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Preface

Preface

Research on the characterisation and understanding of pulsed magnetron discharges
used for the deposition of thin, especially dielectric, films has been carried out
between 2003 and 2008 at Chemnitz University of Technology. This thesis is a

collection and summary of the original research during this period.

In the main part of the thesis, work published in peer-reviewed scientific papers is
summarised and yet unpublished results are given in more detail. Different aspects
highlighted in the publications are described in a general context of the
characterisation of the pulsed discharges for the principal understanding. The cross-
linking of the published results is addressed and where necessary extensions to the
publications are given. The main part is organised in three sections. In the first one,
basics of pulsed magnetron discharges, their application, and important questions
are summarised. The second section describes general results and physics of the
discharges that have been obtained during the research work. It also emphasises the
successful development or modifications of experimental techniques for the time-
resolved characterisation. The third section addresses the possibilities to modify and
control the process by external parameters that are typically accessible during the
application or required by it. An appendix to the thesis comprises selected published
research work which is made available as reprints of the original publications. Other

publications which are not included as reprints are referenced to in the main part.

The work has been carried out in the group of Prof. Frank Richter at Chemnitz
University of Technology. He offered the opportunity to investigate the discharges of
the many magnetron sputter deposition processes used in the group and to acquire
research projects aiming at the understanding of the basic physics behind those
deposition processes. The author of the thesis is also indebted to many very fruitful
and sometimes contorversary discussions which have taken place over the years.

The thesis would not have been possible without the work of several diploma and
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PhD students who have carried out laborious experiments and analyses. Particularly,
Thoralf Dunger should be thanked at this point. Many other colleagues and friends,
especially the whole team at Prof. Richter's group, supported the work presented
here. International Cooperation with groups at Liverpool University and Manchester
Metropolitan University as well as close contacts to colleagues from Ghent
University, Sheffield Hallam University, and the University of Plzen lead to many
beneficial discussions and ideas, which helped to improve the thesis. Finally yet
importantly, financial support through several projects is greatly acknowledged.
Funding of the work has been partly obtained from the German Research Council,
the German Academic Exchange Service, the Saxon Ministry for Labour and
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Introduction

1. Introduction

Magnetron sputtering with pulsed discharges in different forms has become one of
the most popular techniques to deposit thin, especially dielectric, films. It has been
established technologically and is nowadays commonly applied in a variety of
production processes. The major advantage of the technique is the suppresson of
process instabilities due to the pulsing while keeping the benefits of conventional
magnetron sputtering which are large-area and high-rate deposition with moderate
particle energies. While processes for e.g. specific film materials or substrate
geometries have been established it is still a challenge to modify or optimise them for
an adjustment to altered circumstances, e.g. when the chamber geometry has to be
adapted to different substrates. This failure which is often bypassed by time-
consuming trial-and-error methods is a result of up to date insufficient understanding
of the basics of pulsed magnetron discharges, especially of the dependence of
particle currents and energies onto the substrates on the pulse parameters. This is
particularly the case because in pulsed magnetrons these quantities are supposedly
strongly modulated during a single pulse and their average value is not adequate to
describe the deposition process or compare it to d.c. processes. It is therefore
necessary to investigate particle densities and currents and their energy on a time-
scale shorter than one pulse of typically one microsecond. To achieve this objective,
appropriate measurement techniques have to be developed or improved in order to

obtain a time-resolution better than 1 ps.

It is the objective of the present work to make a considerable contribution to the basic
physical understanding of the temporal behaviour of essential parameters of pulsed
magnetron discharges. The main focus is laid on discharge parameters which are
most important for the film deposition: the density of ions and electrons, the energies
of the electrons and the potential distribution, the latter two prevailingly governing the

energy of the ions.
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In section 2, the basics and history of magnetron sputtering which are needed for a
better understanding of the time-resolved investigations and interpretations are
summarised. Also, the key ideas of pulsed magnetron sputtering are presented.
Section 3 outlines the results which are common to pulsed magnetron discharges
and the models derived from them. Within this section, the development of the time-
resolved techniques and their peculiarities are also given in detail. In Section 4, the
influence of external parameters or magnetron design which may be used to control
particular discharge properties in the future is described and discussed. The results

are finally summarised and conclusions are drawn in section 5.

Priot to the detailed description in sections 2-4, the motivation of the work shall be

extended in the following paragraphs.

1.1. Deposition of insulating thin films with magnetron sputtering

Plasma-assisted methods — with magnetron sputtering being a specialised form of
them - are frequently utilised both in physical (PVD) and chemical vapour deposition
(CVD). One advantage is common to these methods: it is possible to optimise the
growing films by energetic particles that are generated in the plasma discharge or
created by the extraction from it. Whereas e.g. for a classical condensation film
forming particles exhibit only the thermal energy of less than 1 eV when they arrive at
the substrate, the energy of at least some species in plasma-assisted PVD may
reach up to several 100 eV. Another important advantage of the plasma is that it may
form reactive species such as oxygen from a proper admixture of reactive gas. Thus

compound materials can be deposited even with properties far from equilibrium.

One of the most popular plasma-assisted processes which is nowadays widely used
in industrial fabrication of coated products is magnetron sputtering where by a
sophisticated magnetic field configuration at the sputtering target the discharge is
confined close to it. As a result, magnetron sputter sources can be operated with
moderate voltages and low pressure compared to other PVD processes. The high

plasma density at the target leads to high deposition rates and the process is in
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principle scaleable to large-area coating through an increase of the target size. Both

facts are highly demanded by most industrial applications.

1.2. Energy of species involved in film formation

Despite of the common application, the basic mechanisms affecting the film quality
are up to date still not well enough understood to optimise the deposition process in
modified environments. This may be the adjustment to a different process chamber
or production line or the change of the film material. The reason is the variety of
species produced directly (e.g. ions) or indirectly (e.g. sputtered atoms) by the
plasma which all can have their own contribution to the film formation via their current
density and energy. The substrate or film is subject to fluxes of neutral species that
either originate from the working gas and have a thermal energy of 0.03 eV or are
sputtered from the target. The latter have typical energies of up to several 10 eV but
may be significantly cooled down on their way to the substrate. It is further
speculated that ions bombarding the target could be reflected and reach the
substrate as very high energetic neutrals. Obviously, the substrate is also subject to
currents of charged particle due to its contact with the plasma. Electrons have typical
energies of several eV. In many cases, it is desired to take advantage of positive
ions, e.g. from the working gas in which the discharge is operated, which are
extracted with a defined energy by a negative voltage at the substrate. lon energies
then range between several eV up to several 100 eV. To add to the complexity, in
reactive sputtering for the formation of compound materials negative ions,
supposedly with high energies (~ 100 eV), are asumed to play a role and dissociation
products are added either in the form of neutrals or ions. The plasma further delivers
radiation (~ 10 eV) to the substrate. In consequence, up to date, magnetron
deposition processes are still optimised with trial-and-error experiments. To take the
faster way to adjust single physical quantities to tailor the process, there is still need
of knowledge which species are the important ones and how they can be controlled

by technological parameters.
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1.3. Pulsed magnetron sputtering processes

Since the end of the last century, pulsed magnetron sputtering with frequencies of
about 100 kHz in different modifications has been rapidly introduced in industrial
production processes of thin films. The reason is that during the conventional
deposition of dielectric thin films with d.c. discharges, insulating layers that form on
the target accumulate charges on their surface which leads to arcing and process
instabilities that drastically impair the film quality. By pulsing the discharge with an
appropriate frequency the charges can be neutralised and the process is stabilised.

Shown by many examples, the quality of the dielectric films is thus greatly enhanced.

Apart from this quite well understood motivation for the application of pulsed
discharges, only little has been known about the consequences on the properties of
the plasma and how this may influence the film growth further. This lack of
knowledge has been the motivation for the research work presented in this thesis.
Through pulsing the discharge, the target voltage and discharge power will be highly
modulated. Because the discharge is driven by these parameters and it has to be
expected that the potentials associated with the plasma, i.e. the plasma and floating
potential, will be modulated as well. Therefore, changes in the energy of the charged
particles can be supposed when they travel through the sheaths in front of the
electrodes. This will be important for the discharge when energetic particles, e.g.
electrons, are injected into it as well as for the substrate or films through electrons or
ilons extracted out of the plasma. The latter is especially important because elevated
energies of the arriving particles may e.g. enhance the mobility on the surface or lead
to the densification of the film. On the other hand and depending on the film material,
high energetic bombardment may cause damage in the film. It is hence important to
know the energies of the arriving species and how they can be controlled. Of interest
in this respect is not only the average energy but also the energy at any moment
because even short "pulses” of energetic bombardment could be damaging. The film
growth will, however, also be determined by the total energy influx, i.e. by the product
of the energies of the particles and their current which is given by their density. The
latter is supposed to be modulated as well following the modulated power applied to
the discharge. To optimise the deposition process, the development of the density

therefore has to be known as well. These additional dynamics make a detailed
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understanding of the deposition process even more difficult than described above for
d.c. magnetron sputtering. They may also take effect on the time-averaged quantities
that are important for the mechanisms of the film growth.

1.4. Objective of the work

In fact, prior to this work, very first results from Langmuir and thermal probe
investigations were published that the average charge carrier density or electron
temperature was altered by pulsing the discharge compared to the d.c. case. First
investigations of the ion energies at the substrates further indicated that higher ion
energies appear in pulsed discharges. The results were, however, hard to compare
because of very different operating conditions. They were therefore not suited for a
generalisation with respect to mechanisms dominating the pulsed magnetron

discharged and make up differences to d.c. operation.

Moreover, to recognise the mechanisms behind a change of the time-averaged
values, the physics at each moment of one pulse have to be investigated. Hence
time-resolved measurements of physical quantities such as density and energy or
potential on the sub-pulse time-scale are imperative to understand the discharge
behaviour even on the time-averaged scale. Considering typical frequencies for such
discharges of 100 kHz, plasma diagnostics were required with a time-resolution of 1
us or better. One objective of the thesis was to develop such diagnostic methods
based on the time-averaged techniques which were approved within the group. As a
further challenge, the diagnostics had to be optimised for conditions where
contamination due to the deposition process is unavoidable. Double probes and
emissive probes as well as optical emission spectroscopy are primarily dealt with in
this thesis. Time-averaged investigations with an energy-dispersive mass
spectrometer assist the time-resolved measurements. From the combined results of
these methods, common properties and qualitative models of pulsed magnetron
discharges shall be derived which are transferable to similar systems. These
properties are investigated in dependence on externally accessible parameters —
such as pressure or environment geometry — to introduce the possibility to control or

optimise pulsed magnetron discharges by technologically easily accessible variables.
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Bascis of magnetron sputtering

2. Basics of magnetron sputtering

2.1. Sputtering of solids

The process of liberating atoms or molecules from a solid (target) surafce into the
gas phase by heavy particle bombardment with high energies of at least several 10
eV is called sputtering. Practically, it is frequently performed with ions from either an
ion beam source or an adjacent plasma because ions can be easily acceleated to the
required energy. Sputtering occurs mainly in two main regimes. At high incident
energies (and high ion masses), the energy in the target is distributed in a thermal
spike, where the atoms in the volume around the atom which is hit by the incident ion
are set in motion by the collision. In many practical cases such as magnetron
sputtering, the energy of the incident ion is much lower than 1 keV and sputtering is
dominated by a collision cascade which develops below the target surface. In this
case, the primary ion or a recoil target atom produced by it collides with another
single target atom which is at rest before. The cascade develops until the initial
energy is distributed within the cascade so that the primary ion and every recoil do
not have sufficient energy above the displacement energy to set another recoil atom
in motion. Within the collision cascade, the initial direction of the movement is altered
so that finally, some recoils at the target surface have a velocity component away
from the target and can leave it if the corresponding energy exceeds the surface

binding energy.

Particularly important for magnetron sputtering are two quantities in. One is the
sputtering yield Y which is the number of ejected atoms per incident ion. The second
is the energy with which the atoms leave the target characterised by the energy
distribution function ®(E). Based on Sigmund’'s early theory of sputtering in the
isotropic cascade regime under normal ion incidence on a polycrystalline

monoatomic target leading to [1]
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0.042 (1)

Y(Ei): KSn(Ei)

S
(Ei — energy of the incident ion, Us — surface binding energy, S, — nuclear stopping
cross section, k - energy independent function of the ratio of M;, the mass of the
incident ion, and M, the mass of the target atom; the numerical factor being in A™),
Yamamura and Tawara [2] have extended it to lower incident energy and to high
energy sputtering of light ions. From comparison to many experimental data they

have derived a semi-empirical formula for the sputtering yield

_ Wz(zz)‘(*' Sn(Ei) _ |En '
Y(E)=0042 Us |, 1+(M, 17)° (1 Eij' (2)

Wl(ZZ)' ke§0-3

Within this, W1(Z,), W2(Z,), and & are dimensionless best-fit values, the threshold

sputtering energy, Ew, has also been obtained as a fitting parameter to be

51y, M, > M,

£ - r (3)

1+5.7(M,/M,)
r

M, <M,

with the energy transfer factor for elastic collisions

MM,

N=4———.
(M, +M, )’

(4)

The terms ke and x* are also only dependent on the atomic number and mass of the

incident projectile and the target atom:

(Ml + M2)3/2 212/3221/2

k., =0.079 Ml3/2M21/2 (212,3 . ZZZ,3)3/4 (5)
0.249(M, /M, )**® +0.0035(M, / M, }*° M, <M,

K = . (6)
0.0875(M, /M, )** +0.165(M, / M, ) M, >M,

Sy, is the nuclear stopping cross section®

7.7, My ey

S,(E,)=84.78 — S
(le/s + ZZ2/3 M, +M,

(7)

which is expressed in terms of the reduced stopping power

! Note, that the numerical value has been corrected by a factor of 10 compared to the original

publication.
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§.(2)= 3.4413 In(g +2.718)
” 1+6.3551/% + £(6.882+/2 —1.708) (8)

and the reduced energy
0.03255 M,
2,2,(22° +2,2° " M+ M, (9)

The values of M are in atomic mass units, the energies E;, Ey, and Us in electron

€= .

volts, the stopping cross section is in eV-A/atom. Equations (2 ) to (9 ) demonstrate
that the sputtering yield is primarily dependent on the mass of target atoms and
incident ions and of the energy of the ions, typical calculated energy dependences
are shown in Figure 1 for materials which are used within this thesis. The formalism
does not account for different incident angles of the ions which typically result in
maximum sputtering yield for about 70° incidence. Such angles are, however, not
relevant for magnetron sputtering because the ions are accelerated from the plasma

through a very thin sheath of about 1 mm in front of the target.

Although equations (2) to (9) have been derived for monoelemental solids, they
are also frequently applied to approximate the sputtering yield of alloys and
compounds. For alloys, the surface composition is modified by preferential sputtering
of different components. Once the surface has reached its stationary new
composition, the sputtering yields correspond to the bulk composition of the material
and the yield for each component is calculated as if it formed a monoatomic target
[3]. Compound materials such as oxides investigated in this work, in most cases have
a higher heat of sublimation so that Us is increased and as a rule of thumb according
to equation ( 2 ) the sputtering yield of oxides (or nitrides) is much lower than for the
pure metal (cf. Figure 1). If Us for the compound is known, the sputtering yield can be
estimated taking Wi(Z;) = 0.35:Us, W>(Z2) =1, and p=2.5 as Yamamura and
Tawara [2] suggest for untabulated mono-atomic solids. Experimental data of the
surface binding energy of the compounds materials are scarce. Malherbe et. al.
emphasise they can be estimated from the pure metal properties taking the different
bonding strengths of metal-metal, metal-oxygen, and the oxygen-oxygen bonds into
account and that the resulting Us is different for the metal and oxygen atoms of the
compound material [4]. They calculated Us for many common metal oxides including

those that have been used in this work according to the equations

13
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X y 1 2
Us,o:X+yD(M_O)+X+yD(O_O)+E(XM_Xo) (10)
for the oxygen atoms and
1
Usm :Hs*‘E(XM_Xo)2 (11)

for the metal atoms, where Hs is the heat of sublimation of the pure metal, D(M-O)
and D(O-O) are the strength of the metal oxygen and oxygen-oxygen bond,
respectively, and ym and yo are the electronegativities of the metal and oxygen,
respectively, for a MOy material. Data of materials related to this work and taken to

calculate the yield values of Figure 1 are summarised in Table 1.

Material Us W, W, p Y (300 eV) Yisee
[eV] [eV] [atoms/ion] | [electr./ion]
C 7.42 [5] 1.7 [2] 1.84 [2] 2.5[2] 0.21 0.187 [6]*
Mg 1.52 [5] 1 0.532 2.5 1.8 0.136 [7]
MgO M: 4.11 [4] 1 M: 1.44 2.5 M: 0.21 0.409 [8]
0: 7.24 [4] 0O: 2.53 0: 0.08
Ti 4.90 [5] 0.54 [2] 2.57 [2] 2.5[2] 0.3 0.114 [7]
TiO, M: 7.27 [4] 1 M: 2.54 2.5 M: 0.06 0.078 [8]
0O: 6.68 [4] 0: 2.38 0:0.14
Zn 1.35[5] 1 0.473 2.5 4.1 n.a.
Zn0O M: 3.04 [4] 1 M: 1.06 2.5 M: 0.3 0.051 ...
0:5.70 [4] 0: 2.00 0: 0.19 0.076 [9] **
Al 3.42 [5] 1[2] 1.84 [2] 2.5[2] 1.1 0.091 [7]
Al,O4 M: 5.45 [4] 1 M: 1.91 2.5 M: 0.14 0.198 [8]
0: 7.01 [4] 0: 2.45 0:0.14
Fe 4.28 [2] 0.75[2] 1.20[2] 2.5[2] 0.6 n.a.

Table 1: values of the surface binding energy Us, the Yamamura parameters W,, W,, and p used to
calculate the sputter yield at 300 eV Ar’ ion incidence, and the ion induced secondary electron
emission coefficient (yiseg) of some materials related to this work. The Yamamura parameters which
are given without reference have been selected according to the suggestion in [2]. yisee taken from
Depla et al. [7, 8] were measured in the ion energy range 260 - 392 eV except for MgO (156 eV).

* The high yisee for carbon is rather questionable because in the same reference a value for 300 eV of
0.502 for copper is given, which is much higher than 0.082 as obtained by Depla et al. [7].

** visee for ZnO:Al were measured with 200 eV Ar* onto films of different thickness of 180 - 600 nm.

Further complications may arise from the roughness of the target or channelling in
single crystal targets which will not be discussed here because roughness effects will
probably dominated by the overall inhomogeneity of the sputter rate in magnetron
sputtering due to the inhomogeneous ion bombardment and mono-crystalline targets

are hardly used.
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Figure 1: Energy depen-
dent sputter yield of some

= materials that are relevant to
o _ this work. The yield values
@ Ti have been calculated based
E 1 ¢ on the data in table 1 or from
= ] Fe || Yamamura and Tawara [2]. 2
= ;"r? Yields for the composites
3 Al have been calculated for the
>; Tio metal and oxygen separately
7] 2| | assuming an average mass
5 0'1'; MJO| | for the target but different
c% i?g surface binding energies and
T 273 | were subsequently summed.
o Scarce experimental data for
= the composite  materials
0.01 4 T T T T T T T T T T T (A|203 from [10], TiO, from
0 100 200 300 400 500 600 [11], and microcrystalline
) MgO films from [12]) have

Incident Ar* Energy [eV] begen included as VE/eII].)

Thompson has calculated the energy distribution of the atoms ejected from the target
for the cascade regime under normal ion incidence. He obtained for the flux of

sputtered atoms @ in dependence on their energy E and their ejection angle ¢ [13]

1—,/iU —EiFE
®(E,p)-dE-dQ =C-coso- s —E) L.dE-dQ .

E?(1+ U, /E)

(12)

It shows that the angular distribution of the sputtered flux is cosine-like. Depending
on the surface morphology and the deviation from the linear cascade, it may deviate
from the cosine distribution, which is often described by a rational power law of the
cosine function. The constant C depends on the combination of incident ions and the
target material, mainly on its atomic density, mass, and the interatomic potential, and
the ion influx [13]. Integrating ( 12 ) over the emission angle and energy, the total
sputter flux is obtained and can be compared to ( 2 ) once the ion flux is known. For
the investigation of the sputter energy distribution it is therefore often sufficient to
consider only normal ejection in ( 12)

@(E):C.l—J(US—Ej/FEi

E’(L+ U, /E) (13)

2 Note that all figures within this work — except Figure 1, 2, and 17 which have been calculated
according to the given formulae or reference — contain own experimental results and reference to
published papers from the author is given were applicable.
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and normalise it in an appropriate way, e.g. the energy integral to be one. This is
shown in Figure 2 for a surface binding energy of 7.4 eV (carbon) and for different
argon ion energies of 300, 500, and 900 eV.

0.054 )
0.008 Figure 2: Calculated
theoretical energy
0.04 4 distribution  of  sputtered
carbon atoms for different
i~y argon ion energies at normal
E 0.03+ incidence
- 60 70 80
W 0.021 300 eV
S —— 600 eV
0.014 —900eV]
simple
0.00 : . : . : . :
0 20 40 60 80
Sputtered Atom Energy [eV]

The distributions all have the same form and are only very weakly dependent on the
energy of the incident ion energy through the root in Equation (13 ). All exhibit a
maximum at an energy of Us/2 which is slightly decreasing in intensity with increasing
ion energy. At the same time, shown in the inset in Figure 2, the high-energy talil
slightly increases with increasing ion energy. Consequently, the average sputtered
atom energy will slightly increase with the ion energy. The weak dependence on the
ion energies has lead to the use of a more simplified formula which is completely

independent of the ion energy and can be found in many textbooks

, E
(D(E):C'(Edr—usf' (14)
with C’ = 2Us for a normalisation of the distribution to one. It is given in Figure 2 as
the black curve. Clearly, it slightly deviates from the more exact description but
reproduces the maximum at Us/2 and the overall shape well. It best approximates the
high ion energy limit above 1 keV which is, however, barely applied in magnetron

sputtering.
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2.2. Low pressure gas discharges

When a sufficiently high voltage is applied between two electrodes in a gas under low
pressure, a gas discharge is ignited and the gas is transformed into the state of a
plasma. Within the plasma, only a weak electric field is present resulting in a constant
drift of electrons to the anode and positive ions to the cathode. From outside,
although consisting of free charges, the plasma as a macroscopic object is neutral.

This phenomenon is commonly called quasi-neutrality
ne+zz—nz—=zz+nz+ (15)

(ne — electron density, n,. and n;. - density of the negative and positive ions,
respectively, z — charge number). Macroscopic deviations from equation (15) by
space charges otherwise were generating high electric fields which would prevent
charges of opposite sign to leave the plasma volume. In technological discharges
such as magnetron sputtering, equation ( 15) is often simplified for practical reasons
assuming that the majority of the ions is singly positive charged (e.g. Ar’) so that

guasi-neutrality means
n,=n.=n. (16)

e 1

Because of their low mass electrons are able to gain more energy per time from the
electric field between two collisions with the background gas than the heavy ions. On
the other hand, the energy exchange of the electrons in elastics collision with the
background gas is very weak due to the mass difference and low I'" (Equation ( 4))
between the colliding particles. As the result, in low-pressure plasmas the mean
electron energy is typically orders of magnitude higher than that of the ions and of the
neutral atoms or molecules. Assuming that collisions between the electrons are very
frequent and they form — at least roughly — a Maxwellian velocity distribution, this fact

Is often expressed in terms of temperatures
T, ~50000K >> T, > T, ~500K . (17)
The important consequence from this different heating by the applied electric field is

that most processes within the discharge are governed by the high energetic

electrons.

Deviations from the prerequisite of quasi-neutrality are possible on the microscopic

scale, both on short distances and for short times. The times for which a deviation
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can occur can be calculated by an electron cloud oscillating around a positive ion.

The frequency of the oscillation is obtained to be

en,
Oy = |2 (18)
8Orne

the so-called (electron) plasma frequency. It determines the time scale
1/fpe = 2n/ope ON Which electrons are able to react on an external change. In some
cases such as the formation of a stable sheath, it is also important how fast ions may
compensate a sudden change, e.g. the electrode potential. This is determined by the
lower ion plasma frequency which is obtained by substituting the electron quantities
in equation ( 26 ) by their ionic counterpart:

e’n,.
(’Opl,i = anpl,i = I\/(ll) ( 19 )
€olVl;

Given equation (16 ) oy, is - due to a factor of 73000 higher mass (argon) - by a
factor of 270 lower than wpe. lons therefore respond more than 2 orders of

magnitude slower than electrons.

There may also be a spatial violation of the quasi-neutrality because of the finite
density of the charge carriers and their ability to electrically shield a perturbation due
to their thermal motion. A negative object brought into the plasma will repel electrons
from its vicinity thereby leaving a positive space charge around it, which shields its
negative charge against the plasma. This can be solved for a negatively charged

infinite sheet with the one-dimensional Poisson’s equation

n;-n,) (20)

and yields for the potential distribution in front of it

V(x) = V(O)-exp{— %} (21)

D
where x is the distance from the sheet, V(0) its potential, and the potential at infinity is

setto zero.In (21)

Mo = : (22)

has been introduced which is the (electronic) Debye shielding length. For a point

source rather than a sheet is gives the distance at which its potential is decreased by
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1/e against the unshielded Coulomb potential. At ksTe = 5 eV and n = 10*° cm™,

Ap = 170 um is obtained.

Any electrode in contact with the plasma which is fixed in its potential implies a
perturbation to the plasma similar to the sheet considered above because of the
potential difference. Most important in this respect are strongly negative electrodes in
front of which a sheath is formed. The potential drops from that of the plasma, Vp, to

that of the electrode within this thin layer where quasi-neutrality is strongly violated.

The simplest model of such a high-voltage sheath is the matrix sheath. Within it, the
(positive) ion density is uniform and the electron density drops exponentially to the

electrode according to Boltzmann’s law. The sheath thickness sy is then calculated to

2eU
sM:kD/kTM, (23)
B'e

where Uy is the voltage drop between the sheath edge and the electrode. Because

the ion attraction to the electrode is not considered for the matrix sheath setting their
density constant, this sheath model is suited for very rapid changes of the electrode

potential to negative values.

In the stationary state, the movement of the ions to the electrode and their density
decrease has to be considered as well. The electrons are assumed to contribute no
current through the sheath and the ions from the plasma enter the sheath edge with
negligible energy compared the voltage drop Uc.. The stationary sheath which
develops is then the space-charge limited Child-Langmuir sheath, the thickness sc.
of which is given by
3/4

The assumption of ions starting from the sheath edge with zero velocity leads to the
problem that for the Child-Langmuir law an infinite ion density at the sheath edge is
obtained. Further, currents measured at the cathode are higher than the Child-
Langmuir law predicts. Bohm found that sheath is preceded by a typically much wider
region of a small potential drop [14]. This pre-sheath can be described as being
guasi-neutral but exhibiting a potential drop of kgTe/2e. The ions then enter the actual

sheath with an initial Bohm velocity vg
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Vg = =, (25)

known as the Bohm sheath criterion that determines the current through the sheath.

To ignite a self-sustained discharge, the losses of charge carriers to the electrodes
must be compensated by the generation of new charges. The balance is made for
electrons which are generated by secondary electron emission from the cathode and
volume ionisation by electron impact. The result is the breakdown condition
y(exp[ad]-1)=1, (26)
where a is the gas, pressure, and electric field dependent 1% Townsend coefficient
(volume ionisation coefficient) and vy is the 2" Townsend coefficient (secondary
electron emission coefficient). For the conditions of breakdown, o can be set
constant in space because there is no change in the field along d and hence
equation (26) has a very simple form. The pressure, p, and electric field, E,

dependence of a can be expressed as [15]
az,&p-exp[—%} (27)

where Aand B are constants for a given gas in a wide range of p and E, with B
being proportional to the ionisation limit, and E may be expressed as U/d. Combining
equations ( 26 ) and ( 27 ) leads to the "Paschen curve”
3 Bpd

~ In(Apd)-In[In(L+1/7y)]
for the breakdown voltage Uy, at a certain p-d. A minimum Uy, is required for optimum

(28)

U,

breakdown conditions, e.g. 265 V for argon at p-d = 200 Pa-cm with a Fe cathode

[16]. A deviation in p-d necessitates higher voltages.

A stationary discharge is based on the same processes and similar dependences.
The difference is that in a stationary discharge the charge balance is governed only
by the cathode region because in the cathode sheath the y electrons gain their full
energy which they stepwise transfer to ionisations in the region adjacent to the
sheath. The rest of the stationary discharge volume is a positive column — strictly
speaking the plasma — or an extended negative glow region as for most sputtering
discharges. The calculation for the sheath is more complicated than for the
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breakdown because a is not constant due to a variation of the E field in the sheath.
However, a similar result as the Paschen curve is obtained when the sheath voltage
is plotted vs. the current density j: a voltage minimum that separates the normal glow
(at low j) from the abnormal glow (to high j) in which magnetrons are operated [15].
The quantity determining the volume ionisation in a stationary discharge, is the

lonising collision frequency of the electron fi; which is similar to o [15]

f, =C.p~exp{—kE—‘_i_} (29)
B e

in its dependence but the arguments of the exponential function have changed: the
nominator is the actual ionisation energy and the electron temperature has to be
used in the denominator because the majority of the ionisation occurs in the region

outside the sheath with a weak field.

2.3. Magnetron Sputtering

Besides ion beams, a versatile method to sputter a target is to bring it in contact with
a gas discharge and use it as its cathode as long as the target material itself is
conducting enough to carry the discharge current. The sputtering process in this case
is rather inefficient and necessitates high voltages in the kilovolt range and high
pressure above 4 Pa to achieve acceptable deposition rates. The latter leads to
thermalisation and scattering of the sputtered flux that is often not beneficial for the
desired film growth. The high voltage further tends to arcing events making the
process unstable and causing impurities in the films. These disadvantages are
overcome by magnetron sputtering sources through a special magnetic field
configuration which confines the plasma close to the target thus increasing the ion
current to it and the sputter and deposition rate.

The first such configuration was introduced by Penning [17] back in 1939 when he
reported about the disintegration of a rod-like cathode in a glow discharge and the
strong enhancement of this sputtering by the application of a magnetic field that
confines the discharge close to the cathode. To obtain a significant enhancement
Penning noticed that the electric and magnetic field should be tilted against each

other with an optimum for an angle of 90°, i.e. perpendicular fields. This basic
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geometry was occasionally used with different modifications for thin film deposition
during the middle of the last century in the form of cylindrical or post magnetrons [18].
In principle, a cylindrical cathode is sputtered and a magnetic field is applied parallel
to its axis forcing electrons on a gyration motion parallel to the surface and the axis.
Through the E x B drift a further circular electron current is obtained. Plates at both
ends of the cathode on which the magnetic field lines terminate prevent the electrons
from escaping to ensure the high plasma density along the cathode. Such post
magnetrons are specially suited to deposit in cylindrical geometries like the inner

walls of tubes why they are eventually still in use.

It took almost 40 years until Penning’s concept was broadly introduced into
deposition technology. The breakthrough was the invention of the planar magnetron
by Chapin in 1973 [19, 20]. Its basic idea is the placement of permanent magnets
with different poles behind the planar sputtering target which create an arch-shaped
magnetic field in front of the cathode. Field lines to which the electron movement is
bound thus terminate on the negative electrode on both ends just like at the end
plates of the post magnetron. Therefore, an effective confinement of the electrons
above the cathode between the magnetic poles is obtained. The curved nature of the
magnetic field at least partially provides a component perpendicular to the electric
field which itself is perpendicular to the planar cathode. Thus, an E x B drift current is
obtained which further promotes the ionisation in the region where this current flows.
It is most intense at positions on top of the arch shape where the magnetic field is
parallel to the target surface, i.e. roughly between the poles of the permanent

magnets.

The requirement of a performing magnetron is that this drift current forms a closed
loop to prevent electron loss. Magnetrons therefore generally exhibit a torus of high
electron density which is visible through radiation emission following electron-impact.
The electron confinement in a magnetron if there were no collisions is consequently
given by a complex overlap of the gyration along the arch-shaped magnetic field with
reflection at the negatively target and the drift parallel to it. It should be noted that the
E x B drift is the most illustrative drift but is typically assisted by other drifts such as
gradient and curvature drift. Given the requirement of a closed loop, planar target

shapes may be manifold, the most prominent and technologically appropriate are
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circular or rectangular targets [20]. Modern magnetrons consist of a central magnet
and — separated through a gap — an outer magnet of opposite polarity surrounding it.

In this work, mostly circular planar magnetrons of such a configuration were used.

Through the high ionisation in front of the cathode magnetrons are able to provide a
high erosion/deposition rate and a rather low operating voltage. Especially the
rectangular configuration further enables a principal scalability and large-area
deposition when the aspect ratio of the rectangle side is chosen large (in industrial

use, target lengths of almost 4 m are applied [21]).

Typically, the magnetic flux directly at the target surface of a magnetron is up to few
100 mT, up to about 50 mT in the torus region where the field lines are parallel to the
surface, and decreases to few mT in the substrate region away from the target. In
this work, different magnetrons with 30 ... 100 mT at the target and 10 ... 20 mT in
the torus were investigated. An example of a cross section for one of the circular
planar magnetrons (diameter 100 mm) is given in Figure 3. Taking a representative
value of 10 mT and an electron with an energy of 5 eV, a gyration radius r. around
the magnetic field lines of 0.85 mm is obtained. For the same magnetic field, an
argon ion with a typical energy of 0.05 eV has r. = 4 cm. Given the dimensions of the
torus which is 1-3 cm above the target, the electrons are thus strongly magnetised
while the ions can be considered as being unmagnetised. Consequently, the ion flux
at the target is approximately a summed projection of the plasma density distribution
onto the target; most ions impinge on the target at radial positions where the
magnetic field above is parallel to the surface, i.e. between the plasma torus.
Thereby the target is predominantly sputtered in this small zone often referred to as
the "race track”. This is also the most significant drawback of any planar magnetron

since it dramatically reduces the target utilisation and increases production costs.

Much work has been done to improve this target utilisation, e.g. by moving magnet
systems or specially shaped targets because target material costs can be a major
factor in industrial production (e.g. currently the costs for indium in transparent-
conductive tin doped indium oxide production). A recent approach to overcome the
problem is to use cylindrical targets with a suited magnet assembly inside the
cylinder tube which has been suggested first by McKelvey [22]. The assembly
consists of a central magnetic stripe and two outer stripes of opposite polarity
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allowing for the required dome-shape magnetic field in front of the cathode surface.
To achieve a closed-loop drift current, the outer magnets have to be closed by curved
end pieces that surround the inner magnet stripe. The important advantage of the
tube-shaped target is that it can be rotated along its longitudinal axis thereby
permanently moving different areas of the target surface in the zone of most intense
sputtering between the magnetic poles. Thus, a homogeneous erosion of the target
is obtained, i.e. almost complete target material utilisation. The tube can be of lengths
comparable to the length of rectangular planar magnetrons so that large area
deposition is possible with both types. The advantage of the homogeneous erosion
Is, however, counteracted by a difficult handling of the rotating cathodes and for

some materials expensive production of the tubular target.
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Figure 3: Measured B field distribution for one of the investigated magnetron sources (Mg target).
The direction is given by the normalised arrows and the field strength by the colour scale. The three
regions which are often referred to in the text are marked. Note that all magnetrons had a similar field
distribution but the z value of the magnetic null varied slightly.

Since the introduction of planar magnetrons, many modifications have been made to
improve their properties or to adjust them to particular requirements of thin film
deposition. The most important such is probably the “unbalanced magnetron®.
Originally, the application of the special magnetic field had — besides the high sputter
rate — the advantage of keeping the discharge away from the substrate through the
strong concentration at the target. The substrates typically do not act as the

discharge anode (as real anode, separate electrodes close to the target were added)
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and therefore did not draw a large electron current heating them up. Simultaneously,
this prevents a significant film modification through ion bombardment controlled by a
negative bias voltage at the substrate. This separation of the substrate from the
discharge is obtained with "balanced magnetrons” where the inner and outer magnet
deliver the same magnetic field and consequently all magnetic field lines that
originate from the target surface also terminate on it. Window and Savvides [23] later
found that the plasma distribution and substrate ion current can be significantly
altered by strengthening one magnet compared the other and characterised this as
"unbalanced magnetron“. They classified two types depending on which magnet is
the dominating one; their type Il with a dominant outer magnet being the important
one for ion substrate current enhancement for film deposition. In this case, some
magnetic field lines originating from the outer magnet extend to the substrate region
and do not terminate on the target but on the backside of the magnetron. This can
also be seen in Figure 3. Electrons are thus partly directed to the substrate and
lonise the working gas in the substrate region. Window and Savvides report about an
enhancement of the substrate ion current density to 10 mA/cm? for the type Il

unbalanced magnetron compared to 0.2 mA/cm? for a rather balanced one [23].

For such an unbalanced magnetron, three main regions may be defined which are
designated in Figure 3. The first is the magnetric trap which forms the plasma torus
due to the electron confinement described above. The second is the region where
the field lines from the outer magnet which do not terminate on the target converge to
the centre of the discharge — this is referred to as the "plasma bulk”. In the centre and
close to the target, the magnetic field is oriented as given by the inner magnet.
Moving into the region of the plasma bulk, it changes the direction (see Figure 2) into
that for the outer magnet. The point of the sign change is designated the "magnetic

null” of the magnetron as the field is zero at this position.

Gencoa Ltd. has established a method to simply quantify the degree of unbalance of
a planar magnetron by a single number [24]. They use a factor g defined as
2(B, =0)
g=—7"—"—" 30
W1/2 ( )
with z(B; = 0) is the distance of the magnetic null from the target surface and wy; is

half the distance between the centre and the outer magnet (typically half the width of
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the target, i.e. the target radius for a circular planar magnetron). Magnetrons are
classified into 6 groups ranging from extremely balanced for g > 2 to extremely
unbalanced for g < 1 in steps of Ag = 0.25. For the magnetron shown in Figure 3,
z(B,=0)= 35 mm and r = 50 mm is obtained yielding g = 0.7. It is therefore an
extremely unbalanced source. The factor g of the other planar magnetrons used in
this work ranged from 0.7 to 1.0. That is to say, all planar magnetrons investigated

were of strongly unbalanced nature.

2.4. Pulsed Magnetrons

A major principal advantage of magnetron sputtering is the possibility to deposit
compound materials without a compound target which is often very expensive or the
compound is even not available as bulk material. Rather, a metal target is sputtered
and reactive gases (O, Ny, ...) are added to the (noble) gas carrying the discharge.
These are dissociated in the discharge and reactive components are incorporated
into the growing film forming oxides, nitrides, etc. The challenge in such reactive
sputtering is often that the film material is dielectric (e.g. many transparent oxides)
and DC magnetron sputtering tends to get instable because also the anode and
especially the target itself gets covered with an insulating layer. In consequence, due
to the negative polarity of the target, positive charges are accumulated on the surface
of these layers and produce a high electric field across the layer eventually leading to
breakdown. Associated arcs and extreme local heating lead to the emission of
particles typically some um in size (droplets, macro particles) which are incorporated

into the film on the substrate impairing its quality.

It is possible to prevent arcing through a periodical interruption of the negative d.c.
voltage at the target which is called pulsed (d.c.) magnetron sputtering [25]. During
the interruption referred to as the ‘off’ time and due to the higher thermal current
density of the electrons compared that of to the heavy and cold ions, the surface of
the insulating layer is then subject to a net negative flux and the accumulated positive
charge is by and by neutralised. If the pulse parameters are properly chosen,
electrical breakdown and droplet emission are prevented, the deposited films become

free of such impurities and have a denser structure, are smoother and — in the case
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of optical fiims — much more transparent. This has been shown in several
publications (e.g. [25, 26, 27]). Some typical target potential waveforms for pulsed
magnetron sputtering are shown in Figure 4, schematically and with the appropriate
physical quantities in the upper part and for a practical magnetron used in this work in

the lower part.

A pulsed discharge is characterised by its pulse parameters that are given in the
schematic rectangular waveform in Figure 4. During the ‘on’ time, to,, the negative
sputter potential is applied. The duration of the interrupt is given by the ‘off’ time, tos.
Both together define the pulse duration (T) or its inverse, the pulse frequency (f). It is
convenient to either simply switch ‘off and keep the target at ground potential
(unipolar mode), or to apply a small positive potential (asymmetric bipolar mode) to
the target during the ‘off time. In the latter case, this phase is also equivalently
termed "reverse” time, tey. The ratio of ton and T is defined as the duty cycle n of the

discharge:

n=—-"3—="=f.7 =1-f -14. (31)

] Figure 4: Typical target
Oq-rreermeeeees ittt (R o - potential ~ waveforms in
pulsed magnetron sputtering:
top - idealised case for both
unipolar (dots) and
asymmetric  bipolar sput-
tering (line) and practical
example for asymmetric
bipolar sputtering (bottom).
Note: throughout this work
the term "target potential, V1"
will be used when the sign is
included but "target voltage
U;” for the absolute value
against ground.

Target Potential [V]

012 3 456 7 8 9 1011 12 13 | P> =100 W, =150 kHz,
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[

Time [us] cycle n = 0.6))

These times have to fulfil several requirements to stably and efficiently run a pulsed
magnetron discharge which depend on the properties of the material deposited and
the plasma:
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The ‘on’ time has to be short enough to prevent arc formation, i.e. the discharge
has to be switched ‘off’ before enough charge for a breakdown is accumulated.
This can be roughly estimated by considering the insulating layer on the target as

a capacitor with

_Q__A
C=y =8y (32)

(C- capacity, Q — layer surface charge, U — voltage across the layer being
approximately the target voltage, ¢ - relative permittivity, d — layer thickness, A —

layer surface). Rewriting this becomes for the surface charge density c becomes

) U
Ji-t:c:%:saogzsaoE (33)

(E — (constant) electrical field within the layer, | — (ion) current density onto the
surface). If the strong inhomogeneity of the plasma in the target region is
neglected, the average current density is estimated from the stationary target
current | and the target area A. For the circular planar magnetrons used in this
work, the diameter is 100 mm and the target current is of the order of 1 A which
yields an ion current density j of about 13 mA/cm?. Taking this, the critical time for

the electrical breakdown is obtained from

t=e¢,E/]j (34)
to be ~ 0.3 ms using the breakdown field Ey, for E (e.g. ~ 5 MV/cm and ¢ ~ 10 for
MgO [28]). Thus, to be safe, the ‘on’ time should be < 100 ps.

In contrast to that, the ‘on’ time has also to be long enough for the ions to cross
the sheath and gain their full energy. Otherwise, the sputter yield would
significantly drop making the deposition process less efficient. A simple estimation
of the time an argon ion needs to cross the sheath in the stationary state of the
‘on’ time may be derived from the current density given above for a typical voltage
of 500 V and neglecting any secondary electron emission. The Child-Langmuir
sheath law ( 24 ) then gives a sheath thickness of about 1 mm. Taking a simplified
linear potential drop within the sheath, an ion starting from rest at the sheath
boundary needs 40 ns to reach the surface. A similar value is obtained using the
fact that the reaction time of an ion is about the inverse ion frequency 1/fy;:

inserting j into the Bohm speed equation ( 25) and taking a representative kgTe
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for the stationary ‘on’ time of 5 eV, an ion density of 2:10* cm™ at the sheath
boundary is obtained. With equation ( 19 ) this yields 1/fy i = 100 ns. However, at
the beginning of the ‘on’ time, the density (and also the electron temperature) will
be much lower after their decay in the ‘off’ time. Allowing for about two orders of
magnitude in density decay, the time to cross the sheath as well as 1/fp,
increases by one order of magnitude. The minimum ‘on’ time should therefore be
chosen to keep above 1 ps. A similar result of 2-3 us has been published by
Schiller et al. [25] for a sinusoidal voltage where the effect of a finite rise time of
the voltage itself during the ‘on’ phase is also included.

e Finally, the ‘off time has to be long enough to allow a complete neutralisation of
the accumulated charge on the insulator surface by the electron thermal current
density. This duration is hard to estimate as it depends on many factors, not at
least the decay rate of the plasma. Taking this into account and assuming that the
maximum charge density at the layer surface has been reached at the end of the
‘on’ time, with the random thermal electron current density jime = NeVine/4 and

neglecting the T decay it's possible to write

Liin Linin 1
gg,E, =0, = Ij(t')dt' = VZ’S e I Neo -exp[—ﬂdt'. (35)
0 0

Integration of equation ( 35 ) then gives

t =—t-|n{1—m} (36)
Tevth,ene,o

This can be estimated using the initial electron density of 2-:10** cm™, the material
parameters given above, and a typical initial decay of the plasma with tgec ~ 1 ps
[29]. If for the electron temperature in vy e a reduced value of 3 eV is inserted to
account for the Te decay, t00°, tmin is equated to 1.2 ps. Thus, the ‘off’ time should
be chosen to be at least few ps for practical purposes. As shown in Figure 4 the
target potential is often set to slightly positive values to support the neutralisation

process.

Summarising these estimates (1 ps < ton < 100 ps, 1 ps < 1o), practical pulsed

magnetron discharges are operated in the frequency range between several kHz and

% The result is almost the same when an initial kT, of 5 eV and the same decay constant as for the
density is used.
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several 100 kHz with duty cycles between 0.1 and 0.9. As shown above, ions can
follow these frequencies and consequently do the electrons with their higher plasma
frequency. Such pulsed magnetron discharges thus work by switching the whole

discharge ‘on’ and ‘off’, at least in the simplest view.
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3. Fundamental properties of pulsed magnetron

discharges and qualified investigation methods

3.1. Introduction

The improvement of the properties of dielectric films by the process stabilisation due
to surface charge neutralisation at the target has early been shown for several
examples [25, 30, 31, 32]. However, it has emerged quickly, that pulsing the
discharge also affects the plasma in a way that alters the film properties even without
the necessity of arc prevention. A good example is given in [33] for titanium
deposition in argon. The conducting films show improved adhesion and surface
roughness when a pulsed magnetron is used instead of a d.c. magnetron for the
same average input power. The properties of the films also changed with the
frequency applied, especially by a different argon concentration in the films [33] and
the surface roughness [34], both increasing with the pulse frequency. The pulsing of
the magnetron discharge therefore has a profound — and as observed beneficial in
most cases — effect on the plasma properties adjacent to the substrate itself. The

reasons for this behaviour based on physical quantities have been only vague.

Only a few publications dealt with the phenomena at the beginning of this work.
Those were however not consistent to each other: Glocker [35] used a thermal probe
and recognised an increase in the energy flux at the substrate by more than 50 %
when using a pulsed discharge instead of d.c. with simultaneously lower deposition
rate. He correlated this with an increase in the average plasma density by a factor of
4 and of the electron temperature by 30 % for a pulsed discharge compared to d.c.
Similarly, Bradley et al. [36] found an increase in both quantities by up to 30 % while
both depended on the pulse frequency. A similar frequency dependence was
reported by Lee et al. [37] with only slight changes in the average density. Mahoney
et al. [38] found an increase in the average electron temperature with increased

frequency but no change in the average density. Bartzsch et al. [39] observed no
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significant change in either ion current density or thermal substrate load for unipolar
pulsing but a significant increase for the symmetric-bipolar mode of a dual
magnetron. The results are hard to compare with each other as different power
supplies and geometries were used. Another problem is that they were obtained with
the power supply either delivering a constant power for all plasma parameters [35,
36, 38, 39] or - different to that - a constant current [37] of the discharge sometimes
even for different pulse modes, which made them hardly comparable. Additionally,
most investigations were done on a time-averaged scale and do not give insight into
the physical mechanisms within each pulse. However, as shown in section 2,
electrons as well as ions in pulsed magnetron discharges may follow voltage
changes within one pulse and therefore the investigation of the plasma parameters

has to be performed on the same time-scale.

The very first such time-resolved measurements were reported by Mahoney et al.
[38] who used a planar Langmuir probe during pulsed aluminium sputtering. The
electron density and temperature were found to significantly vary during one pulse by
a factor of up to 3. Their average values increased with pulse frequency. Thermal
probes showing an increase in the thermal flux with pulse frequency backed the
results. Later, Bradley et al. [36, 40] used a commercial Hiden Langmuir probe
system and measured the plasma parameters temporally resolved. The found a peak
in the effective electron temperature at the beginning of the ‘on’ phase, under some
conditions even two peaks while the value was constant over the rest of the cycle.
The peaks were correlated to changes in the floating potential and the authors
attributed them to groups of electrons with different origin. The electron density in
their study rose slowly during the ‘on’ time within 4 ps and fell slowly during the ‘off’

time.

Both studies show that the plasma parameters during a pulse exhibit dynamics which
strongly dependent on the pulse parameters and the target voltage waveform. These
phenomena may have significant influence on technological deposition processes
that use pulsed magnetron as the thermal load measured by Glocker [35] shows.
They have been investigated in the frame of the present work with special emphasis
on charged particle densities and energies, potentials in the discharge, and ion

energies at the substrate for the case of an asymmetric-bipolar pulsed discharge
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unless otherwise stated. The magnetron system mostly used is schematically shown
in Figure 5, special configurations or other magnetrons will be mentioned in the text.
In this section, general features of such discharges shall be demonstrated and
methods to characterise them — particularly those variations that were developed
within the work — introduced. The international research over the last years has lead
to the emergence of a more common picture of the phenomena in pulsed magnetron
discharges to which the work presented in this thesis contributed. This is documented
in review articles, partly with the author of this thesis being co-author [41, 42, 43] to

which the reader is referred to for an even broader overview.

5 = Figure 5: Schematic
Holder Mounting Substrate Holder representation  of  the
(float. / grounded) 4 magnetron  configuration
mainly used within this
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3.2. Densities and energies of charged particles within the plasma

The state of the discharge is predominantly characterised by the density of the
charged particles and their energy in the region between the sheaths. lons are
generally rather cold (~ 500 K) and obtain their energy relevant for film deposition in
the sheath. They may be comprised of positive and negative ions. If present in a
significant amount, negative ions can violate the simple quasi-neutrality in that the
density of positive ions equals the density of electrons and negative ions instead of
electrons alone. In reactive sputtering for dielectrics, especially oxygen or oxygen
containing species may form negative ions. The measurement of their density is
rather difficult. Publications addressing their measurement in Ar/O, gas mixtures with

less O, than Ar indicate that it stays below 10% of the electron density during the ‘on’

33



Fundamental properties of pulsed magnetron discharges and qualified investigation methods

phase [44, 45]. They will therefore be neglected in this section and the simple quasi-
neutrality is used allowing to set the electron and positive ions density equal (“charge
carrier density”) for the investigations. A further quantity of importance is the electron

energy within the plasma as it is high compared to that of the ions.

3.2.1. The time-resolved (Langmuir) double probe

Electrical probes are still the most frequent method to determine electron or ion
densities and the electron energies in discharges. Although their first description by
Langmuir [46] dates back to 1923, their rather simple experimental setup and the
local information they provide are still a major advantage. The classical single probe
— simply expressed consisting of an electrode (wire) inserted into the plasma and
measuring the current for a ramp of voltages — under ideal conditions enables the
determination of electron and positive ion density, plasma and floating potential, and
the electron energy distribution function (EEDF). A double probe of two (identical)
small electrodes which was suggested by Johnson and Malter [47] has some
advantages when the conditions severely deviate from the ideal case. However, this
is obtained at the expense of the number of detectable quantities: with it the charge
carrier density (assuming n. = nj;) and to certain extend the electron temperature

(assuming at least nearly a Maxwellian distribution) can be accessed.

The advantages are based on the fact that the scanning probe voltage is applied
between the two probe electrodes and not to a reference potential that is needed by
the single probe. The complete probe system is isolated against ground. It is
therefore possible to measure even under conditions where the surrounding potential
that determines the current is itself fluctuating to certain extent as given in pulsed
magnetron discharges. A double probe can thus be used for time-averaged
measurements whereas this is questionable for single probes as ground (or any
fixed) potential is no suitable reference for the probe currents because of which the
results of [35], [37] and [39] have to be critically viewed. A double probe has further
advantages in magnetron deposition discharges that all relate to the fact that due to
the floating nature the negative electron current to one electrode has to be
compensated by the positive ion current to the other. The probe does not drain a net

current from the discharge and the maximum current is determined by the low ion
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saturation current. The measurement is therefore possible for higher density and less
susceptible to magnetic fields as the ion are less affected. The symmetrical shape of
the characteristics further enables detection of a falsification by deposited layers on
the probe.

Such a double probe system had been developed in the group where the work was
done and used to good effect in several conventional magnetron discharges [48, 49,
50, 51, 52], facing-target magnetrons [53], PECVD discharges [54], and plasma jets
[55]. To obtain the required time-resolution for the pulsed discharges, it was taken as
the basis and was modified as described in detail in [Al] and is sketched here only
briefly. Instead of acquiring the probe current through an internal resistor in the
adapting electronics that generate the voltage ramp, it was taken across a 1 kQ
resistor inserted in each probe line. The probe voltage is varied stepwise and the
probe current |, iS measured versus time with a fast digitising oscilloscope
(Tektronix, TDS 620B). The measurement is repeated and averaged over typically 20

cycles to smooth the signal enough for processing [A1l].

Thus a set of data l;an(t)ju is obtained for each probe voltage Uy which is shown in
Figure 6a for 5 selected probe voltages. As it turned out, the raw current exhibits a
significant interference background signal seen by the fact that in Figure 6a almost
no distinction between the ‘on’ and ‘off’ time is possible and the current in the ‘off’
time is partially higher than during ‘on’. A sufficient reduction of the background signal
proved to be impossible and therefore it advantage was taken of the floating nature
of the probe. This implies that the real current is zero when no voltage is applied
between the electrodes and both are at floating potential. Looking at the ‘on’ time in
Figure 6a, the current spread is symmetrical to the signal measured at U4 =0 V
indicating that the background is independent of the probe voltage. The signal
lraw(t)ju=0 has therefore been taken as the background and been subtracted from all
other current signals. The result from the data of Figure 6a is shown in Figure 6b
proving a symmetrical behaviour (against Uy) and an expected decrease of the
corrected current leo(t)u during the ‘off phase. The data matrix leo(t)u is then
transposed into l.o(U): and delivers a set double probe characteristics, each for a
certain time within the pulse as shown in Figure 6c. The shape of the characteristics
is reliable within the ‘on’ time and the beginning of the ‘off’ time. As shown for trace II
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in Figure 6c¢, at the end of the ‘off’ time the characteristics become distorted and are

not symmetrical due to the subtraction of same order noisy current values.
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For each time step, the characteristics can be analysed using standard procedures
for the double probe [48] based on the theory of Johnson and Malter [47], and
Yamamoto and Okuda [56]. Klagge and Tichy [57] derived a formula for the

calculation of the electron temperature in the collisionless case
Ii,fI

B'e
| sal

from the slopes of the characteristics in the centre (dlg/dUg)q, the slopes in the

dl,
du,

dl,
du,

(37)

" q

saturation regions (dlg/dUq)sa, and the junction of the latter slopes with the current
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axis lig representing the ion current at the floating potential. This simplification
assumes essentially a Maxwellian distribution of the electrons which is obtained from
the region of the centre of the double probe characteristics, i.e. the floating potential
which probes electrons with about 10-30 eV. Thus, an extrapolation of this energy
region to a complete Maxwellian EEDF has to be assumed which makes the double
probe less susceptible to changes in the correct EEDF, especially in the low-energy
range. To obtain the density of the charge carriers, the evaluation has been adapted

to the experimental investigations of Sonin who provided a parametrised graph for

r 2 r2 2 M 3/2
ot o
Ao €o e kgT,

(rp — probe radius, Ap — Debye length, M; — ion mass, i — dimensionless ion current)

for the (ion) current density to the probe ji at a selected probe potential of
V5-10-kgTe/e (i.e. for the double probe at Uy = £10 kgTe/e) for a variety of plasma
conditions [58]. It should be noted that with a double probe the electron density is
obtained after equation ( 38 ) from the ion current to the probe. Hence, the quasi-
neutrality in the simple form of equation ( 16 ) is assumed. To account for this, the

term "charge carrier density”, n, will be used in the following.

The time resolution of the the double probe is determined by the response time of the
circuitry to the changes in the plasma and the sheath around the probe. The
response of the circuitry has been checked with a 100 MHz sine generator with the
measurement electronics connected or disconnected and the probe end being short-
circuited instead. The result for the current measured with the oscilloscope were
identical [A1] proving that the circuitry can follow fluctuations faster than 10 ns or at
least 100 ns which is enough for taking 100 data points in a 100 kHz pulse. The
limitation of the time resolution by the sheath around the probe is given by the fact
that changes in the discharge will alter the sheath. To obtain a stable probe current
that can be related to the new plasma parameters, the sheath has to be re-adjusted.
This happens on a time scale t ~ 1/fi because the transport of both fast electrons and
slow positive ions has to stabilise. Unfortunately, the ion plasma frequency itself is
dependent on n, the quantity to be determined. Hence a fixed time resolution cannot
be given. For typical charge carrier densities that have been measured in the stable
‘on’ time of n~5-10'° cm™ the plasma frequency in argon according to equation
(19) is wp, ~ 47 MHz so that © ~ 130 ns [A1]. The time t scales with n™2, hence the
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time resolution will worsen at lower density. For n ~ 5.10° cm™ it is © ~ 420 ns which
would still be acceptable because such densities are expected in the ‘off’ time when
no fast fluctuations should occur (cf. section 3.2.2). Additionally, the estimated t
should provide an upper limit because the sheath is not newly formed but only

altered.

3.2.2 Development of the charge carrier density during a pulse

A typical result of the time-averaged (i.e. measured as a classical double probe in a
d.c. discharge) charge carrier density <n>gy and electron temperature <Te>siar
obtained for the bulk plasma of a pulsed magnetron discharge for different pulse
frequencies is shown in Figure 7. Both quantities do not change significantly when
the frequency is changed. This is for one thing not surprising because all discharges
were run with the same averaged power of 100 W in power-controlled mode. A
similar energy input and distribution into the discharge can thus be expected since all
other conditions were also unaltered. Consequently, the behaviour shown in Figure 7
has also been observed when other pulse parameters were changed [Al]. Also
included in Figure 7 are the values <n>p and <T¢>p, which were obtained by the
newly developed time-resolved technique and a subsequent mathematical averaging.
The results of both methods agree quite well and do not exhibit any systematic

deviation proving that the time-resolved measurements are reliable.
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Despite the rather constant average plasma parameters, their temporal development
during one pulse is strongly dependent on the choice of the pulse parameters. This is
shown exemplarily in Figure 8 for four different pulse frequencies at constant duty
cycle with otherwise same conditions as for Figure 7 for the charge carrier density
n(t). Expectedly, n decreases during the ‘off’ time and is increased in the ‘on’ time.
However, there are marked peaks during the ‘on’ time that do not simply follow the
waveform of the target potential that is also given schematically. This is most visible
in the example for 150 kHz: one peak in n appears before the voltage reaches its
negative peak value and is followed by a second one after the voltage peak.
Subsequently, after going through a minimum, n increases slowly to another
maximum that is, however, only developed because the increase is interrupted by the
end of the ‘on’ phase. To better address the minima and maxima they have been
labelled as in Figure 8 from A to E. Clearly, the relation of the first two maxima (A, C)
is dependent on the pulse frequency in the example: for low frequency, A is hardly
visible and C dominates the pulse while for high frequency, A is strongly increased
and C decreased. The apparent maximum E (i.e. n at the end of the ‘off’ time) is only
weakly dependent on the pulse frequency. The behaviour described above is general
feature of such pulsed discharges for the particular power supply as it has been

observed for other target materials (Ti, C) in different environments as well [29, 59].

To explore the origin of the peaks and the connection with one of the different pulse
parameters, time-resolved measurements with the Mg target have been carried out in
the available pulse parameter space. According to Figure 4, two pulse parameters
can be chosen independently, e.g. the ‘on’ time and the duty cycle, which determine
the others, e.g. the ‘off’ time and the frequency. The power supply takes account for
this by providing two independent control parameters, the pulse frequency and the
‘off' time. Time-resolved studies have been carried out by keeping one parameter
fixed (being not necessarily one given by power supply) and varying one other. As
shown in Figure 9, a certain range of the parameter space was such covered. The
analysis of the results has been done with respect to the temporal appearance and
the intensity of the peaks, with the intensity of the maximum C being the most
expressive quantity. The at first surprising result was that it is not correlated to ‘on’
phase related parameters as the ‘on’ time, the frequency (shown in Figure 9 (left)) or

the duty cycle.
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Figure 8: Temporal development of the charge carrier density during one pulse for different pulse
frequencies and ‘off’ times (given in the legends). The target potential used for the synchronisation is
given schematically in red. (n = 0.6, <P> =100 W, p = 0.4 Pa Ar/O, (5/1), Mg target, z=52 mm, x =0
mm, ds = 80 mm, Vs = float.)

The important parameter for the control of the peak is, however, the duration of the
‘off’ time as shown in Figure 9 (right) — the intensity of the peak C exhibits the same
trend for the different parameter variations. Consequently, the physics behind the
development of the peaks at the beginning of the ‘on’ phase have to be related to
processes in the ‘off’ phase. As these will be predominantly the decay rates of the
plasma, the determining value for the ignition in the ‘on’ phase is obviously the
amount of charge carriers which are still left over from the previous pulse. Based on
this finding, a simple model for the re-ignition and the peak formation has been

developed [60] which is described in the following section.
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3.2.3 Model description of the ignition during the ‘on’ phase

The model consists of three subsequent steps that, however, in practice cannot be
strictly separated but overlap each other. Remnant charge carries from the previous
pulse are considered to be homogeneously distributed for simplicity and the magnetic
field is neglected at first.

e Acceleration of remnant electrons

In the first step, as soon as the target potential goes to negative values, electrons
that are mobile are immediately accelerated away from the target by the negative
potential leaving behind a matrix sheath of the heavy ions. On their way to the
substrate, they ionise gas atoms so that an increase in the charge carrier density is

observed. The process is stopped when all remnant electrons have left the volume
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which occurs quickly, so forming peak A. The peak is increased with the density of
residual electrons at the beginning of the ‘on’ time, i.e. with decreasing duration of
the ‘off’ time (see Figure 8). Simply assuming a linear potential drop between the
target and the substrate, the electrons would reach the substrate and the probe close
to it after less than 100 ns, i.e. much earlier than the target voltage has reached its
peak value [A2]. During this time and bearing in mind that the target voltage itself is
still low, the electrons can only gain an energy of about 20 eV. This explains, why
peak A is often observed rather weakly or not at all if the energy is even below the
ionisation limit. A more realistic case with the formation of a matrix sheath where
most of the voltage drop occurs will lead to even quicker loss (~1 ns) of the electrons
initially located at the target but slower movement of electrons originating from the
bulk which still may gain enough energy to reach the ionisation limit. Together with
the magnetic field that lengthens their way, an ionisation in the probe region close to
the substrate ~500 ns after switching ‘on’ as detected by the probe is reasonable.
Irrespective of the target material, working gas and its pressure, input power, and
geometry the appearance of peak A has always been observed ~500 ns after the
start of the ‘on’ phase proving that the fast movement of residual electrons is the
reason for its presence. The temporal appearance of the peak is not correlated to the
peak in the target voltage but only the movement of the remnant electrons out of the
discharge volume. It is important to note that even in cases of a strong peak A in the
volume no simultaneous peak in the discharge current can be observed [Al] proving
that it is not related to charges arriving at the target and not to secondary electron

emission.

e Acceleration of remnant ions and secondary electrons

The ions that were left in the matrix sheath are accelerated onto the target but due to
their higher mass on a much longer time scale. With a matrix sheath width of
su = (2gUr/en)? = 6 mm for an average voltage of Ut = -300 V and a residual
density of no = 10° cm™, the transit time through the sheath from its edge can be
calculated to 0.3 ps [60]. Once the ions hit the target, they release secondary
electrons which are accelerated into the volume by the full sheath potential at that
time. The ionisation that they cause in the discharge volume is measured as the
second peak C with the probe. This is significantly quicker than the appearance of

peak C in the results. However, the gradual increase of the target voltage with an
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increase of the sheath width has to be considered, with the voltage peaking about
0.8 us after the start of the ‘on’ phase. Adding up increase and transit time, C is
expected at about 1 ps where it has been observed. lons arriving at the target at the
end of the voltage increase will have highest energies and liberate more secondary
electrons. These will experience a particularly strong acceleration and hence obtain
high energies and cause more ionisation events. The final stage of the target
potential overshoot is therefore most important for the formation of peak C.

e Transition into the stationary state

This second ionisation peak is followed by a transition into the stationary state where
the charge carrier density more or less follows the target voltage waveform. For very
long ‘on’ times it would finally reach the state of a d.c. discharge characterised by an
equilibrium of electron drain to the substrate(s), ion current to the target and current
of secondary electrons into the plasma as well as a stable sheath in front of the
target. An indication of this can be seen for the lowest frequency (100 kHz) in Figure
8 where at the end of the ‘on’ time only weak changes are still observed. The
transition will start as soon as new charge carriers are generated that dominate after

the two peaks attributed to the residual charges.

With this model, the charge carrier density development during the ignition of the ‘on’
phase (Figure 8) and the pulse parameter dependences (Figure 9) are explained. For
low pulse frequency (at constant duty cycle), the ‘off’ time is long and, due to the
decay of the plasma, only few charge carriers are left from the previous pulse.
Consequently, peak A is rather weakly developed because only few electrons are
available to cause ionisation. The higher the frequency and thus the shorter the ‘off’
time is the stronger peak A is developed. At first surprisingly, peak C shows an
opposite dependence although it is caused by the remnant ions that are also
increased. However, the reaction of the power supply has to be taken into account. It
is optimised to drive to necessary current within the ‘on’ time to deliver the adjusted
average power. As more charge carriers are available for shorter ‘off’ times allowing
higher current at ignition, the voltage peak is significantly reduced, from 373 V for
100 kHz to 279 V for 250 kHz to even 247 V for 350 kHz in the example of the Mg

target in Ar/O, sputtering atmosphere shown in Figure 8. The released secondary

43



Fundamental properties of pulsed magnetron discharges and qualified investigation methods

electrons will therefore gain much less energy to ionise the gas in the discharge

volume and the peak C is reduced with increasing frequency.

Other authors for sometimes quite different magnetron systems found similar peaks.
The first who have reported about such phenomena were Bradley et al. [36, 40] who
found peaks in the effective electron temperature, Te e, With a single probe within the
first 0.5 us of the ‘on’ phase and — with a power supply similar to the one used here —
a peak in the electron density ~0.7 us after switching ‘on’. Later, Swindells et al. [61]
found a single peak in the T.e¢ as well as in n, both at ~ 0.5 us and — as here -
increasing with shorter ‘off’ times, for a system comparable to the one described here
but with a titanium target. Belkind et al. [62] observed a single peak in T¢ but none in
n for rather long ‘off’ times of 10 us. There are obviously high-energetic electrons at
the start of the ‘on’ phase in all cases and in the cases of short ‘off’ times these
manifest in subsequent ionisation and a density peak after <1.0 ps. For longer ‘off’
times, this density peak is not observed because the number of remnant electrons is
not enough to sufficiently ionise. Figure 8 shows the same effect: for the longest ‘off’
time (4.0 ys at 100 kHz) peak A is hardly detectable. A strong peak in T, has never
been observed in the present work as also shown in Figure 10. The reason is the
insensitivity of the double probe method against changes in the EEDF as described
above. The electron temperature is obtained from the extrapolation of the small
region of the EEDF close to the floating potential. Electrons with different energy, i.e.
very low energetic and beam-like electrons which are expected during ignition, are
not detected or not properly treated [63], respectively. Figure 10 includes a
measurement with the double probe close to the target where highest electron
energies are expected [40]. At this distance, an indication of the existence of higher
electron energies is observed as a T, peak of 8 eV is measured within less than 1 ps
after switching ‘on’, followed by a temporal relaxation. The appearance time is
consistent with the density peak A and the observation of the other authors. The
absolute value, however, is still rather low. For this reason, the obtained time-
resolved electron temperatures are further not discussed due to the ineptness of the
double probe. The latter is also seen from the ‘off’ time T, values in Figure 10 which
exhibit a very broad scattering. This is due to the ion saturation limitation and
consequently low probe current signal, which is roughly exponentially decreased in

the ‘off’ time making a serious T, evaluation almost impossible (cf. Figure 6c, time II).

a4



Fundamental properties of pulsed magnetron discharges and qualified investigation methods

Figure 10: Electron tempera-
ture determined with the time-
resolved doubled probe during
one pulse for different
distances z from the target
(after [Al]). In the shaded
area, the corrected probe
current is too low to seriously
evaluate an electron tempera-
ture at all.
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The second peak C is not seen in the density by other groups [36, 61, 62]. Almost all
of them used power supplies that are characterised by more rectangular voltage
waveforms than the one used here (cf. Figure 4). In contrast to this work, the ion
bombardment and secondary electron acceleration is then not as amplified and peak
C will be reduced or even diminished and a more continuous transition into the
stationary state is observed. Moreover, as most of the other works were carried out
with ‘off’ times much longer than 4 ps, the remnant charges are expected to be much
less and their influence on the re-ignition with the peak formation is much reduced. In
[40] a similar voltage waveform as here was applied and no second peak (C) was
observed. Because an aluminium target was sputtered in pure argon along with a low
secondary electron emission coefficient (yisgg) of 0.09 compared to that for an MgO
surface of 0.41 [7], it seems likely that the y-electron related peak C is strongly

suppressed in the rather peculiar density traces in [40].

3.2.4. Spatial distribution of the charge carrier density

The results described so far were mainly obtained at one particular position in an
asymmetric-bipolar pulsed discharge sputtering from an Mg target in an Ar/O; gas
mixture. Except for the T, investigation, all studies were done 52 mm from the target
on the axis of symmetry, a position that according to Figure 3 is above the magnetic
null in the bulk plasma. As shown in section 2, however, a magnetron consists of

different regions defined by the magnetic field. To validate and refine the developed
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model, the temporal evolution of the charge carrier density within the whole volume of
the magnetron discharge must be known. This has been obtained by scanning the
cross section of the same discharge with the double probe [64].

The scanning has been restricted to f = 100 kHz and 7o = 4.0 ps and the results
essentially confirmed those of Figure 8 in that two peaks at the start of the ‘on’ phase
are present and that the discharge develops into a stationary state at the end of the
‘on’ phase. As mentioned above, the temporal positions of the peaks are not altered
within the error of measurement throughout the volume because the fast electron
movement governs them. This enabled the quantification of the peaks at two fixed
times, namely 0.4 ps and 1.0 ys after the start of the ‘on’ phase. The results of the
respective charge carrier density are shown in Figure 11. Clearly, peak A and C have
a significantly different spatial distribution: A is strong in the bulk of the plasma

whereas C exhibits its maximum in the magnetic trap close to the target.
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Peak A is — as in Figure 8 for 100 kHz — generally much weaker than peak C. The
reason why it is most distinct above the magnetic null is determined by the
unbalanced nature of the magnetic field configuration and the initially homogeneous
distribution of the remnant electrons. Those of them, which are close to the target,
are confined and cannot leave the magnetic trap. Because the potential drop in this
early time of the ‘on’ phase is rather extended they can in their majority not acquire
enough energy to ionise efficiently. Consequently, the region of the magnetic trap
exhibits a rather weak charge carrier density. However, electrons initially located
outside the magnetic trap are accelerated towards the substrate region. Due to the
unbalanced magnetic field, they are simultaneously driven to the centre of the
discharge by the magnetic field lines (cf. Figure 3) being kind of focussed to the
region above the magnetic null. The result is a broad region of increased charge
carrier density where the magnetic field converges to the line of symmetry of the

magnetron.

The situation is very different for the electrons causing ionisation peak C. These are
initially secondary electrons due to homogeneous ions bombardment at the target.
They thus exclusively originate from the target surface and experience the full sheath
voltage. The resulting high energy leads to much higher ionisation in the complete
discharge volume. However, most of these secondary electrons are trapped within
the magnetic field close to the target and ionise in the torus region. The charge
carrier density is thus particularly enhanced in the torus region at x = + 30 mm (cf.
Figure 11b). Few secondary electrons are released at the outer target regions with
magnetic field lines directing them to the substrate. Additionally, some are scattered
from the trap onto these field lines. Given the high energy the electrons during this
stage have, the ionisation in the rest of the volume is also increased and the shape of

the magnetic field is again reflected.

The final charge carrier density at the end of the ‘on’ phase resembles that of a d.c.
discharge with generally lower values throughout the volume (Figure 12). This is
because the target voltage is now much weaker (150 V instead of 300 V) so that the
secondary electrons gain only half of the energy than at peak C resulting in a lower
average ionisation. The distribution of n is a mixture of the situation at peak A and C.

This is because the discharge at this moment is — as for peak C — driven by the high-
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energetic secondary electrons from the target marking the torus region. At the same
time, scattered electrons from earlier stages are distributed in the volume, which
follow the ionisation scheme typical for peak A and enhancing the density in the
plasma bulk. This is especially seen in the radial gradient of the density in the
substrate region which is with a factor of 3 between the centre and x = 40 mm (at

z = 45 mm) intermediate to peak A (factor of 13) and peak C (factor of 2).

50 Figure 12: Spatial distribution
— n[10"° cm?® | of the charge carrier density at
E the end of the ‘on’ time (after
£.40 W6 [64]) being similar to a
S 13 distribution in a d.c. magnetron
= 9 discharge.
2 30 6
o W o3 (Mg target, f = 100 kHz, 1 = 4.0
T Hs, <P>=100W, p = 0.4 Pa
= 20 W < ArlO, (5/1), ds=80 mm,
< Vs = float.)

A
10 T T T T T T T T T T T T 1
-60 -40 -20 0 20 40 60
Radial Position [mm]

In the ‘off’ phase, the charge carrier density decays quickly within the whole volume
of the discharge. Measurements where taken 0.6 us after switching ‘off’ at a moment
where the probe signal was still high enough to evaluate the probe characteristics.
The result is shown in Figure 13. The charge carrier density has dropped down
globally by one order of magnitude compared to the end of the ‘on’ phase. Two
regions can be identified where n is increased: the magnetric trap and the magnetic
null of the magnetron (at about z = 35 mm). The latter is due to electrons that are
scattered into this region during the ‘on’ phase but cannot quickly escape because in
any direction the magnetic field is increasing. Hence, they are trapped at the
magnetic null during the ‘off’ phase. In the torus region, one could expect a very fast
drain of electrons to the positive target along the magnetic field. However, the
remaining positive space charge of the slow ions would exert an attractive force on
the electrons preventing a fast escape. Further, the ions itself are repelled from the
positive target. Consequently, the decay in the magnetic trap is driven by slow

ambipolar diffusion across the magnetic field.
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3.2.5. Optical Emission

The characteristic emission of radiation offers another way to obtain information on
particle densities and energies. The spectroscopy of this optical emission is widely
used because it is experimentally rather easy to detect the radiation spectrally
resolved with an optical spectrometer. One drawback, however, is the integrated
detection along the line of sight of the mostly cylindrical detection volume preventing
local information. The even greater problem is that the particles and the radiation in
technological low pressure plasmas as used here are even in the d.c. case not in
equilibrium. The determination of physical quantities is thus very difficult as it
necessitates extensive collision-radiation models. From a practical point of view, the
simplest of those models, the so-called Corona model, is often used. This reduces
the processes leading to the emission from excited states to two considered to be the
most important: The excitation of the excited state (k) of a particle is assumed to
occur exclusively by direct electron-impact from the ground state (g) of the particle
and relaxation is restricted to spontaneous emission of radiation. The density of the
excited state (ng) in the discharge, which is proportional to the emission detected
from it, can then be written in the form

n, = ngnel;g\k _ . kAkm J‘ (Ee)'\/E—e‘dEe (39)

m<k " km

where kg is the rate coefficient for electron-impact excitation from the ground to the

excited state which includes the electron energy dependent cross section cg and the
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EEDF (@) which have to be integrated over the electron energies (Ee). Thus for a
given ground state density (e.g. of the working gas), the emission contains

information on n. and the EEDF, or T, in the case of a Maxwellian distribution.

The measurements have been performed based on an optical emission spectroscopy
(OES) setup used for the investigation of stationary discharges [65], with a
collimating optics, a quartz fibore and a monochromator. To obtain time-resolution in
the sub-us range, the original CCD camera has been replaced by a secondary
electron multiplier and later an intensified CCD camera (Andor iStar DH720, DH734)
that allows fast gating with the amplifier acting as an electronic shutter. A TTL trigger
signal generated from the target voltage signal by a self-build electronics initiates the
measurement and an internal controller of the iCCD camera moves the gate with
respect to the trigger thus scanning the discharge pulse. The temporal resolution
given by the gate and step width was 100 ns. More details of the setup can be found
in [29, 66]. Spectra for each time step Ji(A) have been processed similar to the probe
technique: averaging over many cycles, dark signal subtraction and finally

transposition into temporal traces J,(t) for selected emission lines.

Such temporal variations of the argon emission line at 750.4 nm are shown in Figure
14 for pulsed magnetron discharges in Ar or Ar/O, and for different target materials.
Irrespective of the different working gas and target material, all traces exhibit the
same general trend although the temporal variation of the target voltage is obviously
depending on the discharge conditions. The latter effect will be discussed in
subsequent sections. However, the emission follows the variation of the voltage in
any case with a characteristic modulation in the ‘on’ time and a rapid decrease in the
‘off’ time. The modulation in the ‘on’ time is understood in terms of the Corona model
and equation ( 39 ) in combination with the development of the charge carrier density
which is also given in Figure 14. As discussed above, the density n, which equals ne,
exhibits a very strong peak C shortly after the voltage peak. According to equation
(39), the density ny of the excited argon state 2p; (in Paschen notation [67])* for the
750.4 nm line will be particularly high at this moment followed by subsequent
emission. Because the lifetime of 2p; is only 22 ns, almost no delay of J(t) to n(t) is

observed, both peaking together shortly (350 ... 600 ns) after the voltage peak.

This notation will be consistently used in this work unless otherwise stated.
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Figure 14: Temporal variation
of the charge carrier density n
(circles) and the argon emission
intensity at 750.4 nm, J7s04
(triangles), during one pulse for
three different target materials in
Ar (for C) and Ar/O, (for Mg and
Ti) in relation to the target
potential (V1) waveform. There is
a clear correlation between
voltage maximum and the peaks
for n and J, which generally
appear almost at the same time.
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Note that the delay of J against n
for Mg(O) is due to the different
potential waveform.

n [1010 cm'3], J[a.u.]

(f = 100 kHz, 1o = 4.0 ps, 0.4 Pa
Ar/O, (5/1, Mg target), 0.2 Pa
Ar/O, (5/1, Ti target), 0.45 Pa Ar
(C target), <P> = 100 W (Mg
target), 400 W (C, Ti target))

From this reasoning, a similar but smaller peak in the emission intensity is expected
at the very early stage of the ‘on’ phase (t ~ 0.5 pys) where a smaller maximum in the
charge carrier density is observed and elevated electron energies are supposed. In
fact, the emission intensity at this time exhibits a weak maximum because of the
elevated density. The peak however is surprisingly weaker than for the density and in
the case of the Ti target only seen as a plateau in the rise to peak C. A simultaneous
increase in the electron energies, which could not be observed with the double
probe, would rather suggest a more distinct peak A in the emission. Up to now, it is
not fully understood why the emission peak at this time is such low. The reason may
be the different information volume of the probe and the OES. With the double probe,
the density peak A is detected locally and particularly strong on the axis of symmetry
(cf. section 3.1.4). OES, however, is integrating over the whole discharge cross
section including regions with very weak density peak A. Although this is still subject
to speculation, the general existence of the two peaks in the optical emission
confirms the model of the discharge ignition in the ‘on’ time developed from the

double probe results.
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In some cases, just at the transition from the ‘on’ to the ‘off phase, an additional
sharp emission peak is observed (designated 'F* in the scheme used here). In Figure
14, it is present for the carbon target but not for the Ti target and only very weak for
the Mg target. Besides the dependence on the target material, it has been found to
be strongly dependent on the environment of the discharge and the operating
parameters. Under otherwise same conditions, it can be observed in one deposition
chamber, but not in another. For the metal targets, it became visible especially at
high pressure [68]. Joint investigations at the University of Liverpool which also
included the emission from He traces in the working gas indicated that the emission
peak is enhanced close to the substrate [69]. Based on that, the colleagues have
further studied the substrate influence and found that its presence and potential have
a dramatic influence on the markedness of the emission peak F [61]. In contrast to
peak C, the existence of the emission peak is not related to an increase in the
electron density in the discharge. In [68] this has been particularly reported but has
been observed in many other cases. In terms of equation (39) the momentary
improved excitation conditions thus have to be correlated to the rate coefficient and
the electron energies. A sudden “burst” of few high-energy electrons increases the
rate coefficient and thus the emission intensity. Such high-energetic electrons have
been observed with single probes by Bradley et al. [40]. They obtain the high energy
by rapidly expanding sheaths that result from the rapidly changing target potential
that modulates the plasma potential (see next section). In the case of the emission
peak F, it is especially the sheath in front of the substrate that accelerates the
electrons. This is seen from the enhancement of the peak in the substrate region
[69]. Swindells et al. [61] have observed a particularly strong emission peak F when
the substrate is grounded instead of floating. In this case, of fixed substrate potential,
the sheath is heavily modulated whereas with a substrate at floating potential that
follows the plasma potential variations, the modulation is much less. Consequently,
electrons are also most strongly accelerated leading to a very high peak. Recently in
the own group, Dunger [70] in a comparative study investigated peak F for different
target materials and geometries and found, that the steepness of the target voltage
transient during the ‘on’-’off’ transition strongly influences the peak height. This
means, the faster the plasma potential (determined by the target potential) changes,
the more intense the emission peak is through increased acceleration of the

electrons by the sheath. A lower limit of the transient seems to exist which has been
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determined to 2.5 kV/us for reactive sputtering of Ti [70]. All the results show that the
peak F is determined by fast electrons generated during the transition to the ‘off’
phase and that in asymmetric-bipolar pulsed sputtering, this transition can not simply

considered a passive switching ‘off’ of the discharge.

Up to now, only the emission of the 750.4 nm line of the argon atom has been
discussed. Other argon lines have been investigated in parallel during this work.
They have been found to more or less differ from the 750.4 nm line. The most
extreme deviation was always observed for another very intense line at 811.5 nm [29,
68, 71]. A comparison of the temporal development of the intensity of the two lines is
given in Figure 15. Clearly, the maximum corresponding to the charge carrier density
peak C is delayed for the 811.5 nm line against the one at 750.4 nm. The lifetime of
the excited level of the 811.5 nm line does with 30 ns not significantly differ from that
of the 750.4 nm line. It is further much too short to explain the observed delay of 600
ns — which has been a general observation and not only for this example. The
reason, according to equation (39), must lie in the electron energies or the
inadequacy of the Corona model because ny and n. are of course the same. A
different energy dependence of the cross section of the transition could explain a
change in the absolute intensity but hardly a delay in the emission. It is thus likely
that the simple Corona model does not properly describe the emission of the 811.5
nm line. This is all the more the case as its excited state (2py) is known to be subject

to other excitation mechanisms than direct electron-impact [72, 73].
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3.2.6. Excitation mechanisms and temporal behaviour of emission lines

To deeper investigate the possible influence of different excitation processes on the
temporal development of various argon emission lines; the decay of the intensity in
the ‘off’ time has been studied. This period is especially suited for such investigations
because — except of the very early moments — the target voltage is not changing
significantly in time and a feedback of the power supply can be excluded.

13 emission lines of the argon atom, 12 of them with an excited state from the 2p
manifold and one with a 3p excited state, were measured for fixed discharge
conditions and their decay in the ‘off’ time was analysed. The decay could well be

characterised by a single exponential fit

Jt)=1, exp{—w}, (40)
Tdec
with t and Jo being the start of the ‘off time and the emission at that time,
respectively. At the selected discharge conditions, no peak F appeared leaving Jo
unaffected. The determined decay constants tqec ranged from 0.7 ps for the 750.4 nm
emission line to 1.6 ps for the 811.5 nm line. As mentioned above, the lifetime of the
excited states is in all cases much shorter than these values. Consequently, the
different decay has to be attributed to diminishing excitation through the decaying
plasma. Classifying the emission lines into their excited state proved that within the
error of measurement the decay constant is the same for the same state but different
for different states. The longest decay constant for the 811.5 nm line belongs to the
2py state. The lowest decay constant is obtained for the 2p; state (750.4 nm) and is
the same as the similarly determined decay constant of the charge carrier density

(tdecn = 0.7 ps) under the same conditions.

Chilton et al. [72] and Piech et al. [73] have published electron energy dependent
cross sections for the excitation of the 2p levels by electron impact not only for the

direct excitation but also for two other processes that are
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(1) cascade excitation from any level Ar” with higher excitation energy

Ar(lp,)+e” > Ar +e-

. _ (41)
Ar —>Ar(2py)+ hv (y=1...10),
(2) excitation from the two metastable argon states (1ss, 1Ss)
Ar(lp,)+e” — Ar(ls, )+e
Ar(ls, )+e” — Ar(2p, )+e” (x=3,5;y =1...10) (42)

which can also contribute to the emission from the 2p levels. They are shown in
Figure 16 in the form of the ratio of the cascade cross section to the cross section for
direct electron impact excitation (taken for a sample electron energy of 40 eV) and
the absolute value of the cross section from both metastable states (for an electron
energy of 10 eV). A comparison of these cross sections with the experimentally
determined decay constants reveals that the decay constant is always high when
either the cross section from the metastables or the relative cross section for
cascading is high. Both indirect processes need two steps to populate the 2p levels.
For the cascading, higher levels and the emission from these are involved with
lifetimes that are longer than for the 2p levels, which would slow down the emission.
Excitation from the metastably excited argon atoms proceeds via two subsequent

collisions with electrons which would also slow down the 2p excitation.

Within the error of measurement, a distinction between the contributions of the two
indirect processes is difficult. This is all the more the case because no cross section
out of metastable is available for 2p; and the decay constant for 772.4 nm comprises
two lines corresponding to 2p, and 2p; which were not separable. It is likely that the
excitation chancel via metastable argon is the dominant mechanism increasing the
decay constant. Cascades would necessitate electron energies of at least 13.9 eV.
However, the emission from 2p; level (750.4 nm) decays as rapidly as the charge
carrier density measured with the double probe. Electrons with energies above
13.5 eV (2p1) which are mainly the secondary electrons accelerated in the target
sheath which collapses in the ‘off’ time thus quickly disappear. The excitation of the
2p levels out of the metastable argon states on the other hand needs only electron
energies of at least 1.2 eV. Such electrons should be present in the ‘off’ phase on a
longer timescale. Indeed, Lopez et al. [74] and recently Dunger [70] report that the

emission decay may be separated into a fast one with tgec1 < 1 gus and a slow one
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with tgec2 > 2 ps. The slow decay can be attributed to the loss of cold electrons that

additionally further cool down in the ‘off’ phase.
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Figure 16: Measured exponential decay time tq. Of emission lines corresponding to different
excited states (green), ratio of the cross section for excitation via cascade contributions to direct
excitation for an energy of 40 eV (blue — no data available for 3p;), and cross-sections for the
excitation of the excited levels out of the metastable states of argon for an energy of 10 eV (red — no
data available for 2p-), after [29]. (Ti target, f = 100 kHz, to¢ = 4.0 us, <P> =400 W, p = 0.2 Pa Ar/O,
(5/1), z =28 mm)

The emission line at 425.9 nm (from the excited 3p; level with an energy of 14.74 eV)
has a similar low decay constant as the 750.4 nm line. Hence, it is also excited
mainly by direct electron-impact. The slightly higher decay constant is a consequence
of the longer lifetime (77 ns [75]) of its excited state compared to that for 2p; (22 ns).
The 3p; level is - due to its higher excitation energy - less susceptible to cascade
contributions and, according to Boffard et al. [67] the cross section for the excitation
out of the metastable states is much lower. This is also seen in table 2, where the
different cross-sections have been compared to each other for the lines from the two

fast level 2p; and 3p; and the extremely slow line from 2pg where available.

In summary, the simple Corona model is applicable for the investigation of the
temporal behaviour of the charge carrier density or electron temperature in pulsed
magnetron discharges. However, it has to be restricted to the excited 2p; level or the

3p: level with, however, is less intense due to its higher excitation energy. Other
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states are more or less influenced by other excitation channels, hereby mostly from
the two metastable states 1s;z and 1ss. Whereas direct excitation is sensitive to
higher energetic electrons, excitation from the metastables is sensitive to cold
electrons. It will be, however, extremely difficult to obtain selective information on the
metastable states because in any case, it has to integrated over the EEDF and
complete energy dependent cross-sections are required. The results from the decay
in the ‘off’ time prove that a significant density of metastable argon is present in the

discharge to influence the excitation of the argon lines.

cross-section electron 2p1 2p9 3p1
energy

direct Gdir 40 eV 3.1 0.61 n.a.

cascades Gcasc 40 eV 0.63 2.6 n.a.

apparent Gapp 40 eV 3.7 3.2 0.81

metastable 1S3 | omet(1S3) 10 eV <85 n.a. 2.7

metastable 1S5 | opmet(1Ss) 10 eV <9 2300 0.63 (9 eV)

Table 2: Different cross-sections (in 10™® cm?) for the excitation of the 2p;, 2ps, and 3p; level of the
argon atom. The electron energy at which the cross section has been measured is given in the third
column. Although the values for the 3p; level are generally lower, they are exceptionally low for the
excitation out of the two metastable states (bottom two lines) indicating that this process does not
significantly contribute to the emission from the 3p; state. Data have been compiled from [72, 73, 75,
76].

3.3. Potential in the discharge volume

Very important parameters in any discharge are the two distinct potentials, the
floating potential, Vy, and particularly the plasma potential, Vp, at which the plasma
particles at any given spatial position are. Whereas the first has its significance for
insulating substrates because they adjust to it, the latter is of twofold relevance. It
mainly determines the ion energy onto any substrate whether floating or fixedly
biased in potential via the sheath in front of it and simultaneously determines the
charge carrier movement within the discharges volume through its spatial or — in the
case of pulsed discharges — temporal variation. To access Vy, only a few electrical
techniques are suited because any probing device may alter the local potential

situation.
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3.3.1. Measurement technique — the emissive probe

The plasma potential can indirectly be determined from the energy of (positive) ions
arriving at a fixedly biased substrate. Devices used are energy-dispersive ion mass
spectrometers (see section 3.3) or retarding field analysers. As the ions are
accelerated through the substrate sheath, almost only ions from the sheath boundary
are probed with such techniques. It is therefore particularly impossible to obtain
spatial information on the plasma potential. The most frequent method to investigate
Vpi also with spatial resolution are still single Langmuir probes. With them, Vy in an
ideal case is obtained from the "knee” in the characteristics, i.e. the change of the
slope between the electron-retarding region and the electron saturation. This may be
either done from a semi-logarithmic plot of the electron current and extrapolating two
straight lines for the two regions to their intersection or by the second derivative of
the characteristics. Both evaluation methods can suffer from significant uncertainties.
If the EEDF is not Maxwellian, a straight line fitting to the retarding region can be
problematic which — together with the nearly exponential electron current increase -
may shift the determined V,. Noisy characteristics, as they are typical for time-
resolved measurements, hamper the determination of the second derivate. One
common problem is that for both methods the complete characteristic, at least around
Vi (to be subsequently determined), has to be acquired which requires massive

experimental efforts for time-resolved measurements.

An alternative method to determine Vy, is the use of a slightly altered probe geometry
and another measuring circuit, the emissive probe [77,78]. Such a probe was
developed within this work to measure Vy, time-resolved in the volume of the pulsed
magnetron discharge [A3, 79]. The basic principle of an emissive probe is to alter the
characteristics of a single probe through the emission of thermal electrons by heating
the probe wire sufficiently as shown in Figure 17. The thermal electrons leaving the
probe are recognised as an apparent additional ion current to the probe. This works
as long as the potential of the probe (Vy) is below the plasma potential. When the
probe potential is above Vy, the plasma repels the thermal electrons and there is no
apparent additional ion current. Because the temperature of the emitted electrons is
equal to the wire temperature Ty, they have energies of the order of kgT,/e = 0.2 eV,

much less than typical plasma electrons and are repelled even for Vy being only
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slightly above V. If the probe wire is sufficiently heated, i.e. the current of the
emitted electrons is of the order or more than the plasma electron current to the
probe, a sharp kink in the characteristics appears at the plasma potential where the
emission current sets in. From this, Vp can be easily determined with a theoretical
potential resolution of kgTp/e. Still, this procedure necessitates the acquisition of
characteristics Iy, vs. Vy, to determine the kink. The electron emission, however, has
another effect on the characteristics (see Figure 17). Through the appearance of a
virtual ion current, the apparent floating potential, i.e. the probe potential at which no
probe current is measured, is shifted to values that are more positive. The more
apparent ions (more emitted electrons) are present, the more positive this apparent
floating potential becomes. The effect immediately stops at Vp because there is no
emission at probe potentials above it. This means, that the apparent Vy approaches
Vi for sufficiently high electron emission [80]. The floating-point method makes use
of this by the measurement of V4 of the probe with a high-resistance against ground
and taking this as V. The major advantage of this technique is the possibility to
obtain Vy by the reading of just one voltage value. Rather convenient time-resolved
measurements thus become possible with the voltage reading done by a fast

oscilloscope.

As mentioned, the accuracy of the method in a d.c. discharge is theoretically of the
order of kgTp/e. However, the strong electron emission leads to space charges and a
local disturbance of the plasma. The saturation of the apparent Vy, is therefore not
complete and the real accuracy is only about kgTc/e [81]. Further, in pulsed plasmas,
the ability of the setup to follow fast transients has to be considered which will be
discussed below. Possibilities to heat up the probe reach from self-heating by the
discharge at very high plasma densities [78] to laser irradiation [82]. The most
common heating mechanism is still the ohmic heating through an external circuit for
which the probe tip has to be formed to a closed-loop. In this work, such a system
has been set up, the circuitry of which is shown in Figure 18 [A3]. The probe wire is
made of thoriated tungsten of 50 pys diameter formed to a loop of typically 10 mm
perimeter that is connected electrically and mechanically to a moveable holder. The
loop current is supplied by a battery to minimise the capacity to ground and a variable
series resistor to adjust the current. The typical voltage drop across the loop was

3.5V. To minimise the falsification of the potential reading due to this drop, the
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pickup was placed in series between two small resistors to have a situation close to
the middle of the loop. The time-resolved voltage against ground was recorded via a
1/10 potential divider and a digitising oscilloscope connected to a computer. The

trigger was taken from the rising flank of V1 that was simultaneously recorded.
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Figure 17: Principle of the emissive probe — |-V characteristics calculated for tungsten probes
heated to different temperatures (given in the legend). The apparent floating potential approaches Vp,
with increased probe temperature as directly shown in the inset top left. Note the convention, that
electron currents to the probe are displayed as positive values. The parameters of the calculation
done after [80] are given on the right side.
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3.3.2. General temporal development

Typical waveforms for Vy that were obtained with different heating current and at
different positions in a pulsed carbon sputtering discharge are given in Figure 19.
They clearly show that Vp, is very different in the ‘on’ and ‘off' time. In the ‘on’ time, Vy,
is generally close to zero and in the ‘off’ time, it is positive with an overshoot to very
positive values at its beginning that is also observed in the asymmetric bipolar target
potential. However, significant deviations have been observed for differently hot
probes (Figure 19). Rather weak emission is sufficient to saturate the probe signal in
the stable ‘off an ‘on’ phase which can be seen in Figure 19 when comparing the
measurement at the target and for the weakly emitting probe at the substrate. An
increase of the probe temperature does in most cases not further increase the probe
signal at these moments, a behaviour that has also been reported by another group
[83, 84, 85]. At the beginning of the ‘off phase and coinciding with an overshoot in
the target potential to very high positive values, however, further increase of the
probe temperature by the heating current, strongly increases the probe signal until it
also saturates for a strongly emitting probe [A3, 79, 83]. The measured potential then
decreases rapidly close to the target but does not at the substrate. In the latter case,
the slow decrease leads to a seemingly increased plasma potential even at the end
of the ‘off’ time and beyond. To explain this, the response time of the circuit has to be

considered.

Figure 19: Potential traces
measured with the emissive
300 —— strong emission (target) probe. fgr three different
S ] strong emission (substrate) COﬂdItIOI’]_S. (blue) strongly heated
e 200+ moderate emission (substrate) at (x, z) = (21 mm, 12 mm),_(red)
S 1 strongly heated at (x, z) = (28
> 100‘_ mm, 68 mm), (green) moderately
0 — heated at (x, z) = (28 mm, 68
4004 T LT T T T L L mm). The temporal development
0 A\ \ of the target potential with the
> -400- ‘ indication of the ‘on’ and ‘off
~ -800+ phase is given at the bottom

Z12009on|  off | N/ on | diagram (after [A3).
1 0 1 2 3 4 5 6 7 8 (C target, f = 100 kHz, 155 = 4.0

Time [ps]

us, <P>=400 W, p = 0.4 Pa Ar,
ds =80 mm, Vs = float.)

The response time is determined by the combination of the resistance (Rsp) and the

capacitive impedance (Zsn) of the sheath surrounding the probe, both being
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dependent on the plasma conditions, and the fixed capacity of the setup against
ground (Cgy). The latter has been determined experimentally to ~ 130 pF. With this
value, response times t of ~ 10 ns (for n = 5.10* cm™ and T, = 5 eV, typical for the
target region) up to ~ 500 ns (for n = 5.10° cm™ and T. = 2 eV, typical for the
substrate region) have been estimated with t© ~ RspnZshCy/(RshtZsh) [A3]. These values
are sufficient to investigate potential changes within one pulse but with the emissive
probe reacting slower at the weakly ionised substrate region to rapid potential
changes (seen in Figure 19 for the weakly heated probe at the beginning of the ‘on’
phase). The response will further be strongly slowed down at times with falling
plasma potential when the probe is strongly emitting. The suddenly more negative
plasma then repels the emitted electrons and the resulting space charge around the
probe effectively increases the sheath resistance [84]. Thus, the probe reading can
be significantly falsified for very hot probes and weakly ionised plasmas at falling Vp,
what is seen in Figure 19 for the strong emission at the substrate region. On the
other hand, the strong emission is required to correctly measure the potential
overshoot at the beginning of the ‘off’ phase. For this reason, the investigations

should always be divided into two runs as done in [A3]:

(a) The peak value of the overshoot, for which the response time during the falling
flank is insufficient, is measured with a very hot probe.

(b) The stable phases are measured with a moderately heated probe with improved
response time during the falling flanks so that Vp in longer intervals of these

phases is sensibly detected and additionally the probe’s lifetime is increased.

An example of the results obtained that way is shown in Figure 20 for the two heating
cases with the taken regions marked bold and the target potential Vr as reference.
During the ‘on’ time, V, adjusts close to zero. The adjustment starts as soon as the
target potential begins to decrease to negative values. The slower decrease is
thereby probably due to the response time of the probe. Shortly after the strong
negative overshoot of the target potential, especially close to the target, a small dip in
Vi is also observed (this can be even more clearly seen in the waveform of V from
the target region in Figure 19). For the rest of the ‘on’ time V stays constant. As
soon as the target potential starts to rise to positive values, Vp, follows this increase

and adjusts itself close to the positive potential value of the target in all cases
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investigated. During the positive overshoot of V1 at the start of the ‘off’ phase of
several 100 V, Vy is simultaneously raised to very high values close to V. It can thus
be stated that Vy throughout the whole pulse is always close to the most positive
surface surrounding the discharge, either the grounded wall or substrate in the ‘on’
time or the positive target in the ‘off’ phase. This is consistent with the findings of the
group of Bradley in similar pulsed magnetron systems [83-86]. However, there has
been a discrepancy in the relation of the absolute values of Vy to Vy in the ‘off’ time
which remained at first peculiar: whereas in this work, V, was mostly below Vr, the
investigations of the Bradley group found Vy always above the most positive
electrode potential, i.e. the target at the ‘off’ phase. The reasons for these seemingly
contradicting results will be addressed in sections 3.3.3 and 4.4,

Figure 20: Examples of the
300 plasma potential development
250 strong emission measured with an emissive
S 200 moderate emission probe that was differently
o 1501 heated. With strong heating
S 100 and high emission a peak at
S5 50 the start of the ‘on’ time is
04 observed whereas the rest of
3004 ° 'f\ T T the pulse reveals similar
0 \Ar * values with the moderate
< -300 -\I heating giving slightly lower Vy,
Z. -6004 values. The values taken for
< -9004 the evaluation are marked
-1200 bold.

on l — olff — l s (C target, f = 100 kHz, 1 = 4.0
-1 0 1 2 3 4 5 6 7 8 9 |ps, <P>=400 W, p=0.4 Pa
Time [ps] Ar, z=44 mm, x=0 mm

ds = 150 mm, Vs = float.)

The very positive high plasma potential has been observed in any configuration
investigated within this work [A3, 79]. It appears exactly at the time the target
potential peaks in the ‘off’ time as shown in Figure 20. Moreover, using a technique
suggested by Karkari et al. [84] to provide an additional path to ground for the
electrons and thus improving the temporal response, it has turned out that Vy
gualitatively even follows the subsequent oscillations in Vy. The necessary
modification of the circuitry, however, falsifies the measured absolute value of Vy and

could thus not be used for quantitative measurements.

The suddenly elevated V, at the start of the ‘off’ time has a twofold consequence. On

the one hand, electrons in front of any surface at fixed potential (e.g. especially a
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grounded substrate) will be strongly accelerated into the plasma bulk. The resulting
temporary excitation in the discharge volume was observed with OES and is
discussed in section 3.1.5. The sudden high potential difference between the
(positive) plasma and surfaces surrounding it will on the other hand lead to positive
ions of high energy impinging on the surface. This is important for the film deposition
especially for grounded substrates because such high-energetic ions may cause
damage and deteriorate optical or electronic properties. The situation is less
problematic for floating substrates with their potential following the Vp changes and
ions will still arrive at the substrate with energies of e(Vy-Vi) ~ 20 eV. However, even
in this case the film growth may be affected because all surrounding walls or
mountings are typically grounded and may be sputtered by the high-energetic ions.

The peak in Vp can thus pose a source of impurities for the films.

The general behaviour of Vp over one pulse has been described by a simple
macroscopic model which was adapted from d.c. diode discharges. It basically
applies the demand of quasi-neutrality of the plasma for a stationary state of the
discharge on time scales longer than the inverse plasma frequency [A3]. To maintain

guasi-neutrality, the electron current to any positive electrode (anode)

elv, —v»
Ie :l.e.ne. BKLTE.Ae.exp _(pl—) (43)
4 m, kT,

has to be compensated by the Bohm ion current to any negative electrode (cathode)

|, =0.61-e-n, - /@-Ai (44)
mi

at any time during the pulse for which an electron retarding potential difference at the

anode (with potential V®) of

(A) (A) () \?
V —V(A) _ kBTe In ne A(A) I’niTe (45)
P e 0.61-n,A© { 2zm T,

IS necessary when secondary electron emission (typically only ~10 % of the ion
current) is neglected. In equation ( 45 ), the electron temperature Te, and the charge
carrier density (nj = ne = n) have been superscripted (A) or (C) accounting for
differences of the plasma parameters at the cathode (area A)) and anode (area A®)
in the inhomogeneous discharge. Taking typical values for the ‘on’ time of
n© =5.10" cm?® kgT© = 5 eV at the target, "®¥ = 5.10° cm™, kgT® = 2 eV, and

typical dimensions of the magnetron (10 cm diameter) and the substrate holder
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(similar size), a potential difference of 2.5 V is obtained from equation ( 45 ) for argon
when a grounded substrate acts as the anode (V® = 0 V) [A3]. This is a value of V,

that has been observed in the ‘on’ time (cf. Figure 20).

In the ‘off’ time, the potential situation is reversed and the target acts as the anode
whereas a grounded substrate acts as the cathode. To prevent a significant deviation
from quasi-neutrality by an excess electron current to the target, Vy has to be
elevated to be generally close to the target potential. However, a quantitative
estimation in the ‘off’ time is rather impossible because the electron current to the
target is impaired by the magnetic field shielding the target magnetically against most
of the electrons from the plasma bulk [A3]. Furthermore, it has been found that the
value of Vy in both the ‘on’ and ‘off' time is subject to the substrate potential and

chamber and magnetron geometry. This effect will be discussed in section 4.4.
3.3.3. Spatio-temporal distribution of the plasma potential

The macroscopic model is capable to explain the general temporal variation of Vp.
However, the very inhomogeneous magnetic field of the magnetron associated with
electron trapping in the ‘on’ time and shielding effects in the ‘off’ time will not result in
a homogeneous distribution of Vy or a very weak and constant electric field as in the
positive column of a classical glow discharge. The distribution of a strongly
inhomogeneous Vy is essential for the movement of the charge carriers and its
knowledge is necessary to understand the energy of ions that impinge on the
substrate.

With the development of the moveable emissive probe, it became possible to
measure the plasma potential distribution spatially resolved within the whole
discharge volume [79]. The approach to the interesting region close to the target was
limited to a distance of 12 mm — and with a purpose-build probe construction to 4 mm
[A3]. However, a too close approach also led to a perturbation of the discharge. To
obtain a complete mapping, the discharge of cylindrical geometry has been scanned
with the probe in its cross-section. This has been realised with radial scans of

AX=7mm (x = -49 mm ... +49 mm) for different distances from the target
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(z=(4),12 ... 132 mm) in steps of Az = 8 mm. The result for the pulsed discharge in

argon with a carbon target is shown in Figure 21.

At the end of the ‘on’ time (Figure 21a) while V1 is ~ -600 V, the distribution of Vy,
resembles that of a d.c. discharge as has been observed for the charge carrier
density (section 3.3.4). At greater distances z of 40 mm, Vy, is almost constant and
due to a grounded mounting plate around the floating substrate holder slightly above
zero. In fact, V decreases very weakly towards the substrate leaving a very weak
potential maximum at the magnetic null of the magnetron. Towards the target, V is
rapidly decreasing to values of -25 V in the centre and -40 V in the racetrack 4 mm in
front of the target. Thus, an extended pre-sheath of up to 40 mm exists in the stable
‘on’ phase with an average axial electric field of ~ 800 V/m and significant radial field
components (~ 2000 V/m) in the region of the magnetic trap. lons, which are anyway
mostly concentrated above the race track and are weakly influenced by the magnetic
field, are due to these radial electric field components further focussed into the centre
of the race track. During the negative overshoot of the target potential down to
V1 ~-1250 V the plasma potential close to the target is also decreased and at 4 mm
distance reaches values of -80 V above the race track. The electric field in the pre-
sheath is more than doubled at this moment. For the very negative target potentials,
also a weak decrease of Vy in the plasma bulk along the magnetic field lines is
observed with a resulting Vy, slightly below zero.

As soon as the discharge is switched to the ‘off’ phase, Vr reaches a positive value of
+340 V [A3]. Electrons are affected from this potential change within nanoseconds
and move to the positive target. Vy is such also elevated throughout the whole
volume to prevent further electron loss (Figure 21c). The effect is most significant in
the magnetic trap where the magnetic field lines along which the electrons may drift
are terminating on the positive target. The plasma potential in the trap region is
therefore raised to values of up to +400 V, even above the target potential. In the rest
of the discharge, spatial changes in V are rather weak, resulting in an average axial
field pointing towards the substrate of ~ 150 V/m. The dip in Vy at about z = 40 mm is
not real but a consequence of fluctuations of V1 to which Vy is strongly connected
[A3]. Close to the substrate (at z = 132 mm, i.e. 18 mm from the substrate), Vpy is still
+290 V. Positive ions in this region will thus be strongly accelerated through a thin
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sheath to a substrate at ground potential and may cause sputtering as supposed

above.

When the target potential settles at about +70 V during the stable ‘off’ time, V,, is also
decreased again and reaches about +42 V (Figure 21b). As mentioned above, the
relation between Vy and V,, differs from those of other authors with Vy being below
V1 even close to the target. The spatial distribution of Vy, however, is in agreement
with the literature. There is a very weak axial electric field of ~ 25 V/m towards the
substrate causing the E x B drift adjacent to the target to collapse. The magnetic trap

is hence not represented in the distribution of V.

Vpl [V]

(b)

Figure 21: Distribution of V, in the pulsed

discharge during (a) the end of the ‘on’ time, (b)

the end of the ‘off time, and (c) the positive

’\\\\\\ L ?v)erig)o%t of VtT) at theblsggingingtﬁf the ‘o(;‘f’ tirtnle.

SN TS —_— a), ave been obtained with a moderately
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.,'VQ/” ’ [7 \ mm) was 150 mm away from the target within a
/ '4”’\"‘ ' grounded mounting (from [A3]).
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Similar investigations have been performed in a slightly deviating geometry with a
magnesium target and in reactive Ar/O, atmosphere that correspond to the
measurements of the charge carrier density with the double probe (cf. section 3.1.2).
The results confirm those given here for the carbon target [79]: in the ‘on’ phase, Vy
is close to zero with an extended presheath in front of the target and in the stable ‘off’
phase it is close to the positive V1. However, in that system in the ‘off’ time Vp > V7
as in [83-86]. The distribution in the stable phase is comparable to the results
presented here. Those studies further proved that the method of the emissive probe
is even applicable in reactive ambient containing O, where a more rapid
disintegration of the hot probe is expected. Indeed, the faster consumption of the
probe has been observed which resulted in no possibility of a mapping of the
potential distribution during the positive overshoot. Single quick measurements with a
very hot probe confirmed a very positive V during this moment of the pulse, too, with
Vpi > Vrin this case [79].

3.4. lon energies at the substrate

Any substrate immersed into the plasma will be subject to ion bombardment with a
certain energy or energy spectrum. In contrast to the light electrons, the energetic
ions due to their momentum are suited to modify the film properties. In some cases,
such a bombardment is even desired and realised by a fixed bias potential that is

applied to the substrate holder.

In the simplest case of a d.c. discharge at low pressure with a collisionless sheath,
the energy E; of the ions arriving at the substrate is determined by the sheath voltage
between the plasma potential Vy taken as homogeneous for simplicity and the
substrate potential Vs

E; :q(VpI_VS)+EO' (46)
where Eg denotes a possible directed intrinsic energy of the ion towards the substrate
in the plasma. Thus, for a positive ion formed in the plasma bulk from a neutral at rest

(e.g. Ar at room temperature) and a grounded substrate, its energy is proportional to

the plasma potential. Equation ( 46 ) further shows that negative ions which may be
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formed in electronegative gases will never reach the substrate as long as they don’t

have a sufficient Eq to overcome the potential barrier to the substrate.

The situation is slightly different when the substrate is insulated at floating potential.
Its potential then adjusts itself relative to Vp according to the plasma conditions in

front of it. Inserting Vy and the current equilibrium into equation ( 46 ) yields

1 M,
E, =q(V, =V, )+E, =szT{E+|n(2nr§eD+Eo, (47)

where Mg IS the effective ions mass. Again, negative ions without a starting energy
Eo will never reach the substrate because generally Vi < Vy. The difference here is
for the positive ions: Vg is always coupled to V according to equation (47 ) by the
parenthesis on its right hand side. For argon Vp — Vj equals about 5kgTe/e so the
positive ions in the collisionsless case will always have an energy of 5kgTe
independent of the absolute value of Vy,.

The realistic situation, however, cannot be described with the simple assumptions
made above. Even for d.c. discharges the ion energy distributions (IEDF) at the
substrate may not be as monoenergetic as given by equations (46) and (47)
because of e.g. different intrinsic energies of different origin, collisions, and a not
homogeneous plasma potential as discussed in section 3.3.3. This will be dealt with
in section 3.4.2. Section 3.4.3 will then focus on additional modifications caused by
the pulsed discharge an its strongly varying target and plasma potential. These may
result in different energies within the IEDF, run-time effects and a non-constant Eg in

the mentioned equations.
3.4.1. Measurement —the plasma monitor

A simple method to determine the ion energies are retarding field analysers (RFA)
where the IEDF is measured by scanning the potential of a retarding grid. The
disadvantage of the purely electrical method is that positive ions are only detected in
their entirety, i.e. there is no distinction between different ions. Negative ions cannot
be separated from electrons at all. More sophisticated is the application of energy-
dispersive mass spectrometers — so called plasma monitors - that measure the IEDF

at certain mass-to-charge number (m/z) ratios for both positive and negative ions.
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The problem with the typically dominating electron current in the negative range is

thus simultaneously solved.

In this work, a commercial plasma (process) monitor PPM 422 (Inficon) has been
used with slight modifications to the standard model to optimise it for different
magnetron sputtering systems. So, an additional magnetic shield surrounds the
barrel of the instrument. Further, the typical 90 degree deflection of the detector had
been given up in favour of an in-line version with more flexibility in terms of the
distance from the magnetron. This model of the PPM can detect ions with m/z in the
range from 1 to 512 and allows energy scans from 0 to 500 eV for both positive and
negative ions. Calibration of the energy has been performed by the ionisation of
neutral gas at a given potential inside the instrument. The barrel was generally
mounted opposite the target with the entrance orifice of 100 ps facing the target to
allow the detection of ions from the gas with Eq ~ 0 as well as ions moving away from
the target with Eq > 0. The separation of the entrance orifice from the target was fixed

to 10 cm in most cases.

The PPM offers the possibility to bias the entrance orifice with respect to ground
instead of grounding it directly. Several preliminary investigations in d.c. discharges
where the entrance orifice was varied in potential showed that the IEDFs were
altered as soon as the entrance potential was close to zero or above it. The barrel
front end hence acted as an effective electrode for the discharge and elevated the
plasma potential as described in section 3.3.2. Negative potentials, especially below
Vi had no significant influence on the IEDFs. It was therefore chosen to float the
entrance for all experiments. Besides the practical simplicity, the intension was to
provide a rather constant sheath for the ion collection throughout the whole pulse as
Vs varies with V. At fixed potential, the entrance orifice otherwise may act as
blocking potential in certain pulse phases. For the negative ions, the floating entrance
has the consequence, that they must have at least an Eq which corresponds to e(Vp

V) to enter the instrument at alll.

Inside the barrel, after passing the ion optics, the ions are first selected according to
their energy by a cylindrical mirror analyser (CMA) before the selection of m/z by a
guadrupole mass analyser. The construction prohibits an experimental integration
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over the ion energies because the CMA can only be passed for a certain energy. To
obtain a transmission independent of the pass energy for the IEDFs, the pass energy
itself is not varied but the ions are accelerated or decelerated by a scanning potential
to a fixed pass energy that was typically 40 eV in this work. This scanning potential is
varied during the measurement of an IEDF. The ions are finally amplified by a
secondary electron multiplier (SEM) and detected by an ion counter. For the
detection of positive and negative ions, the first dynode of the SEM is at very high
(~ 3 kV) negative or positive potential. lon energies are always displayed with respect
to ground. A time-resolution to directly probe different phases of the discharge pulse
was not possible with the PPM, because the transit time of the ions inside the
instrument is much longer than the pulse duration, and it is dependent on the mass of
the ion and its particular trajectory. An argon ion of the pass energy of 40 eV would
e.g. take 35 ps in case of a direct path from the entrance to the detector. A
recalculation into the pulse phases is thus not possible. The only chance of obtaining
time-resolution in the us range is a front gating of the measurement with a fast gating
electronics inside the entrance hood of the barrel as shown by Voronin et al. [87]

which has, however, not been attempted in the work.

An inherent property of the PPM is that it detects only ions which enter the orifice
from directions which are only slightly inclined to the axis of symmetry. The reason is
that only such ions can be successfully focussed by the ion optics onto the PPM axis
and into the CMA. The supplier cannot give a particular angle of acceptance because
it depends on the ion optical potentials, which have to be optimised for each
application, and on the sheath that forms in front of the orifice, which is plasma
dependent. It is generally assumed that the full acceptance angle is very small with
about 3 degrees [88]. The restriction to almost perpendicular entrance has on the
other hand the advantage that small regions of the plasma bulk and eventually the
target are probed. Given the distance from the target of 10 cm, an area of it from
which ions may be detected that directly move to the PPM is a circle of 2.6 mm
radius. This has been used in the presented investigations by shifting the PPM axis
relative to the target axis thus probing different regions. In particular, the PPM was
directed to the target centre and to the racetrack region by moving the magnetron,

which is experimentally easier than moving the PPM.
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3.4.2. Energies in d.c. discharges

The IEDFs in d.c. magnetron discharges are comparably simple because the plasma
potential is not modulated in time so that the average ion energy spectra measured
by the PPM are determined by a single plasma potential value and no run-time
effects complicates them. D.c. discharges are therefore useful to understand basic
physical phenomena that have influence on the IEDFs. Examples for the IEDFs of
positive ions for sputtering of a magnesium target in inert gas (argon) are shown in
Figure 22. The argon ions, which result from ionisation of the cold gas with Ep = 0,
exhibit a single sharp peak at about 0.7 eV, thus after equation (46 ) Vy is slightly
positive with +0.7 V. It should be noted that Ar" may be detected with a very high
count rate at m/z =40 of its prevalent isotope (abundance 99.6 %) but with a
significant count rate for its isotope (0.337 %) at m/z = 36 as well. Both isotopes will
be used throughout this work when appropriate because, as shown in Figure 22 their

IEDFs are expectedly identical except for their absolute intensity.

Figure 22 shows that besides a low signal of impurities (O"), other positive ions
detected are that of the target material, either singly or (very weakly) doubly ionised.
The IEDFs of these ions are generally much broader that that for Ar*, particularly to
high energies. The reason is that material from the target which is ionised at the
plasma potential, carries an energy E, resulting from the sputter process additional to
the energy from the difference between Vy and ground. According to Equations
(12)-(14) Eo in this case has its own overlapping distribution enhancing the high-
energy tail of the IEDFs. However, the contribution is much less than it would be
expected for the original Thompson distribution (cf. Section 2.1) as given in Figure 22
by the dotted curve. This is due to collisions between the sputtered atoms with the
cold working gas and the beginning of thermalisation of the sputtered flux. Taking the
hard sphere model, the mean free path of an Mg atom in argon under the conditions
of Figure 22 is 5 cm, so that in average an Mg atom has undergone two collisions

between the target and the substrate.

Consequently, the Mg atoms that are ionised on their way the substrate lose energy
which enhances the low-energy part of the energy distribution and reduces the high-
energy tail. Thus, the maximum of the IEDF is shifted down to eV instead of
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eVp + Us/2 as seen in Figure 22. The resulting average ion energy obtained from the
data in Figure 22 is 1.7 eV for Ar" and 2.6 eV for Mg®*. Without collisional cooling of
Mg an average energy calculated with Us = 1.53 eV from equation ( 14 ) of 7.9 eV®
for Eq plus the shift by eV (0.7 eV obtained from the peak position of Ar*) . The
average energy of Ar* is also slightly higher than the peak energy. This is due to a
small hump in the IEDF up to 10 eV. It is assumed that this weak increase is due to
the heating of the gas by the collisions with the sputtered flux. Such gas heating has
been reported to cause a gas rarefaction [89] and to be relevant at pressures above
several 0.1 Pa [90] in d.c. magnetrons. The suggestion is supported by the fact the
hump is intensified when the discharge power is increased. The effect is only weak
because the mass of Mg is low.

Figure 22: IEDFs of positive
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For an aluminium doped zinc oxide (AZO) target sputtered at 0.4 Pa, the IEDFs of
different target material ions could be studied, namely zZn*, Al*, O*, and AIO". The
investigations showed that the high-energy tail resulting from the sputter energy
distribution deviates from ion to ion. It was most reduced for ions of intermediate
masses [A4]. This has been explained by the different energy loss during elastic
collisions. The energy exchange during an elastic collision is determined by the
energy transfer function given in equation ( 4 ) and is maximum for equal masses. If it
is assumed that for the compound material all constituents experience the same

surface binding energy, atoms with a mass close to 40 amu will have the most

integrated up to 60 eV only to compare with the measured range
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reduced energy [A4]. In fact, this has been found in the IEDFs with O" having an
average energy 5.1 eV, Al* 3.0 eV, and Zn" 2.0 eV. Additional to the average energy
the shape of the IEDF indicates a more effective thermalisation for a mass close to
that of the working gas: Al" and Zn* showed a distinct low-energy peak and a weak
high-energy shoulder whereas for O* the peak was much less developed [A4]. The
lowest average energy was found for AIO* with 1.8 eV but here a comparison is
difficult because the bonding energy of the molecule may change the original sputter

energy.

While the IEDF of positive ions is mainly determined by Vy and hence is comprised
of low energetic structures below 100 eV, the IEDF of negative ions is very different.
This is shown in Figure 23 for the IEDF of O obtained during non-reactive AZO
sputtering in Figure 23 [A4]. The most significant feature is the main peak at very
high energy of 390 eV. To obtain such a high energy, the O has to be formed at very
negative potential. The energy corresponds to the negative potential of the target
which was -382 V. The sharp flank to low energies implies that O™ is formed directly
at the target and not somewhere in the target sheath where the potential is higher
and its energy would be less. This formation is reasonable because in contrast to the
very low electron density in the sheath the supply of electrons at the negative target
is large so that an atom leaving the target can easily capture an electron given a
positive electron affinity (Ea = 1.46 eV for O). The effect will be enhanced by an easy
release of electrons, i.e. a high yisge coefficient. This connection between negative
ion formation and yisee has recently also been proven experimentally by Mahieu et al.
[91]. Electrons are further captured by the oxygen in the dense bulk plasma and
magnetic trap. The plasma potential in these regions is, however, not negative

enough to extract those negative ions to a substrate or the PPM.

The high-energy peak exhibits an extended tail to higher energies. This is similar to
the positive ions from the target material an indicates that O in its majority are no gas
atoms that capture an electron at the target but that the O  originates from O
sputtered from the surface and therefore exhibits the typical sputter energy
distribution. The difference to the positive ions is that the extension of the distribution
for O to energies above the peak value resembles much more the original one (given
as the upper dotted lines in Figure 23 for Us = 7.6 eV published by Ellmer et al. [92]

and for Us = 5.7 eV after Malherbe et al. [4]). The reason is that positive ions
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undergoing collisions will re-appear in their distribution at low energies thus
enhancing the maximum that is already at the low energies. Negative ions losing a
comparable percentage of the original energy (e.g. 400 eV) will - if at all - re-appear
in the IEDF at much lower energies than the peak. It is, however, more likely, that the
electron is stripped off upon collision or the ion is scattered off the detection
direction.® As the result, negative ions that collided are completely removed from the
IEDF above the peak so that the remaining tail still represents the original sputter
energy distribution. The deviation between the two simulated curves shows that for
composite materials, where the surface binding energy is often not exactly known,

the sputter distribution itself provides a significant uncertainty.

Figure 23: IEDF of O for AZO
, , sputtering in argon. The spectrum
ITarget: is dominated by a high-energy
Ele =-V_=382 \/[ ] peak slightly above e|V;| with a
! . ] high-energy tail due to the sputter
E energy distribution. In contrast to
the positive ion EDFs, the original
sputter energy distributions shown
by the dotted line (upper: Us = 7.6
eV, lower Us = 5.7 eV) is better
reproduced than for the positive
ions. The IEDF marked with the
circle has been measured in the
magnetron centre but for the high-
energy peak only (after [A4]).

Cutoff:
Ele=-V, =18V

Count Rate [cps]

0 100 200 300 400 500 | a70 target, dc., <P>=100 W,
lon Energy [eV] 0.5Pa Ar, Uy =382V, Ip =0.26 A,

z =100 mm, x = 30 mm, 0 mm)

At the low-energy end of the IEDF, a sharp cut-off is observed. As mentioned above,
this is caused by the floating entrance orifice which negative ions having Eg less than
the difference between Vy and Vy can not pass. The floating potential, in this case
-18 V, can therefore be directly taken from the IEDF of negative ions. At moderate
energies between 50 and 250 eV, the O" IEDF exhibits weak but distinct peaks. The
peak formation has no reason in the potential because there are no such localised
potential minima in the discharge as shown in section 3.3.3. Instead, the peaks
appear at energies that correspond to suspected larger negative molecules formed

also at the target that are dissociated during their transit to the substrate [A4] into:

®  The scattering will also occur for positive ions. The result on the IEDF is, however, not as

significant because due to their low energy they will be focussed into the PPM by the sheath,
which the fast negative ions will be not.
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X0~ (eV;) — x(evT-ﬂj + O [eVer (48)
m(X + Q) m(X +0)

with X representing any combination of atoms and the kinetic energy of the particles
given in parentheses. This suggestion of a fragmentation has been confirmed by a
more detailed investigation of different negative ions in AZO sputtering (Figure 24). A
similar argumentation has also been published by other authors [93, 94, 95]. Figure
24 clearly shows that the suggested fragmentation peaks are observed for many
negative ions but their energetic position depends on the masses involved as
indicated by the assignment to the parent molecules XO in the figure. Figure 24
reveals two other interesting results: there are very small amounts of Al" because Al
has a positive electron affinity of 0.441 eV but no Zn" that is unstable [96]. Further,
even rather complex molecules are present as Al,O, (measured directly and from a
fragment) and Zn,O, (measured as a fragment only). As they either show up directly
at the full energy corresponding to the target voltage or at fragmentation energies
which require the full energy, they are all formed at the target, i.e. sputtering of such
big molecules occurs and it is most likely that they are also formed in neutral states.
Similar fragmentation pattern have been observed while sputtering a titanium target
in oxygen atmosphere: signals of TiO," and (very weak) TiO” where measured directly
while TiO3 and TiO;" could be deduced from fragment peak energies in the IEDFs of
the smaller molecules [97].

Given the small acceptance angle of the PPM, the detection of such fragments
require that they move almost perpendicular to the target surface as the accelerated
parent molecules do. A fragmentation due to collisions with heavy particles (e.g. the
working gas) can therefore be ruled out because the momentum transfer would alter
the flight direction of the fragments, moreover, probably detaching the electron upon
collision. The formation of the fragments without significantly changing their direction
may proceed via autodissociation according to equation (48 ) when the molecule
(XO) has a positive electron affinity but the negatively charged molecule (XO") which
is formed at leaving the target is in a repulsive state. Lieberman reports that this is
particularly likely for complex molecules and that the lifetime of XO™ may exceed 1 us
(e.g. for SFg) [98]. This is in the order of the transit time of the fast negative ions in
the magnetron discharge: an O, ion with 400 eV needs 2 ps to cross the space to

the substrate or PPM. Because the dissociation or attachment energies are much
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smaller than the kinetic energy of the molecule, the direction of the fragments is

almost the same as for the autodissociated parent molecule.

The autodissociation scheme does not fit for the O,” molecule because it has no
repulsive state [98]. The formation of negative fragments having the same direction

that have been observed (Figure 24) then has to proceed via electron-impact

processes:
O, (eV;)+e - O (~eV /2)+O( eV;/2) +e (a)
0, (eV;)+e — 0, (~eV;)+ (b1)
O,(~eV;)+e —» O (~eV,)+ ( ev;) (b2) (49)
0, (eV;)+e — 20(~eV,/2) + 2e (c1)
O(~eV;/2)+e —» O (~eV;/2) (c2)

Because the density of O, is low compared to O [99] as observed here, almost no
reaction data on O, are available. Gudmundsson et al. [100] for kgTe = 5 eV give a
rate coefficient for reaction (b2) of 3-:10"" m®s and for the reaction (b1), however for
O and not 0,7, of 2:10"® m%s stating that this reaction is one of the main loss
channels for O in oxygen discharges. As the energies involved in all the processes,
are similar with Eax(O2) = 0.4 eV, Ea(O) = 1.5 eV and Egss(0O2) = 5.1 eV,
Eaiss(02) =4.1 eV [98], it is likely that a mixture of them is responsible for the
fragmentation of O,” and will also add to the fragmentation of the other molecules that

have been observed.

It should be noted that traces of high-energetic ions reaching up to the equivalent to
the full target voltage have even been occasionally found in the IEDFs of O" ions in
oxygen discharges in this work. Because in d.c. discharges a plasma potential of
several 100 V does nowhere exist, the origin of those positive ions has to be negative
ions which are accelerated in the target sheath. Subsequent charge exchange in the
plasma transforms them into positive ions. Because they are detected by the PPM
with the small acceptance angle only electron collisions similar to those of equation
(49) can be involved.
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As shown in Figure 24, the integral count rate of O™ is much higher than for O, by
one order of magnitude [A4]. This relation has been observed consistently as soon
as oxygen was present in the magnetron system. For instance, sputtering of Mg, in
Ar/O, or pure O,, however in pulsed mode, yields a factor of about 20 more O ion
signal than for O,". Figure 24 reproduces the situation with a target saturated in its
oxygen concentration (AZO) sputtered in argon. Given sputtering mainly of atoms, a
dominance of O against O, could be expected. The situation, however, was not
changed when the working gas was O,. Contrary, both O" and O, were reduced in
intensity. This can be explained by a lower sputter yield of the reactive gas. The more
important fact is that this behaviour shows that the negative ions originate from target
and not from the gas perhaps reflected at the target surface. Otherwise, the intensity
had to be increased in O, compared to Ar. Moreover, the extended tail of the high-
energy peak in the O" IEDF indicates that O" is sputtered from the target and not only

desorbed as speculated by Mraz [94] because for desorbed atoms the sputter energy
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distribution which makes up the tail (see above) would be missing. For the Mg target,
both O and O, were increased when the gas composition was changed from
Ar/O, = 100/20 to 0/100 by a factor of two. This is supposed to be due to a more

saturated target surface in its oxygen concentration.

Another important finding is the lateral inhomogeneity of negative ions impinging
perpendicularly on the substrate. This has been investigated with different positions
of the PPM relative to the magnetron axis making use of its small acceptance angle.
Taking a value of 3° for this [88], only a circle of 5.2 mm diameter on the target is
probed. The PPM has been placed such that it once probed the racetrack area and
once the centre of the circular target, both for an AZO target sputtered in O,. The
result was a 35 times increased flux of O ions opposite the racetrack compared to
the centre that is shown in Figure 23. Given the acceleration of the negative ions
perpendicular to the target due to the very thin sheath in front of it, a significant
lateral inhomogeneity of the ion bombardment by high-energetic negative ions is
expected at the substrate with a maximum along a circle opposite the racetrack. It
can, however, not be excluded that other areas of the substrate are subject to
bombardment with energetic ions or neutrals that are scattered out of the original
"beam” and were not detected with the PPM [A4].

3.4.3. Pulsed magnetron discharges

Vp and V1 mainly determine the ion energies at the substrate for the positive and
negative ions, respectively, as shown in the previous sections. In pulsed magnetron
sputtering, both quantities vary in time (section 3.2) so that the IEDFs are significantly
changed. The result is shown in Figure 25a for Ar* during AZO sputtering [A4]. As in
the d.c. discharge, there is a low-energy peak close to 0 eV which is dependent on
the pulse parameters (here the ‘off time) in its intensity. In addition, another peak
which is not observed in d.c. discharges appears at several 10 eV. For this one, the
intensity and also its energetic position depend on the pulse parameters. As a third
component, there is an extension of the IEDF to high energies even above 100 eV,
which is dependent on the pulse parameters in its energy. To simplify the further
discussion, the low-energy peak shall be addressed with (i), the medium-energy peak

with (ii), and the high-energetic maximum with (iii).
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The peak (i) can be attributed to ions born in the ‘on’ phase in which Vr is very
negative and Vp adjusts close to ground as described in section 3.3. V does not
significantly depend on the particular waveform of Vr in this phase (shown in Figure
25b) and so (i) is not shifted in its energy with the pulse parameters. Its intensity is,
however, dependent on the duration of the ‘on’ phase — being inverse to the ‘off’ time
length for the constant duty cycle of 0.6 - from which those ions originate. This is

seen from Figure 25d.
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Figure 25: IEDFs of Ar" in a pulsed discharge with (d)
f=100 kHz and for different ‘off times (a) showing 2 8x10°
peaks and a high-energy cut-off. In (b), the | & °
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(<P>=100W, f=100 kHz, p = 0.4 Pa Ar, z = 100 mm,
X =30 mm, AZO target)

Peak (ii) corresponds to ions from the stable ‘off phase where V, is elevated to
positive potentials of several 10 V. Consequently, its intensity is proportional to the

length of the ‘off phase (Figure 25d). The shift in its energy with the ‘off’ time is
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explained by the changes of Vr in the ‘off’ time shown in Figure 25c: the longer the
‘off’ time is, the lower is V1. As shown in section 3.3, V, follows V7 and so, according
to equation ( 46 ), the ion energy is reduced. E; is consistently lower than eVr which
is in agreement to the findings with the emissive probe that Vy, stays typically a few

volts below Vrin the stable ‘off time.

Maximum (iii) has even higher energies than eV, in the stable ‘off’ phase. Its origin is
therefore attributed to the Vy overshoot at the beginning of the ‘off phase that is
connected to a very high positive V (Figure 21). As seen from Figure 25c, the
energy of (iii) and Vr (and consequently Vy) have the same dependence on the ‘off’
time. However, E; is much lower than eVt would suggest. The reason is the short
time, Vr and Vp attain such high positive values — the heavy ions cannot receive the
high energy before the sheath collapses again. A simple estimation shows this:
assuming after section 3.3.3 that Vp, close to the substrate is only somewhat below to
the positive value of V1 and that the electrons are almost immediately pushed away
from a grounded surface, a matrix sheath with a linear potential drop of about 200 V
(Figure 25b) remains. The width of the sheath for n = 10*°cm™ and ksTe =5 eV is 1.5
mm for simplicity assumed to be constant. Taking into account that Vr needs about
100 ns to develop (linear increase rate taken) its maximum value and so do Vy and
the sheath voltage, than an Ar* ion starting from the sheath edge would need 140 ns
to reach the substrate or has only crossed 0.5 mm when the sheath starts to collapse
again. Within this range, it will only acquire 70 eV instead of 200 eV, which is in
agreement with Figure 25. The calculated energy may be slightly underestimated
because of the neglected sheath expansion and the collapse time (again 100 ns) of
the sheath. Nevertheless, ions cannot obtain the maximum sheath voltage energy
but (see Figure 25c) the maximum energy increases with increasing overshoot

potential.

The IEDFs described above exemplarily for the sputtering of a planar AZO target in
argon are a general feature of the asymmetric-bipolar pulsed magnetron discharges
and have been observed for all other planar systems investigated as well [101, 102].
The three maxima have additionally been observed by other authors in similar
magnetron systems [103, 104, 105]. Misina and Karkari with co-workers [104, 106]

and later Voronin et al. [87] were further able with a front-gating measurement
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technique to "pin” the peaks observed to certain moments within the pulse. The
shape of the IEDF is, however, not a feature of planar magnetron but has been
observed similarly within this work also for asymmetric-bipolar pulsed rotatable
cylindrical magnetrons [102, 107]. It should be noted that the IEDFs of Ar" are
representative for all positive ions. To the IEDFs of ions formed from species
sputtered from the target Eo from the remnant sputter energy distribution is added as
shown for the single peak in the d.c. case (cf. section 3.3.2) according to equation
(46).

The high-energy parts on the IEDFs of the positive ions that are generated through
the pulsing will increase the energy transferred to substrates at fixed bias potential
(e.g. ground). They will have, on the other hand, no effect on the ion energies at
floating substrates. These are given by equation ( 47 ). Because the floating potential
follows temporal variations of Vp in the order of the ion plasma frequency, the
potential difference accelerating positive ions to the substrates will be at any time
only given by the electron temperature, also in the ‘off’ time.

The IEDFs of the negative ions are also modified against those from the d.c.
discharges. This has been recently published for AZO sputtering [101, 107, 108].
While in the d.c. discharges, a single peak corresponding to the target voltage with
the high-energy sputter tail rapidly decreasing to zero is observed, in the pulsed
discharges, the count rate of the ions again increases towards higher energy above
the peak. It has been speculated that the d.c. like peak in the IEDF originates from
ions from the stable ‘on’ phase while the higher energy ions are generated during the
‘on’ phase overshoot of V1. A histogram of V1 supports this interpretation [107] which,
however, suffers from the fact that the maximum detectable energy of the PPM is

with 500 eV lower than e|V7| for the V1 minimum for AZO and many other materials.

The investigations have therefore been more thoroughly repeated with a magnesium
target and Ar/O, atmosphere in fully reactive mode. This setup allows very small
target voltages with even the peak V1 keeping above -500 V [A2] because of the high
visee coefficient of the oxide formed at the target surface [8, 11]. The resulting IEDFs
of O for two different pulse frequencies and the comparison to the d.c. discharge are
shown in Figure 26a. In the d.c. discharge a single high-energy peak is measured at
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160 eV slightly above e|Vt| of 153 eV due to the sputter energy distribution. The
result thus confirms those of the AZO target (Figure 23). As soon as the discharge is
pulsed, a higher energy extension additionally appears in the IEDF having its
maximum at 380 eV almost exactly at e|Vy| = 390 ... 400 eV (see Figure 26b) which
is completely missing in the d.c. discharge. The slightly reduced energy is again due
to the effect that the ions will not completely cross the sheath before is starts to
collapse. The assumption is thus confirmed that in pulsed d.c. sputtering much higher
energies of the negative ions occur because of the target potential overshoot in the
‘on’ phase and that those ions impinge on the substrate will about the energy
corresponding to the full cathode fall voltage at the moment of the overshoot. The
amount of these high-energy ions increases with the frequency as shown in Figure
26a because — as seen in Figure 26b — the very negative Vr is attained more often at
higher frequency. The intensity of the middle energy peak at 150 eV is on the other
hand almost unaltered at least for the low frequencies shown. A tiny shift to lower

energy with increasing frequency corresponds to a change in the stable ‘on’ time V7.

A striking new feature in the IEDF in pulsed mode is an additional peak below the
main peak at 120 ... 130 eV which has no counterpart in the Vr waveform. This has

been investigated in a separate set of experiments to identify its origin.
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The low voltage magnesium sputtering in oxygen was used for these experiments,

too. The frequency was fixed at its standard value of 100 kHz and the ‘off’ time was
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varied. IEDFs of O and O," were taken for each pulse parameter set. Only selected
examples which were all taken with the same settings at the PPM are shown in
Figure 27a for a better visibility. For every ‘off’ time, the count rate of O, is generally
much lower than that of O confirming the results described above. In its form, the
IEDFs of both species a similar: the high-energy end moves to higher energy with
increasing ‘off’ time and there is a double peak structure at medium energy of about
130 eV and 160 eV with the first peak increasing but the second one decreasing with
increasing ‘off’ time. Nevertheless, there is an important difference between O™ and
O,": the second peak vanishes for O, for an ‘off’ time of 4.6 pus whereas it does for O

at 5.0 ps.

To find an answer to the question why the energy of negative ions generated at the
target surface during the stable ‘on’ phase - to which the medium-energy range
belongs — splits up into two peaks, the target potential waveforms have to be
analysed and the transit time of the ions through the discharge has to be taken into
account. Taking an O" ion that is accelerated to 160 eV in the very thin target sheath
at the stable ‘on’ time, it will need 2.3 ps to cross the discharge and reach the
substrate or the PPM. This means that O generated in the interval marked by the
upper red bar in Figure 27b will not reach the substrate during the ‘on’ time but rather
in the ‘off’ time — during an interval marked by the upper blue bar in Figure 27b.
However, while moving through the discharge the potential of the target and
simultaneously the plasma potential around the moving ion changes from ~ 0 V
(stable ‘on’) to ~ 25 V (stable ‘off’) in this case. To reach a grounded surface during
the ‘off’ time, the O then has to overcome an additional potential barrier and will be
slowed down consequently impinging on the grounded surface with 25 eV less
energy. This is almost exactly what is observed in the IEDFs in Figure 27a as an
additional energy peak P; 30 eV below the "main peak” P,. The peaks P; and P,
change their relative intensity with the pulse parameters. The longer the ‘off’ time and
consequently the shorter the ‘on’ time, the less becomes the P, intensity. This is
better seen in Figure 28 and results from the fact that for decreasing ‘on’ time less
lons generated during stable ‘on’ reach the substrate still in the ‘on’ time. For an ‘off’
time of 5.0 ps, all O ions generated in the stable ‘on’ time arrive at the substrate

during the ‘off’ time (cf. Figure 27b) and consequently P, completely vanishes.
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The trend is different for the low-energy peak P; (Figure 28). From long ‘off’ times
down to 2.3 us all O" generated during the last 2.3 ps of the ‘on’ time arrives at the
substrate during the ‘off’ time and thus P; exhibits a rather constant intensity. When
the ‘off’ time is chosen even shorter, some of the ions (starting from those generated
at the very end of the ‘on’ time) experience a second plasma potential change down
to ~ 0 V. That means they arrive at the substrate within the subsequent ‘on’ time and
are not decelerated and thus do not add to P;. P, is therefore reduced to very short

‘off’ times more and more.

The only difference for the measurements of O, is the ion mass being twice that of
O'. The consequently increased transit time of 3.2 us is represented by the lower
bars in Figure 27b. As shown in Figure 27a and Figure 28, the behaviour is almost
identical to O with the exception: peak P, vanishes not at 5.0 ps ‘off’ time but at 4.0
us instead because the time interval from which the ions are transferred to the ‘off’
time is longer for O,". Consistently, the range of saturated P, should begin at longer
‘off’ times for O, that is, however, not seen in Figure 28 because ‘off’ times between

3.0 ys and 2.0 ps have not been measured.
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The investigations have shown that the IEDFs are much more structured in pulsed
magnetron discharges than in d.c. ones. This holds for both, positive and negative
ions. However, one has to distinguish been an effect on floating or fixed bias
substrates. For fixed bias substrates such as grounded ones, all modulations leading
to high-energy extensions will be important because V, determines the ion energy

onto the substrate only. When the substrate is insulated, its Vy will follow changes in
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Vi and the modulations of the IEDF against ground due to Vp will have no significant
effect. This is the case for the high-energetic positive ions and the observed peak
splitting for the negative ions. High-energetic ions with energies corresponding to the

full cathode fall voltage and its overshoot will affect both floating and fixed substrates.

3.5. Summary of fundamental properties

Pulsed magnetron discharges were introduced in coating technology to avoid arc
formation during the deposition of dielectrics by the neutralisation of surface charges
due to the modulation of the target voltage. The results presented in this thesis
demonstrate that the potential modulation of the target as the most important
electrode for the magnetron discharge significantly changes its properties as well so
that pulsed discharges significantly differ from their d.c. equivalent. The density of the
charged particles and hence their current to the substrate as well as the potentials
and ion energies to the substrate are altered and modulated according to the

temporal variation of the target voltage.

The most intuitive reaction is the modulation of the potential of the discharge. It
follows changes of the target potential rapidly on the time scale of the electron
plasma frequency at any moment. In phases of negative target potential, the plasma
stays close to ground potential due to the surrounding walls. For positive target
potentials, the plasma adjusts close to that positive value. As known for d.c.
discharges, the plasma hence couples to the electrode with the most positive
potential. This has the important consequence for bipolar pulsing that high positive
values of the plasma potential are temporarily obtained. Due the overshoots of the
power supply during the switching to the ‘off’ phase this can not be prevented. It has
been shown that the plasma is lifted to such high values within the whole volume

extending to the substrate.

The temporarily very high positive plasma potential has two consequences. First, the
discharge is subject to high energetic electrons from the substrate and wall sheaths
in the early ‘off phase. Second and important for film deposition, positive ions are

accelerated to substrates at ground potential and may cause radiation damage with
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energies exceeding 100 eV. Even for deposition on insulating substrates, the high
potential has to be taken serious because the grounded walls can be sputtered

resulting in impurities.

Generally, the rapid potential changes during the switching between the pulse
phases give rise to transient phenomena caused by the acceleration of the charge
carriers — especially the electrons. This is particularly the case for the charge carrier
density development in the ‘on’ phase. Here, two sharp peaks are formed at its
beginning before the discharge begins to transform into a stationary state. For the
peaks, a simple general model of the discharge build-up has been developed which
relies on homogeneously distributed charges at the end of the ‘off’ time of the last
pulse. At first, the remaining electrons are accelerated through the discharge. The
resulting high energies could not be observed with the double probe in this work but
have been frequently reported in the literature. However, the high energetic electrons
cause an ionisation maximum that is observed as a density peak. Subsequently, the
second peak is caused by high energetic secondary electrons from the cathode
which are released by the slower ions. The second effect is enhanced by a

simultaneous target voltage peak.

The generation of fast electrons in the early ‘on’ time which precedes the density
peaks, however, gives rise to an increased heat flux to substrates even at floating

potential with increased pulse frequency.

The combination of these two fundamental processes together with the amount of
residual charges that depends on the length of the ‘off time complicates the
comparison of different magnetrons, i.e. the results of different groups. A general
finding, which is consistent to the literature, is that for very long ‘off’ times, the re-
establishment of the discharge in the ‘on’ phase occurs on a considerably long time
scale. Because the required duration of the ‘off’ time is determined by the surface
charge neutralisation, the only possible method to speed up the discharge

development is to provide an independent d.c. source of charge carriers.

Optical emission confirms the results of the charge carrier density peaks during the

‘on’ time. Additionaly, information on the electron energies have been obtained with
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it. Most importantly, the origin of a peak at the start of the ‘off phase could be
ascribed to momentary high-energy electrons accelerated in the substrate sheath
enhancing the excitation in the substrate region. A temporal delay of the emission
against the charge carrier density indicated a significant density of metastable argon
atoms in the discharge. These affect the emission of most argon lines because they
are subject to indirect excitation. As a result, the line at 750.4 nm has been found the
only intense signal to correctly reproduce the density development of the pulsed

discharge.

The global potential modulation leads to additional high ion energies not present in
d.c. discharges. Generally, for the ion energies which a practically of most interest at
the substrate, it has to be differentiated between positive and negative ions because
their origin is physically very different. Positive ions that impinge on the substrate are
formed in the plasma and their energy is determined by the plasma potential.
Negative ions originate in their majority from the target and their energy is hence
determined by the target potential. However, because both potentials are significantly
modulated in pulsed discharges the energy distributions of both ion types exhibit

more complex shapes than for d.c. discharges.

Positive ions shown an additional energy peak compared to d.c. at several 10 eV
which is due to the stable ‘off’ phase plasma potential. The energy distribution further
extends to about 100 eV because of the potential spike at the beginning of the ‘off’
phase. For the positive ions which are formed from sputtered atoms, all structures in
the energy distribution are always broadened to higher energy due to the initial
energy of the sputter energy distribution. An important fact is that the additional
energy peak in pulsed discharges will have different influence on grounded or floating
substrates. They will contribute significant additional energy to grounded substrates.
However, this is not the case for floating substrates as the substrate potential follows

change in the plasma potential.

This is different for the negative ions. Those are generated in the ‘on’ time at the
target gaining high energy in the target sheath of several 100 eV. Because the
floating potential is not connected to the target potential, the ions impinge on

grounded and floating substrates as well with their high energy. This has the
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consequence that in pulsed sputtering with overshooting target voltage extremely
high ion energies occur of up to the full overshoot voltage equivalent. These can
even exceed 1 keV. The direct flux of negative ions has further been demonstrated to
be very inhomogeneously distributed at the substrate being most intense opposite
the magnetron race track which may lead to local change in the film properties and

local damage.

The transit time of the negative ions from the target to the substrate results in a
further diversification of their energy spectra. This is due to the similarity of the time-
of-flight and the pulse period. Sudden changes of the local plasma potential along the
ion path lead to decelaration or acceleration of the ions in the substrate sheath. The
effect which was first observed within the frame of this thesis by a peak splitting may
be particularly important for deposition onto fixedly biased substrates by shifting the

ion energy.
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4. Dependence on operation parameters and magnetron

configuration

4.1. Introduction

The fundamental properties discussed in the previous section are subject to many
parameters that can be adjusted on a pulsed magnetron deposition process. One set
of those, the pulse parameters like pulse frequency and ‘off time have been dealt
with in the previous section. This section will concentrate on the influence of
parameters which are of technological relevance. These are partly determined by the
desired film material itself like target material or working gas atmosphere or by the
deposition chamber setup like the position of the substrate holder. They may also be
rather easily accessible in process engineering like the gas mixture, gas pressure, or
the electrical potential, especially of the substrate holder. All these parameters are
known to influence d.c. magnetron discharges and should have an effect on the

physical properties of pulsed discharges as well.

4.2. Target material and reactive gas

The two mechanisms that sustain a discharge are the volume ionisation by fast
electrons (a-process) and the ejection of secondary electrons from the cathode (y-
process) by ion bombardment (cf. section 2.2). The target materials — or more exactly
the surface of the targets - which may have very different ion induced secondary
electron emission coefficients (yisee) therefore play an important role in the
characteristics of d.c. and pulsed discharges. In table 3, the operating voltages and
currents for d.c. and pulsed discharges displayed by the power supplied are
summarised for different target materials used in this work both in inert (Ar) and
reactive (Ar/O, or Oz) ambient. The compilation shows three important facts, which

will be discussed in the following.
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DC power supply Pulse power supply
Advanced Energy MDX 1.5k AE Pinnacle Plus 5k
Ar Ar/O, or O,(*) Ar Ar/O, or Oy(*)
C U [V] 507 + 18 534+ 15 244 + 22 234+ 6
Ip [mA] 197+5 187 £5 410+ 34 427 £11
Mg Ur [V] 236 + 10 149 +5* 152+ 2 98+8*
Ip [mA] 424 +£ 17 671+22* 658 £9 1020+ 77 *
Ti Ur [V] 246 + 2 319+£3* 145+ 2 153+6*
Ip [MA] 407 +£3 256 +2* 690+ 9 654 +25*
ZnO:Al (2 wt%) Ur [V] 383+11 37817 186+ 1 188+ 2
Ip [MA] 26317 265+5 538 +3 532+ 6

Table 3: Target voltages Ut and discharge currents Iy displayed by the power supplies for four target
materials in d.c. and pulsed magnetron discharges sputtered with inert and reactive working gas. The
values were obtained in the pressure range between 0.3 Pa and 0.6 Pa with very similar magnetron
sources. All discharges were operated in power-controlled mode with a nominal discharge power of
100 W. The pulsed discharges were run with a frequency of 100 kHz and 4.0 ps ‘off’ time.

(1) For argon sputtering in the d.c. mode, different target voltages are obtained for
the target materials. Because all discharges were operated under otherwise similar
conditions, the influence of the volume ionisation (o) is negligible and the various
target voltages are a consequence of different electron ejection into the discharge
from the target (y). In fact, when comparing Ut from table 3 with the yisee coefficients
from table 1, Mg and Ti with the highest yisee produce the lowest Ut while it is higher
for ZnO with a much lower yisge. This corresponds to a relation proposed by Thornton
that Ut o« 1/yisee as shown by Depla et al. [7, 109]. The relation is shown in Figure 29,
which also includes the data from the reactive ambient. The carbon target exhibits
the highest U indicating a very low yiseg, which is not in agreement with the literature
data (table 1). As Figure 29 shows, the Uy values are way off the 1/yisee dependence
of all the other discharges. The data taken from [6] are therefore doubtful. The own

results suggest a vyisee for carbon in the range of 0.04 instead of 0.187.

(2) When the discharge is operated in reactive gas, the target voltage in the case of
Mg and Ti is altered due to the formation of an oxide layer on the target surface and
a corresponding change in yisee. MgO has very high yisee causing Uy to drop
dramatically with a simultaneous increase in Ip to achieve the set nominal power. The
behaviour of the Ti target is reversed because yisee of the oxide is lower than that of
the metal. Both reactive discharges were operated with 20 % of the total gas flow
being oxygen that was enough to be in fully reactive mode of the target so that the
target should be close to stoichiometric oxide and the yisge is reasonable. The

relation of Ut to yisee is also given for the reactive processes in Figure 29. Clearly, Ut
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for ZnO:Al and C does not change significantly when reactive gas is inserted
because there is no oxide formation for the carbon and ZnO:Al was stoichiometric
oxide even when sputtering with argon. Consequently, yisee does not change. It is
important, however, to note the constancy of the target voltage although operating in
100 % O in these cases. This means that the volume ionisation (c.-process) is not
significantly different between both Ar and O,. This offers the possibility to
independently study the influence of yisee on the plasma parameters within a pulse by
selecting a proper target material as Mg with a big difference between yisge for the

metal and the oxide, which will be demonstrated later.

0-5 E C(A) Figure 29: Target voltage
T © C€(,) determined during d.c. sputtering
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0.2 " and a massive deviation of the
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< @ . . the same trend (d.c., P =100 W,
------ 0.3 ... 0.6 Pa).
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(3) The Ut and Ip values displayed for the pulsed mode show the same trends for (1)
and (2) but consistently lower Ut and higher Ip are observed resulting in the set
power of 100 W. This is at first surprising because o and y are expected to be the
same for the same combination of magnetron, target, and gas mixture. To
understand the difference, the operation of the pulsed power supply and the dynamic
response of the plasma have to be considered. The values displayed on the Pinnacle
Plus power supply are those of the output of the integrated d.c. , Ugc and lg.. The
subsequent pulse unit transforms these values into those delivered to the plasma
between cathode and anode, Uyjas and Iyas [110]. For a rectangular output waveform,

the relations between the quantities are connected with the duty cycle
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Uzﬁ
n

plas

(50)
Iplas = T]Idc

During the ‘off’ time the circuit of the Pinnacle Plus is optimised to produce a small

voltage of 10% of that in the ‘on’ time with different polarity. Furthermore, the current

in the ‘off’ time is close to zero so that

Iplas:nlon_'_(l_n)loff ~n|0n' (51)
Given the requirement that the output power (neglecting losses) has to be that of the

d.c. power supply

PdC == Udcldc = U I = Pplas :npon +(1_n)P0ff zﬂr]l:)on (52)

plas * plas

and combining (50), (51), and ( 52 ) one obtains

o T (53)

Taking the voltage display value (Uq4c) of the pulsed discharges from table 1 and
applying equation ( 53 ) for the duty cycle of 0.6 used there one comes up with nearly
the value which is obtained for the corresponding d.c. discharge in any case. The
effect of the duty cycle is more clearly seen in Figure 30a for the Mg target in the
reactive gas mixture, when the pulse frequency was varied at constant ‘off’ time, i.e.
the duty cycle was changed from 0.5 to 0.96 and compared to the d.c. discharge.
While Uy is decreasing with the frequency, the voltage delivered during the ‘on’
phase, U,,, stays constant at the value for the d.c. discharge (Figure 30a).
Simultaneously the current Iy, increases thus increasing the power P,, delivered in
the ‘on’ phase. The fact that during the ‘on’ time Uy, is almost constant while Io,
changes with frequency contradicts the usual conception developed by Thornton that
for a particular magnetron the current Ip is related to the target voltage Ut by [18]

I, =cU," (54)
with ¢ and n being fixed parameters at constant operating conditions except of the
electrical parameters. To look at this more closely, the waveforms of Vr, Ip, and Pp
for a very low frequency, i.e. closest to the d.c. magnetron, are shown in Figure 30b.
After the overshoot at the beginning of the ‘on’ time, which has settled 3 us after its
start, Uy, maintains a constant value while |loq| is continuously decreasing from 0.84
A above the d.c. values Ipc (0.67 A) but finally dropping below (0.6 A) that.
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The complex relationship between U and | is best seen from Figure 30c where Ip is
plotted against Vr for every time within the pulse. During the first part of the ‘on’ time
(4 us to 7 ps) where the remnant charges are accelerated and the sheaths form, the
discharge is far from a stationary state and the |-V plot shows a hysteresis-like

shape. Nevertheless, even when Vt has settled indicating a stationary state, this is
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not reached with Ip still drifting. The important consequence from these investigations
Is that the I-V characteristics of magnetrons with pulsed power supplies even with
long ‘on’ times cannot be described with Thornton’s relation for d.c. magnetrons.

As mentioned in (2), yisee is changed between metals and their oxides that form on
the target surface. Simultaneously (cf. table 1), the sputter yield of metals and their
oxide is different. This leads to the effect that the discharge is switched between the
metal mode and reactive mode very rapidly as shown in Figure 31a,b for the target
voltage and discharge current when the oxygen flow is varied. The reason for the
rapid change is the decreasing gettering of oxygen when the target becomes
oxidised and — due to the decreased sputter yield of the oxide — much less metal
atoms are released. The consequence for reactive sputtering is that in uncontrolled
operation with a fixed flow of O, (Figure 31) a hysteresis occurs and stable sputtering
is only possible in the range left to the hysteresis (metal mode) or right to it (reactive
mode). The modes are different in their electrical discharge parameters Ut and Ip, an
effect that has been discussed for table 1. It is reproduced in the I-U characteristics in
Figure 31 for 400 W nominal power: the transition to the reactive mode is
accompanied by an increase of the discharge impedance for Ti but a strong decrease
for the Mg target, corresponding to the different yisee. The sudden change in the
plasma impedance is observed for the argon lines in OES, too (Figure 31c,d).
According to equation ( 39 ), the emission line intensity is proportional to ngne. While
ng for Ar is barely changing within the hysteresis flow range, ne that is roughly
proportional to Ip changes: following yisee the Ar intensity is increased in the reactive
mode for Mg but decreased for Ti. Further changes in the reactive mode result from
the altered Ar density because Ar is replaced by O,. Simultaneously (only measured

for Mg), the O signal rises.

Important is the signal change of the metal emission line because for its intensity
both ny and ne change upon mode switch. The sputter yield is in most cases lower for
the oxide than for the metal [111]. The change in ne follows yisee. Figure 31 reveals
that in the case of Ti and Mg the metal intensity is always much lower in the reactive
mode, because for Ti both Y (by a factor of 5) and yisee (1.5) decrease. In the case of
Mg the decrease in Y (factor of 9) and ny overcompensates the parallel increase in

visee (3) and ne. The effect of the strongly decreasing metal emission intensity has
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been used for many years for the active control of the reactive sputtering process
with plasma emission monitors; PEM [112, 113]. This provides the possibility to
operate the discharge within the range of the hysteresis curve with the profit that high
yields and high deposition rates (the metal mode characteristic) and the deposition of
stoichiometric oxides at the substrate (the reactive mode characteristic) can be
combined. The strong gradient of the metal emission is typically used with this
technique to adjust its value to a certain setpoint. Deviations from this setpoint are
immediately compensated by an adjustment of the reactive gas flow. Doing so, a

working point along a line within the hysteresis can be stabilised.
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Figure 31: Hysteresis behaviour of U and lp during reactive sputtering of Mg (a) and Ti (b)
following the changes in yisge between the metal and the oxide and changes in optical emission
intensities for the transition additionally representing the changes in Y. Note that the hysteresis itself
is not resolved in the OES results due to poor flow resolution during the measurements. Wavelengths
of the emission lines are given in parentheses in the legend.

(<P>=400 W, f = 100 kHz, 144 = 4.0 Ys, Fia = 100 sccm, p = 0.4 Pa, z = 52 mm)
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Although the method is widely used nowadays, it is not suited for every material,
which is explained by the two concurring processes depending on Y and vyisge. The
procedure works as long as the metal emission intensity is a monotonic function of
the sputtering yield for reactive gas flow changes, at best with a very steep gradient.
If, however, the yield change is not dominating over a yisge change in the opposite
direction, the PEMs will fail. Such failure has been reported for SnOx [114]. Zinc, in
fact has a very low metal sputter yield difference between 0.8 (metal) and 0.5 (oxide)
according to Yamamura’'s formalism (cf. sect. 2). Own works on MgO with
counteracting Y and yiSEE dependence proved a difficult control that had to be
optimised for a dual magnetron [115]. TiO, processes with the yiseg dependence

supporting that of Y on the other hand are easily controlled with a PEM [116].

The global change of the U-I characteristics of the discharge (2) due to changes in
visee affects the temporal development of U+, Ip, and the plasma parameters as the
charge carrier density as well. This has been investigated in this work and was
published for the system Mg/MgO that has the most different yisge between the metal
and the oxide [A2]. The temporal development of n(t) together with that of the Ar
emission intensity of the 750.4 nm line J7s0.4(t) is presented in Figure 32 for the metal
mode and in one example for the reactive mode. In the reactive mode, similar
courses as given in Figure 9 are observed: a strong maximum C both in n(t) and J(t)
slightly more than 1 us after the initiation of the ‘on’ time and a weaker maximum A
about 0.5 pus after the initiation which is hardly seen in the OES. The second
maximum coincides with the peak in the discharge current which is somewhat
delayed to the target voltage peak. For the metal mode, A is not significantly altered.
The maximum C, however, appears much later than in the reactive mode and is
broader which has the consequence that during the duration of the ‘on’ time of 4.0 us
the subsequent minimum D and the increase to E at the end of the ‘on’ phase are not
seen in the metal mode. Simultaneously, Ur and Ip are delayed and especially their
peaks shift to later times. A closer inspection of these appearance times for a wider
range of gas mixtures (Figure 33) reveals that there is a sharp transition at the
change from metal to reactive mode rather than a continuous one. The reason is the
enhanced production of secondary electrons in the reactive mode. Due to their higher
current, the power supply (operated in power controlled mode) is able to drive the

discharge current necessary to establish the required power with less voltage at the
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target. Given a similar increase rate of the target voltage, the necessary voltage to
obtain the current is hence earlier reached and the voltage subsequently reduced. It
thus forms its peak responsible for the maxima C earlier so they also appear quicker.
Figure 33 shows exactly this behaviour as all maxima belonging to C are dramatically
qguickened in the reactive mode. It is important to note that the fundamental reason
for the faster development of the discharge within the pulse leading to almost
reaching a quasi-stationary state at the end of the ‘on’ phase is the increase of yisge
in the reactive mode but that the faster development itself is a consequence of the
reaction of the power supply and its output characteristic. There is even a slightly
higher increase rate of the target voltage to its maximum in reactive mode reflecting
the feedback of the plasma to the power supply [A2]. The average charge carrier
density in the reactive mode is only up to 20% higher than in the metal mode
accounting for the power control of the power supply: instead of a dramatically
increased n through yisgg, the driving voltage is simultaneously reduced (cf. table 1).
This has the additional effect that the ion energies at the substrate are reduced for

high yisee — which has been used in section 3.4.3.

Whereas the maxima related to the ion bombardment and the secondary electron
emission are hindered in their development in the metal mode and shift, the first
maximum A does not (cf. Figure 33). This constancy proves that its formation is
independent of the target material and yisee but has its origin in the gas and the
residual electrons as supposed in the model introduced in section 3.2.3. The remnant
electrons in the gas phase are accelerated as soon as the target potential goes to
negative values. They cause ionisation once the accelerating voltage has reached
the ionisation potential of the gas, most efficiently, however, at energies of about 100
eV. The target potential reaches a value of -100 V at 0.15 ps to 0.3 ps after the
initiation of the ‘on’ phase [A2] almost independent of the surface state — the small
deviation in the rise of the voltage can be neglected here. Within the time resolution
of the probe, the ionisation these electrons cause is detected as a small density peak
at 0.4 ps in the metal and in the oxide mode (Figure 33). The maximum formation will
be reliant on the magnetic field preventing electrons from escaping too fast out of the
discharge volume. For a free flow of electrons to the substrate they would leave
within several 10 ns before the target voltage could reach the value necessary for

sufficient ionisation.
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It should be noted that the observed decay of the plasma in the ‘off’ phase does also
not depend on the surface state of the target. This is to be expected because in the
‘off phase, any secondary electrons escape quickly and no new high energetic
electrons from the target are generated. Consequently, n decays with a rate of

~500 ns and Jz50 only slightly slower with ~700 ns in both modes [A2].

For the Ti target, no such temporal effect was clearly observed between reactive and
metal mode, which is not surprising because yisee does not change as much between
metal and oxide. Generally, appearance times of the maximum C of 2.0 — 3.2 us
were observed at 0.2 Pa [29], which were found to decrease with the discharge
power up to 600 W [66]. At 100 W, 3.2 us were measured for the reactive mode. This
is in line with the results for Mg with a higher yisee and an appearance of C at 2.7 ps.

Investigations with a carbon target, however at 400 W, revealed appearance times of
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maximum C in the range 1.7 — 2.3 us [59] which indicate a low yisge Similar to that of

TiO, but not as extremely low as the nominal target voltage (Figure 4) suggests.
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4.3. Discharge Pressure

A parameter that determines the ionisation in the plasma volume, which is at the
same time easy to change in deposition technology, is the pressure of the working
gas of discharges. It is therefore of interest how the pressure influences the temporal
development of the pulsed discharge. At the same time, a change in the pressure
alters the flux and especially the energy of the particles impinging on the substrate,

sputtered neutral as well as the ions.

Figure 34a shows n(t) for the Mg deposition discharge at a pulse frequency of 150
kHz and Figure 34b the argon emission intensity Jzso(t) for a frequency of 100 kHz
both at a duty cycle of 0.6 for different pressure. The results are the same in one
important respect: the maximum C as well as the subsequent depletion in n(t) and
J(t) (minimum D) appear consistently earlier when the pressure is increased. The
same holds for the maximum of the target voltage that also settles earlier at a
stationary value. This is evaluated for the maxima in Figure 34c for the complete set
of pressures investigated. The relation between the different quantities found earlier
(section 4.2) is reproduced: the target voltage Ut peaks first, followed by n, which is
delayed due to the ion transit time through the matrix sheath. Peak C for J750 and Jgi1
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appears subsequent, the latter being slowed by the two-step excitation via
metastable argon. However, the appearance time of the maximum of all quantities

decreases significantly to higher pressure.
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Figure 34: Charge carrier density for
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At first astonishing in Figure 34a,b is the height of the maximum for pressures of up
to 1.0 Pa: whereas the driving voltage is decreased with pressure, both n(C) and J(C)
increase. The expectation would be a decrease because the secondary electrons
acquire less energy in the sheath. However, the pressure increase has the additional
effect that the collision frequency of the secondary electrons in the magnetic trap is
increased. The ionisation in front of the target is thus enhanced lowering the
impedance of the discharge and increasing the current to the target. Hence, the
current necessary to achieve the set power is reached faster. The consequence is
that for higher pressure less voltage is needed to drive the current and the maximum

in Ut is weaker. Because the voltage increase rate of the power supply is constant
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this lower voltage is furthermore achieved earlier. The combination of the better
lonisation and the feedback from the power supply leads to an increase in n and a
faster peak formation. Due to the higher collision frequency the discharge in the rest
of the pulse also develops faster so that the stationary state is reached in shorter
times (cf. Figure 34a,b). This is in agreement with Ehiasarian et al. [117] who found
the same trend for the ion current to the substrate in a high power impulse magnetron
(HIPIMS) and Musil et al. [118] who observed a faster discharge current development

with increasing pressure in a low-frequency pulsed magnetron.

When the pressure exceeds 1.0 Pa, the height of the maximum of J starts to
decrease again. The reason is probably a then too efficient cooling of the secondary
electrons by inelastic collisions that together with the further decreased peak voltage
may lead to less excitation in the measurement region close to the substrate. This
should be accompanied by less ionisation which necessitates even more energy
(15.7 eV onset compared to 13.5 eV for the excitation of the 750.4 nm argon line),
however, it couldn’t be confirmed because the probe measurements were performed
only up to 1.0 Pa [68].

At pressures below 1.0 Pa, the emission intensity maximum at the start of the ‘off’
phase that has been introduced in section 3.2.5 is not observed. The reason is that
the collision frequency of the electrons accelerated through the substrate sheath
during the positive overshoot in Vy with the background gas is too low to cause
significant excitation enhancement adjacent to the substrate. With increasing
pressure and collision frequency, the electrons can excite enough neutral. This
excitation is then concentrated more locally close to the substrate where the
measurement was done. At low pressure the excitation region, it will be more

extended resulting in a too weak local excitation to be observed.

In the ‘off time, both n and J decrease rapidly, accounting for the missing
sustainment of the discharge by secondary electron emission. The decay for all
pressures can be approximated by an exponential fit with a single decay rate as
described above. The decay rate of the charge carrier density measured with the
double probe is such found to be independent of pressure and has a value of (600 +

300) ns. Hence, within the whole pressure range, volume recombination is negligible
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and the loss of charges is by ambipolar diffusion to the walls dominate. The decay
rate of the emission lines, however, decreases with pressure [68]. This is consistent
with a simultaneous decrease in the electron temperature which further impairs the

excitation.

The IEDFs of the positive ions have been studied for d.c. sputtering of a V2A steel
target in argon for the *°Fe* ions. The result is shown in Figure 35 for the pressure
range between 0.1 Pa and 2.0 Pa. At high pressure, the IEDFs exhibit a sharp peak
just like *°Ar* which corresponds to Vpi. The sputtered atoms that are post-ionised in
the discharge hence behave like the cold working gas because they are almost
completely thermalised by collisions. At decreased pressure, a high-energy shoulder
appears, which is the remainder of the Thompson distribution with which the atoms
leave the target. Up to now, a straightforward quantitative description of transport and
cooling of sputtered atoms through the working gas is difficult and even elaborate
Monte Carlo simulations have the problem of finding the correct interaction potential
[119].

—1— 2.0 Pa Figure 35: IEDFs of Fe" at different

—5— 1.0 Pa Ar total pressure for d.c. sputtering of

0.4 Pa a steel target. With increasing

——0.2 Pa pressure the distribution sharpens

0.1 Pa and shifts to lower . energies

) approaching that of Ar  due to

=— 3.0 Pa (Ar) thermalisation of the original sputter

energy distribution (shown as the
dotted line).

Count Rate [cps]

(V2A target, d.c., P=200 W, 100
sccm Ar, z = 100 mm, x = 0 mm)

lon Energy [eV]

To estimate the collisional energy loss for practical purposes and to compare it to
published results, the mean free path Ay giving the average distance of travel before
a collision can be taken together with the ideal gas law and hard sphere interactions

of fast particles in an ambient at rest

T
Koty = = B9 _ | (55)
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where Ty is the neutral gas temperature, n, its density, p the gas pressure and rs and
ry the atomic radii of the sputtered atoms and gas atoms respectively. Restructuring
(55) yields

k,T

kmfppzm:const (56)
a constant value for a given set of sputtered atoms in a gas for a fixed gas
temperature. So, different systems can be roughly compared to each other in that the
average number of collisions is constant for a given product of distance and gas

pressure.

Meyer et al. [120] used a hard sphere model to calculate the thermalisation of Nb and
Cu and found a reduction of the average energy by more than one order of
magnitude at 1.5 Pa (Ar) at a distance of 10 cm. For a velocity proportional stopping,

Gras-Matrti et al. [121] defined a projected range

1+— s
M, B p[Pa]

for which half of the sputtered atoms is thermalised, with u being the ratio between

(57)

R(US)"‘ 0.012 1(1+M3/2)3/4 T[K] 12

the mass of the sputtered atoms Ms and that of the gas atoms M. For the case of Fe,
an assumed gas temperature of 400 K and p = 1.0 Pa, R(Us) is calculated to 4 cm

which is equivalent to a thermalised portion [121]

Ntherm _ 22
N RO o

of almost 90 % at 10 cm distance showing that most of the atoms have be

thermalised. This is in agreement with Figure 35 showing only a very small shoulder
to higher energies. However, the measured still directional portion (above 5 eV) is
with 1 % even much smaller than estimated. The reason is that the formalism of
Gras-Marti et al. treat only completely thermalised atoms (having a Maxwellian
distribution) as such whereas in the measured IEDFs a significant part of cooled but
not thermalised atoms contribute to the peak which can not be separated. Down to
0.1 Pa, the thermalised part decreases more and more and becomes almost invisible
as a separate peak for 0.2 Pa. As shown in Figure 36, the average kinetic energy is
still much below the original average energy at the target, even for the lowest
pressure of 0.1 Pa. This is reasonable because sputtered atoms/ions that undergo a
collision will be transferred to the lower energy part of the energy distribution
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reducing the high-energy tail. For being completely thermalised, many collisions are
necessary. Still, for 0.1 Pa, the strong reduction is astonishing because the mean
free path for hard core interaction (equation ( 55)) is twice the distance of the PPM
from the target so that in average only half of the atoms should have collided an lost
energy. Ellmer et al. [122] have published a much shallower decrease of the high-
energy tail for similar condition during Fe sputtering. It cannot be excluded that at
very low-pressure parts of the high energetic ions have been missed due to the low
acceptance angle of the PPM that was in this case positioned on-axis. Further
research at different positions is thus necessary to understand the measured strong

energy reduction.

Nevertheless, a strong reduction of the energy of the sputtered atoms measured for
their post-ionised ions is found leading to almost complete transfer to the low-energy
peak above 1 Pa. Given the measurement distance of 10 cm, as a rule of thumb, an
effective cooling above the product p-d = 1 Pa-cm may be generally proposed
deviating to slightly higher values for very light or very heavy ions. Counteracting on
the energy decrease, the number of the ions is increasing with pressure (Figure 34)

due to better ionisation [68].
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Figure 36: Average energy of Fe* ions and O ions in dependence on the total gas pressure. Data
have been evaluated from the results shown in Figure 35 and Figure 37. The average energy of the
positive ions is composed of the plasma potential contribution (about 2 eV) and the remaining sputter
energy. The point at 0 Pa represents the calculated situation that no gas phase collision would have
occurred. Also displayed is the integrated (over energy) count rate of the negative ions.
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While the IEDFs of the positive target material ions reveal a significant decrease in
the average ion energy due to thermalision with increased pressure, those of the
measured negative ions do not. This is shown for the O" IEDFs during d.c. sputtering
of AZO in Figure 37 for O, as working gas. Only the high-energy part was measured
because no noteable intensities were observed below. All IEDFs have exactly the
same shape irrespective of the working gas pressure and exhibit a maximum at
380 eV with a sharp low-energy edge and an extended high-energy tail. As explained
in section 3.4.2, the high-energy tail represents the Thompson distribution of the O

atoms, which take up an electron at the target, and thus the IEDF is shifted by e|V1|.

Figure 37: IEDFs of O at different
O, total pressure for d.c. sputtering
of a AZO target. The form of the
IEDF is essentially unchanged but
the intensity is drastically decreasing
with increased pressure.

(AZO target, d.c., P=100 W, 50
sccm Oy, 2 =100 mm, x = 30 mm)
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The constant form of the IEDF confirms the finding that the high-energetic O™ colliding
with gas atoms are completely removed from the IEDF above 350 eV and there is no
"redistribution” as for the positive ions. Hence, the average energy of the O ions is
independent of the pressure (cf. Figure 36). Instead, the complete IEDF is reduced in
its count rate. The decrease is exponential (Figure 36) because it obeys the
scattering law. From this exponential decay the scattering cross section can be
calculated according to d(In(count rate))/dp = -ckgT/z to & = 1.10"* cm? (for T = 300
K, z=100 mm) which is of the same order of magnitude as for the scattering of
neutral oxygen (o = 3-10™"° cm? assuming ro = 100 pm, ro; = 290 pm) showing that
the scattering of negative ions can be approximated by neutral scattering. The
difference results from the high energy of the negative oxygen ions which reduces

the cross section. Any collision of O therefore leads to a removement from the
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forward "beam” into another direction or even to a neutralisation. lons, which are
detected with the PPM, are only those that have moved collisionless from the
racetrack to the substrate.

The result of the pressure dependence of the ion energies at the substrates shows
that with this parameter the energetic bombardment of the substrate can be strongly
influenced. With increasing pressure, the energy of the target material arriving at the
substrate can be drastically reduced and above about 1 Pa an almost thermalised
flux arrives. At the same time, the integrated (over energy) flux of the positive ions
increases due to enhanced ionisation. Most importantly, while the energy of the very
high-energetic negative ions stays constant (as long as the target voltage does not
change), their flux will be exponentially reduced. Therefore, particularly in terms of
the prevention of radiation damage, a high pressure seems advantageous. The
drawback is that the deposition rate will simultaneously decrease due to increased
scattering of the sputter flux. Moreover, no statement can be given at this moment as
to what influence products of collided high energetic negative ions may have. They
may hit the substrate as undetectable neutrals with still high energies or O" impinging
inclined thus being not recognised by the PPM. To investigate these effects, an
extensive combination of angle resolved measurements and simulations would be
necessary in the future. The formation of the high energetic O in oxide deposition
itself may not be prevented because as shown they originate from atomic oxygen
leaving the target, which is an inherent property of the oxide deposition process. This
even holds for reactive sputtering of metal targets where a compound layer is always
formed at the target.

4.4. Discharge geometry and wall potentials

The periphery of a magnetron discharge such as the walls or electrodes surrounding
it and their potential — either typically insulated (floating) or grounded — have a
distinct effect on the discharge properties. This is particularly the case for the
substrate holder that is inherently in contact with the plasma in deposition systems.
The influence is often hard to characterise because the geometry of the chamber is

fixed. This sometimes makes results of different groups difficult to compare. For this
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reason, probe measurements were carried out in a purpose-built cylindrical chamber
with a simple setup where the 10 cm diameter planar magnetron with a carbon target
was placed in the centre and the opposite substrate holder could be moved to two
different distances of 80 mm and 150 mm [A3, 59, 79]. The substrate holder

(9 = 125 mm) was mounted in grounded plate 150 mm opposite the target.

The spatio-temporal development of the plasma potential was investigated in this
system for the two substrate holder distances with the substrate holder either
grounded or insulated [A3]. For the floating holder at the large distance, the results
have been shown in section 3.3.3. When it is moved closer to the target (80 mm), Vp,
in the ‘on’ time is decreased in the discharge centre close to the substrate (bulk)
which is shown in Figure 38a. The decrease is explained by the effective currents of
electrons and ions to the walls and the conservation of quasi-neutrality in [A3]: For
the floating holder at 80 mm distance, it intersects almost all magnetic field lines
along which the electrons move away from the target. It hence effectively prevents an
electron drain to grounded components downstream the discharge. A further
obstruction of the electron current by a potential barrier is not necessary to keep the
balance to the target ion current because electron loss to the system is only by those
few that get past the substrate holder or cross-drift to the anode cup surrounding the
magnetron. The situation is different for the substrate holder at 150 mm distance
(Figure 21a) where the magnetic field lines are not intersected and many electrons
reach the grounded plate around the substrate holder [A3]. Similarly, with the
substrate holder at the small distance but grounded, V, must be raised to prevent a
net electron drain out of the discharge because the majority of the magnetic field
lines terminate on the grounded holder (Figure 38b). In this case, most of the
magnetic field lines of the unbalanced field extending to the substrate region
terminate on the grounded holder (Figure 3) which would result in a large electron

current if a potential barrier was missing. Vp hence is raised above ground potential.

In the ‘off’ time, Vpy is raised to positive values following the positive V1 which has
been shown in Figure 21. This general behaviour is independent of the potential and
position of the substrate holder. This is shown in Figure 39 for 150 mm distance of
the grounded substrate holder during the stable ‘off phase and the peak at its
beginning. Both distributions are similar to those presented in Figure 21 in its form
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but also with respect to the absolute values. However, they exhibit slightly lower Vy,
throughout the whole volume, an effect that has also been observed for the distance
of 80 mm. This is explained by the net ion current to the substrate when it is at
ground potential, which it does not draw at floating potential. The plasma potential is
decreased to allow an electron current to the target that can compensate this [A3].
The investigations thus show that the potential distribution is strongly dependent on
any surface and its potential that surrounds the discharge. It is therefore not
surprising that the results of the group of Bradley [83-86] differ from those presented

here because the magnetron itself is slightly different.
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Figure 38: Distribution of Vp for a substrate holder distance of 80 mm from the target when the

substrate holder is (a) floating and (b) grounded (from: [A3]).
(C target, <P> =400 W, f = 100 kHz, 1,4 = 4.0 ps, p = 0.45 Pa Ar, ds = 80 mm)
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Figure 39: Distribution of V, during the ‘off phase with the floating substrate holder at 150 mm
distance from the target and grounded. (a) represents the stable ‘off’ phase and (b) the target voltage

overshoot at the beginning of the ‘off’ phase (from [A3]).
(C target, <P> =400 W, f = 100 kHz, 1,4 = 4.0 ys, p = 0.45 Pa Ar, ds = 150 mm, Vs = float.)
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In the present work, the magnetron has been constructed with an anode cup that
screens the outer edge of the targets thereby partly intersecting magnetic field lines
terminating on the outer magnet. It hence prevents electrons from reaching the target
along these field lines in the ‘off’ time. In the magnetron of the Bradley group, such a
blocking electrode is not present and an efficient path for the electrons to the target is
provided in the ‘off’ time. To prevent an excess electron current out of the plasma,
their Vp has to be raised above Vr, which is not the case for the magnetron used
here. Consequently, the group of Bradley has measured Vy, > Vr in the ‘off’ time while

in this work mostly Vy, < Vr is observed.

The connection of the anode of the power supply has been identified as a crucial
parameter. The output of the power supply is generally applied between the target
and the anode surrounding the target or being close to it. There are, however, two
possibilities for the grounding of the system. One is to disconnect target and anode
as well from ground. The other, common, method is to clamp to anode to ground. All
the results presented so far have been obtained with the latter configuration. Few
measurements with the PPM were done with the scarcer configuration of
disconnected ground. The result is given in Figure 40 for Ar® that represents the
plasma potential. Instead of the typical peaks at low energy (~0 eV) for the ‘on’ time
and at medium energy (~ 35 eV) for the stable ‘off’ time plus the high-energy part
extending to 60 eV for the overshoot at the start of the ‘off’ time, a single broad but

structured maximum occurs at about 20 ... 30 eV.

The change in the IEDF becomes understandable if the functionality of the wall or
any grounded surface in the case of the disconnected anode is considered. The
discharge current flows exclusively from the target to the anode cup through a drift
across the magnetic field. Any grounded surface adjacent to the plasma may not
draw discharge current. In other words, the net current to the grounded surface such
as the chamber wall is zero and the surface hence has to behave like a floating
electrode [123]. Because the potential of the grounded surface is by definition zero
but the floating condition has to be achieved likewise, Vy will adjust according to
equation (47 ) for V4 = 0 V. For an argon plasma, V is then merely dependent on
the electron temperature and will have a value for argon of Vy ~ 5.2-kgTe. The

absolute potential of both cathode and anode will adjust themselves according to the
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discharge conditions in their vicinity with the restriction that their potential difference
must match Uy delivered by the power supply. The most important fact for the
temporal development of the plasma potential is that all these relations are the same
for the ‘on’ and ‘off’ time. Grounded surfaces will be "inactive”, i.e. have to float, in
both phases and the system of cathode and anode will be "riding” with the plasma at

any moment with just Ut between them fixed.

In the case of the anode being disconnected from ground, Vp will be at +5.2-kgTe (for
argon) for the whole pulse period. Figure 40 has been measured in argon, so that the
three peaks in the broad structure of the IEDFs may be attributed to different electron
temperatures. It can be speculated that the high-energy peak at Ei = 32 eV
(ksTe = 6.2 eV) belongs to ions generated during peaks A and C in the ‘on’ time, or F
in the ‘off’ time, where high electron temperatures are expected, the mid-energy peak
around E; = 25 eV (kgTe = 4.8 €V) to ions from the stable ‘on’ time and the low-energy
peak at E; = 17 eV (kgTe = 3.3 eV) to ions from the decaying plasma in the ‘off’ time.
Up to now it is, however, open to question how the few measured high energetic ions

up to 90 eV are generated.

: Figure 40: IEDFs of Ar" during
--[ F- disconnected pulsed sputtering of V2A steel
--( - connected with either the anode of the
magnetron and power supply
grounded (connected to ground)
or insulated (disconnected from
ground)

10°

(Fe target, <P> =200 W, f = 100
kHz, 1o = 4.0 ps, lps = 1 A,
Ups =200 V, 0.4 Pa Ar, z = 100
mm, x = 0 mm)
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In contrast to the situation discussed above, when the anode is connected to ground,
Vo will be determined by the fixed potential of the grounded surfaces (‘on’ time) or
the positive Vr (‘off’ time) which itself is fixed against ground (anode) by Ur. The
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peaks in the IEDF are hence not determined by Te but the Ut waveform and ground

(cf. Figure 40) as discussed in section 3.4.3.

The spatio-temporal evolution of the charge carrier density is extremely dependent
on the concrete environment of the discharge, too. This has been investigated for the
same magnetron setup with the moveable substrate holder as for the Vy
measurements [59]. The results confirmed those described in section 3.2.4 for

reactive sputtering of Mg but also showed some remarkable differences.

Once again, two peaks were observed with peak A at t ~ 0.4 ps but with peak C at t
~2 ps in this case which is a consequence of the later peaking target voltage due to
the lower y;see. More interestingly, peak A was strongly observed for a short substrate
holder distance (80 mm) but very weakly for a long distance (150 mm) in the bulk
(see Figure 41). The first compares to the situation with the Mg target and shows that
a close floating substrate which effectively reflects the electrons responsible for peak
A back and such forming a trap in the plasma bulk strongly enhances the ionisation in
the very early stage of the ‘on’ phase. When the substrate is at 150 mm distance, the
ionisation is lowered by two effects. First, the power is dissipated in twice the volume
so the density will be only half. Second and more important is the fact observed in the
potential measurements that electrons might escape to the grounded substrate
holder plate instead of being reflected into the bulk.

With the carbon target, peak A was also observed within the magnetic trap, contrary
to the magnesium target. It is assumed that this is due to the much higher target
voltage (peak value of 1300 V instead of 300 V) with a doubled increase rate that

allows the electrons to gain enough energy before they are trapped.

Another important finding is the almost vanished plasma torus at the end of the ‘on’
phase (Figure 42) which is again in contrast to the Mg target (cf. Figure 12). This has
its reason in the slow development of the target voltage due to the low yiseg and a
recapture of electrons at the rising flank of the target potential waveform [59].
Electrons that are released from the target at very high negative potential move back
to the target along the magnetic field lines of the trap and eventually arrive at it when

the target potential has developed to much less negative values. If the electrons have
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not experienced several collisions they may overcome the now smaller potential
barrier and be re-absorbed by the target. The effect has been suggested to be
important even for d.c. magnetrons because of the small initial energy of the y
electrons [124] but becomes more significant in pulsed discharges. The recapture of
electrons out of the trap has been recognised here because of an almost vanished
charge carrier density in the magnetron torus at the end of the ‘on’ phase [59]. Strong
re-capture will be a general effect for pulsed discharges with waveform parts
dV+/dt > 0 in the ‘on’ time but has been particularly observed with the carbon target at
the end of the ‘on’ phase as the target voltage waveform is much slower and the

target voltage minimum is reached only shortly before end-‘on’ [59].

(a) _
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The missing supply of high energetic electrons during this phase has the second

effect that the discharge in almost the complete volume extinguishes (Figure 42).
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Consequently, a spatial distribution of n similar to the early ‘off’ time is observed with
a density maximum at the magnetic null (at z = 55 mm for this magnetron). New
ionisation is negligible and the existing charges are drifting to the substrate. As in the
‘off phase, those charge carriers around the magnetic null are unable to drift along
the magnetic field and are preserved for a rather long time forming the density

maximum in this region.
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4.5. Cylindrical Rotatable Magnetrons

The investigations described so far were all done on circular planar magnetrons on a
laboratory scale (target diameter of 100 mm). With the plasma monitor, additional
measurements were performed on a very different magnetron, a cylindrical rotatable
dual magnetron on an industrial scale (i.e. a cylinder diameter of 160 mm and a
cylinder length of 950 mm) within an industry cooperation. The target material was
aluminium-doped zinc oxide (AZO) and the discharge was operated in asymmetric-
bipolar mode with only one of the two targets being active. The waveform of the
target voltage delivered by a Huttinger TIC 30 DC power supply connected to that
particular magnetron is shown in Figure 43. It seems to have a more rectangular
shape than that used for the planar magnetrons. Especially in the ‘on’ time with the
negative potential, this is in fact the case with the overshoot being only about 20%
above the stable potential. However, for the ‘off’ phase it is more a consequence of

the longer period. Again, the stable ‘off’ voltage is about 10% that of the ‘on’ voltage.
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The IEDFs of the positive ions have been found to be all of similar shape, as an
example for that the Al" IEDF is given in Figure 44a for an average power between
1.2 kW and 2.2 kW. As in the case of the planar magnetrons, the IEDFs show a very
distinct peak at low energy of 6 eV which corresponds to the plasma potential in the
‘on’ phase. The peak has a weak tail to higher energies due to the initial energy of
the Al atoms sputtered from the target. However, it is even weaker than for the planar
magnetron. This is no consequence of the different magnetron type but a result of the
high pressure (1.0 Pa) and the increased measurement distance (140 mm). The
IEDF extends to high energies with the edge energy increasing with the applied
power. The peak before the edge corresponds in all cases almost exactly to the
target voltage in the ‘off phase that is increasing with power because the positive
target potential increases and so does Vp in the ‘off time. No signal has been
measured at high energies that correspond to the positive overshoot in the ‘off’ phase
because it is extremely short compared to the stable ‘off’ time. Although the energetic
position of the high-energy edge of the IEDF follows Vr, it is not yet clear why such a
broad distribution is observed. The very rectangular waveform of Vy would rather
suggest a sharp peak. The low-energy peak is dominant in comparison to the planar

magnetron reflecting the high duty cycle of 80%.

The IEDFs of O exhibit only one peak at high energy between 470 eV and 500 eV
which is shifting to higher energy with increased power (Figure 44b). The energetic
position is at e|Vr on| Which is also shown in Figure 44c. Although the peak is close to
the detection limit of 500 eV of the system (shifting parts of it out of range for higher
power) it is not expected that a significant amount of ions with higher energy are

present because of the rectangular target potential waveform. There is, however, a
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slight decrease in the target voltage to later moments in the ‘on’ time by 10 to 20 V
which broadens the peak. The absolute count rates of O are extremely low in the
case of the rotatable magnetron. The reason lies in the configuration in which the
measurements were done. The entrance of the PPM was facing the cross-sectional
centre of the cylinder at about the middle of its length. It was hence pointing directly
between the two straight racetracks. As in the situation for the planar magnetron, few
negative ions originate from this region. The cylindrical shape of the rotatable
magnetron target further decreases the detectable O flux because the majority of O
emitted from the racetracks is directed sidewards away from the PPM. The physical

basis of the results is thus in very good agreement with the planar magnetrons.
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A further result, which confirms the similarity between the planar and the rotatable
magnetron is shown in Figure 45. Here, the connection of the anode was changed
comparable to the measurement in section 4.4. For the rotatable magnetron, there
are three possible configurations which include the cylindrical target, a shield to
reduce deposition out of the substrate area, and the wall or ground: the target can
either be operated against (a) wall at ground potential but the shield floating, (b)
shield and wall at ground potential, (c) the shield only, with the wall being a passive
electrode. In situation (a) and (b), the target potential is always related to ground and
hence the IEDFs are the same, consisting of the low-energy peak corresponding to
Vi slightly above ground during the ‘on’ phase and some high energetic ions from the
‘off phase. In situation (c) the discharge voltage is applied between the target and
the shield which has no relation to ground — similar to the disconnected anode cup in
the planar magnetron. The peak of the IEDF hence moves to a value which is related

to the electron temperature (cf. section 4.4) instead of being related to ground

1) /- Shield Grounded different electrical connections of

) the anode and the deposition flux

--<>-- Shield as Anode shield surrounding the rotatable
magnetron — when the anode of
the discharge is connected to
ground, the shield potential has

no influence, the IEDF is shifted
when the shield acts as anode.

Count Rate [cps]

(rotatable magnetron with AZO
target target, <P> =3 kW, f = 12
kHz, 1o = 16.6 ps, p = 0.7 Pa Ar,
z =140 mm, x = 0 mm)

lon Energy [eV]

The selected results that have been presented here have been partially published in
[107] and are documented and discussed more extensively in [102] have one in
common. They show that the operation of planar and rotatable magnetrons leads to
similar IEDFs and that the underlying physics is the same and will lead to other
comparable quantities. The basics results from one type of magnetron may therefore
be transferred to the other. Of course, differences exist due to deviating environment
or other operating parameters but these have been shown to be relevant to one of

these magnetron systems alone.
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4.6. Summary of external influences and process control

Besides the knowledge of fundamental processes which determine the properties of
pulsed discharges it is important to know how these can be controlled by externally
accessible parameters. This has been investigated in this chapter from which — also

technologically - important conclusions can be drawn.

The plasma potential distribution and its exact relation to the positive target potential
in the ‘off phase are very sensitive to the environment of the discharge. With a
simple model of the current equality of positive and negative charges the
dependence on the substrate potential has been explained. It shows that the plasma
potential at any moment adjusts to (re)-establish the quasineutrality of the plasma.
From this, differences to other works in terms of the absolute potential could be
explained showing that a comparison of absolute results is only possible for very
similar geometries and magnetron environment. Is has been particularly shown that
the magnetic confinement and the location of the magnetron anode in this work
effectively shield the target from an electron current in the ‘off’ time leading to a

plasma potential decrease.

The plasma potential and hence the IEDFs at the substrate have been shown to be
strongly dependent on the connection of the asymmetric-bipolar pulsed power supply
to the magnetron anode. When the anode of the power supply and the magnetron
are connected to ground, the plasma potential is strongly modulated during one pulse
and the IEDFs show up to three separated peaks. If, however, magnetron and power
supply anode are insulated against ground, target and plasma potential float with
respect to ground and the IEDFs consist of a broad maximum related to the electron
temperature. The trend is identical for planar and cylindrical rotatable magnetrons
showing that the investigation of fundamental properties allows a generalisation of

pulsed magnetron discharges.

The peak formation in the charge carrier density at the beginning of the ‘on’ time has
been shown to be a combination of the release of secondary electrons and electron
impact ionisation in the discharge volume. These two fundamental processes can be

influenced externally by control parameters of the discharge. If they are enhanced,
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the discharge in the ‘on’ time develops quicker, reaching the stationary state earlier,
and hence the effect of fluctuations will be reduced. This has been shown in this work
by

- anincrease of the yisge of the target bulk material sputtered,

- an increase of the yisge of a surface compound layer formed during reactive

sputtering,

- anincrease of the volume ionisation due to increased pressure.
All three variations are accompanied by a reduction of the discharge impedance.
They are also connected to a faster reaction of the power supply proving that the
feedback of the particular power supply to changes in the discharge plays an

important role.

The relation of the density maxima is further — and of course besides the pulse
parameters which determine the residual charge carrier density — significantly
influenced by the location and the potential of close electrodes or walls as the
substrate holder. This is due to a different electron trapping and volume ionisation.
Thus, the temporal and spatial distribution of the charge carrier density may be
extremely different although the average charge carrier density is insensitive to a
wide range of parameters. A prominent example for this is the variation of the pulse

parameters for constant discharge power.

The IEDFs of the ions at the substrate significantly depend on the discharge
pressure, however differently for positive and negative ions. Increased pressure
leads to reduced average energy for many positive ions by a direct energy reduction
but for the negative ions by a reduction of the current of high-energetic ions. The
energy reduction in the case of positive ions is due to a thermalisation of the
sputtered atoms which are post-ionised in the discharge. Negative ions, however,
which arrive at the substrate with energies equivalent to the full target sheath voltage,
are increasingly scattered at higher pressure so that their current at the substrate is
exponentially decreased. To prevent the direct high energetic bombardment by
negative ions, the pressure may be hence increased. However, up to date it is not
clear what consequences scattered high energetic species will result in. Moreover, a
pressure increase is often undesirable because of simultaneous scattering of the

sputter flux reducing its energy and decreasing the deposition rate.
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To reduce the high energetic bombardment of the films by positive as well as
negative ions, the results suggest an optimisation of the pulsed power supplies or a
proper selection of the most suited for a certain process. Where applicable, unipolar
pulsing should be used to eliminate the positive overshoot at the start of the ‘off’
phase. This will be dependent on the sufficient neutralisation of the surface charges.
For bipolar pulsing, the design of the power supplies should generally aim at
reducing the voltage spike. A similar argument holds for the negative target potential
in the ‘on’ time. Negative ions with high energy equivalent to the target voltage can
never be completely avoided when electronegative species are involved. To minimise
the potential damage caused by them, the voltage overshoot should be kept as low
as possible. Consequently, power supplies with a rectangular target voltage
waveform will be the best choice. They will simultaneously reduce the density

fluctuations at the beginning of the ‘on’ phase as well as high-energetic electrons.
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5. Conclusions

The present thesis has been focussed on a certain type of pulsed single magnetron —
an asymmetric bipolar pulsed discharge. The findings will, in their majority,
nevertheless be characteristic for unipolar pulsing of single magnetron and for the
understanding of dual magnetron operation. The results show that due to the
modulation of the target potential the discharge behaves in part completely different
from a d.c. discharge for the same magnetron configuration. This is the case for all
relevant discharge parameters such es densities, potentials, and energies. Additional
peaks in these quantities are often not compensated by minima so that also their

average values are different from d.c. discharges.

The charge carrier density in the pulsed discharge has been shown to exhibit a
modulation not only between the ‘on’ and the ‘off’ phase but also in the ‘on’ phase
itself. These results could be achieved with the development of a time-resolved
Langmuir double probe which has been applied for the first time. The technique has
the advantage to float with temporally changing potentials present in pulsed
discharges making it independent of their determination. Peaks of high density have
been found at the beginning of the ‘on’ phase which are not a simple image of the
target voltage waveform. With the introduction of a qualitative model based on
remnant electrons from the previous pulse and secondary electrons emitted from the
target by the bombardment with remnant ions, the formation of the density peaks
could be explained by bursts of high-energetic electrons. With this model, the
dependence of the discharge development during the ‘on’ phase on the pulse
parameters, the pressure, target material, and discharge geometry can be
understood. Spatio-temporal studies have further revealed that the formation of the

maxima depends on the region within the discharge.

A similar phenomenon is a peak at the beginning of the ‘off’ phase which has been

observed with optical emission spectroscopy. In this case, however, the reason are
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fast electrons from the substrate and not from the target which are detected by
enhanced emission. These findings clearly show that pulsed magnetron discharges
may not be considered as a simple switching ‘on’ and ‘off’. Instead, dynamics on a
time scale of several inverse ion plasma frequencies play an important role making
the transient phases dominant for the used pulse periods of several us. It has further
been shown for the first time that the target voltage waveform driving the discharge is
itself dependent on the discharge formation by a feedback of the power supply.

With the successful development of a time-resolved emissive probe, the potential
distribution within the discharge could be investigated at different moments within the
pulse. It has been shown that the plasma potential immediately reacts to target
potential changes and at any time adjusts itself close to the most positive potential
surrounding the discharge. In asymmetric bipolar discharges the plasma potential
hence is lifted to high positive values in the ‘off’ phase. With a simple model its
absolute value has been related to the discharge geometry by the fluxes of the
charge carriers. Thus, discrepancies between the literature and the present work
have been solved. However, it has been shown that it is generally subtle to compare

discharges with differing environment.

The modulation of the target and plasma potential significantly affects the ion
energies at the substrates. The energy distributions of positive ions exhibit additional
high-energy parts compared to d.c. operation. These have been shown to originat
from the ‘off’ phase with high positive potential. Negative ions partly exhibit extremely
high energies which considerably exceed those in d.c. discharges. Their origin is the
modulation of the target potential in the ‘on’ phase down to extremely low negative
potential which may exceed 1 kV producing ions which strike the substrate with more
than 1 keV. For the first time, a further diversification of the ion energy distributions
has been found which could be correlated to potential changes during the transit of
the ions between the target and the substrate. Generally, an increase of the pressure
reduces the average energy the positive and even more the negative ions.
Additionally, a different connection of the magnetron to ground has been found to not
only shift but completely change the ion energy distribution.
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List of frequently used symbols

List of frequently used symbols

- m m ® O 2 O W >

—_ T @
)

TF
Sn

Sh

(surface) area

magnetic field (induction)

capacitance

separation, distance (S — between substrate and target)

bond strength

elementary charge: 1.602:10™° As

energy (0 — initial, aff - affinity, e — electron, i —ion, iz — ionisation, th — sputter threshold)
electric field (br — breakdown)

frequency (iz — ionisation, pl,e — electron plasma, pl,i — ion plasma)
factor of unbalance

heat of sublimation

current (d — double probe, D — discharge, dc — delivered by dc supply, i — ion, off — during
‘off’ time, ‘on’ — during ‘on’ time, plas — delivered to the plasma)

current density

(emission) intensity

rate coefficient

Boltzmann constant: 1.381-10% J/K

electron mass

mass (i — ion, g — gas atom)

density (0 — initial, e — electrons, g — ground state, n — (neutral) gas, k — excited state)
particle number (therm — thermalised)

pressure

discharge power (dc — delivered by dc supply, off — during ‘off time, ‘on’ — during ‘on’ time,
plas — delivered to the plasma)

particle charge
charge
radius (c — gyration, g — gas atom, p — probe, s — sputtered atom)

projected range

sheath thickness (CL — Child-Langmuir, M — matrix)
rdcued stopping power

nuclear stopping power

time

temperature (e — electrons, i — ions, n — neutrals)

pulse period
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List of puclications

U potential difference, voltage (b — breakdown, CL — Child-Langmuir, d — double probe, dc
— delivered by dc supply, off — during ‘off’ time, ‘on’ — during ‘on’ time, plas — delivered
to the plasma, T — target)

Us surface binding energy
v velocity (B — Bohm (ion acoustic), th — thermal)
\% potential (fl - floating, pl — plasma, S — substrate, T — target)

Wyjo half width

w fit values for sputtering yield

X cartesian coordinate, distance

y cartesian coordinate

Y (sputter) yield

z cartesian coordinate, distance

z atomic number

o first Townsend coefficient

X electronegativity

€ relative static permittivity, dielectric constant
¢ reduced energy

€0 vacuum permittivity: 8.854-10™? As/Vm
() energy distribution function

YViSEE ion-induced secondary electron emission (second Townsend) coefficient

r energy transfer factor

n duty cycle

¢ (ejection) angle

K, k*  Mmass ratio function

A length (D — Debye, mfp — mean free path)

i mass ratio

P fit value for sputtering yield

c cross section (br — breakdown)

o surface charge density

T duration (off — ‘off’ time, on — ‘on’ time)

Tdec decay constant

® plasma (angular) frequency (e — electrons, i — ions)
solid angle

136



List of puclications

List of Publications

Book chapters:

J. W. Bradley, T. Welzel, Process Diagnostics, in: D. Depla, S. Mahieu, Reactive
Sputtering Deposition (Springer Series in Materials Science 109), Springer-Verlag,
Berlin, Heidelberg, 2008, Chapter 7, p. 255-300 (ISBN: 3540766626).

Refereed papers and conference proceedings:

T. Welzel, T. Dunger, H. Kupfer, F. Richter, Time-resolved Double LANGMUIR Probe
Measurements in a Mid-frequency Pulsed Magnetron Discharge, in: J. Meichsner, D.
Loffhagen, H.-E. Wagner (eds.), Proceedings of the 26™ International Conference on
Phenomena in lonized Gases (ICPIG-26), Greifswald, Germany, July 15-20, 2003,
vol. 1, p. 151 (ISBN 3-00-011689-3).

F. Richter, T. Welzel, T. Dunger, H. Kupfer, Time-resolved Langmuir probe
characterisation of reactive pulse magnetron sputtering of MgO thin films, Surface
Engineering 20 (2004) 3, 163-166, Surface Engineering 20 (2004) 5, 400-400.

F. Richter, T. Welzel, T. Dunger, H. Kupfer, Time-resolved Characterisation of Pulsed
Magnetron Discharges Using Langmuir Probes, Surf. Coat. Technol. 188-189 (2004)
384-391.

T. Welzel, T. Dunger, H. Kupfer, F. Richter, A Time-Resolved Langmuir Double
Probe Method for the Investigation of Pulsed Magnetron Discharges, J. Appl. Phys.
96, 12 (2004) 6994-7001.

T. Welzel, T. Dunger, S. Welzel, H. Kupfer, F. Richter, Studies of the temporal
behaviour of a pulsed magnetron deposition discharge, Surf. Coat. Technol. 200, 1-4
(2005) 630-633.

137



List of puclications

T. Welzel, S. Welzel, F. Richter, Time-resolved investigation of the optical emission in
a pulsed magnetron deposition discharge, in: E. M. van Veldhuizen (ed.),
Proceedings of the 27" International Conference on Phenomena in lonised Gases,
Eindhoven, the Netherlands, July 17-22, 2005, #8-082 (ISBN 90-386-2231-7).

T. Dunger, T. Welzel, S. Welzel, F. Richter, Time-resolved investigation of an
asymmetric bipolar pulsed magnetron deposition discharge: Influence of pressure,
Surf. Coat. Technol. 200, 5-6 (2005) 1676-1682.

T. Welzel, T. Dunger, F. Richter, Reactive Gas Effects in Pulsed Magnetron
Sputtering: Time-Resolved Investigation, Surf. Coat. Technol. 201 (2006) 3959-3963.

H. Kupfer, R. Kleinhempel, B. Graffel, T. Welzel, T. Dunger, F. Richter, W.-M. Gnehr,
T. Kopte, AC Powered Reactive Magnetron Deposition of Indium Tin Oxide (ITO)
Films from a Metallic Target , Surf. Coat. Technol. 201 (2006) 3964-3969.

T. Welzel, T. Dunger, F. Richter, Two-Dimensional Double Probe Study of the
Temporal Evolution of the Charge Carrier Density in a Pulsed Magnetron, Plasma
Processes and Polymers 4, S1 (2007) S931-936.

T. Dunger, H. Kupfer, B. Graffel, R. Kleinhempel, J. Lukas , T. Welzel, F. Richter,
Influence of different pulse modes on the plasma properties in a dual magnetron
discharge used for the deposition of Indium Tin Oxide films from a Metallic Target,
Plasma Processes and Polymers 4, S1 (2007) S325-329.

R. Kleinhempel, B. Graffel, J. Lukas, H. Kupfer, T. Dunger, T. Welzel, F. Richter, The
influence of thermal load on the Properties of Indium Tin Oxide (ITO) Thin Films and
their Correlation to the Process Parameters in Pulsed Dual Magnetron Discharges,
Plasma Processes and Polymers 4, S1 (2007) S282-286.

T. Dunger, T. Welzel, B. Berger, F. Richter, Temporal and spatial development of the
charge carrier distribution on pulsed magnetron discharges: influence of substrate
position, SVC — 50" Annual Technical Conference Proceedings, The Society of
Vacuum Coaters, 2007, 431-435 (ISBN 0737-5921).

138



List of puclications

T. Welzel, T. Dunger, F. Richter, Determination of Spatio-temporal Plasma Potential
Variations in Asymmetric Bipolar Pulsed DC Magnetron Discharges by Emissive
Probes, in: J. Schmidt, M. Simek, S. Pekarek, V. Prukner (eds), Proceedings of the
28" International Conference on Phenomena in lonised Gases, Prague, Czech
Republic, July 15-20, 2007, 1585-1588, #4P06-17 (ISBN 078-80-87026-01-4).

T. Welzel, T. Dunger, B. Liebig, F. Richter, Spatial and temporal development of the
plasma potential in differently configured pulsed magnetron discharges, New J. Phys
10 (2008) 123008.

J. W. Bradley, T. Welzel, Physics and Phenomena in Pulsed Magnetrons: An
overview, J. Phys. D: Appl. Phys. 42 (2009) 093001.

T. Welzel, R. Kleinhempel, T. Dunger, F. Richter, lon Energy Distributions in
Magnetron Sputtering of Zinc Aluminium Oxide, Plasma Processes and Polymers, in
press, DOI: 10.1002/ppap200930805.

F. Richter, T. Welzel, R. Kleinhempel, T. Dunger, T. Knoth, M. Dimer, F. Milde, lon
energy distributions in ZAO magnetron sputtering from planar and rotatable
magnetrons, Surf. Coat. Technol. (2009), DOI:10.1016/j.surfcoat.2009.09.034.

Not or not yet refereed papers or conference proceedings:

H. Kupfer, R. Kleinhempel, M. Herrmann, T. Welzel, F. Richter, U. Krause, T. Kopte,
C. Peters, P. Frach, Y. Cheng, A Controlled Pulsed Reactive Magnetron Sputtering
Process for Oxide Film Deposition, in: Ed. M.A. Aegeter, V. Kirchhoff (Eds.),
Proceedings of the 6th International Conference on Coatings on Glass and Plastics,
Dresden, Germany, June 18 — 22, 2006, page 85, Published by the organizing

committee.

Conference Posters:

T. Welzel, T. Dunger, H. Kupfer, F. Richter, Time-resolved Double LANGMUIR Probe
Measurements in a Mid-frequency Pulsed Magnetron Discharge, 26™ Int. Conference
on Phenomena in lonized Gases (ICPIG-26), Greifswald, Germany, July 15 — 20,
2003.

139



List of puclications

R. Kleinhempel, H. Kupfer, F. Richter, T. Welzel, T. Dunger, MgO films for PDP

applications — the measurement of the ion induced secondary electron emission and

optical properties in dependence on the deposition parameters, 68. DPG-

Frahjahrstagung, Regensburg, 8. — 12. 3. 2004.

H. Kupfer, R. Kleinhempel, T. Welzel, T. Dunger, F. Richter, Reaktive Abscheidung von

MgO mittels gepulstem Dualmagnetron, 12. Bundesdeutsche Fachtagung

Plasmatechnologie, Braunschweig, 21.-23.3. 2005.

T. Dunger, T. Welzel, S. Welzel, F. Richter, Time-resolved investigation of an
asymmetric bipolar pulsed reactive magnetron discharge: Influence of pressure, 32™
International Conference on Metallurgical Coatings and Thin Films (ICMCTF ‘05),
San Diego, California, USA, May 2 - 5, 2004.

T. Welzel, S. Welzel, T. Dunger F. Richter, Time-resolved investigation of the optical
emission in a pulsed magnetron deposition discharge, 27" International Conference
on Phenomena in lonized Gases (ICPIG-27), Eindhoven, the Netherlands, July 17 -
22, 2005.

H. Kupfer, R. Kleinhempel, M. Herrmann, T. Welzel, F. Richter, U. Krause, T. Kopte,

C. Peters, P. Frach, Y. Cheng, A Controlled Pulsed Reactive Magnetron Sputtering
Process for Oxide Film Deposition, 6" International Conference on Coatings on
Glass and Plastics, Dresden, June 18 — 22, 2006.

R. Kleinhempel, H. Kupfer, T. Dunger, T. Welzel, B. Graffel, F. Richter, The Influence

of Cross-Magnetron Effect on the Functional Film Properties of ITO Thin Films , 72.
DPG-Fruhjahrstagung, Regensburg, 26. — 30. 3. 2007.

T. Welzel, T. Dunger, F. Richter, Determination of Spatio-temporal Plasma Potential
Variations in Asymmetric Bipolar Pulsed DC Magnetron Discharges by Emissive
Probes, 28" International Conference on Phenomena in lonised Gases, Prague,
Czech Republic, July 15 - 20, 2007.

140



Declarations

Declarations / Erklarungen

Erklarung gemal 85, Absatz 1, Satz 5 der Habilitationsordnung der Fakultat far

Naturwissenschaften der Technischen Universitat Chemnitz

Ich versichere, die vorliegende Arbeit selbstandig und ohne andere als die darin
angegebenen Hilfsmittel angefertigt zu haben. Stellen in der Arbeit, die wortlich oder
sinngemal aus anderen Arbeiten enthommen wurden, sind in der Arbeit

entsprechend gekennzeichnet.

Erklarung gemal 85, Absatz 1, Satz 6 der Habilitationsordnung der Fakultat far
Naturwissenschaften der Technischen Universitat Chemnitz

Ich versichere, die vorliegende Habilitationsschrift an keiner anderen Fakultat zur
Begutachtung vorgelegt zu haben. Die Arbeit ist noch nicht anderweitig veréffentlicht

worden. Von der derzeit gultigen Habilitationsordnung der Fakultat for
Naturwissenschaften der TU Chemnitz habe ich Kenntnis genommen.

Chemnitz, 16. Oktober 2009

Thomas Welzel

141



142



Appendix

Appendix

Reprints

of selected published original works

143






|Reprimed with permission from J. Appl. Phys., Vol. 96, No.12, 6994-7001, Copyright 2004, American Institute of Physics |

JOURNAL OF APPLIED PHYSICS VOLUME 96, NUMBER 12 15 DECEMBER 2004

A time-resolved Langmuir double-probe method for the investigation of
pulsed magnetron discharges

Th. Welzel,? Th. Dunger, H. Kupfer, and F. Richter
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(Received 2 September 2003; accepted 31 August)2004

Langmuir probes are important means for the characterization of plasma discharges. For
measurements in plasmas used for the deposition of thin films, the Langmuir double probe is
especially suited. With the increasing popularity of pulsed deposition discharges, there is also an
increasing need for time-resolved characterization methods. For Langmuir probes, several
single-probe approaches to time-resolved measurements are reported but very few for the double
probe. We present a time-resolved Langmuir double-probe technique, which is applied to a pulsed
magnetron discharge at several 100 kHz used for MgO deposition. The investigations show that a
proper treatment of the current measurement is necessary to obtain reliable results. In doing so, a
characteristic time dependence of the charge-carrier density during the “pulse on” time containing
maximum values of almost 2 - ¥0cm™ was found. This characteristic time dependence varies with

the pulse frequency and the duty cycle. A similar time dependence of the electron temperature is
only observed when the probe is placed near the magnesium tar@&t0©American Institute of
Physics [DOI: 10.1063/1.1808481

I. INTRODUCTION tem, Mahoneyet al*?found an increase in an apparent elec-
: . . tron temperature with the frequency but no significant
Since their development of Langmuir in 1928Jectro- changes of the electron density. In their paper, however, they

static p_robes.ha\{e become one of ‘h‘? most important meal?gport on the difficulties to measure above 100 kHz due to
for the investigation of electric glow discharges. They aHOW“noise” on the probe current. Macak al** and Gudmunds-

access to the plasma parameters charge-carrier density, el & et all41s investigated a high-power pulsed magnetron

tron temperature, and potentials. In contrast to many optica ith a flat probe. Similar measurements were done by Bohl-

technigues and to integral measurements like electrode VOl}thark et al.'% who combined the probe measurements with

age or current, a local determination of the plasma parame o resolved optical spectroscop
eters is possible, which is important because of the inhomo- All of these papers deal withyi_angmuir single probes

geneity of most discharges. However, especially in deposition discharges, the Langmuir

A pulsed operation of magnetron sputtering sources he.‘aouble probes provide some significant advantages like the

been succes_s;‘ully apphed.to thm-ﬂlm depp sition processes Igymmetry of the probe characteristics and the possibility to
recent year%. Especially in reactive environment, this has

. . . measure in high-density plasmas. To our knowledge, onl
been proven to yield enhanced stability of the discharge dugrnith and Ovegrzéf’w ap)[l)li?ed a time-resolved doublegprobey
to reduced poisoning of the target and improved film

Lalitv® However most differences in the process characteri-n their investigation of a pulsed inductively coupled plasma
q Y. ' P ischarge. We have developed a similar double-probe sys-

are still subject to current investigations. Mass spectrometriellon are dgscnbed In Secs. Il anq Ill, respectively. The regglts
measurements show that pulsed magnétrons exhibit high io((‘jbtalr.]ed n pulsgd magngtron discharge for MgO deposition
X . - e given and discussed in Sec. IV.
energied, and enhanced charge-carrier densities are alsd
e_xpected’.A _detalled study of the discharge behavior neces,, LANGMUIR DOUBLE PROBE
sitates the time-resolved measurement of the electron com-
ponent(density and temperatureand the potential of the A single Langmuir probe is always connected to an elec-
plasma. It is therefore necessary to expand the Langmuirode at fixed potentigle.g., groungl In cases where such an
probe measurements in terms of time resolution. Up to nowelectrode does not exist or the plasma potential is varying
only a few papers deal with time-resolved Langmuir probesignificantly, this method is not applicable. This drawback
measurements in pulsed magnetrons. Bradley andias overcome by the development of the floating double
co-worker§ ™ used a Langmuir probe in an asymmetric- probe by Johnson and MaltérAs the whole probe system is
bipolar pulsed magnetron and found a remarkable variatiofioating, a falsification of the probe characteristics due to
of electron density and temperature within the dischargevarying potential is eliminated. This enables probe operation
pulse, especially near the switching points. In a similar sysalso in discharges with strongly varying potential such as
pulsed plasmas. An important advantage of the double probe
Author to whom correspondence should be addressed: FQ0)371- N the deposition plasmas is its symmetric characteristic
531-3042; electronic mail: t.welzel@physik.tu-chemnitz.de when both tips are of equal geometry. Generally, all surfaces
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FIG. 1. Probe characteristics of a cle@ and a contaminateh) probe. 100 & lk a Probe I
After cleaning by ion bombardment, the symmetric characteristic is obtained . Time-Resolved
again(c). ((P)=200 W,f=200 kHz, andr,s,=2.0 us). Adapting Electronics  Extension

. . - - FIG. 2. Schematic of the probe setup. The white part is the original setup for
adjacent to the plasma become contaminated with deposn%tegrated double-probe measurements. The grey-marked part is the exten-

so also does any probe. In the case of double probes, this ca@n for time-resolved measurements.
be easily recognized by a deviation from the symmetry of the
characteristics, n contrast t_o t.he smgle prob_e, which has akhe electrons have a Maxwellian distribution. Subsequent to
ways asymmetric characteristics. Figure 1 gives an examplﬁz]e calculation ofT,, the charge-carrier density was deter-
for this situation. While curvea) is obtained with a clean ©

robe. curveb) deviates from the symmetric shape due to amined from the probe current at a fixed probe voltage of
probe, curveb) dev . y ¢ shap ‘%10 kT./e following a method proposed by Sorfftwhich he
conducting deposit on the insulation. This causes an ing

. ; ) nder the assumption of predominance of singly ionized
electrode to draw a high electron current with both tips and;ositive ions. In our case of a gas mixture, for the average

. 14 . .
remove the dgposn by heatljng?r—as In our casc_a—by 10N " mass of the ions, the average mass of the gas species was
sputter cleaning due to alternatively applying a high negaquaken

potential (about —300 V on either of the tip&° After the

. X o The time-resolved measurement was done by fixing the
cleaning procedure, a symmetric characteristic is reproduce

Ei . robe voltage and recording the corresponding probe current

[ géj( )] most of the characteristic is dominated b thasafunction of timel,(t), for 500 equally distributed times.

. ecause most ot In€ characteristic Is dominated by he recording was repeated for 120 different voltages yield-

ion saturation current, a determination of the electron energ}/ng 1201,,(t) curves. It has to be noted that, as in the static
U . 1

distribution functionEEDP is impossible. Thus, one has to case, voltage step widths were reduced near the floating po-
assume that the EEDF has_at least an approximately Ma)féntial toAU=1 V, while beingAU=2 V in the saturation
x‘:l'at?]esnhzgedO-Ir—]zebcatlgglzt'?j?vgre::iezliif;f:et;n;&%rgtu:?ggions for optimized resolution and short acquisition time.

Y y q . P ?:ollowing the procedure given in Ref.17, the matrix of the
posed by Johnson and Malt€rThis method has been ex-

- Iy(t) curves was finally transposed with a computer to yield
tended by Yamamoto and Okuddo the more realistic case the usuall,(U) characteristic for each of the 500 time steps.

of a varying probe current in the saturation region. The elec- .
: LT The calculation of the plasma parameters could then be car-

tron temperature is then obtained by . . . . .
ried out using the static procedure described earlier for se-

KT, Lo lectedl,(U) curves.

1 l
¢ o) (3] W
dUq/q  \dUg/ ea IIl. EXPERIMENTAL IMPLEMENTATION

where(dly/dUy)q and(dly/dUy),care the slopes of the char- A. Probe setup

acteristic at the floating potentidUy=0 V) and in the satu- The probe setugFig. 2) is based on a static Langmuir
ration region, respectivelyy ¢ is the ion current to the probe probe system, which was designed for double-probe mea-
at floating potential, which, according to Ref. 21, should besurements in stationary dischargéé*%> The operation of
taken from(dly/dUy)s,: @t a voltage of about 0.15 of the this system is as follows: A user-defined voltage ramp is
value, that separates the regions mentioned earlier. For singenerated by a digital-to-analog/analog-to-digit2lA/AD)
plicity, we used the intersection ¢€lly/dUy)s, With the or-  card (PCL-818 of a computer and transformed into the
dinate axis instead. Compared to all other sources of unceprobe voltage of -100-+100 V by a self-made adapting
tainty, in our case, this may lead to an acceptableslectronics. This basically consists of three isolation amplifi-
underestimation off, by much less than 5%, provided that ers(AD2010AN), one of which providing the voltage trans-

Downloaded 03 Dec 2004 to 134.109.132.158. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



6996 J. Appl. Phys., Vol. 96, No. 12, 15 December 2004 Welzel et al.

formation. The actual voltage at the output of the adapting 200 T— — oo — 038
electronics is remeasured by means of the second isolation .
amplifier with the same DA/AD card. The probe current is 1007 ﬁ
measured across a 1@D-esistor inside the adapting elec- = 0 il e =
tronics by a high-resolution AD car@PCL-860, using the S h i;w E
third isolation amplifier. The system additionally provides E -100 4! i é:
the opportunity to apply a separate voltage of up to 600 V to g <
the probe to sputter cleaniit sity, if contamination is ob- & -200 4 é"
served.

Due to the response time of 200 ms of the PCL-860, one -300 1 .
measurement includes many pulse periods yielding an aver- o . ‘ , T"g*‘fe' ] ‘ 16
aged characteristic and is further referred to as “integrated 0 ’ 4 6 8 0 12 14
measurement.” Time-resolved measurements in the kilohertz Time [us]

range were therefore not possible. In order to perform the

time-resolved measurements described in Sec. Il, the setupG. 3. Typical voltage and current wave forms at the targeR)
had to be extende@f. Fig. 2. A 1-kQ) resistor was inserted =100 W f=150 kHz, andr.,=2.6 us). The voltage is used as trigger for
in each of the two probe lines just outside the adapting elect_he probe measurements and the position chosen is marked.

tronics to enable the determination of the probe current from

the voltage drop. The value of 1(k—which is 10 times \yas in most cases 52 mm, thus operating in a region of weak

higher than for the static system—was chosen in order t@,,qnetic field where no disturbance of the probe character-
have an increased voltage signal during the tlme-resolve%tic is to be expected

measurements. The magnetron source was powered by a pulsed power
On the other hand, the voltage drop across the resistor 9 P yap P

should still be small in order to avoid a falsification of the supply (A_dvanced Energy P_lnnacle Plus, max 5 kW, max
probe voltage. The voltage drop across one of these resistore¥ kKH3 in an asymmetric-bipolar mode. An average power
was recorded by means of a fast-digitizing oscillosceie- of 100 W was chosen for the experiments to avoid strong
tronix, TDS 620B with an impedance of 1 K. The output sputtering and contamination of the probe. The target voltage
of the oscilloscope was read out by a general purpose inteand target current were measured by a potential divitiek-
face bus. To ensure a potential-free measurement, the whatenix, P5200 and a current probéTektronix, A6306, re-
system of adapting electronics, computer, and oscilloscopgpectively. A typical example for a frequency of 150 kHz is

was powered by an inSUlating transformer. The CUrrent.SignEéiven in F|g 3. In the “on” phase of the discharge' the ab-
was connected to one channel of the oscilloscope with thgp|yte value of the target voltage is initially strongly in-

plasma-sided connection at the frkresistor being the ;reased, resulting in some overshoot before it adjusts to a

middle connector at the oscilloscope and the computer-side&a,[ionary value. The target current slightly runs after the

being the oscilloscope ground. voltage. In the “off” phase—according to the asymmetric-

The measurement was triggered by the pulsed target;t. | de—the t £ volt . d. bei liahtl
voltage(see next sectigrto have a defined time base. In the ipolar mode—ine larget voltage IS reversed, being shightly

case of time-resolved measurement, the probe voltage waositive, after a short switching peak. The value of the volt-
varied stepwise. Thé(t) characteristics measured for each g€ in this phase is 10% of the average target voltage during
voltage were averaged over typically 20 trigger pulses. Thighe on phase to discharge the surface of any dielectric film
provided a good compromise between a fast measuremegleposited onto the target surface by electrons. The average
and a good signal-to-noise ratio. current through the target in the off phase is zero within the
error of measurement. Following a frequently used conven-
tion, the duration of the off phase is referred to as “reverse
time” throughout the paper. To get the double-probe mea-
surements in phase with the discharge, a trigger has to be
taken from the electrical parameters shown in Fig. 3. As the
The experiments were carried out in a modified Balzersurrent probe has to be connected to ground and the double-
vacuum assembly with two 4-in. cylindrical magnetron yohe measurement is necessarily ground-free, the trigger

6 . . ?
sources?” One of them was equipped with a magnesium tar-,, only be obtained from the voltage measurement. It was

get and was used for the investigations. The base pressuret(glfken as the switching from the on to the off phase. This
the turbomolecular-pumped system was about 5> P@ and . .
O§Iope is the steepest and most stable, whereas the transient at

the operating pressure was fixed to 0.4 Pa. A gas mixture S .
10 (cubic centimeter per minute at SyBcem@ and 50- switching on is broader and depends on the pulse parameters.

scem Ar was used, as it was typically done in MgO deposi-'n the experiments, the pulse frequency was varied between
tion experiments. The probe tipgungsten,@=500 um,| 100 and 350 kHz with the reversed time adjusted so that the
=10 mn’) were positioned on the Symmetry axis of the mag-duty CyC|e was kept constant at about 60%. Additionaly, the

netron. The tungsten tips were adjusted parallel to the targgeverse time was varied while the frequency was kept con-
surface. The distance between each tip and the target surfas@ant at 150 kHz.

B. Pulsed magnetron
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1.6 : i : FIG. 5. Double-probe characteristics obtained from the wave forms of Fig.
—12 _ 08V 4(b) for four selected times within one period.
% 08 of the relation to the currents at very high probe voltages.
5§ 3 1 : - 10V Those are sometimes, especially in the off phase, almost the
5 0.4 4 i same as the zero-voltage current.
£ 00 ; ; ; —0vV It turned out that this zero-voltage current is superim-
E-04 _i posed as a background to the currents at each probe voltage
- : ; > 10V and does not change with the probe voltage. It is most likely
S-08 4 . caused by interference on the lines and the electronic cir-
5-1.2 ; 08V cuitry due to the fast-switching processes within the power
16 1 1 o I , | IV‘ ;upply. Any attempt_tq suppress it was not successful. .Due to
0 . 5 3 4 s its constant nature, it is, however, posslble to subtract it from
each of the measured currents to obtain the actual probe cur-
(b) Time [ps]

rent drawn from the plasma. The reference signal to subtract
FIG. 4. Time-resolved current signal as directly measuap@nd corrected WaS“Obtamed kiy measunng the Cgrrent at zero voltage, where
time-resolved probe current(b) for selected probe voltagesf the “should be” current is essentially zero and the measured

=200 kHZ 7¢,=2.0 us). current is therefore the pure background signal. Subtracting
this from each of the curves of Fig(a} results in the actual
IV. RESULTS AND DISCUSSION probe current given in Fig.(8). Now, the currents still ex-

hibit the typical time dependence correlated to the driving
power supply but are additionally almost symmetrical to the
A typical current signal delivered by the probe systemzero line. As expected, this actual probe current is now
for different probe voltages is given in Fig(a}. Here, the higher in the on phase than in the off phase.
frequency was set to 200 kHz and the reverse titpgwas The matrix of the actual probe currents was then trans-
chosen to 2.Qis. The current signal can be clearly separategposed according to Sec. Il. The result is shown in Fig. 5 for
into two different regions: after the trigger impulse, the 2.0-the four selected time values indicated in Figb)4dby the
us-long off phase of the discharge follows, where almost novertical lines. Within the on phasgll and 1V), the charac-
dependence of the current on the probe voltage is observetkristics obtained are typical double-probe characteristics
Subsequently, an approximatelyu8-long period with a sig- with the three different slope&f. Fig. 1) and a symmetric
nificant variation of the current with the probe voltage is shape. This also holds for the beginning of the off phdge
observed, which corresponds to the on phase of the diswhere the charge-carrier density is still high. Only at the end
charge. The current is increasing with the probe voltage andf the off phasgll) it becomes impossible to seriously dis-
seems to shift to more positive values as the voltage is intinguish between the slopes within different parts of the char-
creased. However, the current for positive and negativecteristics. This is likely due to some asymmetry of the probe
probe voltages is not symmetrical to the zero current, asurrent[cf. fig. 4(b)] in this region, which is a consequence
should be expected for a double prot. Fig. 1). Most  of the background subtraction. In this region, the apparent
significantly, for a zero probe voltage, the measured currenprobe current is almost completely given by the background
is nonzerqgpartly above 1 mAand varying periodically with  signal and the subtraction results in significant uncertainties
the same period, as given by the power supply. Concerningn the low actual probe current. These effects are, however,
the double-probe circuitry, this cannot be a real probe curremegligible when the actual and the correction current are of
from the plasma because for a probe voltage of 0 V—whictthe same order of magnitude.
is actually remeasured—both tips are on floating potential.
possible spatial variation of the floating potential is unlikel
as the reason for the zero-voltage current, firstly, because of After the transposition of the matrix of the actual probe
the small distance between both tips and, secondly, becauserrents, one in five of the resultingU characteristics was

A. Probe current

fB. Charge-carrier density
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FIG. 6. Typical example of the charge-carrier density in dependence on the® 14

time within a period f=150 kHz ;7,¢,=2.6 us). The original axig refers to = 12 1
the trigger position, the additional axisrefers to the switching from the off = A
to the on phase, and hence, to the time within the on phase. ?, 10
[=] ] A
. 8 X x .
) ) . . 'E 6 x " X x x %
evaluated. This resulted in 100 data points over the time 5 R i .
interval of typically 1 or 2 periods displayed on the oscillo- g, 4 : A . . A é
. . . . oy w -
scope. In case a higher time resolution is needed, it is pos- & 2 o = o oo
. .. . . . [w]
sible to evaluate moré-U characteristics in particular time © 0 ‘
intervals. The charge-carrier density obtained in dependence 05 1 15 2 25 3 35
on the time within a period is given as an example in Fig. 6, (b) Reverse Time [us]

for a frequency of =150 kHz and a reversg,,=2.6 us. By
switching from the on to the off phase, the charge-carrielF'G- 7. Temporal position(ﬁ_) and heights{b) of the cha_racteristic extrema
density starts to decrease rapidly from its initial value of?;V?rzeczr?]rgf;cfsrge;H%ens'ty during the on phase in dependence on the
about 5- 18 cm™. The behavior can be well described by an '
exponential decay. For the example given in Fig. 6, the time
constant for this decay was determined to be 490 ns. In totaffequency off =150 kHz. As the discussion is focused on the
this time constant was found to be independent of the pulsen phase, a second time scé#lés introduced(cf. Fig. 6) so
frequency, the duty cycle, and the reverse time, having #hat the positiort’(Y) refers to the point of time where the
value of 450+60 ns. This result is explained by the fact thadischarge is switched from off to on.
the geometric conditions, which determine the electron loss, Figure 1a) shows the temporal position of the extrema
were unaltered. The absolute value of the decay time is esn dependence on the reverse time. The most significant
sentially lower than that in Ref. 10, where 46 have been changes are observed for the positiorEpfwhich marks the
measured. However, in our system, we have a completelgwitch-off point of the pulse, which due to the constant pulse
differing geometry with a massive substrate holder and walfrequency is decreasing as the reverse time is increased. The
parts close to the dischargeee Ref. 2§ which may largely  position ofD, in contrast, is independent of the reverse time.
promote the drain of electrons. The position ofC is decreasing with the reverse tinte
The behavior of the charge-carrier density in the on=2.0 us for re,=1 us tot’'=1.3 us for 7,,=3.3 us. Con-
phase is not as simple as in the off phésfe Fig. 6). Shortly  trary, the position of the first maximu#é does not show any
after switching from the off to the on phase the charge<lear correlation to the reverse time but is constant’at
carrier density starts to increase, reaching a first maximurs0.5 us. B appears slightly earlier with the increased reverse
(labeledA) much sooner as either the target current or targetime in accordance with the movement of the positiorCof
voltage is peaking. After going through a minimui@), a A similar situation is observed with respect to the values of
second maximum(C) is reached near the target currentthe extremgFig. 7(b)]. The value ofE is slightly decreasing
maximum until, finally, the charge-carrier density approachesvith the increased reverse time because the on time is de-
the stationary statéE) after going through another minimum creasing and the position & moves toward the fixed mini-
(D). This typical time dependence of the charge-carrier denmum D, “scanning” the curve in its development to a sta-
sity, with its characteristic extremd, was observed for all tionary state(cf. Fig. 6). The value ofD is again constant,
pulse frequencies and reverse times investigated. Thereforand alsoA does not show any clear dependence on the re-
the extrema have been studied in terms of their heftite ~ verse time. Fluctuations occur at low reverse times, espe-
value of the charge-carrier densignd their temporal posi- cially for A, which are probably due to a partly unstable
tion in dependence on the reverse time at a constant pulsischarge, where the target surface is not sufficiently dis-
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charged during the off phase. The maxim@again shows 20

the most striking dependence on the reverse time increasing off on [_

from 3.8-16° cm 3 for 7,,=1 us to 1.6-18&' cm for 7, b ]

=3.3 us, thus becoming the dominant feature for high re- -® 52 mm

verse times, whereas at low reverse time it is at level With OGN ¢ 20mm

A clear dependence of the maximu@hon the reverse SR o

time at constant frequency was observed both regarding its ! ‘L‘ </>°<.>\ lagoa%o%%/ P

temporal position and even more its value. A similar effect Saign o RETREEE By PP

was also detected when the frequency is varied and the duty 8 4 | ' & . o

cycle is kept constarff. Comparing the measurements, \ '\Qci‘g

where several pulse parameters were changed, it turned out . 2><>" -

that the best parameter to correlate to, especially the maxi- 0 ) 2 3 4 ) p 7

mum C, is actually the reverse time. These results are pub- Time t [us]

lished in more detail elsewhef&.Up to now, there is no

obvious explanation for the behavior or the occurrence of th&1G. 8.. Electron temperature in dependence on the time within a period for
. . . . . . the typical probe distance of 52 mm from the target and for a distance of 20

two leading maxima in the charge-carrier density during the,,

on phase. However, as they are dependent on the reverse

time, i.e., due to the exponential decay during the off phas .
P y g P ?LG eV are received. These values, however, are not trustwor-

also on the chargefcarri.er density at the end of Fhis phage, V\{ﬁy They result from the poor quality of the probe charac-
propose the following simple conception of their formation: teristics in this period of time, as discussed above. It is im-

For this, we neglect the complex structure of the magneti . .
or this, we neglect the complex structure of the mag et&gactlcal in this region to fit the three slopes, and thus, the

fiel ideal lar sh f th | . . X
leld, suppose an ideal rectangular shape of the voltage wa calculation ofT, according to Eq(1) results in unacceptable

form and assume that the plasma at the end of the off phase e L
. . L . errors. The finding of a constant electron temperature within
is more or less uniformly distributed. When the negative

, : . -~ “the on phase is contradictory to the work of Bradésyal.'°
voltage is applied to the target, the electrons are immediatel ho measured the peaks in the electron temperature at the
pushed away from the target, leaving behind a matrix sheaté/ L P P o

of ions and an ionizing gas during their movement. This is eginning of the on pha_se of up to 13 eV and after swﬂch_mg
suggested to cause peAkThe ions, which formed the ma- off up to 30 eV with a single probe. They also worked with

trix sheath, are subsequently accelerated toward the catho%o?ngasile Zlgswg?t?lwzr tist:z?llﬁb?;rwgp ?;gcﬁgg? I;r} rgi%?}f_
Taking a residual charge-carrier density 10° cm and a quipp get. P

peak voltagev,=—300 V, the dimension of the sheatl, difference, however, is that they observed the most intense

- 172 . S peaks with the probe close to the targBd mm), whereas we
(2&Vo/en) **is about 5.7 mm, and an ion originating from used a distance of 52 mm. To compare the results, we moved

the sheath edge, which is accelerated to the cathode, will ta(lj/} : .
about 0.3us to cross it. The secondary electrons emitte ﬁe probe closer to the target to a distance of 20 @iFig.

: . ) .. .~8). Similar to Ref. 10, a maximum is then observed at| x5
when the ions hit the surface may again cause an ionizatio o . .
: ) . after switching on the discharge, which reaches up to 9 eV
wave directed to the probe, which causes the maxin@im

Considering the rise time of the voltage of @8 to this ion and a ;e_cond, _rather broad, maximum appears at abesit 3
o o . The minimum in between has a value of only 5 eV. The
transit time, then the result is with 1y, quite close to the

measured position of. Following these two Drocesses changes in the electron temperature are thus significantly
P ’ g b '_weaker than in Ref. 10, which might be due to the magnetic-

which are essentially depending on the residual charge cay- . . .
. . : ; ield configuration of the unbalanced magnetrons as their
riers, the discharge develops into the stationary state and a : o .

X : . . magnetic null is with 60 mm from the target, twice as far as
formation of a Child-Langmuir sheath in front of the target. in our case. It is also probable that the double probe is not
With the help of this simple model, the existence and tem- ) P P

" . : sensitive enough to such “burst electrons,” as the double
poral position ofA andC can be explained. For their depen- robe detects only a small region of the electron energy dis-
dence on the pulse parameters, further investigations are nec: y g 9y

. : ) Hlbution function near the floating potential. Here, further
essary, as for this, the assumptions have to be refined and the” "~ . . .
Investigations and a comparison of the different probe meth-

compk_ax interplay with the pulse power supply has to beods are necessary in the future.
taken into account.

—
[sM]
L

Electron Temperature {eV]
oo
N4
o
© -
o

D. Reliability of the results

C. Electron temperature The reliability of the time behavior of the charge-carrier

The situation for the electron temperature is given in Fig.density and electron temperature was examined by the com-
8 for a pulse frequency df=150 kHz and a reverse time of parison of two subsequent periods, which mostly were dis-
T.ev=2.6 us, corresponding to Fig. 6. Contrary to the charge-played simultaneously on the oscilloscope scresmilar to
carrier density, no significant changes are observed duringig. 3). This comparison is an indication of the error, which
the on time. The electron temperature stays almost constantsults from the zero-current subtraction. Maximum devia-
at about 6 eV for all the parameter sets investigated. This stilions of 4% were observed between one period and the other
holds until 1ps into the off phase. Later, considerable devia-in their on phase. This value is also valid for the first micro-
tions are observed and electron temperatures between 2 asdcond of the off phase. Later in the off phase, a deviation of
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FIG. 9. Temporal behavior of the charge-carrier density over one period ) ) )

(f=150 kHz 7,¢,= 2.6 us) obtained in two different measurements. FIG. 10. Comparison of time-resolved and integrated measurenténts
=150 kH2. The circles and squares represent the charge-carrier density and
electron temperature, respectively. The filled and open symbols stand for

. . . .. values averaged over the period and integrated values, respectively.
up to 50% is possible due to the low current. A more realistic g P g P Y

error value is obtained when different measurements are ) )

compared. In this case, all errors that result from the state ofariation of the reverse time at fixed frequency. The charge-
the chamber or discharge, the probe positioning, and thEaTer density from the integrated measuremep, and the
measurement system are included. A typical result is dis2/erage over the full period calculated from the time-
played in Fig. 9. The resulting maximum relative deviation jsresolved measurementi)p, agree Woe”' I\_/I30reover, these av-
now 10% in the on phase. In the off phase, the maximunf'age values stay constant at 3.4°0n™° over the whole
deviation is still 50%. For the electron temperature, a somef@19€ Of the reverse time investigated. This is an important
what higher deviation is observed: in the on phase, 5% fofact as the time-resolved measurements reveal significant
the comparison of two periods and 15% for the comparisorﬁ:hanges im(t). The corresponding values for the electron

of two different measurements. In the off phase, the maxi{emperature exhibit a weaker coincidendg;in and (Tl
mum deviation may exceed 100% stay constant at about 6 eV when the reverse time is varied.

To check the time resolution of the system, a sine gen:I'he ;cattering of the yalues i;, however, som'ewhat larger
erator of 100 MHz was connected to the probe tips. Thethan in the charge-carr.ler density, as the averaging procedure
measurement was done firstly with the adapting electronic§|50 includes the unreliable values at the end of the off phase.
disconnected and the end of the probe lines short circuited,
and secondly, with the complete acquisition electronics conY- CONCLUSIONS
nected and powered. Both measurements produced the same a Langmuir double-probe system was developed on the
smooth sine signal across the resistors with a frequency qfasis of a static system to allow the time-resolved measure-
100 MHz and alike amplitude. The CirCUitry itself is obvi- ments in a midfrequency pu|sed magnetron Sputtering dis-
ously able to measure frequencies of about 100 MHz. Theharge. The probe current is measured versus time for differ-
actual time resolution will be influenced by changes in theent voltages, and the data matrix is subsequently transposed.
discharge, too. To obtain a stable current measurement, thghe characteristics turned out to be superimposed by a time-
sheath around the probe tips has to stabilize. The time folependent background signal, which was constant for all
this process can be estimated by the ion frequemgyas-  probe voltages. A subtraction of the zero-voltage current
suming that it will be limited by the slow ion movement. from the measured current, however, provided the actual
Taking an ion massy;, of 40 amu for argon and the value of probe current.

n; at the end of the on phase, which is about 591on3 The probe system was applied to an asymmetric-bipolar
(see Sec. IV g this leads to a value fap; of 47 MHz or a  pulsed magnetron used for MgO deposition. With the correc-
period of 130 ns. The time resolution of the whole measuretion of the probe current, reliable results were obtained for
ment system connected to the plasma is therefore limited bshe charge-carrier density and the electron temperature at
the changes in the sheath around the probe tips. The change®st times of the period except for the last part of the off
in the plasma can therefore be measured if they are slowgihase. A typical time dependence of the charge-carrier den-
than about 150 ns. This is obviously enough to rely on thesity was found in the on phase with two leading maxima
observed peak structure because after all, the interval beanging from 0 to 1.6-18 cm™ and a plateau of about
tween two data points in Fig. 6 is 200 ns and each of thé&-13° cm™ belonging to the stationary discharge state. It
peaks consists of more than just one data point. has been shown that the two leading maxima strongly de-

The time-resolved measurements have also been compend on the pulse parameters, but there is no physical expla-
pared to integrated measurements. For this reason, the timeation for this behavior yet. The typical time dependence
resolved values of the charge-carrier density and the electrarvealed, however, provides a basis for a more detailed clari-
temperature have been subsequently averaged mathemdiéation of pulsed magnetron discharges and the processes in
cally over a period. Figure 10 shows the comparison for thehem. Almost no variations in the electron temperature of
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Abstract

A pulsed magnetron deposition discharge in argon with different admixtures of oxygen as reactive component has been studied. The target
material used was magnesium and the pulsed discharge was operated in metallic and reactive mode. The discharge evolution during each pulse has
been characterised by the time-resolved Langmuir double probe and time-resolved optical emission spectroscopy. Charge carrier density and
optical emission exhibit two more or less strong peaks at the beginning of the “on” phase, the second of which being the most dominant. The
temporal development of the discharge is clearly different for the two discharge modes: in the reactive mode, the structures in the “on” phase —
except of the first maximum — significantly shift to shorter times compared to the metallic mode. This is suggested to be due to the much higher
secondary electron emission coefficient () of MgO in comparison to Mg leading to increased ionisation starting with the second maximum. The
first maximum, however, is attributed to residual electrons from the precedent pulse and is thus independent of the y coefficient. A significant
feedback from the discharge to the power supply is observed by changes in the voltage waveform: the more efficient discharge development is

accompanied by a sharper and lower peak in the voltage.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Reactive sputtering; Magnetron; Pulsed; Magnesium ([D]); Oxides

1. Introduction

Magnetron sputtering is an established technique to deposit
thin films of different materials. Whereas conducting materials
can be sputtered using d.c., insulating films or targets are mostly
sputtered with r.f. power. This process typically suffers from
comparatively low deposition rates. Recently, pulsed d.c. pro-
cesses in the mid-frequency range between several tens and
hundreds of kHz have gained more and more attention. These
processes allow the deposition of high quality, insulating, and
especially highly transparent oxide films [1-3]. This is a con-
sequence of the periodically interrupted or reversed target
voltage which enables a neutralisation of charge accumulated on

* Paper presented at the International Conference on Metallurgical Coatings
and Thin Films (ICMCTF 2006), May 1-5, 2006, Town and Country Hotel, San
Diego, CA, USA.
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the insulating target surface. Less arcing and, hence, better film
quality are the result [4—6]. In most cases, pulsed sputtering is
combined with a feedback control for the reactive gas flow based
on time-averaged discharge characteristics [7]. This allows
process operation in the so-called transition mode. Without this
control the sputtering process is, in most cases, limited to either
the metallic mode with insufficient reactive gas supply and high
deposition rate or the reactive mode with excess reactive gas
supply but low deposition rate [8]. The operation in the transition
region allows the combination of both high deposition rate and
high transparency of the films [9]. While this rate effect between
metallic and reactive mode has been quite well understood, the
differences in the characteristics of the plasma, which addition-
ally may influence the film properties significantly, are less well
known. Distinct hysteresis effects in the target voltage course,
however, prove that such differences exist. To better understand
the fundamental processes leading to these differences, plasma
diagnostic measurements, especially also time-resolved within
each pulse, have to be carried out (see e.g. the works of the
groups of Bradley and Belkind, [10,11]). To perform such time-


welzel
Textfeld
Reprinted with permission from Surf. Coat. Technol., Vol. 201, 3959-3963, Copyright 2006, Elsevier B.V.


3960 Th. Welzel et al. / Surface & Coatings Technology 201 (2006) 3959-3963

resolved studies the operation in both stable modes without a
feedback loop is often adequate to simplify the situation. In this
paper we present time-resolved investigations of an asymmetric-
bipolar pulsed circular magnetron in both metallic and reactive
mode with Mg as target material. As diagnostic techniques, a
time-resolved Langmuir double probe and time-resolved optical
emission spectroscopy (OES) were applied.

2. Experimental

The experiments were performed in a high-vacuum chamber
which contained two cylindrical magnetrons, one of which was
equipped with a magnesium (& 100 mm) target and was used
for the investigations presented here. The other one was
floating. Opposite to these magnetron sources a massive
rotatable substrate holder and a shielding in front of it were
mounted. The shielding was situated 20 mm away from the
substrates which corresponds to a distance of 60 mm from the
target surface. The gas mixture was varied between 50 sccm
argon (99.995%) and a mixture of 50 sccm Ar and 50 sccm
oxygen (99.998%). The pumping speed of the turbomolecular
pump was adjusted by means of a regulating valve to obtain a
fixed total pressure of 0.4 Pa for each experiment. The discharge
was operated in the metallic mode with pure argon and in the
reactive mode for oxygen flows higher than 3 sccm. It was
powered by a Pinnacle Plus (max. 5 kW, Advanced Energy)
power supply in asymmetric-bipolar mode with a small positive
target voltage (10% of the average negative value) in the “off”
phase.

The power supply was operated in the power controlled
mode and the average power was set to 100 W. This low value
was mainly chosen to avoid strong sputtering in the metallic
mode. The pulse frequency was fixed to 150 kHz and a
“reverse” time (duration of the “off” phase) of 2.7 ps was
applied, resulting in a duty cycle of about 0.6.

The time dependence of the charge carrier density was
measured with a time-resolved Langmuir double probe which
has been developed in-house and described in detail in a
previous paper [12]. The probe consisted of two tungsten
wires (10 mm length, 500 pm diameter) which were mounted
52 mm away from the target surface on the axis of symmetry
of the discharge. The measurements allow a spatial resolution
of several mm and a temporal resolution of about 200 ns
depending on the charge carrier density. The time-resolved
results were obtained by measuring the I(r) curves for
different probe voltages and a reference voltage and
subsequently transforming the data matrix to /(U) character-
istics for different times. The detection limit of the method is
about 5-10° cm ™ *. Time-resolved optical emission spectros-
copy was carried out with a Jobin Yvon spectrometer (HR
4608S) equipped with an intensified CCD camera (ICCD, iStar
DH 734, Andor Technology) which allows time-resolution
better than 100 ns. Also in the case of the OES, a reference
(dark) signal had to be subtracted from the measured values
to account for noise. This was done prior to each
measurement with the mechanical shutter of the monochro-
mator closed.

3. Results

The temporal development of the charge carrier density
during one pulse in the reactive mode (10 sccm O,) is displayed
in Fig. 1. In the “on” phase, when a negative voltage is applied
at the target, two relatively sharp peaks are observed just at the
beginning. Immediately when the target voltage is switched to
negative values, a weak maximum — which we have labelled
“A” in earlier publications [12,13] — is observed within
significantly less than 1 ps. This is followed by a dominating
maximum (labelled “C” [12,13]) I to 2 ps after the “on” phase
has started. The driving target voltage itself shows only one
maximum just between the two maxima in the charge carrier
density. The target current is also peaking only once and lags
behind the target voltage (cf. Fig. 1). After having reached its
maximum value C, the charge carrier density drops down
following the reduction of the target voltage before both
quantities reach to a stationary value which would equal the d.c.
case. Assuming that the emission of argon lines should be
among others proportional to the density of the exciting
electrons, it could also serve as a measure of the charge carrier
density as long as the electron energy distribution does not
change too much. As shown by an analysis of the excitation
mechanisms [14,15], this is best fulfilled by the argon line at
750.4 nm. Its emission is also included in Fig. 1. Indeed, the
argon emission exhibits a similar behaviour at the beginning of
the “on” phase, the subsequent relaxation and transition into
some stationary state. The temporal position, especially of the
maximum C, is comparable to that measured with the Langmuir
double probe. A distinct difference between charge carrier
density and optical emission is the intensity of the two maxima
compared to the intensity in the rest of the “on” phase. The
maximum A is hardly visible in the emission at all. This is
believed to be due to the different detection volume: the
Langmuir probe measures the charge carrier density space-
resolved on the axis of symmetry whereas the optical emission
is detected along the line-of-sight parallel to the target surface
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Fig. 1. Time dependence of charge carrier density () and optical emission
intensity of the 750.4 nm argon line (/7504 nm) in reactive mode (10 sccm O, +
50 sccm Ar).
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and, hence, the measurement integrates over the cross section of
the discharge. Both techniques reveal a fast decay in the “off”
phase when the voltage is reversed to positive values. The time
dependence of the charge carrier density can be well fitted with
an exponential decay. This yields decay constants of 500 ns for
the charge carrier density and 700 ns for the optical emission,
respectively, which is essentially the same within the error of
measurement.

In Fig. 2, the same time courses are displayed but this time
for the metallic mode (0 sccm O,). In principle, the time courses
are similar to those in the reactive mode. There is a weak
maximum A both in the charge carrier density and the optical
emission. Similarly as before, it is at a temporal position
significantly earlier than 1 ps. The second maximum C,
however, is strongly delayed in comparison to the reactive
mode as it is formed more than 2.5 ps after starting the pulse.
This part of the discharge is obviously hindered in its
development. This also leads to the situation that the rest of
the development observed in the reactive mode, namely the
minimum (labelled “D” [12,13]) and the transition to the
stationary state, are almost not observed in the metallic mode.
The “on” phase is finished before the plasma is able to start its
development into the stationary state. This behaviour is again
observed with both techniques equivalently. The behaviour in
the “off” phase, is, however, comparable to the reactive mode:
the decay constant is again about 500 ns.

The temporal positions of the weaker first and the dominant
second maximum have both been analysed in more detail. The
result is given in Fig. 3. For the second maximum, its position
from the optical emission, /5(C) is also displayed. Also, the
maximum of the target voltage, Upp.x is given. Two clear
regions can be distinguished from these positions. In the
reactive mode, all the maxima referred to as C and Uy, appear
extremely early in the “on” phase as was observed for the
example shown above. The target voltage peak is ecarliest at
times of about 0.8 ps followed almost at the same time by the
charge carrier density and the optical emission peak (between
1.1 and 1.5 ps). There is no difference in the appearance of
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either one for different gas mixtures in the reactive mode. As
soon as the oxygen flow is reduced below values which are
characteristic for the hysteresis (1 to 3 sccm), the appearance
times change abruptly to higher values. The target voltage peaks
at 1.7 ps and charge carrier density as well as optical emission
show the second maximum at about 2.8 us. The first weaker
maximum A in those plasma characteristics, however, does not
undergo any significant changes over the whole gas mixture
range, including the transition from reactive to metallic mode.

The variation of the height of the maximum C with the gas
mixture is given in Fig. 4. For clarity, the values n(C) and /5 (C)
were normalised to have a value of one at an oxygen flow of
3 scem, ie. F(O,)/(F(Ar)+F(0,))=0.057. There is a clear
jump for small changes of the oxygen flow between 0 and
3 scem characterising the transition from metallic to reactive
mode, especially in Uy, and n(C). Lesser changes are observed
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Fig. 4. Height of the maximum C in the charge carrier density (1) and the optical
emission (/750 4 nm) in dependence on the gas mixture given relative to the values
at 3 sccm O,. Uppax represents the maximum of the target voltage taken during
the Langmuir probe measurements. Its values do not notably differ from those
during the OES measurements. The vertical line symbolises the transition from
metallic to reactive mode.
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when the oxygen flow is increased further in similar steps
within the reactive mode. There, all dependences show a nearly
linear behaviour. The target peak voltage is increasing for
higher oxygen flow. As could be expected, the generation of
charge carriers follows the higher accelerating voltage resulting
in an increased charge carrier density at the maximum C.
However, in this case the optical emission intensity of the argon
line does not follow this behaviour. It rather decreases
monotonically with increased oxygen content. A possible
reason will be discussed in the next section.

4. Discussion

Commonly, to sustain a stable discharge, electrons created
by ionising collisions in the volume and secondary electrons
released from the cathode are necessary. We have proposed a
model that in the initial state of the “on* phase these two
processes determine the discharge development one after the
other [16]. The model is based on the assumption that ions and
electrons from the prior pulse are still present after the “off”
phase and that those are almost homogeneously distributed. The
electrons are accelerated away from the cathode when the
negative voltage is applied. As soon as they have reached
enough energy for a sufficient ionisation, i.e. about 100 eV, they
cause the first density maximum A. In both the reactive and
metallic mode, the equivalent voltage to obtain this energy is
reached 0.15 to 0.3 ps after the start of the “on” phase (as
indicated in Fig. 5). This is the time when the maximum A is
observed in the charge carrier density and the optical emission
(cf. Figs. 1 and 2). Although the slope of the voltage rise is
different for the two modes, no significant difference in the
appearance time is found. There is a very small shift to longer
times in the metallic mode but this is considered to be rather
below the error of measurement. Subsequent to maximum A the
charge carrier density drops because no electrons are left for
further ionisation.

The second burst of ionisation is then caused by secondary
electrons which are released from the target surface by the
bombardment with the residual ions. Due to their higher mass,
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Fig. 5. Comparison of the target voltage time dependence during the “on” phase
in metallic (50 sccm Ar) and reactive (10 sccm O,+50 sccm Ar) mode.

they are accelerated much less than the electrons by the target
potential and the delay of the second peak is a consequence of
their transit time to the target. As soon as the ions reach the
target, they — together with the emitted secondary electrons —
cause the increase in the target current. The secondary electrons
are accelerated by the full target voltage and the subsequent
ionisation by collisions is observed almost at once as n(C) due
to the low mass and thus high velocity of the electrons.

Comparing the voltage course for the metallic and reactive
mode (cf. Fig. 5) it is clear that the voltage rises less in the
metallic mode. Probably, there is a feedback from the plasma
into the characteristics of the power supply, which is not exactly
known. The consequence is that the ions are accelerated less
strongly to the target surface and the majority of the secondary
electrons is thus released later. This causes the temporal shift of
both n and I, peaks in the metallic mode compared to the
reactive mode. However, this argumentation alone cannot
explain the fact that in the metallic mode the maximum of the
target voltage, Uprax 1S higher than in the reactive mode but the
peak density, n(C) and the emission intensity are lower. Here,
the surface properties of the target have to be taken into account
because maximum C is related to secondary electrons from it.

MgO has an extremely high ion-induced secondary electron
emission coefficient ISEEC) which is the reason why it is
considered to be used as cathode material in flat panel plasma
displays [17]. Choi et al. [18] report values of the iISEEC of up
to 0.24 for argon ion bombardment of an MgO (111) surface
with 500 eV. For most pure metal surfaces, Depla et al. [19] give
values well below 0.15 for argon ions independent of the ion
energy. Especially for Mg they cite an iISEEC of 0.137. Hence,
in the fully reactive mode where the target surface is completely
poisoned with MgO a better secondary electron emission is to
be expected. This is in agreement with our observations that the
average target voltage (displayed at the power supply) to reach
the set power of 100 W is —175 V in the metallic and about
—100 V in the reactive mode. This explains the behaviour of the
charge carrier density maximum C: Although the peak voltage
is less in the reactive mode than in the metallic mode, n(C) is
higher because of the more efficient electron emission and
subsequently ionisation. In other words, the lower peak voltage
in the reactive mode is due to the fact that the current necessary
to obtain the required power is obtained with less voltage
accelerating the electrons. Finally, the extremely different
iISEEC of Mg and MgO should be responsible for a further
delay of n(C) and 1, (C) against Uyax in the metallic mode (cf.
Fig. 3): As in the metallic mode, the contribution of the
secondary electrons is reduced and the discharge build-up has to
be driven more by the volume ionisation. The net electron
generation gets less efficient and the discharge development is
delayed. Consequently, in the metallic mode n(C) and 7, (C) lag
about 1 us behind Uy, whereas in reactive mode the difference
is only about 0.6 ps.

Within the reactive mode itself, the changes in the temporal
behaviour of the plasma characteristics are not so significant
over a wide range of gas mixtures. It seems that differences in
the volume ionisation between argon and oxygen play a minor
role compared to the surface effect through the secondary
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electrons. The appearance time of Uy, n(C), and L (C) is
unchanged within the error of measurement (cf. Fig. 3). Only
their height changes slightly (cf. Fig. 4). The peak voltage rises
with increasing oxygen content. The charge carrier density n(C)
follows this increase. The latter is consistent with the higher
energy the secondary electrons gain by the increased target
voltage if one assumes that the surface properties do not change
significantly once the surface is poisoned in the reactive mode.
The higher energy will be converted into a higher ionisation
upon collisions. The optical emission shows an oppositional
trend, i.e. is decreasing with higher oxygen content. This is in
contrast to the expected behaviour: The emission line selected is
mainly excited directly [14]. Therefore, one would expect the
emission intensity to reproduce the dependence of the charge
carrier density on the gas mixture, which is not the case. Here, it
has to be noted that the probe measurements were made up for a
comparison with the OES to identically match the discharge
parameters a couple of months later than the OES measure-
ments. It cannot be excluded that with increasing oxygen flow
the excitation conditions worsen leading to a deviation between
the charge carrier density and the optical emission. However, it
is more likely that in the intervening period between the
measurements long-term drift effects, mainly the erosion of the
race track, caused this deviation. A first indication for this is that
the absolute height of the first maximum A, which is very
sensitive to changes of the discharge environment [20], has also
changed between the two sets. The effect of the erosion state of
the target will be investigated more detailed in the future.

5. Conclusions

We have studied the influence of different Ar/O, gas
mixtures on the temporal development of a pulsed magnetron
discharge with a time-resolved Langmuir double probe and
optical emission spectroscopy. Both stable target modes, i.c. the
metallic and reactive mode, have been investigated. Charge
carrier density and optical emission show two peaks at the
beginning of the “on” phase. These peaks are assigned to be i)
due to volume ionisation by residual electrons from the previous
pulse and ii) to secondary electrons released by ion irradiation
from the target. The development, especially of the latter, is
predominantly governed by the ion-induced secondary electron
emission coefficient (iISEEC) of the target surface as well as by
the behaviour of the power supply. The high iSEEC of MgO in
the reactive mode leads to a fast development of the discharge
compared to the metallic mode. Additionally, the peak charge
carrier density is more pronounced in the reactive mode
although the target voltage peak is lower than in the metallic
mode. It can be concluded that the influence of the gas mixture
on the plasma formation within one pulse is dominated
indirectly through the surface properties rather than volume

processes in the gas. Differences in the peak height indicate a
significant influence of long-term drift effects such as the
erosion depth of the target which have to be studied further.
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Abstract. Time-resolved emissive probe measurements have been performed
to study the spatio-temporal development of the plasma potential in an
asymmetric bipolar pulsed magnetron discharge. The influence of the substrate
potential as well as of the substrate position has been investigated while the
further conditions were the same. To access the entire potential range which
was between —100 V and +400 V and to obtain sufficient time-resolution of the
emissive probe, different heating currents had to be used. The plasma potential
has been found to be typically close to zero in the ‘on’ phase, about +40V in
the stable ‘off” phase and up to +400V at the beginning of the ‘off” phase,
which is in agreement with the results of other authors. However, the positive
values in the ‘off” phase are generally lower than those reported and stay mostly
below the target potential. This is explained by macroscopic considerations of
the quasineutrality of the plasma taking into account a magnetic and geometrical
shielding of the target, acting as an anode in the ‘oft” phase, and the potential
and position of the substrate holder and environment.
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1. Introduction

Magnetron sputtering is an established tool for high rate and large area deposition of high-
quality thin films [1]. The structure and properties of these coatings can be controlled by
the parameters of the discharge such as the density and energy of the particles, i.e. ions,
electrons and neutrals, which interact with the substrate. In many cases it is desired to
systematically reduce the energy which is transferred from the plasma to the film, especially
when thermally sensitive substrates such as polymers are used. Practical process optimization,
however, turns out to be complicated due to many involved species. Recently, pulsed magnetron
sputtering discharges have frequently been used, especially when dielectric coatings are to
be deposited [2]-[5]. The pulsed operation of the discharge prevents significant charging of
insulating films deposited also on the target surface. Consequently, the formation of arcs is
suppressed and the discharge is much more stable whereby the quality of the coatings, e.g.
their transparency, conductivity and structure, is enhanced [6]. The periodic interruption or
reversal of the discharge voltage leads on the other hand to strong temporal changes of the
plasma parameters (see e.g. [7]-[14]) which make a physical description even more difficult,
and a tailoring of the deposition process for pulsed magnetron sputtering is to date practically
impossible.

One of the important plasma parameters is the plasma potential, Vp;, in the discharge
volume. It determines the electric field which accelerates the electrons to sustain the discharge,
and its spatial distribution is therefore crucial for the discharge formation and distribution. On
the other hand, the value of the plasma potential in front of each electrode or wall at fixed
potential determines the energy with which the ions hit the surface and controls the charge flux
to the electrodes. Its knowledge is thus important directly for the film deposition as long as the
substrate is not at floating potential which adjusts itself according to the plasma potential and
the electron energy.

The plasma potential can be determined using Langmuir single probes (see e.g. [15]).
This often applied method is based on the fact that when the probe potential equals the plasma
potential the electron current to the probe changes its voltage dependence. At probe potentials
below the plasma potential electrons are repelled according to their energy distribution whereas
at probe potentials above the plasma potential electrons are drawn from the plasma according
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to their random thermal current and the sheath width. Extrapolating these two regions yields
the plasma potential at the junction of both lines. This procedure in many cases gives rather
imprecise results due to too ideal assumptions for both potential ranges. Other methods use the
first or second derivative of the characteristics to obtain Vp;, which is difficult with often noisy
characteristics. Furthermore, in pulsed discharges where the plasma potential is varying with
time, it cannot be accessed with all these methods because the characteristics obtained will be
an average over differently shifted /-V curves. In such discharges, the plasma potential has to
be measured time-resolved by taking probe characteristics at each time within the pulse as done
by Bradley and others [11, 16]. Another possibility to determine the plasma potential is the use
of an energy-dispersive ion mass spectrometer. Positive ions which are detected against ground
have to pass through the potential difference between plasma and ground so that their energy
distribution reproduces the plasma potential. Due to the time-of-flight within the spectrometer,
the measurement is not time-resolved unless a gating technique is used [17, 18]. Therefore,
the assignment of structures in the ion energy distribution function (IEDF) to changes in the
plasma potential is not straightforward. However, as demonstrated in [16], temporal changes
in the plasma potential can be obtained from the interpretation of the IEDF together with the
knowledge of the target voltage trace.

A rather simple alternative is the use of an emissive probe [19]—-[21]. The principle is based
on an ordinary Langmuir single probe. Through an appropriate heating of the probe tip it emits
electrons, which act as an apparent additional positive ion current drawn by the probe from the
plasma. The floating potential measured by such a probe thus approaches the plasma potential
and serves as a good measure for it—in an ideal case with an error in the order of k7;/e, where
T}, is the probe temperature—as soon as the probe temperature is high enough. The advantage
of the method is that it is not necessary to acquire the complete characteristics to obtain the
plasma potential, rather it can be accessed from a single measurement of the floating potential
which is easily obtained through a high impedance measurement against ground. With this
measurement being performed with an oscilloscope, a time-resolved determination of varying
plasma potentials is possible. The method has been applied to an asymmetric-bipolar pulsed
magnetron with a carbon target for a fixed parameter set of 583 W, 0.7 Pa and a duty cycle of
50% by the group of Bradley [22]-[25]. They found a plasma potential close to ground during
the whole ‘on’ phase where the target potential is strongly negative. In the ‘off” phase with
the target potential, V1, being positive, positive plasma potentials just above V1 were observed
throughout the discharge volume with the plasma potential following a strong positive spike
just at the beginning of the ‘off” phase. The authors conclude that this behaviour is likely to be
representative for other discharge parameters. In an earlier work [26], we have found a similar
behaviour but could not generally confirm a positive plasma potential with respect to the target
potential in the ‘off” phase.

In this paper, we present time- and space-resolved plasma potential measurements with
an emissive probe in a similar setup but with different geometries. Particularly, the substrate
holder has been placed at two different positions opposite to the target. To further investigate
the influence of the substrate electrode potential it could be either grounded or insulated.

2. Experimental

The experiments were performed in a purpose-build vacuum chamber with a diameter of
300 mm pumped by a system of a turbomolecular and a rotary pump down to a base pressure
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Figure 1. Schematic (drawn to scale) of the discharge setup. The measured
magnetic field (flux density B) is given as normalized arrows indicating the
direction and on a (logarithmic) colour scale its absolute value in mT.

of 3 x 10~*Pa. The working gas used was argon (purity 99.999%) at a pressure of 0.45 Pa.
The geometrical setup together with the measured magnetic flux is shown in figure 1. The
magnetron equipped with a carbon target of 100 mm in diameter and a grounded anode cup
was fixed in a mounting plate at ground potential 31 mm below the anode surface. The anode
itself was located at a distance between 3 and 7 mm above the target surface and had an inner
diameter of 90 mm. Opposite the target the substrate holder (diameter 125 mm) was situated at
a target-to-substrate distance of either 80 or 150 mm. It was mounted on another grounded plate
at a distance of 140 mm from the target which surrounded it (cf figure 1). The substrate holder
was electrically isolated from the grounded mounting plate. An external connection allowed
to ground or float the substrate holder at both distances. The magnetron was powered by a
Pinnacle Plus (Advanced Energy)-pulsed power supply which was operated in constant power
mode. Throughout the experiments, a constant power of 400 W was used with a pulse frequency
of 100 kHz, and the duty cycle, i.e. the ratio between pulse ‘on’ to total pulse duration, was 0.6.
In one particular case, a frequency of 50 kHz and a duty cycle of 0.8 were utilized. The anode of
the power supply was connected to the grounded anode cup. Thus the discharge was operated
in asymmetric-bipolar mode with the positive target potential in the ‘off” phase being above
ground potential with a value of about 10% of the average negative potential in the ‘on’ phase.
The emissive probe was constructed of a thoriated tungsten wire of 50 um diameter and
a length of about 10 mm, which was formed into a closed loop. At its ends, it was clamped
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Figure 2. Circuitry of the emissive probe measurement.

within tungsten connecting wires of 500 um diameter, which were housed in quartz tubes to be
isolated from the plasma and allowed contact of only the thin probe with the plasma. The whole
system was fixed on a holder which was mounted on a linear-rotary feed-through to achieve
radial and axial movement within the discharge volume. The loop was oriented parallel to the
target surface resulting in an axial resolution of 2 mm and a radial resolution of about 6 mm. The
scan of the discharge cross section was performed in axial steps of Az = 8 mm from z = 12 mm
to z =68 mm or z = 12mm to z = 132 mm distance from the target for a substrate distance of
80 or 150 mm, respectively. For each axial distance the discharge was radially scanned between
x = —49mm and x = +49 mm in steps of Ax = 7 mm. Additional experiments were done with
a slightly modified probe holder to allow a closer approach to the target. In this case, the quartz
tubes were slightly bent towards the target so that they could be moved over the anode cup, while
the probe tip itself was below the anode surface. With this setup, a distance of the probe from
the target down to 4 mm was obtained. However, due to the bending the loop was not aligned
parallel with the target surface in this case, resulting in a poorer axial resolution of about 4 mm.

The electrical setup of the emissive probe is shown in figure 2. The probe was heated with
an insulated dc heating circuit which consisted of a battery (max 15V and 1.5 A) in series with a
variable resistor of max 47 €2 to adjust the probe heating current. The typical voltage at the probe
connectors was 3.5 V which gave a current of 0.7 A. Two 47 Q2 resistors were connected parallel
with the probe and the probe potential was taken between them to minimize the falsification
by the longitudinal potential drop along the probe tip. Therefore, the accuracy of the absolute
value of the time-resolved plasma potential is about 3 V. The relative error during the scans,
i.e. the reproducibility, has been 1V in the stable phases and about 5 V during transient phases
of the discharge. The time-dependent voltage signal of the emissive probe was recorded via
a 1:10 voltage divider (Iwatsu SS-0130P, 100 MHz) with a digitizing oscilloscope (Tektronix,
TDS 620B). The battery as the heating source was selected to minimize the capacitance of the
system to ground (C,) given in figure 2, which strongly influences the time resolution. In the
final setup, a capacitance to ground of about 130 pF has been achieved.
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Figure 3. Potential traces measured with the emissive probe (top) for three
different conditions: (blue) strongly heated at (x,z) = (21 mm, 12 mm), (red)
strongly heated at (x,z) = (28 mm, 68 mm), (green) moderately heated at
(x, z) = (28 mm, 68 mm). The temporal development of the target potential with
the indication of the ‘on’ and ‘off” phases is given in the bottom diagram.

3. Results

3.1. Experimental procedure

Three examples of the time dependence of the potential measured by the emissive probe are
shown in figure 3. They were obtained at different positions in the discharge and with differently
strongly heated probe tips. The potential of the probes that were strongly heated shows a
significant spike of up to +400 V at the beginning of the ‘off” phase which temporally coincides
with a high positive potential at the target which is obtained just as the target voltage is reversed
to positive values (see figure 3). Subsequently to the peak, both probe and target potential
decrease to lower positive values. As soon as the target potential is switched to negative values
in the ‘on’ phase, the probe potential also decreases and approaches values close to zero. Close
to the target, slightly negative values are measured. Generally, at phases with decreasing target
potential the probe potential reacts rather slowly away from the target and when the probe is
strongly heated.

The response time of the probe circuit is given by T = R Zg /(R + Zg) - C, [24], where
Rq, and Zg, are sheath resistance and the capacitive sheath impedance, respectively, and C,
is the capacitance of the circuit to ground which we have measured as 130 pF. The sheath
resistance may be expressed as the voltage drop across the sheath over the current through
the sheath. The capacitive sheath impedance is 1/(wCsy) with Cs, = €94 /d, d being the sheath
width and A the probe area. Taking a potential drop of the order of £7./e, a current of the
order of the random thermal electron current, and a sheath width of the order of the Debye
length (g9 - kT./(e’n))'/?, we can roughly estimate the response time. The frequency w of the
fast changes in the potential is about 50 MHz. Then a response time in front of the target in the
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magnetic trap of ~10ns (taking n = 5 x 10! cm=3 [27], T, = 5eV) and in front of the substrate
of ~500ns (taking n =5 x 10°cm™3 [28], T. =2eV) is obtained, which is of the order of
magnitude that we observed (cf figure 3). Importantly, it should be noted that the estimation
shows that the response time is strongly dependent on the charge carrier density n of the local
plasma.

At phases where the plasma potential is falling rapidly, electrons delivered from a strongly
emitting probe may be repelled from the plasma, which becomes more negative than the
emitting probe. Karkari et al [22] suggest that the electrons then form a negative space charge
around the probe, which impairs the current through the sheath. Such increased sheath resistance
reduces the response time further. Strong emission hence can falsify the values in the stable
phases. This can be seen in figure 3 where a strongly and a weakly emitting probe have been
used under otherwise same conditions. On the other hand, the spike at the beginning of the ‘off’
phase which coincides with that in the target potential can only be measured with a strongly
emitting probe, which is in agreement with the findings of other authors [24]. Intermediate
heating is sufficient for the other times during the pulse.

This is shown in more detail in figure 4. Here, the potential obtained from the emissive
probe is displayed as a function of the heating current which is a measure of the hardly accessible
probe temperature. Three different times during the pulse have been selected: the end of the ‘on’
and of the ‘off” phase where the changes in the target potential are small and the beginning of
the ‘oft” phase where the spike was observed. When the probe starts to emit a sufficient number
of electrons, the apparent floating potential measured by the probe increases and approaches
the plasma potential. As soon as the plasma potential at a given time is reached, the apparent
floating potential saturates and a further increase of the heating current only leads to a very small
increase of the order of k7. /e [29] which is due to space charge effects. The plasma potential
has been obtained from this saturation value without correction of the space charge effects. For
the stable periods of time in the ‘on’ and ‘off” phases, a heating current of 0.55 A was sufficient.
However, to saturate the probe potential during the potential spike, much higher heating currents
of more than 0.8 A were required (cf figure 4).

Due to the worse time resolution and the short lifetime of the strongly emitting probe, the
scans of the cross section were divided into two series. Very hot probes were only used for
the determination of the spike at the beginning of the ‘off” phase and were renewed for each
radial scan. The other times were measured with moderately heated probes which allowed the
complete scan with one probe. Four particular times during the pulse were investigated: the
minimum in the ‘on’ phase, the stable ‘on’ phase, the stable ‘off” phase, and—with the very hot
probe—the beginning of the ‘oft” phase.

3.2. ‘On’ phase

In figure 5, the distribution of the plasma potential during the ‘on’ phase is shown with the
substrate holder at the 80 mm distance position. The distribution at the end of the ‘on’ phase
(bottom of figure 5) resembles what could be expected for a dc magnetron. With the substrate
holder at ground potential, the plasma potential in the bulk plasma, i.e. above the magnetic null
of the unbalanced magnetron, is slightly positive. With the substrate at floating potential, the
plasma potential in the bulk plasma is significantly lowered and a stronger radial inhomogeneity
is observed which images the magnetic field distribution.
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Figure 4. Apparent floating potential as a function of the heating current
through the probe wire which was considered to be representative of the probe
temperature, for different selected moments during the pulse. At each moment,
the plasma potential is obtained when the apparent floating potential saturates.
(For these measurements a different pulse frequency of 50 kHz and duty cycle of
0.8 were utilized.)

In the early moments of the ‘on’ phase, the target voltage passes through a strong
voltage minimum (cf figure 3) which reached —1250 V. This has a significant influence on the
momentary plasma potential throughout the whole discharge volume as shown in the upper part
of figure 5. Except on the edges of the discharge, where the plasma potential is almost unaltered,
the values of the plasma potential are decreased also, resulting in a stronger inhomogeneity.
Even when the substrate is grounded, slightly negative plasma potentials of —1 V are observed
close to the substrate. In the magnetic trap, the plasma potential temporarily drops to —45V
compared with —25V for the stable ‘on’ phase for both substrate potentials investigated.

Figure 6 shows the plasma potential distribution at the end of the ‘on’ phase for two
distances of the substrate holder. Also included are measurements performed close to the target
at 4mm distance. At these distances the plasma potential is strongly negative as the probe
position is deeper in the pre-sheath. The minimum values agree quite well with —40V and
—36V for the 80 mm and 150 mm distances. Like the potential of the substrate (cf figure 5)
this demonstrates again that the geometrical and electrical conditions away from the target
do not much influence the potential structure close to the target. However, there are apparent
differences in the potential of the bulk plasma extending to the substrate which in both cases is
held at floating potential. When it is located 80 mm from the target, the plasma potential stays
below zero along the centre line with about —8 V close to the substrate. With a distance of
150 mm (see figure 6(b)) the potential distribution is flattened 40 mm above the target and the
absolute values are closer to zero. This potential distribution looks more like that for a grounded
substrate (cf figure 5(d)) than a floating one. In fact, the potential distribution measured at the
same geometry as in figure 6(b) but with the substrate holder grounded (not shown here) is
almost the same as in figure 6(b).
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Figure 5. Plasma potential distribution during the ‘on’ phase of the pulsed
discharge with a substrate distance of 80 mm from the target: (a) and (b) during

the target voltage overshoot (V1 = —1240, ..., —1250V, cf figure 3), (c) and (d)
at the end of the ‘on’ phase (V1 = —600, ..., —605V). For the left figures ((a)
and (c)) the substrate is at floating, for the right figures ((b) and (d)) at ground
potential.

3.3. Stable ‘off” phase

The plasma potential distribution at the end of the ‘oft” phase is shown in figure 7 for the target-
to-substrate distance of 150 mm. Generally, Vp; at this time is positive slightly above +40V, a
fact that has also been found by other authors [22]-[25]. The plasma potential in discharges
typically adjusts close to the potential of the most positive electrode. In the ‘off” phase of
the asymmetric-bipolar pulsed discharge this electrode is the target, which had a momentary
potential of +68 - - -+ 69V in the present case while anode cup and walls act as cathode where
most of the potential drop occurs. Most interestingly, we always observe plasma potentials
which are, although positive, below the target potential at the end of the ‘off” phase. There
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Figure 6. Plasma potential distribution at the end of the ‘on’ phase of the pulsed
discharge with a floating substrate: (a) represents the situation with the substrate
at a distance of 80 mm from the target (Jt = —600 V), (b) represents a distance
of 150 mm (V1 = —560V). Note that the data at x = £49 mm and z = 4 mm
could not be measured because of geometrical restrictions and are displayed at
zero potential.

(b)

120 >4 R
%) ?\ad\a\ ©

Figure 7. Plasma potential distribution during the stable ‘off” phase of the pulsed
discharge with a substrate distance of 150 mm from the target: (a) substrate
floating (V7 = +68 V) and (b) substrate grounded (V1 = +69 V).

is a slight drop in the plasma potential from the target to the substrate at 150 mm of about 3V
for both substrate potentials, resulting in a very weak electric field of 25 V m~! pointing towards
the substrate. The small potential changes result in a humpy distribution corresponding to the
relative uncertainty of the measurements of about 1 V. Comparing the potential distribution for
the floating (figure 7(a)) with that of the grounded (figure 7(b)) substrate, a shift of 1-2 V in the
absolute values is clearly seen.
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Figure 8. Plasma potential distribution during the positive peak in the target
voltage (about +340V) at the beginning of the ‘off” phase with a substrate
distance of 150 mm from the target: (a) substrate floating and (b) substrate
grounded.

The same behaviour has been observed for a substrate distance from the target of 80 mm
(not shown here). The plasma potential dropped from the target region to 68 mm by about 2V
and was on average 1 V lower in the grounded case. Again, the plasma potential was below the
target potential.

3.4. Beginning of the ‘off” phase

Figure 8 shows the plasma potential distribution at the beginning of the ‘off” phase for a
target-to-substrate distance of 150 mm. Generally, the plasma potential exhibits strongly positive
values throughout the discharge volume. The highest values are measured close to the positive
target with the magnetic trap being clearly reflected in the potential distribution by a particularly
high plasma potential. Both figures show that the plasma potential immediately follows the
strong rise of the target potential so that it stays close to the potential value of the target. This
fact confirms the observation of others [22]-[25]; however, because of the different discharge
geometries it is not possible to establish a general rule yet. The potential distributions have also
been measured for a substrate distance of 80 mm and confirm those in figure 8. They particularly
proved that Vp is always slightly lower (10 V) in the bulk for the grounded substrate compared
with the floating one.

The structures which seem to be present in figure 8 within the bulk of the plasma resulting
in some local minima along the axis of symmetry, especially the apparent minimum around
z=50mm, are an artefact of the target potential fluctuations in the spike during the time-
consuming measurements with the very hot probe.

4. Discussion

The plasma potential distribution can be determined from the Poisson relation
g0 AVp (F) =e[n. (°F) —n; ()], (1)
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(&9, dielectric constant; e, elementary charge; n., electron density; »;, (positive) ion density).
To calculate the distribution in the pulsed magnetron, the spatial density distributions of
the electrons and ions have to be known for each moment during the pulse in combination
with boundary conditions for the electric field and the potential. Considering the extremely
inhomogeneous discharge, this is almost impossible to solve analytically. Instead, a macroscopic
approach which is based on the quasineutrality of the plasma shall be used to understand the
temporal and spatial behaviour of the plasma potential in the pulsed magnetron discharge. For
any given homogeneous discharge in the stationary state, the flux of ions to the cathode has to be
compensated by an equal electron flux to the anode. In a pulsed magnetron the situation is more
complicated because of rapid temporal changes and the strong inhomogeneity of the discharge
but the general requirement holds that no net charge should be extracted.

During the ‘on’ phase of the discharge ions are extracted from the plasma with the Bohm
flux [30]

kT,
Ji=061-e-n;- : )

m;

(k, Boltzmann constant; m;, ion mass (Ar); 7., electron temperature, taken to be k7./e =5V)
to the target but due to the strongly negative potential no electrons flow to the target. Taking
a local argon ion density #; in front of the target of the order of 5 x 10! cm™ and assuming
that due to the very inhomogeneous discharge only half of the target effectively collects ions,
one obtains an ion current of about 0.7 A which is a typical value for our magnetron. In a first
approximation, secondary electron emission is neglected as it is typically only 10% of the ion
current. Then, the same current of electrons has to flow to the grounded parts of the setup.
The closest of those is the anode cup, which would require significant cross-field drift to the
magnetic field to be reached. Thus, the grounded substrate acts as the main drain for electrons
which, without potential barrier, would be subject to the random thermal electron current

1 8k T,
Jo=—-e-n- , 3)
4 T,

(m., electron mass). Taking 7. of the order of 5 x 10° cm™ and T, = 2 eV, an electron current
of 2.3 A can be calculated. This is much more than the ion current to the target. To keep
quasineutrality, the electron current must be reduced by a potential barrier (Vp; — Vs) to equalize
the ion current leading to

kT® (A) 4(A) TW N\
Vo — Vs =— ln|: me <m . ) , “4)

e 0.61-n9 4 \22m 1°

where 4 and A.¢ are the collecting areas and the superscripts (C) and (A) refer to the cathode
and the anode, respectively. Taking the above example, a potential barrier of about 2.5V is
necessary. This is in good agreement with the measurement shown in figure 5(d). Close to the
target, secondary electrons which are released from the target are confined in the magnetic
trap, mostly above the race track. This locally trapped excess negative charge that is prevented
from reaching the anode lowers the potential V| in this region which becomes strongly negative
(cf figure 5).

When the substrate is instead at floating potential and does not drain any net current,
the electrons have to move to the grounded mounting plate around the substrate to close the
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circuit. However, most of the magnetic field lines of the unbalanced magnetron terminate on
the substrate holder when it is at 80 mm distance so that an effective electron drain to the
mounting plate is prevented. This results in much lower values for the plasma potential than
for the grounded substrate at 80 mm (cf figure 5(c)).

The situation is different when the substrate holder is at 150 mm distance, in the plane of
the mounting plate (cf figures 6(a) and (b)). The magnetic field is diverging for distances above
70 mm from the target (cf figure 1). Without the floating substrate holder in the way, more
electrons can thus reach the grounded plate and cause a net electron drain. Consequently, the
plasma potential is raised and is comparable with the situation with the grounded substrate at
80 mm (see figure 5(c)). An additional grounding of the substrate holder at 150 mm only leads
to a small further increase of the plasma potential (+1.6 V) as it has already been attached to the
grounded plate.

About 1 us after the start of the ‘on’ phase, the target voltage has a strong overshoot about
twice as much as at the end of the ‘on’ phase (—1250V versus —600 V). At this moment, more
secondary electrons are released from the target surface into the discharge volume and lower the
plasma potential as an excess negative charge (see figures 5(a) and (b)). The effect is recognized
within the whole discharge volume with a delay of only 250ns (see figure 3). This delay is
caused by the ions which have to cross the sheath before they can release more electrons due
to their higher energy. The temporal plasma potential decrease is strongest close to the target
because most of the additional secondary electrons are trapped above the race track. The weaker
decrease in the bulk is caused by electrons that either start at field lines extending to the substrate
region or are scattered onto them. There is no detectable difference in the delay between the two
regions because an electron which is accelerated by 1250 V will travel 20 cm within only 10 ns.

During the ‘off” phase with a positive target voltage, the potential relations are reversed.
The target then acts as the anode of the discharge and any grounded surface adjacent to the
plasma acts as cathode. For simplicity, at first we consider the unrealistic case that only the
target shall act as an electrode and the walls are imagined as being too distant and draw only a
negligible current. The target would then have to be subjected to an equal electron and positive
ion flux to keep up quasineutrality and the plasma potential would adjust positive to V't to obtain
this. Such a behaviour was reported by the group of Bradley [22]—-[25], who also concluded that
the plasma potential should always be above the target potential. We have, however, observed
the plasma potential being consistently lower than V1 in the stable ‘oft” phase. To explain this,
we have to consider the substrate/walls and the magnetic field configuration at the target. If a
grounded substrate is present, it will be subject to a net ion current according to equation (2)
that has to be compensated by a net electron drain to the target. Compared with the hypothetical
situation above, the plasma potential is then lowered to allow this increased electron current.
Because the random thermal current density of the electrons is typically much larger than the
ion current density, Vp, is still close to the potential of the most positive electrode (here the
target) but its absolute value is dependent on the geometrical conditions [31]. A small cathode
(grounded surface) or a large anode (target surface) leads to a high plasma potential, whereas
a large grounded surface or a small target results in a lower plasma potential. Moreover, the
effective electron collecting target area will be dependent on the magnetic field. Electrons
from the plasma bulk which provides the majority of the discharge volume are prevented from
entering the region of the magnetic trap. Because of our unbalanced magnetron, they will be
deflected to the outer edge of the magnetron. Given the configuration of our anode cup which
intersects the majority of those field lines, the electrons will mostly be reflected. This results
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Figure 9. Distribution of the plasma potential from figure 8 reduced by the actual
target potential value taken at each point: (a) substrate floating and (b) substrate
grounded.

in a small effective area of the target in our case which leads to a low plasma potential: while
others [22]-[25] report about a plasma potential of 2V [23, 25] or 45V [24] above V7 at the
end of the ‘off” phase, we thus found a plasma potential 28 V below Vr. This is reasonable
because in the references no or only a small substrate holder is described and the target with a
diameter of 150 mm has more than twice our area and no intersecting anode cup.

Because the electron current limitation to the magnetically shielded target determines the
plasma potential in the stable ‘off” phase, the substrate holder potential is only of little influence
(cf figure 7). The plasma potential is 1V lower with a grounded substrate compared with a
floating one because the net ion collection area is increased. This necessitates an increased
electron current to the target and thus a decreased plasma potential.

Because the plasma potential has been found to always adjust close to the most positive
electrode, it is very sensitive to changes of the positive target potential in the ‘off” phase.
To exclude the influence of any drift of the target voltage, the actual value of V1 which was
measured simultaneously has been subtracted from the measured Vp. The result is given in
figure 9, where the deep valley from figure 8(a) and the dips from figure 8(b) have almost
completely vanished, proving that these structures were indeed an artefact of random Vr
changes. However, especially the high positive values close to the target remain. These result
from a depletion of electrons as soon as the target voltage is reversed to positive values and
electrons are immediately accelerated to the target. This process is most effective in the magnetic
trap as all magnetic field lines from this region terminate on the target surface. It creates a high
electron current of several amps on the target and leaves an excess positive charge. The plasma
potential in the rest of the discharge is also temporarily raised. This is particularly the case
close to the axis of symmetry where the unbalanced magnetic field still has some field lines
that terminate on the target so that a drift along them leads to a drain of electrons. Again, we
observe that the plasma potential in the bulk does not or not significantly rise above the target
potential, which we again attribute to the strongly magnetically shielded target in our case. As
for the stable ‘off” phase the plasma potential with the grounded substrate is slightly lower
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than with the floating one due to additional ion extraction to the substrate holder. Although the
duration of the spike is very short (about 100 ns) and potential changes will mainly affect the
electron movement to the target, the first ions arrive at the opposite surface allowing an increased
electron current to the target by a slightly reduced plasma potential which is more effective with
the grounded substrate. Plasma potentials much lower than the target potential are measured at
the radial edges. At these positions no drift of the electrons to the target along magnetic field
lines is possible and no rapid drain in the early moments of the ‘off” phase occurs.

5. Conclusions

An asymmetric-bipolar pulsed magnetron discharge has been investigated with two different
target-to-substrate distances and with the substrate at floating and ground potential for both
geometries. The plasma potential distribution has been measured time-resolved with an emissive
probe. The plasma potential in the ‘on’ phase attains values close to ground throughout almost
the whole discharge volume. In the ‘off” phase, it is permanently positive while it follows the
target voltage, adjusting itself close to it. It therefore amounts to several 10V in the stable
‘off” phase and up to several 100V at the beginning of the ‘off” phase. In general, these results
confirm those found previously by others for a single set of parameters in a slightly different
pulsed magnetron. The most significant difference in our case is that the plasma potential in the
‘off” phase stays below the target potential, which is explained by the geometry and the concept
of quasineutrality for the stationary state.

In the stable ‘on’ phase with the substrate holder close to the target the plasma potential
stays below zero on-axis when the substrate is insulated but slightly above ground when it is
grounded. In the latter case, the electron current to the substrate has to be limited by a potential
barrier to keep on the same value as the ion current to the target. When the substrate distance
is increased, the grounded mounting plate determines the electron current and the potential
distribution. During the very negative overshoot in the target voltage, the plasma potential in
the magnetic trap and the centre of the plasma bulk is always lowered by a few volts due to
temporary excess electrons.

At the end of the ‘off” phase, the plasma potential is positive but stays below the target
potential. The reason is that the substrate holder and/or mounting plate is draining ions from
the plasma but the electron current to the positive target is hindered by the anode cup of the
magnetron which intersects magnetic field lines together with our comparably small magnetron
area. Therefore, a smaller potential barrier is required and the plasma potential is rather low.

At the beginning of the ‘off” phase, when the target potential is temporarily (for only about
100 ns) at about +400V, electrons are immediately extracted from the region of the magnetic
trap with its magnetic field lines terminating at the target. As a consequence, the plasma potential
in the region even rises above the high target potential. In the rest of the discharge, especially
along the centre line, it is also elevated by the quick electron extraction, but again keeps below
the target potential.

The temporal response of the emissive probe is strongly improving with increasing charge
carrier density. It was significantly worsened at strong heating because of reflection of the
emitted electrons at the plasma boundary at decreasing plasma potential. However, strong
heating is necessary to detect the peak at the beginning of the ‘off” phase.
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Summary

lon energy distributions have been measured with an energy-dispersive mass spectrometer
during magnetron sputtering of Al doped ZnO. A d.c. and a pulsed d.c. discharge have been
investigated. Different positive ions from the target material have been observed with low
energies in d.c. and a second energy peak of about 30 eV in pulsed d.c. with only weak addi-
tional energy due to the sputter process. Negative ions are mainly O™ with energies corre-
sponding to the target voltage of several 100 eV. They originate from the target and barely
from the (O,) gas and hit the substrate opposite the race track. In pulsed d.c., due to the vary-
ing target voltage, energies of up to 500 eV have been observed. With increasing pressure,

negative ions at the substrate are reduced exponentially in their density but not in their energy.
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1. Introduction

Transparent conductive oxide (TCO) thin films offer the possibility to contact components
with transparent electrodes. They are increasingly applied e.g. in flat panel display technology
or photovoltaics. The thin film material best studied and widely used is tin doped indium ox-
ide (ITO). However, due to the limited resources of indium, ITO will not be suited for cheap
mass production, especially of solar cells."! One alternative for TCO films is aluminium
doped zinc oxide (AZO) which provides similar properties.>* Magnetron sputtering either in
d.c., pulsed, or r.f. mode from ceramic or metal targets is a convenient method for high rate
large area deposition of AZO thin films.*"! The contradictory demands of a high electrical
conductivity and a simultaneously high optical transparency provide only a small process
window and require a precise adjustment of the process parameters.>® This is up to date a
difficult task because the physical understanding of the different species, their density and
energy and how they contribute to the film growth and properties is still limited. This is all the
more the case when the discharge is pulsed and the relevant parameters are subject to a sig-
nificant temporal variation (see Refs. 9-11 and references therein). lon bombardment of the
growing film is often an advantage of magnetron sputtering to improve the film quality. How-
ever, it is reported that energies of bombarding species have to be restricted to values below
50 eV to prevent crystal damage during AZO deposition.”™! Furthermore, it is supposed that in
reactive sputtering using electronegative gases — such as O, in the case of AZO — negative
ions can be present which acquire high energies and may bombard the film with energies ex-
ceeding 100 eV.*¥ A direct detection of these negative ions is often impossible because their
current is superimposed by the electron current which typically is orders of magnitude higher.
A possibility to detect negative as well as positive ions and their energy distribution function
(IEDF) at the substrate is the use of an energy-dispersive ion mass spectrometer (so-called
plasma monitor) with which ions can be separated according to their mass and energy and

which is placed at the substrate position.

In this paper we present plasma monitor measurements of a magnetron sputtering discharge
from an AZO target in pure Ar and O, atmosphere. Positive and negative ions were investi-

gated in d.c. but also in pulsed d.c. mode.
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2. Experimental Details

The experiments were carried out in a high vacuum chamber which was pumped down to a
base pressure of 3-10* Pa. Ar (99.998%) or O, (99.998%) was used as working gas with a
flow rate of 100 sccm. The working pressure was adjusted between 0.3 Pa and 2.0 Pa by
means of a throttling valve. The chamber contained a planar magnetron source which was
equipped with a circular target of ZnO with 2 wt% Al,O3 (purity 99.95%) having a diameter
of 100 mm. Further details of the magnetron source and its magnetic field are given else-
where.™ The magnetron was operated with d.c. or pulsed d.c. For d.c., an MDX 1.5K power
supply (Advanced Energy) was used in the power controlled mode with a discharge power of
100 W. Asymmetric-bipolar operation with a positive target voltage in the “off” phase of 10%
of the average negative value during the “on” phase was achieved by a Pinnacle Plus unit
(Advanced Energy). The pulsed discharge was also power controlled with an average power
of 100 W. The pulse frequency was fixed at 100 kHz.

lon energy distributions were measured with a plasma monitor PPM 422 (Inficon). With the
PPM, ion energies of up to 500 eV against ground potential can be measured in the mass-to-
charge number (m/z) range from 1 to 512. By changing the polarity of the whole detection
system the device offers the possibility to measure either positive or negative ions. To prevent
an influence of the magnetic field of the magnetron on the ion trajectories within the PPM and
thus on the signal, its barrel was surrounded by a magnetic shield. Furthermore, in contrast to
most similar systems, the detector was placed on-axis which allowed a linear construction and
therefore an increased flexibility for the position of the extraction hood within the chamber of
up to 600 mm from the chamber wall. The barrel was positioned such that the extraction ori-
fice (100 pum in diameter) was at a typical substrate position 100 mm in front of the target
with the extraction hood of the barrel facing the target. It was desired to perform measure-
ments on different positions relative to the symmetry axis of the magnetron, in particular on
the symmetry axis and opposite the race track. Because the acceptance angle of the PPM is
small with only a few degrees, this should give information about the origin of the species
that are detected. Therefore, the magnetron was moved such that the entrance orifice of the
fixed PPM was either opposite the target centre or a point in the race track. The PPM offers
the possibility to adjust the potential of the barrel and the extraction orifice to minimise dis-
turbance of the plasma to be measured. In the present case, the plasma monitor was electri-
cally insulated keeping the barrel front and extraction hood at floating potential (Vs). This is

on one hand closest to the situation for a substrate at V. One the other hand it provides the
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best entrance potential in the pulsed discharge where the plasma potential (Vp) is strongly
varying in time. Because Vy varies simultaneously, similar ion extraction conditions are ob-
tained during the complete pulse whereas a fixed entrance potential could alter these condi-

tions and even block ion extraction at particular moments of the pulse.

3. Results

In the d.c. discharge positive ions of the working gas as well as of the target material were
found. Their IEDF shows a single peak at low energy. In Ar ambient, Ar" and Ar** were ob-
served at m/z =40 and m/z = 20, respectively. In oxygen, O" or O,"" (m/z = 16) and O,"
(m/z = 32) were detected. Further strong positive ion signals appeared at m/z = 27 and
m/z = 64 which were assigned to the target material ions Al* and Zn*. Their energy distribu-
tion is shown in Figure 1. The figure also shows that at m/z = 43 and m/z = 80 additional ions
could be detected which were attributed to molecular ions of the target material, AIO" and
ZnO". Figure 1 represents the case of pure Ar as working gas. Nevertheless, a significant ion
count rate is obtained for O* which originated from the target. As mentioned above, the posi-
tive ion IEDFs exhibit one strong peak at low energy of about 2 eV which is almost the same
for all ions and represents Vp, in front of the floating barrel of +2 V. This peak is also ob-
served very sharp for Ar* which is not included in Figure 1. Many of the IEDFs show a high
energy tail which is a remnant of the sputter energy distribution of the atoms which are post-
ionised in the discharge but cooled down to a certain extent by collisions with the gas. The
high energy tail on the IEDF significantly differs for the different species or masses. While it
dominates over the sharp peak at 2 eV for O, it is only seen as a high-energetic shoulder for
Al" and Zn" and vanishes for AIO" and ZnO®. However, it is in all cases much less intense

than expected for the original sputter distribution.

Negative ions were measured almost only at m/z = 16 (O°) and m/z = 32 (O;). Only at
m/z = 43 a weak signal was additionally observed which can be attributed to AIO". The count
rate of O, was always much weaker than that for O". This was the case for both Ar and O,.
The count rate ratio O/O," was typically 5-10 and the O, signal was rather noisy. For this
reason, in the following only O™ was particularly investigated. The IEDF of the observed
negative ions in the d.c. discharge is generally similar to those shown in Figure 2 for the O
ion measured opposite the race track. It has a dominant peak at high energies of up to several
100 eV depending on the target voltage. A more detailed analysis shows that the maximum in

all cases is only a few eV above the equivalent to the target voltage (eVr). The peak exhibits a
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high energy tail extending over 50 to 100 eV but a sharp edge at its low energy side. At low
energies, the energy spectrum has a sharp cut-off at some 10 eV representing Vy. Between
these two characteristic energies corresponding to Vr and Vg, only low count rates are ob-
served which in the case of O (cf. Figure 2) form weak maxima. Such maxima are observed
for the conditions presented in Figure 2 at energies of about 70 eV, 100 eV, and 200 eV. The
IEDF of O shown in Figure 2 for Ar as working gas has also been measured in pure O, ambi-
ent. Interestingly, it does not change either its structure or the absolute count rate signifi-
cantly. Also in O3, a dominant maximum at about 400 eV, a weak maximum at 200 eV, and
the cut-off at 20 eV are observed. Only the very weak maxima at 70 and 100 eV are missing.
The absolute count rates are, however, extremely altered when the position of the plasma
monitor relative to the magnetron is changed. This is shown in Figure 2 for the high-energy
part of the spectrum. The distribution measured opposite the race track exhibits maximum
count rates of well above 10° counts per second (cps) whereas the maximum opposite the
magnetron centre is below 10* cps. As a consequence, the low energy part could not be meas-

ured in the discharge centre because it was too noisy.

—+16:0"
— =27 Al
43: AIO"
——64:Zn"
—/'—80: (ZnO")

Count Rate [cps]

lon Energy [eV]

Figurel: IEDFs of different positive ions of species sputtered from the target (d.c. discharge,
0.3 Pa Ar, centre position). The dotted line represents the expected sputter energy distribu-

tion.
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Figure 2: IEDF of the O™ negative ion (d.c. discharge, 0.5 Pa Ar, race track position). The
arrows mark the position of fragment ions, the bar marks the position of the missing frag-
ment from AIO". The IEDF marked with a circle was obtained at the same parameters but in

the magnetron centre position.

The correlation between the target voltage and the energetic position of the maximum in the
negative IEDF suggests that the ions originate from the target surface and their signal should
be very sensitive to the pressure as they have to pass the discharge volume before they are
detected. This is shown in Figure 3 for the high-energy part of the O" IEDF for a pressure var-
ied between 0.3 Pa and 2.0 Pa. Increasing pressure leads to strongly reduced flux of negative
ions at the substrate: in the present case by a factor of more than 50. At the same time, the
maximum of the distribution is not shifted in energy and even the form of the high energy tail

remains unchanged.

When asymmetric-bipolar pulsed d.c. is applied instead of d.c., the energy distributions be-
come much more complex. This is shown in Figure 4a for Ar* exemplarily for all positive
ions. For positive ions originating from sputtered target material only the high energy tail
shown in Figure 1 is added to the peak structures. Figure 4a still shows a low energy peak as
in the d.c. case at +7 V which does not change its energy when the duty cycle (ratio between
“on” time and pulse duration) is changed by an “off” time variation. However, there are addi-
tional peaks at higher energies between 20 and 50 eV which were also observed by other au-
thors.**1*181 Some very weak signals are observed up to 110 eV. These peaks are clearly de-

pendent on the pulse parameters. The longer the “off” time is chosen the higher the peaks
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above 20 eV become. At the same time, they consistently move towards lower energy and the
low-energy peak is reduced in its count rate. The IEDF of O (cf. Figure 4b) does not change
as much from d.c. to pulsed d.c. Still, a dominant peak is observed above 200 eV with a steep
low-energy edge and a shallower high-energy tail. In contrast to d.c. where the tail converges
to zero at high energy, the signal starts to increase again at very high energies up to the limit
of the detector at 500 eV giving rise to the assumption that in pulsed d.c. higher energetic

negative ions hit the substrate than in d.c.
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Figure 3: High-energy part of the IEDFs of O™ for different pressures (d.c. discharge in O,
race track position). In the inset, the dependence of the logarithm of the integrated ion count

rate on the total pressure is shown.

4. Discussion

Positive ions which are created in the plasma enter the plasma monitor at the floating entrance
orifice with an energy e(Vp-Vy). After energy selection they are then detected with eVp,
against ground. Thus all thermalised neutral species, such as Ar, which are ionised in the dis-
charge will exhibit a sharp peak in their distribution at eVp;. When the species have an addi-
tional velocity toward the substrate as it is the case with sputtered atoms because of their sput-
ter energy distribution, this will increase their energy in the respective part of the IEDF. On
the other hand, if the ions are formed in the sheath close to the entrance orifice by charge
transfer collisions, they will have lower energy. This is the reason why also negative energies
are present in Figure 1. The influence of the additional sputter energy is particularly well seen

in Figure 1 for Zn": completely thermalised Zn atoms cause a sharp peak at eVp with 2 eV

7
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but a high energy tail extending above 5 eV is present. The high energy part is differently
pronounced for different species: while for O" it is significant, it is completely lacking for
AIO". This effect is dependent on the mass of the sputtered species. The energy exchange
during elastic collisions with the gas on the way from the target to the substrate is propor-
tional to mimgy/(me+mg) with my and my being the mass of the sputtered target species and mg
the mass of the gas particles, respectively. When Ar (mg = 40 amu) is used as working gas as
in Figure 1, the most efficient energy transfer is expected for AlO (m; = 43 amu) resulting in a
completely thermalised distribution. The more the mass ratio differs the more of the original
energy distribution is still observed, best seen for O*. The original energy distribution of spe-
cies sputtered from the target should follow the form E/(Uo+E)® where E is the energy of the
sputtered particle and Uy is the surface binding energy approximated by the sublimation en-
ergy.™! Taking U, = 7.6 eV,P! the dotted curve is obtained for the high-energy part of the
IEDF of O". Clearly, it does not match the measured one showing that even the least thermal-
ised species have lost most of their energy by collisions even at a pressure of 0.3 Pa at 10 cm
distance. The IEDF of m/z = 80 which was attributed to ZnO" in Figure 1 does not fit into this
scheme. Although this species has twice the mass of Ar, no high-energy tail is observed. Fur-
ther, using O, as working gas its signal decreases much more than those for the Al*, Zn*, and
AlO™ which should not be the case if it were ZnO". Investigations with a titanium target in Ar
showed a similar peak at m/z = 80 although there was no match to any target species. Thus,
the explanation of the unexpected behaviour in our case is that the signal is mostly Ar," and
barely ZnO".

(a) (b)
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Figure 4: IEDFs of (a) Ar™ for different pulse ““off”” times and (b) O for an “off”” time of 4.0

us (pulsed discharge in Ar, 0.5 Pa, race track position)
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The majority of the negative ions arriving at the substrate have energies which correspond to
the target potential V1 (cf. Figure 2 and 3) which means that they are formed directly at the
target surface. By crossing the target sheath they gain the full energy e(Vpi-VT) which is re-
duced on entrance into the PPM by Vp;. According to the sputter energy distribution, higher
energies than eV are obtained because the particles leave the target with an additional en-
ergy. As shown in Figure 2 by the dotted line which represents the expected sputter distribu-
tion for Up= 7.6 eV and in contrast to the positive target material ions, the high energy tail of
the peak reproduces the original distribution quite well. This is reasonable because high ener-
getic O colliding with gas atoms will either neutralised and will not be measured as O at all
or will be completely removed from the range of the shifted sputter energy distribution (at
400 to 450 eV) to much lower energies. Positive ions that collide, are, however, scattered into
the low energy part of their sputter energy distribution (several eV). Negative ions that are
completely thermalised are physically impossible to detect. Their energy is much less than the
potential barrier between the plasma (Vpj) and the extraction orifice (V). That is the reason
why the IEDF of the negative ions has a cut-off to low energy from which Vg can be obtained
(-18 V in the case of Figure 2). All O that undergo any collision will be removed from the
original “beam”. The count rate of the ions which still reach the substrate directly, should then
follow an exponential decay with the pressure. The inset in Figure3 shows exactly this behav-
iour. However, it can not be ruled out from the measurements, that the substrate is still subject
to high energetic bombardment through scattered O™ (or O created from O through collision)
because the PPM does not detect inclined incidence. The advantage of the small detection
angle, however, is a high lateral resolution. Owing to that, negative ions with high energy are
particularly detected opposite to the race track. These ions are accelerated through the thin
sheath in front of the target perpendicular to its surface and will therefore primarily hit the
substrate directly opposite. The substrate will thus be subject to an inhomogeneous bombard-

ment of negative ions with energies that are far above the limit of 50 eV given by Ellmer.®

The similarity of the O" IEDF in Ar and O, even in its absolute height shows that almost all
negative ions are not only formed on the target surface but are produced of target material. If
reflected oxygen played a significant role, the O" IEDF would be enhanced in O, ambient
which, however, was not observed. The weak maxima below the main peak have energies
which would be exactly expected for O as a fragment of larger molecules that have been ac-
celerated by the full sheath voltage: 200 eV corresponds to O" from O, 100 eV to O from
AlO;, and 70 eV to O from ZnO" (arrows in Figure 2), resp.. Surprisingly, just AlIO™ which




This is the peer-review version of the following article: T. Welzel et al., lon Energy Distributions in
Magnetron Sputtering of Zinc Aluminium Oxide, Plasma Process. Polymers 6, S1 (2009) S331-S336
DOI: 10.1002/ppap.200930805, with permission from Wiley-VCH

has been directly observed is missing in this assignment (line in Figure 1). Further research is
necessary to understand the mechanism for this “fragmentation”. However, it should be noted
that we found a similar scheme for Ti sputtering in 02.°” Moreover, Mraz et al. found frag-
ment energies in O IEDFs attributed to AIO™ and AlO,™ for Al sputtering in Ar/O; and to Oy

for different other target materials.?”"?

When the discharge is pulsed asymmetric-bipolar, V1 is modulated. In the “on” phase it is
negative with a deep valley of about -900 V about 2 ps after switching before it settles at a
value of about -200 V. In the “off” phase it attains high positive values of up to +260 V im-
mediately after switching before, after some oscillations, it settles at about +40 V. Vp has
been found to follow these changes in the “off” phase but keeps close to zero in the “on”
phase.®*>%! Because the energy of the positive ions which are formed in the plasma bulk is
determined by Vp,, the IEDFs reproduce the changes in Vp. The peak at 7 eV (cf. Figure 4a)
is thus due to positive ions from the “on” phase and is not much changed in its energy when
the “off” time is varied. The peaks at higher energy belong to ions from the “off” phase. The
dominant ones of them corresponds to the stable “off” phase, higher energies are obtained
from the ringing before the stabilisation and the target voltage overshoot.! However, an en-
ergy of up to 260 eV corresponding to the peak potential was not observed probably due to its
shortness. When the “off” time is shortened, the ion energies increase because the target po-
tential in the “off” phase increases and the ion intensity decreases because the time for their
creation is shortened. At the same time, the low energy peak increases its intensity because
the “on” time is increased (fixed pulse frequency). For the negative ions created at the target
surface only the “on” time with negative V+ is decisive. As in the d.c. case, they are produced
with the full sheath voltage. This causes a peak (cf. Figure 4b) for this comparably long stable
“on” phase. However, for a short time, V1 is much lower so that negative ions with even more
energy are produced. This leads to the significant ion count rates for energies above 300 eV.
They probably extend to the full target potential equivalent (i.e. 900 eV) but could only be
measured up to 500 eV with the PPM. Asymmetric-bipolar pulsed d.c. thus causes signifi-
cantly higher energy of negative ions at the substrate than a comparable d.c. discharge.
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5. Conclusions

lon energy distributions (IEDFs) in d.c. and asymmetric-bipolar pulsed d.c. magnetron sput-
tering of aluminium doped zinc oxide were studied in pure Ar or O, with a plasma monitor
facing the AZO target. Positive target material ions of Zn*, Al*, O" and AIO" were identified.
The IEDFs of positive ions exhibit a single low-energy peak corresponding to Vp. Only a
weak remnant of the sputter distribution is observed even at low pressure of 0.3 Pa which de-
pends on the ion mass. O and O, ions were observed with O™ being dominant. They are all
formed at the target surface thus showing mainly a high-energy peak of several 100 eV in the
IEDF which corresponds to the target voltage. They move perpendicularly to the target sur-
face and produce a lateral inhomogeneity at the substrate which reflects their inhomogeneous
production at the target. With pulsed d.c., the variation of the target voltage leads to more
complex IEDF of positive ions with an additional peak structure at about 30 eV due to posi-
tive target and plasma potentials. If the substrates are grounded they will be subject to these
high energies. The negative IEDFs look similar to those for d.c., but additionally show a sig-
nificant amount of ions with energies far beyond the typical peak due to momentary strong
negative target potentials. These can affect film growth on grounded as well as floating poten-
tial.
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