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TH ESIS TITLE:

“ N U M E R IC A L  M E T H O D S  A N I) T I M E -D E P E N D E N T  P H Y S IC A L  M O D E L S  

F O R  T H E  D E S IG N  A N I)  D IA G N O S T IC  O F  P U L S E D -D C  M A G N E T R O N S ”

A u th o r :  T a m a r a  M o is e e v

A BSTRACT:

Pulsed DC operation o f  m agnetrons is a relatively new sputtering technique that sign ificantly  

im proves the properties o f deposited layers. The understanding and control o f  phenom ena 

taking place during pulsed DC sputtering requires new  tim c-resolved m ethods o f  investigation.

T his thesis presents a com prehensive developm ent o f  new m ethods for magnetron  

design and tim e-resolved plasma diagnostic, based on M onte Carlo sim ulations and tim e- 

resolved plasma physical m odels derived for a pulsed DC opposed target magnetron discharge 

with rectangular geom etry.

T he numerical m ethods have been developed and benchmarked by the author through 

extensive numerical experim ents. A representative set o f  application exam ples is  included.

T he tim e-resolved physical m odels for the pulse-on and p u lse-o ff tim e discharge are 

based on the experimental data obtained by the author, w hich are presented as a basis for the 

interpretation.

T he experimental data are obtained using new  tim e-dependent diagn ostic m ethods 

com bining: I-V characteristics and w aveform s, tim e and space-resolved Optical Em ission

Spectroscopy (OES) and tim e and space-resolved Ion Energy Spectra (IBS).

T he follow ing  original algorithm s and new tim e-resolved plasma diagnostic m ethods arc 

presented:

•  A lgorithm  and method for M onte Carlo sim ulation o f  ion transport in the magnetron  

discharge, based on an original non-Runge-Kutta routine developed for calculating charged  

particles’ trajectories in com p lex , position dependent, m agnetic and electric fields. T h e Monte 

Carlo sim ulation is used for evaluating the intensity o f  the pre-sheath electric fie ld  through 

calculations o f  the travel tim e to targets o f  Ar ions. The tim e-scale for the sputtering and self-  

sputtering processes is also  evaluated.

•  A new method for tim e-resolved plasma diagnostic in pulsed DC discharges based on 

tim e and space-resolved O ES using an acousto-optic spectrometer. The described method  

indicates the applicability conditions for electron temperature evaluations based on tim e- 

resolved O ES. the procedure and interpretation o f  results.

Based on time and space-resolved O ES evaluations o f  electron temperatures, a  m odel o f  

the physical phenom ena taking place in the pulsed DC discharge during the pulse-on tim e is 

developed.

•  A new method for tim e-resolved analysis o f  the Ion Energy Spectra at the substrate 

region in pulsed DC discharges using a m ass-energy analyser. Experimental results and data 

analysis are presented and an original physical m odel for plasma behaviour during the p u lse-off  

tim e is developed , explaining the m echanism  for the observed increase in the ion  flux and 

energy at substrate during pulsed DC discharges.

T he described model explains for the first tim e the above effects and allow s the control o f  

the ion flux and energy at the substrate from the ch oice o f  the pulsed DC duty cycle .

The developed plasma m odels and tim e-resolved diagnostic m ethods are d iscussed  for non- 

ferromagnetic (copper) and ferromagnetic (iron) targets and the observations are correlated in 

order to infer a global understanding o f  phenom ena taking place in the pulsed DC discharge and 

at the substrate region.
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Chapter 1 Introduction

C H A P T E R  1 I N T R O D U C T I O N

The work presented in this thesis is devoted to the study o f  a Penning -  type [1, 2, 3] (opposed  

target) magnetron with rectangular geom etry under pulsed DC operation

Pulsed DC  magnetron sputtering is a relatively new field  m magnetron sputtering that has 

gam ed large interest in the last few  years due to the significant im provem ent brought in the 

m echanical and structural properties o f  the deposited layers The pulsed D C  bias o f  the targets 

also prevents charge build-up on insulating areas o f the targets and arcing, thus allow ing for  

sputtering o f  any materials, including insulators

Under the opposed target geom etry, ferrom agnetic materials can be easily sputtered 

m aking the opposed target magnetron under pulsed-D C  operation suitable for a w ide range o f  

applications non-ferrom agnetic, ferromagnetic, conducting and insulating materials can all be 

sputtered with com parable rates

The subject o f  magnetron sputtering has been approached in many experimental and 

theoretical studies leading to a general accepted theory o f  DC magnetron operation [4, 5, 6 ]

The experimental studies investigate the plasm a parameters and their relationship to the 

magnetron operation and the properties o f  the deposited film s The large list o f  references  

presented in Chapters 2-7 o f  the thesis indicates the importance o f  the field  and the amplitude o f  

the research interest devoted to these problems So far, plasm a diagnostic methods rely alm ost 

exclu sively  on Langmuir probes and Laser-induced F luorescence measurements and less on 

Optical E m ission Spectroscopy or Ion Energy Spectra analysis T he construction o f  Langmuir 

probes and the required numerical treatment increases in com p lexity and loses  accuracy when  

m agnetic fields are involved  The study o f layer’s properties has the advantage o f  using the m ost 

modern investigation techniques SEM , A FM , X R D  all devoted to revealing the structure o f  the 

layers and providing direct inform ation on the im provem ent in their properties for pulsed-D C  

operation, that has been related to the increased ion flux and energy at the substrate

The theoretical studies aim  at developing m odels to predict the behaviour o f  plasma  

com ponents and parameters as w ell as the properties o f  the deposited layers using sim ulation  

codes based on M onte Carlo o f  fluid m odels or a com bination o f  these These theoretical studies 

are enabled by sim ple start m odels like the behaviour o f  g lo w  discharges that can be further 

extrapolated to m agnetized discharges under DC  operation

Pulsed DC operation involving  tim e-dependent plasm a parameters and new  tim e- 

dependent behaviour o f  the plasm a com ponents poses m ore difficult problem s in applying the 

suitable experim ental and diagnostic techniques for deriving tim e-dependent physical m odels  

and developing the necessary theoretical m odels R ecently, tim e and space-resolved studies o f  

plasm a parameters performed by Bradley et al in a planar magnetron reveal the behaviour o f  

plasm a parameters (electron temperature and density, plasm a potential) [7, 8 ] This information  

needs to be correlated to suitable physical m odels o f  the pulsed DC  magnetron discharge and 

sputtering process
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Although sim ulation techniques can som etim e provide inform ation on the evolution o f  a system , 

without a w ell-form ulated theoretical or physical m odel, such sim ulations cannot provide any 

useful prediction on the system ’s behaviour R ecent numerical studies for the understanding o f  

temporal evolution o f  plasm a sheaths and pre-sheaths using M onte Carlo - Particle in C ell (M C- 

PIC) sim ulations have been devoted to Plasm a Immersion Ion Implantation (PHI) applications, 

where m agnetic fields are not involved [9]

M ost o f  the experim ental and theoretical studies devoted to pulsed DC magnetron 

operation do not provide the link betw een the observed phenom ena, their physical causes and 

the pulsed DC operation o f  the magnetron Therefore, important issues in the field  o f  pulsed-D C  

magnetron sputtering are still unsolved

- H ow  to ch oose the pulsed frequency and duty cy c le  for optim um  sputtering rate,

- H ow  to control the self-sputtering process,

- H ow  to control the ion flux and energy at the substrate using the pulsed DC operation,

- W hat is the temporal developm ent o f  the sputtering process during the pulse,

- H ow  is the m agnetic fie ld  distribution affecting the ionization density and the

sputtering, re-sputtenng and self-sputtering processes

Finding an answer to such questions is therefore the aim o f  the present thesis

In the work performed and presented here, both the experimental and numerical 

approaches for the study o f  tim e-dependent m agnetized plasmas have been investigated, 

developed  and applied with the aim o f  revealing the physical m odels that govern the plasm a  

behaviour and the sputtering process during the pulsed-D C  operation

In order to approach the experimental investigation leading to tim e-dependent physical 

m odels o f  the pulsed DC  magnetron discharge, new  tim e-resolved plasm a diagnostic m ethods 

are proposed and applied for both non-ferrom agnetic and ferromagnetic material o f  the targets 

T hese plasm a diagnostic m ethods are fairly easy  to apply as w ell as accurate enough and 

independent o f  the presence o f  the m agnetic field  the tim e and space-resolved Optical Em ission  

Spectroscopy (OES) and the Ion Energy Spectra (IES) measured at the substrate region

Another type o f  investigation performed here, based on a tim e-dependent M onte Carlo 

sim ulation o f  ion trajectones during the pulse, reveals information on the space distribution o f  

the pre-sheath electric field  w hich is the “m otor” for the sputtering process, and its influence on 

the tim e-scales for the sputtering and self-sputtenng processes and ion im pact energies to the 

targets

This thesis presents therefore the fo llow in g  tim e-resolved diagnostic m ethods and the 

associated experim ental data

- T he Current -V oltage (IV) w aveform s on the cathodes (Chapter 5 1),

- The time and space-resolved  OES and tim e-space resolved electron temperatures

(Chapter 5 2),

- The space-resolved IES and the IES temporal analysis and statistics (Chapter 5 4)
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The above investigations allow ed the developm ent o f  tw o physical m odels describing the 

behaviour o f  pulsed DC  discharges

-The physical m odel for the pulse-on tim e (Chapter 6 1 ) ,

-The physical m odel for the p u lse-off tim e (Chapter 6  2 )

The physical m odels o f  the discharge are com pleted through the m odelling o f  the sputtering 

process and its tim e-scales by investigating the behaviour o f  the pre-sheath electric field  through 

num encal sim ulations using a M onte Carlo sim ulation code based on single particle transport in 

the space and tim e-dependent electric field  and space-dependent m agnetic field  o f  the 

magnetron discharge

The original algorithm  that I have developed  for charged particle transport and the M onte 

Carlo sim ulation algorithm and code as w ell as the obtained results are presented in Chapter 

(3 2) I have to em phasize here that the physical m odel used in the form ulation o f  the MC  

sim ulation is entirely based on initial data that have been obtained experim entally in the 

opposed target magnetron

Although from the ’’historical” point o f  v iew  I wrote first the trajectories code, the M C  

sim ulation has only been possible after the experimental data have set the fram ework for the 

problem For this reason, the chapter presenting the sim ulation makes repeated con nections to 

the Chapter (5) presenting the experim ental data

A s the know ledge o f  the m agnetic field  is necessary for both the MC sim ulation and the 

understanding o f  the experim ental set-up and analysis, the m agnetic field  values are calculated  

and presented in Chapter (3)

T o a llow  for a certain classification o f  the presented work, the presentation involving  

num encal m ethods like the calculation ot the m agnetic field  and the M onte Carlo sim ulation has 

been organized under Chapter (2 ) “Num erical M ethods” and presented before the experimental 

chapters
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C H A P T E R  2  

E Q U I P M E N T

In this Chapter are described the construction o f  the magnetron and the main characteristics and 

operating m odes o f  the equipm ent used during the experim ents the pow er supply, the IfU  

acousto-optic spectrom eter and the HIDEN m ass-energy analyser
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2 .1 . C O N S T R U C T IO N  O F  T H E  M A G N E T R O N

2 .1 .1  IN T R O D U C T IO N

The “O pposed Target Magnetron" built at D CU , School o f  Electronic Engineering, is a Penning  

-ty p e  magnetron [ 1, 2, 3] with rectangular targets.

T he conventional m agnetrons w idely used in most applications are o f  planar type 

(F ig .2 .1 .1 ). Such planar magnetrons have the targets (backed by m agnetic poles o f  opposed  

polarity) situated in the sam e plane and for m agnetic confinem ent rely on the com ponent o f  the 

m agnetic field B parallel to the targets.

Penning-type m agnetrons have opposed targets with a cylindrical geom etry, as shown in 

F ig .2 .1 .2  and have been described first in 1939 by F.M. Penning (U .S  Patent, 2 ,1 46 ,0 25 , 7 Feb. 

1939) [1]. In Penning-type m agnetrons the targets (a lso backed by m agnetic poles o f  opposed  

polarity) are facing each other, w hile the magnetic field B is m ainly perpendicular to the targets 

(F ig.2.1 .2).

The m agnetic field distribution relative to the targets brings important advantages o f  the 

Penning geom etry versus the conventional planar geom etry. A  detailed analysis o f  the m agnetic  

field distribution w ill be provided in Chapter (3 .1 ) w hile a short explanation o f  these effects is 

presented next.

A t a boundary betw een tw o materials with different m agnetic perm eability, the m agnetic

induction (m agnetic flux density) B  com ponents are continuous for the #  com ponent normal

to the boundary and discontinuous for the #  com ponent parallel to it 110]. A s on ly the parallel 

com ponent is absorbed in the ferromagnetic material, the m agnetic field B w ill be little affected  

in magnetron system s that have B lines normal to the targets, w hile system s that rely on the B 

com ponent parallel to the targets w ill not be able to sustain a high m agnetic field above the 

targets.

For planar magnetrons, any m odification in the thickness o f  the targets w ill bring 

important changes in the strength o f  the m agnetic field  above the targets, leading to non- 

uniform target utilization, low  sputtering rates, strong plasm a perturbations and arcing.

M a g n e tic field  

lin es

T a r g e t

C o o lin g  

w a te r  p la tes  

M a e n e tic  p o les

F ig .2 .1.1. M agnetic field geom etry and H V electrical connections for planar magnetrons.

5



C h a p t e r  2 : ______ E q u i p m e n t

For opposed target m agnetrons, the facing targets as w ell as the orientation o f  the magnetic field  

relative to the targets provide important advantages:

- a very effic ient confinem ent for charged particles;

- the possibility to use thick targets for both non-fem om agnetic and ferromagnetic target 

material with high sputtering rate.

The su ccess and longevity o f  Penning -  type m agnetrons lies  therefore in its effective sputtering 

o f  thick ferromagnetic targets.

F ig .2.1.2 . The geom etry and High V oltage bias connections for the Penning-type magnetron.

A s the cylindrical geom etry proposed by Penning leads to a cylindrical spread o f  the sputtered 

material, this geom etry is not suitable for in-line coating system s and large industrial 

applications.

A  rectangular geom etry was proposed as an im provem ent o f  the Penning type magnetron, 

through the use o f  rectangular m agnetic poles and targets (F ig .2.1 .3). This rectangular geom etry  

has been designed, optim ized and used for the construction o f  the opposed target magnetron that 

is studied throughout this thesis.

C o o lin g  w a ter  \ 

T a rg et

M a g n etic

M a g n etic  fie ld  lin es

S
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M a g n etic  pole

C o o lin g  w a ter  p la tes  

T a rg et —

M a g n etic  field  lines

F ig -2 .1.3. The geom etry and High V oltage bias connections for opposed target (Penn ing -ty p e )  

m agnetrons with rectangular targets.

The magnetron with opposed rectangular targets (F ig .2 .1 .3 ) is provided with a specially  

designed m agnetic field (designed as described in the Chapter 3 o f  the thesis) and it can be 

operated in both DC and pulsed DC m odes using the power supply described in the next section.

M y contribution to its design  and construction consisted in choosin g the m agnetic pole  

structure, assem bling the m agnetic poles, targets and coo lin g  water system  and the d esign  and 

assem bling o f  anti-arcing shields. The operation o f  the magnetron under stable condition s o f  the 

discharge required special anti-arcing shields that I have designed for this application, which  

w ill he presented in Section 2 .1.4.

2 .1 .2 .  T H E  M A G N E T R O N  C O N S T R U C T I O N

The geom etry and electrical connections o f  the opposed target magnetron are presented in 

Fig.2.1 .3 . The overall schem atics (v iew  from the top) o f  the opposed targets system  design, 

dim ensions and electrical connections is presented in F ig .2 .1.4. The com ponents described in 

F ig .2 .1.4 are the following:

1 : Targets: a detailed drawing o f  the targets is presented in F ig.8 a and I*ig.8 b.

T w o configurations o f  the magnetron with for tw o types o f  target material have been used: 

-Material: Cu. 99 .995  % purity, target dim ensions: 120x 180x9m m :

-Material: Fe. 99 .993  % purity, target dim ensions: 1 2 0 x 1 8 0 x 1 1mm;

2: C ooling  water plates;

3: Grounded electric shield  (m etal casing);

4: M agnetic p o les’ case;
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5 Plastic insulators,

6  Plastic insulators and shield  against sputtering A detailed presentation fo llow s in the next 

section,

7 H older bolt (and H igh V oltage connection),

8  Holder (steel),

9 Cham bers’ door (steel),

10 Insulated HV cable,

1 1  pass-through vacuum  tight flange,

12 Shield (alum inium ),

13 coolin g  water tubes

The targets (1) are in direct contact with the coolin g water that circulates through the coo lin g  

water plates (2 ) underneath The coolin g  water pipes circuit ensures water circulation through 

the cooling plates, a separate coolin g water circuit being provided for each target Vacuum  tight 

flanges ensure the passage o f the cooling water pipes inside the m agnetron’s chamber

The electrical connections are indicated in red for the High V oltage wires (10 ) and in blue  

for the ground connections The w ires (10) are insulated with ceram ic beads and covered in 

plastic tubing The targets are connected to the H V  voltage through direct contact to the cooling  

water plates (2) and the m agnetic poles casing (4), using a steel bolt (7) that also serves for 

holding the m agnetic p ole assem bly to the holder (8 ) on the magnetron door (9)

A s the steel holder (8 ) is in direct contact to the magnetron door and to the ground, a 

TEFLON insulator assem bly ( 6 ) ensures the electrical insulation betw een the bolt (7) that is 

connected to HV and the grounded holder ( 8 )

The m agnetic pole casing in contact with the HV is insulated from the rest o f  the chamber 

by a metal shield case (3) that is connected to the ground, the electrical insulation betw een the 

m agnetic pole casing and the shield case being achieved through the insulator assem bly (5) 

Another shield in the shape o f  a flat panel (12) ensures protection against the deposition o f  

sputtered material on the electric wire connections (10) and the coolin g  water pipes The cooling  

water pipes (13) are flex ib le  plastic tubes that a llow  their passage in and out the magnetron  

chamber, through the vacuum  tight flanges (14)

8
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F ig .2 .1 .4. O verall construction o f  the magnetron with opposed rectangular targets used for the experim ents.
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2 . 1 3 .  T H E  D E S I G N  O F  T H E  A N T I - A R C I N G  S H I E L D S

During the magnetron operation, the sputtered material is scattered in all d irections, cover in g all 

surfaces inside the magnetron’s chamber.

The design and mounting o f  the shields that prevent unwanted metal deposition , arcing, 

short-circuit paths and sputtering between the high voltage electrodes and the grounded 

com ponents is therefore o f high importance, as without these shields, the operation o f  the 

magnetron is  not possible. T hese shields made possible a continuous long-term  operation o f  the 

magnetron practically without any maintenance and allow ed performing experim ents with the 

designed magnetron.

The mounting o f  the anti-arcing shield  assem blies is presented in F ig.2.1.5.

- 1 0  I n s u l a t e d  H V  c a b l e

S h i e l d  A a s e m b l y  1 —  -------

S h i e l d  A s s e m b l y  2  —  -----

S l u e l d  A s s e m b l y .  Î

S h i e l d  A s s e m b l y .  ■*

S h i e l d  A s s e m b l y  5 ------ —.

p a s

S h ie ld  A s s e m b l y  5 -  

S h i e l d  A s s e m b l y  4 -  

S h i e l d  A s s e m b l y  3 -

S h i e l d  A s s e m b l y  1~- 

S h ie ld  A s s e m b l y  6

_  8  H o ld e r  

\ —  7  H o l d e r  b o l t

 6  P l a s t i c  i n s u l a t o r s

---------1  G r o u n d e d  e l e c t r i c  s h i e l d

 -------- 4  M a g n e t i c  p o l e  c a s «

— 9  C h a m b e r 's  d o o r

Fig.2.1 .5 . The target assem bly show ing the insulator shields designed to shield  the hot electrode  

from the unwanted deposition and prevent arcing and sputtering on unwanted surfaces.

D etailed drawings o f  the anti -arch ing shield are presented in F ig .2 .1 .6  and F ig .2 .1 .7 . N ote that 

the insulators for the upper position are different from those for the low er position. A  detailed  

drawing o f  the targets is  presented in F ig .2 .1. 8  a, b.
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F ig .2 .1 .6 : In s u la to rs  fo r  a b o v e  th e  s te m  (h o ld e r ) .  T h e  m a te ria l  u s e d  is  T E F L O N .

Insu la tors to r above the  stem  (h o ld e r)

a ) For upper sides

b ) For low e r sides.

Both blue and y e lo w  insu la to rs can  be made o f TEFLON

. 0 1 5  , 

L  0 1 1  i |

j t
— 4  6

1 8

I ■

5

0 2 0

0 2 S

0 3 5

Insu la tors fo r under the  stem , fo r both upper and to w e r p o s tio n s .

Fig.2.1.7: Insulators for below  the stem  (holder). The material used is THFl.ON
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F ig .2 .1 .8  (a) T A R G E T , th ick ness= 9.5m m  (Cu target) and 11.0 mm (Fc target) 

M A TER IA LS: Cu. Fe; 2 T A R G E T S O F EACH  M A TE R IA L  

F ig .2 .1 .8  (b ) C ountersink heads; h=5.5m in; M 5.5 , O int=6.1 mm.
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2  2  T H E  P O W E R  S U P P L Y  A N D  P U L S E D  D C  B IA S

The power supply used to generate the High V oltage bias on the targets o f  the magnetron is an 

R PG -50 ENI Pulsed DC plasm a generator Its main applications charactensties and operation  

m odes and w ill be presented shortly next, having as reference the ENI Operation M anual [11] 

Pulsed DC operation o f  magnetrons has opened w ide possibilities for im provem ent in 

depositing all types o f  film s, and especia lly  dielectric film s, a process that m conventional 

reactive DC  plasm a sputtering is hindered by arcing The arcing occurs as an insulating layer 

form s on the target and causes a build-up o f  electrical charges leading to the accum ulation o f  

high potentials producing arcs, through either dielectric breakdown o f  the dielectric material or 

betw een the target racetrack and the charged dielectric areas The ENI RPG elim inates these 

arcs by regularly pulsing a positive bias that allow s plasm a electrons to reach the targets and 

discharge the dielectric material

The RPG fam ily o f  pulsed generators features Arc D etection allow ing to estinguish arcs 

that cannot be prevented through the asym m etric bipolar, pulsed output, by checking for the low  

voltage values dunng arcing and setting a positive  bias for 250]U,s to estinguish the arc 

The RPG generator allow s several m odes o f  operation for D C  and pulsed DC output, providing  

negative bias to the magnetron cathodes (targets) w hile acting as a constant current source 

Constant Run M ode enabling (or ramping) the output at the set-point,

Run-time M ode allow s the output to be energized for a specific penod  o f  tim e,

Jules M ode a llow  the output to be energized until the required quantity o f  energy has 

been delivered to the load,

Sequence M ode allow s the user to define an output ”w aveform ” o f  up to 10 segm ents 

The Asym m etric Bipolar Pulsed DC B ias M ode with Constant Current Run M ode has been used  

throughout all experim ents described in the fo llow in g  chapters as pulsed DC operation The 

constant current was set at a value m the range 0 2- 6 A  w hile the pulse frequency has been  

selected in the range 50k H z-250kH z (m ainly at 50kH z) and the pulse - o f f  time has been  

selected from values in the range 496ns- 8016ns

A schem atics o f  the electrical connection used is presented in Fig 2 2 1 A ll blue 

connections are ground connections (the substrate, chamber and m agnetic p o les’ shields) and 

the red connections (the targets) are connected to the High V oltage negative bias

The RPG is designed with a fu lly floating output This requires the user to supply both 

connections to the process chamber, thus avoiding m ultiple ground paths or loops The High  

V oltage connection cable recom m ended and used for this application was the RG 392U  Silver- 

plated, double shield  cable with T eflon Center Insulator

13
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Fig.2 .2 .1. The RPG electrical connections to the discharge chamber.
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2  3  T H E  A C O U S T O -O P T IC  S P E C T R O M E T E R

The spectrometer used for O ptical E m ission Spectroscopy diagnostic m the work presented in 

this thesis is a T im e-R esolving  A cousto-optic U V /V IS  Spectrom eter (A O S 4-1 juchron 02)  

provided by IflJ GmbH Privates Institut fur U m w eltanalysen, Chem nitz, Germany [12]

The advantages o f  AO S to conventional (prism or grating) spectrom eters are the 

fo llow ing

- D o not require m oving m echanical parts,

- Fast electronic w avelength selection,

- B i-dim ensional aperture,

- High resolution

The A O S -4 allow s measuring sm all amounts o f  light in a narrow spectral band and fast random  

w avelength access (fast sw itching betw een free chosen w avelengths) A short description o f the 

operation principle and its perform ances are presented next

2  3 1  T H E  O P E R A T IN G  P R IN C IP L E

In A cousto-optic spectrometers, the spectral d ispersion o f  the broadband optical signal is 

performed by an A cousto-optic Tunable Filter (AO TF), that allow s fast, tunable w avelength  

scanning and selection and a narrow band filtering

The selected w avelength is detected by a broadband photom ultiplier PM T with a single  

cathode configuration and the electronic signal is fed to a computer, for analysis using the 

“Intellispec” software provided by IfU  GmbH [12]

The A O TF is an electronically tuned optical filter that operates on the principle o f  

acousto-optic diffraction in an amstropic m edium  This im plies that no slit is required for 

w avelength selection as in conventional spectrom eters and a bi-dim ensional aperture can be 

used

The principle o f  the A O T F is based on the interaction betw een an acoustic w ave and the 

optical beam  inside the anisotropic crystal In the AOTF, an RF powered p iezo-e lectn c  

transducer bonded to a quartz ( S i0 2) crystal generates sinusoidal acoustic com pression w aves  

that alter the refractive index o f the birefnngent crystal in a periodic pattern This creates a 

m obile diffraction grating with a constant equal to the acoustic frequency The principle o f  

optical w avelength selection is based on the m om entum  m atching condition (Fig 2 3 2)

~ K } + k a , (2 3 1)

where k a is the acoustic w ave vector and K n K d are the incident and diffracted w ave vectors

For collm ear K r and k a (collinear acousto-optic  interaction) the m om entum  m atching (phase 

m atching) condition becom es [2 ]
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A  =  (2 .3 .2 )

f a

with A the selected  optical w avelength, va , / flthe acoustic velocity and respectively  

frequency, An = |  ne -  n{) | is the birefringence, « ()and nt. are the refractive ind ices for the

ordinarily and extraordinary polarized light.

The propagating acoustic w ave generates a m obile phase grating in the volum e o f the 

crystal, which w ill diffract on ly a lim ited spectral band o f  the incident beam , that satisfies the 

phase-m atching (m om entum  m atching) condition (2 .3 .1 ). A s diffraction occurs over an 

extended volum e o f  the crystal, only a limited band o f  frequencies are affected, so  A O T F  

performs more as a passband filter than as a diffraction grating. By changing the acoustic  

frequency it is thus possible to tune the passband o f the filter over a w ide spectral region. The 

selected  wavelength is diffracted with maxim um  intensity in the first order beam  (B ragg law). 

The resolv ing power o f  the spectral filter is given by [13]:

R = ^ - .  (2 .3 .3 )
A

w here L is the interaction length inside the crystal. For collinear A O T F the spectral resolution is 

maintained over a relatively large angular distribution o f  the incident light.

The periodicity and intensity o f  the refractive index m odulation depends on the frequency  

and respectively on the am plitude (power) o f  the applied R F signal.

T he time response o f  an A O T F is determined by the acoustic transit tim e across the 

optical beam, which is o f  the order o f  several p s  [13].

F ig .2 .3 .1 . Schem atics o f  the A cousto-optic system  for quartz crystals: I - entrance non-polarized  

radiation; 2.7 - polarizers; 3 - anisotropic crystal; 4  - p iezoelectric emitter o f  acoustic wave; 5 - 

absorber o f  acoustic wave: 6  -  non-diffracted radiation with starting polarization; 8  - diffracted  

radiation polarized orthogonal to starting polarization.
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b )

F ig .2 .3 .2 . V ector diagram o f  the m om entum  match condition (2 .3 .1 ) for collinear and non- 

collinear acoustic and optical waves.

2 .3 .2 . O P E R A T IO N  M O D E S

a) The spectral scanning m ode.

T he spectrum o f  the optic signal can be scanned in the pre-defined range with data accum ulation  

over a measuring tim e o f  5 .1 0 .2 0 .3 0 .4 0 .6 0  and 80  m s per spectral point depending on the 

settings.

b) Chronogram

A llow s quasi-parallel observation o f  up to  20  w avelengths by fast sw itching betw een the 

w avelengths, with a w avelength access tim e o f  less  than 1ms. The measurement per spectral 

point itself co n sists  o f  signal and background integration tim e, leading to a total tim e resolution

o f  5 ms.

c ) S ingle Shot (M icrochronogram )

The optical signal is  sam pled by a fast A D  con ven er. The time resolution for this m ode is 20ns. 

The measurement has to be triggered by an external trigger signal from the pulsed power 

supply.

2 .3 J .  P E R F O R M A N C E S

1. W avelength range: 250-850nm :

2 . The spectral resolution o f  a tunable filter is defined as the FW HM o f  the main peak o f  

the selected  optical output and is  a function o f  both the w avelength and d evice configuration.

T he A O S-4 resolution as given by the manufacturer is presented in F ig.2.3.3.
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3 . Due to the com bined filter action o f  the diffraction grating and the acousto-optic phase 

m atching condition, the passband o f  the acousto-optic spectrom eters - equivalent to  the 

Instrumental Profile (IP) o f  conventional spectrom eters -is  very sm all. For quartz collinear  

A O S. the typical passband (bandwidth) is  1.5 A .  [I3J. T his is  w hy. w avelength selection in 

A O S -4 can be made with a precision up to 0.1 A  and the tim e-resolved m easurem ents provide 

directly the intensity o f the specified wavelength.

A s the A O S -4 passband has not been defined by the manufacturer, it had to be 

determined using calibration lam ps. The Ne and H g (Phillips 93 0 99 ) g lo w  discharge calibration  

lamps have been used. T hese lam ps have em ission lines widths o f  the order o f  0 . 0 1  A  and arc 

sp ecifically  designed for use in IP determ ination. The obtained IP. along with the AOS  

resolution are presented in F ig.2.3.3.

4 .  The Intensity R esponse 1R o f  the A O S with w avelength is m ainly determ ined by the 

acoustic power applied to the crystal, the crystal’s optical transm ission and the spectral response 

o f  the photomultiplier (PM T). The relative intensity o f  lines situated at c lo se  w avelengths is 

on ly  affected by the spectral response o f  the PMT.

The accuracy in the determination o f  lines’ intensities can be im proved by performing a 

calibration o f  the intensity throughput o f  the system  using a “blackbody” em ission  lamp. 

N evertheless, the intensity response with w avelength is expected to be linear, m ainly fo llow in g  

the spectral response o f  the PMT and therefore, these corrections w ill not bring changes in the 

relative lines’ intensities for lines situated at c lo se  w avelengths in the range 450-500n m .
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2  3  4  F IB E R  O P T IC  C A B L E S

The optical signal is fed to the optical port o f  the A O S -4 spectrom eter through fiber optic cables  

with the fo llow in g  characteristics

Cable A U V V IS ,(200-850n m ) fiber patchchord, 200 |im  aperture, 5m  long, SM A  905  

connectors, (953-579-T 22T ), manufacturer Thorlabs, U SA ,

Cable B high pow ered U V V IS  (200-900nm ) fiber patchcord, 365/400|am  aperture, 

3m m  O D  jacketed, 5m  long, SM A  905 connectors, (Q M M J-55-U V V IS-365/400)  

manufacturer OZ Optics Ltd Canada,

Cable C high powered U V V IS  (200-900nm ) fiber patchcord, 365/400|U,m aperture, 

3m m  O D  jacketed, 0  7m  long, SM A  905 connectors, (Q M M J-55-U V V IS -365/400-3A S)  

manufacturer OZ Optics Ltd Canada

This is how  they have been used during the experim ents

- Cables A and B have a length o f  5m , allow ing the transport o f  the optical signal from  

the chamber port to the input o f  the spectrom eter

- Cable A has been used only for readings with the probe in a fixed position, d irectly at 

the cham ber’s port

- Cables B and C (from the sam e manufacturer) have the same perform ances and have 

been used for space-resolved m easurem ents that im ply the use o f  tw o cables (inside and outside  

the chamber)

- Cable C has been used inside the discharge chamber and is provided with a metal 

outer jacket to prevent outgasing under vacuum

1 9



C h a p t e r  2 _________ E q u i p m e n t

2 4  T H E  Q U A D R U P O L E  M A S S -E N E R G Y  A N A L Y S E R

An Electrostatic Quadrupole Plasm a (EQP 300) m ass-energy analyser provided by Hiden  

A nalitical Ltd has been used for the m easurem ents and analysis o f  Ion Energy Spectra at the 

substrate region in the opposed target magnetron discharge

A  short descnpUon o f  the construction and operation o f  the H A L EQP analyser will be 

presented next, having as mam reference the “EQP/EQS Analyser M anual” [14] provided by  

Hiden Analytical

The HAL EQP Analyser is a high-transmission 45° sector fie ld  ion energy analyser and 

quadrupole m ass-spectrom eter designed as a diagnostic tool for plasm a or Secondary Ion M ass 

Spectrom eter (SIM S) analysis M ass spectra o f  neutrals, ions and radicals, as w ell as energy  

spectra o f  ions in the energy range OeV-lOOeV can be measured The standard system  com prises 

a Plasm a/SIM S M ass Spectrom eter Interface Unit (M SIU ), a Radio Frequency (RF) Head, and 

EQP probe installed within the vacuum  system  and the connection cables (Fig 2 4  1)

The EQP probe and analyser can be used to study plasm a transients and afterglows and 

ion fluxes and the EQP probe has been used throughout all experim ents described in this work

Fig 2 4  1 The standard H IDEN EQP 300  analyser system

The EQP probe is mounted in a com pact differential pum ping housing The EQP analyser is 

fitted with a twin filam ent electron-im pact ion source for the analysis o f  neutral particles The 

RF Head contains signal-conditioning electronics and RF power supply for the quadrupole 

m ass-filter and w iring to connect the M SIU generated signals and voltages to the probe
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The instrument is operated via an IBM PC running the HAL M A S soft application under M S  

W indow s The software (described in the HAL M A S soft U ser M anual) provides com plete  

control over tuning the instrument, data acquisition, storage, recall and analysis 

The EQP probe com p oses the fo llow in g  item s

- A n Ion extraction system ,

- A twin filam ent electron im pact ion source for Residual Gas A nalysis (RG A ) o f  neutrals 

and radicals,

- A  cover tube protects the ion extractor that is provided with a small sam pling orifice  

(5 0 |im  diameter) connecting to the gas chamber for ion and gas inlet

- The EQP probe is pum ped to operation pressures by its own turbo-molecular pump

- A 45° electrostatic field  energy filter for energy analysis,

- A  triple section quadrupole m ass-filter for m ass-to-charge ratio analysis,

- A  detector an ion counting Secondary Electron M ultiplier (SEM ) which counts the 

number o f  ions striking it per second

The m ass filter and detector are supported by a C onflat flange (D N -63-C F) located at the end o f  

the energy filter

2  4  1 T U N IN G  T H E  E Q P  A N A L Y S E R

In order to perform the energy and m ass analysis o f  ions, neutrals and radicals generated in the 

plasma, the EQP has a an array o f  about 20  electrostatic lenses (electrodes) that can be adjusted 

Both automatic and manual tuning can be performed For the m easurements in the work further 

described, only the automatic tuning has been used The tuning is recom m ended in the 

fo llow in g  situations

-W hen the plasm a energy has changed through changes in the gas pressure, power, etc 

-Changing the m ass o f  the neutral or ion to investigate,

-Changing the plasm a gas,

-Changing the EQP orifice or detector,

-Changing the geom etry o f  the system ,

-If the Extractor, Lens 1 or ionisation source becom e coated,

-After the EQP probe cleaning  

The automatic tuning is performed by running one o f  the tuning files  provided for the 

application by the M A Ssoft software

-postune exp optim izes the ion extraction optics and sector field  energy filter for positive ions, 

-negtune exp optim izes the ion extraction optics and sector field  energy filter for negative ions, 

-rgatune exp optim izes the R GA  operation using mass 18,

-master exp generates the Profile, Bar, M A P scans in the R GA  m ode

2 1
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The R GA  tuning is not necessary in m ost cases, the voltage settings being those from the 

factory

The tuning o f  the Secondary Ion M ass Spectrom eter is necessary in order to adjust and 

optim ize the analyser settings to the plasm a energy, power, type o f  gas and its pressure, 

cham ber’s geom etry, etc W hen setting -  up the system , the critical values are the extraction  

electrodes, the energy and the m ass M ore information on the structure and variables available  

to scan are presented in the M A S soft manual

The ion energy detected by the EQP probe is dictated by the electric field  conditions  

inside the plasm a at the probe region and the tuning process aim at adjusting the local plasma  

potential and the potential on the extractor lense, in order to provide a type o f  energy calibration  

for the system  and accurately determine the actual ion energy M ore com m ents on the 

im portance o f  the tuning for the EQP analyser w ill be discussed in Chapter (5 4) in connection  

to the space-resolved Ion Energy Spectra measured m  the opposed target magnetron plasm a
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2 .5 . O V E R A L L  V IE W  O F  T H E  E X P E R IM E N T A L  S Y S T E M

A drawing o f  the overall experimental system  is presented in Fig. 2 .5 .4  and a lso  several pictures 

o f  the magnetron (Fig. 2 .5 .1 ) the inside o f  the cham ber (F ig .2 .5 .2 ) and the overall set-up picture 

(F ig.2.5 .3).

_ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ C h a p t e r  2 : ______ E q u i p m e n t

Fig.2 .5 .1. V iew  o f  the magnetron

F ig .2 .5 .2 . View- in s id e  th e  m a g n e tro n  c h a m b e r .
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Chapter 2 Equipment
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C h a p t e r  3  N u m e r i c a l  M e t h o d s

C H A P T E R  3  

N U M E R I C A L  M E T H O D S

This chapter presents the numerical algorithms developed  for the calculation o f  

-the m agnetic field ,

-the 3D  ion trajectories in electric and m agnetic fields,

-the M onte Carlo sim ulation o f  ion transport during pulsed DC sputtering 

The theoretical background, results, conclusions and exam ples are provided
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3 .1 : C A L C U L A T IO N  O F  T H E  M A G N E T IC  F I E L D

3.1 .1  T H E  C U R R E N T  S H E E T  M E T H O D

The magnetic field produced by a magnetic d ipole is equivalent to the magnetic field  produced  

in the cross-section o f  tw o parallel w ires with opposed current density [15], w hile for a 3D  

magnet, the magnetic field is equivalent to that produced by  tw o  parallel current sheets o f  equal 

current density and opposed direction (F ig .3 .1.1).

The m agnetic field can be calculated [15] starting from  the magnetic vector potential A 

generated by a linear current density, deduced from the A m pere’s I.aw:

(3.1.1)
J 4 x \ r - r \

If the current / ( r ) i s  in fact a current density per unit area in a volum e V. the m agnetic vector 

potential A ( f ) becom es:

¿ C r ) = t A m L .  (3 . , .2 )

; 4 x \ r - r \

w hich for a 3D  rectangular distribution (F ig .3 .1 .1 ) can be written as:

ooo 4 / r | r - ? ,|

and

B(r) = V x A ( r ) ;  (3 .1 .4 )

D i r e c t i o n  o f  B

T h e  c u r r e n t  s h e e t  

o f  f i n i t e  l e n g t h  L

F ig .3 .1.1: The currcnt sheets producing a m agnetic field equivalent to a rectangular magnet.
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T o evaluate the m agnetic in the X O Z cross-section  o f a long magnetron, only the field  given by

2D  rectangular m agnets has to be found, w hile A  =  (0 , A y ,0 )  Considering on ly  2D  rectangular

m agnets the integral over W  is no longer necessary

T o evaluate the integral over L, the m agnetic vector potential Ay can be derived [15] as 

the m agnetic vector potential given by two current w ires o f  length L situated at the distance W  

from  each other in the plane XO Z

L  ,  , . L

. = M r
y An

A„ = ^ [  f  . W  f  . Idy" - I ,  (3 1 5)

o ^ ( x - x {)2 + ( y ' - y \ )2 + { z - z \ ) 2 o yl(x  ~ x i ) 2 +  ( y " - y i ) 2 +  (z ~  zi )  

w here Xi, x2, yi, y2 , and Zi, z2 are the coordinates o f  the wires in a 3D  geom etry, 

W =  ^[{xi -  x2)2 +  (Vi -  y 2 ) 2  + U i _  -̂ 2 ) 2 18  tt1 6  d istance betw een the w ires and I is the current 

density

The evaluation o f  the integrals leads to

= ~ { \n \y '+ i j ( x -x { )2 +(y'-y{)2 + ( z - Z \ ) 2]- \n \y"+ ^j(x-X 2 ) 2 +{y ''-y2)2 +  ( z -  z2)2 ]}o . 
2 n

(3 1 6 )

For a long magnetron, the contnbution to Ay g iven  by each current elem ent along the length o f  

the wire L can be then evaluated allow ing L to approach infinity, leading to

( 317)

4 t t  ( x - x j )  +  ( z - z : )

Finally, the magnetic vector potential produced by a 2D  rectangular m agnetic layer (o f  

dim ensions W  x h) can be derived by integrating the expression o f  the m agnetic vector potential 

(3 1 7) over the height h o f the current sheets (situated at the distance W  from  each other)

=  J  +  V  , ( 3 , 8 )

y 0j  47T ( X- Xlf  + (Z- Zlf

The magnetic flux density com ponents B x and B z can be derived from  Eq 3 1 4 giving

BX =  =  [  £ - [ ----------------  2 -------------------- 2 -------- 2 ]dfc, (3 1 9)
dz  * 271 (X- Xl )2 + (Z- Zl)2 ( x - X2)2 + ( z - z 2)

— ---------- i z a — v „ ,  o h o

dx J I n  ( x - x 2) + ( z - z 2) O - X j )  + ( z - z ! )

The current sheet with a normal n to the surface and a current intensity I are related to the 

m agnetization Br o f  the m agnetic material through the relation

7  =  —  Br x n ,  (3 1 1 1 )

M o
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Considering a large m agnet being com posed o f  sm aller m agnets form ing an array o f  m x n 

m agnet elem ents, the field  generated by the large m agnet is a summ ation o f  the fields generated  

by each elem ent in the array

mxn h , , T

- 1  J  £ ■ , .  A — t  -  — — 4 = ^ — 5 - ] *  o 1 1 2 >

1 5 2 n  { X - X X) +  ( z - z x) ( x - x 2 ) + ( z - z 2 )

v ?  \  u l  r  x - x 2  J t - X i

B z  =  | "I t 9  5   ̂ T \d h , (3 1  13)

1 0 (x ~ * 2 )  + ( z - Z 2 )  + ( Z “ Zj )

w here x  and z are the coordinates in the plane X O Z o f  the point where the field  com ponents are 

calculated and x}, x2 and zj, Z2 are the coordinates o f  the m agnet elem ents form ing the array

In the case o f  the opposed target magnetron the tw o m agnet arrays are identical and with  

opposed polarities having the sam e direction o f  the individual com ponents o f  the m agnetic fie ld  

(B lx , B 2x  and respectively B i z ,  B 2z) and the total com ponents o f  m agnetic field  B x and B z in 

the region betw een the targets are given by  

B x = B lx  + B 2x ,

B z = B lz  +  B 2z, (3 1 14)

where B l x ,  B i z  are the com ponents o f  the m agnetic field  produced by one m agnet and B 2x , 

B 2z are the m agnetic field  com ponents produced by the second (opposed m agnet) The above  

form ulas apply when the targets are m ade o f a non-ferrom agnetic material

W hen using Fe targets, the m agnetic field  com ponents parallel to the targets are absorbed  

by the ferromagnetic material o f  the target due to the discontinuity in this com ponent at the 

x boundary betw een two materials with different m agnetic perm eability [ 1 0 ]

B x n  -  —  B{)x h , (3 1 1 5 )

Mo

where n is the normal to the boundary (the target surface), jUq , Bq are the perm eability and field

values in air, w hile / /  , B  are the values m the ferromagnetic material A s the perm eability o f  

iron is at least 1 0 0  tim es higher than that o f  air, the tangential com ponent o f  the m agnetic fie ld  

can be approximated as

B x = (B lx  +  B 2x)/1 00 , w hile the normal com ponent B z, stays the same 

B z = B lz  +  B 2z, (3 1 16)

C alculations o f  the m agnetic flux density B distribution in the space region betw een the targets 

are presented next, for both non-ferrom agnetic (Cu) and ferromagnetic (Fe) targets

The above form ulas (3 1 14 and 3 1 16) were used to calculate the m agnetic field

distribution produced by the m agnetic p oles  in the opposed target magnetron
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3 1 2  T H E  C P R O G R A M  S T R U C T U R E

B ased on the above considerations I have written a com puter program in the C language to 

calculate the m agnetic field  in the X O Z cross-section  o f the magnetron A  diagram o f  the 

program is shown in Fig 3 1 2

Fig 3 1 2  D iagram  o f  the algorithm  for the calculation o f  the m agnetic field  

3 1 3  T H E  M A G N E T IC  P O L E  C O N F IG U R A T IO N

The configuration o f  the m agnetic poles has been chosen in such a way that the m agnetic field  

flux density is uniform in front o f each target The structure o f  the chosen geom etry for the 

m agnetic pole is show n in Fig 3 1 3

D ue to the necessity to pass the cooling water tubes for the targets situated in front o f  the 

m agnetic p oles  (on top o f  the structure presented in Fig 3 1 3 ) ,  the m agnetic pole has a com p lex  

structure with gaps It is m ainly com p osed out o f  2 blocks separated on the O Y axis by a 30m m  

gap The blue colour represents the m agnet material and the yellow  colour the plastic m atenal 

used to separate the m agnets and form a gap The space betw een the 2 blocks is em pty (to allow  

the passage o f  coolin g  water tubes) the separation being  provided by the outer casing o f the 

m agnetic pole
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Due to the large gaps in the structure o f  the m agnetic p o le , the m agnetic field is not constant in 

different cross-sections along the O Y axis. In order to avoid  the m agnetic field non-uniform ities  

along the OY axis, for all the experim ents, the XOZ cross-section  considered for observing  

different plasma parameters, esp ecia lly  for the optical em ission  observations is considered at 

30m m  from the ed ge o f  the m agnetic pole, where the m agnetic field distribution along O Y  is 

not perturbed.

F ig .3.1.3: 3D  view  o f  one magnet pole in the opposed target magnetron.

M A G N E T IC  P O L E S  D E S IG N :

M A G N E T IC  M A T E R IA L : N d F eB ; B r - 1 .2 T  

D IM E N S IO N S : 80  x  6 0  x  1 6 0  m m

Each magnetic pole (F ig. 3 .1 .3 ) is  provided with gaps (y e llo w ) in the XOZ and XOY cross- 

sections to allow  the passage o f  coo lin g  water tubes. T h e opposed pole has a sym m etrical 

structure, with opposed polarity o f  the m agnetic field.

For the purpose o f  calculation, the m agnetic regions are divided into an array o f  m agnets, 

with elem ents having the follow ing  dim ensions: h=5m m , w =10m m . l=30m m . T he resulting 

magnet array in the XO Z cross-section  can be seen in F ig .3 .1.4.

3 .1 .4  T H E  M A G N E T IC  F IE L D  D IS T R IB U T IO N

T he magnetic flux density B distribution for the opposed target magnetron with Cu targets is 

show n in F ig.3 .1 .4. F ig.3.1 .5 , F ig .3 .1 .6 , F ig.3 .1 .7 and F ig .3 .1 .8 . T he image in F ig .3 .1 .4  has 

been obtained with a M atlab cod e for calculating m agnetic fields provided by Prof. D.C. 

Cameron.
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C  ' h o o t e r  J :  N u m e r i c a l  M e t h o d s

Fig.3.1.4: The magnetic flux density B [T ] distribution in the plane X O Z with the actual magnet 

arrays. The blue lines represent the m agnetic vector potential while the red lines represent the 

m agnetic flux density.

•ig.3.1.5: The m agnetic field flux density BfT) distribution for the opposed target magnetron in 

the plane XOZ. The targets are situated at top and bottom ed g e s  o f  the figure.
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In F ig .3 .1 .4  an d  F ig .3 .1 .5 ,  th e B  fie ld  co n to u r  l in e s  are  p a ra lle l to  th e O x  a x is  near th e target, 

in d ica tin g  a co n sta n t m a g n etic  f lu x  d e n s ity  in  th ese  r e g io n s . T h is  is  a resu lt o f  a  sp e c ia l d e s ig n  

o f  th e m a g n et array. T h e  m a g n et arrays are  situ a ted  at th e to p  an d  b o tto m  o f  th e figu re.

T h e  im a g e  in F ig .3 .1 .5  an d  the fo llo w in g  h a v e  b een  o b ta in ed  u s in g  th e C  c o d e  d escr ib ed  

in  th e p rev io u s  s e c t io n  an d  a  M atla b  v iew e r .

F ig .3 .1 .6 :  3 D  v ie w  o f  the m a g n etic  flu x  d e n s ity  B c o n to u r  l in e s  in  the reg io n  b e tw e e n  the  

ta rgets , for the co n fig u ra tio n  w ith  C u  targets.
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F ig .3 .1 .7 :  3 D  v ie w  o f  ih e  m a g n e t ic  flu x  d e n s ity  B  c o n to u r  l in e s  in th e re g io n  b e tw e e n  the  

ta rg ets , fo r  the co n fig u r a tio n  w ith  F e  targets.

F ig .3 .1 .8 :  3 D  co m p a r a tiv e  v ie w  o f  th e m a g n etic  flu x  d e n s ity  B  co n to u r  l in e s  fo r  the tw o  

c o n fig u r a tio n s  (C u  ta rg ets , r e s p e c tiv e ly  F e  ta rg ets). T h e  co n fig u r a tio n  w ith  C u  ta rgets  h as  

h ig h er  v a lu e s . Z (m n i) is  th e d is ta n c e  b e tw e e n  the targets.
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3 1 5  D IS C U S S IO N  A N D  C O N C L U S IO N S

In this chapter, the structure o f  the m agnetic poles has been presented along with the algorithm  

for calculating the distribution o f  the m agnetic flux density based on a calculation o f  the 

m agnetic vector potential generated by the equivalent current densities o f  the m agnetic regions 

I have written the com puter program in C language that allow s the calculation o f  the 

m agnetic field  flux density for any cross-section in a com plex  m agnet structure according the 

presented algorithm The m agnetic field  can be calculated for any 2D  array com posed o f  magnet 

elem ents o f  d ifferent intensities and gaps o f  various s izes situated at different locations

The original side o f  this program is the calculation o f  the m agnet elem ents coordinates

that allow  reading com plex m agnet array geom etn es including gaps

The program w ill be used to calculate the m agnetic field  m esh or values at each point for 

use in calculating the charged particle trajectory for M onte Carlo sim ulations as presented in the 

next section The advantage in using the C language to calculate the m agnetic fie ld  is that the 

code can perform the calculations much faster than using the Matlab routine, allow ing its use  

during a com puter sim ulation o f  particles trajectories in m agnetic and electric fields

The calculated distribution o f  the m agnetic flux density has been presented as 2D  and 3D

im ages for the configuration with Cu and with Fe targets

In the case o f  Fe targets, the m agnetic fie ld  is strongly affected by the presence o f  the 

ferromagnetic material, leading to a le ss uniform field  in front o f  the targets, the m agnetic flux  

density being concentrated in the centre o f  the target cross-section
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3 2 3D  C H A R G E D  P A R T IC L E S  T R A J E C T O R IE S  IN  T IM E -D E P E N D E N T  

E L E C T R IC  A N D  M A G N E T IC  F IE L D S  

3 2 1  IN T R O D U C T IO N

In general, the dynam ics o f  m agnetized plasm as can be described by solving the equation o f  

m otion for each individual particle The electric and m agnetic fields generated by the particles 

distribution and m ovem ent have to be included in each equation, along with the external electric 

and magnetic field s This leads to an ensem ble o f  coupled equations that have to be solved  

sim ultaneously leading to a solution that is d ifficult to obtain and has little inform ation about the 

co llective behaviour o f  the plasm a particles

Therefore, there are several types o f  approximations that lead to different approaches in 

studying the behaviour and properties o f  m agnetized plasmas

1 The single particle motion description it describes the motion o f  a particle under the 

influence o f  external electric and m agnetic fields, neglecting  the co llective behaviour o f  the 

plasma This approach is useful for studying low -density  plasmas and can be used for M onte 

Carlo sim ulations o f  particle transport in m agnetized plasm as T o ensure a good statistics, a 

large number o f  particles trajectories should be studied, along with their interactions history  

Typical results can provide information on time and space-dependent particles’ energy and 

density, number o f  interactions and density o f  ionised and exited atoms, particles’ transit times, 

etc

2 The m agnetohydrodynam ic approach treats plasma as a conducting fluid im m ersed m a 

m agnetic field, able to maintain local equilibria This fluid is described by m acroscopic  

variables average density, velocity, temperature This approach is useful when studying lo w  

frequency w ave phenom ena

3 The m ulti-fluid approach applies the m agnetohydrodynam ic theory to different particle 

sp ecies electrons, protons, heavier ions, assum ing that each sp ecies behaves like a separate 

fluid This approach accounts for charge separation fields and can be used for studying high- 

frequency w ave propagation in the plasma

4 The kinetic theory is the m ost advanced plasm a theory, adopting a statistical approach 

Instead o f  solv ing the equation o f  motion for each individual particle, it observes the evolution  

o f  the distribution function o f  the system  o f  particles under different conditions and sim plifying  

assum ptions

The single particle m otion description will be developed  in the fo llow in g  chapters 

3 2 2 S IN G L E  P A R T IC L E  M O T IO N

In a situation where the charged particles do not interact directly with each other and their 

m ovem ent is not coupled to influence the total m agnetic field  significantly, the m otion o f  each  

particle can be treated independently This approach is valid only for very rarefied plasmas

3 6



C h a p t e r  3  N u m e r i c a l  M e t h o d s

w here co llective effects are negligib le and the m agnetic field  produced by the current generated  

by the charged particle’s m otion is much smaller than the external m agnetic field

The single particle m otion in m agnetized plasmas can be applied only for co lh sio n less  

( v«Q.)  m agnetized plasm as, where the gyroradius r is much smaller than the typical vanation  

length-scale o f  the external E and B fields, and the gyropenod Q. 1 is much le ss than the typical 

tim e scale x on which these fields can change This type o f  co lh sion less, m agnetized plasmas 

are encountered in m agnetic fusion and space plasma physics as w ell as in certain types o f  

m agnetrons, where the above conditions apply

3  2  3  M O T IO N  IN  U N IF O R M  F IE L D S

The motion o f  charged particles in electrom agnetic fields is often treated as a set o f  tw o separate 

m otions parallel and perpendicular to the m agnetic fie ld  direction each o f  them  including  

several types o f  drifts

In the fo llow in g  presentation, to keep all equations and variables consistent with each  

other and m ake them  suitable for numerical com putation in the frame o f a C language program, 

this separation w ill be applied, but the governing equation for the total particle velocity  w ill 

contain all possible  m otions, being derived from  the second law  o f  dynam ics

The equation o f  m otion o f a charged particle m a constant, static, electric and m agnetic  

fields is described by the fo llow in g  equation o f  m otion

m —  =e(E + v x B )  (3 2 1)
dt

The change in the total velocity d V for each time interval dt can be written as

d V = q ( E  + v x  B )d t  = q[(Ep + En) H v p +vn) x B  ]dt (3 2 2)

where the indexes p and n indicate the com ponents o f  the electric field  E  or total ve locity  V

parallel, respectively normal to the direction o f  the m agnetic field  B  and q-e/m  is the specific  

charge o f  the particle

The particles’ velocity  can be decom posed into tw o com ponents, parallel and normal to 

the direction o f  the m agnetic field  B

d v p = q [ E p + v p x B ] d t = q E p dt (3 2 3)

d Vn = q [ E n + Vn x B]dt ( 3 2 4 )

Taking into account the initial velocities, the total velocity  o f  a charged particle after each time 

interval dt is

v  =  v p  +  q E p d t + v n +  q [ E n +  v n x B ]d t  , or

v =  v0 +  q E p d t  +  q [ ] E n  +  v„  x  f i ] d t ,  (3  2  5 )
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w here Vq =  vp represents the initial total velocity  at the m om ent t = t o  and V is the total 

velocity  at the m om ent t = t o + d t  T he equation indicates that the particle has a translation motion  

along the B  field  com bined with a circular motion in a plane normal to B

The circular motion is sustained by the Lorentz force Fj_ = q(vxB)dt  and the force

given by E n , the electric field  com ponent normal to the m agnetic field  B A s at every m om ent

dt, the force FN can provide a m echanical work and increase the particle’s energy only along

the direction o f vn w hich changes in dt by an angle a , , the actual FN is

FN =q E„ c o s  ( a , )  (3  2  6 )

S o the general equation for the total velocity  vector evolution in time is

v = v p + q E p dt + vn + q E ndtcos(oQ + q(vn x B )dt, or (3 2  7)

v =  v 0 +  Q E  p dt + q E n dt cos{a ,) + q( vn x B )dt, ( 3  2  8 )

The parallel and normal com ponents o f  the velocity and the e lectn c  field  can be expressed as a 

function o f the m agnetic field  direction and magnitude by using the scalar and vector product

vp = ^ - ~  , vn = B x ( v x B ) / B 2 , ( 3 2 9 )
B

-  E  B
E p = ------- , En = B x ( E x B ) / B 2 , (3  2 1 0 )

B

The gyrofrequency o f  the rotation around the gyrocentre is Q.-qB and the gyroradius is defined  

by

r = , (3 2 11)
qB

where vn = | | is the m agnitude o f  the vector vn

The sense o f  a particle’s gyrom otion relative to the m agnetic field  direction depends on 

the particle’s charge, positive charges gyrating in a clock w ise  sense and negative charges like 

electrons gyrating in an anti-clockw ise sense Considering the current and m agnetic field  

associated with charged particles m oving about the external magnetic field , it can be proven that 

these fields are anti-parallel to the external (background) field , in a plasm a the particles having a 

diam agnetic behaviour [16]

A s the particle’s m otion can be described at any m om ent as a superposition o f  a 

translation o f  the gyrocentre and a rotation around the gyrocentre, the particle’s coordinates at 

any tim e t  can be described as

R  =  Rq +  R j  +  Rft , ( 3 2 1 2 )
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where R j  is the coordinate vector indicating the coordinate changes due to the translation

m otion  and R r  is  the coordinate vector ind icating  the coordinate ch an ges due to the rotation,

w hile R0 g iv es the initial coordinates o f  the particle at tim e to

The R r  coordinates can be calculated by perform ing a 3D  rotation o f  the initial R r

coordinates around the vector B ~  (Bx, By, B z), taking into account its director angles  

a x=atan(B y/B x), ccy=atan(B x/B z) and a z=atan(B y/Bx)

The 3D  rotation can be described as three rotations, each about one coordinate axis, by an 

angle Ox, oty and 0 Cz respectively The coordinates after the 3D  rotation can be written as a 

function o f  the initial coordinates [X°R, Y°R, Z°R] and the displacem ents dx, dy, dz in the rotated 

coordinate system

[XR - X°R, Yr  - Y°r , Zr  - Z°R] = [dx, dy, dz] R(z) R (y) R (x), (3 2 13)

where the rotation matrixes R (z), R (y) and R (x) are

n 0 0  ^
/

c o s  ay 0 s in a ^ ^ c o s az -  s m  az 0 ^

R(x) = 0 cosax - s i n  ax ,R (y )  = 0 1 0 , R( z )  = s in  az c o s  az 0

, 0 s in  ax c o s ax j s in a ^ 0 c o s  ay j
K 0

0
b

(3 2 14)

Taking into account that in the initial coordinate system  (where the gyration takes place) with oc, 

the gyration angle at the m om ent t and ct^ the gyration angle at the m om ent to and R the 

gyroradius, d x= R (sin a 1-s in a 1o), dy= R(cosct! -coso^o) and dz=0, the new  rotation coordinates 

can be w ntten as

X r - X ° r  = dx (cosotycosctz) +  dy(cosccys in a 7) - d z (s in a y)

Y r - Y ° r  = dxi-sm azC osax+sm ayCosazSm axH dyicosaxCosOz+sinaxSinoCySinazH d z(s in a xc o s a y) , 

ZR-Z°R=dx(sinocxs in a z+ cosoczsinotycosctx) + d y (-s in a xc o s a z +  cosaxsm ocys in a z)+ d z (co sa xcosoty),

(3 2 15)

and finally as

X R = X°R + R(sinoc1-s in a 1o)(cosaycos(xz) +  d y (c o sa ys in a z)

Y r =Y °r+ R (sin a 1-sinoc1o)(-sin azc o s a x+ s in a yc o s a zsinocx)-i-R (cosa i-cosa 1o)(cosaxc o s a z +  

sm ocxsinaysinoez),

Z R = Z 0R + R ( s m a r s m a 1o ) ( s i n a xsm o cz- i- c o s a zs m a y C o s a x) ' f R ( c o s a l- c o s a 1o )(-  

s m a xc o s a z+ c o s a x s i n a ys i n a z) ,

(3 2 16)

For a 2D  m agnetostatic fie ld  where B y=0, leading to a x=0 and 0^=0 and the rotation 

coordinates can be written as
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X K =  X °R +  R (sin a j-s in a * > )co sa y

Yr  =Y°r  +  R (c o s a ,  - c o s a * ,) ;  (3 .2 .1 7 )

Z r  = Z ° r  +  R i s i n c v s i n O t f J s i n a / ,

T h e  ir a s la iio n  c o o r d in a te s  ca n  b e c a lc u la te d  a s  the sp a c e  fo rm u la  fo r  a  lin ear  a cc e lera ted  

m o tio n :

Xt =X°t +(V ,P  + V XD  + V xB )d t +  q E xp d r/2;

Y T= Y 4,r K V yP  + V yD  + V yB )d t +  q E yp d r/2; ( 3 .2 .1 8 )

Z T= Z ° r + (V / P  + V ,D  + V / B )d t +  q E /pd t2/2 ;

w h er e  V x P . V y P  an d  V z P  are th e p a ra lle l v e lo c ity  c o m p o n e ts . V x D . V y D  an d  V z D  are  the 

e le c tr ic  drift v e lo c ity  c o m p o n e n ts  an d  V x B . V y B  an d  V /.B  are the m a g n etic  drift v e lo c ity  

c o m p o n e n ts . T h e  drift v e lo c it ie s  are  p resen ted  in  the f o l lo w in g  ch ap ters.

F ig .3 .2 .1 .  T h e  d isp la c e m e n ts  d x  an d  d y  in the in itia l (u n -ro ta tcd ) c o o r d in a te  s y s te m  w h ere  

th e gy ra tio n  ta k es  p la c e  arou n d  O Z  a x is .
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3 .2 .4 . E L E C T R IC  D R IF T S

C o n s id e r in g  p a n ic le s  m o v in g  in  t im e-in v a r ia n t an d  h o m o g e n o u s  p la sm a  su b jec t to  a  m a g n etic

fie ld  B  and o th er  fo r c e s  F  (e le c tr ic  or/an d  g ra v ita tio n a l fo r c e s ) , the p a ra lle l an d  norm al 

m o tio n s  to  th e d ir ec tio n  o f  the m a g n etic  f ie ld  ca n  b e  sp lit  into: 

d v ,

and

m ^ T  =  F r -

d v  __

— —  =  F n +  e  v  x  B : 
d t

( 3 .2 .1 9 )

m ( 3 .2 .2 0 )

F or th e p erp en d icu la r  m o tio n  w e  a ssu m e  that v n =  v w +  v ( ; . S u b stitu tin g  in  ( 3 .2 .2 0 )  and  

rearran ging g iv e s :

d v n d v n
m — — + m — — =  ( Fn +  e  v n  x  B ) +  e  vr  x  B ; 

d t  d t  *

(3 .2 .2 1 )

A s  fo r  th e u su a l g y ro m o tio n  th e g y ra tio n  v e lo c ity  is  v , , , it m e a n s  that th e term  in th e b rack ets  

h a s  to  b e  zero , so:

Fn s - c V p X f l  ; ( 3 .2 .2 2 )

P er fo rm in g  a  v e c to r  prod uct b y  B  to  th e righ t on  th e a b o v e  eq u a tio n , w e  obta in :

Fn x B  = = - ( c vD x B  ) x B ;
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leading to

1 F x B

v ° = -e - ¥ ~ ’ (3 2 2 3 )

So particles subjected to a force with a com ponent perpendicular to the m agnetic field  w ill

undergo a drift with the constant velocity  vD, which is perpendicular to both the force F  and

the m agnetic filed  B  W hen the force is due to an electric field , this is called the E  X  B  drift 

and it is independent o f the particle charge or m ass This m eans that the plasm a m ay undergo

bulk m otion due to an E  X B  drift without any charge separation or buid-up o f  electric fields

Other drift m otions [16] and corrections to the mam E x B  drift can be obtained by

B
applying the vector product o f  — -  to the right on both sides o f  the equation o f  m otion

B

-  B(v  B)  E x B  1 dv B
v   X — r ,  (3 2 24)

B 2 B 2 q d t  B 2

A s the left-hand side is the com ponent o f  the velocity  vector normal to B  , w e obtain  

^  _  1 dv B
v „  = v D  — x —  (3  2  2 5 )

q dt  B 2

A veraging over the gyropenod m order to neglect the changes due to the gyrom otion, the left- 

hand side o f  the equation becom es the total drift velocity, leading to

v E = v D  l- 4 - ( v x B ) ,  (3 2  26)
q B 2 dt

A s from Eq 3 2 22, for a perpendicular force given only by the electric field  the vector product 

v x B = - E n the above equation becom es  

^  .  1 dE„
(3  2  2 7 )

qB dt

and

1 d En
v po l = ~ - T >  (3  2  2 8 )

qB 1 d t

is the polarization drift velocity

The polarization drift increases with the m ass o f  particles and it is directed along the 

electric field  with a different sense for electrons and positive ions In a plasm a this creates a 

current w hich ca m es in opposite directions the electrons and the ions leading to a polarized  

plasma

O^ion ^electron )  ^ E n

B 2 d t

Sin ce m lon»  m electron , the polarization current is m ainly earned by the ions

Jp — nee ( Vpol  ions ~ VPOL electrons)-  ’ (3  2  2 9 )
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A  m ore com plet e exp ression  fo r  the elect r i c d n f t  can  be d er i ved  for  si t uat ions w hen  the elect r ic 

f i eld  ch an ges over  space and h as a con siderab le ch an ge over  a gyrorad ius lead in g to a cor rect ion  

as a second order  ef fect  in r  (the gyrorad ius)  kn ow n  as the Fin i t e L ar m ou r  rad ius ef fect  [ 16 ]

V £ = ( l + I r 2 V 2 ) ^ ,  (3 2 30)
4 b 2

T h e second spat ial  d er i vat i ve t akes in to accoun t  the spat ial  var iat ion  o f  the elect r i c f i el d  

averaged  over  a gyrat ion  orbi t  Fin i t e Lar m ou r  rad ius ef fect s can  be n eglect ed in m acroscop ic 

app l icat ion s o f  par t icles m ot ion  but  becom e im por tan t  in  the v i ci n i t y o f  p lasm a boundar ies and 

sm al l -scale st ructures in  a p lasm a

3 2 5 M A G N ET IC  D RIFTS

St at ic m agn et ic f i el d s encoun tered in m agnet rons h ave st rong grad ien t s and m agn et ic f i el ds 

l in es are cu rved  T h ese non -hom ogem t ies in the m agn et ic f i el d  l ead  to a m agn et ic d r i f t  [ 16 ]  o f  

the ch arged  par t i cles and p rovid e a m ean s fo r  p lasm a con f in em en t

A) TH E G R A D IEN T  D R IFT

A ssu m in g that  the scale lengt h  o f  a m agn et ic f i el d  grad ien t  i s m uch l arger  than the p ar t i cl e’ s 

gyrorad ius, the m agnet ic f i el d  can  be expan ded in  T aylo r  ser ies about  the gu id in g cen t re o f  the 

par t icle

B  =  B0 +  ( R  V ) B 0 , (3 2 31)

w here B 0 is m easured  at  the gu id in g cen t er  and R  i s the d ist an ce fr om  the gu id in g cen t re 

Fr om  the gen eral  equat ion  o f  m ot ion  w i t h  the above T aylo r  expan sion  o f  the f ield , w e obtain

m — = e v x  8 0+ e [ v x ( f i  V ) B 0 ] , ( 3 2 32)

dt

T h e veloci t y can  be exp ressed  as a gyrat ion  and a d n f t  m ot ion  as v = v G+ v v and obser vin g that  

vv «  vG, from  the above equat ion  resu l t s

m ^ L = e yv x  B0 + e [ v G x ( R  V )Z?0 ] , ( 3 2 33)

d t

W hen averagin g over  one gyrat ion  the l ef t  t erm  van ish es and app l yin g a vect or  product  to the

k
l ef t  by — 7  w e obtain

Bo

Vv = - ¿- ( 4  x  (vc X X V)B0)) , (3 234)

w here the an gle bracket s ind icate the averagin g

T h e above exp ression  can  be developed  [ 16 ]  and af t er  averagin g over  a gyr open od  i t  

becom es
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2 e B

T h e m agn et ic f i el d  grad ien t  l eads to a d n f t  perpen d i cu lar  to both the m agn et ic f i el d  and i t s 

grad ien t  and depends on the p ar t icle’ s ch arge and i t s perpen d i cu lar  en er gy W± =m vn2/2

A s fo r  the case o f  the polar i zat ion  dn ft , the opposed d i rect ion s o f  m ot ion  fo r  elect ron s 

and p osi t ive ions lead  to a t ran sverse cur ren t  Th is m agn et ic grad ien t  d n f t  cur ren t  has the form

h  =  ¿ x V f i  , ( 3 2 36)
B

B) T H E  C U R V A T U R E  D RIFT

I t  appears w hen  the m agn et ic f i el d  l in es are cu rved  T h e par t icles exper i en ce a cen t r i fugal  for ce 

due to t hei r  par al lel  veloci t y

F  R= m vp ~ 2 ” > <3 2 3 7 )
R c

w here R c i s the l ocal  rad ius o f  curvat u re U sin g the exp ression  for  the gen eral  for ce d n f t  

(Eq 23)  w e obtain  the exp ression  fo r  the curvat u re d n f t  

V 2P R  x B

vJ?= - £ ~ V - r >  <3 2 3 8 )
q R^B

T h e curvat u re d r i f t  is p ropor t ional  to the par al l el  par t i cl e en er gy and perpen d i cu lar  to the 

m agn et ic f i el d  and i t s cu rvat u re Sin ce posi t i ve ion s and elect ron s h ave opposed d n f t  d i rect ion s 

t h ey creat e a curvat u re d n f t  cur ren t

~ j R = n ee (h ,o n  ~  E le c tro n  ) =  ^  { RC X B )  , ( 3 2  39)
R CB

C) TH E T O TA L M A G N ET IC  D RIFT

T h e total M agn et i c D n f t  is given  b y the sum  o f  the grad ien t  and curvat u re dn f t s and takes the 

form

v B = V R + v v = ( v 2 , ( 3 2 40)

2 Q B
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3 2 6 A D IA B A T IC  IN V A R IA N T S

A d iabat ic in var ian t s represen t  a quan t i t y ch aract er ist i c fo r  each  par t i cl e and can  be t reated as 

constan ts even  i f  t h ey are not  absolu t e constan t s l i k e the total  en ergy or  m om entum  o f  the 

par t icle For  p en od i c m ot ions the t heory o f  m ech an ics sh ow s that  quan t i t ies cal l ed  act ions can  

rem ain  constan t  fo r  slow  ch an ges in the syst em  A n  act ion  I can  be def in ed  in  t erm s o f  

gen eral ized  coord inat es qgen and con jugat e m om enta p gen b y

/ — ^Pgen^tfgen > (3 2 4 1)

w h ere the in t egral  i s over  one per iod  o f  the m ot ion

For  pen od i c m ot ions and slow  ch an ges in the syst em , the act ion  in t egral  i s a constan t  o f  

the m ot ion  and i t  d escn bes an A d iabat i c I n var ian t  D ef i n i n g qgen to be the gyrat ion  an gle then 

the an gu lar  m om etum  p gen= L = m v nr i s the con jugat e m om entum  Inser t ing these in the above 

equat ion  and in t egrat ing leads to

1=271 m v„/ (eB)=47t | x/ e, ( 3 2 42)

T h e quant i t y

m v 2
M =  ( 3 2 4 3 )

Z n

i s kn ow n  as the f i r st  ad iabat ic m van an t  o f  a p lasm a par t i cle T h is im p l ies that  a p ar t icl e’ s 

perpen d icu lar  en ergy i s propor t ional  to B i f  | i  is constan t

A d iab at ic i n van an t s are associat ed  w i t h  each  t ype o f  m ot ion  a par t icle can per form  Th e 

m agn et ic m om ent  j l i  i s associat ed  w i t h  the gyrat ion  about  the m agn et ic f ield , the lon gi t ud in al  

in var ian t  J w i th  the m ot ion  alon g the m agn et ic f i el d  and another  in van an t  <I> can  be associat ed  

w i t h  the perpen d i cu lar  d n f t

A ) M A G N ET IC  M IR R O R S

Con sider i n g the m agn et ic m om ent

m v.j m v 2 si n 2 a
 -  = - - - - - - - - - - - - - - - - , (3 2 44)

2 B  I B

w e obser ve that  sin ce ¿1 i s a constan t  o f  the m ot ion , as B  ch an ges, the p i t ch  an gle 0(^ atan(v,/ vp) 

has to ch an ge So, p i t ch  an gles at  d i f feren t  locat ion s are relat ed to the m agn et ic f i el d  induct ion  

B at  those locat ion s accord in g to

si n  a ,
1 -  (3 2 45)

si n  a 2

In a con vergin g m agn et ic f i el d  geom et ry, a par t i cle m ovin g t ow ards region s w i th  st ron ger  f ield s 

w i l l  h ave i t s perpen d i cu lar  en ergy Wx i n creased  at  the expen se o f  i t s par al l el  en ergy W\\
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For  a poin t  w here the p i t ch  an gle a =  90° the par t icle w i l l  h ave al l  i t s en ergy in to perpen d icu lar  

en er gy and no par al lel  en ergy so the par t icle w i l l  be ref lect ed  back  b y the grad ien t  for ce 

F  =  —juV B  In order  to m odel  the m agn et ic m i r ror  ef fect  in a com put er  sim ulat ion , the 

cond i t ion  that  has to be ch eck ed  is

si n 2 ( t a n '1( - ^ ^ - ) > - ^ ,  (3 2 46)

v p (0 ) B

w i t h  the obvious notat ion for  the quan t i t ies at  the p ar t i cl e’ s en t rance poin t  in the in creasing 

f i el d  I f  the above cond i t ion  i s sat isf i ed , the p ar t icle’ s paral lel  veloci t y  ch an ges the sign , bein g 

“ bounced b ack ”  T h e par t icles w h ich  do not  sat i sfy  th is in equal i t y w i l l  not  be t rapped by the 

m agn et ic f i el d  and can  escape alon g m agn et ic f i el d  l in es

B) A D IA B A T IC  H E A T IN G

T h e m i r ror  ef fect  t akes p lace w hen  a par t icle is m ovin g along the B  l i n es t ow ards in creasing

values o f  B  W hen the par t i cl e m oves across the B  l in es t ow ards in creasing valu es o f  B, sin ce 

the m agn et ic m om ent  is con ser ved

=  (3 24 7 )

Wu  B,

m ean in g that  B 2 > B 1 leads to WL2 >  , so the par t i cl e’ s perpen d icu lar  en ergy w i l l  i n crease

In th is case the par t i cl e w i l l  not  bounce b ack  as i t s par al lel  en ergy w i l l  not  be af fect ed  

T h is is a t ype o f  par t i cl e en ergizat ion  cal led  ad iabat ic heat ing and i t  resem bles betat ron 

accelerat ion  sin ce the en er gy to in crease the par t i cle en er gy i s t aken fr om  the elect r i c d r i f t  

m ot ion  that  t ranspor t s the par t icle into the st ron ger  f i el d

Bot h  m agn et ic m i r ror  ef fect  and ad iabat ic heat ing are con sequen ces o f  the m agn et ic 

m om ent  con servat ion  and t hey are d i rect l y p rovid ed  b y the total  veloci t y  decom posi t ion  in 

m agn et ic f i el ds as par al lel  and perpen d icu lar  veloci t ies

3 2 7 TH E T R A JE C T O RIE S PR O G R A M  ST R U C T U R E

T h e program  I  h ave design ed  in  the C  lan guage to cal cu lat e 3D  t raject or ies in a 3D  elect r i c f ield  

and a 2D  m agn et ic f i el d  i s p resen t ed in  the fo l l ow in g sch em at ics (Fig 3 2 3)  T h e num ber  in side 

each  f l ow  segm en t  represen t s the num ber  o f  the equat ion  used  as presen t ed in the p reviou s 

sect ions

4 6
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In i tia l v a lu e s  fo r: X .Y .Z . V x .V v .V / .  B x .B v .B z ,  l ix . l iy . lv .

F ig . 3 .2 .3 :  F lo w  d ia g ra m  o f  th e tra jec to r ies  program .
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3 2 8 D ISC U SSIO N  A ND  C O N C L U SIO N S

W r i t ing a com put er  p rogram  to descr i be a ch arged  p ar t icle’ s m ot ion  in elect r i c and m agn et ic 

f i eld s seem s to be a sim p le task , as one can  sim p ly use the equat ion  o f  m ot ion  to w r i t e the 

coord inat es, the veloci t y and accelerat ion  at  each  t im e in t er val  d t  and use a loop to go forw ard  

in t im e

a  =  a 0 +  q ( E  +  v x  / ?) ,

v  =  v0 +  a d t ,

. . . .  . d t 2
r  =  rn +  v d t  +  a  ,

2

W h y this approach  sim p ly cannot  w or k 9 I t  presum es that  the p ar t icle’ s m ot ion  dur ing the t im e 

in t erval  d t  i s a st raigh t  hn e segm en t , w h i le, in  fact , th is m ot ion  fo l l ow s a segm en t  o f  a ci r cle 

T h e resu l t in g t raject ory in  constan t  B  and for  E = 0,  due to the con t in uously in creasin g rad ius, 

w i l l  be a sp i ral  instead o f  a ci r cl e

T h e “ l eap -f r og”  m et hod [ 17]  w as d eveloped  to coun t er  balan ce the propagat ed er rors 

induced b y the assum pt ion  the par t i cl e m oves on st raigh t  l in e segm ents b y con sider i n g the 

veloci t i es at  t im e t -dt / 2 and coord inat es at  t im e t+dt / 2 T h is m et hod is w el l -k n ow n  and act ual ly 

uses fm i t e-d i f feren ce equat ions for  the in t egrat ion

. . .  Vjiew ~  ^old  _  i7

m    - F o l d ’
a t

x new  ~  x old v

d t

For  the l eap - f r og m ethod, the er ror  in  the phase advan ce at  one step is given  by

1 2

0)Af H ( ¿M r )  +  +  h igh er  order  er ror  t erm s,

24

T h e er ror  t erm s d ict at e a ch oi ce o f  the o o A t < 0  3 in order  to observe osci l l at ion s or  w aves for  

tens o f  cycles w i th  accep t ab le accu r acy T h e er ror  in  the phase step in duces an er ror  in  the 

am pl i t ude o f  the osci l lat or  So , the l eap -f r og m et hod k eeps the accum u lat ed  er ror  sm al l , bu t  

on l y t or  a l im i t ed pen od  o f  t im e

A n ot h er  m ethod fo r  in t egrat ing the equat ion  o f  m ot ion  is to use a num er ical  in t egrat ion  

m ethod for  d i f feren t ial  equat ions l ik e the Run ge-Ku t t a m ethod T h is m ethod is r eason ab ly 

sim p le and robust  and is a good  general  candidat e for  num er ical  solu t ions o f  d i f feren t ial  

equat ions w hen  com bin ed  w i th  an in t el l i gen t  adapt ive st ep-size rout ine T h e four t h -order  (m ost  

used) rout ine is

k[~ h f(xnyy n)\ 

k2= h j ( x n + h/2 ,y „ +  kj /2),  

k3= h f (x n + h / 2 , y n+ k2 /2),  

k4- h f ( x n +  h y n+ k3 )

4 8
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yn+x = y n + \ h + \ K + \ k^ + \ kA + 0 { h5),
6  3 3 6

A s w e can  see, there is a propagat ed  er ror  depend ing on the si ze o f  the step h

T h e approach  that  I  h ave used for  calcu lat in g 3D  t raject or ies in elect r ic and m agn et ic

f i el d s does not  use an y o f  the above m ethods I t  sim p ly fo l l o w s the par t i cl e’ s t r aject or y by

tak ing in to accoun t  al l  possib le t ypes o f  m ot ion  and m ost  im por tan t , by con sider i ng the par t icle

m ot ion  dur ing the t im e step d t  as an arch  o f  a ci r cle T h is p rovid es an excep t ion al l y accurat e

resu l t  there is no phase er ror  and no p ropagat ed  er ro r1

In constan t  elect r ic and m agn et ic f i el d s the gyrorad ius i s constan t  and the p ar t i cl e’ s

coord in at es and veloci t i es at  an y m om ent  can  be calcu lat ed  w i t h  the sam e accu racy, r egard less

o f  the t im e step in t erval  T h e t im e step in t erval  has to be ad just ed  on ly in accordan ce to the

scale- len gt h  var iat ion s o f  the ext ern al  elect n c and m agn et ic f i el d

A  d r aw back  o f  th is m ethod m ay be the com pl icat ed  developm en t  requ i red  to design  the

accurat e 3D  m ovem en t  o f  the par t i cle b y t ak in g in to accoun t  al l  possib le m ot ions, d r i f t s,

veloci t y  decom posi t ion s in  the m agn et ic f i el d  and per form in g the 3D  rotat ion  o f  coord in at es

N ever t h eless, the lengt h  o f  the algor i t hm  i s easi l y  com pen sat ed  b y the speed o f  the n ew

com put ers

T h e m agn et ic f i el d  can  be calcu lat ed  befor e the sim u lat ion  and used as a m esh, or  the 

m agn et ic f i el d  can  be calcu lat ed  at  each  step T h e calcu lat ion  o f  the m agn et ic f ield  at  each  step 

w i l l  ext end the calcu lat ion  t im e but  th is does not  lead  to a sign i f i can t  sl ow in g dow n  o f  the 

sim u lat ion , esp ecial l y  w hen  fast  com put ers are avai l ab le

T h e or igin al  sides, advan t ages and refin em en t s o f  th is code are

1 W r i t ing a gen eral  N ew t on -Loren t z equat ion  for  the total  veloci t y  w h ich  al l ow s the 

const ruct ion  o f  the total  veloci t y f r om  the act ual  paral lel  and norm al  com ponen t s o f  the 

total  veloci t y found at  the p reviou s step,

2 T h e calcu lat ion  o f  the paral l el  and norm al  com ponen t s for  the total  veloci t y  and the

elect r i c f i el d  using the scalar  and vect or  product ,

3 Con sider i n g the m ovem en t  o f  the par t i cl e to t ak e p lace on an arch  o f  a ci r cle,

4  Calcu lat in g the num ber  o f  rotat ions that  t ake p lace in  the step in t erval  d t  and the actual

posi t ion  on the t r aject or y at  an y t im e, r egard less o f  the t im e step in t erval  (accord in g to

the gyrat ion  speed),

5 N o  phase er ror  and no p ropagat ed  er ror , constan t  gyrat i on  rad ius,

6 T h e calcu lat ed  posi t ion  i s accurat e at  ever y m om ent  even  i f  the t im e step in t erval  is

m uch l arger  the gyrat i on  per iod

T h e in accu racies in calcu lat ion  can  occu r  on ly due to the use o f  too large m esh elem en ts for  the 

m agn et ic f i el d  In  fact  a ver y sm al l  elem en t  m esh  is not  appropr iat e ei t her , as i t  requ i res a ver y

large m em ory space and i t  m igh t  requ i re a special  rout ine to access it
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T h e  u se  o f  a  m e sh  in t ro d u c e s  la rg e  e r ro rs  a s  th e  m a g n e tic  f ie ld  c a n  h a v e  v e ry  la rg e , 

d is c o n t in u o u s  v a r ia tio n s  fro m  o n e  m e s h  e le m e n t to  th e  o th e r .  T h e  c a lc u la tio n  o f  th e  m a g n e tic  

f ie ld  a t e a c h  s te p  is  p re fe r re d  a n d  u s e d  la te r  in  m y  M o n te  C a r lo  s im u la t io n  c o d e .

In  F ig .3  to  F ig . 15 s o m e  e x a m p le s  o f  t r a je c to r ie s  a r e  sh o w n  fo r  s im p le  c o n s ta n t f ie ld s , 

n o n -c o n s ta n t v ir tu a l f ie ld s  a n d  th e  a c tu a l c o m b in a tio n  o f  E  a n d  B f ie ld s  e n c o u n te re d  in  th e  

o p p o s e d  ta rg e t m a g n e tro n .

3.2.1« E X A M PLE S O F  T R A JE C T O R IE S

F ig .3 .2 .4 . T ra je c to r ie s  (b lu e )  w ith  s ta r t in g  v e lo c it ie s  a lo n g  a n d  o p p o s e d  to  th e  d ir e c t io n  o f  a n  

e le c tr ic  f ie ld  E=1 V /m  w ith  B x = B z = l T . T h e  tra je c to ry  fo r  E = 0  V /m  (p in k )  h a s  a  p e r fe c t s ta b le  

ra d iu s , in d ic a tin g  c o n s e rv a t io n  o f  e n e rg y .
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n o tic e d  h o w  th e  tr a je c to ry  “ tu rn s  b a c k "  d u e  to  th e  e le c tr ic  f ie ld .

F ig .3 .2 .6 . T ra je c to ry  in B x = B z = l  T  a n d  E z = lV /m . T h e  p e r fe c t r e s u lt in g  c y c lo id  a f te r  th e  

p a ra l le l v e lo c ity  b e c o m e s  z e ro  d u e  to  th e  o p p o s e d  e le c tr ic  f ie ld , c a n  b e  n o tic e d  (b lu e  c o lo u r) .
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p o s it io n : B x = B x + 0 .0 0 1 T , B z= 0 . IT ;

Bx=Bx-MD 1; 

Bz=0 1 

V z=10000m/ s 

T==1tJV/m —

F ig .3 .2 .8 . T ra je c to ry  in  a  v ir tu a l  f ie ld . O n e  m ir ro r  e f f e c t  c a n  b e  n o t ic e d . T h e  s e c o n d  m ir ro r  

e f f e c t  is  c a n  n o t b e  e n c o u n te re d  fo r  re a l f ie ld s . In th is  c a s e  th e  E le c tr ic  f ie ld  is  h ig h e r.
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in c re a s e d  w h ile  th e  n o rm a l v e lo c ity  is  d im in is h e d  fo r  a  p a r t ic le  g o in g  a c ro s s  th e  f ie ld  lin e s  in  a  

m a g n e tic  f ie ld  w h e n  th e re  is  n o  e le c tr ic  f ie ld .
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; i g .3.2 .11. Real  t raject ory in the m agnet ron m agn et ic f i el d  gi ven  b y the calcu lat ed  m esh. Th e 

elect r ic f iel d  i s Ez = l  V/ m . Th e elect ron  star t s from  the poin t  ( 10 ,10 ,10 )  with V x = V y = V z =  10000  

in/ s. T h e sudden ch an ges in the m agnet ic f iel d  bet w een  d i f fer en t  m esh in t er vals are obser ved  as 

the gyrorad ius ch an ges sudden ly.
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3 3 M O N TE  C A R L O  SIM U L A T IO N  O F IO N S D U R IN G  PU L SE D  D C  

M A G N ET R O N  O PE R A T IO N  

3 3 1  M O N T E  C A R L O  SIM U L A T IO N S W H Y

In opposed t arget s m agnet ron  p lasm as, Lan gm u i r  probe m easurem en t s are per t urbed by the 

h igh l y ion i zed  and m agn et ized  p lasm a or  t hey can  in t er fere w i t h  the m agn et ic and elect r ic f ield s 

in side the bu lk , t herefore, such a d iagn ost ic m ethod cannot  be used

W h i le p lan ar  m agn et ron s h ave been  in vest igat ed  usin g Lan gm u i r  p robes that  p rovid e a 

good  evaluat i on  fo r  the p lasm a potent ial  and the elect r ic f i el d  d ist r ibu t ion  across the p lasm a, 

such  m easurem en ts are d i f f i cu l t  to per form  fo r  opposed t arget  m agnet rons, esp ecial l y  under 

pu lsed  D C operat ion

W h en ever  exper im en t al  m easurem en ts are d i f f i cu l t  or  im possib le to per form , M on t e 

Car lo  (M C)  sim u lat ion s o f  the p lasm a beh aviou r  can  p rovid e an in sigh t  in to the phenom ena that  

t ake p lace in the d isch arge, beyon d  the p ossib i l i t ies o f fer ed  b y exper im en t al  d iagn ost ic m ethods 

T h e average valu es obtained fr om  the sim u lat ion  p rovid e a good  est im at ion  o f  the real  var iab les 

i f  the sim u lat ion  i s based  on an accurat e enough  m odel  o f  the p lasm a under study

A t  presen t , st ate-of-t he art  M C sim u lat ions usin g Par t i cl e in Cel l  (PIC)  m ethods can  

sim ulate the sput ter ing p rocess in detai l  [ 18 ]  Classi cal  M C sim u lat ion s o f  ion  beh aviou r  in 

p lan ar  m agnet rons h ave been  per form ed  by Goeck n er  et  al  [ 19 ]  p rovid in g im por tant  

in form at ion  for  the understanding o f  m agnet ron  operat ion  ion  en ergy, den si t y and t ransi t  t im es 

Th e m odel  for  the pre-sheath  elect r ic f i el d  w as based  on Lan gm u i r  probe m easurem en ts and ion 

den si t y p ro f i les and veloci t i es obtained fr om  L aser  In duced Flu orescen ce (L I F)  em ission  

m easurem en ts [20]

A  l arge num ber  o f  papers h ave been  ded icat ed to the com put at ion al  st udy o f  m agnet rons 

and glow  d i sch ar ges u sin g M on t e Car lo  sim u lat ion s m  order  to assess the beh aviou r  o f  the 

d i sch arge and the van ou s phenom ena given  b y ion  in t eract ion s sput t ered/ reflected atom  and ion 

t herm al izat ion  at  thei r  en ergies at  subst rate [ 21] , the gas heat ing and rarefact ion  due to sput tered 

atom s and ions [ 22] , the sput t er ing and sel f-spu t t er in g ef f i ci en cy [ 23]  A l l  t h ese studies star t  

f r om  sim ple and w el l -d ef i n ed  m odels o f  the d isch arge, w h ere al l  in i t ial  data are determ ined by 

exper im en t al  m ethods the elect r i c f i el d  in the cathode sheath and pre-sheath  are know n and 

constan t  in  t im e and space, and the start  locat ion s o f  the ion s are ei t her  calcu lat ed  or  determ ined 

exper im en t al l y

T h e beh aviou r  o f  the p lasm a pre-sheath  in  pu lsed  D C d i sch arges is d i f f i cu l t  to pred ict  

t h eoret i cal l y and the com p lex t im e and space dependen t  phenom ena m ake exper im en t al  

m easurem en ts d i f f i cu l t  T h e exi st en ce and in t en si t y o f  the pre-sheat h  elect r i c f i el d  can  in f luen ce 

the t im e-scale o f  the sput t er ing and sel f-spu t t en n g p rocesses, im por tan t  w i t h  pu lsed  D C 

m agnet ron  operat ion
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T h e p lasm a pre-sheath  h as t h erefore a t rem endous im por tance for  m agnet ron  sput t er ing as its 

m agn i t ude det erm in es the ion  t ransi t  t im es, the am ount  o f  ion s that  reach  the t arget s and the 

sput t er ing rate.

T h eoret ical  and exper im en t al  w ork  to pred ict  the evolu t ion  o f  the sheath  19, 24, 25, 26) 

and pre-sheath  for  sudden ch an ges in the cat h ode poten t ial  has been devot ed  to Plasm a 

Im m ersion  Ion Im plantat ion  ( P i l l )  app l i cat i on s, sh ow in g that  the pre-sheath  expan sion  appears 

on l y for  sl ow  evo l v i n g sheaths and appears to be d elayed , as i f  the in form at ion  about  the 

ch an ges in the potent ial  on the cat h odes t r avels with the ion  acoust ic veloci t y (27] . T h e ion 

acoust ic veloci t y (t he Boh m  veloci t y)  i s a ch aract er ist i c o f  the elect r i c f i el d  in t ensi t y in the pre- 

sheath , r esp ect i vel y o f  the p lasm a poten t ial  valu es and elect ron  tem perature.

T h e t em poral  evolu t ion  o f  the pre-sheath  observed  exper im en t al ly [ 26J and by PIC/ M C

sim u lat ion s [ 27]  in d icat es that  the pre-sheath  form s aft er  the expan sion  speed o f  the sheath  fal l s

below  the ion acoust ic veloci t y , the pre-sheath  con t inu ing to expan d  slow ly for  m ore than lO j ls 

af t er  the sheath  has col l apsed .

U sin g the above m odel  for  pu lsed  D C d i sch ar ges in d icat es that  af t er  the vol t age 

w avefor m  has reached the m axim um  valu e the pre-sheath  is form ed and i t s ext en t  and f ield  

valu es can  be con sidered  quasi -const an t . Con sider i n g the p lasm a poten t ial  valu es constan t  

du r in g the "o n "  phase o f  a pu lsed D C d i sch ar ge (as show n  b y Lan gm u i r  probe m easurem en t s 

per form ed by Br ad ley et . al . (7] )  the valu e o f  the pre-sheath  elect r ic f ield  in t ensi t y w i l l  be 

constant  and can  be est im ated by an al ysin g the beh aviou r  o f  the gas ion s that  h ave to return to

the target s in order  to m ain tain  the d i sch ar ge and produce sput t er ing.

In t h is chapt er , the in t en si t y o f  the pre-sheath  elect r ic f iel d  in the opposed target  

m agnet ron pu lsed I X '  d i sch arge is in vest igat ed  th rough M on t e Car lo  cal cu lat ion s o f  the t ravel  

t im e to t arget s o f  A r  gas ions. T h e calcu lat ed  valu es o f  the t ravel  t im e to t arget s obtained from  

the M C sim u lat ion  are then com pared  to the exper im en t al  valu e, est im at ed  from  the d elay 

between  the t im e-resolved  O ES A r  ion peak  and the app l ied  p ow er  peak .

A s presen ted in the p reviou s chapt er . I h ave developed  a com pu t er  code that  sim u lat es 3D  

ion t raject or ies in 3D  elect r i c and m agn et ic f iel ds. T h i s cod e has been used to sim u lat e A r  ion 

t raject or ies in a 50k H z, 20 16 n s pu lsed D C d i sch arge at  2A  constant  cur ren t  run and 0.4Pa A r  

gas pressure.

St ar t in g from  a m odel  o f  the d i sch arge based on  exper im en t al  data from  space-r eso lved  

and t im e-resolved  O ES and the values o f  the I and V  w avefo rm s dur ing the pu l se, M onte Car lo  

sim u lat ion s o f  A r  ion t r aject or ies in the pu lsed D C opposed target  m agnet ron d i sch ar ge are 

per form ed in order  to obser ve the in f luen ce o f  the pre-sheath  elect r i c f iel d  on the return t im e to 

target  o f  A r  ions. O n ce the in t en si t y and sp ace var iat ion  o f  the pre-sheath  elect r i c f ield  has been 

est im at ed, the d i sch ar ge m odel  is com plet e and M C sim u lat ion s o f  sput tered ion s t ransi t  t ime 

can  be per form ed in order  to evalu at e the t im c-scale for  scl f-spu t t cr in g.
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3 3 2 T H E  PR IN C IPL E  O F M O N T E  C A R L O  SIM U L A T IO N S

M on t e Car lo  m ethods are l ar gel y  and ef f i ci en t l y  used to so l ve m an y p h ysi cal  and m at hem at ical

an al yt i cal  or  num er ical  m et hods are not  app l icab le

In M on t e Car lo  sim u lat ion  fo r  par t i cle t ransport  p rob lem s, the h ist ory (path) o f  a par t icle 

is fo l l ow ed  as a random  sequen ce o f  f r ee paths, each  end in g w i t h  a scat t er ing even t , ch an ging 

the en ergy and velocr t y d i rect ion  o f  the par t i cl e T h e M C sim u lat ion  o f  an exper im en t  con sist s 

in  the n um en cal  generat ion  o f  a l arge num ber  o f  such  par t i cle h ist or ies For  rad iat ion  or  par t icle 

t ransport , t he M C m et hod y i eld s the sam e in form at ion  as the solu t ion  o f  the Bol t zm an n  

t ranspor t  equat ion  but  i t  i s easier  to im p lem en t  for  f in i t e and com p lex geom et r ies

T h e M on t e Car lo  m ethod r el i es on the l aw s o f  st at i st ics and i t s resu l t s are af fect ed  b y 

stat ist ical  uncer tain t ies given  b y the random  nature o f  the m odel led  phenom ena

T h e foundat ion  o f  the M C m ethod i s the Cen t ral  L im i t  Th eorem  stat ing that  fo r  a given  

d ist r ibut ion  o f  independent  random  var i ab les w i t h  non -zero m ean  jl i and standard deviat ion  o , 

sam pl in g the d ist r ibut ion  o f  the m ean approaches a N orm al  (Gau ssian )  dist r ibut ion  w i t h  m ean | i

and standard deviat ion  <71 , as the sam ple size N  in creases

A ccor d in g to the St ron g L aw  o f  L ar ge N um bers, i f  the t rue m ean  M (x) o f  a d ist r ibu t ion  is 

f in i t e, the average valu e X  o f  a num ber  N  o f  h ist ory resu l t s tends to the t rue m ean w hen  N  tends 

to in f in i t y T h erefore, averagin g the resu l t s over  a l arge num ber  o f  h ist or ies leads to the t rue 

m ean wrthrn the con f iden ce in t ervals given  for  the N orm al  funct ion

Ever y  random  var iab le h as a p robab i l i t y d ist r ibut ion , assign in g to the in t erval  [a, b] the 

p robab i l i t y Pr [ a <  X  < b], 1 e the p robab i l i t y that  the var i ab le x  w i l l  t ake a valu e in the in t erval  

[a, b ] T h e probab i l i t y d ist r ibut ion  funct ion  can  be a d iscret e, or  a con t inuous funct ion  

n orm al ized to un i t y

T h e stat ist ical  p rocess m odel led  in the presen t ed sim u lat ion  is the m ean  fr ee path or  t im e 

bet w een  co l l i sion s, w h i ch  is best  m odel led  by an expon en t ial  (Poisson )  dist r ibut ion  funct ion

prob lem s, in  par t i cu lar  t hose i n vo lvi n g m ul t ip le in dependen t  var iab les, w here con ven t ional

(3 3 1)

x  - 2 - ^ =  < M ( x )  < x  +  2 - ~

^ N  4 n

, at  95%  o f  the t im e (3 3 2)

b

(3 3 3)

a

(3  3 4 )

w here / is the path  lengt h  and X is the m ean fr ee path bet w een  in teract ions

5 7



Chapter 3 Num erical Methods

K n ow in g the m ean  fr ee path f r om  in teract ion  cross-sect ion s, the ran dom  valu es o f  / are 

generated from

I =  ~ A L n (£ )  , (3 3 5)

w here ^  i s a ran dom  num ber

So, the occu r ren ce o f  each  random  even t  is m odel led  u sin g ran dom  n um ber  generat ors A  

large var iet y  o f  fun ct ion s and rout ines h ave been  developed  to gen erat e ran dom  num bers w i th  

repet i t ion  sequen ces m uch l arger  than 10 9 In th is w or k  I  h ave used the fun ct ion  “ dran d48”  

given  b y the GN U  (C)  l ib r ar y Th is function gen erat es pseudo-random  num bers u n i form ly 

d ist r ibuted in  the in t er val  [0, 1 ] based  on the l in ear  con gruen t ial  algor i t hm  and 48-b i t  in t eger  

ar i t hm et ic

^ « + 1 =  (a%n  +  c ) m o d (m )  (3 3 6)

T h e param et er  m =248 T h e sequence i s repeat ing af t er  ~ 10 14 num bers

T h ere i s an im por tan t  observat ion  to be m ade on the d i f fer en ce bet w een  the A ccu r acy and 

the Preci sion  o f  a M C sim u lat ion  resu l t  The Preci sion  i s the uncer t ain t y in x  given  b y the 

st at ist ical  f luct uat ion s o f  x  and th is can  be im proved  b y var ian ce reduct ion  t echn iques and b y 

in creasing the num ber  o f  par t i cles run T h e A ccu r acy is a m easu re o f  h ow  close the expect ed  

valu e o f  x  i s to the t rue p h ysi cal  value to be est im ated, t herefore i t  in d icat es the syst em at ic 

er ror  given  by the code and the design ed  p h ysi cal  m odel  Get t in g a good  accu r acy for  a M C 

sim u lat ion  i n vo l ves m odel l in g nature fai t h fu l l y

A s per fect  p h ysi cal  m odels are p r act ical l y im possib le to obtain , there i s alw ays a t rade 

b ack  bet w een  the com p lexi t y o f  the prob lem  and the sough t  solu t ion , t rade b ack  that  can  on l y be 

so lved  b y usin g as m uch exper im en t al  data in  the m odel  as p ossib le and by al w ays ch eck in g the 

M C resu l t s again st  r elevan t  exper im en t s

T h e M C code that  I  h ave developed  here is an an alog M C cod e that  sam ples the even t s 

accord in g to t hei r  natural  p h ysi cal  p robab i l i t i es and no var ian ce reduct ion  t echn iques h ave been  

used

3 3 3  IN T E G R A TIN G  3D T R AJE C T O R IE S IN E L EC T R IC  A ND  M A G N ET IC  

FIE LD S

T h e t raject or ies w ere cal cu lat ed  usin g the algor i t hm  presen t ed m  Ch apt er  (3 2)

T h e algor i t hm  fo l l ow s the m ot ion  o f  the ch arged  par t icles on t hei r  rotat ion  in a p lan e 

perpen d i cu lar  to the d i rect ion  o f  the l ocal  m agn et ic f i el d  T h e veloci t y  values are advan ced  at  

each  step in the l ocal  elect r i c and m agn et ic f i el d  usin g the equat ion  o f  m ot ion , then decom posed  

in  the m agn et ic f i el d  to f in d  the n ew  rotat ion  rad ius and the advan cem en t  veloci t y alon g the 

d i rect ion  o f  m agn et ic f i el d  l in es T h e elect r ic d r i f t  and m agn et ic m i r ror  ef fect s as w el l  as the 

d r i f t  due the m agn et ic f i el d  grad ien t  and curvat u re are taken in to accoun t
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T h e coord in at es’ ch an ges due to rotat ion  cal cu lat ed  in the rotat ion  p lan e are then project ed  (by 

per form in g a 3D  rotat ion  o f  coord in at es)  on the real  axes T h e coord in at es ch an ges due to 

t ranslat ion  are calcu lat ed  in  the real  coord inat es syst em

A s th is m ethod o f  cal cu lat in g the t raject or ies does not  i n vo l ve Ru n ge-K u t t a t ype 

in tegrat ion , the t runcat ion er rors relat ed to T aylo r  expan sion  o f  d er i vat i ves w i l l  be avoided , as 

w el l  as the p rob lem s relat ed  to the cor rect ion s n ecessary at  each  step to p rovid e en er gy 

con servat ion

T h e er rors in  Ru n ge-K u t t a rou t ines are relat ed not  on ly to the m ethod o f  in t egrat ion , but  

also to the fact  that  the t raject ory bet w een  tw o steps i s con sidered  a st raigh t  l ine segm en t  

Con sid er i n g in  our  rout ine the p ar t icles’ m ot ion  alon g a ci r cu lar  path, the t raject ory bet w een  

tw o steps i s act u al l y an arch  o f  a ci r cle, thus el im in at in g al l  er rors relat ed to approxim at in g a 

ci r cle by st raigh t - l in e segm en t s

T h e er ror  l evel s in the Ru n gge-Ku t t a rout ines are d i rect l y dependen t  on the advan cem en t  

t im e step and sm al l er  t im e steps p rovid e a bet t er  accu r acy T h e ch oi ce o f  adapt ive t im e steps in  

Ru n ge-K u t t a rout ines is thus o f  cru cial  im por t ance and the requ i red  sm al l  t im e st eps w i l l  

i n vo l ve lon ger  com put at ion  t im es

In the rout ine used here, the t raject or ies are st able w i t hout  the need fo r  en er gy 

con servat ion  cor rect ion s and the t im e step ch oi ce i s on l y relat ed to the scale lengt h  var iat i on s o f  

the elect r ic and m agn et ic f i el d  and the p ar t icle’ s speci f i c ch arge For  ion  t r aject or ies, t im e st eps 

o f  10 7 s p rovid e a good  accu r acy for  the m agn et ic f i el d  grad ien t s exist en t  in our  m agnet ron  

d i sch arge A s the cathode sheath  t h ick n ess i s cal cu lat ed  fr om  the cur ren t  w avefor m  that  w as 

m easured  w i t h  a t im e resolu t ion  o f  0 02jas, w e con sider  th is as the valu e o f  the t im e step for  

r egion s out side the cathode sheath  T h is ch oi ce o f  the t im e step al l ow s for  a sm al l  com put at ion  

t im e dur ing the M C com put at ion  T h e t im e step in the sheath i s t aken  to be 10 5 t im es sm al l er  

0 2ps

A  con cise d iagram  o f  the M on t e Car lo  sim u lat ion  is presen t ed in  Fi g 3 3 1, w i th  the 

fo l l ow in g notat ions

-B(x,z)  T h e m agn et ic f l u x  den si t y vect or ,

-E(z,t )  T h e elect r ic f i el d  vect or  w i t h  i t s p roject ion s norm al  (EN) and par al l el  (EP) to B ,

-E, i on s’ en ergy at  step ( l ) ,

V „  V N, V P T h e total  veloci t y vect or  at  each  step (i ) and i t s p roject ion s norm al  ( V N) and 

r espect i vely  paral lel  ( V P) to the d i rect ion  o f  the m agn et ic f i el d  B ,

-F, T h e total  fo rce vect or  act in g upon the par t i cle,

-X*R(,) coord in at es vect or  due to rotat ion  in  the rotat ion  p lan e at  step (i),

-Xr (,j coord in at es vect or  due to rotat ion  in the real  coord inat e axes at  step ( l ) ,

- X T(i) coord in at es vect o r  fo r  t ranslat ion  at  step (i ),

- X (1) total  (rot at ion  p lus t ranslat ion ) coord in at es vect or  at  step ( l ) ,

5 9
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F i g .3.3.1. Con ci se d i agram  o f  the M on te Car lo  sim u lat ion . A l l  bold  sym b ols are vectors.

3.3 .4  T HE T R A N SPO R T  PR O C E SS

Th e ion t raject or ies are sim u lat ed in clud ing co l l i si on s w i th  the A r  gas atom s and ions.

Col l i si on s with gas at om s and ion s are random  p rocesses d escr i bed  by a Poisson  (expon en t ial )  

dist r ibut ion  [ 21, 22] . T h e col l i si on  f r equ en cy i s ran dom ly ch osen  from  the Poisson  d ist r ibu t ion : 

V  =  - V 0 L n ( R ) \  (3.3.7)

w here R  is a random  number  bet w een  0  and 1 and v () i s t he co l l i sion  f r equ en cy o f  the par t i cles 

i n vo l ved , at  the gi ven  t em perature and pressure.

Th e col l i sion  f r equ en cy w i th  gas atom s at  a cer t ain  t em perat u re and pressure is gi ven  by:

VQ = V n g<J; (3.3.8 )

w here V  is the relat ive veloci t y  o f  the col l i d i n g at om s befor e co l l i sion . ng is the gas den si t y and 

( 7  is the total (el ast i c and ch ar ge-exch an ge)  in teract ion  cross-sect i on :
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°  =  ° c l  +  V ch-ex  ’ ( 3  3  9 )

T h e elast i c scat t er ing cross-sect ion  in  SI  un i t s is calcu lat ed  at  each  step as a funct ion  o f  the i on ’ s 

veloci t y V  f r om  [ 18 , 28]

a ei =  [c +  d  l n ( V ) ] ^  [m2] , ( 3 3 10)

w here c= -2 2 7 x l 0 36, d =3 0 8 x 1035 and f= -0  52, the coeff i ci en t s bein g obtained fr om  a f i t  to 

Cr am er ’ s [ 28]  exper im en t al  m easurem en t s o f  the cross-sect ion  for  V >  3800m / s, b elow  th is 

valu e the cross-sect ion  bein g con sidered  constant

T h e ch ar ge-exch an ge cross-sect ion  w as calcu lat ed  fr om  the form u la given  b y S Sak abe 

and Y  Yzaw a [29]  and gi ves valu es closer  to the expen m en t al  valu es than the older  form u las 

given  by Rapp  and Fr an ci s [ 30]  and Popescu - Iovi t su  and Ion escu  -Pal l as [ 31]

^ ^ ( A - ^ o g i o V X / Z / o ) - 15  [cm 2] , (3 3 11)

w here A = 1 8 1x 10  14, B = 2 12 x 10  15, Io =  13 6 eV  i s the ion izat ion  poten t ial  o f  H yd rogen , 

1= 15  7eV  is the ion izat ion  poten t ial  o f  A rgon  and V  [cm / s]

T h e ch arge-exch an ge cross-sect ion  form u la is accoun t ed as rel iab le to a degree o f  15-  

20%  b y the authors [ 14 ]  and m atches the exper im en t al  data closer  than the Rapp  and Fr an cis 

form u la esp ecial l y  for  the l ow  veloci t y  ran ge T h e form u la given  b y I o n escu -Pal l as et  al  [ 31]  

h as a sim i lar  t rend as the one given  b y Sh u j i  et  al  but  w i t h  h igh er  values in the l ow  en er gy 

ran ge below  1 OeV T h e actual  values fo r  the ch ar ge-exch an ge cross-sect ion  are about  one order  

o f  m agn i t ude h igh er  than those obtained fr om  the Rapp  and Fr an ci s form u la (Fig 3 3 2)

T h e obtained Co l l i sion  Fr equ en cy (Fig 3 3 3)  and M ean  Fr ee Path  (Fig 3 3 4) obtained for  

elast i c col l i sion s are in good  agreem en t  to those deducted f rom  the m olecu lar  t heory o f  gases

T h e m ean fr ee paths m  Fi g 3 3 4 are cal cu lat ed  fr om  A =  l / n c r , w here n is the gas 

den si t y and O  the r espect i ve in t eract ion  cross-sect ion  and can  be al so exp ressed  as a funct ion  o f  

the gas t em perature T  and pressure p

A =  k T  /  p a  , (3 3 12)

w i t h  E=3kT/2  the average k inet ic en er gy o f  gas atom s at  t em perature T, lead in g to

A =  2 E I 3 p a ,  (3 3 13)

T h e hard-sphere m odel  is con sidered  for  both the elast i c and ch arge -  exch an ge col l i sion s

T h e resonan t  sym m et n c ch arge-exch an ge col l i si on s (A r +, A r )  m ech an ism  requ i res an 

over lapp in g o f  the elect ron  w ave-fu n ct ion s o f  the t w o par t icipan t s m  the col l i sion , i n vo l vi n g a 

close in teract ion , al low in g to be con sidered  as a hard -  sphere m odel  col l i sion , especial l y  at  l ow  

en ergies [29]
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Fi g .3.3.2. Elast i c and ch ar ge-exch an gc cross-sect ion s for  A r  at  3m t or r  (0.4Pa).

1 E nergy [e V ] 10
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i g .3.3.4 . M ean  l ;rec Path as a funct ion  o f  en er gy fo r  A r  at  3m t or r  (0.4Pa) .
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T h e 3D  scat t er ing p rocess bet w een  t w o par t icles i s descr i bed  b y Yam am u r a and Gr yzin sk i  [ 21, 

32]  w here the veloci t i es aft er  co l l i si on  are determ ined by the scat t er ing an gle in the orbi t al  p lan e 

and the rel at i ve veloci t y befo r e co l l i si on  In m y cod e I  h ave used  a d i f fer en t  approach , u sin g the 

k i net i cs in the Cen t re o f  M ass Fram e A ccord in g to cl assical  m ech an i cs and u sin g the 

k in em at ics in the Cen t re o f  M ass Fram e [ 33]  the f in al  veloci t i es o f  t w o par t i cl es w i t h  m asses M i  

and M 2 af t er  a 3D  col l i sion  can  also be w r i t t en  as 

M 'y C

f = v ^ - „  V ( 1 + e ) w ’ ( 3 3 14 )J A f j  +  M  2

^2f ~^21 +  “ — 1 (1  +  e)n * (3  3  I 5 )
J M } +  M  2

w h ere C  =  n (V^  — V2 l ) has the role o f  a “ co l l i si on  param et er ”  for  the d i rect ion  o f  col l i sion ,

e i s the coeff i ci en t  o f  rest i t ut ion ( e — 1 fo r  elast i c col l i sion s)  and n is the norm al  uni t  vect or  

f r om  par t i cle 1 to par t icle 2

T h e d i rect or  cosin es o f  norm al  un i t  vect or  n =  ( co s a,  co s b,  co s c )  are ran dom ly

generated for  each  col l i sion  as random  num bers u n i form ly d ist r ibuted bet w een  0 and 1, 

t herefore generat ing the d i rect ion  o f  encoun ter  in the r eferen ce fram e

The in i t ial  veloci t ies o f  the background gas atom  ( ion ) are ran dom ly gen erat ed  and 

n orm al ized to the average gas en er gy (t em perat ure) as

V 2,x -  ± R x E gas 1 \ R x  +  R y  +  R z  ’ (3 3 16 )

V2ix = ± R y E g a s / j R 2x + R 2y + R z2 , (3 3 17)

V 2 x = ± R z E gaS ^ R x + R2y + R z ’ (3 3 18 )

w here Rx, Ry  and Rz are independent  random  num bers in  the in t er val  [0, 1]  and the p lus or  

m inus sign s are also ran dom ly chosen

3 3 5 TH E D ISC H A R G E  M O D EL

For  M C calcu lat ion s, both  the m odel  and the star t  data h ave to be car efu l l y determ ined and 

design ed  U sin g a m odel  based  on exper im en t al  data in creases the accu r acy in  d esign in g the 

m odel  thus im provin g the expect ed  accu r acy o f  the resu l t s

T h e data used for  bu i l d i n g the m agnet ron  d i sch arge m odel  con sist  o f  the fo l l ow in g

a) T h e m agnet ron  geom et r y presen t ed in  Fi g  3 3 5,

b) T h e m agn et ic f i el d  f l u x  den si t y values B , calcu lat ed  accord in g to the m ethod and 

algor i t hm  presen t ed in Ch apt er  (3 1)  T h e d i st n buuon  o f  the in t en si t y o f  the m agnet ic f i el d  f lu x 

den si t y in  t he d i sch arge cross-sect ion  X O Z  is show n  in  Fi g 3 3 6,
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c)  T h e elect r i c f iel d  in the cat hode sheath  i s cal cu lat ed  from  the cu r rent  and vol t age 

w avefor m s valu es and the ext en t  o f  the cathode sheath  is p resen t ed in Fi g.3.3.8 ;

d) T h e elect r i c f iel d  in the p re-sheath  i s calcu lat ed  from  t w o t ypes o f  fun ct ion s presen ted 

in F i g .3.3.10 .

a )  T h e  M a g n e t r o n  G e o m e t r y

T h e opposed target  m agnet ron  geom et r y is presen t ed in Fi g.3.3.5. and con si st s o f  t w o  opposed 

rect an gu lar  t arget s (120m m xl 80 m m x9 m m ) , w i th  a d i st an ce between  the target s o f  100m m , and 

the cor respon d in g m agn et i c po l es ar r ays at  the back  o f  each  target .

T h e coord in at e axes con sidered  in the M C sim ulat ion  geom et r y are rep resen t ed in 

Fi g.3.3.5. in red, as w el l  as the star t  p lan es for  the ion sim u lat ion . A s it w i l l  be show n  n ext , the 

A r  and r espect i vel y Cu  ion relat i ve den si t ies are determ ined through O ES at  the l evel  o f  these 

planes.

M agn etic  p o le  (N )

(array o f  m a g n ets)

z = 4 0 m m
z = 3 0 m m  

V t-  z =  2 0 m m  
z = 1 0 m m

Ï j ê ê é ■ B n l

1_________ __________!

T arget

C o o lin g  sy s te m  plate

G ro u n d ed  S h ie ld

M agn etic  p o le  (S )

(array o f  m a g n ets)

* i g.3.3.5: T h e geom et r y set -up for  the M C sim u lat ion . T h e d i rect ion  o f  the m agn et ic 

f i l ed  l in es bet w een  the t arget s i s show n  in b lue l ines.
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b )  T h e  M a g n e t i c  H eld

T h e m agnet i c f ield  f lux den si t y valu es and d i rect ion  are calcu lat ed  as descr ibed  in Ch ap t er  ( 3.1) . 

T h e d i rect ion  o f  m agn et i c f ield  l in es between  the t arget s is sh ow n  in Fi g .3.3.5. T h e m agnet i c 

f iel d  f lux den si t y B  has in t en si t y con t ou r  l in es paral lel  to t he t arget s, a m axim um  o f  0 .2T  bein g 

ach ieved  at  the t arget s su r face ( Fig.3.3.6 ) . T h e m agn et i c f l u x den si t y valu es are cal cu lat ed  at 

each  t im e st ep du r ing the sim ulat ion .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ C hapter 3: Numerical Methods

w h ere Z  i s the 

and Z =  100m m

c )  T h e  E le c t r i c  f ie ld  in  th e  c a t h o d e  s h e a th

A n  EN I  pu lse generat or  h as been used to p rovide the pu lsed  I X '  b ias o f  the t arget s at  50k H z and 

pu l se o f f  t im e 20 16 n s. T h e operat ion  m ode w as set  for  a con st an t  cur ren t  run at  2A .

T h e I -V  w avefor m s h ave been m easured  as show n  in Ch ap t er  ( 5 .1)  and the valu es that  h ave 

been used in the cal cu lat ion  o f  the cathode sheath and the elect r i c f i el d  in t ensi t y in the sheath 

are presented in Fi g .3.3.7.

p u l se-o f f  t im e pu lsed  D C operat ion  at  a set  cur ren t  run o f  2A .

6 5
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T h e form at ion  o f  a m at r i x sheat h  and then o f  a Ch i l d -L an gm u i r  sheath  at  the on -set  o f  the

n egat i ve vo l t age on the cat hodes is w el l  understood and descr i bed  in  m an y r eferen ce book s as 

the one b y M  A  L ieberm an , A  J L ich t en berg [4]  T h e form at ion  o f  a t im e-dependen t  sheath in 

pu lsed  D C d i sch ar ges h as been  st udied both though m od el l in g and exper im en t s for  PH I  

app l icat ion s [9, 20]  T h e m odel s assum e that  the t ransien t  sheath  obeys the Ch i ld -Lan gm u i r  l aw  

at  each  instant  du r ing the p ropagat ion  o f  the sheat h  and are in good agreem en t  w i t h  the elect ron  

den si t y t em poral  evolu t ion  in  the sheath  from  Lan gm u i r  probe m easurem en t s [ 21]

For  opposed t arget  m agn et ron s w here the m agn et i c f i el d  is perpen d icu lar  to the t arget s, 

the sheath  t h ick n ess is not  i n f l uen ced  by the m agn et i c f i el d  and the Ch i ld -Lan gm u i r  l aw  can  be 

app l ied  d i rect ly, as for  the case o f  un -m agn et i zed  d i sch ar ges [ 34]  The ions uncovered  b y the 

expan sion  o f  the sheath  and those ar r iv i n g at  the sheath  edge f r om  the p lasm a bu l k  w i l l  be 

accelerat ed  t ow ards the t arget s, gen erat i n g a space-ch arge l im it ed cu r ren t  at  the target s Th e 

space-ch arge l im it ed cu r ren t  J t in  a p lan e d iode given  by the Ch i ld -Lan gm u i r  l aw  [4]  is

w here So is the perm i t t i vi t y o f  the fr ee space, e the par t i cle ch arge, M  the ion m ass, Vc  the 

cathode vol t age and s  the p lasm a sheath  t h ick ness

From  equat ion (33 19 ) , the valu e o f  the cathode sheat h  t h ick n ess s can  be calcu lat ed  w hen  the 

ion cur ren t  7, is know n T h e d i sch ar ge cu r ren t  con sist s o f  ions and secon dary elect rons

w here Je i s the elect ron  cur ren t  densi t y, y  the secon dary em ission  coeff i ci en t  and J , the ion 

cur ren t  den si t y

T h e k n ow led ge o f  the secon dary elect ron  em ission  coeff i ci en t  is requ i red in order  to 

obtain  in form at ion  on the ext en t  o f  the p lasm a sheath  s w hen  the cathode vo l t age Vc and 

d i sch arge cur rent  den si t y Jd are kn ow n  T h e secon dary elect ron  em ission  coeff i ci en t  y  valu es 

calcu lat ed  from  ion  beam  m easurem en ts for  A r  ions on Cu  target s, fo r  cl ean  su r faces (as those 

d u n n g sput ter ing) are fr om  0 08 to 0  1 at  ion  en ergies fr om  50 0 V  to 2000V  [ 35]  A s m ost  o f  

the vo l t age values are above 600V  for  our  pu lsed  d i sch arge, a constan t  valu e o f  y=0 1 and a total  

t arget s area o f  256cm 2 (2x 8 cm xl 6 cm )  h ave been  used  in  the sim ulat ion

T h e var iat ion  o f  the cathode sheath  t h ick n ess s d u n n g the pu l se is presen t ed in  Fi g 3 3 8 

T h e valu es are in  good  agreem en t  w i th  t hose m easured at  3m t or r  (A r )  in  a p lanar  D C m agnet ron  

b y Rossn agel  [ 36]  T h e calcu lat ion  assum es that  the t im e-dependen t  sheath  obeys the Ch i ld -  

Lan gm u i r  l aw  at  each  instan t  dur ing the pu lse, an assum pt ion  al so used by Sch eu er  [24]  in 

d escn b m g the propagat ion  o f  a t ransien t  sheath  dun n g a pu lse o f  h igh  n egat i ve vol t age appl ied

(3 3 19 )

J d = J t +  J e'  ™ à J e = 7 J r (3 3 20)

in  P H I
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p = 3 m to rr . c a lc u la te d  f ro m  th e  C h ild -L a n g m u ir  la w  a n d  th e  I-V  w a v e fo rm s .

T h e  re s u lt in g  c a th o d e  s h e a th  th ic k n e s s e s  fo r  s e v e ra l  v a lu e s  o f  th e  p u ls e -o f f  tim e , a t  5 0 k H z . 2A  

c u r re n t  ru n  a n d  3 m to r r  A r  p re s s u re  a re  p re s e n te d  in  F ig .3 .3 .8 . T h e  tim e  d e p e n d e n t s h e a th  

th ic k n e s s  c a lc u la te d  u s in g  th e  C h ild -L a n g m u ir  fo rm u la  h a s  a  s tro n g  v a r ia tio n  o f  its  e x te n t 

d u r in g  th e  p u lse .

T h e  e le c tr ic  f ie ld  E  in  th e  c a th o d e  s h e a th  is  g iv e n  b y  [4J:

E = i ^ ( £ ) ,/3; (3.3.21)
3 5  5

w h e re  s  is  th e  s h e a th  th ic k n e s s .  V, th e  c a th o d e  p o te n tia l a n d  z  th e  d is ta n c e  to  th e  c a th o d e .

T h e  s e c o n d a ry  e le c tro n s  g e n e ra te d  d u r in g  th e  s p u t te r in g  p ro c e s s  a re  a c c e le ra te d  in  th e  

c a th o d e s  s h e a th  a t h ig h  v o lta g e s  a n d  p ro d u c e  io n iz a t io n s  in  th e  p la sm a  b u lk . T h e  m a g n e tic  

c o n f in e m e n t w il l d ic ta te  th e ir  p a th  a n d  c o n f in e m e n t t im e  a s  w e ll as  th e  r e s u lt in g  io n  d e n s ity  

d is tr ib u tio n  in  th e  b u lk .

O n c c  io n iz e d , th e  g a s  io n s  h a v e  to  tra v e l to w a rd s  th e  ta rg e ts  in  o rd e r  to  c o n t in u e  th e  

s p u tte r in g  p ro c e s s .

d )  T h e  E le c t r i c  F ie ld  in  th e  P la s m a  P r e - S h e a th

T h e  p la s m a  p re -s h e a th  is  a  tr a n s i tio n  la y e r  b e tw e e n  th e  n e u tra l  p la s m a  a n d  th e  c a th o d e  s h e a th  

th a t m a in ta in s  th e  c o n t in u ity  o f  th e  e le c tr ic  f ie ld  a t th e  p la s m a -s h e a th  b o u n d a ry , th u s  g iv in g  r is e  

to  a n  e le c tr ic  f ie ld  a c ro s s  th e  tr a n s i tio n  re g io n  d u e  to  a  p o s i t iv e  p la s m a  p o te n tia l V ,.

T h is  e le c tr ic  f ie ld  in th e  t r a n s i tio n  la y e r  e n s u re s  th e  io n  d r if t to w a rd s  th e  c a th o d e s  w ith  at 

le a s t th e  B o h m  v e lo c ity  a n d  a l lo w s  th e  c o n t in u ity  o f  th e  io n  f lu x . T h e  re q u ire m e n t fo r  a  c e r ta in  

e le c tr ic  f ie ld  th a t a l lo w s  io n s  f ro m  th e  p la s m a  b u lk  to  r e a c h  th e  ta rg e ts , e n s u r in g  a  c o n s ta n t ion  

f lo w  to w a rd s  th e  ta rg e ts  [4 ] le a d s  to  th e  c o n c e p t  o f  B o h m  v e lo c ity  uB, a s  th e  m in im u m  v e lo c ity
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ih e  io n s  s h o u ld  a c q u ire  in  th e  p re -s h e a th  in o r d e r  to  re a c h  th e  ta rg e ts :

(3 .3 .2 2 )

" V M

T h e  B o h m  v e lo c ity  h a s  a s  a  lo w  lim it g iv e n  b y  th e  th e rm a l a v e ra g e  v e lo c ity  o f  th e  g a s  a to m s:

[ ^ 7
it & >  J  : w h e re  Tg is  th e  g a s  a v e ra g e  te m p e ra tu re . (3 .3 .2 3 )

V M

T h is  m e a n s  th a t th e  v e lo c ity  a c q u ire d  b y  th e  io n s  in  th e  p re - s h e a th  h a s  to  b e  a t le a s t th e  B o h m  

v e lo c ity , w h ic h  h a s  to  b e  h ig h e r  th a n  th e  io n s ’ v e lo c ity  a t th e  a v e ra g e  g a s  te m p e ra tu re .

T h e  c o n s e q u e n c e s  o f  th e s e  s im p le  re q u ire m e n ts  w ill b e  c le a r ly  s h o w n  in  th e  re s u lts  o f  th e  

s im u la t io n s  p re s e n te d  in th is  p a p e r ,  a s  th e  io n s  lo c a te d  a t r e g io n s  w ith  lo w  p re -s h e a th  e le c tr ic  

f ie ld  re a c h  th e  ta rg e ts  w ith  lo w  p ro b a b il i ty ,  th e ir  m o tio n  b e in g  ra n d o m  a n d  d ic ta te d  m a in ly  b y  

th e ir  te m p e ra tu re .

A c c o rd in g  to  th e  c o n s id e re d  g a s  te m p e ra tu re , th e  e le c tr ic  f ie ld  in th e  p re -s h e a th  h a s  to  

o v e rc o m e  th e  in itia l  ( th e rm a l)  io n  e n e rg y  in  o rd e r  to  b r in g  th e m  to  th e  ta rg e ts . T h e  h ig h e r  th is  

in i tia l io n  e n e rg y , th e  h ig h e r  h a s  to  b e  th e  re q u ir e d  v a lu e  fo r  th e  e le c tr ic  f ie ld  in th e  p re - s h e a th .

A  sc h e m a tic  o f  th e  p la s m a  d is c h a rg e  b u lk  is  p re s e n te d  in  F ig .3 .3 .9 . in d ic a t in g  th e  

e x p e c te d  b e h a v io u r  o f  th e  e le c tr ic  f ie ld , g iv e n  b y  th e  fo rm a tio n  o f  th e  c a th o d es*  s h e a th  a n d  th e  

p la s m a  p re - s h e a th  c o v e r in g  th e  c e n tre  o f  th e  b u lk .

M o d e ls  fo r  th e  fo rm a tio n  o f  a  p re - s h e a th  in p u ls e d  d is c h a rg e s  h a v e  b e e n  m a in ly  

d e v e lo p e d  fo r  P la s m a  Im m e rs io n  Io n  Im p la n ta t io n  (P I I I )  a p p lic a t io n s . H e re , in  s o m e  m o d e ls ,  

th e  p re - s h e a th  d e v e lo p s  o n ly  if  th e  e x p a n s io n  s p e e d  o f  th e  s h e a th  e d g e  is  s lo w e r  th a n  th e  ion  

a c o u s t ic  s p e e d  124). w h ile  o th e r  m o d e ls  a s s u m e  th a t th e  p re -s h e a th  e x is ts  in d e p e n d e n t o f  th e  

p ro p a g a tio n  s p e e d  o f  th e  s h e a th  [3 7]. T h e  re s u lts  fro m  m e a s u re m e n t [251 a n d  s im u la t io n s  [2 6 ) 

d e m o n s tra te  th a t in th e  c a s e  o f  P III d is c h a rg e s  ( fo r  s u d d e n  e le c tro d e  v o lta g e  ju m p s )  th e  p re ­

s h e a th  d e v e lo p s  w ith  a  d e la y  g iv e n  b y  th e  tim e  th e  in fo rm a tio n  a b o u t th e  c h a n g e s  a t  th e  

e le c tro d e  tr a v e ls  w ith  th e  ion  a c o u s tic  sp e e d .

F ig .3 .3 .9 .S h e a th  a n d  p re -s h e a th  m o d e ls  fo r  th e  e le c tr ic  f ie ld  b e h a v io u r  ( s c h e m a tic s ) .
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T h e  e v o lu t io n  o f  th e  p re - s h e a th  o b s e rv e d  e x p e r im e n ta l ly  [2 5 ] a n d  b y  P IC /M C  s im u la t io n s  [2 6 ] 

in d ic a te s  a  s lo w  e x p a n s io n  th a t c o n t in u e s  fo r  m o re  th a n  1 Ojas a f te r  th e  s h e a th  c o lla p s e d .

F o r  p u ls e d  D C  d is c h a rg e s , a f te r  th e  v o lta g e  w a v e fo rm  h a s  re a c h e d  th e  m a x im u m  v a lu e , 

th e  p re -s h e a th  is  fo rm e d , its  e v o lu tio n  is  s lo w  a n d  its  e x te n t c a n  b e  c o n s id e re d  q u a s i- c o n s ta n t.  

S p a c e  a n d  tim e - re s o lv e d  L a n g m u ir  p ro b e  m e a s u re m e n ts  [7 ]  in  a  1 0 0 k H z  p u ls e d  re c ta n g u la r  

m a g n e tro n  s y s te m  s h o w  th a t th e  p la s m a  p o te n tia l h a s  p o s i t iv e  c o n s ta n t  v a lu e s  (~  fe w  v o lts )  

d u r in g  th e  p u ls e -o n  p h a s e , in  a  p la n a r  m a g n e tro n . T h e  c o n s ta n t  p la sm a  p o te n tia l d u r in g  th e  

p u ls e -o n  tim e  s u p p o r ts  th e  id e a  o f  a  p re - s h e a th  f ie ld  in d e p e n d e n t o f  th e  v o lta g e  o s c il la t io n s  o n  

th e  c a th o d e s .

T h e re fo re ,  th e  p re s e n t m o d e l a s s u m e s  th a t o n c e  fo rm e d , th e  p re -s h e a th  h a s  a  q u a s i ­

c o n s ta n t e x te n t  a n d  a  c o n s ta n t  v a lu e  o f  th e  e le c tr ic  f ie ld . T h e  p re - s h e a th  c o n s id e re d  in  th is  

m o d e l e x te n d s  fro m  th e  s h e a th  e d g e  to w a rd s  th e  c e n tr e  o f  th e  d is c h a rg e , w ith  a n  e le c tr ic  f ie ld  

in d e p e n d e n t  o f  tim e .

S e v e ra l  fu n c tio n s  o f  d is ta n c e  fo r  th e  e le c tr ic  H eld  in  th e  p re -s h e a th  w ill b e  u s e d  in  th e  

p re s e n t M C  s im u la tio n  in o r d e r  to  e v a lu a te  th e  fu n c tio n  o f  d is ta n c e  a n d  th e  in te n s ity  ra n g e  o f  

(he p re -s h e a th  e le c tr ic  f ie ld  n e c e s s a ry  to  g iv e  th e  o b s e rv e d  v a lu e  o f  io n s ’ tra v e l tim e  to  ta rg e ts .

T h e  p re -s h e a th  e le c tr ic  f ie ld  h a s  b e e n  c h o s e n  fro m  s e v e ra l  l in e a r  a n d  p a ra b o lic  fu n c tio n s  

re p re s e n te d  in  F ig .3 .3 .1 0 .

F o r  th e  M C  a n a ly s is ,  tw o  fu n c tio n s  h a v e  b e e n  s e le c te d  fo r  u se  in  th e  m o d e l in  o r d e r  to  

a s s e s s  th e ir  s u ita b il i ty  fo r  d e s c r ib in g  th e  p re -s h e a th  e le c tr ic  f ie ld :

-  a  l in e a r  fu n c tio n  o f  th e  d is ta n c e  z  fro m  th e  d is c h a rg e  c e n tre  to  th e  ta rg e ts :

E (z )= 8 0 * z  [V /m ], w h e re  z  is  e x p re s s e d  in  [m m ]; (3 .3 .2 4 )

- a  p a ra b o lic  fu n c tio n  o f  z : F (z )= 3 * z : [V /m ] w h e re  z  is  e x p re s s e d  in  [m m ]. (3 .3 .2 5 )
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3 4 T H E  M O N T E  C A R L O  SIM U LA T IO N  FO R  A r IO NS  

3 4 1  TH E ST AR T D A T A

T h e  s ta r t d a ta  n e c e s s a ry  fo r  th e  in p u t  o f  th e  M C  s im u la tio n  th a t  h a v e  to  b e  d e te rm in e d  

e x p e r im e n ta lly ,  in  o rd e r  to  k e e p  a n  a c c u ra te  d is c h a rg e  m o d e l c o n s is t  o f  th e  fo llo w in g

a ) T h e  v a lu e  fo r  th e  A r  io n  t r a n s i t  ( tra v e l)  t im e  to  ta rg e ts  d e te rm in e d  e x p e r im e n ta lly ,

b )  T h e  re la tiv e  io n  d e n s ity  d is tr ib u tio n s ,

c )  T h e  s ta r t m o m e n t d u r in g  th e  p u ls e

O th e r  s ta r t d a ta  a re  in c lu d e d  in  th e  in itia l  m o d e l, a s  th e  io n s ’ s ta r t  e n e rg y  a n d  th e  g a s  p re s s u re  

T h e  A r  io n  in it ia l e n e rg y  c o n s id e re d  h e re  is  th e  k in e tic  th e rm a l e n e rg y  a t a  te m p e ra tu re  o f  

3 0 0 °K , E = 0  0 3 8 7 e V  a n d  th e  A r  g a s  p re s s u re  is  3 m to r r  (0  4 P a )

T h e  in i tia l io n  d e n s ity  a t th e  s ta r t lo c a tio n  a n d  m o m e n t in  th e  d is c h a rg e  is  d e te rm in e d  

f ro m  th e  re la tiv e  in te n s it ie s  o f  th e  tim e  a n d  s p a c e  re s o lv e d  O p tic a l  E m is s io n  S p e c tro s c o p y  

(O E S )  d a ta  fo r  A r  io n  lin e s  a s  i t  w ill b e  s h o w n  n e x t  T h e  tim e - re s o lv e d  O E S  m e a s u re m e n ts  

w e re  p e r fo rm e d  w ith  th e  o p tic a l p ro b e  p la c e d  in  th e  c e n tre  o f  th e  d is c h a rg e , w h ile  fo r  th e  s p a c e  

a n d  t im e - re s o lv e d  O E S  m e a s u re m e n ts  th e  p ro b e  w a s  p la c e d  p a ra l le l  to  th e  ta rg e ts  s u r fa c e s ,  a t  a 

d is ta n c e  o f  2 0 m m  fro m  th e  ta rg e ts  e d g e ,  v ie w in g  p o in ts  b e tw e e n  th e  ta rg e ts  (a t  z = 1 0 m m , 

2 0 m m , 3 0 m m  a n d  4 0 m m  f ro m  th e  ta rg e t  s u r fa c e )  c o r re s p o n d in g  to  th e  p la n e s  in d ic a te d  in  

F ig  3 3 5 F o r  th e  M C  s im u la tio n , th e  io n s  s ta r t p la n e s  w ill b e  c o n s id e re d  a t th e  s a m e  d is ta n c e s  

in  o rd e r  to  m a tc h  th e  re la t iv e  in te n s i ty  o f  A r  io n  e m is s io n  lin e s  (a n d  th e ir  re la t iv e  d e n s ity )  to  th e  

w e ig h t in  th e  a v e ra g in g  o f  re s u lts  o v e r  th e  b u lk  v o lu m e

T h e  tr a v e l tim e  to  ta rg e ts  o f  A r  io n s  is  d e te rm in e d  e x p e r im e n ta l ly  fro m  tim e - re s o lv e d  

O E S  d a ta  as  w ill b e  e x p la in e d  n e x t  a n d  i t  w ill b e  u s e d  fo r  c o m p a r is o n  w ith  th e  re s u lts  o f  th e  M C  

c o m p u ta tio n  o f  A r  io n  tra v e l  tim e  to  ta rg e ts  to  e v a lu a te  th e  b e s t  f i t  to  th e  e le c tr ic  f ie ld  in  th e  p r e ­

s h e a th

a) The Ion T ransit T im e -E xp erim en ta l V alues

T h e  tim e - re s o lv e d  O E S  p ro v id e s  in fo rm a tio n  o n  th e  in te n s i ty  o f  th e  A r  io n  e m is s io n  lin e s  

d u r in g  p u ls e  a n d  o n  th e  io n  t r a n s i t  t im e  to  th e  ta rg e ts  F o r  th e  O E S  a n a ly s is , th e  A c o u s to -O p tic  

S p e c tro s c o p y  A n a ly s e r  (IfU ) A O S -4  p re s e n te d  in  C h a p te r  (2  3) h a s  b e e n  u s e d

T h e  e v o lu tio n  o f  th e  m o s t in te n s e  A r  io n  lin e  (4 8 8 n m ) in  th e  O E S  lin e  s p e c tru m  w a s  

o b s e rv e d  A  ty p ic a l e x a m p le  is  p re s e n te d  in  F ig  3 4  1, a lo n g  w ith  th e  p o w e r  w a v e fo rm  W e  c a n  

o b s e rv e  th e  d e la y  b e tw e e n  th e  a p p l ie d  p o w e r  p e a k  a n d  th e  A r  io n  lin e  in te n s ity  p e a k  T h is  2  5 |is  

d e la y  is  a t tr ib u te d  to  th e  a v e ra g e  tim e  n e e d e d  b y  th e  A r  io n s  to  re tu rn  to  th e  ta rg e ts  a n d  p ro d u c e  

( th ro u g h  s p u tte r in g )  th e  s e c o n d a ry  e le c tro n s  th a t  w ill m a in ta in  th e  d is c h a rg e  T h e  c o n s id e ra t io n s  

le a d in g  to  th is  c o n c lu s io n  a re  la rg e ly  p re s e n te d  in  C h a p te r  (5 2 ) a n d  a r e c e n t  p u b lis h e d  p a p e r  

[38]
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l= 2 A  p u ls e d  D C  d is c h a rg e  a t  3 m to r r  (0 .4 P a )  A rg o n  p re s s u re .

T h e  A r  io n s  c re a te d  in  th e  p la s m a  h u lk  a t th e  m o m e n t w h e n  th e  p o w e r  p e a k  h a s  a  m a x im u m  

(t= 4 .5 j is ,  F ig .3 .4 .1 )  tra v e l b a c k  to  th e  ta rg e ts  a n d  p ro d u c e  m o re  s e c o n d a ry  e le c tro n s  w h ic h  

g e n e ra te  th e  m a x im u m  A r  io n  p e a k  a t t= 7 |is .  T h is  tra v e l tim e  o f  th e  A r io n s  to  th e  ta rg e ts  

g e n e ra te s  th e  d e la y  b e tw e e n  th e  p o w e r  p e a k  a n d  th e  A r  ion  p e a k .

T h e  sh a p e  o f  th e  A r  ion  p e a k  fo llo w s  c lo s e ly  th e  o n e  o f  th e  a p p lie d  p o w e r  p e a k  in d ic a tin g  

th a t io n iz a tio n  is  m a in ly  d u e  to  d ir e c t  e le c tro n  im p a c t p ro c e s s e s  - w h ic h  is  e x p e c te d  a t th e  lo w  

p re s s u re s  a n d  h ig h  e le c tro n  e n e rg ie s  in th is  ty p e  o f  d is c h a rg e .

A s  o b s e rv e d  in  C h a p te r  (5 .2 )  th e  - 2 .5  u s  d e la y  b e tw e e n  th e  A r  ion  e m is s io n  p e a k  a n d  the  

p o w e r  p e a k  h a s  a lm o s t c o n s ta n t  v a lu e s  w ith  th e  p u ls e -o f f  tim e , s h o w in g  th a t th is  is  a 

c h a ra c te r is t ic  o f  th e  m a g n e tro n  d is c h a rg e  a t a  c e r ta in  p re s s u re  a n d  it is  d u e  to  th e  tim e  th e  A r 

io n s  n e e d  to  tra v e l fro m  th e  lo c a tio n  w h e re  th e y  w e re  p ro d u c e d , to  th e  ta rg e ts .  T h is  v a lu e  w ill 

b e  la te r  c o m p a re d  w ith  th e  re s u lts  fro m  th e  M C  s im u la tio n  o f  A r  io n  tra n s i t tim e  to  ta rg e ts  fo r  

e a c h  c o n s id e re d  p re -s h e a th  e le c tr ic  f ie ld .

b )  T h e  r e la t iv e  io n  d e n s i ty  d i s t r i b u t io n s

T h e  s p a c e  a n d  tim e - re s o lv e d  O E S  a n a ly s is  p ro v id e s  in fo rm a tio n  o n  th e  re la tiv e  d is tr ib u tio n  o f  

A r  io n  d e n s i ty  ( io n iz a tio n  d e n s ity )  in  th e  b u lk  d is c h a rg e .  F ig .3 .4 .2  s h o w s  th e  re la t iv e  in te n s ity  

d is tr ib u t io n  o f  th e  4 8 8 n m  A r  io n  e m is s io n  lin e  o v e r  a  c ro s s - s e c t io n  o f  th e  b u lk  d is c h a rg e  d u r in g  

th e  p u ls e d  D C  o p e ra t io n  a t 5 0 k H z . 2 0 1 6 n s  p u ls e - o f f  tim e  a n d  2 A  c o n s ta n t c u r re n t  ru n . T h e  io n s  

a re  d is tr ib u te d  m a in ly  in  th e  c e n tr e  o f  th e  b u lk  w ith  a  s tro n g  in c re a s e  in  th e  io n  d e n s i ty  in  a 

re g io n  s itu a te d  a t 3 0 m m  to  4 0 m m  fro m  th e  ta rg e ts . ( 1 0 m m  to  2 0 m m  fro m  th e  d is c h a rg e  c e n tre ) .
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F ig .3 .4 .2 : 3 D  re la tiv e  A r io n  e m is s io n  lin e s  in te n s ity  in  th e  b u lk  fro m  tim e  a n d  s p a c e  - r e s o lv e d  

O E S .  T im e  in te rv a ls : 0 .2  p s .

S O K hz, 2 0 1 6 n s . 2 A  a n d  th e  P o w e r  w a v e fo rm  o n  th e  c a th o d e s .  T im e  re s o lu t io n :  0 .2 n s .  T h e  

a r ro w  in d ic a te s  th e  s ta r t m o m e n t in  th e  s im u la tio n , c o in c id in g  w ith  th e  m a x im u m  p o w e r  p e a k .

T h e  s p a c e - re s o lv e d  A r  ion  d e n s i ty  d is tr ib u t io n  in  th e  b u lk  w il l b e  u s e d  in  th e  M C  s im u la tio n  to  

e s ta b l is h  th e  s ta r t p o s it io n  a n d  tim e  fo r  th e  A r  io n s  a s  w e ll a s  th e ir  r e la tiv e  d e n s i ty  a t  th e  s ta r t 

m o m e n t a n d  lo c a tio n  in  th e  d is c h a rg e . T h e  s ta t is tic a l w e ig h ts  w ill b e  ta k e n  fro m  th e  io n s  

re la t iv e  d e n s i ty  (O lfS  in te n s ity )  a t th e  s ta r t m o m e n t ( in d ic a te d  b y  a n  a r ro w  in  F ig .3 .4 .3 ) .

c )  T h e  s t a r t  m o m e n t  d u r i n g  th e  p u ls e .

T h e  s ta rt m o m e n t fo r  th e  ion  s im u la tio n  c a n  b e  c h o s e n  a t a n y  m o m e n t o f  th e  p u ls e  s itu a te d  a t  o r  

a f te r  th e  v o lta g e  p e a k ,  w h e n  th e  p re - s h e a th  e x te n t  a n d  e le c tr ic  f ie ld  c a n  b e  c o n s id e re d  c o n s ta n t . 

In th e  c o n s id e re d  m o d e l, th e  s ta r t m o m e n t o f  th e  s im u la tio n  w a s  ta k e n  a s  th e  m o m e n t w h e n  th e  

v o lta g e  r e a c h e s  th e  m a x im u m  v a lu e  ( t= 4 .5 p s ) .
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3  4  2  T H E  S I M U L A T I O N  F O R  A r  I O N S

A  shor t  review  o f  the sim ulat ion  param et ers for  A r  ions i s p resen t ed  n ext

T h e M C sim ulat ion  fo l l ow s A r  ions on 3D  t r aject or ies in  a pu lsed  D C m agnet ron 

d i sch arge du r in g the pu lse-on  t im e o f  a pu lsed D C operat ion (50k H z, pu lse o f f  t im e 20 16 n s and 

2A  constan t  cur ren t  run) at  an A r  gas p ressure o f  0 4Pa T h e m agn et i c f i el d  valu es are cal cu lat ed  

at  each  t im e st ep o f  0 0 2 j l i s  u sin g the cu r ren t  sheet  m et hod

T h e ext en t  o f  the p lasm a sheath  s i s calcu lat ed  at  each  t im e st ep from  the Ch i l d -L an gm u i r  

form u la, w h ere the ion cur ren t  den si t y i s obtained f r om  the m easured d i sch ar ge cur ren t  

w avefor m , assum in g a constan t  secon dary em ission  coef f i ci en t  o f  y=0 1

T h e i on s’ start  posi t ion s are chosen  on several  p lan es si t uated at  d ist an ces z  o f  10m m , 

20m m , 30m m , 40m m  from  the t arget s and x posi t ion s in the X Z  cross-sect ion  si t uated 5m m  

apar t  x=0m m , 5m m , 10m m , 15m m , 20m m , 25m m , 30m m , 35m m  and 40m m , thus cover i n g a 

quar t er  o f  the p lasm a volum e bet w een  the t arget s (Fi g 3 3 5)  T h e chosen  star t  posi t ion s for  the 

ions cor respon d to the posi t ion s (p lanes)  w here the relat i ve ion  den si t y i s kn ow n  in our  

exper im en t  from  the space and t im e-resolved  O ES data

T h e m om en t  in t im e from  the st ar t  o f  the pu lse w hen  i on ’ s t raject or ies are star t ed 

cor respon ds to the m axim um  p eak  o f  the space and t im e-resolved  O ES (or  ju st  t im e-resolved  

O ES) , at  4 5 (is from  the star t  o f  the pu lse, as m ost  o f  the ions are creat ed around that  m om en t  

du r ing the pu l se

T h e ions start  en er gy i s 0 0 38 7eV , cor respon d in g to a gas tem perat u re o f  ~30 0 °K  and 

t hei r  in i t ial  vel oci t i es h ave ran dom ly d ist r ibuted d i rect ions

T h e ions t raject or ies are fo l l ow ed  unt i l  t hey reach  the t arget s or  t hey l eave the d i sch arge, 

at  a l im i t  o f  100m m  on the Y  d i rect ion  (alon g the targets length) and 60m m  on the X  d i rect ion  

(on the t arget s w idth )

Bot h  elast i c and ch ar ge-exch an ge co l l i sion s w i t h  the neut ral  gas atom s h avin g random  

veloci t i es and an en er gy cor respon d in g to the gas t em perature (0 0 38 7eV )  w ere taken in to 

accoun t  T h e col l i si on s w i t h  the sput tered m etal  at om s and ion s are not  t aken  in to accoun t  T h e 

col l i sion  cross-sect ion s and the t ype o f  in teract ion  are al so calcu lat ed  at  each  t im e step

T h e preci sion  o f  the M C sim u lat ion  i s i n f luen ced  by random  and st at i st ical  er ror  Th e 

st at i st ical  er ror  is relat ed  to the sim u lat ion  procedure and the con sidered  m odel  T h e random  

er ror  can  be m ain t ained l ow  b y  runn ing a large num ber  o f  par t icles W e h ave chosen  to run 

10 0 0  ions f r om  each  start  locat ion , w h ich  br in gs the total  ion  num ber  run f r om  each  con sidered  

p lan e ( layer )  o f  the p lasm a bu l k  to 9000 and the overal l  total  to 36000 A l l  f in al  valu es are 

p resen t ed as w eigh t ed  aver ages (to the relat i ve ion  d en si t y at  the st ar t ing poin t )  and n orm al ized  

to the num ber  o f  par t i cles run
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3 .4 .3 . R E S U L T S  F O R  A r  IO N S

a )  A r  io n s  m e a n  t r a n s i t  t im e s

A  h is to g ra m  re p re s e n ta tio n  o f  th e  tra n s i t tim e  fo r  A r io n s  fro m  th e ir  s ta r t lo c a tio n  to  th e  ta rg e ts  

(o r  u n til th e  e n d  o f  th e  p u ls e - o f f  tim e )  is  p re s e n te d  in F ig .3 .4 .4  a n d  F ig .3 .4 .5 .

T h e  c o n s id e re d  tim e  b in  s iz e  is  0 .2 n s .  R e s u lts  a r e  n o rm a liz e d  to  th e  to ta l n u m b e r  o f  

p a r t ic le s  ru n  f ro m  e a c h  la y e r  (9 0 0 0 ) .  li a c h  tim e  b in  c o n ta in s  th e  r e la tiv e  n u m b e r  o f  io n s  th a t 

e n d e d  th e ir  tra n s it  in th e  re s p e c t iv e  tim e  b in . T h is  r e p re s e n ta tio n  in d ic a te s  d ir e c t ly  th e  m o s t 

p ro b a b le  tim e  n e e d e d  b y  io n s  f ro m  e a c h  s ta rt la y e r  to  re a c h  th e  ta rg e ts .  T h e  la s t b in  (s i tu a te d  at 

t= 1 3 .5 |i s )  in d ic a te s  th e  p e rc e n ta g e  o f  io n s  th a t h a v e  n o t re a c h e d  th e  ta rg e ts  a n d  a re  le f t in  th e
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• L a y e r  a t  2 0 m m  

• L a y e r  a t  1 0 m m

u
6  , . 8  

T i m e  [ u s ]
1 0 12 14

"  ■ t —---    c
•ig. 3 .4 .5 . A r  io n  tra n s i t t im e  s ta t is t ic s  fo r  th e  p a ra b o lic  p re - s h e a th  H eld: E (z )= 3 * z '.
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T h e  m o s t p ro b a b le  v a lu e  fo r  th e  re tu rn  tim e  to  ta rg e ts  o f  A r  io n s  is  g iv e n  b y  th e  s ta t is tic a l c h a n s  

(F ig .3 .4 .4  a n d  F ig .3 .4 .5 ) ,  w h e re  th e  a v e ra g e  tra v e l ( t r a n s i t )  tim e  to  ta rg e ts  (T T )  c a n  be 

c a lc u la te d  u s in g  a  w e ig h te d  a v e ra g e  o f  th e  m o s t p ro b a b le  tra n s i t tim e s  o f  io n s  s ta r t in g  in  e a c h  

la y er:

I > , p , o n

[ 7 T ]  =  - h = ------------ ; (3 .4 .2 6 )

i

w h e re :

C m ,  = th e  m o s t p ro b a b le  tr a n s i t tim e  fo r  th e  la y e r  ( / ) ;

W ,  = th e  in itia l  A r  io n  d e n s i ty  in  la y e r  ( 0 ;

Pi = re la tiv e  n u m b e r  o f  io n s  re a c h in g  th e  ta rg e t fo r  la y e r  ( /).

T h e  in itia l  A r  ion  d e n s ity  W, is  ta k e n  fro m  F ig .3 .4 .3 , a s  th e  r e la tiv e  O E S  in te n s i ty  a t th e  m o m e n t 

t= 4 .5 |i s  w h e n  th e  s im u la tio n  s ta r ts  (a t m a x im u m  p o w e r  p e a k ).

T h e  o b ta in e d  v a lu e s  fo r  th e  tra v e l tim e  to  ta rg e ts  o f  A r io n s  s ta r t in g  in  th e  la y e r  s i tu a te d  at 

z = 1 0 m m  fro m  th e  d is c h a rg e  c e n tr e  in d ic a te  th a t th e se  io n s  a r r iv e  a t th e  ta rg e ts  m u c h  la te r  ( a t  t= 5  p s  

a n d  6 .5 n s  fro m  th e  io n s ’ s ta r t)  th a n  th e  io n s  s ta r t in g  f ro m  la y e rs  s itu a te d  c lo s e r  fro m  th e  ta rg e ts  a n d  

w il l n o t b e  re s p o n s ib le  fo r  th e  in te n s e  sp u tte r in g  th a t g e n e ra te s  th e  A r  ion  p e a k  m a x im u m  a t  7 n s  

( 2 .5 n s  a f te r  th e  p o w e r  p e a k ) . T h e re fo re , th e  tra n s i t tim e  o f  io n s  s ta r t in g  in la y e r  z = 1 0 m m  s h o u ld  no t 

b e  in c lu d e d  in  th e  w e ig h te d  a v e ra g e .

T h e  a v e ra g e  tra v e l tim e  to  targets  o f  A r  io n s  c a lc u la te d  fo r  e a c h  ty p e  o f  p re -s h e a th  f ie ld , fo r  

th e  f irs t 3  la y e rs  (z = 4 0 m m . z = 3 0 m m  a n d  z = 2 0 m m ) a n d  r e s p e c tiv e ly  in c lu d in g  th e  fo u rth  la y e r 

( z = 1 0 m m , h ig h lig h te d  re s u l ts )  a r e  p re s e n te d  in  T a b le  3 .4 .1 .

F u n c tio n  

E (z ) ; [V /m J

L a y e r

z [m in ]

W ,l%  1 p , m (TT),

l US]

IT T ]  [ns]

lin e a r : 4 0 3 0 33 1.4 2 .5 7

E (z )= 8 0 * z  ; 30 4 3 23 2 .4 3. 26

z [m m ] 20 8 0 2 0 3 .4

10 80 18 5

p a ra b o lic : 4 0 3 0 35 1.3 2 .4 2

E (z )= 3 * z 2 ; 30 4 3 17 2.1 3. 3

z [m m ] 2 0 8 0 14 3.7

10 80 10 6. 5

T a b le  3 .4 .1 . V a lu e s  o th e  tra v e l tim e  to  ta rg e ts  fo r  A r io n s .

V a lu e s  o f  - 2 . 5 n s  a re  o b ta in e d  w h e n  p e r fo rm in g  th e  w e ig h te d  a v e ra g e  fo r  th e  f irs t 3 la y e rs .  In c lu d in g  

in th e  a v e ra g e  th e  la y e r  z = 1 0 m m . th e  a v e ra g e  tra n s i t tim e  in c re a s e s  to  ~ 3 .3 n s .

A s  th e  O E S  A r io n  e m is s io n  h a s  a  f la t p e a k  c c n tr c d  a t t= 2 .5 n s  fro m  th e  p o w e r  p e a k  

m a x im u m  a n d  e x te n d in g  u p  to  t= 3 n s  a f te r  th e  p o w e r  p e a k  m a x im u m , th e  v a lu e s  o b ta in e d  fo r  th e  

A r  io n  tr a n s i t  tim e  a rc  in g o o d  a g re e m e n t w ith  th e  e x p e r im e n ta l  o b s e rv a t io n s , th e re fo re , th e  

c h o s e n  p re -s h e a th  e le c tr ic  f ie ld s  a re  a  g o o d  a p p ro x im a tio n  fo r  th e  s o u g h t f ie ld s .
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T h e  c o n s id e re d  p re -s h e a th  fu n c tio n s  p ro v id e  th e  re q u ir e d  v a lu e  fo r  th e  a v e ra g e  tra v e l tim e  to  

ta rg e ts  f o r  th e  A r  io n s .

b )  E n e r g y  d i s t r i b u t i o n s  f o r  A r  io n s

A n  a n a ly s is  o f  th e  io n s ’ e n e rg y  a t th e  e n d  o f  th e ir  p a th  (o r  th e  e n d  o f  th e  s im u la tio n )  p ro v id e s  

m o re  in fo rm a tio n  o n  th e  in f lu e n c e  o f  th e  c o n s id e re d  p re - s h e a th  f ie ld s  o n  th e  s p u tte r in g  p ro c e s s .

T h e  d is tr ib u tio n  o f  t r a n s la tio n  e n e rg ie s  fo r  A r io n s  r e a c h in g  th e  ta rg e ts  h a s  a  w id e r  sp re a d  

a n d  h ig h e r  e n e rg ie s  fo r  th e  p a ra b o l ic  p re - s h e a th  f ie ld  th a n  fo r  th e  l in e a r  p re - s h e a th  f ie ld  

F ig .3 .4 .6 . F ig . 3 .4 .7 ) .

A c c o rd in g  to  th e ir  s ta r t  la y e r ,  th e  io n s  a r e  a c c e le ra te d  o v e r  d if f e re n t  d is ta n c e s , le a d in g  to  

a  d if fe re n t  e n e rg y  d is tr ib u tio n  a t  th e  c a th o d e  s h e a th  e d g e .  T h e s e  e n e rg y  d is tr ib u t io n s  a re  

g e n e ra te d  by :

-  T h e  r a n d o m  in itia l  d is tr ib u tio n  o f  A r io n  v e lo c itie s ;

-  T h e  v a r ia tio n s  in  th e  m a g n e tic  f ie ld  d ire c t io n  a n d  in te n s ity  th a t c a n  c h a n g e  io n s ’ 

d ir e c tio n  th ro u g h  m a g n e tic  m ir ro r  e f fe c ts ;

-  T h e  d is ta n c e  fro m  th e  c a th o d e  w h e re  th e  io n s  s im u la tio n  s ta rts ;

-  T h e  m o m e n t d u r in g  th e  p u ls e  w h e n  th e  io n s  re a c h  th e  c a th o d e  s h e a th  e d g e  a n d  th e  v a lu e  

o f  th e  e le c tr ic  f ie ld  in th e  c a th o d e  s h e a th  a t th a t m o m e n t.

&agy [eV]

' ig .3 .4 .6 .  A r  io n  tr a n s la tio n  e n e rg y  d is tr ib u tio n  f o r  lin e a r  p re - s h e a th  f ie ld . T h e  io n s  s ta r t fro m  

s e v e ra l la y e rs . E n e rg y  b in : lO cV .
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_____________________________________Energy (eV)________________________

F ig .3 .4 .7 . A r  ion  tr a n s la tio n  e n e rg y  d is tr ib u tio n  fo r  p a ra b o l ic  p re - s h e a th  f ie ld . T h e  io n s  s ta r t 

f ro m  s e v e ra l la y e rs . E n e rg y  b in : lO eV .

T h e  d is tr ib u tio n  o f  g y ra tio n  e n e rg y  is  s im ila r  fo r  b o th  ty p e s  o f  f ie ld s , w ith  v e ry  s m a ll p e rc e n ta g e  

o f  io n s  w ith  g y ra tio n  e n e rg y  in  th e  h ig h -e n e rg y  b in . In  th e  c a s e  o f  g y ra tio n  e n e rg y , a s  c a n  b e  

s e e n  fro m  F ig .3 .4 .8  a n d  F ig .3 .4 .9  m o s t io n s  (u p  to  7 0 %  o f  a ll io n s)  h a v e  g y ra tio n  e n e rg ie s  in  th e  

lo w e s t e n e rg y  b in  (O -lO eV ).

0  100 2 0 0  3 0 0  4 0 0  5 0 0  600

E nergy  (eV]

M g.3 .4 .8 . A r  ion  g y ra tio n  e n e rg y  d is tr ib u tio n  fo r  l in e a r  p re - s h e a th  f ie ld . E n e rg y  b in : lO eV .
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Fi g.3.4 .9 . A r  ion  gyrat i on  en er gy d ist r ibu t ion  for  parabol i c pre-sheat h  f ield . En er gy b in : lO eV.

0  100 2 0 0  3 0 0  4 0 0  500  6 0 0  7 0 0  800  900  1000 1100

Energy [eV]

F ro m  th e  e n e rg y  d is tr ib u tio n  o f  t ra n s la tio n a l e n e rg ie s .  (F ig .3 .4 .1 0  a n d  F ig .3 .4 .1 1) w e  c a n  n o tic e  

th a t 4 5 %  to  6 3 %  ( fo r  a  lin e a r  p re - s h e a th  f ie ld )  a n d  4 2 %  to  7 3 %  ( f o r  a  p a ra b o lic  p re - s h e a th  f ie ld )  

o f  th e  A r io n s  a c tu a lly  re a c h  th e  ta rg e ts  d u r in g  th e  p u ls e -o n  tim e , a c c o rd in g  to  th e ir  s ta r t la y e r .

E n e r g y  [ e V ]

- ig .3 .4 .1 0 . T o ta l e n e rg y  d is tr ib u tio n  fo r  

g y ra t io n  e n e rg y  o f  A r  io n s  in  lin e a r  p re ­

s h e a th  fie ld .

tr a n s la tio n  e n e rg y  o f  A r io n s  in  lin e a r  p re  

s h e a th  f ie ld .
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g y ra tio n  e n e rg y  o f  A r io n s  in p a ra b o l ic  p re -  t ra n s la tio n  e n e rg y  o f  A r io n s  in  p a ra b o l ic  p re ­

s h e a th  f ie ld . Ion  s im u la tio n  s ta r ts  in  d if fe re n t s h e a th  f ie ld . Ion  s im u la tio n  s ta r ts  in  d if fe re n t 

la y e rs . la y e r .

T h is  is  d u e  to  th e  r a n d o m  d is tr ib u tio n  o f  th e  in itia l  d ire c t io n  o f  th e  A r  io n  v e lo c ity  a n d  to  th e  

fa c t th a t th e  in itia l  A r  io n  e n e rg y  is  n o t c o n s id e re d  z e ro , b u t a  v a lu e  c o r re s p o n d in g  to  a  

te m p e ra tu re  o f  3 0 0 °  K (0 .0 3 8 7  e V ) . M o st o f  th e  A r  io n s  th a t d o n ’t re a c h  th e  ta rg e ts  a re  m o v in g  

b a c k  a n d  fo rth  b e tw e e n  th e  ta rg e ts  w h ile  th e y  c h a n g e  d ire c t io n  d u e  to  m a g n e tic  m ir ro r  e f fe c ts , 

g a in in g  a n d  lo o s in g  e n e rg y  a g a in s t  th e  p re -s h e a th  e le c tr ic  f ie ld . T h e  m e a n  e n e rg y  o f  th e  A r  io n s  

th a t d o n ’t r e a c h  th e  ta rg e ts  is  th u s  a ro u n d  th e  v a lu e  o f  th e ir  s ta r t ( th e rm a l)  e n e rg y , m o s t o f  th e se  

io n s  h a v in g  e n e rg ie s  s i tu a te d  in th e  f irs t lO eV  e n e rg y  b in .

In c o n c lu s io n , th e  p re - s h e a th  e le c tr ic  f ie ld  b e h a v io u r  in  o p p o s e d  ta rg e t m a g n e tro n s  c a n  b e  

in v e s t ig a te d  th ro u g h  M C  c a lc u la t io n s  c o u p le d  to  e x p e r im e n ta l  d a ta  fro m  s p a c e  a n d  tim e - 

re s o lv e d  O E S .

T w o  fu n c tio n s  th a t m a tc h  c lo s e ly  th e  e x p e r im e n ta l  v a lu e  fo r  th e  re tu rn  tim e  to  ta rg e t fo r  

A r  io n s  h a v e  b e e n  d e te rm in e d :

-A  l in e a r  fu n c tio n :  E (z )= 8 0 * z  [ V / m ) . w h e re  z [m m ];

-A  p a ra b o lic  fu n c tio n :  E (z )= 3 * z ^  |V /m |.  w h e re  z [m m ).

A lth o u g h  th e  p a ra b o lic  f ie ld  b r in g s  m o re  io n s  to  th e  ta rg e ts ,  a s  its  v a lu e s  a re  g e n e ra l ly  h ig h e r,  

th e re  is  a  h ig h e r  d is p e rs io n  in  th e  m o s t p ro b a b le  A r  io n  tra v e l tim e  to  ta rg e ts  a n d  a ls o  in  th e ir  

e n e rg ie s .

7 9



Chapter 3:_____ Numerical Methods

3.5. T H E  M O N T E C A R L O  SI M U L A T I O N  FO R  Cu  I O N S

3.5 .1 . T H E  SE L F-SPU T T E R IN G  T IM E -SC A L E

T im e-r esol ved  0 .  E. S. o f  A r  ion s and Cu  sput tered at om s in a pu lsed D C m agnet ron d isch arge 

sh ow s that  the in t en si t ies o f  the exi t ed  Cu  l in es are m ain t ain ed at  alm ost  constan t  l evel s for  

several  ( is af t er  the A r  ion l in es in t en si t y has d ecayed . T h i s ef fect  can  be at t r ibu ted to Cu  sel f -  

sput t er ing.

T o  assess the am ount  o f  sel f -spu t t er in g and the t im e scale o f  t h is ef fect  r elat ive t o the 

operat i n g d u t y-cycle in a pu lsed  D C m agnet ron , the return  t im e t o the targets o f  the sput tered 

m etal  ions h ave been eval uat ed  th rough M onte Car l o  cal cu lat ion s.

T h e pulse-on  t im e o f  a pu lsed  D C m agnet ron p l asm a at  50k H z, p u lse-o f f  t im e 20 16 n s, 2 A  

constan t  cur ren t  run and 0.4Pa A r  gas p ressure h as been  m od el l ed  for  a m agnet ron w i th  opposed  

rect an gu lar  copper  targets. T h e sam e com put er  code that  sim ulat es 3D  ch arged  par t i cles 

t raject or ies in 3D  el ect r ic and m agnet i c f ield s d escr i bed  in Ch ap t er  ( 3.1)  has been used to 

sim ulat e Cu  ion t raject or ies in the p lasm a bulk .

T h e return t im e to target  for  Cu  ions has been evalu at ed  and com pared  t o the t im e- 

reso l ved  O ES m easurem en ts. T h e con sequen ces o f  the sel f -spu t t er i n g and i ts t im e-sc ales are 

d iscussed  in con nect ion  to the star t ing en er gy o f  Cu  i on s and the operat ing du t y cyc le o f  the 

m agnet ron.

3.5.2. T HE SIM U L A T IO N  FOR Cu IONS

A  shor t  r evi ew  o f  the sim ulat ion  param et ers for  Cu  ions is p resen t ed  next .

T h e M C sim ulat ion  fo l l ow s Cu  ion s on  3D  t raject or ies in a pu lsed D C m agnet ron 

d i sch arge dur ing the pu lse-on  t im e o f  a pu lsed D C operat i on  (50k H z. pulse o f f  t im e 20 16 n s and 

2A  constan t  cu r ren t  run) at  an A r  gas p ressure o f  0 .4Pa. T h e sam e M C sim ulat ion  code and 

m odel  assum pt ion s as for  the A r  ions h ave been used, w i t h  star t  data sp eci f i c for  the Cu  ions. 

Th e sam e t w o funct ions for  the pre-sheat h  elect r ic f ield  as show n  in  Ch ap t er  ( 3.3)  h ave been 

con sidered:

L in ear  pre-sheat h  f i el d : E(z) =80* z  (V / m J;

Parabol ic pre-sheat h  f iel d : E(z ) =3* z2 [V / m ] ;

T h e star t  posi t ions for  the Cu  ions arc chosen  on several  p lan es si t uated at  d i st an ces z  o f  10m m . 

20m m , 30m m . 40m m  from  the d i sch ar ge cen t re and x posi t i on s in the X Z  cross-sect ion  si t uat ed 

5m m  apar t : x=0m m , 5m m , 10m m . 15m m . 20m m . 25m m . 30m m . 35m m  and 40m m . cover i n g a 

quar t er  o f  the p lasm a volum e bet w een  the targets ( F i g .3.3.5) .

T h e ch osen  star t  posi t ion s for  the ion s cor r espon d  to the posi t ion s (p lan es)  w here the 

r el at i ve ion den si t y i s known in ou r  exper im en t  from  the space and t im e-resolved  O ES data 

( F i g .3.5.1) .
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T h e  m o m e n t in t im e  fro m  th e  s ta r t o f  th e  p u ls e  w h e n  C u  io n ’s  tr a je c to r ie s  a re  s ta r te d  

c o r re s p o n d s  to  th e  m o m e n t w h e n  th e  m a x im u m  n u m b e r  o f  A r  io n s  s h o u ld  h a v e  re a c h e d  th e  

ta rg e ts : a t lO p s  fro m  th e  s ta r t  o f  th e  p u ls e . A t th is  m o m e n t,  th e  d e n s i ty  o f  s p u tte r e d  C u  a to m s  

h a s  a  m a x im u m .

T h e  C u  io n s  s ta r t e n e rg y  is  0 .5 c V , c o r re s p o n d in g  to  th e  m o s t p ro b a b le  e n e rg y  o f  C u  

a to m s  fro m  A r*C u  s p u tte r in g ,  a s  d e te rm in e d  fro m  A C A T  c a lc u la t io n s  [4 ]  a n d  th e  in itia l 

v e lo c i t ie s  h a v e  ra n d o m ly  d is tr ib u te d  d ir e c tio n s . C u  io n s  w ith  h ig h e r  e n e rg ie s  w ill h a v e  lo w e r  

tra n s i t tim e s , b u t th e i r  d e n s ity  is  m u c h  lo w e r , s o  th e ir  c o n tr ib u tio n  c a n  b e  n e g le c te d .  T h e  C u  

io n s  a re  fo llo w e d  u n til th e y  re a c h  th e  ta rg e ts  o r  th e y  le a v e  th e  d is c h a rg e , a t a  lim it o f  1 0 0 m m  o n  

th e  Y d ire c t io n  ( a lo n g  th e  ta rg e ts  le n g th )  a n d  6 0 m m  o n  th e  X d ir e c t io n  (o n  th e  ta rg e ts  w id th ) .

B o th  e la s t ic  a n d  c h a rg e -e x c h a n g e  c o l l is io n s  w ith  th e  n e u tra l A r  g a s  a to m s  h a v in g  r a n d o m  

v e lo c it ie s  a n d  a n  e n e rg y  c o r re s p o n d in g  to  th e  g a s  te m p e ra tu re  (0 .0 3 8 7 e V )  w e re  ta k e n  in to  

a c c o u n t.  T h e  c o llis io n s  b e tw e e n  C u  io n s  a n d  A r  io n s , o r  o th e r  C u  s p u tte re d  m e ta l  a to m s  ( io n s )  

a re  n o t ta k e n  in to  a c c o u n t. T h e  c o llis io n  c ro s s - s e c t io n s  a n d  th e  ty p e  o f  in te ra c t io n  a re  a lso  

c a lc u la te d  a t  e a c h  tim e  s te p  ( 0 .0 2 n s )  a c c o rd in g  th e  p ro c e d u re  d e s c r ib e d  fo r  th e  A r  ion  

s im u la tio n .

T h e  n u m b e r  o f  p a r tic le s  ru n  fro m  e a c h  s ta r t lo c a tio n  is  1 0 0 0 . w ith  9 0 0 0  io n s  ru n  fro m  

e a c h  c o n s id e re d  p la n e  ( la y e r )  o f  th e  p la s m a  b u lk  a n d  3 6 0 0 0  in  to ta l. A ll f in a l v a lu e s  a re  

p re s e n te d  a s  w e ig h te d  a v e ra g e s  ( to  th e  re la tiv e  io n  d e n s i ty  a t th e  s ta r t in g  p o in t)  a n d  n o rm a liz e d  

to  th e  n u m b e r  o f  p a r tic le s  run .

3 .5 3 .  T H E  ST A R T  D A T A :

A s  in  th e  c a s e  fo r  A r  io n s , th e  s ta r t d a ta  th a t h a v e  to  b e  d e te rm in e d  e x p e r im e n ta lly  a re :

a )  T h e  re la tiv e  d e n s i ty  o f  C u  io n s : f ro m  re la tiv e  O E S  in te n s ity ;

b )  T h e  s ta rt m o m e n t d u r in g  th e  p u lse .

a)  T h e Sp ace an d  T im e- r eso l ved  O ES

T h e  tim e  a n d  s p a c e - re s o lv e d  O E S  fo r  C u  I e m is s io n  lin e s  in d ic a te s  a  q u a s i-c o n s ta n t  in te n s i ty  fo r  

b o th  4 6 5 n m  a n d  5 2 2 n m  C u  I lin e s .  A s  e x p la in e d  in  C h a p te r  (5 .2 .4 )  th is  e f f e c t  c a n  b e  re la te d  to  

se lf -s p u tte r in g .

T h e  re la tiv e  d e n s i ty  o f  C u  io n s  a t  d if fe re n t  d is ta n c e s  fro m  th e  ta rg e ts  c a n  b e  e s t im a te d  

d ir e c t ly  fro m  th e  in te n s i ty  o f  C u  ion  e m is s io n  lin e s , w h e n  th e se  c a n  b e  o b s e rv e d , w h ic h  w a s  n o t 

th e  c a s e  fo r  th e  d e s c r ib e d  d is c h a rg e .

A s  d e ta i le d  in C h a p te r  (5 .2 )  th e  4 6 5 n m  C u  I lin e  h a s  a n  u p p e r  le v e l (7 .7 3 7 e V  s itu a te d  

a b o v e  th e  io n iz a tio n  p o te n tia l o f  C u  I)  a n d  p o p u la te d  b y  C u  io n  re c o m b in a tio n . A s s u m in g  at 

le a s t P L T E , w h e re  io n iz a tio n  (e x c i ta t io n )  p ro c e s s e s  a re  b a la n c e d  b y  th e  re c o m b in a tio n  (d e -  

e x c ita t io n ) ,  th e  in te n s ity  o f  th e  4 6 5 n m  lin e  is  a  g o o d  in d ic a to r  o f  th e  C u  ion  d e n s ity .
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T h e  tim e  a n d  s p a c e - re s o lv e d  O E S  fo r  th e  4 6 5 n m  C u  I lin e  is  p re s e n te d  in  F ig .3 .5 .1 . T h e  a rro w  

in d ic a te s  th e  s ta r t m o m e n t o f  th e  s im u la t io n , c h o s e n  a t i= 1 0 ( is . T h e  re la tiv e  d e n s i ty  o f  io n s  at 

th e  s ta r t m o m e n t is  c o n s id e re d  in  th e  w e ig h te d  a v e ra g e  to  c a lc u la te  th e  a v e ra g e  re tu rn  tim e  to  

ta rg e ts  o f  th e  C u  io n s .

b) T h e st ar t  m om en t  d u r i n g t h e pu l se

T h e  s ta rt m o m e n t d u r in g  th e  p u ls e  h a s  b e e n  c h o s e n  a t t= 1 0 n s  (F ig .3 .5 .1 )  w h e n  th e  4 6 5 n m  O E S  

in te n s ity  lin e  h a s  a  m a x im u m . A t th is  m o m e n t d u r in g  th e  p u ls e , th e  p re -s h e a th  e le c tr ic  f ie ld  c a n  

b e  c o n s id e re d  q u a s i- c o n s ta n t a n d  d e s c r ib e d  b y  th e  fu n c tio n s  c o n s id e re d  fo r  th e  A r io n  tr a n s p o r t.

T h e

3.5.4 . R E SU L T S FO R C u  I O N S

a)  C u  i on s m ean  t r an si t  t im es

A  h is to g ra m  re p re s e n ta tio n  o f  th e  tra n s i t tim e  fo r  C u  io n s  fro m  th e ir  s ta r t  lo c a tio n  to  th e  ta rg e ts  

(o r  u n til th e  e n d  o f  th e  p u ls e - o f f  tim e )  is  p re s e n te d  in  F ig .3 .5 .2 . a n d  F ig .3 .5 .3 .

T h e  b in  s iz e  is  0 .2 n s . R e s u lts  a r e  n o rm a liz e d  to  th e  to ta l n u m b e r  o f  p a r t ic le s  ru n  from  

e a c h  la y e r  (9 0 0 0 ) . E a c h  tim e  b in  c o n ta in s  th e  re la tiv e  n u m b e r  o f  C u  io n s  th a t h a v e  e n d e d  th e ir  

tra n s i t  d u r in g  th e  re s p e c t iv e  tim e  b in . T h is  r e p re s e n ta t io n  in d ic a te s  d ir e c t ly  th e  m o s t p ro b a b le  

tim e  n e e d e d  b y  C u  io n s  f ro m  e a c h  s ta r t la y e r  to  re a c h  th e  ta rg e ts . T h e  la s t b in  ( s itu a te d  a t t= 8 jis  

fro m  th e  s ta r t m o m e n t in  th e  s im u la tio n )  in d ic a te s  th e  p e rc e n ta g e  o f  C u  io n s  th a t h a v e  no t 

re a c h e d  th e  ta rg e ts  a n d  a re  le f t in  th e  b u lk  a t th e  e n d  o f  th e  p u ls e -o n  tim e .

d= 10m m  from  ce n tre  — • —  d -2 0  m m  from  ce n tre

• d = 4Q m m  from  ce n tre   P ow er w ave fo rm  [W ]

•d=30m m  Irom  cen tre

10  12 

T im e lu s l

F ig .3 .5 .1 . T h e  r e la tiv e  (n o rm a l iz e d )  O E S  in te n s ity  fo r  C u  I. 4 6 5 n m  lin e  d u r in g  th e  p u lse , 

a r ro w  in d ic a te s  th e  s ta r t m o m e n t fo r  th e  s im u la tio n .
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F ig .3 .5 .3 . C u  io n s  tra n s i t tim e  s ta t is t ic s  fo r  th e  p a ra b o lic  p re - s h e a th  f ie ld : E (z )= 3 * z  .

T h e  m o s t p ro b a b le  v a lu e  fo r  th e  re tu rn  tim e  to  ta rg e ts  o f  C u  io n s  is  g iv e n  b y  th e  s ta t is tic a l c h a r ts  

(F ig .3 .5 .2  a n d  F ig .3 .5 .3 ) ,  w h e re  th e  a v e ra g e  re tu rn  ( tr a n s it )  tim e  to  ta rg e ts  (R T )  c a n  b e  

c a lc u la te d  u s in g  a  w e ig h te d  a v e ra g e  o f  th e  m o s t p ro b a b le  tra n s i t t im e s  o f  io n s  s ta r tin g  in  e a c h  

la y e r:

Y i w i P i ( R T ) i

[RT) =  - i - = ------------- ; (3 .5 .1 )

2 ¿ " ¡ P i

8 3



Chapter 3:_____ Numerical Methods

W h e re :

(RTh = th e  m o s t p ro b a b le  tr a n s i t tim e  fo r  io n s  s ta t in g  in  th e  la y e r  ( i) ; 

VV,=the in itia l C u  io n  d e n s i ty  in  la y e r  (/');

/ ^ r e l a t i v e  n u m b e r  o f  C u  io n s  re a c h in g  th e  ta rg e t f o r  la y e r  ( i).

F u n c tio n  

E (z ) ; [V /m ]

I ^ y e r

z [m m )

W,(%J P t (% ] (Try,

[MS]

¡TTj Ins]

lin e a r : 4 0 18 37 1.7 3.3

E (z )= 8 0 * z  ; 3 0 32 2 2 3 .2 4 .4

z [m m ) 2 0 85 14 4 .2

10 95 14 6 .6

p a ra b o l ic : 4 0 18 30 1.5 3 .3

E (z )= 3 * z 2 ; 30 32 28 3 .0 4 .0

z [m m ] 2 0 85 14 4 .3

10 95 8 6 .5

T a b le  3 .5 .1. V a lu e s  o th e  tra v e l tim e  to  ta rg e ts  f o r  C u  io n s .

T h e  re s u lts  o f  th e  w e ig h te d  a v e ra g e  fo r  b o th  ty p e s  o f  p re - s h e a th  e le c tr ic  f ie ld s  a rc  p re s e n te d  in 

T a b le  3 .5 .1 . T h e  w e ig h te d  a v e ra g e  is  s tr o n g ly  in f lu e n c e d  b y  th e  in itia l io n  d e n s i ty  in  e a c h  la y e r, 

a n d  th e re fo re  b y  th e  m o m e n t c o n s id e re d  a s  a  s ta r t fo r  th e  s im u la tio n . N e v e r th e le s s , th e  tra n s it  

tim e s  o b ta in e d  fo r  th e  C u  io n s  in d ic a te  th a t s e lf - s p u tte r in g  c a n  o c c u r  d u r in g  th e  p u ls e -o n  tim e  

a n d  h a s  a  ti in e -s c a le  o f  3 .3  -  4 .4 f ts  fo r  C u  io n s  o f  0 .5 c V .

A s  th e  C u  io n s  h a v e  a n  e n e r g y  d is tr ib u tio n  s im i la r  t o  th a t o f  s p u tte re d  C u  a to m s , a  b e t te r  

u n d e rs ta n d in g  o f  th e  s e lf - s p u tte r in g  t im e -s c a le  c a n  b e  o b ta in e d  b y  p e r fo rm in g  a  m o re  r ig o ro u s  

s tu d y  o v e r  th e  e n t ir e  e n e rg y  ra n g e  o f  th e  C u  io n s.

T h e  re s u lts  o b ta in e d  h e re  re f le c t  o n ly  th e  m a in  t r e n d  o f  th e  s e lf - s p u tte r in g  tim e -s c a le ,  

in d ic a tin g  th a t s e lf - s p u tte r in g  c a n  o c c u r  fo r  p u ls e -o n  t im e s  lo n g e r  th a n  1 0 |is  a n d  c a n  h a v e  a  

s ig n if ic a n t e f f e c t  fo r  p u ls e -o n  t im e s  d u ra t io n s  a b o v e  14 ps.
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b )  En er gy  d i st r i b u t i on  fo r  Cu  ion s

100

c

-C
o
TO
0)

* 1 0

2

1
o

o

p*  1

0.1

Laye r 10m m  

Laye r 20m m  

■ Layer 30m m  

Laye r 40m m

200 Energy [eV] 300

F ig .3 .5 .4 . C u  io n  tr a n s la tio n  e n e rg y  d is tr ib u tio n  fo r  l in e a r  p re - s h e a th  f ie ld . T h e  io n s  s ta r t fro m  

s e v e ra l  la y e rs .  E n e rg y  b in : lO eV .

fro m  s e v e ra l la y e rs . E n e rg y  b in : lO eV .

T h e  tra n s la tio n  e n e rg y  ( im p a c t  e n e rg y  o n  th e  ta rg e ts )  fo r  C u  io n s  h a s  a  w id e r  d is tr ib u tio n  th a n  

th a t fo r  A r  io n s  a n d  w ith  a  lo w e r  p e rc e n ta g e  o f  p a r tic le s  in  e a c h  e n e rg y  b in  (F ig .3 .5 .4 . 

F ig .3 .5 .5 ) .
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T h e  la rg e  e n e rg y  d is p e rs io n  is  d u e  m o s tly  to  th e  in itia l  C u  io n  e n e rg y  o f  0 .5 e V  a n d  th e  ra n d o m  

d ire c tio n a l d is tr ib u tio n  o f  th e  to ta l v e lo c ity .  T h is  le a d s  to  a  la rg e  s p re a d  in  th e  f in a l e n e rg ie s  a s  

w e ll as  in a  lo w e r  p e rc e n ta g e  o f  C u  io n s  re a c h in g  th e  ta rg e ts  ( c o m p a re d  to  s im ila r  d a ta  fo r  A r).

A s  th e  s ta r t m o m e n t fo r  C u  io n  fo rm a tio n  is  c o n s id e re d  a t t= 1 0 p s , th e re  is  le ss  tim e  fo r  

th e  C u  io n s  to  tra v e l to  th e  ta rg e ts  u n til th e  e n d  o f  th e  p u ls e -o n  tim e . A  la rg e r  p e rc e n ta g e  o f  C u  

io n s  th a n  A r  io n s  w ill h e  tr a p p e d  in th e  b u lk  a t th e  e n d  o f  th e  p u ls e  on  tim e . T h e  io n s  s ta r t in g  in 

la y e r  7- 1 0m m . c a n  re a c h  th e  h ig h e s t  e n e rg ie s ,  a s  th e y  a re  a c c e le ra te d  o v e r  a  la rg e r  d is ta n c e , 

e n te r in g  th e  c a th o d e  s h e a th  a t  h ig h e r  e n e rg y .

s e v e ra l la y e rs . E n e rg y  b in : lO eV .

0  100 ? 0 0  300 400  5 0 0  600

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ E n e r g y  [e V ]_ __ __ __ __ __ __ __ __ __ __ __ __ __ __ __

Jig .3 .5 .7 . C u  io n  g y ra tio n  e n e rg y  d is tr ib u tio n  f o r  l in e a r  p re - s h e a th  f ie ld . T h e  io n s  s ta r t fro m

s e v e ra l la y e rs . E n e rg y  b in : lO eV .
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T h e  d is tr ib u t io n  o f  e n e rg y  d u e  to  g y ra tio n  is  m u c h  w id e r  a n d  p re s e n ts  a n  e x p o n e n tia l d e c re a s e  

w ith  e n e rg y  (F ig .3 .5 .6  a n d  F ig .3 .5 .7 ) .  O n ly  io n s  s ta r t in g  fro m  la y e r  4 0 m m  h a v e  s ig n if ic a n t 

in c re a s e  in  th e  g y ra tio n  e n e rg y . A g a in , th is  is  d u e  to  th e  in i tia l C u  io n  e n e rg y  o f  0 .5 e V  a n d  its  

r a n d o m  d ire c tio n a l d is tr ib u tio n .

T h e  g y ra tio n  e n e rg y  c o m p o n e n t  h a s  a ls o  a  la rg e  d is l r ib u t io n  o v e r  th e  e n e rg y  v a lu e s , w ith  

in s ig n if ic a n t p e rc e n ta g e s  in  th e  h ig h -e n e rg y  b in s . T h e  C u  io n s  s ta r t in g  in th e  la y e r  4 0 m m  h a v e

la rg e r  g y ra tio n  e n e rg y  v a lu e s ,  a g a in ,  d u e  to  th e ir  r a n d o m  d is tr ib u tio n  o f  th e  s ta r t v e lo c ity  

d ire c tio n .

s h e a th  f ie ld . s h e a th  f ie ld .
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2 0  4  0  6 0  8 0

E n e r g y  ( e  V  ]

:ig .3 .5 .1 0 . T o ta l e n e rg y  d is tr ib u tio n  fo r  

t r a n s la tio n  e n e rg y  o f  C u  io n s  in l in e a r  p re ­

s h e a th  f ie ld .

6 0

5 0
c
a
S
§ 4 0

L
a
o

¿2  0 

1 0

T o

• L a y e r  1 0 m m  

L a y e r  2 0 m m  

L a y e r  3 0 m m  

L a y e r  4 0 m m

0 2 0 0  
E n e r g y  [ e  V  J

3 0 0

ig .3 .5 .1 1 .T o ta l  e n e rg y  d is tr ib u t io n  fo r  

t r a n s la tio n  e n e rg y  o f  C u  io n s  in  p a ra b o lic  p re ­

s h e a th  f ie ld .
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T h e  to ta l e n e rg y  d is tr ib u t io n  re v e a ls  ( a s  in  th e  c a s e  o f  A r io n s )  th a t a  la rg e  p e rc e n ta g e  o f  C u  

io n s  a re  tra p p e d  in th e  d is c h a rg e  a n d  d o  n o t re a c h  th e  ta rg e ts  u n til th e  e n d  o f  th e  p u ls e  o f f  tim e . 

M o st  o f  th e s e  io n s  ( f ro m  3 8 %  to  7 0 %  o f  th e  to ta l n u m b e r  o f  io n s  ru n , F ig .3 .5 .8 - 3 .5 .1 1) h a v e  

lo w  e n e rg ie s ,  in th e  e n e rg y  b in  O -lO eV .

3.6  C O N C L U SI O N S O N  T H E  SI M U L A T I O N  R E SU L T S

A lth o u g h  b o th  th e  l in e a r  a n d  th e  p a ra b o l ic  p re - s h e a th  f ie ld s  b r in g  io n s  to  th e  ta rg e ts  in  a v e ra g e  

t im e s  th a t a r e  in g o o d  a g re e m e n t to  th e  e x p e r im e n ta l o b s e rv a t io n s  fro m  th e  O E S  a n d  I-V  

w a v e fo rm s  d a ta  fo r  A r io n s , a  la rg e  n u m b e r  o f  io n s  c a n n o t  re a c h  th e  ta rg e ts , m a in ly  d u e  to  

m a g n e tic  m ir ro r  e f fe c ts .

T h e  a c tu a l  v a lu e s  a n d  b e h a v io u r  o f  th e  p re - s h e a th  e le c tr ic  f ie ld  a re  o n ly  ro u g h ly  

e s t im a te d  fro m  th is  s tu d y . A n  a c c u ra te  d e te rm in a tio n  (p o s s ib le  o n ly  th ro u g h  e x p e r im e n ta l 

m e th o d s )  o f  th e  p re - s h e a th  e le c tr ic  f ie ld  is  e x tre m e ly  im p o r ta n t  fo r  a  g o o d  k n o w le d g e  o f  th e  

e f f ic ie n c y  o f  th e  s p u tte r in g  p ro c e s s ,  g iv e n  b y  th e  n u m b e r  a n d  e n e rg y  o f  io n s  b ro u g h t to  th e  

ta rg e ts  fro m  d if fe re n t  la y e rs  (d is ta n c e s  fro m  th e  ta rg e ts ) .

A s  o b s e rv e d  f ro m  th e  io n  tr a n s i t tim e s , th e  in te n s ity  o f  th e  p re - s h e a th  e le c tr ic  f ie ld  p la y s  a  

m a jo r  ro le  in th e  d is c h a rg e  d e v e lo p m e n t a n d  s p u tte r in g  p ro c e s s ,  e s p e c ia l ly  in  p u ls e d  D C  

d is c h a rg e s . T o o  s m a ll v a lu e s  o f  th e  p re - s h e a th  e le c tr ic  f ie ld  le a d  to  lo n g  io n  tr a n s i t t im e s  a n d  a  

lo w  p e rc e n ta g e  o f  io n s  re a c h in g  th e  ta rg e ts  d u r in g  th e  p u ls e -o n  tim e  d u ra tio n . T h e  p re -s h e a th  

e le c tr ic  f ie ld  h a s  to  p ro v id e  to  th e  io n s  a t le a s t th e  B o h m  v e lo c ity ,  in o rd e r  to  e n s u re  io n  

tra n s p o r t to  th e  c a th o d e s . In m o s t c a s e s ,  th e  low  lim it io n  v e lo c ity  v a lu e  ( th e  B o h m  v e lo c i ty )  is  

la rg e ly  o v e r -p a s s e d  b y  th e  a c tu a l  io n  v e lo c it ie s  in  th e  p re - s h e a th  e le c tr ic  f ie ld .

T h e  k n o w le d g e  o f  th e  in te n s ity  a n d  s p a c e  d is tr ib u t io n  o f  th e  e le c tr ic  f ie ld  in  th e  p re ­

s h e a th  h a s  a n  e s s e n tia l c o n tr ib u tio n  to  th e  p e rc e n ta g e  o f  io n s  b ro u g h t to  th e  ta rg e ts , th e ir  tra n s i t 

tim e s  a n d  th e ir  e n e rg ie s ,  a n d  a ll M C  m o d e ll in g  s h o u ld  ta k e  th e s e  d a ta  w ith  g re a t c a re , a s  th e se  

v a lu e s  h a v e  a  tr e m e n d o u s  in f lu e n c e  o n  th e  s im u la tio n  re su lts .

T h e  s tu d y  p re s e n te d  h e re  h a s  lim ite d  v a lid ity  a s  it is  b a s e d  o n  a  p re - s h e a th  m o d e l w ith  

e le c tr ic  f ie ld  v a lu e s  th a t a re  c o n s ta n t in  tim e . A  m o re  a c c u ra te  s tu d y  c a n  e  p e r fo rm e d  fo r  p re ­

s h e a th  e le c tr ic  f ie ld s  g iv e n  by  fu n c tio n s  th a t a re  p o s it io n  a n d  tim e  d e p e n d e n t:  E (z , t).
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C H A P T E R  4 : 

T H E O R E T I C A L  B A S IS  F O R  P L A S M A  D I A G N O S T I C S

In th is  c h a p te r  a re  p re s e n te d  th e  m a in  th e o re tic a l c o n s id e ra t io n s  re g a rd in g  th e  e q u i l ib r iu m  

c o n d i t io n s  in p la s m a s  a n d  th e  m a in  e q u a t io n s  d e r iv e d  f ro m  s ta t is tic s  o f  p la s m a  s y s te m s  u n d e r 

e q u ilib r iu m  a n d  n o n -e q u il ib r iu m  c o n d i t io n s , w ith  c o m m e n ts  o n  th e ir  a p p l ic a b i l i ty  fo r  p la s m a  

d ia g n o s t ic  a n d  m o d e ll in g  o f  e i th e r  th e  p u ls e -o n  o r  th e  p u ls e - o f f  tim e  c o n d itio n s .

T h e  in fo rm a tio n  p re s e n te d  h e re  is b a s e d  on  s e v e ra l m o n o g ra p h ic  b o o k s  o n  p la sm a  

p h y s ic s  [4 , 3 9 , 4 0 , 4 1 ].
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4 .1.  E Q U I L I B R I U M  R E L A T I O N S I N  P L A SM A S

4 .1.1.  T H E R M O D I N A M I C  E Q U I L B R I U M

T h e  m o s t u s e d  “ in  s itu ”  p la s m a  d ia g n o s t ic  m e th o d s  - L a n g m u ir  p ro b e  m e a s u re m e n ts  a n d  

O p tic a l E m is s io n  S p e c tro s c o p y  - re ly  h e a v i ly  o n  th e  c o n c e p t  a n d  c o n d i t io n s  o f  p la s m a  

T h e rm o d y n a m ic  E q u ilib r iu m  (T E ).

P la s m a  d ia g n o s t ic  m e th o d s  p ro v id e  in fo rm a tio n  o v e r  th e  c o m p le x  p ro c e s s e s  o f  in te ra c t io n  

ta k in g  p la c e  in th e  p la sm a  a n d  th e  m e a s u re d  v a lu e s  a re  a v e ra g e s  o v e r  a  la rg e  s ta t is tic a l g ro u p  o f  

in te ra c t io n s  a n d  p a r tic le s .  T h e  e x p e r im e n ta l d a ta  c a n  b e  re la te d  to  m a c ro s c o p ic  p h y s ic a l 

q u a n t i t ie s  a n d  to  s im p le  p h y s ic a l m o d e ls  o n ly  if:

- th e  m e a s u re d  v a lu e s  a re  tru e  a v e ra g e s  o v e r  th e  o b s e rv e d  p ro c e s s e s ; a n d

- th e  s ta t is tic a l a v e ra g in g  c a n  b e  p e r fo rm e d  in o r d e r  to  d e r iv e  th e ir  d e p e n d e n c e  o n  th e  m a in

m a c ro s c o p ic  q u a n tit ie s : p la s m a  te m p e ra tu re  a n d  d e n s ity .

T o  e n s u re  th a t th e  m e a s u re d  v a lu e s  a re  tr u e  a v e ra g e s , s e v e ra l c o r re c t io n s  s h o u ld  b e  a p p l ie d  to  

ta k e  in to  a c c o u n t th e  " n o is e  s ig n a l”  in d u c e d  b y  th e  d ia g n o s t ic  m e th o d , fo r  e x a m p le :

- fo r  O p tic a l E m is s io n  S p e c tro s c o p y : b a c k g ro u n d  a n d  c o n t in u u m  le v e ls , s u p e rp o s i t io n  o f  

l in e s  a n d  a b s o rp tio n ;

- fo r  L a n g m u ir  p ro b e s : th e  m e th o d  a n d  a lg o r i th m  fo r  c a lc u la t in g  th e  p la sm a  p a ra m e te rs  

h a v e  to  b e  a d a p te d  to  th e  c o n d i t io n s  o f  m e a s u re m e n t a n d  ty p e  o f  p la sm a .

D e f in in g  a v e ra g e s  o v e r  la rg e  s ta t is tic a l g ro u p s  o f  p a r t ic le s  a n d  re la tin g  th e m  to  m a c ro s c o p ic  

q u a n t i t ie s  r e q u ir e s  th e  u s e  o f  s ta t is tic a l a v e ra g e s  u n d e r  th e  a s s u m p tio n  o f  th e rm o d y n a m ic  

e q u i l ib r iu m , a s  s ta t is tic a l a v e ra g in g  r e lie s  o n  th e  s ta te m e n t o f  c o n s ta n t n u m b e r  o f  p a r t ic le s  a n d  

c o n s ta n t  to ta l e n e rg y  o f  th e  s y s te m .

C o m p le te  T h e rm o d y n a m ic  E q u ilib r iu m  (C T E )  c a n  o n ly  o c c u r  in is o la te d  s y s te m s  o r  in 

v e ry  la rg e  th e rm o d y n a m ic  s y s te m s  lik e  th o s e  in th e  s te l la r  a tm o s p h e re s ,  o r  re la te d  to  a  

‘‘b la c k b o d y ’*. U n le s s  th e rm o d y n a m ic  e q u i l ib r iu m  h o ld s , th e  e q u ilib r iu m  m o d e ls  fo r  s p e c ie s ’ 

d is tr ib u t io n s  c a n n o t  b e  a p p l ie d  a n d  th e  in fo rm a tio n  p ro v id e d  b y  d ia g n o s t ic  m e th o d s  c a n  n o  

lo n g e r  b e  re la te d  to  th e  a b o v e  s ta t is tic s .  A  d e f in i t io n  o f  th e rm o d y n a m ic  e q u i l ib r iu m  a n d  th e  

c r i te r ia  th a t e n s u re  its  e x is te n c e  a re  th e re fo re  n e c e ss a ry  a n d  w ill b e  b rie f ly  p re s e n te d  n e x t,  a s  

s ta te d  b y  F r id m a n  e t a l. [3 9 ].

In la b o ra to ry  p la sm a s , o n ly  Ix>cal o r  P a rtia l T h e rm o d y n a m ic  E q u ilib riu m  c a n  o c c u r  (L T E  

o r  P L T E ). T h e  L T E  a l lo w s  th e  u se  o f  th e rm a l e q u i l ib r iu m  e q u a t io n s  fo r  le v e l  p o p u la tio n s  a n d  

p a r tic le  v e lo c ity  d is tr ib u tio n s , a l th o u g h  th e  ra d ia tio n  f ie ld  is  m u c h  w e a k e r  th a n  th e  b la c k b o d y  

in te n s ity  a t th e  g iv e n  e le c tro n  te m p e ra tu re . L T E  c a n  o c c u r  o n ly  a t h ig h  e le c tro n  d e n s i t ie s ,  s u c h  

th a t c o l l is io n a l  ra te s  e x c e e d  r a d ia tiv e  ra te s  b y  a t  le a s t  o n e  o r d e r  o f  m a g n itu d e .

A s o b s e rv e d  b y  H . R G r ie m  [40] in o r d e r  to  e n s u r e  I.T F . in th e  p re s e n c e  o f  ra p id  tim e  

v a r ia tio n s  a n d  s te e p  sp a tia l g ra d ie n ts  th e  c o l l is io n a l- r a d ia t iv e  re la x a tio n  t im e s  fo r  le ve l 

p o p u la tio n s  m u s t b e  s ig n if ic a n tly  s h o r te r  th a n  th e  t im e -s c a lc  fo r  th e  v a r ia tio n s  in  e le c tro n  

te m p e ra tu re  a n d  d e n s ity .
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In  th e  c a s e  o f  s tro n g  s p a tia l  g ra d ie n ts ,  th e s e  re la x a tio n  t im e s  sh o u ld  b e  c o m p a re d  to  th e  tim e  

re q u ir e d  fo r  th e  d if fu s io n  a c ro s s  c e r ta in  g ra d ie n t  o f  m a c ro s c o p ic  p la s m a  p a ra m e te rs .

4 .1.2 . C O N C E P T S O F C O M P L E T E  T H ER M O D I N  A M I C  E Q U I L I B R I U M  ( C T E )

C o m p le te  T h e rm o d y n a m ic  E q u ilib r iu m  (C T E )  is  r e la te d  to  a  u n ifo rm , h o m o g e n o u s  p la sm a , in 

w h ic h  c h e m ic a l e q u i l ib r iu m  a n d  a ll p la s m a  p ro p e r t ie s  a re  u n a m b ig u o u s  fu n c tio n s  o f  

te m p e ra tu re  (39 J . T h is  te m p e ra tu re  is  s u p p o s e d  to  b e  h o m o g e n o u s  a n d  th e  s a m e  fo r  a l l  d e g re e s  

o f  f re e d o m , a ll p la s m a  c o m p o n e n ts  a n d  a ll th e ir  p o s s ib le  re a c tio n s . U n d e r  th e se  c o n d i t io n s  th e  

fo llo w in g  e q u i l ib r iu m  s ta t is tic a l d is tr ib u tio n s  s h o u ld  ta k e  p la c e :

-T h e  M a x w e ll - B o l tz m a n n  v e lo c ity  o r  tra n s la tio n a l e n e rg y  d is tr ib u tio n  fo r  a ll n e u tra l a n d  

c h a rg e d  s p e c ie s  th a t e x is t in  th e  p la sm a ;

-T h e  B o ltz m a n n  d is tr ib u tio n  fo r  th e  p o p u la t io n  o f  e x c i te d  s ta te s  fo r  a ll n e u tra l a n d  e x c i te d  

s p e c ie s  th a t e x is t in  th e  p la s m a :

-T h e  S a h a  e q u a tio n  fo r  th e  io n iz a tio n  e q u i l ib r iu m  to  re la te  th e  n u m b e r  d e n s i t ie s  o f  e le c tro n s , 

io n s  a n d  n e u tra l  sp e c ie s ;

-T h e  B o ltz m a n n  e q u ilib r iu m  fo r  d is s o c ia t io n , o r , m o re  g e n e ra lly ,  th e  th e rm o d y n a m ic  

re la tio n s  fo r  c h e m ic a l e q u i l ib r iu m ;

-T h e  P la n k  d is tr ib u tio n  fo r  th e  s p e c tra l d e n s i ty  o f  e le c tro m a g n e tic  ra d ia t io n .

C T E  p la s m a s  a re  id e a l s y s te m s : la rg e  v o lu m e s  o f  h o m o g e n o u s  p la s m a , is o la te d  f ro m  th e  

b o u n d a r ie s .  In th is  c a s e , th e  ra d ia tio n  o f  th e  p la s m a  c a n  b e  c o n s id e re d  a s  b la c k b o d y  ra d ia tio n  

w ith  te m p e ra tu re .

A c tu a l p la s m a s  o b ta in e d  in  la b o ra to ry  c o n d i t io n s  a rc  fa r  fro m  th e se  id e a l c o n d itio n s . 

M o st p la s m a s  a re  o p tic a lly  th in  o v e r  a  w id e  ra n g e  o f  w a v e le n g th s  a n d  th e  p la sm a  ra d ia t io n  is  

m u c h  le ss  th a n  th a t o f  a  b la c k b o d y . A lso , p la s m a  n o n -u n ifo rm ity  a n d  e x c h a n g e  o f  p a r t ic le s  a n d  

e n e rg y  a t its  b o u n d a r ie s  le a d s  to  ir re v e rs ib le  lo s s e s  re la te d  to  c o n d u c tio n , c o n v e c tio n  a n d  

d if fu s io n , d is tu rb in g  th e  C T E . In  th e  L T E  a p p ro a c h , a  th e rm a l p la s m a  is  c o n s id e r e d  o p tic a lly  

th in  a n d  th u s  ra d ia tio n  is  n o t re q u ir e d  to  b e  in  e q u ilib r iu m . O n ly  th e  c o l l is io n a l  (n o t  th e  

ra d ia tiv e )  p ro c e s s e s  a re  re q u ir e d  to  b e  lo c a lly  in  e q u i l ib r iu m  s im ila r  to  th a t d e s c r ib e d  fo r  C T E . 

b u t th e  te m p e ra tu re  c a n  v a ry  f ro m  p o in t to  p o in t ,  in s p a c e  a n d  tim e .

T h e  a b o v e -m e n tio n e d  e q u i l ib r iu m  d is tr ib u tio n s , th e  e q u a t io n s  d e r iv e d  fro m  th e s e  a n d  th e  

c o n c e p t  o f  o p tic a lly  th in  p la s m a s  w ill b e  e x p la in e d  in th e  fo llo w in g  se c t io n s .

4 . 1 3 .  E Q U I L I B R I U M  R E L A T I O N S

The m a in  e q u a t io n s  d e s c r ib in g  e q u i l ib r iu m  p la s m a s  a rc  p re s e n te d  n ex t. T h e  m a in  r e f e r e n c e  te x ts  

u s e d  fo r  th is  th e o re tic a l b a c k g ro u n d  a re  th e  re v ie w  b o o k  b y  A . F rid m a n  a n d  A .L . K e n n e d y  [3 9 ] 

a n d  th e  m o n o g ra p h  o n  g a s  d is c h a rg e s  b y  M .A . L ic b c rm a n n  a n d  A . J . L ic h te n b e rg  (4J.
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T h e Po isson  eq u at i on .

T h e  P o is s o n  e q u a t io n  c a n  b e  d e r iv e d  fro m  th e  m a c ro s c o p ic  fo rm  o f  th e  M a x w e ll e q u a t io n s  in 

v a c u u m :

V x £  =  - / / ( ) ^ ;  (4 .1 )
dt

V x H  =  e0 ^ + J ;  (4 .2)
at

f ftV . £  =  p ;  (4 .3 )

/ / 0V / i = 0 ;  (4 .4 )

w h e re  E ( r . t ) a n d  H ( r . t )  a r e  th e  e le c tr ic  a n d  m a g n e tic  f ie ld  v e c to r s , / / q  =  4 ; r x l 0 -7  (H /m ) a n d

=  8 .8 5 4 x 1 0  12 [F /m ] a re  th e  p e rm e a b il ity  a n d  p e r m it t iv i ty  o f  th e  f re e  sp a ce .

T h e ch ar ge con t i n u i t y  r el at i on  re la te s  th e  c h a r g e  d e n s i ty  p ( r . t )  a n d  th e  c u rre n t 

d e n s ity  J ( r , t ) :

^  +  V i = 0 :  (4 .5 )
dt

A s  in  D C  a n d  p u ls e d  m a g n e tro n  d is c h a rg e s  th e  m a g n e tic  f ie ld  in te n s ity  is  c o n s ta n t  o v e r  tim e , 

th e n  V x £  =  0 a n d  th e  e le c tr ic  f ie ld  c a n  b e  d e r iv e d  f ro m  th e  g ra d ie n t  o f  a  s c a la r  p o te n tia l:  

E  =  -Y <J> . S u b s ti tu tin g  in to  th e  th ird  e q u a tio n  w e  o b ta in  th e  P o is s o n  e q u a tio n :

V 20> =  (4 .6 )

£o

T h e  P o is so n  e q u a t io n  is  a  fu n d a m e n ta l e q u a tio n  th a t c h a r a c te r iz e s  th e  p la sm a , a s  it in d ic a te s  

h o w  th e  p la sm a  p o te n tia l d e p e n d s  o n  th e  c h a rg e  d e n s ity .  A  q u a s i-n e u tra l p la s m a  is  c h a ra c te r iz e d

b y  s m a ll p la s m a  p o te n tia l v a lu e s  c o r re s p o n d in g  to  sm a ll d e v ia t io n s  fro m  c h a rg e  n e u tra l ity .

T h e Bo l t zm an n  d i st r i b u t i on

C o n s id e r in g  th e  la w s  o f  s ta t is t ic s  fo r  p la sm a s  in  th e rm o d y n a m ic  e q u i l ib r iu m , th e  s ta tis tic a l  

d is tr ib u tio n  o f  p a r tic le s  o v e r  d if f e r e n t  s ta te s  c a n  b e  in fe r re d . F o r  a n  is o la te d  s y s te m  a t a  c o n s ta n t 

e n e rg y  E . c o n s is t in g  o f  a  la rg e  n u m b e r  o f  p a r t ic le s  N, in th e  s ta te  / w ith  th e  e n e rg y  E „  ( re la tiv e  

to  th e  g ro u n d  s ta te )  th e  d is tr ib u tio n  fu n c tio n  o f  p a r t ic le s  o v e r  s ta te s  c a n  b e  fo u n d  w ith o u t d e ta ils  

o f  p ro b a b il ity  tr a n s i tio n s  b e tw e e n  s ta te s .  T h is  is  th e  B o ltz m a n n  d is tr ib u tio n  a n d  h a s  th e  g e n e ra l 

fo rm :

/ F , = C e x  p ( - - ~ ) ;  (4 .7 )

If  th e  s ta te s  a re  d e g e n e ra te d ,  th e  s ta t is tic a l w e ig h ts  g, a r e  ta k e n  in to  a c c o u n t  to  sh o w  th e  n u m b e r  

o f  s ta te s  w ith  a  g iv e n  q u a n tu m  n u m b e r , th e  e q u a t io n  b e c o m e s :

rii =  C g j  e x p ( — y ~) ;  (4 .8 )
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w h ic h  c a n  b e  e x p re s s e d  in te rm s  o f  n u m b e r  d e n s i t ie s  N { a n d  N„ o f  th e  p a r t ic le s  in s ta te  / a n d  th e  

g ro u n d  s ta te  (0 ):

N t -  N o  — e x p ( — - f ) ; (4 .9 )

So  •

T h e  g e n e ra l B o ltz m a n n  d is tr ib u tio n  c a n  b e  a p p l ie d  to  d e r iv e  s p e c if ic  e q u i l ib r iu m  d is tr ib u tio n  

fu n c tio n s  o v e r  d if fe re n t  s ta te s , th e  m o s t fa m o u s  b e in g :

th e  M a x w e ll o r  B o tz m a n n -M a x w e ll  E le c tro n  D is t r ib u tio n  fu n c tio n  o v e r  tra n s la tio n a l 

v e lo c it ie s ; a n d  

th e  S a h a  e q u a t io n .

T h e M axw el l  eq u at i on  is  th e  a n a ly tic a l fo rm  o f  th e  e le c tro n  d is tr ib u tio n  fu n c tio n  o v e r  

v e lo c i t ie s  o b ta in e d  u s in g  th e  B o ltz m a n n  d is tr ib u tio n  c o n s id e r in g  th e  d e n s i ty  o f  s ta te s  in  th e

2
“ v e lo c ity  s p a c e ”  4 ; r v :

f ( v )  =  4 ^ v 2 ( t ~ ^ t ) 3 /2  e*P( ~ <«■ «<»
2 n x l  2 kT

(a detailed derivation  o f  the e lectron  d istribution  function is presented  by L ieberinann, L ich tenberg  [4]). 

T h e Sah a eq u at i on :

E x te n d in g  th e  B o ltz m a n n  d is tr ib u tio n  to  p o p u la tio n  ra tio s  o f  tw o  b o u n d  s ta te s  m  a n d  n o f  an  

a to m  o r  ion  a t L T E  c o n d i t io n s  g iv e s :

n - E m ~ E m y ,  (4 .1 1 )
N m K n  kT

G e n e ra l iz in g  th e  a b o v e  e q u a t io n  to  c o n t in u u m  s ta te s  [3 9 . 4 0 ).  a n  e q u i l ib r iu m  e q u a t io n  lin k in g  

th e  a to m  a n d  io n  d e n s i t ie s  N  a n d  N , , is  o b ta in e d , k n o w n  a s  th e  S a h a  e q u a t io n :

N m g „ a *  H ^

w h e re  E »  = 1 3 .5 9 8  e V  is  th e  io n iz a tio n  p o te n tia l o f  H y d ro g e n , a n d  a o = 0 .5 2 9 .1 0 10 m  is  th e  B o h r  

a to m ic  ra d iu s.

4.2. N O N - EQ U I L I B R I U M  ST A T I ST I C S O F P L A SM A S

T h e  d e s c r ip t io n  o f  n o n -e q u il ib r iu m  p la sm a s  r e q u ir e s  th e  a p p lic a t io n  o f  d e ta ile d  k in e tic  m o d e ls .  

A p p lic a tio n  o f  s ta t is tic a l m o d e ls  fo r  th e s e  s y s te m s  c a n  le a d  to  la rg e  d e v ia t io n s  f ro m  re a l ity , b u t 

y e t s ta t is tic a l m o d e ls  c a n  b e  s u c c e s s fu l in  th e rm a l p la s m a s  w h e re  th e  e le c tro n  te m p e ra tu re  is  no t 

to o  fa r  fro m  th a t o f  h e a v y  p a r tic le s ,  in  w h ic h  c a s e  a  tw o - te m p e ra tu re  s ta t is tic s  c a n  b e  d e v e lo p e d  

|3 9 J . T h e s e  m o d e ls  s u p p o s e  th a t  p a rt i t io n  fu n c tio n s  d e p e n d  e i th e r  on  e le c tro n  te m p e ra tu re  o r  th e  

te m p e ra tu re  o f  h e a v y  p a r tic le s .  T h e  e le c tro n  te m p e ra tu re  d e te rm in e s  th e  p a r ti tio n  fu n c tio n  

r e la te d  to  io n iz a tio n  p ro c e s s e s ,  w h ile  th e  te m p e ra tu re  o f  c h e m ic a l p ro c e s s e s  is  d e te rm in e d  b y  

th e  te m p e ra tu re  o f  h e a v y  p a r tic le s .
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N um erous paper s h ave repor t ed exper im en t al  obser vat i on  o f  a t w o-tem perat u re plasm a 

beh aviou r  in glow  and m agnet ron d i sch ar ges [ 7. 42, 4 3, 4 4 1. A  shor t  presen tat ion  o f  the m ain  

equat i ons der i ved  from  such  k in et i c m odels i s p resen t ed n ext , based on the t ext  f rom  ref. [ 39 ] .

4 .2 .1. B O L T Z M A N N  A N D  F O C K K E R - P L A N K  K I N E T I C  EQ U A T I O N S

Kin et i c equat i ons al l ow  the descr ipt ion  o f  t im e and sp ace evolu t i on  o f  d i f feren t  d ist r ibu t ion  

funct ions, tak ing in t o accoun t  the en er gy exch an ge and p ar t i cl e generat ion  and l oss.

Th e dist r ibu t ion  funct ion  o f  par t i cles over  posi t ion , veloci t i es and t im e / ( r , v , 0  can be 

con sidered  as a funct ion in the six-d im en si on al  ph ase sp ace ( r ' ,v ) o f  par t i cle posi t i on s and 

veloci t i es. In the absen ce o f  co l l i si on s between  par t i cles:

d f  f ( r + d r , v + d v , t + d t ) - f { r , v , t )  / 4 f<̂
.  =  *  * A)

d t  d t

T ak in g in to accoun t  that  in the col l ision less case, the num ber  o f  par t i cles in a gi ven  stat e is

f i xed : —  =  0 ;  —  =  — ; and —  =  v , w here m  is the par t i cle m ass and F  is the ext er n al  force. 
d t  d t  m  dt

(usin g a T aylo r  ser i es expan sion  up to the f i rst  order ) , the equat i on  can  be re-wr i t t en  as:

d f  d f  „ d f  F  d f
- f  =  - f  +  v ^ :  +  — ¿  =  0 ;  ( 4 .14 )
d t  d t Or m av

and becom es the w el l -k n ow n  form  o f  the co l l i si on less Bo l t zm an n  o r  V l aso v  Eq u at i o n :

^  +  v . V r /  +  - . V v/ =  0 ;  ( 4 .15)
at m

T ak in g into accoun t  co l l i sion s, the d ist r ibut ion  fun ct ion  can  be descr ibed  b y add ing the 

col l i si on s in t egral  lCOi(f) (equal  to the total ch an ge in the par t i cl e num ber  in unit  vo lum e per  unit  

t im e) lead in g to the Bo l t zm an n  k i n et i c eq u at i on :

^  +  v . V f /  +  - . V , , /  =  / „ , , < / ) ;  ( 4 .16 )
dt m

4 .2 .1.1.  M A C R O SC O P I C  EQ U A T I O N S D ED U C ED  FRO M  T H E  K I N E T I C  

B O L T Z M A N N  EQ U A T I O N  

T h e Co n t i n u i t y  Eq u at i o n

In tegrat ing the k inet ic Bol t zm ann  equat ion  over  par t icle veloci t i es l eads to the first m om ent o f  

the Boltztnann equation. T h e col l i sion s in t egral  lcoi (0 over  veloci t i es i s equal  to the total ch an ge 

in the par t icle num ber  in unit  volum e per  unit  t im e and can  be wr i t t en as the generat ion  rate G 

m inus the l oss rate L . In t egrat ing the k inet ic Bol t zm ann  equat i on  over  par t icle veloci t ies l eads

f d v ^ -  + f ^ * ( v ^ - )  +  -  f ^ / v  =  G - L ;  ( 4 .17)
J dt J d r  m J dv
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T h e dist r ibu t ion  funct ion  i s n o rm al ized here to the num ber  o f  par t i cl es, then J* fd v  =  n . w here n

is the num ber  den si t y o f  par t i cles. T h e par t i cle f l u x i s d ef in ed  as J v fdv  =  m i , w h ere ü  i s the

par t i cle m ean veloci t y  (t he d r i f t  vel oci t y) . T h e third term  is zero as the d ist r ibu t ion  funct ion  is 

zero at  in f in i t e vel oci t ies. T h e above equat ion , re-w r i t t en  as below  r ef lect s par t i cle con servat ion  

and is known as the continuity equation .:

~  + V r (m i )  - G - L \  ( 4 .18 )
at

I f  there are no p rocesses o f  p an i cle generat ion  and l oss, t he r igh t -hand sid e o f  the equat ion  is 

zero.

T h e m om en t u m  co n ser vat i o n  eq u at i on  can  be ob t ained m ul t ip l yin g by v and in tegrat ing over  

veloci t y . Th e resu l t in g equat ion  w hen  con sider in g on ly the neut ral  species at  rest  and neglect in g 

the iner t ial  force; becom es a form  o f  the momentum conservation equation:

m ^ -  =  q E - — V p - m v mu ; ( 4 .19 )
d t n

T h e en er gy con ser vat i on  eq u at i on  fo r  elect ron  and ion f l u i ds can  be der i ved  b y m ul t ip l yin g

the k inet ic Bol t zm ann  equat ion  b y m v~ / 2  and in t egrat ing over  veloci t y. A  sim p l i f i ed  form  o f  

the equat ion  i s used to w r i t e the en er gy balan ce for  st eady-st at e d ischarges:

V * |  ( / w ) = Jj - ( | / >)<:„/ ; (4.20)

T h i s equat ion  balan ces the m acroscop ic en er gy f lux w i t h  the rate o f  en ergy ch an ge due to 

col l i si on al  p rocesses.

T h e Bo l t zm an n  r elat i on

T h e den si t y o f  el ect r on s in t herm al  equ i l ibr ium  at  var y i n g posi t ion s in p lasm a under  the act ion 

o f  a spat i al l y vary in g poten t ial  can  be obtained from  the m om en t um  con servat ion  relat ion , in the 

absen ce o f  d r i f t s ( ü =  0 ) :

ene E  +  V p f  = 0 ;  ( 4 .21)

w i th  E  =  -V<I> and assum in g that  a therm odynam ic equat ion  o f  state can  be at t r ibuted to the 

pressure: p e -  n ekTe ; equat ion  ( 4 .21)  becom es:

V(t'<I> -  kTe In ne ) =  0 ;  and in tegrat ing gi ves: t*l> -  kTe In n e =  c o n s t . ; o r :

n e ( r ) =  n 0 e e (> ,( f ) lk T '  ■, ( 4.22)

T h e above is the Bol t zm an n  relat ion  for  elect ron s, sh ow in g that  elect ron s are at t racted to 

region s o f  posi t ive poten t ial . A l t hough  the sam e relat ion  sh ou ld  app ly fo r  ion s wh ich  shou ld  be 

repel led  by a posi t i ve poten t ial , t h is n ever  occu rs, as the ion s in  l ow  pressure d i sch ar ges h ave 

large dr i f t  veloci t i es, l ead in g to iner t ial  or  f r ict ion al  fo r ces that  are com parab le to the elect r ic 

f i el d  or  p ressure grad ien t  fo r ces (4).
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4.3. T H E O R E T IC A L  BASIS FOR T HE D IA G N O STIC  O F  

PU L SE -O N  T IM E PL ASM A

K n ow led ge o f  elect ron  k in et i cs in m agnet ron p lasm as i s an im por tant  fact or  in understanding 

the form at ion  and equ i l ibr iu m  con d i t ion s o f  such  m agn et i zed p lasm as.

T h e sput ter ing p rocess t ak in g p l ace du r in g the pu lse-on  t im e is d i rect l y determ ined b y the 

elect ron  k inet i cs, r espect i vely  by the evolu t ion  o f  elect ron  tem perat u re and den si t y. D u r ing 

pu lsed  D C m agnet ron operat ion  the elect ron s m ove in st rong m agnet i c f i el d  grad ien t s and 

var iab l e elect r ic f iel ds, lead ing t o a com p l ex space and t em poral  d ist r ibut ion  o f  elect ron  

tem perat u re and den si t y, w i th  a d i rect  in f luen ce on the evolu t i on  o f  the sput t er ing p rocess.

T h e m easurem en t  o f  elect ron  tem perat u re and den si t y t h roughout  the space and t em poral  

evolu t ion  o f  the m agnet ron p lasm a poses ser i ou s p rob lem s from  both t heoret i cal  and 

exper im en t al  poin t  o f  v i ew . T h eo ret i cal  p rob lem s in the assessm en t  o f  elect ron  tem perat u re and 

den si t y in m agnet ron p lasm as relat e t o the assum pt ion s o f  p lasm a I x x al  Th erm odyn am ic 

Equ i l i br i um  ( L T E)  or  Par t ial  L T E ( PL T E)  con d i t ion s and an expect ed  M axw el l ian  elect ron  

en er gy dist r ibu t ion  funct ion . T h e m ain d iagn ost ic m et hods fo r  exper im en t al  determ inat ion  o f  

elect ron  tem perat u re and den si t y du r in g the pu lse-on  t im e are the Lan gm u i r  p robes m et hod and 

the O pt ical  Em ission  Spect r oscopy (O ES) , both h avin g cer tain  l im itat ions.

Th e Lan gm u i r  probe m et hod requ i res the use o f  p robes that  do not  per t u rb the p lasm a and 

are not in t er fer in g w i t h  p lasm a m agn et i c and el ect r ic f iel ds. Th erefo re t hei r  use is l im it ed to 

region s outside the "p lasm a bu lk  region ” ' *  and l ess relevan t  for  the act ual  p lasm a behaviou r . 

T h e cover in g o f  the probe w i t h  sput tered m ater ial  also l eads t o l im i t at ion s o f  i t s app l icat i on s to 

region s out side the bu lk  [44]  o r  for  m agnet ron operat ion  l evel s that  are w el l  bel ow  the usual  

m agnet ron operat ion  regim e [ 43J. D ue t o st rong m agn et i c and el ect r ic in t er feren ces. l an gm u i r  

p robes cannot  be used in the opposed  target  m agnet ron con f igu rat ion .

A l t hough  st i l l  relyi n g on the occu r r en ce o f  L T E o r  PL T E con d i t ion s. O pt ical  Em ission  

Spect r oscopy (O ES)  p rovid es a n on - i n vasi ve m et hod for  the evaluat i on  o f  T< in side the p lasm a 

bu lk , at  norm al  operat i ng con d i t ion s o f  the opposed  target  m agnet ron.

In the fo l l ow in g con siderat i on s, the m ain at om ic p rocesses t ak ing p lace in the p lasm a 

dur ing the pu lse-on  t im e w i l l  be presen t ed, alon g w i th  the t h eoret i cal  b asi s for  underst and ing the 

form at ion , m easurem en t  and in t erpretat ion  o f  em ission  spect ra and O ES data for  elect ron  

tem perat u re est im at ions.

*  T h e "p l asm a bu lk ”  region  w i l l  be con sidered  t h roughout  t h is w or k  as the p lasm a region  inside 

the m agn et i c con f inem en t .

9 6



Chapter 4: Theoretical Basis For Plasma Diagnostics

4.3.1. A T O M IC  SP E C T R O S C O P Y  BASICS

T h e  m a in  re fe re n c e s  fo r  th e  th e o re t ic a l  b a c k g ro u n d  p re s e n te d  in  th is  se c tio n  a rc  H . R. G r ie m  

[4 0 ] a n d  D . S a lz m a n n  [41 ]. T h e  n o ta tio n s  u s e d  in th e  fo llo w in g  th e o re tic a l  p re s e n ta tio n  a re  

th o se  u s e d  b y  D . S a lz m a n n  [41 ] a s  th e s e  g iv e  a  c o m p le te  d e s c r ip t io n  o f  th e  p ro c e s s e s  in v o lv e d  

th ro u g h  tra n s i tio n s .

4.3.1.1. A T O M IC  PR O C E SSE S IN PL ASM A S

T h e  a to m ic  p ro c e s s e s  in  p la s m a  a re  d u e  to  in te ra c t io n s  o f  its c o n s ti tu e n ts : a to m s , io n s , a n d  

e le c tro n s  th ro u g h  th e ir  e le c t ro m a g n e t ic  f ie ld s  o r  b y  d ir e c t  im p a c t c o l lis io n s .

T h e  in te ra c t io n s  th a t  p r o v id e  th e  m o s t im p o rta n t in fo rm a tio n  o n  p la s m a  te m p e ra tu re  a n d  

its  e v o lu t io n  a re  th o s e  in  w h ic h  th e  e x c ita t io n  s ta te  o f  a n  a to m  o r  io n  is  c h a n g e d  th ro u g h  

in te ra c t io n  w ith  a n  e le c tro n .

T h e  c la s s i f ic a t io n  o f  th e  m o s t  im p o r ta n t p ro c e s s e s  a s  p re s e n te d  b y  D . S a lz m a n n  [4 1 ] is  

sh o w n  in  T a b le  4.1 a n d  T a b le  4 .2 .

REACTION D IR E C T  PR O C E SS IN V E R SE  PRO CE SS

1 AÌ ' * * Am + h v S p o n ta n e o u s  D e c a y R e s o n a n t  P h o to a b s o rp tio n

2 + e  <=> * * + e  + e E le c tro n  Im p a c t Io n iz a tio n T h re e -b o d y  R e c o m b in a tio n

3 A r f  +e<=> A+f + e E le c tro n  Im p a c t E x c i ta t io n E le c tro n  Im p a c t D e -e x c ita tio n

4 A * f  + h v * * A j f + i + e P h o to io n iz a t io n R a d ia tiv e  R e c o m b in a t io n

5 A u to io n iz a tio n D ie le c tro n ic  re c o m b in a tio n

6 Aj£ + e  <=> A*f + h v + e B re m stra ss lu n g In v e rs e  B re m stra ss lu n g

T a b le  4 .1 : L is t o f  a to m ic  p ro c e s s e s  in  p la sm a s .

T h e  a b o v e  tr a n s i tio n s  a r e  e x p la in e d  in  T a b le  4 .2 , w h e re  th e  te rm  io n  re fe rs  to  e i th e r  a n  a to m  

( io n  w ith  c h a rg e  £ = 0 ) o r  a n  io n  (£ > 0 ) . M u ltip le  in te ra c t io n s  lik e  m a n y  b o d y  in te ra c t io n s  a n d  

d o u b le  e x c i ta t io n s  a n d  io n iz a t io n s  a r e  le ss  e n c o u n te re d  in  lo w -p re s s u re  p la sm a s .

T h e  p ro b a b il ity  o f  o c c u r r e n c e  fo r  th e  a b o v e  p ro c e s s e s  d e p e n d s  o n  p la s m a  d e n s ity  a s  th e  

th re e  p a r tic le  p ro c e s s e s  re q u ire  h ig h -d e n s i ty  p la sm a s , w h ile  s in g le  p a r tic le  p ro c e s s  a re  

in d e p e n d e n t o f  p la s m a  d e n s ity ,  b u t th e y  w ill b e  d o m in a n t in lo w -d e n s i ty  p la sm a s , 

lo n -io n  in te ra c t io n s  c a n  a ls o  le a d  to  e x c i ta t io n , io n iz a tio n , d e -e x c ita t io n  a n d  d e - io n iz a t io n  o f  th e  

in te ra c t in g  io n s , th e  p ro c e s s e s  b e in g  id e n tic a l to  th o s e  b e tw e e n  io n s  a n d  e le c tro n s  d e s c r ib e d  

a b o v e .

A  p ro c e s s  d if fe re n t f ro m  th e  a b o v e  is  th e  ch arge-exch an ge  b e tw e e n  io n s , in w h ic h  a n  

e le c tro n  ju m p s  fro m  o n e  ion  to  th e  o th e r  in th e  e n c o u n te r .  T h is  p ro c e s s  h a s  th e  e f f e c t  o f  c h a rg e  

re -d is tr ib u tio n  a n d  it is  o f  litt le  im p o r ta n c e  in  s te a d y - s ta te  p la sm a s .
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D I R E C T  P R O C E S S R E V E R S E  P R O C E S S

1 S pon tan eou s D ecay . A n  ion  d e c a y s  in to  a 

lo w e r  s ta te  b y  e m it t in g  a  p h o to n  w h o s e  e n e rg y  

e q u a ls  th e  e n e rg y  d if f e re n c e  b e tw e e n  th e  tw o  

le v e ls .

R eson an t P h otoabsorp tion :  a  p h o to n  

h a v in g  th e  e n e rg y  e q u a l  to  th e  e n e rg y  

d if fe re n c e  b e tw e e n  tw o  io n ic  s ta te s  is  

a b s o rb e d  fro m  th e  ra d ia tio n  f ie ld , 

in d u c in g  a  tr a n s i tio n  o f  th e  ion  to  th e  

h ig h e r  s ta te .

2 E lectron  Im pact Ion iza tion , a  f re e  e le c tro n  

h its  a n  io n , k n o c k in g  o u t a  b o u n d  e le c tro n  in to  

th e  c o n tin u u m .

T h ree-body R eco m b in a tio n : tw o  fre e  

e le c tro n s  e n te r  a t  th e  s a m e  tim e  in to  th e  

v o lu m e  o f  a n  ion . O n e  e le c tro n  is 

c a p tu re d  in to  a n  io n ic  s ta te  w h ile  th e  

e x tra  e le c tro n  c a r r ie s  a w a y  th e  e x tra  

e n e rg y .

3 E lectron  Im pact E xcita tion , a  fre e  e le c tro n  

th a t m o v e s  c lo s e  to  a n  io n  lo s e s  e n e rg y  by  

in d u c in g  a  tr a n s i tio n  o f  a  b o u n d  e le c tro n  fro m  

a  lo w e r  s ta te  to  a  h ig h e r  s ta te .

E lectron  Im pact D e-excita tion :  an

e le c tro n  m o v in g  n e a r  a n  e x c ite d  ion  

in d u c e s  a  d o w n w a rd  tr a n s i tio n  f ro m  a n  

u p p e r  to  a  lo w e r  io n ic  s ta te .

4 P h o to ion iza tion : A p h o to n  is  a b s o rb e d  fro m  

th e  ra d ia tio n  f ie ld  w h ile  a  b o u n d  e le c tro n  is 

m o v e d  in to  th e  c o n tin u u m .

R ad ia tive  R ecom bin a tion , a n  e le c tro n  is  

c a p tu re d  in to  o n e  o f  th e  io n ic  s ta te s  w ith  

th e  e m is s io n  o f  a  p h o to n  ta k in g  th e  e x tra  

e n e rg y .

h r A u to ion iza tion  ( in  d o u b le  e x c i te d  ion s) .

O n e  o f  th e  e le c tro n s  d e c a y s  to  a  lo w e r  s ta te  

(g ro u n d )  w h ile  th e  o th e r  ta k e s  its  e n e rg y  a n d  

m o v e s  in to  th e  c o n tin u u m . It o c c u r s  o n ly  w h e n  

th e  s u m  o f  th e  e n e rg ie s  o f  th e  tw o  e x c i te d  

s ta te s  is  h ig h e r  th a n  th e  io n iz a tio n  e n e rg y  o f  

th e  ion.

D i-E lec tron ic  R ecom bin ation :  a  free  

e le c tro n  is  c a p tu re d  in to  a n  io n ic  e x c i te d  

s ta te  a n d  th e  e x c e s s  e n e rg y  is  a b s o rb e d  

b y  o n e  o f  th e  g ro u n d  s ta te s  e le c tro n s  th a t 

m o v e s  in to  a  h ig h e r  s ta te .

6 B rem strasslu n g:  a n  e le c tro n  th a t m o v e s  c lo se  

to  a n  io n  is  d e c c e le ra te d  b y  th e  C o u lo m b  fie ld  

o f  th e  ion  a n d  e m its  a  p h o to n .

In verse  B rem strasslu n g:  a n  e le c tro n  

th a t m o v e s  n e a r  a n  io n  a b s o rb s  a  p h o to n  

fro m  th e  ra d ia tio n  fie ld .

T a b le  4 .2 : T h e  a to m ic  p ro c e s s e s ,  e x p la in e d .

4.3.1.2. E LE C T RO N  IM PAC T  E X CITA TIO N  ANI) D E -E X C IT A T IO N

In th e  p ro c e s s  o f  e le c tro n  im p a c t e x c i ta t io n  a n d  d e -e x c ita t io n  th e  io n s ’ c h a rg e  s ta y s  th e  s a m e , 

o n ly  its  s ta te  o f  e x c i ta t io n  c h a n g e s .

A #  + * ;  (4 .2 3 )
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th e  d ir e c t p ro c e s s  h a v in g  a  ra te  c o e f f ic ie n t  'E(Ç,u  - »  Ç ,u \T e ) a n d  th e  in v e rs e  p ro c e s s  a  ra te  

c o e f f ic ie n t  1X.Ç,m —> £*u\T e ) , r e la te d  th ro u g h  th e  d e ta i le d  b a la n c e  p r in c ip le :

4 K ( . u - * ( J i T e) 8ÇJ ,
— - --------- - ---- —  =  — — e x p ( ----- ) ;  4 .2 4 )

K C .* - > C * r .T e ) g CtU Te

L is ts  o f  re fe re n c e s  o f  p u b lis h e d  fo rm u la s  fo r  c a lc u la t in g  th e  e le c tro n  im p a c t e x c i ta t io n  ra te  

c o e f f ic ie n t  a r e  g iv e n  b y  S a lz m a n n  [4].

T h e  b e h a v io u r  o f  e le c tr o n  im p a c t e x c i ta t io n  ra te  c o e f f ic ie n t  d e s c r ib e d  b y  S a lz m a n n  [4] 

in d ic a te s  th a t th e  ra te  c o e f f ic ie n t  is  sm a ll w h e n  th e  e le c tro n  te m p e ra tu re  is m u c h  s m a l le r  th a n  

th e  tr a n s i tio n  e n e rg y  Te « A E ,  it in c re a s e s  s h a rp ly  to  a  m a x im u m  a ro u n d  Te  *= A £ . a n d  

d e c re a s e s  s lo w ly  a t h ig h e r  te m p e ra tu re s .  A t te m p e ra tu re s  h ig h e r  th a n  a  fe w  t im e s  th e  tr a n s i tio n  

e n e rg y , th e  e n e rg y  o f  m o s t o f  th e  e le c tro n s  is  to o  h ig h  fo r  e x c ita t io n  in to  a  d is c re te  s ta te  a n d  th e  

io n iz a tio n  o f  th e  e le c tro n  in to  th e  c o n t in u u m  b e c o m e s  th e  m o re  p ro b a b le  p ro c e s s .

4 .3 .1 .3 . E L E C T R O N  I M P A C T  I O N I Z A T I O N  A N D  T H R E E - B O D Y  R E C O M B I N A T I O N

E le c tro n  im p a c t io n iz a tio n  is  p ro b a b ly  th e  m o s t im p o r ta n t p ro c e s s  in  h o t p la s m a s ,  p a r tic u la r ly  in 

o p tic a lly  th in  o n e s . Its  in v e rs e  p ro c e s s ,  th e  th re e -b o d y  re c o m b in a t io n  is  o n ly  im p o r ta n t in  h ig h - 

d e n s i ty  p la sm a s .

A #  + e < *  +  e  +  e \  (4 .2 5 )

T h e  d ire c t p ro c e s s  o c c u r s  w h e n  a  f re e  e le c tro n  h its  a n  io n  a n d  k n o c k s  o u t o n e  b o u n d  e le c tro n  

in to  th e  c o n tin u u m . In  m o s t c a s e s ,  th e  k n o c k e d  o u t e le c tro n  b e lo n g s  to  th e  o u te rm o s t  p o p u la te d  

g ro u n d  s ta te  sh e ll.  In  th is  c a s e s , th e  io n  is  le f t in  its  g ro u n d  s ta te . m '= 0 . I f  io n iz a tio n s  o f  in n e r  

e le c tro n s  o c c u r ,  th e  io n  is  le ft in a n  e x c i te d  s ta te . T h e re -b o d y  re c o m b in a tio n  o c c u r s  w h e n  tw o  

f re e  e le c tro n s  e n te r  a t th e  s a m e  tim e  in to  th e  v o lu m e  o f  o n e  io n  a n d  o n e  o f  th e  tw o  is  c a p tu re d  in 

a b o u n d  s ta te ,  w h ile  th e  o th e r  ta k e s  u p  th e  e x tra  e n e rg y .

T h e  ra tio  o f  ra te  c o e f f ic ie n ts  b e tw e e n  th e s e  p ro c e s s e s  is  g iv e n  b y  th e  d e ta i le d  b a la n c e  

p rin c ip le :

H Ç .m  - » ^ - t - l . w ' - . r , , )  _  2( nxc~Te ) 3 /2  l ( £  +  ! •* » '> c x p ( y  ^  26)

R (3)( ( + l m ' - > ( , m ; T e ) 2 n (h c )2 Te

M a n y  fo rm u la s  h a v e  b e e n  p ro p o s e d  f o r  th e  c a lc u la tio n  o f  th e  e le c tro n  im p a c t io n iz a tio n  ra te  

c o e f f ic ie n t  (M c W h ir te r  (1 9 6 5 ) ,  D ra w in  (1 9 6 8 ) , L o tz  (1 9 6 8 ) , S a m p s o n  a n d  G o ld e n  (1 9 7 8 ) , 

Y o u n g e r  (1 9 8 0 ) , e tc .  C o m p le te  re fe re n c e s  a re  g iv e n  b y  S a lz m a n n  [41 ].

T h e  b e h a v io u r  o f  th e  io n iz a tio n  ra te  c o e f f ic ie n t is  s im i la r  to  th a t o f  th e  e x c i ta t io n  ra te  

c o e f f ic ie n t .  T h e  ra te  c o e f f ic ie n t  in c re a s e s  s h a rp ly  a t lo w  te m p e ra tu re s  a n d  a t ta in s  its  m a x im u m  

w h e n  th e  te m p e ra tu re  is  a  few  t im e s  th e  b in d in g  e n e rg y . A t h ig h e r  te m p e ra tu re s  th e  ra te  

c o e f f ic ie n t  d e c re a s e s  s lo w ly . S u c h  b e h a v io u r  is  c o m m o n  to  a l l io n iz in g  s ta te s ,  o f  e v e ry  c h a rg e d  

ion . H ig h ly  e x c i te d  s ta te s  u n d e rg o  ra p id  io n iz a tio n  a n d  re c o m b in a t io n  p ro c e s s e s  a s  b o th  

p ro c e s s e s  p ro b a b il it ie s  h a v e  m a x im u m  p ro b a b il i ty  f o r  th e  u p p e rm o s t s ta te s .
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4 .3 .1 .4 .  T H E  P R O B A B I L I T Y  F O R  D I R E C T  E L E C T R O N  I M P A C T  I O N I Z A T I O N

T h e  d ir e c t  e le c tro n  im p a c t io n iz a tio n  ta k e s  p la c e  w h e n  th e  e n e rg y  t r a n s fe r re d  b e tw e e n  th e  

e le c tro n  a n d  th e  io n  ( a to m )  e x c e e d s  th e  io n iz a tio n  p o te n tia l (1).

T h o m s o n  [4 ]  h a s  o b ta in e d  th e  p ro b a b il ity  fo r  d ir e c t  e le c tro n  im p a c t io n iz a t io n  u s in g  th e  

R u th e r fo rd  fo rm u la  fo r  th e  d if fe re n tia l  sc a tte r in g  c ro s s - s e c t io n  o f  a n  e le c tro n  w ith  e n e rg y  E  o n  

th e  v a le n c e  e le c tro n  (a s s u m e d  a t re s t)  w ith  e n e rg y  tr a n s fe r  d E , in te g ra te d  o v e r  d E  f o r  d E > l ,

gi ves: a ,  = 4 ^ ( - ^ - ) 2 ( - f - l ) ;  (4 .26)
E  /

w h e re  Eh  = 1 3 .5 9 8  e V  is  th e  io n iz a tio n  p o te n tia l o f  H y d ro g e n , a n d  a o = 0 .5 2 9 .1 0  10 m  is  th e  B o h r  

a to m ic  ra d iu s . T h e  a b o v e  is  c a l le d  " th e  T h o m s o n  fo rm u la " . T h e  T h o m s o n  c ro s s - s e c t io n  r e a c h e s  

a  m a x im u m  v a lu e  fo r  E = 2 I .

4 .3 .2 .  T H E  E M I S S I O N  S P E C T R U M

T h e  ra d ia tio n  e m it te d  fro m  p la s m a  is  a n  im p o rta n t d ia g n o s t ic  to o l a s  it c a r r ie s  in fo rm a tio n  a b o u t 

th e  lo c a l a n d  in s ta n ta n e o u s  p la s m a  te m p e ra tu re  a n d  d e n s i ty , p ro v id in g  a  re l ia b le  m e a n s  o f  

o b s e rv a tio n  a n d  e v a lu a t io n  o f  p la sm a  p a ra m e te rs  a n d  th e ir  te m p o ra l  e v o lu tio n .

T h e  e m is s io n  s p e c tru m  h a s  tw o  c o m p o n e n ts :

1. T h e  c o n t in u o u s  s p e c tru m ;

2 . T h e  lin e  s p e c tru m  w ith  in te n s ity  a n d  s p e c tra l d is tr ib u tio n  c h a ra c te r is t ic  to  th e

p la s m a  te m p e ra tu re  a n d  d e n s ity  a n d  th e  e m is s io n  m e c h a n is m .

1. T h e  c o n t in u o u s  s p e c tru m  is  g e n e ra te d  in tw o  k in d s  o f  p ro c e s s e s  [41 ]:

- T h e  b re m s s tra h lu n g  ra d ia tio n  g iv e n  b y  fre e  e le c tro n s  m o v e m e n t in  th e  C o u lo m b  fie ld  o f  a n  

ion . In h ig h - Z  p la s m a s  a t lo w - te m p e ra tu re s .  th e  m a in  e m is s io n  m e c h a n is m  is  lin e  e m is s io n , 

re la tiv e  to  w h ic h  b re m s tra s s lu n g  p ro v id e s  a  lo w  c o n t in u o u s  b a c k g ro u n d  ra d ia t io n .

- T h e  re c o m b in a tio n  ra d ia tio n , e m it te d  d u r in g  th e  re c o m b in a tio n  o f  a  fre e  e le c tro n  w ith  a n  ion . 

T h e  ra d ia tio n  is  e m it te d  o n ly  a b o v e  s h a rp  " e d g e s ”  w h ic h  c o r re s p o n d  to  th e  b in d in g  e n e rg ie s  o f  

th e  b o u n d  s ta te s  o f  io n s . T h e  re c o m b in a tio n  in to  th e  g ro u n d  s ta te  h a s  th e  h ig h e s t  p ro b a b il ity ,  a s  

i t d e p e n d s  o n  th e  m a in  q u a n tu m  n u m b e r  (np ) o f  th e  io n  a s  l / n P.

2 . T h e  lin e  e m is s io n  s p e c tru m  is  th e  m o s t im p o r ta n t p ro c e s s  in in te rm e d ia te  a n d  h ig h  Z  

p la s m a s  in w h ic h  io n s  a re  n o t fu lly  s tr ip p e d  o f  e le c tro n s . T h e  e m is s io n  ra te  o f  a  s p c c tra l  lin e  is 

g iv e n  b y  141):

=  N - » ( , m )  ; [ c V / ( c m \s ]  (4 .2 7 )  

w h e re  N is  th e  d e n s ity  o f  io n s  in  th e  u p p e r  in itia l io n ic  s ta te  a n d  h(om-^ m =  E g m> -  E g  m is  th e  

tra n s i tio n  e n e rg y ,  w h ic h  is  a l s o  th e  e n e rg y  o f  th e  e m it te d  p h o to n  a n d  A {£ .m  ->  £ ,m )  \s th e  

E in s te in  c o e f f ic ie n t  fo r  th e  tra n s it io n .

T h e  s p e c tra  o f  H a n d  H e  lik e  io n s  a re  w e ll k n o w n  a n d  u n d e rs to o d . T h e  s p e c tra l lin e s  o f  

H - lik c  a to m s  h a v e  e n e rg ie s  g iv e n  b y  th e  B o h r  fo rm u la :
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Z 2e3 1 1

A* * - * «  V - i - y — 7 >; (428)
2* 0  nf  n*

w h e re  n u a n d  „i a r e  th e  p rin c ip a l  q u a n tu m  n u m b e rs  o f  th e  lo w e r  a n d  r e s p e c t iv e ly  th e  u p p e r  s ta te s  

o f  th e  tr a n s i tio n . T h e  s ta te s  a re  d e g e n e ra te  w ith  re s p e c t w ith  to  th e  q u a n tu m  n u m b e r  /. s o  th e  

le v e ls  w ith in  th e  s a m e  s h e ll h a v e  th e  sa m e  e n e rg y .

A ll tr a n s i tio n  l in e s  th a t e n d  o n  th e  s a m e  io n ic  s ta le  fo rm  a  “ s e r ie s  o f  l in e s " .  T h e  s p e c tru m  

c o r re s p o n d in g  to  a  g iv e n  s c r ie s  is  lo c a te d  s lig h t ly  b e lo w  th e  re c o m b in a tio n  e d g e  c o r re s p o n d in g  

to  th e  lo w e r  s ta te .

4 .3 .2 .1 .  L I N E  B R O A D E N I N G

T h e  s p e c tra l  l in e s ' w id th  is  a n  im p o r ta n t p a ra m e te r  in  p la s m a  d ia g n o s t ic  a s  it p ro v id e s  

in fo rm a tio n  a b o u t  th e  lo c a l p la s m a  p a ra m e te r s  (e le c tro n  te m p e ra tu re  a n d  e le c tro n  d e n s ity ) .

T h e  s h a p e  o f  a  s p e c tra l  lin e  is  c o n v e n ie n tly  d e s c r ib e d  b y  m e a n s  o f  th e  lin e  p ro file  

fu n c tio n  U,CO) [s ']  th a t is  n o rm a liz e d  to  u n ity  140. 4 1 J:

j U ( 0 ) d ( 0 - \  ; (4 .2 9 )

a n d  d e f in e d  s u c h  th a t: l ( 0))d a ) =  l ()L((0)d (0 is  th e  n u m b e r  o f  p h o to n s  e m it te d  in th e  ra n g e  o f  

f re q u e n c ie s  |(o . OHdiOj a n d  70 is  th e  n u m b e r  o f  p h o to n s  e m it te d  in  th e  lin e .

T h e  s h a p e s  U (0 )  a r e  in g e n e ra l  a  L o re n tz ia n  d is tr ib u tio n :

---------------------------- T ----------------------------------------------------------------------------------------------------------------------------------< 4 - 3 0 >

2/ r  ( ( o - ( o {)y  + ( r / 2 r

o r  a  G a u s s ia n  d is tr ib u tio n :

L(co)= J L - e x p l - ^ - ^  ^ ° ) 2 ] ;  (4 .3 1 )

■ l i n o  2 (T

T h e re  a rc  s e v e ra l  m e c h a n is m s  th e  le a d  to  lin e s  b ro a d e n in g :

1. T h e  n a tu ra l  lin e  b ro a d e n in g  d u e  to  th e  f in ite  li fe - tim e  o f  io n ic  e x c i te d  s ta te s .

2 . D o p p le r  b ro a d e n in g  d u e  to  th e  th e rm a l  v e lo c ity  d is tr ib u t io n  o f  th e  e m it t in g  io n s ;

3 . E le c tro n  im p a c t b ro a d e n in g , d u e  to  e le c tro n  c o l l is io n s . ;

4 . Q u a s i- s ta tic  S ta rk  b ro a d e n in g  d u e  to  lo c a l e le c tro s ta t ic  f ie ld s  g e n e ra te d  b y  n e a rb y  io n s, 

th a t s p l it a n d  sh if t th e  e n e rg y  le v e ls  o f  th e  ra d ia t in g  io n s .

E a c h  e m is s io n  lin e  is  a  c o n v o lu tio n  o f  a ll th e  a b o v e  e f f e c ts ,  a l th o u g h  in  g e n e ra l ,  d e p e n d in g  o n  

th e  lo c a l p la sm a  p a ra m e te rs ,  o n ly  o n e  o f  th e m  d o m in a te s .

A c o n v o lu tio n  o f  th e  tw o  ty p e s  o f  b ro a d e n in g s , L o re n tz ia n  a n d  G a u s s ia n  g iv e s  a  V o ig t 

ty p e  p ro file .  T h is  ty p e  o f  a  p ro f ile  fo llo w s  th e  G a u s s ia n  d is tr ib u tio n  in th e  c e n tr e  o f  th e  lin e  a n d  

L o re n tz ia n  d is tr ib u tio n  in  th e  w in g s  re g io n  fa r  f ro m  th e  c e n tr e  lin e .

T h e  fo llo w in g  c o n s id e ra t io n s  o n  e m is s io n  l in e s ’ b ro a d e n in g  h a v e  b e e n  p re s e n te d  b y  

S a lz m a n n  | 4 |  a n d  a re  s u m m a r iz e d  h e re .
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I. N atural line broadening.

A n  a to m ic  e x c i te d  s ta te  d e c a y s  s p o n ta n e o u s ly  to  o n e  o f  th e  lo w e r  s ta te s  w ith in  a  tim e  p e r io d  

th a t is  c h a ra c te r is e d  b y  th e  E in s te in  c o e f f ic ie n t  /! „ _ > /. w h e re  u  a n d  / a r e  th e  q u a n tu m  n u m b e rs  

o f  th e  u p p e r ,  r e s p e c t iv e ly ,  lo w e r  s ta te ,  so  e x c i te d  s ta te s  o f  a n  a to m  h a v e  a  f in ite  li fe tim e : 

r  ~  a J  . T h u s , a c c o rd in g  to  th e  q u a n tu m  m e c h a n ic a l  u n c e r ta in ty  p r in c ip le ,  th e  e n e rg y  le v e l Eu 

h a s  a  c h a ra c te r is t ic  w id th  o f  A E  -  ti /  X =  hAui .

T h e  s p e c tra l  lin e  r e la te d  to  th is  tr a n s i tio n  h a s  a  s p e c if ic  w id th  A (0 »  Aui, w h ic h  is  

in d e p e n d e n t o f  e x te rn a l c o n d i t io n s  a n d  c a l le d  th e  "N atural S pectra l Line Width". T y p ic a lly ,  

A Q)~  108 s e c ' 1 « # > „ / «  10 1 S s e c “ 1 ; w h e re  coui — 2 7TVul is  th e  e m is s io n  f re q u e n c y .

T h e  a m p li tu d e  o f  th e  p h o to n  e m is s io n  h a s  a  d a m p e d  o s c il la to r ) ' t im e  d e p e n d e n c e  a s  it 

c h a ra c te r iz e s  th e  p h o to n  e m is s io n  p ro b a b il i ty  a n d  d e s c r ib e s  th e  a t te n u a t io n  o f  th e  

e le c tro m a g n e tic  w a v e  b e c a u s e  o f  th e  f in i te  li fe - tim e  o f  a to m ic  s ta te s :

A(t)<* e ,(i* e ~ ^ '‘ ~ , w h e re  0) =  (E U - E / ) l  ft is  th e  t r a n s i tio n  e n e rg y .

T h e  p h o to n  d is tr ib u tio n  fu n c tio n  a n d  th e  n a tu ra l  p ro f i le  o f  a  s p e c tra l  line  re la te d  to  f in ite  

l if e t im e  o f  e x c i te d  s ta te s  is:

F (a)) =  - — ------- -— - — — (4 .3 2 )

*  v -  + ( a - a > ; k V

a n d  h a s  a  L o re n tz ia n  s h a p e . T h e  s p e c tra l  lin e  w id th  o f  a  L o re n tz ia n  p ro f ile  c a n  b e  e s t im a te d  as:

e 2 -«
A i  =  — =  1.2  • 10 rtn t; w h e re  m  is  th e  e le c tro n  m a ss .

3 f ()W r

T h e  n a tu ra l  b ro a d e n in g  is  th e  m in im u m  w id th  p o s s ib le  f o r  a  s p e c tra l  lin e , m u c h  s m a l le r  th a n  

o th e r  ty p e s  o f  b ro a d e n in g s  a n d  s e ld o m  m e a s u ra b le .

2. D onnler broadening.

D u e  to  th e  m o t io n  o f  e m it t in g  io n s , th e  f re q u e n c y  o f  th e  d e te c te d  p h o to n  in th e  la b o ra to ry  fra m e  

to. d i f f e r s  fro m  th e  e m it te d  f re q u e n c y  in th e  fra m e  o f  th e  m o v in g  io n  o>. b y  a n  a m o u n t e q u a l  to:

A (0 =  ( 0 - 0 ) {) =  (0() — ; (4 .3 3 )

c

w h e re  v x is  th e  c o m p o n e n t o f  th e  v e lo c ity  o f  th e  e m it te r  a lo n g  th e  lin e  o f  s ig h t to  th e  d e te c to r .  

T h e  re s u lt in g  p ro f ile  h a s  a  G a u s s ia n  d is tr ib u tio n :

L (0) ) =  - ¡ J —  e x p [ - < — ) 2 ] ;  (4 .3 4 )

yj7tO)D 0)D

w h e r e o f ) i s  th e  D o p p le r  b ro a d e n in g  p a ra m e te r .  T h e  F W H M  o f  th e  lin e  is  e q u a l  to  (0D

m u ltip l ie d  b y  21n2: FW H M  =  a>{) I— ; (4 .3 5 )

V M e

T h e  w id th  o f  th e  D o p p le r  b ro a d e n in g  d e p e n d s  th e re fo re  on  p la s m a  te m p e ra tu re  o n ly .
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E lectron im pact broadening  

C o ll is io n s  w ith  th e  ra p id ly  m o v in g  fre e  e le c tr o n s  le a d  to  p e r tu rb a t io n s  in  th e  a to m ic  le v e ls  o f  

th e  ion  ( ra d ia to r )  th a t m o d ify  th e  e m is s io n  f re q u e n c y , th e  r e s u lt in g  s h a p e  o f  th e  lin e  b e in g  

L o re n tz ia n .

In  te rm s  o f  th e  H a l f  W id th  a t  H a l f  M a x im u m  (H W H M ) w  a n d  s h if t d  o f  th e  lin e  th e  

L o re n tz ia n  s h a p e  o f  th e  is  d e s c r ib e d  by :

It h a s  b e e n  d e m o n s tra te d  (4 )  th a t th e  e le c tr o n  im p a c t b ro a d e n in g  is  p ro p o r tio n a l to  th e  e le c tro n  

d e n s ity  a n d  in v e rs e ly  p ro p o rt io n a l to  th e  e le c tr o n  te m p e ra tu re :

T h e  ra th e r  c o m p lic a te d  fo rm u la  fo r  th e  e le c tr o n  im p a c t b ro a d e n in g  d o e s  n o t m a k e  th e  o b je c t o f  

th is  p re s e n ta tio n . A  m e th o d  to  d e d u c e  th e  fo rm u la  is  p re s e n te d  b y  S a lz m a n n  [41] a n d  im p o r ta n t 

c o r re c t io n s  to  th e  fo rm u la  h a v e  b e e n  p r o p o s e d  b y  G r ie m  [4 0].

4. Q u asi-sta tic  Stark broadening  

T h e  m e c h a n is m  o f  th e  S ta rk  b ro a d e n in g  i s  th e  e le c tro s ta t ic  f ie ld  g e n e ra te d  b y  th e  p e n u r b c r  on  

th e  ra d ia to r ,  w h ic h  fo r  w e a k  e le c tr o s ta t ic  f ie ld s  is  p ro p o rt io n a l to  th e  s q u a re  o f  th e  f ie ld  

in te n s ity .  T h is  m e c h a n is m  a p p l ie s  w h e n  th e  in te ra c t io n  l im e  is  lo n g e r  th a n  th e  tim e  b e tw e e n  tw o  

c o l l is io n s  a n d  it is p ro d u c e d  b y  in te ra c t io n s  w ith  th e  s lo w  m o v in g  n e ig h b o u r in g  io n s . T h e  

d e ta i le d  a n a ly s is  fo r  th e  S ta rk  b ro a d e n in g  i s  p re s e n te d  by  S a lz m a n n  [41 ].

In  g e n e ra l,  th e  d if fe re n t  ty p e s  o f  c o l l is io n  b ro a d e n in g  c a n  b e  c o n s id e re d  to  b e  s ta t is tic a lly  

in d e p e n d e n t p ro c e s s e s  a n d  th e  r e s u lt in g  l in e  p ro f ile s  a re  a  c o n v o lu tio n  o f  p ro f ile s  g iv e n  b y  e a c h  

ty p e  o f  b ro a d e n in g .

A to m s a n d  in c o m p le te ly  s tr ip p e d  io n s  g e n e r a te  a lo n g  w ith  th e  lin e  s p e c tru m  a  c o n t in u o u s  

s p e c tru m . T h e  c o n t in u o u s  s p e c tru m  is  im p o r ta n t  n o t o n ly  a s  a  b a c k g ro u n d  fo r  th e  lin e  s p e c tru m , 

b u t a l s o  b e c a u se  c o n t in u u m  in te n s i t ie s  s c a n  p ro v id e  r e la tiv e ly  d ire c t m e a s u re s  o f  e le c tro n  

d e n s ity  a n d  te m p e ra tu re . T h e  m o s t s ig n if ic a n t  p ro c e s s e s  le a d in g  to  e m is s io n  o f  a  c o n tin u u m  

s p e c tru m  a re  th e  e le c tro n - io n  r e c o m b in a t io n  a n d  th e  b re m s s tr a h lu n g .

T h e  re c o m b in a tio n  e m is s io n  is  d u e  to  r a d ia tiv e  e le c tro n - io n  re c o m b in a tio n  d u r in g  w h ic h

m  i' *"
a  fre e  e le c tro n  w ith  k in e tic  e n e rg y  — is tr a p p e d  in a  b o u n d  a to m ic  s ta te  w ith  a  d is c re te  

e n e rg y  En. T h is  is  a  f r e e -b o u n d  tra n s i t io n  le a d in g  to  e m is s io n  o f  a  q u a n tu m  o f  e n e rg y :

w 2 +  (A  ( O - d ) 2
(4 .3 6 )

(4 .3 7 )

4 .3 .2 .2 .  C O N T I N U O U S  S P E C T R A

(4 .3 8 )

T h e  re c o m b in a t io n  c ro s s -s e c tio n  d e p e n d s  o n  th e  e le c tro n  e n e rg y  £  a n d  d e n s ity  n [3 9 ].
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T h e brem sstrahlung em iss io n  is  an energy lo ss  p rocess (a  free-free transition) due to  electron  

s lo w in g  dow n in  the C ou lo m b  fie ld  o f  an atom  or ion and its  cro ss-sec tio n  depends on the cross-  

section  o f  e lectron -h eavy  particle  co llis io n s .

4 .3 .2 J .  S P E C T R O S C O P IC  T E M P E R A T U R E  M E A S U R E M E N T S

M ost sp ectroscop ic  tem perature m easurem ents provide an eva lu ation  o f  e lectron  tem peratures  

T,. T h e  m ost used m ethods are based  on relative lin es in ten sitie s  o f  e ith er the sam e atom  or ion. 

neighb ouring  ion iza tio n  s ta g es , on  relative continuum  in ten sitie s , ratios o f  line to con tin uum  

in tensities.

R e la tiv e  in te n s it ie s  o f  l in e s  o f  th e  sa m e  a to m  o r  ion

Integrating lin e  in ten sities requires a m easurem ent p ro cess  that in clu d es the contribution o f  

ex ten d ed  line w in g s  and takes in to  account o f  the necessary  con tin uum  corrections and b lends  

w ith  neighb ourin g lin es. A s  eva lu ated  by  G riem  (4 0 ). the a b o v e  corrections as w e ll as relative  

intensity  ca librations lead to large errors in the ratio, g en era lly  larger than 10%.

T h e m ain con d ition s to  relate the in tensities o f  tw o  lin e s  to their statistical d istribution on  

en ergy  lev e ls  g iven  b y  the B oltzm ann  form ula (4 .1 0 )  are that the LTE (or at least PL T E )  

con d ition s apply and the plasm a is o p tica lly  thin, therefore the absorption p ro cesses  are 

n eg lig ib le .

In o p tica lly  thin p lasm as o f  length /. a long  the lin e  o f  sigh t, the spectra lly  integrated  

em issio n  line in ten sities (rad iances) arc g iv en  by:

•nm =  \ l n m ^ ) d ( 0  = ^ ^ - A nm I (4 .3 9 )

0

and assum ing  h o m o g en o u s plasma:

ha)
(4 .4 0 )

4  it

U nder PL TE  con d ition s, the ratio o f  radiances from  tw o  lin e s  o f  the sam e atom  or ion (u sin g  the 

B oltzm ann  form ula for the popu lations o f  the tw o  lev e ls  mj  and m2) becom es:

_  ¡nlml __ ^ m ln lA n\m\8m\ CXp( ( 4 4 1 )

ln2m2 *Om2n2A n2m28 m2

S o , the tem perature corresp ond ing to  the ab ove lin e  ratio is:

k T  =  F' m2 ~ E   ; (4 .4 2 )

In ^ m 2 n 2 & m 2A n2m2™

^ m \n l  8  m l  A n\m\

T h e relative error in the determ ination o f  the tem perature is  related to  any error in the

determ ination o f  the quantity X  under the logarithm  as:

. A T , k T  . A X  .

T  E „ 2  ~ E m\ X  U
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A s errors in AX /  X  are rarely b e lo w  0 .1 . the relative errors in the determ ination o f  kT  are 

rarely sm aller than 10% (40).

O ther m ean s to  estim ate  e lectron  tem peratures are b y  usin g the ratio o f  em issio n  lin es o f  

d ifferen t charge states (w h ich  requires the k n o w led g e  o f  the e lectron  d ensity  and the Saha  

equ ation ) or by usin g several lin es  from  the sam e ser ies  and draw ing the logarithm  o f  lin e s ’ 

in ten sities a s  a function o f  en ergy , w h ich  should result in a straight lin e, its s lo p e  g iv in g  Te.

M ore inform ation  on th ese  d ia g n o stic  m ethods and related o n e s  can  be found in refs. [ 4 0 ,4 1 ] .

4 3 .2 .4 .  T IM E -R E S O L V E D  S P E C T R A

T h e m easurem ent o f  tim e-reso lv ed  O E S  raises the q u estio n  o f  the relationship betw een  the 

plasm a life -tim e and the tem poral resolution  o f  the sp ectrom eter  [41 ].

T h e em iss io n  spectra o f  p lasm as w ith life -tim es lo n g er  than 10 *s can be m easured  by  

ph o to sen sitiv e  d e v ic e s  lik e  p h otod iod es and ph otom ultip liers. A s  the sp eed o f  the e lectron ic  

circu its  used in the detection  o f  the signal is  o f  the order o f  10 ' s ,  such d ev ice s  are fast enou gh  

to provid e a tim e-reso lv ed  ev o lu tio n  o f  the plasm a. For sh ort-liv ed  p lasm as ( life  tim es o f  the 

order o f  n an osecon d s) fram ing cam eras or C C D  cam eras ca n  be used [41 ). In m ost app lications, 

the p h otosen sitiv e  detector is  p laced  on the foca l p lane o f  th e  spectrom eter.

From the ratios o f  tem poral shape o f  the pu lse  h e ig h ts  in the detector the tem poral 

ev o lu tio n  o f  e lectron  tem perature can be determ in ed . T he above ap p lies for ordinary  

spectrom eters that ob serve  the plasm a through a “slit". T h ese  types o f  spectrom eters provide  

directly  the radiances o f  the observed  lin es, w ith so m e d raw b ack s related to the particularities o f  

the observation m ethod.

U sing  m ore advanced spectrom eters that a llo w s th e  observation o f  the plasm a through a 

tw o-d im en sio n a l aperture (len ses) situated directly  in the d isch arge cham ber - lik e  the acou sto -  

optic  spectrom eters - has certain  ad vantages and particu larities that are describ ed  in C hapter  

(2 .3 )  dedicated to  the m easurem ent equipm ent perform ances.

T h e use o f  an aco u sto -o p tic  spectrom eter w ith an  optica l probe situated  in sid e  the 

d isch arge  cham ber is the m ethod o f  ch o ice  for the O E S m easurem en ts presented  in th is thesis. 

T h e acou sto -op tic  sp ectrom eter  a llo w s tim e-reso lv ed  O E S  m easu rem en ts and a lso  sp a ce  -  

reso lved  readings accord in g  to  the po sition  o f  the probe in s id e  the cham ber.
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4 .4 . T H E O R E T I C A L  B A S IS  F O R  T H E  D I A G N O S T I C  O F  

P U L S E -O F F  T I M E  P L A S M A

4 .4 .1 . C H A R G E -L O S S  P H E N O M E N A  IN P L A S M A S

M agnetron d isch arges are L o w  T em perature G lo w  D isch a rg es , therefore, e ssen tia lly  non-  

thennal and non -equ ilibr iu m  d isch arges due to the m arked d iscrepancy  betw een  e lectron  and 

ion tem peratures. N everth eless, the ex isten ce  o f  a stab le  d isch arge  is o n ly  p o ssib le  under at least 

PL T E  (eq uilibr ium ) con d ition s; therefore, equilib riu m  rela tio n s in plasm a should app ly  at any  

tim e.

D uring the p u lse-on  tim e, charge equilibrium  is e sta b lish ed  at the plasm a bulk, in the 

p resen ce  o f  a m agnetic  fie ld  plus external and internal (se lf-c o n s is te n t)  p lasm a e lectr ic  fie ld s, 

w h ile  the creation o f  charges has to be balanced by charge  -  lo s s  phenom ena. In m agnetron  

g lo w  d isch arges, the m agnetic  fie ld  is  added in order to  a c h iev e  co n fin em en t o f  charges, thus to  

im prove the ba lance b etw een  creation and lo ss  o f  ch a rg es. T h e  stability and ex is te n c e  o f  the 

d isch arge  is m aintained for a s  long  as the charge b a lan ce  in the d isch arge is stab le . 

A ccum ulation o f  ch arges o f  e ith er sign  can lead to  arcin g , th ese  strong perturbations o f  the 

d isch arge a ffectin g  the sputtering p rocess and the q uality  o f  the d ep osited  film s.

T h e pulsed IX- operation m ode has been d ev e lo p ed  in order to a llo w  a c y c lic  re lease  o f  

accum ulated space-charge gradients and thus a c y c lic  restoration o f  charge neutrality at all 

reg ions in side the d isch arge.

D uring the p u lse -o ff  lim e, the pow er input sto p s and  the external e lectr ic  fie ld  ch an ges  

direction , a llo w in g  the accum u lated  charges to  d issip ate  through c h a r g c -lo ss  phenom ena; drift 

to  the an od es, free d iffu sio n , am bip olar f lo w s  (drift and d iffu sion  in the polarization e lectr ic  

f ie ld s  generated by e x is t in g  charge d ensity  gradients) and recom bination. A s  charge generation  

stop s, the p u lse -o ff  tim e is  dom in ated by ch a rg e-lo ss  ph en om en a. T h ese  e ffe c ts  lead to a new  

quasi-equ ilibrium : overa ll p lasm a neutrality at a low er p lasm a density , a ch iev ed  through lo ss  o f  

charges to the w a lls, anodes or through recom bination.

A  short presentation o f  the m ain theoretical approaches and form ulas that describ e  

ch arge-loss phen om en a in plasm as fo llo w s . M ore in form ation  on th ese  a sp ects can  be foun d in  

refs. [4, 39 ).

4 .4 .2 . D IF F U S IO N  A N D  T R A N S P O R T

T h e stead y-sta te m acroscop ic  force equation  in a uniform  d en sity  plasm a can be written as:

m  ^ -  =  q E  -  — V p  -  m v m u  ; (4 .4 3 )
at n

w h ere m vmu  is a friction term arising from  c o llis io n s  w ith the background sp cc ic s . T h ese  

c o llis io n s  lead to d iffu sion .
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A ssu m in g  that the background sp ec ie s  are at rest and the m om entum  transfer freq u en cy  vm is

constant, independent o f  the drift v e lo c ity  u ; and con sid er in g  an isotherm al p lasm a such that 

V/> =  knVT  w e obtain:

qE kT  V/» /yl
u = ------------------------ ; (4 .4 4 )

m v m m v m n

w h ich  can  be w ritten as:

T -  ±/JnE  -  D V n  ; (4 .4 5 )

w here f  =  f lu  is  the particle flux  and fi  = -  * —  [nrV v.s] and D  =  — [ nr / s ]  are the
rnvm rnvm

m acroscop ic  m ob ility  and d iffu sio n  constants that can be ca lcu lated  separately for both sp ec ies .

U sin g  the m ean sp eed  v = ( 8 k T ln m ) ]l2 and the m ean free path for scattering

_ jz
X =  v /  v m , I) b ecom es: D =  — A" v m ; h av in g  the basic  structure o f  a d iffu s io n  process

8

dependent on the square o f  the step  length and on the tim e betw een  step s [4].

4 .4 .3 . F R E E  D IF F U S IO N

From the particle flux form ula, in the ab sen ce o f  an e lectr ic  fie ld  w e  can obtain th e  d iffu sion  

law  relating the flu x  to  the d en sity  gradient, w h ich  is ca lled  the Fick's law.: 

r  =  - D V n ;

U sin g  the continu ity  relation and ch o o sin g  the source and sink term s to  be zero , w e obtain:

^  +  V  r  =  0 ;  
d/

If D  is independent o f  p osition , w e  obtain the diffusion equation for single species:

D V 2n - 0 \  (4 .4 6 )
dt

4 .4 .4 . F R E E  D IF F U S O N  O F  E L E C T R O N S  A N D  IO N S

If e lectron  and ion d en sities are low . their d iffu sion  in plasm a can be con sid ered  independent  

and described by the continu ity  equation  (4 .1 8 ). T h e total flux  o f  charged partic les in c lu d es in 

this ca se  the actual drift in the e lectr ic  fie ld  and d iffu sion  fo llo w in g  F ick ’s  law:

r f .i =  ; (4 -4 7 )

T h e  s ig n s  +  and -  correspond to  the charge o f  the particles. T h e contin u ity  equation  can be re­

w ritten as:

d n e i  ¿) _ D /i .. -
_ ^  +  _ ( ± , »  / / e i E  -  D eJ  — ^ - )  =  G -  L ; (4 .4 8 )

of Or Or
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In the ca se  o f  M axw ellian  en ergy  distribution function, a relationsh ip , valid  for differen t  

particles occurs betw een  the d iffu sio n  and m obility  co e ff ic ien ts , know n as the Einstein relation:

-  =  — ( 4. 49)
H e

T h e E instein  relations are used for ca lcu la tin g  the d iffu sio n  co e ff ic ien ts  o f  charged particles, 

based on exp erim en ta l m easu rem en ts o f  their m ob ility .

4 .4 .5 . A M B IP O L A R  F L O W S

T h e term "am bipolar f lo w ” used  here replaces the m isn om er "am bipolar d iffu s io n ”, a necessary  

adjustm ent to  the term , proposed  and dem onstrated  b y  Franklin [45 ). W hen the ionization  

d eg ree  is  h igh, the e lectron  and ion m ovem ent cannot be con sid ered  free and independent. T he  

e lectro n s are m ov in g  faster than the ion s and form  a charge separation zon e  w ith  a polarization  

fie ld  that adjusts the electron and ion flu x es. T h is  e lectr ic  polarization field  accelera tes  ions and  

s lo w s  dow n e lectro n s, m aking  all o f  them  to  m ove together. T h is  p henom enon  is  kn ow n as  

“am bip olar flo w ” .

If the separation o f  ch arges is  sm all, the e lectron  and p ositive  ion d en sitie s  are 

approxim ately  equal: ne ~  /», and a lso  their flu x es, liq u ating  their flu x es and e lim in atin g  the 

e lectr ic  fie ld , the general equation  for the e lectron  and ion flu x es  can be obtained:

,  d n i . iD i / i r + D ef j  

H , + M i  &  '

w here the co e ff ic ien t is  the c o e ff ic ien t o f  am bipolar f lo w  (" d iffu sio n ” ):

(4 .5 0 )

D m ,  +  D..U:
p  = _ £ * £ ------------------------------------------------------------------------- (4 .5 !)

Me + / ' ,

T
T aking in to account the E instein  relation, D„ b ecom es: Da *  /),■ (! +  — ) ;  s o  the am bipolar flo w

* i

co effic ien t depends on the d iffu sio n  co e ff ic ien t o f  the ion s and on the ratio o f  e lectron  and ion  

tem peratures.

If T e » T i  (during the p u lse-on  lim e plasm a) both ion s and e lectron s lea v e  the plasm a at a 

rate that e x c e e d s  the ion d iffu sion  co e ff ic ien t, w h ile  during the p u lse -o ff  tim e, the electron  

tem peratures b eco m e c lo se  to ion tem peratures and the am bipolar flo w  is  dom in ated by the 

d iffu sio n  co e ff ic ien t o f  the ion s [4 ). For non -equ ilibr iu m  p lasm as w ith T e » T i ,  the am bipolar

flo w  co e ff ic ien t Da = — Te correspond s to  the tem perature o f  the fast e lectron s and m ob ility

e

o f  the s lo w  ion s [4 ). Franklin [45] has dem onstrated that for large d ifferen ces betw een  electron  

and ion tem peratures (a s  those encoun tered in m agnetron plasm as) the actual d iffu sio n  process  

is far from being  dom inant: the dom inant p rocess is  the m otion under the e lectr ic  fie ld .
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C om paring the m obility  and d iffu siv e  com p on en t o f  e lectro n s and resp ectiv e ly  ions flux  

( Ye d , Tem ; r w , r ,m ) to  the total am bip olar flux  T . in tw o  tem perature plasm as w h ere  (u sually )  

Tr ~  1007*, and -  1000 / / , .  the fo llo w in g  ex p ress io n s  are found:

_  P ,  (Mi Me )  _  I'i (Mi *  Me ) _  . (4 .5 2 )

r  / / , D , + / / , / > ,  M A T '+ T j )  T /

r ,m V . i D ' - D , )  _ Tr( t , - t ,m , t 

r  t l i D e + f j eD i fJr (Te + T ,)
(4 .5 3 )

From  sim ila r  con sid eratio n s, for  electron s: —^ - ^ - a n d — -------- — - :  (4 .5 4 )

r tn r M,

T h erefore , the ion m ovem ent is  determ ined by the m ob ility  flu x , w h ile  the e lectro n  flux  is  

eq u a lly  d iffu s iv e  and m ob ility  dom inated.

4 .4 .7 . C O N D IT IO N S  O F  A M B IP O L A R  F L O W : T H E  D E B Y E  R A D IU S

T o  determ in e the con d ition s o f  am bipolar flo w  w ith respect to free d iffu sion  o f  e lec tro n s and

ion s, the ab so lu te  value o f  the po larization fie ld  has to  be estim ated  [39]:

D e 1 dne kTe d In n ,. k T e
h  » ------------  —  = ---------   ° c ------- ;

/ / ,  n e o r  e or eR

w here R is  the characteristic length o f  ch an ge in the e lectron  concentration .

T h e d ifferen ce betw een  the ion and e lectron  con centration An = /» , - n e characterizin g

the sp ace  charge is  related to  the e lectr ic  fie ld  by the M axw ell equation:

c)E eA n  

d r  £ 0

U sin g  the a b o v e  tw o  eq u ation s, the relative dev ia tion  from  quasi-neutra lity can  be obtained :

^  k T e  1 t r D s 2  _ _  l * T t . e 0

**“ 2 ~  and rD -  , (4 .5 6 )

ne e2nt. R- R \  e~ne

w here rn  is  the D eb ye  radius.

T h e D eb ye  length (rad ius) characterises the plasm a quasi-neutrality, the ch arge separation  

and plasm a polarization. If the electron d en sity  is  h igh and D eb ye  radius is sm all. rn < < R. the 

dev ia tion  from  plasm a neutrality is  sm all, the e lectro n s and ions m o v e  as a group and  the flo w  

can  be con sid ered  am bipolar. I f  the electron concen tration is re la tively  lo w  and the D eb ye  

radius is  large. rD > R ,  then the plasm a is  not quasi-neutral, the e lectron s and ions m ove  

separately  and their d iffu sion  can be con sid ered  free.

T h e  D eb ye  length g iv e s  the characteristic p lasm a s iz e  necessary to  screen  or to  su pp ress  

the e lectr ic  fie ld , and a lso  in d icates the sc a le  o f  the plasm a non-neutrality.
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4 .4 .9 . P L A S M A  D IF F U S IO N  A C R O S S  M A G N E T IC  F IE L D  L IN E S

T h is  e ffe c t  is o f  great im portance for plasm a co n fin em en t b y  m agnetic  fie ld s. C alcu la tion  o f  the 

d iffu sion  co e ff ic ien ts  for e lectron s and ions from  a tw o-flu id  m agneto-hyd rodyn am ic  m odel 

describ ing  the electron and ion d iffu sion  in a direction perpendicular to the m agnetic  fie ld  lin es  

g iv es  (4J:

D x ,  = ------- ^ -------  ; and D L  ,  = -------- ^ --------  (4 .5 7 )

( ° B e  ( 0  B  i 2
l +  ( - ^ - ) 2 l +  ( - ^ - ) 2

Ve V ,

w here £>,and D, are the c o e ff ic ien ts  for the free d iffu sion  o f  e lectron s and ions w ithout m agnetic

fie ld , y ,a n d  y , are the c o llis io n  freq u en cies o f  e lectron s and ions; w Be  and (0Bi are the

e lectron  and ion cyc lo tron  frequ en cies; o)Be-  —  \ (t)B ,=  — ; (w ith  B the m agnetic  flux
m  M

d ensity  and m  and M  the m ass o f  e lectrons, resp ectiv ely  ions).

If d iffu sion  is  am bipolar (b eco m es an am bip olar flo w ), w h ich  app lies for h igh ly  ion ized  

plasm a under consid eration , then equation  (4 .5 7 )  can  still be app lied  to find D u in a m agnetic  

fie ld  w here the free d iffu s io n  co e ff ic ien ts  have to be replaced  by  those in the m agnetic  fie ld  

(a b o v e). T h e regular e lectron  and ion m o b ilities in eq. (4 .5 2 )  have a lso  to  be replaced  by those  

corresp on d ing to  the drift perpendicular to the m agnetic  fie ld .

T h e co e ff ic ien t o f  am bip olar H ow perpendicular to the m agnetic  fie ld  b ecom es;

D l =  T —  T— ; (4 .5 8 )

(On. n  (O i ,

v }  Me y ;

w here Da is  the regular co e ff ic ien t o f  am bipolar flo w  in a plasm a w ithout m agnetic  fie ld .

If the e lectro n s are m ag netized  ((0B t  /  ve »  1 ) and ion s are not i /  V', «  1) the

equation b ecom es;

0 J .  =  ° a  ; (4 .5 9 )

I + —

ß ,  v ;

sim p lified  in strong m agnetic  fie ld s, w here

Me v j
Equation (4 .5 9 )  can be further s im p lif ied  in strong m agnetic  fie ld s, w here —   j -  » 1 ,

lead in g  to:

<4 -6 0 >
Mi t o j >f ( e l  M  ) B 2

Franklin (13J co m m en ts a lso  on  e lectron  m ob ility  a cro ss  m agnetic  fie ld  lin es  in p lasm as w here  

the e lectron s are m ag netized  and the ion s are not:
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— j f — ; ( 4 6 1 )

u < ^ ) 2

It fo llo w s  that the e lectron  m ob ility  is reduced to  a valu e com p arab le  to the ion m ob ility  across  

m agnetic  fie ld  lin es.

Form ulae (4 .6 0  -  4 .6 1 )  d o  not m ean that d isch arges w ith m agnetic  co n fin em en t w ill 

never a llo w  an am bip olar flo w  on  a direction perpendicular to  the m agnetic  fie ld  lin es. T he  

am bipolar How is m ajor p rocess that en sures the charge  balance in the d isch arge  at all tim es and 

thus the stab ility  o f  low  tem perature d isch arges against “o ver-h eatin g” and turning in to  arcs.

T h e form ula (4 .6 0 )  sh o w s the d ep en d en ce o f  the am bip olar flo w  co e ff ic ien t across

B  lin es to  be in versely  proportional to &2, s o  a s  B d ecrea ses , the d iffu sion  across B  lin es w ill 

increase  qu ickly .

Large B v a lu es (en cou ntered  c lo se  to  the targets) w ill not a llo w  charges to  lea v e  the  

resp ectiv e  region o f  the d isch arge, thus m aintaining a high plasm a d ensity  near the targets.

L ow  B va lu es at the boundaries o f  the m agnetic  con fin em en t (esp ec ia lly  on the centre line  

b etw een  the m agnets) w ill a llo w  a flo w  o f  e lectron s o u tsid e  the bulk, thus preventin g the 

accum ulation o f  large charge d ensity  gradients and arcing.

A nother ch arge-loss e ffe c t  dependent on the valu es o f  B  can occur  w hen  a charge density

gradient generates an e lectr ic  field  perpendicular to  B . T h is  w ill lead to  the E x  B drift that

w ill gu ide charged particles ou tsid e  the bulk on a direction perpendicular to  both E  and B  . 

D ischarges that cannot a llo w  for any c h a r g e -lo s s  e ffe c ts  w ill genera lly  b eco m e  unstable.
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C H A P T E R  5:

T IM E -R E S O L V E D  P L A S M A  D IA G N O S T IC  M E T H O D S

In th is chapter are presented the tim e-reso lv ed  d ia g n o stic  m ethods used for deriv in g the physica l 

m o d els  for the p u lse-on  and p u lse -o ff  tim e plasm a in the op p o sed  target m agnetron w ith non-  

ferrom agnetic (C u ) and ferrom agnetic (F e) targets.

T h e experim en ts perform ed, the data a n a lysis  and interpretation o f  results provided by the 

fo llo w in g  d iagn ostic  m ethods are presented:

-the m easurem ent o f  I-V  characteristics and the Current (1) and V oltage  (V ) w aveform s;

-th e tim e and space reso lved  ex c ited  atom  and ion distribution: A r. A r+ , C u . Fe from  optical 

em issio n  sp ectroscop y  data;

-th e  evaluation o f  tim e and space reso lved  o f  e lectron  tem perature, and Te charts for the Cu and  

Fe targets;

- the m ethod for ob ta in in g  tim e-reso lv ed  in form ation from  the ion en erg y  distr ibutions obtained  

usin g  the H ID L N  m ass-en ergy  analyser.
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5.1 T H E / - V  C H A R A C T E R I S T I C S  A N D  T H E  / A N D  V  W A V E F O R M S

5 .1 .1 . T H E  I-V  C H A R A C T E R IS T IC S

5.1.1.1. INTRO DUCTIO N

T h e m easurem ent o f  "static” IV  characteristics is the o ld est and m ost basic  m eans for studying  

the behaviour o f  all types o f  d isch a rg es , prov iding in form ation on:

- the lim its o f  " ex isten ce” and stab ility  o f  the d isch arge (pressure range, current or pow er  

range);

- the optim um  am ount o f  p o w er  that has to  be d e liv ered  to  the d isch arge in order to obtain  

the desired  operating regim e (g lo w  d isch arge , arc, se lf-su sta in ed  d isch arge, e lectron avalanche  

p rocesses, sputtering rate, etc);

- the operating con d ition s w h ere the "breakdow n” o f  the d isch arge or its stab le operation  

is  ach ieved;

- the w a y  the ionization d en sity  depend s on the input current and/or vo ltage.

T h e I-V characteristics for sputtering  m agnetrons have been studied b y  R ossnagel [36. 4 6 . 4 7 , * 

4 8 ) for con ven tion al planar m agnetrons and by  Fhiasarian et a l.[4 9 ] for high pow er  d ensity  

pulsed m agnetrons. T h e I-V characteristics for planar m agnetrons fo llo w  a law  o f  the form  

I=kV n [50 ). w here the constan t k and the exp on en t n depend on the gas-target com b in ation , 

d esig n  o f  the m agnetron, the m agn etic  fie ld  and other experim en tal param eters.

R ossn agel et al. |4 4 ]  h as dem onstrated  that at g a s pressures ab ove 10 mtorr the ga s  

rarefaction e ffe c t  lead s to an in crease  in the plasm a im p edance and a con seq u en t increase o f  

disch arge v o ltage  w ith current. A  high exp on en t n o ccu rs for com b in ation s o f  gas-target 

m aterial w here the a tom ic  m ass o f  g a s atom s is lo w  and that o f  m etal is h igh, lead in g  to a lm ost  

constant v o ltage  for large c h a n g es  in the d isch arge current. Such  d isch arges h ave a very  lo w  

sputtering rate and arc not e ff ic ie n t. T h e lo w  va lu es n values are reach ed for very  lo w  pressu res  

or for very lo w  m agnetic  fie ld s.

Turner et al. [22 ], has con firm ed  b y  M onte C arlo ca lcu la tio n s the m echan ism  for gas 

rarefaction in m agnetron sputtering  d isch arges. M onte C arlo sim ula tion  o f  thern ialization for  

sputtered and reflected atom s in m agnetron d isch arges perform ed by  Y . Y am am ura [21]  

eva lu ate the contribution o f  sputtered and resp ectiv e ly  reflected atom s to  the g a s rarefaction  

e ffec ts .

For high pow er d en sitie s  pu lsed  m agnetrons at low  pressure (3m torr) [49] the d isch arge  

ex h ib its  tw o  s lo p es, depend ing  o n  the d isch arge  current: at current d en sitie s  <  6 0 0 m A /cm ‘ , n= 7  

ind icatin g norm al m agnetron operation , w h ile  at h igher currents n = l (the increase  in vo ltage is  

not accom pan ied  b y  a ch an ge in  current).

For o p p osed  target m agnetrons in cylin drical geom etry  (P enn ing  T y p e) the I-V  

characteristics have been stu d ied  b y  W in dow  et a l. [2, 3] for m agnetic  fie ld s  from  5 m T  to  4 2 m T  

and obta in ed  a sim ilar I=kV" la w . w ith n=6.
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T h e I-V characteristics for the op p o sed  target m agnetron w ith rectangular geom etry  studied in 

th is th esis  w ork are presented and are d iscu ssed  here.

5 .1 .1 .2 . T H E  E X P E R IM E N T A L  S E T -U P

T h e ENI p ow er  su pp ly  has been  used to p ow er  the op p o sed  target m agnetron. T h e  operation  

m ode o f  the p ow er  su pp ly  used  for all experim en ts described  in this th esis  is "set current run" 

for both D C  and pulsed D C  m od es.

For th is type  o f  operation, the p ow er  su p p ly  provid es a fix ed  current that can  b e  set b y  the 

user, w h ile  the v o ltage  in the circu it is m ainly g iv en  by the load s' im pedan ce [51 ].

T h e m easurem ent o f  the I-V characteristics has been  d on e by direct readings o f  the set 

current and resulted vo ltage a s  g iv e n  by the p ow er  su p p ly ’s  m eters. For pu lsed  operation , the 

vo ltage  and current readings are average (R M S ) va lues.

5 .1 .1 .3 . T Y P IC A L  I-V  C H A R A C T E R IS T IC S

A  study o f  the I-V characteristics ev o lu tio n  for D C  and pu lsed  D C  operation at d ifferen t Ar 

pressures (from  1 mtorr to 5m torr) differen t freq u en cies (5 0 k H z  to 2 5 0 k H z) and p u lse -o f f  tim es  

(from  4 9 6 n s  to  4 0 1 6 n s)  has been  perform ed for the C u targets m agnetron co n fig u ratio n . T o  

en ab le  com parison, so m e I-V ch aracteristics have been  a lso  m easured for the Fe targets 

configuration .

T h e results are presented in figures: F ig .5 .1 .1  -  F ig .5 .1 .6  a s  graphs o f  V o lta g e  as a 

function o f  Current: V = f(I). instead o f  the c la ss ica l I= f(V ), as this representation p rovides a 

better v iew  for the I-V evo lu tion .

T h e I-V ch aracteristics h ave a shape very  sim ila r to  that o f  g lo w  d isch arges, for certain  

s itu ations d isp la y in g  a region w ith n egative  resistan ce . T h e n egative  resistance  o f  the I-V  

characteristics con n ected  to  the on -set o f  a se lf-sp u ttcrin g  p rocess (and sustained se lf-sp u tterin g)  

w as a lso  observed  in V ery  H igh  Target P ow er D en sity  M agnetron sputtering [52 , 5 3 . 5 4 ].

T h e n egative  resistan ce  region  o f  the I-V  ch aracteristics is a result o f  the sign ificant  

d ecrease  in the d isch arges’ im pedan ce as the current in creases. T h is  p rocess is s im ila r  to  the 

“break dow n” p ro cesses  usua lly  encou ntered in low -p ressu re g lo w  d isch arges and in d ica tes that 

starting w ith a certain  lev e l o f  ion ization  (in d uced  by  a certain  current lev e l)  the d isch a rg e  is 

stab le  and practically independent o f  the current input. T he presen ce  o f  the n egativ e  resistance  

region is m ore pronoun ced  in the situation s w here the ionization d ensity  is  a ch iev ed  at a lo w  

rate and the charge lo ss  rate from the d isch arge is a lso  low :

At lo w  pressures;

For D C  d isch arges or short p u lse -o ff  tim es.

U n der such operating con d itio n s, a bu ild-u p o f  charge that stays in the plasm a bulk e v e n  though  

the p u lse -o ff  tim e occurs, starting at a certain  current valu e and lead in g to  a d ecrea se  o f  the 

d isch arge im pedan ce and vo ltage.
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A i higher Ar g a s pressu res (a b o v e  2m torr) and higher p u lse -o ff  tim es the negative resistan ce  

region  o f  the I-V characteristic  d isappears, as the ionization d en sity  is  h igher and the charge  

lo s se s  from  the d isch arge  are a lso  high d u e to  the longer duration o f  the p u lse -o ff  tim e. U nder  

such con d ition s the d isch arge b eco m es stab le and independ en t o f  the input current based o n ly  

on the direct ionization p ro cesses  taking p lace  during each  pu lse , a s  the charge built-up has le ss  

ch a n ces to  occur.

W ith the in crease  in pu lse frequ en cy  and/or p u lse -o ff  tim e, the charge lo sse s  in the  

disch arge s lo w ly  in crease  w ith current and the d isch arge im pedan ce a lso  in creases (F ig .5 .1 .3 ) .  

A s it can  be seen  from  the presen ted  l-V  ch aracteristics, the d isch arge is stab le  for currents 

starting with 1.0 A : and m ainta ins alm ost constant va lu es o f  v o ltage  up to 6 A . T h e v o ltage  on  

the ca th od es g iv e s  the average e lectron  kinetic  en erg y , w h ich  is  proportional to the average  

e lectron  tem perature (5).

T h e fact that the v o ltage  is practica lly  independent o f  current for th ese  d isch arges  

in d icates that a lso  the average e lectron  tem perature (exc ita tio n  tem perature) is  independent o f  

current, a property that w ill be used (C hapter 5 .2 ) in stu dyin g  the con d ition s for " optically  thin"  

plasm as that a llo w  optica l em iss io n  sp ectroscop y  d ia g n o stic  m ethods for such p lasm as.

A s w e  can se e . the d isch arge  v o ltage  is  strongly  a ffec ted  b y  the g a s pressure and  

therefore, the ex p ected  plasm a tem perature (electron  tem perature) w ill be  a ffected  in the sam e  

w ay.

operation at d ifferen t pressures. w = 4 0 l 6n s for differen t pressures.
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F ig .5 .1 .3 . T he IV ch aracteristics at p= 3m torr F ig .5 .1 .4 . T h e IV characteristics at p=5m torr

and f= 1 0 0 k H z for differen t va lu es o f  the and f= 1 0 0 k H z for d ifferen t va lu es o f  the

p u lse -o ff  tim e w . p u lse -o ff  tim e w .

va lu es o f  the pu lse frequency.

5 .1 .1 .4 . D IS C U S S IO N  O N  T H E  I-V  C H A R A C T E R IS T IC S

W hile  planar m agnetrons d isp lay  I-V ch aracteristics fo llo w in g  a p ow er  law:

I  - k V n ; (5 .1 .1 )

w here « - 5 - 1 5  and k is  a con stant, the I-V  characteristics for th is rectangular, o p p osed  target 

m agnetron fo llo w  a law  o f  the type: V  =  m  +  k h i  ( / )  ; w here V  is the n egative  vo ltage on the 

cath odes m easured in V o lts . I is  the d isch a rg e  current m easured in A m p s and the co e ff ic ien ts
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values are: m —6 0 0  V  and k— 100. T h e function is  represented a lon g  w ith the I-V  characteristics  

for the Fe targets in F ig .6 . T h is  function is  fo llo w in g  c lo se ly  the obtained l-V  ch aracteristics  

(F ig .5 . F ig .6 ) and can a lso  be w ritten as:

V  — m
/  =  e x p [ — -— ) ;  (5 .1 .2 )

k

ind icatin g  an exp on entia l in crease  o f  the Current w ith V o ltage  for v o lta g es lo w er  than a 

“breakdow n v o ltage” V =m ; and alm ost constant va lu es for |V |> |m |.

T h e ab ove ind icates an av a lanche type ion ization  p rocess fo llo w ed  by  “breakdow n" due 

to  the high m agnetic  and e lectr ic  co n fin em en t provided by the o p p osed  target configuration .

5 .1 .1 .5 . C O N C L U S IO N S  O N  T H E  I-V  C H A R A C T E R IS T IC S

T h e behaviour o f  the I-V characteristics for non-ferrom agnetic  and ferrom agnetic  targets  

indicate that th is typ e o f  rectangular, opposed  target geom etry  a llo w s  m agnetron operation at 

high currents w ithout an increase in the app lied  vo ltage, en su rin g a stab le d isch arge for currents 

from  1A  up to  6 A  and w orking  g a s (A r) at pressu res from  lm torr up to 5m torr.

It is in teresting to  n otice  here that the sh ap es (and ev en  vo ltage po ten tia ls) o f  the IV 

characteristics obtained for the o p p osed  target m agnetron w ith  rectangular targets are very  

sim ila r to  those ob ta in ed  in V ery  H igh T arget P ow er D en sity  M agnetron sputtering for pow er  

d en sity  lev e ls  in the range 3 0  W /cm :-2 4 0  W /cm ' [52 , 5 3 , 54J, although in the opposed  target 

m agnetron, the target p o w er  d en sity  is  on ly  in the range 1.5 W /cm  -  10 W /cm  .

T h is  e ffe c t  is  probably d u e to  the op p o sed  target geom etry  that a llo w s  g o o d  confin em ent  

and high ion iza tio n  d en sity  as w ell a s  ion ization  o f  sputtered m aterial lead in g  to  se lf-spu ttering.
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T h e vo ltage va lu es are h igh ly  dependent on the g a s pressu re , w h ile  constan t vo ltage w ith  

current can be obtained for higher pressures.

C on sid erin g the ab ove behaviour for the d isch arge, th e  best co n d itio n s for perform ing and 

d ev e lo p in g  n ew  m ethods for tim e-reso lv ed  plasm a d ia g n o stic  are those that a llo w  a stab le  

disch arge  and a constant average plasm a tem perature (con stan t v o ltage  w ith current). T h erefore , 

the ch osen  d isch arge  operating con d ition s used  throughout this w ork are the fo llow in g:

-A r gas pressure: 3  m torr (2  mtorr for F e targets);

-Set current run: 2 A  (1 .5  A  for Fe targets).

A s  po in ted  -  out in this chapter, the stu dy o f  the l-V  characteristics provid es inform ation on the 

disch arge behaviour and stab ility regions and in d ica tes  the param eter resp onsib le  for the  

increase  o f  ion d en sity  at constant plasm a tem perature, in form ation that w ill be  used  in the next  

chapters.

5 .1 .2 . T H E  I A N D  V  W A V E F O R M S

5 .1 .2 .1 . IN T R O D U C T IO N

T h e tim e -  reso lved  m easurem ent o f  the Current (I) and V o lta g e  (V ) w aveform s at the cath odes  

during pulsed D C  operation provid es important in form ation  on  the evo lu tio n  o f  the tim e- 

reso lved  vo ltage and p ow er  at ev ery  m om ent during the p u lse -o n . resp ectiv ely  p u lse -o ff  tim e, 

that correlated to  other d iagn ostic  m ethods leads to  the d ev e lo p m en t o f  various p h ysica l m od els  

o f  the d isch arge , a s  it w ill be sh o w n  in  the next chapters.

A lthough presented  in m any papers [7. 5 5 . 5 6 ]. the current and vo ltage w a v efo rm s at the 

ca th o d es have not yet been  used  for plasm a d ia g n o stic  in p u lsed  D C  d isch arges. L inks betw een  

the p u lse -o ff  tim e plasm a potential va lu es and the v o lta g e  w aveform  o sc illa tio n s h ave been  

o b serv ed  by severa l authors (5 6 . 5 7 .5 8 ] .

A s w ill be sh o w n  next, for the op p o sed  targets m agnetron d isch arge, the V oltage  

w aveform s are stron gly in flu en ced  b y  the w orking g a s pressure as w ell as by  the variations in 

the d isch arge’s  im p ed an ce during the pulse.

T h e w aveform s during the p u lse -o ff  tim e arc in itiated by  the pow er su p p ly  that b ehaves  

like an inductor (51 ] lead in g  to  large o sc illa tio n s  o f  the v o lta g e  and current on the cath odes. T he  

v o ltage  and current o sc illa tio n s at the targets en su re that the e x c e s s  electron d en sity  in the 

plasm a bulk is  lost during the p u lse -o ff  tim e as a result o f  resistive  lo s se s  in the targets - p ow er  

su pp ly  circuit, thus enab lin g  the plasm a to reach q u asi-equ ilib rium  before the next pu lse-on  

tim e. T h is  p rocess is  o n e  o f  the purposes o f  u sin g  the p u lsed  D C  operation , a s  it a llo w s the 

dissip ation  o f  charge d en sity  gradients that o th erw ise  can lea d  to arcing  and unstable d isch arges  

and fin a lly  to d efau lts  in the thin film s structure.

The vo ltage o sc illa tio n s  at the cath odes lead in g to o sc illa t io n s  o f  the plasm a potential at 

the substrate region have a strong in flu en ce  on the ion f lu x  and en ergy  incident on the substrate 

as it w ill be sh ow n  in the C hapter on  “Pulse - o f f  tim e p h y sica l m odel o f  the disch arge" .
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T h e 1 and V  w a v efo rm s w ill be correlated  to the tim e-reso lv ed  optical sp ectroscop y  data and to  

tim e and en erg y -reso lv ed  m ass spectrom etry results in order to  analyse  the w aveform  e ffe c ts  on  

the plasm a behaviour.

5 . 1.2 .2 . T H E  E X P E R IM E N T A L  S E T -U P

T h e exp erim en tal set-u p  is  presen ted  in F ig .5 .1 .7 . T h e Current is  m easured usin g a H all current 

probe (5 )  con n ected  to  a T ektronix  A M 5 0 3 B  Current Probe A m p lifier  (8 )  w h ile  the V o ltage  is  

m easured directly  o n  the o sc illo sc o p e  usin g a V o lta g e  Probe (6 ). T h e o sc illo sc o p e  readin gs are 

sa v ed  in the com puter as A SC II file s  u sin g  the softw are W A V R S T A R .

E N I  p o w e r

s u p p l y

- V  c

1: m a g n e t ic  p o l e  

2 :  T a r g e t  

3 :  C h a m b e r  w a ll  

4 :  E N 1  p o w e r  s u p p l y  

5 :  C u r r e n t  p r o b e  

6 :  V o l t a g e  p r o b e  

7 : O s c i l l o s c o p e  

8 : C u r r e n t  p r o b e  A m p l i f i e r  

9 :  P C

F ig .5 .1 .7 : T h e experim en tal set-u p  for m easuring the Current and V oltage  w aveform s.

T h e vo ltage and current w aveform s for a range o f  freq u en cies betw een  5 0 k H z up to  2 5 0 k H z and 

p u lse -o ff tim es b etw een  4 9 6 n s  and 4 0 1 6 n s  at A r pressu res o f  lm torr, 2m torr and 3 mtorr have  

been m easured. T h ese  w aveform s d isp lay  a high frequ en cy  osc illa tio n  w ith  a high current or  

v o lta g e  peak during the p u lse -o ff  tim e.

T h e in fluence o f  the pressure on  the am plitude o f  the p u lse -o ff  tim e osc illa tio n , as w ell as  

during the "on" tim e can  be n oticed . A  g lob al, m acroscop ic  plasm a param eter as the pressure  

has a strong in flu en ce  on the p ow er  d eliv ered  to  the system .

5 .1 .2 .3. V O L T A G E  W A V E F O R M S  F O R  C u  T A R G E T S

Typical v o ltage  w a v efo rm s arc presented in F ig .5 .L 8 -F ig .5 .1 .1 5 . T h e typical ev o lu tio n s o f  

v o ltage  w a v efo rm s w ith  current at constant pressure (P ig .5 .1 .8 )  and resp ectiv e ly  with pressure  

at constant current (F ig .5 . 1.9 ) are presented.
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F ig .5 .1 .8 . V o lta g e  w a v efo rm s for differen t 

currents at p=3m torr, 50k H z.

6 00  I

400

200 J

& 0  I
8

o

> 200 •

400

600 fc

80 0  ¥

000

200

40 0  ■

10 20Time [) is ]3 0 40

F ig .5 .1 .9 . V o lta g e  w aveform s at d ifferen t Ar  

g a s pressu res for 50 k H Z , 1=1 A.

T h e vo ltage w aveform s have the sam e shape and extrem e va lues, independent o f  the current run 

at the sam e pressure; w h ile  the ch a n g es in pressure a ffect strong ly  the peak v o ltage  va lu es  

(F ig .5 .1 .8 , and resp ectiv e ly  F ig .5 .1 .9  and F ig .5 .1 .1 0 ). T h is  behaviour  is  s im ila r  to  the one  

ob served  for the I-V  characteristics: the d isch arge v o ltage  is  not a ffec ted  by ch a n g es in the 

current run. but b y  ch a n g es in pressure.

A s  the e lectron  tem perature (g iv en  by their average k in etic  en ergy) is  proportional to the 

cath ode v o ltage  (5 ), the ab ove describ ed  behaviour in d icates that ch a n g es in pressure strongly  

affec t the e lectron  tem perature, w h ile  ch a n g es in current w ill a llo w  an alm ost identical e lectron  

tem perature ev o lu tio n . Both the peak va lu es and the tem poral ev o lu tio n  o f  the v o ltage  

w a v efo rm s are strong ly  in flu en ced  by the duration o f  the p u lse -o ff  tim e F ig .5 .1 .1 1.

1 5 0 0  ,

1 5 0 0

10 Time (|tS |5 20

;ig .5 .1 .1 0 . V o ltage  w a v efo rm s w ith pressure  

at 2 0 0 k H z and 1=1 A .. w = 2 0 1 6 n s.

w  =49 6 n s  

w = 2 0 1 6 n s  

w = 4 0 1 6 n s  

w - 8 0 1 6 n s

2 0  TV re (jisJ30

F ig .5 .1 .1 1. V o lta g e  w aveform s w ith p u lse -o ff  

tim e at 5 0 k H z. p=3m torr. I=2A .
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5 .1 .2 .4 . C U R R E N T  W A V E F O R M S  F O R  C u  T A R G E T S

T h e m easured current w aveform s are a sum m ation o f  the direct e lectron  current provided into  

the d isch arge b y  the p ow er  sup p ly , the ion current in to  the ca th od es (targets) and the secondary  

e lectron s generated through sputtering.

A s seen  from  F ig .5 .1 .1 2  and F ig .5 .1 .1 3 , the current w a v efo rm s ch an ge w ith the set 

current run, but not w ith the w ork in g g a s pressure. A s  ex p ected , the current w aveform s  

tem poral behaviour d ep en d s strongly  on  the p u lse -o ff  tim e duration (F ig .5 .1 .1 4 .) . A  typ ica l set 

o f  vo ltage and current w aveform s at 50k H z. I= 2 A . and 3m torr A r g a s pressure is  presented  in 

F ig .5 .1 .1 5 .

- ig .5 .1 .1 2 . Current w aveform s for several 

va lu es o f  the set current run at 50k H z. 

>=3m torr and w = 4 0 1 6 n s.

w =496ns 

w =2016ns 

w =4016ns 

w -8 0 1 6 n s

imolnej

F ig .5 .1 .1 4 . Current w aveform s at A r pressure 

p=3m torr. f= 5 0 k H z. 1=2A and d ifferen t pu lse  

w idths.

F ig .5 .1 .13 .C urrent w a v efo rm s w ith pressure at 

50k H z, w = 4 9 6 n s. 1=1 A

400  -i V o ltag e  w ave fo rm  

C urren t w ave fo rm

2 0  3 (V im o  Ij i^P

F ig .5 .1.15 . Current and V o lta g e  w aveform s at 

5 0k H z, w = 4 0 16ns, p=3m torr 1=2 A.
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5 .1 .2 .5 . T Y P IC A L  W A V E F O R M S  F O R  T H E  F e  T A R G E T S .

T h e vo ltage and current w a v efo rm s for the Fe targets d isp la y  the sam e behaviour w ith regard to  

pressure and current ch anges:

the v o ltage  w a v efo rm s are stron gly a ffected  by  c h a n g e s  o f  the A r g a s  pressure w h ile  

they are not a ffected  by ch a n g es in the current run ( F ig .5 .1.16  and F ig .5 .1.17). 

the current w a v efo rm s are not a ffected  by c h a n g e s  o f  ihe A r g a s pressure and they  

depend on the set current run (F ig .5 .1.18 and F ig .5 .1.19).

T yp ical w aveform s for the Fe targets are presented next.

T im e (us)

F ig .5 .1.16: V o lta g e  w aveform s for Fe targets  

at 2m torr. 5 0 k H z. 4 0 1 6 n s.

T im e  (u s i

F ig .5 .1 .17: V o ltage  w aveform s w ith  pressure  

at l= L 5 A . 50k H z. 4 0 16n s.

F ig .5 .1.18. Current w a v efo rm s at 2m torr, 

50k H z. w = 4 0 1 6 n s  for differen t set current 

run.

F ig .5 . 1 . 1 Current w a v efo rm s at tw o  

p ressu res for Fe targets. 5 0 k H z. w = 4 0 l6 n s ,  

1=1.5 A .

0  10 2 0  30  4 0  50

Timo (jiS j
0  10 20  3 0  40  50

TTmri fo s ]

 p = 2 n to rr

p = 3 rrto rr
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From F ig .5 .1 .2 0  and F ig .S . 1.21 w e  can  see  that the vo ltage and current w aveform s for the Fe  

targets are affected  by the p u lse -o ff  tim e in a sim ila r m anner a s  those  for the C u targets 

configu ration . T h e current o sc illa t io n s  during the p u lse -o ff  tim e for F e targets reaching 6 A  are 

m uch h igher than those for the C u  targets (2 A ).

F ig .5 .1 .2 0 . V o ltage  w aveform s for Fe targets 

for differen t p u lse -o ff  tim es at 5 0 k H z . 1=1.S A , 

p=2m torr.

5 .1 .3 . C O N C L U S IO N S

T h e I V  characteristics and C urrent and V oltage  w a v efo rm s have alm ost identical trends for the 

C u and Fe targets.

Both the 1-V characteristics and V oltage  w aveform s d isp la y  the sam e behaviour: they are 

strongly  a ffected  by ch a n g es in th e  g a s pressure, but practically  independent o f  the current run.

T h e Current w aveform s are independent o f  g a s pressure. Both Current and V oltage  

w aveform s are stron gly affected, by the duration o f  p u lse -o ff  tim e. For the Fe targets, the current 

o sc illa tio n s during the p u lse -o ff  tim e have h igher in tensity.

T h ese  sim ilarities b etw een  the d isch arge  behaviou r for the C u and Fe targets  

con figu ration s indicate  that the ionization d en sity  lev e ls  a s  w ell as sputtering rates are sim ilar, 

although there are sign ificant d ifferen ces  in the in tensity and distribution o f  the m agnetic  fie ld  

for non-ferrom agnetic  and ferrom agnetic  discharges.

T h e current and vo ltage w a v efo rm s are equ iva len t to  a tim e-reso lv ed  m easurem ent o f  the 

IV ch aracteristics and provide the tem poral ev o lu tio n  o f  V o ltage  and Current at the targets, 

indicating:

the m om ent o f  "break dow n” during each  pu lse (m axim u m  o f  the v o lta g e  w aveform , 

w hen  the d isch arge  con d u ction  lev e l turns from  that o f  an insulator to  that o f  a conductor);

F ig .5 .1 .2 1 . Current w aveform  for Fe targets 

for d ifferen t p u lse -o ff tim es at 50k H z, 1=1.5 A, 

p=2m torr.
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the m om ent w hen  the plasm a d en sity  has the h ighest lev e l (m in im u m  in the vo ltage

w aveform );

the pu lse*off tim e o sc illa t io n s  o f  the v o ltage  g iv e  an estim ation  o f  the tem poral 

e v o lu tio n  o f  the plasm a potential during the o f f  tim e.

T h e Current and V oltage  w aveform s are an im portant indicator o f  the tem poral evo lu tio n  o f  the 

p ow er d eliv ered  to the d isch arge as w ell as o f  phen om en a taking p lace in the plasm a during the  

p u lse-on  and p u ls e -o f f  tim e.

T herefore, th is t im e-reso lv ed  d iagn ostic  m ethod -although under-estim ated- is  ex trem ely  

usefu l on its o w n  and in co n n ectio n  to  other tim e-reso lv ed  d iagn ostic  m ethods a s  a base for  

building p h ysica l m o d e ls  o f  p u lsed  sputtering d isch arges.

S om e o f  the results d iscu ssed  in th is section  h ave already pub lished (54) and presented  as 

poster  by  the author o f  this th esis  at the 9 th C on feren ce on P lasm a Surface E n gin eerin g, 

G arm isch-Partenkirchen. G erm an y. Sept. 12-17 . 2 0 0 4 .
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5 .2 . O P T IC A L  E M IS S IO N  S P E C T R O S C O P Y

5 .2 .1 . IN T R O D U C T IO N

O ptical E m ission  S p ectro sco p y  (O E S ) has a lw a y s  been a pow erfu l tool for plasm a d iagnostic  

and it is  currently used for m onitorin g the m agnetron p la sm a s d isch arge evo lu tio n  through the 

observation o f  ex c ited  sp e c ie s  den sities.

For plasm a p rocessin g . O E S  prov id es in form ation o n  rate p ro cesses  for a ctiv e  sp e c ie s  and  

it is in m ost c a se s  a n o n -in v a siv e  techn ique, thus, an  invalu able m ethod o f  d iagnostic . 

A pproach es o f  d ifferen t co m p lex ity  include the a n a ly s is  o f  line spectra and their relative 

in ten sities, the tim e-reso lv ed , or the sp ace  and tim e-reso lv ed  ob servation o f  severa l s ig n ifican t  

lin es.

U sin g  the O E S lin e  spectra, the population o f  d ifferen t en ergy  le v e ls  can  be estim ated, 

a llo w in g  c o n c lu sio n s  on  the m ech an ism s for the ex c ita tio n /io n iza tio n  p rocesses and the e lectron  

k inetics. Several authors have analysed  line spectra in planar m agnetrons and m etal vapour arc 

plasm a sources as a function o f  d isch arge  param eters (current, pow er, w orking g a s pressure and 

co m p o sitio n ) [5 9 -6 4 j. T h e evo lu tion  o f  the sputtering p ro cess  can be observed  b y  calcu latin g  

atom  d ensity  ratios from  lin e  O E S  data w hen so m e k n o w led g e  o f  the kinetic  m odel o f  the 

disch arge is assum ed  [5 9 ].

T h e tim e-reso lved  O E S g iv e s  direct in form ation on the tem poral evo lu tion  o f  the various  

processes in the d isch arge (65 ]. T h e space -  reso lved  O E S  observations provide inform ation  on  

the distribution o f  io n ized /ex c ited  sp ec ie s , a llo w in g  the d ev e lo p m en t o f  a physical m odel o f  the 

disch arge  and sputtering p rocess as a function o f  variou s param eters, includ ing the m agnetic  

fie ld  distribution (6 6 -6 8 ].

T h e experim ental stu d ies are co m p lem en ted  by an alytica l approaches through sim u lation s  

o f  em issio n  spectra o f  A r-Cu g lo w  d isch arges based o n  ph ysica l m od els  that inc lud e all 

sig n ifica n t exc ita tio n /io n iza tio n  and recom bination p ro cesse s  generated by e lectron  or a tom /ion  

im pact in the d isch arge (69 ]. S uch  sim u lation s a llo w  fo r  a reliable  generation o f  the lines* 

inten sities and a further a n a lysis  o f  the in flu en ce  o f  the d isch arge  param eters on the observed  

spectrum .

T im e and space -r e so lv e d  O E S prov id es co m p le te  inform ation on the bulk plasm a  

properties, location , d en sity  and life -tim es  o f  d ifferen t sp e c ie s  as w e ll as recom bination  rates 

and the con d ition s o f  Therm al Equilibrium  and severa l s tu d ies  can be found in literature related  

to  pu lsed  g lo w  d isch a rg es (70 . 71 ].

T h e ob servation o f  relative lin e  in ten sities can  be u sed  under appropriate L T E co n d itio n s  

to ca lcu late  the e lectron  tem peratures, w h ile  tim e and sp a c e  -r e so lv e d  m apping o f  e lectron  

tem peratures prov id es direct inform ation on e lectron  k in c tic s  and the d ev e lo p m en t o f  relevant 

p ro cesses  in the d isch arge (7 0 -7 5 ].
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5 .2 .2 . E X P E R IM E N T A L  S E T -U P

A ll optica l sp ectro sco p y  exp er im en ts have been  perform ed usin g  an A co u sto -o p tic  spectrom eter  

d escribed in C hapter (2 ). T h e O E S line spectra and the tim e and sp ace-reso lv ed  O E S  data w ere  

recorded by an optica l probe situated in sid e  the d isch arge cham ber.

T h e observation o f  the spectrum  has been  d on e  for tw o  typ es o f  p o sition in g  for the optica l 

probe in the geom etry  o f  the discharge:

A ) V iew in g  the centre o f  the d isch arge  on a d iagona l d irection  across the Y O Z  plane;

B ) V iew in g  the space b etw een  the targets at 5  p osition s, from  the cen tre o f  the d isch arge at 

z= 5  c m  from  the targets (d = 0  cm  from  the d isch arge a x is)  to z = lc m  from  the targets (d = 4 cm  

from  the d isch arge a x is)  situated in the plane Z O X . situated  at Y = 4  cm  from  the targets’ low er  

ed g e .

T h e first type o f  p o sitio n in g  a llo w s gathering general inform ation about glob al behaviour  

o f  the disch arge w h ile  the secon d  a llo w s the ob servation o f  sp ace-reso lv ed  O E S data in the 

region betw een  the targets.

A schem atic  o f  each  experim ental set-u p is presented in F ig .5 .2 .1  and resp ectiv ely  

F ig .5 .2 .2 . T h e probe is p laced  in side a co llim ator tube (1 5 cm  lon g . 0 .8 cm  interior d iam eter)  

equ ip ped w ith a transparent w in d o w  in front o f  the p rob es’ len ses . T h e w in d o w ’s  transparency  

has been ch eck ed  usin g a U V -V IS  tran sm ission  spectrom eter and it is  constant in the 

w avelen gth  range from  3 0 0 n m  to 800n m . T h e tube prov id es sh ie ld in g  from  light co m in g  from  

other region s o f  the d isch arge as w ell a s  against co v er in g  o f  the probe w ith sputtered m aterial.

T h e prob e’s  position  and alignm en t parallel to  the targets has been  verified  usin g the 

projection  o f  a laser beam  propagated through the optic sy stem  (ca b le  and len ses) in to  the  

cham ber.

For each  position , the b ea m s’ projection in to the cham ber w a s ch eck ed  against a se m i­

transparent grid p laced  on  the area b etw een  the targets and a lig ned  to the targets ed g e . T he  

region  w here this projection fe ll on  the grid w a s the region  observed  by the A O S  probe during  

the m easurem ent.

O nly  8 m easu rem en ts w ere perform ed for each  w in d o w , in order to keep  lo w  the coverin g  

o f  the w in d ow  w ith sputtered m aterial.

For the t im e -r e so lv e d  O E S m easu rem en ts, the accum ulation w a s set to  3 0 0 0 0  for each  

w avelen gth  in order to p rovide m axim um  sign al in ten sity .
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F ig .5 .2 .1 : C ross-section  v ie w  in the Y O X  plane w ith direction o f  O E S observation. Probe 

p osition in g  geom etry  A.

F ig. 5 .2 .2 . C ro ss-sectio n  v iew  in the Z O X  plane w ith  direction o f  O E S observation. Probe 

p o sition in g  geom etry

1 2 7



( hanter 5:_ _ _ _ _ _ _ _ Tim e-Resolved Plasma Diagnostic M ethods

5 .2  J .  L IN K  S P E C T R A

T h e observation o f  the d isch arge e m iss io n  spectrum  a llo w s  a basic  a n a lysis  o f  the sp e c ie s  

present in the d isch arge p rocess and o f  their ev o lu tio n  w ith the d isch arge param eters. In general, 

the ob servation and a n a lysis  o f  the line spectrum  is  the m ost b asic  plasm a d iagn ostic  m ethod, 

providing inform ation o f  m ajor im portance in the plasm a d ia g n o stic  process . T he m ain steps in 

th is type o f  d iagn ostic  are:

I) T h e identification and se lec tio n  o f  em iss io n  lin es  for further a n a lysis  o f  their evo lu tion ;

II) T h e identification o f  continuum  em iss io n  and its p o ss ib le  causes;

III) T h e observation o f  the ev o lu tio n  o f  e m iss io n  lin e s ’ in ten sity w ith the d isch arge

param eters (current, g a s pressure, p u lse -o ff  tim e) in order to  ch eck  the app licab ility  o f  L T E  

assu m ptions.

I) T h e typical spectrum  obta in ed  for each  target m aterial configuration and the

identification  o f  the m ain em iss io n  lin es in v o lv ed  are presented in F ig .5 .2 .3 -F ig 5 .2 .5  for the Cu  

targets and F ig .5 .2 .6  for the Fe targets. T h e lin es  se lec ted  for further an alysis  are presen ted  in 

T a b le .5 .2 .3 . T h e w avelen gth s and m ain param eters o f  the em iss io n  lin es have been taken from  

the N IST  A to m ic  Data B ase.

S p ec ies X [nm] E [e V ]

Upper

leve l

l i [ e V ]

L ow er

leve l

AfcXlO*

[ s ' ]

gi - C onfigurations  

gk

Ionization

potential

[eV ]

A r i l 4 6 0 .9 5 6 2 1 .1 4 3 0 8 18 .45412 0 .7 8 9 6 -

8

3 s2 .3 p 4  ( lD ) 4 s  -  

3 s2 .3 p 4  ( 1 D )4p

2 7 .6 2 9

A r i l 4 8 7 .9 8 6 19 .6 8005 17 .14003 0 .8 2 3 4 -

6

3 s2 .3 p 4  (3 P )4 s  -  

3 s2 .3 p 4  (3 P )5 s

2 7 .6 2 9

A r i 751 .4651 13 .27304 11 .62359 0 .4 0 2 3 -

1

3s2 .3 p 5  (2 P )4 s  - 

3s2 .3 p 5  (2 P )4 p

15 .759

A r i 7 6 3 .5 1 0 13 .17178 11 .54835 0 .2 4 5 5 -

5

3 s2 .3 p 5 .(2 P ) 4 s  - 

3 s2 .3 p 5 .(2 P )4 p

15 .759

C u l 4 6 5 .1 1 2 7 .7 3 7 0 2 8 5 .0 7 2 0 8 8 0 .3 8 10

- 8

3d 9  (2 D ) 4 s .4 p (3 P * )  

3 d 9 .4 s  (3 D )5 s

7 .7 2 6

C u l 5 2 1 .8 2 0 6 .1 9 2 0 2 8 3 .8 1 6 6 9 2 0 .7 5 4 -

6

3d 1 0 (1  S )4 p  - 3d  10 

( lS ) 4 d

7 .7 2 6

C u l l 2 0 .2 9 2

Fe 1 3 7 1 .9 9 3 3 .3 3 2 0 2 0 0 .0 0 0 .1 6 2 9 -  

11

3 d 6 .4 s2  -  

3 d 6 (5 D )4 s .4 p (3 P )

7 .9 0 2 4

Fe 1 4 9 2 .0 5 0 5 .3 5 1 5 7 2 2 .8 3 2 5 2 7 0 .3 5 11

- 9

3d6( 5  D  )4s.4p ( 3 P )- 

3d6( 5 D )4 s( 6 D  )5 s

7 .9 0 2 4

F e l l 16 .1877

T a b le .5 .2 .3 .: T ransition data for the observed  lin es.

For co n v en ien ce , the lin es w ill be  nam ed in the text u sin g  a round-up valu e o f  their w avelen gth :  

A r II, 488n m ; Ar II. 461 nm . Ar I. 76 3 n m . Cu I. 4 6 5 n m , C u I, 52 2 n m , Fe I, 372n m  and Fe I, 

472n m . T h e  higher le v e ls  o f  the A r 1 and A r U lin es are generated through direct e lectron  im pact 

excita tion  and resp ectiv e ly  ionization .

1 2 8



C harier 5:_______ Tim e-Resolved Plasm a Diagnostic M ethods

II) A continuum  e m iss io n  with a c lea r ly  d efin ed  e d g e  at 4 7 3 n m  can he o b serv ed  in 

F ig .5 .2 .5 . Such a continuum  em iss io n  is not o b served  in the A r-F e  d isch arge, in d icatin g  that A r  

recom bination is not resp on sib le  for the a b o v e  contin u um  em issio n  observed in the A r-Cu  

discharge.

T h e m ore probable p rocess resp onsib le  for this contin u um  em issio n  is  the recom bin ation  o f  C u  

io n s  (through one or severa l o f  the free-b o u n d  transitions described  in C hapter (4 .3 .1 )) . T h e  

attached electron is usua lly  found in a h igh ly  ex c ited  Cu I state from  w h ich  it d e c a y s  to  the 

low er le v e ls  b y  radiative d e-excita tio n .

T h e h igh ly  ex c ited  Cu I lev e l 3d9.4s(3D)5s w ith an energy o f  7 .7 3 7 e V  - a b o v e  the 

ionization potential o f  C u I (7 .7 2 6 e V )  - can be directly  obtain ed  through recom bination  or by  

radiative ca sca d e  from  h igher ex c ited  C u I lev e ls . From th is lev e l, the strong Cu I 4 6 5 n m  lin e  is  

em itted  through a d e-excita tio n  transition to le v e l  3d9 (2D) 4s.4p(3P*).

Such  h igh ly  ex c ited  lev e ls  have a very  low  probability to  be popu lated by direct 

electron  im pact excita tion , a s  the required energy is  h igher than the ionization potentia l o f  Cu I. 

A t en erg ies  a b o v e  the ion ization  potentia l, the excita tion  cro ss-sectio n  reach es the lo w est  value  

w h ile  the ion ization  cro ss-sec tio n  do m in ates (C hapter (4 .3 .1 )) . T h erefore , the 4 6 5 n m  C u  I lin e  is  

a result o f  C u II recom bination fo llo w ed  by radiative de-excita tion .

L ew is  e t a l. |9 )  has observed  such h igh -en ergy  e lectron ic  states (C u I em issio n  

3 6 8 .7 4 n m  from  7 .1 6 e V  to  3 .8 2 e V ) predom inate in the after-peak  o f  a pu lsed  g lo w  d isch arge, 

con firm in g  that such lin es are a result o f  the relaxation o f  h ig h ly  ex c ited  C u 1 a to m s produced  

through C u ion s recom bination .

A  con tin uum  em iss io n  w ith a c lea r ly  defin ed  e d g e  at 4 7 3 n m  (corresp on d in g  to  the 

ion ization  potential o f  Cu I. 7 .6 2 6  e V )  can  be observed . T h e m ost probable p rocess resp on sib le  

for th is contin u um  em iss io n  is the recom bination  o f  C u ion s (through one or several o f  the free  

-  bound transitions described  in C hapter (4 .3 .1 ). T he attached e lectron  is  usua lly  found in a 

h igh ly  ex c ited  C u I sta le  (3 d 9 .4 s  (3 D )5 s  or a b o v e), and is  perform ing a d e-ex c ita tio n  transition  

to  leve l 3d 9  (2 D ) 4 s .4 p (3 P * ), em ittin g  the strong C u I 4 6 5 n m  line.

In the con figuration w ith Fe targets, the Fe I 372nm  line is a resonan ce line w ith  a high  

lev e l popu lated by a num ber o f  3 8 6  transitions, m ost o f  w h ich  co m e from  h igher e x c ite d  lev e ls ,  

w ith  en erg ies  a b o v e  the ion ization  potential for Fe I. thus states resulted from recom bination.

A lth ou gh  in this ca se  the higher leve l can be populated through eith er d irect e lectron  

im pact or radiative d e-excita tio n  (fo llo w in g  recom bin ation ), its ob servation  is  in teresting  as it 

still provides c o lle c t iv e  inform ation  o v er  a large num ber o f  p o ss ib le  transitions generated  

fo llo w in g  recom bination.
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1 3 0 0

1 1 0 0

9 0 0

7 0 0

C u  I. 4 6 5 n m

A r I I ,  4 6 ln m

C u I, 

3 2 4 n m

M il
#88nm

/

I  5 0 0

3 0 0

100

• 1 0 0

/

/

C u I  

3 2 8 n m

C u I. 5 2 2 n m

S p e c tr u m  fe 3A  

• S p e c tr u m  l .  2A  

- S p e c tr u m  b  1A

A f I, 7 6 4 n m

A r I 7 5 1 n m

\

-ig .5 .2 .4 . O E S  lin e  sp eclrum  at p=3m torr. 5 0 k H z . p u lse -o f f  tim e  

w = 2 0 1 6 n s

F ig .5 .2 .3 . O E S  lin e  Spectrum  at 50K H z. w = 4 9 6 n s , p A r= l mtorr

B oth  m easu rem en ts  have been perform ed u sin g  ca b le  A  and a  PM T potentia l o f  6<X)V. In th ese  c o n d itio n s  the d eta ils  o f  the con tin u u m  background  

can n ot b e  o b serv ed . N ev erth e less, the trend o f  the in crea se  in  the O E S  in ten sity  w ith  the current is  not a ffec ted  and ca n  b e  c lea r ly  observed .
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5900

C u I. 327.4; 10000r 

Q j  I. 328.27; 140CXv 

A r II. 328.17;

A r III. 328.5841 ;25

N e w  lo n g  c a b le : L a t-O E S  a t D t=2cm . I= 2 A . p = 3 n *o rr , 5 0 k H z, 2 0 1 6 n s

■ w=2016ns. n e w  lo n g  cab le
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A r 1.794 .81 ; 20000; Leve l: 11 .72316
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A r i ,  801 .478 ; 25000; Level: 1 1 .5 4 8 3 5 -1 3 .0 9 4 8 7  

A r i .  800.6156; 20000 ; Leve l: 11 6 2 3 5 9 - i a i7 1 7 8  

A r II. 8 0 1 .7 5 2  Leve l: 1 8 4 2 6 6 5

A r i .  6 0 6 .5 4 3 0 .1 0 0 0 0 . Leve l: 1 1 .5 4 8 3 5 -1 3 .3 2 7 8 6

5 5 0  W a v e le n g th  [n m ] 65 0 750 850

ig .5 .2 .5 . O E S  lin e  spcctrum  for C u targets at 50 k H z, p u lse -o f f  tim e w = 4 0 1 6 n s  and A r g a s pressure p=3m torr. T h e  background has been  subtracted  for  

this graph. T h is  line spectrum  has been  m easured u sin g  ca b le  B and a PM T  v o lta g e  o f  6 0 0 V . T h e  n ew  ca b le  a llo w s o b serv in g  the d e ta ils  o f  the  

con tin u u m  em iss io n .
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O p tica l E m iss io n  L in e  s p e c tru m  fo r  Fe ta rg e ts  m ag n etro n  p lasm a  

f= 5 0 k H z ,w = 4 9 6 n s , 1=1.5A , p = 2 n to rr

18000

W a ve leng th  [nm ]

- ig .5 .2 .6 . O ptical E m ission  L ine spectrum  for Fe targets m agnetron p lasm a f= 5 0 k H z ,w = 4 9 6 n s , 1= 1 .5A . p=2m torr.

M easu rem ent perform ed w ith ca b le  B. T h e  Fe II lin es  are all b e lo w  3 5 0 n m  and co u ld  not be o b serv ed . F e III lin es  h ave very  lo w  in ten sities and co u ld  

not b e  o b serv ed . T h e background has b een  subtracted for this graph.
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III) O ne o f  the m ost im portant ob servation regarding the em issio n  spectrum  is  to  

characterize the plasm a from  the point o f  v iew  o f  its “transparency” that ind icate appropriate 

co n d itio n s for O E S  line in ten sity  m easurem ents.

A s sh ow n  in C hapter (4 .3 )  op tical spectrom etry  a n a ly s is  p rov ides direct inform ation on  

the d isch arge param eters and a llo w s determ ination o f  l in e s ’ in ten sities “a lon g  the line o f  sight"  

if  the rate o f  radiative p ro cesses  e x c e e d s  the rate o f  absorption process. T h is  type o f  p lasm a is  

ca lled  “o p tica lly  thin" and it is con sid ered  to  be in L T E  [39] a llo w in g  the app lication o f  

statistica l averag ing under equ ilibriu m  con d itio n s, m ea n in g  that the m easured va lu es are true 

a v era g es o f  the p ro cesses  in v o lv ed  and can be directly  lin k ed  to  the L T E sta tistics. A p roof that 

the L T E  or at least PL T E  co n d itio n s occu r is  o b serv in g  “o p tica lly  thin” sp ectroscop ic  lin es.

B y  defin ition , a plasm a is “o p tica lly  thin” w hen  radiation absorption p ro cesses  are 

n eg lig ib le  and the observed  em iss io n  lin es are “o p tica lly  th in ”.

T h e em issio n  lin es  are o p tica lly  thin w hen  their radiance (the area b e lo w  the em iss io n  lin e, 

equal to  the product b etw een  their FW H M , their height and  a constan t g iv en  by the lin e  shape) 

in creases proportional to  the num ber o f  em itters (ex c ited  io n s  or atom s) at constant excita tion  

tem perature [76 ]. H ere, the excita tion  tem perature is  the e lectro n  tem perature.

T o  verify  the proportionality, there are tw o  m ethods to  in crease  the num ber o f  em itters at 

constant excita tion  tem perature [76]:

-to  increase the ga s d en sity  (the pressure) at the sa m e excita tion  (e lectron) tem perature  

(sa m e excita tion  con d ition s) or,

-to  increase the excita tion  (th e  current, thus the e lectro n  d en sity ) w h ile  keeping  constan t  

the g a s d en sity  and plasm a tem perature.

T h e  e lectron  tem perature is m ain ly  determ ined by the av era g e  e lectron  energy and thus by  the 

cath od e vo ltage w h ich  is independent o f  current (C hapter 5 .1 ) .

T h us, the e lectron  tem perature fo llo w s  the cath od e v o lta g e  behaviour and is  independent  

o f  current as has been sh ow n  in C hapter (5 .1 )  for both D C  and  pulsed D C  d isch arges.

T h is  behaviour has been  observed  in the ev o lu tio n  o f  all sta tic  1-V characteristics and V oltage  

w aveform s (A s  an ex am p le , l-V  characteristics for a d isch arge  at 50k H z, 4 0 1 6 n s  and 2 0 1 6 n s  

p u lse -o ff  tim e are presented in F ig .5 .2 .7  and F ig .5 .2 .8 ).

T h e 1-V characteristics, d isp la y  (F ig .5 .2 .7 , F ig .5 .2 .8 )  constant v o ltage , practically  

independent o f  current in the range from  IA  to 5A ; and a strong d ep en d en ce o f  the v o ltage  on  

g a s  pressure, ind icatin g that average electron tem perature is  constant w ith the increase  in current 

but has strong variations w ith the increase  in the g a s pressure.

T herefore , the increase in the num ber o f  em itters  at constan t excita tion  tem perature 

(electron  tem perature) can  be obtained b y  in creasin g the d isch a rg e  current.
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F ig .5 .2 .8 . T h e IV ch aracteristics w ith A r gas  

pressure at 50k H z, w = 2 0 1 6 n s pu lse D C  

disch arge.

A  typ ical behaviour o f  lin es  radiances for the tw o  A r io n ic  lin es is presented in F ig .5 .2 .9 .

T h e behaviour o f  Ar ion em iss io n  lin e s ’ radiance w ith the increase in current presented  in 

F ig .5 .2 .1 0  and F ig . 5 .2 .1 1 , sh o w s a linear trend at each  position (z ) . T h is  is a p ro o f that the 

le v e ls  for the ch osen  em iss io n  lin es are fo llo w in g  the B oltzm an n sta tistics and can  be used  for 

e lectron  tem perature estim ations.

8 0 0

200

■ p=1.65m to fT

— p=3mt or r

—O — p=u4mtOfT

— p«Smt or r

3  4

C urren t [A ]

F ig .5 .2 .7 . T h e IV characteristics w ith  A r ga s  

pressure at 50k H z, w = 4 0 1 6 n s  pu lse  DC  

d isch arge.

F ig .5 .2 .9 : T yp ica l ev o lu tio n  o f  lin e s ’ radiance w ith current for tw o  A r II em iss io n  lines: 

4 6 0 .9 6 5 n m  and 4 8 7 .9 7 8 n m  at p=3m torr, and 4 0 1 6 n s  p u lse -o ff  tim e.
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F ig .5 .2 .1 0 . T h e evo lu tion  o f  the radiance for 

the Ar II 461 nm  lin e  w ith current.
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Fig.5 .2.1  1. T h e evo lu tio n  o f  the radiance 

the A r II 4 8 7 n m  lin e  w ith current.
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T h e sim ilar behaviour o f  the IV characteristics for Fe targets and C u targets (F ig s . 5 .2 .7 , 5 .2 .8  

versu s F ig .5 .2 .12) in d icates that plasm a tem perature is  constant for a g iv en  pressure and  

independent o f  the current, thus an increase in the num ber o f  ex c ited  sp ec ie s  at constant plasm a  

tem perature can  be obtained by an increase in the current.

T h e line spectrum  for Fe targets (F ig .5 .2 .13.) a lso  sh o w s  an increase in lines* in ten sities  

w ith  current, indicating  proportionality o f  the num ber o f  “em itters” w ith the current and thus 

o p tica lly  thin lin es.
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F ig .5 .2 .1 3 . O E S lin e  spectra for Fe targets. O E S  Intensity w ith current at p=2m torr. 5 0 k H z, 

p u lse -o ff  tim e w = 4 0 1 6 n s.

T h e Fe I reson an ce lin es 372n m  and 386n m  sh o w  a d ifferen t behaviour w ith current as their 

higher le v e ls  are filled  through cascad e  transitions from  higher ex c ited  lev e ls  and recom bination  

lev e ls  and therefore they d on 't sh o w  a proportionality trend w ith  current.
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5 .2 .4 . T IM E -R E S O L V E D  O E S

5 .2 .4 .1. T H E  C u  T A R G E T S  C O N F IG U R A T IO N

T h e m ain atom ic p ro cesses  lead in g  to  excita tion  and io n iza tio n  p ro cesses  in the m agnetron  

disch arge are due to  direct e lectron  im pact ex c ita tion  and io n iza tio n , balanced by  their reverse  

processes, as d iscu ssed  in C hapter (4 .3 ).

T im e-reso lv ed  O E S p rovides inform ation on the tem poral ev o lu tio n  o f  d ifferen t p rocesses  

in sid e  plasm a, im portant a s  a d ia g n o stic  in pu lse D C  sp utterin g d isch arges. T h e observation o f  

em issio n  lin es from  d ifferen t sp ec ie s  a llo w s a direct estim a tio n  o f  the t im e-sca les  for the 

b eg in n in g  o f  the sputtering process.

T he evo lu tio n  o f  the sputtering  p rocess during the p u lse  has been  observed  b y  m easuring  

the tim e-reso lv ed  O E S  in ten sity  for the m ost in tense lin es  observed  in the lin e  spectrum : A r II. 

48 8 n m , Cu I. 522n m  and C u I. 46 5 n m . Several ex a m p les  and an a n a lysis  o f  the tim e-reso lv ed  

data obtained w ith the probe v iew in g  the d isch arge cen tre  (configuration A , as exp la in ed  in 

S ectio n  5 .2 .1 )  fo llo w .

In F ig .5 .2 .1 4  and F ig .5 .2 .1 5 . the A r ions start to  be produced  o n ly  after the first u s  from  

the beg inn ing  o f  the pulse  (th e A r II 4 8 8 n m  lin e ). T h e ap p lied  p ow er  peak is fo llo w ed  by  the A r  

ion peak after a tim e delay . T h is  delay  can be related to  the tim e  needed  to create  new  A r ions  

that w ill return to  the target, produce secondary e lectron s and new  A r ionization . T h e average  

valu e o f  this d e la y  evalu ated from  the tim e-reso lv ed  O E S data for differen t duty c y c le s  g iv e s  a 

constant value o f  ~ 2 .5 |is  at a pressure o f  (M P a.

F ig .5 .2 .1 4 . V o ltage  and p ow er  w aveform s a lon g  w ith the tim e-reso lv ed  O E S sign al for A r II 

(4 8 7 .9 n m ) and C u I (4 6 5 n m  and 5 2 2 n m ) for a d isch arge at 1=2A , f= 5 0 k H z. w = 4 0 1 6 n s,  

pA r=3m torr.
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in d icates the ex p ected  “fa ll” o f  the e x c ited  Cu peak.

N e w  copper atom s are produced w hen  the A r  ions reach the targets, so  the ab ove tim e constan t 

can  be a lso  ob served  as the C u I 522n m  line e m iss io n  peak fo llo w s  the A r lin e  e m iss io n  peak  

after ~ 2 .5 |is  (f ig .3 A ).

A s  the A r ion peak is in creasin g and d ecreasin g  w ith sym m etrical s lo p es fo llo w in g  the 

app lied  pow er  peak, w e ex p ect the sputtering p ro cess  (C u  peak ) to  fo llo w  the sam e pattern i f  the  

sputtering is o n ly  due to  the A r ions. T h e ex p ected  “ fall" in the Cu I lin e  trend is indicated by a 

dotted  lin e  in F ig .5 .2 .15.

T h e fact that the trend o f  the C u 1 lin e  d o e s  not fo llo w  the d eca y  o f  the Ar ion peak  

in d icates that m ore C u atom s are produced by other m ech an ism s, like se lf-sp u tterin g , or that the 

e ff ic ie n c y  in C u atom  excita tion  in creases at later m om en ts during the pu lse . T he latter 

assum ption is  contradicted b y  the observed  shape o f  the ex c ited  Ar line (7 5 1 n m ) (and exam p le  

is  presented in F ig .5 .2 19) that fo llo w s  c lo se ly  the shape o f  the A r ion peak, in d icatin g  that 

excita tion  p ro cesses  requiring lo w er  electron en erg ies  are not increasin g at later m om ents during  

the pu lse. T h erefore , C u se lf-sp u tterin g  is ex p ected  to  take p lace  in such a d isch arge.

T h e 4 6 5 n m  C u 1 line fo llo w s  the trend o f  the C u I 5 2 2 n m  lin e. From  atom ic  sp ectroscop y  

data, as exp la in ed  earlier, the 4 6 5 n m  line is ex p ected  to  be due to a d e-excita tio n  p rocess  

fo llo w in g  C u II recom bination; and its evo lu tio n  in d icates the tem poral evo lu tio n  o f  the 

recom bination rate during the pu lse.

T h erefore , the delay  b etw een  the p ow er  peak and the A r ion peak can  be exp la in ed  as the 

average tim e the Ar ion s need to  travel to  the targets from  the place  o f  their production. 

O bserving  the ev o lu tio n  o f  the A r ion lin e  in relation to  the p ow er  pu lse  w e  can  g e t a deeper  

insight into the “heating” m echan ism  lead in g  to  the form ation o f  the A r ion peak: as the pow er
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pu lse  in creases, m ore Ar ions are produced. T h e A r ion s produced w hen  the pow er  p u lse  is  at its  

m axim um  travel to the targets and produce secon dary  e lectron s that lead to  the m axim um  o f  the 

A r ion peak. A s the e lectron s generated at the m om ent o f  m axim um  p ow er  (p eak) w ill produce  

A r ionization w ith m axim um  probability at a certain  reg ion in the d isch arge, the A r ions thus  

created  w ill have a w e ll-d e fin ed  average tim e to  reach the targets and w ill produce a “ w ave"  o f  

secondary e lectron s that lead to  the observed  peak in A r ion ization , about 2 .5 |i s  later.

T h us, tim e-reso lv ed  ob servation  o f  the plasm a ev o lu tio n  brings inform ation on the tim e-  

sca le  o f  the sputtering p rocess that can be o f  h igh  im portance for the ch o ice  o f  the pu lsed  D C  

duty cy c le s .

D uty c y c le s  w ith a p u lse-o n  lim e shorter than the tim e required for the A r ions to  be 

produced and reach  the targets w ill have a very lo w  sputtering e ff ic ie n c y  (for ex am p le , pu lse-on  

tim es sm aller  than 5 |is ;  or pu lse freq u en cies higher than 100kH z). A n ex a m p le  o f  the tem poral 

evo lu tio n  o f  the O E S  lin es is  presented in F ig .5 .2 .1 6  and in d ica tes an in sign ifican t variation in  

the em issio n  o f  C u lin es, sh o w in g  a poor e ff ic ie n c y  o f  the direct sputtering process.

F ig .5 .2 .1 6 . T im e-reso lv ed  O E S at I= 2A . f= 1 0 0 k H z, w = 4 0 1 6 n s , p =3m torr

In F ig .5 .2 .1 6  w e  can see  that the A r ion peak is not co m p le te , and it reach es a m axim um  at the 

end o f  the pu lse-on  tim e. T h ese  Ar ion s don 't have the tim e to  reach the targets to produce m ore  

sp utterin g and are lost from  the d isch arge during the next 4 0 1 6 n s  p u lse -o ff  tim e. A s a result, the 

ex c ited  Cu (5 2 2 n m  and 4 6 5 n m ) lin es have a lo w  in tensity , indicating  a lo w  e ff ic ie n c y  o f  the 

sputtering  process.
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N ev erth eless, h igh frequ en cy  pu lsed  D C  d isch arges can (under appropriate co n d itio n s) rely on  

the se lf-spu ttering  p rocess as the s lo w  Cu atom s m ay not lea v e  the d isch arge during o n e  duty  

c y c le  and w ill be ion ized  at the b eg in n in g  o f  the next duty c y c le .

w aveform .

O bserv ing  the re lative in tensity  o f  the C u 1 4 6 5 n m  line (resulted from  d e-excita tio n  fo llo w in g  

C u ion recom bin ation ) and assum ing  L T E  con d ition s, the relative Cu ionization d en sity  for 

differen t duty c y c le s  can  be observed .

For ex am p le , for a p u lse -o ff  tim e o f  4 9 6 n s  (F ig .5 .2 .1 7 )  the 4 6 5 n m  C u lin e  has m uch  

higher values than those o f  Cu 5 2 2 n m  lin e, indicating  that a higher percen tage o f  C u is  ion ized  

than ex c ited  on atom ic  lev e ls . T h is  p rocess is str ictly  related to the evo lu tio n  o f  e lectron  

tem perature in pulsed D C  p lasm as, w h ich  w ill be  an a lysed  in C hapter 5 .3 .

T h is p rocess can  be a lso  related to a “quenching" p rocess [75] that occu rs w ith high  

probability w hen e lectron  en erg ies  are sm aller than A r ionization potential but h igher that Cu  

ionization potential. In this p rocess, o n ce  the C u atom s are present in the d isch arge  (a fter the A r  

ions have in itiated the sputtering p rocess) the e lectron  en ergy  is  no lon ger used for A r ionization  

but for Cu ionization . T h is  situation is enab led b y  the d ecrease  in the v o ltage  peak (thus low er  

e lectron  en erg ies) on ce  the sputtering has started, due to a d ecrease  in the d isch arge  im pedance. 

Such  d isch arges are dom inated by  se lf-spu ttering. T h is  can  be ob served  as an alm ost constant 

in tensity o f  the Cu lin es a fter the A r ion peak fall (at t>  1 Ojis. F ig .5 .2 .1 7 ).

T h e se lf-spu ttering  is  the dom inant p rocess in duty c y c le s  w ith  p u lse-on  tim es m uch  

longer than the t im e-sca le  for direct sputtering

1 4 0



C hapter 5:_______ Tim e-Resolved P lasma Diagnostic M ethods

5 .2 .4 .2 . T H E  F e  T A R G E T S  C O N F IG U R A T IO N

For the Fe targets. (F ig .5 .2 .1 8  and F ig .5 .2 .1 9 ) the tem poral ev o lu tio n  o f  the sputtering p rocess  

has a sim ilar evo lu tio n  to  that for the C u targets. A  d e la y  o f  ~2 .5p.s betw een  the pow er  peak and 

the A r ion peak in d icates the sam e tim e-sca le  for the travel tim e to  targets o f  A r ions.

W hile the trend for the ex c ited  A r I line (7 5 1 n m ) fo llo w s  the A r ion peak, the trend o f  

the ex c ited  Fe lin es ho ld s at h igh va lu es after the A r ion  peak fall ind icating  an im portant 

contribution o f  the se lf-spu ttering . For the Fe targets, once* the d isch arge has been  initiated b y  

the A r ions, the sputtered Fe atom s are ion ized  and can  m aintain  an a lm ost constan t sputtering  

rate for the rest o f  the p u lse-on  tim e.

0  5 10  15 2 0  Time M 25 30 36 40

F ig .5 .2 .1 9 . T im e -reso lved  O E S  for Fe targets at 50 k H z. w = 2 0 1 6 n s . 1=1.5A . p= 2 mtorr.
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5 .2 .4 3  C O N C L U S IO N S

T h e  observation o f  the C u 1 4 6 5 n m  line is  e x tr e m e ly  interesting here d u e to its  m echan ism  o f  

production (through a d e-excita tio n  p ro cess  fo llo w in g  recom bin ation ) as it prov id es inform ation  

on the rate o f  recom bination  p rocesses and on  the sp ace  and tem poral d istribution o f  C u ions  

(assum ing  that L T E  co n d itio n s app ly).

A lth ough the relative in tensities o f  th e  tw o  Cu I lin es  (th e 4 6 5 n m  line produced fo llo w in g  

recom bination and the 5 2 2 n m  lin e  produced  by direct e lectron  im pact ex c ita tio n ) cannot provide  

co m p lete  in form ation on the ionization -reco m b in a tio n  ba lance, their s im ila r  trend indicates that 

a constant equilib riu m  b etw een  excita tion  (an d  resp ectiv ely  direct im pact e lectron ion ization )  

and recom bination  p ro cesses  is m aintained during the pulse.

In the ca se  o f  He targets, the relative in tensity o f  the 4 9 2 n m  lin e  (w ith  a high level 

populated through direct e lectron  im pact ex c ita tio n  or  d e-exc ita tio n  from  le v e ls  populated  

through direct e lectron  im pact) is  m uch lo w e r  that that o f  the 3 7 2 n m  line (resonance line w ith a 

low er high lev e l that can be popu lated eq u a lly  by direct e lectron  im pact and by radiative 

ca sca d es fo llo w in g  recom bination).

T h e F e 1 4 9 2 n m  line popu lated m o stly  by direct e lectron  im pact ex c ita tion  sh o w s  a strong  

d ep en d en ce  on the d isch arge current.

T h e fact that the 3 72m  Fe I lin e  in ten sity  sh o w s no  d ep en d en ce  on the d isch arge current 

in d icates that its h igh lev e l is  popu lated m o stly  by radiative recom bination and le ss  by  direct 

im pact p rocesses. T h is  can indicate that th is  line can provide an indication on  the tem poral and 

sp ace  distribution o f  recom bination  p ro cesse s , therefore o f  the distribution o f  Fe ion s in the 

d isch arge.

From  the a b o v e , the low er in tensity o f  the 4 9 2 n m  com p ared  to that o f  the 372nm  line  

cou ld  indicate  that ion ization -recom b in ation  p ro cesses  have h igher rate than direct impact 

excita tion  p ro cesses , therefore, the av era g e  e lectron  tem perature in the d isch arge is h igher that 

the ionization potentia l o f  Fe I. T h is  c o n c lu s io n  w ill be fu n h er analysed  in con n ection  w ith  the 

observed  e lectron  tem peratures in the d isch arge  w ith Fe targets.
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5 .2 3  T I M E  A N D  S P A C E -R E S O L V E D  O .E .S .

5 .2 .5 .1 . T IM E  A N D  S P A C E -R E S O L V E D  O .E .S . F O R  C u  T A R G E T S

T h e tim e and sp a ce-reso lv ed  O E S data w ere recorded by  an optica l probe situated  in side the 

d isch arge cham ber, v iew in g  the sp ace  betw een  the targets at 5 p osition s, from  the centre o f  the 

disch arge at z= 5  cm  from  the targets (d = 0  cm  from  the d isch arge a x is)  to z = lc m  from  the 

targets (d = 4 cm  form  the d isch arge  a x is)  a s  described  for  the O E S p o sitio n in g  geom etry  B in the 

experim en tal set-up.

F ig .5 .2 .2 0 . T im e-reso lv ed  O E S m easu rem en ts at L = 0  cm  (d ischarge cen tre) for tw o  A r ion lin es  

and o n e  ex c ited  Ar atom  lin e. T h e tim e-reso lv ed  v o ltage  w aveform  is superim posed .

T h e typical tem poral evo lu tio n  o f  the A r ion lin es and ex c ited  atom  lin es in tensity  is presented  

in F ig .5 .2 .2 0 , a lon g  w ith the v o ltage  w aveform . T h is  graph a llo w s ob serv in g  the evo lu tio n  o f  Ar 

ionization and excita tion  d en sity  during the pu lse . T h e space and tim e-reso lv ed  relative  

distribution o f  A r ion (4 8 7 .9 n m  lin e) em iss io n  lin es in tensity from  tim e and sp a c e -r e so lv e d  

O E S at 50k H z. 2 A , p u lse -o ff  tim e 2 0 1 6 n s  and resp ectiv e ly  for Cu I 4 6 5 n m . w ith the Pow er  

w aveform  on the ca th od es are presented in F ig.5 .2 .21  and F ig .5 .2 .2 2 .

T h e ob servation o f  tem poral and sp ace  distribution o f  ionization and excita tion  p ro cesses  

in the space b etw een  the targets p rov ides inform ation  on the d ev e lo p m en t o f  the disch arge  

during the p u lse-on  tim e and in form ation on the actual relative ionization d en sity  that can  be 

used  as start data for M C sim u lation s o f  ions* trajectories in the pulsed D C  d isch arge. T h is  type  

o f  data have been used in  C hapter (3 .2 ).

T h e arrow s in F ig .5 .2 .2 1  and F ig .5 .2 .2 2  indicate  a p o ss ib le  start m om ent for the 

sim ulation  and the relative O E S in ten sities indicate the start relative ion /a tom  d en sities.
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10

Time |u s ]

F ig .5 .2 .2 1 .T h e  relative A r ion em iss io n  lin es  in tensity from  tim e and sp a c e -r e so lv e d  O E S  at 

50K h z, 2 0 1 6 n s, 2 A  and the Pow er w aveform  on the cath odes. T im e resolution: 0 .2 n s , sp ace  

resolution: 1mm.

C1, d=10m m  

C2, d=20m m  

C3, d ^30 m m  
C 4, d=40m m  

ftw v e r  w a v e fo rm

co
g e o

I

F ig .5 .2 .2 2 . T h e relative (n orm alized ) O E S in tensity  for C u I. 4 6 5 n m  lin e  during the pu lse , from  

tim e and sp a c e -r e so lv e d  O E S  at 50K h z. 2 0 1 6 n s , 2A  and the P ow er w aveform  on the cath odes. 

T im e resolution: 0 .2 n s , space resolution: I m m.

d=10m m  fro m  ce n tre  

■ d =4 0  m m  f rom  c e n tre

• d =2 0  m m  f rom  ce n tre  

Fbw  e r w  a v e fo rm  [W ]

• d=30m m  f rom  ce n tre

1 0

T m e  (us)

T h e tim e and sp ace  ionization d en sity  distr ibutions a llo w  ob serv in g  the deve lo p m en t o f  the 

sputtering p rocess and the actual region s and m om ents in the d isch arge w h ere the ion s are 

produced.
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1 0  1 2  1 4  1 6  1 8  2 0

T im e

T im e  |u3 )

F ig .5 .2 .2 3 . N orm alized  relative in tensity for A r 11 4 8 8 n m  lin e  (up) and for A r I 7 6 3 n m  

(b ottom ), sp ace  and tim e-reso lv ed  at 5 0 k H z . 4 0 1 6 n s  and p=3m torr, for the C u targets.

lin e

E
o.

a>
o
c

S
V )

b

8  1 0  1 2  1 4  1 6  1 8  2 0

T im e [u s]

8  1 0  1 2  1 4  1 6  1 8  2 0

T im e [u s i________________________

M g.5.2.24. N orm alized  relative in tensity for C u 1 4 6 5 n m  lin e  (up) and for C u I 5 2 2 n m  line  

(bottom ), sp ace  and tim e-reso lv ed  at 50k H z. 4 0 1 6 n s  and p=3m torr.

C ontour p lo ts o f  the relative d en sity  distribution o f  Ar ions (4 8 8 n m  lin e) and ex c ited  A r atom s  

(7 6 3 n m  lin e ) are presented  in F ig .5 .2 .2 3  and the ex c ited  C u atom s distr ibutions (lin es  4 6 5 n m  

and resp ectiv e ly  5 2 2 n m ) are presented  in F ig .5 .2 .2 4 .

T h e location o f  m axim um  A r ion d en sity  con firm s the observation that the value for the 

~2.5^is tim e-d elay  betw een  the app lied  p ow er  (v o lta g e ) w aveform  and the A r ion peak can  be  

attributed to the travel tim e to  targets o f  Ar ions. From F ig .5 .2 .2 3 , in the reg io n s situated  e lo se  

to  the targets (at le ss  that 2 cm ) at the beg inn ing  o f  the p u lse-on  tim e (first 2 ^ s). the re lative Ar 

ion d en sity  is  b e lo w  1 0 indicating  that sputtering w ill be in sig n ifican t at the beg inn ing  o f  the 

pulse-on  tim e, as o n ly  few  A r ion s are created at regions c lo s e  to the targets.
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T h e highest A r ion d ensity  is produced at reg ions situated  at about 4 cm  from  the targets and 

therefore th ese  ions need  a certain  tim e to  travel to  the targets in order to produce C u atom s  

through sputtering. A s  the A r ion distribution is  lo ca lized , th ese  ion s w ill need in average the 

sam e tim e to  travel to  the targets, lead in g to the o b served  tim e-sca le  for the sputtering process. 

T h e ex c ited  C u atom  distribution is  a con vo lu tion  o f  the C u atom  d en sity  distribution from  

sputtering and that o f  e lectron tem perature and d ensity .

T h e Cu I 4 6 5 n m  line is  m ost probably d u e to  a d e -exc ita tio n  process fo llo w in g  Cu ion  

recom bination, therefore the relative distribution o f  th is lin e  is  sim ilar to  the o n e  o f  the C u ions. 

T h is  ob servation has been used  in Chapter (3 .2 .4 )  as start data for the in itial relative C u ion  

d ensity  in M C ca lcu la tio n s o f  Cu ions return tim e to  targets, for the evalu ation o f  the se lf-  

sputtering tim e-sca le . A s  n o  C u ion lin es  cou ld  be o b served  in the em issio n  lin e  spectrum  (the  

m ost in ten se  Cu II lin es  b e in g  b e lo w  250n m , the lim it o f  the spectrom eter w avelen gth  range), 

the observation o f  the 4 6 5 n m  C u I lin e  has been  the o n ly  p o ssib ility  to eva lu ate  the relative  

distribution o f  C u ions.

T h e A r and C u ion distrib utions are m ainly  d u e to  the distribution o f  e lectron  tem perature  

and d en sity  that a llo w  in tense ionization p ro cesses  at those reg ions. T h e ex is te n c e  o f  an internal 

plasm a fie ld  can a lso  contribute to the sym m etrical ion peaks distribution. A s  Ar ion and C u ion  

distributions sh ou ld  fo llo w  both the sam e pattern located on each  sid e  o f  the d isch arge centre, 

this is another argum ent in favour o f  the a b o v e  co n sid eratio n s regarding the 4 6 5 n m  line.

T h e ex c ited  atom  sp e c ie s  (F ig .5 .2 .2 4 )  have a m ore uniform  distribution in the disch arge  

sp ace , fo llo w in g  the tem poral evo lu tio n  o f  the pow er peak.

S .2 .5 .2 . T IM E  A N D  S P A C E -R E S O L V E D  O .E .S . F O R  F e T A R G E T S

For the Fe targets, the relative A r ion d ensity  has a m ore uniform  distribution in the disch arge  

sp a ce , w ith a m arked peak at 6 p s  and quite high (60% ) relative in tensity at the targets 

(F ig .5 .2 .2 5 ). T h is  in d icates that A r ionization can take p lace  at reg io n s situated  c lo s e  to  the 

targets, lead in g to  ion ization  o f  backscattered (post-spu ttered) Ar atom s and to re-sputtering  

e ffec ts .

Practically  n o  A r ion s are produced in the first 2 p s  at an y  region in the d isch arge . T hus  

the direct sputtering p rocess starts o n ly  after the first 2 jis  and reach es a m axim um  at 6p s.

T h e tem poral d istribution o f  relative A r ion d en sity  fo llo w s  the pow er peak w aveform , 

w h ile  the space distribution in d icates that e lectron  tem peratures reach the highest d irect im pact 

ionization cro ss-sec tio n  for Ar in the centre o f  the d isch arge.
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Fig .5 .2 .2 5 . N orm alized  relative in tensity for A r II 4 8 8 n m  lin e  (up) and for A r 1 7 6 3 n m  line  

(bottom ), sp ace  and tim e-reso lv ed  at 1=1.5A . 5 0 k H z, 4 0 1 6 n s  and p=2m torr, for the Fc targets.

T h e distribution o f  ex c ited  A r a tom s is s im ila r to that o f  A r ions, w ith  a m axim um  in the centre  

o f  the d isch arge.

8 10 12 14
T im  ,9 l u $ l _________

16 18 20

F ig .5 .2 .2 6 . N orm alized  relative in tensity for Fe I 372n m  lin e  (up) and for Fe I 4 9 2 n m  line  

(bottom ), sp ace  and tim e-reso lv ed  at 1=1.5 A . 5 0 k H z , 4 0 1 6 n s  and p=2m torr.

T h e observed relative in tensity o f  the ex c ited  Fe lin e s  is a co n v o lu tio n  o f  the re lative d en sity  o f  

the Fe atom s and the distribution o f  e lectron  tem perature and density .

T h e strong d ifferen ce  betw een  the distrib utions observed  for the tw o  ex c ited  Fe I lin es  

(F ig .5 .2 .2 6 )  in d icates that the tw o  lin es arc generated  through differen t p rocesses . W hile the 

4 9 2 n m  Fe I line is d u e to  direct im pact excita tion  o f  Fe atom s and has a distribution sim ila r  to  

that o f  ex c ited  Ar atom s, the 372n m  Fe I reson an ce line has a to ta lly  d ifferen t distribution.

T h e upper lev e l o f  the 372n m  Fe I line |3 d f’(5 D )4 s .4 p (3 P )]  is populated b y  a num ber o f  

3 6 8  transitions (N IS T  a tom ic datab ase) from  h igher en erg y  lev e ls , m ost o f  them  corresp ond ing  

to h igh ly  ex c ited  con fig u ratio n s, characteristic  to th ose  resulted after ion recom bination.
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C on siderin g  that the 3 7 2 n m  Fe I lin e  is  m ainly d u e to  the d e-ex c ita tio n  p ro cesses  after Fe ion  

recom bination, the relative d en sity  distribution o f  th is lin e  sh ou ld  be c lo se  to  that o f  F e ions. A s  

Fe ion lin es cou ld  not be d irectly  observed  in the lin e  e m iss io n  spectrum , the observation o f  the 

3 7 2 n m  Fe I line is the o n ly  ind ication  o f  the p o ssib le  Fe ion distribution.

A s seen  in F ig .5 .2 .2 6 , the 3 7 2 n m  lin e  has high in ten sity  at reg ions c lo s e  to  the targets, 

indicating  a strong excita tion  and ionization o f  the sputtered m aterial. C on seq u en tly , a high Fe 

ion d en sity  at reg io n s c lo se  to  the targets is ex p ected , lead in g to  in tense se lf-spu ttering. Both re- 

sputtering and se lf-sp u tterin g  e ffe c ts  generate in tense ion bom bardm ent o f  the targets and  

therefore in tense heating o f  the targets.

T h e 3 D  im ages o f  the space and tim e reso lved  distr ibutions for Cu targets and Fe targets 

are presented in F ig .5 .2 .2 7 -F ig .5 .2 .3 4 .

F ig .5 .2 .2 7 : C u 1 .4 6 5 n m  lin e , space and tim e F ig .5 .2 .28 : Cu I, 5 2 2 n m  lin e , sp ace  and tim e  

reso lved . 3 D  im age. reso lved . 3 D  im age.

F ig .5 .2 .2 9 . Ar II. 4 8 8 n m  lin e , sp ace  and tim e F ig .5 .2 .3 0 . A r I. 7 6 3 n m  lin e , sp a ce  and tim e

reso lved , for C u targets. 3 D  im age . res0 ,v ed  for C u  tar« e ls - 3 0  ,m a&c -
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F ig .5 .2 .3 1 . A r II. 4 8 8 n m  for Fe targets, 3 D  F ig .5 .2 .3 2 . A r 1 .7 6 3 n m  for Fe targets. 3 D

im age. im age.

F ig .5 .2 .3 3 . Fe 1 ,4 9 2 n m , 3 D  im age . F ig .5 .2 .3 4 . Fe I. 392n m . 3 D  im age.

5 .2 .5 3 .  D IS C U S S IO N  A N I)  C O N C L U S IO N S

1. T im e-reso lved  O F S  data prov id e inform ation on  the con n ection  betw een  the applied  

pu lsed  D C  pow er and the ionization e ff ic ie n c y  and t im e-sca le s  in the d isch arge deve lo p m en t. 

T h e presented  a n a lysis  ind icates h ow  this type o f  d ia g n o stic  can  be used for ch o o sin g  the 

optim um  duty c y c le  from  the point o f  v iew  o f  direct-sputtering e ff ic ie n c y  or self-sp utterin g  

e ffec ts .

2. T h e tim e and space reso lved  ob servation o f  e m iss io n  lin es from  the Ar g a s spectrum  

and sputtered m etal spectrum  a llo w  an observation o f  the actual deve lo p m en t o f  the disch arge
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and sputtering p rocess during the pu lse-on  tim e. T h e region and m om ent w here Ar ion s are 

created p lays an im portant role in the tim c-sca le  o f  the sputtering process , thus provid in g  

in form ation on the direct sputtering p ro cess  tim e-sca le .

3. T h e analysis  o f  the space and tem poral d istribution o f  sputtered m aterial - ex c ited  

atom ic  (or io n ic ) sp e c ie s  - provid es inform ation  on  the se lf-spu ttering  e ffe c ts  and their tim e-  

sca le  and in tensity.

4 . T h e tim e-reso lv ed  and the tim e and sp ace  reso lved  O E S diagnostic  has a m ajor 

im portance in the stu dy  and understanding o f  the d isch arge behaviour, prov id in g  a non -in vasiv e  

diagn ostic  m eans and direct inform ation on phenom ena taking p lace during the p u lse-on  tim e  

during the actual operating co n d itio n s o f  the m agnetron.

1 5 0



5 .3 . T I M E  A N D  S P A C E -R E S O L V E D  E L E C T R O N  T E M P E R A T U R E S

5 3 .1  Tt  C H A R T S  F O R  C U  T A R G E T S

T h e determ ination o f  e lectron  tem peratures has been  perform ed usin g the m ethod o f  ionic lin es  

radiance ratios, described in C hapter (4 .3 .2 .3 ).

A ll m easurem ents are tim e and sp ace  reso lved , based on the O E S  data presented in the 

previou s chapter w ith the probe in the geom etry  configuration  B o f  the experim en tal set-up.

A s the theoretical basis for Tt eva lu ations from  O E S data require L T E  or PL TE  

co n d itio n s and determ ination o f  lin es rad iances, th ese  points w ill be  ex a m in ed  next by  

presenting  severa l param eters in v o lv ed  in the radiance m easurem ent: the lin es’ w id th s and the 

resolu tion o f  the spectrom eter, the lin e s ’ broadening and the observation p rocess and lin es  

in tensity  versus n o ise  and background leve l.

5 3 .1 .1 .  L IN E  W ID T H  A N D  IN T E N S IT Y  M E A S U R E M E N T

T h e A O S  spectrom eter (12] describ ed  in C hapter (2 .3 )  has been  used for the O E S  

m easurem ents. It ca lcu la tes the em issio n  lin e ’s  w avelen gth  u sin g  the form ula:

X ■  n- P— ?°-  v 0 : (5 .3 .1 )

/ o

w here nt:, n<, are the refractive index o f  the bi-refringent crystal for the extra-ordinary and the 

ordinary w a v e ,/o  is the ultrasound frequ en cy  (R F ) app lied  on the transducer and v(, is the sp eed  

o f  the acou stic  w ave in the crystal.

A s  the filter  pass-band (eq uivalent to the Instrum ental Profile  in con ven tion al  

spectrom eters) has not been  d efin ed  by the m anufacturer, it had to be determ ined using  

calibration lam p s as sh ow n  in C hapter (2 .3 ) . T h e obtained bandw idth, a lon g  w ith the A O S  

reso lution (provided b y  the m anufacturer) and the w idths for the observed  A r ion and atom  lin es  

are presented in F ig .5 .3 .1 . T h e error bars ind icate the m axim um  devia tion  in w id th s va lu es  

obtained at the 5 p osition s in the d isch arge.

T h e Ar ion and atom  lin e  w id th s from  the m agnetron d isch arge are in the sa m e range o f  

va lu es a s  the lin es from  the ca libration lam ps, indicating  that they are m ain ly  due to  the pass-  

band (bandw idth) o f  the A O S  and the broadening o f  the o b served  lin es in the m agnetron  

disch arge is n eg lig ib le .

T he Intensity R esponse IR o f  the A O S  w ith w avelen gth  is  m ain ly  determ ined by  the 

acou stic  p o w er  app lied  to the crysta l, the cry sta l’s op tica l transm ission and the spectral resp onse  

o f  the photom ultiplier (P M T ). T h e relative in tensity o f  lin es situated  at c lo se  w avelen gth s is  

o n ly  a ffec ted  by the spectral resp onse o f  the PM T . In the 4 5 0 n m  -  4 9 0 n m  range, the spectral 

resp onse o f  the ph otocath ode is ex p ected  to  be constant, so  the relative in tensities w ill not be  

affected . T herefore  the evo lu tio n  (o v er  tim e and sp a ce) o f  e lectron  tem peratures determ ined  

from  in tensity  ratios o f  lin es  situated  at c lo se  w a v e len g th s w ill not be a ffected .
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F ig .5 .3 .1 : T h e  A O S -4  Pass-b an d and R eso lu tion  and the experim en tal w id th s for the A r ion and  

atom  lines. T he error bars indicate m axim um  devia tion.

5 .3 .1 .2 . N O IS E  A N I)  B A C K G R O U N D  D E T E R M IN A T IO N S

In general, determ ination o f  e lectron  tem perature from  lin es radiance ratios requires accurate  

lines* radiance m easu rem en ts w h ile  corrections for background n o ise, for continuum  e ffe c ts  due  

to recom bination  and for lin es su perposition  (overlap p in g) are necessary.

T h e background sign al due to the e lectron ic  n o ise  o f  the A O S -4  sy stem  can be consid ered  

independ en t o f  w avelength .

6 0 0 0

5 0 0 0

4 0 0 0

3 0 0 0

2000

1000

1 in a  ^ n a r t r i i m

A r 1. 4 6 0 .9 n m
A r II, 4 8 / .9 n m

LIIIO U lll

Jj L

3 0 0  4 0 0 5 0 0  GOO

W a ve le n g th  [nm]

7 0 0  8 0 0

F ig .5 .3 .2 :  T y p ic a l  e m is s io n  l in e  s p e c t r u m  in  th e  d i s c h a r g e  w ith  C u  t a r g e ts .
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T h e corrections for lin es' su perposition  are not n ecessary, as the high resolu tion o f  the A O S  

spectrom eter and the actual filter  e ffe c t  o f  the acou sto -op tic  d etection  a llo w  a high se le c tiv ity  o f  

the instrum ent for tim e-reso lv ed  m easu rem en ts (th e w avelen gth  can  be se le c te d  w ith a 

resolu tion o f  0 .01  nm ).

A s d iscu ssed  in the previous chapter, the lin e  spectrum  in the m agnetron d isch arge  w ith  

C u targets (F ig . 5 .3 .2 )  sh o w s  a c lea r  con tin uum  region (4 0 0 n m -4 7 3 n m ), w ith an ed g e  at 47 3 n m , 

m ost probably due to C u  II recom bination. T h erefore , corrections for con tin uum  le v e ls  betw een  

em iss io n  lin es  situated in th is region are n ecessary  for th is type  o f  spectrum .

M easuring  the n o ise  le v e ls  on both s id es  o f  the lin es  situated  in the contin u um  em issio n  

region  and usin g  th ese  va lu es a s  a correction for the in tensity  o f  the lin es is  used as a m eans for  

correctin g the con tin uum  n o ise .

T h e tim e-reso lved  n o ise  sign al has been m easured at the fo llo w in g  w avelen gth s:  

4 6 0 .6 9 8 n m  and 4 6 1 .2 3 2 n m  for A r II 4 6 0 .9 6 5 n m  line (situated  on the con tin u u m  em issio n  

reg ion) and 4 9 5 .0 0 n m  for the 4 8 7 .9 7 8 n m  lin e  (ou tsid e  the con tin uum  reg ion ). A n  a v erage  over  

three m easu rem en ts for each  position  and n o ise  w avelen gth  has been used  in order to  im prove  

the m easurem ent precision .

In co n c lu sio n , A r ion lin e s ’ in ten sities at 461 nm  have to  be corrected for the con tin uum  

leve l at each  s id e  o f  the lin e, in the ca se  o f  Cu targets. T h is  in d u ces a leve l o f  incertitud e in the 

T,. eva lu ation  as the lin es w ill have differen t in ten sities accord ing to the correction  for the 

con tin u um  lev e l at each  sid e. T h e va lu es presented in the Tf chart for C u targets are average  

va lu es b etw een  the tw o  va lu es obtained after con tin uum  corrections have been  app lied .

5 .3 .1 .3 . P R O O F S  F O R  L T E  (P L T E ) C O N D IT IO N S

T h e spectral lin es’ radiances used in the determ ination o f  Tr depend on leve l p op u la tion s and  

radiative transfer p rocesses.

T h e determ ination o f  Tf is  based  on the assum ption o f  a M axw ellian  distr ib ution o f  free 

e lectron s and B oltzm ann  en ergy  lev e l d istribution o f  ions, both valid  o n ly  under L T E  o f  PL TE  

cond itions.

T o  en su re L T E for rapid tim e variations and steep  sp ace  gradients requ ires the 

assum ption o f  a high e lectron  den sity , co llis io n a l - radiative relaxation tim es shorter  than the 

t im e-sca le  o f  Tf or n, variations and ion and atom  d iffu sio n  tim e across plasm a m uch lon ger  

than the relaxation tim es |40J .

A s  the observed variations o f  the pu lsed  d isch arge  input p ow er  occu r over t im e -sc a le s  o f  

2 0n s. (co in c id in g  w ith the tim e-reso lu tion  for op tical m easurem en ts) the indu ced m o d ifica tio n s  

in 7 ,  and nf w ill fo llo w  the sam e tim c-sca lc  during the pul.sc-on tim e, thus lo n g er  than the 

radiative p ro cesses  tim e-sca le  o f  a few  ns. T he atom  and ion m otion is a lso  m uch s lo w e r  than 

the tim e-sca le  o f  co llis io n a l and radiative p rocesses.
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T h e ab ove con sid eration s and the enhanced  m agn etic  con fin em en t provid ed b y  the opposed  

target geom etry  a llo w s for high e lectron  d en sitie s  during the d isch arge and en ab les an analysis  

based  on L T E con d ition s.

_ __ __ _ __ __ __ __ __ __ __ __ __ __ Chanter  5 :_______ Time-Resolved Plasma Diagnostic Methods

5 .3 .1 .4 . L IN K  B R O A D E N IN G

T h e em iss io n  lin e s ’ radiance is  d efin ed  as the integral o f  the em iss io n  in tensity  o v er  the lin e 's  

w idth and it is proportional to  the product betw een  the lin e ’s  in tensity  and its  w idth (F W H M ).

For con ven tion al spectrom eters, corrections for the Instrum ental P rofile  and the Intensity  

R esponse versu s w avelen gth  o f  the spectrom eter have to be con sid ered . T h e Instrum ental 

P rofile  o f  A O S  spectrom eter is g iv en  b y  its pass-band  and has very sm all va lu es as sh ow n  

p rev io u sly  (F ig .5 .3 .1).

U n lik e slit spectrom eters that arc ac tu a lly  m easuring lin e s ’ radiances. A cou sto -O p tic  

S pectrom eters (A O S ) are o n ly  m easuring the light in tensity sig n a l, therefore on ly  the lin e ’s 

height at the se lec ted  w avelen gth . Perform ing a high -reso lu tion  line spectrum  can provide the 

lin e ’s  w idth, but this width w ill not be tim e-reso lv ed . T h e A O S  tim e-reso lv ed  m easu rem en ts  

o n ly  prov id e the tim e-reso lv ed  light in tensity (th e lin e ’s  heigh t).

S o . in order to ex p lo it  the high resolu tion o f  the A O S  (both a s  w avelen gth  and tem poral 

resp onse) for e lectron  tem perature eva lu ation s, an a n a lysis  o f  the p ossib le  tem poral ev o lu tio n  o f  

the lin e s ’ w id th s is required.

O bserv ing  em iss io n  lin es o f  the sam e sp ec ie s  at the sa m e p osition  and m om ent during the 

pulsed  D C  d isch arge  en su res that the sam e co n d itio n s o f  e lectron  tem perature and d en sity  and  

sam e e lectr ic  and m agnetic fie ld s  apply for all lines.

T h e m ain factors in flu en cin g  the line w id th s are:

- the natural (L orentzian) line broadening, g iv en  b y  the natural w id th s o f  th e  em issio n  lev e ls ,  

dependent o n ly  on e lectron  tem perature and having va lu es w ell b e lo w  1 A.

- the D op p ler  therm al broadening, due to ion s random  m ovem ent a lon g  the direction o f  

ob servation . (Its  e ffe c ts  can be n eg lected  for our situation  as the ion s m o v e  on parallel e lectr ic  

and m agnetic  field  lin es  perpendicular to the d irection o f  observation);

Jtig
- the e lectron  im pact broadening, proportional to  ~  . :

- the pressure broadening is  encou ntered at h igh g a s  pressures or at e lectron  d en sitie s  h igher  

than 1 0 ,Kcm  \  m uch higher than the ex p ected  e lectron  tem peratures in the lo w  pressure  

disch arge.

In the o p p osed  target m agnetron geom etry  the e lectr ic  and m agnetic  fie ld s  are parallel and the 

ion s m ove practically  in straight lin es  a lon g  the direction o f  the t  and B  fie ld  lin es.
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T he initial therm al v e lo c itie s  o f  A r ion s are qu ick ly  o v erco m e by  the e lectr ic  fie ld s  o f  the 

cath od e pre-sheath and the io n s’ m ovem ent is perpendicu lar to the direction o f  observation, so  

the therm al D op p ler  broadening w ill not be observed .

S o , the natural broadening, the D op p ler  broaden ing and the pressure broadening can be 

n eg lected  a s  they are either  n eg lig ib ly  sm all com pared to the reso lu tion o f  the spectrom eter or 

s im p ly  d o  not ap ply to the o b served  plasm a con d ition s. T h e line w id th s w ill o n ly  be a ffected  by 

e lectron  im pact broadening.

A s the ratio o f  line w id th s due to  e lectron  im pact broadening (d ependent o n ly  on electron  

d ensity  and tem perature) is a constant at ev ery  m om ent during the pu lse, there is  no  need  for a 

t im e-reso lv ed  eva lu ation  o f  the lin e s ’ w idth ratio. O n ly  an eva lu ation  o f  the average w idth ratio  

during the pu lse  (at each  position  in the d isch arge) m ay be required.

T h e ab ove con sid eratio n s a llo w  tim e-reso lv ed  e lectron  tem perature m easurem ents using  

A cou sto -O p tic  spectrom eters, as the lin e s ’ radiances at ev ery  m om ent during the p u lse  can  be 

ca lcu lated  as a product b etw een  their t im e-reso lv ed  h eigh ts and their FW H M  w idths.

T h e  w idths for the ion ic  lin es 4 6 0 .9 n m  and 4 8 7 .9 n m  (A r II) have been  m easured at the 5  

p osition s in the d isch arge  lead in g  to values o f  0 .2 0 5  ± 0 .0 7 n m  and resp ectiv e ly  0 .2 2 5  ± 0 .0 9 n m ,  

are c lo se  to  the pass-band va lu es o f  the spectrom eter (presen ted in F ig .5 .3 .1 ).

A s the lin e s ’ w id th s ratio a ffected  m ain ly  by e lectron  im pact broadening is  a constant 

(ind ep en dent o f  e lectron  d en sity  or tem perature) the ratio o f  lin es  radiances is equal to the ratio 

o f  lin es  in ten sities (h e ig h ts) m easured by the A O S  spectrom eter and the actual u se o f  the 

determ ined lin es w idths is not necessary  here.

In co n c lu sio n , for the o b served  m agnetron con figu ration  and w h ile  usin g an A O S  

spectrom eter, the ratio o f  lin e ’s  radiances is  g iv en  directly  by the ratio o f  lin e s ’ in ten sity (op tical 

sign al height a s  g iv en  by the A O S ).

5 .3 .1.5 . T H E  E L E C T R O N  T E M P E R A T U R E

U sual sp ectroscop ic  e lectron  tem perature m easurem ents are based  on the ratio o f  integrated  

l in es  radiances (o f  the sam e atom  or ion ), prov iding tim e-averaged  Te va lu es in the d isch arge.

U sin g  the ratio o f  t im e-reso lv ed  lin es  rad iances (as show n in the previou s  

consid eration s, here, on ly  the tim e-reso lv ed  in tensity o f  each  line is necessary) prov id es a tim e-  

reso lved  Tf  b ased on the sam e form ula:

kT=_____________ ______________________ ; (5 .3 .2 )

^ ^ T t i l n \ S m 2 ^ n 2 j r t 2   ̂/^m2/»28ml ̂ n \ m l )

'n2m2

w h ere k T  is the e lectron  tem perature T, in [eV ] and for ea ch  lin e  (1 )  and (2 )  resp ectiv e ly , Xmn is  

the line w a v elen g th , / w„ is  ihe radiance ( lin e ’s  height b y  its  F W H M ). f>„ the statistical w eigh t o f  

the upper lev e l. A„m the transition probability and Em the high en ergy  leve l o f  each  line.
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T w o  A r io n ic  lin es  (4 8 8 n m  and 461 nm ) have been  used  in  order to  determ ine the 

electron tem perature for the m agnetron con figu ration s w ith  C u, resp ectiv e ly  Fe targets. The  

characteristic em issio n  param eters for the em iss io n  o f  each  line are presented in T ab le  1 

(C hapter 5 .2 .2 )

C orrections for the con tin uum  radiation are taken in to  accoun t by dedu ctin g the n o ise  level 

m easured at a w avelen gth  c lo s e  to  the em issio n  lin e, in a region free from  other lin es as 

in dicated in the prev iou s chapter.

In order to in crease  precision (b y  m in im iz in g  the experim en ta l error) lin es in tensities  

have been  averaged  over three se ts  o f  m easurem ents at each  position. T he background m easured  

at w a v elen g th s just b e lo w  and ab ove each  lin e  has a lso  been  averaged o v er  three se ts  o f  

m easurem ents. T h ese  av erages inc lud e position in g  errors a s  w e ll as op tical m easurem ent errors

centre).

T h e typical t im e-reso lv ed  evo lu tio n  o f  the e lectron  tem perature from  ion ic  lin es is  presented  in 

F ig .5 .3 .3  for a pu lsed  D C  d isch arge at 50k H z, 4 0 1 6 n s  p u lse -o ff  tim e, 2A  current run, at the 

centre o f  the d isch arge  (z = 0  cm ).

In F ig .5 .3 .3 . the T, v a lu es are presented as an average betw een  T, va lu es obtained taking  

in to account the n o ise  va lu es to  the left and right o f  each  line (represented a s  green  and pink  

d ots). T h e e lectron  tem perature evo lu tio n  during the d isch arge  (F ig .5 .3 .3 -F ig .5 .3 .5 )  a llo w s  

direct ob servation o f  e lectron  d y n am ics and o f  the d ifferen t stages in the d isch arge  ev o lu tio n  

during the pu lse . A s  can be seen  from  F ig .5 .3 .3 , the e lectron  tem perature evo lu tio n  fo llo w s  the 

ap plied V o ltage  w aveform  on the cathod es.
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Chapter 5: Tim e-Resolved Plasma Diagnostic M ethods

T i m e  [ u s ]

F ig .5 .3 .4 . S p ace and tim e-reso lv ed  e lectron  tem perature (3 D  v iew ) during the p u lse  at 5 0 k H z.  

p ulse  o f f  tim e 4 0 1 6 n s. set current 1=2A . argon pressure p= 3m torr.

T e  [ e V J

8  1 0  1 2  

T im  e [ u s ]

F ig .5 .3 .5 . E lectron tem perature contour lin es  evo lu tio n  during the pulse  at 50 k H z. p u lse  o f f  tim e  

4 0 1 6 n s. set current 1=2A . argon pressure p= 3mtorr.

It can he noticed  that m axim um  va lu es for the e lectron  tem perature ( 7 > 1 8 e V )  are reached at 

region s c lo se  to  the centre o f  the d isch arge  (3 cm  to  5 c m  from the targets), at m om en ts during  

the pu lse b etw een  3 n s  and 5 jls . A s  th ese  tim e and sp ace  intervals d efin e  the reg io n  w ith  

m axim um  A r ion ization  probability , the d ev e lo p m en t o f  the d isch arge can  b e  inferred from  it.

T h e su dd en  increase in Tr o b served  as high peaks (F ig .5 .3 .4 )  are a clear  in d ication  that a 

large num ber o f  ion s reach the targets alm ost s im u ltan eou sly , lead ing to  a sudden in crease  in the 

num ber o f  secondary e lectro n s and thus in the average e lectron  energy.
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T h e T, va lu es at region s c lo ser  to  the targets (7V<I le V )  w ill not a llo w  A r ionization , therefore, 

re-sputtering e ffe c ts  w ill not encou n tered . A  d eta iled  d iscu ssio n  on the d evelop m en t o f  the 

sputtering p rocess based on the resu lts from  the O E S and Tf  m easurem en ts w ill be presented  in 

C hapter (6 .1 ).

5 .3 .2  T,  C H A R T S  F O R  F e T A R G E T S

A typical lin e  spectrum  m easu red at z = 0  (discharge cen tre) is  presented a long  w ith a spectrum  

m easured at z = 4 c m  from  the targets in F ig . 5 .3 .6 .

W e can  observe that th ere are several reg io n s with recom bination  e d g e s  (contin uu m  

em iss io n ) but the lin es o f  interest (A r  II. 4 6 In m  and 4 8 8  nm ) are situated in regions w ith  a lo w  

background, w ith  n eg lig ib le  con tin u u m  em iss io n . T h e tim e and space distribution o f  A r atom s  

A r ions and ex ited  F e atom s h a v e  been  presented  in  C hapter (5 .2 .4 ).

T h e strong A r II lin es  at 461 nm and 4 8 8 n m  w ith  characteristics o f  the em issio n  lin es  

presented in T ab le .5 .2 .1  (C hapter 5 .2 .)  are used for T, deten n in ation s.

5 .3 .2 .1 . L IN E  B R O A D E N IN G .

A s exp la in ed  in C hapter (4 .3 .2 .1 ) , the m ain lin e  broadening e ffe c t  in this type  o f  m agnetrons  

and operating co n d itio n s is d u e  to D oppler (therm al) broadening and e lectron  im pact 

broadening.

For F e targets (a s in the c a se  o f  C u targets) the A r ion s m o v e  a long  the parallel e lectr ic  

(ca thode pre-sheath) and m agn etic  fie ld  lin es, on  a direction  perpendicular to the targets. T h ese  

fie ld s  o v erco m e the therm al m ovem en t o f  ions. T h e ion lin es’ w id th s in the Fe target 

configuration  w ill not be a ffe c te d  by the D oppler e ffe c t  broadening, as their m ain m ovem ent  

w ill be perpendicular to  the d irectio n  o f  observation.

A s  in the ca se  o f  the Cu targets configuration , the ratio o f  lin e s ’ w id th s a ffected  o n ly  by  

electron im pact broadening is a constant, as Te and resp ectiv e ly  n,  are the sam e for both lin es at 

the sam e m om ent and p osition  in  the discharge.

So , in the ca se  o f  Fe targets, the ratio o f  lines' radiances is a lso  directly  g iv en  by the ratio  

o f  the lin e s ’ in ten sities (sign a l h e ig h t) a s  g iv en  b y  the A O S  spectrom eter.

5 .3 .2 .2 . C O R R E C T IO N S

T h e determ ination o f  e lectron  tem perature from  the lin e s ’ in tensities ratio requires an estim ation  

o f  the necessary  corrections for the background n o ise , for continuum  e ffe c ts  due to  

recom bination  and for lin es su p erp osition  (overlapp in g).

T h e lin e  spectrum  (F ig .5 .3 .6 )  d o cs  not indicate  a large discrepancy b etw een  background  

leve l o f  the tw o  Ar ion lin es (461  nm  and 4 8 8 n m ) ch o sen  in for th is stu dy , so  corrections for 

contin u um  le v e ls  betw een  th ese  tw o  lin es are not necessary .
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A s sh ow n  b efore , the corrections for lin es su perposition are not n ecessary  due to  the high  

reso lution o f  the A O S . w h ile  the background signal due to  the e lectron ic  n o ise  o f  the A O S  

system  can be neg lected , being  independent o f  w avelength .

T herefore, t im e-reso lv ed  background signal m easu rem en ts for Fc (A r) d isch arge h ave not 

been taken in to  account.

A s  sh o w n  in C hapter (2 .3 )  the Intensity R esp on se  o f  the A O S can  be co n sid ered  constant 

for c lo s e  lin es  (at 461 nm  and 4 8 8 n m ) and no  further corrections o f  lin e s ’ in ten sities are 

n ecessary. A ssu m in g  that all n o ise  at the required w avelen gth  is o n ly  e lectron ic  n o ise  (at the 

m easured w a velen gth ) the va lu es obtained don't h ave to be corrected and the total in ten sity  ratio 

can  be used  directly.

10000 — C » * i r n

Wawlwflhlmj

F ig .5 .3 .6 : O ptical E m ission  L in e  spectrum  for Fe targets m agnetron plasm a at 5 0 k H z ,w = 4 9 6 n s ,  

1=1.5A . p=2m torr.

T herefore , in this ca se , the evo lu tio n  o f  e lectron  tem peratures in the d isch arge is  w e ll described  

by the direct line in ten sity ratios (sign al heights).

5 .3 .2  J .  E L E C T R O N  T E M P E R A T U R E  C H A R T

For Fe targets, the e lectron  tem perature h as m uch higher va lu es than those obtained for the Cu  

targets con figu ration  (F ig .5 .3 .7  and F ig .5 .3 .8 ). T h ese  h igher e lectron  tem peratu res lead to a 

d ifferen t space-tem poral d istribution for the A r ion s, w ith co n seq u en ces  on th e  disch arge  

behaviour.
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8  9  1 0  1 1 1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  2 0

T im  e  [ u s ]

 ,________
3 0  3 5

T e [e V ]

F ig .5 .3 .7 : C ontour lin es  for the sp ace  and tim e-reso lv ed  e lectron  tem perature distribution for Fe 

targets.

Time [us]

F ig -5 .3 .8 : 3 D  v iew  o f  the S p a ce  and t im e-reso lv ed  e lectron  tem perature distribution for Fe 

targets.

A t m om ents betw een  t= 3 jis  and t= 6 )is  during the pu lse, in the region s c lo se  to  the targets (1 cm  

- 2 c m  from  the targets) the e lectron  tem perature reach es values a b o v e  l l e V .  thus e lectron  

en erg ies  a b o v e  16eV . a llo w in g  for A r ionization (F ig .5 .3 .7 ) .

A  strong in crease  in Te can  be observed  at t~ 4 p s . (7*,~40eV ) fo llo w e d  by a secon dary  peak at 

t= 5 jis  ( 7 > 2 0 e V ) .  T h ese  high T, peaks arc form ed due to the increase in the num ber o f  h igh-  

en ergy  secon d ary  e lectro n s at the resp ective m om en ts during the pulse.
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A s reg ions b e lo w  1cm  from  the targets have not been  in vestigated  by O E S , the actual 

ion d en sity  at th ese  reg io n s co u ld  not be observed . A  m ajor d ifficu lty  in perform ing O E S  

m easurem en ts in a region c lo se  to the targets is  due to  the reflected  light from  the targets.

5 .3 3 .  C O N C L U S IO N S

T h e tim e and sp a ce-reso lv ed  determ ination o f  e lectron  tem perature, together w ith the 

distribution o f  ex ited  and ion ized  sp ec ie s  in the d isch arge  a llo w s a g o o d  understanding o f  the 

ph enom ena that take p lace during the pu lse-on  tim e in the p u lsed -D C  m agnetron plasm a.

T h e ca se  o f  O E S d ia g n o stic  for ferrom agnetic targets is  particularly interesting, both from  

practical point o f  v iew  -  provid in g an exp lanation  o f  increased target heatin g and increased ion  

en erg ies  at the substrate -  and as a m odel o f  p h ysica l phen om en a that lead to  th ese  e ffe c ts  

(C hapter 6 .1 ).

T h is type o f  p lasm a has a certain  particularity -  the m agnetic  fie ld  distribution in the 

X O Z  cro ss-sec tio n  for Fe targets is  concentrated in the centre o f  the d isch arge due to the  

absorption o f  the B x  com p on en t o f  the m agnetic  fie ld  in the ferrom agnetic  targets. C om pared to  

the fie ld  for the C u targets, for the Fe targets the m agnetic  fie ld  d ecrea ses  fast in  reg io n s situated  

at 2cm  from  each  en d  o f  the target cro ss-sec tio n  (se e  F ig .3 .1 .8 )  lead ing to  a lo ss  o f  co n fin em en t  

at those region s, a lo w er  e lectron  d en sity  and higher e lectron  tem peratures.

T h is structure o f  the m agnetic  fie ld  leads to  low er e lectron  d ensity  in the d isch arge and to  

higher e lectron  tem peratures. T h erefore , the m agnetic  fie ld  distribution has an important e ffe c t  

on the evo lu tio n  o f  e lectron  tem peratures.

S o m e o f  the results presented  in this S ectio n  h ave been  includ ed in a paper pub lished  in 

the S V C -4 8  p roceed in gs (54).
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5 .4 . T I M E  A N D  S P A C E -R E S O L V E D  IO N  E N E R G Y  S P E C T R A  (IE S )

5 .4 .1 . IN T R O D U C T IO N

T h is chapter presents the experim en tal data obtain ed  usin g  the H 1DEN m ass-en ergy  analyser, 

the sp ace-reso lv ed  Ion E n ergy  Spectra  (IE S ). a d iscu ssio n  on the basic  inform ation provided by  

the IES and the m ethod for ob ta in in g  tim e-reso lv ed  inform ation  from  the en erg y  distributions.

5 .4 .2 . E X P E R IM E N T A L  S E T -U P

T h e Penn in g type  [1, 2. 3 ] opposed  target m agnetron geom etry  is  presented  in F ig .5.4.1 and  

co n sists  o f  tw o  o p p osed , rectangular targets. T h is  configuration  is used for e ith er  copper or  iron  

targets.

For the cop p er targets (99 .99%  purity) the d im en sion s are ( 12 0 x  180x9  m m ), w h ile  for the 

iron targets (99 .9 9%  F e) the d im en sio n s are (1 2 0 x 1 8 0 x 1 1  m m ). T he w ork in g g a s is  A r at a 

pressure o f 0 .4 P a  ( 3 x 1 0  ' torr). a fter ev a cu a tin g  the cham ber to  10 4Pa (1x10'*  torr).

T h e ENI R P G -1 0 0  pu lse generator h a s  been used to  prov id e the asym m etric  pu lsed D C  

bias o f  the targets at 5 0 k H z and p u lse -o ff  t im es  o f  4 9 6 n s to  8 0 1 6 n s. T h e high v o ltage  is applied  

in parallel on the cath odes. T h e operation m od e w as set for a constan t current run at 2A  for Cu  

targets and resp ectiv ely  1.5A  for Fe targets . T h ese  operating co n d itio n s en su re a stab le  

discharge for both configuration s, at c lo se  op erating param eters that a llo w  a com parison o f  the 

experim ental results.

T h e ion en ergy  spectra w ere m easu red using the H ID E N  A n aly tica l E Q P 300  analyser  

(C hapter 1.4). T h e diam eter o f  the probe o r ifice  used  w as 50^im. T h e ax ia l d istance D  o f  the 

E Q P probe (F ig .5 .4 .1 )  to  the targets e d g e  can  be adjusted from  le m  to  10cm  from  the targets 

ed g e . T h e EQ P analyser  has been  tuned at D = l0 c m  from  the targets ed g e  accord ing to  the 

d escription provided in C hapter (2 .4 ).

z

X

F ig .5 . 4 . 1. G e o m e tr y  o f  th e  o p p o s e d  ta r g e t  m a g n e t r o n  a n d  th e  E Q P  p ro b e .
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5 .4 .3 . T H E  IO N  E N E R G Y  S P E C T R A  (IE S )

T h e IES for A r io n s  and resp ectiv e ly  C u ion s and Fe ion s m easured at a distance D = 1 0 cm  from  

the targets e d g e  (F ig .5 .4 .1 ) for D C  and pu lsed D C  operation are presented for several va lu es o f  

the p u lse -o ff  tim e (w )  in  F ig .5 .4 .2  - F ig .5 .4 .5 .

D uring D C  operation, the m easured Cu ion spectrum  has an en ergy  distribution typical to 

the actual en ergy  distribution o f  the m etal atom s from  the sputtering  process . S im ilar energy  

distributions w ere obtained from  sim u la tion s usin g  the A C A T  co d e  for D C  sputtering o f  C u in 

A r a l0 .4 P a  (21 ].

T h e Ar ions spectrum  during D C  operation has a peak at about 0 .5 e V  and a higher energy  

tail in the sam e en ergy  range a s  the Cu ion s, m ost probably due to  c o llis io n s  b etw een  the g a s  

atom s ( io n s)  and the sputtered m etal atom s ( io n s). T he lo w  en erg y  peak represents the m ost 

probable en ergy  o f  the A r ion s in the d isch arge bulk.

D uring pu lsed  D C  operation the Ar and C u ion spectra have a sim ilar, w id e  energy  

distribution, w ith a peak at 4 0 e V  for p u lse -o ff  tim es lon ger than 4 0 1 6 n s . T h is  in d icates that both  

A r and C u ion s are ga in in g  en erg y  in the sam e type  o f  e lectr ic  fie ld  during the p u lse -o ff  tim e.

T h e IES for Fe targets (F ig .5 .4 .4  for A r ion s and F ig .5 .4 .5  for Fe ion s) sh o w  a sim ilar  

behaviour with the p u lse -o ff  tim e but w ith h igher in tensity  for the Ar ion spectra and a m arked  

peak in the en ergy  range 2 e V -2 0 e V . m atching c lo se ly  the en erg y  distribution o f  sputtered Fe  

atom s and resp ectiv e ly  post-sp uttered  (reflected ) A r atom s, as presented  in (21 ).

F ig .5 .4 .2 : A r ion energy spectra at 5 0 k H z, I= 2A , p=3m torr, for differen t p u lse -o ff  tim e valu es  

for C u targets.

[e V2 0  4 0  6 0  8 0  E n e rg y

w = 2 0 1 6 n s

w = 4 0 1 6 n s

w = 6 0 1 6 n s

w = 8 0 1 6 n s
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D C

w=496ns
w=1056ns
w = 2 0 1 6ns
w=4016ns
w=6016ns
w=8016ns

E n e r g y  [e V

8 0  E n e rg y  [e V

F ig .5 .4 .3 : C u ion en erg y  spectra at f= 50kH Z . I= 2A . p A i= 3 m to rr , for differen t p u lse -o ff  tim e (w )  

values.

ion en ergy  spectra for Fe targets, for d ifferen t p u lse -o ff  tim e (w ) va lu es.

U U

W — H ^ D l l o

w = lO o b n s

w —c\ j  i o n s

> 4 0 1  A n c
W — H U  I O l i o

8 0  E n e rg y  [e V ]

F ig .5 .4 .5 :  F e  io n  e n e r g y  s p e c t r a  f o r  F e  t a r g e ts ,  f o r  d i f f e r e n t  p u l s e - o f f  t im e  ( w )  v a lu e s .
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5.4 .4 . D IS C U S S IO N

A com parison  betw een  the IBS ob ta in ed  for C u targets and for Fe targets is  presented in 

F ig .5 .4 .6  for D C  operation and resp ectiv ely  in F ig .5 .4 .7  for pu lsed  D C  operation at 2 0 1 6 n s  

p u lse -o ff  tim e. T h e ion en erg y  spectra during D C  operation fo llo w  the ex isten t ion energy  

distribution in the bulk, during the O N  phase o f  the pulse.

F ig .5 .4 .6 : D C  ion en ergy  spectra for C u and Fe targets.

1 .0 E + 07

1.0E +06

C/1.0E+05

c
D
o

U .0 E + 0 4

1 .0E + 03

1 .0E + 02  

0 2 0  r  r \  n  3 0
E n e rg y  [e V ]

— Fe+ , DC op era tio n

 C u+ . DC, 2 A , 3 n to r r

 A r+ , D C  op era tion

A r+ . F e  T a rg e ts . DC

F ig .5 .4 .7 : Pulsed D C  ion en ergy  spectra at f= 5 0 k H z, o f f  t im e= 2 0 1 6 n s. for Cu and Fe targets.

1 0 E + 0 7

1 .0 E + 0 6

w  1 .0 E + 0 5
4 -'
c
D
O

1 .0 E + 0 4

1 0 E + 0 3

1 .0 E + 0 2

0 4 0  6 0

E n e rg y  [eV ]

For C u targets (F ig .5 .4 .6 )  both Cu ion and Ar ion en ergy  spectrum  d isp la y  an energy  

distribution w ith tw o  peaks (a therm al population  and a higher en ergy  population  from  the 

original sputtered atom  energy  distr ibution) as predicted |3 J  by sim u lation s usin g the A C A T  

co d e  for a D C  planar m agnetron d isch arge in A r at 0 .5P a.
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D ifferen ces in e lectron  k inetics, con fin em ent and e lectron  tem perature w hen usin g the Fe 

targets can  be noticed  (F ig .5 .4 .7 ):

- Both the F e and A r ion s are leav in g  the bulk w ith the high en erg ies  from  post-sputtering and  

backscattcring  indicating  a high ionization e ff ic ie n c y  at reg io n s c lo s e  to the targets:

- T h e low  en ergy  A r g a s is  le ss  ion ized  (the lo w  en ergy  A r ion peak for Fe targets is 2 orders o f  

m agnitude sm aller than the o n e  for C u  targets), indicating  a low er ion ization  e ff ic ie n c y  at 

region s w here g a s atom s at therm al en ergy  dom in ate.

T h e higher en erg ies  o f  the F e  (and Ar) ions can  be exp la in ed  through a higher degree  o f  

ionization for the post-sputtered  and backscattered atom s (h igh  en ergy  Fe atom s are 

backscattered after Fe se lf-sp u tterin g  the sam e w ay a s  A r atom s are backscattered after 

sputtering). T h e higher energy  backscattered atom s [21 ] are ion ized  w h ile  cro ssin g  a region with  

high e lectron  tem peratures situated  c lo se  to the targets, and can  lead to  se lf-spu ttering  and auto-  

sputtering.

T h e fact that the A r ion en ergy  distribution m atches c lo s e ly  the o n e  o f  the Fe ion  

ind icates that both Ar and Fe ions (resp ectiv e ly  atom s) originate from  the sam e process: the 

backscattered (reflected ) atom s after sputtering.

T h e  occurrence o f  se lf-sp u tterin g  for Fe targets is a lso  indicated by the p resen ce o f  h igh- 

energy  backscattered Fe ions.

T h e en ergy  d en sity  o f  the total ion current (d u e to  both A r and m etal ions during the 

w h o le  p u lse) at the substrate (m easu red for d ifferen t pulse  duty c y c le s  and integrated over the 

total pu lse  duration. 2 0 n s )  is about tw ice  for the Fe targets than for C u targets (F ig .5 .4 .8 ) .

F ig .5 .4 .8 : C om parison o f  the en ergy  d en sity  o f  the total ion current at the probe (substrate) for 

Cu and Fe targets.
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5.4 .5 . T H E  S P A C E -R E S O L V E D  IO N  E N E R G Y  S P E C T R A  (IE S)

T h e IES are o b served  a s  a function o f  the distance D  (F ig .5 .4 .1 )  b etw een  the targets ed g e  and 

the probe, for the C u target configuration . T h e IES during a 50 k H z, w = 8 0 I 6 n s  p u lse -o ff  tim e  

d isch arge at I= 2A  and 0 .4 P a  Ar g a s pressure have been observed . T h e EQ P tuning w as  

perform ed w ith the probe situated at a distance D = 1 0 cm  from  targets ed g e , th is tuning being  

used  for all m easurem ents.

T h e m axim um  IES en ergy  va lu e in F ig .5 .4 .9  and F ig .5 .4 .1 0  d ecrea ses  a s  the probe 

d istan ce to  the targets in creases. T h is  is  due to the plasm a potential (V p ) valu es that are 

d ecreasin g  w ith  d istan ce  from  the targets.

T h e step -lik e  e d g e s  in the energy  distribution can  be link ed to the o sc illa tio n s o f  the 

plasm a potential during the p u lse -o ff  tim e. T h ese  occu r at sm aller energy  va lu es w hen  

increasin g the d istan ce from  the targets as w e ll. T h is  lead s to  a narrower m ain peak for D = 1 0  

cm  than those for D = 8 cm  or D = 6 c m  (F ig .5 .4 .9 ) . For d ista n ces from  the targets e d g e  sm aller  

than 5cm , the m ain peak w idth g e ts  w ider, w h ile  the m axim um  en erg y  e x c e e d s  lOOeV 

(F ig .5 .4 .1 0 ).

For d istances very  c lo s e  to the targets ed g e , the m easurem ent is  perturbing the d isch arge * 

g iv in g  the large n o ise  asp ect o f  the spectrum  - and can  lead to  an ex tin ctio n  o f  the d isch arge  

(F ig .5 .4 .1 0 . for D = lc m ) .

1.0E+02

0  20  4 0  60  80  100
Energy [e V ]

F ig .5 .4 .9 : Ar IES as a function o f  the d istan ce D  o f  the probe from  targets ed g e , for d ista n ces  

larger than 5cm . T h e  (* )  arrow s in d ica te  the "step-like" e d g e s  in the ion en ergy  distribution.
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F ig .5 .4 .1 0 : A r IES as a function o f  the distance D  o f  the probe from targets ed g e , for d istan ces  

sm aller  than 5cm .

5.4 .6 . T H E  T IM E -R E S O L V E D  M E T H O D  FO R  I.E .S . A N A L Y S IS

T im e-reso lved  IES can be ob ta in ed  from  the total integrated IES usin g sim p le  d e-co n v o lu tio n  

m ethods and a statistical a n a ly s is  o f  the average num ber o f  cou n ts integrated (during the pu lse-  

o f f  tim e) a s  a function o f  the p u lse -o f f  tim e, as it w ill  be exp la in ed  in the fo llo w in g .

D ue to the o b v io u s tem poral d ependence o f  ph enom ena taking p lace in the pulsed D C  

d isch arges, there is an in creased  interest in tim e-reso lv ed  IES data and sign ificant work has 

been  d evoted  to gated acq u isit io n  o f  counts at the detector, e lectro n ica lly  shuttering the ion s at 

the E Q P entrance or through acceleration /d eceleration  m ethods [56 . 7 8 ]. T h ese  m ethods are 

d efic ien t from  the point o f  v iew  o f  tem poral reso lu tion (2 p s  to  4 p s )  and tem poral syn c betw een  

coun ted data and actual start m om ent o f  the pu lse  a s  the ion s transit tim es through the 

sp ectrom eter are o f  the order o f  lO jls (fo r  A r io n s) and they are m ass dependent.

In fact, real-tim e IES can n ot be obtained w ith E Q P  ana lysers and the idea  o f  a real-tim e  

m easurem ent o f  the spectra is so m eh o w  m ea n in g less as the required acqu isition tim e ( I n s  -  

1000ns) is  gen era lly  le ss  than the tim e the e lec tro n ics  n eed s to  p rocess the data! M ore, the 

num ber o f  cou n ts integrated durin g  very sm all tim e-in tervals  m ay be m uch sm aller  than the 

statistica l m easurem ent error, lea d in g  to  very  “ n o isy  m easurem ents” w ith  data va lu es sm aller  

that the standard devia tion.

T h is is w h y, the o n ly  re liab le  m eans to obtain the tem poral inform ation in particle  

cou n tin g  sy stem s is  to acquire a  num ber o f  cou n ts during a m easuring tim e interval, in order to  

a llo w  for a ccrtain  statistics and precision leve l o f  the countin g .

T h e EQ P energy a n a ly ser  provid es the integrated num ber o f  counts during the 100m s  

d w ell tim e o f  the EQ P. A t e a c h  en ergy  point, the E Q P w ill integrate the num ber o f  pu lses  

acquired during a 100m s tim e in terval.
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S o , at each  en erg y  point, the total num ber o f  ion s co llec ted  over 100m s d w ell tim e (o v er  5 0 0 0  

p u lses  o f  2 0 n s )  is con sid ered . T h is procedure a llo w s a g o o d  precision o f  the coun tin g  

(in tegration) and m easurem en t. T h e tem poral inform ation  can  be d erived  by  a statistical analysis  

o f  the acquired cou n ts over  the tim e interval o f  interest (characteristic for the observed  process).

A n y I t S  obtained during pu lsed  D C  operation is  a co n v o lu tio n  o f  the spectrum  obtained  

during the pu lse-on  tim e and the o n e  ob ta in ed  during the p u lse -o ff  tim e o f  the pu lsed  D C  

discharge.

A s  the D C  spectrum  (fo r  both g a s and m etal ion s) has a s im p le  en ergy  distribution that 

can  be m easured and ob served  during the D C  operation o f  the m agnetron, a sim ila r en ergy  

distribution is  ex p ected  for the p u lse-on  tim e operation . O b serv in g  pulsed D C  spectra, w e  can  

see  that the lo w  energy  part is  sim ilar to the on e obtain ed  during D C  operation , indicating  that 

the resp ectiv e  region  o f  the IES is ob ta in ed  during the p u lse-on  tim e. T h e higher en ergy  reg io n s  

o f  the IES are o b v io u sly  obtained during the p u lse -o ff  tim e.

T here is  a c lea r  separation in th ese  distr ibutions in the IES, indicating  that they appear  

through differen t p rocesses. T h is  a llo w s settin g  an energy  threshold  for the separation betw een  

pulse-on  and p u lse -o ff  tim e counts. T h e error due to  the c h o ic e  o f  th is threshold  lev e l is  

estim ated to  b e b e lo w  5% w h en  the threshold is ch o sen  at the separation region.

T h e ab ove approach represents the sim p lest d e -co n v o lu tio n , g iv en  by  the d ifferen ce  

betw een  tw o  spectra ( o f  w h ich  o n e  has know n ca u se s  and distribution) and it is ex te n s iv e ly  used  

in other fie ld s  o f  experim en tal ph ysics: nuclear p h y sics , a tom ic  p h y sics, radiation dosim etry. 

T h erefore , the cou n ts acquired during the p u lse-on  tim e and the p u lse -o ff  tim e can be d e ­

c o n v o lv e d  by settin g  a threshold lev e l in the pulsed D C  spectra, w h ile  further a n a lysis  can  be  

perform ed by tem poral averag ing o v er  the characteristic tim e interval.

T h e obtained va lu es are o n ly  av erages and trends o f  the acquired num ber o f  counts, not 

absolu te  va lu es. N everth eless, the a b ove-d escrib ed  tim e-reso lv ed  IES m ethod a llo w s  an analysis  

o f  phen om en a taking place  at the EQ P region.

T h e  statistical a n a lysis  ap plied to  the m easured IES w ill be  d ev e lo p ed  and d iscu ssed  in 

relation to  the “ Physica l m od el for the p u lse -o ff  tim e plasm a", in C hapter 6 .2 .

5 .4 .7 . T H E  IE S S T A T IS T IC S

S o m e error ( le s s  than 5% ) in ca lcu la tin g  the ion num ber during the p u lse-on  and p u lse -o ff  

duration ar ises from  the c h o ice  o f  en d . resp ectiv e ly  start point o f  integration on the IES. T h is  

point w a s ch o sen  at E = 3 .5 eV  for A r ion s and at E =I 1.5eV  for C u ion s and it corresp on ds to  a 

c lea r  m in im um  in the en erg y  spectra. T h ese  threshold va lu es a lso  correspond to the h igh -en ergy  

lim it o f  the spectra ob ta in ed  during D C  operation .

T h e pu lse-on  tim e spectra w ere con sid ered  b e lo w  3 .5 eV  for A r ions, resp ectiv e ly  b e lo w  

I l .5 e V  for Cu ions; and the p u lse -o ff  tim e spectra a b o v e  these.
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A s the C u ion d en sity  is  about 100 tim es low er than that o f  Ar ion s and it d ep en d s strong ly  on  

the sputtering process , the Cu ions are not in clu d ed  in  the a n a ly s is  o f  the ion flux and flux rate.

T h e num ber o f  ion s c o lle c te d  during the pu lse-on  t im e  d ecrea ses  slig h tly  w ith  increasing  

the p u lse -o ff  tim e, a s  exp ected : w h ile  the num ber o f  ions c o lle c te d  during the p u lse -o ff  tim e has  

a strong increase w ith the p u lse -o ff  tim e (F ig .5 .4 .1 1). A  s im ila r  behaviour is  o b served  for both  

C u and A r ions. For p u lse -o ff  tim es lon ger than 4 0 0 0 n s , the ion num ber is in creasing  alm ost  

linearly  w ith  the p u lse -o ff  tim e.

T h e  ion flux  in F ig .5 .4 .1 2 h as been  ca lcu lated  a s  the num ber o f  A r ion s co llected  during  

the pu lse-on  and p u lse -o ff tim e, each  per co llectio n  tim e. A t 50kHz., the co llectio n  tim e for the 

pulse-on  tim e is: 19504n s, 1 7 9 8 4 n s ... 1 1984n s and for the p u lse -o ff  tim e is resp ectively : 4 9 6 n s, 

2 0 1 6 n s... 8 0 16ns.

T h e obtained valu es for the ion flux are a lso  “cu m u la tive"  va lu es correspond ing to  the 

d w ell tim e o f  the E Q P  and not ab so lu te  va lu es o f  the rea l-tim e ion flux. M easuring the real-tim e  

valu es o f  the ion flux  w ou ld  lead to  a very lo w  coun t m easurem ent and a poor precision o f  

estim ation. T h e “cum ulative"  ion flu x  ca lcu la ted  as ab ove a llo w s a g o o d  precision for tem poral 

an a lysis  and com parison purposes.

W e can  n otice  that the ion flux is constant with the duration o f  the p u lse-on  tim e, 

indicating  a constant ion flux  at the probe at any m om ent during the pu lse-on  tim e (or during  

D C  operation). T h is proves that the plasm a-probe sheath durin g the pu lse-on  tim e has a constant  

extent that is not in flu en ced  by the duration o f  the p u lse -o n  tim e ( i.e . it is  independent o f  the 

duration o f  co llec tio n  tim e). A lso , the ion flux d en sity  at the probe region  is  independent o f  the

F ig .5 .4 .1 1: T h e num ber o f  Ar and C u ions co llec ted  b y  the en ergy  analyser  probe during the  

pulse-on  tim e and during the p u lse -o ff  tim e, as a function o f  the p u lse -o ff  tim e.
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F ig .5 .4 .1 2 : T he Ar ion flux  (N um ber o f  io n s/co llec tio n  t im e] co llected  by the probe during the 

p ulse-on  tim e and during p u lse -o ff  tim e a s  a function o f  th e  p u lse -o ff  tim e.

At the beg inn ing  o f  the p u lse -o ff  tim e, the ion flux  at the probe is 3 tim es higher than the one  

during the p u lse-on  tim e, and co n tin u es to  increase  w ith  th e  length  o f  the pulse  o f f  tim e. T h is is  

a direct observation  o f  the sudden increase in the ion flux at the probe (substrate reg ion) during  

the pulsed D C  operation and a p roof that the extent o f  the p u lse -o f f  tim e has a direct im plica tion  

in th is e ffe c t. T h is  observation is in good  agreem ent w ith  results from other experim en ts  

presen ted  in literature [79 . 80].

T h e ion flux rate values during the p u lse -o ff  tim e are ca lcu lated  as the variation in  ion  

flux  valu es betw een  co n secu tiv e  p u lse -o ff  tim e du rations, d iv id ed  by the d ifferen ce  betw een  

th ese  durations. T h is  a n a lysis  is based on the assum p tion  that for all p u lse -o ff  tim es the 

phen om en a govern in g  the ion transit and the plasm a b eh av iou r are sim ilar. A gain , the obtained  

values are on ly  cu m u la tive  va lu es o v er  the m easu ring  d w e ll tim e o f  the £ Q P  analyser, and not 

real-tim e absolute va lu es.

R epresenting the ion flux rate o f  ch ange iPN/dt2 a s  a function o f  the p u lse -o ff  tim e, a 

strong m axim um  fo llo w ed  by a constant region can be o b serv ed  (F ig .5 .4 .1 3 ). T h is  behaviour  o f  

the rate o f  ch an ge in the ion flux at the probe during th e  p u lse -o ff  tim e w ill be exam in ed  in 

detail later, in Chapter 6 .2 .
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5.4 .8 . C O N C L U S IO N S

T h e IKS obtained for a range o f  p u lse -o ff  tim es as w ell as the sp ace-reso lv ed  IES at w = 8 0 1 6 n s  

p u lse -o ff tim e are presented, prov id in g  inform ation on the en erg y  distribution o f  ions reaching  

the substrate region.

T h e Ar. Cu and resp ectiv e ly  A r and Fe ion s energy  distrib utions during D C  d ep osition  are 

com pared and exp la in ed  th ough  basic  p rocesses taking place  in the sputtering discharge: 

sputtering and se lf-spu ttering  o f  the target m aterial and backscattering  and auto-sputtering o f  the 

g a s ion s (a to m s) as w ell a s  c o ll is io n s  b etw een  the sputtered material and the gas.

A  tim e-reso lved  m ethod for ana lysin g  the IES during the p u lsed -D C  operation o f  the 

m agnetron has been presented a s  a new  m ethod for plasm a d iagn ostic . Its n o v elty  co n sists  in the 

fact that the actual IES m easurem en ts d o  not h ave to  be tim e-reso lv ed , a s  the data a n a lysis  can  

extract the tem poral d ep en d en ce  o f  the m ain param eters characterizing the dep osition  during the 

p ulse-on . resp ectiv e ly  the p u lse -o ff  tim e: the ion num ber, flux and flux rate at the substrate  

region.

T h is tem poral a n a lysis  p ro v id es an ea sy  and e ffe c tiv e  m eans for plasm a d ia g n o stic  o f  

p u lsed -D C  d isch arges and a llo w s  further a n a lysis  o f  tim e-d epend en t phen om en a taking place  

during the p u lse -o ff  tim e, as it w il l  be sh ow n  in C hapter 6 .2 .

1 7 2



Chapter 6: Tim e-Resolved Plasma Physical M odels  .

C H A P T E R  6  

T IM E -R E S O L V E D  P L A S M A  P H Y S IC A L  M O D E L S  

O F  T H E  P U L S E D  D C  D IS C H A R G E

U sin g  the inform ation gathered through the tim e-reso lv ed  plasm a d ia g n o stic  m ethods presented  

in C hapter 5 , a further a n a lysis  is presented  here, lik ing  the space-tem poral evo lu tio n  o f  several 

param eters to  obtain ph ysica l m od els  o f  the evo lu tio n  o f  the d isch arge.

W ith the a im  o f  d ev e lo p in g  a thorough understanding o f  pu lsed  D C  d isch arges and  

phenom ena govern in g  the p u lse-on  and resp ectiv e ly  the p u lse -o ff  tim e, tw o  ph ysica l m o d e ls  o f  

the pulsed d isch arge are presented:

A tim e dependent ph ysica l m odel o f  the p u lse-on  tim e, based on the tim e and space  

evo lu tio n  o f  e lectron tem perature form  O E S  data;

A  tim e dependent p h ysica l m od el o f  the p u lse -o ff  tim e, based on the tim e and  space  

reso lved  1RS at the substrate reg ion .
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6 .1 . M A G N E T R O N  P L A S M A  M O D E L  FO R  T H E  P U L S E -O N  T IM E

6.1 .1 . IN T R O D U C T IO N

D uring the p u lsc-on  tim e the d isch arge d e v e lo p s  and prod uces sputtering in strong con n ection  to  

the input param eters (input pow er  and g a s pressure). T h e co m p lex  phenom ena taking place  

during th is tim e can o n ly  be understood by  ob serv in g  the plasm a param eters (electron  

tem perature and density ) and their evo lu tio n  w ith regard to the input param eters.

Important work has been  ded icated  in the last d ecad e  to determ ination o f  e lectron  

tem perature and den sity , e sp e c ia lly  related to stu d ies on planar m agnetrons. Early L angm uir  

probe m easu rem en ts in the plasm a bulk region c lo se  to the ca th od es o f  a planar m agnetron  

under D C  operation have been  perform ed by R ossnagel [47] and led  to  T, va lu es o f  about 5 e V  

for lo w  pressure (-m to rr) A r g a s p lasm as. T h e con cep t o f  a tw o-tem perature e lectron  energy  

distribution in m agnetron p lasm as has been introduced by Sheridan et al [44] a s  a result o f  both  

L angm uir probe m easu rem en ts and M onte C arlo s im u la tion s o f  m agnetron p lasm as.

T h e latest resu lts, ob ta in ed  by sp ace  and tim e-reso lv ed  L angm uir probe m easurem en ts at 

the substrate region  o f  planar m agnetrons under pu lsed  D C  operation a lso  led to the tw o-  

tem perature e lectron  en ergy  distribution w ith high en erg ies  form  5 e V  up to 2 0 e V  and lo w  

en erg ies  around 0 .5 e V  [7).

O pp osed target (P en n in g  type [ 1 .2 .  3 ])  m agnetrons w ith rectangular geom etry  present an 

interesting option for ferrom agnetic m aterial d ep osition  in industrial app lication s [3 8 ]. T heir  

con figuration in v o lv e s  the use o f  parallel e lectr ic  and m agnetic  fie ld s  b etw een  the opposed  

cath odes, lead in g  to  high e ff ic ie n c y  sputtering o f  both ferrom agnetic and non-ferrom agnetic  

m aterials and the rectangular geom etry  a llo w s  o n -lin e  industrial applications.

D u e to  strong m agnetic  and e lectr ic  interferences, L angm uir probes cannot be used in the 

op p o sed  target m agnetron configuration .

A lthough relying on the occurrence o f  L T E  or PL T E  con d ition s. O ptical E m ission  

S p ectroscop y  (O E S ) prov id es a n o n -in vasiv e  m ethod for the eva lu ation  o f  Te in sid e  the plasm a  

bulk, at norm al operating co n d itio n s o f  the o p p o sed  target m agnetron.

L im ita tions o f  this m eth od  are related to the perform ances o f  the op tical equipm ent (an 

accurate determ ination o f  the in tensity throughput and instrum ental profile o f  the spectrom eter  

is  required) and to lin e  se lec tio n  and background corrections, lead in g  to  p o ssib le  high error 

le v e ls  [40]; but still p rov id in g  reliable inform ation on the overa ll space and tem poral e lectron  

tem perature evo lu tion .

In th is th esis , an a ssessm en t o f  the e lectron  tem perature based on tim e and sp ace-reso lv ed  

O E S  m easu rem en ts in  an o p p osed  target m agnetron plasm a under pu lsed  D C  operation is  

presented.
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T h e n ovelty  o f  the ob ta in ed  results is m anifold:

O E S electron  tem perature determ inations in p u lsed  D C  m agnetrons have been  obtained  

for the first tim e during th is w ork;

T he A cou sto -O p tic  spectrom eter has been  used here  for the first tim e for eva lu ation s o f  

electron  tem perature, and a m easuring m ethod had to  be d esig n ed  and eva lu ated  before

use;

- T h e observed  tem poral and sp ace  evo lu tio n  o f  the e lectron  tem peratures lead to  a first 

tim e m odel o f  the behaviour  o f  the plasm a and d isch arge  during the pu lse-on  tim e.

T h e  observation o f  e lectron  dyn am ics and plasm a param eters throughout the pu lse duration and  

the d isch arge space, a llo w s  exp la in in g  the evo lu tio n  o f  the sputtering p rocess a s  w ell as the 

distribution o f  io n ized  and ex c ited  sp ec ie s  and their d y n a m ics  during the pulse.

6.1.2 T H E  P U L S E -O N  T IM E  PL A S M A  M O D E L  IN  T H E  O P P O S E D  T A R G E T  

M A G N E T R O N  D IS C H A R G E  W IT H  C u T A R G E T S .

R ely in g  on the data acquired through tim e-reso lv ed  and tim e and space reso lved  O E S d iagnostic  

m ethods described  in C hapter 5 .2 . cou p led  w ith the e lectr ica l d iagnostic  m easu rem en ts (1-V  

characteristics and I-V w aveform s presented in C hapter 5 .1 )  a m od el for the ph enom ena taking  

p lace  in the d isch arge can  be inferred. T h e data obtained from  the ab ove d iagn ostic  m ethods (for  

the configuration w ith C u targets) h a v e  been  presented  in C hapter 5.1 and C hapter 5 .2  and are 

shortly presented in the next graphs.

F ig .6 .1.1. N orm alized  relative in ten sity for Ar 

II 4 8 8 n m  lin e  (up) and for A r I 763n m  line  

(b ottom ), sp a ce  and tim e-reso lv ed  at 50k H z , 

4 0 1 6 n s  and p=3m torr, for the C u targets.

F ig .6 .1.2. N orm alized  relative in ten sity  for Cu 

1 4 6 5 n m  line (up) and for C u I 5 2 2 nm  line  

(b o tto m ), sp ace  and tim e-reso lv ed  at 50kH z. 

4 0 1 6 n s  and p=3m torr.
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F ig .6 .1 .3 : E lectron tem perature con tou r lin es ev o lu tio n  durin g  the pu lse at 50k H z, pu lse  o  

4 0 1 6 n s , set current 1=2A . argon pressure p= 3mtorr.
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F ig .6 .1 .4 : T h e tim e-reso lv ed  e lectron  tem perature during th e  pu lse-on  tim e at D = 0  cm  from  

d isch arge  centre along  w ith  the v o ltage  w aveform .

the

T h e tim e-reso lved  evo lu tio n  o f  the electron tem perature from  ion ic  lin es is presented in  

F ig .6 .1 .4  for a pulsed D C  d isch arge at 50k H z, 4 0 1 6 n s  p u lse -o ff  tim e, 2 A  current run. at a 

distance D = 0 .0  cm  from  the centre o f  the d isch arge, a lo n g  w ith  the vo ltage w aveform . W e can  

se e  that the tim e -  reso lved  ev o lu tio n  o f  Tt during th e  p u lse-on  tim e a llo w s for direct 

observation o f  e lectron  d yn a m ics and o f  the differen t s ta g es  in the d isch arge  and sputtering  

p rocess evo lu tio n  during the pu lse .

T h e A r ion s (p rodu ced by e lectron  direct im pact m a in ly  in a region  situated at D c 3 c m  

from  the d isch arge cen tre. F ig .6 .1 .1 )  w ill travel to  the targets in  about 2 .5  ^ s and lead to the start 

o f  the sputtering process . T h is  event is m arked b y  a su dd en  increase in electron tem perature
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(~ 2 0 e V )  due to the production o f  secondary e lectron s and th e  high accelerating  potential at th is  

m om ent (at t= 2 .5 its , V ~ I 0 0 0 V , F ig .6 .1 .3 ).

M eanw hile, secondary e lectron  production a s  w e ll as ions and free e lectron s from  

ionization processes lead to  a strong decrease  in the d isch a rg e  im pedan ce and con seq u en tly  o f  

the vo ltage. T h is  is equ iva len t to  a “breakdow n” p rocess (starting at t= 4 ^ s), lead in g to  a steady  

d ecrease  o f  the vo ltage during the next 8^s.

A fter t= 6 |is  the potential on the targets has d ecrea sin g  va lu es and m ost o f  the electrons  

are lo o sin g  fast their en ergy  in ionization ( o f  m etal a to m s) and excita tion  p rocesses, so  the 

electron  tem perature has a stead y  d ecrease  for m ost o f  th e  pu lse duration, reach ing ~ 2 eV  at 

t= 1 2 n s.

T h e e lectron  tem perature c lear ly  ind icates the e v o lu tio n  o f  d isch arge stages (po in ts  

m arked on F ig .6 .1 .4 ):

a ) Start o f  sputtering m arked by  a high spike in T, at t~ 2 .5 jis ;

b) S tan  o f  “break dow n” (th e  target vo ltage decrease) d u e  to  the start o f  h igh-rate ionization  

p ro cesses  and decrease in the d isch arge im pedan ce, at t~ 4 |is ;

c )  Start o f  se lf-spu ttering  m arked by a secon d  sp ike in Tr at t—5|Xs;

d) T h e A r ion peak fall at t= fyts (w h en  T, b eco m es sm aller  that 1 le V  (F ig .6 .1 .4  and F ig .6 .1 .3 );

e )  D ecrease  in the ionization and sputtering e ffic ien cy ;

f)  T h e final increase in the d isch arge im pedance.

T h e ab ove described  d isch arge stages form  a m od el for the pu lse-on  tim e phen om en a in the 

disch arge . A lthough for d ifferen t tem peratures and t im e -sc a le s  for the sputtering and se lf-  

sputtering p rocesses, th is typ e o f  d evelop m en t is ex p ec ted  to  occu r in m ost pulsed DC  

d isch arges.

6 .1 3  T H E  D IS C H A R G E  B E H A V IO U R  A N D  V A L ID A T IO N  O F  T H E  M O D E L  (C u  

T A R G E T S )

T h e initial e lectron en ergy  h as va lu es a b o v e  lOOcV, corresp on d in g  to  the cath ode potential. 

T h ese  e lectron s h ave a n on -M axw ellian  distribution g iv e n  by the external (ap p lied ) e lectr ic  

field .

D uring the tim e interval b etw een  observation m o m en ts, the e lectrons are boun cing  back  

and forth betw een  the targets, a long  the m agnetic  f ie ld  lin es  (about 2 0  tim es for lOOeV 

e lectron s) and lo o se  en ergy  m ovin g  against the e lectr ic  an d  m agn etic  fie ld  lin es and in direct 

im pact c o ll is io n s  w ith A r atom s.

T h e o b served  Tr is the average E E D F  over the tim e  interval betw een  m easurem ents  

co in c id in g  w ith  the tem poral reso lu tion o f  the sp ectrom eter  (0 .2 p s ) .
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A t each m easu ring  point, the observed  e lectron  tem perature represents the m ean tem perature o f  

the e lectron s that are producing the ion ization  and ex c ita tion  p ro cesses  at that position  and 

m om ent during the p u lse , accord in g  to their M axw ellian  distribution.

A t the b eg in n in g  o f  the pu lse , the e lectro n s have rela tively  lo w  m ean en erg ies  

correspond ing to the low  n egative  (accelera tin g) vo ltage on the targets. T heir en ergy  (and  

tem perature) in creases a s  the v o ltage  in creases. T h e space and t im e-reso lv ed  distribution o f  the 

e lectron  tem peratures can  be ob served  in F ig .6 .1 .3 .

T h e A r ions produced during this tim e w ill travel to  the targets in about - 2 .5  and lead  

to the start o f  the sputtering process . T h is  ev en t is  m arked b y  a sudden increase in e lectron  

tem perature (~ 2 0 e V )  due to the production o f  secon dary  e lectron s and the high acceleratin g  

potential at this m om ent (F ig .6 .1 .4 . at t= 2 .5 |is . V = -1 0 0 0 V ). O n ce  the sputtering has started, the 

production o f  m etal atom s increases the rate o f  e lectron  energy lo ss  through ionization and  

excita tion  c o ll is io n s  w ith both g a s and m etal atom s, lead in g  to a sudden fall in e lectron  

tem perature.

T h e secon dary e lectron  production as w ell as ion s and free e lectron s from  ionization  

p ro cesses  lead to  a strong d ecrease  in the d isch arge  im pedan ce, lead in g  to  a drop in the vo ltage  

at the targets, equ iva len t to a breakdow n p rocess (starting at t= ~ 4 ^ s), lead in g  to a steady  

decrease  o f  the v o ltage  during the next 8ns.

W hile  the e lectron  tem perature has va lu es ab ove I le V  (correspond in g to  electron  

en erg ies  o f  about 16oV . just ab ove the A r ionization potential o f  1 5 .7 eV ) the A r ionization  

con tin u es. C on seq u en tly , the A r ion lin es in tensity  in crease  until they reach a m axim um  at 

t= ~ 6 n s .

At t= ~ 6 n s , as Tf drops b e lo w  1 le V  and the on e-step  direct e lectron im pact ionization o f  

A r atom s is  no  lo n g er  p ossib le , the Ar ion in tensity  peak starts to fa ll.

A fter  t=~6j.ts the potential on the targets has decreasing  va lu es and m ost o f  the e lectrons  

are lo o sin g  fast their en ergy  in ionization ( o f  m etal atom s) and ex c ita tion  p rocesses , so  the 

electron tem perature has a stead y  d ecrease  for m ost o f  the pu lse  duration, reach ing ~ 2 e V  at 

t= ~ 1 2 n s . A s  the rate o f  ionization p ro cesses  d ecrea ses  in the seco n d  pan  o f  the pu lse , the 

d isch arge  im p edance starts to increase, lead ing to h igher v o ltage  on the cath odes (targets) and to  

a sligh t increase in e lectron  tem perature (from  about 2 eV  up to 5 eV ) in the last 2 ^ s  o f  the p u lse-  

on tim e.

It is im portant to  notice that the t im e-reso lv ed  ob servation o f  the h ig h -en erg y  e lectron  

tem perature lead s to a c lea r  indication o f  the evo lu tio n  o f  d isch arge stages, in g o o d  agreem ent 

w ith the ex p ected  electron en erg ies  required for on e-step  direct im pact ionization p rocesses . 

T h is can be seen  by com p arin g the 7Vchart and the ionization cro ss-sec tio n s  ( f ig .6 .1 .5 ) :

a ) Start o f  sputtering m arked b y  a high sp ike in Tt (7 > -2 0 e V ) at t~ 2 .5 |is  and £ ,~ 3 0 e V  (a 

m axim um  in the ionization cro ss-sectio n  for Ar);

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Chapter 6:_ _ _ _ _ _ _ _ _ _ _ Tim e-Resolved Plasma Physical M odels  . . .
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b) Start o f  “breakdow n" due to the start o f  h igh-rate ion ization  p ro cesses  (both g a s and m etal 

atom s are ion ized ) lead in g to  a d ecrease  in the d isch arge im pedan ce, the pow er peak fall and a 

d ecrease  in E, at t~4n s;

c )  Start o f  se lf-spu ttering  m arked by  a seco n d  peak in Te at t~ 5 |is  (T ,> 8 eV  and corresp on d in g ly  

E e > 1 2 eV  a llo w  th is p rocess at m axim um  cro ss-sec tio n  for C u ionization );

d ) A r ion peak fall at t~ 6 n s  ( 7 ,  <1 le V  and £ ,< 1 6 e V . A r ionization is n o  lo n g er  p o ss ib le  in on e-  

step  p rocesses);

e )  D ecrease  in ionization and sputtering e ffic ien cy ;

0  Final increase in the d isch arge  im pedance.

A s  seen  in  F ig .6 .1 .4 . the m axim um  ionization cro ss-sec tio n  by  direct e lectron  im pact ca lculated  

from  T h om son  form ula is  a ch iev ed  at e lectron  en erg ies  o f  3 0 eV  (7V ~20eV ) fo r  A r and 

resp ectiv e ly  at E ~ 1 2 e V  (7 > -8 e V ) for Cu.

T h e h igh-en ergy  e lectron  tem perature va lu es are in good  agreem ent w ith th e  required  

electron  en erg ies  for Ar ion ization  and provid e a direct insight on the tem poral e v o lu tio n  and  

sp ace  distribution o f  ion ization  p ro cesses  during the pu lsed  d isch arge.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Chapter 6:_ _ _ __ __ __ __ Tim e-Resolved Plasma Physical M odels  . . .

F ig .6 .1 .5 . C alculation o f  A r and Cu direct e lectron  im pact ionization cro ss -sec tio n s . E volu tion  

w ith e lectron  energy , u sin g  T h om son ' form ula presented  in C hapter 4 .3 .1  [40 ].

In F ig .6 .1 .3. the reg ions w ith T, > l l e V  (electron en erg ies  E,> 16eV ) are characteristic  for A r  

ion ization  p rocesses, w h ile  th ose  w ith Tt >  5 eV  (electron  en erg ies  Er>7 .5 e V ) are characteristic  

to ionization o f  Cu.

T h is  ind icates that Cu ion production takes p lace in the tim e region from  t= ~ 3 n s  to  

t= ~ 1 0 ^ s  and in sp ace  reg io n s c lo ser  to  the targets that a llo w  the apparition o f  se lf-sp u tterin g  

(F ig .6 .1 .2 ) . T h e d elay  betw een  the tw o  T, peaks o f  about ~2ji.s a lso  lead s to  the c o n c lu s io n  that 

th e  seco n d  peak is  due to  C u io n ized  in a region c lo se  to  targets ( - 1 - 2  cm ).

T h e A r ions are produced o n ly  in higher T, reg io n s c lo ser  to  the centre o f  th e  disch arge  

and need in average about - 2 .5 n s  to  reach the targets.
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6.1 .4 . T H E  P U L S E -O N  T IM E  PL A S M A  M O D E L  IN T H E  O P P O S E D  T A R G E T  

M A G N E T R O N  D IS C H A R G E  W IT H  Fe T A R G E T S .

T h e ca se  o f  O E S d ia g n o stic  for ferrom agnetic  targets is in terestin g, both from  practical point o f  

v ie w  -  provid in g an exp lanation  o f  the increased target heating and increased ion en erg ies  at the 

substrate d iscu ssed  in  C hapter (5 .4 .4 )  and [58] and as a m odel for the p h ysica l phen om en a that 

lead to  these  e ffec ts .

T h e  tim e- and sp a ce-reso lv ed  evaluation o f  e lectron  tem perature, together with the 

distribution o f  ex c ited  and ion ized  sp ec ie s  in the d isch arge  (F ig .6 .1 .6  and F ig .6 .1 .7 ) provide the 

inform ation  for a g o o d  understanding o f  phen om en a taking p lace during the pu lse-on  tim e in the 

pu lsed -D C  m agnetron plasm a, a llo w in g  the d evelop m en t o f  a ph ysica l m odel for the pu lse-on  

tim e d isch arge.

T h e con fin em en t for Fe targets has a particularity -  the m agnetic  fie ld  distribution in the 

X O Z  cro ss-sectio n  for Fe targets is concentrated in the centre o f  the target cro ss-sec tio n , with  

m axim um  m agn etic  fie ld  in tensity a ch iev ed  in a region  c lo s e  to the targets. T h is  m agnetic  fie ld  

distribution is  due to the absorption o f  the B x com p on en t o f  the m agnetic  fie ld  in  the 

ferrom agnetic targets. T h e  m agnetic  field  d ecrea ses  fast in reg ions situated at 2 cm  from  each  

en d  o f  the target (se e  F ig .3 .1 .8  a lon g  O X  a x is) lead in g  to  a lo s s  o f  con fin em en t at those region s, 

a low er e lectron  d ensity  in the d isch arge and higher e lectron  tem peratures. T h is  structure o f  the 

m agnetic fie ld  lead s therefore to h igher e lectron  tem peratures in the d isch arge, w h ile  m axim um  

electron  d ensity  is  a ch iev ed  in the regions c lo se  to the targets.

T h e main data referring to the tim e and space reso lved  O E S  lin es for A r sp e c ie s  and  

sputtered m etal (F e ) are presented on the fo llo w in g  page in order to  a llo w  the ob servation o f  

ph enom ena taking p lace in the d isch arge related to  tim e and apace reso lved T, and the V oltage  

w aveform  at the cath odes.

• ig .6 .1.6. N orm alized  relative in tensity for  

A ril 4 8 8 n m  lin e  (up) and for A r I 7 6 3 n m  line  

(bottom ), sp ace  and tim e-reso lved  at 1=1.5 A . 

50k H z,w = 4 0 1 6 n s,p = 2 m to rr , for the Fe targets.

F ig .6 .1 .7 . N orm alized  relative in tensity for Fe 

I 372n m  lin e  (u p ) and for Fe 1 4 9 2 n m  line  

(bottom ), sp ace  and tim e-reso lv ed  at 1=1 .5 A , 

50k H z, w = 4 0 1 6 n s  and p=2m torr.
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F ig .6 .1 .8 . E lectron tem perature sp ace  and tim e-reso lv ed  at 1=1.5 A , 5 0 k H z, w = 4 0 1 6 n s  and  

p=2m torr. for the Fe targets. T h e va lu es situated at d istan ces b e lo w  1cm  from  the targets re 

extrapolated va lu es.

F ig .6 .1 .9 . T e  for Fe targets at D = 3 c m  from  the targets (z= 2 c m ) a long  w ith the V o lta g e  (-V )  on  

the targets.

A ccord in g  to  the evo lu tio n  o f  tim e-reso lv ed  e lectron  tem peratures at the region  w ith  m axim um  

T,  va lu es (at D = 2 cm  from  the d isch arge cen tre. Fig. 6 .1 .8 ) , the stages o f  the d isch a rg e  can be 

id en tified  a s  fo llow s:

a) T h e start o f  intense  o n e-step  direct im pact A r ionization (O E S  relative in ten sity  ab ove  

40% . F ig .6 .1 .6 ) starting at t~ 3 n s  ( 7 > l l e V ) .  A s A r ion ization  occu rs at a ll d istances  

from  the targets w ith the sam e probability (A r  ion distribution in F ig .6 .1 .6  is  parallel to  

B lin es) the start o f  sputtering d o es  not have a c lear ly  d efin ed  m om ent as the return tim e  

to targets is  random , w ith  large d ev ia tion s from  the average. T h erefore , the "beginning  

o f  sputtering" cannot be o b served  in a s im ila r  w a y  a s  for the Cu targets.
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b) From  the Fe d islr ib ution (F ig .6 .1 .7 ) , w e  can  see  that new  sputtered Fe starts to  be  

created at t~ 4 n s . m a in ly  be direct sputtering. A lso  at t~ 4 n s . a  m axim um  in 7 > 4 0 e V ,  at 

a region  situated at D = 2 cm  from  the targets is a ch ieved . A t th is m om ent, a m axim um  in 

the sputtering p rocess takes p lace  m ainly a s  a result o f  d irect sputtering. T h is  m axim um  

c o in c id e s  w ith  the V o lta g e  m axim um  at t~ 4 n s .

T h e V o ltage  starts to  d ecrease  s lo w ly  after t~ 4 n s , due to  the d ecrease  in the discharge  

im pedan ce cau sed  by the in tense ionization p rocesses.

c )  A  seco n d  peak in 7', at t~ 5 n s  (7V ~20eV ) can be observed . T h is  peak is m ainly due to the 

con vo lu tion  o f  the vo ltage va lu es at th is m om ent and the rate o f  se lf-sp u tterin g  and  

target re-sputtering p rocesses.

d) T h e  m axim um  in the Ar ionization o ccu rs at t= 6 n s . Tt d ecreases b e lo w  2 0 eV  (w h ere  the 

A r ionization cro ss-sec tio n  has a m axim um ) and Ar ionization rate starts to  decrease  

along  w ith Tr va lu es.

6.1.5 D IS C H A R G E  B E H A V IO U R  A N D  V A L ID A T IO N  O F  T H E  M O D E L  (Fe  

T A R G E T S )

For Fe targets the higher e lectron  tem peratures lead to  a d ifferen t space-tem poral d istribution  

for the A r ion s, w ith c o n seq u en ces  on the d isch arge  behaviour.

A t m om ents b etw een  t= 3 p s  and t= 6 |is  during the pu lse , in the reg ions c lo se  to  the targets 

( le m  from  the targets) the e lectron  tem perature reach es va lu es ab ove 1 Ic V . thus en erg ies  ab ove  

~ 1 6 e V  a llo w in g  for A r ionization (F ig .6 .1 .8 , l ig .6 .1 .9 ).

T h e ionization o f  reflected  (post-spu tterin g) A r atom s is  en h an ced  in the o p p osed  target 

geom etry  by  the trajectory o f  th ese  atom s that are reflected w ith h ighest probability in sm all 

a n g les  relative to  the norm al to  the targets (2 1 . 221. T h is  im p lies  that Ar atom s reflected  from  

the targets w ill be ion ized  w ith high probability, as T, m aintains va lu es ab ove 2 0 eV  o v er  a large  

space-tem poral region  o f  the d isch arge (F ig .6 .1 .8 )  and w ill return to  the targets to  produce target 

re-sputtering. (T arget re-sputtering: sputtering produced by post-sputtering g a s atom s that are 

ion ized  again after reflection o f f  the targets).

T h e target re-sputtering lead s to  a h igher d ensity  o f  ions on  the targets, and thus a higher  

en ergy  imparted to  the targets, lead in g to  targets heating.

T h e ob served  high e lectron  tem peratures a lso  lead to  sputtered Fe atom s ion ization , a lso  

enhanced  by  the sputtered m etal atom  trajectories in an a n g le  c lo s e  to the norm al to  the targets. 

T h e ion ization  o f  sputtered m etal in reg io n s c lo se  to  the targets (reg io n s w ith T e ~ l l e V .  at 

m axim um  ionization cro ss-sec tio n ) lead s to  in tense se lf-spu ttering  e ffe c ts , a lso  with  

c o n seq u en ces  on ion d en sity  bom barding the targets and in creasin g  target heating.

T h e  tim e-sca le  o f  the se lf-spu ttering  p ro cess  can be evaluated by ob serv in g  the m om ent 

o f  form ation o f  the seco n d  peak in the T, d istribution, situated  at about l^ s  from  the m ain peak.
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T h erefore , the ab ove result a llo w s an interpretation from  the point o f  v iew  o f  the disch arge  

behaviour and con firm s the fin d in gs from  IES data: a high ionization d ensity  in a reg ion c lo se  to  

the targets lead s to  sputtering, target re-sputtering, self-spu ttering  and to  high ion flux  density  at 

the targets and target heating.

T here is no  p recise  m om ent for the beg inn ing  o f  sputtering  b eca u se  o f  the random  arrival 

o f  ions at the targets ( s e l f  sputtering and target re-sputtering). A  strong m axim um  in the 

occu rren ce o f  sputtering can be ob served  at t~ 4 |is , m arked by a strong in crease  in  T, (~ 4 0 e V ),  

fo llo w ed  by  a secon dary  peak at t~ 5 n s  ( 7 > 2 0 e V )  due to the com b in ed  target re-sputtering and 

se lf-spu ttering  e ffe c ts  (F ig .6 .1 .8 ) . T h ese  high Te peaks are form ed due to the in crease  in the 

num ber o f  h igh -en ergy  secon d ary  e lectro n s at the resp ectiv e  m om en ts during the pulse.

T h e secondary 7', peak is a result o f  the strong increase in sputtering appeared at the first 

peak, a s  the large num ber o f  reflected  Ar atom s and sputtered m etal atom s are ion ized  in a 

region  c lo se  to the targets producing target re-sputtering and self-spu ttering.
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F ig .6 .1 .1 0 . R ela tive direct e lectron  im pact ion ization  c ro ss-sec tio n s  for Ar and C u and Fe 

atom s. E volution w ith e lectron  energy , usin g T h om son ' form ula (Chapter 4 .3 .1 . R ef. 2].

From F ig .6 .1 .1 0  w e can  see  that the d irect im pact ionization cro ss-sectio n  ca lcu lated  from  

T h o m so n ’s  form ula has a lm ost sim ilar ev o lu tio n  for C u and Fe atom s, due to  their c lo se  

ion ization  potential va lu es (lvu= 7 .7 2 6 eV  and l fc = 7 .7 8 7 0 e V ). T he m inim um  electron  tem perature  

7 ,  that a llo w s Fe ionization is 7 > 5 .2 c V .

T h e m axim um  rate o f  d irect e lectron im p act ion iza tio n  p ro cesses  for Fe occurs at e lectron  

en erg ies  o f  E ,= 1 6 eV  ( 7 > 1  l c V )  w h ile  at m om ents betw een  3jjs and 6 |is .  the e lectron  en erg ies  

are ab ove l5 e V , indicating  a very e ffic ien t ionization o f  Fe atom s at reg io n s c lo s e  to  targets. 

From  F ig .6 .1.8 w e  can  see  that Fe ionization can  occur  w ith m axim um  probability in the regions  

c lo se  to  the targets (u p  to  2 cm  from  the targets at m om ents during the pu lse from  t~ 3 p s  to  t~ 6 ^ s  

and the Fe ion ization  can con tin u e  until T, ~ 7 c V . at t -S ^ s .
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T h e distribution o f  F e  I 3 7 2 n m  resonance line ind icates the p resen ce o f  Fe ions in the disch arge  

and their recom bination p ro cesses  ex ten d in g  beyond  t-lO ^ts.

S o . the study o f  space and tim e-reso lv ed  7,. for Fe targets can  ind icate the m om en ts o f  

highest sputtering rate occu rrence and the m om ent o f  m axim um  self-sp u tterin g  and target re- 

sputtering p rocesses.

6 .1 .6  C O N C L U S IO N S

T h e work described in this chapter presents a first tim e ob servation o f  e lectron  tem perature 

based on tim e and space -  reso lved  O E S in  an o p p osed  target m agnetron d isch arge  under pulsed  

D C  operation.

T h e eva lu ation  o f  7 ,  from  tim e-reso lv ed  O E S lin es  p rovides inform ation on th e  d y n am ics  

o f  e lectron s directly  in v o lv ed  in the excita tion  and ionization p ro cesses  during th e  pu lse-on  

discharge.

T h e tim e and sp ace-reso lv ed  distribution o f  7 ,  prov id es im portant in form ation on the 

evo lu tio n  o f  d isch arge  stages, indicating  the start m om ent for the sputtering and se lf-sp u tterin g  

p ro cesses  a s  w ell as the m ost probable reg ions for the A r and sputtered m etal io n iza tio n  (tim e  

and sp ace-reso lv ed ).

T h e stages o f  the d isch arge  d ev e lo p m en t are sim ila r for the m agnetron con fig u ratio n  with  

Cu and Fe targets:

-T h e sputtering process starts at t~ 3 ^ s  and the se lf-spu ttering  p rocess at t~ 5 |ls ;

-T h e ionization p rocess stops for A r at t~ 6 ^ s  (T, <1 le V )  and for m etal at t - lO ^ s  (T, < 5 e V );

-T h e seco n d  part o f  the pu lse  is dom inated by self-sp uttering .

T h e o b served  electron tem perature (and en ergy) are in good  agreem ent with Langm uir  

probe m easu rem en ts in planar D C  m agnetrons [4 7 ]. w ith results obtained b y  both Mionte C arlo  

ca lcu la tio n s and L angm uir probe m easurem en ts [44] as w ell as w ith  tim e and sp a ce-reso lv ed  

L angm uir probe m easurem ents [7] (a ll g iv in g  7 ,  va lu es in the range from  5 eV  to  2 0 e V ).

T h e obtained va lu es for 7,. are in g o o d  agreem ent w ith  the ex p ected  T, (and  electron  

en erg y ) values and can be used to exp la in  directly  the physical p ro cesses  in the d isch arge, 

lead ing to the co n clu sio n  that the accuracy  o f  the m ethod is quite g o o d , a llo w in g  its use for  

current plasm a d iagn ostic  in pulsed D C  d isch arges.

P henom ena  taking p lace  during the p u lse-on  tim e in the p u lse-D C  m agnetron  d isch arge  

can be c lear ly  identified  from  both po in ts o f  view : their physica l ca u ses  and the ir  tem poral 

d evelop m en t.

T h e tim e and sp ace  reso lved  O E S  data provide inform ation on the production and 

location o f  A r ion s and sputtered m etal atom s, indicating  the m om ent o f  start o f  sputtering. A s  

observed  from  the tim e-reso lv ed  eva lu ation  o f  Tt , the start o f  sputtering is in  genera lly  

accom pan ied  by an in crease  (p eak ) in e lectron  tem perature. T h is  peak in 7 , cannot b e  seen  in

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Chapter 6:__ __ __ __ __ _ Tim e-Resolved Plasma Physical M odels  . . .
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disch arges w here the Ar ions are produ ced w ith equal probability at all d istan ces from  the 

targets, as in the ea se  o f  Fe targets.

A  secon d  peak  in Tf ind icates seco n d a ry  sputtering p ro cesse s , u sually  self-spu ttering. In 

the ca se  o f  Fe targets, the high Tf in a reg ion  c lo s e  to  the targets a lso  a llo w s  for ionization o f  

back-sputtered m aterial, thus for  target re-sputtering.

T he v o ltage  d ecrease  after the start o f  sputtering can  be exp la in ed  through the decrease in 

the disch arge im pedan ce due to  an im portant increase  in the e lectron  d en sity  through in tense  

sputtering and ionization p rocesses.

T h e last 4 p s  o f  the p u lse-on  tim e are characterized by  lo w  T, va lu es and lo w er  V o ltage  

v a lu es indicating  a low er direct sputtering rate. For the Fe targets, the V o lta g e  valu es are still 

ab ove 3 0 0 V . a llo w in g  for self-spu ttering  e ffe c ts .

T h e  above  ph ysica l phenom ena and their evo lu tio n  con stitu te  a m odel for the d isch arge  

behaviour during the pu lse-on  tim e. T h e m o d el is validated by  relating the observed  ionization  

and excita tion  p ro cesse s  to  the direct e lectro n  im pact ion ization  cro ss-sec tio n  at the e lectron  

en erg ies g iven  by the evaluated T, v a lu es. A  good  m atch o f  the e lectron  en erg ies required to  

produce th ese  e ffe c ts  (A r ion ization ) and the observed  tem poral and sp ace  distribution o f  Ar 

ion s in d icates the valid ity  o f  the m od el.

T he inform ation provided by the p u lse-on  tim e m od el o f  the m agnetron d isch arge can be  

used in m agnetron d esig n  and for c h o o s in g  the operating duty cy c le .
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6 .2 . M A G N E T R O N  P L A S M A  M O D E L  F O R  T H E  P U L S E -O F F  T IM E

6.2 .1 . IN T R O D U C T IO N

Pu lsed D C  m agnetron d ep osition  im proves sig n ifica n tly  the ph ysica l properties o f  th e  d ep osited  

layers due to  the increased ion bom bardm ent o f  the substrate [79 . 80].

T im e and sp ace-reso lv ed  L angm uir probe m easu rem en ts [7 . 55 ] have proven  that the 

plasm a potential during the p u lse -o ff  tim e reach es high p o sitiv e  values that can  be lin k ed  to  the 

ion en ergy  gain  during pu lsed  D C  m agnetron operation. A s  the en ergy  distribution o f  th is ion  

flux has a m ajor in flu en ce on the d ep osited  layer properties [5 5 .8 0 ], it is  im portant to  k now  and  

control the relevant d isch arge  param eters.

A lthough the tem poral ev o lu tio n  o f  the ion flu x  to substrate has been  in vestiga ted  usin g  

tim e-reso lv ed  m ass sp ectrom etry [56 . 81 ) the phen om en a lead in g to increased ion en erg y  and 

flu x to the substrate during pu lsed  D C  d ep osition  have not been  identified .

T h e phenom ena taking p lace  during the p u lse -o ff  tim e can  be understood starting from  

b asic  theoretical m o d e ls  o f  ch a rg e-lo ss  phen om en a in equ ilibriu m  and no n-equ ilibrium  p lasm as  

and usin g tim e-reso lved  d iagn ostic  m ethods that provide inform ation on plasm a behaviour  

during the p u lse -o ff  tim e: the 1-V w aveform s and the tim e-reso lv ed  sta tistics o f  the IES.

In the fo llo w in g  a n a lysis  1 w ill present the m ost important experim ental data lead in g  to  

the d evelop m en t o f  a ph ysica l m od el that ex p la in s  the in crease  in the ion flux  and en erg y  at the 

substrate region.

6 .2 .2 . E X P E R IM E N T S  A N D  D IS C U S S IO N  

6.2.2.1 C U R R E N T  A N D  V O L T A G E  W A V E F O R M S

T yp ical Current and V oltage w a v efo rm s on the ca th od es during a pu lsed  D C  d isch a rg e  at 

5 0 k H z, at 2A  current nm  and 0 .4 P a  A r ga s pressure are presented for several p u lse -o ff  tim es  

v a lu es (w ) in F ig .6 .2 .1 , F ig .6 .2 .2 a . and F ig .6 .2 .2 b . From  F ig .6 .2 .2 a  and F ig .6 .2 .2 b  w e  can  

ob serve  the v o ltage  and current behaviou r o n ly  during the p u lse -o ff  tim e.

D uring  the pu lsc-on  tim e the vo ltage on the ca th od es has n egativ e  va lu es reaching -  

1200V . D uring the p u lse -o ff  tim e, the vo ltage has large osc illa tio n s betw een  p o s itiv e  and  

n egative v a lu es, reaching ± 3 0 0 V , e sp e c ia lly  for short p u lse -o ff  tim es. T h ese  v o ltage  o sc illa t io n s  

during the p u lse -o ff  t im e se ttle  at a va lu e o f  about 25 V  for p u lse -o ff  tim es longer than 4 0 1 6 n s .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ C hapter 6:_ __ __ __ __ __ Tim e-Resolved Plasma Physical M odels  . . .
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F ig .6 .2 .l  T yp ica l V o ltage  and Current w aveform s at the targets at A r g a s pressure  

a pu lsed  D C  operation at 2 A . 5 0 K h z . and 4 0 1 6 n s  p u lse -o ff  tim e.

and

;ig .6 .2 .2a : V o lta g e  w a v efo rm s during the F ig .6 .2 .2 b : C urrent w aveform s during the 

p u lse -o ff  tim e. p u lse -o ff  tim e.

T h e current w aveform s a lso  have large o sc illa tio n s up to ± 1 .8 A  during the p u lse -o ff  tim e and 

settle  at a va lu e o f  0 .2 A for p u lse -o ff  tim es larger than 4 0 1 6 n s . W h ile  during the p u lse-on  tim e  

the current is n egative , co n sistin g  m ainly o f  p o s itiv e  io n s , the p o sitiv e  current on the ca th od es  

during the p u lse -o ff  tim e is  o b v io u sly  d ue to  the e lectron  current drawn tow ards the cath odes.

T h e p u lse -o ff  tim e n egative  current sp ik es can not be attributed to an ion  current, a s  the 

s lo w  ion s w ill not be ab le  to  fo llo w  the fast vo ltage o sc illa tio n s  at the ca th od es, o v er  tim e  

in terva ls o f  1 0 0 -2 5 0 n s ( F ig .6 .2 .1. F ig .6 .2 .2a).

D uring pu lsed  D C  operation in constant current m ode, the p ow er  su p p ly  b eh a v es lik e  a 

large inductor [82] and the output v o ltage  turns p o sitiv e  at the beg inn ing  o f  the p u lse -o ff  tim e. 

T he high p o sitiv e  potential on the targets at the begin ning  o f  the p u lse -o ff  tim e lead s to e lectron  

extraction from  the plasm a and a large c lcctron  current (up to 1 .8A ) - observed  a s  a p o sitiv e  

current - can  be m easured at the targets during the first 2 5 0 n s o f  the p u lse -o ff  tim e (F ig .6 .2 .2 b ). 

T h is e lectron  current drawn to the targets and through the p ow er  su p p ly 's  large inductance

1 8 7
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crea tes a negative sup p ly  output v o ltage  - therefore a n egative  potential on the targets - cau sin g  

the e x c e s s  e lectron s to  g o  back in to  the p o sitiv e  plasm a (thu s, a n egative  current at the targets).

T h is  “oscilla tion "  p rocess repeats itse lf  until the n egativ e  charge unbalance in the pow er  

supp ly-d ischarge  circuit is  spent through e lectron  lo ss  p ro cesses  (m ain ly  resistiv e  lo sse s ) . W e  

can  ob serve h o w  the am plitude o f  the Current and V o lta g e  “oversh oots" d ecreases in lim e .

6 .2 .2 .2 . T H E  IO N  E N E R G Y  S P E C T R A  (IE S)

T he IBS for A r and C u ion s m easured at a distance D = 1 0 c m  from  the targets e d g e  (F ig .5 .4 .1) 

for  D C  and pu lsed  D C  operation are presented for severa l va lu es o f  the p u lse -o ff  tim e (w ) in 

F ig .6 .2 .3  and F ig .6 .2 .4 .

D uring D C  operation, the Cu ion spectrum  has an en ergy  distribution typical to  the actual 

en ergy  distribution o f  the m etal atom s from  the sputtering process . S im ilar  en ergy  d istr ib utions  

w ere obtained from  sim u lation s usin g  the A C A T  c o d e  for D C  sputtering o f  C u in A r at 0 .4P a  

[211.

T h e Ar ions spectrum  during D C  operation has a peak at about 0 .5 e V  and a h igh er  energy  

tail in the sam e en ergy  range as the Cu ion s, m ost probably due to  c o llis io n s  b etw een  the gas  

atom s ( io n s) and the sputtered m etal atom s ( io n s). T h e lo w  en ergy  peak represents the m ost 

probable en ergy  o f  the Ar ion s in the d isch arge bulk. D uring pu lsed  D C  operation the A r and Cu  

ion spectra h ave a sim ilar, w id e  en ergy  distribution , w ith a peak at 4 0 e V  for p u lse -o ff  tim es  

longer than 4 0 1 6 n s . T h is  ind icates that both A r and C u ions are ga in in g  en ergy  in th e  sam e type  

o f  e lectr ic  fie ld  during the p u lse -o ff  tim e.

F ig .6 .2 .3 : A r ion en ergy  spectra at 

I= 2A . p=3m torr, for differen t p u lse -o ff  tim e 

va lu es.

F ig .6 .2 .4 : C u ion en ergy  spectra at f= 5 0 k H Z , 

l= 2 A . pA r=3m torr. for d ifferen t p u lse -o ff  

tim e (w ) va lu es.
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6 .2 .2 3 .  T H E  S P A C E -R E S O L V E D  IO N E N E R G Y  S P E C T R A  (IK S)

T h e ch an ges in the IBS o b served  as a function o f  the d ista n ce  D  betw een  the targets ed g e  and  

the probe have been  presented  in C hapter 5 .4 .5  and are sh o w n  here again to  en ab le  the ana lysis.

T h e m axim um  IBS en ergy  value  in F ig .6 .2 .5  and F ig .6 .2 .6  d ecrea ses  w ith probe distance  

to the targets, d u e to the plasm a potential (V p ) va lu es that are d ecreasin g  w ith distance from  the 

targets. T he step -lik e  e d g e s  in the en ergy  distribution ca n  be link ed to the o sc illa tio n s  o f  the 

plasm a potential during the p u lse -o ff  tim e.

F ig .6 .2 .5 : Ar IBS a s  a function o f  the distance  

D  o f  the probe from  targets ed g e , for d istances  

larger than 5cm . T h e (* ) arrow s indicate  the 

“step-1 ik e” e d g e s  in the ion energy  

distribution.
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F ig .6 .2 .6 : A r IBS as a function o f  the distance  

D  o f  the probe from  targets e d g e , for d istances  

sm aller  than 5cm .
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6 .2 3  P H Y S IC A L  M O D E L  FO R  T H E  P U L S E -O F F  T IM E  IO N  FL U X  A N D  E N E R G Y  

G A IN

6 .2 3 .1 .  T H E  P U L S E -O F F  T IM E  C H A R G E  D E N S IT Y  G R A D IE N T S

D u e to  the h igh  p o sitiv e  potential on the ca th o d es at th e  start o f  the p u lse -o ff  tim e, a large  

electron  current (up to I .8 A ) is extracted  from  the p lasm a bulk. T h e equilibriu m  cannot be  

q u ick ly  re-estab lished by io n s ’ m ovem ent ou tsid e  the bulk (due to the s lo w  ion m otion ), so  a 

n egative  charge d ensity  gradient (lack  o f  e lectron s) and  a p ositive  charge d ensity  gradient 

(e x c e s s  o f  ion s) w ill be created  at the plasm a bulk region, a lo n g  w ith a charge gradient.

S p ace and tim e-reso lv ed  L angm uir probe m easurem en ts in a planar m agnetron [7. 8] 

sh o w  that the e lectron  d en sity  has a sharp fall (b y  6 0 %) at the beg inn ing  o f  the p u lse -o ff  tim e  

(first 5 0 0 n s), then it recovers (at lp s )  and is  fo llo w ed  by a  s lo w  d ecrease  w ith a tim e constant o f  

the order o f  40^is - th is behaviour b e in g  o b served  at d is ta n ces  from  1m m, up to about 100m m  

aw a y  from  the target, at the substrate (probe) position.

A ssu m in g  that the ab ove e lectron  d en sity  e v o lu tio n  is typ ica l for a ll pu lsed  m agnetron  

disch arges, the phenom ena lea d in g  to  the observed  b eh av iou r w ill be  exam ined  next.
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T h e strong d ecrease  in e lectron  d en sity  at the b eg in n in g  o f  the p u lse -o ff  tim es at all regions in 

the d isch arge can  be exp la in ed  by e lectron  re-distribution in order to  com p en sate  the n egative  

charge d ensity  gradient created in the plasm a bulk w h ile  the targets are at p o sitiv e  potential.

PIC -M onte C arlo  s im u la tion s o f  a pu lsed  g lo w  d isch arge  [8 3 ] sh o w  that the electron re­

distribution takes p lace  by e lectron  d iffu sion  on a tim e sc a le  o f  4ns; w h ile  the plasm a d ecay  

tim e-sca le  is  reflectin g  the ion m otion , being  o f  the order o f  4 jts . A s  e lectron  behaviour during  

p u lse -o ff  tim e is  s im ila r to  non -m agn etized  e lectron  d yn a m ics [8. 5 6 ]. s im ila r electron  

redistribution tim es apply for m agnetized  discharges.

T h erefore , the negative charge d ensity  gradient created  in side the bulk at the b eg in n in g  o f  

the p u lse -o ff  tim e is  fast co m p en sa ted  by  e lectron  d iffu s io n  from  reg ions ou tsid e  the bulk. T h is  

leads to overa ll e lectron  redistribution and the strong  fall in e lectron  d en sity  at all reg ions  

(observed  during the first ~ 5 0 0 n s  o f  the p u lse -o ff  tim e [7 ]).

W hile the targets are at n egative  poten tia l, the e lectron  d en sity  gradually recovers to  its 

pu lse-on  tim e valu e, d u e to  the e lectron  current provided through the p ow er  sup p ly  (during  

severa l n eg a tiv e  C urrent-V oltage o sc illa tio n s). T h us, at the end o f  the first m icrosecond , the 

bulk charge quasi-n eu trality  is re-estab lished and the e lectron  d en sity  reach es again high va lu es  

at all regions.

A fter  the n egative  charge gradient has been  com p en sated , the electron d ensity  has high  

va lu es at all reg ions and the bulk has reach ed charge neutrality, o n ly  the p ositive  charge density  

gradient (e x c e s s  o f  ion s in the bulk com pared to  ou tsid e  the bulk) is still un com pensated . The  

e lectr ic  fie ld  created  by the p o sitiv e  charge d ensity  gradient lead s the ions to drift ou tsid e  the 

bulk, w h ile  the e x c e s s  e lectro n s arc lost at the targets. T h is  lead s to  a s lo w , con tin u ou s lo ss  o f  

e lectro n s from  the reg io n s situated  at the bulk boundary, generated  and m aintained by  the 

p o sitiv e  charge d ensity  gradient. T h e e lectron s outside the bulk w ill re-estab lish  (redistribution  

b y d iffu sio n ) the overall p lasm a quasi-n eu tra lity  at ev ery  m om ent, lead in g  to  an overall s lo w  

d ecrease  in e lectron  density .

T h e ion drift con tin u es, until the p o sitiv e  charge d en sity  gradient at the bulk boundary is  

com p en sated  and the e x c e s s  e lectro n s in the bulk are lost at the targets through resistive  lo sses .

T h e ion drift ou tsid e  the bulk and the electron lo ss  at the bulk estab lish  an am bip olar How  

o f  particles w ith a sp eed  dictated by the ion average sp eed . T h e term  am bipolar flow' is  used  

here to rep lace the m isnom er “am bipolar d iffusion"  [4 5 ] in the sen se  o f  equal lo ss  rates o f  ions  

and e lectron s from  the bulk (io n s  leave the bulk and e lectro n s are lost at the targets).

T h e observed  (F ig .6 .2 .1 , F ig .6 .2 .2 a , b) Current and V oltage  o sc illa tio n s  at the targets 

a llo w  the plasm a to  reach quasi-neutrality (n,~n<) tow ards a lo w er  d en sity , as e lectron s are lost 

at the targets through resistive  lo sse s , w h ile  the ions lea v e  the bulk. T h e am bip olar flo w  process  

restores plasm a quasi-n eutra lity, but not to  the original p lasm a d en sity  [6].

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ C hapter 6:_ __ __ __ __ __ Tim e-Resolved Plasma Physical M odels ...
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T h e ab ove con sid eration s indicate an overall (bulk and outsid e  bulk) d ecrease  in electron  

d ensity  during the p u lse -o ff  tim e, taking p lace  in tw o  steps:

- a sudden, m arked d ecrease  due to the form ation o f  n egative  charge d en sity  gradients and

ns);

- a s lo w  decrease  g iv en  by the rate o f  the am bipolar flo w , o v er  a tim e-sca le  dictated by the ion  

average speed and com p en sation  o f  p o sitiv e  charge d en sity  gradients lead in g to plasm a  

equilibriu m  (severa l Jis).

6 ,2 3 .2 .  T H E  P L A S M A -P R O B E  S H E A T H  M O D E L

T h e sp ace-reso lv ed  IES (F ig .6 .2 .5 . F ig .6 .2 .6 )  c lea r ly  indicate  that p u lse -o ff  tim e ion s are 

accelerated  in a sheath that m o v es  a lon g  w ith the probe: the en erg y  va lu es increase a s  the probe 

is  c lo ser  to  the targets, due to higher plasm a potential va lues. O b v io u sly , i f  th is sheath w ou ld  be 

at the targets reg ion , its p osition  w ou ld  be Fixed, so  ion en erg y  (and the IE S) w ou ld  be 

independent o f  the F Q P  probe position .

T h e increase in ion en ergy  during pu lsed  D C  operation has been attributed before  to the 

form ation o f  a sheath at the substrate (or E Q P probe) region  (5 6 , 7 8 , 79].

T h e initial p lasm a-probe sheath is the " D eb ye-len gth ” sheath created  at the “con tact” 

betw een  the plasm a and the grounded probe and th is sp ace  d o es  not con ta in  e lectron s [4 ]. D ue  

to the sudden decrease  o f  e lectron  d en sity  and sharp increase in e lectron  tem perature at the  

probe region at the b eg in n in g  o f  the p u lse -o ff  lim e [7 ], the length  o f  the contact sheath w ill 

increase, as the D eb y e  length is proportional to  the square root o f  e lectron  tem perature to  

d en sity  ratio:

where: k is B oltzm ann’s  con stant, e the e lectron  charge, Tf  the electron tem perature and n e the 

electron  d ensity  at the probe (substrate) region.

C on siderin g  a d ecrease  in electron d en sity  by -6 0 %  [7] at the start o f  the p u lse -o ff  tim e. 

A p  w ill b e  ~ 1 .6  tim es larger at constant Te . A s the e lectron  tem perature at the b eg in n in g  o f  the 

p u lse -o ff  tim e at the probe region has been reported to increase  up to  tw ice  the pu lse-on  tim e  

valu e [71. the exten t o f  the plasm a-probe sheath can be enhanced up to about 3 tim es the value  

at the beg inn ing  o f  the p u lse -o ff  tim e.

T h e p o sitiv e  plasm a potential va lu es across the plasm a-probe sheath w ill prevent 

e lectron s leak in g  tow ards the grounded probe, thus preventing (a lo n g  w ith the d ecrease  in 

electron d en sity ) the sh eath ’s contraction . O nly  during a short tim e interval the sheath w ill stop  

its exp an sion  (and m ay ev en  contract sh ortly ), due to the sud den  in crease  in e lectron  d en sity  at 

all reg ions w hen  the n egative  charge gradient is com p en sated .

overall e lectron re-distribution, d icta ted  b y  the tim e-sca le  o f  e lectron  m otion (ten s -  hundreds o f

(6 .2. 1)
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A fter  the sudden in crease  and sudden stop in  its exp an sion , the sheath  w ill con tin u e to expand  at 

a  slo w er  rate, corresp on d ing to  the d ecrea se  rate o f  e lectron  d en sity  dictated b y  the am bipolar  

f lo w . D uring th is tim e, the e lectron  tem perature has s lo w ly  d ecreasin g  values that can be  

con sid ered  constant: so . the d ecrease  in e lectron  d en sity  is  the m ain factor in the sheath  

expansion .

From  the I-V w aveform s, w e  can estim ate  that the plasm a reaches equilib riu m  after 4 ^ s ,  

o n ce  the current and v o ltage  o sc illa tio n s  at the targets are extinct. T h is  w ill mark the en d  o f  the 

am bip olar flo w  process and the m om ent w h en  the p lasm a-probe sheath expansion  stop s.

T h e ions that have left the bulk ju st before  this m om ent w ill con tin u e  to m ove (inertia) tow ards  

the probe.

C on sid erin g  the ion average sp eed  ~ 1 5 0 0 m /s , w ith a ± 5 0 0 m /s  spread in the distribution  

(an average en ergy  o f  0 .5 e V  ± 0 .2 5 e V  in th e  bulk) the ions need  ~ 6 5 ± 2 0 | i s  to  cross the 10cm  

distance to  the probe. S o , o n ly  a sm all d ecrea se  in the ion flux d en sity  due to  the end o f  the 

d iffu sion  p rocess w ill be  observed  at the p rob e region , as a new' "w ave" o f  ion s w ill start their  

d iffu sion  tow ards the probe ev ery  20ji.s. T h erefore , the ion flux d ensity  values at the probe 

region  are practically constant and independent o f  the p u lse -o ff  tim e.

N e u t r a l  

T a r g e t  P l a s m a

A d v a n c i n g  

s h e a t i i  e d g e
C h a m b e r  w a l l

P l a s m a - p r o b e

s h e a t h

_  /

e-

e

F ig .6 .2 .7 . S ch em atics o f  the plasm a-prob e sheath m od el. C ross-section  v iew  o f  d isch arge  

cham ber in plane X O Y .

T h e average e xp an sion  sp eed  o f  the sheath  is d ictated by the am bipolar f lo w  and thus by the ion  

average sp eed . For an ion average en ergy  o f  0 .5 e V  (average sp eed  ~ 1 5 0 0 m /s)  and a duration o f  

the exp an sion  p rocess o f  ~ 3 |is ,  the ex ten t o f  the plasm a-probe sheath resulted from  am bip olar  

flo w  can be approxim ated to  about 4 .5 m m .

From the D eb y e  length form ula, the 4 .5 m m  exten t corresp on d s to  a d ecrease  in electron  

d ensity  o f  about o n e  order o f  m agn itu de  durin g  the am bip olar flo w  process .

S o . the form ation and exp an sion  o f  the plasm a-probe sheath is due to the exp an sion  o f  the 

D cb ye-len gth  con tact sheath at the probe, contro lled  b y  the ev o lu tio n  o f  p lasm a param eters 

( ne , Te ) during the p u lse -o ff  tim e at the probe region .
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T h e plasm a-probe sheath exp an sion  has a three-step evolu tion :

- a sudden exp an sion  in the first ~ 5 0 0 n s , due to  the sudden decrease  o f  e lectron  d en sity  and a 

sharp rise in the e lectron  tem perature at the beg inn ing  o f  the p u lse -o f f  tim e;

-a sudden s lo w -d o w n  and stop o f  the exp an sion  d u e to  an increase in the electron d en sity  at all 

reg ions (at about Ijls);

- a s lo w  exp an sion  for ~ 3 n s  (starting at ~ l | i s  and en d in g  at ~4^ts) due to  the s lo w  d ecrea se  in 

e lectron  d en sity  dictated m ain ly  by the am bipolar flo w .

O n ce  the overall p lasm a has reached neutrality (at a low er plasm a d en sity ), the ex p a n sio n  o f  the 

sheath stops and the sheath w idth rem ains constant until the end o f  the p u lse -o ff  tim e.

T h erefore , during m ost o f  the p u lse -o ff  tim e, the plasm a-probe sheath w ill no t contract - 

lik e  the cath ode sheath during p u lse -o ff  tim e - as there are le ss  e lectron s ava ila b le  to  restore the 

plasm a d en sity  in the plasm a-p robe sheath and the p o sitiv e  potential on the sheath p reven ts  the 

electron s to leak to the grounded probe.

E xp la in ing  the plasm a behaviour during p u lse -o ff  tim e through d iffu sio n  o f  ch arges is 

ju stified  here, as th is is the m ain ch a rg e-lo ss  m echan ism  for the reg ions o u tsid e  the bulk.

O ther ch a rg e-lo ss  m ech an ism s lik e  recom bination, a lthough n eg lected  in th is b a s ic  m od el, 

appear a s  a co n seq u en ce  in our further analysis.

1 have to em p h asize  that in the a b o v e  con sid eration s for the form ation o f  th e  plasm a-  

probe sheath, the presen ce  o f  an e lectr ic  fie ld  o v er  the neutral p lasm a is not a cco u n ted  for. or 

assum ed , at any m om ent. T h e e lectr ic  f ie ld s  lead in g  to  e lectron  d iffu sion  (and ion  drift) are 

plasm a generated  fie ld s  due to charge d ensity  gradients and are a direct c o n se q u e n c e  o f  p lasm a  

non-neutrality in the resp ective regions.

T h e ab ove a n a lysis  is  in g o o d  agreem ent w ith  Franklin (4 5 ) w h o  has sh o w n  that for  

m agn etized  d isch arges, the ions m ovem ent is m ain ly  d u e to drift (gen erated by loca l am bipolar  

e lectr ic  fie ld s) and the e lectron  m ovem ent is m ain ly  a d iffu sion  process.

6.2 .3 .3 . T H E  P L A S M A -P R O B E  S H E A T H  B E H A V IO U R  A N D  T H E  IE S

M easu rem ents o f  the tem poral ev o lu tio n  o f  the plasm a potential during the p u lse -o f f  tim e  

ind icate  that at d istances o f  10cm  from  the targets this potentia l fo llo w s  c lo se ly  the vo ltage  

o sc illa tio n s at the cath odes, w ith  sm aller , but p o sitiv e  va lu es (57].

S o . at the beg inn ing  o f  the p u lse -o ff  tim e, the plasm a potential at the probe (substrate)  

region w ill be  m ore p o sitiv e  than the probe (at ground lev e l)  and the ions w ill be accelerated  

ov er  the plasm a-probe sheath.

A fter  a large e lectron  current has been  drawn to the ca th od es (first 2 5 0 n s, F ig .3 ) the 

electron  d en sity  at the probe region  has a sudden decrease  (w h ile  the e lectron  tem perature rises)  

and a s a result, the ed g e  o f  the plasm a-probe sheath w ill m o v e  aw ay from  the p rob e creatin g a 

larger plasm a-probe sheath (F ig .6 .2 .7 ) . T h is  leads to an increase  in the m easured ion  current at 

the probe (F ig .6 .2 .3 , F ig .6 .2 .4 ) . T h e resulting IES (F ig .6 .2 .3 , F ig .6 .2 .4  at w = 4 9 6 n s)  are
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distributed o v er  a w ide en erg y  range (OeV up to ab ove KX)eV) a s  the plasm a potential va lu es  

are large.

T h e  fast e xp an sion  o f  the plasm a-probe sheath sto p s w hen  the e lectron  d en sity  recovers to  

high va lu es at - l ^ s ;  then, it co n tin u es to  expand  s lo w ly  a s  lon g  as there is  an uncom pensated  

p o sitiv e  charge d ensity  gradient lead in g to am bip olar How.

A fter  4^is (a s sh ow n  by  the l-V  w a v efo rm s) the plasm a reach es equilib riu m  and the  

v o ltage  and current o sc illa tio n s at the ca th od es are ex tin gu ish ed  (F ig .6 .2 .1 ) . T h e potential on the 

cath od es settles at a value o f  about 25 V  but the plasm a potentia l w ill have a higher valu e. W e  

can  id entify  th is value as 4 0 V  from  the shape o f  the ion en ergy  distrib utions w e  m easure  

(F ig .6 .2 .3 , F ig .6 .2 .4 ). T h e ion s contin u e to  arrive at the sheath e d g e  and are accelera ted , but 

their m ost probable energy  is  4 0 c V , resulting in a high 4 0 e V  peak in the en ergy  distribution.

T he tem poral behaviou r o f  the plasm a-probe sheath exp an sion  ex p la in s the increase  in the 

ion flux  at the probe, w h ile  the shape o f  the IES are g iv en  by the co n v o lu tio n  o f  the plasm a  

potential va lu es on the sheath ed ge  and the tem poral ev o lu tio n  o f  its extent.

6 .2 .4 . V A L ID A T IO N  O F  T H E  M O D E L

6 .2 .4 .1. FR O M  T H E  S P A C E  -R E S O L V E D  IES

T h e geom etry  o f  the op p o sed  target m agnetron d o e s  not a llo w  for direct m easurem ent o f  the 

plasm a potential (V p ) in the bulk.

It w a s sh ow n  [7 . 57 ] that pu lse-on  tim e V p  va lu es are gen era lly  sm all, (a  few  V o lts) and 

d ecrease  sig n ifica n tly  w ith the d istan ce  from  the targets, reach ing Vp*= IV  at D = 1 0 cm  from  the 

targets for a planar m agnetron d isch arge. A ssu m in g  the sam e behaviour  in our m agnetron, at the 

F.QP probe po sition  (situ ated at D = 1 0  cm  from  the targets e d g e )  the plasm a potential during the 

pulse-on  tim e can be con sid ered  c lo se  to  zero. A s the exterior plate o f  the EQ P probe is in  direct 

contact w ith the cham ber’s  w all and set to ground, there is practica lly  n o  potential d ifferen ce  

b etw een  the probe and the plasm a potential. T h us, the ion s are not accelerated  across the contact  

sheath at the plasm a -  probe boundary. T h is  is  essen tia l as an en ergy  ca libration for any IES  

m easurem ent.

M easuring the ion en erg y  distribution at c lo se r  d istan ces to the targets actu ally  perturbs 

the m easurem en t, as there w ill be a larger V p  o v er  the sheath at the plasm a-probe boundary. W e  

can ob serve th is in our data from  the IES a n a ly sis  w ith d istan ce (F ig .6 .2 .5  and F ig .6 .2 .6 )  w h ere  

the en ergy  distribution during the pu lse-on  tim e (the lo w  en ergy  peak) ch a n g es its shape.

A t sm all d istan ces b etw een  the probe and the targets, the lo w  en ergy  peak lo se s  in ten sity  

tow ards other en erg ies  as the plasm a potential on the plasm a-probe sheath e d g e  has va lu es  

ab ove zero. T h e  hiph en ergy  ed g e  o f  the IBS is  a lso  perturbed. A s the probe is  c lo se r  to  the  

targets, the h igh -en ergy  lim it sh ifts  tow ards higher values: 9 0 e V  at D = 1 0 cm . 9 8 e V  at D = 8 cm , 

and a b o v e  lOOeV for D < 8 cm . T h is corresp ond s to  an in crease  in V p  in regions closcr to  the 

targets, during the p u lse -o ff  tim e.
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T h e ch ange in the m axim um  en ergy  v a lu e s  w ith distance indicate  that the sheath is  situated  at 

the probe and fo llo w s  its position , the potentia l on the plasm a-probe sheath changing  accord ing  

to  the plasm a potential va lu es at the resp ectiv e  probe position . A  sim ila r  situation occurs w hen  

the E Q P probe is replaced by a grounded substrate.

T h e fact that the 4 0 e V  ion peak height (F ig .6 .2 .5  and Fig. 6 .2 .6 )  d o es not ch ange  

s ig n ifican tly  w ith the distance from  the targets p roves that the num ber o f  ions co llec ted  depends  

m ainly on the plasm a-probe sheath v o lu m e (that is  a ch iev ed  after the plasm a bulk has reached  

equilibriu m ).

T h e form ation o f  the 4()eV  peak fo r  w > 4 0 1 6 n s  and the fact that its 4 0 e V  en ergy  value 

d o es  not depend on the axia l d istance D  are proofs that th is peak is  due to the plasm a potential 

(V p ~ 4 0 V ) values attained after the plasm a has reached equ ilibriu m  (fo r  w > 4 0 1 6 n s).

6 .2 .4 .2 . F R O M  T H E  IE S S T A T IS T IC S

T h e total ion num ber, flux and flux rate is  ca lcu lated  by integration over the m easured IES as  

exp la in ed  in C hapter 3 .4 .

T h e pu lse-on  spectra w ere co n sid ered  b elow  3 .5 e V  for A r ions, resp ectiv e ly  b e lo w

11.5eV  for C u ion s; and the p u lse -o ff  spectra  above these.

A s the C u ion d en sity  is about 1 0 0  tim es low er than that o f  A r ion s and it depends  

stron gly on the sputtering process , the C u ion s are not in clu d ed  in the a n a ly sis  o f  the ion flux  

and flux rate.

T h e num ber o f  ion s co llec ted  durin g  the pu lse-on tim e d ecrea ses  slig h tly  w ith in creasing  

the p u lse -o ff  tim e, as exp ected ; w h ile  the num ber o f  ion s c o lle c te d  during the p u lse -o ff  tim e has  

a strong increase with the p u lse -o ff  tim e (F ig .6 .2 .8 ) . A  s im ila r  behaviour is observed  for both  

C u and Ar ions. For p u lse -o ff  tim es lo n g er  than 4 0 0 0 n s . the ion num ber is increasing  a lm ost  

linearly w ith the p u lse -o ff  tim e -  a p roof that at 4 0 0 0 n s  the plasm a-probe sheath is  form ed and  

has a stab le vo lu m e.

W e can notice that the ion flux is  constant w ith the duration o f  the pu lse-on  tim e, 

in dicating  a constant ion flux at the plasm a-p robe sheath  ed g e  (F ig .6 .2 .9 )  during the pu lse-on  

tim e. T h is p roves that the plasm a-probe sheath  during the pu lse-on  tim e has a constant exten t 

that is  not in flu en ced  by the duration o f  the p u lse-on  tim e ( i.e . it is independent o f  the duration  

o f  co llec tio n  tim e). A lso , the ion flux d en sity  at the probe region is  independent o f  the p u lse -o ff  

tim e duration.
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F ig .6 .2 .8 : T lic  num ber o f  A r and C u ions  

co llec ted  by the en ergy  analyser  probe during  

the pu lse-on  tim e and during the p u lse -o ff  

tim e, a s  a function o f  the p u lse -o ff  tim e.

F ig .6 .2 .9 : T he Ar ion flux  [N um ber o f  

io n s/co llec tio n  tim e] co llec ted  by  the probe 

during the pu lse-on  tim e and during p u lse -o ff  

tim e as a function o f  the p u lse -o ff  tim e.

A t the beg inn ing  o f  the p u lse -o ff  t im e, due to  the su dd en  ex p a n sio n  o f  the plasm a-probe sheath  

and the p o sitiv e  V p across the sheath, the ion flux at the probe is  3 tim es h igher than the one  

during the p u lse-on  tim e. T h is  is in g o o d  agreem ent w ith  the 3 - fo ld  exp an sion  o f  the plasm a- 

probe sheath evaluated in S ectio n  6 .2 .3 .2 .

W hile  the p lasm a-p rob e  sheath expands s lo w ly  (during the next 4 0 0 0 n s) the ion flux  

d ou b les, and then it stays constan t, at the highest value, during the last 2 0 0 0 n s. T h is  sh o w s that 

after the sheath has reached full extent it rem ains constant for another 2 0 0 0 n s . T h e  plasm a- 

probe sheath is  still present at 8 0 0 0 n s , about 4 0 0 0 n s  after the o sc illa tio n s o f  the potential on the 

cath od es have reached a stab le  value.

6 .2 .4 3 .  T H E  IO N  F L U X  R A T E  A N A L Y S IS

T h e ion flux rate va lu es during the p u lse -o ff  tim e are ca lcu lated  a s  the variation in ion flux  

values betw een  co n secu tiv e  p u lse -o ff  tim e durations, d iv id ed  by the d ifferen ce  b etw een  th ese  

durations. T h is  a n a lysis  is based on  the assum ption that for all p u lse -o ff  tim es the phenom ena

g overn in g  the ion transit and the plasm a behaviou r are sim ilar. A gain , the obtained va lu es are

o n ly  cu m u la tive  va lu es over  the m easuring d w ell tim e o f  the FQ P analyser, and not real-tim e  

ab solu te  va lues.

C on siderin g  the situation  during the p u lse -o ff  tim e, the num ber o f  ion s dN  that are 

co llected  b y  the probe during the tim e interval dt is:

dN  = Tr V d t  (6 .2 .2 )

w here T, lio n s .s  'em  l | is the ion flu x  d en sity  at the plasm a-probe sheath ed g e  and V is the 

plasm a-probe sheath vo lum e. T h e  ion flux at the probe in dt is: 

d N / d t  = r r V  (6 .2 .3 )
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T h e ion flux rate o f  ch an ge w ith tim e is:

d 2 N / d t 2 = d l d t ( T j V )  (6 .2 .4 )

and can  he d ev e lo p ed  as:

(6 .2 .5 ,

d t 2 d t  d t

d r .

S o , w hen  the ion flu x  d en sity  T. at the sheath ed g e  is  constan t ( ——  =  0 )  the ion flux rate at the
d t

probe depends o n ly  on the ch a n g e  in the vo lu m e o f  the sheath: and w hen  the vo lu m e V is

d V  . „
constan t ( —  =  0 )  the ion flux  rate on ly  depends on the ch an ge in r , . 

d t

R epresenting the ion flux rate o f  ch an ge i t N / d r  a s a function o f  the p u lse -o ff tim e, a 

strong m axim um  fo llo w ed  by  a constan t reg ion can be observed  (F ig .6 .2 .1 0 ).

D uring the first 2 5 0 n s the su dd en  d ecrease  in e lectron  d ensity  accom p an ied  by a strong  

in crease  in electron tem perature lead s to  a fast exp an sion  o f  the plasm a-probe sheath. A s  a 

result, a sharp increase  in the ion flu x  rate appears at the b eg in n in g  o f  the p u lse -o ff  tim e (or for 

short o f f  t im es) w h ile  T, at the sheath ed g e  stays constant and the sheath vo lu m e in creases  

sudd en ly . B etw een  ~ 2 5 0 n s  and ~ 8 0 0 n s . a s lo w -d o w n  and ev en  sto p  o f  the exp an sion  o f  the 

plasm a-probe sheath is  o b served  as a sharp fall in the ion flux  rate (F ig .6 .2 .1 0 ).

W e can notice that the flu x  rate ind icates a stop  o f  the sheath exp an sion  at ~  1000ns (w hen  

the plasm a bulk reach es neutrality) p rov in g  that our data and a n a lysis  are in good  agreem ent  

w ith the experim ental resu lts  obtained  by  B radley et al. (7 |.

F ig .6 .2 .1 0 : T y p ica l ion flux rate variation during the p u lse -o ff  tim e, ca lcu lated  as  

d 'N /d t (th e  variation o f  the ion flux  (d N /d t) betw een  tw o  co n secu tiv e  va lu es o f  the 

p u lse -o ff  tim e).
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O n ce the am bipolar llo w  dom in ates and the decrease rate o f  the e lectron  d en sity  is qu asi­

constant b e in g  contro lled  by  the decrease  in the ion d en sity  in the bulk, the ion  flux rate at the 

probe is dom in ated b y  the s lo w  exp an sion  rate o f  the sheath (dV/dt term ). T h e sheath expan sion  

sp eed  w ill equal the average sp eed  o f  the ions leav in g  the bulk. A  stead y  increase in the 

m easured ion flux (F ig .6 .2 .9 )  and a p ositive , a lm ost constan t ion flux  rate (F ig .6 .2 .1 0 )  can  be  

observed  at this stage .

T h e constant ion flux rate betw een 1000ns and 4 0 0 0 n s  ind icates a constant exp an sion  

sp eed  o f  the plasm a-probe sheath.

B eyon d  4 0 0 0 n s , after the plasm a has reached neutrality and the sheath exp an sion  has 

stop ped  (dV/dt=0). the ion flu x  rate at the probe o n ly  d ep en d s on  the ch ange in the ion flux  

d ensity  w ith tim e. H ere. ifN /d t2 is dom inated by the seco n d  term in equation (5 ). T h e ion flux  

rate at the probe s lo w ly  d ecrea ses  (in  F ig .6 .2 .1 0 , a b o v e  4 0 0 0 n s) as T, at the sh eath  ed ge  

d ecrea ses , probably, m ainly due to recom bination  p rocesses.

In co n c lu sio n , the inform ation  g iven  b y  the a n a lysis  o f  the ion flux rate during p u lse -o ff  

tim e con firm s the proposed plasm a-probe sheath m odel and its tem poral evo lu tion .

6 .2 .5 . C O N C L U S IO N S

A  m odel for the phen om en a lead in g to the increase in the ion flux and en ergy  during the p u lse-  

o f f  tim e at the substrate region  o f  a pu lsed D C  m agnetron d isch arge has been presented and  

validated using m easu rem en ts o f  the IE S at the substrate reg ion and the I and V  w a v efo rm s at 

the cathod es.

T h is m odel en a b les  a control o v er  the pu lsed  D C  d isch arge param eters in order to  obtain  

the desired ion flux lev e l and to  eva lu ate  the ion energy  distribution o n ly  from  b asic  k n ow led ge  

o f  the l-V  w aveform s. T he prop osed  m odel is based on the form ation and exp an sion  o f  a 

plasm a-probe (or resp ectiv e ly , a plasm a-substrate) sh eath , due to the p o sitiv e  plasm a potential 

V p va lu es and ch an ges in the plasm a param eters (electron  d en sity  and tem perature) in the pu lse-  

o f f  tim e plasm a.

A “contact" sheath o f  sm all (D eb y e  len gth) th ick n ess is a lw a y s present at the plasm a-  

probe boundary. D uring the p u lse -o ff  tim e, a potential d ifferen ce  is  created  across this sh eath , 

betw een  the plasm a potential (at the probe loca tion ) and the probe (at ground) w h ile  the sheath  

expands. T he ions are accelerated  in this sheath at h igh en erg ies  corresp on d ing to  the 

(o sc illa tin g ) plasm a potential va lu es at the sheath ed ge .

T h e exp an sion  o f  the plasm a-probe sheath is  due to  the tw o -step  d ecrease  in e lectron  

d en sity  during the p u lse -o ff  tim e. A s  the plasm a-probe sheath  expands, a higher num ber o f  ions  

w ill be accelerated  tow ards the probe w ith differen t en erg ies  d ep en d in g  on their position  in this 

sheath and the plasm a potential va lu es.
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A ccord in g  to  the m od el, the D eb ye-len gth  o f  the plasm a-prob e sheath w ill first expand due to  a 

sudd en overall drop in e lectron  d ensity  and rise in e lectron  tem perature that characterize the 

plasm a at the b eg in n in g  o f  the p u lse -o f f  tim e. T h e sudden drop in e lectron  d ensity  at the 

substrate region is in itiated by the bulk plasm a n egative  ch arge d en sity  gradient and enab led by  

the fast e lectron d yn am ics.

T h e exp an sion  s lo w s  dow n and stops at around l | i s .  w hen  the e lectron  d ensity  reach es  

uniform  distribution over the plasm a and the bulk reach es charge neutrality.

A fter  ~ I j js , the sheath w ill con tin u e to exp an d  s lo w ly  due to  an am bipolar flo w  (io n  drift 

o utsid e  the bulk and e lectron  lo ss  at the bulk at the sam e rate), until the p o sitiv e  charge d ensity  

gradient is com p en sated , lead in g  to  a stop in exp an sion  after 4^ts. T h e exp an sion  sp eed  o f  the 

sheath is g iv en  here by the sp eed  o f  the am bipolar flo w , w h ich  is d icta ted  by the ion average  

sp eed . A fter  4 jis . the plasm a-probe sheath exten t stays constan t until the end o f  the p u lse -o ff  

tim e. T h e plasm a-probe sheath is  rapidly com p en sated  and disappears at the beg inn ing  o f  the 

fo llo w in g  pu lse-on  tim e.

T h e form ation o f  the plasm a-probe sheath and its behaviour during the p u lse -o ff  tim e  

ex p la in s the ion flux and energy  gain  a s  w ell a s  the observed  IRS at the substrate reg ion . T h e  

validation  o f  the m od el is g iv en  by sp a ce-reso lv ed  IRS experim en tal data and the a n a lysis  o f  ion  

num ber, flux and flu x  rate evo lu tio n  w ith the p u lse -o ff  tim e.

A lth ough the m odel is  in itia lly  exp la in ed  through the ev o lu tio n  o f  plasm a param eters like  

Te and ne that have not been directly  m easured in th is experim en t, the fact that our IRS 

exp erim en ta l data m atch c lo se ly  the proposed m odel p roves that the m od el can  be g en era lized  to  

all pu lsed D C  discharges. T h e ab ove a n a lysis  in term s o f  ch a rg e-lo ss  phen om en a is ju stified , as 

these  are g overn in g  the plasm a behaviou r during p u lse -o ff  tim e.

T h e tim e intervals ch o sen  for the IRS m easurem ents presented in this paper a llo w  the 

observation o f  the general trend o f  the plasm a-probe form ation  and behaviour during pu lsed  DC  

sputtering and provide a g o o d  validation  for the proposed m odel.

T h e an a ly sis  o f  ion flux ev o lu tio n  at the substrate region for d ifferen t va lu es o f  the 

p u lse -o ff  tim e ind icates the optim um  p u lse -o ff  tim e va lu es that provide the m axim um  num ber  

o f  ion s at the substrate. T h is  p u lse -o ff  tim e valu e should be c lo se  to  the tim e needed  by  the 

plasm a to  reach equ ilibriu m  (4 fis  in our c a se )  c o in c id in g  to  the m om ent w hen  the plasm a-probe  

sheath reach es a m axim um  exten t. T h e p u lse -o ff  tim e va lu e can  be ea s ily  determ ined  from  the I- 

V w a v efo rm s that prov id e in th is  ea se , a direct result for such plasm a diagnostic  prob lem s.

T h e  results presented in th is chapter h ave been  in clu d ed  in a recent paper [84].

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Chapter 6:_ _ _ _ _ _ _ _ _ _ _ Tim e-Resolved Plasm a Physical M odels  . . .
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Chapter 7: Conclusions

C H A P T E R  7:

F IN A L  C O N C L U S IO N S

T h is  chapter p resen ts a sum m ary o f  the work perform ed and  the m ost im portant results.

A few  im portant issu es for pu lsed D C  m agnetron operation and design  arc d iscu ssed  as direct 

co n seq u en ces o f  the proposed tim e-reso lv ed  plasm a p h y sica l m o d els  and d iagn ostic  results.
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Chapter 7: C onclusions

7.1. S U M M A R Y  O F  T H E  W O R K

T h e w ork described in th is  th esis  a im s at provid in g a g loba l understanding o f  the m ajor 

p ro cesses  taking place  during pu lsed  D C  m agnetron sputtering and the lin ks b etw een  the main  

m acroscop ic  param eters o f  the d isch arge (gas pressure, p u lsed  target b ias) the inner m agnetron  

d esign  (d ischarge geom etry  and m agnetic  co n fin em en t) and the plasm a param eters  

characterizing its dynam ics. Identifyin g th ese  links w ou ld  a llo w  the d esig n  o f  a m agnetron with  

the required perform ances as w ell as the correct c h o ice  o f  d isch arge param eters to  obtain the 

d esired  q uality  o f  the film s.

In th is w ork, all fie ld s  o f  p lasm a p h y sics  (th eoretica l, com p uta tional and  

experim en ta l/d iagnostic  m ethods) h ave been  approached and em p lo yed  to various d e g r e es  o f  

depth in order to infer a co m p le te , t im e-reso lv ed  physical m od el o f  the sputtering process:

-a tim e-depend en t ph ysica l m odel o f  the p u lse-on  tim e, indicating  th e  tem poral 

evo lu tio n  o f  the e lectron  k in etics, based on tim e and sp a ce-reso lv ed  O E S electron  tem perature  

determ in ations (Chapter 6 .1 );

-a tim e-depend en t ph ysica l m od el o f  the p u lse -o ff  tim e, provid in g a ph ysica l m odel and 

exp lanation for the increase in ion flu x  and energy  at the substrate reg ion , based  on tim e-  

reso lved  ion en ergy  spectra an a ly sis  and c h a rg e-lo ss  ph enom ena (C hapter 6 .2 );

- a ph ysica l m odel o f  the sputtering p rocess by M onte C arlo sim u lation s o f  ion transit 

tim es in the d isch arge  (C hapter 2 .2 ).

A s  the tem poral a n a ly sis  o f  pulsed D C  d isch arges required the use o f  tim e-reso lv ed  plasm a  

diagnostic  m ethods, several tim e-d epend en t d iagn ostic  m ethods have been  d esig n ed  an d  used to  

characterize the pu lsed D C  plasma:

the I and V w aveform s com b in ed  w ith  tim e-reso lv ed  OHS ion lin es provid e inform ation  

on the average travel tim e to  targets o f  io n s, d efin in g  the tim e-sca ie  for th e  sputtering  

p rocess (C hapter 5 . 1);

the determ ination o f  tim e-reso lv ed  e lectron  tem peratures using an aco u sto -o p tic  

spectrom eter has been tested and used  for a m apping o f  the e lectron  tem peratures  

through-out the d isch arge sp ace  during the p u lse-on  tim e (C hapter 5 .3 );  

the tim e-reso lv ed  a n a lysis  o f  tim e averaged ion en ergy  spectra at the substrate region  

linked w ith inform ation on the electron d en sity  leads to a s im p le  p h ysica l m odel o f  

phenom en a resp onsib le  for the increase  in ion flu x  and energy at the substrate during  

p ulsed  D C  d isch arges (C hapter 5 .4 ).

E ach  chapter (C hapter 5 and C hapter 6 )  presents the experim en tal (or com p u tation a l)  m ethod, 

the results and a deta iled d iscu ssio n  on the o b served  phen om en a w ith indication o n  the use o f  

the d es ig n ed  d ia g n o stic  m ethod  and g u id e lin es  for the c h o ice  o f  pu lsed  D C  d u ty  c y c le  for 

ob ta in ing a stab le d isch arge or certain  sputter e ffec ts .
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T he description o f  the o p p osed  target m agnetron construction and insu lating sh ield s as w ell as  

the a ssocia ted  m easuring equ ip m en t are presented in C hapter 2. T h e “current sh eet” m ethod to 

ca lcu late  the m agnetic  fie ld , the d ev e lo p ed  algorithm  and the actual d istribution o f  th e  m agn etic  

fie ld  are presented in C hapter 3. In C hapter 4 . a short theoretical basis for the plasm a ph ysics  

co n cep ts  and m ethods is provided as a background for the exam ination  o f  experim en ta l work  

valid ity  under differen t plasm a con d ition s (p u lse-o n . resp ectiv e ly  p u lse -o ff  tim e).

7.2 . S U M M A R Y  O F  T H E  E X P E R IM E N T A L  R E S U L T S

7 .2 .1 . T he IV characteristics and the Current and V oltage  w aveform s are a direct in d icator  o f  

the tem poral evo lu tio n  o f  the pow er  d e liv ered  to the d isch arge as w ell as o f  p h enom ena  

taking place  in the plasm a during the p u lse-on  and p u ls e -o f f  tim e.

T h e behaviour o f  the l-V  characteristics indicate that th is type  o f  rectangular, o p p o sed  target 

geom etry  a llo w s  m agnetron operation at h igh currents w ithout an increase in th e  applied  

voltage, en su rin g a stab le d isch arge for currents from  1A up to 6 A  and w ork in g g a s  (A r) at 

pressu res from  1 mtorr up to 5m torr. for target pow er  d ensity  in the range 1.5 W /cm 2 -  lOW /cnV.

T h e l-V  characteristics and Current and V oltage  w aveform s have a lm ost id en tica l trends 

for the Cu and Fe targets and are strong ly  a ffected  by  ch a n g es in the g a s p ressu re , but 

practica lly  independent o f  the current run. T h e Current w aveform s are independent o f  g a s  

pressure. Both Current and V o lta g e  w aveform s are strongly  a ffec ted  by  the duration o f  p u lse -o ff  

tim e.

T h e Current and V oltage  w a v efo rm s are equ iva len t to  a tim e-reso lv ed  m easurem en t o f  

the IV characteristics indicating:

-the m om ent o f  “breakdow n” during each  pu lse (m axim u m  o f  the vo ltage w aveform , w hen  the  

disch arge con d u ction  lev e l turns from  that o f  an insu lator to  that o f  a conductor);

-the m om ent w hen the plasm a d en sity  h as the h ighest leve l (m in im um  in the v o ltage  w aveform );  

-the p u lse -o ff  tim e osc illa tio n s o f  the v o ltage  g iv e  an estim ation  o f  the tem poral e v o lu tio n  o f  the 

plasm a potential during the o f f  tim e:

-th e m om ent w hen  the Current and V oltage o sc illa tio n s are ex tin ct (at around 4jts  a fter  the start 

o f  the p u lse -o ff  tim e) ind icate  the m om ent w hen  the plasm a bulk h as reach ed quasi-neutra lity.

T h is tim e-reso lved  d ia g n o stic  m ethod  -a lthough under-estim ated- is  ex trem ely  usefu l on  

its ow n  and in co n n ectio n  to  oth er tim e-reso lv ed  d iagn ostic  m ethods as a base for bu ild in g  

physica l m od els  o f  pu lsed  sputtering discharges.

7 .2 .2 . T im e-reso lv ed  O E S data provid e in form ation on the ion ization  d ensity  distr ib ution. T he  

region and m om ent w here the ions are created plays an important ro le in the tim e-sca le  

o f  the sputtering process. For the A r-C u d isch arge, the m axim um  ion iza tio n  d ensity  is  

situated  in the central reg io n s o f  the d isch arge, w h ile  for the A r-Fe d isch a rg e , it is 

situated  in a  region  c lo s e  to the targets.

2 0 2



Chapter 7: Conclusions

7 .2 .3 . T im e-and  sp a ce-reso lv ed  e lectron  tem peratures have been  evalu ated for both Cu and Fe 

target configuration .

In both c a ses , the tim e-reso lv ed  T e  va lu es fo llo w  c lo se ly  the V o ltage  w aveform  evo lu tio n  

during the p u lse-on  tim e w ith m axim um  values o f  about 2 0 e V  (at t~ 2 .5 jis )  for the Ar-Cu  

d isch arge  and 4 0 e V  (at t~ 4 .5 p s )  for the A r-F e d isch arge.

T h e eva lu ation o f  7 ,  from  sp ace  and tim e-reso lv ed  O E S lin es p rovides in form ation on the 

d yn a m ics o f  e lectro n s directly  in v o lv ed  in the excita tion  and ionization p ro cesses  during the 

p ulse-on  d isch arge and the evo lu tio n  o f  d isch arge stages.

A  pu lse-on  tim e m odel o f  the Cu d isch arge  and sputtering p rocess has been  inferred, 

h av in g the fo llo w in g  stages:

a) Start o f  sputtering m arked b y  a high sp ike in Tf (~ 2 0 e V )  at t~ 2 .5 jis  and Ee~3 0 e V  (a 

m axim um  in the ionization cro ss-sec tio n  for Ar);

b) Start o f  "breakdow n" due to  start o f  h igh-rate ionization p ro cesses  (both g a s and m etal atom s  

are io n ized ) and d ecrease  in the d isch arge  im pedan ce, the p ow er  peak at t~ 4 n s  and a d ecrease  in 

E.\

c )  Start o f  self-spu ttering  m arked b y  a secon d  peak in 7 C at t~ 5 n s: T e > 8 e V  (E c > 1 2 e V ) a llo w  

th is process at m axim um  cro ss-sectio n  for Cu ionization;

d) A r ion peak fall at t~ 6 n s  (7*, <1 l e V  and £ ,< 1 6 e V . A r ionization is  n o  longer p o ss ib le  in on e-  

step  processes);

e )  D ecrease  in ion ization  and sputtering  e ff ic ien cy ;

0  Final increase  in the d isch arge im pedance.

C u ion production takes p lace  in the tim e region from  t~3[i.s to  t~ 1 0 p s  and in space regions  

c lo ser  to  the targets that a llo w  the apparition o f  se lf-sp u tterin g . T he A r ion s are produced o n ly  

in h igher 7 ,  reg ions c lo ser  to the centre o f  the d isch arge and need in average  about ~ 2 .5 |is  to 

reach the targets d efin in g  this as the tim e-sca le  for the sputtering process.

For Fe targets, the e lectron  tem perature has higher values than those obtained for the Cu  

targets configuration , lead in g to  a differen t space-tem poral d istribution for the A r ions, with  

c o n seq u en ces  on the d isch arge  behaviour. T h e ob served  higher T e  va lu es in the regions c lo se  to 

the targets lead  to  sputtering, target re-sputtering, se lf-spu ttering , h igh  ion flux d en sity  at the 

targets and target heating .

A  strong m axim um  in T e  (~ 4 0 e V ) can be observed  at t~ 4 |is . fo llo w ed  by  a secondary peak at 

t~ 5 p s  (T e ~ 2 0 e V )  due to the com b in ed  target re-sputtering and se lf-spu ttering  e ffec ts .

T h e sta g es o f  the d isch arge and the p u lse-on  tim e m od el for  the d isch arge w ith Fe targets 

has been identified  as fo llo w s:

a) T h e start o f  in ten se  o n e-step  direct im pact A r ion ization  at t~ 3 |is  ( 7 > 1  le V ).

T h e start o f  sputtering d o es not h ave a c lear ly  d efin ed  m om ent, a s  the return tim e to  

targets is  random , w ith large d ev ia tio n s from the average. T h erefore , the ’'beg inn ing o f  

sputtering" cannot be observed  in a  sim ila r w ay  as for the C u targets.
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h) From the Fe I d istribution w e  can se e  that new  sputtered Fe starts to be created  at t~ 4 |is , 

m ainly be direct sputtering. A lso  at t~ 4 p s , a m axim um  in 7 > 4 0 e V .  at a region  situated  

at D = 2 cm  from  the targets is a ch ieved . At th is m om ent, a m axim um  in the sputtering  

p rocess takes place  m ainly as a result o f  d irect sputtering. T h is m axim um  co in c id es  

w ith the V oltage m axim um  at t~ 4 jis . T he V o ltage  starts to  d ecrea se  s lo w ly  after t~ 4 n s . 

due to the d ecrease  in the disch arge im pedan ce cau sed  by the in tense ionization  

processes.

c )  A seco n d  peak in Tf at i~ 5 jis  ( 7 > 2 0 e V )  can be observed . T h is peak is m ainly d u e to  the 

co n v o lu tio n  o f  the v o ltage  va lu es at th is m om ent and the rate o f  se lf-spu ttering  and 

target re-sputtering processes.

d) T h e m axim um  in the A r ionization o ccu rs at t= 6 ^ s. T, d ecrea ses  b e lo w  2 0 eV  (w here the 

A r ionization cro ss-sec tio n  has a m axim um ) and A r ionization rate starts to decrease  

a lon g  w ith T, va lues.

7 .2 .4 . A  ph ysica l m od el for the phenom ena lead in g  to  the increase in the ion flux and energy  

during the p u lse -o ff  tim e at the substrate region  o f  a pu lsed  D C  m agnetron d isch arge  

has been presented and validated u sin g  m easu rem en ts o f  the IES at the substrate region  

and the I and V  w aveform s at the cath odes.

T he proposed m od el is based  on the form ation and exp an sion  o f  a plasm a-probe (or  

resp ectiv e ly , a plasm a-substrate) sheath, d u e to ch a n g es in the plasm a param eters (electron  

d en sity  and tem perature) during the p u lse -o ff  tim e.

T h e ion s are accelerated in th is sheath at h igh en erg ies  correspond ing to the (o sc illa tin g )  

plasm a potential va lu es at the sheath ed ge . A s the plasm a-probe sheath expands, a higher  

num ber o f  ions w ill be  accelerated  tow ards the probe thus exp la in in g  the increase in the ion  

flux.

A ccord in g  to the m od el, the D eb y e-len g th  o f  the plasm a-probe sheath w ill first expand  

due to a sudden overall drop in e lectron  d en sity  and rise in e lectron  tem perature that 

characterize  the plasm a at the b eg in n in g  o f  the p u lse -o ff  tim e.

T h e exp an sion  s lo w s  d ow n  and sto p s at around I jJ S .  w hen  the e lectron  d ensity  reaches uniform  

distribution over the plasm a and the bulk reach es charge neutrality. A fter  - I n s ,  the sheath w ill 

con tin u e to  expand  s lo w ly  due to an am bipolar  flo w  (io n  drift ou tsid e  the bulk and e lectron  lo ss  

at the bulk, at the sa m e rate), until the p o sitiv e  charge d en sity  gradient is com p en sated , lead in g  

to a stop  in exp an sion  after - 4 n s .  A fter  4 n s . the plasm a-prob e sheath exten t stays constant until 

the end o f  the p u lse -o ff  tim e. T h e plasm a-probe sheath is rapidly  com p en sated  and disappears at 

the beg inn ing  o f  the fo llo w in g  pu lse on tim e.

T h e  form ation o f  the plasm a-probe sheath and its b eh av iou r during the p u lse -o ff  tim e  

ex p la in s the ion flux and en ergy  gain  as w e ll as the o b served  IES at the substrate region.
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T h is  optim um  p u lse -o f f  t im e valu e (for a m axim um  in crease  in ion flu x) sh ou ld  be c lo se  

to  the tim e needed  by the p lasm a to  reach equilib riu m  (~ 4 |is  in our ca se ) co in cid in g  to  the 

m om ent w hen  the p lasm a-prob e sheath reach es a m axim um  exten t. T h e p u lse -o ff  tim e va lu e can  

be e a s ily  determ in ed  from  the I-V w a v efo rm s that prov id e in th is ca se , a direct result for such  

plasm a d iagn ostic  problem s.

7 3  C O N S ID E R A T IO N S  D E R IV  E D  FR O M  T H E  P R O P O S E D  M O D E L S

7 3 .1 .  T H E  P R E -S H E A T H  E L E C T R IC  F IE L D

T h e e lectron  kinetics ex a m in ed  through tim e and sp ace  O liS  m ethods provid ed inform ation on  

the space and tem poral d istribution o f  the e x c ited  and ion ized  sp e c ie s  a llo w in g  to  understand the 

con n ection  betw een  the input p ow er  w a v e  during the pu lse-on  tim e, the e lectron  tem peratures 

and d isch arge  evo lu tion  at various m om en ts during the pu lse.

W hile  the e lectron  kinetics has been exam in ed  u sin g  experim en tal p lasm a d iagn ostic  

m ethods, the ion kinetics, resp ectiv e ly  the transport history  from their form ation in sid e  the 

d isch arge  to  their arrival at the targets have been  in vestiga ted  usin g M onte C arlo sim u lation s  

(C hapter 2 .2 ).

T h is study required the deve lo p m en t o f  an original algorithm  and co d e  for charged  

particle transport in  c o m p le x , tim e and sp ace  depend ent e lectr ic  and m agn etic  fie ld s . T h e  

d evelo p ed  co d e  is based on a non-R u nge-K utta  routine and ca lcu la tes  at each  step  the valu e o f  

the m agnetic fie ld  u sin g  a current sheath m ethod, w h ile  the e lectr ic  fie ld  in the plasm a sheath is  

ca lcu lated  usin g the C h ild  L angm uir form ula and the I and V w aveform s.

A lth ou gh  the tim e and sp a ce-reso lv ed  O E S data provide the in itial relative ion den sities, 

the ph ysica l m od el is  in com p lete , as an important p iece  o f  inform ation  is m issin g: the in tensity  

o f  the pre-sheath e lectr ic  field .

A s  L angm uir probes cou ld  not be used in this configuration  o f  m agn etic  co n fin em en t, no  

direct inform ation w as ava ilab le about the in ten sity  and sp ace  d ep en d en ce o f  the e lectr ic  fie ld  in 

the disch arge pre-sheath.

T h e im portance o f  the pre-sheath e lectr ic  field  during pu lsed  D C  d isch arges has la te ly  been  

o bserved  by severa l authors, but n o  ph ysica l m odel for its sp a ce  distribution and in tensity has 

yet been d ev e lo p ed  for p ulsed D C  discharges.

T h e  pre-sheath e lectr ic  fie ld  brings the ions to  the targets in order to produce sputtering, 

and has a m ajor im portance in the deve lo p m en t o f  the sputtering process , a s  its in tensity and 

space distribution d ictates the am ount o f  ions that produ ce sputtering. From  th is  point o f  v iew , 

the pre-sheath e lectr ic  fie ld  can be con sid ered  the “m otor’' o f  the sputtering d isch arge and it is 

an essen tia l p iece  o f  inform ation  in d esig n in g  a m od el o f  the sputtering process.

In th is ca se , the pre-sheath e lectr ic  fie ld  has been a “ m issin g  link’’ and the o n ly  m eans to  

estim ate its in tensity w a s through M onte C arlo s im u la tion s, based on the estim ation  o f  the travel 

tim e to targets o f  A r ions from  the tim e-reso lv ed  O E S data. Severa l p ossib le  functions

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ C hapter 7: Conclusions

2 0 5



describ ing  the e lectr ic  fie ld  evo lu tio n  in the pre-sheath have been  used  in M C  sim u la tio n s o f  Ar  

ion s travel tim e to  targets in order to  determ in e the function that provid es the best m atch to the 

experim en tal va lu e o f  the d e la y  betw een  the observed  pow er peak and the A r ion O E S  peak that 

accounts for the average transit t im e o f  A r ions.

O n ce  the pre-sheath fie ld  has been eva lu ated , m ore in form ation on the sputtering  process  

can  be extracted  through M C  sim ulations: the tim e sc a le  and in tensity o f  the sputterin g and se lf-  

sputtering processes and the bom barding ion s e n erg ie s  at the targets (C hapters 2 .2 , 2 .3 ) .

T h e ions reach the targets at d ifferen t m om ents during the pulse  and w ith  .significant 

spread in their energy  v a lu es, related to the v o ltage  va lu es on the plasm a sheath. It can  be 

n oticed  that for the con sid ered  pre-sheath functions, a sig n ifican t proportion o f  ion s (60%  -70% ) 

d o not participate in the sputtering process. T h ese  ions are trapped in the d isch arge d u e to the 

strong m agnetic confin em ent and m agn etic  mirror e ffec ts . For longer pu lse-on  tim es or for D C  

d ep osition  they m ay reach the targets after long transit tim es, or can s im p ly  accu m u la te  in the 

d isch arge, lead ing to  arcs. T h erefore , during the p u lse -o ff  tim e the plasm a has to  re lea se  the 

accum ulated charges in order to  re-estab lish  the charge quasi-neutrality.

T h e sim ulation results a lso  indicate  that ion s starting at d ifferen t d istan ces from  the target 

have sig n ifica n tly  differen t transit tim es and co n seq u en tly , reach the target w ith  differen t 

en erg ies, dependent on the variable e lectr ic  fie ld  on the cath od e sheath. A lth ough th is  lead s to a 

con tin u ou s sputtering process , the sputtering y ield  and rate are variable during the pu lse .

T h e con d ition s that en ab le  an op tim ization  o f  the sputtering process lead in g  to  m axim um  

sputtering rates as a function o f  the pulsed D C  duty c y c le  cou ld  m ake the su bject for further 

in vestigation .

T h e se lf-spu ttering  p rocess can  be im portant for lon g p u lse-on  tim es and h igh  electron  

tem peratures near the targets and the c h o ice  o f  the duty c y c le  can be m ade accord ing to  w hether  

the se lf-spu ttering  has to be reduced or enhanced.

7 .3 .2 . M A G N E T IC  F IE L D  G E O M E T R Y  A N D  P L A S M A  P A R A M E T E R S

A nother im portant issu e to  be addressed  here is the con n ection  betw een  the g eo m etry  o f  the 

m agnetic  fie ld  and its in flu en ce  on the plasm a param eters.

W orking w ith both non-ferrom agnetic  (C u ) and ferrom agnetic (F e ) target m aterial that 

brings ch a n g es in the m agnetic  fie ld  betw een  the targets, a llo w ed  the com parison o f  d isch arge  

param eters for the tw o  types o f  m agnetic  fie ld  and the ob servation o f  m o d ifica tio n s in plasm a  

param eters and dyn am ics indu ced by such ch a n g es in the m agnetic  fie ld .

For Fe targets, the m agnetic  fie ld  distribution in the X O Z  cro ss-sectio n  for F e  targets is 

concentrated in the centre o f  the target due to the absorption o f  the B x  com p on en t o f  the 

m agnetic fie ld  in the ferrom agnetic  targets. C om pared to the fie ld  for the Cu targets, for the Fe 

targets the m agnetic  fie ld  d ecreases m uch faster at reg io n s situated at 2cm  from  each  end o f  the
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targci cro ss -sec tio n  (see  F ig .3 .1 .8 ) , lead ing to  a lo ss  o f  co n fin em en t, a lo w er  e lectron  d ensity  

and higher e lectron  tem peratures.

T h ese  higher tem peratures lead to a d ifferen t distr ib ution o f  the reg ions w ith  high  

ionization probability for  both A r g a s atom s and m etal a to m s (F e ), increasing  the ion d ensity  in 

the regions c lo se  to  the targets and lead ing to in tense se lf-sp u tterin g  and target re-sputtering  

e ffe c ts  and the observed e x c e s s  heating o f  the targets.

A s the sputtered (m eta l) and reflected (gas) atom s h a v e  h igher en erg ies  w ith  a distribution  

around lO eV , w hen  ion ized  in the Fe target d isch arge, the ir  h igher energy w ill b e  observed  in 

the IES at the substrate as w ell a s  in the ion flu x es and w ill d ou b le  the en ergy  d en sity  at the 

substrate com pared to  the situation  w ith Cu targets (C hapter 5 .4 ). T hus, the lo ss  o f  con fin em en t  

leads to an increase in electron tem perature with co n se q u e n c e s  on the sputtering process , target 

and substrate heating.

For the Cu targets, larger confin em ent reg ion lea d s to  lo w er  electron tem peratures, a 

differen t ionization d en sity  distribution and a sm aller  therm al load o f  the targets and substrate. 

T h erefore , the m agnetic  fie ld  distribution has an im portant contribution to the deve lo p m en t o f  

the d isch arge, sputtering and d ep osition  processes and d es ig n in g  the m agn etic  fie ld  sh ou ld  be 

taken into account w hen  certain  plasm a param eters sh ou ld  b e  reached.

7 .3 .3 . T H E  M A G N E T IC  F IE L D  A N D  C H A R G E -L O S S  E F F E C T S

O ther co n seq u en ces on the d isch arge behaviour can  be inferred from the plasm a behaviour  

during the p u lse -o ff  tim e.

A s the ch a rg e-lo ss  ph enom ena during the p u lse -o ff  t im e are governed  by the tim e-sca le  o f  

e lectron , resp ectiv ely  ion redistribution p rocesses , the electron kinetics along  and across  

m agnetic  fie ld  lin es should be consid ered .

W hile  the duration o f  e lectron  redistribution takes p lace o n  short tim e-sca les: 10- 100ns, the ion  

redistribution through drifts and am bipolar flo w  p ro cesses  is m uch longer and can be in fluenced  

by the distribution o f  the m agnetic  field .

In general, for am bipolar p ro cesses  to  occur, both the ion s and e lectrons should m ove  

together, across m agnetic  fie ld  lin es. In the ca se  o f  stron g m agnetic fie ld s, the e lectron  m otion  

across m agnetic fie ld  lin es w ill be  slo w ed  d ow n , lead ing to  the sam e average m o b ility  o f  both  

sp ec ie s.

A s the am bipolar flo w  c o e ff ic ie n t  across m agnetic  fie ld  lin es is in versely  proportional to  

the square o f  the m agnetic  fie ld , the electron m ob ility  in creases fast as the m agnetic  field  

d ecreases. T herefore, am bipolar flo w  p ro cesses  can occur  at region s o f  the d isch arge  w h ere the 

m agnetic  fie ld  is w eak  (at the boundaries o f  the m agn etic  co n fin em en t and centre line betw een  

the m agn ets). D isch arges that cannot a llo w  for any c h a r g e - lo s s  e ffe c ts  w ill gen era lly  b ecom e  

unstable turning in to arcs; so. su ch  gaps in the m agnetic  fie ld  should be a llo w ed  w hen d esig n in g
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C hapter 7: Conclusions

the m agnetic  fie ld  distribution o f  the d isch arge. T h e e lectron  d iffu sio n  along  the m agnetic  field  

lin es w ill en sure the e lectron  re-distribution in the first ~ 1 0 0 n s  o f  the p u lse -o ff  tim e.

S o , the un-balanced type m agnetrons w ith  m agnetic  fie ld  lin es ex ten d in g  far tow ards the 

substrate w ill enab le  a fast d iffu sio n  o f  e lectro n s tow ards the bulk during the p u lse -o ff  tim e and 

a stronger decrease in electron d en sity  at the substrate region , lead in g to  a larger plasm a sheath  

at the substrate and co n seq u en tly  a h igher ion flux at the substrate.

T h erefore , along  w ith the pu lsed  bias and pow er  on the targets, the distribution o f  the 

m agnetic  field  has a m ajor in flu en ce  on the plasm a param eters, sputtering p rocess and the 

qu ality  o f  the d ep osited  layers.

S o m e assum p tions m ade in d es ig n in g  the d ifferen t m o d els  presented  in th is th esis  are still 

to  be verified:

-the assum ption o f  a tim e-independent pre-sheath e lectr ic  field;

-th e deta iled m echan ism  for the o b v io u s  am bip olar flo w  type p rocess during the p u lse -o ff  tim e; 

-the accuracy o f  the d esig n ed  M onte C arlo cod e  and trajectory algorithm ;

-the m etal ion relative d en sitie s  in the C u ion sim ulations.

7 .4  N E W  A N I) O R IG IN A L  R E S U L T S  P R E S E N T E D  IN T H IS  T H E S IS

T h e fo llo w in g  results h ave been obtained and presented for the first tim e in th is th esis:

O E S electron tem perature determ inations in p u lsed  D C  m agnetrons h ave been  obtained  

for the first tim e during this work;

T h e A cou sto -O p tic  spectrom eter has been used here for the first tim e for eva lu ation s o f  

electron  tem perature, and a m easuring m ethod had to  be d esig n ed  and evaluated before  

use;

T h e o b served  tem poral and space evo lu tio n  o f  the e lectron  tem peratures lead  to  a first 

tim e m odel o f  the behaviour o f  the plasm a and d isch arge during the pu lse-on  tim e;

A  new  m ethod for tem poral a n a lysis  o f  tim e-averaged  IES spectra has been presented; 

An original ph ysica l m od el exp la in in g  the increase in ion flux and en ergy  at substrate, 

during pu lsed D C  m agnetron operation;

T h e p o ssib le  ev o lu tio n  o f  the e lectr ic  fie ld  in the pre-sheath o f  a pulsed D C  disch arge  

has been estim ated for the first tim e, usin g M onte C arlo sim ulations.
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7.5. P O S S IB L E  D IR E C T IO N S  FO R  C O N T IN U A T IO N  O F  T H E  W O R K

T he proposed ph ysica l m od els  for the p u lse-on  and resp ectiv e ly  p u lse -o ff  tim e p lasm a can  be  

further tested through the stu dy o f  d ifferen t other d isch arges, p u lse -o ff  tim e va lu es and even  

differen t configurations o f  the m agnetic  field .

N everth eless, the prop osed  tim e-reso lv ed  plasm a physica l m od els  as w e ll as the tim e-  

reso lved  m ethods o f  d iagn ostic  d ev e lo p ed  and tested through-out the w ork for this th esis  can be 

e a s ily  used and prov id e the necessary  to o ls  for the con trol o f  p lasm a param eters and  layers  

properties during pu lsed D C  d ep osition .

T h e experim en tal study o f  e lectron  d en sitie s  during both p u lse-on  and p u lse -o ff  tim e for 

the sam e m agnetron w ill prov id e further insight in to  the ph enom ena govern in g  the disch arge  

and w ill a llo w  an increase in the accuracy o f  the presented  m odels. M ore experim en ta l data are 

n ecessary  in order to understand the actual m echan ism  o f  the am bipolar flo w  taking place  

during the p u lse -o ff tim e, so  tim e-reso lv ed  and sp ace  -r e so lv e d  m easurem ents o f  e lectron  

d ensity  and tem perature m ay  prov id e an answ er.

V iew in g  the im portance o f  the m agnetic  fie ld  distr ibution , further research in  the fie ld  

o f  m agnetron d esig n  sh ou ld  approach the stu dy o f  op p o sed  target m agnetrons w ith  p re-d esign ed  

m agnetic  fie ld  distribution and its co n seq u en ces  on the behaviour o f  the d isch arge , th e  plasm a  

param eters, the ion flux and energy  at the substrate and u ltim ately , the layers properties. Such  

research cou ld  aim  at d ev e lo p in g  a ph ysica l m od el o f  the m agnetic  fie ld  in flu en ce  on the plasm a  

param eters and the sputtering process.
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