Epitaxial thin films and heterostructures of a copper-oxide-based isotropic

metallic oxide (Lag_,Sr,CugO,)
C. B. Eom®

Department of Mechanical Engineering and Materials Science, Duke University, Durham,

North Carolina 27708
R. J. Cava, Julia M. Phillips, and D. J. Werder

AT&T Bell Laboratories, Murray Hill, New Jersey 07974

(Received 5 April 1994; accepted for publication 11 January 1995)

Epitaxial thin films of a copper-oxide-based isotropic metallic oxide (Lag_,Sr,CugO,,) and
superconducting heterostructures (YBa,Cu;0,/Lag_ ,Sr,CugO,/YBa,Cu,0,) have been fabricated
by 90° off-axis sputtering. Lag _,Sr,CugO,, is an oxygen-deficient pseudocubic perovskite that
exhibits Pauli paramagnetism. X-ray diffraction and cross-sectional transmission electron
microscopy reveal the heterostructures to have high crystalline quality and clean interfaces. This

material will facilitate fabrication of ideal

superconductor—normal-metal—superconductor

Josephson junctions with low boundary resistance due to its excellent chemical compatibility and
lattice match with cuprate superconductors and will be useful for determining the source of interface
resistance in such heterostructures. © 1995 American Institute of Physics.

A critical technology issue in integrated high-T'. super-
conducting devices is the choice of an appropriate metal for
normal-metal barriers in superconductor—normal-metal—
superconductor (SNS) Josephson junctions. A good metal for
SNS junction barriers has low interface resistance to the su-
perconductor, leads to good coupling with the superconduc-
tor, and has high bulk resistivity to maximize the I.R,, prod-
uct (critical current times junction resistance).! Epitaxial
metallic oxide layers promise to yield the best device perfor-
mance due to their excellent chemical and structural compat-
ibility with cuprate superconductors. Furthermore, it is desir-
able to use “isotropic” materials for fabricating devices
because one can then make the devices in any direction.

We have reported the first growth and characterization of
single-domain epitaxial thin films of the isotropic metallic
oxides Sr;_,Ca,RuQ,; (0=x=1).2 Other researchers have
also investigated different isotropic - metallic oxide layers
such as - LagsSrysCo0;,°  LaNiO;,* LaCuO;,° and
La,BaCus0,,.° These are pseudocubic perovskites with es-
sentially isotropic properties. The resistivity of the thin films
ranges from 100 to 400 w{) cm at room temperature. Some
of these metallic oxides have been used in SNS junctions.
Char ez al. fabricated SNS Josephson junctions with the
trilayer edge geometry using CaRuQO; as the normal-metal
barrier.” They found that unusually high interface resistance
between the barrier and the superconductor raised the junc-
tion resistance by a factor of 10—100 above the bulk resis-
tance of the barrier material, leading to nonuniform junction
properties.

Recently, we have found various defects at the interfaces
between YBCO and Sr;.,Ca RuO; through cross-sectional
transmission electron microscopy (TEM) study of
YBCO/Sr, _,Ca,Ru0; heterostructures.® Olsson and Char®
also found small insulating Y,0; particles at the interfaces

“between CaRuO; and YBCO in edge junctions. These inter-
facial defects may arise from chemical incompatibility of the
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noncopper-oxide-based metallic oxide normal-metal barriers
and the cuprate superconductors, and cause high interface

" resistances. In contrast, these kinds of inferfacial defects

have not been observed in superconducting heterostructures
with other anisotropic copper-oxide-based materials such as
in c-axis and a-axis YBCO/PrBa,Cu;0, superlattices.'® As
an alternative, ‘“‘copper-oxide-based isotropic” metallic ox-
ides might be the ideal material for fabricating high-quality
SNS junctions with low interface resistance.

In this communication we present results on epitaxial
thin film layers of a new family of copper-oxide-based iso-
tropic metallic oxides (Lag_,Sr,CugOy, x=1.6)"! for the
normal-metal barriers in SNS junctions. The material is an
oxygen-deficient pseudocubic perovskite which differs from
the stoichiometric perovskite ABO; in its superstructure and
in the number of oxygen vacancies.'? Figures 1(a) and 1(b)
show the projection onto the (001) plane of the framework of
these oxygen deficient perovskites and a stoichiometric cubic
perovskite (ABO;), respectively. Oxygen vacancies are or-
dered in Lag_,Sr,CugQ,,, forming rows parallel to {001).
The [CugO,0] framework is built of corner-sharing CuOg oc-
tahedra, CuOs pyramids, and CuO, square planar groups
forming hexagonal tunnels in which the La*" and Sr** ions
are located. The mixed-valence character of copper is re-
sponsible for the metallic transport properties of this oxide.!!
The molar magnetic susceptibility is very weak and nearly
independent of temperature. This suggests Pauli paramagnet-
ism, which is ideal for a normal-metal barrier in SNS junc-
tions because the material will not exhibit magnetic pair
breaking.

The crystal symmetry of these materials is tetragonal, as
outlined in Fig. 1(a). The lattice parameters of the tetragonal
cell (af=10.79 A and cF=3.862 A) are related to the lattice
parameters of the perovskite cubic cell () and cf) in the
following way: al= 2\/5ag , ci=ck. The lattice parameters
and distortion of the perovskite unit cell (af=3.81 A, and
cf=3.86 A) are very similar to those of YBCO (a,=3.82 A,
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FIG. 1. Projection onto the (001) plane of the framework of (a) the oxygen-
deficient perovskite (Lag4Sr; ¢CugOap) and (b) a stoichiometric cubic perov-
skite (ABO;) showing oxygen vacancy ordering. Copper coordination poly-
hedra as shown, tetragonal and perovskite unit cells outlined.

bo=cy/3=3.89 A), which will ailow us to grow lower-stress
heterostructures.

This family of copper-oxide-based isotropic metallic ox-
ides has been previously studied only in bulk form. In order
to use these materials for superconducting devices, we need
them in epitaxial thin-film form. There are a number of is-
sues that must be addressed before these materials can be
used as a normal-metal barrier. First, the correct phase
(ABO;_, pseudocubic “113” phase) of the material must
form on top of various layers (such as a substrate or YBCO)
under in situ thin-film growth conditions (low oxygen partial
pressure and low substrate temperature). It is already known
that the K,NiF, layered phase (““214” phase) is much more
stable than the ABO; pseudocubic phase (113 phase) in the
La-Sr-Cu-O system. Second, in order to fabricate multilay-
ered device structures the growth of epitaxgial heterostruc-
tures is required. Finally, the electrical and magnetic proper-
ties of the epitaxial thin films must be the same as in their
bulk form.

We have grown single-layer thin films of
Lag 4Sr; §CugOyq on (100) SrTiO; substrates in situ by a 90°
off-axis sputtering technique, which produces films whose
composition is nearly identical to that of the target.'>!* The
optimum growth temperature for Lag_ . Sr,CugO,, thin films
is substantially lower {610 °C) than that used for c-axis
YBCO thin films, which is desirable to minimize interdiffu-
sion.

The film textures were investigated by x-ray diffraction
with a four-circle diffractometer. Figure 2(a) shows the #-26
scan of a Lag 4Sr; ¢CugO,q thin film grown on a (100) SrTiO;
substrate. The only substantial peaks detected are from d
spacings corresponding to {400}t of the Lag 4Sr; ¢CugOsy
(113) pseudocubic phase. (P11 defines Miller indices based
on a pseudocubic perovskite subcell. This is the same as
{rhO}" based on a tetragonal unit cell. Peaks are indexed
based on both unit cells.) Because of a large tetragonal split-
ting in this structure, it is possible to determine from the
normal #-28 scan alone whether the texture is (100), (001),
or a combination. The inset clearly shows the absence of
(002)-oriented grains of Lag 4Sr; sCugO,y. We therefore con-
clude that these films have a purely (100)” texture normal to
the substrate. The (n+1/2,0,0)” peaks (where n=0, 1, and 2)
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FIG. 2. (a) X-ray-diffraction #-26 scan on a Lag,Sr; (CugOs thin film on

(100) SrTiO,. (b) X-ray-diffraction £-28 scan on a Lag 4Sr; (CugO,o/YBCO

heterostructure on (100) SrTiO;. The -SrTiO; substrate, YBCO, and
Lag 4Sr 4CugOyq peaks are marked as *, Y, and L, respectively.

are not allowed in stoichiometric cubic perovskites but arise
from the superstructure due to oxygen vacancy ordering in
the (001) plane. The measured lattice parameter of the per-
ovskite unit cell normal to the substrate is 3.81 A, which is
the same as the bulk value. The w scan rocking curve width
(FWHM)] of the {220} reflections of Lag,Sr; ¢CugOyq is
0.16° and is limited by instrumental resolution. The films
grown at high temperature (above 700 °C) show predomi-
nantly the La,_ Sr,CuQO, (214) phase with an (00/) texture.

We have measured normal state resistivities of the thin
films as a function of temperature by the four-terminal trans-
port method. Figure 3 shows a resistivity versus temperature
curve for a 1000-A-thick Lag4Sr; ¢CugO,p film on (100)
S¢TiO;. The resistivity behavior along the two orthogonal
directions is the same, which is expected since this is an
isotropic material. The resistivity at room temperature (psqq)
is ~700 uf) cm, and the temperature dependence (dp/dT)
shows good metallic behavior which is similar to those of
three-dimensional metals.

We have made and characterized two types of bilayers
on (100) SrTiO;. First, we made 1000 A Lag 4Sr; ¢CugO,q on
top of 1000 A YBCO. X-ray diffraction exhibited only
(h00)” peaks of Lag 4St; (CugO,, and (00!) peaks of YBCO,
showing good epitaxy of the normal-metal barrier layer [see
Fig. 2(b)]. Next, we made-1000 A YBCO on top of 1000 A
Lag 4S1; ¢CugO,g. X-ray diffraction also exhibited only
(h00)” peaks of Lag 4Sr; ¢CugOsq and (007) peaks of YBCO,
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FIG. 3. Resistivity vs temperature curve for a-1000- A-thick Lag 48r; ¢CugOag
thin film on (100) SrT1O3

showing good epitaxy. Superconducting transition tempera-
tures of YBCO layers in these bilayer structures are as good
as those of.single-layer YBCO thin films on (100) SrTiO;
substrates.

We have prepared -a . tnlayer heterostructure with ‘a

normal-metal barrier thickness of 350 A. Figure 4 is-a low- 7

magnification cross-sectional TEM image ~of c-axis
YBCO/Lag S, (CugOy¢/c-axis YBCO on (100) SrTiO;.-It

shows two types of Lag4Sr; ¢CugO, domains with in-plane

epitaxial arrangements of Lag,Sr; (CugOq (001)°//YBCO
(100)//SrTiO; (100) and - Lag 48ty (CugO,y (010)° /IYBCO
(100)//S1rTiO5 (100), which was also confirmed by off-axis
x-ray ® scans of (201)" reflections. The thickness of the
-Lag 4S1; ¢CugOyq layer is very uniform with less than 20 A
variation. A high-magnification TEM image (see an inset)
shows very clean interfaces
Lag 4Sr; (CugO,g. This is in contrast to the defective inter-

faces observed in heterostructures of several noncopper-

oxide-based lsotroplc metallic oxide layers such as CaRuO,
and SrRu0Q,.?

The superconducting coherence length in hlgh T, super- .

conductors is extremely small (~10 A in the a-b plane).
Therefore, even a small amount of disorder at the interface

between a superconductor and a normal-metal barrier will be -

detrimental to junction properties. In order to obtain repro-
ducible and uniform junction properties, control of the inter-
face on an atomic scale is required. During the growth of

YBCO/Lag_ ,Sr,CugO,i/YBCO trilayer structures the stiuc- -

tural and chemical coherency at the interface will be main-
tained because the basic building block of both materials is
Cu-O. In contrast, noncopper—ox1de—based isotropic metallic
oxides such as CaRuO; do not have any chemical coherency
at the interface. For example, interdiffusion of Ca or Ru ions
into the YBCO layer can occur, which is very harmful to
interface-sensitive  junction- .  properties. - Therefore,

Lag_,Sr,CugO,, and other copper-oxide-based isotropic me-
tallic oxides might be the preferred normal metals for SNS

junctions.

In summary, we have grown s1ngle—phase epitaxial thin -
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between YBCO - and

c-axis

i Cross-sectional - TEM : ' micrograph - of a
YBCO/Lag 4St; (CuigOyg/c-axis YBCO SNS heterostructure. Domains with
(001) and (010) normal to image are indicated as A and B, respectively. The

FIG. 4.~

inset shows ~a high-magnification -image near - the YBCO . and

Lag 4Sr; ¢CugOyq interface.

films of a new (in thin-film form) copper-oxide-based isotro-
pic metallic oxide (Lag_,Sr,CugO,y) and heterostructures
with YBCO. This material should facilitate fabrication of
ideal SNS J osephson junctions with low interface resistance
and uniform junction properties due to its excellent chemical
and structural compatibility with cuprate superconductors It
will also help elucidate the origin of interface resistance; we
therefore may -be able to control important Junctron proper—

ties such as /, and R,A.
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