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Z-contrast electron microscopy demonstrates that interdiffusion is not affecting the resistive transi-
tions observed in M XN YBa,;Cu307-,/PrBa,Cu3;O7 - superlattices. At moderate supersaturations, is-
land growth is observed, the islands comprising one Ba-Y-Ba structural unit in height terminated at the
Cu-chain plane, having sides 20-30 nm long along [100] and [010]. The associated gradual roughening
of the growing surface has no apparent effect on critical currents for M = 2, the temperature and field

dependence being comparable to that of a film.

PACS numbers: 74.70.Vy, 61.16.Di, 74.60.Mj

Superlattices of YBa,Cu307—,/PrBa,Cu3;07-, (denot-
ed as YBCO/PBCO) show strong and systematic varia-
tions in their transport properties with both layer
thicknesses [1-3]. There is considerable current interest
in such data since it provides a sensitive test for any
theory concerning the nature and origin of superconduc-
tivity in the high-T. materials [4-8]. The crucial ques-
tion for any such interpretation, however, concerns the
compositional integrity of the individual layers. Studies
of the alloy Y,-,Pr,Ba,Cu3;O;-, have shown that T,
reduces rapidly with increasing Pr content, becoming
semiconducting at y = 0.5 [9]. Since it is perfectly possi-
ble to have a strong compositional modulation, as seen,
for example, via satellite peaks in x-ray diffraction, but to
have a substantial Pr concentration within the YBCO
layers, this key question remains at present completely
unaddressed.

In principle, it is possible to analyze the envelope of the
satellite diffraction peaks to obtain information on the
shape of the compositional modulation, but this would
naturally represent an average measurement over a sub-
stantial lateral area and the entire film thickness. It
could well convey a misleading picture of the actual situ-
ation, as can be recognized immediately from Fig. 1,
which shows significant undulations in the layers of a
nominally 1x8 superlattice. The micrograph shows
11.7-A c-axis lattice fringes, the fainter contrast corre-
sponding to higher Y content. Because of the undula-
tions, we must consider separately the question of
interdiffusion and the possible effects of the waviness.
We can, in fact, deduce from this image that significant
interdiffusion must be restricted to a distance of the order
of a single unit cell, but again this sensitivity does not
come close to excluding interdiffusion as a significant fac-
tor in the observed superlattice transport properties.

In this paper, we utilize the recently developed Z-
contrast technique [10] for high-resolution electron mi-
croscopy to answer this important question. In addition,
since each individual YBCO layer acts as a marker, repli-

cating the growth surface below, we obtain a remarkably
detailed picture of the surface morphology and the
growth mechanism itself. The Z-contrast technique com-
bines atomic-resolution imaging with compositional sensi-
tivity, which has not been achieved in this system using
conventional phase-contrast techniques based on Fourier
reconstruction. In the Z-contrast method, a finely fo-
cused electron probe is scanned across the sample while
the integrated intensity scattered through large angles
(75-150 mrad) is used to form an image. For a crystal
in a planar or zone-axis orientation, the image maps out
the planar or columnar scattering power with the resolu-
tion of the probe. For a sufficiently fine probe [2.2 A in
our VG Microscopes HB501UX scanning transmission
electron microscope (STEM)], the atomic planes or
columns are resolved, their respective intensity being
dominated by the nearly Z? dependence of the high-angle
scattering cross section, Z being the atomic number. No
interference effects such as contrast reversals or Fresnel
fringes occur so that Y (Z =39) is clearly distinguishable
from Pr (Z=59), appearing respectively fainter and
brighter than Ba (Z=56). The image contrast is dom-
inated by the scattering cross sections [11], dynamical
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FIG. 1. Cross-section transmission electron micrograph of a
1x8 YBCO/PBCO superlattice. The 11.7-A lattice fringes
clearly indicate undulations in the layers.
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effects being second order compared to changes in con-
centration. Image statistics therefore set the minimum
detectable Pr content in individual Y;-,Pr, columns,
typically to 10% for a sample 10-20 nm thick. Averaging
over several columns will of course increase our sensi-
tivity.

The growth and transport properties of our M XN
YBCO/PBCO superlattices have been reported in detail
elsewhere [3]. Briefly, the superlattices were grown by
laser ablation using a KrF (248 nm) laser at 1.1 Hz in
200 mTorr O3, providing an average deposition rate of
approximately 1 As~!. The heater temperature was
maintained at 730°C; the substrate temperature is es-
timated to be 670°C. Growth was interrupted for ap-
proximately 20 s each time the ablation targets were in-
terchanged.

Figure 2(a) shows a Z-contrast image obtained from
the 1x8 superlattice shown in Fig. 1. In this low-
magnification view, the three cation planes per cell are
just resolved, each cell being separated by a dark line rep-
resenting the Cu-chain planes. It is quite clear from this
image that the Y is confined to a single unit cell which is
seen to jump occasionally by one unit cell. This repre-

FIG. 2. (a) Z-contrast STEM image of the 1 x8 superlattice
showing YBCO layers (dark) one unit cell thick, jumping oc-
casionally by one unit cell along the ¢ axis. (b) Interface step in
a 3x5 superlattice showing compositional abruptness of the or-
der of one lattice parameter in the a-b plane.
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sents the microscope origin of the apparent waviness in
Fig. 1. In Fig. 2(b), we show an interface in a nominally
3x5 superlattice which clearly demonstrates that no
significant diffusion of Pr has occurred into the Y cells.
The slight increase in intensity toward the top of the im-
age is due to increasing sample thickness. Perhaps the
best evidence that interdiffusion is insignificant is the ob-
servation of an abrupt interface step at the lower inter-
face. The composition changes from YBCO to PBCO
within a single lattice parameter in the a-b plane. Since
diffusion within this plane is substantially faster than
diffusion along the ¢ axis, this provides convincing evi-
dence that interdiffusion cannot be significantly affecting
the measured transport properties of these superlattices.

We now turn to the question of the growth mechanism.
The roughening of the growth surface evident from the
undulations in Fig. 1 is associated with the sequential nu-
cleation and coalescence of islands. A two-dimensional,
terrace sweeping growth mode would maintain a constant
surface morphology. The single-cell YBCO layers allow
a direct view of the island morphology and arrangements,
and from images such as Fig. 2(a), we determine a la-
teral island dimension of 24 + 15 nm. The observation in
Fig. 2(b) of an abrupt interface step, besides ruling out
interdiffusion, implies that the island edge must lie paral-
lel to the [100] or [010] electron-beam direction for prac-
tically the entire film thickness (estimated at 10-20 nm
in this region). Since growth occurs in the tetragonal
phase [12], we do not expect (and have seen no evidence
for) any anisotropy within the a-b plane. No structural
defects occur on island coalescence, for example, the ¢/3
stacking faults seen with lower growth temperatures [13],
which implies that the height of the islands must be an
integral number of unit cells, and that the growth surface
must lie at a mirror plane, either the Cu-chain plane or
the Y/Pr plane.

From Fig. 2(a), we see clearly that the preferred island
height is a single unit cell, and that substantial com-
pletion of the layer occurs before nucleation of the next
layer. This is in complete accord with the recent observa-
tion of clear oscillations in reflection high-energy electron
diffraction during continuous deposition of YBCO, in
which the period of oscillation corresponded to ¢ [14]. It
is also entirely consistent with the gradual roughening
evident in Fig. 1, which eventually builds up to the large-
scale islands observed by scanning tunneling microscopy
[15].

To answer the important remaining question of which
plane terminates the island, we turn to what can be con-
sidered the reverse of the growth process, amorphization,
induced via ion implantation. Figure 3 shows the amor-
phous/crystal interface produced as a result of room-
temperature implantation of oxygen (3x15 cm 2, 40
keV) into a laser-ablated film of YBCO. Although end-
of-range damage is clearly present in the crystalline re-
gion, there is a remarkable tendency for the crystal to ter-
minate at the Cu-chain plane, with the result that, again,
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FIG. 3. The amorphous/crystal interface in a ¢l ion-
implanted YBCO film is located at the Cu-chain plane, and
jumps frequently by one unit cell. End-of-range damage
(marked d) is visible in the crystal.

we see interface steps a full unit cell in height. Clearly,
at the end of the ion range, even amorphization occurs
cell by cell, and so it should not be surprising that growth
proceeds likewise. In fact, in all our Z-contrast observa-
tions of thin films and bulk materials, we see an
overwhelming tendency to maintain a complete Ba-Y-Ba
structural unit cell [13], both at low- and high-angle
grain boundaries [16], and even at film/substrate inter-
faces, where substrate steps are forced to bunch in threes
to accommodate complete Ba-Y-Ba blocks. As pointed
out in Ref. [14], a complete unit cell is the minimum unit
which can preserve stoichiometry and charge neutrality.
Our observations highlight the remarkable structural sta-
bility of the Ba-Y-Ba (or Ba-Pr-Ba) block terminating at
the Cu-chain plane [17]. In fact, it is only because of this
property that it is possible to grow single-cell superlat-
tices of the desired composition by laser ablation.

It is important to consider how the growth might vary
as a function of supersaturation. The island size we ob-
serve is close to the minimum that can be achieved while
maintaining ¢ L growth. At slightly higher supersatura-
tions, it becomes kinetically favorable to switch to a-L
growth, in which the fast crystal-growth direction is
parallel to the film normal even though this is not the
minimum-energy surface. Figure 4 shows a 4%X16 a1 su-
perlattice in which the interface shows considerable
roughening at the atomic scale. This is to be expected
since roughness now only adds {001} surfaces, which we
know to have a particularly low surface (and interfacial)
energy, so that there is little driving force toward
smoothening. It would be of interest to increase the
growth interruption between target changes in an attempt
to reduce this surface roughness, since smooth a L super-
lattices could provide a sensitive probe of the supercon-
ducting properties normal to the a-b plane. Note that

FIG. 4. Z-contrast image from a thin region of a 4x16 aL
superlattice showing considerable atomic-scale interfacial
roughness.

this microscopic roughness precludes the buildup of mac-
roscopic islands so that a1l films may often appear
smoother [15]. Smoother c¢L films could presumably be
grown at lower supersaturations assuming, as seems like-
ly, that misfit with the substrate is accommodated in the
initial stages of film growth.

Finally, we consider possible effects of the island
growth on superconducting properties. Provided no com-
positional variations occur and islands grow in the tetrag-
onal phase, they will coalesce perfectly into larger grains.
The island size, therefore, has no relevance for growth of
a film. It is the relative alignment of the grains that is
important for the film properties, which depends on other
factors such as mismatch with the substrate, or the spac-
ing and geometry of twins generated during the tetrag-
onal-orthorhombic transition. In the case of the superlat-
tices, as the width of an individual YBCO layer is re-
duced below the amplitude of its undulations, then we
might expect the size of the islands to become significant.
However, ac susceptibility measurements on a 2 x4 super-
lattice (Fig. 5) show excellent critical-current behavior,
comparable to that of a good thin film, indicating that the
supercurrent is fully able to follow the imposed undulat-
ing path. Microscopically, the undulations comprise on
average a one-unit-cell jump every island diameter so
that a wavy M XN superlattice requires the current to
transfer one cell along the ¢ axis every M — 1 island di-
ameters. Our observations show that in YBCO, transfer
along the ¢ axis by one unit cell every 20~30 nm has no
significant effect on the critical current. This also implies
that a 2%V superlattice would show no reduction in criti-
cal current for substrate misorientations of 2°-3°. Such
“forgiving” behavior would not be expected for Bi- or
Tl-based materials which appear significantly more two
dimensional in their superconducting properties. Similar-
ly, in 1X/N superlattices the average island overlap is
zero, so that current transfer will be restricted to small
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FIG. 5. Magnetic hysteresis measurements of critical

currents in a 2X4 superlattice as a function of (a) temperature
(for applied field B =0) and (b) applied field (at temperature 5
K).

“chance” areas of overlap at certain island edges, and we
would anticipate greatly reduced critical currents with a
clear weak-link behavior. Even in this case, however, at
temperatures well below the mean-field critical tempera-
ture, the in-plane coherence length will be much less than
the island size, and the resistive behavior is unlikely to be
strongly affected. Therefore, the Kosterlitz-Thouless
analysis of Ref. 8 would seem to be valid [18]. We
should also point out that the interfacial steps are not the
dominant pinning sites. Their density is independent of
YBCO layer thickness, whereas there is experimental evi-
dence that the pinning energy barrier increases linearly
[19]). Far more likely to be dominant are oxygen vacan-
cies or other point pins. Collective pinning theory yields
a critical current proportional to the collective pinning
energy barrier, which is proportional to the number of
elementary pins per unit volume within a thin film [20].
In conclusion, Z-contrast imaging has demonstrated
that interdiffusion is not a factor affecting the resistive
transitions in YBCO/PBCO superlattices. At moderate
supersaturations, ¢ L growth on SrTiOj; occurs cell by cell
through sequential nucleation and coalescence of islands,
one complete Ba-Y-Ba structural unit high terminated at
the Cu-chain plane, with sides 20-30 nm long along
[100] and [010]. This intrinsic island growth leads to a
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gradual roughening of the growing surface and the even-
tual evolution of macroscopic islands. At higher super-
saturations, a L growth occurs with significant atomic-
scale interfacial roughness. Amorphization via ion irradi-
ation can also occur cell by cell.
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FIG. 1. Cross-section transmission electron micrograph of a
I8 YBCO/PBCO superlattice. The 11.7-A lattice fringes
clearly indicate undulations in the layers.
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FIG. 2. (a) Z-contrast STEM image of the | x8 superlattice
showing YBCO layers (dark) one unit cell thick, jumping oc-
casionally by one unit cell along the ¢ axis. (b) Interface step in
a 3x5 superlattice showing compositional abruptness of the or-
der of one lattice parameter in the a-b plane.



FIG. 3. The amorphous/crystal interface in a ¢l ion-
implanted YBCO film is located at the Cu-chain plane, and
jumps frequently by one unit cell. End-of-range damage
(marked d) is visible in the crystal.



FIG. 4. Z-contrast image from a thin region of a 4x16 aL
superlattice showing considerable atomic-scale interfacial
roughness.



