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(ABSTRACT) 

The main objective of this study was to determine fundamental information related to ion- 

beam-induced damage to gallium arsenide (GaAs). The study covers experimental results concerning 

defect creation in GaAs versus parameters such as implantation energy, nature of GaAs substrate, 

crystalline orientation, and annealing. Transport and deep level transient spectroscopy (DLTS) results 

are presented for 50 keV Si-implanted and RTA (rapid thermal annealing) GaAs with (100) and (211) 

substrate orientations. Several electron traps are identified and their possible origins discussed. It 

is observed that (211) GaAs, after Si-implantation and RTA, has higher residual damage than (100) 

oriented GaAs. The electrical properties of active GaAs on Cr-doped and undoped GaAs substrates 

are compared. The DLTS response of active layers on Cr-doped GaAs is significantly different from 

those on undoped GaAs. A viable explanation that accounts for this difference is presented. The 

effects of furnace annealing on electrical properties of 50 keV, 4 x 10° cm” Si-implanted GaAs are 

addressed. A correlation between the structural recovery and electrical activation is established. 

The effects of 2 and 6 MeV Si implantation followed by RTA on the electrical characteristics 

of GaAs are investigated in detail. MeV Si-implantation and RTA generates active buried layers in 

GaAs. The buried layer quality is found to be at least comparable to a similarly processed keV Si- 

implanted active GaAs layer. The deep traps in MeV-implanted GaAs are identified and explained 

in terms of their probable origins. The deep level behavior of MeV Si-implanted and RTA GaAs is 

distinctly different from keV Si-implanted and RTA GaAs. This difference is largely due to the 

dynamic annealing occurring during MeV implantation. | 

MESFETs formed on MBE-grown AlI,,.Ga,,As and low temperature MBE-grown GaAs buffer 

layers have shown peculiar characteristics (improved transconductance, sharper carrier profile,



variability in threshold voltage, significant backgating, etc.). The effects of Al,;;Ga,,As buffers and 

low temperature GaAs buffers on the electrical properties of the overlying active GaAs are 

investigated. Transport, DLTS, and SIMS (Secondary Ion Mass Spectroscopy) measurements are 

employed to explain the abnormalities in buffered MESFETs. Deep states and impurities are 

identified in buffers; they appear to migrate toward the channel-buffer interface during processing. 

The defects originating from the buffer are correlated to the performance of MESFETs formed on 

them. 

The effects of ion processing parameters, substrate chemistry, buffer layers, and annealing on 

the electrical characteristics of active GaAs layers are identified. An understanding of these effects 

is extremely critical to obtain reproducible devices with desirable characteristics.
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CHAPTER 1. INTRODUCTION 

1.1 Why GaAs ? 

The advantages of GaAs as a material for optoelectronic devices and high speed ICs may be 

explained by comparing its properties with those of Si, the single most important material for the 

present day semiconductor devices and ICs. Table 1 shows that the electron mobility in GaAs is a 

factor of six greater than that in Si. Due to its large band gap it is possible to grow bulk GaAs in 

semi-insulating form with a resistivity greater than 1x10° ohm-cm. These advantages make GaAs 

devices operate several times faster than Si devices, enable higher frequency operation (several GHz), 

and allowing for the fabrication of monolithic integrated circuits (digital and analog) with good device 

isolation and less parasitic components. The direct band structure enables GaAs to be used for the 

fabrication of optoelectronic devices (lasers, LED, etc.) and in making of heterojunction lasers with 

an epitaxially compatible material (e.g. AlAs). 

1.2 Disadvantages 

On the negative side, GaAs dissociates at temperatures above ~ 600 °C due to the high vapor 

pressure of arsenic. This complicates high temperature processing of GaAs because of the loss of 

surface As. To prevent As out-diffusion, GaAs surfaces need to be "capped" with a dielectric layer 

(such as SiO,, Si,N,) or by using a high vapor pressure As atmosphere. Thermal instabilities and the 

lack of dopants with high diffusion constants have rendered thermal diffusion technology inadequate 

for GaAs. Unlike Si, GaAs has the disadvantage of not having a suitable native oxide. Even a 

deposited oxide or dielectric layer on GaAs results in a very high surface state density which makes 

MOS based devices unsuitable on GaAs. Therefore GaAs technology has developed based on 

MESFET (metal semiconductor field effect transistor) devices. 
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Table 1.1. Comparison of some basic material properties of GaAs and Si [144]. 

Property 

energy gap (eV) 

intrinsic carrier 

concentration (cm”) 

intrinsic resistivity (Q-cm) 

electron mobility (cm?/V-sec 
for N = 10” cm”) 

thermal conductivity (W/cm-°C) 

vapor pressure at 1000 °C (torr) 
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2x10° 

4x10° 

6000 

0.5 

1.1 

1x10” 

4x10° 

1000 

1.4 

10° 

Importance 

optical properties 

semi-insulating 

high isolation 

high speed 
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1.3 Background 

Ion implantation is used in the fabrication of a wide variety of GaAs microwave, digital, 

electrooptic devices and integrated circuits. Si implantation into bulk grown semi-insulating GaAs 

is performed to create a shallow n-type conductive layer. A thermal annealing which follows the 

implantation process is a requisite step to reduce ion damage and to cause implant activation. 

Recently, rapid thermal annealing (RTA) has emerged as a viable technique for dopant activation in 

ion implanted semiconductors [3]. Unlike the more conventional furnace annealing method, in which 

the sample is heated (usually with a cap or under an arsenic Overpressure environment) at 

temperatures of ~ 800-900 °C for ~ 20-30 minutes, during RTA the sample undergoes a rapid 

temperature cycling (with or without cap) at approximately 850-900 °C for ~ 3-30 seconds. 

The performance of a GaAs based device is a critical function of the electronic , structural, 

and chemical properties of the GaAs material. These properties are strongly influenced by both the 

processing variables (e.g. ion implantation, epitaxial growth, annealing parameters, etc.) and the 

quality of the starting GaAs substrates. In this research, the two important processes that were 

investigated are Si*-implantation (into different kinds of GaAs substrates and buffer layers) and 

thermal annealing. Ion implantation and annealing have emerged as the principal technologies for 

the production of GaAs integrated circuits. Direct ion implantation into GaAs substrates provides 

several advantages such as simplicity, greater controllability and reproducibility in fabrication of GaAs 

integrated circuits. An implantation technology yielding uniform and reproducible doping 

characteristics across each individual substrate and from substrate to substrate is highly desirable for 

GaAs IC processing. 

Defects generated by ion implantation present a variety of problems to be overcome in device 

fabrication. For the implanted dopants to dominate the carrier transport, defects must be largely 

removed and impurities must be largely located in appropriate lattice sites. This is achieved through 

high temperature annealing which causes activation but also has its own associated problems. It is 

therefore imperative to detect and characterize the deep levels in ion-implanted and annealed GaAs. 
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The study of defects in GaAs is very important since most of the electronic properties of 

GaAs, and consequently the performance of the device, depend ultimately on the nature and the 

concentration of defects present in the material. The most important defects from the technological 

point of view are those that are created as a result of various thermal and mechanical stresses involved 

in device processing. These defects are formed from the native defects, impurities, and/or complexes 

involving both. The characteristics of such defects must be determined and understood since they play 

a crucial role in limiting the high speed and noise performance of the devices subsequently formed. 

This dissertation is organized into the following chapters: Theoretical Concepts (Chapter 2), 

Literature Review (Chapter 3), Experimental Techniques (Chapter 4), Results and Discussion 

(Chapter 5), and Summary and Conclusions (Chapter 6). The experimental results presented in 

Chapter 5 pertain to samples with widely different processing histories. A listing of several topics that 

are addressed in the different sections of the chapter is provided below : 

Table 1.2. Topics addressed in Chapter 5. 

Topics Section number 

Substrate Variables , 5.1 

(100) and (211) oriented GaAs 5.1.1 

Undoped and Cr-doped GaAs 5.1.1 

Low temperature GaAs buffer 5.1.3 

Al,;Ga,,As buffer 5.1.4 

High energy (MeV) Si-implanted GaAs 5.2 

Annealing and electrical activation 5.3 

1.4 Research Objectives 

Relatively little is known about the effects of the various processing steps on the nature and 

Chapter 1: Introduction 4



density of deep level traps in the active layer and at the active-buffer interface of GaAs. There is a 

need to better understand the relationship between the substrate type, implant damage, electrical 

activation and damage removal. The variables investigated in this research are : ion energy, undoped 

or Cr doped GaAs substrates, substrate orientation, buffer layers (low temperature GaAs, AlGaAs), 

RTA, furnace annealing, and proximity annealing. The ways in which these variables affect deep 

levels, dopant distribution, and transport characteristics need to be better understood and controlled. 

There is growing experimental evidence indicating that defects and inhomogeneity in GaAs substrates 

severely limit the uniformity and performance of finished devices. A good part of this research is 

dedicated towards understanding the characteristics of active n-GaAs formed on low temperature 

GaAs or Al,;Ga,;As buffers. The uniqueness of the active layers lies in the fact that they are MBE- 

grown GaAs (at normal temperature) and subsequently ion implanted and annealed to generate n-type 

activity. As will be seen in Chapter 3, almost all the reported results are on MBE grown n-layer on 

various buffer layers and practically no data exists on the characteristics of MBE-grown, ion-implanted, 

and annealed GaAs. 

There is almost a complete lack of understanding of the deep level and transport properties 

in (211) oriented GaAs, although the (211) orientation has been reported to yield better device 

performance than the more conventional (100) oriented GaAs [130]. In view of this it is extremely 

important to assess the merits and demerits of the two orientations involved with regard to their 

electrical characteristics. 

As discussed in Chapter 3, the low temperature MBE grown GaAs buffer has gained 

considerable interest due to its high resistivity, which allows it to provide excellent device isolation. 

Although, the electrical and structural characteristics of such layers have been investigated in detail, 

the effects of such a layer on an overlying implanted and annealed GaAs layer are not well 

understood. There exist numerous problems on the applicability of low temperature MBE grown 

GaAs as a buffer layer for MESFETs, the solution of which must be sought in understanding the 

electrical characteristics at the buffer-active layer interface. 
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High energy (MeV) implantation into GaAs offers a number of attractive advantages in 

creating buried active layers. Most of the work on high energy implantation in GaAs has been 

confined to the study of structural and transport characteristics of the buried layer. There is a near- 

complete lack of data on details of the deep level characteristics of MeV Si-implanted GaAs. A part 

of this research is aimed towards establishing the identity of electrically active defects in MeV Si- 

implanted and RTA annealed GaAs. The electrical characteristics of the MeV implanted active layer 

are compared with those formed by keV implantation. The damage and annealing mechanisms in keV 

and MeV implanted GaAs are addressed. 

Based on the above discussion, the present work has multiple objectives, and are listed in the 

order in which they appear in Chapter 5. Those objectives are : 

1. To compare (100) and (211) GaAs substrates electrically, to better understand the 

orientation effects on device behavior. 

2. To study the effects of substrate stoichiometry (Cr-doped and undoped) on the electrical 

properties of Si-implanted and RTA-annealed GaAs. | 

3. To understand the role of an MBE-grown Al,,Ga,;As buffer layer and low temperature 

(LT) MBE-grown GaAs buffer layer on the electrical behavior of Si-implanted active layers. 

To obtain a correlation between FET performance (with or without a buffer) and the 

characteristics of the corresponding active layer. 

4. To gain a better understanding of the electrical properties of high energy (MeV) Si- 

implanted and RTA-annealed GaAs. 

5. To establish a correlation between electrical activation and damage recovery in 50 keV Si- 

implanted GaAs:Cr by isochronal (20 mins.) proximity annealing; to address the electrical 

behavior of disordered and anneal-induced ordered GaAs. 

The theoretical considerations and the experimental techniques used to meet the above 

objectives, and the findings of this research, are discussed in the subsequent chapters. 
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CHAPTER 2. THEORETICAL CONSIDERATIONS 

2.1 Metal-GaAs Interface 

One of the early theories explaining the barrier at a metal-semiconductor interface is due to 

the model proposed by Schottky [145]. According to this model, the metal-semiconductor barrier 

height (®,) is a function of the metal work function (®,,) and the electron affinity of semiconductor 

(Xs) 

O,-~ On ~ Xs (2.1) 

However in GaAs, due to the localized surface states with energies within the band gap, ®, is not a 

function of ®,. These states are associated with surface potential fluctuations caused by the crystal 

lattice imperfections at the surface. A high density of surface states (~10° cm”? or higher) can 

accommodate the contact potential difference between the metal and GaAs, thereby pinning the Fermi 

level at the GaAs surface (Fig. 2.1a). The pinning of the Fermi level results from the submonolayer 

coverage of different metals or oxygen (mostly as contaminants) and the level being virtually 

independent of the nature of the contamination. The high surface state density of GaAs "pins" the 

Fermi level roughly at 0.8 eV below the conduction band minimum [146]. 

The Schottky barrier gate is one of the most important elements in many GaAs devices. 

When a metal is placed on n-GaAs, the difference in Fermi level (more accurately between the surface 

and the bulk) results in the formation of a depletion region in GaAs. For all practical purposes, a 

Schottky diode can be treated analogous to an one-sided abrupt p*-n junction with the space charge 

layer on the n-GaAs side (Fig. 2.1b). On assuming a sharp boundary at the edge of the depletion 

region, the relationship between the depth of the depletion region (W) and the applied bias (V), for 

the case of uniform doping (Np) can be expressed as [147] 
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Fig. 2.1 Energy band diagram for a) Schottky barrier with surface states and b) ideal Schottky 
barrier (from Ref. [151}). 
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We = ~2£ (y,, - V- AT 
Qn, q (2.2) 

where ¢ is the semiconductor permittivity, k is the Boltzmann constant, T is the temperature, q is the 

electronic charge, and V,, is the built-in potential (approximately 0.8 V for GaAs) required to support 

the depletion layer. In the case of a non uniform doping profile (Np(x)), the relationship is of the 

form 

W 

p= @ 
VpinV @ {Nba dx (2.3) 

2.1.1 Depletion Region 

The depletion region, acting as a parallel plate capacitor of thickness W ( see Fig. 2.2a), has 

a depletion layer capacitance (C), expressed as 

dv W (2.4) 

where A is the Schottky diode area or the contact area. It is evident from equations (2.2) and (2.3) 

that the depletion layer width (W) is bias dependent i.e. W increases with increasing reverse bias until 

the breakdown voltage is reached, beyond which W cannot be extended further. Using equations (2.3) 

and (2.4), one can arrive at a relationship relevant for deducing the dopant profile in semiconductors 

and is given by 

2 -1 ce dc, -1 
N,(x) = = (—= 
Dlx geA* d[1i/c?]/dv geA2 aV 

(2.5)   

The above result is also true for the case of uniform doping density. Equation (2.5) is widely used 

in the determination of the dopant concentration distribution by the C-V (Capacitance- Voltage) 

method. The C-V measurements, for this purpose, are performed at high enough frequency (usually 

1 MHz) so that the effects of deep levels in the dopant profile are eliminated. At high measurement 
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Fig. 2.2 a) Depletion region under a Schottky contact behaving as a parallel plate capacitor 

and b) Energy band diagram for tunnel type ohmic contact (from Ref. [183] and 

[151], respectively). 

10



frequencies the electron emission or capture processes from deep levels are slow to respond to the 

measurement signal. 

Resolution in doping profile determination using the C-V method is limited to a distance on 

the order of the Debye length [148]. The Debye length is due to the electron screening effects and 

represents a departure from the abrupt boundary at the bottom of the depletion region. The Debye 

length is given by 

KTe 

gN, (2.6) 
Ly =   

For Np ~ 10" cm®, the Debye length is on the order of 0.02 pm. The C-V procedure has a minimum 

and maximum depth between which the method is valid for dopant profiling. The minimum depth 

is approximately decided by the depletion layer width formed due to the built-in voltage (~ 0.8 V) 

across the Schottky barrier. Although a forward bias can shrink the depletion region to a minor 

extent, the forward leakage current, at such bias, prohibits any valid capacitance measurements. On 

the other extreme, the maximum depth of probing by the C-V technique is limited by the reverse 

breakdown voltage of the Schottky diode. 

The above analysis (C-V) is based on the tacit assumption that the capacitance is the only 

element in the measuring circuit. Almost all capacitance meters and profiling instruments measure 

capacitance by applying a small rf voltage (much smaller than the dc bias that determines the diode 

capacitance) while monitoring the imaginary component of the resulting rf current i.e. 

V . 
I = ZF = V(iwC) (2.7) 

In presence of series resistance (R,), which always exists between the Schottky barrier and the ohmic 

contact of a diode, the current is modified to 

V Rw* Cc? iwc r-—¥__.y 
R,+ (iwc)? 1+(WR,C)? 1+(WR,C)? (2.8) 
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�w�h�e�r�e� �T� �i�s� �t�h�e� �d�i�o�d�e� �t�e�m�p�e�r�a�t�u�r�e�;� �k�,� �t�h�e� �B�o�l�t�z�m�a�n�n� �c�o�n�s�t�a�n�t�;� �n�,� �t�h�e� �i�d�e�a�l�i�t�y� �f�a�c�t�o�r� �r�e�p�r�e�s�e�n�t�i�n�g� 

�d�e�p�a�r�t�u�r�e� �f�r�o�m� �i�d�e�a�l� �S�c�h�o�t�t�k�y� �j�u�n�c�t�i�o�n� �(�n�=�1�)�;� �a�n�d� �I�,� �i�s� �t�h�e� �r�e�v�e�r�s�e� �s�a�t�u�r�a�t�i�o�n� �c�u�r�r�e�n�t� �w�h�i�c�h� �i�s� �r�e�l�a�t�e�d� 

�t�o� �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�s� 

� � 

�a�b� �=� �*�*� �F�T�?� �_� �b� �I�,� �=� �A�A�*�*�T�*�e�x�p� �(� �L�T�?� �(�2�.�1�2�)� 

�w�h�e�r�e� �A� �i�s� �t�h�e� �d�i�o�d�e� �a�r�e�a�;� �A �� �i�s� �t�h�e� �e�f�f�e�c�t�i�v�e� �R�i�c�h�a�r�d�s�o�n� �c�o�n�s�t�a�n�t� �w�h�i�c�h� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �e�f�f�e�c�t�i�v�e� 

�e�l�e�c�t�r�o�n� �m�a�s�s� �a�n�d� �f�o�r� �G�a�A�s�,� �A �� �i�s� �1�2�0� �A�/�(�c�m� �K�)�*� �[�1�4�7�]�.� �T�h�e� �v�a�l�u�e� �o�f� �A ��,� �c�o�m�p�a�r�e�d� �t�o� �T�,� �h�a�s� �a� 

�r�e�l�a�t�i�v�e�l�y� �i�n�s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �®�,�,� �s�i�n�c�e� �i�t� �a�p�p�e�a�r�s� �o�u�t�s�i�d�e� �t�h�e� �e�x�p�o�n�e�n�t�i�a�l� �t�e�r�m� �i�n� �(�2�.�1�2�)�.� �F�o�r� 

�e�x�a�m�p�l�e�,� �a� �1�0�0� �%� �e�r�r�o�r� �i�n� �A �� �w�i�l�l� �c�a�u�s�e� �a�n� �i�n�c�r�e�a�s�e� �o�f� �o�n�l�y� �a�b�o�u�t� �0�.�0�1�8� �e�V� �i�n� �®�,�.� �T�h�e� �r�e�v�e�r�s�e� 

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

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

�p�e�r�f�o�r�m�i�n�g� �I�-�V� �m�e�a�s�u�r�e�m�e�n�t�s� �o�v�e�r� �a� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �a�n�d� �m�a�k�i�n�g� �u�s�e� �o�f� �e�q�u�a�t�i�o�n�s� �(�2�.�1�1�)� �a�n�d� 

�(�2�.�1�2�)�.� 

�2�.�2�.�1� �O�h�m�i�c� �C�o�n�t�a�c�t�s� 

�B�y� �d�e�f�i�n�i�t�i�o�n�,� �g�o�o�d� �o�h�m�i�c� �c�o�n�t�a�c�t�s� �h�a�v�e� �s�m�a�l�l� �r�e�s�i�s�t�a�n�c�e�s� �a�n�d� �i�n�j�e�c�t� �(�o�r� �e�x�t�r�a�c�t�)� �o�n�l�y� �a� �f�e�w� 

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

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

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

�c�o�n�t�a�c�t�s� �o�n� �G�a�A�s� �w�i�t�h�o�u�t� �f�o�r�m�i�n�g� �a� �d�i�p�o�l�e� �l�a�y�e�r� �[�1�5�1�]�.� �T�h�e�r�e�f�o�r�e� �,� �o�h�m�i�c� �c�o�n�t�a�c�t�s� �w�i�t�h� �®�,�=�0� �c�a�n�n�o�t� 

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

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

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �1�3



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

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

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

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

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

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

�e�x�p�r�e�s�s�e�d� �a�s� 

�N�.� 
�J� �~� �e�x�p� �[�-� �2�2�)� �,� �w�h�e�r�e� �E�j�,� �*� �g�h�,�  ��,� 

�E�o� �4�1� �e�m�*� 

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

�M�o�s�t� �o�f�t�e�n� �o�h�m�i�c� �c�o�n�t�a�c�t�s� �o�n� �n�-�G�a�A�s� �a�r�e� �r�e�a�l�i�z�e�d� �t�h�r�o�u�g�h� �a�l�l�o�y�e�d� �c�o�n�t�a�c�t� �o�f� �A�u� �(�8�8�%�)�-� 

�G�e�(�1�2�%�)� �w�i�t�h� �a� �N�i� �o�r� �P�t� �o�v�e�r�l�a�y�e�r�.� �G�e� �o�c�c�u�p�i�e�s� �G�a� �l�a�t�t�i�c�e� �s�i�t�e�s� �o�n� �o�h�m�i�c� �a�n�n�e�a�l�i�n�g� �a�n�d� �r�e�s�u�l�t�s� �i�n� 

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

�s�p�e�c�i�f�i�c� �c�o�n�t�a�c�t� �r�e�s�i�s�t�a�n�c�e� �(�r�,�)� �d�e�f�i�n�e�d� �a�s� 

�(�o�Y�)� �a�z� �0� �(�2�.�1�3�)� 

�A�n� �o�p�t�i�m�u�m� �v�a�l�u�e� �o�f� �r�,� �d�u�r�i�n�g� �d�e�v�i�c�e� �p�r�o�c�e�s�s�i�n�g� �i�s� �~� �1�0�°� �Q�-�c�m ��.� 

�2�.�3� �S�c�h�o�t�t�k�y� �B�a�r�r�i�e�r�s� �w�i�t�h� �T�r�a�p�s� 

�I�n� �t�h�e� �t�r�e�a�t�m�e�n�t� �o�f� �S�c�h�o�t�t�k�y� �b�a�r�r�i�e�r�s� �i�n� �s�e�c�t�i�o�n� �2�.�1�,� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�r�a�p�s� �i�n� �t�h�e� 

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

�o�f� �S�c�h�o�t�t�k�y� �b�a�r�r�i�e�r� �c�a�p�a�c�i�t�a�n�c�e� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �d�e�e�p� �l�e�v�e�l� �t�r�a�p�s� �[�1�5�2�]�.� �C�o�n�s�i�d�e�r� �a� �S�c�h�o�t�t�k�y� �b�a�r�r�i�e�r� 

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

�E�,�-�E�,�,� �w�i�t�h� �c�o�n�c�e�n�t�r�a�t�i�o�n� �N�;�.� �A�s�s�u�m�e� �a� �r�e�v�e�r�s�e� �b�i�a�s�,� �V�p�,� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �d�i�o�d�e� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� 

�b�a�n�d� �d�i�a�g�r�a�m� �t�o�g�e�t�h�e�r� �w�i�t�h� �t�h�e� �c�h�a�r�g�e� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�3�.� �T�h�e� �e�l�e�c�t�r�o�n�s� �a�r�e� �d�e�p�l�e�t�e�d� 

�i�n� �t�h�e� �r�e�g�i�o�n� �O�<�x�<�W�,� �w�h�e�r�e� �W� �i�s� �t�h�e� �w�i�d�t�h� �o�f� �t�h�e� �s�p�a�c�e� �c�h�a�r�g�e� �r�e�g�i�o�n�.� �I�n� �t�h�e� �d�e�p�l�e�t�i�o�n� �o�r� �t�h�e� �s�p�a�c�e� 

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �1�4
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�F�i�g�.� �2�.�3� �a�)� �E�n�e�r�g�y� �b�a�n�d� �d�i�a�g�r�a�m� �o�f� �a� �S�c�h�o�t�t�k�y� �d�i�o�d�e� �w�i�t�h� �a� �d�e�e�p� �d�o�n�o�r� �l�e�v�e�l� �u�n�d�e�r� �a� 

�q�u�i�e�s�c�e�n�t� �r�e�v�e�r�s�e� �b�i�a�s� �a�n�d� �b�)� �C�o�r�r�e�s�p�o�n�d�i�n�g� �c�h�a�r�g�e� �d�i�s�t�r�i�b�u�t�i�o�n� �u�n�d�e�r� �e�q�u�i�l�i�b�r�i�u�m� 
�(�s�o�l�i�d� �l�i�n�e�)� �a�n�d� �u�n�d�e�r� �n�o�n� �e�q�u�i�l�i�b�r�i�u�m� �i�.�e�.� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �a� �b�i�a�s� �p�u�l�s�e� �(�d�a�s�h�e�d� 
�l�i�n�e�)� �c�o�n�d�i�t�i�o�n�s� �(�f�r�o�m� �R�e�f�.� �[�1�7�3�]�)�.� 

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �1�5



�c�h�a�r�g�e� �r�e�g�i�o�n�,� �t�h�e� �e�l�e�c�t�r�o�n�i�c� �s�t�a�t�e�s� �a�t� �t�h�e� �d�e�e�p� �l�e�v�e�l� �a�r�e� �e�m�p�t�y� �i�n� �t�h�e� �r�e�g�i�o�n� �O�<�x�<�W�-�A�,� �w�h�e�r�e� �W�-�A� 

�i�s� �t�h�e� �p�l�a�n�e� �w�h�e�r�e� �t�h�e� �d�e�e�p� �l�e�v�e�l� �c�r�o�s�s�e�s� �t�h�e� �b�u�l�k� �F�e�r�m�i� �l�e�v�e�l�,� �E�;�.� �F�o�r� �a� �n�o�n�-�u�n�i�f�o�r�m�l�y� �d�o�p�e�d� 

�m�a�t�e�r�i�a�l� �N�p�(�x�)�,� �A� �i�s� �g�i�v�e�n� �b�y� 

�E�B�,� �-� �E�p� �=� �X�f� �n�(�x� �[�x� �-� �(�W�-�A�)�]� �a�x� �(�2�.�1�4�)� 

�w�h�e�r�e� �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� �x� �i�s� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e�.� �F�o�r� �N�p�(�x�)� �b�e�i�n�g� �c�o�n�s�t�a�n�t� �a�s� 

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

�'� �2 ¬�(�E�,� �-� �E�p�)� �)�2� 
�A�=� �g�?�N�,� �(�2�.�1�5�)� 

�a�n�d� �d�o�u�b�l�e� �i�n�t�e�g�r�a�t�i�o�n� �o�f� �P�o�i�s�s�o�n ��s� �e�q�u�a�t�i�o�n� �o�v�e�r� �t�h�e� �d�e�p�l�e�t�i�o�n� �r�e�g�i�o�n� �y�i�e�l�d�s� �[�1�7�3�]� 

�W�-�2� �W� 

�[� �|� �N�(�x�)� �.�x�a�d�x� �+� �[�N�,�(�x�)� �.�x�d�x� �|� �f�a� �f�o� 
�Q� 

�V�e�t� �V�a�n�i� �=� �@�
 �|�Q

� 

�w�h�e�r�e� �V�,�,� �i�s� �t�h�e� �b�u�i�l�t�-�i�n� �p�o�t�e�n�t�i�a�l�,� �V�,� �i�s� �t�h�e� �a�p�p�l�i�e�d� �r�e�v�e�r�s�e� �b�i�a�s� �a�n�d� �f�o�r� �N�p�(�x�)� �=� �N�p� �a�n�d� �N�,�(�x�)� �=� �N�y�,� 

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

�V�a�t� �V�p�i� �=� �s�y� �E� �(�N�p�t� �N�p�)� �W�*� �+� �N�,�(�A�*�-�2�W�A�)� �|� �(�2�.�1�6�)� 

�T�h�e� �c�a�p�a�c�i�t�a�n�c�e� �o�f� �a� �S�c�h�o�t�t�k�y� �d�i�o�d�e�,� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �u�n�i�f�o�r�m� �t�r�a�p� �d�e�n�s�i�t�y� �(�N�;�)� �a�n�d� �a� 

�s�h�a�l�l�o�w� �d�o�n�o�r� �d�e�n�s�i�t�y� �(�N�p�)�,� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �c�o�m�b�i�n�i�n�g� �e�q�u�a�t�i�o�n�s� �(�2�.�2�)�,� �(�2�.�4�)�,� �a�n�d� �(�2�.�1�6�)� �a�n�d� �i�s� 

�e�x�p�r�e�s�s�e�d� �a�s� 

� � 

�N�,� �A�e�g�a� �(�N�,�+�N�,� �)�q�e�*�A�®� �N�,� �A�g�e�d� �T� �2�,� �§�N�o�+�N�y� �O�N� �(�2�.�1�7�)� 
�2�e�V�-�q�i�*� �N�,� �2�e�V�-�q�i�*� �N�,� �2�¢�e�V�-�q�d�a�?� �N�,� 

� � 
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�w�h�e�r�e� �V� �=� �V�,�,� �+� �V�p�.� �E�q�u�a�t�i�o�n� �(�2�.�1�7�)� �i�s� �a� �g�e�n�e�r�a�l�i�z�e�d� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �a� �S�c�h�o�t�t�k�y� �d�i�o�d�e� �c�a�p�a�c�i�t�a�n�c�e� 

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

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

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

�(�2�.�1�8�)� 

� � 

�w�h�i�c�h� �c�a�n� �a�l�s�o� �b�e� �o�b�t�a�i�n�e�d� �b�y� �u�s�i�n�g� �e�q�u�a�t�i�o�n�s� �(�2�.�2�)� �a�n�d� �(�2�.�4�)�.� 

�2�.�4� �P�r�i�n�c�i�p�l�e� �o�f� �D�L�T�S� 

�D�L�T�S� �(�D�e�e�p� �L�e�v�e�l� �T�r�a�n�s�i�e�n�t� �S�p�e�c�t�r�o�s�c�o�p�y�)� �i�s� �a� �w�i�d�e�l�y� �u�s�e�d� �t�e�c�h�n�i�q�u�e� �t�o� �d�e�t�e�c�t� �a�n�d� 

�c�h�a�r�a�c�t�e�r�i�z�e� �d�e�f�e�c�t�s� �i�n� �s�e�m�i�c�o�n�d�u�c�t�o�r�s� �[�1�5�3�]�.� �T�h�e� �b�a�s�i�c� �i�d�e�a� �u�n�d�e�r�l�y�i�n�g� �D�L�T�S� �o�p�e�r�a�t�i�o�n� �i�s� �t�h�e� 

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

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

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

�c�a�r�r�i�e�r�s� �( ¬�,�)� �o�v�e�r� �t�h�e� �c�a�p�t�u�r�e� �r�a�t�e� �(�c�,�)� �1�. ¬�.�  ¬�,� �>�>� �c�,�.� �T�h�e� �c�a�p�t�u�r�e� �a�n�d� �e�m�i�s�s�i�o�n� �p�r�o�c�e�s�s�e�s� �a�s�s�o�c�i�a�t�e�d� 

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

�s�c�h�e�m�a�t�i�c�a�l�l�y� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�4�.� 

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

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

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

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

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

�I�n� �t�h�e� �o�p�t�i�c�a�l�l�y� �p�u�l�s�e�d� �D�L�T�S� �t�e�c�h�n�i�q�u�e�,� �t�h�e� �t�r�a�p�s� �a�r�e� �f�i�l�l�e�d� �b�y� �a� �p�u�l�s�e� �o�f� �s�u�b�-�b�a�n�d� �g�a�p� �l�i�g�h�t� �[�1�5�6�]�.� 

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

�V�i�g�.� �2�.�4� �E�l�e�c�t�r�o�n� �c�a�p�t�u�r�e� �a�n�d� �e�m�i�s�s�i�o�n� �p�r�o�c�e�s�s�e�s� �d�u�e� �t�o� �a� �m�a�j�o�r�i�t�y� �c�a�r�r�i�e�r� �p�u�l�s�e� �a�n�d� �t�h�e� 
�c�o�r�r�e�s�p�o�n�d�i�n�g� �c�h�a�n�g�e�s� �i�n� �d�e�p�l�e�t�i�o�n� �l�a�y�e�r� �c�a�p�a�c�i�t�a�n�c�e� �w�i�t�h� �t�i�m�e� �(�f�r�o�m� �R�e�f�.� �[�1�5�3�)�)�.� 
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�t�h�e� �m�e�a�s�u�r�e�d� �t�h�e�r�m�a�l� �c�a�r�r�i�e�r� �e�m�i�s�s�i�o�n� �r�a�t�e�s� �a�t� �s�e�v�e�r�a�l� �f�i�x�e�d� �t�e�m�p�e�r�a�t�u�r�e�s�.� �U�s�i�n�g� �t�h�e� �p�r�i�n�c�i�p�l�e� �o�f� 

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

�C�y� �=� �Y�p�I�°�o� �,�e�x�p� �(�-�E�,�/�k�T�)� �(�2�.�1�9�)� 

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

�t�r�a�p� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �(�E�,� �=� �E�,�-�E�,�)�,� �T� �i�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�,� �k� �i�s� �t�h�e� �B�o�l�t�z�m�a�n�n� �c�o�n�s�t�a�n�t�,� �a�n�d� �y�,� �i�s� �a� 

�c�o�n�s�t�a�n�t� �c�o�n�t�a�i�n�i�n�g� �a�l�l� �t�e�m�p�e�r�a�t�u�r�e� �i�n�d�e�p�e�n�d�e�n�t� �f�a�c�t�o�r�s�,� �b�e�i�n�g� �1�.�7� �x� �1�0 �� �c�m ��s ��K�*� �f�o�r� �G�a�A�s�.� �F�o�r� 

�e�l�e�c�t�r�o�n� �t�r�a�p�s�,� �e�m�i�s�s�i�o�n� �r�a�t�e�s� �( ¬�,�)� �v�a�r�y� �a�s� 

�C�e�,� �=� �¥�,�T�%�9� �,�e�x�p� �(�-�E�,�/�K�T�)� �(�2�.�2�0�)� 

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

�t�r�a�p� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �(�E�,� �=� �E�,�-�E�,�)�,� �a�n�d� �y�,� �i�s� �2�.�2�8� �x� �1�0�°� �c�m ��s�"�K �� �f�o�r� �G�a�A�s�.� �O�n� �r�e�m�o�v�a�l� �o�f� �t�h�e� �b�i�a�s� 

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

�N�,�(�t�)� �=� �N�,�(�0�)� �e�x�p� �(�e�,�/�K�T�)� �(�2�.�2�1�)� 

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

�e�,� �a�t� �t�e�m�p�e�r�a�t�u�r�e� �T�,� �a�n�d� �N�,�;�(�0�)� �i�s� �t�h�e� �t�o�t�a�l� �t�r�a�p� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �d�e�p�l�e�t�i�o�n� �r�e�g�i�o�n� �t�h�a�t� �w�a�s� �f�i�l�l�e�d� 

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

�s�u�b�s�c�r�i�p�t�s�.� �I�f� �t�h�e� �t�r�a�p� �c�o�n�c�e�n�t�r�a�t�i�o�n� �N�;� �(�=�N�,�(�0�)� �a�s�s�u�m�e�d�)� �i�s� �m�u�c�h� �l�e�s�s� �t�h�a�n� �t�h�e� �s�h�a�l�l�o�w� �d�o�p�a�n�t� 

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

�a�c�c�o�r�d�i�n�g� �t�o� 

� � 

�N�.� 
�C�(�t�)� �=� �C�1� �+� �o�N� �[�1� �-� �e�x�p�(�-�e�,�t�)�]�}� �Z� �(�2�.�2�2�)� 

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �1�9



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

�P�e�a�k�s� �o�c�c�u�r� �i�n� �t�h�e� �D�L�T�S� �s�p�e�c�t�r�u�m� �w�h�e�n� �t�h�e� �e�m�i�s�s�i�o�n� �r�a�t�e� �o�f� �c�a�r�r�i�e�r�s� �f�r�o�m� �t�h�e� �t�r�a�p� 

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

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

�f�o�l�l�o�w�i�n�g� �r�e�l�a�t�i�o�n�s�h�i�p� 

�C
�t�

 

�e�,� �=� �[�I�n�(� �+�)�]� �[�t�,�-�¢�,�]�7� �(�2�.�2�3�)� �=� 
�t�h

� 

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

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

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

�m�e�a�n�s� �o�f� �c�h�a�r�a�c�t�e�r�i�z�i�n�g� �t�h�e� �t�r�a�p� �e�n�e�r�g�y� �l�e�v�e�l� �i�s� �o�f�t�e�n� �t�o� �c�o�n�s�t�r�u�c�t� �a� �p�l�o�t� �o�f� �I�n� �(�e�,�/�T ��)� �v�s� �1�/�T�,� �d�e�t�e�r�m�i�n�e� 

�i�t�s� �s�l�o�p�e� �a�n�d� �m�a�k�e� �u�s�e� �o�f� �e�q�u�a�t�i�o�n�s� �o�f� �e�q�u�a�t�i�o�n�s� �(�2�.�1�9�)� �o�r� �(�2�.�2�0�)�,� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� 

�t�r�a�p�.� �T�h�e� �t�r�a�p� �c�a�p�t�u�r�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �o�,� �c�a�n� �b�e� �i�n�f�e�r�r�e�d� �f�r�o�m� �t�h�e� �i�n�t�e�r�c�e�p�t� �v�a�l�u�e� �o�n� �t�h�e� �I�n�(�e�,�/�T ��)� �a�x�i�s�.� 

�A� �s�i�m�p�l�e�r� �a�n�d� �a�p�p�r�o�x�i�m�a�t�e� �m�e�t�h�o�d� �i�s� �t�o� �a�s�s�u�m�e� �t�h�e� �p�r�e�f�a�c�t�o�r� �i�n� �e�q�u�a�t�i�o�n� �(�2�.�1�8�)� �t�o� �b�e� �1�0 �� �s�e�c�"� �(�f�o�r� 

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

�a� �p�r�e�d�e�t�e�r�m�i�n�e�d� �r�a�t�e� �w�i�n�d�o�w� �[�3�2�]�.� �S�i�n�c�e� �E�,� �d�e�p�e�n�d�s� �l�o�g�a�r�i�t�h�m�i�c�a�l�l�y� �o�n� �t�h�e� �p�r�e�f�a�c�t�o�r�,� �t�h�e� �r�e�s�u�l�t�i�n�g� 

�v�a�l�u�e� �o�f� �E�,� �w�i�l�l� �b�e� �w�i�t�h�i�n� �+�1�0� �%� �o�f� �t�h�e� �t�r�u�e� �v�a�l�u�e�.� 

�T�h�e� �D�L�T�S� �s�i�g�n�a�l�,� �A�C�(�t�)�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �s�a�m�p�l�i�n�g� �t�i�m�e� �t�,� �a�n�d� �t�,� �i�s� �g�i�v�e�n� �b�y� 

�A�C�(�t�)� �=� �C�(�t�,�)� �-� �C�(�t�,�)� �=� �e�a�(�[ � � ��]� �-� �I�=�}� �(�2�.�2�4�)� 
�W�(�t�)� �W�(�t�.�)� 

�w�h�e�r�e� �e� �i�s� �t�h�e� �s�e�m�i�c�o�n�d�u�c�t�o�r� �p�e�r�m�i�t�t�i�v�i�t�y�,� �A� �t�h�e� �d�i�o�d�e� �o�r� �j�u�n�c�t�i�o�n� �a�r�e�a�,� �a�n�d� �W�(�1�,�)� �a�n�d� �W�(�t�.�)� �a�r�e� �t�h�e� 

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

�T�h�e� �s�i�g�n� �o�f� �t�h�e� �D�L�T�S� �p�e�a�k� �i�n�d�i�c�a�t�e�s� �w�h�e�t�h�e�r� �t�h�e� �d�e�e�p� �l�e�v�e�l� �i�s� �a� �m�a�j�o�r�i�t�y� �o�r� �a� �m�i�n�o�r�i�t�y� �c�a�r�r�i�e�r� �t�r�a�p�;� 

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

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

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �2�0



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

�u�s�i�n�g� �a�n� �o�p�t�i�c�a�l� �p�u�l�s�e� �t�o� �c�a�u�s�e� �c�h�a�n�g�e�s� �i�n� �t�r�a�p� �p�o�p�u�l�a�t�i�o�n�.� �C�o�m�b�i�n�i�n�g� �e�q�u�a�t�i�o�n�s� �(�2�.�2�2�)� �a�n�d� �(�2�.�2�4�)�,� 

�t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �D�L�T�S� �s�i�g�n�a�l� �A�C�(�t�)�,� �w�h�i�c�h� �i�s� �a�l�s�o� �d�e�p�e�n�d�e�n�t� �o�n� �r�a�t�e� �w�i�n�d�o�w�,� �c�a�n� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� 

�t�r�a�p� �c�o�n�c�e�n�t�r�a�t�i�o�n� �N�y� �a�s� 

� � 

�n�y�.� �-� �2�4�C�(�)� �N�p� 
�*� �C�y� �[�e�x�p� �(�-�e�,�t�,�)� �-� �e�x�p�(�-�e�,�t�,�)�]� �(�2�.�2�5�)� 

�2�.�4�.�1� �L�i�m�i�t�a�t�i�o�n�s� 

�P�a�r�a�m�e�t�e�r�s� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� �b�a�s�e�d� �o�n� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �o�f� �e�x�p�o�n�e�n�t�i�a�l� 

�c�a�p�a�c�i�t�a�n�c�e� �t�r�a�n�s�i�e�n�t�s�.� �A� �n�u�m�b�e�r� �o�f� �m�e�c�h�a�n�i�s�m�s� �c�a�n� �r�e�s�u�l�t� �i�n� �n�o�n�-�e�x�p�o�n�e�n�t�i�a�l� �t�r�a�n�s�i�e�n�t�s�:� �e�l�e�c�t�r�i�c�-� 

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

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

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

�c�h�a�r�g�e� �r�e�g�i�o�n� �c�a�n� �g�i�v�e� �r�i�s�e� �t�o� �c�a�p�t�u�r�e� �[�1�5�8�,� �1�5�9�]�.� 

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

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

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

�t�h�o�s�e� �n�e�a�r� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �d�e�p�l�e�t�i�o�n� �r�e�g�i�o�n� �[�1�5�4�]�.� �L�i� �a�n�d� �W�a�n�g� �h�a�v�e� �p�r�o�p�o�s�e�d� �a� �n�e�w� �r�e�v�e�r�s�e�-�b�i�a�s� 

�p�u�l�s�e�d� �d�e�e�p� �l�e�v�e�l� �t�r�a�n�s�i�e�n�t� �s�p�e�c�t�r�o�s�c�o�p�y� �(�R�D�L�T�S�)� �t�e�c�h�n�i�q�u�e� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �e�f�f�e�c�t� �o�f� 

�c�a�r�r�i�e�r� �e�m�i�s�s�i�o�n� �f�r�o�m� �d�e�e�p� �l�e�v�e�l� �c�e�n�t�e�r�s� �[�1�5�7�]�.� �A� �d�o�u�b�l�e� �c�o�r�r�e�l�a�t�i�o�n� �D�L�T�S� �(�D�D�L�T�S�)� �t�e�c�h�n�i�q�u�e�,� �a�n� 

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

�o�f� �e�m�i�s�s�i�o�n� �r�a�t�e� �o�f� �t�r�a�p�s� �i�n� �t�h�e� �s�p�a�c�e� �c�h�a�r�g�e� �r�e�g�i�o�n� �[�1�5�5�]�.� 

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

�t�r�a�p� �d�e�n�s�i�t�i�e�s� �[�1�6�3�-�1�6�5�]�.� �T�h�e� �o�n�l�y� �g�u�a�r�a�n�t�e�e� �f�o�r� �a�n� �e�x�p�o�n�e�n�t�i�a�l� �t�r�a�n�s�i�e�n�t� �i�s� �s�m�a�l�l� �t�r�a�p� �d�e�n�s�i�t�y� �i�.�e�.� �t�h�e� 

�r�a�t�i�o� �N�,�/�N�,� �<� �0�.�1�.� �M�a�n�y� �t�i�m�e�s� �a� �n�o�n�-�e�x�p�o�n�e�n�t�i�a�l� �b�e�h�a�v�i�o�r� �r�e�s�u�l�t�s� �w�h�e�n� �m�o�r�e� �t�h�a�n� �o�n�e� �d�e�f�e�c�t� �l�e�v�e�l� 

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �2�1



�(�p�r�o�b�a�b�l�y� �c�l�o�s�e�l�y� �s�p�a�c�e�d�)� �c�o�n�t�r�i�b�u�t�e�s� �t�o� �t�h�e� �t�r�a�n�s�i�e�n�t� �[�1�6�0�]�.� �E�a�c�h� �d�e�f�e�c�t� �h�a�s� �i�t�s� �o�w�n� �e�m�i�s�s�i�o�n� �r�a�t�e� 

�w�i�t�h� �i�t�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �t�r�a�n�s�i�e�n�t�.� �F�o�r� �c�l�o�s�e�l�y� �s�p�a�c�e�d� �t�r�a�p� �s�t�a�t�e�s�,� �t�h�e� �D�L�T�S� �s�i�g�n�a�l� �h�a�s� �a� �s�h�o�u�l�d�e�r� �o�r� 

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

�v�e�r�y� �i�n�v�o�l�v�e�d� �[�1�6�1�]�.� �T�h�e� �d�i�f�f�i�c�u�l�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e�s�e� �n�o�n�-�e�x�p�o�n�e�n�t�i�a�l� �t�r�a�n�s�i�e�n�t�s� �m�a�y� �b�e� �p�o�s�s�i�b�l�y� 

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

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

�[�1�6�6�,� �1�6�7�]�.� 

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

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

�c�h�a�n�g�e� �t�h�e� �t�r�a�p� �o�c�c�u�p�a�n�c�y� �[�1�6�2�]�.� �I�f� �t�h�e� �l�e�a�k�a�g�e� �c�u�r�r�e�n�t� �i�s� �n�o�t� �c�o�r�r�e�c�t�e�d�,� �i�t� �c�a�n� �l�e�a�d� �t�o� 

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

�d�i�s�s�i�p�a�t�i�o�n� �f�a�c�t�o�r� �[�1�6�8�]�.� �A� �h�i�g�h� �d�i�o�d�e� �s�e�r�i�e�s� �r�e�s�i�s�t�a�n�c�e� �i�.�e�.� �a� �h�i�g�h� �d�i�s�s�i�p�a�t�i�o�n� �f�a�c�t�o�r� �(�c�l�o�s�e� �t�o� �u�n�i�t�y�)� 

�w�i�l�l� �s�t�r�o�n�g�l�y� �r�e�d�u�c�e� �t�h�e� �D�L�T�S� �s�i�g�n�a�l� �a�n�d� �i�n� �t�h�e� �e�x�t�r�e�m�e� �c�a�s�e� �m�a�y� �e�v�e�n� �r�e�v�e�r�s�e� �i�t�s� �s�i�g�n� �[�1�6�8�]�.� �I�f� �t�h�i�s� 

�h�a�p�p�e�n�s�,� �t�h�e�n� �t�h�e� �v�a�l�i�d�i�t�y� �o�f� �t�h�e� �D�L�T�S� �r�e�s�u�l�t�s� �a�r�e� �q�u�e�s�t�i�o�n�a�b�l�e�.� 

�2�.�5� �G�a�A�s� �M�E�S�F�E�T� 

�T�h�e� �M�E�S�F�E�T� �(�M�E�t�a�l� �S�e�m�i�c�o�n�d�u�c�t�o�r� �F�i�e�l�d� �E�f�f�e�c�t� �T�r�a�n�s�i�s�t�o�r�)� �f�o�r�m�s� �t�h�e� �b�a�s�i�s� �f�o�r� �t�h�e� �G�a�A�s� 

�m�o�n�o�l�i�t�h�i�c� �c�i�r�c�u�i�t� �t�e�c�h�n�o�l�o�g�i�e�s�.� �T�h�i�s� �s�e�c�t�i�o�n� �w�i�l�l� �c�o�v�e�r� �t�h�e� �g�e�n�e�r�i�c� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �M�E�S�F�E�T�,� �a�n�d� �t�h�e� 

�d�e�f�i�n�i�t�i�o�n� �o�f� �s�o�m�e� �o�f� �t�h�e� �M�E�S�F�E�T� �p�a�r�a�m�e�t�e�r�s� �t�h�a�t� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �l�a�t�e�r� �c�h�a�p�t�e�r�s�.� �T�h�e� �G�a�A�s� 

�M�E�S�F�E�T� �u�s�e�s� �t�h�e� �d�e�p�l�e�t�i�o�n� �l�a�y�e�r� �u�n�d�e�r� �t�h�e� �g�a�t�e� �e�l�e�c�t�r�o�d�e� �t�o� �m�o�d�i�f�y� �t�h�e� �d�e�p�t�h� �o�f� �a�n� �n�-�c�h�a�n�n�e�l� �a�n�d� 

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

�M�E�S�F�E�T� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�5�a�.� �U�s�u�a�l�l�y� �t�h�e� �s�o�u�r�c�e� �o�f� �t�h�e� �F�E�T� �i�s� �m�a�d�e� �t�h�e� �c�o�m�m�o�n� �o�r� �t�h�e� �g�r�o�u�n�d� 

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

�T�h�e� �s�t�e�a�d�y� �s�t�a�t�e� �c�u�r�r�e�n�t� �I�p�,� �d�e�p�e�n�d�s� �o�n� �t�h�e� �g�a�t�e� �v�o�l�t�a�g�e� �(�V�g�s�)� �a�n�d� �t�h�e� �v�o�l�t�a�g�e� �V�p�s�,� �a�p�p�l�i�e�d� 

�t�o� �t�h�e� �d�r�a�i�n�.� �A� �t�y�p�i�c�a�l� �d�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �a� �M�E�S�F�E�T� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�5�b�,� �w�h�e�r�e� �I�p�,� �i�s� �p�l�o�t�t�e�d� 

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

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �2�2
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� � 

�b�)� 

�F�i�g�.� �2�.�5� �a�)� �C�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �s�c�h�e�m�a�t�i�c� �o�f� �a� �M�E�S�F�E�T� �a�n�d� �b�)� �a� �t�y�p�i�c�a�l� �I�-�V� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� 
�a� �M�E�S�F�E�T�.� 

�2�3� �C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s



�o�p�e�r�a�t�i�o�n�s� �o�f� �a�M�E�S�F�E�T�.� �A�t� �l�o�w� �d�r�a�i�n� �v�o�l�t�a�g�e�s�,� �t�h�e� �c�h�a�n�n�e�l� �c�u�r�r�e�n�t� �i�n�c�r�e�a�s�e�s� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� �d�r�a�i�n� 

�b�i�a�s� �a�n�d� �i�s� �c�a�l�l�e�d� �t�h�e� �l�i�n�e�a�r� �r�e�g�i�o�n� �o�f� �o�p�e�r�a�t�i�o�n�,� �w�h�e�r�e� �t�h�e� �e�l�e�c�t�r�o�n� �v�e�l�o�c�i�t�y� �i�s� �v�,� �=� �w�E�,� �E� �b�e�i�n�g� �t�h�e� 
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�T�h�e� �a�b�o�v�e� �m�e�n�t�i�o�n�e�d� �F�E�T� �p�a�r�a�m�e�t�e�r�s� �w�i�l�l� �b�e� �a�p�p�r�o�p�r�i�a�t�e�l�y� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �s�u�b�s�e�q�u�e�n�t� 

�c�h�a�p�t�e�r�s�.� �T�h�e� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �m�a�t�e�r�i�a�l�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� �t�h�e� �F�E�T� �p�a�r�a�m�e�t�e�r�s� �w�i�l�l� �b�e� 

�a�d�d�r�e�s�s�e�d� �a�t� �l�e�n�g�t�h�.� 

�2�.�6� �T�r�a�n�s�p�o�r�t� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

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

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

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

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

�o�n� �t�h�e� �p�e�r�i�p�h�e�r�y� �o�f� �a� �u�n�i�f�o�r�m�l�y� �t�h�i�c�k� �s�a�m�p�l�e� �o�f� �a�r�b�i�t�r�a�r�y� �s�h�a�p�e�,� �o�f�f�e�r�s� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �s�o�l�u�t�i�o�n� �[�1�7�1�]�.� 

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

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

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

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �2�7



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

�c�o�n�f�i�g�u�r�a�t�i�o�n�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�6�(�i�i�)�.� �T�h�e� �s�a�m�p�l�e� �r�e�s�i�s�t�i�v�i�t�y� �(�p�,�,�)� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� 

�T�e� �R�a�t�R�y� �R�a� 

�i�n�g �� �a� �t�'�s�,� �(�2�.�3�4�)� � � �P�a�v� �=� 

�w�h�e�r�e� �R�,� �(�=� �(�V�1�-�V�2�)�/�I�)� �i�s� �t�h�e� �r�e�s�i�s�t�a�n�c�e� �i�n� �p�o�s�i�t�i�o�n� �(�a�)� �o�f� �F�i�g�.� �2�.�6�(�i�i�1�)�,� �R�,� �i�s� �d�e�f�i�n�e�d� �i�n� �t�h�e� �s�a�m�e� �w�a�y� 

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

�f� �(�R�,�/�R�,�)� �i�s� �a� �f�u�n�c�t�i�o�n� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �r�a�t�i�o� �o�f� �R�,� �a�n�d� �R�,� �[�1�7�1�]�.� �T�h�e� �a�v�e�r�a�g�e� �H�a�l�l� �m�o�b�i�l�i�t�y� �c�a�n� �b�e� 

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

�(�c�)� �a�n�d� �i�s� �g�i�v�e�n� �b�y� 

� � 
�B�p�.� �(�2�.�3�5�)� 

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

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

�r� 
�N�a�y� �=� �A�m� �1� �(�f�o�r� �r�,�=� �1�)� 

�P�a�v�t�a�y�v� � �W�P�a�v�b�a�v� �(�2�.�3�6�)� � � 

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

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

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

�2�.�6�.�1� �T�r�a�n�s�p�o�r�t� �P�r�o�f�i�l�e� 

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

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

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

�a�n�d� �c�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �b�y� �u�s�i�n�g� �e�q�u�a�t�i�o�n�s� �(�2�.�3�4�)�,� �(�2�.�3�5�)�,� �a�n�d� �(�2�.�3�6�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�n� �t�h�e� �c�a�s�e� �o�f� 

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

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �2�8



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

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

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

�~ �� �o�(�y�)� �p�l�y�)� �d�y� 

�~
� 

�d� 

�B�a�y� �~� �(�2�.�3�7�)� �A� 

�f�o�w� �d�y� 
�A�g� 

�w�h�e�r�e� �A� �i�s� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �c�o�n�d�u�c�t�i�n�g� �(�a�c�t�i�v�e�)� �l�a�y�e�r�,� �o�(�y�)� �i�s� �t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �a�t� �l�o�c�a�t�i�o�n� �y�,� �a�n�d� 

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

�e�q�u�a�t�i�o�n� �(�2�.�6�)�.� �S�i�m�i�l�a�r�l�y�,� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �a�p�p�a�r�e�n�t� �c�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�n�,�,�)� �a�n�d� �t�h�e� 

�d�e�p�t�h� �d�e�p�e�n�d�e�n�t� �c�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �n�(�y�)�,� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� 

�2� �A� 

�[� �f�n�t�y�)� �u�(�y�)� �a�y�]� 
�A�a� �1� 

�a�v�"� �A�a� �(�2�.�3�8�)� 
� � 

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

�h�o�m�o�g�e�n�e�o�u�s�.� 

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

�o�f� �t�h�e� �i�m�p�l�a�n�t�e�d� �s�e�c�t�i�o�n� �a�n�d� �r�e�-�m�e�a�s�u�r�i�n�g� �r�e�s�i�s�t�i�v�i�t�y� �a�n�d� �m�o�b�i�l�i�t�y� �b�y� �u�s�i�n�g� �e�q�u�a�t�i�o�n�s� �(�2�.�3�4�)� �a�n�d� 

�(�2�.�3�5�)�.� �T�h�i�s� �c�y�c�l�e� �i�s� �r�e�p�e�a�t�e�d� �u�n�t�i�l� �m�o�s�t� �o�f� �t�h�e� �i�m�p�l�a�n�t�e�d� �l�a�y�e�r� �h�a�s� �b�e�e�n� �r�e�m�o�v�e�d�.� �T�h�e� �m�o�s�t� �d�i�r�e�c�t� 

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

�t�i�m�e�.� �A�n� �o�x�i�d�i�z�i�n�g� �e�t�c�h�a�n�t� �o�f� �1�:�1�:�1�0�0� �(�b�y� �v�o�l�)� �o�f� �c�o�n�c�e�n�t�r�a�t�e�d� �H�,�S�O�,� �:� �3�0�%� �H�,�O�,� �:� �H�,�O� �g�i�v�e� �a� �G�a�A�s� 

�e�t�c�h� �r�a�t�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �6�0�0� �A� �m�i�n�?� �[�7�3�,�7�4�]�.� �T�h�e� �r�e�s�i�s�t�i�v�i�t�y� �(�p�,�)� �a�n�d� �m�o�b�i�l�i�t�y� �(�p�,�)� �v�a�l�u�e�s� �o�f� �t�h�e� 

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

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �2�9



�a�f�t�e�r� �t�w�o� �s�u�c�c�e�s�s�i�v�e� �l�a�y�e�r� �r�e�m�o�v�a�l�s� �a�n�d� �b�y� �u�s�i�n�g� �t�h�e� �f�o�l�l�o�w�i�n�g� �r�e�l�a�t�i�o�n�s�h�i�p�s� �[�1�7�2�]� 

� � 

� � 

� � 

� � 

�a�d� 
�|� �d� �n�e�t� �n� �(�2�.�3�9�)� 

�P�v�t� �(�a�v�g�)� �P� �n�t�a�v�g�)� 

�a�n�d� 

�B� �n�+�1� �(�a�v�g�)� �A�n�e�s� �_� �B�n�t�a�v�g�)� �d�,� 

�W� �=� �P� �n�+�1� �(�a�v�g�)� �P� �n�t�a�v�g�)� 

�"� �A�n�e� �_� �G�n� �(�a�v�g�)� �(�2�.�4�0�)� 

�P� �n�s�t� �(�a�v�g�)� �P� �n�(�a�v�g�)� 

�W�h�e�T�E� �P�r�a�g�)� �A�N�D� �P�a�r�a�g�)� �a�r�e� �t�h�e� �a�v�e�r�a�g�e� �r�e�s�i�s�t�i�v�i�t�y� �a�n�d� �m�o�b�i�l�i�t�y� �a�f�t�e�r� �t�h�e� �r�e�m�o�v�a�l� �o�f� �t�h�e� �n!"� �l�a�y�e�r�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �a�n�d� �A�d� �(�=� �d�,�,�,� �-� �d�,�)� �i�s� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �l�a�y�e�r� �e�t�c�h�e�d� �a�w�a�y�.� �T�h�e� �c�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�(�n�,�)� �i�n� �t�h�e� �n!"� �l�a�y�e�r� �m�a�y� �b�e� �e�v�a�l�u�a�t�e�d� �a�s� 

�n� 
�G�P� �p�b�y� �(�2�.�4�1�)� 

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

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

�p�r�e�s�e�n�t�e�d� �a�n�d� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �5�.� 

�C�h�a�p�t�e�r� �2�:� �T�h�e�o�r�e�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �3�0



�C�H�A�P�T�E�R� �3�.� �L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� 

�T�h�i�s� �c�h�a�p�t�e�r� �d�e�a�l�s� �w�i�t�h� �a� �r�e�v�i�e�w� �o�f� �t�h�e� �v�a�s�t� �a�m�o�u�n�t� �o�f� �r�e�s�e�a�r�c�h� �c�o�n�d�u�c�t�e�d� �o�n� �G�a�A�s� �s�o� �f�a�r�;� 

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

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

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

�r�e�s�e�a�r�c�h� �i�n�v�o�l�v�e�s� �i�o�n� �i�m�p�l�a�n�t�a�t�i�o�n� �a�n�d� �a�n�n�e�a�l�i�n�g� �p�r�o�c�e�s�s�e�s� �o�n� �e�i�t�h�e�r� �s�e�m�i�-�i�n�s�u�l�a�t�i�n�g� �(�S�I�)� �o�r� �m�o�l�e�c�u�l�a�r� 

�b�e�a�m� �e�p�i�t�a�x�y� �(�M�B�E�)� �g�r�o�w�n� �G�a�A�s�,� �a� �m�a�j�o�r� �t�h�r�u�s�t� �w�i�l�l� �b�e� �o�n� �r�e�v�i�e�w�i�n�g� �t�h�e� �a�v�a�i�l�a�b�l�e� �l�i�t�e�r�a�t�u�r�e� 

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

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

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

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

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

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �M�B�E� �G�a�A�s� �l�a�y�e�r� �a�n�d� �b�u�f�f�e�r� �l�a�y�e�r�s� �(�l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �M�B�E� �G�a�A�s� �a�n�d� �A�l�G�a�A�s�)� �a�n�d� 

�t�h�e�i�r� �e�f�f�e�c�t�s� �o�n� �d�e�v�i�c�e� �b�e�h�a�v�i�o�r�.� 

�3�.�1� �S�u�b�s�t�r�a�t�e� 

�T�h�e� �q�u�a�l�i�t�y� �o�f� �G�a�A�s� �s�u�b�s�t�r�a�t�e�s� �v�e�r�y� �o�f�t�e�n� �l�i�m�i�t�s� �t�h�e� �q�u�a�l�i�t�y� �o�f� �t�h�e� �i�m�p�l�a�n�t�e�d� �l�a�y�e�r� 

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

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

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

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

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

�t�o� �t�h�e� �f�o�l�l�o�w�i�n�g� �r�e�q�u�i�r�e�m�e�n�t�s� �:� 

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

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�1



�w�i�t�h�o�u�t� �e�t�c�h�i�n�g� �(�p�>� �1�0 �� �Q�-�c�m�)�.� 

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

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

�a�n�g�l�e� �g�r�a�i�n� �b�o�u�n�d�a�r�i�e�s�.� �S�u�b�s�t�r�a�t�e�s� �w�i�t�h� �d�i�s�l�o�c�a�t�i�o�n� �d�e�n�s�i�t�i�e�s� �<� �1�0�°� �c�m �� �a�r�e� �a�c�c�e�p�t�a�b�l�e� �f�o�r� 

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

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

�M�e�l�t� �c�o�m�p�o�s�i�t�i�o�n� �i�s� �a� �k�e�y� �p�a�r�a�m�e�t�e�r� �i�n� �t�h�e� �c�r�y�s�t�a�l� �g�r�o�w�t�h� �o�f� �G�a�A�s� �a�s� �i�t� �s�t�r�o�n�g�l�y� �a�f�f�e�c�t�s� �t�h�e� 

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

�e�t� �a�l�.� �[�5�9�]� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�a�t� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �G�a�/�A�s� �r�a�t�i�o� �i�n� �t�h�e� �m�e�l�t�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �e�l�e�c�t�r�o�n� 

�t�r�a�p�s� �E�L�2�,� �E�L�S�,� �a�n�d� �E�L�6� �d�e�c�r�e�a�s�e�s� �a�s� �d�o� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �d�e�f�e�c�t�s� �s�u�c�h� �a�s� �V�g�,� �a�n�d� �A�s�g�,�.� �T�h�e� 

�f�r�e�e� �c�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �u�n�d�o�p�e�d� �L�E�C� �(�l�i�q�u�i�d� �e�n�c�a�p�s�u�l�a�t�e�d� �C�z�o�c�h�r�a�l�s�k�i�)� �G�a�A�s� �i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� 

�t�h�e� �b�a�l�a�n�c�e� �b�e�t�w�e�e�n� �E�L�2� �d�e�e�p� �d�o�n�o�r�s� �a�n�d� �c�a�r�b�o�n� �s�h�a�l�l�o�w� �a�c�c�e�p�t�o�r�s� �[�6�2�]�.� �S�e�m�i�-�i�n�s�u�l�a�t�i�n�g� �G�a�A�s� �c�a�n� 

�b�e� �g�r�o�w�n� �o�n�l�y� �f�r�o�m� �m�e�l�t�s� �a�b�o�v�e� �a� �c�r�i�t�i�c�a�l� �A�s� �c�o�m�p�o�s�i�t�i�o�n� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�1�a�.� �A�l�l� �m�e�t�h�o�d�s� �o�f� �L�E�C� 

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

�r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �m�o�s�t� �o�f� �t�h�e� �d�e�e�p� �l�e�v�e�l�s� �i�n� �G�a�A�s� �a�r�e� �e�i�t�h�e�r� �t�h�e� �G�a�-�v�a�c�a�n�c�y� �(�V�,�,�)� �o�r� �t�h�e� �A�s�-�i�n�t�e�r�s�t�i�t�i�a�l� 

�(�A�s�;�)� �o�r� �b�o�t�h�.� 

�T�h�e� �G�a�A�s� �c�r�y�s�t�a�l�s� �g�r�o�w�n� �f�r�o�m� �a�n� �A�s�-�r�i�c�h� �m�e�l�t� �e�x�h�i�b�i�t� �h�i�g�h�e�r� �e�l�e�c�t�r�o�n� �m�o�b�i�l�i�t�y� �t�h�a�n� �t�h�o�s�e� 

�g�r�o�w�n� �u�n�d�e�r� �G�a�-�r�i�c�h� �c�o�n�d�i�t�i�o�n�s� �[�5�8�]�.� �H�o�w�e�v�e�r�,� �c�r�y�s�t�a�l�s� �g�r�o�w�n� �u�n�d�e�r� �G�a� �r�i�c�h� �c�o�n�d�i�t�i�o�n� �a�r�e� �p�-�t�y�p�e� 

�w�i�t�h� �l�o�w�e�r� �r�e�s�i�s�t�i�v�i�t�y� �(�r�e�f�e�r� �t�o� �F�i�g�.� �3�.�1�b�)� �a�n�d� �f�e�w�e�r� �d�i�s�l�o�c�a�t�i�o�n�s�.� �S�u�c�h� �d�i�s�l�o�c�a�t�i�o�n� �r�e�d�u�c�t�i�o�n� �i�s� 

�e�x�p�l�a�i�n�e�d� �i�n� �t�e�r�m�s� �o�f� �r�e�d�u�c�t�i�o�n� �o�f� �p�o�i�n�t� �d�e�f�e�c�t�s� �(�A�s�-�i�n�t�e�r�s�t�i�t�i�a�l�)�,� �w�h�i�c�h� �a�r�e� �k�n�o�w�n� �t�o� �e�n�h�a�n�c�e� 

�e�x�p�a�n�s�i�o�n� �o�f� �m�i�c�r�o�l�o�o�p�s� �a�n�d� �f�o�r�m� �m�i�c�r�o�p�r�e�c�i�p�i�t�a�t�e�s� �a�l�o�n�g� �d�i�s�l�o�c�a�t�i�o�n�s� �[�5�8�]�.� �T�h�e� �p�-�t�y�p�e� �c�o�n�d�u�c�t�i�v�i�t�y� 

�i�n� �L�E�C� �G�a�A�s� �g�r�o�w�n� �f�r�o�m� �G�a�-�r�i�c�h� �m�e�l�t� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �d�u�e� �t�o� �a�n� �a�c�c�e�p�t�o�r�-�l�i�k�e� �a�n�t�i�s�i�t�e� �G�a�,�,� �d�e�f�e�c�t� 

�[�5�9�]�.� �E�L�2� �p�l�a�y�s� �a� �d�o�m�i�n�a�n�t� �r�o�l�e� �i�n� �t�h�e� �c�o�m�p�e�n�s�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �o�f� �u�n�d�o�p�e�d� �L�E�C� �g�r�o�w�n� �G�a�A�s� �[�7�7�]�.� 

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

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

�t�h�e� �d�e�e�p� �d�o�n�o�r� �E�L�2� �a�n�d� �t�h�e� �d�e�e�p� �a�c�c�e�p�t�o�r� �r�e�l�a�t�e�d� �t�o� �C�r�,� �r�e�s�p�e�c�t�i�v�e�l�y� �[�7�5�]�.� �L�a�g�o�w�s�k�i� �e�t� �a�l�.� �h�a�v�e� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�2
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�a�t�t�r�i�b�u�t�e�d� �E�L�2� �t�o� �a�n�t�i�s�i�t�e� �d�e�f�e�c�t� �(�A�s�,�,�)� �f�o�r�m�e�d� �d�u�r�i�n�g� �p�o�s�t�-�g�r�o�w�t�h� �c�o�o�l�i�n�g� �a�s� �p�e�r� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�r�e�a�c�t�i�o�n� �[�7�8�]� �:� 

�w�h�e�r�e� �A�s�,�,�,�*� �i�s� �n�e�u�t�r�a�l� �A�s� �o�n� �a� �G�a� �s�i�t�e�,� �V�,�,� �i�s� �a�n� �i�o�n�i�z�e�d� �G�a� �v�a�c�a�n�c�y�,� �A�s�,�,�* ��*� �i�s� �t�h�e� �i�o�n�i�z�e�d� �a�n�t�i�s�i�t�e� 

�d�e�f�e�c�t�,� �e�'� �t�h�e� �e�l�e�c�t�r�o�n�,� �a�n�d� �V�,�,�*� �i�s� �a�n� �i�o�n�i�z�e�d� �A�s� �v�a�c�a�n�c�y�.� �I�n� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �E�L�2� �i�n� �t�h�e� 

�u�n�d�o�p�e�d� �S�I� �G�a�A�s�,� �t�h�e� �E�L�2� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �d�o�p�e�d� �c�r�y�s�t�a�l�s� �i�s� �s�u�p�p�r�e�s�s�e�d� �a�t� �a� �h�i�g�h� �f�r�e�e� �e�l�e�c�t�r�o�n� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �a�b�o�u�t� �1�x�1�0 �� �c�m �� �a�n�d� �a�b�o�v�e� �[�7�9�]�.� �T�h�e� �r�a�d�i�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �E�L�2� �i�n� �a�n� �u�n�d�o�p�e�d� �L�E�C� 

�G�a�A�s� �w�a�f�e�r� �f�o�l�l�o�w�s� �a� �W�-�s�h�a�p�e�d� �p�a�t�t�e�r�n� �b�u�t� �t�h�e� �p�r�o�f�i�l�e� �b�e�c�o�m�e�s� �M� �s�h�a�p�e�d� �i�n� �c�r�y�s�t�a�l�s� �d�o�p�e�d� �a�b�o�v�e� 

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

�T�h�e� �e�x�c�e�s�s� �E�L�2� �i�n� �L�E�C� �g�r�o�w�n� �u�n�d�o�p�e�d� �G�a�A�s� �o�v�e�r� �s�h�a�l�l�o�w� �a�c�c�e�p�t�o�r�s� �(�c�a�r�b�o�n�)� �p�i�n�s� �t�h�e� �F�e�r�m�i� 

�l�e�v�e�l� �t�o� �t�h�e� �m�i�d�d�l�e� �o�f� �t�h�e� �b�a�n�d� �g�a�p� �r�e�s�u�l�t�i�n�g� �i�n� �a� �s�e�m�i�-�i�n�s�u�l�a�t�i�n�g� �m�a�t�e�r�i�a�l�.� �I�n� �H�B� �(�H�o�r�i�z�o�n�t�a�l� 

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

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

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

�u�n�d�o�p�e�d� �L�E�C� �a�n�d� �B�r�i�d�g�m�a�n� �g�r�o�w�n� �C�r�-�d�o�p�e�d� �G�a�A�s� �s�u�b�s�t�r�a�t�e�s� �[�7�6�]�.� �T�h�e�y� �r�e�p�o�r�t� �a�n� �a�c�t�i�v�a�t�i�o�n� 

�e�f�f�i�c�i�e�n�c�y� �o�f� �9�0�%�,� �a�f�t�e�r� �a�n�n�e�a�l�i�n�g�,� �f�o�r� �b�o�t�h� �s�u�b�s�t�r�a�t�e�s�,� �h�o�w�e�v�e�r�,� �m�o�b�i�l�i�t�i�e�s� �a�r�e� �m�u�c�h� �b�e�t�t�e�r� �a�n�d� 

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

�o�b�s�e�r�v�a�t�i�o�n�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �r�e�p�o�r�t�e�d� �b�y� �H�i�c�k�m�o�t�t� �[�8�3�]�.� 

�3�.�2� �I�o�n� �I�m�p�l�a�n�t�a�t�i�o�n� 

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

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

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

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

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

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

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

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

�W�h�e�n� �i�n�c�i�d�e�n�t� �i�o�n�s� �i�m�p�i�n�g�e� �o�n� �t�h�e� �t�a�r�g�e�t�,� �t�h�e� �m�a�j�o�r�i�t�y� �p�e�n�e�t�r�a�t�e� �s�o�m�e� �d�i�s�t�a�n�c�e� �a�n�d� �s�l�o�w� 

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

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

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

�g�i�v�e�n� �b�y� �t�h�e� �L�S�S� �t�h�e�o�r�y� �a�s� �[�2�0�]� �:� 

�N�(�x�)� �=� �N�,� �e�x�p�[�-�(�x�-�R�,�)�?� �/� �2�A�R�]� �(�3�.�1�)� 

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

�s�p�r�e�a�d� �i�n� �t�h�e� �p�r�o�f�i�l�e�.� �F�i�g�.� �3�.�2�a� �[�2�3�]� �s�h�o�w�s� �a� �t�y�p�i�c�a�l� �S�i� �d�e�p�t�h� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �G�a�A�s�,� �a�s� �m�e�a�s�u�r�e�d� �b�y� 

�S�I�M�S�,� �f�o�r� �v�a�r�i�o�u�s� �e�n�e�r�g�i�e�s� �o�f� �i�m�p�l�a�n�t�a�t�i�o�n�.� �T�h�e� �p�r�o�f�i�l�e�s� �a�r�e� �n�o�r�m�a�l�i�z�e�d� �t�o� �t�h�e� �m�a�x�i�m�u�m� �o�f� �t�h�e� �s�o�l�i�d� 

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

�f�i�t�t�e�d� �d�a�t�a� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�2�b� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �i�o�n� �e�n�e�r�g�y�.� �T�h�e� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e�s� �o�f� �R�,� �a�n�d� �A�R�,� 

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

�t�h�e� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �L�S�S� �t�h�e�o�r�y� �a�n�d� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �G�a�u�s�s�i�a�n� �f�i�t� �i�s� �w�i�t�h�i�n� �1�0�%� �f�o�r� �R�,� �a�n�d� 

�w�i�t�h�i�n� �2�0�%� �f�o�r� �A�R�,� �[�2�3�]�.� �E�x�t�e�n�s�i�v�e� �t�a�b�l�e�s� �o�f� �a�v�e�r�a�g�e� �p�r�o�j�e�c�t�e�d� �r�a�n�g�e� �a�n�d� �i�t�s� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� 

�i�o�n�s� �i�m�p�l�a�n�t�e�d� �i�n�t�o� �G�a�A�s� �f�o�r� �d�e�v�i�c�e� �a�p�p�l�i�c�a�t�i�o�n�s� �a�r�e� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d� �[�2�1�]�.� 

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

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

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

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

�i�s� �k�n�o�w�n� �a�s� �i�o�n� �c�h�a�n�n�e�l�i�n�g� �a�n�d� �c�a�u�s�e�s� �i�r�r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �i�n� �d�o�p�a�n�t� �p�r�o�f�i�l�e�s� �a�n�d� �c�o�n�s�e�q�u�e�n�t�l�y� �t�h�e� 
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�F�i�g�.� �3�.�2� �S�i� �i�m�p�l�a�n�t�a�i�o�n� �i�n�t�o� �G�a�A�s� �a�t� �v�a�r�i�o�u�s� �i�o�n� �e�n�e�r�g�i�e�s� �a�)� �S�i� �a�t�o�m�i�c� �p�r�o�f�i�l�e�s� �b�y� �S�I�M�S� �a�n�d� 
�G�a�u�s�s�i�a�n� �c�u�r�v�e�s� �l�e�a�s�t�-�s�q�u�a�r�e� �f�i�t�t�e�d� �t�o� �t�h�e� �d�a�t�a� �a�n�d� �b�)� �p�r�o�j�e�c�t�e�d� �r�a�n�g�e� �s�t�a�t�i�s�t�i�c�s� �(�R�,� 
�a�n�d� �A�R�,�)� �(�f�r�o�m� �R�e�f�.� �[�2�3�]�)�.� 
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�e�l�e�c�t�r�i�c�a�l� �p�r�o�p�e�r�t�i�e�s�.� �T�o� �m�i�n�i�m�i�z�e� �i�o�n� �c�h�a�n�n�e�l�i�n�g�,� �t�h�e� �c�r�y�s�t�a�l� �i�s� �u�s�u�a�l�l�y� �m�i�s�a�l�i�g�n�e�d� �(�t�y�p�i�c�a�l�l�y� �7�°� �a�w�a�y� 

�f�r�o�m� �t�h�e� �i�o�n� �b�e�a�m�)� �d�u�r�i�n�g� �i�m�p�l�a�n�t�a�t�i�o�n� �a�n�d� �m�a�d�e� �t�o� �a�p�p�e�a�r� �l�i�k�e� �a�n� �a�m�o�r�p�h�o�u�s� �t�a�r�g�e�t� �t�o� �t�h�e� �i�o�n�-� 

�b�e�a�m� �(�F�i�g�.� �3�.�3�a�)�.� �T�a�b�a�t�a�b�a�i�e�-�A�l�a�v�i� �a�n�d� �S�m�i�t�h� �h�a�v�e� �m�o�d�e�l�e�d� �S�i�-�i�m�p�l�a�n�t�a�t�i�o�n� �p�r�o�f�i�l�e�s� �f�o�r� �a� �w�i�d�e� �r�a�n�g�e� 

�o�f� �i�o�n� �e�n�e�r�g�i�e�s� �a�n�d� �d�o�s�e�s� �t�o�g�e�t�h�e�r� �w�i�t�h� �t�h�e� �e�f�f�e�c�t� �o�f� �a� �5�0�0� �A� �t�h�i�c�k� �S�i�N� �i�m�p�l�a�n�t�a�t�i�o�n� �c�a�p� �[�1�1�2�]�.� �T�h�e�y� 

�o�b�s�e�r�v�e�d� �t�h�a�t� �a�t� �e�n�e�r�g�i�e�s� �b�e�l�o�w� �1�2�5� �k�e�V�,� �t�h�e� �t�h�r�o�u�g�h�-�n�i�t�r�i�d�e� �i�m�p�l�a�n�t�s� �h�a�v�e� �l�e�s�s� �s�t�r�a�g�g�l�e� �t�h�a�n� �t�h�e� 

�d�i�r�e�c�t� �i�m�p�l�a�n�t�s� �a�n�d� �a�t� �e�n�e�r�g�i�e�s� �a�b�o�v�e� �1�5�0� �k�e�V�,� �t�h�e� �p�r�o�f�i�l�e�s� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �t�h�e� �u�s�e� �o�f� �S�i�N� �i�m�p�l�a�n�t�-� 

�c�a�p� �a�r�e� �v�e�r�y� �S�i�m�i�l�a�r�.� 

�3�.�2�.�1� �I�o�n� �I�m�p�l�a�n�t�a�t�i�o�n� �D�a�m�a�g�e� 

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

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

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

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

�[�2�2�,�1�4�1�]�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �h�i�g�h� �i�o�n� �d�o�s�e�s� �t�h�e�s�e� �a�m�o�r�p�h�o�u�s� �z�o�n�e�s� �m�a�y� �o�v�e�r�l�a�p� �a�n�d� �c�a�u�s�e� �s�u�b�s�t�a�n�t�i�a�l� 

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

�a�t�o�m�s� �r�e�s�u�l�t� �i�n� �s�i�m�p�l�e� �a�n�d� �c�o�m�p�l�e�x� �p�o�i�n�t� �d�e�f�e�c�t�s� �w�h�i�c�h� �m�a�y� �c�l�u�s�t�e�r� �t�o� �f�o�r�m� �d�i�s�l�o�c�a�t�i�o�n� �l�o�o�p�s� �[�1�1�4�]�.� 

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

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

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

�i�r�r�a�d�i�a�t�e�d� �a�n�d� �i�m�p�l�a�n�t�e�d� �G�a�A�s� �[�1�8�]�.� �T�h�e� �a�m�o�u�n�t� �o�f� �i�o�n� �d�a�m�a�g�e� �t�o� �G�a�A�s� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �m�a�s�s�,� 

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

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

�c�o�n�t�i�n�u�o�u�s�)� �[�1�9�]�.� �A�l�t�h�o�u�g�h� �S�i� �i�m�p�l�a�n�t�a�t�i�o�n� �i�n�t�o� �C�r�-�d�o�p�e�d� �a�n�d� �u�n�d�o�p�e�d� �L�E�C� �G�a�A�s� �1�s� �G�a�u�s�s�i�a�n�,� �t�h�e� 

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

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

�a�p�p�r�e�c�i�a�b�l�y� �a�n�d� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �s�e�m�i�-�i�n�s�u�l�a�t�i�n�g� �s�u�b�s�t�r�a�t�e� �d�i�c�t�a�t�e� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� 
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�0�9�9�9�9�6�9�9�0�5�9�6�0� �6� �9�6�2�6�0�5�2�6�2�5�9�5�0� 
�O�-�O�0�~�O�-�O�-�O�Y�O�"�O�"�O�0�O�,�"�O�"�0�O�"�O�-�O�-�O�0�Y�"�O� 

�©� �n�o�r�m�a�l� �a�t�o�m� �p�a�t�h� �o�f� �p�r�i�m�a�r�y� �p�a�r�t�i�c�l�e� 
�@� �i�n�t�e�r�s�i�t�i�a�l� �a�t�o�m� �=�  � � � �� �p�a�t�h� �o�f� �p�r�i�m�a�r�y� �k�n�o�c�k�-�o�n� 

�b�)� 

�F�i�g�.� �3�.�3� �S�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n�s� �o�f� �a�)� �i�o�n� �b�e�a�m� �a�n�g�u�l�a�r� �t�i�l�t� �t�o� �a�v�o�i�d� �c�h�a�n�n�e�l�l�i�n�g� �[�1�4�0�]� �a�n�d� 
�b�)� �i�o�n�-�i�n�d�u�c�e�d� �d�a�m�a�g�e� �t�o� �c�r�y�s�t�a�l� �l�a�t�t�i�c�e� �[�1�4�1�]�.� 
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�c�h�a�n�n�e�l� �[�8�3�]�.� 

�3�.�3� �A�n�n�e�a�l�i�n�g� 

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

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

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

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

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

�w�e�l�l� �d�o�c�u�m�e�n�t�e�d� �[�1�5�-�1�7�]�.� �A�t� �t�y�p�i�c�a�l� �a�n�n�e�a�l�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �8�0�0�-�9�0�0� �°�C� �,� �G�a�A�s� �d�e�c�o�m�p�o�s�e�s� �d�u�e� 

�t�o� �i�t�s� �c�o�n�g�r�u�e�n�t� �e�v�a�p�o�r�a�t�i�o�n� �a�t� �~� �6�3�0� �°�C�.� �T�h�e� �s�u�r�f�a�c�e� �i�n�t�e�g�r�i�t�y� �o�f� �G�a�A�s�,� �d�u�r�i�n�g� �a�n�n�e�a�l�i�n�g�,� �i�s� �v�e�r�y� 

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

�f�o�l�l�o�w�i�n�g� �m�e�t�h�o�d�s� �:� 

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

�2�.� �b�y� �a�n�n�e�a�l�i�n�g� �u�s�i�n�g� �a� �d�i�e�l�e�c�t�r�i�c� �(�S�i�O�,� �S�i�,�;�N�,� �e�t�c�.�)� �p�r�o�t�e�c�t�i�v�e� �l�a�y�e�r� �o�n� �t�h�e� �s�u�r�f�a�c�e�;� 

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

�(�p�r�o�x�i�m�i�t�y� �a�n�n�e�a�l�i�n�g�)�;� 

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

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

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

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

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

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

�(�S�P�E�)�.� �R�e�g�r�o�w�t�h� �o�f� �t�h�e� �a�m�o�r�p�h�o�u�s� �l�a�y�e�r� �i�n� �(�1�0�0�)� �G�a�A�s� �l�e�a�v�e�s� �b�e�h�i�n�d� �a� �l�a�r�g�e� �a�m�o�u�n�t� �o�f� �d�i�s�o�r�d�e�r� 

�a�s� �o�b�s�e�r�v�e�d� �b�y� �R�a�m�a�n� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �R�B�S� �m�e�a�s�u�r�e�m�e�n�t�s� �[�1�9�]�.� �T�E�M� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �b�y� �S�a�d�a�n�a� 

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

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

�c�r�i�t�i�c�a�l�l�y� �o�n� �i�m�p�l�a�n�t�a�t�i�o�n� �p�a�r�a�m�e�t�e�r�s� �t�h�e� �a�n�d� �s�u�b�s�t�r�a�t�e� �c�o�n�d�i�t�i�o�n�s� �[�1�1�4�]�.� �T�h�e� �l�o�o�p�s�,� �a�s� �o�b�s�e�r�v�e�d� �b�y� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�9



�T�E�M�,� �a�r�e� �i�n�t�e�r�s�t�i�t�i�a�l� �i�n� �n�a�t�u�r�e� �[�1�1�5�]�.� �T�h�e� �d�i�s�l�o�c�a�t�i�o�n�s� �p�r�o�v�i�d�e� �s�i�t�e�s� �f�o�r� �s�e�g�r�e�g�a�t�i�o�n� �a�n�d� �t�r�a�p�p�i�n�g� �o�f� 

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

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

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

�t�o� �s�u�r�f�a�c�e�.� 

�S�h�i�g�e�t�o�m�i� �a�n�d� �M�a�t�s�u�m�o�r�i� �h�a�v�e� �r�e�p�o�r�t�e�d� �o�n� �t�h�e� �o�p�t�i�c�a�l� �a�n�d� �e�l�e�c�t�r�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �2�0�0� �k�e�V� 

�S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s�,� �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� �[�1�1�7�]�.� �T�h�e�i�r� �o�p�t�i�c�a�l� �a�b�s�o�r�p�t�i�o�n� �d�a�t�a�,� �s�h�o�w�n� �i�n� 

�F�i�g�.� �3�.�4�a�,� �i�n�d�i�c�a�t�e� �t�h�a�t� �a�t� �4�0�0� �°�C� �e�p�i�t�a�x�i�a�l� �r�e�o�r�d�e�r�i�n�g� �o�f� �t�h�e� �i�o�n�-�i�n�d�u�c�e�d� �d�i�s�o�r�d�e�r�e�d� �a�m�o�r�p�h�o�u�s� �l�a�y�e�r� 

�i�s� �a�l�m�o�s�t� �c�o�m�p�l�e�t�e� �b�u�t� �a� �8�0�0� �°�C� �a�n�n�e�a�l�i�n�g� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �p�e�r�f�e�c�t� �r�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n�.� �E�l�e�c�t�r�i�c�a�l� 

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

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

�i�n� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �a�t� �d�i�f�f�e�r�e�n�t� �i�o�n� �d�o�s�e�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�4�b� �[�1�1�8�]�.� 

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

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

�i�n�t�e�r�a�c�t�i�o�n� �c�o�n�t�r�o�l�s� �t�h�e� �l�e�v�e�l� �o�f� �e�l�e�c�t�r�i�c�a�l� �a�c�t�i�v�i�t�y� �o�f� �G�a�A�s� �a�f�t�e�r� �a�n�n�e�a�l�i�n�g� �[�1�4�]�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e�r�e� 

�i�s� �e�v�i�d�e�n�c�e� �t�h�a�t� �b�o�t�h� �C�r� �[�1�0�9�]� �a�n�d� �E�L�2� �[�1�1�0�]� �o�u�t�-�d�i�f�f�u�s�e� �n�e�a�r� �t�h�e� �s�u�r�f�a�c�e� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� 

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

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

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

�a�p�p�e�a�r�a�n�c�e� �o�f� �a� �s�p�u�r�i�o�u�s� �t�y�p�e� �c�o�n�v�e�r�s�i�o�n� �(�n� �o�r� �p�)�,� �n�e�a�r� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �w�a�f�e�r�.� �M�a�k�r�a�m�-�E�b�e�i�d�,� �e�t� 

�a�l�.� �[�1�1�0�]� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �o�u�t�-�d�i�f�f�u�s�i�o�n� �o�f� �E�L�2� �t�o� �t�h�e� �s�u�r�f�a�c�e� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �l�o�s�s� �o�f� �A�s�,� �p�r�o�b�a�b�l�y� 

�a�s�s�i�s�t�e�d� �b�y� �v�a�c�a�n�c�i�e�s�.� �T�h�e� �o�u�t�-�d�i�f�f�u�s�i�o�n� �b�e�h�a�v�i�o�r� �o�f� �E�L�2� �i�s� �a� �s�t�r�o�n�g� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �a�n�n�e�a�l�i�n�g� �a�n�d� �t�h�e� 

�c�a�p�p�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� 

�3�.�3�.�1� �F�u�r�n�a�c�e� �A�n�n�e�a�l�i�n�g� 

�T�h�e� �p�r�o�b�l�e�m�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �F�A� �a�r�e� �t�h�e� �r�e�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �i�m�p�l�a�n�t�e�d� �i�o�n�s�,� �t�h�e� �c�o�m�p�e�n�s�a�t�i�n�g� 
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�5� �x�o� 
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�°�2� �2�0�0� �4�0�0� �6�0�0� �8�0�0� �8�0�0� �8�2�5� �8�5�0� �8�7�5� �9�0�0� 
�A�N�N�E�A�L� �T�E�M�P�E�R�A�T�U�R�E� �(�°�C�)� 

�a�)� 

�A�N�N�E�A�L� �T�E�M�P�E�R�A�T�U�R�E�,� �°�C� 

�b�)� 

�F�i�g�.� �3�.�4�.� �E�f�f�e�c�t�s� �o�f� �f�u�r�n�a�c�e� �a�n�n�e�a�l�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �S�i� �i�m�p�l�a�n�t�e�d� �G�a�A�s� �o�n� �a�)� �o�p�t�i�c�a�l� 
�a�b�s�o�r�p�t�i�o�n� �o�f� �p�h�o�t�o�n� �e�n�e�r�g�y� �a�t� �1�.�3�6� �e�V� �(�f�r�o�m� �R�e�f�.�[�1�1�7�]�)� �a�n�d� �b�)� �s�h�e�e�t� �c�a�r�r�i�e�r� 
�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �m�o�b�i�l�i�t�y� �(�f�r�o�m� �R�e�f�.� �[�1�1�8�]�)�.� 
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�C�r�,� �a�n�d� �E�L�2� �c�e�n�t�e�r�s� �[�2�8�-�2�9�,�3�9�-�4�1�]�.� �T�h�i�s� �r�e�d�i�s�t�r�i�b�u�t�i�o�n� �r�e�s�u�l�t�s� �i�n� �t�h�e� �l�a�c�k� �o�f� �c�o�n�t�r�o�l�l�a�b�i�l�i�t�y� �a�n�d� 

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

�a�n�n�e�a�l�e�d� �H�B� �g�r�o�w�n� �G�a�A�s� �[�6�1�]�.� �T�h�e�y� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �a�c�t�i�v�a�t�e�d� �a�t� �8�2�5� �°�C� �a�n�d� �a�b�o�v�e� 

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

�b�e�t�w�e�e�n� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �s�a�m�p�l�e�s� �a�c�t�i�v�a�t�e�d� �b�y� �R�T�A� �a�n�d� �F�A� �a�t� �8�5�0� �°�C� �r�e�v�e�a�l�e�d� �t�h�a�t� �m�o�s�t� �o�f� �t�h�e� 

�e�l�e�c�t�r�o�n� �t�r�a�p� �d�e�n�s�i�t�i�e�s� �a�r�e� �s�m�a�l�l�e�r� �i�n� �t�h�e� �G�a�A�s� �s�a�m�p�l�e� �w�i�t�h� �F�A� �t�h�a�n� �i�n� �t�h�e� �s�a�m�p�l�e� �a�n�n�e�a�l�e�d� �w�i�t�h� 

�R�T�A�.� �T�h�e� �t�r�a�p� �l�e�v�e�l�s� �E�L�5� �(�0�.�3�7� �e�V�)� �a�n�d� �E�L�9� �(�0�.�2�1� �e�V�)� �a�p�p�e�a�r� �t�o� �h�a�v�e� �a� �c�o�m�m�o�n� �c�o�n�n�e�c�t�i�o�n� �w�i�t�h� 

�E�L�2� �a�n�d� �a�r�e� �s�p�e�c�u�l�a�t�e�d� �t�o� �b�e� �d�e�f�e�c�t� �c�o�m�p�l�e�x�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �A�s�,�,� �[�6�1�]�.� �T�r�a�p�s� �E�L�3� �(�0�.�6�0� �e�V�)�,� �E�L�4� 

�(�0�.�4�8� �e�V�)� �a�n�d� �E�L�2� �a�r�e� �l�i�k�e�l�y� �t�o� �s�h�o�w� �m�e�t�a�s�t�a�b�l�e� �o�r� �b�i�s�t�a�b�l�e� �b�e�h�a�v�i�o�r�,� �a�n�d� �m�a�y� �b�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� 

�l�o�w� �f�r�e�q�u�e�n�c�y� �n�o�i�s�e� �a�n�d� �h�y�s�t�e�r�e�s�i�s� �i�n� �t�h�e� �d�r�a�i�n� �c�u�r�r�e�n�t�-�v�o�l�t�a�g�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �M�E�S�F�E�T� �d�e�v�i�c�e�s�.� 

�I�n� �a� �s�e�p�a�r�a�t�e� �s�t�u�d�y� �o�n� �t�h�e� �d�e�e�p� �l�e�v�e�l� �p�a�r�a�m�e�t�e�r�s� �i�n� �S�i�-�i�m�p�l�a�n�t�e�d� �a�n�d� �f�u�r�n�a�c�e� �a�n�n�e�a�l�e�d� �G�a�A�s�,� 

�n�u�m�e�r�o�u�s� �e�l�e�c�t�r�o�n� �a�n�d� �h�o�l�e� �t�r�a�p�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �u�s�i�n�g� �e�l�e�c�t�r�i�c�a�l� �a�n�d� �o�p�t�i�c�a�l� �D�L�T�S�,� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� 

�a�r�e� �S�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �3�.�1�.� �T�w�o� �p�r�o�m�i�n�e�n�t� �t�r�a�p�p�i�n�g� �c�e�n�t�e�r�s� �i�n� �S�i�-�i�m�p�l�a�n�t�e�d� �a�n�d� �f�u�r�n�a�c�e� �a�n�n�e�a�l�e�d� 

�(�8�0�0�-�8�5�0� �°�C�)� �G�a�A�s� �a�r�e� �r�e�p�o�r�t�e�d� �:� �a� �0�.�5�2� �e�V� �e�l�e�c�t�r�o�n� �t�r�a�p� �a�n�d� �a� �0�.�1�5� �e�V� �h�o�l�e� �t�r�a�p� �[�6�4�,�1�4�3�]�.� �T�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�p� �a�t� �E�,�-�0�.�5�3� �e�V� �h�a�s� �a�l�s�o� �b�e�e�n� �o�b�s�e�r�v�e�d� �b�y� �S�r�i�r�a�m� �a�n�d� �D�a�s� �i�n� �a� �s�i�m�i�l�a�r�l�y� 

�p�r�o�c�e�s�s�e�d� �G�a�A�s� �M�E�S�F�E�T� �[�6�5�]�.� 

�R�h�e�e� �a�n�d� �B�h�a�t�t�a�c�h�a�r�y�a� �h�a�v�e� �d�e�t�e�c�t�e�d� �d�e�e�p� �l�e�v�e�l�s� �i�n� �S�I� �C�r�-�d�o�p�e�d� �G�a�A�s� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �S�i�-� 

�i�m�p�l�a�n�t�a�t�i�o�n� �a�n�d� �f�u�r�n�a�c�e� �a�n�n�e�a�l�i�n�g� �[�3�8�]�.� �E�l�e�c�t�r�o�n� �a�n�d� �h�o�l�e� �t�r�a�p�s� �w�i�t�h� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�i�e�s� �o�f� �0�.�5�2� �+� 

�0�.�0�1� �e�V� �a�n�d� �0�.�1�5� �+� �0�.�0�1� �e�V�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�e�r�e� �c�o�n�s�i�s�t�e�n�t�l�y� �o�b�s�e�r�v�e�d�.� �T�h�e�s�e� �t�r�a�p�s� �a�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� 

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

�e�n�e�r�g�y� �o�f� �0�.�8�5� �+� �0�.�0�1� �e�V�.� 

�3�.�3�.�2� �R�a�p�i�d� �T�h�e�r�m�a�l� �A�n�n�e�a�l�i�n�g� 

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

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

�f�o�r� �a�c�h�i�e�v�i�n�g� �h�i�g�h� �e�l�e�c�t�r�i�c�a�l� �a�c�t�i�v�a�t�i�o�n� �o�f� �t�h�e� �i�m�p�l�a�n�t�e�d� �i�o�n�s� �[�3�9�]�.� �R�T�A� �a�t� �6�0�0� �°�C� �i�s� �e�f�f�e�c�t�i�v�e� �i�n� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�?



�T�a�b�l�e� �3�.�1�,� �C�o�m�m�o�n�l�y� �o�b�s�e�r�v�e�d� �t�r�a�p�s� �i�n� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �a�n�d� �t�h�e�i�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �[�1�4�3�]�.� 
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� � 

� � 

� � 

�T�r�a�p� �T�r�a�p� �A�c�t�i�v�a�t�i�o�n� �4� �C�a�p�t�u�r�e� �U�s�u�a�l� �P�o�s�s�i�b�l�e� �I�d�e�n�t�i�t�y� 
�T�y�p�e� �L�a�b�e�l� �E�n�e�r�g�y� �(�A�E�r�)� �C�r�o�s�s�-�S�e�c�t�i�o�n� �O�c�c�u�r�r�e�n�c�e� 

�(�e�v�)� �G�e� �(�c�m�?�)� 
�A� �0�.�2�1� �1�.�3�-�«� �1�9�6�!�3� �I�n� �s�a�m�p�l�e�s� �w�i�t�h� �e�x�i�s�t�i�n�g� �l�a�t�t�i�c�e� �d�a�m�a�g�e� 

�s�u�b�s�t�r�a�t�e� �d�a�m�a�g�e� 

�B� �0�.�2�7� �7�.�0� �x� �1�9�7�!�2� 
�5� �O�e�t�e�c�t�e�d� �i�n� �s�a�m�p�l�e�s� �m�a�y� �b�e� �r�e�l�a�t�e�d� 

�c� �0�.�2�5� �6�.�0� �x� �1�0�7�!� �u�n�d�e�r�g�o�i�n�g� �p�r�o�l�o�n�g�e�d� �t�o� �G�a� �v�a�c�a�n�c�i�e�s� 
�p�o�s�t�-�i�m�p�l�a�n�t� �a�n�n�e�a�l� 

�H�o�l�e� �D� �0�.�4�7� �9�.�6� �x� �1�0�7�1�0� 

�t�r�a�p�s� �E� �0�.�4�3� �5�.�0� �«� �1�9�2�5� �A�l�l� �s�a�m�p�l�e�s� �c�o�p�p�e�r� �i�m�p�u�r�i�t�y� 

�F� �0�.�6�5� �1�.�9� �x� �1�9�7�1�2� �M�o�s�t� �s�a�m�p�l�e�s� �u�n�k�n�o�w�n� 

�G� �0�.�7�2� �2�.�4� �x� �1�9�7�!�2� �A�l�l� �s�a�m�p�l�e�s� �n�a�t�i�v�e� �d�e�f�e�c�t� 

�I� �1�.�1�0� �1�.�1� �x� �1�0�7�8� �M�o�s�t� �s�a�m�p�l�e�s� �u�n�k�n�o�w�n� 

�E�l�e�c�t�r�o�n� �H� �0�.�5�7� �1�.�4� �«� �1�9�7�1�5� �A�l�l� �s�a�m�p�l�e�s� �.� �i�m�p�l�a�n�t�a�t�i�o�n� �d�a�m�a�g�e� 

�t�r�a�p�s� �J� �0�.�8�2� �2�.�0� �x� �1�9�7�!�4� �M�o�s�t� �s�a�m�p�l�e�s� �E�L�2�,� �r�e�l�a�t�e�d� �t�o� �G�a� 
�v�a�c�a�n�c�y� 

� � 

� � 

�D�e�n�o�t�e�s� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�v�e�r� �a�l�l� �s�a�m�p�l�e�s� �m�e�a�s�u�r�e�d�.� �1�)� 
�2�)� �D�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �e�m�i�s�s�i�o�n� �r�a�t�e� �p�r�e�f�a�c�t�o�r�.� 
� � 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�3



�r�e�m�o�v�i�n�g� �t�h�e� �i�m�p�l�a�n�t�a�t�i�o�n�-�i�n�d�u�c�e�d� �d�a�m�a�g�e� �b�u�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �(�6�0�0�-�9�0�0� �°�C�)� �a�r�e� �n�e�c�e�s�s�a�r�y� �t�o� 

�a�n�n�e�a�l� �o�u�t� �t�h�e� �e�x�t�e�n�d�e�d� �d�e�f�e�c�t�s� �[�1�1�9�]�.� �K�o�h�z�u� �a�n�d� �c�o�w�o�r�k�e�r�s� �h�a�v�e� �a�p�p�l�i�e�d� �i�n�f�r�a�r�e�d� �t�h�e�r�m�a�l� �a�n�n�e�a�l�i�n�g� 

�(�I�R�T�A�)� �t�o� �a�c�t�i�v�a�t�e� �1�0�0� �k�e�V� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �[�4�2�]�.� �T�h�e� �c�a�r�r�i�e�r� �p�r�o�f�i�l�e�s� �b�y� �I�R�T�A� �a�r�e� �m�u�c�h� �s�t�e�e�p�e�r� 

�t�h�a�n� �t�h�o�s�e� �b�y� �f�u�r�n�a�c�e� �a�n�n�e�a�l�i�n�g� �(�F�A�)� �a�n�d� �a�r�e� �s�h�o�w�n� �F�i�g�.� �3�.�5�a�.� �M�E�S�F�E�T� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�i�t�h� �a�n� �a�c�t�i�v�e� 

�l�a�y�e�r� �f�o�r�m�e�d� �b�y� �I�R�T�A� �a�n�d� �f�u�r�n�a�c�e� �a�n�n�e�a�l�i�n�g� �u�n�d�e�r� �S�i�,�N�,� �c�a�p� �a�r�e� �c�o�m�p�a�r�e�d� �i�n� �T�a�b�l�e� �3�.�2� �a�n�d� �t�h�e�i�r� 

�d�r�a�i�n� �c�u�r�r�e�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�6�.� �T�h�e� �F�E�T�s� �f�o�r�m�e�d� �o�n� �t�h�e� �a�c�t�i�v�e� �l�a�y�e�r�s� �m�a�d�e� �b�y� 

�I�R�T�A� �s�h�o�w�e�d� �3�0�-�4�0� �%� �h�i�g�h�e�r� �t�r�a�n�s�c�o�n�d�u�c�t�a�n�c�e� �a�n�d� �l�o�w�e�r� �p�i�n�c�h�-�o�f�f� �t�h�a�n� �t�h�e� �F�E�T�s� �m�a�d�e� �u�s�i�n�g� �F�A� 

�[�4�2�]�.� �T�a�n�d�o�n� �e�t� �a�l�.� �i�n� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �a�n�a�l�y�s�i�s� �o�f� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �h�a�v�e� �n�o�t�i�c�e�d� �t�h�a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� 

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

�d�o�s�e� �i�m�p�l�a�n�t�s�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�5�b� �[�8�0�]�.� �T�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �a�c�t�i�v�a�t�i�o�n� �o�f� �i�m�p�l�a�n�t�e�d� 

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

�s�h�o�u�l�d� �b�e� �k�n�o�w�n�.� 

�K�a�t�a�y�a�m�a�,� �e�t� �a�l�.� �[�3�0�]� �h�a�v�e� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �R�T�A� �o�n� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�p�s� �i�n� �S�i�-�d�o�p�e�d� �L�E�C� 

�G�a�A�s�.� �R�T�A� �i�n�t�r�o�d�u�c�e�d� �e�l�e�c�t�r�o�n� �t�r�a�p�s� �E�D�1� �(�E�,�-�0�.�2�6� �e�V�)�,� �E�D�2� �(�E�,�-�0�.�4�9� �e�V�)�,� �a�n�d� �E�D�3� �(�E�,�-�0�.�5�5� �e�V�)� 
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�c�o�m�p�a�r�e�d� �t�o� �t�h�a�t� �i�n� �t�h�e� �e�q�u�i�v�a�l�e�n�t� �f�u�r�n�a�c�e�-�a�n�n�e�a�l�e�d� �s�a�m�p�l�e�s�.� �K�u�z�u�h�a�r�a� �a�n�d� �N�o�z�a�k�i� �h�a�v�e� �d�e�t�e�c�t�e�d� 

�t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�p�s� �d�u�e� �t�o� �R�T�A� �o�n� �S�i�-�d�o�p�e�d� �L�E�C� �a�n�d� �H�B� �g�r�o�w�n� �G�a�A�s� �u�s�i�n�g� �D�L�T�S� �[�1�1�6�]�.� �T�h�e�y� 

�r�e�p�o�r�t� �a�n� �R�T�A�-�i�n�d�u�c�e�d� �e�l�e�c�t�r�o�n� �t�r�a�p� �l�e�v�e�l� �a�t� �E�.�-�0�.�2�0� �e�V�,� �p�o�s�s�i�b�l�y� �b�e�c�a�u�s�e� �o�f� �t�h�e� �r�a�p�i�d� �h�e�a�t�i�n�g� 

�i�n�v�o�l�v�e�d� �i�n� �t�h�e� �R�T�A� �p�r�o�c�e�s�s�.� 

�K�i�t�a�g�a�w�a� �a�n�d� �c�o�w�o�r�k�e�r�s� �[�2�]� �h�a�v�e� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �d�e�e�p� �l�e�v�e�l�s� �i�n� �S�i�-�i�m�p�l�a�n�t�e�d� �(�2�5�0� �k�e�V�,� �2�x�1�0 �� 

�c�m �� �d�o�s�e�)� �a�n�d� �R�T�A� �u�n�d�o�p�e�d� �a�n�d� �C�r�-�d�o�p�e�d� �L�E�C� �S�I� �G�a�A�s�.� �T�h�e�y� �r�e�p�o�r�t� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �E�L�4� �(�E�,�-� 

�0�.�5�5� �e�V�)� �a�n�d� �E�L�2� �(�E�,�-�0�.�7�8� �e�V�)� �i�n� �b�o�t�h� �t�y�p�e�s� �o�f� �s�u�b�s�t�r�a�t�e�s� �(�u�n�d�o�p�e�d� �a�n�d� �C�r�-�d�o�p�e�d�)� �a�f�t�e�r� �R�T�A� �a�t� �8�5�0� 

�°�C� �a�n�d� �a�b�o�v�e� �(�r�e�f�e�r� �t�o� �F�i�g�.� �3�.�7�b�)�.� �T�h�e� �E�L�A� �l�e�v�e�l� �i�s� �p�r�o�p�o�s�e�d� �t�o� �b�e� �c�r�e�a�t�e�d� �b�y� �t�h�e� �a�s�s�o�c�i�a�t�i�o�n� �o�f� 

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

�a�n�n�e�a�l�i�n�g�.� �T�h�e� �l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �E�L�2� �i�n� �t�h�e� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �f�u�r�n�a�c�e�-�a�n�n�e�a�l�e�d� �s�a�m�p�l�e� �i�s� �d�u�e� �t�o� 

�t�h�e� �o�u�t�-�d�i�f�f�u�s�i�o�n� �o�f� �E�L�2� �i�n�t�o� �t�h�e� �S�i�O�,� �e�n�c�a�p�s�u�l�a�n�t�,� �d�u�r�i�n�g� �a�n�n�e�a�l�i�n�g�.� 

�3�.�4� �O�r�i�e�n�t�a�t�i�o�n� �E�f�f�e�c�t�s� 

�B�a�n�e�r�j�e�e� �e�t� �a�l�.� �h�a�v�e� �r�e�p�o�r�t�e�d� �a�n� �u�n�u�s�u�a�l� �i�m�p�l�a�n�t�e�d� �c�a�r�r�i�e�r� �p�r�o�f�i�l�e� �i�n� �(�2�1�1�)� �o�r�i�e�n�t�e�d� �G�a�A�s� 

�[�1�3�0�]�.� �T�h�e�y� �c�o�m�p�a�r�e�d� �M�E�S�F�E�T�s� �f�o�r�m�e�d� �o�n� �S�i�-�i�m�p�l�a�n�t�e�d� �a�n�d� �R�T�A� �a�n�n�e�a�l�e�d� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �G�a�A�s� 

�s�u�r�f�a�c�e�s� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �3�.�3�.� �T�h�e� �(�2�1�1�)� �G�a�A�s� �M�E�S�F�E�T� �h�a�s� �a� �h�i�g�h�e�r� 

�t�r�a�n�s�c�o�n�d�u�c�t�a�n�c�e�,� �a� �l�o�w�e�r� �n�o�i�s�e� �f�i�g�u�r�e�,� �a� �h�i�g�h�e�r� �c�u�t�-�o�f�f� �f�r�e�q�u�e�n�c�y� �a�n�d� �g�a�i�n� �t�h�a�n� �a� �t�y�p�i�c�a�l� �M�E�S�F�E�T� 

�o�n� �(�1�0�0�)� �G�a�A�s�.� �T�h�e� �i�m�p�r�o�v�e�d� �d�e�v�i�c�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �(�2�1�1�)� �G�a�A�s� �o�v�e�r� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �o�r�i�e�n�t�a�t�i�o�n� 

�o�f� �(�1�0�0�)� �G�a�A�s� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �u�n�i�q�u�e� �c�a�r�r�i�e�r�-�p�r�o�f�i�l�e� �i�n� �(�2�1�1�)�,� �w�h�e�r�e� �t�h�e� �c�a�r�r�i�e�r� �d�e�n�s�i�t�y� �r�i�s�e�s� �n�e�a�r� 

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

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

�c�a�r�r�i�e�r� �p�r�o�f�i�l�e� �i�n� �(�2�1�1�)� �G�a�A�s� �[�1�3�1�]�.� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�8



�T�a�b�t�e� �3�.�3�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �M�E�S�F�E�T� �P�a�r�a�m�e�t�e�r�s� �o�n� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �G�a�A�s� �[�1�3�0�]�.� 

� � 

�O�r�i�e�n�t�a�t�i�o�n� �N�F� �(�d�B�)� �G�a�i�n� �(�d�B�)� �{�;� �(�G�H�z�)� �g�,� �(�E�x�t�r�i�n�s�i�c�)� �g�,� �(�i�n�t�r�i�n�s�i�c�)� 
�a�t� �1�2� �G�H�z� �a�t� �1�2� �G�h�z� �(�m�S�/�m�m�)� �(�m�S�/�m�m�)� 

�(�1�0�0�)� �1�.�5�0� �1�0�.�5� �3�1�.�0� �2�0�0� �2�6�3� 

�(�2�1�1�)� �0�.�9�5� �1�0�.�0� �4�0�.�8� �2�8�0� �3�3�9� 

�(�2�1�1�)� �1�.�0�3� �1�1�.�1� �4�0�.�1� �2�8�0� �3�4�4� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�9



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

�o�n� �(�2�1�1�)� �o�r�i�e�n�t�e�d� �G�a�A�s� �s�u�b�s�t�r�a�t�e�s�.� �B�h�a�t�t�a�c�h�a�r�y�a� �a�n�d� �c�o�w�o�r�k�e�r�s� �h�a�v�e� �u�s�e�d� �R�B�S� �a�n�d� �T�E�M� �t�o� 

�i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �a�n�n�e�a�l�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �6�0� �k�e�V� �S�i�-�i�m�p�l�a�n�t�e�d� �(�1� �x� �1�0 �� �c�m ��)� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �G�a�A�s� 

�s�u�r�f�a�c�e�s� �[�1�3�2�]�.� �T�h�e�y� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�h�e� �s�o�l�i�d� �s�t�a�t�e� �e�p�i�t�a�x�i�a�l� �r�e�g�r�o�w�t�h� �b�e�g�i�n�s� �a�t� �2�5�0� �°�C�,� �f�o�r� �b�o�t�h� 

�o�r�i�e�n�t�a�t�i�o�n�s�,� �b�u�t� �t�h�e� �d�a�m�a�g�e� �r�e�c�o�v�e�r�y� �r�a�t�e� �i�s� �m�u�c�h� �s�l�o�w�e�r� �i�n� �(�2�1�1�)� �G�a�A�s�.� �A�f�t�e�r� �a�n�n�e�a�l�i�n�g� �a�t� �9�0�0� �°�C� 

�f�o�r� �3�0� �m�i�n�s�.� �w�i�t�h� �S�i�,�N�,� �c�a�p�,� �t�h�e� �c�r�y�s�t�a�l� �q�u�a�l�i�t�y� �o�f� �(�1�0�0�)� �G�a�A�s� �r�e�c�o�v�e�r�e�d� �t�o� �i�t�s� �v�i�r�g�i�n� �s�t�a�t�e� �b�u�t� �(�2�1�1�)� 

�G�a�A�s� �s�t�i�l�l� �h�a�d� �r�e�s�i�d�u�a�l� �d�a�m�a�g�e�.� �T�h�e� �h�i�g�h�e�r� �r�e�s�i�s�t�a�n�c�e� �t�o� �d�a�m�a�g�e� �a�n�n�e�a�l�i�n�g� �i�n� �(�2�1�1�)� �c�o�m�p�a�r�e�d� �t�o� 

�(�1�0�0�)� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �h�i�g�h�e�r� �r�a�t�e� �o�f� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �d�i�s�l�o�c�a�t�i�o�n� �t�a�n�g�l�e�s� �a�n�d� �l�o�o�p�s� �i�n� �(�2�1�1�)� �[�1�3�2�]�.� 

�3�.�5� �M�a�t�e�r�i�a�l� �D�e�f�e�c�t�s� 

�L�a�t�t�i�c�e� �d�e�f�e�c�t�s� �i�n� �G�a�A�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� �[�1�]� �:� 

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

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

�i�i�i�)� �e�x�t�e�n�d�e�d� �d�e�f�e�c�t�s�,� �s�u�c�h� �a�s� �d�i�s�l�o�c�a�t�i�o�n�s� �a�n�d� �s�t�a�c�k�i�n�g� �f�a�u�l�t�s�.� 

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

�i�n�t�e�r�s�t�i�t�i�a�l� �G�a�,� �a�n�d� �A�s�,�,� �w�i�t�h� �a�t� �l�e�a�s�t� �t�w�o� �p�o�s�s�i�b�l�e� �s�i�t�e�s� �f�o�r� �e�a�c�h� �;� �a�n�t�i�s�i�t�e�s� �d�e�f�e�c�t�s� �A�s�,�,� �a�n�d� �G�a�,�,�.� �E�a�c�h� 

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

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

�T�h�e� �t�r�a�p� �d�e�n�s�i�t�y� �i�n� �i�o�n�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �c�a�n� �v�a�r�y� �o�v�e�r� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �v�a�l�u�e�s�.� �T�h�e� �q�u�a�l�i�t�y� �o�f� �S�]� �G�a�A�s�,� 

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

�d�e�v�i�c�e� �[�2�5�-�2�6�]�.� �A� �g�o�o�d� �r�e�v�i�e�w� �o�f� �t�h�e� �d�e�e�p�-�l�e�v�e�l� �d�e�f�e�c�t�s� �i�n� �I�I�I�-�V� �s�e�m�i�c�o�n�d�u�c�t�o�r�s� �i�s� �g�i�v�e�n� �b�y� �M�i�r�c�e�a� 

�a�n�d� �B�o�i�s� �[�1�0�1�]�.� 

�O�n�e� �m�a�j�o�r� �d�e�e�p� �l�e�v�e�l� �i�n� �L�E�C� �G�a�A�s� �i�s� �t�h�e� �w�e�l�l�-�s�t�u�d�i�e�d� �E�L�2� �w�i�t�h� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�i�e�s� �b�e�t�w�e�e�n� 

�E�,�-�0�.�7�8� �e�V� �a�n�d� �E�,�-�0�.�8�3� �e�V� �[�4�3�-�4�5�]�.� �T�h�i�s� �l�e�v�e�l� �h�a�s� �a�l�s�o� �b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� �V�P�E� �(�v�a�p�o�r� �p�h�a�s�e� �e�p�i�t�a�x�y�)� 

�a�n�d� �M�O�C�V�D� �(�o�r�g�a�n�o� �m�e�t�a�l�l�i�c� �c�h�e�m�i�c�a�l� �v�a�p�o�r� �d�e�p�o�s�i�t�i�o�n�)� �l�a�y�e�r�s� �o�f� �G�a�A�s� �[�4�5�-�4�8�]�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�r�e�s�u�l�t�s� �h�a�v�e� �s�h�o�w�n� �t�h�e� �e�v�i�d�e�n�c�e� �o�f� �a�s�s�i�g�n�i�n�g� �t�h�i�s� �l�e�v�e�l� �t�o� �V�,�,�-�r�e�l�a�t�e�d� �d�e�f�e�c�t�.� �L�i� �a�n�d� �W�a�n�g� �h�a�v�e� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �5�0



�d�e�v�e�l�o�p�e�d� �a� �p�o�s�s�i�b�l�e� �m�o�d�e�l� �f�o�r� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �E�L�2� �f�o�r�m�a�t�i�o�n� �a�n�d� �a�s�s�i�g�n�e�d� �t�h�e� �o�r�i�g�i�n� �o�f� �E�L�2� �t�o� 

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

�a�r�e� �n�o�t� �f�o�r�m�e�d� �[�4�9�]�.� �F�r�o�m� �t�h�e�i�r� �m�o�d�e�l�,� �t�h�e� �a�n�t�i�s�i�t�e� �d�e�f�e�c�t� �A�s�,�,� �c�a�n� �b�e� �p�r�e�d�i�c�t�e�d� �t�o� �f�o�r�m� �f�a�v�o�r�a�b�l�y� 

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

�t�o� �t�h�e� �m�i�d�g�a�p� �t�r�a�p�,� �E�L�2�,� �w�i�t�h� �i�t�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �p�h�o�t�o�-�q�u�e�n�c�h�i�n�g� �e�f�f�e�c�t�s� �[�5�0�]�.� �T�h�e� �c�o�m�m�o�n� �e�l�e�c�t�r�o�n� 

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

�T�a�b�l�e�s� �3�.�4� �a�n�d� �3�.�5� �f�o�r� �e�l�e�c�t�r�o�n� �a�n�d� �h�o�l�e� �t�r�a�p�s�,� �r�e�s�p�e�c�t�i�v�e�l�y� �[�3�4�,�5�7�]�.� 

�J�e�r�v�i�s� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �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�s� �o�f� �i�o�n�-�i�m�p�l�a�n�t�a�t�i�o�n� �a�n�d� �a�n�n�e�a�l�i�n�g� �o�f� �L�P�E� 

�(�l�i�q�u�i�d� �p�h�a�s�e� �e�p�i�t�a�x�y�)� �G�a�A�s� �a�n�d� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �d�e�e�p� �l�e�v�e�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e�m� �a�r�e� �p�r�i�m�a�r�i�l�y� 

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

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

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

�3�.�5�.�1� �E�f�f�e�c�t�s� �o�n� �M�a�t�e�r�i�a�l� �a�n�d� �D�e�v�i�c�e� �P�r�o�p�e�r�t�i�e�s� 

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

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

�a�n�d� �i�t�s� �p�o�s�i�t�i�o�n� �i�n� �t�h�e� �b�a�n�d� �g�a�p�.� �P�o�n�c�e� �a�n�d� �c�o�w�o�r�k�e�r�s� �[�1�]� �o�b�s�e�r�v�e�d� �a� �p�o�s�i�t�i�v�e� �c�o�r�r�e�l�a�t�i�o�n�,� �a�s� �s�h�o�w�n� 

�i�n� �F�i�g�.� �3�.�8�,� �b�e�t�w�e�e�n� �e�t�c�h� �p�i�t� �d�e�n�s�i�t�y� �(�E�P�D�)�,� �m�o�b�i�l�i�t�y� �a�n�d� �t�r�a�n�s�c�o�n�d�u�c�t�a�n�c�e� �(�g�,�,�)� �o�f� �a� �M�E�S�F�E�T� �f�o�r�m�e�d� 

�b�y� �2�0�0� �k�e�V� �S�i�-�i�m�p�l�a�n�t�a�t�i�o�n� �i�n�t�o� �L�E�C� �G�a�A�s�.� �A�l�l� �t�h�r�e�e� �p�a�r�a�m�e�t�e�r�s� �h�a�v�e� �h�i�g�h� �v�a�l�u�e�s� �n�e�a�r� �t�h�e� �e�d�g�e� �a�n�d� 

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

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

�d�i�s�l�o�c�a�t�i�o�n� �d�e�n�s�i�t�y� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �b�y� �W�a�n�g� �a�n�d� �B�u�j�a�t�t�i� �[�1�3�]�.� �T�h�e�y� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �d�i�s�l�o�c�a�t�i�o�n�s� �a�r�e� 

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

�o�f� �u�n�w�a�n�t�e�d� �i�m�p�e�r�f�e�c�t�i�o�n�s�.� �P�e�a�r�t�o�n� �e�t� �a�l�.� �[�1�4�]� �h�a�v�e�,� �h�o�w�e�v�e�r�,� �m�e�n�t�i�o�n�e�d� �t�h�a�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

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

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

�C�h�a�p�l�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �5�1



�T�a�b�l�e� �3�.�4�.� �E�l�e�c�t�r�o�n� �t�r�a�p� �p�a�r�a�m�e�t�e�r�s� �i�n� �b�u�l�k� �a�n�d� �e�p�i�t�a�x�i�a�l� �G�a�A�s� �[�3�4�]�.� 
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�L�a�b�e�l� �|� �R�e�f�e�r�e�n�c�e� �a�n�d� �A�c�t�i�v�a�t�i�o�n� �E�m�i�s�s�i�o�n� �P�o�s�s�i�b�l�e� 
�(�F�i�g�.� �1�)� �a�l�t�e�r�n�a�t�i�v�e� �l�a�b�e�l�s� �e�n�e�r�g�y� �s�e�c�t�i�o�n� �1� �O�b�s�e�r�v�a�t�i�o�n�s� �c�o�m�p�a�r�i�s�o�n�s� 

�E�n�a�  ¬�V� �T�n�e�,� �e�M�?� �|� 

�E�T�I� �(�1�4�)� �0�-�8�5� �6�:�5�.� �1�0�7�1�3� �B�u�l�k� �m�a�t�e�r�i�a�l� �|� 
�E�T�2� �(�1�4�)� �0�-�3� �2�-�5� �x�1�0�-�'�5� �B�u�l�k� �m�a�t�e�r�i�a�l� �|� 

�E�S�E� �s�O�)� �|� �0�-�8�3� �1�0�x�1�0�7�>� �|� �B�u�l�k� �m�a�t�e�r�i�a�l� �|� 

�E�F�I� �(�1�5�)� �|� �0�:�7�2� �7�-�7� �x�1�0�-�!�5� �C�r� �d�o�p�e�d� �b�u�l�k� �m�a�t�.� �|� 

�E�l�l� �(�2�0�)� �0�-�4�3� �7�-�3� �x� �1�0�7�1�6� �V�.�P�.�E�.� �m�a�t�.� 
�E�I�2� �(�2�0�)� �0�-�1�9� �I�-�1� �x� �1�0�-�'�+� �V�.�P�.�E�.� �m�a�t�.� 
�E�I�3� �-� �(�2�0�)� �|� �0�-�1�8� �2�-�2�x�1�0�7�'�*� �V�.�P�.�E�.� �m�a�t�.� �|� 

�E�B�I� �-� �(�1�6�)� �0�-�8�6� �3�-�5� �x� �1�0�7� �'�4� �|� � �C�r�d�o�p�e�d� �L�.�P�.�E�.� �m�a�t�.� �|� 
�E�B�2� �(�1�6�)� �0�-�8�3� �2�-�2�x� �1�0�7�3� �|� �A�s� �g�r�o�w�n� �V�.�P�.�E�.� �m�a�t�.� 
�E�B�3� �(�1�2�)� �(�E�S�)� �0�:�9�0� �3�-�0�x�1�0�7�!�'�!� �|� �E�l�e�c�t�r�o�n� �i�r�r�a�d�i�a�t�e�d� �m�a�t�.� 
�E�B�4� �(�1�2�)� �(�E�4� �0�-�7�)� �8�3�1�0�7�1�3� �|� �E�l�e�c�t�r�o�n� �i�r�r�a�d�i�a�t�e�d� �m�a�t�.� �|� 
�E�B�S� �(�1�7�)� �(�M�4�)� �0�:�4�8� �2�-�6�x� �1�0�7� �'�5� �A�s� �g�r�o�w�n� �M�.�B�.�E�.� �m�a�t�.� �|� 
�E�B�6� �(�1�2�)� �(�E�3�)� �|� �0�-�4�1� �2�6�x� �1�0�7�1�3�  �� �E�l�e�c�t�r�o�n� �i�r�r�a�d�i�a�t�e�d� �m�a�t�.� �|� 
�E�B�?� �(�1�7�)� �(�M�3�)�:� �0�-�3�0� �1�-�7� �x� �1�0�7� �"�+� �'� �A�s� �g�r�o�w�n� �M�.�B�.�E�.� �m�a�t�.� �|� 
�E�B�S� �(�1�7�)� �(�M�1�)� �0�-�1�9� �1�-�5� �x� �1�0�7� �'�4� �i� �A�s� �g�r�o�w�n� �M�.�B�.�E�.� �m�a�t�.� �|� 
�F�B�9� �(�1�2�)� �(�E�2�)� �0�-�1�8� �I�m�p�r�e�c�i�s�e� �|� �E�l�e�c�t�r�o�n� �i�r�r�a�d�i�a�t�e�d� �m�a�t�.� 
�E�B�I�O� �(�1�2�)� �(�E�?�)� �0�-�1�2� �I�m�p�r�e�c�i�s�e� �'� �E�l�e�c�t�r�o�n� �i�r�r�a�d�i�a�t�e�d� �m�a�t�.� �|� 

�E�L�I� �,� �0�-�7�8� �1�-�0�x�1�0�-�'�*� �=� �|� �C�r� �d�o�p�e�d� �b�u�l�k� �m�a�t�.� 
�E�L�2� �(�1�0�)� �(�A�)� �|� �0�-�8�2�5� �(�0�°�8�-�1�-�7�)� �x� �1�0�7�1�3� �|� �V�.�P�.�E�.� �m�a�t�e�r�i�a�l� �|� �E�L�2�-�E�T�I� �-�E�S�I� �E�B�2� 
�E�L�3� �(�1�0�)� �(�B�)� �0�-�5�7�5� �(�0�-�8�-�1�-�7�)� �x� �1�0�-�1�?� �|� �V�.�P�.�E�.� �m�a�t�e�r�i�a�l� 
�E�L�4� �.� �0�-�5�1� �1�-�0�x� �1�0�7�}�?� �|� �A�s� �g�r�o�w�n� �M�.�B�.�E�.� �m�a�t�.� �|� �E�L�4�  �� �E�B�S� 
�E�L�S� �(�1�0�)� �(�C�)� �0�-�4�2� �(�0�-�5�-�2�-�0�)� �>� �1�0�>� �'�3� �V�.�P�.�E�.� �m�a�t�.� �E�L�S� �=� �E�B�6�(�?�)� 
�E�L�6� �0�:�3�5� �1�-�5� �x� �1�0�7�4�3� �B�u�l�k� �m�a�t�e�r�i�a�!� �E�L�6� �-�E�T�2� 
�E�L�?� �0�-�3�0� �T�2�>� �1�0�7�'�*� �A�s� �g�r�o�w�n� �M�.�B�.�E�.� �m�a�t�.� �E�L�7� �E�B�?�:� �E�L�?� �E�L�6�(�?�)� 
�E�L�8� �(�1�8�)� �(�D�)� �|� �0�-�2�7�5� �7�-�7� �1�0�7�"� �V�.�P�.�E�.� �m�a�t�.� 
�E�L�9� �(�1�8�)� �(�E�)� �0�-�2�2�5� �6�-�8�»� �1�0�7�"� �V�.�P�.�E�.� �m�a�t�.� 
�E�L�I�0� �0�-�1�7� �1�-�8� �~�1�0�7�'�8� �|� �A�s� �g�r�o�w�n� �M�.�B�.�E�.� �m�a�t�.� �E�L�I�O� �E�B�S� 
�E�L�1�1� �(�1�8�)� �(�F�)� �|� �0�-�1�7� �3�-�0� �x� �1�0�-�'�¢� �V�.�P�.�E�.� �m�a�t�.� �E�L�!� �~� �E�T�3� �-� �E�L�I�0�(�?�)� 
�E�L�!�2� �(�1�8�)� �(�A�)� �0�-�7�8� �4�9�>� �1�0�7�"�?� �|� �V�.�P�.�E�.� �m�a�t�.� �E�L�I�2� �-� �E�B�4�(�?�)� 
�E�L�I�4� �|� �0�-�2�1�5� �5�-�2�-�1�9�0�7� �'�¢� �B�u�l�k� �m�a�t�e�r�i�a�l� 
�E�L�I�S� �'� �0�-�1�5� �5�-�7�>� �1�0�7� �'�*� �E�l�e�c�t�r�o�n� �i�r�r�a�d�i�a�t�e�d� �m�a�t�.� �E�L�I�S� �-� �E�B�?� 
�E�L�I�6� �0�-�3�7� �4�-�0�»� �1�0�7�'�8� �|� �V�.�P�.�E�.� �m�a�t�.� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �C
�a

� 
�i�

)



�T�a�b�l�e� �3�.�5� �H�o�l�e� �t�r�a�p� �p�a�r�a�m�e�t�e�r�s� �i�n� �b�u�l�k� �a�n�d� �e�p�i�t�a�x�i�a�l� �G�a�A�s� �[�5�7�]�.� 

� � 

� � 

� � 

� � 

�L�a�b�e�l� �R�e�f�e�r�e�n�c�e� �a�n�d� �|� �A�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �|� �E�m�i�s�s�i�o�n� �s�e�c�t�i�o�n� �|� �T�y�p�e� �o�f� �s�a�m�p�l�e� �E�x�c�i�t�a�t�i�o�n� �m�o�d�e� �|� �C�h�e�m�i�c�a�l� �|� �P�o�s�s�i�b�l�e� �c�o�m�p�a�r�i�s�o�n�s� 
�(�F�i�g�.� �1�)� �|� �a�l�t�e�r�n�a�t�i�v�e� �l�a�b�e�l�s� �E�x�e� �O�p�e� �o�r�i�g�i�n� 

�(�e�V�)� �m�?� 

�H�T�!� �(�8�)� �0�-�4�4� �1�2�x�1�0� �|� �V�E�.� 

�H�S�]� �(�9�)� �0�-�5�8� �2�:�0� �x� �1�0�°�?� �L�P�.�E�.� 
�H�S�2� �(�9�)� �0�-�6�4� �4�1�x� �1�0�7�%� �L�P�.�E�.� 
�H�S�3� �(�9�)� �0�-�4�4� �4�-�8� �X� �1�0�7�8� �L�.�P�.�E�.� 

�H�B�i� �(�4�)� �0�-�7�8� �5�-�2�X� �1�0�7� �|� �C�r�-�d�o�p�e�d� �L�p�.�e�.� �C�r� 
�H�B�?� �(�4�)� �(�B�)� �0�-�7�1� �1�:�2�X� �1�0�7� �|� �A�s�-�g�r�o�w�n� �L�p�.�e�.� 
�H�B�3� �(�4�)� �0�°�5�2� �3�-�4� �x� �1�0�7�%�6� �F�e�-�d�o�p�e�d� �L�.�p�.�e�.� �F�e� 
�H�B�4� �(�4�)� �0�-�4�4� �3�-�4�X� �1�0�°� �|� �C�u�-�d�o�p�e�d� �L�.�p�.�e�.� �C�u� 
�H�B�S� �(�4�)� �(�A�)� �0�-�4�0� �2�-�2�X� �1�0�7�3� �|� �A�s�-�g�r�o�w�n� �L�p�.�e�.� 
�H�B�6� �(�7�)� �(�H�1�)� �0�-�2�9� �2�-�0�X� �1�0�°�'�*� �|� �E�l�e�c�t�r�o�n� �i�r�r�a�d�i�-� 

�a�t�e�d� �I�|�.�p�.�e�.� 

�H�L�1� �(�3�)� �0�-�9�4� �3�-�7� �x� �1�0�7�4� �C�r�-�d�o�p�e�d� �v�.�p�.�e�.� �|� �E�l�e�c�t�r�i�c�a�l� �a�n�d� �o�p�t�i�c�a�l� �C�r� �H�L�!� �=� �H�B�!� �=� �H�S�!� 
�H�L�2� �(�3�)� �0�-�7�3� �1�:�9�X� �1�0�7�%� �|� �A�s�-�g�r�o�w�n�L�p�.�e�.� �|� �E�l�e�c�t�r�i�c�a�l� �a�n�d� �o�p�t�i�c�a�l� �H�L�2� �=� �H�B�2� �=� �H�S�2� 
�H�L�3� �(�1�0�)� �0�-�5�9� �3�-�0� �X� �1�0�7�5�5� �F�e�-�d�i�f�f�u�s�e�d� �v�.�p�.�e�.� �E�l�e�c�t�r�i�c�a�l� �F�e� �H�L�3� �=� �H�L�8� 
�H�L�4� �(�3�)� �0�-�4�2� �3�-�0�X� �1�0�7�5� �|� �C�u�-�d�i�f�f�u�s�e�d� �v�.�p�.�e�.�|� �E�l�e�c�t�r�i�c�a�l� �a�n�d� �o�p�t�i�c�a�l� �C�u� �H�L�4� �=� �H�B�4� �=� �H�T�1� 
�H�L�5� �(�3�)� �0�-�4�]� �9�0�X�1�0� �|� �A�s�-�g�r�o�w�n�|�.�p�.�e�.� �|� �E�l�e�c�t�r�i�c�a�l� �a�n�d� �o�p�t�i�c�a�l� �H�L�S� �=� �H�B�S� 
�H�L�6� �(�1�0�)� �0�-�3�2� �5�6�X�1�0� �|� �V�P�.� �w�i�t�h� �E�l�e�c�t�r�i�c�a�l� 

�p�*� �l�a�y�e�r� 
�H�L�7� �(�1�0�)� �0�-�3�5� �6�4�X� �1�0�7�'�S� �|� �A�s�-�g�r�o�w�n� �m�.�b�.�e�.� �E�l�e�c�t�r�i�c�a�l� �H�L�7� �=� �H�B�6� �?� 
�H�L�8� �(�1�0�)� �0�-�5�2� �3�-�5�X� �1�0�°�'�®� �|� �A�s�-�g�r�o�w�n� �m�.�b�.�e�.� �E�l�e�c�t�r�i�c�a�l� �H�L�8� �=� �H�B�3� 
�H�L�9� �(�1�0�)� �0�-�6�9� �1�-�1� �X� �1�0�°� �|� �A�s�-�p�r�o�w�n� �v�.�p�.�e�.� �O�p�t�i�c�a�l� 
�H�L�i�0� �(�1�0�)� �0�-�8�3� �1�:�7�X� �1�0�7� �|� �A�s�-�g�r�o�w�n�v�.�p�.�e�.� �|� �E�l�e�c�t�r�i�c�a�l� �a�n�d� �o�p�t�i�c�a�l� 
�H�L�1�1� �(�1�0�)� �0�-�3�5� �1�4�x� �1�0�7�5� �M�e�l�t� �g�r�o�w�n� �O�p�t�i�c�a�l� �H�L�1�1� �=� �H�L�S� �?� 
�H�L�1�2� �(�1�0�)� �0�:�2�7� �1�:�3�X� �1�0�°� �|� �Z�n�-�c�o�n�t�a�m�i�n�a�t�e�d� �E�l�e�c�t�r�i�c�a�l� � � 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 

� � � � � � �L�p�.�e�.� � � � � � � 
�o

�n
� 

�t�
n�

d



� � 

� � � � 
� � � � � � � � 

�4�7� �1�0�0� 

�3�+�  ¬� �4�7�0�0�0� �r�E� �|� �x� 
�~� �o�m� �F�o� �B�e� �E�E�E� �t�t� �t�e�t�a�n�y� �o� 

�T�P�T� �e�a�e� �°� �s� 

 ¬� �S�o�b� �"� �=� 
�<� 

�.� �L� �3� �~� 
�2� �2� �&� �5�O�-� �6�0�0�0� �§� 
 ��_� �c�t� �i�y� 

�f� �|� �2� �+� �|� �3� 
�5� �M�o�b�i�l�i�t�y� �o� 
�o� �X�N� �F�m� �m�m� �m�e� �o�e� �a�,� �i� �o�e� 
�é� �a� �\� �/� �s�y� �t� �&� 

�-� �§� �\� �t�  �� �}�  ��5�0�0�0� �P�E� �S�f� �a�r� �-� �\� �f� �X�N� 
�\� �i� �N�Y� �/� 

�-� �\� �/�  ��I� 

�3� �2� �1� �0� �1� �2� �3� 
�D�i�s�t�a�n�c�e� �(�c�m�)� 

�l�i�g�.� �3�.�8� �R�a�d�i�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �d�i�s�l�o�c�a�t�i�o�n� �d�e�n�s�i�t�y�,� �m�o�b�i�l�i�t�y�,� �a�n�d� �t�r�a�n�s�c�o�n�d�u�c�t�a�n�c�e� �a�c�r�o�s�s� �a� 
�G�a�A�s� �w�a�f�e�r� �[�1�]�.� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �S�4
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�a�r�e� �d�e�c�i�d�e�d� �b�y� �t�h�e� �i�m�p�u�r�i�t�y� �c�l�o�u�d� �g�a�t�h�e�r�e�d� �t�o�,� �a�n�d� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �d�i�s�l�o�c�a�t�i�o�n� �c�o�r�e�,� �r�a�t�h�e�r� �t�h�a�n� �b�y� 

�t�h�e� �i�n�t�r�i�n�s�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �e�x�t�e�n�d�e�d� �d�e�f�e�c�t� �i�t�s�e�l�f�.� �D�u�r�i�n�g� �R�T�A�,� �t�h�e�r�e� �i�s� �l�e�s�s� �c�h�a�n�c�e� �o�f� �i�m�p�u�r�i�t�y� 
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�h�i�g�h�e�r� �a�c�t�i�v�a�t�i�o�n�s� �f�o�r� �t�h�e� �R�T�A� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �f�u�r�n�a�c�e� �a�n�n�e�a�l�e�d� �G�a�A�s�,� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �r�e�s�i�d�u�a�l� 

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

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

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

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

�k�n�o�w�n� �d�e�p�t�h� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�r�a�p� �d�e�n�s�i�t�y� �(�N�;�(�x�)�)� �a�n�d� �s�h�a�l�l�o�w�-�l�e�v�e�l� �d�o�n�o�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�N�p�(�x�)�)� �[�2�4�]�.� 

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

�s�m�a�l�l�-�s�i�g�n�a�l� �S� �p�a�r�a�m�e�t�e�r�s� �o�f� �i�o�n�-�i�m�p�l�a�n�t�e�d� �M�E�S�F�E�T�s�.� �T�h�e� �c�a�r�r�i�e�r� �a�n�d� �t�h�e� �m�o�b�i�l�i�t�y� �p�r�o�f�i�l�e�s� �f�o�r� �7�0� 

�k�e�V� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �w�i�t�h� �p�e�a�k� �d�o�p�i�n�g� �d�e�n�s�i�t�y� �o�f� �2�x�1�0 �� �c�m�®� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�s�.� �3�.�9�a� �a�n�d� �3�.�9�b�,� 

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

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

�i�n� �T�a�b�l�e� �3�.�6�.� �T�h�e� �d�e�e�p� �l�e�v�e�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �h�a�s� �t�h�e� �m�o�s�t� �i�m�p�a�c�t� �o�n� �t�h�e� �M�E�S�F�E�T� �t�r�a�n�s�c�o�n�d�u�c�t�a�n�c�e� 

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

�i�n�c�r�e�a�s�e�s� �[�2�4�]�.� �T�h�e� �g�a�i�n�-�b�a�n�d�w�i�d�t�h� �p�r�o�d�u�c�t� �(�f�,�;�)� �a�n�d� �t�h�e� �m�a�x�i�m�u�m� �f�r�e�q�u�e�n�c�y� �o�f� �o�s�c�i�l�l�a�t�i�o�n� �(�f� 
�m�a�x� 

�)� �a�r�e� 

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

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

�p�e�r�f�o�r�m�a�n�c�e� �i�s� �p�r�e�d�i�c�t�e�d� �[�2�4�]�.� �T�h�e� �d�e�e�p� �e�l�e�c�t�r�o�n� �t�r�a�p�s� �i�n� �t�h�e� �a�c�t�i�v�e� �l�a�y�e�r� �o�f� �M�E�S�F�E�T�s� �a�r�e� �a�l�s�o� 

�k�n�o�w�n� �t�o� �h�a�v�e� �d�e�l�e�t�e�r�i�o�u�s� �e�f�f�e�c�t�s� �o�n� �t�h�e� �n�o�i�s�e� �f�i�g�u�r�e� �(�N�F�)� �o�f� �t�h�e� �d�e�v�i�c�e�.� �T�h�e� �f�l�u�c�t�u�a�t�i�o�n� �i�n� �t�h�e� 

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

�f�i�g�u�r�e� �s�c�a�l�e�s� �d�i�r�e�c�t�l�y� �w�i�t�h� �t�h�e� �t�r�a�p� �d�e�n�s�i�t�y� �[�1�2�0�]�.� 

�T�h�e� �e�f�f�e�c�t�s� �o�f� �s�u�b�s�t�r�a�t�e� �i�m�p�u�r�i�t�i�e�s� �o�n� �t�h�e� �i�o�n� �i�m�p�l�a�n�t�e�d� �c�h�a�n�n�e�l� �o�f� �a� �G�a�A�s� �M�E�S�F�E�T� �a�r�e� �v�e�r�y� 

�w�e�l�l� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �A�n�h�o�l�t� �a�n�d� �S�i�g�m�o�n� �[�1�0�2�]�.� �T�h�e�y� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �b�a�c�k�g�r�o�u�n�d� �i�m�p�u�r�i�t�i�e�s� �o�f� �s�h�a�l�l�o�w� 

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

�p�r�o�f�i�l�e� �a�n�d� �o�n� �t�h�e� �u�n�i�f�o�r�m�i�t�i�e�s� �i�n� �t�h�r�e�s�h�o�l�d� �v�o�l�t�a�g�e� �o�f� �M�E�S�F�E�T�s� �f�o�r�m�e�d� �o�n� �t�h�e�m�.� �[�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� 

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

�s�h�a�l�l�o�w� �a�c�c�e�p�t�o�r�s� �i�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� �r�e�q�u�i�r�e�d�.� �T�h�e� �m�o�d�e�l�e�d� �r�e�s�u�l�t�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�1�0�a�,� �w�h�e�r�e� 

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

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

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

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

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

�l�a�y�e�r� �t�o� �g�e�n�e�r�a�t�e� �a� �s�h�a�r�p�l�y� �f�a�l�l�i�n�g� �e�l�e�c�t�r�o�n� �p�r�o�f�i�l�e� �i�n� �t�h�e� �o�v�e�r�l�y�i�n�g� �a�c�t�i�v�e� �l�a�y�e�r� �[�1�0�2�]�.� �T�h�i�s� �a�p�p�r�o�a�c�h� 

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

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

�b�u�r�i�e�d� �p�-�l�a�y�e�r� �i�n� �t�h�e� �f�a�b�r�i�c�a�t�i�o�n� �o�f� �a� �S�A�I�N�T� �(�s�e�l�f� �a�l�i�g�n�e�d� �i�m�p�l�a�n�t�a�t�i�o�n� �f�o�r� �n�*� �l�a�y�e�r� �t�e�c�h�n�o�l�o�g�y�)� �h�a�s� 

�b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �b�y� �Y�a�m�a�s�a�k�i� �a�n�d� �c�o�w�o�r�k�e�r�s� �[�1�0�5�]�,� �a�n�d� �t�h�e�y� �o�b�t�a�i�n�e�d� �v�e�r�y� �h�i�g�h� �s�p�e�e�d� �p�e�r�f�o�r�m�a�n�c�e� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �5�8
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�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 
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�F�E�T� �(�m�i�n�i�m�u�m� �d�e�l�a�y� �t�i�m�e� �o�f� �9�.�9� �p�s�/�g�a�t�e�)�,� �w�i�t�h� �a� �b�e�t�t�e�r� �t�h�r�e�s�h�o�l�d� �v�o�l�t�a�g�e� �c�o�n�t�r�o�l� �a�n�d� �w�i�t�h� 

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

�M�E�S�F�E�T� �t�h�r�e�s�h�o�l�d� �v�o�l�t�a�g�e�,� �t�h�e� �i�m�p�u�r�i�t�i�e�s� �a�f�f�e�c�t� �t�h�e� �d�e�v�i�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�l�m�o�s�t� �u�n�i�f�o�r�m�l�y� �a�c�r�o�s�s� 

�t�h�e� �e�n�t�i�r�e� �w�a�f�e�r� �[�1�0�3�]�.� �T�h�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �M�E�S�F�E�T� �t�h�r�e�s�h�o�l�d� �v�o�l�t�a�g�e� �o�n� �t�h�e� �a�c�c�e�p�t�o�r� 

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

�i�n� �h�i�g�h�e�r� �t�h�r�e�s�h�o�l�d� �(�m�o�r�e� �p�o�s�i�t�i�v�e�)� �v�o�l�t�a�g�e� �a�n�d� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�1�0�b� �[�1�0�2�]�.� �S�i�m�i�l�a�r� �o�b�s�e�r�v�a�t�i�o�n�s� 

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

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

�M�E�S�F�E�T�s� �[�1�1�3�]�.� 

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

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

�a�n�d� �i�m�p�e�r�f�e�c�t�i�o�n�s�,� �e�i�t�h�e�r� �p�r�e�s�e�n�t� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �s�u�b�s�t�r�a�t�e� �o�r� �i�n�d�u�c�e�d� �b�y� �t�h�e� �f�a�b�r�i�c�a�t�i�o�n� �p�r�o�c�e�s�s� �[�2�7�]�.� 

�D�e�e�p� �l�e�v�e�l�s� �i�n� �t�h�e� �c�h�a�n�n�e�l� �r�e�g�i�o�n� �o�r� �a�t� �t�h�e� �c�h�a�n�n�e�l�-�s�u�b�s�t�r�a�t�e� �i�n�t�e�r�f�a�c�e� �r�e�g�i�o�n� �o�f� �F�E�T�s� �c�a�n� �g�i�v�e� �r�i�s�e� 

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

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

�r�e�s�i�s�t�a�n�c�e�,� �l�o�w� �s�o�u�r�c�e�-�d�r�a�i�n� �b�r�e�a�k�d�o�w�n� �v�o�l�t�a�g�e�,� �l�o�w� �p�o�w�e�r� �g�a�i�n� �a�t� �r�f�,� �a�n�d� �b�a�c�k�g�a�t�i�n�g�/�s�i�d�e�g�a�t�i�n�g�.� 

�A�l�t�h�o�u�g�h� �a�l�l� �o�f� �t�h�e� �a�b�o�v�e� �m�e�n�t�i�o�n�e�d� �e�f�f�e�c�t�s� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� �a�n�o�m�a�l�i�e�s� �i�n� �M�E�S�F�E�T�s�,� �t�h�e� 

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

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

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

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

�e�l�e�c�t�r�o�d�e� �(�o�r� �d�e�v�i�c�e�)�,� �r�e�s�p�e�c�t�i�v�e�l�y� �[�8�5�,�8�6�]�.� �T�h�e� �s�i�d�e�g�a�t�i�n�g� �e�f�f�e�c�t�s� �h�a�s� �a�l�s�o� �b�e�e�n� �o�b�s�e�r�v�e�d� �f�o�r� �d�c�,� �r�f�,� �a�n�d� 

�d�i�g�i�t�a�l� �b�i�a�s� �c�o�n�d�i�t�i�o�n�s� �[�8�7�]�.� �A�l�t�e�r�n�a�t�i�v�e�l�y�,� �s�i�d�e�g�a�t�i�n�g� �c�a�n� �b�e� �d�e�f�i�n�e�d� �a�s� �a� �c�r�o�s�s�t�a�l�k� �b�e�t�w�e�e�n� �F�E�T� �a�n�d� 

�a�n� �a�d�j�a�c�e�n�t� �i�s�o�l�a�t�e�d� �d�e�v�i�c�e�,� �w�h�i�l�e� �b�a�c�k�g�a�t�i�n�g� �i�s� �t�h�e� �c�r�o�s�s�t�a�l�k� �b�e�t�w�e�e�n� �t�h�e� �F�E�T� �a�n�d� �t�h�e� �s�u�b�s�t�r�a�t�e� 

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

�i�n�t�e�r�f�a�c�e�,� �e�i�t�h�e�r� �E�L�2� �o�r� �C�r� �c�e�n�t�e�r�,� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�i�s� �e�f�f�e�c�t� �[�8�6�]�.� �S�o�m�e� �s�u�c�c�e�s�s� �i�n� �r�e�d�u�c�i�n�g� �t�h�i�s� �e�f�f�e�c�t� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �6�0



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

�b�u�f�f�e�r� �l�a�y�e�r� �b�e�t�w�e�e�n� �t�h�e� �a�c�t�i�v�e� �l�a�y�e�r� �a�n�d� �t�h�e� �S�I� �G�a�A�s� �s�u�b�s�t�r�a�t�e� �[�8�9�]� �o�r� �b�y� �u�s�i�n�g� �a� �p�-�t�y�p�e� �i�m�p�l�a�n�t� 

�u�n�d�e�r� �a�n� �n�-�t�y�p�e� �a�c�t�i�v�e� �G�a�A�s� �l�a�y�e�r� �[�9�0�]�.� �T�h�e� �p�u�b�l�i�s�h�e�d� �r�e�s�u�l�t�s� �o�n� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� �b�u�f�f�e�r� �l�a�y�e�r�s� �w�i�l�l� 

�b�e� �d�i�s�c�u�s�s�e�d� �i�n� �s�e�c�t�i�o�n� �3�.�8�.� 

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

�t�h�e� �b�a�c�k�g�a�t�i�n�g� �e�f�f�e�c�t�s� �[�1�0�0�]�.� �T�h�e� �o�n�s�e�t� �b�i�a�s� �f�o�r� �t�h�e� �b�a�c�k�g�a�t�i�n�g� �e�f�f�e�c�t� �r�e�p�o�r�t�e�d�l�y� �c�o�i�n�c�i�d�e�s� �w�i�t�h� �t�h�e� 

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

�s�u�b�s�t�r�a�t�e�)� �f�o�r� �s�u�b�s�t�r�a�t�e� �c�o�n�d�u�c�t�i�o�n� �[�1�0�0�]�.� �S�e�v�e�r�a�l� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �e�f�f�e�c�t�i�v�e� 

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

�i�n�t�e�r�f�a�c�e� �i�n�t�o� �t�h�e� �a�c�t�i�v�e� �n�-�l�a�y�e�r�,� �d�u�e� �t�o� �t�r�a�p�s� �n�e�a�r� �t�h�e� �i�n�t�e�r�f�a�c�e� �[�5�2�,�5�3�]�.� �I�t�o�h� �a�n�d� �Y�a�n�a�i�,� �i�n� �t�h�e�i�r� 

�i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�r�f�a�c�e� �e�f�f�e�c�t�s� �o�n� �G�a�A�s� �M�E�S�F�E�T�s�,� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �m�a�j�o�r� �c�a�u�s�e� �o�f� �d�r�i�f�t� �i�n� 

�d�r�a�i�n� �c�u�r�r�e�n�t� �a�n�d� �r�f� �p�a�r�a�m�e�t�e�r�s� �i�n� �G�a�A�s� �M�E�S�F�E�T�s� �i�s� �t�h�e� �i�n�t�e�r�f�a�c�e� �e�f�f�e�c�t�s� �a�n�d� �n�o�t� �t�h�e� �s�u�r�f�a�c�e� �e�f�f�e�c�t�s�,� 

�s�i�n�c�e� �d�r�i�f�t� �w�a�s� �a�l�s�o� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �s�u�r�f�a�c�e�-�p�a�s�s�i�v�a�t�e�d� �d�e�v�i�c�e�s� �[�5�4�]�.� 

�3�.�6� �H�i�g�h� �E�n�e�r�g�y� �I�m�p�l�a�n�t�a�t�i�o�n� 

�H�i�g�h� �e�n�e�r�g�y� �(�M�e�V�)� �i�m�p�l�a�n�t�a�t�i�o�n� �i�s� �o�f� �i�n�t�e�r�e�s�t� �i�n� �t�h�e� �f�a�b�r�i�c�a�t�i�o�n� �o�f� �m�i�c�r�o�w�a�v�e� �m�o�n�o�l�i�t�h�i�c� 

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

�d�i�o�d�e�,� �v�a�r�a�c�t�o�r� �d�i�o�d�e�,� �P�I�N� �d�i�o�d�e� �e�t�c�.�)�.� �B�y� �t�h�e� �u�s�e� �o�f� �s�e�l�e�c�t�i�v�e� �i�o�n� �i�m�p�l�a�n�t�a�t�i�o�n� �d�e�e�p� �a�n�d� �s�h�a�l�l�o�w� 

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

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

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

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

�l�i�t�e�r�a�t�u�r�e� �a�v�a�i�l�a�b�l�e� �o�n� �M�e�V� �i�m�p�l�a�n�t�a�t�i�o�n� �o�f� �G�a�A�s� �i�s� �s�c�a�r�c�e�.� �R�e�c�e�n�t�l�y� �K�r�o�w�n�n�e� �a�n�d� �T�h�o�m�p�s�o�n� �h�a�v�e� 

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

�f�o�r� �p�e�r�f�o�r�m�i�n�g� �i�n� �t�h�e� �m�i�l�l�i�m�e�t�e�r� �w�a�v�e� �r�a�n�g�e� �[�1�2�1�]�.� �T�h�e�y� �r�e�p�o�r�t� �t�h�a�t� �t�h�e� �i�o�n�-�i�m�p�l�a�n�t�e�d� �p�h�a�s�e� �s�h�i�f�t�e�r� 

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

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �6�1



�i�m�p�l�a�n�t�a�t�i�o�n� �i�n� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �a� �m�i�l�l�i�m�e�t�e�r�-�w�a�v�e� �m�i�x�e�r� �d�i�o�d�e� �h�a�s� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �[�1�2�2�]�.� 

�A� �b�u�r�i�e�d� �a�c�t�i�v�e� �l�a�y�e�r� �i�s� �f�o�r�m�e�d� �a�f�t�e�r� �M�e�V� �i�m�p�l�a�n�t�a�t�i�o�n� �a�n�d� �a�n�n�e�a�l�i�n�g� �o�f� �G�a�A�s� �[�1�2�3�-�1�2�5�]�.� 

�A� �t�y�p�i�c�a�l� �e�l�e�c�t�r�i�c�a�l� �p�r�o�f�i�l�e� �(�f�r�e�e�-�c�a�r�r�i�e�r� �d�e�n�s�i�t�y� �a�n�d� �m�o�b�i�l�i�t�y�)� �f�o�r� �a� �6� �M�e�V� �S�i�-�i�m�p�l�a�n�t�e�d� �a�n�d� �f�u�r�n�a�c�e� 

�a�n�n�e�a�l�e�d� �(�8�5�0� �°�C� �/�1�5� �m�i�n�.�)� �G�a�A�s� �s�a�m�p�l�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�1�1�a�.� �T�h�e� �b�u�r�i�e�d� �n�-�l�a�y�e�r� �i�s� �l�o�c�a�t�e�d� �a�t� �a� 

�d�e�p�t�h� �o�f� �2� �y�m� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �f�o�r� �t�h�e� �c�a�s�e� �o�f� �6� �M�e�V� �S�i�i�m�p�l�a�n�t�a�t�i�o�n�.� �I�t� �h�a�s� �b�e�e�n� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �f�o�r� 

�a�n� �i�m�p�l�a�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �5� �x� �1�0 �� �c�m�®� �o�r� �l�e�s�s�,� �8�5�0�°�C� �f�u�r�n�a�c�e� �a�n�n�e�a�l�i�n�g� �i�s� �q�u�i�t�e� �a�d�e�q�u�a�t�e� �b�u�t� �f�o�r� 

�a� �h�i�g�h�e�r� �i�m�p�l�a�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �t�h�e� �R�T�A� �m�e�t�h�o�d� �y�i�e�l�d�s� �s�u�p�e�r�i�o�r� �r�e�s�u�l�t�s� �[�1�2�4�]�.� �T�h�e� �H�a�l�l� �m�o�b�i�l�i�t�y� �o�f� 

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

�i�m�p�u�r�i�t�y� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �S�I�M�S� �a�n�d� �e�l�e�c�t�r�o�l�y�t�i�c� �C�-�V� �m�e�a�s�u�r�e�m�e�n�t�s� �p�e�r�f�o�r�m�e�d� �o�n� �1�,� �2�,� �4� �a�n�d� �6� �M�e�V� 

�S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �s�h�o�w�e�d� �p�r�a�c�t�i�c�a�l�l�y� �n�o� �d�o�p�a�n�t� �r�e�d�i�s�t�r�i�b�u�t�i�o�n�,� �b�o�t�h� �f�o�r� �t�h�e� �c�a�s�e� �o�f� �f�u�r�n�a�c�e� �a�n�n�e�a�l�i�n�g� 

�(�8�0�0� �°�C�,� �1�5� �m�i�n�.�)� �a�n�d� �R�T�A� �(�1�0�0�0� �°�C�,� �1�0� �s�e�c�)� �m�e�t�h�o�d�s� �[�1�2�6�]�.� �H�i�g�h�e�r� �n�-�t�y�p�e� �a�c�t�i�v�a�t�i�o�n� �h�a�s� �b�e�e�n� 

�r�e�p�o�r�t�e�d� �w�h�e�n� �S�i� �i�s� �c�o�-�i�m�p�l�a�n�t�e�d� �w�i�t�h� �s�u�l�p�h�u�r� �[�1�2�5�]�.� �S�u�l�p�h�u�r� �o�c�c�u�p�i�e�s� �A�s� �s�i�t�e�s� �a�n�d� �t�h�u�s� �m�i�n�i�m�i�z�e�s� 

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

�T�h�e� �e�l�e�c�t�r�i�c�a�l� �a�n�d� �s�t�r�u�c�t�u�r�a�l� �c�h�a�n�g�e�s� �i�n� �G�a�A�s� �a�s� �a� �r�e�s�u�l�t� �o�f� �C�l ��*� �(�6�.�2� �o�r� �8�.�3� �M�e�V�)� �a�n�d� �O�*�*� 

�(�6�.�2� �M�e�V�)� �i�m�p�l�a�n�t�a�t�i�o�n� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �[�1�2�7�]�.� �T�h�e� �R�B�S� �a�n�d� �X�T�E�M� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �M�e�V� 

�i�o�n�-�i�m�p�l�a�n�t�a�t�i�o�n�,� �b�o�t�h� �C�l�*�*� �a�n�d� �O�%�*�,� �r�e�s�u�l�t�e�d� �i�n� �a� �b�u�r�i�e�d� �a�m�o�r�p�h�i�z�e�d� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �f�o�r� �i�o�n� �d�o�s�e�s� 

�a�b�o�v�e� �1�x� �1�0�°� �c�m�®�.� �A�l�t�h�o�u�g�h� �a�n�n�e�a�l�i�n�g� �c�a�n� �r�e�s�t�o�r�e� �c�r�y�s�t�a�l�l�i�n�i�t�y� �t�o� �t�h�e� �a�m�o�r�p�h�i�z�e�d� �r�e�g�i�o�n�,� �m�a�n�y� �o�f� 

�t�h�e� �c�r�y�s�t�a�l� �d�e�f�e�c�t�s� �s�t�i�l�l� �r�e�m�a�i�n�e�d� �a�f�t�e�r� �t�h�e� �h�e�a�t� �t�r�e�a�t�m�e�n�t� �[�1�2�7�]�.� �T�h�e� �s�t�r�u�c�t�u�r�a�l� �e�f�f�e�c�t� �o�f� �M�e�V� �S�i�-� 

�i�m�p�l�a�n�t�e�d� �G�a�A�s� �a�n�d� �i�t�s� �a�n�n�e�a�l�i�n�g� �b�e�h�a�v�i�o�r� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �b�y� �C�h�e�n� �a�n�d� �c�o�w�o�r�k�e�r�s� �[�1�2�8�,�1�2�9�]�.� 

�T�h�e�y� �r�e�p�o�r�t� �t�h�a�t� �M�e�V� �S�i�-�i�m�p�l�a�n�t�a�t�i�o�n� �o�f� �G�a�A�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �r�e�s�u�l�t�s� �i�n� �a� �v�e�r�y� �s�m�a�l�l� �a�m�o�u�n�t� 

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

�r�e�g�i�o�n�s� �a�r�e� �o�t�h�e�r�w�i�s�e� �c�r�e�a�t�e�d�.� �T�h�i�s� �i�s� �c�o�n�t�r�a�r�y� �t�o� �t�h�e� �f�i�n�d�i�n�g� �o�f� �B�a�r�d�i�n� �e�t� �a�l�.� �[�1�2�7�]�.� �I�t� �h�a�s� �b�e�e�n� 

�s�u�g�g�e�s�t�e�d� �t�h�a�t� �d�u�r�i�n�g� �M�e�V� �i�m�p�l�a�n�t�a�t�i�o�n� �o�f� �G�a�A�s�,� �a�n� �e�x�t�e�n�s�i�v�e� �i�n�-�s�i�t�u� �s�e�l�f�-�a�n�n�e�a�l�i�n�g� �t�a�k�e�s� �p�l�a�c�e� �w�i�t�h� 

�t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �b�o�t�h� �p�e�r�f�e�c�t� �a�n�d� �p�a�r�t�i�a�l� �i�n�t�e�r�s�t�i�t�i�a�l�-�t�y�p�e� �d�i�s�l�o�c�a�t�i�o�n� �l�o�o�p�s� �[�1�2�8�,� �1�2�9�]�.� �T�h�e�s�e� �l�o�o�p�s� 

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

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

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �6�2
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�D�I�F�F�E�R�E�N�T�I�A�L� �H�A�L�L� �P�R�O�F�I�L�E� �<� 

�b�o�f� �i� �1�0�°� 

�0� �1�.�0� �2�.�0� �3�.�0� �4�.�0� �5�.�0� 

�D�E�P�T�H� �i�u�m�)� 

�a�)� 

� � � � � �3�M�e�V�,�1�x�1�0�'�°�c�e�m�?� �~�3� 

�2� �M�e�V�,� �1�x�1�0�"� �o�m�?� 

�b�)� 

�F�i�g�.� �3�.�1�1� �a�)� �C�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �m�o�b�i�l�i�t�y� �p�r�o�f�i�l�e�s� �i�n� �6� �M�e�V� �S�i� �i�m�p�l�a�n�t�e�d� �a�n�d� �f�u�r�n�a�c�e� 
�a�n�n�e�a�l�e�d� �G�a�A�s� �[�1�2�4�]� �a�n�d� �b�)� �X�T�E�M� �m�i�c�r�o�s�t�r�u�c�t�u�r�e�s� �o�f� �1�,� �2�,� �a�n�d� �3� �M�e�V� �S�i�-� 
�i�m�p�l�a�n�t�e�d� �G�a�A�s� �[�1�2�8�]�.� 

�6�3



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

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

�t�o� �t�h�e� �s�u�r�f�a�c�e�,� �w�i�t�h� �t�h�e� �s�u�r�f�a�c�e� �a�c�t�i�n�g� �a�s� �a�n�n�i�h�i�l�a�t�i�o�n� �s�i�n�k� �f�o�r� �t�h�e� �l�o�o�p�s� �[�1�2�9�]�.� �A� �t�y�p�i�c�a�l� �X�T�E�M� 

�m�i�c�r�o�s�t�r�u�c�t�u�r�e� �f�o�r� �1�,� �2�,� �a�n�d� �3� �M�e�V� �S�i�-�i�m�p�l�a�n�t�e�d� �(�1� �x� �1�0�°� �c�m ��)� �a�n�d� �R�T�A� �(�8�0�0� �°�C�,� �3�0� �s�e�c�)� �G�a�A�s� �i�s� 

�s�h�o�w�n� �i�n� �F�i�g�.� �3�.�1�1�b�.� �I�t� �i�s� �e�v�i�d�e�n�t� �f�r�o�m� �t�h�e� �f�i�g�u�r�e� �t�h�a�t� �a� �b�u�r�i�e�d� �r�e�s�i�d�u�a�l� �d�e�f�e�c�t� �b�a�n�d� �o�f� �l�o�o�p�s� �r�e�m�a�i�n�s� 

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

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

�3�.�7� �M�B�E� �E�p�i�t�a�x�i�a�l� �L�a�y�e�r� 

�T�h�e� �f�i�r�s�t� �s�t�u�d�y� �o�f� �d�e�e�p� �l�e�v�e�l�s� �i�n� �n�-�G�a�A�s� �g�r�o�w�n� �b�y� �M�B�E� �w�a�s� �r�e�p�o�r�t�e�d� �b�y� �L�a�n�g� �e�f� �a�l�.� �[�3�2�]� �a�n�d� 

�t�h�e�y� �o�b�s�e�r�v�e�d� �n�i�n�e� �d�i�f�f�e�r�e�n�t� �e�l�e�c�t�r�o�n� �t�r�a�p�s� �l�a�b�e�l�l�e�d� �M�O�.�.�.�.�M�8�.� �M�o�s�t� �o�f� �t�h�e� �o�b�s�e�r�v�e�d� �t�r�a�p�s� �a�r�e� �a�s�c�r�i�b�e�d� 

�t�o� �t�h�e� �c�h�e�m�i�c�a�l� �c�o�n�t�a�m�i�n�a�n�t�s� �i�n�c�o�r�p�o�r�a�t�e�d� �d�u�r�i�n�g� �g�r�o�w�t�h�.� �L�a�n�g� �e�t� �a�l�.� �[�3�2�]� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e�s�e� �t�r�a�p�s� 

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

�c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �t�r�a�p� �p�a�r�a�m�e�t�e�r�s� �o�f� �f�e�w� �"�M�"� �l�e�v�e�l�s� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �3�.�4� �[�3�4�]�.� �B�l�o�o�d� �a�n�d� �H�a�r�r�i�s� 

�h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� �"�M�"� �l�e�v�e�l�s� �i�n� �M�B�E� �G�a�A�s� �i�s� �w�e�a�k�l�y� �d�e�p�e�n�d�e�n�t� �o�n� �A�s�:�G�a� 

�f�l�u�x� �r�a�t�i�o� �b�u�t� �d�e�c�r�e�a�s�e� �r�a�p�i�d�l�y� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �g�r�o�w�t�h� �t�e�m�p�e�r�a�t�u�r�e� �[�3�3�]�.� �T�a�b�l�e�s� �3�.�7� �a�n�d� �3�.�8� �s�u�m�m�a�r�i�z�e� 

�t�h�e� �e�f�f�e�c�t�s� �o�f� �M�B�E� �g�r�o�w�t�h� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �e�l�e�c�t�r�o�n� �a�n�d� �h�o�l�e� �t�r�a�p� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �G�a�A�s�,� �r�e�s�p�e�c�t�i�v�e�l�y� 

�[�6�0�]�.� �T�y�p�i�c�a�l�l�y� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e� �d�u�r�i�n�g� �g�r�o�w�t�h� �v�a�r�i�e�s� �b�e�t�w�e�e�n� �5�5�0� �-� �6�5�0� �°�C�.� �N�e�a�v�e�,� �e�t� �a�l�.� �h�a�v�e� 

�o�b�t�a�i�n�e�d� �a� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �a�r�s�e�n�i�c� �s�p�e�c�i�e�s� �a�n�d� �t�h�e� �t�r�a�p� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �[�3�5�]�.� �W�i�t�h� �a�l�l� �o�t�h�e�r� 

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

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

�a�l�s�o� �s�u�p�p�o�r�t�e�d� �b�y� �K�i�i�n�z�e�l� �e�t� �a�l�.� �[�1�0�6�]�.� �S�k�r�o�m�m�e� �e�7� �a�l�.� �h�a�v�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �h�i�g�h� �p�u�r�i�t�y� �S�i�-�d�o�p�e�d� �M�B�E� 

�G�a�A�s� �(�t�o�t�a�l� �t�r�a�p� �c�o�n�c�e�n�t�r�a�t�i�o�n� �~� �3�x�1�0�"� �c�m ��)� �u�s�i�n�g� �d�i�f�f�e�r�e�n�t� �p�u�r�i�t�y� �A�s� �s�o�u�r�c�e�s�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� 

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

�3�.�8� �B�u�f�f�e�r� �L�a�y�e�r� 

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

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

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

�M�E�S�F�E�T�s� �s�t�i�l�l� �r�e�m�a�i�n� �e�v�e�n� �w�i�t�h� �t�h�e� �b�u�f�f�e�r� �l�a�y�e�r�.� �T�h�i�s� �p�r�o�b�l�e�m� �i�s� �s�e�r�i�o�u�s� �f�o�r� �p�e�r�f�o�r�m�a�n�c�e� �s�t�a�b�i�l�i�t�y� 

�o�f� �n�o�t� �o�n�l�y� �G�a�A�s� �M�E�S�F�E�T�,� �b�u�t� �a�l�s�o� �o�t�h�e�r� �G�a�A�s� �p�l�a�n�a�r� �d�e�v�i�c�e�s� �s�u�c�h� �a�s� �G�u�n�n� �e�f�f�e�c�t� �d�e�v�i�c�e�s�,� 

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

�h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �S�I� �G�a�A�s� �s�u�b�s�t�r�a�t�e� �o�r� �t�o� �t�h�e� �b�u�f�f�e�r� �l�a�y�e�r� �u�n�d�e�r�l�y�i�n�g� �t�h�e� �a�c�t�i�v�e� �l�a�y�e�r� �[�5�2�]�.� 

�I�t�o�h� �a�n�d� �Y�a�n�a�i� �h�a�v�e� �s�t�u�d�i�e�d� �t�h�e� �i�n�s�t�a�b�i�l�i�t�y� �i�n� �d�r�a�i�n� �c�u�r�r�e�n�t� �i�n� �G�a�A�s� �M�E�S�F�E�T�s� �w�i�t�h� �b�u�f�f�e�r� �l�a�y�e�r� �a�n�d� 

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

�c�h�a�n�n�e�l�-�b�u�f�f�e�r� �a�n�d� �t�h�e� �b�u�f�f�e�r�-�s�u�b�s�t�r�a�t�e� �i�n�t�e�r�f�a�c�e�s�[�8�4�]�.� �F�r�o�m� �t�h�e� �v�i�e�w�p�o�i�n�t� �o�f� �s�t�a�b�i�l�i�t�y� �p�e�r�f�o�r�m�a�n�c�e�,� 

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

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

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

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

�h�i�g�h� �f�r�e�q�u�e�n�c�y� �p�a�r�a�m�e�t�e�r�s� �o�f� �a� �G�a�A�s� �M�E�S�F�E�T� �[�5�4�]�.� �I�t� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �d�e�e�p� �l�e�v�e�l� 

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

�o�r�i�g�i�n�a�t�e� �f�r�o�m� �t�h�e� �G�a�A�s� �s�u�b�s�t�r�a�t�e� �[�7�0�]�.� 

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

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

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

�e�x�c�e�s�s� �d�e�e�p� �t�r�a�p�s� �w�h�i�c�h� �a�r�e� �u�n�o�c�c�u�p�i�e�d� �i�n� �t�h�e� �b�u�l�k� �[�8�6�]�.� �T�o� �r�e�d�u�c�e� �b�a�c�k�g�a�t�i�n�g�,� �t�h�e� �b�u�f�f�e�r� �l�a�y�e�r� 

�s�h�o�u�l�d� �p�r�o�v�i�d�e� �a�n� �i�n�c�r�e�a�s�e� �i�n� �b�u�l�k� �r�e�s�i�s�t�i�v�i�t�y�.� �T�h�e� �m�i�c�r�o�w�a�v�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �G�a�A�s� �M�E�S�F�E�T�s� �i�s� 

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

�s�a�t�u�r�a�t�i�o�n� �o�f� �t�h�e� �o�u�t�p�u�t� �p�o�w�e�r� �a�n�d� �i�n�c�r�e�a�s�e�d� �n�o�i�s�e� �f�i�g�u�r�e�s� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �t�r�a�p�s� �[�6�7�-�6�9�]�.� 

�S�c�h�a�f�f� �a�n�d� �E�a�s�t�m�a�n� �r�e�p�o�r�t� �a� �s�u�p�e�r�i�o�r� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �a� �M�B�E�-�g�r�o�w�n� �G�a�A�s� �F�E�T� �o�n� �a� 

�s�u�p�e�r�l�a�t�t�i�c�e� �(�2�7�0� �A� �A�l�o� �4�s�G�a�o�s�s�A�s�/� �3�0� �A� �G�a�A�s�,� �1�0�0� �p�e�r�i�o�d�s�)� �b�u�f�f�e�r� �c�o�m�p�a�r�e�d� �t�o� �F�E�T�s� �o�n� �G�a�A�s� �a�n�d� 

�A�l�G�a�A�s� �b�u�f�f�e�r�s� �[�7�1�]�.� �T�h�e� �D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �F�E�T�s� �g�r�o�w�n� �o�n� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �b�u�f�f�e�r�s� �(�G�a�A�s�,� 

�A�l�G�a�A�s�,� �a�n�d� �s�u�p�e�r�l�a�t�t�i�c�e�)� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�1�3�a�.� �T�h�e� �d�e�e�p� �l�e�v�e�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �c�o�n�s�i�d�e�r�a�b�l�y� 

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

�o�n� �t�h�e�s�e� �t�h�r�e�e� �b�u�f�f�e�r�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�1�3�b�.� �T�h�e� �G�a�A�s� �a�n�d� �s�u�p�e�r�l�a�t�t�i�c�e� �b�u�f�f�e�r�e�d� �d�e�v�i�c�e�s� �s�h�o�w�e�d� 

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

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

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

�i�n�t�e�r�f�a�c�e� �[�8�2�]�.� �A�s� �a� �r�e�s�u�l�t�,� �c�a�r�r�i�e�r� �d�e�p�l�e�t�i�o�n� �i�n� �t�h�e� �g�r�o�w�i�n�g� �n�-�G�a�A�s� �n�e�a�r� �t�h�e� �i�n�t�e�r�f�a�c�e� �o�c�c�u�r�s�,� �a�n�d� �i�s� �|� 

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

�S�u�b�s�e�q�u�e�n�t� �p�r�o�c�e�s�s�i�n�g�.� 

�3�.�8�.�1� �L�o�w� �T�e�m�p�e�r�a�t�u�r�e� �G�a�A�s� �B�u�f�f�e�r� 

�C�r�y�s�t�a�l� �d�e�f�e�c�t�s� �d�u�r�i�n�g� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �(�L�T�)� �M�B�E� �g�r�o�w�t�h� �o�f� �G�a�A�s� �a�r�e� �p�r�o�d�u�c�e�d� �b�e�c�a�u�s�e� �o�f� 

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

�i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �g�r�o�w�i�n�g� �f�i�l�m�.� �L�o�w� �t�e�m�p�e�r�a�t�u�r�e� �M�B�E� �g�r�o�w�t�h� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �h�i�g�h� �d�e�e�p� �l�e�v�e�l� 

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

�(�t�e�m�p�e�r�a�t�u�r�e� �b�e�l�o�w� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �5�5�0�-�6�5�0� �°�C� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�)� �i�n�t�r�o�d�u�c�e�s� �a� �h�i�g�h� 

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

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

�o�f� �s�u�c�h� �l�a�y�e�r�s� �a�s� �h�i�g�h�-�r�e�s�i�s�t�a�n�c�e� �b�u�f�f�e�r� �l�a�y�e�r�s� �f�o�r� �G�a�A�s� �M�E�S�F�E�T�s� �i�s� �n�o�t� �s�t�r�a�i�g�h�t�f�o�r�w�a�r�d�.� 

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

�1�5�0�-�3�0�0� �°�C� �u�s�i�n�g� �G�a� �a�n�d� �A�s�,� �b�e�a�m� �f�l�u�x�e�s� �u�n�d�e�r� �A�s� �s�t�a�b�l�e� �c�o�n�d�i�t�i�o�n� �a�t� �a� �g�r�o�w�t�h� �r�a�t�e� �o�f� �1� �y�m�/�h�r� �[�8�8�]�.� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �6�9
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�i� �t�,� �=� �4� �m�s�e�c� �H�L�3� 

�t�2�=�2�0� �m�s�e�c� �F�e� 
 �� �|� �l�O�m�s�e�c� �r�a�t�e� �w�i�n�d�o�w� 

�w�n� �<� �|� 

�>� �d�i�a�g� �G�a� �7�9� �A�s� 

�5� �|� �G�o�A�s�/�A�l� �3�G�a� �7�o�A�s� 

�5� �G�a�A�s� 
�2�L� �=� �A�l� �3�0�9�9�.�7�9� �A�s� 
�&� �G�a�A�s�/�A�l� �3�0�6�0� �7�9� �A�s� 
�w�o�r� �B�l�e� 

�S�a�_�q� �a�n�t�i�-�s�i�t�e� �F� �G�a� 
�B�E� �T�n� �_� 

�G�a�A�s� 

�5�0� �1�5�0� �2�5�0� �3�5�0� �4�5�0�.� 
�T�e�m�p�e�r�a�t�u�r�e� �(�°�K�)� 

�a�)� 

�4�0�-�-� �L�i�g�h�t� �o�n�d� �d�a�r�k� �V�o�s� �=�4� �v�o�l�t�s� 

�b�o�c�k�g�a�t�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �2�5� �m�m� �g�a�t�e� �w�i�d�t�h� 
�b� �f�o�r� �t�h�r�e�e� �t�y�p�e�s� �o�f� �b�u�f�f�e�r�s� 

�I�Z�z�0�r�~� 
�~�~� �S�u�p�e�r�l�a�t�t�i�c�e� 

�-�=� �|� �b�a� �=�=� �e�e�n�s�  ��s� �¢� �o�o�r� �S�e�e� �S�a�n� 
�=�  ��\� �G�o�d�s� 

 �� 

�g� �8�0�k� �S�s�,� 
�e�e� �~�.� 

�s�o�t� �o�e� �f�i�i�c�a�a�s� 
 ��e�n� 

 �� �O�o�r�k� �a�e� 

�4�0�F�  ��~�-� �L�i�g�h�t� �~�s� 
�W�e�e� 

�2�0� �l� �a� �!� �l�  ��_�_�t�  �� 

�2�0� �4�0� 
�B�a�c�k�g�a�t�i�n�g� �v�o�l�t�o�g�e� �(�v�o�l�t�s�)� 

�b�)� 

�F�i�g�.� �3�.�1�3�.� �E�f�f�e�c�t� �o�f� �F�E�T� �b�u�f�f�e�r� �l�a�y�e�r�s� �o�n� �a�)� �D�L�T�S� �s�p�e�c�t�r�a� �o�f� �a�c�t�i�v�e� �l�a�y�e�r�s� �a�n�d� �b�)� �b�a�c�k�g�a�t�i�n�g� 
�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �[�7�1�]�.� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �7�0



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

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

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

�T�h�e� �r�e�s�u�l�t�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�1�4�a� �a�n�d� �3�.�1�4�b�,� �w�h�e�r�e� �t�h�e� �b�a�c�k�g�a�t�i�n�g� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �M�E�S�F�E�T�s� �f�o�r�m�e�d� 

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

�t�h�e� �M�E�S�F�E�T�s� �w�i�t�h� �L�T� �G�a�A�s� �b�u�f�f�e�r�s� �a�r�e� �c�o�m�p�a�r�a�b�l�e� �t�o� �t�h�e� �M�E�S�F�E�T�s� �f�a�b�r�i�c�a�t�e�d� �b�y� �o�t�h�e�r� 

�c�o�n�v�e�n�t�i�o�n�a�l� �m�e�a�n�s� �[�8�8�]�.� �I�n� �a� �s�e�p�a�r�a�t�e� �p�u�b�l�i�c�a�t�i�o�n�,� �t�h�e� �s�a�m�e� �g�r�o�u�p� �h�a�s� �p�r�e�s�e�n�t�e�d� �a� �d�e�t�a�i�l�e�d� �s�t�u�d�y� 

�o�n� �t�h�e� �s�i�d�e�g�a�t�i�n�g� �e�f�f�e�c�t�s� �o�f� �L�T� �G�a�A�s� �b�u�f�f�e�r� �l�a�y�e�r�s� �i�n� �a�n�a�l�o�g� �M�E�S�F�E�T� �c�i�r�c�u�i�t�s� �(�a�t� �r�f�)� �a�n�d� �a�l�s�o� �i�n� 

�d�i�g�i�t�a�l� �c�i�r�c�u�i�t�s� �[�9�8�]�.� �T�h�e�y� �w�e�r�e� �s�u�c�c�e�s�s�f�u�l� �i�n� �r�e�d�u�c�i�n�g� �t�h�e� �r�f� �s�i�g�n�a�l� �c�o�u�p�l�i�n�g� �b�e�t�w�e�e�n� �d�e�v�i�c�e�s� �m�a�d�e� �o�n� 

�a� �L�T� �(�2�0�0� �°�C�)� �G�a�A�s� �b�u�f�f�e�r� �c�o�m�p�a�r�e�d� �t�o� �d�e�v�i�c�e�s� �f�o�r�m�e�d� �u�s�i�n�g� �a� �c�o�n�v�e�n�t�i�o�n�a�l� �b�u�f�f�e�r� �l�a�y�e�r� �(�u�n�d�o�p�e�d� 

�M�B�E� �G�a�A�s� �g�r�o�w�n� �a�t� �5�8�0� �°�C�)�.� �T�h�e� �d�e�v�i�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �i�n� �t�h�e� �l�a�t�e�r� �s�t�r�u�c�t�u�r�e� �w�e�r�e� �s�t�r�o�n�g�l�y� �m�o�d�i�f�i�e�d� 

�b�y� �a� �s�i�d�e�g�a�t�e� �b�i�a�s� �[�9�8�]�.� �A�s� �f�o�r� �t�h�e� �d�i�g�i�t�a�l� �c�i�r�c�u�i�t� �u�s�i�n�g� �t�h�e� �L�T� �b�u�f�f�e�r�,� �t�h�e� �v�o�l�t�a�g�e� �l�e�v�e�l�s� �o�f� �l�o�g�i�c� �s�t�a�t�e�s� 

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

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

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

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

�m�i�c�r�o�w�a�v�e� �i�n�t�e�g�r�a�t�e�d� �c�i�r�c�u�i�t�s�.� �I�m�p�r�o�v�e�d� �b�a�c�k�g�a�t�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�i�t�h� �a� �L�T� �G�a�A�s� �b�u�f�f�e�r� �c�o�m�p�a�r�e�d� 

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

�p�e�r�f�o�r�m�a�n�c�e� �M�E�S�F�E�T� �u�s�i�n�g� �a� �L�T� �G�a�A�s� �b�u�f�f�e�r� �l�a�y�e�r� �[�9�9�]�.� 

�M�e�l�l�o�c�h�,� �M�i�l�l�e�r�,� �a�n�d� �D�a�s� �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�s� �o�f� �i�n�c�o�r�p�o�r�a�t�i�n�g� �a� �L�T� �(�2�2�0� �-� �3�0�0�°�C�)� 

�M�B�E� �G�a�A�s� �b�u�f�f�e�r� �o�n� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �a� �m�o�d�u�l�a�t�i�o�n�-�d�o�p�e�d� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �e�l�e�c�t�r�o�n� �g�a�s� �[�9�6�]�.� 

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

�r�e�s�u�l�t� �o�f� �t�h�e� �i�n�s�e�r�t�i�o�n� �o�f� �t�h�e� �b�u�f�f�e�r� �l�a�y�e�r�.� �I�n�s�t�e�a�d� �a� �v�e�r�y� �h�i�g�h� �e�l�e�c�t�r�o�n� �m�o�b�i�l�i�t�y� �o�f� �~� �2�x�1�0�°� �c�m�?�/�V�-�s�e�c� 

�a�t� �4�.�2� �K� �a�t� �a�n� �e�l�e�c�t�r�o�n� �d�e�n�s�i�t�y� �o�f� �5�x�1�0�"� �c�m�?� �w�a�s� �r�e�a�l�i�z�e�d�.� �L�i�n�,� �e�t� �a�l�.�,� �h�o�w�e�v�e�r�,� �h�a�v�e� �d�i�s�c�u�s�s�e�d� �t�h�e� 

�a�n�o�m�a�l�i�e�s� �i�n� �M�O�D�F�E�T�s� �u�s�i�n�g� �a� �L�T� �G�a�A�s� �b�u�f�f�e�r� �l�a�y�e�r� �[�9�7�]�.� �A�l�t�h�o�u�g�h� �t�h�e� �d�c� �a�n�d� �t�h�e� �s�i�d�e�g�a�t�i�n�g� 

�p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �F�E�T�s� �u�s�i�n�g� �a� �L�T� �(�3�0�0� �°�C�)� �G�a�A�s� �b�u�f�f�e�r� �w�e�r�e� �e�n�c�o�u�r�a�g�i�n�g�,� �t�h�e� �b�u�f�f�e�r�e�d� �M�O�D�F�E�T�s� 
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�F�i�g�.� �3�.�1�4� �B�a�c�k�g�a�t�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �M�E�S�F�E�T�s� �u�s�i�n�g� �a�)� �M�B�E� �a�c�t�i�v�e� �G�a�A�s� �o�n� �L�T� �G�a�A�s� 
�b�u�f�f�e�r�,� �V�P�E� �e�p�i�t�a�x�i�a�l�,� �a�n�d� �i�m�p�l�a�n�t�e�d� �a�c�t�i�v�e� �l�a�y�e�r�s�,� �a�n�d� �b�)� �M�B�E� �a�c�t�i�v�e� �G�a�A�s� �o�n� �L�T� 
�G�a�A�s� �b�u�f�f�e�r�,� �n�o�r�m�a�l� �t�e�m�p�e�r�a�t�u�r�e� �M�B�E� �G�a�A�s�,� �a�n�d� �u�n�d�o�p�e�d� �s�u�p�e�r�l�a�t�t�i�c�e� �b�u�f�f�e�r� 
�l�a�y�e�r�s� �[�8�8�]�.� 

�7�2



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

�e�f�f�e�c�t�s� �a�r�e� �p�r�o�b�a�b�l�y� �c�a�u�s�e�d� �b�y� �G�a� �v�a�c�a�n�c�i�e�s� �d�i�f�f�u�s�i�n�g� �i�n�t�o� �t�h�e� �t�o�p�-�e�p�i� �d�u�r�i�n�g� �t�h�e� �e�p�i�-�g�r�o�w�t�h� �[�9�7�]�.� 

�K�a�m�i�n�s�k�a�,� �e�t� �a�l�.�,� �u�s�i�n�g� �T�E�M�,� �X�R�D� �(�X�-�r�a�y� �d�i�f�f�r�a�c�t�i�o�n�)�,� �a�n�d� �E�P�R� �(�e�l�e�c�t�r�o�n� �p�a�r�a�m�a�g�n�e�t�i�c� 

�r�e�s�o�n�a�n�c�e�)� �t�e�c�h�n�i�q�u�e�s�,� �r�e�p�o�r�t� �o�n� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �M�B�E�-�G�a�A�s� �g�r�o�w�n� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� 

�b�e�t�w�e�e�n� �2�0�0�-�3�0�0� �°�C� �w�i�t�h� �a� �g�r�o�w�t�h� �r�a�t�e� �o�f� �1� �p�m�/�h�r� �[�8�1�]�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �L�T� �M�B�E�-�G�a�A�s� 

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

�g�r�o�w�n� �a�t� �n�o�r�m�a�l� �M�B�E� �t�e�m�p�e�r�a�t�u�r�e�s� �(�5�5�0�-�6�5�0� �°�C�)�.� �T�h�e� �l�a�y�e�r� �g�r�o�w�n� �a�t� �2�0�0� �°�C� �s�h�o�w�e�d� �t�h�e� �l�a�r�g�e�s�t� 

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

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

�a�t� �6�0�0� �°�C�.� �T�h�e� �d�e�e�p� �l�e�v�e�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �a� �L�T� �G�a�A�s� �l�a�y�e�r� �i�n�c�r�e�a�s�e�s� �m�o�n�o�t�o�n�i�c�a�l�l�y� �a�s� �t�h�e� �s�u�b�s�t�r�a�t�e� 

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

�p�h�o�t�o�l�u�m�i�n�e�s�c�e�n�c�e� �a�n�d� �h�a�s� �a� �r�e�s�i�s�t�i�v�i�t�y� �s�u�b�s�t�a�n�t�i�a�l�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� �o�f� �S�I�]� �G�a�A�s� �[�9�1�]�.� �T�h�e�s�e� �u�n�i�q�u�e� 

�p�r�o�p�e�r�t�i�e�s� �a�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �a�n� �a�r�s�e�n�i�c� �e�x�c�e�s�s� �o�f� �~� �1� �a�t�o�m�i�c� �%�.� �T�h�e� �L�T� �G�a�A�s� �b�u�f�f�e�r� �l�a�y�e�r� �r�e�s�i�s�t�i�v�i�t�y� 

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

�m�a�t�e�r�i�a�l� �b�e�c�o�m�i�n�g� �p�o�l�y�c�r�y�s�t�a�l�l�i�n�e� �[�8�8�]�.� �T�h�e� �d�i�s�l�o�c�a�t�i�o�n� �d�e�n�s�i�t�y� �i�n� �a� �L�T� �G�a�A�s� �b�u�f�f�e�r� �h�a�s� �b�e�e�n� 

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

�[�9�1�]�.� �T�h�e� �l�a�r�g�e� �a�r�s�e�n�i�c�-�r�i�c�h� �d�e�v�i�a�t�i�o�n� �s�t�o�i�c�h�i�o�m�e�t�r�y� �(�~� �1�-�1�.�5� �a�t�.� �%�)� �f�o�r� �a� �L�T� �M�B�E� �G�a�A�s� �l�a�y�e�r� �h�a�s� �a�l�s�o� 

�b�e�e�n� �c�o�n�f�i�r�m�e�d� �i�n� �a� �s�e�p�a�r�a�t�e� �s�t�u�d�y� �[�9�2�]�.� �H�a�l�l� �e�f�f�e�c�t� �a�n�d� �E�P�R� �m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �a� �L�T� �G�a�A�s� �b�u�f�f�e�r� 

�h�a�v�e� �s�h�o�w�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�n� �a�c�c�e�p�t�o�r� �l�e�v�e�l� �a�t� �~� �0�.�3� �e�V� �a�b�o�v�e� �t�h�e� �v�a�l�e�n�c�e� �b�a�n�d�,� �a�n�d� �i�s� �a�t�t�r�i�b�u�t�e�d� 

�t�o� �g�a�l�l�i�u�m� �v�a�c�a�n�c�y�.� �W�i�e�,� �e�t� �a�l�.� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�e� �X�R�C� �(�X�-�r�a�y� �r�o�c�k�i�n�g� �c�u�r�v�e�)�,� �R�B�S�,� �a�n�d� �v�a�n� �d�e�r� �P�a�u�w� 

�r�e�s�u�l�t�s� �o�n� �t�h�e� �M�B�E� �G�a�A�s� �l�a�y�e�r�s� �g�r�o�w�n� �a�t� �2�0�0� �°�C�,� �2�5�0� �°�C�,� �a�n�d� �3�0�5� �°�C� �[�9�3�]�.� �T�h�e� �e�x�p�a�n�s�i�o�n� �i�n� �l�a�t�t�i�c�e� 

�p�a�r�a�m�e�t�e�r� �f�o�r� �t�h�e� �2�0�0� �°�C� �g�r�o�w�n� �l�a�y�e�r� �w�a�s� �0�.�1�5� �%�,� �w�h�i�c�h� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �g�r�o�w�t�h� 

�t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �l�a�t�t�i�c�e� �p�a�r�a�m�e�t�e�r� �r�e�c�o�v�e�r�s� �o�n� �a�n�n�e�a�l�i�n�g� �a�t� �a�b�o�u�t� �3�5�0�-�4�5�0� �°�C�.� �T�h�i�s� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� 

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

�T�h�e� �d�e�f�e�c�t� �t�y�p�e� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �a� �L�T� �G�a�A�s� �l�a�y�e�r� �m�a�y� �b�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �i�n� �t�h�e� �h�i�g�h� 

�d�o�s�e� �n�e�u�t�r�o�n�-�i�r�r�a�d�i�a�t�e�d� �G�a�A�s� �s�a�m�p�l�e�s� �[�9�4�]�.� �T�h�e� �m�a�i�n� �d�i�f�f�e�r�e�n�c�e� �i�s� �t�h�a�t� �t�h�e� �n�e�u�t�r�o�n�-�i�r�r�a�d�i�a�t�e�d� �G�a�A�s� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �7�3



�h�a�s� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �p�o�i�n�t� �d�e�f�e�c�t�s� �w�h�i�l�e� �a� �L�T� �M�B�E�-�G�a�A�s� �l�a�y�e�r� �i�s� �A�s� �r�i�c�h� �a�n�d� �c�o�n�t�a�i�n�s� �A�s�;� �a�n�d� �A�S�g�,� �a�s� 

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

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

�M�B�E�-�G�a�A�s� �i�n�v�o�l�v�e� �A�s� �[�9�4�]�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �c�o�n�d�u�c�t�i�v�i�t�y� �d�a�t�a� �o�n� �L�T� �M�B�E�-�G�a�A�s� 

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

�r�e�c�e�n�t�l�y�,� �T�a�d�a�y�o�n�,� �e�t� �a�l�.� �h�a�v�e� �r�e�p�o�r�t�e�d� �o�n� �t�h�e� �s�u�c�c�e�s�s�f�u�l� �g�r�o�w�t�h� �o�f� �a� �M�B�E� �G�a�A�s� �l�a�y�e�r� �a�t� �s�u�b�s�t�r�a�t�e� 

�t�e�m�p�e�r�a�t�u�r�e� �a�s� �l�o�w� �a�s� �1�2�0� �°�C� �a�n�d� �a�t� �a� �g�r�o�w�t�h� �r�a�t�e� �o�f� �0�.�1� �w�m�/�h�r� �[�1�0�4�]�.� �T�h�e�y� �h�a�v�e� �c�o�n�f�i�r�m�e�d� �i�t�s� �h�i�g�h� 

�q�u�a�l�i�t�y� �t�h�r�o�u�g�h� �R�a�m�a�n�,� �4� �K� �p�h�o�t�o�l�u�m�i�n�e�s�c�e�n�c�e�,� �a�n�d� �T�E�M� �m�e�a�s�u�r�e�m�e�n�t�s�.� 

�3�.�8�.�2� �A�l�,�G�a�,�,�A�S� �B�u�f�f�e�r� �L�a�y�e�r� 

�T�h�e� �e�f�f�e�c�t�s� �o�f� �u�s�i�n�g� �a�n� �A�l�,�G�a�,�,�A�s� �b�u�f�f�e�r� �l�a�y�e�r� �i�n� �M�E�S�F�E�T� �f�a�b�r�i�c�a�t�i�o�n� �h�a�v�e� �n�o�t� �b�e�e�n� �a�s� 

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

�b�u�f�f�e�r� �l�a�y�e�r�s� �i�n� �G�a�A�s� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �M�E�S�F�E�T�s� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �d�e�v�i�c�e� �o�u�t�p�u�t� �r�e�s�i�s�t�a�n�c�e� �h�a�s� �b�e�e�n� 

�p�r�o�p�o�s�e�d� �b�y� �E�a�s�t�m�a�n� �a�n�d� �h�i�s� �g�r�o�u�p� �[�1�3�3�]�.� �I�t� �i�s� �k�n�o�w�n� �t�h�a�t� �a�n� �e�l�e�c�t�r�o�n� �h�a�s� �a� �l�o�w�e�r� �m�o�b�i�l�i�t�y� �a�n�d� �a� 

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

�l�a�y�e�r� �i�s� �e�x�p�e�c�t�e�d� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �o�u�t�p�u�t� �r�e�s�i�s�t�a�n�c�e� �o�f� �a� �M�E�S�F�E�T�.� 

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

�M�B�E� �a�t� �d�i�f�f�e�r�e�n�t� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �[�1�3�4�]�.� �O�n� �t�h�e� �s�i�n�g�l�e� �p�e�r�i�o�d� �m�o�d�u�l�a�t�i�o�n� �d�o�p�e�d� �A�l�,�G�a�,�,�A�s�/� 

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

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

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

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

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

�h�e�t�e�r�o�-�i�n�t�e�r�f�a�c�e� �b�e�c�a�u�s�e� �o�f� �t�h�e� �A�l� �s�o�u�r�c�e�.� �T�h�e� �d�e�f�e�c�t�s� �i�n� �M�B�E�-�g�r�o�w�n� �A�l�,�G�a�,�,�A�s� �a�r�e� �s�t�r�o�n�g�l�y� 

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

�r�a�t�i�o�,� �t�h�e� �r�e�s�u�l�t�s� �o�f� �w�h�i�c�h� �a�r�e� �v�e�r�y� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d� �[�1�3�6�-�1�3�9�]�.� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �7�4



�W�a�n�g�,� �e�t� �a�l�.� �h�a�v�e� �s�u�c�c�e�e�d�e�d� �i�n� �g�r�o�w�i�n�g� �h�i�g�h� �q�u�a�l�i�t�y� �A�l�,�G�a�,�,�A�s� �b�u�f�f�e�r� �l�a�y�e�r�s� �b�y� �M�B�E�,� �a�n�d� �t�h�e� 

�G�a�A�s� �M�E�S�F�E�T�s� �s�u�b�s�e�q�u�e�n�t�l�y� �f�o�r�m�e�d� �s�h�o�w�e�d� �s�u�p�e�r�i�o�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �[�1�3�5�]�.� �T�h�e�y� �f�a�b�r�i�c�a�t�e�d� �M�B�E�-� 

�g�r�o�w�n� �n�-�G�a�A�s� �o�n� �a�n� �A�l�,�G�a�,�,�A�s� �(�x� �~� �0�.�4�)� �b�u�f�f�e�r� �a�n�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �c�o�u�l�d� �o�b�t�a�i�n� �a�n� �e�l�e�c�t�r�o�n� 

�m�o�b�i�l�i�t�y� �o�f� �~� �4�4�0�0� �c�m ��/�V�-�s�e�c� �a�t� �a� �c�a�r�r�i�e�r� �d�e�n�s�i�t�y� �o�f� �~� �1�.�1� �x� �1�0�' �� �c�m�?� �i�n� �t�h�e� �c�h�a�n�n�e�l�.� �A�t� �a� �g�r�o�w�t�h� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �5�5�0� �°�C� �o�f� �t�h�e� �b�u�f�f�e�r� �l�a�y�e�r�,� �t�h�e�y� �c�o�u�l�d� �n�o�t� �g�r�o�w� �a� �n�-�t�y�p�e� �M�B�E� �G�a�A�s� �l�a�y�e�r� �o�n� �t�o�p� 

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

�t�h�e� �b�u�f�f�e�r�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �t�h�e� �g�r�o�w�t�h� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �r�a�i�s�e�d� �t�o� �6�4�0�-�7�0�0� �°�C�,� �t�h�e� �s�u�r�f�a�c�e� �m�o�r�p�h�o�l�o�g�y� 

�o�f� �t�h�e� �b�u�f�f�e�r� �w�a�s� �s�m�o�o�t�h� �a�n�d� �a� �g�o�o�d� �n�-�t�y�p�e� �M�B�E�-�G�a�A�s� �o�v�e�r�l�a�y�e�r� �c�o�u�l�d� �b�e� �r�o�u�t�i�n�e�l�y� �o�b�t�a�i�n�e�d� �[�1�3�5�]�.� 

�A�n� �A�l�,� �,�G�a�)�,�A�s� �b�u�f�f�e�r� �l�a�y�e�r� �g�r�o�w�n� �a�t� �7�0�0� �°�C� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �h�i�g�h�l�y� �r�e�s�i�s�t�i�v�e�.� �T�h�e� �o�u�t�p�u�t� �r�e�s�i�s�t�a�n�c�e� 

�a�n�d� �t�h�e� �c�u�t�-�o�f�f� �f�r�e�q�u�e�n�c�y� �o�f� �a� �M�E�S�F�E�T� �o�n� �a�n� �A�l�,� �,�G�a�)� �A�s� �b�u�f�f�e�r� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �2�0�0�0� �o�h�m�-�m�m� �a�n�d� 

�4�5� �G�H�z�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�r�e� �w�a�s� �n�o� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �o�t�h�e�r� �d�e�v�i�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �d�u�e� �t�o� �t�h�e� �u�s�e� �o�f� 

�A�l�y� �,�G�a�o�.�A�s� �b�u�f�f�e�r�.� 

�C�h�a�p�t�e�r� �3�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �7�5



�C�H�A�P�T�E�R� �4�.� �E�X�P�E�R�I�M�E�N�T�A�L� �T�E�C�H�N�I�Q�U�E�S� 

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

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

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

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

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

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

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

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

�4�.�1� �W�a�f�e�r� �D�e�s�c�r�i�p�t�i�o�n� 

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

�E�.� �H�i�g�h� �e�n�e�r�g�y� �M�e�V� �i�m�p�l�a�n�t�e�d� �G�a�A�s� 

�S�a�m�p�l�e� �S�i�*�*� �e�n�e�r�g�y� �(�M�e�V�)� �i�m�p�l�a�n�t� �d�o�s�e� �(�c�m ��)� �R�T�A� �(�°�C�)�/� �1�0� �s�e�c�.� 

�N�1� �2� �1�x� �1�0 �� �8�5�0� 

�N�2� �2� �1�x� �1�0 �� �9�0�0� 

�N�3� �2� �1�x� �1�0�%� �9�5�0� 

�N�4� �2� �1�x� �1�0�%� �1�0�0�0� 

�N�S� �2� �1�x� �1�0 �� �1�0�5�0� 

�C�h�a�p�t�e�r� �4�:� �E�x�p�e�r�i�m�e�n�t�a�l� �T�e�c�h�n�i�q�u�e�s� �;� �7�9



�S�a�m�p�l�e� �S�i � ��*� �e�n�e�r�g�y� �(�M�e�V� �i�m�p�l�a�n�t� �d�o�s�e� �(�c�m�?� �R�T�A� �(�°�C�)� �1�0� �s�e�c�.� �p�s�d�m�p�l�e� 

�N�6� �6� �5�x� �1�0 �� �1�0�0�0� 

�N�7� �6� �1�x� �1�0�°� �1�0�0�0� 

�N�8� �6� �1�x� �1�0�"� �9�5�0� 

�N�O� �6� �1�x� �1�0�"� �1�0�0�0� 

�N�O� �1�1�/�1�0� �M�e�V� �S�/�S�i� �1�.�5� �x� �1�0 �� �e�a�c�h�.� �1�0�0�0� 

�T�h�e� �a�s�-�r�e�c�e�i�v�e�d� �s�a�m�p�l�e� �h�a�d� �o�h�m�i�c� �c�o�n�t�a�c�t�s�.� �O�h�m�i�c� �c�o�n�t�a�c�t�s� �f�o�r� �t�h�e� �2� �M�e�V� �s�a�m�p�l�e�s� �w�e�r�e� �o�n� 

�a� �v�a�n� �d�e�r� �P�a�u�w� �c�l�o�v�e�r� �l�e�a�f� �g�e�o�m�e�t�r�y�;� �b�u�t� �o�n� �t�h�e� �6� �M�e�V� �s�a�m�p�l�e�s�,� �t�h�e�y� �w�e�r�e� �p�l�a�c�e�d� �a�t� �t�h�e� �f�o�u�r� �c�o�r�n�e�r�s�.� 

�T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �N�a�v�a�l� �R�e�s�e�a�r�c�h� �L�a�b�o�r�a�t�o�r�y�,� �W�a�s�h�i�n�g�t�o�n� �D�.�C�.�.� 

�F�.� �E�l�e�c�t�r�i�c�a�l� �A�c�t�i�v�a�t�i�o�n� 

�®� �S�t�a�r�t�i�n�g� �s�u�b�s�t�r�a�t�e� �:� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �G�a�A�s�:�C�r� 

�e� �S�i �� �i�m�p�l�a�n�t�a�t�i�o�n� �e�n�e�r�g�y�/� �d�o�s�e� �:� �5�0� �k�e�V�/� �4� �x� �1�0 �� �c�m�?� 

�@� �R�o�t�a�t�i�o�n� �a�n�g�l�e� �:� �4�5�°� 

�e� �A�n�n�e�a�l�i�n�g� �m�o�d�e� �:� �f�u�r�n�a�c�e� �(�p�r�o�x�i�m�i�t�y� �u�s�i�n�g� �G�a�A�s� �w�a�f�e�r�s� �a�s� 
�c�a�p�s�)� 

�@� �A�n�n�e�a�l�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �:� �n�o� �a�n�n�e�a�l�,� �2�0�0�,� �4�0�0�,� �5�2�5�,� �7�7�5�,� �8�5�0�,� �a�n�d� 
�1�0�0�0� �°�C� 

�e�@� �A�n�n�e�a�l�i�n�g� �t�i�m�e�/� �a�m�b�i�e�n�t� �>� �2�0� �m�i�n�.�/� �9�5�%� �N�,� �+� �5�%� �H�,� 

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

�p�e�r�f�o�r�m�e�d� �a�t� �V�P�I�&�S�U�.� 

�4�.�2� �W�a�f�e�r� �P�r�o�c�e�s�s�i�n�g� 

�E�x�c�e�p�t� �f�o�r� �f�a�t� �F�E�T�s� �(�C�)�,� �t�h�e� �a�s�-�r�e�c�e�i�v�e�d� �w�a�f�e�r�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �v�a�r�i�o�u�s� �c�l�e�a�n�i�n�g� �s�t�e�p�s�.� �T�h�i�s� 

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

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

�C�h�a�p�t�e�r� �4�:� �E�x�p�e�r�i�m�e�n�t�a�l� �T�e�c�h�n�i�q�u�e�s� �8�0



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

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

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

�s�u�b�j�e�c�t�e�d� �t�o� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�l�e�a�n�i�n�g� �s�e�q�u�e�n�c�e� �:� 

�(�i�)� �5� �m�i�n�.� �i�n� �b�o�i�l�i�n�g� �t�r�i�c�h�l�o�r�o�e�t�h�y�l�e�n�e� 

�(�i�i�)� �5� �m�i�n�.� �i�n� �w�a�r�m� �a�c�e�t�o�n�e� 

�(�j�i�)� �5� �m�i�n�.� �i�n� �m�e�t�h�a�n�o�l� 

�(�i�v�)� �r�i�n�s�e� �i�n� �d�e�-�i�o�n�i�z�e�d� �(�D�1�)� �w�a�t�e�r� 

�(�v�)� �1�0� �m�i�n�.� �i�n� �1�:�1� �H�C�I�:�H�,�O� �(�b�y� �v�o�l�.�)� 

�(�v�i�)� �r�i�n�s�e� �i�n� �D�I� �w�a�t�e�r� 

�(�v�i�i�)� �b�l�o�w� �d�r�y� �w�i�t�h� �n�i�t�r�o�g�e�n� 

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

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

�4�.�3� �C�o�n�t�a�c�t� �F�o�r�m�a�t�i�o�n� 

�T�w�o� �b�a�s�i�c� �c�o�n�t�a�c�t�s�,� �S�c�h�o�t�t�k�y� �a�n�d� �o�h�m�i�c�,� �w�e�r�e� �f�o�r�m�e�d� �o�n� �c�h�e�m�i�c�a�l�l�y� �c�l�e�a�n�e�d� �G�a�A�s� �s�u�r�f�a�c�e�s�.� 

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

�o�h�m�i�c� �c�o�n�t�a�c�t�s� �w�e�r�e� �1�/�3�2�"� �i�n� �d�i�a�.�,� �a�n�d� �t�o� �m�i�n�i�m�i�z�e� �m�e�a�s�u�r�e�m�e�n�t� �r�e�l�a�t�e�d� �e�r�r�o�r�,� �t�h�e�y� �w�e�r�e� �p�o�s�i�t�i�o�n�e�d� 

�a�s� �c�l�o�s�e� �a�s� �p�o�s�s�i�b�l�e� �t�o� �t�h�e� �s�a�m�p�l�e� �p�e�r�i�p�h�e�r�y� �[�1�7�1�]�.� �D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�s� �r�e�q�u�i�r�e� �a� �S�c�h�o�t�t�k�y� �d�i�o�d�e� 

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

�D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �S�i� �i�m�p�l�a�n�t�e�d� �a�n�d� �a�n�n�e�a�l�e�d� �G�a�A�s� �s�a�m�p�l�e�s�.� �T�h�i�s� �w�a�s� �d�u�e� �t�o� �p�o�o�r� �S�c�h�o�t�t�k�y� 

�d�i�o�d�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�h�i�c�h� �r�e�s�u�l�t�e�d� �i�n� �n�o�n�-�r�e�p�r�o�d�u�c�i�b�l�e� �a�n�d� �n�o�n�-�r�e�l�i�a�b�l�e� �D�L�T�S� �r�e�s�u�l�t�s�.� �I�n�v�a�r�i�a�b�l�y� 

�t�h�e� �D�L�T�S� �s�p�e�c�t�r�a� �w�e�r�e� �n�o�i�s�y� �a�n�d� �d�e�v�o�i�d� �o�f� �a�n�y� �m�e�a�n�i�n�g�f�u�l� �s�i�g�n�a�l�.� �W�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �S�c�h�o�t�t�k�y� 

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

�i�n� �d�i�o�d�e�s� �f�o�r�m�e�d� �o�n� �s�a�m�p�l�e�s� �b�e�l�o�n�g�i�n�g� �t�o� �t�h�e� �A�,� �B�,� �D�,� �a�n�d� �F� �f�a�m�i�l�i�e�s�.� �W�h�a�t� �f�o�l�l�o�w�s� �n�e�x�t� �a�r�e� �t�h�e� 

�s�o�u�r�c�e�s� �f�o�r� �t�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� �i�n� �D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�s� �a�n�d� �t�h�e� �m�e�t�h�o�d�s� �a�d�o�p�t�e�d� �t�o� �c�i�r�c�u�m�v�e�n�t� �t�h�e�m�.� 
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�P�r�o�b�l�e�m�s�:� �S�c�h�o�t�t�k�y� �d�i�o�d�e�s� �f�o�r�m�e�d� �o�n� �s�a�m�p�l�e�s� �f�r�o�m� �c�a�t�e�g�o�r�i�e�s� �A�,� �B�,� �D�,� �a�n�d� �F� �h�a�d� �_� �h�i�g�h� �s�e�r�i�e�s� 

�r�e�s�i�s�t�a�n�c�e� �a�n�d� �c�o�n�s�e�q�u�e�n�t�l�y� �h�i�g�h� �d�i�s�s�i�p�a�t�i�o�n� �f�a�c�t�o�r� �D� �(�0�.�6�-�0�.�8�)�.� �T�h�i�s� �v�a�l�u�e� �o�f� �d�i�s�s�i�p�a�t�i�o�n� �r�e�n�d�e�r�e�d� 

�D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �t�h�e�s�e� �d�i�o�d�e�s� �m�e�a�n�i�n�g�l�e�s�s�.� �F�o�r� �a� �r�e�l�i�a�b�l�e� �D�L�T�S� �r�e�s�u�l�t�,� �t�h�e� �c�o�n�d�i�t�i�o�n� �o�f� �D� 

�<�<� �1�]� �s�h�o�u�l�d� �b�e� �s�a�t�i�s�f�i�e�d�.� �H�i�g�h� �v�a�l�u�e�s� �o�f� �s�e�r�i�e�s� �r�e�s�i�s�t�a�n�c�e�s� �i�n� �t�h�e�s�e� �d�i�o�d�e�s� �a�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �s�h�a�l�l�o�w� 

�a�c�t�i�v�e� �l�a�y�e�r� �t�h�i�c�k�n�e�s�s� �(�u�p� �t�o� �~� �0�.�2� �p�m�)� �a�n�d� �w�i�d�e� �s�e�p�a�r�a�t�i�o�n�s� �b�e�t�w�e�e�n� �o�h�m�i�c� �a�n�d� �S�c�h�o�t�t�k�y� �c�o�n�t�a�c�t�s�.� 

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

�a�n�d� �a�l�i�g�n�m�e�n�t� �h�o�l�e�s� �i�n� �t�h�e� �e�x�i�s�t�i�n�g� �e�v�a�p�o�r�a�t�i�o�n� �j�i�g� �w�a�s� �~� �2� �m�m�.� �A� �s�i�m�i�l�a�r� �s�p�a�c�i�n�g� �b�e�t�w�e�e�n� �t�h�e� 

�c�o�n�t�a�c�t�s� �o�f� �S�c�h�o�t�t�k�y� �d�i�o�d�e�s� �o�n� �M�e�V� �i�m�p�l�a�n�t�e�d� �G�a�A�s� �(�g�r�o�u�p� �E�)� �a�n�d� �S�i� �d�o�p�e�d� �L�E�C� �G�a�A�s� �d�i�d� �n�o�t� 

�y�i�e�l�d� �h�i�g�h� �d�i�s�s�i�p�a�t�i�o�n� �v�a�l�u�e�s�.� �T�h�e� �d�i�s�s�i�p�a�t�i�o�n� �f�a�c�t�o�r�s� �o�n� �s�u�c�h� �d�i�o�d�e�s� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �0�.�1�-�0�.�1�5� �a�n�d� 

�c�o�n�s�e�q�u�e�n�t�l�y� �t�h�e� �D�L�T�S� �r�e�s�u�l�t�s� �o�n� �t�h�e�m� �a�r�e� �v�a�l�i�d�.� �A� �l�o�w�e�r� �D� �v�a�l�u�e� �o�f� �t�h�e�s�e� �d�i�o�d�e�s� �i�s� �a� �r�e�s�u�l�t� �o�f� �a� 

�t�h�i�c�k�e�r� �a�c�t�i�v�e� �l�a�y�e�r�;� �1�6� �m�i�l�s� �f�o�r� �t�h�e� �d�o�p�e�d� �G�a�A�s� �a�n�d� �s�e�v�e�r�a�l� �m�i�c�r�o�n�s� �f�o�r� �t�h�e� �M�e�V� �i�m�p�l�a�n�t�e�d� �G�a�A�s�.� 

�S�o�l�u�t�i�o�n�:� �I�n� �o�r�d�e�r� �t�o� �p�e�r�f�o�r�m� �v�a�l�i�d� �D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �s�a�m�p�l�e�s� �f�r�o�m� �c�a�t�e�g�o�r�i�e�s� �A�,� �B�,� �D�,� �a�n�d� 

�F�,� �e�f�f�o�r�t�s� �w�e�r�e� �m�a�d�e� �t�o� �r�e�d�u�c�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�e�r�i�e�s� �r�e�s�i�s�t�a�n�c�e�.� �A�f�t�e�r� �v�a�r�i�o�u�s� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �a�n�d� 

�w�i�t�h�i�n� �t�h�e� �s�c�o�p�e� �o�f� �e�x�i�s�t�i�n�g� �f�a�c�i�l�i�t�i�e�s�,� �t�h�e� �b�e�s�t� �c�o�u�r�s�e� �w�a�s� �t�o� �p�e�r�f�o�r�m� �D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �S�c�h�o�t�t�k�y� 

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

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

�c�a�p�a�c�i�t�a�n�c�e�,� �m�o�r�e� �s�o� �w�h�e�n� �t�h�e� �c�o�n�t�a�c�t� �i�s� �r�e�v�e�r�s�e� �b�i�a�s�e�d� �(�r�e�f�e�r� �t�o� �e�q�u�a�t�i�o�n� �2�.�1�0�)�.� �S�i�n�c�e� �c�u�r�r�e�n�t� �a�c�r�o�s�s� 

�a� �S�c�h�o�t�t�k�y� �b�a�r�r�i�e�r� �s�c�a�l�e�s� �a�s� �t�h�e� �c�o�n�t�a�c�t� �a�r�e�a�,� �t�h�e� �b�i�g�g�e�r� �c�o�n�t�a�c�t� �o�w�i�n�g� �t�o� �i�t�s� �l�a�r�g�e�r� �a�r�e�a� �i�s� �o�h�m�i�c�-�l�i�k�e�.� 

�U�s�i�n�g� �t�h�i�s� �g�e�o�m�e�t�r�y�,� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �b�e�t�w�e�e�n� �t�w�o� �S�c�h�o�t�t�k�y� �c�o�n�t�a�c�t�s� �c�o�u�l�d� �b�e� �r�e�d�u�c�e�d� �t�o� �1�.�5� �m�i�l� �(�s�e�e� 

�F�i�g�.� �4�.�1�a�)�.� �A�n� �a�l�u�m�i�n�u�m� �m�a�s�k� �w�a�s� �m�a�d�e� �i�n�c�o�r�p�o�r�a�t�i�n�g� �t�h�i�s� �c�o�n�t�a�c�t� �p�a�t�t�e�r�n�.� �T�h�e� �b�a�c�k�-�t�o�-�b�a�c�k� 

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

�r�e�d�u�c�e�s� �t�h�e� �c�o�n�t�a�c�t� �s�e�p�a�r�a�t�i�o�n�.� �T�h�e� �n�e�w� �p�a�t�t�e�r�n� �r�e�s�u�l�t�e�d� �i�n� �D� �v�a�l�u�e�s� �b�e�t�w�e�e�n� �0�.�1�-�0�.�2�5�.� �T�h�i�s� �i�s� �a� 

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

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

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

�C�h�a�p�t�e�r� �4�:� �E�x�p�e�r�i�m�e�n�t�a�l� �T�e�c�h�n�i�q�u�e�s� �8�2
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�F�i�g�.� �4�.�1� �a�)� �A� �t�y�p�i�c�a�l� �b�a�c�k�-�t�o�-�b�a�c�k� �S�c�h�o�t�t�k�y� �g�e�o�m�e�t�r�y� �a�n�d� �b�)� �p�a�c�k�a�g�e�d� �d�i�o�d�e� �i�n� �a� �T�O�-�8� 
�h�e�a�d�e�r�.� 

�C�h�a�p�t�e�r� �4�:� �E�x�p�e�r�i�m�e�n�t�a�l� �T�e�c�h�n�i�q�u�e�s� �8�3



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

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

�c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� �c�a�p�a�c�i�t�a�n�c�e� �t�r�a�n�s�i�e�n�t�.� �T�h�e� �D�L�T�S� �r�e�s�u�l�t�s�,� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �5�,� �o�f� �G�a�A�s� �s�a�m�p�l�e�s� 

�b�e�l�o�n�g�i�n�g� �t�o� �g�r�o�u�p�s� �A�,� �B�,� �a�n�d� �E� �w�e�r�e� �o�b�t�a�i�n�e�d� �v�i�a� �a� �b�a�c�k�-�t�o�-�b�a�c�k� �S�c�h�o�t�t�k�y� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� �F�o�r� 

�s�a�m�p�l�e�s� �f�r�o�m� �g�r�o�u�p� �F�,� �t�h�e� �D� �v�a�l�u�e�s� �w�e�r�e� �s�t�i�l�l� �h�i�g�h� �(�0�.�6�-�0�.�7�)� �e�v�e�n� �w�i�t�h� �t�h�e� �n�e�w� �g�e�o�m�e�t�r�y�.� �D�L�T�S� 

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

�D�L�T�S� �r�e�s�u�l�t�s� �w�e�r�e� �d�e�r�i�v�e�d� �u�s�i�n�g� �S�c�h�o�t�t�k�y� �d�i�o�d�e�s�.� �F�o�r� �t�h�e� �f�a�t� �F�E�T�s�,� �t�h�e� �D� �v�a�l�u�e�s� �b�e�t�w�e�e�n� �g�a�t�e�(�G�)� 

�a�n�d� �s�o�u�r�c�e�(�S�)� �c�o�n�t�a�c�t�s� �w�e�r�e� �l�o�w� �(�r�e�f�e�r� �t�o� �T�a�b�l�e� �5�.�6�,� �C�h�a�p�t�e�r� �5�)� �a�n�d� �h�e�n�c�e� �D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�s� 

�b�e�t�w�e�e�n� �G�-�S� �o�n� �s�u�c�h� �s�a�m�p�l�e�s� �a�r�e� �r�e�l�i�a�b�l�e�.� �T�h�u�s� �t�h�e� �D�L�T�S� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �i�n� �C�h�a�p�t�e�r� �5� �a�r�e� �o�b�t�a�i�n�e�d� 

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

�s�e�v�e�r�i�t�y� �o�f� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�e�r�i�e�s� �r�e�s�i�s�t�a�n�c�e�.� 

�C�o�n�t�a�c�t�i�n�g� �T�e�c�h�n�i�q�u�e�s�:� �T�h�e� �c�h�e�m�i�c�a�l�l�y� �c�l�e�a�n�e�d� �G�a�A�s� �s�a�m�p�l�e�s�,� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �t�y�p�e� �o�f� 

�m�e�a�s�u�r�e�m�e�n�t�s�,� �w�e�r�e� �e�i�t�h�e�r� �s�u�b�j�e�c�t�e�d� �t�o� �o�h�m�i�c� �o�r� �S�c�h�o�t�t�k�y� �m�e�t�a�l�l�i�z�a�t�i�o�n� �o�n� �t�h�e� �a�c�t�i�v�e� �s�i�d�e�.� �O�h�m�i�c� 

�d�o�t�s� �w�e�r�e� �d�e�f�i�n�e�d� �u�s�i�n�g� �a� �m�e�t�a�l� �m�a�s�k� �b�y� �e�v�a�p�o�r�a�t�i�n�g� �A�u�:�G�e� �(�8�8�%� �A�u�-�1�2�%� �G�e�)� �a�l�l�o�y� �f�r�o�m� �a� �t�u�n�g�s�t�e�n� 

�b�o�a�t�.� �A�n� �1�8�0�0� �A� �t�h�i�c�k� �A�u�:�G�e� �l�a�y�e�r� �w�a�s� �d�e�p�o�s�i�t�e�d� �p�e�r� �r�u�n�,� �f�o�l�l�o�w�e�d� �b�y� �a� �6�0�0� �A� �t�h�i�c�k� �l�a�y�e�r� �o�f� �N�i� �t�o� 

�f�o�r�m� �t�h�e� �a�n�n�e�a�l�i�n�g� �c�a�p�.� �O�h�m�i�c�i�t�y� �t�o� �t�h�e� �A�u�:�G�e�/�N�i� �d�o�t�s� �w�e�r�e� �i�n�d�u�c�e�d� �b�y� �a�n�n�e�a�l�i�n�g� �t�h�e� �s�a�m�p�l�e�s� �a�t� 

�4�4�0� �°�C� �f�o�r� �2� �m�i�n�.� �u�n�d�e�r� �a� �f�l�o�w� �o�f� �f�o�r�m�i�n�g� �g�a�s� �(�9�5�%� �N�,� �+� �5�%� �H�,�)�.� 

�A�l� �S�c�h�o�t�t�k�y� �c�o�n�t�a�c�t�s� �o�f� �1�5�0�0� �A� �t�h�i�c�k�n�e�s�s� �w�e�r�e� �d�e�p�o�s�i�t�e�d� �b�y� �t�h�e�r�m�a�l� �e�v�a�p�o�r�a�t�i�o�n� �t�h�r�o�u�g�h� �a� 

�m�e�t�a�l� �m�a�s�k�.� �B�o�t�h� �S�c�h�o�t�t�k�y� �a�n�d� �o�h�m�i�c� �e�v�a�p�o�r�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �a� �D�e�n�t�o�n�-�5�0�3� �e�v�a�p�o�r�a�t�o�r�.� 

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

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

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

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

�w�a�s� �~� �2�x� �1�0�°� �t�o�r�r�.� �E�x�t�r�e�m�e� �p�r�e�c�a�u�t�i�o�n�s� �w�e�r�e� �t�a�k�e�n� �t�o� �k�e�e�p� �t�h�e� �e�v�a�p�o�r�a�t�o�r� �a�n�d� �t�h�e� �s�a�m�p�l�e� �p�r�o�c�e�s�s�i�n�g� 

�a�r�e�n�a� �C�l�e�a�n� �s�o� �a�S� �t�o� �a�v�o�i�d� �e�x�t�e�r�n�a�l� �c�o�n�t�a�m�i�n�a�n�t�s� �f�r�o�m� �e�f�f�e�c�t�i�n�g� �t�h�e� �c�o�n�t�a�c�t� �i�n�t�e�g�r�i�t�y�.� �F�o�l�l�o�w�i�n�g� 

�C�h�a�p�t�e�r� �4�:� �E�x�p�e�r�i�m�e�n�t�a�l� �T�e�c�h�n�i�q�u�e�s� �8�4



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

�P�a�c�k�a�g�i�n�g�:� �T�h�e� �G�a�A�s� �s�a�m�p�l�e�s� �w�i�t�h� �a�p�p�r�o�p�r�i�a�t�e� �o�h�m�i�c� �a�n�d� �S�c�h�o�t�t�k�y� �c�o�n�t�a�c�t�s� �o�n� �t�h�e�m� �w�e�r�e� �p�a�c�k�a�g�e�d� 

�i�n� �a� �T�O�-�8� �h�e�a�d�e�r� �f�o�r� �e�l�e�c�t�r�i�c�a�l� �m�e�a�s�u�r�e�m�e�n�t�s�.� �B�o�t�h� �D�L�T�S� �a�n�d� �v�a�n� �d�e�r� �P�a�u�w� �s�a�m�p�l�e�s� �w�e�r�e� �m�o�u�n�t�e�d� 

�o�n� �a�l�u�m�i�n�a� �s�u�b�s�t�r�a�t�e�s� �i�n�t�o� �a� �T�O�-�8� �p�a�c�k�a�g�e� �u�s�i�n�g� �a� �S�i� �b�a�s�e� �t�h�e�r�m�a�l�l�y� �c�o�n�d�u�c�t�i�v�e� �g�r�e�a�s�e�.� �T�h�e� �p�u�r�p�o�s�e� 

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

�s�a�m�p�l�e� �b�a�c�k�.� �E�l�e�c�t�r�i�c�a�l� �c�o�n�t�a�c�t�s� �b�e�t�w�e�e�n� �s�a�m�p�l�e� �a�n�d� �h�e�a�d�e�r� �w�e�r�e� �a�c�h�i�e�v�e�d� �u�s�i�n�g� �1� �m�i�l� �t�h�i�c�k� �A�u� �w�i�r�e� 

�a�n�d� �a�t�t�a�c�h�i�n�g� �i�t� �b�y� �m�e�a�n�s� �o�f� �a�n� �E�p�o�-�T�e�k� �H�2�0�E� �e�l�e�c�t�r�i�c�a�l�l�y� �c�o�n�d�u�c�t�i�v�e� �e�p�o�x�y�.� �T�h�e� �e�p�o�x�y� �w�a�s� 

�t�h�e�r�m�a�l�l�y� �c�u�r�e�d�,� �i�n� �n�i�t�r�o�g�e�n�,� �a�t� �1�5�0� �°�C� �f�o�r� �5� �m�i�n�.�.� �A� �s�c�h�e�m�a�t�i�c� �o�f� �a� �m�o�u�n�t�e�d� �d�i�o�d�e� �o�n� �a� �T�O�-�8� �h�e�a�d�e�r� 

�i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�1�b�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �p�a�c�k�a�g�e�d� �d�e�v�i�c�e� �w�a�s� �r�e�a�d�y� �f�o�r� �e�l�e�c�t�r�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n�.� 

�4�.�4� �E�l�e�c�t�r�i�c�a�l� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �S�y�s�t�e�m� 

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

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

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

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

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

�r�e�f�e�r�e�n�c�e�s� �[�1�7�4�]� �a�n�d� �[�1�7�5�]�.� �T�h�e� �s�y�s�t�e�m� �w�a�s� �g�i�v�e�n� �t�h�e� �n�a�m�e� �M�E�D�U�S�A� �(�M�a�t�e�r�i�a�l�s� �a�n�d� �E�l�e�c�t�r�o�n�i�c� 

�D�e�v�i�c�e� �a�n�d� �U�n�i�f�i�e�d� �S�y�s�t�e�m� �A�n�a�l�y�z�e�r�)�.� �S�i�n�c�e� �a�l�m�o�s�t� �a�l�l� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �f�o�r� �t�h�i�s� �r�e�s�e�a�r�c�h� �w�a�s� 

�a�c�q�u�i�r�e�d� �u�s�i�n�g� �M�E�D�U�S�A�,� �i�t� �i�s� �i�m�p�e�r�a�t�i�v�e� �t�o� �d�i�s�c�u�s�s� �s�o�m�e� �o�f� �t�h�e� �k�e�y� �f�e�a�t�u�r�e�s� �o�f� �t�h�e� �s�y�s�t�e�m�.� 

�M�E�D�U�S�A� �e�m�p�l�o�y�s� �a�n� �I�B�M� �P�C�-�A�T� �w�h�i�c�h� �i�s� �i�n�t�e�r�f�a�c�e�d� �w�i�t�h� �v�a�r�i�o�u�s� �m�e�a�s�u�r�e�m�e�n�t� 

�i�n�s�t�r�u�m�e�n�t�s� �v�i�a� �a�n� �I�E�E�E� �4�8�8� �b�u�s�.� �T�h�e� �h�a�r�d�w�a�r�e� �l�a�y�o�u�t� �o�f� �t�h�e� �s�y�s�t�e�m� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�2�.� �T�h�e� 

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

�c�o�n�d�u�c�t�a�n�c�e� �a�g�a�i�n�s�t� �t�i�m�e� �(�C�-�t�,� �G�-�t�)�,� �a�g�a�i�n�s�t� �v�o�l�t�a�g�e� �(�C�-�V�,� �C�-�G�)�,� �c�u�r�r�e�n�t� �v�e�r�s�u�s� �v�o�l�t�a�g�e� �(�I�-�V�)�,� �v�a�n� �d�e�r� 

�P�a�u�w� �m�e�a�s�u�r�e�m�e�n�t�s�,� �a�n�d� �f�o�u�r�-�p�o�i�n�t� �r�e�s�i�s�t�i�v�i�t�y� �o�v�e�r� �a� �r�a�n�g�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �(�T� �=� �1�0� �K� �-� �6�0�0� �K�)�.� �T�h�e� 

�m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �p�a�c�k�a�g�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� �a� �c�l�o�s�e�d� �c�y�c�l�e�,� �H�e� �c�o�o�l�e�d�,� �C�T�I� �m�o�d�e�l� �2�2� 

�C�h�a�p�t�e�r� �4�:� �E�x�p�e�r�i�m�e�n�t�a�l� �T�e�c�h�n�i�q�u�e�s� �8�5
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�c�r�y�o�s�t�a�t�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �t�h�e� �c�r�y�o�s�t�a�t� �w�a�s� �v�a�r�i�e�d� �b�y� �m�e�a�n�s� �o�f� �a� �C�T�I� �c�o�m�p�r�e�s�s�o�r� �a�n�d� �a� �C�r�y�o�p�h�y�s�i�c�s� 

�I�n�c�.�,� �m�o�d�e�l� �4�0�7�5� �t�e�m�p�e�r�a�t�u�r�e� �c�o�n�t�r�o�l�l�e�r� �w�i�t�h� �a� �t�e�m�p�e�r�a�t�u�r�e� �c�o�n�t�r�o�l� �o�f� �+� �0�.�2� �K�.� �D�u�r�i�n�g� �a� �t�e�m�p�e�r�a�t�u�r�e� 

�s�c�a�n�,� �t�h�e� �c�o�m�p�u�t�e�r� �s�e�t�s� �a�n�d� �c�o�n�t�r�o�l�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �t�h�r�o�u�g�h� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �c�o�n�t�r�o�l�l�e�r� �v�i�a� �I�E�E�F�-� 

�4�8�8� �b�u�s�.� 

�M�E�D�U�S�A� �s�o�f�t�w�a�r�e� �c�o�n�t�a�i�n�s� �f�o�u�r� �m�a�i�n� �m�o�d�u�l�e�s�;� �a� �c�o�n�t�r�o�l�l�i�n�g� �b�a�t�c�h� �f�i�l�e� �(�M�E�D�U�S�A�.�B�A�T�)�,� 

�a� �p�a�r�a�m�e�t�e�r� �s�e�l�e�c�t�i�o�n� �r�o�u�t�i�n�e� �(�P�A�R�A�M�E�T�E�R�)�,� �a�n� �e�x�p�e�r�i�m�e�n�t�a�l� �m�e�a�s�u�r�e�m�e�n�t� �r�o�u�t�i�n�e� �(�R�U�N�I�T�)�,� �a�n�d� 

�a� �g�r�a�p�h�i�c�s� �r�o�u�t�i�n�e� �f�o�r� �d�a�t�a� �p�r�o�c�e�s�s�i�n�g� �a�n�d� �p�l�o�t�t�i�n�g� �(�G�R�A�P�H�I�C�S�)�.� �A� �c�o�m�p�r�e�h�e�n�s�i�v�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� 

�t�h�e� �M�E�D�U�S�A� �s�o�f�t�w�a�r�e� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �r�e�f�e�r�e�n�c�e� �[�1�7�5�]�.� �T�h�e� �s�o�f�t�w�a�r�e� �i�s� �w�r�i�t�t�e�n� �i�n� �B�e�t�t�e�r� �B�a�s�i�c� �a�n�d� 

�i�s� �v�e�r�y� �u�s�e�r�-�f�r�i�e�n�d�l�y�.� �T�h�e� �f�l�o�w� �d�i�a�g�r�a�m� �o�f� �M�E�D�U�S�A� �b�a�t�c�h� �f�i�l�e� �t�h�a�t� �l�i�n�k�s� �t�o� �v�a�r�i�o�u�s� �p�r�o�g�r�a�m� �m�o�d�u�l�e�s� 

�i�s� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�.� �4�.�3�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �r�o�u�t�i�n�e� �a�l�l�o�w�s� �t�h�e� �u�s�e�r� �t�o� �c�h�o�o�s�e� �e�x�p�e�r�i�m�e�n�t�s� �a�n�d� �s�e�t� 

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

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

�a�p�p�r�o�p�r�i�a�t�e� �g�r�a�p�h�s� �t�h�r�o�u�g�h� �H�P� �7�4�7�5� �A� �p�l�o�t�t�e�r�.� �T�h�e�r�e� �a�r�e� �t�w�e�n�t�y� �e�i�g�h�t� �d�i�f�f�e�r�e�n�t� �g�r�a�p�h�s� �t�h�a�t� �a�r�e� 

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

�M�E�D�U�S�A� �p�r�o�v�i�d�e�s� �a� �w�i�d�e� �s�c�o�p�e� �f�o�r� �e�l�e�c�t�r�i�c�a�l� �a�n�a�l�y�s�i�s� �a�n�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �p�o�r�t�i�o�n� �o�f� �i�t�s� 

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

�p�e�r�f�o�r�m�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �a�n�d� �i�n�s�t�r�u�m�e�n�t�s� �u�s�e�d� �f�o�r� �s�p�e�c�i�f�i�c� �t�a�s�k�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.�1�.� 

�4�.�5� �E�l�e�c�t�r�i�c�a�l� �M�e�a�s�u�r�e�m�e�n�t�s� 

�T�h�e� �G�a�A�s� �s�a�m�p�l�e�s� �w�i�t�h� �a�p�p�r�o�p�r�i�a�t�e� �c�o�n�t�a�c�t�s� �(�S�c�h�o�t�t�k�y�,� �o�h�m�i�c� �o�r� �b�o�t�h�)� �a�n�d� �m�o�u�n�t�e�d� �o�n� �T�O�-� 

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

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

�4�.�5�.�1� �C�u�r�r�e�n�t�-�V�o�l�t�a�g�e� �M�e�a�s�u�r�e�m�e�n�t�s� 

�C�u�r�r�e�n�t�-� �V�o�l�t�a�g�e� �(�I�-�V�)� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �S�c�h�o�t�t�k�y� �b�a�r�r�i�e�r� �d�i�o�d�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� �H�P� 

�4�1�4�0� �B� �p�A� �M�e�t�e�r�/�D�C� �V�o�l�t�a�g�e� �S�o�u�r�c�e�.� �T�h�e� �i�n�s�t�r�u�m�e�n�t� �h�a�s� �a� �c�u�r�r�e�n�t� �m�e�a�s�u�r�e�m�e�n�t� �r�a�n�g�e� �o�f� �1�x�1�0 �� �-� 
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�1�.�9�9�9�x�1�0�°� �a�m�p�s� �w�i�t�h� �a� �b�a�s�i�c� �a�c�c�u�r�a�c�y� �o�f� �0�.�5�%�.� �T�h�e� �v�o�l�t�a�g�e� �s�o�u�r�c�e� �o�f� �t�h�e� �i�n�s�t�r�u�m�e�n�t� �c�a�n� �p�r�o�v�i�d�e� �b�i�a�s� 

�b�e�t�w�e�e�n� �-�1�0�0� �t�o� �+� �1�0�0� �V� �t�o� �t�h�e� �d�e�v�i�c�e� �u�n�d�e�r� �t�e�s�t� �(�D�U�T�)� �w�i�t�h� �a� �v�o�l�t�a�g�e� �r�e�s�o�l�u�t�i�o�n� �o�f� �0�.�0�1� �V�.� �T�h�e� 

�p�a�r�a�m�e�t�e�r�s� �f�o�r� �I�-�V� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �f�e�d� �i�n�t�o� �t�h�e� �s�y�s�t�e�m� �c�o�n�t�r�o�l�l�e�r� �(�I�B�M�-�P�C� �A�T�)� �a�n�d� �t�h�e� 

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

�t�h�e� �I�E�E�E� �4�8�8� �b�u�s�.� �T�h�e� �p�a�r�a�m�e�t�e�r�s�,� �f�o�r� �e�x�a�m�p�l�e�,� �s�t�a�r�t� �b�i�a�s�,� �s�t�o�p� �b�i�a�s�,� �a�n�d� �s�t�e�p� �b�i�a�s� �a�l�o�n�g� �w�i�t�h� �t�h�e� 

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

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

�n�a�m�e�.� �F�o�r� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �s�c�a�n�,� �t�h�e� �s�t�a�r�t�,� �t�h�e� �s�t�o�p�,� �a�n�d� �t�h�e� �s�t�e�p� �t�e�m�p�e�r�a�t�u�r�e� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� 

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

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

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

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

�c�o�n�t�r�o�l�l�e�d� �a�n�d� �i�t� �l�a�s�t�e�d� �t�i�l�l� �t�h�e� �1�-�V� �m�e�a�s�u�r�e�m�e�n�t� �w�a�s� �c�o�m�p�l�e�t�e�d� �a�t� �t�h�e� �m�a�x�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�4�.�5�.�2� �C�a�p�a�c�i�t�a�n�c�e� �a�n�d� �C�o�n�d�u�c�t�a�n�c�e� �M�e�a�s�u�r�e�m�e�n�t�s� �(�C�-�G�-�V�,� �C�-�G�-�T�,� �D�L�T�S�)� 

�T�h�e� �S�c�h�o�t�t�k�y� �b�a�r�r�i�e�r� �c�a�p�a�c�i�t�a�n�c�e� �o�f� �t�h�e� �s�a�m�p�l�e�s� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �H�e�w�l�e�t�t� �P�a�c�k�a�r�d� �4�2�8�0�A� 

�I�M�H�z� �C�-�M�e�t�e�r�/�C�-�V� �P�l�o�t�t�e�r�,� �w�h�i�c�h� �c�a�n� �m�e�a�s�u�r�e� �c�a�p�a�c�i�t�a�n�c�e� �(�C�)� �a�n�d� �c�o�n�d�u�c�t�a�n�c�e� �(�G�)� �o�f� �a� �D�U�T� �a�s� 

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

�T�h�e� �m�a�x�i�m�u�m� �C� �a�n�d� �G� �v�a�l�u�e�s� �t�h�a�t� �c�a�n� �b�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �4�2�8�0�A� �a�r�e� �1�.�9� �n�F� �a�n�d� �1�2� �m�S�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �b�a�s�i�c� �m�e�a�s�u�r�e�m�e�n�t� �a�c�c�u�r�a�c�y� �i�s� �0�.�1�%� �a�n�d� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�e� �i�n�s�t�r�u�m�e�n�t� �i�s� �1� �f�F� 

�o�n� �t�h�e� �m�o�s�t� �s�e�n�s�i�t�i�v�e� �r�a�n�g�e�.� �T�h�e� �4�2�8�0�A� �C�-�V� �m�e�t�e�r� �h�a�s� �a� �b�u�i�l�t�-�i�n� �d�c� �s�o�u�r�c�e� �w�h�i�c�h� �c�a�n� �o�u�t�p�u�t� �0� �t�o� 

�+� �1�0�0� �V� �w�i�t�h� �a� �v�o�l�t�a�g�e� �r�e�s�o�l�u�t�i�o�n� �o�f� �0�.�0�1� �V�.� �T�h�e� �t�e�s�t� �s�i�g�n�a�l� �f�o�r� �C� �a�n�d� �G� �m�e�a�s�u�r�e�m�e�n�t�s� �w�a�s� �1� �M�H�z� 

�3�0� �m�V� �r�m�s� �s�i�n�e� �w�a�v�e�.� 

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

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

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

�C�h�a�p�t�e�r� �4�:� �E�x�p�e�r�i�m�e�n�t�a�l� �T�e�c�h�n�i�q�u�e�s� �9�0



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

�b�e� �e�r�r�o�n�e�o�u�s�.� �T�o� �m�o�n�i�t�o�r� �t�h�e� �d�i�o�d�e ��s� �q�u�a�l�i�t�y� �f�a�c�t�o�r� �d�u�r�i�n�g� �C�-�V� �o�r� �C�-�T� �m�e�a�s�u�r�e�m�e�n�t�s�,� �t�h�e� 

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

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

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

�b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�u�n�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �C� �a�n�d� �G� �(�C�-�T�,� �a�n�d� �G�-�T�)� �w�e�r�e� 

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

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

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

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

�4�2�8�0� �A� �C�-�m�e�t�e�r� �w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �t�h�e� �c�a�p�a�c�i�t�a�n�c�e� �t�r�a�n�s�i�e�n�t�s� �a�n�d� �b�y� �u�s�i�n�g� �a�n� �e�x�t�e�r�n�a�l� �p�u�l�s�e� 

�g�e�n�e�r�a�t�o�r� �(�H�P� �8�1�1�2� �A�)� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �H�P� �4�2�8�0� �A�,� �t�r�a�n�s�i�e�n�t�s� �a�s� �s�h�o�r�t� �a�s� �1�0� �p�s�e�c� �c�o�u�l�d� �b�e� 

�m�e�a�s�u�r�e�d�.� �T�h�e� �c�o�n�n�e�c�t�i�o�n� �m�o�d�e� �b�e�t�w�e�e�n� �t�h�e� �C�-�m�e�t�e�r�,� �t�h�e� �p�u�l�s�e� �g�e�n�e�r�a�t�o�r� �,�a�n�d� �t�h�e� �D�U�T� �d�u�r�i�n�g� �C�-�t� 

�m�e�a�s�u�r�e�m�e�n�t�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�4�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�a�r�a�m�e�t�e�r�s� �d�u�r�i�n�g� �D�L�T�S� �w�e�r�e� �d�e�f�i�n�e�d� �b�y� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �p�r�o�g�r�a�m� �i�n�p�u�t� �v�a�l�u�e�s� �:� 

�(�i�)� �r�e�v�e�r�s�e� �b�i�a�s� �(�S�t�a�r�t�,� �s�t�o�p�,� �a�n�d� �s�t�e�p�)� 

�(�i�i�)� �p�u�l�s�e� �b�i�a�s� �(�h�i�g�h�,� �l�o�w�,� �a�n�d� �s�t�e�p�,� �(�-�7� �t�o� �+�7� �V�)�)� 

�(�i�i�i�)� �s�t�e�p� �d�e�l�a�y� �t�i�m�e� �(�2� �1�0� �p�s�e�c�)� 

�(�i�v�)� �p�u�l�s�e� �b�i�a�s� �w�i�d�t�h� �(�i�n�i�t�i�a�l�,� �f�i�n�a�l�,� �a�n�d� �s�t�e�p� �(�2� �1�0� �p�s�e�c�)�)� 

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

�D�u�r�i�n�g� �a� �D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�,� �t�h�e� �H�P� �8�1�1�2� �A� �o�u�t�p�u�t�s� �b�i�a�s� �p�u�l�s�e�s� �w�i�t�h� �a� �t�y�p�i�c�a�l� �t�r�a�n�s�i�t�i�o�n� 

�o�f� �5� �n�s�e�c� �f�o�r� �l�e�a�d�i�n�g� �a�n�d� �t�r�a�i�l�i�n�g� �e�d�g�e�s�.� �T�h�e� �H�P� �4�2�8�0� �A� �p�r�o�v�i�d�e�s� �a� �T�T�L� �l�e�v�e�l� �s�i�g�n�a�l� �a�t� �t�h�e� �s�t�a�r�t� �o�f� 

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

�b�i�a�s� �w�i�d�t�h�,� �c�h�o�s�e�n� �a�s� �a� �p�a�r�a�m�e�t�e�r�.� �T�h�i�s� �s�i�g�n�a�l� �i�s� �u�s�e�d� �t�o� �s�y�n�c�h�r�o�n�i�z�e� �t�h�e� �p�u�l�s�e� �b�i�a�s�e�s� �f�r�o�m� �H�P� �8�1�1�2� 

�A� �w�i�t�h� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�.� 

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

�C�h�a�p�t�e�r� �4�:� �E�x�p�e�r�i�m�e�n�t�a�l� �T�e�c�h�n�i�q�u�e�s� �9�1



�1�0�0� �-� �4�0�0� �K�)�,� �M�E�D�U�S�A� �t�h�e�n� �e�n�t�e�r�s� �i�n�t�o� �t�h�e� �G�R�A�P�H�I�C�S� �r�o�u�t�i�n�e� �f�o�r� �d�a�t�a� �a�n�a�l�y�s�i�s�.� �I�n� �t�h�i�s� �r�o�u�t�i�n�e� 

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

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

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

�i�s� �1�0�°� �,�i�.�e�.� �a�n�y� �t�r�a�p�s� �w�i�t�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �l�e�s�s� �t�h�a�n� �1�0�°� �t�i�m�e�s� �t�h�e� �d�o�p�i�n�g� �d�e�n�s�i�t�y� �c�a�n�n�o�t� �b�e� �d�e�t�e�c�t�e�d�.� 

�4�.�5�.�3� �v�a�n� �d�e�r� �P�a�u�w� �M�e�a�s�u�r�e�m�e�n�t�s� 

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

�p�r�o�p�e�r�t�i�e�s� �u�s�i�n�g� �t�h�e� �v�a�n� �d�e�r� �P�a�u�w� �t�e�c�h�n�i�q�u�e�.� �F�o�r� �t�h�i�s� �p�u�r�p�o�s�e�,� �c�u�r�r�e�n�t�,� �b�e�t�w�e�e�n� �o�n�e� �p�a�i�r� �o�f� �c�o�n�t�a�c�t�s�,� 

�w�a�s� �s�u�p�p�l�i�e�d� �f�r�o�m� �H�P� �4�1�4�0� �B� �p�A� �m�e�t�e�r�/�D�C� �v�o�l�t�a�g�e� �s�o�u�r�c�e� �a�n�d� �t�h�e� �v�o�l�t�a�g�e� �d�r�o�p� �a�c�r�o�s�s� �t�h�e� �o�t�h�e�r� �p�a�i�r� 

�(�V�)� �w�a�s� �r�e�c�o�r�d�e�d� �u�s�i�n�g� �M�o�d�e�l� �1�9�5� �A� �K�i�e�t�h�l�e�y� �D�i�g�i�t�a�l� �M�u�l�t�i�m�e�t�e�r�.� �T�h�e� �M�o�d�e�l� �1�9�5� �A� �h�a�s� �a� �r�e�s�o�l�u�t�i�o�n� 

�o�f� �1�0�0� �n�V� �i�n� �t�h�e� �m�o�s�t� �s�e�n�s�i�t�i�v�e� �r�a�n�g�e� �(�2�0� �m�V�)�.� �T�h�e� �c�u�r�r�e�n�t� �v�a�l�u�e� �(�1�)� �w�a�s� �s�p�e�c�i�f�i�e�d� �a�s� �a� �p�a�r�a�m�e�t�e�r� 

�a�n�d� �t�h�e� �H�P� �4�1�4�0� �B� �v�o�l�t�a�g�e� �s�o�u�r�c�e� �w�o�u�l�d� �k�e�e�p� �i�n�c�r�e�m�e�n�t�i�n�g� �i�t�s� �b�i�a�s� �(�u�s�u�a�l�l�y� �b�y� �.�0�1� �V�)� �u�n�t�i�l� �t�h�e� 

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

�c�u�r�r�e�n�t� �(�1�)� �a�n�d� �t�h�e� �m�e�a�s�u�r�e�d� �v�o�l�t�a�g�e� �(�b�y� �1�9�5� �A� �m�u�l�t�i�m�e�t�e�r�)� �w�e�r�e� �r�e�c�o�r�d�e�d� �f�o�r� �o�n�e� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� 

�s�h�o�w�n� �i�n� �F�i�g�.� �2�.�6�.�,� �a�n�d� �t�h�e� �p�r�o�c�e�d�u�r�e� �w�a�s� �r�e�p�e�a�t�e�d� �f�o�r� �o�t�h�e�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �a�s� �w�e�l�l�.� �T�h�e� �v�a�l�u�e� �o�f� �t�h�e� 

�m�a�g�n�e�t�i�c� �f�i�e�l�d� �a�p�p�l�i�e�d� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �s�a�m�p�l�e� �i�n� �c�o�n�f�i�g�u�r�a�t�i�o�n� �(�c�)� �(�s�e�e� �F�i�g�.� �2�.�6�)� �w�a�s� �s�e�t� �a�t� �3�4�0�0� 

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

�s�u�p�p�l�y� �t�o� �p�r�o�p�e�r� �c�u�r�r�e�n�t�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �i�n� �(�I�-�V�)� �p�a�i�r�s� �w�e�r�e� �t�h�e�n� �p�r�o�c�e�s�s�e�d� �i�n� �t�h�e� �G�r�a�p�h�i�c�s� 

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

�F�o�r� �p�r�o�f�i�l�e� �m�e�a�s�u�r�e�m�e�n�t�s�,� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �e�t�c�h�e�d� �i�n� �1�:�1�:� �1�0�0� �c�o�n�c�.� �H�,�S�O�,�:� �3�0� �%� �H�,�O�,� 

�:� �H�,�O� �s�o�l�u�t�i�o�n� �,� �u�s�u�a�l�l�y� �f�o�r� �1�0� �s�e�c�s�.� �(�o�r� �m�o�r�e� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �l�a�y�e�r� �t�h�i�c�k�n�e�s�s� �t�o� �b�e� �r�e�m�o�v�e�d�)� �a�n�d� 

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

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

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

�d�e�p�e�n�d�e�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �u�s�i�n�g� �e�q�u�a�t�i�o�n�s� �(�2�.�3�9�)� �t�o� �(�2�.�4�1�)� �(�C�h�a�p�t�e�r� �2�)�.� 

�C�h�a�p�t�e�r� �4�:� �E�x�p�e�r�i�m�e�n�t�a�l� �T�e�c�h�n�i�q�u�e�s� �9�2



�C�H�A�P�T�E�R� �5�.� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

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

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

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

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

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

�5�.�1� �S�u�b�s�t�r�a�t�e� �V�a�r�i�a�b�l�e�s� 

�I�o�n� �i�m�p�l�a�n�t�a�t�i�o�n� �o�f� �d�o�p�a�n�t�s� �i�n�t�o� �s�e�m�i�-�i�n�s�u�l�a�t�i�n�g� �(�S�I�)� �G�a�A�s� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �a�n�n�e�a�l�i�n�g� �i�s� �a� 

�w�i�d�e�l�y� �u�s�e�d� �t�e�c�h�n�i�q�u�e� �t�o� �f�o�r�m� �c�o�n�d�u�c�t�i�n�g� �c�h�a�n�n�e�l�s� �i�n� �M�E�S�F�E�T�s�.� �T�h�e� �d�e�f�e�c�t�s� �i�n�d�u�c�e�d� �i�n�t�o� �t�h�e� 

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

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

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

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

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

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

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

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

�i�n� �t�h�i�s� �s�e�c�t�i�o�n� �a�r�e� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �o�r�i�e�n�t�e�d� �u�n�d�o�p�e�d� �a�n�d� �C�r�-�d�o�p�e�d� �l�i�q�u�i�d� �e�n�c�a�p�s�u�l�a�t�e�d� �C�z�o�c�h�r�a�l�s�k�i� 

�(�L�E�C�)� �S�I� �G�a�A�s�.� �T�h�i�s� �s�t�u�d�y� �c�o�m�p�a�r�e�s� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�u�b�s�t�r�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�,� �(�1�0�0�)� �a�n�d� �(�2�1�1�)�,� �a�n�d� 

�s�u�b�s�t�r�a�t�e� �t�y�p�e� �(�u�n�d�o�p�e�d� �o�r� �C�r�-�d�o�p�e�d� �L�E�C�)� �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� �i�o�n� �i�m�p�l�a�n�t�e�d� �a�c�t�i�v�e� �l�a�y�e�r�s�.� 

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

�A�l�,�;�G�a�,�,�A�s�)� �o�n� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �i�o�n�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �c�h�a�n�n�e�l�s� �w�i�l�l� �b�e� �a�d�d�r�e�s�s�e�d� �i�n� 

�d�e�t�a�i�l�.� 

�C�h�a�p�t�e�r� �5�:� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �9�3



�5�.�1�.�1� �(�1�0�0�)� �v�s�.� �(�2�1�1�)� �u�n�d�o�p�e�d� �L�E�C� �G�a�A�s� 

�F�o�r� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �M�E�S�F�E�T�s�,� �(�1�0�0�)� �i�s� �t�h�e� �t�r�a�d�i�t�i�o�n�a�l� �s�u�b�s�t�r�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�.� �R�e�c�e�n�t�l�y� 

�i�t� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �b�y� �B�a�n�e�r�j�e�e� �e�t� �a�l�.� �[�1�3�0�]� �t�h�a�t� �M�E�S�F�E�T�s� �o�n� �(�2�1�1�)� �s�u�b�s�t�r�a�t�e�s� �h�a�v�e� �h�i�g�h�e�r� 

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �p�r�o�f�i�l�e� �f�o�r� �(�2�1�1�)� �s�u�r�f�a�c�e�,� �a�s� �c�o�m�p�a�r�e�d� �t�o� �(�1�0�0�)�.� �T�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �a� �n�o�n�-�G�a�u�s�s�i�a�n� 

�c�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �p�r�o�f�i�l�e� �i�n� �(�2�1�1�)� �w�i�t�h� �a� �n�a�t�u�r�a�l� �n�*� �s�u�r�f�a�c�e� �r�e�g�i�o�n� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �[�1�3�0�]�.� 

�I�n� �t�h�i�s� �s�e�c�t�i�o�n� �r�e�s�u�l�t�s� �o�n� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �G�a�A�s� �a�r�e� �c�o�m�p�a�r�e�d�.� �T�h�e� �p�r�o�c�e�s�s�i�n�g� �c�o�n�d�i�t�i�o�n�s� �o�f� 

�t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �4� �u�n�d�e�r� �c�a�t�e�g�o�r�y� �A�.� �B�o�t�h� �s�a�m�p�l�e� �s�e�t�s� �h�a�v�e� �r�e�c�e�i�v�e�d� �i�d�e�n�t�i�c�a�l� 

�S�i�-�i�m�p�l�a�n�t�a�t�i�o�n� �(�5�0� �k�e�V� �a�t� �1�.�7� �x� �1�0 ��?� �c�m ��)� �a�n�d� �R�T�A� �a�n�n�e�a�l�i�n�g�.� �T�r�a�n�s�p�o�r�t� �(�v�a�n� �d�e�r� �P�a�u�w�)� �a�n�d� �d�e�e�p� 

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

�o�f� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �G�a�A�s� �s�u�r�f�a�c�e�s�.� 

�5�.�1�.�l�a� �T�r�a�n�s�p�o�r�t� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�C�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �H�a�l�l�-�m�o�b�i�l�i�t�y� �p�r�o�f�i�l�e�s� �f�o�r� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �o�r�i�e�n�t�a�t�i�o�n�s� �a�r�e� �s�h�o�w�n� 

�i�n� �F�i�g�s�.� �5�.�1�a� �a�n�d� �5�.�1�b�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �c�a�r�r�i�e�r� �p�r�o�f�i�l�e� �i�s� �s�o�m�e�w�h�a�t� �s�t�e�e�p�e�r� �n�e�a�r� �t�h�e� �i�m�p�l�a�n�t� �t�a�i�l� �f�o�r� 

�(�2�1�1�)� �t�h�a�n� �f�o�r� �(�1�0�0�)�.� �I�t� �i�s� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �n�o�t�e� �t�h�a�t� �t�h�e� �f�l�a�t� �p�r�o�f�i�l�e� �i�n� �(�2�1�1�)� �b�e�t�w�e�e�n� �2�0�0� �A� �a�n�d� �1�0�0�0� 

�A�,� �a�s� �r�e�p�o�r�t�e�d� �i�n� �[�1�3�0�]�,� �i�s� �n�o�t� �e�v�i�d�e�n�t� �i�n� �t�h�i�s� �s�a�m�p�l�e�.� �I�n�s�t�e�a�d�,� �t�h�e� �c�a�r�r�i�e�r� �p�r�o�f�i�l�e� �o�f� �(�1�0�0�)� �i�s� �f�l�a�t�t�e�r� 

�t�h�a�n� �(�2�1�1�)�.� 

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

�c�o�n�c�e�n�t�r�a�t�i�o�n�)� �i�n� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �G�a�A�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�s�.� �5�.�2�,� �5�.�3�,� �a�n�d� �5�.�4�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�s�e� 

�r�e�s�u�l�t�s� �r�e�f�e�r� �t�o� �s�a�m�p�l�e�s� �t�h�a�t� �w�e�r�e� �R�T�A� �a�n�n�e�a�l�e�d� �a�t� �8�5�0� �°�C� �f�o�r� �3�0� �s�e�c�o�n�d�s�.� �T�h�e� �H�a�l�l� �p�a�r�a�m�e�t�e�r�s� 

�b�e�h�a�v�e� �i�n� �t�h�e� �e�x�p�e�c�t�e�d� �w�a�y� �a�g�a�i�n�s�t� �t�e�m�p�e�r�a�t�u�r�e� �b�u�t� �(�1�0�0�)� �G�a�A�s� �s�h�o�w� �h�i�g�h�e�r� �m�o�b�i�l�i�t�y� �a�n�d� �l�o�w�e�r� 

�r�e�s�i�s�t�i�v�i�t�y� �t�h�a�n� �(�2�1�1�)� �G�a�A�s� �a�t� �a�l�l� �m�e�a�s�u�r�e�m�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�e� �l�o�w�e�r� �c�o�n�d�u�c�t�i�v�i�t�y� �i�n� �(�2�1�1�)� �i�s� �a�l�s�o� 

�c�o�n�f�i�r�m�e�d� �t�h�r�o�u�g�h� �p�h�o�t�o�c�o�n�d�u�c�t�i�v�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �d�o�n�e� �o�n� �i�d�e�n�t�i�c�a�l� �s�a�m�p�l�e�s� �[�1�7�6�]�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e�s� 

�i�n� �m�o�b�i�l�i�t�y� �a�n�d� �r�e�s�i�s�t�i�v�i�t�y� �i�n� �t�h�e� �t�w�o� �o�r�i�e�n�t�a�t�i�o�n�s� �a�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �h�i�g�h�e�r� �d�a�m�a�g�e� �d�e�n�s�i�t�y� �i�n� �(�2�1�1�)� 

�C�h�a�p�t�e�r� �5�:� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �9�4
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�G�a�A�s� �t�h�a�n� �i�n� �(�1�0�0�)� �G�a�A�s� �[�1�3�2�]�.� �B�h�a�t�t�a�c�h�a�r�y�a� �e�t� �a�l�.� �[�1�3�2�]� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �d�a�m�a�g�e� �r�e�c�o�v�e�r�y� 

�o�f� �(�2�1�1�)� �c�r�y�s�t�a�l�s� �i�s� �s�l�o�w�e�r� �a�n�d� �t�h�e� �m�i�c�r�o�t�w�i�n�s� �i�n� �t�h�e�m� �a�r�e� �m�o�r�e� �s�t�a�b�l�e� �t�h�a�n� �i�n� �(�1�0�0�)�.� �I�n� �t�h�e�i�r� �s�t�u�d�y�,� 

�S�i�-�i�m�p�l�a�n�t�e�d� �(�2�1�1�)� �G�a�A�s� �a�n�n�e�a�l�e�d� �u�n�d�e�r� �a� �S�i�,�N�,� �c�a�p� �h�a�d� �r�e�s�i�d�u�a�l� �d�a�m�a�g�e�.� �T�h�i�s� �w�a�s� �c�o�n�t�r�a�r�y� �t�o� �t�h�e� 

�b�e�h�a�v�i�o�r� �o�f� �(�1�0�0�)� �G�a�A�s�,� �w�h�i�c�h� �s�h�o�w�e�d� �R�B�S� �c�h�a�n�n�e�l�i�n�g� �s�p�e�c�t�r�a� �c�o�m�p�a�r�a�b�l�e� �t�o� �a� �v�i�r�g�i�n� �c�r�y�s�t�a�l�.� 

�O�p�t�i�c�a�l� �m�e�a�s�u�r�e�m�e�n�t�s� �(�R�a�m�a�n� �a�n�d� �U�V�)� �a�l�s�o� �r�e�v�e�a�l�e�d� �h�i�g�h�e�r� �n�e�a�r�-�s�u�r�f�a�c�e� �d�a�m�a�g�e� �i�n� �(�2�1�1�)� �t�h�a�n� �i�n� 

�(�1�0�0�)� �G�a�A�s� �[�1�3�1�]�.� 

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

�a�c�t�i�v�e� �l�a�y�e�r� �i�s� �l�o�w�e�r� �f�o�r� �(�2�1�1�)� �t�h�a�n� �f�o�r� �(�1�0�0�)� �G�a�A�s�.� �T�h�i�s� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �a� �h�i�g�h�e�r� �r�e�s�i�d�u�a�l� �d�a�m�a�g�e� 

�i�n� �(�2�1�1�)� �t�h�a�n� �i�n� �(�1�0�0�)�.� �T�h�e� �c�a�r�r�i�e�r�.� �p�r�o�f�i�l�e� �i�n� �(�2�1�1�)� �G�a�A�s� �d�o�e�s� �n�o�t� �a�g�r�e�e� �w�i�t�h� �t�h�e� �u�n�u�s�u�a�l� �p�r�o�f�i�l�e� 

�r�e�p�o�r�t�e�d� �i�n� �r�e�f�e�r�e�n�c�e� �[�1�3�0�]�.� 

�5�.�1�.�1�b� �D�e�e�p� �L�e�v�e�l� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�E�l�e�c�t�r�o�n� �t�r�a�p�s� �i�n� �S�i�-�i�m�p�l�a�n�t�e�d� �a�n�d� �R�T�A� �a�n�n�e�a�l�e�d� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �G�a�A�s� �w�e�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� 

�b�y� �u�s�i�n�g� �D�L�T�S�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� �r�o�t�a�t�i�o�n� �a�n�g�l�e� �d�u�r�i�n�g� �i�m�p�l�a�n�t�a�t�i�o�n� �o�n� �d�e�e�p� �l�e�v�e�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �(�2�1�1�)� 

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

�f�o�l�l�o�w�i�n�g� �G�a�A�s� �s�u�b�s�t�r�a�t�e�s� �w�i�l�l� �b�e� �c�o�n�s�i�d�e�r�e�d�:� 

�1�.� �(�1�0�0�)� �o�r�i�e�n�t�a�t�i�o�n�,� �r�o�t�a�t�i�o�n� �a�n�g�l�e�=�4�5�°� 

�2�.� �(�2�1�1�)� �o�r�i�e�n�t�a�t�i�o�n�,� �r�o�t�a�t�i�o�n� �a�n�g�l�e�=�4�5�°� 

�3�.� �(�2�1�1�)� �o�r�i�e�n�t�a�t�i�o�n�,� �r�o�t�a�t�i�o�n� �a�n�g�l�e�=�0�°� 

�T�h�e� �d�e�e�p� �l�e�v�e�l� �p�a�r�a�m�e�t�e�r�s� �(�n�a�m�e�l�y� �t�h�e� �t�r�a�p� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �A�E� �(�E�,�-�E�,�)�,� �t�h�e� �c�a�p�t�u�r�e� �c�r�o�s�s�-� 

�s�e�c�t�i�o�n� �o�,�,� �a�n�d� �t�r�a�p� �c�o�n�c�e�n�t�r�a�t�i�o�n� �N�-�;�)� �a�r�e� �d�e�r�i�v�e�d� �f�r�o�m� �c�a�p�a�c�i�t�a�n�c�e� �t�r�a�n�s�i�e�n�t� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� 

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

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

�C�h�a�p�t�e�r� �5�:� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �9�9



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

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

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

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �a�c�t�i�v�e� �l�a�y�e�r�s� �s�u�b�s�e�q�u�e�n�t�l�y� �f�o�r�m�e�d�.� �A� �t�y�p�i�c�a�l� �D�L�T�S� �s�p�e�c�t�r�u�m� �o�f� �a� �S�i� �d�o�p�e�d� �(�1�0�0�)� 

�L�E�C� �G�a�A�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�5�.� �T�h�e� �m�e�a�s�u�r�e�m�e�n�t� �p�a�r�a�m�e�t�e�r�s� �u�s�e�d� �i�n� �t�h�i�s� �r�u�n� �a�r�e� �a�l�s�o� �i�n�c�l�u�d�e�d� �i�n� 

�t�h�e� �f�i�g�u�r�e�.� �T�h�e�r�e� �i�s� �o�n�e� �m�a�j�o�r� �e�l�e�c�t�r�o�n� �t�r�a�p� �w�i�t�h� �a�n� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �o�f� �E�,�-�0�.�7�8� �e�V�.� �T�h�e� �t�r�a�p� �d�e�n�s�i�t�y� 

�N�,� �a�n�d� �c�a�p�t�u�r�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�,� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �7�.�6� �x� �1�0 �� �c�m�?� �a�n�d� �2�.�9�5� �x� �1�0!"� �c�m ��,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�i�s� �t�r�a�p� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �w�e�l�l� �k�n�o�w�n� �E�L�2� �c�e�n�t�e�r�.� �T�h�i�s� �c�e�n�t�e�r� �i�s� �p�r�e�v�a�l�e�n�t� �i�n� 

�L�E�C� �g�r�o�w�n� �G�a�A�s� �u�n�d�e�r� �A�s� �r�i�c�h� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �o�r�i�g�i�n� �o�f� �E�L�2� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �r�e�l�a�t�e�d� �t�o� �a�n�t�i�s�i�t�e� 

�(�A�S�g�,� �i�-�e�.� �A�S� �o�n� �G�a� �s�i�t�e�)�,� �d�e�f�e�c�t�s� �[�1�8�2�]�.� �A�l�t�h�o�u�g�h� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �c�o�n�d�i�t�i�o�n�s� �o�f� �(�1�0�0�)� �a�n�d� �(�2�1�1�)� �G�a�A�s� 

�s�a�m�p�l�e�s� �t�o� �b�e� �i�n�v�e�s�t�i�g�a�t�e�d� �i�n� �t�h�i�s� �s�e�c�t�i�o�n� �a�r�e� �m�a�r�k�e�d�l�y� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�a�t� �o�f� �S�i�-�d�o�p�e�d� �L�E�C� �G�a�A�s�,� 

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

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

�s�e�r�v�e� �a�s� �a� �b�a�s�i�s� �f�o�r� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �t�h�e� �D�L�T�S� �s�p�e�c�t�r�a� �o�b�t�a�i�n�e�d� �f�o�r� �s�a�m�p�l�e�s� �a�f�t�e�r� �i�o�n� �i�m�p�l�a�n�t�a�t�i�o�n� 

�a�n�d� �a�n�n�e�a�l�i�n�g�.� 

�F�i�g�.� �5�.�6�.� �i�s� �t�h�e� �d�e�f�e�c�t� �s�p�e�c�t�r�u�m� �o�f� �a� �5�0� �k�e�V� �S�i�-�i�m�p�l�a�n�t�e�d� �(�1�0�0�)� �G�a�A�s� �a�c�t�i�v�a�t�e�d� �b�y� �R�T�A� �a�t� �8�5�0� 

�°�C� �f�o�r� �3�0� �s�e�c�o�n�d�s�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�a�r�a�m�e�t�e�r�s� �u�s�e�d� �d�u�r�i�n�g� �D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� �a�l�s�o� �p�r�o�v�i�d�e�d� 

�i�n� �t�h�e� �f�i�g�u�r�e�.� �T�h�e� �s�p�e�c�t�r�u�m� �c�o�n�t�a�i�n�s� �m�u�l�t�i�p�l�e� �e�m�i�s�s�i�o�n� �p�e�a�k�s�,� �o�n�e� �o�f� �w�h�i�c�h� �i�s� �E�L�2�.� �S�o�m�e� �o�f� �t�h�e� 

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

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

�w�e�l�l� �d�e�f�i�n�e�d� �p�o�i�n�t� �d�e�f�e�c�t�.� �T�h�e� �t�w�o� �d�o�m�i�n�a�n�t� �e�l�e�c�t�r�o�n� �t�r�a�p�s�,� �l�a�b�e�l�l�e�d� �A� �a�n�d� �B�,� �i�n� �F�i�g�.� �5�.�6� �a�r�e� �l�o�c�a�t�e�d� 

�a�t� �E�,�-�0�.�7�0� �e�V� �a�n�d� �E�,�-�0�.�8�3� �e�V� �f�r�o�m� �t�h�e� �c�o�n�d�u�c�t�i�o�n� �b�a�n�d�.� �T�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �s�e�v�e�r�a�l� �e�l�e�c�t�r�o�n� �t�r�a�p�s� 

�i�n� �F�i�g�.� �5�.�6� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �5�.�1�,� �a�n�d� �p�o�s�s�i�b�l�e� �s�i�m�i�l�a�r�i�t�i�e�s� �t�o� �t�h�e� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d� �t�r�a�p� �l�e�v�e�l�s� �a�r�e� 

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

�T�h�e� �t�r�a�p� �l�e�v�e�l� �a�t� �E�,�-�0�.�8�3� �e�V� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �e�m�i�s�s�i�o�n� �s�i�g�n�a�l� �f�r�o�m� �E�L�2�.� �T�h�e� �c�r�e�a�t�i�o�n� �o�f� 
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�a�n� �E�L�2� �c�e�n�t�e�r� �b�y� �i�o�n� �i�m�p�l�a�n�t�a�t�i�o�n� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� �l�i�t�e�r�a�t�u�r�e� �[�4�9�,�1�7�7�]�.� �T�h�e� �o�b�s�e�r�v�e�d� �E�L�2� �l�e�v�e�l� 

�i�n� �t�h�e� �(�1�0�0�)� �G�a�A�s� �s�a�m�p�l�e� �m�a�y� �q�u�i�t�e� �l�i�k�e�l�y� �b�e� �t�h�e� �s�u�m� �o�f� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �E�L�2� �c�a�u�s�e�d� �b�y� �S�i� 

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

�G�a� �a�n�d� �A�s� �v�a�c�a�n�c�i�e�s� �a�s� �w�e�l�l� �a�s� �m�o�r�e� �c�o�m�p�l�e�x� �d�i�s�l�o�c�a�t�i�o�n� �n�e�t�w�o�r�k�s�.� �I�f� �E�L�2� �i�s� �a�n� �A�S�,� �d�e�f�e�c�t�,� �t�h�e�n� 

�t�h�e� �f�o�l�l�o�w�i�n�g� �a�r�e� �p�o�s�s�i�b�l�e� �r�e�a�c�t�i�o�n� �m�e�c�h�a�n�i�s�m�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �E�L�2� �[�4�9�]� �:� 

�A�S�,�,� �+� �V�g�,� �=� �A�S�g�,� �+� �V�a�s� �a�n�d�/�o�r� �|� �A�s�,� �+� �V�o�,� �=� �A�S�g�,� 

�w�h�e�r�e� �V�g�,� �i�s� �a� �G�a� �v�a�c�a�n�c�y�,� �A�s�;� �i�s� �a�n� �A�s� �i�n�t�e�r�s�t�i�t�i�a�l�,� �a�n�d� �A�s�,�,� �i�s� �A�s� �o�n� �A�s� �l�a�t�t�i�c�e� �s�i�t�e�.� �I�t� �h�a�s� �b�e�e�n� 

�r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �A�s�,�,� �d�e�f�e�c�t� �o�r� �E�L�2� �h�a�s� �a�n� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �b�e�t�w�e�e�n� �E�,�-�0�.�7�8� �e�V� �a�n�d� �E�,�-�0�.�8�3� �e�V� �[�4�3�-� 

�4�5�,�1�0�1�]�.� �T�h�e� �i�m�p�l�a�n�t�e�d� �S�i� �a�t�o�m�s� �p�r�e�f�e�r�a�b�l�y� �r�e�s�i�d�e� �a�t� �G�a� �s�i�t�e�s� �i�n� �c�o�m�p�e�t�i�t�i�o�n� �w�i�t�h� �A�s�;� �H�o�w�e�v�e�r�,� �d�u�e� 

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

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

�a�c�t�i�v�a�t�i�o�n� �a�n�n�e�a�l�i�n�g�.� �T�h�e�r�e�f�o�r�e� �i�t� �a�p�p�e�a�r�s� �t�h�a�t� �t�h�e� �E�L�2� �c�e�n�t�e�r�,� �a�p�a�r�t� �f�r�o�m� �b�e�i�n�g� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� 

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

�T�h�e� �o�t�h�e�r� �d�o�m�i�n�a�n�t� �p�e�a�k� �B� �i�s� �a�t� �E�,�-�0�.�7�0� �e�V� �a�n�d� �i�s� �s�i�m�i�l�a�r� �t�o� �E�B�4� �(�0�.�7�1� �e�V�)� �o�b�s�e�r�v�e�d� �i�n� 

�e�l�e�c�t�r�o�n� �a�n�d� �p�r�o�t�o�n� �i�r�r�a�d�i�a�t�e�d� �G�a�A�s� �[�1�4�-�1�6�]�.� �A� �s�i�m�i�l�a�r� �d�e�f�e�c�t� �c�e�n�t�e�r� �i�n� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n� �h�a�s� �b�e�e�n� 

�r�e�p�o�r�t�e�d� �i�n� �S�i�-�i�m�p�l�a�n�t�e�d� �a�n�d� �f�u�r�n�a�c�e� �a�n�n�e�a�l�e�d� �G�a�A�s�:�C�r� �[�5�5�]�.� �T�h�i�s� �c�e�n�t�e�r� �a�p�p�e�a�r�s� �t�o� �b�e� �a� �r�e�s�u�l�t� �o�f� 

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

�t�y�p�e� �o�f� �a�n�n�e�a�l�i�n�g� �(�f�u�r�n�a�c�e� �o�r� �R�T�A�)�.� �W�a�n�g� �e�t� �a�l�.� �h�a�v�e� �a�t�t�r�i�b�u�t�e�d� �t�h�i�s� �l�e�v�e�l� �t�o� �i�m�p�u�r�i�t�y�-�v�a�c�a�n�c�y� 

�c�o�m�p�l�e�x�e�s� �[�1�8�1�]�.� 

�R�e�m�a�i�n�i�n�g� �t�r�a�p� �l�e�v�e�l�s� �C�,� �D�,� �a�n�d� �E� �a�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �l�o�c�a�t�e�d� �a�t� �e�n�e�r�g�y� �p�o�s�i�t�i�o�n�s� �0�.�5�3�,� �0�.�4�2�,� 

�a�n�d� �0�.�3�3� �e�V� �f�r�o�m� �t�h�e� �c�o�n�d�u�c�t�i�o�n� �b�a�n�d�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�n�d� �a�r�e� �a�n�a�l�o�g�o�u�s� �t�o� �E�L�4� �(�0�.�5�2� �e�V�)�,� �E�L�S� �(�0�.�4�2� 

�e�V�)�,� �a�n�d� �E�L�6� �(�0�.�3�3� �e�V�)� �c�e�n�t�e�r�s�,� �r�e�s�p�e�c�t�i�v�e�l�y� �[�1�7�9�]�.� �T�h�e� �E�L�4� �l�e�v�e�l� �i�s� �a� �r�a�d�i�a�t�i�o�n�-�i�n�d�u�c�e�d� �c�e�n�t�e�r� �s�i�n�c�e� 

�a� �s�i�m�i�l�a�r� �d�e�f�e�c�t� �(�t�o� �b�e� �s�h�o�w�n� �l�a�t�e�r�)� �h�a�s� �a�l�s�o� �b�e�e�n� �o�b�s�e�r�v�e�d� �i�n� �4� �k�e�V� �A�r�*� �b�o�m�b�a�r�d�e�d� �G�a�A�s�.� �T�h�e� 

�o�c�c�u�r�r�e�n�c�e� �o�f� �t�h�i�s� �c�e�n�t�e�r� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �b�y� �K�i�t�a�g�a�w�a� �e�t� �a�l�.� �[�2�]� �i�n� �a� �s�i�m�i�l�a�r�l�y� �p�r�o�c�e�s�s�e�d� �G�a�A�s� 

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

�C�h�a�p�t�e�r� �5�:� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �1�0�4



�a�n�n�e�a�l�e�d� �a�c�t�i�v�e� �l�a�y�e�r�s� �o�n� �C�r�-�d�o�p�e�d� �G�a�A�s� �s�u�b�s�t�r�a�t�e�s� �[�3�8�]�.� �T�h�e�y� �c�o�n�s�i�d�e�r� �t�h�i�s� �l�e�v�e�l� �t�o� �b�e� �a�n� �i�o�n�-� 

�i�n�d�u�c�e�d� �d�e�f�e�c�t� �s�t�a�t�e�.� �A� �s�i�m�i�l�a�r� �o�p�i�n�i�o�n� �a�b�o�u�t� �t�h�e� �o�r�i�g�i�n� �o�f� �t�h�e� �0�.�5�2� �e�V� �e�l�e�c�t�r�o�n� �t�r�a�p� �h�a�s� �b�e�e�n� 

�e�x�p�r�e�s�s�e�d� �b�y� �s�e�v�e�r�a�l� �r�e�s�e�a�r�c�h�e�r�s� �i�n� �s�e�p�a�r�a�t�e�l�y� �p�u�b�l�i�s�h�e�d� �r�e�p�o�r�t�s� �[�6�5�,�1�7�8�]�.� �L�i� �e�t� �a�/�.� �o�b�s�e�r�v�e�d� �t�h�i�s� �s�t�a�t�e� 

�a�t� �0�.�5�2� �e�V� �i�n� �a� �p�r�o�t�o�n�-�i�r�r�a�d�i�a�t�e�d� �L�P�E� �n�-�G�a�A�s�,� �a�n�d� �h�a�s� �a�s�s�i�g�n�e�d� �t�h�i�s� �d�e�f�e�c�t� �t�o� �c�o�m�p�l�e�x�e�s� �i�n�v�o�l�v�i�n�g� 

�V�g�,� �a�n�d� �V�,�,� �[�4�9�]�.� 

�T�h�e� �t�r�a�p� �l�e�v�e�l� �D� �(�E�L�S�)� �a�p�p�e�a�r�i�n�g� �i�n� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �h�a�s� �a�l�s�o� �b�e�e�n� �d�e�t�e�c�t�e�d� 

�i�n� �S�i�-�i�m�p�l�a�n�t�e�d� �a�n�d� �a�n�n�e�a�l�e�d� �G�a�A�s� �[�4�9�,�6�3�,�1�7�9�]�.� �A� �6�0� �k�e�V� �A�r �� �i�r�r�a�d�i�a�t�e�d� �G�a�A�s� �a�f�t�e�r� �a�n�n�e�a�l�i�n�g� �a�t� 

�5�0�0�-�6�0�0� �°�C� �h�a�s� �t�h�e� �i�d�e�n�t�i�c�a�l� �d�e�f�e�c�t� �[�1�8�0�]�.� �T�h�e� �o�r�i�g�i�n� �o�f� �E�L�5� �i�n� �i�o�n�-�p�r�o�c�e�s�s�e�d� �a�n�d� �a�n�n�e�a�l�e�d� �G�a�A�s� �i�s� 

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

�a�t�o�m�s� �[�4�9�]�.� 

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

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

�a�l�l� �p�o�s�s�i�b�l�e�,� �b�e�c�o�m�e�s� �v�e�r�y� �i�n�v�o�l�v�e�d�.� �T�h�e� �t�r�a�p� �l�a�b�e�l�l�e�d� �E� �a�t� �0�.�3�3� �e�V� �h�a�s� �b�e�e�n� �d�e�t�e�c�t�e�d� �i�n� �b�u�l�k� �G�a�A�s� 

�b�e�f�o�r�e� �[�3�4�]�.� �W�a�n�g� �e�t� �a�l�.� �[�1�8�1�]� �h�a�v�e� �f�o�u�n�d� �t�h�i�s� �d�e�f�e�c�t�,� �i�n� �s�m�a�l�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �i�n� �S�e� �i�m�p�l�a�n�t�e�d� �a�n�d� 

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

�r�e�l�a�t�i�o�n�s�h�i�p� �w�i�t�h� �a� �s�i�n�g�l�e� �G�a� �v�a�c�a�n�c�y� �[�3�3�]�.� 

�T�h�e� �D�L�T�S� �m�e�a�s�u�r�e�m�e�n�t� �c�o�n�d�u�c�t�e�d� �o�n� �t�h�e� �s�a�m�e� �(�1�0�0�)� �G�a�A�s� �a�t� �2�V� �r�e�v�e�r�s�e� �b�i�a�s� �(�p�r�o�b�e� �d�e�p�t�h� 

�~� �0�.�1�5� �2�m�)� �r�e�v�e�a�l�e�d� �n�o� �n�e�w� �t�r�a�p� �l�e�v�e�l�s� �o�t�h�e�r� �t�h�a�n� �t�h�o�s�e� �o�b�s�e�r�v�e�d� �a�t� �1�V�.� �T�h�e� �o�n�l�y� �n�o�t�i�c�e�a�b�l�e� �c�h�a�n�g�e� 

�w�a�s� �t�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �p�e�a�k� �i�n�t�e�n�s�i�t�i�e�s� �o�f� �t�h�e� �A� �(�0�.�8�4� �e�V�)� �a�n�d� �B� �(�0�.�7�0� �e�V�)� �l�e�v�e�l�s�.� �T�h�e� �t�r�a�p� �p�a�r�a�m�e�t�e�r�s� 

�d�e�d�u�c�e�d� �f�o�r� �t�h�i�s� �r�e�g�i�o�n� �o�f� �s�p�a�c�e� �c�h�a�r�g�e� �a�r�e� �a�l�s�o� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �5�.�1�.� �A� �r�o�u�g�h� �e�s�t�i�m�a�t�e� �o�f� �t�o�t�a�l� 

�r�e�l�a�t�i�v�e� �t�r�a�p� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�Z�N�,�/�N�p�)� �a�t� �p�r�o�b�e�d� �d�e�p�t�h�s� �i�s� �a�b�o�u�t� �0�.�1�3� �-� �0�.�1�5�.� 

�T�h�e� �D�L�T�S� �r�e�s�p�o�n�s�e� �o�f� �a� �5�0� �k�e�V� �S�i�-�i�m�p�l�a�n�t�e�d� �a�n�d� �R�T�A� �(�8�5�0� �°�C� �f�o�r� �3�0� �s�e�c�.�)� �a�n�n�e�a�l�e�d� �(�2�1�1�)� 

�G�a�A�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�7�.� �A�l�t�h�o�u�g�h� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�o�s�e� �u�s�e�d� �f�o�r� 

�(�1�0�0�)�,� �t�h�e� �s�p�e�c�t�r�u�m� �f�o�r� �(�2�1�1�)� �a�p�p�e�a�r�s� �b�r�o�a�d�e�r�.� �T�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �a� �b�r�o�a�d� �D�L�T�S� �s�i�g�n�a�l� �i�s� �i�n�d�i�c�a�t�i�v�e� 

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

�C�h�a�p�t�e�r� �5�:� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �1�0�5
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�S�O� �8�5� �1�2�0� �1�5�5� �1�9�0� �2�2�5� �2�6�0� �2�9�5� �3�3�0� �3�6�5� �4�0�0� 

�T�e�m�p�e�r�a�t�u�r�e� �(�K�)� 

� � 

�b�i�a�s� �=�  ��1�V�,� �p�u�l�s�e� �=� �1�V�,� �w�i�d�t�h� �=� �.�0�1� �s�e�c�,� �e�m�i�s�s�i�o�n� �r�a�t�e� �=� �4�.�0�2� �s�e�c�.� �|� 

�F�i�g�.� �5�.�7� �D�L�T�S� �s�p�e�c�t�r�u�m� �o�f� �a� �S�i�-�i�m�p�l�a�n�t�e�d� �a�n�d� �R�T�A� �a�n�n�e�a�l�e�d� �(�2�1�1�)�-�4�5�°� �G�a�A�s� �(�l�a�b�e�l�s� �A�-�E� 
�a�r�e� �d�e�f�i�n�e�d� �i�n� �t�e�x�t�)�.� 
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