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We have performed detailed structural and superconducting studies of YBCO single layers, YBCO/PrBCO/YBCO tri-layers,
and YBCO/PrBCO superlattices. The results for single layers indicate that a nominally one unit cell thick YBCO film sandwiched
between PrBCO layers is not superconducting. However, a superlattice with nominally one unit cell thick YBCO layers has a
measurable superconducting temperature onset (72 ). These apparently contradictory results are reconciled by experiments on
YBCO/PrBCO/YBCO tri-layers which, due to coupling across the PrBCO insulating layer, exhibit superconductivity for PrBCO
thicknessés below 200 A. Structural studies show that the length scale of the superconductive coupling is much larger than the
length sca,jle of the step disorder and interdiffusion present in the film.

The thicknqss dependence of the superconducting
critical temperature (7, ) for very thin layers has been
of theoretical and experimental interest for many
years [1-6]. In a variety of conventional supercon-
ductors, gradual [4,5] or sudden [6] transitions from
the superconducting state to an insulating state have
been observed with decreasing thickness. Gradual
changes in T, have also been observed in a variety
of conventional superconducting superlattices [ 7-9].
In high temperature superconductors, Terashima et
al. reported that a one unit cell thick single layer of
YBa,Cu;0,_; (YBCO) is not superconducting when
directly prepared on a variety of insulating sub-
strates, although it is superconducting with an onset
~70 K when sandwiched between PrBa,Cu;0,_;
(PrBCO) layers on a SrTiO; substrate [10]. How-
ever, their analysis of X-ray diffraction to calibrate
the thickness of their films is flawed and is discussed
elsewhere [11]. An alternate way in which related
studies have been performed is by preparing super-
lattices of the superconductor with a non-supercon-
ducting separator [12-14].
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Ascertaining the integrity of a very thin layer is by
no means trivial, even with modern state of the art
characterization techniques. Two important issues
have to be addressed quantitatively when studies of
very thin layers are performed: (1) the absolute
thickness must be determined with an accuracy
higher than one unit cell and (2) quantitative mea-
surements of interdiffusion and step disorder must
be performed. Misleading conclusions may be ob-
tained without a quantitative analysis of these is-
sues. We present a detailed, comparative study of the
structural, chemical, and superconducting properties
of single layer, tri-layer, and superlattice configura-
tions of YBCO and PrBCO films. Quantitative
structural studies, based on refinement of X-ray dif-
fraction spectra of superlattices, allow us to deter-
mine thicknesses with high accuracy and set limits
on the amount of step disorder and interdiffusion.
Our study indicates that a nominally one unit cell
thick single layer of YBCO sandwiched in between
PrBCO layers is not superconducting. In contrast, we
find that a superlattice with nominally one unit cell
thick YBCO layers has a measurable superconduct-
ing transition temperature onset (7°2). Tri-layer
YBCO/PrBCO/YBCO configurations with nomi-
nally one unit cell thick YBCO layers sandwiched
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between additional PrBCO layers are superconduct-
ing for a separating PrBCO layer thickness less than
200 A.

High temperature superconducting oxide films
were prepared either by the standard 0°-off-axis
method [15] or using a new sputtering technique
(NACHOS). Briefly, in the NACHOS technique the
sample is positioned outside the sputtering plasma
in a 0°-off-axis configuration and moved periodi-
cally to symmetric positions across the target in or-
der to improve thickness uniformity [16]. Struc-
tural measurements of 200 A single layer films grown
using this technique show that the film thickness
fluctuates by no more than one unit cell.

The samples were grown on (100) single crystal
MgO, (100) single crystal ZrO,, or random cut sin-
gle crystal yttria stabilized zirconia (YSZ) sub-
strates kept at approximately 750°C. A c-oriented
crystalline PrBCO buffer layer, with an approximate
thickness of 1000 A was grown before deposition of
the single and tri-layer configurations. After depo-
sition, the films were capped by either an amorphous
or crystalline 200 A PrBCO layer. For the superlat-
tices, the first deposited layer was always PrBCO. The
sputtering gas was a O,(10%)/Ar(90%) mixture at
a total pressure of 300 mTorr. After deposition the
substrates were cooled to room temperature in ap-
proximately two hours in either 1 or 100 Torr of pure
O,. The amorphous capping layer was deposited with
the substrate held at room temperature. We have ex-
amined our films using scanning electron micros-
copy and have found them to be featureless to
300 000X magnification .

As the film thickness of a superconductor is re-
duced, superconductivity can disappear either be-
cause of phase decoupling between superconducting
grains or because of a change in the magnitude of the
order parameter. Phase decoupling may occur in ox-
ide superconductors for a variety of reasons, includ-
ing inhomogeneous oxygen or metal ion stoichiom-
etry distribution, weakening of the Josephson type
coupling across grain or twin boundaries, etc. All
these mechanisms will lead to loss of superconduct-
ing percolation across the whole film. Additionally,
for very thin films the substrate surface roughness
may result in island formation and loss of percola-
tion. Since we are interested in establishing whether
the magnitude of the order parameter is finite for
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YBCO films with thicknesses near one unit cell, we
have used the magnetic field modulated (MFM ) mi-
crowave absorption technique [ 17] to determine the
onset of superconductivity. This technique is appli-
cable to determine 7'2 even in non-percolating sam-
ples. The sensitivity of the MFM microwave method
is such that we can detect a 0.1% superconducting
volume fraction of a one unit cell thick film (this
corresponds to detecting a superconducting volume
of ~5%10~' ¢cm?).

Figure 1 shows a comparison of the temperature
dependence of the MFM microwave absorption sig-
nal and the resistivity for a single 500 A YBCO layer
sandwiched between PrBCO layers. The 72 deter-
mined from resistivity measurements corresponds to
the 72 determined from the onset of a sharp change
in the MFM microwave signal.

As noted earlier two important structural issues
must be addressed for an analysis of superconduc-
tivity in very thin films: (1) determination of the
absolute thickness and (2) determination of the
structural and chemical integrity of the supercon-
ducting film. High resolution X-ray diffraction pro-
vides a convenient method to address both issues.
Figure 2b shows the X-ray diffraction spectra of a c-
axis oriented [YBCO(1 unit cell) /PrBCO(8 unit
cells) ]-x 19 superlattice. This spectra compares well
with data presented by other groups as far as inten-
sity and line shapes are concerned [12,13]. Mea-
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Fig. 1. Resistivity and MFM microwave absorption signal as a
function of temperature for a 500 A single layer of YBCO sand-
wiched between PrBCO layers.
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Fig. 2. 6-26 X-ray diffraction spectra for a c-oriented [YBCO(1
unit cell)/PrBCO(8 unit cells)] X 19 superlattice. (a) Simu-
lated spectrum for a perfect superlattice; (b) experimental data;
(c) refined spectrum including interface roughness and interdif-
fusion. The curves have been offset and the (200) MgO peak at
42.8° has been erased for clarity.

surement of the superlattice period as a function of
the YBCO to PrBCO deposition time ratio allows
calibration of the deposition rate with 5% accuracy.
This calibration has been compared with two other
independent thickness determination methods: (a)
stylus step prdfilometry for thick films, and (b) ob-
servation of finite size XRD peaks [16] in thin sin-
gle layer films (100-300 A). The deposition rates
obtained by the three methods agree within 10%.
Thus we can be confident that the average thickness
of the layers is determined in the present experi-
ments to an accuracy better than 10%.

The structural study of the individual layers re-
quires a more sophisticated analysis. In our case,
since the YBCO layer is structurally very similar to
PrBCO, we must be particularly concerned with step
disorder and interdiffusion. In fig. 2a we show the
simulated spectrum for an ideal, perfect superlattice.
Step disorder and interdiffusion in the layers are im-
portant and not negligible, as is clearly demonstrated
by the difference in the relative intensity of the dif-
fraction peaks between the perfect superlattice sim-
ulation (fig. 2a2) and the experimental data (fig. 2b).
Using a technique described previously [18] we
model the structure including interdiffusion between
the Y and Pr dites and step disorder in integer num-
ber of unit cells. Figure 2c shows the refined spec-
trum including quantitative parametrization of the
interdiffusion and roughness at the interfaces. The
results indicate that: (a) in the YBCO layer there is
a (30+5)% substitution of Pr in the Y sites due to
interdiffusion at the interfaces; (b) the YBCO layer
has thickness fluctuations of one unit cell around the
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average value of one unit cell; (c) there is only a lim-
ited amount of step disorder; (d) the c lattice pa-
rameter of the YBCO layer (11.63 A) is contracted
with respect to the bulk value (11.677 A), indicating
an in-plane expansion possibly due to epitaxial
strains. Structural refinements of superlattices with
thicker YBCO layers indicate that there is a 15%
substitution of Pr in the Y sites at the first interfacial
unit cell.

Figure 3 shows T2 as a function of YBCO thick-
ness (dypco) for single layers sandwiched between
PrBCO buffer and capping layers deposited on var-
ious substrates. These samples were prepared over a
period of one year using a variety of growth meth-
ods, capping layers, and substrate combinations.
Several of the samples were remeasured after a few
weeks with no decrease in the observed 7°2. The re-
producibility of the superconducting data between
different runs, long term stability, and the inde-
pendence of the capping layer structure (amorphous
or crystalline) implies that the results are repeatable
and reliable, and are not dependent on uncontrolled,
unknown factors. The most striking feature of this
data is the sharp increase in 72 with thickness at ~ 15
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Fig. 3. T2 of single layer YBCO as a function of thickness (dypco)
sandwiched between a 1000 A c-oriented PrBCO buffer layer and
a 200 A PrBCO capping layer. (@) NACHOS deposition, YSZ
substrate and amorphous capping layer; ( A ) 0°-off-axis depo-
sition, YSZ substrate and amorphous capping layer; (¢)
NACHOS deposition, YSZ substrate and crystalline capping layer;
(O) NACHOS deposition, MgO substrate and crystalline cap-
ping layer; ( A ) 0°-off-axis deposition, ZrQO, substrate and amor-
phous capping layer. The solid line is a guide to the eye.
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A (one and a quarter unit cells of YBCO). This ef-
fect is probably caused by changes in the order pa-
rameter and not by phase decoupling since the ob-
servation is based on microwave measurements
which do not require long range coupling across the
whole sample. Clearly a nominally one unit cell thick
layer of YBCO sandwiched between PrBCO layers
exhibits no measurable superconductivity down to 5
K. This result might be expected if interdiffusion and
lattice expansions are present as shown by the struc-
tural refinement. It should be remembered that 30%
Pr doping depresses the superconducting transition
temperature of bulk YBCO [19] by as much as 30
K, and therefore this amount of interdiffusion can-
not be neglected.

In order to investigate the apparent discrepancy
between these single layer results and those obtained
from YBCO/PrBCO superlattices [12-14], we
have performed a series of experiments on YBCO/
PrBCO superlattices and YBCO(1 unit cell)/
PrBCO(dpco)/YBCO(1 unit cell) tri-layers sand-
wiched between PrBCO buffer and capping layers.
These studies were conducted to determine the pos-
sible coupling across a separating PrBCO layer. For
superlattices, our superconducting transition tem-
perature data is in agreement with measurements re-
ported by other groups [12-14]. For tri-layers the
superconducting transition temperature decreases
with increasing PrBCO separator thickness (dp:pco ),
as shown in fig. 4. The study of tri-layers indicates
that the coupling length across PrBCO is of the order
of 200 A, as might be expected for a material which
has a conductivity between a good metal and an in-
sulator. The coherence length in conventional metals
and semiconductors can be quite long depending on
electronic parameters of the material. To the best of
our knowledge, no measurements of the Fermi sur-
face of PrBCO have been performed to date. How-
ever, based on the fact that the resistivity of PrBCO
falls between a good metal and a conventional semi-
conductor, it is not totally unexpected that the co-
herence length is also in between these two extremes.

Since the coupling length is determined by the co-
herence length in PrBCO [20], T2 of a YBCO/
PrBCO superlattice may only be representative of the
single YBCO layer if the thickness of the PrBCO sep-
arator is larger than 200 A. It should be noted that
this distance will be strongly dependent on the elec-
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Fig. 4. T2 for a YBCO(1 unit cell) /PrBCO (dppco)/YBCO(1
unit cell) tri-layer as a function of PrBCO layer thickness (dprsco)
sandwiched between a 1000 A c-oriented PrBCO buffer layer and
a 200 A capping layer. The solid line is a guide to the eye.

tronic properties of the separator and therefore a large
variability may be expected from group to group.

We have investigated a large number of films of
single layer, tri-layer, and superiattice configurations
in order to ascertain whether the enhancement of su-
perconductivity for superlattices, as compared to
single layers, is a structural or intrinsic effect. As more
and more layers are built up there may be cumula-
tive disorder which can produce: (a) increases in
roughness, (b) thicker layers than nominal, (c) ran-
dom changes in the crystal structure, i.e. strains,
which may occasionally create a superconducting re-
gion. The structural measurements performed to date
indicate that this is not the case, i.e. no significant
changes in the superlattice structure are observed
with increasing number of layers. We are left, there-
fore, to conclude that for superlattices the enhance-
ment of 7°° is an intrinsic effect.

In summary, we have performed a detailed study
of the structural, chemical, and superconducting
properties of YBCO films, in three configurations:
(a) YBCO single layers sandwiched between PrBCO
buffer and capping layers, (b) YBCO(1 unit cell)/
PrBCO(dpsco/ YBCO(1 unit cell) tri-layers sand-
wiched by PrBCO buffer and capping layers and (c)
YBCO/PrBCO superlattices. Detailed structural
studies indicate the presence of interfacial roughness
of the order of one unit cell and non-negligible Pr
and Y interdiffusion. The superconducting proper-
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ties are found to be independent of the crystalline or
amorphous nature of the PrBCO capping layer. The
T? for single layer YBCO films sandwiched between
PrBCO layers increases abruptly from zero at
dysco~ 15 A. The coupling length across the PrBCO
layer is of the order of 200 A in accordance with ex-
pectations. For superlattices the observed increase of
T2 appears to be intrinsic. The issue of the super-
conducting properties of a single unit cell thick, uni-
form, perfectly segregated, smooth YBCO layer is still
open.
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