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Preface

This thesis in based on experimental work carried out in the Thin Film
Laboratory at the Department of Physics and Measurement Technology
of the University of Linköping during the time October 1987 -
September 1990.

I have been studying dc magnetron sputtering of thin film
one of the recently discovered high-temperature superconductors. In
the introduction a brief rewiev of the subjects sputtering and
superconductivity is given. Since partial pressure measurements,
especially for oxygen, have been important in the work I include a short
description of the operating principles of mass spectroscopy.
Experimental results in addition to what is given in the papers
concerning plasma diagnostics are presented in an appendix at the end
of the introduction.

The following papers are included in the thesis:

1. "Target presputtering effects on stoichiometry and deposition rate of
Y-Ba-Cu-0 thin films grown by dc magnetron sputtering", T. I.
Selinder, G. Larsson, U. Helmersson, P. Olsson, J.-E. Sundgren, and S.
Rudner, Appl. Phys. Lett. 52, 1907 (1988).

2. "Reproducible fabrication of YBa2Cu3O6+6 thin films by dc magnetron
sputtering", G. Larsson, T. I. Selinder, U. Helmersson, and S. Rudner,
To be published in Proceedings, Conference on the Science and
Technology of Thin-Film Superconductors, Denver, Colorado, April 30
- May 4, 1990.

3. "The influence of target oxygen on the YBa2Cu3O6+5 dc Magnetron
sputtering process", G. Larsson, T. I. Selinder, U. Helmersson, and
S. Rudner, In manuscript.



I have contributed to a few other papers, not included in the thesis,
namely

I "Stoichiometry and deposition rate of DC magnetron sputtered Y-
Ba-Cu-0 thin films as a function of target presputtering time", T. I.
Selinder, G. Larsson, U. Helmersson, P. Olsson, J.-E. Sundgren, S.
Rudner and L. D. Wemlund. In "High-Tc Superconductors", Ed. H.
W. Weber, Plenum Press, New York, p 335ff.

II "The DC magnetron sputter deposition process of YBa2Cu3Cx thin
films", T. I. Selinder, G. Larsson, U. Helmersson, S. Rudner tnd 1.
Petrov, Physica C 162-164, 599 (1989).

III "Oxygen concentration in magnetron sputtered thin film of Y-
Ba-Cu-O", K. Pernestål, S. Olafsson, R. Wäppling, U. Helmersson,
T. Selinder and G. Larsson, To be published in Proceedings, E-
MRS, Strassbourg, May 1990.

IV "Resputtering effects on the stoichiometry of YBa2Cu3Ox thin films
grown at different pressures and substrate temperatures", T, I.
Selinder, G. Larsson, U. Helmersson and S. Rudner, Accepted for
publication, J. Appl. Phys.

V "Pressure dependence of the resputtering of Y-Ba-Cu-0 thin films
grown by DC magnetron sputtering", T. I. Selinder, G. Larsson, U.
Helmersson and S. Rudner, To be published in Proceedings, LT-19
Satellite Conference on High Temperature Superconductivity,

Cambridge, England, 1990.

In this thesis Si-units have been used exclusively.



Acknowledgemen t s

Obviously this work could not have been carried out without the help
and support of others. First I would like to thank my advisor Ulf
Helmersson and my professor Jan-Eric Sundgren for their never ending
support and encouragement.

My co-worker and good friend Torbjörn Selinder has been invaluable
both as a friend and a colleague during the late night laboratory
sessions and the interpretation of the results obtained from them.

Staffan Rudner at the National Defense Research Establishment has been
vital to the initiation and propagation of this project, as well as a source
of many creative ideas. His co-workers Lars-David Wernlund and Gösta
Hermansson have provided us with targets.

Even though things did rot turn out as expected, Magnus Willander is
very much appreciated fur persuading me to move to Linköping and
taking care of me during my initial time in Linköping.

Naturally other people, too many to mention, both within and outside
the thin film group have been essential for ihe completion of this thesis,
as well as my social life in Linköping during these years.

The very skilful technician Karl-Olof Brolin has been invaluable for the
expeiimental work, which is gratefully acknowledged.

Mats Eriksson is appreciated for his patience with the mess I have or,
occasion made in our common office.

Ericsson Radar Electronics, Ellemtel and Ericsson Telecom arc all greatly
appreciated for their financial support during my years in Linköping.



Introduction

1. Sputtering

Sputtering is a process where a material source, the target, and
substrates, are placed in a vessel which subsequently is evacuated [1]. A
gas, usually a heavy noble gas such as argon but occasionally a reactive
gas is backfilled into the sputtering chamber. An electric discharge is
initialized and maintained in the system. The positive ions in the
discharge are responsible for the momentum exchange with the
negatively biased target. This is the mechanism that dislodge material
from the target. Some of these constituents transverse the ionized gas
and condense on the substrates where film growth occur. To sustain the
discharge a number of electrons, known as secondary electrons, must be
ejected from the target due to ion impact. Subsequently if these
electrons ionize argon atoms, before exiting the system, to the extent
that the impact of these argon ions on the target is sufficient to release
one electron per original electron the process is self-sustained. The
ionized gas is known as a plasma and process as diode-sputtering.
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Figure 1. The sputtering process.
The picture was taken from [1].

Diode sputtering is not without drawbacks, notably the fairly high gas
pressure required to sustain the discharge due to the rapid loss of
electrons. The high pressure will make the deposition rate low, and the
contamination level fairly high.



A way to improve the process performance is to introduce magnets at
suitable positions within the cathode assembly onto which is attached
the target. This is done in order to trap the electrons inside the plasma.
The method, known as magnetron sputtering, has been exercised in a
number of different ways throughout the years [1]. For the work
presented in this thesis a circular planar magnetron was used.

Plasma

Target

Magnetron

Figure 2. Cross-section of a planar magnetron. The picture was taken from [2].

The magnetic field will be strong close to the target surface. It is in this
region the electrons will be trapped and hence the plasma intensity will
be strong. The magnetic containment of electrons works as follows [2]:

The Lorentz' force on a particle of charge q and mass m in the electric
field E and the magnetic field B gives, combined with Newtons second
law:

<" i r = < E + v * B >
The interaction between the ions and the magnetic field in magnetrons
is in general not significant, since the magnetic field is too weak. In the
following only the interaction between electrons and the magnetic field
will be considered.

Consider an electron in a uniform B-field (Figure 3a). The electron will
drift along the field lines with its initial speed vn. Simultaneously the
field lines will be orbited with a uniform frequency, the cyclotron
frequency, <oc and a radius of rg the Larmor radius. Their values are:

(2)

(3) '8 = iB



with vx being the velocity orthogonal to the magnetic field.

If an electric field parallel to B is introduced, its only effect on the
electronic motion would be an acceleration in the direction of the E-
field. If on the other hand the electric field introduced is perpendicular
to the magnetic field, electrons will obtain an additional drift velocity
VE, orthogonal to both E and B (see Figure 3b). By simple mathematical
manipulations VE can be obtained from Eq. (I), namely:

(0)
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Figure 3. Electronic motion in static fields. The picture was taken from Ref. [2].

(4)
E x B

B2

Deprived of its initial energy, a decent approximation in some
sputtering contexts, the electrons will move along a cycloid path
according to Figure 3c, until it is scattered or otherwise lost. The
electron is hence confined to a volume close to the target, making the
gas ionization process more likely in this region.

The power source of the sputtering process is either of DC or rf. Rf-
power is needed if the target is non-conducting. In most cases of metal
sputtering, as well as in this work, DC power is preferred.

The plasma is displayed in Figure 4. The dc magnetron plasma is
concentrated in the torus-shaped region adjacent to the target where
the magnetic field and hence the electron concentration is largest.

Ions from the plasma are accelerated across the cathode dark space and
impact on the target. As the accelerated ions hit the target, constituents
of it and sometimes reflected sputtering species are ejected into the
plasma. Ejecta from the target is mostly in the form of atoms [2] as well
as electrons. The electrons within the plasma ionize sputtering gas
atoms, which in turn are accelerated toward the target. A constant flow



of gas through the system is maintained, and under normal sputtering
conditions only a tiny fraction of the sputtering gas is ionized (0.1-1 %).

SlltSI«»KS

Figure 4. The plasma in planar diode sputtering. The picture was taken from [2].

The ejected target atoms are collected on the substrates (and other
places in their way) unless they are scattered. Under large sputtering
pressures the target atoms will be thermalized and therefore cos 6 -
distributed, i e the intensity of target atoms a distance distance from the
target is

(5) I = Io COS0

with Io constant and 0 according to Figure 5.

Figure 5. The cos 6 distribution. The intensity is measure on the hemisphere.

There are two important yields in sputtering theory, the sputtering
yield and the yield of secondary electrons. The sputtering yield is the
number of ejected target atoms per incident ion characteristic of the
target material. It is a function of several other variables as well, like
bombarding ion energy and type. The yield increase as the impacting
ion energy is increased. Furthermore, the yield is usually substantial if
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the masses of the bombarding species and the target atoms are similar.
The sputtering yield of metals is in general within the range 0.1-10, and
thus in a much more narrow range than corresponding evaporation
rates.

The secondary electron yield is likewise defined as the number of
ejected electrons per incoming sputtering ion. The electron yield of a
compound is usually much higher than for corresponding pure metal. If
the sputtering is carried out in a constant current dc mode, as in this
work, a sputtering gas compound formation on the target surface results
in an increased number of charge carriers in the plasma, a reduced
plasma impedance and thus a lower target voltage.

Sputtering with compound targets is an efficient way of obtaining films
with a composition identical to that of the target, provided some
conditions are met. The target must not decompose nor must there be
reactive contaminants present. It is essential that the gas phase
transport as well as the sticking coefficient on the substrate are the
same for all constituents, preferably unity. The composition of the
deposit does not in general instantly agree with that of the target. As
different atoms have different sputtering yields the atoms with the
higher yield will dominate the outflow from the target during the initial
sputtering. As they are sputtered, a dilution will occur at the target
surface. Subsequently less of these species will be sputtered. A diffusion
from the target bulk might provide some additional atoms of the high-
yield species, but eventually an altered layer with a different
composition than the rest of the bulk will be established at the target
surface.

o«o«o*o*o«o

Figure 6. The sputtering target and the altered layer. The picture was taken from [1).

In order to shorten the required presputtering time it is essential to
have an excellent target cooling. The porous targets used in this work
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were difficult to cool efficiently, and we experienced a prolonged
presputtering time of 30-40 hours before the target potential stabilized
and stoichiometric films could be grown. The presputtering is
thoroughly described in Paper i.

2. Superconductivity

2.1. Historical background

Superconductivity as a phenomenon was discovered in 1911 at the
University of Leiden [3]. The resistance in mercury was found to fall
discontinuously to zero at 4.2 K. This temperature range was reachable
only after helium had been liquified. Other metals like tin and lead were
found shortly thereafter to be superconductive. The discovery of
superconductivity rendered Kamerlingh-Onnes the Nobel Prize in 1913.

In addition to infinite conductance of electric current, superconductors
have another peculiar physical property, namely the expulsion of
magnetic fields. An applied magnetic field is exponentially decaying
inside the superconductor, with a critical length of XL, the London
penetration depth.This property, the Meissner-Ochsenfeldt effect [4],
was discovered in 1933.

The London penetration depth was first introduced by F & W London [5]
who developed a phemenological model for the low frequency
electrodynamic response of a superconductor in 1935. The electrons
were treated as a macroscopic quantum state, and the corresponding
wave function was assumed stiff (i e slowly varying in space). The
theory yield a local connection between the superconducting current
and the vector potential for the magnetic field:

and an equation for the magnetic field inside the superconductor:

(7) V2 B (r) =

Explicitly the penetration depth can be written as:

(8)
m*
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where the * refer to the charge carriers in the superconductor. If the
magnetic field is applied parallel to a superconducting surface and the
problem is treated in one dimension the field strength will decline
exponentially with a length constant XL inside the superconductor or
explicitly:

(9) B (x) = B (0) e-*A

as is shown in Figure 7.

; Superconductor

M ifii;

Figure 7. The decay of the magnetic field inside a superconductor.

2.2. Ginzburg-Landau theory

After the London theory was launched in 1935 improvements of it were
made, notably by Pippard [6] who introduced an integral connection
between the current and the magnetic vector potential, and a coherence
length %. The coherence length can be thought of as the spatial extension
of the Cooper-pairs, the charge rarrier in superconductors which is later
described in the BCS chapter.

A thermodynamic approach to superconductivity was taken by the
soviet scientists Ginzburg and Landau in the early 50-ies [7]. In their
theory the response of the superconducting electrons in applied
magnetic fields and currents is given, and a condensation energy of the
superconducting state relative to the normal was derived. It was later
shown by Gorkov [8] that the Ginzburg-Landau theory follows from the
BCS-theory.
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Although the Ginzburg-Landau theory is deduced for temperatures close
to Tc, the error for temperatures close to 0 K is usually manageable and
within 25 % of correct values [9].

In the theory, a pseudo wave-function *F is introduced, representing the
density of Cooper-pairs (see BCS-theory) or explicitly n = x¥*x¥. The
Helmholtz1 free energy is expanded in a power series for a small n, i e
the density of Cooper-pairs is assumed to be low. After some
mathematical manipulations [9] we get the energy difference between
the superconducting and the normal state:

(10) ^

the energy gained per unit volume from the pair formation.

If a superconductor is immersed in a field b the difference in Helmholtz'
free energy density between the superconducting state with or without
a magnetic field present can be described as [9]:

(11) Fs (b) - Fs (0) = AFC + AFkg + AFkj + AFf

The different terms represent different energies. The reduction, f, in the
density of superconducting electrons is given by:

( 1 2 ) {
Kil) n(0)

The different terms can be described more elaborately:

(13) ^

is the difference in the superconducting condensation energy caused by
the reduction in f. If the material is driven normal, f = 0, and this term
is precisely the negative of the condensation energy given in Eq. (10):

(14) AFkg = u0HcHGL(W)2

is the cost in kinetic energy from an existing gradient in the density of
superconducting electrons. The Ginzburg-Landau coherence length used
in this equation is explicitly given as:
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(15)

The third term, AF k j is the cost in kinetic energy of having a
supercurrent flowing in response to the magnetic field b . Alternatively
the term can be interpreted as the kinetic energy of a Cooper pair times
the density of states.

The last term in simply the energy density of the

(16) - b 2

magnetic field:

The Ginzburg-Landau parameter
conductor [9]. It is defined as

K determine the type of super-

(17) K =

For K < I/V2 the material is of type I and no magnetic field penetrate the
superconductor before the field strength is sufficient for a complete
breakdown of superconductivity. For K exceeding this limit a uniform
distribution of single vortices O0 is energetically advantageous, since the
formation of interfaces between the superconducting and normal
domains is associated with a negative surface energy. This type of
superconductors, type II, often can sustain a significant magnetic field.

Figure 8. Fluxoid in a superconductor of
type II. The magnetic field h decreases with
a characteristic length X, whereas the density
of superconducting electrons n is reduced
within a core region \, For a type II
superconductor, X » £. The picture was
taken from [10].



15

2.3 The theory of Bardeen, Cooper and Schrieffer

In this theory developed during the late fifties, Bardeen, Cooper and
Schrieffer gave a good microscopic understanding of superconductivity
as a phenomenon [11]. The main idea is that a collective wave-function,
describing all charge carriers in the material, can be constructed with
single electron wave-functions. The energy of such a wave function is
reduced if single-electron wave functions with energies above the
ground state are included, provided that these electrons interact pair-
wise with the exchange of phonons. The electrons are considered in
pairs with opposite wave vectors (k , -k) and spin. When the electrons
combine, they are no longer fermions but bosons. To keep the total
energy minimal, no electrons are allowed within an energy range of ± A
from Ep» the Fermi surface.

The energy gained from the pair condensation can be found as:

(18) wo = 0.5N(0)[A(0)]2

where N(0) is the density of states at the Fermi level and A(0) the energy
gap at T = 0 K.

If the BCS-interaction, V, between electrons constituting a pair is weak,
i e VN(0) « 1, we operate in the weak coupling limit. The gap parameter
at zero temperature can then be obtained by:

(19) A(0) = 2hco e-i/N(0)v

The energy gap A(0) can be shown to be of the same order of magnitude
as kTc. Furthermore for the very weak limit it can be shown that:

(20) kTc = 1.134

This combined with (20) gives the important ratio:

(21) | f f = 3.528 i

which frequently is used to estimate how closely the superconductor
adhere to the BCS-theory in the weak limit.
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2.4. Properties of superconductors

In addition to the critical temperature, superconductors have two
additional critical parameters, Jc and Bc. The magnetic field immediately
adjacent to a superconductor must not exceed BC(T) if the
superconducting state is to remain. BC(T) is the critical magnetic field for
a type I superconductor. In superconductors of type II, the magnetic
field penetrate the superconductor gradually. The field starts to
penetrate the superconductor at Bci(T) in the form of magnetic flux
quanta, O 0 . The size of the quantum is 2.07 x 1 0 1 5 Wb or in funda-
mental physical entities

(22) ^0 = 2^

Some superconductivity will remain up to a second critical magnetic
field, BC2(T), which might be quite substantial.

2.5. Applications

2.5.1. Tunneling

Quantum mechanics brought us tunneling, the passage (with a certain
probability) of entities through a classically forbidden region. The
phenomenon can be utilized, together with a bias potential, to measure
the density of states in different structures. It can fairly easily be
extended to superconductors. Here only single-particle tunneling will be
considered. Tunneling of electron pairs, or Josephson tunneling is to
some extent described in the chapter on the Josephson junction.

current »ource

M,

-©•
voltmeter

Figure 9. A tunneling junction. The picture was taken from Ref. [12].
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Consider two elements brought in close contact with each other,
separated only by a very thin insulator. The density of states for the
electrons in the material are NL(E) and N R ( E ) , and the corresponding
Fermi-functions are fi,(E) and fR(E). The current from the left to the right
is, without bias:

(24) IL^R = Ax|Tn |2 jNLfLNR(l-fR)dE
.00

where |Tn |2 is the tunneling probability. Assuming that the tunneling
probabilities are equal in both directions, we have a net current of:

(25) I = IL^R - I R ^ L = A |Tn|2 jNLNR(fL-fR)dE
•00

If a voltage V is applied to the left side, the net current will be:

00

(26) I = C x jNL(E)NR(E+eV)(fL(E)-fR(E+eV))dE

If both sides are metals, NL(E) and NR(E) are fairly constant and after
some mathematics Ohms law is obtained.

If the right side is superconducting, we have at T = 0 K from the BCS
theory:

(27) NR(E) = NN(0) , for |E| > A, 0 otherwise
VE2-A2

The energy E is here counted from the middle of the superconducting
energy gap, or the "Fermi level". The integration is therefore carried out
down to -EF- Explicitly:

-A 00

(28) I = Cx f-7==^(f(E)-f(E+eV))dE + C x f-===^(f(E)-f(E+eV))dE
J V E 2 2 J V E 2 A 2

-£p
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We have two different cases depending on whether eV < A or not. In the
first case both integrals yield nothing. For eV > A the first integral
contribute to the current, for E in the interval [-eV,-A], provided that the
approximation T=OK for the Fermi function is used (f(E) = 1 for E < 0 and
f(E) = 0 otherwise). The result is:

(29) 1= Cx dE =

-eV

From the dynamic conductance G of the junction it is possible to obtain
Ns(E) for the superconductor since:

(30) = C x Ns(eV)

If the calculations are carried out for SIS (Superconductor-Insulator-
Superconductor) junctions the following result is obtained [12]:

I
VI

<

O
i

Sn-I-Pb
rc(Sn ).3.95* K
rc(Pb)«7.25*K

Figure 10.1-V characteristics at different temp-
eratures for a Sn-I-Pb junction. The picture is taken
from Ref. [13].
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oo

|E+eV|
[(fOE)-f(E+eV))] dE(31) I s s = C x

In Figure 10 this funct : i is illustrated with some experimental results.
The curve have thret distinct features, which all have been
experimentally confirmed. . r-ere is a logarithmic singularity at eV = AR -
AL, there is a region of ne; give differential resistance for AR - AL < eV <
AR + AL and there is a discos: nuous jump in the current at eV = AR + AL-

2.5.2. The Josephson junction

When two superconductors are brought in close contact with each other
the two wavefunctions describing the electrons on both sides of the
barrier will interact. This effect can te described as a tunneling of
electron pairs through the barrier. The discovery by B. Josephson [14]
was purely theoretical, but experimentally confirmed within a year [15].

The Josephson junction can be described by the two Josephson
equations:

(32) J = Jcsin<|>

* l e V
at = h

where 0 is the phase difference between the wavefunctions describing
the electron condensate on both sides of the barrier, and Jc the
maximum supercurrent the junction can sustain, without going normal.
In addition to the Josephson current, there will be an electron current at
non-zero voltage for real junctions, a current that will encounter both
resistance and capacitance in the barrier. In Figure 11 an equivalent
circuit of a Josephson junction is given, known as the RSJ-model.

The differential equation giving the relation between the current and
the voltage is:

V dV
(34) I = Ic i 0 C
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/ , sin O Gl C i .

Figure 11. The equivalent circuit for the Josephson junction. The picture was taken Érom Ref. [16]

or if (33) is used:

h d<{> hCd2<(>
(35) I = IcSin4, + ^ ^ + I 7 ^ T

Introduction of the variables 6, wc and pc according to:

(36) 0sco c t= C t
n

(37)
2eIcCR2

h

:.o

i.o

0c = 0

1.0 :.o

Figure 12. Current-Voltage characteristics of a
Josephson junction with three different values of
the parameter ($c. The picture was taken from Ref.
[16].

and division of (35) with Ic yield the equation:

I
(38) i ; =

In Figure 12 the solution to this equation for several values of (3C is
shown. For some values of current and non-zero (Jc parameter two
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voltage levels are possible. The junction is hysteretic. For increasing
currents up to Ic no voltage occurs, but at Ic the voltage jumps
suddenly. As the current is decreased, the voltage follow suit according
to Figure 12.

2.5.3. SQUIDs

The SQUID (Superconducting QUantum Interference Device) can be used
as a very sensitive magnetic flux-meter, with a sensitivity well below
one flux quantum (2.07 x 10 1 5 Wb) if used properly [17]. Since the
magnetic flux is measured, any physical quantity transformable to
magnetic flux can be measured with a SQUID, e g current, voltage,
magnetic field gradient and displacement. The applications of SQUIDs
are numerous, ranging from measurement of the magnetic fields of the
brain to oil exploration, from submarine detection to radiofrequency
amplification. There are two different types of SQUIDs, rf- and dc-
SQUIDs, which both operate due to Josephson tunneling.

2.6. High Tc-superconductors

A new page in the history of superconductors was written in the fall of
1986 when Bednorz and Muller presented their now famous paper on
30 K superconductivity [18]. In this paper they presented experimental
results showing the onset of superconductivity in Lai.85Bao.isCu04 at 30
K. Instantly a number of other groups started making substitutions in
the compound, to increase the critical temperature. Bell Laboratories
found that a Sr-substitution of the Ba increased the Tc to about 40 K[19].
As the purity of the samples improved, so did the shape of the resistive
transitions.

The interest in superconductivity was high throughout the fall in 1986,
but with the discovery of YBa2Cii3C>6+x and its Tc of about 92 K a real
frenzy started [20]. New results were no longer first published in
Journal of Applied Physics or Physics Review but in publications like
New York Times and Washington Post. The interest in the subject, while
still very high in the scientific arena, has since its heydays of 1987
subsided quite substantially.

Two more groups of high-temperature superconductors have been
found after Y-Ba-Cu-O, namely Bi-Sr-Ca-Cu-O[21] and Tl-Ba-Ca-Cu-O[22].
In both these systems there are several superconducting phases which
are fairly hard to separate during processing. Bi2Sr2CaCu2Ox have a Tc

of about 85 K and Bi2Sr2Ca2Cu30x of 105 K, while the highest Tc yet to
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be recorded, 125 K, have been found in Tl2Ba2Ca2Cu3Ox. Despite this, the
Tl-compounds are currently studied by relatively few groups, mainly
due to its severe toxicity. Most work is still concentrated of the Y-Ba-Cu-
O compound.

The theory of the superconducting ceramics is not yet fully understood.
It seems reasonably clear that pairs, in most cases hole-pairs, carry the
superconducting current. The mechanism of the interaction is not clear,
and possibly other mechanisms than BCS phonons is required. It should
in this context, however, be pointed out that the BCS theory really does
not require phonon-mediated interaction, but it could be of any type. So
far nothing has been found to invalidate the BCS-theory in high-
temperature superconductors.

Cfi.875 A

2223
B.;S ' ,C*JCUJO, 0

b=3 822

Figure 13. The structure of some HTS compounds. The center compound is YBa2Cu3O6+x- The picture was
taken from [23].

3. Experimental

3.1. Mass-spectrometry

It was quickly realized that the oxygen partial pressure in the vacuum
vessel during deposition was a very important factor for the resulting
film quality. Oxygen affect important plasma properties, like secondary
electron and metal sputtering yields, and is simultaneously a necessary
prerequisite in the films. To monitor the partial pressure of different
gases in the sputtering environment, a differentially pumped mass
spectrometer was installed.
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rf source

Channeltron Mass analyzer Ion source

Figure 14. A schematic view of the quadrupolc head.

The mass spectrometer used is of type VG Instruments QX 200. It
consist of two units; the control unit and the quadrupole head onto
which is attached an rf-generator. The functional elements of the
quadrupole head are the ion source, the mass analyzer and the wide
bore channeltron (See Figure 14). Electrons, released from the tungsten
filament in the ion source, ionize gas atoms, molecules and molecular
fragments. The ions are focused and accelerated into the mass analyzer,
where ions of a certain mass-charge ratio are sorted out. These ions hit
the wide bore channeltron, which amplify the current. This current is
fed into a small signal amplifier, transformed to a voltage and recorded.
The principles of operation will be more thoroughly described in the
following.

Electrons are emitted into the plasma from a tungsten filament. The
operating electron current is 1 mA, which requires a current through
the filament of about 4 A. The electrons are emitted with an energy of
70 eV relative to the source plate of the source assembly. As the
electrons collides with gaseous species the atoms or molecules are to a
large degree ionized. The ions are accelerated towards the mass
analyzer. As they pass the focus and exit plates the ions are focused as
they enter mass analyzer.

The mass analyzer consist of four stainless-steel rods, 127 mm long and
with a diameter of 6.25 mm. They are placed symmetrically about an
inscribed circle with a diameter of 5.46 mm. The resulting electrical
field is approximately the one of hyperbolical surfaces, for which the
outlined theory is valid.

Ions are injected from the ion source along the longitudinal axis. The
rods are connected to the voltage supply in such a manner that opposite
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rods have the same voltage, while nearby rods have opposite voltage or
in formulae:

(39) Ui,3 = A + B cos cot

(40) U2.4 = -(A + B cos cot) = - Ui,3

The amplitudes A and B are swept concurrently in a saw tooth manner,
which keep the ratio B/A constant. In the QX 200 case this ratio was
approximately 6. The sweep of A and B constitutes a mass scan.

The forces acting on an ion at a coordinate (x,y,z) , with the coordinates
according to Figure 15 are:

(41) m
dfx 2eUi.3

+
r0

x = 0

(42) m

(43) m = 0

Figure IS. A cross-sectional view of the mass analyzer.

The solutions to (4l) and (42) are complex trajectories, known as
Mathieu equations. They can be separated into two different classes,
stable and unstable. The stable trajectories will never have a distance to
the z-axis exceeding ro, whereas if this limit is exceeded the ions will
have unstable trajectories. In the z-direction the motion obviously is
uniform. A general equation for equations of type (41) and (42) is:

d2x
(44) TTT + (a + 2b cos <(>) x = 0

dz<|>
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8eA J U 4eB
with a = r—- and b =

mro2co2
mr0

2-

The different set of trajectories are separated in an a-b diagram by two
polynoms. The polynoms separating stable from unstable orbits are:

(45)

(46) a =

as is illustrated in the stability diagram of Figure 16.
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Figure 16. The a-b stability diagram. The picture was taken from [25].

For given values of A and B ions with a range of m/e-ratios will have
stable orbits. The particles that pass the mass analyzer must have
sufficient z-velocity exit the mass analyzer while their orbits are stable.
The amount of ions transmitted will also depend on the incoming energy
of the ions, in that a larger incoming energy will make the transition
through the mass analyzer faster and hence less selective. As is shown
in Figure 17 a smaller B/A-ratio (i e a larger slope in the a-b diagram)
will increase the resolution between different m/e-values, but
simultaneously the signal level will be reduced. The resolution can also
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be modified by adding a "Am"-offset to the dc component, i e the a-axis
of the diagram.

The ions transmitted through the mass analyzer, will be accelerated into
the channeltron and subsequently converted into an electron current.
The gain of the channeltron is of the order of 105. The current collected
from the channeltron is transduced into a voltage in the 0-10 V range,
which is recorded.

The quadrupole mass spectrometer has been extensively described by
among others Pohl et al [24]. For the specifics of the QX 200 the manual
should be consulted [25].

Figure 17. The a-b plane for different mass scans. The picture was taken from [25].

3.2. Plasma diagnostics

A simple, important and early way to study plasmas is by electrostatic
probes [26]. First introduced in 1924 by Langmuir [27] the method, in
which an electrode is introduced in the plasma, has been frequently
used. In order for a successful measurement to be made the probe
should be small or have a certain geometric shape to minimize the
interaction with the plasma if the measurement is to be successful. A
number of different electrode shapes have been tried throughout the
years. Usually the probe is biased both positively and negatively with
respect to the plasma and the resulting current is collected. In the
presence of strong magnetic fields the disturbance of the probe in the
plasma is usually substantial which makes the method significantly less
useful and it has to be applied carefully. In our experimental set-up, the
field from the magnetron is smaller than the geomagnetic field at the
probe/substrate position, and hence in this context small.
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If a potential Vo - Vp relative to the plasma, i e through a probe, is
introduced somewhere in the plasma, a shield of charge carriers will
surround the potential. We assume that a potential is applied at x=0 and
that the undisturbed charge carrier density is n0.
The Poisson's equation yields in one-dimension:

(47)

with the charge carrier concentrations relating to the ions and the
electrons respectively. If normalizations are introduced:

//to\ e V n> n e T c x

(48) T 1 = = "k ; r ' V i = ^r' V c = i r T '^ = R

where R is the typical dimension of the plasma, we get:

(49) Ib^^iW-Veto)

• u L1 kTee0with h2 = —2—e n0

The plasma is defined by the condition h / R « l , and this imply that for
most of the plasma Vj = ve is a good approximation of Eq. (49). This
condition, the quasi-neutrality of the plasma, ensure that the potential
at different places in the plasma is a constant, Vp.

We furthermore assume that the ion concentration in the plasma is
constant (infinitly massive ions) and that the electrons are in thermal
equilibrium or:

(50) ne = noe-n

Eq. (49) will then take the form:

for small r\.

The general solution of this differential equation is:



28

(52) TI = A e-(*̂ >) + B e(*/h)

where B must be zero to keep i\ bound. If we express the solution in
terms of V(x) we get:

Figure 18. A typical probe current-voltage characteristic. The graph was taken from Ref. [26].

(53) V(x) - Vp = (V0-Vp)e-(*/h)

and we see that the externally imposed potential is shielded within a
distance h, the Debye shielding length.

A typical view of a probe current -vs.- probe voltage is displayed in
Figure 18.

The I-V curve can be separated into three different parts, A, B and C.
Qualitatively the I-V curve is fairly simple to understand. At the point
Vp the probe and the plasma have the same potential and there is no
electric field between them. The current measured originate from the
thermal movements of electrons and to a minor extent ions. The
electrons are much more mobile than the ions since Te » Ti and m « M.

As the voltage is increased above the plasma potential, electrons will be
attracted to the probe. Near the probe a negative electron cloud will
screen the positive charge on the probe (see Figure 19) as previously
described.
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Assuming that the probe is of linear dimension a and the disturbance in
the plasma of length s. The net cun-ent to the probe will basically be a
random (thermal) electron current of Maxwell-Boltzmann distributed
electrons in region A, the electron current saturation region if all
electrons exiting through the plasma sheath are absorbed by the probe.
The current is:

Plasma sheath edge

The center-piece is connected to a
-=- - voltage source

A. Side view of probe B. Top view of probe

Figure 19. A negaiive charge cloud is screening the positive probe.

(54) I=jrAs

where j r is the random current density crossing an arbitrary unit area
and As the area of the sheath. The latter can be approximated with Ap,
the probe area if s-a«a. The density is then:

(55) j r = 0.25 ne <v> = 0.5 ne

The random current density is reduced by a factor of two at the sheath
edge since randomly 50% of all particles move away from the probe.
The current density is further reduced by another factor of two - the
average of cos Ö over a hemisphere. These two factors explain the
prefactor 0.25. With these approximations the current is independent of
the probe voltage in region A.

As the voltage is lowered below Vp, the electron current falls rapidly
since all electrons that now are collected must have an energy
surpassing e(Vp - V)/kTc. The I-V characteristic will thus be exponential
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in region B. At Vf, the floating potential, no current is drawn by the
probe. This is the negative potential every isolated conducting element
inserted in the plasma will obtain. It is negative relative to the plasma
potential since the electrons have a much larger mobility than the ions
and thus any object immersed in the plasma will acquire a negative
charge. The exponential approximation, given in Eq. (68) of [26], is often
surprisingly good in this portion of the characteristic. The equation is
stated as:

1/2
e-^n .

From this equation it is possible to obtain both n0 and Te. The plasma
potential is often obtained as the intersection between the extrapolated
lines of parts A and B (se Figure 18). A logarithmic scale will give a
more accurate estimate of Vp.

As the potential is made more negative practically only ions will be
collected at the probe. In region C an ion sheath is surrounding the
probe and an ion saturation current is observed. This portion of the
curve is complex and more elaborate to model. An rough equation for
the saturating ion-flux is given in Eq. (105) in Ref. [26]:

(57) I = 0.5 n0 A [-jjfj

The full theory of electrostatic probes is very complex, and here only a
brief introduction of the subject.

The properties of the discharge are in general very important for the
ultimate film quality. In order to clarify some properties of our plasma,
some plasma diagnostics was done. The result is presented in an
appendix.
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