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Electrical properties, texture, and microstructure of vicinal YBa >,Cuz0,_5
thin films
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Vicinal YBa,Cu;0;_ 5 (YBCO) thin films of thicknessh=20-480 nm are grown by pulsed-laser
deposition on 10° miscuD01) SrTiO; substrates. The anisotropic resistivitiesaxis texture, and
critical temperature drastically depend on the thickness of vicinal films. High-resolution electron
microscopy reveals a defect microstructure with strong bending of the YBCO lattice near thg SrTiO
interface and improved film microstructure at larger distances to the substrate. The required layer
thickness for microstructure relaxation and increase of electrical conductivity are significantly larger
than the critical thickness af-axis oriented YBCO films. ©€2002 American Institute of Physics.
[DOI: 10.1063/1.1508418

High-temperature superconductdidTS) have a quasi small steps with unit-cell heighrelatively large terraces of
two-dimensional structure and reveal strongly anisotropiavidth 107+27 nm and steps of height 38 nm are formed
physical properties. For HTS thin films on single crystal sub-for films of 75 nm thickness. The anisotropic resistivities of
strates thec-axis orientation is energetically favored and vicinal YBCO films pp(T) and po(T) were obtained from
only the ab-plane transport properties can be measuredfar-point measurements on current tracks oriented parallel
However, on miscut substrates a coherently tilted, vicinaland orthogonal to the vicinal steps, respectively. The in-plane
structure of the films can develop and the transport properties,,(T) and out-of-planep(T) resistivities were calculated
within the ab plane and along the axis can be derived on from a rotation of the resistivity tensor by an anglg and
the very same sample. Vicinal films are especially importantre p,,=pp and p.=(po— papX €O O9)/sir? 5. Figure 1
for the characterization of materials which are not availablesummarizes the resistivity measurements on films with thick-
as phase pure single crysfalsnd for the investigation of
phenomena occurring in thin layers of a matefiavicinal
Bi,Sr,CaCyOg, s (Bi-2212) thin films show anisotropic re-
sistivities independent of film thickneds in the rangeh
=20-300 nm? These results are in striking contrast to the
resistivity behavior of vicinal YBgCu;O;_ 5 films.

In this letter we report on vicinal YB&uO;_ 5
(YBCO) thin films (h=20-480 nm) which reveal an ex-
tremely strong increase of resistivities and a reducexis
texture for thicknesses less than 100 nm. YBCO films are
grown by pulsed-laser depositioiPLD) on miscut (001)
SrTiO; substrates. UV-excimer laser pulses=(248 nm,
7.~ 20 ns, repetition rate 10 Hz, fluence 3.25 Fymre em-
ployed for target ablatioAThe vicinal angle ig)s=10° and
the substrates polished after cutting have a rms surface
roughness of less than 0.2 nMBL Kelpin).

The thickness of vicinal YBCO films linearly increases
with the number of laser pulses employed for target ablation. out-of-plane: p. A 200K
The deposition rate is 0.340.01 A/pulse. The vicinal films 100+ © o
have a step-like surface morphology due to step-flow growth
as observed by atomic force microscdpyThe film terraces 04
are smooth and inclined by an angle=9.5°+1.7° with re- 0 100 200 300 400 500
spect to the macroscopic film surface in good agreement to FILM THICKNESS [nm]

the nominal substrate miscut angle. Due to the bunching of
FIG. 1. Thickness and temperature dependence of anisotropic resistivities of

vicinal YBCO thin films. Resistivities paralléb) and orthogonal(b) to the

YBa,Cu,0,, 0,=10° (2)

14 parallel direction: p, = p,,
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¥Electronic mail: johannes.pedarnig@jku.at vicinal steps and along the-axis direction(c) strongly increase for thinner

POn leave from: Institut fu Materialphysik, Universita Wien, films. The squared solid symbols are YBCO single crystal resistivity data.
A-1090 Wien, Austria. Solid curves are a fit to the data.
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nessesh=20-480 nm. The resistivities very strongly de- 1.5
pend on film thickness and progressively increase as the
thickness decreasefi €100 nm). For films with thickness
larger than 150 nm the resistivity values agree very well with
YBCO single crystal data pp~0.15nm)cm, p,
~5.3m) cm, andpo~0.31 m) cm at 290 K.1° The films
reveal a metallic conductivity behavior in the normal state
(100 K=T=<290K). Only for the thinnest films H
=30 nm) the resistivitiepo and p, show a slight increase
for temperatures close to the superconducting phase transi-
tion. The onset temperature of the phase transition is 92
+1 K for all films. The critical temperature depends on film
thickness and isT,,=90K (h=60nm), T,,=84K (h
=30 nm), andT~50 K (h=20 nm). For films of thick- FiG. 2. Thickness dependence of 1085 YBCO rocking curve half width
nesses of 60—320 nm, the resistivitips(T) and pp(T) of vicinal films. The widths strongly increase for thinner films. Thaxis
agree with other reporfSHowever, the drastic increase of alignment is stro_nger_for mef_asurements para_llel to the vicinal steps than for
N . the orthogonal direction. Solid curves are a fit to the data.
resistivities forh<<60 nm was not reported. The results in
Ref. 5 were obtained from vicinal YBCO films grown on
high-temperature annealed SrEi®ubstrates which show a strate lattice axes. The width of tH&04) YBCO peak is
more regular surface structure than the substrates used in thdspryy~0.9° (h=60nm) and Aepyuv=~0.6° (h
study! In order to check the influence of growth kinetics on =200 nm).
layer properties, vicinal filmsh(=75 nm) were grown at low The microstructure of vicinal YBCO thin films was in-
laser pulse repetition ratel Hz) for comparison. However, vestigated by high-resolution electron microscdp\REM).
resistivity measurements and texture analysis showed thien-beam milling of the samples was performed at low en-
same results independent of repetition rate. Oxygen postaergy and small angle of incidence to avoid sample damage.
nealing (800 mbar, T<575°C) of patterned films increases In Fig. 3, HREM cross-section images are taken perpendicu-
resistivities and decreasds,<50 K of the thinnest films lar [Figs. 3a) and 3c)] and paralle[Fig. 3(b)] to the direc-
(h=30nm) but does not change the properties of thicketion of vicinal steps. Figures(8 and 3b) are taken at the
films. These results indicate strongly modified materialssubstrate interface. White lines indicate the orientatioalof
properties as compared to YBCO for very thin layers. planes in the YBCO film. In the direction perpendicular to
The crystallinity of vicinal YBCO films was investigated the vicinal steps the film lattice is inclined by10° against
by x-ray diffraction (XRD) using a three-circle goniometer the interfacddashed line, Fig. @)]. In the direction parallel
with two-dimensional detection syste@u Ka). All XRD to the steps the lattice is oriented parallel to the interface
peaks were due t®0¢) reflections from the Y-123 phase and [Fig. 3(b)]. HREM images reveal different kinds of imper-
secondary phases were not detected. The in-plane and odiections: lattice bending and increase@pacinggindicated
of-plane texture of the vicinal films were measured by so-by white arrows in Fig. Band nanoscale inclusions. Also a
called ¢ scans andv scans, respectively. The scans were doubling of thea or b axis can be observed locally. The
performed for different orientation of the vicinal films with increased spacings, the doubling of thee axis, and part of
respect to the plane of x-ray incidence. For the “parallel” the lattice bending, which occur in particular close to the
configuration, the film is aligned with the vicinal steps ori- interface with the substrate, are probably due to an interca-
ented parallel to the plane of incidence. Rocking curve pealation of Cu—O planes or formation of G3? Although the
intensities of thg(005 YBCO and (002 SrTiO; reflections  deteriorated film structure at the interface can be due to
are measured ab= 60— 05=0°, where 6 is the angle of HREM sample preparation, such a strong deterioration does
incidence andv denotes the relative scan angle. The Braggnot occur in the rest of the film, indicating that at least it
angles of YBCO and SrTiQ are 6g=19.30° and 6g must be initiated by imperfections that were already present
=23.26°, respectively. In the orthogonal direction, the sub-in the as prepared films. These local structural imperfections
strate miscut and vicinal film structure cause a shift of peakesult in changes in the direction, as was confirmed by
positions and the maximum intensities are measurad=at  x-ray diffraction. At larger distances from the interface no
*+fs. In Fig. 2 the rocking curve half widthA wgywyy are  intercalation related lattice distortions are obseryé&d.
shown for the measurements parallel and orthogonal to th&(c), taken at a distance of 70 nm to the interface Other
vicinal steps. The widths strongly increase for film thick- defects in the vicinal films include antiphase boundaries and
nesse1<<100 nm. The deviation from perfectaxis align-  crystalline inclusions of rectangular shajpet shown in Fig.
ment is stronger for the orthogonal direction demonstrating3). Such inclusions have sizes aroun& 80 nnf and are
anisotropic crystallinity of films grown on miscut substrates.inclined against the substrate surface with their long and
The dependence of widths on film thickness follows an exshort axes oriented parallel and perpendicular to the basal
ponential decay law,Awgyuv=a+bexp(=h/d) (solid plane of the surrounding YBCO matrix, respectively. The
curves in Fig. 2 The obtained relaxation lengtlisare 45 inclusions show fringes oriented parallel to theaxis of
+6 nm and 4% 4 nm for the parallel and orthogonal direc- YBCO with a spacing of~7.5 A. From this it is concluded
tions, respectively. The vicinal films are strongly in-planethat the inclusions are probably,®; with an orientation

textured with thea andb axes aligned parallel to the sub- [110] Y,O4|[100] Y-123. The Y,0; phase is not in equilib-
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duce the conductivity at the interface. At larger distances
from the interface the conductivity may approach the single
crystal values ¢vgco). The solid lines in Figs. (&) and Xc)

are fits employingr(z) = oygco/[ 1+ U exp(—g2] and aver-
aging over film thicknesf (T=290 K). A linear or expo-
nential variation of conductivity does not deliver satisfactory
agreement to the anisotropic resistivities. The obtained relax-
ation lengths of the in-plane and out-of-plane conductivities,
31t5nm and 4% 2 nm, are comparable to the relaxation
lengths of c-axis texture and the critical thickneds,
=30 nm for films withT.o>77 K. The anisotropy of con-
ductivity relaxation and crystallinity relaxation is probably
due to the substrate miscut and the modified growth mode
for vicinal films. Forc-axis oriented YBCO films o001
SrTiO; the critical thicknes$i.~13 nm is related to interfa-
cial epitaxial strai® with a relaxation distance of 13.5 nth.
The Stranski—Krastanov transition from layer-by-layer to is-
land growth occurs in the thickness range 9-19'fhe
strikingly different behavior of vicinal Bi-2212 filmsh(
=20-300 nm) is possibly due to different materials proper-
ties. The relatively weak Van der Waals forces and the easy
shearing of Bi-2212 half cells may contribute to shorter re-
laxation lengths of epitaxial strain and structural defects at
the interface.
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