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Fatigue and Etching 

by 

Dilip P. Vijay 

S.B. Desu, Chairman 

Materials Engineering Science 

(ABSTRACT) 

Ferroelectric materials are characterized by a reversible spontaneous polarization 

i the absence of an electric field. The characteristic polarization response of a 

ferroelectric material to an applied electric field enables a binary state device in the form of 

a thin film ferroelectric capacitor that can be used to store digital information. This 

provides opportunities for the development of high speed, low cost and low power, 

nonvolatile memory devices. The development of commercial ferroelectric memory 

devices has however been hampered by (a) several reliability issues including fatigue, 

leakage current, aging, time dependent dielectric breakdown, retention and imprint and (b) 

processing problems mcluding the development of a low temperature thin film deposition 

process and the development of a patterning technology. 

Lead zirconate titanate (PZT) is now widely considered as the most promising 

material for ferroelectric memory applications as a result of its excellent ferroelectric 

properties and wide operating temperature range. However, it is commonly found that 

metal electroded-PZT capacitors (e.g., Pt/PZT/Pt) show a loss of switchable polarization 

with cumulative switching cycles. This phenomenon is known as fatigue and is the one of 

the critical problems affecting the lifetime of ferroelectric memories.



This research is primarily focused on the problem of fatigue. On the basis of a 

quantitative model, various guidelines to minimize the degradation problem have been 

dertved. The model attributes fatigue to domain pinning by space charge that is caused by 

defect (e.g. oxygen vacancy) entrapment at various interface sites such as electrode- 

ferroelectric interface, domain boundaries and grain boundaries. Two different approaches 

to minimize the problem have been outlined : (a) control of the defect density and (b) 

control of the interface state. The control of mterface state was achieved by replacing the 

metal electrodes with conducting oxide electrodes such as RuOQ>. The oxide 

electrode/PZT capacitors were characterized for their diffusion barrier properties, 

perovskite phase formation, interface nature and ferroelectric properties. The results 

indicate that these oxide electroded PZT films are good candidates for nonvolatile memory 

applications. However, the leakage current levels at the operating voltages are far higher 

than the metal counterparts. Simultaneous minimization of fatigue and leakage current in 

PZT films was achieved by usmg multilayer metal/conducting oxide electrodes (e.g., 

Pt/RuQ}). 

The control of defect density was attained by (a) donor doping to compensate for 

the oxygen vacancies (e.g, Nb dopmg m PZT) and (b) utilizmg ferroelectric materials that 

have a low intrinsic defect concentration. As a result of the latter approach, novel 

ferroelectric materials belonging to the layer-structure family of oxides have been 

identified as excellent candidates for fatigue free nonvolatile memory applications. Laser 

ablated SrBi7(TayNb1_x)209 (0<x<1) films showed very good hysteresis characteristics 

(remnant polarization value of 11 wC/cm2, coercive field of 60 kV/cm), no fatigue was 

observed up to 109 switching cycles and very low leakage current densities. Furthermore, 

the formation and properties of these films were characterized. It was found grain size and



orientation played a major role in determining the properties of these films. C-axis oriented 

films were found to exhibit almost no polarization. 

An additional objective of this research was to identify an etching technology 

(process integration issue) for patterning of the ferroelectric capacitors. The etching 

process should provide high etch rates, good etch anisotropy, high etch selectivity and 

minimal post etch residues. It has been shown that a reactive ion etch process with 

CCloF>/O> as the etch gas mixture can meet these requirements. A detailed process study 

has been conducted to determine the mechanism of etching.



Dedication 

To my parents 

Geetha and Vijayan 

and my sister 

Devi Vijay



Acknowledgments 

I wish to first thank Dr. S.B. Desu for not only providing me with inspiration and 

moral support through this dissertation but for also bemg my mentor, guide and a good 

friend. I respect him for his brilliance, hard work and exhaustive knowledge of this field. I 

am grateful to him for allowing me to pursue my own research interests while providing 

me with guidance when asked or needed. I also wish to thank him for all his support and 

suggestions in my career decision making processes. 

I am grateful to Dr. R.'W. Hendricks for servmg on my committee and guiding me 

solely through the early part of my graduate study. He was mainly responsible for my 

admission to Virginia Tech and the financial support that followed. Without his 

enthusiastic support, I would not be here. I am forever indebted to him. 

I am grateful to Professors Bill Reynolds (whose patience, quest for knowledge 

and willingness to help never ceases to amaze me), Steve Kampe and Rick Davis for 

including me in their already heavy loads of responsibility by serving on my committee and 

showing a great deal of interest in my dissertation. Most of the improvements in the final 

version of this dissertation are due to their expert and suggestions. Through useful 

discussions with them, I have been able to gain a wider perspective on my work. 

My work was greatly expedited by Jan Doran, Suzette Sowers, Amy Hill, Cmdy 

Klien, Tabatha Johnson, Amber Neilsen, Julie Bhatt and Lisa Mullins, who somehow 

remained patient and cheerful no matter how often I pestered them. In particular, I would 

like to thank Adele Hobday for providing me with a great deal of assistance and for bemg 

a very good friend. 

There were always fellow lab workers, past and present, to whom I tured to 

gratefully for assistance. I greatly enjoyed working with Hemanshu Bhatt, Shanky 

Ramanathan, Greg Menk, Justin Gaynor, Steve Stowell, Carlos Suchicital, Ashraf Khan, 

Warren Hendricks, Xubai Zhang, Wei Pan , Jei Sie, Jhng Fang, Hollywood Chen, 

Chiencha Chiu, Gene Li, Chi Kwok, Jhin-Yi Tsai, Yoogjong Song, Calvin Doss, J.J. Lee,



Tingki Li, Yong-Fei Zhu, Brian Dickerson, Chai-Liang Thio, Z. Chen, May Nyman, Dr. 

Cho, Ryu, Nikhil, Jay Senkewich, Hwang (Golden Child), Paige, P.C. Joshi and, of 

course, Ramu (Suku) and Shamu (Vedula). Steve Macartney, Dr. Baoping He and Dr. 

Gang Chen greatly aided my work through their competent assistance with microscopy, 

composition analysis and x-ray diffraction analysis. 

My sincere thanks go to very many friends, both im this department and in other 

departments, for all their support and encouragement. I consider myself fortunate that I 

have come to know fellow colleagues and great friends such as Christophe Vailhe, 

Srivatsan Srinivas (Watty), Anne Vilette, Liz Myers, Joy Longhenry, Mike Stawovy, 

Virginie Vaubert, Kermit Kwan, Mona Moret, Nikhil Verghese, Joel Lee, Ravi Verma, 

Dave Teter, Batsy and Tobeka with whom I have shared many a good time. 

I wish to thank SHARP Microelectronics, Inc., Japan, CERAM, USA, ARPA, 

CIT-Va and Radiant Technologies for providing us with contmued financial support 

through this dissertation work. 

To Jen Elster I offer special thanks for all her support and her assistance in the 

preparation of this dissertation. 

I dedicate this dissertation to my parents, Geetha and Vijayan, my sister Devi, my 

grandmother Ammini and all my other family without whose blessings I would not have 

been able to achieve this goal. I have no words to describe the guidance, support and 

encouragement that they have provided me with over the years.



Chapter 1. 

| 

1.2 

1.3 

1.4 

1.5 

1.6 

Chapter 2. 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.8 

Chapter 3. 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

Chapter 4. 

Table of Contents 

Introduction 

Ferroelectric Memories 

Basic Operation 

Purpose of Research 

Objectives of Research 

Presentation of Results 

References 

Fatigue - Problem Definition and Modeling 

Abstract 

Introduction 

Fatigue Model 

Experimental Evidence 

Guidelines for Minimization 

Summary 

References 

Minimization of Fatigue I : Oxide Electrodes 

Abstract 

Introduction 

Experimental Procedure 

Results and Discussion 

Conclusions 

References 

Minimization of Fatigue IT : Multilayer Metal/Metal 

11 

12 

13 

16 

16 

16 

19 

31 

37 

38 

38 

42 

42 

42 

45 

47 

76 

78



4.1 

4.2 

4.3 

4.4 

4.4 

4.5 

Chapter 5. 

5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

Chapter 6. 

6.1 

6.2 

6.3 

6.4 

6.5 

6.6 

Oxide Electrodes 

Abstract 

Introduction 

Experimental Procedure 

Results and Discussion 

4.4.1 Pt/RuO> Multilayer Electrodes 

4.4.2 Pt-Rh/Rh703 Multilayer Electrodes 

Conclusions 

References 

Minimization of Fatigue III : Control of Defect Density 

Abstract 

Introduction 

Dopant Additions 

Alternate Materials 

Summary 

References 

Formation and Properties of StBi7Ta7O9 Thin Films 

Abstract 

Introduction 

Experimental Procedure 

Results and Discussion 

Conclusions 

References 

80 

81 

$1 

84 

87 

87 

94 

104 

105 

107 

108 

108 

109 

115 

126 

127 

129 

130 

130 

132 

131 

142 

142



Chapter 7. 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

Chapter 8. 

8.1 

8.2 

8.3 

8.4 

8.5 

8.6 

Chapter 9. 

Appendix A. 

Appendix B. 

Vita 

Oriented Growth of SrBi7Ta7O9 Thin Films 

Abstract 

Introduction 

Experimental Procedure 

Results and Discussion 

Conclusions 

References 

Reactive Ion Etching of Lead Zirconate Titanate 

Thin Film Capacitors 

Abstract 

Introduction 

Experimental Procedure 

Results and Discussion 

Conclusions 

References 

Conclusions and Recommendations 

Sol-gel Processing of PZT Films 

Ferroelectric Property Measurements 

143 

144 

145 

150 

151 

159 

159 

161 

162 

162 

164 

166 

181 

181 

183 

188 

190 

192



Figure 1.1 

Figure 1.2 

Figure 1.3 

Figure 2.1 

Figure 2.2 

Figure 2.3 

Figure 2.4 

Figure 2.5 

Figure 2.6 

Figure 2.7 

Figure 2.8 

List of Figures 

ABO3 perovskite unit cell 

Hysteresis loop of a ferroelectric material 

Proposed ferroelectric memory cell device configuration 

Schematic of the read/write operation in a ferroelectric memory cell 

Effect of fatigue on the properties (polarization and coercive field) of 

a thin film ferroelectric material [13] 

Temperature dependence of the fatigue rate [13] 

Schematic of the fatigue model for a ferroelectric capacitor 

Fatigue curve fitting for Pt/PZT/Pt capacitors as a function of voltage 

(t = 0.3 um, size = 0.1x 0.1 mm2) [20] 

Voltage dependence of the decay constant. Calculated jump distance 

= 0.418 nm, measured lattice constants : a = 0.4113 nm and c = 

0.4138 nm [20] 

Auger microprobe data for fatigued PZT films with Pt and Au 

electrodes. Note that the oxygen concentration drops off near the 

electrodes [26] 

The fatigue cycle and thickness dependence of 1/Cm for Pt/PZT/Pt 

capacitors. The increasing value of the intercepts shows that the 

width of the space charge layer increases with fatigue cycling



Figure 3.1 

Figure 3.2 

Figure 3.3 

Figure 3.4 

Figure 3.5 

Figure 3.6 

Figure 3.7 

Figure 3.8 

Figure 3.9 

Figure 3.10 

Figure 3.11 

Figure 3.12 

Figure 3.13 

Comparison of relative Pb concentrations on the surface of 

RuQ2/PZT (x=.53) and ITO/PZT films as a function of annealing 

temperature 

The Zr/Ti ratio and Pb/(Zr + Ti) ratio on the surface of RuO7/PZT 

films of different compositions annealed at 650°C 

RBS profile of the as-deposit, 500°C and 550°C annealed 

SV/ITO/PbO samples 

RBS profile of the as-deposit, 500°C and 550°C annealed 

SVITO/PZT samples 

RBS profile of the as-deposit, 500°C and 550°C annealed 

Si/RuO>/PbO samples 

RBS profile of the as-deposit, 550°C and 600°C annealed 

Si/RuO7/PZT samples 

XRD patterns of Si/RuO7/PZT samples annealed at various 

temperatures between 400°C and 700°C 

A typical hysteresis loop obtained from RuO2/PZT/RuO> capacitors 

Comparison of fatigue properties of PZT films on Pt and RuO> 

electrodes 

Overview of Si/Si07/RuO2/PZT thin film showing the mterface 

structures and texture of the RuQ> and PZT layers 

Typical electron diffraction pattern of the Si/SiO07/RuO>/PZT thm 

film 

Enlargement of Figure 3.10 showing lattice fringes within the RuQ> 

grains. Note also the nanocrystalline pyrochlore layer 

RuO>/PZT interface showing curved interphase boundaries.



Figure 3.14 

Figure 3.15 

Figure 3.16 

Figure 3.17 

Figure 4.1 

Figure 4.2 

Figure 4.3 

Figure 4.4 

Figure 4.5 

Figure 4.6 

Figure 4.7 

Figure 4.8 

Figure 4.9 

HRTEM image of the RuO>/PZT interface showing [101] zone axis 

of PZT 

Electrode effects on I/V characteristics of PZT films 

Typical current-time behavior for a ferroelectric capacitor 

Results of the unified fatigue/TDDB test on PZT capacitors 

Schematic of the proposed multilayer metal/metal oxide electrode 

structure for PZT thin films 

XRD pattern of PZT films deposited on Pt/RuO> electrodes with 

various thickness’ of the oxide electrode. PZT films were annealed at 

650 °C for 30 mm. 

Glancing angle XRD pattern of PZT films on Pt/RuO> multilayer 

electrodes. 

XRD pattern of Pt/RuO> as a function of RuO> thickness : (a) 70 nm 

(b) 50 nm. 

Hysteresis properties of PZT films on Pt/RuO> multilayer electrodes 

Fatigue properties PZT films on Pt/RuO> multilayer electrodes 

Current- Voltage characteristics of Pt/RuO> (50 nm)/PZT capacitors 

RBS profile of Pt-Rh electrodes (3/19/3) multilayer electrodes 

deposited on Si/SiO> substrates by reactive sputtermg in O72 

atmosphere at 450 °C 

XRD pattem of PZT films deposited on Si/Si02/Rh,O,/Pt- 

Rh/Rh, Oy substrates. The patterns are shown as a function of 

surface Rh, Oy layer thickness. PZT films were annealed at 650 oc 

for 30 mm



Figure 4.10 

Figure 4.11 

Figure 4.12 

Figure 5.1 

Figure 5.2 

Figure 5.3 

Figure 5.4 

Figure 5.5 

Figure 5.6 

Figure 5.7 

Typical hysteresis behavior of PZT films annealed at 650 °C for 30 

min on 3/16/6 Pt-Rh multilayer electrodes 

Fatigue behavior of PZT films annealed at 650 °C for 30 min on 

3/16/6 Pt-Rh multilayer electrodes 

TDDB characteristics PZT films annealed at 650 °C for 30 min on 

3/16/6 Pt-Rh multilayer electrodes 

(a) Fatigue and (b) leakage current properties of undoped Pt/PZT and 

RuO,/PZT capacitors 

(a) Fatigue and (b) leakage current properties of Nb-doped Pt/PZT 

and RuO,/PZT capacitors 

Schematic of the pulsed laser deposition chamber used for the growth 

of SrBi7(Ta,Nb}).x)209 (SBTN) thin films 

The plots of refractive index and extinction coefficient as a function of 

wavelength for SBTN films with a composition of x = 0.8. 

XRD pattem of SrBi,(Tao.4 Nbo.s)205 films grown on Si/SiO,/Ti/Pt 

at 700 °C by laser ablation 

Microstructure of SBTN films deposited using PLD at 700°C on Pt 

electrodes by laser ablation. 

(a) Hysteresis properties of SrBi.(Tao.4 Nbo.¢)20y films grown on 

Si/SiO,/Ti/Pt at 700 °C before fatigue cycling (b) the fatigue behavior 

of Pt/SBTN/Pt capacitors at 5V and 1 MHz (bipolar square wave) 

frequency (c) hysteresis characteristics of Pt/SBTN(x=0.8)/Pt films 

after fatigue cycling



Figure 6.1 

Figure 6.2 

Figure 6.3 

Figure 6.4 

Figure 7.1 

Figure 7.2 

Figure 7.3 

Figure 7.4 

XRD pattern of SrBi7Ta7Oog films as a function of deposition 

temperature. 

Bi concentration of SrBi7Ta2Oog films as a function of deposition 

temperature. 

(a) Grain size of SrBi7Ta7Oo9 on Pt/Ti/SiO>/Si substrates. Results 

were taken from SEM photographs using the lmear intercept method 

(b) the corresponding SEM micrographs of SrBi7Ta7Oog film 

fabricated at deposition temperatures of 650 °C and 700 °C 

Hysteresis properties measured at a frequency of 100 Hz and an 

applied voltage of 5V for 200 nm thick SrBi7Ta7Oo films fabricated 

at various deposition temperature 

(a) Schematic of the currently used capacitor structure for nonvolatile 

memory applications of SBT films. (b) Schematic of the device 

structure proposed in this paper. 

Schematic of the unit cell of ABi.B.O, layered structure oxides; for 

SrBi,Ta,0o, A = Sr and B= Ta 

X-ray diffraction patterns of Pt films sputter deposited on single 

crystal MgO (100) substrates as a function of deposition 

temperature; (a) room temperature deposition, (b) 600 °C deposition 

and (c) 700 °C deposition 

X-ray diffraction patterns of SrBi,Ta,O, thin films deposited on (a) 

MgO/Pt (RT), (b) MgO/Pt(600 °C) and (c) MgO/Pt(700 °C) 

substrates at a substrate temperature of 700 °C



Figure 7.5 

Figure 7.6 

Figure 7.7 

Figure 8.1 

Figure 8.2 

Figure 8.3 

Figure 8.4 

Figure 8.5 

Figure 8.6 

Pole figures of SrBi,Ta,0O, thin films deposited on (a) MgO/Pt (RT), 

(b) MgO/Pt(600 °C) and (c) MgO/Pt(700 °C) substrates at a 

substrate temperature of 700 °C 

The hysteresis characteristics of MgO/Pt/SrBi,Ta,0,/Pt capacitors 

as a function of degree of c-axis orientation; (a) MgO/Pt (RT)SBT, 

(b) MgO/Pt(600 °C)/SBT and (c) MgO/Pt(700 °C)/SBT. Ch1 and 

Ch2 denote the x-axis and y-axis divisions respectively. 

The dielectric properties of MgO/Pt/SrBi,Ta,0,/Pt capacitors as a 

function of degree of c-axis orientation. 

Schematic of the etch structures used m the etching of PZT and RuO» 

thin films 

The etch rate of PZT thin films as a function of CClyF> gas flow rate. 

The effect of RF power on the etch rate of PZT thin films at constant 

gas pressure 

The etch rate of PZT films as a function of % O? im the etch gas. 

SEM micrograph of PZT thin film sample showing the high etch 

anisotropy obtained under conditions of low gas pressure and low RF 

power 

(a) The ESCA wide scan of the PZT film surface before and after the 

etch process (b) the ESCA wide scan of the PZT film surface after 

partial etching (4 min under the given conditions) and (c) the 

composition of the PZT film surface as a function of etch time 

determmed from the ESCA narrow scans.



Figure 8.7 

Figure 8.8 

Figure 8.9 

Figure 8.10 

The etch rate of RuO> thin films as a function of flow rate of CClpF> 

gas (no oxygen added to the etch gas) 

The etch rate of RuO? thin films as a function of gas pressure. 30% 

of the etch gas contamed oxygen. The effect of O> addition can be 

seen by comparing this result to Figure 8.7 

The etch rate of RuO? thin films as a function of %O> in the etch gas 

at various gas pressures. 

The effect of RF power on the etch rate of RuO> thin films.



Table 2.1 

Table 3.1 

Table 4.1 

List of Tables 

Role of oxygen vacancies on the ferroelectric and fatigue properties of 

the films [27]. Fatigue properties of Pt/PZT capacitors as a function 

of partial pressure of oxygen is presented. 

EPMA results on the PZT samples of different compositions, all 

annealed at 650°C on sapphire substrates. 

Summary of the electrical properties (hysteresis, fatigue and leakage 

current) of PZT films on the various Pt-Rh electrodes.



Chapter 1 : Introduction 

In this chapter, the reader is mtroduced to the current status of digital memories 

and how ferroelectric materials can radically impact this technology. The basic operation 

of a ferroelectric memory device is then discussed. Following this, the processing and 

reliability problems involved in the development of commercial ferroelectric memories is 

assessed to lay the foundation for the purpose of this research. The specific objectives of 

this dissertation is outlined subsequent to this section and finally a brief description of the 

contents of this dissertation is provided. 

1.1 FERROELECTRIC MEMORIES 

There are fourteen generically different kinds of digital memories im use today. 

These memories range from the slow, inexpensive tapes or disks used for archival storage 

to fast but expensive static random access memories (SRAMs) and the slightly slower 

dynamic random access memories (DRAMs) [1]. Some of the more expensive devices 

including the plated wire, complementary metal oxide semiconductor (CMOS) with 

battery backup, electrically erasable read-only memories (EEPROMs) and core memories 

generally have a combination of attributes required for specific applications, particularly 

nonvolatility and radiation hardness. Among all these devices, the DRAMs are the most 

popular and widely used memories in the computer industry today. These memories are 

now available up to 1 Mbit and dominate the $8 billion per year computer memory market 

today. 

Typically, the memory cell in a DRAM consists of a single transistor and a single 

capacitor im which the information is stored in the form of charge in the capacitor and the



switching transistor is used to isolate the capacitor [2]. To satisfy the compelling need to 

increase the density of DRAMs above | Mbit (4 to 256 Mbit), more capacitor cells need 

to be packed in the same die size. This makes the use of the current candidate SiO> as the 

dielectric layer impractical. The dielectric layer has to be so thin that process control 

becomes extremely difficult and electron tunneling becomes a major concem. One of the 

ways to overcome this problem is to change the design of the capacitors from the 

presently used planar structure to either a ‘trench’ or a 'stack' structure [3]. These 

geometries provide greater capacitative area, so the capacitor can store the total required 

charge even though it occupies less real estate on the die. However, these designs will 

make the processmg undoubtedly complex and thus not be able to satisfy the 256 Mbit 

requirements. The other alternative is to look for dielectric materials that have 

substantially higher dielectric constants and therefore higher charge storage capacities. It is 

this search that has resulted m a closer exammation of ferroelectric materials for memory 

applications. 

Some of the more commonly used ferroelectrics have dielectric constants at least 

two orders of magnitude higher than that of SiOz. More importantly, the characteristic 

polarization response of a ferroelectric to an electric field make them perfect candidates 

for use as nonvolatile memory devices. The mformation im current DRAMsSs is stored im the 

form of charge im a linear capacitor (Si0> dielectric). To maimtain the charge, a constant 

voltage is always required on the capacitor and therefore the mformation is lost when the 

power is turned off (volatile). In contrast, the information in ferroelectric memories is 

stored in the polarization state of the ferroelectric material itself [1-3]. The ferroelectric 

capacitor has a highly nonlinear dielectric with permanent charge retention capabilities 

after application of a voltage by an extemal circuit [4]. Additionally, ferroelectric materials 

are also extremely radiation hard; for example, a typical ferroelectric can withstand 5



Mrad of high energy x-rays per square centimeter and an intensity of 10!! rad/cm/sec [1]. 

The intrmsic nonvolatility and radiation hardness of ferroelectric RAMs may greatly 

simplify the existing collection of computer memories. In principle, the FRAM could 

replace the SRAM im cache memory, DRAM in the mam system memory and EEPROM in 

the lookup tables. The distinct advantages of FRAMs over other nonvolatile memories 

include fast write and erase access times on the order of nanoseconds, low operating 

voltages (SV or less), long write/erase lifetime, wide operating temperature range (-180 

9C to 350 OC) and high radiation hardness necessary m military and space applications. If 

the cost of FRAMs can be reduced to the level comparable to magnetic storage, it could 

also replace the hard disk as the mass storage device because of its faster access speeds 

and due to the lack of any mechanical wear problems. Finally, m addition to computer 

memories, ferroelectric memories can be used for a wide variety of other applications 

ranging from automobiles and mobile phones to kitchen and household appliances. 

1.2 BASIC OPERATION 

Ferroelectric materials are characterized by a reversible spontaneous polarization 

in the absence of an electric field [4--7]. Spontaneous polarization m a ferroelectric arises 

from a noncentrosymmetric arrangement of ions im its unit cells which produces an electric 

dipole moment associated with the unit cell. Adjacent unit cells tend to polarize in the 

same direction and form a region called a ferroelectric domam. The most common 

ferroelectrics have the ABO; perovskite structure as shown in Fig.1.1. Above the Curie 

temperature, these materials have a centrosymmetric structure and therefore lose all 

spontaneous polarization. In this state, the material is termed paraelectric. As the 

temperature is lowered through the Curie point, a phase transformation takes place from



            

  
Figure 1.1 ABO3 perovskite unit cell



the paraelectric state to the ferroelectric state. The center ion is displaced from its body- 

centered position and the cubic umit cell deforms to assume one of the 

noncentrosymmetric structures such as tetragonal, rhombohedral or monoclinic structures. 

When an increasingly strong electric field is applied to a ferroelectric, the polarization 

shows a hysteresis behavior with the applied field (Fig. 1.2). In the initial stages, the 

ferroelectric domains that are oriented favorably with respect to the applied field direction 

grow at the expense of other domams. This continues until total domam growth and 

reorientation have occurred. At this stage, the material has reached its saturation 

polarization Px. Ifthe electric field is then removed, some of the domaims do not return 

to their random configurations and orientations. The polarization at this stage is called the 

remmant polarization P,. The strength of the electric field required to retum the 

polarization to zero is the coercive field, E,. 

Although it is possible to utilize these ferroelectric properties for a wide variety of 

applications, the primary impetus of recent research activity im this field is directed 

towards the development of nonvolatile random access memories [4]. In principle, the 

memory application is based on the hysteresis behavior of polarization with electric field as 

shown in Fig. 1.2. When an external voltage is applied to a ferroelectric capacitor, there is 

a net ionic displacement in the unit cells of the ferroelectric material. The mdividual unit 

cells interact constructively with their neighbors to produce domains within the material. 

As the voltage is removed, the majority of the domains will remam poled im the direction 

of the applied field, requiring compensating charge to remain on the plates of the 

capacitor. It is this compensating charge that causes the hysteresis in the polarization with 

applied external voltage [8]. At zero applied field, there are two states of polarization, + 

P,. Furthermore, these two states of polarization are equally stable. Either of these two 

states could be encoded as a ‘1’ or a ‘0’ and since no external field (power) is required to
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Ps 

+Pr 

  

  

-Ec , +Ec 

  
Figure 1.2 Hysteresis loop of a ferroelectric material



maintain these states, the memory device is nonvolatile. Clearly, to switch the state of the 

device, a threshold field greater than + E, is required. Additionally, in order to reduce the 

required applied voltage (to within 5V) for a given E,, the ferroelectric materials need to 

be processed in the form of thin films. 

From a digital point of view, if a voltage is applied to a ferroelectric capacitor in a 

direction opposite of the previous voltage, the remnant domaims will switch, requiring 

compensating charge to flow onto the capacitor plates [8]. Ifthe field is applied in the 

direction of the previously applied field, no switching takes place, no change occurs in the 

compensating charge, and a reduced amount of charge flows to the capacitor. This 

property can be used to read the state or write a desired state mto the capacitor. In most 

ferroelectric memories, the memory cell is read destructively by sensing the current 

transient that is delivered to a small load resistor when an external voltage is applied to the 

cell. For example, if a memory cell is m a negative state (-P,) and a positive switching 

voltage is applied to it, there will be a switching of charge given by [4-5]: 

Q=AsE, + A(dP/dt) (1.1) 

where A is area of the cell, ¢ is the dielectric constant of the ferroelectric material, Eg is 

the applied field and P is the polarization of the ferroelectric. Equation 1.1 indicates that 

this current transient, known as the "switching current", consists of a lmear dielectric 

response (AgE,) and a displacement current. A "“nonswitching current" transient, for 

example, is the response of a memory cell in a positive state (+P,) to a positive applied 

voltage. In this case, 

Q=AsE, (1.2)



A sense amplifier and other associated circuitry is used in a FRAM device to determine 

these current transients and thereby read the state of the device. 

The basic operation discussed so far described the working of a typical destructive 

readout (DRO) single transistor-single capacitor ferroelectric memory device. It may 

noted that ferroelectric materials are also beimg considered for other memory device 

versions such as single transistor metal-ferroelectric-semiconductor (MFST) nonswitching 

memory applications and low voltage nondestructive readout applications [2-3]. 

However, throughout this dissertation, our focus will be on the DRO single transistor- 

single capacitor ferroelectric memories. 

1.3 PURPOSE OF RESEARCH 

One of the proposed memory cell configurations for a FRAM consists of a single 

ferroelectric capacitor on top of a single CMOS (complementary metal oxide 

semiconductor) transistor in each memory cell [1-2]. A schematic of this structure is 

shown in Fig. 1.3. The capacitor stores the charge (i.e., the mformation) and the CMOS 

transistor is used to access the device. From the standpomt of VLSI (Very Large Scale 

Integrated circuit) production, the insertion of the ferroelectric capacitor imto the existing 

CMOS devices is far less complicated than developing an entirely new processing scheme. 

However, there are several technological issues involved in the tegration process that are 

strongly dependent on the ferroelectric and electrode materials; therefore, the choice of 

materials is a critical factor in determining the performance of the device. The materials 

chosen must not only have excellent figures of merit, but also have to satisfy the very 

stringent VLSI fabrication requirements. In general, for FRAM applications, the 

ferroelectric material should show a high P,, low E,, low dielectric constant, low dielectric
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Figure 1.3 Proposed ferroelectric memory cell device configuration



�l�o�s�s�,� �h�i�g�h� �C�u�r�i�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �g�o�o�d� �t�h�e�r�m�a�l� �s�t�a�b�i�l�i�t�y� �i�n� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �a�m�b�i�e�n�t� 

�c�o�n�d�i�t�i�o�n�s�[� �1�-�3�,� �9�]�.� �A�l�t�h�o�u�g�h� �s�e�v�e�r�a�l� �c�a�n�d�i�d�a�t�e� �f�e�r�r�o�e�l�e�c�t�r�i�c�s� �s�u�c�h� �a�s� �t�r�i�g�l�y�c�e�r�i�n�e� �s�u�l�p�h�a�t�e� 

�(�T�G�S�)�,� �K�N�O�3�,� �B�a�T�i�O�3�,� �P�b�T�i�O�;� �a�n�d� �o�t�h�e�r� �m�e�m�b�e�r�s� �o�f� �t�h�e� �p�e�r�o�v�s�k�i�t�e� �t�i�t�a�n�a�t�e� �a�n�d� �n�i�o�b�a�t�e� 

�f�a�m�i�l�i�e�s� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d�,� �i�t� �i�s� �n�o�w� �w�i�d�e�l�y� �a�c�k�n�o�w�l�e�d�g�e�d� �t�h�a�t� �t�h�e� �s�o�l�i�d� �s�o�l�u�t�i�o�n� �o�f� 

�P�b�T�i�0�3� �a�n�d� �P�b�Z�r�O�;� �i�.�e�.�,� �P�b�Z�r�,�T�i�;�.�,�.�0�3� �(�P�Z�T�)� �w�i�t�h� �a� �c�o�m�p�o�s�i�t�i�o�n� �c�l�o�s�e� �t�o� �x� �=� �0�.�5� �i�s� �h�i�g�h�l�y� 

�s�u�i�t�a�b�l�e� �f�o�r� �m�e�m�o�r�y� �a�p�p�l�i�c�a�t�i�o�n�s� �[�1�-�3�,� �9�]�.� �T�h�e� �p�o�p�u�l�a�r�i�t�y� �o�f� �P�Z�T� �(�x� �=�0�.�5�)� �i�s� �d�u�e� �t�o� �a� 

�c�o�m�b�i�n�a�t�i�o�n� �o�f� �e�x�c�e�l�l�e�n�t� �f�e�r�r�o�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s�,� �a� �w�i�d�e� �o�p�e�r�a�t�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e�,� 

�s�t�a�b�i�l�i�t�y� �i�n� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �a� �l�a�r�g�e� �k�n�o�w�l�e�d�g�e� 

�b�a�s�e� �o�n� �t�h�i�s� �m�a�t�e�r�i�a�l� �i�n� �t�h�e� �b�u�l�k� �f�o�r�m� �[�5�]�.� �T�h�e� �e�l�e�c�t�r�o�d�e� �m�a�t�e�r�i�a�l� �r�e�q�u�i�r�e�s� �c�o�m�p�a�t�i�b�i�l�i�t�y� 

�w�i�t�h� �V�L�S�I� �p�r�o�c�e�s�s�i�n�g�,� �h�i�g�h� �c�o�n�d�u�c�t�i�v�i�t�y�,� �m�i�n�i�m�a�l� �i�n�t�e�r�a�c�t�i�o�n� �(�i�n�t�e�r�d�i�f�f�u�s�i�o�n� �b�a�r�r�i�e�r�)� �w�i�t�h� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �a�n�d� �s�u�b�s�t�r�a�t�e� �m�a�t�e�r�i�a�l�s� �a�t� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �a�m�e�n�a�b�i�l�i�t�y� �t�o� �d�r�y� 

�e�t�c�h�i�n�g�.� �C�u�r�r�e�n�t�l�y�,� �P�t� �i�s� �t�h�e� �m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� �e�l�e�c�t�r�o�d�e� �m�a�t�e�r�i�a�l� �f�o�r� �P�Z�T� �t�h�i�n� �f�i�l�m� 

�a�p�p�l�i�c�a�t�i�o�n�s� �b�e�c�a�u�s�e� �o�f� �i�t�s� �h�i�g�h� �c�o�n�d�u�c�t�i�v�i�t�y� �a�n�d� �h�i�g�h� �c�h�e�m�i�c�a�l� �a�n�d� �t�h�e�r�m�a�l� �s�t�a�b�i�l�i�t�y�.� 

�A�l�t�h�o�u�g�h� �P�t�/�P�Z�T�/�P�t� �c�a�p�a�c�i�t�o�r�s� �a�r�e� �c�u�r�r�e�n�t�l�y� �t�h�e� �m�o�s�t� �p�o�p�u�l�a�r� �c�a�n�d�i�d�a�t�e�s� �f�o�r� 

�F�R�A�M� �a�p�p�l�i�c�a�t�i�o�n�s�,� �t�h�e�r�e� �a�r�e� �s�t�i�l�l� �s�e�v�e�r�a�l� �t�e�c�h�n�o�l�o�g�i�c�a�l� �i�s�s�u�e�s� �t�h�a�t� �c�o�n�t�i�n�u�e� �t�o� �h�i�n�d�e�r� �t�h�e� 

�c�o�m�m�e�r�c�i�a�l� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e�s�e� �m�e�m�o�r�i�e�s�.� �T�h�e�s�e� �p�r�o�b�l�e�m�s� �c�a�n� �b�e� �b�r�o�a�d�l�y� �c�l�a�s�s�i�f�i�e�d� �a�s� �:� 

�(�a�)� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �t�h�i�n� �f�i�l�m� �d�e�p�o�s�i�t�i�o�n� �p�r�o�c�e�s�s� �f�o�r� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �a�n�d� 

�e�l�e�c�t�r�o�d�e� �m�a�t�e�r�i�a�l�s�;� �(�b�)� �r�e�l�i�a�b�i�l�i�t�y� �i�s�s�u�e�s� �t�h�a�t� �m�c�l�u�d�e� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�b�l�e�m�s� �s�u�c�h� �a�s� �f�a�t�i�g�u�e� 

�(�l�o�s�s� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n� �o�n� �r�e�p�e�a�t�e�d� �s�w�i�t�c�h�i�n�g�)�,� �a�g�i�n�g� �(�p�o�l�a�r�i�z�a�t�i�o�n� �d�e�c�a�y� �w�i�t�h� �t�i�m�e�)�,� �h�i�g�h� 

�l�e�a�k�a�g�e� �c�u�r�r�e�n�t�s� �(�c�o�n�d�u�c�t�i�o�n� �i�n� �t�h�e� �d�i�e�l�e�c�t�r�i�c�s�)�,� �t�i�m�e� �d�e�p�e�n�d�e�n�t� �d�i�e�l�e�c�t�r�i�c� �b�r�e�a�k�d�o�w�n� �a�n�d� 

�i�m�p�r�i�n�t� �(�l�o�c�k�i�n�g� �i�n� �a� �p�r�e�f�e�r�r�e�d� �p�o�l�a�r�i�z�a�t�i�o�n� �s�t�a�t�e�)� �i�n� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �f�i�l�m�s�;� �a�n�d� �(�c�)� �p�r�o�c�e�s�s� 

�i�n�t�e�g�r�a�t�i�o�n� �i�s�s�u�e�s� �i�n�c�l�u�d�i�n�g� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a�n� �e�t�c�h�i�n�g� �t�e�c�h�n�o�l�o�g�y� �f�o�r� �p�a�t�t�e�r�n�i�n�g� �t�h�e� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �c�a�p�a�c�i�t�o�r�s�.� 
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�t�e�m�p�e�r�a�t�u�r�e�s� �c�a�n� �c�a�u�s�e� �i�n�t�e�r�d�i�f�f�u�s�i�o�n� �p�r�o�b�l�e�m�s� �b�e�t�w�e�e�n� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c�,� �e�l�e�c�t�r�o�d�e� �a�n�d� 

�t�h�e� �s�u�b�s�t�r�a�t�e� �m�a�t�e�r�i�a�l�s� �a�n�d� �t�h�e�r�e�b�y� �d�e�g�r�a�d�e� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �d�e�v�i�c�e�.� �T�h�e� �d�e�p�o�s�i�t�i�o�n� 

�p�r�o�c�e�s�s� �s�h�o�u�l�d� �a�l�s�o� �p�r�o�v�i�d�e� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �c�o�n�t�r�o�l�,� �s�m�o�o�t�h� �m�o�r�p�h�o�l�o�g�y� �a�n�d� �h�i�g�h� �p�a�c�k�i�n�g� 

�d�e�n�s�i�t�y� �i�n� �t�h�e� �f�i�l�m�s�.� �S�i�g�n�i�f�i�c�a�n�t� �p�r�o�g�r�e�s�s� �h�a�s� �b�e�e�n� �m�a�d�e� �i�n� �i�d�e�n�t�i�f�y�i�n�g� �p�r�o�c�e�s�s�e�s� �t�h�a�t� �c�a�n� 

�m�e�e�t� �t�h�e�s�e� �r�e�q�u�i�r�e�m�e�n�t�s� �[�1�0�-�1�5�]�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�l�i�a�b�i�l�i�t�y� �o�f� �t�h�e� �d�e�p�o�s�i�t�e�d� �f�i�l�m�s� �i�s� �s�t�i�l�l� �a� 

�m�a�j�o�r� �c�o�n�c�e�r�n� �a�n�d� �a� �p�r�i�n�c�i�p�a�l� �t�o�p�i�c� �o�f� �r�e�s�e�a�r�c�h� �i�n� �t�h�i�s� �f�i�e�l�d�.� �R�e�l�i�a�b�i�l�i�t�y� �i�s�s�u�e�s� �h�a�v�e� �b�e�e�n� 

�s�t�u�d�i�e�d� �i�n� �d�e�t�a�i�l� �f�o�r� �s�e�v�e�r�a�l� �y�e�a�r�s� �a�n�d� �y�e�t� �n�o� �s�a�t�i�s�f�a�c�t�o�r�y� �e�x�p�l�a�n�a�t�i�o�n� �h�a�s� �b�e�e�n� �f�o�u�n�d�.� 

�H�o�w�e�v�e�r�,� �i�t� �i�s� �n�o�w� �w�i�d�e�l�y� �b�e�l�i�e�v�e�d� �t�h�a�t� �m�o�s�t� �o�f� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �p�h�e�n�o�m�e�n�a� �a�r�i�s�e� �f�r�o�m� �a� 

�c�o�m�m�o�n� �s�o�u�r�c�e� �a�n�d� �t�h�e�r�e�f�o�r�e� �a� �t�h�o�r�o�u�g�h� �f�u�n�d�a�m�e�n�t�a�l� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �o�n�e� �o�f� �t�h�e�s�e� 

�i�s�s�u�e�s� �m�a�y� �p�r�o�v�i�d�e� �i�n�s�i�g�h�t� �i�n�t�o� �t�h�e� �o�t�h�e�r� �i�s�s�u�e�s� �a�s� �w�e�l�l�.� 

�S�o�m�e� �o�f� �t�h�e� �s�u�g�g�e�s�t�e�d� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �f�e�r�r�o�e�l�e�c�t�r�i�c� �c�a�p�a�c�i�t�o�r�s� �f�o�r� �D�R�O� �F�R�A�M� 

�a�p�p�l�i�c�a�t�i�o�n�s� �a�r�e� �[�1�-�3�]�:� 

�(�1�)� �T�h�e� �l�o�w�e�r� �l�i�m�i�t� �o�f� �c�h�a�r�g�e� �c�a�p�a�c�i�t�y� �s�h�o�u�l�d� �b�e� �f�r�o�m� �5�-�1�0� �u�C�/�c�o�m�2�.� 

�(�2�)� �T�h�e� �c�o�e�r�c�i�v�e� �f�i�e�l�d� �s�h�o�u�l�d� �n�o�t� �b�e� �g�r�e�a�t�e�r� �t�h�a�n� �5�0�-�6�0� �k�V�/�c�m�.� 

�(�3�)� �T�h�e� �d�e�s�i�r�a�b�l�e� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �i�s� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �2�0�0�-�3�0�0�.� 

�(�4�)� �F�a�t�i�g�u�e� �l�i�f�e�t�i�m�e� �u�p� �t�o� �1�0�1�2� �c�y�c�l�e�s�,� �t�h�e� �i�d�e�a�l� �l�i�f�e�t�i�m�e� �b�e�i�n�g� �1�0�!�5� �c�y�c�l�e�s�.� 

�(�5�)� �W�i�d�e� �o�p�e�r�a�t�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �(�d�e�t�e�r�m�i�n�e�d� �m�a�i�n�l�y� �b�y� �C�u�r�i�e� �p�o�i�t�)� �:� �-�5�5� �°�C� �t�o� �1�2�0� 

�O�C�.� �(�6�)� �L�e�a�k�a�g�e� �c�u�r�r�e�n�t� �d�e�n�s�i�t�y� �s�m�a�l�l�e�r� �t�h�a�n� �1�0�-�8� �A�/�c�m�2�.� 

�(�7�)� �C�o�m�p�a�t�i�b�i�l�i�t�y� �t�o� �V�L�S�I� �f�a�b�r�i�c�a�t�i�o�n�.� 

�(�8�)� �E�t�c�h� �r�a�t�e�s� �o�f� �a�t� �l�e�a�s�t� �2�0� �n�m�/�m�i�n�.� 

�1�.�4� �O�B�J�E�C�T�I�V�E�S� �O�F� �T�H�I�S� �R�E�S�E�A�R�C�H� 

�T�h�i�s� �r�e�s�e�a�r�c�h� �i�s� �p�r�i�m�a�r�i�l�y� �f�o�c�u�s�e�d� �o�n� �t�h�e� �p�r�o�b�l�e�m� �o�f� �f�a�t�i�g�u�e�.� �O�n�e� �o�f� �t�h�e� �o�b�j�e�c�t�i�v�e�s� 

�i�s� �t�o� �d�e�v�i�s�e� �a�n�d� �d�e�m�o�n�s�t�r�a�t�e� �m�e�a�n�s� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �p�r�o�b�l�e�m� �o�f� �f�a�t�i�g�u�e� �(�r�e�l�i�a�b�i�l�i�t�y� �i�s�s�u�e�)� 

�t



�o�n� �t�h�e� �b�a�s�i�s� �o�f� �c�u�r�r�e�n�t�l�y� �a�v�a�i�l�a�b�l�e� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�n� �t�h�i�s� �p�h�e�n�o�m�e�n�a�.� �A�n� �a�d�d�i�t�i�o�n�a�l� 

�o�b�j�e�c�t�i�v�e� �i�s� �t�o� �i�d�e�n�t�i�f�y� �a�n� �e�t�c�h�m�g� �t�e�c�h�n�o�l�o�g�y� �(�p�r�o�c�e�s�s� �i�n�t�e�g�r�a�t�i�o�n� �i�s�s�u�e�)� �f�o�r� �p�a�t�t�e�r�n�i�n�g� �o�f� 

�t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �c�a�p�a�c�i�t�o�r�s�.� �T�h�e� �e�t�c�h�i�n�g� �p�r�o�c�e�s�s� �s�h�o�u�l�d� �p�r�o�v�i�d�e� �h�i�g�h� �e�t�c�h� �r�a�t�e�s�,� �g�o�o�d� �e�t�c�h� 

�a�n�i�s�o�t�r�o�p�y�,� �h�i�g�h� �e�t�c�h� �s�e�l�e�c�t�i�v�i�t�y� �a�n�d� �m�i�n�i�m�a�l� �p�o�s�t� �e�t�c�h� �r�e�s�i�d�u�e�s�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �d�a�m�a�g�e� 

�t�o� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �c�a�p�a�c�i�t�o�r�s� �d�u�e� �t�o� �r�a�d�i�a�t�i�o�n� �s�h�o�u�l�d� �b�e� �m�i�n�i�m�a�l�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �p�r�i�m�a�r�y� �f�o�c�u�s� �i�s� �o�n� �t�h�e�s�e� �o�b�j�e�c�t�i�v�e�s�,� �i�t� �w�i�l�l� �b�e�c�o�m�e� �c�l�e�a�r� �t�h�r�o�u�g�h� �t�h�e� �c�o�u�r�s�e� 

�o�f� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �t�h�a�t� �t�h�e�s�e� �p�r�o�b�l�e�m�s� �a�r�e� �n�o�t� �a�l�w�a�y�s� �a�d�d�r�e�s�s�e�d� �m�d�i�v�i�d�u�a�l�l�y� �b�u�t� �r�a�t�h�e�r� �i�n� 

�c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �t�h�e� �o�t�h�e�r� �l�i�s�t�e�d� �r�e�q�u�i�r�e�m�e�n�t�s�.� �I�n� �o�t�h�e�r� �w�o�r�d�s�,� �t�h�e� �s�c�i�e�n�t�i�f�i�c� �e�f�f�o�r�t�s� 

�d�e�s�c�r�i�b�e�d� �h�e�r�e� �a�r�e� �a�l�s�o� �g�e�a�r�e�d� �t�o�w�a�r�d�s� �r�e�a�c�h�i�n�g� �t�h�e� �u�l�t�i�m�a�t�e� �o�b�j�e�c�t�i�v�e� �o�f� �p�r�o�d�u�c�i�n�g� �a� 

�r�e�l�i�a�b�l�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�e�m�o�r�y� �d�e�v�i�c�e� �a�n�d� �n�o�t� �j�u�s�t� �s�o�l�v�i�n�g� �t�h�e�s�e� �p�r�o�b�l�e�m�s� �a�l�o�n�e�.� 

�1�.�5� �P�R�E�S�E�N�T�A�T�I�O�N� �O�F� �R�E�S�U�L�T�S� 

�E�a�c�h� �c�h�a�p�t�e�r� �i�s� �a� �j�o�u�r�n�a�l� �a�r�t�i�c�l�e� �a�n�d� �c�o�n�t�a�i�s� �i�t�s� �o�w�n� �a�b�s�t�r�a�c�t�,� �m�t�r�o�d�u�c�t�i�o�n�,� 

�e�x�p�e�r�i�m�e�n�t�a�l� �p�r�o�c�e�d�u�r�e�,� �r�e�s�u�l�t�s� �a�n�d� �d�i�s�c�u�s�s�i�o�n�,� �c�o�n�c�l�u�s�i�o�n�s� �a�n�d� �r�e�f�e�r�e�n�c�e�s�.� �I�n� �c�h�a�p�t�e�r� �2�,� 

�t�h�e� �p�r�o�b�l�e�m� �o�f� �f�a�t�i�g�u�e� �i�s� �d�i�s�c�u�s�s�e�d� �a�l�o�n�g� �w�i�t�h� �s�o�m�e� �o�f� �t�h�e� �e�a�r�l�i�e�r� �m�o�d�e�l�s� �t�h�a�t� �h�a�v�e� �b�e�e�n� 

�u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �p�h�e�n�o�m�e�n�o�n�.� �A� �q�u�a�n�t�i�t�a�t�i�v�e� �f�a�t�i�g�u�e� �m�o�d�e�l� �i�s� �t�h�e�n� �p�r�e�s�e�n�t�e�d� �a�n�d� 

�e�x�p�e�r�i�m�e�n�t�a�l� �e�v�i�d�e�n�c�e� �t�o� �s�u�p�p�o�r�t� �t�h�e� �m�o�d�e�l� �i�s� �p�r�o�v�i�d�e�d�.� �F�a�t�i�g�u�e� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� 

�d�o�m�a�i�n� �p�i�n�n�i�n�g� �b�y� �s�p�a�c�e� �c�h�a�r�g�e� �d�u�e� �t�o� �o�x�y�g�e�n� �v�a�c�a�n�c�y� �e�n�t�r�a�p�m�e�n�t� �a�t� �t�h�e� �e�l�e�c�t�r�o�d�e�-� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e� �i�n� �t�h�e� �c�a�p�a�c�i�t�o�r�s�.� �B�a�s�e�d� �o�n� �t�h�i�s� �m�o�d�e�l�,� �g�u�i�d�e�l�m�e�s� �r�e�q�u�i�r�e�d� �t�o� 

�m�i�n�i�m�i�z�e� �t�h�e� �p�r�o�b�l�e�m� �h�a�v�e� �b�e�e�n� �d�e�r�i�v�e�d�.� �T�h�e�s�e� �i�n�c�l�u�d�e� �(�a�)� �c�o�n�t�r�o�l� �o�f� �t�h�e� �i�n�t�e�r�f�a�c�e� �s�t�a�t�e� 

�a�n�d� �(�b�)� �t�h�e� �c�o�n�t�r�o�l� �o�f� �d�e�f�e�c�t� �d�e�n�s�i�t�y�.� �C�h�a�p�t�e�r�s� �3� �p�r�e�s�e�n�t�s� �t�h�e� �r�e�s�u�l�t�s� �o�n� �f�a�t�i�g�u�e� 

�m�i�n�i�m�i�z�a�t�i�o�n� �b�y� �u�s�i�n�g� �o�x�i�d�e� �e�l�e�c�t�r�o�d�e�s� �(�c�o�n�t�r�o�l� �o�f� �t�h�e� �i�n�t�e�r�f�a�c�e� �s�t�a�t�e�)� �f�o�r� �P�Z�T� �t�h�i�n� �f�i�l�m�s�.� 

�H�o�w�e�v�e�r�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �l�e�a�k�a�g�e� �c�u�r�r�e�n�t� �o�f� �o�x�i�d�e� �e�l�e�c�t�r�o�d�e�/�P�Z�T� �c�a�p�a�c�i�t�o�r�s� �a�r�e� 

�h�i�g�h�e�r� �t�h�a�n� �t�h�e�i�r� �m�e�t�a�l� �c�o�u�n�t�e�r�p�a�r�t�s�.� �S�i�m�u�l�t�a�n�e�o�u�s� �r�e�d�u�c�t�i�o�n� �o�f� �f�a�t�i�g�u�e� �a�n�d� �l�e�a�k�a�g�e� 

�1�2



�c�u�r�r�e�n�t� �h�a�s� �b�e�e�n� �a�c�h�i�e�v�e�d� �b�y� �u�s�i�n�g� �m�u�l�t�i�l�a�y�e�r� �m�e�t�a�l�/�m�e�t�a�l� �o�x�i�d�e� �e�l�e�c�t�r�o�d�e�s� �a�s� �s�h�o�w�n� �i�n� 

�C�h�a�p�t�e�r� �4�.� �C�h�a�p�t�e�r� �5� �i�s� �d�e�v�o�t�e�d� �t�o� �t�h�e� �d�i�s�c�u�s�s�i�o�n� �o�n� �m�i�n�i�m�i�z�a�t�i�o�n� �o�f� �f�a�t�i�g�u�e� �b�y� 

�c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �d�e�f�e�c�t� �d�e�n�s�i�t�y� �t�h�r�o�u�g�h� �:� �(�a�)� �a�d�d�i�t�i�o�n� �o�f� �d�o�n�o�r� �d�o�p�a�n�t�s� �(�e�.�g�.�,� �N�b� �i�n� �P�Z�T�)� 

�a�n�d� �(�b�)� �u�t�i�l�i�z�i�n�g� �a�l�t�e�r�n�a�t�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l�s� �w�i�t�h� �l�o�w� �i�n�t�r�i�n�s�i�c� �d�e�f�e�c�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �A�s� 

�a� �r�e�s�u�l�t� �o�f� �t�h�e� �l�a�t�t�e�r� �a�p�p�r�o�a�c�h�,� �l�a�y�e�r�e�d� �s�t�r�u�c�t�u�r�e� �S�r�B�i�7�T�a�7�O�g� �t�h�i�n� �f�i�l�m�s� �w�e�r�e� �i�d�e�n�t�i�f�i�e�d� �a�s� 

�g�o�o�d� �c�a�n�d�i�d�a�t�e�s� �f�o�r� �f�a�t�i�g�u�e� �f�r�e�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�e�m�o�r�y� �a�p�p�l�i�c�a�t�i�o�n�s�.� �T�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e�s�e� 

�f�i�l�m�s� �a�n�d� �t�h�e� �e�f�f�e�c�t� �o�f� �o�r�i�e�n�t�a�t�i�o�n� �o�n� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e�s�e� �h�i�g�h�l�y� �a�n�i�s�o�t�r�o�p�i�c� 

�m�a�t�e�r�i�a�l�s� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �6� �a�n�d� �C�h�a�p�t�e�r� �7�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �C�h�a�p�t�e�r� �8� �a�d�d�r�e�s�s�e�s� �t�h�e� 

�p�r�o�c�e�s�s� �i�n�t�e�g�r�a�t�i�o�n� �i�s�s�u�e� �o�f� �e�t�c�h�i�n�g� �a�n�d� �d�e�s�c�r�i�b�e�s� �t�h�e� �r�e�s�u�l�t�s� �o�f� �a� �n�o�v�e�l� �e�t�c�h� �c�h�e�m�i�s�t�r�y� �f�o�r� 

�p�a�t�t�e�r�n�m�g� �o�f� �P�Z�T� �t�h�i�n� �f�i�l�m� �c�a�p�a�c�i�t�o�r�s�.� �A� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e� �e�t�c�h�i�n�g� �p�r�o�c�e�s�s� �i�s� �a�l�s�o� 

�s�u�g�g�e�s�t�e�d�.� �I�n� �c�h�a�p�t�e�r� �9�,� �t�h�e� �c�o�m�p�l�e�t�e� �s�t�u�d�y� �i�s� �s�u�m�m�a�r�i�z�e�d� �a�n�d� �t�h�e� �o�v�e�r�a�l�l� �c�o�n�c�l�u�s�i�o�n�s� �a�r�e� 

�p�r�e�s�e�n�t�e�d�.� 

�1�.�6� �R�E�F�E�R�E�N�C�E�S� 

�1�.� �J�.� �F�.� �S�c�o�t�t� �a�n�d� �C�.�A�.� �P�a�z� �d�e� �A�r�a�u�j�o�,� �"�F�e�r�r�o�e�l�e�c�t�r�i�c� �M�e�m�o�r�i�e�s ��,� �S�c�i�e�n�c�e�,� �2�4�6�,� �(�1�9�8�9�)�,� 

�p�.� �1�4�0�0�.� 

�2�.� �L�.�H�.� �P�a�r�k�e�r� �a�n�d� �A�.�F�.� �T�a�s�c�h�,� �"�F�e�r�r�o�e�l�e�c�t�r�i�c� �M�a�t�e�r�i�a�l�s� �F�o�r� �6�4� �M�b�i�t� �a�n�d� �2�5�6� �M�b�i�t� 

�D�R�A�M�s�'�"�,� �/�J�E�E�E� �C�i�r�c�u�i�t�s� �a�n�d� �D�e�v�i�c�e�s�,� �J�a�n�.� �1�9�9�0�,� �p�p�.�1�7�.� 

�3�.� �A�.�F�.� �T�a�s�c�h� �a�n�d� �L�.�H�.� �P�a�r�k�e�r�,� �"�M�e�m�o�r�y� �C�e�l�l� �a�n�d� �T�e�c�h�n�o�l�o�g�y� �I�s�s�u�e�s� �f�o�r� �6�4�-� �a�n�d� �2�5�6�-� 

�M�b�i�t� �O�n�e� �T�r�a�n�s�i�s�t�o�r� �M�O�S� �D�R�A�M�s�'�"�,� �P�r�o�c�.� �I�E�E�E�,� �7�7�(�3�)�,� �(�1�9�8�9�)�,� �3�7�4�-�3�7�8�.� 

�4�.� �M�L�E�.� �L�i�n�e�s� �a�n�d� �A�.�M�.� �G�l�a�s�s�,� �P�r�i�n�c�i�p�l�e�s� �a�n�d� �A�p�p�l�i�c�a�t�i�o�n�s� �o�f� �F�e�r�r�o�e�l�e�c�t�r�i�c�s� �a�n�d� �R�e�l�a�t�e�d� 

�M�a�t�e�r�i�a�l�s�,� �C�l�a�n�r�e�n�d�o�n� �P�r�e�s�s�,� �O�x�f�o�r�d� �(�1�9�7�7�)�.� 

�5�.� �B�.� �J�a�f�f�e�,� �W�.�R�.� �C�o�o�k�,� �a�n�d� �H�.� �J�a�f�f�e�,� �P�i�e�z�o�e�l�e�c�t�r�i�c� �C�e�r�a�m�i�c�s�,� �L�o�n�d�o�n�:�A�c�a�d�e�m�i�c�,� �(�1�9�7�1�)�.� 
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�6�.� �J�.�C�.� �B�u�r�f�o�o�t� �a�n�d� �G�.�W�.� �T�a�y�l�o�r�,� �P�o�l�a�r� �D�i�e�l�e�c�t�r�i�c�s� �a�n�d� �T�h�e�i�r� �A�p�p�l�i�c�a�t�i�o�n�s�,� �B�e�r�k�e�l�y�:� 

�U�n�i�v�.� �o�f� �C�a�l�i�f�:� �P�r�e�s�s�,� �(�1�9�7�9�)�.� 

�7�.� �J�M�.� �H�e�r�b�e�r�t�,� �C�e�r�a�m�i�c� �D�i�e�l�e�c�t�r�i�c�s� �a�n�d� �C�a�p�a�c�i�t�o�r�s�,� �N�e�w� �Y�o�r�k�:� �G�o�r�d�o�n� �a�n�d� �B�r�e�a�c�h�,� 

�(�1�9�8�5�)�.� 

�8�.� �J�.�T�.� �E�v�a�n�s� �a�n�d� �R�.� �W�o�m�a�c�k�,� �"�A�n� �E�x�p�e�r�i�m�e�n�t�a�l� �5�1�2�-�b�i�t� �N�o�n�v�o�l�a�t�i�l�e� �M�e�m�o�r�y� �w�i�t�h� 

�F�e�r�r�o�e�l�e�c�t�r�i�c� �S�t�o�r�a�g�e� �C�e�l�l�"�,� �/�E�E�E� �J�.� �S�o�l�i�d�.� �S�t�a�t�e�.� �C�i�r�c�u�i�t�s�.�,� �2�3�(�5�)�,� �(�1�9�8�8�)�,� �p�.�1�1�7�1�.� 

�9�.� �A�n�o�n�y�m�o�u�s�,�  ��A�p�p�l�i�c�a�t�i�o�n� �N�o�t�e�:� �N�o�n�v�o�l�a�t�i�l�e� �F�e�r�r�o�e�l�e�c�t�r�o�n�i�c�s�"�,� �M�i�c�r�o�p�r�o�c�e�s�s�o�r�s� �a�n�d� 

�M�i�c�r�o�s�y�s�t�e�m�s�,� �1�3�(�4�)�,� �(�1�9�8�9�)�,� �2�9�1�-�2�9�6�.� 

�1�0�.� �M�.� �O�k�u�y�a�m�a�,� �Y�.� �M�a�t�s�u�i�,� �H�.� �N�a�k�a�n�o�,� �T�.� �N�a�g�a�k�a�w�a� �a�n�d� �Y�.� �H�a�m�a�k�a�w�a�,� �"�P�r�e�p�a�r�a�t�i�o�n� 

�o�f� �P�b�T�i�O�3� �F�e�r�r�o�e�l�e�c�t�r�i�c� �T�h�i�n� �F�i�l�m�s� �b�y� �R�F� �S�p�u�t�t�e�r�i�n�g�"�,� �J�p�n�.� �J�.� �A�p�p�l�.� �P�h�y�s�.�,� �1�8�(�8�)�,� �(�1�9�7�9�)�,� 

�1�6�3�3�-�1�6�3�4�.� 

�1�1�.� �T�.� �N�a�k�a�g�a�w�a�,� �J�.� �Y�a�m�a�g�u�c�h�i�,� �M�.� �O�k�u�y�a�m�a� �a�n�d� �Y�.� �H�a�m�a�k�a�w�a�,� �"�P�r�e�p�a�r�a�t�i�o�n� �o�f� 

�P�b�T�i�O�3� �F�e�r�r�o�e�l�e�c�t�r�i�c� �T�h�i�n� �F�i�l�m�s� �b�y� �C�h�e�m�i�c�a�l� �V�a�p�o�r� �D�e�p�o�s�i�t�i�o�n�"�,� �J�p�n�.� �J�.� �A�p�p�l�.� �P�h�y�s�.�,� 

�2�1�(�1�0�)�,� �(�1�9�8�2�)�,� �L�6�5�5�-�L�6�5�6�.� 

�1�2�.� �S�.� �D�e�y� �a�n�d� �R�.� �Z�u�l�e�e�g�,�  ��I�n�t�e�g�r�a�t�e�d� �S�o�l�-�g�e�l� �P�Z�T� �T�h�i�n� �F�i�l�m�s� �o�n� �P�t�,� �S�i�,� �a�n�d� �G�a�A�s� �f�o�r� 

�N�o�n�v�o�l�a�t�i�l�e� �M�e�m�o�r�y� �A�p�p�l�i�c�a�t�i�o�n�s�"�,� �F�e�r�r�o�e�l�e�c�t�r�i�c�s�,� �1�0�8�,� �(�1�9�9�0�)�,� �3�7�-�4�6�.� � � 

�1�3�.� �K�.� �S�a�e�n�g�e�r�,� �R�.�R�o�y�,� �K�.� �E�t�z�o�l�d� �a�n�d� �J�.� �C�u�o�m�o�,� �"�P�Z�T� �T�h�i�n� �F�i�l�m�s� �P�r�o�d�u�c�e�d� �B�y� �P�u�l�s�e�d� 

�L�a�s�e�r� �A�b�l�a�t�i�o�n ��,� �M�a�t�.� �R�e�s�.� �S�o�c�.� �S�y�m�p�.� �P�r�o�c�.�,� �2�0�0�,� �(�1�9�9�1�)�,� �1�1�5�-�1�2�0�.� 

�1�4�.� �C�.� �P�e�n�g� �a�n�d� �S�.�B�.� �D�e�s�u�,� �"�L�o�w� �T�e�m�p�e�r�a�t�u�r�e� �M�O�C�V�D� �o�f� �P�e�r�o�v�s�k�i�t�e� �P�Z�T� �T�h�m� �F�i�l�m�s�"�,� 

�A�p�p�l�.� �P�h�y�s�.� �L�e�t�t�.�,� �6�1�(�1�)�,� �(�1�9�9�2�)�,� �p�.� �2�7�3�.� 

�1�5�.� �R�.� �C�a�s�t�e�l�l�a�n�o�,� �"�D�e�p�o�s�i�t�i�o�n� �o�f� �T�h�i�n� �F�i�l�m�s� �o�f� �P�Z�T� �b�y� �a� �F�o�c�u�s�e�d� �I�o�n� �B�e�a�m� �S�p�u�t�t�e�r�i�n�g� 

�T�e�c�h�n�i�q�u�e�s�"�,� �F�e�r�r�o�e�l�e�c�t�r�i�c�s�,� �2�8�,� �(�1�9�8�0�)�,� �3�8�7�-�3�8�9�.� 
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�T�h�i�s� �p�a�p�e�r� �t�i�t�l�e�d� 

�"�F�a�t�i�g�u�e� �i�n� �F�e�r�r�o�e�l�e�c�t�r�i�c� �T�h�i�n� �F�i�l�m�s�"� 

�h�a�s� �b�e�e�n� �s�u�b�m�i�t�t�e�d� �t�o� 

�P�h�y�s�i�c�a� �S�t�a�t�u�s� �S�o�l�i�d�i�,� �(�1�9�9�5�)� 

�T�h�e� �c�o�-�a�u�t�h�o�r�s� �i�n� �t�h�i�s� �p�a�p�e�r� �a�r�e� �D�r�.�S�.�B�.� �D�e�s�u� �(�f�i�r�s�t� �a�u�t�h�o�r�)� �a�n�d� �D�r�.� �I�.�K�.� �Y�o�o�.� �M�o�s�t� �o�f� 
�t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �m�o�d�e�l�i�n�g� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r� �h�a�v�e� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �b�y� �D�r�.� �S�.�B�.� �D�e�s�u� 
�a�n�d� �D�r�.� �I�.�K�.� �Y�o�o�.� �M�y� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�i�s� �w�o�r�k� �w�a�s� �i�n� �e�x�p�e�r�i�m�e�n�t�a�l� �v�e�r�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� 
�m�o�d�e�!� �a�n�d� �i�n� �p�r�o�v�i�d�i�n�g� �t�h�e� �g�u�i�d�e�l�i�n�e�s� �t�o� �o�v�e�r�c�o�m�e� �t�h�e� �f�a�t�i�g�u�e� �p�r�o�b�l�e�m�.� 
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�C�h�a�p�t�e�r� �2� �:� �F�a�t�i�g�u�e�-�P�r�o�b�l�e�m� �D�e�f�i�n�i�t�i�o�n� �a�n�d� �M�o�d�e�l�i�n�g� 

�2�.�1� �A�B�S�T�R�A�C�T� 

�S�e�v�e�r�a�l� �o�f� �t�h�e� �p�r�e�v�i�o�u�s� �m�o�d�e�l�s� �p�r�o�p�o�s�e�d� �f�o�r� �f�a�t�i�g�u�e�,� �p�e�r�t�a�i�n�i�n�g� �t�o� �b�o�t�h� �b�u�l�k� �a�n�d� 

�t�h�i�n� �f�i�l�m� �m�a�t�e�r�i�a�l�s�,� �a�r�e� �r�e�v�i�e�w�e�d�.� �A� �q�u�a�n�t�i�t�a�t�i�v�e� �m�o�d�e�l� �i�s� �p�r�o�p�o�s�e�d� �t�h�a�t� �a�t�t�r�i�b�u�t�e�s� �f�a�t�i�g�u�e� 

�t�o� �d�o�m�a�i�n� �p�i�n�n�i�n�g� �b�y� �s�p�a�c�e� �c�h�a�r�g�e� �a�t� �v�a�r�i�o�u�s� �i�n�t�e�r�f�a�c�e�s� �i�n� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �c�a�p�a�c�i�t�o�r�s�.� �T�h�e� 

�o�r�i�g�i�n� �o�f� �t�h�e� �s�p�a�c�e� �c�h�a�r�g�e� �h�a�s� �b�e�e�n� �a�s�c�r�i�b�e�d� �t�o� �o�x�y�g�e�n� �v�a�c�a�n�c�y� �m�o�v�e�m�e�n�t� �a�n�d� �e�n�t�r�a�p�m�e�n�t� 

�a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�s� �(�e�.�g�.�,� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c�,� �d�o�m�a�m� �b�o�u�n�d�a�r�i�e�s� �e�t�c�.�)� �u�n�d�e�r� �a� �h�i�g�h� 

�a�l�t�e�r�n�a�t�i�n�g� �e�l�e�c�t�r�i�c� �f�i�e�l�d�.� �A� �q�u�a�n�t�i�t�a�t�i�v�e� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �f�a�t�i�g�u�e� �h�a�s� �b�e�e�n� �d�e�r�i�v�e�d� �i�n� 

�a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �t�h�i�s� �m�o�d�e�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �e�v�i�d�e�n�c�e�s� �t�h�a�t� �c�o�n�f�i�r�m� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� 

�s�p�a�c�e� �c�h�a�r�g�e� �l�a�y�e�r�s� �a�t� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e� �a�r�e� �a�l�s�o� �p�r�e�s�e�n�t�e�d�.� �B�a�s�e�d� �o�n� 

�t�h�i�s� �m�o�d�e�l�,� �i�t� �i�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �f�a�t�i�g�u�e� �c�a�n� �b�e� �m�m�i�m�i�z�e�d� �b�y� �:� �(�a�)� �b�y� �r�e�p�l�a�c�i�n�g� �t�h�e� 

�c�o�n�v�e�n�t�i�o�n�a�l� �m�e�t�a�l� �e�l�e�c�t�r�o�d�e�s� �b�y� �c�o�n�d�u�c�t�i�v�e� �o�x�i�d�e�s� �t�o� �p�r�e�v�e�n�t� �s�p�a�c�e� �c�h�a�r�g�e� �f�o�r�m�a�t�i�o�n� �a�t� 

�t�h�e� �i�n�t�e�r�f�a�c�e�s�;� �(�b�)� �b�y� �a�d�d�i�t�i�o�n� �o�f� �d�o�n�o�r� �d�o�p�a�n�t�s� �(�e�.�g�.�,� �N�b�,� �L�a� �i�n� �P�b�(�Z�r�,�T�i�,�.�,�)�O�3�)� �t�o� �r�e�d�u�c�e� 

�t�h�e� �o�x�y�g�e�n� �v�a�c�a�n�c�y� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �(�c�)� �b�y� �u�t�i�l�i�z�i�n�g� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l�s� �t�h�a�t� �h�a�v�e� �a� 

�l�o�w� �i�n�t�r�i�n�s�i�c� �d�e�f�e�c�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�2�.�2� �I�N�T�R�O�D�U�C�T�I�O�N� 

�O�v�e�r� �t�h�e� �l�a�s�t� �f�e�w� �d�e�c�a�d�e�s�,� �t�h�e�r�e� �h�a�s� �b�e�e�n� �a�n� �i�n�c�r�e�a�s�i�n�g� �i�n�t�e�r�e�s�t� �m� �f�e�r�r�o�e�l�e�c�t�r�i�c� 

�m�a�t�e�r�i�a�l�s� �f�o�r� �n�o�n�v�o�l�a�t�i�l�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�e�m�o�r�y� �(�F�R�A�M�)� �a�p�p�l�i�c�a�t�i�o�n�s� �[�1�-�3�]�.� �I�n� �p�r�i�n�c�i�p�l�e�,� �t�h�e� 

�m�e�m�o�r�y� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �h�y�s�t�e�r�e�s�i�s� �b�e�h�a�v�i�o�r� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n� 

�w�i�t�h� �a�p�p�l�i�e�d� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�1�.� �A�t� �z�e�r�o� �a�p�p�l�i�e�d� �f�i�e�l�d�,� �t�h�e�r�e� �a�r�e� �t�w�o� �e�q�u�a�l�l�y� 

�s�t�a�b�l�e� �s�t�a�t�e�s� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n�,� �+�P�,� �(�r�e�m�n�a�n�t� �p�o�l�a�r�i�z�a�t�i�o�n�)�.� �I�n�t�e�g�r�a�t�i�o�n� �o�f� �s�u�b�m�i�c�r�o�n� �t�h�i�n� �f�i�l�m� 
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�f�e�r�r�o�e�l�e�c�t�r�i�c� �c�a�p�a�c�i�t�o�r�s�,� �f�o�r� �e�.�g�.�,� �l�e�a�d� �z�i�r�c�o�n�a�t�e� �t�i�t�a�n�a�t�e� �(�P�Z�T�)�,� �i�n�t�o� �t�h�e� �e�x�i�s�t�i�n�g� �s�i�l�i�c�o�n� 

�b�a�s�e�d� �t�r�a�n�s�i�s�t�o�r� �t�e�c�h�n�o�l�o�g�y� �c�a�n� �p�r�o�v�i�d�e� �a� �t�r�a�n�s�i�s�t�o�r�-�c�a�p�a�c�i�t�o�r� �b�a�s�e�d� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�e�m�o�r�y� 

�c�e�l�l�.� �E�i�t�h�e�r� �o�f� �t�h�e� �t�w�o� �s�t�a�t�e�s� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n� �c�o�u�l�d� �b�e� �e�n�c�o�d�e�d� �a�s� �a�  ��1 �� �o�r� �a�  ��0 �� �i�n� �t�h�e� 

�m�e�m�o�r�y� �d�e�v�i�c�e� �a�n�d� �s�i�n�c�e� �n�o� �e�x�t�e�r�n�a�l� �f�i�e�l�d� �i�s� �r�e�q�u�i�r�e�d� �t�o� �m�a�i�n�t�a�i�n� �t�h�e�s�e� �s�t�a�t�e�s�,� �t�h�e� �m�e�m�o�r�y� 

�d�e�v�i�c�e� �i�s� �n�o�n�v�o�l�a�t�i�l�e�.� 

�F�e�r�r�o�e�l�e�c�t�r�i�c� �m�e�m�o�r�i�e�s� �a�r�e� �m�o�s�t� �o�f�t�e�n� �d�e�s�i�g�n�e�d� �w�i�t�h� �d�e�s�t�r�u�c�t�i�v�e� �e�l�e�c�t�r�i�c�a�l� �r�e�a�d� 

�o�u�t�.� �T�o� �r�e�a�d� �t�h�e� �s�t�o�r�e�d� �i�n�f�o�r�m�a�t�i�o�n�,� �a�n� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �t�h�r�e�s�h�o�l�d� �f�i�e�l�d� �(�E�,�,� 

�s�e�e� �F�i�g�.� �2�.�1�)� �i�s� �a�p�p�l�i�e�d� �t�o� �e�a�c�h� �m�e�m�o�r�y� �c�e�l�l�.� �I�n� �m�e�m�o�r�y� �e�l�e�m�e�n�t�s� �w�h�e�r�e� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �i�s� 

�o�p�p�o�s�i�t�e� �t�o� �t�h�e� �a�p�p�l�i�e�d� �f�i�e�l�d� �d�i�r�e�c�t�i�o�n� �(�f�o�r� �e�.�g�.�,� �s�t�a�t�e�  ��1 �� �f�o�r� �a� �p�o�s�i�t�i�v�e� �a�p�p�l�i�e�d� �f�i�e�l�d� �i�n� �F�i�g�.� 

�2�.�1�)�,� �t�h�e�r�e� �i�s� �a� �l�a�r�g�e� �d�i�s�p�l�a�c�e�m�e�n�t� �c�u�r�r�e�n�t� �a�c�c�o�m�p�a�n�y�m�g� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�v�e�r�s�a�l� �w�h�i�l�e� 

�o�n�l�y� �a� �d�i�s�p�l�a�c�e�m�e�n�t� �c�u�r�r�e�n�t� �o�c�c�u�r�s� �i�n� �e�l�e�m�e�n�t�s� �h�a�v�i�n�g� �a� �p�o�l�a�r�i�z�a�t�i�o�n� �a�s�s�i�s�t�i�n�g� �t�h�e� �f�i�e�l�d� 

�(�e�.�g�.�,� �s�t�a�t�e�  ��0 �� �f�o�r� �a� �p�o�s�i�t�i�v�e� �f�i�e�l�d�)�.� �T�h�e� �s�t�a�t�e� �o�f� �e�a�c�h� �m�e�m�o�r�y� �e�l�e�m�e�n�t� �i�s� �t�h�e�r�e�f�o�r�e� �r�e�a�d� �b�y� 

�m�e�a�s�u�r�i�n�g� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �c�u�r�r�e�n�t� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �e�a�c�h� �v�o�l�t�a�g�e� �p�u�l�s�e�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �t�w�o� �d�i�s�p�l�a�c�e�m�e�n�t�s� �c�u�r�r�e�n�t�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �n�e�t� �a�m�o�u�n�t� �o�f� �s�w�i�t�c�h�e�d� �c�h�a�r�g�e� 

�f�o�r� �e�a�c�h� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�v�e�r�s�a�l� �[�4�]�.� �E�v�i�d�e�n�t�l�y�,� �t�h�i�s� �k�i�n�d� �o�f� �a�n� �e�l�e�c�t�r�i�c�a�l� �r�e�a�d� �o�u�t� �i�n�v�o�l�v�e�s� 

�s�e�v�e�r�a�l� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�v�e�r�s�a�l�s� �i�n� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �f�i�l�m�s� �o�v�e�r� �t�h�e� �d�e�v�i�c�e� �l�i�f�e�t�i�m�e�.� 

�I�n� �s�o�m�e� �o�f� �t�h�e� �m�o�r�e� �p�o�p�u�l�a�r� �m�e�t�a�l�-�f�e�r�r�o�e�l�e�c�t�r�i�c�-�m�e�t�a�l� �c�a�p�a�c�i�t�o�r� �s�y�s�t�e�m�s� �s�u�c�h� �a�s� 

�P�t�/�P�Z�T�/�P�t�,� �a� �p�r�o�g�r�e�s�s�i�v�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �a�m�o�u�n�t� �o�f� �s�w�i�t�c�h�e�d� �c�h�a�r�g�e� �i�s� �c�o�m�m�o�n�l�y� 

�o�b�s�e�r�v�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�v�e�r�s�a�l�s� �[�1�-�4�]�.� �E�v�e�n�t�u�a�l�l�y�,� �a�f�t�e�r� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� 

�r�e�a�d�/�e�r�a�s�e�/�w�r�i�t�e� �o�p�e�r�a�t�i�o�n�s�,� �t�h�e� �s�w�i�t�c�h�a�b�l�e� �p�o�l�a�r�i�z�a�t�i�o�n� �d�e�c�r�e�a�s�e�s� �t�o� �a� �v�a�l�u�e� �t�h�a�t� �i�s� �t�o�o� 

�l�o�w� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �b�e�t�w�e�e�n� �t�h�e� �s�t�a�t�e�s�,� �t�h�e�r�e�b�y� �r�e�n�d�e�r�i�n�g� �t�h�e� �m�e�m�o�r�y� �c�e�l�l�s� �i�m�e�f�f�e�c�t�i�v�e�.� 

�A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �t�h�r�e�s�h�o�l�d� �f�i�e�l�d� �r�e�q�u�i�r�e�d� �t�o� �s�w�i�t�c�h� �t�h�e� �s�t�a�t�e� �o�f� �t�h�e� �d�e�v�i�c�e� �a�l�s�o� �m�c�r�e�a�s�e�s� 

�w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�v�e�r�s�a�l�s�.� �T�h�i�s� �d�e�g�r�a�d�a�t�i�o�n� �p�h�e�n�o�m�e�n�o�n� �i�s� �k�n�o�w�n� �a�s� �f�a�t�i�g�u�e� 

�a�n�d� �i�s� �o�n�e� �o�f� �t�h�e� �m�o�r�e� �p�r�o�f�o�u�n�d� �p�r�o�b�l�e�m�s� �h�a�m�p�e�r�i�n�g� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �c�o�m�m�e�r�c�i�a�l� 

�F�R�A�M� �d�e�v�i�c�e�s�.� �F�a�t�i�g�u�e� �i�n� �t�h�e�s�e� �m�e�m�o�r�i�e�s� �c�a�n� �l�i�m�i�t� �t�h�e� �n�u�m�b�e�r� �o�f� �r�e�a�d�/�e�r�a�s�e�/�w�r�i�t�e� 
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�o�p�e�r�a�t�i�o�n�s� �t�o� �l�e�s�s� �t�h�a�n� �1�0�°� �c�y�c�l�e�s� �[�1�]�.� �F�o�r� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�e�m�o�r�i�e�s� �t�o� �b�e�c�o�m�e� �c�o�m�p�e�t�i�t�i�v�e� 

�w�i�t�h� �e�x�i�s�t�i�n�g� �n�o�n�v�o�l�a�t�i�l�e� �m�e�m�o�r�i�e�s� �s�u�c�h� �a�s� �E�E�P�R�O�M�s�,� �t�h�e�y� �m�u�s�t� �e�i�t�h�e�r� �b�e� �i�m�p�r�o�v�e�d� �t�o� 

�w�i�t�h�s�t�a�n�d� �a�t� �l�e�a�s�t� �1�0�1�2� �e�r�a�s�e�/�w�r�i�t�e� �o�p�e�r�a�t�i�o�n�s� �o�r� �t�h�e�y� �m�u�s�t� �h�a�v�e� �q�u�a�l�i�t�a�t�i�v�e�l�y� �d�i�f�f�e�r�e�n�t� 

�n�o�n�d�e�s�t�r�u�c�t�i�v�e� �o�p�e�r�a�t�i�o�n�s�.� 

�2�.�3� �F�A�T�I�G�U�E� �M�O�D�E�L� 

�F�a�t�i�g�u�e� �i�n� �f�e�r�r�o�e�l�e�c�t�r�i�c� �d�e�v�i�c�e�s� �h�a�s� �b�e�e�n� �s�t�u�d�i�e�d� �f�o�r� �s�e�v�e�r�a�l� �y�e�a�r�s� �a�n�d� �s�e�v�e�r�a�l� 

�m�e�c�h�a�n�i�s�m�s� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d� �t�o� �e�x�p�l�a�m� �t�h�i�s� �d�e�g�r�a�d�a�t�i�o�n� �p�h�e�n�o�m�e�n�a� �[�5�-�6�]�.� �F�o�r� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �o�x�i�d�e�s�,� �s�u�c�h� �a�s� �t�h�e� �c�o�m�m�o�n�l�y� �u�s�e�d� �p�e�r�o�v�s�k�i�t�e� �t�i�t�a�n�a�t�e�s�,� �f�a�t�i�g�u�e� �i�s� �b�e�l�i�e�v�e�d� �t�o� 

�o�c�c�u�r� �f�o�r�m� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �m�i�c�r�o�s�c�o�p�i�c� �c�a�u�s�e�s�:� 

�(�1�)� �T�h�e� �e�a�r�l�i�e�r� �m�e�c�h�a�n�i�s�m�s� �p�r�o�p�o�s�e�d� �f�o�r� �b�u�l�k� �c�e�r�a�m�i�c�s� �w�e�r�e� �b�a�s�e�d� �o�n� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �o�f� 

�9�0�°� �d�o�m�a�i�n�s� �i�n� �p�s�e�u�d�o�c�u�b�i�c� �c�r�y�s�t�a�l�s� �[�7�-�1�0�]�.� �T�h�e� �s�t�r�e�s�s�e�s� �o�r�i�g�i�n�a�t�e� �w�h�e�n� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� 

�m�a�t�e�r�i�a�l� �i�s� �c�o�o�l�e�d� �f�r�o�m� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �t�h�r�o�u�g�h� �i�t�s� �C�u�r�i�e� �p�o�m�t�.� �A�s� �t�h�e� �i�n�t�e�r�n�a�l� 

�m�e�c�h�a�n�i�c�a�l� �s�t�r�e�s�s�e�s� �a�r�e� �r�e�l�e�a�s�e�d� �a�t� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s�,� �t�h�e� �o�r�t�h�o�g�o�n�a�l� �d�o�m�a�i�n�s� �r�e�l�a�x� �b�a�c�k� 

�t�o� �t�h�e�i�r� �1�8�0�°� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �a�n�d� �i�n� �d�o�i�n�g� �s�o� �r�e�o�r�i�e�n�t� �a�n�d� �r�e�d�u�c�e� �t�h�e� �n�e�t� �p�o�l�a�r�i�z�a�t�i�o�n�.� 

�P�e�l�s�s�e�n�e�r� �[�7�]� �h�a�s� �p�o�s�t�u�l�a�t�e�d� �t�h�a�t� �u�n�d�e�r� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �a� �s�t�r�e�s�s� �f�i�e�l�d�,� �t�h�e� �d�o�m�a�i� �w�a�l�l�s� �a�r�e� 

�i�n� �a� �m�e�t�a�s�t�a�b�l�e� �p�o�s�i�t�i�o�n� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e� �m�a�t�e�r�i�a�l� �e�x�h�i�b�i�t�s� �a� �l�a�r�g�e�r� �v�a�l�u�e� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n�.� 

�W�i�t�h� �r�e�l�a�x�a�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�r�n�a�l� �s�t�r�e�s�s�e�s�,� �t�h�e� �d�o�m�a�m� �w�a�l�l�s� �m�o�v�e� �t�o�w�a�r�d�s� �t�h�e�i�r� �e�q�u�i�l�i�b�r�i�u�m� 

�p�o�s�i�t�i�o�n�s� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �d�e�c�r�e�a�s�e� �i�n� �p�o�l�a�r�i�z�a�t�i�o�n�.� �I�n� �t�h�e� �s�a�m�e� �l�i�g�h�t�,� �t�h�e� �p�m�n�i�n�g� �o�f� 

�1�8�0�°� �d�o�m�a�i�n�s� �b�y� �s�t�r�e�s�s� �o�r� �c�h�a�r�g�e� �h�a�s� �a�l�s�o� �b�e�e�n� �p�r�o�p�o�s�e�d� �a�s� �a� �p�o�s�s�i�b�l�e� �f�a�t�i�g�u�e� �m�e�c�h�a�n�i�s�m� 

�[�1�0�]�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �m�o�d�e�l� �i�s� �m�o�r�e� �p�e�r�t�i�n�e�n�t� �t�o� �b�u�l�k� �f�e�r�r�o�e�l�e�c�t�r�i�c�s�.� 

�A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �m�o�d�e�l�s� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d� �b�a�s�e�d� �o�n� �c�o�n�v�e�n�t�i�o�n�a�l� �l�o�w� �f�i�e�l�d� 

�m�e�a�s�u�r�e�m�e�n�t�s�.� �I�n� �t�h�i�n� �f�i�l�m� �f�e�r�r�o�e�l�e�c�t�r�i�c�s� �(�~� �2�0�0� �n�m�)� �u�s�e�d� �f�o�r� �m�e�m�o�r�y� �a�p�p�l�i�c�a�t�i�o�n�s�,� �t�h�e� 

�e�l�e�c�t�r�i�c� �f�i�e�l�d�s� �a�r�e� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �l�a�r�g�e�r� �(�~� �1� �M�V�/�c�m�)� �t�h�a�n� �i�n� �b�u�l�k� �c�e�r�a�m�i�c�s�.� 
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�(�2�)� �E�a�r�l�i�e�r� �m�o�d�e�l�s� �f�o�r� �f�a�t�i�g�u�e� �i�n� �t�h�i�n� �f�i�l�m� �f�e�r�r�o�e�l�e�c�t�r�i�c�s� �w�e�r�e� �b�a�s�e�d� �o�n�  ��p�o�l�i�n�g �� �o�f� �c�h�a�r�g�e�d� 

�d�e�f�e�c�t� �p�a�i�r�s� �s�u�c�h� �a�s� �a�c�c�e�p�t�o�r� �c�e�n�t�e�r�s� �a�n�d� �o�x�y�g�e�n� �v�a�c�a�n�c�y� �n�e�i�g�h�b�o�r�s� �(�l�e�a�d� �v�a�c�a�n�c�i�e�s� �a�n�d� 

�o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� �f�o�r�m� �s�i�m�i�l�a�r� �p�a�i�r�s�)� �[�1�1�-�1�3�]�.� �R�e�p�e�a�t�e�d� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �l�a�r�g�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d�s� 

�c�a�n� �a�l�i�g�n� �t�h�e�s�e� �d�i�p�o�l�e�s�.� �H�o�w�e�v�e�r�,� �t�h�e�s�e� �d�e�f�e�c�t� �p�a�i�r�s� �t�a�k�e� �a� �l�o�n�g�e�r� �t�i�m�e� �t�o� �u�n�d�e�r�g�o� 

�r�e�v�e�r�s�a�l� �i�n� �t�h�e� �a�l�t�e�r�n�a�t�i�n�g� �f�i�e�l�d�,� �p�r�o�v�i�d�i�n�g� �o�p�p�o�s�i�n�g� �d�i�p�o�l�e�s� �t�h�a�t� �c�o�m�p�e�n�s�a�t�e� �m�u�c�h� �o�f� 

�l�a�t�t�i�c�e� �p�o�l�a�r�i�z�a�t�i�o�n� �a�n�d� �r�e�d�u�c�e� �t�h�e� �a�m�o�u�n�t� �o�f� �s�w�i�t�c�h�e�d� �c�h�a�r�g�e� �i�n� �t�h�e� �f�i�l�m�.� �T�h�e� �a�c�c�e�p�t�o�r� 

�c�e�n�t�e�r�s� �i�n� �P�Z�T� �a�r�i�s�e�s� �f�r�o�m� �a�n� �e�x�c�e�s�s� �o�f� �a�c�c�e�p�t�o�r� �i�m�p�u�r�i�t�i�e�s� �i�n�d�u�c�e�d� �d�u�r�i�n�g� �t�h�e� �g�r�o�w�t�h� �o�f� 

�t�h�e� �m�a�t�e�r�i�a�l�.� �T�h�e�s�e� �a�c�c�e�p�t�o�r�s� �a�r�e� �c�o�m�p�e�n�s�a�t�e�d� �b�y� �t�h�e� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� �c�a�u�s�i�n�g� �t�h�e� 

�m�a�t�e�r�i�a�l� �t�o� �b�e� �a� �p�-�t�y�p�e� �w�i�d�e�-�b�a�n�d�-�g�a�p� �s�e�m�i�c�o�n�d�u�c�t�o�r�.� �I�n� �a�n� �o�x�i�d�i�z�i�n�g� �a�t�m�o�s�p�h�e�r�e�,� �a� �s�m�a�l�l� 

�p�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� �a�r�e� �f�i�l�l�e�d�,� �c�r�e�a�t�i�n�g� �t�w�o� �h�o�l�e�s� �f�o�r� �e�v�e�r�y� �f�i�l�l�e�d� �v�a�c�a�n�c�y�.� 

�U�n�d�e�r� �t�h�e� �h�i�g�h� �s�w�i�t�c�h�i�n�g� �f�i�e�l�d� �e�m�p�l�o�y�e�d� �i�n� �t�h�i�n� �f�i�l�m�s�,� �t�h�e� �t�r�a�p�p�e�d� �h�o�l�e�s� �c�a�n� �h�o�p� �t�h�r�o�u�g�h� 

�t�h�e� �u�n�o�c�c�u�p�i�e�d� �a�c�c�e�p�t�o�r� �l�e�v�e�l�s� �t�o� �r�e�d�i�s�t�r�i�b�u�t�e� �t�h�e� �c�h�a�r�g�e�.� �T�h�i�s� �m�o�d�e�l� �p�r�o�v�i�d�e�d� �t�h�e� 

�e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �b�a�s�i�s� �f�o�r� �f�u�t�u�r�e� �m�o�d�e�l�s� �o�n� �f�a�t�i�g�u�e�.� 

�(�3�)� �I�n� �m�a�n�y� �o�f� �t�h�e� �r�e�c�e�n�t� �m�o�d�e�l�s�,� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �s�p�a�c�e� �c�h�a�r�g�e� �a�t� �o�r� �n�e�a�r� �t�h�e� �e�l�e�c�t�r�o�d�e�-� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e� �h�a�s� �b�e�e�n� �p�r�o�p�o�s�e�d� �a�s� �t�h�e� �s�o�u�r�c�e� �o�f� �f�a�t�i�g�u�e� �[�1�4�-�1�9�]�.� �A� �t�h�e�o�r�e�t�i�c�a�l� 

�e�x�p�r�e�s�s�i�o�n� �f�o�r� �p�o�l�a�r�i�z�a�t�i�o�n� �d�e�c�r�e�a�s�e� �w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� �K�a�r�a�n� �[�1�8�]� �b�a�s�e�d� �o�n� �s�p�a�c�e� �c�h�a�r�g�e� 

�e�n�t�r�a�p�m�e�n�t� �i�n�s�i�d�e� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �t�h�a�t� �r�e�s�u�l�t�s� �i�n� �a�n� �m�c�r�e�a�s�e� �i�n� �t�h�e� �i�m�t�e�r�f�a�c�i�a�l� �r�e�s�i�s�t�a�n�c�e� 

�a�n�d� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �c�a�p�a�c�i�t�a�n�c�e�.� �Z�h�e�l�u�d�e�v� �[�1�9�]� �p�r�o�p�o�s�e�d� �a� �p�l�a�n�a�r� �m�o�d�e�l� �b�a�s�e�d� 

�o�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a�n� �i�n�a�c�t�i�v�e� �s�u�r�f�a�c�e� �b�y� �s�p�a�c�e� �c�h�a�r�g�e� �a�t� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� 

�i�n�t�e�r�f�a�c�e�s� �t�o� �p�r�o�d�u�c�e� �a� �s�m�a�l�l�e�r� �a�m�o�u�n�t� �o�f� �s�w�i�t�c�h�e�d� �c�h�a�r�g�e�.� �K�u�d�z�i�n� �e�t� �a�l� �[�1�5�]� �a�s�c�r�i�b�e�d� 

�f�a�t�i�g�u�e� �t�o� �t�h�e� �a�c�c�u�m�u�l�a�t�i�o�n� �a�n�d� �r�e�s�o�r�p�t�i�o�n� �o�f� �s�p�a�c�e� �c�h�a�r�g�e� �a�t� �t�h�e� �d�o�m�a�i�n� �b�o�u�n�d�a�r�i�e�s�.� �T�h�e� 

�d�o�m�a�i�n� �w�a�l�l� �l�o�s�e�s� �i�t�s� �c�a�p�a�c�i�t�y� �t�o� �m�o�v�e� �a�n�d� �t�h�e� �r�e�s�u�l�t�a�n�t� �v�a�l�u�e� �o�f� �t�h�e� �s�w�i�t�c�h�m�g� �c�h�a�r�g�e� 

�d�i�m�i�n�i�s�h�e�s�.� �D�u�i�k�e�r� �e�t� �a�l� �[�1�3�]� �s�i�m�u�l�a�t�e�d� �f�a�t�i�g�u�e� �b�y� �a�s�s�u�m�i�n�g� �d�e�n�d�r�i�t�i�c� �g�r�o�w�t�h� �o�f� �o�x�y�g�e�n�-� 

�d�e�f�i�c�i�e�n�t� �f�i�l�a�m�e�n�t�s�.� �T�h�e�y� �p�r�o�p�o�s�e�d� �a� �t�h�e�o�r�e�t�i�c�a�l� �m�o�d�e�l� �b�a�s�e�d� �o�n� �i�m�p�a�c�t� �i�o�n�i�z�a�t�i�o�n� �(�e�.�g�.�,� 

�T�i�t�*� �t�o� �T�i�3�*� �c�o�n�v�e�r�s�i�o�n� �i�n� �P�Z�T�)� �o�f� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l� �n�e�a�r� �t�h�e� �e�l�e�c�t�r�o�d�e�s�.� �T�h�i�s� �i�s� 

�2�0



�f�o�l�l�o�w�e�d� �b�y� �O�-� �d�i�f�f�u�s�i�o�n� �a�w�a�y� �f�r�o�m� �t�h�e� �i�o�n� �w�i�t�h� �t�h�e� �a�l�t�e�r�e�d� �v�a�l�a�n�c�e� �(�T�i�3�*�)� �r�e�s�u�l�t�i�n�g� �i�n� 

�o�x�y�g�e�n� �d�e�f�i�c�i�e�n�t� �r�e�g�i�o�n�s� �n�e�a�r� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e�.� �T�h�e� �s�p�o�n�t�a�n�e�o�u�s� 

�p�o�l�a�r�i�z�a�t�i�o�n� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �e�f�f�e�c�t�i�v�e� �f�i�l�m�s� �t�h�i�c�k�n�e�s�s� �(�d�i�s�t�a�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �d�e�n�d�r�i�t�i�c� �f�i�l�a�m�e�n�t�s� �o�f� �g�r�o�w�i�n�g� �f�r�o�m� �o�p�p�o�s�i�t�e� �e�l�e�c�t�r�o�d�e�s�)� �a�n�d� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� 

�t�h�i�c�k�n�e�s�s� �t�h�e� �v�a�l�u�e� �g�o�e�s� �d�o�w�n�.� �N�o�t�w�i�t�h�s�t�a�n�d�i�n�g� �t�h�e� �p�o�p�u�l�a�r�i�t�y� �o�f� �t�h�i�s� �m�o�d�e�l�,� �n�o� 

�e�x�p�e�r�i�m�e�n�t�a�l� �e�v�i�d�e�n�c�e� �i�s� �a�v�a�i�l�a�b�l�e� �t�o� �s�h�o�w� �t�h�i�s� �d�e�n�d�r�i�t�i�c� �g�r�o�w�t�h� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�s� �i�n� �t�h�i�n� 

�f�i�l�m� �m�a�t�e�r�i�a�l�s�.� �H�o�w�e�v�e�r�,� �s�u�c�h� �d�e�n�d�r�i�t�e�s� �h�a�v�e� �b�e�e�n� �o�b�s�e�r�v�e�d� �a�r�o�u�n�d� �m�i�c�r�o�p�o�r�e�s� �i�n� �b�u�l�k� 

�f�e�r�r�o�e�l�e�c�t�r�i�c�s� �a�f�t�e�r� �f�a�t�i�g�u�e�.� 

�I�n� �t�h�i�s� �p�a�p�e�r�,� �t�h�e� �p�r�o�b�l�e�m� �o�f� �f�a�t�i�g�u�e� �i�s� �d�i�s�c�u�s�s�e�d� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �a� �r�e�c�e�n�t� 

�q�u�a�n�t�i�t�a�t�i�v�e� �m�o�d�e�l� �t�h�a�t� �h�a�s� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �b�y� �t�h�e� �a�u�t�h�o�r�s� �[�2�0�-�2�3�]�.� �A� �f�e�w� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�o�f� �f�a�t�i�g�u�e� �i�n� �t�h�i�n� �f�i�l�m� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�e�m�o�r�i�e�s� �i�s� �p�r�e�s�e�n�t�e�d� �b�e�f�o�r�e� �t�h�i�s� �d�i�s�c�u�s�s�i�o�n�.� �F�a�t�i�g�u�e� �i�n� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �c�a�p�a�c�i�t�o�r�s� �i�s� �n�o�t� �o�n�l�y� �m�a�n�i�f�e�s�t� �a�s� �a� �l�o�s�s� �o�f� �s�w�i�t�c�h�a�b�l�e� �p�o�l�a�r�i�z�a�t�i�o�n� �b�u�t� �a�l�s�o� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �c�o�e�r�c�i�v�e� �f�i�e�l�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �n�u�m�b�e�r� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�v�e�r�s�a�l�s� �a�s� �s�h�o�w�n� �i�m� �F�i�g�.� 

�2�.�2� �.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �f�a�t�i�g�u�e� �r�a�t�e� �i�s� �m�u�c�h� �s�l�o�w�e�r� �a�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �a�s� �e�v�i�d�e�n�t� �f�r�o�m� 

�t�h�e� �d�a�t�a� �f�o�r� �s�p�u�t�t�e�r�e�d� �P�Z�T� �m� �F�i�g�.� �2�.�3�.� �F�u�r�t�h�e�r�m�o�r�e�,� �i�t� �i�s� �c�o�m�m�o�n�l�y� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�h�e� 

�p�o�l�a�r�i�z�a�t�i�o�n� �l�o�s�s� �i�n� �f�e�r�r�o�e�l�e�c�t�r�i�c�s� �s�u�c�h� �a�s� �P�Z�T� �a�n�d� �K�N�O�;� �c�a�n� �b�e� �r�e�c�o�v�e�r�e�d� �p�a�r�t�l�y� �o�r� �f�u�l�l�y� 

�e�i�t�h�e�r� �b�y� �a�p�p�l�y�i�n�g� �a� �v�o�l�t�a�g�e� �p�u�l�s�e� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �n�o�m�i�n�a�l� �s�w�i�t�c�h�i�n�g� �v�o�l�t�a�g�e� �[�1�]� �o�r� �b�y� 

�t�h�e�r�m�a�l�l�y� �a�n�n�e�a�l�i�n�g� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l� �a�b�o�v�e� �i�t�s� �C�u�r�i�e� �t�e�m�p�e�r�a�t�u�r�e�.� �I�n� �o�t�h�e�r� �w�o�r�d�s�,� 

�t�h�e� �c�a�p�a�c�i�t�o�r�s� �c�a�n� �b�e� �"�r�e�j�u�v�e�n�a�t�e�d�"� �a�f�t�e�r� �f�a�t�i�g�u�e�.� �F�i�n�a�l�l�y�,� �a�l�t�h�o�u�g�h� �n�o�t� �o�f�t�e�n� �c�o�n�s�i�d�e�r�e�d�,� 

�t�h�e� �s�w�i�t�c�h�i�n�g� �t�i�m�e� �d�e�c�r�e�a�s�e�s� �l�i�n�e�a�r�l�y� �w�i�t�h� �p�o�l�a�r�i�z�a�t�i�o�n� �d�u�r�i�n�g� �f�a�t�i�g�u�e� �[�1�3�]�.� �C�o�n�s�i�d�e�r�i�n�g� 

�t�h�e�s�e� �e�f�f�e�c�t�s�,� �a� �q�u�a�n�t�i�t�a�t�i�v�e� �f�a�t�i�g�u�e� �m�o�d�e�l� �f�o�r� �P�t�/�P�Z�T�/�P�t� �c�a�p�a�c�i�t�o�r�s� �i�s� �p�r�o�p�o�s�e�d� �m� �w�h�i�c�h� 

�d�e�f�e�c�t� �m�o�v�e�m�e�n�t� �u�n�d�e�r� �a�l�t�e�r�n�a�t�i�n�g� �p�u�l�s�e�s� �a�n�d� �d�e�f�e�c�t� �e�n�t�r�a�p�m�e�n�t� �a�t� �t�r�a�p�p�i�n�g� �s�i�t�e�s� �s�u�c�h� �a�s� 

�e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e�s�,� �d�o�m�a�i�n� �b�o�u�n�d�a�r�i�e�s� �a�n�d� �g�r�a�i�n� �b�o�u�n�d�a�r�i�e�s� �h�a�s� �b�e�e�n� �c�i�t�e�d� 

�a�s� �t�h�e� �s�o�u�r�c�e� �f�o�r� �f�a�t�i�g�u�e�.� �T�h�e�s�e� �p�o�i�n�t� �d�e�f�e�c�t�s� �c�o�u�l�d� �e�i�t�h�e�r� �b�e� �e�x�t�r�m�s�i�c� �o�r� �i�m�t�r�i�n�s�i�c�.� 

�E�x�t�r�i�n�s�i�c� �d�e�f�e�c�t�s� �a�r�e� �i�m�p�u�r�i�t�i�e�s� �(�e�.�g�.�,� �a�c�c�e�p�t�o�r� �a�t�o�m�s� �i�n� �P�Z�T�)� �t�h�a�t� �a�r�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n� �t�h�e� 
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�H�y�s�t�e�r�e�s�i�s� �b�e�f�o�r�e� �H�y�s�t�e�r�e�s�i�s� �a�f�t�e�r� 
�f�a�t�i�g�u�e� �V�o�l�t�a�g�e� �f�a�t�i�g�u�e� 

�P� �p�u�l�s�e�s� �P�p� 

�P�l� �P�U�L� �E�L� 
�/� �P�2�y� 

�F�L� �E� �v�i�c�e� �f�p� �m�2� �E� 
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�H�i�g�h� �v�o�l�t�a�g�e� �p�u�l�s�e�s�,� �h�e�a�t�i�n�g� 
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�f�i�l�m�s� �d�u�r�i�n�g� �p�r�o�c�e�s�s�i�n�g� �a�n�d� �c�a�n� �b�e� �c�o�n�t�r�o�l�l�e�d� �b�y� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �e�n�v�i�r�o�n�m�e�n�t�.� 

�I�n�t�r�i�n�s�i�c� �d�e�f�e�c�t�s� �m�a�y� �i�n�c�l�u�d�e� �b�o�t�h� �d�e�f�e�c�t�s� �t�h�a�t� �m�a�m�t�a�i�n� �t�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�y� �(�S�c�h�o�t�t�k�y�)� �a�n�d� 

�d�e�f�e�c�t�s� �t�h�a�t� �a�l�t�e�r� �t�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�y� �i�n� �t�h�e� �m�a�t�e�r�i�a�l�s�.� 

�S�c�h�o�t�t�k�y� �d�e�f�e�c�t�s� �i�n� �p�e�r�o�v�s�k�i�t�e� �(�A�B�O�;�)� �f�e�r�r�o�e�l�e�c�t�r�i�c�s� �m�a�y� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a� 

�q�u�a�s�i�-�c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n� �(�i�n� �K�r�o�g�e�r�-� �V�i�n�k� �n�o�t�a�t�i�o�n�)� �a�s� �:� 

�A�,� �+� �B�g� �+� �3�0�9� �V�a �� �+�V�3 �� �+� �3�V�o�®� �+� �A�,� �+� �B�,� �+� �3�0�,� �(�2�.�1�)� 

�w�h�e�r�e� �A�a�,� �B�p�,� �3�0�0� �r�e�p�r�e�s�e�n�t� �r�e�s�p�e�c�t�i�v�e�l�y� �o�c�c�u�p�i�e�d� �A�,� �B� �a�n�d� �O� �s�i�t�e�s�;� �V�, ��,�V�p ��,� �V�o �� 

�r�e�p�r�e�s�e�n�t� �v�a�c�a�n�c�i�e�s� �o�f� �A�,� �B� �a�n�d� �O� �a�t�o�m�s�;� �a�n�d� �A�,�,� �B�,�,� �3�0�,� �a�r�e� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �S�c�h�o�t�t�k�y� 

�d�e�f�e�c�t�s�.� �A� �t�y�p�i�c�a�l� �e�x�a�m�p�l�e� �o�f� �d�e�f�e�c�t�s� �t�h�a�t� �a�l�t�e�r� �t�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�y� �a�r�e� �v�a�c�a�n�c�i�e�s� �t�h�a�t� �a�r�e� 

�f�o�r�m�e�d� �d�u�e� �t�o� �t�h�e� �v�a�p�o�r�i�z�a�t�i�o�n� �o�f� �o�n�e� �o�r� �m�o�r�e� �v�o�l�a�t�i�l�e� �c�o�m�p�o�n�e�n�t�s� �i�n� �t�h�e� �m�u�l�t�i�c�o�m�p�o�n�e�n�t� 

�o�x�i�d�e� �m�a�t�e�r�i�a�l�s�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �P�Z�T�,� �f�o�r� �e�x�a�m�p�l�e�,� �a� �p�r�o�c�e�s�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �a�t� �l�e�a�s�t� �6�0�0� 

�°�C� �i�s� �r�e�q�u�i�r�e�d� �t�o� �f�o�r�m� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �p�h�a�s�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �P�b�O� �c�o�m�p�o�n�e�n�t� �b�e�g�i�n�s� 

�v�o�l�a�t�i�l�i�z�i�n�g� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �a�s� �l�o�w� �a�s� �5�5�0� �°�C�,� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �o�x�y�g�e�n� �a�n�d� �l�e�a�d� 

�v�a�c�a�n�c�i�e�s� �a�s� �s�h�o�w�n� �b�e�l�o�w� �:� 

�P�b�p�,� �+� �T�i�q�i� �+� �2�1�7�,� �+� �3�0�0� �>� �x�P�b�O� �+� �x�V�p� �+� �x�V�o �� �+� �(�1�-�x�)� �P�b�p�,� 

�+� �T�i�g�i� �+� �Z�r�z�,� �+� �(�1�-�x�)� �O�o� �(�2�.�2�)� 

�W�h�e�n� �a�n� �a�.�c�.� �f�i�e�l�d� �i�s� �a�p�p�l�i�e�d� �t�o� �a� �f�e�r�r�o�e�l�e�c�t�r�i�c� �c�a�p�a�c�i�t�o�r� �s�h�o�w�n� �s�c�h�e�m�a�t�i�c�a�l�l�y� �i�n� 

�F�i�g�.� �2�.�4�,� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l� �i�s� �p�o�l�a�r�i�z�e�d� �a�n�d� �a�n� �i�n�t�e�r�n�a�l� �f�i�e�l�d� �i�s� �c�r�e�a�t�e�d� �b�y� �t�h�i�s� 

�p�o�l�a�r�i�z�a�t�i�o�n�.� �T�h�e� �n�e�t� �l�o�c�a�l� �f�i�e�l�d� �i�s� �t�h�e�n� �e�x�p�r�e�s�s�e�d� �a�s� �[�2�0�-�2�3�]� �:� 

�E�,� �=� �E�,�-� �E�j� �(�2�.�3�)� 
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�w�h�e�r�e� �E�,� �i�s� �t�h�e� �a�p�p�l�i�e�d� �f�i�e�l�d� �a�n�d� �E�;� �i�s� �t�h�e� �i�n�t�e�r�n�a�l� �f�i�e�l�d�.� �A�l�t�h�o�u�g�h� �t�h�e� �e�x�t�e�r�n�a�l�l�y� �a�p�p�l�i�e�d� 

�f�i�e�l�d� �i�s� �s�y�m�m�e�t�r�i�c�,� �t�h�e� �n�e�t� �l�o�c�a�l� �f�i�e�l�d� �i�s� �a�s�y�m�m�e�t�r�i�c� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �i�n�t�e�m�a�l� �f�i�e�l�d� 

�c�o�n�t�r�i�b�u�t�i�o�n�.� �U�n�d�e�r� �t�h�i�s� �a�s�y�m�m�e�t�r�i�c� �l�o�c�a�l� �f�i�e�l�d�,� �t�h�e�r�e� �i�s� �a�n� �e�f�f�e�c�t�i�v�e� �o�n�e�-�d�i�r�e�c�t�i�o�n�a�l� 

�m�o�v�e�m�e�n�t� �o�f� �t�h�e� �m�o�b�i�l�e� �d�e�f�e�c�t�s� �(�m�a�i�n�l�y� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� �a�s� �s�h�o�w�n� �i�n� �e�q�n�s�.� �(�1�)� �a�n�d� �(�2�)�)� 

�t�o�w�a�r�d�s� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e�s�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �d�e�f�e�c�t� �s�e�g�r�e�g�a�t�i�o�n� �t�o� �t�h�e� 

�i�n�t�e�r�f�a�c�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�v�e�r�s�a�l�s� �c�o�u�l�d� �a�l�s�o� �b�e� �i�n�d�u�c�e�d� �b�y� �t�h�e� �d�o�m�a�i�n� 

�s�w�e�e�p�i�n�g� �p�h�e�n�o�m�e�n�a�.� �I�n� �g�e�n�e�r�a�l�,� �i�n� �p�o�l�y�c�r�y�s�t�a�l�l�i�n�e� �t�h�i�n� �f�i�l�m�s�,� �t�h�e� �g�r�a�i�n� �g�r�o�w�t�h� �i�s� �u�s�u�a�l�l�y� 

�c�o�n�t�i�n�u�o�u�s� �f�o�r�m� �t�h�e� �b�o�t�t�o�m� �i�m�t�e�r�f�a�c�e� �t�o� �t�h�e� �t�o�p� �s�u�r�f�a�c�e� �o�f� �t�h�e� �f�i�l�m�s�.� �I�n� �f�e�r�r�o�e�l�e�c�t�r�i�c� �t�h�i�n� 

�f�i�l�m�s�,� �e�a�c�h� �o�f� �t�h�e�s�e� �g�r�a�i�n�s� �c�o�m�m�o�n�l�y� �c�o�n�s�t�i�t�u�t�e�s� �a� �s�i�n�g�l�e� �d�o�m�a�i�n�.� �I�n� �o�t�h�e�r� �w�o�r�d�s�,� �t�h�e� �g�r�a�i�n� 

�b�o�u�n�d�a�r�i�e�s� �a�n�d� �t�h�e� �d�o�m�a�i�n� �b�o�u�n�d�a�r�i�e�s� �a�r�e� �u�s�u�a�l�l�y� �c�o�m�c�i�d�e�n�t� �w�i�t�h� �t�h�e� �e�l�e�c�t�o�r�d�e�-� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e�s�.� �T�h�e� �l�a�r�g�e� �i�n�t�e�r�f�a�c�i�a�l� �e�n�e�r�g�y� �a�t� �t�h�e�s�e� �b�o�u�n�d�a�r�i�e�s�/�i�n�t�e�r�f�a�c�e�s� �p�r�o�v�i�d�e�s� 

�l�o�w� �p�o�t�e�n�t�i�a�l� �e�n�e�r�g�y� �s�i�t�e�s� �f�o�r� �t�h�e� �d�e�f�e�c�t�s� �a�n�d� �a�s� �a� �r�e�s�u�l�t� �c�a�u�s�e�s� �t�h�e�i�r� �e�n�t�r�a�p�m�e�n�t�.� �D�e�f�e�c�t� 

�e�n�t�r�a�p�m�e�n�t� �a�t� �t�h�e� �i�m�t�e�r�f�a�c�e�s� �r�e�s�u�l�t�s� �m� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �s�p�a�c�e� �c�h�a�r�g�e� �i�n� �t�h�e�s�e� �r�e�g�i�o�n�s� 

�w�h�i�c�h� �i�n� �t�u�r�n� �c�a�u�s�e�s� �t�h�e� �d�o�m�a�i�n�s� �t�o� �b�e� �p�i�n�n�e�d�.� �C�l�e�a�r�l�y�,� �f�o�r� �a� �g�i�v�e�n� �a�p�p�l�i�e�d� �f�i�e�l�d�,� �p�m�n�m�g� 

�o�f� �t�h�e� �d�o�m�a�i�n�s� �r�e�s�u�l�t�s� �i�n� �a� �r�e�d�u�c�e�d� �p�o�l�a�r�i�z�a�t�i�o�n�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �a� �g�r�e�a�t�e�r� �f�i�e�l�d� �i�s� �r�e�q�u�i�r�e�d� �t�o� 

�c�a�u�s�e� �t�h�e� �s�w�i�t�c�h�i�n�g� �o�f� �t�h�e� �d�o�m�a�i�n�s�.� �T�h�i�s� �e�x�p�l�a�i�n�s� �t�h�e� �m�c�r�e�a�s�e� �i�n� �c�o�e�r�c�i�v�e� �f�i�e�l�d� �w�i�t�h� 

�f�a�t�i�g�u�e�.� �B�y� �a�p�p�l�y�i�n�g� �a� �h�i�g�h� �v�o�l�t�a�g�e� �p�u�l�s�e� �o�r� �b�y� �t�h�e�r�m�a�l� �c�y�c�l�i�n�g�,� �t�h�e� �d�o�m�a�m�s� �c�a�n� �b�e� 

�"�d�e�p�i�n�e�d�"� �f�r�o�m� �t�h�e� �s�p�a�c�e� �c�h�a�r�g�e� �a�n�d� �t�h�u�s� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �v�a�l�u�e�s� �c�a�n� �b�e� �r�e�s�t�o�r�e�d�.� �A�t� �h�i�g�h� 

�t�e�m�p�e�r�a�t�u�r�e�s�,� �t�h�e�r�m�a�l� �e�f�f�e�c�t�s� �c�a�u�s�e� �a� �c�o�n�s�t�a�n�t� �r�e�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �s�p�a�c�e� �c�h�a�r�g�e� �a�n�d� 

�p�r�e�v�e�n�t� �t�h�e�i�r� �s�e�g�r�e�g�a�t�i�o�n� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�s�.� �T�h�i�s� �e�x�p�l�a�i�n�s� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n� �t�h�a�t� �f�a�t�i�g�u�e� �r�a�t�e� �i�s� 

�l�o�w�e�r� �a�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s�.� 

�T�o� �d�e�r�i�v�e� �a� �q�u�a�n�t�i�t�a�t�i�v�e� �f�a�t�i�g�u�e� �e�x�p�r�e�s�s�i�o�n�,� �t�h�e� �n�u�m�b�e�r� �o�f� �d�e�f�e�c�t�s� �t�r�a�p�p�e�d� �a�t� �t�h�e� 

�i�n�t�e�r�f�a�c�e� �a�t� �a� �c�e�r�t�a�i�n� �t�e�s�t� �c�y�c�l�i�n�g� �n� �w�a�s� �d�e�s�c�r�i�b�e�d� �b�y� �[�2�0�-�2�3�]�:� 

�d�N�/�d�n� �=� �A�j� �A�t� �(�2�.�4�)� 
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�w�h�e�r�e� �N� �i�s� �t�h�e� �t�o�t�a�l� �d�e�f�e�c�t� �n�u�m�b�e�r� �t�r�a�p�p�e�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �a�t� �n�,� �A�j� �i�s� �t�h�e� �n�e�t� �d�e�f�e�c�t� �f�l�u�x� 

�d�e�n�s�i�t�y� �b�e�t�w�e�e�n� �n� �a�n�d� �n� �+� �|� �t�e�s�t� �c�y�c�l�e�s�,� �a�n�d� �A�t� �i�s� �t�h�e� �a�p�p�l�i�e�d� �p�u�l�s�e� �w�i�d�t�h�.� �T�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� 

�l�o�s�s� �d�u�e� �t�o� �d�e�f�e�c�t� �e�n�t�r�a�p�m�e�n�t� �a�t� �.�n�e� �i�n�t�e�r�f�a�c�e�s� �w�a�s� �t�h�e�n� �a�s�s�u�m�e�d� �t�o� �f�o�l�l�o�w� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p�:� 

�d�P�/�d�N� �=� �-�v�P� �(�2�.�5�)� 

�w�h�e�r�e� �P� �i�s� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �w�i�t�h� �d�e�f�e�c�t� �e�n�t�r�a�p�m�e�n�t� �N�,� �a�n�d� �v� �i�s� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �l�o�s�s� 

�c�o�n�s�t�a�n�t� �r�e�l�a�t�e�d� �t�o� �l�a�t�t�i�c�e� �s�t�r�u�c�t�u�r�e�s�.� �T�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �a�t� �a� �c�e�r�t�a�i�n� �t�e�s�t� �c�y�c�l�e� �w�i�l�l� �b�e� 

�d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�e� �o�n�e� �f�o�l�l�o�w�i�m�g� �t�h�a�t� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �l�o�s�s� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� 

�T�h�i�s� �p�o�l�a�r�i�z�a�t�i�o�n� �d�i�f�f�e�r�e�n�c�e� �i�t�s�e�l�f� �w�i�l�l� �d�e�c�r�e�a�s�e� �a�s� �t�h�e� �d�e�f�e�c�t� �e�n�t�r�a�p�m�e�n�t� �c�o�n�t�m�u�e�s� �a�n�d� �t�h�e� 

�p�o�l�a�r�i�z�a�t�i�o�n� �a�t� �b�o�t�h� �t�h�e� �p�o�l�a�r�i�t�i�e�s� �e�v�e�n�t�u�a�l�l�y� �g�o�e�s� �t�o� �z�e�r�o�.� �T�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �i�s� �r�e�l�a�t�e�d� �t�o� 

�t�h�e� �d�o�m�a�i�n� �s�i�z�e� �a�n�d� �t�h�e� �d�o�m�a�i�n� �s�i�z�e� �t�o� �t�h�e� �d�o�m�a�m� �w�a�l�l� �v�e�l�o�c�i�t�y�.� �T�h�e� �d�o�m�a�m� �w�a�l�l� �v�e�l�o�c�i�t�y� 

�i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �d�o�m�a�i�n� �m�o�b�i�l�i�t�y� �(�u�w�)� �m� �t�h�e� �f�o�l�l�o�w�i�n�g� �w�a�y� �:� 

�A�v�y� �=� �p� �A�E�;� �(�2�.�6�)� 

�A�s� �t�h�e� �i�n�t�e�r�f�a�c�e� �l�o�s�e�s� �p�o�l�a�r�i�z�a�t�i�o�n�,� �t�h�e� �i�n�t�e�r�n�a�l� �f�i�e�l�d� �d�e�c�r�e�a�s�e�s� �r�e�s�u�l�t�m�g� �m� �a�n� �m�c�r�e�a�s�e� �i�n� 

�t�h�e� �l�o�c�a�l� �f�i�e�l�d� �[�E�q�n�.� �2�.�3�]�.� �T�h�e� �d�o�m�a�i�n� �w�a�l�l� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �w�i�l�l� �t�h�e�r�e�f�o�r�e� �d�e�c�r�e�a�s�e� �a�s� 

�t�h�e� �n�u�m�b�e�r� �o�f� �t�r�a�p�p�e�d� �d�e�f�e�c�t�s� �i�n�c�r�e�a�s�e�s�.� �T�h�e� �l�a�r�g�e�r� �i�n�c�o�m�i�n�g� �d�e�f�e�c�t� �f�l�u�x� �w�i�l�l� �c�a�u�s�e� �a� 

�h�i�g�h�e�r� �d�e�c�r�e�a�s�i�n�g� �r�a�t�e� �o�f� �v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e� �o�f� �d�o�m�a�i�n� �w�a�l�l�s� �:� 

�d�A�v�y�,� �/�d�N� �=� �-�y�A�j�A�t� �(�2�.�7�)� 

�w�h�e�r�e� �y� �i�s� �a� �c�o�n�s�t�a�n�t�.� �T�h�e� �n�e�t� �f�l�u�x� �d�e�n�s�i�t�y� �c�a�n� �b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �a�s� �:� 
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�A�j� �=� �X�e� �Q�/�K�T� �(�z�q�b�/�2�k�T�)�(�e�Z�4�b�E�4�/�2�k�T� �A�E�;� �(�2�.�8�)� 

�w�h�e�r�e�,� �4� �=� �v�p�e�4�S�/�K� �y� �i�s� �t�h�e� �d�e�f�e�c�t� �m�i�g�r�a�t�i�o�n� �v�e�l�o�c�i�t�y�,� �p� �i�s� �t�h�e� �d�e�f�e�c�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �A�S� �i�s� 

�t�h�e� �e�n�t�r�o�p�y� �f�o�r� �d�e�f�e�c�t� �m�o�v�e�m�e�n�t�,� �Q� �i�s� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �f�o�r� �d�e�f�e�c�t� �m�o�v�e�m�e�n�t�,� �z� �i�s� �t�h�e� 

�v�a�l�e�n�c�e� �n�u�m�b�e�r�,� �q� �i�s� �t�h�e� �e�l�e�c�t�r�o�n�i�c� �c�h�a�r�g�e� �a�n�d� �b� �i�s� �t�h�e� �j�u�m�p� �d�i�s�t�a�n�c�e�.� �E�q�u�a�t�i�o�n� �2�.�7� �c�a�n� 

�t�h�e�r�e�f�o�r�e� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�d�A�E�,�/�d�N� �=� �(�y�/�p�)�(�A�j�A�t�)� �=� �-� �E�A�E�;� �(�2�.�9�)� 

�w�h�e�r�e�,� 

�E� �=� �(�y�/�p�)� �(�A�e�°�Q�/�K�T�)� �(�z�q�b�/�2�k�T�)� �(�e�Z�4�b�E�a�/�2�k�T�)� �A�y� �(�2�.�1�0�)� 

�F�r�o�m� �e�q�u�a�t�i�o�n�s� �(�2�.�4�)�,� �(�2�.�5�)� �a�n�d� �(�2�.�9�)�,� �a� �f�a�t�i�g�u�e� �e�q�u�a�t�i�o�n� �i�s� �d�e�r�i�v�e�d� �a�s� �:� 

�P� �=� �P�o�l�(�E�2�n�A�E�j�o�n�/�y�)� �+� �1�/�5� �=� �P�o�(�A�n� �+� �1�)� �(�2�.�1�1�)� 

�w�h�e�r�e� �P�o� �i�s� �t�h�e� �m�i�t�i�a�l� �p�o�l�a�r�i�z�a�t�i�o�n�,� �A�E�j�9� �i�s� �t�h�e� �m�i�t�i�a�l� �m�t�e�r�n�a�l� �f�i�e�l�d� �d�i�f�f�e�r�e�n�c�e�,� �A� �i�s� �t�e�r�m�e�d� 

�a�s� �t�h�e� �p�i�l�m�g� �c�o�n�s�t�a�n�t� �a�n�d� �m� �i�s� �t�h�e� �d�e�c�a�y� �c�o�n�s�t�a�n�t�.� �A� �a�n�d� �m� �a�r�e� �v�o�l�t�a�g�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� 

�d�e�p�e�n�d�e�n�t� �c�o�n�s�t�a�n�t�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �v�i�s�c�o�s�i�t�y�,� �d�e�f�e�c�t� �v�e�l�o�c�i�t�y�,� �d�e�f�e�c�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�,� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �f�o�r� �d�e�f�e�c�t� �m�o�v�e�m�e�n�t� �(�Q�)�,� �j�u�m�p� �d�i�s�t�a�n�c�e�,� �p�o�l�a�r�i�z�a�t�i�o�n� �l�o�s�s� 

�c�o�n�s�t�a�n�t�,� �d�o�m�a�i�n� �w�a�l�l� �m�o�b�i�l�i�t�y� �a�n�d� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �f�o�r� �d�o�m�a�m� �w�a�l�l� �m�o�v�e�m�e�n�t�.� �T�h�e� 

�v�a�l�i�d�i�t�y� �o�f� �t�h�e� �a�b�o�v�e� �f�a�t�i�g�u�e� �e�q�u�a�t�i�o�n� �w�a�s� �v�e�r�i�f�i�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �f�a�t�i�g�u�e� �o�f� �P�Z�T� �t�h�i�n� 

�f�i�l�m� �c�a�p�a�c�i�t�o�r�s� �o�n� �P�t� �e�l�e�c�t�r�o�d�e�s� �a�t� �v�a�r�i�o�u�s� �v�o�l�t�a�g�e�s� �[�2�0�-�2�3�]�.� �F�i�g�u�r�e� �2�.�5� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� 

�f�a�t�i�g�u�e� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �i�m� �t�h�e�s�e� �s�a�m�p�l�e�s� �a�t� �v�a�r�i�o�u�s� �v�o�l�t�a�g�e�s�.� �T�h�e� �v�o�l�t�a�g�e� �d�e�p�e�n�d�e�n�c�e� 
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�F�i�g�u�r�e� �2�.�5� 

�1�0�4� �1�0�°� �1�0�8� �1�0�7�°� 

�F�a�t�i�g�u�e� �c�u�r�v�e� �f�i�t�t�m�g� �f�o�r� �P�t�/�P�Z�T�/�P�t� �c�a�p�a�c�i�t�o�r�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �v�o�l�t�a�g�e� 

�(�t� �=� �0�.�3� �u�m�,� �s�i�z�e� �=� �0�.�1�x� �0�.�1� �m�m�2�)� �[�2�0�]� 
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�2� �4� �6� �8� �1�0� �1�2� �i�4� 

�V�o�l�t�a�g�e� �(�V�)�  � � � � � ��-� 

� � 

�F�i�g�u�r�e� �2�.�6� �V�o�l�t�a�g�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �d�e�c�a�y� �c�o�n�s�t�a�n�t�.� �C�a�l�c�u�l�a�t�e�d� �j�u�m�p� �d�i�s�t�a�n�c�e� �=� 

�0�.�4�1�8� �n�m�,� �m�e�a�s�u�r�e�d� �l�a�t�t�i�c�e� �c�o�n�s�t�a�n�t�s� �:� �a� �=� �0�.�4�1�1�3� �n�m� �a�n�d� �c� �=� �0�.�4�1�3�8� 

�n�m� �[�2�0�]� 
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�o�f� �t�h�e� �d�e�c�a�y� �c�o�n�s�t�a�n�t� �i�s� �t�h�e�n� �p�l�o�t�t�e�d� �b�a�s�e�d� �o�n� �t�h�e�s�e� �c�u�r�v�e�s� �i�n� �F�i�g�u�r�e� �2�.�6�.� �A�s�s�u�m�i�n�g� 

�m�i�g�r�a�t�i�o�n� �o�f� �d�e�f�e�c�t�s� �t�o�w�a�r�d�s� �t�h�e� �i�n�t�e�r�f�a�c�e� �w�i�t�h� �c�o�n�s�t�a�n�t� �f�l�u�x� �d�e�n�s�i�t�y�,� �t�h�e� �d�e�p�e�n�d�e�n�c�e� �c�a�n� 

�b�e� �e�x�p�r�e�s�s�e�d� �a�s� �:� 

�I�n� �(�v�/�E�)� �=� �c�o�n�s�t� �-� �(�z�q�b�/�2�k�T�d�)� �V�a�,� �(�2�.�1�2�)� 

�w�h�e�r�e� �V� �4� �i�s� �t�h�e� �a�p�p�l�i�e�d� �v�o�l�t�a�g�e� �a�n�d� �d� �i�s� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �f�i�l�m�.� �U�s�i�n�g� �a� �v�a�l�a�n�c�e� �(�z�)� �o�f� 

�2� �f�o�r� �o�x�y�g�e�n� �o�r� �l�e�a�d� �v�a�c�a�n�c�i�e�s� �t�h�e� �j�u�m�p� �d�i�s�t�a�n�c�e� �b� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �s�l�o�p�e� �o�f� �t�h�i�s� 

�c�u�r�v�e� �t�o� �b�e� �0�.�4�1�8� �n�m� �w�h�i�c�h� �i�s� �v�e�r�y� �c�l�o�s�e� �t�o� �t�h�e� �l�a�t�t�i�c�e� �p�a�r�a�m�e�t�e�r� �c� �o�f� �P�Z�T� �f�i�l�m�s� �(�0�.�4�1�3�8� 

�n�m�)�.� �T�h�i�s� �r�e�s�u�l�t� �i�n�d�i�c�a�t�e�s� �o�x�y�g�e�n� �a�n�d�/�o�r� �l�e�a�d� �v�a�c�a�n�c�i�e�s� �m�i�g�r�a�t�e� �t�o� �t�h�e� �p�a�r�a�l�l�e�l� �o�r� 

�a�n�t�i�p�a�r�a�l�l�e�l� �t�o� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �d�i�r�e�c�t�i�o�n� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �s�i�g�n� �o�f� �t�h�e� �v�a�c�a�n�c�y� �c�h�a�r�g�e�.� 

�2�.�5� �E�X�P�E�R�I�M�E�N�T�A�L� �E�V�I�D�E�N�C�E� 

�T�h�e�r�e� �i�s� �s�u�f�f�i�c�i�e�n�t� �e�x�p�e�r�i�m�e�n�t�a�l� �e�v�i�d�e�n�c�e� �t�o� �m�d�i�c�a�t�e� �t�h�a�t� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �o�x�y�g�e�n� 

�v�a�c�a�n�c�i�e�s� �a�t� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e�s� �h�a�s� �a� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�n� �t�h�e� �f�a�t�i�g�u�e� 
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�b�u�l�k�;� �a� �t�e�t�r�a�g�o�n�a�l� �s�u�r�f�a�c�e� �l�a�y�e�r� �w�a�s� �o�b�s�e�r�v�e�d� �a�b�o�v�e� �t�h�e� �C�u�r�i�e� �p�o�m�t� �w�h�i�l�e� �t�h�e� �b�u�l�k� 
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�P�O�;� �(�a�t�m�.�)� �P�r� �(�u�C�/�c�m�?�)� �E�c� �(�k�V�/�o�e�m�)�|� �Z�\�P�/�P� �%� 
�(�a�f�t�e�r� �1�0�°� �c�y�c�l�e�s�)� 

� � 

�1�0�7�2� �2�2�.�5� �8�0� �3�4� 

�2�x�1�0�"�!� �3�0� �8�0� �2�2� 

�1� �3�0� �6�0� �2�1� � � � � � � � � � � 
� � 
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�W�C�p�m� �=� �V�C�R� �+� �2�/�C�;� �(�2�.�1�3�)� 

�d�i�n�/�E�p�E�g�A� �=� �d�p�/�E�R�E�D�A� �+� �2�d�j�/�E�j�e�g�A� �(�2�.�1�4�)� 

�w�h�e�r�e� �d�y�,� �a�n�d�  ¬�,� �r�e�p�r�e�s�e�n�t� �t�h�e� �t�o�t�a�l� �s�a�m�p�l�e� �t�h�i�c�k�n�e�s�s� �a�n�d� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �r�e�s�p�e�c�t�i�v�e�l�y�;� 

�d�p� �a�n�d� �e�p� �a�r�e� �t�h�e� �b�u�l�k� �t�h�i�c�k�n�e�s�s� �a�n�d� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �r�e�s�p�e�c�t�i�v�e�l�y�;� �d�j� �a�n�d� �¢�;� �a�r�e� �t�h�e� 

�i�n�t�e�r�f�a�c�i�a�l� �l�a�y�e�r� �t�h�i�c�k�n�e�s�s� �a�n�d� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �r�e�s�p�e�c�t�i�v�e�l�y�;� �9� �i�s� �t�h�e� �p�e�r�m�i�t�t�i�v�i�t�y� �o�f� �f�r�e�e� 

�s�p�a�c�e� �a�n�d� �A� �i�s� �t�h�e� �s�a�m�p�l�e� �a�r�e�a�.� �S�i�n�c�e� �d�j� �i�s� �v�e�r�y� �s�m�a�l�l� �i�n� �c�o�m�p�a�r�i�s�o�n� �t�o� �d�p�,� �d�p� �~� �d�,�,� �a�n�d� 

�e�q�n� �2�.�1�4� �c�a�n� �b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �a�s� �:� 

�V�/�C�y� �=� �d�p�/�E�B�E�Q�A� �+� �2�/�C�;� �(�2�.�1�5�)� 

�T�h�u�s�,� �a� �p�l�o�t� �o�f� �1�/�C�,�,� �v�e�r�s�u�s� �d�y� �y�i�e�l�d�s� �1�/�C�;� �f�r�o�m� �t�h�e� �y�-�a�x�i�s� �i�n�t�e�r�c�e�p�t� �a�n�d� �b�u�l�k� �t�h�i�n� �f�i�l�m� 

�p�e�r�m�i�t�t�i�v�i�t�y�,� �e�p�,� �f�r�o�m� �t�h�e� �s�l�o�p�e�.� �B�y� �m�e�a�s�u�r�m�g� �t�h�e� �c�a�p�a�c�i�t�a�n�c�e� �o�f� �t�h�e� �s�a�m�p�l�e�s� �a�s� �a� �f�u�n�c�t�i�o�n� 

�o�f� �t�h�i�c�k�n�e�s�s� �a�n�d� �n�u�m�b�e�r� �o�f� �f�a�t�i�g�u�e� �c�y�c�l�e�s� �f�o�r� �P�t�/�P�Z�T�/�P�t� �c�a�p�a�c�i�t�o�r�s�,� �L�e�e� �a�n�d� �D�e�s�u� �[�2�8�]� 

�h�a�v�e� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �c�a�p�a�c�i�t�a�n�c�e� �a�n�d� �t�h�e� �b�u�l�k� �p�e�r�m�i�t�t�i�v�i�t�y� �a�f�t�e�r� �e�a�c�h� �p�e�r�i�o�d� �o�f� 

�c�y�c�l�i�n�g�.� �T�h�e� �p�l�o�t� �i�s� �s�h�o�w� �m� �F�i�g�.� �2�.�8�.� �T�h�e� �a�l�m�o�s�t� �p�a�r�a�l�l�e�l� �l�m�e� �m�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �b�u�l�k� 

�d�i�e�l�e�c�t�r�i�c� �p�e�r�m�i�t�t�i�v�i�t�y� �r�e�m�a�i�n�s� �c�o�n�s�t�a�n�t� �w�h�i�l�e� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �c�a�p�a�c�i�t�a�n�c�e� �i�m�c�r�e�a�s�e�s� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �f�a�t�i�g�u�e�.� �T�h�i�s� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �w�i�d�e�r� �d�e�p�l�e�t�i�o�n� �w�i�d�t�h� �d�u�e� �t�o� 

�s�p�a�c�e� �c�h�a�r�g�e� �a�c�c�u�m�u�l�a�t�i�o�n� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �w�i�t�h� �p�r�o�g�r�e�s�s�i�v�e� �f�a�t�i�g�u�e�.� �T�h�e� �s�p�a�c�e� �c�h�a�r�g�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �d�u�e� �t�o� �t�h�e� �o�x�y�g�e�n� �v�a�c�a�n�c�y� �a�t� �t�h�e� �s�u�r�f�a�c�e� �f�o�r� �P�Z�T� �t�h�i�n� �f�i�l�m�s� �h�a�s� �b�e�e�n� 

�e�s�t�i�m�a�t�e�d� �t�o� �b�e� �a�r�o�u�n�d� �5� �x� �1�0�2�9� �e�m�-�3� �[�2�6�]�.� 
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�u�w� �8� �f� 
�0�.�6�F�  �� 

�&� �,� 
�O� 
�=� �=� �=� �|� 

�0�.�4�¢� �#� �o�f� �C�y�c�l�e�s� �E�g� �]� 

 ��e �� �1�0�0� �1�2�3�5�3� 

 ��o �� �1�6�6� �1�4�9�7� �4� 

�0�.�2�  ��= �� �1�0�7� �1�4�2�9� �|� 
 ��o �� �1�0�6�8� �1�4�9�1�  �� 

�u�C�,�  ��4 �� �1�0�9� �1�5�7�8�]� 

�Q�O� �2� �g�g� �2� �+� �s�f� �2� �2� �4� �P�a� �|� �2� �2�.� �l�g� �.� 

�0� �0�.�2� �0�.�4� �0�.�6� �0�.�8� 

�T�h�i�c�k�n�e�s�s� �(�u�m�)� 

�F�i�g�u�r�e� �2�.�8� �T�h�e� �f�a�t�i�g�u�e� �c�y�c�l�e� �a�n�d� �t�h�i�c�k�n�e�s�s� �d�e�p�e�n�d�e�n�c�e� �o�f� �1�/�C�m� �f�o�r� �P�t�/�P�Z�T�/�P�t� 

�c�a�p�a�c�i�t�o�r�s�.� �T�h�e� �p�a�r�a�l�l�e�l� �l�m�e�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �b�u�l�k� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �d�o�e�s� 

�n�o�t� �c�h�a�n�g�e� �w�i�t�h� �f�a�t�i�g�u�e� �c�y�c�l�i�n�g�.� 
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�2�.�6� �G�U�I�D�E�L�I�N�E�S� �F�O�R� �M�I�N�I�M�I�Z�A�T�I�O�N� 

�T�h�e� �f�a�t�i�g�u�e� �m�o�d�e�l� �d�i�s�c�u�s�s�e�d� �a�b�o�v�e� �p�r�o�v�i�d�e�s� �s�o�m�e� �c�l�e�a�r� �g�u�i�d�e�l�i�n�e�s� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� 

�d�e�g�r�a�d�a�t�i�o�n� �p�r�o�b�l�e�m�.� �I�f� �t�h�e� �r�e�l�a�t�i�v�e� �m�o�v�e�m�e�n�t� �o�f� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� �a�n�d� �t�h�e�i�r� �e�n�t�r�a�p�m�e�n�t� 

�a�t� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e� �a�n�d�/�o�r� �a�t� �t�h�e� �d�o�m�a�i�n� �b�o�u�n�d�a�r�i�e�s� �a�n�d� �g�r�a�i�n� 

�b�o�u�n�d�a�r�i�e�s� �a�r�e� �t�h�e� �f�a�c�t�o�r�s� �c�o�n�t�r�i�b�u�t�i�n�g� �t�o� �f�a�t�i�g�u�e�,� �t�h�e�n� �t�h�e�r�e� �a�r�e� �t�w�o� �p�o�s�s�i�b�l�e� �s�o�l�u�t�i�o�n�s� �t�o� 

�o�v�e�r�c�o�m�e� �t�h�i�s� �p�r�o�b�l�e�m� �:� �(�1�)� �r�e�d�u�c�i�n�g� �t�h�e� �t�e�n�d�e�n�c�y� �f�o�r� �d�e�f�e�c�t� �e�n�t�r�a�p�m�e�n�t� �b�y� �c�o�n�t�r�o�l�l�i�n�g� 

�t�h�e� �i�n�t�e�r�f�a�c�e� �s�t�a�t�e� �a�n�d� �(�2�)� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �d�e�f�e�c�t� �d�e�n�s�i�t�y�.� �T�o� �r�e�d�u�c�e� �t�h�e� �d�e�f�e�c�t� �e�n�t�r�a�p�m�e�n�t�,� 

�t�h�e� �i�n�t�e�r�f�a�c�e�s� �h�a�v�e� �t�o� �b�e� �m�a�d�e� �m�o�r�e� �s�t�a�b�l�e� �o�r� �b�e� �m�i�n�i�m�i�z�e�d�.� �T�o� �r�e�d�u�c�e� �t�h�e� �e�f�f�e�c�t� �o�f� �g�r�a�i�n� 

�b�o�u�n�d�a�r�i�e�s�,� �t�h�e� �t�h�i�n� �f�i�l�m�s� �c�a�n� �b�e� �g�r�o�w�n� �i�n� �t�h�e� �f�o�r�m� �o�f� �s�i�n�g�l�e� �c�r�y�s�t�a�l�s�.� �H�o�w�e�v�e�r�,� �p�r�o�c�e�s�s�i�n�g� 

�o�f� �t�h�e� �s�i�n�g�l�e� �c�r�y�s�t�a�l� �t�h�i�n� �f�i�l�m�s� �i�s� �n�o�t� �v�i�a�b�l�e� �f�o�r� �l�a�r�g�e� �s�c�a�l�e� �m�e�m�o�r�y� �a�p�p�l�i�c�a�t�i�o�n�s� �d�u�e� �t�o� �t�i�m�e� 

�a�n�d� �c�o�s�t� �f�a�c�t�o�r�s�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �P�t�/�P�Z�T�/�P�t� �c�a�p�a�c�i�t�o�r�s�,� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e� 

�i�s� �h�i�g�h�l�y� �u�n�s�t�a�b�l�e� �m�a�i�n�l�y� �b�e�c�a�u�s�e� �P�t� �i�s� �a� �m�e�t�a�l� �t�h�a�t� �h�a�s� �v�e�r�y� �l�i�t�t�l�e� �a�f�f�i�n�i�t�y� �f�o�r� �o�x�y�g�e�n� �a�n�d� 

�P�Z�T� �i�s� �a�n� �o�x�i�d�e� �c�e�r�a�m�i�c�.� �A� �p�l�a�u�s�i�b�l�e� �w�a�y� �t�o� �m�c�r�e�a�s�e� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�-� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e� �w�o�u�l�d� �t�h�e�r�e�f�o�r�e� �b�e� �t�o� �u�s�e� �a�n� �o�x�i�d�e� �e�l�e�c�t�r�o�d�e� �f�o�r� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� 

�c�a�p�a�c�i�t�o�r�.� �T�r�a�n�s�i�t�i�o�n� �m�e�t�a�l� �o�x�i�d�e�s� �s�u�c�h� �a�s� �R�u�O�»�,� �I�r�O�7�,� �O�s�O�7�,� �R�h�z�O�3� �e�t�c�.� �a�r�e� �k�n�o�w�n� �t�o� 

�e�x�h�i�b�i�t� �h�i�g�h� �e�l�e�c�t�r�o�n�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �g�o�o�d� �t�h�e�r�m�a�l� �s�t�a�b�i�l�i�t�y� �u�p� �t�o� 

�h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�e�r�e�f�o�r�e�,� �o�n�e� �o�f� �t�h�e� �m�e�t�h�o�d�s� �t�o� �m�m�i�m�i�z�e� �f�a�t�i�g�u�e� �w�o�u�l�d� �b�e� �r�e�p�l�a�c�e� 

�t�h�e� �c�u�r�r�e�n�t� �c�a�n�d�i�d�a�t�e� �P�t� �e�l�e�c�t�r�o�d�e�s� �w�i�t�h� �t�h�e�s�e� �o�x�i�d�e� �e�l�e�c�t�r�o�d�e�s�.� �T�h�e�r�e� �a�r�e� �e�s�s�e�n�t�i�a�l�l�y� �t�w�o� 

�m�e�t�h�o�d�s� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �d�e�f�e�c�t� �d�e�n�s�i�t�y� �:� �(�a�)� �d�o�n�o�r� �d�o�p�i�n�g� �o�f� �t�h�e� �o�x�i�d�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �f�i�l�m�s� 

�t�o� �c�o�m�p�e�n�s�a�t�e� �f�o�r� �t�h�e� �v�a�c�a�n�c�i�e�s� �a�n�d� �(�b�)� �t�o� �u�s�e� �a� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l� �t�h�a�t� �a� �l�o�w� �m�t�r�i�n�s�i�c� 

�d�e�f�e�c�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �L�a� �a�n�d� �N�b� �a�r�e� �s�o�m�e� �o�f� �t�h�e� �m�o�r�e� �c�o�m�m�o�n� �d�o�n�o�r� �d�o�p�a�n�t�s� �t�h�a�t� �c�a�n� �b�e� 

�u�s�e�d� �f�o�r� �P�Z�T� �t�h�i�n� �f�i�l�m� �m�a�t�e�r�i�a�l�s�.� �R�e�p�l�a�c�i�n�g� �P�Z�T� �w�i�t�h� �a�n�o�t�h�e�r� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l� �f�o�r� 

�m�e�m�o�r�y� �a�p�p�l�i�c�a�t�i�o�n�s� �i�s� �a� �d�i�f�f�i�c�u�l�t� �t�a�s�k�.� �T�h�e� �r�e�p�l�a�c�e�m�e�n�t� �m�a�t�e�r�i�a�l� �w�i�l�l� �h�a�v�e� �t�o� �c�o�m�p�e�t�e� 

�a�g�a�i�n�s�t� �o�t�h�e�r� �f�a�c�t�o�r�s� �f�a�v�o�r�i�n�g� �P�Z�T� �s�u�c�h� �a�s� �e�x�c�e�l�l�e�n�t� �f�e�r�r�o�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s�,� �h�i�g�h� �C�u�r�i�e� 
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�t�e�m�p�e�r�a�t�u�r�e�,� �w�i�d�e� �o�p�e�r�a�t�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�,� �w�e�l�l� �e�s�t�a�b�l�i�s�h�e�d� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �(�~� �6�0�0� �°�C�)� 

�t�e�c�h�n�i�q�u�e�s� �a�n�d� �a� �w�i�d�e� �k�n�o�w�l�e�d�g�e� �b�a�s�e� �o�n� �t�h�i�s� �m�a�t�e�r�i�a�l�.� 

�2�.�7� �S�U�M�M�A�R�Y� 

�F�a�t�i�g�u�e� �i�n� �f�e�r�r�o�e�l�e�c�t�r�i�c� �f�i�l�m�s� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �d�o�m�a�i�n� �p�i�n�n�i�n�g� �b�y� �s�p�a�c�e� �c�h�a�r�g�e� 

�a�t� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e�s� �T�h�e� �r�o�l�e� �o�f� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� �i�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� 

�o�f� �t�h�e� �s�p�a�c�e� �c�h�a�r�g�e� �a�t� �t�h�e� �m�t�e�r�f�a�c�e�s� �h�a�s� �b�e�e�n� �d�i�s�c�u�s�s�e�d�.� �A� �q�u�a�n�t�i�t�a�t�i�v�e� �e�x�p�r�e�s�s�i�o�n� �f�o�r� 

�f�a�t�i�g�u�e� �h�a�s� �b�e�e�n� �d�e�r�i�v�e�d� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �t�h�i�s� �m�o�d�e�l�.� �V�a�r�i�o�u�s� �e�x�p�e�r�i�m�e�n�t�a�l� �e�v�i�d�e�n�c�e�s� �t�o� 

�s�u�p�p�o�r�t� �t�h�i�s� �m�o�d�e�l� �h�a�v�e� �a�l�s�o� �b�e�e�n� �p�r�e�s�e�n�t�e�d�.� �B�a�s�e�d� �o�n� �t�h�i�s� �m�o�d�e�l�,� �i�t� �h�a�s� �b�e�e�n� �s�u�g�g�e�s�t�e�d� 

�t�h�a�t� �f�a�t�i�g�u�e� �c�a�n� �b�e� �m�m�i�m�i�z�e�d� �b�y� �:� �(�1�)� �c�o�n�t�r�o�l�l�m�g� �t�h�e� �m�t�e�r�f�a�c�e� �s�t�a�t�e� �b�y� �u�s�i�n�g� �c�o�n�d�u�c�t�i�v�e� 

�o�x�i�d�e� �e�l�e�c�t�r�o�d�e�s� �s�u�c�h� �a�s� �R�u�O�,� �(�f�o�r� �P�Z�T� �f�i�l�m�s�)� �w�h�i�c�h� �c�a�n� �c�o�n�s�u�m�e� �t�h�e� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� 

�a�t� �t�h�e� �e�l�e�c�t�r�o�d�e� �a�n�d� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�t�e�r�f�a�c�e� �a�n�d� �t�h�u�s� �e�l�i�m�m�a�t�e� �t�h�e� �s�p�a�c�e� �c�h�a�r�g�e� 

�d�e�v�e�l�o�p�m�e�n�t� �a�n�d� �(�2�)� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �d�e�f�e�c�t� �(�m�a�m�l�y� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s�)� �d�e�n�s�i�t�y� �u�s�i�n�g� �d�o�n�o�r� 

�d�o�p�a�n�t�s� �s�u�c�h� �a�s� �N�b� �i�n� �P�Z�T� �t�h�a�t� �r�e�d�u�c�e�s� �t�h�e� �o�x�y�g�e�n� �v�a�c�a�n�c�y� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�r� �b�y� �u�t�i�l�i�z�i�n�g� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �f�i�l�m�s� �s�u�c�h� �w�h�i�c�h� �h�a�v�e� �m�h�e�r�e�n�t�l�y� �l�o�w� �d�e�f�e�c�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�2�.�8� �R�E�F�E�R�E�N�C�E�S� 

�1�.� �J�.� �F�.� �S�c�o�t�t� �a�n�d� �C�.�A�.� �P�a�z� �d�e� �A�r�a�u�j�o�,� �S�c�i�e�n�c�e�,� �2�4�6�,� �(�1�9�8�9�)�,� �1�4�0�0�-�1�4�0�5�.� � � 

�2�.� �R�.� �R�a�m�e�s�h�,� �A�.� �I�n�a�m�,� �W�.�K�.� �C�h�a�n�,� �B�.� �W�i�l�k�e�n�s�,� �K�.� �M�y�e�r�s�,� �K�.� �R�e�m�s�c�h�a�n�g�,� �D�.�L�.� 

�H�a�r�t�,� �J�.�M�.� �T�a�r�a�s�c�o�n�,� �S�c�i�e�n�c�e�,� �2�5�2�,� �(�1�9�9�1�)�,� �9�4�4�-�9�4�6�.� 

�3�.� �L�.� �P�a�r�k�e�r� �a�n�d� �A�.� �T�a�s�c�h�,� �J�E�E�E� �C�i�r�c�u�i�t�s� �a�n�d� �D�e�v�i�c�e�s�,� �p�p�.�1�7�,� �J�a�n�u�a�r�y� �1�9�9�0�.� 

�4�,� �A�n�o�n�y�m�o�u�s�,� �M�i�c�r�o�p�r�o�c�e�s�s�o�r�s� �a�n�d� �M�i�c�r�o�s�y�s�t�e�m�s�,� �1�3�,� �2�9�1�,� �(�1�9�8�9�)�.� 

�5�.� �R�C�.� �P�o�h�a�n�k�a� �a�n�d� �P�.�L�.� �S�m�i�t�h�,� �E�l�e�c�t�r�o�n�i�c� �C�e�r�a�m�i�c�s�,� �e�d�i�t�e�d� �b�y� �L�.�M�.� �L�e�v�i�n�s�o�n�,� �D�e�k�k�e�r�,� 

�N�e�w� �Y�o�r�k�,� �(�1�9�8�8�)�.� 
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�6�.� �M�a�n�f�r�e�d� �K�a�h�n�,� �E�l�e�c�t�r�o�n�i�c� �C�e�r�a�m�i�c�s�,� �e�d�i�t�e�d� �b�y� �L�.�M�.� �L�e�v�i�n�s�o�n�,� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� 

�(�1�9�8�8�)�.� 

�7�.� �K�.�W�.� �P�l�e�s�s�n�e�r�,� �P�r�o�c�.� �P�h�y�s�.� �S�o�c�.�,� �B�6�9�,� �(�1�9�5�6�)�,� �p�.�1�2�6�1�.� 

�8�.� �V�.�V�.� �P�r�i�s�e�d�s�k�y�,� �V�.�I�.� �S�h�i�s�h�k�o�v�s�k�y� �a�n�d� �V�.�V�.� �K�l�i�m�o�v�,� �F�e�r�r�o�e�l�e�c�t�r�i�c�s�,� �1�7�,� �(�1�9�7�8�)�,� �p�.�4�6�5�.� 

�9�.� �K�.� �C�a�r�l� �a�n�d� �K�.�H�.� �H�a�r�d�t�l�,� �F�e�r�r�o�e�l�e�c�t�r�i�c�s�,� �1�7�,� �(�1�9�7�8�)�,� �p�.� �4�7�3�.� 

�1�0�.� �G�.� �A�r�l�t�,� �F�e�r�r�o�e�l�e�c�t�r�i�c�s�,� �1�0�4�,� �(�1�9�9�0�)�,� �p�.� �2�1�7�.� 

�1�1�.� �D�.�M�.� �S�y�m�t�h�,� �F�e�r�r�o�e�l�e�c�t�r�i�c�s�,� �1�0�6�,� �(�1�9�9�0�)�,� �p�.� �3�7�8�.� 

�1�2�.� �G�.� �A�r�l�t� �a�n�d� �U�.� �R�o�b�e�l�s�,� �/�n�t�e�g�.� �F�e�r�r�o�e�l�e�c�t�.�,� �3�,� �(�1�9�9�3�)�,� �2�4�7�-�2�5�4�.� 

�1�3�.� �H�.�M�.� �D�u�i�k�e�r�,� �P�.�D�.� �B�e�a�l�e�,� �J�.�F�.� �S�c�o�t�t�,� �C�.�A�.� �P�a�z� �d�e� �A�r�a�u�j�o�,� �B�.�M�.� �M�e�l�n�i�c�k�,� �J�.�D�.� 

�C�u�c�h�l�a�r�o� �a�n�d� �L�.�D�.� �M�c�M�i�l�l�a�n�,� �J� �A�p�p�l�.� �P�h�y�s�.�,� �6�8�(�1�1�)�,� �(�1�9�9�0�)�,� �5�7�8�3�.� 

�1�4�.� �V�.�S�.� �P�o�s�t�n�i�k�o�v�,� �S�.� �P�a�l�o�v�,� �S�.�A�.� �G�r�i�d�n�e�v� �a�n�d� �S�.�K�.� �T�u�r�k�o�v�,� �S�o�v�.� �P�h�y�s�.� �S�o�l�i�d� �S�t�.�,� �1�0�,� 

�(�1�9�6�8�)�,� �1�2�6�7�-�1�2�7�0�.� 

�1�5�.� �A�Y�.� �K�u�d�z�i�n�,� �T�.�V�.� �P�a�n�c�h�e�n�k�o� �a�n�d� �S�.�P�.� �Y�u�d�i�n�,� �S�o�v�.� �P�h�y�s�.� �S�o�l�i�d� �S�t�.�,� �1�6�,� �(�1�9�7�5�)�,� �1�5�8�9�-� 

�1�5�9�1�.� 

�1�6�.� �W�.�C�.� �S�t�e�w�a�r�t� �a�n�d� �L�.�S�.� �C�o�s�e�n�t�i�n�o�,� �F�e�r�r�o�e�l�e�c�t�r�i�c�s�,�1� �,� �(�1�9�7�0�)�,� �1�4�9�-�1�5�3�.� 

�1�7�.� �R�.� �L�o�h�k�a�m�p�e�r�,� �H�.� �N�e�u�m�a�n�n� �a�n�d� �G�.� �A�r�l�t�,� �J�.� �A�p�p�l�.� �P�h�y�s�.�,� �6�8�,� �(�1�9�9�0�)�,� �4�2�2�0�-�4�2�2�7�.� 

�1�8�.� �C�.� �K�a�r�a�n�,� �J�B�M� �T�e�c�h� �R�e�p�o�r�t�,� �(�1�9�5�5�)�.� 

�1�9�.� �L�S�.� �Z�h�e�l�u�d�e�v�,� �P�h�y�s�i�c�s� �o�f� �C�r�y�s�t�a�l�l�i�n�e� �D�i�e�l�e�c�t�r�i�c�s�,� �E�l�e�c�t�r�i�c�a�l� �P�r�o�p�e�r�t�i�e�s�,� �P�l�e�n�u�m�,� 

�N�e�w� �Y�o�r�k�,� �V�o�l�.� �2�,� �(�1�9�7�1�)�,� �p�p�.� �4�7�4�-�4�9�0�.� 

�2�0�.� �L�K�.� �Y�o�o� �a�n�d� �S�.�B�.� �D�e�s�u�,� �M�a�t�.� �S�c�i�.� �a�n�d� �E�n�g�.�,� �B�1�3�,� �(�1�9�9�2�)�,� �3�1�9�.� 

�2�1�.� �L�K�.� �Y�o�o� �a�n�d� �S�.�B�.� �D�e�s�u�,� �P�h�y�s�.� �S�t�a�t�.� �S�o�l�,� �a�1�3�3�,� �(�1�9�9�2�)�,� �5�6�5�.� 

�2�2�.� �L�K�.� �Y�o�o� �a�n�d� �S�.�B�.� �D�e�s�u�,� �J�.� �I�n�t�.� �M�a�t�.� �S�y�s�.�,� �4�,� �(�1�9�9�3�)�,� �4�9�0�.� 

�2�3�.� �S�.�B�.� �D�e�s�u� �a�n�d� �L�K�.� �Y�o�o�,� �J�.� �E�l�e�c�t�r�o�c�h�e�m�.� �S�o�c�.�,� �1�4�0�,� �(�1�9�9�3�)�,� �L�1�3�3�.� 

�2�4�.� �W�.� �K�a�n�z�i�g�,� �P�h�y�s�.� �R�e�v�.�,� �9�8�,� �(�1�9�5�5�)�,� �p�.� �5�4�9�.� 

�2�5�.� �S�.� �T�r�i�e�b�w�a�s�s�e�r�,� �P�h�y�s�.� �R�e�v�.�,� �1�1�8�,� �(�1�9�6�0�)�,� �p�.�1�0�0�.� 
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�2�6�.� �J�.�F�.� �S�c�o�t�t�,� �C�.�A�.� �A�r�a�u�j�o�,� �B�.�M�.� �M�e�l�n�i�c�k�,� �L�.�D�.� �M�c�M�i�l�l�a�n�,� �R�.� �Z�u�l�e�e�g�,� �J�.� �A�p�p�i�.� 

�P�h�y�s�.� �7�0� �(�1�)�,� �(�1�9�9�1�)�,� �3�8�2�.� 

�2�7�.� �C�.�K�.� �K�w�o�k� �a�n�d� �S�.�B�.� �D�e�s�u�,� �M�a�t�.� �R�e�s�.� �S�o�c�.� �S�y�m�p�.� �P�r�o�c�.�,� �2�4�3�,� �3�9�3�,� �(�1�9�9�2�)�.� 

�2�8�.� �J�.�J�.� �L�e�e� �a�n�d� �S�.�B�.� �D�e�s�u�,� �M�a�t�.� �R�e�s�.� �S�o�c�.� �S�y�m�p�.� �P�r�o�c�.�,� �F�a�l�l� �M�e�e�t�i�n�g�,� �(�1�9�9�4�)�.� 
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�T�h�i�s� �p�a�p�e�r� �t�i�t�l�e�d� 

�"�E�l�e�c�t�r�o�d�e�s� �F�o�r� �F�e�r�r�o�e�l�e�c�t�r�i�c� �T�h�i�n� �F�i�l�m�s�"� 

�w�a�s� �p�u�b�l�i�s�h�e�d� �i�n� 

�J�o�u�r�n�a�l� �o�f� �T�h�e� �E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �S�o�c�i�e�t�y� 
�V�o�l�.� �1�4�0�,� �(�1�9�9�3�)�,� �p�.� �2�6�4�0� 

�T�h�i�s� �p�a�p�e�r� �i�s� �c�o�-�a�u�t�h�o�r�e�d� �b�y� �D�r�.� �S�.�B�.� �D�e�s�u�.� �M�y� �c�o�n�t�r�i�b�u�t�i�o�n� �i�n�c�l�u�d�e�d� �c�o�n�d�u�c�t�i�n�g� �a�l�m�o�s�t� 
�a�l�l� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �w�o�r�k�,� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �r�e�s�u�l�t�s� �a�n�d� �d�r�a�w�i�n�g� �o�f� �t�h�e� �c�o�n�c�l�u�s�i�o�n�s�.� �D�r�.� 
�N�.�R�.� �P�a�r�i�k�h�,� �U�n�i�v�e�r�s�i�t�y� �o�f� �N�o�r�t�h� �C�a�r�o�l�i�n�a�,� �C�h�a�p�e�l� �H�i�l�l�,� �N�C�,� �a�s�s�i�s�t�e�d� �u�s� �i�n� �t�h�e� �R�u�t�h�e�r�f�o�r�d� 
�b�a�c�k�s�c�a�t�t�e�r�i�n�g� �s�t�u�d�y� �a�n�d� �D�r�.� �L�e�s� �B�u�r�s�i�l�l�,� �U�n�i�v�e�r�s�i�t�y� �o�f� �M�e�l�b�o�u�r�n�e�,� �A�u�s�t�r�a�l�i�a� �i�n� �t�h�e� 
�i�n�t�e�r�f�a�c�e� �s�t�u�d�y�.� 
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�C�h�a�p�t�e�r� �3�:� �M�i�n�i�m�i�z�a�t�i�o�n� �o�f� �F�a�t�i�g�u�e� �i�n� �F�e�r�r�o�e�l�e�c�t�r�i�c� �T�h�i�n� �F�i�l�m�s� �I� �:� 
�O�x�i�d�e� �E�l�e�c�t�r�o�d�e�s� 

�3�.�1� �A�B�S�T�R�A�C�T� 

�I�n�t�e�r�f�a�c�e� �r�e�l�a�t�e�d� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�b�l�e�m�s� �i�m� �P�b�Z�r�,�T�i�,�.�,�0�3� �t�h�i�n� �f�i�l�m� �n�o�n�v�o�l�a�t�i�l�e� 

�m�e�m�o�r�i�e�s� �h�a�v�e� �l�e�d� �t�o� �t�h�e� �s�e�a�r�c�h� �f�o�r� �a�l�t�e�r�n�a�t�e� �e�l�e�c�t�r�o�d�e� �m�a�t�e�r�i�a�l�s� �t�o� �r�e�p�l�a�c�e� �t�h�e� 

�c�o�n�v�e�n�t�i�o�n�a�l� �m�e�t�a�l� �e�l�e�c�t�r�o�d�e�s�.� �I�n� �t�h�i�s� �w�o�r�k�,� �t�h�e� �s�u�i�t�a�b�i�l�i�t�y� �o�f� �c�e�r�a�m�i�c� �e�l�e�c�t�r�o�n�i�c� 

�c�o�n�d�u�c�t�o�r�s� �[�e�.�g�.� �r�u�t�h�e�n�t�u�m� �o�x�i�d�e� �(�R�u�O� �7�)� �a�n�d� �m�d�i�u�m�-�t�i�n�-�o�x�i�d�e� �(�I�T�O�)�]� �a�s� �c�o�n�t�a�c�t� 

�m�e�t�a�l�l�i�z�a�t�i�o�n� �f�o�r� �f�e�r�r�o�e�l�e�c�t�r�i�c� �P�b�Z�r�,�T�i�,�.�,�O�3� �t�h�i�n� �f�i�l�m�s� �h�a�s� �b�e�e�n� �i�m�v�e�s�t�i�g�a�t�e�d� �u�s�i�n�g� 

�t�e�c�h�n�i�q�u�e�s� �s�u�c�h� �a�s� �R�u�t�h�e�r�f�o�r�d� �b�a�c�k�s�c�a�t�t�e�r�i�n�g� �s�p�e�c�t�r�o�m�e�t�r�y�,� �x�-�r�a�y� �d�i�f�f�r�a�c�t�i�o�n�,� �t�r�a�n�s�m�i�s�s�i�o�n� 

�e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �a�n�d� �e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �f�o�r� �c�h�e�m�i�c�a�l� �a�n�a�l�y�s�i�s�.� �T�h�i�n� �f�i�l�m�s� �o�f� �R�u�O�>� 

�a�n�d� �I�T�O� �w�e�r�e� �d�e�p�o�s�i�t�e�d� �o�n�t�o� �S�i� �s�u�b�s�t�r�a�t�e�s� �b�y� �r�e�a�c�t�i�v�e� �s�p�u�t�t�e�r�i�n�g�.� �S�o�l�-�g�e�l� �d�e�r�i�v�e�d� �P�Z�T� 

�t�h�i�n� �f�i�l�m�s� �w�e�r�e� �t�h�e�n� �d�e�p�o�s�i�t�e�d� �o�n�t�o� �t�h�e� �c�o�n�d�u�c�t�i�n�g� �o�x�i�d�e�s� �a�n�d� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�n�e�a�l�e�d� 

�a�t� �v�a�r�i�o�u�s� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�t�w�e�e�n� �4�0�0�°�C� �a�n�d� �7�0�0�°�C�.� �L�e�s�s� �m�t�e�r�m�i�x�i�n�g� �w�a�s� �o�b�s�e�r�v�e�d� �m� 

�S�i�/�R�u�O�>�/�P�Z�T� �f�i�l�m�s� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �S�i�/�I�T�O�/�P�Z�T� �u�n�d�e�r� �s�i�m�i�l�a�r� �p�r�o�c�e�s�s�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� 

�T�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �P�Z�T� �f�i�l�m�s� �(�h�y�s�t�e�r�e�s�i�s�,� �f�a�t�i�g�u�e� �a�n�d� �l�o�w� �v�o�l�t�a�g�e� �b�r�e�a�k�d�o�w�n�)� 

�o�n� �R�u�O�>� �e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �o�n� �P�t� �e�l�e�c�t�r�o�d�e�s�.� �P�Z�T� �f�i�l�m�s� �s�h�o�w� �i�m�p�r�o�v�e�d� 

�f�a�t�i�g�u�e� �p�r�o�p�e�r�t�i�e�s� �o�n� �R�u�Q�>� �e�l�e�c�t�r�o�d�e�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �f�i�l�m�s� �o�n� �R�u�Q� �)� �e�l�e�c�t�r�o�d�e�s� �a�l�s�o� 

�s�h�o�w�e�d� �h�i�g�h�e�r� �l�e�a�k�a�g�e� �c�u�r�r�e�n�t� �d�e�n�s�i�t�i�e�s�.� 

�3�.�2� �I�N�T�R�O�D�U�C�T�I�O�N� 

�L�e�a�d� �z�i�r�c�o�n�a�t�e� �t�i�t�a�n�a�t�e� �(�P�Z�T�)� �t�h�i�n� �f�i�l�m�s� �h�a�v�e� �b�e�e�n� �i�n�v�e�s�t�i�g�a�t�e�d� �a�s� �p�o�s�s�i�b�l�e� 

�c�a�n�d�i�d�a�t�e�s� �f�o�r� �n�o�n�v�o�l�a�t�i�l�e� �m�e�m�o�r�y� �a�p�p�l�i�c�a�t�i�o�n�s� �f�o�r� �m�o�r�e� �t�h�a�n� �a� �d�e�c�a�d�e�[�1�-�4�]�.� �C�o�m�b�i�n�a�t�i�o�n� 
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�o�f� �g�o�o�d� �f�e�r�r�o�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �s�t�a�b�i�l�i�t�y� �i�n� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �h�a�s� 

�l�e�a�d� �t�o� �t�h�e� �i�n�c�r�e�a�s�i�n�g� �a�m�o�u�n�t� �o�f� �s�t�u�d�y� �d�o�n�e� �o�n� �t�h�i�s� �m�a�t�e�r�i�a�l� �f�o�r� �n�o�n�v�o�l�a�t�i�l�e� �m�e�m�o�r�y� 

�a�p�p�l�i�c�a�t�i�o�n�s�[�5�]�.� �H�o�w�e�v�e�r�,� �t�h�e�r�e� �s�t�i�l�l� �r�e�m�a�i�n� �m�a�n�y� �p�r�o�b�l�e�m�s� �t�h�a�t� �n�e�e�d� �t�o� �b�e� �o�v�e�r�c�o�m�e� 

�b�e�f�o�r�e� �a� �v�i�a�b�l�e� �c�o�m�m�e�r�c�i�a�l� �m�e�m�o�r�y� �p�r�o�d�u�c�t� �c�a�n� �b�e� �p�r�o�d�u�c�e�d�.� �I�t� �i�s� �w�e�l�l� �k�n�o�w�n� �t�h�a�t� 

�e�l�e�c�t�r�i�c�a�l� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�b�l�e�m�s� �i�n� �f�e�r�r�o�e�l�e�c�t�r�i�c�s�,� �i�n� �g�e�n�e�r�a�l�,� �i�s� �o�n�e� �o�f� �t�h�e� �m�a�i�n� �r�e�a�s�o�n�s� �f�o�r� 

�t�h�e� �c�o�n�t�i�n�u�e�d� �s�e�t�b�a�c�k� �t�o�w�a�r�d�s� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �r�e�l�i�a�b�l�e� �m�e�m�o�r�y� �d�e�v�i�c�e�s� �[�6�-�7�]�.� �I�n� �a�d�d�i�t�i�o�n�,� 

�c�o�m�p�a�t�i�b�i�l�i�t�y� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �i�m�p�o�s�e� �s�t�r�m�g�e�n�t� �c�o�n�s�t�r�a�i�n�t�s� �o�n� �t�h�e� �n�a�t�u�r�e� �o�f� �f�e�r�r�o�e�l�e�c�t�r�i�c� �a�n�d� 

�e�l�e�c�t�r�o�d�e� �m�a�t�e�r�i�a�l�s� �i�n� �t�h�e� �m�t�e�g�r�a�t�i�o�n� �o�f� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �d�e�v�i�c�e�s� �(�f�e�r�r�o�e�l�e�c�t�r�i�c� �c�a�p�a�c�i�t�o�r�s�)� 

�i�n�t�o� �t�h�e� �S�i� �o�r� �G�a�A�s� �V�L�S�I�.� �H�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�c�e�s�s�i�n�g� �o�f� �t�h�e� �c�a�p�a�c�i�t�o�r�s� �o�n� �t�h�e� 

�u�n�d�e�r�l�y�i�n�g� �s�e�m�i�c�o�n�d�u�c�t�o�r� �m�a�t�e�r�i�a�l� �c�o�u�l�d� �l�e�a�d� �t�o� �i�n�t�e�r�d�i�f�f�u�s�i�o�n� �o�f� �v�a�r�i�o�u�s� �e�l�e�m�e�n�t�s� �i�n� �t�h�e� 

�s�e�m�i�c�o�n�d�u�c�t�o�r�,� �e�l�e�c�t�r�o�d�e� �a�n�d� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �c�h�o�i�c�e� �o�f� �t�h�e� 

�e�l�e�c�t�r�o�d�e� �a�n�d� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l�s� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �c�o�n�s�i�d�e�r�a�t�i�o�n�.� 

�F�o�r� �P�Z�T� �t�h�i�n� �f�i�l�m� �a�p�p�l�i�c�a�t�i�o�n�s�,� �m�e�t�a�l� �e�l�e�c�t�r�o�d�e�s� �s�u�c�h� �a�s� �A�u�,� �P�t� �a�n�d� �A�g� �a�r�e� �b�e�i�n�g� 

�u�s�e�d� �w�i�d�e�l�y�.� �H�o�w�e�v�e�r�,� �t�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �d�i�s�a�d�v�a�n�t�a�g�e�s� �i�n� �u�s�m�g� �m�e�t�a�l� �e�l�e�c�t�r�o�d�e�s�.� �I�n� 

�g�e�n�e�r�a�l�,� �P�Z�T� �f�i�l�m�s� �a�r�e� �k�n�o�w�n� �t�o� �s�u�f�f�e�r� �f�r�o�m� �f�a�t�i�g�u�e� �(�l�o�s�s� �o�f� �s�w�i�t�c�h�a�b�l�e� �p�o�l�a�r�i�z�a�t�i�o�n� �o�n� 

�r�e�p�e�a�t�e�d� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�v�e�r�s�a�l�)� �o�n� �m�e�t�a�l� �e�l�e�c�t�r�o�d�e�s� �[�8�]�.� �A�l�t�h�o�u�g�h� �s�e�v�e�r�a�l� �m�o�d�e�l�s� �h�a�v�e� 

�b�e�e�n� �p�r�o�p�o�s�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �f�o�r� �f�a�t�i�g�u�e� �i�n� �f�e�r�r�o�e�l�e�c�t�r�i�c�s� �t�h�i�n� �f�i�l�m�s� �[�9�-�1�2�]�,� �n�o� �s�a�t�i�s�f�a�c�t�o�r�y� 

�e�x�p�l�a�n�a�t�i�o�n� �h�a�s� �y�e�t� �b�e�e�n� �f�o�u�n�d�.� �A� �r�e�c�e�n�t� �m�o�d�e�l� �d�e�v�e�l�o�p�e�d� �b�y� �Y�o�o� �a�n�d� �D�e�s�u� �[�1�3�]� �s�u�g�g�e�s�t�s� 

�t�h�a�t� �t�h�e� �f�a�t�i�g�u�e� �a�n�d� �o�t�h�e�r� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�b�l�e�m�s� �i�n� �o�x�i�d�e� �f�e�r�r�o�e�l�e�c�t�r�i�c�s� �a�r�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� 

�n�a�t�u�r�e� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e�.� �I�n�t�r�i�n�s�i�c� �d�e�f�e�c�t� �m�o�v�e�m�e�n�t� �a�n�d� �e�n�t�r�a�p�m�e�n�t� 

�a�t� �v�a�r�i�o�u�s� �t�r�a�p�p�i�n�g� �s�i�t�e�s� �s�u�c�h� �a�s� �g�r�a�i�n�/�d�o�m�a�i�n� �b�o�u�n�d�a�r�i�e�s� �a�n�d� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� 

�i�n�t�e�r�f�a�c�e� �l�e�a�d� �t�o� �t�h�e� �l�o�s�s� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n� �i�n� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l� �u�n�d�e�r� �a�n� �A�C� �f�i�e�l�d�.� 

�D�e�f�e�c�t� �e�n�t�r�a�p�m�e�n�t� �(�e�.�g�.�,� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s�)� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�s� �l�e�a�d�s� �t�o� �s�p�a�c�e� �c�h�a�r�g�e� 

�d�e�v�e�l�o�p�m�e�n�t� �a�t� �t�h�e�s�e� �s�i�t�e�s� �w�h�i�c�h� �c�a�n�  ��p�i�n�'� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �d�o�m�a�i�n�s�.� �T�h�e�r�e� �i�s� �a� �l�a�r�g�e� 

�S�c�h�o�t�t�k�y� �b�a�r�r�i�e�r� �a�t� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e� �t�h�a�t� �a�r�i�s�e�s� �d�u�e� �t�o� �t�h�e� �l�a�t�t�i�c�e� 
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�m�i�s�m�a�t�c�h� �a�n�d� �w�o�r�k� �f�u�n�c�t�i�o�n� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �m�e�t�a�l� �e�l�e�c�t�r�o�d�e� �a�n�d� �t�h�e� �c�e�r�a�m�i�c� 

�f�e�r�r�o�e�l�e�c�t�r�i�c�.� �A�n�o�t�h�e�r� �d�i�s�t�i�n�c�t� �d�i�s�a�d�v�a�n�t�a�g�e� �i�n� �u�s�i�n�g� �p�l�a�t�i�n�u�m� �e�l�e�c�t�r�o�d�e�s� �i�s� �t�h�e� �d�i�f�f�i�c�u�l�t�y� 

�i�n�v�o�l�v�e�d� �i�n� �e�t�c�h�i�n�g� �t�h�e� �m�a�t�e�r�i�a�l� �w�h�i�c�h� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �c�o�n�s�i�d�e�r�a�t�i�o�n� �i�n� �V�L�S�I� �a�p�p�l�i�c�a�t�i�o�n�s�.� 

�T�h�e�s�e� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �h�a�v�e� �l�e�a�d� �t�o� �t�h�e� �s�e�a�r�c�h� �f�o�r� �a�l�t�e�r�n�a�t�e� �e�l�e�c�t�r�o�d�e� �m�a�t�e�r�i�a�l�s� �f�o�r� 

�P�Z�T� �t�h�i�n� �f�i�l�m�s� �a�p�p�l�i�c�a�t�i�o�n�s�.� �T�o� �r�e�d�u�c�e� �t�h�e� �S�c�h�o�t�t�k�y� �b�a�r�r�i�e�r� �h�e�i�g�h�t� �a�t� �t�h�e� �i�m�t�e�r�f�a�c�e�,� �i�t� �i�s� 

�n�e�c�e�s�s�a�r�y� �t�o� �u�s�e� �a�n� �e�l�e�c�t�r�o�d�e� �m�a�t�e�r�i�a�l� �w�h�o�s�e� �w�o�r�k� �f�u�n�c�t�i�o�n� �a�n�d� �l�a�t�t�i�c�e� �p�a�r�a�m�e�t�e�r� �a�r�e� 

�s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�f� �t�h�e� �P�Z�T� �t�h�i�n� �f�i�l�m�s�.� �I�n� �a� �p�r�e�v�i�o�u�s� �s�t�u�d�y�,� �P�a�r�i�k�h� �e�t� �a�l� �[�1�4�]� �v�e�s�t�i�g�a�t�e�d� 

�t�h�e� �u�s�e� �o�f� �c�e�r�a�m�i�c� �n�i�t�r�i�d�e� �a�n�d� �o�x�i�d�e� �d�i�f�f�u�s�i�o�n� �b�a�r�r�i�e�r�s� �s�u�c�h� �a�s� �Z�r�N�x�,� �T�i�N�x�,� �Z�r�O�,� �a�n�d� �T�i�O�,� 

�f�o�r� �P�Z�T� �t�h�i�n� �f�i�l�m� �a�p�p�l�i�c�a�t�i�o�n�s�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �m�t�e�r�m�i�x�i�n�g� �a�t� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s� �u�s�i�n�g� 

�t�h�e�s�e� �c�o�m�p�o�u�n�d�s�.� �C�e�r�a�m�i�c� �c�o�n�d�u�c�t�o�r�s� �s�u�c�h� �a�s� �r�u�t�h�e�n�i�u�m� �o�x�i�d�e� �(�R�u�O�>�)�,� �I�n�d�i�u�m� �T�m� 

�O�x�i�d�e� �(�I�T�O�)� �a�n�d� �o�t�h�e�r� �t�r�a�n�s�i�t�i�o�n� �m�e�t�a�l� �o�x�i�d�e�s� �(�I�r�O�7�,� �R�h�O�7�,� �R�e�Q�>� �e�t�c�.�)� �a�r�e� �s�o�m�e� �o�f� �t�h�e� 

�o�t�h�e�r� �c�h�o�i�c�e�s�.� �T�h�e� �m�e�t�a�l�l�i�c� �o�x�i�d�e�s� �o�f� �t�h�e�s�e� �t�r�a�n�s�i�t�i�o�n� �m�e�t�a�l�s� �t�e�n�d� �t�o� �c�r�y�s�t�a�l�l�i�z�e� �m� �t�h�e� 

�t�e�t�r�a�g�o�n�a�l� �r�u�t�i�l�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �a�r�e� �p�r�o�m�i�s�i�n�g� �c�a�n�d�i�d�a�t�e�s� �f�o�r� �v�a�r�i�o�u�s� �m�e�t�a�l�l�i�z�a�t�i�o�n� �s�c�h�e�m�e�s� 

�p�r�i�m�a�r�i�l�y� �b�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �l�o�w� �r�e�s�i�s�t�i�v�i�t�y� �a�n�d� �h�i�g�h� �t�h�e�r�m�a�l� �s�t�a�b�i�l�i�t�y� �[�1�5�]�.� �D�i�o�x�i�d�e�s� �o�f� �t�h�e�s�e� 

�m�a�t�e�r�i�a�l�s� �h�a�v�e� �b�u�l�k� �r�e�s�i�s�t�i�v�i�t�i�e�s� �o�f� �t�h�e� �o�r�d�e�r� �o�f� �3�0�-�1�0�0� �t�o�h�m�-�c�m� �a�n�d� �s�o�r�n�e� �o�f� �t�h�e�s�e� �o�x�i�d�e�s� 

�s�u�c�h� �a�s� �R�u�O�>� �a�r�e� �k�n�o�w�n� �t�o� �h�a�v�e� �e�x�c�e�l�l�e�n�t� �d�i�f�f�u�s�i�o�n� �b�a�r�r�i�e�r� �p�r�o�p�e�r�t�i�e�s� �[�1�5�-�1�6�]�.� �T�h�e� �u�s�e� �o�f� 

�t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�s� �e�l�e�c�t�r�o�d�e�s� �n� �V�L�S�I� �t�h�e�r�e�f�o�r�e� �o�b�v�i�a�t�e�s� �t�h�e� �n�e�e�d� �f�o�r� �a�n� �a�d�d�i�t�i�o�n�a�l� �b�a�r�r�i�e�r� 

�l�a�y�e�r� �f�i�l�m�.� �R�e�c�e�n�t�l�y�,� �i�t� �h�a�s� �a�l�s�o� �b�e�e�n� �s�h�o�w�n� �t�h�a�t� �t�h�e�s�e� �f�i�l�m�s� �c�a�n� �b�e� �e�t�c�h�e�d� �u�s�m�g� �t�h�e� 

 ��c�o�n�v�e�n�t�i�o�n�a�l� �d�r�y� �e�t�c�h�i�n�g� �t�e�c�h�n�i�q�u�e�s� �[�1�7�]�.� 

�I�n� �t�h�i�s� �s�t�u�d�y�,� �w�e� �h�a�v�e� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�w�o� �d�i�f�f�e�r�e�n�t� �c�o�n�d�u�c�t�m�g� 

�o�x�i�d�e� �e�l�e�c�t�r�o�d�e�s� �-� �R�u�Q�»� �a�n�d� �I�T�O� �-� �f�o�r� �P�Z�T� �t�h�i�n� �f�i�l�m� �a�p�p�l�i�c�a�t�i�o�n�s� �a�n�d� �c�o�m�p�a�r�e�d� �t�h�e� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �P�Z�T� �f�i�l�m�s� �o�n� �c�e�r�a�m�i�c� �a�n�d� �m�e�t�a�l� �e�l�e�c�t�r�o�d�e�s�.� 

�T�h�e� �e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �s�p�u�t�t�e�r� �d�e�p�o�s�i�t�e�d� �o�n�t�o� �S�i� �s�u�b�s�t�r�a�t�e�s� �a�n�d� �s�p�i� �c�o�a�t�e�d� �w�i�t�h� �s�o�l�-�g�e�l� 

�d�e�r�i�v�e�d� �P�Z�T� �t�h�i�n� �f�i�l�m�s�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�n�e�a�l�e�d� �a�t� �v�a�r�i�o�u�s� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�t�w�e�e�n� 

�4�0�0�°�C�-�7�0�0�°�C� �a�n�d� �c�h�a�r�a�c�t�e�r�i�z�e�d� �t�h�e�r�e�a�f�t�e�r� �u�s�i�n�g� �R�u�t�h�e�r�f�o�r�d� �b�a�c�k�s�c�a�t�t�e�r�m�g� �s�p�e�c�t�r�o�m�e�t�r�y�,� 

�4�4



�x�-�r�a�y� �d�i�f�f�r�a�c�t�i�o�n� �(�X�R�D�)� �a�n�d� �e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �f�o�r� �c�h�e�m�i�c�a�l� �a�n�a�l�y�s�i�s� �(�E�S�C�A�)�.� �T�o�p� 

�e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �o�n�c�e� �a�g�a�i�n� �d�e�p�o�s�i�t�e�d� �b�y� �s�p�u�t�t�e�r�i�n�g� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� 

�o�f� �P�Z�T� �f�i�l�m�s�.� �T�h�e� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� �c�o�m�p�a�r�e�d� �t�o� �P�Z�T� �f�i�l�m�s� �p�r�o�c�e�s�s�e�d� �o�n� �P�t� �e�l�e�c�t�r�o�d�e�s� 

�u�n�d�e�r� �s�i�m�i�l�a�r� �c�o�n�d�i�t�i�o�n�s�.� 

�3�.�3� �E�X�P�E�R�I�M�E�N�T�A�L� �P�R�O�C�E�D�U�R�E� 

�T�h�i�n� �f�i�l�m�s� �o�f� �R�u�O�>� �a�n�d� �I�T�O� �w�e�r�e� �r�e�a�c�t�i�v�e�l�y� �s�p�u�t�t�e�r�e�d� �i�n� �o�x�y�g�e�n� �a�t�m�o�s�p�h�e�r�e� �a�t� �a� 

�p�r�e�s�s�u�r�e� �o�f� �2�x�1�0�-�4� �T�o�r�r� �o�n�t�o� �S�i� �s�u�b�s�t�r�a�t�e�s�.� �T�h�e� �s�u�b�s�t�r�a�t�e�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �a�t� �a� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�0�0�°�C� �d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n� �a�n�d� �t�h�e� �e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �d�e�p�o�s�i�t�e�d� �t�o� �a� �t�h�i�c�k�n�e�s�s� 

�o�f� �5�0�0� �n�m�.� �S�o�l�-�g�e�l� �d�e�r�i�v�e�d� �P�Z�T� �f�i�l�m�s� �w�e�r�e� �t�h�e�n� �d�e�p�o�s�i�t�e�d� �o�n�t�o� �t�h�e�s�e� �s�u�b�s�t�r�a�t�e�s�.� �T�h�e� �P�Z�T� 

�p�r�e�c�u�r�s�o�r� �w�a�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �a� �m�e�t�a�l�l�o�r�g�a�n�i�c� �s�o�l�u�t�i�o�n� �(�0�.�4�M�)� �o�f� �l�e�a�d� �a�c�e�t�a�t�e�,� �z�i�r�c�o�n�i�u�m� �n�-� 

�p�r�o�p�o�x�i�d�e� �a�n�d� �t�i�t�a�n�i�u�m� �i�s�o�-�p�r�o�p�o�x�i�d�e� �d�i�s�s�o�l�v�e�d� �m� �a�c�e�t�i�c� �a�c�i�d� �a�n�d� �n�-�p�r�o�p�a�n�o�l�.� �T�h�e� 

�s�o�l�u�t�i�o�n� �w�a�s� �h�y�d�r�o�l�y�z�e�d� �(�R�=�1�0�)� �t�o� �f�o�r�m� �t�h�e� �p�r�e�c�u�r�s�o�r�.� �T�h�e� �m�e�t�h�o�d� �o�f� �p�r�e�p�a�r�i�n�g� �t�h�e� 

�p�r�e�c�u�r�s�o�r� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �s�u�g�g�e�s�t�e�d� �b�y� �Y�i� �e�t� �a�l� �[�1�8�]�;� �m�o�r�e� �s�p�e�c�i�f�i�c� �d�e�t�a�i�l�s� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �t�h�i�s� �r�e�f�e�r�e�n�c�e�.� �T�e�n� �p�e�r�c�e�n�t� �e�x�c�e�s�s� �l�e�a�d� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �s�o�l�u�t�i�o�n�s� �t�o� �c�o�m�p�e�n�s�a�t�e� �f�o�r� 

�t�h�e� �l�o�s�s� �o�f� �l�e�a�d� �d�u�r�i�n�g� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�c�e�s�s�i�n�g�.� �F�i�l�m�s� �w�e�r�e� �s�p�m� �c�o�a�t�e�d� �a�t� �1�5�0�0� �r�p�m� 

�f�o�r� �2�0� �s�e�c� �a�n�d� �s�u�b�s�e�q�u�e�n�t�l�y� �d�r�i�e�d� �a�t� �1�5�0�°�C� �f�o�r� �5� �m�m�.� �T�h�e� �c�y�c�l�e� �w�a�s� �r�e�p�e�a�t�e�d� �o�n�c�e� �o�r� 

�t�w�i�c�e� �(�s�p�i�n�-�b�a�k�e� �c�y�c�l�e�)� �t�o� �o�b�t�a�i�n� �t�h�e� �d�e�s�i�r�e�d� �t�h�i�c�k�n�e�s�s� �(�3�0�0�-�4�5�0� �n�m�)�.� �T�h�e� �f�i�l�m�s� �w�e�r�e� 

�c�o�a�t�e�d� �t�o� �v�a�r�i�o�u�s� �c�o�m�p�o�s�i�t�i�o�n�s� �(�Z�r�/�T�i�)� �o�f� �3�0�/�7�0�,� �4�0�/�6�0�,� �5�3�/�4�7�,� �6�5�/�3�5� �a�n�d� �7�5�/�2�5�.� �I�n� �a� 

�s�i�m�i�l�a�r� �s�t�u�d�y�,� �P�b�O� �f�i�l�m�s� �w�e�r�e� �d�e�p�o�s�i�t�e�d� �o�n� �t�h�e� �e�l�e�c�t�r�o�d�e�s� �b�y� �t�h�e� �v�a�c�u�u�m� �e�v�a�p�o�r�a�t�i�o�n� 

�t�e�c�h�n�i�q�u�e� �u�n�d�e�r� �a� �v�a�c�u�u�m� �o�f� �1�0� �T�o�r�r� �t�o� �a� �t�h�i�c�k�n�e�s�s� �o�f� �1�5�0� �n�m�.� �T�h�e� �c�o�a�t�e�d� �f�i�l�m�s� �w�e�r�e� 

�a�n�n�e�a�l�e�d� �a�t� �v�a�r�i�o�u�s� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�t�w�e�e�n� �4�0�0�°�C� �a�n�d� �7�0�0�°�C� �i�n� �i�n�t�e�r�v�a�l�s� �o�f� �5�0�°�C� �f�o�r� �3�0� 

�m�i�n� �i�n� �a� �q�u�a�r�t�z� �t�u�b�e� �f�u�r�n�a�c�e� �u�n�d�e�r� �a� �c�o�n�t�r�o�l�l�e�d� �o�x�y�g�e�n� �a�t�m�o�s�p�h�e�r�e�.� 
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�T�h�e� �b�u�l�k� �c�o�m�p�o�s�i�t�i�o�n�s� �o�f� �t�h�e� �f�i�l�m�s� �(�c�o�a�t�e�d� �a�n�d� �a�n�n�e�a�l�e�d� �o�n� �s�a�p�p�h�i�r�e� �s�u�b�s�t�r�a�t�e�s�)� 

�w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �e�l�e�c�t�r�o�n� �p�r�o�b�e� �m�i�c�r�o�a�n�a�l�y�s�i�s� �(�E�P�M�A�)�.� �Q�u�a�n�t�i�t�a�t�i�v�e� �a�n�a�l�y�s�i�s� �o�f� �P�b�,� 

�Z�r� �a�n�d� �T�i� �i�o�n�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �7� �k�V�,� �5�0� �m�A� �s�o�u�r�c�e�.� �T�e�n� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� 

�a�t� �d�i�f�f�e�r�e�n�t� �a�r�e�a�s� �o�n� �t�h�e� �s�a�m�p�l�e� �a�n�d� �a�v�e�r�a�g�e�d� �t�o� �o�b�t�a�m� �e�a�c�h� �d�a�t�a� �p�o�i�n�t�.� �T�h�e� �s�u�r�f�a�c�e� 

�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �f�i�l�m�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �f�o�r� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� 

�(�E�S�C�A�)� �u�s�i�n�g� �a� �K�r�a�t�o�s� �X�S�A�M� �8�0�0� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�m�e�t�e�r�.� �T�h�e� �s�p�e�c�i�m�e�n�s� �w�e�r�e� 

�e�x�c�i�t�e�d� �u�s�i�n�g� �a� �1�3� �k�V� �M�g� �K�,� �x�-�r�a�y� �s�o�u�r�c�e� �a�n�d� �t�h�e� �s�t�a�n�d�a�r�d�-�l�e�s�s� �r�a�t�i�o� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� 

�f�o�r� �q�u�a�n�t�i�t�a�t�i�v�e� �a�n�a�l�y�s�i�s�.� �A� �b�a�c�k�g�r�o�u�n�d� �p�r�e�s�s�u�r�e� �o�f� �1�0�°� �T�o�r�r� �w�a�s� �u�s�e�d� �i�n� �t�h�e� �c�h�a�m�b�e�r� �a�n�d� 

�t�h�e� �s�p�e�c�i�m�e�n� �t�i�l�t� �a�n�g�l�e� �w�a�s� �m�a�i�n�t�a�m�e�d� �a�t� �t�h�e� �n�o�r�m�a�l� �9�0�°�.� �P�b�4�f�,� �Z�r�3�d� �a�n�d� �T�i�2�p� �i�n�t�e�g�r�a�t�e�d� 

�a�r�e�a�s� �a�n�d� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �f�a�c�t�o�r�s� �c�a�l�i�b�r�a�t�e�d� �s�p�e�c�i�f�i�c�a�l�l�y� �f�o�r� �t�h�e� �m� �i�m�s�t�r�u�m�e�n�t� �i�n� �u�s�e�,� �w�e�r�e� 

�u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �s�u�r�f�a�c�e� �c�o�m�p�o�s�i�t�i�o�n�.� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�i�n� �f�i�l�m� �p�h�a�s�e�s� �a�n�d� �a� �q�u�a�l�i�t�a�t�i�v�e� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �d�e�g�r�e�e� �o�f� 

�i�n�t�e�r�m�i�x�i�n�g� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�n�n�e�a�l�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�i�n� �f�i�l�m� �x�-�r�a�y� 

�d�i�f�f�r�a�c�t�i�o�n� �s�t�u�d�i�e�s�.� �R�B�S� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�x�t�e�n�t� �o�f� 

�i�n�t�e�r�m�i�x�i�n�g� �u�s�i�n�g� �a� �2� �M�e�V� �H�e�*�*� �b�e�a�m� �r�e�f�e�r�e�n�c�e�.� �T�h�e� �s�a�m�p�l�e� �s�i�z�e�s� �w�e�r�e� �t�y�p�i�c�a�l�l�y� �1� �c�m�?� �m� 

�a�r�e�a�.� �S�a�m�p�l�e� �n�o�r�m�a�l� �t�i�l�t�s� �o�f� �-�6�°� �a�n�d� �5�0�°� �f�r�o�m� �t�h�e� �i�n�c�i�d�e�n�t� �b�e�a�m� �d�i�r�e�c�t�i�o�n� �w�e�r�e� �u�s�e�d� �i�n� �t�h�e� 

�a�n�a�l�y�s�i�s� �w�i�t�h� �t�h�e� �d�e�t�e�c�t�o�r� �p�l�a�c�e�d� �a�t� �a� �b�a�c�k�s�c�a�t�t�e�r�i�n�g� �a�n�g�l�e� �o�f� �1�6�5�°�.� �A� �W�i�m�-�s�p�e�c� �(�R�)� 

�s�i�m�u�l�a�t�i�o�n� �p�r�o�g�r�a�m� �w�a�s� �u�s�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �v�s� �d�e�p�t�h� �p�r�o�f�i�l�e� �o�f� �t�h�e� �e�l�e�m�e�n�t�a�l� 

�d�i�s�t�r�i�b�u�t�i�o�n�.� �T�h�e�o�r�e�t�i�c�a�l� �s�p�e�c�t�r�a� �w�e�r�e� �g�e�n�e�r�a�t�e�d� �b�y� �v�a�r�y�i�n�g� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n�s� �o�f� �t�h�i�n� �l�a�y�e�r�s� 

�o�f� �t�h�e� �s�a�m�p�l�e� �a�n�d� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�p�e�c�t�r�u�m� �u�n�t�i�l� �a� �c�l�o�s�e� �m�a�t�c�h� �w�a�s� 

�o�b�t�a�i�n�e�d�.� 

�F�o�r� �t�h�e� �T�E�M� �s�t�u�d�y�,� �f�o�u�r� �p�i�e�c�e�s� �(�e�a�c�h� �3� �m�m�)� �w�e�r�e� �c�l�e�a�v�e�d� �f�r�o�m� �t�h�e� �t�w�o� 

�P�Z�T�/�e�l�e�c�t�r�o�d�e� �s�p�e�c�i�m�e�n�s� �c�r�y�s�t�a�l�l�i�z�e�d� �a�t� �6�5�0� �°�C�.� �T�h�e�s�e� �w�e�r�e� �g�l�u�e�d� �t�o�g�e�t�h�e�r� �u�s�m�g� �a�n� 

�e�p�o�x�y� �r�e�s�i�n� �a�s� �a� �s�t�a�c�k� �w�i�t�h� �t�w�o� �p�a�i�r�s� �o�f� �P�Z�T� �s�u�r�f�a�c�e�s� �f�a�c�i�n�g� �m�w�a�r�d�.� �T�h�e�s�e� �s�a�n�d�w�i�c�h�e�s� 

�w�e�r�e� �g�r�o�u�n�d� �m�e�c�h�a�n�i�c�a�l�l�y� �u�s�i�n�g� �f�i�n�e�-�g�r�a�d�e� �s�i�l�i�c�o�n� �c�a�r�b�i�d�e� �p�a�p�e�r� �i�n� �s�u�c�h� �a� �w�a�y� �a�s� �t�o� 
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�p�r�o�d�u�c�e� �t�r�a�n�s�v�e�r�s�e� �c�r�o�s�s� �s�e�c�t�i�o�n�s� �3�0� �u�m� �d�e�e�p�.� �A� �2�.�3� �m�m� �c�o�p�p�e�r� �s�p�e�c�i�m�e�n� �s�u�p�p�o�r�t� �r�i�n�g� 

�w�a�s� �g�l�u�e�d� �t�o� �o�n�e� �s�u�r�f�a�c�e� �a�n�d� �t�h�e� �s�a�m�p�l�e� �i�o�n� �t�h�i�n�n�e�d� �f�r�o�m� �b�o�t�h� �s�i�d�e�s� �a�t� �a�n� �a�n�g�l�e� �o�f� 

�i�n�c�i�d�e�n�c�e� �o�f� �1�5�9�.� �T�h�i�s� �i�s� �a� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �a� �t�e�c�h�n�i�q�u�e� �d�e�v�e�l�o�p�e�d� �b�y� �R�e�a�n�e�y� �a�n�d� �B�a�r�b�e�r� 

�[�1�9�]�.� �T�h�e� �t�h�m� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �e�x�a�m�i�n�e�d� �u�s�i�n�g� �a� �P�h�i�l�i�p�s� �E�M�4�3�0� �3�0�0� �k�e�V� �H�R�T�E�M� 

�i�n�s�t�r�u�m�e�n�t� �a�t� �I�n�s�t�i�t�u�t� �I�n�t�e�r�d�e�r�d�e�p�a�r�t�m�e�n�t�a�l�e� �d�e� �m�i�c�r�o�s�c�o�p�i�c� �E�l�e�c�t�r�o�n�i�q�u�e� �(�I�2�M�)�,� �E�P�F�L�.� 

�O�b�s�e�r�v�a�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �c�l�o�s�e� �t�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �u�s�i�n�g� �a� �+� �1�0�°� �d�o�u�b�l�e�-�t�i�l�t� �g�o�n�i�o�m�e�t�e�r�.� 

�T�h�e� �i�n�s�t�r�u�m�e�n�t�a�l� �r�e�s�o�l�u�t�i�o�n� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �b�e�t�t�e�r� �t�h�a�n� �0�.�2� �n�m� �a�l�t�h�o�u�g�h� �t�h�e� �i�n�t�e�r�p�r�e�t�a�b�l�e� 

�s�t�r�u�c�t�u�r�e� �r�e�s�o�l�u�t�i�o�n� �w�a�s� �l�i�m�i�t�e�d� �t�o� �0�.�2� �n�m�,� �s�m�c�e� �t�h�e� �s�p�h�e�r�i�c�a�l� �a�b�e�r�r�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� 

�1�.�2� �m�m�.� �S�e�l�e�c�t�e�d� �a�r�e�a� �d�i�f�f�r�a�c�t�i�o�n� �p�a�t�t�e�r�n�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �s�u�i�n�g� �t�h�e� �s�m�a�l�l�e�s�t� �p�r�o�j�e�c�t�o�r� �l�e�n�s� 

�a�p�e�r�t�u�r�e�,� �w�h�e�n� �t�h�e� �e�f�f�e�c�t�i�v�e� �b�e�a�m� �d�i�a�m�e�t�e�r� �a�t� �t�h�e� �s�p�e�c�i�m�e�n� �p�l�a�n�e� �w�a�s� �a�b�o�u�t� �1�0�0� �n�m�.� 

�S�o�m�e� �e�n�e�r�g�y� �d�i�s�p�e�r�s�i�v�e� �x�-�r�a�y� �s�p�e�c�t�r�o�s�c�o�p�y� �(�E�D�X�)� �a�n�a�l�y�s�i�s� �w�a�s� �m�a�d�e� �u�s�i�n�g� �a� �H�i�t�a�c�h�i� 

�2�0�0�0�-�H�F� �f�i�e�l�d� �e�m�i�s�s�i�o�n� �a�n�a�l�y�t�i�c�a�l� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�e� �a�t� �2�0�0� �k�e�V�.� 

�R�u�t�h�e�n�i�u�m� �o�x�i�d�e� �t�o�p� �e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �s�p�u�t�t�e�r�e�d� �o�n� �t�h�e� �s�a�m�p�l�e�s� �t�o� �a� �t�h�i�c�k�n�e�s�s� �o�f� 

�5�0�0� �n�m� �u�n�d�e�r� �t�h�e� �s�a�m�e� �d�e�p�o�s�i�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �a�s� �t�h�e� �b�o�t�t�o�m� �e�l�e�c�t�r�o�d�e�.� �T�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� 

�p�r�o�p�e�r�t�i�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �s�t�a�n�d�a�r�d�i�z�e�d� �R�T�6�6�A� �t�e�s�t�e�r� �o�p�e�r�a�t�i�n�g� �i�n� �v�i�r�t�u�a�l� �g�r�o�u�n�d� 

�m�o�d�e� �(�s�e�e� �a�p�p�e�n�d�i�x�)�.� �T�h�e� �c�a�p�a�c�i�t�o�r� �c�e�l�l� �s�i�z�e� �w�a�s� �2�.�1�x�1�0�°�4� �c�m�2�.� �A�n� �e�x�t�e�r�n�a�l� �p�u�l�s�e� 

�g�e�n�e�r�a�t�o�r� �w�a�s� �u�s�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �d�e�s�i�r�e�d� �m�p�u�t� �s�i�g�n�a�l� �d�u�r�i�n�g� �t�h�e� �t�e�s�t�.� �D�C� �l�e�a�k�a�g�e� �c�u�r�r�e�n�t� 

�m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �K�e�i�t�h�l�e�y� �6�1�7� �e�l�e�c�t�r�o�m�e�t�e�r�.� 

�3�.�4� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �E�P�M�A� �o�n� �t�h�e� �s�a�m�p�l�e�s� �o�f� �d�i�f�f�e�r�e�n�t� �c�o�m�p�o�s�i�t�i�o�n�s�,� �a�l�l� �a�n�n�e�a�l�e�d� �a�t� 

�6�5�0�°�C� �o�n� �s�a�p�p�h�i�r�e� �s�u�b�s�t�r�a�t�e�s� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �3�.�1�.� �T�h�e� �f�i�l�m�s� �w�e�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �o�n� 

�s�a�p�p�h�i�r�e� �s�u�b�s�t�r�a�t�e�s� �t�o� �s�e�p�a�r�a�t�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �i�n�t�e�r�d�i�f�f�u�s�i�o�n� �f�r�o�m� �t�h�e� �d�i�s�c�r�e�p�a�n�c�i�e�s� �i�n� 

�c�o�m�p�o�s�i�t�i�o�n� �d�u�e� �t�o� �t�h�e� �p�r�e�c�u�r�s�o�r�-�m�a�k�i�n�g� �p�r�o�c�e�s�s� �i�t�s�e�l�f�:� �T�h�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e�s� 
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�T�a�b�l�e� �3�.�1� �E�P�M�A� �r�e�s�u�l�t�s� �o�n� �t�h�e� �P�Z�T� �s�a�m�p�l�e�s� �o�f� �d�i�f�f�e�r�e�n�t� �c�o�m�p�o�s�i�t�i�o�n�s�,� �a�l�l� �a�n�n�e�a�l�e�d� 

�a�t� �6�5�0�°�C� �o�n� �s�a�p�p�h�i�r�e� �s�u�b�s�t�r�a�t�e�s�.� 

� � 

� � 

� � 

�P�b� �(�a�t�.� �c�o�n�c�n�.�)� �Z�r� �(�a�t�.� �c�o�n�c�n�.�)� �T�i� �(�a�t�.� �c�o�n�c�n�.�)� 
�C�o�m�p�n�.� �E�x�p�e�c�t�e�d� �|� �M�e�a�s�u�r�e�d� �|� �E�x�p�e�c�t�e�d� �M�e�a�s�u�r�e�d� �|� �E�x�p�e�c�t�e�d� �M�e�a�s�u�r�e�d� 

�3�0�/�7�0� �2�0� �2�0�.�2�5�0� �6�.�0� �6�.�3�5�5� �1�4�.�0� �1�3�.�2�5�5� 
�4�0�/�6�0� �2�0� �2�0�.�3�2�5� �8�.�0� �8�.�0�2�1� �1�2�.�0� �1�1�.�6�5�4� 
�5�3�/�4�7� �2�0� �1�9�.�3�7�9� �1�0�.�6� �1�0�.�4�8�7� �9�.�4� �1�0�.�1�3�2� 
�6�5�/�3�5� �2�0� �2�0�.�2�3�9� �1�3�.�0� �1�2�.�5�4�1� �7�.�0� �7�.�2�1�9� 
�7�5�/�2�5� �2�0� �1�8�.�8�5�3� �1�5�.�0� �1�5�.�7�7�3� �5�.�0� �5�.�3�7�7� � � � � � � 
� � 
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�w�e�r�e� �n�o�t� �d�e�t�e�c�t�e�d� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �s�h�o�w�i�n�g� �t�h�a�t� �t�h�e� �a�n�a�l�y�s�i�s� �d�e�p�t�h� �w�a�s� �r�e�s�t�r�i�c�t�e�d� �s�o�l�e�l�y� �t�o� 

�t�h�e� �P�Z�T� �f�i�l�m� �t�h�i�c�k�n�e�s�s�.� �T�h�e� �m�e�a�s�u�r�e�d� �v�a�l�u�e�s� �o�f� �P�b� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �Z�r�/�T�i� �r�a�t�i�o�s� �f�o�r� �a�l�l� 

�c�o�m�p�o�s�i�t�i�o�n�s� �a�r�e� �c�l�o�s�e� �t�o� �t�h�e� �d�e�s�i�r�e�d� �s�t�o�i�c�h�i�o�m�e�t�r�y�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �e�x�c�e�s�s� �l�e�a�d� 

�w�a�s� �n�o�t� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �f�i�l�m�s�.� �M�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �o�n� �d�i�f�f�e�r�e�n�t� �a�r�e�a�s� �i�n� �t�h�e� 

�s�a�m�p�l�e�s� �a�n�d� �c�o�m�p�o�s�i�t�i�o�n�a�l� �u�n�i�f�o�r�m�i�t�y� �w�i�t�h�i�n� �o�n�e� �p�e�r�c�e�n�t� �w�a�s� �o�b�t�a�i�n�e�d�.� �I�n� �t�h�i�s� �w�o�r�k�,� 

�E�S�C�A� �w�a�s� �u�s�e�d� �t�o� �s�t�u�d�y� �t�h�e� �s�u�r�f�a�c�e� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �a�n�n�e�a�l�e�d� �P�Z�T� �f�i�l�m�s�.� 

�A�l�t�h�o�u�g�h� �b�u�l�k� �f�i�l�m� �c�o�m�p�o�s�i�t�i�o�n�s� �m�e�a�s�u�r�e�d� �b�y� �m�i�c�r�o�p�r�o�b�e� �a�n�a�l�y�s�i�s� �a�r�e� �c�l�o�s�e� �t�o� �t�h�e� 

�s�t�o�i�c�h�i�o�m�e�t�r�i�c� �c�o�m�p�o�s�i�t�i�o�n�s�,� �t�h�e� �s�u�r�f�a�c�e� �c�o�m�p�o�s�i�t�i�o�n� �c�a�n� �p�l�a�y� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� 

�d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �P�Z�T� �f�i�l�m�s�.� �T�h�e� �s�p�o�n�t�a�n�e�o�u�s� �p�o�l�a�r�i�z�a�t�i�o�n�,� 

�d�e�p�o�l�a�r�i�z�m�g� �f�i�e�l�d� �a�n�d� �d�o�m�a�i�n� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�r�e� �c�r�i�t�i�c�a�l�l�y� �c�o�n�t�r�o�l�l�e�d� �b�y� �t�h�e� �s�u�r�f�a�c�e� 

�e�l�e�c�t�r�o�n�i�c� �s�t�a�t�e�s�,� �w�h�i�c�h� �i�m� �t�u�r�n� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �a�n�d� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� 

�s�u�r�f�a�c�e� �[�2�0�]�.� �F�i�g�.� �3�.�1� �c�o�m�p�a�r�e�s� �t�h�e� �P�b� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �P�Z�T� �f�i�l�m�s� �o�n� �R�u�Q�»� �a�n�d� �I�T�O� 

�e�l�e�c�t�r�o�d�e�s�.� �T�h�e� �l�o�s�s� �o�f� �l�e�a�d� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �o�f� �P�Z�T� �f�i�l�m�s� �c�a�n� �o�c�c�u�r� �e�i�t�h�e�r� �t�h�r�o�u�g�h� 

�v�o�l�a�t�i�l�i�z�a�t�i�o�n� �o�f� �P�b�O� �d�u�r�i�n�g� �h�i�g�h� �p�r�o�c�e�s�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �o�r� �d�u�e� �t�o� �d�i�f�f�u�s�i�o�n� �t�o�w�a�r�d�s� �t�h�e� 

�s�u�b�s�t�r�a�t�e�.� �S�m�c�e� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �a�n�d� �a�n�n�e�a�l�i�n�g� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �P�Z�T� �f�i�l�m�s� �d�e�p�o�s�i�t�e�d� �o�n� �b�o�t�h� 

�t�h�e� �e�l�e�c�t�r�o�d�e�s� �a�r�e� �t�h�e� �s�a�m�e�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�m� �s�u�r�f�a�c�e� �l�e�a�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� 

�t�o� �t�h�e� �P�b� �d�i�f�f�u�s�i�o�n� �t�h�r�o�u�g�h� �t�h�e� �d�i�f�f�e�r�e�n�t� �b�a�r�r�i�e�r� �l�a�y�e�r�s�.� �A�t� �a�n�n�e�a�l�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �u�p� �t�o� 

�5�5�0� �°�C�,� �t�h�e�r�e� �i�s� �v�e�r�y� �l�i�t�t�l�e� �d�i�f�f�e�r�e�n�c�e� �i�m� �t�h�e� �r�e�l�a�t�t�v�e� �P�b� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �P�Z�T� �f�i�l�m�s� �o�n� �b�o�t�h� 

�o�f� �t�h�e�s�e� �e�l�e�c�t�r�o�d�e�s�.� �H�o�w�e�v�e�r�,� �a�b�o�v�e� �5�5�0�°�C�,� �t�h�e� �r�e�l�a�t�i�v�e� �P�b� �c�o�n�c�e�n�t�r�a�t�i�o�n� �m� �t�h�e� 

�R�u�O�>�/�P�Z�T� �f�i�l�m�s� �r�e�m�a�i�n�s� �a�l�m�o�s�t� �c�o�n�s�t�a�n�t�,� �w�h�i�l�e� �i�n� �t�h�e� �I�T�O�/�P�Z�T� �s�a�m�p�l�e�s� �t�h�e� �P�b� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �s�h�o�w�s� �a� �d�e�c�r�e�a�s�i�n�g� �t�r�e�n�d�.� �F�i�g�.� �3�.�2� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �o�f� �P�b� �s�u�r�f�a�c�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�n�d� �Z�r�/�T�i� �r�a�t�i�o�s� �o�f� �P�Z�T� �f�i�l�m�s� �d�e�p�o�s�i�t�e�d� �o�n� �R�u�O�>� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�c�o�m�p�o�s�i�t�i�o�n�.� �T�h�e�s�e� �f�i�l�m�s� �w�e�r�e� �a�n�n�e�a�l�e�d� �a�t� �6�5�0�°�C� �f�o�r� �3�0� �m�i�n�.� �A�s� �t�h�e� �Z�r�/�T�i� �r�a�t�i�o� �i�n� �t�h�e� �b�u�l�k� 

�o�f� �t�h�e� �P�Z�T� �f�i�l�m�s� �i�n�c�r�e�a�s�e�s� �(�v�e�r�i�f�i�e�d� �b�y� �E�P�M�A�)�,� �t�h�e� �Z�r�/�T�i� �r�a�t�i�o� �o�n� �t�h�e� �f�i�l�m� �s�u�r�f�a�c�e� 

�i�n�c�r�e�a�s�e�s� �c�o�r�r�e�s�p�o�n�d�i�n�g�l�y�.� �H�o�w�e�v�e�r�,� �t�h�e� �Z�r�/�T�i� �r�a�t�i�o� �i�s� �c�o�n�s�i�s�t�e�n�t�l�y� �h�i�g�h�e�r� �o�n� �t�h�e� �s�u�r�f�a�c�e� 
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�O�-� �:� �:� 
�S�0�0� �5�5�0� �6�0�0� �6�5�0� �7�0�0� 

�A�n�n�e�a�l�i�n�g� �T�e�m�p�e�r�a�t�u�r�e� �( ��C�)� 

�F�i�g�u�r�e� �3�.�1� �C�o�m�p�a�r�i�s�o�n� �o�f� �r�e�l�a�t�i�v�e� �P�b� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �R�u�Q�>�/�P�Z�T� 

�(�x�=�.�5�3�)� �a�n�d� �I�T�O�/�P�Z�T� �f�i�l�m�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�n�n�e�a�l�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� 
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�C�Q� �:� 
�3�0�/�7�0� �4�0�/�6�0� �5�3�/�4�7� �6�5�/�3�5� �7�5�/�2�5� 

�C�o�m�p�o�s�i�t�i�o�n� �(�Z�r�/�T�i� �r�a�t�i�o�)� 

�F�i�g�u�r�e� �3�.�2� �T�h�e� �Z�r�/�T�i� �r�a�t�i�o� �a�n�d� �P�b�/�(�Z�r� �+� �T�i�)� �r�a�t�i�o� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �R�u�Q�7�/�P�Z�T� 

�f�i�l�m�s� �o�f� �d�i�f�f�e�r�e�n�t� �c�o�m�p�o�s�i�t�i�o�n�s� �a�n�n�e�a�l�e�d� �a�t� �6�5�0�°�C�.� 
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�o�f� �t�h�e� �f�i�l�m�s� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �p�r�e�f�e�r�e�n�t�i�a�l� �s�e�g�r�e�g�a�t�i�o�n� �o�f� �Z�r� �c�o�u�l�d� �b�e� �o�c�c�u�r�r�i�n�g� �a�t� �t�h�e� 

�s�u�r�f�a�c�e�.� �S�i�m�i�l�a�r� �e�f�f�e�c�t�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �o�b�s�e�r�v�e�d� �b�y� �D�e�s�u� �a�n�d� �K�w�o�k� �[�2�0�]� �i�n� �a� �p�r�e�v�i�o�u�s� 

�s�t�u�d�y�.� �S�u�r�f�a�c�e� �P�b� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �r�e�m�a�i�n� �r�e�l�a�t�i�v�e�l�y� �c�o�n�s�t�a�n�t� �a�n�d� �c�l�o�s�e� �t�o� �t�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� 

�v�a�l�u�e�s� �i�n� �t�h�e� �f�i�l�m�s� �o�f� �d�i�f�f�e�r�e�n�t� �c�o�m�p�o�s�i�t�i�o�n�s�.� 

�F�i�g�.� �3�.�3� �s�h�o�w�s� �t�h�e� �R�B�S� �s�p�e�c�t�r�a� �o�b�t�a�m�e�d� �o�n� �t�h�e� �S�i�/�I�T�O�/�P�b�O� �s�a�m�p�l�e�s�.� �T�h�e� �s�p�e�c�t�r�a� 

�o�f� �t�h�e� �s�a�m�p�l�e�s� �a�n�n�e�a�l�e�d� �u�p� �t�o� �4�5�0�°�C� �a�r�e� �e�s�s�e�n�t�i�a�l�l�y� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�f� �t�h�e� �a�s�-�d�e�p�o�s�i�t�e�d� 

�s�a�m�p�l�e�.� �H�o�w�e�v�e�r�,� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �P�b� �y�i�e�l�d� �h�a�s� �d�e�c�r�e�a�s�e�d� �c�o�n�s�i�d�e�r�a�b�l�y�,� �i�n�d�i�c�a�t�i�n�g� �a� 

�l�o�s�s� �o�f� �P�b� �a�t�o�m�s� �f�r�o�m� �P�b�O�.� �T�h�e� �d�r�a�s�t�i�c� �d�e�c�r�e�a�s�e� �m� �t�h�e� �l�o�w� �e�n�e�r�g�y� �e�d�g�e� �o�f� �P�b� �p�e�a�k� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �P�b� �d�i�f�f�u�s�e�s� �i�n�t�o� �t�h�e� �I�T�O� �l�a�y�e�r�.� �I�n� �a�n�d� �S�n� �d�i�f�f�u�s�e� �t�o�w�a�r�d�s� �t�h�e� �s�u�r�f�a�c�e� �a�n�d� 

�r�e�a�c�t�s� �w�i�t�h� �P�b�O� �t�o� �f�o�r�m� �a� �P�b�-�I�n�-�S�n� �c�o�m�p�o�u�n�d�.� �R�B�S� �s�p�e�c�t�r�a� �f�o�r� �t�h�e� �S�i�/�I�T�O�/�P�Z�T� �s�a�m�p�l�e�s� 

�i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�4�.� �A�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �P�b�O�,� �t�h�e� �m�t�e�r�m�i�x�i�n�g� �o�c�c�u�r�s� �a�t� �o�r� �a�b�o�v�e� �5�0�0�°�C�.� 

�C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �S�i�/�I�T�O�/�P�b�O� �a�n�d� �S�i�V�/�I�T�O�/�P�Z�T� �s�p�e�c�t�r�a� �c�l�e�a�r�l�y� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �d�i�f�f�u�s�i�o�n� 

�o�f� �P�b� �t�o�w�a�r�d�s� �t�h�e� �s�u�b�s�t�r�a�t�e� �a�n�d� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �I�n� �a�n�d� �S�n� �t�o�w�a�r�d�s� �t�h�e� �s�u�r�f�a�c�e� �a�r�e� �t�h�e� 

�m�a�i�n� �c�a�u�s�e�s� �f�o�r� �i�n�t�e�r�m�i�x�i�n�g� �i�n� �t�h�e�s�e� �s�a�m�p�l�e�s�.� 

�I�n� �t�h�e� �c�a�s�e� �o�f� �S�i�/�R�u�O�?�/�P�b�O� �s�a�m�p�l�e�s�,� �t�h�e� �R�B�S� �s�p�e�c�t�r�a� �s�h�o�w� �l�e�a�d� �d�i�f�f�u�s�i�o�n� �t�o�w�a�r�d�s� 

�t�h�e� �e�l�e�c�t�r�o�d�e� �a�t� �a�n�d� �a�b�o�v�e� �5�5�0�°�C� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�5�.� �T�h�e�r�e� �i�s� �a� �t�a�i�l� �m� �t�h�e� �P�b� �p�e�a�k� �t�h�a�t� 

�e�x�t�e�n�d�s� �t�o�w�a�r�d�s� �t�h�e� �l�o�w�e�r� �e�n�e�r�g�i�e�s�.� �A�t� �h�i�g�h�e�r� �a�n�n�e�a�l�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s�,� �t�h�i�s� �l�o�w� �e�n�e�r�g�y� �t�a�i�l� 

�i�s� �m�o�r�e� �p�r�o�m�i�n�e�n�t�.� �F�i�g�.� �3�.�6� �s�h�o�w�s� �t�h�e� �R�B�S� �s�p�e�c�t�r�a� �f�o�r� �t�h�e� �a�s�-�d�e�p�o�s�i�t�e�d� �a�n�d� �a�n�n�e�a�l�e�d� 

�S�i�/�R�u�O�7�/�P�Z�T� �s�a�m�p�l�e�s�.� �T�h�e�r�e� �i�s� �n�o� �n�o�t�i�c�e�a�b�l�e� �i�n�t�e�r�m�i�x�i�n�g� �b�e�t�w�e�e�n� �P�b� �a�n�d� �R�u�O�p� �a�t� �o�r� 

�b�e�l�o�w� �5�5�0�°�C�.� �I�n�c�r�e�a�s�e�d� �i�n�t�e�r�m�i�x�i�n�g� �i�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �s�a�m�p�l�e�s� �t�h�a�t� �w�e�r�e� �a�n�n�e�a�l�e�d� �a�t� 

�6�0�0�°�C� �o�r� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�e� �d�e�p�l�e�t�i�o�n� �o�f� �R�u� �f�r�o�m� �t�h�e� �R�u� �e�d�g�e� �i�n�d�i�c�a�t�e�s� �a� �p�o�s�s�i�b�l�e� 

�r�e�a�c�t�i�o�n� �t�a�k�i�n�g� �p�l�a�c�e� �b�e�t�w�e�e�n� �P�b� �a�n�d� �R�u� �a�r�o�u�n�d� �6�0�0�°�C�.� �A�l�s�o�,� �t�h�e�r�e� �i�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�c�h�a�n�g�e� �i�n� �t�h�e� �S�i� �e�d�g�e� �e�v�e�n� �a�t� �6�0�0�°�C� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �S�i� �i�n�t�o� �t�h�e� �R�u�O�?� �i�s� 

�m�i�n�i�m�a�l� �u�p� �t�o� �t�h�i�s� �t�e�m�p�e�r�a�t�u�r�e�.� �G�r�e�e�n� �e�t� �a�l� �[�1�6�]� �h�a�v�e� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� 

�R�u�O�Q�>� �a�s� �a� �d�i�f�f�u�s�i�o�n� �b�a�r�r�i�e�r� �b�e�t�w�e�e�n� �S�i� �a�n�d� �A�l� �a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s�.� �O�u�r� �r�e�s�u�l�t�s� �c�o�n�f�i�r�m� 
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�t�h�e�i�r� �o�b�s�e�r�v�a�t�i�o�n�s� �t�h�a�t� �R�u�O�?� �i�s� �a�n� �e�f�f�e�c�t�i�v�e� �b�a�r�r�i�e�r� �t�o� �S�i� �d�i�f�f�u�s�i�o�n� �u�p� �t�o� �a�n� �a�n�n�e�a�l�i�n�g� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �6�0�0�°�C�.� 

�T�h�e� �x�-�r�a�y� �a�n�a�l�y�s�i�s� �w�a�s� �c�o�n�d�u�c�t�e�d� �o�n� �a�l�l� �s�a�m�p�l�e�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�n�n�e�a�l�i�n�g� 

�t�e�m�p�e�r�a�t�u�r�e� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �f�o�r�m�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �p�e�r�o�v�s�k�i�t�e� �p�h�a�s�e� �a�n�d� �d�e�t�e�c�t� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �a�n�y� �c�r�y�s�t�a�l�l�i�n�e� �p�h�a�s�e� �d�u�e� �t�o� �i�n�t�e�r�m�i�x�i�n�g�.� �T�h�e� �X�R�D� �r�e�s�u�l�t�s� �s�h�o�w� �t�h�a�t� �t�h�e� �a�s�-� 

�d�e�p�o�s�i�t�e�d� �f�i�l�m�s� �a�r�e� �a�m�o�r�p�h�o�u�s� �o�n� �t�h�e�s�e� �s�u�b�s�t�r�a�t�e�s�.� �T�h�e� �P�Z�T� �p�e�r�o�v�s�k�i�t�e� �f�o�r�m�a�t�i�o�n� �i�s� 

�i�n�i�t�i�a�t�e�d� �a�t� �5�5�0�°�C� �a�n�d� �c�o�m�p�l�e�t�e�d� �a�t� �6�0�0�°�C� �o�n� �t�h�e� �S�i�/�R�u�O�>� �s�u�b�s�t�r�a�t�e�s� �a�s� �s�h�o�w�n� �i�m� �F�i�g�.� �3�.�7�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �P�Z�T� �a�n�d� �R�u�O�>� �p�e�a�k�s�,� �t�h�e�r�e� �a�r�e� �o�t�h�e�r� �p�e�a�k�s� �t�h�a�t� �w�e� �b�e�l�i�e�v�e� �a�r�e� �f�o�r�m�e�d� 

�d�u�e� �t�o� �t�h�e� �m�t�e�r�m�i�x�i�n�g�.� �T�h�e� �X�R�D� �p�a�t�t�e�r�n�s� �f�r�o�m� �6�0�0�°�C� �a�n�d� �a�b�o�v�e� �s�h�o�w� �s�m�a�l�l� �p�e�a�k�s� �o�f� 

�i�n�c�r�e�a�s�i�n�g� �i�n�t�e�n�s�i�t�y� �a�t� �3�0�.�5�°� �t�h�a�t� �w�e� �i�m�i�t�i�a�l�l�y� �i�d�e�n�t�i�f�i�e�d� �a�s� �t�h�e� �r�e�s�u�l�t� �o�f� �d�i�f�f�r�a�c�t�i�o�n� �f�r�o�m� �t�h�e� 

�l�e�a�d� �r�u�t�h�e�n�a�t�e� �(�P�b�7�R�u�7�0�7�_�,�)� �c�o�m�p�o�u�n�d�.� �I�t� �i�s� �k�n�o�w�n� �t�h�a�t� �t�h�e� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �P�b�O� �a�n�d� 

�R�u�O�>� �a�t� �t�h�e�s�e� �t�e�m�p�e�r�a�t�u�r�e�s� �c�a�n� �l�e�a�d� �t�o� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �P�b�-�r�u�t�h�e�n�a�t�e� �[�2�2�]�.� �S�i�n�c�e� �t�h�e� �R�B�S� 

�r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �a�r�o�u�n�d� �6�0�0�°�C�,� �P�b� �d�i�f�f�u�s�e�s� �t�o�w�a�r�d�s� �t�h�e� �e�l�e�c�t�r�o�d�e� �a�n�d� �R�u� �t�o�w�a�r�d�s� �t�h�e� 

�P�Z�T� �s�u�r�f�a�c�e�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �t�h�i�s� �c�o�m�p�o�u�n�d� �f�o�r�m�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�e�l�e�c�t�r�o�d�e� �a�n�d� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c�.� �T�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�i�s� �c�o�m�p�o�u�n�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �h�a�s� �t�w�o� 

�i�m�p�o�r�t�a�n�t� �e�f�f�e�c�t�s� �:� �(�a�)� �r�e�d�u�c�t�i�o�n� �i�n� �c�o�m�p�o�s�i�t�i�o�n�a�l� �g�r�a�d�i�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �e�l�e�c�t�r�o�d�e� �a�n�d� �t�h�e� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l�s� �(�b�)� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �a�c�t�u�a�l� �f�e�r�r�o�e�l�e�c�t�r�i�c� �f�i�l�m� �t�h�i�c�k�n�e�s�s�.� �I�n� �t�h�e� �c�a�s�e� 

�o�f� �S�V�/�I�T�O�/�P�Z�T� �f�i�l�m�s�,� �t�h�e� �h�i�g�h� �i�n�t�e�n�s�i�t�y� �p�e�a�k�s� �o�f� �P�Z�T� �o�v�e�r�l�a�p� �w�i�t�h� �t�h�e� �p�e�a�k�s� �o�f� �I�T�O� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �f�o�r�m�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �p�e�r�o�v�s�k�i�t�e� �p�h�a�s�e� �w�a�s� 

�d�i�f�f�i�c�u�l�t�.� �H�o�w�e�v�e�r�,� �t�h�e� �p�a�t�t�e�r�n�s� �d�i�d� �s�h�o�w� �a� �n�u�m�b�e�r� �o�f� �s�p�u�r�i�o�u�s� �p�e�a�k�s� �e�v�e�n� �a�t� �l�o�w� 

�t�e�m�p�e�r�a�t�u�r�e�s� �t�h�a�t� �w�e� �b�e�l�i�e�v�e� �a�r�e� �f�r�o�m� �t�h�e� �c�o�m�p�o�u�n�d�s� �f�o�r�m�e�d� �d�u�e� �t�o� �i�n�t�e�r�m�n�a�n�g�.� 

�B�a�s�e�d� �o�n� �t�h�e�s�e� �r�e�s�u�l�t�s�,� �i�t� �i�s� �a�p�p�r�o�p�r�i�a�t�e� �t�o� �c�o�n�c�l�u�d�e� �t�h�a�t� �a�s� �f�a�r� �a�s� �d�i�f�f�u�s�i�o�n� 

�b�a�r�r�i�e�r� �p�r�o�p�e�r�t�i�e�s�,� �P�Z�T� �p�e�r�o�v�s�k�i�t�e� �f�o�r�m�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e� �s�u�r�f�a�c�e� �c�o�m�p�o�s�i�t�i�o�n� �o�f� 

�t�h�e� �f�i�l�m�s� �a�r�e� �c�o�n�c�e�r�n�e�d�,� �R�u�O�>� �i�s� �a� �b�e�t�t�e�r� �c�h�o�i�c�e� �a�s� �a�n� �e�l�e�c�t�r�o�d�e� �f�o�r� �P�Z�T� �t�h�m� �f�i�l�m� 

�a�p�p�l�i�c�a�t�i�o�n�s�.� �M�o�s�t� �s�i�g�n�i�f�i�c�a�n�t�l�y�,� �w�e� �h�a�v�e� �s�e�e�n� �t�h�a�t� �t�h�e� �P�Z�T� �p�e�r�o�v�s�k�i�t�e� �p�h�a�s�e� �f�o�r�m�s� �o�n� 
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�R�u�O�>� �e�l�e�c�t�r�o�d�e�s� �b�e�f�o�r�e� �a�n�y� �s�e�r�i�o�u�s� �i�n�t�e�r�d�i�f�f�u�s�i�o�n� �b�e�g�i�n�s� �a�n�d� �t�h�e�r�e�f�o�r�e� �w�e� �a�r�e� �n�o�t� �l�i�m�i�t�e�d� 

�b�y� �t�h�i�s� �f�a�c�t�o�r� �i�n� �p�r�o�c�e�s�s�i�n�g� �o�f� �t�h�e� �d�e�v�i�c�e�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �e�l�e�c�t�r�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �P�Z�T� �f�i�l�m�s� 

�o�n� �t�h�e�s�e� �e�l�e�c�t�r�o�d�e�s� �t�h�a�t� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �u�l�t�i�m�a�t�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e�s�e� �e�l�e�c�t�r�o�d�e�s� �f�o�r� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �t�h�i�n� �f�i�l�m� �c�a�p�a�c�i�t�o�r�s�.� 

�T�h�e� �e�l�e�c�t�r�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �P�Z�T� �f�i�l�m�s� �w�e�r�e� �i�n�v�e�s�t�i�g�a�t�e�d� �o�n� �b�o�t�h� �R�u�Q�>� �a�n�d� �I�T�O� 

�e�l�e�c�t�r�o�d�e�s�.� �P�Z�T� �f�i�l�m�s� �(�4�5�0� �n�m�)� �a�n�n�e�a�l�e�d� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �4�0�0�°�C� �-�7�0�0�°�C� �f�o�r� �3�0� �m�i�n� �o�n� �I�T�O� 

�e�l�e�c�t�r�o�d�e�s� �d�i�d� �n�o�t� �s�h�o�w� �a�n�y� �w�e�l�l� �s�a�t�u�r�a�t�e�d� �h�y�s�t�e�r�e�s�i�s� �l�o�o�p�s� �w�h�i�c�h� �i�s� �p�r�o�b�a�b�l�y� �a� �r�e�s�u�l�t� �o�f� 

�i�n�s�u�f�f�i�c�i�e�n�t� �p�e�r�o�v�s�k�i�t�e� �f�o�r�m�a�t�i�o�n� �o�r� �m�t�e�r�m�i�x�i�n�g� �o�f� �t�h�e� �c�o�n�s�t�i�t�u�e�n�t� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� 

�e�l�e�c�t�r�o�d�e� �a�n�d� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c� �a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �a�s� �o�b�s�e�r�v�e�d� �f�r�o�m� �R�B�S� �a�n�d� �X�R�D� 

�s�t�u�d�i�e�s�.� �T�h�e�r�e�f�o�r�e�,� �f�u�r�t�h�e�r� �s�t�u�d�i�e�s� �w�e�r�e� �f�o�c�u�s�e�d� �o�n� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �P�Z�T� �f�i�l�m�s� 

�o�n� �R�u�O�>� �e�l�e�c�t�r�o�d�e�s�.� �A�l�s�o�,� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e�s�e� �f�i�l�m�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� 

�t�h�a�t� �o�f� �P�t� �e�l�e�c�t�r�o�d�e�s�.� 

�T�h�e� �h�y�s�t�e�r�e�s�i�s� �p�r�o�p�e�r�t�i�e�s� �o�f� �P�Z�T� �f�i�l�m�s� �o�f� �d�i�f�f�e�r�e�n�t� �c�o�m�p�o�s�i�t�i�o�n�s� �(�a�l�l� �a�n�n�e�a�l�e�d� �a�t� 

�6�5�0�°�C� �f�o�r� �3�0� �m�m� �i�m� �a�i�r�)� �o�n� �R�u�Q�>� �e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�m�g� �t�h�e� �R�T�6�6�A� 

�s�t�a�n�d�a�r�d�i�z�e�d� �t�e�s�t�e�r�.� �T�h�e� �P�Z�T� �f�i�l�m�s� �w�e�r�e� �c�o�a�t�e�d� �t�o� �a� �t�h�i�c�k�n�e�s�s� �o�f� �4�5�0� �n�m�.� �T�h�e� �f�i�l�m�s� �w�i�t�h� 

�c�o�m�p�o�s�i�t�i�o�n�s� �c�l�o�s�e� �t�o� �t�h�e� �m�o�r�p�h�o�t�r�o�p�i�c� �p�h�a�s�e� �b�o�u�n�d�a�r�y� �(�M�P�B�)� �s�h�o�w�e�d� �h�i�g�h�e�r� �r�e�m�n�a�n�t� 

�p�o�l�a�r�i�z�a�t�i�o�n� �a�n�d� �l�o�w�e�r� �c�o�e�r�c�i�v�e� �f�i�e�l�d� �v�a�l�u�e�s�.� �A� �t�y�p�i�c�a�l� �h�y�s�t�e�r�e�s�i�s� �l�o�o�p� �o�b�t�a�m�e�d� �f�r�o�m� �t�h�e� 

�5�3�/�4�7� �s�a�m�p�l�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�8�.� �A�t� �c�o�m�p�o�s�i�t�i�o�n�s� �c�l�o�s�e� �t�o� �t�h�e� �M�P�B�,� �b�o�t�h� �t�e�t�r�a�g�o�n�a�l� �a�n�d� 

�r�h�o�m�b�o�h�e�d�r�a�l� �p�h�a�s�e�s� �c�o�-�e�x�i�s�t� �l�e�a�d�i�n�g� �t�o� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n� �d�i�r�e�c�t�i�o�n�s� �t�h�a�t� �c�a�n� 

�b�e� �u�s�e�d� �f�o�r� �d�o�m�a�i�n� �s�w�i�t�c�h�i�n�g�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �h�i�g�h�e�r� �P�,� �a�n�d� �l�o�w�e�r� �E�,� �v�a�l�u�e�s� �i�n� �t�h�e� �5�3�/�4�7� 

�f�i�l�m�s� �i�s� �t�o� �b�e� �e�x�p�e�c�t�e�d�.� �T�h�e�s�e� �v�a�l�u�e�s� �o�f� �P�,� �(�~� �2�0� �C�/�c�m�2�)� �a�n�d� �E�,� �(�~�3�0� �k�V�/�c�m�)� �a�r�e� �w�e�l�l� 

�w�i�t�h�i�n� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �n�o�n�v�o�l�a�t�i�l�e� �m�e�m�o�r�y� �a�p�p�l�i�c�a�t�i�o�n�s� �[�2�3�]�.� 

�T�h�e� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �i�n� �p�r�o�p�e�r�t�i�e�s� �o�f� �P�Z�T� �f�i�l�m�s� �o�n� �m�e�t�a�l� �a�n�d� �c�e�r�a�m�i�c� 

�e�l�e�c�t�r�o�d�e�s� �w�a�s� �e�v�i�d�e�n�t� �f�r�o�m� �t�h�e� �f�a�t�i�g�u�e� �t�e�s�t� �(�F�i�g�.� �3�.�9�)�.� �F�a�t�i�g�u�e� �i�s� �t�h�e� �l�o�s�s� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n� �i�n� 

�a� �f�e�r�r�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l� �t�h�a�t� �h�a�s� �b�e�e�n� �s�w�i�t�c�h�e�d� �r�e�p�e�a�t�e�d�l�y�.� �T�h�e� �f�a�t�i�g�u�e� �t�e�s�t� �w�a�s� �p�e�r�f�o�r�m�e�d� 
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�u�n�d�e�r� �a�c�c�e�l�e�r�a�t�e�d� �c�o�n�d�i�t�i�o�n�s� �u�s�i�n�g� �a� �1� �M�H�z� �s�q�u�a�r�e� �w�a�v�e� �a�n�d� �a�n� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �o�f� �0�.�1�6� 

�M�V�/�c�m�.� �T�h�e� �P�Z�T� �f�i�l�m�s� �o�n� �P�t� �e�l�e�c�t�r�o�d�e�s� �s�h�o�w�e�d� �e�a�r�l�y� �l�o�s�s� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n�,� �w�h�i�l�e� �n�o� 

�f�a�t�i�g�u�e� �w�a�s� �o�b�s�e�r�v�e�d� �u�p� �t�o� �2� �x� �1�0�1�!� �c�y�c�l�e�s� �o�n� �R�u�O�}� �e�l�e�c�t�r�o�d�e�s�.� �I�t� �i�s� �e�v�i�d�e�n�t� �f�r�o�m� �F�i�g�.� �3�.�9� 

�t�h�a�t� �t�h�e�r�e� �i�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �h�y�s�t�e�r�e�s�i�s� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �f�i�l�m�s� �b�e�f�o�r�e� �a�n�d� 

�a�f�t�e�r� �t�h�e� �f�a�t�i�g�u�e� �c�y�c�l�i�n�g�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �f�a�t�i�g�u�e� �p�r�o�p�e�r�t�i�e�s� �o�n� �m�e�t�a�l� �a�n�d� �c�e�r�a�m�i�c� 

�e�l�e�c�t�r�o�d�e�s� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� �m�o�d�e�l� �d�e�v�e�l�o�p�e�d� �b�y� �Y�o�o� �a�n�d� �D�e�s�u� �[�1�3�]� �f�o�r� 

�f�a�t�i�g�u�e� �i�n� �o�x�i�d�e� �f�e�r�r�o�e�l�e�c�t�r�i�c�s�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �m�o�d�e�l�,� �d�e�f�e�c�t�s� �s�u�c�h� �a�s� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s�,� 

�l�e�a�d� �v�a�c�a�n�c�i�e�s� �a�n�d� �o�t�h�e�r� �m�o�b�i�l�e� �i�m�p�u�r�i�t�y� �i�o�n�s� �c�a�n� �m�i�g�r�a�t�e� �t�o�w�a�r�d�s� �t�h�e� �e�l�e�c�t�r�o�d�e�-� 

�f�e�r�r�o�e�l�e�c�t�r�i�c� �i�n�t�e�r�f�a�c�e� �u�n�d�e�r� �a�n� �A�C� �f�i�e�l�d�.� �S�i�n�c�e� �t�h�e� �m�t�e�r�f�a�c�e� �i�s� �c�h�e�m�i�c�a�l�l�y� �u�n�s�t�a�b�l�e�,� �t�h�e�s�e� 

�d�e�f�e�c�t�s� �t�e�n�d� �t�o� �b�e�c�o�m�e� �e�n�t�r�a�p�p�e�d� �t�h�e�r�e� �e�v�e�n�t�u�a�l�l�y�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �e�v�i�d�e�n�c�e� �f�o�r� �t�h�e� 

�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �n�u�m�b�e�r� �o�f� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� �a�t� �t�h�e� �m�t�e�r�f�a�c�e� �a�s� �a� �r�e�s�u�l�t� �o�f� �f�a�t�i�g�u�e� �h�a�s� �b�e�e�n� 

�s�h�o�w�n� �b�y� �S�c�o�t�t� �e�t� �a�l� �[�2�3�]� �t�h�r�o�u�g�h� �A�u�g�e�r� �S�p�e�c�t�r�o�s�c�o�p�y� �s�t�u�d�i�e�s� �o�n� �P�t�/�P�Z�T� �s�a�m�p�l�e�s� �.� �S�u�c�h� 

�a�n� �e�n�t�r�a�p�m�e�n�t� �c�a�n� �l�e�a�d� �t�o� �s�t�r�u�c�t�u�r�a�l� �d�a�m�a�g�e� �a�t� �t�h�e� �m�t�e�r�f�a�c�e� �l�e�a�d�i�n�g� �t�o� �s�u�b�s�e�q�u�e�n�t� �l�o�s�s� �o�f� 

�p�o�l�a�r�i�z�a�t�i�o�n�.� �T�o� �r�e�d�u�c�e� �t�h�e� �e�n�t�r�a�p�m�e�n�t� �o�f� �d�e�f�e�c�t�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�,� �t�h�e� �m�t�e�r�f�a�c�e� �s�t�a�b�i�l�i�t�y� 

�n�e�e�d�s� �t�o� �b�e� �i�n�c�r�e�a�s�e�d�.� �F�o�r� �P�Z�T� �t�h�m� �f�i�l�m�s� �o�n� �m�e�t�a�l� �e�l�e�c�t�r�o�d�e�s�,� �t�h�e�r�e� �i�s� �a� �l�a�r�g�e� �l�a�t�t�i�c�e� 

�m�i�s�m�a�t�c�h� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�,� �r�e�s�u�l�t�i�n�g� �i�m� �a� �r�e�l�a�t�i�v�e�l�y� �u�n�s�t�a�b�l�e� �m�t�e�r�f�a�c�e�.� �A�l�s�o�,� �t�h�e� �l�a�r�g�e� �w�o�r�k� 

�f�u�n�c�t�i�o�n� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �m�e�t�a�l� �a�n�d� �t�h�e� �c�e�r�a�m�i�c� �r�e�s�u�l�t�s� �m�n� �a� �l�a�r�g�e� �S�c�h�o�t�t�k�y� �b�a�r�r�i�e�r� �a�t� 

�t�h�e� �i�n�t�e�r�f�a�c�e�.� �I�n� �c�o�n�t�r�a�s�t�,� �w�h�e�n� �R�u�Q�>� �i�s� �u�s�e�d� �a�s� �t�h�e� �e�l�e�c�t�r�o�d�e� �(�c�e�r�a�m�i�c�)�,� �t�h�e� �i�n�t�e�r�f�a�c�e� �i�s� 

�m�o�r�e� �s�t�a�b�l�e� �o�n� �a�c�c�o�u�n�t� �o�f� �t�h�e� �r�e�d�u�c�e�d� �l�a�t�t�i�c�e� �m�i�s�m�a�t�c�h� �a�n�d� �w�o�r�k� �f�u�n�c�t�i�o�n� �d�i�f�f�e�r�e�n�c�e�.� 

�A�d�d�i�t�i�o�n�a�l�l�y�,� �i�t� �i�s� �h�i�g�h�l�y� �p�o�s�s�i�b�l�e� �t�h�a�t� �t�h�e� �o�x�i�d�e� �e�l�e�c�t�r�o�d�e�s� �c�o�n�s�u�m�e� �t�h�e� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� 

�t�h�a�t� �m�i�g�r�a�t�e� �t�o� �t�h�e� �i�n�t�e�r�f�a�c�e� �t�o� �i�n�c�r�e�a�s�e� �t�h�e�i�r� �n�o�n�s�t�o�i�c�h�i�o�m�e�t�r�y�.� �T�h�u�s� �t�h�e� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� 

�o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� �a�n�d� �t�h�e� �r�e�l�a�t�e�d� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �s�p�a�c�e� �c�h�a�r�g�e� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �i�s� 

�p�r�e�v�e�n�t�e�d� �a�t� �t�h�e� �e�l�e�c�t�r�o�d�e�-�f�e�r�r�o�e�l�e�c�t�r�i�c� �m�t�e�r�f�a�c�e�s�.� 

�O�n�e� �f�a�c�t�o�r� �t�h�a�t� �n�e�e�d�s� �a�d�d�i�t�i�o�n�a�l� �c�o�n�f�i�r�m�a�t�i�o�n� �i�n� �t�h�i�s� �s�t�u�d�y� �i�s� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� 

�P�b�-�r�u�t�h�e�n�a�t�e� �l�a�y�e�r� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �i�n�d�i�c�a�t�e�d� �b�y� �X�R�D�.� �I�f� �t�h�i�s� �l�a�y�e�r� �f�o�r�m�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�,� �i�t� 
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�F�i�g�u�r�e� �3�.�1�0� �O�v�e�r�v�i�e�w� �o�f� �S�i�/�S�i�0�2�7�/�R�u�O�2�/�P�Z�T� �t�h�i�n� �f�i�l�m� �s�h�o�w�i�n�g� �t�h�e� �m�t�e�r�f�a�c�e� �s�t�r�u�c�t�u�r�e�s� 

�a�n�d� �t�e�x�t�u�r�e� �o�f� �t�h�e� �R�u�O�?� �a�n�d� �P�Z�T� �l�a�y�e�r�s� 
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�F�i�g�u�r�e� �3�.�1�1� �T�y�p�i�c�a�l� �e�l�e�c�t�r�o�n� �d�i�f�f�r�a�c�t�i�o�n� �p�a�t�t�e�r�n� �o�f� �t�h�e� �S�i�/�S�i�0�7�/�R�u�O�?�/�P�Z�T� �t�h�i�n� �f�i�l�m� 

�c�a�p�a�c�i�t�o�r�s�.� 
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�c�a�n� �r�e�d�u�c�e� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n�a�l� �g�r�a�d�i�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �e�l�e�c�t�r�o�d�e� �a�n�d� �t�h�e� �f�e�r�r�o�e�l�e�c�t�r�i�c�.� �T�h�e� 

�t�e�n�d�e�n�c�y� �f�o�r� �d�e�f�e�c�t� �m�i�g�r�a�t�i�o�n� �c�a�n� �t�h�e�r�e�f�o�r�e� �b�e� �r�e�d�u�c�e�d�.� �T�h�e� �T�E�M� �s�t�u�d�i�e�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� 

�t�o� �e�x�a�m�i�n�e� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �i�n�t�e�r�f�a�c�e� �m� �t�h�e� �R�u�O�7�/�P�Z�T� �s�a�m�p�l�e�s�.� �F�o�r� �t�h�i�s� �s�t�u�d�y�,� �w�e�l�l� 

�c�r�y�s�t�a�l�l�i�z�e�d� �P�Z�T� �f�i�l�m�s� �a�n�n�e�a�l�e�d� �a�t� �6�5�0� �°�C� �w�e�r�e� �c�h�o�s�e�n�.� �F�i�g�.� �3�.�1�0� �i�s� �a�n� �o�v�e�r�a�l�l� �v�i�e�w� �o�f� �o�n�e� 

�S�V�/�S�i�0�7�/�R�u�O�7�/�P�Z�T� �t�h�i�n� �f�i�l�m� �c�r�o�s�s� �s�e�c�t�i�o�n�;� �f�r�o�m� �l�e�f�t� �t�o� �r�i�g�h�t� �m�a�y� �b�e� �s�e�e�n� �c�r�y�s�t�a�l�l�i�n�e� 

�S�i�V�a�m�o�r�p�h�o�u�s� �S�i�0�2�/�c�o�l�u�m�n�a�r� �c�r�y�s�t�a�l�l�i�t�e�s� �o�f� �R�u�O�>�/�c�r�y�s�t�a�l�l�i�z�e�d� �P�Z�T� �/�a�n�d� �a�m�o�r�p�h�o�u�s� 

�e�p�o�x�y�.� �T�h�i�s� �i�s� �a� �d�a�r�k� �f�i�e�l�d� �i�m�a�g�e� �w�i�t�h� �o�b�j�e�c�t�i�v�e� �a�p�e�r�t�u�r�e� �c�e�n�t�e�r�e�d� �o�v�e�r� �t�h�e� �p�o�l�y�c�r�y�s�t�a�l�l�i�n�e� 

�e�l�e�c�t�r�o�n� �d�i�f�f�r�a�c�t�i�o�n� �r�i�n�g� �p�a�t�t�e�r�n� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�1�1�.� �T�h�e� �P�Z�T� �p�o�r�t�i�o�n� �c�o�n�s�i�s�t�s� �o�f� �g�r�a�i�n�s� 

�s�o�m�e� �2�5� �n�m� �i�n� �d�i�a�m�e�t�e�r�.� �T�h�e� �R�u�O�>� �i�s� �w�e�l�l� �c�r�y�s�t�a�l�l�i�z�e�d�,� �m�d�i�c�a�t�e�d� �b�y� �e�x�t�e�n�s�i�v�e� �a�r�r�a�y� �o�f� 

�l�a�t�t�i�c�e� �f�r�m�g�e�s�;� �s�h�o�w�n� �i�n� �t�h�e� �e�n�l�a�r�g�e�m�e�n�t� �o�f� �F�i�g�.� �3�.�1�0� �g�i�v�e�n� �a�s� �F�i�g�.� �3�.�1�2�.� �I�t� �h�a�s� �a� 

�p�r�o�n�o�u�n�c�e�d� �c�o�l�u�m�n�a�r� �t�e�x�t�u�r�e� �(�t�y�p�i�c�a�l� �o�f� �s�p�u�t�t�e�r�e�d� �f�i�l�m�s�)�,� �w�h�e�r�e� �e�a�c�h� �g�r�a�i�n� �(�a�b�o�u�t� �5� �n�m� 

�w�i�d�e�)� �e�x�t�e�n�d�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �R�u�O�>� �l�a�y�e�r� �(�a�b�o�u�t� �2�5�0� �n�m� �t�h�i�c�k�)�.� �F�u�r�t�h�e�r� 

�e�n�l�a�r�g�e�m�e�n�t� �o�f� �t�h�e� �R�u�O�Q�?�/�P�Z�T� �i�n�t�e�r�f�a�c�e� �(�F�i�g�.� �3�.�1�3�)� �m�d�i�c�a�t�e�s� �t�h�a�t� �t�h�i�s� �m�t�e�r�f�a�c�e� �i�s� �n�o�t� �f�l�a�t�;� 

�i�t� �c�o�n�s�i�s�t�s� �o�f� �a� �s�e�r�i�e�s� �o�f� �r�o�u�g�h�l�y� �p�e�r�i�o�d�i�c� �c�u�r�v�e�d� �b�o�u�n�d�a�r�i�e�s� �r�e�f�l�e�c�t�i�n�g� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� 

�o�u�t�e�r� �o�f� �t�h�e� �c�o�l�u�m�n�a�r� �g�r�a�i�n�s� �o�f� �R�u�O�Q�>�.� �F�i�g�.� �3�.�1�4� �i�s� �a� �H�R�T�E�M� �i�m�a�g�e� �s�h�o�w�i�n�g� �t�h�e� �a�t�o�m�i�c� 

�r�e�s�o�l�u�t�i�o�n� �d�e�t�a�i�l� �o�f� �t�w�o� �s�u�c�h� �c�u�r�v�e�d� �s�e�g�m�e�n�t�s�.� �T�h�e� �P�Z�T� �a�p�p�e�a�r�s� �w�e�l�l� �c�r�y�s�t�a�l�l�i�z�e�d� �a�t� �t�h�i�s� 

�i�n�t�e�r�f�a�c�e� �a�n�d� �i�s� �o�r�i�e�n�t�e�d� �w�i�t�h� �t�h�e� �(�1�0�0�)� �l�a�t�t�i�c�e� �p�l�a�n�e�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �o�r�i�g�m�a�l� �s�u�b�s�t�r�a�t�e�.� 

�C�l�e�a�r�l�y�,� �t�h�e�r�e� �i�s� �n�o� �e�v�i�d�e�n�c�e� �o�f� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �p�h�a�s�e�;� �i�n� �p�a�r�t�i�c�u�l�a�r� �t�h�e�r�e� �i�s� �n�o� �p�y�r�o�c�h�l�o�r�e� 

�t�y�p�e� �p�h�a�s�e� �o�r� �P�b�-�r�u�t�h�e�n�a�t�e� �p�h�a�s�e� �a�t� �t�h�i�s� �p�a�r�t� �o�f� �t�h�e� �R�u�O�7�/�P�Z�T� �i�m�t�e�r�f�a�c�e�.� �H�o�w�e�v�e�r�,� �a�t� �t�h�e� 

�s�u�r�f�a�c�e�,� �t�h�e� �P�Z�T� �l�a�y�e�r� �i�s� �i�n�c�o�m�p�l�e�t�e�l�y� �c�r�y�s�t�a�l�l�i�z�e�d� �a�s� �p�e�r�o�v�s�k�i�t�e� �p�h�a�s�e�:� �a� �l�a�y�e�r� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0� �n�m� �t�h�i�c�k� �h�a�s� �b�e�e�n� �s�t�r�a�n�d�e�d� �a�s� �a� �n�a�n�o�c�r�y�s�t�a�l�l�i�n�e� �r�e�g�i�o�n� �a�s� �i�n�d�i�c�a�t�e�d� �b�y� 

�t�h�e� �b�r�i�g�h�t� �c�o�n�t�r�a�s�t� �r�e�g�i�o�n�s� �i�n� �t�h�e� �d�a�r�k�-�f�i�e�l�d� �i�m�a�g�e�s� �s�h�o�w�n� �m�m� �F�i�g�.� �3�.�1�0� �a�n�d� �F�i�g�.� �3�.�1�2�.� �A� �1�0� 

�n�m� �d�i�a� �p�r�o�b�e� �w�a�s� �u�s�e�d� �t�o� �o�b�t�a�i�n� �E�D�X� �s�p�e�c�t�r�a� �f�r�o�m� �a� �s�e�r�i�e�s� �o�f� �p�o�m�t�s� �t�r�a�c�m�g� �a� �l�i�n�e� 

�p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �s�e�r�i�e�s� �o�f� �i�n�t�e�r�f�a�c�e�s�;� �t�h�e�r�e� �w�a�s� �n�o� �e�v�i�d�e�n�c�e� �f�o�r� �i�n�t�e�r�d�i�f�f�u�s�i�o�n� �o�f� �R�u�O�2� 

�i�n�t�o� �s�i�l�i�c�a� �o�r� �o�f� �R�u�O�Q�?� �i�n�t�o� �P�Z�T�,� �a�n�d� �t�h�e� �P�b�:�Z�r�:�T�i� �s�h�o�w�e�d� �n�o� �s�y�s�t�e�m�a�t�i�c� �c�h�a�n�g�e�s� �a�s� �a� 
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