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SUMMARY

Y-Ba-eu-0 thin films were fabricated by RF magnetron-,
oe magnetron- and RF sputtering. The compositions of the
films were examined by electron microscopy in combination with
a system for the analysis of the spectra of Auger X-rays.
Annealing and R-T measurements were performed on films with
composition close totheideal <Y1BaeeuaD?-~>.
Although films with the right composition could be
reproduced no superconductivity was found (only in ene film
superconductivity was found which disappeared after two weeks
of exposure to air> which may be caused by changes in the
composition due to diffusion in the films during annealing.
It was found:
- That sputtered compositions are always somewhat Ba
deficient.
- That RF magnetron sputtering gives intensified ion
bombardment of the target thereby promoting oxygen depletion
of the target. The result is a changing process and
non-stable compositions with a spread in deposition.
- That during RF sputtering and Oe magnetron sputtering
steady state conditions were reached resulting in
reproducible results with a smaller spread.
- That during target preparatien high pressure which
induces tension in the material should be avoided.
- That long term annealing at high temperatures causes
migration of film material changing its composition.
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CHAPTER I.
INTRODUCTION.

Y1BaeCUa~-" has been ene of the most promising material
for application of high Tc materials so far. Only recently
new compounds with even higher Tc's have been discovered:
Ba-Ca-Sr-Cu-0 with 120 K and Tl-Ca-Ba-Cu-0 with 125 K.
Research on Y1BaeCu307-K is ene year ahead of that on
the recently discovered materials.
For the application of this ceramic material the
fabrication of thin films is necessary.
Sputtering is an appropriate methad for this purpose.
Physics Lab.I has a long tradition in superconductivity
and superconducting electranies (Josephson junctions) and has
put its efforts in fabrication of Y1BaeC~~-~ thin
films for that purpose.

The project reported here is part of that effort. In
cooperation with Ris~ <Danish National Laboratories) RF
sputtering, RF magnetron and DC magnetron sputtering of
YBaCuO have been performed.
The chapters of this report cover the following items:
- A short summary of the most important properties of
superconducting materials and superconducting thin films
<chapter II>.
- The preparatien and the electric, magnetic and stuctural
properties of Y1 BaeCua~- ••. The anisotropy of these
properties <chapter lil>.
- The process of sputtering <DC, RF, magnetron, multicomponent sputtering> and related subjects <matching
networks, distribution of sputtered material) (chapter IV>.
- Some specific problems of the fabrication of Y-Ba-Cu-0
thin films <substrate material and annealing, influence of
process parameters) <chapter V>.
- The equipment used <chapter VI>.
- The methods of analysis used (analysis of composition
by electron microscopy in combination with an EDAX system,
X-ray diffractometry, R-T measurement) and annealing
<chapter VII>.
- Discussion of the results at DTH and Ris~ <chapters VIII
and IX respectively>.
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CHAPTER 11.
SUPERCONDUCTIVITY.
In a thesis on the fabrication of high temperature
superconducting thin films a chapter about superconductivity
should have its place. Such a chapter should however net
serve as to impress the reader by an overexposure te
theories and descriptions of phenomena of which only a part is
relevant te the presented werk. For this reasen and for the
reasen that there are as many theories as theorists concerning
the mechanism of superconductivity in Y1BaeCu~7- ... only
a description of the basic properties of superconductors will
be given <see references 21,22,23,24). Differences as for
superconducting thin films are treated afterwards.
The most basic property of a superconducting material is
the transition below a certain critical temperature Tc te a
state with zero electrical resistance. Tc's of the early
discovered superconductors range from 1-8 K for metals and up
te 18 K for alloys. Later NbaGe <23.2 K> was found. The
recently discovered oxides have Tc's 30-40 K <BaxLae-xCu0 4 -v),
48 K <Sr,..Lae-.,CuOL.-v>, 90-98 K <Y 1BaeCu~?-x> and
120 K <Bi-Ca-Sr-Cu-0> and 125 K <Tl-Ca-Ba-Cu-0>.
A secend essential property is the expulsion of a magnetic
field from a superconductor. This phenomenon due te perfect
diamagnetism <'l=-1> is called the Meissner effect.
We will describe the experiment originally performed by
Meissner and Ochsenfeld: If a long cylinder of a
superconductor is cocled through its transition in the
presence of a longitudinal magnetic field the superconductor
expels all flux <B=O> if the field strength does net exceed a
certain value He. This distinguishes a superconductor from a
<hypothetical) perfect conductor. Both have a zero
resistivity p. With E=pj and Maxwell's equations it fellows
that zero resistivity implies dB/dt=O: The flux density can
net change. In an experiment where a perfect conductor and a
superconductor are brought into their state of zero
resistivity while no magnetic field is applied they both
behave the same when the field is increased: The flux density
in the materials remains zero; currents in the surface
compensate for the magnetic field and keep the flux out.
However, if the field is applied first and the materials are
brought in their ,state of zero resistivity afterwards the
behaviour is different. The perfect conductor will have the
same flux density after the transition <the change in flux
being compensated for by screening currents), while the
superconductor expels all flux in contradietien to dB/dt=O.
<see figure 2.1).
Superconductivity is destroyed when an applied field
exceeds a critica! value He.
Superconductivity returns however if the field strength is
reduced again below He. This shows that the transition te
the superconducting state is reversible. This critica! field
~trength He is found te depend on the temperature. The
dependenee can be approximated by: Hb<T> = Hc<o)(l- T2 /TceJ
In an H-T diagram <see figure 2.2> ene can distinguish an
area wi th the :, superconduct i ng ph a se" and an area wi th the
"normal phase", bounded by tt;_e He-T curve.
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Figure 2.1 Magnetic behaviour of a "perfect conductor" (left)
and a superconductor (right) in the case of Zero Field Cooling
(ZFC) and Field Cooling (FC). In the case of ZFC both exclude
the magnetic field. In the case of FC the "perfect conductor"
does not change its flux density while the superconductor still
excludes all field lines.
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Figure 2.2 Phase diagram of a superconductor. The H -T curve
torros the bounÇary between the normal and the superc8nducting
phase.
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Connected to the existence of a critica! field He is the
existence of a critica! current density Je.
Silsbee suggested that this critica! current density is
simply that producing the critica! field at the surface of
the superconductor. The validity of Silsbees rule is limited.
In the Londen equation it is proposed that the local
current density is proportional to the vector potential. The
flux density B can be derived from this vector potential and
it is postulated that the resulting equation B= -~.rot(~Ej)
replaces Ohm's law. The solutions to this equation are not
uniform in space. The field falls off exponentially inside
the superconductor with a typical length called the
penetratien depth (ÀL).
In zero field thermodynamics yield a useful equation
between the difference in the free energy in the normal and
the superconducting state, and the critica! field:
FN(T) - Fa<T> = )Jc:.l-k.e(T)/2.
This equation defines a "thermodynamic critical field" and
shows that the transition to superconductivity in zero field
is of secend order (with no latent heat>.
The difference in free energy between the normal and
superconducting state at zero temperature is called the
"condensation energy". According to the BCS-theory <see ref.
23> electrens can have an attractive interaction via the
lattice <the range of this interaction is called the
coherence length ~o> that can lead to a ground state
separated from the excited states by an energy gap. Electron
pairs can "condense" into that ground state. Absorbtien of
energy, for instanee from radiation, can excite electrens out
of the ground state.
Sc far we have only discussed the idealised situation
where flux was completely expelled from the superconductor.
There are however situations where superconductivity is
partially destroyed; the flux density is net zero anymore,
but the state of having zero resistivity still exists.
In a long cylinder with the field applied parallel to its
axis the demagnetizing field does net play a rele. For ether
configurations where the demagnetizing factor does play a
rele the internal magnetic field is bigger than the applied
field. N.B: The flux density B is still zero here. The
internal field will reach the critica! value He sooner than
the applied field. But until the applied field reaches the
critica! value He the superconductor can be in the
intermediate state. This is a mixture of domains with normal
and superconducting states which can exist because it is
thermodynamicly favourable relative to the normal state. This
intermediate state only exists for so called type I
superconductors; In the classification in type I and type II
superconductors a distinction is made between materials with
~ << ~o <type I> and ÀL >> ~o <type II>. In type I
superconductors the boundary between normal and superconducting
parts has a positive surface energy. In type II the surface
energy of an interface is negative. In type II the formation
of a structure with many interfaces is energetically favourable
above a certain critica! field Hb1<He <He is the
thermodynamica! critica! field).
For fields weaker thdn this lower ~ritical field Hc1 the
superconductor shows the ideal properties <8=0, x=-1, R=O>.
For fields Hc1<H<Hbe (with Hce>Hc> the material is
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in the "mixed state" where it still has R=O but B>O. For
fields H>~:e the material is in the normal state. N.B: The
"intermediate state" only oc:c:urs when the demagnetization
factor plays a rele. The "mixed state" arises from the nature
of type II superc:onduc:ting materials.
In general type I superconductors have values for c:ritic:al
temperatures, c:ritic:al field strengths and c:ritic:al current
densities muc:h lower than type II superc:onductors.
Impurities normally lower the qualities of superc:onduc:tors.
Superconductivity in thin films.
The properties of a superc:onduc:ting thin film are close to
these of the bulk material, important differenc:es being
changes in the c:ritic:al parameters. We will disc:uss the
criticcal temperature, criticcal field and c:ritic:al current
density (see ref. 1, c:hapter 22>.
The critica! temperature of thin films.
A number of factors c:an c:ause the c:ritic:al tempercature of

thin films to be different from that of bulk material.
A struc:ture of a film different from that of the bulk
material c:an inc:rease Tc c:onsiderably.
Different deposition tec:hniques c:an result in different
struc:tures and therefore in different Tc's.
Impurities introduc:ed during the preparatien of thin films
c:an reduc:e Tc, and more with increasing c:onc:entration.
The proximity of a c:onduc:ting or superc:onduc:ting material
with lower Tc can depress Tc. The c:hoic:e of substrate
material is therefore of importanc:e for superc:onduc:ting thin
f i 1 ms.
Stress caused by lattic:e mismatch or different expansion
rates of substrate and film reduc:es Tc. Thic:ker films are
less troubled by stress effec:ts. Crystal orientation of the
film whic:h may be affec:ted by the substrate c:an either c:ause
stress and reduc:e Tc or be inductive to c:rystal gtowth and
i nc:rease Tc.
The critica! field of thin films.
In thin films the film thic:kness and the penetratien
depth can become ~f comparable ~ize. In suc:h cases flux is
nowhere c:ompletely excluded from the film. One c:an expect a
different behaviour c:onc:erning the criticcal field.
The Londen theory yields a salution for the internal field
and the criticcal field
which gives a qualitative goed picture
but does not apply outside the limits of the Londen theory:
HeF= He:< 1-(2Àt_/d)tanh (d/2))\L )_ 1 ,..e.
For d<2ÀL. the criticcal field of a film is considerably
larger than that of bulk material.
Other theories give a quantitative better description and
have a similar dependenee c:onc:erning the films thic:kness. The
phase transition in thin films is secend order and magnetic
hysteresis is absent.
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The critical current density of thin films.
The dependenee of the critical current density on the film
thickness and temperature is complex and difficult to
predict. It is sametimes found that the critical current
density is almest independent of changes in film thickness.
Measurements of critical current and critical current
densities are complicated by the film geometry, image
currents and non uniform current and field distributions
across the film.
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CHAPTER III.

The preparatien of polycrystalline

Y1BaeC~D?-".

Since the discovery of high temperature superconductivity
in Y1BaeCu:;:,07-•< the possibilities for applications at
liquid nitrogen temperature have been investigated. Many of
the material's properties are measured. In this chapter we
will discuss the most important electric, magnetic and
structural properties. We will start by describing the
preparatien of polycrystalline bulk material; targets for
sputtering are often prepared in the same way.
The most commonly used preparatien procedure is <see for
instanee ref. 9):
Appropiate amounts of YeOs, BaCOs and CuO <some times
BaFe is used) are mixed and ground. This mixture is then
pre-reacted by heating to 95QPC in air for 12-24 hours. The
following step is to press the material in pellets, possibly
after grinding again, and to have the pressed pellet sintered
at the same high temperature in flowing oxygen for some 16
hours fellewed by a slow cooling, also in oxygen. Dependent
on the cooling procedure an additional heat-treatment in
oxygen at 650-700°C may be needed to improve the material's
properties.
The material's properties will suffer from deviations in
composition. Secondary phases can easily ferm if the amounts
of material do net have the right ratio.
For instance: A ratio of Ba:Y different from 2:1 has
shown to result in YeCue05 and BaCuOe as secondary phases
of the <Y,Ba>aCusOv oxide. Other secondary phases observed
are YeBa1Cu106, CuO, YeOs and BaD.
The grain size of the mixed and ground powders might
result in local deviations in composition if the
<pre)-reaction is net complete. To avoid that problem another
procedure is being used with growing popularity.
Instead of mixing the oxide powders, the nitrates of
these materials are dissolved. The materials mix on an atomie
scale and nitrate and solvent can be evaporated off. The
remaining powder .is pressed and annealed in the same way. This
method has already been used succesfully.
The properties of polycrystalline Y1BaeCu3D?-M•
The properties of polycrystalline bulk material are
extensively reported. We summarize the most important ones:
Tc:'s are in the range 90-100 K. Dependent on the quality of
the material transition widths can be as small as 1 K. The
temperature dependenee of resistance above Tc is almest
linear. Just above Tc a deviation from linearity is often
observed with a minimum of dR/dT. Some say that s~mples
showing this behaviour have the best properties.
The Meissner effect was found to be 76% of the diamagnetic
signal by Cava et al.<ref. 9>. Lower valucs iïduced by
porousness, impurities, etc. are often reported<see figure 3.1>
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The lower critical field at lew temperatures is about 500 Oe.
Cava et al. found the critical current density at liquid nitrogen
temperatures te beat least as high as 1100 A/cm 2 in zero field.
They estimated some more parameters from this and the slope in
critica! field <dHc 1 /dT=-7 DeK- 1 , dHbe/dT=-13 kDeK- 1 ) . The
coherence length and Londen penetratien depth were estimated te
be 22 A and 1400 A respectively. The thermodynamica! critica!
field was estimated te be Hc<o>=lO +/- 2 kOe.
The measured normal state susceptibility could be
described by a Curie-Weiss law added te some constant
~ <T) = '(p + c I< T +e >
with;
= 3x10- 4 emu (male Cu)- 1
c = 11.8x1o-a emu <mole Cu)- 1
e = -11.3 K

'o

Xo:

The polycrystalline nature of bulk samples does net show
much of the anisotropy in properties of this material. Befare
discussing this anisotropy as measured in single crystals we will
for clarity discuss the crystal structure of Y1BaeCus~-H•

The crystal structure of Y1 BaeCUaCh->, <see references
8,9,10,11> is orthorhombic with lattice parameters a=3.82 A,
b=3.89 A and c=11.68 A <Cava et al.> <see figure 3.2>. The unit
cell is a tripled perovskite cell with ordered oxygen vacancies.
The general perovskite formula is ABD3. The A atoms are Y and Ba;
in the tripled structure two Ba ions alternate with ene Y ion. In
the Y plane there are no oxygen atoms and in between two Ba
planes rows of oxygen parallel te the b-axis are missing
<0<5>-sites, net indicated in the figure). The triple layers
[C~~D?Jec are built up from two layers ECuDe.~J 00 of
corner sharing pyramids and ene layer of CuD... [CuDeJ square
planar groups <see figure 3.3)
Superconductivity is associated with this layered structure.
There are speculations of how this results in
superconductivity, but no agreement exists on what the
superconducting mechanism is.
The structure will show deviatibns from stoichiometry when
the material is heated up <ref. 6>. The 0<4>-sites <in some
publications 0<4>-sites and 0<1>-sites are interchanged> will
gradually be depopulated, while 0<5>-sites <empty before)
will be partially occupied.
The structure remains orthorhombic for x<0.5. Above
660°C the 0(4) and 0<5>-sites are equally populated and the
structure transfarms te tetragonal. This transformation is
reversible; the lost oxygen can be reabsorbed and the
orthorhombic structure can be stabilized by a slow cooling in
an oxygen atmosphere. Quenching from high temperatures er
cooling in vacuum however will result in the tetragonal
structure being maintainéd.
The change in oxygen occupancy will result in a reduction
of Tc <see figure 3.4). Superconductivity will disappear for
x>0.65 and antiferromagnetic order is observed.
Brewer et al. have even found the onset of AFM order in
the presence of superconductivity: Two annealed samples with
x=0.652 and x=0.600 had a sharp transition te
superconductivity at Tc=25 K and Tc=33 K, and then had AFM
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ordering below T=10 K and T=5 K.
The electric and magnetic properties of
Y1BaeCUa~-H depend much on the preparation; The annealing
process is of major importance because it influences directly
the stabilization of the orthorhombic structure, and
subsequently the lattice parameters and oxygen deficiencies.
The valenee ratio of the cations depends directly on these
features and is considered important for the superconducting
mechanism. On a larger scale the preparatie~ results directly in
the porousity, existence of secondary phase~J the single- or
polycrystallinity and grain structure of the material. For thin
films the substrate material is of great importance because of
possible thermal expansion rate and lattice mismatch resulting in
cracks and stress in the material, and because the orientation of
the film can strongly depend on it.
Anisotropy in the electric and magnetic properties
of Y 1BaeCu:!D7M•

The anisotropic behaviour of Y1BaeCus~ <see references
13,14,15>, which is exhibited so clearly by the material's
layered structure, can be measured on single crystals.
Anisotropy is observed in the resistance, upper and lower
critica! field, critica! current density, magnetization and
the Meissner fraction of diamagnetic shielding.
Dinger et al. performed magnetization measurements on
single crystals with Tc=85 K. Diamagnetism measured by ZFC
was 100X <after correction for the demagnetization factor>.
The Meissner effect was found to ferm about 4X in parallel
and 17X in perpendicular orientation of the diamagnetic
shielding. Magnetization curves were measured <see figure 3.5>
and lower critica! field and critica! current density were
derived from these measurements: Values for lower critica!
field were obtained from the point where the magnetization
starts deviating from the initia! linear dependency and were
not revers i b le anymore: He: 1 • =5. 2 kG, He:/~ =530 G ( .1. and //
indicate perpendicular and parallel to the Cu-0 planes>. The
anisotropy was 10:1.
The estimated maxima critica! current densities from this
were Jc~=2.9x1Q6 A/cme and Jc 4 =4.2x103 A/cme <7:1>. The
~and #
signs used for critica! current densities correspond
to fields with the same signs; i.e. Jc.L was the current
induced in the Cu-0 planes from a field perpendicular to the
plane.
The field and temperature dependenee of the critica!
current density w~s determined by similar magnetization curves:
It was found that the anisotropy of the critica! current density
increased for higher fields and temperatures.
An extension of these results was made by inductive
measurements of Hc:e by Worthington, Dinger et al.
Results: lower "dirty limits" for Hc:e/"<o>=140 Tand
Hc:e~=29 T <5:1>. Calculation of the coherence length
perpendicular to the Cu-0 planes from this indicated that
despite the streng anisotropy the character of
superconductivity was three dimensional. These and previous
results showed that anisotropy of higher critica! fields at low
temperatures was larger than near Tc: A crossover to two
dimensional behaviour from this large anisotropy was not
observ~d.

Tozer et al. found that the dependenee of the resistivity
on temperature in the c-direction was different from directions
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in the a-b plane (see figure 3.6): So the electric properties are
also anisotropic in the normal state. In the a-b plane the
temperature dependenee was linear as found in polycrystalline
material. In c-directions the dependenee was exponential. At room
temperature the anisotropy ratio was 20:1, near Tc 40:1.

The prc·~·e:rtiE: c.,f thin films of superconductors usually
are quite close to the properties of the bulk. They can however
differ con~id~rably under the influence of impurities, stress,
the film's structure, or the proximity of another material.
The Tc of the thin film can increase because of the structure but
it can decrease for multiple reasons. The critica! field can
increase depending on the ratio of film thickness and penetratien
depth. The critica! current density can both increase and
decrease also depending on thickness.
The properties of Y1BaeCuaD,-M thin films are
dependent on:
1) The presence of secondary phases; Secondary phases can
give grain boundaries resulting in broad transitions
and lew critica! current densities.
2> The annealing; With few exceptions goed results are
only achieved when high temperature annealing was used
(850-9500C, see figure 3.7, appendix 8 and ref. 7).
3> The substrate material. Important factors are:
- A correct thermal expansion rate to avoid stress and
cracks in the film.
- A goed lattice match to avoid stress and give
orientation to the film.
- There should be no chemica! reaction and diffusion at
high and lew temperatures.
See references 7 and 20.
Goed results have been achieved with ZrOe and YSZ <ref 29)
<TR-o=84 K>, MgO <TR-o=B4 K, orientation in the film and thermal
expansion rate close to the ene of Y1BaeCuaO,> <ref. 30) and
SrTiOa <TR-:•=91 K with a sharp transition and high critica!
current density due to the very goed lattice match resulting in
highly oriented films, ref. 3>.
With SrTiOs critica! current densities were reached as high
as 1~ A/cme at 77 K and 10ó A/cme at 4.2 K <references 16 and
20) (2x104 A/cme and 3x10~ A/cme respectively in a field of
3 kOe , r ef • 20 ) •
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CHAPTER IV
DEPOSITION OF THIN FILMS BY SPUTTERING
Introduet ion.
Traditionally the deposition of thin films was done by
ether techniques than sputtering because a goed process
control is hard to achieve with sputtering. But the technique
of sputtering has developed. Newly found adaptations of this
long known process have made sputtering very versatile.
Nearly all materials can be sputtered. Sputtering
especially has advantages for deposition of alloys,
insuiators and materials with a high melting point. Recent
developments have also made it possible to sputter magnetic
materials.
Sputtering gives a goed adhesion <the impinging atoms have
large kinetic energies) and can produce very pure films if
high purity targets are used.
There are, however, also drawbacks. The expenses for
sputtering equipment can easily be higher than for ether
processes: Often cooling and heating facilities and rotary
substrate holders are required in addition to the necessary
power supply and vacuum system. Fabrication of targets is net
always easy because of the shape and purity required. And
most of all the deposition rate is rather lew (usually < 2000
A min - l ) •
A goed understanding of the process is necessary to deal
with the large number of process parameters involved.
Unfortunately many aspects of the process are net well
understood or disagreement exists between the different
models. Because of this and because of the multitude of
phenomena in a glow discharge and because of the many process
variants and equipment designs this chapter does net cover the
full range of aspects and may have a simplified ferm here and
there.See references 2,3 and 1, chapter 4.
In this chapter different aspects of sputtering are
discussed by looking at DC glow discharges and RF discharges
in sputtering systems. Same important items of sputtering
systems fellow. For the system used in our experiments see
chapter VI.
A conventional DC sputtering system.
Many of the features of a DC sputtering system are the
same for a RF sputtering system. The phenomena are, however,
easier to explain for the DC case. This makes it useful to
look at DC sputtering first and go into some specific aspects
of RF sputtering afterwar~s.
A sputtering system consists of a vacuum chamber and an
electrical circuit (see figure 4.1). The electredes of the
electrical circuit are spaeed some distance apart in the
chamber which is evacuated. The cathode is covered by the
target, the mat~rial to be sputtered. The anode is covered by
the substrate wi1ere sput '\.ered ma ter i a 1 is to be co 11 ected. A
gas, u~ualJy argon, is introduced i~ the chamber at lew
pressure. !t serves as a sputtergas. There is a voltage
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Figure 4.1 Schematic of a DC sputtering system.
The electredes ("target" and "substrate") of the
electrical circuit are positioned in the vacuum
chamber.
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Figure 4.2 Geometry of a glow discharge.
The most important parts of the glow are
indicated.
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applied over the electredes to sustain an electron current
from the cathode to the anode. If the applied voltage is
large enough the electrens can gain enough energy to cause
ionization when colliding with the atoms of the sputtergas.
Increasing the distance between the electredes will result in
more ionizing collisions being made because of the greater
distance travelled by the electrons. The positive ions formed
are accelerated by the applied voltage and move towards the
cathode. If these ions have gained enough energy they can
liberate secondary electrens from the cathode when they
strike it. They can, however, also sputter some of the target
atoms. The sputtered atoms move in all directions and some of
them are collected on the substrate, condense there and ferm
a film.
For the moment we will only consider the first possibility
and we will come back to the secend later.
The emission of secondary electrons, tagether with the
ionization by electron impact, control the current in the
system. This current can increase considerably if the voltage
over the electredes is raised. From some point on the number
of secondary electron is sufficient to maintain a glow
discharge. In this glow discharge different regions can be
distinguished.
There are a number of dark spaces and a number of glows of
which the most important are depicted in figure 4.2. The glows
closely resembie plasmas: In a plasma a considerable number
of electrens and ions exist next to neutral atoms. The number
of electrens and ionscancel and the plasma is virtually
electric field free and thus equipotential. In the plasma
continuously excitation- and relaxation-, ionization- and
recombination-processes go on. It is the relaxation of the
atoms excited by electron impact that is the main cause for
the plasma to glow.
To find out what the function of the dark spaces is we
consider what happens to an electrical isolated substrate put
in a plasma: The substrate will be struck by electrens and
ions from the plasma. The flux of electrons, however, is much
bigger than the flux of ions due to the higher mobility of
the electrons, resulting in a higher electron current
density. This causes the substrate to build up a negative
charge. With this charge <and a negative potential> growing
electrens start to be repelled and ions attracted changing
their respective fluxes. When electron- and ion current
cancel the charge build up stops. The isolated substrate has
reached a certain potential called the floating potential,
V~, which is always lower than the plasma potential Vp,
since electrens are r~pelled. It is the potential difference
Vp-v~ that matters.
Due to the electrans being repelled a positive space
charge builds up around the substrate forming a so called
sheath. In the sheath the variatien of the potential is
related to the space charge by Poisson's equation: vev=-p/€a.
We saw that the glowing of a discharge is mostly due to
relaxation of atoms excited by electron impact. With the
electron density being lower in the sheath the number of
excitations is also lower and the sheath does nat glow as
much: The substrate is surrounded by a <relatively> dark
space. With the glow being <quasi~>equipot~ntial the
potential fall occurs almast completely over the dark spaces.
Because of this streng fieid~ions cross the Crookes dark
<
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space accelerating towards the cathode. Electrans also cross
the dark space and use the energy they gained by making
ionizing collisions in the negative glow. These electrans
come to a point where they have lost all their energy and
start accumulating. That point is at the ether end of the
negative glow in the socalied Faraday dark space <here the
reasen why recombination and relaxation do not occur is that
no excitations take place because of the electron energy>.
There is a certain minimum current density necessary to
sustain the glow. If the power supplied is too low for
sustaining the glow the current will confine itself to a
smaller area thus keeping the current density up. Until the
supplied power is high enough the potential drop over the
dark space remains constant. First when there is more than
enough power the potential drop over the dark space rises and
the amount of secondary electrans goes up as does the current
density. The glow has become "abnormal".
Furthermore the glow discharge has a positive column. It
has a small potential fall over it which accelerates ions and
electrans a bit.
Several more regions with glows and dark spaces can
sametimes be distinguished, but we have only discussed the
most important ones.
For the electrical characteristics of the glow the exact
position of the anode does not matter: The glow is sustained
by secondary electron emission in the negative glow. Moving
the anode towards the cathode has no ether effect than making
the positive column and Faraday dark space disappear. First
when the anode moves through the negative glow the discharge
gets affected: The number of ionizations becomes
insufficient and needs to be compensated for by a higher
secondary electron emission rate. The discharge will stop if
the anode reaches the Crookes dark space since no ions can be
formed anymore.
We already saw that ions striking the target surface can
cause electrans to be ejected <secondary electron emission).
Other possibilities are: Ionimplantation, reflection
(probably as a neutral atom), structural reorderings in the
surface layers and sputtering.
With sputtering the impact of the ion causes a series of
collisions scattering the surrounding atoms in all
directions, ejecting some of them from the target. For
sputtering to occur ions should have a considerable amount of
energy. Therefore sputtering is performed when the glow is
strongly abnormal; voltage drops <and current densities> are
too low in the normal glow.
Sputtering can also be caused by neutral atoms. An ion
rnaving towards the target can undergo a charge exchange with
a neutral atom of the same type resulting in the neutral atom
rnaving towards the target with the momenturn it possessed
befare the charge exchange. The probability for a charge
exchange is quite high. Very few of the ions crossing the
dark space can gain the full potential drop so that many
energetic neutral atoms bombard the cathode. Although they
can cause sputterin~ most of these neutral atoms get
reflected withno or little \oss of energy. In the glow they
play a rele because they can be ionized by low energy
electrans and help to m3intain thP ~l~w.
However, eperating with an abnormal glow increases the
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fraction of doubly ionized ions. They have a much lesser
chance to have a charge exchange and most of them reach the
cathode having gained the full applied voltage. They play a
role in the sputtering process.

RF sputtering.
Trying to DC sputter an insuiator is doomed to fail
because of charge build-up of positive ions which will
prevent ion bombardment.
If instead of a DC current a low frequency AC current is
used the system just behaves as if it was subjected to a
Succession of short lived DC discharges. The discharge is no
different from the DC case and depends on secondary
electrons;
If the pressure is too low the glow is extinguished
because the number of ionizing collisions is too low. For
frequencies over approximately 50 kHz this minimum pressure
is reduced and apparently the discharge does not depend on
secondary electrens from the electrodes. The electrens
oscillating in the RF field can piek up enough energy from
the field to cause ionizations. A free electron would not
piek up energy because it would move 900 out of phase with
the field. But in this case collisions make the ordered
harmonie motion change into a random motion. The random
component of the motion can build up sufficiently for the
electron to cause ionizing collisions. The high potential
drop of the cathode dark space is not necessary anymore to
create secondary electrens to maintain the discharge.
The mechanism by which electrens piek up energy from the
RF field does net apply to ions because of their larger
inertia. Because of the high frequency of the field very few
ions are able to reach the electredes within ene cycle.
Electrons, however, can reach an electrode within half a
cycle. Consequently, the RF current is almest entirely due to
electrons. In order for the discharge to operate efficiently
the electrode spacing should be larger than the amplitude of
electron oscillation. The plasma will then be concentrated in
a zone that oscillates between the electredes and touches
them. The plasma has a central part which is constant in
concentrations of ions and electrons. The outer skirts of the
plasma loose the electron concentratien fast and as in the DC
case dark spaces can be seen in front of the electrodes. The
potential drop over the dark space which is the difference
between the plasma potential and the electrode potential
(floating potential> is generally higher for the RF case than
for the DC case because of the lower ion current flowing.
Befere we consider the potential distribution we shall
have a look at the current-voltage characteristic of an
electrode. The electrical circuit of a glow discharge, as
shown in figure 4.3, consists of a power supply with an
impedance match, a blocking capacitor, the electredes and the
discharge between the electrodes.
In RF discharges ene of the electredes is usually bigger
than the ether ene resulting in a lower potential drop at the
bigger ene for reasens we shall see later. Neglecting the
potential drop at this bigger electrode, which we have
grounded in this case, the plasma would have ground potential
<see figure 4.4>.
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Figure 4.3:

The electrical circuit of a glow discharge.

Figure 4.4 Electrode A. The potential drop at
electrode B is neglected and the plasma is
assumed to be equipotential.
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Figure 4.5 Current-voltage characteristic of electrode A.
Note the rectifying character.
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In the current-voltage characteristic shown in figure 4.5
there are three regions:
- Region I:
The voltage of electrode A is positive
compared to the plasma. Only electrens move to the electrode
and the current is the electron saturation current.
- Region II: Still almest the whole current flowing is
carried by electrons. If a sufficiently large negative
voltage is applied to the electrode it is possible to keep
the electrens away and extract ions from the plasma. The
voltage where the net current becomes zero is called the
"floating potential".
- Region III: If the voltage is even more negative only
ions will flow and and the current is the ion saturation
current. These ions can sputter the electrode if they can
gain enough energy from the voltage drop across the dark
space.
To be able to understand what determines the potential at
the electrode we discuss the potential and the current in
more detail: First we disregard the RF voltage. The potential
at the electredes would settle to the floating potential if
there were no RF voltage. Note, no matter with or without RF
voltage there is no DC component of the current because of
the "blocking capacitor". Now we remave this blocking
capacitor and apply the RF voltage. From figure 4.6 we can see
what the current corresponding to the impressed electrode
potential would be. The total current through both electredes
has to be the same. And furthermore there should be no net
charge transport after a cycle because in this strict AC case
there is no DC potential difference between the two
electrodes.
So if we combine the two situations there will be no
direct current or charge because of the blocking capacitor
while the potential on the two electredes does net have to be
the same. It becomes possible for the electrode to get a
potential such that during ene RF period the electron and ion
currents cancel. This is the so called selfbias potential.
(see figure 4.7>.
So we see that the superimposed RF voltage shifts the
electrode potential from the floating potential to the
selfbias potential which is a function of the electrode
characteristics and the amplitude of the impressed RF
voltage. In this case the ether electrode was grounded. The
plasma has a potential more positive than both electrodes.
The potential difference between the plasma and the smaller
electrode is larger than that between the plasma and the
bigger electrode while in the latter also the dark space is
smaller. The potential distribution in a glow discharge is
shown in figure 4.8.
Now the "classical" treatment of the potential
distribution in an RF discharge by Koenig and Maissel is
presented: The voltage drops over the dark spaces dA and de
are ~ = ~L.-q,A and Ue = q,PL--ct>e' respectively.
Assuming that the electredes do net perturb the plasma and
that 1uns leaving the plasma enter the dark space with zero
velecity, the Child-Langmuir space charge equation can be
applied:

.+
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where j+ is the ion current density, Ka constant, m• the
ion mass, d the dark space thickness and U the voltage drop
over the dark space.
Assuming a uniform current density, equal at bath
electredes the last equation gives:
u 3/2
u 3/2
A

d 2
A

=

B

d 2
B

The capacitance of the dark spaces can be assumed to be
proportional to the electrode area A and inverse proportional
to the dark space thickness d:C ~ A/d. The RF voltage is
capacitively divided between the dark spaces:

Substitution gives:

u 3/2
A

u 3/2

d 2

=

B

A

d 2

=

B

This means that a larger voltage drop at the smaller
electrode occurs because of a reciprocal dependenee of the
voltage on the surface area. Actually this is only a
theoretica! dependenee because it is net certain at all that
the assumptions held. For instanee the active surface of the
electredes as seen by the plasma does net equal their
geometrical size. The assumption of equal current density
flowing at bath electredes is doubtful.
Nevertheless it is experimentally confirmed that the
voltage drops at target and substrate are essentially
linearly dependent for a given area ratio, and that the ratio
of voltage drops depends on the reciprocal area to some
power:

with n > 1.

It is found that n is close to unity.
The smaller electrode always has an average potential more
negative than the larger electrode. This is also the case if
instead of the smaller electrode the larger electrode is
supplied with the RF. The only difference is that the
grounding of the system is changed.
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So:
If the larger electrode is grounded there will be a
negative selfbias on the smaller electrode.
- If the smaller electrode is grounded there will be a
positive selfbias on the larger electrode.
Sputtering mainly takes place at the smaller electrode.
Undesired "re"sputtering from the larger electrode can be
avoided by designing the sputtering system so as to make the
voltage drop there negligibly small. The measurable voltage
between ground potential and the smaller electrode is then
proportional to the energy of the ions hitting it.
If the substrateholder has movable parts the holder is
usually grounded to avoid RF voltage leaks.
Matching networks.
In a RF sputtering system an impedance matching netwerk is
commonly used between the RF generator and the glow
discharge. For a maximum of power to be transferred to the
discharge we have to "match" the impedance of the lead to the
impedance of the power supply. The total impedance should be
purely resistive in order to have no reflected power.
Therefore generators are aften designed to have a purely
resistive output of 50 ohms. The largely capacative impedance
of the discharge is combined with a variable matching netwerk
placed as close as possible to the chamber in order to avoid
power losses and to minimize parasitic inductances. A typical
impedance matching netwerk is shown in figure 4.9 •
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Figure 4.9 The electrical circuit with an impedance
matching netwerk in order to optimize the power
tranfer to the discharge.
Magnetron sputtering.
If the pressure is reduced <in a self sustained glow> the
number of ionizing collisions diminishes and the ion density
is reduced. First the potential distribution changes in such
a way that a higher potential drop over the Crookes dark
space compensates the lower cellision rate by increasing the
secondary emission. If the pressure is reduced further the
length of the dark space and the voltage required to maintain
th~ glow will
increase.
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To be able to run at lower pressures:
1) A souree of electrens (a hot filament> can be used;
2> The loss of elctrons out of the discharge has to be
reduced; or
3> The electrens have to be used more efficiently.
The last two ideas can be implemented by applying a
magnetic field.
The trajectory of the electrens that do net move parallel
to the magnetic field lines will become helical so that to
travel the same distance they will take a langer path with
more collisions on the way thus increasing the cellision
efficiency.
Radial diffusion becomes more difficult and thereby the
escape of the electrens is reduced.
A magnetic field longitudinal with respect to the axis of
a (planar) system can be used in this way.
Shielding.
In order to have the sputtering process confined to the
target area a cathode shield is used. The shield fellows the
contours; use is made of the fact that no discharge can take
place if two surfaces are placed within the distance defined
by Crookes dark space from each ether.
Sputtering from a multicomponent target.
It is found that sputtering from a multicomponent target
aften gives the same (chemical) composition in the deposited
film. This is even the case if the sputtering rates of the
different materials differ considerably. Why this can be we
shall see. One preliminary remark:
Resputtering may change
the picture completely.
If a component with a higher sputter rate comes off faster
on the target an 'altered region' farms. The altered region
being deficient in the high sputter rate component yields a
compensated sputter rate because of the changed
Concentratiens at the surface. This results in a target
surface with changed composition but the original composition
being sputtered.
If compositional differences are found the cause can be:
1) The cathode· temperature being toe high possibly causing
diffusion of the deficient component in the altered
region or causing evaparatien of a component with a high
vapor pressure.
2> Oxidation effects: If the target surface is covered by
oxides the relative sputter rates can be these of the
oxides instead of the pure materials.
3> Resputtering: Materials with the highest sputter rate
will be removed first. An altered layer does net exist
in the deposited film because it is constantly being
reorganized during sputtering.
Same experiments suggest that sputtering of multicomponent
materials ca~ occur by multiatomsputtering, maintaining the
same stoichiometry in the film (even without the formation of
an altered layer>.
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Multicomponent films can also be sputtered by using more
cathodes (ene for each component>. If the cathodes are
aligned well the spread in deposition can be evereome while
only the voltages need to be adjusted to give the right
sputtering rates.
The distribution of sputtered material and the edge effect.
Material sputtered by normal incident ions will
theoretically leave the target with an angular distibution
approximating a eosine. Consequently the distribution of
deposited material on the substrate will depend on bath the
distance between the target and substrate and the distance
from the zero angle point at the substrate. Furthermore it
will depend on the target diameter and deflections of the
sputtered atoms by collisions with the gas atoms. Figure 4.10
shows a theoretica! distribution assuming a eosine
distribution and no collisions taking place.
Figure 4.11 shows the distribution at the substrate of
material from a target consisting of four concentric rings of
different metals <Schwartz, Maissel et al., ref. 1, chapter
4). The distribution of each was examined by X-ray
fluorescence measurement. <The ratio of target diameter to
electrode spacing was 6.8>. The slight increase at the center
is believed to be due to an increase in the current density
towards the center of the target. More out of line with the
theoretica! distribution is the rise of deposition at the
edge of the substrate. It is as if there is an extra
ringsouree being sputtered. This effect results from changes
in the ion trajectories at the edge of the target. The
potential distribution in the dark space near the shield and
the target has a focussing effect on the ions so that there
is an increase of the current density at the edge. The ions
at the edges do net have a normal incidence and therefore
have a greater sputter yield than the ions arriving away from
the edge. This "edge effect" can be minimized by increasing
the length of the shield (figure 4.12b> and also by bending
the shield around the edge so that it covers the target
partly <figure 4.12c>.
The edge effect does net necessarily have to be avoided
since it can help smoothening the distribution of figure 4.10
towards the outside of the substrate.
An applied magnetic field resulting in a higher current
density has as a consequence the enhancement of the edge
effect.
The edge effect decreases with increasing pressure but nat
considerably so until relatively high pressures.
Each sputtering system has its own particular sputtering
yield, distribution etc. Same experimentation is necessary to
optimize the uniformity of deposition for each particular
case.
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Figure 4.10 Theoretical distribution of sputtered
material in the substrate plane. The target diameter
and electrode spacing are of great influence on the
uniformity of the distribution. (ref. 1, chapter 4).
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materials. (ref. 1, chapter 4).

29.

SHIELD

. 1 ditribution
12 Potentl.a
Figure 4.
de shield (a)' near
near the catho ld (b)
and near a
an . extended
shie
d
the
corner (c) .
b ded aroun
shl.eld en
a reduced edge
(b) and (c)fsh~w chapter 4).
effect. (re ·
'

(a)

SHIELD

TARGET

: (b)
\

--

-----,~-î----

\'\'7,
'
' 'I

-- -----

wmT/T/
/////}L/i/'i.

SH!~LD

TARGET

(c)
l'
I

\._!f-i+- _______

1\
\ '·-

'........

-------

- - -----

~r;~

30.

CHAPTER V.
THE PREPARATION OF YBaCuO THIN FILMS BY DEPOSITION TECHNIQUES.
Introduetion
For the application of the high Tc superconducting
compound Y1BaeCU3~ it is necessary to develop reproducible
ways to fabricate thin films. Many groups have achieved
results using sputtering, electron beam evaparatien and
ether evaparatien techniques. An overview of these results
and the applied process parameters is to be found in
appendi~ 8. The results are still improving but sernething
like the ideal technique for preparatien of these thin films
does net e~ist yet. Here the known results are used to
evaluate the importance of the different parameters involved
in these techniques and the comple~ way in which they
influence the quality of the films.
The procedure for preparing thin films consists of three
steps. The first step is the deposition of the film. The
secend is the formation of the right structure of the film
in an annealing-process. The third step is the uptake of
oxygen in the structure by another heat-treatment.
The first step uses evaparatien or sputtering from three
sourees or from a sintered target containing the elements in
a certain ratio. Using sequentia! evaparatien a multilayer
structure is formed. With a subsequent heat-treatment near
900°C these layers of Y, Ba and Cu undergo a solid state
reaction to ferm the right structure. This is a tetragonal
structure which changes into an orthorhombic structure with
a secend heat-treatment in an oxygen atmosphere at about
500°C. In this secend heat-treatment the oxygen contents
changes and the desired orthorhombic phase is formed.
Using sputtering an amorphous film is usually formed and
the heat-treatments in the secend and third step are the same.
During the first heat-treatment the structure of the film
farms, of importance for its properties. The quality of the
film depends however mainly on the choice of process
parameters and substrate material. ·
Problems arising from this choice are:
- Deviation from the right composition can result in
formation of secondary phases during annealing; areas which
are rich or poer in ene of the elements and grain
boundaries. Formation of grain boundaries can result in
lower critical current density and broadening of the
transition. <see ref. 20>.
- The high temperature needed for annealing results in
diffusion of substrate material with the film which may
reduces Tc.
- A lattice mismatch and a difference in thermal
expansion rate between film and substrate material can
result in stress and cracks in the film. (see ref. 7>.
The very high temperature ~or heat-treatment can be
avoided by jepositio~ on substrate~ heated to such
temperature that the right structure grows on the substrate.
The problem of Jiffusion cf s~bstrate material does net play
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such an important rele in that case because til~
heat-treatment consists only of the third step mentioned
before. This two-step methad has been proved to werk by the
Karlsruhe group with amazingly goed result. (ref. 19>.
Substrates and annealing
Many materials have been used as a substrate-material.
One of the problems already mentioned is: diffusion of
substrate material into the film during annealing. Most
films, however, do need a heat-treatment near 90~·C. In many
cases it is observed that superconductivity only occurs if
the annealing temperature exceeded 850°C (ref. 20 and 26).
This limits the number of substrate materials that can be
used. Si, SiOe and BaTi03 diffuse toa easily; Si and SiOe
have even shown signs of reaction with YBaCuO at
temperatures above 900°C <ref. 28>. Even with buffer layers
against diffusion the results with these substrate materials
were nat satisfactory. Aluminum from sapphire diffuses less
but reduces Tc considerably. Annealing temperatures over
95QPC were found to destray superconductivity in YBaCuO
films on sapphire.
Goed results were achieved with substrates of SrTi03
<references 16,19,20,31,32,33>, MgO (references 26,30,32,
34), and ZrOe and YSZ <zirconia and yttrium stabilized
zirconia> <references 20,29,32,35>. It is nat known how
these materials are incorporated into the films but they
reduce Tc the least <temperatures over 920°C for ZrDe and
96QPC for SrTi03 do reduce Tc, see figure 3.7>.
With SrTi03 and MgO single crystal substrates oriented
films have been made with c-axis perpendicular to the
substrate. These films show superior properties. Critica!
current densities much higher than these of bulk materials
were measured on these films <ref. 20), confirming the idea
that the current is mainly transported in planes
perpendicular to the c-axis. Films on MgO annealed at 920°C
were strongly oriented in this way. <references 30 and 34>.
The best results were achieved with single crystal SrTi03
substrates. These films have sharp resistive transitions
with the highest Tc's and the largest critica! current
densities <larger than 105 A/cme at 77 K and larger than 10 6
A/cme at 4.2 K>. Many groups claim this is due to the close
match in lattice parameters of SrTiOs and YBaCuO <ref. 20
and 31)
·
Next to a match in lattice parameters a thermal expansion
rate of the substrate material close to that of YBaCuO is
important in conneetion with stress in the film. Stress can
induce cracks during heating and cooling destroying the
cantacts between grains and will reduce the quality of the
films. The thermal expansion rate of MgO is found to match
well with that of YBaCuO <ref. 32>.
Venkatesan et al. have found that during annealing first
Ba migrates to the interface, and later Cu <forming a layer
between the Ba layer and the film). The higher the annealing
temperature the thicker the layer: The~ pro~ose that stress
between the film an~ the substrate is a dri~ing force for Ba
to diffuse to the interface where it relieves the stress; a
buffer layer nat matching with the proeerties of the film
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will not stop the formation of such an interface. They found
that despite the presence of an interface layer there was
still a lattice match and an oriented film.
They suggest:
1> To compensate the composition for the formation of
such an interface layer.
2> To find a material with even better properties than
SrTi~~ and MgO to serve as substrate or buffer layer
material.
3> To adapt the annealing process to this knowledge.
Oxygen Partial Pressure
The presence of oxygen in the deposition chamber can
effect the film quality in various ways. On one hand it can
help in the growth of the right structure on the substrate.
On the ether hand it can cause changes in the composition of
the film by resputtering.
The first effect is that the oxygen stabilizes the
tetragonal phase of YBaCuO which can grow if the substrate
has the right temperature. The secend effect happens if
heavy negative ions (oxygen> coming from the cathode bombard
the film changing its composition resulting in preferential
sputtering. What happens depends strongly on the oxygen
partial pressure and the substrate temperature. Both in
sputtering and evaparatien processes the best results were
obtained when oxygen was introduced in the chamber. In the
case of sputtering it constitutes 10-20X of the sputtergas
or it is being introduced at the substrate. In the case of
evaparatien it was used as a background gas or also
introduced at the substrate.
The proportions of the deposited elements change with the
oxygen pressure. One example of this effect shall be
discussed briefly:
In the Karlsruhe group an exceptional set of process
parameters is used (ref. 19). Oxygen partial pressure and
pressure are very high (0.2 Torr 02, 0.4 Torr Ar>,
sputtering distance is 20-30 mm and substrate material is
sapphire covered with 1 ~m SrTi03. This arrangement is used
to grow the film in the tetragonal phase on heated
substrates <770°C).
A heat treatment at the extraordinarily low temperature
of 4300C in pure oxygen generates the orthorhombic structure
resulting in a f1lm superconductive of 84 K. The two step
procedure used avoids the high annealing temperatures around
9000C and yields excellent results.
The reasen for using this procedure is to counter the
problem of ion bombardment of the film resulting in
deviation of the film composition from the target
composition. The remedy is to werk at high gas pressures and
low discharge voltage with substates not facing the cathode
<the last preeautien was not utilized here>. Depending on
the 0 2 partial pressure used an optimal substrate
temperature was found. Werking in a pure argon atmosphere
was found to give a deficiency of oxygen of the taryet which
became isolating so that the discharge wag hard to ~ontrol.
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Other parameters.
In addition to the parameters already discussed there
are some more that influence the result <especially for
sputtering).
In most cases no clear reasens are given in the published
literature for the choice of some specific value of a given
parameter. The procedure foliowed is in many cases the same.
The deposition parameters are systematically changed to give
a film composition that comes ciosest to the desired
composition. Then the composition of the target is changed
so that the given parameters result in the 1-2-3 ratio for
V-Ba-Cu in the film. The Giessen group <ref. 26) has
reported their experiences with this method. They found it
preferabie to werk at high pressure (in the range of 10 Pa>
and short distance <20 mm). The power used was not of
importance for the composition. Their results with elevated
substrate temperatures and oxygen partial pressure were
almest eppesite to these of the Karlsruhe group mentioned
before.
In general a large target/substrate distance results in
a film deficient in Cu. Ba is found to spread over large
angles which also makes a short target/substrate distance
preferable.
In the case where separate metal targets were used a
problem arises with the oxidation of the barium-target
complicating the operatien of the deposition system. As a
salution targets of BaFe, BaCuQe, BaeCu3 and BaC03 are used
with goed results.
Conclusion
The use of sputtering and evaparatien techniques for the
deposition of superconducting YBaCuO films seems to give
goed and reproducible results. The number of parameters
involved complicate the search for a stable and reproducible
method.
It is important to get the right cation ratio in order to
imprave the structure growth and eliminate the chance for
secondary phases to ferm and to minimize interdiffusion of
substrate and film material. This requires a correct
combination of substrate material, process parameters and
annealing temperature and time. The best results have been
achieved with the use of:
SrTi06, MgO, ZrOe and YSZ substrates.
A partial pressure of oxygen (10-20X).
Annealing at 850 cc or in the range 900-930 cc <with
the exception of 430 ~c for the Karlsruhe group).
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CHAPTER VI.
THE EQUIPMENT.
In this chapter a description of the equipment used will
fellow. The underlying principles will net bedescribed
here. They are to be found in the chapters on the sputter
process and analysis.
First the rebuilt equipment of Physics Lab.! <OTH) will
be described and later the equipment at Ris~.
The recent installation of new power supplies and a new
sputtergun at Physics Lab.! <see figure 6.1) have improved
the quality and the possibilities of the sputter system
there: Larger targets can be used. OC magnetron sputtering
has become possible. The tuning can automatically be kept
optimal automatically during RF sputtering. And the target
cooling of the new sputtergun is much better.
The sputter equipment (see figure 6.2) consists of a
cylindrical chamber placed on top of an Edwards vacuum
system <rotation- and diffusion pumps and cold trap).
The top plate of the chamber is containing the feedthrough for the substrate helder. A quartz oscillator
thickness monitor (homebuilt) is installed next to the
substrate holder which is rotatable. The water caoled
substrate holder can contain 6 different substrates and can
be heated from above by a quartz lamp (60~·C>. The
feed-through can serve to impose RF power, or bias-voltage,
or for grounding of the substrate. The chamber has a number
of flanges used as viewport, as feed-through for the
sputtergun and offering future possibilities (rest gas
analyser, ion beam, etc.>.
The top plate contains the gas-inlet, controlled by a
flowmeter <Matheson>. The installed sputtergun <US'GUN II
503H, 3 inch> <watercooled> is suitable for RF and OC
magnetron sputtering up to powersof 1000 W (13.56 MHz> and
1500 W respectively. The sputtergun can be fed by a 1 kW OC
magnetron power supply (Advanced Energy MOX-lK> or a 600 W
13.56 MHz RF generator <Advanced Energy RFX-600).
An automatic tuning netwerk <Mercator MCS.ATN 500) is
used for impedance matching <see figure 6.4).
The sputter equipment at Ris~ <Alcatel SCM 451) consists
of a modified vac~um chamber with glovebox campartment and an
RF generator <Dressler 2kW>,<see figure 6.5).
The top has four water cocled target stations suitable for
targets up 100 mm diameter(see figure 6.6>. The bottem
contains a watercocled substrate table that can be placed
under each of the target positions. Next to the substrate
table quartz oscillator thickness monitors are placed
<Inficon XTC>.
For cleaning of substrates ultrasonic baths are used which
have a system for circulating demineralized water.
Ris~ has possibilities for structural and compositional
analysis by for instanee X-ray diffractometry and scanning
electron microscopy (Jeol JSM 840>.
.
The scanning electron microscope is equipped with an EOAX
9100 analysis system: Energy dispersive analysi? of X-rays.
For annealing a programable Carbolite/Eurotherm oven is
available.
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Figure 6.1

Topview on the sputtergun (US'Gun II 503H, 3"). DTH.

Figure 6.2 The vacuum chamber of the
sputtering system at DTH.

RF

and DC magnetron
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Figure 6.3 The top plate (upside down) containing the rotatable
substrate holder with electrical feed-throughs, the gas inlets,
and a quartz lamp for heating up the substrates (not visible) .
DTH.

~innrP

h.4

The RF and DC power supplies (Advanced Energy
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Figure 6.5

The Alcatel SCM 451 sputter equiprnent. Ris~.

~~~"~o h

nM~ nT ~hP. four taraet stations and the shutter.

h
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CHAPTER VII.

ANALVSIS AND ANNEALING.
The analysis of the films consisted of three parts:
- Analysis of the composition with an electron microscope
in combination with an EDAX-system.
In the case that substate material allowed a heat-treatment
the analysis of the composition would be done both befere and
after the heat-treatment.
- Analysis of the structure by X-ray diffractometry
<Ris~>. Films with a composition close to 1:2:3 will have
Y1BaeCusD?-K and/or secondary phases formed during a
heat-treatment. The presence of these phases becomes clear
from the characteristic X-ray pattern of these phases.
- Measurement of the resistance vs. temperature; annealed
films were tested for showing zero-resistance by the standard
four-probe measurement.
In the following a description of the different methods
will be given, starting with the annealing.
The annealing.
The sputtering from Y1BaeC~~-~ targets usually
results in the formation of amorphous films on the substrate.
During a heat-treatment at high temperatures <B50-950°C) the
tetragonal phase of Y1BaeCus~-~ forms which can
transferm to an orthorhombic structure by oxygen uptake at
temperatures between 670°C and 400°C. The annealing of thin
films differs from that of bulk materials:
- Diffusion of substrate material into the film occurs at
the high temperatures necessary during annealing.
- The reduction of stress at the interface of film and
substrate is found to be reduced by migration of Ba (and
later Cu> to the interface <Venkatesan et al.). This gives
deviations in composition elsewhere promoting the formation
of secondary phases.
Both effects require that the use of high temperatures is
reduced to a minimum of time.
Two "standard" annealing processes are commonly used:
- One long annealing where the temperature is raised in
steps; 6 hours at 650°C, 1 hour at 750°C and 1 hour at
85QPC fellewed by an oven cooling, all in flowing oxygen.
- Another where the films are brought to a temperature of
900-950°C in a very short time, mostly performed in a flow
of an inert gas, kept there for 10-15 minutes, then oven
cocled in flowing oxygen.
With both annealing processes goed results have been
achieved by ether groups.
It seems that for these films the influence of the
substrate material is so big that each substate material
requires its own annealing procedure.
Electron microscopy and the EDAX-system.
Analysis of film composition is performed with a Scanning
Electron Microscope <Ris~) and a Scanning Transmission
Electron Microscope <DTH> in combination with an EDAX-system.
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Electron microscopes resembie optical microscopes, but
instead of using light a beam of electrens is used and
instead of optical lenses magnetic lenses are used. Energetic
electrans from an electron gun are concentrated by a
condenser system to a spot on the specimen. There they can
have a series of different interactions with the specimen. In
figure 7.1 the interaction volume and the most important
interactions are depicted.
In a SEM the detected electronsignal <in our case
secondary electrans are used) is displayed on a cathode ray
tube analogue to a TV system. The electronbeam is scanned
over the specimen and due to the large depth of field a
<quasi 3 dimensional> topological image appears. This image
forming can be used for analysis of surface structure because
of the easy interpretation of the image.
A <S>TEM is a TEM with scanning facilities. In a <S>TEM
specimens need to be thin to be examined. From the
interaction volume shown in figure 7.1 only the neck of the
volume is included in the specimen. Resolution is higher than
for a SEM but depth of field is limited. Scanning facilities
help to evereome that problem.
In an EDAX-system the energy spectrum of the Auger X-rays
emitted from the sample are being analysed: Each element has
its own characteristic lines which can be identified and
scaled with the help of the data of the EDAX-system or by
introduced data. The exact sealing was done by examinatien of
a standard bulk and thin film sample.
X-ray diffractometry
X-ray diffractometry provides a means to study stucture of
crystalline and polycrystalline materials, or to identify a
known structure. X-rays are reflected from a crystalline
structure in a way dependent on the wavelength of the rays
and the distance between crystal planes in the material. The
reflected rays ferm an interference pattern which is
dependent on the angle of incident and reflected rays being
the same, and rays reflected from different planes being in
phase:
- 2d sin<el2> = nÀ
<Bragg condition>
Here d is the distance of crystal planes, e the difference in
angle of incident and reflected rays, n an integer and À the
wavelengthof the X-rays used <in this case Cu Ka radiation
was used>.
X-ray diffractometry analysis befare and after the
annealing of the Y-Ba-Cu-0 films shows whether the
superconducting and/or secondary phases has/have formed.
Resistance vs. temperature measurements
The standard four-probe resistance measurement is used
here: Four point centacts are made. Cu wires (.0665 mm) are
connected to the film to be tested by silver paint and baked
out. The four cantacts are in one line. The two outer
centacts are connected to a current souree to impose a
current on the film. The two inner cantacts are connected to
a DC amplifier or to a differential electrometer to measure
the voltage difference. Temperature is measured by a silicon
diode resistance thermometer and can be stabilised with a
serve heat supply. The current is supplied pulse-like to
prevent heating up the sample by Joule-heat from the
contacts. The temperature range goes from room temperature to
liquid helium temperature.
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Incident electron probe

'lolume of secondary__..electron emissron
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Figure 7.1 Interaction volume of the incident
electrans and the specimen. In a STEM the
specimens are thin and only the neck of the
volume is included.
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CHAPTER VIII.
RESULTS OF SPUTTERING AT DTH.
The efforts to sputter Y1BaeCusO,-M thin films at
DTH started when little was published on the preparatien and
properties of these thin films. In the mean time lots of
groups have been able to make superconducting films (see
chapter V), but a number of practical problems have net been
solved yet. With a goed deal of these problems the efforts of
Physics Lab.<DTH) have resulted so far in a reproducible way
of sputtering films with the right composition with a minimum
of compositional variatien over the substrate.
Superconductivity has however net been measured yet in
these films. Whether this is due to the annealing process
followed, or to some ether reasen is net known.
The experiments performed will be described as series with
a common factor where this factor led to subsequent steps
being taken. The compositions mentioned are the atom
percentages of the cations V/Ba/Cu, ideal (16.7%/33.3%/50%).
Analysis of the film composition is done with a
transmission electron microscope <TEM> in conneetion with an
EDAX system. <Energy dispersive analysis of X-ray
fluorescence spectra). The relatives quantities are
calculated after a standard sample. Pure ground materials
were used to set the energy scale precisely. Analysis with a
TEM requires thin specimens. In this case particles were
scraped of the sputtered film and put on a grid to be
analysed in the TEM. Later grids were placed on the substrate
so that this procedure was net necessary anymore. The
uncertainties in these measurements can be as high as 5X.
Following the line of ether groups RF magnetron sputtering
was chosen with the use of a compensated target; cation ratio
1:3:6.
A chosen set of process parameters was kept in runs 512 to
S16 <p=10 mTorr,d=60 mm,P=150 W) resulting in a stable
composition being sputtered. <Some analysed particles had a
distinct different composition>.
S16 to S19 ferm a short series where pressure and distance
are changed in order to see their influence on the sputtered
composition <p=10-50 mTorr,d=44-60 mm,P=150 W>. Unfortunately
the arm of the sputtergun got stuck and the series could net
be extended to gèt more detailed information.
From the few results plotted it could be derived that
sputtering from a 1:3:6 target could result in a film close
to 1:3:6 (for the set: p=30 mTorr,d=57 mm,P=150 W>.
It should therefore be possible to sputter 1:2:3 from a
1:2:3 target for that set of process paremeters. This was
done in runs 520 to 825. The number of runs was to see if it
would reproduce. This was however net the case. The result of
run S20 is goed: 17/34/49 as measured on the grid. To be sure
of such an amazingly goed result particles were scraped from
the substrate and examined: The composition was completely
different (14/23/63) and contaminations were found in these
particles. Re-examination from more particles scraped off
gives r~sults close to the grid result: 18/28/54.
In the followimg runs the composition changed first to Ba
deficient and later toY deficient. <17/23/60, 15/24/60,
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17/12/71 and 10/22/68 for runs 521, 22, 23 and 24 resp.>.
Results of run 525 have a large spread between different
grids and even for different spots of the same grid and
contain a lot of contamination of Ti, Fe and Ni.
Deviations in composition and contamination seem to go
together.
A search for the cause of this contaminations followed.
Test samples were taken from:
1) The crucible used for the pre-reacting of the target
material; contamination of Zn and Cu was found.
2> Ye03 used <Merck and MCI>; only contamination from
the ether basic materials used were found.
3) Pre-reacted Y-Ba-Cu-0; particles are found with pure
Cu, pure Ba, combinations of BaCu, of YCu, and of
Y-Ba-Cu. N.B.: Oxygen is not taken in account in all
EDAX analysis performed, sa these are all secondary
phases in Y-Ba-Cu-0: CuO, BaD, BaCuDe and YeCueDe.
4> CuO used for target preparation. Here a whole list of
contaminations was found: K, Y, Ti, Ba, 5, Cr, Fe, Ga,
and As.
The analysis quality of the used CuO was only 99%. A
coordinated buying of materials has in the mean time
resulted in a much higher quality for a reasonable price.
The impurity content is, like in this case, nat always
given by supplier.
During discussed <and nat discussed) sputtering
experiments a lot of the used targets cracked. Care was taken
to prevent paar cooling, but still targets cracked. This is
probably due to the ion bombardment of the target intensified
by an extra streng magnet that had replaced the original one;
in combination with the high power used <150 W) <it will turn
out to be better to use low power>.
After the last of the above mentioned runs
the new equipment started at DTH. In the mean
project continued at Ris~ and the results are
chapter IX. In this chapter the discussion of
performed at DTH will be continued.

the installation of
time this
discussed in
sputtering runs

Using the new sputtergun with high power (150 W> resulted
in the composition of the target changing from Y1BaeCu~?-M
to YeBa1Cu1Dv, This and the following experiments led to the
use of a lower DC. power (50 W) instead of RF power.
Depositions with varying parameters were performed on
large glass substrates. The distribution over the glass
substrates would become clear after shorter or langer time.
<5ee figures 8.1 to 8.8>. This might be considered as the
visual complement to the measured deposition distributions as
depicted in figures 9.1 to 9.9.
From this visible result it can be seen that DC magnetron
sputtering does nat give the strongly non-uniform
distribution observed with RF magnetron sputtering.
With these distributions on glass substrates the best set
of process parameters was chosen <d=33 mm,P=50 W, DC power).
It is believed that the values for distance and power are
optimized in this way, since an equal spread with magnetron
occurs in that part of the plasma where the magnetic field is
the most homogenous. With the set of parameters obtained this
way sputtered films had compositions close to 1:2:3. In a
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subsequent series the pressure was varied. Half of each
substrate <calcium stabilized zirconia> was annealed and bath
parts EDAX analysed <results could unfortunately net be
included). R-T measurements were performed but none of the
annealed films showed superconductivity.
With the small spread in distribution obtained under
reproducing circumstances optimism and hope for fast result
are justified.
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Figures 8.1 to 8.8 Depositions on large glass substrates for
the purpose of yisualizing the distribution over the substrate.
Figure 8.1 DC magnetron sputtering deposition distribution
on glass (d=23 mm, P=SO W, t=10 min).
Figure 8.2 DC magnetron sputtering deposition distribution
on glass (d=37 mm, P=40 W, t=15 min).
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Figure 8.3 DC magnetron sputtering deposition distribution
on glass (d=37 mm, P=40 W, t=2 min).
Figure 8.4 DC magnetron sputtering deposition distribution
on glass (d=46 mm, P=40 W, t=20 min).
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Figure 8.5 RF magnetron sputtering deposition distribution
on glass (d=23 mm, P=75 W, t=S min).
Figure 8.6 RF magnetron sputtering deposition distribution
on glass (d=23 mm, P=40 w, t=75 min).
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Figure 8.7 RF magnetron sputtering deposition distribution
on glass (d=37 rnrn, P=40 W, t=45 min).
Figure 8.8 RF magnetron sputtering deposition distribution
on glass (d=46 rnrn, P=40 W, t=75 min).
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CHAPTER IX.
RESULTS OF SPUTTERING AT RIS0.
In the following the efforts to produce Y1BaeCus~-M
superconducting thin films by sputtering at Ris~ will be
discussed. To put the obtained results in perspective I have
also analysed the data of experiments carried out in advance.
In order to reach the aim of sputtering Y18aeCusD7-~
<hereafter named "1:2:3") a number of sputtering experiments
have been performed. Sputterings from different targets and
with different process parameters have been carried out, their
results analysed, and subsequent steps taken: The process
parameters have been changed such as to get a film deposited
with a composition as close as possible to 1:2:3.
The results of these experiments will be discussed as a
number of series of sputter runs; each series marked by the
use of a different target or an important change in tactics.
All targets used had composition 1:2:3 but different
procedures have been used to produce them. Where relevant
note will be made on the procedure.
N.B. the compositions mentioned are the atom percentages
of cations (Y/Ba/Cu>, ideal composition: <16.7X/33.3X/50X>.
Chronological overview of the sputterruns and their results.
The first series of sputterruns was done with a ene inch
diameter target. Distance from the substrate was 93 mm. Runs
with and without magnetron were performed with variations in
substrate heating <300-500 oe) and argon and oxygen partial
pressure <2.5E-4/1E-2 and 2.5E-4/9E-3 mbar respectively). The
results were all very thin films (1000-6000 A>, brown in
colour, which had, as seen from this colour, a distribution
in thickness. This distribution arises from the ratio of
target diameter and target/substrate distance being toa small
<see chapter on sputtering, figure nr. 10>. Rutherford
backscattering <RBS> measurements show that these brown films
are barium deficient.
In the secend series a ene and a half inch target was used.
Distance and power used were varied <31-93 mm and 280-600
Watt>. The use of oxygen as sputtergas was stopped. RBS
analysis of some of the films sputtered from shorter
distances show th~t they are nat Ba deficient anymore. It is
found that Ba spreads over large angles. A large distance
thus reduces the amount of Ba deposited on the substrate.
One would expect that the same happens to the ether
elements. The nature of the scattering <Coulomb repulsion,
impact of neutrals ••• ??> and the distribution of momenta
however are nat known, which makes it very difficult to say
which of the elements will be scattered most.
Same believe that a streng resputtering by negative oxygen
ions ("negative ion effect"> occurs, with a preferential
<re>sputtering of Ba, and and have obtained goed results by
placing the substrates under an angle with the target. The
"negative ion effect" however would also play a rele at short
di~tances, which it does nat as seen from our experience.
In the third serie~ a 100 mm target (#1) was used. The
tar-get was pressed fr.om mixed powders and then annealed. 100
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mm target #l was not superconducting. Values of pressure and
power to be used were roughly determined in the fermer
series. At the beginning of the series a rate test was
performed where the deposition rate was measured as a
function of pressure and power. The operational parameters
were chosen at the values where the deposition rate was
largest <ca. 3E-3 and lE-2 mbar and 400 and 500 W for
sputtering with and without magnetron respectively, see
figure 9.6>. The main variational parameter now was distance.
Most of the films were EDAX analysed (analysis of the energy
spectrum of the Auger X-rays emitted from the sample in a
SEM> for composition. This quantative analysis gives the
concentratien of Y,Ba,Cu,O normalized to a standard bulk
sample. This was not done befere because the required
thickness (which makes it look like a bulk material to the
microscope> of the film <1-2 ~m> hadnotbeen achieved befere
and because the films were not black. The uncertainties of
these measurements are as small as 1%.
Films from the beginning of this series are made by
sputtering without magnetron. They are Y rich. From run #265
to 275 magnetron sputtering was performed. Measured
compositions are close to 1:2:3. YSZ <Yttria Stabilized
Zirconia) and MgO are introduced as substrate materials in
subsequent runs to be able to give films an annealing to form
the ph a se of Y1 Ba2 Clkl 0,. -.. <befare on 1 y g 1 a ss was used
which cannot stand the high temperatures used).
Migration in the films due to the high temperature used
during annealing can have both positive and negative effect
on the composition of the film. In the latter case it is not
the required phase that farms but aften a mix of phases or
islands of one stable composition (purely Cu or Y or some
cation composition>. It was found that if the film is in
excess of one component annealing often gives a shift further
from the desired composition. We will leave this to later
because the locality of the composition measurements
performed this far was not necessarily the samebefare and
after annealing. The importance of this will be clear from
the following.
The distribution of the deposition over the substrate.
The annealing of samples #273 and 274 revealed a new
phenomena: After annealing clearly a ring structure could be
seen on one of the subtrates #274 resulting from a change in
composition over the substrate<s> area. This change was
measured by EDAX analysis and a part of the film was found to
be superconducting <with a noisy resistivity characteristic
and transition to zero resistance at about 40 K>, while ether
parts were not.
The average campositon of the different substrates of run
#274 (and 273) befare annealing was 1:2:3 where some were a
little bit Y rich, someCu rich. These substrates were found
to be more rich in the excess component after annealing;
the trend mentioned above.
The finding of a change in composition over the substrate
area shows there is a non-uniform distribution of deposited
material. To measure this distribution the substrate table
was completely covered with glass. Pieces tagether forming a
cross were cut out o~ the glasses after sputtering so that
the distribution could be measured in two perpendicular
directions. The results of.the~e analysis of films of runs
#275 (with) and 276 (without mägnetron> are =hown in
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figures 9.1 and 9.2 respectively.
Similar analysis of runs #302,305,306,309,311 and 312 are
made (figures 9.3 to 9.9>. The process parameters of these
runs are found in appendix A. The results of films #302, 311
and 312 show how the distribution after sputtering without
magnetron looks. Compared with run #275 one can see that the
latter has a clear pattern indicative for the ring structure
already mentioned. This ring structure however is net only
present at the substrate but also on the target <net always
visible> indicating ene of the influences of the magnetron on
the sputter process: The magnetic field of the magnetron has
an influence on the sputtering and sputtered ions such that
their paths are changed <compared to sputtering without
magnetron). Depending on the strengthof the magnetron the
shape of the plasma looks more or less like a "tulip". There
where the magnetic field lines come tagether closest <where
the "tulip" reaches its smallest point> the field is supposed
to be the most homogenous and the uniformity of deposited
material should be the biggest (when the substrate is placed
at that point>.
Although uniformity is net optima! in run #275 the average
composition comes close to 1:2:3 (18/30.5/51>. The use of a
rotary substrateholder would give a film with a uniform
distribution and composition close to 1:2:3 and finer
adjustments of the sputtering parameters can be made if
necessary.
Run #276 <without magnetron> was performed after run #275
(with magnetron> after a presputtering of ene hour. Although
the average composition <23/31/46) came close to the
composition sputtered without magnetron under steady state
conditions <see figures 9.3,8,9 of runs #302,311,312>, a
spread in composition was seen very much like the ene in the
run befare with magnetron. The same ring structure was
present and sernething which looked like a "memory effect" had
played a rele: at the same places where film #275 had an
excess or shortage of an element #276 had it. One would
expect that for instanee the excessive sputtering of Y from a
ring on the target during magnetron sputtering would result
in that ring being deficient in Y, and that sputtering
without magnetron afterwards would result in an eppesite
pattern, i.e. a shortage where there used to be an excess and
vice versa.
But obviously sarnething influencing the sputtering yield
during magnetron sputtering was still effective for some time
afterwards.
The intensive ion bombardment at the mentioned ring on the
target with subsequent heating-up tagether with a large
sputtering yield of Y there, suggests a diffusion of Y
towards the surface. That would cause this ring to be Y rich,
staying Y rich when the sputtering stops, resulting in the
"memory effect". The temperatures needed to cause this
diffusion however are very high (at least as high as 900oC>
and it is unlikely that they are reached by ion bombardment.
Same of our experiments tagether with these reported by
the thin film group of Linkoeping University (ref. 4) give
evidence that oxygen diffusing out of the target influences
the sputtering yield and can cause the "memory effect":
- During the ratetest for R~ magnetron sputtering (run
#269, see figure 9.6> at higher initia! pressures the use of
high powers caused a decr~asing dep~sition rate and a raise
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in pressure. Oxygen was sufficiently liberated from the
target to maintain sputtering after the argon supply was
stopped.
- High resolution powder neutron diffractometry
measurements on structural properties connected to the oxygen
stoichiometry of Y18a2CuaO?-,. performed at Rislil <see
ref. 6) show the following:
Heating up of Y18aeCua0'7-M in vacuum resulted in the
composition changing to Y18eeCUs06 with tetragonal
structure at 70~·C. The structure remained tetragonal after
quenching. In an oxygen atmosphere this tetragonal structure
changed back to the orthorhombic struture by diffusion of
oxygen into the material at temperatures as low as 20~·C:
During the transformation both phase~ were present indicating
a development from the surface by diffusion.
- In Linkoeping the composition of the deposited films was
changing during the first 20-30 hours befere reaching steady
state conditions where films were sputtered identical to the
target composition: Simultanously it was found that it took
the same amount of time for the deposition rate and the
target potential to become stable <N.B: a constant current
power supply was used).
A change in deposition rate can be expected if the
composition (and particularly the oxygen content) of the
target surface is changing. Although sputtering yields for
oxides usually are lower than for alloys and compounds,
reaching steady state conditions should not take more than
minutes.
Diffusion of oxygen from the bulk of the target to the
surface would explain the very long time observed for reaching
steady state and is in agreement with the observations:
1) A low deposition rate (until the oxygen content of the
target surface is reduced).
2> Reduction of the impedance of the plasma and the target
potential (by a high oxygen yield>, over a long period.
It was shown that this time is considerably reduced when
the target is annealed in argon to lower the oxygen content,
thus confirming the presumed influence of oxygen.
It was also shown that absorbtien of oxygen and water by
exposure to air changed the deposition rate and target
potential in a similar way <presputtering of 65 minutes
necessary after 5 minutesof exposure>.
Combining all the facts we come to the following
explanation of the "memory effect":
Diffusion of oxygen out of the target can occur at
temperatures as low as 200PC, and even faster in the vacuum
surrounding of the sputter chamber. Heating-up of the target
will occur by ion bombardment, especially there where the ion
bombardment is intensified by the magnetron, causing oxygen
deficiency to a smaller or larger extend. Over the target
surface there will be a spread in oxygen content influencing
the sputtering yield and resulting in a similar spread over
the substrate of the deposited composition and deposition
rate. We have observed such a distribution with RF magnetron
sputtering. At room temperature diffusion is not fast enough
to equalize the oxygen content and the structural changes
caused in some places by the oxygen deficiency. The =pread in
composition of the target surface will in the next s~utterrun
influence the sputtering yield again resulting in a
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deposition with "memory effect", as observed.
The annealed films.
The last subject of discussion in this series <with 100 mm
target #1) is annealing. A number of films of this series
having compositions close to the desired 1:2:3 composition
underwent a heat treatment variabie in duration and
temperature. All annealings but ene were done in air, where
theether annealing was done in flowing oxygen.
A short camment on the different annealing experiments
will be given fellewed by some remarks on annealing.
Film #268, Cu rich befare annealing (16/30/54) was even
more Cu rich after annealing <13/26/61>.
Films #269,270 and 271 had each there own sequence in a
series of heat treatments. Although they turned partly
green (#269> ar mainly green (#270 and 271) they kept
compositions close to 1:2:3 <16/35/49 ,18/33/48.5 and
20/30/50 respectively>. #269 and 270 were nat superconducting
#271 had a very noisy signal in the resistivity measurement.
Run #273 had films mostly close to 1:2:3 <e.g. 16.5/33.3/
50.2 and 16/31/52> which turned Ba deficient and richer in
either Cu or Y after annealing (15.5/20.5/64 and 20/26/54>.
The composition of the films from run #274 had an average
of 1:2:3 but none of them was close. They were subjected
to the same heat treatment as #273 <Bh 9000C, 5h 7000C in
air) and were like #273 Ba deficient and Cu rich afterwards.
Despite of this a part of ene film was found to be
superconducting <completely superconducting below about 40K>.
The R-T characteristic was very noisy. The sample was kept
in air and superconductivity had disappeared after a couple
of weeks.
Compositions of films of run #277 were nat close to 1:2:3
but the results of the applied annealings are worth looking
at. Film nr.4 is far off: 29/34/37. Annealing for 1 hour at
95~C does nat give much improvement: 24/37.5/38. A secend
annealing for 4 hours at BO~C makes it change back almast
to the original state: 26/36/37. Film nr.5 underwent three
times the same heat treatment (4 hours at 800°C) and showed
a slight impravement in its composition (to 20/38/42, to
19/38/43, to 20/37/43>. In numbers this does nat appear
significant but plotted ene can see a tendency to the right
composition. It seems however that the effect of annealing
is limited by what components are present in the films.
Rearangements within the films give only differences of some
percents but are of course very useful if the composition is
close to 1:2:3.
The annealing of films #300 and 301 (6h at 650oc, 1h at
85~C, 10 min at 920°C, slow cooling, all in oxygen flow)
also gives interesting results. Film #300 goes from
23/33.5/43 to 19/29/52. Films #301 go from 21/22.5/56.5 and
16/27/57 to 5/8/87 and 8/10/82. The change observed in film
#300 is very much like that of film #274 where
superconductivity was found. Unfortunately the time between
annealing and measurement was very long and a very noisy R-T
characteristic was measured.
Although it is nat reasanabie to suppose that #300 could
have been superconducting it illustrates that ene should be
careful; careful nat to wait befare doing measurements,
careful to store films properly <in an excicator> etc.
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Conclusions on annealing are:
- Long run annealings at high temperatures, as performed
in most cases here, give a lot of migration in the film,
aften resulting in shifts in phases <growth of boundary
layers and secondary phases>.
- If the composition is close enough to 1:2:3 annealing
gives a tendency towards the 1:2:3 phase.
- An excess of ene of the elements tends to get worse
(e.g. more than 50% of Cu or more than 20% of Y>.
The conclusions at the time made after this series of sputter
runs were:
The set of process parameters used gives a result close
te 1:2:3 but a little Y rich bathwithand without magnetron.
The films sputtered with magnetron are less Y rich.
- Although a larger spread in the composition is present
with magnetron sputtering ene film was found te be
superconduct ing.
- Equalizing the distribution by using a rotating
substrateholder should give a composition close te 1:2:3 with
a goed chance for superconductivity.
One run with a rotating substrate holder was performed.
In this first run the gearbox got stuck and the further use
of the rotating substrate holder was delayed.
The effect of water on the deposition distribution.
Because of possible contamination and because the
character of the "memory effect" was net understood yet a new
target was produced. The target was pressed from prereacted
material and was superconducting after an annealing process.
The new 100 mm target (#2) was used first for sputtering
without magnetron te be able to establish a deposition
without "memory effect" <which was present after magnetron
sp ut ter i ng ) .
Run #302 was the first run. The result is plotted in
figure 9.3 <average in the middle part 25/30/45>. In runs
#303 and 304 the water-cooling behind the targetholder leaked
and affected the target. This can be seen from the result of
run #305 <see figure 9.4). The deposition distribution has
changed drastically. Most probably water had changed the
sputter mechanism. From the observed change in deposition
distribution we can conclude that the effect of water on the
sputter mechanism is different from the effect of oxygen. How
exactly water affects the sputtering we do net know.
In the next run there is a recovery as can be seen from
the deposition distribution <see figure 9.5>. The target
cracked and fell apart after this run se that the further
recovery of the target could net be observed anymore.
The changed deposition distribution does net resembie the
distribution of magnetron sputtering, nor does it look like
the "memory effect".
The Linkoeping thin film group reports: Exposure to air
resulting in the absorbtien of oxygen and water changes the
deposition rate.
N.B. the pressure befere sputtering was goed <<5E-7 mbar),
even a bit better than normal.
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Steady state conditions reached.
Same of the material of the 100 mm target #2 was used to
make 100 mm target #3. The rest of the material used for
target #3 was prereacted. This target was also superconducting
after annealing. To see if the use of the old material would
be of any influence, considered what happened with 100 mm
target #2 the following was planned:
- To have as many runs as needed to get a stable
deposition without magnetron.
- To measure the deposition with magnetron.
- To introduce the rotating substrateholder again and see
how close the average comes to 1:2:3.
- To make a target with compensated composition in order
tosputter 1:2:3.
The first run with this target resulted in a strange
distribution <see figure 9.7 ): One end of the substrate had
a composition comparable to the normal distribution of
sputtering without magnetron with these process parame ters
<24/30/46). Theether end was completely different
<13/25/62). Doubts arise about the genuineness of the
measurement since this sudden change occurs within 7 mm on
the substrate. What could have caused an error in the
measurement is a "shadow effect": The electronbeam of the
microscope has net the same intensity over the whole
specimen; due to the aperture a "shadow" is casted over a
part of the specimen.
The sudden change was net observed anymore in the next
runs. On the contrary, the symmetrie distributions of runs
#311 and 312 (after a total sputtering time of 53 and 72
hours respectively, see figures 9.8 and 9.9> are practically
equal and show that steady state conditions are reached <N.B.
the process parameters were kept the same during sputtering
from this target).
An interesting question now is whether or net diffusion of
oxygen out of the target plays a rele in reaching steady
state for sputtering without magnetron. If it does, magnetron
sputtering afterwards will result in a smaller spread in
composition <net necessarily indepos ition rate). If it does
net play a rele the "memory effect" should be observed again.
Unfortunately the program could net be continued because
the cooling system was found to be blocked. Corrosion was
found in the pipes. The additives to the water had made the
water conducting. Water being an ohmic resistance in parallel
to the tuning netwerk had a current leaking through causing
electrochemical corrosion. The build-up of eerrosion must
have caused a poer cooling for some period. This obviously
has net affected the sputterings without magnetron so much;
most runs where the deposition distribution was measured
were without magnetron and they all show more or less the
same pattern with about the same process paramenters used.
This means that sputtering without magnetron gives stable
results.
Sputterruns with magnetron.
If we take a look at the table with magnetron runs
(appendix A> we see that although distance, pressure and
power ara kept almest constant the composition is far from
constant. Note that extept for run #275 the measured
cum~ositions are net averages over the substrate but values
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at certain positions on the substrate. The measured self-bias
is also far from constant which
means that the impedance of the lead (target + plasma) is
changing indicating changes in the target taking place. This
is in agreement with diffusion of oxygen out of the target
<which also explained the "memory effect"> and possibly with
the effect of exposure to air. There is however no clear
line in the results in the table; there seems to be no
correlation between the deposited composition and the
self-bias or any ether parameters in contrary to the
Linkoeping results. It would go too far to conclude from this
that magnetron sputtering can not reproduce results. A
(possible) poer target cooling, a changing target surface or
contamination from exposure to air may have caused
the results vary. But magnetron sputtering is most certainly
sensitive to changes in process parameters and it will
therefore be difficult to get reproducible results.
Conclusions.
The conclusions on the efforts to produce high Tc thin
films by sputtering will be divided into three parts:
Sputtering with and without magnetron fellewed by some
remarks and suggestions, and annealing.
The conclusions on magnetron sputtering are:
- With the chosen set of process parameters sputtered films
showed a ring structure resulting from a change in
composition over the substrate. The average composition was
close to 1:2:3 but a little Y rich. Thesetof parameters was
not necessarily the best possible set.
- After magnetron sputtering a sart of "memory effect" was
present giving films sputtered without magnetron the same
spread in composition (as with magnetron). This can be
explained by depletion of oxygen in the target promoted by
magnetron intensified ion-bombardment.
- Sputtering with the same set of parameters did not result
in the same composition. This can be explained by the oxygen
depletion not being finished, by contamination after exposure
to a-ir er by a poer target cooling.
- It may be difficult te get reproducible results with
RF magnetron sputtering. Investigation of possible causes for
instabilities is necessary.
The conclusions on sputtering without magnetron are:
- Sputtering without magnetron has not shown the problems
of magnetron sputtering:
- There was no ring structure on the film. Changes in
composition of 1% over 45 mm were measured.
- The composition was a bit more Y rich than with
magnetron sputtering. The set of parameters here was also net
necessarily the best.
- The deposited film was found to be stable in composition
after 72 hours of sputtering indicating that steady state
conditions are reached. Less ion bombardment possibly
increases the time te reach steady state.
- The same parameters resulted in mainly the same pattern
being sputtered, showing reprodu~ibility.
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Conclusions from the farmer might be that further
experimentation is necessary to find out if conditions during
magnetron sputtering can be stable enough to obtain
reproducible results. Sputtering without magnetron already
has proven to give constant results.
In both cases it is necessary to do more experiments and
find a better set of parameters. Especially with magnetron
sputtering it should be possible to sputter films with a
smaller change in composition over the subtrate.
The sputter process is found to change when the sputter
system is contaminated. Water damage caused big changes in
the deposition. Reported experiments (ref. 4) show that
exposure to air gives changes in the deposition rate.
We summarize the conclusions on annnealing:
- High temperature annealing gives a lot of migration in
the film possibly resulting in shifts in phases and diffusion
of substrate material into the film. This becomes more likely
if the annealing time is long and if the composition is
different from 1:2:3:
-If the composition is close to 1:2:3 annealing gives a
tendency towards the 1:2:3 phase but the effect is limited by
the material present on the substrate.
- If the composition is far off (excess of one element)
this tends to get worse with annealing.
- It is preferabie to use oxygen as annealing gas instead
of air.
- It is recommended to proteet the films from
environmental influences and to perferm the measurements as
soon as possible.
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