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PROCESS FOR MAKING SUPERCONDUCTING
T1-Pb-Sr-Ca-Cu OXIDE FILMS AND DEVICES

BACKGROUND OF THE INVENTION
Field of the Invention
This invention relates to a process for making
"films of T1-Pb-Sr-Ca-Cu-0 compositions which are
10 superconducting. The invention also relates to a method
for fabricating microwave and other electronic devices
from these films.
Background
Recent advances in the elevation of. superconducting
15 transition temperature of various oxide materials have
provided the opportunity for applications of such-
‘materials in radiofrequency, microwave and other i
electronic technologies. Considerable progress has been
made in a number of fabrication technologies related to
20 forming these ox.’n_.de superconductors into wvarious
electronic devices. The higher the transition
temperatuie of the superconducting oxide, the more
likely that material will be of value in such
applications. Subramanian, U. S. Patent 4,894,361, and
25 .Subramanian et al., Science 242, 249 (1988) disclose
superconducting compositions of Tl-Pb-Sr—Ca—Cu-O. Two
supe:conducting phases, one with a c-axis unit cell
dimension of about 12 Angstroms (1.2 nm) and a
superconductivity transition temperature (T¢) of about
30 B85 K, and one with a c-axis unit cell dimension of about
15 Angstroms (1.5 nm) and a Tc of about 122 K, were
identified. Methods for producing powders of-tBESer-.
materials and single crystals of the hight..:;;%:"-. -_;,«;-—-w

are also disclosed.
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Recgnt advances in the elevation of. superconducting 15 transition

for tapplications o c material s in radi of requency, m crowave and

ot her el ectroni c technol ogi es. Consi derabl e progress has been. made
In a nunber of fabrication technologies related to220 form ng these oxide
super conductors into various el ectroni c devices. The higher the
transition tenperature of the superconducting oxide, the nore

likely that material w || Per oiostapresentsetectronipmieviae applications,

Subrameni an, U. S. Pageal ds 8%ui3%reqdBicgSand S AMVARedhndllogy, thin

Sci ence. 242, 249 (1988). di scl ose super conduct i nﬂ’éco ositi on; of
T1- Pb- Sr- Ca- Cu- O Tworilms axe Rroyiagcte e Fhe fost h £9T®-8%i s uni t
cel | di mensi on osupéredndittAngs okbde. ( Varivgs amthwds of producing

o6 w th a c-axi & Sni Poper ST igs ({x i 'dlsdls BaRersils Hayd p0E
and a T[err] of aboutdegseridbedwer See, fordexanmplexd Vepkatesan,oSPEEoduci ng
powders of these PFSECEA Tl s A .Shaghe(2989) Al IriEsd Rthodizetad[ Ber ]
materi al are al Sgegtl:gﬁl’eof %% either in-situ or ex-situ fabrication
routes, depending on whether the superconducting oxide
10 f£ilm is made during a single-step process encompassing
deposition, reaction and crystalline growth of the
desired superconduci:ing phases or by a two step process
involving the deposition of a precursor, followed by 2
second distinct reaction and crystalline growth step.
15 The second distinct step has generally been described. as
annealing. See, for example, Laubacher et al., IEEE
Trans. Magn., MAG=27, 1418, (1981). )
In the case of yttrium barium copper oxide £ilms
this second step has generally in_volved the reaction of
20 the yttrium, barium, copper and oxygen components above
the orthorhombic to tetragonal phase transition
temperature followed by further reaction of the
nonsuperconducting te‘traéonai .phase with oxygen near the
phase transition temperature to form the
25 superconducting orthorhombic phase. In-situ methods
have also been deveioped for forming yttrium barium
copper oxide films. These processes have generally
involved either laser ablation or sputtering deposition
in the presence of an oxygen atmosphere while raising
30 the temperature of the substrates and the f£ilms being
deposited to & temperature favoring reaction and
crystalline growth of the superconducting oxide £ilm.
In the case of other superconducting oxides such as
the T1~-Ba-Ca-Cu-O materials, only ex-situ processes
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2 For nost present el ectronic device applications, such as
radi of requency and m crowave technol ogy, thin films are proving to be
t he nost useful form of superconducti ng oxi de. Various methods of
produci ng 5 superconducting filns from oxides, materials have been

descri bed. exanpl e, Venkatesan, SPIE Proceedi Nng$A
(1989). gﬁgﬁﬁg%ﬁ%ds can be descrlbed as either in- S|tu§6r ex- s&éﬁo
fabricatlon routes, dependi ng on whet her the superconducting oxide 10

filmis nmade during a single-step process edconpassing deposi tion,
reaction and crystalline growh of the desi red superconducti ng phases

O 20 B SOE reported B bt e SRS  EEng BBl RO
of T1 and/or Ba-Ca-Cu-0 have been deposited, and the
resulting £ilms have been annealed in containers
_containing the volatile thallium oxide at an elevated

5 tempezature which favors the growth of the desired
superconducting oxide phase. See, for example, Lee et
al., Appl. Phys. Lett. 53, 329 (1988), Holstein et al.,
IEEE Trans. Magn., MAG=27, 1568, (1991), and Nabatame et
al. Jap. J. Appl. Phys. 29, 11813 (1990).

10 Improved superconductor oxide £ilm properties are
necessary for the integration of these materials into
electronic devices. Measurements of electrical
transport properties and magnetic measurements on
fabricated forms of superconducting oxides provide an

15 estimate of their performance in electronic devices. A2an
eddy-current measurement technique described by bpss et
al., Supercond. Sci. Technol. 2, 63 (1989), has proven
to be useful in evaluating superconducting £ilms.
Radiofrequency and microwave cavity resonator

20 measurements provide an estimate of a superconductor
oxide film performance for various passive and active
devices as described in Portis et al. J.
Superconductivity 3, 297 (1990). .From measurements of
X", the complex part of the ac susceptibility, of a

‘25 superconducting oxide a relationship of magnetic flux
lattice pinning with respect to temperature can be
derived which is called an irreversibility line. See,
for example, ¥. Yeshurun and A. P. Malozemoff, Phys.
Ref. Lett. 60, 2202 (1988) and R. B. Flippen and T. R.

30 Aaskew, J. Appl. Phys. 67, 4515 (1990). The X* peak is
the value of maximum adsorption of energy by the flux
lattice. These X" peak values define the
irreversibility line which is the boundary between the
magnetic flux-pinned and flux-mobile regions in a
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second di stinct reaction and crystalline gromh step. 15 The second

distinct step has generally been described. as anneal i ng. See, for
exanpl e, Laubacher et al., |EEE, Trans. Magn ., MAG 27, 1418, (1991).
In the case of yttriunlbariunlcopper oxi de filns this second step has
general |y i nygl A€ reaction of 20 the yttrium barium CORCI/USH2I04570
oxygen conponen ove the orthorhonbic to tetragonal phase transition
t enperature follomed by further reaction of the nonsuper conduct i ng
tetragonal phase with oxygen, near the pﬁase transition tenperature to
formthe 25 superconducting orthorhonmbic phase. In-situ nethods have

21 50 been devel opede [ Qnd Uyl 4bbbbh EbIES diBerna FGAEE1E ELELAI | o

These processes ﬁ¥ I nvol ve er ablation -or
sputtering deposi'?rdnﬁgnetiq mpbéﬂbﬁet%ﬁn Mﬁeﬁhﬁt nosphere whil e

raising 30 the §9rpeédibflidly NiaesuRafhets £tk Weenobide baitbe
O et conact FABEAASlcl Mo Dne BELL 20T Khrrens, L3/ SLRL) PoB" 0V O
super conduct ifhg queti@tﬂelab lower: thanithat @f @QOWFF&#E,HWy
ex-situ processe§jne, magnetic flux is pinned and a supe:eonducting
current can exist.
various electronic devices fabricated £tom
superconducting oxides have been reported. Problems
10 uﬁth high contact resistance between metal and
superconductor interfaces, poor superconducting surface
properties, uncontrolled reactivity of superconducting
oxide surfaces with conventional photolithographic
chemicals and incompatibility with conventional
15 1lithographic techniques have limited the fabrication and
performance of electronic devices produced from
superconducting oxide materials. Some progress has been
made on passive microwave device fabrication and
performance using superconduciing oxide £films. See, for
éo example, lyons and'Withexs, Microwave Journal, 33,
85, (1990) and Withers et al., Solid State Technology,
33, 83, (1990).

- SUMMARY _OF THE INVENTION

25 This invention provides a process for making a
superconducting Tl-Pb-Sr-Ca-~Cu-O thin £ilm comprising a
phase of the formula Tlgo.5Pbp.55r2Cai14nCu24n0742n where
n=0,10r 2. The process comprises

(a) sputtering an oxide £ilm onto a dielectric

30 substrate from a target formed by (1) heating a mixture
of T1, Pb, Sr, Ca and Cu oxides wherein the atomic ratio
of T1:Pb:Sr:Ca:Cu is a:b:c:d:e, wherein a is from 0 to
about 1, b is from O to about 1, c is from about 2 to
about 3.4, d is from about 1 to about 4 and e is from
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3 have been reported to be successful. Filnms consisting of T1

and/ or Ba- Ca-Cu-O have been deposited, and the resulting filnms have
been anneal ed in containers containing the volatile thallium oxide at an
el evated 5 tenperature which favors the growh of the desired

Super conduchiyp@aeose Phase. See, for exanple, Lee et al ., 92/64%79 -
Lett. 53, 329 (1988), Holstein et al., | EEE Trans. Magn., MAG 27 1568,

(1991) , and Nabat ane et 5

about 2 to about 5, and (2) compressing and haating said
mixture,
(b) placing the substrate having said sputtered
oxide £ilm thereon and a source of thallium oxide and
5 lead oxide in an inert container with an oxygen-
containing atmosphere, with the amount of thallium and
lead contained in the source being at least 100 times
the amount -of thallium and lead necessary to convert the
£ilm to Tlp,SPbp,55r2Ca1+nCu24n07+2ns . .
a0 {c) heating said container and its contents, i. e.,
the f£film produced in (a) and the source of thallium
oxide and lead oxide, to a temperature of from about
850°C to about 950°C and maintaining this temperature
for at least sbout 10 minutes, and
1s (d) cooling said container and its contents and
:eco#e:ing the superconducting Tl-Pb-Sr-Ca-Cu~0 thin
£ilm.. :
Preferably, the sputtering oxide target has an
atomic ratio of Pb:Sr:Ca:Cu of 0.5:2:2:3 and rf
20 magnetron sputte:ing is used. low temperature deposition
with the formation of a predonimtly amorphous £ilm is
preferred.
Preferably, the source of thallium oxide and lead
oxide is comprised of Tlp_sPbp.s5Sr2Ca2Cu30g and T1203,
25 '
DETAJILED DESCRIPTION OF THE JINVENTION
Superconducting Tl-Pb-Sr-Ca-Cu~0O thin £ilms useful
for fabricating microwave and other electronic devices
can be prepared by the present process. These £ilms are
30 comprised of at least one phase of the formula
Tlo.5Pb0 . 5Sr2Ca1+4nCu2+4n07+2n where n = 0, 1 or 2. There
can be some deviation of the atomic ratio of T1l:Pb from
1:1 and the other atomic ratios indicated by the
formulas given above and the resulting films will still
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al. Jap. J. Appl. Phys. 29, L1813 (1990). 10 | nproved super conduct or

oxide film properties are necessary for the integration of these
materials into el ectroni c devices. Measurenents of electrical

transport properties and nmagneti c neasurenents on fabricated forns of
super conductW@@26392kes provide an 15 estinate of their perfor RERUSR{P4S70
el ectroni c devices. An eddy-current neasurenent techni que described by
Doss et al ., Supercond. Sci. Technol. 2, &3 (1989), has proven to
be useful in evaluating superconducting fil-ns. Radi of r equency and

m crowave cavity resonator 20 nmeasurenments provide an estimate of a
super conduct or exhi®itdgobd! svperiécudicting Propertdes. paEEimse wdth tbei ve

devi ces as descrihed.,i oLiia. € . Su | M ., 297
(1990). From n%é‘ts&urqg'%%gé%#& ot %%’%gfc&rﬁs)‘l g?("%g??gg#iﬁéeﬁagc'
suscepti bi i ty, Defspitesanyudeviation ifzam dtiedd 3 ratie: dhehigwoP<nBdnetic

flux | atli GhabBnplS fbiinlesBenl 44 diierdt U Pos Andpurposeder | ved
I C IS Ca

T 8 b e, h s Shabg i, Sags toms Srok S Geaty, Y25
Flippen end T. RtoiGhiémktries. of\the Riymlad7arests Bé dartompaisserd' b¥ecek is
the above formulas. Similarly, there can be deviations
from the atomic ratio of T1:Pb:Sr:Ca:Cu of a:b:c:d:e in
the oxide target used for sputtering and such targets
10 can be used to provide oxide £ilms which are essentially
equivalent to those obtained from targets with the exact
ratios. Targets having such variations from the given
ratios are taken to be encompassed by the nominal
ratios. ' .
© 15 For brevity, the superconducting phase with n = 0,
c—-axis unit cell dimension of about 12 Angstroms (1.2
nm) and a maximum Te of about 85 K will be referred to
as 1212. The superconducting phase with n = 1, c-axis
unit cell dimension of about 15 Angstroms (1.5 nm) and a
20 maximum Tc of about 125 K will be referred to as 1223.
The superconducting phase with n = 2 and c-axis unit
cell dimension of about 18 Angstroms (1.8 am) will be
referred to as 1234. )
Deposition of an oxide £ilm of Sr~Ca-Cu, Pb-Sr-Ca-
25 Cu or Tl-Pb-Sr~Ca-Cu c_i:n be produced by various
physical and chemical methods with sputtering being
preferred. DC magnetron and rf magnetron sputte:iné can
be used, but rf magnetron sputtering is preferred.
Also preferred is the use of off-axis sputtering, i. e.,
30 the films are deposited on substrates which are located
away from the axis normal to the sputtering target
surface so that-the substrates and resulting £ilms no
longer lie directly parallél to the sputtering target
during deposition. This minimizes resputtering of the
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t he val ue of maxi num adsorption of energy by the flux | attice. These X

peek val ues define the irreversibility line which is the boundary
bet ween t he magneti c flux-pinned and flux-nobile regions in a

4 ~ superconductor exposed to an external magnetic field. For
“magnetic fwelgdmppher than that of the irreversibility I ?ﬁyUS?&ﬂHé'{q c
flux is nobile in the supercondutor and the critical current is zero.
For 5 magnetic fields |lower than that of tlye irreversibility

£ilm surface. The sputtering target is an oxide ceramic
composition containing copper, calcium, stroantium or
copper, calcium, strontium, and thallium and/or lead,
i.e. the oxide target contains an atomic ratio of -

§ T1:Pb:Sr:Ca:Cu of a:b:c:d:e, wherein a is from 0 to
about 1, b is f£rom 0 to about 1, ¢ is from about 2 to
about 3.4, d is from about 1 to about 4 and e is from
about 2 to about 5. A sputtering target composition
with a equal to zero, b about 1/2, c about 2, d about 2

10 and e about 3 is preferred. Typically, the sputtered
£i1m is about 500 to about 50,000 angstroms (50-5000 nm)
thick.

The sputtering target can be prepared by mixing
oxides of thallium, lead, strontium, calcium, and copper
. 15 4in quantities such that the atomic ratio of
T1:Pb:Sr:Ca:Cu has the desired ratio of a:b:c:d:e. For
example, a target containing no thallium and with an
atomic ratio of Pb:Sr:Ca:Cu of 0.5:2:2:3 is made taking
16.7 grams of PbO, 31.0 grams of S0, 16.7 grams of Ca0

20 and 35.6 grams of CuO, and shaking these oxides together
in a sealed container. The powders are then ground in 2
mortar and pestle and placed in an alumina crucible and
heated to B00°C for 6 hours in air. The sintered
powders are then grdund in a mortar and pestle and

.25 pressed in a die at a pressure of about 30 tons per
square inch at a temperature of 400°C for one hour.

Sputtered films can be deposited over a range of
temperatures and thé deposited films will have a range
of crystallinities and chemical compositions depending

30 on the deposition temperature. Low temperature
deposition results in the formation of a predominantly
amphorous film and this is preferred. The substrate can
be a metal or a ceramic material. A ceramic with a low
dielectric constant and a low loss-tangent is preferred.
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line, magnetic flux is pinned and a superconducti ng current can exist.
Various el ectronic devices fabricated from superconqucting oxi des have
been reported. Problenms 10 -wi th high contact resistance between netal and

super conduct rfaces, poor superconducting surface progqﬂy 5/
uncontrol | ed%yg %ﬁ%'ty of super conducti ng oxi de surfaces w b 04570
conventional photolithographic chem cals and inconpatibility with

conventi onal 15

| i t hographic techni ques have8limted the fabrication and

performance of el ectronic devices produced from super conduct i ng oxi de

materials. Sone

fabrication and Exampbes ofresuch materialscazen

progress has been made on ga55|ve n1crovave devi ce

apthanum A minate: = see  for

20 exanpl e, Lyofisagog, \Mébdysiungaldetec -~ NIGEOS, Bépthanum g118te96) and

Wthers et al.

S h
This invention piﬂb?géstgge %'%e %é‘%%%’e Rita o} égd ¥rex uperconcf'uctzl%?g

T1- Pb- Sr - Ca- Cu- Ozkconia |+ XS21pr iOthey xeramic substrates such as

]

10

15

20

25

30

strontium titanate, SrTiO3, can be used.

The sputtered f£ilm is then annealed. The substrate
on which the £ilm has been deposited is placed in a
container made of an inert material such as alumina or '
gold. A source of thallium oxide and lead oxide is also
placed in the container. A convenient arrangement is to
place this source in the bottom of the container and to
place the substrate on which the f£film has been deposited
onto a screen made of an inert material with the screen
suspended over the thallium-and lead-containing source.
The source of thallium oxide and lead oxide can be in
the form of powder and/or pellets comprised of one or
more of :

(i) the single phase composition of the formula
Tlpo.5Pbg.5Sr2Caj+nCuz24n0742n wherein n is 0 or 1,

(ii) the nominal composition TlaPbpSrcCadCue
wherein a is from O to about 1, b is from 0 to about 1,
¢ is from about 2 to about 3.4, d is from about 1 to
about 4 and e is from about 2 to .about 5,

(iii) a mixture of oxides of thallium and lead,
i.e., T1203 and/or T120 and one or more lead oxides
selected from the group consisting of PbO2, PO, Pb203,
and Pb304, and

(iv) the single phase compsition of (1) or the
nominal composition of (ii) supplemented by an oxide of
thallium or lead chosen from those listed in (iii).

A preferred source of thallium oxide and lead oxide is a
povder mixture of Tlp, 5Pbp 5Sr2Ca2Cu30g9 and T1203 in
approximately equal amounts by weight. The amount of
thallium and lead contained in the source should be at
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phase of the fornula TlI[err]Pb[err].[err]Sr[err]Calerr]Culerr]Qerr]n where

n =0, 1 or 2. The process conprises (a) sputtering an oxide
filmonto a dielectric 30 substrate froma target formed by (1) heating a
m xture of T1, Pb, Sr, Ca and Cu oxides wherein the atomc ratio
ofTIPwagng a:b:c:d:e, whereinais fromO to ~ apevruse2/e4sne
fromO to about c is fromabout 2 to about 3.4, dis fromabout 1
to about 4 and e is from a%yut 2 to about 5, and (2)

conpressing and heating said

least 100 times the amount of thallium and lead
necessary to convert the £ilim to
T10,5Pb0,55r2Ca1+nCu24n07+2n.
Preferably a cover of an inert material is placed
5 on the container. The container can also be sealed.
The atmosphere enclosed within a covered or sealed
container is preferably oxygen-containing, e. g., air.
The £ilm is then annealed by heating the container
and its contents to a temperature of from about 850°C to

10 about 550°C and maintaining this temperature for at
least about 10 minutes. Annealing times of 32 hours or
more can be used. Following this heating, the container
and its contents are cooled and the superconducting Tl-
Pb-Sr-Ca-Cu-0 thin film is recovered.

15 " For an oxide f£film deposited onto a lanthanum
aluminate substrate, it is preferred to use an alumina
crucible covered with gold foil and an alumina lid, an
annealing temperature of about 865°C and an annealing
time of about 16 hours. ‘

20 Since thallium oxide and to a lesser degree lead
oxide are volatile in the range of the annealing
temperatures, it is necessary to anneal the film in an
atmosphere containing oxygen and volatile thallium- and
lead-containing materials. This can be achieved by the

- 25 process described above. The annealing atmosphere can
also contain nitrogen, argon, and water wvapor.
Alternatively, a £film could be annealed while being
deposited. The necessary amount of lead and thallium
can be incorporated into the £ilm during the deposition

30 step and the superconducting oxide film can be grown in-
situ. The wvolatile components can be supplied by a
source of thallium and lead containing compounds placed
in the crucible with the £ilms during a second annealing
step or by a combination of these two methods.
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m xt ur e.

(b) placing the substrate having said sputtered

oxide filmthereon and a source of thalliumoxide and § [|ead oxide
i nert container with an oxygen- cont ai ni ng at nosphere, with the a

of thallium | ead contained in the source being at |eas |
) RIS

t he anmpbunt o

m and | ead necessary to convert the firmto

T[err]Pb[err]Sr[err]Ca[err]Cu[err]. 10 (c) heating said contai
and its contents, i. e., the filmproduckol in (a) and the source
thal lium oxide and | ead oxide, to a tenperature of from about

850[err] C to about 95[err]C and mai ntaining this tenperature for
| east about 10 mi nut &XySsRimay be suppXied | AR exLernahBAUTSe and

“contents and
film
rati o of Pb: Sr:

di[x%f‘dt\a@r iuagat?es weﬁsoméuebbﬁpfa ;xabﬁ{e Ea Cu-0 thin
rerera . e sputterin | de [ n
QPSS GXgh fg:?‘%?d’sr F°?8tgﬁ’é§'ﬁtét&ot%els &f??’g?i 85 is

Low t enper at ur e ekexatied sgmperatyxes, t Forr exampien k203 Wdddoni nant |y

anor phous fi kM idecomposie’ $he6tIh0 and 07 in théfgrétesdred tangeubge of
thalliumoxide and | e

10

5

20

25

30

anneafT%g temperatures. In a closed system such as a
sealed crucible the oxygen pressure can be controlled by
choice of the relative amounts of constituent metal
oxides used. For example, instead of using pure T1203 a
combination of T1203 and T120 may be used to control the
oxygen pressure.

A multizone furnace could be used for annealing a
£ilm by having the £ilm at a controlled temperature and
exposed to a flowing gas containing oxygen, thallium and
lead compounds which provide the appropriate vapor. The
source of the thallium and lead oxides would be placed
in the furnace at positions having temperatures at which
the compounds would decompose and the evolving vapor
would be transported by a carrier gas to the £ilm. The
vapor can be decomposed from various organic and
inorganic thallium and lead containing compounds to
yield the appropriate vapor composition. It is
necessary that sufficient amounts of oxygen, thallium
and lead be available for diffusion into the f£ilm and
reaction with‘other constituents, and that sufficient
oxygen, thallium oxide and lead oxide vapor pressure be
maintained around the film during crystalline growth of
the £ilm.

Three superconducting phases have been identified
in the films prepared by the process of this invention.
As determined from X-ray diffraction results indexed on
a tetragonal cell, one phase has a c-axis unit cell
dimension of about 12 Angstroms (1.2 nm) and is the 1212
phase, a second phase has a2 c-axis unit cell dimension
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oxide is conprised of T[err]Pb[err]Sr[err]Ca[err]Cu[err](err] and

Tl[err]Jerr]. 25 Super conducting T1-Pb-Sr-Ca-Cu-Othin filns
usef ul for fabricating m crowave and other el ectronic devices can
be prepared by the present process. These filns are 30 conprised of at

|l east one wioee#22921t he fornul a Tl [err] Pb[err] Sr[ err] Ca] ®CTTUSR2£045F0
where n = O 1 or 2. There can be some deviation of the atomc ratio
of T1:Pb from 1:1 and the other atom ratios indicated by the
fornmul as gi ven above and the resulting fil will still

6 .

of about 15 Angstroms (1.5 nm) and is the 1223 phase and
a third phase has a2 c-axis unit cell dimension of about
18 Angstroms (1.8 nm) and is the 1234 phase. A f£ilm
produced by this process is highly c-axis oriented with

S5 the c-axis perpendicular to the surface of the
substrate. The a-axis is also highly oriented in the
plane of the surface of a substrate in which the lattice
parameters closely match those of the supe:conducting
phases. : s

10 The size of grains in the £ilm can be controlled
and varied from less than 10 pum to over 100 um by
selection of the substrate material, the annealing
temperature, the annealing time and the amount of
thallium oxide present during the annealing process.

15 For eximple, larger grains can be grown on Lanlo3
substrates than on NdGa03 substrates:. The lattice
dimensions of LaAlO3 have a closer match to the a-axes
of Tl-Pb-Sr-Ca-Cu=~0 supe:cohduct_ing phases. Annealing a
£ilm below B65°C for periods less than one hour yield

20 grains smaller than 10 Em whereas annealing a film above
865°C for increasingly longer periods yield grains which
may exceed 100 yim. Increasing the amount of T1203 used
in the annealing crucible also yields larger grains. 1t
is believed that the T1203 forms a2 flux which encourages

.25 mass transfer to large grains. large grains' reduce the
density of grain boundaries, thereby making the £ilm
more useful for devices such as Josephson junction-
based devices, e.g., SQUID, superconducting quantum
interference devices.

30 The degree of grain alignment on the £ilms can also
be contreolled by selection of the substrate mai:erial,
annealing temperature, annealing time and the amount of
thallium oxide present during the annealing process.
Alignment as evidenced by X-ray diffraction reveals that
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exhi bit good superconducting properties. Films with the the atomc
ratio of Tl:Pb of 1:1 have the highest T[err] Despite any devi ation
fromthe 1:1 ratio, "the sumof T1 and Pb per fornula unit is about 1.

For the pur &Z’S; ?29 herein, filnms having such variations from tger/ugezin4s7o
stoi chi onetr %8292 he forrrul as are to be enconpassed by t he above

formulas. Simlarly, there can be deviations fromthe atomc ratio of
TI:Pb:Sr:Ca:Cu of a:b:c:d:e in t he oxi dedarget used for sputtering and
such targets 10 can be used to provide oxide filnms which are essentially

equi val ent to those obtajn rom ets W th
Targets havi ng M ?‘éﬁ?ﬁﬁge?r%%a{% at':Q%r gtélﬁ%%sa?gi% de‘{r?'%tﬂo be
enconpassed by tdfe thenmiaPb-Sr-Cat+Cws0 ﬂt&ses thaﬁougbbepmiqwly

super conduct i ng %r}a%em%ﬁaznaﬁage beca\?s [er ﬁﬂ%‘ ggl k1dseenateieef about

12 Angstroms (1. maxi num 5 K mnll be
referred to wclﬁlzstﬂiﬁe‘%m%c&&ﬁ’m}%ag c-axis
UFi t ]Ce| :c dLSEHWMal%bwthliaeeﬂeé rmﬁdéltd'rsn ns)loanct aoZﬂhe rﬁ&umnn
T[err] of about 1 K. wll r h upefg@nduct i ng
phase with n = (9%&?F§°ﬁﬁlfg°u£ %g?¢ n5|on‘oF aéo§?§18 Angst r ons
(2.8 nm will be&egree of c-axis orientation io: the 1223 phase is

maximized when the anneal is performed between 865°C and

920°C with a maximum for the 1223 phase occurring near

10 B885°C on LaAlO3. The highest degree of c-axis
orientation is realized when the amount of T1203 present
in the annealing crucible is approximately 30-60% of the
total weight of the crucible powder. Longer annealing
periods also lead to &2 higher degree of c-axis

15 orientation for all the superconducting'oxide phases.
For example, at 875°C the degree of c-axis orientation
is approximately five times greater after sixteen hours
of annealing as that which can be achieved after thirty
minutes of annealing. <

20 The ratio of the three superconducting phases,
1212, 1223 and 1234, present in the product £ilm can be
controlled by sputteted £ilm stoichiometry, selection of
substrate material, annealing temperature, annealing
time, composition of thallium oxide and lead oxide

25 materials present during the annealing process. The
relative humidity of the atmosphere during handling of
preannealed films and during the annealing process also
influences the proportion of different phases.

The atomic ratio of Pb:Sr:Ca:Cu in the sputtered

30 f£ilm must be about 0.5:2:2:3 in order for the desired
1223 phase to be formed preferentially. If the lead
amount is higher, the formation of calcium lead oxide is
favored. 1If the lead amount is lower, superconducting
films are obtained containing more thallium than lead.

L
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referred to as 1234. Deposition of an oxide filmof Sr-Ca-Cu,
Pb-Sr-Ca- 25 Cu or Tl1-Pb-Sr-Ca-Cu can be produced by various

physi cal and chem cal nethods with sputtering being + preferred. DC
magnetroan and rf magnetron sputtering can be used, but rf nagnetron
sputteri ngwoS22292¢r r ed. Also preferred is the use of oPCTAI§92/04570
sputtering, i. e., 30 the filns are deposited on substrates which are

| ocat ed away fromthe axis normal to e sputtering target

surface so that the substrates and resulti films no | onger lie
directly parallel to the sputtering target . during deposition. This

m nimzes respyeker E18mef hdve lower Tc. If the calcium content is -7
lower the 1212 phase is clearly favored. Large excesses
of strontium and calcium or copper result in the
formation of unwanted binary and tertiary metal oxides

5 of these elements. |

A LaAlO3 substrate favors the formation of the
1212 phase p::esuma_hly because of a closer lattice match.
A NdGaO3 or LaGaO3 substrate discourages the formation
of the 1212 phase more than the 1223 phase presumably

10 because the lattice mismatch is greater for the 1212
phase. As a result, the proportion of the 1212 phase to
the 1223 phase is greater on LaAl0O3 than on the NdGaO3
or LaGa03. If the lattice mismatch is very large, i.e.,
greater than a few per cent, as for MgO and ¥SZ, the

15 . 1212 phase is the major phase and generally the only
supercbnducting phase. For these substrates with
greater lattice mismatch, the amount of c-axis oriented
1212 phase present is considerably less than that found
on the better lattice matched substrates such as LaAl03,

20 NdGaO3, and LaGaO3.

Annealing temperatures of greater than 865°C but
less than 920°C result in the presence of the 1223 phase
in the product £ilm. Annealing temperatures of from
about 850°C to about 865°C and from about $20°C to about

25 950°C result essentially in the absence of the 1223
phase in the product £ilm, and the £ilm consists
essentially of the 1212 phase and other
‘nonsuperconducting oxides.

longer annealing periods result in much greater

30 growth of all phases; however, the 1223 philse-'and
especially the 1234 phase are present and grow
significantly only if the annealing period exceeds about
30 minutes.
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filmsurface. The sputtering target is an oxide ceramc conposition

cont ai ni ng copper, calcium strontium or copper, calcium strontium
and thallium and/or | ead, i.e. the oxide target contains an atonic
ratio of 5 T1:Pb;Sr:Ca:Cu of a:b:c:d:e, whereina is fromO to. about
1, bis from¥PP22¥ut 1, c is fromabout 2 to about 3.4, RCT/USH/E4570
about 1 to about 4 and e is from about 2 to about 5. A sputtering
target conposition with a equal to zero, ¢ about 1/2, c about 2, d
about 2 10 and e about 3 is preferred. Typically, the sputtered film

e St 2 S RO e apecl gn s bankg
| ead, stronti umcngdxgmisawpe@&gutéiy 33-&@?{3:’ tg?zezgggsh Wt% Fﬁ atom ¢
(raiglrrgl 21,‘ a ta-rngé ’?%c%ﬁu%%#gr#gg%%%gl gigﬁ%htgn %'[%rgﬁ or tﬁ?gﬁ‘tm r°eﬁ"1d5 of
Pb: Sr: Ca: Cu of (amd Zead axideadtbeakgrgwth of e J234spbas€m»d 31. 0 gr ans
of SrQ 16. 7ﬁgr9é‘§pé1§iacj§19 the 32233pnhsd’ 255eNoed? BHsEae M HNs t hese
oxi des together range growth of the 1212 phase is favored. A preferred
source of thallium oxide and lead oxide is 40-70 wt%
Tlp.5Pbp,55r2Ca2Cu309 and 60-30 wt% T1203. Especially
preferred is 50 wtd Tlg, sPbg.5Sr2CazCu3O9 and 50 wts
10 T1203. When the lead content in the crucible is less
than about 7% of the total weight of the crucible powder
then the growth of the 1223 phase is discouraged. This
is evident in the case of the preferred annealing
conditions where a powder mixture of approximately 50%
15 T1203 and 50% Tlp, sPbp.5Sr2Ca2Cu30g by weight is used.
- After completing an annealing run the powder remaining
in the crucible is not only depleted of thallium oxide,
but also lead oxide has been lost from the crucible
yielding a lead deficient powder. A subsequent anneal
20 using this same péwder plus an addition of leds
corresponding_ approximately to the total amount of
weight loss f:_om the crucible will not yield an annealed
film with the desired amount of 1223 phase cobtained when
a fresh charge of approximately 50% T1203 and 50%
25 T1p,5Pbp,5Sr2Caz2Cu309 is used. The lead deficient
ppwder from an annealing run can be restored to the
desirgd lead content level by addition of lead oxide.
Exposing a sputtered film to an atmosphere having
above about 25% relative humidity or annealing a film in
30 an atmosphere havin§ above about 25% relative humidity
significantly increases the amount of the 1212 phase
formed relative. to the 1223,
Films made by this process exhibit a controllable
range of superconductivity transition temperatures from

This Sheet Has Been Replaced

AR

THIS SHEET HAS BEEN
REPLACED




In a sealed container. The powders are then ground in a nortar and
pestle. and placed in an alum na crucible and heated to 800[err] C for
6 hours in air. The sintered powders are then ground in a nortar and
pestle and 25 pressed in a die at a pressure of about 30 tons per

squar e i nchwegoxxaioapperature of 400[err]C for one hour. PCT/USS04810c d
films can be deposited over a range of tenperatures and the deposited
filmw Il have a range of crystalliniti s and chem cal conpositions
depending 30 on the deposition tenperatur& Low t enperat ure

deposition results in the formation of a predom nantly anphorous film

and this is pr%ﬁo@&m&@yssbsxreé ¥ 120 K.DE TheMBuperebnduseivity
rgggf;g'ngeﬁt COIGL] eh8irature e £ ddf1ntl HedlinRd Enk Uhser
temperature where the resonant frequency in the eddy
current measurement increases as the temperature is
5 lowered. Increasing the proportion of the lower T¢ 1212
phase and nonsuperconducting oxide phases decreases this
£ilm transition temperature whereas an increase in the
proportion of the higher T¢ 1223 phase increases the
£ilm transition temperature. Combinations of all of the
10 processing variadbles can be selected to yield a
continuous range of transition temperatures as described
above for control of the ratio of the superconducting
phases in the films. For example, -choice of an Mg0
substrate and short annealing periods at 865°C and below
15 will yield a film which exhibits an eddy current
transition at approximately 25 MHz of about 50 K.
Choice of a LaAlO3 substrate and a relatively long
annealing period of 16 hours at 865°C in an atmosphere
with low relative humidity will result in eddy current
20 transition at approximately 25 MEz of about 120 K.
These films exhibit reduced surface resistance in the
superconducting state as exhibited by measurements up to
35 GHz and power levels above 1 milliwatt. These films
also exhidbit excellent properties in the presence of
25 &applied magnetic fields and exceed those of high quality
Ti-Ba-Ca-Cu-0 and Bi~-Sr-Ca-Cu~-0 films. For example, at
2 field of 300 oersted applied normal to the £ilm
surfacé, the flux exclusion is decreased by
approximately 12% at operating temperatures above 115 K.
30 The X" peak is shifted downward by approximately 4 K.
Films made by the process of this invention can be
fabricated into devices such as resonators, delay lines,
filters and other passive devices and also combined with
semiconductor materials to produce active devices
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8 Exanpl es of such materials are | anthanum al um nate - LaAlJerr],

neodyni um gallate - MiG([err], |anthanum gallate - { LaGao3, magnesium
oxide - MgO and yttrium stabilized zirconia - YSZ. Other ceramc
substrates s strontiumtitanate, SrTiJerr], can be us

The sputtere&gﬁf?%z?;sl t hen anneal ed. The substrate on whi chﬁté'ﬁ,e"‘sfglzlm“570
has been deposited is placed in a contai ner nade of an inert materi al
such as al um na or gold. A source of thallléi um oxide and | ead oxide is
also 10 placed in the container. A convenient arragenment is to pI ace

this source in the bottomof the container and to | ace the s rate
on which the fi |mastmrﬂfdmgsseac t%ﬁ"&'@cﬁé‘éﬁg go’Fe’éM

Irrat erial with th&u&&i@fr!actoz%us papged vamdwiding,hdow noisedand very
b in  the TolREGEE sitgRarElen SFvEey Tyt Epnmavsc s eodby o O 0P oor
(i) the single paeiectiwmiti.ti Durdngt tke fdevide, fabrication process
Ti[err] Pb[errg Srifese Bl fibs leaitli®it] eXBE1 Fért thendca10and physical
ruggedness to various lithographic processes including
the use of positive and negative photoresists, lift-off
techniques, solvents and cleaning methods. Crystalline
£ilms and devices made from Tl1-Pb-Sr-Ca-Cu-0O show no
10 apparent degradation upon repeated exposure to ambient
atmosphere. Reactive ion beam etching has proven to be
an extteord.triarily successful method of patterning these
£ilms to obtain very fine line widths and excellent
feature definition. Devices can be designed in
15 microstrip, stripline and coplanar arrangements and
result in excellent performance. Very low resistance
normal metal to ceramic superconducting contacts can be
made to devices by physical deposition of gold and
silver. In addition, the normal state resistance of the
20 T1-Pb-Sr-Ca-Cu-0 films has been observed to be low
enough to facilitate coupling of radiofrequency and
microwave signals with little or no metallization.
Devices can be packaged for good thermal conduction and
low losses in geld plated copper packages which can be
25 Thermetically sealed and passivated. 1In addition,
devices can be packaged in packages where the
coefficient of thermal expansion CTE is matched to the
substrate material CTE. This has the advantage of
yielding a packaged device with very tight’ internal
30 tolerances. Better thermal conduction and vibration
resistance are major advantages of a tight package and
these features improve the overall ruggedness of the
device for harsh environments such as aeronautical and
space applications.
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20 (ii1) the nom nal conposition Tl[err]Pb[err]Sr[err]Cajerr]Cul[err]

wherein ais fromO to about 1, bis fromO to about 1, cis from
about 2 to about 3.4,. d is fromabout 1 to about 4 and e is from
about 2 to about 5, (tii) a mxture of oxides of thallium and

| ead, 25 i [err]err] and/or Til[err]0 and one or ngcq

oxi des “@a?ze%% fromthe group consisting of Pogerr], PbO rUsedossto
Pb[err] err] and Pb[err]Jerr] and (iv) the single phase
conpsition of (i) or the nom nal conpodition of (ii) supplenented by
an oxide of 30 thalliumor |ead chosen fromthose listed in (iii). A

preferred source of thalliumoxide and | ead oxide is a

powder m xture

of T[err]b[err]Sr[err]Ca[err]QJ[err]qerr] and Til[err]Jerr] in

approxi mately equal anounts b B
contained in the source shoul d be at

EXAMPLE 1

thallium and | ead

A three inch diameter 1/4 inch (0.64 cm) thick
5 oxide sputtering target containing an atomic ratio of
Pb:Sr:Ca:Cu of 0.5:2:2:3 was prepared by mixing 35.6 g
of Cu0, 31.0 g of Sxr0, 16.7 g of Ca0 and 16.7 g of PO
and shaking these materials together in a sealed
container. The powders were then gi:ound in a mortar
10 and pestle and placed in an alumina crucible and heated
to 800°C for 6 hours in air. The sintered powders were
then ground in 2 morta¥ and pestle and pressed in a die
at 30 tons per square inch at a temperature of 400°C for
one hour. Off-axis rf magnetron sputtering was
15 performed using 65 watts power with the target located
1-1/2 inches sbove the substrate. The sputtering gas
was argon and the pressure was 5 mtorr (0.7 Pa). A
pseudo-cubic (100) face of lanthanum aluminate, LaAlO3,
substrate was coated with an amorphous £ilm 1.2 pm
20 thick. For convenience, in this and other Examples, 16

substrates were coated at a time.

Two 12 x 12 mm square £iims prepared as desc_:ibéd'
above were placed on & platinum screen within an alumina
crucible. Powder consisting of 0.7341 grams of '

25 Tlo.sPbp.5Sr2Ca2Cu309 powder and 0.6545 grams of T1203
powder were intimately mixed and placed in the bottom of
the crucible. The crucible was covered with gold foil

and an alumina lid placed on top of the foil.

The

"crucible was placed in a furnace and the temperaturé was
30 dincreased to 450°C at the maximum rate of the furnace
(an average of about 20°C/minute), then to 730°C at a
rate of 20°C/minute, then to 810°C at a rate of
10°C/minute, and f£inally to 865°C at a rate of
5°C/minute. The temperature was maintained at 865°C
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| east 100 tinmes the anmount of thalliumand | ead necessary to convert
the filmto T[err]Pb[err]Sr[err]Ca[err]Cu[err]CIerr{

Preferably a cover of an inert nmaterial is placed 5 on ¥he container. The
contai ner can al so be seal ed. The atnosphere enclosed within a covered
or sealed wommmener is preferably oxygen-containing, e. g.,PGH/US92/04570
The filmis then anneal ed by heating the contai ner and its contents. to
a tenperature of from about 850[err]C to 10 bout 950[err]C and

mai ntaining this tenperature for at | eastt&ibout 10 nminutes. Anneal i ng
times of 32 hours or nmore can be used. Follow ng this heating, the

cont ai ner 'H::.J ?% haREE LA %eaxgﬂ’%ﬁj ﬂ%éﬁgfez%uﬁ%r %QQU@:?PQ T1-

Pb- Sr-Ca-Cu-O thi Il mi1s_recove an oxi m deposi t ed
onto a | ant hanunﬂ 032aP‘qupﬁa?e)s%%§t3h¥ erelative husddityy  TBBse an al unina

cruci bl e cover etepigeragtakré ikl 16weréd €bUTDOT latda Fate of
6°C/minute, the furnace turned off and the films allowed
5 to furnace cool to ambient temperature, about 20°C.

The f£films exhibited approximately equal amounts of
c-axis oriented Tlp,s5Pbp,55r2Ca2Cu30g and
Tlp,.s5Pbp,55r2CaCu207 and a significant amount of c-axis
oriented Tlp, sPbp 5Sr2Ca3Cug03131 phase as determined by

10 X-ray diffraction. 2ero resistance was observed at
approximately 124-126 K with an onset temperature as
high as 127 K. These transitions were confirmed by flux
exclusion and ac susceptibility measurements.

Measurements it 35 GHz were made by an end wall

15 cavity replacement method on the TEOll mode. The
superconducting oxide £ilm forms one end of a
cylindrical microwave cavity. Both films were found to
be superconducting below apprgximgtely 120 K. The:
surface resistance is calculated from the relative

20 unloaded Q factors of a copper cavity as a calibration -
and of one end of the cavity replaced by a
superconducting oxide £ilm. At approximately 80 K with
1 milliwatt of input power the surface resistance of the
superconducting oxide films were one-third that of

25 copper.

The £films exhibit a high magnetic field stability.
A field of 300 oersted applied normal to the £ilm
surface reduced the flux exclusion by only 12% and

shifted the X” peak in the ac susceptibility curve only
30 4 K lower.

_ EXAMPLE 2
A four inch diameter oxide target 1/4 inch thick
containing an atomic ratio of Pb:Sr:Ca:Cu of

—
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anneal i ng tenperature of about 865C and an anneal i ng time of about 16
hours. 20 Since thalliumoxide and to a | esser degree |ead oxi de
are volatile in the range of the annealing tenperatures, it is
necessary to anneal the filmin an at nospher e cont ai ni ng oxygen and
vol ati | e -t hwO 92/2292and | ead-containing materials  This RGI/H892/04570
achieved by the 25 process described above. The anneali ng at nbsphere can
al so contain nitrogen, argon, and water vapor Alternatively, a film
coul d be anneal ed whil e being dep03|teé The necessary anount of |ead
and thallium can be incorporated into the filmduring the deposition

Vol ati 1o comporbrie i e Yas Prephese by BiABgiSadb utekl of coos (', "
cont ai ni ng conpblwRigrARE @f Sro, iLh. Qtﬂt%@ﬁo@mﬂ 1heStgrams RFing a
second anneal i Nfpo and EHAkiAG Rhese CRAtE O ogethBeSEnt #0seE1éWS.

container. A 76.6 gram portion of this powder was then

5 pressed in a die at 30 tons per square inch for 30

seconds at ambient temperature. Dc magnetron sputtering

was performed using 225 milliamps with the target

-located approximately five inches below the substrate.

The sputtering gas was argon and the pressure was 5

10 mtorr (0.7 Pa). The (100) face of a magnesium oxide
substrate, lcm x 1 cm, was coated with an amorphous £41m
1.2 pum thick.

One film was annealed as in Example 1 except that
the bottom of the crucible contained 1.6 grams of &

15 crushed Tlg, sPbg,55r2Ca2Cu30g pellet which had been
annealed in a thallium rich environment and 0.0732 grams
of T1203 was added. Annealing a previously used pellet
in a thallium rich environment consists of repeated
exposure of the pellet to thallium oxide at temperatures

20 above 850°C for a total time of preferably at least 6-8
hours to insure that the material has sufficient
thallium. Films were annealed at a peak temperature of
865°C for 15 minutes while flowing argon and oxygen was
introduced around the crucible. Except for the time for

" 25 which the f£ilm was maintained at 865°C the temperature
program for heating and cooling was essentially the same
as that used in .Example 1. The relative room humidity
devel was 63% and the ambient atmospheric pressure was
1025 mbar (1.025 x 105 Pa).

30 The films exhibited only the Tlp, s5Pbg . 5Sr2CaCu207
phase as determined by an X-ray diffraction scan of the
surface. Eddy current measurements at approximately 25

MHz exhibit a broad transition starting at approximately
BRI
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10 Oxygen may be supplied froman external source directly
as a gas or may be supplied by the deconposition of various constituent
nmet al oxi des at el evat ed tenperatures. For exanple,iTl[err]O[err] Wil |

5 deconpose into Tl[err]O and O[err] in the preferred range of
anneal i ng ter¥O92{395. In a closed system such as a seal edPEFAHEIR(04570

t he oxygen pressure can be controlled by - choice of the relative anounts
of constituent netal oxi des used. For ex l e, instead of using pure
Tl[err]O[err] a 10 conbination of Tl[err]( ] and T1[err] O may be used
to control the oxygen pressure. A mul tizone furnace could be
used for anneal i Bg R. schihaild )@ﬂlq* a0 bR rbi t Nhelb8 e

. tenperature and exB se%*toé)a fl.oqw ng gaga%:% aiir#ﬁgggokgge% t%%lffl ium
and 15 |ead conSBEnETaRs cin Hhe ifddm were dess than 10, pay inTaize.

EXAMPLE 3
5 Dc magnetron sputtering was performed essentially

as described in Example 2 except that an oxide target
containing an atomic ratio of T1:Pb:Sr:Ca:Cu of
0.5:0.5:2:2:3 was used. This target was purchased from
Superconductor Components, Inc. The (100) face of a
10 magnesium oxide substrate, lcm x 1 cm, was coated with
an amorphous £ilm 1.2 pm thick. ’
Annealii:g was done in a manner essentially the same
as that described in Example 2 except that the peak
annealing temperature was 920°C, the time for which this
15 temperature was maintained was 10 minutes, the ambient
pressure was 1028 mbar (1.028 x 105 Pa) and the relative
humidity was 58%. : : '
The resulting films e_xhi.pited essentially only
c-axis oriented 1212 phase as determined by X-ray
20 diffraction measurements. The films had a surface
resistance of 2 kohms at room temperature as determined
by a two-point ohm-meter measurement.

_ EXAMPLE 4 .

25 Dc magnetron sputtering was performed essentially
as described in Example 2 except that an oxide target
containing an atomic ratic of T1:Pb:Sr:Ca:Cu of
1:1:2:2:3 was used. This target was purchased from
Superconductor Components, Inc. The (100) face .of a

30 magnesium oxide substrate, lcm x 1 cm, was coated with
an amorphous f£ilm 1.2 um thick.

Annealing was done in a manner essentially the same
as that described in Example 2 except that the bottom of
the crucible contained about 1.6 g of a crushed 1223
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source of the thalliumand | ead oxi des woul d be pl aced I n the furnace
at positions having tenperatures at which t he conpounds woul d
deconpose and t he evol vi ng vapor woul d be transported by a carrier gas
to the film The 20 vapor can be deconposed from various organic and
i-norgani ¢ t Bﬁ)i%ﬁnd | ead contai ni ng conpounds to yi el d pOE/US92/04570
appropriate vapor conposition. It is necessary that sufficient anpunts
of oxygen, thallium and |l ead be available for diffusion into the film
and 25 reaction with other constituents, and2Xhat sufficient oxygen,

thal lium oxi de and | ead oxi de vapor pressure be mai nt ai ned around the
filmduring crystalline growh of

super conduct i ngPphage W %PqeaeHPPFFgﬁdS%“ 3 Fhaidium ﬁg‘c&r epared by
the process of Ehiri:bﬂﬁ@ﬂtlm describéd dnt Exakplbel Z rand )0.1526dgkBmsct i on

G menston of - ab8a 1393 a LA PBngiEions Mere Epfediniay bt Baudl t cel!

second phase halsatboamﬁem#bﬂbliln Exappieql except that the pe

5 annealing temperature was 920°C, the time for which this
temperature was maintained was 10 minutes, the ambient
pressure was 1012 mbar (1.012 x 105 Pa) and the relative
humidity was 50%.

The resulting £ilm exhibited predominately c-axis

10 oriented 1212 phase with some c-axis oriented 1223
present. There was also a significant amount of Ca2PbO4
present. The film exhibited a surface resistance of 3.6
Mohms at room temperature as determined by a two-point
ohm-meter measurement.

15
EXAMPLE 5

Off-axis rf magnetron sputtering was performed
essentially as described in Example 1 and the same three
inch diameter oxide target containing Pb:Sr:Ca:Cu in the

20 ratio of 0.5:2:2:3 used in Example 1 was used.

Two 12 mm x 12 mm £ilms on lanthanum aluminate
were annealed as in Example 2 except ‘that the bottom of
the crucible contained 1.61 g of a crushed 1223 pellet
which had been annealed in a thallium rich environment

. 25 as described in Example 2 and 0.169 g of T1203.
| Annealing conditions were essentially the same as
those described in Example 2 except that the time for
which the £ilm was maintained at 865°C was 16 hours, the
ambient pressure was 1026 mbar (1.026 x 105 Pa) and the
30 relative humidity was 88%&.

As determined by X-ray diffraction measurements the
£films exhibited primarily c-axis oriented 1223 and 1212
phases and a trace of 1234 phase with the 1212 phase
being the dominant. The films exhibited a surface
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11 of about 15 Angstrons (1.5 nm and is the 1223 phase and a
third phase has a c-axis unit cell dinension of about i 18 Angstrons (1.8
nm and is the 1234 phase. A film ‘produced by this process is highly

c-axis ori e%&xgyﬂéﬁ 5 the c-axis perpendicular to the surfacgg?}‘ﬁ?g%dsm

Substrate. ea-axis is also highly oriented in the pl ane

surface of a substrate in which the lattice paraneters closely match

t hose of the superconducting phases. 1022 The size of grains in the
filmcan be controlled and varied fromless than 10 [err]mto over 100

[err] m by selection of the substrate naterial, the anneali ng
tenperature, tHeeHftdACe,Of pRETAXIPALRIY AR bms at ropp EEERAFEkREE

present during ddicteradnedgbp acees-pdint vlim-Greddt! meabaremenglaiAs can be
grown on LaA O gidy curredt*Bbh3beinthf e 24 M Oethiib1tdlch’ gikg1e Th

| attice
transition at approximately 90 K.
EXAMPLE €
A microstrip resonator with a resonance frequency
of 5 GHz was prepared as follows. One f£ilm prepared in
Example 5 was coated with a 0.3 micron thick layer of
10 poly(methyl methacrylate), PMMA which was spun on and
then heated at 170°C for 30 minutes. A 3 pm thick layer
of Shipley 1400-36 photoresist, a novolac resin doped
with diazoquinone, 2~-ethoxyethyl -acetate, n-butyl
acetate and xylene, was then applied and heated at 90°C
15 for 15 minutes. A mask was applied to the f£ilm and
exposed to 365 nm wavelength radiation at 30 mJ/cm2.
The £ilms were then immersed in Shipley MF312-CD27,
tetramethyl ammonium hydroxide and water, developer for
30 seconds in order to remove ‘the portion of the
20 photoresist layer which had been exposed to the
radiation. The £ilms were ion milled at 0.1 mtorr
(0.01 Pa) pressure for about 3 hours with a 120 mW/cm2
beam of argon ions. This beam was effective in
removing the eitposed superconducting £ilm to reveal the
25 device image on the substrate but did not remove the
' unexposed portion of the photoresist and the PMMA and
film beneath it. The sample was then exposed to an
oxygen plasma for 70 minutes at 20 watts/cm? to remove
the remaining photoresist and PMMA. Silver contacts
30 were then applied to superconducting oxide pads at
either end of the device. A ground plane comprised of a
superconducting-oxide £ilm of Tl-Ba-Ca-Cu-0 with silver
contacts at either end was fabricated by masking the
film and dc sputtering silver directly onto opposite
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di mensi ons of LaAlO[err] have a closer match to the a-axes of

Tl - Pb- Sr - Ca- Cu- O superconducti ng phases. Annealing a film bel ow 865C
for periods |ess than one hour yield 20 grains smaller than 10 [err]m
~whereas annealing a film above 865[err] C for increasingl

peri ods ywe ®/2292ins which may exceed 100 [err]m Increé’&r ?Oq{@sapmunt
of Tl[err]O[err] used i n the annealing crucible al so yiel ds | ar ger
grains. It is believed that the Tl[err]Jerr] fornms a flux which
encourages 25 mmss transfer to large grai@¥s. Large grains reduce the
density of grain boundaries, thereby making the film nor e useful for

super conduct ISRA% BN FLIE.T ARP pupercliiabE &0 Beéaidlig oo o
gLai n glslt (F:jgtrreﬂéum w?as‘ed.rrsmﬁh ground plare: andndevitedwene sel ect i ondof ]
oo B tn 8 s PIRLLIGRARE GRS, SWGREL | e ano (he
Al gnmant as mmmq)m &‘}dal tereach d?F"r &fcthe deyice throug
5 gold pins. The ground plane silver contacts were placed
in intimate contact with the cavity. The q:ound plane
and device were oriented in a microstrip fashion with
the lanthanum aluminate substrate dielectric material of
the device sepa:at:l.ng the ground plane surface from the
10 device. The microwave package was f£illed with neon and
hermetically sealed with indium. Microwave energy was
capacit;ively coupled to the device's superconducting
strip when it was cooled cryogenically. At 70 K the
device resonated at 5 GHz with a Q of approximately 1300
15 with an insertion loss of approximately -65 dB at an
input power of 1 milliwatt. The Q is a figure of merit .
which is inversely proportional to the amount of energy
lost per cycle by a resonant structure. It is the:
ratio of energy stored to the energy dissipated. The
20 4insertion loss is the ratio of the input power to the -
output power. '

EXRMPLE 7
Off-axis rf magnetron sputtering was performed.

25 essentially as described in Example 1 and the same three
inch diameter oxide target containing Pb:Sr:Ca:Cu in the
ratio of 0.5:2:2:3 used in Example 1 was used.

Two 12 mm x 12 mm films on MgO were annealed as in
Example 5 except that the bottom of the crucible
30 contained 1.61 g of a crushed 1223 pellet which had been
. annealed in a thallium rich environment as described in
Example 2 and 0.0809 g of T1203.
Annealing conditions were essentially the same as
those described in Exéxnple 1 except that the peak
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12

LAl err] substrates yield nuch greater c-axis orientation of

the Tl -Pb-Sr--Ca-Cu-0 phases than MO, particularly + for the 1212 phase
because of the very close lattice match. Grain alignnment is greater

Wi th subst r\?[e)fgz?nggpteri als with lattice parameters closer tadrh§sdldadyd-

axi s parane

c-axi s

about 3.80 Angstrons (0.380 nm). The degree o
orientation for the 1223 phase is maxi m zed when the anneal is

performed between 865[err]C and 920[errp® with a maxi num for the 1223
phase occurring near 10 885[err]C on LaAlJerr]. The highest degree of

c-axis
in the
of the
degree

orientation is realized when the amount of Tl[err]Qerr] present
anneal | ipnealdng sepperptvesivas 400°Goandothe time for wei ght
cruci bl @ne0wdain wagNSgintaised idt) 900°CPRas 015 mimetésad to a higher

of c-axi's 15 nyQr 19943t LRI Med pldiomdtRRE TG LUERLE bR ARPN25ES.
1223 and 1212 phases. The dominant phase was 1212.
5 SEM, scanning electron microscopy, imaging revealed
grain sizes to be over 50 um:

_ EXAMPLE 8
A three inch diameter 1/4 inch (0.64 cm) thick
10 oxide sputtering target containing an atomic ratio of
Pb:Sr:Ca:Cu of 0.5:2:2:3 was prepared by mixing 85.6 g
of Cu0, 74.3 g of Sr0, 40.2 g of Cal0 and 40.0 g of PbO
and shaking these materials together in a sealed
container. The powders were placed in an alumina
15 crucible and heated to B00°C for 6 hours in air. The
sintered powders were then ground in a2 mortar and pestie
and pressed in a die at 30 tons per square inch at a
temperature of 400°C for one hour.
. The pressed target was then placed in a rf
20 magnetron sputtering gun and installed in a vacuum
sputtering chamber. Preliminary films vere sputtered on
silicon wafers at 65 watts power and 8 milltorr (1.1 Pa)
argon pressure yielding f£ilms less than 100 nm thick.
These films were anlayzed by means of Rutherford
25 Backscattering to deﬁérmine the stoichiometry of
' Pb:Sr:Ca:Cu which was found to be
0.47(£0.01):2.04(£0.01):2.05(£0.02) :2.95(£0.02).
The position of the substrates in the sputtering
chanmber was measured relative to the intersection of the
30 center line of the substrate holder, i.e., the line
perpendicular to the substrate hoclder and passing
through its center, and the centerline of the sputtering
target, i.e., the line perpendicular to the sputtering
target and passing throﬁgh its center, this intersection
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For exanple, at 875C the degree of c-axis orientation I S approxi mately
five times greater after sixteen hours of annealing as that which can
be achi eved after thirty m nut es of annealing. 20 The ratio of

t he three superconducti ng phases, 1212, 1223 and 1234, present in the

product fi I‘%@mﬁﬁb controll ed by sputtered fil m stoi chi opetrys92/04570
sel ection of substrate material, annealing tenperature, annealing

time, conposition of thallium oxide and | ead oxide 25 wmaterials present
during the annealing process. The reRstive humdity of the

at nosphere during handling of preanneal ed filnms and during the
anneal i ng process al so I nfl uences the proportion of different phases.
The atom c rat Ber¥ingphas the oxigin of theycrerdinate syatempsed o hout

0.5:2:2:3 in ogdeeriBe the positivh of the2gibebiete | O Theseo tird

Pead oxide i s centepifapiiiers pedfiidlcaits 4 Fhe dolied AR ueals O U™
filns are obt admetthisnBzample. mifaking theysputtering target
. 5 centerline as the x-axis and the substrate holder
centerline as the z-axis, the relative positions of the
substrates can be referenced to this coordinate system.
The substrates position was x = 4.75 inches and z = 3
inches. The substrates were rotated about the x-axis
10 during deposition. '

Four 1 inch (2.5 cm) square lanthanum aluminate
substrates were coated using the off-axis rf sputtering
configuration described above at 100 watts power and
5 mtorr (0.7 Pa) argon pressure. The pseudo-cubic (100)

15 face of each lanthanum aluminate substrate was coated
with an amorphous £ilm 1 micron thick. These £ilms had
excellent mirror-like surfaces. '

Powders consifting of 0.7623 grams of
Tlg.sPbg.sSr2CaaCuy powder and 0.3610 grams of T1203

20 powder were placed in the bottom of an alumina crucible
and intimately mixed. One lanthanum aluminate substrate
with the sputtered amorphous f£ilm was placed in the
crucible on a élatinum screen. The crucible was covered
with gold foil, and an alumina -lid was placed on top of

‘25 the foil. The crucidble was placed in a furnace and the
temperature was increased to 450°C at the maximum rate
of the furnace (an average of about 20°C/minute, then to
730°C at a rate of 20°C/minute, then to 810°C at a rate
of 10°C/minute, and finally to B865°C at a rate of

30 5°/minute. The temperature was maintained at 865°C for
16 hours in an ambient atmosphere at 1032 mbar
{(1.032 x 105 Pa) and 78% relative humidity. The
temperature was lowered to 700°C at a rate of
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13 These filmhave lower T[err]. If the calciumcontent is | ower
the 1212 phase is clearly favored. Large excesses of strontium and

cal cium or copper result in the formati on of unwanted bi nary and
tertiary metal oxides 5 of these el ements. A LaOLg er'r)kysubstrate
favors the foVEER(BM2bf the 1212 phase presumably because o 93404570
| attice match. A MG(Jerr] or LaG@Jerr] substrate di scourages the
formation of the 1212 phase nore than the, 1223 phase presumably 10
because the lattice msmatch is greater for t?l 1212 phase. As a
result, the proportion of the 1212 phase to the 1223 phase is greater

on LaAlQ[err] thgocamidiite NS ihhce tuhed AWHTad lene 21308 haibies
msmatch is very | argmace cool to ambient temperature,: about 20°C.
[ 4
The resulting film was very smooth and exhibited a
glossy surface free of major defects. As determined by
5 X-ray diffraction, the f£ilm exhibited predominantly
c-axis oriented 1212 Tl sPbp, sSr2CaCu207 and with a
minor amount of c-axis oriented 1223
Tlp.sPbp.55r2Ca2Cu30y. Traces of 1234
Tlp.sPbo.5Sr2Ca3zCus011 and 1201 Tlg, sPbg,sSr2Culs were also
10 present. The phase CasPbO4 was also found to be a very
minor component.
_ An eddy current measurement at 25 MiHz exhibited a
single transition at approximately 88 K. '
Measurements at 20 GHz were made by an end wall
15 cavity replacement method on the TEO1ll mode. The
surface resistance is calculated from the relative
unloaded Q factors of a copper cavity as a calibration
and of one end of the cavity replaced by a
superconducting oxide film. At approximately 50 K with
20 1 milliwatt of input power the su:facé resistance of the
superconducting oxide film was approximately six times
lower than copper.

25
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greater than a few per cent, as for MJO and YSZ, the 15 1212 phase is the
maj or phase and generally the only super conducti ng phase. For these
stABSates with greater lattice msnatgh, sthe amyUmd, ohcsqu ori ented
1212 phase present is considerably |ess than*ttrat, toundu . Qn <he better

| atti ce matched substrates such as LaAl( esieps+20 *NIGT er.r. -.and
LaGa(err]. Anneal i ng tenper%?ures of greater than 865C but

| ess than 920C result in the presence of the 1223 phas uct
film Annealing tenperatures of frongbélpgabout 850C talmlelmg ELﬂﬂmand
fromabout 920[err]C to about 25 9 ult essenti

of the 1223Wwhat IspQhadmed fhe product film and the filmconsists

essentially of the 1212 phase and ot her nonsuper conducti ng oxi des.
Longer annealing periods result in nuch greaterg30 growth of all phases;
however, the 12231lphagepaodess fosspakiagl § shDeIQGndphasegare present and
grow g SEPnpHLEANELYCRNbYchint PRIANOGHD {9 R d YPhE£E eSS RboUt 30

m nut es.

formula Tlg_sPbg.s5Sr2Cai1+nCuz+n074+2n where n = 0, 1 or 2,
said process comprising

{(a) sputtering an oxide film onto a
dielectric substrate from a target formed by (1) heating

10 a mixture of Pb, Sr, Ca, and Cu oxides wherein the
atomic ratio of Pb:Sr:Ca:Cu is b:c:d:e, wherein b is
from O to 1, ¢ is from 2 to 3.4, d is from 1 to 4 and e
is from 2 to 5, and (2) compressing and heating said
mixture,

15 (b) placing said substrate having said oxide
film thereon and a source of thallium oxide and lead
oxide in an inert container with an oxygen—containing
atmosphere, the amounﬁ of thallium and lead contained in
said source being at least 100 times the amount of

20 thallium and lead necessary to convert said oxide film
to Tlg.sPbg.55r2C214nCu2+n07+42n" _

(c) heating said container to a temperature
of from 850°C to 950°C and maintaining said temperature
for at least 10 minutes, and _

25 (d) cooling said container and recovering the
'superconducting T1-Pb~Sr~Ca—-Cu-0O :thin film.

2. The process of Claim 1 wherein rf magnetron
sputtering is used to sputter said oxide film.
30 )
3. The process of Claim 2 wheréin b is 0.5, c is
2, d is 2 and e is 3.
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14 When the anount of Tl[err](Jerr] present in the annealing

crucible is approxi mately 30-60% of the total weight of the crucible
‘powder. i e., the source of thallium oxide and | ead oxide, then growh
of the 1234 phase and b especially the 1223 phase is favored. Qutside this

- range growth ofLIIMMﬂmlBZ H“Js favored. A-preferred ..  sourge, of
thal I i um oxi de 40-70 Wt % .t e, . L
T[err]Pb[err]Sr[err Cbﬁerr] [err]C{err] and:60~30 Wﬁg%.J1[eur]£IErr]

Especial ly preferred is 50 wt % 28
Tl[err]Pb[err]Sr[err]Ca[err]Cu[err]Jerr] and 50 wt% 10 Til[err](err].
When the lead content in the crucible is |ess t han sbout 7% of the

total weight of thé-cr@BEbPECEEREePE Claimperd WhET§EOWER 1S CifderEFiDphase
i s discouragashsdhite is $81&¥t&@NErobm the §886pokohbespingeseed anneal i ng

LaAlO3, NdGaO3, LaGaO3 and MgO.

S 5. The process of Claim 4 wherein said source of

thallium oxide and lead oxide comprises
Tlg.s5Pbg.sSr2CazCu3z0g and T1203.

6. The process of Claim S wherein said dielectric
10 substrate is LaAlO3, said heating temperature of step
(c) is from 865°C to 950°C and the time said temperature

is maintained is at least 1 hour.

7. The process of Claim 3 wherein said dielectric

15 substrate is selected from the group consisting of

LaAl0O3, NdGaO3 and LaGaO3, said source of thallium oxide

and lead oxide consists of 40-79'wt% Tlp.sPbg.s5Sr2Caz2Cu30y

and 60-30 wt% Tl303, said heating temperature of step

{(c) is from 865°C to 920°C, the time said temperature is
20 maintained is at least 30 minutes and said oxide film is

not exposed to an atmosphere having a relative humidity

greater than 25%.

8. The process of Claim 7 wherein said source of
25 thallium oxide and lead oxide consists of 50 wt%
Tlg.sPbg.sSrz2CazCu30g and 50 wt$ T1;03.

9. The process of Claim 7 wherein said dielectric
substrate is LaAlO3, said heating temperature of step
30 (c) is 865°C, and the time said temperature is

maintained is 16 hours.

10. The process of Claim 9 wherein said source of
thallium oxide and lead oxide consists of 50 wt3
35 Tlg.sPbg_sSrzCazCu3z0Og and S50 wt% T1303.
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conditions where a powder m xture of approximately 50% 15 TIl[err]O[err]
and 50% Tl [err]Pb[err]Sr[err]Ca[err]Culerr](Jerr] by weight is used.

After conpleting an annealing run the powder remaining . in the crucible
is not only depleted of thallium oxide, but al so | ead oxi de has been
| ost fromthe crucible yielding a | ead defsr¢cpent powder,.. -A subsequent

anneal 20 wusing this same powder plus an addi!dtf.ofs Tlgta'r.r.]QErr'].
correspondi ng approxi mately to the total 2aé'ﬂ)u'n't" of" e Wei'ghte<Tdsd from
the crucible will not yield an anneal ed filmw th the desired anmount
of 1223 phase obtai ned when a fresh charge of approximately 50%
Ti[err]Jerr] and 50%25 TI[err]Pb[err]Sr[err]Ca[err]Cuferr](err] is
used. The | ead defi cient powder from an annealing run can be restored
to the desi red}-eadtro@eoresevafl Mhaiandi twinsrefn | smikd chéateing
Exposing a spu@h@@&@tﬁlmemgp @,{épat sg@er (%gvgﬂg, e ab(%ut 25%
rel ati ve hum 5}; or aﬂqneaol i ng I min m)sp o1 & Ravini ng Mabove
about 25%rel d6IVE © significantly increases the anount of the
1212 phases fornmed relative to the 1223. Films made by this
process exhibit a qont roll.hl abl e range of superconductivity transition
tenperatures from e process of Claim 1 wherein said dielectric
substrate is MgO, said heating temperature of step (c)

is 865°C and the time said temperature is maintained is
less than 1 hour.

10
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15 approximately 50 K to over 120 K. The superconductivity

transition tenperature T[err] is defined herein as the onset

tenperature where the resonant frequency in the eddy current
_measurenent increases as the tenperature is 5 |owered. Increasing the
proportion of the lower T[err] 1212 phase and nonsuper conducting oxi de
phases decreases this filmtransition tenperature whereas an increase
in the proportion of the higher T[err] 1223 phase increases the
filmtransition tenperature. Conbinations of all of the 10 processing

vari abl es can be selected to yield a continuous range of transition
tenperatures as descri bed -

ABSTRACT

PROCESS FOR MAKING SUPERCONDUCTING TI-Pb-Sr-Ca-Cu
OXIDE FILMS AND DEVICES

A process for making a superconducting TI-Pb-Sr-Ca-Cu-O thin film comprised of at least
one phase of the formula TlysPb, sSr;Ca, ,Cu;4,0742, where n = 0, 1 or 2. The process
comprises sputtering an oxide film onto a dielectric substrate from an oxide target containing
preselected amounts of Tl, Pb, Sr, Ca, and Cu, and heating an oxygen-containing atmosphere

in the deposited film in the presence of a source of thallium oxide and lead oxide and cooling

the film.

This Sheet Has Been Replaced

‘ THIS SHEET HAS BEEN
. REPLACED




above for control of the ratio of the superconducting phases in the

filars. Ror exanple, choice of an MO substrate and short famreat+n

periods at 865[err]C and below 15 will yield a filmwhich e hRBPU&EmNéCEﬂEET
current transition at approxi mately 253 MHz of about 50 K Chor ce of

a LaAlO[err] substrate and a relatively |ong anneal i ng péeri ogf qﬂq&‘”]
hours at 865[err]C in an atnobsphere with ow relative humm \ﬁ

result in eddy current 20 transition at approxinately 25

K. These filnms exhibit reduced s resistance in th

superconducting state as exhibited by* rements up to arrd

power | evels above 1 ni | PROGESS FORINKING SUPERCONBPCBING hi bit excel | ent

properties in the pre -CaPikinsE e ia pevgeesnd exceed those
of high quglity TI-Ba-Ca-Cu-0 and Bi-Sr-Ca-Cu-O filnms. For exanple, at
a field of300. oersted applled normal to the film surface, the flux
exclusion is decreased by BACKGROIND O I erati ng tenperatures
above 115 K h . | i fted dovvnvvard by approxi mtely 4 K

Fi |l ms nmade. by nvention can be fabricated into

devi ces such as reTbist éﬂmﬁmm to a prpresssfen
devices and algIQmsOB}ti #29pYishca~Cu-0 compositions which are -

10 superconducting. The invention also relates to a method

for fabricating microwave and other electronic devices
from these filnms.

Background
Recent advances in the elevation of.superconducting
15 transition temperature of various oxide materials have
provided the opportunity for applications of such-
"materials in radiofrequency, microwave and other _
electronic 'technologies.. Considerable progress has been
made in a number of fabrication technologies related to
20 forming these oxide superconductors into various
electronic devices. The higher the transition
temperature of the superconducting oxide, the more
likely that material will be of value in such :
applications. Subramanm, U. S. Patent 4,894,361, and
25 .Subramanian et al., Science 242, 249 (1988) disclose
supe:eonducting eompostti.ons of Tl-Pb-Sr-Ca-Cu~-0. Two
supe:conducting phases, one with a c-axis unit cell
dimension of about 12 Angstroms (1.2 nm) and a
;uperconduétiﬁity transition temperature (Tc) of about
/30 85 K, and one with a c-axis unit cell dimension of about
15 hngstroms (1.5 nm) and a T¢ of épout 122 K, were
identified Methods for producing powders of these
materials and single crystals of the higher T¢ material
are also disclosed.

passi ve



sem conductor materials to produce active devices REPLACEMENT SHEET
16 - operating at cryogenic teaperatures exhibiting very hijg

gquality factors, narrow bandw dths, |ow noise and very |itit e 22 FEB 1997

di spersion giving very precise frequency selectivity. Durling the

device fabrication process 5 these fil exhi bit excellent cHentcal and

physi cal ruggedness to various |ithographic processes incltuding the
use of positive arfonduest presestoedertronicidev &Q appl ‘FQEE ARBues,

sol vents and Eﬁ&@%@&(@!&ﬁ‘é&ue%%ﬁh'ﬂ@muavé il gGhnvldggevehes made from

Tl - Pb- Sr - Ca- C¥ gnsshow

10

b 3

20

25

30

are p:oving to be the most useful form of
superconducting oxide. Various methods of producing
superconducting £ilms from oxides materials have been
described. See, for example, Venkatesan, SPIE
Proceedings Vol. 1187 (1989). These methods can be
described as either in-situ or ex—aitu fabrication
routes, depending on whether the superconducting oxide
£film is made during a single-step process encompassing
deposition, reaction ‘and crystalline growth of the
desired supereonduci:ing phases or by a two step process
involving the deposition of a precursor, followed by &
second distinct reaction and crystalline growth step.
The second distinct step has generally been described.as
annealing. See, for example, Laubacher et al., IEEE
Trans. Magn., MAG=27, 1418, (19912

In the case of yttrium barium copper oxide f£ilms
this second step has generally involved the reaction of
the yttrium, barium, copper and oxygen compcnents above"
the orthorhombic to tet:agonal phase transition
temperature followed by further reaction of the .
nonsuperconducting tet:agonai .phase with oxygen. near the
phase transition tempe:ature to form the
superconducting orthorhombic phase. In~situ methods
have also been developed for forming yttrium barium
copper oxide f£ilms. These processes have generally
involved either laser ablation or sputtering deposition
in the presence of an oxygen atmosphere while raising
the temperature of the substrates and the £ilms being
deposited to & temperature favoring reaction and
crystalline growth of the superconducting oxide £4lm.

In the case of other superconducting oxides such as
the Tl-Ba-Ca-Cu-0O materials, only ex-situ prbcesses



10 apparent degradati on upon repeated exposure to anbient d’thﬁbé‘ﬁﬂ&h&' SHEET
Reactive {1 on beam etching has proven to be an extraordinarj

successful method of patterning these . filnms to obtain veryj f} nz? FEE 7

wi dt hs and excel | ent feature definition. Devices can be des E 1@9
mcrostrip, stripline and copl anar arrangenents and resul t

performance. Very low resistance = normal netal to ceramc

superconducting contacts can be made to devi ces by physi cal—deposttion

of gold and silver. In addition, the normal state resistance of the

20 TI-Pb-Sr-Ca-Cu-0 filnms has been observéﬁ to be | ow enough to
facilitate coupling of radi ofrequency and. m crowave signals with little

conduct fon athve beg, IEBOEEed: 0 Jor SURCARRF iy EALES, BEBELSHIE h can be
25 her net i calegy e amt/oxnBapGastiyed c chave beeh ilepo,sited, dndithe can be
et ched (ot fsiiting Hnbe Hive voed Wngdted tx ontail: aﬁéﬁﬁi‘i'gi“o? =le
yi el ding a paeontrining the wolnatile,thalifun oxidemtsen elewptedes. Better
thermal c@ndugddgseratifre Wit Eavors tﬁé%ﬁﬂlﬁ%ﬁ'&mmdvant ages of a
tight package t%]g reonducting oxide phase. See, for example, Lee et
al., Appl. Phys. Lett. §3, 329 (1988), Holstein et al.,
IEEE Trans. Magn., MAG=27, 1568, (1991), and Nabatame et
al. Jap. J. Appl. Phys. 29, L1813 (19%0).
10 Inproved superconductor oxide £ilm properties are
' necessary for the integration of these materials into
electronic devices. Measurements of electrical
transport properties and magnetic measurements on
fabricated forms of superconducting oxides provide an
15 estimate of their. pe:fomnce in electronic devices. An
eddy-current measurement technique described by Doss et
al., Supercond. Sci. Technol. 2, 63 (1985), has proven
to be useful in evaluating supe:cond'ueti.ng £4ims,
Radiofrequency and micmave cavity :esoautor 3
20 measurements provide an estimate of a superconductor |
oxide £ilm pe:fqmnee for va;i_ous passive and active
devices as described in Portis et al. J.-
Superconductivity 3, 297 (1990). From measurements of
X", the complex part of the ac susceptibility, of a
25 suvperconducting oxide a relationship 6f magnetic f£lux
~ lattice pinning with respect to temperature can be
derived which is called an irreversibility line. See,
for example, Y. Yeshurun and A. P. Malozemoff, Phys.
Ref. Lett. 60, 2202 (1988) and R. B. Flippen and T. R.
30 Askew, J. Appl. Phys. 67, 4515 (1990). The X* peak is
the value of maximum adsorption of energy by the flux
lattice. These X" peak values define the
irreversibility line which is the boundary between the
magnetic flux-pinned and flux-mobile regions in 2




these features inprove the overall - ruggedness of the
envi*ronments such as aeronautical and
EXAMPLES OF THE | NVENTI ON EXAMPLE 1

(0.64 cm thick 5

Pb: Sr:Ca: Cu of O 5:2:2:3 was prepared by mxing 35.6 ¢
of SrOQ 16.7 g of CaO and 16.7 g of PbO

device for harsh

space- application
A three inch dia
oxi de sputtering target containing an ato
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superconductor eigposed to an external magnetic field.
For magnetic fields higher than that of the
irreversibility line, magnetic flux is mobile in the
superconductor and the critical current is gzero. For
magnetic fields lower than that of the irreversibility
line, magnetic £flux is pinned and a cupe:eonduct:ing
current can exist.

Various electronic devices fabricated £:on
superconducting oxides have been reported. t:oblems
with high contact resistance between metal and
superconductor interfaces, poor superconducting surface
properties, ‘uncontrolled reactivity of superconducting
oxide surfaces with conventional photolithographic
chenicals and incompatibility with conventional
lithographic techniques have limited the fabrication and
performance of electronic devices produced from
supercondicting oxide materials. Some progress has been
made on passive microwave device fabrication and
perfomauce using supe:eouduct:lng oxide £ilms. See, for
example, Lyons and Withers. Microwvave Journal, 33,

85, (19580) and Withers et al.. Solid State Technology.
33, 83, (1990).

This invention provides a process for making a
superconducting Tl-Pb-Sr-Ca-Cu~O thin £ilm comprising a
phase of the fo:naila T10.5Pbg.55r2Ca14nCu24n0742n where
n = b, 1 or 2. The process comprises

~ (a) sputtering an oxide £ilm onto a dielectric
substrate from a target formed by (1) heating a mixture
of T1, Pb, Sr, Ca and Cu oxides wherein the atomic ratio
of T1:Pb:Sr:Ca:Cu is a:bic:d:e, wherein a is from 0 to
about 1, b is from 0 to about 1, c is from about 2 to
about 3.4, d is from about 1 to about 4 and e is from



and shaking these materials together in a seal ed cont ai ner. The powders |

were therr ground in a nortar 10 and pestle and placed in an a
cruci bl e and heat ed to 800C for 6 hours in air. The sinterg mw&m SHEET

wer e then ground in a nortar and pestle and pressed in a dje at 30

tons per square inch at a tenperature of 400C for one hour{ O Q-AFES 1907
magnetron sputtering was 15 perfornmed using 65 watts power wi{h
target |ocated 1-1/2 inches above the Substrate. The sputfertTgTgas
was argon and the pressure was 5 ntorr (0.7 Pa). A pseudo- gubi c (100)

face of | ant hanum el um nater LaAl1GCS, substrate was coated wth an

amor phous f i biobe22] €6 BBbBE 5§ Nk (F10/cohpReaRianCand Bebbing owaiat her

Exanpl es, 16 substrates were coated at a tine. Two 12 x 12 nm
square fil ns d as descri bed above were placed on a platinum
screen within an ap)nplacing mcs&mawmimm iapmtsered7341 grans

?fl[é?r]é'[[efiﬁﬂ S #ﬁ%e%ﬁ.[ &ha )4 %q%“ﬂﬁ“ﬁ“‘ﬁ“‘ ot om of
the cruci®l e: Gﬁi’em 8Ra QGQ OXYgenT\d an al uni na
lid placed opdrtaisiingatmdsphedés wiuW'W%lem anéur nace and
the tenperat Yeu :iNaoontained in the source being at least 100 times
the amount -0f thallium and lead necessary to convert the
£4im to T10,.5PbQ.5Sr2Ca1+nCu24n0742ns _ .
10 (c) heating said container and its oonteats, i. e..,
the £ilm produced in (a) and the source of thallium
oxide and lead oxide, to a temperature of f£rom about
850°C to about 950°C and maintaining this temperature
for at least about 10 minutes, and '
15 (d) cooling said container and its contents and
:eoove:ing the superconducting Tl-Pb-Sr~Ca-Cu-0 thin
£ilm..
P:efe:ably.. the sputte:ing oxide target has o-n
atomic ratio of Pb:Sr:Ca:Cu of 0.5:2:2:3 and rf
20 magnetron sputte:ing is used. Low temperature deposition
with the formation of a p:edominantly amorphous £iinm 4s
preferred.
Preferably, the sou:ce of thauium oxide and lead
oxide is comprised of Tlg. 5Pbg.55r2Ca2Cu30g and T1203,
25 , . | '
DETAILED DESCRIPTION OF THE INVENTION
Superconducting T1-Pb-Sr=Ca=-Cu=0 thin £ilms useful
for fabricating microwave and other electronic devices
can be prepared by the present process. These £41ins are
30 comprised of at least one phase of the formula
T10,5Pb0.558r2Ca14nCu24n0742n where n = 0, 1 or 2. There
can be some deviation of the atomic ratio of T1:Pb from
1:1 and the other atomic ratios indicated by the
formulas given above and the resulting f£ilms will still



30 increased to 450C at the maxi numrate of the furnace aﬁt %E%QT SHEET
of .about: 20C/ m nute), then to 730C at a rate of 20C/ m nute, fthen to

810C at a rate of 10[err]C/ mnute, and finally to 865C at {a{reg g REB 1997
5C m nute. The tenperature was nmai ntai ned at 865C :

18 for 16 hours in an anbient atnosphere at 1032 nbar (632X

10[err] Pa) and 21%relative hunidity. The® tenperature was{l owered to - _
700[err]C at a rate of 6[err]C/ mnute, the furnace turned off and the

filns aIIovved

10

" 15

20

25

30

exhibit good superconducting properties. Films with the
the atomic ratio of Tl:Pb of 1:1 have the highest T¢.
Despite any deviation £rom the 1:1 ratio, the sum of T1
and Pb per formula unit is sbout 1. For the purposes
herein, f£ilms having such variations from the ideal
stoichiometries of the formulas are to be encompassed by
the above formulas. "Similarly, there can be deviations
from the atomic ratio of T1:Pb:Sr:Ca:Cu of a:b:c:d:e in
the oxide target used for sputtering and such targets
can be used to provide oxide f£ilms which are essentially
equivalent to those obtained from targets with the exact
ratios. Targets having such variations f£rom the given
ratios are taken to be encompassed by the nominal
ratios.

For b:evity. the superconducting phase with n = 0,
c-axis unit cell dimension of about 12 Angstroms (1.2
nm) and a maximum Tec of about 85 K will be referred to
as 1212. The superconducting phase with n = 1, - c-axis
unit cell dimension of asbout 15 Angstroms (1.5 nm) and 2

) maximum Tc of about 125 K will be referred to as 1223.

The superconducting. phase with n = 2 and c~-axis unit
cell dimension of about 18 Angstroms (1.8 nm) will be
- referred to as 1234.

Deposition of an oxide £ilm of Sr-Ca-Cu, Pb=Sr-Ca-
Cu or Ti-Pb~Sr~Ca=~Cu can be produced by various
physical and chemical methods with sputtering being
preferred. DC mgnet:on and rf magnetron sputte:ing can
be used, but rf magnetron sputtering is preferred.
Also preferred is the use of off-axis sputtering, i. e.,
the £ilms are deposited on substrates which are located:
away from the axis normal to the sputtering target
surface so that-the substrates and resulting £iims no
longer lie directly parallél to the sputtering target
during deposition.  This minimizes resputtering of the



5 to furnace cool to anbient tenperature, about 20[err]C. REPLAGRMENT SHEEI
films  exihibited approxi mtely equal anmounts of “c-axi s ofi gnted
TI[err]Pb[err]Sr[err]Calerr]Cu[err](Jerr] and

Tl[err]Pb[err]Sr[err]CaCulerr](err] and a significant amount of ¢- az?s',:EBm-,

oriented T[err]Pb[err]Sr[err]Ca[err]Cu[err](err] phase as defetrnred

TTCU Uy
10 X-ray diffraction. Zero resistance Was observed at approxi matel y
124-126 K with an onset tenperature as hi gh am 127 K. These tTansiiions
were confi rrred by flux excl usion and ac s pt| bi | # measyrenents.
Measur enent Eidi surgace o TheSRutteTing tATgS fS‘ncgﬁ' § ement

met hod on t iood eontltning coppesr,0 chlciumg. stroatiukne¥ or ns one end
Super condue B 58 Tg&t& ¥ﬁ§9§%‘%’w¥w@ “WQ%E“?LS. stance is
cal cul at ed f&ema ttthe target  nentains oc®fper cavity as a
cal i bratgontrl.rbs%cileoia]efetadgeéeam m:mu cpuz:ditohwato gillivatt o
Thbut pover 8P dn b A8 Brohl pofB RBGRE £y, T %muct. B oxi de
filnms were oslbouti3dy ditdsoifreh aboppel to about 4 smd: e B €XORhi bit a high
magnetic fieyfost 2pidd lgbout 5. A sputtering target composition
with a equal to zero, b about 1/2, ¢ about 2, d about 2
10 and e about 3 is preferred. Typically, the sputtered
 £ilm is about 500 to about 50,000 angstroms (50-5000 nm)
thick.
The sputtering target can be prepared by mixing
oxides of thallium, lead, strontium, calcium, and copper
15 '4in quantities such that the atomic ratio of |
T1:Pb:Sr:Ca:Cu has the desired ratio of asbicidie. For
example, & target containing no thallium and with an
atomic ratio of Pb:Sr:Ca:Cu of 0.5:2:2:3 is made taking
16.7 grams of rbo 31.0 grams of Sx0, 16.7 q:ams of Cal0
20 and 35.6 grams of Cu0, and shakiag these oxides together
in a sealed container. The powders are then ground in a
mortar and pestle and placed in an alumina crucible and
‘heated to ‘800°C for € hours in air. The sintered
powders are then g:ouud in a mortar and pestle and
25 -p:essed in 8 die at a p:essu:e of sbout 30 tons per
square inch at a temperature of 400°C for one hour.
- Sputtered films can be deposited over a range of
temperatures and the deposited £ilms will have a range
of crystallinities and chemical compositions depending
30 on the deposition temperature. Low temperature
deposition results in the formation of a predominantly
amphorous £ilm and this is preferred. The substrate can
be a metal or a ceramic material. A ceramic with a low
die:l.e'ct:ic_: constant and a low loss-tangent is preferred.



A field of 300 oersted applied normal to the film sur f-ade Eﬂmﬁ h
flux exglusion by only 12% and shifted the X' peak in tHe R'E? NT Q'IEET

susceptibility curve only 30 4 K | ower. A four

ifnch di amet er
oxide target 1/4 inch.thick containing an atomic ratio df |Pu2 2rFEB: 189/
of

19 0.35:3.4:2:3 was
prepared by m xing 32.0 granms of CuQ, 8

Examples of such materials are lanthanum aluminate -
LaAl03, neodynium gallate -~ NdGaO3, lanthanum gallate -
LaGa03, magnesium oxide - MgO and yttrium stabilized
zirconia - ¥SZ. Other ceramic substrates such as

.5 strontium titanate, SrTiOs;, can be used.

' The sputtered £ilm is then annealed. The substrate
on which the £ilm has been deposited is placed in a
container made of an inert material such as alumina or
gold. A source of thallium oxide and lead oxide is also

10 placed in the container. A convenient arrangement is to
place this source in the bottom of the container and to
Place the substrate on which the £ilm has been deposited
onto a screen made of an inert material with the screen
suspended over the thallium-and lead-containing source.
The source of thallium oxide and lead oxide can be in

the form of pouder and/or pellets eomprl.sed of one or
more of

15

(1) the single phase compos.{ti.on of the formula
T10.5Pbo, 58:2Ca1+nCu2+nO1+zn vherein n 4s 0 or 1,

(11) the nominal composition TlaPbpSrcCadCue
wherein a is from 0 to about 1, b is from 0 to about 1,
¢ is from about 2 to about 3.4, d is from about 1 to
about 4 and e is from about 2 to .about 5,

' (444) & mixture of oxides of thallium and -lead,
25 4d.e., Tl203 and/or T120 and one or more lead oxides
selected from the gi:oup consisting of PbO2, PO, Pb203,
and Pb304, and

.(iv) the siagle phase eonpsiti.on of (i) or the
nominal composition of (ii) supplemented by an 6xide of
thallium or lead chosen from.those listed in (iii).

A preferred source of thallium oxide and lead oxide is a
povder mixture of Tlg,5Pbg 55r2Ca2Cu30g and T1203 in
approximately equal amounts by weight. The amount of
thallium and lead contained in the source should be at

20

30



47.8 grans of SrO, 15.0 grans of CaO and 11.5 grans of Pb

. . . REFL AREMENTIGHEET
these materials together in a seal ed container. A 76.6 gram_Roriionr—of

this powder was then 5 pressed in a die at 30 tons per. squar¢ itnch for 30
seconds at anbient tenperature. DC magnetron sputtering wds D2rFED 1
using 225 mllianps with the target | ocat ed approxi mately{fijve i nches

bel ow t he substrate, The sputtering g&s was argon and the |pressure was
510 morr (0.7 Pa) The (100) face of a magnesi um oxi de lsubstrate

lcmx 1 cm s co hou er ]mthlck

One filmwas Eﬁﬁﬁaiég é&ﬁﬁ‘é‘? dnd bottom of the

cruci bl e conneceadatyetgrmvn‘t a:hﬁtid.mtbed
Tl[err] Pb[ er &

anneal ed in ahﬁhéﬁ’paﬁ?&ﬁ fae r%#ﬁ* rangelol 8t73\évhi ch had been

Ti[err]derr] waBrefesablyn R LOVRF 500 ioest, mat Hfﬂ”q.%tphced, n a
thal | i umsi Cloncthier eAEALNELNS i THS ctintiained ein alseXpeseaied. t he pel | et

to thallium
preferably a

suf fici ent

e T

containeri 4m prefezably axygenssostainingpcek !em!élfat ure of

865[err] C for 15 whuiiggAn'ls! €héhMhREaTEd By Hitdtdngoehe 6ontaines
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and its contents to a temperature of from about B50°C to
sbout 950°C and maintaining this temperature for at
least about 10 minutes. Annealing times of 32 hours or
more can be used. Following this heating, the container
and its contents are cooled and the superconducting Tl-
Pb-Sr-Ca~Cu-0 thin £ilm is recovered.

For an oxide f£ilm deposited onto a lanthanum
aluminate substrate, it is preferred to use an aluminz
crucible covered with gold foil and an alumina lid, an
annealing temperature of about 865°C and an annealing
time of about 16 hours. -

Since thallium oxide and to a 1¢sse:' degree lead
oxide are volatile in the range of the mealing
temperatures, it is necessary to annga:l the £ilm in an

-atmosphere eonta.:ln.'mg oxygen and volatile thallium- and
-lead-containing materials. This can be achieved by the

process described above. The anneaung atmsphe:e can

‘also contain nitrogen, argon, and water wvapor.

Alternatively, a £ilm could be annealed while being
deposited. The heeessa:y amount of lead and thallium
can be incorporated into the film during the deposition
step and the superconducting oxide £ilm can be grown in-
situ. The volatile components can be supplied by a
source of thallium and lead containing compounds placed
in the crucible with the £ilms during a second annealing
step or by a combination of these two methods.

!



i ntroduced around the crucible. Except for the time for 25 wHi ®EPLAGEMENTNEHEET
was: mai nt ai ned at 865[err] C the tenperature program for He

tTTg—and
cooling was essentially the sane as that used in Exanple ;

relative room humdity | evel was 63% and the anbi ent atngs he_?iecFEB 997
pressure was 1025 mbar (1.025 x 1Jerr] Pa). 30 Thelfilus
exhibited only the Tl[err]Pb[err]Sr[err] [err]J err] hase as

determ ned by an X-ray diffraction scan of the surface. Beddy—currert

reasurements ol AR TaPbb Bappted’ ok il Wale 10 Uukd" 11 01
startlng at approxi e

20 :
50 K. Scanni %‘F@E’ﬁ(ﬁ? H SRS 05 B2y he Suppkindi byhthe  the grains in the

filmwere | esdettaposit foty bif " wakidhscconstituent metal oxides at
elevated temperatures. For example, T1203 will
5 decompose into T120 and 02 in the preferred range of
annealing temperatures. 1In a closed system such as a
sealed crucible the oxygen pressure can be controlled by
choice of the relative amounts of constituent metal
oxides used. For example, instead of using pure T1203 a
10 combination of T1203 and '1‘120 may be used to control the
oxygen pressure.

" A multizone furnace could be used for annealing a
£ilm by having the £iim at a controlled temperature and
exposed to a flowing 'gas containing oxygen, thallium and

15 lead compounds which provide the appropriate vapor. The
source of the thallium and lead oxides: would be placed
in the furnace at. positions having tempe:atms at which
‘the compounds would- decompose and the evolving vapor
would be t:anspoi:tgd by a carrier gas to the £ilm. - The

20 vapor can be decomposed from various organic and
inorganic thallium and lead containing compounds to
yield the -appropriate vapor composition. It is .

_ necessary that sufficient amounts of oxygen, than:l.um
and lead be availahle for diffusion into the ﬁ.lu and
- 25 reaction with qf.he: constituents, and that sufficient
oxygen, thalldunm oxide and lead oxide vapor pressure be
uintained around the £ilm during crystalline growth of
the £ilm.

" Three superconducting phases have been identified
in the films prépared by the process of this invention.
As determined from X-ray diffraction results indexed on
a tetragonal cell, one phase has a c-axis unit cell
dimension of about 12 Angstroms (1.2 nm) and is the 1212
phase, a second phase has a c-axis unit cell dimension

30



5 Dc magnetron sputtering was perforned essentially . RE\gLAGEMENT SHEET
described in Exanple 2 except that an oxide target contaijinfg an atomc
ratio of Tl:Pb:Sr:Ca: Cu of 0.5:0.5:2:2:3 was used. This t4grget? 2:REB 1997
pur chased from Superconductor Oorrpone‘r?t s, Inc. The (100) fdgce of a 10
magnesi um oxi de substrate, 1cmx 1 crn was coated with arnorphous

the same - ChAbR 35 Angasrons TR bRP 4 £ the 122 Fﬁ%&:ﬁfm Rl
anneal i ng t efpthéxrd rphage =@, q—nsimmit welhidinension) of akepkr at ure was
o011 "o 28 b L0 e M ehe BT gAML WiEI (1070
films exhi bi PERIRERA Y FhiF propess’ss ﬂgﬂ%&"@?&%&%‘&hﬂggh ’
det er i néfil bgh- cogxis petpiuﬁcnum toathe csurface ofi¢lie | ns had a surface
resistance ObuBekPUER. Al mid WA 157h Y66 RigHEY Yidiied dn thé @ 1 VO-point
ohm net er neasur ement
plane of the surface of a substrate in which the dattice
parameters closely natch those of the supe:conductlng
phases. e
10 The size of grains in the £{1m can be eont:oned
and varied from less than 10 §im to over 100 ym by
selection of the substrate qatérinl, the annealing
temperature, the annealing time and the amount of
i:hanipm oxide present during the annealing process.
15 For example, larger grains can be grown on LaAlO3
. substrates than on NdGaO3 substrates. The lattice
dimensions of LaAlO3 have a closer match to the a-axes -
of T1-Pb-Sr-Ca=-Cu-0 superconducting phases. Annealiﬁg a
film below B65°C for periods less than one hour yield
20 grains smaller than 10 gm whereas anneali.ng a £ilm above
865°C for increasingly longer periods yield grains which
- may exceed 100 yim. Increasing the amount of T1203 used
in the annealing crucible also yields larger grains. It
is believed that the T1203 forms a flux which encourages
25 mass transfer to large grainms. x.a:ge g:ains' reduce the
density of grain boundaries, theredby nak:l.ag the £ilm
more useful for devices such as Josephson Junction-
based devices, e.g., SQUID, supe:eonducti.ng qQuantum
interference devices.
30 The degree of grain alignment on the £ilms can also
be controlled by selection of the substrate material,
annealing temperature, annealing time and the amount of
thallium oxide present during the arnnealing process.
Alignment as evidenced by X-ray diffraction reveals that



25 Dc magnetron sputtering was. performed essentially -

described in Exanple 2 except that an oxide target conta
atomic ratio of Tl:Pb:Sr:Ca:Cu of 1:1:2:2:3 was used. Th
pur chased from Super conduct or Conponents, Inc. The (100)

S target was

fhc@ DFEB ¥97
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magnesi um oxi de substrate, lcmx 1 cm was coated with ap pnor phous
film1.2 pmthick . Anneal i ng wa8 done in a manner gssentially

t he same

as. that described in Exanpl e 2 except that the botiom.of

|

t he crucible ai n out 1. 0 crushed 1223
éﬂ&h Sﬂﬁﬁ’ﬁ%ﬁ ﬂrﬂ&iﬂ\fi greater) eraxis;orientation | onpent
as descri bedofntBealh+-PheSerCa<Cu-y Plasdss than MgO, particularly
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for the 1212 phase because of the very close lattice
match. Grain alignment is greater with substrate
materials with lattice parameters closer to the £ilm a-
axis parameter, about 3.80 Angstroms (0.380 mm). The
degree of c-axis orientation for the 1223 phase is
maximized when the anneal is performed between 865°C and
920°C with a maximum for the 1223 phase occurring near
885°C on LaAlO3. The highest degree of c-axis
orientation is realized when the amount of T1203 present
in the annealing crucible is approximately 30-60% of the
total weight of the crucible powder. Longer annealing
pe:iods &lso lead to a higher degree of c-axis
orientation for all the superconducting oxide phases.
For example, at 875°C the degree of c-axis orientation
is approximately five times greater after sixteen hours
of annealing as that which can be achieved after thirty
minutes of annealing.

" The ratio ©f the three superconducting phases,
1212, 1223 and 1234. present in the product £ilm can be

'cont:oned by sputte:ed £ilm stoi.chimet:y, selection of

substrate uateri.al, anneauag tempe:atu:e, annealing
time, eou\positi.oa of thallium oxide and lead oxide
materials p:esent du:iag the annealing process. The
relative humidity ©of the atmosphere during handling of

preannealed fu_.ns and during the annealing process also

influences the proportion of different phases.

The atomic ratio of Pb:Sr:Ca:Cu in the sputtered
£ilm must be about 0.5:2:2:3 in order for the desired
1223 phase to be formed preferentially. If the lead
amount is higher, the formation of calcium lead oxide is
favored. If the lead amount is lower, superconducting
films are obtained containing more thallium than lead.



of T1203. Heating conditions were essentially the sane qdSp

descri bed i
920C, the t

0, :
n Exanple 1 except that the peak 5 annealing terp Ea‘t‘ﬁ&MEMSSHEET

ime for which this . t enper at ure was ‘nmai nt ai neq s 10

m nut es, the anbi ent pressure was 1012 nbar (1.012 x 10feqr ]2 PPER

the relative hum dity was 50% The resulting fil
predom nately c-axis 10 oriented 1212 ph W th sonme c-ax
present. There was also a significant anount of Ca[err]Pb( grr]
present. The filmexhibited a surface resistance of 3.6 Mohns at
t enper at ure athesecfilmschane dawes- Foint I thehnnhﬁt\m contentedsnt . 15

Of-axis rf

i n Exanpl e
Pb: Sr: Ca Cu
Two 12 mm X
Exanple 2
crushed 1
10
15
20
25
30

n exhi bite

s orrented—i223

room

 "RGUEL! Efle P43 Sl W3 cREALSY Bivored o5 Ytgen EikedBegoscr | bed

er OXI e tar get contalnlng

i Rf; gtroptivm and galeium oy goppey FesHl% was used.
1folﬁhﬁlbﬁﬁoﬁmﬁﬂﬁm binaryandt certiavye ramannwwsas in

om of the crucible contained 1.61 g of a
RV

A uno;; substrate favors the formation of the
1212 phase p:esmbly because of a closer la_tts.ce match.
A NAGaO3 or LaGaO3 substrate discourages the formation
of the 12i2 phase more than the 1223 phase presumably
because the lattice mismatch is greater for the 1212
phase. As a ':es_ult. the proportion of the 1212 phase to
“the 1223 phase is greater on LaAlO3 than on the NdGaO3
or LaGaO3. If the lattice mismatch is very large, i.e.,
greater than a few per cent, as for MgO and ¥SZ, the
1212 phase is the major phase and generally the only
superconducting phase. For these substrates with
greater lattice mismatch, the amount of c-axis oriented
1212 phase present is considerably less than that found
on the better lattice matched substrates such as :.mos,
‘NdGaO3, and- I.asaes. :

Annealing tempe:atu:es of greater than 865°C but
:I.ess than 920°C result in the p:esence of the 1223 phase
in the p:oduet £ilm. Annealing temperatures of from
about 850°C to about 865°C and from about $20°C to about
950°C result essentially in the absence of the 1223°
phase in the product £ilm, and'thé £ilm consists

' essentially of the 1212 phase and other

nonsuperconducting oxides. '

Longer annealing periods result in much greater
growth of all phases; however, the 1223 phase and
especially the 1234 phase are present and grow

significantly only if the annealing period exceeds about
30 minutes.




whi ch had been annealed in a thalliumrich environment 25 | aBERIASEMENESHERT
Exanple 2 and 0.169 g of T1203. Anneal i ng condi gi

Wer €
essentially the sane as t hose described In Exanple 2 ¢xge tﬁﬁg e
time for which the filmwas maintai ned at 865C was 16 ggsz 1”7
anbi ent pressure was 1026 nbar (1.026 x 105 Pa) and the 30

hum dity was 88% As determ ne&‘by X-ray diffracti on nmeasurenents

t he films exhibited primaril y c-axis oriented 1223 and—t2%2
ggﬁﬁzn?thﬁet;?l ne e>‘<;k| br-t egag ?g%gg%%@fw&g m@ﬂlﬂﬂgt e
22 ' crucible is approximately 30-60% of the total weight of
the crucible powder, i. e., the source of thallium oad.de
and lead o:d.de, then growth of the 1234 phase and
5 especially the 1223 phase is favored. Outside this
range growth of the 1212 phase is favored. A preferred
source of thallium oxide and lead oxide is 40-=70 wth
T1p,SPbp,55r2Ca2Cu30p and 60-30 wts T1203. Especially
preferred is 50 wtb Tip,.sPbp,. 55r2CazCu3Op and 50 wtk
10 T1203. When tlhie lead content in the crucible is less
than about 7% of the total weight of the crucible powder
then the growth of the 1223 phase is discouraged. This
is evident in the case of the preferred annealing
conditions where a powder mixture of approximately 50% -

15 T1203 and S0% Tip, 5Pbp,55r2Ca2Cu309 by weight 4s used.
After completing an annealing run the powder remaining
in the crucible is not only depleted of thallium oxide,
but also lead oxide has been lost from the crucible
yielding a 1ead deficient powder. A subsequent anneal

20

using this same powde: plus an addition of 1'1203
corresponding approximately to the total amount of
weight loss from the crucible will not yield an annealed
£4lm with the desi:ed anount .0f 1223 phase obtained ‘when
a2 fresh charge of approximately 50% T1203 and 50%

25 Tig, 5Pbo,55r2Ca2Cu309 45 used. The lead deficient
powder from an annea:u.ag ruh can be restored to the
desi:ed dead content level by addition of lead oxide. -

!:xpos.tng & sputte:ed £i{lm to an atmospheze having
above about 25% relative humidity or annealing a £ilm in

30 an atmosphere having above about 25% relative humidity

significantly mc:eases the amount of the 1212 phase

formed relative.to the 1223.

Films made by this process exhibit a controllable
range of superconductivity transition temperatures from



resi stance of approximately 30 ohns at room tenperature sﬁ@H_tAeEMENEcSHEET

by a twos poi nt ohm neter neasurenent. An eddy current neasgrement

25 MM exhibited a single transition at approximately 90K

A aicrostrip resonator with a resonance frequency of 5 V\;szpfr%?ﬂggd
as follows. One filmprepared in Exanple 5 was coated w f§h m.cron

thick layer of 10 poly (nmethyl nethacryl ate PMMVA whi ch S spun on and

then heated at 170[err]C for 30 m nutes. Qg[err]mthlck | aye+r

Shi pl ey 1400- 36 photoresi st a novol ac reS| n doped wi t h di azoqui none,
2- et hoxyet byl acet at

heated at 90C fé’p ﬁbe§ to e aﬁagppﬁggwﬁgﬁﬁfwl i ed and

exposed to 365 mnmmngmeamm&c As defineg her as the,©nset s were
then i mersed |&n§u ﬁ\éd\/gg; ﬁ@%ﬁ&, Wr@&usprom de and
wat er, devel oper sec% I n or%%r tQ rerm\yfe1 t he oaéion of the
20 phot or esi StCUEERRT MSASRIEREnt %M&% emperat $on. The

films were Son owérsl.at Intreasingrthe proportion of the lower T¢ 1212
phase and amupe:donducting oxide phases decreases this
£ilm transition temperature whereas an increase in the
proportion of the hiqlie: Tc 1223 phase increases the
£ilm transition temperature. Conbinations of all of the

10 processing variadbles can be selected to yield a
continuous range of transition temperatures as described
above for control of the ratio of the superconducting
phases in the £ilms. For example, -choice of an MgO
substrate and short annealing periods at 865°C and below

15 will yield a film which exhibits an eddy current
transition at approximately 25 MHz of about 50 K.
Choice of a LaAl0O3 substrate and a relatively long
annealing period of 16 hours at 865°C in an atmosphere
with low relative humi.dity will result in eddy current

20 transition at approximately 25 MHz of about 120 K.
These £ilms exhibit reduced surface resistance in the
superconducting state as exhibited by measurements up to
35 GHz and power levels above 1 millivatt. These £ilms
also exhibit excellent p:opa:ts.es in the presence of

25 epplied magnetic fields and exceed those of high quality
Tl-Ba-Ca-Cu~O and Bi-Sr-Ca-Cu-0 films. For example, at
a field of 300. oersted applied normal to the £ilm

. surface, the flux exclusion is decreased by
approximately 12% at operating temperatures above 115 K.
30 The X" peak is shifted downward by approximately 4 K.
Films made by the process of this invention can be
fabricated into-devices such as resonators, delay lines,
filters and otlier passive devices and also combined with
semiconductor materials to produce active devices



(0.01 Pa) pressure for about 3 hours with a 120 miWcnferr] EPLBEWEM SHEET
argon ians. This beam was effective in renoving the e p%m
superconducting filmto reveal the 25 device inage on the $ubstrate but
did not renove the unexposed portion of the photoresi st ncﬁitﬁﬁ&’m'
and filmbeneath it. The sanple was then exposed to an oxygen

pl asma for 70 m nutes at 20 Watts/crr[err] t o4 enove - t he remal ni ng
photoresi st and PMVA. Silver contacts W%Pe t hen applied._ta

super conducting oxi de pads at either end of the device. A ground
pl ane conpri sed opferating atuBey6§eRLs (téperdtites ldmbﬁknéav&y%ﬁw th
silver cont t&t ﬁ#her end vvas fabri ‘ﬁé{ad mas th film
and dc sputteri r@ﬁm Iddhian W e’en
23 little dispe:sion g!.ving very precise frequency
selectivity. During the device fabrication process
$ these f.u.ns exhibit excellent chemical and physi.cal
zuggedness to various lithographic processes including
the use of positive and negative photoresists, lift-off
techniques, solvents and cleaning methods. Crystalline
£ilms and devices made from T1-Pb-Sr-Ca-Cu-O show no

10 apparent deq:a_dation upon repeated exposure to ambient
atmosphere. Reactive ion beam etching has proven to be
an extraordinarily successful method of patterning these
films to obtain very fine line widths and excellent
feature definition. Devices can be designed in

15

microstrip, stripline and coplanar arrangements and
result in excellent performance. Very low _:esisi:ance
normal metal to ceramic superconducting. contacts can ‘be
made to device_s by physical aeposition of gold and
silver. 1In addition, the normal state resistance of the
20 T1-Pb-Sr-Ca-Cu-O films has been cbserved to'be low
enough to facilitate coupling of radiofrequency and
microwave signals with little or no metallization.
Devices can be pa'ckaged for good thermal conduction and
lov losses in qold plated copper packages which can be
25 hemeti.ca:.:l.y sealed and passivated. In addition,
devices can be packaged in packages where the
coefficient of thermal expmion CTE is matched to the
substrate material CTE. This has the advantage of
yielding a packaged device with very tight internal
30 tolerances. Better thermal conduction and vibration
resistance are major advantages of a tight package and
these features improve the cverall ruggedness of the

device for harsh environments such as aetonautical and
space applications.



ends of the film Any superconductor e.g. YBa[err]Cu[err](efr ' gt
be tdsed. :Both ground plane and device were packaged in a gﬂ‘gpcl'ArchMf‘@ SHEET

copper cavity. Wavegui de connecti ons ﬁre made to each p&ad]of t he

devi ce through 5 gold pins. The ground pféne silver contact$ yer22 RER 97
in intimte contact with the cavity, The ground pl ane angl glevice were

oriented in a mcrostrip fashion with t he | ant hanum al unfnate substrate

dielectric material of - the deyice separati [ ground plane surface
fromthe 10 device. The m%&@m d with neon and _
hermetically sealed wth indium M EXAMBLE Energy was capacitively
coupled to the de S C | ri e tﬁ‘f(ﬁk cool ed
cryogenical ly. At#&iﬁif iHeh %&PQJSO %rb (Qtwg @ a Q of

appr oxi nafel pmspsttﬁrmaummmm ea aporiqi ratio WL 65 4B at an

| nver el y properionicinol, 0192243 vhd piepRced By mlxing Nl by a
resonantys!tortﬁoﬁl‘f"é> glf" bs tﬂgng’%) ri‘d‘tqi ﬁ%&r&?ﬂsig Sgt#%engrgy

di ssi pated. Hnd 2hakingcthese haterimls (togethex dh ahsealedt power to the
out put pover.esgntainer. The powders were then ground in a mortar
10 and pestle and placed in an alumina crucible and heated
to 800°C for 6 hours in air. The sintered powders were
‘then ground in a mortat and pestle and pressed in a die
at 30 tons per sgquare inch at a temperature of 400°C for
one hour. Off-axis rf magnetron sputtering was
15 performed using 65 watts power with' the target located
1-1/2 inches above the substrate. ' The sputtering gas
was argon and the pressure was 5 mtorr (0.7 Pa). A
pseudo-cubic (100) face of lanthanum-aluminate, LaAlO3,
substrate was coated with an amozphéus £41m 1.2 gm
20 thick. For convenience, in:this and other Examples, 16 .
substrates were coated at a time. .

Two 12 x 12 mm square £iims p:epa:ed as desc:ibed
above were placed on a platinum screen within an almnina
cruéible. . Powder ‘consisting of 0.7341 grams of

25 Tl0.sPbp.5Sr2Ca2Cu30g powder and 0.6545 grams of T1203

- powder were intimately mixed and placed in the bottom of

the crucible. The crucible was ccvered with gold foil
and an alumina lid placed on top of the foil. The
crucible was placed in a furnace and the tewpé:aturé was

30 increased to 450°C at the maximum rate of the furnace
(an average of about 20°C/minute), then to 730°C at a
rate of 20°C/minute, then to 810°C at a rate of
10°C/minute, and finally to B865°C at & rate of
5°C/minute. The temperature was maintained at 865°C



EXAVPLE 7

O f-axis rf fmagnetron sputtering was perforned. 25

essentially as described in Exanple 1 and the sane three RgMQ@EM@Na@Eﬂ
oxi de target containing Pb:Sr:Ca:Cu in the rati o of 0J5. Zw=——ttsed .n
Exanmpl e 1 was used. Two 12 mMm x 12 nmfilnms on MJOjwere

as in Exanpl e 5 except that the bottom of the crucibld 3022‘:%3
1.61 g of a crushed 1223 pellet which had been anneal gd {in a thalliu
rich environnment as described in Exanpl e 2 and 0. 0809 [g

Tl[err]O[err]. | |

those described in Exanple. 1l except that the peak

10
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Anneal i ng conditi o038 were essenti

(0]
y n Sf\nm

for 16 hours in an ambient atmosphere at 1032 mbar
(1.032 x 105 Pa) and 21% relative humidity. The
temperature was lowered to 700°C at a rate of
€°C/minute, the furnace turned off and the £ilms allowed
to furnace cool to ambient temperature, about 20°C.

The £ilms e:h!.bitad approximately equal amounts of
c-axis oriented 1‘19 sPbp,55r2Ca2Cu309 and
Tio. sl’bo,ss:zc;mzo-; and a significant amount of c-axis
o:i_eqted rlo.s?bo.5§:zc:3m4011 phase as determined by
X~-ray diffraction. Zero resistance was cbserved at
approximately 124-126 K with an onset temperature as
high as 127 K. These transitions were confirmed by flux
exclusion and ac susceptibility measurements.

Measurements at 35 GHz were made by an end wall
cavity replacement method on the TE01l mode. The
superconducting. oxide £ilm forms one end of a
cylindrical microwave cavity. Both £ilms were found to
be superconducting below approximately 120 K. The.
surface resistance is calculated from the relative
unloaded Q factors of a copper cavity as a calibration -
and of one end of the égvity replaced by a :
superconducting oxide £ilm. At -approximately 80 K with
1 millivatt of input power the surface resistance. of the
superconducting oxide films were ohe-third that of
copper. . :
The £ilms exhibit a high nagneti.c field stability.
A field of 300 oersted applied normal to the £ilm
surface reduced the flux exclusion by only 12% and

shifted the X” peak in the ac susceptibility curve only
4 K lower.

A four-inch diameter oxide target 1/4 inch. thick
containing an atomic ratio of Pb:Sr:Ca:Cu of
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anneal i ng tenperature was 900[err]C and the time for’ mhlrém‘CEMEmhgﬂEET

filmwas nai ntai ned at 900C was 15 m nutes.

: The fil m
predom nantly c-axis oriented 1223 and 1212 phases. The ﬁgtﬁgﬁ&
was 1212. 5 SEM scanning electron mcroscopy, inmaging rev aI
sizes-to be over 50 [err]m A three inch dianete 4.1nch
(0.64 cm thick 10 oxide sputtering target.

ontaining an ajomc ratio of
Pb: Sr: Ca: Cu of 0.5:2:2:3 was. prepared by ing 65.6 ¢

of SrO, 40.2 g of CaO and 40.0 g of PbO and shaki ng these rraterl al s
182 e bl e ard TEEs or%'?&b% : ﬂg&g‘?&‘%‘?‘ﬁ' oGRS o A e ed
powders were t h&he§roxans af *b ‘n?na‘lpgeﬁﬁ'asl#a die at
30 tons per squPepe tﬁtﬂ‘smg thesefisterinks togelthex dn anseaded.

container. A 76.6 gram portion of this powder was then

5 pressed in a die at 30 tons per square dnch for 30

seconds at ambient temperature. DC magnetron sputtering

was performed using 225 milliexmps with the target

-located approximately five inches below the substrate.

The sputtering gas was argon and tlie pressure was §

10 mtorr (0.7 Pa). The (100) face of & magnesium oxide
substrate, lcm x 1 cm, was eoated with an amorphous £iim
1.2 gum thick. -

One £ilm was annealed as in I-:xample p except that
the bottom of the crucible contained 1. 6 grams of a

15 crushed Tlg,5Pbp,.5Sr2Ca2Cu3og pellet which had béen
annealed in a thallium rich environment ‘and 0.0732 grams
of T1203 was added. Annealing a previously used péllet
in a thallium rich environment consists of repeated
exposure of the pellet to thallium oxidé at temperatures

20 above 8S0°C for a total time of preferably at least 6-8
hours to insure that the material has sufficient
thallium. Films. were annealed at a peak temperature of
865°C for 15 minutes while flowing argon and oxygen. was .
introduced around the cricible. Except for the time for

25 - which the £ilm was maintained at sss‘c the temperature -
program for heating and cooling was essentially the same
as that used in.Example 1. The relative :ouin humidity
level was 63% and the ambient atnosphe:ic p:essu:e vas
1025 mbar (1.025 x 105 Pa).-

30 The £ilms exhibited only the Tlg, sPbo, sStzCaCuzo-;
phase as determined by an X-ray diffraction scan of the
surfate. Eddy current measurements at’ approximately 25 -
MHz exhibit a broad transition starting at approximately
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The pressed target was then placed in a rf 20 magnetron sput '

t g _gun and
Ingtalled in a vacuum sputtering chanber. Prelimnary f}§linms EE Bg
sputtered on silicon wafers at 65 vvat%a power and 8 m ||t r?\? ? az
argon pressure yielding filnms | ess than 100 nm t hi ck. The ' T

anl ayzed by neans of Rutherford 25 Backscattering to deternjne the

stoi chionetryseok, scaRBing’eiee ' ndgebOsh
The posi t1on 3he. AradngeipaEbe HHIA VERE '?’éﬁﬂ 20°t B 482005 reasured
relative to the intersection of the 30 center line of the substrate
hol der, i.e., the | i ne per pendi ‘#ﬁ#{ﬁﬁl@i he substrate hol der and
passi ng t hrou its center, and centerline of the s i ng
target, i.® , the | %m sputtering Mas PRELoTmad 3”“@3!@ and
passi ng througs idescriied in' Bxampléc2 S€Léept) that an oxide target

containing an atomic ratio of T1:Pb:Sr:Ca:Cu of

0.5:0.5:2:2:3 was used. This target was purchased from

Superconductor Components, Inc. The (100) face of a

10 magnesium oxide substrate, lcm x 1 cm, was coated vi.th
- &an amorphous £ilm 1.2 um thick.

Annealing vas done in a manner essentially the sanme
as that described in Example 2 except that the peak
annealing temperature was 920°C, the time for which this

15 temperature was maintained was 10 minutes, the ambient
pressure was 1028 mbar (1.028 x 105 Pa) and the relative
hunidity was 58%. -

’ The resulting films exhibited essentzlally only
c-axis o:ignted 1212 phase as determined by X-ray

20 diffraction measurements. The films had a surface
resistance of 2 kohms at room tempe:atu:e as determined
by a tuo-point ohm-meter measurenient. -

25 Dc magnetron sputtering was performed essentially
as described in Exsmple 2 except that an oxide: tu;:qet
containing an atomic ratio of T1:Pb:Sr:Ca:Cu of
1:13:2:2:3 was used. This target. was purchased from
Superconductor Components, Inc. The (100) face of a
30 magnesium oxide substrate, lcm x 1 cm, was coated with

an amorphous £ilm 1.2 pm thick.

Annealing was done in a manner essenﬁially the same

as that described in Example 2 except that the bottom of
the crucible contained about 1.6 g of a crushed 1223



25 serving as the origin of the coordinate system used t|o REPLAGEMENT; $HEET
t he’ posi‘tion of the substrate. These two centerlines wer

pendar cul ar
in the configuration used in this Exanple. Taking the sp terhgg':égr:ﬁg-}
5 centerline as the x-axis and the subst@ate hol der centjery i aS the

z-axis, the relative positions of the substrates can be ref
this COOI’dI nate system The substrates.position was x = 4} 75 i nches and

z = 3 n@fkletrphich, bad been annealnd daja shailive &1% 5—4-6~—duT TG
deposi ti on environment.ksldescPited A @' 2 hnat boISP6 Pramsat e

bstrat h | ti
doscr bed abct Tt Hpblnl CofaleBis vere BibbAELENIY, tnd WHAdITE TN
The pseudo- cuks tham) dessribadcinfExangle 4 exnept mmmemst rate was
coated 5 W ginéd Y ﬁgs&aﬁhw wad 9207, ! %ektﬂ@ei

excellent mrror-li.ke surfac

rm
t 7623
grans of m*%tﬂlﬂeeﬁﬁsspfé??f@f@rﬂhﬁ%ﬂ#%ﬁﬁzl Sﬁln%f%%tio grans of
Tl[err] J err|pressure was 1012 mbar (1.012 x 105 Pa) and the relative

humidity was 50%.
The resulting £ilm exhibited predominately c-axis
10 oriented 1212 phase with some c-axis oriented 1223
present. There was also a significant amount of Ca2PbOy4
present. The £ilm exhibited a surface resistance of 3.6

Mohms at room temperature as determined by a i:wo-point
ohm-meter measurement.
15

EXRMPLE.S
Off-axis rf magnetron sputtering was performed
essentially as described in Example 1 and the same three
inch diameter oxide target containing Pb:Sr:Ca:Cu in the
20 ratio of 0.5:2:2:3 used in Example 1 was used. |
Two 12 mm x 12 mm £ilms on lanthanum aluminate
were ‘annealed as in Example 2 exeept that the bottom of
the crucible contained 1.61 g of a crushed 1223 pellet
vhich had been annealed in a thallium rich environment
25 as described in Example 2 and 0.169 g of T1203.
Annealing conditions were essentially the same as
those described in Example 2 except that the time for
which the £ilm was maintained at 865°C was 16 hours, the
anbient pressure was 1026 mbar (1.026 x 105 Pa) and the
30 relative humidity was 88%.
As determined by X-ray diffraction measurements the
films exhibited primarily c-axis oriented 1223 and 1212
phases and a trace of 1234 phase with the 1212 phase
being the dominant. The £ilms exhibited a surface



20 powder were pl aced in the bottomof an alumina crucible -

intimately m xed. One |anthanum al um nate substrate W t BMT
anor phous fil mwas placed in the cruci ble on a platinum|s¢reen. The
cruci bl e was covered with gold foil, and an alumna |iq ba pIFEB®Yn
top of 25 the foil. The crucible was placed. in a furnace gnq the
tenperature was increased to 450[err]C at tgfzmaxi mum r at e Of the
furnace (an average of about 20[err] d m nut then to 740C at _a rate
of 20C/ m nute, then to 810C at a rate "10[err] ¢/ minute, and finally
to 865[err]C at W ed at
865C for Eéﬁ%%%%%wgtn% pgere ata&03 nbar . 032 x
105 Pa) and 789Bfctatezmingd by JpeasRreneits &% o 700C
at a rate of

10

a5

20

25
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eddy current msu:ement at 25 Mz exhibit&ﬁ a sl.ugle
transition at upp:oxinately 90 K.

EXAMPLE €

A microstrip rescnator with a resonance frequency
of 5 GHz was prepared as follows. One £ilm p:epa:ed in
Example 5 was coated with a 0.3 smicron thick layer of
poly (methyl methacrylate), PMMA which .was spun on and
then heated at 170°C for 30 minutes. A 3 {im thick layer
of Shipley 1400-36 photoresist, a novolac resin doped
with diazoquinone, 2~-ethoxyethyl -acetate, n-butyl
acetate and xylene, was then applied and heated at 90°C
for 15 minutes. A mask was applied to the £ilm and
exposed to 365 nm wavelength radiation at 30 mJ/cm?.
The films were then immersed in Shipley MF312-CD27,

.tetr_qmet!iyl amqnium hydroxide and water, developer for

30 seconds in order to remove the portion of the
photoresist layer which had been exposed to the
radiation. The £ilms were ion milled at 0.1 mtorr
(0.01 Pa) pressure for about 3 hours with a 120 mk/cm?
beam of argon ions. This beam was effective in
removing the exposed superconducting £ilm to :eveal the
device image on the substtate but did not :enove the
uuexposed portion of the photoresist and-the PMMA and
£41m beneath it. The sample was then exposed to an
oxygen plasma for 70 minutes at 20 watts/cm? to remove
the remaining photoresist and PMMA. Silver contacts
were then applied to superconducting oxide pads at
either end of the device. A ground plane comprised of a
superconducting-oxide £ilm of T1-Ba-Ca=Cu-O with silver
contacts at either end was fabricated by masking the
£ilm and dc sputtering silver directly onto opposite



REPLAGEMENT onctl |

6[err]C/m'F1ute, the furnace turned off and the filns all owed

To ’rurnace
cool’ .to anbent tenperature, about 20C. The resul ti g gcm
very snooth and exhibited a gl ossy surface free of nmjor |déf
determined by 5 X-ray diffraction, the 23| mexhibited pred e

c-axis oriented 1212 Til[err]Pb[err]Sr[err]CaCu[err]err] amd with a
m nor anmount of c-axis oriented 1223

T1[ err] Pb[ erends [of r‘quaFérlFﬂ Cupay supereondugtarys ¢S .1 ¥Ba2Cu307,
H %e”% Eg% eréi@li ] Ms¥®' I Botheg &quérﬁ%ﬁélfhn@ tviee were

err err er rr, SO en ase
Ca[ err] PbQ &P ?‘ %%é %9"111% b%r 93?!5 Bnent . .
An eddy cur rmmeruﬁe ahdﬁStM—baehfpﬁdtaﬂ ﬁhe devh:enghtouyhnm tion at
appr oxi el ?%W*ﬁﬁag an end
wal | 15m§cav y r acene %&E@ZW ﬁ% Egﬁrface
resi stance i$n %&mgm mithcthe cavity. Fhe srowpnd PIBRE s of a
copper cavi t gn@sdévice ivwerd icriented ARUaohierestrip Fasttonc aithy repl aced

m I I I wat t ofeﬁr Cﬁ s I"Pg W&&%@ﬁ?ﬁ%%@ﬁg ';q.'e éy%éracggduétl ng
oxide film \m;eagpv eepATating thecground plane surface from the
10 device. The microwave package was f£illed with neon and
hermetically sealed with indium. Microwave energy was
_ capacitively coupled to the device's superconducting
strip vhen it was cooled cryogenically. At 70 K the
device resonated at 5 GHz with a Q of spproximately 1300
15 with an insertion loss of approximately =65 dB at an
input power of 1 milliwatt. %The Q is a £1gu:e of merit
vhich is inversely proportional to the amount of energy
lost ‘per cycle by a resonant st:uct:u:e. It is the:
ratio of energy stored to the energy dissipated. The

20 dinsertion loss is the ratio of the input power to the -
output power.

Off~axis rf magnetron si:utte:i.ng was performed.

25 essentially as described in Example 1 and the same three
inch diameter oxide target containing Pb:Sr:Ca:Cu in the
ratio of 0.5:2:2:3 used in Example 1 was used.

| Two 12 mm x 12 mm £ilms on MgO were annealed as in
Example $ except that the bottom of the crucible

30 contained 1.61 g of a crushed 1223 pellet which had been
annealed in a thallium rich environment as described in
Example 2 and 0.0809 g of T1203. _

Annealing conditions were essentially the same as
those described in Example 1 except that the peak
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annealing temperature was S00°C and the time for which
the £ilm was maintained at 900°C was 15 minutes.

The f£ilms exhibited predominantly c-axis oriented
1223 and 1212 phases. The dominant phase was 1212.
SEM, scanning electron nieroseopy, dmaging revealed
grain sizes to be ove: 50 @m.

A three inch diameter 1/4 inch (0.64 cm) thick
oxide sputtering target containing an atomic ratio of
Pb:Sr:Ca:Cu of 0.5:2:2:3 was. prepared by mixing 85.,'6 g
of CuO, 74.3 g of S§r0, 40.2 g of Ca® and 40.0 g of PbO
and shaking these materials together in a sealed
container. The powders were placed in an slumina
crucible and heated to 800°C for 6 hours in air. The
sintered powders were then ground in a mortar and pestle
and pressed in a die at 30 tons per square inch at a
temperature of 400°C for one hour.

The pressed target was then placed in a xf
magnetron sputtering gun and installed in a vacuum
sputtering chamber. Preliminary £ilms were sputtered on
silicon wafers at 65 watts power and 8 militorr (1.1 Pa)
argon pressure yielding films less than 100 am thick.
These £ilms were anlayzed bﬁ means of Rutherford.

Backseattetiug to detemine the stoichiometry of

Pb:SriCa:Cu vhich was- found to be
0.47(£0.01) 22.04(£0.01) :2 05(&0 02) :2.95 (£0. 02).

The position of the substrates in the sputtering
chanmber was measured relative to the intersection of the
center line of the substrate holder, i.e., the line
perpendicular to the substrate holder and passing
through its center, and the centerline of the sputtering
target, i.e., the line perpendicular to the sputtering
target and passing th:o#gb its center, this intersection
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5 1. A process for making a superconducting T1-Pb-
thin fifm conprising a phase of the formula :
TI[err]Pb[err]Sr[err]Ca[err]Cu[err](Jerr] where n = O 1 or 2
process conpri sing - (a) sputteri @ an oxide filmontp ' '
10 substrate froma target forned by (1) heating a m xture of T1, Pb,

grb (C::a d: anw%?&( dgzsq%e 15&85%0%%0%894&%@5%&Pg#0u% a oﬁ ? cis
from about 2 descxibeithe positicn offthe)suhstrate.o Theae tvand ¢ is from
15 about 2 toeaka& fhesfbre’ perPERELES1EP ﬁf“%ﬁlﬁ%hﬂ?ﬁi‘héion usekt ure,
(b) placing s @%}bm haV| gg al’c;jhom de fil reon and a source.
of thallium Coxi & M‘[‘%Mﬁrwth an
oxygen- coist ai cengerlimes e the x-axis and the substrate holder

centerline as the gz-axis, the relative positions of the

substrates can be referenced to this coordinate system.

The substrates position was x = 4.75 inches and z -3

~ dnches. The substrates were rotated about the x-axis
10 during deposition.

Four 1 inch (2.5 cm) square 1anthanum aluminate
substrates were coated using the off-axis rf sputtering
configuration described ahove at 100 watts power and
5 mtorr (0.7 Pa) argon pressure. The pseudo-cubic (100)

15 <face of each lanthanum aluminate substrate was coated
with an amorphous £ilm 3 micron thick. These f£ilms had
excellent mirror-iike surfaces. '

Powders consifting of 0.7623 grams of
Tlp.sPbp sSr2CasCug powder and 0.3610 grams of '1‘12_()3'

20 powder were placed in the bottom of an alumina é:uej.ble
and intimately mixed. One lanthanum aluminate substrate
with the sputtered amorphous £ilm was placed in the
crucible on a platinum screen. The crucible was covered
with gold foil, and an alumina -lid was placed on top of

25 the foil. The crucible was placed in a furnace and the
temperature was increased to 450°C at the maximum rate
of the furnace (an average of about 20°C/minute, then to
730°C at a rate of 20°C/minute, then to 810°C at a rate
of 10°C/minute, and finally to 865°C at a zrate of

30 S$5°/minute. The temperature was maintained at 865°C for
16 hours in an ambient atmosphere at 1032 mbar
(1.032 x 105 Pa) and 78% relative humidity. The
temperature was lowered to 700°C at a rate of
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20 the amount of thalliumand | ead contained in said sourc bei ng at
| east 100 tinmes the anmount of thalliumand | ead necessar y t?chesqgﬂ

said oxide filmto TI[err]Pb[err]Sr[geé]Ca[err]QJ[err] arr :
(c) heating said container to a tenperatu of from25 abo 56ferTITTO
about 950[err] C and nmi ntaini ng said tenperature for at]|least about 10

m nutes, dand 6°C/mi.ngge tHe faend o f & Sighd thed £3208VA116@ed he f
e Gy leiin R
film The :esulting ti.ln was very smooth and exhibited a
glossy surface free of major defects. As determined by
5 X-ray diffraction, the £ilm exhibited predominantly
c-axis oriented 1212 Tlg .sPbg.s5r2CaCuz07 and with a
minor amount of c-axis oriented 1223 |
T1o.sPbo.55r2CazCus0g. Traces of 1234
T1g,sPbg,55r2CasCug0;1 and 1201 Tlg.sPbg,sSr2Culs were also
10 present. The phase CazPb04 was also found to be a very
minor component..
_ An eddy current measurement at 25 MHz exhibited a
single transition at approximately 886 K.
Measurements at 20 GHz were made by an end wall
15 cavity replacement method on the TEOll mode. The
surface resistance is calculated from the relative
unloaded O factors of a copper cavity as a calibration
and of one end of the cavity replaced by a
superconducting oxide £ilm. At approximately 50 K with
20 1 milliwvatt of input power the surface resistance of the

superconducting oxide £ilm was approximately six times
1owe: than copper.

25

30



28 3. The process of Claim2 wherein a is sbhout REPLACEMENT SHEET
about 0.5, c is about 2, d is about 2 and e is about 3.

The process of Caim2 wherein said dielectric substrate ié% EEQ ,&9
fromthe group consisting of LaAlJerr], Nd&Jerr], LaG0 e 7
MyO. 5. The process of C aim4 wherein said source

thalli um oxi de and | ead oxi de conpri ses

TI[err]Pb[err]Sr[err]Calerr]Culerr](err] 214 TI[err]O[err].
6. The process of Caim5 wherein said dielectric subst r

LaAlO[err], said heating tenperature of step 15 (c) i L!Im‘rlmw !Hrlu
865[err] C to about 950C and the tine SEl d terrperat

at least 1 hour. 7. The of Claim3 vvherel n said
dielectric Hhetulrs [Chisdmed Jaelkected fromthe group consisting of 20

LaAlJerr], NdGa(Qerr] and LaGJerr], said source of thallium oxide

S5 1. A process for making a superconducting I1-Pb-
Sr-Ca=Cu~0 thin £i{lm comprising & phase of the formula
T10,5Pbo.55r2Ca34nCu24n0742n Where n = 0, 1 or 2, said
process comprising '

-{a) simttexiag an oxide £ilm onto a dielectric
10 substrate from a target formed by (1) hedting a mixture
of T1, Pb, Sr, Ca, and Cu oxides wherein the atomic
ratio of Tl:Pb:Sr:Ca:Cu is a:b:c:dse, wherein a is from
0 to about 1, b is from O to about 1, ¢ is from about 2
to about 3.4, d is from about 1 to about 4 and e is ‘from
15 &bout 2 to about 5, and (2) compressing and heating said
mixture, _
(b) placing said substrate having said oxide £ilm
thereon and a source of thallium oxide and lead oxide in
~ an inert container with an oxygen-éonta.{ning atmosphere,
20 _.the amount of thallium and lead contained in said source
being at least 100 times the amount of thallium and lead
necéssary to convert said oxide £ilm to '
. T10,5Pbp,55r2Ca3 4nCu2+4n0742n-
(c) heating said container to a temperature of from
25 about B850°C to about 950°C and maintaining said
temperature for at least about 10 minutes, and
" (d) cooling said container and recovering the
.superconducting Tl-Pb-Sr-Ca-Cu-0 thin £ilm.

30 2. ';L‘he process of Claim 1 wherein xrf magnetron
sputtering is used to sputter said oxide £ilm.
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and | ead oxide consists.of 40-70 wt % REPLACEMENT SHEET‘

TI[err]Pb[err]Sr[err]Ca[err]Culerr](Jerr] and 60-30 wt% T1[ grr "

Reat i ng tenperature of step—{€e)—is from about 865[err]Q tjo 0 anny |
O%% #é@e‘?‘ﬂ

920C, the tine sai intained is at 25 |eas]t

and said oxide fil Sinl'mﬂmrgﬂgmﬂﬁlﬂa an atnosphere havj arelative
hum dity greater thaa ¢ "8. The process

wherei n said source of 30 thalliumoxide gl |ead oxide co

wt % TI[err]Pb[err]Sr[err]Ca[err]Cu[err]O[err] and 50 Wt %
Tl[err]err]. 9. The process of Caim?7 wherein said
dielectric subs3 s atThe procksl aff Cladm 2 wberein & cipabouty §,0b step
is about 0.5, c is about 2, d is about 2 and e is about
3.
'5 4. The process of Claim 2 wherein said dielectric

substrate is selected f£rom the q:oup consisting of
LaAlO3, NdGaO3, LaGaO3 and MgO.

S. The process of Claim 4 wherein said source of
10 thallium oxide and lead oxide comprises
Tlp,.5Pbp.58r2Ca2Cu309 and T1203,

6. The process of Claim § wherein said dielectric .
substrate is lLaAilO3, said heating temperature of step
15 (c) is from about 865°C to about 950°C and the time said
temperature is maintained is at least 1 hour.

7. The process of Claim 3 wherein said dielectric

substrate is selected from the group consisting of

20 1aAlO3, NdGaO3 and LaGaO3, said source of thallium oxide
and '1ead_ oxide consists of 40-70 wts
T1p.5Pbp.55r20a2Cu309 and 60-30 wts T1203, said heating
temperature of step (c) is from about 865°C to about
920°C, the time said temperature is maintained is at

25 least 30 minutes and said oxide £ilm is not exposed to

an atmosphere having & relative hm:l.d:l.ty greater than
25%.

8. The process of Claim 7 wherein said socurce of
30 thallium oxide and lead oxide consists of 50 wts
T10.5Pbp,55r2Ce2Cu309 and 50 wts T1203.

9. The process of Claim 7 wherein said dielectric
substrate is LaAlO3, said heating temperature of step



29 (c) i s about 865C, and the time said tenperature is’ RE EARE

mai'ntai ried i s abm-'r 16—hours: 10. The process of (Ja EELACEMENT 'S'EET
sai d source of . nd | ead oxi de consists of pOjw % ;
Tli[err]Pb[err]Sr[ e ||“maml|ﬂ“mgﬂmq err] and 50 wt % T1203. 22 FEBl19977

The process of C alm lcwher el nSsai*d heating tenperature pflstep (c) is |
from about 850[err]C to about 10 865C or om about 920[err]Jto about - ;
950C. 12. The process of Claim1l wherein said di elzect: e

substrate is MJO, said heating tenperature of step (c) i s about _
865[ err] C ande)hdst abbut ab651C;Matida thectine lfaidi témperacture ligss than 1

hour. maintained is about 16 hours.

10. The process of Claim 9 wherein said source of
. 5 thallium oxide and lead oxide consists of 50 wtt
Tl0,.5Pbo,.55r2Ca2Cu309 and 50 wt$ T1203.

1l. The process of Claim 1 wherein said heating
temperature of step (c) is from about. 850°C to about
10 B65°C or from about 920°C to about 950°C.

12. The process of Claim 1 wherein said dielectric
substrate is MgO, said heating temperature of step (¢)
is about ass°c and the time said tempetatu:e is

15 mintained is less than 1 hour.
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ABSTRACT

PROCESS FOR MAKING SUPERCONDUCTING Ti-Pb-Sr-Ca-Cu
OXIDE FILMS AND DEVICES

A process for making a superconducting T1-Pb-Sr-Ca-Cu-O thin film comprised of at least
one phase of the formula Tl, sPb, sS1,Ca,,,Ct13,,0742, Where n = 0, 1 or 2. The process
comprises sputtering an oxide film onto a dielectric substrate from an oxide target containing
preselected amouats of Tl, Pb, Sr, Ca, and Cu, and heating an oxygen-containing atmosphere

in the depositéd film in the presence of a source of thallium oxide and lead oxide and cooling
the film. |



