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ABSTRACT

Plasma source ion implantation was used to implant steel samples with nitrogen at
energies of 20 keV and typical doses of 2x10'® jons/cm?. lon beam analytical techniques
were then used to determine the depth proﬁl\é of the implanted ions at various points
between the center and the edge of the sample. The effect of pulse repetition rate was
investigated; because it was assumed that an increase in the temperature by increasing the
pulse frequency, nitrogen ions penetrate deeper into a sample. Rutherford backscattering
spectrometry revealed that nitrogen ions were distributed to a depth of greater than at
least 450 nm. For greater sensitivity the nuclear reaction "“N(d,c0)'?C was used and the
thickness of the iron nitride was found to be about 1.2 micrometers. The SIMNRA
program was used to simulate the experimental spectra. The results are compared to
simulatca implantation profiles obtained with the monte-carlo code SRIM 2000. The

nitrogen implantation varied across the sample.



Table of Contents
Chapter L......ccooiiiiiiiiiiniiie ittt 1
TtrOdUCHON. o esswmsicmmnn avisissas s swsivs v vaLH S 1
1.1 Motivation of the study.......c.ovoveviiinnns 18 AT e e e s s 2
11,1 Significance 6f teseatth o imsssnsarasconnsinn ass s pms ssbtuanpaves v 1555 swirpani 2
11,2 Scope of inVestTEation cuussssmermsnsmsmsss 5w 55608 00 sama s OSSR 55D 3
1.2 Thesis SITUCTTUS .. umsiasissisiviinimmnnsiniinmisisismiois smminnis § R TS H 455 5SROy SE 435 b 4
T e s e e s A 5
Surface modification techniques. ... ........oooviiriiiiiiii 5
IEOAUCTION . 11t e v st et ee s e e e et e e et et e e et e e e e e e e et e e e e et e et e e e e ea e e e neaene 5
2.1 Surface coating techniques............cooviiiiiiiiii 5
2.1.1 Physical Vapour Deposition (PVD)........ccoviiiiiiiiiiii 5
2.1.2 Chemical Vapour Deposition (CVD)...........cververvmmmrervrmirieeneraenmraenrsnnans 6
2.2 Surface ModifiCation. ... ...cvvieii it e 7
DM HeRIEaent w v messerr s e o o oo Ay S o e v 7
2 Gasnitidi s s T L T 7
2.3 lon implantation. ........co.iiiiiiiiiiiii e 8
2.4 Ton implantation PrOCESS ee«ssersvsivesssesssssssvssssss onssuummesnseesses §355 4544 4usvans 10
2,41 BPUBTING 4o cox vvvnrneosnsvonvynissssanss van o uas Gommsnioms 2 s uas ¥3 5 25w ¥4 bammanasss 10
2.4.2 Seconidary electron BmiSSION, ««xssssxssm s svunmsmmesmmimssmsvmmses s vy s ammensss 11
2.4.3 Retained (oS8  icons oassosscsvssnsmenassssssosssniis v ks aiuimmissessunts dxra s s irmsmamanss 12
2.4.4 Plasmia foTmation .z oo ssmmsmasassmmiis usis £555 56 0555 453 GiahbdRsiosmninns s s e sae sas vn 13
2.4.5 lonization cross-section and mean-free path...............cccccooinniinininninn, 14
2.4.6 Primary electron current limitations...........oocoivviviiniiiinceieecenean e, 16
2.4.6.1 Space charge limited emisSSion...............ccoiiiiiiiiiiiiiiii . 16
2.4.6.2 Temperature limited €miSSION..........o.oiviiviueiiiriiiriiiiee e eeeeeeaes e 16
2.4.7 Temperature versus space charge limitations.................ocovieiiiiiiniinnnn. 17
2.4.8 Sheath thEOIY. .. oiiviii i ee e 17
Chapter 3. e 21
Experimental equipments and Analytical techniques background........................... 21
801 Planview s erm s oimssamsmnummmsonleaianTenarenas e sse e vy s esgade) 21
3.2 P IL features o o e SV e 05 s s oo o 5555 5 185 5 e B 22
B MM ChambER: - om o e mem s o s e s o 22
3.2.2 Vacuum pumping SYStEIM. ........vvuueuvusieraariieererreieeiiienseseeeeeeeeesaaees 25
3.2.3 PlaSa BeNCIAtION ..cvusswsmmmmaniisfammrnthve s s sossoss vin s svssisrras shin s ¥5 45 s SHAGH 25
3.2.4 Working gas supply .........ooooiiiiiiiiiiiiiieiiee e 25
3.2.5 PuUlSe BeneratOn o mmivimmsmsmssmamenis s s o vy oo 886 s oSS o £ 568 o 26
3.2.6 DIABNOSIICE s cotsiammrenanmcrnnimsessaneesnnss s sns s smossswosmsssstas s sssbsssntmmnn. 27

iii



3.2.7 OCIIOSCOPE. .« vusrsuraconsmmmmmsnassnmasrarnnsdissssssss sesissssss upams samsssansrses 28

3.3 Stopping and Ranges of lons in Matter..........ccoociiriiniiii 28
3.4 Sample Preparation........oooivreeereerietiiiiin e 30
3.5 Target iNSErtiON.......ovuvivieeeeiiiit et e e s e 30
T:65 INETIAD SOTUWEALE & o s v rmers e w1 3 A 55445918 R S 5 5 513 85 5D S SR 31
3.6.1 Experimental application WindoW..............oiiiiinviiiiiiini 32
3.6.2 Implantation control Window...........euiiiiiiiiiiiinniii s 33

3.7 Analytical techniQUES.....ievueiirvensirmmmnsrromemnn s rsssssrias sy n s sis s srames o s 34
3.8 GENETal thEOTY ... ivuiriinienerineranntirinrian sttt sirsessaenteeneessaaeanaseresssaanasnaes 34
3.8.1 Kinematic factor...............oooveennnns s o et e e el BN T 35
3.8.2 STOPDING POWEE. i suivueisisinnseissy camassspssvsssanneennasessassessvns sbmersuanvars s e 36
3.8.3 Stopping I COMPOUNES: ..cs i quvevivsnsvmmmmsmassunsnmmmmnimnsans cs s ss s 3senosmsananyas 37
3.8.4 Evaluation of energy 1085.. ...cuciissbsssursssunesnsnvmronesss yons s sepepmasepmaes opes 37
3.8.5 Cross-8ection. o suwss sovswsmsus s cuvsssss 4 SRS £ €3 A 38
3.8.6' Rutherfoidictoss-seelionsmrermmmrmer st S s e v 38
3.8.7 Non-Rutherford €ross-8ection.«.cusessommusins sssssns ssnmssrmsmammmmnnn ta2 55 152 w008 40
3.8.8 Nuclear reactions KINEtiCS.......ovuvmeeieiriiieiiiniiiainne e eaene 40
380 SHADBIINE oo oo vuissinnns os wsin s ssmd on s vRR RS 00 S ¥4 535535 SRR ¥ b 42
3.:4.10 Noclear reaction Snal VSIS cossoems s oessxvs was sz mss ssnsnisssusmns oseisshs sansmnsid 42
Chaplerd s s ot e e T e e el 44
4.1 INtrOAUCTION. ... ee ittt e e 44
4.2 Sample geometry and treatment specification.............coooeiviiiiiniiiiniiien, 45
4.3 Investigation of dose distribution..............cocoviriiiiiii e 46
4.3.] BBS MEASUTCIMEIES. 1y o vnrrsdaresenssns st anssmsimnisninsnss s o s s o 554 simswmansans 46
4.3.2 NRA MEASUIEMENTS. .. ...ouniiniinnititieiin et e taeaet e eeee e enairaraees 49
4.3.3 Distribution profile............coveiiiiiiiiiii i 51
4.4 The effect of pulse repetition rate..........coovviviiniiiiiiriiii e 54
4.4.1 RBS measurements for sample Paand Ps....ooooieniiniiiiiiiiiiiinniiiiennns 54
4.4.2 NRA measurements for sample Py and Ps.....oooooviiniiiiiiiiiiniinn 55
CRAPECT S o 1500000105055 5 ks smmmmmaiomtinn s s s 455§ 0 44 S AT ' 57
5] COMCLUSTON cin it iiinmssine s vamis s e 456 441 o 4o o g i s AR 0 8 . 4 IO 57
5.2 SUMIITATY i3 s vssssnsn s s w6, 5 7658 6o s o v ew 45 0w e s 0 4o s ¥ sy AN S e £4 0 4§ Eo R arsE 58
5.3 FUOIE WOTK ciciciiton s fom s vss vewsosnnsessssn senssnsg bs wsmmmsssimib g e as § s s A 59
APPendiX A ... 60
AT SPUHEEING. .. ..eviiii e e et et s e e e e e 60
A.1.1 Deposited BNEIBY.........vviiiiiiiiiireieriiiie e 61

A 1.2 Sputtering yield.........ooooviiiiiii e, 61
A.2 Semi-empirical formula for sputtering of single elemental targets...................... 62
A.3 Sputtering at glancing angles................cooiiiiiiiiiiiin e 64
A.4 Ton implantation and the steady state condition....................ooeevvrveeervvvrennnnis 65
A.5 Sputtering of alloys and Compounds.............c..vviiiiiiiiinneeieiine s, 66
A.5.1 Preferential SPUIETING. .........vvvvvueeiieeiie i e eeeeee e 67
A.5.2 Composition ChANEES. .......ecvivreieiiieiieieeee e 68
A.5.3 Composition depth profiles...............ocoooiumvvereeeeneeessiseeee 68
A.6 High dose ion implantation......................uuvuuueeeeeeeessieeeo e 68

iv



A.7 Factors that influence concentration in high dose implantation ......................... 70

A8 SPULETING SPIKE. .. ..oeeeeeiittiiiiiiitiii e 71
AppendiX B ... 74
YT R 1 o SO P P R RS r PP PR 74
BT THIEE SCAIES <o s s serns o5 bonspames siwsmssmaanissnnniammens ean vd o558 45§58 S P EFRaREE 74535063 74
B.2 Dimensionless CO-OrdiNaES. .. .. vvirvrreerrnereaniantenenenreseaaenerisssisaiensesianns 75
B.3 The initial plasma sheath..............ooooviiiiiiiiir 76
B SHEATH SVOIUTION 1 1o o000 8 siismisrmvisins dicbsiessiinvitionsiimisarsin s 5 75+ ¥ 3 0V 630555 S BOTAaIe s 653 5 8 78
5
APPERAIX € ..ot 81
Constants and FOrmMUIAL ... ..o e e e a e a e nane 81
Table C.1 Physical CONStaNIS. .......ccviuiumimiiuiniineennien i 81
Table C.2 LENGENS. s cu0sss a5 sxwmmmsmsswnsuummmnnssbummoass 055 050510 501 500 saeanmpyons s 423 veass 81
Table €.3 FreqUeHCIEE  scvussss crvsasvie s ss s tmams s asvasns £hs o1 5§ 13 SHEREeRREEAL £ 5ars 82
Table C.4 CUlTeit QERSIEY .. . .o cuvounns nombinsn i ammsasss s s 67 L8043 45558 SoBRNSEREE T 805 08 83
ReTCIeICES .. .o.oeiiiie ettt et e e e e e e e aes 84



List of Symbols

&

Vi Secondary Electron Emission Coefficient
n, ” Neutral Gas Density (cm™)

n, " Electron Density (cm™)

n, Ton Density (kg)

A, Mean free path for collisions (m)

Ay Debye Length (m)

e Electron Temperature (eV)

v lon Temperature (eV)

¢ Potential (V)

#; Floating Potential (V)

é, Plasma potential (V)

£, Permittivity of free space (C2.N"'.m?)
@, Electron plasma frequency (Hz)

@, Ion plasma frequency (Hz)

Z Electron plasma period (s)

T Ion plasma period (s)

Tl Pulse width (s)
m Mass of electron
M Mass of ion
e Elementary charge (1.6 x 10"° A-s)

vi



AES
CVvD
ERDA

IBAD

IBED

NRA
PIII
PIXE
PSII
PVD

RUP

SRIM
SPC

SS8C

List of Abbreviations

Auger Electron Spectrometry
Chemical Vapour Deposition
Elastic Recoil Detection Analysis
lon-Beam-Assisted Deposition
lon-Beam-Enhanced Deposition
Nuclear Reaction Analysis
Plasma Immersion lon Implantation
Particle Induced X- ray Emission
Plasma Source lon Implantation
Physical Vapour Deposition
Rossendorfer Universal Pulsegenerator
Rutherford Backscattering Spectrometry
Stopping and Range of lons in Matter
Solid Pole Cyclotron

Separated Sector Cyclotron

vii



Chapter 1

Introduction

Plasma source ion implantation (PSIT) or Plasma ion immersion implantation (PIII)
[Bog02] is a relatively new technology developed in the 80°s and open for research in the
material technology [Con87]. Investigations iQ the past reveal that PSII/PIII technique is
the better way for surface modification. This technique has gained increased interest for
various applicé‘ltions such as in metal and semiconductor technology [Bri02]. In the past

o

few years investigations showed that in latefal implantation, dose measurements of PIII
hon—planar target, there is a depletion of ions along the sample from center along the
sample from the center to theiedge caused by misalignment of the electrical field lines
and the ions trajectories [Hart96). Zeng et al. [Zeng99] carried out an investigation on the
inner races of bearings to determine dose uniformity. They found that maximum ion dose
was not in the middle or bottom of the arc groove. However, they are slightly displaced
towards the side of the sample plate if the bearing were laid horizontally on the sarﬁple
stage, the investigation combined both experimental (AES technique for nitrogen depth
profile) and theoretical simulation results. A recent study [Liz02] of the biocompatibility
improvement of NiTi with functionally graded surface revealed that ion implantation
with oxygen alters the surface structure, composition and morphology of NiTi and this
has implications for corrosion resistance and \z»;ear resistance. Wear corrosion resistance
is an important factor for medical device applications and was substantially improved by

Plasma source ion implantation.



1.1 Motivation of the study
1.1.1 Significance of research
iThemba LABS formerly known as the National Accelerator Center, is situated in
Faure about 30 kilometers from Cape Town. It is a multidisciplinary scientific
research laboratory administered by the National Research Foundation (NRF) and
provides facilities for:

» Basic and applied research using partii:le beams,

@ Partic}é radiotherapy for the treatment of cancer and

e The supply of accelerator—producec-l! radioactive isotopes for nuclear medicine

‘and research.

Activities are based around four accelerators. The large k=200 Separated Sector
Cyclotron (SSC) accelerates protons to energies of 200 MeV. Charged particles are
pre-accelerated to the SSC by the two-injector cyclotrons, capable of providing
intense beams of light ions (SPC1) and the other beams of polarized light ions
(SPC2). The fourth accelerator at iThemba LABS is a 6 MV Van de. Graaff

accelerator.

This study is based on implanting materials with nitrogen using the plasma source ion
implantation (PSII) facility situated on the ﬁrst floor of the Materials Research Group
(MRG) building. It was designed and constructed for use by the MRG with specific
application relevant to Sopth African industry [Mey0l]. The iThemba LABS PSII
facilit3_l can be used to implant material of complex geometry like knee joint femoral,
hip joint femoral heads [Che9l]. The facility can be utilized even for orthopedic

prostheses, which are made harder and more wear resistant by ion implantation into



the articulating surfaces [Chu02]. PSII facility can be used to implant material with a
desired element, for example:
¢ Implanting Ti-6-Al-4-V with iridium to improve resistance to corrosion and

e Implanting Ti with nitrogen to reduce wear.

1.1.2 Scope of investigation

<
3

The study is based on surface modification of a material such as mild steel. It is
essential then‘, "to investigate the dose across the center of the sample and to the edge.
Out of this investigation conclusion will be_arawn on how dose is distributed, whether
the nitrogen ions are uniformly distributed into the sample or not, because it is
important for industrial materials to be uniformly modified to avoid degradation from
particular area to the other. Some of industrial materials e.g. drill bits, screwdriver etc
use edges, as essential areas to perform a task smoothly, therefore there’s a need to
investigate retained dose across the edge. The workpiece will be implanted with
nitrogen using PSII and nuclear reaction analysis will be employed using

“N(d,a,)*C as a base for analysis. The effect of pulse repetition rate when biasing

the workpiece by high negative voltage will be investigated. This is done in order to
understand the effect of pulse repetition rate during ion implantation, because
temperature of the workpiece during ion implantation process is influenced by the
pulse repetition rate and the assumption is that the higher the frequency the higher the
temperature of the workpiece and the more the ions penetrate deeper into the
workpif:ce. The frequency or pulse repetition rate will be varied from 500 Hz to 250

Hz for sample P,, and P, keeping pulse widths to 5ps. See the figure 1 below:
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Figure 1.1: Shows schematic representation of pulses with frequencies 500 Hz and
250 Hz and also the pulse width of 5 ys.

1.2 Thesis Structure

This thesis is organized in this manner: Chapter 1 contains general introduction of the
study, and chapter 2 outlines surface modification techniques while chapter 3 contains
details of experimental equipment and techniques chapter 4 constitutes data analysis

and results and chapter 5 is comprised of summary and conclusion.



Chapter 2

Surface Modification Techniques

Introduction

Surface modification is defined as a process whereby the surface properties of
material are modified independently of the bulk properties [Mey01]. Often there is a
need to harden the surface of the material, fc;‘r example, drill bits with a hard surface
that will provvi'de better cutting edges and wear resistance. Although there are other
forms of sufface modification such as gurface coating, surface hardening, gas
'nitriding, thermal annealing etc, particular attention will be given to Plasma source
ion implantation as one of the surface modification techniques. Before PSII is
discussed in detail a quick summary of other techniques is provided.

2.1 Surface coating techniques

There are many surface coating technique available [WWW1] which were developed
years ago yet they are still in use and further modified. Those techniques range from
nickel and zinc coatings for iron and steel with an intention of improving corrosion
resistance and wear to the material. Coatings can be deposited in different forms, by
physical vapour deposition (PVD) and chemical vapour deposition (CVD).

2.1.1 Physical Vapour Deposition (PVD)

PVD basically involves atom-by-atom, molecule-by-molecule, or ion deposition of
various materials on solid substrates in vacuum systems; PVD uses atomic clouds
formed by evaporation of the coating material in a vacuum environment to coat the
surface. This PVD process can coat a thick 1 mm layer of heat resistant materials such
as chromium, aluminiun and yittrium on jet engine parts. This process is associated
with the following disadvanteges [WWW3]:

5



- low to medium adhesion

- non-uniform thickness

- low penetration in deep holes and recesses.
- “line of sight” process.

Table below depicts the advantages and the disadvantages of surface coatings.

Table 2.1: Comparison of advantages and Ihe‘;disadvantages Jfor surface coating.

Advantages Disadvantages
- Conducting and  insulating - Layer delamination, extremely
samples/ targets can be coated. surface dependent.
- A complex coating is possible. - Bonding failure and slight in
increase dimensions.

2.1.2 Chemical Vapour Deposition (CVD)

CVD is capable of producing thick dense, ductile layers with good adhesion on metals
and non-metals. The process requires a metal compound that will volatilize at a fairly
low temperature and decompose to a metal when it comes into contact with the
substrate at high temperature. CVD is characterized by the following disadvantages:

- High deposition temperature of approximately 1000 °C

- Loss of hardness in the part being treated

- Significant dimensional changes and geometrical distortions.



2.2 Surface modification

2.2.1 Heat treatment

It'sa coinbination of operations involving heating and cooling of a metal or alloy in
the solid state for the purpose of obtaining certain desired properties. There are
different forms of heat treatment, but two will be discussed briefly: Full annealing and

stress relief annealing. Full annealing is defined as a process in which the steel is

v
\

heated to a proper temperature and then cooled slowly through the transformation
range. Basicallly the importance of this annealing process is to refine the grain, induce
softness, improve electrical and magnetic p?operties and this process takes places in
the furnace. Stress relief annealing or sub-critical annealing is useful in removing
residual stresses due to cold-working processes (deforming metal plastically at a
temperature lower than the recrystallization temperature). This process is associated

with temperatures below the lower critical line (535-649) °C [Avn74].

2.2.2 Gas nitriding

It is linked to the history of ammonia. Here is a brief background of ammonia. In
1774 ammonia was presented in its free chemical form by Priestly, and a decade later
as an elemental bond of nitrogen and hydrogen by a French chemist Claude-Louis
Berthollet. In 1913 Haber and Bosch manufactured ammonia out of nitrogen and
hydrogen, this led to industrial use of ammonia and it was found to have a good
interaction with steel, then ammonia was utilized in the process called gas nitriding.
This process involved the material of interest being subjected to heat of about 500 °C
to 570 °C for 40 10.'90 hours in an ammonia gas environment and desirable pressure,

and that allows nitrogen to diffuse into the surface of the material,



2.3 Ion Implantation

Ion implantation is a process by which ions are acceleratea toa targét at energies high
enough to bury them below the target’s surface. There are several types of ion
implantation, e.g. conventional ion implantation and plasma source ion implantation.
Conventional ion implantation is a line-of-sight process because ions are extracted
from an ion source, accelerated and focused ipto a beam, which is then rastered onto
the target. Often the ion beam must be partially masked to prevent ions from striking

!

_ the target at angles greater than 30° (degree) off-normal to ensure that most of the ions
are implanted and reduce sputtering. The taréet must also be rotated and manipulated
t.o insure that all parts are treated, see Figure 2.1. Plasma source ion implantation
(PSII) is a non-line-of-sight surface modification technique. It is basically a technique
by which the target is immersed in a plasma containing ions to be implanted. High
voltage pulses are applied (10-150 kV) [Mat94], so during the voltage biasing process
a sheath develops around the target, and then plasma ions in the vicinity of the target
are accelerated by an electric field into the target and implanted. PSII has the
following advantages as compared to conventional ion implantation.
» Elimination of beam rastering and target manipulation hardware.
¢ Elimination of target masking and reduction of surface sputtering and retained
dose problems. The ion source hardware and control are at near ground
potential.
e Greater production throughput, especially for large and diverse targets.
* The smaller, less expensive, easier to operate PSII hardware for “in house”
operation, vefsus the “outside service facility” operation mode prevalent in the

ion-beam industry [Mey01].
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Figure 2.1: A comparison of the hardware requirements of conventional beam-line
ion implantation versus PSIT [WWW2].




2.4 Ton implantation process
Under ideal conditions, the time taken to implant the desired dose D, is given by the

following equation [Mey01]:

f=— % — 21

Where t is the implantation time, Q charge state of implantation ion species, I; is the
implantation current, Ag the implantation surfa\cle area and M/Z is the number of ions
implanted per rﬂolecule. Real ion implantation processes are more complex because it
includes effect;s such as sputtering, secondary electron emission and retained dose.
Sputtering affect ion implantation by removing existing implanted ions and sets the
limit of the maximum concentration of ions that can be implanted and retained in a
workpiece, while secondary electron emission reduce ion implantation efficiency.

2.4.1 Sputtering

Sputtering is the erosion of a sample by energetic particle bombardment. In this study
20 keV nitrogen ions are implanted and will lead to sputtering effects. Sputtering can
be characterized primarily by the sputtering yield, Y that is defined by [Nas96] as:

mean number of emitted atoms
incident particle

Y = Sputtering yield = (2-2)

Sputtering processes occur when atoms are ejected from the outer surface layers
because incident ions transfer energy to targef atoms during collision. Then target
atoms recoil with sufficient energy to generate other recoils. Some of these backward
recoils will approach the surface with enough energy to escape from the solid. It is
this secSndary recoil, which makes up most of the sputtering yield (see Figure 2.3)

[Nas96]. More complete of this theory is explained in the appendix A.

10
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Figure 2.3: Schematic of ion-solid interactions and the sputtering process [May86]
Sputtering contributes to the compositional changes of the material but in our case,
ot

sputtering is minimized, because with PSII ions are implantated mostly perpendicular

to the surface.
2.4.2 Secondary electron emission

Secondary electrons are produced when the high-energy ions strike the
workpiece/target surface hence some of the energy from the high-energy ions cause
emission of electrons from the workpiece. For example, a 20-keV N* ion incident on
stainless steel has an electron emission coefficient of ysg= 4.8 which is the number of
electrons emitted per incident ion [Fun00]. The electron emission coefficient can be
seen in Table 2.2, which was determined by M.M Shamim et al. for different incident
ion energies and for different materials [Sha91].

Table 2.2: Experimentally determined electron emission coefficient for nitrogen ions
[Sha9l].

Enerev (kelV)

Material ‘ 20 30 40
Stainless steel 304 4.8 6.3 7.3
Copper ~ ‘ e . - 4.9 6.1
Ti-6Al-4V ) 6.2 Tt
Graphite 8.6 10.8

Aluminum (oxidized) 14.5 185
Aluminum (etched) 15.8 16.9 19.1

11



This actually indicates that secondary electron emission is a factor that should not be
ignored in ion implantation process, because when secondary electrons hit the wall of
the plasma chamber, x-rays are produced and a significant amount of x-rays of
energies between 9 and 11 keV are produced. Thus some of x-rays escape through the
aluminium chamber wall into the room, however radiation protection measures should
be taken when working at the plasma ion implantation facility [deV99]. Secondary
electron play a role when implanted dose is eva‘l;uated, because it is assumed that
whenever an ion i;iimplanted there’s a release of secondary electrons y and then the

4

ion current is 1/(1+y) of the mean current.

2.4.3 Retained Dose

Ion implantation is limited by the retained dose even with sophisticated target
manipulation systems however this gives space for plasma source ion implantation
because of its advantages (no target manipulation, beam rastering and the retained
dose problems are eliminated) over beam-line ion implantation. Retained dose by
definition is a portion of the implanted ions that remain in the sample during ion
implantation process. Retained dose is affected by the angle of incidence and the
solubility of the implanted ion species in the workpiece while incidence angle
accounts for both the probability of an ion penetrating into the sample and for the ion
to remove one or more target ions (Sputtering). J.R Conrad et al. [Con89]
demonstrated that the retained dose depends on the angle 6 from the surface normal
with which an incident ion strikes the workpiece and is approximated by:

ROCCOSsB(e) . (2_3)

12



Where R is a retained dose and 9 is an angle of incidence of ions. Retained dose has
its maximum value at 6 = 0° as seen below on Figure 2.4 and preferred angle was less

than 30°.

1.0

RETAINED FRACTION. .

TARGET $,(107/cm?)
. Ar 52100 3

0zl eTl 304 10
b s Cr M50 2
o Tl 62100 3
a Te MSE0 1
N N 2
— 60 —20 o 20 40 60
8 tdogrees)

Figure 2.4: Shows the retained dose fraction, as a function of implant angle and
within the graph there's examples of ion, target model and also the dose values.
Taken from [Wit 85]

2.4.4 Plasma Formation

Plasmas produced by PSII are produced by electron bombardment of a neutral gas in
an evacuated vessel. In the direct current discharge a current is past through a set of
tantalum filaments to heat them by joule heating. A significant number of electrons
are emitted in the hot filament, because their energy is greater than the work function
and these electrons are called primary electrons. These primary electrons collide with
neutral gas atoms such as hydrogen, argon or nitrogen with sufficient energy to
remove valence electrons. The removed valence electrons are called secondary

electrons, and their scattered w1th less energy than the incident primary electrons.
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This method is a Glow Discharge and our focus is on this method even though there
are other plasma forming methods such as electrodeless RF discharges (PIII); laser

beams etc.

2.4.5 Tonization cross-section and mean-free-path

The mean-free-path (Ar) is the mean distance between collisions defined in terms of
momentum loss in collisions between electrons and neutral atoms. Mean-free-path is
important because it is of assistance on defining the regime in which plasma is
considered collision-less, hence simplifying the theory used to predict the process
behavior. The probability of momentum loss can be expressed in terms of the
equivalent cross-section o that the atoms would possess if they were perfect absorbers
of electron momentum, so the momentum transferred from the incident primary
electrons gives the neutral gas atom enough energy and thus excites the atom to at
least its first excited state, releasing secondary electrons, and thé event is called an
ionization event. Consider an electron incident upon a slab of area A and thickness dx
containing n, neutral atoms per unit volume, where each atom is an opaque sphere of

cross-section area ¢ and the number of atoms in slab as show on Figure 2.5 is:

e
Y———)
Projectiles —p

Targets

Figure2.5: lllustration of the definition of cross section
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n, Aok (2-4)

The fractional of the slab block by atoms is:

n,Adxa

"

odx 25)

If a flux I of electrons is incident on the slab, the flux emerging on the other side is

"
\

I'=C(1-n,odx) (2-6)

Thus the change of T with distance is:

n

dar’
2 e n ol 9.7
O 2-7

L)

l—~=1—~0 o i 1—0 =%l 2, (2_8)
Therefore in a distance A, the flux would decrease to 1/e of its initial value. Hence

quantity A is the mean-free-path for collision:

A =

"

1 (2-9)
n,o
2.4.6 Primary electron current limitationé

There are two factors that limit primary electron current:
e Space charge

¢ Cathode temperature ‘
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2.4.6.1 Space Charge Limited Emission

The space charge limited current is given by the Child- Langmuir Law [Lan23]

1/2 372 3/2
v
g [EiJ L =233x10 T (2-10)

9% m d?

e

Where Vy is the discharge bias in volts, d the distance between the anode and the
X

\

cathode in cm and Jsc is expressed in units of A.cm?, if the discharge voltage is Vg =
60 V and d = 5 cm Jgc becomes = 40 pA.cm for our system.
2.4.6.2 Temperature Limited Emission

The temperature limited emission current is given by Richardson Law:

J, =BT*e™* Acem™ (2-11)

Where W and T are work function and temperature of the filament metal,

B=4mm, k*/h*=120A.cm™ K. Since the Tantalum (Ta) filament is used as a
filament metal during production of plasma, Ta filaments has a work function
w=4.25eV.K™" and the melting point is 3269 K. The Richardson law gives for
Tantalum at 2000 K, J, ~9md.cm™.

2.4.7 Temperature versus space charge limitations

Jy << J,, so the discharge current, which is just the emission current, is a sensitive
function of the filament temperature and surface area. Since plasma density is
proportional to discharge curreﬂt, there is a need to monitor the discharge current and

control the filament temperature, thus maintain a constant discharge current

independent of fluctuations in filament temperature, as the bombarding ions sputter

away the filament.
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2.4.8 Plasma Sheath Theory
A Plasma sheath is a region in which charge imbalances exist in the vicinity of solid
or liquid boundary [Mah94]. Sheaths are found for example, on plasma confining

walls, on electrodes and around probes immersed in plasma. The basic plasma sheath

physics is noted in this fashion, since the electron thermal velocity (eT, /m)"* is at

least 100 times the ion thermal velocity (e7; / M '* pecause m/M<< 1 and T > T;,

where T, and T; given in units of volts. Therefore consider a plasma of width / with
n, =n; initially confined between two grounded (®=0) absorbing walls see figure
2.6a. Since the net charge density denoted by pze(n,. —n,) is zero, the electric
potential @ and the electric field E, is zero everywhere [Fun00]. Hence (a) is
transformed to (b) as shown in Figure 2.6 due to the fast moving electrons that are not

confined and are lost near the walls. When n; >>n,, thin positive ion sheaths form

near each wall, thus net positive p within the sheaths leads to a potential profile ®(x)
that is positive within the plasma and falls to zero near both walls and this acts as a |
confining potential for electrons and ions, therefore since electric fields within the
sheath points from the plasma to the walls, then force F= -eEy acting on the electrons
is directed into the plasma and this reflects the electrons moving towards the walls
back into the plasma. On the other hand ions from the plasma that enter the sheaths

are accelerated into the walls.
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Figure 2.6: Formation of plasma sheath: (a) Initial electron and ion densities and
potential (b) densities, electric field and potential after formation of the sheath.

When a pulse of amplitude —V is applied to the workpiece at ¢+ = 0, then as time.
evolves on the time scale of the electron plasma period (w'l ,w) electrons near the
surface are driven away leaving behind uniform density ion matrix sheath. On the
time scale of the ion plasma period (w",.,- ) ions within the sheath are accelerated into

the workpiece leaving a nonuniform, time varying ion density near the workpiece.

This behaviour during the pulsing process is shown below on figure 2.7;
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Figure 2.7: Time evolution of the plasma sheath during the PSII pulse: (a) t = 0,
initial conditions; (b) t at = 5 ns repulsion of electrons near the surface of the
workpiece to form the ion matrix; (c) at t =~ 1us, quasi-steady, space charge limited
ion flow across sheath, (d) at t ~ 10 us, space charge limited flow in the expanding
sheath [Nas96].
e Figure 2.7(a) In a short time after voltage application, typically some several
nanoseconds, plasma electrons are driven away from a layer near the surface
of the target. This electron motion is a displacement current that charges a
plasma capacitance.
o Figire 2.7(b) At this stage plasma sheath comprises of motionless ions, due to
their larger inertia, and this uniform ion layer is called ion matrix sheath.

e Figure 2.7(c) At this phase quasi-steady ion current flow is achieved with

space charge limited current density across the sheath governed by Child-
19



Langmuir Law. As ions are implanted, charge imbalance drives electrons
away from the target, forcing the sheath to expand outward from the target to
reveal more ions.

Figure 2.7(d) At this stage the pulse length and plasma ion density are adjusted

for the sheath to remain contained in the vessel.
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CHAPTER 3

Experimental Equipment and Analytical Techniques Background

3.1 Plan View

The study is based on implanting materials with nitrogen using the plasma source ion
implantation (PSII) laboratory, which is a cable ‘intensive laboratory situated on the
first floor of the Materials Research Group building. The PSII machine was designed
and constructed f(;r use to broaden the scope of research of the group [Mey01]. Figure

3.1 shows the location of the laboratory:

PSIILAB

UPPER PART OF
TARGET AREA

Figure 3.1: PSII Lab situated in the assembly and service area.

The laboratory is next door to the upper region of the vertical electrostatic Van de
Graaff accelerator. In front of the machine itself 6r more specifically beside the pulse
generator, a wall was erected to act as a barrier for x-rays produced by the pulse
generator during its operation' The pulse generator is capable of producing x-rays,
especiallyuat high negative voltages (>18 kV), so it was necessary to build a concrete

block wall beside the machine for safety purposes.
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3.2 PSII Features

High Vacuum
Pumping System

Plasma Working Gas
Generation Supply
C ¢ K
»
Diagnostics - b
Sample on Stage Electrically
Isolated from Chamber Walls
" v RV 3
Supply Pulser
L_. Oscllloscope
Pulse
Generator

Figure 3.2: Typical example of schematic diagram for the PSII system [Fun00]

3.2.1 Main Chamber

The facility consists of two main components, plasma chamber and RUP-4a.
(Rossendorfer Universal Pulsgenerator- economy version) high voltage pulsed power
supply. The plasma chamber is an aluminium alloy chamber in the form of the joining
of two cylinders, the main cylinder has a radius of 0.33 m and is 1.04 m in length
while the smaller cylinder of the union houses the filament assemblies, each side
protrudes from the plasma chamber by 0.23 m with ~ 0.24 m inner radius. The
chamber has flanges on all sides. The rear flange was designed to accommodate the
high voltage feedthrough from the high voltage pulsed power supply. The front flange
contains view ports, probe hardware that includes 6 stepper motors for 2 motorized
probes and a third manually operated probe. The bottom flange accommodates the
diffusion vacuum pump, which the top flange was designed to accept the high-voltage

feedthroughs required for the 13.65 MHz Radio Frequency (RF)- antenna, while the
22



side flanges where designed to cater for numerous smaller electrical feedthroughs,
each side consists of two small view ports which are manufactured out of armour

glass. Figure 3.3 shows the schematic diagram for plasma chamber.

Right side viow Front view

—1
L —an FOPT | PO @D ...... ——
L L

“Top view showing target placement Top view

Figure 3.3: Schematic diagram depicting the plasma aluminum alloy chamber
[Mey01].
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3.2.2 Vacuum pumping system

0il diffusion pump and turbo molecular pump was used to pump vacuum chamber
down to pressures in the high vacuum range. Since cooling is essential both oil
diffusion pump and turbo molecular pump, a water-cooling circuit was already
installed in the facility to cool the vacuum pumps and the steel conductors delivering

electricity to the tantalum filaments. Copper pipes were constructed to carry water

+
|

from the ground floor, see Figure 3.4. Water rate sensor was included in the system
tp ensure a minir;;um water flow rate in the cooling system. Two filters (60 pm coarse
sieve and /um fine filter) for removing physic_;ﬂ impurities and to minimize potential
sm;rces of blockage and build-up in the 4mm diameter chamber cooling waterways
also form part of the system.

3.2.3 Plasma generation

Inside the plasma chamber there are two stainless steel electrodes, used for current
delivery from the filament power supply, to the thin tantalum filaments wires (0.1 mm.
diameter). These stainless steel electrodes are 15 cm apart and attached to a grounded
backing plate. Thin tantalum filaments wires, which were wound to 6 mm diameter
stainless steel electrodes, were used to produce primary electrons for ionization

process.

3.2.4 Working Gas supply

Nitrogen gas is supplied by a high-pressure cylinder, which is connected to the
chamber by a tube. There are regulators mounted on the gas cylinder. These
regulators are used to regulafe nitrogen .gas bﬂow from the gas cylinder to the plasma

chamber. One of these regulators is below the needle Valve on the plasma chamber.
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The needle valve is used to regulate the chamber pressure to suitable low chamber

pressure values (7-8 x/ 0 mbar).
3.2.5 Pulse generator

The pulse generator is an essential component of PSII. The generator used was

designated RUP-4a (Rossendorfer Universal Pulsgenerator-economy version), it has
i

implantation power supply capability for small to medium plasma ion implantation

applications. The unit is controlled either through an internal pulse generator and

voltage control or via an external pulse gé;erator and (0-10 V) voltage source

[MéyOl]. RUP-4a is assembled in a 1.6-metre tall cabinet; the internal structure of the

cabinet is separated into four distinguishable compartments as depicted below in

Figure 3.5:
{ External Pulsc curront & voltage meters|
rigger
L
Fred. Width " E:he .
i < Fulscd 3 Tooe ta Toput
Afc  Pulse plasma g Lo mull )
Hctect  trigger OUtPUL @ Intertock milsi B
LED _ source nhibit
Capacitor Pn‘lse
& voltago
Current limiting Resistor
Compartment ° P
= Voliage Cusrent
output output

Tetroge switch compartment
(Lead shielded)

Filament current Screen grid Control grid
Status
L] LA
Stamus Status

One ."Rhl One .Ii;ht

Main
Power ofr e Off e

-~

Figure 3.5: Layout of the RUP-4a power supply cabinet.
At the bottom there is switching control electronics and main power transformer, the

bottom front panel houses the main power switch, the push-button switches to enable
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and disable the tube grid and filament power supplies and the analogue meters used to
monitor the filament current, screen grid voltage and control grid voltage. The bottom
rear panel houses the connectors for mains input, the interlock and the grounding lug.
The middle bottom section contains the EIMAC 8960 tetrode thermionic Valve. Since
x-ray radiation are given off due to bremsstrahlung emission the compartment must be
lead shielded and not be opened when the machine is in operation. The middle top
compartment houses the current limiting resistgrs and the storage capacitor. It also
houses the current monitoring circuits, with the appropriate BNC connectors on the
front panel, andcthe antenna used for arc detéction. The high-voltage co-axial cable
emerges from the side panel compartment. The top compartment houses the DC HV
capacitor charging module, the internal pulse generator circuits and the arc detection
circuit. The front contains the variable resistors for the pulse timing and voltage
control, switches and connectors to select external control and the analogue meter
displaying the currently output implantation potential.

3.2.6 Diagnostics

Langmuir Probes are used as diagnostics tools, to determine the state of plasma
parameters, for example the electron density (n.) and the electron temperature, the
floating potential (¢ and also the plasma potential (¢,). The front flange of the
plasma chamber has two stepper motor controlled probes coupled with hardware and
software assembled to operate one these probes. The function of the two stepper
motors is to position the probe anywhere on the two dimensional plane in the
cylindrical co-ordinates determined by z and & for a fixed 7, with respect to the length
of the short arm of the probe. The geometry of these probes is as seen below on

Figure 3.6.
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. x>
Axial motion

Figure 3.6: Diagram depicts the layout and basic operation of the two Langmuir
probes. The lower probe is a fixed L- shaped arm, which basically restrict the position
of the probe to the surface of the cylinder. Thé upper probe has pivols which enable
them to be positioned anywhere within the volume of a cylinder [Mey01].

3.2.7 Oscilloscope

It was used for monitoring the implantation voltage and current. The oscilloscope is
connected to the two BNC connectors (short for British Naval Connector or Bayonet
Nut Connector [WWW4]) on the front panel of the pulse generator, these BNC
connectors produce 7:5000 and 1:10 representative signal of voltage and the implant

current as outputs to the oscilloscope.

3.3 Stopping and Ranges of Ions in Matter

SRIM is a group of programs, which calculate the stopping, and range of ions (/0 eV-
2 GeV/amu) into matter [SRIM00]. SRIM is abbreviated from Stopping and Ranges
of Tons in Matter. SRIM has several versions like TRIM-91, 95 and 2000.This
program is used to calculate the stopping and the range of ions of particular energy
and also capable of calculating both the final three dimensional distribution of the
ions and all kinetic phenomena associated with the ion’s energy loss, target damage,

sputtering, ionization and phonon production. Example for SRIM calculations 1is
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shown on Figure 3.7 for ion ranges and sputtering. Nitrogen ion of energies 20 keV
was selected and the target material such as typical stainless steel of density 8.0 glem’
and composition Cr-8%, Fe-74% and Ni-18% with layer (1000 angstroms) of interest
was defined and the program was executed to calculate the ion range and sputtering.
The nitrogen ion distribution range into stainless steel was given as 243 angstroms
after running the program at this default number of ions (99999) for TRIM

calculations. The program can be downloaded from the following website:

http://www.srim.org/.

ION RANGES

Skewness =02228
Kurtosis = 25041

lon Range = 243 A
Straggle = 4204

faToMs/em3) f (ATONS femz)

()

Figure 3.7: (a) Show the ion ranges (243 A) for nitrogen ions as incident ions at 20
keV into stainless steel; straggle; skewness and kurtosis and (b) depict sputtered atom

yield vs. energy.
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3.4 Sample preparation

Slab shaped mild steel (0.25 %C.AISI NO: C1025) [Avn74] targets were polished to a
mirror finish to get rid of coarse irregularities that tend to affect analysis. The
standard method of preparing samples for implantation was followed. Grinding under
flowing water with sand paper of decreasing roughness from 200 down to 600

roughness was performed to remove coarse irregularities. All scratches coarser than

%
\

the current grinding were removed. The final grinding was done by using water paper
(1000 roughness)., followed by thoroughly cleaning samples in ultrasound alcohol
Bath, to get rid of coarse contaminants lcﬁ-f‘behind by the sand paper. The first
polishing stage was achieved by using 3 gm diamond paste on a polishing disk
followed by cleaning in alcohol and final polish with 0.25 um diamond paste. After
diamond paste polishing stages the sample was examined under optical microscope to
ensure that no scratches remain in the area of interest.

3.5 Target insertion

A pinhole was made into mild steel target, so as to clamp the target with a rod like
steel sample holder for a better support between the target and a rod. Sample holder
was covered with a glass tube to restrict implantation on a sample holder. The sample
holder was inserted in the plasma chamber at the center of the rear flange were high
voltage electrode is positioned. The center of the rear flange accommodate copper
electrode, which is insulated by polytetrafluoroethene (PTFE) and connected to the
HV coaxial cable. Approximately /.26 cm’ area of a sample holder was exposed to

the plasma see figure 3.8 and the target area exposed to the plasma was ~6 cm’.

30



Tine Nitrogen gas

Plasma chamber inlet

|

Glass tube

L /

/ k / Coaxial cable

Tar!et holder -HV

Filament power supply

Figure 3.8: Diagram showing the setup of a target and target holder inside the
plasma chamber.

3.6 NetLab Software

The NetLab Software basically describes a suite of programs written to facilitate
operation of the PSII facility and enabling the operator to monitor chamber pressure,
implantation voltage and current and also to control the RUP-4a power supply. The
software can also perform complex calculations and present data with the powerful
graphical abilities of interactive data language (IDL). NetLab software suite consists
of two distinct components namely: The User interface and NetLab Kemel. The user
interface is written in DL and presents the user with a graphical user interface (GUD)
and used to control most of ;the implantation parameters while NetLab kernel is
written in “C” programming language and it runs in Linux, its purpose is to accépt
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commands from the user interface with data capture hardware. Netlab software was
used to perform tasks mentioned above during ion implantation. See diagrams below

depicting experiment application window and implantation control window [Mey01].

3.6.1 Experimental application window

Figure 3.9: Typical example of netlab software window, which experiment details can
be defined [Mey01].

The experiment application window allows the operator to configure the software and
connect to the Netlab Kernel and also describe the details of the experiment. The
window also allow the user to select the log file for capturing experiment events and
has a space for notes about the experiment and there is also a button used to invoke

optional Tektronix TDS-220 oscilloscope window to show current and voltage pulse.
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3.6.2 Implantation control window

<o e e g rem

|

Figure 3.10: Example of Implantation window depicting defined implantation
parameters [Mey01].

This window, allows the operator to define the target and implantation parameters.
Thus if TDS-220 is connected, the mean current can be determined automatically.
Large ABORT button is used to shut down the RUP-4a. Implanted dose calculations

are given by:

@1

D (ions Joon )ﬂ Im planted Charge 1., 1+ 7)
‘ T arget area T arget area

Where Iean is the mean current and y is the secondary emission coefficient.
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3.7 Analytical Techniques

The facilities at the Material Research Group (MRG) primarily employ nuclear and x-
ray technologies such as nuclear reaction analysis (NRA), Rutherford Backscattering
Spectrometry (RBS), Particle induced x-ray emission (PIXE), Elastic Recoil
Detection Analysis (ERDA) and X-ray diffraction. The technique of interest was
NRA, because of its capability for profiling elements of low-Z in the presences of

heavier elements in the matrix. RBS was also employed.

]

3.8 General Theory
The principles for these nuclear techniques are similar and are explained in this way:
an incident particles penetrates the target where it interacts with a target atoms to
produce a reaction particle in a binary collision. In RBS a beam of mono-energetic
He' ions or known particles with mass M, is accelerated (given energy Eg) and
directed to a target containing target atoms of mass M,, see figure 3.11. A small
fraction of impinging ions will backscatter at angle greater than 90°. The energy E,
and the angle @ of particle M, are detected. From conservation laws of energy and
momentum, mass of the target atoms M; is deduced and the abundance of M; can be
estimated by counting the yield of the scattered particles of mass M, captured by a
detector at a certain solid angle. Elastic Recoil Detection analysis is similar to RBS
but instead of recording the scattered incident particle the lighter recoiling nucleus is
measured directly in forward direction. If E| and M, are the incident energy and mass
and E; recoiling energy with mass M, then [Pre88]

| E,=kE, (3-2)

Where k is a kinematic factor given by:
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k=————=—co0s (3-3)

¢ is the hydrogen recoil angle. NRA is based on nuclear reaction between incident
particle and the target nuclei. One important point is that if the interaction does not
occur at the target surface both the incident and outgoing particles or ions lose energy
as they traverse the material. The energy loss is due to the stopping power of the
target matrix. The projectile interaction is\“ determined by the following two
phenomena: Cross-section, which is the probability that the reaction will occur and

the kinematic factor which determines the energy of emerging or outgoing particles.

3.8.1 Ki_nematic Factor

E,

M./v

E, 0 \9

=0

2O

Figure 3.11: A schematic representation of a collision in the laboratory frame of
reference.

The kinematic factor is the ratio of projectile energy immediately after scattering to
incident energy and immediately before scattéring. See figure 3.11. An incoming
projectile with mass M, and energy E, strikes a target atom with mass M, at rest. For
RBS the resultant scattered banicle has energy E; at an angle 0 with respect to the

incoming beam and for Elastic recoil detection analysis (ERDA) the target atom

recoils at an angle ¢ and energy E,. The kinematic factor for RBS is given by:
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3.8.2 Stopping Power

.Few stopping médels have been developed but the most common are the Andersen-
Ziegler [And77] and the Ziegler-Biersackv{[ZieSS] theories. Stopping power is
e);p]ained in this way, when the projectile penetrates into the target matrix, it loses
energy due to collisions with the electron shell and target nuclear. At low ion energies
“the nuclear energy loss is dominating, while at high ion energies the electronic

stopping finally dominates. The energy loss per depth or stopping power determines

the energy dE loss by a projectile traversing a segment of target thickness dx and is

given by:
dE_dE| dE
& &) e
Or
dE|dx(eV 110" atoms/cm?)=S, (V) + S, (eV’) (3-6)

Where S, and S, are electronic stopping and nuclear stopping power respectively.

~
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3.8.3 Stopping in compounds
Bragg’s rule [Bra05] is applicable in the determination of the stopping power of

compounds, basically Bragg’s rule state that the stopping cross-section g™ of

2

composition ApB, is given by &% =me* +ne” where &* and €” are the stopping

cross-sections of the atomic constituents A and B and is a simple linear additivity rule
of stopping contributions of different compound elements. For a compound consisting
of different elements i/ with atomic concentrations ¢; ( Zc,:l) the total stopping
power is given by: Y
5=Y¢s (3-7)

Where S; is the stopping power of each element. Bragg’s rule assumes that the
interaction between the ion and the atom is independent of the environment. From
observations, the chemical and physical state of the medium has an effect on energy
loss. Deviations from Bragg’s rule predictions are pronounced for solid compound

such as oxides, hydrocarbons and nitrides by the order of 10-20 %.

3.8.4 Evaluation of energy loss
The energy E of a particle in the depth x is given by the integral equation:

x/mstE
E(x)=E - —dx' J
(x)=E, I = (-8)

Where E, is the particle energy at the surface, 0 is the angle between the ion beam and

surface normal (See Figure 3.8) and % is the energy dependent stopping power.
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Figure 3.12: Depict the depth scale where the beam particle penetrates to a depth x,
traversing a distance d = x/cos 6.

3.8.5 Cross-section

It is expressed in two regimes namely Rutherford regime and non-Rutherford regime,

those regimes are discussed below.
3.8.6 Rutherford cross-section

Regimes with which Rutherford scattering cross-section can be determine are as
follows: 1.The incident particle energy must be high enough that it can approach the
target nucleus without being deflected by the target electrons. 2. To avoid nuclear
force interactions, the projectile energy should not be too high such that the smallest
distance between them approaches the dimensions of the nuclei. The Rutherford

cross-section for backscattering is given by [Tes95].

A0 s (2,292 \4{M2 - M?sin? 8)"” + M cosd|
= [ 2 1 2 (3_9)

dQ \ 4E ) M,sin*6(M2-M2sin*6)"”
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Where 0 is the scattering angle, Z, and M, are the nuclear charge and mass of the

incident particle, and Z, and M are the nuclear charge and the mass of the target atom
respectively. %’i is the differential cross section in the laboratory system.

Experimental measurements show that actual cross-section deviate from Rutherford at
high and low energies for example carbon and oxygen ion scattering experiments on
Al, Si and Ti were conducted. For carbon ion“6% deviations from Rutherford cross
sections at laboratory kinetic energies of 15 MeV, 15 MeV and 22 MeV for three
respective targéts were found [Boz93]. Low energy departures created by partial
screening of nuclear charges is taken into account by a correction factor F:

c=Fo, (3-10)
For 8 > 90°, correction factor (F) is given by L’Ecuyer et al [Lec79].

oy _bod9z,2)"
Ecuyer Ecm

F, (3-11)

Where E., is the center of mass system (in keV). For 6 < 90° correction factor is

2
(1+l/2£~]
Ec;u

Amderson = 2 2
4 4
I+ ——+
ECN‘ 2ECIM Sin 61:‘[” / 2

Where O, is the scattering angle in the center of mass system and the increase in the

given by Andersen et al [And80].

(3-12)

Kinetic energy, V| is given by:

-  Wlker}= 0048732, 2,(2, 7 +2,2°)" (3-13)
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3.8.7 Non-Rutherford cross-section
At high energies the cross-section deviate from Rutherford due to the influence of the
nuclear force. Bozoian [Boz93] described a formula for Eng for which deviation from

Rutherford can be expected.

B Mev)fMitMa e o 7 (-14)
Z, 1

E,MMeV]:‘MZ'—ZI for Z,>1 (3-15)
M, 8

Where Eng is the energy at which the non-Rutherford cross-section deviates by more

than 4 %.

3.8.8 Nuclear reactions Kinetics

Mass Energy
Incident ion M, E;
Target nucleus M> 0
Light product M; E;
Heavy product My Ey

Table 3.1: Shows nuclear reaction quantities useful for the calculations of nuclear
reactions kinematics.

The energy released in the reaction is Q (called Q values) when Q value is positive the
nuclear reaction is exothermié reaction and when the Q value is negative the reaction
is endoth—-ermic nuclear reaction and the Totél eﬂergy iSEr=E;|+Q+E;+E,4

By definition the following quantities:

MM, E "

A= (M, +M, )M, +M,) E,
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MM, E,

e L)
" (M1+M2XM3+M4)ET

o MM, (Hﬁ._J
BU(M MM+ M) M, E,

oMM, [\ M 0 _
A24_(M,+M2)(M3+M4)L1+Mz ET] (3-16)

Give the energy of the light particle created inthe nuclear reaction by the following
formula:

‘ 12
E=E, A,{coéei(/’—“sinz 9] } 4 (3-17)

13
Where 0 is the particle emission angle. This equation has got two solution but the plus
sign is only used when A3 < Az and the maximum possible emission angle is

presented by:

1/2
8,,.. =arcsin (ﬂJ (3-18)

13

For the energy of the heavy particle with emission angle ¢ the equation is given by:

nz7?
E,=E; A, lcos¢i{%’i—sin2 ¢J ] (3-19)
14 s

Thus only the plus sign is used for A4 < Az while for A4 > A3 both solutions exist

and the maximum emission angle is given by the following equation:

14

1/2
e =arcsin [%’1) (3-20)
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3.8.9 Straggling

When energetic beam of charged particles penetrates the matter or the target the
slowing down is ac;companied by a spread in the beam energy and it is due to
statistical fluctuations of the energy transfer in the collision process. Energy loss
straggling has the following contributions: 1. Statistical fluctuations in the transfer of
energy to electrons. 2. Statistical fluctuation in\the nuclear energy loss. 3. Straggling
due to multiple small angle scattering, resulting in angular energy spread on the

ongoing and out_going paths.

3.8.10 Nuclear Reaction Analysis

Deuteron

o, B,y et}

Figure 3.13: NRA experimental setup. On the right incident and the detected emission
particle is shown and on the left the experiment angles oyra, Pvra and onra, Where
a, B andgy are incident angle, exit and scattering angles respectively. Depths are also
defined.

NRA is a non-destructive technique suitable on profiling light elements in the
presence of heavier elements. It was used to determine nitrogen depth profiles in mild
steel samples (0.25% C). NRA involves nuclear reaction between a target nucleus and

incident particle. If the incident particle has sufficient energy to penetrate the coulomb

barrier of the target nucleus, its energy is imparted to the nucleons and nuclear
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reactions occurs. Reactions result in the emission of reaction product particles.
Deuteron beam of about /.2 MeV was used, because is capable of inducing nuclear
reactions such as N ay'’C, "N ay'’C, “N@py"”N, "N@dpi2"N, and
! ’N(d,pj)' ’N. For safety point of view the deuteron beam was kept as low as possible,
because number of generated neutrons increases exponentially with deuteron energy.
Setup above as indicated by the figure 3.13 shows a typical scattering geometry used
in NRA experiments. onra and Bura are the aI:‘.gles of incident beam and the detector
relative to the s;,x};'face normal of the target surface and @nga is the scattering angle and
in front of a detector there is absorber foil. A:’measured spectrum which is a function
of energy and concentration for any single reaction can be determine as a function of
depth from this equation:
E =E,-AE,-AE,, (3-21)

Where AE i and AE; are energies lost by the emitted particle as it leaves the substrate

and traverses the absorber foil (Mylar foil) and E; is given by equation (3-17)
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Chapter 4

4.1 Introduction

Plasma source jon implantation technique was used to implant mild steel samples
(0.25%C) with nitrogen ions. In the first part of this study a small sample was implanted
with nitrogen ions and the uniformity of the implanted dose was measured from one edge
of the sample to ;;lnother. In the second part of this study the effect of the pulse repetition
was investigated. The samples were mounted flush inside a much larger holder see figure
4.1. Both fhe extended target holder and samples were implanted. No edge effects were

expected here and different pulsing frequencies were used.

1 — 3 mm
Target holder
1 ¥ 1 mm
50 mm 10 mm Y \
A
10 mm
x Glass
l: 4 = tube
100 mm
Extended target
holder

Figure 4.1: Diagram represents an extended stainless steel target holder, design to hold
10x10 mm mild steel samples (P; and P3).
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4.2 Sample geometry and treatment speciﬂcation.

Mild steel (0.25%C) sample P, of the following dimensions (20.3 mm wide and 29.7 mm
long) was used. Sample P,, P3 both /0 mm wide and / 0 mm long were used in this study.
See figure 4.2 below. Typical PSII conditions for sample P, are as follows: chamber
pressure 8x10™ mbar, filament bias of 60 V, disclgp.rge current 1.5 A, pulse width of /¢ us
and for sample P; and P; base pressure was the ;ame as that of sample P, however the
filament bias for;;sample P, and P; was 50 V, discharge current was / 4, pulse width 5 us
and the biased voltage was 20 kV. See implant';tion parameters and typical retained dose
cal..culated by netlab software on Table 4.1. Two unimplanted samples were used as

control.

Table 4.1: Implantation parameters explored.

Sample | Energy (kV) | Frequency Average Duration | Dose
(Hz) Current (mA) | (minutes) ions/cm’
P, 20 600 =10 140 8x10"
P; 20 250 ~8 191 4x10™
P; 20 500 ~12.5 118 3x10™

45




BEAM SPOT

o 4 | 3mm
207 MM - s G
O 1= l I
- 10 mm
v | R

203 MM

@ ®)
Figure 4.2: Schematic diagram of (a) the sanizwle identified as P,. It also indicates the
beam spot (1 mm) separated 3 mm apart. (b) Depict sample P; and P; that are the same
in size, were used for investigating the effect of pulse repetition rate during ion
implantation process. They were mounted inside a holder 50x100x3 mm.
4.3 Investigation of dose distribution
A steel sample designated P, was placed inside the plasma chamber to be implanted with
nitrogen. Since the sample was small it was much easier for it to heat up and to allow
nitrogen ions to diffuse into a sample. The sample was subjected to the following
implantation conditions: frequency 600 Hz, biasing voltage 20 kV, duration 140 minutes
and the retained dose of 8x10'7 ions/cm’. Retained dose was calculated using mean
current of approximately /0 mA and secondary electron coefficient (y) by netlab software,
utilizing equation (3-1). The intention was to determine retained dose distribution across
sample P,.

4.3.1 RBS measurements

Platinum on silicon (Pt/Si), silicon dioxide on silicon (SiO; /Si) and gold on silicon

(AwSi) were used as standards for energy calibration and the table below depicts the

energy and the channel for each element.
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Table 4.2: Shows the values for energy and channel for each element used as energy
calibration standards for sample P;.

Elements Channel Energy (keV)
Pt 437.1 1845
Si 239.0 1138
0 158.1 7318
Si 259.5 1138
Au 437.0 E 1846

The following Figure 4.3 shows the straight line fit through the data while Figure 4.4

shows spectra of those standards.

2000 T

PYAU
1500

Si

1000 -

Eneigy (keV)

PR AT TN VA T T N N SN S S SN S T N

gl s lgan s lesan loa ol esu s d i aoy
150 200 250 300 350 400 450
Channel

Figure 4.3: Depict the points of the elements and the values for the slope and offset were
3.988 +/- 0.007 and 103 +/- 2
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Figure 4.4: Shows the spectra for the standards as overlaid to each other.

Rutherford backscattering spectrometry measurements were performed. A mild steel
sample was irradiated at the center by alpha beam as incident particles at energies 2.00
MeV and detection angle was [ 70°. The incident beam, sample normal and also the
scattered beam directed at the detector were all in the same horizontal plane and the setup
is called IBM geometry. Another unimplanted mild steel sample of exactly the same
dimensions was used to act as a control. However as seen in Figure 4.5, it was found that

nitrogen was present undemeath the surface of sample P\
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Figure 4.5: Shows RBS spectrum for the implanted sample P, is identified by dash line
while for unimplanted sample (control) by solid line.

The spectra show that there is a reduced amount of iron (Fe) in the implanted sample P,
as compared to the unimplanted target (control) and this indicates the presence of
nitrogen in the sample. Simulation performed to the implanted sample reveal that iron
nitrogen is present at least in the first 450 nm of steel. Nitrogen could be even deeper, but
the experimental setup, only probe the first 450 nm of steel.

4.3.2 NRA measurements

Sample P; was examined using nuclear reaction analysis (NRA). A TiN sample of
thickness between 500 and 2500 ug/cni® was used as a standard for energy calibration
[Pro94). A deuterium beam of energy 1.2 MeV as incident particle was irradiated onto
the sample_in steps of 3 mm from one edge to the other and the beam spot was Imm (see
figure 4.2). The detecﬁon angle of the NRA products was 150" with respect to the

incoming beam. A 13 pm thick mylar foil (C10Hs04) was placed in front of the detector to
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stop the scattered deuteron beam and to protect the detector from being damaged by the

scattered deuteron beam. Cross section chosen were in-line with the cross sections from

SIMNRA database especially for the nuclear reaction of interest (See Figure 4.6).

However, the cross-section for “N(d, p,)* N had to be reduced by a factor of 5, as it

seems that the data was not correctly scaled in SIMNRA as well as sigmabase.

P.: 5,270 MeV "N state
Py: 5.299 MoV “N siate

LI e ey T YT T 15 T LEEy |
1?5 1N(d,0)2C - P [ BN(d,p)"*N
I - 150° r~ . =BG
6= 150 Aty ] o[ e=1s0
! A2
b —d 'C 4.439 MeV state
~ 10} 4 o loF
& 4 2 r
] E
‘g [ 136 ground state :
ol ] 05|
0.0 (T |
0.0 06 0.8

1.0
E (MoV)

Figure 4.6: (a) The “N(d,&)"” C reaction measured at 6 = 150° from 0.6 to 1.4 MeV (ay

and @) from G. Amsel, D. David. (b) The N (d, p)lsN reaction measured at 6 = 150"
from 0.6 to 1.4 MeV. (¢} Shows i 4N(d,p3)1 3N reaction cross-section at 8 =150" and the Ps
pe and ps states [Ams69].
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All nuclear reactions of interest were identified in sample bPl, see figure 4.7. The
spectrum identified by a red colour for unimplanted sample (control), depict high carbon
content, which was probably due to some surface contamination of the unimplanted

sample.

Energy (MeV)

2 4 6 8 10 12

12(” T I T T T I T : ] L) l T L T 1 T T T

N s ]
1000 k- unimplant p h

: <___rzc(d.'pa)ﬂc :

800 |- -1

- L ]
g 600 A
2 L j
Q | Z z ]
o E"A !]’? -

aol Sf & 2 £ & ]
4 B < £ 2 ]

C Z ZZ i

200 \L l l l =

0 ,.-,"/\—",.
100 200 300 400 500 600

Channel

Figure 4.7: NRA spectrum showing the implanted and the unimplanted nuclear reaction
peaks.

4.3.3 Distribution profile
By simulation using SIMNRA program the following nuclear were identified as shown

on figure 4.8. From right to left there’s N (d,a,)*C reaction which is shown by a small

broad peak followed by N (d.p,)"C, “N(d.a,)"C, “N (d,p,,) "N, *C(d,p,) *C
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and*N(d, p,)° N. Moreover SIMNRA reveal that irop nitride thickness in sample Py
was 10.2x10'" atoms/cm®, and by estimating the alloy density using iron density

(8.5)(1022 atoms/ cm3)a thickness of about 1.2 pm was calculated.

Energy [keV]
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oaBB i EE

Figure 4.8: Shows simulated spectrum for the implanted sample, the Dlue line is the
simulation line and the red line indicates the experimental spectrum.
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Table 4.3: Show the counts for different nuclear reactions from the center in millimeters
as indicated by figure 4.9 for the implanted sample. The relative amount of nitrogen is
calculated with respect to the amount at the center of the sample.

Distance | Counts Relative | Counts Relative | Counts Relative | Counts Relative
j:;:; ) uM d H.2)15 N\ | amount "N( dq)lzc amount 14Md’ n,)lsN Amount 141\{ 4 q,)uC amount
(mm)

-11.85 2109 0.74 3319 0.73 1028 0.71 294 0.89
-8.85 2512 0.88 3761 0.83 1164 0.81 304 0.92
-5.85 2726 0.95 4307 0.95 1376 0.95 332 1
-2.85 2831 0.99 4463 0.98 1425 0.99 320 0.96
0.15 2845 . 1 4536 1 1441 1 304 0.92
3.15 2819 - 0.99 4484 0.99 1334 0.93 311 0.94
6.15 2740 ; 0.96 4337 0.96 1239 0.86 307 0.93
9.15 2351 0.82 3669 081 ~ 1148 0.79 298 0.89
12.15 1779 0.63 3011 0.66 9208 0.63 250 0.75

The values represent the graph shown on Figure 4.9 below. Sample P, was irradiated by
deuteron beam, from the edger to the center step-wise. See figure 4.2. The results were
taken by integrating the counts for each nuclear reaction peak and divided by the highest
counts for each nuclear reaction peak at different locations, bombarded by the beam to

represent the counts as relative thickness.

——d,pl+2
—&—d,al
=& d,p0
—¥—d,a0

Relative thickness

-15 -10 5 0 5 10 15
Distance from center {[mm]

Figure 4.9: Presents counts as relative thickness versus distance from the center to the
edge.

53




The graph shows that there’s a lower yield of nitrogen on .the edge than on the center.
Lines connecting square, cross and triangle figures identify various nuclear reactions at
various position on the sample from the center to the edge. The center of the sample
represented by zero on the x-axis indicates that there is a higher yield of nitrogen at the
center than on the edges.

4.4 Effect of pulse repetition rate

Target holder cabable of accommodating a sample of the following dimensions 10 mm
wide and 70 mm long was design and construciéd‘ The holder was a stainless steel of the
foilowing.dimensions 350 mm wide, 100 mm long and 3mm in height, and it was also
connected to another rod like target holder covered by a glass tube. A square shaped hole
of this dimensions 70 mm wide, 10 mm long and Imm in height was constructed in the
center of the target holder to accommodate the sample see figure 4.1. Sample P, and P4
were mounted by a silver paint in that target holder, one at a time during ion
implantation. Sample P, was subjected to the following implantations parameters:
frequency 250 Hz, biasing voltage 20 kV, duration /91 minutes and retained dose 4xI/ 0’
ions/cm’. Sample P; was also under the following implantation parameters: frequency
500 Hz, biasing voltage 20 kV, duration /18 minutes and retained dose 3x10'° ions/cm®.
4.4.1 RBS measurements for sample P; and P;

Helium beam of energies 2 MeV was employed and the detection angle was @ = 170",
The target normal to the beam followed IBM geometry of theta —10, phi /5 and psi 5.
Energy calibration was done similar to section 4.3.1.It was found to be 4.040+/- 0.003 for
slope an(;II 6 +/- 9.Simulated spectra done ﬁsiné Rump program indicate that at 500 Hz

nitrogen can penetrate into the sample as far as 0.09 gm and at 250 Hz nitrogen can go
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Normalized Yield

through as far as 0.05 gm. Small tantalum peak was identified and it was due to

contamination of plasma chamber from tantalum filament used as a glow discharge

material See figure 4.10.
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Figure 4.10: (a) Shows RBS simulated spectrum for implanted sample P; at 250 Hz and
ion depth was 0.05 pm. (b) Also RBS simulated spectrum for implanted sample Ps at 500
Hz and the ion depth was 0.09 ym.

4.4.2 NRA measurements for sample P; and P;

Standards used for energy calibration were similar to the one used in section 4.3.2
Investigations were done for the effect of pulse repetition rate during ion implantation
and at 250 Hz for sample P, simulation results by SIMNRA indicate that iron nitride

thickness was about 0.09 4m and for sample P; at 500 Hz iron nitride thickness was
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approximately 0./ som and three nuclear reactions peaks of interest “N(d,a,)"C,

“N(d,a,)"” C and '4N(d, Piz )15 N were identified, see figure 4.11
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Figure 4.11: (a) NRA spectrum showing nuclear reaction peaks for implanted sample P;
at 250 Hz. (b) NRA spectrum indicating implanted sample P; at 500 Hz.
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Chapter 5

5.1 Conclusion

The depth of nitrogen in sample P, (1.2um) see section 4.3.3 is far greater than
sample P, and P3, which was found to be 0.09 ym for sample P and 0.1 zm for sample
P3. Results were obtained by using NRA technique. The great depth in sample P must
therefore be due to elevated workpiece surface temperature, because sample had a
very small mass and during implantation it get heated up and nitrogen ions diffuse
into the sample: A rough approximation of the temperature rise of a sample is given

by [Fun00]:

ATz 1 Total Vp ry f » [v'm/n'
(1"'7.\‘;5)M: Cp

(5-1
Where AT is the expected temperature rise of the workpiece in (kelvins), Lo is the
ion and the secondary electron current in (amperes), V,, is the pulsed voltage applied
to the workpiece (volts),t, is the length of voltage pulse (seconds), f, is the pulse
repetition rate (pulses per second), timp! is the total implantation time (seconds), ysg is
the secondary electron emission coefficient, M is the total workpiece mass
(kilograms) and c, is the workpiece specific heat (joules per kilograms kelvins).
Sample P, and P; were embedded in a bigger block (extended target holder) see figure
4.1, did not heat up as much as sample P, and they portrayed shallower nitrogen
penetration. SRIM program was utilized to give an insight on how nitrogen ions of
particular energies (20 keV) are distributed into steel. Mean ion range was found to be
0.24 pm“ (Figure 3.7) after running SRIM prdgram. Sample P, at 250 Hz shows a
little depth of nitrogen ions (0.09 pm) as compared to sample P; at 500 Hz (0.1). The

higher puise rate the greater the ion penetration into the material. NRA was useful for
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comparative studies as compared to RBS. If edge effects to be studied, then the need
for a bigger sample or temperature controlled sample to quantify the effects on much
larger sample. Glow discharge method of plasma generation has the following
disadvantages:

» possible contamination to the sample

» inert gases cannot be utilized.

5.2 Summary"

i’lasma Source Ion Implantation technique was used to implant a (0.25%C) mild steel
safnple with nitrogen ions. As stated in chapter 1, the technique has gained increased
interest for various applications such as in metal and semiconductor technology. Even
though there are surface modification techniques such as surface coating etc. Surface
modification by plasma source ion implantation was taken as a suitable technique in
this study because of its incredible advantages over conventional beam line
implantation. Processes related to ion implantation are as follows, Ion—Beam'Assiste(i
deposition (IBAD), Ion-Beam-Enhanced deposition (IBED) including PSII/PIIL,
which was employed in this study. Ion implantation as defined on page 8 clearly
indicate the need to have a simulation program that will enable the user to compare
the ions of interest implanted on a particular material with the one performed
experimentally. The program used in this study was monte-carlo code SRIM 2000.
The PSII machine used is situated on the first floor of the MRG building as shown on
Figure 3.1 and is divided into three essential components, namely RUP-4a pulse
generator; vacuum system énd the chambér, &ose components perform their task
separately but collectively they perform ion implantation and all of those components

are very important. PSII system has netlab software, which facilitate better control of
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the plasma implantation procedure. Simulation program called SIMNRA was also
used to identify the nuclear reactions and give an insight about the depth of nitrogen
ions into steel. Figure 4.7 shows simulated spectrum of implanted workpiece, the line
identified in blue color is the simulation line that went through peaks of experimental

spectra and thus showing the nuclear reaction peaks of interest.

5.3 Future W(‘)l’k

» Investigate the microhardness of steel material using AFM technique.
» Develop or install RF plasma generating facility.

» Implantation of polymer material.
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Appendix A

A.1 Sputtering

The sputtering yield is given by [Sig81]:
Y=AF,(E,) (A1)
Where A is the material factor and contains all the material properties, such as binding

energy, then Fp(Eg) is the energy deposited by nuclear processes per unit length at the

surface as given by Winterbon, Sigmund and Sonders [Win70}:
dE=NS, (E(x))dx=F, (x)dx (A-2)

Where S, (E(x)) is the energy dependent nuclear stopping which set-aside or ignore

electronic energy losses from recoiling target atoms. Thus the energy deposited at the

surface by nuclear process is:

Fy (Eo )=a NS, (En) (A-3)

Where N is the atomic density of the target at the surface, S,(E,) the nuclear

stopping cross-section at energy Eg and N S, (EQ)=% is the nuclear energy loss

n

rate, o i§ a correction factor, which includes’ M%ff . The evaluation of S, (E)
2

depends on the collision cross-section for energy transfer to a substrate atom and the

keV sputtering regime and also the electron screening of the nuclear charge must be
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taken into account. In order to calculate the sputtering yield Y, nuclear stopping cross-

section deposited via nuclear processes must be determined.

A.1.1 Deposited energy

The deposited energy F,, is given by F,=a N S, , where a is a function of the mass

ratio M, /M, and the value of a also increases with the angle of incidence B.

(@
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Figure A.1: (a) Factor a as a function of the mass ratio M, /M, and (b) dependence
on angle of incidence. Taken from Sigmund 1981.

A.1.2 Sputtering yield
The material factor A contain the material parameter and describes the number of
recoil atoms that can escape from the solid and is given by (Sigmund 1981):

A=42/NU;nm/eV (A-4)
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Where N is the atomic density in (nm) = and Uy is the surface binding energy in
electron volts. Uy can be estimated from cohesive energy given by Kittel (1976). The
sputtering yield is given by:

Y=42aS8,(E,)=42a (d%x)" (vu,)" (A-5)

Where N is in (nm) >, N'S, =dE/dx is in electron volts per nanometer.

A.2 Semi-empirical formula for sputtering of single elemental targets
Semi-empirical t;quation for sputtering was developed by Matsunami et al (1984) and
Yamamura and Itoh (1989), where-by they combined the Lindhard’s theory of nuclear
and electronic stopping and also with numerical values of sputtering data. Thus the
empirical sputtering yield (Yg) which take both heavy-ion and light-ion sputtering.

aQS

Y, (E)=0.42U [+ 0350, S B [ (£, /E) ]1 (A-6)

Where Y, (E) is the sputtering yield for ions with energy E at normal incidence. o
and Qs are empirical parameters determined from experimental sputtering data, Ey, is
the sputtering threshold energy, Sc(e) is the reduced Lindhard electronic stopping
cross-section, Sy(E) is the nuclear stopping cross-section in units of 10° eV em? , and
Uy is the surface binding energy which can be estimated from the cohesive energy.
The sputtering threshold energy can be calculated:

AU
é:m ={(§J 70 Mz M, (A-7)

M, +2
B, =i ZEpHEN Uy M, <M,
M,+2M, ) y
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The equation above shows the approach by Yamamura and Itoh (1989) for calculating
the sputtering threshold energy. Where y is the energy-transfer factor for elastic

collision defined below:

4M, M,

T oy

In fitting the experimental data, the following 5nalytical approximation to Lindhard’s

reduced nuclear stopping cross-section was employed:

Sn (E)'_'Ku Sn (E) (A-9)
Where K, = e Z; M, (1()"5 eVem®/ arom) (A-10)
(Zl%"'zz) 2 (Ml +M2)
b
And S, (¢)= 3.441272 In(e+2.718) A1)

146.35567 +s[6.882 & ~1.708)

0.03255 M,

: E(eV) (A-12)
5% (Zl% +zz%)ﬁ (M, +,)

The reduced energy € is given by: &=

The best fit values for the sputtering parameters o and Qs were obtained by fitting
Eq. (A-11) to experimental data, and values of a; was found to be dependent on each
ion-target combination and the following empirical expression was obtained:

@, =0.10+0.155(M, / M,)"™ +0.001(M, / M,)"* (A-13)

The parameter Q; was found to depend only on the target material and its values are

listed in Table A.1 along with Uy values.

63



Table A.1 Qs values together with cohesive energy values Uy, taken from [Nas96]

Target z Uo(e V) Q.2
Be a 3.32 1.97
B s 5.77 4.1
C 6 7.37 2.69
Al 13 3.39 1.11
Si 14 4.63 0.95
Ti 22 4.85 0.58
v 23 5.31 0.76
Cr 24 4.10 1.03
Mn 25 2.92 1.09
Fe 26 4.28 0.9
Co 27 %.39 0.98
Ni 28 4.44 0.94
Cu 29 3.49 1.27
Ge 32 3.85 0.73
Zr a0 6.25 0.68
Nb 41 7-57 1.02
Mo 42 6.82 0.70
Ru a4 6.74 1.51
Rh + as 5.75 1.23
Pd 46 - 3.89 1.09
Ag 47 2.95 1.24
Sn 50 3.14 0.58
Hf 72 6.44 0.65
Ta 73 8.10 0.62
w 74 8.90 0.77
Re 75 8.03 1.34
Os 76 8.17 1.47
Ir 77 6.94 1.39
Pt 78 5.84 0.93
Au 79 3.81 1.02
Th 90 6.20 0.73
u o2 5.55 0.66

A.3 Sputtering at glancing angles

Eq. (A-11) is a semi-empirical sputtering formula for monatomic solids irradiated at
normal incidence. However when the projectile ion is incident at glancing angles. The
sputtering yield differs from the normal incidence yield and it is observed that in

general the sputtering due to a projectile ion at an incident angle f is related to Y (0)
as shown by: Y(B)=(cos)”-¥(0) - (A-14)
Where p .is measured from the surface normal and f; is a function of My/M,. For light-
ion sputtering where values of (M .M, >10), f; can be estimated by (Yamamura and
Ttoh, 1989): ~ f=1+(aR, /AR, ] (A-15)
Where AR, and AR, are the ion-range straggling in the direction of the ion and

perpendicular to the ion ftrajectory respectively. For large mass ratios,
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(AR,,I\_ /AR,,'fsl and [, —2. For heavy-ion sputtering where values of

. (Fp " 1X0s
M,/ M, <10), f; can be approximated by: £ =l+[—~——— (A-16)
ot <) (AX*), (AX?),,

Where (X), is the average depth of damage and (¥*)," and (X?),"” are the
damage straggling in the direction of the ion perpendicular to ion direction. For values
of M, /M, <1, the ratios (AX?), KX, and %), /(X)D2 are nearly constant with
average values of approximately 0.4 and 0.15 respectively using these values in Eq.
(A-16) gives f,=1.9

A:4 Ton implantation and the steady state condition

During ion implantation, the sputtering process removes both target and implanted
atoms, Eventually an equilibrium condition or steady state is reached, where-by just
as many ions are removed by sputtering as are replenished by implantation. The depth
distribution under this condition has peak at the surface, however drops off with depth

according to the ion range seen on figure A.2:

Figure A.2: Schematic view of the development of the concentration profile of ions
implanted from low to high doses and the implantation depth profiles for low to high
doses, R, is 60 nm. -
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The steady state surface condition is calculated this way, consider the implantation of
ion species A into the host material B, then let N, and N, be the concentrations (per
unit volume) of A atoms and B atoms at the sample surface. The surface composition
is given by N,/N,, then let J4 and Jp be the flux of the sputtered atomic species A
and B. Thus J, /J, gives: Jyld,=r(N,IN,) (A-17)
Where r is the ratio of the probability for B atom near a surface to be sputtered to that
of an A atom to being sputtered. Then flux of incident ions of species A is defined as
J; and the total sputtering yield Y as: (J,+J,)=¥J, (A-18)
At steady state, there is no transformation in the total number of A atoms in the
material, fherefore J,=J; (A-19)
And by combining Eq. (A-18) and (A-19) we obtained:
Jy=(r-1)J, (A-20)

And also by substituting (A-19) and (A-20) into Eq. (A-17) we obtained:

N,/Ny=r(¥-1)" (A-zlj
Hence the steady state surface composition and it is roughly inversely proportional to

the yield Y, but is multiplied by the preferential sputtering factor r.

A.5 Sputtering of alloys and compounds

Sputtering process in alloys and compound is based on the collision cascade picture,
this theory is explained by [Sig81]. Actually the incident ion initiates collisions in a
volume s,_l_lrrounding the ion track. Thus the energy of the incident ion is shared among
those atoms within that volﬁme and is then dissipated, and then collisions that take
place near the surface of the material are directly effective in knocking atoms out of

the material. The main features remain the same for composite materials such as
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binary alloys, however there are additional complications because there are two kinds
of atoms in the material. The two species may not sputter at an equal rate because of
difference in energy sharing, ejection probabilities or binding energies.

A.5.1 Preferential sputtering

Sputtering as described from multi-components system, involves preferential
sputtering and surface segregation. Then for a homogenous sample with two atomic
components A and B, the surface concentration, N° are equal to those in the bulk NP,
and then the pre-sputtered composition has

N,IN,=N//N, (A-22)

The partial yield of atomic species A and B is given as follows:

__number of ejected atoms 4, B

Y A-23
e incident particle ( )
The ratio of partial yields is given as:
Y, N/
A=t (A-24)
Y, N,

Where the sputtering factor r, accounts for differences in surface binding energies,
sputter escape depth and the energy transfers within the cascade. Measured values of r

range from 0.5 to 2. For r # 1 the surface yield and concentrations will transform from

initial values, N,"(0) and ¥,(0) to the steady state values of N,’(w) and ¥,"(w).

t;< }:<
[} =]
e | S
1l
~
=2 3
£l >
(== =)
g
==
= x
= =

Thus at t = 0 gives:

(A-25)

If there is preferential' sputtering where r > 1, the sputtering yield of A is greater than
that of B and result in the surface enriched in B. The enrichment of the surface

preduces an increase in the sputtering yield of B and a decrease in the sputtering yield
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of A, however under steady state condition the processes are balanced as the surface

erodes into the bulk and the surface concentration differs from the bulk according to:

=—— (A-26)

A.5.2 Composition Changes

Considering process such as steady-state sputtering and preferential sputtering,
;urface composition can be affected. This is true in surface modification applications;
especially where high dose implants are used to form modified surface alloys. Then

these changes in surface composition of sputtered multi-component targets are well

documented by Betz and Wehner [Bet 83].

A.5.3 Composition depth profiles

[on implantation automatically alter the composition of the surface material, then one
expects composition profiles to vary and for changes in composition to extend to the
range of the implanted ion. Thus the ability of plasma implantation techniques to
implant required doses can be severely limited if the steady-state composition occurs
before desired implantation composition is reached. However thermal diffusion and
radiation-enhanced diffusion can promote diffusion of the implanted projectile to
greater depths. A detailed discussion of sputtering composition depth profiles is given
by Behz and Whener [Bet83].

A.6 High dose ion implantation

Atomic mixing, sputtering, and chemical effects tend to be essential in determining

the state of the material in high-dose implantation. In general the maximum
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implantable concentration is limited by the reciprocal of the sputtering yield (A-1).
This occurs because of the surface receding due to sputtering and the sputter removal
of implanted ions. The maximum concentration is therefore established after a
thickness comparable to the ion range has been removed. Sputter processes should be
taken into cognizance if there is preferential sputtering of the implanted ion. Based on
assumption that atomic mixing is very efficient \such that, after an initial dose of about
10" atoms / cm® , the implanted species spread uniformly over the effective depth R,
and also assuming the shape of the profile remain constant, but with its amplitude
increasing with further implantation. The stea(;y state erosion can be given as follows.

The conservation of atoms requires:

R

dN
g ==, (A-27)

Where Ny is the concentration of the implanted species, J; is the projectile flux, J, is
the flux of the sputtered A atoms, Ja, Jp and J; are related according to equations (A-
17) and (A-18). By defining x=N,/N, and assuming Y remain unchanged then

equations (A-17) and (A-18) give

X
Jyu g p R
4= B (A-28)
Y A-29
Bt (A-29)

Substituting equations (A-28) and (A-29) into equation (A-27) gives:

di X+r+x
R —| — N =J,..__J_ =
g dt(1+x) L Y : Wil

~

Where Ny=N,+N, after some rearrangement, equation (A-30) becomes

(1+xy [r+(l+Y)x

1
dx= de, -
] NDR,,( ¢ ) (A-31)
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Where dg,=J,dr is the incremental ion dose. Eq. (A-31) is a differential equation

for x(g,), which is solved by taking partial fractions for the left hand side and

integrating to get: S D | (A-32)
I+x 1-x/x(®))| N,R,

Where A=(r-1)/[r-(-Y)], B=Yr/[1-Y)-r} and x(eo)=r/(Y-1). The expression
Yo, /No R, can be interpreted as the amount of material sputtered as measured by the

thickness of the implanted layer. The steady state composition is the same as
predicted by Eq (A-26). The amount of material to be eroded before steady state

condition are reached and defined as follows:

__ x(x)
¢0 —(dx/d¢,11¢"=o (A'33)

Which is the dose required to achieve steady state. Equation (A-31) gives

de 1

il (A-34)

4., . NoR,
Since s(eo)=r(Y-1)" equations (A-32) and (A-34) gives

(r-1)g,=r(N, R,) (A-35)
For Y>> 1 gives

ey _

T | (A-35)

A7 Factors that influence concentration in high dose ion
implantation
Since most of sputtered atoms have relatively low energies and emerge from the first

few atomic layers near the surface. A thin oxide layer or other surface contaminant
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can reduce the sputtering yield and therefore protect the surface, but because of ion
mixing which causes the surface contaminant to be mixed infto the modified layer
hence surface contaminants may be a source of significant detrimental side-effects.
The surface layer is influenced by several factors such as residual gas in a bad
vacuum, the target material, and the current density of the incident ion beam.
Sputtering can also give rise to surface roughness, which can possibly affect the high
N
dose implantation. An extremely rough surface can reduce the sputtering yield.
Backscattering rr;;:asurements of depth distributions have revealed low retained doses

near surface regions even without sputtering. This implies that inert-gas ions can

escape from the target material, reducing surface concentration.

A.8 Sputtering Spike

Sigmund model [Sig81] assume that the collision cascade produced by the projectile
is linear and could be estimated by binary collisions, but if the projectile energy
results in a mean free path between displaced target atoms approaching atomic lattice
spacing the binary collision approximation breaks down under such conditions. The
energy is dissipated over a very short distance, producing effective temperatures at the
surface that can exceed the melting and vaporization temperature of the material.
These conditions are called Spike regime and anomalous high sputtering yield can be
approximated by assuming that the atoms in the spike behave as an ideal gas, this
assumes that the surface atoms have a Maxwellian velocity distribution from which a
mean velocity can be calculated and which in turn can be used to approximate an
evaporation rate from spike surface area. It can be shown from the kinetic theory of
gases that the one-dimensional velocity distribution of atoms of mass M, at a

temperature T is given by:
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L —1 262
f(vj):( M, )Ze kT

A-36
2rk, T ( )
Where kg is Boltzmann’s constant. The average velocity is then given by
(v,)= f v, flv, )dv‘,
M % —lf2My v}
= 2 rv e T dy
2rk,T) »
2 -
LT (A-37)
2r M,

Taking the activation energy for evaporation in the surface binding energy Uy, the rate

of evaporation, J. per unit time and unit area at the surface temperature, Ty, is given
by Sigmund [Sig81] as:

j. EN(V )e‘l’n/kt; Ty

=N(k, T, /27 Mz)% g~ el T (A-38)

Where N is the target atomic density. The spike surface temperature, Tqyr, can be

related to the average deposited damaged energy at the surface, EW , through the

expression:

= 3
6_.\11” =Ekﬂ Trur] (A-39)

The mean deposited damage energy at the surface, 6—KW , can be calculated from the

; 7 _(0.68)s, (£)
expression: - =?d— (A-40)
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Where Sy(E) is the nuclear stopping cross-section and Am_‘_""”f is the cascade surface

area emitting J¢ atoms/cm?s. By assuming that the spike can be estimated by a

cylinder at the surface, the surface, the cascade area is given by:
AL‘«L\'W”’ = Smrrz AT' =6mrr2 (ﬂ- <Y2>D) (A'41)

Where Ar is the transport cascade area and calculated either using transport theory or

average of many Monte- Carlo histories. The transport cascade radius is taken as the
perpendicular distance from the ion trajectory of the ion damage straggling (¥’ Z)D% .

The variable & \

1S the cascade volume correction factor relating the transport
cascade area to the individual cascade area. The factor (0.68)* accounts for the
fraction of the energy damage residing within a standard deviation of the damage
distribution (see section 7.11.4) [Nas96]. For a spike of lifetime t, the sputtering yield

is given by:

g

apike

=74

coy

surf J‘, (A-42)
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Appendix B

Sheath Theory

During the plasma implantation process high negative voltages are applied to the PSII
target, initially on the time scale of the electron plasma period (w,,‘," ), electrons near
the surface are driven away, leaving behind a ur;ifonn density ion matrix sheath, then
on the time scale of the ion plasma period (wl,i") ions within the sheath are

accelerated into the target. This in turn drives the plasma edge away, exposing new
ions that are then extracted. Thus the rate of electron loss to any object in plasma is
greater than the rate of ion loss, leaving the workpiece with a net negative potential.

The electric field of this potential does not penetrate far into the plasma since Debye

shielding restricts it to a size of the order of a few Debye length A, [AD = g°2kT” J
\ e'n,

hence the region called a sheath. Thus sheaths act to confine the more mobile of the
plasma charged species within the plasma to maintain charge neutrality. Sheath
acquires a spherical shape independent of the target as observed by Meyer [Mey96].
Then spherical theory is applicable even in the case of PSII where a high voltage is
applied to the target. In the absence of the high voltage, the sheath thickness is of the
order of the Debye length (/1[,) and hence effectively conforms to the target shape.
B.1 Time scales
There are*three time séales of interest in PSII sheath theory:

o The electrons are much more mobile than the ions and react on a timescale of

the order of the electron plasma period 7, = % m‘2 . When the pulse is first

h.4q,
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applied the electrons respond rapidly and are repelled from the target leaving

behind ion- matrix sheath.

&, m,
2

ni qt

, the ions

On a much longer timescale of the ion plasma period 7, =

start to move towards the target. On this timescale the ions are attracted to the
target and the plasma sheath grows to cover more ions to maintain the
implantation current.

Third timescale is determined by the pulse width ¢ Normally, the sheath

pulse
would expand outward until it reaches the distance described by the steady
state Child Law [Chill], however in the PSII process the voltage pulse is
sufficiently short that the voltage is returned to zero before the steady state

sheath forms.

B.2 Dimensionless Co-ordinates

Dimensionless quantities for all the co-ordinates used in the theory are defined as

follows:
Pl Distance
A’D
~ ep .
= Potential ener
¢ KT, gy
7, =l Electron density
ny -
n L. 3 Ion density (B-1)
Ry
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B.3 The initial plasma sheath

For potentials close to the plasma potential, the sheath around conductors is of the
order of the Debye length A,,. During PSII pulse, the target potential is much greater
' than the plasma potential (¢Pz=10eV versus @,..., ~—10keV to lOOkeV). Hence the
formation of the initial plasma sheath under the mentioned conditions. The description

on how to establish the thickness of initial sheath is given by Conrad [Con87]. The

potential profile is obtained from Poisson’s equation:

d_z¢+g@=ie(ni_n“) (B'z)

dr®  rodr &

Where ¢ is the applied pulse potential, n; and n. are ion and electron densities and o =
0,1 and 2 for planar, cylindrical and spherical geometries. When the potential is first
applied to the electrode, it is assumed that the plasma is of uniform density and
ny=n, = n, . For planar geometry the spatial variable r is measured from the surface of
the electrode, while for cylindrical and spherical geometries r is the radial distance
from the center of the electrode. Substituting for the dimensionless co-ordinates

defined by (B-1) into equation (B-2) gives the dimensionless Poisson’s equation:

(B-3)

During this initial sheath phase, the electron density n.= 0, and the ion density equal

to background density, then equation (B-3) is reduced to:

'y 2%
M.‘.gﬂ_:_]

Fr & B-4)

-

Evaluation equation (B-4) is a subject to the following boundary conditions:
The potential at the electrode position, ry must be equal to the applied potential ¢o and

The electric field must vanish at the sheath position, rg
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N L ®-5)
a9 _, at @ Fupal (B-6)
dr Ay
Solutions are found using ordinary differential equation techniques and are:
Planar geometry:

FF)=—dy+7. (F-7,)+ (7" -7 )12 B-7)
Cylindrical geometry:

FF)=-o+( 2/ )+ 7 -7 (B-5)
Sﬁherical:

)=+ 3)/m -y 7)o ®-9)

Expressions for the sheath position are found by setting the potential to zero in
equations (B-7), and (B-9). By defining f to be the ratio of sheath radius to electrode

radius f=F, /F,=r /r, the results are given as:

Planar geometry
(=17 =24, /% (B-10)
Cylindrical geometry
Fiing? - fr1=44, /7’ (B-11)
Spherical geometry
21331 +1=64, 7, (B-12)

Rewriting equations (B-10), (B-12) in dimensional units, can be expressed as follows:

Planar
E= (2 £ /Mg, )yz or r, (cm)=1050[¢0 (volts)/ ng (cm'3 )]% (B-13)
Spherical
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nylem

"
r=Bedin/mag)t or  rlem)=zl 18(@5)%(3’1)] (B-14)

Plotting equations (B-13) and (B-14), shows the dependence of ion-matrix sheath

width on target and plasma, this can be seen in figure B.1:

x (cm)

0 20 40 60 80 100
Implantation voltage (kV)

Figure B.1: Dashed line for Planar and solid lines for spherical, this depicts ion-
matrix sheath width as a function of target potential for different densities. Spherical
calculations use a 10 cm diameter target and the densities (top to bottom) are 6,7,8

and 9x10° cm™.
B.4 Sheath Evolution
Lieberman [Lie89] proposed one-dimensional planar model describing sheath
evolution due to the application of a voltage step
=0, for t<0,t>t, andvV=-¥,,0<rst,]
The model is based on the following assumptions:

 The ion flow is collision less

e Compared to the ions, electron motion inertia less

» The applied voltage Vo is much greater than T, so 4, <<S, and the sheath

edge at S is sudden.
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» During implantation a quasi-static Child-Law sheath forms.
o The electric field is assumed to remain unchanged for ion motion through the
sheath.
Lieberman’s model, which solves the Child-Langmuir Law [Lan23] for space charge

limited emission quasi-statically was further simplified by Scheuer et al [Sch90]:

1 3
46,(2q. Y2 V1,
7= 90[}\;‘) 5 Sl

Where J is the current density crossing the sheath edge, M is the mass of the ion, V is
the magnitude of the applied potential, and S is the distance of the sheath edge from

the target. Based on the assumption that

ds
i=nq,| =+ -16
J nqt[dt Vd] (B-16)

Where vq4 is the ion drift velocity, which is equal to the ion acoustic speed, Cs.
However assuming that V4 = 0, the ions are motionless until the sheath reaches them,
then equation (B-15) and (B-16) are solved to give the following:

Planar

é_ﬂ( 2 J/ v

dt n\gM) ST (1%
Which is integrated analytically to yield:
5 %
§=8, [—3—wp,t+1] (B-18)

Then if more realistic case of non-motionless plasma is considered, equation (B-17)

becomes:”

ds 450[ 2 )% %
= (B-19)

@ on\gu) 5
Which is integrated numerically.
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In spherical geometries, the Child-Langmuir relation is given as:

% oyh

Where o is given by Xia and Chan [Xia93] as a’=y’-0.6y" +0.24y* -0.074y°,

where y= ln(i
>

J, giving the following differential equation for sheath evolution in
0

Sy

spherical geometries:

1/ 3
| i_ﬂ( 2 ) v

— | = B-21
at 9n\gM) ria’ ®-21)
Solution for the ion matrix sheath is presented by Xia and Chan as:
R,=(34)% +(1/2) (B-22)

2
Where A=M, then figure B.2 show a comparison between the theoretical

et

planar and spherical sheath evolution for various densities.

[l — apharical

0 5 10 15
time ¢ (us)
Figure B.2: A comparison of planar and spherical sheath evolution. Plots are

densities (bottom fo top) of 6,7,8 and 9x10° cm™, whereby target potential is 20 kV
and spherical target diameter is 10 cm. Taken from [Mey01].
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Appendix C

Constants and Formula

Table C.1 Physical constants

Constant Symbol Value (S1)
Speed of light in vacuum c 2.998 x 10° m/s
Elementary charge e 14 1.602x 10°"° A-s
Electron mass e 9109x 103 kg
Atomic mass unit my, or amu 1.661x 1077 kg
Planck constant ' h 6.626x 10" kg
Boltzmann constant k 1.381x 10”° J/K
Permeability of vacuum Hy 4mx 1077 V-s/A-m
Permittivity of vacuum & 8.854x 107" A-s/V-m
Table C.2 Lengths
El T T q 3 . =3

ectron Debye length A= ~69 [~ Ay, inm, T, in K, n, inm

¢ nﬂ
. . w o
o , = v, _mv r inmy, inml/s,o, ins”,
o Z.B einA-s,BinT

-1
Mean free path of electrons A, =(z n,o,, ]
a

in a slightly ionized plasma

-

Mean free of ions in a slightly

ionized plasma

5 . =3 g 2
A inm,n, inm™ 0, inm

(crosssectionof electroncollisions
with particles of typear)

% . =3
A inm,n, and n,inm™,

= - o,and o, inm® (cross
m

A2, 0,+|—<no, sectionof ioncollisions
\' m
€

withatoms and electrons
respectively)
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A, inm,Z meanioncharge
967 (kT,) 1.7x10°T.* state,T,inK,n;inm™ InA ~
Mean free path of electrons Ai="53 ~
Ze nInA Zn, 10Coulomblog arithm

in a fully ionized plasma

l
2e,U % 2U . : .
Width of ion matrix sheath S, =| | = [—4, S, inm,UinV n inm™
en; kT,
(voltage U, initial ion density .
n;)
: 3/4
. / 2 2U , ' .
Width of Child law Sheath S, = i Ay S inm,UinV,T,inK
Table C.3 Frequencies
2 A2
gen, ' G el e A
Electron plasma frequency @ =(¥J ~56.4./n, @, ins ',ne inm™
m,
i 2 o e .
eZ%n, @, ins™ ninm>,m, in
Ion plasma frequency 5 e
m; kg, Zioncharg e number
. eB " 5 ] 5
Electron gyration frequency w,—=1.76x10" B o, ins” ,BinT

¢

ZeB 9.55x10'ZB  @,ins”,BinT,M ="
w,=—= m,
m, M . :
. (atomic mass number of ion)

[on gyration frequency
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Electron-ion momentum

transfer collision frequency

. Z%'n InA
* & 2 meliz (k?; )3/2
3.6x10°Z%n,
& axE

e

v, ins™,Z mean ion charge
state,T,inK,n, inm™ ,InA

~10Coulomb logarithm

Table C.4 Current density

Child-Langmuir law of

Space-charge limited ion

Current in plane geometry

JiinAlm® ,m;inkg,sheath
voltageU inV , sheath width

sinm
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