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Effects of epitaxial strain on the growth mechanism in YBgaCu30,_, thin films
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We report on the growth mechanism of Y®BarO, ,. Our study is based on an analysis of ultrathin
YBa,Cu;0;_ (YBCO) layers inc-axis-oriented YBgCu;0;_, /PrBaCu;O; superlattices. We have found
that the release of epitaxial strain in very thin YBCO layers triggers a change in the dimensionality of the
growth mode. Ultrathin epitaxially strained YBCO layers with thickness below 3 unit cells grow in a block-
by-block two-dimensional mode that is coherent over large lateral distances. Meanwhile, when the thickness
increases and the strain relaxes, layer growth turns three-dimensional, resulting in rougher layers and inter-
faces.
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INTRODUCTION showed that it is possible to obtain laterally coherent one-
unit-cell-thick layers. On the other hand, a three-dimensional
In recent years, thin films of complex ionic oxides havedrowth mechanism around screw dislocations has been re-

8 .
of important new phenomena in condensed matter physicnorPhology® In fact this 3D growth has been recently
P P phy hown to determine the critical current of YBCO thin films.

Basic _studi_es or important rel_at_ed applications in Variqu{inear defect§edge and screw dislocationasssociated with
fields like highT; superconductivity, colossal magnetore3|s-a 3D growth provide the strong pinning centers responsible

tance, etc., require the growth of ultrathin films with con- ¢, anhanced critical current<$

trolled composition and morphology. In this respect, the spe- sjnce the growth of YBCO has been reported to take
cific growth mode seriously influences the final film structurepjace in a 2D mode for very thin films and in a 3D mode for
and morphology, and thus can deeply condition its physicathicker films, the question here is what is the driving mecha-
properties. Growth mechanisms are determined by thaism to change the growth mode from 2D to 3D. In this
chemical composition, type of chemical bonding, etc., anddaper we present a consistent approach baseéxositu
therefore they may be intrinsically different when going from quantitative structural and chemical ch.aracter_izatipn of epi-
semiconductors to metals or ionic oxides. While the questaxially grown YBaCu;O;_, layers in c-axis-oriented

tions of which is the growth mechanism and which is theYB&CUsO7-,/PrBaCu0; (YBCO/PBCO superlattices.
The superlattice structure is of particular interest because in-

Semiconduciors of metals, n the cace.of for oxides, (12 planes between YBCO and PBCO were once the
L ! ’ %rowth fronts, and therefore they represent an important in-
growth process is still not fully understood due, probably, 10y mation source to study the growth process itself. The
the complexity of the unit cell. Experiments directed at thesydy of the growth modes of ultrathin layers requires a
analysis or application of the physical properties of thoseyuantitative structural and chemical characterization at rel-
ultrathin layers require an accurate control of the growth proevant length scales. Roughness has been analyzed by
cess at the atomic scale. In fact, many studies fail becaussomplementary reciprocal- and real-space techniques, x-ray
the chemical and physical disorder at the interfageterdif-  diffraction (XRD), and energy-filtered transmission electron
fusion and roughnegsletermined by the particular growth microscopy(EFTEM). Combining both techniques it is pos-
mechanism may invalidate the conclusions obtained for ulsible to accurately quantify the interfacial roughness in both
trathin layers-? the growth and lateral directiorisiVe have found a correla-

It has been reported that in the initial stages, the growth ofion between the release of epitaxial strain in YBCO layers,
c-axis-oriented YBaCu;0;_, (YBCO) films takes place When a certain critical thickness is attained, and the appear-
quite Smoothly’ in a two_dimension@D) mode?_s From ance Of_I’OUghneSS in the _Superlattice_s, which inc.reases with
analysis of superlattices with a noninteger number ofl@yer thickness and confirms a 3D-like growth in relaxed

YBa,Cu;0,_, cells, in a recent Letter we have reported evi- S&mples.
dence for a two-dimensional block-by-block growth mecha-

nism in which the growth units are single unit céllg/e use

the term “block-by-block” in the sense that the high sub-  High-quality YBCO/PBCO superlattices were grown by
strate temperature (900°C) provides the necessary masggh-pressure sputterin@.6 mbar pure oxygeron SrTiQ,
transport for complete unit cell blocks to nucleate. Wesubstrates at 900°C. This technique provides a
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FIG. 1. (@ Pr-N, 5 energy-filtered image of a YBCOPBCQ AR AR
superlattice in cross-section geometry. White contrast corresponds . R .
to PBCO layers, while YBCO layers appear dafk) Pr-N,s FIG. 2. (3 ngtogram plot of the dlstrlbuthn of mod_ulatlon
energy-filtered image of a YBG@PBCQ, superlattice. Note the lengths A obtained from the EFTEM images in the
fluctuations in the layer thicknesses. YBCO, /PBCQ; superlattice. The dotted line is a Gaussian fit, with

a standard deviation of 0.7 Ab) Histogram plot corresponding to
the YBCQ;/PBCQ; superlattice. The Gaussian curve fit shows a

very thermalized and ordered growth at a slow r@®13 o5
standard deviation of 6 A.

nm/s for YBCQO, which allows a very accurate control of the
layer thicknes$® The films for this study were
[YBCO,/PBCQ]1900 4 Superlattices with nominal values locii of the midpoint of Y in each bilayer, thus providing a
for YBCO layer thicknessn comprised between 1 and 12 lateral height profile of the individual bilayers. The standard
unit cells up to a total thickness of 1000 A:26 x-ray spec-  deviation of the height distribution for each bilay@silayer
tra were obtained in a conventional diffractometer using Cuoughnessay,jaye, hereaftey can be used to examine the
K« radiation. High-angle XRD spectra were analyzed usingoughness evolution along the growth direction. Alterna-
the supREX9software, which allows one to obtain quantita- tively the height differences between Y profiles for consecu-
tive values for interface disorder parameters like interdiffu-tive bilayers at the same lateral coordinate provide a map of
sion or roughnesY. Energy-filtered transmission electron the fluctuations in the modulation lengthy, with A
microscopy investigations were performed on cross-sectior=N,ca+NgCg, Wherec,, g, N5, andNg are the lattice
samples on a Philips CM200/FEG equipped with a fieldparameters and number of unit cells of materialand B,
emission source and a post-column energy fil@atan Im-  respectively. The standard deviation of the distribution of
aging Filter, GIF. For imaging we used the low-energy modulation lengthsg, can be used as a measure of the step
edges of Y and Pr, applying the two-window techniquedisorder roughness in superlattices. Obviously the two quan-
(jump ratio images, i.e., division of an image located right ontities o and Tpilayer Will be different if the roughness is
the ionization edge by an image acquired before the edgeertically correlated. This method has been proposed re-
onsel.**~*°In this manner individual unit cells of YBCO and cently and satisfactorily applied to analyze the interface
PBCO in the growth direction were resolved, and individualroughness in Fe/Cr superlattice$distogram plots of the
atomic planes of Y and Pr were detected. modulation length distributions are shown in Figga)2and
2(b), respectively, for the[YBCO,/PBCQ]1900 4z and
[YBCOg/PBCQ]1000 A SUperlattices of Fig. 1. As depicted
in Fig. 2@ for the [YBCO,/PBCQ]1000 4 SUpErlattice a

A set of element-specific energy filtered images, using thejuite sharp-peaked distribution centered in 81 A is obtained
characteristic Pr-]\s ionization edge, is shown in Fig. 1. The for A, with a standard deviation of less than 1 A. However,
darkest contrast corresponds to YBCO layers, while thehe same analysis performed on fPBCOg/PBCQ;] 1000 A
lightest contrast corresponds to PBCO layers. Energy-filteredample, in Fig. &), shows a Gaussian-like distribution of
images using the characteristc M35 energy data around a mean value of 151 A with a standard deviation
edge give complementary images to the ones obef6 A . It is important to note that the average value of the
tained with Pr mappin§. The images correspond to a modulation length over the superlattice stacking was in
[YBCO,/PBCQ]10004 [Fig. L@] and a [YBCOg/  agreement with the nominal overall composition of the su-
PBCQ]1000 A LFig. 1(b)] superlattices. Magnification of the perlattice. This shows that thickness fluctuations occur lo-
images is low, in order to get enough structural informationcally as a consequence of the growth process and do not
over wide lateral scales, larger than the sample thicknessesult from uncontrolled fluctuations in the deposition rate.
While for the ultrathin YBCO layergFig. 1(@)] perfectly — The roughness of each bilayet;j, e, has been obtained
smooth layers of uniform thickness can be observed oveirom the standard deviation of the height distribution for
long lateral distances, and clear layer undulations can be oleach bilayer in th YBCOg/PBCQ;]1000 4 SUPETrlattice. Fig-
served in the thicker YBCO films of the YBGOPBCQ, ure 3 shows the bilayer roughness as a function of the bilayer
superlatticd Fig. 1(b)], resulting from thickness fluctuations index in the stacking. From the observation of Fig. 3 one can
with lateral length scales typically comparable to the samplesee how the roughness increases cumulatively with bilayer
thickness. These images can be statistically treated to quamdex. The dotted line in Fig. 3 is a fit to a power law of the
tify the roughness. Images have been digitized to find théorm oyjjayer= 04 N, 0,=5.2 A being the roughness in the
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FIG. 3. Roughness of each bilayer vs bilayer indéxor the > 11.50-
YBCOg/PBCQ, sample. The dotted line is a fit to a power law S ) - (b)
=0, N% 0,=5.2 A being the roughness in the first bilayer and 11.45.
a=0.51 an exponent which accounts for the roughness evolution. ' , , ,
0 40 80 120 160
first bilayer, «=0.51 an exponent which accounts for the YBCO thickness (A)

cumulative roughness evolution, ahtthe bilayer index:®

No fluctuations were found in the height distribution of each  FIG. 5. (a) Step disorder roughness’) extracted from the XRD

bilayer in the[ YBCO,/PBCQ]1900 4 SUperlattice within the refinement vs YBCO layer thickness for a set of YBOJOBCQ,

lateral size of the images. superlattices with 22n>1 unit cells.(b) Evolution of the YBCO
Figure 4 shows the XRD spectra of a YBEPBCQ, c-lattice parameter with YBCO layer thickness for the same

sample (bottom) and a YBCQ/PBCQ, superlattice(top), samples. When YBCO thickness increases, epitaxial strain relaxes

displaced vertically for clarity. XRD spectra of the @nd roughness shows up.

YBCO,/PBCQ, sample show sharp superlattice satellite

. S FTEM analysis. The analysis of the XRD spectra of
peaks around the main Bragg peaks, indicating a good stru:l:E- . . ) .
tural quality. X-ray data were analyzed with tlsPREX samples W'th. thir(1-3 unit cel) YBCO layers did not show
codel® The lines in Fig. 4 are the refinement calculationsM€asurable interface roughness. On the other hand, YBCO

supplied by thesuPREX program. The structural model used !ayers with thickness above 4 unit cells show a clear damp-

in the refinement calculation refines thicknesses of the indi"9 of the h_|gh-order safcelhte pea!(s as a result of enhanced
vidual layers,c-lattice parameters, and interface disorder—StrUCturaI ghsordefsee Fig. 4 In this case structu_ral refine-
related parameters. Interface roughness is accounted for ent confirms the presence of random layer thickness fluc-

allowing the bilayer thicknesgnodulation lengthto fluctu- ations which increase with YBCO layer thickn¢see Fig.
ate around a mean value in a Gaussian Waterface 5(a)]. Good agreement was found between roughness values

roughness compares with the standard deviation ¢f the obtained from XRD and from _electron microscopy. The
oughness parameter=8 A obtained from x rays for the

Gaussian layer thickness distribution obtained from thG{(BCOBIPBCQ superlattice has to be compared with the
standard deviation of the distribution of modulation lengths
(6 A) obtained from the electron microscopy analysis. We
have previously shown that superlattices with YBCO layer
thickness below 4 unit cells grow epitaxially strained due to
lattice mismatch to PBCY" Figure 5 shows the evolution
of the YBCOc-lattice parameter with YBCO layer thickness.
It can be observed that for YBCO thickness below 4 unit
cells there is a significant contraction of the c lattice spacing
arising from the 1% lattice mismatch to PBCO according to
Poisson effect’ Interestingly, the roughness increases
sharply above 3 unit cells, when epitaxial strain relajeese
Fig. 5. When increasing the YBCO thickness over this criti-
. . T cal value the strain relaxes, and simultaneously the superlat-
5 10 15 20 25 tice interfaces become rougher. These results point to a
20 (deg) change in the growth mechanism of YBCO from a 2D-like in
epitaxially strained samples to a 3D rough growth for YBCO
FIG. 4. XRD spectragdoty together with the structural refine- thickness over 4 unit cells. An interesting question is whether
ment (superimposed solid linefor a YBCO, /PBCQ; superlattice  the 3D growth mode of the rough relaxed samples already
(bottom and a YBCQ/PBCQ, sample(top). Note how high-order ~ provides the linearly correlated disordedge and screw dis-
satellites are damped in the second case. locations which has recently been shown to effectively pin

Intensity (arb. units)
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FIG. 6. (a) Element-specific energy-filtered images, using the

characteristic Pr-lNs edge for a YBCQs/PBCQ; superlattice in FIG. 7. Low-angle XRD spectra for a set of YBGOPBCQ,
cross-section geometry. White contrast corresponds to PBCO laysuperlattices with noninteger YBCO layers. From bottom to rop
ers, while YBCO layers appear darkh) Close-up view of(a). =1.2, 1.5, and 2 YBCO unit cells. Note the splittitmarked with
Interfacial steps of one unit cell are clearly observed. dotted lines between the low-angle satellite peaks and the satellites

] ) ) of the first Bragg peak resulting from the incommensurate modula-
vortices in thicker(140 nm samples. We have done mea- tjon,

surements of the angular dependence of the magnetoresis-
tance at temperatures ranging betwee@and 0.99 ., in given by q=2x/c—2xl/A, wherel are integers. Thus, if
magnetic fields ranging from 100 to 90000 G. No evidencethe modulation length is a noninteger number times the av-
was found for “cusp”-like features characteristic of vortex erage lattice spacing, low-angle peaks and satellites from the
confinement by correlated disorder. This evidences thafirst Bragg peak will not merg® Moreover, in the presence
thicker samples are necessary for these defects to devel@p step disorder the noninteger modulation arises from a
and/or to be effective for vortex pinning. layer thickness fluctuation around a mean value, with a stan-
Attempts were done to artificially induce the roughness indard deviation quantifying the step-disorder roughness. This
the ultrathin YBCO layers growing a noninteger number of randomness causes satellite broadening and overshadows the
YBCO unit cells. Figure 6 shows element-specific energy-apparent splitting in most cases. However, analysis of the
filtered images, using the characteristic RysNedge for a  XRD patterns for an integer number of YBCO layers has
YBCO, 5s/PBCQ; superlattice. Lattice fringes are observed,shown the absence of step disorder in our superlattfces.
though this contrast is not element specific. The superlatticedence, in the absence of step disorder, the layer thickness
with a noninteger number of unit cells of YBCO in the stack, does not fluctuate in a random fashion, and an unusual su-
shows abrupt changes in the YBCO layer thickness from ongerlattice diffraction pattern arises with sharp diffraction sat-
to two unit cells, through steps one unit cell high, over aellite peaks. Such a splitting in satellite orders is noticeable
lateral length scale ranging from 100—200 nm. The specimein Fig. 7, confirming that composition changes coherently
thickness in the direction parallel to the electron beam is ofrom interface plane to interface plane. A similar behavior
the order of 10-30 nm, well below the lateral dimensionhas been previously observed in molecular-beam-epitaxy-
where a film of uniform thickness can be grown. In this grown semiconductor superlatti¢and also in complex ox-
incommensurate superlattice, layer discontinuities and intelide superlattice§° These x-ray scattering results provide
face steps are observed, leading to nonsmooth interfaces, stiong evidence for a lateral growth mode in which the
the spatial distribution of such defects seems to beyrowth units are complete YBCO units cells; i.e., a 2D
nonrandom. block-by-block growth mechanism and layer growth would
Low angle (2=<10°) x-ray diffraction spectra of a set of take place by the lateral deposition of blocks one unit cell in
YBCO,/PBCQ; superlattices witn ranging between 1 and height®2°The composition of the interface plane is observed
2 YBCO unit cells are shown in Fig. 7. In this angular range,to change coherently from one bilayer to the next one as a
X rays are not sensitive to the crystal structure, but to theesult of a coherent 2D layer growth.The coherent 2D
chemical modulation, and due to the x-ray grazing incidencegrowth of strained layers minimizes the interface energy at
the spectra provide information averaged over large areas dfie cost of the excess of elastic energy due to lattice mis-
the sample. From bottom to top the spectra depicted corrematch. Increasing YBCO thickness relaxes stored elastic en-
spond ton=1.2, 1.5, and 2 YBCO unit cells. Finite-size ergy and triggers a change to a 3D growth mode which re-
oscillations corresponding to sample thickness can be desults in terracelike and spiral growth. Figure 8 shows an
tected, denoting a flat sample surface. Low-angle superlatticatomic force microscopyAFM) image of a thick(300 A)
peaks, labeled bgn, and sharp satellite peaks, correspondingYBCO film on a 5 unit cell PBCO buffer, showing a distri-
to the first superlattice Bragg pe#ttenoted byn), are also  bution of pyramid structures. Terraces are 250 nm wide and
observed. Low-angle peaks are determined by the modulateps between terraces of the height of 1 unit cell are ob-
tion length A. Superlattice Bragg peaks are determined byserved. This clearly shows that a 3D growth mechanism is
the average lattice spacirmg= A/(N5+ Ng). Satellite peaks developed upon strain relaxation.
corresponding to the first Bragg peak will occur épvectors Finally, it is interesting to compare the results obtained for
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FIG. 8. Atomic force microscopyAFM) image of a thick300  are guides for the eye.
A) YBCO film on a 5-unit-cell PBCO buffer, showing a distribution
of pyramid structures. Terraces are 250 nm wide. Steps betwe
terraces of the height of one unit céll1.7 A) are observed.

errgsults may also depend on the growth parameters and depo-
sition technique. Substantially different results have been re-
cently reportefifor films of comparable thickness grown by
pulsed laser depositiofPLD) at significanly lower growth
temperatures (770-850 °C) than in this work (900 °C). Ref-
erence 8 shows an increase of thfattice parameter when
YBCO is reduced, contrary to the expectations of a Poisson
effect.

In summary, we have shown that strained ultrathin YBCO
layers on PBCO grow in a two-dimensional block-by-block
mode, where the minimum growth unit is a whole oxide unit
o - .~ cell. Layers grow laterally by the successive deposition of
ated at zero resistivity. It is important to note that critical one-unit-cell blocks “wetting” the surface. When increasing
temperatures in excess of 80 K are practically recovered fO{KBCO layer thickness over 3—4 unit cells epitaxial strain
a YBCO thickness larger than 10 nm. These results are CONelaxes, and random interface roughness arises which in-

sistent with recent calculations which propose a critical : : : :
; . creases cumulatively with YBCO layer thickness. Strain re-
thickness of YBCO on STO of 80 nAi.Note that despite a laxation triggers a change in the growth mode from 2D to

larger lattice mismatch with STO{(1.4% and—0.7% along 3 Thjs 3p growth mode in thick YBCO layers is in agree-
thea andb axes, respectivelythan with PBCO €0.7% and ot with previous observations of growth pyramids, with

—1.1% along thea and b axes, respectivelythe critical steps one unit cell high, in thick YBCO layers.
thickness is larger for films grown on STO. This can be

discussed from two different viewpoints. On the one hand,
the superlattice geometry in which the YBCO layers are
sandwiched between PBCO layers stresses YBCO more ef- We thank Professor Ilvan Schuller for helpful conversa-
ficiently. This method would probably underestimate thetions and interesting suggestions. This work was supported
critical thickness of single films grown on PBCO buffer lay- by Spanish CICYT MAT 2000 1468. Work at LBNL/NCEM
ers. On the other hand, and probably more important, ultrawas supported by the Director, Office of Energy Research,
thin layers are very delicate and exposure to ambient atmaffice of Basic Energy Sciences, Materials Sciences Divi-
sphere can chemically affect the surface and degrade thsion of the U.S. Department of Energy under Contract No.
superconducting properties. We want to remark that thesBE-AC03-76SF00098.

the growth of YBCO in YBCO/PBCO superlattices with the
growth of single YBCO layeré?2 Thin YBCO layers were
grown on single STO substraté$00) oriented. The layer
thickness was determined from low-angle x-ray reflectivity
oscillations. For a YBCO layer thickness below 10 nm a
significant c-lattice contraction is observeldee Fig. %],
which correlates with a substantial reduction of the critical
temperaturdsee Fig. @)]. Critical temperatures are evalu-
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