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Abstract

We report on the preparation of CuBa,(Sr.Ca,_,),Cu,_;0, compounds by fabrication of (Ba,Sr,Ca)CuO, super-
lattices with pulsed laser deposition (PLD). A technique called interval deposition is used to suppress multi-level or
island growth resulting in high-quality superlattice structures. Both, the applicability of PLD to atomic engineering as
well as the fabrication of artificial superconductors is demonstrated. The (Sr,Ca)CuO,-BaCuO, superlattices are
characterized by X-ray diffraction, high-resolution electron microscopy (HREM) and selected area electron diffraction.
The superlattice period has been deduced from electron diffraction patterns and XRD measurements. For Sr containing
films, the best growth behavior is observed and films with the highest degree of crystallinity are obtained, whereas
superconductivity is only found in less crystalline, Ca containing films. Under some deposition conditions and de-
pending on the amount of Ba containing layers in the superlattice, it was observed that the BaCuO, material is con-
verted to Ba,CuO,_;. Image simulations to interpret the HREM contrast are performed. © 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction This layered structure has invited people to inter-
vene on an atomic level. In search for new super-

Almost all high-T; superconducting oxide ce- conducting compounds, in particular the cuprates,
ramics belong to the perovskite class of materials. layer-by-layer or block-by-block thin film deposi-

tion techniques have become an interesting alter-

native to the traditional ‘bulk’ synthesis methods
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copper oxide planes [11-14]. Finally, similar tech-
niques have been used to fabricate very thin bar-
rier layers for Josephson junctions with a planar
layout [11,15-17].

In the search for new superconducting com-
pounds an often chosen strategy is to assume the
so-called infinite-layer compound ACuQO, and try
to periodically insert some kind of the charge
reservoir. The infinite-layer structure ACuQO,
(A = Ba, Sr,Ca) is an oxygen deficient perovskite
structure, consisting of corner shared, square co-
ordinated Cu(Il), copper oxide planes, and alka-
line(IT) earth in the body center. In fact, many
classification schemes of the known high-7,. cup-
rates are based on the infinite-layer or ‘parent’
structure [18,19]. It was first thought that the ‘in-
finite-layer’ compound has the simplest structure
containing all the elements for high-7, supercon-
ductivity. After the stabilization of tetragonal
Sr.14CaggsCu0O, by Siegrist et al. in 1988 [20]
numerous efforts to make this structure super-
conducting have lead to an abundance of new
compounds.

Parallel to the synthesis of bulk infinite-layer
compounds at high pressures, it became clear that
the tetragonal phase for different film composi-
tions could be epitaxially stabilized on different
substrate materials using pulsed laser deposition
(PLD) [21-28], RF magnetron sputtering [29-33],
laser-molecular-beam epitaxy (laser-MBE) [34-
38], molecular-beam epitaxy (MBE) [39] or other
techniques [40,41].

Indeed, doped structures with some Sr** or Ca®"
replaced by Ln*" (Ln = La, Nd), synthesized by
several groups either in bulk [42-46] or thin film
[47-51] with T.s up to ~40 K, have the tetragonal
structure. These materials are n-type or electron
doped superconductors. However, in some reports
the formation of foreign phases is observed de-
pending on the doping level (e.g. [52]). Since the
Meissner fraction for most of the n-type samples is
rather small, the question remains whether the
observed superconductivity should be ascribed to
the infinite-layer structure itself.

Holes (p-type) are created in slightly alkaline
earth deficient compositions with an infinite-layer
structure and there have been several reports of
critical temperatures up to 110 K [53]. However,

the high critical temperatures were measured in
samples containing a lot of ordered defect struc-
tures, as seen with high-resolution electron mi-
croscopy (HREM). This suggests that in fact these
defects play an important role in the doping of the
CuO, planes [54-57]. For a detailed discussion see
for example the review article of Lagués et al. [58].
This observation has been explored extensively in,
both, bulk material as well as thin films. For ex-
ample, Feenstra et al. [59,60] show that periodical
insertion of extra SrO layers, acting as defects,
using thin film techniques, leads to either n-type or
p-type conduction, depending on the post-anneal
procedure.

Also substitution of smaller Ca*" (r=0.112
nm) by Sr*" (» = 0.126 nm) or Ba*" (» = 0.142 nm)
in solid solutions of BaCuO,, SrCuO, and
CaCuO, led sometimes to higher 7.s [61,62]. Al-
though initially incorporation of excess oxygen
due to the difference in coordination number of
Ba’" compared to (Sr,Ca)** was held responsible
for the doping, also here different types of ordered
defects were found.

For superlattices created by sequential deposi-
tion containing only SrCuO, and CaCuO, [63-65],
no superconductivity was found. However, Nor-
ton et al. have demonstrated superconducting
artificial layered structures with BaCuO, and
(Sr;_,,Ca,)Cu0O, by PLD [66], with a maximum 7
of ~70 K. The idea behind this is the fact that by
periodically substituting layers with smaller ca-
tions by larger cations, extra oxygen may be in-
corporated in the latter acting as charge reservoirs.
They only observed superconductivity in struc-
tures with more than one BaCuO, block. Later,
Balestrino et al. found also superconductivity
(Temax ~ 80 K) using the same method, however,
only in case of superlattices with Ba and Ca [67],
i.e., Sr containing structures showed no trace of
superconductivity. This was attributed to Ba/Sr
interdiffusion. Both groups verified the artificial
periodicity of the as-grown films with XRD [68],
after calibration of the growth rates of the indi-
vidual constituents by thickness measurements: no
in situ growth rate monitoring has been used and,
more importantly, the growth mode has not been
identified in these studies. Because these structures
are very unstable, HREM analysis of these films,
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using high-energy electrons, is extremely difficult.
The relation of superconductivity and the struc-
ture is not clear yet, e.g., whether the relation
found for the number of different layers with su-
perconductivity [69] has a fundamental origin or is
determined by the crystalline quality.

As a result of the efforts to explore the origin
of superconductivity in infinite-layer materials,
new superconducting families were identified, e.g.,
S1,41Cu, 02,1145 [54], Cu.Ba,Ca,_,Cu,O, [70] and
the oxy-carbonates [71-75]. The highest critical
temperature up to now for materials without
heavy metals is reported for the CaysCugsBa,
Ca,_;Cu,0O, system in bulk [76,77] and is 126 K.
Note that this is comparable to materials con-
taining the highly toxic elements like thallium or
mercury and, therefore, these materials are very
attractive for application.

Here, the CuBay(Sr,Ca),_;Cu,O, compound
has been fabricated in thin film by sequential de-
position of (smaller) Sr;_,, Ca, containing layers
and (larger) Ba containing layers, in order to ob-
tain layers with different functionalities (e.g.,
charge reservoir by incorporation of excess oxy-
gen). Superlattices are fabricated by depositing
sequentially ACuO, (A = Ba, Sr or Ca) from dif-
ferent targets, BaCuO, (BCO), SrCuO, (SCO),
Sry7Cap;Cu0, (SCCO) and CaCuO, (CCO), us-
ing the interval deposition technique. The struc-
tures have been analyzed with XRD and HREM
and the morphology of the surface is monitored
in situ with high-pressure reflective high energy
electron diffraction RHEED and ex situ with AFM.

2. Experimental

The thin films were grown using the atomic
layer-by-layer PLD system, including high-pressure
RHEED, as described by Rijnders et al. [78]. The
technical details were the following: Lambda Phy-
sik Compex 105 Excimer KrF laser (248 nm), en-
ergy density on the targets 1.5 J/cm?, repetition rate
of 1-10 Hz, target-substrate distance set at ~50
mm, oxygen pressure varied between 3 and 31 Pa.
All targets used were sintered pellets. For the
RHEED analysis, 35 keV electrons, STAIB Ins-
trumente, were used with an incident angle of 1-2°.

The diffraction pattern on the phosphor screen was
monitored during growth by a CCD camera.

Special treated SrTiO; substrates have been
used to ensure a single terminated surface, i.e.,
TiO, [79,80]. In some cases the surface termination
was changed by deposition one monolayer of SrO.

For each succeeding layer in the artificial su-
perlattices, the pulsed laser interval deposition
method was used to suppress island growth [81].
To perform successfully interval deposition, one
needs to know the number of laser pulses p; to
complete one unit-cell layer for each of the com-
ponents i. Therefore, the following procedure was
applied for the superlattices. First, the number of
pulses needed for one unit-cell layer is estimated
by counting the number of pulses completing one
oscillation period during the deposition of each
component at fixed deposition conditions. Note
that in this case no interval deposition was used,
but standard PLD, with a repetition rate of 1 Hz.
If possible, this estimation is verified with X-ray
reflectivity thickness measurements. In some cases,
e.g., CCO, intensity oscillations could only be
observed in the presence of an extra buffer layer.

Subsequently, the interval deposition technique
is used to deposit stacks of layers where two unit-
cell BCO layers (Balestrino et al. observed that the
BCO is only stable when at least a double block is
deposited [27,87,88]) are alternated with CCO,
SCCO or SCO layers of different combinations
and thickness (up to four tetragonal unit-cell lay-
ers). 0-20 scans (X'pert diffractometer, Philips,
The Netherlands, CuKa source) show satellite
peaks, originating from the artificial superstruc-
tures, see for example Ref. [82]. The positions of
these satellite peaks were used to confirm the de-
position rate of each constituent. From the su-
perlattice period

A

(1)

- 2|sinfy; — sin 6|

of the subsequently deposited film and the average
lattice parameter

c = (n101 +n202)/(n1 + 1’12) (2)

with / the wavelength of the used radiation, 0.,
the angles of the first-order satellite peaks and »;
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the number of constituent layers with lattice pa-
rameter c¢;, one can estimate p; notifying that for an
expected A, n; have to be integers.

The HREM analyses were performed on a
JEOL 4000EX operating at 400 and 376 kV. The
point resolution of this instrument is 0.17 nm. The
HREM sample preparation involves standard
polishing and ion milling at low angle and low volt-
age. Samples with growth sequences of [(Sr;_,,
Ca,)Cu0O,),~(BaCu0,);], and n=20; a =b =4,
n=20;a=2;,b=3and n =20; a=>b =2 have
been investigated by HREM.

The electrical properties of the superlattices
were measured with the four-probe technique, in-
side a He cryostat.

3. Results and discussion
3.1. Deposition of constituents

To be able to fabricate superlattices in the
(Ba,Sr,Ca)CuO, system, we first studied the
growth of the individual constituents by standard
PLD (repetation rate 1 Hz) on SrTiO;. Fig. 1
shows the RHEED intensity changes of the spec-

ular reflection recorded during the deposition of
CCO, SCO and BCO on SrTiO;.

During the growth of the infinite-layer ACuO,
on SrTiO; (ayp = 0.3905 nm), the observed behav-
ior strongly depends on the size of the alkaline
earth ion A. The bulk lattice constants for te-
tragonal CCO and SCO are 0.3855 and 0.3926 nm,
the values for the c-axis are 0.318 and 0.343 nm,
respectively [26,61,83]. The lattice constants for
thin films on SrTiO; tend to deviate a little from
these values, possibly due to the underlying crys-
talline template of SrTiOs;, see below. No data
exists for BCO, since the tetragonal structure is not
stable in bulk.

Here, SCO was deposited on SrO terminated
SrTiO; at a temperature of 550°C and oxygen
pressure of 3 Pa. After an initial dip of the specular
intensity, a stationary variation is observed. SCO
(or SCCO) with a lattice constant comparable to
the one of SrTiO; exhibits a layer-by-layer growth
mode, as seen from the pronounced intensity os-
cillations in Fig. 1(a).

In contrast, for CCO a Stransky—Krastanov
growth behavior, i.e., two unit-cell layers are sta-
bilized by the substrate, as seen in Fig. 1(b) by the
existence of two maxima, followed by an expo-
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Fig. 1. RHEED intensity changes of the specular reflection recorded during deposition of (a) SCO, (b) CCO on SrTiOs and (c) BCO,

(d) CCO on buffered SrTiO; (standard PLD; repetition rate 1 Hz).
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nential decay. The small in-plane lattice constant,
compared to SrTiO; and the relaxation of stress
can explain this.

As mentioned before, the tetragonal BCO phase
is not stable in bulk and it is only possible to grow
in thin film form through the stabilizing effect of
substrate. The tetragonal phase of BCO has been
reported to be stable in thin film form up to
thickness of 30 nm [84]. Due to the larger size of
Ba’®" compared to Sr*", one expects considerable
compressive stress in the BCO film that eventually
will be released in thicker films. During deposition
of BCO on SCO buffered SrTiOs, a transition in
the period of the intensity oscillations is observed,
as indicated by the arrows in Fig. 1(c), which
might indicate that the growing block, corre-
sponding to the RHEED intensity variations, has
been changed. The change during the growth of
BCO, as clearly can be seen in the figure, might be
explained by a phase transformation for thicker
films. This behavior was observed both on a bare
substrate as well as on substrates buffered, e.g.,
with SCO. Note, that Del Vecchio et al. proposed
that BCO growth proceeds in double unit-cell
blocks [88].

When a buffer layer of BCO is used prior to the
deposition of CCO, see Fig. 1(d), the intensity in-
creases and intensity oscillations are observed. The
same behavior is observed during the growth of
CCO on SCO buffered SrTiO;. A better estimate
can be made of the deposition rate in this case,
since more periods can be taken into account.

In Fig. 2, the 6-20 XRD data are given for the
different constituents. From the (001) reflections

marked in Fig. 2(a)—(c) by arrows, we determined
the c-axis periods for CCO, SCCO, SCO and BCO
to be 0.321, 0.341, 0.345 and 0.421 nm, respec-
tively. These values are comparable to the ones
found in literature for different deposition tech-
niques. From the RHEED patterns we estimate
that the in-plane lattice constants are comparable
to SrTiOs. Note that the value found for BCO is
the one expected for the tetragonal phase, this in
contradiction one should expect from the RHEED
data. This supports the assumption of a more
stable double tetragonal BCO block during depo-
sition. Some very small peaks, marked with ? in
Fig. 2(c), could not be identified as originating
from a superstructure phase.

Although these results suggest that only for
SCO and SCCO the RHEED intensity oscillations
can be used for rate monitoring, the initial periods
of both CCO and BCO have been used for a first
estimation of their deposition rate.

3.2. Deposition of superlattices

In Fig. 3 typical RHEED patterns are shown
observed after sequential deposition of a BCO
layer (a) and a subsequent layer containing Ca
and/or Sr (b). The pattern after deposition of BCO
is always streaky and the intensity drops signifi-
cantly. After subsequent deposition of the SCO,
SCCO or CCO layer, the intensity increases again
and usually a tendency to a transmission spotty-
like pattern is observed, see Fig. 3(b). In Fig. 3(c)
the profile, of the ‘specular’ streak after seven
blocks of BCO/SCO, BCO/SCCO, BCO/CCO and

I(a.u.) . ) )
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Fig. 2. XRD 6-26 scans of (a) SrCuO,, (b) bi-layer of CaCuO, and Sr;Ca,;Cu0,, and (c) bi-layer BaCuO, and SrCuO,, all deposited
on SrTiOs. Arrows indicate film peaks, * indicate peaks originating from the substrate. Some very small peaks were found, marked
with ? in (c), corresponding to an unidentified phase or superstructure.
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I,

—— 2*CaCuO,

— 2*%Sr Ca CuO
2¢5rCu0;  °

Sr, Ca, CuO/CaCu0,

distance along streak

Fig. 3. Typical RHEED patterns after deposition of (a) a BCO block and (b) a (Sr,Ca)CO block. The profile along the ‘specular’ streak

as a function of the composition of the latter is given in (c).

BCO/SCCO/CCO, respectively, is given. In all
cases the deposition temperature was kept at
575°C with an oxygen pressure of 30 Pa. Appar-
ently, the specular reflection has a sharper profile,
indicating a smoother surface when the in-plane
lattice constant of the composition approaches the
lattice constant of SrTiOs.

Examples of the intensity of the specular re-
flection recorded during interval deposition of
these layers are given in Fig. 4. Fig. 4(a) (an en-
largement of Fig. 4(b)), shows RHEED intensity
variations during the deposition of a double BCO
block in one interval, as seen from a sharp drop in
intensity, followed by two single blocks of SCO.

;: ra) BCO .o | b)
= SCO
) l
0 250 0 1000
Lc) J L d)
0 1000 0 1000

time (s)

Fig. 4. Intensity of the specular reflection during deposition of (a) and (b) [2BaCuQ,/2SrCu0;]s, (c) [2BaCuO,/3Sr;;Cag;Cu0,]3y and

(d) [2BaCu02/2CaCuOZ]zo .
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Fig. 5. Surface morphology as seen with AFM of (a) (2BCO/2SCO),s superlattice, (b) (2BCO/2SCCO),s and (c) (2BCO/2CCO)ss.

Each deposited block causes initially a drop, fol-
lowed by a rise of the intensity. This type of os-
cillations are typical for the interval deposition
method. For the SCO containing films, a reason-
ably constant amplitude of the intensity oscilla-
tions is observed, see Fig. 4(b) and (c), where films
have been deposited with compositions 2BCO/
2SCO and 2BCO/3SCO, respectively. This indi-
cates a smooth surface during the deposition of 22
unit cells. This in contrast to the decrease of the
intensity after deposition of a certain thickness
(~17 BCO/CCO blocks) of films containing only
Ca and Ba, see Fig. 4(d). This difference can be
attributed to the larger in-plane lattice mismatch
between BCO and CCO tetragonal structures,
causing stress and subsequent release of this stress
for thicker layers, forming a rougher surface.

Ex situ AFM shows that in case of the SCO/
SCCO containing films almost complete suppres-
sion of island growth has been achieved, see Fig.
5(a) and (b). The initial terrace morphology of the
substrate surface is still visible, with height differ-
ences originated from the SrTiOj; unit-cell steps,
even after the deposition of a 40 nm thick film. On
the terraces, the morphology consists of small is-
lands. In Fig. 5(a) an interesting feature can be
seen. In this case the miscut angle of the SrTiO;
substrate was very low (<0.05°) resulting using our
chemical treatment in one unit-cell deep circular
holes on the wide terraces [85]. After subsequent
deposition of (2SCO/2BCO), still this unique im-
print of the underlying substrate is visible, a strong
evidence for layer-by-layer growth. It means that
the constantly high-RHEED intensity is not due to
a step-flow type of growth.

As seen in Fig. 5(c), the imprint of the substrate
morphology is absent in the case of CCO con-
taining films. However, as expected from RHEED
analysis, the films are still reasonably smooth,
which was also confirmed by X-ray reflectivity
measurements. Note that the observed morphol-
ogy of all these surfaces is expected to be affected
by interaction with air (humidity). *

The 0-20 scans of these artificial superstruc-
tures show clear satellite peaks, indicated with
arrows, see Fig. 6. The positions of these satellite
peaks were used to further calibrate the deposition
rate of each constituent.

When the deposition rate for BCO was derived
from the longer RHEED intensity oscillation pe-
riod, see Fig. 1(c), the resulting films gave a su-
perlattice period, which could not be fitted by
simply adding the expected thickness of each
constituent block. For example, Fig. 6(a) shows
superlattice peaks up to high order, indicative for a
high-quality superstructure. These satellite peaks
are centered on the average peak located near the
substrate peaks (sometimes they are merged).
However, the measured A4 = 3.83 nm, determined
using Eq. (1), does not correspond to the originally
intended 4 + 2 superlattice (A ~ 2.2 nm). The or-
igin of this discrepancy will become clear from the
HREM analysis, see below.

Reconsidering the deposition rate for BCO and
taking the RHEED intensity oscillation period
observed during deposition of the first few

3 The alkaline earth (II) elements react easily with H,O and
CO; from the ambient.
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Fig. 6. 0-20 scans of (a) BCO?/SCO? (A ~ 3.8 nm, i.e., corresponds not to 2BCO/4SCO), (b) 2BCO/2CCO/SCCO (A ~ 1.803 nm) and
(c) BCO,/CCO; (A ~ 1.52 nm). The (001) reflections of the films are indicated with arrows, peaks corresponding to the substrate are

indicated with an asterisk.

monolayers, see Fig. 1(c), we obtained super-
structures for which examples of the 6-26 scans are
shown in Fig. 6(b) and (¢). The small width and
the correct positions of the satellite peaks, ac-
cording to Eq. (1), indicate a high quality of the
superstructures. The satellite peaks correspond to
superlattice periods that are much closer to the
expected ones then in the case of Fig. 6(a).

If the exact number of laser shots that corre-
spond to each constituent layer deviates from an
integer, see Eq. (2), due to small errors in the es-
timate for the deposition rate or intermixing, the
satellite peaks will broaden or even splitting can
occur. The difference between a film with non-
integer values for n; see Fig. 6(b) and one with
integer n;, see Fig. 6(c), is exemplified: The former
clearly shows broadening of the peaks located in
between the average lattice peaks (which are lo-

cated near the substrate peaks), whereas in the
latter case, all the film peaks have the same width,
indicative of a high-quality superlattice.

For 2SCO\2BCO and 2CCO\2BCO films, w20
plots of the (01 3) peak are given in Fig. 7(a) and
(b), respectively. The FWHM values for both films
are of the same order, close to the value for in-
strumental broadening, although the latter film
displays a little more spread in orientation, which
could also be concluded from the RHEED mea-
surements during deposition. These values are
somewhat higher than those reported by Aruta
et al. [86] or comparable [87].

The full data set of reflections collected for
some of the films is indexed by a unit cell with a c-
axis value corresponding to the superlattice period
mentioned above. In addition, as expected, the in-
plane lattice constants are close to the ones of the

a)

14

02

¥

b)

[0}

Fig. 7. w20 plots of the superstructures (each contour represents a decrease of 10% of the maximum intensity starting from the peak

value): (a) 2SCO/2BCO (013) dw = d20 = 1.978% 20(xo) = 26.48% w(y)

do = d26 = 1.978°; 20(xy) = 27.07% w(3) = 2.31°%; FWHM ~ 0.35°.

~2.34°, FWHM ~ 0.3% (b) 2CCO/2BCO (013)
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substrates. Refinement of the data set, using a
model structure and treating the structure as a
single crystal, did not lead to a conclusive result
yet. From HREM, however, a better understand-
ing of the microstructure can be obtained.

The superlattice periods derived for different
compositions are given in Table 1. The values
found are systematically larger than the ones ex-
pected (from simple summation of the thickness of
the individual blocks, using the values found in
Fig. 2). Note that the deviations are much smaller
than in the case when wrong estimated deposition
rates were used. By assuming a larger value than
0.42 nm (i.e., 0.44 nm) for the BCO blocks, a better
fit to the measured values is obtained, similar to
the observations of Balestrino et al. [67]. The na-
ture of these deviations has been studied in more
detail by HREM.

Fig. 8(a) shows an HREM overview of the
hetero-structure as previously studied with XRD
in Fig. 2(a). The top of the hetero-structure con-
tains a protective SrTiOj; layer. The dark layers, 20
in total, are SCO, and the lighter layers, also 20,
are BCO. Fig. 8(b) shows a HREM image re-
corded near the top SrTiO; buffer layer. The BCO
layers clearly have a periodicity that differs from
the expected ‘perovskite’ spacing. The zig-zag
contrast in the closely spaced double rows resem-
bles the contrast of superconducting (La,Ba),-
CuO,_;, were Ba layers are present and are shifted
by (1/2, 1/2) in the (a, b) plane, with respect to
each other. The periodicity in the central row is

Table 1

clearly shifted by (1/2)a, after crossing the double
row, as indicated by arrows in Fig. 8(b). The lattice
parameter of the Ba block along the c¢-axis mea-
sured on the image is 1.32-1.36 nm.

All these features combined let us conclude that
the BCO layers in these samples actually consist of
Ba,CuO,. Others have observed similar structural
features in SCO films [88]. We observed mostly
two unit-cells thick layers of Ba,CuO,, with a total
thickness of 2.72 nm. The observed periodicity in
the image, three unit cells of SCO and two unit
cells of Ba,CuQ,, yields a total thickness of about
3.8 nm. Locally we observe regions with layers of
two or four unit cells of SCO. It is interesting to
note that the incorporation of Ba double layers
results in a shift of the Cu sublattice, observed as
a (1/2)ay shift. In the case of 1/2 unit cell of
Ba,CuO, this would result in a shift of the Cu
sublattice in consecutive SCO layers. Also steps in
the Ba,CuO, layer with heights of 1/2 unit cell
would induce this shift. However, such steps are
rarely observed; all the SCO layers are aligned, as
indicated with the vertical line in Fig. 8(b).

The contrast in the BCO layers could be mat-
ched with simulated images of Ba,CuQO, for a de-
focus of —20 nm and thickness of 2 nm. The ratio
of a/c for SrCuQO, is 1.03 and the ratio for the
Ba,CuO; is 3.97. Fig. 8(b) shows the positions of
Ba (white circles) according to a model for the
Ba,CuO,.

Fig. 9(a) shows a selected area electron diffrac-
tion (SAED) pattern. An enlargement around the

Superlattice periods, using Eq. (1) for different compositions (nm)

Expected values Measured values Literature
A: BaCuO, — 0.421 0.420 [67]
B: SrCu0O, - 0.345 0.34 [24]; 0.346 [25]
C: SrCaCuO, - 0.338 0.340 [63]
D: CaCuO, - 0.321 0.316-0.321 [26]
2A +2B 1.53 (0.383) 1.57-1.58 1.57 [68]
2A + 3B 1.875 (0.375) 1.91 (0.384) 1.92 [68]
2A +4B 2.22 (0.370) 2.25(0.379)
2A +2C 1.52 (0.379) 1.55-1.57
2A+3C 1.85 (0.371) 1.90
2A +2D 1.48 (0.370) 1.51-1.54 (0.376-0.382) 1.51 [87]
2A +3D 1.80 (0.360) 1.82 [87]
2A+C+D 1.50 (0.374) 1.53
2A+C+D+C 1.84 (0.367) 1.85 (0.368)
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Fig. 8. (a) Overview TEM image of a SCO/BCO superlattice based on an incorrect deposition rate estimate for the BaCuO, layers, the
white contrast corresponds to BCO, (b) HREM image of the same film, the white circles indicate the positions of the Ba ions in the

Ba,CuO, model.

(004) reflection is given in Fig. 9(b). The super-
lattice periodicity obtained from this diffraction
pattern is 3.54-3.56 nm. Faint spots are present
near the basic perovskite spots as indicated by the
upper arrow. The lower arrow indicates the per-
ovskite structure. This faint spot is rather elon-
gated and it represents a periodicity ranging from

0.358 to 0.362 nm belonging to the basic ACuO,
building block.

Apart from the highly ordered regions in the
films, we also observed that the BCO layer suffered
from amorphization, as seen in Fig. 10(a). This
clearly illustrates the instability of the BCO
structure as compared to the SCO. Possibly due to

Fig. 9. (a) SAED pattern of the structure as given in Fig. 8 and (b) a closeup near the (4 00) reflection.
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Fig. 10. (a) Amorphization of the BCO layers during TEM preparation and (b) shift of the unit cells (steps), indicated by arrows.

local deviations of the deposition rate, planar de-
fects were also found, see Fig. 10(b). It is clear that
the BCO layers contain steps as can be seen from
the discontinuity of the white contrast lines. Steps
in the BCO layers are indicated with arrows.
These observations explain the formerly unex-
pected superlattice (based on the deposition se-
quence) value found with XRD in Fig. 6(c) (which
corresponds to two Ba,CuO, blocks and three

SCO blocks) and point to the need to reconsider
the deposition rate calibration in the case of BCO.
This also might explain the change in the period-
icity of the RHEED intensity oscillations seen in
Fig. 1(d), although this was not clearly confirmed
by XRD (Fig. 2(c)).

Fig. 11(a) shows a superlattice structure de-
posited after recalibration of the deposition rate of
BCO, see also Fig. 12(c). The HREM image was

NN A o

Fig. 11. (a) HREM image of a 3SCCO/2BCO structure, (b) enlargement; the arrows indicate the copper oxide planes.
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Fig. 12. 0-20 scans of (a) 2BCO/2SCO (A ~ 1.57 nm), (b) 2BCO/3SCO (A ~ 1.91 nm) and 2BCO/2CCO (A ~ 1.52 nm) superlattices.
The (001) reflections of the films are indicated with arrows, and the peaks corresponding to the substrate are indicated with an asterisk.

taken close to the STO substrate. The superlattice
in this region is nearly perfect. Fig. 11(b) is an
enlargement of Fig. 11(a) from which the noise due
to an amorphous overlayer has been removed. The
image shows only contrast originated from the
perovskite structure. The lattice spacing for each
layer (measured from the images with calibration
on STO) is 0.408-0.425 nm for BCO and 0.343-
0.363 nm for SCCO. The superperiod measured
from computer diffractograms obtained from im-
age of Fig. 11(b) is 1.90-2.04 nm.

Here, we observe that BCO is indeed present in
the infinite-layer structure. In the image of Fig.
11(b), taken at defocus of —70 nm with a thickness
of about 2 nm, the contrast can be interpreted as
Cu represented by white dots. Here, the order of
deposition has been SrO/SCCO/BCO on SrTiO;.
If we look in detail to the layer stacking, as
starting from the inside of the film towards the
substrate, we count seven layers from the CuO
layer, which is the interface between the first BCO
and the SCCO. This corresponds to three unit cells
of SCCO in the first layer growing on SrO termi-
nated STO, seen to exhibit a darker contrast then
the superlattice structure. The ratio between the Sr
and Ba unit cell is 1.16 as determined from the
maxims of a line plot from Fig. 11(b). Here, image
simulations are based on a model where Cu layers
are fully oxidized in, both, the SCCO layer as well
as in the BCO layers. The Ba layers were assumed
to contain no oxygen. Possibly even better
matching could be achieved by varying the O
distribution.

Fig. 13(a) shows a diffraction pattern with the
superstructure reflections. An enlargement around

ol
o
>
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|
-
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]

40
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-
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Fig. 13. (a) SAED pattern of the structure as in Fig. 11 and (b)
a closeup near the (400) reflection.

the (004) reflection is given in Fig. 13(b). The
superstructure spots are streaked along the growth
direction, impeding a precise superstructure period
determination. The measured values range be-
tween 1.85 and 2.04 nm. Comparing the c-axis
values with the values obtained by XRD mea-
surements, we conclude that the superlattice peri-
ods are similar, although somewhat larger than the
expected value [89]. However, HREM did not
confirm convincingly that the observed enlarge-
ment can be explained by an expansion of the
BCO block in the c-direction solely.

In this sample, deviations from the perfect
structure were also found. Fig. 14 shows a region
of the superlattice that is highly defective. Large
substrate steps are present, resulting in a highly
defective superlattice. This stresses the importance
of a well-prepared substrate surface.
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20(3,2)

Fig. 14. HREM image near a highly defective region of the substrate surface.

Finally, the electrical properties of the super-
lattices were measured and the following behavior
was observed. SCO/BCO films cooled down after
deposition in a low oxygen ambient (i.e. the de-
position pressure), show a high resistance at room
temperature, which exponentially increases with
decreasing temperature, see Fig. 15(a) (curve 1).
When similar films were cooled down in a high
pressure ambient (>200 mbar) to roughly 400°C
and, subsequently, quenched to room tempera-
ture, * a significantly lower resistance was ob-
served (curve 2). Also initially ‘low pressure’
cooled films which were brought to the deposition
temperature again in a tube oven while flushing
with pure oxygen and subsequently quenched to
room temperature showed a lower resistance as
well (curve 3). Yet, upon cooling in liquid He they
showed always a ‘semiconducting’ behavior.

The observations described above indicate the
possibility to control the oxygen content of the
films and, thereby, the conducting properties.
However, more research has to be done, to obtain

4 Here, quenching to room temperature was done by
removing the sample holder from the deposition chamber and
subsequently detaching the sample from the heater block as fast
as possible.

the optimal settings for every film composition.
For example, we have assumed the aforemen-
tioned ‘quench’ procedure to be optimal for all
other films, which need not be the case.

A series of five films deposited at 575°C and 31
Pa but with different compositions in general
showed a decrease in resistance with an increase in
CCO layers, see Fig. 15(b) (curves 2-6). °> Here, a
film, which contained no Sr at all (curve 1) displays
‘semiconducting’ behavior, in contrast with other
observations for films with a similar composition,
indicating the difficulty of controlling the con-
ducting properties.

Metal-like behavior and even superconducting
transitions to zero resistance were only observed
for films with at least one CCO layer, see Fig.
15(b) (curves 4-6), deposited at temperature
around 575°C with an oxygen pressure >20 Pa.
Note, that the temperature/pressure window for
good quality CCO containing films, is small, as
determined from the RHEED measurements. The

5 The measurements presented in this figure are performed
by using sputter deposited gold contact pads in order to obtain
good conducting contacts, whereas the results given in the other
figures were done by directly bonding Al wires onto the film.
Due to the difference in contact area, the resistance values are
hard to compare.
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Fig. 15. Resistance versus temperature of (a) 2SCO/2BCO - 1. after cooling down at low pressure, 2. after cooling down at high
pressure, 3. same as | plus annealing in tube oven in flow of oxygen; (b) 1. 2CCO/2BCO, 2. 2SCO/2BCO, 3. SCCO/2BCO, 4. SCCO/
CCO/2BCO, 5. SCCO/CCO/2BCO, 6. 2SCCO/CCO/2BCO, all deposited at 575°C and 31 Pa and (c) 2CCO/2BCO deposited at 575°C

and 20 Pa; here, the inset is the I~V curve measured at ~8 K.

highest T onset Was ~50 K and T, ~ 12 K, see
Fig. 15(c). This film showed an increase in resis-
tance before getting into the superconducting
state. To confirm superconductivity, we performed
an I-V characterization at ~8 K, see the inset of
Fig. 15(c).

4. Conclusions

We have shown that PLD in combination with
an in situ analysis technique makes fabrication of
superlattice structures of oxide materials down to
the atomic level feasible. RHEED proved to be a
useful tool to estimate the deposition rate of con-
stituent materials, through the intensity oscilla-
tions. However, careful analysis showed that one
cannot always rely on the observation of intensity
oscillations, the period of which may correspond
to unexpected amounts deposited, e.g., in the case
of BCO.

The choice of SrTiO; as the substrate material
proved to be valid for the stabilization of the in-
finite-layer structure. The deposition temperature

and oxygen pressure are far below the normally
used conditions to stabilize this structure in the
bulk phase. In addition, from AFM observations
it became clear that the high quality of the sub-
strate surface ensured a perfect template for epit-
axy. HREM analysis clearly shows that the lattice
of the film material, here mostly compressed in-
plane, is determined by the lattice parameters of
the substrate. Therefore, other substrate materials
with similar surface properties might yield different
conducting properties of the films and are cur-
rently being investigated.

We proved that the interval deposition method
indeed suppresses the formation of larger islands
or a multi-level growth front, almost irrespective
of the deposition conditions, with the degree of
suppression depending on the constituents depos-
ited. When, from the aspect of thermodynamic
stability, another (layered) phase is formed, inter-
val deposition cannot prevent this. Even in the
case of 3D nucleation (e.g., release of stress) the
method can still be useful, since the formation of
large islands is prevented, although one of the re-
quirements for the use of interval deposition was
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assumed to be 2D nucleation. This might explain
the success achieved with the CCO/BCO films, for
limited thickness, where stress is expected to be
considerable.

The structural analysis with XRD and HREM
of the superlattices indicates first of all a high-
quality structure, in both the overall crystallinity
as well as in the imposed periodicity along the c-
axis. Furthermore, the right estimate for the de-
position rate per constituent was confirmed by the
period of the superlattices. A systematic deviation
turned out to be caused by the compressive stress
in the film. To our knowledge, the HREM images
of Ba containing infinite-layer thin films are the
first reported so far.

The results presented here indicate that super-
conductivity is related to defect structures respon-
sible for charge-carrier doping of the copper oxide
planes. The most perfect structures, e.g., STCuO,/
BaCuO, superlattices, were never superconducting,
whereas for the superconducting films, defects are
expected to be present, although we did not find a
systematic proof. It is clear that almost true layer-
by-layer growth does not necessarily lead to good
superconducting properties, i.e., high-7s.

The difference in A-cation size for successive
layers in a superlattice structure is found to influ-
ence the growth behavior. First, the Sr and Ba
containing structures can be deposited in a much
wider temperature and pressure window (500-
600°C and >3 Pa), compared to structures with
only Ca and Ba (550°C and >20 Pa). Secondly, the
Ca and Ba containing structure were found to
grow in a layer-by-layer fashion up to a certain
thickness, which is explained by the release of
stress beyond that thickness.

The goal to achieve atomically engineered
layered oxides and interfaces, enabling to sys-
tematically investigate the relation between mi-
crostructure and macroscopic properties has been
made possible with this technique-interval depo-
sition with high-pressure RHEED.
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