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Strong pinning linear defects formed at the coherent growth transition
of pulsed-laser-deposited YBgCu3;0,_ ;5 films
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Linear defects are important pinning sites for vortices in high-temperature superconductors. In
YBa,Cu;0_ s thin films, the linear defects responsible for high critical currents are threading dislocations
formed near the substrate interface. Investigating the first stages of growth of pulsed-lased-deposited
YBa,Cu;0;_s0n single terminatedL00) SrTiO; substrates, we study the genesis of these dislocations. We find
that the formation of linear defects occurs above a certain critical layer thickness at which a coherent growth
transition takes place. Coherent islands are formed, surrounded by highly strained trenches. These trenches
facilitate the formation of dislocation half-loops. Such half-loops relieve the misfit strain and form misfit and
threading dislocations. The number of threading dislocations thus depends on the island density. This model
explains both the short-range lateral order of the threading dislocations and their decreasing density at elevated
substrate temperatures.
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[. INTRODUCTION the fact that the threading defect density decreases with in-
creasing growth temperatufédence we have to look for an
Recently, we showed that the presence of linear defectslternative mechanism for the formation of misfit relieving
explains the high critical current density of YR&,0,_s and/or threading dislocations.
thin films! By wet-etching pulsed-laser-depositéBLD) We investigated the structure and morphology during the
films in Br-ethanol we visualized the lateral distribution of first stages of growth of YB&£u;0;_; films, deposited on
(threading linear defects. From the location of the etch pits Single terminated(100 SrTiO; substrates! From atomic
we deduced that these linear defects are both edge and scréice MicroscopyAFM) and x-ray diffraction(XRD) it ap-
dislocations which, in PLD films, emerge mainly in the P€ars that the defect structure of the_ |n|t_|al growth .Iayer de-
trenches between the growth islands. Indésedhthe growth pgr)ds str.ongly on the subst.rate termlnatlon. .In par'ucular,'the
island density and the threading dislocation densityf) crlt!cal thicknesst; up to which the _f|Im_ remains under epi-
decrease when increasing the deposition temperature. Fotlr’-‘xIal sltlres§ dependls on theh_te.rmlnalt:_on. Bfe:gwthe t?t'
lowing the pattern of etch pits upon consequetive etching, wé?ga/?ﬁ %vgillztizgiegyizzaﬁgslbsl':;rtato m(rjovc\)/ agéngsylj ayer
cpncluded that m_ost thrce?eading defects originate from a regestind a Stranski-Krastanov type of grgwth mode. Fro?n our
gIO?oCISr?got\?e:h?thiz?chénism by which these threadin XRD data we infer that these surface ripples remain coherent

. ) ) Quith respect to the substrate. In analogy to what has been
dislocations are formed, we address here the first stages gf,served in heteroepitaxial semiconductor grofeie, e.g.

the PLD growth of YBaCwO;_; thin films. In early ex-  the review by Moonel?), we propose that the relaxation into
periments studying the heteroepitaxy of YBasO; 5 on  coherent islands reduces the activation energy for the nucle-
(100 SrTiO; substrates, it was shown by reflective high- ation of dislocation half-loops at the cusps between the is-
energy electron diffractiofRHEED) that this complex oxide |ands (Fig. 1). These half-loops form misfit and threading
grows unit cell by unit celf i.e., in blocks of 1.2 nm in dislocations. Hence, in PLD YB&w0,_; films, threading

height. As expected for mismatched heteroepitaxial systemsisiocations are preferentially found in the cusps between
one observes relaxation of the film lattice at a critical layer

thicknesst, of several monolayers.® Up to now, it was

assumed that relaxation takes place by the introduction of

misfit dislocations. Yeadon et al® estimated a(thermo- \ﬁﬁ/\ti\/
dynamiq critical layer thickness between 8 and 21 mm. This } '
calculation is based on equating the strain energy to the en
ergy of misfit relieving edge dislocations. However, misfit
dislocations do not form spontaneously. Most probably,
dislocation half-loop%® have to nucleate at the film surface. @ ®) ©

The half-loop expands towards the interface where it forms a G, 1. sketch of the first stages of growtl) pseudomorphic

misfit dislocation and twdhreadingdislocations ending at growth, the film adopts the lateral lattice constants of the substrate;
the film surface. The activation energy estimated for the ini<p) coherent islanding, the film relaxes by the formation of relaxed
tial halfloop formation is very highbetween 30 and 100 eV islands and strained trenches; afg dislocations form in the
(Ref. 10]. Such a high activation energy in incompatible strained trenches between the coherent islands reliefag of

with the applied substrate temperature of 850 °C and withhe misfit strain.
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growth island€. As the island size is diffusion limited, the
island density decreases when decreasing the substrate tem-
perature. Hence our mechanism explains the paradox that an
activated dislocation formation process produces less dislo-
cations at high substrate temperatures. Moreover, it shows
that the pinning properties of thin high films are inti-
mately connected to the nucleation and growth process.

Il. EXPERIMENTAL PROCEDURES

Low miscut, epi-polished100 SrTiO; substrates are pur-
chased from various suppliers. The SrO/SiJi®rmination
is produced according to oex situprocedure;® which con-
sists of two essential steps. First, the as-received substrates
are cleaned in 1-propanol under applying mechanical force
and dried in air using a spinner. Second, the substrates are
annealed in a quartz tube furnace, in flowing oxydgérb
I/min). The substrates are heated at 15 °C/min to 900 °C,
annealed at this temperature for 5 h, and then cooled down FIG. 2. 1.0<1.0 um* AFM height images of YBgCu0;_;
(<15 °C/min. By studying the aging affects in air and the films pulsed laser deposited at,,=805°C on TiQ-terminated
nucleation behavior of sever@ubmonolayer thin films we (100 SrTiO; as a function of film thicknesss (a) bare substrateb)
have shown that the termination is different from the well-t=0-8nm, (c) t=1.6nm, (d) t=2.4nm, (¢) t=3.2nm, (f) t
known TiO,/SrTiOsterminated substrates and have a=41nm. (g t=8.1nm,(h) t=16.2nm, andi) t=24.3nm. The
SrO/SITiQ, charactel® TiO,/SrTiOxterminated substrates "€ignt scales ar@—¢ 5.0 nm,(f) 7.5 nm(g) 15.0 nm, andh,) 20
are obtained commercially and are produced according to m, respectively; identical image conditiofontrast, color table,
modified* Kawasak}® procedure. etc) are used.

Thin films of YBaCu;O;_s are deposited on SrO- and o )
TiO,-terminated(100) SrTiO; substrates by means of pulsed W€re Ilmlted to the 005 and 001 reflection mostly. Second,
laser deposition. Our PLD setup consists of a KrF excimefongitudinal () scans are performed for the I0@flections
laser (LAMBDA PHYSIK LPX305: wavelength 248 nm, .(|=1—1Q, rr_lostly the 005 only. Thg resolution in thesg rock- .
pulse duration =25 ng, projection optics, a beam- INg scans is about 0.04°, as estimated by measuring a Si
homogenizer, and a high-vacuum system with a base pre¥.afer.
sure below 10° Pa. The optical components ensure a spa-
tially homogeneous laser spot on the target, essential to
achieve high reproducibilit}f!’ The YBaCu,0;_ ;s films are
deposited from a rotating, polycrystalline, high-density, A. Surface morphology
stoichiometric tgtragonal targgPRAXAIR, >99.999>% Using AFM we compared the surface morphology of
pure raw materiajsat an oxygen background pressig,  fiims deposited on both substrate terminations as a function
=15 Pa and a target-substrate distadggs=3.5 cm. The  of film thicknesst. The results for 0.8t<24.3 nm are sum-
laser energy density is fixed at 1.4 J/crf) as measured marized in Figs. 2 and 3. For all YB@uO;_ 5 films depos-
at the target. Both the thicknes®f the films and the sub- ited at T¢,=805°C we distinguish three main growth
strate temperatur€g ,are varied. We use three different sub- stages.
strate heater temperatures ©f,= 770, 805, and 850 °C, (i) Nucleation stageThe films nucleate precipitate free on
while t is varied from 0.8 nm up to 500 nm. TiO,/SrTio;, while a high density of precipitates forms on

The surface morphology of both the SrEi€ubstrates and SrO/SrTiQ,. This behavior originates from non-unit-cell
the YBaCuO,_, thin films is investigated by scanning nucleation and has been observed betd?&°In complex
probe microscopyNANOSCOPE Illa multimode systenin  oxides, the stability of the nucleation layer is a complicated
air. Atomic force microscopy measurements are performed italance between interface, surface, edge, and strain energies.
the tapping mode using Si tips. After deposition the surfacéJnder our growth conditions we find that, in contrast to, e.g.,
morphology is immediately investigated by AFM in order to a 122 monolayer, a single 123 monolayer is unstable on
prevent degradation effects. The crystal structure of the film&rO/SrTiQ,. CuO precipitates are formed instegd.
is investigated by x-ray diffraction and Rutherford back- (i) Two-dimensional growthSurprisingly, when growing
scattering spectrometRBS). The 10 kW Rigaku rotating-  slightly thicker films, we no longer observe the precipitates.
anode XRD employs CiKa radiation in line focus. This They have apparently dissolved in the growing film. Growth
two-circle diffractometer is equipped with secondary opticsproceeds in a kind of layer-by-layer mode. Nucleation and
only, consisting of a Soller slit and a graphite monochro-growth of unit-cell layers of YBgCu;O;_ s can be discerned
mator. Two sets of XRD experiments are performed. Radiale.g., Figs. &)—2(f), Figs. 3¢)—3(f)]. Nucleation is random,
(6-20) scans are recorded in order to measure the length afnd preferred nucleation sites cannot be discerned. In this
the c-axis lattice parameter. For the ultrathin films, the scansstage probably the RHEED oscillatidhg' are observed. On

IIl. RESULTS
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FIG. 4. c-axis length (solid symbolg of laser-ablated
YBa,Cus0;_ 5 films on SrO- and Ti@terminated 100) SrTiO; as a

FIG. 3. 1.0x1.0 um? AFM height images of YBgCu,0,_ 5 function of film thicknesg. The drop inc is accompanied by the
films pulsed laser deposited dt,;=805°C on SrO-terminated morphological transition, as indicated by the AFM root-mean-
(100 SrTiO; as a function of film thicknests (a) bare substrateb) square roughnegepen symbols The transition thickness, shifts
t=0.8 nm,(c) t=1.6 mm,(d) t=2.4 nm, (c) t=3.2 nm,(f) t=4.1  to higher values when depositing films at lowky,,.
nm, (g) t=8.1 nm,(h) t=11.3 nm, andi) t=16.2 nm. The height
scales aréa)—(e) 5.0 nm,(f) 7.5 nm,(g),(h) 15.0 nm, andi) 20 nm,

. SO o lattice bending. The island structure we observe abipve
respectively; identical image conditioisontrast, color table, efc.

suggests that we are dealing with such a coherent

are used. relaxation?

TIO,/SrTIO; the vicinal steps are reproduced by the B. Crystal structure
YBa,Cu;0;_slayerg[i.e., at these steps antiphase boundaries . .
(APB's) are createHup to a thickness of arount=11—16 1. Relaxation of the ¢ axis

nm. On the SrO-terminated substrate, steps cannot be dis- We measure the 005 reflection as a function of film thick-
cerned after the second YR2u,0;_; monolayer. This im- ness and temperature on both substrate terminations by per-
plies that the film has quickly accommodated to the averagérming 6-26 scans. From the peak position we determine
substrate orientation. We assume that the stacking faults réhe c-axis length for all films. We calculate the film thickness
quired for such a lattice tilt form out of the dissolved sec-t from the frequency of the Laue oscillations around the 001
ondary phases. reflection?® In Fig. 4 the measureg axis is shown as a
(i) Island growth.At a critical thickness, the relatively function of film thickness for the two terminations for the
flat surface morphology suddenly changes into the islandntermediate substrate temperature of 805 °C.
structure that is well known from thicker YB@usO;_s Surprisingly, on both terminations initially we find an en-
films. Nucleation is not random anymore, but results inlargedc axis (11.72-11.75 A which suddenly drops to a
concentric steps. Remarkably, the critical layer thickness off°re bulklike valugc=11.6772 A(Ref. 27] att>t;. Ac-

the morphological transition on SrO-terminated SrFiO :ﬁa"%i’l'”?r;e Wﬁ(‘;'? texr??ICt atrreitiucechx:s bﬁlo"‘ﬁﬁ 'r}'t'ra“yr’ )
(t5°=6.9 nm is much smaller compared to the GO - '© S under tensiie strain as a resuft ot tne ‘arger sub-

) . To _ e strate lattice. This should cause a Poisson contraction of
SrTiO, termination ¢;~?=19 nm). The island density is ap- the ¢ axis. How can we explain the enlargedaxis? As
proximately the same for both terminations. the films grow in the tetragonal phase (with lattice

The initial layer-by-layer growth indicates that the attach-constants’ of 3.8578 A in plane and 11.8391 A out of
ment of the film to the substrate is stronger than the attachplane, Fig. 4 implies that the transformation into the
ment energy of growth units within the film. As the strain orthorhombic form upon cooling down only occurs aboye
energy of the film increases with its thickness, relaxation at &ue to strain, thinner overlayers remain tetragonal
certain thickness is to be expected. This is typical forYBa,CusOg. .22 As a result of the larger lattice constant of
Stranski-Krastanov growth, be it incoherent or coheféiib the substraté3.905 A), for t<t. thec axis is contracted with
our knowledge, a termination dependence of the criticalespect to its tetragonal value. As we lower the substrate
thickness has never been observed before. In the case of tamperaturet. shifts to larger values for lower temperatures
incoherent growth transition the surface morphology is(from 6.5 nm at 850 °C to 8.0 nm at 770 °C for films on
characterized by a gridlike surface morpholégyyhich is  SrO/SrTiQ). Similarly as in thicker filmg the island size
related to the formation of misfit dislocations. In case of aincreases with temperature.
coherent growth transition, island&urface ripples are The simultaneous structural relaxation and formation of
formed which allow for a release of the lateral strain byislands(evidenced by a jump in the surface roughness as
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- YBa,Cu;0;_ s films on TiO,- and SrO-terminatedl00) SrTiO; as a
10' function of film thicknesg.

) . ; creases rapidly with film thickness, roughly linear in the
000 025 050 075 films on TiO,/SrTiOsterminated substrates, while on
Ao [°] SrO/SrTiG; the decrease is more exponential. To investiga_te
the temperature dependence of the two component rocking
FIG. 5. 005 rocking curves(w scany of laser-ablated Ccurves, we deposited ultrathin films on SrO/Sr@ a sub-
YBa,Cu,0;_; films as a function of film thickness and (100  strate temperature of 770 and 850 °C. It appeared that the
SrTiO; termination:(top) t=3.2, 4.1, 8.1, 11.3, 16.2, 18.6, and 24.3 FWHM of both the broad and narrow components is remark-
on TiG,/SrTiO; and (bottom) t=3.2, 4.1, 6.5, 8.1, 16.2, and 24.3 ably insensitive to the substrate temperature.
nm on SrO/SrTi@; t increases from bottom to top. In many heteroepitaxial systems similar diffraction fea-
tures have been observed—for instance, in ErAs/Gé¥es.
plotted in Fig. 4 are to be expected for a coherepseudo- 29 and Nb on sapphiréRef. 30. The narrow component,
morphic growth transition. We do not known whether the €specially when it is visible in higher-order Bragg reflec-
island formation takes place through a rearrangement of thons, is usually interpreted as resulting from perfectly
film surface layers or through a clustering process duringtigned epitaxial film regions, whereas the diffuse compo-
growth. In any case, the different for the two terminations Nentis due to incoherent scattering due to deféct'These
indicates that the roughening is not due to some trivial thickiheories consider misfit dislocations as the most important
ness dependence of the growth kinetics. source _of _dlffuse scattering. The intensity of th_e sharp com-
ponent is inversely related to the misfit dislocation density in
the case of weak disorder, i.e., in the regime for which the
product of the dislocation density and the film thickness
Unfortunately, we could not verify the relaxation of the pt<1.3® For ultrathin YBaCuO,_; films this is the case,
in-plane lattice parameters, as only 001 reflections were sukven in the fully relaxed state, i.e., with a misfit dislocation
ficiently strong to be observed. However, 001 rocking curvespacing of 40 nm. Unfortunately, the resolution of our sys-
reflect important information on the lattice perfection of thin tem is insufficient to quantitatively compare the fraction of
films. Rocking curvegw scang were taken around the 005 the specular and the diffuse intensity. However, Fig. 5 clearly
reflection as a function of the film thickne¢Big. 5. The  shows no anomalous decrease in the specular reflection
rocking curves of the ultrathin YB&usO,_s on both the aroundt.. Remarkably, the specular reflection remains eas-
SrO- and TiQ-terminated(100 SrTiO; substrates initially ily visible in up to 24 nm thin films, from which we conclude
exhibit two components: a narrowspecular resolution-  that most of them is fit dislocations yet have to be formed.
limited component and a broadéliffuse) component. On To further analyze the nature of the diffuse scattering
TiO,/SrTiO; the diffuse component has a Gaussian profilewe recorded OOrocking curves foll in the range from 1 up
whereas it has a Lorentian shape on SrO/SgTi@ Fig. 6 to 10. In Fig. 7 the result is shown for the 16.2 nm film
the full width at half maximum(FWHM) of the broad and deposited at 770 °C on SrO-Sr§OThe normalized in-
narrow components are plotted as a function of the filmtensity plotted versus the parallel scattering vectyy
thickness, as determined by fitting an appropriate two=(4m/\)(cosf,-cosw) does not depend on the order of
component peak function. It follows that the FWHM of the the reflection, characteristic for a small correlation length.
narrow component is mainly determined by the instrumentaDn the other hand, the D@ocking curves for a 165-nm-
resolution, although a slight increase witban be detected. thick film show a constant lateral width in angle space, in-
On the other hand, the FWHM of the broad component dedlicative of rotational disorder. At this thickness the specular

075 050 -025

2. Defect structure and the in-plane order
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' ' ' ] component(Lorentzian on SrO- and Gaussian on JiO
L o002 SrTiOs-terminated substratg® a different type defect struc-

. ture on both terminations. Given our morphological observa-
tions, we expect different densities of, e.g., APB’s and stack-
ing faults to be the cause of the different line shapes.

10' 3

[arb. units]

IV. DISCUSSION

A. Coherent growth transition

The Stranski-Krastanov growth mode is characterized
phenomenologically by the formation of islands on a thin
wetting layer. It results from the competition between the
interface energy(which has a finite rangeand the misfit

ad AN
10° /A

normalized intensity [arb. units]

strain energy which increases with layer thickn&s8e-
(a) q, [1/A] pending on temperature and striithe relaxation proceeds
o incoherently(immediate formation of misfit dislocationsr

coherently(misfit dislocations form in a later growth stage
In the latter case a surface ripple structure forms, which pre-
cedes the formation of the isolated islands. The coherent is-
lands can be quite uniform in size and lateral distribution.
Currently, these so-called self-assembled quantum dots
(SAQDs have received a lot of attention because of their
3 interesting electronic properties.
] The islands we observe can be characterized as a surface
ripple structure. Although the surface area increases, the
\ E ripple formation allows for a partial relaxation of the strain
Sl by elastic deformation of the film surface. The roughening
B may take the form of sharp pits or groov¥sat which the
stress is concentrated resulting in a locally reduced barrier
- for the nucleation of dislocation$:*® The formation of sur-
(b) Ao [°] face ripples requires an activation energy. The activation en-
ergy barrier occurs at a critical nucleus size, which depends
FIG. 7. Normalized 005 rocking curve® scans|=2, 4, and  on both the film surface energy and the misfit-induced
5) of YBa,Cu,O;_; films on SrO-terminated100) SrTiO;: (a) a  strain® For the size of the islands, a critical wavelength

16.2 nm thin film shows a constant width of the broad componenhas heen definédi above which the ripples are thermody-
in reciprocal space, characteristic for a small correlation |e”9thnamically stable:

while (b) a 165 nm thick film shows a fixed width in angle
space, indicative of rotational disorder. Specular scattering is not d/\2 2082/47772_ 1)
observed. o

-
ow

-
o—

normalized intensity [arb. units]
3

-
OO

Hered is the amplitude of the undulatiol§ is Young’s

peak has disappeared. Miceli al*? attributed such a cross modulus,y is the surface free energy of the film, anis the
over in ErAs films to the introduction of misfit dislocations. mismatch strain. Assuming 1.6 Frfor the surface free en-
In very thin films no strain relaxation occurs and strongergy of YBaCwO;_ 5’ we find that the island shape we
specular scattering is observed even for ldigéhe diffuse  observe(3xX100 nm is of the required order of magnitude.
scattering is correlation length limited and hence the widthwhile Eq. (1) suggests only a small dependence of the criti-
of the broad component does not depend on the order afal wavelength on temperature, the actual increase can be
the reflection when plotted against the parallel scatteringjuite large(a factor of 2—5%. We attribute this to an increased
vector. In thicker films, misfit dislocations at the interface diffusivity, which is known to have a strong influence on the
relieve the mismatch strain and the strong disorder limit apactual island sizésee Gao and NiX). Also, the time for the
plies. In this limit, only weak specular scatterifdgcreasing formation of the ripple structure depends on the diffusivity,
with I) is expected, while the diffuse component is purelywhich explains the temperature dependence. ofNote that
rotational in character and therefofas we obseryehas a these theories refer to the surface evolution of a film during
constant width in angle space. Accordingly, we propose thaannealing. It would be interesting to perform an anneal ex-
(mosh misfit dislocations are formed at layer thicknessesperiment on unrelaxed films. However, such an experiment is
above 24 nm. hampered by the fact that the background oxygen pressure

Since the model of Micelet al. only predicts thewidth  required for the phase stability also has a profound effect on
of the broad reflection and not its line shaf@xcept in the the diffusivity.
weak order limit when the displacement fields are very As far as we know, a termination dependence of the criti-
smal), we attribute the different line shapes of the broadcal thickness has not been observed before {saherent
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Stranski-Krastano(SK) transition. In general, in the SK- So far, we have neglected the nature of the threading dis-
growth mode, islands form on top of an unperturbed wettingocation and the effect of the growth technique on the dislo-
layer. The thickness of the wetting layer depends on the ineation formation. Typically, depending on the growth
terface energ$? which depends on the exact nature of theconditions* in PLD the YBaCuO,_; islands grow in a
interface. The energy per unit area of a pseudomorphic laye{yo-dimensional nucleation and growth mode and we cannot
A of thickness deposited on a substrat@aterial B may be  gjstinguish between edge and screw dislocations. On sput-
written as tered film4>6 growth spirals are observed in tneiddle of
_ 2 the growth islands. These spirals reveal the presence of
E()=(Ce"~ Pant+W+S. @ screw dislocations. To understand that growth spirals are not
In this approacft C is Young’s moduluss=0.012 equals the seen in the trenches, one has to take into account the effect of
substrate-film mismatchd », is the binding energy of an growth kinetics. If (under the proper growth conditions
unperturbed filmW sums the interaction of all layers with screw dislocations form growth spirals, these dislocation out-
the substrate, an® equals the surface energy of the film. crops become step sources. The spiral will become the center
Since the surface energy of the film itself is not expected t@f a growth island, filling up the trench. Edge dislocations
depend on the type of interface, we may attribute the differnever act as step sources. As a result, these cusps remain
ences int, to the difference inV. Assuming that the energy intact. It is reasonable to assume the same coherent growth
of the pseudomorphic layer at the critical thicknésss the  transition in sputtered films as in PLD-grown films. We pre-
same for both terminations, dict, however, that due to the formation of growth spirals, the
o, TO, ¢ island density of sputtered films is less than that of corre-
(WTiOZ_WSrO)_(CS _(I)YBCO)(tC _tc O) (3) Sponding PLD films.

The observation of growth spirals indicates that the Bur-
gers vector of many threading dislocations has a screw com-
Iponent. If threading dislocations are part of a misfit relieving
dislocation half-loop, they must have an edge component
also. Experimentally, the nature of the threading dislocations
is still under debate. Transmission electron microscopy

ferent stiffness of the initial growth layers. As the defect(TEM) observations remained inconclusi, but do not

structure of the film depends on the substrate termination, th§Xclude the predominance of mixed dislocations. Note that a
effective Young's modulus will be affected also. As the strainthick film is usually fully relaxed, implying a misfit disloca-

energy is the driving force for the coherent relaxation, a highion density higher than the threading dislocation density.
defect density (SrO/SrTiQtermination implies a higher The formation mechanism of these additional misfit disloca-

S 8
strain energy density. As a result, the activation energy fof©NS IS not cleaf!

island formation decreasé%,along with the critical layer At first sight our reasoning implies that the dislocation
thickness. density (although not affected by the substrate termingtion

should depend strongly on the substrate chosen. Indeed,
Svetchnikov et al*® report anomalously high dislocation
densities in YBaCu;O,_ s grown on MgO(which has a lat-
Below t., we do not observe any morphological indica- tice mismatch of 9% However, partly this may be due to the
tion for the formation of defects. In contrast to what was45° grain boundaries. On single grains, we find basically the
observed by, e.g., Bauet al. on MgO?*? we do not observe same threading dislocation density on MgO as on SgFiO
any signs of incoherent growth fronts forming screw dislo-The low threading dislocation density on MgO can be under-
cations. Moreover, from our diffraction data we concludestood following a suggestion from Yeadetal® They find
that att., only very few misfit dislocations have formed. As that on MgO the YBgCu;O;_ s growth mode is of Volmer-
a result, the trenches between the coherent islands are highlyeber(VW) type (i.e., relaxed islands form immediately in
strained® In our view the local strain facilitates the forma- the initial growth stage They claim that the VW islands
tion of threading dislocations, e.g., by the nucleation of dis-have a residual misfit of the same order of magnitude as that
location half-loops. Calculations show that the activation en-of films grown on SrTiQ. Hence the same type of relaxation
ergy for dislocation half-loop formation is dramatically might also occur within these growth islands. Further inves-
reduced in such cusp$38As a result, when growing beyond tigation of the growth and defect formation on Y&ax0,_ s
t., dislocations may form that releagpart of the misfit  on different substrates would be worth pursuing.
strain. Indeed, in PLD YB#&Lu;0,_ ;s films (50<t<500 nm) At this stage we can only speculate on the applicability of
the threading dislocations are always found to emerge at theur dislocation formation model to other high- films or
trenches between the growth islands, leading to an averagmmplex oxides in general. The typical island morphology is,
dislocation density equal to the island den$ifihe fact that e.g., not seen on Bsr,CaCyO, compounds. The lower mis-
the trenches remain present in thicker films indicates that ndit and the higher surface free energy may in this case pre-
all strain is released. The reduction of the threading dislocavent the coherent island formation. A detailed study of the
tion density with substrate temperature follows from the de-defect structure of complex oxides is necessary to judge how
crease in island density in the first stages of grof#th. far the analogy with semiconductors holds.

We estimate that the upper limit for the difference in sub-
strate interaction energy equaM/{ioz—Wsro)=O.39 JIns.
Basically, this implies a termination-dependent wetting laye
thickness. A wetting layer thickness of over 10 nm seems
however, a bold suggestion.

Alternatively, the difference in; could be due to the dif-

B. Implications for the formation of threading dislocations
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V. CONCLUSIONS elevated substrate temperatures, due to the increased surface

. mobility at t..
In the first stages of the PLD growth of YB2us0;_s c . .
films on single terminated100) SrTiO;, we observe layer- The dependence of the critical layer thickneson the

bv-laver arowth by random nucleation. The films remain re_substrate termination is somewhat elusive. It illustrates the
y-layer g y L . complexity of the heteroepitaxial growth of complex oxides,
markably flat, until they roughen at a critical layer thickness

(t.). Remarkably, we find that, depends strongly on the which are characterizgd by .Iong—range ionic bonds and am-
substrate pretreatment, i.e., the substrate surface terminatiotl)’llguou.S interface configurations, :
The roughening therefé)r.e |s not a trivial effect of the layer . In.h'gh_T‘: super_conductors we want to have_as many dis-
thickness alone. As we find no morphological or structurallocatlons as possible. Preferably,.the dl_slocatlon should be
: laterally ordered. Moreover, the dislocations should not af-

e oo aneiyon 261 the ualfy of the sutounding superconduéen e
¢ y 9 ' single-vortex pinning regime, strong pinning induces the su-

taxTh((;‘ $SIU§S gbseg\;ezjlgo)thser_ll‘_lig; is;qagiestho; :czﬁor\lﬁ:]eroepﬁercor)ducting critiqal current to _remain constant up to a
mo)éel for tf]ge gsengrl;tion @btrong pinningilhreading dislg— matching field, which is proportional to the density of
: lel to the arowth direction in PLD-arown threading defects. We expe(specially due to the growth
cations para ﬁ Ig . : : : 9rown induced lateral orderinghat we can extend the critical cur-
YBa;CLyOr_, films (see also Fig. )L , rent plateau to above 1 T if we could, e.g., force a 1:1 cor-
(1) Up to a critical layer thicknest;, the film grows by relation between misfit and threading dislocations. To

random nucleation. The surface roughness is limited to pIuachieve that a further investigation into the nature of coher-

or rglnﬁs one mohnolayer. isfit strain is rel d by the f ent islands and the associated defect formation in heteroepi-
(.) pfon Leac 'n.glc’ rc'jms_:_hs rain 1s r:e gasef hy e lor'dtaxial films of complex oxides is needed.

matlon ot co erent islands. The minimal size of these Is ands note that while semiconductor research focuses on the

is determined by the balance between surface and strain e

. . . . strain in the coherent state can be used to incr@ase
(3) Growing beyond, induces the formation of disloca- Lay ¢Sty ,CUO, thin films.

tion halfloops in the trenches between the coherent islands.
Due to the strain concentrated there, trenches are preferred

sites for half-loop formation. Dislocation half-loops extend ACKNOWLEDGMENTS
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