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1 ABSTRACT

l%is paper reports the achievements of Brite-Euram Project 428:  which had the objective of
i developing the deposition and processing technologies for t }in film high temperature

superconductors (HTS), with an emphasis on microwave application ns. Various methods of film
deposition and a wide variety of HTS compounds have been invest gated in detail. HTS filters,
resonators and delay lines have been characterised and techniq ~es for interconnecting and
packaging I-ITS microwave components have been developed.

2 INTRODUCTION

It is widely accepted that one of the first markets for I-ITS devices w ill be in microwave and high
speed electronics applications. Indeed this market is currently expe(  :ted to be worth 2-3 bn ECU
by the year 2000 [1S1S 3]. There is then a good economic justi~lcation for developing FITS
materials with these applications in mind. .

Brite-Euram 4283 has aimed at optimizing the entire process of I-ITS microwave device
fabrication, from HTS powder preparation through to finished devi{:es,  including packaging and
cooling in a closed cycle cryocooler. Progress for each step in this chain is reported below.

)

3 TECHNICAL DESCRIPTION

3.1 HTS Powder and Target Preparation

All epitaxial  HTS thin film growth methods require a compresst:d powder target or targets
containing either HTS precursor materials or, more usually, HTS m: .terial-  itself. It is normally a
requirement that very high target densities are achieved.

Commercial YBCO powder was used in the early stages of thl; work and the processing
conditions for the production of large diameter, dense, high punt Y targets were investigated.
Solid state reaction synthesis was also used to produce single phase YBCO and ReBCO (where
Re rare earth: Nd, Eu, Gd, Er, Dy, Ho) powders starting from BaC(~l, CUO and Y20j or Re20J
Pure, dense targets with ~ood superconductive properties were pr(:pared  from these powders.
Processing parameters were &msivcly  investigated and were optimi d.
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The main objective of this \vork WYM the investigation of the preparation conditions for the
production of fully characterised superconducting powders with optimised physiochemical
properties. Solid State reaction was used to produce polvders  of th e Re(Y)B+CuJ07-X system
(Re = rare earth: Eu, Er, Dy, Nd, Gd, Ho).

RezOJ  of 99,99’% (Micropure products) or YzOq 99,999% (A1fa protiucts)  was mixed with CUO
and BaCOj of 99,999°/0  purity (Alfa products). The mixture was milled in ethyl alcohol with
zirconia  balls  in a Teflon jar. Drying, grinding (with a mortar arid pestle) and particle size
distribution measurements followed the ball-milling procedure.

Ca]cination  was the next step. This is the most critical stage of thu ‘whole powder preparation
procedure In order to avoid partial melting or considerable grain g :owth,  calcination  is carried
out at relatively low temperatures (at about 900 “C). At these temperatures the decomposition; of
BaCO~ is very slow and is the rate determining step in the formation of the Re(Y)?3C0 phase.

Thermogravimetric  and differential thermal analysis were performed on all the Re(Y)BCO .
systems just after the mixing. of the starting oxides. Two endot hermit peaks were mainly
observed. The first one appeared at about 820 “C and was due to the structural transition of
BaCO1(a to ~). The second one appeared at a temperature among $49 “C & 965 “C depending
on the powder system and is attributed to the decomposition of BaC 03. A third tiermal  event at
higher temperature ( 1000 “C) is attributed to the decomposition of’ the 123 phase to form the
211 one or is due to pentectic melting of 123. phase. YB~C ljO,.X formation was ak.o
investigated by hot stage X-Ray diffraction analysis. /

Three different calcination  procedures were employed and three diffirent  series of powders were
produced. The first. one was a four-step calcination  procedure (a i ive-step one in the case of
ErBCO system). The powder mixture after grinding was calcined a ~ 900 ‘C for 10 hours. The
whole procedure (balLmilling/  dryin.gl  grinding/ particle size measurement calcining/
characterisation) was repeated four times until the resulting powders consisted of pure ReBCO
phase. ~-e fourth calcination  step lasted only 7 hours. A fifth step (i:alcination at 900 *C for 10
hours) was required for the ErBCO system. The other two procedur  ;s comprised only one step:
calcination  at 930 ‘C for 10 hours and at 950 ‘C for 35 hours respect Wy.

X-Ray diffraction analysis of Re(Y)BCO powders showed that the best YB~Cu307.X,
DyBzCu307-X  and HOB+CUJ07.X  powders were produced throug,h  the four-step procedure
comprising calcination  at 900 “C for 37 hours. ErBCO system requir,>d an extra step (calcination
at 900 “C for another 10 hours) for the orthorhornbic  phase to he completely formed. The
intermediate powders produced atler  each calcination  step contained along with the 123 ReBCO
phase unreacted  Re20~, BaCOJ and CUO as well as the green phase Re2BaCu05.  After the first
ca~cination  step the ‘impurity content was high, but it was consistently reduced with each
subsequent step. The final powders were pure, containing the Y(I? e)B~CuJ07-X  orthorhombic
phase and only small  traces of BaCuO,  or CUO. The only exception was ErBCO powder, which
contained some” trices  of the green phase. Pure powders of the Nd13C0, EuBCO and GdBCO
systems were also produced” by the four-step calcination  procedure, but the percentage of the
tetragonal  non-superconducting phase \vas very high. GdBazCulO. -X orthorhombic  phase was
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completely formed afier caicination  at 930 ‘C for 10 hours (me step’ procedure), whifc
EuB~Cug07.X  orthorhombic  phase completely formed aflcr calcination  at 950 ‘C for 35 hours.
NdB~CujO,.X orthorhombic phase \vas not completely formed u Ider any of the processing

conditions exami,ned.

~
Thus it is concluded that each powder system requires different calc~nation  conditions in order to
obtain optimum superconducting properties and that the formatio  I of the pure orthorhombic
phase is especially influenced by the calcination temperature. A high ;r temperature is required as
the ionic radius of the rare earth substituting for Y increases.

The ReBCO po~vders  were used to prepare targets. At first, f x comparison reasons, the
research was focused on powders prepared by the multi step procec ure. Various sintering trials
were earned out and the properties of the targets produced were measured. For each powder
system, an optimum sintering temperature exists where the density rc aches a maximum value and
the crystallinity  as well as the purity of the samples is optimtn  n. The optimum sintenng
temperatures were found to be as foIlows: 990 “C for Dy system, 970 “C for Er and Ho systems,
1000 ‘C for Nd, Gd, and Eu systems. Sintering at these temperatul  es led to maximum density
targets. Er and Ho systems exhibit the lowest melting points, th~ls  requiring lower sintenng
temperatures. Although maximum density was achieved the orthorh( )mbic phase was not formed
in some of these samples. Thus, the conditions for the fabricati(  m of targets with optimum
superconducting properties ~vere further investigated.

The Y(Re)BCO powders, produced through the optimum calcinat  on procedure for each one,
were used in this case. Eight different thermal cycles comprising f intenng at 930 ‘C, 935 “C,
950 ‘“C and 980 “C for 10 or 20 hours were investigated in ordel to optimise the processing
conditions for each powder system. The heating and cooling rate Wis 1 “Cimin,  while annealing
was carried out at 450 “C for up to 20 hours. The TcOwt was above ‘JO K for all ReBCO systems
except for NdBC O. These targets are eminentI y suitable for epitaxi~  1 HTS Film Deposition

3.2 HTS Film Deposition
-.

3.2.1 Laser Ablation at NKT

At NKT  three different methods were applied to upscale laser ablati  m film size from 10x1O mm
to 2“ diameter. Due to the very forward directed nature of laser ablation there is a significant
problem with thickhess  homogeneity if both the laser beam and the substrate are fixed.

First the laser was scanned on the target surface by computer controlled two axes tilting of the
mirror. By this method the deposition profile could be very broad, :;imply  by scanning the laser
spot over large areas. However the deposition turned out to be stoichiornetric  only in the centre
of the plume, leading to Iow quality films in areas grown off-axis. The ‘maximum power of the
laser decides the maximum target-substrate distance, which at the N KT laser ablation deposition
facility was found to be 50 mm. With this short distance between target and substrate the
maximum scanning area that could be used, without problems with off-axis depositions, was
found to be 12X 12 mm. With a demand on the thickness homogeneity of 10% this limited the
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maximum film size to 10x 10 mm. This deposition method was used to deliver 69 10xl O mm
films, all fulfilling the initial demands, to the other partners. Preliminary deposition on Ce02

buffered sapphire has also been performed successfully.

Second it was attempted” to rotate the substrate during deposition. ? ‘he rotation axis was at the
centre of the substrate and by a proper displacement of the plume from the centre  of the substrate
good thickness homogeneity could be reached on 1 “x 1” substrates. I lowever,  the films were not
of a good quality because of the off-axis deposition problem. To soh e this a mask was placed in
front of the substrate to shield large angle depositions. The hole in th> mask was made triangular
to compensate for the higher tangential velocity of the substrate at th> edge relative to the centre.
1 “xl” films could now be made of a satisfactory quality, except at the centre  of the film. This
was caused by the fact that the alignment of the mask and the film centre was extremely critical
because the .centre of the fdm has a fixed position relative to the ma ;k (at the edge of the mask)
during the total deposition time.

Finally it was attempted to raster scan the substrate in two directions behind a mask with a 15
mm diameter hole. By this procedure all parts of the substrate ex~ a-ience  the same deposition
geometry leading to a good homogeneity. l%e scanning of the sul)strate  was performed with
external motors via a bellow. Since also the heating source is placed outside vacuum, this
deposition set-up is unique in the sense that no electric feeckhroughs  are needed. The deposition
set-up is shown in fig. 1. 25x25 mm YBCO films have been depositai  on LaAIO~ substrates with
excellent DC and microwave properties and good thickness homogt  :neity. In fig.2 is shown the
surface resistance versus temperature @r a 1 “xl” film. The system is at the moment limited by
the area of the substrate holder being 2“ diameter and the scanning system which may only be
scanned 2“ by 2“. We have no facility for measuring surface resistarice  of 2“ diameter films, but
since 2“ diameter films have the same TC, JC, thickness uniformity ard surface morphology as 1”
x 1” films, it is expected that the 2“ films  also have state of the i .rt surface resistances. This
deposition set-up was used to deliver five l“X1” and three 2“ diarnete r films to ERA.

The surface quality of the films has been improved to the i:litial  stated demand by a
reoptimisation  of deposition parameters. It was shown that the surface particles are mainly
caused by slightly of- stoichiometric  films.

3.2.2 Laser Ablation at the University of Linz

Investigations were focused on monitoring and improvement of the process and on the
comparison of the properties of thin films of different compounds. ‘

PLD was cam-cd out, employing a KrF excimer-laser  (1 = 248 nm) md a pulse repetition rate of
10 Hz.’ The laser spot on the target was created by imaging instead of focusing in order to an
inhomogeneous distribution of energy density in the laser spot. Imaging of circular apertures
permits to vary the spot size fast and accurately. The deposition parameters were optimised,

,
employing home-polished (100) MgO substrates and Y-123 targets We found the following set
of parameters to be suitable for producing Y-123 films sho~ving  good superconducting
properties: Substrate temperature T = 750”C,  oxygen partial press Jre p(02) = 0.7 mbar, laser
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To monitor the m-owth of BISCCO thin films a facility has been set up to measure the
reflectivity ,of the substrate throughout the whole  process. The. ~~e-Ne-laser  beam ‘s Pa@
reflected on the front side and partly transmitted and reflected on the back side. The optical path
difference DL” of the interfering beams depends on the refractive ind :x of the substrate, n, on its
thickness, d, and on the angle of incidence, q. Both n and d depeml  on temperature. When the
substrate expands while  increasing temperature, the changes in DL cause a periodic change in
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Figure 2: Surface resistance versus temperature for a 1 “xl” YBCO film

the measured intensity of the reflected light. It is’ possible to mess Ire the temperature with an
estimated accuracy of *3°C at T = 800”C.

3.2.3 MBE at the Technical University of Denmark

During the project we ,have produced high-quality superconducting{; YB+CU~OT.X  thin films on
single sided and double sided 10x 10 mnf  and 25x25 mm2 LaAICl~  substrates. Aiso, we have
demonstrated that we process can be extended to include 2 inch subs tates.

-.

By applying a double deposition method (with double annealing) with each YBCO layer being
150 rmi thick, the film surface morphology was more smooth and the critical current densities
were improved.

The work has exclusively been concentrated on the BaF2 process. First, using an MBE technique
Y, BaF,,  and Cu are co-deposited at room temperature on the wbstrate  that will  hold the
superconductor. Secondly, postannealing  with oxygen and water in a fimace substitutes the
fluorine with oxygen, thus producing the superconducting YBrqCu~(~7.X.

Controlling film stoichiometw is an iterative process in which a trial film is produced and
subsequently chemically analysed. From the chemical analysis the next deposition can be
adjusted accordingly to obtain good stoichiometric  composition. It is necessaxy  to use an iterative
process for finding the correct evaporation rates for each element b(:cause  no good technique for
monitoring the absolute amounts of each clement is available. Stoic hiometty  ‘@e tuning’ is also
necessary each time the MBE system has been reloaded with fresl source metals (Y, Ba, Cu).

I
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After reloading source materials;  the MBE system can produce ::pproximatcly  10 batches of
superconducting YBCO thin films.

Al?er the ex situ deposition process ~vas optimised, the annealing conditions were optimised for
ma~imum  quality of the thin films. An optimum annealing profile was found after elaborate
testing of temperature profile, step time and pressure. At first an oxygen pressure of 1
atmosphere was used at the maximum profile temperature but from ,vork ,of Mogro-Campero (A.
Mogro-Campero,  L. G. ‘Turner, Appf. Phys. L,e?f. S? 1 417) it }~as realised that the oxygen
pressure had to be lowered in order to synthesise a proper YI lCO phase. After extensive

~
optimisations,  an optimum was found at 800°C and 1.0 mbar partia~  pressure of oxygen.

I

)

A major problem in growing thin films with the BaFz process and ex-situ  annealing is that the
critical current density decreases as the film thickness is increased. ‘bs, if the current transport
capacity of the film is of major concern then the growth process (i.e. anneaIing) should be fix-ther
optimised in order to overcome this problem. Also, the surface xnorphology  gets worse with
increasing film thickness. This has a negative impact on the post-{ ;rowth  processing and, thus,
the reliability of the devices. Data from a visit at the Physics Depm-trnent,  University of Rome
(Italy) clearly showed that the top layer of the YBCO film is a-axis oriented when the film
thickness exceeds a certain limit (200 nm) using the BaF,  process with ex-situ annealing).

In order to overcome both the surface morphology problem and the problem with the electrical
properties, both caused by the a-axis growth  probability for thicker films, a double layer
deposition process was tested. In the first experiment” a 2 x 200 mm film was grown by first
growing a 200 nrn film, then anneal using the optimum annealing profile (8 OO”CI1OO Pa/l
hour+525°Cil  atndl  hour), then growing a second 200 nm film on t ~p of the first and once more
perform the, annealing. Thus, ,the. bottom 200 nm film was annealed twice. The results were
somewhat disappointing in that Jc was low (5x105 A/cmz) and the SL rface morphology was poor.
We then concentrated on the annealing sequence and furthermore reduced the thickness of each ‘
layer to 150 nm. For the annealing sequence we tested the effect of.> reduced annealing time for
each layer. We found that reducing the annealing time for each layer in the high temperature step
(800°C/100  Pa) to 15 minutes, while hoIding  all other parameters constant, gave properties
almost as good as for the 150 run films annealed using the optirniwd  annealing sequence. The
surface morphology was good and the value of JC was only slightly [Deteriorated (from 4.5x1 OG to
3.5x1 06 A/cm2).  However, reducing the, annealing time in the IOW temperature step (525°Cil
atrn) to 15 minutes, while holding all other parameters constant, was found to have a more
negative impact on JC (from 4x 10G A/cmz to 1.4x106 A/cm*). The sur ~ace morphology, again, was
good.

In order to fabricate substrates with YB~Cu~OT.X thin films “on 1 }oth  sides we use a special
substrate holder with a hole in the centre. Afler deposition of Y(J3aFz)2Cu~  on one side of the
substrate, the sample is turned upside down in the MBE system Ioac-lock and recentered into the
MBE system main chamber for deposition
using the special substrate holder. When
sarnple_is ex situ annealed in a t%rnace.

on the other side. The whole process is quick and easy
Y(BaFz)zCuJ  has been “evaporated on both sides, the

-.
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The BaF2 process has some technical advantages to the in SlhJ process: There is no oxygen
present in the chamber during deposition. Oxygen affects the surface of the evaporation sources
and makes the metal fluxes dependent on the oxygen pressure. Usin,~  BaF~, the sample is heated
in an oven at a one atmosphere pressure where thermal conta::t  is accomplished through
convection. In situ temperature control over a large area is not as easy as it might sound. At low
pressures radiation and thermal conduction are the only ways to transfer heat to the substrate.
Inhomogeneous heating is often the result.

3.2.4 Sputter Deposition at Demokritos

The deposition of YB~CUJ07..X (YBCO) in situ , by a sputtering te~:hnique  has proved to be one
of the most best techniques for depositing high quality HTS films. The term in situ means that
YBCO phase is formed during growth. The formation takes place or the heated substrate surface
from an incoming flui of atoms, except for the final oxygen occu}mncy  in the structure which
takes place during ,the cool-down (annealing). In contrast, in the ex -situ method, an amorphous
or polycrystalline  film is deposited first, and a post deposition pro:ess  is required afier, which
includes heating near the melting point in order to have crystallisatitm  of the film, stkrting at the
interface with the substrate. As a rule, thin films grown in situ art superior to ex situ films in
terms of epitaxy, surface smoothness, reduction of substrate inter( Iifision  and high JC values.
The main problem of the deposition of YBCO in situ by a sputterin g technique, is resputtering
Resputtering occurs when high energy, negatively charged particles (mainly 0-) which are
formed on the cathode, accelerate towards the anode (heater surfac ~), impact upon the growing

film and cause compositional changes (mainly Cu and Ba are prefer{ mtial}y  etched). The result is
a multi-phase film with poor superconducting properties. In order to overcome this problem,
three main techniques are used.

The first is to use a non stoichiometric  target in order to compt  nsate for the stoichiometnc
changes because of the resputtering effect. This technique requires the use of RF sputtering

because the non-stoichiometric  targets are insulators, and considerallle  time and effort to find the
proper target composition.

The second is to sputter (mainly with DC excitation) at high total pressures (Ar+O, over 400
mTorr) from a stoichiometric  target, in order to reduce the kinetic er ergy of the particles because
of the very short mean free path, and as result reduce resputtenng. This approach also enables
the use of high partial pressure of 02 during groyth.

The third technique is to change configuration and to place the substrate on the side OC and at an
angle to, the sputter gun (more or less 90° ). This is termed off-ax k sputtering. In this way the
growing film is out of the stream of the energetic particles which strike on the substrate.
However this method results in low deposition rates and poor thickness uniformity.

The last two techniques seems to be the most favoured ones for tile deposition of high quality
YBCO thin films by a sputtering technique. It is important to not~: that sputtering process has
many technical peculiarities (magnetron sources, surrounding confi~:uration’  of the chamber etc.)
that influence the deposition process and differ from system to systcn.  We chose to sputter in an
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on-axis in our systcm  bccausc the thickness uniformity \vas poor i I the off-axis configuration.
The parameters that had to be optimised in order to find the proper conditions of deposition are
the following: 1) The total pressure of the mixture of gases (Ar+O? r in conjunction with the gas .
flow ratio (flow Oz j flow Ar) in order to minimise the resputtering  effect and maintain enough
partial pressure of 02 during gro\\lh  fron~ the other, which permit the formation of YBCO phase.
2) The proper substrate temperature, which results in the epitmial  growth of YBCO thin films
with superior propq-ties  and depends on the substrate used. 3) The ~lower  supply of the target in
conjunction with target to substrate distance, which determines (depending on the pressure) the
deposition rate and the energy of the species that reach the substrate. We used both RF and DC
excitation of the sputtering source.. We used two new methods in th > sputtering of YBCO. One
was the use of a powder target and the other was the insertion of co.~ducting  disk betw~n  target
and substrate.

The resputtering  problem can be solved with the use of a conductin~  disk between the target and
the substrate. This disk plays the role of the collector of the negatively charged ions and only
permits particles with sloping trajectories to pass to the substrate. These particles have lost  a
large part of their energy due to the larger distance which they have to cover. Consequently, the
resputtering  phenomena Jvas reduced drastically y. In this configurate ion we placed a copper foil
with disk shape between substrate and target. In this stage of t:le work we returned to the
sintered targets afler solving the cooling problems in the mounting {If the target. The results had

better reproducibility and the superconducting properties were very good. We obtained the best.,. ,
result at 15 mTorr Oz . The use of the disk gives films with better s~mface  morphology in respect
to those yhich  have been deposited without the disk. With this method we are able to produce
thin films  with acceptable superconducting and surface morphology properties but with a
limitation in the size of the films.

.

In order to successfully deposit larger area we changed the conditior  .s of the deposition. The new
conditions are DC-ma@ etron sputtering in ON-axis configuration.

Using stoichiometric  ~rgets with resistivity  <40 (Ohdcm) we succeeded in depositing thin film

‘) YB2Cu~0,.X witli  good superconducting properties up to 1” x 1”. This method is promising
because its reproducibility was better than the previous RF-sputtering. We have succeeded to
deposit thin films with TC up to 90K. For example, two films 1” x 1“ have TC=86K and
JC=4.5MMcm2. Deposition of large area YB~CuJ07.X thin films h:ads to films with a large TC

but also to non uniformity so that the films have ATC=5K.

3 . 3 HTS Microwave Device Fabrication and Testing

Films produced within the project were processed into devices at ERA and then tested and
characterised to provide feedback for film quality improvement Coplanar and microstrip
resonators and “delay lines and microstrip fil~ers  were produced.

The initial resonator design used in this work was a microstri,p  ring I esonator (to reduce radiation
losses) ~~ith a gold ground  plane, capacitively coupled via a sma I gap to 50 S2 transmission
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lines. As film quality improved ho~vcvcr,  the gold resistance bccam: a limiting factor on device
performance and the design was replaced with a coplanar Iincar  strw :ture.

The original design for the delay line employed a 50 microstrip  foldi?d  on itself to give maximum
length on a 10 mm square substrate. A device made with a gold mic rostrip exhibited a trough of -
high loss centred at approximately 4.8 GHz. This effect was attribu :ed to an interaction between
adjacent sections @the microstrip, with the resonant frequency det mnined  by the length of the
straight sections.

Meandering each bank of the delay line five times gave good petion  mace up to 10 GHz and use
of tapered impedance transformers enabled longer delays to be fltk d onto the tile. However in
order to produce long dela~s large double sided wafers would be needed. At this time,
development of large area (2 inch) films by NKT was progressing};.  The shape of the 2 inch
substrates was circular as opposed to the square shape of the smaller substrates. In order to use

) this shape efficiently, the delay line design was at the same time :hanged to that of a double
spiral. Figure 3 sho~vs  the design for a 1 inch HTS film. Designs for 2 inch and 10 mm fihns
were also produced.

Figure 3:” Mask, pattern for 25mm delay-line

One three pole Chebychev  filter was designed in order to allow comparison of a ‘real’ HTS
microwave component with its gold counterpart. It also enabled a comparison of design
predictions with an actual, device. )

/

Fabrication of devices. began with removal of silver epoxy used f>r heat transfer during film
groivth.  Before patterning of the HTS film it was selectively coated in 1 pm gold layers by l~er
ablating gold through a shadow mask. Contact pads were formetl  from these gold areas by
patterning them using KI:1 gold etch, after the HTS film had beer ptitiemed. The completed
device was then attached to a carrier. Early devices were fixed to br~ss carriers by sliding clips
to allow for differential expansion .on cool-down. Later in the pro cct, the brass was replaced
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due to thermal radiation and conduction.
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h was estimated that witi carefbl  minimisation of the
heat load to the sample enclosure, the 500rnW design would be just sut%cient  for our needs.

This mechanism is ‘based on repeated isothermal expansion and compression of the helium
charge gas through the regenerator. ,.

I
A vacuum enclosure and sample support phrforrn was designed aml built Oxford Instruments to
fit around the Stirling cryocooIer. The &day line stiples  are mt rented in the ER4 substrate
carrier which is attached to a copper back pke. The completed unit is shown open in figure 4.

4 R E S U L T S

4.1 HTS Powder and Target Pre~aration

Processing parameters were optimised and deue (96’Yo  of theoretic:d  density), pure targets were

-, prepared from commercial YBCO po~~der.  Large diameter, 2 and 4 in targets were fabricated
from this powder

YBCO and ReBCO powders (Re: k’d, EM. Gd, Dy, Ho, Er) w xe produced by ‘solid state
reactions md the calcination conditions ~~e.r~ tioroughl~ investigate,.

Dense, high purity, stoichio,metric  targets, uifi optimum superconductive properties (exhibiting
Tc above 90 K) were prepared from th~ pmvders.  Sintering and annealing conditions were
optimised and the effect of processing pamneters  on the fins” properties of targets was
determined.

4 . 2 Epitaxial  HTS Film Deposition

4.2.1 NKT PLD Facility

NKT has during the project upscaled the rritium film size for 1a ;er ablation from 10x1O mm
to 2“ diameter. This step has a great teclmcdogical  importance becmse  it makes it possible for1
NKT to produce films  for superconducting applications requiring ,arge area films e.g. passive
microwave components, pickup coils for SQUIDS, shielding, etc. M“oreover preparation of large
area films  greatly reduces production costs  for smaIl area films.

NKT has developed depositions on La%lO~. >lgO and A1203 as an dtemative  to SrTi03.  This is
very important for high frequency applications, because SrTiO~ has very high dielectric Iosses.

NKT has impro,ved  its surface quali~  significantly. The surface qu;dity  is important for making
films with low surface resistance and for the reproducibility of sub-micron lithography. The
reproducibility of submicron  lithography k< to be very high to make Josephson junction array
based components.
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4.2.2 University of Linz PLD Facility

The properties of REBaSrCu@E (REBSCO) ceramics were studie ~ for RE = La, Pr, Nd, Sm,
Eu, Gd, Dy, Y, Ho, Er, Tm, and Lu. In ecmtrast  to RE-1 23, tk critical temperature varies
strong] y with the ionic radius. On @reasing  ionic radius t~e structure changes from
orthorhombic to tetragoml..  In the transition regime polymorphic compounds cag be formed with
RE = Gd, Dy. With small  RE ions, the formation of impurity phasts  cannot be avoided. The Lu
compound cannot be synthesised at all by >-dard solid-state reactit  )ris.

With Y-123 thin films  critical temperatures of TN = 88-89 K and critical current densities of
jC(77 K) = 2-3.106 A/cmz , both determined by transport m.easurelnents,  could be reproducibly

obtained. Up to 27 lines can be fabricated and measured separately’ on a 10 x 10 mm2 sample.
Optimum films yield a standard deviation of the values of jC(77 K) measured on one film of 10-
20’ Y.. We showed that the substrate temperature, which is necessay~ to deposit higkyquality  thin

1, films, can be as low as 630”C, when hr20 is employed instead of oxygen. The film properties are
deteriorated by photodissociation of N:O w-ith an excimer  laser Ieam  parallel. “to the target,
because thereby NO is produced [Sch\~ab  199 la, 1992a].

Lu-123 ceramics contain large amounts of a second phase. Due to the high non-equilibrium
nature of the PLD process, it is possible to s}nthesise phase pure fihns from this compound. The
characteristic properties achieved were T= = 90 K, 85 K and 84 K for SrTiO~, MgO and
LaAIOg  substrates, respectively. The critical current density jc(83 1<) exceeded 106 A/cmz with
SrTiO, substrates [Schwab et al. 1992b].

The optimum preparation conditions for Tm- 123 films were found to be similar to those tkxl
with Y-1 23. The same holds for the superconducting properties, fill n morphology and structure
[Stangl  et al. 1994a]. With this compound, tie development of the surface features with
increasing substrate temperature Ts was studied. Optimum superconducting properties
correspond to a film surface which is smooth except of outgrowths.

j, With Gd- 123 targets critical temperatures up to T@ = 93.5 K and cr itical  current densities up to
jc(77 K) = 3.5.106 A/cmz  have been obtained.

At ‘mbient pressure, YB&GSr:Cu20y  can only be synthesised by solid-ph~e  reactions up to
concentrations x = 1.2. We have demonmrated  that with PLD it is possible to fabricate single
phase oriented films \vith x up to 1.8. The length of the c-a,,is decreases about linearly with
increasing x. Correspondingly, the critical temperature decreases e.g. with (100) SrTiO~
substrates T@ = 80 K was found  for x = 1. The critical current dens ly was jC(60 K) 106 A/cm*1
[Schwab et al. 1993a].

LuBaSrCu30x  cannot be synthesis~  at all by standard solid-state reactions. We succeeded in
preparing single-phase films by PLD at relatively Io\y substrate temperatures of about 600”C
[Schwab et al. 1992 b]. To oxidise, the films completely at these I{NV temperatures, N20 was
employed. With such preparation conditions the film surface was gmnular on a sub-micrometer
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the number of particulate was smaller. The supercond~lcting  properties were Td =

jc(40 K )  1 05  A / c m * .

The optimum preparation conditions for Glms TmBaSrCu@X and ~he surface correspond~g  to
optimum superconducting properties are mgly similar to Tin-I 21 films [Stangl et al. 1995a].
The maximum value for Td achieved ~~ith (100) MgO, 72.7 K, slightly exceeds the vahte for
ceramics. “The maximum critical current densip  was jc(57 K) 106 AJcm2. The optimum window
of substrate temperatures ieems to be smaller than for Tm- 123 films.  Changing the temperature
resuIted  in the formation of sub-mm outgrol~ths  or platelets. The differences in the shape of the
Jc(T) dependencies for TBSCO and Tm- 123 films can be discussed in terms of a wider
distribution of critical temperatures in TBSCO films. This, in turn can be attributed to a more,
inhomogeneous spatial di st iibut ion of ox}gen.

The maximum Td of single phase GdBaSrCu2@X.  thin films achie~’ed was 77 K This is lower
than the reproducible level  obtained with cerarn~cs, T~= 80 K, rw in the case of Y- I 23. The
surface exhibits mainly nearly spherical, droplet-like features, in contrast to TBSCO films. With
standard deposition conditions TCO was decreased, if long dwell tirrles at low temperatures and
slow cooling rates were employed. This d~~radation  of T@ could be avoided by reducing the
target-substrate distance. Maximum critical current densities \yere arcmnd jc(57 K) = 10fi A/cmz.

A
1 .5  - -

@

1.0 . -

0.5 -- “

0.0 , . , B
8 0 90” “ 100 110 “

Temperature (K)

1

Figure 4: Resistance versus temperature for a YBCO sample jproduced using the BaF2

process with ex-situ  annealing. The thickness was 500 nm, TCO is 91.6 K and the
transition width 0.5 K. The criticaI  current density Jc at 77 K was 2,1x105 A/cm2. The
Jc value could increased by decreasing the fi!m thickness.

In order to achieve Bi-22  12-films with T.:, = 80 K high deposition tl~mperatures  -T, = 800”C -
and high deposition pressures - p(Oz) = 3 mbar - were employed. The films were exposed to
these conditions also for about 1.5 hours immediately after the deposition. Maximum critical
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current densities - jC(30  K) = 2.1’06 A/cm* - were obtained for T, = 780”C,  corres@d@ to a
T@ of 68 K.

4.2.3 Technical University of Denmark MBE Facility

During the project we have produced high quality superconducting YBaCu~O,.I thin fihns on

~
single sided and double sided 10x 10 mm2 wd 25x25 mm2 LaAICj substrates. .Al~, we have
demonstrated that the process can be extended to include 2 inch’ substrates. Figure 4 shows a
resistance versus temperature curve for a sample.

From the experiments on double layer depositions and reduced amwaling  times, we tiricated  a
double layer film with a thickness of 300 nm with two deposition and two annealing prwesses,
where the annealing time in the high annealing temperature step wa’ reduced to 15 minutes. The
results were good in that .Tc was increased in comparison with a single layer 300 nrn iilrn (from
2.2x 106 A/cm* to 4. lx 106 A/cm2).  The surface morphology of the d~mble  layer 300 mn film was
comparable to that of the single layer 300 nm film.

Double sided 1 “xl” samples with 300 and 500 nm YBCO superconiiuctor on L&03 substrates
have been made. TGS were just below 90 K for each side ,of the 300 nm films, while for the 500
rim films, Tes were above 91 K. The 77 K microwave surface res kance was meassrcxl  ~ 18
GHz (300 nm) and 24.4 GHz (500 *). Scaling the resuks to I’o GHz (using the ~ lal~-)  and .
ta$ing into account the finite thickness effects (correction made b!’ dividing ~ by- cd, (dO.),
where d“ is the thickness and L(T) is the magnetic penetration depth) we found ~(3@3 ~ @ 77
K)= 0,85 rnf2 and Rs(500 nrr:@ 77 K)= 0.72 mS2 .

4.2.4 Demokritos  Sputter Facility

Good results have been obtained with RFsputtering  from a stoichi(>metric  powder zn-get  in an
on axis configuration. The benefits of sputtering from a powder targ >t is that dense l_BC O disks
of 5 cm diameter are not required, it is easy to change the stoit  biometry of tie rarget  and
overheating of dense targets during sputtering is prevented. The d~sadvantage  is ti frequent
replacement of the powder is required in order to have films with g owl properties. Thee films ,
had very rough surfaces and low JC and so were worthless for technological  applitiom.

I
In order to improve the film prope~ies we used a new technique which is based on the insertion
of a conducting (copper) disk be~veen  the target and the substrate and RF exe- of the
source. ” In this way it was able to use dense targets too with very good results. It is considered
that the energetic particles responsible for resputtering  are prevented from reaching ti growing
film because of the disk. Films with excellent surface smoothness, T; =85 K and J=(77 K)> lx 10s
A/cm* was made on LaAlO~ substrate. However this tectilque  dots not permit to cuver more
than 1 x I cm2 substrates.

In order to sputter at higher pressures we turn to DC excitation of tile sputter source \*ith dense
, and filly oxygenated (and so conductive) YBCO targets. In this way we have wccezded  to
deposit films with Tc =90 K and JC(7’7K)=’4 x 10’ Ncm2 Up to I “xI”’.
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Figure 5: Transmission of an HTS riug resonator as a function of frequency.

4.3 Device Fabrication and Testing

Figure 5 shows the transmission of a YBCO ring rfionator  as a fiux:tion  of frequency. A sharp
transmission peak at the fimckunental”  resonance can be seen. This occurs approximately when
the ring circumference is a whole number of wavelengths long. The width of this peak is used to
deterrn;ne  the Q of the structure. Enlargement of the peak shows that in fact the peak was split
in two. This effect is caused by variations in the substrate permitti~~ity  due to twinning. It c~
be avoided by using line-resonator structures, although these were le~s suitable for charactensing
film Iosses  because they have higher radiarion  losses than ring reso ~ators.  Figure 6 shows the
measured performance of the filter. The insertion loss is ldb less than the gold version and
exhibits the characteristic steep-sided rtqxmse  (at the expense of pass-band ripple) of the
Chebychev design. Figure 7 shows the performance of a coplanar spi -al delay line produced on a
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Figure6:  Transmission ofthree-pole  Chebychev  filter

1 cmsubstrate,  this gavegood  performam+-= with the smaller track ~idth giving higher delay (1.9
ns) than a 50 Q microstrip design on the same substrate area. I

,,

The 1 inch and two inch diameter de~ices  w-ere less successfid, shc lwing a periodic structure in
their transmission characteristics. Vol’m.Q~ contrast electron microscopy  of a two inch device
showed a break in the track, caused by contamination of the substral,e  by a particle, either during ‘
growth, transport or patterning. Such fwhs should be relatively ewy to eliminate although high
,standards are required, unlike normaI siliqm chip production, delay nines require the whole wailer
to be perfect,

)
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Figure 7: Group delay characteristic of a 10 mm diameter coplanar delay tine
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4.4 Cryocooled  delay line

This unit successfully achieved cooldow% operating with a 1 inch delay line.

5 CONCLUSIONS

Work by this consortium and by other groups have brought HTS microwave technology to the
point where, with the important exception. of high power applications, exploitation of the
t&Anology  now depends on development (rather than research) of components, sub-systems and
cryogenic engineering developments. .+ complete demonstration technology for the fabrication of
HTS microwaye  devices exists and th~ have much better per forrnance than conventional
microwave components can offer. l%s is a real achievemer  t. However, conventional
technologies do not require a cryosystem and therefore if real system  benefits are to be realised
tirough  application of HTS the advantages have to outweigh the extra complications of
employing cryogenic temperatures which must be reduced to a mininmm.
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