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Abstract

High-energy synchrotron radiation is used to obtain reciprocal space maps of thin YBa Cu O films grown by pulsed laser2 3 7yx

deposition on(001) SrTiO substrates. The films show a transition from a tetragonal to an orthorhombic structure with increasing3

film thickness. The critical thickness is found to be 11.5"0.6 nm, whereas the thickness characterizing the tetragonal-to-
orthorhombic transition is estimated to be 23"1 nm. Furthermore, it is shown that for miscut angles of the vicinal substrates up
to approximately 1.28, the films grow parallel to the optical surface-normal, rather than to the crystallographicc-axis of the
substrates. The feasibility of using high energy X-rays allows for the use of complicated sample chambers, needed for in-situ
studies of the growth and behaviour of thin films under controlled atmosphere and at elevated temperatures.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

At present, thin film layered oxides such as high-Tc

superconductors are of keen interest because of their
applications in, e.g. electronic devices or biomagnetism.
Since the interface between film and substrate deter-
mines to a great extent the structural properties and with
those the physical properties of the grown film, it is of
importance to study the interaction between substrate
and film. In the case ofc-axis oriented YBa Cu O2 3 7yx

films (YBCO) on (001) SrTiO substrates(STO), crys-3

tals of high quality can be grown using pulsed laser
deposition(PLD) w1x. As known from bulk material,
the superconducting properties of YBCO are highly
dependent on the oxygen content, which in turn is
directly related to the lattice parametersw2x. With the
oxygen content changing from 6 to 7 the crystal structure
changes from P4ymmm to Pmmmw3x. The additional
oxygen will occupy preferentially the site in thebc
plane, destroying the tetragonal symmetry. In fact, an
oxygen content in between 6 and 7 results in different
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types of ordering of the oxygen and consequently
different phases are formedw4x of which Ortho-I has
the highest T around 92 K. This phase-transition as ac

function of oxygen content is of the so-called ferro-
elastic kind, because spontaneous strain is the driving
force w5x. A consequence of this ferro-elastic strain is
that orthorhombic YBCO is twinned with twin walls
parallel to the mutually perpendicularhh0 and hh0̄
mirror planes of the tetragonal latticew6x. This mecha-
nism leads to four different co-existing twin-domain
orientationsw7x.

For orthorhombic YBCO(i.e. Ortho-I withx,0) the
bulk lattice parameters are given byas3.822"0.001,
bs3.891"0.001 andcs11.677"0.002 A w2x. How-˚

ever, due to substrate-induced strain, ultra-thin films
will have in-plane lattice parameters comparable to those
of the substrate, which are in the case of cubic STO
asbs3.905 A. Therefore the film will be tetragonal˚
and this is the so-called pseudomorphic phase. In thicker
films, i.e. around the so-called critical thicknesst , thec

lattice parameters relax towards their bulk values, mainly
via formation of misfit dislocationsw8–10x. Therefore a
tetragonal-to-orthorhombic phase transition is expected
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to occur aroundt . The latter has already been investi-c

gated using X-ray diffraction in the case of
GdBa Cu O on STOw11x. It was found that in2 3 7yx

addition to strain release by formation of misfit dislo-
cations also the type of growth(i.e. columnar-like) and
twin-formation has to be taken into account in the total
mechanism.

It is expected that since the in-plane lattice parameters
of the film are changed due to substrate-induced strain,
the c-axis of the film will be affected according to the
Poisson ratio. Furthermore, the exact substrate surface-
structure, together with the nucleation mechanism, will
determine the epitaxial propertiesw12x. Mechin et al.´
w13x found that thec-axes of film and substrate are
perfectly aligned, whereas Maurice et al.w14x found a
misorientation in the same direction and equal to the
miscut angle of the vicinal surface.

In order to gain more insight into the initial stages of
the growth of YBCO thin films by PLD, it is needed to
perform in-situ monitoring and subsequently modelling
of the process. Recently, this has been done using surface
X-ray diffraction (SXRD) for the case of deposition of
STO on STOw15x.

In the next section of this paper a description will be
given of the sample preparation, the experimental set-
up and the principles of the data treatment. Two methods
will be described to characterize the structural properties
of the grown films. The first uses the twinning of the
samples to determine the difference in in-plane lattice
parameters from either reciprocal space maps(RSM) or
from v-scans ofhhl-type reflections. The second deals
with the epitaxial properties of the film with respect to
the crystallographic surface of the vicinal substrates.

2. Experimental

2.1. Sample preparation

Several thin films of different thickness were pulsed-
laser deposited in a commonly used wayw1x. Prior to
deposition, the STO substrates were treated chemically
after which they were annealed at 9508C in flowing
oxygen for 1 h such that they are single TiO -terminated2

w16x. For the ablation of the target material, which
consists of a stoichiometric YBCO pellet, a KrF excimer
laser is used, having a wavelength,l, of 248 nm. The
laser beam is focused using lenses, which results in a
fluence of 1.3 Jycm . Typical deposition rates for YBCO2

are 1 Ays. After deposition, the oxygen pressure is˚
increased to approximately 0.8 bar and the sample is
cooled to room-temperature with two anneal-steps, one
at 600 8C and one at 4508C both lasting 15 min.
Following this procedure ensures YBCO films with the
appropriate oxygen content close to 7 in a reproducible
way.

2.2. Experimental set-up

All XRD experiments described herein were per-
formed at the end-station ID15C of the high energy
beamline ID15 of the European Synchrotron Radiation
Facility (ESRF). This beamline consists of an asym-
metric multipolewiggler(AMPW) with a critical energy
of 44.1 keV, which provides the radiation for three
independent end-stations. The side-station ID15C is at a
fixed angle with the main beam coming from the source
and a reflection of a single crystal is used to provide
the monochromatic X-ray beam. This single-bounce
Si(111) Laue monochromator, which can be bent ellip-
tically to focus in the scattering plane, gives an energy
of approximately 40 keV. A detailed description of the
lay-out and elements of this beamline can be found
elsewherew17x.

The samples are mounted on a standard Huber 511.1
diffractometer, using two sets of slits on the detector
arm in order to diminish the background and obtain a
high angular resolution.

Due to the similar lattice parameters of film and
substrate, their diffraction peaks overlap in reciprocal
space. Especially, since thec-axes differ about a factor
of three, all the substrate reflections at the third harmonic
from the monochromator overlap with film reflections
at the first harmonic. Although the third harmonic is
only approximately 1% of the total incoming beam
intensity, the diffracting volume of the substrate is 3–4
orders larger and in addition the substrate can be
considered a perfect crystal. This can lead, especially
for low order reflections, to such a high signal level of
the third harmonic that it saturates the detector. To
circumvent this undesired effect, a multilayer consisting
of 120 bilayers of WB C, was used to suppress higher4

harmonics. A detailed description about this kind of
optical element can be found in Ref.w18x. The multilayer
used in our set-up was constructed and characterized in
the multilayer laboratory at the ESRF. The reflectivity
of the first harmonic was measured to be 80% and the
suppression of the third harmonic was calculated to be
at least 10 . Careful monitoring of the higher harmonics3

contamination, using a NaI(Tl) energy dispersive pho-
ton-counting detector, revealed no significant contribu-
tion to the measured signal.

2.3. Determination of orthorhombicity

Usually in crystallography the angular settings of
several reflections of the crystal are used to refine the
lattice parameters. In the case of twinned samples this
method is not so straightforward, because reflections
from different domains are close together in reciprocal
space and centring becomes less obvious. Twinning in
YBCO appears in thehk-plane and is visualized in Fig.
1 as four different sets of axes( ). The set( )* * * *a ,b a ,bi i 1 1



135V. Vonk et al. / Thin Solid Films 449 (2004) 133–137

Fig. 1. Schematic overview of reciprocal space of YBCO in thels0
plane. Each of the domains has corresponding axes and with* *a bi i

is1–2. The twinning is described by a 2d rotation around thec*-
axis and inversion ofa andb axis (see text). The two outer peaks of
the hhl reflections are separated by an angle 4d.

is rotated over an angle 2d with respect to the set
( ). The other two sets are obtained by inverting the* *a ,b2 2

a and b axes, indicated by and in Fig.* * * *b9 ,a9 b9 ,a9Ž . Ž .1 1 2 2

1. The rotation angle 2d is directly related to the in-
plane lattice parameters by:

bya
tands 'h (1)

bqa

and the parameterh is the so-called orthorhombicity.
By reciprocal space mapping in thehk-plane of a

reflection, the angled can be determined from the
relative differenceDh and Dk between the domains. In
the case of a rocking curve it depends on the position
in reciprocal space where the reflection passes through
the Ewald sphere. For anhhl reflection two of the four
domains overlap(see Fig. 1), and since in this case all
four domains have the same Bragg angle three peaks
are seen when performing anv-scan. For the measured
angle Dv between the two outer peaks the following
relation holds:

2 *2 *2 2 *2cos4d h a qb ql cŽ .Ž Ž ..
cosDw s (2)Ž . 2 *2 *2 2 *2h a qb ql cŽ .

where it is noticed that whenls0, the angleDv is
independent of sin(u)yl. The separation of reflections,
expressed in reciprocal lattice units(r.l.u.), is of course
still a function of sin(u)yl. By centring on the middle
peak of severalhhl reflections an orientation matrix
(OM) can be found and the lattice parameters can be
refined. Using onlyhhl reflections will result in equala
andb axes, which are the average of the real orthorhom-
bic axes, and therefore an OM of the underlying average

tetragonal lattice is found. Nevertheless, the lattice
parameters can then be determined from the value ofh
together with the averagea andb from the OM.

As many reflections as possible are used to define the
OM, resulting in 7 for the thinnest(7 nm) to approxi-
mately 20 for the thickest(400 nm) film. Once the OM
is defined, mesh-scans of certain regions in reciprocal
space can be performed. Since the splitting of the peaks
is a function of sin(u)yl, high order reflections will be
more suited. Here mainly the 304 and 115 reflections
are used.

2.4. Determination of film orientation

In order to determine the epitaxial properties of the
grown films, the orientation of the film with respect to
the substrate has to be regarded. In principle, by com-
parison of the OM found for the film with the one of
the substrate the relative orientation can be determined.
However, by using the difference in angular settings of
reflections of substrate and film directly, it is also
possible to determine the relative orientation. In the
latter case any systematic errors, like offset values of
the diffractometer axes, cancel and because several
reflections can be used a spread in the determined values
can be calculated. Taking two reflections, one of the

substrate and one of the film denoted as and
™ ™
H Hs f

respectively, the directions of their scattering vectors are
known. For the crystal to be in diffracting position the
scattering vector is aligned in the horizontal scattering

plane making an angle with the beam. The
p

yu
2

directions of these vectors can now be written in the
diffractometer-based frame by:

B B E B E Ep p™ C C F C F FH s sin yu ,cos yu ,0 (3)f f f
D D G D G G2 2

B B E B E Ep p™ C C F C F FH s sin yu ,cos yu ,0 (4)s s s
D D G D G G2 2

Using the angular settings of the sample on the
diffractometer at these positions, denoted(v , x , f )f f f

and (v , x , f ), it is possible to calculate the positions s s

of at the angular settings of . This is done by first
™ ™
H Hf s

rotating back to the zero position and then to the
™
Hf

position of . In this way two vectors are known, both
™
Hs

expressed in the same orthonormal lab-frame so that the
angle between them can be calculated. Using the rotation
matrices for a four-circle diffractometer as defined by
Busing et al.w19x the required expression is given by:
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Fig. 2. An hk-mesh of the 115 of a 400 nm film.

Fig. 4. Orthorhombicityh as function of film thickness. The dashed
line is a fit to a 1yt behaviour as explained in the text.

Fig. 3. An v-scan of the 115 of a 400 nm film.

Table 1
Miscut angle and anglej betweenc-axes of film and substrate

Sample(nm) Miscut (deg) j (deg) s(j) (deg)

120 0.49 0.49 –
60 0.68 0.71 0.05
30 0.69 0.61 0.07
15 1.2 0.8 0.3

™ ™
H 9sR R H (5)f v ,x ,f yf ,yx ,yv fs s s f f f

whereR is the 3=3 rotation matrix.

3. Results

Seven samples with thicknesses ranging from 7 to
400 nm were used in the measurements. Reciprocal
space mapping of severalhhl andh0l-type reflections is
performed from which the orthorhombicity(see Eq.(1))
is determined. Fig. 2 shows anhk-mesh of the 115
reflection of a 400-nm film. In Fig. 3 the corresponding
v-scan of the reflection is shown. The results of the
orthorhombicity of all samples are plotted in Fig. 4. The
error bars have been determined by taking the spread in
the calculations of the orthorhombicity from several
reflections of the same sample. The thickness is esti-
mated from the deposition parameters and therefore no
error bars are indicated.

For four samples the miscut angle is determined and
also the angle between thec-axes of film and substrate.
The results are listed in Table 1. Error bars have been
determined by calculating the angle using different sets
of 00l reflections for both substrate and film.

4. Discussion

Fig. 4 shows clearly a transition from tetragonal to
orthorhombic with increasing film thickness. The dashed

line in Fig. 4 is obtained by a fit to all data points,
except the 7 nm film, of the form:

B
h t sh q (6)Ž . max t

The best fit is obtained with parametersh smax

0.0089"0.0002 andBsy0.104"0.005. The value for
h corresponds very well with the reported orthorhom-max

bicity of fully oxygenated bulk YBCO withh sbulk

0.0089"0.0003, calculated from Cava et al.w2x. The
midway point of the transition, i.e. forhsh y2max

corresponds to a thickness oft s23"1 nm, where theOT

subscript OT denotes the orthorhombic-to-tetragonal
transition. The fit gives a critical thicknesst , wherec

hs0, of 11.5"0.6 nm, which compares well with
reported values in the literature for the critical thickness
of YBCO on STO ranging from 8 to 13 nmw11,20,21x.

The orthorhombicity for a thin film of 30 nm reported
here is aroundhs0.005. When taking the bulk data of
Cava et al.w2x this would correspond to a T of 40 Kc

and an accompanying oxygen content withx,0.5.
However, T measurements on thin YBCO films byc

Zhai et al. w22x reveal for a 30 nm film a T ofc

approximately 88 K, which relates to an oxygen content
with x,0.1 and an orthorhombicity of 0.009. This could
indicate that the STO substrate strains the YBCO film,
thereby lowering the orthorhombicity without affecting
the oxygen content nor the ordering of oxygen, where
the latter is believed to be the fingerprint of the super-
conducting phasew4x.

Comparing the miscut angles with the relative orien-
tation of the film with respect to the substrate it is
shown in Table 1 that up to a miscut angle of 1.28, the
film has grown on the optical rather than the crystallo-
graphic surface of the substrate. It is to be noted that
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the standard deviation in the measurements on the 1.28

miscut sample is relatively high. Measurements by
Maurice et al.w14x on a 200 nm YBCO film on a 0.538
miscut(001) STO substrate, shows the same behaviour.
Mechin et al. used vicinal(001) STO substrates with´
miscut angles of 2, 4 and 68 and found that YBCO
films grow on the crystallographic surfaces of these
substrates. This could mean that the epitaxial relation-
ship between film and substrate is influenced by the
magnitude of the miscut angle.

5. Conclusion

It is shown that YBCO films undergo structural
changes as function of thickness when grown on STO
and that these structural changes can be measured using
high energy XRD. Due to substrate-induced strain
YBCO films thinner than 11.5"0.6 nm are tetragonal,
whereas above this critical thickness they gradually
evolve towards the bulk orthorhombicity of fully oxy-
genated YBCO. The thickness characteristic for this
transition is 23"1 nm.

Furthermore it is shown that thin YBCO films grow
on the optical surface of the vicinal STO substrates up
to a miscut angle of approximately 1.28.

In order to obtain more information about the mech-
anisms of the structural changes in YBCO films grown
on STO, experiments have to be carried out at deposition
conditions, i.e. high temperatures and specific oxygen
atmospheres. The use of high energy X-rays opens the
possibilities for in-situ studies of the structure, because
the use of complicated sample chambers is facilitated.
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