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Abstract. The microstructure of various types of Josephson junctions is
investigated with cross-sectional (CS) high-resolution electron microscopy (HREM).
Special specimen preparation techniques, to facilitate the CS investigation, are
discussed in the first part. Examples are shown of specially produced arrays of
junctions and of the focused ion beam thinning technique allowing us to investigate
specific measured junctions. Ramp-type junctions with PrBa,Cusz_,Ga,O7_s
(PrBCGaO0) barrier layers are discussed in more detail in the second part. The
microstructure of PrBCGaO (0.1 < x < 1.0) thin films, barrier layers and bulk
material is studied by HREM. Thin barrier layers with x > 0.7 contain a Ga-rich
intergrowth, never observed before in YBCO-type structures. Ga-rich inclusions in
single thin films exhibit a similar structure. In addition, diffusion of Ga in the
ion-etched SrTiO3 substrate surface region was observed. The observed
segregation of Ga from the PrBCGaO barrier layer explains the observed junction
properties.

1. Introduction and measured physical properties of JJs, it is necessary to
identify fabrication influences and EM sample preparation
Josephson junctions (JJs) based on the Higbupercon-  artefacts. The CS sample preparation of JJs for HREM
ductor REBaCwO7-s (REBCO), with RE=rare earth,  investigations is ‘the’ determining factor for a successful
can be fabricated by sandwiching a thin barrier of non- study but is unfortunately not trivial. Two different
superconducting material between two superconducting approaches are discussed in this study. The first approach
electrodes. Alternatively, a grain boundary grown in a con- js the use of an array of junctions (multiple junctions) to
trolled way, a so-called artificial grain boundary (AGB), can enhance the chance of finding a junction along the row
also exhibit JJ properties. A microstructural characteriza- wijth suitable thickness to allow HREM imaging. The other
tion is of great importance for the measured properties to beapproach is to use the focused ion beam (FIB) thinning
correctly interpreted. Cross-sectional (CS) high-resolution technique to allow the investigation of a very specific
electron microscopy (HREM) offers the possibility to ob- region, i.e. the ‘barrier’ of a measured junction.
tain local structural information from the junction area itself Secondly a specific problem for which a correlation
in addition to the characterization of the film and interface petween measured properties and microstructure could be
quality. The fabrication of JJs is a highly technological estaplished is discussed in detail. The microstructure of
process in which various processing steps can influence thQDrBapCu3,xGa,(Oy,,; as a function of the Ga substitution
obtained results. This should be taken into account to in- |aye| is investigated. Thin PrBEus_,GaO7_s (x >
terpret the measured electrophysical properties. 0.7) barrier layers in ramp-type JJs and thin fiims of
To be able to reach the principal aim of this HREM PrBaCus_,Ga O, s (x = 0.1,0.4,0.7) are characterized
study, to establish a correlation between microstructure by HREM. The substitution of Ga in PrBCGaO bulk
q On leave from Institute of Crystallography, Leninsky pr. 59, Mmaterial and its structure are verified from XRD and
117333 Moscow, Russia. HREM.
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These studies are performed by scanning electron3. Results and discussion
microscopy (SEM), selective area electron diffraction o _ .
(SAED), transmission electron microscopy (TEM), high- 3.1. Viewing junctions in CS HREM

resolution electron microscopy (HREM) and energy- the multiple-junction approach can easily be used for
dispersive X-ray spectroscopy (EDS). junction fabrication processes using masks. Usually the
mask is replaced by a mask consisting of a multiple of the
original mask. For instance, ramp-type JJs made by ion
etching of a single-line photoresist mask can be fabricated
by ion etching a multiple-line mask. The structure of

multiple junctions can vary despite the fact that all involved

) ) ) . parameters, except the mask, are kept constant. It is
The preparation of the trilayers with PrBCO and selective important to recognize the variations that are due to the

epitaxially grown (SEG) patterned films is reported in [1]. mytiple-mask preparation. Two examples are discussed
Further references to the SEG process can be found in [2].here.

The preparation of the bi-epitaxial artificial grain boundary The ramp-type junctions studied here are made on
junctions is reported in [3]. The patterning of the Afn purpose with a multiple mask (spacing 10n masked,
wide junctions was done by standard photolithographic 10 xm unmasked) using the same deposition procedures
means with a dilute HN@ etching. The preparation of as for the operational junctions, i.e. ion beam etching
the ramp-type JJs is briefly as follows [4,5]. The E1 to create the ramp slope. It was clearly noted that
base electrode (DyBCO) and the separating (S) insulatingthere is an inhomogeneous distribution of the ion-beam
layer (PrBCO) have been depositau situ. The ramps  flux resulting in a difference of the amount of material
are structured by an Ar ion beam source (under an angleremoved over the 1 cmt 1 cm substrate. It can happen
of 45°) using a photoresist mask. After stripping the that 20 nm of SrTiQ is etched away at the foot of a
photoresist, the ramp surface is cleaned by ion-milling certain edge while 20 nm of base electrlode still remains
and re-oxygenizedn situ.  Subsequently, the B barrier N€ar the foot of another edge, at a distance of nearly
layer (PrBCGaO) and the top electrode (E2) (DyBCO) are 1.4 cm on the substrate from the first edge. As a result

deposited. The Ga content of barrier layer is nominal. A :Ee gtcg'gg prcicedure gag behlr:com_pltete, €. somethof
schematic drawing with the naming scheme is shown as e by not covered Dy pholoresist remains on the
part of figure 4. substrate. Incomplete etching enhances the possibility of

cs les for TEM hanicall lished with undesired direct connections between the electrodes. This
. samples for ! are mechanically polished with a problem is specific to the multiple mask used for the EM
tripod on diamond lapping foils followed by ion thinning. study with 1000 edges cr; for electrical measurements
High-resolution (HREM) and electron diffraction (ED)

! e - only five junctions are created on a substrate.
investigations are performed with a JEOL 4000 EX and The second example is planaaxis junctions patterned

a Philips CM 20 microscope equipped with a Link EDS py the SEG procedure. a-axis trilayers are not easily
detector. All CS EM micrographs of-axis multilayers  patterned and the SEG technique represents a valid
shown here are recorded with the [001] axis of the REBCO alternative. The predeposited titanium layer is already
layers perpendicular to the electron beam. patterned and the overgrowingraxis YBCO ‘respects’
CS TEM specimens from patterned and measured JJsthis pattern since on titanium a polycrystalline film is
are prepared by an FIB [6]. The patterned microbridge formed with a lot of secondary phase inclusions and the
(width 2—10.4m) selected for FIB preparation is cut from YBCO is non-superconducting owing to the Ti pollution.
the sample as a small strip and first polished in such a The investigated substrate was patterned with,20 Ti
way that the area of interest is lying in the middle of a lines and a YBCO/PrBCO/YBC@-axis oriented trilayer
sliver of 20-30um thickness. This specimen is glued ona Was grown on a PrBCO template covering the complete
large-slot copper grid and mounted in the FIB instrument. Substrate. From the SEM image the very rough film on the
As almost no contrast difference is present between the 1 layer can easily be distinguished form the film on Sr3iO
YBCO structure and the surrounding substrate on the FIB (figure 1@)). The EM observations clearly demonstrated

image, first some marks are put on the specimen by milling tr}etcr;ax[?i nlaturf (()1: th? m;JJJ;t)l;ayelr:, erfhperua\lll\?/ n :(?en\]”iw'ty
some craters with the FIB. The exact location of the JJ &' "€ ayer (ngure ) urther away 1ro €

is then optically measured with respect to these marks ahcn @ Mixeda-and c-axis growth was noticed. The
P y P _ identical deposition procedure was repeated for an untreated
and these coordinates are used for further thinning of the

; T . .- substrate and clearly-axis growth was observed for all
specimen. This is done by stepwise milling from the top of . layers except the PrBCO template near the SyTiO
the specimen with decreasing ion beam currents to a depthiarface (figure 1¢)). This illustrates that the multiple

of approximately 4:m, so that finally a thin slice of about  mask technique in this case modified the heat behaviour of
15 um width and less than 50 nm thickness remains at the the substrate considerably, leading to a modified growth of
selected area. A protective Pt layer is depositeditu in the film.

the FIB instrument in order to protect the surface during the The ultimate goal of correlating measured properties
intermediate imaging to follow the progress of the milling and microstructure on the same junction can be obtained
procedure. by using the FIB technique. This technique allows us to

2. Experimental details
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Figure 1. (a) SEM image showing the YBCO film grown on titanium with a very rough surface and the YBCO film grown on
the bare SrTiO; substrate. The line spacing is 20 um. (b) CS image showing the c-axis orientation of the
YBCO/PrBCO/YBCO/PrBCO multilayer near the Ti layer. (c) CS image showing the a-axis orientation of the
YBCO/PrBCO/YBCO/PrBCO multilayer grown under identical conditions on a substrate without Ti lines.

prepare a CS specimen at a very specific site (micrometreFigure 2¢) shows the CS TEM image. The end of the
range) with a higher success rate than conventional CSMgO buffer layer is indicated. Some etching has occurred
preparation techniques based on Ar ion beam milling. This in the neighbouring SrTi@ The interface between (001)
technique, which uses a Ga ion source, is well establishedYBCO and (103)—(013) YBCO is mostly along the [001]
for semiconductor devices. The FIB equipment allows us, direction of the (001) film. No secondary phase is present
in combination with CS TEM preparation to deposit metal at the interface.

contact paths, to cut contact paths and to obtain images
based on secondary electron emission.

Various patterned and measured bi-epitaxial JJs are
prepared by an FIB as CS samples. These junctions consisThe product of the critical current and the normal state
of 45° a (or D) tilt or twist boundaries obtained by growing resistance is an important figure of merit for JJs. The
(103)—(013) YBCO on (110) SrTi®and (001) YBCO on use of PrBaCus_,Ga,O;_s (PrBCGaO) as a barrier layer
MgO buffered (110) SrTi@ The results shown here are produces junctions with a higher normal state resistance
for 10 um thick junctions across a 45 (or b) twist than unsubstituted PrBCO while it leaves the critical current
boundary. The transport measurements are summarizedunaffected [4].
as follows. The magnetic and temperature dependence of Cu can be substituted by Ga in ceramic PrBCO for
the critical current gave evidence of its Josephson nature.substitution levels in the range@ < x < 0.9 [7]. Thin
The magnetic modulation was more than 50%. Despite films produced from PrB&£us_,Ga O7_; single targets
the fact that the pattern exhibited the maximum at zero have been grown by various methods [4,8,9]. The
voltage, deviations from the ideal Fraunhofer pattern were resistivities of the thin films are systematically lower and
also observed. The shape BfV curves was typical of the  are increasing at a lower rate than those of the bulk samples
RSJ model, with the presence of an excess current and of{4]. No clear reason for this difference was proposed. To
resonance steps at voltages of the order of @90 These our knowledge there are no reports of structural differences
steps are usually referred to as Fiske steps (we verified theirbetween PrBCGaO bulk materials and thin filn#s priori
dependence on the magnetic field) and from their position no indications exist that allow us to assume a difference
it is possible to estimate the ratio between the thickness between PrBCGaO bulk materials and thin films. However,
barrier and the dielectric constant (in this case 0.03 nm). in the light of our findings obtained from thin films we
The critical current density/, is 1.3 x 10* Acm™2 at characterized the bulk material that was used as target to
T = 4.2 K, while the specific conductance is of the order allow a comparison.
of 100 (2 cnm?)~. The maximum working temperature XRD shows that the PrB&us_,Ga, O;_s samples have
of the junction was 75 K. Thd.R, value with R, the a structure identical to that of tetragonal ReBezO7_s.
normal resistance, a quality factor of junctions for various No Ga-containing impurity phase is present in PrBCGaO
applications, is 1 meV ar' = 4.2 K. Figure 26) shows with x = 0.7 indicating the full substitution of Cu by
an optical micrograph on which the measured junction is Ga. The unit cell parameters ate= 0.392886) nm and
arrowed. Figure Z() shows the 1Qum wide microbridge. ¢ = 1.17565) nm. These are in good agreement with the

3.2. Ramp-type JJs with PrBCGaO barrier layers
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Figure 2. (a) Optical micrograph with the measured junction arrowed. (b) SEM image showing the bi-epitaxial grain
boundary (arrowed) and the junction bridge patterned across it. Notice the difference in roughness between (001) YBCO and
(103)—(013) YBCO films. (c) Cross-sectional TEM overview of the grain boundary. The end of the MgO buffer layer is
indicated. The interface between the (001) and (103)/(013) YBCO films is mostly along the [001] direction of the (001) film.

values reported by [7]. For the substitution levek 1 two
impurity phases were found, namely CuO an®aGaO0;. Ox=0 v x=0.10 ¢ x=0.40
The fact that a Ga-containing phase is present as an 10 * x=0.70 A x=1.00
impurity phase indicates that= 1 is above the maximum
substitution level for Ga in PrB&€us_,Ga,0;_s. Bulk
PrBaCus_,Ga,O7_s with x > 0.7 has been investigated
by EM and SAED. The reciprocal space contains no
extra spots or streaks and no spot splitting. There is no
modulation or structural change of the REBCO structure,
detectable by HREM, due to the Ga substitution in the
Cu(1) chain.

Electrical measurements of ramp-type JJs with PrBC-
GaO barriers X = 0.1 and 0.4) have been reported pre-
viously [4,10]. Briefly, the effect of a PrBCO barrier layer
with Ga substitution on the junction parameters is an in- 10 ) ' ) 3
crease in the resistivity up to an order of magnitude for 10 10 RA {QcmZ] 10
the same barrier thickness as compared with junctions with
unsubstituted PrBCO as a barrier. However, this trend is Figure 3. The critical current density J, versus the R,A
not continued for the higher substitution levels= 0.7 and product (R, being the normal resistance and A the area of
1. On the contrary, no increase in resistivity for= 0.7 gﬁs frgfon)efgréampgﬁigﬁﬁﬂs ‘)’("it_ho 01.04.07 10
was observed "J?S Compared Wj‘th:.o (flgure 3). . No inzcregsxe inxre;isativity for x = O.7gand 1’.0 cc;mpéred’with
A CS EM investigation provides information about - o4 was observed.
the local structure of the barrier layer as incorporated
in the JJ. We concentrate ourselves here on the special
features in the PrBCGaO barrier layer. Other aspectshave a ramp angle of 2land a barrier layer thickness of
of the microstructure of these JJs have been reported in10-30 nm (figure 4). All layers grow epitaxially withaxis
[11,12]. No special features were found at the interfaces orientation perpendicular to the substrate. All interfaces in
or inside the superconducting layers responsible for the the unetched part and etched part are sharp and flat. The
abnormal behaviour of JJs with substitution levels: 0.7 interfaces between barrier and superconducting layers at the
or 1 for the barrier layer. The junctions discussed here ramp edge are well defined and free of secondary phases or
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Figure 4. (a) Schematic representation of the investigated ramp-type junctions. (b) HREM overview of a ramp-type JJ with a
PrBCGaO barrier of 10 nm, showing that the interfaces at the ramp are well defined and free of secondary or amorphous
phases.

amorphous layers (figure ). This allows us to correlate  the plane in the middle of the intergrowth unit cell (ll).

the observed microstructure of the PsBas_,Ga,O;_s The contrasts above and below the CuO planes are similar.
barrier layer and the electrical properties of the ramp-type The contrast strongly resembles that of a double perovskite
JJs with this barrier material. with an inequivalent lattice plane in the middle of the cell.

The HREM image of figure ®) shows part of a  Together with the frequency of the intergrowth cell in the
30 nm thick PrBCGaO barrier layewxx (= 0.7) grown stacking (i.e. of the middle plane) as a function of the
on the ion-etched substrate. The barrier layer containssubstitution level, this was interpreted as the occurrence
isolated unit cells withc-axis lengths different from  of a full Ga plane and Ga-based compounds with this
c123, indicated by double arrows on figure 5. These feature were evaluated. The compound PrSrGalués
defective stacking sequences can have lengths atong described by Rotbkt al [13]. The lattice parameters age=
to 10 nm and are found throughout the complete barrier 1.63358 nm,» = 0.55002 nm and: = 0.53534 nm with
layer thickness. These unit cells with spacings in the space grougma?2. The tetrahedral oxygen coordination of
¢ direction of approximatelyc; = 0.8 nm differ from Ga induces a shift of the Ga and O positions from the ideal
the normal 123 structure and are not known as common perovskite positions. This feature is important in view of
defects in 123. They are perfectly intergrown in the 123 the inequivalent contrast between planes | and Il. A model
environment and tend to grow as a periodic intergrowth based on one slab of PrSrCuGa®andwiched between
within the 123 structure. The intergrowth occurs only in PrBCO unit cells was created for image simulations. Sr was
the PrBaCu,3Gay70;_s barrier layer, not in the DyBCO  replaced by Ba in the model. The layer stacking is PrBCO—
bottom or top layer or in the PrBCO separating layer. If CuO—(Pr,Ba)O-GaO—(Pr,Ba)O-CuO-PrBCO. Ga and its
the Ga content is increased to 33% (P/BaGa O7_s) the surrounding oxygens are shifted from the ideal perovskite
frequency of the:; unit cell is increased. The presence of positions owing to the tetrahedral coordination of Ga.

Ga seems to favour the presence of the intergrowth. The image simulations based on this model yield a good
Taking into account all these data we propose a model agreement with the observed HREM image.
for the Ga-containing intergrowth layer which has an Pronounced black patches are observed in the SrTiO

parameter very close to that of PrBCO and which fits substrate in the uppermost 10 nm of the interface region
epitaxially to PrBCO in the=—b-plane. Figure 5) shows with the barrier layer in the two-layer part; such defects
an image averaged along thedirection. The CuO planes are indicated by arrows in figure & No dislocation

are indicated by single white arrows. There is a clear can be observed, however. This specific contrast exists
inequivalence in contrast between the CuO planes (I) andin all parts of the SrTi@ substrate, even on the inclined
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Figure 5. (a) [001] HREM micrograph of the intergrowth with ¢; unit cell in the 123 structure observed in a PrBCGaO barrier
layer (x = 0.7). Notice the perfect intergrowth along a and c directions. (b) Simulated image for d = 2.4 nm; § = —25 nm
based on the proposed model. (c) Part of the image averaged along the a direction showing clearly the inequivalent contrast
in the planes | (CuO planes of PrBCGaO structure) and plane II.

ramp edge in SrTi@ which has been exposed to Ar formation of a Ga-containing intergrowth in the barrier
etching to create the ramp edges. Such contrast variationdayer itself and diffusion of Ga in the ion-etched substrate.
are normally not observed for ReBCO films on SrJiO  The microstructure of PrB&us_,Ga,O;_s (x = 0.7 or 1)
and were not observed in the neighbouring four-layer part thin barrier layers is clearly different from the one in bulk
of the junction. This rules out ion-beam thinning for material.
EM specimen preparation as a possible origin. Possible  The microstructure of PrBCGaO barriers with =
other causes could be oxygen depletion or interdiffusion g1 or 0.4 was investigated from thin films of 20 and
either of the photoresist material or of gallium from the g9 nm thickness deposited on SrEiGubstrates under
barrier layer. Figure &) shows a [100] HREM image  jgentical conditions to those during the JJ fabrication. No
of the interface between PrBau, 3G& 707, and pristine  jntargrowth with ac-spacing of 0.8 nm or secondary phase
SrTiO;. No black patches can be observed in the substrate. inclusions could be observed inside the films. A high
Figure .6C) Sthﬁwj‘ tSh(_armtertl;a(t:e tOf al tD.yB?UG?H blayer d density of defects of the types 124 and 224 was observed
on an lon-etched Sr substrate. It is clearly o SEIVed  ond results in a highly distorted crystal lattice. Occasionally
that the particular contrast of black patches only exists an outgrowth of the Ga phase was observed at the surface
in figure 6@) and is absent in figures 16 and 6€). . ) . . S
This proves that the contrast of black patches is only ?r: thf(_':l' thicker glms. I\gore ?hutg(r;ovvths a_mdlmclttjstl_?nt_s mslldel
observed for the combination of a Ga-containing layer . € 1im are observed as the ta nominal substitution leve
increases and the same trend holds for a givealue as the

on an ion-etched SrTiQsubstrate. Only ion etching is ; X i )
insufficient to produce this contrast. Therefore we believe filM thickness increases. A clear example of an inclusion

that Ga diffusion in the surface region of the ion-etched ©Pserved in a 100 nm thick film of PrBaws .Ga. 075
SITiO; substrate is the reason for the local structural With x = 0.7 is shown in figure 7. The composition was
distortions. This can be understood if we assume that latticefound to be Ga rich as compared with the surrounding
imperfections, such as oxygen vacancies or point defects123. The Ga phase has lattice parameters 0.8 nm, 0.41 nm
which are created in the SrTiGubstrate by the ion etching, anda ~ 92°. The Ga-rich phase exhibits, as a separate
facilitate the diffusion of gallium in the interface region of inclusion, no fixed orientation relation with the surrounding
the substrate. 123. The contrast resembles that of the intergrowth and fits
We conclude that two distinct mechanisms of Ga well the simulations of the PrSrCuGa6tructure. Probably
segregation in thin barrier layers are operative; the by replacing Sr by Ba a monoclinic distortion is introduced
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Figure 6. [001] HREM micrographs of the interface between (a) PrBa,Cu,3Gag707_s and ion-etched SrTiO3 (dark contrast
areas in the substrate are indicated by arrows), (b) PrBa,Cu, 3Gag70;_s and bare SrTiO; and (¢) DyBa,Cu3O;_s and
ion-etched SrTiOz. In the latter two cases the dark contrast areas are absent.

in the structure owing to the larger size of the cation. We layer preventing surface segregation differ clearly from the
believe that this phase is related to the intergrowth describedgrowth on a pristine substrate with an uncovered surface.
above although the intergrowth is rarely observed in the We believe that the intergrowth is stabilized under ‘barrier
thin films of PrBCGaO. The growth conditions for a thin layer’ growth conditions but grows as separate inclusions in
barrier layer on a substrate allowing Ga diffusion with a top thin films of PrBaCus;_,Ga,O;_s with high x. We would
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Figure 7. Ga-rich inclusions in a 100 nm thick film of
Pr532CU2v3Gao_707,5.

like to stress that the size of the Ga-rich inclusions is too
small (50—-200 nm) to be detected by XRD and these films
show only 00 peaks of the 123 structure in XRD plots.

4. Conclusion

The CS sample preparation is an important aspect for a
successful study of the microstructure of JJs. Influences on
the microstructure from fabrication procedures and TEM

sample preparation can be recognized. The FIB preparation

technique allows us to characterize by HREM the junction

area of a measured JJ. This was demonstrated for a bi-

epitaxially grown 45 a (or b) axis twist grain boundary
junction.

The behaviour of the junction parameters of REBCO
ramp-type JJs with PrB&us_,Ga, O7_s barrier layers at
high Ga substitution levels is better understood thanks
to a TEM microstructural characterization. Deviations

20

from the structure of PrB&w_,Ga,O;_; as the bulk
ceramic powder were observed in barrier layers and thin
films. A Ga-rich intergrowth was detected in the barrier
layers together with the diffusion of Ga in the ion-etched
substrate. Thin single films of PrB@us_,Ga, O;_s with

x > 0.7 contain Ga-rich inclusions but intergrowths are
rarely observed. PrB&us_,Ga, O7_s with x = 0.1 and 0.4

can be used as a barrier layer in ramp-type JJs to enhance
reproducibly the normal state resistivity although higher Ga
substitutions are not effective.
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