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Growth mode of epitaxial superlattices| BaCuO,..,],/[ CaCuO,]5
on vicinal (001 SrTiO4 substrates studied by x-ray diffraction
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Structural and morphological properties [BaCuG . ,],/[CaCuQ]; superlattices with different thick-
nesses, grown on specially prepared vicif@1) SrTiO; substrates, are investigated. Using undulator radia-
tion from a third-generation synchrotron we have performed x-ray-diffraction and diffuse scattering measure-
ments, both in conventional and grazing-incidence geometries. We obtain detailed information about the role of
the miscut of the substrate on the growth process of these superlattices. The critical thickness for pseudomor-
phic growth is found to depend on the miscut angle and, to a lesser extent on the film thickness. Thus the
miscut of the substrate surprisingly influences the phase transition from the pseudomorphic, pseudotetragonal
state to the orthorhombic state. Our results show that the interface morphology depends on the specific miscut
of the substrate. Isotropic ripples, anisotropic ripples, and a fractal structure are formed upon slightly increas-
ing the miscut angle from about 0.15° up to angles less than 1°. The ripples accompany the two-dimensional,
layer-by-layer growth mode, which prevails for thin layers of the superlattices on well-oriented surfaces.
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. INTRODUCTION [BaCuGQ . ],/[CaCuQ]; superlattices grown or(nomi-
. . . ~nally well oriented (001) SrTiO; (STO) substrates?
The challenge of integrating complex oxide materials into The surface morphology of vicinal substrates can be de-
heterostructures and multilayers with interestineg functionakcriped in terms of the arrangement of atomic steps on the
properties, such as superconductiigmagnetic;™ and di-  gyrface. For example, a vicinéd01) STO surface typically

. . ’8 . R .
electric propertie$? has stimulated the development of ¢ nsists of terraces 0001) crystal faces separated by atomic
layer-by-layer epitaxial growth techniques. Nevertheless, th‘%teps that accommodate the misorientation. During pro-

growth of oxide thin films is not yet well enough established,longed annealing in an oxygen atmosphere, single-atomic-

because' of thg particular fea}tures relgted to their Cornple)f‘leight steps can aggregate to form bunches on the surface,
often anisotropic structure, with a relatively large number of

20,21
chemical element$:** However, understanding the growth separated by large terraces of (@91 face. ™™ These step

process, and consequently being able to control the interfac,lt)eum:heS can eventually for@00 and (010 faces. Thermal

morphology and microstructure, is of fundamental interesfoughening and/or faceting has not be:;g observed_on the
and importance for the fabrication of devices made of these | Q001 face but on the ST@L10) surface’” Such faceting
materials. transitions have been extensively studied for both semicon-

Employing vicinal substrates for the growth of thin films ductor and metal surfaces and interfg%%?,and the role of
is a well-known technique to control or improve interface surface step structure in the formation of nanostructures is

and surface properties. Vicinal substrates were, in fact, syavell understood;"*° e.g., for cases such as fractional layer
tematically employed to study the growth process of highSupe”aﬂiCe~‘°{SL'S)-26

temperature superconducting materigtr's's),*>=** and to In the case of SL's based on IlI-V compounds, reciprocal-
control the structural defects, thereby influencing the transspace mapping by x-ray diffraction was successfully used to
port properties at those compouridsi® Moreover, even investigate how the growth process can be controlled by the
substrate surfaces, which are nominally oriented exactlymiscut of the substraté 3! Moreover, such measurements
may have miscut angles, which can influence the structurevere employed to study the correlation between the miscut
and the defect ordering in the film, leading to anisotropicof STO substrates and the microstructure of YBaO;_ 5
properties even for an otherwise isotropic material. We havéYBCO) thin films 3233

already observed this effect in superconducting Here we employ x-ray-diffraction and diffuse scattering
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measurements, using synchrotron radiation from a undulatgrared by chemical etching following the procedure reported
source, to study the effect of the substrate miscut angle om Ref. 37, and annealed in an oxygen atmosphere for one
the structure of th¢BaCuQ . ,],/[CaCuQ]; superlattices. hour at 700 °C. This produces a clean surface, mainly, TiO
These superlattices, when optimally doped, show interestinterminated’’ providing a well-defined surface for the growth
superconducting properties, such as a zero-resistance critic@fi superlattices® o . .
temperature T, ;>80 K, a critical current densityj.(T For t_he present investigation, superlattices were deposited
=0 K)~10 A/émz, and a quite low in-plane anisotropd. at relatively !ow molecular oxygen pressufe 0.2 mbay
Furthermore in Ref. 35 it was shown thatsitu reflection ~ compared with the oxygen pressure usually employed for

high energy electron diffractiotRHEED) exhibits reproduc- ?hptlmum zgpercomductmg Ipr?pemés:l mba). Undder .
ible intensity oscillations, during the growth of not supercon- ese conditions the superlattices are not superconducting.

. \ LS . However the plasma plume, which depends on quite a num-
ductm_g Ba(_:uQ/CaCuq SLs, Wh'Ch IS a demonstratlo_n of Per of not so easy to control parameté@erget surface qual-
two-dimensional growth mechanism even for superlattices o

) : . . . ity, laser fluence, laser spot focalizatjon .), is by far more
;uqh cqmplex oxides. With this article we pr.owde furtherstable, resulting in a much better control of the structural
insight into the growth mode and the strain relief process for

(BaCuG,,],/[CaCuG]s superlattices on STO substrates properties and higher reproducibilty from sample to sample.
« ; :
with different vicinal orientations. The knowledge of the [BaCuQ,,J,/[CaCuQ]s superlattices were deposited

. . on specially prepared miscut STMO01) substrates? with
hanostructure and microstructure of thesg superlattices the surface normal principally tilted toward th@10] direc-
crucial in order to understand their electronic transport P'OP%on This was verified measuring ti802) substrate reflec-
erties. '

. L tion for different azimuthal anglé$both for the film and the
The superlattices were grown under the conditions spe-

cifically optimized for the best structural properties. We useGSUtffig:tg"gnmem of the sample surface, the primitive vec-
substrates .W'th carefully' chosen m'S.CUt pgr'ameters, Whlcpors of reciprocal space were defined with respect to the lat-
were experimentally confirmed. The high brilliance of x rayS o parameters of the STO substrate=(b=c=3.905 A)
from a third, generation synchrotron source allows us to Obé\nd all theHKL data, given in reciprocal-lattice uﬁi(sl.u.)
serve the very weak diffuse intensity features coming fromwere normalized rel’ative to these lattice parameters ,
the interfaces structures. The experimental data obtained for In order to investigate the periodicity and structural fea-
the investigated samples reveal different interface morpholo- g P y

. . o . L X tures of the superlattices in the direction normal to surface,
gies, suggesting a transition from an isotropic ripple via an

. 27 : : I.e., along the[001] direction of the substratg,001) and
anisotropic ripple to a fractal structure upon increasing th 002 reciprocal-space mapping in symmetrical configuration
miscut of the substrate. Moreover, upon enhancing the hig

surface sensitivity with the grazing-incidence configuration, -2 performed in two orthogonal azimuthal directions, pre-
y with the grazing X 9 ‘cisely along the in-plangl00] and[010] directions, with the
we were able to distinguish faint asymmetrical Bragg peaks

associated with different domains in the very thin layers Ofcrystallographlc directions defined by the substrate lattice.

. ; Furthermore, to determine the interface morphology, the dif-
[BaCuQJ,/[CaCuQ]; superlr_;\ttlces. In this way we were fuse scattering was measured by transversal and longitudinal
able to observe that the relaxation from the tetragonal to the :
Scans through the average lattice peak, [zeroth-order

orthorombic phase, in contrast to the structural parent hlgh—OOL) peak and the first satellite peakSL.,. Indeed,H

Seblo with the.fim thickness bt Gepends Sirongly. on thandK scansiransversal Scansvere performed to determine
value of the miscut angle Ghe in-plane correlation properties, ahacans(longitudinal _
' scang were performed to obtain the out-of-plane correlation
properties.
Il. EXPERIMENTAL DETAILS Reciprocal-space mapping in grazing-incidence configu-
, . ) ) ration around (OR) and (2Q) reflections withL=1, 2 was
Diffraction experiments were carried out at the 1D32 o performed to study the influence of the vicinality of the
beamline at the European Synchrotron Radiation Facility ing hstrate on the strain relief process of the superlattices un-
Grenoble. The incoming x-ray beam from two undulatorsye inyestigation. During these measurements, the incidence
was monochromatized with a($L1) double-crystal mono-  5nq4ie of the x rays with the surface was kept constant at 0.2°,
chromator, with the first crystal cryogenically cooled and the; o~ gjightly higher than the critical angle. The low incidence

second crystal which provides sagittally focused, selecting,qe \as selected in order to enhance the scattering contri-
an energy of 18 keV. The incident beam was defined by slitg, ion from the film relative to the substrate. In this way,

of 0.5>§0.5-mn? size, and the momentum resolution wasin_niane crystallographic reflections could be easily mea-
determined by slits of 0:80.5-mnT size in front of the de- sured.

tector, at a distance of 75 cm from the sample, leading to an

oblique resolution element in reciprocal space with a maxi- IIl. RESULTS
mum in-plane and out-of-plane projection of less than 0.06 . ) .
nm-L A. Symmetrical diffraction measurements
The deposition of ¢ axis-oriented [BaCuG ],/ X-ray diffraction in a symmetrical configuration was first

[CaCuQ]; superlattices on STO substrates were performedised to measure the vicinality of the lattice of our samples
using a KrF excimer laser, as already described in detailvith the optical surface defined by using a laser beam. The
previously®® Prior to the deposition, the substrate was pre-vicinality degree was defined by the angle which the surface
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TABLE I. Number of periodsN of the investigated samples and [001]STO
vicinal angles of the surface of substrates and thin films:g and , [DOLSE
ag are the angles between the surface normal and0g crys-
tallographic directions®sto and ®g, are the azimuthal angles in
the (001) plane measured with respect to {ltd0] direction.

1.4x10

STO vicinal angles SL vicinal angles

L[r.Lu.]

asTO D10 as by
Sample N (+0.0059 (*0.0059 (*0.0059 (*0.0059

500.0

1 30 0.154° 28.567° 0.146° 29.715°
25 0.690° 0.053° 0.702° 3.000°
3 15 0.928° 4.358° 0.854° 4.557° (@)

STO(001)
SL-17S\f

i
-0.04 -0.02 0.00 0.02 0.04

K[r.l.u]
[001]SL
[001]STO\\

N

3.5x10°

normal forms with thg¢001] crystallographic directiofasto
for STO andag, for SL's), while the vicinality direction was
defined by the angle between the projection in {0821
plane of the surface normal and tf@10] direction (named
Dgro for STO anddg, for SL's). These values were ob-
tained by measuring the angular positions of (b@2) Bragg
reflection as a function of the azimuthal rotation of the
sample surfac The vicinal angles are reported in Table I.
Slight differences betwee# s and g, for sample No. 2
and betweerwgtg and ag for sample No. 3 can be ob- b)
served. These different vicinal angles can be explained by
considering misfit dislocations at the STO/SL interface. In-
deed, the in-plane lattice mismatth1.1% for CaCu@ and
larger than 0.5% for BaCuQ, relative to the STO sub-
stratg is accommodated in the first layers by an elastic dis-
tortion of the crystallographic cell. Increasing the thickness,
the next layers relax the accumulated strain by a dislocation
network. The miscut favors dislocations with components of
the Burgers vector parallel to the interface and, therefore,
misorientations between STO and SL planes can arise. This
effect was already observed in SrCu@aCuQ SL's* v //
Moreover, no significant discrepancies in the vicinal angles 08g — Sl s
between the substrate and SL appear in the case of sample © 00400 000002 004
No. 1, due to the very low miscut angle. Kirlu

K-L reciprocal-space maps in symmetrical configuration g 1. seintensity contour plot on a logarithmic scale of the
are reported in Fig. 1 for the three samples. In these maps thgo1) and (002 reciprocal-space maps in a symmetrical configura-
in-plane scattering vector is along tf@10] crystallographic  tjon with the samples oriented along the principal miscut direction
direction(the principal miscut directionH-L maps recorded [010]. The three samples are grown on STO substrates with differ-
with the in—plane scattering vector rotated by QQFong the ent miscut angles(a) sample No. 1,(b) sample No. 2, andc)
[100] direction are shown in Fig. 2. sample No. 3. The black straight lines are along[(D@1] crystal-

The K-L maps of Fig. 1 show that the crystal truncation lographic directions, and the white straight lines highlight (®@1)
rods(CTR’s) from the (001) and (002 reflections, indicated and (002 CTRs.
by straight white lines in the maps, do not coincide, and their
distanceAK increases with the miscut angle of the substrate, |y Fig. 1 the[001] crystallographic directions of the sub-
as expected. No splitting of the CTR’s is observed in thestrate and the SL's are indicated by straight black lines. From
maps of Fig. 2. These results are a signature of the venhe difference between the out-of-plane scattering veQtor
regular alignment of the step arrays along the miscut direcat the first-order satellite peakSL_, andSL,,) it is pos-

tion for all the investigated samples. . sible to obtain a rough estimation of the vertical periodicity
In both Figs. 1 and 2 we can see that the diffusely scat of the superlattice by

tered intensity is concentrated into periodic sheets perpen-

dicular to the out-of-plane scattering vect@r direction.

This feature indicates that the interface profiles are strongly A= Am
replicated in the growth directioff. Q. (SLy1)—Q,(SL_y)]

Lr.Lu.]

300.0

1.4x10*

Lir.Lu]

STO(OOl)f 1.7x1 O3
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B. Diffuse scattering

3.0x10° Vicinality can give rise to asymmetrical in-plane and out-
of-plane coherence lengths, which can be investigated by
measuring the diffuse scattering in transversal and longitudi-
nal scans, respectively, at different azimuthal directions.
When the distribution of the diffusely scattered intensity ex-
hibits lateral shoulders, theoretical calculations and experi-
ments demonstratesee, for example, Refs. 43-4that the
interface structure can be described by a sequence of self-
similar motives, called ripples. A particular case is given by
004 002 000 002 004 a regular alignment of steps. The spacing between the shoul-

Hisla] ders is inversely proportional to the real-space separation be-
tween the ripples and eventually to the mean width of ter-
races and steS.The absence of pronounced shoulders is
due to the dispersion of the statistical distribution of the
ripple width, and it can be explained using a conventional
fractal model of the interface roughné¥s.

Transversal scans through several superstructure peaks
were carried out for two orthogonal azimuthal directions for
each sample, to obtain information about the correlation be-
tween the interface morphology and the miscut direction.
Measurements of the first-order satellite peak | of the
(002 reflection are shown in Fig. 3. Lateral shoulders are
clearly visible in the diffuse scattering of samples Nos. 1 and
2, indicating a ripple structure with a characteristic lateral
length. They disappear in the case of sample No. 3, where
the miscut is even larger.

The diffuse scattering of sample No. 1, having the lowest
miscut angle, shows symmetrical shoulders in both @i®)
and[100] crystallographic directionfsee Fig. 8a)], which
can be assigned to a symmetric ripple structure at the inter-
face in both the crystallographic directions. Due to the sharp-
ness of the lateral shoulders, we can estimate the average

) 3 - distancel, between the ripples fronhy~4m/6Q;, where
004 002, 000 002 004 5Q, is the separation between lateral shoultfeia A1
il units (Q, is the in-plane scattering vecjoihe values of,

) ) L reported in Table Ill, are almost independent from the azi-

FIG. 2. Isointensity contour plot on a logarithmic scale of the muthal angle, in agreement with a circular shape of islands,

(00D and (002 reciprocal-space maps in a symmetrical configura- . .
tion with the samples oriented along the in-plane crystallographicaS already reported in the literature for the growth of perov-

direction[100]. The three samples are the same as in Fig. 1. skite oxide materialssee, _for example Ref. 43 )
Conversely, asymmetrical shoulders are observed in the

whereQ, (SL,,;) andQ, (SL_,) represent th€, values of diffuse scattering of sample No. 2 along {lte.0] crystallo-

the first-order satellite peaks. The valueshoére reported in  graphic directiorfsee Fig. 8)]. However, the shoulders dis-
Table Il, together with the perpendicular average lattice paappear when the sample is azimuthally rotated by @@°,
rameter of the SL's¢cg =27/AQ, (SLy), whereAQ, (SLy) along the[100] direction. The asymmetry of the shoulders is

is the difference between th@, values of the zeroth-order due to the asymmetry of the shape of the ripples, which are
SL,(001) andSLy(002) peaks. elongated along th¢010] crystallographic direction(the
principal miscut direction The presence of unidirectional
ripples can be attributed to a stepped interface. In this frame-
work the values ofl;, reported in Table Il for thg010]
direction, can be regarded as the step sizes. Fof 106
direction, where no lateral shoulders are observed, the aver-

200.0

1.0x10°

(b)

L[r.l.u.]

200.0

()

L[r.lu.]

TABLE II. Out-of-plane crystallographic characteristics ex-
tracted by symmetrical scansg, is the average lattice parameter
and A is the periodicity obtained as described in the text.

Sample CsL A) AW age coherence lengths is estimated byFAVHM, where
1 3.744+0.002 17.3%0.12 FWHM is the full width at half maximum of the peaks in
2 3.724-0.002 17.530.12 A1 units. The additional lateral peak observed in hscan
3 3.705+ 0.002 18.030.18 of Fig. 3(b) has a completely different origin. It arises from

the CTR of the(001) reflection of the STO.
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ok jl 0101 ] o} ‘“1 0101 { sl [010] | FIG. 3. Diffuse scattering
r W measured by transversal scans
/; \ through the first-order satellites
\ .
, SL_, of the(002) reflection of the
9 10°F . i = 1
= 1o —f"/ . \‘\- 17 w-"‘/ e B . . . . three samples grown on STO with
7 0 000 05§ 010 008 000 g0 om0 08 000 0m different miscut anglega) sample
g Kfrlu] 5 Kirlu] = K[rlu]
=} - ¥ K r r r r r No. 1, (b) sample No. 2, andc)
S 'k N [100] 4 ol (100] | /\ [100] sample No. 3. For all samples the
\ scans were performed along
the two orthogonal in-plane
10k . crystallographic directiond010]
! ) i . . all 10 : : " (top graphs and [100] (bottom
0.05 0.00 0.05 -0.05 0.00 0,05 -006 -0.03 0.00 0.03 0.06 h
(a) Hirlu] (b) Hirlu] (c) Hirlu] graphs.

With further increasing of the miscut angle no lateraltudinal scans of sample No. 2 along Q] direction and
shoulders can be observed in the case of sample Niee® of sample No. 1 in both thE010] and[100] crystallographic
Fig. 3(c)]. This can be explained by assuming that ripplesdirections, size effects are not present. In these cases the
exhibit a very large dispersion of their widths. Thus it may out-of-plane coherence lengtls are obtained from the
be more appropriate to describe this by a fractal structure @&WHM in A~ units of the longitudinal scans byz2FWHM.
the interfacé® For this sample the in-plane coherencel, values are reported in Table IV.
lengths reported in Table Il are deduced by the FWKIM
A~1 unity of the transversal scans, and they are not related C. Grazing-incidence diffraction measurements

to the ripple sizes at the interface.
bp o Grazing-incidence diffractiofGID) is a valuable tool for

In Table Ill the approximate terrace widths of the STO, S , o o
which are calculated assuming monolayer high steps, aretudying in-plane structural properties of epitaxial thin films.
ith a sufficiently small angle of incidence, this diffraction

also reported. Furthermore, longitudinal scans of sample No. o= . X .
1 in both thf010] and[100] crystallographic directions, and 9€0metry allows us to obtain information mainly associated
of sample No. 2 along thg010] direction, clearly showed with thg thin overlayer and in particular ywth its in-plane

size effects. In these cases the out-of-plane coherence lengi&Perties because of the very small vertical component of

|, can be regarded as the coherent thicknesses, obtained By Scattering vector. . . . .
the size simulation using We collected several maps in GID configuration to inves-

tigate the in-plane structure in detail and to determineathe
sin(tQ, /2) |2 and bg, lattice parameters of the SL. We performedK
sin(dQ, /2)

, mapping for each sample around four reflections, i.e., around
the[021], [022], [201], and[202] reciprocal-lattice points of
wherel, represents a scale factarthe coherent thickness, the SL’s. The in-plane lattice parameters were then calculated
andd the lattice spacing. This equation is based on the assy a5, =aH(STO)/MH(SL) andbg =bK(STO)/K(SL), i.e.,
sumption of the existence of crystalline coherence in theby the ratio of theH andK values in r.l.u. of the STO and SL
film, without any surface and interface roughness. Thereforeeflections. The results are reported in Table V. It can be
the agreement between theoretical and experimental data is
only approximate. ArL. scan through the first-order satellite T T T ' ' T
SL,, of sample No. 2 is shown in Fig. 4, where the very
pronounced size effect can be observed. However, in longi-

—'0

TABLE lIl. Average values of the in-plane coherence lendths
obtained by Z/FWHM, where the FWHM is the full width at half
maximum in A™! units of thetransversalscans through several
reflections of SL's. The values indicated withare calculated by
47/ 6Q,, wheredQ, is the difference between the in-plane scatter-
ing vector values at the lateral shoulddrs;g is the approximate
size of the steps of the substrate calculated assuming monolayer
height steps bw/tan(asto) Whereastgis the miscut angle analis
the lattice constant of the STO.

Log[Intensity]
5:7
Soee,

10°

228 230 232 234 236 238

Sample I, (A) [010] I, (A) [010] lsto (A) Lirlu.]

1 465+ 10* 449+ 10* 1450 FIG. 4. Longitudinal scan through th8L,, satellite of the

2 144+5 161+ 5* 324 (002 reflection of sample No. 2 where the size effect can be clearly
3 186+ 10 88+5 241 observed: experimental datdotted ling and simulation(continu-
ous line are as described in the text.
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TABLE IV. Average values of the out-of-plane coherence (022)
lengthsl, obtained by Z/FWHM where FWHM is the full width
at half maximum in A units of thelongitudinal scans through
several reflections of SL's. The values indicated witaorrespond 1941
to the coherent thickness obtained by simulation of the size
effect.

2.5x10°

Sample I, (A) [100] I, (A) [010]

1 274+ 5% 300+ 5*
2 122+5 318£5*

3 205+ 10 80+ 5 bR

2.0x10°

L 1
-0.01 0.00 0.01 0.02

observed that the miscut angle of the substrate strongly in-(a) Hr.L.u.]
fluences the in-plane lattice constants of the film. Larger mis-

cut angles, and thus the presence of steps with shorter ter:

races on the substrate, reduce the film strain by a transition

from its lattice-matched, tetragonal structure to an ortho- 0.064 |
rhombic phase.

Sample No. 1, having a lower miscut angle, is perfectly
tetragonal and fully strained, as demonstrated by the lattice
parameters shown in Table V. However, in the case of _
sample No. 2, having the intermediate miscut angle, we can =
detect the presence of different domains. Indeed (€22 v
and(202 maps reported in Fig. 5 show four different peaks:
two more intenseP1 andP2, and two weaker?3 andP4. 01040
The stronger peakB1 andP2 correspond to an orthorhom-
bic structure with theag and bg, in-plane axes aligned e = o
along the in-plane crystallographic directions of the sub- b) ' - '1 '
strate. The two peaks are due to the scattering from two sets el
of crystallographic planes characterized by the exchange of G, 5. |sointensity contour plot on a logarithmic scale of
the directions of thag andbg axis of the film. This pro-  reciprocal-space maps in grazing-incidence configurations for
vides clear evidence of twinning as a result of the latticesample No. 2 around th@22) (a) and (202 (b) reflections of the
relaxation of the film beyond the critical thickness for SL.

pseudomorphic growth, which, in turn, appears to be influ- ) )
enced by the miscut of the substrate. The sketch of the ineractically equal to the lattice parameter of STO. From the

plane cell of the film on the substrate for the orthorhombic™ap around th¢202) reflection[see Fig. )] in which the
domain is shown in Fig. @) in the case of theag, axis P3 andP4 peaks are more intense, the rotation of the tetrag-
perpendicular to the step edge. The lattice parameters of tfal cell of the film has been calculated by arctan
orthorhombic structure reported in Table V are calculated bytAKpzpa/Hcene). This gives 0.042°. In this formula
using the positions of the pealsl andP2. However, the AKpsps is the difference between the values of theP3
weaker peak®3 andP4 can be tentatively associated with @ndP4 peaks andH ceneeis theH value in the center between
another kind of domain in which the structure is tetragonalthe peaks. _ _

but with a slight rotation of the axes of the film with respect Moreover, for sample No. 3, having the largest miscut
to those of the substrate, which is illustrated by the sketch ingle, we observe that the structure is orthorhombic with no
Fig. 6(b). The peak positions d?3 andP4 give the value of f[etragonal domalns. Value.s of the in-plane axes are report_ed
the tetragonal lattice parameter, which is almost equal to th Table V. No twin domains are observed: the shorter axis

average betweeag, andbg, of the orthorhombic structure, (indicated asag ) is aligned normal to the step edges, as
shown in Fig. 6a). The same observation was previously

made for the growth of YBCO on STO01), where the
longerb axis was found to be aligned with the step edges and
the shorter axis was aligned normal to the step edges, with
the result of an almost twin-free filif. The driving force
responsible for the alignment of the axes is probably associ-

1.6x10°

0.056 -

2.2x10*

TABLE V. In-plane lattice parameters measured by grazing-
incidence diffraction and the calculated in-plane area of the crystal
lographic cell of the SL's.

2
Sample  as (A bsi (A In-plane aredA’) ated with a slight compressibility of the terraces normal to
1 3.903-0.002  3.90%0.001 15.240.01 the step edges, thus accommodating the shorter axis of the
2 3.889+-0.001  3.92%-0.001 15.280.01 film more easily, as discussed earfté¢The alignment of the
3 3.898-0.002  3.926-0.001 15.280.01 film axes may also be associated with different values of

surface energy of the step edge at the interface between film
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In the case of a very low miscut angle, sample No. 1
(ag =0.15° andN=30), which is the thickest of the three
samples, is still not thick enough to relax the strain, since the
in-plane lattice constants of film and substrate are the same

& within the error, in agreement with a coherent epitaxial
b growth of this SL. When the miscut is largésee sample
SL Nos. 2 and Bthe SL's tend to become orthorhombic, even if
the difference between the; andbg, lattice parameters is
dagy, very small. In sample No. Bxg ~0.85° and\N = 15) the cell

is orthorhombic without any indication of twin domains,
which means that the critical thickness is not yet reached.
Sample No. Zag ~0.70° and\ = 25), despite being thinner
(a) than sample No. 1, the thickness exceeds the critical value
for pseudomorphic and untwinned growth due to the higher
miscut angle. Therefore, a network of misfit dislocations oc-
curs to relax the strain. This is confirmed by the difference in
@ angle values between the film and substrate, i.e., the slight
rotation of in-plane vicinality direction, and the presence of
different domains.

The elastic distortion of the SL crystallographic structure
can be seen from the values of the lattice parameters reported
in Tables Il and V. The in-plane unit cell increases together
with a decrease of thag, axis.

Furthermore, in the case of the twin-free, orthorhombic
(b) SL (sample No. B the alignment of the shortesig, axis
perpendicular to the step edfeee Fig. 6a)] will be stimu-

FIG. 6. Top view of the in-plane lattice of the substrate and thelated by the attempt of the film to minimize the interface
film in real space. Ir(@) the gray squares are the STO cells and theenergy. This is suggested to be the general thermodynamic
different gray levels correspond to different heights of the terracesdriving force inducing the alignment during the growth pro-
dark gray cells are one unit cell higher than the light gray cells. Atcess of HTS filnTt
the edge of the terrace the orthorombic cell of the @htched
rectangle is oriented with theag, axis perpendicular to the step
edge. In(b) the in-plane lattice square of the ST®@ithout consid- B. Interface morphology
ering different terracgsand the slightly rotated tetragonal cell of
the SL are shown. The rotation of the cell is notably magnified with
respect to the obtained value of 0.042°.

.

asL

The results of the diffuse scattering measurements al-
lowed us to study the interface ordering. A very regular
alignment of the step arrays along the miscut direction for all
and substrate. The tetragonal-orthorhombic transition, in'Ehe investigated samples was deduced from the symmetrical

duced by the asymmetry of the substrate with increasing misr_euprocal space maps, where the KPOCTR's from hoth

cut angle, is accompanied by a slight increase of the in-plangool) and (002 reflections split the superlattige reflections
unit cell area relative to that of the substré1&.25 ), as nto two peaks separated YK values proportional to the
reported in Table V ' ' tilt. A different ordering of steps could be deduced from the

results of the diffuse scattering measurements. The small
miscut angle ofag ~0.70° in sample No. 2 is enough to
IV. DISCUSSION induce a higher degree of ordering in the steps distribution.

Two parameters influence the crystallographic structure Ne absolute value of the step size in sample No. 2 is smaller

and the morphology of the investigated samples: thicknesilative to sample No. 1ds ~0.15°%). However, comparing
and miscut angle. the coherence length) with the dimension g7 of the ter-

races of the substrat@&able Ill), sample No. 2 appears to be,
on average, more ordered. Further increasing the misorienta-
tion, the disorder increases and when the miscut angle is
In HTS thin films, when the bulk structure of the material about 0.85°(sample No. R disorder in the spacing of the
is orthorhombic (for example in YBCQ, a tetragonal- steps gives rise to a broadening of the two CTR’s.
orthorhombic transition is observed when the film thickness The presence of ripples at interfaces of SL's with lower
is larger than a critical valu¥.An opposite trend is observed miscut angles, sample No. 1 withig ~0.15° and sample
in our samples: grazing-incidence diffraction measurementslo. 2 with a5 ~0.70°, indicates a layer-by-layer growth
showed a tetragonal-orthorhombic transition in thinner flmsmode. This is in agreement with previous RHEED studies
driven by the misorientation of the substrate. Moreover theperformed on these superlatticdn particular, in the case
thickness can be responsible for the development of a dislaf sample No. 1, the symmetry of the ripples and its invari-
cation network at the interface between the SL and the STCance under 90° rotation, indicate an isotropic interface struc-

A. Crystallographic structure
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ture. This can be associated to a two-dimensiofZd) process even a small miscut of the substrate influences the
growth mode with coalescence of isotropic, two-dimensionabrientation and the isotropy of the ripples at the interface.
islands or to some tendency towards 2D/3D StranskiThree types of interface structure have been observed as a
Krastanov growth, induced by occasional defects during théunction of miscut angle below 1°, namely, a symmetric
growth process. This isotropy can be attributed to the comripple structure for the smallest angle, an asymmetric ripple
bination of the lowest miscut angle and the largest thicknesstructure for the intermediate angle, and an isotropic fractal
of the sample and is in agreement with scanning tunnelingtructure for the largest misorientation. The results have
microscopy studies of YBCO thin films on STO substrafes. shown that a miscut angle of about 0.70° improves the or-
However, in the case of sample No. 3 no ripples are presentlering at the interfaces ¢BaCuQ ,],/[ CaCuQ]; super-
and the larger miscut angle introduces a high degree of inkattices, but a further increase leads to a worsening of the
terface disorder. interface properties at a degree of misorientation which is
The relaxation of the stress, which is induced by the in-much smaller than normally employed for the growth of
plane lattice mismatch, was proposed to be one of the resemiconductor superlattices. The tetragonal-to-orthorhombic
sons for the transition from a 2D to a 3D growth mode intransition is also favored by the vicinality of the substrate,
YBCO films grown by various techniques, but other mecha-and depends less on the thickness of the films. Therefore,
nisms were also proposed to explain this pnenoméidtn  defining a unique value for the critical thickness for the
the case of SL's the strain may be responsible for the 33train relaxation, which is accompanied by the tetragonal-to-
growth mode, while the vicinality is responsible for the im- orthorhombic transition, as in the case of other HTS’s thin
provement of the interface quality only for low miscut films, is questionable in the case dfBaCuG,,],/
angles. No ordered steps and low coherence lengths are oicaCuQ]; superlattices. However, a larger thickness may
served for the miscut angle of almost 0.85°, and step bunchavor the transition from the 2D to 3D growth mode, as
ing is not observed. These values of the misorientation arelready observed in other HTS'’s thin films. To the best of our
quite small in comparison with results reported in the litera-knowledge this is the first study of the effect of the miscut
ture on IlI-V compounds superlattices, where macrostepangle in the growth mode of artificial superlattices with a

are observed at larger miscut angt®s. such complex oxide structure. Since rather small miscut
angles already strongly influence the morphology and struc-
V. CONCLUSION ture of these superlattices, the knowledge and choice of the

miscut of the substrate is crucial in order to grow

In summary, in the present study we investigatedgacuq,, ],/[CaCuQ]s superlattices with well-defined
structural and morphological properties @BaCuG ],/ structural properties.

[CaCuQ]; superlattices grown by pulsed-laser deposition
on vicinal (001) SrTiO; substrates with different miscut val-
ues. X-ray-diffraction and diffuse scattering measurements,
both in conventional and in grazing-incidence geometries The authors would like to thank the staff of the ID32
provided detailed information about the role of the miscut onbeamline at the ESRF for the technical assistance during the
structure and morphology of the films. During the growth experiment.
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