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ABSTRACT 

An experimental and theoretical analysis of the 

effects of ion bombardment on Schottky diodes is 

presented. The experimentally observed shifts in diode 

performance are compared to the conditions of ion 

exposure. 

These experiments show that Schottky diodes exposed 

to ion beams show decreases in effective barrier heights 

and ideality factors, as well as increased incidence of 

premature reverse breakdown. The change in barrier height 

is found to be proportional to the energy of the 

individual ions and the total number of ions delivered to 

the surface. 

A numerical simulation of the damage process and 

device performance is developed. The model considers only 

the effect of ion exposure on the potential distribution 

within the metal-semiconductor junction. Comparison of 

experimental and modelled barrier shifts shows fair 

agreement, suggesting that enhancement of tunnelling 

currents is the dominant mechanism for barrier lowering. 
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Chapter 1 

INTRODUCTION 

1.1 purpose and contributions 

This study forms a component of an ongoing research 

effort into the effects of plasma processing on 

semiconductor device performance. The device considered 

here is the Schottky diode, chosen because ion exposure 

and the electronically active region coincide at the 

semiconductor surface. The complete study of Schottky 

diodes consists of three major components: experimental 

study involving discrete ion beams, modelling of exposed 

devices to develop a physical understanding of the 

observed phenomena, and extension of the experiment and 

modelling to the case of plasma exposure. 

This work is concerned primarily with the first 

portion of the project. The DC performance of Schottky 

Barrier Diodes exposed to discrete (monoenergetic) 

non-reactive ion beams was analyzed numerically. This 

revealed both a lowering of the effective barrier height, 

as reported by others, and a previously unreported shift 

in the diode ideality factor. 

Empirical models relating performance shifts to beam 

conditions were developed, providing the first quantitive 
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comparison of ion bombardment effects to exposure inputs. 

Furthermore, this study successfully examined the effects 

of more mild ion exposures than had been studied 

previously. 

A preliminary physical model is presented. This 

model provides a direct connection between the effects of 

ion exposure on surfaces and the performance of Schottky 

diodes fabricated on those surfaces. This model also 

provides significant insight into the mechanisms for 

shifts in diode performance, as the experimentally 

observed change in effective barrier height is accounted 

for entirely through enhanced tunnelling currents. This 

modelling is not complete, as the observed shift in 

ideality factor was not projected. 

An outline for completion of the theoretical model 

and extension of this work to the case of plasma exposure 

is discussed. 

Detailed understanding of plasma effects will allow 

numerous applications, potentially including the control 

of device performance through selection of process 

conditions or the development of new, in-situ sensors for 

beam or plasma properties. 
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1.2 Historical Perspective 

The impact of plasma exposure on the performance of 

Schottky Barrier Diodes was examined at least as early as 

1974, by Mullins & Brunnschweiler [1]. Their study of 

metal/n-Si junctions found increased conduction in both 

the forward and reverse directions, as well as increased 

junction capacitance. One of the Schottky Diode's 

principal attractions is low capacitance and high 

switching speed, so degradation of this property limits 

the applicability of the device. 

Numerous authors have since studied both n- and 

p-type silicon junctions. The effect of ion exposure on 

metal/n-Si junctions is universally reported as increased 

conduction in both the forward and reverse directions. 

The choice of terms varies, but the forward conduction is 

generally attributed to a lowering of the Schottky barrier 

height. The behavior of metal/p-Si junctions is generally 

the opposite; however, this study will not consider that 

class of junctions. 

The work cited above, as well as that of Grusell, 

Berg, and Andersson [2], attempted to explain the 

modification of the barrier through the introduction of 

deep traps in the silicon band gap. This later work 

applied Deep Level Transient Spectroscopy to verify the 
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existence of traps, with incomplete success, conversely, 

the work of KiJcuchi and Iwata [3] attempted to relate the 

observed results to the presence of Oxygen at the metal-Si 

interface. 

The study of semiconductor surfaces exposed to 

bombarding ions has continued to the present. Various 

researchers have examined the effects of plasmas or beams 

of noble gas ions [4], while numerous others have focussed 

on the effects of Reactive Ion Etching in different gases 

[5] [6] [7]. The work to date has been limited by 

arbitrary selection of process conditions and lack of 

common theory among authors. A fair portion of the work 

has been incidental to other studies [8]. It is not 

surprising that a large portion of the recent effort has 

involved reversal of the effects by post-exposure 

treatments [9]. 

1.3 Relevant Works By others 

There have been several attempts to isolate the root 

causes of device performance shifts due to ion damage. 

The work of Singh, et al [10], analyzed changes in device 

performance due to ion beam etching. Three gases (H, Ar, 

and Kr) were studied over a wide range of accelerating 

voltages. The exposures were accompanied by an extensive 
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chemical characterization. This study revealed 

significant (10zo cm-3) levels of Fe and Cr contamination, 

as well as the existence of trivalently bonded silicon 

near the surface. 

Mu, et al [11], explored the effects of Reactive Ion 

Etching (RIE) with CClF3/Hz using such techniques as Auger 

Electron Spectroscopy and Spectroscopic Ellipsometry. 

This work also detected the presence of both contamination 

on or in the silicon surface and residual damage to the 

lattice near the surface. 

Other workers have produced similar but distinct 

results. Seager, et al [12], modelled their experimental 

devices as containing a thin layer of amorphous silicon 

between the silicon crystal and the surface. This 

corresponds to the limiting case of lattice damage. 

Connick, et al [13], verified the existence of a nearly 

amorphous layer by Transmission Electron Microscopy (TEM). 

Bean, et al [14] had previously reported contamination of 

the surface after Reactive Ion Etching (RIE), but had 

identified Argon as the principal contaminant. 

While no single author has produced a unified theory 

for the increase in conduction for metal/n-si junctions, 

there is enough agreement to form a set of expectations 

for diodes exposed to ion beams or plasmas. specifically, 
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ions and/or contaminants will be present at the interface, 

and the silicon lattice near the surface will be 

disturbed. The electrical characteristics of exposed 

diodes should show greater current flow, or more rapid 

"turn-on" in the forward direction and greater "leakage" 

in the reverse. 

1.4 Project organization 

The work discussed in the previous sections has 

typically fallen into one of two categories: empirical 

efforts documenting the effect of some "real" but isolated 

plasma process, and laboratory studies covering a narrow 

range of well-controlled parameters. Furthermore, the 

latter class of research has traditionally covered the 

range of ion energies from 500 eV to several kev, which is 

somewhat higher than is typical for reactive etch 

processes. 

The overall goal of all researchers in this field is 

to develop a unified theory capable of predicting device 

performance from easily measurable plasma parameters. As 

numerous others have failed in this pursuit, the 

aspirations of this study will be more limited, 

specifically, this project will attempt to illuminate the 

behavior of a single system: Titanium/n-si devices formed 
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on surfaces exposed to Ar-*" ion beams. Detailed 

consideration of this system will not provide a unified 

theory, but represents a reasonable and practical first 

step toward realization of that goal. 

This report consists of six chapters. First, Chapter 

2 will present a brief background on the theory of 

Schottky Diode operation and the current knowledge of the 

effects of ion beam exposure on semiconductor surfaces. 

From this chapter, qualitative projections of device 

performance with ion exposures will be made. 

Actual device performance will be measured by 

fabricating diodes on silicon surfaces exposed to low 

energy Argon beams. The beams will be generated using an 

Ion Milling system. The experiment will be described in 

Chapter 3, and the analysis of results forms chapter 4. 

Empirical models relating device performance to the beam 

input conditions of Ion energy, Ion fluence, and exposure 

time will be developed and presented. 

Chapter 5 will expand upon the discussion of Chapter 

2 through construction of a preliminary numerical device 

simulation. This model will convert the aforementioned 

beam parameters directly to device characteristics. The 

model will be applied to beam conditions in the range of 

those used in the experiment. The qualitative trends 
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observed in the experiment will be explained, where 

possible, through the presentation of modelled results. 

The final Chapter discusses the results of this work 

and presents an outline of the additional work required to 

investigate and understand the behavior of Schottky Diodes 

under plasma exposure. 
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Chapter 2 

BACKGROUND INFORMATION 

2.1 Schottky Diode Physics 

A complete review of the physics of Schottky Diode 

operation is included as Appendix A. However, a few 

points important to this study are summarized in the 

following sections. 

2.1.1 Overview and Applications 

The rectifying properties of metal-semiconductor 

contacts were discovered by Braun in the 1870's. Although 

the point-contact rectifier found some applications, it 

was not until 1938 that a suitable theory for its 

operation was developed. This theory was put forth by 

Schottky, and the rectifying metal-semiconductor contact 

bears his name to this day. 

The details of Schottky barrier formation and device 

operation are discussed in Appendix A, but the fundamental 

characteristics and applications of these devices will be 

reviewed now. The metal/n-si Schottky diode is a unipolar 

device, meaning that the junction formation and device 

operation involve carriers of only one charge. The 

Schottky junction is formed by the diffusion of electrons 

from the semiconductor to the metal immediately after 
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contact. This is in contrast to bipolar devices, wherein 

both electrons and holes redistribute in the vicinity of 

the junction. Because electrons have much higher mobility 

than holes, the Schottky junction can respond much more 

rapidly to a change in applied voltage. In conventional 

terms, the Schottky diode can "switch" at a higher 

frequency than a p-n diode. This makes 

metal-semiconductor technology attractive for applications 

requiring high speed. 

Another aspect of the Schottky device which gives it 

practical value is the wide variation in characteristics 

which are available through the choice of metal. In 

all-silicon devices, such as p-n junctions, the designer 

has control over only a small number of characteristics. 

Performance parameters, such as the turn-on voltage and 

conduction current densities, can not be varied 

significantly. The variations that are available 

frequently come at the cost of processing inconvenience. 

On the other hand, substituting one metal for another in a 

process is usually very simple, and the electrical 

characteristics of Schottky devices can be tailored to the 

application. 

An example of an application which exploits the 

controllable characteristics of the Schottky diode is the 
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clamped transistor, shown in Figure 1. In this device, a 

Schottky diode is connected between the base and collector 

terminals of a bipolar transistor. The forward voltage 

drop of the Schottky diode is selected lower than the 

Base-Collector "On" voltage for the transistor. When the 

transistor is turned On, excess current is shunted around 

the Base-Collector junction by the Schottky diode, and the 

transistor is kept out of saturation. When the transistor 

is switched off, the delay normally associated with 

redistribution of the holes in the Base-Collector 

depletion region is reduced, and the effective switching 

speed of the transistor is increased without sacrifice of 

any other characteristic. 

Although the Schottky diode is not as "mainstream" 

and popular a device as the MOSFET, its unique 

characteristics make it an important addition to the 

current family of devices. Furthermore, with the active 

junction coincident with an interface between different 

materials, the Schottky barrier junction is an important 

tool for the study of interfaces and the development of 

processing techniques. The physical understanding 

obtained through the study of Schottky diodes can benefit 

any present or future system involving material 

interfaces. 
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Figure 1. The Clamped Transistor 
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2.1.2 Energy Bands and Current Flow 

Figure 2 shows the energy band structure of a 

typical metal/n-si junction at rest, it is clear that a 

potential energy barrier to electron flow exists at the 

interface. This is the "Schottky barrier." An electron 

approaching the junction from the metal side is confronted 

by a sharp barrier determined by the mismatch in the work 

functions of the two materials. An electron approaching 

from the semiconductor sees a gradual increase in 

potential energy. The shape of the barrier in the 

semiconductor is determined by Poisson's equation and the 

concentration of immobile charges in the surface layers. 

Furthermore, the height of the barrier to electrons in the 

semiconductor varies according to the bias applied across 

the junction. 

This asymmetry gives the Schottky barrier its 

rectifying characteristics. While the barrier to electron 

flow from the semiconductor side varies with bias, the 

barrier from the metal side remains fixed by the 

properties on the two materials. 

Current flow across the junction proceeds through two 

primary mechanisms. 

First, electrons may be emitted thermionically from 
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Figure 2. Energy Bands for 
Metal/Semicojiductor Junction 
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either material with sufficient energy to cross the 

barrier. The line labelled "TE" in Figure 2 illustrates 

this process. If the height of the barrier is defined as 

E1, the number of carriers with sufficient energy is found 

by: 

n = 
00 

tin = 
00 

N(E) F{E) dE (1) [15] 

where 

N(E) is the effective density of electronic states 

F(E) is the Fermi-Dirac distribution function 

The density of current flowing across the barrier is: 

J = q Vx dn (2) [15] 

where Vx is the velocity with which the electrons 

approach the interface. 

For metal contacts on Silicon, this integral can be 

reduced to the following: 

(3) [15] 

1 

-e
-

s
 

1 

qv 
J = A" T2 exp - exp — 

kT 

i 
*
 

i 

In this equations, A" is the effective Richardson 

constant for Thermionic Emission, and is given by 
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4jiqm"k:a 

A" = , m" = electron effective mass 

h = Planck's constant 

264 Amp cm"z K~3 for <111> n-Si 

and V is the bias voltage applied between the metal 

and the semiconductor. 

This formula yields the flow of current from the 

semiconductor to the metal. A similar equation applies 

for current flow in the opposite direction, but the height 

of the potential barrier does not vary with applied bias. 

The net current at any voltage is the difference 

between the two components: 

Jnot ~ J n—m Jm — • 

= A" T2 exp 
q$i 

kT 
(exp 

qV 

kT 
- 1) (4) 

= Jr (exp 
qV 

kT 
- 1) (5) [15] 

Jo = "Saturation current Density" 

The second major contributor to current flow is 

Quantum Mechanical Tunnelling (line "QMT" in Figure 2), 

or simply tunnelling. Tunnelling is a phenomenon which 
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gives a particle with energy insufficient to cross a 

potential barrier a finite probability of passing 

"through" or "under" the barrier to appear on the other 

side. The flow of current due to tunnelling is controlled 

primarily by the quantum mechanical tunnelling 

coefficient, which is generally interpreted as a 

probability for a tunnelling event. The probability of 

tunnelling increases as the energy of the particle nears 

the height of the potential barrier, and as the physical 

distance to be traversed decreases. 

As was shown in Figure 2, the width of the potential 

barrier at the interface decreases with increasing 

potential energy. An electron with nearly enough energy 

to be emitted over the top of the barrier may have a 

relatively high probability of tunneling through the 

narrow barrier remaining. 

Tunnelling plays an additional role in current 

transport across the metal/semiconductor junction when the 

interface contains an additional barrier. An example of 

this is an oxide on the semiconductor before metal 

deposition. If only classical physics were involved, the 

presence of a continuous oxide layer would render 

conduction nearly impossible. The oxide introduces a very 

high, nearly square potential barrier as shown in Figure 



28 

3. While estimates of the height for this barrier range 

from a few tenths of an eV [16] to several eV [17], it is 

clear that thermionic emission over it would be severely 

limited. In this case, tunnelling through the interfacial 

barrier provides an effective path for current flow. The 

probability for tunnelling through an interfacial barrier 

appears as a multiplicative factor in the previously 

derived current expressions. 

2.2 Effects of Ion Exposure on Surfaces 

Ions play important roles in several microelectronic 

processes. This project is primarily concerned with the 

incidental effects of ion-based etching processes on 

semiconductor surfaces. The following sections briefly 

outline the impact of such exposure on surfaces, and the 

possible electronic effects. More thorough explanations 

of these effects are given in Appendix B. 

2.2.1 Review of Ion and Plasma Processing 

Plasma and ion-based etching processes are of great 

importance in modern microelectronic technology. One of 

the principal advantages lies in the ability of the 

certain processes to control the wall profile of etched 

structures. By etching anisotropically, these processes 

can improve control over critical dimensions and allow 
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Metal/Semiconductor Junction 

With Interfacial Oxide 
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greater circuit densities. 

Ion etch processes can be divided into 4 major 

classifications along two divisions as illustrated in 

Figure 4. The first is the source of the ions. Plasma 

processing places the samples to be etched in contact with 

a low temperature gas discharge. This discharge, the 

plasma, serves as a direct source for the ions used in 

etching. The second major class of processes uses 

directed streams or beams of ions to perform the etching. 

These systems frequently utilize plasmas or plasma-like 

discharges to generate the ions, but the samples to be 

etched are physically separated from the discharge region. 

The second division of ion etch processes involves 

the mechanisms of etching. Physical, or sputtering, 

processes remove material through a "knocking off" of 

individual surface atoms by arriving ions. Reactive 

processes proceed by chemically reacting the surface atoms 

and certain gas species to form compounds that are 

volatile or which can be physically etched more rapidly. 

The separation of processes along this division point is 

not as simple as for ion source. Certain processes, such 

as the very popular Reactive Ion Etching, utilize both 

chemical reactions and energetic ion bombardment to etch a 

wide variety of materials. 
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However, these processes all have a few common 

features. Principal among these is the bombardment of the 

sample surfaces by a certain number of ionized gas 

molecules. The number and energy of these ions, as well 

as their trajectories and chemical characteristics, vary 

according to the class of process and the process 

conditions used. In general, physical processes utilize 

ions of simple gases {such as the noble gases) and operate 

at high energy. The ion exposures from plasma processes 

are less predictable, being characteristic of the plasma 

and not necessarily the etch process. Some processes use 

an inert gas plasma to generate neutral free radicals of 

another gas for chemical etching. The ions are not 

directly involved in etching, yet continue to bombard the 

surfaces in contact with the plasma. 

While the number of ions bombarding a surface is 

widely varied, typical microelectronic processes of all 

these types utilize ion energies in the range of a few 

tens of eV to approximately one thousand eV (1 keV) . 

As might be expected, the effects of ion bombardment 

are not limited to the film being etched. In many common 

processes, one material (such as an oxide) is etched away 
f 

to create a contact to a different material underneath. 
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In such cases, there is an inevitable exposure of the 

lower surface to ion bombardment. This exposure has long 

been known (see Chapter 1, Section 1.2) to affect the 

electronic properties of the surface. This is 

particularly important when the exposed surface is used to 

fabricate a surface-active device such as the Schottky 

diode. 

In the following sections, the mechanisms for 

modification of the electronic behavior of semiconductor 

surfaces by ion beam exposure will be analyzed. 

2.2.2 Implantation of Arriving Ions 

The first effect of ion exposure is the implantation 

and/or adsorption of arriving ions in the region near the 

surface. These ions can introduce donor-like surface 

states, contributing a net positive charge at the 

interface [18]. 

An ion colliding with a solid will experience two 

effects. First, it will lose energy to the atoms of the 

solid through collisions. Second, it may change direction 

during those collisions, and may be deflected in the 

direction opposite to its arrival. A simple criterion for 

deciding whether an ion is entrapped would be to track its 

position through several collisions. If the ion has lost 
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sufficient energy to remain in or on the solid before it 

has left the material, it will be entrapped. 

The depth of penetration can be estimated by 

extending the existing theories for ion implantation. The 

most commonly used theory for microelectronics is the work 

of Lindhard, Scharff, and Schiott (LSS theory) [19]. This 

theory allows the prediction of ranges via estimation of 

the nuclear and electronic stopping powers for various 

ion-solid pairs. 

The calculations for the Argon-Silicon system have 

been performed by Sachse, Miller, and Gross [20]. over 

the energy range of 500 to 2500 eV, they found a linear 

relationship between range and ion energy. They found a 

similar relationship for the variation in ion ranges. A 

simple extrapolation of their work to lower energies 

yielded the data presented in Table 1. 

These researchers also used Helium ion backscattering 

(also known as Rutherford Backscattering or RBS) to 

determine the areal concentration of Argon entrapped in 

the surface, obtaining values on the order of 101S cm"2. 

Table 1 shows that the entrapped ions are confined 

to a very narrow region near the interface, so that their 

volume concentrations are quite large (> 1021 cm-3 [20]). 
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Table 1. Ranges of Argon in Silicon 

for Ion Energies Below 1000 eV 

Range, Angstroms 

ergy Average High 

50 eV 10.4 A 11.4 
100 11.2 12 .4 
150 12 .0 13.3 
200 12.7 14 .3 
250 13.5 15.3 
300 14.3 16.3 
350 15.0 17 .3 
400 15 .8 18.3 
450 16.6 19 .3 
500 17.3 20.3 
550 18 .1 21.3 
600 18.9 22 .3 
650 19.6 23 . 3 
700 20.4 24.3 
750 21.2 25.2 
800 21.9 26 . 2 
850 22.7 27 .2 
900 23.5 28.2 
950 24.2 29 . 2 
1000 25.0 30 . 2 

A 

Low 

9.5 A 
10.1 
10.6 
1 1 . 2  
11.7 
1 2 . 2  
1 2 . 8  
13.3 
13.9 
14.4 
14 . 9 
15 .5 
1 6 . 0  
1 6 . 6  
17.1 
17.6 
1 8 . 2  
18.7 
19.3 
19.8 
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The effect of such high implanted ion concentrations would 

be similar to that of a highly doped surface layer. 

According to Shannon [21], doping in the surface region 

can have a profound effect on the current flow through a 

Schottky junction. 

2.2.3 subsurface Lattice Disruption and Radiation Damage 

In addition to the ion entrapment mentioned above, 

several authors have reported the existence of lattice 

disruption near the material surface. In extreme cases, 

the material loses its crystalline character, becoming 

first pclycrystalline and then amorphous as the extent of 

damage increases. 

The theoretical origins for this damage lie in the 

transfer of ion energy to localized "spikes" of thermal 

energy. Local heating creates a disordered region which 

is momentarily equivalent to liquid surrounded by the 

crystal. This analogy is valid even when the surface 

temperature is well below the bulk melting point of the 

material. The degree of amorphization (or 

crystallization) which occurs as the thermal spike 

dissipates is related to the melting point of the material 

and the time required for dissipation. 

The nature of the damaged layer in practical 
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situations has been studied by a variety of analytical 

techniques. Sachse, et al [20] studied the depth of 

lattice disruption by Helium ion backscattering. They 

found the depth of damage to increase with ion energy, 

extending roughly twice as far into the silicon as did the 

entrapped Argon (40-50 A for 500 or 1000 eV). 

Furthermore, the areal concentration of displaced silicon 

atoms was estimated at roughly 20 times the argon 

concentration. The direct application of these results is 

limited only by the apparent presence of a moderate 

concentration of doubly ionized Argon in their low 

pressure (5 mTorr) RF discharge. 

other estimates of depth are somewhat higher, with 

figures in the 100-250 A common [22] [23]. Interpretation 

of these latter studies is hindered by the presence of 

Hydrogen in the experiment ion sources. The range of ions 

in solids generally increases with decreasing atomic 

weight and number. Once again, the published comparisons 

are generally for higher energy ions, but Kelly [24] has 

projected the ranges of 10 keV Ar^ and H"*" in silicon, and 

the Hydrogen range is 13 times that of the Argon. 

Extension of this result to the energies of interest is 

not altogether straightforward, but it is possible that 

the depths of damage for Argon or other heavy-ion beams 

would be much lower. 
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Dislocated atoms in the silicon lattice will produce 

additional electronic states and may behave as fixed 

positive charges. In the latter case, such atoms would 

also have the behavior of additional dopants in shaping 

the potential barrier. 

2.2.4 Contamination and Surface Topography 

Other authors have observed different effects when 

etching practical structures. For example, numerous 

authors [4] [7] have found metallic contamination on 

samples after etch. The electrical behavior of such 

contamination is difficult to control and predict. 

The contamination is apparently due to physical 

sputtering of the vacuum chamber and/or substrate holder, 

followed by backscattering and redeposition of a portion 

of the sputtered material [4]. This problem is chiefly 

observed in plasma-type processes. Beam processes, owing 

to the lower pressures involved and the greater physical 

separation of the samples from the other surfaces exposed 

to the ions, have correspondingly less incidence of 

deposition. 

A further complication reported by some users of ion 

processes is a roughening of the surface during etch [7]. 
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"Cones" or "pyramids" of unetched material with dimensions 

on the fractional micron scale appear on a surface after 

etch. This phenomenon is generally associated with 

reactive processes, wherein a non-reactive particle or 

cluster of atoms on the surface can mask the reaction in 

that area. However, when the angle of ion arrival 

relative to the surface is fixed at some oblique angle, 

cones can be evolved even in purely physical processes 

[25], For a strictly physical etch, however, the evidence 

for cone formation is limited to cases of high incident 

angle or non-rotation of the sample. 

The ion source used in this study is an ion beam at 

normal incidence, with continuous sample rotation. 

Therefore, neither of the effects discussed in this 

section (metallic contamination or evolution of surface 

topography) is expected to contribute to device 

performance. 

2.2.5 Etching of Surface 

The last, but perhaps the most commonly known, effect 

of ion bombardment is the etching of the exposed surface. 

The energy of incoming ions is transferred the 

near-surface region of the solid, and atoms at the surface 

may gain enough energy to leave the solid. The eventual 

result is an erosion of the surface. This phenomenon is 
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commonly known as ion milling, sputter etching, or simply 

sputtering. 

Numerous models for the sputtering process exist. A 

typical example is given by Zalm [26]. The usual approach 

is to consider the average number of surface atoms removed 

by each arriving ion. This is defined as the sputter 

yield. The sputtering yield is determined by the total 

energy of the incoming ion and the efficiency with which 

that energy is transferred to the solid. The rate of 

material removal can be calculated from knowledge of the 

sputter yield, the flux of arriving ions, and the density 

of atoms in the surface. 

Erosion of the material does not contribute directly 

to device behavior, but plays an important role in 

determining precise effects of other surface damage 

mechanisms. For example, the final depth distribution of 

implanted ions is critically dependent upon the amount of 

material removed during the implantation time. 
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Chapter 3 

EXPERIMENTAL DEVICE FABRICATION 

In order to test the theoretical arguments put forth 

in the previous chapter, a group of Schottky diodes was 

fabricated on surfaces damaged by ion beams. The 

experiment was divided into two segments. The first 

segment utilized an existing device design attempting to 

simulate the structure of a commercial device. The second 

segment used a very simple design and process to make the 

fabrication and testing more convenient. 

3.1 Original Experiment 

The first experiment (Experiment I) utilized an 

existing device and process design for a Schottky diode 

with commercial characteristics. The layout and cross 

sections are shown in Figures 5 and 6 respectively. 

The active regions and contacts were confined to a lightly 

doped epitaxial layer on the front surface of the wafer. 

The rectifying contact was a square approximately 140 

microns on a side and was centered in the cell. Two ohmic 

contacts were formed by diffusing additional n-type dopant 

through square-border openings in the oxide. These were 

approximately 30 microns wide and were located 185 and 415 

microns from the center of the device. Additionally, the 

rectifying contact was bordered by a diffused p-type guard 
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ring. The fabrication of these devices was complicated by 

several factors. First, the relatively poor condition of 

the pattern masters at the start of this experiment and 

contamination in the photomask generation process resulted 

in the creation of many defects. Because of the 

relatively small dimensions involved, these defects were 

of size comparable to the features of the device. As a 

result, the diffused regions were poorly contained, and 

"pockets" of both dopant types were scattered throughout 

the device area. 

The second problem was also a result of the condition 

of the available photomask production equipment. The 

single device pattern was converted to a wafer pattern by 

using a Jade step-and-repeat camera. The camera system 

consisted of a moving stage with a position detection 

system connected to a flashlamp behind the single-device 

master, or reticle. As the stage moved, the position 

detector used an optical grating and a set of photocells 

to count the number of distance steps traversed. In this 

case, the minimum distance step was 1 mil (1/1000 inch). 

The number of steps between devices was programmed by the 

user, and was chosen as 125 for this pattern. The 

position detector would then count the number of steps 

since the last exposure and signal the flashlamp for an 
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additional exposure when the appropriate number had 

passed. A similar scheme was used for translation in the 

other dimension. 

As was mentioned above, the desired pitch between 

pattern repetitions was 125 mils. After the complete mask 

set had been finished, it was discovered that certain of 

the steps had been miscounted by the position detector. 

This resulted in pattern-pattern distances which were 

usually the correct 125 mils, but were sometimes 126 and 

sometimes 127, depending upon the mask. Because the 

system counted only the distance from the previous 

exposure, an error at any step would persist through the 

entire mask. 

The end result of this problem was an overlay error 

between the various mask levels. The dominant error was a 

2 mil shift near the middle of the mask defining the guard 

ring diffusion. With a feature dimension of 30 microns, 

an overlay error of 2 mils (50.8 microns) would have been 

completely unacceptable. The use of a contact printing 

system for the wafer exposure provided a means of reducing 

the overlay error, one portion of the wafer was covered 

with an opaque material while the other portion was 

exposed. The opaque cover was then moved to the 

previously exposed side, and the alignment and exposure 
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were repeated. This improved the overlay, but at the 

expense of additional photoresist damage from multiple 

wafer-mask contacts. 

As a result of these factors, the devices built 

during the first segment did not function properly. The 

device characteristics were dominated by very high reverse 

conduction, as shown in Figure 7. The reverse 

characteristics were ohmic, while the forward conduction 

showed what appeared to be the superposition of an ohmic 

component and a diode characteristic. Subtraction of the 

reverse currents from the forward currents revealed Figure 

8, which has the qualitative appearance of diode 

behavior. However, examination of the La(I) vs V 

response (Figure 9) showed non-ideal behavior. The lack 

of understanding regarding reverse characteristics and 

their effect on the forward behavior lead to the 

conclusion that the goals of this project could not be met 

through use of these devices. The experiment was 

abandoned and work began on a revised device. 

3.2 Revised Device Design 

The second experiment utilized a new and very simple 

device, designed to avoid the problems experienced in 

Experiment I and provide high manufacturability and 

testability. The wafer structure of a lightly doped 
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epitaxial layer on a heavily doped substrate was retained. 

In this case, the only feature on the front surface would 

be the rectifying contact, formed by evaporation directly 

onto the wafer surface. Backside metallization would be 

used to form the ohmic terminal of the diodes. 

The pattern of contacts was also chosen for 

convenience of manufacture. To avoid the costly and time 

consuming process of generating a photomask optically, an 

array of circular dots was chosen. The diameters of these 

dots were .5, 1, and 1.5 mm. This was consistent with the 

work of other researchers in this area [16 J [27] and 

allowed the initial pattern to be generated by drilling 

the appropriate holes in a thin plate of aluminum. The 

master pattern design is shown in Figure 10. This 

pattern was transferred photolithographically to a 

standard mask plate. The pattern master was rotated and 

the pattern exposed 4 times, resulting in a final wafer 

pattern of 4 quadrants, each consisting of the master 

pattern. Random selection of two quadrants on each wafer 

for the experimental sample and two for the control sample 

would eliminate the effect of variations in the diameters 

of the drilled holes. The importance of on-wafer control 

samples was highlighted during the testing, when several 

parameters were discovered to have wafer-wafer variations. 
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Figure 10. Master Pattern for Experiment II 
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Use of separate wafers for control samples would have 

resulted in false interpretation of device performance. 

The fabrication of the devices consisted of 5 

principal processes. These were Wafer selection, Backside 

Contact Formation, Ion Beam Exposure, Photolithography, 

and Metallization. Each of these is explained in detail 

below. 

3.3 Wafer Selection 

As was stated at the beginning of this work, the 

focus of this project would be the behavior of contacts 

between Titanium (Ti) and lightly n-doped silicon. The 

choice of Titanium was based on the availability of a Ti 

deposition system. The damage effects under study were 

expected to extend 100-1000 A into the substrate, and it 

was felt that the depletion region of the normal device 

should extend beyond the damaged area. This dictated a 

relatively low doping level in the surface layer. On the 

other hand, low doping through the entire wafer should 

contribute to series resistance effects which might 

obscure the shifts in diode characteristics. Therefore, 

an n-doped wafer with high doping (low resistivity) and an 

epitaxial layer of low doping (high resistivity) was 

chosen as ideal. 
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The existing supply of wafers was examined, and a 

group of 2" wafers with a Phosphorous-doped epitaxial 

layer of 5.5-6.5 microns thickness and 6-8 ohm-cm 

resistivity was found. The sheet resistances of the 

epitaxial layer and underlying substrate were measured, 

and the resistivities indicated dopant concentrations of 

6-8 x 101* cm"3 in the epitaxy and 4-8 x 101<s cm-*3 in the 

substrate [28] [29], The depletion depth for an ideal 

device on this substrate can estimated from the doping 

level {See Appendix A). For Titanium on n-Si, the 

depletion width for this substrate was estimated as ~ 6500 

A when V = 0 (no applied voltage). 

This is clearly much greater than 1000 A, but it met 

the chosen requirements better than any other available 

wafers. It should also be noted that the crystal 

orientation of these wafers was (111). 

These wafers had received no processing beyond the 

epitaxial growth, so a suitable cleaning was all the 

treatment required before fabrication could begin. 

3.4 Backside Contact Formation 

The backside contact serves as an ohmic terminal for 

the diode, and the "junction" formed between the substrate 

and the metal should be as transparent to current flow as 
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possible. This may be accomplished in several ways. 

First, a sufficiently heavy doping level in the 

semiconductor will provide a depletion region that is 

vanishingly narrow, and bidirectional conduction is 

achieved by tunnelling. second, use of a metal with a 

very low barrier height to the semiconductor can allow 

thermionic emission over the barrier in both directions. 

Third, and most commonly used for research grade backside 

contacts, formation of an alloy between the metal and 

semiconductor can replace the junction with a smooth 

transition from metal to alloy to semiconductor. Typical 

candidates for alloy formation on silicon are aluminum and 

gold. 

Neither of these metals was available for use in this 

experiment. Furthermore, the formation of metal-silicon 

alloys typically involves heating wafers to 400-500° C 

after deposition, and no facility for this was available. 

The material and deposition method most conveniently 

available was the sputtering of a Ni-Fe alloy containing 

roughly 80% Ni. The effect of ion bombardment during 

sputter deposition on film properties is not thoroughly 

understood, but it is clearly possible for local 

temperatures to be quite high [30]. The possibility of 

alloy or alloy-like region formation during sputter 
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deposition could not be discounted, so a test sample was 

prepared by sputtering 1/2 micron of the film on both 

sides of one of the wafers described above. Measurement of 

the resistance between isolated pads on both sides of the 

wafer indicated that ohmic contacts were formed at the 

back of the wafer. 

Approximately 50 wafers were prepared by depositing a 

1/2 micron NiFe film on the backs. The deposition tool 

was a Perkin-Elmer 4400 Production (load-locked) 

sputtering system, and the process conditions were: 

Power - 1400 W 

Ar Pressure - 15 microns (mTorr) 

Substrate bias - -75 V 

Target size - 8" round 

Table rotation - 5 rpm 

The table size was such that the parts were under the 

target for approximately 1/10 of each revolution. Under 

these conditions, the deposition rate was approximately 

1/2 micron per hour. 

3.5 Ion Beam Exposure 

The backside contact deposition was followed 

immediately by the truly experimental portion of this 

project. This involved exposing a portion of the front 
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surface of each wafer to an ion beam. As was mentioned 

earlier, the photomask pattern consisted of a group of 4 

quadrants per wafer, 2 of which would be Experimental 

(exposed to the ion beam), and 2 of which would be Control 

{protected from the beam during ion exposure). 

3.5.1 System Description: 

The ion beam exposures were all performed using a 

Veeco 6" Microetch Ion Mill. A diagram of the Ion Mill is 

shown in Figure 11. The system is based on a cylindrical 

vacuum chamber, oriented with the axis horizontal, and 

divided into 5 major components. 

The first section (1 in the Figure) is the discharge 

chamber which serves as the ion source. In the Figure, 

and in all standard Veeco ion milling systems, the ion 

source is the rightmost section. It consists of a 

subchamber, bounded by the end of the system on one end 

and a perforated plate on the other. This subchamber 

contains a cylindrical cathode along its axis, and has a 

set of electromagnetic coils wound around the outside. 

There is also an inlet for the process gas. During 

operation, the cathode is biased negatively with respect 

to the chamber walls, and electrons are emitted from it. 

A current is passed through the electromagnetic coils, 

producing an axial magnetic field which causes the 
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electrons to travel in a spiral path on their way to the 

chamber walls. The spiral path increases the total 

distance travelled by each electron, and thus increases 

the probability that the electron will collide with a gas 

atom (molecule). Some such collisions result in 

ionization of the gas atom. If the cathode current is 

high enough, and the magnetic field and gas pressure are 

sufficient to efficiently utilize the electron current, a 

state similar to a plasma is obtained. While this 

"plasma" is the result of a continuous flow of electrons 

from the cathode to the walls, it provides a steady 

concentration of ions. 

A portion of these ions leave the subchamber through 

the perforated plate, and enter the second principal 

component (2 in the Figure). This component consists of a 

set of grids to which an accelerating potential is 

applied. Ions entering the influence of these grids are 

accelerated in the axial direction of the chamber. Other 

components not mentioned here control the energy of ions 

leaving the plasma subchamber such that they arrive at the 

accelerating grids with nearly thermal velocity. Their 

energy upon leaving the grids is thus very well controlled 

and nearly equal to the accelerating potential. 

Immediately "downstream" from the accelerating grids 
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is a filament called the neutralize!-. A current passed 

through this filament causes it to emit electrons, which 

combine with the ions leaving the grids to neutralize 

them. The beam leaving this section is thus an 

essentially monoenergetic stream of neutral gas atoms 

(molecules). The precise control over the atom energy, 

the lack of charge in the beam, and the avoidance of RF 

energy sources and side effects (such as high energy 

electrons which contribute to substrate heating) make ion 

milling an attractive alternative to sputter etching for 

patterning thin films. 

In this case, the ion mill was used to simulate a 

plasma etching system. For this reason, the neutralizer 

was physically removed from the system. Failure to do so 

would have introduced the possibility of contamination on 

the sample wafers, as tungsten would surely have been 

sputtered from the filament by the passing ions. 

After the beam leaves the accelerating grids and 

neutralizer, it travels through the center section of the 

chamber (3 in the Figure). This area is referred to as 

the beam path. It contains no additional components per 

se, but separating it logically from the other sections 

points out the distinct separation between the samples and 

the ion source (discharge) in an ion mill. This 
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separation eliminates many of the difficulties associated 

with processes in which a plasma contacts the samples 

directly. One of the principal advantages for normal use 

of the ion mill is that the samples can be mounted at any 

orientation relative to the arriving atom beam. This 

allows one to exploit the marked increase of sputtering 

yield (number of surface atoms removed per bombarding 

atom) with increasing angle of arrival, making the etch 

process much more efficient. 

At the end of the beam path lies a rotatable shutter 

assembly (Figure label 4), which can be rotated into the 

beam to protect the samples. This is useful for adjusting 

and stabilizing the beam before beginning the sample 

exposure and provides more precise control over process 

conditions. 

Finally, the ion beam arrives at 5, the sample 

holder. This consists of a water-cooled plate with 

hardware for sample mounting. The holder rotates about 

the axis of the plate, to smooth any annular 

non-uniformities in the beam. Also, the plane of the 

plate can be rotated so that the parts are inclined at an 

angle to the arriving beam. This enhances the sputtering 

efficiency as mentioned above. Once again, the desire to 

simulate plasma conditions required that the beam arrival 
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angle be fixed at normal for these experiments. The parts 

were allowed to rotate about the axis of the plate (also 

the axis of the chamber and the beam). 

3.5.2 System Evaluation: 

Before any of the experimental runs were begun, the 

operating and performance characteristics of the system 

were evaluated. For a noble gas (such as the Argon used 

for this project) without a neutralizing filament, the ion 

beam is completely characterized by three parameters: 

- the accelerating voltage 

- the beam current 

- f-the uniformity of beam current density (which 

determines local beam current as a fraction of 

the total) 

Adjustment of the accelerating voltage is a simple 

matter of selecting a DC potential for application to the 

grids. On this particular system, the accelerating 

voltage was variable from 0 to 1000 VDC. 

In principal, the beam current could be selected by 

variation of the cathode and magnet currents and the gas 

pressure. However, adjustments to the magnet current and 

gas pressure on this particular tool are not convenient 

and were not attempted. The only remaining adjustment for 
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beam current density was to control ion density in the 

discharge subchainber by varying the cathode current. A 

knob for this adjustment is provided on the system front 

panel, as are current meters for the shutter and the 

substrate holder. 

The bounds on the adjustability of the ion current 

are set by the ion density required to maintain a steady 

state condition in the discharge chamber and by the 

ability to extract ions from that chamber to the 

accelerating grids. 

Decreasing the cathode current causes a decreased 

beam current. Below a certain point, decreasing the 

cathode current makes the discharge in the plasma chamber 

unstable and a minimum usable current is determined. 

Increasing the cathode current increases the density 

of ions and thus increases the beam current. For each 

applied voltage, there exists a critical current, above 

which further increases in cathode current do not affect 

the beam current. The origins of this effect are not 

fully understood, but this phenomenon sets an upper limit 

on the usable beam currents. 

Unfortunately, these two limits overlap for a 

significant portion of the voltage scale. specifically, 
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there is no adjustability of beam current when the applied 

voltage is below 350 V (for this particular system). 

Above that value, the range of available currents is 

bounded by two divergent lines. The upper line represents 

the limiting extracted current for each voltage, while the 

lower line represents the current extracted at the minimum 

cathode current. Figure 12 shows the available currents 

for each voltage. 

The second step of the system characterization was to 

develop a conversion factor relating the substrate current 

measured by the tool to the current density on the wafer. 

The Veeco Microetch line of ion milling systems is named 

according to the usable beam area. In this case, the tool 

was a "6-inch Microetch," indicating a rated beam diameter 

of 6 inches. However, the sample holder has a diameter of 

8 1/2", and all portions receive some ion exposure. The 

total current indicated thus includes at least 1 1/4" of 

radius outside the rated area. Furthermore, the beam is 

not perfectly uniform within the rated area. With the 

small wafers used (2" diameter), the error in simply 

dividing the total beam current by the area of the 

substrate holder could be quite large. 

In order to assess the beam profile, a measurement of 

etch rate vs. radius was made. Silicon wafers were 



64 

Beam Current 
Avai lable range vs Accelerat ing Voltage 

0.190 

0.180 -

0.170 -

0.160 -

0.150 -

0.140 -

0 . 1 J 0  -

0 .120  -

0.100 -
0.090 -

0.080 -

0.070 -

0.060 -

0.050 -

0.040 -

0.030 -

0.020 -

0.5 0.3 0.5 0.7 0.9 
(Thousands) 

Aee lera t ing  Vo l tage  
•  Actua l  Ma* .  +  Actua l  Min .  Mode ls  

Figure 12. Ranges of Accelerating 
Potential and Beam Current Available 

With Ion Milling System 



65 

affixed to the sample holder such that the entire radius 

was spanned. Other wafers were cleaved along a diameter 

and laid over the first wafers such that half of each was 

shielded from exposure to the beam. For the etch rate 

measurement, the maximum beam voltage (1000 V) and current 

were used, and the parts were etched for 10 minutes. In 

this time, the etched step near the center was 

approximately 6000 A. The variation of etched step height 

with radius is shown in Figure 13. 

In order to convert the total beam current to the 

current on the wafer, the model for material removal was 

integrated from the center of the wafer to a radius of 1 

inch (the edge of the sample wafers) and this value was 

divided by the integrated material removal for the entire 

sample holder. Implicit in this is the assumption that 

beam current and material removal are directly 

proportional to each other. The sputter yield is constant 

for a given ion energy, so the rate of material removal is 

determined only by the flux of ions. Additional 

discussion of etch rates is included in Appendix c. 

The integration described above yielded a fraction of 

approximately 7.5%, indicating that 7.5% of the total ion 

current incident upon the sample holder fell on the sample 

wafer. Division of that fraction by the wafer area 
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produced the ion current density. 

3.5.3 Ion Exposures: 

As in the previous section, each wafer was mounted to 

the sample holder and then half covered by a semicircular 

segment of another wafer. specifically, the 2" sample 

wafer was held in place by 2 set screws and 2 regular 

screws. The set screws were inserted into the substrate 

holder so that their bodies extended approximately the 

wafer thickness above the surface. The sample wafer was 

placed against these screws and was held in place by the 

regular screws, tightened only to a gentle contact to 

avoid damaging the samples. 

After the sample wafer was placed, one half of a 3" 

wafer was laid over the side held by the set screws. The 

use of set screws underneath the protecting wafer allowed 

the edge of that wafer to make contact with the sample 

underneath. This provided a relatively sharp transition 

from exposed to protected area, and improved the 

reliability of the step height measurements. The 

protecting wafer was held in place by 4 screws. The wafer 

mounting is diagrammed in Figure 14. After mounting, the 

sample wafer received a light marking with a diamond 

scribe to help locate the separation between exposed and 
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unexposed regions. 

The ion exposure levels were chosen to meet several 

goals, with selection of process variables made according 

to the surface damage discussions in Chapter 2. 

First, the ion range was considered critical for its 

determination of the thickness of implanted and damaged 

surface layers. The total dose of ions at a given voltage 

was also considered significant, because the concentration 

of both ions and dislocated silicon atoms was expected to 

increase with dose. 

Both of these effects would be tempered by a 

"saturation" of ion density arising from the balance 

between implantation, damage, and etching of the surface. 

The surface condition was expected to become constant once 

a thickness of material equal to the the depth of surface 

damage was removed. Several authors had reported the 

damage depth to be on the order of 100-250 A [13 J [23], so 

a "saturation etch" of 500 A was postulated. In order to 

study the behavior up to saturation, experimental 

conditions leading to etched steps of approximately 50, 

175, and 500 A were chosen. 

The second goal was to evaluate the effects of a 

typical plasma exposure on device performance. For this 
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experiment, "typical" was defined as 5-10 minutes exposure 

to an ion flux of 10iS-10=!O m-a s~T [31]. These 

conditions are equivalent to an ion dose of .05-1 

Coulombs/cmz. With the beam profile discussed earlier, 

these values corresponded to total doses to the substrate 

holder of 13-265 Coulombs (C). The extremely low currents 

(k .01 Amp) for the lowest ion energies necessitated a 

target dose in the lower portion of this range. 35 c was 

chosen as a target value, and several runs of varying 

voltage and current but with total doses of 34 - 37 c were 

made. 

An additional goal was to provide enough discrete 

data points to separate current and voltage effects. This 

required making multiple runs with varying voltages and 

common currents, and runs with common voltages and varying 

currents. 

With these goals in mind, the exposures were begun. 

Because of resource limitations, not all of parameter 

space could be covered in great detail. ultimately 36 

discrete beam runs were made. Unfortunately, the locating 

scribe marks on some of the wafers were deep enough to 

initiate cracking, and three wafers were lost during 

fabrication. Limited resources did not allow their 

replacement. 
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Table 2 lists the runs. Each run was characterized 

by the accelerating Voltage, total beam Current, and Time. 

The Current Density was found from the beam current using 

the scale factor derived above. The Dose was simply the 

product of Current Density and Time. For comparison, the 

Dose for a "typical" plasma process as described earlier 

would be approximately .15 c/cm2. The last column in 

Table 2 contains the measured Step Heights. Not all runs 

had measurable heights; heights for runs without direct 

measurements will be modelled later. 

Figures 15 through 18 provide graphic visualization 

of the parameter ranges covered. Perhaps the most notable 

area of omission is high (greater than 500 A) etched step 

at the lowest voltages. Examination of the Time column in 

Table 2 reveals the reason for this: the etch rates at 

low voltage were extremely low, and steps greater than 500 

A would have required runs of several hours. 

The performance of the final devices and the effects 

of the ion exposures are the subject of Chapter 4. 

3.6 Photolithography 

After the ion exposures were complete, the entire set 

of samples was processed as a single batch through the 

remainder of the fabrication. Processing began with 
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application of a protective coating to the wafer backs. 

This was required to prevent removal of the NiFe layer 

during an HF dip before metallization. 

In order to minimize contact with the front surfaces, 

and the potential for damage or contamination, a 

photoresist spray coater was used. Shipley AZ 1350J 

photoresist was sprayed to a thickness of approximately 4 

microns, after which it was immediately baked at 125° C 

for 1 hour. The bake both stabilized the resist for 

handling and improved the uniformity of coverage. 

Once the backs were protected, the wafers were 

mounted on a Headway spin/apply system and the fronts were 

spray cleaned with Acetone. With the wafer still on the 

spinner chuck, the photoresist was applied. The resist 

and process used for this process was Shipley TF-20 and a 

Modified Image Reversal Process (MIRP). This process 

yields the characteristics of a negative photoresist. 

Additionally, the sidewalls of the final resist structures 

have negative slope; the top surface "hangs over" the 

bulk of the resist. This makes a structure which is 

useful for "liftoff" metallization. 

The TF-20 resist has a thickness of approximately 4 

microns after spinning at 2400 rpm. The high ratio of 
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resist to metal film thickness (approximately 8:1 in this 

case) also aids in liftoff. 

After the patterns were developed, the resist was 

treated in preparation for a wet etch and metallization. 

This treatment consisted of a Deep Ultraviolet exposure to 

stabilize the sidewalls and a 125° c bake to improve 

adhesion. The wafers were dipped in 10:1 Dl water:HF for 

20 seconds. This was to remove the native oxide which had 

formed during the several days of processing. The parts 

were rinsed thoroughly in Dl water and were blown dry with 

nitrogen before metallization. 

3.7 Metallization 

For reasons of availability, the metal film used for 

this experiment was Titanium {750 A) followed in the same 

vacuum by Gold (~ 5000 A). This was accomplished using a 

Sloan SL-2800 E-beam evaporation system with a 4-pocket 

rotatable hearth. The thickness of the Titanium was 

chosen to avoid some observed variation of Schottky 

barrier heights for films below 400 A [32]. 

The wafers were loaded in the vacuum chamber within 5 

minutes of the HF dip. The chamber was evacuated to 

5xl0~s Torr before the deposition began. 

Once the desired chamber pressure had been reached, 
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the hearth was rotated so that the Titanium source was 

exposed, and the electron beam was activated. An 

oscillating Quartz crystal microbalance was used to 

monitor the deposition rate, and a metal shutter was 

rotated into the evaporant path while the beam current was 

adjusted to yield a rate of 5 A/sec. Once the beam and 

deposition rate were stable, the shutter was rotated out 

of the way and the deposition rate was numerically 

integrated until 750 A had been deposited on the parts. 

The beam was shut down, and the hearth was rotated so 

that the Gold source was exposed to the electron beam. 

The shutter was closed (rotated to protect the parts) 

again, and the beam current was adjusted again to yield 5 

A/sec. The shutter was opened and deposition continued 

until a 5000 A film had been deposited. 

The use of two metals bears some explanation: the 

Titanium film was used to form the Schottky barrier, and 

was chosen for its availability and good adhesion to the 

substrate. The Gold overcoat was applied to overcome the 

high contact resistance found when Titanium structures are 

contacted directly with electrical test probes. 

After removal from the vacuum system, the wafers were 

soaked in heated (70° C) N-Methyl 2-Pyrollidone (NMP) to 
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dissolve the photoresist and lift the metal film from the 

unwanted areas, ultrasonic agitation was applied to speed 

the dissolution. 

Upon completion of the liftoff, the samples proceeded 

immediately to test. 
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Chapter 4 

DEVICE TESTING AND ANALYSIS 

4.1 Test Equipment 

In order to streamline the device characterization, 

only DC current-voltage performance was analyzed. The 

diodes were tested using a resistance measurement system 

borrowed at the local IBM plant (the author's place of 

employment). A schematic diagram of the tester is 

included in Figure 19. The major components included a 

Xynetics Model 1034XA6 Wafer Prober for positioning the 

sample, a pair of Alessi probe tips for making contact, 

and a PC-controlled measurement system. The measurement 

system used during this testing consisted of a Tektronix 

PS5010 programmable power supply, connected to the sample 

probes through an HP 59307A UHF switch and an HP 3478A 

multimeter. In order to provide short circuit protection 

and to better utilize the available voltage resolution of 

the power supply, a series resistor of approximately 10 

ohms was also included in the circuit. 

The power supply, UHF switch, and multimeter were all 

interfaced to an IBM PC-AT which used a BASIC program to 

control the test and log the data. During operation, the 

PC would set the power supply voltage and then monitor the 

current measured by the meter. The power supply voltage 
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was variable in 10 mV steps from 0 to 32 v. The meter 

range allowed 1 microamp resolution up to about 350 mA. 

In order to accommodate these two limits, the devices were 

tested to 30 V or 300 mA for each polarity. Polarity 

reversal was accomplished through the UHF switch: one 

position of the switch passed the voltage directly to the 

meter and probes, while a second position passed the 

applied voltage through a pair of crossed leads before 

reaching the meter and probes. 

The wafer under test was placed on the aluminum table 

of the wafer prober. One probe was placed in contact with 

the metal dot forming the device and the other was placed 

directly in contact with the table. In order to improve 

the contacts between the probe or the wafer back and the 

table, a 90:10 eutectic alloy of Gallium and Indium (Gain) 

was applied to the table. The Gain eutectic is liquid at 

room temperature, and is useful for reducing contact 

resistance to rough surfaces. Gain was applied to the 

back of each wafer before mounting, and a pool of Gain was 

maintained in the area where the second probe touched the 

table. 

In order to provide a consistent set of data for 

analysis, a group of 24 devices nearest to the center of 

the wafer pattern was selected for testing. These 
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included 2 devices of each of 3 sizes in each of the 4 

quadrants of the wafer. It was mentioned earlier that 

half of each wafer was exposed to the ion beam, so 2 

quadrants on each were exposed and 2 were not. This gave 

each test wafer 12 exposed and 12 unexposed devices, with 

equal numbers at each device size. A diagram of the 

devices tested is included as Figure 20. 

During operation, the wafer (sample) number, device 

number, and ion exposure (Exposed/Unexposed) were entered 

into the PC and the test program started. The UHF switch 

would be set for the appropriate bias and the voltage 

would be increased in steps which were chosen to optimize 

the balance of resolution and test time. At each step, 

three current measurements would be made. If the range of 

the three measurements exceeded 1% of the mean, additional 

current measurements would be made until the range of 

three consecutive measurements was below 1%. Once an 

acceptable current measurement had been obtained, the 

voltage would be increased to the next level. 

For Forward bias, the voltage would be increased 

until the device current exceeded 300 mA. This current 

was typically achieved at a voltage of 3.5-4.5 V. 

In the reverse direction, the voltage would be 
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increased until either the voltage reached 30 (-30V to the 

device) or the current reached 300 mA. Typical reverse 

currents were in the few mA range, so the latter condition 

was generally reached only for wafers exhibiting reverse 

breakdown below 30V. Because of the limited range of the 

power supply, it was not possible to test every device to 

reverse breakdown. 

The test described above generated approximately 60 

data points per device. After testing each device, the 

sample (and table) would be moved so that the next device 

was under the probes, and the test would be repeated. 

Approximately 815 devices were tested in all. 

4.2 Analysis of Individual Diode characteristics 

A typical current-voltage (I-V) characteristic for 

one of these devices is shown as Figure 21. In contrast 

to the earlier experiment, these devices showed the 

expected characteristics: high conduction in the forward 

direction, with ultimate slope approaching that of the 

series resistance, and very low conduction in the reverse. 

Some devices, such as that shown in Figure 22, also 

showed a reverse breakdown in the range of voltages 

covered. 

Analysis of the diodes proceeded in four steps. The 
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first was to eliminate the effects of series resistance. 

While the value of the series resistor built into the test 

circuit could be measured directly, the existence of 

variations in additional resistances at the contact points 

and through the body of the diodes required individual 

analysis. Each device was modelled as a diode in series 

with a resistor. At "high" applied voltages, the diode 

was reasoned to behave as a "short" to small signal 

changes. That is, additional current passing through the 

diode would be accompanied by only a negligible increase 

in the voltage appearing across the device. The 

differential resistance of the total circuit would then be 

due entirely to the series resistor. 

The forward I-V characteristics were examined for 

linear portions at high applied voltages. The slope of 

this linear region would correspond to the total series 

resistance. This step is visualized in Figure 23. The 

series resistance was designated Rn. 

Once the series resistance was found, all of the 

applied voltages were converted to voltages appearing 

across the diode junction be subtracting the measured 

current times the calculated series resistance. 
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Specifically, 

Vdiode = Vn = Vapplied - Rs*Imeasured (6) 

was calculated at each point. 

The second step consisted of translating the l-vD 

data into a ln(I)-Vn characteristic associated with the 

simple diode equation: 

I = Io (ev'vts - 1) (7) 

This characteristic for the sample diode is plotted 

in Figure 24. The sharp deviation from linearity at high 

diode voltages was observed for all devices. Its origin 

is not understood, but it seemed to have coincided with a 

change in range on the power supply. However, the 

presence of an extensive linear region is evident. 

Analysis in this experiment was restricted to this region. 

The slope and intercept associated with this line were 

found, yielding Vt and Io for the equation above. 

The reverse characteristics generally followed the 

form shown in Figure 25. Although the apparent series 

resistance had already been subtracted, the reverse 

characteristic continued to show some positive variation 

in current with increasing voltage. Characterization of 

the reverse behavior was the third step in the device 
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analysis, and consisted of simply finding the slope and 

intercept associated with the linear portion of the 

reverse l-vra behavior. These parameters were referred to 

as Reverse slope and Reverse Io, respectively. 

The fourth and final component of the analysis 

involved reverse breakdown. If a breakdown or other sharp 

increase in current occurred within the voltage range 

tested, the voltage at which the increase occurred was 

recorded. The comparison values for breakdown events thus 

contain the number of events per exposure and the voltages 

at which they were observed. 

In practice, the locations and extents of the linear 

regions used to develop the device models varied between 

individual devices. Individual analysis of each device 

was required. To improve the efficiency of this 

operation, a PC program was written. The user was 

provided with two cursors which could each be moved up or 

down through the data points. As the cursors were moved, 

the slope, intercept, and linear correlation coefficient 

for the data points between the cursors were calculated 

and displayed. The user could thus choose the region 

which was most indicative of the device behavior and which 

provided the best "fit" to the expected straight line. 

The applicability of the chosen models was quite 
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good. The linear regions typically contained no fewer 

than 10 distinct data points, and typical correlation 

coefficients (R-squared) were greater than .99. 

After the analysis was complete, a separate 

verification of the models was performed. The derived 

model parameters were used to generate predicted currents 

for each voltage level, and these values were compared to 

the actual currents. The average error, or residue, was 

calculated by dividing the sum of the residues (absolute 

values of differences between predicted and actual 

currents) and dividing it by the sum of the actual 

currents for each device. The analyses of forward and 

reverse characteristics for each device were separated. 

Figure 26 shows the distribution of residues for the 

forward characteristics. It is clear that most of the 

devices were modelled within 10% accuracy. 

4.3 Analysis of Background Variations 

Before additional analysis could be performed, two 

corrections were necessary. 

First, the distributions of each parameter for the 

exposed and unexposed diodes on each wafer were examined. 

Any data points which were obviously anomalous were 

removed. In an experiment such as this, there are 
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numerous random effects which could render individual 

devices unusable. The number of devices removed per wafer 

was typically 1 or 2 (out of 24). In no case were more 

than 25% of the devices eliminated. 

Second, the parameters calculated immediately after 

testing were converted to "familiar" values. For example, 

it was mentioned in Chapter 2 that an ideal Schofctky diode 

is characterized by an equation of the form: 

The only two parameters in this equation which vary 

between devices are defined earlier as the Schottky 

Barrier Height, and the parameter "n" in the denominator 

of the applied voltage exponential. This latter term was 

not mentioned before, and is referred to as the "ideality 

factor." When n=l, the device is said to be ideal. 

J = A" Tz exp 

This equation was derived using several assumptions 

which may not be valid in this case. However, expression 

of the observed characteristics in familiar terms provides 
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a method for comparison to other works. The "Effective 

Barrier Height" and Ideality Factor for each device were 

calculated in the following manner. 

The analogy between the Schottky diode equation and 

the one used for test analysis is as follows: 

Test equation: I = lo £ ev/,vt - 1 j 

or J - Jo I e [ | V / V t  ] 
lo 

where Jo = 
(Area) 

Schottky diode equation: 

J = J£ exp 
L nkT -I 

- 1 

Therefore 

(10) 

(11) 

(12) 

lo 

(Area) 
= Jo = J0 = A" T2 exp 

q4>B 

kT 

anc1 

nkT 
vt 

(13) 

(14) 

These equations can be solved to yield the effective 
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barrier heights and ideality factors as: 

kT 
<t>o — ~ 

q 
In 

Jo 

A" T: 
(15) 

and 

n = 
q Vt 

kT (16) 

For (111) Silicon, A" » 264 Amp cm"2 K~2, and kT/q = 

.0259 ev at room temperature. The device areas were found 

by measuring several of the metal dots after fabrication. 

As has been stated previously, three sizes of metal dots 

were used. The diameters were measured as .5, .975, and 

1.5 mm. The areas of the three device sizes were 

calculated as .008, .030, and .071 cm2 respectively. 

These values were used to convert each Io into a Jo 

(current density) and each Reverse Io into a Reverse Jo. 

The effective barrier heights for forward and reverse 

conduction and the ideality factors for each diode were 

calculated as above. Finally, in response to some 

preliminary investigation which suggested that the 

"natural" correlation of reverse slope to ion exposure was 

logarithmic, the natural logarithms of the reverse slopes 

were calculated. Throughout the remainder of this 
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document, the term "reverse slope" will refer to the 

logarithm of the slope found during testing. 

The final performance of each device was thus 

characterized by five terms: 

- ideality factor 

- effective barrier height for forward conduction 

- effective barrier height for reverse conduction 

- reverse slope 

- reverse breakdown voltage, if any existed below 30V 

Once these parameters were known, it was possible to 

compare the actual devices to ideal values, with the use 

of on-wafer control samples, absolute agreement to theory 

is not required. However, substantial or reasonable 

agreement between the fabricated devices and expected 

performance would provide confidence that the devices were 

fabricated properly. 

Titanium, although perfectly suitable for the needs 

of this project, is not a common material in semiconductor 

devices. There is relatively little barrier height 

information available in the literature, one published 

value for the barrier height of titanium on n-si is .50 V 

[15]. Figure 27 shows the the typical barrier height for 

the undamaged devices to be .56 V. Without prior 
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knowledge of the interfacial conditions leading to the 

published number (ie, presence of an oxide layer), this 

agreement appears reasonable. The Reverse Jo values were 

analyzed in the same manner, and produced nearly identical 

barriers. 

The distribution of ideality factors in Figure 28 

shows the typical figure to be .9. While this figure is 

10% below the expected value of 1.0, it is also indicative 

of reasonable diode behavior. 

The next step involved analyzing the unexposed diodes 

for systematic variations in any parameter. Specifically, 

the distributions of each model parameter were calculated 

for each level of size, device position on wafer, and 

wafer. Once again, the control sample scheme in use 

limited the risk of misinterpretation to cases where diode 

performance was affected by device position. Size and 

wafer effects would affect both the experimental and the 

control devices equally. The presence of systematic 

variation with either of these parameters was investigated 

to ensure that no errors had been made in processing or 

test analysis. 

Fortunately, but not surprisingly, no significant 

effects for the parameters under study were observed. 

Corrections for systematic background variations were thus 
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found unnecessary. 

4.4 Effects of Ion Exposure on Device Performance 

The mean value of each parameter for the damaged and 

undamaged diode groups on each wafer was calculated. The 

two groups on each wafer were then compared. The ideality 

factors were compared by taking the ratio of the mean of 

the damaged devices to that of the undamaged samples. 

This provides a "normalized" ideality factor; if the 

ideality factor of the unexposed devices had been measured 

as 1, the actual n-factor for the damaged set would have 

been equal to the ratio. 

The barrier heights and reverse slopes were compared 

by taking the differences between the two groups. For 

example, if the undamaged diodes on a particular wafer had 

a mean effective barrier height of .560 V, and the damaged 

devices had a mean value of .540 V, the shift in barrier 

height for that wafer (and that set of ion exposure 

conditions) would be expressed as -.02 V, or -20 mV. 

The reverse breakdown voltage was compared by taking 

the total number of diodes with breakdown and the mean 

breakdown voltage for the damaged group only. The total 

number of undamaged devices with reverse breakdown events 

was too small to make statistical comparisons between the 
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groups. Therefore, reverse breakdown behavior was 

considered only qualitatively. 

A list of the comparison parameters by wafer (ion 

exposure) is given in Table 3. Simple examination of 

this table shows that the effects for each parameter are 

heavily skewed in one direction or another. For example, 

the barrier height shifts are almost all negative, 

indicating lower effective barriers for the damaged 

diodes. Similarly, the ideality factor ratios are almost 

all less than 1, indicating lower ideality factors for the 

damaged devices. 

One noteworthy point is the behavior of wafers 22 and 

23, which have values in each column far removed from the 

rest of the group. What is interesting is that they are 

also the only two wafers with ion exposures at 100 V beam 

acceleration. There is no convenient explanation for this 

anomaly, but it must be realized that the ion milling 

system is well outside of its design region when operated 

at such a low voltage. It is possible that the exposure 

of the samples included a significant flux of some other 

species, such as stray electrons from the cathode 

discharge. There is also the vague possibility that an 

unexpected contamination existed on the wafer surfaces 

before fabrication, and that the low voltage ion exposure 
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Table 3. Performance Shifts 

Ideality Forward Reverse Reverse Reverse 
Factor Barrier Slope Barrier Breakdown 

Wafer Ratio shift Shift Shift Number Mean 
(mV) (mV) (V) 

1 0. 219 -84 .5 5.5 -104 . 2 12 -15.1 
2 0.213 -58.7 4.7 -89.1 12 -13.7 
3 0.446 -57.1 3.6 -73.7 8 -18.5 
4 0.851 -44 .8 2.0 -40.7 2 -27 .4 
5 0.783 -28.2 3.9 -70.1 9 -16.9 
6 0. 590 -18.4 1.2 -32.7 0 0.0 
7 0.878 -9 . 2 1.1 -46.7 0 0.0 
8 1.003 -4.3 0.2 -3.3 0 0.0 
9 0.716 -1.1 0.5 -11.3 1 -30.0 
10 0.993 -12.9 0.3 -13.0 0 0.0 
11 0 . 693 -26.5 2 . 2 -40.7 0 0.0 
13 0.799 -12.0 1.1 -13.6 6 -15.5 
14 0.637 -38.7 2.2 -49 . 2 4 -22.8 
15 0.363 -11.0 2.6 -42.8 9 -11.7 
16 0. 933 -21.0 1.3 -24.8 0 0.0 
18 0.258 -44.5 3.0 -57.3 8 -22. 8 
19 0.481 -66.3 1.9 -54. 2 9 -20.9 
20 0.528 -44 .4 2.6 -54. 5 5 -26 .4 
21 0.358 -33 . 3 2.0 -53. 5 9 -23.7 
22 1. 548 82 .9 -3.1 104 . 9 0 0.0 
23 1.005 -7.9 -0.1 -6 . 2 0 0.0 
24 0.715 -24 .4 1.4 -34 . 9 1 -22.6 
26 0.359 -45 .8 3.2 -61.3 9 -19.9 
27 0.254 -54 .1 3.4 -74 . 2 9 -15.3 
28 1. 203 41.2 -1.7 58.6 1 -30 . 0 
29 0.729 -5.6 0.6 -16.6 0 0.0 
30 1.070 -0.7 -0.2 1.8 0 0.0 
31 0 .712 -19 .6 0.3 -24 . 0 2 -29 .4 
32 1.061 10.5 -0.8 12.6 1 -29. 5 
33 0.949 1.9 -0.5 3.3 0 0.0 
34 0.920 -55.9 3 . 0 -64 .2 3 -22.5 
35 0.972 -4.9 0.1 -3.6 0 0.0 
36 0.717 -48 . 5 2.8 -56.4 0 0.0 
37 1.051 -6.6 0.4 -2.7 0 0.0 



107 

was only sufficient to remove this contaminant without 

damaging the underlying silicon. Were this the case, then 

one would reason that all of the ion exposure processes 

began with a removal of this contamination, but that the 

deeper penetration and faster etch rates at the higher 

voltages immediately dominated the overall effect. 

whatever the cause of this phenomenon may be, this 

behavior is outside of the scope of this project. Higher 

ideality factor and barrier heights constitute an 

improvement in device performance. The stated purpose 

here is to analyze effects which degrade device 

performance, not improve it. Therefore, these wafers will 

be generally excluded from the following analysis, except 

in cases where they do not deviate significantly from the 

characteristics of the other samples. 

4.5 Empirical Relationship of Device Performance to Ion 
Exposure 

The device performance shifts discussed in Section 

4.4 were merged with the ion exposure conditions and step 

heights for purposes of correlation. A complete list of 

input parameters and step heights is included in Table 4. 

The step heights which could not be measured directly were 
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Table 4. input Parameters with Etch 

Rate Estimates by Empirical Model 

Accel­ Current Run Step Etch 
eration Density Time Dose Height Rate 

Wafer Volt mA/cm2 Sec Coul/cm2 A A/sec 

1 1000 0.648 200 129.5 3150 15.75 
2 1000 0.333 500 166 .5 5000 10.00 
3 1000 0.333 60 20.0 750 12.50 
4 1000 0.648 30 19 .4 500 16.67 
5 1000 0.333 40 13 .3 500 12.50 
6 500 0.333 400 133.2 1500 3.75 
7 500 0.259 500 129 .5 1300 2 .60 
8 500 0.333 125 41.6 512 4.10 
9 500 0.333 253 84 . 3 750 2.96 
10 500 0.259 256 66.3 975 3.81 
11 200 0. Ill 1125 124.9 175 0.16 
12 200 0 . 1 1 1  3200 355 . 2 475 0.15 
13 350 0 . 222 600 133 .2 500 0.83 
14 650 0.426 300 127.7 2000 6 . 67 
15 650 0.296 500 148.0 2800 5 .60 
16 650 0.426 80 34 .0 600 7 . 50 
17 650 0. 296 90 26.6 500 5.56 
13 800 0.555 235 130 .4 1700 7 . 23 
19 800 0.333 390 129.9 2050 5.26 
20 800 0.555 70 38.9 450 6.43 
21 800 0.333 95 31.6 500 5 . 26 
22 100 0.044 2820 125 . 2 150 0.05 
23 200 0.093 375 34.7 49 0.13 
24 500 0.259 130 33 .7 500 3.85 
25 500 0.303 170 51.6 600 3.53 
26 800 0.426 305 129.8 2200 7.21 
27 1000 0.426 305 129. 8 3600 11.80 
28 100 0.037 1180 43.7 58 0.05 
29 500 0.296 50 14.8 182 3.64 
30 350 0. 204 65 13.2 115 1.76 
31 800 0.444 9 4.0 78 8.72 
32 650 0.370 28 10.4 165 5.91 
33 350 0 .204 230 46.8 406 1.76 
34 1000 0.518 12 6.2 152 12.71 
35 500 0.296 15 4.4 55 3.64 
36 800 0 . 444 30 13.3 262 8.72 
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estimated using a model of the form: 

Etch Rate = CI * (Voltage * current Density) + C2 

where CI and C2 are constants. The details of this 

modelling are discussed in Appendix C. 

The correlation began by constructing visual 

comparisons of the output parameters to each of the major 

inputs: Beam Voltage, Beam Current Density, Total Dose, 

step Height, and Etch Rate. The most promising of these 

were retained. Consideration of only those points with 

total dosages near the 35 Coulomb target discussed in 

Chapter 3 provided some additional insight by eliminating 

the total number of ions delivered as a variable. 

In certain cases, the natural variations appeared to 

be multi-dimensional, meaning that the device response had 

strong simultaneous dependencies on more than one process 

input. 

Once the model with the best appearance of fit was 

obtained, a linear regression was performed to assess the 

correlation. A multiple linear regression program was 

also constructed, allowing models with more than one 

independent variable to be evaluated. 

The modelling of each parameter is discussed in the 
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following sections. 

4.5.1 Ideality Factor: 

The dominant natural variation of the ideality factor 

ratio (also abbreviated as n-Ratio) was with step height, 

as shown in Figure 29. Step height appears to be an 

unusual parameter, but it is proportional to the product 

of voltage, current density and time, or the total energy 

density delivered to the samples. step height provides a 

convenient means of comparing data points with different 

voltages and current densities. 

At first glance, the relationship appears to take the 

form of an upper bound which decreases with increasing 

step height. However, a compact relationship between step 

height and ideality factor ratio can be obtained by 

analyzing the trends within each group of points with 

common beam acceleration. As the legend on Figure 29 

shows, the ion exposures may be separated into 5 groups of 

4-8 points with common acceleration voltage. A strong 

trend toward decreasing ideality factor ratio with 

increasing step height is seen in all but the group of 800 

V exposures. Eliminating this group and dropping the 

anomalous 100 V data points discussed in an earlier 

section produced the set of data shown in Figure 30. 

This data is represented by the linear model shown. Two 
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dimensional modelling did not provide any improvement in 

correlation. 

Also visible in Figures 29 and 30 is a saturation 

of damage effect. The ideality factor ratio generally 

decreases with increasing step height, but no ratios below 

.2 are observed. This ratio is achieved at « 3000 A. The 

ratio for larger steps remains in the range of .2. 

Comparison of these results to those of other authors 

in this area is difficult. The principal complication 

lies in the fact that the observed ideality factors 

differed so dramatically from the expected behavior. The 

ideality factor is expected to lie close to 1 at low 

temperatures and doping levels, and is projected to 

increase with temperature and doping. Furthermore, the 

previously reported results for Schottky diode 

modification by ion exposure indicate an increase in 

ideality factor with ion exposure [18]. Further 

consideration of this issue will be left to Chapter 6 and 

future work. 

4.5.2 Forward Barrier Height: 

The variation of Forward Barrier shift vs 

accelerating voltage is shown in Figure 31. Although 

there is some vertical spreading at each voltage, the 
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range within each voltage is smaller than the variation 

between voltages. This suggests that the barrier lowering 

is dominated by the depth of ion penetration. 

In order to isolate the causes of spreading at each 

voltage, Figure 32 was constructed. The different 

voltages are represented by different symbols, while the 

horizontal axis has been redefined as the total Dose of 

charge, in Coulombs/cm2. As was stated earlier, the Dose 

is simply the product of current Density and exposure 

Time. Within each voltage, a decrease in barrier height 

with increasing dose can be seen. A two dimensional model 

relating barrier shift to voltage and dose was tested, and 

a substantial improvement in correlation was obtained. 

Figure 33 shows the modelled results for the four highest 

levels of voltage, and displays the final correlation 

coefficient as .74. 

Also of significance is the magnitude of the barrier 

lowering. The most heavily damaged samples show lowering 

on the order of 50-80 mV. While no other research known 

to this author has addressed this set of process 

conditions directly, several works have provided results 

which can be compared to those found here. For example, 

Grusell, Berg, and Andersson [2] fabricated gold-silicon 

contacts by sputtering, and analyzed the effects of 
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various pre-deposition sputter etch processes on the 

barrier height. Their results show shifts in the range of 

90 - 240 mV for ion energies from 500 eV to 2.5 keV. 

Mullins and Brunnschweiler [1] deposited Molybdenum onto 

n-Si by sputtering at high voltages and low target-sample 

separation. They observed device performance equivalent 

to 50 - 200 mV barrier lowering at various metal 

deposition times. Finally, Kikuchi and Iwata [3] used 

sputter deposition to form Aluminum diodes on p-si, and 

observed effective barrier increases of 50 - 80 mV. The 

effects of ion damage on n-Si and p-si are opposite, so an 

increase in barrier height for a p-Si diode can be equated 

to a decrease for n-type. 

These comparisons indicate that the magnitude of 

barrier lowering observed in this experiment is similar to 

values reported by previous investigators. 

4.5.3 Reverse Characteristics: 

Analysis of the reverse characteristics produced 

models very similar to the one for Forward Barrier Height. 

The Reverse Barrier followed a nearly identical form. The 

Reverse Slope showed an inverse behavior, increasing with 

dose and voltage. 

The striking similarity between the plots of forward 
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and reverse barrier shifts and the reverse slope shift 

lead to the examination of cross-correlations between 

parameters. The resulting plots for reverse 

characteristics are included as Figures 34 and 35. In 

each case, one of the reverse shifts is plotted vs the 

forward barrier shift. The strong correlations suggest 

that a common mechanism is responsible for all three of 

these effects. 

The reverse parameters presented here are unique to 

this work. The only mention of reverse characteristics 

made in the literature is an allusion to "increased 

leakage." Furthermore, the reverse current is not expected 

to vary greatly with applied voltage. Therefore, 

comparison to other work or modelling is not possible. 

The strong relationship to the commonly reported forward 

barrier shift suggests that the lack of published 

information is due to oversight on the part of other 

authors. 

4.6 Summary of Empirical Modelling 

The results presented in this Chapter are sufficient 

to declare the experiment an unqualified success. The 

undamaged diodes displayed performance which compares 

favorably with ideal diodes. The ion exposures 
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consistently modified device performance. 

Not only did the shift in performance relate 

qualitatively to the extent of ion damage, but the changes 

could be related directly to simple input parameters. 

Using no more than two input parameters, each of 4 device 

performance parameters could be modelled with almost 

predictive correlation. 

These results provide a strong basis for development 

and evaluation of a theoretical model uniting ion damage 

to surfaces with device characteristics. 
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Chapter 5 

DAMAGE AND DEVICE PERFORMANCE MODEL 

5.1 Description of Model 

In order to utilize the qualitative effects of ion 

exposure discussed in Chapter 2, a one dimensional 

computer simulation of a Schottky junction was prepared. 

When combined with a numerical model relating beam 

exposure surface effects, this provided a means for 

estimating device performance directly from beam 

characteristics. 

of the ion effects discussed in Chapter 2, the two 

with the most direct bearing on Schottky device 

performance are ion implantation and near-surface damage. 

It was postulated that the "true" barrier height could not 

be changed by ion damage, but that the shape of the 

potential energy distribution could be modified 

sufficiently to enhance the contribution of tunnelling 

currents passing through the barrier. Therefore, this 

"first pass" attempt at modelling considered only the 

effect of fixed charges on the potential energy and the 

tunnelling current. 

The model was formulated using a standard structure 

as diagrammed in Figure 36. As the junction is 
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approached from the semiconductor side, four layers are 

encountered. The first of these is the standard depletion 

region, which is modified only indirectly through the 

increased potential drop in the other layers. The second 

layer represents the subsurface damage, and contains fixed 

charge increased by an amount proportional to the number 

of displaced atoms. The third layer contains the 

implanted ions, and also has increased charge due to 

displaced silicon atoms. The final layer is the native 

interfacial oxide inevitably formed before the metal 

deposition. 

For cases without ion exposure ("control" cases), the 

thicknesses of the implanted and damaged layers were set 

to zero. The oxide layer was retained, and the final 

structure consisted of just the oxide and the depletion 

region. 

While the ultimate goal of this modelling was to 

provide general predictive capability for devices with 

arbitrary metals and doping characteristics, the initial 

work was restricted to a structure matching the one used 

in the experiment. Specifically, this fixed the nominal 

barrier height at .5 V, and the doping at SxlO1* cm-3 

n-type. Furthermore, the presence of an HF dip shortly 

before the metal deposition allowed the effective oxide 
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thickness to be set at a few monolayers: 10 A was used 

for simplicity. 

The following sections provide details on the various 

components of the damage and device models. 

5.2 Damage model 

The damage for this case consisted of a balancing of 

three effects. First, a portion of the impinging ions 

would be trapped in a layer near the surface. Second, an 

additional layer containing silicon disturbed from crystal 

perfection would be formed. Finally and simultaneously, 

the top surface of the silicon would be removed by 

physical sputtering. The ultimate effect (at high etch 

times) would be that of dynamic equilibrium, with a "wave" 

of implantation and damage moving through the material. 

Although the absolute position of the surface (and damage) 

relative to the center of the wafer would change with 

additional etching, the characteristics of the near 

surface were expected to remain constant. The only 

anticipated limit to this was the eventual consumption of 

the entire epitaxial layer. However, the maximum material 

removal in the experiment (5000 A) was less than 1/10 the 

epitaxial thickness (given by the manufacturer as 5.5-6.5 

Vim). The slight shift in series resistance from reduced 

epitaxial layer thickness was ignored. 
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The modelling proceeded in three parts. First, the 

beam input parameters (energy, current, and time) were 

converted to the values needed for estimating damage 

profiles. The specific parameters required were Etch 

Rate, Ion Range, and Ion capture Fraction. The models 

used for quantitative estimates of these parameters are 

described in Appendices B and c. 

The second step involved a discrete integration (in 

time) of the process. The region of interest, extending 

from the surface to the projected end of the damaged 

layer, was divided into 50 "slices," and the conditions at 

each level were tracked through time. At each time step, 

the amount of material removed was calculated and 

converted to the number of slices which would be removed. 

The position of the surface and previously implanted ions 

was adjusted accordingly. 

Once the surface level had been adjusted, the new ion 

deposition was added to the affected slices. As was 

mentioned in chapter 2, the LSS theory predicts both an 

average range and a spreading of range. Therefore, the 

ions deposited at each step were distributed over the 

slices with depths between the minimum and maximum ion 

ranges. In this model, the distribution of ions between 
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those limits was taken as a constant. While this is not a 

strictly valid assumption, the balance of ion ranges and 

etch rates was such that the total distribution quickly 

developed into a nearly constant profile from the material 

surface. This phenomenon was discussed in more detail in 

Appendix B. 

The last process at each time step was to account for 

the increase in fixed states due to lattice disruption. 

The affected region for lattice damage was taken to extend 

from the surface itself to twice the maximum range of the 

ions. The percentage of dislocated atoms which remained 

as fixed charge could not be estimated in advance. This 

parameter remained available as an adjustable term which 

was used to optimize the comparison of measured and 

modelled performance shifts. 

The integration was repeated until the stated beam 

exposure time was reached. 

Upon completion of the profile calculations, the 

charge distributions in the implanted and damaged regions 

were combined into a smaller set of levels. Specifically, 

the 25 slices in each region were combined into 5 

concentration values. These values, and the thicknesses 

associated with them, were passed to the device model. 
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5.3 Device model 

The operation of the device model was also separated 

into three major steps. In the first/ the total potential 

distribution was calculated, by a numerical solution of 

Poisson's Equation, for the case at hand. The input 

parameters defining a case were the damage/implantation 

profiles calculated in the previous section and the bias 

voltage applied. once the potential distribution was 

determined, the current due to thermionic emission over 

the barrier was found. Finally, the current due to 

tunnelling under the barrier was calculated and added to 

the thermionic current to produce a total value. 

5.3.1 Potential Distribution 

The determination of potential distribution began 

with the assumption that the nominal barrier height was 

unchanged by the existence of the oxide, implanted, and 

damaged layers. This allowed the potentials to reduce to 

the ideal values when the three interfacial layers were 

eliminated. 

Solution for the potential solving Poisson's Equation 

in the region containing fixed charges and consisting of 

the implanted and damaged layers and the depletion region. 

The Fermi level in the metal served as the reference for 



130 

potential. The boundary conditions were that the 

potential was equal to the nominal barrier height at the 

metal-oxide interface, and equal to the potential of the 

conduction band edge at the end of the depletion region. 

Unfortunately, the length of the depletion region is 

determined by the amount of potential dropped across that 

region, which is unknown before the fields in the 

interfacial layers are known. Therefore, the potential 

distributions were found iteratively, with the depletion 

width initially estimated as that which would exist with 

no interfacial layers. A binary search was then used to 

refine the estimate of depletion width until the potential 

at the end of the depletion region was equal to the 

desired value. 

The potential distribution was adjusted to account 

for the image force on an electron near the metal - the 

schottky barrier lowering. The change to the potential 

energy was found by subtracting the image potential energy 

from the initial potential at all points beyond the oxide 

layer. This caused a "rounding" of the potential near the 

semiconductor side of the interface. 

A final adjustment to the potentials was to set the 

height of the oxide barrier. This was done according to 

the lead of Card and Rhoderick [16], who estimated the 
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potential for thin oxides to lie between .03 and .15 eV 

above the edge of the conduction band for Schottky 

barriers. The potential in the oxide was thus fixed at .1 

eV above the potential at the edge of the implanted layer. 

An example of the total potential distribution for an 

undamaged device is shown in Figure 37. 

5.3.2 Thermionic Emission Current 

The potential distribution was next applied to 

calculation of the thermionic emission current. First, 

the effective potential barrier height was found by 

locating the point with the highest potential. The 

product of the effective density of states, the 

Fermi-Dirac distribution function, and the average 

velocity for electrons travelling toward the metal was 

integrated upward from the effective potential barrier. 

The derived current flows at energies lying below the 

oxide potential were modified to account for the finite 

tunnelling probability for travel through the oxide (the 

specifics of tunnel probability will be discussed in the 

next Section). The integration of current contributions 

was continued until the energy was sufficiently elevated 

that the incremental range of energy contributed less than 

one part in ten thousand to the total current. At this 
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point, the integration was truncated and the thermionic 

current was found. 

The reverse current due to emission over the barrier 

from the metal side was calculated by simply equating the 

two current flows when the bias voltage was equal to zero. 

This segment of the model was compared to the simple 

Schottky diode equation: 

Jo = exp 
q<t>i 

kT 

qV 
exp — 1 

kT 
(4) 

for an undamaged device to verify that no numerical 

errors had been made. 

5.3.3 Tunnelling Current 

The tunnelling current was found by integrating the 

current contributions for all values of energy lying below 

the effective barrier height (but above the conduction 

band edge). In this case, the current contribution at 

every energy level was modified by a transmission 

probability. The specific form of the current 

contribution at each energy level was: 

dJ = V(E) N(E) Fs{E) T {l-Fm(E)J dE (17) [15] 

v(E), the velocity of electrons flowing toward the 
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barrier, and N(E) were found as in the case of thermionic 

emission. Fs(E) and Fm(E) are the Fermi distribution 

functions for the semiconductor and metal, respectively. 

The transmission coefficient, T, was found by using 

the Wentzel-Kramers-Brillouin (WKB) approximation [33] 

[34J. This method allows a potential barrier of arbitrary 

shape to be modelled as a series of square barriers of 

finite width. The transmission coefficient (seen by a 

particle of energy E) for a single barrier of width 2a and 

height Vo is: 

T" = exp(-4ka), ka = 
2ma: 

-h'-

i "I 2 

(Vo - E) (18) [33] 

The WKB approximation gives the following form for a 

barrier of height Vo(x) ranging from x=0 to x=xo as: 

T; exp - 2 

xo 

2m 
— (Vo(x) - E) dx (19) [33] 

0 

The tunnelling current in the reverse {metal to 

semiconductor) direction was found in the same manner. 

The net tunnelling current was added to the net thermionic 

current to give the total current for the conditions and 
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bias voltage at hand. 

5.4 Modelled Results 

The damage and device model described in the 

preceding section was used to project the performance for 

various ion exposures. The modelled conditions were in 

the ranges used in the experiment. 

Figure 38 shows a series of forward I-V 

relationships for samples exposed to an arbitrary beam for 

various times. The increase in current with exposure time 

indicates a decrease in barrier height. Analysis of the 

linear portions of these curves would yield the effective 

barrier heights. Also, a saturation of barrier height 

shift is visible. The barrier height did not change for 

exposures longer than 5 seconds. For the beam conditions 

used, this corresponded to approximately 75 A of etching. 

The slopes of all the lines in Figure 38 are 

identical to that of the control sample. The physical 

interpretation of this was that the ideality factor did 

not change with ion exposure. 

In the reverse direction, the current also increased 

with exposure time. The current flow was independent of 

applied bias, indicating that the "reverse slope" 
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parameter described in Chapter 4 was not predicted by this 

model. 

These characteristics were common to all conditions 

modelled. The total currents in each direction increased 

with exposure conditions, but the form of the I-V 

relationship was fixed. 

Figure 39 shows the variation of barrier height with 

exposure time at several voltages and a common current 

density. Although the saturation of barrier height was 

observed in each case, the process time required to reach 

saturation and the ultimate barrier height varied 

significantly with accelerating potential. This is 

consistent with the experimentally observed behavior. 

Additional modelling of the variation of barrier 

height lowering at saturation with beam current density 

showed only a subtle increase in barrier height lowering 

with increasing current. while the current density was 

increased by a factor of 8, the ultimate barrier height 

was lowered by only an additional .5-2 mV. 

5.5 Comparison of Modelled and Experimental Results 

The comparison of modelled and experimental results 

showed mixed agreement. on the positive side were the 

lowering of barrier heights and the increased reverse 



138 

Barrier Height Shift 
vs.  Time,  by Beam Voltage 

- 2 0  -

-30 -

-40 -

-50 -

- 6 0  -

-70 -

- 8 0  -

-90 -

-100 
0 20 60 40 

Exposure Time,  Seconds 
•  1000V + 750V o 500V A 250V 

Figure 39. Modelled Barrier Height 
Changes for Diodes Exposed to Varying Beam 

Voltages and Times at Constant Current 



139 

currents. The model was able to predict the strong 

observed dependence of barrier lowering on accelerating 

voltage. 

5.5.1 Barrier Heights 

Figure 40 compares the measured barrier height 

shifts to modelled values for the same beam inputs. In 

order to simplify the comparison, only the beam exposures 

with accelerating potential above 500 V were analyzed. 

The portion of dislocated atoms forming fixed charges had 

been previously adjusted to yield approximate agreement 

for the 1000 V beam exposures. This agreement was 

achieved with a concentration of active atoms equal to 

approximately 2.25 times the entrapped Argon 

concentration. 

The barrier shifts for the most extreme cases of 

damage are comparable, but the model is not as sensitive 

to variations in conditions as the actual devices were. 

For very mild exposures, the actual barrier shifts were on 

the order of 5-20 mV. The model predicts no shifts 

smaller than 40 mV. 

Because of the strong similarity between forward and 

reverse barrier heights, no separate modelling of reverse 

characteristics was attempted. 
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5.5.2 Voltage Dependence 

The experimentally observed changes in Ideality 

Factor Ratio and Reverse Slope were not predicted to any 

extent by the model. This is because the forward 

conduction currents are dominated by thermionic emission, 

which depends most strongly on the velocity of the 

electrons, the effective density of states, and the Fermi 

distribution function. The dependences of these 

parameters on the difference between the height of the 

potential barrier (Eo) and applied voltage (V) are of the 

forms: 

v(v) ~ (v-Eo)1'2 (velocity) 

N(VJ ~ (Eo-V)1/2 (Density of States) 

F(V) a exp(-(Eo-V)) (Fermi Function) 

The product of these terms predicts only an 

exponential increase in current with applied voltage. 

Tunnelling, minority carrier injection, and other factors 

can contribute to minor perturbations from ideality, but 

the 5 times decrease in ideality factor can not be 

supported by thermionic emission over a fixed potential 

barrier. 

The concept of a reduced ideality factor is 

intuitively acceptable, if the limit of ion damage is 
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imagined as an ohmic contact. For a completely ohmic 

contact, the junction voltage does not change with applied 

bias, and the ideality factor becomes 0. However, an 

ohmic contact would have high conductivity in both 

directions. The diodes in this experiment, while 

experiencing some increase in reverse conduction, retained 

their rectifying characteristics. 

It is evident that an additional physical phenomenon 

is at work in this situation, one possible explanation is 

enhancement of generation current due to the introduction 

of midgap states. The additional modelling effort 

required to assess this possibility was beyond the scope 

of this project. 

5.5.3 Saturation and Temperature Effect 

The second major area of disagreement is in the 

saturation of effects. Although the experiment seems to 

show saturation, the amount of material removed before 

saturation was reached was far higher than expected. At 

the maximum voltage of 1 keV, the projected range of ions 

is still well under 100 A. Yet continued evolution of the 

ideality factor appears to occur until over 2000 A of 

material has been removed. This indicates one of two 

phenomena: the existence of unaccounted damage reaching 

far into the substrate, or a variation of the model input 
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parameters with time. Although the chosen limit for 

radiation damage of twice the ion penetration may be 

overly conservative, there is no known data demonstrating 

subsurface effects at 2000 A of depth. 

on the other hand, there is a known dependence on 

exposure time for at least one potentially important 

parameter: temperature. Ringel, et al [35] have measured 

surface temperatures for silicon wafers mounted in a 

system very similar to the one used in this experiment. 

For Argon beams at 1 keV, they measured equilibrium 

surface temperatures as high as 500° c above the initial 

value. Increased surface temperatures were investigated by 

Bean, et alf [14]. For wafers held at 800° C during 

exposure to 1 keV Argon beams, they reported measurable 

concentrations of Argon at depths of up to 500 A. This 

suggests an effective ion range that is strongly dependent 

upon temperature, as the measured value is roughly 17 

times higher than the room temperature value predicted by 

LSS theory. 

Before proceeding, the data of Ringel, et al, [35] 

was checked to see if the observed saturation time could 

be explained by a temperature variation. The reported 

initial rates of temperature increase were found to be 

linearly dependent upon the power density of the arriving 
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beam. . The maximum temperatures varied logarithmically 

with the power density. From these two relationships, the 

time to reach maximum temperature for one of the 1000 V 

exposures used in this experiment was estimated at 

approximately 3 minutes. The etch rate under those 

conditions was about 16 A/sec, so the three minute 

exposure corresponded to just under 2900 A - exactly in 

the region observed. 

This knowledge was used to modify the numerical model 

slightly. First, the relationships derived from the data 

of Ringel, et al [35], were used to estimate the rate of 

temperature rise, the maximum temperature, and the 

temperature at each instant of time during the beam 

exposure. The temperature was used to modify the 

effective ion range by assuming a linear relationship of 

range to temperature between the room temperature values 

calculated from LSS theory and a range 17 times higher at 

800° C. 

The set of experimental beam conditions considered in 

Section 5.5.1 was modelled again, with results as shown in 

Figure 41. The correlation is imperfect, but a 

noticeable increase in the sensitivity of the model has 

been achieved. 
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5.6 Summary of modelling efforts 

In this Chapter, a very simple model of current 

transport through a damaged Schottky diode has been 

developed. This model considered only the effect of ion 

exposure on potential barrier shape and its effect on 

tunnelling currents. 

The most commonly reported shift in device 

performance, a lowering of barrier height, has been 

duplicated. The modelled results provide qualitative 

agreement with the experimentally observed shifts, 

suggesting that the observed shift in barrier height may 

be due only to enhanced tunnelling. 

This model did not predict a change in voltage 

dependence with ion exposure. It is therefore apparent 

that the mechanisms for change in barrier height and 

ideality factor are different. Additional modelling, 

accounting for the generation current, will be proposed as 

a logical extension of this work. 
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Chapter 6 

SUMMARY, CONCLUSIONS, AND 

PLANS FOR FUTURE WORK 

6.1 summary and Conclusions 

In Chapter 1, the intent of this project was stated 

as follows: to analyze schottky diodes built on surfaces 

exposed to various simple ion beams, to develop empirical 

correlations relating diode performance characteristics to 

the beam conditions, and to begin theoretical modelling of 

ion damage to surfaces and its impact on diode behavior. 

Of these, the latter two were the most important and 

provided the most significant contributions to the base of 

knowledge in this area. Each of the three goals will be 

discussed in the following sections. 

6.1.1 Device Fabrication and Damage Effects 

As the data in Chapter 4 clearly indicates, the 

experimental device fabrication was successful in three 

ways: first, the unexposed devices had near ideal 

behavior; second, the damaged devices showed significant 

shifts in performance; and finally, in cases where 

comparative data existed, the observed results agreed in 

both nature and magnitude with those reported by other 

authors. 
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There were three specific effects of ion exposure on 

diode performance. First, the effective barrier heights 

for both forward and reverse conduction were lowered. The 

magnitude of lowering was 50 - 80 mV for the most extreme 

ion exposures used, and correspondingly lower for less 

extensive damage. These values compared well with data 

reported by others. 

Second, the incidence of premature breakdown in the 

reverse direction increased notably. This was 

characterized by both an increase in the number of diodes 

with breakdown within the tester limits and a decrease in 

the magnitude of reverse bias voltage required to initiate 

breakdown. While quantitative comparison was not 

possible, the general behavior was consistent with other 

reports. 

Finally, and perhaps most interesting, there was a 

sharp change in the dependence of current on applied 

voltage. In the forward direction, this was manifested as 

a decrease in the ideality factor, while the reverse 

characteristic showed a nearly linear I-V relationship. 

The forward behavior differed markedly from that predicted 

by theory, with the observed voltage response increased by 

as much as a power of 5 over the normal values. This 

effect appeared consistently across the damaged diodes, 
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yet no other data corroborating this observation could be 

found. A theoretical explanation for such a change in the 

voltage dependence was similarly elusive. This issue 

remains as one of the most significant opportunities for 

further study. 

6.1.2 Correlation of Response to Beam Conditions 

The empirical correlation effort in the latter part 

of Chapter 4 was the most essential portion of this 

project and was quite successful. Four of the five 

observed shifts in performance were found to depend on one 

or two of the beam parameters. In all cases, the 

statistical correlation of response to inputs was good to 

very good. 

The dominant input conditions were the beam voltage, 

which determines the energy of the arriving ions, and the 

total dose (number) of ions incident upon the surface 

during exposure. The former result indicates that the 

depth of ion penetration and lattice damage are critical 

for determining device performance. The latter dependence 

suggests that the rate of ion arrival and the duration of 

the exposure are also important. The beam voltage and 

dose provided the best correlation to the observed shifts 

in forward and reverse barrier heights and the voltage 
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dependence of the reverse current. 

One of the performance shifts, the forward ideality 

factor, was found to depend most strongly on the amount of 

material removed during the beam exposure. while this 

input condition appears to be unrelated to the two 

mentioned above, it is in fact an alternate expression for 

the total energy density delivered to the parts. 

Retention of the step height as an input provides an 

intuitive grasp of the magnitude of exposure that is not 

available through unfamiliar terms like energy density. 

In all cases, an eventual saturation of effects with 

increasing dose was expected. While this was only evident 

in some of the data presented, it must be noted that the 

beam exposures in this experiment were limited to fairly 

mild conditions and durations. When the temperature 

effects mentioned in the last section of chapter 5 are 

considered, it becomes apparent that the saturation 

exposures should in fact lie slightly beyond the range 

covered. 

6.1.3 Physical Modelling 

The modelling effort in Chapter 5 also provided some 

favorable and interesting results. Consideration of only 

thermionic and tunnelling currents and the potential 
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distribution through the junction was sufficient to 

duplicate the lowering of the effective schottky barriers. 

This is in contrast to previous attempts by others to 

explain the effective barrier lowering through more exotic 

mechanisms [2] [38]. Modelled device performance was 

qualitatively comparable to that observed in the 

experiment. 

However, this model was completely incapable of 

predicting the observed changes in ideality factor or 

reverse voltage characteristic. This is not surprising, 

given the rigidity with which the thermionic emission of 

carriers over the barrier follows the applied voltage. It 

is therefore evident that an additional mechanism for 

current flow exists, and additional modelling effort will 

be necessary. 

6.2 Plans for Future Work. 

It was mentioned at the start of this paper that the 

work reported here forms a subset of a larger project 

designed to completely elucidate the behavior of Schottky 

diodes subjected to plasma exposures. In order to make 

this formidable project manageable, it has been divided 

into several logical segments. A diagram of these 

components, indicating which have been completed in this 
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study and which are remaining, is shown as Figure 42. 

This project was formulated with consideration to 

providing the maximum assistance during completion of the 

three major components remaining. The facets of this work 

which will be of greatest value for future extensions are: 

1) The correlation of processing effects, including 

surface damage and temperature rise, to device 

performance. This effort has clearly indicated which 

process parameters are of greatest significance, and 

will improve the efficiency of further studies. 

2) The development and demonstration of a simple 

process for device fabrication. The process used in 

Experiment II involved a minimum number of steps, and 

as few technical challenges as possible. The 

simplicity of the process minimized the confounding 

effects of minor process variations, and is largely 

responsible for the success in quantitatively 

relating exposure conditions to performance shifts. 

3) The development of a sound control scheme. 

Dedicating half of the devices on each wafer to 

control samples and varying the location of the ion 

exposure proved invaluable, and was quite probably 

the determining factor in the ability to isolate 

performance shifts for mild ion exposures. 
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Attention to these points will greatly improve the 

success of the future work in this area, which is 

described below. 

6.2.1 Completion of Device Model 

The model presented in chapter 5 of this work, while 

encouragingly simple, was not complete. The inability to 

predict changes in ideality factor casts considerable 

suspicion on the usefulness of this version for projecting 

plasma effects. Therefore, the next logical effort is to 

enhance and improve the modelling so that all of the 

observed device characteristics can be reproduced. 

Also, as Figure 41 indicated, additional improvement 

in the prediction of barrier height lowering would be 

desirable. The qualitative effects are reproduced, but 

the statistical correlation between the present model and 

the experiment was poor (R-squared « .5). The sharp 

improvement obtained through addition of temperature 

dependence (between Figure 40 and Figure 41) suggests 

that some "fine tuning" in this area may be sufficient. 

6.2.2 Modelling of Plasma Effects 

Once a comprehensive device model for single beams is 

obtained, the extension to plasma conditions should be 
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fairly straightforward. A reasonable starting point would 

be to model the plasma as a superposition of discrete ion 

beams. Once the appropriately representative set of beams 

was found, the device model above could be used to predict 

the composite effect. 

The principal task in modelling the plasma is to 

determine' the ion fluxes and energies. There are several 

established techniques for estimating the total ion flux 

and typical energy from external measurements during 

system operation [31]. However, division of the total ion 

flux into beams of different energies is more difficult. 

Liu, et al [36] have recently studied the 

distributions of ion energies by installing a small 

aperture in the powered electrode of an RF plasma system. 

The ions passing through the hole were decelerated by a 

set of retarding grids, and the ion current at each energy 

measured. The ion energies were distributed between 

nearly zero and approximately the DC bias of the measured 

electrode. The form of the distribution varied according 

to the chamber pressure and the number of collisions 

suffered by each ion in transit through the sheath. The 

data in Figure 43 was extracted from their work, and 

shows the evolution of energy distribution with pressure. 
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The exposure from an arbitrary plasma could be 

estimated by calculating the total fluxes according to the 

procedure outlined by Krautschik [31], and then 

distributing those fluxes according to the appropriate 

function as found by Liu [36]. 

6.2.3 Experimental Verification of Plasma Effects 

Verification of the projected results would require 

an additional experiment using a plasma exposure. The 

device fabrication and testing could follow the process 

outlined in chapters 3 and 4 of this work. The most 

important recommendations for successful diode fabrication 

were enumerated above. Failure to follow these guidelines 

may result in an inability to interpret the results of 

mild exposures, or excessive process-induced random 

variations. Attempting to utilize commercial device 

designs without access to commercial fabrication 

facilities is a common mistake which would almost 

inevitably render the experimental devices useless, as was 

the case in the first experiment described in Section 3.1. 
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Appendix A 

SCHOTTKY DIODE PHYSICS 

A.1 Energy Bands and the Schottky Barrier 

When a metal and semiconductor are brought into 

contact, a schottky barrier is formed. This statement 

holds for any metal and any semiconductor, although some 

combinations may produce barriers that are vanishingly 

small. The origin of the Schottky barrier is dependent 

upon two principal facts: the Fermi level throughout any 

structure of finite conductivity must be constant when the 

system is at equilibrium, and different materials have 

different work functions. For those unfamiliar with the 

latter term, the work function refers to the amount of 

energy required to liberate an electron from the surface 

of the material, and is the energy consumed in the 

emission of an electron from the material to free space. 

Figure A1 shows the energy band structure of a metal 

at rest. This material may be characterized by two energy 

levels. The first is the Fermi level, which is taken the 

occupancy level for electronic states. The second 

characteristic energy level is called the Vacuum Level, 

and is located above the occupation level by the product 

of the electronic charge and the work function of the 
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metal. The term q<t>m is Figure A1 is this product. 

Figure A2 shows the band structure of an arbitrary 

semiconductor. characterization of this structure 

requires 4 levels. The first two levels are the edges of 

the Conduction and Valence energy bands, and define the 

edges of the Band Gap. These are labelled Ec and Ev in 

the Figure. The Fermi level is the energy at which a 

given state has equal probabilities of being filled and 

being empty. For intrinsic semiconductors, the Fermi 

level is located at the center of the Band Gap. The Fermi 

level of the semiconductor in Figure A2 lies nearer the 

Conduction band edge, indicating that an n-doped 

semiconductor is under consideration. The stated goals of 

this project require that only metal/n-Si contacts be 

considered, so the choice here is obvious. For n-doped 

material, the location of the Fermi level is given by: 

Ec - Er = kT ln(Nc/Nn), (Al) [15] 

where 

kT is Boltzmann's constant times the 

temperature 

Nc is the effective density of states in 

the conduction band, « 2.8x10*® cm-3 for Si 

ND is the concentration of donors 
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The fourth and final energy level required to 

characterize this semiconductor for use in a Schottky 

barrier contact is the Vacuum level. This level is 

defined as for the metal, with the work function 

represented by X and the Vacuum level positioned qX above 

the conduction band edge. For semiconductors, it is 

common to replace the term "Work Function" with "Electron 

Affinity." This substitution simply reflects the different 

historical origins of the measurements, and does not imply 

a fundamental physical distinction. 

Figures A1 and A2 have been separated here to 

emphasize the point that the relationships between the 

energy levels of the metal and the semiconductor are 

arbitrary. Many textbooks introduce the two materials in 

a common diagram, and the reader may be led to infer that 

the Fermi level for ANY metals lies within the Band Gap 

for ANY semiconductor. In fact, metal work functions vary 

from about 2 to almost 6 volts [15], giving q<J)m a range of 

almost 4 eV. The electron affinities of the three most 

popular semiconductors, Ge, si, and GaAs are 4, 4.05, and 

4.07 V, respectively [15]. With bandgaps on the order of 

1 eV, it is clear that the Fermi levels for an arbitrary 

metal-semiconductor pair may differ by up to 3 V in either 

direction. 
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As stated before, we will limit this consideration to 

n-type Silicon, in contact with the metals typically used 

in device fabrication. Aluminum, Gold, Nickel, Chromium, 

and Silver are good examples, and they all have work 

functions in the 4.25 - 5.25 volt range [15]. For these 

materials, the metal Fermi level will generally be within 

the band gap and somewhat below the Fermi level of the 

semiconductor. 

Figure A3 shows such a combination immediately prior 

to contact. In this diagram, the vacuum levels for the 

two materials have been aligned. This is because an 

electron in the vicinity of the junction must have the 

same energy whether it originated in the metal or the 

semiconductor. In other words, it must not be possible 

for an electron to gain or lose energy simply by leaving 

one material at one side of the interface and entering the 

other material on the other side. The vacuum level is not 

required to be constant throughout the system, but it must 

be continuous at all points. Therefore, the energy 

separating the occupation level of the metal and the 

Conduction Band edge of the semiconductor at the interface 

must not change after contact. This quantity is labelled 

q<t)t> in the Figure, where is the "Schottky Barrier 

Height" for this particular metal-semiconductor 
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combination. 

Also shown in the Figure is qvtoi, the energy 

difference between the Fermi levels of the two materials. 

This is the energy difference that must be overcome to 

satisfy the requirement that the Fermi level be constant 

throughout the system after contact. V*,± will become the 

"built in" potential appearing across the junction. 

Figure A4 shows the materials after contact has been 

made. As prescribed, the Fermi levels on both sides of 

the junction have come into alignment. This is 

accomplished by the transfer of charges (electrons) fron; 

the semiconductor to the metal. The metal contains sc 

many states that insertion of a relatively small number of 

new charges does not affect its Fermi level. On the other 

hand, transfer of charge from the semiconductor causes the 

Fermi level to undergo a local repositioning within the 

band gap. This repositioning is obscured by the fact that 

the difference between the metal occupation level and the 

semiconductor conduction band edge was "pinned" at the 

interface. This causes the conduction band edge to "bend"' 

within the semiconductor. The semiconductor vacuum level 

is also seen to bend; this is not a contradiction of what 

was said earlier, because the vacuum level is still 

continuous, if not constant. Finally, the edge of the 
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Vacuum Level 

Figure A4. Energy Bands for 
Metal/Semiconductor Junction 
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valence band is also bent, because the separation of the 

Conduction and Valence band edges must remain fixed at the 

band gap energy. 

Figure A4 applies for the system at equilibrium. 

The extent of the band bending is given by the pre-contact 

difference between the Fermi levels. This quantity was 

previously defined as qVtoi- While the contact is being 

formed, free charges (electrons) transfer across the 

interface into the metal. This leaves a region in the 

semiconductor which is depleted of free charge, and is 

referred to as the "depletion region." 

The amount of charge transfer and band bending are 

just enough to produce a potential drop of vfa± across the 

junction {the term "junction" as used here applies to the 

metal, interface, and semiconductor, while "interface" 

refers only to the exact point where the materials meet). 

This condition is satisfied when: 

E • dl = Vbi (Al) [15] 
t 

where the integration proceeds from the interface 

into the body of semiconductor to the end of the depletion 

r e g i o n  ( d i s t a n c e  w ) .  

The electric field is due to the presence of bound 
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positive charges at each of the (fixed) donor sites in the 

depletion region. The density of these charges is fixed 

by the density of donors, and so the electric field in the 

depletion region varies with doping level. In fact, both 

the depletion width and the total amount of charge 

transferred vary with doping level because: 

' W qNn 

E > dl - constant, while E(l) = (w - 1) 
, 1=0 £= 

This leads to the following approximate form for W: 

W = 
2e, 

qN, 

2e, 
V> N, - 1 / 2  (A2) [15] 

while 

Q = total charge transferred = qNDW 

Because W is proportional to Nd-1'3, Q is 

proportional to Ni 1 / 2  

Under non-equilibrium conditions, as when a bias 

voltage V is applied, the Fermi level is allowed to vary 

through the system. However, the Fermi level in the bulk 

of the semiconductor remains fixed relative to the band 

gap, and the voltage appearing across the depletion region 

becomes (Vfa± +/- V). The depletion region shrinks or 
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grows to accommodate the new voltage. Figure A5 shows a 

junction under forward bias, and Figure A6 shows one 

under reverse bias. In these Figures, forward bias 

voltage is labelled Vr, while reverse bias is labelled VR. 

The last modification to this explanation of energy 

bands is the Schottky effect, or the Image Force Barrier 

Lowering. This effect is due to the fact that an electron 

near the semiconductor side of the interface is attracted 

by a positive image charge induced on the metal surface. 

This lowers the potential energy barrier seen by the 

electron, and contributes a term delta(4>) to the barrier 

height. Delta(<J>) is approximated by: 

delta(<i>) = 
qE 

4ne. 
(A3) [15] 

where E is the maximum electric field at the 

interface. 

This causes a "rounding" of the peak in the 

conduction band edge near the interface, and increases the 

current flowing over the barrier when the system is 

biased. The revised band structure is pictured in Figure 

A7. Note that delta(<t>) is included in the barrier height 

0n • 
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Figure A 7. Energy Bands with 
Schottky Effect Barrier Lowering 
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A. 2 Current Transport 

Current transport across the Schottky Barrier 

proceeds through three mechanisms. These are Thermionic 

Emission over the potential barrier, Quantum Mechanical 

Tunneling through the barrier, and injection of holes from 

the metal to the semiconductor, followed by recombination 

with electrons from the semiconductor. The dominant and 

most interesting effects are Thermionic Emission and 

Tunneling, and these will be considered in detail below. 

Thermionic Emission 

Classical physics demands that an electron 

approaching the interface from either side be 

repelled unless it has sufficient energy to overcome 

the potential barrier formed by the upward bending of 

the conduction band. An electron approaching from 

the semiconductor must have energy greater than the 

difference between the Fermi level and the peak 

potential energy. This energy will be referred to as 

E'. The value of E* is [q(Vfa:1.-V;r} + (Ec-Er- )] or 

[q(Vta±+VR) + (Ec-Er)], depending upon the bias 

applied. For an electron approaching from the metal 

side, E' = q4>E, regardless of the applied bias. 

The electron energies in either material are governed 

by the Fermi-Dirac statistics, and the high energy 
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"tail" of the distribution allows a certain number of 

carriers to have energies sufficient to cross the 

barrier. Specifically, the number of carriers with 

energy above a certain value E' is given by: 

n = 
CO 

dn = 
00 

N(E) F(E) dE (A4) 

where 

N(E) is the effective density of electronic states 

F(E) is the Fermi-Dirac distribution function 

The density of current flowing across the barrier is: 

J = q vx dn (A5) 

where vx is the velocity with which the electrons 

approach the interface. 

For metal contacts on silicon, this can be reduced to 

the following: 

q<f)Q qV 
J = A" T2 exp - exp — 

1 

**
 

•3
 

kT 
(3) [15] 

(from semiconductor to metal) 
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J = A" TK exp 
q<t>i 

(A6) [15] 
kT 

(from metal to semiconductor) 

In these equations, A" is the effective Richardson 

constant for Thermionic Emission, and is given by 

47tqm"kz 

A" = . m~ = electron effective mass 

h = Planck's constant 

~ 264 Amp cm-7!'-2 for <111> n-Si 

and the bias voltage terms w and VR have been 

replaced by a single parameter V, which is equal to VT 

if the bias is forward and is equal to -VR if the 

bias is reversed. 

The computational details may be found in any good 

textbook on semiconductor device physics [15] [37] 

and will not be repeated here. 

The two currents found above flow in opposite 

directions through the interface, so it is not 

surprising that they are equal when V = 0. This 

simply indicates that no net current flows when the 

junction is not biased. The net current at any 
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voltage is the difference between the two components 

Jnot. — Jn-m Jm — 11 

= A" T2 exp 
q<t>i 

kT 
(exp 

qV 

kT 
- 1) (4) 

= J: (exp 
qV 

kT 
" 1) (5) 

Jo = "Saturation Current Density" 

A similar result may be obtained by considering the 

concentration gradients and diffusion of carriers 

through the depletion region. This Diffusion Theory 

was introduced by Schottky in 1938. More recent 

theoreticians [15 3 have combined the two theories, 

yielding a hybrid Thermionic Emission-Diffusion 

theory. These alternate approaches only change the 

form of the preexponential terms, and would not 

provide additional insight for this situation. 

Tunneling 

Quantum mechanical tunnelling is a phenomenon which 

gives a particle with energy insufficient to cross a 

potential barrier a finite probability of passing 

"through" or "under" the barrier to appear on the 
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other side. Tunnelling has two roles in current 

transport through metal-semiconductor contacts. 

First, electrons with insufficient energy to cross 

the potential barrier have some probability of 

tunnelling through it. The probability of tunnelling 

increases as the energy of the particle nears the 

height of the potential barrier, and as the physical 

distance to be traversed decreases. As was shown in 

Figure A4, the width of the potential barrier at the 

interface decreases with increasing potential energy. 

An electron with nearly enough energy to be emitted 

over the top of the barrier may have a relatively 

high probability of tunneling through the narrow 

barrier remaining (Figure A4). Tunnelling through 

the barrier contributes to the current flow. 

An additional term must be added to the current 

density expressions derived earlier. This term is 

proportional to the occupation probability in the 

material of origin, the unoccupied probability in the 

other material, and the quantum transmission 

coefficient for the transmission. 
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A"T 
Jt = 

qV 
FS (1-Fm) T(6) dS (A7) [15] 

(from semiconductor to metal) 

A~T r qv 
Fm (1-Fs) T(5) d5 (A8) 

(from metal to semiconductor) 

where 

qV is the potential energy maximum 

Fm, Fs are the Fermi-Dirac distribution 

functions in the metal and semiconductor 

T(6) is the quantum mechanical transmission 

coefficient 

6 is a parameter denoting the difference in 

energy between the electron and the 

potential maximum, and is defined in 

Figure A8. 

As with thermionic emission, the net tunnel current 

is the difference between the components for the two 

directions. T{5) may be approximated by: 

T (6) = exp( -q<t>n/Eoo) (A9) [15] 

qh 
Eon = 

2 

N! 

esm 
(A10) [15] 
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Figure A8. Potential Energy 
Barrier for Tunnelling current 
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for cases when the doping is high (> 10a7 cm-3) or 

the temperature is low [15]. 

The second case for tunnelling occurs when the 

interface contains an additional barrier. An example 

of this is an oxide on the semiconductor before metal 

deposition. If only classical physics were involved, 

the presence of a continuous oxide layer would render 

conduction nearly impossible. The oxide introduces a 

very high, nearly square potential barrier as shown 

in Figure 3. While estimates of the height for 

this barrier range from a few tenths of an ev [16] to 

several eV [17], it is clear that thermionic emission 

over it would be severely limited. In this case, 

tunneling through the barrier provides an effective 

path for current flow. This probability appears as a 

multiplicative factor in the previously derived 

current expressions. 

It is customary [16] [38] to express the effect of 

tunneling through an interfacial barrier through the 

equation: 

Jo = exp{-xa/z 6) (All) 

where 

Joo is the saturation current density without 
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the barrier 

X is the energy difference between the edge 

of the conduction band and the top of the 

barrier, in ev 

5 is the thickness of the barrier, in 

Angstroms (NOTE: this is not related to 

the 6 used for tunnel current through the 

Schottky barrier). 

Card and Rhoderick [16] studied X for interfacial 

oxides in the 8 - 26 A range, and found values 

between .03 and .15 eV. Kikuchi, et al [38], 

reported an apparent X of 1.1 ev for an oxide in the 

6-8 A range. Assuming a native oxide thickness of 10 

A (for simplicity), these values predict that the 

saturation current density at a given voltage will be 

reduced to .003% - 18% of its initial value. While 

this seems to be a tremendous change in current, it 

is important to remember that the current increases 

exponentially with voltage. A 10 times decrease in 

current is compensated for by a voltage increase of 

only 50 mV. 

A.3 Surface States and Bardeen Barriers 

The concepts in the preceding section are strictly 
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applicable only to an ideal interface between two ideal 

materials. In reality, the metal-semiconductor contact is 

susceptible to cross diffusion of each material into the 

other, existence of unsaturated (or "dangling") chemicel 

bonds associated with the abrupt truncation of the 

lattice, presence of a native oxide or suboxide on the 

semiconductor surface before metal deposition, and 

inclusion of contaminants at or near the interface. These 

problems lead to the formation of an interfacial layer 

with properties different from the metal or the 

semiconductor, and to the generation of localized 

electronic states at the semiconductor side of the 

interface. Because these states lie at or very near the 

material surface before the contact is formed, they are 

typically called "surface states." 

The electronic nature and intrinsic densities of 

surface states are not completely understood. Surface 

states may be amphoteric [39], or different origins may 

given different (acceptor-like or donor-like) character. 

The density of these states can be measured by various 

techniques, and typical concentrations are on the order of 

lO*1 cm~2 [39]. 

In either case, the effect of surface states on the 

Schottky barrier is to modify the electric field at the 
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interface and change the effective barrier height [40]. 

Using metal/n-Si as an example, Figures A9 and A10 

illustrate the effect of the interface states on the band 

bending near the contact. In the first Figure, there is 

an accumulation of negative charge in the states near the 

surface. This localized charge presents an increased 

potential barrier to the flow of electrons between the 

materials. In the second Figure, the effect of the 

surface states is to introduce positive charge at the 

interface. This lowers and narrows the potential barrier 

seen by the electrons. 

The nature and concentration of surface states can 

vary substantially between different situations. This 

causes deviations from the barrier height vs material work 

function relationship mentioned earlier. When the density 

of surface states is very high, the barrier height is 

almost completely independent of the metal work function. 

In such cases, the barrier height is "pinned" by the 

surface states at a value determined solely by the 

location of the highest filled surface state in the band 

gap [15]. In this limiting case, the contact is 

referred to as a "Bardeen" barrier. 

Most metal-semiconductor combinations have 

intermediate behavior, with some Schottky and some Bardeen 



Figure A9. Energy Bands for 
Metal/Semiconductor Junction 

with Negative Interfacial charge 
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Figure A.10. Energy Bands for 
Metal/Semiconductor Junction 

With Positive Interfacial Charge 
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chaiucter. In fact, an entire sub-field of study has 

center -"! os. the development of correlations between 

various metal and semiconductor and the effective barrier 

height [41]. 
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Appendix B 

EFFECTS OF ION EXPOSURE ON SURFACE"? 

B.l Etching of Surface 

Perhaps the most commonly known effect of ion 

bombardment is the etching of the exposed surface. The 

energy of incoming ions is transferred the near-surface 

region of the solid, and atoms at the surface may gain 

enough energy to leave the solid. The eventual result is 

an erosion of the surface. This phenomenon is commonly 

known as ion milling, sputter etching, or simply 

sputtering. 

Numerous models for the sputtering process exist. A 

typical example is given by Zalm [26], The normal 

practice is to calculate the average number of surface 

atoms removed by each arriving ion. This is defined as 

the sputter yield. The rate of material removal can be 

calculated from knowledge of the sputter yield, the flux 

of arriving ions, and the density of atoms in the surface. 

The sputtering yield is determined by the total 

energy of the incoming ion and the efficiency with which 

that energy is transferred to the solid. The yield is 

dependent upon the masses and atomic numbers of the ion 

and surface atom. For ion trajectory normal to the 
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surface, the sputtering yield is approximated by: 

Y(E) = Cic Sn(e) (Bl) [26] 

.5 ln(1 + E) 
Sn(e) ~ 

e + 
385 

3/Q 

( B 2 )  [ 2 6 ]  

£ = E/E; 

C±h and E±q are constants relating the ion and solid 

and are found by: 

(ZiZc)5/b 
c ± u  ~  ( B 3 )  [ 2 6 ]  

3 UO 

( 1  +  M i / M n )  -LiZ* +  Z o 2 ' ' 3 ) 1 ^  
Ei0 = keV (B4) 

32.5 

Uo is the surface escape barrier energy for the solid 

atoms, and is usually taken as the sublimation energy of 

the solid in bulk form. 

For the case of Argon incident on Silicon, the 

necessary constants are [26]: 

Atomic masses: Mi = 40 AMU 

M„ = 28 AMU 

Atomic numbers: Zi = 20 

= 14 
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Silicon Energy 
of Sublimation: Uo = 7.8 eV 

From these, the values of ciu and Eia may be 

calculated,as: 

C i u  ~  4 . 6 8  

Eio = 75.9 keV 

And Y(E) for ion energies typical of microelectronic 

processes is readily found as: 

E e Sn(e) Y(E] 

100 eV 1.32xl0-3 .064 .30 

200 2.64X10"3 .096 .43 

500 6.59X10"3 .143 .67 

1000 1.32x10-= .191 .89 

2000 2.64X10"2 .242 1.13 

These yields can be converted to etch rates through 

multiplication by the flux of ions and division by the 

density of the silicon atoms. For example, a 1.0 keV 

argon beam with a density of 101S ions/cmz would dislodge 

8.9xl0;i'a silicon atoms per second. The density of atoms 

in the silicon lattice is approximately 6.35xl02:i cm-3, so 

the etch rate would be 14xl0-° cm/s, or 14 A/sec. 

This validity of this model will be assessed through 
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comparison to etch rates measured during the experiment in 

Appendix C. 

B.2 Implantation of Arriving Ions 

The next effect of ion exposure is the implantation 

and/or adsorption of arriving ions in the region near the 

surface. These ions can introduce donor-like surface 

states, contributing a net positive charge at the 

interface [18]. 

An ion colliding with a solid will experience two 

effects. First, it will lose energy to the atoms of the 

solid through collisions. Second, it may change direction 

during those collisions, and may be deflected in the 

direction opposite to its arrival. A simple criterion for 

deciding whether an ion is entrapped would be to track its 

position through several collisions. If the ion has lost 

sufficient energy to remain in or on the solid before it 

has left the material, it will be entrapped. 

Developing a model for this process would require 

some complex calculations or a Monte carlo-style computer 

simulation. This effort, while not overwhelming, is 

somewhat beyond the scope of this study. An alternative 

approach is to reformulate the problem by declaring that 

the entrapment of ions can be approximated through 
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knowledge of two parameters. The first of these is the 

depth of penetration of those ions, and the second is the 

fraction of incoming ions which are involved in 

entrapment. 

The depth of penetration can be estimated by 

extending the existing theories for ion implantation. The 

most commonly used theory for microelectronics is the work 

of Lindhard, Scharff, and Schiott (LSS theory) [19]. This 

theory allows the prediction of ranges via estimation c-f 

the nuclear and electronic stopping powers for various 

ion-solid pairs. 

The calculations for the Argon-Silicon system have 

been performed by sachse, Miller, and Gross [20]. Over 

the energy range of 500 to 2500 eV, they found a linear 

relationship between range and ion energy. They found a 

similar relationship for the variation in ion ranges. A 

simple extrapolation of their work to lower energies 

yielded the data presented in Table 1. 

To assess the fraction of ions entrapped, an 

additional facet of the Sachse, Miller, and Gross work was 

employed. They used Helium ion backscattering {also known 

as Rutherford Backscattering or RBS) to determine the 

areal concentration of Argon entrapped in the surface for 
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various ion energies. 

To convert their measurements to fractional ion 

capture, the following reasoning was applied: during 

bombardment, ion entrapment is affected by two factors. 

First, penetration to the depths found above increases the 

concentration of ions held. Second, the simultaneous 

removal of the surface by sputter etching releases trapped 

ions and decreases the concentration remaining. As the 

time under bombardment continues to a very high value, a 

dynamic equilibrium is established, wherein the number of 

additional ions trapped balances the number liberated 

through etching of the surface. 

Knowledge of the areal concentration of entrapped 

ions, their depth of penetration, and the etch rate of the 

surface allows calculation of the number of ions entrapped 

per unit time. Division of this figure by the total flux 

of ions yields an entrapment fraction. The critical 

assumption is that the aforementioned dynamic equilibrium 

has been reached. In their article, Sachse, et al, 

report: 

In each case the samples were sputter etched for 
a time sufficient for the damage on the silicon 
surface to reach saturation; that is, a layer 
of silicon several times the anticipated damage 
depth was sputter etched from each sample, 
subsequent measurement of the damage layer 
thickness ...confirmed that in each case a layer 
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of silicon several times the damage layer 
thickness was indeed removed. 

In light of this statement, the assumption of steady 

state condition appears reasonable. 

The process of converting the reported data to a 

capture fraction proceeded as follows. First, the 

measured areal density of entrapped Argon was converted to 

a volume density by assuming that the ions distributed 

uniformly to a depth equal to the average ion penetration. 

In calculating this depth, the ion energy was approximated 

as the DC bias appearing on the sample electrode. The 

assumption of uniform depth distribution appears to 

contradict Table 1, which mentions specific values for 

the upper and lower limits of range. However, the 

discussion of ion ranges did not take the simultaneous 

effect of sputter etching into account. 

In a practical situation, the implantation of ions to 

a specified depth is accompanied by removal of the surface 

by sputter etching. While the ions arriving at any 

instant of time may be deposited in a narrow band of 

depths, the position of the surface, and the reference 

point for depth, are changed by the etching. The ions 

arriving at the next instant of time are deposited to the 

same "depth," but actually come to rest in a region 
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farther into the bulk of the material. The eventual 

result is a "dynamic equilibrium," which fixes the 

concentration of ions in the surface. If the distribution 

of the ion ranges is not large compared to the average 

range, the ion concentration will be relatively 

independent of depth. Figures B1 through B4 illustrate 

this effect. 

Next, the etch rate data contained in Sachse, et 

al,'s article was compared to the penetration depth to 

yield a parameter describing the time required for a 

complete removal of the penetrated film. This value was 

termed the "cycle rate," and was calculated by dividing 

the measured etch rate into the depth of penetration. 

Although new penetration continues in lock step with the 

etching, this representation provided a simple conversion 

to ion capture rate. For example, if the depth of 

penetration were 10 angstroms and the etch rate were 20 

angstroms per minute, then the complete areal 

concentration of trapped ions would be released and 

replenished 2 times per minute. The cycle rate would be 2 

per minute. The measured areal densities were divided by 

the cycle rate to reveal time rates of ion capture. 

The final step in conversion to capture fraction was 

to divide the number of ions captured per unit time by the 
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Figure B3. Depth Distribution 
of Implanted Ions After Several 
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Figure B4. Depth Distribution 
of Implanted Ions After Many 

Arbitrary Time Steps 
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number of ions incident in that time. Unfortunately, the 

experimental work was performed using an RF discharge in a 

parallel plate plasma system. For RF plasmas, the actual 

ion currents can not be measured or calculated 

conveniently. As is usual for such situations, values of 

current were not reported. 

An approximate value of ion flux was found by 

applying an empirical relationship between etch rate and 

ion flux and energy. This model was derived from the 

experimental portion of this study, and will be discussed 

in Appendix c. Once again, the DC bias was taken as a 

representative ion energy for this calculation. It is 

clear that collisions within the plasma sheaths cause the 

average ion energy to differ from this value by some 

amount. However, at the low pressure (5 mTorr) used in 

this case, the deviation of average ion energy from the DC 

bias is small. This level of uncertainty is acceptable 

for the rough estimate being developed here. 

Dividing the time rate of ion capture by the 

estimated total ion flux provided values for the ion 

capture fraction at each reported energy level. These 

values, and the calculations leading to them, are shown in 

Table Bl. There is clearly a non-linear dependence of 

capture fraction on ion energy. However, the capture 
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Table B1. Calculation of 

Ion Capture Fractions 

Etch Rate input data 

Etch Rate 
Voltage A/min A/sec 

500 10 0.167 
1000 51 0.850 
1500 98 1.633 
2000 135 2.250 
2500 250 4.167 

Ion Implant. Turns 
Depth, A /min 

17 0.58 
25 2.04 
33 3.00 
40 3.35 
48 5.21 

Ion Flux from Etch Rate vs. Voltage-Current Density model 

Voltage 
Etch Rate 

A/sec 
Volt.*Curr. 
V-mA/cm* 

500 
1000 
1500 
2000 

0 .167 
0.850 
1 .633 
2.250 
4 .167 

408 
2081 
4000 
5511 

10206 

Current, 
inA/cm^ 

0 .  8 2  
2 . 0 8  
2.67 
2.76 
4 . 08 

Fraction of incident ions captured in surface 

Voltage 

500 
1000 
1500 
2000 
2500 

Ion Flux 

mA/cm2 

0 . 8 2  
2  . 0 8  
2 .67 
2.76 
4 . 08 

Ions 
/cmK-min 

3.1E+20 
7.8E+20 
1.0E+21 
1.0E+21 
1.5E+21 

1 

1 

2 
3 
4 

Ar 
conc. 
/cmp-

, 0E+15 
6E+15 

, 3E+15 
1E+15 
3E+15 

Capture 
Fraction 

1.9E-06 
4.2E-06 
6.8E—06 
1.0E-05 
1.4E-05 
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fraction is well modelled as proportional to the voltage 

raised to the 1.66 power. Figure E5 shows the capture 

fraction vs this ' function of ion energy. This 

relationship was extrapolated to provide capture fraction 

estimates in the energy range of 0 to 1 keV (Table B2). 

Thes'2 fractions appear to be vanishingly small. 

However, the ion fluxes for typical processes are 

correspondingly large. A typical ion flux is 1019 ions 

m_:! s-1 [31]. A capture fraction of only .0002"-, (typical 

o f  5 0 0  e V  i o n s )  w o u l d  r e s u l t  i n  t h e  e n t r a p m e n t  o f  1 . 2 X 1 0 1 1  

ions cm_z per minute of exposure. The ions would 

contribute to the concentration of surface states, which 

was stated by Cheng [39] as ^ lO1* cin-2. An icn 

entrapment rate in the same order of magnitude is not 

unreasonable. 

For device modelling purposes, it was assumed that 

each entrapped ion contributes a fixed positive charge in 

the lattice. These charges would raise the effective 

doping of the semiconductor region closest to the surface. 

In accordance with the work of Shannon [21], this would 

result in lowering of the effective Schottky barrier. 

B.3 Subsurface Lattice Disruption and Radiation Damage 

In addition to the ion entrapment mentioned above, 
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Figure B5. Variation of Ion 
Capture Fraction with Ion Energy, 

Data from Sachse, et al [20]. 



Table B2. Ion Capture Fractions 

for Ion Energies Below 1000 eV 

Capture 
Energy Fraction 

50 eV 1.1E-06 
100 1.1E-06 
150 1.2E-06 
200 1.3E-06 
250 1.4E-06 
300 1.5E-06 
350 1.6E-06 
400 1.7E-06 
450 1.8E-06 
500 2.0E-06 
550 2.1E-06 
600 2.3E-06 
650 2.5E-06 
700 2.7E-06 
750 2.9E-06 
800 3.1E-06 
850 3.3E-06 
900 3.5E-06 
950 3.7E-06 
1000 4.0E-06 
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several authors have reported the existence of lattice 

disruption near the material surface. In extreme cases, 

the material loses its crystalline character, becoming 

first polycrystalline and then amorphous as the extent of 

damage increases. 

The theoretical origins for this damage lie in the 

transfer of ion energy to localized "spikes" of thermal 

energy. Local heating creates a disordered region which 

is momentarily equivalent to liquid surrounded by the 

crystal. This analogy is valid even when the surface 

temperature is well below the bulk melting point of the 

material. The degree of amorphization (or 

crystallization) which occurs as the thermal spike 

dissipates is related to the melting point of the material 

and the time required for dissipation. 

Kelly [30] has discussed this subject in some detail, 

and has related the likelihood of amorphization to the 

melting temperature and an additional parameter known as 

the crystallization temperature. The detailed projections 

of damage depths and fractional amorphization are 

generally derived for the case of ion implantation; eg, 

ions of much higher energies and more widely varying 

chemical nature than those encountered in physical 

sputtering. For this situation, it is sufficient to note 
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that the existence of a polycrystalline or amorphous layer 

in ion-bombarded silicon is supported by theory, and that 

the theory (as well as intuition) projects higher damaged 

layer thickness and amorphization for higher ion energies 

and doses. 

The nature of the damaged layer in practical 

situations has been studied by a variety of analytical 

techniques. Sachse, et al [20] studied the depth of 

lattice disruption by Helium ion backscattering. They 

found the depth of damage to increase with ion energy, 

extending roughly twice as far into the silicon as did the 

entrapped Argon (40-50 A for 500 or 1000 eV). 

Furthermore, the areal concentration of displaced silicon 

atoms was estimated at roughly 20 times the argon 

concentration. The direct application of these results is 

limited only by the apparent presence of a moderate 

concentration of doubly ionized Argon in their low 

pressure (5 mTorr) RF discharge. 

other estimates of depth are somewhat higher. 

Nemiroff, et al, [22] estimated the depth by 

characterizing samples with X-ray diffraction and 

chemically etching the material until the exposed surface 

was crystalline. Although the extent of the damage was 

not measured, the depth was estimated at 200-250 A for a 
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CHFa/Oz discharge operated with a DC bias of -550 V. A 

parallel characterization of ion entrapment by Auger 

suggested that the ions were stopped entirely within the 

first 50 A of material. These authors made an additional 

reference to a bilayer characteristic, wherein the top 

layer (nearest the surface) was described as "amorphous 

and/or polycrystalline" and 100-125 A thick, while the 

deeper damage formed a "dilated monocrystalline" region 

extending an additional 100-125 A into the material. 

This multi-layer model was corroborated by the work 

of Collins & Cavese [23], who completed an optical 

{ellipsometric) study of surfaces exposed to hydrogen 

beams of various energies between 20 and 1500 eV. Their 

modelling indicated a trilayer structure. The undamaged, 

monocrystalline substrate was covered, in turn, by a film 

of polycrystalline material, an amorphous film, and 

finally a "transparent" layer. The term "transparent" 

refers to the fact that the material most nearly matched 

the reference optical properties of a SiOa/void mixture, 

even though the thickness was greater than the native 

oxide. The thickness was estimated as 100-200 A at ion 

energies between 500 and 1000 ev. This amorphous layer 

was "very thin," on the order of 5-10 A. The 

polycrystalline layer was characterized by two properties: 

thickness and composition. This layer was also relatively 
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thin, with estimated thicknesses under 50 A for energies 

below 1000 eV. The composition was determined as the 

volume mixture of crystalline silicon, amorphous silicon, 

and void which best fit the observed optical properties. 

At ion energies below 200 eV, the film was dominated by an 

approximately 85% crystalline character. Above 500 eV, 

the amorphous and void components increased dramatically, 

and the composition at 1500 ev was estimated as 27 % 

crystalline-Si, 46% amorphous-Si, and 27% void. 

Interpretation of these latter studies is hindered by 

the use of Hydrogen (in a direct beam by Collins & Cavese, 

and through the inclusion of CHF3 in the plasma of 

Nemiroff, et al). The range of ions in solids generally 

increases with decreasing atomic weight and number. Once 

again, the published comparisons are generally for higher 

energy ions, but Kelly [24] has projected the ranges of 10 

kev Ar"* and H"*" in silicon, and the Hydrogen range is 13 

times that of the Argon. Extension of this result to the 

energies of interest is not altogether straightforward, 

but it is possible that the depths of damage for Argon or 

other heavy-ion beams may be much lower. 

Dislocated atoms in the silicon lattice will produce 

additional electronic states and may behave as fixed 

positive charges. The mere fact of dislocation does not 
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guarantee that an atom will be electronically active. The 

upper limit is 100% - every dislocated atom behaving as a 

fixed charge. A lower bound on the fraction which are 

electronically active may be estimated by considering the 

case of a "clean" silicon surface. The areal density of 

silicon atoms at the surface is 3.4x10** cm_i:, yet Cheng 

[39] has reported that there are only about 2x10*a active 

surface states per cm2. This suggests .1% as a minimum 

for active fraction. A major portion of the potential 

states at a silicon surface are eliminated by chemical 

reactions with oxygen and other environmental species not 

available to subsurface atoms. Therefore, the fraction of 

displaced silicon atoms which are active should be closer 

to 100% than to .1%. For purposes of developing a rough 

estimate, values in the 1-50% range seem appropriate. 

B.4 Other effects 

Other authors have observed different effects when 

etching practical structures. For example, numerous 

authors [7] [4] have found metallic contamination on 

samples after etch. The electrical behavior of such 

contamination is difficult to control and predict. 

The contamination is apparently due to physical 

sputtering of the vacuum chamber and/or substrate holder, 
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followed by backscattering and redeposition of a portion 

of the sputtered material [4]. This problem is chiefly 

observed in plasma-type processes. Beam processes, owing 

to the lower pressures involved and the greater physical 

separation of the samples from the other surfaces exposed 

to the ions, have correspondingly less incidence of 

deposition. However, certain authors [10] have 

experienced difficulty with tungsten sputtered from the 

neutralizing filament in ion-milling systems. To avoid 

the potential complications associated with an 

unpredictable source of contamination, the neutralize!* was 

physically removed from the ion mill used in this 

experiment. 

A further complication reported by some users of ion 

processes is a roughening of the surface during etch r 7]. 

"Cones" or "pyramids" of unetched material with dimensions 

on the fractional micron scale appear on a surface after 

etch. This phenomenon is generally associated with 

reactive processes, wherein a non-reactive particle or 

cluster of atoms on the surface can mask the reaction in 

that area. However, when the angle of ion arrival 

relative to the surface is fixed at some oblique angle, 

cones can be evolved even in purely physical processes 

[25]. This is explained by Wilson, Belson, & Auciello 

[42] as being due to shadowing of certain portions of the 
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surface by foreign particles present initially or by 

blisters of surface material formed by heating. The 

latter mechanism is unlikely for the case of low energy 

ions on silicon (with a relatively high melting point), 

but the formation of surface structures by masking 

particles may be quite important in device performance. 

A "mesa" on the surface of the silicon at a Schottky 

junction would cause both enhancement of the effective 

junction area and concentration of fields at the edges. 

Either or both of these effects would result in higher 

current flow, and an apparent lowering of the Schottky 

barrier height. For a strictly physical etch, however, 

the evidence for cone formation is limited to cases of 

high incident angle or non-rotation of the sample. This 

study is limited to normal incidence, and surface 

topography will not be considered in device performance. 
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Appendix C 

ETCH RATE MODELLING 

One of the inputs to the selection of ion exposure 

conditions was the desire to construct samples with 

certain specific amounts of material removal. The target 

values were approximately 500, 175, and 50 A. These 

values, particularly 50 and 175 A, are below the reliable 

resolution limits of the device used for direct 

measurements (a Dektak II profilometer). Certain steps 

were too small to measure directly. 

In order to estimate the missing data points, a model 

of step height vs accelerating voltage, beam current, and 

exposure time was constructed. To simplify the 

calculations, the Step height and Time terms were combined 

to give the Etch Rate (Step/Time). The input parameters 

and Etch Rates are shown in Table CI. The model was 

initially formulated by specifying etch rate as the 

product of Sputter Yield (atoms removed per incident ion) 

and Ion Flux (proportionally related to beam current). 

The Sputter Yield was calculated using the model of Zalm 

[26] as discussed in Appendix B. Projected Sputter Yields 

and Etch Rates for those parts with direct measurements 

for comparison are shown in Table C2. 

It is clear that the sputter yield model 


