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ABSTRACT:

Pulsed DC operation of magnetrons is a relatively new sputtering technique that significantly
improves the properties of deposited layers. The understanding and control of phenomena
taking place during pulsed DC sputtering requires new time-resolved methods of investigation.

This thesis presents a comprehensive development of new methods for magnetron
design and time-resolved plasma diagnostic, based on Monte Carlo simulations and time-
resolved plasma physical models derived for a pulsed DC opposed target magnetron discharge
with rectangular geometry.

The numerical methods have been developed and benchmarked by the author through
extensive numerical experiments. A representative set of application examples is included.

The time-resolved physical models for the pulsc-on and pulse-off time discharge are
bascd on the experimental data obtained by the author. which are presented as a basis for the
interpretation.

The experimental data are obtained using new time-dependent diagnostic methods
combining: [-V characteristics and waveforms, time and space-resolved Optical Emission
Spectroscopy (OES) and time and space-resolved lon Energy Spectra (1ES).

The following original algorithms and new time-resolved plasma diagnostic methods are
presented:

o Algorithm and method for Monte Carlo simulation of ion transport in the magnetron
discharge, based on an original non-Runge-Kutta routine developed for calculating charged
particles’ trajectories in complex. position dependent. magnetic and electric fields. The Monte
Carlo simulation is used for evalualing the intensity of the pre-sheath electric field through
calculations of the travel time to targets of Ar ions. The time-scale for the sputiering and self-
spultering processes is also evaluated.

] A new method for time-resolved plasma diagnostic in pulsed DC discharges based on
time and space-resolved OES using an acousto-optic spectrometer. The described method
indicates the applicability conditions for electron temperature evaluations based on time-
resolved OES. the procedure and interpretation of results.

Based on time and space-resolved OES evaluations of electron temperatures. a model of
the physical phenomena taking place in the pulsed DC discharge during the pulse-on time is

developed.

. A new method for time-resolved analysis of the Ion Encrgy Spectra at the substrate
region in pulsed DC discharges using a mass-energy analyser. Experimental results and data
analysis are presented and an original physical model for plasma behaviour during the pulse-off
time is developed. explaining the mechanism for the observed increase in the ion flux and
cnergy at substrate during pulsed DC discharges.

The described mode] explains for the first time the above effects and allows the control of
the ion flux and energy at the substrate from the choice of the pulsed DC duty cycle.

The developed plasma models and time-resolved diagnostic methods are discussed for non-
ferromagnetic (copper) and ferromagnetic (iron) targets and the observations are correlated in
order 10 infer a global undersianding of phenomena taking place in the pulsed DC discharge and
at the substrate region.
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CHAPTER 1 INTRODUCTION

The work presented 1n this thesis 1s devoted to the study of a Penning — type [1, 2, 3] (opposed
target) magnetron with rectangular geometry under pulsed DC operation

Pulsed DC magnetron sputtering 1s a relatively new field in magnetron sputtering that has
gained large interest in the last few years due to the significant improvement brought in the
mechanical and structural properties of the deposited layers The pulsed DC bias of the targets
also prevents charge build-up on nsulating areas of the targets and arcing, thus allowing for
sputtering of any materials, including insulators

Under the opposed target geometry, ferromagnetic matenals can be easily sputtered
making the opposed target magnetron under pulsed-DC operation suitable for a wide range of
applications non-ferromagnetic, ferromagnetic, conducting and msulating matenals can all be
sputtered with comparable rates

The subject of magnetron sputtering has been approached in many expernimental and
theoretical studies leading to a general accepted theory of DC magnetron operation {4, 5, 6]

The experimental studies investigate the plasma parameters and their relationship to the
magnetron operation and the properties of the deposited films The large list of references
presented in Chapters 2-7 of the thesis indicates the importance of the field and the amplitude of
the research interest devoted to these problems So far, plasma diagnostic methods rely almost
exclusively on Langmuir probes and Laser-induced Fluorescence measurements and less on
Optical Emission Spectroscopy or Ion Energy Spectra analysis The construction of Langmuir
probes and the required numencal treatment increases 1n complexity and loses accuracy when
magnetic fields are involved The study of layer’s properties has the advantage of using the most
modern 1nvestigation techniques SEM, AFM, XRD all devoted to revealing the structure of the
layers and providing direct information on the improvement in their properties for pulsed-DC
operation, that has been related to the increased 1on flux and energy at the substrate

The theoretical studies aim at developing models to predict the behaviour of plasma
components and parameters as well as the properties of the deposited layers using simulation
codes based on Monte Carlo of fluid models or a combination of these These theoretical studies
are enabled by simple start models like the behaviour of glow discharges that can be further
extrapolated to magnetized discharges under DC operation

Pulsed DC operation involving time-dependent plasma parameters and new time-
dependent behaviour of the plasma components poses more difficult problems 1n applying the
suitable experimental and diagnostic techniques for deriving time-dependent physical models
and developing the necessary theoretical models Recently, ime and space-resolved studies of
plasma parameters performed by Bradley et al 1n a planar magnetron reveal the behaviour of
plasma parameters (electron temperature and density, plasma potential) [7, 8] This information
needs to be correlated to suitable physical models of the pulsed DC magnetron discharge and

sputtering process
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Although simulation techniques can sometime provide information on the evolution of a system,
without a well-formulated theoretical or physical model, such simulations cannot provide any
useful prediction on the system’s behaviour Recent numernical studies for the understanding of
temporal evolution of plasma sheaths and pre-sheaths using Monte Carlo - Particle in Cell (MC-
PIC) simulations have been devoted to Plasma Immersion lon Implantation (PIIT) applications,
where magnetic fields are not involved [9]

Most of the experimental and theoretical studies devoted to pulsed DC magnetron
operation do not provide the link between the observed phenomena, their physical causes and
the pulsed DC operation of the magnetron Therefore, important 1ssues 1n the field of pulsed-DC
magnetron sputtering are still unsolved

- How to choose the pulsed frequency and duty cycle for optimum sputtering rate,

- How to control the self-sputtering process,

- How to control the 10n flux and energy at the substrate using the pulsed DC operation,

- What 1s the temporal development of the sputtering process during the pulse,

- How 1s the magnetic field distrbution affecting the iomization density and the

sputtering, re-sputtering and self-sputtering processes

Finding an answer to such questions 1s therefore the aim of the present thesis

In the work performed and presented here, both the experimental and numerical
approaches for the study of time-dependent magnetized plasmas have been investigated,
developed and applied with the aiun of revealing the physical models that govern the plasma
behaviour and the sputtering process during the pulsed-DC operation

In order to approach the experimental investigation leading to time-dependent physical
models of the pulsed DC magnetron discharge, new time-resolved plasma diagnostic methods
are proposed and apphed for both non-ferromagnetic and ferromagnetic matenial of the targets
These plasma diagnostic methods are fairly easy to apply as well as accurate enough and
independent of the presence of the magnetic field the time and space-resolved Optical Emussion
Spectroscopy (OES) and the Ion Energy Spectra (IES) measured at the substrate region

Another type of investigation performed here, based on a time-dependent Monte Carlo
simulation of 1on trajectories during the pulse, reveals information on the space distribution of
the pre-sheath electric field which 1s the “motor” for the sputtering process, and 1ts influence on
the time-scales for the sputtering and self-sputtering processes and 10on 1mpact energies to the
targets

This thesis presents therefore the following time-resolved diagnostic methods and the
assoclated expennmental data

- The Current -Voltage (I'V) waveforms on the cathodes (Chapter 5 1),

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

(Chapter 5 2),

- The space-resolved TES and the IES temporal analysis and staustics (Chapter 5 4)

2
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The above investigations allowed the development of two physical models describing the
behaviour of pulsed DC discharges
-The physical model for the pulse-on ime (Chapter 6 1 ),
-The physical model for the pulse-off tme (Chapter 6 2 )

The physical models of the discharge are completed through the modelling of the sputtering
process and 1ts time-scales by investigating the behaviour of the pre-sheath electric field through
numerical simulations using a Monte Carlo simulation code based on single particle transport 1n
the space and time-dependent electric field and space-dependent magnetic field of the
magnetron discharge

The onginal algorithm that I have developed for charged particle transport and the Monte
Carlo simulation algonthm and code as well as the obtained results are presented in Chapter
(32) I have to emphasize here that the physical model used in the formulation of the MC
simulation 1s entirely based on imual data that have been obtained experimentally 1n the
opposed target magnetron

Although from the “histonical” point of view I wrote first the trajectories code, the MC
stmulation has only been possible after the experimental data have set the framework for the
problem For this reason, the chapter presenting the simulation makes repeated connections to
the Chapter (5) presenting the experimental data

As the knowledge of the magnetic field 1s necessary for both the MC simulation and the
understanding of the experimental set-up and analysis, the magnetic field values are calculated
and presented 1n Chapter (3)

To allow for a certain classification of the presented work, the presentation mnvolving
numerical methods like the calculation of the magnetic field and the Monte Carlo simulation has
been organized under Chapter (2) “Numerical Methods” and presented before the experimental

chapters
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CHAPTER 2

EQUIPMENT

In this Chapter are described the construction of the magnetron and the main characteristics and

operating modes of the equipment used during the experiments the power supply, the IfU

acousto-optic spectrometer and the HIDEN mass-energy analyser
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2L CONSTRUCTION OF THE MAGNETRON
2.1.1 INTRODUCTION

The “Opposed Target Magnetron™ built at DCU, School of Electronic Engineering, is a Penning
~type magnetron [1, 2, 3] with reclangular targets.

The conventional magnetrons widely used in most applications are of planar type
(Fig.2.1.1). Such planar magnetrons have the targets (backed by magnetic poles of opposed
polanity) situated in the same plane and for magnetic confinement rely on the component of the
magnetic field B parallel to the targets.

Penning-type magnetrons have opposed targets with a cylindrical geometry, as shown in
Fig.2.1.2 and have been described first in 1939 by F.M. Penning (U.S Patent. 2,146,025, 7 Feb.
1939) [1]. In Penning-type magnetrons the targets (also backed by magnetic poles of opposed
polarity) are facing each other. while the magnetic field B is mainly perpendicular to the targets
(Fig.2.1.2).

The magnetic field distribution relative to the targets brings important advantages of the
Penning geometry versus the conventional planar geometry. A detailed analysis of the magnetic
field distribution will be provided in Chapter (3.1) while a short explanation of these effects is
presented next.

At a boundary between two materials with different magnetic permeability, the magnetic
induction (magnetic flux density) B components arc continuous for the B component normal

to the boundary and discentinuous for the B component parallel to it [10]. As only the parallel
component is absorbed in the ferromagnetic material, the magnetic field B will be little affected
in magnetron systems that have B lines normal to the targets, while systems that rely on the B
component parallel to the targets will not be able to sustain a high magnetic field above the
targets.

For planar magnetrons. any modification in the thickness of the targets will bring
important changes in the strength of the magnetic field above the targets, leading to non-

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

Magnetic field
lines

Target

Cooling
water plates

Magnetic poles

Fig.2.1.1. Magnetic field geometry and HV electrical connections for planar magnetrons.

5



Chapter 2: Eguipment

For opposed target magnetrons. the facing targets as well as the orientation of the magnetic field
relative to the targets provide important advantages:
- a very efficient confinement for charged particles:
- the possibility to use thick targets for both non-ferromagnetic and ferromagnetic target
material with high sputtering rate.
The success and longevity of Penning — type magnetrons lies therefore in its effective sputtering

of thick ferromagnetic targets.

Magnetic pole

Cooling water plates

Target

HV

//;/=

P

Magnetic field lines

Fig.2.1.2. The geometry and High Voltage bias connections for the Penning-type magnetron.

As the cylindrical geometry proposed by Penning leads to a cylindrical spread of the sputtered
material, this geometry is not suitable for in-line coating systems and large industrial
applications.

A rectangular geometry was proposed as an improvement of the Penning type magnetron,
through the use of rectangular magnetic poles and targets (Fig.2.1.3). This rectangular geometry
has been designed. optimized and used for the construction of the opposed target magnetron that

is studied throughout this thesis.
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Magnetic pole

Cooling water plates

Target

S
Magnetic field lines

Fig.2.1.3. The geometry and High Voliage bias connections for opposed target (Penning ~type)

magnetrons with rectangular targets.

The magnetron with opposed rectangular targets (Fig.2.1.3) is provided with a specially
designed magnetic field (designed as described in the Chapter 3 of the thesis) and it can be
operated in both DC and pulsed DC modes using the power supply described in the next section.

My contribution to its design and construction consisled in choosing the magnetic pole
structure, assembling the magnetic poles, targets and cooling water system and the design and
assembling of anti-arcing shields. The operation of the magnetron under stable conditions of the
discharge required special anti-arcing shields that | have designed for this application, which

will be presented in Section 2.1.4.

2.1.2. THE MAGNETRON CONSTRUCTION
The geometry and electrical connections of the opposed target magnetron are presented in
Fig.2.1.3. The overall schematics (view from the top) of the opposed targets system design.
dimensions and electrical connections is presented in Fig.2.1.4. The components described in
Fig.2.1.4 are the following:
1: Targets: a detailed drawing of the targets is presented in Fig.8a and Fig.8b.
Two configurations of the magnetron with for two types of target material have been used:
-Material: Cu. 99.995 % purity. target dimensions: 120x180x9mm:
-Material: Fe. 99.993 % purity. target dimensions: 120x180x1 1 mm:
2: Cooling water plates:;
3: Grounded electric shield {metal casing):

4: Magnetic poles’ case;
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5 Plastic nsulators,

6 Plastic insulators and shield against sputtering A detailed presentation follows in the next
section,

7 Holder bolt (and High Voltage connection),

8 Holder (steel),

9 Chambers’ door (steel),

10 Insulated HV cable,

11 pass-through vacuum tight flange,

12 Shield (aluminium),

13 cooling water tubes

The targets (1) are 1n direct contact with the cooling water that circulates through the cooling
water plates (2) underneath The cooling water pipes circuit ensures water circulation through
the cooling plates, a separate cooling water circuit being provided for each target Vacuum tight
flanges ensure the passage of the cooling water pipes inside the magnetron’s chamber

The electrical connections are indicated 1n red for the High Voltage wires (10) and 1n blue
for the ground connections The wires (10) are insulated with ceramic beads and covered 1n
plastic tubing The targets are connected to the HV voltage through direct contact to the cooling
water plates (2) and the magnetic poles casing (4), using a steel bolt (7) that also serves for
holding the magnetic pole assembly to the holder (8) on the magnetron door (9)

As the steel holder (8) 1s 1n direct contact to the magnetron door and to the ground, a
TEFLON 1nsulator assembly (6) ensures the electrical msulation between the bolt (7) that 1s
connected to HV and the grounded holder (8)

The magnetic pole casing in contact with the HV 1s insulated from the rest of the chamber
by a metal shield case (3) that 1s connected to the ground, the electrical insulation between the
magnetic pole casing and the shield case being achieved through the insulator assembly (5)
Another shield 1n the shape of a flat panel (12) ensures protection against the deposition of
sputtered material on the electric wire connections (10) and the cooling water pipes The cooling
water pipes (13) are flexible plastic tubes that allow their passage in and out the magnetron

chamber, through the vacuum tight flanges (14)



3¢ 5:9
pd 100
90)
5
]
i TN
]|
80 60
4
I 1

Chapter 2: Equipment
|:Target
2: Cooling water plates
3: Grounded electric shield (metal)
100 .

120

4 Magnetic pole case

5: Plastic insulators
: Plastic insulator and
shield against sputtening

7: Holder bolt
(HV connection)

10: Insulated HV

tv

HV

13: Cooling
water tubes

of

Fig.2.1.4. Overall construction of the magnetron with opposed rectangular targets used for the experiments.
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2.13. THE DESIGN OF THE ANTI-ARCING SHIELDS
During the magnetron operation, the sputtered material is scattered in all directions, covering all
surfaces inside the magnetron's chamber.

The design and mounting of the shields that prevent unwanted metal deposition, arcing,
short-circuit paths and sputtering between the high voltage electrodes and the grounded
components is therefore of high importance. as without these shields. the operation of the
magnetron is not possible. These shields made possible a continuous long-term operation of the
magnetron practically without any mainienance and allowed performing experiments with the
designed magnetron.

The mounting of the anti-arcing shicld assemblies is presented in Fig.2.1.5.

-10 Insulated HV cable

B Holder

Shield Assernbly 1--

Shicld Amsembly: 2

Shueld Aseembly. 3

Shield Assembly. 4

Shield Amembly 5 — — 7. Holder bolt

—-6 Plastsc insutators
3 Grounded electnc shaeld
4. Magnetic pole cuse

~—— 9 Chamber's doos

Shaeld Assembly § -~
Shield Aasembly 4-

Shield Assembly 3-

Shield Assembly 7~

Shseld Assembdly 6

Fig.2.1.5. The 1arget assembly showing the insulator shields designed to shield the hot electrode
from the unwanted deposition and prevent arcing and sputtering on unwanted surfaces.

Detailed drawings of the anti —arching shield are presented in Fig.2.1.6 and Fig.2.1.7. Note that
the insulators for the upper position are different from those for the lower position. A detailed

drawing of the targets is presented in Fig.2.1.8 a. b.
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sl (or @2)

g% o3
a) b)

insulators for above the stem (halder)

a) For upper sides

b) For lower sides.

Balh blue and yellow insuletors can be made of TEFLON

Fig.2.1.6: Insulators for above the stem (holder). The material used is TEFLLON.

18

insulators for under the stem, tor both upper and lower postions.

Fig.2.1.7: Insulators for below the stem (holder). The malerial used is TEFL.ON
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Fig.2.1.8 (a) TARGET, thickness=9.5mm (Cu target) and | 1.0 mm (Fe target)
MATERIALS: Cu, Fe; 2 TARGETS OF EACH MATERIAL
Fig.2.1.8 (b) Countersink heads: h=5.5mm: M5.5, ®int=6.1 mm.
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22 THE POWER SUPPLY AND PULSED DC BIAS

The power supply used to generate the High Voitage bias on the targets of the magnetron 1s an
RPG-50 ENI Pulsed DC plasma generator Its main applications charactenstics and operation
modes and will be presented shortly next, having as reference the ENI Operation Manual [11]

Pulsed DC operation of magnetrons has opened wide possibilities for improvement 1n
depositing all types of films, and especially dielectric films, a process that in conventional
reactive DC plasma sputtering 1s hindered by arcing The arcing occurs as an nsulating layer
forms on the target and causes a build-up of electrical charges leading to the accumulation of
high potentials producing arcs, through either dielectrnic breakdown of the dielectric material or
between the target racetrack and the charged dielectric areas The ENI RPG eliminates these
arcs by regularly pulsing a positive bias that allows plasma electrons to reach the targets and
discharge the dielectric material

The RPG tamily of pulsed generators features Arc Detection allowing to estinguish arcs
that cannot be prevented through the asymmetric bipolar, pulsed output, by checking for the low
voltage values during arcing and setting a positive bias for 2501s to estinguish the arc
The RPG generator allows several modes of operation for DC and pulsed DC output, providing
negative bias to the magnetron cathodes (targets) while acting as a constant current source

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

- Run-ume Mode allows the output to be energized for a specific period of ime,

- Jules Mode allow the output to be energized until the required quantity of energy has

been delivered to the load,

- Sequence Mode allows the user to define an output "waveform” of up to 10 segments
The Asymmetric Bipolar Pulsed DC Bias Mode with Constant Current Run Mode has been used
throughout all experiments described in the following chapters as pulsed DC operation The
constant current was set at a value wn the range 02- 6A while the pulse frequency has been
selected in the range 50kHz-250kHz (mainly at 50kHz) and the pulse —off time has been
sclected from values 1n the range 496ns- 8016ns

A schematics of the electrical connection used 1s presented in Fig221 All blue
connections are ground connections (the substrate, chamber and magnetic poles’ shields) and
the red connections (the targets) are connected to the High Voltage negative bias

The RPG 1s designed with a fully floating output This requires the user to supply both
connections to the process chamber, thus avoiding multiple ground paths or loops The High
Voltage connection cable recommended and used for this application was the RG 392U Silver-

plated, double shield cable with Teflon Center Insulator

13
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Fig.2.2.1. The RPG electrical connections to the discharge chamber.
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23 THE ACOUSTO-OPTIC SPECTROMETER

The spectrometer used for Optical Emission Spectroscopy diagnostic in the work presented 1n
this thesis 1s a Time-Resolving Acousto-optic UV/VIS Spectrometer (AOS 4-1 pchron 02)
provided by IfU GmbH Pnivates Institut fur Umweltanalysen, Chemnitz, Germany [12]
The advantages of AOS to conventional (prism or grating) spectrometers are the

following

- Do not require moving mechanical parts,

- Fast electronic wavelength selection,

- Bi-dimensional aperture,

- Hagh resolution
The AOS-4 allows measuring small amounts of light in a narrow spectral band and fast random
wavelength access (fast switching between free chosen wavelengths) A short description of the

operation principle and 1ts performances are presented next

231 THE OPERATING PRINCIPLE

In Acousto-optic spectrometers, the spectral dispersion of the broadband optical signal 1s
performed by an Acousto-optic Tunable Filter (AOTF), that allows fast, tunable wavelength
scanning and selection and a narrow band filtering

The selected wavelength 1s detected by a broadband photomultiplier PMT with a single
cathode configuration and the electronic signal 1s fed to a computer, for analysis using the
“Intellispec” software provided by IfU GmbH [12]

The AOTF 1s an electronically tuned optical filter that operates on the principle of
acousto-optic diffraction 1n an amstropic medium This mmplies that no shit 1s required for
wavelength selection as 1n conventional spectrometers and a bi-dimensional aperture can be
used

The principle of the AOTF 1s based on the 1nteraction between an acoustic wave and the
optical beam 1nside the amisotropic crystal In the AOTF, an RF powered piezo-electric
transducer bonded to a quartz (S10,) crystal generates sinusoidal acoustic compression waves
that alter the refractive index of the birefringent crystal in a periodic pattern This creates a
mobile diffraction grating with a constant equal to the acoustic frequency The principle of

optical wavelength selection 1s based on the momentum matching condition (Fig 2 3 2)
K, =K, +k,, 231)
where k 2 18 the acoustic wave vector and K . K 4 are the incident and diffracted wave vectors

For collmear K ,and k, (collinear acousto—optic interaction) the momentum matching (phase

matching) condition becomes [2]
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A=v_,An’
Ja

with Athe selected optical wavelength, v

(23.2)

a + Jfathe acoustic velocity and respectively

frequency, An={n, - ng | is the birefringence. njand n, are the refractive indices for the

ordinarily and extraordinary polarized light.

The propagating acoustic wave generates a mobile phase grating in the volume of the
crystal. which will diffract only a limited spectral band of the incident beam. that satisfies the
phase-matching (momentum matching) condition (2.3.1). As diffraction occurs over an
extended volume of the crystal. only a limited band of frequencies are affected. so AOTF
performs more as a passband filter than as a diffraction grating. By changing the acoustic
frequency it is thus possible to tune the passband of the filter over a wide spectral region. The
selected wavelength is diffracted with maximum intensity in the first order beam (Bragg law).

The resolving power of the spectral filter is given by [13):

LAn
R=——: 2.3.3
i ( )

where L. is the interaction length inside the crystal. For collinear AOTF the spectral resolution is
maintained over a relatively large angular distribution of the incident light.

The periodicity and intensity of the refractive index modulation depends on the frequency
and respectively on the amplitude (power) of the applied RF signal.

The time response of an AOTF is determined by the acoustic transit time across the

optical beam, which is of the order of several us [13].

SR

Fig.2.3.1. Schematics of the Acousto-optic system for quartz crystals: | - entrance non-polanzed
radiation: 2.7 - polarizers: 3 - anisotropic crystal; 4 - piezoelectric emitter of acoustic wave: § -
absorber of acoustic wave: 6 — non-diffracted radiation with starting polarization; 8 - diffracted

radiation polarized orthogonal to starting polarization.
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Fig.2.3.2. Vector diagram of the momentum match condition (2.3.1) for collinear and non-
collincar acoustic and optical waves.

2.3.2. OPERATION MODES

a) The spectral scanning mode.

The spectrum of the optic signal can be scanned in the pre-defined range with data accumulation
over a measuring time of 5,10.20.30,40.60 and 80 ms per spectral point depending on the
settings.

b) Chronogram

Allows quasi-parallel observation of up to 20 wavelengths by fast switching between the
wavelengths, with a wavelength access time of less than Ims. The measurement per spectral
point itself consists of signal and background integration time. leading to a total time resolution
of Sms.

¢) Single Shot (Microchronogram)

The optical signal is sampled by a fast AD converter. The time resolution for this mode is 20ns.

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

supply.

2.33. PERFORMANCES

1 Wavelength range: 250-850nm:

2. The spectral resolution of a tunable filter is defined as the FWHM of the main peak of
the selected optical output and is a function of hoth the wavelength and device configuration.

The AOS-4 resolution as given by the manufacturer is presented in Fig.2.3.3.
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Fig.2.3.3. The passband and resolution for the AOS-4 .

3. Due to the combined filter action of the diffraction grating and the acousto-optic phase
matching condition, the passband of the acousto-optic spectrometers - equivalent to the
Instrumental Profile (IP) of conventional spectrometers -is very small. For quartiz collinear
AQS, the typical passband (bandwidth) is 1.5 A. [13]. This is why. wavelength selection in
AQOS-4 can be made with a precision up to 0.1A and the time-resolved measurements provide
directly the intensity of the specified wavelength.

As the AOS-4 passband has not been defined by the manufacturer, it had to be
determined using calibration lamps. The Ne and Hg (Phillips 93099) glow discharge calibration
lamps have been used. These lamps have emission lines widths of the order of 0.01A and are
specifically designed for use in IP determination. The obtained IP. along with the AQS

resolution are presented in Fig.2,3.3.

4. The Intensity Response IR of the AOS with wavelength is mainly determined by the
acoustic power applied to the crystal. the crystal’s optical transmission and the spectral response
of the photomultiplier {PMT). The relative intensity of lines siluated at close wavelengths is
only affected by the spectral response of the PMT.

The accuracy in the determination of lines’ intensities can be improved by perfaorming a
calibration of the intensity throughput of the system using a “blackbody” emission lamp.
Neventheless. the intensity response with wavelength is expected to be linear, mainly following
the spectral response of the PMT and therefore. these corrections will not bring changes in the

relative lines’ intensities for lines situated at close wavelengths in the range 450-500nm.
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234 FIBER OPTIC CABLES
The optical signal 1s fed to the optical port of the AOS-4 spectrometer through fiber optic cables
with the following characteristics

- Cable A UVVIS,(200-850nm) fiber patchchord, 200pm aperture, Sm long, SMA 905
connectors, (953-579-T22T), manufacturer Thorlabs, USA,

- Cable B high powered UVVIS (200-900nm) fiber patchcord, 365/400um aperture,
3mm OD jacketed, Sm long, SMA 905 connectors, (QMMJ-55-UVVIS-365/400)
manufacturer OZ Optics Ltd Canada,

- Cable C high powered UVVIS (200-900nm) fiber patchcord, 365/400um aperture,
3mm OD jacketed, 0 7m long, SMA 905 connectors, (QMMJ-55-UVVIS-365/400-3AS)
manufacturer OZ Optics Ltd Canada

This 1s how they have been used during the experiments

- Cables A and B have a length of Sm, allowing the transport of the optical signal from
the chamber port to the input of the spectrometer

- Cable A has been used only for readings with the probe 1n a fixed position, directly at
the chamber’s port

- Cables B and C (from the same manufacturer) have the same performances and have
been used for space-resolved measurements that imply the use of two cables (1aside and outside
the chamber)

- Cable C has been used 1nside the discharge chamber and 1s provided with a metal

outer jacket to prevent outgasing under vacuum
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24 THE QUADRUPOLE MASS-ENERGY ANALYSER

An Electrostatic Quadrupole Plasma (EQP 300) mass-energy analyser provided by Hiden
Analitical Ltd has been used for the measurements and analysis of Ion Energy Spectra at the
substrate region 1n the opposed target magnetron discharge

A short description of the construction and operation of the HAL EQP analyser will be
presented next, having as mam reference the “EQP/EQS Analyser Manual” [14] provided by
Hiden Analytical

The HAL EQP Analyser 1s a high-transmission 45° sector field 1on energy analyser and
quadrupole mass-spectrometer designed as a diagnostic tool for plasma or Secondary Ion Mass
Spectrometer (SIMS) analysis Mass spectra of neutrals, 1ons and radicals, as well as energy
spectra of 1ons 1n the energy range OeV-100eV can be measured The standard system comprises
a Plasma/SIMS Mass Spectrometer Interface Unit (MSIU), a Radio Frequency (RF) Head, and
EQP probe 1nstalled within the vacuum system and the connection cables (Fig2 4 1)

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

10n fluxes and the EQP probe has been used throughout all experiments described in this work

RF
Head
{— " Pressure
! gauge
| —
Prohe
H | PC =
Turbo-
pump MSTU

Fig24 1 The standard HIDEN EQP 300 analyser system

The EQP probe 1s mounted 1n a compact differential pumping housing The EQP analyser 1s
fitted with a twin filament electron-impact 10n source for the analysis of neutral particles The
RF Head contans signal-conditioning electronics and RF power supply for the quadrupole

mass-filter and wiring to connect the MSIU generated signals and voltages to the probe
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The 1nstrument 1s operated via an IBM PC runnng the HAL MASsoft application under MS
Windows The software (described in the HAL MASsoft User Manual) provides complete
control over tuning the instrument, data acquisition, storage, recall and analysis

The EQP probe comprises the following 1tems

- An Ion extraction system,

- A twin filament electron impact ton source for Residual Gas Analysis (RGA) of neutrals
and radrcals,

- A cover tube protects the 10n extractor that 1s provided with a small sampling onfice
(50pm diameter) connecting to the gas chamber for 10n and gas 1nlet

- The EQP probe 1s pumped to operation pressures by its own turbo-molecular pump

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

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

- A detector an 1on counting Secondary Electron Multiplier (SEM) which counts the
number of 10ns striking 1t per second
The mass filter and detector are supported by a Conflat flange (DN-63-CF) located at the end of
the energy filter

241 TUNING THE EQP ANALYSER
In order to perform the energy and mass analysis of 10ons, neutrals and radicals generated in the
plasma, the EQP has a an array of about 20 electrostatic lenses (electrodes) that can be adjusted
Both automatic and manual tuning can be performed For the measurements 1n the work further
described, only the automatic tuning has been used The tuning 1s recommended in the
following situations

-When the plasma energy has changed through changes 1n the gas pressure, power, etc

-Changing the mass of the neutral or 10n to investigate,

-Changing the plasma gas,

-Changing the EQP orifice or detector,

-Changing the geometry of the system,

-If the Extractor, Lens 1 or 10nisation source become coated,

-After the EQP probe cleaning
The automatic tuning 1s performed by running one of the tuning files provided for the
application by the MASsoft software
-postune exp optimizes the ton extraction optics and sector field energy filter for positive 1ons,
-negtune exp optimizes the ion extraction optics and sector field energy filter for negative 1ons,
-rgatune exp opumizes the RGA operation using mass 18,

-master exp generates the Profile, Bar, MAP scans in the RGA mode
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The RGA tuning is not necessary 1n most cases, the voltage settings being those from the
factory

The tuning of the Secondary lon Mass Spectrometer 1s necessary in order to adjust and
optimize the analyser setungs to the plasma energy, power, type of gas and its pressure,
chamber’s geometry, etc When setting — up the system, the critical values are the extraction
electrodes, the energy and the mass More information on the structure and variables available
to scan are presented in the MASsoft manual

The 10n energy detected by the EQP probe 1s dictated by the electric field conditions
side the plasma at the probe region and the tuning process aim at adjusting the local plasma
potential and the potential on the extractor lense, 1n order to provide a type of energy calibration
for the system and accurately determine the actual ion energy More comments on the
importance of the tuning for the EQP analyser will be discussed 1n Chapter (5 4) in connection

to the space-resolved lon Energy Spectra measured 1n the opposed target magnetron plasma

22



Chapter 2: Equipment

2.5. OVERALL VIEW OF THE EXPERIMENTAL SYSTEM

A drawing of the overall cxperimental system is presented in Fig. 2.5.4 and also several pictures

of the magnetron (Fig. 2.5.1) the inside of the chamber (Fig.2.5.2) and the overall set-up picture
(Fig.2.5.3).

Fig.2.5.2. View inside the magnetron chamber. B
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Fig. 2.5.3, Ovenall view of the experimental set-up.
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Fig 2 5 4 Overall schematic of the magnetron and experimental set-up
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CHAPTER 3

NUMERICAL METHODS

This chapter presents the numerical algonthms developed for the calculation of
-the magnetic field,
-the 3D 10n trajectories 1n electric and magnetic fields,
-the Monte Carlo simulation of 1on transport during pulsed DC sputtering

The theoretical background, results, conclusions and examples are provided
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3.1: CALCULATION OF THE MAGNETIC FIELD
3.1.1 THE CURRENT SHEET METHOD
The magnetic field produced by a magnetic dipole is equivalent to the magnetic field produced
in the cross-section of twa parallel wires with opposed current density [15], while for a 3D
magnel. the magnetic field is equivalent to that produced by two parallel current sheets of equal

current density and opposed direction (Fig.3.1.1).

The magnetic field can be calculated [15] starting {rom the magnetic vector potential A

generated by a linear current density. deduced from the Amipere’s Law:
i (7 )dl’
Alr)= f—- . 3.1.1)
4r | F-r
If the curremt /(7)is in fact a current density per unit area in a volume V. the magnetic vector

potential A(F) becomes:

yl(r)dV

A(F) =
Jam|F -7 7l

(3.1.2)

which far a 3D rectangular distribution (Fig.3.1.1) can be written as:

ul (F)dzdxdy
A(F) = - (3.1.3)
4!1!! ar|r-r]

and
B(F) = VX A(F); (3.1.9)
Direction of B
Z
~ The current sheet
of finite length L

“0 i

,/’

J/‘/
&y

Fig.3.1.1: The current sheets producing a magnetic field equivalent to a rectangular magnet.
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To evaluate the magnetic 1n the XOZ cross-section of a long magnetron, only the field given by
2D rectangular magnets has to be found, while A= 0, Ay ,0) Considering only 2D rectangular
magnets the integral over W 1s no longer necessary

To evaluate the integral over L, the magnetic vector potential A, can be dertved [15] as
the magnetic vector potential given by two current wires of length L situated at the distance W

from each other 1n the plane XOZ

Idy L Idy"

Y-m)+z-2)* ¢ \[(x ~ )2+ (y=y)? +(2-25)°

where Xx;, X3, Y1, Y2, and z;, z, are the coordinates of the wires in a 3D geometry,

], (315)

a =2
i (!\/(X_XI)Z'F(

W = \/(x] - x2)2 +(y; — \72)2 +(z — 52)2 18 the distance between the wires and I 1s the current

density

The evaluation of the integrals leads to

Ay = (i1 + () = 20 ] by (5= 30 (=) + (2= 2 1.

(316)
For a long magnetron, the contribution to A, given by each current element along the length of
the wire L can be then evaluated allowing L to approach infinity, leading to
Ity G- x) + (-2

A =
Ar (x—x1)2 +(z - 21)2

y

317

Finally, the magnetic vector potential produced by a 2D rectangular magnetic layer (of
dimensions W x h) can be derived by integrating the expression of the magnetic vector potential
(3 1 7) over the height % of the current sheets (situated at the distance W from each other)

h
P QL TWC S R

Ar (x-x) +(z-7)°

1dh, (318
0

The magnetic flux density components Bx and Bz can be derived from Eq 3 1 4 giving

h
B, = j/” z=2 2=2
X

Y| = - ldh, (319)
0z 2 (x—x1)2+(z—zl)2 (x—x?_)2+(z—22)2

0

oA, * - -
B, =—2= M 175 S \dh,

- (3110)
M 52 (x-x)+(z-2) (x-x)+(z-7)

The current sheet with a normal 7 to the surface and a current ntensity [ are related to the

magneuzation Br of the magnetic matenal through the relation

-~ 1 - .
I =—B, xi, (3111)
Mo
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Considering a large magnet being composed of smaller magnets forming an array of m x n
magnet elements, the field generated by the large magnet 1s a summation of the fields generated

by each element 1n the array

mxr h
By =IZX‘: j”—l[ —= - T Sldh,  (3112)
1 0 2 (X'—xl) +(Z_Zl) (x—X2) +(Z_Z2)
mxn h _ _
B,=Y M i) " 1dh (3113)

T 27 (x—-xz)z'f'(Z—Zg)z_(x_x1)2+(z_zl)2

where x and z are the coordinates 1n the plane XOZ. of the point where the field components are
calculated and x;, x; and z;, z; are the coordinates of the magnet elements formung the array
In the case of the opposed target magnetron the two magnet arrays are 1dentical and with
opposed polarnties having the same direction of the individual components of the magnetic field
(B1x, B2x and respectively Blz, B2z) and the total components of magnetic field Bx and Bz 1n
the region between the targets are given by
Bx=B1x + B2x,
Bz=Bl1z + B2z, 3114)
where Blx, Blz are the components of the magnetic field produced by one magnet and B2x,
B2z are the magnetic field components produced by the second (opposed magnet) The above
formulas apply when the targets are made of a non-ferromagnetic material
When using Fe targets, the magnetic field components parallel to the targets are absorbed
by the ferromagnetic matenal of the target due to the discontinuity in this component at the
* boundary between two materials with different magnetic permeability [10]

Bxii=t Byxii, (3115)
Ho

where 7 1s the normal to the boundary (the target surface), £/, EO are the permeabulity and field

values 1n air, while 4, B are the values mn the ferromagnetic material As the permeability of
1ron 1s at least 100 times higher than that of air, the tangential component of the magnetic field
can be approximated as

Bx=(B1x + B2x)/100, while the normal component Bz, stays the same

Bz=Blz + B2z, (3116)
Calculations of the magnetic flux density B distnbution 1n the space region between the targets
are presented next, for both non-ferromagnetic (Cu) and ferromagnetic (Fe) targets

The above formulas (3114 and 31 16) were used to calculate the magnetic field

distnbution produced by the magnetic poles 1n the opposed target magnetron
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312 THE C PROGRAM STRUCTURE
Based on the above considerations I have wntten a computer program 1n the C language to
calculate the magnetic field in the XOZ cross-section of the magnetron A diagram of the

program 1s shownmm Fig312

LRead the magnet array geometry?

FOR loop along
mesh points x z

v

FOR loop from
1=0to1=mxn

Calculates the coordinates for the magnet element (1) as a
function of h, w, and the orientation angle of the magnets

v

[ Calculates Bx, Bz for the magnet elements (1) ]

[ Calculates the total magnetic field at the point x, z J

|
Store or print Bx, Bx and
total B at the point x, z

Fig 3 12 Diagram of the algorithm for the calculation of the magnetic field

313 THE MAGNETIC POLE CONFIGURATION
The configuration of the magnetic poles has been chosen 1n such a way that the magnetic field
flux density 1s uniform 1n front of each target The structure of the chosen geometry for the
magnetic pole 1s shownmn Fig 313

Due to the necessity to pass the cooling water tubes for the targets situated 1n front of the
magnetic poles (on top of the structure presented 1n Fig 3 1 3), the magnetic pole has a complex
structure with gaps It 1s mainly composed out of 2 blocks separated on the OY axis by a 30mm
gap The blue colour represents the magnet material and the yellow colour the plastic material
used to separate the magnets and form a gap The space between the 2 blocks 1s empty (to allow
the passage of cooling water tubes) the separation being provided by the outer casing of the

magnetic pole
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Due to the large gaps in the structure of the magnetic pole. the magnetic field is not constant in
different cross-sections along the QY axis. In order to avoid the magnetic field non-uniformities
along the OY axis. for all the experiments, the XOZ cross-section considered for observing
different plasma parameters, especially for the oplical emission observations is considered at
30mm from the edge of the magnetic pole. where the magnetic field distribution along QY is

not penurbed.

MAGNETIC POLES DESIGN:
MAGNETIC MATERIAL: NdFeB; Br=1.2 T
DIMENSIONS: 80 x 60 x 160 mm

Fig.3.1.3: 3D view of one magnet pole in the opposed target magnetron.

Each magnetic pole (Fig. 3.1.3) is provided with gaps (yellow) in the XOZ and XOY cross-
sections to allow the passage of cooling water tubes. The opposed pole has a symmetrical
structure. with opposed polarity of the magnetic field.

For the purpose of calculation. the magnetic regions are divided into an array of magnelts,
with elements having the following dimensions: h=S5mm, w=10mm. |=30mm. The resulting

magne1 array in the XQOZ cross-section can be seen in Fig.3.1.4.

3.1.4 THE MAGNETIC FIELD DISTRIBUTION

The magneitic flux density B distribution for the opposed target magnetron with Cu targets is
shown in Fig.3.1.4. Fig.3.1.5, Fig.3.1.6. Fig.3.1.7 and Fig.3.1.8. The image in Fig.3.1.4 has
been obtained with a Matlab code for calculating magnetic fields provided by Prof. D.C.

Cameron.
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f @

Fig.3.1.4: The magnetic flux density B[T] distribution in the plane XOZ with the actual magnet
arrays. The blue lines represent the magnetic vector potential while the red lines represent the
magnetic flux density.

Fig.3.1.5: The magnetic field flux density B|T] distribution for the opposedrgct magnetron in
the plane XOZ. The targets are situated at top and bottom edges of the figure.
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In Fig.3.1.4 and Fig.3.1.5. the B field contour lines are parallel to the Ox axis near the target.
indicating a constant magnetic flux density in these regions. This is a result of a special design
of the magnet array. The magnet arrays are situated at the top and hottom of the figure.

The image in Fig.3.1.5 and the following have been obtained using the C code described

in the previous section and a Matlab viewer.

Fig.3.1.6: 3D view of the magnetic flux density B contour lines in the region between the
targets. for the configuration with Cu targets.
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Xmm| .l A

Fig.3.1.7: 3D view of the magnetic flux density B contour lines in the region between the
targets. for the configuration with Fe targets.
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Fig.3.1.8: 3D comparative view of thc magnetic flux density B contour lines for the two
configurations (Cu targets. respectively Fe targets). The configuration with Cu targets has
higher values. Z{mm)] is the distance between the 1argets.
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315 DISCUSSION AND CONCLUSIONS
In this chapter, the structure of the magnetic poles has been presented along with the algorithm
for calculating the distribution of the magnetic flux density based on a calculation of the
magnetic vector potential generated by the equivalent current densities of the magnetic regions

I have wrtten the computer program in C language that allows the calculation of the
magnetic field flux density for any cross-section in a complex magnet structure according the
presented algorithm The magnetic field can be calculated for any 2D array composed of magnet
elements of different intensities and gaps of various sizes situated at different locations

The original side of this program 1s the calculation of the magnet elements coordinates
that allow reading complex magnet array geometries including gaps

The program will be used to calculate the magnetic field mesh or values at each point for
use 1n calculating the charged particle trajectory for Monte Carlo simulations as presented 1n the
next sectton The advantage 1n using the C language to calculate the magnetic field 1s that the
code can perform the calculations much faster than using the Matlab routine, allowing its use
during a computer stmulation of particles trajectories 1n magnetic and electric fields

The calculated distribution of the magnetic flux density has been presented as 2D and 3D
mmages for the configuration with Cu and with Fe targets

In the case of Fe targets, the magnetic field is strongly affected by the presence of the
ferromagnetic matenal, leading to a less uniform field 1n front of the targets, the magnetic flux

density being concentrated 1n the centre of the target cross-section
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32 3D CHARGED PARTICLES TRAJECTORIES IN TIME-DEPENDENT
ELECTRIC AND MAGNETIC FIELDS

321 INTRODUCTION
In general, the dynamics of magnetized plasmas can be described by solving the equation of
motion for each individual particle The electric and magnetic fields generated by the particles
distribution and movement have to be included 1n each equation, along with the external electric
and magnetic fields This leads to an ensemble of coupled equations that have to be solved
simultaneously leading to a solution that 1s difficult to obtain and has little information about the
collective behaviour of the plasma particles

Therefore, there are several types of approximations that lead to different approaches 1n
studying the behaviour and properties of magnetized plasmas
1 The single particle motion description 1t describes the motion of a particle under the
influence of external electric and magnetic fields, neglecting the collective behaviour of the
plasma This approach 1s useful for studying low-density plasmas and can be used for Monte
Carlo simulations of particle transport in magnetized plasmas To ensure a good statistics, a
large number of 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 of interactions and density of 10n1sed and exited atoms, particles’ transit times,
etc
2 The magnetohydrodynamic approach treats plasma as a conducting fluid immersed m a
magnetic field, able to maintain local equilibna This fluid 1s described by macroscopic
vanables average density, velocity, temperature This approach 1s useful when studying low
frequency wave phenomena
3 The multi-flmd approach applies the magnetohydrodynamic theory to different particle
species electrons, protons, heavier 1ons, assuming that each species behaves like a separate
fluid This approach accounts for charge separation fields and can be used for studying high-
frequency wave propagation 1n the plasma
4 The kinetic theory 1s the most advanced plasma theory, adopting a statistical approach
Instead of solving the equation of motion for each individual particle, it observes the evolution
of the distribution function of the system of particles under different conditions and simplifying
assumptions

The single particle motion description will be developed in the following chapters

322 SINGLE PARTICLE MOTION
In a situation where the charged particles do not interact directly with each other and their
movement 15 not coupled to influence the total magnetic field significantly, the motion of each

particle can be treated independently This approach 1s valid only for very rarefied plasmas
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where collective effects are negligible and the magnetc field produced by the current generated
by the charged particle’s motion 1s much smaller than the external magnetic field

The single particle motion 1n magnetized plasmas can be applied only for collisionless
(w<Q) magnetized plasmas, where the gyroradius r 1s much smaller than the typical variation
length-scale of the external E and B fields, and the gyroperiod ' 1s much less than the typical
time scale T on which these fields can change This type of collisionless, magnetized plasmas
are encountered 1n magnetic fusion and space plasma physics as well as 1n certain types of

magnetrons, where the above conditions apply

323 MOTION IN UNIFORM FIELDS
The motion of charged particles in electromagnetic fields 1s often treated as a set of two separate
motions parallel and perpendicular to the magnetic field direction each of them including
several types of dnfts

In the following presentation, to keep all equations and variables consistent with each
other and make them suitable for numerical computation 1n the frame of a C language program,
this separatron will be applied, but the governing equation for the total particle velocity will
contan all possible motions, being derived from the second law of dynamics

The equation of motion of a charged particle in a constant, static, electric and magnetic

fields 1s described by the following equation of motion

m% —e(E+ix B) (321)
dt

The change 1n the total velocity d V for each time interval df can be written as

dV=g(E+vx B)dt=ql(E,+E, )+, +%,)x B 1dt (322)

where the indexes p and n ndicate the components of the electric field E or total velocity v

parallel, respectively normal to the direction of the magnetic field B and g=e/m 1s the specific
charge of the particle

The particles’ velocity can be decomposed into two components, parallel and normal to

the direction of the magnetic field B
d\7p=q[Ep+17pr]dr=qudt 323
dv, =qlE,+V,x Bldr (324)

Taking into account the imitial velocities, the total velocity of a charged particle after each time

interval dt 1s
U:Up+qudr+ §n+q[En+\7nx B dt , Or

V=V +qE dt + alE, +5, Bl , (325)



Chapter 3 Numerical Methods

where vy =V, +V, represents the imitial total velocity at the moment r=1 and V 1s the total
velocity at the moment r=fp+dt The equation indicates that the particle has a translation motion
along the B field combined with a circular motion in a plane normal to B

The circular motion 1s sustained by the Lorentz force F| = g(¥xB)dt and the force F, N
given by E n » the electric field component normal to the magnetic field B Asat every moment
dt, the force F n can provide a mechamical work and increase the particle’s energy only along
the direction of v, which changes in dt by an angle o, , the actual FN 1S

Fy=qE, cos (o) (326)
So the general equation for the total velocity vector evolution 1n time 1s

17=Vp+qudt+l7,z+qEndtcos((x,)+q(17nx B )dt, or 327

¥ =Vo+qE ,dt+qE,di cos(s) +q(7,x B ), (328)

The parallel and normal components of the velocity and the electric field can be expressed as a

functon of the magnetic field direction and magnitude by using the scalar and vector product
B, B s Lo
vp-—-—E—, v, =Bx(¥VXxB)/B”, (329
- BB - - .
Ep=—. E,=Bx(ExB)/B*, (3210)
The gyrofrequency of the rotation around the gyrocentre 1s £=gB and the gyroradius 1s defined
by

<l

F= 2 (3211)
.

where v, =| V_| 1s the magnitude of the vector Vv,

The sense of a particle’s gyromotion relative to the magnetic field direction depends on
the particle’s charge, positive charges gyrating 1n a clockwise sense and negative charges like
electrons gyrating in an anti-clockwise sense Considering the current and magnetic field
associated with charged particles moving about the external magnetic field, it can be proven that
these fields are anu-parallel to the external (background) field, 1n a plasma the particles having a
diamagnetic behaviour [16]

As the particle’s motion can be described at any moment as a superposition of a
translation of the gyrocentre and a rotation around the gyrocentre, the particle’s coordinates at

any time r can be described as

R=Ry+Ry +Ry, (3212)
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where Rp 1s the coordinate vector indicating the coordinate changes due to the translation
motion and Rp1s the coordinate vector indicating the coordinate changes due to the rotation,

while Ro gives the 1itial coordinates of the particle at time #o

The R g coordinates can be calculated by performing a 3D rotation of the imitial ﬁR

coordinates around the vector B = (Bx, By, Bz), taking into account its director angles
o,=atan(By/Bx), o,=atan(Bx/Bz) and o,,=atan(By/Bx)

The 3D rotation can be descrnibed as three rotations, each about one coordinate axis, by an
angle oy, oy and o, respectively The coordinates after the 3D rotation can be written as a
function of the imual coordinates [X%, Y°k, Z%] and the displacements dx, dy, dz in the rotated

coordinate system
[Xr- X%, Yi - Y, Zg - Z%] = [dx, dy, dz] R(z) R(y) R(x), (3213)

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

1 0 0 cosa, 0 smng, cosa, —sma, 0
R(x)=|0 cosa, —smna, [,R(y)= 0 1 0 |,R(z)=|sina, cosa, O
0 sma, cosa, —-sing, 0 cosa, 0 0 1
(3214)

Taking 1nto account that 1n the initial coordinate system (where the gyration takes place) with o,
the gyration angle at the moment ¢ and 0, the gyration angle at the moment fy and R the
gyroradius, dx=R(sinoy-sintg), dy= R(cosq, —costye) and dz=0, the new rotation coordinates
can be written as

Xp-X%% = dx (cos0,c0s0,) + dy(cosal,sing,) - dz(sina)

Yr-Yo% = dx(-S1N0LCOSOLA+SINOLCOSQLSINOL )+ dY(COSOLCOSOLASIN0LSINCLSINO,)+ dZ(SINCLCOSTy) ,
Zg-Z=dx(SIn0LSINOL+ COS0,SINOLCOSCL) +dAY(-SIN0LCOSOL, + COSUXSINULSINGL,)+dZ(COSOLLOSy),

(3215)

and finally as
Xp = X%+ R(smo,-simo;)(cos0,cosoy,) + dy(costlySind,)
Yr =YY%+ R(sIn0t,-s1n04,0)(-SIN0L,COS Oy +S1N0OLLCOS O, S1N 0l )+ R (COS 04 —C 0804 0)(COS0LCOS L, +
SINOLSINOLSINGL,),
ZR:Z°R+R(smocl—sm(xlo)(smaxsm(xz+cosazsmaycoscxx)+R(cosonl—cosoclo)(-
SINOLCOSOL+COSOXSINMLSING,,),

(3216)

For a 2D magnetostatc field where By=0, leading to =0 and ,=0 and the rotation

coordinates can be written as

39



Chapter 3: Numerical Methods

Xg = Xk + R(singy-sinoo)cosc,
Yr =Y + R(cosa, —cosOo); (3.2.17)
.~ =Z°R + R(sing;-sinay)sina,;

The wraslation coordinates can be calculated as the space formula for a linear accelerated
motion:

X1=X"1H VP +V,D +V,B)dt + qE,,dt’/2;

Y=Y r+HV,P +V,D +V,B)dt + qEdt"/2; (3.2.18)
Z1=Z"r+{V,P +V,D +V,B)dt + gE,.d1*/2:

where VxP. VyP and VzP are the parallel velocity componets. VxD. VyD and VzD are the
electric drift velocity components and VxB, VyB and V2B are the magnetic drift velocity

components. The drift velocities are presented in the following chapters.

T
dy R
-+ &) e S N | ocm
o X
h'—"'-/
L dx

Fig.3.2.1. The displacements dx and dy in the initial (un-rotated) coordinate system where
the gyration takes place around OZ axis.
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Fig.3.2.2.The 3D rotation plane, magnetic ficld and initial and final gyration angles.

3.24. ELECTRIC DRIFTS

Considering particles moving in time-invariant and homogenous plasma subject to a magnetic

ficld Band other forces F (electric or/and gravilational forces), the parallel and normal

motions to the direction of the magnetic field can be split inio:

v F (3.2.19)
m——t—= '. L.
d 4
and
df’,, o AT
m——=F, + eV, XB: (3.2.20)
dt

For the perpendicular motion we assume that v_=v, +v;. Substituting in (3.2.20) and

rearranging gives:

dvp, dv,

i P =(ﬁ'n+ci’nx1§)+eﬁax3: (3.2.21)

As for the usual gyromotion the gyration velocity is V, . it means that the term in the brackets
has to be zero. so:

Fo=-cv,x8 . (3.2.22)

Performing a vector product by B 10 the right on the above equation. we obtain:

F;Xé::-(c\;"xg]xg;
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leading to
. _1FxB
TR

So particles subjected to a force with a component perpendicular to the magnetic field will

, (3223)

undergo a dnift with the constant velocity v,,, which is perpendicular to both the force F and

the magnetic filed B When the force 1s due to an eleciric field, ths 1s called the EX B dnift

and 1t 1s independent of the particle charge or mass This means that the plasma may undergo
bulk motion due to an E X B dnift without any charge separation or butd-up of electric fields

Other dnift motions [16] and corrections to the main EXxB dnft can be obtained by

—

B
applying the vector product of ? to the night on both sides of the equation of motion

_ B B) EXB 1dv B
V= = - ——X—,
B? B* gdt B

(3224)

As the left-hand side 1s the component of the velocity vector normal to B , we obtain
V, =Vp ———X—, (3225)

Averaging over the gyroperiod n order to neglect the changes due to the gyromotion, the left-

hand side of the equation becomes the total drift velocity, leading to

- = 1 d .. =
VE =VD —_—(VXB), (3226)
qB2 dr
As from Eq 3 2 22, for a perpendicular force given only by the electric field the vector product

VX B=-E, the above equation becomes

- - 1 dE
Vp=Vp+—F—*, (3227)
qB drs
and
- 1 dE,
Vpor =—% , 3228
POL qu dt ( )

18 the polarization drift velocity

The polarization dnft increases with the mass of particles and 1t 1s directed along the
electric field with a different sense for electrons and positive 1ons In a plasma this creates a
current which carries 1n opposite directions the electrons and the 10ns leading to a polarized

plasma

n, (mwn + melecrron) dEn
B? dt

S1ince m ,on>> M glecrron » the polanzation current 1s mainly carried by the 10ns

) (3229)

Jp = n.e( Veor wns = Vpor, electrons)=
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A more complete expression for the electric dnft can be denved for situations when the electric
field changes over space and has a considerable change over a gyroradius leading to a correction
as a second order effect 1n r (the gyroradius) known as the Fimite Larmour radius effect [16]
vE=(1+lr2V2)§X—B, (3230)
4 B?
The second spatial derivative takes into account the spatial vanation of the electric field
averaged over a gyration orbit Finite Larmour radsus effects can be neglected 1n macroscopic
applications of particles motion but become important 1n the vicinity of plasma boundaries and

small-scale structures 1n a plasma

325 MAGNETIC DRIFTS
Static magnetic fields encountered in magnetrons have strong gradients and magnetic fields
lines are curved These non-homogenities in the magnetic field lead to a magnetic dnft [16] of

the charged particles and provide a means for plasma confinement

A) THE GRADIENT DRIFT
Assuming that the scale length of a magnetic field gradient 1s much larger than the particle’s
gyroradius, the magnetic field can be expanded in Taylor series about the guiding centre of the

particle
B=B,+(R V)B,, (3231)

where B, 1s measured at the guiding center and R 1s the distance from the guiding centre

From the general equation of motion with the above Taylor expansion of the field, we obtain
m‘;—":eﬁx B,+e[Vx(R V)B,)], (3232)
'

The velocity can be expressed as a gyration and a dnift motion as v =v ;+V; and observing that

Vg <<V, from the above equation results

mddﬁze;vx B,+e[Vyx(R V)B,], (3233)
13

When averaging over one gyration the left term vanishes and applying a vector product to the

-

BO
left by — we obtain
BO

- | - =
7, = ?<Bo X (7, X (RxV)By)) , (3234)
0
where the angle brackets indicate the averaging

The above expression can be developed [16] and after averaging over a gyropenod it

becomes
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(3235)

2
- my, - =
Vy = n3 (BXVB) ,
2eB
The magnetic field gradient leads to a dnft perpendicular to both the magnetic field and its

gradient and depends on the particle’s charge and 1ts perpendicular energy W, =mv,”/2
As for the case of the polarization dnift, the opposed directions of motion for electrons

and positive 10ns lead to a transverse current This magnetic gradient drift current has the form
(U +H1,) 5 o
=-i£§5523xV3, (3236)

v

B) THE CURVATURE DRIFT
It appears when the magnetic field lines are curved The particles experience a centrifugal force
(3237)

due to their parallel velocity
. R
FR: mv2 —£
P p2°
RC
where RC 1s the local radwus of curvature Using the expression for the general force dnft
(Eq 23) we obtain the expression for the curvature dnift
(3238

_ v; R.xB
VR= T ap2
g R'B
The curvature dnft 1s proportional to the parallel particle energy and perpendicular to the

magnetic field and 1ts curvature Since posiuve ions and electrons have opposed dnft directions
P(electron)) (R-C % E) . (3239)

they create a curvature dnft current
5 _ Zne (Wp(ton) +W
~ YRelectron / —
R:B?

JrR = nee(vRton

C) THE TOTAL MAGNETIC DRIFT
The total Magnetic Drift 1s given by the sum of the gradient and curvature drifts and takes the
1 , BxVB
V) —— (3 2 40)
QB~

form
S s o= 2
Vg =Vp tVy =(v, +
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326 ADIABATIC INVARIANTS

Adiabatic 1nvariants represent a quantity charactenstic for each particle and can be treated as
constants even 1f they are not absolute constants like the total energy or momentum of the
particle For periodic motions the theory of mechanics shows that quantities called actions can
remain constant for slow changes in the system An action / can be defined mn terms of

generalized coordinates g,., and conjugate momenta pg,, by

I= cj-pgendqgen, (3241)

where the integral 1s over one pertod of the motion

For periodic motions and slow changes 1n the system, the action integral 1s a constant of
the motion and 1t describes an Adiabatic Invariant Defining g,., to be the gyration angle then
the angular mometum p,.,=L=mv,r 1s the conjugate momentum Inserting these in the above

equation and integrating leads to

=27 mv,/(eB)=4m/e, (3242)
The quantity
2
my,,
— (3243)
A 2B

1s known as the first adiabatic mvariant of a plasma particle This implies that a particle’s
perpendicular energy 1s proportional to B 1f |1 1s constant

Adiabatic invarniants are associated with each type of motion a particle can perform The
magnetic moment | 1s associated with the gyration about the magnetic field, the longitudinal
mvariant J with the motion along the magnetic field and another invariant ® can be assoctated

with the perpendicular drift

A) MAGNETIC MIRRORS
Considering the magnetic moment

2
mv, mv®sm’a

2B 2B

u= (3244)

we observe that since L 1s a constant of the motion, as B changes, the pitch angle a=atan(v./v,)
has to change So, pitch angles at different locations are related to the magnetic field induction

B at those locations according to

smes _ |8, (3 245)
sin ¢, B,

In a converging magnetic field geometry, a particle moving towards regions with stronger fields

will have 1ts perpendicular energy W, increased at the expense of 1ts parallel energy Wj
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For a point where the pitch angle o= 90° the particle will have all its energy 1nto perpendicular
energy and no parallel energy so the particle will be reflected back by the gradient force

F =—uVB 1In order to model the magnetc murror effect in a computer simulation, the
condition that has to be checked 1s

), BO) (3 246)

2 -1
sin “ (tan (v ; © B

with the obvious notation for the quantities at the particle’s entrance point 1n the increasing
field If the above condition 1s satisfied, the particle’s parallel velocity changes the sign, being
“bounced back” The particles which do not satisfy this mequality will not be trapped by the

magnetic field and can escape along magnetic field lines

B) ADIABATIC HEATING
The murror effect takes place when a particle 1s moving along the B lines towards increasing

values of B When the particle moves across the B lines towards increasing values of B, since

the magnetic moment 1s conserved

Yo B (3247)
WJ.] B]

meanmng that B2>B1 leads to W, > W|,, so the particle’s perpendicular energy will increase

In this case the particle will not bounce back as its parallel energy will not be affected
This 15 a type of particle energizauon called adiabatic heating and 1t resembles betatron
acceleration since the energy to increase the particle energy 1s taken from the electric dnft
motion that transports the particle into the stronger field

Both magnetic murror effect and adiabatic heating are consequences of the magnetic
moment conservation and they are directly provided by the total velocity decomposition 1n

magnetic fields as parallel and perpendicular velocities

327 THE TRAJECTORIES PROGRAM STRUCTURE

The program I have designed 1n the C language to calculate 3D trajectonies 1n a 3D electric field
and a 2D magnetic field 1s presented in the following schematics (Fig 3 2 3) The number 1nside
each flow segment represents the number of the equation used as presented 1n the previous

sections
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Iniial values for: X.Y.Z. Vx.Vv.Vz. Bx.Bv.Bz, Iix.Ev.iz |

'

Calculate the initial phase o,
——
WHILE
lquo ‘

Calculate the magnetx fickd Bx, By, Bz, or Read the value from the B Mesh
_—
Calculate the Elecinic hick) components. Exp. Evp, Ezp, Ep, Ea [10)
Sl

Cakulate gvrofrequency 2=aB

Calculate the evration angle o =00+t
40
Calculate the total velocity components: VT, VyT, VaT (8]
i

Calculate the normal velocity composents Via,Vy, Van 9]

|

Magnetic mirror condition NO

146) = | Vp= Ve

s

|

Cakulate the magnetic fickd gradicnt

y!

Calculate the total magnetic deify velocities: VxB.VyB.VzB  [35]

-

Calculate the wtal ehectric dnft velocines: VD, VYD, VzD (23]

-

5
Calculate the weal parallel velocities: VP Vyl',Vel® L))

Cakeulate the gyratjon radius r | 11]

- -
Perform the 3D rotation 1o compute new rotation coordiates Xe Yo Za 1171

v
Calculste transiation coordinates X4, Yy, 71 [18)

-

Calculates new coordinates: X=X+ X, Y=Y+ Yy, 22747

Fig. 3.2.3: Flow diagram of the trajectories program.
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328 DISCUSSION AND CONCLUSIONS

Writing a computer program to describe a charged particle’s motion 1n electric and magnetic
fields seems to be a simple task, as one can simply use the equation of motion to write the
coordinates, the velocity and acceleration at each time 1nterval dr and use a loop to go forward

1n time

i=dy+qE+VxB),

4

<
|I

. +adt,

L. de?
0-|-vdt+a—2-,

~
il
vl

Why this approach simply cannot work? It presumes that the particle’s motion during the time
mterval dr 1s a straight line segment, while, 1n fact, this motion follows a segment of a circle
The resulting trajectory in constant B and for E=0, due to the continuously increasing radius,
will be a spiral instead of a circle

The “leap-frog” method [17] was developed to counter balance the propagated errors
induced by the assumption the particle moves on straight line segments by considering the
velocities at fime t-dt/2 and coordinates at ame t+dt/2 This method 1s well-known and actually

uses finite-difference equations for the integration

4

v -V
new old _
m—————="rg;

dt
Xnew ~ Xold _ v
dl = Ynew:

For the leap-frog method, the error 1n the phase advance at one step 1s given by
1
WAL + i(a)Ar)3 4+ + higher order error terms,

The error terms dictate a choice of the ®At<0 3 in order to observe oscillations or waves for
tens of cycles with acceptable accuracy The error in the phase step induces an error in the
amplitude of the oscillator So, the leap-frog method keeps the accumulated error small, but
only tor a limited period of time
Another method for integrating the equation of motion 1s to use a numerical 1ntegration

method for differential equations like the Runge-Kutta method This method 1s reasonably
simple and robust and 1s a good general candidate for numerical solutions of differential
equations when combined with an intelligent adaptive step-size routine The fourth-order (most
used) routine 18

ki=h Hxnyn)s

ko=h f(x,+ b2, yo+ k;/2),

ks=h flx,+ W2, ya+ k;/2),

ki=hflx,+h y.+ k3)
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o = We+ byt e+ OO,
As we can see, there 1s a propagated error depending on the size of the step

The approach that I have used for calculating 3D trajectories 1n electric and magnetic
fields does not use any of the above methods It simply follows the particle’s trajectory by
taking into account all possible types of motion and most important, by considering the particle
motion during the time step df as an arch of a circle This provides an exceptionally accurate
result there 1s no phase error and no propagated error'

In constant electric and magnetic fields the gyroradius 1s constant and the particle’s
coordinates and velocities at any moment can be calculated with the same accuracy, regardless
of the time step interval The tme step interval has to be adjusted only 1n accordance to the
scale-length vanations of the external electric and magnetic field

A drawback of this method may be the complicated development required to design the
accurate 3D movement of the particle by taking into account all possible motions, dnfts,
velocity decompositions 1n the magnetic field and performing the 3D rotation of coordinates
Nevertheless, the length of the algorithm 1s easily compensated by the speed of the new
computers

The magnetic field can be calculated before the simulation and used as a mesh, or the
magnetic field can be calculated at each step The calculation of the magnetic field at each step
will extend the calculation time but this does not lead to a significant slowing down of the
simulation, especially when fast computers are available

The original sides, advantages and refinements of this code are

1  Wnting a general Newton-Lorentz equation for the total velocity which allows the
construction of the total velocity from the actual parallel and normal components of the
total velocity found at the previous step,

2 The calculation of the parallel and normal components for the total velocity and the
electric field using the scalar and vector product,

Considening the movement of the particle to take place on an arch of a circle,

4 Calculating the number of rotations that take place 1n the step interval dr and the actual
position on the trajectory at any time, regardless of the time step interval (according to
the gyration speed),

5 No phase error and no propagated error, constant gyration radius,

6 The calculated position 1s accurate at every moment even 1if the time step interval 1s
much larger the gyration period

The 1naccuracies 1n calculation can occur only due to the use of too large mesh elements for the
magnetic field In fact a very small element mesh 1s not appropnate either, as it requires a very

large memory space and 1t might require a special routine to access it
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The use of a mesh introduces large errors as the magnetc field can have very large,
discontinuous variations from one mesh element to the other. The calculation of the magnetic
field at cach step is preferred and used later in my Monte Carlo simulation code.

In Fig.3 to Fig.15 some examples of trajectories are shown for simple constant fields,

non-conslani virtual fields and the actual combination of E and B fields encountered in the

opposed target magnetron.

3.2.10 EXAMPLES OF TRAJECTORIES
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Fig.3.2.4. Trajectories (blue) with staniing velocities along and opposed to the direction of an
electric field E=1V/m with Bx=Bz=1 T. The trajectory for E=0 V/m (pink) has a perfect stable
radius. indicating conservation of energy.
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Fig.3.2.5. Trajectory in an electric field E=1 V/m for Bx

=Bz=1 T and Vx=10000m/s. It can be

noticed how the trajectory “turns back™ due to the electric field.

Fig.3.2.6. Trajectory in Bx=Bz=1 T and Ez=IV/m. The perfect résulling cycloid after the

paralle! velocity becomes zero due to 1he opposed electric field. can be noticed (blue colour).
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---------------------------
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Fig.3.2.7. Trajectory in a virtual magnetic field that increases continuously regardless of
position: Bx=Bx+0.001T. Bz=0.1T:

P BeeBx0l, :

: Bz=0 1 i
SR Vz=10000m/s :

: TBET0VIM e ‘
s,

-----
.....
----

_____

“nee
-
Sre

P.'l.'..l...l.......”.lI.I..-....-...-.....IIl‘-l......l"..ll'l"l

Fig.3.2.8. Trajectory in a virtual field. One mirror effect can be noticed. The second mirror
effect is can not be encountered for real fields. In this case the Electric field is higher.
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Chapter 3:

Bx=0.1+0001 T,

Bz=01T,

E=0

Ve=10000 m/s
Fig.3.2.9. Trajectory in a virtual magnetic field as indicated in the figure. The parallel velocity is

increased while the normal velocity is diminished for a particle going across the field lines in a

magnetic field when there is no electric field.
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Fig.3.2.10. Trajectory for a puuae moving along the field lines in a virtual field. Two “mirror™

events can be noticed.,
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1g.3.2.11. Real trajectory
electric field is Ez=1V/m. The electron starts from the point (10,10,10) with Vx=Vy=Vz=10000

m/s. The sudden changes in the magnetic field between different mesh intervals are observed as

the gyroradius changes suddenly.
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33 MONTE CARLO SIMULATION OF IONS DURING PULSED DC
MAGNETRON OPERATION
331 MONTE CARLO SIMULATIONS WHY
In opposed targets magnetron plasmas, Langmuir probe measurements are perturbed by the
highly 1onmized and magnetized plasma or they can nterfere with the magnetic and electric fields
nside the bulk, therefore, such a diagnostic method cannot be used

While planar magnetrons have been investigated using Langmuir probes that provide a
good evaluation for the plasma potential and the electric field distribution across the plasma,
such measurements are difficult to perform for opposed target magnetrons, especially under
pulsed DC operation

Whenever expenimental measurements are difficult or impossible to perform, Monte
Carlo (MC) simulations of the plasma behaviour can provide an insight into the phenomena that
take place 1n the discharge, beyond the possibilities offered by experimental diagnostic methods
The average values obtained from the simulation provide a good estimation of the real variables
if the stmulation 1s based on an accurate enough model of the plasma under study

At present, state-of-the art MC simulations using Particle in Cell (PIC) methods can
simulate the sputtering process 1n detail [18] Classical MC simulations of 1on behaviour in
planar magnetrons have been performed by Goeckner et al [19] providing rmportant
information for the understanding of magnetron operation 1on energy, density and transit times
The model for the pre-sheath electric field was based on Langmuir probe measurements and 10n
density profiles and velocities obtamned from Laser Induced Fluorescence (LIF) emission
measurements [20]

A large number of papers have been dedicated to the computational study of magnetrons
and glow discharges using Monte Carlo simulations 1n order to assess the behaviour of the
discharge and the various phenomena given by 10on interactions sputtered/reflected atom and 1on
thermalization at thetr energies at substrate [21], the gas heating and rarefaction due to sputtered
atoms and 1ons [22], the sputtering and self-sputtering efficiency [23] All these studies start
from simple and well-defined models of the discharge, where all 1nitial data are determuned by
experimental methods the electric field in the cathode sheath and pre-sheath are known and
constant 1t ime and space, and the start locations of the 10ns are either calculated or determined
experimentally

The behaviour of the plasma pre-sheath 1in pulsed DC discharges 1s difficult to predict
theoretically and the complex time and space dependent phenomena make experimental
measurements difficult The existence and intensity of the pre-sheath electric field can influence
the time-scale of the sputtering and self-sputtering processes, important with pulsed DC

magnetron operation
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The plasma pre-sheath has therefore a tremendous importance for magnetron sputtering as its
magnitude determines the ion transit times, the amount of ions that reach the targets and the
sputtering rate.

Theoretical and experimental work to predict the evolution of the sheath [9, 24, 25, 26]
and pre-sheath for sudden changes in the cathode potential has been devoted to Plasma
Immersion lon Implantation (PIIl) applications. showing that the pre-sheath expansion appears
only for slow evolving sheaths and appears to be delayed. as if the information about the
changes in the potential on the cathodes travels with the ion acoustic velocity [27]. The ion
acoustic velocity (the Bohm velocity) is a characteristic of the electric field intensity in the pre-
sheath, respectively of the plasma potential values and electron temperature.

The temporal evolution of the pre-sheath observed experimentally [26] and by PIC/MC
simulations [27] indicates that the pre-sheath forms afier the expansion speed of the sheath falls
below the ion acoustic velocity. the pre-sheath continuing to expand slowly for more than 10ps
after the sheath has collapsed.

Using the above model for pulsed DC discharges indicates that after the voltage
waveform has reached the maximum value the pre-sheath is formed and its extent and field
values can be considered quasi-constant. Considering the plasma potential values constant
during the “on™ phasc of a pulsed DC discharge (as shown by Langmuir probe measurements
performed by Bradley et. al. [7]) the value of the pre-sheath electric ficld intensity will be
constant and can be estimated by analysing the behaviour of the gas ions that have to return to
the targets in order to maintain the discharge and produce sputtering.

In this chapter. the intensity of the pre-sheath electric field in the opposed target
magnetron pulsed IXC discharge is investigated through Monte Carlo calculations of the travel
time to targets of Ar gas ions. The calculated values of the travel time to targets obtained from
the MC simulation are then compared to the experimental value, estimated from the delay
between the time-resolved OES Ar ion peak and the applied power peak.

As presented in the previous chapter. 1 have developed a computer code that simulates 3D
ion trajectories in 3D electric and magnetic fields. This code has been used to simulate Ar ion
trajectories in a S0kHz. 2016ns pulsed DC discharge at 2A constant current run and 0.4Pa Ar
£as pressure.

Starting from a model of the discharge based on experimental data from space-resolved
and time-resolved OES and the values of the | and V waveforms during the pulse. Monte Carlo
simulations of Ar ion trajectories in the pulsed DC opposed target magnetron discharge are
performed in order to observe the influence of the pre-sheath electric field on the return time to
target of Arions. Once the intensity and space variation of the pre-sheath electric field has been
estimated. the discharge model is complete and MC simulations of sputtered ions transit time

can bhe performed in order to evaluate the time-scale for sclf-sputtering.
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332 THE PRINCIPLE OF MONTE CARLO SIMULATIONS
Monte Carlo methods are largely and efficiently used to solve many physical and mathematical
problems, 1n particular those involving multiple independent variables, where conventional
analytical or numerical methods are not applicable

In Monte Carlo simulation for particle transport problems, the history (path) of a particle
1s followed as a random sequence of free paths, each ending with a scattering event, changing
the energy and velocity direction of the particle The MC simulation of an experiment consists
1n the numerical generation of a large number of such particle histories For radiation or particle
transport, the MC method yields the same information as the solution of the Boltzmann
transport equation but it 1s easier to rmplement for fimte and complex geometries

The Monte Carlo method relies on the laws of statistics and 1ts results are affected by
statistical uncertainties given by the random nature of the modelled phenomena

The foundation of the MC method 1s the Central Limut Theorem stating that for a given
distnbution of independent random variables with non-zero mean W and standard deviation G,

sampling the distnibution of the mean approaches a Normal (Gaussian) distribution with mean [
and standard deviation & / \/ﬁ , as the sample size N increases
According to the Strong Law of Large Numbers, if the true mean M(x) of a distribution 18

finite, the average value X of a number N of history results tends to the true mean when N tends
to fimty Therefore, averaging the results over a large number of histories leads to the true

mean within the confidence 1ntervals given for the Normal function

_ 0] _ g
X~—<M(x)<Xx+—, at 68% of the time, and @B3D

N JN

7-2-2 cMx<z+2-L

N N

Every random vanable has a probability distribution, assigning to the iterval [a, b] the

, at 95% of the time (332)

probability Pr[a < X < b], 1e the probability that the variable x will take a value 1n the interval
[a, b] The probability distnbution function can be a discrete, or a continuous function

normalized to unty
b
p(x)=0and Ip(x)dx =1, (333)
a

The staustical process modelled 1n the presented simulation 1s the mean free path or time

between collisions, which 1s best modelled by an exponential (Poisson) distribution function
1
py=—exp(=114), (334)
where [ 15 the path length and A 1s the mean free path between interactions
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Knowing the mean free path from interaction cross-sections, the random values of [ are

generated from
[ =-ALn(&), (335)

where & 1s a random number

So, the occurrence of each random event 1s modelled using random number generators A
large variety of functions and routines have been developed to generate random numbers with
repetition sequences much larger than 10° In this work I have used the function “drand48”
given by the GNU (C) library This function generates pseudo-random numbers uniformly
distnbuted 1n the interval [0, 1] based on the linear congruential algorithm and 48-bit integer
anthmetic

X, =(@X,, +c)ymod(m) (336)

The parameter m=2" The sequence 1s repeating after ~10'* numbers

There 1s an important observation to be made on the difference between the Accuracy and
the Precision of a MC simulation result The Precision s the uncertainty m X given by the
statistical fluctuations of x and this can be improved by variance reduction techniques and by
increasing the number of particles run The Accuracy 1s a measure of how close the expected
value of X 1s to the true physical value to be estimated, therefore 1t indicates the systematnic
error given by the code and the designed physical model Getting a good accuracy for a MC
stmulation 1involves modelling nature faithfully

As perfect physical models are practically impossible to obtain, there 1s always a trade
back between the complexity of the problem and the sought solution, trade back that can only be
solved by using as much experimental data 1n the model as possible and by always checking the
MC results against relevant experiments

The MC code that I have developed here 1s an analog MC code that samples the events
according to their natural physical probabilities and no vanance reduction techniques have been

used

333 INTEGRATING 3D TRAJECTORIES IN ELECTRIC AND MAGNETIC
FIELDS
The trajectonies were calculated using the algorithm presented tn Chapter (3 2)

The algonthm follows the motion of the charged particles on their rotation n a plane
perpendicular to the direction of the local magnetic field The velocity values are advanced at
each step 1n the local electric and magnetic field using the equation of motion, then decomposed
in the magnetic field to find the new rotation radius and the advancement velocity along the
direction of magnetic field lines The electric drift and magnetic murror effects as well as the

dnft due the magnetic field gradient and curvature are taken 1nto account
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The coordinates’ changes due to rotation calculated 1n the rotation plane are then projected (by
performing a 3D rotation of coordinates) on the real axes The coordinates changes due to
translation are calculated in the real coordinates system

As this method of calculating the trajectories does not involve Runge-Kutta type
integration, the truncation errors related to Taylor expansion of derivatives will be avoided, as
well as the problems related to the corrections necessary at each step to provide energy
conservation

The errors 1n Runge—Kutta routines are related not only to the method of integration, but
also to the fact that the trajectory between two steps 1s considered a straight line segment
Considering 1n our routine the particles’ motion along a circular path, the trajectory between
two steps 1s actually an arch of a circle, thus eliminating all errors related to approximating a
circle by straight-line segments

The error levels 1n the Rungge-Kutta routines are directly dependent on the advancement
time step and smaller time steps provide a better accuracy The choice of adaptive time steps 1n
Runge-Kutta routines 1s thus of crucial importance and the required small time steps will
volve longer computation times

In the routine used here, the trajectories are stable without the need for energy
conservation corrections and the time step choice 15 only related to the scale length vaniations of
the electric and magnetic field and the particle’s specific charge For 1on trajectories, ime steps
of 107 s provide a good accuracy for the magnetic field gradients existent in our magnetron
discharge As the cathode sheath thickness 1s calculated from the current waveform that was
measured with a time resolution of 0 02ls, we consider this as the value of the tume step for
regions outside the cathode sheath This choice of the time step allows for a small computation
ume during the MC computation The time step in the sheath 1s taken to be 10° times smaller
0 2ps

A concise diagram of the Monte Carlo simulation 1s presented 1n Fig 3 3 1, with the
following notations
-B(x,z) The magnetic flux density vector,
-E(z,t) The electnc field vector with 1its projections normal (Ey) and parallel (Ep) to B,
-E, tons’ energy at step (1),
-V, ¥n, Vp The total velocity vector at each step (1) and 1its projections normal (Vy) and
respectively parallel (Vp) to the direction of the magnetic field B,
-F, The total force vector acting upon the particle,
-X*gy coordinates vector due to rotation in the rotation plane at step (1),
-Xg coordinates vector due to rotation 1n the real coordinate axes at step (1),
-X1q coordinates vector for translation at step (1),

-X( total (rotation plus translation) coordinates vector at step (1),
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Calculating initial velocities:
Vi from Energy (E)

v

Calculating B(x) and E(x,t) at 5 Ex(x,t),

position X; and time t Ep(x,t) +
. -

Integration of the equation of motion
moving the particle:
Vi=Vit gFdt
Post-collision
velocities V;

v
Vi projections on B 4
Y
- x MC

Vs *Xra) Vea, X1 Collision ?

e N
3D rotation of coordinates A

*Xri) XR )
b4 i |

X=X rw+ Xeay » V=V+Vp

Fig.3.3.1. Concise diagram of the Monte Carlo simulation. All bold symbols are vectors.

3.3.4 THE TRANSPORT PROCESS
The ion trajectories are simulated including collisions with the Ar gas atoms and ions.
Collisions with gas atoms and ions are random processes described by a Poisson (exponential)

distnibution [21, 22]. The collision frequency is randomly chosen from the Poisson distribution:
V= -Volﬁ(R) S (337)
where R is a random number between 0 and 1 and V; is the collision frequency of the particles

involved. at the given temperature and pressure.

The collision frequency with gas atoms at a certain temperature and pressure is given by:
Vo =Vn,o: (3.3.8)

where V is the relative velocity of the colliding atoms before collision. n, is the gas density and

O is the toial (elastic and charge-exchange) interaction cross-section:
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o=0,+0 (339)

ch—ex’
The elastic scattering cross-section 1n SI units 1s calculated at each step as a function of the 10n’s
velocity V from [18, 28]

o, =lc+dimnv)f m3, (33 10)
where ¢=-2 27x10%, d=3 08x10® and f=-052, the coefficients bemng obtaned from a fit to
Cramer’s [28] expenimental measurements of the cross-section for V2> 3800m/s, below this
value the cross-section being considered constant

The charge-exchange cross-section was calculated from the formula given by S Sakabe

and Y Yzawa [29] and gives values closer to the expenimental values than the older formulas

given by Rapp and Francis [30] and Popescu-Iovitsu and Ionescu -Pallas [31]

Ophex = (A=Blogig VYU 1o)™” fent, (3311)
where A=181x10", B=212x10", I, = 136eV 1s the 10omzation potential of Hydrogen,
I=15 7eV 1s the 10nization potential of Argon and V [cn/s]

The charge-exchange cross-section formula 1s accounted as reliable to a degree of 15-
20% by the authors [14] and matches the experimental data closer than the Rapp and Francis
formula especially for the low velocity range The formula given by Ionescu—Pallas et al [31]
has a stmular trend as the one given by Shup et al but with higher values in the low energy
range below 10eV The actual values for the charge-exchange cross-section are about one order
of magnitude higher than those obtained from the Rapp and Francis formula (Fig 3 3 2)

The obtained Collision Frequency (Fig 3 3 3) and Mean Free Path (Fig 3 3 4) obtained for
elastic collisions are 1n good agreement to those deducted from the molecular theory of gases

The mean free paths in Fig 3 3 4 are calculated from A =1/no, where n 1s the gas
density and o the respective interaction cross-section and can be also expressed as a function of
the gas temperature 7 and pressure p

A=kT/ po, (3312)
with E=3kT/2 the average kinetic energy of gas atoms at temperature T, leading to

A=2E/3p0o, (3313)

The hard-sphere model 1s considered for both the elastic and charge — exchange collisions

The resonant symmetric charge-exchange collisions (Ar+, Ar) mechanism requires an
overlapping of the electron wave-functions of the two participants in the collision, involving a
close interaction, allowing to be considered as a hard — sphere model collision, especially at low

energies [29]
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Fig.3.3.2. Elastic and charge-¢xchange cross-sections for Ar at 3mtorr (0.4Pa).
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The 3D scattering process between two particles 1s described by Yamamura and Gryzinski [21,
32] where the velocities after collision are determined by the scattering angle 1n the orbital plane
and the relative velocity before collision In my code I have used a different approach, using the
kinetics 1in the Centre of Mass Frame According to classical mechanics and using the
kinematics 1n the Centre of Mass Frame [33] the final velocities of two particles with masses M,

and M, after a 3D collision can also be written as

L L M,C 3
Vi =V, ~————A+e)n, 3314
1y =W M1+M2( ) )
L L MC ﬁ
Vor =V, +———A+e)n, (3315
2o =Vt 2( ) )

where C=n (‘71, - ‘721) has the role of a “collision parameter” for the direction of collsion,

e1s the coefficient of restitution (e =1for elastic collisions) and # 1s the normal unit vector
from particle 1 to particle 2

The director cosines of normal umt vector 7 = (c0sa,cosh,cosc) are randomly
generated for each collision as random numbers uniformly distnibuted between 0 and 1,
therefore generating the direction of encounter 1n the reference frame

The mmtial velocities of the background gas atom (10n) are randomly generated and

normalized to the average gas energy (temperature) as

Vo =4R,Egp IR+ R2 + R, (33 16)
Vz,xziRyEgas/\/Rf +R)+RZ, (3317)
vzx:iRzEgas/\/R§+R§+R§, (3318)

where Rx, Ry and Rz are independent random numbers 1n the interval [0, 1] and the plus or

minus signs are also randomly chosen

335 THE DISCHARGE MODEL
For MC calculations, both the model and the start data have to be carefully determined and
designed Using a model based on experimental data increases the accuracy in designing the
model thus i1mproving the expected accuracy of the results

The data used for building the magnetron discharge model consist of the following

a) The magnetron geometry presented mFig33 5,

b) The magnetic field flux density values B, calculated according to the method and
algorithm presented 1n Chapter (3 1) The distnibuton of the intensity of the magnetic field flux

denstty 1n the discharge cross-section XOZ 1s shown in Fig 3 3 6,
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¢) The electric field in the cathode sheath is calculated from the current and voltage
waveforms values and the extent of the cathode sheath is presented in Fig.3.3.8:
d) The electric field in the pre-sheath is calculated from two types of functions presented

in Fig.3.3.10.

a) The Magnetron Geometry
The opposed target magnetron geomeltry is presented in Fig.3.3.5. and consists of two opposed
rectangular targets (120mmx180mmx9mm), with a distance between the targets of 100mm, and
the corresponding magnetic poles arrays at the back of each target.

The coordinate axes considered in the MC simulation geometry are represented in
Fig.3.3.5. in red. as well as the start planes for the ion simulation. As it will be shown next, the
Ar and respectively Cu ion relative densities are determined through OES at the level of these

planes.

__—Magnetic pole (N)
(array of magnets)

vy SRR z=40mm
i) WO Z=30mm
o

:—j/’,/’l // r

gai01 N\ - 2=20
{ //ff{ P Z-Tomm
L L]

(l
\ L J /' / /" X
\ f
3 \ \ / /I,/ /,‘4 'l‘argei

Cooling system plate

Y ~Grounded Shield

Magnetic pole (S)
(array of magnets)

IFig.3.3.5: The geometry set-up for the MC simulation. The direction of the magnetic
filed lines between the targets is shown in blue lines.
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b) The Magnetic field

The magnetic field flux density values and direction are calculated as described in Chapter (3.1).
The direction of magnelic ficld lines between the targets is shown in Fig.3.3.5. The magnetic
field flux density B has intensity contour lines parallel to the targets. a maximum of 0.2T being
achieved at the targets surface (Fig.3.3.6). The magnetic flux density values are calculated at

each time step during the simulation.

Fig.3.3.6omour lines of the total magnetic flux density between the targets. where Z is the
distance between the targets and the targets are situated along OX axis at Z=0 and Z=100mm

c) The Electric field in the cathode sheath

An ENI pulse generator has been used to provide the pulsed DC bias of the targets at SOkHz and
pulse off time 2016ns. The operation mode was set for a constant current run at 2A,

The 1-V waveforms have been measured as shown in Chapter (5.1) and the values that have
been used in the calculation of the cathode sheath and the electric field intensity in the sheath

are presented in Ifig.3.3.7.

400 4
Qurrent w avedorm

/—Volnownvdom

e gty
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Fig.3.3.7. Typical Current and Voltage waveforms on the cathodes during a 50kHz, 2016ns
pulse-off time pulsed DC operation at a set current run of 2A.
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The formanon of a matrix sheath and then of a Child-Langmuir sheath at the on-set of the
negative voltage on the cathodes 1s well understood and described 1n many reference books as
the one by M A Lieberman, A J Lichtenberg [4] The formation of a time-dependent sheath 1n
pulsed DC discharges has been studied both though modelling and experiments for PIII
applications [9, 20] The models assume that the transient sheath obeys the Child-Langmuir law
at each nstant during the propagation of the sheath and are 1n good agreement with the electron
density temporal evolution in the sheath from Langmuir probe measurements [21]

For opposed target magnetrons where the magnetic field 1s perpendicular to the targets,
the sheath thickness 1s not influenced by the magnetic field and the Child-Langmuir law can be
applied directly, as for the case of un-magnetized discharges [34] The 1ons uncovered by the
expanston of the sheath and those armving at the sheath edge from the plasma bulk will be
accelerated towards the targets, generating a space-charge limited current at the targets The

space-charge limuted current J, in a plane diode given by the Child-Langmuir law [4] 1s

3
J, =§gm/]2w—evf ; (3319)
§

where € 1s the permuttivity of the free space, ¢ the particle charge, M the 10n mass, V. the

cathode voltage and s the plasma sheath thickness
From equation (33 19), the value of the cathode sheath thickness s can be calculated when the

1on current J, 1s known The discharge current consists of 10ns and secondary electrons
J,=J,+J, andJ, =y, (3320)

where J, 1s the electron current density, y the secondary emission coefficient and J, the ion
current density

The knowledge of the secondary electron emission coefficient 1s required i order to
obtain mformation on the extent of the plasma sheath s when the cathode voltage V¢ and
discharge current density J; are known The secondary electron emission coefficient y values
calculated from 10n beam measurements for Ar 10ns on Cu targets, for clean surfaces (as those
during sputtering) are from 0 08 to 0 1 at 10n energles from 500V to 2000V [35] As most of
the voltage values are above 600V for our pulsed discharge, a constant value of y=0 1 and a total
targets area of 256cm’ (2x 8cmx16c¢m) have been used 1n the sumulation

The vanation of the cathode sheath thickness s during the pulse 1s presented in Fig 3 3 8
The values are 1n good agreement with those measured at 3mtorr (Ar) 1n a planar DC magnetron
by Rossnagel [36] The calculation assumes that the time-dependent sheath obeys the Child-
Langmuir law at each instant during the pulse, an assumption also used by Scheuer [24] n
describing the propagation of a transient sheath durning a pulse of high negative voltage apphed
1 PIII
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Fig.3.38. The sheath thickness for pulse-off times from 496ns to 8016ns, SOkHz, I1=2A,
p=3mitor. calculated from the Child-Langmuir law and the 1-V waveforms.

The resulting cathode sheath thicknesses for several values of the pulse-off time, at 50kHz. 2A
current run and 3mtorr Ar pressure are presented in Fig.3.3.8. The time dependent sheath
thickness calculated using the Child-Langmuir formula has a strong variation of its extent
during the pulse.

The electric field E in the cathode sheath is given by [4]:

4V 2
E==-<(5"3, (3.3.21)

3s s
where s is the sheath thickness, V, the cathode potential and z the distance to the cathode.

The secondary electrons generated during the sputtering process are accelerated in the
cathodes sheath at high voltages and produce ionizations in the plasma bulk. The magnetic
confinement will dictate their path and confinement time as well as the resulting ion density
distribution in the bulk.

Once ionized, the gas ions have to travel towards the targets in order to continue the

sputtering process.

d) The Electric Field in the Plasma Pre-Sheath
The plasma pre-sheath is a transition layer between the neutral plasma and the cathode sheath
that maintains the continuity of the electric field at the plasma-sheath boundary. thus giving rise
to an electric field across the transition region due to a positive plasma potential V.

This electric field in the transition layer ensures the ion drift towards the cathodes with at
least the Bohm velocity and allows the continuity of the ion flux. The requirement for a certain
electric field that allows ions from the plasma bulk to reach the targets, ensuring a constant ion

flow towards the targets {4] leads to the concept of Bohm velocity ug. as the minimum velocity
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the ions should acquire in the pre-sheath in order to reach the targets:

U2u, = l“' ' (3.3.22)
VM
The Bohm velocity has as a low limit given by the thermal average velocity of the gas atoms:
kTg
g 2 —A-;l_ : where T is the gas average temperature. (3.3.23)

This means that the velocity acquired by the ions in the pre-sheath has to be at least the Bohm
velocity. which has to be higher than the ions® velocity at the average gas temperature.

The consequences of these simple requirements will be clearly shown in the results of the
simulations presented in this paper, as the ions located at regions with low pre-sheath electric
field reach the targets with low probability. their motion being random and dictated mainly by
their temperature.

According 10 the considered gas temperature, the clectric field in the pre-sheath has to
overcome the initial (thermal) ion energy in order to bring them to the targets. The higher this
initial ion energy. the higher has to be the required value for the electric field in the pre-sheath.

A schematic of the plasma discharge bulk is presented in Fig.3.3.9, indicating the
expected behaviour of the electric field. given by the formation of the cathodes' sheath and the
plasma pre-sheath covering the centre of the bulk.

Models for the formation of a pre-shcath in pulsed discharges have been mainly
developed for Plasma Immersion lon Implantation (PI11) applications. Here, in some models,
the pre-sheath develops only if the cxpansion speed of the sheath edge is slower than the ion
acoustic speed {24]. while other models assume that the pre-sheath exists independent of the
propagation speed of the sheath [37]. The results from measurement [25] and simulations {26]
demonsirate that in the case of Pl discharges (for sudden electrode voltage jumps) the pre-
sheath develops with a delay given by the time the information about the changes at the

electrode travels with the ion acoustic speed.

i )

E

Prasheath

E(z)

Fig.3.3.9.Sheath and pre-sheath models far the electric field behaviour (schematics).
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The evolution of the pre-sheath observed experimentally [25] and by PIC/MC simulations [26]
indicates a slow expansion that continues for more than 10ps after the sheath collapsed.

FFor pulsed DC discharges. after the voltage waveform has reached the maximum value,
the pre-sheath is formed. its evolution is slow and its extent can be considered quasi-constant.
Space and time-resolved L.angmuir probe measurements [7] in a 100kHz puised rectangular
magnetron system show that the plasma potential has positive constant values (~ few volts)
during the puise-on phase. in a planar magnetron. The consiant plasma potential during the
pulse-on time supports the idea of a pre-sheath field independent of the voltage oscillations on
the cathodes.

Therefore, the present model assumes that once formed, the pre-sheath has a quasi-
constant extent and a constant value of the electric field. The pre-sheath considered in this
model extends from the sheath edge towards the centre of the discharge, with an eleciric field
independent of time.

Several functions of distance for the electric field in the pre-sheath will be used in the
present MC simulation in order to evaluate the function of distance and the intensity range of

the pre-sheath electric field necessary 1o give the observed value of ions’ travel time to targets.
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8000 near. 5702
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7000
6000 |
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0
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Fig.3.3.10. Several types of pre-sheath electric field functions.
The pre-sheath electric field has been chosen from several linear and parabolic functions
represented in Fig.3.3.10.
For the MC analysis. two functions have been selected for use in the model in order to
assess their suitability for describing the pre-sheath electric field:
- a linear function of the distance z from the discharge centre to the targets:
E(z)=80*z [V/m]. where z is expressed in [mm]; (3.3.24)

- a parabolic function of z: E(z)=3*z" (V/m] where z is expressed in [mm].  (3.3.25)
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34 THE MONTE CARLO SIMULATION FOR Ar IONS
341 THE START DATA
The start data necessary for the input of the MC simulation that have to be determined
experimentally, in order to keep an accurate discharge model consist of the following
a) The value for the Ar 10n transit (travel) time to targets determined expenmentally,
b) The relauve 10n density distributions,
¢) The start moment during the pulse
Other start data are included 1n the 1nitial model, as the 1ons’ start energy and the gas pressure

The Ar 1on iitial energy considered here 1s the kinetic thermal energy at a temperature of
300°K, E=0 0387¢V and the Ar gas pressure 1s 3mtorr (0 4Pa)

The mmitial 10n density at the start location and moment in the discharge 1s determined
from the relative intensities of the time and space resolved Optical Emission Spectroscopy
(OES) data for Ar 10on lines as 1t will be shown next The time-resolved OES measurements
were performed with the optical probe placed in the centre of the discharge, while for the space
and time-resolved OES measurements the probe was placed parallel to the targets surfaces, at a
distance of 20mm from the targets edge, viewing points between the targets (at z=10mm,
20mm, 30mm and 40mm from the target surface) corresponding to the planes indicated 1n
Fig 335 For the MC simulation, the 10ns start planes will be considered at the same distances
n order to match the relative imtensity of Ar 1on emission hines (and their relative density) to the
weight 1n the averaging of results over the bulk volume

The travel time to targets of Ar 1ons 1s determined experimentally from time-resolved
OES data as will be explained next and 1t will be used for comparison with the results of the MC
computation of Ar 1on travel time to targets to evaluate the best fit to the electric field 1n the pre-

sheath

a) The Ion Transit Time —Experimental Values
The time-resolved OES provides information on the intensity of the Ar ion ermsston lines
during pulse and on the 10n transit time to the targets For the OES analysis, the Acousto-Optic
Spectroscopy Analyser (IfU) AOS-4 presented in Chapter (2 3) has been used

The evolution of the most intense Ar 1on line (488nm) 1n the OES line spectrum was
observed A typical example 1s presented in Fig 3 4 1, along with the power waveform We can
observe the delay between the applied power peak and the Ar 10n hine intensity peak This 2 5us
delay 1s attnibuted to the average time needed by the Ar 10ns to return to the targets and produce
(through sputtering) the secondary electrons that will maintain the discharge The considerations
leading to this conclusion are largely presented 1n Chapter (5 2) and a recent published paper
(38]
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Fig.3.4.1. Time-resolved OES and the power waveform for a 50Khz, pulse off time 2016ns,
I=2A pulsed DC discharge at 3mtost (0.4Pa) Argon pressure.

The Ar ions created in the plasma hulk at the moment when the power peak has a maximum
(t=4.5ps. Fig.3.4.1) travel back to the targets and produce more secondary clectrons which
generate the maximum Ar ion peak at t=7ps. This travel time of the Ar ions to the targets
generates the delay between the power peak and the Ar ion peak.

The shape of the Ar ion peak follows closely the one of the applied power peak indicating
that ionization is mainly due to direct electron impact processes - which is expected at the low
pressures and high electron energies in this type of discharge.

As observed in Chapter (5.2) the ~2.5 pus delay between the Ar ion emission peak and the
power peak has almost constant values with the pulse-off time. showing that this is a
characteristic of the magnetron discharge at a cenain pressure and it is due to the time the Ar
ions need to travel from the location where they were produced. to the targets. This value will

be later compared with the results from the MC simulation of Ar ion transit time to targets for

each considered pre-sheath electric field.

b) The relative ion density distributions

The space and time-resolved OES analysis provides information on the relative distribution of
Ar ion density (ionization density) in the bulk discharge. Fig.3.4.2 shows the relative intensity
distribution of the 488nm Ar ion emission line over a cross-section of the bulk discharge during
the pulsed DC operation at SOkHz. 2016ns pulse-off time and 2A constant current run. The ions
arc distributed mainly in the centre of the bulk with a strong increase in the ion density in a

region situated at 30mm to 40mm from the targets. (10mm to 20mm from the discharge centre).

71



Chapter 3: Numerical Methods
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Fig.3.4.2: 3D relative Ar ion emission lines intensity in the bulk from time and space -resolved
QOES. Time intervals: 0.2 ps.
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11g.3.4.3: The relative Ar ion emission lines intensity from time and space-resolved OES at
SOKhz, 2016ns, 2A and the Power waveform on the cathodes. Time resolution: 0.2ps. The
arrow indicates the start moment in the simulation. coinciding with the maximum power peak.

The space-resolved Ar ion density distribution in the bulk will be used in the MC simulation to
establish the start position and time for the Ar ions as well as their relative density at the star
moment and location in the discharge. The statistical weights will be taken from the ions

relative density (OES intensity) at the start moment (indicated by an arrow in Fig.3.4.3).

c) The start moment during the pulse.

The start moment for the ion simulation can be chosen at any moment of the pulse situated at or
after the vollage peak, when the pre-sheath extent and electric field can be considered constant.
In the considered model, the siart moment of the simulation was taken as the moment when the

voltage reaches the maximum value (1=4.5us).
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342 THE SIMULATION FOR Ar IONS
A short review of the simulation parameters for Ar 1ons 1s presented next

The MC simulation follows Ar 1ons on 3D trajectories 1n a pulsed DC magnetron
discharge during the pulse-on time of a pulsed DC operation (50kHz, pulse off time 2016ns and
2A constant current run) at an Ar gas pressure of 0 4Pa The magnetc field values are calculated
at each tume step of 0 02ps using the current sheet method

The extent of the plasma sheath s 1s calculated at each time step from the Chuld-Langmuir
formula, where the 1on current density 1s obtamned from the measured discharge current
waveform, assuming a constant secondary emission coefficient of y=0 1

The 10ns’ start positions are chosen on several planes situated at distances z of 10mm,
20mm, 30mm, 40mm from the targets and x positions 1n the XZ cross-section situated Smm
apart x=0mm, 5mm, 10mm, 15mm, 20mm, 25mm, 30mm, 35mm and 40mm, thus covering a
quarter of the plasma volume between the targets (Fig 3 3 5) The chosen start positions for the
10ns correspond to the positions (planes) where the relative 1on density 1s known in our
experiment from the space and time-resolved OES data

The moment 1n time from the start of the pulse when 10n’s trajectories are started
corresponds to the maximum peak of the space and ume-resolved OES (or just time-resolved
OES), at 4 Sus from the start of the pulse, as most of the 10ns are created around that moment
during the pulse

The 10ns start energy 1s 0 0387¢V, corresponding to a gas temperature of ~300°K and
their imtial velocities have randomly distributed directions

The 10ns trajectories are followed until they reach the targets or they leave the discharge,
at a limit of 100mm on the Y direction (along the targets length) and 60mm on the X direction
(on the targets width)

Both elastic and charge-exchange collisions with the neutral gas atoms having random
velocities and an energy corresponding to the gas temperature (0 0387¢V) were taken into
account The collisions with the sputtered metal atoms and 10ons are not taken 1nto account The
collision cross-sections and the type of interaction are also calculated at each time step

The precision of the MC simulation 1s influenced by random and statistical error The
statistical error 1s related to the simulation procedure and the considered model The random
error can be maintained low by runmng a large number of particles We have chosen to run
1000 1ons from each start location, which brings the total 1on number run from each considered
plane (layer) of the plasma bulk to 9000 and the overall total to 36000 All final values are
presented as weighted averages (to the relative 1on density at the starting point) and normalized

to the number of particles run
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34.3. RESULTS FOR Ar IONS

a) Ar ions mean fransit times

A histogram representation of the transil time for Ar ions from their start location to the targets
(or until the end of the pulse-off time) is presented in Fig.3.4.4 and Fig.3.4.5.

The considered time bin size is 0.2us. Results are normalized to the total number of
particles run from each layer (9000). ach time bin contains the relative number of ions that
ended their transit in the respective time bin. This representation indicates directly the most
probable time needed by ions from each sianl layer to reach the targets. The last bin (situated at
t=13.541s) indicates the percentage of ions that have not reached the targets and are left in the

bulk at the end of the pulse-on time.
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Fig.3.4.4. Arion transit times statistics for the linear pre-sheath field: E(z)=80%z.
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The most probable value for the return time to targets of Ar ions is given by the statistical charts
(Fig.3.4.4 and Fig.3.4.5). where the average travel (transit) time to targets (TT) can be
calculated using a weighted average of the most probable transit times of ions starting in each
layer:
Z w, p(TT);
[17]=—

Swin

(3.4.26)

where:
(TT),=the most probable transit time for the layer (i);
W, =the initial Ar ion density in layer (¢):
- P; =relative number of ions reaching the target for layer (s).
The initial Arion density W, is taken from Fig.3.4.3, as the relative OES intensity at the moment
t=4.5us when the simulation starts (at maximum power peak).

The obtained values for the travel time to targets of Ar ions starting in the layer situated at
z=10mm from the discharge centre indicate that thesc ions arrive at the targets much later (at t=5 ps
and 6.5us from the ions’ start) than the ions starting from layers situated closer from the 1argets and
will not be responsible for the intense sputtering that generates the Ar ion peak maximum at 7us
(2.5ps after the power peak). Therefore, the transit time of ions starting in layer z=10mm should not
be included in the weighted average.

The average travel time to targets of Ar ions calculated for each type of pre-sheath field. for
the first 3 layers (z=40mm, z=30mm and z=20mm) and respectively including the fourth layer

(z=10mm. highlighted results) are presented in Table 3.4.1.

Function Layer W, [%] P, [%] (TT), [TT] [us)
E(z): [V/m] z[mm] fus]
lincar: 40 30 33 1.4 2.57
E(z)=80%z . 30 43 23 2.4 3.26
z[mm] 20 80 20 3.4
10 a0 18 5
parabolic: 40 30 35 1.3 2.42
E(z)=3*z" ; 30 43 17 2.1 33
z[mm)] 20 80 14 3.7
10 1] 10 6.5

Table 3.4.1. Values of the travel time to targets for Ar ions.
Values of ~2.5is arc obtained when performing the weighted average for the first 3 layers. Including
in the average the layer z=10mm. the average transit time increases to ~3.3(s.
As the OES Ar ion cmission has a flat peak centred at (=2.5us from the power peak
maximum and exiending up to 1=3ps after the power pcak maximum, the values obtained for the
Ar ion transit time are in good agreement with the experimental observations. therefore, the

chosen pre-sheath electric fields are a good approximation for the sought fields.
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The considered pre-sheath functions provide the required value for the average travel time to

targets for the Ar ions.

b) Energy distributions for Ar ions
An analysis of the ions' energy at the end of their path (or the end of the simulation) provides
more information on the influence of the considered pre-sheath fields on the sputtering process.

The distribution of translation energies for Ar ions reaching the targets has a wider spread
and higher energies for the parabolic pre-sheath field than for the linear pre-sheath field
Fig.3.4.6. Fig. 3.4.7).

According to their start layer, the ions are accelerated over different distances, leading to
a different energy distribution at the cathode sheath edge. These energy distributions are
generated by:

- The random initial distribution of Ar ion velocities;

- The variations in the magnetic field direction and intensity that can change ions’
direction through magnetic mirror effects;

- The distance from the cathode where the ions simulation starts:

- The moment during the pulse when the ions reach the cathode sheath edge and the value

of the electric field in the cathode sheath at that moment.
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IFig.3.4.6. Ar ion translation energy distribution for linear pre-sheath field. The ions start from
several layers. Energy bin: 10eV.

76



Chapter 3: Numerical Methods

100
—— Layer 10mm

£ — Layer 20mm
g ——— Layer 0mm
S10f —— Layer 40mm
o
= I‘
c
e
s | |
2
©
§1
k)
| l

|
0‘ l | n& ] m ) ! i ) |

0 100 20 300 400 50 600 70 8O 900 1000 1100 120
Emg[e\/]

Fig.3.4.7. Ar ion translation cnergy distribution for parabolic pre-sheath field. The ions start
from several layers. Energy bin: 10eV.

The distribution of gyration energy is similar for both types of fields, with very small percentage
of ions with gyration energy in the high-energy bin. In the casc of gyration energy, as can be
scen from Fig.3.4.8 and Fig.3.4.9 most ions (up to 70% of all ions) have gyration energies in the

lowest energy bin (0-10eV).
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FF1g.3.4.8. Ar ion gyration energy distribution for linear pre-sheath field. Energy bin: 10eV.
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Fig.3.4.9. Ar ion gyration energy distribution for parabolic pre-sheath field. Energy bin: 10eV.

From the energy distribution of translational energies, (Fig.3.4.10 and Fig.3.4.11) we can notice
that 45% 10 63% (for a linear pre-sheath field) and 42% 10 73% (for a parabolic pre-sheath field)

of the Ar ions actually reach the targets during the puise-on time, according to their start layer.
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Fig.34.10. Total cnergy distribmion for Fg34.01. Total encrgy distnbution  for

gyration encrgy of Ar ions in linear pre- translation cnergy of Ar ions in linear pre-
sheath field. sheath field.
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Fig.34.12. Total energy distribution for Fig3.4.13. Total energy distribution for
gyration energy of Ar ions in parabolic pre- (translation energy of Ar ions in parabolic pre-
sheath field. lon simulation starts in different sheath field. lon simulation starts in different
layers. layer.

This is due to the random distribution of the initial direction of the Ar ion velocity and to the
fact thai the initial Ar ion cnergy is not considered zero. but a value corresponding to a
temperature of 300° K (0.0387 eV). Most of the Ar ions that don't reach the 1argets are moving
back and forth between the targets while they change direction due to magnetic mirror effects.
gaining and loosing energy against the pre-sheath electric field. The mean energy of the Ar ions
that don't reach the targets is thus around the value of their siart (thermal) energy. most of these
ions having energies situated in the first 10eV energy bin.

In conclusion. the pre-sheath electric field behaviour in opposed target magnetrons can be
investigated through MC calculations coupled to experimental data from space and time-
resolved QES,

Two functions that maich closely the experimental value for the return time to target for
Ar ions have been determined:

-A linear function: E(z)=80%z [V/m] . where z[mm]:

-A parabolic function: E(z)=3*2z2 |V/m]. where z[mm)].

Although the parabolic field brings more ions 1o the targets. as its values are generally higher,
there is a higher dispersion in the most probable Ar ion travel time to targets and also in their

energies.
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35. THE MONTE CARLO SIMULATION FOR Cu IONS
3.5.1. THE SELF-SPUTTERING TIME-SCALE
Time-resolved O. E. S. of Ar ions and Cu sputtered atoms in a pulsed DC magnetron discharge
shows that the intensitics of the exited Cu lines are maintained at almost constani levels for
several ys after the Ar ion lines intensity has decayed. This effect can be attributed to Cu self-
sputtering.

To assess the amount of self-sputtering and the time scale of this effect relative to the
operating duty-cycle in a pulsed DC magnetron. the return time to the targets of the sputtered
meial ions have been evaluated through Monte Carlo calculations.

The pulse-on time of a pulsed DC magnetron plasma at SOkHz, pulse-off time 2016ns, 2A
constant current run and 0.4Pa Ar gas pressure has been modelled for a magnetron with opposed
rectangular copper targets. The same computer code that simulates 3D charged particles
trajectories in 3D electric and magnetic fields described in Chapter (3.1) has been used to
simulate Cu ion trajectories in the plasma bulk.

The return time to targer for Cu ions has been evaluated and compared to the time-
resolved OES measurements. The consequences of the sclf-sputtering and its time-scales arc
discussed in connection to the starting energy of Cu ions and the operating duty cycle of the

magnetron.

3.5.2. THE SIMULATION FOR Cu IONS
A short review of the simulation parameters for Cu ions is presented next.

The MC simulation follows Cu ions on 3D trajectories in a pulsed DC magnetron
discharge during the pulse-on time of a pulsed DC operation {50kHz, pulse off time 2016ns and
2A constant current run) at an Ar gas pressure of 0.4Pa. The same MC simulation code and
modcl assumptions as for the Ar ions have been used. with siart data specific for the Cu ions.
The same two functions for the pre-sheath electric field as shown in Chapter (3.3) have been
considered:

Linear pre-sheath field: E(z)=80*z [V/m];
- Parabolic pre-sheath field: E(z)=3*z2 [V/m]:
The start positions for the Cu ions are chosen on several planes situated at distances z of 10mm,
20mm, 30mm. 40mm from the discharge centre and x positions in the XZ cross-section situated
Smm apart: x=Omm, Smm. 10mm. 1Smm. 20mm. 25mm, 30mm. 35mm and 40mm, covering a
quarter of the plasma volume between the targets (Fig.3.3.5).

The chosen slart positions for the ions correspond to the positions (planes) where the

relative ion density 1s known in our experiment from the space and time-resolved OES data

(Fig.3.5.1).

80



Chapter 3: Numerical Methods

The moment in time from the start of the pulse when Cu ion’s trajectories are started
corresponds to the moment when the maximum number of Ar ions should have reached the
targets: at 10ys from the start of the pulse. At this moment, the density of sputtered Cu atoms
has a maximum.

The Cu ions stant energy is 0.5eV. comesponding to the most probable energy of Cu
atoms from Ar-Cu sputtering. as determined from ACAT calculations [4] and the initial
velocities have randomly distributed directions. Cu ions with higher energies will have lower
transit times, but their density is much lower. so their coniribution can be neglected. The Cu
ions are followed until they reach the targets or they leave the discharge. at a limit of 100mm on
the Y direction (along the targets length) and 60mm on the X direction {an the targets width).

Both elastic and charge-exchange collisions with the neutral Ar gas atoms having random
velocities and an energy corresponding to the gas temperature (0.0387eV) were taken into
account. The collisions between Cu ions and Ar ions, or other Cu sputtered metal atoms (ions)
are not taken into account. The collision cross-sections and the 1ype of interaction are also
calculated at each time step (0.02us) according the procedure described for the Ar ion
simulation.

The number of particles run from each start location is 1000, with 9000 ions run from
each considered plane (layer) of the plasma bulk and 36000 in total. All final values are
presented as weighted averages (1o the relative ion density at the starting point) and normalized

to the number of panicles run.

353. THE START DATA:
As in the case for Ar ions, the start data that have to be determined experimentally are:
a) The relative density of Cu ions: from relative OES intensity:

b) The start moment during the pulse.

a) The Space and Time-resolved OES

The time and space-resolved OES for Cu 1 emission lines indicales a quasi-constant intensity for
both 465nm and 522nm Cu | lines. As explained in Chapter (5.2.4) this effect can be related to
self-sputtering.

The relative density of Cu ions at different distances from the targets can be estimated
directly from the intensity of Cu ion emission lines, when these can be observed. which was not
the case for the described discharge.

As deiailed in Chapter (5.2) the 465nm Cu 1 line has an upper level (7.737eV situated
above the ionization potential of Cu I) and populatcd by Cu ion rccombination. Assuming at
least PLTE, where ionization (excitation) processes are balanced by the recombination (de-

excitation), the intensity of the 465nm line is a good indicator of the Cu ion density.
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The time and space-resolved OES for the 465nm Cu | line is presented in Fig.3.5.1. The arrow
indicates the start moment of the simulation, chosen at t=10us. The relative density of ions at
the start moment is considered in the weighted average 10 calculate the average return time to
targets of the Cu ions.

b) The start moment during the pulse

The start moment during the pulse has been chosen at t=10us (Fig.3.5.1) when the 465nm QES
intensity line has a maximum. At this moment during the pulse, the pre-sheath electric field can

be considered quasi-constant and described by the functions considered for the Ar ion transport.
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Fig.3.5.1. The relative (normalized) OES intensity for Cu I. 465nm line during the pulse. The
arrow indicates the start moment for the simulation.

3.54. RESULTS FOR Cu IONS

a) Cu ions mean transit times

A histogram representation of the transit time for Cu ions from their start location 1o the targets
(or until thc end of the pulse-off time) is presented in Fig.3.5.2. and Fig.3.5.3.

The bin size is 0.2us. Results are normalized to the total number of particles run from
each layer (9000). Each time bin contains the relative number of Cu ions that have ended their
transit during the respective time bin. This represcentation indicates directly the most probable
time needed by Cu ions from each start layer to reach the targets. The last bin (situated at t=8s
from the start moment in the simulation) indicates the percentage of Cu ions that have not

reached the targets and are left in the bulk at the end of the pulse-on time.
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Fig.3.5.2. Cu ions transit times statistics for the linear pre-sheath field: E(z)=80%z.
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Fig.3.5.3. Cu ions Iransit time statistics for the parabolic pre-sheath field: E(z)=3*z".

The most probable value for the return 1ime to targets of Cu ions is given by the statistical charts
(Fig.3.5.2 and Fig.3.5.3). where the average return (iransit) time to largets (RT) can be
calculated using a weighted average of the most probable transit times of ions starting in each
layer:

D wipi(RT);

[RT|= 1= -. (3.5.1)
D_wip;
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Where:
{RT), =the most probable transit time for ions stating in the layer (¢);
W, =the initial Cu ion density in layer (i):

- P;=r¢lative number of Cu ions reaching ihe target for layer (i).

Function Layer W (%] | Pi[%] (TT); | [TT) {ps)
E(z); [V/m| z|mm]| [pes]
linear: 40 18 37 1.7 3.3
E(z)=80%z ; 30 32 22 3.2 4.4
zjmm] 20 85 14 42
10 95 14 6.6
parabolic: 40 18 30 1.5 33
E(z)=3*2" ; 30 32 28 3.0 4.0
z[mm] 20 85 14 4.3
10 94 8 6.9

Table 3.5.1. Values of the travel time to targets for Cu ions.

The results of the weighted average for both types of pre-sheath electric fields are presented in
Table 3.5.1. The weighted average is strongly influenced by the initial ion density in each layer,
and therefore by the moment considered as a stan for the simulation. Nevertheless, the transit
times obtained for the Cu ions indicate that self-sputtering can occur during the pulse-on time
and has a time-scale of 3.3 - 4.4us for Cu ions of 0.5¢V.

As the Cu ions have an energy distribution similar to that of sputtered Cu ataoms, a better
understanding of the self-sputtering 1ime-scale can be obtained by performing a more rigorous
study aver the entire energy range of the Cu ions.

The results obtained here reflect only the main trend of the self-sputtering time-scale,
indicating that self-sputtering can occur for pulse-on times longer than 10us and can have a

significant effect for pulse-on times durations ahove 14ys.
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b) Energy distribution for Cu ions
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Fig.3.5.4. Cu ion translation energy distribution for linear pre-sheath field. The ions start from
scveral layers. Energy bin: 10eV.
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Fig.3.5.5. Cu ion translation energy distribution for parabolic pre-sheath field. The ions start
from several layers. Energy bin: 10eV.

The translation energy (impact energy on the targets) for Cu ions has a wider distribution than
that for Ar ions and with a lower percentage of particles in each cnergy bin (Fig.3.5.4,

Fig.3.5.5).
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The large cnergy dispersion is due mostly to the initial Cu ion energy of 0.5¢V and the random
directional distribution of the total velocity. This leads to a large spread in the final energies as
well as in a lower percentage of Cu ions reaching the targets (compared to similar data for Ar).
As the start moment for Cu ion formation is considered at 1=10us. there is less time for
the Cu ions to travel to the targets until the end of the pulse-on time. A larger percentage of Cu
ions than Ar ions will be trapped in the bulk at the end of the pulse on time. The ions starting in
layer z=10mm. can reach the highest cnergies. as they are accelerated over a larger distance,

entering the cathode sheath at higher energy.
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Fig.3.5.6. Cu ion gyration energy distribution for parabolic pre-sheath field. The ions start from
several layers. Energy bin: 10eV.
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Fig.3.5.7. Cu ion gyration energy distribution for linear pre-sheath field. The ions start from
several layers. Energy bin: 10eV.
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The distribution of energy due to gyration is much wider and presents an exponential decrease
with energy (Fig.3.5.6 and Fig.3.5.7). Only ions starting from layer 40mm have significant
increase in the gyration energy. Again, this is due to the initial Cu ion energy of 0.5eV and its
random directional distribution.

The gyration energy component has also a large distribution over the energy values, with
insignificant percentages in the high-energy bins. The Cu ions starting in the layer 40mm have

larger gyration energy values, again. due to their random distribution of the start velocity

direction.
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The total energy distribution reveals (as in the case of Ar ions) that a large percentage of Cu
ions are trapped in the discharge and do not reach the targets until the end of the pulse off time.
Most of these ions (from 38% to 70% of the total number of ions run, Fig.3.5.8-3.5.11) have

low energies. in the energy bin 0-10eV.

3.6 CONCLUSIONS ON THE SIMULATION RESULTS
Although both the linear and the parabolic pre-sheath fields bring ions to the targets in average
times that are in good agreement to the experimental observations from the OES and |-V
waveforms data for Ar ions, a large number of ions cannot reach the targets, mainly due to
magnetic mirror effects.

The actual values and behaviour of the pre-sheath electric field are only roughly
estimated from this study. An accurate determination (possible only through cxperimental
methods) of the pre-sheath electric field is extremely important for a good knowledge of the
efficiency of the sputtering process. given by the number and energy of ions brought to the
targets from different layers (distances from the targets).

As observed from the ion transit times, 1he intensity of the pre-sheath electric field plays a
major role in the discharge development and sputtering process. especially in pulsed DC
discharges. Too small values of the pre-sheath electric field lead to long ion transit times and a
low percentage of ions reaching the targets during the pulse-on time duration. The pre-sheath
electric field has to provide to the ions at least the Bohm velocity, in order to ensure ion
transpont to the cathodes. In most cases. the low limit ion velocity value (the Bohm velocity) is
largely over-passed by the actual ion velocities in the pre-sheath electric field.

The knowledge of the intensity and space distribution of 1he electric field in the pre-
sheath has an essential contribution to the percentage of ions brought to the targets, their transit
times and their energies. and all MC modelling should take these data with great care, as these
values have a tremendous influence on the simulation results.

The study presented here has limited validity as it is based on a pre-sheath model with
electric field values that are constant in time. A more accurate study can e performed for pre-

sheath clectric ficlds given by functions that are position and time dependent: E(z. t).
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CHAPTER 4:

THEORETICAL BASIS FOR PLASMA DIAGNOSTICS

In this chapter are presented the main theoretical considerations regarding the equilibrium
conditions in plasmas and the main equations derived from statistics of plasma systems under
equilibrium and non-equilibrium conditions. with comments on their applicability for plasma
diagnostic and modelling of either the pulse-on or the pulse-off time conditions.

The information presented here is based on several monographic books on plasma

physics [4. 39, 40, 41].
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4.1 EQUILIBRIUM RELATIONS IN PLASMAS
4.1.1. THERMODINAMIC EQUILBRIUM
The most used “in situ” plasma diagnostic methods - Langmuir probe measurements and
Optical Emission Spectroscopy - rely heavily on the concept and conditions of plasma
Thermodynamic Equilibrium (TE).

Plasma diagnostic methods provide information over the complex processes of interaction
taking place in the plasma and the measured values are averages over a large statistical group of
interactions and particles. The experimental data can be related to macroscopic physical
quantities and to simple physical models only if:

- the measured values are true averages over the observed processes: and
- the statistical averaging can be performed in order to derive their dependence on the main
macroscopic quantities: plasma temperature and density.
To cnsure that the measured values are true averages. several corrections should be applied to
1ake into account the "noise signal™ induced by the diagnostic method. for example:
- for Optical Emission Spectroscopy: background and continuum levels, superposition of
lines and absorption:.
- for Langmuir probes: the method and algorithm for calculating the plasma parameters
have 10 be adapted to the conditions of measurement and type of plasma.
Defining averages over large statistical groups of paricles and relating them to macroscopic
quantities requires the use of statistical averages under the assumption of thermodynamic
equilibrium, as statistical averaging relies on the statement of constant number of particles and
constant total energy of the system.

Complete Thermodynamic Equilibrium (CTE) can only occur in isolated systems or in
very large thermodynamic systems like those in the stellar atmospheres, or related 10 a
“blackbody”. Unless thermodynamic equilibrium holds. the equilibrium models for species’
distributions cannot be applied and the information provided by diagnostic methods can no
longer be related to the above statistics. A definition of thermadynamic equilibrium and the
criteria that ensure its existence are therefore necessary and will be briefly presented next. as
stated by Fridman e1 al. [39].

In laboratory plasmas. only l.ocal or Parlial Thermodynamic Equilibrium can occur (LTE
or PLTE). The LTE allows the use of thermal equilibrium equations for level populations and
panicle velocity disiributions. although the radiation ficld is much weaker than the blackbody
intensity at the given electron temperature. LTE can occur only at high electron densities, such
1hat collisional rates exceed radiative rates by at least one order of magnitude.

As observed by H. R Griem [40] in order to ensure 1.TE in the presence of rapid time
variations and steep spatial gradients the collisional-radiative relaxation times for level
populations must be significantly shorter than the time-scale for the variations in electron

temperature and density.
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In the case of strong spatial gradients, these relaxation times should be compared to the time

required for the diffusion across certain gradient of macroscopic plasma parameters.

4.1.2. CONCEPTS OF COMPLETE THERMODINAMIC EQUILIBRIUM (CTE)
Complete Thermodynamic Equilibrium (CTE) is related to a uniform, homogenous plasma. in
which chemical equilibrium and all plasma properties are unambiguous functions of
temperature [39]. This temperature is supposed to be homogenous and the same for all degrees
of freedom. all plasma components and all their possible reactions. Under these conditions the
following equilibrium statistical distributions should take place:

-The Maxwell -Boltzmann velocity or translational energy distribution for all neutral and
charged species that exist in the plasma:

-The Boltzmann distribution for the population of excited states for all neutral and excited
species that exist in the plasma:

-The Saha equation for the ionization equilibrium to relate the number densities of electrons,
ions and neutral species:

-The Boltzmann equilibrium for dissociation. or., morc generally, the thermodynamic
relations for chemical equilibrium;

-The Plank distribution for the spectral density of electromagnetic radiation.
CTE plasmas are ideal systems: large volumes of homogenous plasma. isolated from the
boundaries. In this case. the radiation of the plasma can be considered as blackbody radiation
with temperature.

Actual plasmas obtained in laboratory conditions are far from these ideal conditions.
Most plasmas are optically thin over a wide range of wavelengths and the plasma radiation is
much less than that of a blackbody. Also. plasma non-uniformity and exchange of particles and
energy at its boundaries leads to irreversible losses related to conduction. convection and
diffusion. disturbing the CTE. In the LTE approach, a thermal plasma is considered optically
thin and thus radiation is not required 10 be in equilibrium. Only 1he collisional (not the
radiative) processes are required to be locally in equilibrium similar to that described for CTE.
but the temperature can vary from point to point. in space and time.
The above-mentioned equilibrium distributions, the equations derived from these and the

concept of optically thin plasmas will be explained in the following sections.

4.13. EQUILIBRIUM RELATIONS
The main equations describing equilibrium plasmas are presented next. The main reference texts
used for this theoretical background are the review book by A. Fridman and A.L. Kennedy [39]

and the monograph on gas discharges by M.A. Licbermann and A. J. Lichtenberg {4].
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The Paisson equation.

The Poisson equation can be derived from the macroscopic form of the Maxwell equations in

vacuum:

VxE=—py 2o 4.1

X Mg 3 (4.1)
3 3 -

VxH =€y —+J; 42
X 05 (4.2)

&V-E=p: (4.3)

#V-H=0; (4.4)

where E(7.1)and H(F.1) are the electric and magnetic field vectors, 5 = arxi0”’ [H/m] and

£, = 8.854% = (F/m] are the permeability and permiltivity of the free space.

The charge continuity relation relates the charge density p(r.t)and the current

density J(F.y:

a—p+V‘j=0; (4.5)
ot

As in DC and pulsed magnetron discharges the magnetic field intensity is constant over time.

then VxE =0and the electric field can be derived from the gradient of a scalar potential:

=~V@ . Substituting into the third equation we obtain the Paoisson equation:
vie=-£, (4.6)
£

The Poisson equation is a fundamental equation that characterizes the plasma, as it indicates
how the plasma potential depends on the charge density. A quasi-neutral plasma is charactenized
by small plasma potential values corresponding to small deviations from charge neutrality.
The Boltzmann distribution
Considering the laws of statistics for plasmas in thermodynamic equilibrium. the statistical
distnibution of panicles over different siates can be inferred. For an isolated system at a constant
energy E. consisting of a large number of particles N, in the state { with the energy E,, (relative
to the ground state) the distribution function of particles over states can be found without details
of probability transitions between states. This is the Boltzmann distribution and has the general

form:
" E,
ng=C cxp(———T—-) : 4.7)

If the states are degenerated. the statistical weights g, are taken into account to show the number

of states with a given quantum number, the equation becornes:

E
ﬁ,‘ = Cg,- cxp(-—?'): (4.8)
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which can be expressed in terms of number densities N; and N, of the particles in state 1 and the

ground state (0):

N; =Ng E—'—cxp(—%) ; 4.9)

80
The gencral Boltzmann distribution can be applied to derive specific equilibrium distribution
functions over different states, the most famous being:
the Maxwell or Botzmann-Maxwell Electron Distribution function over translational
velocities: and
the Saha equation.
The Maxwell equation is the analytical form of the electron distribution function over
velocities obtained using the Boltzmann distribution considering the density of states in the
“velocity space” am?:
m .32 myv?
(v) = 4mv? (—=)""% exp(- —):
f 2T M 2kT

(a detailed derivation of the electron distribution function is presented by Liebermann, Lichienberg {4]).

(4.10)

The Saha equation:
Extending the Boltzmann distribution to population ratios of two bound states m and n of an
atom or ion a1 LTE conditions gives:

J -
No _ 28 - En=Em,. (@.11)
Nm 8m kT

Generalizing the above equation to continuum states [39. 40]. an equilibrium equation linking

the atom and ion densitics N and N, . is obtained. known as the Saha equation:

NNi _ 2 kT )32 exox- Emi,. (4.12)
N, Rm“?. AL kT

where Ej =13.598 eV is the ionization potential of Hydrogen, and a,=0.529.10 ' m is the Bohr

atomic radius.

4.2, NON-EQUILIBRIUM STATISTICS OF PLASMAS
The description of non-equilibrium plasmas requires the application of detailed kinetic models.
Application of statistical models for these systems can lead to large deviations from reality. but
yet statistical models can be successful in thermal plasmas where the electron temperature is not
too far from that of heavy particles. in which case a two-temperature statistics can be developed
[39]. These models suppose that partition functions depend either on electron temperature or the
temperature of heavy particles. The electron temperature determines the partition function
rclated to iomzation processes, while the temperature of chemical processes is determined by

the temperature of heavy paricles.
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Numerous papers have reported experimental observation of a two-temperature plasma
behaviour in glow and magnetron discharges [7. 42, 43, 44]. A short presentation of the main

equations derived from such kinetic models is presented next. based on the text from ref. [39].

4.2.1. BOLTZMANN AND FOCKKER-PLANK KINETIC EQUATIONS
Kinetic equations allow the description of time and space evolution of different distribution
functions, taking into account the energy exchange and particle generation and loss.

The distribution function of particles over position. velocities and time f(r,v,¢)can be
considered as a function in the six-dimensional phase space (r.v)of particle positions and

velocities. In the absence of collisions between particles:

df f(F+dF,V+dvV,1+d)- f(F.V.1)
dt dr ¢

Taking into account that in the collisionless case. the number of particles in a given state is

df dv f' dr

fixed: — =0:; — =—;and = =, where m is the particle mass and F is the external force.
di d m' dr
(using a Taylor series cxpansion up to the first order). the equation can be re-written as:
£=i+ af Faf (4.14)

d o a; mov '

and becomes the well-known form of the collisionless Boltzmann or Vlasov Equation:

Lalw.vrf,uf.vvf:o; (4.15)
ot m

Taking into account collisions, the distnibution function can be described by adding the
collisions integral I.;(f) (equal to the total change in the paniicle number in unit volume per unit

time) leading to the Boltzmann kinetic equation:

3
a—{+lov % -v,,f_lw,(f), (4.16)

4.2.1.1. MACROSCOPIC EQUATIONS DEDUCED FROM THE KINETIC
BOLTZMANN EQUATION
The Continuity Equation

Integrating the kinetic Boltzmann equation over particle velocities leads o the first moment of

the Bolizmann eguation. The collisions integral L, (f) over velocities is equal to the total change

in the particle number in unit volume per unit time and can be writien as the generation rate G
minus the loss rate L. Integrating the kinetic Bolizmann equation over particle velocities leads

10:

Lha—+f¢r*(vg{ %J[%{-m G-L: 4.17)
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The distribution function is normalized here to the number of particles. then Ifdﬁ =n. where n

is the number density of particles. The particle flux is defined as Iv'fd\? = nu , where u is the

particle mean velocity (the dnft velocity). The third term is zero as the dismibution function is
zero at infinite velocities. The above equalion. re-written as below reflects particle conservation
and is known as the continuity equation.:

on :

—+V (n)=G-L; {4.18)

ot

If there are no processes of particle generation and loss. the right-hand side of the equation is
zero.

The momentum conservation equation can be obtained multiplying by v and integrating over
velocity. The resuliing equation when considering only the neutral species at rest and neglecting

the inertial force: becomes a form of the momentum conservation equation:

m%=qE——l—Vp—mvmd: 4.19)
ot n

The energv conservation equation for electron and ion fluids can be derived by muliiplying

the kinetic Boltzmann equation hy mv" 12 and integrating over velocity. A simplified form of
the equation is used to write the energy balance for steady-state discharges:

2 3
_(_
Ja 2

This equation balances the macroscopic energy flux with the rate of energy change due to

L
V*E(pu) = Peot s (4.20)

collisional processes.

The Boltzmann relation

The density of electrons in thermal equilibrium at varying positions in plasma under the action
of a spatially varying potential can be obtained from the momentum conservation relation. in the
absence of drifts (u =0):

en,l-f'pre =0; 4.21)
with E = -Vd and assuming that a thermodynamic equation of state can be attributed to the
pressure: p, =n kT, equation (4.21) becomes:

Vie® - kT, Inn,) =0; and integrating gives: e® —kT, Inn, =const.; or:

n, (F) = nge P e,

(4.22)

The above is the Boltzmann relation for electrons. showing that elecirons are attracted to
regions of positive potential. Although the same relation should apply for ions which should be
repelled by a positive potential, this never occurs, as the ions in low pressure discharges have
large drift velocities, leading to inertial or frictional forces that are comparable 10 the electric

field or pressure gradient forces [4].
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43. THEORETICAL BASIS FOR THE DIAGNOSTIC OF
PULSE-ON TIME PLASMA
Knowledge of electron kinetics in magnetson plasmas is an important factor in undersianding
the formation and equilibrium conditions of such magnetized plasmas.

The sputtering process 1aking place during the pulse-on time is directly determined by the
electron kinetics, respectively by the evolution of electron temperature and density. During
pulsed DC magnetron operation the electrons move in strong magnetic field gradients and
variable clectric fields. leading to a complex space and temporal distribution of electron
temperature and density. with a direct influence on the evolution of the sputtering process.

The measurement of electron temperature and density throughout the space and temporal
evolution of the magnetron plasma poses serious problems from both theoretical and
experimental point of view. Theoretical problems in the assessment of clectron temperature and
density in magnetron plasmas relate to the assumptions of plasma l.ocal Thermodynamic
Equilibrivm (LTE) or Panial LTE (PLTE) conditions and an expected Maxwellian electron
energy distribution function. The main diagnostic methods for experimental determination of
electron temperature and density during the pulse-on time are the Langmuir probes method and
the Optical Emission Spectroscopy (OES). both having certain limitations.

The Langmuir probe method requires the use of probes that do not perturb the plasma and
are not interfering with plasma magnetic and electric fields. Therefore their use is limited to
regions outside the “plasma bulk region”"* and less relevant for the actual plasma behaviour.
The covering of the probe with sputtercd material also leads to limitations of its applications to
regions outside the bulk {44] or for magnetron operation levels that are well below the usual
magnetron operation regime [43]. Duc to sirong magnetic and electric interferences, 1.angmuir
probes cannot be used in the opposed target magnetron configuration.

Although still relying on the occurrence of LTE or PLTE conditions, Optical Emission
Spectroscopy (OFS) provides a non-invasive method for the evaluation of T, inside the plasma
bulk, at normal operating conditions of the opposed target magnetron.

In the following considerations. the main atomic processes taking place in the plasma
during the pulsc-on time will be presented. along with the theoretical basis for understanding the
formation, measurement and interpretation of emission spectra and OES data for electron

temperature estimations.

* The “plasma bulk™ region will be considered throughout this work as the plasma region inside
the magnetic confinement.
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4.3.1. ATOMIC SPECTROSCOPY BASICS

The main references for the theoretical background presented in this section are H. R. Griem
[40] and D. Salzmann [41]. The notations used in the following theoretical presentation are
those used by D. Salzmann [41] as these give a complete description of the processes involved
through transitions.

4.3.1.1. ATOMIC PROCESSES IN PLASMAS

The atomic processes in plasma are due to interactions of its constituents: atoms. ions. and
electrons through their electromagnetic fields or by direct impact collisions.

The interactions that provide the most important information on plasma temperature and
its evolution are those in which the excitation state of an atom or ion is changed through
interaction with an electron.

The classification of the most important processes as presented by D. Salzmann [41] is
shown in Table 4.1 and Table 4.2.

REACTION DIRECT PROCESS INVERSE PROCESS
1 Aif o A,i' +hy Spontanecous Decay Resonant Photoabsorption

2 A'f +ees A'**'4e4e  Electron Impact lonization  Three-body Recombination

3 A,:g te e A;{ +e Electron Impact Excitation  Electron Impact De-excitation
4 Al +hv e A;;” +e  Photoionization Radiative Recombination

S A,:;:' &> A,;""' te Autoionization Diclectronic recombination

6 A:f +te e A;¢ +hv+e  Bremstrasslung Inverse Bremstrasslung

Table 4.1: List of atomic processes in plasmas.

The above transitions are explained in Table 4.2, where the term ion refers to either an atom
(ion with charge {=0) or an ion ({>0). Multiplc interactions like many body interactions and
double excitations and ionizations are less encountered in low-pressure plasmas.

The probability of occurrence for the above processes depends on plasma density as the
three particle processes require high-density plasmas. while single particle process are
independent of plasma density. but they will be dominant in low-density plasmas.
lon-ion interactions can also lead to excitation. ionization, de-excitation and de-ionization of the
interacting ions. the processes being identical to those between ions and electrons described
above.

A process different from the above is the charge-exchange beiween ions, in which an
electron jumps from one ion to the other in the encounter. This process has the effect of charge

re-distribution and it is of little i mportance in steady—state plasmas.
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DIRECT PROCESS
Spontaneous Decay: An ion decays into a
lower state by emitting a photon whose energy
equals thec encrgy difference between the two

levels.

Electron Impact lonization. a free clectron
hits an ion, knocking out a bound electron into

the continuum.

Electron Impact Excitation: a free electron
that moves close to an ion loses energy by
inducing a transition of a bound clectron from
a lower state to a higher slate.

Photoionization: A photon is absorbed from
the radiation field while a bound clectron is

moved into the continuum.

Autoionization (in double excited ions).

One of the clectrons decays to a lower state
{ground) while the other takes its energy and
moves into the continuum. It occurs only when
the sum of the energies of the two excited
states is higher than the ionization energy of
the ion.

Bremstrasslung: an electron that moves close
to an ion is deccelerated by the Coulomb field
of the ion and e¢mits a photon.

Table 4.2: The atomic processes, explained.

REVERSE PROCESS
Resonant Photoabsorption: a photon
having the energy equal 1o the energy
difference between fwo ionic slales is
absorbed from field.

inducing a transition of the ion to the

the radiation
higher state.

Three-body Recombination: two free
electrons enter at the same time into the
volume of an ion. One electron is
captured into an ionic state while the
extra electron cames away the extra
energy.
Electron Impact De-excitation: an
¢lectron moving near an excited ion
induces a downward transition from an
upper 10 a lower ionic state.

Radiative Recombination: an electron is
captured into one of the ionic states with
the emission of a photon taking the extra
energy.

Di-Electronic Recombination: a free
electron is captured into an ionic excited
state and the excess energy is absorbed
by one of the ground states electrons that

moves into a higher state.

Inverse Bremstrasslung: an electron
that moves near an ion absorbs a photon

from the radiation field.

4.3.1.2. ELECTRON IMPACT EXCITATION AND DE-EXCITATION
In the process of clectron impaci excitation and de-excitation the ions” charge stays the same.

only its state of excitation changes.

AL tees A’;; +e; (4.23)
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the direct process having a rate coefficient E({.u — {.u:T,) and the inverse process a rate

coefficient (¢ .« — {.u:T,) . related through the detailed balance principle:

DGk ¢.LT,) 8¢ exp(-ﬁ); (4.24)
B u->{aT,) 8o, T,
Lists of references of published formulas for calculating the electron impact excitation rate
coefficient are given by Salzmann [4].
The behaviour of electron impact excitation rate coefficicnt described by Salzmann (4]
indicates that the rate coefficient is small when the clectron temperature is much smaller than

the transition energy T, <<AE, it increases sharply to a maximum around T, = AE, and

decreases slowly at higher temperatures. At temperatures higher than a few times the transition
energy. the energy of most of the electrons is too high for excitation into a discrete state and the

ionization of the electron into the continuum becomes the more probable process.

4.3.1.3. ELECTRON IMPACT IONIZATION AND THREE-BODY RECOMBINATION
Electron impact ionization is probably the most important process in hot plasmas, particularly in
optically thin ones. Its inverse process, the three-body recombination is only important in high-

density plasmas.
A;{+eﬁ A iere; (4.25)

The direct process occurs when a free electron hits an ion and knocks out one bound electron
into the continuum. In most cases. the knocked out electron belongs to the outermost populated
ground state shell. In this cases. the ion is left in its ground state, m'=0. If ionizations of inner
electrons occur, the ion is left in an excited state. There-body recombination occurs when two
free electrons enter at the same time into the volume of one ion and one of the two is captured in
a bound state, while the other 1akes up the extra energy.

The ratio of rate coefficients between these processes is given by the detailed balance

principle:
HE.m—>{+1.m'T,) 2o mv"l‘,2 312 g{§+].m')0xp(_ Ezorm ~Erm = o
R(s)(;-fl-m'—);,m;T{) 27z (hc) g(;_m) T’

Many formulas have been proposed for the calculation of the electron impact ionization rate
coefficient (McWhirter (1965), Drawin (1968), Lotz (1968). Sampson and Golden (1978),
Younger (1980). etc. Complete references are given by Salzmann [41].

The behaviour of the ionization rate coefficient is similar to that of the excitation rate
cocfficient. The rate coefficient increases sharply at low lemperatures and attains its maximum
when the temperature is a few times the binding energy. Al higher temperatures the rate
coefficienl decreases slowly. Such behaviour is common to all ionizing states, of every charged
ion. Highly excited states undergo rapid ionization and recombination processes as both

processes probabilities have maximum probability for the uppermost states.
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4.3.1.4. THE PROBABILITY FOR DIRECT ELECTRON IMPACT IONIZATION
The direct electron impact ionization takes place when the energy iransferred between the
electron and the ion (atom) exceeds the ionization potential ().

Thomson [4] has obtained the probability for direct electron impact ionization using the
Rutherford formula for the differential scattering cross-section of an electron with energy E on
the valence electron (assumed at rest) with energy transfer dE. integrated over dE for dE>|,
gives: 0, =4m3(fgi’—)2(-f-— Iy: (4.26)
where E;; =13.598 eV is the ionization potential of Hydrogen. and 2,=0.529.10 ' m is the Bohr
atomic radius. The above is called “the Thomson formula™. The Thomson cross-section reaches

a maximum value for E=2I.

43.2. THE EMISSION SPECTRUM
The radiation emitted from plasma is an important diagnostic tool as it carries information about
the local and instantaneous plasma temperature and density, providing a reliable means of
observation and cvaluation of plasma parameters and their temporal evolution.
The emission spectrum has two components:
l. The continuous spectrum;
2. The line spectrum with intensity and spectral distribution characteristic to the
plasma temperature and density and the emission mechanism.

1. The continuous spectrum is generated in two kinds of processes [41]:

- The bremsstrahlung radiation given by free electrons movement in the Coulomb field of an
ion. In high-Z plasmas at low-temperatures, the main emission mechanism is line emission.
relative to which bremstrasslung provides a low continuous background radiation.

- The recombination radiation, emitted during the recombination of a free electron with an ion.
The radiation is emitted only above sharp “edges™ which correspond to the binding energies of
the bound states of 1ons. The recombination into the ground state has the highest probability, as
it depends on the main quantum number (np) of the ion as 1/np.

2. The line emission spectrum is the most important process in intermediate and high Z
plasmas in which ions are not fully stripped of electrons. The emission rate of a spectral line is
given by [41]:
=Ny wh@g gy f mAE M — {om) [eVi(cm’.s] (4.27)

Sy »
&M= . m e

where N is the density of ions in the upper initial ionic state and A@,, ., = Eg o — Ef p, is the
transition energy, which is also the energy of the emitted photon and A({.m'— {.m)is the
Einstein coefficient for the transition.

The spectra of H and He like ions are well known and understood. The spectral lines of

H-like atoms have encrgies given by the Bohr formula:
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22,3

hiv, _,; = -120—2(;%—"%); (4.28)

! u

where n, and ,, are the principal quantum numbers of the lower and respectively the upper states

of the transition. The states are degenerate with respect with to the quantum number £ so the
levels within the same shell have the same energy.

All transition lines that end on the same ionic state form a “series of lines”. The spectrum

corresponding 10 a given series is located slightly below the recombination edge corresponding

to the lower state.

4.3.2.1. LINE BROADENING
The spectral lines’ width is an important parameter in plasma diagnostic as it provides
information about the local plasma parameters (electron temperature and electron density).

The shape of a spectral line is conveniently described by means of the line profile

function @) [s '] 1hat is normalized 10 unity [40, 41]:
I Uwydw=1 ; (4.29)

and defined such that: l{w)dw = I jL(w)dw is the number of photons emitted in the range of

frequencies |®, w+dw] and [, is the number of photons emitted in the line.
The shapes L{ @) are in general a Lorentzian distnibution:
|

Liw)= r . (4.30)
27 (- wy)? +(T12)°

or a Gaussian distribution:

~ &y

Liw) = prl——( —— U2 (4.31)

2ro

There are several mechanisms the lead to lines broadening:

1. The natural line broadening due to the finite life-time of ionic excited states.

2. Doppler broadening due 1o the thermal velocity distribution of the emitting ions:

3. Electron impacl broadening, due to electron collisions.;

4. Quasi-static Stark broadening due to local electrostatic fields generated by nearby ions,

thai split and shift the energy levels of the radiating ions.

Each emission line is a convolution of all the above effects. although in general, depending on
the local plasma parameters. only one of them dominates.

A convolution of the two types of broadenings, Lorenizian and Gaussian gives a Voigt
type profile. This type of a profile follows the Gaussian distribution in the centre of the line and
Lorentzian distnibution 1n the wings region far from the centre line.

The following considerations on emission lines” broadening have been presented by

Salzmann |4] and are summarized here.
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1. Natural line broadening.

An atomic excited state decays spontaneously to one of the lower states within a time period
that is characterised by the Einstein coefficient A, _,;. where « and ! are the quantum numbers

of the upper, respectively. lower state, so excited states of an atom have a finite lifetime:

T~ A;” . Thus. according to the quantum mechanical uncertainty principle. the energy level E,
has a characteristic width of AE ~ A/7 =hA,;.

The spectral line relaied to this iransition has a specific width A@ = A,;, which is

independent of external conditions and called the “Natural Spectral Line Width”. Typically,

Ao =10% sec”™! << = 10" sec™

: where @, = 2rv,, is the emission frequency.
The amplitude of the photon emission has a damped oscillatory time dependence as it
characterizes the photon emission probability and describes the attenuation of the

electromagnetic wave because of the finite life-time of atomic states:
A(t) o< e e Ghere w = (E, —E;)/h is the transition energy.

The photon distribution function and the natural profile of a speciral line related to finite

lifetime of excited states is:

v |
=z

F(w)= (4.32)

) 9 9
Tvit(w-w,)*

and has a Lorentzian shape. The spectral line width of a Lorentzian profile can be estimated as:

- 2

-8 .
AA =————=1.2-10"" nm; where m is the electron mass.
36'0”!1"

The natural broadening is the minimum width possible for a spectral line. much smaller than
other types of broadenings and seldom measurable.

2. Doppler broadening.
Due to the motion of emitting ions, the frequency of the detected photon in the laboratory frame

. differs from the emitted frequency in the frame of the moving ion ey by an amount equal to:

Aw=w-wy = ty ot & g (4.33)
c

where v is the component of the velocity of the emitter along the line of sight to the detector.

The resulting profile has a Gaussian distribution:

Aw 2
Lw)= exp[-(—)°): (4.34)
J;G)D p wD

where wp is the Doppler broadening parameter. The FWHM of the line is equal to wp

————

KTInl6

-

Mc*

multiplied by 2In2: FWHM =w, .

(4.35)

The width of the Doppler broadening depends therefore on plasma temperature only.
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3. Electron impact broadening

Collisions with the rapidly moving free electrons lead to perturbations in the atomic levels of
the ion (radiator) that modify the emission frequency. the resulting shape of the line being
Lorentzian.

In terms of the Half Width at Half Maximum (HWHM) w and shift 4 of the line the
Lorentzian shape of the is described by:

wix

Liw) = (4.36)

w2 +(Aw-d)?

It has been demonstrated [4] that the electron impact broadening is proportional to the electron
density and inversely proportional to the electron temperature:

RIS (4.37)

.

The rather complicated formula for the clectron impact broadening does not make the object of
this presentation. A method to deduce the formula is presented by Salzmann [41] and important
corrections to the formula have been proposed by Griem [40].

4. Quasi-static Stark broadening

The mechanism of the Stark broadening is the electrostatic field generated by the perturber on
the radiator. which for weak electrostatic fields is proportional to the square of the field
intensity. This mechanism applies when the interaction time is longer than the time between two
collisions and it is produced by interactions with the slow moving neighbouning ions. The
detailed analysis for the Stark broadening is presented by Salzmann [41].

In general. the different types of collision broadening can be considered to be statistically
independent processes and the resulting line profiles are a convolution of profiles given by each

type of broadening.

4.3.2.2. CONTINUOUS SPECTRA

Atoms and incompletely stripped ions generate along with the line spectrum a continuous
spectrum. The conminuous spectrum is important not only as a background for the line spectrum,
but also because continuum intensities scan provide relatively direct measures of clectron
densitly and temperature. The most significant processes leading to emission of a continuum
spectrum are the electron-ion recombination and the bremsstrahlung.

The recombination emission is due to radiative electron-ion recombination during which
>

l"

~

-

energy E,. This is a free-bound transition leading to emission of a quantum of energy:

a free ¢lectron with kinetic energy

is trapped in a bound atomic state with a discrete

hew = E, |+ % . (4.38)

.

The recombination cross-section depends on the electron energy € and density n [39).
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The bremsstrahlung emission is an energy loss process (a free-free transition) due (o electron
slowing down in the Coulomb field of an atom or ion and its cross-section depends on the cross-

section of electron-heavy particle collisions.

4.3.2.3. SPECTROSCOPIC TEMPERATURE MEASUREMENTS

Most spectroscopic temperature measurements provide an evaluation of electron temperatures
T.. The most used methods are based on relative lines intensities of either the same atom or ion,
neighbouring ionization stages, on relative continuum intensities. ratios of line to continuum
intensities,

Relative intensitics of lines of the same atom or ion

Integrating line intensities requires a measurement process that includes the contribution of
extended line wings and takes into account of the necessary continuum corrections and blends
with neighbouring lines. As evaluated by Griem [40]. the above corrections as well as relative
intensity calibrations Icad to large errors in the ratio. generally larger than 10%.

The main conditions to relate the intensities of 1wo lines to their statistical distribution on
energy levels given by the Boltzmann formula (4.10) are that the LTE (or at least PLTE)
conditions apply and the plasma is optically thin. therefore the absorption processes are
negligible.

In optically thin plasmas of length /. along the line of sight. the spectrally integrated
emission line intensities (radiances) are given by:

/
hw
lpm = .[l"m (w)dw = 4;:11 A nm _"de-' . (4.39)

and assuming homogenous plasma:

ho,,,
s ’4—;'A~"lel (44'0)

Under PLTE conditions. the ratio of radiances from two lines of the same atom or ion (using the

Bolizmann formula for the populations of the two levels m,; and m;) becomes:

E ,—-E
: exp(——al——m2.
tyom2 menZAn2m28m2 kT

R= inlml = wmlnlAnlmlgml

X3 (4.41)

So. the temperature corresponding to the above line ratio is:
Enz —Em
In fum2n2gm2‘4n2m2""
wmlnlgmlAn]ml

kT =

: (4.42)

The relative error in the determination of the temperature is related to any error in the
determination of the quantity X under the logarithm as:
AT kT . AX

l,r‘l Emz_E’:ll'x I'
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As errors in AX / X are rarely below 0.1, the relative errors in the determination of kT arc
rarcly smaller than 10% ([40].

Other means to estimate electron temperatures are by using the ratio of emission lines of
different charge states (which requires the knowledge of the electron density and the Saha
equation) or by using several lines from the same series and drawing the logarithm of lines’
intensities as a function of energy. which should result in a straight line, its slope giving T..

More information on these diagnostic methods and related ones can be found in refs. {40, 41].

4.3.24. TIME-RESOLVED SPECTRA
The measurement of time-resolved OES raises the question of the relationship between the
plasma life-time and the temporal resolution of the spectrometer [41].

The emission specira of plasmas with life-times langer than 10°®s can be measured by
photosensitive devices like photodiodes and photomultipliers. As the speed of the electronic
circuits used in the detection of 1he signal is of the order of 10”s, such devices are fast enough
to provide a time-resolved evolution of the plasma. For short-lived plasmas (life times of the
order of nanoseconds) framing cameras or CCD cameras can be used [41]. In most applications.
the photosensitive detector is placed on the focal plane of the spectrometer.

From the ratios of temporal shape of the pulse heights in the detector the temporal
evolution of electron temperature can be determined. The above applies for ordinary
spectrometers that observe the plasma through a “slit”. These types of spectrometers provide
directly the radiances of the observed lines. with some drawbacks related to the particularities of
the obscrvation method.

Using more advanced spectrometers that allows the observation of the plasma through a
two-dimensional aperiure (lenses) situated directly in the discharge chamber - like the acousto-
optic spectrometers - has certain advantages and particularities that are described in Chapter
(2.3) dedicated to the measurement equipment performances.

The use of an acousto-optic spectrometer with an optical probe situated inside the
discharge chamber is the method of choice for the OES measurements presented in this thesis.
The acousto-optic spectrometer allows time-resolved OES measurements and also space —

resolved readings according to the position of the probe inside the chamber.
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44 THEORETICAL BASIS FOR THE DIAGNOSTIC OF
PULSE-OFF TIME PLASMA

4.4.1. CHARGE-LOSS PHENOMENA IN PLASMAS

Magnetron discharges are Low Temperature Glow Discharges, therefore, cssentially non-
thermal and non-cquilibrium discharges due to the marked discrepancy between electron and
ion temperatures. Nevertheless, the existence of a stable discharge is only possible under at least
PL.TE (equilibrium) conditions; therefore, equilibrium relations in plasma should apply at any
time.

During the pulse-on time. charge equilibrium is established at the plasma bulk. in the
presence of a magnetic field plus external and intemal (self-consistent) plasma electric fields,
while the creation of charges has to be balanced by charge — loss phenomena. In magnetron
glow discharges, the magnetic field is added in order to achicve confinement of charges. thus to
improve the balance between creation and loss of charges. The stability and existence of the
discharge is mainiained for as long as the charge balance in the discharge is stable.
Accumulation of charges of either sign can lead to arcing, these strong perturbations of the
discharge affecting the sputtering process and the quality of the deposited films.

The pulsed DC operation mode has been developed in order to allow a cyclic release of
accumulated space-charge gradients and thus a cyclic restoration of charge neutrality at all
regions inside the discharge.

During the pulse-off time. the power input stops and the external electric field changes
direction, allowing the accumulated charges to dissipate through charge—loss phenomena: drift
to the anodes. free diffusion. ambipolar flows (drift and diffusion in the polarization electric
ficlds generated by existing charge density gradients) and recombination. As charge generation
stops. the pulse-off time is dominated by charge-loss phenomena. These effects lead to a new
quasi-equilibrium: overall plasma neutrality at a lower plasma density. achieved through loss of
charges to the walls. anodes or through recombination.

A short presentation of the main theoretical approaches and formulas that describe
charge-loss phenomena in plasmas follows. More information on these aspects can be found in

refs. [4, 39].

44.2. DIFFUSION AND TRANSPORT
The steady-state macroscopic force equation in a uniform density plasma can be written as:

m Ei_u = 4E - le —myv u. (4.43)
at n

where mv, 1 is a friction term arising from collisions with the background species. These

collisions lead to diffusion.



Chapter 4: _ Theoretical Basis For Plasma Diagnostics

Assuming that the background species are at rest and the momentum transfer frequency v,, is

constant. independent of the drift velocity #; and considering an isothermal plasma such that

Vp = knVT we obtain:

- i_i.v_" (4.44)
me mvm n

which can be written as:
[ =+unkE-DVn; (4.45)
= l¢l

where "= nu is the panicle flux and g = ——— [m’/V.s] and D = L)
m mvm

[m*#s] are the

macroscopic mobility and diffusion constants that can be calculated separately for both species.

Using the mean speed V=@8kT/mom)""? and the mean free path for scattering
A=viv,. D becomes:D=%/12vm: having the basic structure of a diffusion process
dependent on the square of the step length and on the time between steps [4].

44.3. FREE DIFFUSION

From the particle flux formula. in the absence of an electric field we can obtain the diffusion

law relating the flux to the density gradient. which is called the Fick's law.:

IN'=-~DVn,
Using the continuity relation and choosing the source and sink terms to be zero. we obtain:
on
—+V.-=0;
ot

If D is independent of position, we obtain the diffusion eauation for single species:

M Vw0 (4.46)
o

4.44. FREE DIFFUSON OF ELECTRONS AND IONS
If electron and ion densities are low, their diffusion in plasma can be considered independent
and described by the continuity equation (4.18). The total flux of charged particles includes in
this case the actual drift in the electric field and diffusion following Fick's law:

LM |
L ar-

The signs + and - correspond to the charge of the particles. The continuity equation can be re-

r,,=%n,,u,,E-D : (4.47)

writlen as:

a"e.i R,

J ~
= ;;(i"r,.ﬂe.if -D,;

)=G-L: (4.48)
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In the case of Maxwellian e¢nergy distribution function, a relationship, valid for different

particles occurs between the diffusion and mobility coefficients. known as the Einstein relation:
D _ir
uoe’

(4.49)

The Einstein relations are used for calculating the diffusion coefficients of charged particles.

based on experimental measurements of their mobility.

4.4.5. AMBIPOLAR FLOWS
The 1erm “ambipolar flow™ used here replaces the misnomer “ambipolar diffusion™, a necessary
adjustment to the term, proposed and demonstrated by Franklin [45]. When the ionization
degree is high, the electron and ion movement cannot be considered free and independent. The
electrons are moving faster than the ions and form a charge separation zone with a polarization
field that adjusts the electron and ion fluxes. This electric polarization field accelerates ions and
slows down clectrons, making all of them to move together. This phenomenon is known as
“ambipaolar flow™.

If the separation of charges is small. the electron and positive ion densities are

approximately equal: n, =~ n, and also their fluxes. Equating their fluxes and eliminating the

electric field. the general equation for the electron and ion fluxes can be obtained:

_4& Dh“e + De/l: ane.i

lei= = (4.50)
He+ H; or
where the coefficient is the coefficient of ambipolar flow (“diffusion™):
D + D, u.:
pp——c” gy (4.51)
He T H

i,
Taking into account the Einstein relation, D, becomes: D, = D;(1+=5): so the ambipolar flow
Yi

coefficient depends on the diffusion coefficient of the ions and on the ratio of electron and ion
temperatures.

If Te>>Ti (during the pulse-on time plasma) both ions and electrons leave the plasma at a
rate that exceeds the ion diffusion coefficient, while during the pulse-off time. the electron
temperatures become close to ion temperatures and the ambipolar flow is dominated by the

diffusion coefficient of the ions [4]. For non-cquilibrium plasmas with Te>>Ti. the ambipolar
flow coefficiem D, = &Te corresponds to the temperature of the fast electrons and mobility
e

of the slow ions [4]. Franklin [45] has demonstrated that for large differences between electron
and ion temperatures (as those encountered in magnetron plasmas) the actual diffusion process

is far from being dominant: the dominant process is the motion under the electric field.
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Comparing the mobility and diffusive component of electrons and respectively ions flux

(T,;.T,,:Ty.[ ;) to the total ambipolar flux I, in two tcmperature plasmas where (usually)
T. ~1007T, and g, ~ 1000 u , . the following expressions are found:

Lui__ D,(/[,- +”f) 7T:(”:' +,ll,) ..IL'

- = | (4.52)
r ﬂ:De +ﬂ(Dl #e(Tf+Ti) Tf
rzm ﬂl (D D ) T(”f Tﬂl = (4.53)
O uD, +uD; p,(T,+T)
. , . rrd H, rfn ”r
From similar considerations. for electrons: —— ~—and == ~ -—; (4.54)
r H; r H;

Therefore. the ton movement is determined by the mobility flux. while the electron flux is

equally diffusive and mobility dominated.

4.4.7. CONDITIONS OF AMBIPOLAR FLOW: THE DEBYE RADIUS

To determine the conditions of ambipolar flow with respect to free diffusion of electrons and
ions, the absolute value of the polarization field has to be estimated [39]:

D, 1 on, _kT, dinn, kT
M4, n, or e or eR

.

k=

where R is the characteristic length of change in the electron concentration.
The difference between the ion and electron concentration An =n; —n, characterizing
the space charge is related to the electric field by the Maxwell equation:

()_[-:"_ _ eAn
af 80

Using the above 1wo equations, 1he relative deviation from quasi-neutrality can be obtained:

A kT 1 kT €
L i)zandru—,l - 0
n a2 n, R? R \en

(4.56)

€ ¢

where rp is the Debye radius.

The Debye length (radius) characterises the plasma quasi-neutrality. the charge separation
and plasma polanzation. If the electron density is high and Debye radius is small. rp<<R. the
deviation from plasma neutrality is small, the electrons and ions move as a group and the flow
can be considered ambipolar. If the electron concentration is relatively low and the Debye
radius is large. rp 2 R. then the plasma is not quasi-neutral. the clectrons and ions move
scparately and their diffusion can be considered free.

The Debye length gives the characteristic plasma size necessary to screen of {0 suppress

the clectric field. and also indicates the scale of the plasma non-neutrality.
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4.49. PLASMA DIFFUSION ACROSS MAGNETIC FIELD LINES
This effect is of great importance for plasma confinement by magnetic fields. Calculation of the
diffusion coefficients for electrons and ions from a two-fluid magneto-hydrodynamic model

describing the electron and ion diffusion in a direction perpendicular to the magnetic field lines

gives [4]:
D D.
Dy, = —w'— .and D ; = —Z)'—-— 4.57)
1+ ( B.()2 I+ ( B.l)z
[ 4 V,‘

where D, and D, are the coefficients for the free diffusion of elecirons and ions without magnetic

field. v,and v; are the collision frequencies of electrons and ions; wp, and wg; are the

. : eB eB . :
electron and ion cyclotron frequencies: @g,=—: va,=H: (with B the magnetic flux
m

density and m and M the mass of electrons, respectively ions).

If diffusion is ambipolar (becomes an ambipolar flow), which applies for highly ionized
plasma under consideration, then equation (4.57) can still be applied to find D, in a magnetic
field where the free diffusion coefficients have to be replaced by those in the magnetic field
(above). The regular electron and ion mobilities in eq. (4.52) have also to be replaced by those
corresponding to the drift perpendicular to the magnetic field.

The coefficient of ambipolar flow perpendicular to the magnetic field becomes:

D
D, = = - > (4.58)
e w;,
19— Bl 2y
V" ﬂ( V;

where D, is the regular coefficient of ambipolar flow in a plasma without magnetic field.

If the electrons are magnetized (wg, /v, >>1) and ions are not (@Wg; /v, <<1) the

equation becomes:

D, = D, - (4.59)
I+—‘ﬂ-wa,’
H, v,
- T | Hi Vi
Equation (4.59) can be further simplified in strong magnetic fields. where ———>>1,
He V,
leading to:
.l: "2
DiaDybEYE g " g =R (4.60)

b ————— :
Hi wh, (e/M)? B?
Franklin [13] comnients also on electron mobility across magnetic field lines in plasmas where

the electrons are magnetized and the ions arc noi:
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Heom = .. (4.61)

|+ (2B )2
v,
It follows that the electron mobility is reduced to a value comparable to the ion mobility across
magnetic ficld lines.

Formulae (4.60 — 4.61) do not mean that discharges with magnetic confinement will
never allow an ambipolar flow on a direction perpendicular to the magnetic field lines. The
ambipolar flow is major process that ensures the charge balance in the discharge at all times and
thus the stability of low lemperature discharges against “over-heating™ and turning into arcs.

The formula (4.60) shows the dependence of the ambipolar flow coefficient across

B lines to be inversely proportional to B’. s0 as B decreases. the diffusion across B lines will
increase quickly.

Large B values (encountered close to the targets) will not allow charges to leave the
respective region of the discharge. thus maintaining a high plasma density near the targets.

Low B values at the boundaries of the magnetic confinement (especially on the centre line
between the magnets) will allow a flow of electrons outside the bulk. thus preventing the

accumulation of large charge density gradients and arcing.
Another charge-loss effect dependent on the values of B can occur when a charge density
gradient generates an elecinic field perpendicular to B . This will lead to the E X B drift that

will guide charged particles outside the bulk on a direction perpendicular to both Eand B.

Discharges that cannot allow for any charge-loss effects will generally become unstable.
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CHAPTER &:

TIME-RESOLVED PLASMA DIAGNOSTIC METHODS

In this chapter are presented the time-resolved diagnostic methods used for deriving the physical
models for the pulse-on and pulse-off time plasma in the opposed target magnetron with non-
ferromagnetic (Cu) and ferromagnetic (Fe) targets.

The experiments performed, the data analysis and interpretation of results provided by the
following diagnostic methods are presented:
-the measurement of 1-V characteristics and the Current (1) and Voltage (V) waveforms:
-the time and space resolved excited atom and ion distribution: Ar. Ar+, Cu. Fe from optical
emission speciroscopy data;
-the evaluation of time and space resolved of electron temperature. and T, charts for the Cu and
Fe targets;
- the method for obtaining time-resolved information from the ion energy distributions obtained

using the HIDEN mass-energy analyser.
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5.1 THE -V CHARACTERISTICS AND THE 7/ AND V WAVEFORMS
5.1.1. THE I-V CHARACTERISTICS
5.1.1.1. INTRODUCTION
The measurement of “static™ 1V characteristics is the oldest and most basic means for studying
the behaviour of all types of discharges. providing information on:

- the limits of “existence” and stability of the discharge (pressure range, current or power
range);

- the optimum amount of power that has to be delivered to the discharge in order to obtain
the desired operating regime (glow discharge, arc, self-sustained discharge, electron avalanche
processes, sputtering rate, etc):

- the operating conditions where the “breakdown™ of the discharge or its stable operation
is achieved:

- the way 1he ionization density depends on the input current and/or voltage.

The 1-V characteristics for sputtering magnetrons have been siudied by Rossnagel [36. 46. 47,
48] for conventional planar magnetrons and by Ehiasarian et al.[49] for high power density
pulscd magnetrons. The 1-V characteristics for planar magnetrons follow a law of the form
I=kV" [50]. where the conslant & and the exponent n depend on the gas-target combination.
design of the magnetron, the magnetic field and other experimental parameters.

Rossnagel et al. [44] has demonstrated that at gas pressures above 10 mtorr the gas
rarefaction effect leads to an increase in the plasma impedance and a consequent increase of
discharge voltage with current. A high exponent n occurs for combinations of gas-target
material where the atomic mass of gas atoms is low and that of metal is high, leading to almost
constant voltage for large changes in the discharge current. Such discharges have a very low
sputtering rate and are not efficient. The low values n values are reached for very low pressures
or for very low magnetic fields.

Turner et al. [22]. has confirmed by Monte Carlo calculations the mechanism for gas
rarcfaction in magnetron sputtering discharges. Monte Carlo simulation of thermalization for
sputtered and retlected atoms in magnetron discharges performed by Y. Yamamura [21]
evaluate the contribution of sputtered and respectively reflected atoms to the gas rarefaction
effects.

For high power densities pulsed magnetrons at low pressure (3mtorr) [49] the discharge
exhibits two slopes. depending on the discharge current: at current densities < 600mA/cm’, n=7
indicating normal magnetron operation. while at higher currents n=1 (the increase in voltage is
not accompanied by a change in current).

For opposed target magnewrons in cylindrical geometry (Penning Type) the -V
characteristics have been studied by Window et al. (2, 3] for magnetic ficlds from SmT to 42mT

and obtained a similar I=kV" law, with n=6.
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The 1-V characteristics for the opposed target magnetron with rectangular geometry studied in

this thesis work are presented and are discussed here.

5.1.1.2. THE EXPERIMENTAL SET-UP
The ENI power supply has been used to power the opposed target magneiron. The operation
mode of the power supply used for all experiments described in this thesis is “set current run”
for both DC and pulsed DC modes.

For this type of operation, the power supply provides a fixed current that can be set by the
user, while the voltage in the circuit is mainly given by the loads’ impedance [51].

The measurement of the |-V characteristics has been done by direct readings of the set
current and resulted voltage as given by the power supply’s meters. For pulsed operation, the

voltage and current readings are average (RMS) values.

5.1.1.3. TYPICAL 1-V CHARACTERISTICS

A study of the 1-V characteristics evolution for DC and pulsed DC operation at different Ar
pressures (from 1 mtorr to Smtorr) different frequencies (S0kHz to 250kHz) and pulse-off times
(fram 496ns to 4016ns) has been performed for the Cu targets magnetron configuration. To
cnable comparison, some 1-V characteristics have been also measured for the Fe targets
configuration,

The results are presented in figures: Fig.5.1.1 - Fig.5.1.6 as graphs of Voliage as a
function of Current: V=f(l). instead of the classical I=f(V), as this representation provides a
better view for the I-V evolution.

The 1-V charactenistics have a shape very similar to that of glow discharges. for certain
situations displaying a region with negative resistance. The negative resistance of the 1-V
characteristics connected to the on-set of a self-sputtering process (and sustained self- sputtering)
was also observed in Very High Target Power Density Magnetron sputtering [52, 53. 54].

The negative resistance region of the 1-V characteristics is a result of the significant
decrease in the discharges’ impedance as the current increases. This process is similar to the
“breakdown™ processes usually encountered in low-pressure glow discharges and indicates that
starting with a certain level of ionization (induced by a certain current level) the discharge is
stable and practically independent of the current input. The presence of the negative resistance
region is more pronounced in the situations where the ionization density is achieved at a low
rate and the charge loss rate from the discharge is also low:

At low pressures;
- For DC discharges or shon pulse-off times.
Under such opcrating conditions. a build-up of charge that stays in the plasma bulk cven though
the pulsc-off time occurs. starting al a certain current value and leading to a decrease of the

discharge impedance and voltage.
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At higher Ar gas pressures (above 2mtorr) and higher pulse-off times the negative resistance
region of the I-V characteristic disappears, as the ionization density is higher and the charge
losses from the discharge are also high due to the longer duration of the pulse-off time. Under
such conditions the discharge becomes stable and independent of the input current based only
on the direct ionization processes taking place during each pulse, as the charge built-up has less
chances to occur.

With the increase in pulse frequency and/or pulse-off time. the charge losses in the
discharge slowly increase with current and the discharge impedance also increases (Fig.5.1.3).
As it can be seen from the presented I-V characteristics, the discharge is stable for currents
starting with 1.0 A: and maintains almost constant values of voltage up to 6A. The voltage on
the cathodes gives the average electron kinetic energy. which is proportional to the average
electron temperature [S].

The fact that the voltage is practically independent of current for these discharges
indicates that also the average electron emperature (excitation temperature) is independent of
current, a property thar will be used (Chapter 5.2) in studying the conditions for “optically thin™
plasmas that allow aptical emission spectroscopy diagnostic methods for such plasmas.

As we can see. the discharge voltage is strongly affected by the gas pressure and
therefore, the expected plasma temperature (electron temperature) will be affected in the same

way.

b
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450 n$ 200 | e D STIOLT
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Fig.5.1.1: The IV charactenistics for DC Fig.5.1.2. The IV characternistics at f=50kHz,
operation at different pressures. w=4016ns for different pressures.
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Fig.5.1.3. The 1V characteristics at p=3mtorr  Fig.5.1.4. The IV charactenistics at p=5Smtorr
and f=100kHz for differemt values of the and f=100kHz for different values of the
pulse-off ime w. pulse-off time w.
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Fig.5.1.5. The IV charactenstics at p=3mtorr and pulse-off time w=496ns, for dilferent
values of the pulse frequency.

5.1.1.4. DISCUSSION ON THE 1.V CHARACTERISTICS
While planar magnetrons display I-V characteristics following a power law:
1=kv", (5.1.1)
where n1-5-15 and & is a constant, the |-V characteristics for this rectangular, opposed target

magnetron follow a law of the type: V = m + kLn (1) : where V is the negative voltage on the

cathodes measured in Volts, | is the discharge current measured in Amps and the coefficients
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values are: m~-600 V and k~-100. The function is represented along with the I-V characteristics
for the Fe targets in Fig.6. This function is following closely the obtained 1-V characteristics
(Fig.5. Fig.6) and can also be wrilten as:

V-m

= expl H (5.1.2)

indicating an ¢xponential incrcase of the Curremt with Voltage for voltages lower than a
“breakdown voltage”™ V=m; and almost constant values for |V{>|m|.
The above indicates an avalanche type ionization process followed by “breakdown™ due

to the high magnetic and electric confinement provided by the opposed target configuration.
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Fig.5.1.6 Typical I-V Charactenstics for Fe targets during DC and pulsed DC at
p=2mtorr, SOkHz and different pulse-off times (w).

5.1.1.5. CONCLUSIONS ON THE 1-V CHARACTERISTICS

The behaviour of the -V characteristics for non-ferromagnetic and ferromagnetic targets
indicate that this type of rectangular. opposed target geometry allows magnetron operation at
high currents without an increase in the applied voltage. ensuring a s1able discharge for currents
from 1A up to 6A and working gas (Ar) at pressures from Imtorr up to Smtorr.

It is interesting to notice here that the shapes (and even voltage potemials) of the IV
characteristics obtained for the opposed target magnetron with rectangular targets are very
similar to those obtained in Very High Target Power Density Magnetron sputtering for power
density levels in the range 30 W/cm’-240 W/cm® [52. 53. 54]. although in the opposed target
muagnctron, the target power density is only in the range 1.5 Wicm' - 10 W/em',

This effect is probably duc to the opposed targel geomeiry thai allows good confinement

and high ionization density as well as ionization of sputicred material leading to self-sputtering.
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The voltage values are highly dependent on the gas pressure. while constant voltage with
current can be obtained for higher pressures.

Considering the above behaviour for the discharge. the best conditions for performing and
developing new methods for time-resolved plasma diagnostic are those that allow a stable
discharge and a constant average plasma temperature (constant voltage with current). Therefore,
the chosen discharge operaling conditions used throughout this work are the following:

-Ar gas pressure: 3 mtorr (2 mtorr for Fe targets):

-Set current run: 2A (1.5A for Fe targets).

As pointed — out in this chapter. the study of the 1-V characteristics provides information on the
discharge behaviour and stability regions and indicates the parameter responsible for the
increase of ion density at constant plasma temperature, information that will be used in the next

chapters.

5.12. THE 1 AND V WAVEFORMS

5.1.2.1. INTRODUCTION

The time - resolved measurement of the Current (1) and Voltage (V) waveforms at the cathodes
during pulsed DC operation provides important information on the evolution of the time-
resolved voltage and power at every moment during the pulse-on, respectively pulse-off time.
that correlated to other diagnostic methods leads to the development of various physical models
of the discharge. as it will be shown in the next chapters.

Although presented in many papers [7. 55. 56]. the current and voltage waveforms at the
cathodcs have not yet been used for plasma diagnostic in pulsed DC discharges. Links between
the pulse-off time plasma potential values and the voltage waveform oscillations have been
observed by several authors |56. 57, 58].

As will be shown next. for the opposed largets magnetron discharge, the Voltage
waveforms are strongly influenced by the working gas pressure as well as by the variations in
the discharge's impedance during the pulse.

The waveforms during the pulse-off time are initiared by the power supply that behaves
like an inductor [51] leading to large oscillations of the voltage and current on the cathodes. The
voltage and current oscillations at the targets ensurc that the excess clectron density in the
plasma bulk is losi during the pulse-off time as a result of resistive losses in the targets - power
supply circuit, thus enabling the plasma to reach quasi-equilibrium before the next pulse-on
time. This process is one of the purposes of using the pulsed DC operation. as it allows the
dissipation of charge density gradients that otherwise can lead to arcing and unstable discharges
and finally to defaults in the thin films structure.

The voltage oscillations at the cathodes leading to oscillations of the plasma potential at
the substrate region have a strong influence on the ion flux and energy incident on the substrate

as it will be shown in the Chapter on “Pulse —off time physical model of the discharge™.
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The | and V waveforms will be correlated to the time-resolved optical spectroscopy data and to

time and energy-resolved mass spectrometry results in order to analyse the waveform effects on

the plasma behaviour.

5.1.2.2. THE EXPERIMENTAL SET-UP

The experimental set-up is presented in Fig.5.1.7. The Current is measured using a Hall current
probe (5) connected to a Tektronix AMS503B Current Probe Amplifier (8) while the Voltage is
measured directly on the oscilloscope using a Voltage Probe (6). The oscilloscope readings are

saved in the computer as ASCII files using the software WAVESTAR.
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: EN1 power supply
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: Current probe Amplifier
1 PC
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Fig.5.1.7: The experimental set-up for measuring the Current and Voltage waveforms.

The voltage and current waveforms for a range of frequencies between SOkHz up to 250kHz and
pulse-off times between 496ns and 4016ns at Ar pressures of 1mtorr, 2mtorr and 3 mtorr have
been measured. These waveforms display a high frequency oscillation with a high current or
voltage peak during the pulse-off time.

The influence of the pressure on the amplitude of the pulse-off time oscillation, as well as
during the “on™ time can be noticed. A global. macroscopic plasma paramelter as the pressure

has a strong influence on the power delivered to the system.

5.1.2.3. VOLTAGE WAVEFORMS FOR Cu TARGETS
Typical voltage waveforms are presented in Fig.5.1.8-Fig.5.1.15. The 1ypical evolutions of

voltage waveforms with current at constani pressure (Fig.5.1.8) and respectively with pressure

at constant current (Fig.5.1.9) are presented.
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Fig.5.1.8. Voltage waveforms for different Fig.5.1.9. Voltage waveforms at different Ar
currents at p=3mtorr, 50kHz. gas pressures for SOkHZ. I=1A.

The voltage waveforms have the same shape and extreme values, independent of the current run
at the same pressure; while the changes in pressure affect strongly the peak voltage values
(Fig.5.1.8, and respectively Fig.5.1.9 and Fig.5.1.10). This behaviour is similar to the one
observed for the 1-V characteristics: the discharge voltage is not affected by changes in the
current run, but by changes in pressure.

As the electron temperature (given by their average kinetic energy) is proportional to the
cathode voltage [S]. the above described behaviour indicates that changes in pressure strongly
affect the electron temperature. while changes in current will allow an almost identical electron
temperature evolution. Both the peak values and the temporal evolution of the voltage

waveforms are strongly influenced by the duration of the pulse-off time Fig.5.1.11.
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Iig.5.1.10. Voltage waveforms with pressure  Fig 5.1.11. Voltage waveforms with pulse-off
at 200kHz and 1=1A., w=2016ns. time at SOkHz. p=3mtorr. I=2A.
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5.1.2.4. CURRENT WAVEFORMS FOR Cu TARGETS

The measured current waveforms are a summation of the direct electron current provided into
the discharge by the power supply. the ion current into the cathodes (targets) and the secondary
electrons generated through sputtering.

As seen from Fig.5.1.12 and Fig.5.1.13, the curremt waveforms change with the set
current run, but not with the working gas pressure. As expected. the current waveforms
temparal behaviour depends strongly on the pulse-off time duration (Fig.5.1.14.). A typical set
of voltage and current waveforms at 50kHz. 1=2A. and 3mtorr Ar gas pressure is presented in
Fig.5.1.15.

0 10 20 30 40 50
Time (us) ’ L Time [us] e =

Fip.S.1.12. Current waveforms for several Fig.5.1.13.Current waveforms with pressure at
values of the set current run at 50kHz. SOkHz. w=496ns. 1=1A
3mtorr and w=4016ns.
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Fig.5.1.14, Current waveforms at Ar pressure  Fig.5.1.15. Current and Voltage waveforms at
p=3mtorr. f=50kHz. 1=2A and different pulse SOkHz, w=4016ns, p=3mtorr 1=2 A.
widths.
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5.1.2.5. TYPICAL WAVEFORMS FOR THE Fe TARGETS.
The voltage and current waveforms for the Fe targets display the same behaviour with regard to
pressure and current changes:
the voltage waveforms are strongly affected by changes of the Ar gas pressure while
they are not affected by changes in the current run (Fig.5.1.16 and Fig.5.1.17).
the current waveforms are not affected by changes of the Ar gas pressure and they
depend on the set current run (Fig.5.1.18 and Fig.5.1.19).

Typical waveforms for the Fe targets are presented next.
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Fig.5.1.16: Voltage waveforms for Fe targets Fig.5.1.17: Voliage waveforms with pressure
at 2mtorr. S0kHz. 4016ns. at I=1.5A. 50kHz. 4016ns.
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Fig.5.1.18. Cument waveforms at 2mtorr. Fig.§5.1.19. Curmrent waveforms at two
50kHz. w=4016ns for different set cumrent pressures for Fe targets. SOkHz, w=4016ns,
run. 1=1.5A.
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From Fig.5.1.20 and Fig.5.1.21 we can see that the voltage and current waveforms for the Fe
targets are affected by the pulse-off time in a similar manner as those for the Cu targets
configuration. The current oscillations during the pulsc-off time for Fe targets reaching 6A are

much higher than those for the Cu targets (2A).
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Fig.5.1.20. Vollage waveforms for Fe targets Fig.5.1.2]. Current waveform for Fe targets
for different pulse-off times at 50kHz, I=1.5A. for different pulse-off times at 50kHz, 1=]1.5A,
p=2mtorr. p=2mtorr.

5.1.3. CONCLUSIONS
The 1-V characteristics and Current and Voltage waveforms have almost identical trends for the
Cu and Fe targets.

Both the 1-V characteristics and Voltage waveforms display the same behaviour: they are
strongly affected by changes in the gas pressure, but practically independent of the current run.

The Current waveforms are independent of gas pressure. Both Current and Voltage
waveforms are strongly affected by the duration of pulse-off time. For the Fe targets. the current
oscillations during the pulse-off time have higher intensity.

These similarities between the discharge behaviour for the Cu and Fe targets
configurations indicate that the ionization density levels as well as sputtering rates are similar,
although there are significant differences in the intensity and distribution of the magnetic field
for non-ferromagnetic and ferromagnetic discharges.

The current and voltage waveforms are equivalent to a time-resolved measurement of the
IV characteristics and provide the temporal evolution of Voltage and Current at the targets.
indicating:

the moment of “breakdown™ during each pulse (maximum of the voltage waveform,

when the discharge conduction level turns fram that of an insulator to that of a conductor);
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- the moment when the plasma density has the highest level (minimum in the voltage
waveform);

the pulse-off time oscillations of the voliage give an esltimation of the temporal
evolution of the plasma potential during the off time.
The Current and Voltage waveforms are an important indicator of the temporal evolution of the
power delivered to the discharge as well as of phenomena taking place in the plasma during the
pulse-on and pulse-off time.

Therefore. this time-resolved diagnostic method -although under-cstimated- is extremely
useful on its own and in connection to other time-resolved diagnostic methods as a base for
building physical models of pulsed sputtering discharges.

Some of the results discussed in this section have already published [54] and presented as
poster by the author of this thesis at the 9* Conference on Plasma Surface Engineering,

Garmisch-Partenkirchen. Germany. Sepi. 12-17, 2004.
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5.2. OPTICAL EMISSION SPECTROSCOPY
5.2.1. INTRODUCTION
Optical Emission Spectroscopy (OES) has always been a powerful tool for plasma diagnostic
and it is currently used for monitoring the magnetron plasmas discharge evolution through the
observation of excited species densities.

IFor plasma processing. OES provides information on rate processes for active species and
it is in most cases a non-invasive technique. thus, an invaluable method of diagnostic.
Approaches of different complexity include the analysis of line spectra and their relative
intensities, the time-resolved. or the space and time-resolved observation of several significant
lines.

Using the OES line spectra, the population of different energy levels can be estimated.
allowing conclusions on the mechanisms for the excitation/ionization processes and the electron
kinetics. Several authors have analysed line spectra in planar magnetrons and metal vapour arc
plasma sources as a function of discharge parameters (current. power. working gas pressure and
composition) [S9-64]. The evolution of the sputiering process can be observed by calculating
atom density ratios from line OES data when some knowledge of the kinetic model of the
discharge is assumed [59].

The time-resolved OES gives direct information on the temporal evolution of the various
processes in the discharge |65]. The space - resolved OES observations provide information on
the distribution of ionized/excited species. allowing the de velopment of a physical model of the
discharge and sputtering process as a function of various parameters. including the magnetic
field distribution |66-68].

The experimental studies are complemented by anal ytical approaches through simulations
of emission spectra of Ar-Cu glow discharges based on physical models that include all
significant ¢xcilation/ionization and recombination processes generated by electron or atom/ion
impact in the discharge [69). Such simulations allow for a reliable generation of the lines’
intensities and a further analysis of the influence of the discharge parameters on the observed
spectrum.

Time and space -resolved OES provides complele information on the bulk plasma
propertics, location. density and life-times of different species as well as recombination rates
and the conditions of Thermal Equilibrium and several studies can be found in literature related
to pulsed glow discharges (70. 71].

The obscrvation of relative line intensities can be used under appropriate LTE conditions
to calculate the clectron temperatures. while tine and space —resolved mapping of electron
temperatures provides direct information on electron kinctics and the development of relevant

processes in the discharge [70-75].
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5.22. EXPERIMENTAL SET-UP

All optical spectroscopy cxperiments have been performed using an Acousto-oplic spectrometer
described in Chapier (2). The OES line spectra and the time and space-resolved OES data were
recorded by an optical probe situated inside the discharge chamber.

The ohservation of the spectrum has been done for two types of positioning for the optical
probe in the geometry of the discharge:

A) Viewing the centre of the discharge on a diagonal direction across the YOZ plane:

B) Viewing the spacc between the targets at S positions, from the centre of the discharge at
z=5 c¢m from the targets (d=0 cm from the discharge axis) to z=lcm from the targets (d=4cm
from the discharge axis) situated in the plane ZOX. situated at Y=4 cm from the targets’ lower
edge.

The first type of positioning allows gathering general information about global behaviour
of the discharge while the second allows the observation of space-resolved OES data in the
region between the targets.

A schematic of each experimental set-up is presented in Fig.5.2.1 and respectively
Fig.5.2.2. The probe is placed inside a collimator tube (15cm long. 0.8cm interior diameter)
equipped with a transparent window in front of the probes’ lenses. The window's transparency
has been checked using a UV-VIS transmission spectrometer and it is constant in the
wavelength range from 300nm to 800nm. The tube provides shielding from light coming from
other regions of the discharge as well as against covering of the probe with sputtered matenal.

The probe’s position and alignment parallel to the targets has been verified using the
projection of a laser beam propagated through the optic system (cable and lenses) into the
chamber.

For each position. the heams’ projection into the chamber was checked against a semi-
transparent grid placed on the area between the targets and aligned to the targets edge. The
region where this projection fell on the grid was the region observed by the AOS probe during
the measurement.

Only 8 measurcments were performed for cach window, in order 1o keep low the covering
of the window with sputtered material.

For the time-resolved OES measurements. the accumulation was set to 30000 for each

wavelength in order to provide maximum signal intensity.
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tical prob
Optical probe

Fig.5.2.1: Cross-section view in the YOX plane with direction of QOES observation. Probe
positioning geomeltry A.

Fip. 5.2.2. Cross-section view in the ZOX planc with direction of OES obscrvation. Probe
positioning geometry
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5.23. LINESPECTRA

The observation of the discharge emission specirum allows a basic analysis of the species
present in the discharge process and of their evolution with the discharge parameters. In general,
the observation and analysis of the line spectrum is the most basic plasma diagnostic method,
providing information of major importance in the plasma diagnostic process. The main steps in
this type of diagnostic are:

) The identification and selection of emission lines for further analysis of their evolution:
1§] The identification of continuum emission and its possible causes:

n The observalion of the cvolution of emission lines’ intensity with the discharge
parameters (currenl, gas pressure, pulse-off time) in order to check the applicability of LTE
assumptions.

)] The 1ypical spectrum obtained for each target material configuration and the
identification of the main emission lines involved are presented in Fig.5.2.3-Fig5.2.5 for the Cu
targets and Fig.5.2.6 for the Fe largets. The lines selected for further analysis are presented in
Table.5.2.3. The wavelengths and main paramelters of the emission lines have been taken from

the NIST Atomic Data Base.

Species A (nm]) E [eV] EleV]  AuxIO" gi- Configurations lonization
Upper Lower [s'] gk potential
level level [eV]
Arll 460956 21.14308 18.45412 | 0.789 6 - 352.3p4 (1D)4s - 27.629
8 352.3p4 (1D)4p
Arll  487.986 19.68005 17.14003 | 0.823 4- 3s2.3p4 (3P)4s — 27.629
6 3s2.3p4 (3P)Ss
Arl 7514651 13.27304 11.62359 0402 3- 3s52.3p5 (2PXMs - 15.759
1 352.3pS (2PMp
Arl 763.510 13.17178 11.54835 0245 §5- 3s2.3p5.(2P) 4s - 15.759
3s2.3p5.(2PMp
Cul 465.112 7.737028 5.072088 @ 0.38 10 | 3d9 (2D) 4s.4p(3P*) 7.726
3d9.4s (3D)5s
Cul 521.820 6.192028 3816692 0.7 4- | 3d10(1S)4p - 3dI0 7.726
6 (1S)4d
Cull 7 20.292
Fel 371.993  3.332020 0.00 0.162  9- 3d6.4s2 - 7.9024
11 | 3d6(5D)4s.4p(3P)
Fel 492.050 5.351572 2.832527 0.35 il 3d6(5D)4s.4p(3P)- 7.9024
-9 3d6(5D)4s(6D)5s
Fe ll 16.1877

Table.5.2.3.: Transition data for the observed lines.

For convenience. the lines will be named in the text using a round-up value of their wavelength:
Ar I, 488nm: Ar 11. 461nm. Ar |. 763nm. Cu I, 465nm, Cu 1. 522nm, Fe 1, 372nm and Fe 1,
472nm. The higher levels of the Ar | and Ar Il lines are generated through direct electron impact

excitation and respectively ionization.
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I A continuum emission with a clearly defined edge at 473nm can be observed in
Fig.5.2.5. Such a continuum emission is not observed in the Ar-Fe discharge, indicating that Ar
recombination is not responsible for the above continuum emission observed in the Ar-Cu
discharge.

The more probable process responsible for this continuum emission is the recombination of Cu
ions (through one or several of the free-bound transitions described in Chapter (4.3.1)). The
attached electron is usually found in a highly excited Cu | state from which it decays to the
lower levels by radiative de-excitation.

The highly excited Cu 1 level 3d9.4s(3D)5s with an energy of 7.737eV - above the
ionization potential of Cu 1 (7.726eV) - can be directly obtained through recombination or by
radiative cascade from higher excited Cu | levels. From this level. the strong Cu 1 465n0m line is
emitted through a de-excitation transition to level 3d9 (2D) 45.4p(3P*).

Such highly excited levels have a very low probability to be populated by direct
electron impact excitation, as the required energy is higher than the ionization potential of Cu 1.
At energies above the ionization potential, the excitation cross-section reaches the lowest value
while the ionization cross-section dominates {Chapter (4.3.1)). Therefore, the 465nm Cu | line is
a result of Cu Il recombination followed by radiative de-excitation.

Lewis et al. |9] has observed such high-energy electronic states (Cu 1| emission
368.74nm from 7.16eV 10 3.82eV) predominate in the afier-peak of a pulsed glow discharge.
confirming that such lines are a result of the relaxation of highly excited Cu | atoms produced
through Cu ions recombinalion.

A continuum emission with a clearly defined edge at 473nm (corresponding to the
ionization potential of Cu 1. 7.626 V) can be observed. The most probable process responsible
for this continuum emission is the recombination of Cu ions (through one or several of the free
— bound transitions described in Chapter (4.3.1). The attached electron is usually found in a
highly excited Cu | state (3d9.4s (3D)Ss or above). and is performing a de-excitation transition
1o level 3d9 (2D) 4s.4p(3P*), emitting the strong Cu | 465nm line.

In the configuration with Fe targets. the Fe 1 372nm line is a resonance line with a high
level populated by a number of 386 transitions. mast of which come from higher excited levels,
with energies above the ionization potential for Fe . thus states resulted from recombination.

Although in this case the higher level can be populated through either direct electron
impacl or radiative de-cxcitation (following recombination), its observation is interesting as it
still provides collective information over a large number of possible transitions generated

following recombination.
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Fig.5.2.4. OES linc spectrum at p=3mtorr, 50kHz, pulse-off time
w=2016ns

Fig.5.2.3. OES line Spectrum at SOKHz, w=496ns, pAr=1 mtomr

Both measurements have been performed using cable A and a PMT potential of 600V. In these conditions the details of the continuum background

cannot be observed. Nevertheless. the trend of the increase in the OES intensity with the current is not affected and can be clearly observed.
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IMg.5.2.5. OES line spectrum for Cu targets at S0kHz. pulse-off 1ime w=4016ns and Ar gas pressure p=3mtorr. The background has been subtracted for
this graph. This line spectrum has been measured using cable B and a PMT voltage of 600V. The new cable allows observing the details of the
continuum emission.

131




P e — L ey
Chapter S: Time-Resolved Plasma Diagnostic Methods

Optical Emission Line spectrurn for Fe targets magnetron plasma
1=50kHz, w=496ns, I=1.5A, p=2mtorr
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IFig.5.2.6. Optical Emission Line spectrum for Fe targets magnetron plasma f=50kHz,w=49%6ns, 1=1.5A. p=2mtorr.
Mcasurement performed with cable B. The Fe 11 lines are all below 350nm and could not be observed. Fe 111 lines have very low intensities and could

not be observed. The background has been subtracted for this graph.
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1) One of the most importani observation regarding the emission spectrum is to
characterize the plasma from the point of view of its “iransparency” that indicate appropriate
conditions for QES line intensity measurements.

As shown in Chapter (4.3) optical spectrometry analysis provides direct information on
the discharge parameters and allows determination of lines’ intensities “along the line of sight™
if the rate of radiative processes exceeds the rate of absorption process. This type of plasma is
called “optically thin" and it is considered to be in LTE [39] allowing the application of
slatistical averaging under equilibrium conditions. meaning that the measured values are true
averages of the processes invalved and can be directly linked to the LTE statistics. A proof that
the LTE or at least PLTE conditions occur is observing “optically thin™ spectroscopic lines.

By definition. a plasma is “optically thin™ when radiation absorption processes are
negligible and the observed emission lines are “optically thin".

The emission lines are optically thin when their radiance (the area below the emission line,
equal to the product between their FWHM, their height and a constant given by the line shape)
increases proportional to the number of emitters (excited ions or atoms) at constant excitation
temperature [76]. Here. the excitation temperature is the electron temperature.

To venfy the proportionality. there are two methods to increase the number of emitters at
constant excitation temperature [76]:

-to increase the gas density (the pressure) at the same excitation (electron) temperature
(same excitation conditions) or,

-to increase the excitation (the current. thus the electron density) while keeping constant
the gas density and plasma temperature.

The electron temperature is mainly determined by the average electron energy and thus by the
cathode voltage which is independent of current (Chapter 5.1).

Thus. the electson temperature follows the cathode voltage behaviour and is independent
of current as has been shown in Chapter (5.1) for both DC and pulsed DC discharges.

This behaviour has been observed in the evolution of all static 1-V characteristics and Voltage
waveforms (As an example. 1-V characteristics for a discharge at SOkHz. 4016ns and 2016ns
pulse-off time are presented in Fig.5.2.7 and Fig.5.2.8).

The 1-V characteristics. display (Fig.5.2.7, Fig.5.2.8) constant voltage. practically
independent of current in the range from | A to SA: and a strong dependence of the voltage on
gas pressure, indicating that average electron temperature is constant with the increase in current
but has strong variations with the increase in the gas pressurc.

Therefore, the increase in the number of emitters at constant excitation temperature

(electron temperature) can be obtained by increasing the discharge current.
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Fig.5.2.7. The IV characteristics with Ar gas  Fig.5.2.8. The IV characteristics with Ar gas
pressure at SOkHz, w=4016ns pulse DC pressure al SOkHz, w=2016ns pulse DC
discharge. discharge.

A typical behaviour of lines radiances for the two Ar ionic lines is presented in Fig.5.2.9.

The behaviour of Ar ion emission lines’ radiance with the increase in current presented in
Fig.5.2.10 and Fig. 5.2.11, shows a linear trend at each position (z). This is a proof that the
levels for the chasen emission lines are following the Boltzmann statistics and can be used for

electron temperature estimations.
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Fig.5.2.9: Typical evolution of lines' radiance with current for two Ar 1l emission lines:
460.965nm and 487.978nm at p=3mtorr. and 4016ns pulse-off time.
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Fig.5.2.10. The evolution of the radiance for
the Ar 1l 461nm line with current.

Fig.5.2.11. The evolution of the radiance for
the Ar 1l 487nm line with current.

The similar behaviour of the 1V characteristics for Fe 1argets and Cu targets (Figs. 5.2.7. 5.2.8

versus Fig.5.2.12) indicates that plasma temperature is constant for a given pressure and

independent of the current, thus an increase in the number of excited species at constant plasma

temperalure can be obtained by an increase in the current.

The line spectrum for Fe targets (Fig.5.2.13.) also shows an increase in lines’ intensities

with current. indicating proportionality of the number of “emitters™ with the current and thus

optically thin lines.
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Fig.5.2.12. Typical IV waveforms for the Fe targets.
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Fig.5.2.13. OES line spectra for Fe targets. OES Intensity with current at p=2mtorr, 50kHz,
pulse-off time w=4016ns.

The Fe 1 resonance lines 372nm and 386nm show a different behaviour with current as their
higher levels are filled through cascade transitions from higher excited levels and recombination

levels and therefore they don't show a proportionality trend with current.
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5.24. TIME-RESOLVED OES

5.2.4.1. THE Cu TARGETS CONFIGURATION

The main atomic processes leading to excitation and ionization processes in the magnetron
discharge are due to direct electron impact excitation and icnization, balanced by their reverse
processes, as discussed in Chapter (4.3).

Time-resolved OES provides information on the temporal evolution of different processes
inside plasma. important as a diagnostic in pulse DC sputtering discharges. The observation of
emission lines from different species allows a direct estimation of the time-scales for the
beginning of the sputtering process.

The evolution of the sputtering process during the pulse has becen observed by measuring
the time-resolved OES intensity for the most intense lines observed in the line spectrum: Ar 11,
488nm, Cu 1. 522nm and Cu 1. 465nm. Several examples and an analysis of the time-resolved
data obtained with the probe viewing the discharge centre (configuration A. as explained in
Section 5.2.1) follow.

In Fig.5.2.14 and Fig.5.2.15, the Ar ions start to be produced only after the first ps from
the beginning of the pulse (the Ar 11 488nm line). The applied power peak is followed by the Ar
ion peak after a time delay. This delay can be related to the time needed to create new Ar ions
that will return 1o the target, produce secondary clectrons and new Ar ionization. The average
value of this delay evaluated from the time-resolved OES data for different duty cycles gives a

constant value of ~2.5us at a pressure of 0.4Pa.
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Fig.5.2.14. Voltage and power waveforms along with the time-resolved OES signal for Ar 11
(487.9nm) and Cu I (465nm and 522nm) for a discharge at 1=2A. f=50kHz. w=4016ns,
pAr=3mtorr.
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Fig. 5.2.15. Time resolved O.ES. I=2A, {=50KHz, w=2016ns, pAr=3mtorr. The dotted line
indicates the expected “fall™ of the excited Cu peak.

New copper atoms are produced when the Ar ions reach the targets. so the above time constant
can be also observed as the Cu | 522nm line emission peak follows the Ar line emission peak
after ~2.5ps (fig.3A).

As the Ar ion peak is increasing and decreasing with symmetrical slopes following the
applied power peak. we expect the sputtering process (Cu peak) to follow the same pattern if the
sputtering is only due to the Ar ions. The expected “fall” in the Cu 1 line trend is indicated by a
dotted line in Fig.5.2.15.

The fact that the trend of the Cu 1 line does not follow the decay of the Ar ion peak
indicates that more Cu atoms are produced by other mechanisms, like self-sputtering. or that the
efficicncy in Cu atom excitation increases at later moments during the pulse. The latter
assumption is contradicted by the observed shape of the excited Ar line (751nm) (and example
is presented in Fig.5.219) that follows closely the shape of the Ar ion peak, indicating that
excilation processes requiring lower clectron energies are not increasing at later moments during
the pulse. Therefore. Cu self-sputtering is expected to 1ake place in such a discharge.

The 465nm Cu 1 line follows the trend of the Cu 1 522nm line. From atomic spectroscopy
data, as explained carlier, the 465nm line is expected to be due to a de-excitation process
following Cu !l recombination. and its evolution indicates the temporal evolution of the
recombination rate during the pulse.

Thercfore. the delay between the power peak and the Ar 10n peak can be explained as the
average time the Ar ions need to travel to the targets from the place of their production.
Observing the evolution of the Ar ion line in relation to the power pulse we can get a deeper

insight into the “heating™ mechanism leading to the formation of the Ar ion peak: as the power
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pulse increases. more Ar jons are produced. The Ar ions produced when the power pulse is at its
maximum travel to the targets and produce secondary electrons that lead to the maximum of the
Ar ion peak. As the electrons generated at the moment of maximum power (peak) will produce
Ar ionization with maximum probability at a cenain region in the discharge, the Ar ions thus
created will have a well-defined average time to reach the targets and will produce a “wave™ of
secondary electrons that lead to the observed peak in Ar ionization. about 2.5us later.

Thus. time-resolved observation of the plasma evolution brings information on the time-
scale of the sputtering process that can be of high imponance for the choice of the pulsed DC
duty cycles.

Duty cycles with a pulse-on time shorter than the time required for the Ar ions to be
produced and rcach the 1argets will have a very low sputtering efficiency (for example, pulse-on
times smaller than Sps: or pulse frequencies higher than 100kHz). An example of the temporal
evolution of the OLS lines is presented in Fig.5.2.16 and indicates an insignificant variation in

the emission of Cu lines. showing a poor efficiency of the direct sputtering process.
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Fig.5.2.16. Time-resolved OES at 1=2A, f=100kHz. w=4016ns. p=3mtorr

In Fig.5.2.16 we can sce that the Ar ion peak is not complete, and it reaches a maximum at the
end of the pulse-on time. These Ar ions don’t have the time to reach the targets to produce more
sputtering and are lost from the discharge during the next 4016ns pulse-off time. As a result. the
excited Cu (522nm and 465nm) lines have a low intensity. indicating a low efficiency of the

spuliering process.
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Nevertheless. high frequency pulsed DC discharges can (under appropriate conditions) rely on
the self-sputtering process as the slow Cu atoms may not leave the discharge during one duty

cycle and will be ionized at the beginning of the next duty cycle.

1500 -

Utw)

S0

0 5 10 15 2 Turw [us] 25 X0 K 40

Fig.5.2.17. Time-resolved OES at I1=2A, f=50kHz, w=496ns, pAr=3mtorr along with the power
waveform.

Observing the relative intensity of the Cu 1 465nm line (resulied from de-excitation following
Cu ion recombination) and assuming LTE conditions, the relative Cu ionization density for
different duty cycles can be observed.

For example, for a pulse-off time of 496ns (Fig.5.2.17) the 465nm Cu line has much
higher values than those of Cu 522nm line. indicating that a higher percentage of Cu is ionized
than excited on atomic levels. This process is strictly rclated to the evolution of electron
temperature in pulsed DC plasmas, which will be analysed in Chapter 5.3.

This process can be also related to a “quenching”™ process [75] that occurs with high
probability when electron energies are smaller than Ar ionization potential but higher that Cu
ionization potential. In this process. once the Cu atoms are present in the discharge (after the Ar
ions have initiated the sputtering process) the electron energy is no longer used for Ar ionization
but for Cu ionization. This situation is enabled by the decrease in the voltage peak (thus lower
electron energies) once the sputtering has started. due to a decrease in the discharge impedance.
Such discharges are dominated by self-sputtering. This can be observed as an almost constant
intensity of the Cu lincs after the Ar ion peak fall (at t>10ps, Fig.5.2.17),

The self-sputtering is the dominant process in duty cycles with pulse-on times much

longer than the time-scale for direct sputtering

140



Chapter 5: Time-Resolved Plasma Diagnostic Methods

5.2.4.2. THE Fe TARGETS CONFIGURATION

For the Fe targets, (Fig.5.2.18 and Fig.5.2.19) the temporal evolution of the sputtering process
has a similar evolution to that for the Cu targets. A delay of ~2.5s between the power peak and
the Ar ion peak indicates the same time-scale for the travel time to targets of Ar ions.

While the trend for the excited Ar I line (751nm) follows the Ar ion peak. the trend of
the excited Fe lines holds at high values after the Ar ion peak fall indicating an important
contribution of the self-sputtering. For the Fe targets, once the discharge has been initiated by
the Ar ions, the sputtered Fe atoms are ionized and can maintain an almost constant sputtering

rate for the rest of the pulse-on time.

25
24
23
s —
1 -
3 22,
>
; !
- 2.1
3 8
2
19
18
0 5 10 15 20 Time jus] 25 0 s 40
Fig. 5.2.18: Time -resolved OES for Fe targets at SOkHz, w=4016ns, I=1.5A, p=2 mtorr.
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Fig.5.2.19. Time -resolved OES for Fe targets at 50kHz. w=2016ns. I=1.5A, p=2 mitorr.
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5.2.4.3 CONCLUSIONS

The observation of the Cu I 465nm line is extremely interesting here due to its mechanism of
production (through a de-excitation process following recombination) as it provides information
on the rate of recombination processes and on the space and temporal distribution of Cu ions
(assuming that LTE conditions apply).

Although the relative intensities of the two Cu I lines (the 465nm line produced following
recombination and the 522nm line produced by direct electron impact excitation) cannot provide
complete information on the ionization —-recombination balance. their similar trend indicates that
a constant equilibrium between excitation (and respectively direct impact electron ionization)
and recombination processes is maintained during the pulse.

In the case of Fe 1argets, the relative intensity of the 492nm line (with a high level
populated through direct electron impact excitation or de-excitation from levels populated
through direct electron impact) is much lower that that of the 372nm line {resonance line with a
lower high level that can be populated equally by direct electron impact and by radiative
cascades following recombination).

The Fe |1 492nm line populated mostly by direct electron impact excitation shows a strong
dependence on the discharge current.

The fact that the 372m Fe | line intensity shows no dependence on the discharge current
indicates that its high level is populated mostly by radiative recombination and less by direct
impact processes. This can indicate that this line can provide an indication on the temporal and
space distribution of recombination processes, therefore of the distribution of Fe ions in the
discharge.

From the above, the lower intensity of the 492nm compared to that of the 372nm line
could indicate that ionization-recombination processes have higher rate than direct impact
excitation processes, therefore, the average electron temperature in the discharge is higher that
the ionization potential of Fe 1. This conclusion will be further analysed in connection with the

observed electron temperatures in the discharge with Fe targets.
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525 TIME AND SPACE-RESOLVED O.E.S.

5.25.1. TIME AND SPACE-RESOLVED O.E.S. FOR Cu TARGETS

The time and space-resolved OES dala were recorded by an optical probe situated inside the
discharge chamber. viewing the space between the targets at 5 positions, from the centre of the
discharge at z=5 cm from the 1argets (d=0 c¢m from the discharge axis) to z=lcm from the
targets (d=4cm form the discharge axis) as described for the OES positioning geometry B in the

experimental set-up.
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Fig.5.2.20. Time-resolved OES measurements at =0 cm (discharge centre) for two Ar ion lines
and one excited Ar atom line. The time-resolved voliage waveform is superimposed.

The typical temporal evolution of the Ar ion lines and excited atom lines intensity is presented
in Fig.5.2.20. along with the voliage waveform. This graph allows obscrving the evolution of Ar
ionization and excitation density during the pulse. The space and time-resolved relative
distribution of Ar ion (487.9nm line) emission lines intensity from time and space-resolved
OES at 50kHz. 2A, pulse-off time 2016ns and respectively for Cu 1 465nm. with the Power
waveform on the cathodes are presented in Fig.5.2.21 and Fig.5.2.22.

The observation of temporal and space distribution of ionization and excitation processes
in the space between the targets provides information on the development of the discharge
during the pulse-on time and information on the actual relative ionization density that can be
used as stan data for MC simulations of ions’ trajectorics in the pulsed DC discharge. This type
of data have been used in Chapter (3.2).

The arrows in Fig.5.2.21 and Fig.5.2.22 indicate a possible start moment for the

simulation and thc relative OLS intensitics indicate the start relative ion/atom densities.
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Fig.5.2.2).The relative Ar ion emission lines intensity from time and space-resolved OES at
S0Khz. 2016ns, 2A and the Power waveform on the cathodes. Time resolution: 0.2us, space
resolution: ! mm.
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Fig.5.2.22. The relative (normalized) OES intensity for Cu 1. 465nm line during the pulse. from
time and space-resolved OES at 50Khz. 2016ns, 2A and the Power waveform on the cathodes.
Time resolution: 0.2y1s. space resolution: |mm.

The time and space ionization density distributions allow observing the development of the
sputtering process and the actual regions and moments in the discharge where the ions are

produced.
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Fig.5.2.23. Normalized relative intensity for Ar 11 488nm line (up) and for Ar 1 763nm line

{bottom), space and time-resolved at 50kHz ., 4016ns and p=3mitorr. for the Cu targets.
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I'lg.5.2.24. Normalized relative intensity for Cu | 465nm line (up) and for Cu | 522nm line
{bottom). space and time-resolved at 50kHz. 4016ns and p=3mtorr.

Contour plots of the relative density distribution of Ar ions (488nm line) and excited Ar atoms

{763nm line) are presented in Fig.5.2.23 and the excited Cu atoms distributions (lines 465nm

and respectively 522nm) are presented in Fig.5.2.24.

The location of maximum Ar ion density confirms the observation that the value for the

~2.5us time-delay between the applied power (voliage) waveform and the Ar ion peak can be

attnibulced to the travel time to targels of Ar ions. From Fig.5.2.23, in the regions sifuated close

to the targets (at less that 2cm) at the beginning of the pulse-on time (first 2us). the relative Ar

ion density 1s below 10%, indicating that sputtering will be insignificant a1 the beginning of the

pulsc-on time, as only few Ar ions are crealed at regions close (o the targets.
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The highest Ar ion density is produced at regions situated at about 4cm from the targets and
therefore these ions need a cenain time to travel to the targets in order to produce Cu atoms
through sputtering. As the Ar ion distribution is localized. these ions will need in average the
same time to travel to the targets. lcading to the observed time-scale for the spuitering process.
The excited Cu atom distribution is a convolution of the Cu atom density distribution from
sputtering and that of electron temperature and density.

The Cu | 465nm line is most probably due to a de-excitation process following Cu ion
recombination, therefore the relative distribution of this line is similar to the one of the Cu ions.
This observation has been used in Chapter (3.2.4) as start data for the initial relative Cu ion
density in MC calculations of Cu ions retumn time to targets, for the evaluation of the self-
sputtering time-scale. As no Cu ion lines could be observed in the emission line spectrum (the
most intense Cu 11 lines being below 250nm, the limit of the spectrometer wavelength range),
the observation of the 465nm Cu | line has been the only possibility to evaluate the relative
distribution of Cu ions.

The Ar and Cu ion distributions are mainly due to the distribution of electron temperature
and density that allow intense ionization processes at those regions. The existence of an internal
plasma field can also contribute to the symmetrical ion peaks distribution. As Ar ion and Cu ion
distributions should follow both the same pattern located on each side of the discharge centre.
this is another argument in favour of the above considerations regarding the 465nm line.

The excited atom species (Fig.5.2.24) have a more uniform distribution in the discharge

space. following the temporal evolution of the power peak.

5.2.5.2. TIME AND SPACE-RESOLVED O.E.S. FOR Fe TARGETS
For the Fe targeis. the relative Ar ion density has a more uniform distribution in the discharge
space. with a marked peak at 6us and quite high (60%) relative intensity at the targets
(Fig.5.2.25). This indicates that Ar ionization can take place at regions situated close to the
targets. leading to ionization of backscattered (post-spultered) Ar atoms and to re-sputtering
effects.

Practically no Ar ions are produced in the first 2js at any region in the discharge. Thus
the direct sputtering process starts only after the first 2its and reaches a maximum at 6ps.

The temporal distribution of relaiive Ar ion density follows the power peak waveform,
while the space distribution indicates that electron temperatures reach the highest direct impact

ionization cross-section for Ar in the centre of the discharge.
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Fig.5.2.25. Normalized relative intensity for Ar Il 488nm line (up) and for Ar | 763nm line

({bottom). space and time-resolved at 1=1.5A, 50kHz. 4016ns and p=2mtorr. for the Fe targets.

The distribution of excited Ar atoms is similar to that of Ar ions. with a maximum in the centre

of the discharge.
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Fig.5.2.26. Normalized relative intensity for Fe | 372nm line (up) and for Fe 1 492nm line
(bottom), space and time-resolved at 1=1.5A, 50kHz, 4016ns and p=2mtorr.

The observed relative intensity of the excited Fe lines is a convolution of the relative density of
the Fe atoms and the distribution of electron temperature and density.

The strong difference between the distributions observed for the two excited Fe | lines
(Fig.5.2.26) indicates that the two lines are generated through different processes. While the
492nm Fe 1 line is due to direct impact excitation of Fe atoms and has a distribution similar to
that of excited Ar atoms. the 372nm Fe | resonance line has a totally different distnbution.

The upper level of the 372nm Fe 1 line [3d"(5D)4s.4p(3P)| is populated by a number of
368 transitions (NIST atomic database) from higher energy levels, most of them corresponding

to highly excited configurations. characteristic to those resulted after ion recombination.
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Considering that the 372nm Fe | line is mainly due to the de-excitation processes after Fe ion
recombination. the relative density distribution of this line should be close to that of Fe ions. As
Fe ion lines could not be directly observed in the line emission spectrum, the observation of the
3720m Fe 1 line is the only indication of the possible I'¢ ion distribution.

As scen in Fig.5.2.26, the 372nm line has high intensity at regions close to the targets,
indicating a strong excitation and ionization of the sputtered material. Consequently. a high Fe
ion density at regions close to the targets is expected. leading to intense self-sputtering. Both re-
sputtering and self-sputtering cffects generate intense ion bombardment of the targets and
therefore intense heating of the targets.

The 3D images of the space and time resolved distributions for Cu targets and Fe targets

are presented in Fig.5.2.27-Fig.5.2.34.
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Fig.5.2.27: Cu I, 465nm line. space and time Fig.5.2.28: Cu 1, 522nm line, space and time
resolved. 3D image. resolved. 3D image.
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Fig.5.2.30. Ar 1. 763nm line, space and ime

Fig.5.2.29. Ar 11, 488nm line. space and time :
resolved for Cu targets. 3D image.

resolved. for Cu targets. 3D image.
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Fig.5.2.31. Ar 11, 488nm for Fe targets, 3D Fig.5.2.32. Ar 1. 763nm for Fe targets, 3D
image. image.

Fig.5.2.33. Fe I. 492nm, 3D image. Fig.5.2.34. Fe I. 392nm. 3D image.

5.2.5.3. DISCUSSION AND CONCLUSIONS

1. Time-resolved OFES data provide information on the connection between the applied
pulsed DC power and the ionization efficiency and time-scales in the discharge development.
The presented analysis indicates how this type of diagnostic can be used for choosing the
optimum duty cycle from the point of view of direct-sputtering efficiency or self-sputtering
effects.

2. The time and space resolved observation of emission lines from the Ar gas spectrum

and sputtered metal spcctrum allow an observation of the actual development of the discharge
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and sputtering process during the pulsc-on time. The region and moment where Ar ions are
created plays an imponant role in the time-scale of the sputtering process. thus providing
information on the direct sputtering process time-scale.

3. The analysis of the space and temporal distribution of sputtered material - excited
atomic (or ionic) species - provides information on the self-sputtering effects and their time-
scale and intensity.

4. The time-resolved and the time and space resolved OES diagnostic has a major
importance in the study and understanding of the discharge behaviour. providing a non-invasive
diagnostic means and direct information on phenomena taking place during the pulse-on time

during the actual operating conditions of the magnetron.
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5.3. TIME AND SPACE-RESOLVED ELECTRON TEMPERATURES
§3.1 T, CHARTS FOR CU TARGETS
The determination of electron temperatures has been performed using the method of ionic lines
radiance ratios, described in Chapter (4.3.2.3).

All mcasurements are time and space resolved. based on the OES data presented in the
previous chapter with the probe in the geometry configuration B of the experimental set-up.

As the theoretical basis for 7, evaluations from OES data require LTE or PLTE
conditions and determination of lines radiances. these points will be examined next by
presenting several parameters involved in the radiance measurement: the lines” widths and the
resolution of the spectrometer. the lines’ broadening and the observation process and lines

intensity versus noise and background level.

53.1.1. LINE WIDTH AND INTENSITY MEASUREMENT
The AOS spectrometer [12] described in Chapter (2.3) has been used for the OES

measurements. It calculates the emission line’s wavelength using the formula:

i="£""70, . (5.3.1)

where ng. n, are the refractive index of the bi-refringent crystal for the extra-ordinary and the
ordinary wave, f; is the ultrasound frequency (RF) applied on the transducer and v, is the speed
of the acoustic wave in the crystal.

As the filter pass-band (equivalemt to the Instrumental Profile in conventional
spectrometers) has not been defined by the manufacturer. it had to be determined using
calibration lamps as shown in Chapter (2.3). The obtained bandwidth, along with the AOS
resolution (provided by the manufacturer) and the widths for the observed Ar ion and atom lines
are presented in Fig.5.3.1. The error bars indicate the maximum deviation in widths values
obtained at the § positions in the discharge.

The Ar ion and atom line widths from the magneiron discharge are in the same range of
values as the lines from the calibration lamps, indicating that they are mainly due to the pass-
band (bandwidth) of the AOS and the broadening of the observed lines in the magnetron
discharge is negligible.

The Intensity Response IR of the AOS with wavelength is mainly determined by the
acoustic power applied to the crystal, the crystal’s optical ransmission and the spectral response
of the photomultiplier (PMT). The relative intensity of lines situated at close wavelengths is
only affected by the spectral response of the PMT. In the 450nm - 490nm range. the spectral
response of the photocathode is expected to be constant, so the selalive intensities will not be
affected. Theretore the evolution (over time and space) of electron temperatures determined

from intensity ratios of lines situated at close wavelengths will not be affected.
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Fig.5.3.1: The AOS-4 Pass-band and Resolution and the experimental widths for the Ar ion and
atom lines. The error bars indicate maximum deviation.

5.3.1.2. NOISE AND BACKGROUND DETERMINATIONS
In general, determination of electron temperature from lines radiance ratios requires accurate
lines' radiance measurcments while corrections for background noise, for continuum effects due
to recombination and for lines superposition (overlapping) are necessary.

The background signal due to the electronic noise of the AOS-4 system can be considered

independent of wavelength.
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Fig.5.3.2: Typical emission line spectrum in the discharge with Cu targets.
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The corrections for lines’ superposition are not necessary. as the high resolution of the AOS
spectrometer and the actual filter effect of the acousto-optic detection allow a high selectivity of
the instrument for time-resolved measurements (the wavelength can be sclected with a
resolution of 0.01nm).

As discussed in the previous chapler, the line spectrum in the magnetron discharge with
Cu targets (Fig. 5.3.2) shows a clear continuum region (400nm-473nm), with an edge at 473nm.
most probably due to Cu 11 recombination. Therefore. corrections for continuum levels between
emission lines situated in this region are necessary for this type of spectrum.

Measuring the noise levels on both sides of the lines situated in the continuum emission
region and using these values as a correction for the intensity of the lines is used as a means for
correcting the continuum noise.

The time-resolved noise signal has been measured at the following wavelengths:
460.698nm and 461.232nm for Ar 11 460.965nm line (situated on the continuum emission
region) and 495.00nm for the 487.978nm line (outside the continuum region). An average over
three measurements for cach position and noise wavelength has been used in order to improve
the measurement precision.

In conclusion, Ar ion lines' intensities at 461nm have to be corrected for the continuum
level at each side of the line, in the case of Cu targets. This induces a level of incertitude in the
T. evaluation as the lines will have different intensities according to the correction for the
continuum level at each side. The values presented in the 7, chant for Cu targets are average

values between the two values obtained after continuum corrections have been applied.

5.3.1.3. PROOFS FOR LTE (PLTE) CONDITIONS
The spectral lines’ radiances used in the determination of 7, depend on level populations and
radiative transfer processes.

The determination of 7, is based on the assumption of a Maxwellian distribution of free
electrons and Boltzmann energy level distribution of ions. both valid only under LTE of PLTE
conditions.

To ensure LTE for rapid time variations and sleep space gradients requircs the
assumption of a high electron density. collisional - radiative relaxation times shorter than the
time-scale of T, or n, varations and ion and atom diffusion time across plasma much longer
than the relaxation times [40].

As the observed vanations of the pulsed discharge input power occur over time-scales of
20ns. (coinciding with the time-resolution for optical measurements) the induced modifications
in T, and n, will follow the same time-scale duning the pulsc-on time. thus longer than the
radiative processes time-scale of a few ns. The atom and ion motion is also much slower than

the 1ime-scale of collisional and radiative processes.
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The above considerations and the enhanced magnetic confinement provided by the opposed
target geometry allows for high electron densities during the discharge and enables an analysis

based on LTE: condilions.

5.3.1.4. LINE BROADENING
The emission lines’ radiance is defined as the integral of the emission intensity over the line's
width and it is proportional to the product between the line's intensity and its width (FWHM).

For conventional spectrometers. corrections for the Instrumental Profile and the Intensity
Response versus wavelength of the spectrometer have to be considered. The Instrumental
Profile of AOS spectrometer is given by its pass-band and has very small values as shown
previously (Fig.5.3.1).

Unlike slit spectrometers that are actually measuring lines’ radiances. Acousto-Optic
Spectrometers (AOS) are only measuring the light intensity signal. therefore only the line's
height at the selected wavelength. Performing a high-resolution line spectrum can provide the
line's width, but this width will not be time-resolved. The AOS time-resolved measurements
only provide the time-resolved light intensity (the line's height).

So. in order to exploit the high resolution of the AOS (both as wavelength and temporal
response) for electron temperature evaluations. an analysis of the possible temporal evolution of
the lines’ widths is required.

Observing emission lines of the same species at the same position and moment during the
pulsed DC discharge ensures that the same conditions of electron temperature and density and
same electric and magnetic fields apply for all lines.

The main factors influencing the line widths are:

- the natural (Lorentzian) line broadening, given by the natural widths of the emission levels,
dependent only on electron temperature and having values well below 1A,

- the Doppler thermal broadening. due to ions random movement along the direction of
observation. (lts effects can be neglected for our situation as the ions move on parallel electric

and magnetic ficld lines perpendicular to the direction of observation);

\fn
- the electron impact broadening. proportional to ———:/ =
Tf
- the pressure broadening is encountered at high gas pressures or at electron densities higher
than 10"cm®. much higher than the expected electron temperatures in the low pressure
discharge.

In the opposed target magnetron geomelry the electric and magnetic fields are parallel and the

ions move practically in straight lines along the dircction of the £ and B field lines.
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The initial thermal velocities of Ar ions arc quickly overcome by the electric fields of the
cathode pre-sheath and the ions' movement is perpendicular to the direction of observation. so
the thermal Doppler broadening will not be observed.

So, the natural broadening, the Doppler broadening and the pressure broadening can be
neglected as they are either negligibly small compared to the resolution of the spectrometer or
simply do not apply to the observed plasma conditions. The line widths will only be affected by
electron impact broadening.

As the ratio of line widths due to electron impact broadening (dependent only on electron
density and temperature) is a constant at every moment during the pulse, there is no need for a
time-resolved evaluation of the lines” width ratio. Only an evaluation of the average width ratio
during the pulse (at each position in the discharge) may be required.

The above considerations allow time-resolved electron temperature measurements using
Acousto-Oplic spectrometers, as the lines' radiances at every moment during the pulse can be
calculated as a product between their time-resalved heights and their FWHM widths.

The widths for the ionic lines 460.9nm and 487.9nm (Ar II) have been measured at the 5
positions in the discharge leading to values of 0.205 £ 0.07nm and respectively 0.225 + 0.09nm,
are close 1o the pass-band values of the spectrometer (presented in Fig.5.3.1).

As the lines’ widths ratio affected mainly by electron impact broadening is a constant
(independent of electran density or temperature) the ralio of lines radiances is equal to the ratio
of lines intensities (heights) mecasured by the AOS spectrometer and the actual use of the
determined lines widths is not necessary here.

In conclusion. for the observed magnetron configuration and while using an AOS
spectrometer. the ratio of line's radiances is given directly by the ratio of lines’ intensity (optical

signal height as given by the AOS).

5.3.1.5. THE ELECTRON TEMPERATURE

Usual spectroscopic eleciron temperature measuremenis are based on the ratio of integrated

lines radiances (of the same atom or ion). providing time-averaged 7, values in the discharge.
Using the ratio of time-resolved lines radiances (as shown in the previous

considerations, here. only the time-resolved intensity of cach line is necessary) provides a time-

resolved 7, based on the same formula:

kT = Fug ~Fu . (53.2)

/
M"mlnl Em2An2m2 i nlml ”lm'.’n23ml Animy)

n2m2

where kT is the electron temperature T, in [eV] and for each line (1) and (2) respectively, 4., is

the line wavelength. /.., is the radiance (line's height by its FWHM), g, the statistical weight of

the upper level, A, the transition probability and E,, the high energy level of each line.
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Two Ar ionic lines (488nm and 461nm) have been used in order to determine the
electron temperature for the magnetron configurations with Cu, respectively Fe targets. The
characteristic emission parameters for the emission of each line are presented in Table |
(Chapter 5.2.2)

Cormections for the continuum radiation are taken into account by deducting the noise level
measured at a wavelength close to the emission line, in a region free from other lines as
indicated in the previous chapter.

In order to increase precision (by minimizing the experimental error) lines intensities
have been averaged over three sets of measurements at each position. The background measured
at wavelengths just below and above each line has also been averaged over three sets of
measurements. These averages include positioning errors as well as optical measurement errors

due to low signal levels when measuring noise intensity.
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F12.5.3.3: Typical 7, evolution, along with the voltage waveform. Values at z=0 (disch;gc
cenire).

The 1ypical time-resolved evolution of the electron temperature from ionic lines is presented in
Fig.5.3.3 for a pulsed DC discharge at 50kHz, 4016ns pulse-off time, 2A current run, at the
centre of the discharge (z=0 cm).

In Fig.5.3.3. the 7, values are presented as an average between T, values obtained taking
into account the noise values to the left and right of each line (represented as green and pink
dots). The electron temperature evolution during the discharge (Fig.5.3.3-Fig.5.3.5) allows
direct observation of electron dynamics and of the different stages in the discharge evolution
during the pulse. As can be scen from Fig.5.3.3, the electron temperature evolution follows the

applied Voltage waveform on the cathodes.
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Fig.5.3.4. Space and time-resolved electron temperature (3D view) during the pulse at 50kHz.

pulse off time 4016ns. set current 1=2A, argon pressure p= 3mtorr.
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F1g.5.3.5. Electron temperature contour lines evolution during the pulse at S0kHz. pulse off time
4016ns, set current 1=2A, argon pressure p= 3mtorr.

It can be noticed that maximum values for the electron temperature (7,~18eV) are reached at
regions close to the centre of the discharge (3cm to Scm from the targets), at moments during
the pulsc between 3ps and Sps. As these time and space intervals define the region with
maximum Ar ionization probability, the development of the discharge can be inferred from it.
The sudden increase in T, observed as high peaks (Fig.5.3.4) are a clear indication that a
large number of ions reach the targeis almost simultancously. leading 10 a sudden increase in the

number of secondary electrons and thus in the average electron energy.
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The 7, values at regions closer to the targets (T,<11eV) will not allow Ar ionization, therefore,
re-sputtering effects will not encountered. A detailed discussion on the development of the
sputtering process based on the results from the OES and 7, measurements will be presented in

Chapter (6.1).

5.3.2 T,CHARTS FOR Fe TARGETS
A typical line spectrum measured at z=0 (discharge centre) is presented along with a spectrum
measured at z=4cm from the targets in Fig. 5.3.6.

We can observe that there are scveral regions with recombination edges (continuum
emission) but the lines of interest (Ar 1. 461nm and 488 nm) are situated in regions with a low
background. with negligible continuum emission. The time and space distribution of Ar atoms
Ar ions and exited Fe atoms have been presented in Chapter (5.2.4).

The strong Ar Il lines at 461nm and 488nm with characteristics of the emission lines

presented in Table.5.2.1 (Chapter 5.2.) are used for 7, detenminations.

53.2.1. LINE BROADENING.

As explained in Chapter (4.3.2.1), the main line broadening effect in this type of magnetrons
and operating conditions is due to Doppler (thermal) broadening and electron impact
broadening.

For Fe targets (as in the case of Cu targets) the Ar ions move along the parallel electric
(cathode pre-sheath) and magnetic ficld lines, on a direction perpendicular to the targets. These
fields overcome the thermal movement of ions. The ion lines’ widths in the Fe target
configuration will not be affected by the Doppler effect broadening. as their main movement
will be perpendicular to 1he direction of observation.

As in the case of the Cu targets configuration. the ratio of lines' widths affected only by
electron impact broadening is a constant, as 7, and respectively n, are the same for both lines at
the same moment and position in the discharge.

So. in the case of Fe targets. the ratio of lines' radiances is also directly given by the ratio

of the lines' intensities (signal height) as given by the AOS spectrometer.

5.3.22. CORRECTIONS
The determination of electron temperature from the lines' intensities ratio requires an estimation
of the necessary corrections for the background noise, for continuum effects due to
recombination and for lines superposition (overlapping).

The line specirum (Fig.5.3.6) does not indicate a large discicpancy between background
level of the two Ar ion lines (461nm and 488nm) chosen in for this study, so comrections for

continuum levels between these two lines are not necessary.
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As shown before. the corrections for lines superposition are not necessary due to the high
resolution of the AQS. while the background signal due to the electronic noise of the AOS
system can be neglected. being independent of wavelengih.

Therefore. time-resolved background signal measurements for Fe (Ar) discharge have not
been taken into account.

As shown in Chapter (2.3) the Intensity Response of the AOS can be considered constant
for close lines (at 46!nm and 488nm) and no further corrections of lines’ intensities are
necessary. Assuming that all noise at the required wavelength is only electronic noise (at the
measured wavelength) the values obtained don't have 1o be corrected and the total intensity ratio

can be used directly.
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Fig.5.3.6: Optical Emission Linc spectrum for Fe targets magnetron plasma at 50kHz, w=496ns,
I=1.5A. p=2mtorr.

Therefore. in this case, the evolution of electron temperatures in the discharge is well described

by the direct line intensity ratios (signal heights).

5.3.2.3. ELECTRON TEMPERATURE CHART

For Fe targets. the electron temperature has much higher values than those obtained for the Cu
targets configuration (Fig.5.3.7 and Fig.5.3.8). These higher electron temperatures lead to a
differemt spacc-temporal distribution for the Ar ions, with consequences on the discharge

behaviour.
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Fig.5.3.8: 3D view of the Space and time-resolved electron temperature distribution for Fe
targets.

At moments between 1=3us and t=6{s during the pulse. in the regions close to the targets (lcm
—2cm from the targets) the electron temperature reaches values above 1leV. thus electron
encrgies above 16eV. allowing for Ar ionization (Fig.5.3.7).

A strong increase in 7, can be observed at t~4ps, (T,-40eV) followed by a secondary peak at
t1=5us (7.~20cV). These high T, peaks are formed due to the increase in the number of high-

encrgy sccondary electrons at the respective moments during the pulse.
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As regions below lIcm from the targets have not been investigated by OES. the actual
ion density at these regions could not be observed. A major difficulty in performing OES

measurements in a region close to the targets is due to the reflected light from the targets.

5.33. CONCLUSIONS

The time and space-resolved determination of electron temperature. together with the
distribution of exited and ionized species in the discharge allows a good understanding of the
phenomena that take place during the pulse-on time in the pulsed-DC magnetron plasma.

The case of OES diagnostic for ferromagnetic targets is particularly interesting. both from
practical point of view — providing an explanation of increased 1arget heating and increased ion
energies at the substrate — and as a model of physical phenomena that lead to these effects
(Chapter 6.1).

This type of plasma has a certain particularity — the magnetic field distribution in the
XOZ cross-section for Fe targets is concentrated in the centre of the discharge due to the
absorption of the Bx component of the magnetic field in the ferromagnetic targets. Compared to
the field for the Cu targets. for the Fe targets the magnetic field decreases fast in regions situated
at 2cm from each end of the target cross-section (see Fig.3.1.8) leading to a loss of confinement
at those regions. a lower electron density and higher electron temperatures.

This structure of the magnetic field leads to lower electron density in the discharge and to
higher electron temperatures. Therefore, the magnetic field distnbution has an important effect
on the evolution of electron temperatures.

Some of the results presented in this Section have been included in a paper published in

the SVC-48 proceedings [54].
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54. TIME AND SPACE-RESOLVED ION ENERGY SPECTRA (IES)
5.4.1. INTRODUCTION
This chapter presents the experimental data obtained using the HIDEN mass-energy analyser.
the space-resolved lon Energy Spectra (IES), a discussion on the basic information provided by

the IES and the method for obtaining time-resolved information from the energy distributions.

5.4.2. EXPERIMENTAL SET-UP

The Penning type [1, 2. 3] opposed target magnetron geometry is presented in Fig.5.4.1 and
consists of two opposed. rectangular targets. This configuration is used for either copper or iron
targets.

For the copper 1argets (99.99% purity) the dimensions are (120x180x9 mm), while for the
iron targets (99.99% Fe) the dimensions are (120x180x11 mm). The working gas is Ar at a
pressure of 0.4Pa (3x10 ' torr). after evacuating the chamber to 10*Pa (1x10* torr).

The EN1 RPG-100 pulse generator has been used to provide the asymmetric pulsed DC
bias of the targets at SOkHz and pulse-off times of 496ns to 8016ns. The high voltage is applied
in parallel on the cathodes. The operation mode was set for a constant current run at 2A for Cu
targets and respectively |.SA for Fe targets. These operating conditions ensure a stable
discharge for both configurations, at close operating parameters that allow a comparison of the
experimenial results.

The ion energy spectra were measured using the HIDEN Analytical EQP300 analyser
(Chapter 1.4). The diameter of the probe orifice used was S0um. The axial distance D of the
EQP probe (Fig.5.4.1) to the targets edge can be adjusted from lcm to 10cm from the largets
edge. The EQP analyser has been tuned at D=10cm from the targets edge according to the
description provided in Chapter (2.4).
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Fig.5.4.1. Geometry of the opposed target magnetron and the EQP probe.
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5.4.3. THE ION ENERGY SPECTRA (IES)

The IES for Ar ions and respectively Cu ions and Fe ions measured at a distance D=10cm from
the targets edge (Fig.5.4.1) for DC and pulsed DC operation are presented for several values of
the pulse-off time (w) in Fig.5.4.2 - Fig.5.4.5.

During DC operation, the measured Cu ion spectrum has an energy distribution typical to
the actual energy distribution of the metal atoms from the sputtering process. Similar energy
distributions were obtained from simulations using the ACAT code for DC sputtering of Cu in
Arat 0.4Pa [21].

The Ar ions spectrum during DC operation has a peak at about 0.5eV and a higher energy
tail in the same energy range as the Cu ions. most probably due to collisions between the gas
atoms (ions) and the sputtered metal atoms (ions). The low energy peak represents the most
probable energy of the Ar ions in the discharge bulk.

During pulsed DC operation the Ar and Cu ion spectra have a similar, wide energy
distribution, with a peak at 40eV for pulsc-off times longer than 4016ns. This indicates that both
Ar and Cu ions are gaining energy in the same type of electric field during the pulse-off time.

The IES for Fe targeis (Fig.5.4.4 for Ar ions and Fig.5.4.5 for Fe ions) show a similar
behaviour with the pulse-oft time but with higher intensity for the Ar ion spectra and a marked
peak in the energy range 2eV-20eV. matching closely the energy distribution of sputtered Fe

atoms and respectively post-sputtered (reflected) Ar atoms, as presented in [21].
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Fig.5.4.2: Ar ion energy spectra at SOkHz. I=2A, p=3mtorr. for different pulse-off time values
for Cu 1argets.
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Fig.5.4.3: Cu ion cnergy spectra at f=50kHZ. 1=2A. pAr=3muorr. for different pulse-off time (w)
values.
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i:ig.5.4.5: Fe ion energy spectra for Fe targets. for different pulse-off time (w) values.
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5.44. DISCUSSION

A comparison between the IES obtained for Cu targets and for Fe targets is presented in
Fig.5.4.6 for DC operation and respectively in Fig.5.4.7 for pulsed DC operation at 2016ns
pulse-off time. The ion energy spectra during DC operation follow the existent ion energy

distribution in the bulk. during the ON phase of the pulse.
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Fig.5.4.6: DC ion energy spectra for Cu and Fe targets.
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Fig.5.4.7: Pulsed DC ion energy spectra at f=50kHz, off time=2016ns. for Cu and Fe targets.

For Cu targets (Fig.54.6) hoth Cu ion and Ar ion energy specirum display an encrgy
distribution with two peaks (a thermal population and a higher energy population from the
original sputtered atom energy distribution) as predicted (3] by simulations using the ACAT

code for a DC planar magnetron discharge in Ar at 0.5Pa.
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Differences in electron kinetics. confinement and clectron temperature when using the Fe
1argets can be noticed (Fig.5.4.7):

- Both the Fe and Ar ions are leaving the bulk with the high energies from post-sputtering and
backscattering indicaling a high ionization efficiency at regions close to the targets.

- The low energy Ar gas is less ionized (the low energy Ar ion peak for Fe targets is 2 orders of
magnitude smaller than the one for Cu targets), indicating a lower ionization efficiency at
regions where gas atoms at thermal energy dominate.

The higher energies of the Fe (and Ar) ions can be explained through a higher degree of
ionization for the post-sputtered and backscattered atoms (high energy Fe atoms are
backscattered after Fe sclf-sputtering the same way as Ar atoms are backscattered after
sputtering). The higher energy backscattered atoms [21] are ionized while crossing a region with
high electron temperatures situated close to the targets. and can lead to self-sputtering and auto-
sputtering.

The fact that the Ar ion energy distribution matches closely the one of the Fe ion
indicates that both Ar and Fe ions (respectively atoms) originate from the same process: the
backscatiered (reflected) atoms after sputtering.

The occurrence of self-sputtering for Fe targets is also indicated by the presence of high-
energy backscattered Fe ions.

The energy density of the total ion current (due to both Ar and metal ions during the
whole pulse) at the substrate {(measured for different pulse duty cycles and integrated over the

total pulse duration. 20ps) is about twice for the Fe targets than for Cu targets (Fig.5.4.8).
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Fig.5.4.8: Comparison of thc encrgy density of the total ion current at the probe (substrate) for
Cu and Fe targets.
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5.4.5. THE SPACE-RESOLVED ION ENERGY SPECTRA (IES)

The IES are observed as a function of the distance D (Fig.5.4.1) between the targets edge and
the probe. for the Cu target configuration. The IES during a 50kHz, w=8016ns pulse-off time
discharge at 1=2A and 0.4Pa Ar gas pressure have been observed. The EQP tuning was
performed with the probe situated at a distance D=10cm from targets edge. this tuning being
used for all measurements.

The maximum JES energy value in Fig.5.4.9 and Fig.5.4.10 decreases as the probe
distance to the targets increases. This is due to the plasma potential (Vp) values that are
decreasing with distance from the targets.

The step-like edges in the energy distribution can be linked to the oscillations of the
plasma potential during the pulse-off time. These occur at smaller energy values when
increasing the distance from the targets as well. This leads to a narrower main peak for D=10
cm than those for D=8cm or D=6cm (Fig.5.4.9). For distances from the targets edge smaller
than Scm. the main peak width gets wider, while the maximum energy exceeds 100eV
(Fig.5.4.10).

For distances very close to the targets edge. the measurement is perturbing the discharge -
giving the large noise aspect of the spectrum - and can lead to an extinction of the discharge
(Fig.5.4.10, for D=1cm).
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Fig.5.4.9: Ar IES as a function of the distance D of the probe from targets edge, for distances
larger than Scm. The (*) arrows indicate the “'step-like™ edges in the ion energy distribution.
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Fig.5.4.10: Ar 1ES as a function of the distance D of the probe from 1argets edge. for distances
smaller than Scm.

5.4.6. THE TIME-RESOLVED METHOD FOR LE.S. ANALYSIS

Time-resolved IES can be obtained from the total integrated IES using simple de-convolution
methods and a statistical analysis of the average number of counts integrated (during the pulse-
off time) as a function of the pul se-off time, as it wilt be explained in the following.

Due to the obvious temporal dependence of phenomena taking place in the pulsed DC
discharges. there is an increased interest in time-resolved IES data and significant work has
been devoted to gated acquisition of counts at the detector, electronically shuttering the ions at
the EQP entrance or through acceleration/deceleration methods [56. 78]. These methods are
deficient from the point of view of temporal resolution (2s 10 4ps) and temporal sync between
counted data and actual start moment of the pulse as the ions transit times through the
spectrometer are of the order of 10ys (for Ar ions) and they are mass dependent.

In fact. rcal-time 1ES cannot be obtained with EQP analysers and the idea of a real-time
measurement of the spectra is somehow meaningless as the required acquisition time (Ins —
1000ns) is generally less than the time the electronics needs to process the data! More. the
number of counts integrated during very small time-intervals may be much smaller than the
statistical measurement error, leading 10 very “noisy measurements™ with data values smaller
that the standard deviation.

This is why, the only reliable means 10 obtain the temporal information in particle
counting systems is to acquire a number of counts during a measuring time interval, in order to
allow for a certain statistics and precision level of the counting.

The EQP energy analyser provides the integrated number of counts during the 100ms
dwell time of the EQP. At each energy poini, the EQP will integrate the number of pulses

acquired during a 100ms time interval.
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So. at each energy point. the total number of ions collected over 100ms dwell time (over 5000
pulses of 20us) is considered. This procedure allows a good precision of the counting
(integration) and measuremenl. The temporal information can be derived by a statistical analysis
of the acquired counts over the time interval of interest (characteristic for the observed process).

Any IES obtained during pulsed DC operation is a convolution of the spectrum obtained
during the pulse-on time and the one obtained during the pulse-off time of the pulsed DC
discharge.

As the DC spectrum (for both gas and metal ions) has a simple energy distribution that
can be measured and observed during the DC operation of the magnetron. a similar energy
distribution is expected for the pulse-on time operation. Observing pulsed DC spectra, we can
see that the low encrgy part is similar 1o the one obtained during DC operation, indicating that
the respective region of the 1ES is obtained during the pulse-on time. The higher energy regions
of the IES are obviously obtained during the pulse-off time.

There is a clear separation in these distributions in the IES. indicating that they appear
through different processes. This allows setting an energy threshold for the separation between
pulse-on and pulse-off time counts. The error due to the choice of this threshold level is
estimated to be below 5% when the threshold is chosen at the separation region.

The above approach represents the simplest de-convolution, given by the difference
between two spectra (of which one has known causes and distribution) and it is extensively used
in other fields of experimental physics: nuclear physics. atomic physics, radiation dosimetry.
Thercfore. the counts acquired during the pulse-on time and the pulse-off time can be de-
convoluted by setting a threshold level in the pulsed DC spectra. while further analysis can be
performed by temporal averaging over the characteristic time interval.

The obtained values are only averages and trends of the acquired number of counts, not
absolute values. Nevertheless. the above-described time-resolved IES method allows an analysis
of phenomena taking place at the EQP region.

The statistical analysis applied to the measured 1ES will be developed and discussed in

relation to the “Physical model for the pulse-off time plasma™, in Chapter 6.2.

5.4.7. THE IES STATISTICS
Some error (less than 5%) in calculating the ion number during the pulse-on and pulse-off
duration arises from the choice of end. respectively start point of integration on the IES. This
point was chosen at E=3.5¢V for Ar ions and at E=11.5¢V for Cu ions and it corresponds to a
clear minimum in the energy spectra. These threshold values also correspond to the high-energy
limit of the spectra obiained during DC operation.

The pulse-on time spectra were considered below 3.5¢V for Ar ions, respectively below

11.5¢V for Cu ions: and the pulse-off time spectra above these.
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As the Cu ion density is about 100 times lower than that of Ar ions and it depends strongly on
the sputtering process, the Cu ions are not included in the analysis of the ion flux and flux rate.

The number of ions collected during the pulsc-on time decreases slightly with increasing
the pulse-off time, as expected: while the number of ions collected during the pulse-off time has
a strong increase with the pulse-off time (Fig.5.4.11). A similar behaviour is observed for both
Cu and Ar ions. For pulse-off times longer than 4000ns, the ion number is increasing almost
linearly with the pulse-off ime.

The ion flux in Fig.5.4.12 has been calculated as the number of Ar ions collected during
the pulse-on and pulsc-off time, each per collection time. At 50kHz, the collection time for the
pulse-on time is: 19504ns, 17984ns...11984ns and for the pulse-off time is respectively: 496ns.
2016ns...8016ns.

The obtained values for the ion flux are also “cumulative™ values corresponding to the
dwell time of the EQP and not absolute values of the real-time ion flux. Measuring the real-time
values of the ion flux would lead to a very low count measurement and a poor precision of
estimation. The “cumulative” ion flux calculated as above allows a good precision for temporal
analysis and comparison purposes.

We can notice that the ion flux is constant with the duration of the pulsc-on time,
indicating a constant ion flux ai the probe at any moment during the pulse-on time (or during
DC operation). This proves that the plasma-probe sheath during the pulse-on time has a constant
extent that is not influenced by the duration of the pulse-on time (i.c. it is independent of the
duration of collection time). Also. the ion flux density at the probe region is independent of the

pulse-off ime duration.
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Fig.5.4.11: The number of Ar and Cu ions collected by the energy analyser probe during the
pulse-on time and during the pulse-off time, as a function of the pulse-off time.
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f-‘ig.S.-t.Iz: The Ar ion flux [Number of ions/collection time] collected by the probe during the
pulse-on time and during pulse-off time as a function of the pulse-off time.

At the beginning of the pulse-off time. the ion flux at the probe is 3 times higher than the one
during the pulsc-an time. and continues to increase with the length of the pulse off time. This is
a direct observation of the sudden increase in the ion flux at the probe (substrate region) during
the pulsed DC operation and a proof that the extent of the pulse-off time has a direct implication
in this effect. This observation is in good agreement with results from other experiments
presented in literature [79. 80].

The ion flux rate values during the pulse-off time are calculated as the variation in ion
flux values between consecutive pulse-off time durations. divided by the difference between
these durations. This analysis is based on the assumption that for all pulse-off times the
phenomena governing the ion transit and the plasma behaviour are similar. Again, the obtained
values are only cumulative values over the measuring dwell time of the EQP analyser. and not
real-time absolute values.

Representing the ion flux rate of change &°N/dr’ as a function of the pulse-off time, a
strong maximum followed by a constant region can be observed (Fig.5.4.13). This behaviour of
the rate of change in the ion flux at the probe during the pulse-off time will be examined in

detail later, in Chapter 6.2.
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Fig.5.4.13: Typical ion flux rate variation duning the pulse-off ume, calculated as d&"N/d? (the
vanation of the ion flux (dN/dt) between two consecutive values of the pulse-off time).

54.8. CONCLUSIONS

The IES obtained for a range of pulse-off times as well as the space-resolved IES at w=8016ns
pulse-off time arc presented. providing information on the energy distribution of ions reaching
the substrate region.

The Ar. Cu and respectively Ar and Fe ions energy distributions during DC deposition are
compared and explained though basic processes taking place in the sputtering discharge:
sputtering and self-sputtering of the target material and backscattering and auto-sputtering of the
gas ions (atoms) as well as collisions between the sputtered material and the gas.

A time-resolved method for analysing the 1ES during the pulsed-DC operation of the
magnetron has been presented as a new method for plasma diagnostic. Its novelty consists in the
fact that the actual 1IES measurements do not have to be time-resolved. as the data analysis can
extract the temporal dependence of the main paramcters characterizing the deposition during the
pulse-on. respectively the pulse-off time: the ion number, flux and flux rate at the substrate
region.

This temporal analysis provides an easy and effective means for plasma diagnostic of
pulsed-DC discharges and allows further analysis of time-dependent phenomena taking place

during the pulse-off time, as it will be shown in Chapter 6.2.
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CHAPTER 6

TIME-RESOLVED PLLASMA PHYSICAL MODELS
OF THE PULSED DC DISCHARGE
Using the information gathered through the time-resolved plasma diagnostic methods presented
in Chapter §, a further analysis is presented here, liking the space-temporal evolution of several
parameters to obtain physical models of the evolution of the discharge.

With the aim of devcloping a thorough understanding of pulsed DC discharges and
phenomena goveming the pulse-on and respectively the pulse-off time. two physical models of
the pulsed discharge are presented:

A time dependent physical model of the pulse-on time, based on the time and space
evolution of electron temperature form OES data;
A time dependent physical model of the pulse-off time. based on the time and space

resolved IES at the substrate region.
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6.1. MAGNETRON PLASMA MODEL FOR THE PULSE-ON TIME
6.1.1. INTRODUCTION
During the pulse-on time the discharge develops and produces sputtering in strong connection to
the inpul parameters (input power and gas pressure). The complex phenomena taking place
during this time can only be understood by observing the plasma parameters (electron
temperature and density) and their evolution with regard to the input parameters.

Important work has been dedicated in the last decade to determination of electron
temperature and density, especially related to studies on planar magnetrons. Early Langmuir
probe measurements in the plasma bulk region close to the cathodes of a planar magnetron
under DC operation have been performed by Rossnagel [47] and led to 7, values of about 5S¢V
for low pressure (~mtorr) Ar gas plasmas. The concept of a two-temperature electron energy
distribution in magnetron plasmas has been introduced by Sheridan et al [44] as a result of both
Langmuir probe measurements and Monte Carlo simulations of magnetron plasmas.

The latest results. obtained by space and time-resolved [.angmuir probe measurements al
the substrate region of planar magnetrons under pulsed DC operation also led to the two-
temperature electron energy distribution with high energies form 5eV up to 20eV and low
energies around Q.5¢V [7].

Opposed target (Penning type [1. 2. 3]) magnetrons with rectangular geometry present an
interesting option for ferromagnetic matenal deposition in industrial applications [38]. Their
configuration involves the use of parallel electric and magnetic fields between the opposed
cathodes, leading to high efficiency sputtering of both ferromagnetic and non-ferromagnetic
matenials and the rectangular geometry allows on-line industrial applications.

Due to strong magnetic and electric interferences. Langmuir probes cannot be used in the
opposed target magnetron configuration.

Although relying on the occurrence of LTE or PLTE conditions. Optical Emission
Spectroscopy (OES) provides a non-invasive method for the evaluation of T, inside the plasma
bulk. at normal operating conditions of the opposed target magnetron.

Limitations of this method are related to the performances of the optical equipment (an
accurate determination of the intensity throughput and instrumental profile of the spectrometer
is required) and to line selection and background corrections. leading to possible high error
levels [40]. but still providing reliable information on the overall space and temporal electron
temperature evolution.

In this thesis, an assessment of the electron temperature based on time and space-resolved
OES mecasurements in an opposed target magnetron plasma under pulsed DC operation is

presented.
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The novelty of the obtained results is manifold:

OES clectron temperature determinations in pulsed DC magnetrons have been obtained

for the first 1ime during this work:

The Acousto-Optic spectrometer has been used here for the first time for evaluations of

electron temperature. and a measuring method had to be designed and evaluated before

use;

- The observed temporal and space evolution of the electron temperatures lead to a first

time mode! of the behaviour of the plasma and discharge during the pulse-on time.

The observation of electron dynamics and plasma parameters throughout the pulse duration and

the discharge space. allows explaining the evolution of the sputtering process as well as the

distribution of ionized and excited species and their dynamics during the pulse.

6.1.2 THE PULSE-ON TIME PLASMA MODEL IN THE OPPOSED TARGET
MAGNETRON DISCHARGE WITH Cu TARGETS.

Relying on the data acquired through time-resolved and time and space resolved OES diagnostic

methods described in Chapier 5.2, coupled with the electrical diagnostic measurements (1-V

characteristics and 1-V waveforms presented in Chapter 5.1) a model for the phenomena taking

place in the discharge can be inferred. The data obtained from the above diagnostic methods (for

the configuration with Cu targets) have heen presented in Chapter 5.1 and Chapter 5.2 and are

shonly presented in the next graphs.

2 4 6 8 VDR WUWOE
e

Distance [em)

D

2 4 6 8 VN YW K ®W
e

Fig.6.1.1. Normalized relative intensity for Ar
11 488nm line (up) and for Ar 1 763nm line
{bottom). space and time-resolved at S0kHz |
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(bottom). space and time-resolved at 50kHz,
4016ns and p=3mtorr.
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Fig.6.1.3: Electron temperature contour lines evolution during the pulse at 50kHz, pulse olf time
4016ns, set current 1=2A, argon pressure p= 3mtorr.
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Fig.6.1.4: The time-resolved electron temperature during the pulse-on time at D=0 c¢m from the
discharge centre along with the voltage waveform.

The time-resolved evolution of the clectron temperature from ionic lines is presented in
Fig.6.1.4 for a pulsed DC discharge at 50kHz, 4016ns pulse-off time, 2A current run. at a
distance D=0.0 cm from the centre of the discharge. along with the voltage waveform. We can
see that the time - resolved evolution of 7, during the pulse-on time allows for direct
observation of electron dynamics and of the different stages in the discharge and sputtering
process evolution during the pulse.

The Ar ions (produced by electron direct impact mainly in a region situated a1 D<3cm
from the discharge centre. Fig.6.1.1) will travel to the targets in about 2.5 ps and lead to the start

of the sputtering process. This event is marked by a sudden increase in electron temperature
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(~20¢V) due 10 the production of secondary electrons and the high accelerating potential at this
moment (at t=2.5us, V~1000V, Fig.6.1.3).

Meanwhile. secondary electron production as well as 1ons and free electrons from
ionization processes lcad to a strong decrease in the discharge impedance and consequently of
the voltage. This is equivalent to a “breakdown™ process (stanling at t=4ys), leading to a steady
decrease of the voltage during the next 8ps.

After t=6us the potential on the targets has decreasing values and most of the electrons
are loosing fast their energy in ionization (of metal atoms) and excitation processes. so the
electron temperature has a steady decrcase for most of the pulse duration, reaching ~2eV at
t=12ps.

The electron temperature clearly indicates the evolution of discharge stages (paints
marked on Fig.6.1.4):

a) Stant of sputtering marked by a high spike in 7, at 1~2.5us;

b) Start of “breakdown™ (the target voltage decrease) due to the start of high-rate ionization
processes and decrease in the discharge impedance. at t~4j1s:

¢) Start of self-sputtering marked by a second spike in 7, at t~Sps:

d) The Ar ion peak fall at t=6s (when 7, becomes smaller that 11eV (Fig.6.1.4 and Fig.6.1.3);
¢) Decrease in the ionization and sputtering efficiency:;

f) The final increase in the discharge impedance.

The above described discharge stages form a model for the pulse-on time phenomena in the
discharge. Although for different temperatures and time-scales for the sputtering and self-
sputtering processes. this type of development is expected to occur in most pulsed DC

discharges.

6.1.3 THE DISCHARGE BEHAVIOUR AND VALIDATION OF THE MODEL (Cu
TARGETS)

The initial electron ¢nergy has valucs above 100eV. corresponding to the cathode potential.
These electrons have a non-Maxwellian distribution given by the external (applied) electric
field.

During the time interval between cbservation moments, the electrons are bouncing back
and forth between the targets. along the magnetic field lines (about 20 times for 100eV
electrons) and loose ¢nergy moving against the electric and magnetic field lines and in direct
impact collisions with Ar atoms.

The observed T, is the average EEDF over the time interval beiween measurements

coinciding with the temporal resolution of the spectrometer (0.2us).
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At each measuring point. the observed electron temperature represents the mean temperature of
the electrons that are producing the ionization and excitation processes at that position and
moment during the pulse. according to their Maxwellian distribution.

At the beginning of the pulse. the electrons have relatively low mean energies
corresponding to the low negative (acceleraling) voltage on the targets. Their energy (and
temperature) increases as the voltage increases. The space and time-resolved distribution of the
clectron temperatures can be observed in Fig.6.1.3.

The Ar ions produced during this time will travel 1o the targets in about ~2.5 ps and lead
to the start of the sputtering process. This event is marked by a sudden increase in electron
temperature (~20¢V) due to the production of secondary electrons and the high accelerating
potential at this moment (Fig.6.1.4. at 1=2.5ps. V=-1000V). Once the sputtering has started. the
production of metal atoms increases the rate of electron energy loss through ionization and
excitation collisions with both gas and metal atoms. leading to a sudden fall in electron
temperature.

The secondary electron production as well as ions and free electrons from ionization
processes lead to a strong decreasc in the discharge impedance. leading to a drop in the voltage
at the targets. equivalent to a breakdown process (starting at t=~4us). leading to a steady
decrease of the voltage during the next 8ys.

While the electron temperature has values above 11eV (corresponding to electron
energics of about 16eV, just above the Ar ionization potential of 15.7eV) the Ar ionization
continues. Consequently, the Ar ion lines intensity increase until they reach a maximum at
t=~6s.

Al t=~6ys. as T, drops below 11eV and the one-step direct eleciron impact ionization of
Ar atoms is no longer possible, the Ar ion intensity peak starts to fall.

After t=~6ys the potential on the targets has decreasing values and most of the electrons
are loosing fast their energy in ionization (of mctal atoms) and excitation processes, so the
electron temperature has a steady decrease for most of the pulse duration. reaching ~2eV at
t=~12us. As the rate of ionization processes decrcases in the second pant of the pulse, the
discharge impedance starts to increase. leading to higher voltage on the cathodes (targets) and to
a slight increase in electron temperature (from about 2eV up to 5eV) in the last 2pus of the pulse-
on time.

It is important to notice that the time-resolved observation of the high—energy electron
temperature leads to a clear indication of the evolution of discharge stages. in good agreement
with the expected electron energies required for one-step direct impact ionization processes.
This can be seen by comparing the T, chart and the ionization cross-sections (Fig.6.1.5):

a) Start of sputtering marked by a high spike in T, (7.~20eV) at 1~2.5ps and E,~30eV (a

maximum in the ionization cross-section for Ar);
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b) Stant of “breakdown™ due to the start of high-rate ionization processes (both gas and metal
atoms are ionized) leading to a decrease in the discharge impedance. the power peak fall and a
decrease in E, at t~4ps:
c) Start of self-sputtering marked by a second peak in T, at t~Sus (7.>8eV and correspondingly
Ee>12eV allow this process at maximum cross-section for Cu ionization):
d) Ar ion peak fall at t~6us (7, <11eV and E,<16¢V. Ar ionization is no longer possible in one-
step processes):
e) Decrease in ionization and sputtering efficiency:;
f) Final increase in the discharge impedance.
As seen in Fig.6.1.4. the maximum ionization cross-section by direct electron impact calculated
from Thomson formula is achieved at clectron energies of 30eV (7.~20eV) for Ar and
respectively at E~12eV (T,.~8eV) for Cu.

The high-cnergy electron temperature values are in good agreement with the required
electron energies for Ar ionization and provide a direct insight on the temporal evolution and

space distribution of ionization processes during the pulsed discharge.
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Fig.6.1.5. Calculation of Ar and Cu direct electron impact ionization cross-sections. Evolution
with electron energy. using Thomson' formula presented in Chapter 4.3.1 {40].

In Fig.6.1.3, the regions with T, >11eV (electron energies E,>16eV) arc charactenistic for Ar
ionization processes, while those with T, > SeV (electron energies E,>7.5¢V) are characteristic

to ionization of Cu.

This indicates that Cu ion production takes place in the time region from t=-~3s to
t=-~10us and in space regions closer to the targets that allow the apparition of self-sputtering
(Fig.6.1.2). The delay between the two 7, peaks of about ~2)is also leads to the conclusion that
the sccond peak is due to Cu ionized in a region close to targets (~1-2 cm).

The Ar ions are produced only in higher 7, regions closer to the centre of the discharge

and need in average about ~2.5)s to reach the targets.
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6.1.4. THE PULSE-ON TIME PLASMA MODEL IN THE OPPOSED TARGET
MAGNETRON DISCHARGE WITH Fe TARGETS.

The case of OES diagnostic for ferromagnetic targets is interesting. both from practical point of

view — providing an explanation of the increased target heating and increased ion energies at the

substrate discussed in Chapter (5.4.4) and (58] and as a model for the physical phenomena that

lead to these effects.

The time- and space-resolved evaluation of electron temperature. together with the
distribution of excited and ionized species in the discharge (Fig.6.1.6 and Fig.6.1.7) provide the
information for a good understanding of phenomena 1aking place during the pulse-on time in the
pulsed-DC magnetron plasma. allowing the development of a physical model for the pulse-on
time discharge.

The confinement for Fe targets has a panicularity — the magnetic field distribution in the
XOZ cross-section for Fe targets is concentrated in the cenire of the target cross-section, with
maximum magnetic ficld intensity achieved in a region close to the targets. This magnetic field
distribution is duc to the absorption of the Bx component of the magnetic field in the
ferromagnetic targets. The magnetic field decreascs fast in regions situated at 2cm from each
end of the 1arget (sce Fig.3.1.8 along QX axis) leading to a loss of confinement at those regions,
a lower electron density in the discharge and higher electron temperatures. This structure of the
magnetic field leads therefore to higher electron temperatures in the discharge, while maximum
¢electron density is achieved in the regions close to the targets.

The main data referring to the time and space resolved OES lines for Ar species and
sputtered metal (Fe) are presented on the following page in order to allow the cbservation of
phenomena taking place in the discharge related to time and apace resolved 7, and the Voltage

waveform at the cathodes.
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Fig.6.1.7. Normalized relative intensity for Fe
I 372nm line (up) and for Fe 1 492nm line
(bottom), space and time-resolved at I=1.5A,
50kHz, w=4016ns and p=2mtorr.
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Fig.6.1.8. Electron temperature space and time-resolved at 1=1.5A, 50kHz, w=4016ns and
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Fig.6.1.9. Te for Fe targets at D=3cmn from the targets (z=2cm) along with the Voltage (-V) on
the targets.

According to the evolution of time-resolved electron temperatures at the region with maximum
7., values (a1 D=2cm from the discharge centre, Fig. 6.1.8), the stages of the discharge can be
identified as follows:

a) The start of intense one-step direct impact Ar ionization (OES relative intensity above
40%. Fig.6.1.6) starting at 1~3us (T>11eV). As Ar ionization occurs at all distances
from the targets with the same probability (Ar ion distribution in Fig.6.1.6 is parallel to
B lines) the start of sputtering does not have a clearly defined moment as the return time
to targets is random. with large deviations from the average. Therefore, the “beginning

of sputtering™ cannot be observed in a similar way as for the Cu targets.
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b) From the Fe distnbution (Fig.6.1.7). we can see that new sputtered Fe starts to be
created at t~4js, mainly be direct sputtering. Also at t-4ys, a maximum in 7,~40eV. at
a region situated at D=2cm from the targets is achieved. At this moment. a maximum in
the sputtering process takes place mainly as a result of direct sputtering. This maximum
coincides with the Voltage maximum at t~4s.
The Voltage stanis to decrease slowly after t~4pus, due to the decrease in the discharge
impedance caused by the intense ionization processes.

¢) A second peak in 7, at t~5us (7,~20eV) can be observed. This peak is mainly due to the
convolution of the voltage values at this moment and the rate of self-sputtering and
target re-sputtering processes.

d) The maximum in the Ar ionization occurs at t=6ps. 7, decreases below 20eV (where the
Ar ionization cross-section has a maximum) and Ar ionization rate starts to decrease

along with T, values.

6.1.5 DISCHARGE BEHAVIOUR AND VALIDATION OF THE MODEL (Fe
TARGETS)

For Fe targets the higher electron temperatures lead to a different space-temporal distribution
for the Ar ions. with consequences on the discharge behaviour.

At moments between t=3ps and t1=6s during the pulse. in the regions close to the targets
(1cm from the targets) the electron temperature reaches values above 11¢V. thus energies above
~16eV allowing for Ar ionization (Fig.6.1.8, IHig.6.1.9).

The ionization of reflected (post-sputtering) Ar atoms is enhanced in the opposed target
geometry by the trajectory of these atoms that are reflected with highest probability in small
angles relative to the normal to the targets (21, 22]. This implies that Ar atoms reflected from
the targets will be ionized with high probability, as T, maintains values above 20eV over a large
space-temporal region of the discharge (Fig.6.1.8) and will return to the targets to produce target
re-sputtering. (Target re-sputtcring: sputtering produced by post-sputtering gas atoms that are
ionized again after reflection off the targets).

The target re-sputtering leads to a higher density of ions on the targets. and thus a higher
energy imparted to the targets. leading to targets heating.

The observed high electron temperatures also lead to sputtered Fe atoms ionization, also
enhanced by the sputtered metal atom trajectories in an angle close to the normal to the targets.
The ionization of sputtered metal in regions close to the targets (regions with Te~11eV, at
maximum ionization cross-section) leads to intense self-sputtering effects, also with
conseqquences on ion density bombarding the targets and increasing target heating.

The time-scale of the self-sputtering process can be evaluated by observing the moment

of formation of the sccond peak in the 7, distribution, situated at about 1us from the main peak.
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Therefore, the above result allows an interpretation from the point of view of the discharge
behaviour and confirms the findings from 1ES data: a high ionization density in a region close to
the targets leads to sputtering, targel re-sputtering, self-sputtering and to high ion flux density at
the targets and target heating.

There is no precise moment for the beginning of sputtering because of the random armival
of ions at the targets (self sputtering and target re-sputtering). A strong maximum in the
occurrence of sputtering can be observed at t~4pis, marked by a strong increase in T, (~40eV),
followed by a secondary peak at t~5us (7.~20eV) duc to the combined target re-sputtering and
self-sputtering effects (Fig.6.1.8). These high 7, peaks are formed due to the increase in the
number of high-energy secondary electrons at the respective moments during the pulse.

The secondary 7, peak is a result of the strong increase in sputtering appeared at the first
peak, as the large number of reflected Ar atoms and sputtered metal atoms are ionized in a

region close to the targets producing 1arget re-sputtering and self-sputtering.
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Fig.6.1.10. Relative direct electron impact ionization cross-sections for Ar and Cu and Fe
atoms. Evolution with electron energy. using Thomson® formula [Chapter 4.3.1. Ref. 2].

From Fig.6.1.10 we can see that the direct impact ionization cross-section calculated from
Thomson's formula has almost similar evolution for Cu and Fe atoms. due to their close
ionization potential values (L.,=7.726eV and I, =7.7870¢V). The minimum electron temperature
T, that allows Fe ionization is T,=5.2¢V.

The maximum rate of direct electron impact ionization processes for Fe occurs at electron
energies of E,=16¢V (T.~11¢V) while at moments between 3us and 6js. the electron energies
are above 15eV, indicating a very efficient ionization of Fe atoms at regions close to targets.
From Fig.6.1.8 we can sce that Fe ionization can occur with maximum probability in the regions
close 1o the targets (up to 2cm from the targets at moments during the pulse from t-3ys to t~6js

and the Fe ionization can continue until 7, ~7¢V. at t~8ys.
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The distribution of Fe 1 372nm resonance line indicates the presence of Fe ions in the discharge
and their recombination processes extending heyond t-10ps.

So. the study of space and time-resolved T, for Fe targets can indicate the moments of
highest sputtering rate occurrence and the moment of maximum self-sputtesing and target re-

sputtering processes.

6.1.6 CONCLUSIONS

The work described in this chapter presents a first time observation of electron temperature
based on time and space - resolved OES in an opposed target magnetron discharge under pulsed
DC operation.

The evaluation of T, from time-resolved OES lines provides information on the dynamics
of electrons directly involved in the excitation and ionization processes during the pulse-on
discharge.

The time and space-resolved distribution of 7, provides important information on the
evolution of discharge stages. indicating the start moment for the sputtering and self-sputtering
processes as well as the most praobable regions for the Ar and sputtered metal ionization (time
and space-resolved).

The stages of the discharge development are similar for the magnetron configuration with
Cu and Fe targets:

-The sputtering process starts at t~3ps and the self-sputtering process at t~5ys:
-The ionization process stops for Ar at t~6us (7, <11eV) and for metal at t~10us (T, <S5eV),
-The second part of the pulse is dominated by self-sputtering.

The observed electron temperature (and energy) are in good agreement with Langmuir
probe measurements in planar DC magnetrons [47]. wilh results obtained by both Monte Carlo
calculations and Langmuir probe measurements [44] as well as with time and space-resolved
Langmuir probe mecasurements [7] (all giving T, values in the range from 5eV to 20eV).

The abtained values for 7, are in good agrecemcent with the expected 7, (and electron
energy) values and can be used to explain directly the physical processes in the discharge.
leading to the conclusion that the accuracy of the method is quite good, allowing its use for
current plasma diagnostic in pulsed DC discharges.

Phenomena taking place during the pulse-on time in the pulse-DC magnetron discharge
can be clearly identified from both points of view: their physical causes and their temporal
development.

The time and space resolved OES data provide information on the production and
location of Ar ions and sputtered metal atoms. indicating the moment of start of sputtering. As
observed from the time-resolved evaluation of 7,, the start of sputtering is in generally

accompanied by an increase (peak) in electron temperature. This peak in 7, cannot be seen in
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discharges where the Ar ions are produced with equal probability at all distances from the
targets. as in the case of Fe targels.

A second peak in T, indicates secondary sputtering processes. usually self-spuitering. In
the case of Fe 1argets. the high 7, in a region close to the targets also allows for ionization of
back-sputtered material. thus for target re-sputtering.

The voltage decrease after the start of sputtering can be explained through the decrease in
the discharge impedance due 10 an important increase in the electron density through intense
sputtering and ionization processes.

The last 4pus of the pulse-on time are characterized by low 7, values and lower Voltage
values indicating a lower direct sputtering rate. For the Fe targets, the Voltage values are still
above 300V. allowing for self-sputtering effects.

The above physical phenomena and their evolution constitute a mode! for the discharge
behaviour during the pulse-on time. The model is validated by relating the observed ionization
and excitation processes to the direct electron impact ionization cross-section at the electron
energies given by the evaluated 7, values. A good match of the clectron energies required to
produce these effects (Ar ionization) and the observed temporal and space distribution of Ar
ions indicates the validity of the model.

The information provided by the pulse-on time model of the magnetron discharge can be

used in magnetron design and for choosing the operating duty cycle.
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6.2. MAGNETRON PLASMA MODEL FOR THE PULSE-OFF TIME
6.2.1. INTRODUCTION
Pulsed DC magnetron deposition improves significantly the physical propertics of the deposited
layers due to the increased ion bombardment of the substrate [79, 80].

Time and space-resolved Langmuir probe measurements (7. 55] have proven that the
plasma potential during the pulse-off time reaches high positive values that can be linked to the
ion energy gain during pulsed DC magnetron aperation. As the energy distribution of this ion
flux has a major influence on the deposited layer properties [55.80], it is important to know and
control the relevant discharge paramelters.

Although the temporal evolution of the ion flux to subsirate has been investigated using
time-resolved mass specirometry [S6. 81| the phenomena leading to increased ion energy and
flux to the substrate during pulsed DC deposition have not been identified.

The phenomena 1aking place during the pulse-off time can be understood starting from
basic theoretical models of charge-loss phenomena in equilibrium and non-equilibrium plasmas
and using time-resolved diagnostic methods that provide information on plasma behaviour
during the pulse-off time: the I-V waveforms and the time-resolved statistics of the IES.

In the following analysis 1 will present the most important experimental data leading to
the development of a physical model that explains the increase in the ion flux and energy at the

substrate region.

6.2.2. EXPERIMENTS AND DISCUSSION
6.2.2.1 CURRENT AND VOLTAGE WAVEFORMS
Typical Current and Voltage waveforms on the cathodes during a pulsed DC discharge at
SOkHz. at 2A current run and 0.4Pa Ar gas pressure are presented for several pulse-off times
values (w) in Fig.6.2.1, Fig.6.2.2a, and Fig6.2.2b. From Fig.6.2.2a and Fig.6.2.2b we can
observe the voltage and current behaviour only during the pulse-off time.

During the pulsc-on time the voliage on the cathodes has ncgative values reaching —
1200V. During the pulse-off time, the voltage has large oscillations between positive and
negative values. reaching +300V. especially for short pulsc-off times. These voltage oscillations

during the pulse-off time setile at a value of about 25V for pulse-off times longer than 4016ns.
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Fig.6.2.1 Typical Voltage and Current waveforms at the targets at Ar gas pressure of (.4Pa, and
a puised DC operation at 2A. SOKhz. and 4016ns pulse-off time.
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Fig.6.2.2a: Voltage waveforms during the Fig.6.2.2h?(‘urrcnt waveforms dunng the
pulse-off time. pulse-off time.

The current waveforms also have large oscillations up to +1.8A during the pulse-off time and
settle at a value of 0.2A for pulsc-off times larger than 4016ns. While during the pulse-on time
the current is negative, consisting mainly of positive ions, the positive current on the cathodes
during the pulse-off time is obviously duc to the electron current drawn towards the cathodes.

The pulse-off time negative current spikes cannot be attributed to an ion current, as the
slow 1ons will not be able to follow the fast voltage oscillations at the cathodes, over time
intervals of 100-250ns (Fig.6.2.1. Fig.6.2.2a).

During pulsed DC operation in consiant current mode. the power supply behaves like a
large inductor [82] and the output voltage turns positive at the beginning of the pulse-off time.
The high positive potential on the targets at the beginning of the pulse-off time leads to clectron
extraction from the plasma and a large cleciron current (up to 1.8A) - observed as a positive
current - can be measured at the targets during the first 250ns of the pulse-off time (Fig.6.2.2b).

This electron current drawn to the targets and through the power supply’s large inductance
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creates a negative supply output voltage - therefore a negative potential on the targets - causing

the excess electrons 1o go back into the positive plasma (thus, a negative current at the targets).
This “oscillation™ process repeats itself until the negative charge unbalance in the power

supply-discharge circuit is spent through electron loss processes (mainly resistive losscs). We

can observe how the amplitude of the Current and Voltage “overshoots™ decreases in time.

6.2.2.2. THE ION ENERGY SPECTRA (IES)

The IES for Ar and Cu ions measured at a distance D=t0cm from the targets edge (Fig.5.4.1)
for DC and pulsed DC operation are presented for several values of the pulse-off time (w) in
Fig.6.2.3 and Fig.6.2.4.

During DC operation, the Cu ion spectrum has an energy distribution typical ta the actual
energy distribution of the metal atoms from the sputtering process. Similar energy distributions
were obtained from simulations using the ACAT code for DC sputtering of Cu in Ar at 0.4Pa
[21].

The Ar ions spectrum during DC operation has a peak at about 0.5eV and a higher energy
tail in the same energy range as the Cu ions. most probably due to collisions between the gas
atoms (ions) and the sputtered metal atoms (ions). The low energy peak represents the most
probable energy of the Ar ions in the discharge bulk. During pulsed DC operation the Ar and Cu
jon spectra have a similar. wide energy distribution, with a peak at 40eV for pulse-off times
longer than 4016ns. This indicates that both Ar and Cu ions are gaining energy in the same type

of electric field during the pulse-off time.

Counts
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Fig.6.2.3: Ar ion encrgy spectra at SOkHz, Fig.6.2.4: Cu ion energy spectra at {=50kHZ,
I=2A. p=3mtorr, for different pulsc-off time I1=2A. pAr=3mtorr, for different pulse-off
valucs. time {w) values.
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6.2.2.3. THE SPACE-RESOLVED ION ENERGY SPECTRA (IES)

The changes in the IES observed as a function of the distance D between the targets edge and

the probe have been presented in Chapter 5.4.5 and are shown here again to enable the analysis.
The maximum IES energy value in Fig.6.2.5 and Fig.6.2.6 decreases with probe distance

1o the targets. due 10 the plasma potential (Vp) values that are decreasing with distance from the

1argets. The step-like edges in the energy distribution can be linked to the oscillations of the

plasma potential during the pulse-off time.
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Fig.6.2.5: Ar IES as a function of the distance  Fig 6.2.6: Ar IES as a function of the distance

D of the prabe from targets edge. for distances D of the probe from targets edge, for distances
larger than Scm. The (*) arrows indicate the  smaller than Scm.

“step-like™ edges in the ion encrgy
distribution.

6.23 PHYSICAL MODEL FOR THE PULSE-OFF TIME ION FLUX AND ENERGY
GAIN

6.2.3.1. THE PULSE-OFF TIME CHARGE DENSITY GRADIENTS

Due to the high positive potential on the cathodes at the start of the pulse-off time, a large

electron current (up to 1.8A) is extracted from the plasma bulk. The cquilibrium cannot be

quickly re-established by ions’ movement outside the hulk (due to the slow ion motion), so a

negative charge density gradient (lack of electrons) and a positive charge density gradient

{excess of ions) will be created at the plasma bulk region. along with a charge gradient.

Space and time-resolved Langmuir probe measurements in a planar magnetron [7. 8]
show that the electron density has a sharp fall (by 60%) at the beginning of the pulse-off time
(first S00ns), then it recovers (al 1us) and is followed by a slow decrease with a time constant of
the order of 40ps - this behaviour being observed at distances from 1mm, up 1o about 100mm
away from the targel. at the substrate (probe) position.

Assuming that the above electron density evoluion is typical for all pulsed magnetron

discharges, the phenomena leading 1o the observed behaviour will be examined next.
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The strong decrease in electron density at the beginning of the pulse-off times at all regions in
the discharge can be explained by electron re-distribution in order to compensate the negative
charge density gradient created in the plasma bulk while the targets are at positive potential.

PIC-Monte Carlo simulations of a pulsed glow discharge [83] show that the electron re-
distribution takes place by electron diffusion on a time scale of 4ns; while the plasma decay
time-scale is reflecting the ion motion, being of the order of 4j1s. As electron behaviour during
pulse-off time is similar to non-magnetized electron dynamics [8. 56]. similar electron
redistribution times apply for magnetized discharges.

Thercfore. the negative charge density gradient created inside the bulk at the beginning of
the pulse-off time is fast compensated by electron diffusion from regions outside the bulk. This
leads to overall electron redistribution and the strong fall in electron density at all regions
(observed during the first ~500ns of the pulse-off time [7]).

While the targets are at negative potential. the electron density gradually recovers to its
pulse-on time value, due to the electron current provided through the power supply (during
several negative Current-Voliage oscillations). Thus, at the end of the first microsecond, the
bulk charge quasi-ncutrality is rc-cstablished and the electron density reaches again high values
at all regions.

After the negative charge gradient has been compensated. the eleciron density has high
values at all regions and the bulk has reached charge neutrality. only the positive charge density
gradient (excess of ions in the bulk compared to outside the bulk) is still uncompensated. The
electric field created by the positive charge density gradient leads the ions to drift outside the
bulk. while the excess clectrons are lost at the targets. This leads to a slow, continuous loss of
electrons from the regions situated at the bulk boundary, generated and maintained by the
positive charge density gradient. The electrons outside the bulk will re-establish (redistribution
by diffusion) the overall plasma quasi-neutrality at every moment. leading to an overall slow
decrease in electron density.

The ion dnft continues. until the positive charge density gradient at the bulk boundary is
compensated and the excess electrons in the bulk are lost at the targets through resistive losses.

The ion drift outside the bulk and the electron loss at the bulk establish an ambipolar flow
of particles with a speed dictated by the ion average speed. The term ambipolar flow is used
here to replace the misnomer “ambipolar diffusion” [45] in the sense of equal loss rates of ions
and clectrons from the bulk (ions leave the bulk and elecirons are lost at the targets).

The observed (Fig.6.2.1. Fig.6.2.2a, b) Current and Voltage oscillations at the targets
allow the plasma to reach quasi-neutrality (n,~n,) towards a lower density. as electrons are lost
at the targets through resistive losses, while the 1ons leave the bulk. The ambipolar flow process

restores plasma quasi-neutrality, but not to the original plasma density [6].
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The above considerations indicate an overall (bulk and outside bulk) decrease in electron
density during the pulse-off time, taking place in two steps:

- a sudden. marked decrease due 10 the formation of negative charge density gradients and
overall electron re-distribution. dictated by the time-scale of electiron motion (tens — hundreds of
ns);

- a slow decrease given by the rate of the ambipolar flow. over a time-scale dictated by the ion
average speed and compensation of positive charge density gradients leading to plasma

equilibrium (several ps).

6.2.3.2. THE PLASMA-PROBE SHEATH MODEL

The space-resolved IES (Fig.6.2.5. Fig.6.2.6) clearly indicate that pulse-off time ions are
accelerated in a sheath that moves along with the probe: the energy values increase as the probe
is closer to the targets, due to higher plasma potential values. Obviously, if this sheath would be
at the targets region. its position would be fixed. so ion energy (and the 1ES) would be
independent of the EQP probe position.

The increase in ion energy during pulsed DC operation has been attnibuted before to the
formation of a sheath at the substrate (or EQP probe) region [56, 78, 79].

The initial plasma-probe sheath is the “Debye-lengith™ sheath created at the “contact™
between the plasma and the grounded probe and this space does not contain electrons [4]. Due
to the sudden decrease of electron density and sharp increase in electron temperature at the
prabe region at the beginning of the pulse-off time [7]. the lengih of the contact sheath will
increase, as the Debye length is proporniional to the square root of electron temperature to

density ratio:

kT
Ap = ,' (6.2.1)
4 n,

where: k is Boltzmann's constant, e the clectron charge, T, the electron temperature and n, the
electron density at the probe (substrate) region.

Considering a decrease in electron density by ~60% [7] at 1he start of the pulse-off time.
Ap will be ~1.6 times larger at constant T,. As the electron temperature at the beginning of the
pulse-off time at the probe region has been reparted to increase up to twice the pulse-on time
value [7]. the extent of the plasma-probe sheath can be enhanced up to about 3 times the value
at the beginning of the pulse-off time.

The positive plasma potential values across the plasma-probe sheath will prevent
electrons leaking towards the grounded probe. thus preventing (along with the decrease in
electron density) the sheath's contraction. Only during a shon time interval the sheath will stop

its expansion (and may even contract shortly), due to the sudden increase in electron density at

all regions when the negative charge gradient is compensated.
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After the suddcn increase and sudden stop in its expansion. the sheath will continue to expand at
a slower rate, corresponding to the decrease rate of electron density dictated by the ambipolar
flow. During this time, the ¢lectron temperature has slowly decreasing values that can be
considered constant: so. the decrease in electron density is the main factor in the sheath
expansion.

From the 1-V waveforms, we can estimate that the plasma reaches equilibrium after dps,
once the current and voltage oscillations at the targets are extinct. This will mark the end of the
amhipolar flow process and the moment when the plasma-probe sheath expansion stops.

The ions that have left the bulk just before this moment will continue to move (inertia) towards
the probe.

Considering the ion average speed ~1500m/s, with a + 500m/s spread in the distribution
(an average energy of 0.5¢V £0.25¢V in the bulk) the ions need ~65 + 20ys to cross the 10cm
distance to the probe. So, only a small decrease in the ion flux density due to the end of the
diffusion process will be observed at the probe region, as a new *“wave” of ions will start their
diffusion towards the probe every 20us. Therefore. the ion flux density values at the probe

region arc practically consiant and independent of the pulse-off time.

Target
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Fig.6.2.7. Schematics of the plasma-probe sheath model. Cross-section view of discharge
chamber in plane XOY.

The average expansion speed of the sheath is dictated by the ambipolar flow and thus by the ion
average speed. For an ion average encrgy of 0.5eV (average speed ~1500m/s) and a duration of
the expansion process of ~3us, the extent of the plasma-probe sheath resulted from ambipolar
flow can be approximated to aboul 4.5mm.

From the Debye length formula, the 4.5mm extent corresponds to a decrease in electron
density of about one order of magnitude during the ambipolar (low process.
So. the formation and expansion of the plasma-probe sheath is due to the expansion of the
Debye-length conitact sheath at the probe. controlled by the evolution of plasma parameters

(n,.T,) during the pulse-off time at the probe region.
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The plasma-probe sheath expansion has a three-step evolution:

- a sudden expansion in the first ~500ns, due to the sudden decrease of electron density and a
sharp rise in the electson temperature at the beginning of the pulse-off time:

-a sudden slow-down and stop of the expansion duc to an increase in the electron density at all
regions (at about is);

- a slow expansion for ~3s (starting at ~1ps and ending at ~4}s) duc to the slow decrease in
electron density dictated mainly by the ambipolar flow.

Once the overall plasma has reached neutrality (at a lower plasma density), the expansion of the
sheath stops and the sheath width remains constant until the ¢nd of the pulse-off time.

Therefore, during most of the pulse-off time, the plasma-probe sheath will not contract -
like the cathode sheath during pulse-off time - as there are less electrons available to restore the
plasma density in the plasma-probe sheath and the positive potential on the sheath prevents the
electrons to leak to the grounded probe.

Explaining the plasma behaviour during pulse-off time through diffusion of charges is
justified here. as this is the main charge-loss mechanism for the regions outside the bulk.

Other charge-loss mechanisms like recombination. although neglected in this basic model,
appear as a consequence in our further analysis.

1 have to emphasize that in the above considerations for the formation of the plasma-
probe sheath, the presence of an electric field over the neutral plasma is not accounted for. or
assumed, at any moment. The electric fields leading to electron diffusion (and ion drift) are
plasma generated fields due to charge density gradients and are a direct consequence of plasma
non-neutrality in the respective regions.

The above analysis is in good agreement with Franklin |[45] who has shown that for
magnetized discharges, the ions movement is mainly due to drift (generated by local ambipolar

electric fields) and the electron mavement is mainly a diffusion process.

6.2.3.3. THE PLASMA-PROBE SHEATH BEHAVIOUR AND THE IES

Measurements of the temporal evolution of the plasma potential during the pulse-off time
indicate that at distances of 10cm from the targets this potential follows closely the voltage
oscillations at the cathodes. with smaller, but positive values [{57].

So. at the beginning of the pulse-off time. the plasma potential at the probe (substrate)
rcgion will be more positive than the probe (at ground level) and the ions will be accelerated
over the plasma-probe sheath.

After a large clectron current has been drawn to the cathodes (first 250ns, Fig.3) the
electron density at the probe region has a sudden decrease (while the clectron temperature rises)
and as a result, the edge of the plasma-probe sheath will move away from the probe creating a
larger plasma-probe sheath (Fig.6.2.7). This leads to an increase in the measured ion current at

the probe (Fig.6.2.3. Fig.6.2.4). The rcsulting IES (Fig.6.2.3. Fig.6.2.4 at w=496ns) are

193




Chapter 6: Time-Resalved Plasma Physical Models ...

distributed over a wide energy range (OcV up to ahbove 100eV) as the plasma potential values
are large.

The fast expansion of the plasma-probe sheath stops when the electron density recovers to
high values at ~1ys: then, it continues to expand slowly as long as there is an uncompensated
positive charge density gradient leading to ambipolar flow.

After 4us (as shown by the I-V waveforms) the plasma reaches equilibrium and the
voltage and current oscillations at the cathodes are extinguished (Fig.6.2.1). The potential on the
cathodes settles at a value of about 25V but the plasma potential will have a higher value. We
can identify this value as 40V from the shape of the ion cnergy distributions we measure
(Fig.6.2.3, Fig.6.2.4). The ions continuc to arrive at the sheath edge and are accelerated. but
their most probable energy is 40eV, resulting in a high 40eV peak in the energy distribution.

The temparal behaviour of the plasma-probe sheath expansion explains the increase in the
ion flux at the probe, while the shape of the IES are given by the convolution of the plasma

potential values on the sheath edge and the temporal evolution of its extent.

6.24. VALIDATION OF THE MODEL

6.2.4.1. FROM THE SPACE -RESOLVED IES

The geometry of the opposed target magnetron does not allow for direct measurement of the
plasma potential (Vp) in the bulk.

It was shown [7. 57] that pulse-on time Vp values are generally small, (a few Volts) and
decrease significantly with the distance from the targets, reaching Vp = 1V at D=10cm from the
targets for a planar magnetron discharge. Assuming the same behaviour in our magnetron. at the
EQP probe position (situated at D=10 cm from the targets edge) the plasma potential during the
pulse-on time can he considered close to zero. As the exterior plate of the EQP probe is in direct
contact with the chamber’s wall and set to ground. there is practically no potential difference
between the probe and the plasma potential. Thus. the ions are not accelerated across the contact
sheath at the plasma — probe boundary. This is essential as an energy calibration for any IES
measurement.

Measuring the ion energy distribution at closer distances to the targets actually perturbs
the measurement. as there will be a larger Vp over the sheath at the plasma-probe boundary. We
can observe this in our data from the IES analysis with distance (Fig.6.2.5 and Fig.6.2.6) where
the energy distribution during the pulse-on time (the low energy peak) changes its shape.

At small distances between the probe and the targets. the low energy peak loses intensity
towards other energies as the plasma potential on the plasma-prabe sheath edge has values
abave zcro. The high-energy edge of the IES is also perturbed. As the probe is closer 1o the
targets. the high-energy limit shifts towards higher values: 90eV at D=10cm. 98¢V at D=8cm,
and above 100eV for D<8cm. This corresponds to an increase in Vp in regions closer to the

targets. during the pulse-off time.
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The change in the maximum energy values with distance indicate that the sheath is situated at
the prabe and follows its position, the potential on the plasma-probe sheath changing according
1o the plasma potential values at the respective probe position. A similar situation occurs when
the EQP probe is replaced by a grounded substrate.

The fact that the 40eV ion peak height (Fig.6.2.5 and Fig. 6.2.6) does not change
significantly with the distance from the 1argets proves that the number of ions collected depends
mainly on the plasma-probe sheath volume (that is achieved after the plasma bulk has reached
equilibrium).

The formation of the 40eV peak for w>4016ns and the fact that its 40eV energy value
does not depend on the axial distance D are proofs that this peak is due to the plasma potential

(Vp~40V) values attained after the plasma has reached equilibrium (for w>4016ns).

6.2.4.2. FROM THE IES STATISTICS
The tot1al ion number, flux and flux rate is calculated by integration over the measured IES as
explained in Chapter 3.4,

The pulse-on spectra were considered below 3.5¢V for Ar ions, respectively below
11.5eV for Cu ions; and the pulse-off spectra above these.

As the Cu ion density is about 100 times lower than that of Ar ions and it depends
strongly on the sputtering process. the Cu ions are not included in the analysis of the ion flux
and flux rate.

The number of ions collected during the pulse-on time decreases slightly with increasing
the pulse-off time. as expected: while the number of ions collected during the pulse-off time has
a strong incrcase with the pulse-off time (Fig.6.2.8). A similar behaviour is observed for both
Cu and Ar ions. For pulse-off times longer than 4000ns. the ion number is increasing almost
linearly with the pulsc-off time - a proof that at 4000ns the plasma-probe sheath is formed and
has a stable volume.

We can notice that the ion flux is constant with the duration of the pulse-on time,
indicaling a constant ion flux at the plasma-probe sheath edge (Fig.6.2.9) during the pulse-on
time. This proves that the plasma-probe sheath during the pulse-on time has a constant extent
that is not influenced by the duration of the pulsc-on time (i.c. it is independent of the duration
of collection time). Also, the ion flux density at the probe region is independent of the pulse-off

time duration.
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Fig.6.2.8: The number of Ar and Cu ions
collected by the energy analyser probe during
the pulsc-on time and during the pulse-off

Fig.6.29: The Ar ion flux [Number of
ions/collection time] collected by the probe
during the pulse-on time and during pulse-off

time. as a function of the pulse-off time. time as a function of the pulse-off time.

At the beginning of the pulse-off time, due to the sudden expansion of the plasma-probe sheath
and the positive Vp across the sheath, the ion flux at the probe is 3 times higher than the one
during the pulse-on time. This is in good agreement with the 3—fold expansion of the plasma-
probe sheath evaluated in Section 6.2.3.2.

While the plasma-probe sheath expands slowly (during the next 4000ns) the ion flux
doubles. and then it stays constant, ai the highest value, during the last 2000ns. This shows that
after the sheath has reached full extent it remains constant for another 2000ns. The plasma-
probe sheath is still present at 8000ns, about 4000ns after the oscillations of the potential on the

cathodes have reached a stable value.

6.2.4.3. THE ION FLUX RATE ANALYSIS
The jon flux rate values during the pulse-off lime are calculated as the variation in ion flux
values between consecutive pulse-off time durations, divided by the difference between these
durations. This analysis is based on the assumption that for all pulse-off times the phenomena
goveming the ion transit and the plasma behaviour are similar. Again, the obtained values are
only cumulative values over the measuring dwell time of the EQP analyser. and not real-time
absolute values.

Considering the situation during the pulsc-off time, the number of ions dN that are
collected by the probe during the time interval d! is:

dN =T; V -di (6.2.2)

where [, {ions.s 'em '] is the ion flux density at the plasma-probe sheath edge and V is the

plasma-probe sheath volume. The ion flux at the probe in dt is:
dN1dr=T;-V (6.2.3)
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The ion flux rate of change with time is:
d2N 1 di? =d 1duT; V) (6.2.4)
and can be developed as:

ﬂ:r ‘I_V.vir.'_; (6.2.5)
di? “dr dr

dr,
So, when the ion flux density I'; at the sheath edge is constant (—(}—'- = () the ion flux rate at the
t

probe depends only on the change in the volume of the sheath: and when the volume V is
v

constant (id- =0) the ion flux rate only depends on the change in T .
t

Representing the ion flux rate of change £ N/dr as a function of the pulse-off time. a
strong maximum followed by a constant region can be observed (Fig.6.2.10).

During the first 250ns the sudden decrease in electron density accompanied by a strong
increase in electron tcmperature leads to a fast expansion of the plasma-probe sheath. As a
result. a sharp increase in the ion flux rate appears at the beginning of the pulse-off time (or for

short off times) while T, at the sheath edge stays constant and the sheath volume increases

suddenly. Between ~250ns and ~800ns. a slow-down and even stop of the expansion of the
plasma-probe sheath is observed as a sharp fall in the ion flux rate (Fig.6.2.10).

We can notice that the flux rate indicates a stop of the sheath expansion at ~1000ns (when
the plasma bulk reaches neutrality) proving that our data and analysis are in good agreement

with the experimental results obtained by Bradley et al. [7].
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Fig.6.2.10: Typical ion flux rate variation during the pulse-off time. calculated as
d"N/dt’ (the variation of the jon flux (dN/dt) between two consccutive valuces of the
pulse-off time).
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Once the ambipolar flow dominates and the decrease rate of the electron density is quasi-
constant being conirolled by the decrease in the ion density in the bulk. the ion flux rate at the
probe is dominated by the slow expansion rate of the sheath (dV/dr term). The sheath expansion
speed will equal the average speed of the ions leaving the bulk. A steady increase in the
measured ion flux (Fig.6.2.9) and a positive. almost constant ion flux rate (Fig.6.2.10) can be
observed at this stage.

The constani ion flux rate between 1000ns and 4000ns indicates a constant expansion
speed of the plasma-probe sheath.

Beyond 4000ns, after the plasma has reached neutrality and the sheath expansion has
stopped (dV/dr=0). the ion flux rate at the probe only depends on the change in the ion flux
density with time. Here. &’N/dr’ is dominated by the second term in equation (5). The ion flux

rate al the probe slowly decreases (in Fig.6.2.10, above 4000ns) as I, at the sheath edge

decreases. probably. mainly due to recombination processes.
In conclusion. the information given by the analysis of the ion flux rate during pulse-off

time confirms the proposed plasma-probe sheath model and its temporal evolution.

6.2.5. CONCLUSIONS

A model for the phenomena leading to the increase in the ion flux and energy during the pulse-
off 1ime at the substrate region of a pulsed DC magnetron discharge has been presented and
validated using measurements of the IES at the substrate region and the 1 and V waveforms at
the cathodes.

This model enables a caontrol over the pulsed DC discharge parameters in order to obtain
the desired ion flux level and to evaluate the ion energy distribution only from basic knowledge
of the 1-V waveforms. The proposed model is based on the formation and expansion of a
plasma-probe (or respectively, a plasma-substrate) sheath. due to the positive plasma potential
Vp values and changes in the plasma parameters (electron density and temperature) in the pulse-
off time plasma.

A “contact” sheath of small (Debye length) thickness is always present at the plasma-
probe boundary. During the pulse-off time. a potential difference is created across this sheath,
between the plasma potential (at the probe location) and the probe (a1 ground) while the sheath
expands. The ions are accelerated in this sheath at high energies corresponding to the
(oscillating) plasma potential values at the sheath edge.

The expansion of the plasma-probe sheath is due to the two-step decrease in electron
density during the pulse-off time. As the plasma-probe sheath cxpands, a higher number of ions
will be accelerated towards the probe with different energies depending on their position in this

sheath and the plasma potential values.
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According to the model. the Debye-length of the plasma-probe sheath will first expand due to a
sudden overall drop in electron density and rise in electron temperature that characterize the
plasma at the beginning of the pulse-off time. The sudden drop in electron density at the
substrate region is initiated by the bulk plasma negative charge density gradient and enabled by
the fast electron dynamics.

The expansion slows down and stops at around Ips, when the electron density reaches
uniform distribution over the plasma and the bulk reaches charge neutrality.

After ~lys, the sheath will continue to expand slowly due to an ambipolar flow (ion drift
oulside the bulk and clectron loss at the bulk at the same rate). until the positive charge density
gradient is compensated. Icading to a stop in expansion after 4yus. The expansion speed of the
sheath is given here by the speed of the ambipolar flow. which is dictated by the ion average
speed. After dps, the plasma-probe sheath extent stays constant until the end of the pulse-off
time. The plasma-probe sheath is rapidly compensated and disappears at the beginning of the
following pulse-on time.

The formation of the plasma-probe sheath and its behaviour during the pulse-off time
explains the ion flux and energy gain as well as the observed IES at the substrate region. The
validation of the model is given by space-resolved IES experimental data and the analysis of ion
number, flux and flux rate evolution with the pulse-off time.

Although the maodel is initially explained through the evolution of plasma parameters like
T, and n, that have not been directly measured in this experiment. the fact that our IES
experimental data match closely the proposed model proves that the model can be generalized to
all pulsed DC discharges. The above analysis in terms of charge-loss phenomena is justified. as
these are governing the plasma behaviour during pulse-off time.

The time intervals chosen for the IES measurements presented in this paper allow the
observation of the general trend of the plasma-probe formation and behaviour during pulsed DC
sputtering and provide a good validation for the proposed model.

The analysis of ion flux evolution at the substrate region for different values of the
pulse-off time indicates the optimum pulse-off time values that provide the maximum number
of ions at the substrate. This pulse-off time value should be close to the time needed by the
plasma to reach equilibrium (4ys in our case) coinciding to the moment when the plasma-probe
sheath reaches a maximum extent. The pulse-off time value can be easily determined from the 1-
V waveforms that provide in this case. a direct result for such plasma diagnostic problems.

The results presented in this chapter have been included in a recent paper [84].
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CHAPTER 7:

FINAL CONCLUSIONS

This chapter presents a summary of the work performed and the most impariant results.
A few important issues for pulsed DC magnetron operation and design are discussed as direct

consequences of the proposed 1ime-resolved plasma physical models and diagnostic results.
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7.1. SUMMARY OF THE WORK

The work described in this thesis aims at providing a global understanding of the major
processes taking place during pulsed DC magnetron sputtering and the links between the main
macroscopic parameters of the discharge (gas pressure, pulsed target bias) the inner magnetron
design (discharge geometry and magnctic confinement) and the plasma parameters
characterizing its dynamics. Identifying these links would allow the design of a magnetron with
the required performances as well as the comrect choice of discharge parameters to obtain the
desired quality of the films.

In this work, all fields of plasma physics (theoretical. computational and
experimental/diagnostic methods) have been approached and employed to various degrees of
depth in order to infer a complete, time-resolved physical model of the sputtering process:

-a lime-dependent physical model of the pulse-on time, indicating the temporal
evolution of the eleciron kinetics, based on time and space-resolved OES electron temperature
determinations (Chapter 6.1);

-a time-dependent physical model of the pulse-off time. providing a physical model and
explanation for the incrcase in ion flux and energy at the substrate region. based on time-
resolved ion energy spectra analysis and charge-loss phenomena (Chapter 6.2);

- a physical model of the sputtering process by Monte Carlo simulations of ion transit
times in the discharge (Chapter 2.2).

As the temporal analysis of pulsed DC discharges required the use of time-resolved plasma
diagnostic methods, several time-dependent diagnostic methods have been designed and used to
characterize the pulsed DC plasma:

the | and V waveforms combined with time-resolved OES ion lines provide information

on the average travel time to targets of ions, defining the time-scale for the sputtering

process (Chapter 5.1):

the determination of time-resolved electron temperatures using an acousto-optlic

spectrometer has been tested and used for a mapping of the electron te mperatures

through-out the discharge space during the pulse-on time (Chapter 5.3);

the time-resolved analysis of time averaged ion energy spectra a1 the substrate region

linked with information on the electron density leads to a simple physical model of

phenomena responsible for the increase in ion flux and energy at the substrate during

pulsed DC discharges (Chapter 5.4).

Each chapter (Chapter § and Chapter 6) presents the experimental (or computational) method.
the results and a detailed discussion on the obscrved phenomena with indication on the use of
the designed diagnostic method and guidelines for the choice of pulsed DC duty cycle for

obtaining a stable discharge or cenain sputter cffecis.
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The description of the opposed larget magnetron construction and insulating shields as well as
the associated measuring equipment are presented in Chapter 2. The “current sheet™ method to
calculate the magnelic field. the developed algorithm and the actual distribution of the magnetic
field are presemed in Chapier 3. In Chapter 4, a short theoretical basis for the plasma physics
concepts and methods is provided as a background for the examination of experimental work

validity under different plasma conditions (pulse-on. respectively pulse-off 1ime).

7.2. SUMMARY OF THE EXPERIMENTAL RESULTS
7.2.1. The IV characteristics and the Current and Voltage waveforms are a direct indicator of
the temporal evolution of the power delivered to the discharge as well as of phenomena
taking placc in the plasma during the pulse-on and pulse—off time.
The behaviour of the |-V characteristics indicate that this type of rectangular. opposed target
geometry allows magnetron operation at high currents without an increase in the applied
voltage, ensuring a stable discharge for currents from 1A up to 6A and working gas (Ar) at
pressures from I mtorr up to Smtorr. for target power density in the range 1.5W/cm’ - 10W/em'.
The 1-V characteristics and Current and Vollage waveforms have almost identical trends
for the Cu and Fe targets and are strongly affected by changes in the gas pressure, but
practicaily independent of the curmrent run. The Current waveforms are independent of gas
pressure. Both Current and Voltage waveforms are strongly affected by the duration of pulse-off
time.
The Current and Voltage waveforms are equivalent to a time-resolved measurement of
the 1V characteristics indicating:
-the moment of “breakdown™ during each pulse (maximum of the voliage waveform, when the
discharge conduction level turns from that of an insulator to that of a conductor);
-the moment when the plasma density has the highest level (minimum in the voltage waveform);
-the pulse-off time oscillations of the voltage give an estimation of the temporal evolution of the
plasma potential during the off 1ime:
-the moment when the Current and Voltage oscillations are extinct (at around 4s after the start
of the pulsc-off time) indicate the moment when the plasma bulk has reached quasi-neutrality.
This time-resolved diagnostic method -although under-¢stimated- is extremely useful on
its own and in connection to other time-resolved diagnostic methods as a base for building

physical models of pulsed sputtering discharges.

7.2.2. Time-resolved OES data provide information on the ionization density distribution. The
rcgion and moment where the ions are created plays an important role in the time-scale
of the sputtering process. For the Ar-Cu discharge. the maximum ionization density 1s
situated in the central regions of the discharge. while for the Ar-Fe discharge. it is

situated in a region close 10 the 1argels.
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7.2.3. Time-and space-resolved electron temperatures have heen evaluated for both Cu and Fe
1arget configuration.

In both cases, the time-resolved Te values follow closely the Vollage waveform evolution

during the pulse-on time with maximum values of about 20eV (at t~2.5us) for the Ar-Cu

discharge and 40eV (at t~4.5us) for the Ar-Fe discharge.

The evaluation of T, from space and 1ime-resolved OES lines provides information on the
dynamics of electrons directly involved in the excitation and ionization processes during the
pulse-on discharge and the evolution of discharge stages.

A pulse-on time model of the Cu discharge and sputtering process has been inferred,
having the following stages:

a) Start of sputtering marked by a high spike in 7, (~20eV) at 1~2.5us and E.~30eV (a
maximum in the ionization cross-section for Ar);

b) Siant of “breakdown™ due to start of high-rate ionization processes (both gas and metal atoms
are ionized) and decrease in the discharge impedance. the power peak at t—4ps and a decrease in
E,:

¢) Start of self-sputtering marked by a sccond peak in 7, at t~5ps: Te>8eV (Ee>12eV) allow
this process at maximum cross-section for Cu ionization;

d) Ar ion peak fall at 1~6ps (7, <11eV and E.<16¢V. Ar ionization is no longer possible in one-
step processes):

e) Decrease in ionization and sputtering efficiency;

f) Final increase in the discharge impedance.

Cu ion production takes place in the lime region from t~3ps to t~10is and in space regions
closer to the 1argets that allow the appantion of sclf-sputtering. The Ar ions are produced only
in higher 7, regions closer to the centre of the discharge and need in average about ~2.5us to
reach the targets defining this as the time-scale for the sputtering process.

For Fe targets. the eleciron temperature has higher values than those obtained for the Cu
targels configuration, leading to a differem space-temporal distribution for the Ar ions, with
consequences on the discharge behaviour. The observed higher Te values in the regions close to
the targets lead 1o sputtering. targel re-sputtesing, self-sputtering. high ion flux density at the
1argeis and target heating.

A strong maximum in Te (~40cV) can be observed at 1~4us, followed by a secondary peak at
t~5Sus (Te~20eV) due 10 the combined target re-sputtering and self-sputtering effects.

The stages of the discharge and the pulse-on time model for the discharge with Fe targets
has been identified as follows:

a) The start of intense one-step direct impact Ar ionization at t~3us (T,>11eV).
The start of sputtering does not have a clearly defined momeni. as the return time to
targets is random. with large deviations from the average. Therefore, the “beginning of

sputtering” cannot be observed in a similar way as for the Cu targets.
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b) From the Fe I distribution we can see that new sputtered Fe starts to be created at t-4jts,
mainly be direct sputtering. Also at t~4ps. a maximum in T,~40eV. at a region situated
at D=2cm from the targets is achieved. At this moment. a maximum in the sputtering
process takes place mainly as a result of direct sputtering. This maximum coincides
with the Voltage maximum at t~4us. The Voliage starts to decrease slowly after t~4ps,
due to the decrease in the discharge impedance caused by the intense ionization
processes.

¢) A sccond peak in T, at t~5us (7,~20eV) can be observed. This peak is mainly due to the
convolution of the voltage values at this moment and the rate of self-sputtering and
targel re-spultering processes.

d) The maximum in the Ar ionization occurs ail t=6jis. T, decreases below 20eV (where the
Ar ionization cross-section has a maximum) and Ar ionizaticn rate slarts to decrease

along with T, values.

7.2.4. A physical model for the phenomena leading to the increase in the ion flux and energy
during the pulse-off time a1 the substrate region of a pulsed DC magnetron discharge
has been presented and validated using measuremenis of the IES at the substrate region
and the | and V waveforms at the cathodes.

The proposed model is based on the formation and expansion of a plasma-probe (or

respectively. a plasma-substrate) sheath, due to changes in the plasma parameters (electron

density and temperature) during the pulse-off time.

The ions are accelerated in this sheath at high energies corresponding to the (oscillating)
plasma poltential values at the sheath edge. As the plasma-probe sheath expands. a higher
number of ions will be accelerated towards the probe thus explaining the increase in the ion
flux.

According to the model. the Debye-lengih of the plasma-probe sheath will first expand
due to a sudden overall drop in electron density and rise in electron temperature that
characterize the plasma at the beginning of the pulse-off time.

The expansion slows down and stops at around s, when the electron densily reaches uniform

distribution over the plasma and the bulk reaches charge neutrality. After ~1ps, the sheath will

continue to expand slowly due 1o an ambipolar flow (ion drift outside the bulk and electron loss
at the bulk. at the same rate). until the positive charge density gradient is compensated. leading

10 a stop in expansion after ~4us. After 4us. the plasma-probe sheath extent stays constant until

the end of the pulse-off time. The plasma-probe sheath is rapidly compensated and disappears at

the beginning of the following pulse-on time.

The formation of the plasma-probe sheath and its behaviour during the pulse-off time

explains the ion flux and energy gain as well as the observed IES at the substrate region.
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This optimum pulse-off time value (for a maximum increase in ion flux) should be close
to the time needed by the plasma to reach equilibrium (~4ps in our case) coinciding to the
moment when the plasma-probe sheath reaches a maximum extent. The pulse-off 1ime value can
be easily determined from the 1-V waveforms that provide in this case. a direct result for such

plasma diagnostic problems.

73 CONSIDERATIONS DERIVED FROM THE PROPOSED MODELS
7.3.1. THE PRE-SHEATH ELECTRIC FIELD
The electron kinetics examined thraugh time and space OES methods provided information on
the space and temporal distribution of the excited and ionized species allowing to understand the
connection between the input power wave during the pulse-on time, the electron temperatures
and discharge evolution at various moments during the pulse.

While the electron kinetics has been examined using experimental plasma diagnostic
methods. the ion kinetics, respectively the transport history from their formation inside the
discharge to their arrival a1 the targets have been investigated using Monte Carlo simulations
{Chapter 2.2).

This study required the development of an original algorithm and code for charged
particle transport in complex, time and space dependent clectric and magnetic fields. The
developed code is based on a non-Runge-Kutta routine and calculates at cach step the value of
the magnetic field using a current sheath method. while the electric field in the plasma sheath is
calculated using the Child Langmuir formula and the | and V waveforms.

Although the time and space-resolved OFS data provide the initial relative ion densities,
the physical model is incomplete. as an important piece of information is missing: the intensity
of the pre-sheath electric field.

As Langmuir probes could not be used in this configuration of magnetic confinement. no
direct information was available about the intensity and space dependence of the electric field in
the discharge pre-sheath.

The importance of the pre-sheath electric field during pulsed DC discharges has lately been
observed by several authors. but no physical model for its space distribution and intensity has
yet been developed for pulsed DC discharges.

The pre-sheath electric field brings the ions to the targets in order to produce sputtering,
and has a major importance in the development of the spuitering process, as its intensity and
spacc distribution dictates the amount of ions that produce sputtering. From this point of view,
the pre-sheath electric field can be considered the “motor”™ of the sputtering discharge and it is
an essential piece of information in designing a model of the sputtering process.

In this case. the pre-sheath electric field has been a “"missing link™ and the only means to
estimate its intensity was through Monte Carlo simulations. based on the estimation of the travel

time to targets of Ar ions from the time-resolved OES data. Scveral possible functions
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describing the electric field evolution in the pre-sheath have been used in MC simulations of Ar
ions travel time 1o targets in order to determine the function that provides the best match to the
experimental value of the delay between the observed power peak and the Ar ion OES peak that
accounts for the average transit ime of Ar ions.

Once the pre-sheath field has been evaluated. more information on the sputtering process
can be exiracted through MC simulations: the time scale and intensity of the sputtering and self-
sputtering processes and the bombarding ions energies at the targets (Chapters 2.2, 2.3).

The ions reach the targets at different moments during the pulse and with significant
spread in their energy values. related 10 the voltage values on the plasma sheath. It can be
noticed that for the considered pre-sheath functions. a significant proportion of ions (60% -70%)
do not panticipate in the sputtering process. These ions are trapped in the discharge due to the
strong magnetic confinement and magnetic mirror effects. For longer pulse-on times or for DC
deposition they may rcach the targets after long Iransit times, or can simply accumulate in the
discharge, leading to arcs. Therefore. during the pulse-off time the plasma has to release the
accumulated charges in order to re-establish the charge quasi-neutrality.

The simulation results also indicate that ions starting at different distances from the target
have significantly different transit times and consequenily. reach the target with different
energies. dependent on the variable electric field on the cathode sheath. Although this leads to a
continuous sputtering process, the spultering yield and rate are variable during the pulse.

The conditions that ¢nable an optimization of the sputtering process leading to maximum
sputtering rates as a function of the pulsed DC duty cycle could make the subject for further
investigation.

The self-sputtering process can be important for long pulse-on times and high electron
temperaturcs near the targets and the choice of the duty cycle can be made according to whether

the self-sputtering has to be reduced or enhanced.

7.3.2. MAGNETIC FIELD GEOMETRY AND PLASMA PARAMETERS
Another important issuc 10 be addressed here is the connection between the geometry of the
magnetic field and its influence on the plasma parameters.

Working with both non-ferromagnetic (Cu) and ferromagnetic (Fe) target maternal that
brings changes in the magnetic field between the targets. allowed the comparison of discharge
paramcters for the 1wo types of magnetic field and the observation of modifications in plasma
paramelters and dynamics induced by such changes in the magnetic field.

For Fe targets, the magnetic field distribution in the XOZ cross-section for Fe targets is
concentrated in the centre of the target due to the absorption of the Bx component of the
magnctic ficld in the {ferromagnetic targets. Compared to the field for the Cu targets, for the Fe

targets the magnetic ficld decreases much faster at regions situated at 2cm from each end of the
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target cross-section (see Fig.3.1.8), leading 10 a loss of confinement, a lower clectron density
and higher electron temperatures.

These higher temperatures lead to a different distribution of the regions with high
ionization probability for both Ar gas atoms and metal atoms (Fe), increasing the ion density in
the regions close to the targets and leading to intense self-sputtering and target re-sputtening
effects and the observed excess heating of the targets.

As the spuitered (metal) and reflected (gas) atoms have higher energies with a distribution
around 10eV, when ionized in the Fe target discharge. their higher energy will be observed in
the IES at the substrate as well as in the ion fluxes and will double the energy density at the
substratc compared to the situation with Cu targets (Chapter 5.4). Thus. the loss of confinement
leads to an increase in electron temperature with consequences on the sputtering process. target
and substrate heating.

For the Cu 1argets, larger confinement region leads to lower electron temperatures. a
different ionization density distribution and a smaller thermal load of the targets and substrate.
Therefore, the magnctic ficld distribution has an important contribution to the development of
the discharge, sputtering and deposition processes and designing the magnetic ficld should be

taken into account when certain plasma parameters should be reached.

7.3.3. THE MAGNETIC FIELD AND CHARGE-LOSS EFFECTS
Other consequences on the discharge behaviour can be inferred from the plasma behaviour
during the pulsc-off time.

As the charge-loss phenomena during the pulse-off time are governed by the time-scale of
eleciron. respectively ion redistribution processes. the electron kinetics along and across
magnetic f{icld lines should be considered.

While the duration of electron redistribution takes place on short time-scales: 10-100ns, the ion
redistribution through drifts and ambipolar flow processes is much longer and can be influenced
by the distribution of the magnetic field.

In general, for ambipolar processes to occur. both the ions and electrons should move
together, across magnetic field lines. In the case of strong magnetic fields. the electron motion
across magnetic field lines will be slowed down, leading to the same average mobility of both
species.

As the ambipolar flow coefficient across magnetic field lines is inversely proportional to
the squarc of the magnetic field. the electron mobility increases fast as the magnetic field
decrcases. Therefore, ambipolar flow processes can occur at regions of the discharge where the
magnetic field is weak (at the boundanies of the magnetic confinement and centre line between
the magnets). Discharges that cannot allow for any charge—loss cffects will generally become

unstable turning into arcs: so. such gaps in the magnetic ficld should be allowed when designing
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the magnetic field distribution of the discharge. The electron diffusion along the magnetic field
lines will ensure the electron re-distribution in the first ~100ns of the pulse-off time.

So. the un-balanced 1ype magnetrons with magnetic field lines ¢xtending far towards the
substrate will enable a fast diffusion of electrons towards the bulk during the pulse-off time and
a stronger decrease in electron density at the substrate region. leading to a larger plasma sheath
at the substrate and consequently a higher ion flux at the substrate.

Therefore, along with the pulsed bias and power on the targets, the distribution of the
magnetic field has a major influence on the plasma parameters, spultering process and the
quality of the depasiled layers.

Some assumptions made in designing the different models presented in this thesis are still
to be verified:

-the assumption of a time-independent pre-sheath electric field.
-the detailed mechanism for the obvious ambipolar flow type process dusing the pulse-off time:
-the accuracy of the designed Monte Carlo code and trajectory algorithm;

-the metal ion relative densities in the Cu ion simulations.

7.4 NEW AND ORIGINAL RESULTS PRESENTED IN THIS THESIS
The following results have been obtained and presented for the first time in this thesis:

- OES electron temperature determinations in pulsed DC magneirons have been obtained
for the first time during this work:
The Acousto-Optic spectrometer has been used here for the first time for evaluations of
electron temperature, and a mcasuring method had to be designed and evaluated before
use:
The obscrved temporal and space evolution of the electron temperatures lead to a first
time model of the hehaviour of 1the plasma and discharge during the pulse-on time:

- A new meihod for temporal analysis of time-averaged IES spectra has been presented:

- An original physical model explaining the increase in ion flux and energy at substrate,
during pulsed DC magnetron operation;
The possible evolution of the electric field in the pre-sheath of a pulsed DC discharge

has been estimated for the first time, using Monte Carlo simulations.
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s POSSIBLE DIRECTIONS FOR CONTINUATION OF THE WORK
The proposed physical models for the pulse-on and respectively pulse-off 1ime plasma can be
further tested through the study of different other discharges. pulse-off time values and even
different configurations of the magnetic field.

Nevertheless. the proposed time-resolved plasma physical models as well as the fime-
resolved methods of diagnostic developed and tested through-out the work for this thesis can be
easily used and provide the necessary tools for the control of plasma parameters and layers
propertics during pulsed DC deposition.

The experimental siudy of electron densities during both pulsc-on and pulse-off time for
the same magnetron will provide further insight into the phenomena governing the discharge
and will allow an increase in the accuracy of the presented models. More experimental data are
necessary in order 10 understand the actual mechanism of the ambipolar flow taking place
during the pulse-off time. so time-resolved and space —resolved measurements of electron
density and temperature may provide an answer.

Viewing the importance of the magneiic field distribution, further research in the field
of magnetron design should approach the study of opposed target magnetrons with pre-designed
magnetic field distribution and its consequences on the behaviour of the discharge, the plasma
parameters. the ion flux and energy at the substrate and ultimately, the layers propertics. Such
research could aim at developing a physical mode! of the magnetic field influence on the plasma

parameters and the sputtering process.
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