initial cycles. These crystallites compete for head space in which to grow. 

The fact that some crystallites become bigger while others cease to grow is evidence of 

the island growth mode for ZnO. In this mode, new material units settle on preferential 

sites yielding textured microstructure and rougher surface. The (002) planes are 

thermodynamically favorable so grains of this orientation will grow faster than the others. 

In the 350oC film, the higher temperature favors the formation of only a few stable (002) 

nuclei. These few stable nuclei will be spaced far apart from each other so there’s room 

to grow horizontally and vertically. Once these stable nuclei are formed, it is 

energetically favorable for new material units to settle on the (002) planes of the already 

stable nuclei, aided by facile surface mobility at this higher temperature, rather than form 

new nuclei. Therefore, growth will be confined to the stable nuclei. The rectangular, boxy 

shape results since they have room to grow horizontally and vertically. 
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Figure 4.9: Coupled XTEM bright-field (left) and dark-field images (right) for 1-

bilayer nanolaminates grown at 200oC (top), 250oC (middle) and 350oC (bottom). 
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The XTEM images for 8, 16 and 64 bilayers all grown at 200oC are shown in 

Figure 4.10, together with the previous image of the 1-bilayer nanolaminate grown at 

200oC for comparison. In these images, at least to 16 bilayers, the ZnO layers are 

crystalline with columnar grains growing to layer thickness as shown in higher 

magnification image (e).  In addition, the ZnO (002) lattice planes are evident in image 

(e) with c-plane perpendicular to the Al2O3 layer, which as discussed previously, is the 

most densely packed and thermodynamically preferred in the wurtzite structure. It 

appears from higher magnification image (f) that there are also crystallites in the 64-

bilayer film. The thickness of the layer is the height of the grains. Therefore, the grain 

size reduction with increasing number of bilayers revealed by GIXRD is the direct result 

of depositing thinner layers. Laminating or layering ZnO with amorphous Al2O3 was 

initially shown to accomplish at least two things: (a) increase the (002) preferred 

orientation and (b) control of grain size through layer thickness. In other studies by Elam 

and coworkers [12,13], surface roughness was also reduced by laminating but this is not 

observed here. AFM and XTEM both indicated increased surface roughness when going 

from 1 bilayer up to 64 bilayers. This may due to a different rate-determining surface 

diffusion process operational during deposition that is discussed in the next section. 
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(a)                                                             (b)    

  
(c)                                                              (d)   

  
                              (e)                                                          (f)

Al2O3 

Si 

Pt ZnO 

Pt 

Figure 4.10: XTEM bright-field images of as-deposited (a) 1-bilayer, (b) 8-bilayers, (c) 

16-bilayers and (d) 64-bilayers ZnO/Al2O3 nanolaminates grown at 200oC. (e) and (f) 

are high magnification images of 8 and 64-bilayers, respectively. 
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4.1.5 Development of Microstructure    

 The preceding results show that the ZnO grains are columnar within the ZnO 

layer with most grains having heights equal to the layer thickness. In some films, 

numerous small grains start out near the ZnO-Al2O3 interface but only a few grow 

through thickness. In 2006, Kajikawa [14] surveyed and summarized previous works on 

the texture development of non-epitaxial polycrystalline ZnO films. He then proposed  

three stages in the evolution of texture in these films: nucleation, growth and 

coalescence. A schematic is given in Figure 4.11. In the nucleation stage, nuclei with 

preferred orientation (PO) and nuclei with random PO can grow. If nuclei start out with 

PO, this PO will persist through growth and coalescence, yielding equiaxed columnar 

Figure 4.11: Schematic showing development of microstructure in ZnO deposition

adapted from Kajikawa [12]: (a) substrate before deposition, (b) nucleation with PO, (c)

random nucleation, (d) equiaxed columnar, (e) non-equiaxed columnar with surface

texture, (f) non-equiaxed columnar without surface texture, (g) grain coarsening. 
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grains without surface texture (Figure 4.11d, g). With random nucleation, development 

of PO happens through what is called ‘evolutionary selection’.  This is the process in 

which faster growing grains with energetically preferred orientation tend to envelop 

other grains and finally dominate the film’s crystallographic texture. Two types of fluxes 

determine the growth rate of a crystal plane: the sticking flux of the precursor and the 

surface diffusion flux from the other planes. If the sticking process is rate-determining, 

the plane with the highest sticking probability becomes the PO, yielding non-equiaxed 

grains with surface texture (Figure 4.11e). If surface diffusion is rate-determining, the 

type of surface diffusion that happens determines the resulting PO. If it is surface 

diffusion among planes within grains, planes with higher surface energies become the 

PO because surface diffusion tends to hide these planes. This also results in non-

equiaxed columnar grains with surface texture (Figure 4.11e). However, if the surface 

diffusion occurs among grains, the grains with the higher surface energies diminish 

while those with lower surface energies grow. This type of growth results in non-

equiaxed columnar structure without surface texture (Figure 4.11f). In the coalescence 

stage, where small grains coalesce to form bigger grains, this change happens to lower 

the sum of two drivers: surface energy and strain energy. The resulting texture is always 

columnar with rectangular shape.  

 For the 1-bilayer nanolaminates, it is clear that random nucleation with 

evolutionary selection during growth stage happened in the 200 and 250oC 

nanolaminates. The films do not appear to reach coalescence stage by the presence of the 

small grains at the ZnO-Al2O3 interface. For the 350oC film, it appears that nucleation 
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with (002) PO happened, and this PO was maintained through growth stage. GIXRD of 

this film yielded only one intense (002) peak. The AFM surface scans revealed equiaxed 

grains while XTEM showed rectangular columnar grain.  

 For the 8 and 16 bilayers, due to the interruption of ZnO growth with the 

deposition of Al2O3, the nuclei do not have time to grow into long columnar grains. 

Nucleation with dominant (002) PO appeared to have happened based on results of XRD 

and XTEM. For the 64-bilayers, it appears to still be in the nucleation stage because 

GIXRD showed no crystalline peaks. However, XTEM images showed indication of 

very small crystallites in the ZnO layer but this is uncertain. (Note: higher resolution 

XTEM imaging for the 64-bilayer nanolaminate was not attempted because prolonged 

exposure to 200kV electron beam that is needed to get to a high magnification and focus 

causes substantial beam damage on this nanolaminate.)  

 

4.2 Tribological Behavior 

The nanolaminate films and the 200nm ZnO monofilm described above were 

tested for tribological performance using the aforementioned Pin-on-Disk tribometer at 

50 grams normal load under ambient laboratory conditions. At least two replicate tests 

were made for each film. Each replicate test was set run to 10,000 revolutions and to 

terminate if the coefficient of friction (COF) reached 1.5. All tests were run at a constant 

linear speed of 2.2 cm/s. Table 4.2 provides a summary of the averaged steady-state 

COF values from all tests performed on the nanolaminates and ZnO monofilm. 
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4.2.1 50-gram Test Results 

Figure 4.12 shows a comparison of the COF plots of the 1-bilayer films grown at 

200, 250 and 350oC as well as with pure ZnO film of similar thickness (~200nm) grown 

at 200oC. All tests went to completion of 10,000 revolutions without reaching the 1.5 

COF limit set for the tribometer. It is evident that there is increasing noise in the plots 

with increasing deposition temperature. The generation of excessive noise in COF plots 

normally indicates wear debris formation or ‘stick-slip’ events inside the wear track. 

The average COF of the 200oC and 2500C films are comparable at 0.22 but the 

250oC plot is noisier and less uniform. These lower temperature 1-bilayer nanolaminates 

exhibited slightly lower COF than pure ZnO monofilm (COF=0.25). The 350oC film 

yielded average COF = 0.38 which is statistically significant with respect to the mean 

COF of the other two nanolaminate films and ZnO monofilm. The two important 

observations from these tests are: (a) smaller grain size, as determined from previous 

analytical techniques, leads to lower friction and (b) slightly lower friction in the 1-

bilayer 200 and 250oC nanolaminates compared to the pure ZnO monofilms may be 

related to the (002) preferred orientation of the nanolaminates compared to the (100) 

preferred orientation in the monofilm.  The (002) orientation has been reported to exhibit 

lower surface energy than the (100) grains [15]. The difference in average COF between 

the low temperature nanolaminates and the monofilm, though small, is significant 

because the noise that tend to increase the average COF is confined to the second tests. 

The difference in average COF will be bigger between the films if only the first tests are 

considered. The increased noise in the second tests is likely due to wear debris from the 
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first test that may have strayed into the test area of the second test. Note that all tests for 

a particular film were made on the same sample except that each test has different  

radius. A difference of 0.5-1.0 mm was maintained between the radii of the tests. After 

each test, loose wear debris are ejected from the sample surface with compressed air. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: Friction behavior of 1-bilayer nanolaminates grown at (a) 200oC, (b) 250oC, 

and (c) 350oC compared with (d) pure ZnO film. • test 1, • test 2. 

 

Figure 4.13 shows the effect of increasing the number of bilayers (i.e. interfacial 

density) on the friction behavior of the nanolaminates grown at 200oC. Note that Figure 

 
(a)                                                                   (b) 

 
(c)                                                                  (d) 
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4.12a has been copied here as Figure 4.13a to aid in comparison. All the tests reached 

10,000 revolutions except one replicate of the 64-bilayer nanolaminate which terminated 

early when the 1.5 COF limit of the tribometer was reached. The friction plots, along 

with the tabulated COF values in Table 4.2, show that there is a slight reduction in COF 

if the number of bilayers is increased from 1 to 8 but then the COF increased for the 16 

and 64 bilayers. Although the 8-bilayer film has the lowest average COF, the COF values 

become slightly noisier after 5000 revolutions, but still remain in the same range as the 1-

bilayer. Recall from the GIXRD results (Figure 4.7) that the 8-bilayers film has higher 

amount of (002) grains (higher peak) and smaller (002) ZnO grains (broader peak) than 

the 1-bilayer. This indicates that keeping the (002) grains small is desirable for enhanced 

tribological properties of ZnO/Al2O3 nanolaminates.  

The 16- and 64-bilayer films both have average steady-state COF that is much 

higher than the pure ZnO thin film (COF=0.25) and in range of bulk ZnO (COF~0.5-

0.6). The beneficial effect of layering ZnO with Al2O3 has been lost at this level of 

interfacial density.  Thus, with increasing the number of bilayers, Al2O3 layer plays a 

greater role in the friction behavior while the lubricity of ZnO layer is lost as its 

thickness decreases.  In later sections, it will be shown that the intermixing of ZnO and 

Al2O3 play a role in the loss of lubricity. 
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Figure 4.1: Fifty-gram POD results for (a) 1-bilayer, (b) 8-bilayer, (c) 16-bilayer and (d) 

64-bilayer  nanolaminates that were grown at 200oC. • test 1, • test 2 

 

Table 4.2: Average Coefficient of Friction for all POD tests 

 
Figure 4.13: Friction behavior of (a) 1-bilayer, (b) 8-bilayers, (c) 16-bilayers and (d) 64-

bilayers nanolaminates grown at 200oC. • test 1, • test 2. 

 
Table 4.2: Average steady-state coefficient of friction for all POD tests. 

1-bilayer 
Nanolaminates 

Temperature Pure ZnO 
200oC 250oC 350oC 200oC 

Test 1 0.19 0.16 0.36 0.24 
Test 2 0.26 0.28 0.40 0.26 
Mean COF 0.22 0.22 0.38 0.25 
Nanolaminates 
grown at 2000C 

Number of Bilayers 
1 8 16 64 

Test 1 0.19 0.15 0.48 0.33 
Test 2 0.26 0.22 0.60 0.62 
Mean COF 0.22 0.19 0.54 0.47 

 
                                   (a)                                                                    (b) 
 

 
                                  (c)                                                                   (d) 



80 
 

4.2.2 Run-in Region 

The run-in regime of a tribological test is significant in that it sets the stage for the 

remainder of the test. This is where the true area of contact between the pin and the film 

surface is established and a protective transfer film potentially forms on the pin. The 

range from 0 to 500 revolutions was used as the run-in region for comparing the 

nanocomposites, since steady-state COF values (Table 4.2) were active for the remainder 

of the tests. The run-in regions of all the nanolaminates are shown in Figure 4.14 . The 

effect of temperature in the run-in regime is shown in Figure 4.14a, b and c for 200, 250 

and 350o C films, respectively. The noise increased with temperature which can be 

related to the increase in grain size. AFM, SEM, XRD and XTEM showed that as 

temperature increases, the size of the (002) grains also increased in the 1-bilayer films.  

Figures 4.14 a, d, e and f show the run-in regimes of the 1, 8, 16 and 64 bilayers, 

respectively. The 1- and 8-bilayers both have continuous low COF while the 16 and 64-

bilayers have higher COF run-in behavior that progressively worsens for the remainder of 

the tests. The (002) grain size does not appear to be significant here because the 16 and 

64-bilayers have smaller grains than the 1- and 8-bilayers, but as previously mentioned, 

the effective solid lubricant behavior of the ZnO layer is lost as its thickness decreased 

for the 16 and 64 bilayers nanolaminates.    
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4.2.3 Worn Surfaces   

Figures 4.15 and 4.16 show the representative SEM wear track images for 1-

bilayer film along with the corresponding optical micrograph images of the steel pin 

surfaces. All the tracks have wear debris bordering their edges. However, the 350oC 

track also has debris inside the wear track. A higher magnification image of the wear 

debris in the middle of the track is given in Figure 4.17b. The 200 and 250oC have 

debris-free mid-track surfaces and exhibit comparable mean COF values of 0.22. 

Apparently, the high mean COF (0.38) of the 350oC film is related to the presence of the 
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Figure 4.14: Run-in regions of (a) 200oC 1-bilayer, (a) 250oC 1-bilayer, (a) 350oC 1-

bilayer, (d) 200oC 8-bilayers, (e) 200oC 16-bilayers and (f) 200oC 64-bilayers.

nanolaminates. 
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wear debris on the wear track. The worn steel pin surfaces show evidence of abrasion 

flats but the 350oC pin had the cleanest surface because the wear debris apparently 

remained inside the track and did not adhere to the pin.  

The 8-bilayers wear track had a lot of wear debris on the side of the tracks and 

large smeared patches on the middle of the track. A high magnification image of these 

patches is shown in Figure 4.17c. The 8-bilayers had the lowest mean COF of 0.19 

which suggests that these smeared patches contribute to the lower COF. The 16-bilayers 

wear track has both smeared patches and loose white debris as shown in Figure 4.17d. 

Furthermore, no surface brittle cracking inside the tracks is evident. The pin surface for 

the 16-bilayers exhibits a large wear flat and a significant amount of wear particles. In 

addition, none of the nanolaminates produce adherent transfer films in the contact 

center, which suggest structural evolution during friction and wear, if any, occurred in 

the wear track.  This is the subject of the next section. 

The 64-bilayers wear track shown in Figure 4.17e belongs to the test that reached 

10,000 cycles. Severe abrasion of the pin is observed. The wear track surface is cracked 

and covered with white equiaxed-shape wear particles. On the other hand, for the test 

that terminated early, the wear track debris are predominantly elongated, as shown in 

Figure 4.17f, which also show a few smeared patches of darker contrast at the lower 

portion. These elongated particles are normally called roll-ups in literature. Here, the 

formation of roll-ups seems to be related to high COF and severe abrasion. On the other 

hand, smeared wear patches are associated with lower COF and mild pin abrasion. 
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Figure 4.15: Representative SEM (left) wear track images of worn 200oC 1-bilayer (top),

300oC 1-bilayer (middle) and 350oC 1-bilayer (bottom) with the corresponding pin

surface optical images on the right. The magnification bar is 50 µm for all images. The

arrows indicate sliding direction in the pin surface images.
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Figure 4.16: Representative SEM (left) wear track images of worn 8-bilayer (top), 16-

bilayer (middle) and 64-bilayer (bottom) with corresponding pin surface optical images

on the right. The magnification bar is 50 µm for all images. The arrows indicate sliding

direction in the pin surface images. 
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Figure 4.17: High magnification SEM images of middle track surfaces of (a) 200oC 

1-bilayer, (b) 350oC 1-bilayer, (c) 200oC 8-bilayers, (d) 200oC 16-bilayers (e) and 

(f) 200oC 64-bilayers for two tests. The magnification bar is 5µm for all images. 
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Of the three types of wear debris (i.e. equiaxed, roll-ups and smeared), the 

smeared type promotes low friction. The difference in contrast between the smeared 

patches in Fig. 4.17c and the roll-ups in Fig. 4.17f indicate potential variations in 

composition. Auger electron spectroscopy (AES) point analyses of the roll-ups indicated 

a 4.8 at% Zn concentration while that of smeared patches is a higher 12.4 at% Zn. They 

exhibited comparable Al compositions of 27.2 and 28.8 at%, respectively. This indicates 

that the smeared patches are ZnO-rich. Recall that ZnO is also softer than Al2O3  from 

Table 2.1, so the ZnO-rich patches are easier to shear leading to the smeared appearance. 

The lower interfacial shear (τ) allows this particular type of debris to accommodate the 

sliding motion of the pin and is the subject of the following section.  

 

4.3 Cross-sectional TEM of Worn Films 

 Cross-sectional analyses with TEM were performed inside the wear tracks of the 

1,8,16 and 64-bilayers films grown at 200oC to elucidate deformation mechanisms 

responsible for the tribological behavior.  

 

4.3.1 1-bilayer Nanolaminate 

 In Figure 4.18, the XTEM image of the worn 1-bilayer film shows microcracks 

initiating from the surface and some of them propagating toward mid-thickness of the 

ZnO layer. Images of the worn surface did not show any catastrophic cracks so it is 

reasonable to state that the microcracks are localized and do not laterally propagate to 

form macrocracks. The microcracks propagating vertically to mid-layer insinuates that 
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the ZnO layer has a crack-stopping mechanism, at least under this applied contact stress, 

that hinders the microcracks from reaching the ZnO-Al2O3 interface and resulting in film 

delamination. This is likely due to the presence of numerous small grains near that 

interface that can act to stop crack propagation. The 250oC 1-bilayer, not shown, also 

behaves similarly, and they both have low mean COF of 0.22. On the other hand, the 

350oC film has very few of these small grains near the interface and has large box-

shaped grains, shown in Figure 4.9, whose boundaries run through-thickness of the ZnO 

layer. Therefore, microcracks initiating from the surface would have a less tortuous path 

to reach the interface in the 350oC film than either 200 or 250oC films that have 

numerous small grains at the interface. This makes wear debris formation more 

favorable in the 350oC film. This can further explain the higher mean COF (0.37) and 

noisier COF values for this 350o
 C 1-bilayer film in addition to its larger (002) grains 

and higher surface roughness. In comparing the worn versus unworn (Figure 4.9) XTEM 

images, it is evident that there is grain re-orientation and bending of the ZnO grains until 

mid-thickness.  This suggests that some plastic deformation occurred in the 

nanocrystalline ZnO layer.  In addition, the Al2O3 layer appears undisturbed which 

implies that the subsurface contact normal and critically resolved shear stresses were 

localized in the ZnO layer. Lastly, a surface layer is also evident at the Pt-ZnO interface 

which has a brighter contrast than the Pt and the ZnO layers indicating that it is 

composed of a low Z element, likely carbon impurities that settled from the atmosphere 

after testing. 
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Figure 4.18: XTEM image of the worn 1-bilayer grown at 200oC. 
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4.3.2 8-bilayer Nanolaminate 

 The XTEM images of the worn 8-bilayer film are shown in Figure 4.19. It shows 

that only the top ZnO layer has experienced deformation among the 16 individual layers. 

This layer has undergone a transformation from columnar structure to mix ZnO  

amorphous and random nanocrystallites. Note that this mixed layer is about 50% thicker 

than the original ZnO layer thickness of ~13nm. This is reasonable since during the POD 

sliding process material is transferred and reoriented to varying thicknesses inside the 

wear track, as shown previously in Figure 4.17c.  It is also possible that the crystalline to 

partially amorphous stress-induced transformation is accompanied by volume expansion 

due to less efficient atom packing. In contrast to the 1-bilayer nanolaminate, no 

microcracks were observed among any of the layers even in the deformed top ZnO layer.  

This suggests that the bilayers were effective in dissipating the energy required to 

initiate a crack. 

 

 

 

 

 

 

 

 

 

  
Figure 4.19: XTEM of Worn 8-bilayer nanolaminate at two magnifications. Left image 

shows all eight bilayers while right image shows a resolved image of the top ZnO layer. 

Red arrows on the right image point to random crystallite orientation.  
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As previously stated, the transformed ZnO layer is the likely source of the 

smeared patches seen on the wear track surface (e.g., Figure 4.17c) for tests that 

exhibited low friction. The mixed amorphous-crystallite nature of this transformed layer 

makes it easy to accommodate interfacial shear. The plastic deformation process appears 

to be the continuous decrease in crystal size due to the applied cyclic stress until they 

become amorphous. Hence, for this nanolaminate, the applied energy was being used to: 

(a) transform the columnar grains to progressively smaller crystals and eventually to 

amorphous ZnO, and (b) shear/smearing the transformed ZnO layer across the surface to 

accommodate the sliding motion of the pin (i.e. a velocity accommodation mode). In 

contrast, the 1-bilayer nanolaminate did not form this amorphous-crystallite 

region/layer. This may be related to its much larger grains at the surface, lower 

proportion of (002) grains as well as the greater thickness of the top ZnO layer.  The 

formation of the amorphous-crystallite region appears related to the thickness of the top 

ZnO layer or alternatively, how far the first ZnO-Al2O3  interface is from the top surface. 

It is reasonable to consider that the high elastic modulus Al2O3  layer is far enough not to 

deform but near enough to provide a counter resistance to the applied pin force that 

produces a stress field around ZnO grains conducive to progressive grain refinement. 

The thin ZnO layer is proverbially caught between two hard and elastic places so that 

deformation is confined within its boundaries.  

The ZnO grains in the 8-bilayers film have a maximum height of ~13 nm which 

is the thickness of the layer. The high-resolution image (Figure 4.19b) shows that the 

grain width is about the same as the height. This grain dimension puts the ZnO grains in 
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the vicinity of the grain size range (10-20 nm) wherein the normal Hall-Petch breaks 

down to inverse Hall-Petch as reported by Trelewicz and Schuh [16]. Hence, the initial 

grain size is significant, if not critical, to the formation of the nanocrystalline/amorphous 

surface layer that promotes low-temperature friction reduction in oxide ceramics.  

The foregoing provides definitive evidence that the formation of a thin 

nanocrytalline surface layer resulting from the deformation of nanocolumnar grains is 

the mechanism behind low-temperature lubricity in oxide ceramics as proposed by 

Zabinski and coworkers [5] shown in Figure 2.1 and discussed in Section 2.3. Interfacial 

sliding with this friction-induced surface layer aids in shear accommodation and 

prevents brittle fracture.  However, the following modifications must be made to the 

proposed mechanism: (1) the deformation actually continues on to amorphization, (2) 

the initial grain size of the grains must be small enough to deform in the Inverse Hall-

Petch regime and (3) the thickness of the top ZnO layer is significant to the formation of 

the friction-reducing nanocrystalline/amorphous surface layer at low temperature.  

 The thickness significance of the top ZnO layer is better illustrated in the worn 

16- and 64-bilayers discussed below. 

 

4.3.3 16-bilayer Nanolaminate 

 Figure 4.20 shows that only fourteen (14) bilayers remain intact after sliding on 

the 16-bilayer nanolaminate. A portion of the 15th  bilayer is still visible. In the place of 

the missing 2 bilayers is an amorphous region of non-uniform thickness. This 

amorphous region is not well-adhered to the next ZnO surface, forming voids (denoted 



92 
 

by the red arrow) at the interface. Note that the Al2O3 layers immediately under the 

amorphous region have smaller thicknesses than the Al2O3 layers nearer the Si interface. 

This indicates compaction of the layers under the amorphous region due to the contact 

stress. It is reasonable to expect that this amorphous region is a mixture of ZnO and 

Al2O3 and therefore harder and more abrasive than the deformed top ZnO layer of 

intermixed amorphous–crystallites previously seen for the 8-bilayers film. The much 

smaller starting ZnO crystal size would allow the top two ZnO layers to easily become 

amorphous under the same contact stress transformation and intermix with the 

neighboring amorphous Al2O3 layers.  

 The combined thickness of the missing top two bilayers is ~26 nm. In the 8-

bilayers film, the deformation was seen only within ~20nm from the surface. This 

indicates that within a depth of <30nm, the normal and frictional forces are large enough 

to continuously deform crystalline ZnO to form some amorphous ZnO as well as 

intermix it with Al2O3. This shows that the stress state within the 30 nm depth is enough 

to deform even the top two Al2O3 layers allowing them to intermix with the top ZnO 

layers.  

The intermixing of hard Al2O3 and softer ZnO during sliding appears 

unproductive for lubricity. While layering with Al2O3 is beneficial to promoting ZnO 

(002) texture, keeping the grain size small and aiding in load transfer to ZnO 

underlayers to act as a pathway to dissipate energy in preventing cracks, when it gets 

intermixed with ZnO during sliding, it produces high friction and abrasion, negating the 

positive contributions. Therefore, it is important to keep the top ZnO thick enough so as 
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to isolate the deformation region within the top ZnO layer and disallow the underlying 

Al2O3 layer from intermixing with the deformed ZnO crystals. This is clearly the case 

with the 8-bilayer film. The top ZnO layer is thick enough for the stress applied to keep 

the deformation within this top layer. Hence, the deformation depth associated with an 

applied stress must be at least be equal to the thickness of the top ZnO layer in order that 

the Al2O3 sublayers will not intermix with the ZnO during sliding. This puts a lower 

limit to the thickness of the ZnO layer and to the number of bilayers that can be used in 

the ZnO/Al2O3 nanolaminate system. At 0.7 GPa maximum contact stress, this limit 

appears to be ~13 nm ZnO and 8 bilayers for a 200-nm thick nanolaminate. If thinner 

layers are desired at this stress level, the ZnO must be laminated with a softer, more 

compliant and deformable oxide than Al2O3 so that the resulting mixture will still be 

lubricious. 
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4.3.4 64-bilayer Nanolaminate 

For the 64-bilayers nanolaminate, large loose wear particles form and can either 

settle on the surface or become embedded in the film. This is illustrated in Figure 4.21. 

It shows that the wear debris has a brighter contrast than the film. This is likely of the 

Figure 4.20: XTEM image of worn 16-bilayer nanolaminate. Only 14 bilayers

remained intact and in the place of the two missing bilayers is a weakly-adherent

amorphous layer. 
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same material as the roll-ups that were seen on the surface that AES showed to be ZnO-

deficient; therefore, this suggests that the debris is harder than the film. In the right 

image, denoted by the circle, is an area with bright and dark regions that are not layered. 

This may be the result of the separation of the neatly stacked alternating ZnO and Al2O3 

layers into unlayered ZnO-rich (dark) and Al2O3-rich (bright) regions. It is noteworthy 

that these bright and dark regions occur within 30nm from the surface. Like the 16-

bilayer film, the top ZnO layer is much thinner (~1.5nm)  than the deformation region so 

that intermixing of ZnO and Al2O3 occurs. However, the probable lack of (002) grains 

and the very thin ZnO layers in the 64-bilayer film may be related to the wear debris' 

increased abrasiveness. 

 

 

 

 

 

 

 

 

 

 

 

4.4 Chapter Summary 

  

Figure 4.21: XTEM images of worn 64-bilayer nanolaminate. The left image shows wear

debris on the film surface and embedded in the nanolaminate film. The image on the

right is the resolved image of a piece of wear debris lying on the surface. 
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4.4 Chapter Summary 

Surface and subsurface characterization of as-deposited and worn monofilms and 

nanolaminates yielded novel results that are summarized and highlighted below: 

a) ALD grown ZnO layers are nanocrystalline while ALD Al2O3 layers are 

amorphous. AFM, GIXRD and XTEM results of 1-bilayer nanolaminates grown 

at 200, 250 and 350oC showed that increasing the deposition temperature 

resulted in a change in ZnO grain shape from mixed elongated-equiaxed to 

purely equiaxed structure. This change was related to an increase in (002) 

preferred orientation in the films. The accompanying increase in surface 

roughness was linked to the coarsening of (002) ZnO grains with temperature. 

b) A thinning trend was seen with increased temperature among the 1-bilayer 

nanolaminates which is more severe for the ZnO layers. This was explained by 

the low initial growth rate related to nucleation difficulties at the start of each 

layer. In addition, Zn can be etched by the aluminum precursor during the Al2O3  

cycles. These two processes were expected to worsen as temperature is increased 

hence the thinning trend observed. 

c) The beneficial effect of laminating ZnO with Al2O3 was seen in the enhanced 

(002) preferred orientation in the laminated films over the (100) preferred 

orientation in the pure ZnO film. There was a decrease in (002) grain size as the 

number of bilayers increased and this was revealed by XTEM to be directly 

related to the decrease in layer thickness. The size of ZnO grains is limited by the 

ZnO layer thickness. This is another benefit of laminating with Al2O3. Grain size 
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can be controlled by interrupting ZnO grain growth with the deposition of each 

amorphous Al2O3 layer. 

d) Tribotests on the 1-bilayer nanolaminates grown at 200, 250 and 350oC showed 

that film grown at the lowest temperature had the best friction behavior among 

the three films in terms of low COF (μ=0.22) and more uniform COF during the 

10,000 cycle tribotests. The 250oC had a comparable performance, having 

slightly noisier friction plots. Both these films performed better than the pure 

ZnO film of comparable thickness (~200nm). The enhancement was attributed to 

the low surface energy (002) preferred orientation (suppression of competing 

higher surface energy (100) and (101) grains) of the ZnO layers and smaller 

grain sizes. Thus, laminating ZnO with Al2O3 is beneficial for tribological 

applications.  The poor friction behavior (μ=0.38) of the highest temperature 

(350oC) 1-bilayer film was linked to its large (002) grains as well as the absence 

of small crystals near the ZnO-Al2O3 interface that may play a crack-arresting 

role during sliding. 

e) Among the nanolaminates grown at 200oC, the 8-bilayers exhibited the lowest 

friction (μ=0.19). This was linked to the low surface energy (002) preferred 

orientation, smaller grain size, sufficient thickness of the top ZnO layer to 

contain the deformation region, the ability of the Al2O3 layers to aid in load 

transfer to ZnO underlayers, and act as a pathway to dissipate energy in 

preventing any crack formation. The 1-bilayer film had slightly higher friction 

due to its larger grain size and weaker (002) texture than the 8-bilayers. The 16- 
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and 64-bilayers had the two highest friction coefficient values among all the 

nanolaminates. They did not have sufficiently thick top ZnO layers to prevent the 

intermixing of ZnO with Al2O3 thereby generating abrasive wear debris.  

f) Based on the enhanced tribological behavior and type of deformation observed in 

the 8-bilayers film, the proposed mechanism by Zabinski and co-workers for 

low-temperature lubricity in nanocrystalline oxides has been confirmed and 

extended. Evidence of the friction-reducing reoriented nanocrystalline surface 

layer was determined with XTEM inside the wear tracks. This velocity 

accommodation mode was shown to be the result of progressive refinement of 

the ZnO grains that proceeds even to amorphization. The resulting layer is soft, 

ductile and easily smears along the wear track resulting in lower interfacial shear 

and hence low friction. Interfacial sliding with this friction-induced surface layer 

aids in shear accommodation and prevents brittle fracture.  The formation of this 

compliant surface layer in ZnO/Al2O3 nanolaminates was related to the 

synergistic effect of: (a) a low surface energy (002) ZnO texture, (b) small 

enough grain size (<20 nm) and (c) a top ZnO layer thickness that is sufficient to 

prevent Al2O3 from being mixed into the deformed layer.   Thus, it is feasible to 

generate lubricious oxides through microstructural control at the nanometer 

level.   Lubricious ALD ZnO/Al2O3 nanolaminates are good candidates for 

providing low friction interfaces in moving mechanical assemblies that require 

thin (~10-200 nm), uniform and conformal films. 
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CHAPTER 5 

STRUCTURE AND TRIBOLOGICAL BEHAVIOR OF ALD ZrO2 MONOFILMS 

 Like the preceding chapter, the top-down sequence of presenting findings on ZrO2 

was employed for as-deposited and worn films. The as-deposited film characteristics are 

presented first, followed by the results of tribological tests and then analyses of worn 

films with emphasis on results and discussion of cross-sectional analyses made by TEM 

and ancillary techniques (i.e. SAED, EELS). Highlights and conclusions are included in a 

summary at the end of the chapter. 

5.1 As-deposited Film Characteristics 

5.1.1 200oC Films   

 The effects of varying the number of ALD cycles and growth temperature on the 

surface characteristics of ZrO2 were determined by AFM and SEM. Figure 5.1 a-c show 

the AFM surface scans of ALD ZrO2 grown with 300, 600 and 1200 cycles at 200oC. It 

reveals an increase in grain size with number of cycles and therefore, thickness.  This is 

accompanied by an exponential increase in roughness as measured via XRR and AFM 

shown in Figure 5.1d. GIXRD results shown in Figure 5.2a indicate that this is related to 

the enhanced crystallization beyond 600 cycles. GIXRD indicates that these films are 

mostly amorphous to 600 cycles although the AFM surface scans at low cycles indicate 

granularity. This difference is related to the sampling regions of the two techniques. 

While GIXRD looks at the film structure below the surface, AFM only looks at the 

surface and nothing below. In addition, surface species are prone to rearrangement to 
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minimize surface area leading to islands, aggregation and clustering. The grain-like 

features in the AFM surface scans for 300 & 600 cycles can be islands or clusters of 

amorphous ZrO2. 

 The enhanced crystallization between 600 and 1200 cycles indicates a crystalline 

transition with thickness at this temperature. This may be due to stabilizing effect of 

increased compressive stress in the film to the tetragonal or cubic nuclei. Qin and co-

workers [1] have shown that stress is not uniformly distributed in ZrO2 film and that 

areas with larger local compressive stress can help stabilize the tetragonal phase from the 

monoclinic phase. In the present films, compressive stress is expected to build up in the 

film due to impingement of the precursor and carrier gas molecules on the film surface 

during growth. Between 600 and 1200 cycles, it is postulated that there will be areas with 

high enough local compressive stress to enable tetragonal or cubic crystallites to reach 

stable sizes thus allowing for enhanced crystallization in the film in this range.  

 In Figure 5.2a, the random standard reflections for tetragonal and cubic zirconia have 

been included together with the reflections from the films. They show that GIXRD does 

not allow for unambiguous identification between these two phases. Later in Section 

5.3.2, selected area electron diffraction (SAED) was used to unequivocally resolve this 

issue. 

5.1.2 250oC Films 

 Like the 200oC films, the grain size increases with cycles/thickness (see Figure 5.3 a-

c). However, the 250oC films have already four of the crystalline peaks, though small in 

intensity, at 300 cycles (see Figure 5.2 b). With the exception of the first peak, the heights 
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of the peaks increase with the number of cycles. The first peak (101)T/(111)C  (2theta = 

30.5), however, increases until 600 cycles but diminishes by 1200 cycles. This behavior 

is also seen for the 300oC and 350oC films (Figure 5.2 c&d).   There is also a linear trend 

in roughness as shown in Figure 5.3d. The fit between XRR and AFM roughness 

measurement is closest for this set of films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: AFM scans of 200oC films grown at (a) 300, (b) 600 and (c) 1200 cycles.

The RMS roughness is plotted together with roughness determined by XRR modeling

in (d). The AFM scan size is 500nm x 500nm. 

 
(a)                                          (b)                                         (c) 

 
(d) 
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Figure 5.2: Offset GIXRD plots for ZrO2 films grown at (a) 200oC (b) 250oC (c) 300oC and

(d) 350oC. The tetragonal (PDF#-01-070-7300) and cubic (PDF#01-071-4810) random

standards have been included in plot (a) with relevant reflections identified. 
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Figure 5.3: AFM scans of 250oC films grown at (a) 300, (b) 600 and (c) 1200 cycles.

The RMS roughness is plotted together with roughness determined by XRR modeling

in (d). The AFM scan size is 500nm x 500nm. 

   (a)                                           (b)                                        (c) 

 
(d) 
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5.1.3 300oC Films 

 AFM scans of as-deposited surfaces of 300,600 and 1200-cycle films grown at 

300oC are shown in Figure 5.4a-c. Grain coarsening is also evident as thickness increases 

but it is more pronounced between the 300 & 600 cycles than between 600 & 1200 

cycles. On the other hand, the surface roughness does not increase with number of cycles. 

Figure 5.4d shows that surface roughness peaks at 600 cycles and then drops so that the 

1200-cycle film is smoother than the 600-cycle film. One reason for this smoothing is 

that at this higher temperature, there is higher mobility of surface species, allowing for 

facile rearrangement of surface units. Another cause may be the higher compressive 

stress in the film at this thickness due to prolonged exposure to energetic precursor and 

purge gases that impinge the surface. The higher surface diffusion and compressive stress 

state of the film are expected to work together to promote better material packing on the 

surface that leads to smoothing.  GIXRD results in Figure 5.2c show that these films are 

all crystalline starting even as low as 300 cycles. This indicates that numerous stable 

nuclei are able to form at this temperature and low thickness. 

5.1.4 350oC Films 

 With the 350oC films, grain coarsening also happens with an increase in thickness 

but the grains become much coarser by 1200 cycles. Like the 300oC films, a smoothing 

trend beyond 600 cycles is observed via XRR and AFM as shown in Figure 5.5. GIXRD 

indicates that the degree of crystallization increases within the temperature range tested. 

This is clearly seen by comparing the four 300-cycle plots in Fig 5.2. The number of 

distinct peaks increased from one (300cycles, 200oC) to six (300 cycles, 350oC). The 
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increase in intensity of these peaks also appeared to increase with temperature but since 

the next section shows that the thickness also increased with temperature, this cannot be 

definitively related. 

 

Figure 5.4: AFM scans of 300oC films grown at (a) 300, (b) 600 and (c) 1200 cycles.

The RMS roughness is plotted together with roughness determined by XRR modeling

in (d). The AFM scan size is 500nm x 500nm. 

    (a)                                         (b)                                        (c) 
 

 
(d) 
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Figure 5.5: AFM scans of 350oC films grown at (a) 300, (b) 600 and (c) 1200 cycles.

The RMS roughness is plotted together with roughness determined by XRR modeling

in (d). The AFM scan size is 500nm x 500nm. 

    (a)                                        (b)                                        (c) 

 
(d) 
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5.1.5 Film Thickness  

 The total thickness of the films was measured in two ways: VASE and XRR. 

These are given in Table 5.1. The correlation between the two methods increases (i.e. 

%difference decreases) with temperature and thickness. Poorer correlation (>5 

%difference) is observed for thinner films (e.g. 300 and 600-cycle films) grown at lower 

temperatures.   From GIXRD results (Figure 5.2), this can be related to the lower degree 

of crystallization found in these films. Though both techniques can determine the total 

thickness, XRR has the advantage of giving the density gradients within the film and will 

be explored further in the next sections in conjunction with TEM results. 

Table 5.1: ZrO2 film thicknesses. 

Temperature 

(oC) 

No. of Cycles VASE 

Thickness (nm) 

XRR  

Thickness (nm) % Difference
 

200 
300  30.2 34.1 12.8 

600  58.4 61.0 4.4 

1200  155.2 156.3 0.7 
 

250 
300 30.5 32.9 8.0 

600 71.4 67.1 6.0 

1200 151.7 157.0 3.5 
 

300 
300 37.3 35.2 5.9 

600 88.1 84.2 4.5 

1200 187.0 185.2 1.0 
 

350 
 

300 58.7 58.2 0.8 

600 118.3 118.4 0.1 

1200 228.4 232.9 0.8 
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 The thicknesses of the 200 and 250oC films were comparable at all cycles. 

However, there is a marked increase in thickness in the 300 and 350oC films at all cycles. 

The thickening is especially high in the 350oC films. These films also exhibited ~40%  

higher growth rates during deposition (Table 3.2). This is likely due to instability in the 

precursors resulting in CVD-like deposition at the higher temperatures. 250oC is the 

reported [2] highest deposition temperature without decomposition for 

tetrakis(dimethylamido)zirconium precursor that was used in this study. When 

decomposition happens, the precursor dissociate in the gas phase so that non-self-

saturating conditions occur. This results in higher deposition rates and thicker films.  

 

5.1.6 1200-cycle Films 

 This section specifically deals with comparing the characteristics of the 1200-

cycle films grown at the four temperatures since these are the films that were further 

tested for tribological behavior. The reader is referred to appropriate figures in the 

previous sections for AFM, XRR and XRD results pertaining to these films. AFM scans 

in the previous (c) images clearly show an increase in ‘grain’ size with temperature from 

200 to 350ºC.  Figure 5.6  shows the SEM surface images of the 1200-cycle films used 

for tribotests. The SEM images also indicate that the 300 and 350oC films have a 

tendency to crack. The 300oC film has starter cracks while the 350oC film has full grown 

cracks. This can be related to the thermal stresses that develop due to thermal coefficient 

mismatch on cooling between the film and the substrate after the samples are taken out of 

the ALD chamber. From Table 5.2, there is at least a 4.5 x10-6/C difference in CTE 
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between the zirconia and the underlying native oxide of silicon. Therefore, the larger 

cooling range for the 350oC film to room temperature (25oC) should result in larger 

thermal stresses and hence, more pronounced surface cracking in the film. Assuming a 

tetragonal structure, a thermal strain ranging from 1.5x10-3 to 2.8 x 10-3 can exist on 

cooling to room temperature for the 350oC  film compared to only  7.9x10-4 to 1.7x10-3 

for the 200oC film.  

Figure 5.7 shows the grain analysis results made on the 1200-cycle films using 

high-resolution SEM micrographs. They indicate that the 200 and 250oC films have 

comparable grain size since their average grain sizes are 40.6 nm and 35.1 nm, 

respectively, and are within one standard deviation of each other, therefore, not 

significant. Their modal groups are also the same. On the other hand, the 300 and 350oC 

films are distinct from each other and with the lower temperature films, having 

statistically significant average grain size of 50.7 nm and 68.3 nm, respectively, and 

different modal groups. Figure 5.8 shows the bearing area curves, a cumulative 

distribution function, of these four 1200-cycle films. They show that the higher 

temperature films (300 and 350oC) are about twice smoother than the two lower 

temperature films. These results also support that the 200 and 250oC films have similar 

surface characteristics. Subsequent tribotesting showed that the two sets of films have 

very disparate friction/wear behavior and will be shown later that surface characteristics 

do not play a role in the tribological performance of these films, despite, from equation 

2.3, smoother films (higher real area of contact) imply higher COF which was 

experimentally observed. 
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Table 5.2: Coefficient of thermal expansion of component materials. 

Material Coefficient of Thermal Expansion (10-6/C) 
Si 2.6 
SiO2 0.5 
Monoclinic ZrO2 6.5 
Cubic ZrO2 8 
Tetragonal ZrO2 5-10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure5.6: SEM surfaces images of the 1200-cycle films grown at (a) 200oC, (b)

250oC, (c) 300oC and (d) 350oC. The magnification bar is 500 nm for all images. 

 

  
(a)                                                              (b)     

  
   (c)                                                             (d)  
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Film Average Grain Width 
(nm) 

Standard Deviation 

(nm) 

Modal Group 

(nm) 

200oC 40.6 14.5 20-40 

250oC 35.1 8.5 20-40 

300oC 50.7 12.4 40-60 

350oC 68.3 17.0 60-80 

 

Figure 5.7: Grain size analysis of 1200-cycle ALD ZrO2 films.  
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FIB-cut cross-sections of 1200-cycle as-deposited films were made and 

subsequently analyzed in the TEM.  Figure 5.9 shows the XTEM images for the 1200-

cycle films grown at 200, 250, 300 and 350oC. Under each image is the corresponding 

XRR model of the film. Using the XTEM images, the film thickness and the average 

width of distinct ZrO2 grains at the surface were measured. The XTEM thicknesses were 

compared with XRR thickness and tabulated in Table 5.3 together with the average grain 

width at the surface. It shows good correlation between thickness measured via TEM and 

XRR. The trend of the grain sizes corroborates the trend seen from grain size analysis 

using SEM surface images (Figure 5.7) where in the 250oC had the smallest average 

         

Figure 5.8: Bearing area curves of the 1200-cycle ALD ZrO2 films. The green arrows

indicate the 50% point and with the corresponding bearing depth. Each point on the

bearing area curve has the physical significance of showing what linear fraction of a

profile lies above a certain depth.   
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grain size while the 350oC film has the largest grain size. However, higher confidence is 

placed on the grain analysis results via SEM because of larger number of grains sampled 

(15-21) versus  the  9-11 grains sampled from XTEM. In addition, owing to the difficulty 

in ascertaining location of grain boundaries at the surface from XTEM images, only 

grains with distinct grain boundaries at the surface were included in the XTEM analysis. 

This likely introduced a filtering error into the measurements from XTEM images.  

 For the 200oC film, the XRR model shows that the film is composed of two 

layers, a thin low-density layer next to the substrate and a much thicker upper layer of 

higher density. The corresponding XTEM image shows that the low-density layer is 

highly amorphous (no lattice planes resolved) region next to the substrate and above this 

is a region of grains that are not well-defined or formed. For the higher temperature films 

(300 & 350oC), the XRR models show a higher density layer near the substrate and above 

it, a thicker layer of lower density. The associated TEM images both show a 

preponderance of small grains near the substrate and larger columnar grains growing 

above them. The 250oC film XTEM image and model appear to be the transition between 

these two extremes. For the 250oC film, Figure 5.10 shows a thin region next to the 

substrate that is a mixture of amorphous and crystalline areas with a density that is 

midway between the values of 200oC and 300oC films (i.e. 4.93 < 5.94<7.73 g/cc). The 

range of densities derived via XRR is wider than the theoretical density range spanned by 

the three low-pressure phases (Table 2.3) which is 5.84 -6.172 g/cc. This may be 

attributed to the limitations of the XRR model in perfectly fitting the experimental data.  

 



116 
 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9:  XTEM images of the 1200-cycle ZrO2 films grown at 200, 250, 300 and

350oC. The corresponding XRR model of the films showing density gradients within

the ZrO2 is given underneath each image. The magnification bar is 50nm for all images.

  
Region Density 

g/cc 
Thickness 

(nm) Region Density 
g/cc 

Thickness 
(nm) 

Top ZrO2 5.34 151.6 Top ZrO2 5.29 1.3 
ZrO2 4.93 4.6 ZrO2 5.22 153.8 

   ZrO2 5.94 2.0 

  
Region Density 

g/cc 
Thickness 

(nm) Region Density 
g/cc 

Thickness 
(nm) 

Top ZrO2 5.37 182.5 Top ZrO2 5.22 230.3 
ZrO2 7.73 2.7 ZrO2 7.27 2.6 

200oC 250oC

300oC 350oC

Si 

Pt
SiO2 ZrO2 
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 Table 5.3: Characteristics of 1200-cycle ALD ZrO2 films via XTEM. 

 
Film 

XTEM 
Ave. Grain Width 

at the surface* 
(nm) 

 
TEM 

Thickness 
(nm) 

 
XRR Thickness 

(nm) 

 
% 

Difference 

200oC 48 162 156.2 3.7 

250oC 41 156 157.1 0.7 

300oC 49 190 185.2 2.6 

350oC 58 250 232.9 7.3 

 

Figure 5.10: HRXTEM  of the film substrate interface in 250oC 

ZrO2 film showing amorphous and crystalline phases. 

 

 
Si SiO2ZrO2
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The above results indicate that at least two types of zirconia structure initially 

grow on the substrate depending on the deposition temperature: amorphous and 

crystalline. Amorphous ALD zirconia has been seen in films grown at temperatures less 

than 250oC [3,4]  or with thicknesses less than 12nm [5]. Beyond this thickness and 

temperature, one or more of the crystalline forms of zirconia grow. The peaks that were 

previously shown in  Figure 5.2 have been identified to belong to either tetragonal or 

cubic zirconia. Figure 5.11 shows the indexed GIXRD plot for the 1200-cycle films. 

Unfortunately, GIXRD using Cu Kα beam does not have adequate resolution to 

differentiate between the tetragonal and cubic phases of zirconia, since their lattice 

parameters are so close (Table 2.3). Notwithstanding, the relative heights of the peaks can 

be used to differentiate the 1200-cycle films. Figure 5.11 shows that except the first peak, 

all the peaks increase with temperature. The first peak, enlarged in Figure 5.11, shows 

that the 250oC film has the highest amount of (101)T/(111)C grains, followed by the 300 

and 350oC films with comparable amounts, while the 200oC film has the least. 

The texture coefficient (TC) of the films have been computed via the Harris 

method [6] and plotted against temperature in Figure 5.12, assuming a tetragonal ZrO2 

standard (PDF# 01-070-7300 RDB). The texture coefficient measures the relative degree 

of preferred orientation (PO) among crystal planes and is expressed as  

∑
=

)(

)(

)()(

1
/

)(

hklo

hkl

hklohkl

I
I

N

II
hklTC

                               5.1 

where I(hkl)  and  Io(hkl) are the measured intensity and standard integrated intensity for 

(hkl) reflection, respectively and N is the number of reflections. Preferential orientation is 
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exhibited if the value of the TC is greater than one. Notice that all films have (110)T 

/(200)C dominant texture. However, just like in Figure 5.11, it is also evident here that the 

250oC film has the highest (101)T/(110)T ratio among the films. The importance of this 

will become clear in latter sections. 

 The appearance of either tetragonal or cubic ZrO2 in the present films, together 

with their surface morphology, are consistent with the those reported by Hausmann and 

coworkers [7] for 100 nm ZrO2 films also deposited using tetrakis(dimethylamido)Zr and 

water from 50- 200oC.  They observed (110)T/(200)C reflections as low as 100oC. In their 

case, ZrO2  was deposited on Si substrate which has been stripped of native SiO2 via HF 

dipping  and subsequently exposed to ozone to make the surface hydrophilic. No such 

treatments, which are expected to affect nucleation events, were made on the substrates 

for the present films. 
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Figure 5.11: Indexed GIXRD plot for 1200-cycle ALD ZrO2 films (top) with

(101)T/(111)C peak enlarged at the bottom graph. 
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Figure 5.12: Variation of texture coefficient with growth temperature. 

 

Monoclinic is the stable low temperature (<1100oC) zirconia phase. The presence 

and stability of either tetragonal or cubic ZrO2 without doping seen in the present films 

may be attributed to its thin film structure, nanoscale grain size and highly 

substoichiometric composition as described in Section 2.4.3. In addition, Kukli et. al. [8] 

reported that ZrO2 films grown using ZrI4  precursor tend to form tetragonal or cubic 

ZrO2 because bulky precursor molecules have low volatility and surface mobility that 

promote non-equilibrium phases. ZrC8H24N4 precursor was used in the present films 
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which is bulkier than ZrI4. A representative XPS sputter profile is shown in Figure 5.13. 

The films showed a 40:60 Zr:O atomic% ratio indicating high oxygen deficiency and a 

substoichiometry of ZrO1.5. Carbon was found only on the surface, likely impurity from 

the ambient after deposition, but none within the film itself. The high substoichiometry of 

these films indicate  the non-equilibrium growth conditions during deposition.  

 

 

 

Figure 5.13 XPS sputter profile of 200oC ALD ZrO2 using 2keV Ar beam 

with a sputter rate of  3.24 nm/min. 
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5.1.7 Development of Microstructure 

Hausmann and co-workers [7] proposed a model for nucleation and growth for 

ALD HfO2 and ZrO2 films from dialkylamido precursors, one of which is used in the 

present study. The model has been adapted and modified to incorporate the presence of 

the SiO2 layer and to clarify the amorphous structure of the early-stage film. The 

schematic is presented in Figure 5.14. In this model, the nucleation of crystallites is 

equally probable at each ALD cycle and nuclei are randomly distributed on the 

amorphous surface. After the nucleus has formed, subsequent ALD cycles preferentially 

contribute to the growth of the nucleus so that it grows faster upward in the direction of 

film growth and radially outward relative to the surrounding amorphous material. 

Hausmann and coworkers approximated a 20% faster growth rate for crystals than the 

amorphous material.  

As the film grows thicker, the number of nuclei increase and the film becomes 

more crystalline due to the growth of these nuclei. There will come a point during the 

deposition process when the surface will be saturated with crystallites so that nucleation 

and radial growth will cease. Upward growth, however, continues and the crystallites will 

assume a columnar shape as deposition proceeds. At higher deposition temperatures, 

nucleation events become more probable so that even at the first few cycles, numerous 

nuclei can already form, thereby, precluding the formation of a distinct amorphous 

region. This is likely what happened to the 300 and 350oC films where numerous 

randomly oriented crystallites can be found near the interface with the substrate instead 

of an amorphous region. The nuclei subsequently grow radially and vertically. Once the 



124 
 

surface is saturated, only vertical growth continues and those crystals with energetically 

preferred planes (i.e.  with low energy planes) will grow faster than others, crowding 

Figure 5.14: Schematic of nucleation and growth events for ALD ZrO2. Adapted 

from Ref [7] 
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them out and go on to columnar growth. In this type of growth wherein there is no 

amorphous phase, the model proposed by Kajikawa [9] for texture development of non-

epitaxial ZnO films is more appropriate, as previously outlined in Figure 4.11.  

 

5.2  Tribological Behavior 

5.2.1 Twenty-gram Load Tests (Po = 0.57 GPa) 

 The 1200-cycle films were tested on the Pin-on-disk (POD) tribometer under 20-

gram normal load using two types of pin: 52100 chrome steel and pure silicon nitride. All 

pins used have identical radii of 1.6mm. A summary of the POD results for the 20-gram 

tests is given in Table 5.4. Each POD plot has been divided into two regions: low-COF 

region and a high COF region. The averaged steady-state COF in each region has been 

tabulated together with the transition point where the COF starts to increase. The level of 

abrasion and wear debris  observed on the associated pin surface was included. 

For the 200oC film–chrome steel combination, Figure 5.15 shows the COF vs. 

cycles plots and the corresponding ex-situ optical micrographs of the pin surfaces for two 

replicates (note for association: the plot color is matched with the border color of the 

appropriate pin surface image). One replicate had relatively constant COF of 0.18 until 

4k cycles after which the test abruptly terminated when the 1.5 COF limit of the 

tribometer was reached. The ex-situ pin image showed loose debris adhered to the 

surface.  For the second replicate, the COF continuously went up from 0.2 to 0.5 from 0 

to 7000 cycles after which it leveled until 10,000 cycles. The pin image showed quite a 

bit of loose debris on the sides and at the center, a small circular abraded flat that is partly 
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covered by patches of transfer layer. The pin images show that the 200oC film is capable 

of forming a transfer layer but this transfer layer does not appear to be adherent. 

However, it may have prevented the COF from increasing abruptly which happened in 

the first replicate. Figure 5.16 presents the POD results for 200oC film using the silicon 

nitride pin at 20-gram load. Both replicates transitioned to high friction regime (COF ~ 

0.65) in less than 1k cycles after the tests commenced. The pin images both showed 

severely abraded surfaces evident in the large circular flats and a lot of loose debris. 

 

Table 5. 4: Summary of POD results for 20-gram tests. 

Film/Pin 
Combination*

Replicate 
Number 

Low COF 
region 

Transition 

(cycles) 

High COF 
region 

Level of pin 
abrasion 

200oC/CS 1 
2 

0.18 
0.18 

4000 
<1000 

1.5 reached 
0.51 

minimal 
mild 

250oC/CS 1 
2 

0.13 
0.12 

none 
see below# 

n/a 
n/a 

none 
mild 

300oC/CS 1 
2 

~0.1 
0.1-0.2 

none 
7000 

n/a 
0.65 

severe 
severe 

350oC/CS 1 
2 

none** 
0.11 

0 
none 

0.65 max 
n/a 

severe 
severe 

200oC/SN 1 
2 

0.18 
0.18 

<500 
<1000 

0.65 
0.65 

severe 
severe 

250oC/SN 1 
2 

0.12 
none 

4000 
0 

0.47 
0.45 

severe 
severe 

300oC/SN 1 
2 

~0.11 
~0.11 

6000 
6000 

0.29 
0.39 

severe 
severe 

350oC/SN 1 
2 

0.18 
none 

<500 
0 

0.37 
0.55 

severe 
severe 

*CS-Chrome Steel; SN-Silicon Nitride 
** none means COF immediately transitioned to high COF when test started 
#fluctuation only, low COF recovered 
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 The results of POD tests performed on the 250oC film using chrome steel are 

shown in Figure 5.17. The first replicate (in black) had uniform low COF (~0.13) through 

the 10,000 cycle test. The pin showed no abrasion or debris. The second replicate’s plot 
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Figure 5.15: POD results for 200oC ZrO2 film with chrome steel pin at 20-gram load. 

Figure 5.16: POD results for 200oC ZrO2 film with Si3N4 pin at 20-gram load. 
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showed some instability in the first 2000 cycles, when the COF slightly increased at 

several points to about 0.2 but the low friction was recovered. Beyond 2000 cycles, the 

COF is relatively uniform at ~0.12. The pin surface showed loose debris and a small 

abraded flat that is partially covered with a transfer layer. At this point, it is noteworthy to 

point out the apparent role of the transfer layer in these films. As previously stated in 

Chapter 2, a protective transfer layer is important in achieving low friction and wear in 

tribosystems. However, the transfer layer that forms on the pin surfaces appeared to be 

weakly adherent and unstable. Furthermore, between the two replicates one test showed a 

transfer layer and the other did not which suggests that velocity accommodation mode 

responsible for low COF was inside the wear track. 

 

 

 

 

 

 

 

 

 

The 20-gram tests using silicon nitride shown in Figure 5.18, indicated the 250oC 

film’s lower COF  than the 200oC in that one of the replicates has a low friction regime in 

the first 4000 cycles before it transitioned to the high friction regime. The other replicate 

Figure 5.17: POD results for 250oC ZrO2 film – chrome steel combination. 
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transitioned to the high friction regime immediately after the test commenced. In 

addition, the high friction regime has a lower COF (~0.45) versus the 0.65 of the 200oC 

film. However, both pin surface images also showed large abraded flats. From the 

preceding results, it is clear that COF >0.2 always result in debris formation and abrasion 

of the pin surface. Apparently, COF > 0.2 is deleterious to the pin surface and will be set 

as the failure point for this system. 

   

 

 

 

 

 

 

 

 

 

The first replicate for the 300oC film – chrome steel combination, shown in Figure 

5.19, gives low COF that fluctuate around 0.1. The ex-situ pin surface is clean. For the 

second replicate, the COF slightly increased from 0.1 to as 0.2 within the first 7000 

cycles before continuously increasing to ~0.65 by the end of test. The high COF regime 

is likely beyond 10,000 cycles. Expectedly, the pin surface showed an abraded flat and 

plenty of wear debris. The discrepancies in the POD results suggest that the nascent 

Figure 5.18: POD results for 250oC ZrO2 film with Si3N4 pin at 20-gram load. 
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surfaces contained some foreign debris which contributed to the observed behavior.  The 

silicon nitride COF tests shown in Figure 5.20 have similar behavior. Both plots showed 

a low COF regime (i.e. average COF 0.09 -0.12) until 6000 cycles before transitioning to 

the high COF regime (i.e. average COF 0.29 -0.39). The pin surfaces are both abraded 

but the flats are noticeably smaller than the other silicon nitride pins tested. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 5.19: POD results for 300oC ZrO2 film – chrome steel combination. 

Figure  5.20: POD results for 300oC ZrO2 film with Si3N4 pin at 20-gram load. 
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Like the 300oC film, the 350oC film also gave mixed results when tested with the 

chrome steel pin as shown in Figure 5.21. One replicate did not fail, that is, the COF 

stayed low at ~ 0.11. For the other replicate, the COF  immediately rose to 0.2 and 

continuously increased, reaching as high as 0.8 then recovered slightly to 0.45 at around 

7.5k cycles. For the silicon nitride tests (Figure 5.22), both replicates immediately 

transitioned to the high friction regime with COF ranging from 0.3 to 0.6. The pin 

surfaces had severe abrasion flats and lots of wear debris. 

  

 

 

 

 

 

 

 

 

 

 

   

Figure 5.22: POD results for 350oC ZrO2 film with Si3N4 pin at 20-gram load. 

Figure 5.21: POD results for 350oC ZrO2 film – chrome steel combination. 
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These results show that the 1200-cycle ALD ZrO2 films successfully tribotested at 

20-gram load when the COF remained below 0.2. Beyond this value, wear debris formed 

and caused abrasion on the pin surface that lead to more wear and higher friction. For 20-

gram chrome steel tests, the films can be ordered in terms of  low friction and wear 

performance as follows: 250oC > 300oC > 350oC > 200oC. The 250oC film had the best 

performance among the films using chrome steel since it did not fail on both replicate 

tests where the others failed in at least one replicate. Compared to a bulk COF of 0.6, the 

best COF=0.12 measured for the 250oC film means a 80% reduction  in friction. For the 

20-gram silicon nitride tests, all the films failed but can still be ranked according to the 

length of the pre-failure (low COF) region and high COF value. The order is 300oC > 

250oC > 350oC > 200oC.  It is well known that ceramic-ceramic self-mated tribopairs are 

higher friction surfaces than metal-ceramic tribopairs due to higher adhesive forces that 

lead to a higher adhesive component of friction [10]. 

The 200oC film consistently performed worse than the other three films in the 20-

gram tests whether using chrome steel or silicon nitride pin. This film did not have 

surface cracks in the unworn condition that the 300oC and 350oC films exhibited. Hence, 

the surface cracks do not have a significant effect on the tribological performance of 

these films. The 200oC film also had similar surface characteristics in terms of roughness 

and bearing area with the 250oC film. These two lower temperature films have about 

twice rougher than the other two higher temperature films. These results indicate that 

surface characteristics such as bearing area, roughness and presence of surface cracks are 

not significant to the friction and wear behavior of these films. The contributory factor(s) 
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must be therefore be in the subsurface and related to the microstructure of the films. This 

will be discussed later.  

 

5.2.2  Fifty-gram Load Tests (Po = 0.87 GPa) 

 Figure 5.23 shows the POD plots for 1200-cycle films tested using chrome steel 

pin at 50-gram load. Only the 250oC film had a replicate that did not fail during the 

10,000-cycle test.  All the pin surfaces showed severe abrasion flats except for replicate 

of the 250oC film associated with the POD plot that did not fail and had uniform low 

COF throughout the test.  

All the films failed in two replicate tests except for the 250oC film which had one 

replicate that failed and another that did not. Hence, this film can still handle the 2.5x 

higher load though not very reliably. This supports the results of the 20-gram tests that 

the 250oC film is superior to the others.  Thus far, the superiority of the 250oC film can be 

related to the synergistic effect of several factors: (1) Smaller grain size, (2) Absence of a 

high density layer near the substrate (300 and 350ºC films) as presented in Section 5.1.6; 

and (3) Higher proportion of T(101)/C(111) grains from Section 5.1.6. These factors 

appear to work together to promote lower friction and wear in ALD-grown 

nanocrystalline ZrO2.  It is apparent that all must be present so that the film will not fail. 

For example, although the 200oC film satisfies factors 1 and 2, it comes short in factor 3 

and fails early. 
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5.2.3 Summary of Tribometric Results 

The results of the POD tests on the 1200-cycle ALD-grown ZrO2 films using 

either chrome steel or silicon nitride pin at 20- and 50-gram loads indicate that:  

a) The tribological performance of ALD ZrO2 is dependent on the growth temperature;  

b) The lowest average steady-state COF of 0.12 was measured for the 250oC film 

against chrome steel. This signifies an 80% reduction in friction compared to bulk, 

microcrystalline values.  

c) Failure of the ALD ZrO2 films occurs when COF increases beyond 0.2. This increase 

in friction is accompanied by wear debris generation and abrasion of the pin;  

d) ZrO2-chrome steel (i.e. ceramic-metal) combination is better than ZrO2-silicon nitride 

(i.e. ceramic-ceramic) combination to promote low friction and wear due to less 

adhesive forces; 

e) Weakly adherent transfer layers that can form in ALD ZrO2 – chrome steel system 

appear to have little effect on the friction and wear behavior in these nanocrystalline 

films, which suggests that the velocity accommodation mode responsible for 

improved tribological properties lies within the wear track; 

f) ALD-grown nanocrystalline ZrO2 films can be optimally used in tribological 

applications if the maximum contact pressure is kept below 0.6 GPa,  

g) Pre-test surface cracks and roughness do not play significant roles in the tribological 

properties of the films; and, 

h) The 250oC film had superior performance in 20- (Po = 0.57 GPa) and 50-gram (Po = 

0.87 GPa) tests with chrome steel pin. This was related to the synergistic effects of 



136 
 

small grain size, absence of a high density layer next to the substrate and high 

concentration of  (101)tetragonal or (111) cubic crystal grains. 

 

5.3 Analyses of Worn Films  

5.3.1 Wear Track Surface Morphology  

 Figure 5.24 presents the SEM images of the wear tracks of POD tests performed 

on the 1200-cycle films. Generally, the chrome steel wear tracks are darker while the 

silicon nitride wear tracks have lighter contrast and have more wear debris on the tracks 

and at the track edges. The difference in contrast between the wear tracks can be 

attributed to the difference in how the film transformed during sliding and not to the 

mixing of any pin material that transferred onto the wear track.  This is because the pin 

surfaces for 20-gram chrome steel tests on 250oC, 300oC and 350oC that did not fail were 

visually clean and non-abraded (see Figure 5.17, 19 and 21) indicating that no pin 

material has been mixed with the film. The circled region in Figure 5.24b shows the point 

along the second chrome steel track where samples for subsequent cross-section TEM 

imaging and diffraction were taken.  

The transformation of the film after sliding and the role of the wear debris in film 

failure can be illustrated using Figure 5.25a-c. These images are all at 35,000x 

magnification. Figure 5.25a is the as-deposited, unworn surface of the 300oC film. Figure 

5.25b shows the wear surface after testing with the chrome steel pin at 20 grams that did 

not fail. It is apparent that the original ‘grainy’ appearance of the film has been erased 

and in its place is wear striations and a scuffed appearance. However, no wear debris is 
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present. On the other hand, shown in Figure 5.25c, while wear striations are also evident, 

wear debris are abundant on the surface that was tested the same way but failed. 

Apparently, the wear debris is the cause of the eventual failure for the film during testing. 

Hence, the prevention of their formation is the key to the success of these lubricious 

nanocrystalline oxides in prospective tribological applications. Fortunately, the above 

results show that some of the films, specifically the 250oC film, can already achieve this. 

What is needed is to know the film characteristics that enable it to do so they can be 

exploited to control ALD growth parameters.  

A source of wear debris is part of the film that has been pulled out by the pin, 

thereby exposing the substrate and then transferred elsewhere as shown in Figure 5.25d, 

this is known as adhesive wear. Exposed portions of the substrate denoted by the dark 

streaks along the wear track are clearly visible in Figure 5.24c and d wear tracks for the 

300 and 350oC films, indicated by blue arrows. The effect is at least two-fold. First, once 

silicon substrate is exposed to the pin, the COF will increase because the Si is a bulk 

material and expected to behave like a bulk ceramic with low fracture toughness. Typical 

silicon-steel COF is 0.6-0.8.  Secondly, the delaminated pieces can also act as third body 

abrasive particles that can wear the pin, thereby generating more wear debris and higher 

COF. 
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Figure 5.24: Low magnification SEM  images of the wear tracks for (a) 200oC, (b) 250oC, 

(c) 300oC and (d) 350oC after testing with either chrome steel (CS) or silicon nitride pins 

(SN) at 20-gram and 50 gram-load. 
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Figure 5.25: SEM surface images of the 300oC film in various states: (a) unworn state, (b)

worn with chrome steel with no failure, (c) worn with chrome steel with failure and (d)

worn with silicon nitride with failure. The magnification bar is 2μm in (a), (b) and (c) and

50μm in (d).  

  
(a)                                                               (b) 

  
(c)                                                                   (d) 
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5.3.2  XTEM of Worn Films  

 Post-POD cross-section TEM was performed inside the wear tracks of the 1200-

cycle films that exhibited the worst (200oC film) and the best (250oC film) tribological 

performance to compare the underlying mechanisms that lead to the observed POD 

results. However, discussion will mainly focus on the mechanisms seen on the 250oC 

film to explain the lubricity of this film. 

5.3.2.1 Worn 200oC Film 

 Figure 5.15 showed the plots for the two POD tests made on the 200oC film. One 

test only reached ~ 4000 turns while the other completed the test at 10K turns with 

increasing COF. The XTEM sample was taken along the wear track of the latter test  

(blue plot in Figure 5.15), henceforth called a “worn” sample. The unworn XTEM image 

previously shown in Fig 5.9 has been copied below as Figure 5.26a.  The VASE- and 

XRR-measured thickness of the unworn film was 155 nm and 156 nm, respectively. This 

is comparable with the thickness measured (159-161nm) from the worn XTEM image 

shown in Figure 5.26b. This indicates that no thinning of the film occurred during sliding. 
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Figure 5.26: XTEM images of (a) unworn and (b) worn 200oC ZrO2 film states. 

a 
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The wear debris observed on the surface of the pin would then be mostly from the 

pin itself and not from the film. Compared with the unworn film, the surface undulations 

created by the tops of the columnar grains have been smoothed out. The mechanism for 

this may be asperity fracture due to high friction interaction between the pin and a 

protruding top of a grain [11]. However, the rest of the grains themselves appeared intact 

and underwent no deformation. The main change seen was confined to the tips of the 

columnar grains. The amorphous region near the substrate also appeared unchanged and 

did not undergo any crystallization. The main change from the unworn to the worn state 

is the smoothing of the surface and the tops of the grains. This indicates that the increase 

in COF during the test was mainly due to the continued generation of debris from the 

abrasion of the pin surface. In effect, the film was not absorbing much energy from the 

pin. Instead, the energy was being used to generate new surface and wear debris from the 

pin. For a solid lubricant film to be successful, it must be able to absorb and dissipate the 

applied mechanical energy within itself without creating new surfaces in the form of 

cracks. It must have dissipation paths available within itself to expend the energy. The 

author has previously studied the dissipation paths available and active in epoxy-

mesoporous silica composites [12]. Enhanced tribological properties were realized in 

those materials by incorporating absorber regions that accept mechanical energy without 

crack formation. The same principle applies here as will be shown in the next section. 
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5.3.2.2 Worn 250oC  

Figure 5.27 shows XTEM cross-sections of the 250oC film in the as-deposited, 

unworn condition and after sliding by chrome steel pin to 10,000 cycles without failure. 

From these images, several observations that can be made on the apparent effects of 

cyclic sliding of the pin on the film:  

a) There is smoothing of the worn surface;  

b) There is minimal thinning and hence very low wear inside the wear track; 

c) A very thin wear-induced amorphous surface layer was formed with non-uniform 

thickness; 

d) The upper large-grains region has been transformed into a highly disordered region 

next to the surface layer;    

e) No evidence of cracking or brittle fracture; 

f) Much plastic deformation - bending and buckling of nanocolumnar grains; 

g) Smaller plastically deformed, equiaxed grains lined along the surface; and, 

h) The film remained firmly bonded to the Si substrate; no delamination occurred. 

Henceforth, the discussion will deal with the dissipation modes in the film. These are the 

various pathways the film accommodates or expends the mechanical energy applied by 

the pin. From a tribological point of view, a positive dissipation mode is one that does not 

lead to higher friction and wear debris formation. 
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Figure 5.27: XTEM bright field images of the 250oC film in as-deposited, unworn 

state (top) and the worn, post-POD state (bottom). See text for meaning of arrows. 
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Figure 5.28 shows the high magnification image of the amorphous surface layer 

lying on top of the nanocrystalline ZrO2 grains. This layer is of uneven thickness and its 

interface with the nc-ZrO2 is distinct. It is likely that this layer came from the sheared off 

or fractured asperities from protruding peaks of grains (red arrows Figure 5.27).This 

displaced material fill the valleys between grains (green arrows Figure 5.27), leading to a 

smoothing of the sliding surface. Thus, it will be thicker where a valley was and thinner 

where a peak was. This is evident in Figure 5.28. Note also that the tops of the some 

grains have become flat, a sign of abrasion. Note also that the lattice of one grain is bent 

Figure 5.28: High-magnification image of the amorphous surface layer sandwiched

between nanocrystalline ZrO2 and Pt protective coating. 

nc-ZrO2 Pt 
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(blue arrow)  in the direction of sliding (red arrow) while another remained undisturbed 

(white arrow). The bent lattice was perpendicular to the sliding direction while the 

undisturbed grain was angled about 45o against it.  

The effect of grain size should be significant in the formation of the amorphous  

surface layer. In Chapter 4, it was revealed that grain size is very significant to the 

formation of the crystallite-amorphous surface layer in the 8-bilayer nanolaminate. It is 

reasonable to consider that the same is true in this case as well. However, the amorphous 

layer here appears homogenously amorphous whereas crystallites were mixed in for the 

nanolaminate. The difference may lie in the particle size of the starting material. In the 

nanolaminate, a whole ZnO top layer (t~13nm) was being transformed therefore the 

starting material has larger grains.  In this zirconia film, the sheared grain tops appear to 

be the starting material for the amorphous layer. Hence, it will likely reach complete 

amorphization first. In Section 5.3.3, the envisioned mechanism for the development of 

this worn microstructure is discussed and modeled. 

Below the amorphous surface layer, the highly disordered region that extends 

until mid-film is composed of grains that have undergone severe deformation. The 

deformation can come in the form of increased dislocation density, bending and cracking. 

Figure 5.29 shows the coupled bright-field and dark-field XTEM images of unworn and 

worn films. Note that the dislocation density in the worn film is higher, especially near 

the surface. There is also loss of distinction between individual grains in the worn film. 

Whereas in the as-deposited film, the columnar structure is clear, the worn film has a 
Pt 
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highly turbulent appearance in both bight and dark fields. The interface between grains 

became unclear. One grain appears to flow into the next. Note that the non-uniform 

surface layer is clearer in lower dark field images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
    (a)                                                                (b) 

  
    (c)                                                              (d) 

Figure 5.29: Coupled bright field and dark-field XTEM images for unworn (top) and

worn films (bottom). The arrow indicates the sliding direction.   



148 
 

Another dissipation mode is grain-bending. The bending of the lattice near the 

surface was already illustrated previously. This time the whole grain bends in the 

direction of sliding as shown in Figure 5.30. Here, the increased dislocation activity in 

the upper half of the film is evident. Note that bending is limited to some grains. As with 

the surface lattice bending, this is also likely orientation-dependent. 

 

 

 

 

 

 

 

 

 

 

 

The white streaks in the bright field image in Figure 5.30 above and in Figure 

5.31 below (denoted by green arrows) are a sign of microcracking. However, this does 

not propagate through thickness. This is another energy dissipation mechanism of this 

system, albeit a negative one. Note that the crack stopped before reaching the substrate. 

This is an indication that the film has a crack-arresting mechanism as well. The presence 

of the small crystallites and the amorphous layer near the substrate can play a big role in 

 
 

  

 
 

  

Figure 5.30: XTEM images showing grain bending in the sliding direction (denoted

by arrow). 



149 
 

this. These microcracks do not appear to be widespread nor do they consolidate to form 

macrocracks as no visible cracks were observed on the wear track surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another way that the film deforms under load is not visible in the images thus far 

presented. This is through microstrain, i.e. the variation of the lattice spacing from an 

ideal value. This is illustrated through a comparison of the electron diffraction patterns 

taken of the unworn and worn films that follow. 

Figure 5.31: XTEM image showing arrested cracks in the worn film. Red

arrow indicates sliding direction. 
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Figure 5.32 shows the selected-area electron diffraction (SAED) pattern of the as-

deposited 250oC film on silicon substrate. The yellow spots belong to the substrate and 

indexed as belonging to the {200}, {111} and {220} families of planes. The {200} 

reflections are actually forbidden Bragg reflections but their appearance is not rare due to 

multiple reflections and thermal vibrations of the atoms. Lines through these Si 

reflections were drawn passing through the direct beam spot in order to locate the dead 

center of the diffraction pattern. This is needed for subsequent indexing of the pattern. 

The spots that do belong to the film lie along concentric rings around the direct beam spot 

that is partially covered by the beam stop. This indicates that the film is polycrystalline 

with some preferred orientation belonging to the most intense spots which are the three 

inner rings.  

The radii ratio of the two smallest rings is R1/R2 =0.864. This value lies between 

the lattice parameter ratio d110/d101 = 0.860 for tetragonal ZrO2 (PDF#01-070-7300)  and  

d200/d111 = 0.866 for cubic ZrO2 (PDF #01-071-4810). The radii ratio of the first and third 

rings is R1/R3 =0. 613. This is between d112/d101 = 0.614 for tetragonal ZrO2 and d220/d111 

= 0.612 for cubic ZrO2. Hence, the order of peaks in the GIXRD plot (Figure 5.10) in 

ascending 2theta direction corresponds to the order of rings in the electron diffraction 

pattern with increasing radii. The first four rings have been indexed in Figure 5.32. Table 

5.5 gives the full indexing of the pattern including of higher order reflections (e.g. larger 

radii spots) when indexed for either cubic or tetragonal phases. Note that the tetragonal 

phase accounts for all the reflection spots more fully than the cubic phase. Two 

prominent high order reflections , (321)T and (412)T, denoted by orange arrows in Figure 
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5.32 can only be attributed to the tetragonal phase. This allows us to define more 

confidence that the film is tetragonal rather than cubic zirconia.   

 

 

 

   

 

 

 

 

 

 

 

 

 

 

  
Figure 5.32: Electron diffraction pattern of unworn 1200-cycle ZrO2 film grown on Si. 
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Table 5.5: Lattice spacings of cubic and tetragonal phases indentified from SAED of 

unworn 250oC  film. 

 

 

 

 

 

 

 

 

 

The SAED pattern for worn 250oC film is given in Figure 5.33. The Si reflections 

have been identified and indexed as belonging to the {311} and {440} families of planes. 

It will be observed that in the place of distinct bright spots is a distribution of faint spots 

that appear smeared along the ring. The exact same rings used in Figure 5.29 were copied 

here and also centered using the Si reflections. The change from intense diffraction spots 

to smeared ring indicates a loss of preferred orientation toward a more random 

orientation in the worn film. The XTEM images support this change wherein the 

columnar structure has been replaced by a highly disordered structure.  

While the worn SAED pattern shows that the film is still predominantly 

tetragonal, note that a lot of reflections do not lie neatly along the rings (of radius Ri)  but 

slightly dispersed in both directions (i.e. negatively for  r < Ri and  positively for r > Ri). 

 
 
R1 / Ri  

Cubic ZrO2 
(PDF#01-071-481) 

Tetragonal ZrO2 
(PDF#01-070-7300) 

 
(hkl) 

    di/d1 
d1=2.944 Å 

 
(hkl) 

    di/d1 
d1=2.944 Å 

1 
0.864 
0.613 
0.518 
0.432 
0.352 
0.329 
0.294 
0.279 
0.270 

(111) 
(200) 
(220) 
(311) 
(400) 
(422) 
-- 
(531) 
-- 
(620) 

1 
0.866 
0.612 
0.522 
0.433 
0.354 
-- 
0.293 
-- 
0.273 

(101)       
(110) 
(112) 
(211) 
(220) 
(312) 
(321) 
(323) 
 (412) 
(420) 

1 
0.860 
0.614 
0.520 
0.430 
0.352 
0.331 
0.292 
0.280 
0.272 
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Hence, the diffraction rings have acquired a thickness, indicated by the green arrows for 

the first two rings where the dispersion is most apparent. This thickening is indicative of 

microstrain. Microstrain happens when the interplanar distance or lattice spacing changes 

due to an applied stress. Instead of one single value for lattice spacing, there is now 

distribution of lattice spacing values around the ideal. If there is no change in volume 

such as in this case (e.g. the XTEM images showed no change in film thickness) then a 

decrease (compression) in lattice spacing in a set of planes will be accompanied by an 

increase (tension) in interplanar distance in another set of planes. This is apparent in the 

pattern as spots fall in and out of the rings.  
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The thickness of the diffraction ring indicates the extent of microstrain that 

happened in the crystal of a particular orientation. From Figure 5.33, note that the first 

diffraction ring, corresponding to (101)T orientation, has the largest thickness. This 

indicates that crystal grains having this orientation experienced the most microstrain. By 

comparing the difference in d-spacing and radii between the first and second rings, a 1.17 

Å/cm ratio was computed for the pattern.  Using this value for the innermost spot denoted 

Figure 5.33: SAED pattern of  worn 1200-cycle ZrO2 film grown on Si 

showing microstrain effects. 
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by the red arrow in , as much a 8% deviation (~0.23 Å ) from  the ideal d-spacing value 

(2.944 Å )was measured for the first ring. The strained d-spacing is therefore equal to ~ 

3.17 Å. This value is in the vicinity of the (-111) monoclinic (d=3.1632 Å) which is the 

strongest among the monoclinic ZrO2 reflections. This can indicate two things about the 

innermost spots along the (101)T ring: (a) they may actually be transformed (-111) 

monoclinic  reflections or (b) just extremely microstrained tetragonal or cubic grains.  

Microstrain has also been observed in the plastic deformation of titanium dioxide 

nanocrystals after ball-milling [13]. Through TEM ,XRD and pycnometry,  as much as 

1.2% microstrain was observed for 12-35 nm crystals (initially200 nm) rutile crystals 

after experiencing a pressure of about 0.14 GPa during milling. It was postulated that the 

cations are displaced rather than the bigger anions during strain development. Further, 

since titania is partially covalent, homogenous  strain is excluded, instead stress is 

translated into the changes in bond character, lengths and angles. This means that strain 

will be non-uniform within the crystal and will depend on the local conditions 

experienced by each ion. This can explain the continuum of reflections observed within 

the width of each diffraction ring in the present study.  

From the relative intensities in the GIXRD plot (Figure 5.10), the 250oC film had 

the highest intensity for the (101)T peak among the 1200-cycle films. Since the 250oC 

film has more crystals of this orientation, it can undergo more microstraining than the 

others. Therefore, it has a better ability to absorb mechanical energy from the pin in a 

way that does not create cracks that lead to wear debris formation. The efficacy of the 

microstrain dissipation mode is further illustrated using the 200oC film. From GIXRD, it 
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was shown to have the lowest amount of the (101)T grains. Recall also from Section 5.2, 

that it had the worst tribological performance among the four films in both 20-gram and 

50-gram tests.   

Clear indication that some tetragonal grains have transformed to monoclinic  

during sliding is given by the presence of the faint but distinct “extraneous” spots well 

inside the smallest ring and in between rings that cannot be attributed to microstrain or 

stray reflections from Pt protective coating. Some of these spots are identified by the blue 

arrows in Figure 5.34. The “extraneous” spots have been indexed as belonging to 

monoclinic phase as shown in Figure 5.34 and included in Table 5.6 which contains 

lattice spacings of tetragonal and monoclinic phases indexed from Figure 5.34. This 

transformation not only expends applied energy,  it also involves a volume expansion that 

helps counteract that tensile stresses that develop within the deformation zone. Since 

cracks propagate in a tensile environment, this dissipation mode is also a crack-stopping 

mechanism. 
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Figure 5.34: SAED pattern of worn 1200-cycle ZrO2 film grown on Si showing 

reflections from monoclinic phases. 
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Table 5.6: Lattice spacings of tetragonal and monoclinic phases indentified from SAED 

of worn 250oC  film. 

Tetragonal 
(PDF#01-070-7300) 

Monoclinic 
(PDF#01-070-8739) 

 
(hkl) 

d-spacing 
Å 

 
(hkl) 

d-spacing 
Å 

- 
- 
- 
(101)         
(110) 
(112) 
(211) 
(220) 
(312) 

- 
- 
- 
2.944 
2.533 
1.809 
1.530 
1.266 
1.037 

(100) 
(110) 
  (111)? 
- 
(021) 
(-221) 
- 
- 
- 

5.0830 
3.6357 
3.1632 
- 
2.3312 
1.7818 
- 
- 
- 

 

In a 1996 report by McComb [14], electron energy loss spectroscopy (EELS) was 

successfully used to “fingerprint” the cubic, tetragonal and monoclinic phases of zirconia. 

Two ways were used to differentiate the phases: a qualitative way (absence/presence of a 

shoulder defined by peak 1) and a quantitative measure, Δ , the separation between two 

peaks in the oxygen K-edge spectra. Δ was identified to be equal 3.5, 3.1 and 2.9eV for 

cubic, tetragonal and monoclinic phases respectively. No statistical measures were given 

in the report so the reported values were assumed to be mean or average values. The 

trend appears to be that Δ decreases with a decrease in symmetry from cubic to 

monoclinic. Ascertaining the presence of a shoulder in the plots proved difficult so the 

quantitative Δ method was applied in this study to explore the tetragonal-to-monoclinic 

transformation during sliding. The acquired spectra had less detail than McComb’s work. 

This can be linked to the better resolution of the cold FEG he used than the warm 

Schottky FEG source used in this study. The same loss of detail was encountered by 
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Rainforth [15] using a thermally-assisted FEG for grain boundary studies in 

transformation-toughened zirconia. 

The O K-edge spectra were acquired at several points within the unworn and 

worn films and compared with phase values of Δ from McComb’s paper. Representative 

plots from middle of unworn and worn samples are shown in Figure 5.35. The measured 

Δ values from the plots are given in Table 5.7. While the peak maxima in Figure 5.35 are 

relatively easy to determine, other EELS spectra were somewhat ambiguous.  Thus, in 

Table 5.7, the symbol ‘☼’ was used to show the best Δ measurements. No spectra were 

Figure 5.35: Representative Oxygen K-edge EELS spectrum from middle of (a) 

as-deposited film and (b) worn film. (a) also shows how Δ is determined. 

 
 

Δ 
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acquired near the top surface for the worn film because the Pt signal was stronger so that 

the regular shape of the plot was not seen. In some cases, the peak is not distinct so the 

middle of the plateau is used.  A spread of  ± 0.1 eV was applied to the values of Δ given 

by McComb for grouping purposes. The following ranges were defined for the phases: Δ 

cubic = 3.4 - 3.6 eV, Δ tetra = 3.0 -3.2 eV) and Δ mono = 2.8 - 3.0eV.  The amorphous form of 

zirconia was not part of McComb’s study  but following the trend in Δ, the amorphous 

phase should have a smaller Δ than monoclinic hence, Δ less than 2.8eV was attributed to 

amorphous phase.   

Table 5.7: Values of Δ measured from various points in the unworn and worn ALD 

250oC ZrO2 using EELS. 

Points Δ (eV) Suggested Form* 
UNWORN   
Near Si interface 1 3.4 c 
Near Si interface 2 3.6☼ c 
1/3Thickness  1 3.1 t 
1/3Thickness  2 3.4☼ c 
Midfilm 1 2.7      Ave. = 3.08 a 
Midfilm 2 3.3☼     Std.dev.=0.25 t or c 
2/3Thickness 1 3.1 t 
2/3Thickness 2 2.9 m 
Near Top 1 3.5☼ c 
Near Top 2 2.8 m 
WORN    
Near Si interface 1 2.4 a 
Near Si interface 2 2.8 m 
1/3Thickness  1 2.7 a 
1/3Thickness  2 2.7☼ a 
Midfilm 1 2.7      Ave. = 2.72 a 
Midfilm 2 2.6 ☼       Std. dev. =0.10 a 
2/3Thickness 1 2.7 a 
2/3Thickness 2 2.9 m 
*c-cubic (3.5 ±0.1eV), t-tetragonal (3.1 ±0.1 eV), m-monoclinic (2.9± 0.1 eV), a-amorphous (<2.8eV ) 
☼ indicates a better peak fit to determine Δ 
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The results for unworn film are not cohesive since all four phases were identified, 

however the best fits show that either tetragonal or cubic phases were present which 

agrees with the previous analytical techniques. The results for the worn film are more 

cohesive since only monoclinic and amorphous phases were seen even for the best fits. 

Furthermore, comparing the average Δ for the comparable middle regions of the films 

(shaded gray in Table 5.7) show that the unworn film is likely tetragonal (Δ UWave =3.08 

eV) while the same area in the worn film is nearly amorphous (Δ Wave =2.72 eV). The 

computed standard deviations for both sets show that the gap between these mean values 

is not within the dispersion of the data points. It is reasonable to include only the middle 

region to eliminate any errors that the Si substrate and the Pt overcoat may introduce into 

the measurements. Together with SAED results wherein monoclinic reflections were seen 

in the worn film, these EELS results show that the stress-induced tetragonal-to-

monoclinic phase transformation does occur to a limited extent, which is a transformation 

toughening mechanism. In general, they show that there is a definite change in the 

bonding environment of oxygen atoms from the unworn to worn state by the pronounced 

decrease in Δ. The trend seen was a loss in symmetry accompanying a decrease in Δ. 

Another indication of the change in the bonding environment in the worn materials is the 

shift to the higher loss direction of the onset of the oxygen K-edge. This is evident from 

Figure 5.35. The onset of the edge is shifted by about 2eV to the right. In addition, that 

the ΔUWave value is very close to Δtetra = 3.1 eV for the unworn film supports the results 

from SAED that it is dominantly tetragonal in the unworn state.  
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5.3.3 Development of Worn Microstructure 

In previous sections, it was established that the formation of an amorphous 

surface layer together with the stress-induced tetragonal-to-monoclinic phase 

transformation, and the presence of several energy dissipation modes that do not lead to 

wear debris formation in ZrO2 are key elements behind the observed enhanced 

tribological performance of the 250oC film. In Figure 5.36, a schematic of the envisioned 

development of worn microstructure in the film is presented. Initially, the pin motion 

causes asperity fracture of protruding grain tops turning them into free particles on the 

surface. Subsequent sliding causes three further changes: (a) continued shearing  and 

smoothing of the surface, (b) the progressive break down of surface free particles into 

smaller sizes, and (c) deformation and transformation of the underlying grains through 

previously described energy dissipation modes. Prolonged sliding eventually refines the 

surface particles to produce a topmost amorphous surface layer and a highly deformed 

subsurface region (with stress-induced tetragonal-to-monoclinic phase transformation) 

that extends deeper into the film. 

 The 200 and 250oC films had comparable surface characteristics (i.e. grain size, 

bearing area, roughness, no surface cracks). However, their tribological performance are 

at extremes. The 250oC film had the best friction and wear performance while the 200oC 

film exhibited the worst. Hence, surface characteristics, such as topography, are not 

significant to the tribological behavior of these ALD ZrO2 films. On the other hand, the 

grain orientation is significant. A higher ratio of (101)T to (110)T , the latter being the PO, 

was shown to be important in these unworn films in order to exploit the excellent 
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deformation behavior of these grains as well as the sliding induced tetragonal-to-

monoclinic transformation toughening property of the tetragonal grains. 

 

 

Figure 5.36: Schematic showing envisioned development of

microstructure during sliding in ALD ZrO2 



164 
 

5.4 Chapter Summary 

Zirconia monofilms were deposited on Si substrates by Atomic Layer Deposition 

using tetrakis(dimethylamido) zirconium (IV) and deionized water as Zr and O 

precursors, respectively, using 300, 600 and 1200 AB cycles at 200, 250, 300 and 350oC 

growth temperatures. The following were subsequently observed after testing and 

characterization: 

a) The roughness increased with thickness for the 200 and 250oC films. This was 

due to enhanced crystallization after an initial amorphous growth phase.  

b) The 300 and 350oC films were crystalline even at low thicknesses.  A smoothing 

trend beyond 600 cycles was seen for the higher temperature films. Film thickness 

measured using VASE and XRR showed increasing correlation as the film 

thickness and temperature increased. This was related to increased crystallization 

as well.  

c) The 300 and 350oC films were thicker than the two lower temperature films for 

similar number of cycles and this was linked to CVD-like growth due to precursor 

instability and decomposition. This thickening also increased with temperature.  

d) Surface cracks were seen in the higher temperature films which were related to 

thermal stresses that developed on cooling due to CTE mismatch with the 

substrate. These cracks were later shown to be insignificant to tribological 

behavior. 

e) XRR showed that all the films have a thick upper region of density 5.2-5.4 g/cc. 

XTEM showed this upper region is composed of nanocolumnar grains with 40-60 
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nm average widths at the surface. However, what differentiates the films is the 

density of the lower thin region near the substrate. The 300 and 350oC films have 

high density lower region (7.3-7.7 g/cc) near the substrate.  This was later shown 

by XTEM to be due to a preponderance of small grains near the substrate. On the 

other hand, the 200oC film showed a low density (4.9 g/cc) lower region, which 

was shown to be a highly amorphous region. The 250oC appeared to be a 

transition between the two extremes having a thin region near the substrate that is 

a mixture of amorphous and crystalline areas with a density of 5.9 g/cc. 

f) GIXRD was able to determine that the films had either tetragonal or cubic ZrO2 

grains but could not resolve between these phases due to similar lattice 

parameters. The presence and stability of these normally high-temperature phases 

at ambient conditions was attributed to the thin film configuration, nanoscale 

grains, substoichiometric composition (ZrO1.5) and low volatility and mobility of 

the Zr precursor molecules.  

g) The four 1200-cycle films grown at the four temperatures were tribotested on a 

pin-on-disc tribometer performed at ambient conditions using 20- (Po=0.57Pa) 

and 50-gram (Po=0.87 GPa) normal loads. The films successfully tested to 10,000 

cycles when the coefficient of friction remained below 0.2. Minimal to no wear 

was seen when the COF remained below this value but severe wear was 

determined when above 0.2.  

h) Pre-test surface characteristics, such as surface topography, do not play significant 

roles in the tribological properties of the films. However, the tribological 
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performance of the ZrO2 films is related to the growth temperature. At 20-gram 

chrome steel tests, the films can be ordered in terms of low friction and low wear 

performance as follows: 250oC > 300oC > 350oC > 200oC.  For the 20-gram 

silicon nitride tests, all the films failed but can still be ranked according to the 

length of the pre-failure (low COF) region and high COF value. The order is 

300oC > 250oC > 350oC > 200oC. Only the 250oC film had a replicate that did not 

fail in the 50-gram tests. This shows that ALD-grown nanocrystalline ZrO2 films 

can be optimally used in tribological applications if the maximum contact 

pressure is kept below 0.6 GPa. 

i) The 250oC film had superior performance in 20- and 50-gram tests with chrome 

steel pin and a close second to the 300oC film in the 20-gram silicon nitride tests. 

This was related to the synergistic effects of small grain size, absence of a high 

density layer next to the substrate and a higher ratio of (101)tetragonal to (110) 

tetragonal grain orientations. 

j) ZrO2-chrome steel (i.e. ceramic-metal) combination is better than ZrO2-silicon 

nitride (i.e. ceramic-ceramic) combination to promote low friction and wear due 

to lower adhesive forces.  

k) Weakly adherent transfer layers that can form in ALD ZrO2 – chrome steel 

system appear to have little effect on the friction and wear behavior in these 

nanocrystalline films, which suggests that the velocity accommodation mode 

responsible for improved tribological properties lies within the wear track; 
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l) The best (250oC film)  and the worst (200 oC film) in tribological performance 

were further analyzed using XTEM inside wear tracks. The poor tribological 

behavior of the 200oC film was to be due to its lack of deformation during sliding.  

In the 200oC  film, the applied energy was mainly being used to create new 

surfaces (e.g. abrasion ) on the pin surface. It lacks the positive energy dissipation 

modes found in the 250oC  film. 

m) Several energy dissipation modes were found in the 250oC film that enable it to 

absorb the applied mechanical energy during sliding without wear debris 

generation. These are described below: 

 Shearing of the grain tops and the subsequent diminution of the fractured 

particles produce an amorphous surface layer that is softer and easy to shear 

and plastically deform. The amorphous surface layer becomes friction-

reducing and allows self-lubrication. A smaller grain size is more desirable for 

the formation of this layer. This finding provides confirmation of the proposed 

low-temperature mechanism in lubricious oxides previously proposed by 

Zabinski and coworkers. However, the modifications to the model have to be 

made in view of other findings presented herewith in relation to 

nanocrystalline ZrO2. 

 Below the amorphous surface layer is a highly disordered and deformed 

region that extends until mid-thickness. Macrostrains were seen in the form of 

lattice bending and likely increased dislocation density nearest the surface 

layer and bending of columnar grains. Negative deformation was seen in the 
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form of microcracks that reach until mid-thickness. However, the 

amorphous/nanocrystalline region near the substrate appeared to stop the 

cracks from propagating further. The absence of this lower density region in 

the 300 and 350oC films could be partly to blame for their poorer tribological 

performance. 

 Selected Area Electron Diffraction was able to determine that the film is 

dominantly tetragonal in the as-deposited form. SAED of the worn film 

showed the tetragonal grains also accommodated the applied stress through 

microstrains besides the macrostrains described above. Microstrain occurs 

when the lattice spacing of the atoms shifts from an ideal value leading to a 

distribution of lattice spacing values. This was revealed in the SAED pattern 

by the thickening of the diffraction rings. 

 The (101)T grains experienced the largest microstrain. Hence, the superior 

tribological performance of the 250oC film could then be partly related to its 

higher amount of (101)T  grains compared to all the other films. This was 

contrasted with the 200oC film having the lower amount of (101)T orientated 

grains which also had the worst tribological performance. 

 The last dissipation mode seen was the stress or sliding-induced phase 

transformation of some tetragonal grains into monoclinic grains, which is a 

transformation toughening mechanism. This was revealed by SAED and 

electron energy loss spectroscopy (EELS). The separation between fingerprint 

peaks in the O K-edge spectrum was used to differentiate the phases. A 
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definite change in the bonding environment of the oxygen atoms was revealed 

going from the as-deposited film to the worn film. 

 Finally, the formation of an amorphous surface layer and the presence of 

energy dissipation modes that do not lead to wear debris formation are key 

elements identified to be responsible for the enhanced tribological 

performance observed in the 250oC ZrO2 film. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

 This study was able to establish that the ZnO/Al2O3 nanolaminates and ZrO2 

monofilms grown by Atomic Layer Deposition have the capability to be significantly 

lubricious at low temperatures if they are grown to exhibit a set of characteristics that 

allow these films to absorb the applied mechanical energy without significant wear debris 

generation. For the ZnO/Al2O3 nanolaminates, the following factors were determined that 

led to significant reduction in friction without excessive debris formation: 

1. Low temperature deposition below 250oC 

ALD deposition higher that 250oC lead to grain coarsening and thinning of the 

layers. Both effects  negatively affected tribological properties. 

2. High (002) ZnO preferred orientation (texture) 

This orientation has the lowest surface energy leading to lower friction, while the 

(100) face has higher surface energy.  Thus, the (002) nanocolumnar grains 

accommodated interfacial shear to a greater extent and exhibited more plastic 

deformation than the (100) grains or other reflections. 

3. Grain size below 20nm 

Grain size can be controlled by layer thickness. ZnO grains below 20nm promote 

significant plastic deformation that allow progressive grain refinement that 

eventually lead to amorphization. The refined grains become friction-reducing 
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surface/re-orientated layer that is easy to shear and deform. In this grain size 

range, the inverse Hall-Petch phenomenon may be active.  

4. Prevention of ZnO-Al2O3 intermixing 

The high-modulus Al2O3 must be kept outside the region of deformation of the 

ZnO so that they will not intermix. Otherwise, the resulting mixture is highly 

abrasive due to the absence of dislocations (plasticity) in amorphous Al2O3. This 

negates the advantages that laminating ZnO with Al2O3 which are to keep the 

grain size small and promote a (002) preferred orientation.  

  

At the center of the nanolaminates' observed lubricity is the formation of the 

amorphous--randomly orientated crystallite surface layer that is highly deformable. This 

stress-induced surface layer is formed through the progressive grain refinement of the 

ZnO top layer. Hence, the applied stress was continuously refining the ZnO grains as well 

as in moving material around the wear track in a shearing and plastically deforming 

process (i.e. velocity accommodation mode). The second oxide used for laminating must 

be carefully selected in order that the resulting deformed mixture will not be abrasive 

while achieving control of grain size and roughness, in some cases.  

 For the ZrO2 monofilms, as much as 80% reduction in friction versus bulk values 

was achieved. This friction reduction was accompanied by no to mild wear. This 

enhanced tribological performance was related to several energy dissipation modes 

present in the nanocrystalline ZrO2 films. They are described as follows: 
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1. ZrO2 has ability to form and replenish the amorphous surface layer that forms 

from upper portions of the nanocolumnar grains. This surface layer shears and 

deforms easily promoting friction-reduction. A small grain size promotes the 

formation of this layer.  

2. Dislocations, which need to be observed more closely in the future by HRTEM, 

are generated within the grains especially near the surface.  

3. ZrO2 grains can bend (plastically deform) in the direction of sliding. 

4. The atom planes exhibit localized bending near the surface depending on 

orientation. 

5. The presence of the amorphous-crystalline region near the substrate is beneficial 

for arresting microcracks that can sometimes form. 

6. The atom planes exhibit microstrain which is the deviation of the interplanar 

distance from normal values. Microstrain was highest in (101) tetragonal grains. 

Hence, a high proportion of (101)T grains is desirable for enhanced tribological 

performance. 

7. The tetragonal zirconia grains exhibit a stress or sliding-induced tetragonal -to-

monoclinic phase transformation. This transformation toughening mechanism is 

both an energy dissipation pathway and a crack-stopping mechanism during 

interfacial sliding.  

  

 The two material systems investigated in this study show that central to the low 

temperature lubricity of oxide ceramics is the formation of the amorphous or mixed 
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amorphous-randomly orientated crystallite surface layer. To this end, a smaller starting 

grain size (< 20 nm) and a grain orientation that is highly deformable (i.e. (002) texture 

for ZnO and increasing proportion of (101)T for ZrO2)  are important. In addition, 

incorporating energy dissipation pathways and crack-arresting mechanisms serve to 

restrict of formation of wear debris that lead to high friction and coating failure. 

 

6.2 Future Work 

Future studies on oxide lubricants have been planned. These include the 

following: 

1. Investigation of load, environment (N2 vs. air) and sliding velocity on the 

performance of the ZnO/Al2O3 nanolaminates and ZrO2 monofilms. 

2. Fabrication and characterization of other ALD nanolaminates such as ZnO/ZrO2 

since replacing Al2O3 with ZrO2 should result in better load bearing layer at 

higher contact stresses. 

3. Deposit ALD ZnO/ZrO2 lubricious oxides on thrust ball bearing samples for high 

temperature vacuum bearing testing with Timken Company since there is a 

current need for a high temperature solid lubricant. 

4. Utilization of HRTEM to elucidate the dislocation dynamics and shear 

deformation modes active in ALD lubricious oxides. Three-dimensional atom 

probe (3DAP) investigation of  oxide superlattices such as the 64-bilayer 

ZnO/Al2O3 nanolaminates to elucidate nanostructure and compositional 

interfaces. 
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5. High-temperature in-situ GIXRD studies of ALD ZrO2 to investigate phase 

transformation behavior with temperature. 
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