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Large resistance decrease around 90–160 K in sputtered Xe-doped Y-Ba-Cu-O thin films
on Si substrates

Kazuhiro Hatanaka and Katsuhiro Yokota
Faculty of Engineering, Kansai University, Suita, Osaka, 564, Japan

~Received 30 May 1996; revised manuscript received 27 March 1997!

A resistance decrease of about five orders of magnitude around 90–160 K has been observed in Xe-doped
YBa1.5Cu6.3Ox , Xe-doped YBa1.5Cu3.7Ox , and Xe-doped YBa1.5Cu2.2Ox thin films. These films were deposited
on unheated~100!Si substrates by Xe ion-beam sputtering and annealed in an oxygen flow at 100–500 °C for
24 h. The resistance decrease was measured reproducibly for all samples except 500 °C-annealed films even
after exposure to atmosphere for two years. The x-ray diffraction pattern study revealed that the films mainly
contain YBa2Cu3O6.8 lattices having compresseda-b lattice planes and an expandedc-axis bond length and
YBa2Cu3O6 lattices. The presence of xenon-oxygen bonds in the films was determined by x-ray photoelectron
spectroscopy. The resistivities first increased with decreasing temperature, exhibited a maximum value at
200–260 K, then exponentially decreased and reached very low resistivities at 95–130 K.
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I. INTRODUCTION

Anomalous resistance behavior has been reported
YBa2Cu3Ox ~Y-Ba-Cu-O! materials,1–3 immediately after the
discovery of the 90 K phase by Wuet al.4 A sharp resistance
decrease at 164 K in low-oxygen content Y-Ba-Cu-O b
samples has been reported by Narayaet al.2 A resistance
decrease at 240 K in the Y5Ba6Cu12Ox film has been reported
by Chen et al.3 The resistance decreases may lead to
possibility of a higherTc in Y-Ba-Cu-O superconductors
The materials with higher resistance transition temperatu
however, are reported to exhibit a higher degree of instab
with processing variables, particularly temperature cycl
during superconductivity measurements. The samples
prepared by a long oxygenation process at low temperat
in addition to the conventionally applied high-temperatu
oxygen anneal. Maet al.5 reported an anomalous resistan
transition between 160–200 K in Y5Ba6Cu12Ox films formed
by rapid thermal annealing~RTA! of the Cu/BaO/Y2O3 lay-
ered structures. The films mainly contain the YBa3Cu3Ox
~Y133! phase and were polycrystals with grain sizes of a f
mm. The resistance decrease was stable and reproducib
the resistance measurements that could be repeated
than ten times without reoxygenation.

We report an observed resistance decrease of about
orders of magnitude around 90–160 K in Xe-dop
YBa1.5Cu2.2Ox ~Xe-Y2!, Xe-doped YBa1.5Cu3.7Ox ~Xe-Y4!,
and Xe-doped YBa1.5Cu6.3Ox ~Xe-Y6! thin films. The films
were formed on~100!Si substrates by Xe ion-beam sputte
ing and annealed at low temperature for 24 h. The resista
decrease was stable and reproducible even for the films
after exposure in air at room temperature for two years. T
film preparation is different from conventional thin film
preparation that requires high-temperature oxygen an
and high substrate temperature deposition.

II. EXPERIMENT

A single-target ion-beam sputtering technique is used
deposit a series of about 110 nm thick films on unhea
560163-1829/97/56~9!/5648~6!/$10.00
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chemically cleaned~100!Si substrates. The deposition sy
tem consists of a stainless-steel chamber, pumped to
vacuum using a 300l /s turbo-molecular pump. The attain
able background pressure~without a system bake-out! is in
the low 1027 Torr range. The Xe ion beam is incident at 4
from the target normal. The substrate is positioned such
its center is at a 40° angle with respect to the target norm
The ion source-to-target distance is about 5 cm and
target-to-substrate distance is nearly 7 cm. A low-pow
~1600 eV, 11 mA! Xe ion-beam is focused against 6 c
diameter Y-Ba-Cu-O targets. Under these beam conditio
the deposition rate is low~12 nm/min!. The sputtering power
used is fairly low ~16 W!, so excessive target heating
avoided~the target is not water cooled!. The substrate tem
perature reaches about 70 °C due to radiative heating f
the ion source and target. A xenon gas flow of 1 SCC
~SSCM denotes cubic centimeter per minute at STP!, added
to the ion source during deposition, results in a pressure
231023 Torr in the chamber. The chamber is backfille
with 1 atm of oxygen after deposition. The films then are l
in the chamber for 24 h. Transformation to the supercondu
ing phase requires a post-deposition anneal treatment.
annealings of the films are performed in flowing oxygen g
at 100–500 °C for 24 h.

The preparation of the target used was as follows.
used high-purity powders of yttrium oxalate, barium carbo
ate, and copper carbonate and mixed them in the proper
portions. The mixture was calcified in oxygen gas flow
950 °C for 2 h. Six cm diameter and 3 mm thickness pres
pellets were formed and sintered in oxygen at 950 °C for 2
The composition of the target disks is shown in Table I.

Analysis of the film composition was performed usin
Rutherford backscattering spectrometry~RBS!. A 1.5 MeV
He ion-beam energy was used, with the detector positio
at a 165° scattering angle. Uncertainty in the determin
compositions cannot be smaller than about 5%. Struct
characterization of the post-deposition-annealed films w
performed using x-ray diffraction. The diffraction angle w
accurately measured within164°. The chemical-bond state o
5648 © 1997 The American Physical Society



56 5649LARGE RESISTANCE DECREASE AROUND 90–160K . . .
TABLE I. The cation composition in as-deposited Xe-doped Y-Ba-Cu-O films.

Name
Target comp.

Y:Ba:Cu

Film composition

Y Ba Cu Xe O

Xe-Y2 1:3:3 160.05 1.560.08 2.260.1 0.1860.04 9.060.5
Xe-Y4 1:3:5 160.05 1.560.08 3.760.2 0.1560.03 9.760.5
Xe-Y4 1:3:5 160.05 1.560.08 6.360.3 0.1660.03 1160.6
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each element was analyzed in vacuum using x-ray photoe
tron spectroscopy~XPS!. For high-resolution XPS, mono
chromatic Mgka ~1353.6 eV! radiations were used as th
x-ray source. Sputtering using an argon ion etching gun
necessary to investigate the inner side of the films. The
ergy resolution is estimated to;1 eV.

The resistivity was measured for thin films with dime
sions of 103530.00011 mm3 on Si substrates using a fou
point technique and for thin films with dimensions of 737
30.00011 mm3 using the van der Pauw technique. Durin
the measurements, the sample was kept in a vac
(1025 Torr). Thin Au films were deposited on both ends
the film through a mask with an area of 0.535 mm2 to make
ohmic contacts for electric current. Two thin Au pads w
an area of 0.2 mm2 were deposited to make ohmic conta
for potential difference measurement. The separation
tween the two electrodes was 3 mm. The current applie
the measurement was 0.2 mA, and voltage was read wit
uncertainly of 61.3mV, corresponding to 65
31027 V cm. Samples were cooled in a cryostat, with
sistance and temperature data obtained during cooling
warming using a computer-controlled system. The rate
temperature warming was in a range of 1–10 K/min. T
sample temperature was measured using a copper-const
thermocouple, welded to the dummy sample adjoining
sample. The temperatures were calibrated with an accu
of 2 °C. The measured samples were kept in conventio
plastic cases in a desk in our laboratory room where
humidity was 40–80 % and the temperature was 8–32 °

The ac magnetic susceptibility of the films with dime
sions of 1031030.00041 mm3 on Si substrates was ob
tained by measuring the frequency change of an oscill
with 1 007 111.6 Hz due to the transition from a normal st
to a superconducting state. The frequency changeD f is pro-
portional to the inductance change of an air core copper
~210mH!:6 DL522L(D f / f o). The sample film was locate
in the center of the air core copper coil. The inductan
change due to setting the film in the air core copper coil
be calculated as follows: DL/L51/$11(d/ l )/@1
1(s/S)x#%, whered is the film thickness,l is the height~2.5
cm! of the air core copper coil,s is the surface area of th
film, S is the cross section (1.77 cm2) of the air core copper
coil, andx is the real part of the ac magnetic susceptibility
the film. The ac magnetic susceptibility of the films, thu
can be calculated as follows:x7(S/s)@(1/2)(d/ l )( f o/D f )
21#, sinceD f / f o!1. The oscillator containing the air cor
copper coil was located in an electromagnetic shield b
surrounded by copper plates of 20 mm thickness. The
quency stability of the oscillator was below62 Hz/10 h at
30060.1 K. The frequency changes were recorded usin
high-resolution nine digit counter as a function of tempe
c-
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ture. The amplitude of the ac field was 0.7 Oe. The box w
evaluated and immersed into a Dewar filled with liquid n
trogen. The sample temperature attained equilibrium at 8
K because of heat loss due to the thermal conduction
exhausting pipes. The box was then left in the Dewar boi
out liquid nitrogen. The sample temperature increased
much smaller rates. We failed to precisely control the sam
temperature using a computer because the electromag
shield box had a larger heat capacity.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Composition and structure

A typical RBS spectrum of an as-deposited Xe-Y6 on
substrates is shown in Fig. 1. Compositions in the
deposited films are determined using a RBS simulation
ting and the film thickness measured using an interfere
microscope. The compositions in the as-deposited films
shown in Table I. The stoichiometric cation transfer from t
target to the film was unsuccessful. A cation compositio
difference between the target and the film arises because
deposition rate was higher than 3 nm/min, required for
stoichiometric transfer.7,8 The copper composition in the
films is proportion to that in the target: it was about 70%
the copper composition in the targets. The barium comp
tion in the films was half that in the targets, independent
the copper composition. Yttrium transferred from the targ
to the film was more than the other cations. The xenon co
position was approximately the same on all the films with
the uncertainty of the measurement. The oxygen composi
increased slightly with increasing the copper composition
the target. However, the analysis of the oxygen composi
may have an uncertainty more than that of cation comp

FIG. 1. The RBS spectrum of an as-deposited Xe-Y6 film on S
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5650 56KAZUHIRO HATANAKA AND KATSUHIRO YOKOTA
tions because oxygen has scattering cross section sm
than the substrate element, silicon, and the oxygen sign
located in a large background produced by silicon. The s
tering cross section of the element with an atomic numbe

8 is only 4
49 @obtained from (828 )2# of that of silicon. Table II

shows the oxygen and xenon compositions in annealed fi
The oxygen composition increased with increasing the c
per composition. The annealed films had approximately
same cation composition as that in the as-deposited film

The films were polycrystalline with grain sizes of 0.5–
mm obtained by scanning electron microscopy and an a
age thickness of 110 nm. The x-ray diffraction pattern
Xe-Y4 is shown in Fig. 2. The diffraction patterns were i
dexed on the basis of the known Y-Ba-Cu-O structures. T
films were composed of semiconducting YBa2Cu3O6 and su-
perconducting YBa2Cu3O6.8. The diffraction patterns for
other annealed films were similar to that for Xe-Y4 as sho
in Fig. 2. The lattice parameters of Y-Ba-Cu-O were calc
lated by fitting the x-ray diffraction peak positions. Table
shows the value ofdL5(LX2LA /LX) for the YBa2Cu3O6.8
phase. Here,LX is the measured lattice parameter andLA is
the lattice parameter in the American Society for Test
Materials~ASTM! data. The value of (b2a), as a paramete
exhibiting the orthorhombic distortion, is represented in t
table for later discussion. Thea andb lattice parameters ar

TABLE II. Oxygen and xenon compositions normalized by Y
Xe-doped Y-Ba-Cu-O films annealed in oxygen flow for 24 h.

Anneal
temp. Species Xe-Y2 Xe-Y4 Xe-Y6

100 °C O 9.260.5 1360.7 1560.8
Xe 0.1660.03 0.1460.03 0.1460.03

150 °C O 9.260.5 1360.7 1560.8
Xe 0.1660.03 0.1360.02 0.1260.02

200 °C O 8.760.4 1260.6 1460.7
Xe 0.1560.03 0.1460.03 0.1460.02
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slightly smaller than the ASTM values for YBa2Cu3O6.8, and
thec lattice parameter is slightly larger. The absolute valu
of da anddb decrease with increasing annealing temperat
and the value ofdc decreases. The films without xenon hav
the same lattice parameter as the ASTM file. Thus the co
pression of thea-b lattice planes and the expansion of th
c-axis bond length were a result of doping xenon in
YBa2Cu3O6.8. The lattice parameters for YBa2Cu3O6 in the
annealed films, however, are the same as that in the AS
file.

B. Chemical bonds

The chemical properties of the bonds were studied us
XPS each time a layer of about 14 nm was removed from
sample surface by argon ion-beam sputtering in the sp
trometer chamber. Figure 3 shows the XPS results for cop
and oxygen in annealed Xe-Y2, Xe-Y4, and Xe-Y6 film
The annealed films exhibit the Cu2p peak and its satellite

FIG. 2. The x-ray-diffraction patterns of Xe-Y4 film annealed
100 °C for 24 h.
n
TABLE III. Values of ~Lx2LASTM)/Lx for YBa2Cu3O6.8 in Xe-doped Y-Ba-Cu-O films annealed i
oxygen flow for 24 h, whereLx is the lattice parameter for YBa2Cu3O6.8 andLASTM is the ASTM standard:
a53.8214 Å,b53.8877 Å, andc511.693 Å.

Anneal
temp. parameter Xe-Y2 Xe-Y4 Xe-Y6

100 °C a ~%! 20.41060.0001 20.39760.0003 20.27760.0004
b ~%! 22.9860.001 22.8360.002 21.8260.001
c ~%! 0.56160.0002 0.43460.0002 0.34260.0001

(b2a) ~Å! 20.0360.002 20.0360.005 0.0160.002

150 °C a ~%! 20.40860.0001 20.35760.0002 20.19960.0003
b ~%! 22.8960.001 22.4560.003 21.6760.002
c ~%! 0.35260.0003 0.55860.0002 0.35260.0002

(b2a) ~Å! 20.0360.002 20.0160.003 0.0160.001

200 °C a ~%! 20.37760.0002 20.35660.0003 20.18960.0002
b ~%! 21.9260.001 21.8360.001 21.6760.003
c ~%! 0.38260.0003 0.35260.0004 0.36260.0002

(b2a) ~Å! 20.0160.003 20.0160.002 0.0160.001
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56 5651LARGE RESISTANCE DECREASE AROUND 90–160K . . .
peak having binding energies with centroids at 933.2 a
942.3 eV, respectively. The presence of the satellite pea
the Cu2p spectrum shows that the oxidation state of coppe
Cu21. This is an indication of the formation of supercondu
ing Y-Ba-Cu-O or CuO in the films.

The superconducting Y-Ba-Cu-O bulk shows the Os
spectra consisting of two distinct peaks, having binding
ergies with centroids at 529.5 and 531.1 eV.9 In degraded
samples exposed to air for a long time, the major pea
usually the higher binding energy peak at 531 eV. The low
binding energy component at 529.5 eV arises from the o
gen in the superconducting Y-Ba-Cu-O lattice.9 However,
the Xe-doped Y-Ba-Cu-O films~Xe-Y2, Xe-Y4, and Xe-Y6!
can be fitted to distinct O 1s peaks, having binding energie
with centroids at 528.5, 529.3, 530.3, 531.1, and 533 eV
shown by the dashed lines in Fig. 3. These components
separated by curve fitting with a combination of Gauss
and Lorenzian distributions. The three O 1s peaks at 528.5
530.3, and 531.1 eV systematically depended on the
preparation parameters. The O 1s peak having a binding
energy with a centroid at 530.3 eV is obtained only in t
Xe-doped Y-Ba-Cu-O films; this peak arose as a result
oxygen reacting with xenon doped into the films. The ox
gen composition dependence of the intensity of the Os
peak at 529.5 eV was opposite of those of the 530.3 eV Os
peak intensity. Thus there is an optimum annealing temp
ture and an optimum copper composition in the target
increase the amount of the superconducting Y-Ba-Cu-O h
ing compresseda-b lattice planes and expandedc lattice
planes. In the Xe-Y4 films the intensity of the O 1s peak at
528.5 eV increased with increasing annealing temperatur
similar annealing temperature dependence of XPS spe
was exhibited for the Xe-Y2 and Xe-Y6 films. The Xe-Y
Xe-Y4, and Xe-Y6 films exhibit a Y3d spectra, splitting into
two peaks related to the Y 3d3/2 and Y 3d5/2 spin orbit hav-
ing binding energies at 156.6 and 159.9 eV and the Ba 3d5/2
peak having a binding energy with a centroid at 779.10 e

Figure 4 shows the Xe 3d5/2 spectra vs annealing tem
perature graph for the Xe-Y4 films annealed at 100–500
for 24 h. A similar graph could be obtained for the oth
films. The Xe 3d5/2 peak is measured at a binding energy
669 eV. The binding energy is lower than the well-know
value of 672 eV for xenon. The difference of 3 eV in the X
3d5/2 peak energy is about four times larger than the value

FIG. 3. X-ray photoelectron spectrum for copper and oxygen
the Xe-Y2, Xe-Y4, and Xe-Y6 films.
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0.8 eV which differs between the O 1s peak energy at 529.5
eV for oxygen in the superconducting Y-Ba-Cu-O lattic
and the O 1s peak energy at 530.3 eV arising due to t
presence of xenon. This indicates that one xenon chemic
combines with four oxygens XeO4 ~Ref. 10! as a xenon-
oxygen compound was formed in the Xe-doped Y-Ba-Cu
films. Xenon started to liberate from the films into the a
during annealing at temperatures above 200 °C. The di
bution of xenon become shallower with increasing annea
temperature. A large amount of xenon still remains in t
surface region in the film annealed at 500 °C.

C. Resistivity and susceptibility

The graphs of the resistivity vs temperature, obtained
ing the four-point technique, for the Xe-Y6 films annealed
100–500 °C for 24 h are shown in Fig. 5. The resistiviti
agreed with those obtained using the van der Pauw techn
within 64%. The inset in this figure shows a linear sca
resistivity vs temperature graph for the 200 °C-annea

n

FIG. 4. The Xe 3d5/2 spectra vs photon energy graphs of t
Xe-Y4 films annealed at 100–500 °C for 24 h. The dashed li
shows components separated by curve fitting with a combinatio
Gaussian and Lorenzian distributions.

FIG. 5. The resistivity vs temperature graphs for the Xe-
films annealed at 100–500 °C for 24 h.
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Xe-Y6 films. The resistivities first increased with decreas
temperatures, exhibited a maximum value at 200–260
decreased exponentially, and reached very low residua
sistivities at 95–130 K. The resistivity decrease was ab
five orders of magnitude around 90–200 K. The very lo
residual resistivity, however, was higher than65
31027 V cm, corresponding to the detection limit of th
measurement. The films were further tested at lower te
peratures, and the zero resistance of the films were foun
occur at 30–70 K. The zero resistance was confirmed by
fact that the potential difference between the two electro
was not changed when the electric current was changed.
films were tested over more than six thermal cyclings. T
resistance transition was reproducibly measured on all
films. The crosses and triangles in this figure show the re
tivity vs temperature graph for the 200 °C- and 500 °
annealed Xe-Y6 films, respectively, that were exposed to
for two years. The long period exposed 200 °C-annea
Xe-Y6 film exhibited the same resistivity vs temperatu
graph as the as-prepared film. However, the long period
posed 500 °C-annealed Xe-Y6 film exhibited a degraded
sistivity vs temperature graph, compared with the
prepared film. These films had approximately the same X
spectra as the as-prepared films; we could not determin
XPS signal peak energy shift due to the electrical degra
tion of the films because the energy resolution of the X
apparatus used was lower, as described already.

Table IV showsD f (5D f s2D f x) and 4px at 86.6 K,
whereD f x is the frequency change when the film deposi
silicon was located in the center of the air core copper c
andD f s is the frequency change when only silicon with t
same weight was located in the center of the coil. Collec
temperature vs frequency change curves could not be m
sured since a dummy sample cannot be located in the v
ity of the sample to monitor the film temperature during t
ac magnetic susceptibility measurement. For the Xe-Y6 fi
annealed at 100–500 °C for 24 h, the smaller the resisti
at 100 K becomes, the larger the value ofx. However, thex
values of all the films do not approach its limiting diama
netic value of 1/4p as the small sample volume attains
superconducting state. The similar relationship between
resistivity at 100 K and the value ofx was measured on othe
Xe-doped Y-Ba-Cu-O films. The 200 °C-annealed Xe-Y
films, having a larger value ofx, had a larger amount o
oxygen in the superconducting Y-Ba-Cu-O lattice, whi
was obtained using the XPS simulation fitting. This is simi
to other experimental results thatTc increases with increas
ing oxygen composition~charge carrier density!.11,12

TABLE IV. The magnetic susceptibility at 86.6 K for Xe-Y6
annealed in oxygen at 100–500 °C for 24 h.

Anneal
temp.

D f (5D f S2D f X)
~Hz!

4px
(emu/cm3)

100 °C 9.762 20.2660.26

150 °C 12.862 20.6360.15

200 °C 14.162 20.7360.11

500 °C 10.362 20.3560.23
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D. A consideration for electrical conduction

The superconducting Y-Ba-Cu-O lattice in the Xe-dop
Y-Ba-Cu-O films have been compressed along thea and b
axes and have been expanded along thec axis; positive
uniaxial pressures perpendicular to thea and b axes were
simultaneously applied. The increase in thec axis bond
lengths can be expected to lead to an increase in the se
tion between the Cu-O chains. The increase in the Cu
distance decreases the degree of the molecular orbital o
lap and decreases the degree of charge transfer into the C2
planes. As a result, the superconducting transition temp
ture decreased.13

On the other hand, Boolchandet al.14 have claimed that in
Y-Ba-Cu-O. The transition temperatureTc to superconduct-
ing state is strongly coupled to the orthorhombic distorti
(b-a). Substituting Gd for Y in the Y12xGdxBa2Cu3O7
system increases the cell volume, decreases (b-a), and
slightly increasesTc .15 The system Y-Ba-Cu-O exhibits op
posite signs of dTc /dpa and dTc /dpb and
dTc /d(b2a)52104 K/A using the uniaxial strain
derivatives;14,16 a large increase inTc should be obtained by
simultaneously applying a positive and negative uniax
pressure along theb and a axes, respectively. However, i
RBa2Cu4O8 ~R5Sm, Eu, Gd, Dy, Ho, and Er! materials,
which have a double chain running along theb axis, Tc is
also correlated to (b2a), but the dependence is of the op
posite sign:dTc /d(b2a).0.17 These results demonstra
the complexity of these systems.

Here, we propose the following superconduction mec
nism. The Xe-doped Y-Ba-Cu-O films had xenon reacti
with four oxygens in the superconducting Y-Ba-Cu-O la
tices. The YBa2Cu3O6 lattices were not disturbed by dopin
the xenon. Orthorhombic Y-Ba-Cu-O differs from tetragon
Y-Ba-Cu-O on whether oxygen substitutes on the atomic

sition of (1
2 ,0,0). The xenon can possibly substitute at t

atomic position of (12 ,0,0) in the orthorhombic Y-Ba-Cu-O

lattices. Thus, xenon on the atomic position of (1
2 ,0,0) reacts

with O~1! atoms and O~4! atoms in the superconductin
Y-Ba-Cu-O lattices. The Cu~1! atoms, that have a broke
chemical bond with the neighbor oxygen atoms by dop
xenon, would act as an electron trap. This results in an
crease in the degree of charge~hole! transfer from the chains
to the planes. The charge transfer relieves the decrease i
charge transfer due to the increase in the separation betw
the Cu-O chains.

IV. CONCLUSIONS

Xe-doped YBa1.5Cu6.3Ox , Xe-doped YBa1.5Cu3.7Ox , and
Xe-doped YBa1.5Cu2.2Ox thin films were deposited on un
heated~100!Si substrates by Xe ion-beam sputtering a
were annealed in flowing oxygen at 100–500 °C for 24
The samples exhibited a resistance decrease of about
orders of magnitude around 90–160 K. The resistive tran
tion was reproducibly measured on all samples. The re
tance transition was stable and reproducible on all the fi
except the 500 °C-annealed films even after being expose
air at room temperature for two years. The superconduc
Y-Ba-Cu-O lattices in the Xe-doped Y-Ba-Cu-O films we
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compressed along thea andb axes and expanded along thec
axis by doping xenon. The resistance decrease shifte
higher temperatures with thec-axis bond length, increasin
with annealing temperature.
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