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In this paper, the critical role played by various types of defects and
strain relaxation mechanisms in high-Tc thin films is highlighted and mus-
trated with examples. The defects are essential for providing adequate diffu-
sion channels for oxygen ingress during the cooling step in c-axis thin films.
The operation of strain relaxation mechanisms necessitated by the 1attice
mismatch between film and substrate can impose a compressive or tensile
biaxial pressure, which either increases or reduces the critical temperature.

PACS numbers: 61.72.Νn, 74.62.ßj, 81.15.Ηi, 74.72.Dn

1. Introduction

Superconducting cuprate thin films are usually grown at high temperatures
on (at lattice-mismatched substrates. These two experimental constraints however have
huge implications for the quality of thin fllms. Thin-film growth is mostly a low oxy-
gen pressure process, which implies — using the established phase diagrams — a
serious oxygen deficiency at the high temperatures used (700-850°C). For instance,
for the growth of ΥΒa2Cu3O7 (`123') under these conditions, the oxygen content
of the cuprate is close to 6.0 instead of the required content of 7.0 [1]. On cooling
the film under oxidizing conditions after growth, oxygenation takes place; this cor-
relates with a volume change [2] as well as with a tetragonal-orthorhombic phase
transition [3]. While only the compounds containing chains, such as YΒa 2 Cu3 O 7 ,
Y1-xΡrx Βa2 Cu3 O 7 and LaΒa 2 Cu 3 O 7 , require a very large uptake of oxygen (ap-
prox. from 6.0 to 7.0) during cooling [4], a similar process is necessary for other
compounds, such as the La 2- xSrCuO4 [5] or La2 CuO4+δ [6-13] cuprates, al-
though their uptake of oxygen is much smaller (x/2 and 5, respectively). It is
difficult to give an absolute estimate of the precise oxygen content of thin films.
For this, Raman scattering [14] and oxygen desorption [15] have been proposed.
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These methods allow a global oxygen content determination, which correlates
only to a first order with the critical temperature. On a microscopic scale, the
oxygen—oxygen repulsion often gives rise to a local oxygen ordering and hence to
the presence of distinct superconducting phases having different Ti 's [16, 17].

It is clear that oxygenation during cooling is crucial for superconductivity.
However, to optimize an oxidation treatment, the values of the oxygen-diffusion
coefficients and their anisotropy must be taken as determining factors. Indeed, in
the La-Sr—Cu--O system, c-axis thin films with sufficient structural quality can be
grown rendering a post-growth oxidation nearly impossible. The first goal of this
paper is to show that additional defects, such as planar faults and/or precipitates,
both of which can serve as oxygen diffusion channels, must be incorporated in c-axis
thin films to ensure adequate oxygenation for superconductivity.

The second important experimental constraint concerns the film growth on
a lattice-mismatched substrate. The lattice misfit is generally accommodated by
the introduction of misfit dislocations once a critical thickness (hc ) which is deter-
mined by the lattice mismatch, nucleation mechanisms and the elastic properties
of the material has been exceeded. however, for most high-Τc thin films, the sub-
strate surface imperfection, the formation of intermediary layers and the presence
of secondary phase precipitates (Y-Ο [18], Cu—O [19] either on the surface or as
inclusions), grain-, twin- and anti-phase boundaries, interstitials, and vacancies (in
particular, oxygen) can relieve part of the lattice misfit. Only in the microstruc-
turally. best films, i.e. those without a large proportion of the above defects, is
the strain relaxed by the appearance of a misfit dislocation network. This differ-
ence in microstructural quality easily explains the large spread in hc (from 4 to
20 nm) observed for '123' thin fllms deposited on SrΤiO 3 (STO) [20]. Furthermore,
there have been few "direct" observations of the misfit dislocation network using
transmission electron microscopy. For '214' thin films on (001) STO, the first such
"direct" observation was reported some time ago [21].

While hc is the thickness for which the first dislocations appears, the thick-
ness for which the total strain is relieved, li t , is much larger. For intermediate
thicknesses only a part of the strain is relaxed, which allows the induction of a
significant variable tensile or compressive lattice distortion, i.e. a "biaxial pres-
sure" (plane strain) state similar to the "uniaxial" pressure experiments with the
exception that cause and effect are reversed. Our next goal will be to show that
the growth of thin c-axis La2-xSrCuO4 films on Substrates with a varying epi-
taxial strain allows the "biaxial pressure" dependence of the critical temperature
to be studied, which for instance leads to a lowering of T^ by cá. 50% for thin films
grown on (001) SrΤiO3. On the other hand, a well-chosen compressive strain can
lead to thin films whose T^ values exceed those of bulk compounds significantly.

An additional complication in this field of research is that these two exper-
imental constraints, i.e. oxygen inclusion and epitaxial strain, are strongly cor-
related. Indeed, the lattice misfit at the growth temperature is determined by
the difference in lattice parameters between a slightly oxygen-deficient perovskite
(STO) and the "strongly" oxygen-deficient cuprate. Upon cooling, both lattices
become smaller according to their respective thermal expansion coefficients.In ad-
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dition, as more oxygen is inserted into the film lattice, the film lattice parameter
can change significantly. These two effects can induce an additional tensile or com-
pressive strain component.

Alternatively, the amount of oxygen incorporated upon cooling can also be a
function of the already "compressive" or "tensile" state that decreases or increases
the effective volume available for oxygen occupation.

2. Experimental

The oxygen- and strontium-doped '214' thin films were grown in a custom-
-designed molecular beam epitaxy (MBE) system equipped with two electron beam
guns, four effusion cells, a reflection high energy electron diffraction (RHEED) sys-
tem and an efficient atomic oxygen source derived from the Oxford Applied Re-
search source. The efficiency of the original Oxford Applied Research RF source
compares very favorably with other plasma sources, as discussed in [22]. The depo-
sition method used is neither a codeposition method nor a layer-by-layer deposition
but consists of a block-wise deposition of the various elements that is aimed at
forming the desired compound only during the deposition of the final block with a
minimum of intermediary phases [23, 24]. For the undoped `214' compound grown
on STO, the probable interfacial stacking sequence is Sr-O — Ti-O — La-O —
Cu–O — La–O (a similar stacking sequence was derived from high resolution elec-
tron micrography (HREΜ) images obtained on La2SrCu2 O8 films deposited on
SrTiO3 [25]); this would indicate an "ideal" sequential layer-by-layer deposition
procedure of 1 monolayer of La-O, followed by 1 monolayer of Cu-O and finally
another monolayer of La-O before the entire sequence is repeated. Such a process
sequence is not optimal because once the Cu–O monolayer has been deposited,
'214' will start to form, leaving about half the deposited Cu-O as precipitates.
Hence, the preferred block-by-block sequence consists of the deposition of 2 mono
layers of La-O followed by 1 monolayer of Cu-O.

The properties of such films deposited on (001) (STO, in tension) or (001)
SrLaΑlO4 (SLAG, in compression), whether doped with strontium or oxygen, have
already been studied. The strontium-doped films were used to study the doping
dependence of the penetration depth [26] and coherence length [27], while the
oxygen-doped films were used to demonstrate the electrochemical oxidation of
c-axis films [7, 28] as well as local electrochemical lithography [8].

3. Results and discussion

The '214 films used were between 50 and 200 nm thick. The X-ray diffraction
patterns of these films typically display single-phase c-axis epitaxy with finite-size
oscillations at low angles and around the c-axis reflections [29] (50 nm thick films).
Accordingly, the atomic force microscope images indicate a film surface that is
smooth and has large terraces and steps of 0.66 nm, i.e. half the structural unit cell.
The overall roughness is of the order of 1 to 2 unit cells [29], with the occasional
appearance of either Cu-O or La-O precipitates, depending on the precise flux
composition.
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3.1. Oxidation

As discussed in the introduction, the thin films must undergo a post-growth
oxygen annealing step (which usually takes place in the growth chamber, in situ)
during cooling. Under these conditions, the oxygen uptake is essentially governed
by the diffusion coefficient. Layered compounds such as the cuprates exhibit a
strong anisotropy in the diffusion coefficients.

In Fig. 1 the diffusion coefficients along the ab-planes (Dα b) and parallel to
the c-axis (Dc ) derived from measurements on '123' single crystals [30] are shown
as a function of the inverse temperature. On the right-hand side, the time (t)
necessary to oxidize a 100 nm thick (df) sample was estimated using the diffusion
relation df = √ (Dc x t). From this figure, it is clear that the oxidation plateau
at 400-4500C during the cooling of "perfect" c-axis '123' thin films requires an
extremely long annealing time of about 10 8 -10 9 s. However, as soon as sufficient
defects with a component along the c-axis exist in the thin film (they operate
as fast oxygen diffusion channels), the oxidation behavior is dominated by the
in-plane diffusion coefficient. Indeed, at those temperatures Dα b is four to five
decades larger than D^, and the required annealing times become reasonable and
in agreement with the experimental findings of ca. 103 -104 s.

The figure clearly illustrates the necessity of defects (oxygen channels) for
the oxidation of c-axis `123' thin fllms. As the reported diffusion coeffIcients for
the strontium-doped '214' compounds are similar to those mentioned above [31],
defects will also be required. Typical '123' thin fllms have a sufficient number of
microstructural defects so that the annealing process does not pose a problem;
however, the structural quality of some '214' films grown more recently was such
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that the oxidation process (whether during cooling under atomic oxygen or during
an electrochemical treatment) turned out to be impossible on a reasonable time
scale. Hence, one must address the crucial question as to which microstructural
features provide the means for adequate oxygen diffusion.

The unit cell of '214 is peculiar in that, when viewed in the (114) plane, the
presence of potential oxygen interstitial sites becomes apparent [32]. Probably for
precisely this reason, bulk specimens of this compound can be oxidized at room
temperature under an electrochemical potential in a 1 mole KOH solution [6].
Hence this compound represents a model system in which oxygen diffusion can be
readily studied. We have recently shown that this simple electrochemical process
is also applicable for c-axis thin films [7, 8, 28]. However, we have also speculated
that a particular type of microstructural feature is a prerequisite for the proper
functioning of the electrochemical oxidation: the presence of planar faults [28].

The bright-field image (Fig. 2) of a cross-sectional specimen obtained using
a transmission electron microscope (TEM) reveals these planar faults lying on
the four {101} tetragonal or equivalent {111} orthorhombic planes; they occur
across the entire thin fllm [21] with an average separation of 50 ± 10 nm. Their
occurrence and density, however, vary from one film to the next. In addition these
faults penetrate the full thickness of the film as can easily be seen in the figure.
Lattice imaging indicates that they also contain a shear component similar to that
reported earlier [33]. The electrochemical oxidation process and, in particular, the
plateau measured during the first I(V) curve of a fresh sample [28] were correlated
to the presence of a significant density of planar faults in thin films grown on STO.

This study was further extended to thin files deposited on other substrates
with varying tensile or compressive misfits; ΝdGaO3 , LaAlO3 and SLAO. The '214'
thin films grown on these substrates can all be oxidized electrochemically [34]. A
systematic TEM analysis reveals that all these films indeed have a varying density
of planar faults [35]. On the other hand, a number of thin films recently grown
on both STO and SLAG could not be oxidized electrochemically, and their I(V)
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curves did not show an oxidation plateau (see for instance [28]). Accordingly,
their microstructure shows either the absence of planar faults [28] or the presence
of a different type of fault; á detailed report comparing the microstructure of
"oxidizable" and "nonoxidizable" films is currently in preparation [36]. The planar
faults provide just one type of oxygen diffusion channels. Other channels that have
been identified in these films are related to the appearance of Cu-rich and La-rich
precipitates.

It is currently not clear which experimental parameters determine the ap-
pearance of the planar faults. As indicated above, neither the sign nor the mag-
nitude of the lattice mismatch seem to be a major controlling factor. The actual
composition of the thin film also appears to be only a minor factor, as the pla-
nar faults appear in both Cu—O and La—O rich films as well as in films with and
without Sr doping. The other experimental factors which could have an influence
are: (i) the substrate miscut, (ii) the cooling procedure, (iii) the atomic oxygen
pressure during growth and (iv) the details of the initial crystal nucleation process.
Nevertheless, the above analysis indicates that in c-axis thin films a certain type
of defect with a significant density is crucial in order to obtain the oxygen con-
tent necessary for the occurrence of superconductivity. Further work must focus
on identifying the mechanisms involved in generating these defects as well as on
providing a systematic tuning of their size and density in order to optimize the
oxidation behavior. Although the examples discussed here are related to the '214'
compound, the same general conclusions apply for other oxide films.

Having discussed the macroscopic "average" values of the c-axis and in-plane
diffusion coefficients and having identified the microstructural channels providing
"easy" oxygen ingress, let us now address the issues related to the diffusion on the
nanoscale. Optimum superconducting properties can only be obtained in thin films
if the desired oxygen content has been attained during cooling and if that oxygen
is homogeneously distributed. In particular the transition width (ΔΤc ), defined
for instance as the temperature difference between 90%0 and 10%0 of the resistance,
seems to be a good indication of the homogeneity of the superconductor. Typical
transition widths in cuprate thin fllms are of the order of 1-2 K, a factor of ten
to one hundred times larger than those obtainable for classical low-temperature
superconductors.

The oxygen vacancy sites which must be filled in the strontium-doped '214'
compound can be in the apical position (O2) as well as in the CuO2 plane (O1).
For the optimally doped compound (x = 0.15), about 0.075 oxygen atoms per
unit cell must be incorporated in the lattice upon cooling, i.e. one atom in every
12-13 unit cells. Hence, the occurrence of oxygen vacancies in two neighboring
unit cells is probably very rare. On the other hand, for the same compound about
0.15 Lai+ atoms have been replaced by 0.15 Sr 2+ atoms per unit cell, i.e. one
substitution every 6-7 unit cells. As every unit cell is surrounded by eight neigh-
boring cells (four nearest-neighbors and four next-nearest-neighbors), considering
only a twodimensional plane, this means that every strontium atom has at least
one other strontium atom among its neighboring unit cells. Hence it is plausible
that an oxygen site close to or in between two such strontium-containing unit-cells
remains vacant during the growth. The "random" distribution of strontium atoms
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in the unit cell will plausibly lead to a "random" distribution of such vacancies.
During cooling, oxygen must diffuse from the planar faults into these vacant sites
at a speed given by the corresponding diffusion coefficient. Close to the "ideal" full
occupation, the chemical potential becomes small and other interactions, such as
the oxygen-oxygen repulsion, become dominant, thereby providing higher energy
barriers for oxygen diffusion and probably preventing homogeneous oxidation.

3.2. Lattice mismatch

3.2.1. Structural properties: tensile mismatch

In this section, the physical properties related to the difference in the lattice
parameters of film and substrate are discussed. For '214' thin films (50 nm thick)
on (001) STO, we have shown that the in-plane lattice parameter at the growth
temperature and the c-axis lattice parameter at room temperature are larger and
smaller, respectively, than the values derived for bulk samples [26].

The evolution of the c-axis lattice parameter with the strontium content for
'214' films on STO is shown in Fig. 3. These data are in very good agreement
with those recently reported for codeposited (MBE) [37], sputtered [38, 39] and
laser-ablated '214' thin films [40, 41]. Although there is an experimental error
(±0.01 Å) in the determination of the α-axis lattice parameter for the thin films,
a comparison between the data for films and bulk materials indicates an average
difference of 0.03-0.06 Å , which increases with the strontium content in the range
0.07 < x < 0.24. Such an increase in compression of the c-axis must be coupled
via Poisson's ratio to an increased expansion of the in-plane lattice parameters.
Experimental facts support this hypothesis:  (i) the in situ measurement during
growth of the in-plane lattice parameters obtained from RHEED data [26] (shown
below in Fig. 4) and (ii) the average separation between the misfit dislocations
which reflects the difference in lattice parameters: despite a decrease in the in-plane
lattice parameters with strontium doping for bulk compounds, the dislocation
spacing observed for the thin films does not vary significantly [42], suggesting a
more constant α-axis value as reported in Fig. 5. Hence, it seems that with a higher
strontium content also a higher degree of tensile strain is incorporated.

Before proceeding, we must estimate at which point the misfit dislocation
network is formed. From the RHΕΕD data shown in Fig. 4 [26], it seems that the
lattice mismatch starts to be relieved at a thickness of 5 to 7 unit cells (i.e. h^
between 65 and 90 Å). The evolution of the [100] and [110] lattice parameters is
presented as a function of the number of deposited unit-cells. The extrapolated
bulk '214' values (3.826 Å and 2.703 Å , respectively) are indicated by the short
lines on the corresponding axis. For the first 5-7 unit cells, the in-plan lattice
parameter is very close to that of the substrate, but for larger thicknesses, as
the creation of misfit dislocations sets in, a decrease in the 1attice parameters is
observed. However, even for the largest thickness in this experiment, the thin film
values are still significantly larger than the bulk lattice parameters, suggesting
that the strain is not yet completely relieved. Nonetheless, these results confirm
that most of the misfit is relaxed during growth.

In summary, the data suggest that the films on STO have an in-plane tensile
strain that leads to a measurable decrease in the c-axis lattice parameter of about
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0.03-0.06 Α. Under hydrostatic pressure at room temperature, the compressibility
of the optimally doped '214' compound along each crystallographic direction u,
Ku = ∂ln(u)/∂Ρ is nearly equal to 2.2x 10-3GPa-1[43]. Hence under hydrostatic
conditions, a decrease in the lattice parameters of the magnitude observed for
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the c-parameter would require 1-2 GPa. For the case of thin films, however, the
in-plane lattice parameters are modifled by the epitaxy, and the c-parameter adjust
accordingly with the film surface acting as a free surface. This situation is thus
comparable to that of uniaxial compression along the c-axis. If only the  c-axis is
to be compressed (by 0.03-0.06 Å), a lower pressure than for the hydrostatic case
will be necessary. Hence the hydrostatic case provides an upper limit estimate of
the required uniaxial pressure necessary to produce such lattice parameter changes
in the '214' compound.

Unfortunately, the literature provides no values for the change in the lattice
parameters under uniaxial pressure, but a simple estimate of the pressure (P) re-
quired under these conditions can be made when Young's modulus (Y = 191 GPa),
Poisson's ratio (li = 0.315) for the '214' compound [44] and the relations Δc/c =
Ρ/Y, Δα/α = -vP/V are known. Applying these relations leads to a required
uniaxial pressure between 0.45 and 0.9 GPa, which will increase the in-plane lat-
tice parameter by 0.01-0.02 Å, in agreement with the experimental data derived
from measurements of the dislocation spacings (Fig. 5).

During cooling, the difference in thermal expansion coefficients between film
and substrate can induce an additional strain. However, this strain is unlikely to
relax via the nucleation of misfit dislocation because not enough thermal energy
is available for efficient nucleation or propagation once the film has reached a
temperature at which the thermal misflt becomes significant. Nevertheless, the
thermal expansion coefficients of STO and '214' suggest an in-plane compression of
the thin fllm upon cooling which partially compensates for the in-plane expansion
dne to the lattice mismatch.
3.2.2. Structural properties: compressive mismatch

The use of a substrate imposing a compressive epitaxial strain (SLAO) for the
preparation of superconducting '214' thin films was reported a few years ago [40]. In
Fig. 3, we add some of our recent data points (50 nm thick '214') for films deposited
on SLAO† to those of 200 nm thick films deposited on the same substrate reported
in the literature [37]. Despite significant scatter in the two data sets, the α-axis
lattice parameters of these fllms are generally equal to or larger than those of the
bulk compounds. As a film becomes thicker, more compressive strain is relieved and
the c-axis lattice parameter approaches that of the bulk compound. The largest
c-axis lattice parameter obtained (for 50 nm optimally doped films) was 13.29 Å,
which is 0.06 Å larger than the corresponding bulk value and about 0.11 Å larger
than the average value for fllms deposited on STO. This impressive increase in
the c-axis lattice parameter for the films under a small in-plane compressive misfit
( 1%) must be compared to a similar decrease in the c-axis under a relatively
large tensile misfit ( 3%).

†There is a significant uncertainty in the actual determination of the strontium and oxygen
content of these films, and the value of the resistivity was used to estimate the effective strontium
content [45].
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3.2.3. Structural properties: oxygen incorporation

A further complication involves the "small" oxygen uptake as the film cools
under oxidizing conditions. The amount of oxygen incorporated (in the apical
Ο sites) during cooling for an optimally doped '214 thin film corresponds to
about 0.075 (4.00-3.925). Unfortunately, little data is available in the literature
regarding the evolution of the lattice parameters of strontium-doped '214' with
the oxygen content. However, examples include the slight increase [46] of the c/a
ratios of strontium-doped single crystals and bulk samples during oxygen annealing
as well as the reduction of the c-lattice parameter and increase in the in-plane
lattice parameters [47] of x = . 0.15 and 0.2 bulk samples when reduced under a
reduced oxygen atmosphere (see arrows in Fig. 5). Upon annealing nearly optimally
strontium-doped `214''thin films in vacuum at moderate temperatures ( 3000C),
the oxygen ( x/2) taken up during cooling can be removed. This leads to a
decrease in the c-axis by about 0.026 Å, as shown in Fig. 6. This behavior is
similar to the evolution of the ( c-axis and in-plane) 1attice parameters of the
"interstitially" oxygen-doped `214' compound [48, 49], also indicated in Fig. 6. In
both cases the oxygen uptake leads to a significant increase in the c-axis lattice
parameter and a decrease in the in-plane lattice parameter, despite the fact that
the additional oxygen occupies different lattice sites. Furthermore, the changes
observed upon oxygen incorporation are of the same magnitude as those induced
by strontium doping.

From this analysis, two important conclusions can be drawn. First, for
strontium-rich fllms, an oxygen deficiency during growth will give rise to a sig-
nificantly larger in-plane lattice parameter than that expected for bulk oxidized
material. The critical thickness (hc) and the density of misfit dislocations as a
function of thickness will be determined by this expanded in-plane lattice pa-
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rameter (which is clearly even further expanded thermally). The reported change
upon oxidizing the reduced Sr-doped compound [47] is of the order of 0.003 to
0.005 Å , which is about the half of that reported for oxygen-doped '21.1' bulk sam-
ples [48, 49]. In the last case, the decrease in the in-plane lattice parameter for
an interstitial oxygen content increasing between 0.0 and 0.06 — which is "charge
equivalent" to the amount of oxygen uptake for a film with a strontium content
between 0.0 and 0.12 — is about 0.013Å on 3.80Å (averaged over the αn and
b-axes). Secondly, upon oxygen incorporation during cooling, the in-plane lattice
parameter will tend to reduce, thus increasing (for (001) STO substrates, but
reducing for "compressive" substrates) the tensile strain remaining in the film.

Can these two effects also explain the apparent increase in the retained tensile
strain with increasing strontium content and the asymmetric misfit dependence of
the c-axis lattice parameter of '214' thin films? As the strontium content increases,
the in-plane thermal expansion coefficient also seems to increase slightly (unfortu-
nately no high-temperature data exist; the preceding statement has been derived
from measurements between 50 Κ and 295 K [50]). Bence, with increasing stron-
tium content the in-plane compression upon cooling due to the thermal mismatch
becomes larger, leaving a larger tensile strain in these films, in agreement with the
experimental data. Ιn addition, the oxygen deficiency in the film during growth
also increases as the strontium content increases, leading to larger in-plane film
lattice parameters from which the lattice mismatch and the dislocation network
are defined. Indeed, the network is a reflection of the lattice misfit at the growth
conditions (determined by the lattice parameters, the thermal expansivities and
the oxygen deficiency), and is "frozen in" during cooling. Both arguments (ther-
mal misfit and oxygen deficiency) point in the same direction, thus explaining the
increased tensile strain with strontium doping.

As the films are cooled, sufficient oxygen might be expected to be incorpo-
rated to restore the lattice parameters to their bulk vales. For optimally doped
fllms, the increase in the c-axis lattice parameter due to oxygen incorporation is
of the order of 0.03 Å. This change in lattice parameter must be combined with
that already induced by the lattice mismatch. This should be incorporated in an
explanation of the asymmetric misfit dependence of the c-axis lattice parameter,
i.e. the strong increase in the c-axis lattice parameter for a small (1%) compressive
mismatch compared to a similar decrease for a much larger (3%) tensile mismatch.
However, another reason for this asymmetry may be the relative bond lengths, en-
ergies, positions and orientations within the unit cell, all of which may cause the
somewhat different behaviors under tension and compression.

So far, we have assumed here that the lattice distortions imposed upon the
fllm do not significantly modify the amount of oxygen taken up during cooling or
the diffusion coefficients. However, this is not at all guaranteed. For instance, it is
known that for bulk compounds the c-axis lattice parameter reaches a maximum
at a strontium content of ca. 0.3 [47], owing to the fact that the vacant apical
sites can no longer all be filled with oxygen. For thin films on STO, this maximum
seems to be shifted to lower strontium contents, about 0.23 (Fig. 3), suggesting
that under tensile strain these apical sites are even more difficult to fill.
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This discussion has been mainly qualitative in order to illustrate the various
effects; a clear experimental separation of them currently remains impossible. To
disentangle these effects it requires a precise measurement of (i) the lattice pa-
rameters during growth, (ii) the thermal expansion coefficients of the substrate
and the thin fllms, and (iii) the oxygen contents incorporated during growth and
during cooling. In addition, for films on STO and on SLAO considerable scatter is
present in the data, which suggest that both the oxygen content and the residual
strain vary from one sample to the other. Nevertheless, it has become clear from
the above discussion that particularly for thin films with an excellent microstruc-
ture in epitaxial contact with a substrate, the structural properties must differ
considerably from those of the bulk compounds.
3.2.4. Transport properties

Finally, not only the structural properties are affected by a tensile or com-
pressive residual strain, but also the transport properties in the normal and the
superconducting state. The critical temperature (Τc ) versus x was measured both
resistively and inductively, and is shown in Fig. 7 for both thin and thick fllms
prepared on STO substrates under identical conditions.

At optimal doping for the thickest files the maximum critical temperature
observed is about 28 K; away from optimal doping, the critical temperature de-
creases. The observed maxima of 23 K and 28 K for thin and thick films, respec-
tively, are in good agreement with those reported in the literature [37, 41]. The
structural study presented above indicates the presence of significant tensile strain,
i.e. a negative "biaxial" pressure of the order of 0.45-0.9 GPa, which can be com-
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pared with the "uniaxial" pressure dependence of Τc . Τo our knowledge, only one
direct experiment of the uniaxial pressure dependence of the critical temperature is
available in the literature. Motoi et al. [51] studied this property on grain-aligned
`214' composites as a function of Sr doping, and found that T^ decreases at the rate
of 3 to 9 K/GPa under pressure applied along the c-axis, depending on the doping
level. Hence the strongly reduced critical temperature for thin films on STO can
be explained by the estimated "biaxial" tension.

For thicker films more strain is relieved (although the extent differs from
sample to sample, see Fig. 3), the critical temperature is indeed higher, but the
general trend of T^ versus x is the same for both thicknesses (see Fig. 7). Indeed, it
is well known that applying pressure to this high-Τc cuprate changes the absolute
values of the critical temperature but only weakly affects the general trend of the
superconducting properties (for instance, the maximum of Τc(x) still occurs for
x^ 0.16).

In Fig. 7, some of our data points obtained from 50 nm thick '214' films
deposited on SLAO [45] are presented together with recent literature values for
200 nm thick films [37]. For the same thickness, the critical temperature of thin
films deposited on SLAG is considerably higher than that of those deposited on
STO and, in general, even higher than that of bulk compounds. The optimally
doped 50 nm thin film has a Τc (zero resistance) of 38 K, close to the highest value
reported for bulk compounds. However, the critical temperature, 43.7 K, of the
200 nm optimally doped films in the literature [37] is more than 5 K higher than
the highest reported bulk value. This impressive result demonstrates that the Τc

in thin films can be increased significantly by a compressive in-plane strain.
At first glance these latest results also contain a contradiction, i.e. thicker

fllms slould lave relaxed more strain and hence should have a critical temperature
closer to that of the bulk. Indeed some of the 200 nm thick fllms on SLAO have
a α-axis lattice parameter close to that of bulk samples and smaller than that of
50 nm films. However, they still seem to have a higher critical temperature than
the bulk samples and the 50 nm films. On the other hand, some of the 200 nm thin
fllms grown on SLAO have a very large c-axis lattice parameter compared to the
bulk values, particularly those files with the highest critical temperatures. These
facts, together with the signifIcant scatter in the data, point again to the above
arguments, in that both the additional compressive strain (induced upon cooling
owing to the thermal misflt and/or the oxygen uptake) and the amount of oxygen
incorporation (induced upon cooling but determined by the density and nature of
the faults in the film) can differ considerably from sample to sample.

Still, these results leave a number of questions unanswered. For instance, it is
not clear why the increase in Τc is only 5 K for an increase in the c-axis of 0.06 Å,
wlile a decrease of about 10 I{ is observed for a corresponding decrease in the
c-axis. As there are no data for the crystal structure regarding its uniaxial pressure
dependence, one can only speculate that the atomic displacements (Cu—O1 and
Cu-O2 bond lengths) in the unit cell are not symmetrical when applying pressure.
Ιn addition, kinetic inductance measurements of our 50 nm thick films grown on
SLAG systematically show a mixed phase behavior [45], partially confirmed by
a structural gradation observed in X-ray diffraction for 500 nm thick films on



82 	 J.-P. Locquet, E.J. Williams

SLAG [37]. The origin of this mixed phase behavior is as yet unknown and subject
to further study.

4. summary

As the structural quality of cuprate oxide thin films has improved signifi-
cantly, the role played by defects as well as by strain relaxation mechanisms has
become increasingly important. We have discussed their effects on the structure
and the transport properties. First, the importance of adequate oxygen diffusion
channels, necessary for oxygen ingress during cooling, was demonstrated. In the
case of the '214' compound, the presence of planar faults in sufficient density
was found to be suitable for the oxidation process. Secondly, the role of strain
relaxation mechanisms was illustrated by comparing the structural and physical
properties of '214' films under compressive and tensile strain. A strong increase in
the c-axis lattice parameter and in the critical temperature, compared with bulk
material, was reported.
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