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A versatile multilayer technique has been developed to form 45° YBa2Cu3O72x @001# tilt grain
boundary junctions on LaAlO3 substrates. An epitaxial MgO layer is initially deposited on a~100!
LaAlO3substrate using pulsed organometallic beam epitaxy~POMBE!. After a pregrowth sputter
treatment, an YBa2Cu3O72x thin film is then grown using POMBE. The resultant film isc-axis
oriented with a cube-on-cube orientation over the unsputtered portion of the MgO, and rotated by
45° about the@001# axis on the sputtered region of the substrate. The resulting grain boundary
junction shows weak-link behavior. The advantage of this technique is the ability to place the grain
boundary anywhere on the substrate in any configuration, and the potential to use any substrate upon
which MgO can be epitaxially grown. ©1995 American Institute of Physics.
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High-angle grain boundaries in the high-Tc supercon-
ductors have played an important role in the developmen
commercial high-Tcproducts. Most high-angle grain bound
aries exhibit weak-link-type behavior which is manifested
a depressed critical current density across the boundar1,2

This is detrimental for high-current applications. These hig
angle grain boundaries, however, can also be Joseph
junctions which are useful in various magnetic-field and
diation sensing devices~e.g., SQUIDs!. Grain boundary
junctions have been formed in high-Tc thin films using a
variety of substrate techniques including bicrystal,2,3

biepitaxial,4,5 step-edge,6,7 and sputter-induced epitaxy grai
boundaries.8–10 All these junctions have various types o
high-angle grain boundaries formed in oriented epitaxial t
films.

One of the fundamental limitations of these junctions
the constraint on the substrate materials used. Previously
ported results showed that sputter induced grain bound
junctions could be formed on MgO substrates.9,10 This tech-
nique entails partially sputtering a~100!MgO substrate with
low voltage argon ions~100–500 eV!prior to thin-film
growth. The resulting thin film grew with a 45° rotated ep
taxy on the presputtered regions of the substrate relativ
the film grown on the unsputtered region. This method
lows placement of multiple grain boundary junctions in v
tually any configuration on the substrate and is simple
implement, but is limited to a bulk MgO substrate.

We have now developed a technique to place a gr
boundary junction on a MgO layer deposited on LaAlO3.
First, a layer of epitaxial MgO is deposited on LaAlO3. By
sputtering a selected region of the MgO layer, the epitax
relation between the YBa2Cu3O72x thin film and the MgO
layer can be altered to form a 45° grain boundary juncti
Along with the advantages previously mentioned, the sign
cant innovation of this method is the ability to integrate gra
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boundary junctions onto a bulk substrate other than MgO.
The major implication is that these junctions can be placed
onto virtually any substrate upon which an~100! epitaxial
MgO layer can be grown~e.g., semiconductors!.

Commercially polished single-crystal~100!LaAlO3 sub-
strates were used. Between 1000 and 1500 Å of~100! epi-
taxial MgO were deposited using pulsed organometallic
beam epitaxy~POMBE!.11,12 The epitaxy of the MgO film
was confirmed with x-ray diffraction, the full width at half-
maximum of the MgO@200# V-scan rocking curve was,1°
indicating a highly aligned film. The deposition of the MgO
layer is described in more detail elsewhere.11 The sample
was then removed and physically masked by either a contact
mask or using a hardbaked photoresist. The MgO layer was
sputtered employing a low voltage 3 cm diam beam
Kaufman-type ion source for a duration of 3 min or greater.
Argon ions were used with an energy of 200–300 eV and a
total beam current of 10–20 mA with a beam current density
of ;1 mA/ cm2. The ion beam was incident normal to the
substrate surface. The substrate was mounted with good ther
mal contact to a copper stage, and irradiated at room tem-
perature with a background pressure during sputtering of
231024 Torr. The physical mask was then removed, or the
photoresist was dissolved in acetone. Typical step heights for
a 2 min irradiation at 200 eV were 10–20 nm as determined
by profilometry.

The YBa2Cu3O72x thin films were grown using the
POMBE in situ deposition technique as described in more
detail elsewhere.12 This technique allowed controlled slow
growth at relatively low growth temperatures. The substrate
was held at;700 °C during growth. The thin-film growth
was assisted by an oxygen plasma. To establish reproducible
conditions, the substrate was held in the oxygen plasma at
the growth temperature for at least 30 min prior to thin-film
growth to clean the substrate surface. The ambient gas in the
1013013/3/$6.00 © 1995 American Institute of Physics
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growth chamber during deposition was;70% oxygen, 28%
helium, and 2% water vapor. The deposition rates of
films varied from 3 to 11 Å/min. The film thicknesses we
between 2000 and 3000 Å. The orientation of the film w
determined with backscattered electron Kikuchi patterns i
JEOL 6400 scanning electron microscope~SEM! ~see Fig.
1!.13

Low-temperature four probe transport measureme
were made to determine current–voltage and resistan
temperature characteristics. The samples were patterne
transport measurements with a molybdenum contact m
with a 35mm wide microbridge. Argon ion milling was use
to remove the exposed regions of the thin film. The mic
bridge allowed for independent transport measurem
across the grain boundary and within the two grains adjac
to the grain boundary. The contact pads were cleaned wi
low energy ion beam and then silver contacts were eva
ratedin situ. Gold leads were connected to the sample us
silver paint. Standard four probe dc measurements were
formed in a cold finger flow cryostat. A 1mV criterion was
used in determining the critical current from the curren
voltage~I–V! measurements.

After deposition of the YBa2Cu3O72x thin film, back-
scattered electron Kikuchi patterns were used to confirm
thin-film orientation. Figure 1 shows a secondary electr
image of the sample~the sample was inclined 70° relative t
the electron beam to optimize backscattered electron de
tion and to increase the contrast from the grain bounda!
with the corresponding backscattered electron Kikuchi p
terns. The bright spots in Fig. 1 are small precipitates
copper oxide formed due to excess copper during deposit
The concentration of precipitates is highly dependent on
specific deposition conditions. The sharpness of the gro

FIG. 1. A secondary electron image of two parallel grain boundary juncti
~shown with arrows!with corresponding backscattered electron Kikuchi pa
terns indicating a 45° rotation about the@001#axis in adjacent grains.
1014 Appl. Phys. Lett., Vol. 67, No. 7, 14 August 1995

Downloaded¬08¬Oct¬2003¬to¬129.105.122.65.¬Redistribution¬subje
e
e
s
a

ts
ce-
for
sk

-
nt
nt
h a
o-
ng
er-

–

he
n

ec-
ry
t-
of
on.
he
nd

boundaries in Fig. 1 which border a 5mm wide presputtered
strip indicates that the technique is probably limited by
the physical mask quality. The orientation over the unsput-
tered region of the MgO layer was ~001!
YBa2Cu3O72xi~001! MgO and ~100! YBa2Cu3O72xi~100!
MgO. The film on the presputtered region of MgO was ro-
tated by 45° about the@001# axis and had the orientation
relation of ~001! YBa2Cu3O72xi~001! MgO and ~100!
YBa2Cu3O72xi~110! MgO. Therefore, a 45°@001#tilt grain
boundary was formed at the interface between the film
grown on the presputtered region and the unsputtered regio
of the MgO.

It is known that YBa2Cu3O72x grows in several different
epitaxial orientations on~100!MgO substrates depending on
the growth conditions.14–16The 45° rotated epitaxial relation
is probably energetically close to the cube-on-cube relation
despite the large lattice mismatch between the MgO and the
YBa2Cu3O72x because it is often found in YBa2Cu3O72x

thin films grown under various conditions without a sputter
pretreatment. It appears that the presputter modifies the sur
face in such a manner as to make the 45° rotated epitaxy
more favorable than the cube-on-cube orientation.

The technique used for the presputter treatment and the
resulting thin-film orientation is shown schematically in Fig.
2. The backscattered electron Kikuchi patterns confirmed
that the rotation occurred across the entire presputtered re
gion and was maintained up to the grain boundary without
any small unrotated grains. The grain boundaries in Fig. 1
showed little grain boundary contrast indicating a very
smooth film. Films with such grain boundaries have been
consistently formed over a period of several months using
this technique.

The resistance-temperature curves of an individual grain
boundary junction and the adjacent grain are shown in Fig. 3
The critical temperature in the grain is;89 K. In the grain
boundary there is an abrupt decrease in resistivity as a func
tion of temperature, corresponding to the transition to the
superconducting state in the two grains surrounding the grain
boundary. However, the grain boundary remains resistive un
til ; 83 K. This footlike structure is associated with the grain
boundary resistance and has been attributed to thermally ac
tivated phase slippage by other authors.17 The foot structure
is typical for grain boundary junctions and is dependent on
the current used in the measurement of the resistance.

The current–voltage characteristics for various tempera-
tures are shown in Fig. 4. The grain boundary critical current
is significantly less than the grain critical current~which was
never reached due to the possibility of destroying the junc-
tion from resistive heating!. The critical current density val-
ues of the grain boundary are 53103 A/cm2 at 5 K and
decrease to 73102 A/cm2 at 60 K. TheI–V curve shows
RSJ-like behavior at low temperature, but begins rounding at
60 K indicating more of a flux-flow-type behavior. The
I cRn product is 52.5mV at 10 K and decreases to 8mV at 60
K. The relatively lowJc andI cRn products are due primarily
to the grain boundary geometry. Grain boundary junctions
with a 45° misorientation have been shown to have low criti-
cal currents.2–5 Although the critical currents observed are
somewhat lower than the best values for the sputter-induced
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grain boundary junctions made on bulk single-crystal Mg
substrates~grain boundaryJc553104 at 4.2 K and 1.6
3103 A/cm2 at 77 K!, we believe that by improving the
quality of the MgO layer, the grain boundary junction ca
also be improved to the same values.

Sputter-induced epitaxy has only been attempted us
the POMBE system. Currently both sputter deposition a
pulsed laser deposition techniques are being investigate
determine whether the technique is compatible with oth
growth methods. Also, SrTiO3 and GaAs bulk substrates ar
being studied as base substrates.

The ability to place a grain boundary junction on
multilayer substrate gives tremendous versatility to this tec
nique. Hence, the grain boundary junction can be a part o
multilayer scheme which can be placed on any substrate
long as an epitaxial layer of MgO can be grown. Thus,

FIG. 2. Schematic diagram showing~a! the low voltage argon ion pretreat-
ment configuration and~b! the resulting thin-film orientation after deposi-
tion.

FIG. 3. Resistance vs temperature characteristics for the grain boun
junction and the grain.
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simple way has been found to integrate high-Tc junctions
with various other substrate materials that can be tailored
the specific system requirements.
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FIG. 4. Voltage vs current characteristics at 10, 40, and 60 K for the grai
and grain boundary. The microbridge is 35mm wide.
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