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Abstract

This report contains the results of an experimental study of YBa,Cu,0, thin
films. The study involved deposition methods, structural characterization, and
application of the thin films for SQUID devices.

Chapter 1 describes the principles of thin film deposition by RF sputtering,
followed by an account of the optimization procedure for the YBCO thin films.
The sputter system was used in two different configurations. The first of these,
a parallel plate geometry with an unheated, rotating substrate table, was
abandoned relatively early because of the poor quality of post annealed films
as compared to films made by an in-situ technique. The second configuration
of the sputter system involved an inverted cylindrical magnetron gun in
combination with a heated substrate table. By varying the deposition
parameters (such as the deposition temperature and the gas composition)
systematically, it was possible to obtain films that were fully superconducting
at 77 K and with an X-ray spectrum consisting of essentially only (00/)
reflections from the 1:2:3 phase of YBCO. The composition of the films were
analyzed by EDX and the results showed that the films contained excess Ba.
The relatively low T is ascribed to this fact. In the last part of Chapter 1 thin
film deposition by laser ablation is described. This technique was used for the
SQUID devices described in Chapter 3.

Chapter 2 presents the results of an X-ray diffraction study of the structure of
laser ablated YBCO thin films. Four films were examined, two of which were
deposited on MgO, while the other two were deposited on SrTiO,. The two
films on MgO differ by 75 % in the critical current density and this is ascribed
to the fact that about 5 % of the grains in the low J_ film grow 45° miscriented
with respect to the dominant orientation in the a-b plane. The low J_film also
has a higher density of small-angle grain boundaries as evidenced by trans-
mission electron microscopy. The two films on SrTiO; differ by 70 % in J_ and
this is ascribed to the presence of 8.3 % a-axis oriented material in the low J,
film as compared to only 0.6 % in the high J_ film. In general, the critical
current density is higher in the films on SrTiO, than in the films on MgO and
this is attributed to the closer lattice match between SrTiO; and YBCO.

(continued on next page)
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Chapter 3 contains the results of the effort to fabricate SQUIDs and magnetom-
eters based on YBCO thin films. Various ways of achieving a 45° grain bound-
ary by a bi-epitaxial process on MgO substrates are described. A detailed
account of the optimization of the deposition of the chosen sequence of thin
film layers is given. It is demonstrated that the SQUIDs exhibit critical current
modulation in a magnetic field at temperatures up to 80 K. The spectral density
of the noise in the SQUIDs is measured both in the flux locked loop mode of
operation and by double modulation. It is shown that the 1/f noise can be
reduced by a factor of 3 by the double modulation technique, indicating that
the dominant contribution to the 1/f noise comes from critical current
fluctuations. Subsequently, a bi-epitaxial process to create 45° grain boundaries
on YSZ substrates is described. SQUIDs based on these junctions exhibit
critical current modulation up to 77 K. The noise level in these devices is
found to be comparable to the noise level in SQUIDs on MgO substrates. The
high level of 1/f noise from critical current fluctuations is ascribed to the
nature of the 45° grain boundary and it is argued that it is necessary to develop
a bi-epitaxial process for grain boundaries with angles less than 45° in order
to improve the noise properties of these devices. In the last part of Chapter 3
it is demonstrated that a SQUID and a flux transformer can be fabricated on
the same substrate to form an integrated magnetometer. These devices exhibit
critical current modulation at temperatures up to 73 K, and the flux transformer
enhances the sensitivity of these devices by a factor of about 50 as compared
to the SQUID alone.

This report is submitted in partial fulfillment of the requirements for a Ph.D.
degree at Physics Laboratory T at the Technical University of Denmark. The
supervisors were Dr. N.H. Andersen at Risg National Laboratory and Dr. Jgrn
Bindslev Hansen and Dr. Claus Schelde Jacobsen at the Technical University
of Denmark.
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Dansk resumée

Denne rapport indeholder resultaterne af et eksperimentelit studie af YBa,Cu,0,
tyndfilm. Studiet omhandler deponeringsmetoder, strukturel karakterisering og
anvendelse af tyndfilmene til fremstilling af SQUIDs.

I Kapitel 1 gennemgls pricipperne i tyndfilm deponering ved hjxlp af RF
sputtering, efterfulgt af en gennemgang af optimeringsproceduren for
deponering af YBCO tyndfilm. Sputter anlzgget blev anvendt i to forskellige
konfigurationer. Den forste af disse, en parallel plade geometri med et
uopvarmet, roterende substratbord, blev opgivet relativt hurtigt pd grund af den
dirlige kvalitet af film fremstillet ved hejtemperatur rekrystallisering i
sammenligning ved film fremstillet ved en in-situ teknik (d.v.s. deponeret pd
opvarmede substrater). Den anden konfiguration af sputter anlzgget bestod af
en inverteret cylindrisk magnetron samt ¢t opvarmet substratbord. Ved at
variere deponeringsparametrene systematisk lykkedes det at fremstille film, der
var fuldt superledende ved 77 K og med et rentgen spektrum bestiende
praktisk taget udelukkende af (00/) refleksioner fra 1:2:3 fasen af YBCO.
Sammensztningen af filmene blev analyseret med EDX, hvorved det blev
konstateret, at filmene indeholder overskydende Ba. Den relative lave kritiske
temperatur tilskrives dette forhold. I den sidste del af Kapitel 1 beskrives
tyndfilm deponering ved hjzlp af laser ablation. Denne teknik blev brugt ved
fremstillingen af SQUIDs som beskrevet i Kapitel 3.

I Kapitel 2 przsenteres resultaternc af en undersggelse af strukturen i laser
ablerede YBCO tyndfilm ved hjzlp af rgntgen diffraktion. Fire film blev
undersagt, hvoraf de to var deponeret pd MgO mens de to andre var deponeret
pd SrTiO,. De to film pd MgO substrater udviser en forskel p§ 75 % i den
kritiske stromtzthed. Dette tilskrives at ca. S % af kornene i filmen med den
lave stromtzthed vokser 45° misorienteret i forhold til den dominerende
orientering i a-b planen. Denne film har ogs3 en hgjere tzthed af smavinkel
korngrenser. De to film pA SrTiO, substrater udviser en forskel pd 70 % i den
kritiske stromtzthed. Dette tilskrives tilstedevarelsen af 8.3 % a-akse orienteret
materiale i filmen med den lave stromtzthed sammenlignet med kun 0.6 % i
filmen med den hgje stromtzthed. Generelt er den kritiske stremtzthed hgjere
i filmene pa SrTiO, end i dem pa MgO. Dette forhold skyldes, at der er bedre
tilpasning meliem krystalstrukturene i YBCO og SrTiO,.

Kapitel 3 indeholder resultaterne af arbejdet med at fremstille SQUIDs og
magnetometre baseret pd YBCO tyndfilm. Der beskrives forskellige mider at
opni en 45° korngrense ved en bi-epitaxiel process pd MgO substrater.
Herefter folger en detaljeret beskrivelse af optimeringen af deponerings-
processen med den valgte sekvens af tyndfilmslag. Det vises, at disse SQUIDs
udviser modulation af den kritiske strom ved temperaturer op til 80 K. Den
spektrale tzthed af stgjen i disse SQUIDs miles bide ved den sikaldte flux
locked loop metode samt ved dobbelt modulation. Det vises, at 1/f stgjen kan
reduceres med en faktor 3 ved anvendelse af dobbelt modulation. Dette forhold
indikerer, at det dominerende bidrag til 1/f stajen kommer fra fluktuationer i
den kritiske strom. Herefter beskrives en bi-epitaxiel process tif dannelse af 45°
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korngrznser pd YSZ substrater. SQUIDs baseret pd denne type junctions
udviser modulation af den kritiske strom ved temperaturer op til 77 K.
Stgjniveavet i disse komponenter viser sig at vare sammenlignelig med
stgjniveauet i SQUIDs pd MgO substrater. Det hgje niveau af 1/f stgjen
hidrgrende fra fluktuationer i den kritiske strom tilskrives egenskaberne af
komgrxnserne pi 45° og der argumenteres for, at det er ngdvendigt at udvikle
en bi-epitaxiel process til dannelse af korngrenser, som er mindre end 45° for
at opnd afgerende forbedringer af st¢jniveauvet i disse SQUIDs. I den sidste del
af Kapitel 3 vises, at det er muligt at kombinere en SQUID med en flux
transformer pd samme substrat og derved fremstille et integreret magnetometer.
Disse komponenter udviser modulation af den kritiske strem ved temperaturer
op til 73 K. Tilstedevarelsen af flux transformeren forgger felsomheden med
en faktor 50 i sammenligning med en SQUID uden flux transformer.

6 Rise-R-642(EN)



Contents

1 Thin film deposition

1.1 Sputtering

[ 1 T Conventional sputter svstems

11 2 Sputter systems for high T_applications

1 1.3 Experimental techniques

I 1 4 Results of sputtering at Riso
1.2 Laser ablation

1 21 Theory of laser ablation

I 2.2 Description of the deposition system at UC Berkelev
1.3 Conclusions

References

2 Structural characterization

Fundamentals of X-ray diffraction

Expernimental techmques

Relation between epitaxy and critical current density
23 1 Influence of structural defects in the film

2 3.2 Influence of the substrate

2.4 Conclusions

References

O

“w 19

3 SQUIDs and magnetometers

3.1 Theory of the DC SQUID
3. 1.1 Josephson junctions
3 1.2 Principle of operation of the SQUID
3.1 3 Noise properties
32 Expernimenial techniques
3.2.1 Patterning of thin films
322 Electrical characterization
3.2.3 Structural characterization
3.3 SQUIDs fabricated by the bi-epitaxial process
331 SQUIDs on MgO substrates
33.2 SQUIDs on YSZ substrates
3 4 Magnetometers
35 Conclusions
References

4 Acknowledgements

Risp-R-642(EN)

9

101






1 Thin film deposition

The discovery of high temperature superconductivity in 1986 by Bednorz and
Miiller' in the BaLaCuO system was followed by a couple of years of hectic
and turbulent activity in many laboratories around the world. This activity lead
to the discovery of several new high temperature superconductors; in particular,
YBa.Cu,0; (or YBCO for short) with a critical temperature T =93 K, was
discovered in the beginning of 1987 by Paul Chu et al*’. Because of the
potential benefits of operating superconducting electronics in liquid nitrogen
instead of in liquid helium, the interest in thin films made from high
temperature superconductors was very strong right from the beginning. Several
methods have been used for this purpose including sputtering, laser ablation,
metal organic chemical vapor deposition and ion beam sputtering. In this
chapter we will describe the first two of these methods, ie. rf sputtering and
laser ablation and we will present and discuss some of the results we have
obtained.

1.1 Sputtering

Sputtering was already well established as a thin film deposition technique
when hich T_ superconductivity was discovered. However, it is fair to say that
it has undergone significant evolution as a result of the problems encountered
in the sputtering of these materials. We will first describe the conventional type
of sputter systems and then go on to mention some of the modifications that
have been introduced in the context of high T_ superconductors.

1.1.1 Conventional sputter systems

Figure 1.1 shows schematically the construction of a sputter gun in the
traditional parallel plate configuration. A sputter target made from the material
to be deposited is attached to one of the plates. In the case of dc sputtering a
large negative voltage is applied to this plate, which is therefore named the
cathode. It is water cooled because most of the energy supplied to the sputter
system is dissipated in the target. The other plate, the anode, is usually
grounded, and it is used to hold one or more substrates onto which the thin
film is deposited. The sputter gun is placed in a vacuum chamber which is
pumped out close to its base pressure before deposition and backfilled to a
pressure of typically 0.01 mbar of the sputter gas. The sputter gas can in
principle be any gas which forms positive ions, but since chemical reactions
between the gas and the electrodes (target or substrate) are undesirable, one of
the noble gases is usually chosen. Argon, in particular, is widely used because
it is relatively cheap.

When an electric voltage is applied to the system shown in Figure 1.1, an
electric discharge is ignited. Electrons pick up energy from the electric field,
and when they have reached an energy corresponding to the ionization energy
of the sputter gas they will be able 10 ionize a gas atom at their next collision
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with one of these (the first ionization potential of argon is 15.8 eV). Thus, the
sputter gas will contain both positively and negatively charged particles and
consequently, it will behave like a plasma. Without going to much into details
we mention that the presence of the plasma has certain consequences for the
spatial variation of the electric potential in the space between the electrodes.
Because the numbers of positively and negatively charged particles are
approximately equal, the potential will be almost constant in the major part of
the space between the electrodes. One finds that all of the potential drop lies
across the so-called dark space, which is the region extending 1-2 cm out from
the cathode. When a positively charged gas atom enters the dark space it will
be accelerated towards the cathode and the target. When the ion hits the target,
it will interact with a small volume of it and several things can happen. First,
the ion can simply be reflected from the target as a neutral atom or as an ion.
Second, the ion can become trapped in the target, a process known as ion
implantation which is widely used in the semiconductor industry. Third, the
impact of the gas ion can cause one or more of the atoms from the target to
be released. After it has been released it is free to deposit everywhere in the
chamber, including the substrates. This is the desired outcome of the ion
impact. Finally, one or more secondary electrons may be released from the
target. They will be strongly repelled from the target and go back to the space
between the target and the anode, where they will contribute to more ionizing
collisions with the atoms of the sputter gas. This is how the electric discharge
is sustained.

High vollage, DC or AC

|
[1

@ Argon jons
@ Sputtered atoms

Figure 1.1 This figure shows schematically the construction of a parallel plate
sputter gun. The substrate table (in this case shown with three substrates lying
on it) is usually grounded.
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The key number describing the spulter process is the sputter yield S, defined
as the number of atoms released from the target per incident ion. The sputter
vield depends on the energy of the incident ions, the binding energy of the
atoms in the target, and the atomic masses of the incident ions and the target
atoms. in general one finds that S increases with ion energy up to a few keV
at which point S becomes more or less constant. For instance, in the case of
copper sputtered by argon®, S increases almost linearly with ion energy, rising
from 0O to 3 for ion energies going from 0 to i keV. For higher encrgies the
curve becomes flatter, approaching a limiting value of about 9 for energics
above 10 keV. It is evident from this discussioi. of the sputter yield as a
function of energy that we do not gain anything by operating the sputter
system at voltages above 10 keV. For safety reasons we would like to operate
it at as low a voltage as possible, and typical values of the operating voltage
lie in the range from 100 V to 1000 V.

Another important parameter of the sputter system is the deposition rate, i.e.
the rate at which the thickness of the thin film increases per unit time. The
deposition rate depends on the sputtering yield (the more atoms that are
released the more will be deposited), the gas pressure, and the sticking
coefficient of the sputiered atoms, i.c. the probability that an atom will stick
to the substrate. A high gas pressure will cause the sputtered atoms to be
scattered in the sputter gas as they cross the distance between the target and
the substrate and thus the deposition rate will be reduced. There is also a lower
limit on the gas pressure, however, which is set by the fact that the density of
gas atoms must be sufficiently large for the clectrons to make ionizing
collisions with them before they (the electrons) hit the walls of the vacuum
chamber. As mentioned earlier, a typical sputter gas pressure is 1.01 mbar.
The deposition rate can also be increased by using a magnetron. The idea is
to apply a magnetic field parallel to the surface of the target (in the case of a
planar magnetron; other forms of magnetrons exist). The secondary electrons
emitted from the target will then be forced to follow a circular path because
of the influence of the magnetic field. This means that the electrons will be
confined to the region immediately in front of the target. This will in turn
cause more ionizing collisions with the sputter gas atoms, because fewcr
electrons are lost to the anode and the walls of the chamber. The deposition
rate is thus increased by increasing the number of ions incident on the target.
As an extra benefit of the magnetron arrangemenit, the bombardment of the
substrate by electrons is virtually eliminated. The drawback of using a
magnetron is that the discharge becomes spatially inhomogeneous. This means
that the target will be eroded at different rates in different places. More
scfiously, in cases where a multi-component target is used (such as YBCO),
the composition of the deposited material will vary across the substrate,
reflecting the inhomogeneity of the discharge. The film can be made
homogeneous under these circumstances by mioving the substrates relative to
the target during deposition.

Riso-R-642(EN) i



VO W,

V, t
$ V, v
Vo
Sputter
chamber e
V, A
~,

Figure 1.2 The two curves of voltage versus time illustrate how a negative bias
voltage develops on the capacitor because of the higher mobility of the
electrons compared to the ions.

Until now we have only considered a dc voltage as the power source for the
electrical discharge. If we instead use an rf voltage it becomes possible to
sputter also insulating materials, because there is no net current flowing in an
rf discharge. However, it might at first scem to be impossible to achieve any
deposition, because the constant reversal of the polarity would seem to
constantly interchange the roles of the electrodes as target and substrate.
However, this is not the case. Consider the simple model of the discharge
shown in Figure 1.2 with a blocking capacitor inserted between the power
supply and the vacuum chamber. This capacitor is normally part of a more
complicated matching network consisting of adjustable capacitors and coils and
which is used to match the impedance of the discharge to the power supply.
Imagine we apply a vcltage V, in the form of a square wave with frequency
f to the sputter system. Because the voltage across the capacitor can not change
instantaneously, at time t=0 the voltage at the target V, drops to -V,. The
discharge is initiated and the target is bombarded by positive ions. This will
cause :he capacitor to charge up and the target voltage will rise slowly towards
zero. At the end of the first half-cycle, at t=1/2f, the voltage from the power
supply jumps by 2V, to +V, and this causes the voltage at the target to jump
by 2V, also. The target is now positive with respect to ground and the
direction of the discharge is reversed. The target will now be bombarded by
electrons, and because they have a much higher mobility than the ions, the net
currett drawn by the target will be much larger during this half-cycle.
Consequently, the voltage across the capacitor will change by a much larger
amount. The net effect of this is that after a few cycles a negative bias voltage
has developed across the capacitor, which will ensure that the net current in the
discharge is zero. When the steady state has been reached the magnitude of the
bias voltage is only slightly smaller than V, with the result that the target is at
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a negative potential nearly all the time; it becomes positive only in a smalil
fraction of the period right after the power supply changes from -V, to +V,.
Thus, the target will be bombarded by ions almost continuously and the rf
discharge will produce the same effect as the dc discharge.

We conclude our discussion of conventional systems by mentioning that it is
possible to apply a small negative bias voltage (rf or dc) to the substrate table.
This gives one more adjustable parameter in the deposition process and thus
makes it possible to better control the properties of the thin film. A good
example is given in Ref. 4 where it is shown how the resistivity of a sputtered
gold film varies as a function of the bias voltage. For bias voltages around -40
V the resistivity reaches its minimum value, which corresponds to the bulk
value. The effect of bias sputtering is often explained as a resputtering of
loosely bonded material by the sputter gas ions, but this does not explain all
the observed effects. As a counter example we can mention the oxidation of
chromium films in the naturally occurring oxygen in the sputter chamber. This
oxidation is reduced under the influence of a substrate bias voltage, even
though the chromium-oxygen bond is very strong. Regardless of what the exact
mechanism of the bias voltage is, the fact that nearly all film properties can be
changed simply by adjusting the bias voltage has been one of the decisive
factors for the widespread application of sputtering as a deposition technique.

1.1.2 Sputter systems for high T_ applications

In this section we will describe some of the different approaches to sputtering
of high temperature superconductors that have been reported in the literature.
Even though they were not invented for this purpose, they have been used
much more extensively than before the high T, materials were discovered.

The earliest reports’ of sputtered thin films of YBCO appeared only a couple
of months after the material was discovered. It is characteristic of these first
attempts to sputter deposit YBCO thin films that they were made with sputter
system configurations similar to that described in the previous section, i.e. with
planar targets in parallel plate configurations and with no intentional substrate
heating. At room temperature YBCO grows in an amorphous layer and it is
therefore necessary to anneal the films in an oxygen atmosphere after
deposition. Most studies suggest that a temperature in the range 801-900 °C is
optimum for this purpose®. The optimum temperature is determined as a trade
off between a temperature high enough that the amorphous to crystalline
transformation can take place and be completed in a reasonable time, and a
temperature low enough that the film does not react chemically with the
substrate material resulting in decomposition of the supesconducting phase. The
latter problem has been the subject of several studies’®, It is generally found
that only MgO and SrTiO; have sufficiently low reactivity with YBCO to
withstand the temperatures required in the post-annealing process without any
significant degradation of the YBCO film. For other substrate materials such
as Yttrium Stabilized Zirconia (YSZ), sapphire and silicon it is found that a
buffer layer is necessary to protect the film and substrate from each other.
There is another problem with the films produced by the post-annealing
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method. As the temperature approaches the annealing temperature, the
transiormation to the crystalline phase will be initiated in many places on the
substrate, independently of each other. There will not necessarily be any
correlation between the film texture and the crystallographic orientation of the
substrate at the different nucleation sites, and the film will therefore be
polycrystalline in nature with a significant amount of high-angle grain
boundaries. As it will be discussed in Chapter 2, such a film will have a
strongly reduced critical current density compared to a film without hign-angle
grain boundaries.

The key to avoid high-angle grain boundaries in the film is to grow it in such
a way that the desired crystal structure is present already as the film is
deposited. This can be achieved by depositing the film at elevated temperatures
in the range 650 °C - 750 °C. However, because oxygen is a constituent of the
film material, it must be present at a certain minimum partial pressure to
prevent decomposition of the superconductor into simple oxides. Bormann and
Nélting® have investigated how the required oxygen partial pressure P,
depends on temperature T by using an electrochemical method. They find that
Py, decreases linearly with 1/T. In particular, for the practically relevant
temperature T=750 °C, P, should be at least 0.2 mbar to prevent decomposi-
tion. When the film is deposited under these conditions, it will grow in th
oxygen deficient tetragonal structure, i.e. the oxygen content is close to 6
atoms per unit cell. By cooling off the film slowly (in about 30 min or so) in
an oxygen pressure close to 1 atm, the film will take up oxygen to form the
superconducting orthorhombic phase with close to 7 oxygen atoms per unit
cell. This method of film formation is usually referred to as an in-situ
technique. It offers two main advantages over the post-annealing method. First,
the highest temperature required at any point in the process is reduced by
typically 150 °C, thereby reducing the probability of film/substrate reactions.
Second, the film grows virtually as a single crystal with very few high-angle
grain boundaries and with a higher critical current density as a result.

Another problem with the high T, superconductors in the context of sputtering
is that the target contains oxygen. This means that also oxygen atoms and, in
particular, negatively charged oxygen ions will be released from the target.
These ions will be accelerated by passing through the cathode dark space, i.e.
they will be accelerated towards the anode, where they will cause part: of the
already deposited film material to be resputtered. In order to understaad this
problem completely it is necessary to consider sputtering from a multi-
component target in more detail.

A sintered YBCO targer consists of a multitude of randemly oriented single
crystals. The target material will in general not be released in inolecular form
as YBa,Cu,0,, but rather as single atoms or simple molecules such as CuO and
BaO,. Since each of the four kinds of atoms in YBCO has different sputter
yields at a given Ar ion energy, the atom with the highest sputter yield will be
removed from the surface at the highest rate. However, this will lead to a
depletion of the surface layer in this particular type of atom and its sputter rate
will thus be reduced. Since the different atoms eventually have to leave the
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surface in the same ratio as they are supplied to the surface from the interior
of the target, it is easy to convince oneself that when the steady state has been
reached, the composition of the surface layer has been changed in such a way
as to achieve this effect. Consider now the resputterirg from the substrate. The
same arguments about the different sputter yields of the different kinds of
atoms apply as before. However, since there is no interior of the thin film (at
least not in the early stages of its formation) there is no compensating
mechanism as in the case of sputtering from a target. The resputtering from the
substrate will thus simply result in a depletion of the element with the highest
sputter yield.

The simplest way to overcome the problem of resputtering is to perform the
sputtering in a significantly higher pressure than usual. The idea is that if the
mean free path of the oxygen ions is less than the distance between the target
and the substrate, then the oxygen ions will undergo a sufficient number of
collisions to prevent them from being effective in resputtering of the deposited
material. Note, that if a magnetron is used, the electrons are confined to the
region immediately in front of the target and most ionizing collisions will take
place here. This is why the oxygen ions have to travel several mean free paths
to reach the substrate, whereas the Ar ions in general have to travel less than
a mean free path to reach the target. The Ar ions will thus still be effective in
sputtering the target. This technique has been demonstrated for instance by Li
et al'®. They used a total gas pressure of 0.6 Torr (0.8 mbar) with 33 % O, and
achieved a reasonable deposition rate of 5 AJs. Under the best of circumstances
the films were fully superconducting at 83 K, with the onset of superconductiv-
ity occuring at 90 K. However, this technique does not result in stoichiometri-
cally correct YBCO films as evidenced by the reduced transition temperature
and the relative broad transition. Similar results have been obtained by a
French group'' using a total gas pressure in excess of 1 mbar. In that case the
deposition rate was significantly lower (only about 300 ;X/h).

A more drastic approach to the problem of resputtering is illustrated in Figure
1.3. The substrate table is rotated by 90° and placed along the side of the
sputter gun. The idea is to remove the substrates from the path travelled by the
oxygen atoms. At low gas pressures (0.01 mbar) the oxygen ions travel
essentially in a straight line perpendicular to the target and an arrangement as
shown in Figure 1.3 will thus prevent that the majority of the ions hit the
substrate. This technique is referred to as off-axis sputtering. It solves the
problem of resputtering at the expense of a reduced deposition rate. In one of
the first demonstrations of this technique, Eom et al'? deposited films with
transition widths of only 1 K and which were fully superconducting at
temperatures up to 87 K. The composition of the films corresponded to that of
the target within 5 % as determined by electron microprobe measurements, The
deposition rate was typically 0.5 Als. The technique has also been demonstrat-
ed by a group at IBM"™. They used an angle of 60° instead of 90° between the
target and the substrate. They produced films that were fully superconducting
at temperatures up to 89 K and with critical current densities up to 8 x 10°
A/cm? at 77 K.
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Figure 1.3 In the so-called off-axis technique the substrate table is rotated 90°
and placed along the side of the sputter gun.

A variation of the off-axis technique was demonstrated by Gao et al'. They
placed a reflection plate at an angle of 45° to both the target and the substrate.
The purpose of this plate is to direct the beam of sputtered particles towards
the substrate. They were able to produce films with transition widths of 3.5 K
which were fully superconducting at 89.5 K. They reported a critical current
density of 8 x 10* A/cm® at 77 K.

The use of two planar targets facing each other (imagine a second sputter gun
added at the left end of the substrate table in Figure 1.3) has been reported by
a Japanese group. With this system they have deposited films of three different
ceramic oxide superconductors: LaSrCuO', YBCO' and BiSrCaCuO".
However, in all three cases the transition width of the film was very broad
(27 K in the case of the YBCO films), indicating that the process was not
completely under control.

The logical extension of the arrangement with two planar targets facing each
other is to use a cylindrical target. The configuration is shown in Figure 1.4.
A ring shaped magnet is placed on the outside of the cylinder to achieve the
magnetron effect. One end of the cylinder is closed off by a metal plate held
at ground potential, while the substrate table is placed at the other end of the
cylinder. The electric power is supplied to the target as in the case of a planar
target, and the discharge takes place between the end plate and the target. This
technique was pioneered in the context of high T_ materials by a German group
at Kernforschungszentrum Karlsruhe'®. They have used this setup in combina-
tion with a high sputter gas pressure (0.8 mbar with 33 % Q,) to achieve films
that were fully superconducting at 90 K and with critical currents up to
5.5 x 10° A/cm? at 77 K on SrTiO, substrates. These films are among some of
the best produced by sputtering anywhere in the world. The use of a cylindrical
target has also been reported by an Indian group”. However, they did not heat
the substrates during deposition and consequently, they had to go through the
post-annealing procedure. This is probably the reason that they report a
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maximum transition temperature of only 80 K (for the films being fully
superconducting).

Ring
magnet

Figure 1.4 This figure shows the physical layout of the inverted cylindrical
magnetron using a cylindrical sputter target.

1.1.3 Experimental techniqgues

For the sputter deposition experiments at Risg we have used a commercial
sputter system from Alcatel (model SCM 451). This system comes with four
sputter guns in the parallel plate configuration. The substrate table can be
moved from one target to another during deposition and it is thus in principle
possible to deposit four different materials on top of each other without
breaking the vacuum. The power to the discharge is supplied by a Dressler 2
kW RF generator. The system is equipped with a diffusion pump (Alcatel
Crystal 160) and a mechanical backing pump (Alcatel type 2033) and has a
base pressure of 5 x 107 mbar. During deposition both argon and oxygen can
be supplied to the system, and the composition of the sputter gas is monitored
by a Dataquad mass spectrometer from Spectramass using a quadropole sensor
head. We have made a few changes to the system, prompted by the problems
encountered in sputtering of high T_ materials. Initially, we were using a planar
target with magnetron, and it was therefore necessary to move the substrates
relative to the target during deposition. For that purpose we have used a 2
stage rotating substrate table as shown in Figure 1.5. The first stage of the
table has a diameter comparable to the diameter of the target (100 mm) and
can be rotated in either direction. On top of the first stage there are three
smaller secondary stages connected to the first stage by gears such that they
always rotate in the opposite direction of the first stage. The center of the first
stage is offset by 2 cm relative to the center of the target, since otherwise the
substrate table would have no effect (the inhomogeneities introduced by the
magnetron are rotationally symmetric around an axis going through the center
of the target). Due to the difficulties encountered with the planar target (to be
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described in the next section) we have subsequently designed an inverted
cylindrical magnetron sputter gun as described in the previous section (Figure
1.4). Our sputter gun differs from the Karlsruhe design in that it is significantly
larger, with an inner diameter of about 70 mm compared to 30 mm. Also,
because the in-situ method is superior compared to the post-annealing method
as far as the quality of the YBCO films is concerned, we have developed a
heating stage for the substrate table which allows us to keep the substrates at
temperatures up to 800 °C during deposition. The temperature of the substrate
table was measured by a thermocouple inserted into the table at a position
directly beneath the substrate. The temperature was regulated to within 2 °C
by a temperature regulator. The heated substrate table can not be rotated.

Figure 1.5 Top view of the rotating substrate table. In this case the first stage
is rotating counter-clockwise.

After deposition the films were removed from the deposition chamber and
transferred to a scanning electron microscope (SEM) at the Materials
Department. This microscope is equipped with a stage for energy dispersive X-
ray analysis (EDX). The chemical composition of the films was analyzed using
this stage. The principle behind this type of measurement is that the incoming
electron beam will have sufficient energy to knock out electrons from the
atoms in the sample with the emission of characteristic X-ray lines as a
consequence. We have used a SEM from JEOL (model JSM-840) operated at
20 kV with an EDX stage from EDAX (model 9100).

After the EDX analysis the samples were transferred to an X-ray powder
spectrometer (Phillips model PW 1130/90) for determination of the crystal
structure. This machine is also situated at the Materials Department. It is
interfaced to a Hewlett-Packard HP-85 microcomputer, which is also used to
store the data.

Finally, the films were characterized by a resistance versus temperature
measurement. This last step was carried out at the Physics Department. The
resistance was measured by the four point technique by attaching four wires
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to the sample with silver paint. The sample was then mounted in a cryostat
cooled by a closed cycle refrigerator (Displex). A measurement currsnt of
1 mA was typically used. The voltage across the sample was measured with
a digital voltmeter and the resistance was calculated. This was all done under
computer control.

Some of the films were deposited at room temperature on MgO and YSZ
substrates. In these cases the films were post-annealed in an oxygen atmo-
sphere using a programmable oven, which allows specification of a certain
temperature profile for the annealing procedure. This annealing step was done
between the EDX and X-ray analyses.

1.1.4 Results of sputtering at Risgp

As already indicated in the last section, we have used two different configura-
tions of the sputter system in our experiments. We will first describe the least
successful of these, which is the planar magnetron gun in combination with the
rotating, unheated substrate table.

As mentioned in section 1.1.1, the use of a magnetron together with a multi-
component target leads to variations in the chemical composition of the films
across the substrate. This problem can be solved by using a rotating substrate
table, which will even out the spatial variations. However, the problem of
resputtering due to negative oxygen ions still remains. Consequently, the
composition of the films will be different from that of the target.

The obvious solution to this problem is to change the composition of the target
such that the composition of the film will be correct under the influence of the
resputtering. We have used this approach (starting with a stoichiometrically
correct target) rather than using a high sputter gas pressure to eliminate the
resputtering. Note that when the films are deposited at room temperature there
is no required minimum oxygen partial pressure, since the film grows in an
amorphous layer. An elevated sputter gas pressure is therefore not mandatory.
It turns out that this approach leads to an iterative process, i.. it is necessary
to make several targets with their chemical composition adjusted based on the
EDX analysis of the films deposited from the previous target.

All the planar targets were used with a pure argon sputter gas at a pressure of
10? mbar. The RF power was kept at 300 W and the target to substrate
distance was 43 mm in all cases. Glass slides, MgO and YSZ were used as
substrates. The films deposited on glass slides were only used to measure the
composition of the deposit; no attempt was made to make them superconduct-
ing by post-annealing.

In Table 1.1 we show how the composition of the compensated targets change
from one generation to the next. The first two columns show the Ba and Cu
content in the target. The next two columns show the Ba and Cu content in the
resulting films, while the last two columns show the calculated composition of
the new compensated target based on the composition of the films. In all three
cases the Y content is normalized to 1 and therefore not shown. For each target
a series of films were made (often more than one film per deposition) and the
composition was determined. After a few runs (typically 4-5) of 12-14 hours
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duration the target surface reached a steady state, and at this point the
composition of the films became reasonable constant from rvn to run. The
average composition of the last couple of depositions was then used to
calculate the composition of the next target generation based on the relations

Bayew = 2 ( Bagy / Bagy) and Cuyew = 3 ( Cugyp / Cugyy).

Target Film New target
Bagp Cuorp Bagy v Cugim Baygw Cuygw
2.00 3.00 0.94 2.61 4.27 3.45
4.27 3.45 3.46 3.20 2.47 3.23
247 3.23 1.93 2.69 - -

Table 1.1 The compositiot of target, films and compensated targets in three
ierations.

None of the films deposited onto MgO and YSZ from the first two targets
became superconducting after annealing. The third target resulted in three films
which showed a semiconducting behavior from room temperature down to 90
K. At this temperature the resistance started to drop and the films became fully
superconducting around 30 K. The temperature profile for the annealing step
was as follows: Heat at 200 °C/h to T=880 °C, keep T=880 °C for 30 min,
cool at 200 °C/h to 550 °C, keep T=550 °C for 2 hours (oxygen up-take), then
cool at 200 °C/h to room temperature. A characteristic R versus T curve is
shown in Figure 1.6. The composition of this film is 1:1.96:2.75 as determined
by EDX.

The X-ray spectrum for this particular sample shows that the strongest
reflection is the (103), indicating that most of the film is randomly oriented
with respect to the substrate. Also, there are several peaks that can not be
identified as belonging to the 1:2:3 phase of YBCO. We can thus conclude that
the film consists of several phases and that even the 1:2:3 part of the film is
of poor crystallographic quality. As can be seen from Table 1.1, the films from
this target generation are slightly Cu deficient, and it is possible that we could
get better results by continuing the iterative process. However, at this point it
became clear from literature studies that even if we were able to deposit films
with 1:2:3 composition and a T, close to 90 K, they would still be of poor
crystallographic quality due to the post-annealing. It was therefore decided to
abandon this approach at this point.

20 Risp-R-642(EN)



LEND BLJNn Zua Sn I b SED NED AN SN SN (NS AND NN (L SEM AN Suy
p

12fF

\ans

10

Lagaad ..

T YTy

RESISTANCE (0)
[}
ul

Nl W W

A

ol i1 [P BT B SN
0 20 40 60 80 100 120

TEMPERATURE (K)

Figure 1.6 Resistance versus temperature for a film deposited from the third
generation of compensated targels.

Next we discuss the results from the second sputter system configuration that
we have employed. This configuration consisted of a cylindrical target with an
inner diameter of 70 mm and a length of 25 mm. It was mounted at one of the
water cooled sputter guns instead of a planar target. A ring magnet was placed
on the outside of the target to achieve the magnetron effect. The rotating
substrate table was replaced by a non-rotating, heated substrate table, which
allowed us to keep the substrate at temperatures up to 800 °C during
deposition. Note that when a cylindrical target is used, the substrates are not
directly facing the target. The mechanism whereby the material is transferred
from the target to the substrate thus becomes more of a diffusion rather than
a direct ejection from the target onto the substrate and consequently, we expect
the spatial variations caused by the magnetron to be much smaller. This is the
justification for not using a rotating substrate even though we do use a
magnetron.

Initially, we chose to operate the sputter system under conditions similar to
those reported by the Karlsruhe group (Ref. 18), i.e. we used a sputter gas with
a total pressure of 0.5 mbar and consisting of equal amounts of argon and
oxygen. We used a target to substrate distance of 20 mm (measured from the
bottom end of the cylinder to the substrate) and we applied 300 W RF power
to the sputter gun. The substrates were placed on the axis of the cylindrical
target.

In order to obtain superconducting films it is necessary to do a systematic
study of the influence of the various sputter process parameters on the film
quality. The most important parameters are the substrate temperature, the gas
pressure and composition, and the position of the substrate relative to the
target. We started by examining the influence of the substrate temperature.
MgO substrates were used in all depositions at elevated substrate temperatures.
In Table 1.2 we show the results from five films deposited at five different
temperatures. The first column indicates the substrate temperature during
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deposition, the second and third columns give the Ba and Cu content (with Y
normalized to 1) and the last column indicates the transition temperature.

l T, (°C) Ba Cu T. (K)
r 525 2.93 3.02
600 2.81 271
700 2.73 3.00
r 750 2.79 274
I 800 30s | 267

Table 1.2 Deposition temperature T,, Ba and Cu content, and T, for five films
deposited on MgO substrates in a 50/50 argon/oxygen atmosphere with a total
pressure of 0.5 mbar. The two first and the last film were not superconducting
at any temperature.

From Table 1.2 we can see that a substrate temperature around 750 °C during
deposition gives the best result. The Cu content in the films fluctuates around
the correct value, but the Ba content is clearly too high; in some cases there
is more Ba than Cu in the films. In Figure 1.7 we show the R versus T curve
for the film deposited at 750 °C and in Figure 1.8 we show the X-ray spectrum
for the same sample. The spectrum consists of 7 (00/) reflections from YBCO
(marked by +) and three reflections that do not belong to the 1:2:3 phase of
YBCO (marked by -). We conclude that the excess Ba content leads to the
formation of one or more foreign phases in the film.
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Figure 1.7 Resistance versus temperature for a film deposited at T, = 750 °C
in 0.5 mbar total pressure and 50 % oxygen content in the sputter gas.
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In the next series of depositions we tried to €iiminate the excess Ba by varying
the oxygen content in the gas while kecping the total pressure constant.
Alternatively, we could have tried to change the total pressure while keeping
the composition constant. Unfortunately, we did not have much room to vary
the total pressure. The deposition rate was very low already with a total
pressure of 0.5 mbar (it was necessary to deposit overnight to get a film thick
enough not to be transparent) and an increased pressure would presumably only
make things worse. On the other hand, by lowering the total pressure the
oxygen would constitute the majority of the sputier gas, considering that we
want to keep a minimum partial pressure of about 0.2 mbar, i.e. the abundance
of argon atoms would become relatively small and this would presumably also
reduce the deposition rate.
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Figure 1.8 X-ray spectrum for the same film as in Figure 1.7. The three peaks
marked by - do not originate from the YBCO 1:2:3 phase.

In Table 1.3 we show the results from four films deposited at 750 °C in 0.5
mbar total pressure and with 300 V/ RF power. The target to substrate distance
was 20 mm as before and the samples were placed on the axis of the
cylindrical target.

We see that the film deposited in pure argon is very far off the correct
composition. On the other hand, this film is not really interesting, since we
would not be able to grow the 1:2:3 phase under these conditions anyway.
Both the Ba and the Cu content decreases with increasing oxygen content, and
in the case where 90 % of the gas is oxygen, the Ba content is almost reduced
to the correct value. Unfortunately, the Cu content is also decreased far below
its correct value at this oxygen content, and the film does not become
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superconducting. The best result in terms of T, is obtained for the film
deposited with 25 % oxygen in the gas_ In Figure 1.9 we show the R versus
T curve for this sample. The film becomes fully superconducting at 77 K with
a transition width of about 8 K. Much more interesting is the X-ray spectrum
for this sample, which is shown in Figure 1.10. Comparing to the spectrum in
Figure 1.8 we sce that the 7 (00)) reflections from the YBCO 1:2:3 phase are
still present, while the three peaks belonging to a foreign phase have
disappeared. Instead, three small peaks have appearcd between 30° and 35 °,
one of them is the YBCO (103) at 20 = 32.85 °. Also, when the absolute
intensities are compared, we see that the peaks are about 100 times stronger
in Figure 1.10 than in Figure 1.8 (about 2.5 x 10° cts/sec compared to 2500
cts/sec). We can thus conclude that the quality of the part of the film that
grows in the 1:2:3 phase is strongly improved by reducing the oxygen content
from 50 % to 25 % during deposition. However, the problem of the excess Ba
still remains.

i Ar/O, Ba Cu T, (K)
100/0 4.08 6.97
7525 3.32 3.36 7
50/50 2719 274 67
10/90 2.33 236 J

Table 1.3 Gas composition, Ba and Cu content and T_ for four films deposited
on MgO substrates at 750 °C and with a total pressure of 0.5 mbar.

The next attempt to eliminate the excess Ba involved an investigation of how
the composition of the films depends on the position of the substrate relative
1o the target. To this end we made two depositions on glass slides without
heating them. The glass slides were long enough that the composition could be
measured at various points along a profile from the center to the edge of the
target using only one sample (in contrast to the MgO substrates which were
only 10 x 10 mm). In the first deposition the slide was oriented horizontally
(corresponding to the usual orientation) and placed 20 mm below the target.
In the second deposition the slide was oriented vertically along the edge of the
target (as an extension of it). Both depositions were carried out in 0.5 mbar
total pressure with 25 % oxygen content. After the depositions the glass slides
were transferred to the SEM and the composition of the deposit was deter-
mined in a number of points along the profile. This experiment should tell us
the best substrate position in both the horizontal and vertical direction.
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Figure 1.9 Resistance versus temperature for a film deposited at T, = 750 °C
in 0.5 mbar total pressure and 25 % oxygen conten! in the spuller gas.

The result is shown in Figure 1.11. On the left and right is shown the
composition versus horizontal and vertical position, respectively. We sce that
at about 25 mm from the center (10 mm from the edge of the target) the Ba
content is correct, while the Cu content is a bit too small. Likewise, we see
that the Ba content is correct in the range 20-25 mm below the target, while
the Cu content is optimum a little further away at about 27 mm from the

target.
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Figure 1.10 X-ray specirum for the same film as in Figure 1.9. Apart from the
threc peaks between 30° and 35° , only (001) refiection from the YBCO 1:2:3
phase appear.
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At a pressure of 0.5 mbar the mean free path in the sputter gas is less than 1
mm. Thus, since the target to substrate distance is several cm, the transport
process of the sputtered particles from the target to the subs.rate is diffusive
in nature (rather than ballistic). If we assume that the three cations Y, Ba and
Cu are ejected with the same energy from the target then Ba, by virtue of its
larger mass, will have the smallest velocity and consequently the lowest
diffusion constant. However, it is not clear how this fact can explain the above
results. Other phenomena may also play a role. For instance, the three cations
will probably oxidize at different rates. This will change the energy of the
sputtered particles in a differential way and consequently also their velocity
and diffusion constant. However, we have no experimental evidence to support
these speculations.
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Figure 1.11 The Ba and Cu content versus horizontal and vertical position of
the substrate : lative to the target (left and right, respectively). In both cases
the Y content was normalized to 1.

Armed with the new information about the substrate position dependence of the
film composition, we immediately deposited a film at a p. .ition about 25 mm
below the target and close to the edge, since this should give a chemical
composition as close to 1:2:3 as possible. The film was deposited at 750 °C in
0.5 mbar total pressure with 25 % oxygen. Much to our disappointment, we
found only a slight improvement in the Ba cor tent; the film had a composition
of 1:2.53:3.36. Based on the experiment with film composition versus substrate
position we would have expected the Ba conten* to be less than 2 rather than
above 2 at this substrate position. The reason ior this discrepancy is most
likely that the sticking coefficients of the sputt:red atoms are temperature
dependent such that experiments at room temperature can not be compared
with experiments at 750 °C., The R versus T curve for the film is essentially
identical to the one shown in Figure 1.9. The film becomes fully superconduct-
ing at 75.5 K with a transition width of about 7 K. The X-ray spectrum is
shown in Figure 1.12. It consists only of YBCO (00/) peaks except for a very
small (103) peak. The diffracted intensity is comparable to the spectrum in
Figure 1.10 and we conclude that the 1:2:3 part of the film is of good quality.
At this point it was necessary to stop the experiments with sputtering due to
time constraints. Based on the measurements of film composition versus
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substrate position the next logical step would have been to use a target with
a smaller inner diameter (about 25-30 mm instead of 70 mm), since this will
bring the substrates closer to the edge of the target. It will also enhance the
off-axis nature of the sputter gun, i.e. it will place the substrates further away
from the plasma region of the sputter gas. Also, it would be instructive to
repeat the experiment with film composition versus substrate position, this time
using heated substrates to see if the temperature plays a role, as we expect it
to.

We conclude the discussion of thin film fabrication ty rf sputtering by showing
(in Figure 1.13) a pole figure for a sample depos:.ca under conditions similar
to the sample showr in Figures 1.7 and 1.8. The experimental details and the
interpretation of pole figures is discussed in Chapter 2. B comparing to the
pole figures shown in Chapter 2 for laser ablated films (Figures 2.9 and 2.10)
we note that the sputtered film appears to be free of 45° misorivntations in the
a-b plane. However, the mosaic spread appears to be significantly larger both
in x and @. The relatively wide angular distribution of the a-b axes coupled
with the fact that the film contains foreign phases suggest that the critical
current density is rather modest for this film.
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Figure 1.12 X-ray specirum for the “Im deposited close to the edge of the
target. Besides the small (103) peak the spectrum consists only of (000)
reflections from YBCO.
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Figure 1.13 Pole figure for the YBCO (103) reflection measured on a sample
deposited at 750°C in 0.5 mbar total pressure with 50 % oxygen.

1.2 Laser ablation

Thin film deposition by the laser ablation technique has found widespread
application in the context of high T_ superconductors, because it virtually
eliminates the very annoying problem of resputtering which is so characteristic
of sputtering. The technique is almost as old as the laser itself (the earliest
reports®™ of thin film deposition go back to the mid-60s), although in those
days the preferential sputtering from multi-component targets was a problem
for this technique also. The breakthrough came in the early 80s, when the
deposition of stoichiometric semiconductor films was first demonstrated. For
instance, Cheung et al*’ deposited Hg, ,Cd.Te films and found that the
composition of the film could be adjusted to match the target composition by
applying a certain background pressure of Hg. The first successful demonstra-
tion of laser ablated YBCO thin films is due to Dijkkamp et al. In the next
section we will discuss the mechanisms involved in laser ablation and we will
subsequently describe the deposition system at UC Berkeley. The results we
have obtained with this deposition system are described in Chapter 3.

1.2.1 Theory of laser ablation

The title of this section is a bit pretentious, since there is no well established
theory of laser ablation at present. However, several spectroscopic techniques
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have been applied to the process and some suggestions about the mechanism
responsible for the ablation have been put forward.

In practice the output from a pulsed laser (solid state or excimer) is focussed
onto a target. Typical numbers for the laser power and pulse length are 10’ W
and a few tens of nanoseconds, resulting in an energy per pulse in the range
0.1 J to 1 J. This energy is focussed onto a spot with a diameter of a few mm,
giving an energy density of typically 1-5 J/cm®. This quantity (the energy
density) is termed the laser fluence. Besides the fluence, the wavelength of the
laser light is also found to have a significant effect on the ablation process.
Typical wave lengths are in the 250-350 nm range. Each laser pulse gives rise
to a plume. This term refers to the light emitting collection of species released
from the target by the laser pulse.

The simplest scenario one can think of is that the target material simply
evaporates and is transferred to the substrate in clusters of correct stoichiome-
try. However, several studies suggest that this is not the case. Venkatesan et
al® have used laser ionization mass spectroscopy to identify the ionic species
emitted from the target. They find signatures from Y, Ba, Cu and their oxides
and also from more complex oxides such as BaCuO and YBa,O,, but they see
no sign of YBa,Cu,0,. Similar results are obtained by Dyer et al** by studying
the emission from the plume. In addition to the species found by Venkatesan
et al they also find singly ionized Y, Ba, Cu and O,. By measuring the charge
of the species emitted in each pulse and comparing with the mass removed
from the target per pulse they find that between 1.4 % and 4 % of the species
in the plume are ionized, i.e. by far the most material is transferred as neutrals.
The experimental setup in this study allowed a determination of the expansion
velocity of the plume. At a fluence of 1 J/cm? they find velocities around 10*
m/s for Y, Y', Cu and Ba'. In the case of copper this speed corresponds to a
temperature around 4000 K. In Ref. 23 the authors estimate a temperature of
15000 K for the emitted species. These numbers suggest that something more
powerful than a simple evaporation is at play.

Theoretical calculations based on a one-dimensional heat flow equation indicate
that temperatures far higher than the melting point of YBCO (about 1100°C)
can indeed be reached inside the target. Si sh et al” find that the temperature
difference between the hottest point in the target and its surface can be as high
as 2000°C depending on the absorption coefficient a. The subsurface heating
is most pronounced at small values of a. Also, the laser beam will penetrate
further into the target for small values of a and the distance between surface
and the hottest point in the target will thus increase with decreasing a. Similar
results are found by Otsubo et al®, although they find a maximum temperature
differential of only 1000°C. In both studies it is argued that evaporation from
the surface of the target plays a key role in keeping the surface at a lower
temperature than the interior of the target.

In another study by Venkatesan et al”’ the angular distribution of the thickness
and composition of the laser ablated material was investigated by Rutherford
backscattering. They find that two distinct components can be identified. The
first is a non-stoichiometric part varying as cos(8), where 0 is the angle that
the emitted particles make with the normal to the target. The second compo-
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nent is a highly forward directed component with an angular dependence
sharper than cos'/(8). They find that the fluence threshold for the latter
component is about 0.4 J/cm?. The amount of material following this angular
distribution increases with increasing fluence, whereas the cos(8) component
is essentially independent of fluence. The authors speculate that the cos(8)
component is due to evaporation from the surface, while the forward directed
componert is due to a secondary process, possibly induced by the evaporation
of the surface material. One can imagine that if the target surface recedes fast
enough, a shock wave could be formed which would lead to explosive removal
of the subsurface material. The problem with this explanation is that the
required power density for the formation of a shock wave is a couple of orders
of magnitude higher than the typical values used in deposition experiments.
Other mechanisms have been proposed to explain the high temperatures of the
laser ablated material. For instance, Ready® has proposed a scenario whereby
the recoil pressure of the evaporated material is sufficient to raise the boiling
point of the target material to the critical point. At this point there is no longer
any distinction between a superheated solid and a highly condensed gas, and
the target material is free to expand without any latent heat of vaporization.
This explanation appears to be highly speculative, since the author extrapolates
low-temperature vapor-pressure data to temperatures of several thousand
degrees in order to estimate whether the recoil pressure can keep the material
in its solid state up to the critical point.

A couple of other mechanisms are mentioned in Ref. 26 and 27 together with
suggestions as to why they are probably not the correct ones. We conclude this
section by noting that whatever the exact mechanism of laser ablation is, the
technique has proved to be very fast and reliable compared to sputtering and
consequently, it has emerged as the deposition method of choice for device
work where throughput is important. The only drawback of laser ablation is
that relative large particles (on the order of 1 um in diameter) are sometimes
found on the surface of the deposited films. These particles are referred to as
boulders and can result in shorts between two superconducting layers separated
by an insulator. The density of the boulders seems to correlate with the wave
length of the laser light”, with short wave lengths (248 nm or below) resulting
in the lowest density. The number of boulders can be reduced by rotating the
target during deposition such that it is hit only once in each spot. Each time
the target is hit, a small crater is formed on the surface and a subsequent pulse
in the same spot would lead to ejection of material from the rim of the crater
with the creation of boulders as a consequence. Furthermore, we have found
that by polishing the YBCO target with emery paper before deposition of the
first layer in a multi-layer sample, the density of the boulders can be reduced
to a point where they .0 longer present a problem.

1.2.2 Description of the deposition system at UC Berkeley

For the experiments at UC Berkeley we have used a deposition system® built
around an excimer laser from Questek (model 2820). When this laser is
operated with a KrF gas fill it is capable of emitting up to 850 mJ per pulse
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at a wave length of 248 nm and with a pulse length of 18 ns. The laser beam
is focussed onto the target by a lens which can be moved back and forth such
that the spot size can be varied. In this way the fluence can be changed. We
have used a fluence of 2.5 J/em® for most of the depositions; only during MgO
depositions did we increase the fluence to about 4 J/cm® because of the low
deposition rate.

Figure 1.14 Photograph of the interior of the vacuum chamber.

The target holder is mounted in a vacuum chamber equipped with a Varian 6"
diffusion pump backed by a Varian mechanical pump. The base pressure of the
chamber is about 8 x 107 Torr (=10° mbar). The interior of the vacuum
chamber is shown in Figure 1.14. Up to six targets can be mounted in the
target holder simultaneously, and it is possible to change from one target to
another without breaking the vacuum. The laser beam hits the target approxi-
mately halfway between the center and the edge, and the target in use in
rotated around an axis going through its center to ensure that it is sputtered as
evenly as possible. The sample holder is placed at a distance of 6 cm from the
target. The temperature of the heater block is measured by a thermocouple
mounted directly beneath the substrate. In addition to the thermocouple, the
temperature can also be measured by a pyrometer looking through a window
in the vacuum chamber. When everything is in proper condition, the thermo-
couple and the pyrometer agree to within 5°C.

The results we have obtained with this deposition system are described in a
separate chapter (Chapter 3), since the emphasis in this part of the work was
the fabrication of devices based on YBCO thin films rather than the deposition
of the films themselves,

Risg-R-642(EN) .



1.3 Conclusions

In this chapter we have described the two different deposition methods used
and the results of our experiments with thin film deposition by rf sputtering.
We have used two different configurations of the sputter system in these
experiments. The first of these was a parallel plate configuration with
magnetron and a rotating substrate table. The idea in these experiments was to
use a series of targets with off-stoichiometric composition to compensate for
the resputtering effect. After three iterations we obtained superconducting
films, but with a very low T, (= 30 K). Even though it might have been
possible to raise the T, by continuing the iterative process, we decided to
abandon this approach because it was impossible to combine it with a heated
substrate table and consequently, we could not fabricate films in-situ.

The second configuration of the sputter system consisted of an inverted
cylindrical magnetron sputter gun in combination with a heated substrate table.
Initially, we made a series of depositions to determine the best substrate
temperature and we found that 750°C gave the highest T,. Next, we varied the
oxygen content in the gas and found that 25 % oxygen gave a higher T_ and
a significant increase in the diffracted X-ray intensity. Under these conditions
(T,=750°C, P,=25 %) we obtained films with a T, of 77 K and with an X-ray
spectrum consisting essentially of only (00/) reflections from the YBCO 1:2:3
phase. However, the films cortained too much Ba, leading to the formation of
foreign phases in the film and this is most likely the cause of the reduced T..
We have made a series of experiments to find out if the Ba content can be
reduced by changing the position of the substrate relative to the target. We find
that if the substrate is placed close to the edge of the cylindrical target and
about 25 mm below it, the composition of the film is very close to 1:2:3.
However, this experiment was carried out at room temperature and we find that
as soon as the temperature is raised to 750°C, the composition changes, even
though the substrate is kept at the same orientation relative to the target. The
films still contain too much Ba and no improvement in T is obtained. The fact
that the composition changes with temperature is probably a consequence of
the sticking coefficients being temperature dependent. We speculate that the
fact that the best film composition is obtained close to the edge of the target
is related to the diffusive nature of the transport process of the sputtered
material, although it is not possible to determine the exact cause based on the
experiments carried out so far.

In future work a target with a smaller diameter should be used, since this will
increase the off-axis nature of the sputter gun. The experiment where the film
composition is measured as a function of substrate position should then be
repeated with heated substrates, and hopefully the composition will then be
closer to 1:2:3 and more independent of substrate position.

In the last part of this chapter we have discussed the principles of laser
ablation and we have described the deposition system at UC Berkeley.
However, the results of this work is deferred to Chapter 3, since it is primarily
related to the fabrication of devices rather than deposition of the thin films
themselves.
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2 Structural characterization

The structural properties of YBCO has been studied extensively throughout the
time span from its discovery until the present time both in bulk samples and
in thin films. The neutron diffraction studies on bulk samples have provided
valuable information about the correlation between the superconducting and the
structural properties of this material, which may eventually lead to the
formulation of a theory for the mechanism responsible for high temperature
superconductivity. Structural characterization by X-ray diffraction has been
applied to thin films of YBCO deposited by a variety of techniques on a
number of single crystal substrates. These studies have revealed that, because
of the anisotropy of YBCO, only certain orientations of the thin film with
respect to the substrate result in films of high quality in terms of their
superconducting properties. In this chapter we will describe our work on the
structural characterization by X-ray diffraction of laser ablated films on SrTiO,
and MgO substrates. However, before we proceed with this, we will briefly
describe the theory of diffraction of X-rays by crystalline solids.

2.1 Fundamentals of X-ray diffraction

The crystal structure of solids is described in terms of Bravais lattices. A
Bravais lattice is an infinite array of discrete points with an arrangement and
orientation that appears exactly the same from whichever of the points the
array is viewed. The lattice is described in terms of three lattice vectors a, b
and c. Any vector R of the Bravais lattice can thus be expressed as a linear
combination of a, b and ¢ with integer coefficients.

The diffraction of X-rays by a crystal is caused by the interaction between the
electrons in the crystal and the electric field associated with the X-ray beam.
As the beam passes by the electron, the electric field will cause it to oscillate
back and forth about its equilibrium position with the same frequency as the
X-ray beam. This will result in the emission of a spherical electromagnetic
wave from the electron. There are several electrons per atom but as a first
approach we will consider the solid as a Bravais lattice of single electrons. The
diffracted beam results from the superposition of the scattered waves from all
the electrons in the crystal. As we shall see, X-ray radiation is useful for
structural characterization because it has a wave length which is comparable
to the interatomic spacings in solids.

Consider first a one dimensional chain of atoms with spacing a as shown in
Figure 2.1. We will now find the condition under which a beam incident at an
angle a with the linear chain is diffracted into a beam making an angle f§ with
the chain. The two dotted lines in the figure denote the wave front of the
incident and the diffracted beam, respectively, and it is easy to see that the
spherical waves emitted by neighboring atoms will interfere constructively if
the difference in the length of the path traveled by them differ by an integral
number of wave lengths. We have thus AC-BD=n}, where M is the wavelength
of the X-rays. By simple geometry this condition can be related to the
interatomic spacing a, giving:

a (cos(p) -~cos(a)) =nA
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We see that for each incident angle « we get a number of diffracted beams for
n=1,2..., subject to the constraint cos(f8) = cos(a) + n\/a < 1. The number n is
referred to as the order of the diffraction.

Figure 2.1 An X-ray beam incident under an angle a is diffracted into a beam
making an angle B with a linear chain of atoms with spacing a.

The above derivation can easily be generalized to three dimensions. If we
consider three linear chains at right angles to each other and with interatomic
spacings a, b and c (corresponding to an orthorhombic lattice as in YBCO), an
incident beam will make angles a,a; and a, with the three chains, respectively.
Similarly, the diffracted beam will make angles f,,f3, and f},, respectively. We
then find that the following set of three equations have to be satisfied
simultaneously:

a (cos(B,) -cos(a,)) =pA
b (cos(B;) -cos(m;)) =qA (1)
c (cos(P,) -cos(a,)) =1A

where p,q and r are integers. In general, the reflection can be of different order
along the three chains and p,q and r will thus be different. In contrast to the
one dimensional case, this set of equations will only be satisfied simulta-
neously for particular values of o and f,.

Equation (1) relates the angles of the incident and diffracted beams to the
direction of the rows of atoms in the crystal. From an experimental point of
view, it is much more convenient to express the condition for diffraction in
terms of the angle 20 between the undeviated incident beam and the diffracted
beam, since this is the quantity which is most readily measured. In Figure 2.2
the two beams are shown together with a broken line bisecting the angle 20
between them. Note that the broken line does not necessarily coincide with any
of the three perpendicular chains of atoms mentioned earlier. The incident and
diffracted beams have direction cosines (cos(a,)cos(a,),cos(a,)) and
(cos(P,).cos(f,).cos(f;)) as before. From a standard formula from solid

36 Risg-R-642(EN)



analytical geometry relating the angle between two lines to their direction
cosines we gel:

cos (20) =cos (x,) cos (p,) +cos (x,) cos(P,) +cos(x,) cos(p,) (2)

If we square the three equations in (1), add them together and use a simple
trigonometric identity we get:

U “E"’ (§12+(£)% =2-2 (cos(a,)cos (P,) +cos(e,)cos (B,) +cO8(x,) o8 (B,))

The term in parenthesis on the right is identical to cos(20) (from(2)). Using the
identity 1 - cos(20) = 2 sin’(8) we can further simplify the equation:

2 (P z+ 2, (N2 = in?
2ok (g) (£)%) =4 5in?(0)

By taking the greatest common divisor n of p,q and r outside the parenthesis
on the left we arrive at:

sin(0) (3)

m = 2
\l (B)re ()2 (L)e
a [+

We have now formulated the condition for diffraction in terms of the angle 6
and the integers p',q' and r'. It can be shown that these integers are the Miller
indices for the plane bisecting the angle 26 between the undeviated incident
beam and the diffracted beam. One can then think of the diffraction process as
a reflection of the X-ray beam in a set of lattice planes. This is the idea behind
the alternative derivation of the condition for diffraction, due to Bragg. Indeed,
by realizing that in an orthorhombic lattice with lattice constants a, b and c, the
spacing d between lattice planes with Miller indices (h)k,dl) is just
d = ((h/a)’ + (k/)* + (I/c)* )™, equation (3) reduces to the Bragg formula:

nA =2dsin(0)

Undeviated incident beam

Incident beam K=k’-k Ditffracted beam

Figure 2.2 This figure shows the relation between the incident beam with wave
vector k, the diffracted beam k' and the vector difference K=k'-k.

The preceding discussion describes the 'iffraction phenomenon in real space,

since this approach is useful for illustrating the underlying physics. It is
possible instead to formulate the condition for diffraction in terms of the
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reciprocal lattice. The reciprocal lattice corresponding to a given Bravais lattice
can be defined in terms of a plane wave exp{i(k- r). The vectors of the
reciprocal lattice are all those vectors T which give the plane wave the same
pertodicity as the Bravais lattice!, ie. it is all those vectors for which
«xp(i(t'R)) = 1. The reciprocal lattice is described by three reciprocal lattice
vectors a*, b* and ¢*, which are related to a, b and ¢ by:

° x . _ x . _ ax b

a =2:_—5—”'(’ :c b —2:0." :c) ct=2x s
Formulating the condition for diffraction in terms of the reciprocal lattice is
often very useful in practice, since the condition can be interpreted in terms of
a reciprocal lattice vector. According to the above definition of the reciprocal
lattice, for any set of lattice planes in the direct lattice scparated by a distance
d, there is a reciprocal lattice vector perpendicular to the planes with length 2n
/ d. Consider the incident beam and the diffracted beam both making an angle
0 with the diffracting lattice plane as shown in Figure 2.2. We characterize the
beams in terms of their wave vector k and k', respectively. Because we are
only concerned with elastic scattering of X-rays we have Ikl= lx'l. From
the figure we sce that the difference K = k’ - k in the wave vector describing
the incident and the diffracted beam is perpendicular to the diffracting plane,
ie. K is parallel to a reciprocal lattice vector. Furthermore, we see that the
length of K is K=2 k sin (0). With k = 2n / &, we get K = 2t x 2 sin (8) / A.
By comparing this expression with the Bragg condition for diffraction, we see
that we get a diffracted beam only when K/(2r) = n/d, i.e. when K = n x 2n/d.
This last equation states that we get diffraction with scattering vector K from
a set of lattice planes separated by a distance d only if K is an integral number
of the reciprocal lattice vector corresponding to this set of planes. This
formulation of the condition for diffraction is due to von Laue. Formally, it can
be expressed as exp(iK- R) = I, where R is a vector of the direct lattice.
Diffraction occurs when this relation holds for all vectors R of the direct
Jattice, and the intensity I(K) of the diffracted beam can then be calculated as
a summation over all R:

1K) = Iltxf’e""ll’ (4)

where f is a measure of the cross section for scattering of an X-ray beam by
an electron and N’ is the total number of lattice points in the crystal.

The preceding discussion was based on a model of the crystal consisting of
single electrons sitting at the points of a simple Bravais lattice. However, real
crystals consist of one or more kinds of atoms arranged in a periodic structure,
which is usually more complicated than a simple Bravais lattice. To deal with
these additional complexities, one introduces the atomic form factor f and the
concept of a lattice with a basis. The atomic form factor accounts for the fact
that different atoms scatter the X-rays with different probability, that in general
more than one electron per atom participate in the scattering process and that
the atoms have a finite spacial extension. The form factor f, for the atom on
site k is a function of K, ie. f=f(K). The basis of a given material consists
of two or more atoms or ions and has the property that when it is repeatedly
translated through vectors belonging to a Bravais lattice it will reproduce the
crystal structure of the material. The vectors R in (4) can then be decomposed
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into two vectors R = R* + r', where R” describes the position of the basis in
the Bravais lattice and r' describes the position of the atom within the basis.
The sumnration in (4) can thus be rewritten as:

K = Ifle""'gf.e""l' (s)

The last sum in (5) is over all atoms or ions in the unit cell and 15 referred to
as the structure factor. By evaluating this quantity for a given crystal structure
one finds that not all possible Bragg reflections occur. For instance, for the
body centered cubic structure only reflections from lattice planes having an
even sum of the Miller indices (h+k+l = 2n) are obscrved. The first sum is
zero in general, except when K is a reciprocal lattice vector, in which case the
square of the sum is a delta function (for N—==x).

2.2 Experimental techniques

The experiments were carried out in the X-ray basement at Rise using the
Rigaku 12 kW rotating anode X-ray source. Figure 2.3 shows the layout of the
diffractometer and the path of the beam from source to detector. The intensity
versus wavelength spectrum for the beam emitted from the anode A consists
of a number of strong lines at wavelengths, that are characteristic for the anode
maltcerial, superimposed on a continuous spectrum. The monochromator M is
used to select one of the strong lines from the spectrum. In our case we have
used Cu as anode material and we have used a pyrolitic graphite cryslal as
monochromator. The K, line from Cu has a wavelength of 2=1.532 A and it is
selected by adjusting the monochromator for the graphite (002) reflection
(d-spacing 3.354 A). The beam continues to the sample, where it is diffracted one
more time before it reaches the detector. This layout is referred to as a double
axis spectrometer, since both the sample and the detector arm can be rotated around
their vertical axes.

The resolution of the spectrometer, i.c. the minimum distance in 20 between two
reflections that the spectrometer can distinguish between, is determined by a
number of factors. These factors include the wavelength spread in the X-ray
source (the Cu K, line is actually a doublet consisting of the Cu K,,; line at
2=1.5305 A and the Cu K, line at 2=1.5433 A), the mosaic cpre'ld of the
monochromator (0.3° in our ca.sc) and the widths of the slits. It is possible to
calculate a theoretical value of the resolution by folding together the contribution
from each of these factors. However, we have simply determined the resolution
experimentally by mounting a single crystal MgO substrate at the sample position,
assuming that the mosaic spread of the MgO crystal is much less than the resolution
of the spectrometer. With a distance of 100 cm between the sample and the detector
and with a 4 mm wide slit in front of the detector, we find a resolution of 0.25°,
defined as the width of the MgO (200) reflection at half its maximum intensity (Full
Width at Half Maximum or FWHM), for scans in the longitudinal direction, and a
resolution of 0.17° in the transverse direction. In longitudinal scans the angle of
the detector and the sample are changed on the ratio 2:1 such that the direction of
the scattering vector remains fixed with respect to the sample; varying the angle
in this way will change only the length of the seattering vector. The direction of
a transverse scan is perpendicular to the direction of a longitudinal scan.
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Figure 2.3 The physical layout of the spectrometer is shown here. The beam
is diffracted two times before it reaches the detector.

w+06

Figure 2.4 This jigure shows how the four angles w, 26, x and ¢ are defined in
relation to the four circle.

In our experiments the sample was mounted on a four-circle as shown in
Figure 2.4. This allows rotation of the sample not only around the 0-axis, but
also around two additional axes, denoted by x and ¢, as shown in the figure.
The fourth angle involved is w. The angle between the incident beam and the
diffracting planes is w+0, i.e. in a traditional 8-20 scan w is equal to zero. By
using a four-circle the sample can be rotated freely and all reciprocal lattice
vectors can be brought into the scattering plane, subject only to the mechanical
constraints on the moving parts. This makes it possible to determine the texture
(preferred crystallographic orientation) of crystalline materials’. The principle
behind this type of measurement is that the 8- and 28-angles of the four-circle
are kept fixed at the value corresponding to a given reflection from the
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material in question. The %- and @-angles are then varied systematically. The
resuiting plot of the diffracted intensity as a function of x and ¢ gives
information about the orientation distribution of this particular reflection. In a
highly textured sample we expect to see a significant intensity of the diffracted
beam only in certain directions, whereas the diffracted intensity from a sample
with little or no texture will be evenly distributed over all directions.

cl

-
-
-

T -
-
=

Figure 2.5 This figure shows how the (111) reflection can be brought into the
scattering plane by two rotations around the - and y-axis.

As an example of how we have used the four-circle in our experiments
consider Figure 2.5, which shows a unit cell of the reciprocal lattice of YBCO
growing c-axis oriented with respect to the MgO substrate, i.e. with its c-axis
perpendicular to the surface of the substrate. A general reciprocal lattice vector
t=ha*+kb*+Ic* can be brought into the scattering plane by a rotation around
the x-axis followed by a further rotation around the g-axis. The two angles are
x, and ¢ are given by:

yiha')? + (kb*)*¢

=arctan
x e’

»
¢ =arctan ——

ha.

The relative orientation of the film with respect to the substrate can be
determined by locating a reflection from the substrate in - similar fashion. In
particular, we can determine the relat’'ve in-plane orientations, which is not
possible using only standard 0-20 scans.

We conclude the discussion of the four-circle by giving the x- and ¢-angles for
the (103), (113) and (102) reflections from YBCO. This material has the direct
lattice parameters a = 3.82 fx, b=2388 Aand c = 11.67 A. However, because
the films are always twinned (to be discussea later), we use a = b = 3.85 .f\,
ie.a* = b* = 1.63 A and c* = 0.538 A, We find y,, = 45.3% %,,; = 55.0°
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and (o, = 56.6°. Because the multiplicity of each of these reflections is eight,
we observe them at four different ¢ angles for = n x 90° + @,, where g, is
an offset angle. By proper alignment we can choose @, =0. The other four
equivalent reflections occur for negative l-indices, which are inaccessible by
the spectrometer.

2.3 Relation between epitaxy and critical current density

Application of superconducting thin films for electronic devices requires that
they can support critical current densities on the order of 10° Afcm® For
instance, if we require a 5 pm wide strip patterned into a 3000 A thick film to
carry a current of S mA at 77 K, which 13 not unreasonable, the critical current
of the film must be at least 3.3 x 10° A/cm? at this temperature. At the present
time the deposition techniques have evolved to the point where these current
densities can be obtained routinely. This success has been achieved in part as
a result of investigations of the type described in this chapter, demonstrating
that the critical current density in the thin films is strongly dependent on their
crystallographic and especially their microstructural properties.

Several groups have measured the texture in YBCO films***¢’8 deposited on
SrTiO,, LaAlO,, MgO and YSZ substrates by laser ablation and rf sputtering.
They find that c-axis oriented films grown on the first two substrates have their
a-b axes perfectly aligned with the corresponding axes of the substrate. This
is easily explained by the nearly perfect lattice match between YBCO and
these two materials. For the MgO substrate, which has about 9.5 % mismatch
to YBCO, it is found that sometimes a few percent of the film grows with its
[110] direction parallel to the [100] direction of the substrate. For YSZ this
effect was even more pronounced. This is understandable, since YBCO and
YSZ have a mismatch of about 33 %. A Y2 x ¥2 supercell of YBCO, on the
other hand, has a mismatch of only 5.9 % to YSZ. Besides the in-plane
misorientations it is sometimes found that the film grows with its c-axis
parallel to the substrate surface (referred to as a-axis oriented growth). This
type of film growth is usually found on the substrates that have a good lattice
match to YBCO in the a-b plane, i.. on SrTiO, and LaAlO, substraies. These
substrates can accommodate a-axis oriented films because their lattice
parameters ate close to ¥ of the c-axis of YBCO.

Both of these types of defects lead to the creation of grain boundaries in the
YBCO film. Although at present the nature of the grain boundaries in this
material in not fully understood, it is well known that they exhibit reduced
values of the critical current density compared to the intragrain critical current
density. In the pioneering work by a group at IBM*' it was found that all
grain boundaries in YBCO act like Josephson junctions with a critical current
density up to two orders of magnitude lower than the intragrain value,
depending on the misorientation angle. In particular, it was found that 45°
grain boundaries in the a-b plane have J_ reduced to about 2 % of the
intragrain value. The Josephson junction behavior was inferred from the
observation of current steps in the -V characteristic under microwave
irrdiation. This conclusion has been disputed by Babcock et al'! for the case
of boundaries between a- and c- axis oriented grains. They find that although
the critical current density is reduced, it is only weakly dependent on the
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applied magnetic field, being reduced only by a factor of 2 at a field of 5 T.
This is in contrast to Josephson junction behavior, where the Frauenhofer
pattern I_ = sin (¢/¢y) / (¢/¢,) will lead to a reduction by several orders of mag-
nitude in such high fields.

The cri**cal current density in YBCO is affected not only by the density of
grain boundaries in the sample, but also by the density and strength of the flux
pinning sites. YBCO is a type II superconductor, which means that it will
allow penetration by flux vortices for applied magnetic fields above the lower
critical field H_,, while remaining superconducting outside the vortices. This
mixed state persists until the applied magnetic field reaches the upper critical
field H_,, at which point the density of the vortices can not be increased further
without overlap between individual vortices. At this point the superconductivity
is destroyed. Once t'ie flux has penetrated the sample, it is important that it is
pinned with sufficient strength to prohibit motion under the influence of the
Lorentz force. If the flux st-rts to move, an electric field will be induced
parallel to the direction of t1 . current flow, with the dissipation of heat as a
consequence.

The issue of flux pinning and flux motion in high T, superconductors is not
fully understood at present. It is generally agreed that structural defects in the
samples can act as pinning sites, because the superconducting order parameter
is already partially or fully depressed at these sites. Consequently, there has
been some interest in experiments designed to increase the density of such
defects by irradiating the sample with neutrons, protons, 0xygen ions etc. Some
success has been achieved in this respect. For instance, van Dover'’ et al report
an increase in J_ by two orders of magnitude (from 6.5x10°> A/cm’ to 6.2x10°
A/cm?®) at 77 K in neutron irradiated single crystals of YBCO. For epitaxial
thin films the improvements are much more modest; Siegal13 et al have
reported an increase by a factor of two in YBCO thin films irradiated by **Xe’
ions. This difference between single crystals and thin films can be related to
at least two observations. First, the irradiation process have a tendency to
reduce the critical current density of the grain boundaries in the fi'ms and thus
partially offset the gain in the intragrain J_.. By definition, there are no grain
boundaries in single crystals. Second, when the unirradiated samples are
compared, it is generally found that the J_ of thin films are several orders of
magnitude higher than that of single crystals. This difference is not understood,
but must somehow be related to an unidentified pinning mechanism' which is
present only in the thin films. This pinning mechanism could for instance be
induced by the substrate or by differences in the twin boundary density.

The degree of single crystalliniiy is found to affect not only the critical current
density, but also several other properties of YBCO thin films. For instance,
Hiskes' et al find that the microwave surface resistance R, of metal organic
chemical vapor deposited films correlates with the amount of a-axis oriented
material. In ar.other study'® it was found that high-angle grain boundaries in the
a-b plane corresponding to only 4 % of the volume fraction of the film being
misaligned can lead to increases in R, by a factor of 25. Besides R, also the
resistivity in the normal state p,, and the width of the superconducting
transition AT, are adversely affected by deviations from perfect crystalline
order’.
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2.3.1 Influence of structural defects in the film

In this section and the tollowing (2.3.2) we wiil describe the results of our
measurements’ on four YBCO thin films deposited by laser ablation at NKT
Research Center. Two of these films were deposited on MgQO substrates
(supplied by Harrick Scientific) while the other two were deposited on SrTiO,
substrates (supplied by Kristalhandel Kelpin). During deposition the laser was
adjusted to give an intensity of 300 MW/cm® at a wavelength of 355 nm and
with a pulse length of 5 ns. The substrates were held at 750°C in 1 mbar
oxygen ambient. After deposition the oxygen pressure was raised to 1 atm, and
the films were cooled to 600°C at a rate of 100°C/min and further to room
temperature at a rate of 10°C/min. The onset of superconductivity was
measured at 90.5 K with a transition width of 1.5 K. In Table 2.1 we have
summarized the critical current densities and some of the results from our
diffraction measurements for the four films. The third column of the table
specifies the FWHM for a transverse scan through the YBCO (005) reflection.
This type of scan gives information about the width of the angular distribution
of the c-axes. Similarly, the angular distribution of the a- and b-axes can be
determined by doing scans in ¢ on the (102) or (103) reflection and the result
of this measurement is given in the fourth column. Finally, in the fifth column,
we specify the value of the orthorhombic splitting ¢, defined as
¢=2(b-a) / (b+a). We will later return to this issue; at this point we simply note
that with a=3.82 A and b=3.88 A we get €=1.56 %. Since our measured values
of € is in good agreement with this number, we can conclude that either the
films are not strained (most likely) or they are strained in such a way as to
preserve the orthorhombic splitting.

Substrate {J_at 77 K | YBCO (005) In-plane Orthorhombic

material [(A/cm?)  |Transverse scan| mosaicity (°) [splitting € (%)
FWHM (°)

MgO 3.7 x 10° 0.82 0.85 1.58

MgO 1.5 x 10° 0.49 0.86 1.41

SrTio, | 2.9 x 10° 0.29 0.46 1.58

SITiO, | 1.0 x 10 0.28 0.31 1.57

Table 2.1 This table summarizes the measured critical current densities and
crystallographic properties of the four films.

In Figure 2.6 we show 0-28 scans for the two films deposited on SrTiO,
substrates. The scan on the left is from the film having J=1.0 x 10’ A/cm’ at
77 K. Besides a small YBCO (200) reflection at 20 = 47.6° (and the inevitable
substrate reflections) we see only the (00/) reflections from the film, indicating
that it grows predominantly c-axis oriented. A small fraction of the film is a-
axis oriented as revealed by the (200) reflection, but there is no randomly
oriented material present, since this would have resulted in a (103) reflection
at 20 = 32.7°. The scan shown on the right is from the film having
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J.=2.9 x 10* A/cm® at 77 K. This scan is qualitatively identical to the scan on
the lett. Quantitatively, we note that the refative height of the YBCO (200)
reflection is higher in the scan on the right, indicating that a larger fraction of
the film is a-axis oriented. In principle, it is possible to determine the relative
fractions of a-axis oriented material in the two films from the 6-20 scans. This
would involve a calculation of the ratio of the integrated intensities of the
(200) and, say, the (005) reflections, taking the structure factors into account.
However, the ratio between a- and c-axis oriented material can be found much
more conveniently by doing a x-scan on the (102) reflection. Referring to
Figure 2.5 it is easy to sce that, if this reflection occurs at y,o,. = 56.6° for c-
axis oriented material, then it will occur at x,,;, = 90 - %5, = 33.4° for a-axis
oriented material. The YBCO (103) reflection, even though it is stronger, is not
suited for this type of scan since the difference in x-angle would only be
about 1° in the two cases.
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Figure 2.6 0-20 scans for the two films deposited on SrTiO, substrates. Left:
J.=1.0 x 10" Alcm’ at 77 K. Right: J_=2.9 x 10° AJcm’ at 77 K.
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Figure 2.7 y-scans for the same two films as in Figure 2.6. Clearly, there is
more a-axis oriented material in the low J_ film shown on the right.

In Figure 2.7 we show yx-scans corresponding to the 0-20 scans in Figure 2.6,
i.e. the film with the high J_is on the left. In both scans there is clearly a peak
both at ¥ = 56.6° and at ¥ = 33.4°. However the ratio between the integrated
intensities of these two peaks is 0.6 % and 8.3 %, respectively. Since no other
defects were found in thesc two films (no randomly oriented material, no
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impurity phases, no in-plane misalignments) and since the angular distribution
of the a- b- and c-axes are essentially identical as indicated in Table 2.1, we
attribute the reduction of J_ by 70 % in the film in the right most scans in
Figures 2.6 and 2.7 to the increased amount of the a-axis oriented material.
Next we turn to the films deposited on MgO substrates. In Figure 2.8 we show
the 8-20 scan for the two films. The scan on the left is from the film having
J.=1.5 x 10° A/cm?at 77 K, while the scan on the right is from the film having
J.=3.7 x 10° A/cm® at 77 K. The two scans are virtually identical, except that
the absolute intensity is a bit lower for the low J_ film. Both scans reveal only
(00?) reflections from YBCO, i.e. there is no a-axis oriented material and also
no randomly oriented material in either of the films. Nevertheless, the critical
current densities differ by 75 %.
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Figure 2.8 ©-26 scans for the two films deposited on MgO substrates. Left:
J. = 1.5%10° Ajcm’. Right: J_ = 3.7x10° Afcm’.

The cause of the reduced critical current density becomes apparent if one does
a pole figure measurement on the two films. In Figures 2.9 and 2.10 we show
partial pole figures for the high J_ and low J_ film, respectively. These pole
figures were recorded with w and 26 adjusted to the YBCO (103) reflection.
The azimuthal angle ¢ was defined by means of the substrate such that =0
when the spectrometer was adjusted to one of the four degenerate MgO (202)
reflections. This allows us to determine the orientation of the film with respect
to the substrate. The pole figure in Figure 2.9 for the high J_ film is seen to
consist of four peaks at x=45.5° and at 9=0°90°180° and 270°. The pole
figure in Figure 2.10 for the low J_ film displays the same four main peaks, but
in addition it has four smaller peaks at ¥=45.5° and ¢=45°,135°,225° and 315°,
The intensity of the smaller peaks is about 5 % of the main peaks. The straight
forward interpretation of these pole figures is that in the high J_ film essentially
all the material is oriented with its a-b axes parallel to the a-b axes of the
substrate (because the YBCO (103) reflection is aligned with the MgO (202)
reflection), whereas in the low ] film about 5 % of the material is oriented
with its a-b axes along the [110] direction of the substrate.
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Figure 2.9 Partial pole figure for the YBCO film on MgO having J =1.5x10°
Alcm’ at 77 K. The positions of the peaks indicate that all the material in the
film is aligned with the substrate.
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Figure 2.10 Partial pole figure for the YBCO film on MgO having J,=3.7x10’
A/em® at 77 K. The positions of the peaks indicate that most of the material in
the film is aligned with the substrate, but about 5 % is rotated 45° with respect
to the dor-inant orientation.
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The two films deposited on MgO substrates have been subjected to a further
study by transmission electron microscopy (TEM) at the Materials Department
at Riso. In Figure 2.11 we show electron micrographs of the films, again with
the high J_ film on the left and the low J_ film on the right. The low J_ film
exhibits a fine-grained structure with a grain size of around 200 nm. Most
grains have [001] approximately perpendicular to the foil. The grains contain
microtwins with a width of approximately 30 nm. The orientations of the
microtwins indicate that most of the grain boundaries are small-angle
boundaries. This is corroborated by selected area diffraction patterns from areas
containing several grains. These patterns indicate a typical misorientation of up
to 2° rotation around {001 ]. Microdiffraction patterns from neighbouring single
grains show rotation of the same magnitude about an axis in the film plane.
Grains with a larger rotation about an axis perpendicular to the film are,
however, also found, and among these a substantial fraction has a
misorientation close to 45°,

The high J_ film exhibits a structure with most of the material being without
grain boundaries over large areas. The microtwins in this specimen have a
transverse width of approximately 60 nm and were found to have the same
orientations parallel to either [110] or [110] over large areas.

The results from the X-ray diffraction and TEM investigations are thus seen
to complement each other and we conclude that the reduced current density
results as a combination of the presence of high-angle boundaries and the much
higher density of small-angle grain boundaries in the low J_ film.

‘5, 8

Figure 2.11 Left: Electron micrograph of the high J, film on MgO showing a
structure with no grain boundaries over large areas. Right: Electron
micrograph of the low J_ film on MgO, showing a fine-grained structure with
a grain size of about 200 nm and a high density of small-angle grain
boundaries.

2.3.2 Influence of the substrate
Twinning is commonly observed in materials that have two nearly identical
crystallographic axes as in YBCO, where the relative difference in length

between the a- and b-axis is 1.5 %. Physically, the phenomenon manifests
itself by an interchange of the two nearly identical axes at more or less regular
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intervals. In the context of epitaxial thin film growth on cubic single crystal
substrates (as in the case of YBCO films on MgO or SiTiO, substrates) the
formation of twin domains relieves the strain that would otherwise result if the
lattice parameters of the substrate were imposed on the thin film.

The formation of twin domains has certain consequences that can be observed
experimentally by X-ray diffraction. This is illustrated in Figure 2.12. The
square drawn with a solid line shows the a-b plane of a tetragonal unit cell
with parameters a=b=a,. The distortion to an orthorhombic unit cell can be
described by the parameter & by letting a = (1-€/2) a; and b = (1+€/2) a,. The
two rectangles drawn with broken lines (Figure 2.12, left) shows the two
possible configurations of the orthorhombic unit cell given that the direction
of the diagonal has to remain fixed with respect to the tetragonal unit cell (for
e<<1 the length of the diagonal remains essentially unchanged). This is
referred to as twinning along the [110] direction. Similarly, the twinning can
occur along the [110] direction as shown on the right in Figure 2.12. Note that
in the figure we have exaggerated the effect for illustration purposes by
choosing €=20 %. The net effect of the twinning is that a reflection with Miller
indices (h,0,) is split up into four reflections with indices (h (1x€/2), ¢/2, I).
Similarly, a reflection with indices (0,k.f) is split up into four reflections at
(2€/2, k(12€/2), I).
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Figure 2.12 Left: This figure illustrates how the twinning along the [110]
direction splits up the (h,0,1) reflection (indicated by the black dot) into two
reflections at (h(1-¢/2), -€/2, 1) and (h(1+¢/2), €/2, 1). Right: Similarly, the
twinning along the /170] direction splits the (h,0,1) reflection into two
reflections at (h(1+¢/2), -£/2, 1) and (h(1-€/2), €/2, |).

If we go to high enough Miller indices, the splitting described above can be
resolved with the spectrometer. In Figures 2.13 and 2.14 we show scans in
reciprocal space around the (304) reflection from YBCO for the two high J.
films on SrTiO, and MgO substrates, respectively. In Figure 2.13 we see four
peaks as expected, but in Figure 2.14 the peaks have merged together in the
azimuthal direction, leaving only two broad peaks behind. The orthorhombic
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splitting can be determined by such scans either along the [100] direction or
the [010] direction in reciprocal space. Since the splitting is easily resolved in
the [100] direction in all cases, we have determined € in this way for all the
films with the result given in Table 2.1, as mentioned earlier.

Scans along the [010] direction, on the other hand, can be used to determine
the angular distribution of the a-b axes. This is because of the fact that for any
scan in reciprocal space from (h,-y,/) to (hy,!) through a lattice point (h,0.0)
where y<<l, the direction of the scan will be perpendicular to the scattering
vector and thus the scan will be equivalent (almost) to a g-scan. Because of
the twinning, we should expect to see two peaks displaced @, in @ and each
with an intrinsic width Ag. From the discussion of Figure 2.12, it should be
clear that ¢, is given by ¢, = Arctan ¢ = 0.89°. In Figure 2.13 we see clearly
two peaks along the k-direction and we can thus determine Ag directly from
the FWHM of each peak. From the scan we get FWHM = 0.377° and corrected
for the instrument resolution in ¢ (0.21°) we arrive at Ag@ = 0.31° as quoted in
Table 2.1. A similar calculation for the low J, film on SrTiO, gives Ap = 0.46°.
For the two fiims deposited on MgO substrates it was not possible to resolve
the two peaks in the k-direction. We interpret this as a result of the intrinsic
width Ag of the peaks being comparable to the separation ¢, between them. In
that case we should see just one peak with FWHM = ((9,+A¢) + (9,.)°)%
where @, is the instrument resolution. From the scan in Figure 2.14 we get
FWHM = 1.76° and thus @ +A¢p = 1.75°% i.e. Agp = 0.86°. A similar calculation
for the low J_film gives Ap = 0.85°.

Comparing the two scans in Figures 2.13 and 2.14, it is clear that the angular
distribution of the a- and b-axes is significantly wider in the film on MgO than
in the film on SrTiO;. We attribute the smaller width on SrTiO; to the closer
lattice match between YBCO and SiTiO,. The wider distribution on MgO
reflects that the average small-angle grain boundary on this type of substrate
in general is higher than the average small-angle grain boundary on SrTiO;. It
is therefore possible that the small-angle grain boundaries tend to reduce the
critical current density more on MgO than on SrTiO; and this is most likely
the reason for the generally lower critical current densities observed on MgO
compared to SrTiO,.
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Figure 2.13 Detailed scan of the region around the (304) reflection of YBCO
Jor the high J_ film on SrTiO;. The four-fold splitting is easily resolved.
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Figure 2.14 Detailed scan of the . cegion around the (304) reflection of YBCO
Jor the high J_ film on MgO. The splitting in the azimuthal directicn is masked
hecause of the wider angular distribution of the a-b axes on this substrate.
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2.4 Conclusions

In this chapter we have described the results of our measurements of the
crystalline order in YBCO thin films deposited on MgO and SrTiO, substrates.
We have shown that the films all grow predominantly c-axis oriented and as
such appear almost identical in a 6-20 scan. However, by using a four-circle
it is possible to perform other types of scans which clearly bring out the
differences between the films. In this way we have identified two types of
structural defects which both correlate with reduced critical current densities
of the films. For films grown on MgO substrates we find that a film with 5§ %
of its grains rotated 45° around an axis perpendicular to the substrate and a
high density of small-angle grain boundaries has J_ reduced by 75 % compared
to a film with no 45° grain boundaries and a low density of small-angle grain
boundaries. For films grown on SrTiO, substrates we find that an increase in
a-axis oriented material from 0.6 % to 8.3 % results in a reduction of J_ by
70 %. In general, we find higher critical current densities on SrTiO, than on
MgO substrates. This fact is attributed to the closer lattice match of YBCO to
SrTiO;. As a result of this, the average small-angle grain boundary is smaller
on SITiO; than on MgO (the mosaic spread in the a- and b-axes is only 0.38°
for the best film on SrTiO; versus 0.86° for the best film on MgO), and
consequently, it has less detrimental effect on J_.

The four-circle has proven to be very useful, not only for basic structural
characterization, as described here. It turns out that, because of their weak-link
character, the 45° .aisorientations described in this chapter can be used as a
primitive form of Josephson junctions. For that purpose it is necessary to find
a reasonably reliable fabrication process to create the misorientations at will.
We have used the four circle extensively (particularly its ability to perform ¢-
scans) during the development of such a process, as we shall see in the next
chapter.
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3 SQUIDs and magnetometers

Two fundamentally different kinds of Superconducting QUantum Interference
Devices exist, commonly 1eferred to as the rf SQUID and the DC SQUID,
respectively. The rf SQUID consists of a superconducting ring i~terrupted by
one Josephson junction and it is operated with an rf bias current, typically in
the 20-30 MHz range. The DC SQUID, in contrast, has two Jose_hson
junctions and it is operated with a DC bias current. The former type is more
widely used for practical applications, largely because of successful
commercialization at an early point. However, in recent years it has been
surpassed in performance by the DC SQUID, which has undergone extensive
development with intrinsic energy sensitivities approaching the quantum limit.
In this work we have focused exclusively on the DC SQUID and the rf SQUID
will not be mentioned furthe:.

3.1 Theory of the DC SQUID

3.1.1 Jos :phson junctions

The active element of the SQUID is the Josephson junction. This type of
junction consists of two superconductors separated by an insulating barrier.
When the thickness of the barrier is on the order of a few tens of A, electrons
can tunne! through the barrier, not cnly as single electrons but also as Cooper
pairs. The tunneling of Cooper pairs was piedicted in 1962 by Brian
Josephson' and was soon confirmed experimentally by Anderson and Rowell?
in a tunnel junction of the sandwich type. This type of junction has since
undergone an impressive evolution and with the advent of the Nb tri-layer
process™, it has reached a level of reliability which makes it possible to
fabricate devices containing several thousand junctions’. Besides sandwich
junctions several other kinds of junctions have been demonstrated. An excellent
review of the physics of the Josephson junction, including fabrication methods
and applications, has been given by Barone and Paterno®,

The current-voltage characteristics for the Josephson junciion can be derived
by using the so-called resistively shunted junction (RSJ) model™®. In this
model, shown in Figure 3.1, the junction is approximated by an ideal
Josephson element in parallel with : shunt resistor R and a self-capacitance C.
The following relations hold for the ideal Josephson element:

I=I,sin(8)

_ L 98
V=5 ot

wkhere § is the difference in the phases of the wave functions describing the
two superconductors on either side of the barrier. The equations state that the
element in the zern-voltage stale can carry a current I less than or equal to the
critical current I, by adjusting the phase difference accordingly. when I
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exceeds I, the junction switches to the voltage state, where the phase evolves
with time at a rate depending on the voltage (484 MHz/uV).

When the junction is biased with a current I we obtain the following equation
from the RSJ model:

I=I,sin(3) + ¥ +C-a—

By introducing a new time variable 8=w t the equation can be rewritten as’:
I _q &8, .05, ..
To'"pca—i*-x*‘&ln(a) (6)

where p.=wRC and w=(2¢/h)RI,.
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Figure 3.1 Left: The equivalent diagram for a Josephson junction according
to the RSJ model. Right: I-V characteristics for the junction in the two limiting
cases .=0 and f§,=00.

This equation describes the behavior of d(t) in the general case. For I<I, it has
wie trivial s lution 8(t)=8,=sin"}(1/1,) and thus V=0. Wher I exceeds I, a voltage
develops across the junction and we have to solve (1) for d(t) in order to be
able to calculet= V as the time average of dd/dt. For §.=0 this can be done

analytically giving:
l I
V=RI,|(=)%-1
0 IO

This curve, which corresponds to the situation where the self-capacitance of the
junction is negligible, is showt. in Figure 3.1 (solid line) togethe: with iis
asymptotic value (dotted line) corresponding to the shunt resistance R.

In the general case where >0, equation (6) must be integrated numerically.
The effect of this non-negligible self-capacitance is to introduce hysteresis in
the I-V characteristic for §21. When| is increased from 0 the junciion remains
in the zero-voltage state until I reaches Iy, at which point the voltage jumps
abruptly to a finite value. When the current is decreased, the junction remains
in wuic voltage state until the current is reduced to a certain value I, <I;, which
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depends on f_. In the extreme case . —x, I . is zero and the 1-V characteristic
is then given by the dotted line in Figure 3.1.

This hysteretic behavior is undesirable for the operation of the SQUID. In low
T. SQUIDs based on tunnel junctions of the sandwich type the hysteresis is
eliminated in the fabrication process by the addition of a shunt resistor of
sufficiently low value. In high T, SQUIDs based on grain boundary junctions,
where the state of the art is much less advanced, one has essentially no control
over the junction parameters, but luckily the nature of the grain boundary
junctions is such that they are inherently non-hysteretic.

In the discussion above of the DC -V characteristics it was tacitly assumed
that the external magnetic field is zero. The application of external magnetic
flux to the junction does not qualitatively alter the I-V characteristic, but leads
to a reduction of the critical current. As discussed in Ref. 9, one finds that the
I_versus ¢ dependence for a high quality junction can be expressed in the form
1. « sit (§/¢,) / ($/9,), i-e. it is equivalent to the Frauenhofer pattern produced
by the diffraction of light passing through a narrow slit. The period in the
pattern is the flux quantum ¢, = h/2e = 2.07x10™° Wb. This quantity plays a
crucial role in the operation of the SQUID, as we shall see in the next section.

3.1.2 Principle of operation of the SQUID

One of the most striking features of superconductivity is the fact that this
inherently quantum mechanical phenomenon under certain circumstances
reveals itself on the macroscopic level. One such circumstance is the case of
a closed superconducting ring, where one finds that the magnetic flux passing
through the hole in the ring is quantized' ;n units of the magnetic flux
quantum. When this effect is combined with Josephson tunneling by the
insertion of two junctions into the ring, the net result is a DC SQUID" as
shown in Figure 3.2. The SQUID is essentially a flux-to-voitage transducer
with a transfer function propor-tional to R/L, where R is the shunt resistance
of the junction anc L is the inductance of the SQUID loop. This can be
realized in the following way:

Assume that the two junctions have identical critical currents 1, and that the
applied flux ¢ is zero. The I-V characteristic for the SQUID is then as shown
in Figure 3.3 (left, the curve marked ¢=n¢,) with a critical current of 21,. If we
now apply an external flux ¢, the SQUID will respond with a circulating
current J=¢/L, which will oppose the external flux so as to keep the flux ¢,
ti.;ough the SQUID loop quantized. As ¢ is increased to ¢/2 a point is
reached, where it becomes energetically favorable for the SQUID to aliow ¢,
to increase from O to 1 flux quantum by reversing the direction of the
circulating current. At this point the circulating current is ¢,/2L. With an
externally applied bias current Iy distributed evenly between the two arms of
the SQUID loop, the current in the two junctions is then I;/2-¢,/2L and
I5/2+¢/2L, respectively. When the larger of these curren’s reaches I, the
SQUID goes into the voltage state, i.e. the maximum bias current in the zero-
voltage state is I3=2(I;-¢,/2L). This I-V characteristic is shown in Figure 3.3
(left, the curve marked ¢=(n+1/2)$,) for the case ¢,=2Ll,. As ¢ is increased
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beyond ¢,2, the circulating current J will decrease in magnitude until it
reaches zero at ¢=¢, at which point the critical current of the SQUID is
restored to 21,. Further increases in ¢ will merely cause the SQUID to repeat

this behavior.

Ig
O
t
R Ib v
:
‘O
Figure 3.2 The equivalent diagram of a DC SQUID according to the RSJ
model.
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Figure 3.3 Left: I-V characteristic for the SQUID in the two cases ¢ =n$,aid
n=(n+1/2)Q,. Right: V-¢ curve showing how the voltage oscillates periodically

in ¢ for a fixed bias current.
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It is now clear that if the bias current is held constant at a value 1;,>2l,, the
SQUID will be in the voltage state at all times, and the voltage will oscillate
between the two extrema V, and Vj as a function of the applied flux ¢. This
behavior is shown in the V-¢ characteristic in Figure 3.3 (right). The peak-to-
peak value of the voltage depends on the modulation depth Al /2I,, which is a
function of the screening parameter f=2LI1/¢,, and on the dynamical resistance
R, at the bias point. To a first approximation the transfer function 0V/0¢ can
be found by realizing that a circulating current J leads to a reduction of the
critical current by 2J and this current has to flow through the resistance
Rs=R/2. Since an external flux ¢,/2 leads to a circulating current J=¢/2L we
find:

R %
ov _ Av _RsAI. 2 LT _R
9 Ad AP T o, I
i

A more accurate estimate of the transfer function is obtained if the shunt
resistance R is replaced by R,. This expression suggests that a large R and a
small L is desirable for optimum performance of the SQUID. However, there
are several other factors to consider in the design of a SQUID, and the
discussion of how to optimize the overall performance will be deferred until
after the discussion of noise.

3.1.3 Nolse properties

The issue of noise is of fundamental importance in the design of the SQUID,
since this is the limiting factor for the sensitivity to magnetic flux changes. The
noise is measured in terms of the power spectrum S,(f) of the equivalent flux
noise. In practice this is done by measuring the power spectrum of the voltage
noise S (f) for a given bias current. S (f) and S (f) are related by:

Se(£) = 8,(£) (gg)* 7)

This relation demonstrates the importance of maximizing dV/d¢. As we saw in
the previous section this can be done by minimizing L. However, since L is
proportional to the li..car dimensions of the SQUID loop, this minimization leads to
a very small effective area and thus difficulty in coupling flux into the SQUID. It
is therefore custornary to use the so-called noise energy, defined as (f)=S (f)/2L,
as a figure of merit, since this quantity explicitly takes the value of L into
account.

The are several sources of noise in SQUIDs, displaying two different kinds of
power spectra. Tne first of these power spectra is generated by the thermal
noise, or Nyquist noise, and it is well understood. It originates in the shunt
resistors and gives rise to a noise voltage with spectral density S (f)=4k,T(R/2).
With dV/d¢=R/L (from the simple approximation from the previous section), the
noise energy due to the thermal noise is found to be k,TL/R. However,
because of the non-linearity of the Josephson junction, if a measurement is
perforred at frequency f_, one will get a contribution not only from f__ itself,
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but also from frequencies nfxf, (n integer) mixed down to f. from the
Josepson frequency f. For f <<f; (as is the case for SQUIDs) all these mixed
down contributions except those for n=1 are negligible. The net result is that
one measures a value of the thermal noise somewhat higher than predicted by
the Nyquist formula.

Another effect of the thermal noise is a rounding of the I-V characteristic at
low voltages'. This can be understood if the noise is modeled as a noise
current source Iy(t) in parallel with the shunt resistance R. This causes
fluctuations in the total current I+I(t) passing through the junction and thus
the value of the critical current I, will appear to fluctuate, since the junction
switches when I exceeds I;-1.(t). The noise rounding is measured in terms of
the noise parameter I'=2nk;T/¢.1,, where ¢gl,/2n is the coupling energy of the
junction. Computer simulations® indicate that I' should be less than 0.2 in
order for quantum interference effects to be observable.

Tesche and Clarke' have investigated the thermal noise by doing computer
simulations based on a model of the SQUID essentially as Figure 3.2 with the
addition of two voltage noise sources in series with the shunt resistors. They
computed the transfer function, the spectral density of the voltage noise and the
spectral density of the flux noise as a function of the bias current I, and with
the applied flux, the SQUID loop inductance, the temperature and the critical
current as parameters. Their main results can be summed up as follows. The
transfer function peaks sharply for I =1.5x(2I;) as a function of all the
parameters, which is understandable, since this is the region where the
dynamical resistance is largest. When the bias current is held constant and the
temperature is varied, they find that the increased noise rounding at high
temperatures leads to a decreased transfer function. For the spectral density of
the voltage noise they find, that this quantity also peaks sharply for
1,=1.5%(2l;). However, what really matters is the spectral density of the flux
noise and this quantity is found to go through a minimum for I;=1.5x(2I,). This
can be understood on the basis of equation (7). Even though the voltage noise
peaks, its effect is offset by the peak in the transfer function, and the net result
is a dip in the flux noise. As a final important result from their simulation, they
find that the flux noise as a function of the parameter p=2LI,/¢, goes through
a minimum at fB=1. Under this constraint they calculate a noise energy of
9kzTL/R from the thermal noise, almost a factor of 10 higher than the estimate
based on the Nyquist formula.

A very simple procedure for the optimization of the SQUID with respect to
thermal noise at a given temperature has been established, based on the results
of these computer simulations. First, one chooses a geometry for the SQUID.
This will determine the value of L. The critical current of the junctions can be
calculated from the requirement f=1. With a given capacitance for the chosen
type of junction, the shunt resistance is calculated based on the requirement
that the junctions remain non-hysteretic, i.e. f.=2nl,R’C/p,s1. Finally, the
SQUID is operated with a bias current slightly larger than the critical current.
It is interesting to note that since the noise energy €, due to thermal noise is
proportional to kyTL/R and since the flux noise goes through a minimum for
f=1, i.e. when 2LI;=¢,, the expression for €, can be written as €, « k;T,/RI,.
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This relation demonstrates the importance of striving for a large RI, product
as a means of lowering the noise energy, still under the constraint f_s1.

We now turn to the noise displaying the second kind of power spectra, the
flicker noise or 1/f noise. This type of noise has been observed in numerous
physical systems, but so far the origin of the noise remains elusive in the
majority of the cases. The SQUID is one case where the 1/f noise can be
partially explained.

There are at least two sources of 1/f noise in SQUIDs. The first arises from
motion of flux lines trapped in the SQUID body itself'. There is little to be
said about it, other than that the level of the noise scems to depend strongly
on the microstructure of the thin films. This correlation was first observed in
the 'ow T_ materials, but has been found to be even more pronounced in the
high T, materials. It is not known why the power spectrum of the flux line
motion scales as 1/f with frequency, and there is nothing o.:2 can do to reduce
the noise level, other than to improve the quality of the film.

The other source of 1/f noise can be identified as 1/f fluctuations in the critical
current and the mechanism for this is well understood™. If an electron is
trapped on a defect in the barrier, the local value of the barrier height and thus
the critical current will change. When the electron is subsequently released, the
critical current will be restored to its original value. Assuming that the mean
time between trapping events is T, the spectral density of the process will take
the form of a Lorentzian S(f) < v/ (1+(2nft)?). If it is further assumed that the
process is thermally activated, i.e. that T has a temperature dependence given
by T = 1exp(E/kgT), where 1, is a constant and E is the barrier height, and that
the junctions contain several defects, each with its own characteristic time T,
and barrier height E, then the overall power spectrum, obtained by assuming
that all the traps are statistically independent, can be shown to have the form'’
S(f) = k,T/f.

The effect of the critical current fluctuations on the voltage noise can be
analyzed as follows. Assume that the critical currents of the two junctions are
ly+1;(1) and I+ly (1), respectively, where Iy (1) and I(1) are uncorrelated. By
defining two noise currents I, (1) = (I,(1)+14x(1))/2 and I (1) = (L,,(t)-15(1))/2
the junction critical currents can be written as I+l ()+Iy (1) and [;+1, (1)-15 (1),
i.. the noise currents can be decomposed into an in-phase component I (t),
which leads directly to a reduction of the critical current, and an out-of-phase
component Iy (t) leading to a circulating current, which behaves like a flux
noise ¢(t) = LIy (t). The resulting voltage noise across the SQUID is then:

v,(t) = %’-AIo . .g%’Ao = -aaTVI,,,(t) . %LIN,(t)
[+] 0

The spectral density of the voltage noise thus becomes proportional to:
ov oV
S, (f) = ((ﬁ;)z + (%)sz) Sro(f)

where S,(f) is the spectral density of the current noise.
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The issue of how to reduce the noise associated with the critical current
tfluctuations is closely related to the modulation scheme employed in the
operation of the SQUID. In Figure 3.4 is shown 2 block diagram illustrating
the principle of the traditional operation mode, based on a flux-locked feed-
back loop. In this scheme, a modulating flux with peak-to-peak value ¢,/2 and
frequency f, (typically 100 kHz) is applied via a modulation coil placed in the
close vicinity of the SQUID. In the absence of any externally applied flux, the
voltage across the SQUID will be at a minimum (cf. Figure 3.3, right). The
maodulating flux, which oscillates between -¢,/4 and ¢,/4, will then give rise to
an ac voltage with frequency 2f,. If this voltage is lock-in detected with the
oscillator driving the modulation coil, the output will be zero. However, if the
externally applied flux is changed to any value other than n x ¢,/2 (n tnteger),
the ac voltage caused by the modulating flux will have a component with
frequency f, and thus the output from the lock-in detector will be finite. This
output is fed back to the modulation coil through a resistor R so as to cancel
out the external flux and restore the flux in the SQUID loop to zero. The dc
voltage across R is then a measure of the externally applied flux.

OCK-IN INTE-
N\ \ S N\
!
SQUID [ )~]AMPLIFIER [—)~] CETECTOR[—)— GRATOR
———0
\0QQ,
M /N
' R v
MODU- OSCILLA-
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COIL —0
/ A\ 74
N

Figure 3.4 Block diagram showing the principle behind the flux-locked loop.
A modulating flux is coupled to the SQUID via the mutual inductance M.

It should now be clear that the voltage noise associated with the in-phase
component of the critical current fluctuations is eliminated by this flux-locked
loop scheme for frequencies below the modulation frequency, since all the in-
phase component does is to shift the V-¢ curve along the V-axis. However, this
modulation scheme does not affect the out-of-phase component of the critical
current fluctuations.

It is possible to extend the modulation scheme described above in such a way
that also the noise voltage associated with the out-of-phase component of the
critical current fluctuations is eliminated. In this so-called double modulation
scheme'?, the bias is reversed with frequency f, and each bias current reversal
is accompanied by a change in the applied flux of ¢,/2. In this way it is
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possible to render the SQUID output insensitive to both components of the
critical current fluctuations, while at the same time keeping it sensitive to
changes in the externally applied flux. The noise associated with the critical
current fluctuations can thus be completely eliminated for frequencies below
f,.

We conclude our discussion of noise by noting that the fact that high T,
junctions do not have a well defined shunt resistance (in contrast to low T,
junctions) opens up the possibility of 1/f noise due to resistance fluctuations'.
However, recent experimenta! results indicate, that in bi-epitaxial junctions (to
be described later) this type of fluctuations are negligible compared to critical
current fluctuations™.

3.2 Experimental techniques

In this section we will briefly describe the experimental techniques we have
employed in the fabrication processes of SQUIDs and magnetometers. First we
will describe how to create the desired patterns in the thin films by shadow
masking or by photolithographic techniques in combination with chemical
etching or ion milling. Next we will describe how we have characterized the
samples electrically (by resistance-versus-temperature measurements, I-V and
V-¢ characteristics) and structurally (by X-ray diffraction measurements). The
deposition of the thin films by laser ablation has already been described in
Chapter 1.

3.2.1 Patterning of thin films

Even the simplest devices require some form of patterning of the
superconducting layer(s) and thus anyone wishing to engage in any sort of
device work has to deal with this issue. Fortunately, much experience in this
field has already been accumulated in the semiconductor industry. This
knowledge is readily available in places like the Microfabrication Laboratory
at UC Berkeley, where a substantial part of the device fabrication was carried
out.

The simplest way to achieve a patterned film is to use a shadow mask in front
of the substrate during the deposition. A shadow mask is a sheet of stainless
steel or some other material, which does not react with the film or substrate
material, even under the relatively high temperatures of the deposition process.
The desired pattern is cut out of the mask and thus it will prevent deposition
of material in places outside the pattern. The main advantage of this technique
is that the deposition and patterning is carried out simultaneously and it is
therefore very fast compared to photolithography. However, there are several
drawbacks. It is difficult to obtain line widths below a few hundred microns
and it is even more difficult to align two layers, even on this relatively crude
scale of a few hundred microns. Also, because the mechanical contact between
the mask and the substrate is not perfect, the deposited materiai diffuses in
under the mask and leaves poorly defined cdges.
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All of these problems can be alleviated by using photolithography to pattern
the layers. The idea behind this method is to form a mask or stencil of
photoresist, which will then protect those parts of the film, that make up the
desired pattern, during the actual etching of the film. Initially, the film is
deposited all over the substrate. After removal from the deposition chamber,
it is covered with photoresist everywhere, followed by either a soft bake at
70 °C - 90 °C or a hard bake at 120 °C. The sample is exposed to UV light
through an emulsion mask, which will leave the desired pattern unexposed in
the resist (in the case of a positive resist). After exposure the resist is
developed, i.e. the exposed parts of the resist is removed. The sample is then
ready for the actual pattering of the film, either by chemical etching or by ion
milling.

In all our experiments we have used Microposit 1400-31 photoresist applied
by means of a Headway Research resist spinner at 6000 rpm for 30 seconds.
The sample and mask was aligned in a Canon FPA 141 fine pattern projection
aligner. The photoresist was developed in a mixture of Microposit developer
concentrate and water in a 1:1 ratio.

With the photoresist stencil in place, the sample is ready for the actual
patterning of the film. One way to do this is by ion milling. With this
technique, the material is sputtered away under bombardment with positive
ions of a suitable gas, typically argon. The ions are generated in an ion gun.
We have used a gun of the Kaufmann type with two filaments. A heated
cathode emits electrons, which ionize the argon gas. The ions are extracted
from the gun by an acceleration voltage. Usually the ion beam is focused to
some extent by the addition of one or more grids with suitable control
voltages. Electrons can be added to the ion beam by the second heated
filament, the neutralizer. As the name implies, the purpose of this filiment is
to neutralize the ion beam, thereby extending the ion milling technique to non-
conducting materials, which would otherwise become positively charged and
repel the ions.

One of the problems with the Kaufmann type of ion guns is that the filaments
produce substantial amounts of heat. This radiation heat, in combination with
the mechanical heat generated by the argon ion bombardment, can lead to
severe degradation of the sample. This is especially true for YBCO, since this
material easily loses oxygen when it is heated in low oxygen partial pressures.
Recently, a new type of filamentless ion gun has been introduced, but we have
not had access to such an ion gun. Instead we have used an Ton Tech 2.5 cm
Kaufmann source in combination with a water cooled sample holder.
Another way to pattern the film is to use a chemical wet etch. Most of the
materials we have used can be etched by a suitable choice of acid. YBCO and
MgO have reasonable etch rates in a 0.05% HNO,; solution, while SrTiOQ, is
removed by a 7% HF solution. Only CeO, is not easily removable by an acid.
The problem of sample heating does not exist in chemical etching, but instead
the problem of undercutting arises. The etching process does not stop when the
material outside the resist stencil has been removed, but continues to etch away
the material under the stencil. As a result, the pattern in the film becomes
narrower than intended, typically by a couple of microns on each side.
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Linewidths less than about 5 pm can therefore not be patterned reliably with
an acid etch. For most of the work we have done, however, the method works
very well.

The last step in the patterning process, regardless of which of the methods
described has been used, is the removal of the photoresist stencil. When the
sample has been acid etched this can be done in ethanol using an ultrasonic
bath. When the sample has been ion milled, however, it becomes significantly
more difficult to remove the resist, and it is necessary to use acetone instead
of ethanol. Most likely, the milling process itself and/or the resulting heating
of the sample, induces changes in the resist, which makes it harder to remove.
As a matter of fact, we have used the degrce of difficulty encountered in the
resist removal as an indicator of possible damage inflicted on the sample in the
milling process.

3.2.2 Electrical characterization

The samples have been characterized electrically in the form of resistance-
versus-temperature measurements, and by I-V and V-¢ characteristics. During
the optimization of the deposition parameters, we have made extensive use of
structural characterization in the form of X-ray diffraction.

The resistance was measured as a function of temperature by a four point
measurement in a liquid helium dewar. The wires were attached to the sample
by pressed indium contacts. A fixea current was passed through the sample,
which was initially lowered and then slowly raised to allow the temperature to
increase. The voltage across the sample was measured with a HP 3478A
multimeter and the temperature was measured with a platinum resistor
connected to a Lakeshore Cryotronics DRC 82C temperature controlier. Both
of these instruments were interfaced to an IBM PC to facilitate datz2 recording
and manipulation.

The 1-V characteristics were recorded with the system shown in Figure 3.5.
The central component in the system is the I-V box. A function generator in
series with a variable resistor (100 Q-5k<) is used to generate an input current
1, to the box, which in turn generates an output current |, to the sample and
also a control voltage (marked V__)). This voltage is sent to the Y-input on the
plotter. The ratio between V__ and I, is either 100 Q or 10 kQ2 (selectable by
a switch). The voltage across the sample is amplified in the I-V box by a
factor of 10%, 10* or 10° (also selectable by a switch), before it is sent to the
X-input on the plotter. An oscilloscope is connected to the system in parallel
with the plotter to allow photographic recording of the I-V characteristic. The
temperature is varied by raising or lowering the temperature in a shielded
liquid helium dewar (u-metal shield).

This system can easily be reconfigured to record the V-¢ characteristic. In that
case the output current from the I-V box is fed to the field coil. This coil is
permanently installed in the probe and provides a variable magnetic field. The
bias current to the SQUID is provided by a battery in series with a variable
resistor. In this way the bias current can easily be adjusted to its optimum
value for a given temperature.
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Figure 3.5 The I-V and V-¢ characteristics were recorded with the system
shown here. In this figure the system is configured for I-V measurements.

3.2.3 Structural characterization

Samples with YBCO in combination with various dielectric layers were
characterized by X-ray diffraction in the form of 0-20 scans and ¢-scans as
described in Chapter 2. The experimental setup consisted of an Enraf-Nonius
Scintag model DMC-105 four-circle spectrometer and was physically located
in the Department of Geology at UC Berkeley. The X-rays (Cu K, radiation)
were produced by an X-ray tube (operated at 40 kV and 10 mA) in
combination with a graphite monochromator. The resolution of the
spectrometer reflected its primary use as an instrument intended to find the
general trends in the orientation distribution rather than the precise location of
reflections in a highly textured sample. The resolution, as determined by doing
scans on an MgO substrate, was 0.80° FWHM in the 0-20 scan (at 6=42.94°) and
1.28° in the g-scan. The spectrometer was interfaced to a computer controlling the
angles w, 26,  and ¢ via step-motors, and which was also used to store the data.
Table 3.1 below shows the 20 values and relative intensities for the most important
reflections for each of the materials we have used in the fabrication process. The
20 angles are given for Cu K radiation (A=1.542 f\). All four materials are cubic
with lattice parameter a=4.213 A, a=5.139 ;\, 2=3.905 A and a=5.411 A,
respectively, for MgO, YSZ, SrTiO, and CeO, (data taken from the Powder
Diffraction Files of the Joint Committee on Powder Ditfraction Standards).
YSZ is an acronym for Yttrium Stabilized Zirconia. The material consists of
Z10, with about 9.5 ¢ Y.O, added to it. The Y atoms are substituted for the
Zr atoms in the crystal structure, and stabilizes the cubic high temperature
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phase against transformation to the monoclinic phase™ found in pure ZrO, at
room temperature, and which has poor mechanical properties.

MgO YSZ StTiO, CcO,

hki| 26 |11, | nki| 28 |1, [ nki| 20 |11, | b1 ] 28 |14,

111 |36.96 10{111 |30.12] 100|100 |22.77| 12]111 }28.57 {100

200 |4294 | 100 {200 |34.92] 25[110 {32.43] 100 |200 [33.11 | 30

220 162.34§ 521220 [50.22] S5}f111 |3999] 30220 }47.52 SZJ

222 178.68 121222 162.63 61200 146.52] 50]222 |59.14

8
400 |94.11 51400 | 73.76 51220 |67.90] 25{400 |69.48 8|

Table 3.1 20 angle and relative intensity for the dielectric materials used as
substrate materials and seed and buffer layers. The 20 angles are based on Cu
K, radiation.

3.3 SQUIDs fabricated by the bi-epitaxial process

The first reports”’ of SQUIDs made from YBCO appeared already in the spring
of 1987, only a few months after the material had been discovered. These early
devices were made from post annealed films, a technique which is now known
to result in polycrystaline films. Because of the weak-link nature of high-angle
grain boundaries, SQUIDs can be made simply by patterning a loop intersected
in two places by such a grain boundary.

Ideally, one would like to be able to fabricate Josephson junctions by a process
whereby one has control over the junction parameters R, C and I, since certain
relationships between these parameters are desired for proper device operation.
The obvious way to achieve this control is to deposit and pattern cach
electrode and the barrier individually. However, since the high quality films
grow with the c-axis perpendicular to the substrate, and since the coherence
length along the c-axis™? is less than 10 A, the fabrication of such a sandwich
junction would require the ability to deposit a homogeneous, defect-free barrier
with a thickness of only a few A. This is not possible with the currently
available technology.

One of the alternative ways to fabricate junctions is based on the fact that
YBCO displays strong anisotropy in many of its materials parameters. In
particular, it is found that the coherence length is significantly longer in the a-b
plan: than along the c-axis. Typical values of a few tens of A have been
reported™* in the literature. This fact is exploited in the cdge junctions. This
type of junction is fabricated by depositing the barrier and counter electrode
over a patterned edge in the base electrode. In this way tunneling of Cooper
pairs parallel to the a-b planes is achieved. Several groups have reported on
junctions made in this way, using a variety of materials such as BaF,",
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StTiO,™, PBCO™ and even a non-superconducting phase of YBCO™ as
bo>riers. The best of these junctions display Shapiro steps under microwave
itradiation {Shapiro sieps are steps in the I-V cCharacterisiic that occur at
voltages V = n x (hf, / 2¢), where f, is the frequency of the microwave signal
and n is an integer. At f, = 3 GHz the spacing between the steps is 6.2 pV).
Also. they exhibit an I, versus B dependence closely approximating the
expected Frauenhofer pattern.

The IBM group has studied the properties of grain boundaries in YBCO
extensively™ by depositing YBCO films on bi-crystals. The bi-crystals are
made by cutting two single crystals of SrTiO; under a certain angle and fusing
them together again. The YBCO deposited on top will then be forced to form
grain boundaries with the same angle. They find that all grain boundaries in
YBCO (except boundaries smaller than a few degrees) act like weak links. In
continuation of this work they have fabricated junctions and SQUIDs’** and
achieved the lowest white noise level at 77 K reported to date (3x10* J/Hz).
Recently, there have been reports™* of SQUIDs fabricated on YSZ bi-crystals.
While it is evident that the bi-crystal technique is feasible and has produced
some of the best SQUIDs so far, it is also true that the fact that the junctions
have to be placed along the boundary between the two single crystals is a
severe limitation if one wants to fabricate more complicated circuits.

The bi-epitaxial process offers the opportunity to create a high-angle grain
boundary at will anywhere in an otherwise epitaxial YBCO thin film using a
simple single crystal substrate as the slarting point. The idea of this process
was triggered by the observation that YBCO displays two preferred in-plane
orientations on a YSZ substrate, depending on the temperature of the substrate
during deposition™. If the two in-plane orientations can be produced by
growing the film on a substrate, which is partially covered with a suitable seed
layer. then it becomes possible to create high-angle grain boundaries in YBCO
films using standard photo-lithographic techniques. This was first demonstrated
on a sapphire substrate using MgO as the sced layer™. Later, junctions with
improved properties were fabricated using SrTiO,, MgO and CeO. as base
iaver, seed layer and buffer layer’’. Because SrTiO, grows epitaxially on most
of the commonly used substrates, this set of materials greatly expands the
possibilities for junction fabrication on other more suitable substrates than
sapphire, which differs from YBCO in the magnitude of the thermal expansion
coefficient. In the remainder of this section we will describe our work on the
fabrication of bi-epitaxial junctions and SQUIDs on MgO and YSZ substrates.
During the development of a process it is necessary to deal with such questions
as: What are the optimum deposition parameters for each layer? How does the
patterning of the layers affect the quality of the subsequent layers? and how
does the edge created by the patterning of the seed layer affect the junction
quality?

3.3.1 SQUIDs on MgO substrates

From the cxperiments described in Chapter 2 we know that if the deposition
parameters are optimized, then both SrTiO, and YBCO align with the MgO
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substrate in th: a-b plane. Given e °stablished epitaxial relations between
SrTiO,;, MgO and CeO, (CeO, [110} parauc! to SrTiO, [100) and CeO, [100]
parallel to MgO [100}, from Ref. 37) and between YBCO and CeO, (YBCO
[110] parallel to CeO, [100}*) it is possible to obtain a 45° grain bov-idary
in the YBCO layer in a number of ways.

The simplest way involves onlv an MgO substrate with a CeO, seed layer
followed by the YBCO layer. However, high quality MgO substrates are
required for this scheme to work and furthermore, it is essential that the
patterning of the CeO, layer by ion milling does not inflict damage on the
MgO substrate surface. We tested this by breaking an MgO substrate in two
halves. One half was ion milled under typical conditions (beam voltage 500 V,
beam current density 0.8 mA/cm?) before the YBCO was deposited, whereas
the YBCO was deposited directly on the other half without the ion milling
step. The result of a partial X-ray ¢-scan on these two samples is shown in
Figure 3.6. Since the scan spans a range less than 90° we expect to see only
one pe=k if the film grows fully oriented ‘n the a-b plane.
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Figure 3.6 @-scans on YBCO (103) reflection for films deposited on a virgin
MgO substrate (iej,y) and an ion milled MgO substrate (right). Obviously the
ion r:illing step damages the substrate surface.

The scan on the left is from the sample which was not ion milled and is
essentially clean, meaning that there is no intensity other than the peak around
¢=90° (any deviations of the peaks in the g-scans from 90° or multiples
thereof is due to the fact that the alignment of the crystallographic directions
with the ¢-scale during the sample mounting is only approximate). The scan
on the right is from the ion milled sample and has a distribution of intensities,
with a signiiicam part of the film rotated 45°. Clearly, a substrate like this can
not be relied upon to impose a well defined in-plane orientation in a YBCO
film.

Another combination of materials which would resclt in high-angle grain
boundaries consists of an MgO substrate completely covered with a CeQ,
buffer layer, followed by a SrTiO, seed layer and the YBCO layer. This
combination is only slightly more complicated than the previous and it avoids
the exposure o: the MgO substrate to the patterning process. Unfortunately,
SrTiO; on CeO, grows with the (110) direction per-pendicular to the substrate
and thus the YBCO film on top will not be c-axis oriented.
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Figure 3.7 Sequence of epitaxial layers used to crecte the high-angle grain
boundary.

We are thus led to the combination of layers shown in Figure 3.7. In this case
S1TiO, is used as buffer layer for the MgO substrate, followed by MgO and
CeO, films to create the rotation in the YBCO layer. The CeO, layer is always
deposited before the patterning of the seed layers, although from the point of
view of obtaining the in-plane rotation, it is possible to deposit only the MgO
layer, pattern it, and then deposit CeO, and YBCO. We have tried this
approach, but without success, most likely because the MgO layer is damaged
by the exposure to the photoresist. After the patterning of the seed layers one
can choose to deposit a second CeO, layer (shown shaded in the figure) before
the YBCO layer, or one can put down the YBCO layer immediately, since both
procedures will result in the creation of a 45° grain boundary. Both schemes
work in practice, although we find that the inclusion of a second CeO, layer
gives more reliable results.

The successful growtn of 5 epitaxial layers requires careful tuning and control
of the deposition parameters. Several factors, such as substrate temperature T,,
oxygen ambient pressure Pg,, laser fluence and target to substrate distance,
influence the growth of a laser ablated film and thus the deposition of 5 layers
opens up a parameter space of more than 20 dimensions when also the
patterning step is included. However, the temperature T, and the oxygen
pressure Py, are more crucial than the other parameters and this fact greatly
simplifies the optimization process.

The Berkeley group has previously grown SrTiO; films for insulating
crossovers®, but at a relatively low temperature in order to minimize the
interdiffusion between the insulator and the base superconductor. In Figure 3.8
we show 0-28 scans for two SrTiO, films grown on MgO substrates. Each film
was grown at 150 mTorr oxygen ambient to a thickness of about 3000 A. The
scan on the left is from a film grown at a substrate temperature T,=760 °C,
while the scan on the right is from a film deposited at 710 °C. Clearly, the
film deposited at low temperature grows partly (110) oriented (the intensity of
the (110) peak is about 3.7 % relative to the (200) peak, indicating that 1.85
% of the film is (110) oriented), while the film grown at high temperature
appears to be fully c-axis oriented within the experimental error. We have
adopted T,=760 °C and P,,=150 mTorr as the standard conditions for the
deposition of SrTiO, on MgO.
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Figure 3.8 Left: SrTiO; film grown fully c-axis oriented at T,=760 °C. Right:
SrTiO, film grown at T,=710 °C displays partly (110) oriented growth.

We have not conducted any systematic studies of how to deposit MgO films
on SrTiO,. It is known from the literature*” that MgO films can be grown
epitaxially on Si by laser ablation at very low oxygen pressures (a few uTorr)
and at temperatures ranging from 400 °C to 600 °C. We have somewhat
arbitrarily adopted the parameters T,=600 °C and Py,=2 mTorr for the MgO
deposition. We have verified that these parameters lead to epitaxial growth of
the MgO by X-ray characterization of multilayers incorporating an MgO layer
(see later in this chapter).

Next we turn to the question of the deposition of CeO, on MgO. One way to
examine this wou.u be to grow a relatively thick CeO, film (~1000 A or so)
on MgO and then examine it directly by X-ray diffraction. However, for the
purpose of making bi-epitaxial junctions we are more interested in thin CeQ,
films. They need only be thick enough to cover the MgO films completely and
any excess thickness will merely increase the step height created during the
patterning of the seed layer. Also, it might be that the optimum conditions for
very thin films (~100 A) differ from those of thicker film.. We have therefore
chosen to optimize the CeO, deposition by growing very thin films of CeO,
followed by ~3000 A of YBCO and then e.amined the YBCO film. This
scheme requires of course that we know how to grow YBCO on CeO, . We
have adopted the parameters used for YBCO on SrTiO, and, as we shall sce,
this approach has given good results.

Since the all important pri.perty to control is the in-plane epitaxy, we have
evaluated the CeO, films by doing ¢-scans on the YBCO (103) reflection. In
Figure 3.9 we show @-scans for four films, where the CeO, was grown in 100
mTorr oxygen ambient to a thickness of about 100 A, followed by ~3000 A
YBCO at T,=760 °C and 200 mTorr oxygen. The temperature during the CeO,
deposition was 820 °C, 800 °C, 780 °C and 760 °C, respectively, in scans a),
b), ¢) and d). Given the epitaxial refations between MgO, CeO, and YBCO
mentioned earlier, we expect the peak from YBCO (103) to occur close to
¢=45° + nx90° (n integer), since the sample was mounted such that the MgO
(202) reflections occurred close to ¢=nx90°. The two samples deposited at 820
°C and 800 °C have a substantial part of the film misaligned. The two films
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deposited at 780 °C and 760 °C look much better; the film at 780 °C has a
narrower and more intense peak than the film deposited at 760 °C. We have
therefore fixed the deposition temperature of CeO, at 780 °C.
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Figure 3.9 These @-scans on the YBCO (103) reflection demonstrate how the
in-plane epitaxy of YBCO on CeO, buffered MgO depends on the substrate
temperature during deposition of CeO,. We have chosen T,=780°C as the
optimum temperature.

It is interesting to note in Figure 3.9 a) that there appears to be two sidelobes
displ..” "d approximately 14.5° from the main misaligned peak at ¢=180° (or
=30.5° from the aligned peak). We have noticed these sidelobes in several -
scans of YBCO on CeO, buffered MgO, most notably in a sample where the
CeO, was grown to a thickness of ~200 A at 795 °C in 100 mTorr oxygen
(data not shown). In that case the ¢-scan on YBCO consisted only of the main
peak at =135° and the two sidelobes, whereas the main misaligned peak at
¢=90° was completely absent. This behavior can be explained in terms of a
coincident site lattice model for CeO, on MgO (we are assuming that YBCO
always grows with the [110] parallel to the CeO, [100], regardless of the
relative orientation of MgO and CeO,). The basic postulate of this theory is
that if two interpenetrating lattices rotate with respect to each other, they will
choose the rotation angle such that points in one lattice coincide with points
in the other lattice. In practice, the lattice points do not coincide exactly. The
deviation from exact coincidence is measured by means of a misfit parameter
0, which is the relative difference in length between the two lattice vectors
defining the coincident site lattice. Specifically, for two c-axis oriented cubic
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lattices with lattice parameters a, and a, the misfit between lattice points with
in-plane Miller indices (h k,) and (h,k,) is:

8= Z(GNE +k, 'az\ﬂiz +E7)
auﬂix +k, *az\ﬂEz +E7)

The main misaligned peaks at ¢=nx90° are then explained simply by rotating
the CeO, 45° on MgO. The sidelobes arise because parts of the CeO, film
grows with its [610] direction parallel to the [650] direction of the MgO
substrate, giving rise to a rotation of 30.34° away from the aligned direction
with a misfit of only 0.03%. This configuration is illustrated in Figure 3.10,
where it is easily seen that the three white circles represent nearly coincident
lattice points. It would be useful if the deposition parameters could somehow
be adjusted such that the whole CeO, film would be fully aligned in this
particular direction, since this would allow the creation of grain boundaries
with misorientation angles of about 30°. Such a grain boundary would
presumably have better properties than the 45° grain boundary. We will return
to this point later.
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Figure 3.10 This figure shows the MgO and CeO, lattices rotated 30.34° with
respect to each other. Lattice points along the [610] direction in CeO,
coincide with points along the [650] direction in MgO with a misfit of only
0.03 %.

With the deposition temperature of CeO, fixed at 780 °C we continue our
optimization by varying the oxygen pressure. In Figure 3.11 we show ¢-scans
for YBCO films deposited on top of 100 A thick CeO, films. The CeO, was
deposited in 150 mTorr and 200 mTorr oxygen, respectively, in the scans on
the left and the right. Both these scans are essentially clean and they have
much more intensity in the main peaks than the scans in Figure 3.9, deposited
in 100 mTorr. It seems that the quality of the CeO, is strongly sensitive to the
oxygen pressure during deposition. The scan on the left has a slightly narrower
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peak and we have therefore adopted T,=780°C and P,,=150 mTorr as standard
conditions for the deposition of CeO, on MgO.

We have also tried to change the thickness of the CeO2 layer both to larger
and smaller values, but we did not improve the resulting YBCO film compared
to a CeO, thickness of 100 A.
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Figure 3.11 These two @-scans on YBCO (103) demonsirate how the in-plane
epitaxy of YBCO on CeO, buffered MgO depends on the oxygen pressure
during deposition of CeO, We have chosen P,.,=150 .uTorr as the optimum
pressure because it results in the smallest mosaic spread.

As menticned earlier, we find that the conditions for YBCO deposition on
STiO, (T,=760°C, P,,=200 mTorr) also work well for YBCO deposition on
CeO,. We have therefore not made any attempts to optimize them further.
Before proceeding to make actual SQUIDs, it is useful to check that the extra
processing required to pattern the sced layers does not destroy the in-plane
epitaxy of the subsequent layers. In Figure 3.12 we show two ¢-scans for
samples processed as an actual SQUID sample would be. In both cases we use
the (102) reflection rather than the stronger (103) reflection, because the
YBCO (103) reflection occurs at almost the same 20 and x angles as the
SrTiO; (101) reflection, but shifted 45° in ¢. Thus any intensity from
misaligned YBCO would be buried in the SrTiO,; (101) peak. The scan on the
left is from a sample which has been treated as the SQUID would be on the
left side of the grain boundary in Figure 3.7. StTiO;, MgO and CeO, is
deposited, photoresist is spun, baked and removed, and the second CeO, and
the YBCO layers are deposited. The scan on the right is from a sample where
StTiO; is deposited initially, the sample is then ion milled at S00 V,
0.8 mA/cm? for 1 minute, before the CeO, and YBCO layers are deposited. In
both scans we see that the main peak appears broadened compared to the best
scan in Figure 3.11, but there is no obvious signs of misaligned YBCO. Note
that the main peaks differ by 45° as expected. We thus conclude, that it should
be possible to obtain a high-angle grain boundary with the process described
above. This process is summarized in the Table 3.2 below.
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Figure 3.12 These two @-scans on YBCO (102) are recorded from samples
processed as an actual SQUID sample would be on either side of the grain
boundary. Note that the two peaks are shifted 45° in ¢ as expected.

Material | Temp. | Pressure Thic.kness Patterning
(°C) [(mTorr) (A)
StTiO; | 760 150 800 None
MgO 600 2 100 Ion milled at S00 V, 0.8 mA/cm?,
CeO, 780 150 100 60° to the normal for 2% minutes
CeO, 780 150 100 None
YBCO | 760 200 3000 Acid etched in 0.05% HNO,
Ag 20 1 1000 Shadow masked

Table 3.2 Summary of the fabrication process for bi-epitaxial SQUIDs on AMgO
substrates. The second, third and fourth columns give the substrate
temperature in °C, oxygen ambient pressure in mTorr and thickness in A,
respectively.

Regarding the ion milling of the seed layers, it is intuitively clear that we
should not mill longer than necessary to remove the CeO, and MgO layers.
The sample can be mounted in the ion mill in two orientations, one with a 60°
angle between the beam and the substrate normal and one with a 75° angle.
The mill rates are about the same for all the dielectric films and have been
measured to be ~200 A/s and ~100 A/s for the two angles, respectively, under
the standard conditions 500 V beam voltage and 0.8 mA/cm’ beam current
density. With a total thickness of 200 A for the CeO, and MgO layers, a
milling time of 2' minutes at 60° to the normal (corresponding to the removal
of ~500 ,7\) appears a bit on the high side. However, we have noted that the
mill rates can fluctuate as much as 25% under apparently identical conditions
and we have therefore chosen to be on the safe side, since there is no way to
tell whether all of the MgO has been removed, other than to complete the
sample and test it. The thickness of the SrTiO, buffer layer is chosen such that
we can be sure that we do not mill through it.
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In some of the SQUID samples the seed layers have been patterned by ion
milling at 75° to the normal for 4'% minutes, correspondine to the removal of
-450 A. Presumably, this leaves a more shaliow edge which should make it
easier for the subsequent layer to climb over it while maintaining the in-plane
epitaxy. However, we have not noted any differences in the SQUIDs, which
could be traced to the angle of incidence during ion milling.

After the YBCO layer has been patterned into the SQUID pattern by acid
etching, the sample is completed by depositing ~1000 A of Ag in 1 mTorr
oxygen ambient at room temperature through a shadow mask to form contacts.
After this step the sample is ready for testing. Each SQUID sample has four
SQUIDs on it with junction widths 10,20,30 and 40um.

Grain
+«— boundary

dI: |

— W — ¥

Figure 3.13 The square washer SQUID design. The pattern is aligned such
that the edge of the seed layers coincides with the dotied line.

We have used the square washer design developed by Jaycox and Ketchen®!
for all our SQUIDs. This design is shown in Figure 3.13. The washer with
outer dimension w has a square hole in it with dimension d. The junctions sit
at the end of a slit on the outside of the washer, away from the high field
region around the center hole. The inductance for a square washer with no slit
has been calculated numerically to be 1.25n,d for w>2d. In many cases, the
inductance associated with the slit is the dominating contribution to the total
inductance of the SQUID. The slit presents the junctions with a co-planar
structure of inductance %2 l, where 1 is the length of the slit. In our case d=25
pm, w=250 pm and I=113 pum. This gives an inductance of 40 pH for the
washer and 71 pH for the slit. A lower boundary on the inductance of the
junctions can be estimated from the small signal value of the Josephson
inductance L, for bias currents below I,. In that case L;=h/(2el cosd,). Taking
the minimum value for 8,=0° and using 1,=20 pA, we find L;=16.5 pH per
junction, giving a total SQUID inductance of 144 ptl.

In Figure 3.14 we show 1-V characteristics in the form of photographs taken
from the oscilloscope for one of the best samples we have made. The 1-V

Ris#-R-642(EN) 75



characteristic on the lett was recorded at 4.2 K and shows a critical current
of 140 nA and a normal state resistance of 1 Q. The characteristic on the right
was recorded at 51 K and shows [=35 pA and R =1 Q. Note that this
characteristic already shows clear signs of noise rounding, i.e. the tangent of
the characteristic has a finite slope at I=I;. The noise parameter I' is 0.0013 and
0.06 in the two cases, respectively. The SQUID exhibits modulation in the V-¢
characteristic for temperatures up to 80 K, but it is impossible to detect any
critical current in the I-V characteristic at these high temperatures. This is
understandable, since the noise parameter is 0.81 at 77 K, a number far higher
than the value of 0.2, which by computer simulations has been found to be an
upper limit for the observation of quantum interference. The number I'=0.81
is calculated from the fact that the peak-to-peak voltage in the V-¢
characteristic is maximum for 1;=4.0 pnA and thus the critical current is about
2.5 uA. As a final comment on the I-V characteristics we note that they show
signs of excess current, ie. the tangent of the I-V characteristic at high
voltages intersects the 1-axis at a finite current rather than passing through the
origin, as expected for a SIS junction. The excess current is due to elastic
Andreev reflections*’ of quasiparticles, as they try to pass from the normal
metal like interior of the junction into the superconducting electrodes. This
phenomenon is not observed for perfect SIS junctions because quasiparticles
can not exist in the insulating layer. Our junctions must therefore be of the
SNS type or, most likely, they consist of a mixture of SNS and SIS regions (S,
I'and N refer to superconductor, insulator and normal metal, respectively).

Figure 3.14 Left: I-V characteristic at 4.2 K. X-axis: 100 pV/iem. Y-axis: 100
#A/em, Right: I-V characteristic at 51 K. X-axis: 50 uVicm. Y-axis: 50 uA/cm.

In Figure 3.15 we show V-¢ traces from the plotter for temperatures close to
77 K. In each trace the bias current was adjusted to give maximum peak-to-
peak voltage. The modulation is visible for temperatures up to 80 K. From the
spacing AB of the maxima it is possible to determine the effective area A, of
the SQUID through the relation ABA ,=¢,. We find AB=2.5x10" T and thus
A=8.2x10" m?, The physical size of the hole in the washer is 2.6x10° m?,
giving a flux focussing factor (the effective area relative to the physical area)
of 3.15. The flux focussing capability of the SQUID is a manifestation of the

76 Risp-R-642(EN)



Meissner effect. This number is somewhat lower than what we usually see in
our SQUID samples. The lower vaiue is due to the fact that this particular
SQUID is part of a magnetometer with a defunct flux transformer and thus part
of the area is screened by the windings in the coil.

B HHE B
R HEE Giat) W Hel HESH SR} FEERY PP ELOOY HeH (1191 1

Figure 3.15 V-¢ characteristic for temperatures close to 77 K. The four traces
are recorded at (from the bottom) 76 K, 77.5 K, 79 K and 80 K with bias
currents I[;=4.8 uA, 4.0 nA, 3.6 nA, and 3.0 uA, respectively. X-axis: 1.1x107
T/em. Y-axis: 1uV/cm.

In Figure 3.16 we show the result of a noisc measurement performed at 4.2 K
on a sample similar to that shown in Figures 3.14 and 3.15. The figure shows
the RMS value of the flux noise, both when the SQUID is operated in the
ordinary flux locked loop and when the double modulation technique is
employed. In the flux locked loop the noise displays a 1/f behavior for
frequencies up to 1000 Hz. When the double modulation is employed, the flux
noise is reduced by a factor of about 3 at low frequencics, and the cross-over
to the white noise level seems to take place around 100 Hz. This reduction is
equivalent to a reduction by one order of magnitude in the noise energy and
demonstrates that critical current fluctuations dominate the 1/f noise in this
type of SQUIDs, at least at 4.2 K. From the measurement in the double
modulation mode the white noise level is found to be 2x10° ¢,/Hz". With a
SQUID inductance of 144 pH this corresponds to a white noise energy
£,=5.9x10 J/Hz. This particular sample has I,=100 pA and R =1 Q at 4.2 K
and thus k,TL/R=8.3x10" J/Hz, a factor of 700 less than €,. However, the
SQUID is far from optimized for white noise, since f=2LI/$,=13.9 at 4.2 K.
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Figure 3.16 RMS value of the flux noise at 4.2 K from a bi-cpitaxial SQUID
measured in the flux-locked loop mode of operation and with the double
modulasion technigue using a bias current reversal frequency of 2 kH:.

To put things in perspective, we compare in Figure 3.17 the RMS value of the
noise in our SQUID to the bi-crystal SQUID fabricated by the IBM group
feported in Ref. 32. For our own SQUID we have used the data for the
measurement in the flux focked loop, while for the IBM SQUID we have used
£,=3x10?" J/Hz and cross-over frequency 78 kHz. Note that the data for the
IBM SQUID are recorded at 77 K. Also shown for comparison are the noise
fevels in commercial and state of the art DC low T, SQUIDs. Unfortunately,
we do not have data for the IBM SQUID at 4.2 K (or for our SQUID at 77 K),
but the 1/f noise is undoubtedly significantly lower at this temperature. The
dotted line indicates the expected white noise level in our SQUID at 77 K,
assuming that the noise energy scales with temperature as discussed in section
3.1.3. The reason for the better performance of the IBM SQUID it most likely
due to the different nature of ihe grain boundaries created in the bi-epitaxial
and bi-crystal processes. Kawasaki® et al have performed noise measurements
on bi-crystal junctions and found that the magnitude of the relative critical
current fluctuations d1y/1, and the relative resistance fluctuations dR/R are about
the same. This is expected for a homogeneous tunnel junction, since in that
case the probability of tunneling is the same for quasiparticles and Cooper
pairs. Miklich'® et al have performed the same kind of measurement on bi-
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epitaxial junctions and found that 81,/1,>>0R/R. They explain the data with a
model of the junction consisting of a Jarge number of filaments, all having the
same conductance o, but only one of which (or a few) support a critical
current.

1 0—26 T

IBM 77 K

_28 BERKELEY 77 K
w2 NN - =

BERKELEY 4.2 K

COMMERCIAL 4.2 K\

<~ 1

e(f)— (J/Hz)
P
4

10—32 - _
LOW NOISE 4.2 K
L | 1
10° 102 10* 108

FREQUENCY (Hz2)

Figure 3.17 Comparison of the noise level in our bi-epitaxial SQUIDs with a
SQUID from the IBM group based on bi-crystal junctions, measured at 77 K
and having the lowest level of white noise reported to date at this temperature.
The broken line indicates the expected white noise level of our SQUID at 77 K.
Also shown for reference is the noise in commercial DC SQUIDs (based on
loxw T_materials) and in a state of the art low T, DC SQUID* having a white
noise encrgy of only Sh.

This picture of the junctions arises if one considcrs what happens as the angle
of the grain boundary is increased from 0° to 45°. The creation of the
boundary leads to the formation of dislocations along the boundary. This is
illustrated in Figure 3.18. Initially, as the angle is very small, the distance
between the dislocations is large and thus they have negligible effect on the
current carrying capability of the boundary. However, when the angle
approaches 45°, the spacing between the dislocations becomes comparable to
the coherence length, and the junction properties will then be determined by
the nature of the dislocations. If their spatial extension in the direction
perpendicular to the grain boundary is comparable to the coherence length,
then most of the dislocation cores will still support a super current. However,
if onc imagines that the extension of the cores is increased further, then the
probability that they will still carry a supercurrent decreases rapidly, as they
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become larger than the coherence length. The difference in homogeneity
between bi-crystal and bi-epitaxial junctions can be explained by assuming that
the former scenario is true for the bi-crystal junctions, while the latter is true
for the bi-epitaxial junctions.
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Figure 3.18 This figure shows the arrangement of the atoms in the a-b plane
on either side of the grain boundary in the two cases where the angle of the
boundary is 10° (left) and 45° (right). Clearly, the density of dislocations
(black dots) is higher for large angles than for small angles.

The discussion above should make it clear why it is desirable to be able to
fabricate grain boundary junctions with angles less than 45°. If, for instance,
the angle is only 30°, as mentioned in the discussion of the optimization of the
CeO. deposition, the spacing between the dislocations would be larger, and the
coupling between the two sides of the junction would not be completely
dominated by them.

Another possible explanation for the relatively poor performance of our
SQUIDs is that our films have higher levels of flux noise. During the
optimization of the deposition parameters this property of the films has not
been taken into account, partly because it is a very tedious task if one wishes
to do it systematically. However, from measurements performed at UC
Berketey on films fabricated by other groups, we know that the flux noise in
our films on MgO buffered with SrTiO, is relatively high*'. This fact was the
primary motivation for taking up SQUID fabrication on YSZ substrates, as we
shall describe in the next section.

3.3.2 SQUIDs on YSZ substrates

There are other important reasons for developing a SQUID process on YSZ
substrates besides the wish for lower flux noise in the YBCO films. It is
known from studies of the in-plane epitaxy of YBCO on MgO (like those
described in Chapter 2) that often a significant fraction of the superconductor
grows misaligned with respect o the substrate, thereby reducing the critical
current density. This unfortunate feature is generally attributed to defects in the
substrate surface. These defects are in some cases present already at the time
when the substrates are delivered from the supplicr, or they develop over time
as a result of MgO being hygroscopic, even if the substrates are stored in a
desiccator. We have also observed these misalignments in some of our films
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deposited directly onto MgO. We have tried to anneal the substrates for several
hours at 1100°C before the deposition, but this approach did not solve the
problem. Neither did an attemy.. to deposit YBCO at higher temperatures than
760°C.

For some applications, such as flux transformers, a modest level of defects is
tolerable, sirce the critical current density of the superconductor in this case
is limited by the disorder introduced by the patterning of the layers, rather than
by defects in the film itself. However, for bi-epitaxial SQUIDs, where the
requirements of the in-plane epitaxy are much more s'ringent, it becomes of
piramount importance to eliminate defects as much as possible. Since the
defects originate in the substrate rather than as a result of the processing, it
becomes necessary to look for some other suitable substrate.

The obvious choice would be to use SrTiO;, since this substrate displays
a'most perfect lattice matching to YBCO. However, it is also one of the most
expensive substrate materials. We have therefore chosen to use YSZ in
combination with suitable buffer layers. The need for buffer layers is obvious,
considering that the in-plane orientation of YBCO on YSZ depends on the
depusition temperature, as already mentioned. The first candidate that comes
to mind is again SrTi0,. We have not used this material, however, for fear that
it might also display a temperature dependent in-plane orientation. Instead we
have followed an approach first described by a group at Los Alamos (Ref. 38)
and used CeO, as the primary buffer layer. Since we want to use the same
materials for the seed layers as before, we have to be able to deposit SrTiO,
epitaxially at some point. As mentioned earlier, SrTiO; on CeO, grows (110)
oriented, but by using PrBa,Cu, 0, (PBCO) as an intermediate buffer layer,
SrTiO, can be made to zrow (100) oriented. The basic design of the process
then becomes as in Figure 3.7 with the MgO substriate replaced by a YSZ
substrate with CeO, and PBCO bufter layers.

We are now faced with an optimization problem similar to that encountered in
the fabrication of SQUIDs on MuO substrates, hut this time with even more
parameters because of the increased number of layvers. Luckily, for some of the
parameters it is possible to make good guesses, at least as a  first
approximation. For instance, since the YBCO and PBCO differ by only one
atom in the unit cell, it makes sense 10 use the same parameters for these two
materials.

Initially, we investir~red the growth of CeO, on YSZ simply by growing it to
a thickness of abc "% A in 150 mTorr and at the three temperatures 780 °C,
810 °C and 840 “C. The f{ilms were examined by X-ray 0-20 scans (data not
shown). In all three cases the film grew (100) oricnted, with no signs of the
(111) reflection, which is the most powerful powder ditfraction peak. The full
width at half maximum for the (002) reflection was significantly smaller for
the sample deposited at 810 °C than for the other two. We have therefore fixed
the parameters for the first CeO. layer at T =810 °C and P,.=150 mTorr. Note
that this is 30 °C higher than for CeO. grown on MgO,
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Figure 3.19 R(T) for two samples of YBCO on a YSZ substrate with CeO,,
PBCO and SrTiO, as buffer layers. The YBCO, PBCO and SrTiO, were depo-
sited at T,=760°C (left) and at T,=780°C (right).

We now turn to the question of the next two buffer layers, PBCO and SrTiO,.
In both cascs we have used the parameters from the deposition on MgO as
initial guesses, i.e. T,=760 °C and P,=200 mTorr for PBCO (same a; YBCO)
and T,=760 °C and Py,=150 mTorr for SrTiO,. Since we want id grow these
two layers relatively thin, we have evaluated them by growing a YBCO layer
on top and characterized it. In Figure 3.19 we show R(T) for two samples. On
the left the PBCO, SrTiO, and YBCO were grown at 760 °C; on the right they
were grown at 780 °C. In both cases the oxygen pressures were 200 mTorr,
150 mTorr and 200 mTorr for the three layers, respectively. Clearly, the
sample on the right has the higher T, (89 K versus 85 K) and the narrower
transition. In Figure 3.20 we show 0-26 and ¢-scans for this sample. The 6-20
scan is coansistent with the YBCO film being c-axis oriented, although the
strong (103) reflection from YBCO coincides with the CeO, (200) peak. These
two reflections are 0.40° apart in 260, but as mentioned earlier, the resolution
of the spectrometer is only 0.80° in 6-20 scans. The ¢-scan on the YBCO
(102) has only one peak in the 90° range shown, indicating that the film is
fully aligned in the a-b plane. The ¢-scan is performed on the YBCO (102)
rather than the YBCO (103) to avoid coincidence with the SrTiO, (101) and
the PBCO (103). The relative orientation of the YBCO film with respect to the
substrate was determined by locating the YSZ (202) reflection. It was found
at @=142°, indicating that the YBCO is rotated 45° with respect to the
substrate because the YBCO (102) refiection occurs at ¢=97°. This means that
CeO, aligns with YSZ and the PBCO in turn rotates 45° on CeO, . SrTiO, and
YBCO align with PBCO because of the lattice match. We have thus
demonstrated that good quality YBCO can be grown on YSZ with CeO,,
PBCO and SrTiO; as buffer layers.

Next we discuss the deposition of the seed layers MgO and CeO, on top of the
buffer layers. For the MgO deposition we have simply adopted the same
parameters as in ihe previous section, because MgO does not appear to be
particularly sensitive to T, or P,. For instance, we have depusited MgO at
T,=600 °C and T,=650 °C and at Py,=2 mTorr and P,=5 mTorr with no
discernible difference in the outcome.
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Figure 3.20 8-20 scan and @-scan on YBCO (102) for the sample whose R(T)
curve is shown in Figure 3.19, right. The<e scans demonstrate that the film
grows c-axis oriented and with good in-plane epitaxy.

For the CeO, deposition we have kept the oxygen pressure ccnstant at P,,=150
mTorr and varied the tenmiperature in the range 770 °C to 810 °C. Again,
because we want to grow the seed layers thin, we have e¢valuated them by
growing YBCO on top and measuring th:: R(T) curve and the ¢-scan. Because
of the poor resolution of the X-ray spectrometer we have noticed that
sometimes the YSZ (111) shows up in the ¢-scan on YBCO (102), even
though they are about 0.8° apart in 26. The distance in y-angle is about 1°, but
as usual the resolution in this dircction is ew<¢n worse. At this point it is useful
to recall that when we grow all six 'ayers on top of each other (CeO,, PBCO,
SrTi0,, MgO, CeO, and YBCO) we expect the YBCO to be aligned with the
YSZ substrate and to be rotated 45 with respect to the PBCO and SrTiO,
layers. Any 45° misaligned YBCO will therefore coincide with the YSZ (111)
if we do the ¢@-scan on YBCO (102). However, if we do the ¢-scan on YBCO
(103), the misaligned YBCO will coincide with PBCO (103) and SrT:iO, (101).
There are no other options, because the YBCO (102) is the only reflection
which does not coincide with a SrTiO, reflecticn and at the same time has
sufficient intensity. We have chosen to use YBCO (103) for the ¢-scan, since
the intensity of the YSZ (111) depends on the alignment of the sample during
mounting and thus varies from run to run, making any comparisons impossible.
The approach then is to do the ¢-scan on YBCO (103) and compare the two
peaks that show up, in the hope that it is possible to see a change in their
relative intensities as the depositicn parameters are varied. In Figure 3.21 we
show ¢-scans for twe samples where the upper CeQO, layer was deposited at
770 °C and 810 °C, respectively, together with the R(T) curve for the YBCO.
The YSZ (202) occurred at ¢=91° ond ¢=273°, respectively, in the two scans.
The iwo peaks at p=46° and ¢=317° can therefore be identified s coming
from the StTiO, and PBCO layers, or possibly from misaligned YBCO.
Clearly, the peak is relatively much smaller for the sample where the CeO, was
deposited at 810 °C. This trend is confirmed by the measurements on a sample
with T,=790 °C during the CeO, deposition (data not shown). In that case the
relative size of the peak was in between the two cases shown in Figure 3.21.
Since also the R(T) curve is better for the sample deposited at T,=810 °C, we
chose this temperature for the deposition of the u.per CeO, layers.

Risp-R-642(EN) 83



4000 (—v—p————— r—r—— 04— —r— —

Y8Co (103)

o
]
T

0 1.=770 C ]

20001 5770, (101) ]

RESISTANCE (n)
(-]
~N
T

INTENSITY (CTS/SEC)

I PBCO (103) :
L
1000{~ L E 0.1 1,=770 C p
ok =k S aal .\ L
40 0 80 190 120 50 100 150 200
PHI TEM7ERATURE (K)

7000 —— —r—r T T 25 T T ]
6000 {- 3 20k
3 = f
» 5000 - - c .
B F w 1.5F
55 4000 |- Ts=810 C 4 e I
L 3 F
& 3000 | ] 1o
2 wook 7|

2000 |- 3 ‘ L ]

£ osh T=810 C ]
ot L :

9 00k L A ]

e . . 50 100 150 200

260 267 300 320 340
PHI TEMPERATURE (K)

Figure 3.21 @-scan on YBCO (102) and R(T) for two samples consisting of all
six layers (CeO,, PBCO, SrTiO,, MgO, CeO, and YBCO on YSZ). The upper
CeO, layer was deposited at 770 °C in the two top graphs and at 810 °C in
the two bettom graphs.

We have not changed the way the patterning of the seed layers is performed
and the SQUID process on YSZ can thus be summed up as in Table 3.3 below.
It is interesting to note that the layers are deposited 20 °C to 30 °C hotter in
this case compared to the MgO substrates. One possible explanation is that the
emissivity of YSZ is higher than that of MgO, and thus the actual surface
temperature for a given temperature of the substrate holder is lower for YSZ
than for MgO.

In Figure 3.22 we show V-¢ traces for one of the best SQUID sampies we
have made on YSZ. This particular trace was recorded with the sample
immersed in liquid nitrogen. The curve was recorded with 1;=7.4 pA, which
gives a maximum peak-to-peak voltage of 0.85 pV. This number is comparable
to the result from the SQUIDs cn MgO at this temperature. We can determine
the effective area of the SQUID in the same way as before and we “nd
A.=1.98x10® m% The physical size of the hole is the same as for the SQUID
on MgO. The flux focr . ing factor i3 thus 7.6.
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Figure 3.22 V- characteristic for a SQUID sample on a YSZ substrate
recorded with 1,=7.4 uA at 77 K. X-axis: 1.1x107 T/cm. Y-axis: 0.5 uV/cm.

Material | Temp. | Pressure | Thickness | Patterning
(°C) | (mba) | (A)

CeO, 810 150 100 None
PBCO | 780 200 100 None
StTiO, | 780 150 800 None
MgO | 600 2 100 lon milled at 500 V, 0.8 mA/cm’
CeO, | 810 150 100 |at 60° to the normal for 2% min.

CeO, 810 150 100 None
YBCO | 780 200 3000 Acid etched in 0.05% HNO,
Ag 20 1 1000 Shadow masked

Table 3.3 Summary of the fabrication process for bi-epitaxial SQUIDs on YSZ
subsirates. The second, third and fourth columns give the substrate
temperature in °C, oxygen ambient pressure in mTorr and thickness in A,
respectively.

In Figure 3.23 we show the spectral density of the flux noise for a bi-epitaxial
SQUID on a YSZ substrate measured at 4.2 K using the flux locked loop mode
of operation. This measutement was performed at Physics Laboratory I at the
Technical University of Denmark using an experimental setup which is
essentially identical to the equipment at UC Berkeley. Note that the Y-axis is
calibrated in voits with 1 V corresponding to ¢,. We have indicated the noise
level at 10 Hz and 500 Hz in the figure; since the cross-over frequency
between the 1/f noise and the white noise appears to be fo.ated between 300
Hz and 400 Hz, the noise at 10 Hz and 500 Hz is indicative of the 1/f and
white noise levels, respectively. By comparing to Figure 3.16 we find,
somewhat to our surprise, that the 1/f noise in the SQUID on the YSZ
substrate is higher than the 1/f noise in the SQUID on MgO by a factor of
about 3.5 (S,” (10 Hz) = 5.9 x 10 ¢,/ Hz" on YSZ versus 1.7 x 10°* ¢, / HZ"
on MgO). Since the measurement was p2rformed using the flux Jocked locp
technique, it is reasonable to assume that the dominant contribution to the 1/f
noise comes from critical current fluctuations, just as in the case of the SQUID
fabricated on MgC, where we found that the noise could be reduced by a
factor of three by using the double modulation technique. 1f we assume that the
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critical current fluctuations are of the same magnitude in the two cases (this
is the best we can do since we do not at present have access to the double
modulation technique at the Technical University) then these results suggest
that the flux noise is actually higher in films deposited on buffered YSZ than
in films deposited on buffered MgO. Finally, regarding the white noise level
we find that S,* (500 Hz) = 1.6 x 10* ¢yHz" in the YSZ sample versus
2.0 x 107 §,/Hz"* in the MgO sample, i.e. the noise is 8 times higher in the
YSZ sample. This difference is partiaily explained by the fact that the normal
state resistance is 3 times lowe. in the YSZ sample (the white noise level is
inversely proportional to the normal state resistance).

A: MATH 6§27/1 RMS: 1000
-60 ' .
dB (V) : : ' _
© S (I0HZ)=5.9 x 107 g/ HZ® -0 SRR :
3
dB

701V . : : W

-ga . .
START: 10 Hz BW: 3.7S Hz SToP: i 010 Hz

Figure 3.23 The spectral density of the flux in the SQUID sample on YSZ. The
Y-uxis is calibrated in volts with -60 dBV corresponding to 10° ¢, | Hz".

After the noise in the YSZ SQUID was measured we have been informed that
the Berkeley group has measured the flux noise in YBCO films deposited on
buffered YSZ substrates. They find that at 77 K the noise is typically 103
¢, / Hz". This is to be compared with flux noise measurements on films on
buffered MgO, where they previously have found values in the range 10 to
10? ¢, / Hz" in several films measured at temperatures around 60 V. Although
the temperature dependence of the flux noise is very sample dependent (the
noise can go either way with increasing temperature), these numbers suggest
that the flux aoise is not smaller in films on YSZ than in filins on MgO. Thus,
we have to conclude that buffered YSZ is not better suited than buffered MgO
for the fabrication of quiet SQUIDs,

It is reasonable to assume that the flux noise is refated to the strength of the
flux pinning in the films. Since also the critical current density i -~laicd to the
flux pinning, it might be useful in future work to investigate how J. changes
when various buffer layers are deposited on a given substrate material, before
one sets out to develop a bi-epitaxial process for this particular substrate,
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3.4 Magnetometers

In this section we will describe our work on the tabrication of an integrated
magnetometer, i.e. a SQUID and a flux transformer combined on the same
substrate. Before going into the details of the fabrication process, we will
briefly justify the need for flux transformers.

If one compares the magnitude of the biomagnetic signals with the field
sensitivity of a bare SQUID, it becomes apparent that even the most quiet
SQUIDs can not detect the weakest of these signals. The most sensitive
SQUIDs made to date have equivalent flux noises on the order of 10° ¢,/Hz"
in the white noise region with an effective area of a few times 10° m’. This
places their field sensitivity around 1 pT/Hz”", corresponding to the level of the
magnetic signal from a fetal heart, but about one order of magnitude above
even the strongest signals from the human brain*. The field sensitivity can not
be increased by increasiag the area of the SQUID, since this will lead to higher
loop inductance, reduced transfer coefficient and higher equivalent flux noise.
One is thus led to the idea of using an external device to focus more flux into
the SQUID loop.

The flux transformer consists of a pick-up coil with inductance L, in series
with an input coil L. The input coil is placed in close vicinity to the SQUID,
which has inductance L. Flux is then coupled to the SQUID via the mutual
inductance M=a(L,L)", where a is the c- “iing . stant. Assume that a flux
¢, is applied to the pick-u) loop. This will induce - _urrent I=¢,/(L +L)) in the
flux transformer. Consequently, the tlux coup < to the SQUID will then be
¢,=MI=(1¢,(L,L,)"“/(LP+L,). Fora given L, the maxirmum flux transfer ¢,/¢, will
be rx(L,LP)“ /2L, for Li=L_. w1 practice the pick-up cail has a very large area
compared to the * 1t coil. and it is necessary to let the input coil have several
turns to satisty L=1,. The inductance of the input coil L, depends on the
coupling to the SQUID. [Ihe tightly coupled case has been treated by
Ketchen®’. He finds that L=n’L,, where n is the number of turns on the input
coil. With L,=Lp=n2L, the maximum flux transfer is ¢,/¢,=c/2n. For a five turn
input coil (as we have used) one then finds that at most 109 of the flux
applied to the pick-up loop is coupled into the SQUID joop. However, if one
considers the field density by putting ¢=BA_ and ¢,=B,A,, one finds
B./B,=(A/A.) (/2n). With typical numbers A =1 cm’ and A,=10" m?, this
suggests that it should be possible to increase the field sensitivity compared to
a bare SQUID with a fartor of up to 1000 (for a=1). This opens up the
possibility to detect the .ull range of biomagnetic signals, including the
weakest signals from the brain.,

In practice it is necessary to screen the magnetometer from outside sources
such as fluctuations in the earth's magnetic tield, power lines etc., since they
easily excced the biomagnetic signals by several orders of magnitude. One way
to make the magnetometer less sensitive to outside sources is to change the
geometry of the pick-up loop, such that it consists of two equal area loops
wound in opposite directions. The resulting device is called a gradiometer,
since it is sensitive to gradients of the magnetic field, but not to spatially
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homogeneous fields. The magnetic field from any source varies more rapidiy
with distance close to the source than far away from it. The gradiometer will
thus be much more sensitive to the signal source close to it than to the noise
source far away from it. This is one more good reason to consider coupling a
superconducting flux transformer to the SQUID, since a dc gradiometer can
only be fabricated in this way.

From a fabrication point of view, the easiest way to achieve a magnetometer
is to fabricate the SQUID and the flux transformer on separate substrates and
then couple them together as closely as possible. This flip-chip bonding
technique is well known from the low T, materials and it has also be¢
demonstrated in the high T materials®. The main drawbacks of the technique
are that the coupling is less than optimal because it is necessary to insert a
sheet of mylar between the two components in order to isolate them from each
other electrically and also, the input coil and the SQUID body have to be
aligned to within a few microns; this can be a very tedious process indeed.
Both of these drawba.Xs are eliminated if one c:. .oses to fabricate both
components on the same substrate, as we have done. The coupling is then
limited only by the thickness of the insulating layer, which can be contlled
in the fabrication process. The alignment _roblem is virtually eliminaied, since
it is transferred to the mask aligner, where it car be done very ¢asily compared
to the flip chip case. The price one nas to pay for this convenience is the
added complexity of the combined device, and thus a greater risk of
malfunction due to the extra processing steps.

For topological reasons it is necessary in thin film technology to fabricate coils
as spirals . This jeads to the problem of how to make contact from the inner
to the outer turn of the coil. It can be done by connecting them via a cross-
over or a cross-under as shown in Figuvre 3.24 (gray shaded pattern), i.c. it is
necessary to use two superconducting laye.s separated by an insulator. There
are several requirements to be satisfied by the insulating material. The most
important of these is that it has to be abie to support epitaxial growth
throughcut the tri-layer; in particular, the top YBCO layer should be able to
grow eoitaxially on the insulator. Also, the insulator should be able to
withstand the substrate teniperature during the deposition without diffusing into
or reacting chemicaily with the superconductor, and it should be possible to
pattern it using standard photolithographic processes.

Potential candidates for the insulating layer include SrTiO,, CeO, and MgO.
However, as we have seen in the development of the SQUID pracesses, MgO
requires a buffer layer to protect it from the photeresist during the patterning.
Of the remaining two materials, CeO, is the most attractive, hecause SrTiO,
with its high diclectric constant will add capacitance to the junctions in the
SQUID and this might place them in the hysteretic regime. We have therefore
tried to develop a process for crossovers and interconnects using CeO, as the
insulator. It is known from earlier work that SrTiO, will work as insulator for
flux transformers for flip chip arrangements (Ref 39).
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Figure 3.24 The flux transformer consists of a large area pick-up loop in
series with a multi-turn input coil. The vsner turn of the input coil is connected
10 the pick-up loop via the cross -under (shown gray shaded).

During the development of the process we= fabricated samples consisting of
three layers as shown in Figure 3.25. Initially, we deposited the bottom YBCO
layer, which we patterned into a 100 um wide stripe, with a pad at each end
for contacts. Next, we deposited the insulating layer through a shadow mask
so as not to cover the pads in the bottom layer. We then ion milled two holes
(50x30 pum®) through the insulator down to the bottom YBCO layer. The
samples were completed by depositing the top YBCO layer and patterning it
into four stripes with pads. Two of the stripes made contact to the bottom
YBCO layer through the holes (windows) in the insulator, while the other two
«id not. In this way it is possible to check whether there really is contact
between the two superconducting layers through the windows and insulation
between them at the crossovers.

Initially, it is useful to check the growth of CeO, on YBCO. In Figure 3.26 we
show a 0-20 scan for a sample consisting of 3000 A of YBCO on an MgO
substrate, {ollowed by 5000 A of CeO,. All the peaks can be identified as 7. W)
peaks from either YBCO or CeO,. In particular, there is no sign of the CeO,
(111) reflection at 8=28.6°. Since we already know from the SQUID processes
that YBCO grows c-axis oricnted on CeO, we conclude that it should be
possible to grow a YBCO/CeO./YBCO tri-layer with the c-axis perpendicular
to the substrate for all three layers.
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Figure 3.25 Schematic showing the layout of the interconnect samples used to
develop the process for flux transformers. The horizontal stripe is deposited
first. Next comes the insulating layer (shown dark shaded) with the two
windows, and finally the four vertical top stripes. The top and bottom stripes
make contact through the windows.
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Figure 3.26 0-20 scan for a sample with CeO, on YBCO on a MgO substrate.
The scan indicates c-axis oriented growth for both layers.

Next we turn to the question of how the patterning of the bottom YBCO layer
aftects the growth of the subsequent layers. The main concern here is what
happens at the edge where the insulator and the top YBCO layers have to
climb over a step in the bottom YBCO layer. It is known that if the deposition
conditions are such that the YBCO grows c-axis oriented, it will tend to follow
variations in the slope of the substrate*’, This means that if it has to grow over
a steep edge, the c-axis will locally be paratlel to the substrate with the
formation of high-angle grain boundaries as a result. To avoid this, it is
necessary to perform the patterning such that the slope of the edges is gentle
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enough to support c-axis oriented growth. We have tried several approaches to
achieve a gentle slope. One of these schemes involve a double ion milling of
the bottom YBCO under an angle of 60°. In the firs* ion milling step, the
YBCO on one side of the stripe is removed. The photoresist stencil is then
changed to allow the removal of the YBCO on the other side of the stripe.
Since the resist stencil recedes slightly during the ion railling, this should result
in the edges of the YBCO layer making an angle of less than 30° with the
substrate. In practice, however, we always find that the top YBCO displays
semiconducting behavior above T, when we use this method.

The most reliable way to fabricate a working interconnect involves patterning
the bottom YBCO by an acid etch (0.05 HNO,) followed by a further etch in
a 1 % solution of Br in methanol. The latter etching step serves a dual purpose.
Because it takes place with the resist stencil removed, it will lead to a rounding
of the edges. Furthermore, since the thickness of the layer decreases (by a
factor of 2 or so), it will flatten the overall shape of the stripe. We have
examined a few samples in a scanning =leciron microscope (SEM) to obtain
more information about the effect of the . etchinr ™ .- SEM pictures
confirmed that the edges of the YBCO stripe are indeed rounded compared to
a sample that has not been Br etched. The Br etch leaves a very rov "h YBCO
surface behind, but apparently the overall condition of the stripe is better suited
to support the epitaxy of the subsequent layers when the Br etch is performed.
With the bottom YBCO stripe deposited and patterned as describcd, the next
step is to deposit the insulating lay<r. We find that it is necessary to grow the
insulator o a thickness of at least 4000 A to achieve proper insulation between
the two superconducting layers. The reason for this is that very often little
particles on top of the bottom YBCO are left behind after the patterning
(boulders). These particles can cause shorts between the two superconducting
layers, either by themselves or by introducing defects in the form of holes in
the insulator. By growing the insulator sufficiently thick, all the boulders will
eventually be covered and the problem gues away. Also, we expect a thick
insulating layer to be more effective than a thinner layer in rounding the edges
created by the pattern in the bottom layer. As far as the patterning of the
insulator is concerned, the same considerations apply as for the bottom layer.
The most important requirement is that at least one of the sides of the windows
has a gentle slope. We have tried acid etching with a 7 % HF solution and ion
milling with an angle of 60° between the ion beam and the normal to the
sample. Furthermore, we have tried to ion mill both with and without rotating
the sample around the normal to the surface. We find that we get the best
results when the patterning is done by ion milling without rotation. When the
sample is patterned in this way and examined in an optical microscope, it is
casy to observe that one of the sides in the window is beveled while the other
three appear to be much more steep.

The last step in the fabrication of an interconnect sample involves the
deposition and pattering of the top YBCO layer. This layer is grown to a
thickness comparable to the thickness of the insulator to ensur good contact
through the window. It is patterned by acid etching using 0.05 % HNO,.
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In Figure 327 we show data in the form of R(T) curves for an interconnect
fabricated as described above using CeQ, as the insulating material. The top
left curve is for the bottom stripe and shows a T, of 85 K. The top right curve
is measured on a stripe in the top layer that does not make contact to the
bottom layer. It shows a T, of 82 K. The bottom left curve is measured from
the top layer through the window to the bottom layer and has a similar T_.
Finally, the bottom right curve is measured on the insulating layer only and
shows a resistance of about 50 MQ at room temperature and it increases as the
temperature is decreased.
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Figure 3.27 R(T) curves for an interconnect using CeO, insulating material.
Top left: Bottom YBCO stripe. Top right: Crossover stripe. Bottom left:
Window contact. Bottom right: Insulator.

While the R(T) curves in Figure 3.27 demonstrate that it is possible to
fabricate an interconnect using CeO, as the insulator, we have to admit that the
yield of the process is very low. Considering that the fabrication of a
magnetometer is significantly more complicated than an interconnect, we have
chosen not to rely on CeQ, as the insulator for the magnetometer. Instead we
have used either a combination of SrTiO, and CeO, (with SrTiO, deposited
first) or only SrTiO,. It is not possible from the work we have done to say why
SrTiO, works better than CeQ, for this purpose, but it seems plausible that the
explanation is related to the lattice match. On the other hand, it is not clear
that a close lattice match is advantageous when the layers are sloped.

It is possible to fabri -ate the magnetometer in two ways, either by making the
SQUID first and putting the flux transformer on top of it, or vice versa. The
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advantage of putting the SQUID on the bottom is that it will then be closer to
the substrate, and presumably the in-plane epitaxy will be better under control
than if it has to be grown on top of a several thousand A thick insulator. The
disadvantage is that the SQUID has to go through the extra processing steps
required to complete the flux transformer, in particular the heating and cooling
cycles during the depositions. We have tried both possibilities and we find that
in general the samples work better when the SQUID is made first.

Placing the SQUID closest to the substrate and putting the flux transformer on
top introduces a slight complication. Recall from the SQUID process that after
the seed layers have been patterned, a CeO, buffer layer is deposited before the
YBCO layer. Since the HNO, acid used to pattern the YBCO does not affect
this buffer layer, we are left with CeO, everywhere outside the YBCO pattern
and consequently, we can not deposit c-axis oriented SrTiO;. This problem is
overcome by introducing an extra step in the SQUID process. After the CeO,
buffer layer has been deposited, the sample is removed from the deposition
chamber and the CeO, is removed from most areas of the sample by ion
milling, leaving it to cover the edge ¢f the seed layers and extending only 15-
20 um towards the SQUID body (sce Figure 3.28). This means that there will
be no CeO, in the areas which subsequently will be occupied by the flux
transformer.

........... e B vsco

[] ce0,
| [] smio,

D MgO

Figure 3.28 Sequence of layers in the magnetometer. The light shaded layers
are SrTiO, while the dark shaded layers are YBCO. Note that the SQUID
YBCO layer serves as cross-under for the flux transformer and that the CeO,
buffer layer has been removed from most paris of the substrate.

In Figure 3.28 we show the sequence of layers that go into the fabrication of
a magnetometer. The SQUID is made as described in section 3.3.1, with the
addition of the extra step mentioned above. Note that we have used part of the
SQUID body as the cross-under, thereby eliminating the need for a third
superconducting layer. The layout can be seen in detail in Figure 3.30, which
is a photograph of the region around the SQUID of an actual magnetometer.
The process is summarized in Table 3.4.
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Material | Temp. |Pressure | Thickness { Patterning
(°C) | (mbar) | (A)
SITiO; | 760 150 1500 None

MgO 600 2 150  |lon milled at 500 V, 0.8 mA/cm’,
Fco’ 780 150 100 |60° to the normal for 2% minutes |

CeO, 780 150 100  |lon milled as above for 1 minute I

YBCO [ 760 | 200 | 3000 |HNO, etched and Br etched |

SrTio, | 760 150 5000 lon milled as above for app. 25
minutes

YBCO | 760 200 4500 fon milled as above for app. 20
minutes

Ag 20 1 1000 Shadow masked

Table 3.4 Summary of the magnetometer process. The second, third and fourth
columns give the substrate temperature in °C, oxygen ambien! pressure in
mTorr and thickness in A, respectively.

In Figure 3.29 we show V-¢ curves for our best magnetometer sample. It has
Ry=0.32 Q and and [=0.80 mA at 4.2 K. The two traces shown are for
T=67 K (bottom) and T=73 K. At 67 K the maximum peak-to-peak voltage is
about (.35 uV with a bias current of about 24 «A. From the V-¢ curve we find
that it requires a flux density change of AB_=1.94x10° T to apply one flux
quantum to the magnetometer, giving an effective area of 1.06x10° m>. This
corresponds to a gain of 54 (defined as the effective area of the magnetometer
relative to the effective area of the SQUID) compared to the SQUID shown in
Figure 3.22. From this measurement it is also possible to estimate the coupling
coefficient a. Since it would be interesting to compare a for our integrated
magnetometer with the value one finds for a comparable flip-chip arrangement
as in Ref 48 (a five turn input coil is used in both cases), we use a value for
the pick-up coil which scales with the square root of the area (since the
inductance of a closed loop is proportional to the linear dimension). In Ref. 48
an inductance of 20 nH is estimated for a loop with area 81 mm?. Our pick-up
loop has an area A =48 mm? and consequently we estimate L =16 nH. We take
L,=144 pH, L=n’L,=3.6 nH and A ,=2x10" m? for the SQUID. In the general
case, when L, and L, are not matched, the gain g in field sensitivity is given
by g = a (A/A.) x (L,L)"/(L,+L,). With the numbers quoted above and g=54
we find «=0.62. This number is comparable to the flip-chip magnetometer,
where a is found to be 0.6.
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3.5 Conclusions

In this chapter we have described our work on the fabrication of SQUIDs by
laser ablation using a bi-epitaxial process on MgO and YSZ substrates. In the
last part of the chapter we have demonstrated how the SGUIDs can be
combined with a flux transformer fabricated on the same chip to form an
integrated magnetometer.

Regarding the SQUIDs on MgO substrates we have discussed various ways to
achieve an artificial grain boundary of 45° given the epitaxial relationships
between the substrate and the buffer and seed layers SrTiO,, MgO and CeO,.
We have shown that, mostly because of the poor quality >f the MgO
substrates, it is necessary to use a process involving a total of five layers to
achieve a reasonable reliability. The correlation between the main parameters
describing the laser ablation process (substrate temperature and oxygen ambient
pressure) and the epitaxy of the deposited layers has been investigated
systematically. In this way we have optimized the deposition parameters such
that the two desired in-plane orientations of the YBCO layer can be reproduced
routinely. When the depositions are combined with suitable patterning
techniques, it is possible to fabricate SQUIDs with artificially created grain
boundary junctions as active elements. We have demonstrated that the I-V
characteristics of the SQUIDs are in accordance with the RSJ model with an
R,I, product of up to 140 pV at 4.2 K. The SQUIDs exhibit critical current
modulations for temperatures up to 80 K. At 77 K the peak-to-peak value of
the voltage modulation is 0.5 pV. Next, we have shown that when the SQUIDs
are operated in the flux locked loop they exhibit large amounts of 1/f noise
(S, = 1.7 x 10* ¢y/Hz" at 10 Hz and 4.2 K). The noise can be reduced by a
factor of 3 by employing the double modulation technique, indicating that the
dominant contribution to the 1/f noise comes from critical current fluctuations.
In an attempt to improve the noise properties we have subsequently developed
a process for the fabrication of bi-epitaxial SQUIDs on YSZ substrates. We
have shown how PBCO can be used as an intermediate buffer layer between
the CeO, primary buffer layer and SrTiO,, resulting in a process with seven
epitaxial layers. After the process has been optimized we can fabricate SQUIDs
that exhibit critical current modulation at 77 K, with a resulting peak-to-peak
voltaje of up to 0.85 uV at this temperature. Unfortunately, the noise
propetties for these SQUIDs are not better than those for the SQUIDs on MgO.
Finally, we have developed a process for the fabrication of an integrated
magnetometer on MgO substrates. Initially, it is shown how the flux
transformer process can be developed by fabricating interconnect samples
consisting of a YBCO base layer, an insulating layer with two windows, and
a second YBCO layer. We have succeeded in fabricating an interconnect using
CeQ), (which has a low dielectric constant) as the insulating material. However,
the yield of this process is found to be too low for practical purposes. In the
actual magnetometer devices we have used SrTiO, instead, since this material
results in a more reliable process. We have obtained critical current
modulations at temperatures up to 73 K in these devices. At 67 K we have
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measured a peak-to-peak value of 0.35 uV for the voltage modulation. The
effective area of these devices is about 50 times larger than that of a bare
SQUID, resulting in an enhancement of the sensitivity for magnetic flux
density by the same factor.

In future work aiming at the fabrication of useful devices, the noise properties
of the bi-epitaxial SQUIDs should be improved. In the devices described here,
the 1/f noise is dominated by critical current fluctuations. We believe these
fluctuations are related to the fact that the angle of the grain boundary is 45°,
resulting in an inhomogeneous interface with a high density of dislocations. If
the angle of the grain boundary could be made smaller, it would presumably
be possible to obtain a more homogeneous interface with a reduction of the
critical current fluctuations as a consequence. A bi-epitaxial process resulting
in grain boundary angles other than 45° would require a search for a new set
of materials with specific relations between the lattice parameters. For instance,
if an orthorhombic material with a ratio between the a- and b-axes of 1:2 could
be made to grow c-axis oriented with its [110] direction parallel to the [100]
direction in a cubic or tetragonal material, the possibility to create grain
boundaries with an angle of Arctan (%2) = 26.5° would open up, provided that
the YBCO grows epitaxially on these two materials.

Also, the issue of the flux noise in the films needs to be addressed. As we
have seen, the flux noise in YBCO films grown on YSZ substrates with CeQO,,
PBCO and SrTiO, buffer layers is not smaller than in films grown on MgO
substrates with a SrTiO, buffer layer. Since the phenomema of flux pinning
and flux motion is not fully understood at present in the high T. materials, a
trial and error approach is necessary at this point. Consequently, a
measurement of the flux noise in films grown on potentially useful substrate
and buffer layer combinations will give useful information about the noise
properties of SQUIDs based on this particular combination of materials.
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