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Abstract

Ramp-edge YBa,Cu,0,/PrBa,Cu,0,/YBa,Cu;0, Josephson junctions with PrBa,Cu;0, (PrBCO) or SrTiO; as a
separating layer on different kinds of substrate have been studied by high-resolution electron microscopy. The bottom
YBa,Cu,0, (YBCO) layer and the separating layer (PtBCO or SrTiO;) were epitaxially ¢ oriented, irrespective of the
substrate (yttria stabilized zirconia (YSZ), SrTiO; or NdGaO,, all in (001) orientation). The use of ion milling in the
manufacturing of Josephson junctions was found to yield smooth slopes with an angle of about 20°. The Josephson junction
was facing away from the beam direction was found to have a dimple in the substrate near the base of the junction. The
barrier layers were observed to have a homogeneous thickness. These layers as well as the top YBCO layers were oriented
with their c-axes perpendicular to (001) plane of the substrate for perovskite substrates and perpendicular to the surface for
YSZ substrates. In the case of a YSZ substrate, the dimple in the substrate as well as the slope of the substrate close to the
base of the junction were found to lead to small-angle grain boundaries in the YBCO film as well as randomly oriented
YBCO grains, which results in a poor ramp-edge junction. In the case of SrTiO; or NdGaO; substrate, all components of the
device were fully epitaxial, thus resulting in good ramp-edge junctions.

1. Introduction are grain-boundary junctions artificially created in
epitaxial films such as bicrystal substrate junctions

There have been numerous attempts to develop [2], bi-epitaxial junctions [3], and step-edge junctions
high-7, Josephson junctions [1]. The most common [4]. Another type of junction consists of a trilayer

structure in which an insulting or normal-conducting
barrier layer is sandwiched between two supercon-
T Corresponding author. ducting layers. A YBCO/PrBCO/YBCO sandwich

" Present address: Philips Analytical X-ray Tubes, Achtsweg iS. an example of such type of junction. Because most
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Fig. 1. The schematic geometry of a pair of ramp-edge junctions in a multi-junction sample. The Ar™ ions are incident from the left during
the JJ ion milling resulting in junctions facing towards and away from the ion milling.

the ramp-edge type multilayer junction utilizes the
ramp edge of the epitaxial multilayer to form the
weak link, as shown in Fig. 1. This type of junction
geometry is chosen because the superconducting co-

herence length perpendicular to the c-axis is much
longer than that parallel to the c-axis, such that the
optimal direction for tunneling is in the ab plane. In
this study the two electrodes are superconducting

Fig. 2. A TEM image of 2 ramp-edge junction DyBCO/PrBCO/PrBCO/DyBCO on a SrTiO; substrate facing towards the JJ ion gun. The
interfaces between the layers are indicated by solid white lines. The horizontal lines correspond to (001) fringes with a spacing 1.17 nm. The
barrier layer is indicated by two black arrow heads. All components of the device are c¢ oriented and epitaxial to the [001] direction of the

substrate. A substrate ramp can be observed.
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YBCO or DyBCO layers. The separating layer, which
separates the two YBCO layers along the substrate
normal, is a PrBCO layer or a SrTiO; layer. It
should be thick enough to avoid Josephson coupling
between two superconducting layers. The thickness
(homogeneous, ultrathin) and quality (homogeneous,
no pinholes, no local reaction with YBCO, no dislo-
cations due to lattice mismatch between neighboring
superconducting . layers) of the barrier layer in this
type of junction needs to be well controlled since
they determine the performance of the junction. If
the thickness and quality of the barrier layer can be
well controlled, ramp-edge junctions may become of
importance for future superconductive electronic de-
velopments. In this paper we use a short-hand nota-
tion for the junction according to the growth se-
quence: ‘‘base layer/separating layer/barrier
layer /top layer’’.

A study of the microstructure of the ramp-edge

junction YBCO/PrBCO/PrBCO/YBCO has only
been reported by Lebedev et al. {5]. They reported
that the bottom and separating layers are ¢ oriented
films. The barrier layer and the top layer are full of
defects, which was explained by the need to break
the vacuum needed for the deposition and removal of
the photoresist before depositing the barrier layer
and the top layer.

A high-resolution electron microscopy (HREM)
study of step junctions has been reported by Jia et al.
{6]. They have presented a systematic HREM study
of the microstructure of epitaxial YBCO films on
steep steps on LaAlO, substrate. Jia et al. [7] also
reported a HREM study of the microstructure of
YBCO on a step-edge SrTiO; substrate. Their results
indicate that one needs a step with a high-angle slope
(> 45°) to produce a step-edge junction. In this case
one obtains two [100] 90° rotation twin boundaries.
On a step with a low-angle slope, the film grows

Fig. 3. A TEM image of a ramp-edge junction DyBCO /PrBCO /PrBCO/DyBCO on a SrTiO; substrate but now facing away from the JJ
ion gun. The barrier layer can clearly be seen indicated by two black arrow heads. A few microcracks can be observed in the four-layer part
which does not influence the property of the junction. A substrate ramp and a dimple can be observed in the substrate.
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without any change in c-axis orientation across the
step and without grain boundaries. This result is in
agreement with our observations of large steps on
SrTiO, [8].

In the present paper we present a systematic
cross-sectional HREM study of ramp-edge junctions
on various substrates. Results on the physical proper-
ties of these junctions are presented elsewhere [9].

2. Experimental

The ramp-edge junctions were fabricated accord-
ing to the geometry shown schematically in Fig. 1.
The fabrication sequence begins with the deposition
of the YBCO (or DyBCO) base electrode and the
separating layer PrBCO (or SrTiO,). The separating
layer PrBCO (or SrTiO,) is made thick enough to
avoid Josephson coupling and short circuiting be-

tween two YBCO layers along the c-axis direction.
Since SrTiO; is insulating and PrBCO is semicon-
ducting, the required thickness of a SrTiO; separa-
tion is much less than that for PrBCO layer. After
the deposition of the base YBCO and the separating
layer, the sample is removed from the deposition
chamber and a part of the multilayer is covered by a
photo-resist stencil. The unprotected area is etched
by an argon ion beam with an incident angle (less
than 20°) in order to fabricate a ramp. This ion-mill-
ing process will be called *‘JJ (Josephson junction)
ion milling’’ in the rest of this paper. After removing
the photo-resist stencil, the surface is cleaned with an
Ar™* ion beam before depositing the barrier layer. A
thin PrBCO barrier layer and YBCO (or DyBCO)
top layer are deposited subsequently. More details on
the manufacturing conditions of these films are re-
ported by Gao et al. [10,11].
Various kinds of samples were investigated:

. A i

Fig. 4. A ramp-edge junction YBCO /S:TiO; /PrBCO/YBCO on a SrTiO; substrate facing towards the JJ ion gun. Some a oriented grains
(indicated by black arrows) can be seen at the bottom and the top of the ramp.
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Fig. 5. A ramp-edge junction which is facing away from the JJ ion gun from the same sample as shown in Fig. 4. The barrier layer with a
homogeneous thickness can be seen clearly (also see Fig. 6). There is a dimple on the substrate at the bottom of the ramp. PrBCO film is
epitaxially grown on this dimple. The dark particle is an unknown second phase.

Fig. 6. An enlargement of Fig. 5 showing the epitaxy of the PrBCO barrier layer on the dimple in the SrTiO; substrate. The barrier layer is
indicated by black arrow heads. The angle between the interface and (001) plane of SrTiO; is about 20°. A second phase is visible in the left
upper part of the figure.
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(1) a multi-junction DyBCO /PrBCO/PrBCO /Dy-
BCO on a SrTiO; substrate,

(2) a multi-junction DyBCO /PrBCO /PrBCO/Dy-
BCO on a NdGaO; substrate,

(3) a multi-junction YBCO /S¢TiO, /PrBCO/YBCO
on a SrTiO; substrate,

(4) a single YBCO/PrBCO/PrBCO/YBCO junc-
tion on a YSZ substrate (40 um wide).

The first three specimens were specially made for
HREM investigations such that they contains many
junctions (multi-junction). The last specimen con-
tained only a single junction.

A cross-section specimen for transmission elec-
tron microscopy was first mechanically ground di-
rectly down to a thickness less than 10 pm. For
further thinning by ion milling the specimen was
mounted on a single hole copper grid (with diameter
0.8 mm). This ion milling will be called ‘‘CS
(cross-section) ion milling’’ in the rest of the paper.
During CS ion milling (Gatan duo mill 600), the
specimen was not rotated and was oriented such that
the thin-film side was facing away from the ion gun.
By using this method, the substrate SrTiO; or YSZ
was used as an ion-beam block to minimize preferen-
tial milling of the YBCO thin film. The CS ion-mill-

ing conditions were acceleration voltage 4.5 kV, gun
current 0.5 mA, ion milling angle 15° and no liquid-
nitrogen cooling. When color fringes (thin-film re-
flection) appeared on the edge of the specimen an
ion-polishing procedure was applied to thin the spec-
imen to electron transparency with conditions: accel-
eration voltage 3 kV, gun current 0.3 mA, ion milling
angle 8°. This specimen-preparation technique pro-
vides large thin areas which enables one to investi-
gate the thin-film quality by HREM over an area of
more than 200 pm. Details on the sample prepara-
tion have already been published elsewhere [12].
Electron microscopy was performed with a Philips
CM30ST electron microscope operating at 300 kV
and equipped with a field emission gun and a side-
entry +25° tilt specimen holder. The HREM images
were recorded at a focus about — 40 nm at which all
cations are imaged as dark dots, provided the speci-
men is thin enough, and /or at about — 80 nm where
the cations are imaged as white dots. Having a
similar structure, the contrast difference between
YBCO (DyBCO) and PrBCO is small. In this case
the contrast was enhanced by imaging in a direction
which is not parallel to a low-index zone. In order to
distinguish the thin barrier layer with YBCO (Dy-

Fig. 7. An enlargement of the tip of the separating layer at the Josephson junction of Fig. 4. The PrBCO barrier layer and the top YBCO
layer grow epitaxially on the inclined SiTiO; surface. No a oriented grains and other defects are visible.
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BCO), the film was tilted about 5° away from the
[001] zone axis, such that the ¢ plane of the film was
not paralle] with the beam direction.

3. Results

Figs. 2 and 3 show cross-section TEM images
(same sample) of two ramp-edge junctions in a
multi-layer DyBCO /PrBCO /PrBCO/DyBCO on a
(001) SrTiO; substrate. During JJ ion milling these
junctions faced towards and away from the ion gun,
respectively, equivalent to the left and right ramp in
Fig. 1. The thickness of the bottom DyBCO and the
top DyBCO layers are about 80 nm and 150 nm,
respectively. The separating PrBCO layer is about 60
nm. In Fig. 2 the interface between the barrier and
the bottom DyBCO layer is clearly visible while the

other interface (top) of the barrier is difficult to
distinguish, i.e. the thickness of the barrier layer
cannot be determined precisely. In Fig. 3 one can
clearly see the barrier which has a thickness of about
8 nm. All components of the film are ¢ oriented and
are epitaxial to the [001] direction of the substrate.
The slope of the junction is about 20° in agreement
with the ion-milling angle which was used in the JJ
ion milling. The continuous (001) lattice fringes
which cross the junction area without bending indi-
cate that the barrier layer has the same orientation as
the neighboring DyBCO layers and that no disconti-
nuities occur in the lattice. The horizontal lines with
bright contrast in the film correspond to the stacking
faults such as double CuO layers. In the top DyBCO
layer in Figs. 2 and 3 some weak vertical lines are
visible which correspond to defects such as antiphase
boundaries. and microcracks due to the improper

Fig. 8. A TEM image of a YBCO /PrBCO /PrBCO/YBCO ramp-edge junction on YSZ substrate. As the c-axis of the film is perpendicular
to the inclined surface, there is an 8° misalignment between the left and the right part of the film. Here the difference is accommodated by
the presence of one grain boundary and a few microcracks. An a-axis oriented YBCO grain is formed in the junction area, which results in

an g-axis grain in the top YBCO film.
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growth condition for the top layer. In Fig. 3 a clear
example of a microcrack can be seen. The formation
of these cracks is subject to further research.

In the top part of the image in Figs. 2 and 3 some
material can be observed which was deposited on the
surface of the film during the CS ion milling. This
deposition is not removed during the further CS ion
milling because it is shadowed by the specimen. The
interface between this material and the DyBCO top
layer is sharp and can be used to locate the surface
of the device, since the method of CS ion milling
allows the surface to keep its original shape without
being damaged. The top DyBCO layer is quite
smooth in the four-layer part as well as in the
two-layer part. The surface of the top DyBCO layer
in the ramp area follows the shape of the ramp
created by the JJ ion milling. In this sample the
interfaces at the ramp, (i.e. the interfaces between
the barrier and the bottom, the top and the separating
layers), are quite smooth.

In order to be certain that the bottom DyBCO
layer is completely removed during the JJ ion milling
usually a little more JJ ion milling is done, thus
removing some of the substrate material. This leads
to an extension of the ramp into the substrate (sub-
strate ramp) as can be seen in Fig. 2. The thickness
of the removed substrate is 15 nm except for the
region close to the junction where the substrate is
inclined. From Fig. 2 one can measure that the angle
of the slope in the substrate ramp is about 10°,
whereas the slope in the film ramp is about 20°. In
Fig. 3 the amount of the removed substrate is 25 nm
which is more than that in Fig. 2. The angle of the
slopes of the ramps in the film and the substrate are
about 23° and 15°, respectively. In Fig. 3 a very thin
shallow dimple can be observed in the substrate at
the base of the ramp.

Figs. 4 and 5 show two ramp-edge junctions of
the systems YBCO/StTiO,/PrBCO/YBCO on
SrTiO, (same sample) facing towards and facing

Fig. 9. A low-magnification plan-view TEM image of the ramp-edge junction from the same sample as shown in Figs. 2 and 3. Within the
ramp area (1 pm along the horizontal direction and 0.1 p.m along the width of the ramp), the film shows no defect except some a orientated

grains (indicated by arrow heads) in the four-layer film.
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away from the ion gun, respectively. The thicknesses
of the bottom layer, separating layer, and the top
layer are 80 nm, 30 nm, and 130 nm, respectively.
The barrier layer is PrBCO with a thickness of about
20 nm. The PrBCO/YBCO interfaces appear as
bands of dark contrast (see Fig. 6). The PrBCO
barrier layer and the top YBCO layer on both junc-
tions show epitaxial growth in the ramp area. Also
on the inclined ramp surface of the separating SrTiO,
layer the PrBCO barrier layer grows epitaxially. The
interfaces in the ramp area are not smooth in Fig. 5.
This can be seen from the surface of the top YBCO
film in the ramp area. Some a oriented grains can be
observed in the top YBCO layer in the two layer
area as well as the four layer area (see Figs. 4 and 5).

The bottom layer was found to contain second phases
(see Fig. 5).

Several differences between Figs. 4 and 5 can be
observed. In the first place a dimple on the substrate
can be observed in Fig. 5. The depth of the dimple is
6 nm whereas the slope angles are 20° on the ramp
side and 18° on the other side. The slope of the
substrate ramp in Fig. 5 is about 20°. Secondly, 5 nm
of substrate at the ramp facing the ion gun is re-
moved by the JJ ion milling whereas 13 nm is
removed on the other side. A third difference is that
the barrier layer only can be seen clearly in Fig. 5.

Fig. 6 is an enlargement of Fig. 5 showing the
epitaxy of the barrier PrBCO layer on the dimple in
the SrTiO; substrate. The angle between the inter-

Fig. 10. An YBCO thin film can epitaxially grow on a step with step angle less than 40° of perovskite-like substrate with its (001) plane

parallel to that of the substrate.
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face and the (001) plane of SrTiO, is about 20°
(angle due to JJ ion milling). Along the whole
interface (around 2 nm for the area at the dimple and
1 nm for the rest) the image shows a contrast which
does not resemble the structure of SrTiO; nor that of
YBCO. About 2 nm from the interface the substrate
image in the film corresponds to that of YBCO
structure and is predominately perfect.

Fig. 7 shows an enlargement of the tip of the
separating layer at the Josephson junction of Fig. 4.
It is easily seen that the PrBCO barrier layer and the
YBCO top layer grow epitaxially on the inclined
SrTiO, surface. The slope angle is about 10° al-
though the JJ ion milling angle was 20°. This may be
related to the relative low ion-milling rate of SrTiO;.

Fig. 8 shows a low-magnification image of a
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cross-section of a YBCO/PrBCO/PrBCO/YBCO
ramp-edge junction on a YSZ substrate. This single
junction (width 40 pm) was pinpointed on a 10
mm X 10 mm chip. It shows that it is possible to
locate a single junction and thin it down to electron
transparency. More details are described elsewhere
[13]. The thickness of the bottom layer, the separat-
ing layer and the top layer are all 100 nm. The
substrate ramp is quite broad and reaches outside of
Fig. 8. The slope of the substrate ramp is 8°. The
YBCO film is oriented with the c-axis perpendicular
to the substrate surface both outside and in the ramp
area. As the c-axis of the film is perpendicular to the
inclined surface, there is an 8° misalignment between
the film to the left and to the right in the figure. This
orientation difference is accommodated by a grain
boundary and a few microcracks. A reaction layer
(BaZrO,) between YBCO and YSZ substrate is ob-
served along the whole interface. On the inclined
surface there is an amorphous layer between YBCO
and YSZ substrate. The top layer and the barrier
layer are full of defects (planar defects) compared to
the bottom YBCO layer and the separating layer.
Because of this difference one can approximately
locate the barrier layer. However, the exact position
and the width of the barrier layer cannot be mea-
sured. An g-axis oriented YBCO grain can be ob-
served in the junction area, starting in the lower part
and continuing in the top YBCO film.

Fig. 9 shows a low-magnification image in plane
view of the ramp-edge junction from the same sam-
ple as shown in Figs. 2 and 3. The figure presents a
view through the multilayer film in the ramp area. It
is difficult to locate the junction exactly, but the
junction must be around where the contrast changes
from dark to bright. The dark and bright areas corre-
spond to the four-layer and two-layer part, respec-
tively. Over this 1 pm projection of the ramp, the
film shows no defect except some ¢ orientation
grains in the four-layer film. The defects in the top
YBCO layer in the four-layer side does not influence
the quality of the junction.

4. Discussion

Ramp-edge junctions on S1TiO,;, NdGaO;, and
YSZ substrates have been characterized by HREM

investigations of cross-section specimens. The
ramp-edge junctions are schematically represented in
Fig. 1. The TEM results confirm the as-designed
configuration of the junction except for the YSZ
substrate. This indicates that the used fabrication
process can result in a high-quality Josephson junc-
tion provided the right substrate is used.

In order to make sure that the bottom supercon-
ducting layer YBCO (or DyBCO) is removed by the
JJ ion milling, usually a little more JJ ion milling is
performed such that a step and sometimes a dimple
is formed on the surface of the substrate as shown in
Fig. 5. Such a change in the slope can influence the
fabrication of a ramp-edge junction. If the substrate
is perovskite-like, such as SrTiO;, NdGaO,; LaAlO,,
and LaGaO,, good epitaxy can be obtain through the
multi-component film on the ramp in the substrate.
Fig. 10 shows an YBCO thin film grows on a step of
LaAlO; substrate with an angle of about 30°. As
shown previously [8], or YBCO thin film can grow
epitaxially on a step (step angle less than 40°) with
(001) plane of YBCO parallel to that of substrate
provided it is a perovskite-like substrate. When the
step angle is around 45°, a mix of a and ¢ oriented
film can grow on the step as shown in Fig. 11. In the
case of YSZ substrate, the YBCO film grows on the
YSZ substrate with the c-axis perpendicular to the
substrate surface because of the intermediate layer of
BaZrO, (as shown in Fig. 8 of Ref. [14]). For an
MgO substrate with a step, YBCO behaves as on
YSZ substrate [15]. Therefore, grain boundaries and
microcracks easily occur at the tip of the ramp to
accommodate the slope-angle change between the
ramp and the bottom of YSZ and MgO  substrate.
These defects have their own electrical characteris-
tics, which will deteriorate the. performance of the
device. In the case of the perovskite-type substrates
SrTiO,, LaAlO;, and NdGaO,, the epitaxial growth
of YBCO on the ramp enables the barrier layer to
have the same orientation as the neighboring YBCO
layers such that no discontinuities occur. Therefore,
only these substrates with perovskite-type structure
is suitable to fabricate ramp-type junctions.

Perfect ¢ oriented film growth is the basic re-
quirement for a successful fabrication of a ramp-edge
junction. The dominant reason for preventing the
occurrence of a oriented grains is the surface rough-
ening, which will be the result of the large growth
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rates along the a—b plane compared to that along
c-axis. Normally a oriented instead of ¢ oriented
growth will occur on an ¢ oriented grain resulting in
a continuation of the « orientation vp to the film
surface. In particularly an a oriented grain in the
bottom layer will have a detrimental effect on the
performance of the device because of several rea-
sons:

(1) An a oriented grain in four-layer area may form
a leakage between the top and the bottom supercon-
ducting layers through the a oriented grain. A thick
separating PrBCO and SrTiO; layer can prevent this
leakage. In the investigated specimens the thickness
of the separating layer was adequate to prevent the
leakage.

(2) An a oriented grain in the junction area will
certainly lead to a local variation in the thickness of
the barrier layer thus deteriorating the properties of
the junction. Fig. 8 shows an example.

(3) During )J ion milling an a oriented outgrowth
can result in more or less steep steps on the sub-
strate. Therefore, the smoothness of the two-layer
part is determined by the original smoothness of the
bottom YBCO layer even if this was JJ ion milled
away. These steps could be steep enough to intro-
duce grain boundaries in the two-layer film.

On the ramp surface created by JJ ion milling the
barrier PrBCO layer and the top YBCO have to be
grown epitaxially without any defects (for instance
grain boundaries, a oriented grains, and microc-
racks) which can affect the characteristic of junc-
tions. In the case of PrBCO as separating layer, full
epitaxially growth of the barrier layer PrBCO can be
obtained on the ramp surface which can be expected
because there is no change in structure. Also in the
case of SrTiO; as separating layer the barrier layer
PrBCO can grow epitaxially on the ramp surface
even through the structures of PrBCO and SrTiO,
are different. In this respect it will be interesting to
check the influence of ZrO, or MgO as separating
layer. The PrBCO barrier layer will have a prefer-
ence to grow with the c-axis perpendicular to the
inclined ZrO, and MgO surface (present at the ramp)
which might result in a degradation of the barrier
layer in the Josephson junction area [16].

The most important part in the ramp-edge junc-
tion is the barrier layer. The other junctions from the
same multi-junction sample show the same junction

geometry. From Figs. 3 and 5 one can see that the
barrier layer is more or less homogeneous. This
indicates that it is feasible to control the thickness of
the barrier layer. Also no grain boundaries within the
barrier layer could be seen. The barrier layer can
epitaxially grow on the JJ ion milling edge surface.

On a multi-junction sample, there are always two
types of ramps of which one is facing towards and
the other is facing away from the ion-milling gun.
For these two types, different substrate ramps and
dimples will be formed. The removed substrate on
the side which is facing towards JJ ion gun is lower
than that on the opposite side. A dimple is created
when the ramp is facing away from the ion gun,
while there is no dimple when the ramp is facing
towards the ion gun. The formation of this dimple
can be understood if one considers that when the
incident angle of ions is at a grazing angle to the
surface of the ramp, a part of the ions will be
reflected resulting in a higher flux of ions at the
bottom of the ramp. This higher flux will create a
dimple in the substrate at the bottom of ramp. The
slopes in the dimples we have investigated were not
larger than about 30°% in all cases the YBCO film
was still epitaxially grown in the dimple.

The barrier layers of the ramps facing the ion gun
have in general less sharp interfaces. This is proba-
bly due to the more severe and deeper damage
created by the ion milling since the incidence angle
is about 70° compared to less than 10° on the ramp
facing away from the ion gun. It is not clear whether
the less sharp interface will have a bad influence on
the performance of the Josephson junction.

5. Conclusion

A ramp-edge YBCO/PrBCO/YBCO Josephson
junction can be imaged by HREM. The barrier layer
is observed to have a homogeneous thickness. A step
on the substrate close to the base of junction is
always observed. In the case of a YSZ substrate, the
slopes of the step on the substrate were found to lead
to small-angle grain boundaries and completely dif-
ferently oriented YBCO grains, thus resulting in a
poor ramp-edge junction. In the case of a SrTiO; or
NdGaO; substrate, all components of the device are
fully epitaxial, thus resulting in a good ramp-edge
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junctions. The choice of substrate is very important.
TEM results confirm that the ramp-edge Josephson
junction appear to be as was intended.
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