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

The thicknfss dependence of the superconducting
critical tempeEature (Ta) for verythin layers has been
of theoretical and experimental interest for many
years [1—6].~n a variety of conventional superconductors, 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
ofconventional superconducting superlattices [7—9].
In high temperature superconductors, Terashima et
al. reported that a one unit cell thick single layer of
YBa2Cu3O7_8 (YBCO) is not superconducting when
directly prepared on a variety of insulating substrates, although it is superconducting with an onset
70 K when sandwiched between PrBa2Cu3O7~
(PrBCO) layers on a SrTiO3 substrate [10]. However, their analysis of X-ray diffraction to calibrate
the thickness of their films is flawed and is discussed
elsewhere [111. An alternate way in which related
studies have been performed is by preparing superlattices of the superconductor with a non-superconducting sepaiittor [12—14].
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Ascertaining the integrity ofa 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 measurements of interdiffusion and step disorder must
be performed. Misleading conclusions may be obtamed without a quantitative analysis of these issues. We present a detailed, comparative study ofthe
structural, chemical, and superconducting properties
of single layer, tn-layer, and superlattice configurations of YBCO and PrBCO films. Quantitative
structural studies, based on refinement ofX-ray diffraction spectra of superlattices, allow us to determine 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 superconducting transition temperature onset (T~). Tn-layer
.
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YBCO/PrBCO/YBCO configurations with nominally one unit cell thick YBCO layers sandwiched
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between additional PrBCO layers are superconducting 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-axisconfiguration and moved periodically to symmetric positions across the target in orden to improve thickness uniformity [16]. Structural 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 Zr0
2, or random cut single crystal yttria stabilized zirconia (YSZ) substrates 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 tn-layer configurations. After deposition, the films were capped by eitheran amorphous
or crystalline 200 A PrBCO layer. For the superlattices, the first deposited layer was always PrBCO. The
sputtering gas was a 02(10%) /Ar(90%) mixture at
a total pressure of 300 mTorr. After deposition the
substrates were cooled to room temperature in approximately two hours in either 1 or 100 Ton of pure
02. The amorphous capping layer was deposited with
the substrate held at room temperature. We have examined our films using scanning electron microscopy and have found them to be featureless to
300 000 x magnification.
As the film thickness of a superconductor is reduced, superconductivity can disappear either because of phase decoupling between superconducting
grains or because of a change in the magnitude of the
order parameter. Phase decoupling may occur in oxide superconductors for a variety of reasons, including inhomogeneous oxygen or metal ion stoichiometry distribution, weakening of the Josephson type
coupling across grain or twin boundaries, etc. All
these mechanisms will lead to loss of superconducting percolation across the whole film. Additionally,
for very thin films the substrate surface roughness
may result in island formation and loss of percolation. Since we are interested in establishing whether
the magnitude of the order parameter is finite for
242
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YBCO films with thicknesses near one unit cell, we
have used the magnetic field modulated (MFM) microwave absorption technique [17] to determine the
onset of superconductivity. This technique is applicable to determine T~°
even in non-percolating samples. The sensitivity ofthe 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 x 10 —“ cm3).
Figure 1 shows a comparison of the temperature
dependence of the MFM microwave absorption signal and the resistivity for a single 500 A YBCO layer
sandwiched between PrBCO layers. The T~°
determined from resistivity measurements corresponds to
—‘

the T~°
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 superconductivity in very thin films: (1) determination of the
absolute thickness and (2) determination of the
structural and chemical integrity of the superconducting film. High resolution X-ray diffraction provides a convenient method to address both issues.
Figure 2b shows the X-ray diffraction spectra of a caxis 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 intensity 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 sandwiched between PrBCO layers.
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average value of one unit cell; (c) there is only alimited amount of step disorder; (d) the c lattice pa-
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Fig. 2. 0—20 X-ray diffraction spectra for a c-oriented [YBCO( 1
unit cell)/PrBCO(8 unit cells)]xl9 superlattice. (a) Simulated spectrum for a perfect superlattice; (b) experimental d.ata;
(c) refined spectrum including interface roughness and interdiffusion. The curves have been offset and the (200) MgO peak at
42.8°has been erased forclarity.

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) observation of fihite size XRD peaks [16] in thin single 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 experiments to an accuracy better than 10%.
The structural study of the individual layers requires 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 spei~trumfor an ideal,perfect superlattice.
Step disorder and interdiffusion in the layers are important and not negligible, as is clearly demonstrated
by the difference in the relative intensity of the diffraction peaks between the perfect superlattice simulation (fig. 2a) and the experimental data (fig. 2b).
Using a technique described previously [18] we
model the structure including interdiffusion between
the Y and Pr ~ites and step disorder in integer number of unit cells. Figure 2c shows the refined spectrum including quantitative parametrization of the
interdiffusion and roughness at the interfaces. The
results indicate that: (a) in the YBCO layer there is
a (30±-S)% substitution of Pr in the Y sites due to
interdiffusion at the interfaces; (b) the YBCO layer
has thickness filuctuations of one unit cell around the
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Structural
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that
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there
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a with
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substitution of Pr in the Y sites at the first interfacial
unit cell.
Figure 3 shows T~°
as a function of YBCO thickness (d.~~)for single layers sandwiched between
PrBCO buffer and capping layers deposited on vanious substrates. These samples were prepared over a
period of one year using a variety of growth methods, capping layers, and substrate combinations.
Several of the samples were remeasured after a few
weeks with no decrease in the observed T~.The reproducibility of the superconducting data between
different runs, long term stability, and the independence 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 T~°
with thicknessat 15
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Fig. 3. T~of single layer YBCO asa function of thickness (dy~

0)
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-axisdeposition, YSZ substrate and amorphous capping layer; (•)
NACHOS deposition, YSZ substrate andcrystalline cappinglayer,
(0) NACHOS deposition, MgO substrate and crystalline capping layer, (~)0°-off-axisdeposition, Zi02 substrateand amorphous capping layer. The solid line is a guide to the eye.

243

Volume 175, number 3,4

PHYSICS LETTERS A

12 April 1993

A

(one and a quarter unit cells of YBCO). This effect is probably caused by changes in the order parameter and not by phase decoupling since the observation 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 intendiffusion and
lattice expansions are present as shown by the structural 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 cannot 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)!
PnBCO (dpr8~0)/YBCO (1 unit cell) tn-layers sandwiched between PnBCO buffer and capping layers.
These studies were conducted to determine the possible coupling across a separating PrBCO layer. For
superlattices, our superconducting transition ternpenatune data is in agreement with measurements reported by other groups [12—141.For tri-layers the
superconducting transition temperature decreases
with increasing PrBCO separator thickness (d~~8~0),
as shown in fig. 4. The study of tri-layers indicates
that the coupling length across PrBCO is ofthe order
of 200 A, as might be expected for a material which
has a conductivity between a good metal and an insulaton. 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
the Fermi sunface of PrBCO have been performed to date. However, based on the factthat the resistivity of PrBCO
falls between a good metal and a conventional semiconductor, it is not totally unexpected that the coherence length is also in between these two extremes,
Since the coupling length is determined by the coherence length in PrBCO [20], T of a YBCO/
PrBCO superlattice may only be representative of the
single YBCO layer if the thickness ofthe PrBCO sepanaton 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. T~°
for a YBCO( 1 unit ceil)/PrBCO(d~.,~)/YBCO(1

unit cell) tn-layer asa function ofPrBCO layer thickness (d,.,~)
sandwiched between a 1000 A c-onented PrBCO buffer layer and
a 200 A capping layer. The solid line is a guide to the eye.

tronic properties ofthe 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 supenlattice configurations
in order to ascertain whether the enhancement ofsuperconductivity for superlattices, as compared to
single layers, is a structural or intrinsic effect. As more
and more layers are built up there may be cumulative disorder which can produce: (a) increases in
roughness, (b) thicker layers than nominal, (c) random changes in the crystal structure, i.e. strains,
which may occasionally create a superconducting negion. 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 oflayers. We are left, therefore, to conclude that for superlattices the enhancement of T~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 sandwichedbetween PrBCO
buffer and capping layers, (b) YBCO (1 unit cell) /
PrBCO(dprBco/YBCO( 1 unit cell) tri-layers sandwiched 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
dyB~ 15 A. The coupling length across the PrBCO
layer is of the order of 200 A in accordance with expectations. For superlattices the observed increase of
T~°
appears to be intrinsic. The issue of the superconducting properties of a single unit cell thick, uniform,perfectly segregated, smooth YBCO layer is still
open.
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