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Epitaxial and Smooth Films of ¢-Axis YBa,Cu;0,

C. B. EoM,* A. F. MARSHALL, S. S. LADERMAN, R. D. Jacowrrz,
T. H. GEBALLE

YBa,Cu;0; films have been grown epitaxially on SrTiO; (100) and LaAlO; (100)
substrates with nearly pure ¢-axis orientation and with transition temperature T,
(R = 0) of 85 K. A unique feature of these films is their smooth surface. These smooth
surfaces enable the growth of short-period superlattices with well-defined modula-
tions. The films are untwinned and the grains grow with their c-axis along one of two
perpendicular directions on the substrate ([100] or [010]). The fabrication of
sandwich-type Josephson junctions with good characteristics may now be possible
because unlike c-axis—oriented films, the superconducting coherence length of these

smooth films is appreciably large perpendicular to their surfaces.

HE INHERENTLY HIGHLY ANISO-

tropic nature of the electrical proper-

ties of all the high transition tem-
perature (T.) superconductors is known to
derive from their structure. Electrical trans-
port is concentrated along the copper oxy-
gen planes; and as a result the electrical
conductivity parallel to the conducting
planes is measured to be from two to five
orders of magnitude greater than in the ¢
direction for well-made samples of YBa,-
C11301 (YBCO) (1) and BizC323!‘Clles.
The perpendicular conductivity in even the
best single crystals and films can be masked
by defects such as stacking faults, but it
seems to be well below the limit for mini-
mum metallic conductivity (2). The large
anisotropy persists in the superconducting
state where, for example, the superconduct-
ing coherence length is about 2 A along the
c-axis but 10 A or more along the ab-planes
(3). In the present work the growth of high-
quality films with the g-axis normal to the
film surface is described. These films offer
new opportunities for studying properties in
the purely a-direction.

Up to the present, the highest quality
epitaxial films of high T, superconductors
have been grown only in the c-axis orienta-
tion with the conducting ab planes parallel
to the substrate. Such films have in-plane
electrical properties comparable to the best
single crystals. Unfortunately it has not been
possible to make sandwich tunnel junctions
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with the c-axis films as the base electrode.
This frustrates attempts to investigate super-
conductivity by tunnelling spectroscopy and
to obtain well-behaved Josephson junctions
needed for technological applications. It is
well accepted that the problems arise be-
cause of the extremely short superconduct-
ing coherence lengths in the c-direction.
Tunneling probes roughly only 2 A and as a
result the bulk superconductivity must be
maintained right up through the surface
layer. Any change in the composition of the
surface will degrade the superconductivity
and the tunneling behavior. The larger co-

Fig. 1. Planar transmission electron
micrograph of an g-axis film. Small
a-axis ins and various i
boundaries (A, B, C, and D) arc
shown.

herence length in the ab plane makes it
attractive to consider junctions in other ori-
entations.

Convincing evidence for the above state-
ments was obtained recently (4, 5) by study-
ing superconducting-normal-superconduct-
ing (SNS') junctions. In the work of Lee et
al. (5) the junctions were made by deposit-
ing gold and then lead on smooth YBCO
films which were oriented about 70% a-axis
and 30% c-axis. The junction areas were
small enough so that statistically a substan-
tial fraction of the junctions could be expect-
ed to be purely a-axis. Roughly half of the
junctions had large Josephson currents
whereas the others, like the junctions on
purely c-axis films, had no Josephson cur-
rents at all. As a result we have concentrated
on growing purely a-axis films. In the pres-
ent work conditions for reproducibly ob-
taining a-axis films have been established. X-
ray diffraction analyses show less than 0.1
volume percent of other orientations. As a
further unexpected and very fortunate result
the films are atomically smooth and thus
attractive candidates for making tunnel junc-
tions in a sandwich configuration.

Previously it has been found possible to
grow predominantly (that is, ~99%) a-axis
films from slightly Cu- and Y-rich composi-
tions with thicknesses >3000 A by post-
deposition annealing at low temperature
(6). These films have extremely rough sur-
faces. These a-axis films also tend to have -
axis texture near the substrate; the degree of
a-axis texture increases with increasing film
thickness. We also reported in situ growth
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Fig. 2. X-ray diffraction scans of an g-axis film.
(A) Radial scan along a-axis—oriented YBCO a*
direction. (B) Azimuthal scan of the (102) reflec-
tion from g-axis grains.

of nearly pure g-axis films by single target
sputtering but the surfaces of these films
were not smooth (7). At the same time,
quite pure g-axis films of EuBa,Cu3;O7 made
in situ by magnetron sputtering were re-
ported by Asano et al. (8). Their scanning
electron microscope (SEM) analysis re-
vealed fairly uniform surfaces. Those au-
thors also reported they were unable to
make high-quality ¢-axis films of YBa,-
Cu30;. The highest quality in situ grown
films up to the present work have had c-axis
structures.

By using the high-pressure single target
90° off-axis sputtering technique (7, 9) we
have been able to grow very smooth and
pure ag-axis films in situ on SrTiO3 (100) or
LaAlO; (100) substrates under the condi-
tion given in Table 1. The sputtering atmo-
sphere consisted of 40-mTorr O, and 60-
mTorr Ar. The rf-power (125 W) on the
sputter gun generated a self-bias of 50 V.
The substrate block temperature T, was
held at 640°C. Films grown under similar
conditions on MgO (100), YSZ (100), or
Al,O; (1102) substrates have predominant-
ly c-axis textures. However, the films grown
on SrTiO; buffer-layered MgO (100) have
a-axis texture. We believe the different tex-
tures on the different substrates may be due
to a competition between minimizing the
surface energy of the film (which favors ¢-
axis orientation as evident in the morpholo-
gy of single crystals) and minimizing energy
as a result of structural coherence at the film/
substrate interface during the early stage of
growth. Both SrTiO; and LaAlO; have a
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Table 1. The properties of YBCO films grown under the different conditions. Films on SrTiO; (100)
and LaAlO; (100) substrates grown at low temperture show a-axis texture.

T T AT a-lattice p(0) dp/dT Je
Substrate QCS Textures K° K° parameter  (wohm-  (wohm- (4.2 K)
€ & ® &) cm) cn/K)  (A/cm?)
SrTiO; (100) 640 a4 85 3 3.81 800 1.1 1x 10°
LaAlO; (100) 640 a4 84 3 3.81 900 15 1 x 108
MgO (100) 640 ¢ 85 <1 — 40 0.7 3 x 107
YSZ (100) 640 ¢ 84 <l — — —  2x10
ALO; (1102) 640  70%c + 30%a  — — — — — —
StTiO; (100) 720 ¢ 86.5 <1 — 0 0.6 5 x 107
MgO (100) 720 ¢ 86.5 <1 — 0 0.6 5 x 107

perovskite structure similar to YBCO, and
the lattice matching between these sub-
strates and YBCO is also quite good. Evi-
dently at the relatively low growth tempera-
tures (Table 1), the reduced surface mobility
and the possibility of film/substrate coheren-
cy leads to the formation of g-axis films. At
higher substrate temperatures c-axis growth
dominates because the species mobility is
sufficiently high to permit the minimization
of surface energy. In the case of the other
substrates (MgO, YSZ, and ALQ;), the
lattice mismatch with YBCO is large and
there is less persistence of structural coher-
ency at the film/substrate interface as the
films grow. The films apparently grow so as
to minimize their surface energies resulting
in incoherent c-axis texture.

Figure 1 shows a planar view transmission
electron micrograph of a typical a-axis film.
Lattice fringes perpendicular to the c-axis are
clearly seen in the a-axis—oriented grains.
The a-axis—oriented YBCO grains are seen
to be 100 to 500 A wide. The predominant
a-axis grains lie along one of two orthogonal
directions, with their c-axes along the sub-
strate [100] or [010]. Boundaries between
and within g-axis grains are apparent. In
large area micrographs, the most prevalent
boundary type is as indicated by “A” in Fig.
1. The ab-planes meet at 90° along a 45°
boundary covering nearly the entire width
of the grain. These boundaries appear re-
sponsible for the connected dc current trans-
port paths described below. Occasionally,
grains meet along a boundary parallel to one
grain’s ab-planes, as indicated by “B” in Fig.
1. Simple models would predict these
boundaries stop dc current more effectively
than boundaries of type “A.” Planar bound-
aries between regions with the same epitaxi-
al orientation are also visible in the micro-
graph. Boundaries of “C” and “D” are anti-
phase-type boundaries lying obliquely and
perpendicular to the c-axis, respectively.
Boundaries of type “D” would appear to
have little effect on intragrain current trans-
port along the ab-plane.

The relative volume fractions of epitaxial
material and the phase purity of the films

were investigated with x-ray diffraction. Fig-
ure 2A shows an x-ray diffraction scan along
the a* (reciprocal lattice vector) direction of
the g-axis—oriented YBCO. The strongest
reflections correspond to the substrate and
film (100), (200), and (300) reflections.
The high degree of perpendicular alignment
of the YBCO a-axis grains is confirmed by
the 0.2 degree FWHM of a rocking curve
scan of the (200) peak. In Fig. 2, very weak
peaks appear at positions close to, but clearly
different from those expected for c-axis—
oriented YBCO. Their positions and
breadths are consistent with faulted layered
material, much like faulted YBCO but with
an average c-lattice parameter close to 11.57
A. This interpretation implies a volume frac-
tion of a-axis aligned YBCO about 99.9
volume percent, consistent with observa-
tions by transmission electron microscopy.

Figure 2B shows the dependence of x-ray
intensity corresponding to the YBCO (102)
reflection as a function of azimuthal angle.
The main peaks correspond to the epitaxial
arrangements ~ YBCO[001]/SrTiO3[100]
and YBCO[001]/8rTiO;5[010]. Close to
99.9 volume percent of the a-axis grains lie
along these directions.

The x-ray data of Fig. 2B were supple-
mented with grazing incidence geometry
scans of (005), (007), (027), and (032) type
reflections of the a-axis grains to determine
their b- and c-lattice parameters. We find
ao=3.81 A, by=3.89 A, and ¢, = 11.72
A. As with c-axis—oriented in situ grown
YBCO thin films, the lattice parameters are
different from those found in bulk, fully
oxygenated YBCO (7). In the bulk case,
ao=3.82A, by = 3.89 A, and ¢, = 11.68 A
(10). A portion of the difference between the
parameters for the film and for bulk YBCO
could be a result of elastic strains related to
differences in thermal expansion coefficients
and the process of oxygenating the YBCO at
low temperatures. We note that the c-axis
lattice parameter observed here is typical of
those found for c-axis—aligned films and that
there it is clear that the expansion is not
entirely due to biaxial thermal expansion,
lattice mismatch—induced strain, or simple
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oxygen deficiency (11, 12). We suspect that
atomic disorder, relative to bulk YBCO, is
responsible for a major portion of the differ-
ence in c-lattice parameters, and possibly the
lowered T, as well.

Because at the growth temperature
YBCO is tetragonal (no distinction between
a and b), whether the a-axis or the b-axis is
perpendicular to the surface is determined
while cooling from the growth temperature.
To avoid overlapping substrate reflections,
the possibility that YBCO grains with their
b-axis perpendicular to the surface exists in
these films was checked by x-ray diffraction
with the scattering vector perpendicular to
the surface for films on LaAlO; and in
grazing incidence geometry for films on
StTiO;. No evidence of b-axis grains was
found. The a-axis films are twin free, in
contrast to c-axis—oriented films.

The surface morphology of these pure a-
axis films was investigated by scanning elec-
tron microscopy (SEM) The surface of the
2000 A thick g-axis films under SEM was
found to be featureless with a lateral resolu-
tion limit of 100 A. The films were further
examined with a scanning force microscope
(SFM) (13) (Fig. 3). With this instrument, a
maximum feature hclght of onl y 40 A was
resolved over the entire 16-pm?* area stud-
ied. Along any 4-pum linear scan, only about
ten modulations were observed. This is
roughly equivalent on the average to one
layer over 50 unit cells, suggesting that these
films are atomically smooth over large areas.

Transition temperatures and normal state
resistivities were measured by a four-point
dc transport method using a 400-um-wide
line, 2 mm long, patterned bridge. The
bridge lay along the substrate [100]. Figure
4 shows the resistivity versus temperature
curves of a pure g-axis film on SrTiO; (100)
and a pure c-axis film on MgO (100) grown
under the same conditions and a c-axis film
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on MgO grown at a higher temperature.
The transition widths of the ¢-axis and c-axis
films are 3 K and 0.5 K, respectively.

The q-axis orientation strongly modifies
current transport in the plane of the film
compared to c-axis—aligned films. Macro-
scopically, current flows along the substrate
[100] in these experiments. While it is not
always the case, the normal state resistivities
of in situ a- as well as c-axis films are most
frequently linear with temperature as are the
examples shown here. Both the slopes of
pn(T) and the extrapolated intercept at
T = 0 differ among these samples.

The largest systematic difference between
the g-axis and ¢-axis films is the much larger
zero-temperature intercept for the extrapo-
lated normal state resistivity [p(0)] in the a-
axis case. In general, differences in p(T) may
be due to lcngthmmg or area reduction of
the current padms increases in intragrain
elastic scattering, or increases in grain
boundary resistances (14).

We expect that microscopically the cur-
rents flow predominantly along the ab-
planes in the g-axis films, sometimes along
the macroscopic current path and sometimes
perpendicular. Such paths along the ab-
plane are easily visualized with reference to
Fig. 1. Thus path lengthening and related
percolative effects are expected for the a-axis
films. However, such geometrical effects will
raise the slope (dp/dT) as well as the inter-
cept in the same proportion. The data show
that the slope tends to rise, but no more
than a factor of three for the a-axis films
compared to the c-axis films. The p(0) in-
creases much more than this.

Differences in intragrain clastic scattering
between a-axis and c-axis films are possible,
especially when comparing c-axis films
grown at high temperatures to g-axis films
grown at lower temperatures. To see how
large such effects may be, c-axis—oriented

Fig. 3. Surface morphology of the
a-axis film under the scanning
microscope. No features were

observed by scanning electron mi-
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Flg. 4. Resistivity versus temperature curves of a
c-axis film grown at 720°C on MgO, a c-axis film
grown at 640°C on MgO, and an g-axis film
grown at 640°C on SrTiOs.

films grown at two different temperature are
compared in Fig. 4 and Table 1. An increase
in scattering is evident for the film having
the lower deposition temperature. This dif-
ference has intragrain and grain boundary
contributions. The observed difference sets
an upper bound estimate for the in i
scattering increase. It is likely that for a fixed
deposition temperature, the intragrain com-
ponent along the ab-plane is nearly indepen-
dent of grain orientation. Such a component
thus seems too small to account for the large
p(0) seen in the a-axis case.

The large p(0) for the a-axis case then is
seen to be associated with grain boundary
scattering. The high density of boundaries
seen in Fig. 1 make plausible their strong
contribution to carrier scattering. In fact,
the resistance per boundary implied by this
interpretation of our data is of the same
order as boundary resistances obscrved for
high-angle grain boundaries (15). As seen
next, they also likely dominate the critical
current behavior.

The critical current densities of the a-axis
films were measured using a dc magnetiza-
tion method, making use of the Bean (16)
approximation and confirmed by transport.
The critical current J at 42 K at zero field
was about 1 X 10% A/cm?. This value is low
compared to the c-axis films (6 x 107

‘cm?) (7) and similar in magnitude to thin
films having other orientations such as
(103) and (113) (19). These data suggest
the critical current is limited by various grain
boundaries (17) shown in the transmission
clectron micrograph. At these densitics,
such grain boundaries may be useful for
making multiarray weak-link devices.

In conclusion, it has been demonstrated
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that high quality, pure, and atomically
smooth g-axis films can be grown in situ.
The single target 90° off-axis sputtering
technique used maintains the surface quality
over macroscopic areas and makes fabricat-
ing high T, sandwich-type junctions possi-
ble. In fact, we have already prepared a-axis
superlattices with PrBa,Cu;O7 which show
well-defined periods as low as 24 A (18, 19).
It should be possible to study transport in
ribbons which are only 12 A or less.
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Direct Interaction of a Ligand for the erbB2 Oncogene
Product with the EGF Receptor and p185°%*2

RurH Luru,* RAMON COLOMER, GERHARD ZUGMAIER, JAY SARUP,
MICHAEL SHEPARD, DENNIS SLAMON, MARC E. LipPMAN

The erbB2 oncogene encodes a 185-kilodalton transmembrane protein whose sequence
is similar to the epidermal growth factor receptor (EGFR). A 30-kilodalton factor
(gp30) secreted from MDA-MB-231 human breast cancer cells was shown to be a
ligand for p185°*B2. An antibody to EGFR abolished the tyrosine phosphorylation
induced by EGF and transforming growth factor-a (TGF-a) but only partially
blocked that produced by gp30 in SK-BR-3 breast cancer cells. In two cell lines that
overexpress erbB2 but do not express EGFR (MDA-MB-453 breast cancer cells and a
Chinese hamster ovary cell line that had been transfected with erbB2), phosphorylation
of p185“%82 was induced only by gp30. The gp30 specifically inhibited the growth of
cells that overexpressed pl85°”2, An antibody to EGFR had no effect on the
inhibition of SK-BR-3 cell colony formation obtained with gp30. Thus, it appeared
that gp30 interacted directly with the EGFR and erbB2. Direct binding of gp30 to
p185°*B2 was confirmed by binding competition experiments, where gp30 was found
to displace the p185°*®? binding of a specific antibody to p185“%%2 The evidence
described here suggests that gp30 is a ligand for p18552,

HE HUMAN C-erbB2 ONCOGENE EN-

I codes a 185-kD transmembrane gly-
coprotein with tyrosine kinase activi-

ty. This protein, p185°°B2 shows extensive
structural similarity with the p170 EGFR
and is thought to be a growth factor recep-
tor (1-4). No ligand for p185°2 has as yet
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been fully characterized. EGF and TGF-a,
the normal ligands for the EGFR, do not
interact directly with p185°%52 (5, 6). Am-
plification of erbB2 occurs in many adeno-
carcinomas and it is overexpressed in nearly
30% of human breast cancer patients (7-9).
In addition, p185¢B? is necessary for the
maintenance of the malignant phenotype of
cells transformed by erbB2 (10).

We have previously identified and puri-
fied a growth factor that is secreted by
MDA-MB-231 human breast cancer cells
(11). This 30-kD glycoprotein (gp30) is
similar to TGF-« in its ability to bind to the
EGFR, phosphorylate EGFR, and induce

NRK colony formation. However, it is dis-
tinct from the 18-kD precursor for TGF-a
and 6-kD mature TGF-a, as shown by
peptide mapping of the translated proteins
(11). The purification profile of the prepara-
tion of the 30-kD polypeptide used in the
current studies is shown in Fig. 1.

To characterize the cellular effects of
gp30, we assessed its ability to induce tyro-
sine phosphorylation in human breast can-
cer cell lines MDA-MB-468 and SK-BR-3.
The EGFR gene is amplified and overex-
pressed in MDA-MB-468 cells (7), although
they do not express detectable concentra-
tions of erbB2. Amplification and over-
expression of the erbB2 gene occur in SK-
BR-3 cells, and they also have moderately
elevated concentrations of the EGFR (12).
TGF-a, gp30 (Fig. 2), and EGF induced
tyrosine phosphorylation in both cell lines.
An antibody against the EGFR (anti-
EGFR) abolished the phosphorylation in-
duced by the three growth factors in MDA-
MB-468 cells. However, this antibody did
not completely block the phosphorylation
induced by gp30 in SK-BR-3 cells, although
in these cells it blocked the phosphorylation
induced by TGF-a (Fig. 2). This result
suggested that tyrosine phosphorylation of a
protein different from the EGFR occurred
in gp30-treated SK-BR-3 cells. No phos-
phorylation was observed in untreated SK-
BR-3 cells or cells treated only with the
antibody to EGFR (Fig. 2).

To test whether this tyrosine phosphoryl-
ated protein was p185°°52 we used the
human mammary carcinoma cell line MDA-
MB-453 (12), which overexpresses erbB2
but has undetectable concentrations of the
EGF receptor protein or mRNA (13). In
these cells, gp30 induced a significant in-
crease in tyrosine phosphorylation in a dose-
dependent manner (Fig. 3).

To further analyze the effects of gp30, we
studied Chinese hamster ovary (CHO) cells
transfected with human erbB2 (CHO/erbB2)
(14, 15). Induction of p185°*? phospho-
rylation was detected- in gp30-treated
CHOVerbB2 cells with an antibody to phos-
photyrosine (Fig. 4). No tyrosine phospho-
rylation was observed in control CHO cells
transfected with the gene for dihydrofolate
reductase (DHFR) (CHO/DHEFR) or in
untreated cells. Levels of p185¢*52 did not
change after treatment with gp30 in
CHOlerbB2 cells (Fig. 4).

In summary, in all the cell lines described
above, EGF and TGF-a were unable to
induce pl85¢*B2  phosphorylation. No
phosphorylation was observed in untreated
cells. This supported the hypothesis. of an
apparently direct interaction between gp30
and plsserbB2

We next examined the effects of gp30 on
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